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ABSTRACT 

To design an efficient solar energy conversion device, theoretical input is 

extremely important to provide the basic guideline for experimental scientists, 

to fabricate the most efficient, cheap, and stable device with less efforts. This 

desire can be made possible if computational scientist use a proper theoretical 

protocol, design an energy material, then the experimentalist will only invest 

weeks or months on the synthetic effort. This thesis highlights my recent efforts 

in this direction.  

Monoclinic BiVO4 is has been using as a photocatalyst due to its stability, 

cheap, easily synthesizable, narrow band gap and ideal VB (-6.80 eV vs 

vacuum) but inappropriate CB (-4.56 eV vs vacuum) edge position, responsible 

for its low efficiency. We have carried out a comprehensive experimental and 

periodic density functional theory (DFT) simulations of the pristine, Oxygen 

defective (Ov), Se doped monoclinic BiVO4 and heterojunction with Selenium 

(Se-BiVO4), to improve not only its CB edge position but photocatalytic and 

charge carrier properties. It is found that Ov (1% Oxygen vacancy) and mild 

doped BiVO4 (1 to 2% Se) are thermodynamically stable, have ideal band 

edges ~ -4.30 eV), band gaps (~1.96 eV), and small effective masses of 

electrons and holes. We have also investigated the contribution of Se to higher 

performance by effecting morphology, light absorption and charge transfer 

properties in heterojunction. Finally, it is found that Se makes a direct Z-scheme 

(band alignments) with BiVO4 where the photoexcited electron of BiVO4 

recombine with the VB of Se, consequences electron-hole separation at Se and 

BiVO4, respectively, as a result, enhanced photocurrent is obtained. 
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Theoretical study of β-TaON in the form of primitive unit cell, supercell and its 

N, Ta, and O terminated surfaces are carried out with the help of periodic DFT. 

Optical and electronic properties of all these different species are simulated, 

which predict TaON as the best candidate for photocatalytic water splitting 

contrast to their Ta2O5 and Ta3N5 counterparts. The calculated bandgap, 

valence band, and conduction band edge positions predict that β-TaON should 

be an efficient photoanodic material. The valence band is made up of N 2p 

orbitals with a minor contribution from O 2p, while the conduction band is made 

up of Ta 5d. Turning to thin films, the valence band maximum; VBM (−6.4 eV 

vs. vacuum) and the conduction band minimum; CBM (−3.3 eV vs. vacuum) of 

(010)-O terminated surface are respectively well below and above the redox 

potentials of water as required for photocatalysis. Charge carriers have smaller 

effective masses than in the (001)-N terminated film (VBM −5.8 and CBM 

−3.7 eV vs. vacuum). However, due to wide band gap (3.0 eV) of (010)-O 

terminated surface, it cannot absorb visible wavelengths. On the other hand, 

the (001)-N terminated TaON thin film has a smaller band gap in the visible 

region (2.1 eV) but the bands are not aligned to the redox potential of water. 

Possibly a mixed phase material would produce an efficient photoanode for 

solar water splitting, where one phase performs the oxidation and the other 

reduction. 

Computational study of an optically transparent, near-infrared-absorbing low 

energy gap conjugated polymer, donor−acceptor−donor (D-A-D) with 

promising attributes for photovoltaic application is reported herein. The D and 

A moiety on the polymeric backbone have been found to be responsible for 

tuning the band gap, optical gap, open circuit (Voc) and short-circuit current 
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density (Jsc) in the polymers solar cells (PSC). Reduction in the band gap, high 

charge transformation, and enhanced visible light absorption in the D-A-D 

system is because of strong overlapping of molecular orbitals of D and A. In 

addition, the enhanced planarity and weak steric hindrance between adjacent 

units of D-A-D, resulted in red-shifting of its onset of absorption. Finally, PSC 

properties of the designed D-A-D was modeled in the bulk heterojunction solar 

cell, which gives theoretical Voc of about 1.02 eV. 

DFT study has been carried out to design a new All-Solid-State dye-sensitized 

solar cell (SDSC), by applying a donor-acceptor conjugated polymer instead of 

liquid electrolyte. The typical redox mediator (I1−/I3−) is replaced with a narrow 

band gap, hole transporting material (HTM). A unique “upstairs” like band 

energy diagram is created by packing N3 between HTM and TiO2. Our 

theoretical simulations prove that the proposed configuration will be highly 

efficient as the HOMO level of HTM is 1.19 eV above the HOMO of sanitizer 

(dye); providing an efficient pathway for charge transfer. High short-circuit 

current density and power conversion efficiency is promised from the strong 

overlapping of molecular orbitals of HTM and sensitizer. A low reorganization 

energy of 0.21 eV and exciton binding energy of 0.55 eV, confirm the high 

efficiency of HTM. 

Theoretical and experimental studies of a series of four porphyrin-furan dyads 

were designed and synthesized, having anchoring groups, either at meso-

phenyl or pyrrole-β position of a zinc porphyrin based on donor–π–acceptor (D–

π–A) approach. The porphyrin macrocycle acts as donor, furan hetero cycle 

acts as π-spacer and either cyanoacetic acid or malonic acid group acts as 

acceptor. Optical bandgap, natural bonding, and molecular bonding orbital 
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(HOMO–LUMO) analysis confirm the high efficiency pyrrole-β substituted zinc 

porphyrins contrast to meso-phenyl dyads. 

DFT study of polypyrrole-TiO2 composites has been carried out to explore their 

optical, electronic and charge transfer properties for the development of an 

efficient photocatalyst. Titanium dioxide (Ti16O32) was interacted with a range 

of pyrrole (Py) oligomers to predict the optimum composition of nPy-

TiO2 composite with suitable band structure for efficient photocatalytic 

properties. The study has revealed that Py-Ti16O32 composites have narrow 

band gap and better visible light absorption capability compared to individual 

constituents. A red-shifting in λmax, narrowing band gap, and strong 

intermolecular interaction energy (-41 to −72 kcal/mol) of nPy-

Ti16O32 composites confirm the existence of strong covalent type interactions. 

Electron−hole transferring phenomena are simulated with natural bonding 

orbital analysis where Py oligomers found as donor and Ti16O32 as an acceptor 

in nPy-Ti16O32 composites. 

Sensitivity and selectivity of polypyrrole (PPy) towards NH3, CO2 and CO have 

been studied at DFT. PPy oligomers are used both, in the doped (PPy+) and 

neutral (PPy) form, for their sensing abilities to realize the best state for gas 

sensing. Interaction energies and amount of charges (NBO and Mulliken charge 

analysis) are simulated which reveal the sensing ability of PPy towards these 

gases. PPy, both in doped and neutral state, is more sensitive to NH3 compared 

to CO2 and CO. More interestingly, NH3 causes doping of PPy and de-doping 

of PPy+, providing evidence that PPy/PPy+ is an excellent sensor for NH3 gas. 

UV-vis and UV-vis-near-IR spectra of nPy, nPy+, and nPy/nPy+-X complexes 

demonstrate strong interaction of PPy/PPy+ with these atmospheric gases. 



7 
 

The applications of graphene (GR) and its derivatives in the field of composite 

materials for solar energy conversion, energy storage, environment purification 

and biosensor applications have been reviewed. The vast coverage of 

advancements in environmental applications of GR-based materials for 

photocatalytic degradation of organic pollutants, gas sensing and removal of 

heavy metal ions is presented. Additionally, the presences of graphene 

composites in the bio-sensing field have been also discussed in this review. 
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CHAPTER 1:  Introduction 

Clean energy and a sustainable environment are grand challenges that the 

world is facing which can be addressed by converting solar energy into 

transportable and storable fuels. This solar energy conversion can be either 

performed by photovoltaic or photocatalytic technique. In photovoltaic solar cell, 

when sunlight shines on a suitable semiconductor, it produces photoexcitation 

which directly generates electric current. On the other hand, when sunlight 

irradiates on an ideal photocatalyst, its ground state electrons jump to excited 

state which produce holes. Alternatively, these holes and electrons cause 

photo-oxidation and reduction of water, produces O2 and H2. 

Chemical fuels such as hydrogen, produced from renewable resources (water 

and sunlight) and chemicals i.e., methanol, ethanol, methane and syngas by 

reduction of CO2 back to fuel can make solar energy highly distributable, from 

small to large-scale applications. Currently, most developed renewable energy 

sources are based on electricity generation or thermal energy and cannot fulfill 

the energy transportation and storage demand. Therefore, the conversion of 

solar energy into electricity or chemical fuels as a vital future energy carrier is 

the main challenge and technical advancement is required to overcome this to 

provide clean energy to the world (see Fig 1). The main scientific and 

technological challenges for efficient solar energy conversion, energy storage, 

and environment applications are the stability, durability, and performance of 

low-cost functional materials. 

Solar energy harvesting via photovoltaic effect is one the challenging tasks to 

current renewable energy scientists. Researchers are struggling for designing 

a cheap, liable, elastic, and environmental friendly optoelectronic device with 
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high efficiency [4-7]. Silicon-based materials are ideal in the current solar cells 

technology but having a high cost, high operation temperature; limits its 

portability and versatility [8]. A step toward the development of low-cost, 

environmentally friendly, easily synthesizable, flexible and efficient material for 

solar cells lead scientists to the use of conjugated organic polymers (COPs). 

COPs are emerging as promising materials due to their stability, low-cost 

processing and ability to form tunable and robust structures. Four prominent 

generations of COPs are being explored by scientists, which has application in 

the field of solar to power energy conversion [9-13]. 

 

 

Figure 1: Applications of energy materials for solar energy conversion and 

environment. 
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1.1. Aims and Objectives of Research 

 Solid state DFT simulations of metal oxides will be performed to 

understand the PEC water splitting mechanism.  

 Reviewing the available literature of energy materials such as metal 

oxides, conducting polymers, and composite materials; disseminating 

the technology into its multiple constituents and identifying routes to 

designing higher performing photocatalytic and photovoltaic solar cells. 

 Computational simulations, using first principal Density Functional 

Theory to design suitable materials based on their electronic structure 

properties such as surface formations energy, density of state (DOS), 

band structure, effective masses of electron and hole, electron-phonon 

coupling, charge transferring, re-organization energy, open-circuit 

voltage, interaction energy, molecular orbitals, and UV/Vis-near-IR 

spectroscopy. 

 To model and suggest such a polymer (combination of donor and 

acceptor moieties) that can be used in the bulk heterojunction; organic 

solar cell, having enhanced VOC, JSC, and fill factor (FF). Finally, how 

theoretical investigation will minimize the synthetic effort for the future 

experimentalists. 

 Surface and interface engineering of earth-abundant electroactive 

materials through doping, vacancy, and heterostructure formation (with 

other electroactive materials) to improve charge carrier separation for 

the overall solar cell performance.  
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1.2. Research Methodology 

Literature of the already reported photocatalysts and organic photovoltaic cells 

are studied to understand the scientific problem in detail. After pointing out the 

drawbacks/faults in the existing materials, different first-principles method’s 

softwares were comprehensively reviewed. Different important simulating tools 

of the systems were identified and verified.  

1.2.1. First-Principles Density Functional Theory (DFT) 

In computational materials science, first principles DFT calculations can easily 

predict and calculate the behavior of material on the basis of quantum 

mechanical considerations. Modern DFT techniques can evaluate the 

electronic structure from a potential, acting on the system’s electrons. This DFT 

potential is the sum of external potentials (Vext), determined solely by the 

structure and the elemental composition of the system, and an effective 

potential (Veff ), denotes inter-electronic interactions. So, super-cell of a material 

with n electrons can be studied as a set of n one-electron Schrödinger like 

equations, which are also known as Kohn–Sham equations [14]. 

1.2.1.1. Time-dependent Density Functional Theory (TD-DFT) 

TD-DFT is a quantum mechanical theory which investigate the properties and 

dynamics of many-body systems in the presence of time-dependent potentials, 

such as electric or magnetic fields. TD-DFT calculations can incorporate 

environmental effects and quickly give best quantitative fit to UV−vis spectra 

(excitation energy) of polymeric species, especially using hybrid functionals 

(B3LYP). So, UV−vis, UV−vis-near IR spectra, polaron, bipolaron, exciton 
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binding energy (Eb), and optical gap are simulated with TD-B3LYP/6-31G** 

level of theory. 

1.2.1.2. Periodic DFT Methods for Metal Oxides. 

First principle periodic boundary DFT simulations are carried out, using 

Quantum ESPRESSO [15] and QuantumWise-ATK [16] while the results are 

visualized on VESTA [17] and vnl 2017.0 [18]. Generalized gradient 

approximation (GGA) at Perdew-Burke-Ernzerhof (PBE) exchange-correlation 

functional is used for the structural and energy optimization [19]. The local 

density approximation (LDA) method is found to be superior in reproducing the 

experimental data of BiVO4, compared to pure GGA and meta GGA (MGGA). 

A 5x5x1 Monkhorst-Pack k-grid and energy cutoff of 100 Ry is employed for 

the geometry relaxation and self-consistent (SCF) simulations of BiVO4; 

consisting of 96 atoms. The Broyden-Fletcher-Goldfarb-Shanno algorithm 

(BFGS) is used for the structural relaxation [20].  

1.2.1.3. Bulk, Slab, O Defective, and Se Doped-BiVO4. 

The experimentally observed crystallographic file of BiVO4; clinobisvanite 

structure is used as such which has Hall symmetry space group of I2/b with 

lattice parameters of a = 5.147 Å, b = 5.147 Å, c = 11.7216 Å, and γ = 90° [21]. 

As an input structure for the calculations; the 24 atoms primitive unit cell and 

its 2x2x2 supercell along with (001) direction with 10 Å vacuum, is considered 

as a model for the periodic boundary condition (PBC) DFT simulations. 

Generally, it is believed that clinobisvanite monoclinic BiVO4 exists in (001) 

orientation so, that is why the (001) slab is opted for the theoretical simulations 

to represent its experimental thin film [22]. Moreover, the unreconstructed (001) 
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termination possesses low surface energy and as a result, represents the most 

probable surface termination [22]. Stability of these different slabs are 

confirmed from their positive formation energy and electrostatic potential. 

1.2.1.4. Electronic Properties and Effective Masses of Charge carriers 

A 5x5x5 Monkhorst-Pack k-grid with the same energy cutoff is used for the non-

SCF part to get the density of states (DOS) and partial DOS (PDOS), band 

structure and effective masses of photogenerated electrons and holes. The 

DFT occupied and unoccupied DOS are considered as the VB and CB edges, 

respectively; separated by an energy equal to the known optical band gap.[23] 

The band structure simulations were performed along the appropriate direction 

of the Brillouin zone. Meta-GGA is used for the band gap simulations of TaON 

in the Truhlar Blaha exchange functional and the correlation functional of 

Perdew-Zunger (LDA) in the form of TB09LDA [24]. The effective masses of 

the photogenerated electrons (me
*) and holes (mh

*) along the suitable directions 

of k-points are calculated by fitting parabolic approximation around the bottom 

of the CBM or the top of the VBM, respectively; using equation 1.  

m∗ = ħ2 (d2 E/dk2) −1         (1) 

where ħ is the reduced Planck constant, E is the energy of an electron at wave 

vector k in the same band (VBM or CBM). To acquire the validity of the parabolic 

approximation within the specified space, the region for parabolic fitting is 

controlled by an energy difference of 1 meV along a particular direction around 

the VBM or CBM.  
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1.2.1.5. Surface Formation Energy 

As we know, that if the surface formation energy is in negative, then its mean 

that the material should dissociate, i.e. the crystal should disperse into the 

surrounding medium. For all of the slabs discussed, we got positive surface 

formation energy, which confirmed their thermodynamically stability.  

The surface formation energy of pristine and Se-doped BiVO4(001) slabs are 

calculated using equation 2, while that of O defective BiVO4(001) is calculated 

with the help of equation 3. 

Esurf =
�

��
(Eslab − NEbulk)       (2) 

Evf = Eslab + Nvac x 1/2EO2 – Eslab(st)      (3) 

In eq 2, A is the cross-sectional area of slab, Eslab is the ground state total 

energy of slab, NEbulk represents number of bulk in the slab. In eq 3, Evf is the 

vacancy formation energy, Nvac, number of vacancy, EO2, energy of oxygen 

molecule and Eslab(st) is the total energy of stoichiometric slab.   

1.2.1.6. Bulk, Slab, and water interacted TaON Surfaces 

On the other hand, β-TaON has a monoclinic structure in the P 21/C space 

group [25]. The primitive unit cell contains 12 atoms and the initial crystal 

structure parameters in our calculations are taken from experimental data [26]. 

After optimizing the lattice parameters of the unit cell, a (2x2x2) supercell was 

constructed. (100), (010) and (001) slabs for each O, N, and Ta atoms were 

built by cleaving appropriately the 2x2 supercell of TaON. For the slab model 

calculations of surface energies and band edge positions, the thickness of the 

slabs were four primitive unit cells of TaON (5 Å thick having 48 atoms), to 

ensure that the center of the slab can be regarded as the bulk phase.  
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1.2.1.7. DFT Methods for Molecular Systems 

Molecular DFT simulations of the donor, acceptor, and their combinations have 

been carried out on Gaussian 09 [27] while visualizations are achieved on 

Gabedit [28] and GaussView.[29] Electronic structure properties of different 

oligomers and their co-oligomeric combination are carried out with the help of 

density functional theory (DFT) at hybrid functional of the B3LYP/6-31G** level 

of theory. The oligomeric chain length is optimized to accurately represent their 

polymeric nature. From computational and accuracy point of view, TD-DFT is 

optimistic between semi-empirical and wave function approaches [30-32]. TD-

DFT calculations can incorporate environmental effects and quickly give best 

quantitative fit to UV-vis spectra (excitation energy) of these species, especially 

using hybrid functionals (B3LYP) [32-34]. In the case of approximate DFT, 

negative orbital energies (HOMO and LUMO) do not give accurate ionization 

potentials (IP) and electron affinities (EA), but the deviation is about 1 eV. Since 

the error is method dependent and consistent for all oligomers, orbital energies 

can be still used to examine trends consistently. Our simulated results have 

also a nice correlation with the experimental data, so, that is why the current 

level of theory is employed for the rest of simulations [35,36]. 

1.2.1.8. Computational Study of Polymer Solar Cell 

Key parameters of the photovoltaic system such as reorganization energy (λ), 

Polaron, Bi-polaron, UV-Vis spectra, and exciton binding energy (Eb) are also 

simulated with the said level of theory. Reorganization energy (λ) is directly 

associated with the geometrical distortion of a chemical substance when it 

changes from neutral to cationic state. The internal reorganization energy of A, 
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D and D-A-D are simulated, using the adiabatic potential energy surface 

method with equation 4 (Table 2). 

λ = λ1 + λ2 = (E0* - E) + (E+* - E+)       (4) 

The E0 and E+ are the energies of neutral and cationic species in their lowest 

energy geometries and E0
* and E+

* represent the energy of a neutral molecule 

at the geometry of charged molecule and charged molecule at the geometry of 

the neutral molecule. 

We have simulated the exciton binding energy (Eb) from the energy difference 

of neutral exciton and the two free charge carriers, using an expression such 

as Eb = EBand gap – EOptical gap. 

The stability, perturbation in electroactivity and conductivity upon mixing of 

donor and acceptor species are estimated from the energy of HOMO, LUMO, 

and band gap. The electrons and holes carrying nature are simulated from the 

reorganization energy and also from the contours of HOMO and LUMO, 

respectively. UV-vis, UV-Vis-Near IR spectra and an optical gap of the D-A-D 

are simulated, using TD-B3LYP/6-31G** level of theory. 

1.2.1.9. Theoretical Performance of Polymer Solar Cell 

To get the high efficiency of bulk heterojunction (BHJ) polymer solar cell, 

scientists are struggling to achieve higher (i) short-circuit current density (Jsc) 

(ii) open circuit voltage (Voc) (iii) and a high fill factor (FF). The efficiency of a 

PSC can be obtained using equation 5 [7], 

     (5) 
 

where η is efficiency and Pin is the power density of incident light. 
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The Jsc has an inverse relation with the band gap value in PSC; lower the band 

gap much higher will be the short-circuit current density and vice versa. So, 

narrow band gap polymer can harvest sufficient amount of sunlight and lead to 

enhanced Jsc. Furthermore, Jsc is also dependent on the LUMO energy levels 

of the hole transporting material (here D-A-D) and acceptor (PCBM) in the PSC 

device. If the difference is more than 0.3 eV (equation 3), then the device will 

result in high Jsc, and this energy difference can also be correlated with charge 

transport (ηcT) within PSC. The smaller-scale phase separation creates larger 

area of interfaces where charge separation can take place. A large energy 

difference between the LUMO of D-A-D (donor) and the LUMO of PCBM 

(acceptor) is required for ultrafast photoinduced electron transfer [37]. The next 

important parameter of the PSC is the Voc, which can be tuned/enhanced by 

lowering down the HOMO level of the polymer in the BHJ. Theoretically, the Voc 

of PSCs can be estimated from the orbital difference of D-A-D (HOMO) and 

PCBM (LUMO), using equation 6 [7]. 

Voc =  e-1 x (|EHOMODonor| - |ELUMOAcceptor| - 0.3 eV   (6) 

Where e– is the elementary charge, E is the energy level and 0.3 eV is an 

empirical value for efficient charge separation (minimum difference of the 

LUMOs of donor and acceptor). The final crucial parameter in getting the high 

efficiency of PSC is the FF, which is simply a ratio between the maximum 

obtainable power and the product of Voc and Jsc. 

1.2.1.10. Polaron, Bi-polaron, and Exciton Binding Energy 

It is generally believed that PSCs require well-controlled movement of charges 

for  efficient photon conversion [38]. In conjugated polymers, usually polaronic 

and bi-polaronic states appear within the parent band gap [39] upon doping with 
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appropriate doping agents. These are the key tools for charge storage and 

charge transportation in COPs. Charge and the associated distortion along the 

backbone of COP create either polaron or bi-polaron. Single charge and the 

associated distortion are termed as polaron (delocalized state), denoted as Ep 

while a pair of charges and their distortion in the polymeric body is regarded as 

bi-polaron. Bi-polarons states are comparatively stable, localized and less 

electroactive to that of polarons. Donation of charge by a particular conjugated 

system is followed by intra-molecular relaxation which can be precisely called 

as polaronic effect. Polaron-binding energy can be easily obtained from the 

reorganization energy (λ) using an expression such as Ep=(1∕2 λ). On the other 

hand, exciton binding energy or an electron−hole binding energy is the amount 

of that barrier (coulombic energy) with which the lowest unoccupied orbital 

accepts an extra electron and left behind the occupied orbital as degenerate. 

We have simulated the exciton binding energy (Eb) from the energy difference 

of neutral exciton and the two free charge carriers, using an expression such 

as Eb = EBand gap – EOptical gap. 

1.2.1.11. Partial Charge Difference Analysis 

Partial charge difference on the conjugated backbone of HTM is simulated by 

using equation 7. NBO charge on a particular atom in the neutral as well as in 

the cationic state is considered for the charge transferring phenomena in HTM. 

Partial charge difference analysis of HTM predicts that H and Se atoms are 

responsible for the charge donation.  

∆QX = ∑QXi
+  - ∑QXi

0         (7) 

Where ∆Q is a charge on particular X atom, either in cationic (X+) or neutral 

state (X0). 
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1.2.1.12. Theoretical simulations for Dye-Sensitized Solar Cell 

Prior to property simulations of the interacting systems such as N3-HTM, N3-

TiO2, and HTM-N3-TiO2; the DFT method was confirmed through correlation of 

the HTM simulated HOMO, LUMO and band gaps with experimental data (see 

Article 6) [35,36]. Hybrid functional such as B3LYP has been successfully 

applied for this type of polymers and has been found to be superior over other 

functionals [36,40-42]. In the case of inter-molecular study of the proposed 

model, N3 was sandwiched between TiO2 and HTM and then optimized at 

B3LYP functional with LanL2DZ basis set. The interaction energy of these three 

components is simulated with the help of inter-molecular energy simulation as 

explained elsewhere [43-47]. The quantitative and qualitative behavior of 

charge transferring phenomena of the entitled complexes are simulated at 

natural bonding orbital (NBO) analysis. The prediction of stability, 

electroactivity, conductivity and donor/acceptor nature are estimated from 

ionization energy (IP), electron affinity (EA), and band gap analysis. UV-vis 

spectra and ∆SCF energy gap (optical gap) were simulated in a solvent medium 

such as chlorobenzene, using a conductor like polarized continuum model 

(CPCM) at TD-B3LYP/LanL2DZ level which unveils our results regarding the 

optical and electrical properties. 
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1.3. Contribution of the papers in the field 

 Substitution of O with Se atom (1-4% doping), result a stable p-type 

Se/BiVO4 thin film which improve the overall photocatalytic efficiency.  

 The importance of direct Z-scheme heterostructure, made of Se and 

BiVO4 for the photoelectrochemical water splitting. 

 g-C3N4/BiVO4 heterostructure for the enhanced photoelectrochemical 

performance. 

 Predicting the suitable surfaces of β-TaON from periodic density 

functional theory for solar water splitting. 

 The concept of selenium‐substituted low‐bandgap donor-acceptor-donor 

polymer for high-performance polymer solar cell. 

 The effect of solid-state electrolyte in the dye-sensitized solar cells. 

 Designing composites material (organic polymer and metal oxides) for 

the application of photocatalysis and gas sensing. 
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1.4. Outline of the thesis 

Chapter 1 introduces the importance and varieties of solar energy conversion 

and its basic understanding along with inherent problems. Different simulating 

techniques and the main findings of article 1 and 10, explaining photocatalytic 

water splitting, organic solar cell, dye-sensitized solar cell, and gas sensing 

applications are briefly summarized. This section also describes the novel 

energy materials and their applications. 

 

Chapter 2 explains the structural and electronic properties of BiVO4 ultra-thin 

film. Monoclinic BiVO4 is has been using as a photocatalyst but due to its 

inappropriate CB (-4.56 eV vs vacuum) edge position, it has low efficiency. DFT 

simulations are performed for the pristine, Oxygen defective (Ov), Se doped 

monoclinic BiVO4, and heterojunction with Selenium (Se-BiVO4), to improve the 

photocatalytic and charge carrier properties. Different doping ratios of Se are 

employed to find the most suitable and thermodynamically stable BiVO4 

derivatives with an ideal band edges, band gap, and small effective masses of 

electrons and holes. Finally, our theoretical simulations are counterchecked by 

our Malaysian collaborative [48] through spectroscopic and 

photoelectrochemical characterization. Overall, it is found that Se either in the 

doped (Se@BiVO4 with doping ratio of about 1-2%) or heterostructure 

(Se/BiVO4), result an efficient photocatalyst. In nutshell, this chapter summarize 

the work of article 1-3 [1,48,49]. 

 

Chapter 3 highlights the different characteristic surfaces of an oxynitrides 

materials such as β-TaON. Although, this material has been using as a 
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photoanode material in the field of photocatalysis, but the overall performance 

is very low. Through periodic DFT modeling of its N, Ta, and O terminated 

surfaces, we found that a mixed phase material [(010)-O and (001)-N 

terminated] would produce an efficient photoanode for solar water splitting, 

where one phase performs the oxidation and the other reduction. This chapter 

summarizes the results from the article 4 [50]. 

 

Chapter 4 demonstrates the concept of organic solar cell, made from donor-

acceptor-donor polymer. This unique combination of polymer has an optically 

transparent, near-infrared-absorbing low energy gap with promising attributes 

for photovoltaic application. Moreover, the polymeric backbone tunes the band 

gap, optical gap, open circuit (Voc) and short-circuit current density (Jsc) in the 

polymers solar cells. Different characteristic parameters of organic solar cell are 

theoretically investigated. Moreover, we proposed a bulk heterojunction solar 

cell, which gives theoretical open circuit voltage of about 1.02 eV. Our 

theoretical investigation will minimize the synthetic effort of the experimentalist. 

This chapter describes the results of article 5 [2]. 

 

Chapter 5 gives a thorough example of the comprehensive experimental and 

theoretical investigation of Zinc porphyrin dyes for dye-sensitized solar cell 

(DSSC). The experimental work of this work was performed by our Indian 

collaboratives [51]. Moreover, we also propose the design of solid-state DSSC 

and then its comparison with the traditional liquid electrolyte based DSSC. 

Although, we have highly efficient DSSCs, but they are facing long-term 

performance and durability problems which are because of the liquid 
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electrolytes; causes serious problems such as electrode corrosion and 

electrolyte leakage. In this solid-state DSSC, we replace the liquid electrolyte 

with an efficient donor-acceptor-donor polymer. This chapter summarizes the 

results from the articles 6 and 7 [3,51]. 

 

Chapter 6 introduces and summarize the results from the articles 8-10; detailing 

the sensing behavior and hazardous pollutants degradation. We have designed 

and proposed a photocatalyst, made of polypyrrole and TiO2 (composite). The 

composite materials has an ideal properties to be used for organic pollutants 

degradation. The stability and suitability of the results materials is confirmed 

from different theoretical simulations. Moreover, we also predict that polypyrrole 

can be used as gas sensor for different hazardous gases; either in the 

laboratory, home or industry. This work was carried out with our Pakistani 

collaborative [44]. Finally, the last part of this chapter is devoted to the 

environmental and biosensing applications of graphene and its derivatives 

[44,52,53]. 

 

Chapter 7 describes the conclusion of all the work published and gives 

recommendations for future work. This chapter also lists the author’s 

contribution to all the articles as well as other related work 
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1.5. Novel Materials and Solar Energy Conversion 

1.5.1. Energy Conversion 

The idea of solar energy conversion comes from the photosynthesis in plants. 

In this process, green plants convert light energy into chemical energy (fuel) via 

photosynthetic reaction as shown in Fig 2. Solar energy is an alternative to fossil 

fuels, which convert photons into electricity, fuel, and heat. Moreover, this 

technology covers light-harvesting technologies such as traditional photovoltaic 

devices, emerging photovoltaics, solar fuel generation via electrolysis, artificial 

photosynthesis and other photocatalytic techniques [54]. In this work, the 

energy conversion has been carried out by photocatalytic and photovoltaic 

(including dye-sensitized solar cell) process. 

 

Figure 2. Photosynthesis in plants; a process by which green plants [having 

Chlorophyll (a) and (b)] use sunlight to produce Energy (glucose) from carbon 

dioxide and water. 
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1.5.1.1. Photocatalysis 

Solar energy harnessing via photoelectrochemical (PEC) water splitting, using 

transition metal oxides, is a direct chemical energy conversion and storage 

technique. Since the discovery of the first photocatalytic water splitting 

experiment, range of transition metal oxides have been employing to produce 

solar fuel [55]. An ideal photocatalyst must have valance band (VB) and 

conduction band (CB), which straddle the redox potentials of photocatalytic 

reaction, and must have high stability, availability, and narrow band gap which 

can efficiently absorb the visible part of sun light [56,57]. 

 

O2 + 4H+ 4e- 2H2O

4H+
4e-

2H2

2H2O 2H2 + O2

Eanodic  = 1.23 V (NHE)

Ecathodic  =  0 V (NHE)

Erxn  =  -1.23 V

+

+

(1)

(2)

(3)
 

 

To date, the current focus semiconductors/photocatalysts are Fe2O3, LaFeO3, 

TaON, LaCrO3, LaCoO3, TiO2, BiVO4, ZnS, ZnO2, Bi2WO6, SrTiO3, BiOX (Cl, 

Br, I), and etc. Some of these semiconductors have ideal band edges position 

but they are either unstable or having large band gaps, while some of them 

are narrow band gap but one of the band edges (either VB or CB) is situated 

at improper band edge energy (Fig 3) [58]. So, the redox reaction cannot be 

completed without the external bias potential (see reactions 1-3). Band 

structure engineering is one of the excellent strategies to tailor the band edges 

and band gaps of these semiconductors, through doping process. 
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Figure 3. VBM and CBM positions of selected semiconductors at pH 0 with 

respect to vacuum and normal hydrogen electrode (NHE) levels (in unit of eV): 

The redox potential of water is shown in blue solid and doted lines [1]. 

1.5.1.2. Photovoltaic 

The conversion of sunlight (photons) directly into electricity is called 

photovoltaic (PV) effect, the name comes from the conversion of photons to 

voltage. Scientists are struggling to design a cheap, liable, elastic, and 

environmental friendly optoelectronic devices with high efficiency [4-7]. As we 

know, silicon-based materials are ideal in the current solar cells technology but 

having a high cost, high operation temperature; limits its portability and 

versatility [8]. A step toward the development of low-cost, environmentally 

friendly, easily synthesizable, flexible and efficient material for solar cells lead 

scientists to the use of conjugated organic polymers (COPs) [7,59]. COPs are 

emerging as promising materials due to their stability, low-cost processing and 

ability to form tunable and robust structures. Four prominent generations of 
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COPs are being explored by scientists, which has application in the field of solar 

to power energy conversion [9-13]. 

 

Figure 4. Supposed device structure of the inverted organic solar cell along with 

energy band diagram of D-A-D and other species [2].   

COPs have tunable band gap where one can precisely tune the desired band 

gap, HOMO, and LUMO energy levels during the synthesis, which directly affect 

the open circuit voltage (Voc), charge transport (ηcT) and short-circuit current 

density (Jsc) in the polymer solar cell (PSC) [7]. Generally, polymer with a band 

gap of more than 4 eV is considered to be insulator while the underneath 

represents semiconducting nature [60]. Since the discovery of the conducting 

nature of polyacetylene (PA), researchers are working to minimize this band 

gap. Many efforts are reported in this regards which are either, co-

polymerization, composites, nanoparticles, and donor-acceptor co-

polymerization [61]. 

1.5.1.3. Dye-Sensitized Solar Cell 

When Sun strikes the earth for an hour, if that energy is properly harvest then 

it can fulfill whole the world energy demand for a year, but unfortunately, we are 
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not able to harvest it properly [62,63]. Solar energy technology in the market is 

mostly Silicon-based photovoltaic cells, which is a promising renewable energy 

technique for [64]. Silicon-based solar cells are ideal but having a high cost and 

high operation temperature limits its portability and versatility, so, it is an urgent 

need to replace Si with a better and efficient material for photovoltaic 

applications. Thin film solar technology based on CdTe, p-GaAs/n-GaAs, and 

ZnO/CdS/CuInSe2 etc., exhibiting ~ 20% efficiency, however, this is more 

expensive and having elements which are not earth abundance and toxic for 

environment [65]. 

 

Figure 5. Schematic representation of various processes occurring in DSSCs 

upon sunlight irradiation. Photoexcitation of dye molecules upon absorption of 

the photons [3]. 
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Dye-sensitized solar cell (DSSC) is considered as the best way forward to fulfill 

our energy requirements  due to it's low-cost, easy fabrication and 

environmentally friendly [66]. A basic DSSC is consist of molecular dye, 

adsorbed on a mesoporous wide band gap semiconductor oxide (frequently 

TiO2), a redox couple (I1-/I3-) usually liquid electrolyte and a p-type hole 

collector/counter electrode [51,67]. The dye molecule (photosensitizer) absorb 

light and injects its excited electrons into the conduction band of TiO2 and 

become oxidized. The redox electrolyte act as an intermediate to transfer hole 

from dye to counter electrode for regeneration of dye [68-70]. Although, highly 

efficient DSSCs have been reported but they are facing long-term performance 

and durability problems which are stem to liquid electrolytes; the I1-/I3- redox 

couple, leads to serious problems such as electrode corrosion and electrolyte 

leakage [71-73]. The crucial solution would be the purely solid-state cells, given 

the expected issues of any liquid electrolyte, such as leakage, heavyweight and 

complex chemistry.  

1.5.2. Novel Energy Materials 

As discussed in the previous section, solar energy can either be harvested by 

photoelectrochemical or photovoltaic process. The ideal materials must have 

an ideal band structure which can absorb the visible portion of sunlight, highly 

efficient, earth abundant, environmental friendly, low cost, easily synthesizable, 

and stable towards corrosion. Since the discovery of Fujishima and Honda,2 

various semiconductors have been investigated to produce hydrogen as a solar 

fuel from water, using a visible spectrum of sunlight. However, development of 

suitable and sustainable semiconductor materials as efficient photoelectrode 

remains a challenge. A metal oxide such as TiO2 has band edge positions that 
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straddle the standard electrochemical potential of E°(H+/H2) and E°(O2/H2O), 

but its large band gap (absorb the UV part of the solar spectrum) accounts for 

4 % of the solar irradiance. Although, CdS and CdSe having small band gap 

and suitable band edge positions but they are not stable under water 

photooxidation conditions [74,75]. The stable semiconductors such as Fe2O3, 

WO3, and BiVO4 have been explored for the water splitting application over the 

last few years [76-82]. Among them, Fe2O3 is the most widely studied material 

for H2 production. However, the conduction band edge of Fe2O3 is too low for 

spontaneous water photoreduction [83]. As a result, complete water splitting 

with Fe2O3 requires large external bias. While WO3 having a band gap energy 

of 2.7 eV limits the theoretical solar-to-hydrogen (STH) efficiency to ca. 4.5% 

[78]. Donor-acceptor polymer approach can efficiently tune the HOMO-LUMO 

levels and optical band gap. However, the processes are not so simple, requires 

a lot of efforts to get insight into the underlying phenomenon [84]. The 

combination of the donor (electron donating species) and acceptor moieties 

(electron withdrawing) in a copolymer can tune the optical gap and efficiently 

harness the solar energy influx which is consequently responsible for the 

increase of Jsc. This would not simply solve our problem but band gap 

engineering of a polymer can lead to increase the Voc, followed by efficient 

exciton dissociation in the PSC [85]. 

1.5.2.1. Metal Oxides 

The main scientific and technological challenges for efficient solar energy 

conversion, energy storage, and environment applications are the stability, 

durability, and performance of low-cost functional materials. Despite the work 

of last four decades, since the first demonstration of solar water splitting using 
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TiO2 electrode, the optimal materials remain to be discovered. Many 

semiconductor materials have been extensively investigated, including metal 

oxides (TiO2, ZnO, WO3, α-Fe2O3, BiVO4), metal chalcogenides (CdS, CdSe), 

metal nitrides (Ta3N5) and oxynitrides (TaON) [86,87]. Most of the stable oxide 

such as SnO2, Ta2O5, TiO2, and ZnO are only photoactive in UV region due to 

their wide bandgap, which limits absorption of sunlight. While small bandgap 

metal oxides such as α-Fe2O3, can harvest maximum solar spectrum but its 

conduction band potential is more positive than the water and CO2 reduction 

potential. Moreover, most of these metal oxides are oxygen evolving and n-

type, which cannot split water to generate hydrogen or photoreduce CO2 beck 

to fuel. Similarly, metal chalcogenides i.e., CdS and CdSe have ideal band 

structures for spontaneous water splitting but are highly unstable in aqueous 

photooxidation conditions. These factors emphasize a pressing need to 

research not only in the field of material design, discovery, and development 

but also on the architecture-controlled fabrication of new and existing materials 

1.5.2.2. Oxynitrides 

Oxynitrides have recently attracted much attention while transition metal oxide 

semiconductors are also suitable candidates as photocatalysts for storable 

fuels because of their low cost, nontoxicity, abundance, and high corrosion 

resistance [88-90], they have low efficiencies due to their poor carrier 

conductivity and generally have large bandgaps.[91] To reduce the band gap, 

many methods have been tried including defect formation and doping by 

cations and anion [92,93]. Incorporation of N is promising way as the N 2p 

states are energetically shallower than the deeper O 2p orbitals [94]. Generally, 

the CBM of a transition metal oxynitride is mainly formed from the empty metal 
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orbitals while the VBM of oxynitrides are shifted to more negative energy by N 

2p mixed states [95,96]. Thus the band gaps of oxynitrides can be narrower 

than those of the corresponding metal oxides [93,94]. Recently, Cui et al. and 

Respinis et al. have comprehensively investigated the electronic structures and 

photocatalytic activities of tantalum-based compounds such as Ta2O5, TaON, 

Ta3N5, and shown that the TaON exhibit visible-light photocatalytic activity since 

they have smaller band gaps compared to common oxides. 

Tantalum oxynitride (TaON) is one promising material as a photoanode for solar 

water splitting but works under external applied bias. Recently, it has been 

reported that suitable energy of valence and conduction band edges of TaON 

make it an electrode material for both water oxidation and reduction, and a 

narrow band gap of ~ 2.4 eV allows absorption of visible light [88,97,98]. 

However, the photocatalytic activity of TaON is still limited, due to self-

deactivation upon irradiation, conversion of TaON to Ta2O5, high exciton 

binding energy, and ultra-fast electron-hole recombination [97,99]. 

1.5.2.3. Conducting Polymers 

Conjugated organic polymers (COPs) are conducting due to delocalized π-

molecular orbitals on the polymeric backbone [100]. The main advantage of 

conjugated organic polymers (COPs) over other materials (inorganic semi-

conductors) is their possibility of processing to form useful, tunable and robust 

structures. Polyaniline (PANI), polypyrrole (PPy), polythiophene (PT), 

polyacetylene (PA), polythiopene (PT), polyparaphenylene (PPP), 

polyparaphenylenevenylene (PPV), poly(o-phenylenediamine) (POPD) and 

their copolymers are prominent examples of COPs (see Fig 1) [101,102]. Most 

of the COPs have non-linear response to electronic excitation but the induction 
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of doping/de-doping (injection of an electron and hole) on the conjugated chain 

can lead to a self-localized excited state (imprinted), suggesting opportunity for 

use in energy storage devices, electrocatalysis, smart windows, membrane gas 

separation, microwave screening, organic electrochemistry, microsystem 

technologies, electronic devices, bioelectrochemistry, photoelectrochemistry, 

electroanalysis, sensors, electrochromic displays, and anti-corrosion [103,104]. 
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Figure 6. Different types of COPs and their copolymers. 

Scientific community’s interest is increasing day-by-day to explore novel 

materials, for high performance solid-state gas sensors [105]. Gas sensors 

have vital role in the home safety, environmental monitoring and chemical 

controlling, both in industries and laboratories [106]. The commonly available 

sensors include, metal oxide semiconductors (MOS), MOS field effect 

transistors, quartz crystal microbalance, surface acoustic wave, and COPs 

[107-109]. The metal oxide semiconductors (inorganic materials) gas sensors 

have low selectivity and operate at high temperature which increases power 

consumption, reduces sensor life and limits their portability [110], scientists are 

struggling to explore sensors which would be chemically miscellanies, stable, 

selective, highly sensitive, and have quick response mechanism [111]. COPs 

are superior gas sensors in contrast to their counterpart inorganic sensors, 
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having easy synthesis, chemical diversity, stability, selectivity, high sensitivity, 

and quick response mechanism even at room temperature operation [112]. 

COPs are emerging as promising materials due to their stability, low-cost 

processing and ability to form tunable and robust structures. Four prominent 

generations of COPs are being explored by scientists, which has application in 

the field of solar to power energy conversion [9-13]. 

COPs have tunable band gap where one can precisely tune the desired band 

gap, HOMO, and LUMO energy levels during the synthesis, which directly affect 

the open circuit voltage (Voc), charge transport (ηcT) and short-circuit current 

density (Jsc) in the polymer solar cell (PSC) [7]. Generally, polymer with a band 

gap of more than 4 eV is considered to be insulator while the underneath 

represents semiconducting nature [60]. Since the discovery of the conducting 

nature of polyacetylene (PA), researchers are working to minimize this band 

gap [113]. Many efforts are reported in this regards which are either, co-

polymerization, composites, nanoparticles, and donor-acceptor co-

polymerization [61]. 

1.5.2.4. Lead Halide Perovskite 

Methylammonium lead halides are hybrid solid compounds with perovskite type 

structure, having chemical formula of CH3NH3PbX3; where X=I, Br or Cl (see 

Fig 5). These compounds have wide range of applications in solar cells, lasers, 

light-emitting diodes, photodetectors, radiation detectors, data storage, thin-film 

transistor, and hydrogen production [114]. CH3NH3PbX3 perovskite-based solar 

cells are highly efficient due to their large power conversion efficiency (PCE) ~ 

15% [114]. The ABX3 hybrid perovskite has a versatile structure which can 

incorporate varieties of cations and anions, forming mixed perovskite. This 
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incorporation of different constituents change the physical and chemical 

properties, including crystal structure parameters, bandgaps, charge carrier, 

defect properties, phase stabilities, and moisture and thermal resistance [115]. 

Moreover, mixed perovskites solar cells such as lead halide perovskite APbX3 

[A  = Cs (cesium), MA (CH3NH3, methylammonium), and FA (NH = CHNH3, 

formamidinium); X = Cl, Br, and I] have improved PCE ~ 22.1% [115]. 

 

Figure 7. Crystal Structure of a typically lead halide perovskite - CH3NH3PbX3 

1.5.2.5. Heterostructure Semiconducting Materials 

Generally, some metal oxides shows a low photocatalytic activity owing to poor 

charge-transport characteristics [78] and weak surface adsorption properties 

[116]. In addition, many attempts have been made to improve the poor 

photocatalytic activity of metal oxides such as BiVO4 with an oxygen evolution 

catalyst such as cobalt-phosphate, iron oxyhydroxide [117] and cobalt-borate 

[118] is one of the options. Making a heterojunction between two dissimilar 

semiconductors is also an effective strategy to improve the electron-hole 

separation in BiVO4. 
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Figure 8. Energy level diagram of Se-bulk and BiVO4(001) heterostructure, 

making direct Z-scheme. 

 Heterojunction has great benefit to PEC activities such as broadening the light 

absorption spectral, suppressing the charge recombination and enhancing  

charge separation [58]. Representative heterojunctions or band alignments of 

binary dissimilar semiconductors is shown in Fig 9. Type-I heterojunction (Fig. 

9a), an extensively studied PEC water splitting techniques where a narrow 

band gap semiconductor (Fe2O3) is combined with wide band gap 

semiconductor such as TiO2 [119]. In this combination, a complementary light 

absorption takes place and photocurrent improves by a consequence of facile 

electrons and hole transfer from the conduction and valence band of wide band 

gap semiconductor to small band gap material. In Type-II heterojunction (Fig. 

9b), the relatively more negative potential (vs RHE) of the conduction and 

valence band of a narrow band gap of semiconductor (BiVO4) is beneficial to 
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enable the efficient charge transfer [58] and high photocurrent density. Since 

the photo-excited electrons in BiVO4 where the conduction band is located at 

more negative potential can easily transfer an electron to the conduction band 

of WO3 that have the conduction band at positive potential (Fig. 9b), 

responsible for high photocurrent. And as a result, the holes from the valence 

band of WO3 can be transferred to the valence band of BiVO4 to oxidize H2O 

and generate O2 [79]. In Type III heterojunction, both narrow band gap 

semiconductors (each having either an ideal VB or CB) are combined to 

efficiently perform the photoelectrochemical water splitting (Fig 9c).  

 

Figure 9: Schematic representation of different band alignments for high PEC 

performance. 

The photogenerated electron at the CB of FeS2 recombines with a hole at the 

VB of Sb2Se3 and consequences separation of electron and hole, responsible 

for high photocatalytic activity [120]. In Type IV band alignments (Fig 9d), 

electron-hole pairs separation occurs very easily due to the establishment of a 

direct Z-scheme in binary semiconductors. Since the photo-excited electrons 

at CB of wide band gap semiconductor (i.e., BiVO4 or ZnO), located at more 

positive potential (vs RHE) would recombine with the holes of g-C3N4 that have 

the valence band at a more negative potential (Fig 9d). As a result of the 

aforementioned recombination, holes from the valence band of ZnO/BiVO4 are 
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transferred into the electrolyte to oxidize H2O→O2, whereas the electrons from 

the conduction band of g-C3N4 are transferred to the counter electrode which 

enhances the photocurrent [121]. Therefore, a proper band alignment of each 

semiconductor in all types of heterojunctions is necessary to develop a deeper 

understanding of the charge transport properties in water splitting process.  

The Type-I and II heterojunction are widely reported compared to Type III and 

IV, where BiVO4 is mixed with other materials [78,122,123]. From a 

thermodynamic point of view, the material used in place of g-C3N4 must have 

small band gap energy in case of Type IV heterojunction to favor the electrons 

excitation process. Graphitic carbon nitride; g-C3N4 (Eg = 2.7 eV) and Silicon, 

Si (Eg =1.1 eV) are the most popular visible light absorbing semiconductor to 

be paired in various metal oxide for PEC cells [124-126]. The more negative 

conduction band potential of g-C3N4 and Si compared to that of BiVO4, facilitate 

the photogenerated electrons mobility to the external circuit due to high 

electron-hole pairs separation. Si-based materials are highly efficient in the 

solar cell technology, but they are too expensive to be used in PEC water 

splitting. The cost of a silicon wafer comprises the pure silicon cost, the 

crystallization cost, and the slicing cost [127]. Also, the fabrication of the Si-

based device is more complex as it requires proper handling of fairly fragile Si 

wafer. These factors lead to a motivation in developing Si-free PEC cell with a 

potentially good absorber material which can be prepared by easy growth 

techniques to reduce cost production and achieve high charge transport 

characteristics in the heterojunction (Type-IV heterojunction).  
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1.6. Environmental Applications 

Nanostructured TiO2 is one of the most investigated photoactive materials due 

to its excellent electronic structure and high stability to photocorrosion under 

redox conditions [128-130]. TiO2 has drawn much attention due to its potential 

applications in solar energy conversion (such as  photocatalytic water splitting 

and dye-sensitized solar cell), environmental cleaning (photocatalytic 

degradation of pollutants, self-cleaning, and water purification), and bio-sensing 

[131-134]. The solar energy conversion and photocatalytic efficiency of  TiO2 is 

limited due to its wide band gap (3.20 eV), as it can only absorb UV region of 

the solar spectrum [135]. Along with wide band gap, TiO2 also suffer from high 

charge recombination rate (photogenerated electron−hole pair) which hindered 

the photocatalytic activity [136]. Strategies such as noble metal deposition as 

co-catalyst, metal or non-metal doping and photosensitization have been 

adopted to tailor band gap and enhance the charge transport properties to 

improve the photocatalytic performance of TiO2 [137,138]. Recently, it has been 

found that composite of metal oxide and COP into intimate contact on both 

physical and electronic levels have significantly improved solar energy 

conversion and photocatalytic performance compared to metal oxide or COP 

individually [139]. Moreover, an increasing interest is found on the fabrication 

of COP-TiO2 nanocomposites for photocatalytic degradation of environmental 

pollutants as well as water splitting to generate hydrogen [140,141]. 

Recently, interest of the scientific community has increased in the application 

of COPs in high performance solid state gas sensor devices. Gas sensors are 

very important in the environmental monitoring, home safety and chemical 

controlling (both in the industries and laboratories). The most frequently 
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reported sensors are metal oxide semiconductors [142], quartz crystal 

microbalance [143], surface acoustic wave [144], field effect transistor [145], 

and conducting polymers (CPs). The metal oxide semiconductors (inorganic 

materials) gas sensors work on the principle of change in conductivity upon 

interaction with gas molecules, but they suffer from low selectivity (specific 

target gases). Moreover, high operation temperature leads to increased power 

consumption which reduces sensor life and limits the portability. In order to 

overcome these issues, research is directed to explore sensors which are 

stable, selective, high sensitive, and have quick response mechanism. COPs 

have found a worth place as room temperature gas sensors. Several reports 

have shown that COPs are sensitive to a wide range of gases, vapors, metals 

and volatile organic solvents. COPs-based sensors are also superior to other 

sensors because of their chemical diversity, stability, selectivity, high sensitivity, 

and quick response mechanism [112]. 

1.7. Conclusions  

This chapter is focused on the challenges and opportunities in the area of solar 

cell technology (photovoltaic and photocatalytic) and clean environment. The 

current developments in the field are reviewed along with different types of 

technologies. Theoretical methodologies for the current work are 

comprehensively summarized in this chapter. Past, present and future aspects 

of solar energy conversion techniques such as photocatalysis’s, photovoltaics, 

and dye-sensitized solar cells are described. The challenging materials of the 

field are discussed in detail. To investigate the gap between research and the 

industry is very important, to identify and understand the task. The performance 

of a chemical material strongly depends on several parameters including, 
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bandgap, optical absorption, stability, heat dissipation, precision manufacturing 

and accurate tracking. Moreover, we also highlighted how the earth abundant 

low-cost, easily synthesizable, environment friendly materials can lower down 

the cost of the device, through doping, heterostructure formation, and defect 

formation. Vast coverage of advancements in environmental applications of 

graphene-based materials for photocatalytic degradation of organic pollutants, 

gas sensing and removal of heavy metal ions are also reviewed. Additionally, 

the presences of graphene composites in the bio-sensing field have been 

discussed. We concluded the review with remarks on the challenges, 

prospective and further development of graphene-based materials in the 

exciting field of energy, environment, and bioscience. 

Se and BiVO4 form a direct Z-scheme like heterojunction, where an enhanced 

PEC activity is observed in case of heterojunction, compared to their individual 

constituents (Se and BiVO4). The enhanced PEC properties of Se/BiVO4 is due 

to the presence of Se layer, acts as a hole trapping agent, light absorber, and 

improves the charge separation in the resulted film. The results prove that 

Se/BiVO4 heterostructure is a potential candidate for PEC water splitting, 

confirmed by DFT simulations. 

In summary, the oxygen and nitrogen terminated TaON along (010) and (001), 

respectively has good stability and sensitivity towards water molecule. 

Moreover, O terminated TaON has ideal band edge positions while N 

terminated has strong ability towards visible light absorption, so a mixed phase 

would result an efficient photoanode for water splitting. Furthermore, the 

development of effective dopants will be very crucial in improving the transport 
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properties of the surface of TaON to further reduce the masses of 

photogenerated electrons and holes for high charge mobility rate. 

The g-C3N4 and BiVO4 form a van der Waals type heterojunction, where an 

internal electric field facilitated the separation of electron/hole pair at the g-

C3N4/BiVO4 interface which further restrain the carrier recombination. In this 

combination, the photogenerated electrons from CB of g-C3N4 directly reduce 

water and produce H2 while holes at VB of BiVO4 directly oxidize water and 

results O2. On the other hand, electrons from CB of BiVO4 recombine with the 

holes from the VB of g-C3N4.  
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CHAPTER 2: BiVO4 for Photoelectrochemical Solar Water Splitting 

2.1. Introduction 

Bismuth vanadate (BiVO4) is a promising photocatalyst for solar energy 

conversion due to its nontoxic, low-cost, photostable, and eco-friendly nature. 

Generally, BiVO4 has three different crystalline polymorphs: orthorhombic 

pucherite, tetragonal dreyerite, and monoclinic clinobisvanite [146]. These 

different polymorphs have different properties as the photocatalytic activity is 

strongly influenced by the crystal structure. For instance, the tetragonal 

BiVO4 possesses a band gap of 2.9 eV and mainly absorbs UV region, while 

the monoclinic clinobisvanite (m-BiVO4) exhibits a much higher photocatalytic 

activity due to its ideal band gap (2.4−2.5 eV) which absorb the UV and visible 

regions of the electromagnetic spectrum, having an ideal valence band edge 

position for driving water oxidation [147]. However, it has been recently 

reported that m-BiVO4, an n-type semiconductor [148], exhibits poor 

photocatalytic property which is stem to low mobility of the photogenerated 

charge carriers (electron−hole pairs), positive potential of CB (vs NHE) and 

high charge recombination rates which significantly limit its practical 

applications. The photocatalytic activity of m-BiVO4 can be tuned either with 

metal or non-metal doping, semi-conductor recombination (heterojunction 

formation), depositing the co-catalysts, defect formation (oxygen vacancy 

creation), and crystal-facet control or morphological modification.  

Moreover, it is important to investigate/design an efficient dopant for BiVO4, 

which not only keeps its monoclinic crystal structure but to slow down the 

charge recombination rate and more negative CB (vs NHE) edge position. The 

monoclinic clinobisvanite structure of BiVO4, consists of rows of isolated [VO4] 
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tetrahedra which are separated by the dodecahedral coordinated Bi atoms to 

form [BiO8] with eight O atoms (Fig 10). 

 

Figure 10. Tetrahedral and dodecahedra geometries of VO4 (a) and BiO8 (b) in 

BiVO4 (c). 

In order to improve the overall photocatalytic activity of m-BiVO4 (simply 

denoted as BiVO4), different doping agents have been applied; these doping 

agents have either substituted the (I) V or (II) Bi atoms but no one has paid 

attention to substitute the (III) O site of BiVO4. In this work, we investigated the 

effect of Oxygen vacancy and Se-dopant for the geometrical structure and 

corresponding photocatalytic activity of BiVO4.  

2.2. Pristine, Oxygen Defective, and Se-Doped BiVO4 for Solar Water 

Splitting 

The removal of an oxygen atom, and Se dopant on the tetrahedral or 

dodecahedra geometries of monoclinic clinobisvanite is investigated from the 

resulting relaxed geometries, where the bond distances between V—O and 

Bi—O decrease; considering the case of Ov and Se-doped BiVO4(001). When 

the Se dopant ratio is increased from 2 to 3 or 4, it distorted the geometries of 
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parent BiVO4(001), discussed in Article 1. However, in case of 1-2% doping 

ratios, the resulted geometries were quite compact and similar to parent 

BiVO4(001). 

Electronic properties of BiVO4(001) surface: As discussed in our previous 

report [48], that the monoclinic clinobisvanite phase exhibits a much higher 

photocatalytic activity compared to its other polymorphs due to its favourable 

band gap (2.4−2.5 eV) in the visible region of electromagnetic spectrum and a 

valence band position suitable for driving water oxidation [147]. 

  

Figure 11. Band Structure and PDOS plot of BiVO4(001); the Fermi energy is 

set to zero (Article 1). 

 
The electronic properties such as DOS/PDOS and band structure of 

BiVO4(001) are given in Fig 11, where its band gap is 2.24 eV. This band gap 

along the k-points direction of Γ, Z, R, X, and M, is about 0.16 eV smaller than 

that of experimental but it is expected from LDA [149], which underestimate the 

band gap. Fruthermore, the simulated band edge energies (VBM ~ -6.80 and 

CBM ~ -4.56 eV at vacuum level) of BiVO4 indicate that its CBM need to be 

engineered for high PEC performance (see Table 1).  
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TABLE 1: Fermi energy, % doping, VBM, CBM, Band Gap, and Effective 

Masses of Photogenerated Electrons and Holes, Estimated from the calculated 

Band Structure along the suitable direction.  

Species Fermi 
Energy 

% 
Doping 

me*/
m0 

mh*/
m0 

VBM CBM Band 
gap 

BiVO4(001) -6.18 Pure  0.09 0.28 -6.80 -4.56 2.24 

Ov_BiVO4 -4.28 1.0 0.19 0.18 -6.29 -4.33 1.96 

1Se_BiVO4(001) -5.17 1.04 0.09 0.02 -5.80 -4.41 1.39 

2Se_BiVO4(001) -5.19 2.08 0.04 0.31 -5.81 -4.08 1.73 

3Se_BiVO4(001) -4.93 3.0 0.65 2.02 -5.47 -4.39 1.08 

4Se_BiVO4(001) -4.73 4.16 0.01 0.24 -5.38 -4.14 1.24 

 

Electronic properties of Oxygen vacancy BiVO4(001) Surface: The VB and 

CB orbitals distributions of 1% Ov_BiVO4(001) are almost similar to that of 

parent slab, however, the Fermi energy merge in the CB which is due to the 

extra electron(s) of the Ov, as can be seen from Fig 12. It is also reported that 

monoclinic BiVO4 is normally an intrinsic n-type semiconductor [150]. In this 

case, the electrons (0.19 me) are said to be the "majority carriers" for current 

flow (behave as an n-type semiconductor) while the effective mass of holes is 

0.18 me. Overall, small effective masses of electrons and holes are estimated 

from the CBM and VBM of Ov_BiVO4(001) compared to that of parent slab. 

Moreover, electron doping (Oxygen vacancy creation) of BiVO4 has not only 

reduced its band gap but shift the CB to more positive potential (vs vacuum) as 

can be seen from Table 1.  
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Figure 12. Band Structure and PDOS plot of Ov_BiVO4(001); the Fermi energy 

is set to zero (Article 1). 

 
Electronic properties of Se-Doped BiVO4(001) Surfaces: Oxygen atom(s) is 

substituted with Se in BiVO4(001), from 1-4 % dopant ratios, denoted as 1Se, 

2Se, 3Se and 4Se_BiVO4(001), given in Article 1. Se has not only reduced the 

band gap of parent BiVO4, but changed both the VB and CB, to -5.80 eV and -

4.41 eV (vs vacuum), respectively. Compared to parent BiVO4(001), 

1Se_BiVO4(001) has an ideal CBM position which is well above the redox 

potential of water, responsible for water reduction. Se is a p-type dopant, which 

has produced some flat bands in the VB of parent BiVO4(001), however, it has 

significantly reduced the effective masses of electrons and holes (Table 1). 

Moreover, 1Se_BiVO4(001) can be used as a best photocatalyst for solar water 

splitting due to its ideal band edges positions, narrow band gap, and small 

effective masses of charge carriers (vide infra). Both the 1 and 2% Se doped 

BiVO4(001) have almost similar photocatalytic characteristics and can be used 

for efficient water splitting, especially for water reduction. The effect of 3 and 

4% Se on BiVO4(001) and their band gap and effective masses of charge 

carriers are contrast to that of 1 and 2%, as can be seen from Table 1 and Fig 

13. The VBM and CBM of 3Se_BiVO4(001) are -5.47 and -4.39 eV while that of 
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4Se_BiVO4(001) are -5.38 and -4.14 eV, respectively. For the effective masses 

of charge carriers of these two systems, see Table 1.  

 
Figure 13. PDOS plot of (a) 3Se and (b) 4Se_BiVO4(001); the Fermi energy is 

set to zero (Article 1). 

Comparative analysis of the Oxygen defective and Se doped (1-4%) 

BiVO4(001), led us to conclude that both the defective and mild (1 and 2%) Se-

Doped BiVO4(001) are best candidates for photocatalytic water splitting, based 

on their simulated VB, CB, Bandgap and effective masses of charge carriers.  

Pristine BiVO4(001)@H2O: In case of BiVO4(001)@H2O, one of the water 

molecules is more attracted towards the surface via O—Bi and two H—O 

bondings, having distances of 2.45 and 1.62 Å, respectively (Table 2).  

 
Figure 14. Relaxed structure of (a) BiVO4(001)@H2O, (b) 

Ov_BiVO4(001)@H2O, (c) 1Se_BiVO4(001)@H2O, and (d) water (Article 1). 
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Hydrogen atoms of water molecules make a strong hydrogen bonding with the 

surface O atoms of BiVO4(001). The per-water molecular adsorption energy is 

-38.28 kcal/mol, responsible for H2O splitting over (001) surface of BiVO4.  

Comparative analysis of the data of Table 2 and Fig 14 led us to conclude that 

the water has moved the VB of pristine BiVO4(001) from -6.80 to -5.96 eV and 

CB from -4.56 to -4.22 eV, at vacuum level.  

TABLE 2: Inter-bond distance, Water Adsorption Energy (Ead), and Bandgaps 

of Water Adsorbed-BiVO4(001), Ov, and 1Se_BiVO4(001) Systems.  

Species H(water)—
O(surface) (Å) 

 Bi(surface)—
O(water) (Å) 

Ead 
(kcal/mol) 

Band gap 

BiVO4(001)@H2O 1.62  2.45 -38.28 1.74 

Ov_BiVO4@H2O 1.75  2.51 -50.85 2.28 

1Se_BiVO4@H2O 1.59  2.45 -40.24 1.35 

 

Oxygen Defective BiVO4(001)@H2O: This defective surface has strong 

attraction for water molecules as can be observed from its adsorption energy (-

50.85 kcal/mol). However, the inter-bond distances of H—O and Bi—O are 

longer compared to that of pristine@H2O system.  

1% Se-Doped-BiVO4(001)@H2O: Finally, the water adsorption on the 

1Se_BiVO4(001) surface is investigated, where its optimized parameters are 

given in Table 2 and electronic properties in Fig 14. The simulated water 

adsorption energy (-40.24 kcal/mol) led us to conclude that 1% Se doped 

BiVO4(001) can be easily used an efficient photocatalytic material. Both the VB 

and CB are slightly moved from its parental position, which has decreased the 

overall band gap, from 1.39 to 1.35 eV as can be seen from Fig 15 and Table 

2. 
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Figure 15. Band structure and PDOS of 1Se_BiVO4(001)@H2O; the Fermi 

energy is set to zero (Article 1). 

2.3. Se and BiVO4 Heterostructure for Photocatalysis 

The performance of BiVO4 (photoanode) is improved through combining with 

an n-type Selenium (Se), to build band alignments as that of direct Z-scheme 

(Fig 9d). Due to small band gap of Se, it has high light absorption efficiency 

[151] and can be combined with BiVO4 to further improve the light harvesting 

ability. Therefore, when Se is coupled with a larger band gap semiconductor 

(in Type-IV heterojunction), the charge recombination of the photogenerated 

electron-hole pair can be reduced and also suppresses the Se layer 

photocorrosion. Since very limited information is available regarding Se-based 

PEC water splitting, hence, this work is a step forward to provide a new 

direction to replace a traditional visible-light photoabsorber i.e Si with Se. The 

fundamental electronic structure of the monoclinic clinobisvanite BiVO4 are 

rarely considered for the water splitting, so, its theoretical investigations along 

with experimental study might provide rational answers to comprehend the 

optical and electronic-relationship. Finally, these findings will be useful to get 

an insight to design an appropriate approach for improved PEC performance. 
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Electronic and Optical Properties of BiVO4 : Basically, BiVO4 exists in three 

different crystalline polymorphs; orthorhombic pucherite, tetragonal dreyerite, 

and monoclinic clinobisvanite [152]. The photocatalytic activity and surface 

reaction is highly dependent on phase and crystal orientation of semiconductor 

oxide [153-155]. For instance, the tetragonal BiVO4 possesses a band gap of 

2.9 eV and mainly absorbs UV light, while the monoclinic clinobisvanite phase 

exhibits a much higher photocatalytic activity due to its favorable band gap 

(2.4−2.5 eV) in the visible region of the electromagnetic spectrum (shows both 

visible light and UV absorption), and a valence band position suitable for driving 

water oxidation under illumination [147]. 

 

Figure 16: Valence and Conduction DOS of BiVO4(001), Fermi level is set to 

zero (Article 2). 

Band structure of the BiVO4(001) along the k-points direction of Γ, Z, R, X, and 

M is given in Article 2. An indirect band gap of 2.25 eV is simulated which is in 

good agreement with the experimental and recently theoretical reported data 

[147]. At the Fermi energy of -5.73 eV, the vacuum phase VBM and CBM are 

ca. -6.38 and -4.13 eV, respectively, see Table 3 and Fig 16. These simulated 

band edge energies indicate that BiVO4 can be used as a photocatalytic 

material for redox reactions, such as water splitting but need modification for 

high PEC performance.  
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Table 3: Band gap and effective masses of photogenerated electrons and 

holes, estimated from the calculated band structure along the suitable direction. 

Experimental Theoretical  Direction in 

Brillouin zone 

me*/

m0 

mh*/m0 Band 

gap 

BiVO4 (Film)  Indirect   2.43 

 BiVO4(001) X→Γ 1.93 0.45 2.25 

Se Bulk  Direct   1.74 

 Se Bulk Γ→ Γ   1.60 

 

The simulated values of the effective masses of photogenerated electrons and 

holes of the BiVO4(001) slab are 0.45 and 1.93 m_e, respectively. Lighter mass 

of charge carriers the faster will be their movements at the interface [156,157].  

As shown in Fig 17, the Se/BiVO4 form a direct Z-scheme like heterojunction, 

where the enhanced photocurrent activities are because of Se layer. When 

light shines on Se/BiVO4 heterostructure, the photogenerated electron of 

BiVO4 in its CB recombine with a hole at VB of Se, consequences free 

electrons and at CB of Se case substentail increase in photocurrent as 

observed experimentally. This electron/hole recombination and separation 

create a direct Z-scheme like structure where the free electron at negative 

potential (CB) of Se is responsible for the enhancement of photocurrent (Fig 

17).  

 

Figure 17. Energy level diagram of the simulated Se-bulk and BiVO4(001). 
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2.4. g-C3N4 and BiVO4 Heterostructure for Solar Water Splitting 

Electronic properties of BiVO4(001), g-C3N4, and g-C3N4/BiVO4(001): 

Periodic DFT calculations are carried out for BiVO4(001), g-C3N4, and g-

C3N4/BiVO4(001) heterostructure. Moreover, TiO2/BiVO4(001) heterojunction 

has larger lattice mismatch (7.3 %) compared to g-C3N4/BiVO4 (0.02 %). The 

optimized structures and lattice parameters of monolayer g-C3N4, bulk g-C3N4, 

BiVO4, BiVO4(001), and g-C3N4/BiVO4(001) are given in Fig 18. There was 

almost no lattice mismatch (0.02 %) in the heterojunction of g-C3N4/BiVO4(001), 

because of the similar surface areas of BiVO4(001) and monolayer g-C3N4. 

Hereafter, the g-C3N4/BiVO4(001) will be denoted as g-C3N4/BiVO4. Moreover, 

the calculated adsorption energy of g-C3N4 nanosheet over the BiVO4(001) is -

0.68 eV which also confirm the thermodynamic stability of g-C3N4/BiVO4 

heterojunction.  

The energy bands of single layer g-C3N4, BiVO4(001), and g-C3N4/BiVO4 

systems are depicted in Fig 19.  

 

Figure 18. Relaxed geometries of (a) gC3N4, (b) BiVO4(001) and (c) g-

C3N4/BiVO4 (having lattice mismatch of 0.02%). 
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Figure 19. Simulated band structures of (a) BiVO4(001) slab, (b) g-C3N4, and 

(c) g-C3N4/BiVO4 heterojunction; the Fermi energy is set to zero.  

On the other hand, monolayer g-C3N4 has also an indirect band gap (2.70 eV) 

where the valence band maximum (VBM) is located at Γ point and the 

conduction band minimum (CBM) is at C point (Fig 19b). The g-C3N4/BiVO4 

heterostructure has an indirect gap (2.46 eV), and the VBM is located between 

B and Γ points, whereas the CBM is at Γ point (see Fig 19c). Upon interaction 

of g-C3N4 with BiVO4(001), flat bands are produced in the VB of the resulted 

heterojunction. Using meta-GGA, the simulated values of the effective masses 

of photogenerated electrons and holes of the BiVO4 slab are 0.02 and 0.01 me, 

respectively (Table 4). These masses are comparatively lower than that of our 

previous report which were calculated at LDA method [48,158]. Although, 

pristine BiVO4 has lighter effective masses of photocarriers; responsible for 
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high carrier mobilities but its VBM is situated at more positive potential (vs 

vacuum) than the reduction potential of water. 

Table 4: Work function, VBM, and CBM at vacuum level, Band Gap (in unit of 

eV), and Effective Masses of Photogenerated Electrons and Holes; Estimated 

from the calculated Band Structure along the suitable direction. 

Species Work 
function 

me*/m0 

(me) 
mh*/m0 

(me) 
VBM CBM Bandgap 

BiVO4(001) 5.18 0.02 0.01 -7.03 -4.57 2.46 

g-C3N4 4.38 0.12 0.44 -5.74 -3.07 2.70 

g-C3N4/BiVO4 4.43 0.01 0.10 -6.16 -3.70 2.46 

 

 

Figure 20. Partial density of states plots of (a) BiVO4(001), (b) g-C3N4, and (c) 

g-C3N4/BiVO4 heterojunction. The vertical dashed lines represent the work 

function and the energy is in eV versus vacuum. 

In order to understand the contribution of individual species (atoms), 

responsible for VBM and CBM; the partial density of state (PDOS) of these 

three constituents are calculated which are shown in Fig 20a-c. The VBM and 
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CBM of monolayer g-C3N4, BiVO4(001), and g-C3N4/BiVO4 heterojunction were 

simulated from the DOS calculations.  

As can be seen from Table 4 and Fig 21, the VBM of BiVO4(001) is higher than 

that of g-C3N4, whereas the CBM of g-C3N4 is lower than that of BiVO4(001). In 

the resulted heterojunction, both the Fermi energy and the band edge positions 

are between that of g-C3N4 and BiVO4(001). As shown clearly in Fig 21, the VB 

and CB of heterojunction are shifted downward compared to g-C3N4, while 

these bands are shifted upward when compared to BiVO4(001).  Moreover, this 

change in the VB, CB, and Fermi energy result an internal electric field in the 

heterojunction; responsible for the enhanced photogenerated electrons. The 

photogenerated electrons from CB of g-C3N4 directly reduce water and produce 

H2 while holes at VB of BiVO4 directly oxidize water and results O2. On the other 

hand, electrons from CB of BiVO4 recombine with the holes from the VB of g-

C3N4. Upon making a heterojunction, both Fermi level and the CB and VB of 

the resulted g-C3N4/BiVO4 heterostructure are at different positions compared 

to that of their constituents. In summary, we can see that the g-C3N4/BiVO4 

heterojunction is a Type-II band alignment structure which has lighter effective 

masses of electrons (0.01 m_e) and holes (0.10 m_e); responsible for high 

photocatalytic activities. The green and yellow shaded areas represent charge 

accumulation and depletion, respectively. As shown in Fig 21 and Table 4, the 

work function of BiVO4 surface (5.18 eV) is higher than that of monolayer g-

C3N4 (4.38 eV), which causes the charge to move from g-C3N4 to BiVO4 until 

the Fermi energy of these two constituents are aligned. 
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Figure 21. Energy level diagram of these three constituents and averaged 

electron density difference (Δρ) along the Z-direction for g-C3N4/BiVO4. The 

green and yellow shaded areas indicate electron accumulation and donation, 

respectively. 

2.5. Summary 

In summary, although pristine BiVO4 is a good photocatalyst for water splitting, 

having narrow bandgap and VB edge position, but inappropriate CB potential, 

reduces its hydrogen evaluation efficiency. This comprehensive theoretical 

simulation predicts that both the Oxygen defective and mild doped (1 or 2 % 

Se) BiVO4 have not only changed the band edges positions (well above and 

below the redox potential of water) but reduced the bandgap as well, results a 

champion photocatalyst for water splitting (Article 1).  

We also tried Se and BiVO4 heterojunction, which form a direct Z-scheme like 

heterojunction of; having improved PEC performance. DFT simulations are 

carried out for the BiVO4 and Se to simulate their band gap, and band edge 

positions in the proposed heterojunction band diagram. The PEC properties of 

Se/BiVO4 indicate that the increment in performance is due to the presence of 

Se layer which acts as a hole trapping agent, light absorber, and improves the 
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charge separation in the resulted film. The Se/BiVO4 has 1.5 times higher 

photocurrent density than that of BiVO4 due to higher surface area, small grain 

size, high roughness, efficient charge separation and minimum charge 

recombination rate (Article 2). 

Heterojunction of g-C3N4/BiVO4 were designed and which has higher 

photocurrent compared to that of TiO2/BiVO4, which consequences the 

superiority of g-C3N4 over TiO2. The higher reducing capability of g-C3N4 is 

because of its more negative situated conduciton band and enhanced 

photogenerated electrons, larger surface roughness, and higher charge carreir 

density. The simulated results confirmed that g-C3N4 and BiVO4 has formed a 

van der Waals type heterojunction, where an internal electric field facilitated the 

separation of electron/hole pair at the g-C3N4/BiVO4 interface which further 

restrain the carrier recombination. In brief, the construction of Z-scheme based 

g-C3N4 based PEC device was successfully illustrated in this paper and there 

is great promises for further explorations and research (Article 3). 
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CHAPTER 3: Oxynitrides and Their Surfaces for Photocatalysis 

In this chapter, we employ first principle periodic density functional theory (DFT) 

simulations to examine the optical and electronic properties of β-TaON. TaON 

exists in three different polymorphs, a hexagonal α-TaON phase, monoclinic β-

TaON, and a metastable γ-TaON phase [159,160]. We consider bulk β-TaON 

and its six different slabs such as (001)-N, (010)-N, (001)-O, (010)-O, (001)-Ta, 

and (010)-Ta. Among all these slabs, the (010)-O and (001)-N terminated 

surfaces were found to be suitable ultra-thin films for solar water splitting 

applications. 

3.1. Electronic Properties of Bulk TaON 

At meta-GGA, the band structures and DOS/PDOS are calculated from the 

optimized crystal structures, details of these properties are given in Article 4.  

Band structures of the TaON bulk is given in Fig 22. TaON has an indirect band 

gap (2.42 eV) which changes to direct (2.44 eV), considering the supercell 

(2x2x2) as can be seen from its band structure (Fig 22).  

 

Figure 22. Band Structure of the 2x2x2 supercell of TaON; the Fermi Energy is 

set to zero (Article 4). 
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At the Fermi energy of 4.60 eV, the vacuum phase VBM and CBM values are 

ca. -6.54 and -4.10 eV, respectively. Both the VBM and CBM are well below 

and above the redox potential of water (Fig 3).  

3.2. Surface Effect of TaON on Water Oxidation 

Geometries of unit cell, supercell, and slabs are optimized prior to their 

electronic and optical properties simulation. The crystal structure of unit cell is 

compared with the available crystallographic parameters of TaON (Fig 23). 

PBE/GGA reproduces the experimental data accordingly as explained in Article 

4 [26]. The cohesive formation energy of Ta, at GGA/PBE using DZP basis set 

is 10 eV/atom and has nice correlation with the experimental reported one (8.10 

eV/atom) [161]. The simulated cohesive formation energy of O and N are 3.7 

and 3.1 eV/atom while their experimental values are 2.60 and 4.91 eV/atom, 

respectively [161]. The calculated band edge, band gap and formation energy 

of these six different slabs are listed in Table S4 of Article 4, where the (010)-

O and (001)-N terminated surfaces have suitable VB, CB, band gap and 

formation energies, to be used for water splitting applications.  

 

Figure 23. Optimized Crystal structure of unit cell (a), supercell (b), N-

terminated (c), and O-terminated (d) slab of TaON (Article 4). 
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3.3. Electronic Properties of N Terminated TaON(001) 

The simulated PDOS of the N terminated TaON(001) surface is given in Fig 24, 

where the VBM and CBM positions are located at -0.61 and +1.50 eV, 

respectively. Again, the CBM is made of Ta atom but at a higher potential (2.46 

eV compared to 1.50 eV) and with minor contribution of anti-bonding orbitals of 

O and N atoms (Fig 24b). Hydrogen of water has slight contribution in the lower 

energy region of VBM as can be seen from Fig 24b. At vacuum phase, the VBM 

and CBM of N terminated TaON(001) are situated ca. -5.77 and -3.66 eV, 

respectively (Table 5).   

 

Figure 24. PDOS of N_TaON(001), (a) and N_TaON(001)@H2O, (b); the Fermi 

energy is set to zero (Article 4). 

The simulated band structure of pristine N terminated TaON(001) is given in 

Fig 5, having band gap of 2.11 eV. Upon adsorption of water molecule, its band 

gap elongates to 3.09 eV which is due to the reduction nature of H2O. This band 

gap difference of 0.98 eV is because of the shifting of CBM towards more 

positive potential (2.46 eV). 
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Table 5: Fermi Energy level, VBM, and CBM at vacuum level, Band Gap (in unit 

of eV), Effective Masses of Photogenerated Electrons and Holes; Estimated 

from the calculated Band Structure along the suitable direction. 

Species Surface 

atoms 

Fermi 

level 

me*/m0 

(me) 

mh*/m0 

(me) 

VBM CBM Band 

gap 

TaON Bulk -4.60 0.85 0.82 -6.54 -4.10 2.44 

TaON(001) N -5.16 0.81 3.99 -5.77 -3.66 2.11 

TaON(001)@H2O ~ -5.01 1.49 3.46 -5.64 -2.55 3.09 

TaON(010) O -5.78 0.67 1.63 -6.36 -3.34 3.02 

TaON(010)@H2O ~ -4.83 0.72 1.64 -5.42 -2.24 3.18 

 

To further elaborate the interaction of water molecule on the N terminated 

TaON(001) surface, UV-Vis absorption spectra are simulated. Pristine 

N_TaON(001) give rise to λmax of 442 nm which became blue shifted (367 nm) 

when water is adsorbed. In summary, N_TaON(001) surface has good 

interaction ability towards H2O besides its non-suitable VBM position (-5.77 eV 

vs vacuum).  

3.4. Electronic and Properties of O terminated TaON(010) 

The PDOS of O terminated TaON(010) is given in Figure 25a, where the VBM 

and CBM are located at -0.58 and 2.44 eV, respectively (at Fermi energy of 

5.78 eV). The PDOS of O_TaON(010) depicts that the VBM is located at -0.58 

eV (-6.36 eV vs vacuum), having major contribution of N 2p along with minor 

participation of Ta 5d, and O 2p orbitals (Fig 25a). The CB of O_TaON(010) is 

is situated (-3.34 eV vs vacuum) at well above the redox CBM level of water 

(Fig 3). 
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Figure 25. PDOS of O_TaON(010), (a) and O_TaON(010)@H2O, (b); Fermi 

energy is set to zero (Article 4). 

The CBM of O_TaON(010) moved from 2.44 to 2.59 eV when water molecule 

is adsorbed on its surface, as can be clearly seen from their comparative band 

structures (Fig 26). So, the band gap of O_TaON(010) increases from 3.02 to 

3.18 eV upon adsorption of H2O. Furthermore, to check the photocatalytic 

efficiency, the effective masses of electrons and holes of parent O_TaON(010) 

are 0.67 and 1.63 me, respectively which increase when water is adsorbed, as 

can be seen from Table 5.  

 

Figure 26. Comparative band structure of O terminated TaON(010) and 

TaON(010)@H2O; Fermi energy is set to zero (Article 4). 
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A blue-shifting in λmax is observed when H2O is presents on the surface of 

O_TaON(010). Water molecule has shifted the λmax of O_TaON(010) from 368 

to 332 nm which consequences its good adsorption capability. Moreover, this 

shifting in λmax (36 nm) strongly corroborates the previous characterizations 

such as effective masses of charge carriers and VBM and CBM positions. An 

adsorption energy of -148 kJ mol-1 in O_TaON(010)@H2O system; shows high 

dissociative adsorption. Furthermore, this non-covalent interaction can also be 

seen from the electron localization function plots, given in Fig 11 of Article 4. 

3.5. Summary 

We investigate the electronic and optical properties and photocarrier mobility 

of bulk β-TaON which predict TaON is a better candidate for photocatalytic 

water splitting than either Ta2O5 or Ta3N5. In summary, the oxygen and 

nitrogen terminated TaON along (010) and (001), respectively has good 

stability and sensitivity towards water molecule. Moreover, O terminated TaON 

has ideal band edge positions while N terminated has strong ability towards 

visible light absorption, so a mixed phase would result an efficient photoanode 

for water splitting. 

 

Figure 27. Energy level diagram and schematic representation of O and N 

terminated TaON (Article 4). 
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CHAPTER 4: Donor-Acceptor Polymers for Organic Solar Cells 

4.1. Background and Challenges of Donor-Acceptor Polymer 

One of the major issues with PSCs are their low efficiency in the photovoltaic 

devices which links to the incident photon to electron conversion. To date, the 

power conversion efficiency (PCE) of PSC has been enhanced up to 13.2% 

[162,163], means still large efforts are being required of making it acceptable 

all over the world. As explained elsewhere [7], the conduction mechanism of 

the PSC is also different from that of inorganic semiconductors. Other problem 

associated with the PSC is large exciton binding energy which requires the high 

energy of dissociation into electron and hole and thus results in less efficiency 

of the organic based PSC [84]. Finally, COPs used in the PSC should have the 

ability to absorb the visible part of the solar spectrum (narrow band gap) and a 

well below HOMO energy level compared to the LUMO of Phenyl-C61-butyric 

acid methyl ester (PCBM), used in the bulk heterojunction. 

COPs monomers such as 3,4-ethylenedioxythiophene (EDOT) and 3,4-

ethylenedioxyselenophene (EDOS) are working as a donor while 2,1,3-

bezothiadizole (BOD) and 2,1,3-benzoselenadiazole (BSD) moieties act as an 

acceptor in the donor-acceptor combination. Synthetic mechanism and 

electropolymerization of EDOS into poly 3,4-ethylenedioxyselenophene 

(PEDOS) are given in Fig S1 and S2, respectively while that of poly 3,4-

ethylenedioxythiophene (PEDOT), poly 2,1,3-benzoselenadiazole (PBSD), and 

poly 2,1,3-bezothiadizole (PBOD)  can be found elsewhere [35]. 

The purpose of this work is to design and suggest such a polymer that can be 

used in the bulk heterojunction (organic solar cell), having enhanced Voc, Jsc, 

and fill factor (FF) [164]. In this work, we used different conjugated organic 
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monomer having donors and acceptors nature which can give rise to a low band 

gap polymer with desired bandwidth positions. 

4.2. Results and Discussion 

Optimized Geometries: Planarity in molecular geometry and the 

corresponding π-electrons conjugation over the backbone play an important 

role in the visible light absorption of a chemical substance. Optimized molecular 

and crystal structure of D-A-D are given Article 5. An ideal 180○ dihedral (Table 

6) of the D-A-D shows that combination of donor and acceptor moieties has 

planarized the geometry of the resulting polymer via establishing a delocalized 

π-electronic cloud density over the backbone. The out of the plane behavior of 

the benzo selenadiazole rings in the polymeric body may be responsible for the 

high resistance in delocalization of the electron cloud density (Fig 28). 

 

Figure 28. Optimized geometric structures of D (a), A (b) and D-A-D (c) (Article 

5). 

 

Table 6: Dihedral angles between the neighboring rings of D, A, and D-A-D. 

#  Ф1 Ф2 Ф3 Ф4 Ф5 Ф6 Ф7 Ф8 

D 179 180 179 179 179 179 180 179 

A 146 148 147 149 147 149 147 148 

D-A-D 180 180 180 180 180 180 180 180 
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Electronic Prosperities: Comparative analysis of the data of Table 7 and a 

visual look of the contours of HOMO and LUMO (Fig 29) predict that excited 

state properties in D-A-D are optimum compared to their individuals’ D and A 

species. The data shown in Table 7 are specifically for the nine repeating units, 

however, rest of oligomeric species are given in the Supporting Information. 

Variation in characteristic properties is very common in short oligomers, but 

beyond the seven or eight repeating units, they remain almost constant. The 

purpose of other repeating units is to provide a range of entities which may be 

useful as a guideline for other experimentalists, as short oligomers are more 

electroactive but tricky to synthesize. 

 

Figure 29. Contours of the HOMO and LUMO of D (a), A (b) and D-A-D (c) 

(Article 5). 

The electrical band gap (estimated from the HOMO-LUMO difference) of the 

isolated D (2.42 eV) and A (2.22 eV) provide the evidence of their absorption 

in the green region of visible spectrum. Prominent near-IR absorption (red 

regions of the visible spectrum) by the D-A-D can be correlated with its band 

gap of 1.75 eV. Simulated band gaps of the D, A, and D-A-D are comparatively 

shown in Fig 30. The band structure of D-A-D is also obtained from the PBC 
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simulations and has a good correlation with the molecular one, given in Article 

5. The purpose of the PBC simulated band gap of D-A-D is to clarify and confirm 

our level of theory used. 

 

Figure 30. Orbital correlation diagram for D, D-A-D, and A (Article 5). 

Table 7. HOMO, LUMO, Band gap, optical gap, Exciton binding and 

Reorganization energy in eV of the studied species at B3LYP/6-31G** level 

of theory. 

# HOMO LUMO Band 
gap 

Optical gap Eb λ 

D -4.44 -2.02 2.42 2.04 0.38 0.22 

A -5.22 -2.99 2.22 1.85 0.37 0.16 

D-A-D -4.65 -2.90 1.75 1.46 0.29 0.20 

 

Reorganization Energy: Comparative analysis of the reorganization energies 

of these three-different species (Table 7) led us to conclude that geometrical 

distortion in A is quite easy but on the other hand its exciton binding (0.37 eV) 

is higher because of its electron accepting nature. So, D-A-D has an optimum 

reorganization energy compared to the isolated D, and A but a much lower Eb 

(0.29 eV) which ultimately easily separate the electron-hole pair upon visible 
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light irradiation. So, it is verified that D-A-D has better hole transferability due 

to lower reorganization energy which may be correlated to its fully planner 

geometrical structure with an ideal dihedral of 180°. 

Polaron, Bi-polaron, and Exciton Binding Energy: Molecular orbital energy 

diagram of the neutral, cationic and di-cationic states of D is depicted in Fig 31, 

where orbital transition along with energy is clearly shown. Band gap and 

exciton binding energy of D in its neutral state are 2.42 and 0.38 eV, 

respectively. Mono-cationic state in the unrestricted formalism and in the 

absence of counter-ion is considered to efficiently explore the polaronic effect. 

Removal of an electron from the oligomeric backbone of D induces an extra 

band within its parental band gap, regarded as inter-band. Mono-cationic state 

not only reduces the band gap (2.23 or 2.15 eV) of parent D by lowering down 

the HOMO and LUMO energy levels but also increases the delocalization over 

the polymeric backbone.  

 

Figure 31. Energy level diagram of the neutral, mono, and di-cationic state of D 

(Article 5). 
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The delocalization over the oligomeric body of mono-cationic state can be seen 

from the non-degenerate molecular orbitals, termed as Alpha and Beta (Fig 31) 

or polaron. Di-cationic state of D creates a bi-polaronic state as can be seen 

from its degenerate frontier molecular orbitals (Fig 31). This degenerate state 

in the highly cationic state is not only responsible for reducing the band gap but 

promotes stability compared to that of the polaronic state. 

A similar trend in the molecular orbital distribution of A is observed upon making 

its cationic and di-cationic states, as shown in Article 5. Band gap of the 

acceptor species in the neutral state is found to be 2.22 eV while the coulombic 

force which holds the electron-hole pair is 0.37 eV. 

 

Figure 32. Energy level diagram of the neutral, mono, and di-cationic state of 

D-A-D (Article 5). 

The combination of the D and A moieties in the oligomeric form such as D-A-D 

has much stretched down the HOMO and LUMO energy levels which result in 

a band gap of 1.75 eV (Fig 32). Keeping in mind the exciton binding energies 
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of D and A, this donor-acceptor combination has considerably lowered down 

the Eb (0.29 eV). So, this lower exciton binding energy and narrow band gap 

are clear indications for the charge separation (electron-hole pair) at the donor-

acceptor interface (here acceptor is the PCBM in the PSC device) and high 

short-circuit current density, respectively (vide infra). The simulated narrow 

band gap (1.75 eV) of the D-A-D has a good correlation with the experiment, 

which strongly validates the level of theory, we used [35]. The stability of bi-

polaron over the polaron is due to these degenerate molecular orbitals. 

Moreover, restricted and unrestricted formalism has a similar effect in the di-

cationic states. 

UV-Vis and UV-Vis-Near-IR Absorption Spectral Analysis: UV-Vis and UV-

Vis-Near-IR absorption spectra of the D, A, and D-A-D along with their 

corresponding mono and di-cationic states are simulated at TD-DFT. The UV-

Vis spectra of the neutral state of D (see Article 5) show two distinct peaks at 

ca. 608 and 440 nm and arises from π→π* and HOMO-1 to LUMO-1 transition, 

respectively. The effect of cationic and di-cationic is investigated in the absence 

of counter-ion; where the mono-cation induces polaron and deficiency of two 

electrons create a bi-polaron state. For detail see the discussion in Article 5. In 

summary, a well-doped state of the D can also give desirable efficiency if used 

in the BHJ of the PSC (vide supra). UV-Vis spectra of A give rise to a strong 

absorption band peak which is peaked at 669 nm and is termed as the first 

allowed π→π* transition, capable of red light absorption of the solar spectrum, 

shown in Article 5. For the polaronic and bipolaronic states, see discussion of 

Article 5.  
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Comparative UV-Vis spectra of D, A, and D-A-D are given in Figure 33, where 

the maximum absorption band peaks are peaked at 608, 669 and 847 nm, 

respectively. These bands can also be regarded as the first allowed maximum 

electronic excitation (the one with higher oscillator strength) in the visible region 

and are due to π→π* transitions (Table 8). The absorption band peak at ca. 

847 nm in D-A-D is a strong evidence of its efficient absorption in the visible 

region and responsible for charge transferring ability as well. Moreover, this 

simulated λmax has a strong correlation with the already experimental observed 

UV-Vis spectra (843 nm) [35] which also supports and confirmed the level of 

theory used. Furthermore, it can be concluded that this wide range of the visible 

light absorption in the D-A-D is responsible for higher efficiency, compared to 

that of their individual counterparts. From Fig 33, it is evident that how the Donor 

and Acceptor moieties in the form of D-A-D, increase the visible light absorption 

in a particular polymer. 

 

Figure 33. UV-vis Spectra of A, D, and D-A-D at B3LYP/6-31G** (Article 5). 

As discussed above, a reduction in the optical band gap of the resulted polymer 

along with wide UV-Vis absorption is achieved through a mutual overlapping of 

the molecular orbitals of donor and acceptor. The UV-vis spectra of D-A-D has 
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three distinct absorptions; two small peaks in the visible and a broad one near 

the IR region, which is an indication of its efficient light-harvesting ability. 

Furthermore, we also predicted the polaron and bi-polaron states in the 

extended conjugation of D-A-D, which is given in Figure 34. 

Table 8: First three vertical allowed transitions along with f and MO transition. 

Species Excited 
Energy (eV) 

λ (nm) f Electronic 
Transition 

D 1 608 3.35 HOMO→LUMO 

2 456 0.17 HOMO-3→LUMO 

3 440 0.65 HOMO-1→LUMO1 

A 1 669 2.06 HOMO→LUMO 

2 544 0.08 HOMO→LUMO2 

3 512 0.20 HOMO-1→LUMO1 

D-A-D 1 847 1.78 HOMO→LUMO  

2 680 0.17 HOMO-1→LUMO 

3 618 0.12 HOMO-1→LUMO1 

 

Once again, a similar trend is observed in the case of D-A-D, upon creation of 

polaronic and bi-polaronic states. Optical band gap of the parent D-A-D is 1.46 

eV, which reduces to 1.10 eV in the mono-cationic state. The optical band gap 

of the bi-polaronic state is about 1.12 eV which is because of the π→π* 

transition. Unlike the D, and A, UV-Vis-Near-IR spectra of the di-cationic state 

is ideal and transparent in the whole region of the solar spectrum. Additionally, 

two extra low energy band peaks, located at 1501 and 2277 nm strengthen the 

absorption ability of D-A-D in the bi-polaronic state. These near-IR absorptions 

arise from the electronic transition of σ→π* orbitals. 

 



93 
 

 

Figure 34. UV-Vis Spectra along with Optical band gaps of Neutral, Mono, and 

Di-Cationic states of D-A-D at B3LYP/6-31G** (Article 5). 

Theoretical Performance of Polymer Solar Cells: The photovoltaic 

properties of D-A-D in the PSC device such as Voc and charge transport are 

simulated which are listed in Table 9. Different HOMO and LUMO energy levels 

of the fullerenes derivatives are reported (Table 9), however, few of them are 

considered with our investigated D-A-D polymer. From Table 9, it can be 

analyzed that the Voc of the PSC has a direct relation with the LUMO energy 

level of PCBM, higher the LUMO level results in large Voc. A PC61BM [165] with 

LUMO energy level of -3.63 eV, produces Voc of 1.02 eV with our designed D-

A-D, however, this voltage drops down to 0.65 eV when PC71BM [166] is used 

(LUMO, -4.0 eV). Comparative analysis of the data of Table 9 led us to predict 

that an average open circuit voltage of roundabout 0.90 eV can be achieved, 

using D-A-D as donor material in the BHJ solar cell devices. Compared to 

individual D and A conformer, the resulted constituent has planner geometry 
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so, a high FF is expected and the narrow optical band gap (1.46 eV) and 

electrical band gap (1.75 eV) are responsible for high Jsc (vide supra). 

Table 9. HOMO, LUMO of fullerene derivatives and open circuit voltage (Voc) 

and LUMODonor—LUMOAcceptor energy difference (L-L) of D-A-D; all values are 

in eV. 

# Species HOMO LUMO Voc L-L 

1 PC61BM[165] -6.10 -3.63 1.02 0.73 

2 PC61BM[167] -6.10 -3.70 0.95 0.80 

3 IC60BA[166] -5.80 -3.70 0.95 0.80 

4 IC60BA[168] -5.85 -3.74 0.91 0.84 

5 IC60MA[168] -5.91 -3.86 0.79 0.90 

6 PC60BM[169] -5.93 -3.91 0.74 1.01 

7 PC70BM[170] -5.87 -3.91 0.74 1.01 

8 PC70BM[171] -6.0 -4.0 0.65 1.10 

9 PC71BM[166] -6.0 -4.0 0.65 1.10 

10 PC61BM[172] -6.2 -4.10 0.55 1.20 

 

4.3. Summary 

DFT and TD-DFT at hybrid functional, to assess the nature and electronic 

properties of a near-infrared-absorbing, low energy gap conjugated polymer; 

donor−acceptor−donor (D-A-D). The D-A-D is consisting of 2,1,3-benzosele-

nadiazole (A) as acceptor and 3,4-ethylenedioxyselenophene (D) as donor 

fragments. The D and A moieties in the polymeric backbone have been found 

to be responsible for reducing the band gap, open circuit (Voc) and increasing 

short-circuit current density (Jsc) in polymers solar cells (PSC). Our theoretical 

studies revealed that charge transportation efficiency (ηcT), Voc, Jsc and, in turn, 
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device performance, are influenced by electronic energy level alignment at 

interfaces. A lower HOMO energy level (-4.65 eV) of designed D-A-D is 

responsible for increasing the ambient stability during device operation and 

results in high Voc of 1.02 eV. Furthermore, it is found that donor-acceptor 

combination has a key role in charge separation, weak steric hindrance, and 

molecular architecture (planarity of the polymeric backbone) which directly 

influences the charge transport compared to that of counterpart homopolymers 

(either D or A). Reduction in the band gap, high charge transformation, and 

enhanced visible light absorption in D-A-D system is because of strong 

overlapping of the frontier molecular orbitals of the D and A.  
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CHAPTER 5: All-Solid-State Dye-Sensitized Solar Cell 

5.1. Traditional DSSC vs Solid-State DSSC 

As discussed in chapter 1, DSSC is consist of molecular dye, adsorbed on a 

mesoporous wide band gap semiconductor oxide (frequently TiO2), a redox 

couple (I1-/I3-) usually liquid electrolyte and a p-type hole collector/counter 

electrode. The dye molecule (photosensitizer) absorb light and injects its 

excited electrons into the conduction band of TiO2 and become oxidized. The 

redox electrolyte act as an intermediate to transfer hole from dye to counter 

electrode for regeneration of dye. So, if we replace this liquid electrolyte with 

solid state material, then the overall efficiency of the device increases. 

5.2. Solid-State Dye-Sensitized Solar Cell 

Cluster of titanium dioxide [(TiO2)28] is used as a representative of the [101] 

surface of anatase [12,13,173-175]. The major part of this work is devoted to 

the hole transporting material (HTM), its applicability in SDSC and the 

corresponding efficiency. However, HTM interaction with dye, N3-TiO2, and 

HTM-N3-TiO2 systems are also highlighted. Charge transferring phenomena, 

electron-hole exchange and band edge positions of these systems are 

simulated and discussed in their respective parts. 

Geometrical and Electronic Properties of HTM: The optimized geometric 

structure of HTM is given in Fig 35, where an ideal dihedral angle of 180○ is 

because of donor and acceptor moieties; which has planarized the geometry of 

the resulting polymer through establishing a delocalized π-electronic cloud 

density over its polymeric backbone. 
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Figure 35. Optimized Geometric Structure of HTM along with side view (Article 

6). 

Both the HOMO and LUMO of HTM are fully covered by electronic cloud density 

(see Article 6), a clear indication of the free availability of π-electrons in the 

HTM (Fig. 36). Moreover, this molecular orbital overlapping (delocalized π-

electrons in HTM) of the C, H, O, N, and Se atoms provides an easy pathway 

for the movement of free electrons which make it as a donor species (hole 

donor) in the bulk heterojunction solar cell. 

 

Figure 36. Energy level diagram of HTM (Article 6). 

Reorganization Energy (λ) of HTM: Comparative analysis of the 

reorganization energy of HTM with the already reported hole transporting 

materials [176-178], shows that our proposed HTM has better hole transfer 
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ability due to lower reorganization energy. This low reorganization energy of 

HTM can also be correlated to its fully planner geometrical structure, where an 

ideal dihedral of 180° is present. 

Polaron and Exciton Binding Energy of HTM: The intra-molecular charge 

transfer (Eb) in HTM has a binding energy of 0.55 eV. A lower Eb is responsible 

for the charge separation (prevent electron/hole recombination) and high 

charge carrier mobility in a solar cell. Furthermore, binding energy can also be 

used for the determination of short-circuit current density in a solar cell; lower 

exciton binding energy of a HTM is responsible for its higher short-circuit current 

density and vice versa.  

Partial Charge Difference Analysis: The partial charge difference of the 

atoms involved in HTM backbone is given in Table 10, which demonstrates that 

the ΔQH value is slightly larger than ΔQSe to about 0.05 e-. Comparative analysis 

of the data of Table 10 led us to conclude that Se and H atoms are mainly 

involved for the charge transfer in HTM, however, H atom plays a significant 

role compared to Se atom. The partial charge difference of ΔQH is 0.296 e- while 

that of ΔQSe is 0.24 e-. Partial charge difference values for N, O, and C are 

0.026, 0.054 and 0 e-, respectively. 

Table 10: Partial Charge Difference Analysis of HTM 

Species  Cation  Neutral  Difference  

Se 7.084 6.844 0.24 

N -5.552 -5.578 0.026 

O -5.520 -5.574 0.054 

C 0.126 0.126 0 

H 4.868 4.572 0.296 
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UV-vis Absorption Spectra of HTM: The first allowed maximum electronic 

excitation energy of HTM (λmax) at ca. 925 nm has strong evidence to be an 

efficient charge transporting material, as it can easily absorb in the visible 

region. The effect of the alternating donor and acceptor moieties in the 

polymeric backbone is found in the form of visible light absorption as can be 

seen from Fig 37. It is observed that the contribution of HOMO-LUMO transition 

decreases and new absorption from HOMO-1→LUMO+1, HOMO-2-LUMO, 

and HOMO-LUMO+2 excitations start to contribute (given in Article 6). The 

strong transition (the one with high oscillator strength) of HTM in the visible 

region corresponds to the transitions from HOMO to LUMO (Table 11). 

Table 11. Excitation Energy, HOMO, LUMO, Band gap, optical gap, Exciton 

Binding Energy (Eb) and reorganization energy in eV of HTM (in solvent), N3, 

and TiO2. 

Species HOMO LUMO Band 
gap 

Optical 
gap 

λ 
(eV) 

Orbital 
Transition 

Eb 

(eV) 

HTM -4.57 -2.93 1.64 1.34 0.21 H→L 0.55 

TiO2 -7.33 -4.27 3.06 2.62  H→L  

N3 -5.76 -3.42 2.34 2.27  H-2→L  

 

The UV-vis spectra of HTM has three absorptions band peaks; two in the visible 

and one near to the IR region of the spectrum, which is an indication of its 

efficient light-harvesting ability. Charge-transfer character occurs at the lower 

energy part of UV-vis absorption and a low-lying wide conduction band (Fig 3) 

[179]. 
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Figure 37. UV-vis Spectra of BSD, EDOS, and HTM at CAM-B3LYP/LanL2DZ 

(Article 6). 

HTM and N3 Interacting System. A non-dissociative but quite strong 

interaction is found between N3 and HTM, which is due to the establishment of 

non-covalent bonding. The carboxylic anchoring groups of N3 establishes non-

covalent bonding with the N and Se of HTM, which is a clear evidence of their 

strong interaction. The inter-molecular electrostatic energy of this interaction is 

-8.72 kcal/mol, which further confirms the evidence of charge transferring 

between HTM and N3. The higher electronic cloud density at LUMO compared 

to that of HOMO shows that the charge injection is favored from HTM to dye 

and prevents charge recombination in the dye molecule (Table 11). The HOMO 

and LUMO of HTM in the HTM-N3 system indicates how the transformation of 

π-electrons towards N3 is achieved (see Article 6). The high IP (4.57 eV) of 

HTM which 1.19 eV above the HOMO of dye is responsible for the hole 

exchange as well as high chemical stability toward oxidation. According to NBO 

charge analysis, HTM and N3 share about 0.184 e- of electronic cloud density. 

N3 and TiO2 Interacting System: The estimated open circuit voltage of this 

solar cell is 1.49 eV which is simulated from the difference of the quasi-Fermi 

levels of the TiO2 and the HOMO energy level of N3 (Table 11). 
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HTM, N3, and TiO2 Interacting System. The HTM-N3-TiO2 complex is 

optimized with LanL2DZ pseudopotential, using hybrid functional of DFT such 

as B3LYP (Fig 38). On the electrostatic energy surface, both dissociative and 

non-dissociative strong interactions are found among these three components 

as can be seen from Fig 38. The interaction of N3 with TiO2 is dissociative where 

oxygen atoms of the carboxylic groups make covalent bonds with the Ti atom 

of TiO2.  

 

Figure 38. Optimized Geometric Structure of the HTM-N3-TiO2 system; for 

simplicity reason, some of the hydrogen atoms are omitted (Article 6). 

However, the HTM and N3 interaction is non-dissociative but quite strong, due 

to the establishment of Hydrogen bonding (Se---H). The HOMO and LUMO 

results are also inconsistent with the previous results. Based on these 

simulations, we can say that when light shines on the proposed configuration, 

the delocalized π-electrons of N3 would become activated and move to TiO2 

and ultimately would regenerate itself by sharing an electron from the HOMO 

of HTM. In summary, if the proposed configuration of SDSC is exposed to light; 

the excited electrons of both dye and HTM become delocalize and move from 
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the dye to nonporous TiO2 and consequently the oxidized dye would be 

regenerated from the HTM via exchanging of the electron. 

5.3. Zinc Porphyrin Based DSSC 

Theoretical simulations are carried out for the synthesized porphyrin-based 

sensitizers, having a furan hetero aromatic ring between the porphyrin 

macrocycle and anchoring group either at meso-phenylor at pyrrole- position 

of porphyrin. The experimental effort was performed by our Indian collaborative 

as mention in Chapter 1 (Article 7). The porphyrin macrocycle acts as donor, 

furan hertero cycle acts as π-spacer and either cyanoacetic acid or malonic 

acid group acts as acceptor. Comprehensive details of these dyes are given in 

Article 7. 

 

Figure 39. Contours of HOMO and LUMO of Zn Porphyrin-Furan dyes (Article 

7). 

The theoretical predicted frontier molecular and NBO contours of these dyes 

are shown in Fig 39 and 40, where topmost HOMO is strongly contributed by 

the N 2p states and the lowest LOMO is strongly contributed by C 2p-like states 

slightly hybridized with O 2p and C 2p states. Most contribution to the highest 

HOMO and lowest LUMO states are coming from p electrons whereas 
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contribution from s-electrons is modest. Since the p-p electrons transitions are 

not allowed, very strong absorption of sunlight by the molecule is not expected.  

 

Figure 40. Contours of Occupied and Unoccupied NBO of Zn Porphyrin-Furan 

dyes (Article 7). 

The electron localization function for the dyes can be found from Fig 40. 

Analysis shows that the electrons are distributed around the ring, so the dye 

molecules can be oxidized. Highest electronic cloud density on the HOMO at 

anchoring sites of these dyes clearly predict that charge injection is favoured 

while the lowest one on the LUMO shows that charge recombination is 

prevented. From the NBO contours of all these dyes (Fig 40), it is evident that 

except the meso-Zn-MA, the rest of them have good electron donating ability. 

TABLE 12. TD-DFT calculated electronic excitations (λmax) and Optical gap of 

Zn Porphyrin-Furan dyes 

Species  Maximum 
Excitation  

Oscillator 
Strength 

Electronic 
Transition 

Optical 
Gap (eV) 

-Zn-MA 617 0.13 π→π* 2.00 

-Zn-CAA 609 0.11 π→π* 2.03 

meso-Zn-MA  585 0.22 π→π* 2.11 

meso-Zn-CAA 611 0.22 π→π* 2.02 
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The electronic absorption spectra of these porphyrin-based sensitizers were 

recorded in THF solution, which are given in Fig 41. The wavelengths of 

maximum absorbance (max) values of these porphyrin-furan conjugates are 

obtained from UV-Vis studies which are summarized in Table 12. 

 

Figure 41. TD-DFT simulated UV-vis spectra of Zn Porphyrin-Furan dyes 

(Article 7). 

The absorption spectra of these porphyrin-furan conjugates in THF solution 

shows an intense soret band between 420-430 nm and two less intense Q-

bands between 500 to 625 nm due to -* absorption of the conjugated 

macrocycle. We also simulated the singlet excited state (optical band gap) 

energy at ∆SCF method, which has excellent matching as can be seen from 

Table 12 and Article 7. The simulated optical band gap of -Zn-MA is 2.0, -Zn-

CAA has 2.03, meso-Zn-MA has 2.11 and meso-Zn-CAA has 2.02 eV. 
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5.4. Summary 

We have carried out structural, electronic, optical, and charge-transport 

properties of a donor-acceptor-donor polymer; a Hole transporting material 

(HTM), N3 and TiO2 for the design of an efficient SDSC. We proposed an ideal 

setup for an SDSC, where the HTM, N3, and TiO2 are chosen, based on their 

upstairs like energy levels (band edge positions); having a difference of at least 

0.50 eV. Our theoretical simulations prove that if we shine a light on the 

proposed setup, the electron would move from the dye to TiO2 and from HTM 

to dye, to be regenerate. The theoretical open-circuit voltage of about 1.49 eV 

is responsible for high quantum yield. 

Moreover, we have carried out comprehensive theoretical and experimental 

studies of porphyrin–furan conjugates, in which anchoring group either at meso-

phenyl or at pyrrole- position of a zinc porphyrin based on donor-π-acceptor 

approach. The dyads were tested in dye sensitized solar cells using I-/I3- redox 

couple. Both theory and experiment strongly corroborate each other, however, 

the overall efficiency of these sensitizers is very low, which need to be 

improved.  
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CHAPTER 6: Polymers and Their Composites for the 

Environmental Applications 

6.1. Polypyrrole/TiO2 Composites for Pollutants Degradation 

Although, experimental study of PPy-TiO2 as a photocatalyst is reported but 

facing lower photocatalytic efficiency which is due to lack of theoretical 

investigation [180-183]. The fully explored theoretical insight of optical, 

electronic structure, surface interactions, electroactivity and charge transfer 

mechanism between PPy and TiO2 is essential to tailor and improve 

photocatalytic activity of PPy-TiO2 nanocomposite. Detailed theoretical 

investigation of charge transfer mechanism between nPy and TiO2 (molecular 

cluster; Ti16O32) in a connected junction such as nPy-TiO2 nanocomposite. The 

present article is focused on the investigation of important photocatalytic 

parameters such as (i) interaction of Ti16O32 with PPy oligomers to find out 

electron−hole transformation, (ii) band structure alteration, (iii) charge transport 

(NBO) (vi) optimisation of oligomeric length of Py for efficient performance and 

(v) structure-property relationship. The study is aimed to provide a better 

understanding of the electronic structure of nPy-Ti16O32 nanocomposite and will 

open new direction to synthesize an efficient nPy-TiO2 nanocomposite 

photocatalyst with the optimized composition for visible light photocatalysis. 

Moreover, this work will also inspire computational scientists to explore 

structural property relationship of other COP- metal oxide nanocomposites. 

Results and Discussion: Based on band gap simulation and computational 

point of view, it is evident that Ti16O32 (band gap 3.06 eV) is a better 
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representative of bulk anatase (Fig 42). The current study is focused on Ti16O32 

and their interaction with different Py oligomers. 

 

Figure 42. Optimized Geometric Structure of Ti16O32 and Ti28O56 clusters. 

During the optimization, Ti16O32 circulated and finally attached at the middle of 

nPy oligomer by establishing strong non-covalent bonds with H and C atoms of 

Py. The interaction of Ti16O32 with nPy oligomers, results distortion in nPy 

geometries (Fig 43), which is a direct consequence of their strong orbital 

overlapping.  

 

Figure 43. Optimized Geometric Structure of 7Py-Ti16O32 (Article 8). 

Six different types of inter-molecular interactions are observed in the case of 

the 7Py-Ti16O32 system; where Ti and O of Ti16O32 have made the strong 
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electrostatic type of bonding with the C and H atoms of 7Py; ranging at ca. 1.90 

to 2.80 Å. In all these composites, Ti atom of Ti16O32 makes an inter-molecular 

electrostatic bond with C of nPy and a Hydrogen bond between the O of Ti16O32 

and H atoms of nPy. The O---H inter-molecular bonds in the studied systems 

are strong bonds and can be regarded as covalent bonding. On the other hand, 

simulated Ti---C bond distances in the range of 2.30-2.70 Å confirm the 

formation of a strong electrostatic interaction. Jeffery et al. have reported that 

2.2-2.5 Å of hydrogen bonding will be "strong, mostly covalent", 2.5-3.2 Å as 

"moderate, mostly electrostatic" while 3.2-4.0 Å as "weak, mostly electrostatic" 

along with following bond energies, -40 to -14, -15 to -4, and <-4 kcal/mol, 

respectively [184]. Comparative analysis of simulated inter-molecular bonding 

led us to conclude that Ti16O32 make a strong composite with Py oligomers. 

Interaction Energy in nPy-Ti16O32 Composites: Ti16O32 and PPy oligomers 

have a good interaction which is mostly covalent and electrostatic, simulated 

from interaction energy (ΔEint) and geometrical counterpoise corrected (ΔEgCP-

D3) methods (Table 13). The ΔEgCP-D3 method is employed to minimize the 

geometrical and dispersion factors. The result of this inter-molecular interaction 

energy proved that a very strong interaction is present in nPy and Ti16O32 

species. In the 3Py-Ti16O32 composite, the ΔEint is -42.54 kcal/mol while this 

interaction energy is simulated to be -54.09 kcal/mol with ΔEgCP-D3 method 

which is 11.55 kcal/mol higher than the ΔEint method. A comparatively weak 

inter-molecular force is present in 5Py-Ti16O32 for which these energies are; -

34.22 kcal/mol based on ΔEint and -47.50 kcal/mol based on ΔEgCP-D3. This 

decrement in inter-molecular interaction energy is due to its geometrical shape 
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compared to the 3Py-Ti16O32 composite. With chain length elongation, a slight 

difference in ΔEint is observed as can be seen from data in Table 13. 

Table 13: Inter-molecular interaction energy (ΔEint), geometrical counterpoise 

corrected energy (ΔEgCP-D3), in kcal/mol), and NBO charges analysis of nPy-

Ti16O32. 

Species ΔEint ΔEgCP-D3 QNBO 

3Py-Ti16O32 -42.54 -54.09 0.409 

5Py-Ti16O32 -34.22 -47.50 0.469 

7Py-Ti16O32 -41.10 -72.47 0.709 

9Py-Ti16O32 -41.47 -68.21 0.599 

In the case of 7Py-Ti16O32, this inter-molecular non-bonding energy is about -

41.10 kcal/mol, based on ΔEint while -72.47 kcal/mol based on ΔEgCP-D3. This 

highest interaction energy (ΔEgCP-D3) in 7Py-Ti16O32 can be attributed to the 

suitable oligomeric length of PPy. Moreover, strong interaction of 7Py-Ti16O32 

can be correlated to the fully relaxed geometric structure, which allows 7Py to 

wrap around Ti16O32 cluster much effectively compared to other compositions 

of nPy-Ti16O32.  A similar but less pronounced trend is observed in 9Py-Ti16O32 

composite, where the ΔEint and ΔEgCP-D3 are -41.47 and -68.21 kcal/mol, 

respectively. Comparative analysis of the interaction energy of 7Py-Ti16O32 and 

9Py-Ti16O32 indicate that 7Py make stronger nanocomposite.  

Natural Bonding Orbital Analysis: In connection with previous sections, 

Ti16O32 interacts with nPy oligomers through strong hydrogen (mostly covalent) 

and electrostatic (Ti---C). The analysis of NBO simulation indicates that Ti---C 
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bond is the main charge transferring paths in all nPy-Ti16O32 composites. The 

net charge transfer in all nPy-Ti16O32 composites is comprehensively listed 

Article 8. 

Electronic Properties Simulation: The electronic properties such as IP, EA, 

HOMO, LUMO, ESP, DOS and band gap of isolated as well as nPy-Ti16O32 

composites was estimated at B3LYP/LanL2DZ level. The ΔSCF and negative 

of HOMO orbital energies are almost similar, especially for long chain systems. 

The IP energy is estimated from the negative of HOMO while the EA is obtained 

from negative of LUMO, using Koopman’s theorem. Higher the EA and IP 

values of a chemical substance, greater will be its electroactivity and stability. 

The HOMO and LUMO energies (band edge positions) of isolated Ti16O32 are 

listed 14 and in Fig 44. 

 

Figure 44. Contours of the HOMO and LUMO of Ti16O32 (Article 8). 

Our simulated band gap value for Ti16O32 is 3.06 eV at B3LYP/LanL2DZ level, 

which is close to that of the observed data (3.20 eV) [185].  

Ionization Potential: Interaction of Ti16O32 with nPy increases the IP of nPy 

oligomers indicating the increased stability of the resulted composite. Higher 

the IP more will be the stability of a chemical substance. In case of 3Py-Ti16O32 
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composite, the increase in IP is about 0.96 eV which consequently narrow its 

band gap from 4.27 to 2.12 eV. A similar trend is observed in rest of the nPy 

oligomers in nPy-Ti16O3 composites, except 9Py-Ti16O3 composite, where 

negligible change (IP value) has been observed which can be attributed to lower 

interaction ability of their molecular orbitals. 

Electron Affinities: EA is estimated from the negative of LUMO, which found 

to be increasing in nPy oligomers upon interacting with Ti16O32. A substantial 

shift in LUMO to narrow the band gap is observed in nPy-Ti16O32 bounded 

species compared to individual Ti16O32 and nPy. 

Band Gap and Molecular Orbitals Energy: The band gap of nPy oligomers 

become narrow upon interaction with Ti16O32, which is an evidence of their 

excellent electroactive property in the resulted composite (Table 14). 

TABLE 14: Molecular Orbital Energy, Band Gap (in eV) and Dipole moment 
(Debye) of nPy and nPy- Ti16O32 composites 

Species HOMO LUMO Dipole moment Band Gap 

Ti16O32 -7.33 -4.27 0.0007 3.06 

3Py -4.71 -0.44 1.56 4.27 

3Py-Ti16O32 -5.67 -2.12 13.63 2.55 

5Py -4.45 -0.76 1.08 3.69 

5Py-Ti16O32 -5.04 -3.53 10.89 1.51 

7Py -4.34 -0.91 0.58 3.43 

7Py-Ti16O32 -5.24 -3.37 9.97 1.87 

9Py -4.28 -0.98 0.07 3.30 

9Py-Ti16O32 -4.42 -3.68 8.75 0.74 
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It can be easily predicted from the date that molecular orbitals of Ti16O32 

strongly interact with the HOMO/LUMO of nPy through establishing strong 

covalent types of bonding (Table 14). The strong covalent type of bonding 

indicate the stability of nPy-Ti16O32 composites which have an intermediate 

band gap and highest dipole moment. Moreover, narrowing band gap, have 

also a direct relationship with chain length elongation of Py as obvious from Fig 

45.  

 

Figure 45. Density of states plots of Ti16O32, nPy and nPy-Ti16O32 bounded 

complexes (Article 8). 

Ti16O32 reduces the HOMO of 5Py from -4.45 to -5.04 eV (actually increase in 

negative charge), LUMO from -0.76 to -3.53 eV and band gap from 3.69 to 1.51 

eV. Similar, but more pronounced reduction in these values can be seen in 7Py-

Ti16O32, 0.90 eV in HOMO, 2.46 eV in LUMO, and a reduction of 1.56 eV in its 

band gap. Electronic cloud densities of the contours of HOMO and LUMO of 

9Py-Ti16O32 compared to that of 9Py are enhanced to about 0.14 eV and 2.70 
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eV, respectively. While their dipole moment and band gap change from 0.07 to 

8.75 Debye and 3.30 to 0.74 eV, respectively.  

So, from experimental point view, we don’t need to synthesize an infinite chain 

length of PPy, the routine oligomer (up to 6 or 8 repeating units) will be a best 

fit for the commercially available TiO2 (anatase). Furthermore, the study also 

provides insight into improving the band structure, charge transport and 

determination of physical and chemical bonding between nPy and TiO2 species. 

UV-vis Study: The first allowed electronic excitation energies are correlated 

with the experimentally observed λmax, which are listed in Figure 46 and Table 

15. Three prominent band peaks are found in the UV-vis spectra of nPy 

oligomers where the high wavelengths one is referred as λmax; the transition of 

an electron from valence to conduction band. Interaction of Ti16O32 with nPy 

oligomers (Fig 46) cause a red-shifting in the λmax of nPy. This red-shifting in 

λmax of all nPy oligomers illustrates the n-type doping nature of Ti16O32. 
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Figure 46. First allowed electronic excitation energy of nPy and nPy-Ti16O32 

composites (Article 8). 
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In the case of 3Py, the excitation energy of π→π* transition increased from 296 

to 663 nm in the resulted composite (3Py-Ti16O32), which evidences the 

establishment of strong bonding. As shown in Table 6, Ti16O32 increases the 

first allowed electronic excitation energy of 5Py to about 707, 420 in 7Py, and 

2493 nm in 9Py. This substantial increase can be attributed to improved 

conductivity/delocalization of the composites compared to  isolated nPy 

oligomers (vide infra).  

The individual Ti16O32 and nPy oligomers are unable to absorb in the visible 

range, however, nPy-Ti16O32 composites have excellent absorption capability 

in the visible region due to a substantial decrease in the band gap. The red-

shifting from the ultraviolet to visible elucidates/evidences the excellent 

photovoltaic and photocatalytic activity of nPy-Ti16O32 composites over their 

individual constituents. 

6.2. Polypyrrole Gas Sensors 

PPy is a promising candidate for gas sensing applications due to its ease of 

synthesis, high redox properties, tunable nature [45], stability either in the 

neutral or doped form, and good electrical conductivity. Changes in electrical 

conductivity of PPy can easily be observed, upon interaction with various 

volatile organic and inorganic analytes. Several reports are presented in this 

regard, where change in conductivity of PPy is measured upon exposure to 

different gases such O2, NO2, CO, CO2 and NH3. Blance et al [186] reported 

NH3 gas sensing properties of PPy upon exposure to a mixture of O2, NO2, and 

NH3. On the other hand, Lui et al. [187] fabricated a CO gas sensor by growing 

a PPy film through electropolymerization. A gas sensors for CO2, based on PPy 

film is also reported [188] showing the interactive ability of PPy, but not counter 
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checked by theory. Among other fascinating properties, the ability of PPy to 

form covalent bonding with inorganic substances like diamond, make it a 

valuable material for molecularly imprinted sensors [189]. 

In this work, sensing mechanism of both, cationic and neutral, forms of different 

oligomers of PPy are investigated with the help of electronic structure theory 

simulations. The interaction of different analytes such as NH3, CO2, and CO on 

the surface of PPy (nPy/nPy+) are considered for the sensitivity (Fig 47). 

 

Figure 47. Reference optimized geometric structure of 5Py+-X (X=NH3, CO2, 

CO) (Article 9). 

Inter-molecular bond length: The inter-molecular non-bonding distance, 

dH6…X7 between nPy and NH3 is about 1.94 Å for all oligomers. Inter-molecular 

non-bonding interaction analyses led us to conclude that NH3 and PPy 

oligomers have strong interaction compared to nPy-CO2 and nPy-CO 

complexes. The doped form of PPy have smaller inter-molecular distance with 

NH3, compared to the neutral form. It is found from the inter-molecular bond 

distance analysis that PPy (both doped and neutral form) shows excellent 

response towards ammonia, compared to that of carbon dioxide and carbon 

monoxide. It means that PPy is more responsive and selective towards 

ammonia gas in presence of CO2 and CO.  
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Intra-molecular bond length: Results of the intra-molecular bond distance 

analysis are also in good agreement with inter-molecular bond distances; 

higher sensitivity and selectivity of PPy with NH3. 

Table 3.  ΔEint, ΔEint,CP, QNBO and QMulliken of nPy+-X  (X=NH3, CO2, and CO), 

(n=3, 5, 7, and 9) Using UB3LYP/6-31G (d) level of theory. 

Species  ΔE int ΔE int,CP QNBO QMulliken 

3Py+-NH3 -16.69 -15.62 -0.071 -0.080 

5Py+-NH3 -14.68 -13.74 -0.061 -0.070 

7Py+-NH3 -13.74 -12.80 -0.060 -0.068 

9Py+-NH3 -13.05 -12.11 -0.057 -0.065 

∞Py+-NH3 -10.74 -9.69   

3Py+- CO2 -5.08 -4.58 -0.018 -0.045 

5Py+- CO2 -4.27 -4.10 -0.015 -0.038 

7Py+- CO2 -3.95 -3.45 -0.013 -0.037 

9Py+- CO2 -3.64 -3.50 -0.013 -0.035 

∞Py+-CO2 -2.78 -2.41   

3Py+- CO(1) -4.46 -3.22 -0.030 -0.056 

5Py+- CO(1) -4.02 -3.01 -0.026 -0.050 

7Py+- CO(1) -3.70 -2.61 -0.024 -0.047 

9Py+- CO(1) -3.51 -2.31 -0.023 -0.045 

∞Py+-CO(1) -2.63 -0.80   

3Py+- CO(2) -3.20 -1.76 -0.015 -0.039 

5Py+- CO(2) -2.70 -1.50 -0.012 -0.033 

7Py+- CO(2) -2.51 -1.19 -0.011 -0.033 

9Py+- CO(2) -2.32 -1.02 -0.010 -0.030 

∞Py+-CO(2) -1.81 -0.07   
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Bond angle and Dihedral angle: Both, inter- and intra-molecular bond 

distances, angles and torsional angles are found disturbed after interacting with 

analytes, so, it is proved that both nPy and nPy+ have sensing ability with these 

gases; however, it is more sensitive to NH3. Interaction of 9Py/Py+ with mixture 

of three gases attached in the trimer (NH3, CO2 and CO) are also performed to 

check the selectivity phenomena more accurately.  

Interaction Energy Analysis: Greater this interaction energy, greater will be 

response of the nPy/nPy+ towards analytes. The calculated interaction energies 

are also counterpoise corrected. Counterpoise corrected energy method 

removes the error arising from the use of finite basis sets. Adsorbent species 

(PPy/PPy+ in this case) interacts with analytes and become stable due to these 

interaction energies. The complexes are stable either because of hydrogen 

bond or weak dipole-induced-dipole, or ion-dipole interaction with adsorbate 

(NH3, CO2, CO). Simple and BSSE interaction energies of PPy/PPy+ with these 

different analytes are listed in Table 3 and Article 9. Comparative analysis of 

the above results illustrates that PPy oligomers either in the doped and neutral 

state, are sensitive and selective towards NH3. The interaction energy analysis 

also supports the experimental evidences of high sensitivity of PPy towards 

NH3 gas.  

Charges Analysis: Interaction between two or more species is often 

associated with charge transfer. Charge transfer alters the electronic and 

structural properties of these interacting species. The sensing capability and 

therefore, selectivity of PPy oligomers (doped and neutral forms) towards NH3, 

CO2, and CO can be well understood through amount of charge transfer 

between the oligomer and analyte. Charge analyses predict that PPy is more 
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sensitive and selective towards NH3, amongst CO2, CO and NH3. NH3 causes 

doping in nPy and de-doping in nPy+ oligomers, establishing hydrogen and ion-

electrostatic bonding, respectively. PPy, doped or neutral, shows high response 

towards ammonia. 

Frontier Molecular orbital and Band gap analysis: Sensing properties of a 

substance are also greatly dependent on the interaction of molecular orbitals of 

oligomer with analyte. Molecular orbitals of sensing material, particularly HOMO 

and LUMO get perturbed after interaction with analyte. Contours of the HOMO 

and LUMO of isolated nPy/nPy+ and analyte bounded complexes are given in 

Figures 48.  

 

Figure 48: Frontier Molecular Orbitals of 3Py/3Py+ and 3Py/3Py+-X (X = NH3, 

CO2, CO(1) and CO(2)), Using B3LYP/6-31G (d) and UB3LYP/6-31G (d) Level 

of Theory (Article 9). 
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Overall, NH3 donates electronic cloud density and causes de-doping of nPy+ 

oligomers while CO2 has less effective interaction on large oligomer. Interaction 

of CO with nPy+ also follows the same trend as for nPy, however, the overall 

interaction is very small. 

UV-vis/UV-vis-Near-IR spectroscopic analysis: UV-Vis spectra of nPy/nPy+ 

and nPy/nPy+-X complexes can be found from Article 9, while that of 3Py/Py+ 

and their complexes are given in Fig 49. A peak in the near-IR region can be 

obseved in the doped form of nPy (nPy+) and their analyte bound complexes, 

besides the three main peaks.  

 

Figure 49. UV-Vis/UV-Vis-near-IR of 3Py (red), 3Py-NH3 (blue), 3Py+ (green), 

and 3Py+-NH3 (black) (Article 9). 

UV-vis spectrum of nPy+ shifts to low energy (compared to nPy) band peak in 

the near-IR region which clearly shows the doping phenomenon of nPy. NH3 

decrease the doping intensity of nPy+ by transferring electronic charge density, 

therefore, it causes a blue shift in the low energy band peak. CO2 and CO also 

show similar but less pronounced effect, compared to NH3, on interaction with 

nPy/nPy+. The peaks shifting are less pronounced as compared to NH3; 

depicting more sensitivity of PPy/PPy+ towards NH3. 
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6.3. Graphene and their Derivatives Gas Sensors 

The main challenges for scientific and technological research for solar energy 

conversion, energy storage and environment are the stability, durability, and 

performance of low cost functional materials. The discoveries of sp2 hybridized 

carbon nanomaterials such as buckministerfullerene, carbon nanotubes and 

GR have revolutionized the research directions in the fields of physics, material 

science, chemistry, and life sciences [190-193].The progress made in GR-

based materials for energy and environmental applications has been discussed 

in several reviews articles with either focus on specific materials or general 

preparation methods and functionalization.  

Environmental applications of GR molecules: The effect of globalisation and 

industrialisation increased the amount of contamination in soil and water. This 

leads to severe environmental problems and health issues. The wastewater 

industrial plants generate increasing amounts of environmental concerns 

through enormous amounts of wastewater production. This contains toxic 

organic compounds which includes organic dyes, phenols, biphenyls, 

pesticides, fertilizers, hydrocarbons, plasticizers, detergents, oils, greases, 

pharmaceuticals, proteins, carbohydrates, etc.[194]. GR has been used as a 

remediation agent, widely in the adsorption and photocatalytic approach. 

Adsorption is a surface phenomenon which depends on many factors such as 

nature of adsorbate and adsorpant and their physical characteristics, i.e 

temperature, pH, concentration of pollutants, contact time, particle size, and 

temperature [195]. The photocatalytic approach involves light induced 

photochemical reactions due to the unique electronic band structure of the 

semiconducting materials involved in the reaction process.  
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Photocatalytic degradation of Pollutant: The photocatalytic action requires 

the catalytic species to be active with respect to the illumination of light on the 

semiconductor surface. The following steps are involved in the process of 

photocatalytic degradation of pollutants, as shown in Fig. 50 (here TiO2 

semiconductor is used as a photocatalytic materials)  

 The excitation of electron from valence band to conduction band, when 

TiO2 absorbs energy equal to or larger than the band gap. 

 The excitation of these electrons results in the generation of ‘‘holes’’ 

(electron vacancy) in the valence band.  

 The results of excitation will also generate oxidizing and reducing 

agents.   

 The holes (h+) reacts with water and generate highly active hydroxyl 

radical (OH•) that can act as powerful oxidant.  

 The hydroxyl radicals can react with organic pollutants to degrade or 

oxidize them to form CO2 and H2O.  

 

Figure. 50. Illustration of photocatalytic process of degradation in pollutants in 

TiO2 (Article 10). 
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Gas Sensor Applications: The extensive application of graphene in a gas 

sensor is due to the large specific surface area that can adsorb gas molecules 

on the surface. The gas sensitivity of graphene comes from, large specific areas 

which enable graphene to provide the largest sensing area per unit volume, 

strong covalent interactions between surface atoms, and adsorbates and high 

carrier mobility. The interaction between gas molecules and graphene atoms 

perturbs the graphene electronic system which can be monitored with external 

electronic components.[196] Interestingly, graphene has low electrical noise 

due to its high quality crystal lattice arrangements that makes it capable of 

screening more charge fluctuation. The ability of charge fluctuation screening 

in graphene provides a noticeable change in the conductance. Graphene has 

been able to detect the CO2, CO, NO, NH3, SO2, H2, Cl2, and NO2 and organic 

vapours includes acetone, benzene, and toluene.[197-201] The limit of gas 

detection, as low as parts per billion graphene, has been prepared as single 

layer graphene using mechanical exfoliation,[202] adhesive tape methods, and 

mechanical exfoliated graphene[197] for NO2 detection. In other studies, RGO 

was applied to detect chemical warfare agents, NO2, NH3 and Cl2 at low ppm.  

Heavy metal ion detection and removal: Environmental contaminations are 

often from toxic heavy metal ions and other pollutants. Usually heavy metal 

ions, such as arsenic (Ar), antimony (Sb), cadmium (Cd), chromium (Cr), lead 

(Pb), mercury (Hg), and zinc (Zn) are hazardous to human health when 

consumed in excess amount or over longer periods of contact. Heavy metal 

ions commonly lead to mental confusion, acute pains in joints and muscles, 

short-term memory loss, food intolerances/ allergies, headaches, 

gastrointestinal upsets, etc.[203] However, each element is responsible for 
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some serious health issues which are related to the nervous system, 

cardiovascular system, kidneys, and even reproductive system.[203] In recent 

years, there has been a lot of interest in using carbon related materials for the 

detection and removal of toxic and harmful substances from the environment, 

especially from water and air.  

Biosensing applications: Biosensors utilize biological or molecular 

recognizers and transducers to register a specific biomolecular interaction 

and/or the amount of target analyst. The development of simple, sensitive, and 

low-cost biosensing platforms with high selectivity is critical in bioanalysis. The 

excellent physiochemical characteristics render GR and its derivatives as 

excellent transducing element in bioanalysis [204,205]. For example, the 

existence of π-rich conjugation domains in GR facilitates the interaction 

between the single stranded DNA molecules through π-π stacking 

interactions.[204,205] Also, extensive efforts have been made in analyzing the 

nano-bio interface of GR, and its derivatives, with various biomolecules. It is 

shown that under a favorable environment, the immobilization of enzymes on 

GR, and its derivatives, improves enzyme stability and specificity together with 

prolonged enzyme functionality.[206,207]. 

6.4. Summary 

DFT of pyrrole-Ti16O32 bounded systems are carried out to find their interaction 

to tailor the best composite for the photodegradation of environmental 

pollutants and solar water splitting. So, after confirming the composite 

formation, band gap narrowing, and better visible light absorption capability is 

observed compared to their individual nPy and Ti16O32 constituents. Moreover, 

UV-vis spectra of these composites predict the visible light absorption 
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compared to nPy and Ti16O32. Electron-hole transferring define Py oligomers as 

a donor and Ti16O32 cluster as an acceptor in the resulted composites.  

DFT study of nPy/nPy+ (where n=3, 5, 7, 9) and their complexes with NH3, CO2 

and CO are caried out to analyze the sensitivity and selectivity of PPy, both in 

neural and doped form. Comparative results of interaction energy of neutral and 

doped form of PPy reveal greater response for the doped form towards different 

analytes. It is also indicated from interaction energy that PPy shows more 

response to CO2 than CO. Frontier molecular orbitals energies of nPy-X and 

nPy+-X, before and after sensing, confirm that NH3 perturbed the orbital energy 

of PPy to greater extent than the perturbation caused by  CO2, CO(2) and 

CO(1). In neutral forms, red shifting in UV-Vis spectra are observed upon 

interacting with NH3, CO2, CO(1) and CO(2), which confirm the doping process. 

In conclusion, PPy (both the nPy and nPy+) has greater response/selectivity 

with NH3, in presence of CO2 and CO gases. 

Graphene with its unique 2D structure and excellent electrical, thermal, 

mechanical, and optical properties has attracted tremendous multidisciplinary 

research interest since its discovery in 2004. In this updated review, we 

explored and summarized the exciting recent progress on the use of GR and 

its derivatives for PEC, photocatalytic water splitting, photocatalytic conversion 

for fuels, photovoltaic, and application in supercapacitors, batteries, fuel cell, 

degradation of pollutants, gas sensors, heavy metal removal, and as biosensing 

applications. 
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CHAPTER 7: Conclusions and Future Work 

7.1. Conclusions 

It is observed that, although pristine BiVO4 is a good photocatalyst for water 

splitting but, their Oxygen defective and mild doped (1 or 2 % Se) BiVO4 are 

much efficient; having reduced bandgap and ideal VB and CB for water 

reduction and oxidation, respectively. Se and BiVO4 heterojunction is also 

investigated, which form a direct Z-scheme like heterojunction of; having 

improved PEC performance. DFT simulations are carried out for the BiVO4 and 

Se to simulate their band gap, and band edge positions in the proposed 

heterojunction band diagram. The PEC properties of Se/BiVO4 indicate that the 

increment in performance is due to the presence of Se layer which acts as a 

hole trapping agent, light absorber, and improves the charge separation in the 

resulted film. The Se/BiVO4 has 1.5 times higher photocurrent density than that 

of BiVO4 due to higher surface area, small grain size, high roughness, efficient 

charge separation and minimum charge recombination rate. 

Moreover, heterojunction of g-C3N4/BiVO4 were designed and which has higher 

photocurrent compared to that of TiO2/BiVO4, which consequences the 

superiority of g-C3N4 over TiO2. The higher reducing capability of g-C3N4 is 

because of its more negative situated conduciton band and enhanced 

photogenerated electrons, larger surface roughness, and higher charge carreir 

density. The simulated results confirmed that g-C3N4 and BiVO4 has formed a 

van der Waals type heterojunction, where an internal electric field facilitated the 

separation of electron/hole pair at the g-C3N4/BiVO4 interface which further 

restrain the carrier recombination. In brief, the construction of Z-scheme based 
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g-C3N4 based PEC device was successfully illustrated in this paper and there 

is great promises for further explorations and research. 

The electronic and optical properties and photocarrier mobility of bulk β-TaON 

which predict TaON is a better candidate for photocatalytic water splitting than 

either Ta2O5 or Ta3N5. In summary, the oxygen and nitrogen terminated TaON 

along (010) and (001), respectively has good stability and sensitivity towards 

water molecule. Moreover, O terminated TaON has ideal band edge positions 

while N terminated has strong ability towards visible light absorption, so a mixed 

phase would result an efficient photoanode for water splitting. 

DFT and TD-DFT at hybrid functional, to assess the nature and electronic 

properties of a near-infrared-absorbing, low energy gap conjugated polymer; 

donor−acceptor−donor (D-A-D). The D-A-D is consisting of 2,1,3-benzosele-

nadiazole (A) as acceptor and 3,4-ethylenedioxyselenophene (D) as donor 

fragments. The D and A moieties in the polymeric backbone have been found 

to be responsible for reducing the band gap, open circuit (Voc) and increasing 

short-circuit current density (Jsc) in polymers solar cells (PSC). Our theoretical 

studies revealed that charge transportation efficiency (ηcT), Voc, Jsc and, in 

turn, device performance, are influenced by electronic energy level alignment 

at interfaces. A lower HOMO energy level (-4.65 eV) of designed D-A-D is 

responsible for increasing the ambient stability during device operation and 

results in high Voc of 1.02 eV. Furthermore, it is found that donor-acceptor 

combination has a key role in charge separation, weak steric hindrance, and 

molecular architecture (planarity of the polymeric backbone) which directly 

influences the charge transport compared to that of counterpart homopolymers 

(either D or A). Reduction in the band gap, high charge transformation, and 
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enhanced visible light absorption in D-A-D system is because of strong 

overlapping of the frontier molecular orbitals of the D and A.  

We have carried out structural, electronic, optical, and charge-transport 

properties of a donor-acceptor-donor polymer; a Hole transporting material 

(HTM), N3 and TiO2 for the design of an efficient SDSC. We proposed an ideal 

setup for an SDSC, where the HTM, N3, and TiO2 are chosen, based on their 

upstairs like energy levels (band edge positions); having a difference of at least 

0.50 eV. Our theoretical simulations prove that if we shine a light on the 

proposed setup, the electron would move from the dye to TiO2 and from HTM 

to dye, to be regenerate. The theoretical open-circuit voltage of about 1.49 eV 

is responsible for high quantum yield. 

Comprehensive theoretical and experimental studies of porphyrin–furan 

conjugates are carried out, in which anchoring group either at meso-phenyl or 

at pyrrole- position of a zinc porphyrin based on donor-π-acceptor approach. 

The dyads were tested in dye sensitized solar cells using I-/I3- redox couple. 

Both theory and experiment strongly corroborate each other, however, the 

overall efficiency of these sensitizers is very low, which need to be improved. 

DFT of pyrrole-Ti16O32 bounded systems are carried out to find their interaction 

to tailor the best composite for the photodegradation of environmental 

pollutants and solar water splitting. So, after confirming the composite 

formation, band gap narrowing, and better visible light absorption capability is 

observed compared to their individual nPy and Ti16O32 constituents. Moreover, 

UV-vis spectra of these composites predict the visible light absorption 

compared to nPy and Ti16O32. Electron-hole transferring define Py oligomers as 

a donor and Ti16O32 cluster as an acceptor in the resulted composites.  
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DFT study of nPy/nPy+ (where n=3, 5, 7, 9) and their complexes with NH3, CO2 

and CO are caried out to analyze the sensitivity and selectivity of PPy, both in 

neural and doped form. Comparative results of interaction energy of neutral and 

doped form of PPy reveal greater response for the doped form towards different 

analytes. It is also indicated from interaction energy that PPy shows more 

response to CO2 than CO. Frontier molecular orbitals energies of nPy-X and 

nPy+-X, before and after sensing, confirm that NH3 perturbed the orbital energy 

of PPy to greater extent than the perturbation caused by CO2, CO(2) and CO(1). 

In neutral forms, red shifting in UV-Vis spectra are observed upon interacting 

with NH3, CO2, CO(1) and CO(2), which confirm the doping process. In 

conclusion, PPy (both the nPy and nPy+) has greater response/selectivity with 

NH3, in presence of CO2 and CO gases. 

Graphene with its unique 2D structure and excellent electrical, thermal, 

mechanical, and optical properties has attracted tremendous multidisciplinary 

research interest since its discovery in 2004. In this updated review, we 

explored and summarized the exciting recent progress on the use of GR and 

its derivatives for PEC, photocatalytic water splitting, photocatalytic conversion 

for fuels, photovoltaic, and application in supercapacitors, batteries, fuel cell, 

degradation of pollutants, gas sensors, heavy metal removal, and as biosensing 

applications 
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7.2. Recommendations for Future Work 

 

 These PBC simulations will minimize the synthetic effort in the designing 

and fabrication of efficient devices; solar energy conversion and 

pollutants degradations.  

 We used Se as dopant agent for BiVO4, other efficient dopants such as 

N, Ar, Te, P, Ca, etc may also be tried. 

 Nano-sized thin film study can accurately represent the experimental 

effort compared to that of Ultra-thin film. 

 Designing Bifunctional electrocatalyst for Oxygen Evolution Reaction 

(OER) and Hydrogen Evolution Reaction (HER). 

 Theoretical Mechanistic study of OER and HER over the surface of 

catalyst. 

 Complex interface study of the materials used in this work, will further 

improve the overall efficiency.  

 Molecular Dynamic, electron phonon coupling, thermal transport and I-V 

curve simulations are future research highlights.  

 Molecular Dynamic and Density Functional Theory study of 2D materials 

such as Graphene, 2D layer Metal Oxides and their complex interfaces 

are very crucial for high performance photovoltaic and photocatalytic 

solar cell. 

 These tools will be very essential to explore in terms of knowing 

underlying mechanism of charge carrier transport, surface 

reconstruction, kinetics of reactions etc. 
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A B S T R A C T

Monoclinic BiVO4 is being used as a photocatalyst due to its stability, cost-effectiveness, ease of synthesis, and
narrow band gap. Although, the valence band maximum, VBM (∼−6.80 eV vs vacuum) of BiVO4 is well below
the redox potential of water but having less positive conduction band minimum, CBM (−4.56 eV vs vacuum),
responsible for its low efficiency. We have carried out a comprehensive periodic density functional theory (DFT)
simulations for the pristine, Oxygen defective (Ov) and Se doped BiVO4, to engineer not only its CB edge position
but the overall photocatalytic and charge carrier properties. Our theoretical method has nicely reproduced the
experimental data of pristine BiVO4, which encouraged us to elaborate further its Ov and Se-doped character-
istics. It is found that both the Ov (1% Oxygen vacancy) and Se-doped BiVO4 (1–2% Se) have ideal band edges,
band gaps, and small effective masses of electrons and holes, responsible for high photocatalytic activities.
Moreover, Se-doped BiVO4 behave as p-type semiconductor. Finally, the photocatalytic water-splitting beha-
viour of the selected surfaces were counterchecked with water interaction, where the strong water adsorption
energy of about ∼−38 to −50 kcal/mol, confirms and predicts their higher efficiencies compared to that of
parent BiVO4.

1. Introduction

Solar energy harnessing via photoelectrochemical (PEC) water
splitting, using transition metal oxides, is a direct chemical energy
conversion and storage technique. Since the discovery of the first
photocatalytic water splitting experiment, a range of transition metal
oxides have been employed to produce solar fuel [1]. An ideal photo-
catalyst must have valance band (VB) and conduction band (CB), which
straddle the redox potentials of photocatalytic reaction, and must have
high stability, availability, and narrow band gap which can absorb ef-
ficiently the visible part of sun light [2,3].

To date, the current focus semiconductors/photocatalysts are Fe2O3,
LaFeO3, TaON, LaCrO3, LaCoO3, TiO2, BiVO4, ZnS, ZnO2, Bi2WO6,
SrTiO3, BiOX (Cl, Br, I), and etc. Some of these semiconductors have
ideal band edges position but they are either unstable or having large

band gaps, while some of them are narrow band gap but one of the band
edges (either VB or CB) is situated at improper band edge energy (see
Scheme S1) [4]. So, the redox reaction cannot be completed without the
external bias potential (see reactions 1–3). Band structure engineering
is one of the excellent strategies to tailor the band edges and band gaps
of these semiconductors, through doping process [5–7].

Bismuth vanadate (BiVO4) is a promising photocatalyst for solar
energy conversion due to its nontoxic, low-cost, photostable, and eco-
friendly nature. Generally, BiVO4 has three different crystalline poly-
morphs: orthorhombic pucherite, tetragonal dreyerite, and monoclinic
clinobisvanite [8]. These different polymorphs have different properties
as the photocatalytic activity is strongly influenced by the crystal
structure. For instance, the tetragonal BiVO4 possesses a band gap of
2.9 eV and mainly absorbs UV region, while the monoclinic clin-
obisvanite (m-BiVO4) exhibits a much higher photocatalytic activity
due to its ideal band gap (2.4−2.5 eV) which absorb the UV and visible
regions of the electromagnetic spectrum, having an ideal valence band
edge position for driving water oxidation [9]. However, it has been
recently reported that m-BiVO4, an n-type semiconductor [10], exhibits
poor photocatalytic property which is stem to low mobility of the
photogenerated charge carriers (electron−hole pairs), positive poten-
tial of CB (vs NHE) and high charge recombination rates which
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significantly limit its practical applications. The photocatalytic activity
of m-BiVO4 can be tuned either with metal or non-metal doping, semi-
conductor recombination (heterojunction formation), depositing the co-
catalysts, defect formation (oxygen vacancy creation), and crystal-facet
control or morphological modification.

Moreover, it is important to investigate/design an efficient dopant
for BiVO4, which not only keeps its monoclinic crystal structure but to
slow down the charge recombination rate and more negative CB (vs
NHE) edge position. The monoclinic clinobisvanite structure of BiVO4,
consists of rows of isolated [VO4] tetrahedra which are separated by the
dodecahedral coordinated Bi atoms to form [BiO8] with eight O atoms
(Fig. 1).

In order to improve the overall photocatalytic activity of m-BiVO4

(simply denoted as BiVO4), different doping agents have been applied;
these doping agents have either substituted the (I) V or (II) Bi atoms but
no one has paid attention to substitute the (III) O site of BiVO4. The
previous literature of different doping agents [11–18], used for BiVO4

can be summarized as!
(I). Doping of BiVO4 at the V-sites is very common but due to dif-

ferent valence states of the dopant, a distortion in the [VO4] tetrahedral
chains cause phase transition from the parental monoclinic to tetra-
gonal structure (Fig. 1). This distortion of [VO4] tetrahedron chains in
BiVO4, plays a negative impact on the photocatalytic water-splitting, to
generate H2 gas. On the other hand, monoclinic BiVO4 exhibits weak
hole localization and is very helpful for water-splitting reaction. So, to
keep the [VO4] tetrahedral in the monoclinic structure of BiVO4, Luo
et al. have reported that ion doping with higher valence states such as
Mo6+ and W6+, to substitute V in BiVO4, not only keep the parental
geometry but also enhanced its photocatalytic activity [19].

(II). Another useful dopant agent which keeps the tetrahedral geo-
metrical part of [VO4] is Ce3+, which substitutes the Bi3+ sites in
BiVO4. Ce3+ is a trivalent cation and has similar ionic radius to that of
Bi3+, substitutes the Bi-sites and not the V-sites (V5+). Z. Jiang et al.
have investigated that Ce3+ ions doped-BiVO4 (Ce-BiVO4) do not dis-
tort either the octahedral and dodecahedral geometries but act as
trapping agent for the photogenerated holes which is responsible for the
higher photocatalytic water oxidation activity compared to that of
pristine one [20].

(III). No one has paid attention to substitute the O-sites in BiVO4,
and we believe that its substitution with di-anionic species such as se-
lenium (Se2−), with appropriate amount of doping ratio, will not dis-
turb both the [VO4] and [BiO8] geometries. Furthermore, Se2− would
have dual attachment in the BiVO4, coordinated with Bi on one hand
and with V on the other side.

In this work, we investigated the effect of Oxygen vacancy and Se-
dopant for the geometrical structure and corresponding photocatalytic
activity of BiVO4.

2. Computational methodology

First principle periodic boundary density functional theory (DFT)
simulations are carried out, using Quantum ESPRESSO [21] and
QuantumWise-ATK [22] while the results are visualized on VESTA [23]
and vnl 2017.0 [24]. The experimentally observed crystallographic file
of BiVO4; clinobisvanite structure is used as such which has Hall sym-
metry space group of I2/b with lattice parameters of a = 5.147 Å,
b = 5.147 Å, c = 11.7216 Å, and γ= 90° (See Fig. 1) [25]. General-
ized gradient approximation (GGA) at Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional is used for the structural and energy
optimization [26]. As an input structure for the calculations; the 24
atoms primitive unit cell and its 2 × 2 × 2 supercell along with (001)
direction with 10 Å vacuum, is considered as a model for the periodic
boundary condition (PBC) DFT simulations. The local density approx-
imation (LDA) method is found to be superior in reproducing the ex-
perimental data of BiVO4, compared to pure GGA and meta GGA
(MGGA). The detailed comparison of these methods is given in Sup-
porting Information (Fig. S1 and S3). Generally, it is believed that
clinobisvanite monoclinic BiVO4 exists in (001) orientation so, that is
why the (001) slab is opted for the theoretical simulations to represent
its experimental thin film [27]. Moreover, the unreconstructed (001)
termination possesses low surface energy and as a result represents the
most probable surface termination [27]. Stability of these different
slabs are confirmed from their positive formation energy and electro-
static potential; details of surface formation energy is give in Table S1
and Fig. S4-10 of the Supporting Information. A 5 × 5× 1 Monkhorst-
Pack k-grid and energy cutoff of 100 Ry is employed for the geometry
relaxation and self-consistent (SCF) simulations of BiVO4; consisting of
96 atoms. The Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) is
used for the structural relaxation [28]. A 5 × 5 × 5 Monkhorst-Pack k-
grid with the same energy cutoff is used for the non-SCF part to get the
density of states (DOS) and partial DOS (PDOS). The band structure
simulations were performed along the direction of Γ, Z, R, X, and M of
the Brillouin zone. The valence electron configurations considered are:
5d10 6s2 6p3 for Bi; 3p6 3d3 4s2 for V; 2s2 2p4 for O, 1s2 for H, and 4s2

4p4 3d10 for Se atom.

3. Results and discussion

3.1. Optimized structures of pristine, oxygen defective, and Se-Doped
BiVO4(001)

The removal of an oxygen atom, and Se dopant on the tetrahedral or
dodecahedra geometries of monoclinic clinobisvanite is investigated
from the resulting relaxed geometries. Optimized structures of these
different species of BiVO4 are given in Fig. 2, where the bond distances
between VeO and BieO decrease; considering the case of Ov and Se-
doped BiVO4(001). When the Se dopant ratio is increased from 2 to 3 or
4, it distorted the geometries of parent BiVO4(001) as can be seen from
Fig. 2. However, in case of 1–2% doping ratios, the resulted geometries
were quite compact and similar to parent BiVO4(001).

3.2. Electronic properties

3.2.1. Electronic properties of BiVO4(001) surface
As discussed in our previous report [29], that the monoclinic clin-

obisvanite phase exhibits a much higher photocatalytic activity com-
pared to its other polymorphs due to its favourable band gap
(2.4−2.5 eV) in the visible region of electromagnetic spectrum and a
valence band position suitable for driving water oxidation [9].

The electronic properties such as DOS/PDOS and band structure of
BiVO4(001) are given in Fig. 3, where its band gap is 2.24 eV. This band
gap is about 0.16 eV smaller than that of experimental but it is expected
from LDA [30], which underestimate the band gap. However, it has
nicely reproduced both the VB and CB edge positons of pristine

Fig. 1. Tetrahedral and dodecahedra geometries of VO4 (a) and BiO8 (b) in BiVO4 (c).
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BiVO4(001); ca. at −6.80 eV and −4.56 eV (vs vacuum), respectively.
Analysis of the PDOS led us to conclude that orbitals of O atoms are
responsible for developing valence band edge, however, the conduction
band edge is that of V atoms. Contribution of the s, p, and d orbitals of
Bi, V, and O, in making the band gap and edge positions are given in
Fig. S11 of the Supporting Information. The s and p orbitals of Bi atoms
consititute VB and CB edge of Bi, 3d orbitals of V are responsible for its
VB and CB while in case of O, 2p orbitals have a major role in devel-
oping their band edge positions. Band structure of the BiVO4(001)
along the k-points direction of Γ, Z, R, X, and M is given in Fig. 3, where
an indirect band gap of 2.24 eV has good agreement with the experi-
mental and recently theoretical reported data [9]. Fruthermore, the
simulated band edge energies (VBM∼−6.80 and CBM ∼−4.56 eV at
vacuum level) of BiVO4 indicate that its CBM need to be engineered for
high PEC performance. The effective masses of the photogenerated
electrons (me

*) and holes (mh
*) along the X→ Γ directions of k-points

are calculated by fitting parabolic approximation around the bottom of
the CBM or the top of the VBM, respectively; using Eq. (1) (Table 1):

m∗ = ħ2 (d2 E/dk2) −1 (1)

where ħ is the reduced Planck constant, E is the energy of an electron at
wave vector k in the same band (VBM or CBM). The simulated values of
the effective masses of photogenerated electrons and holes of the
BiVO4(001) are 0.09 and 0.28 me, respectively.

The integrated local DOS (ILDOS) of BiVO4(001) within various
energetic windows of the VBM, CBM, band gap, and electrostatic po-
tential (ESP) are presented in Fig. 4. The ILDOS at the CBM (0−1.6 eV),
as well as a cross section of the ILDOS through the (001) plane high-
lights the primary contribution from V orbitals which can be found
from Fig. 3 and Fig. S11. Localization of CBM electrons is because of the
poor hybridization of V neighbouring orbitals as can be seen from
Figs. 3, 4 and S11. The poor photoelectrochemical performance BiVO4

thin film can be correlated with poor hole mobility (effective mass of
hole ∼0.28 me) rather than electron, which limits photocarrier trans-
port and charge extraction. The self-trapping and small electron po-
laron formation in this material is due to the localization of photo-
generated hole. Pristine BiVO4(001) is an n-type semiconductor where
the electrons play an important role in the photocatalytic reaction. This
statement also corroborate the already reported work of A. Rettie et al.
[31] So, the relative delocalized orbitals at CBM compared to VBM
(Fig. 3) confirmed that majority of hole, limit the charge transport in

Fig. 2. Relaxed structures of (a) BiVO4(001), (b) Ov,
(c) 1%, (d) 2%, (e) 3%, and (d) 4% Se doped
BiVO4(001).

Fig. 3. Band Structure and PDOS plot of BiVO4(001); the Fermi energy is set to zero.
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this material.

3.3. Electronic properties of oxygen vacancy BiVO4(001) surface

In order to understand the effect of oxygen vacancy (Ov) on the
photoelectrochemical performance of BiVO4, 1% Ov_BiVO4(001) is
employed for DFT simulations. The VB and CB orbitals distributions are
almost similar to that of parent slab, however, the Fermi energy merge
in the CB which is due to the extra electron(s) of the Ov, as can be seen
from Fig. 5. It is also reported that monoclinic BiVO4 is normally an
intrinsic n-type semiconductor [32]. The contribution of V, Bi, and O
orbitals are comparatively given in Fig. S12 of the Supporting In-
formation. In this case, the electrons (0.19 me) are said to be the
“majority carriers” for current flow (behave as an n-type semi-
conductor) while the effective mass of holes is 0.18 me. Overall, small
effective masses of electrons and holes are estimated from the CBM and
VBM of Ov_BiVO4(001) compared to that of parent slab. At vacuum
level, the CBM and VBM are −6.29 and −4.33 eV, which are well
above and below the redox potential of water, respectively (Table 1).
Moreover, electron doping (Oxygen vacancy creation) of BiVO4 has not

only reduced its band gap, but shift the CB to more positive potential
(vs vacuum) as can be seen from Table 1.

3.4. Electronic properties of Se-Doped BiVO4(001) surfaces

In order to improve the photocatalytic performance of BiVO4, Se is
incorporated in the form of different dopant concentrations. Oxygen
atom(s) is substituted with Se in BiVO4(001), from 1 to 4% dopant
ratios, denoted as 1Se, 2Se, 3Se and 4Se_BiVO4(001). 1% Se-doped has
excellently improved the visible light absorption of BiVO4(001) as can
be seen from its band gap reduction, from 2.24 to 1.39 eV (Fig. 6 and
Table 1). Moreover, p orbitals of Se constitute the VB of 1Se_-
BiVO4(001), as can be seen from its PDOS plot (Fig. 6). The individual
PDOS plots of Bi, V, O, and Se are shown in Fig. S13 of the Supporting
Information. Se has not only reduced the band gap of parent BiVO4, but
changed both the VB and CB, to −5.80 eV and −4.41 eV (vs vacuum),
respectively. Compared to parent BiVO4(001), 1Se_BiVO4(001) has an
ideal CBM position which is well above the redox potential of water,
responsible for water reduction. Se is a p-type dopant, which has pro-
duced some flat bands in the VB of parent BiVO4(001), however, it has

Table 1
Fermi energy, % doping, VBM, CBM, Band Gap, and Effective Masses of Photogenerated Electrons and Holes, Estimated from the calculated Band Structure along the suitable direction.

Species Fermi Energy % Doping me*/m0 mh*/m0 VBM CBM Band gap

BiVO4(001) −6.18 Pure 0.09 0.28 −6.80 −4.56 2.24
Ov_BiVO4 −4.28 1.0 0.19 0.18 −6.29 −4.33 1.96
1Se_BiVO4(001) −5.17 1.04 0.09 0.02 −5.80 −4.41 1.39
2Se_BiVO4(001) −5.19 2.08 0.04 0.31 −5.81 −4.08 1.73
3Se_BiVO4(001) −4.93 3.0 0.65 2.02 −5.47 −4.39 1.08
4Se_BiVO4(001) −4.73 4.16 0.01 0.24 −5.38 −4.14 1.24

Fig. 4. Integrated local density of states of CBM, VBM, Band gap and ESP of BiVO4(001).
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significantly reduced the effective masses of electrons and holes
(Table 1). The effective masses of these photocarriers are 0.09 me for
electron and 0.02 me of hole (Note: for the effective masses of hole, we
considered the third band, below the VBM). On the other hand, flat
band of VB produces an effective mass of holes of about 7.12 me, which
are responsible for stationary holes. In summary, the high DOS in the
VB Fermi level shift towords CB is clear evidence of the p-type nature of
1Se_BiVO4(001). Moreover, 1Se_BiVO4(001) can be used as a best
photocatalyst for solar water splitting due to its ideal band edges po-
sitions, narrow band gap, and small effective masses of charge carriers
(vide infra).

In the searching of an optimum dopant ratio of Se, to design an
efficient photocatalyst, we also considered the 2Se_BiVO4(001) system.
The simulated band structure and PDOS of 2Se_BiVO4(001) are given in
Fig. 7, while its comparative PDOS plot for Bi, V, O, and Se atoms are
given in Fig. S14 of the Supporting Information. Again, the VB and CB
are made of Se and V atoms, respectively. The VB and CB of 2Se_-
BiVO4(001) are situated at −5.81 and −4.08 eV (at vacuum), respec-
tively which result band gap of 1.73 eV. Moreover, the simulated ef-
fective masses of electrons and holes are 0.04 me and 0.31 me,
respectively, which predict high carrier mobility and charge separation
rate. Very similar to 1Se_BiVO4(001), 2Se_BiVO4(001) also behave as a
p-type semiconductor as can be seen from its band structure and PDOS
plot. So, both the 1 and 2% Se doped BiVO4(001) have almost similar
photocatalytic characteristics and can be used for efficient water
splitting, especially for water reduction.

The effect of 3 and 4% Se on BiVO4(001) and their band gap and
effective masses of charge carriers are contrast to that of 1 and 2%, as
can be seen from Table 1 and Fig. 8. For simplicity reason, the band gap
and orbitals contribution of Bi, V, O, and Se of 3 and 4% Se-doped

BiVO4(001) are given in Fig. S15-S18 of the Supporting Information.
Although, this higher doping concentration has well reduced the
bandgap of parent BiVO4(001), 1.08 eV for 3 and 1.24 eV for 4% Se, but
on the other hand it has sufficiently increased the VB and CB values (vs
vacuum). The CBM positions of both these systems is well above the
redox potential of water (vs vacuum) but the VBM is not able to perform
the oxidation of water, to complete the overall water splitting reaction.
The VBM and CBM of 3Se_BiVO4(001) are −5.47 and −4.39 eV while
that of 4Se_BiVO4(001) are −5.38 and −4.14 eV, respectively. For the
effective masses of charge carriers of these two systems, see Table 1.

Comparative analysis of the Oxygen defective and Se doped (1–4%)
BiVO4(001), led us to conclude that both the defective and mild (1 and
2%) Se-Doped BiVO4(001) are best candidates for photocatalytic water
splitting, based on their simulated VB, CB, Bandgap and effective
masses of charge carriers.

3.5. Adsorption of water on pristine, oxygen defective, and 1% Se doped
BiVO4(001)

In order to elaborate the photocatalytic performance of the titled
species, we adsorb water molecules on the surface of pristine, Ov_ and
1Se_BiVO4(001), see Fig. 9 for their relaxed structures. Two molecules
of water are adsorbed on each of these surfaces, optimized and followed
by electronic properties simulations such as bandgap, band edge and
effective masses of charge carriers. The adsorption energy of water
molecules is simulated with the help of Eq. (1), by subtracting the en-
ergies of the optimized water molecule and adsorbent bare slab (Eslab)
from the optimized water-slab complex (slab@water), using Eq. (1).

= − +ΔE E (E E )ad slab@water water slab (1)

Fig. 5. Band Structure and PDOS plot of Ov_BiVO4(001); the Fermi energy is set to zero.

Fig. 6. Band structure and PDOS of 1% Se_BiVO4(001); the Fermi energy is set to zero.
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3.6. Pristine BiVO4(001)@H2O

In case of BiVO4(001)@H2O, one of the water molecules is more
attracted towards the surface via OeBi and two HeO bondings, having
distances of 2.45 and 1.62 Å, respectively (Table 2).

Hydrogen atoms of water molecules make a strong hydrogen
bonding with the surface O atoms of BiVO4(001), consequences the
water splitting ability of pristine BiVO4. The parent HeO bond dis-
tances (0.97 Å) and HeOeH angle (102°) of water molecule enlarged to
1 Å and 110.41°, respectively when H2O is adsorbed on the (001) sur-
face of BiVO4. The per-water molecular adsorption energy is
−38.28 kcal/mol, responsible for H2O splitting over (001) surface of
BiVO4. Moreover, the negative ΔEad value indicates an exothermic ad-
sorption process.

The electronic band structure and PDOS plot of BiVO4(001)@H2O
are given in Fig. 10, where the band gap of parent BiVO4(001) is re-
duced to 1.74 eV upon adsorption of water molecules. So, the bandgap
reduction of 0.48 eV confirm the water affinity of BiVO4 towards its
(001) surface. From the band structure and PDOS (Fig. 10) of
BiVO4(001)@H2O system, it can be concluded that the VB orbital of
water molecules has strong hybridization with the VB of BiVO4(001).
Comparative analysis of the data of Table 1 and Fig. 10, led us to
conclude that the water has moved the VB of pristine BiVO4(001) from
−6.80 to −5.96 eV and CB from −4.56 to −4.22 eV, at vacuum level.
The individual PDOS plots of Bi, V, O, and H2O is given in Fig. S19 of
the Supporting Information. In summary, the strong adsorption energy,
perturbation in both inter, and intra-bond distances of water and

BiVO4(001), confirmed and validate the already experimental photo-
catalytic ability of BiVO4 [33,34].

3.7. Oxygen defective BiVO4(001)@H2O

As discussed earlier, the Oxygen defective BiVO4(001) has ideal
band edge positions (well above and below the redox potential of
water) and narrow band gap to be used as photocatalyst for water
splitting. This defective surface has strong attraction for water mole-
cules as can be observed from its adsorption energy (−50.85 kcal/mol).
However, the inter-bond distances of HeO and BieO are longer com-
pared to that of pristine@H2O system. The reason behind this is, the
more electropositive nature of Ov_BiVO4(001) surface (especially O and
Bi atoms), results weak hydrogen and electrostatic type of bondings
(Table 2). In Ov_BiVO4(001), the HeO bond distances of water mole-
cules elongate to 0.99 Å, which result its further dissociation, as can be
seen from Fig. 9b. The inter-bond distances such as the HeO (H of
water and O of surface) are became enlarged which can be regarded to
the cationic nature of O defective surface of BiVO4(001).

Upon adsorption of water molecules on the Oxygen defective sur-
face, the band gap of the resulted specie increases from 1.96 to 2.28 eV,
as can be seen from Fig. 11 and Table 1 and 2. This 0.32 eV bandgap
enlargement is due to the shifting of CB, which is about 0.38 eV com-
pared to parent slab as can be seen from the PDOS of Ov_BiVO4(001).
Contrast to BiVO4(001)@H2O system, here water molecules has suffi-
ciently changed the energy of CB of Ov_BiVO4(001). The strong inter-
action of water with the O defective surface can be analysed from its

Fig. 7. Band Structure and PDOS plot of 2% Se_BiVO4-001; the Fermi energy is set to zero.

Fig. 8. PDOS plot of (a) 3Se and (b) 4Se_BiVO4(001); the Fermi energy is set to zero.
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Fig. 9. Relaxed structure of (a) BiVO4(001)@H2O, (b) Ov_BiVO4(001)@H2O, (c) 1Se_BiVO4(001)@H2O, and (d) water.

Table 2
Inter-bond distance, Water Adsorption Energy (Ead), and Bandgaps of Water Adsorbed-BiVO4(001), Ov, and 1Se_BiVO4(001) Systems.

Species H(water)—O(surface) (Å) Bi(surface)—O(water) (Å) Ead (kcal/mol) Band gap

BiVO4(001)@H2O 1.62 2.45 −38.28 1.74
Ov_BiVO4@H2O 1.75 2.51 −50.85 2.28
1Se_BiVO4@H2O 1.59 2.45 −40.24 1.35

Fig. 10. Band Structure and PDOS plot of BiVO4-001@H2O; the Fermi energy is set to zero.

Fig. 11. Band structure and PDOS of Ovac_BiVO4(001)@H2O; the Fermi energy is set to zero.
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highest adsorption energy (−50.85 kcal/mol) and orbital overlapping,
especially in the VB of Ov_BiVO4(001)@H2O system (Fig. 11). The in-
dividual PDOS plots of Bi, V, O, and H2O are given in Fig. S20 of the
Supporting Information.

3.8. 1% Se-Doped-BiVO4(001)@H2O

Finally, the water adsorption on the 1Se_BiVO4(001) surface is in-
vestigated, where its optimized parameters are given in Table 2 and
electronic properties in Fig. 12 and S21. The simulated water adsorp-
tion energy (−40.24 kcal/mol) led us to conclude that 1% Se doped
BiVO4(001) can be easily used an efficient photocatalytic material.
Furthermore, the inter-Hydrogen bonding and electrostatic bond dis-
tances are 1.59 and 2.45 Å, respectively, which confirm the enhanced
catalytic ability of Se doped BiVO4. Besides these geometric parameters,
electronic properties of the resulting system are also effected, upon
adsorption of water molecules. Both the VB and CB are slightly moved
from its parental position, which has decreased the overall band gap,
from 1.39 to 1.35 eV as can be seen from Fig. 12 and Table 2.

In summary, although pristine BiVO4 is a good photocatalyst for
water splitting, having narrow bandgap and VB edge position, but in-
appropriate CB potential, reduces its hydrogen evaluation efficiency.
This comprehensive theoretical simulation predicts that both the
Oxygen defective and mild doped (1 or 2% Se) BiVO4 have not only
changed the band edges positions (well above and below the redox
potential of water) but reduced the bandgap as well, results a champion
photocatalyst for water splitting.

4. Conclusion

We have carried out a comprehensive periodic density functional
theory (DFT) simulations for the pristine, oxygen defective (Ov) and Se-
doped BiVO4(001), to improve its photocatalytic performance. BiVO4 is
a stable, cheap, easily synthesizable, having appropriate band gap and
valance band (VB) edge position but less positive conduction band (CB)
edge position (vs vacuum). Our theoretical simulations of BiVO4(001)
surface has nicely reproduced the experimental data which has vali-
dated and confirm the method used. Furthermore, it is found that Ov

(1%), and Se-doped (1–2%) BiVO4(001) have narrowed band gaps,
small effective masses of electrons and holes, and well above and below
CBM and VBM, respectively (in line with the redox potential of water).
Moreover, Se-doped BiVO4(001) behave as a p-type semiconductor,
capable of H2 production from water reduction. Finally, the selected
surfaces were interacted with water molecules, to check their water
absorption energy. The water adsorption energies vary as
Ov_BiVO4(001)@H2O> 1Se_BiVO4(001)@H2O>BiVO4(001)@H2O.
Although, Oxygen defective (1% O vacancy) BiVO4(001) has narrow

band gap (1.96 eV), suitable redox potentials (VB −6.29 eV, CB
−4.33 eV at vacuum level), and high-water adsorption energy but
thermodynamically less stable compared to Se-doped BiVO4(001). So,
we conclude and predict that mild doped Se_BiVO4(001) is not only
stable but can efficiently absorb the visible part of sun light and split
water into O2 and H2 without any external biased.
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ABSTRACT: Monoclinic clinobisvanite BiVO4 is one of the most
promising materials in the field of solar water splitting due to its band gap
and suitable valence band maximum (VBM) position. We have carried out
comprehensive experimental and periodic density functional theory (DFT)
simulations of BiVO4 heterojunction with selenium (Se-BiVO4), to
understand the nature of the heterojunction. We have also investigated
the contribution of Se to higher performance by effecting morphology, light
absorption, and charge transfer properties in heterojunction. Electronic
properties simulations of BiVO4 show that its VBM and conduction band
minimum (CBM) are comprised of O 2p and V 3d orbitals, respectively. The
Se/BiVO4 heterojunction has boosted the photocurrent density by 3-fold
from 0.7 to 2.2 mA cm−2 at 1.3 V vs SCE. The electrochemical impedance
and Mott−Schottky analysis result in favorable charge transfer character-
istics, which account for the higher performance in Se/BiVO4 as compared
to the BiVO4 and Se. Finally, spectroscopic, photoelectrochemical, and DFT show that Se makes a direct Z-scheme (band
alignments) with BiVO4 where the photoexcited electron of BiVO4 recombines with the VB of Se, giving electron−hole
separation at Se and BiVO4, respectively; as a result, enhanced photocurrent is obtained.

1. INTRODUCTION

Hydrogen has long been identified as one of the most
promising energy carriers,1 which can be easily obtained from
renewable resources (water and sunlight) through photo-
electrochemical (PEC) water splitting.1−3 The bottleneck in
realizing the concept practically has been the difficulty in
identifying stable low-cost semiconductors that meet the
thermodynamic and kinetic criteria for photoelectrolysis of
water.1 Suitable materials for PEC should be capable of
absorbing maximum photons from the visible spectrum of
sunlight and function as an effective catalyst for water splitting.
Therefore, the semiconductor (electrode) must have band
structure with band edge position above and below the redox
potential of water, low electron affinity, good photocorrosion
stability, and bandgap in the range of 1.8−2.2 eV for maximum
solar to chemical energy conversion.4 Since the discovery of
Fujishima and Honda,2 various semiconductors have been
investigated to produce hydrogen as a solar fuel from water,
using a visible spectrum of sunlight. However, the development
of suitable and sustainable semiconductor materials as efficient
photoelectrode remains a challenge. A metal oxide such as TiO2
has band edge positions that straddle the standard electro-
chemical potential of E°(H+/H2) and E°(O2/H2O), but its

large band gap (absorbs the UV part of the solar spectrum)
accounts for 4% of the solar irradiance. Although CdS and
CdSe have a small band gap and suitable band edge positions,
they are not stable under water photooxidation conditions.5,6

The stable semiconductors such as Fe2O3, WO3, and BiVO4
have been explored for the water splitting application over the
past few years.2,7−12 Among them, Fe2O3 is the most widely
studied material for H2 production. However, the conduction
band edge of Fe2O3 is too low for spontaneous water
photoreduction.13 As a result, complete water splitting with
Fe2O3 requires a large external bias. WO3 having a band gap
energy of 2.7 eV limits the theoretical solar-to-hydrogen (STH)
efficiency to ca. 4.5%.9 Recently, it has been found that
monoclinic clinobisvanite BiVO4 with an ideal band gap with
2.4 eV14 for water splitting15 can absorb as much as 11% of the
solar spectrum as compared to that of the 4% TiO2.

16−18

However, BiVO4 usually shows a low photocatalytic activity due
to poor charge-transport characteristics9 and weak surface
adsorption properties.19 In addition, many attempts have been
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made to improve the poor photocatalytic activity of BiVO4 due
to its more positive potential in thermodynamic level.20

Coupling BiVO4 with an oxygen evolution catalyst such as
cobalt-phosphate,20−23 iron oxyhydroxide,24 and cobalt-bo-
rate25 is one of the options. Making a heterojunction between
two dissimilar semiconductors is also an effective strategy to
improve the electron−hole separation in BiVO4.

2,7−12,20−23,26,27

Heterojunction has great benefit to PEC activities such as
broadening the light absorption spectral, suppressing the charge
recombination, and enhancing charge separation.27 Represen-
tative heterojunctions or band alignments of binary dissimilar
semiconductors are shown in Figure 1. Type-I heterojunction
(Figure 1a) is an extensively studied PEC water splitting
technique where a narrow band gap semiconductor (Fe2O3) is
combined with wide band gap semiconductor such as TiO2.

28

In this combination, a complementary light absorption takes
place, and photocurrent improves as a consequence of facile
electrons and hole transfer from the conduction and valence
band of wide band gap semiconductor to small band gap
material. In Type-II heterojunction (Figure 1b), the relatively
more negative potential (vs RHE) of the conduction and
valence band of a narrow band gap of semiconductor (BiVO4)
is beneficial to enable the efficient charge transfer27 and high
photocurrent density. That the photoexcited electrons in
BiVO4 where the conduction band is located at more negative
potential can easily transfer an electron to the conduction band
of WO3 that has the conduction band at positive potential
(Figure 1b) is responsible for high photocurrent. As a result,
the holes from the valence band of WO3 can be transferred to
the valence band of BiVO4 to oxidize H2O and generate O2.

10

In Type-III heterojunction, both narrow band gap semi-
conductors (each having either an ideal VB or CB) are
combined to efficiently perform the photoelectrochemical
water splitting (Figure 1c). The photogenerated electron at
the CB of FeS2 recombines with a hole at the VB of Sb2Se3 and
results in separation of electron and hole, responsible for high
photocatalytic activity.29 In Type-IV band alignments (Figure
1d), electron−hole pairs separation occurs very easily due to
the establishment of a direct Z-scheme in binary semi-
conductors. Because the photoexcited electrons at CB of
wide band gap semiconductor (i.e., BiVO4 or ZnO) are located
at a more positive potential (vs RHE), they would recombine
with the holes of g-C3N4 that have the valence band at a more
negative potential (Figure 1d). As a result of the aforemen-
tioned recombination, holes from the valence band of ZnO/
BiVO4 are transferred into the electrolyte to oxidize H2O →
O2, whereas the electrons from the conduction band of g-C3N4
are transferred to the counter electrode, which enhances the
photocurrent.30 Therefore, a proper band alignment of each

semiconductor in all types of heterojunctions is necessary to
develop a deeper understanding of the charge-transport
properties in the water splitting process.
The Types-I and -II heterojunctions are widely reported as

compared to Types-III and -IV, where BiVO4 is mixed with
other materials.9,31,32 From a thermodynamic point of view, the
material used in place of g-C3N4 must have a small band gap
energy in case of Type-IV heterojunction to favor the electron
excitation process. Graphitic carbon nitride, g-C3N4 (Eg = 2.7
eV), and silicon, Si (Eg = 1.1 eV), are the most popular visible
light absorbing semiconductors to be paired in various metal
oxide for PEC cells.33−35 The more negative conduction band
potential of g-C3N4 and Si as compared to that of BiVO4
facilitates the photogenerated electrons mobility to the external
circuit due to high electron−hole pairs separation. Si-based
materials are highly efficient in the solar cell technology, but
they are too expensive to be used in PEC water splitting. The
cost of a silicon wafer comprises the pure silicon cost, the
crystallization cost, and the slicing cost.36 Also, the fabrication
of the Si-based device is more complex as it requires proper
handling of fairly fragile Si wafer. These factors lead to a
motivation in developing a Si-free PEC cell with a potentially
good absorber material, which can be prepared by easy growth
techniques to reduce cost production and achieve high charge-
transport characteristics in the heterojunction (Type-IV
heterojunction).
In this work, we demonstrate improved performance of a

BiVO4 (photoanode) through combining with an n-type
selenium (Se), to build band alignments as that of direct Z-
scheme (Figure 1d). Se has been extensively studied as a
photoabsorber in thin film devices such as solar cells,
photocatalyst, xerography, and rectifiers.37−39 Because of its
small band gap, it has high light absorption efficiency40 and can
be combined with BiVO4 to further improve the light
harvesting ability. Moreover, Se has low surface states densities,
large carrier lifetime,41 and a high conductivity (1 × 10−3

Sm−1),42 which can affect the charge mobility. One
disadvantage of Se is that it is more prone to photocorrosion
by itself rather than their larger band gap counterparts.
Therefore, when Se is coupled with a larger band gap
semiconductor (in Type-IV heterojunction), the charge
recombination of the photogenerated electron−hole pair can
be reduced and also suppresses the Se layer photocorrosion.
Because very limited information is available regarding Se-based
PEC water splitting, hence, this work is a step forward to
provide a new direction to replace a traditional visible-light
photoabsorber, that is, Si with Se. The PEC performance of the
Se/BiVO4 heterojunction has been discussed to prove that Se is
a promising material to be used as a high-performance visible

Figure 1. Schematic representation of different band alignments for high PEC performance.
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light absorber in water splitting. Furthermore, periodic density
functional (DFT) simulations are also carried out to counter-
check the experimental data and elucidate the photocatalytic
performance of Se, BiVO4, and Se/BiVO4. The fundamental
electronic structure of the monoclinic clinobisvanite BiVO4 is
rarely considered for the water splitting, so its theoretical
investigations along with experimental study might provide
rational answers to comprehend the optical and electronic
relationship. Finally, these findings will be useful to get an
insight into designing an appropriate approach for improved
PEC performance.

2. MATERIALS AND METHODS
2.1. Chemicals. All commercial chemicals were purchased

from Sigma Aldrich and were used without any further
purification. The chemicals used were bismuth nitrate
pentahydrate, Bi(NO3)3·5H2O, vanadium acetylacetonate,
C10H14O5V, sodium selenite, Na2SeO3, ethylene glycol,
methanol, acetone, and isopropanol.
2.2. Synthesis of Se/BiVO4 Photoanodes. Conductive

fluorine-doped tin oxides (FTO TEC 18 Ω/cm2, Pilkington)-
coated glass was used as substrates. Before the deposition
process, all substrates were cleaned with deionized water,
followed by acetone and isopropanol for 15 min each,
respectively, in the ultrasonic bath, and then dried. A
potentiostat/galvanostat modulab solartron analytical was
used for electrodeposition. A layer of Se was deposited
galvanostatically at −20 mA vs SCE for 90 s in an aqueous
solution containing 50 mM Na2SeO3 with an FTO working
electrode, SCE reference electrode, and platinum counter
electrode. The as-prepared Se layer was rinsed with deionized
water and dried. In the next step, the BiVO4 thin film was
loaded on the Se layer by aerosol-assisted chemical vapor
deposition (AACVD). The BiVO4 precursor solution was
prepared by dissolving 0.2 M Bi(NO3)3·5H2O in ethylene
glycol and 0.2 M C10H14O5V in methanol as reported in our
previous work.43 The precursor solution was poured into a 20
mL round-bottom flask, which was converted to an aerosol by
an ultrasonic dehumidifier and then transferred to the heated
zone of a hot plate (where the Se-coated FTO sample was
placed). The deposition of the BiVO4 thin film was conducted
for 90 min at ∼450 °C in air.
2.3. Computational Methodology. First principle peri-

odic DFT simulations were carried out with the help of
Quantum ESPRESSO,44 and the results were visualized with
VESTA45 and virtual nanolab (vnl 16.3).46 The experimentally
available crystallographic file of the BiVO4, clinobisvanite
structure, was used as such, which has Hall symmetry space
group of I2/b with lattice parameters of a = 5.147 Å, b = 5.147
Å, c = 11.7216 Å, and γ = 90°.47 The bulk of Se with a space
group of P3221 having lattice parameters of a = 4.355 Å, b =
4.355 Å, c = 4.949 Å, α = 90°, and γ = 120° was used for
simulations. The exchange and correlation potential was treated
by the Perdew−Zunger, spin-unpolarized local density
approximation (LDA). As an input structure for calculations,
the 24 atoms unit cell with 2 × 2 × 2 supercell having [001]
orientation and vacuum space of 10 Å was taken into account
for the periodic boundary condition (PBC) DFT simulations.
Mostly, clinobisvanite monoclinic BiVO4 exists in [001]
orientation, so that is why the [001] orientation is opted for
theoretical simulations to represent the experimental thin
film.48 Moreover, the unreconstructed [001] termination
possesses low surface energy and as a result represents the

most probable surface termination.48 A 5 × 5 × 1 Monkhorst−
Pack k-grid and energy cutoff of 100 Ry were employed for the
geometry relaxation and self-consistent (SCF) simulations of
BiVO4, consisting of 96 atoms. The Broyden−Fletcher−
Goldfarb−Shanno algorithm (BFGS) was used for the
structural minimization.49 A 5 × 5 × 5 Monkhorst−Pack k-
grid with the same energy cutoff is used for the non-SCF part
to get the density of states (DOS) and partial DOS (PDOS).
The band structure simulations were performed along the
direction of Γ, Z, R, X, and M of the Brillouin zone sampling.
The valence electron configurations considered are 5d106s26p3

for Bi; 3p63d34s2 for V; 2s22p4 for O; and 4s24p43d10 for Se
atom.

2.4. Characterizations. X-ray diffraction (XRD) measure-
ments were conducted with Cu-X-ray in the 2θ range from 20°
to 60°. The morphologies and elemental mapping of the films
were examined by field emission scanning microscopy
(FESEM) and energy dispersive X-ray spectroscopy (EDX)
on an FE-SEM SUPRA VP55. Optical characterizations were
conducted by a UV−vis absorption spectrophotometer
(PerkinElmer Lambda 950). The PEC measurements were
recorded using a potentiostat/galvanostat Autolab PGSTAT
204, connected to the three-electrode configuration in a 0.5 M
Na2SO4 electrolyte, an SCE (saturated KCl) as the reference
electrode, and a platinum as the counter electrode in a quartz
cell. Electrochemical impedance spectroscopy (EIS) and
Nyquist plot were performed using the same experimental
setup as the PEC measurements. The frequency was from 100
kHz to 100 mHz with 0.5 V applied bias under dark and
simulated light conditions (light intensity of 100 mW cm−2).
The illuminated area was 1.0 cm2 for all experiments, and the
observed spectra were fitted by using GPES software.

3. RESULTS AND DISCUSSION
3.1. Structural Analysis. The structural phase and purity of

the as-synthesized BiVO4 and Se/BiVO4 films are shown in
Figure 2. All of the diffraction peaks of Se/BiVO4 were

identified to have a monoclinic clinobisvanite BiVO4, which has
good agreement with the standard JCPDS pattern (00-014-
0688). The peaks exhibited from Se thin film appeared to have
a monoclinic Se (JCPDS no. 00-054-0500) (Figure S1). No
impurity phases are observed, which confirms the purity of
deposited films. The narrow and sharp peaks from the XRD
patterns of all samples indicate the high crystalline nature of the
films. The peaks of BiVO4 can clearly be seen at 2θ = 28.82°,
30.55°, 34.50°, 35.22°, 39.78°, 42.47°, 46.71°, 47.31°, 50.32°,
and 53.258°, which are assigned to the planes of (−121), (040),

Figure 2. X-ray diffraction patterns of (a) BiVO4 and (b) Se/BiVO4.
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(200), (002), (211), (051), (240), (042), (202), and (−161),
respectively. These BiVO4 peaks are clearly visible in Se/BiVO4
thin film followed by a small intensity Se peak at (122), while
the rest of the Se peaks are diminished due to the growth of
BiVO4 on top of Se. Meanwhile, the deposition of BiVO4 to
form a heterojunction does not cause any changes in the crystal
structure of Se and other electronic properties. The crystallite
sizes calculated on the basis of t peaks at (122) for Se and
(−121) for BiVO4 in Se/BiVO4 are 838.1 and 369.1 Å,
respectively (Figure 2).
3.2. Morphology. Surface morphologies of Se, BiVO4, and

Se/BiVO4 thin films are characterized by FESEM analysis,
which is presented in Figure 3. The surface morphology of Se

film has a dense sponge-like surface with particle diameter in
the range of 217−392 nm on average and film thickness of 368
nm (Figure 3d). The morphology of BiVO4 (Figure 3b) is
comprised of a spherical particle bumpy surface with an average
particle size and thickness (Figure 3e) of about 357−680 and
570 nm, respectively. The FESEM images of Se/BiVO4 films
showed a nanoporous structure with particles size smaller than
those of Se and BiVO4 as shown in Figure 3c. The porous
structure proved beneficial to improve the electrode/electrolyte
interfacial area, which ultimately increases the movement of the
photogenerated charge carriers and reduces the charge
recombination rate during the photo-oxidation reactions.50

The reduction in particle size is consistent with the reduction of
the grain size obtained from XRD. The film thickness of Se/
BiVO4 is increased to ∼758 nm (Figure 3f). It is observed that
the morphology of Se is denser than that of BiVO4. This feature
is suitable for BiVO4 to be deposited on top of the Se layer or
in contact with the electrolyte in the heterojunction structure to
increase the electrolyte/photoelectrode interfacial area (Figure
S2a).51 The Se layer is placed on top of the BiVO4 (forming the
BiVO4/Se heterojunction), along with compact morphology of
Se, which may obstruct direct contact in the BiVO4 layer into
the electrolyte; the smaller band gap Se will also hinder light
penetration to BiVO4 as well as that Se is more prone to
photocorrosion (Figure S2b). As a result, this may not only
limit the catalytic reaction but also block some of the light
penetration to the BiVO4 film. A similar case is observed in the
CdS/BiVO4 electrode by Jiang et al.,51 where they compared

the influence of the light absorption on CdS/BiVO4 and
BiVO4/CdS structures. In addition, the purity and elemental
presence of the constituents in the heterojunction (Se/BiVO4)
electrode is confirmed through EDX and elemental mapping
(Figure 3g and h). The EDX spectrum shows strong peaks for
the Bi, V, O and a low level for the Se, while the rest of them
belong to the FTO.

3.3. AFM. The 3D AFM images and surface roughness of Se,
BiVO4, and Se/BiVO4 films are shown in Figure 4 and Table 1.

As expected, the Se/BiVO4 film showed high surface roughness
as compared to those of the Se and BiVO4 films, which may be
due to the formation of dual layers and thicker films in the
heterojunction (Se/BiVO4). Generally, high surface roughness
and small grain size can significantly affect the PEC
performance as more sites are exposed for the photocatalytic
reactions.52 Moreover, it is believed that films with rough
surface enhance the light scattering and improve the light
absorption capability.

3.4. Optical Properties. The optical absorption spectra of
these films are presented in Figure 5a, where the low absorption
intensity of Se electrode is attributed due to its low thickness.
As can be seen in Figure 3d, the substrate is not fully covered
by Se particles, and in some part of the electrode, the FTO
substrate can clearly be seen, responsible for the light scattering
from FTO as compared to Se. The absorption intensity of Se/
BiVO4 was slightly enhanced to shorter wavelength when the
BiVO4 layer was coated on Se. This enhancement is because of
the high absorption intensity of the BiVO4 film, light scattering
of porous, rougher surface, and thicker film of Se/BiVO4
electrode. Moreover, the Se/BiVO4 thin film is dark yellowish,
which is almost similar to that of the BiVO4 electrode (see
samples shown in Figure 3i), which suggests that most of the
light is absorbed by the BiVO4 layer in the heterojunction (Se/
BiVO4). Therefore, the Se/BiVO4 thin film electrode is more
blue-shifted at a wavelength of ∼470−500 nm (BiVO4 = 2.43
eV) as compared to ∼700 nm (Se = 1.74 eV). Because of these
factors, Se/BiVO4 electrode absorbs more visible light than that

Figure 3. FESEM images and thickness of Se (a and d), BiVO4 (b and
e), and Se/BiVO4 (c and f). The EDX spectrum (g) and elemental
mapping (h) of Se/BiVO4, (i) the Se, BiVO4, and Se/BiVO4 samples.

Figure 4. AFM images of (a) Se, (b) BiVO4, and (c) Se/BiVO4.

Table 1. Surface Roughness of Se, BiVO4, and Se/BiVO4
Thin Film Photoanodes

sample surface roughness (nm)

Se 32.71
BiVO4 42.85
Se/BiVO4 77.80
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of either Se or BiVO4. The optical band gap is calculated
according to eq 1.53

α ν ν= −h A h E( ) ( )n
g (1)

where α is the absorption coefficient, ν is the incident light
frequency, Eg is the band gap, and A is a constant. n depends on
the characteristic of the transition in a semiconductor; for a
direct transition, n = 2. The optical band gaps are evaluated
from the relation of (αhν)2 versus photo energy (hν). The
extrapolations of the Tauc plots on the x-intercept give the
optical band gap of 2.43 eV for BiVO4 (Figure S3)

43 and 1.74
eV for Se (Figure 5), which is also consistent with the recently
reported work of Wang et al.54

3.5. DFT Simulated Electronic and Optical Properties
of BiVO4. Basically, BiVO4 exists in three different crystalline
polymorphs: orthorhombic pucherite, tetragonal dreyerite, and
monoclinic clinobisvanite.55 The photocatalytic activity and
surface reaction are highly dependent on phase and crystal
orientation of semiconductor oxide.56−58 For instance, the
tetragonal BiVO4 possesses a band gap of 2.9 eV and mainly
absorbs UV light, while the monoclinic clinobisvanite phase
exhibits a much higher photocatalytic activity due to its
favorable band gap (2.4−2.5 eV) in the visible region of the
electromagnetic spectrum (shows both visible light and UV
absorption), and a valence band position suitable for driving
water oxidation under illumination.59

The XRD analysis of our fabricated BiVO4 films proves the
formation of monoclinic clinobisvanite BiVO4, so that is why
we have considered the same structure to investigate its
theoretical insight. To correlate the experimental thin film
properties, the [001] phase (generally, the more stable) is
employed for simulations (Figure 6).
Moreover, to analyze the electronic properties such as DOS/

PDOS, and band structure, the positions of the valence band
(VB) and conduction band (CB) are calculated from the
optimized crystal structures. The DOS of BiVO4(001) is
simulated to find out its band gap and edge positions, which are
given in Figure 7. The simulated band gap of BiVO4-001 is 2.25
eV, which underestimates our experimental band gap (2.43 eV)
to about 0.18 eV. This slight underestimation of the band gap is
expected from the LDA method of DFT calculation.60

To find the atomic and orbital contribution to form, valence,
and conduction bands, the PDOS are simulated (Figure 8). In
Figure 8a, the PDOS of BiVO4(001) is shown, where the O
atoms are responsible for the developing of valence band edge;
however, the conduction band edge is populated by the atomic
contribution of V atoms. Further details of the s, p, and d
orbital contributions of Bi, V, and O are depicted in Figure 8b−
d. The PDOS of Bi atoms show that s orbitals are involved in
making the valence band edge of Bi, while its p orbitals are

situated in the conduction band edge. Both the valence and the
conduction bands of V atoms prominently consist of its 3d
orbitals, while in case of O, 2p orbitals have a major role in
developing their band edge positions.
The valence band electronic structure of BiVO4(001) spread

over the range from −0.65 to −19 eV can be distinguished into
three major parts (vide infra). The upper portion of the region
from −0.65 to −6 eV is clearly dominated by the 2p orbitals of
O, while its lower portion is partially hybridized by the d and s
orbitals of V and Bi, respectively. The middle portion (−9 to
−11 eV) of the valence band is equally occupied by sp of O, pd
of V, and sp orbitals of Bi. The region from −16 to −19 eV of

Figure 5. (a) UV−vis absorption spectra of the Se, BiVO4, and Se/BiVO4. Tauc plot of (b) Se and (c) Se/BiVO4 thin films.

Figure 6. Optimized crystal structure of BiVO4(001) slab.

Figure 7. Total density of states of BiVO4(001); the Fermi level is set
to zero.
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the valence band is majorly contributed from the s orbital of O,
and its lower part is constituted from the hybridized s, p, and d
orbitals of Bi and V atoms. These orbitals have a major role in
the developments of charge carriers and their effective masses.
The conduction-band electronic structure is situated in the

range of 1.60−4.4 eV, where the CBM is occupied by the d
orbitals of V with the contribution of the p orbitals of Bi. The
major portion of the unoccupied state within the conduction
band of BiVO4 is almost equally populated through the mutual
hybridization of Bi p and V d orbitals. From Figure 9, we can
see that the antibonding orbitals of d and p of V and O are
responsible for the effective masses of the electrons.
The band structure of the BiVO4(001) along the k-points

direction of Γ, Z, R, X, and M is given in Figure 10. An indirect
band gap of 2.25 eV is simulated, which is in good agreement
with the experimental and recently theoretical reported data.59

Furthermore, this indirect band gap is due to the electronic
excitation from the X → Γ, as is clearly shown Figure 10.
Generally, in case of indirect band gap, the band edges are not
aligned; thus the electron does not transit directly to the
conduction band. In this process, both a photon and a phonon

are involved. That is why a new concept of the mixed phases of
the BiVO4 is reported, which can efficiently perform the water

Figure 8. PDOS of BiVO4(001) (a), Bi (b), V (c), and O (d); Fermi level is set to zero.

Figure 9. Valence and conduction DOS of BiVO4(001); Fermi level is set to zero.

Figure 10. Band structure of the BiVO4 along the [001] direction; the
Fermi level is set to zero.
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splitting.61 At the Fermi energy of −5.73 eV, the vacuum phase
VBM and CBM values are ca. −6.38 and −4.13 eV,
respectively. These simulated band edge energies indicate that
BiVO4 can be used as a photocatalytic material for redox
reactions, such as water splitting, but needs modification for
high PEC performance. This statement clearly corroborates our
photocatalytic activity (vide infra). The effective masses of the
photogenerated electrons (me*) and holes (mh*) along the X
→ Γ directions of k-points are calculated by fitting parabolic
approximation around the bottom of the CBM or the top of the
VBM, respectively; using eq 2 (Table 2):

* = ℏ −m E k(d /d )2 2 2 1
(2)

where ℏ is the reduced Planck constant, and E is the energy of
an electron at wave vector k in the same band (VBM or CBM).
To acquire the validity of the parabolic approximation within
the specified space, the region for parabolic fitting is controlled
by an energy difference of 1 meV along a particular direction
around the VBM or CBM.
The effective masses of electrons and holes of the

BiVO4(001) are calculated from the band structure as these
photogenerated electrons and holes thermally relax to the
bottom of the conduction band and the top of the valence
band, respectively. The simulated values of the effective masses
of photogenerated electrons and holes of the BiVO4(001) slab
are 0.45 and 1.93 me, respectively. The lighter is the mass of
charge carriers, the faster will be their movements at the
interface.62,63 Moreover, the larger is the difference between the
effective masses of electron and hole, the lower will their charge
recombination. The lower photocatalytic activity of the

BiVO4(001) is because of their heavy charge carriers. Our
experimental results also support this theoretical observation.
The band structure of Se bulk along with its crystal structure

are given in Figure 11, where the simulated band gap of 1.60 eV
in the Γ → Γ direction of the Brillouin zone has a nice
correlation with our experimental value observed of 1.74 eV.
The vacuum simulated VBM and CBM values of the Se bulk
are ca. −5.08 and −3.48 eV, respectively, at the Fermi energy of
4.22 eV.
As shown in Figure S4, the Se/BiVO4 forms a direct Z-

scheme-like heterojunction, where the enhanced photocurrent
activities are because of the Se layer. When light shines on the
Se/BiVO4 heterostructure, the photogenerated electron of
BiVO4 in its CB recombines with a hole at VB of Se;
consequently, free electrons at CB of Se can substantially
increase in photocurrent as observed experimentally. This
electron/hole recombination and separation create a direct Z-
scheme-like structure where the free electron at negative
potential (CB) of Se is responsible for the enhancement of
photocurrent (Figure S4).

3.6. Photoelectrochemical Properties. The results of
photocurrent density measurements are presented in Figure 12,

which is also compared to our previous work.43 The
photocurrent density obtained by the samples increased with
increasing applied voltage. All samples of Se, BiVO4, and Se/
BiVO4 show very good response under illumination and
represent anodic photocurrent patterns, which indicate that
these electrodes have n-type semiconductor behavior. More-
over, the chopped photocurrent density−voltage shown in
Figure 12b led us to conclude that the Se/BiVO4 photoanode is

Table 2. Band Gap and Effective Masses of Photogenerated
Electrons and Holes, Estimated from the Calculated Band
Structure along the Suitable Direction

experimental theoretical
direction in
Brillouin zone

me*/
m0

mh*/
m0

band
gap

BiVO4
(film)

indirect 2.43

BiVO4(001) X→Γ 1.93 0.45 2.25
Se bulk direct 1.74

Se bulk Γ→Γ 1.60

Figure 11. Band structure of the Se bulk, where the Fermi energy is set to zero.

Figure 12. Photocurrent density of (a) Se and (b) Se/BiVO4
photoanodes under dark and light intensity of 100 mW cm−2 in 0.5
M Na2SO4.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b01149
J. Phys. Chem. C 2017, 121, 6218−6228

6224

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b01149/suppl_file/jp7b01149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b01149/suppl_file/jp7b01149_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b01149


photocatalytically active under illumination. The photocurrent
density of Se/BiVO4 increased up to 2.2 mA cm−2 at 1.3 V vs
SCE, much better than that of Se and BiVO4. This enhanced
photocurrent-density proves that Se could potentially be used
in water splitting application as an efficient complementary
light absorbing layer with other metal oxides. This photocurrent
enhancement might also be attributed to better charge transfer
in heterojunction as well as reduction of the grains and particles
size, observed from XRD and FESEM analysis. In general, the
small grain and particle size enlarge the surface area for
reaction. Hence, more surface area is exposed to the electrode/
electrolyte interface, which further promotes the photocatalytic
process. Moreover, the porous structure of the Se/BiVO4 film
also widens the contact area between the Se/BiVO4 photo-
anode and electrolyte. This feature provides more surface sites
for reaction, reducing charge-transport distance and increasing
the accumulation of photogenerated electrons.64−67

To further support the PEC enhancement of Se/BiVO4, EIS
measurement was carried out. Figure 13a shows the Nyquist

plots of BiVO4 and Se/BiVO4, measured in 0.5 M Na2SO4 at
100 kHz to 0.1 Hz in the presence and absence of light (100
mW cm−2) and 0.5 V applied potential vs SCE. It can be seen
that the diameter of the curves diminished when the fabricated
layers were exposed to light. The diameter of the curves is a
function of overall charge transfer through the electrodes. To
quantify the charge transfer resistance, the EIS data were fitted
to the equivalent circuit shown in Figure 13b. The equivalent
electrical circuit consists of two relaxation times, dark and light
conditions. As observed in Figure 13a, both loops in the
equivalent circuit are in a parallel configuration. The
corresponding loop of the semiconductor (RSC∥CPESC) is in
series with the interfacial resistance of the double layer/thin
film (Rdl), and both of them are in parallel with the double layer
capacitance (Cdl). For a more accurate representation of the
capacitance behavior, the constant phase element (CPE) is
used instead of a pure capacitor in the simulations. The
impedance of a CPE (ZCPE) for a nonideal circuit element is
given in eq 3:

π
=Z

Q j f
1

( 2 )nCPE
(3)

where f is applied frequency, j is imaginary number, Q = C if the
exponent n = 1, and Q ≠ C if the exponent 1 > n > 0. It must be

noted that the capacitance behavior is approximated by Q, if the
electrode surface is rough or when the dielectric property of the
electrode components is heterogeneous.68 The detailed
corresponding electro-kinetic elements for the samples are
tabulated in Table 3. It is found that the charge-transfer

resistance of the semiconductor (RSC) is in the order of BiVO4
> Se/BiVO4 in both light and dark conditions. The photo-
current−voltage curve (Figure 12b) correlates with the EIS
results. The smaller value of RSC represents improved charge-
transport characteristics, which provide a favorable environ-
ment for PEC reactions.69

The stability of the Se/BiVO4 electrode under chopped
irradiation at 0.5 V vs SCE in 0.5 M Na2SO4 with an interval of
5 s is given in Figure S5. This potential was chosen because the
photoelectrode has started to show response to light at ∼0.40
V. As can be seen from Figure S5, the photocurrent of the
BiVO4 film is gradually decreased with increasing illumination
time, which indicates the accumulation of photogenerated holes
at the surface of BiVO4. This accumulation of photogenerated
holes is due to poor kinetics charge transfer. However, the
photocurrent value of 0.15 mA cm−2 remains constant up to 40
min for Se/BiVO4 photoelectrode. This constant photocurrent
value confirms the photostability of our heterojunction, which
led us to conclude that the Se layer has improved the steady-
state PEC performance of the BiVO4 electrode. In the chopped
stability plot, photocurrent spikes are observed, which indicate
charge recombination. When the light is turned on, a sharp
positive photocurrent spike is seen (which is termed as
instantaneous hole current), which then decays to a steady-state
current after recombination of holes and electrons.69

Figure 14a and b shows the Mott−Schottky plot of Se and
BiVO4 electrodes that were measured in 0.5 M Na2SO4

Figure 13. (a) The Nyquist plots and (b) equivalent circuit of BiVO4
and Se/BiVO4 photoanodes.

Table 3. EIS Parameters from the Simulation of the
Equivalent Circuit Model at 0.5 V versus SCE

electrode RS (Ω)
Rdl
(kΩ) C (μF)

RSC
(kΩ)

Q (Yo)
(μMho) n

BiVO4(L) 15.50 1.91 18.70 5.56 33.81 0.62
BiVO4(D) 21.90 47.44 14.02 97.74 30.30 0.83
Se/
BiVO4(L)

26.30 5.93 120.60 2.24 717.00 0.84

Se/
BiVO4(D)

24.60 1.81 164.40 18.25 148.50 0.88

Figure 14. Mott−Schottky plots of (a) Se and (b) BiVO4; (c) the
alignment of the energy levels of heterojunction Se/BiVO4.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b01149
J. Phys. Chem. C 2017, 121, 6218−6228

6225

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b01149/suppl_file/jp7b01149_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b01149/suppl_file/jp7b01149_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b01149


electrolyte without illumination. The positive gradients of the
Mott−Schottky plots indicate the n-type semiconducting
nature in which electrons are the majority charge carriers.
The flat band potential (Efb) of the Se electrode is estimated to
be −0.17 V vs SCE or equal to 0.074 V vs NHE, while the Efb
of BiVO4 is 0.33 V vs SCE (0.57 V vs. NHE). At the vacuum
level, the CBM of Se is ca. −4.51 eV, while that of BiVO4 is
−5.01 eV. By taking the Eg of the Se electrode from Figure 5b,
the alignment of the energy levels for heterojunction Se/BiVO4
can thus be drawn in Figure 14c. Clearly, the valence band of Se
is 1.814 V vs NHE (−6.25 eV at vacuum). In a dual-absorber
system (complementary absorption of UV−vis), electrons in
both Se and BiVO4 are excited upon illumination. It can be
further concluded that most of the incident light permeated
through the BiVO4 layer is absorbed by Se film. Because of the
more negative potential of the conduction band of Se,
photoelectrons at the conduction band of BiVO4 recombined
with holes at the valence band of Se, which reduced the
recombination of photogenerated electron−hole pairs by Se
itself. This process generates more photocurrent because
photogenerated electrons in the conduction band of Se are
impeded to recombine with its holes. Note that the high
absorption intensity of the Se/BiVO4 electrode means more
electron−hole pairs generation (Figure 5a), which does not
contribute to the photo-oxidation process due to the
thermodynamically forbidden hole transfer from Se to BiVO4
(valence band Se located at more negative potential than
valence band BiVO4). However, this type of heterojunction had
served as a center of charge recombination between holes in the
valence band of Se and electrons from the conduction band of
BiVO4. As a result, this facilitates the accumulation of
photogenerated electrons in Se to the external circuit and
generates high photocurrent. This type of heterojunction was
said to have more efficient charge separation and photocatalytic
activities.70

4. CONCLUSION

We have successfully fabricated a direct Z-scheme-like
heterojunction of Se and BiVO4 (Se/BiVO4), as a thin film
for the improved PEC performance. The thin film photoanodes
are fully characterized by XRD, SEM, EDX, UV−vis band gap
calculations, PEC, and electrochemical activity. Moreover, we
also proposed a band structure diagram for our heterojunction,
which is counterchecked by solid-state theoretical simulations.
The as-prepared Se and BiVO4 exhibit monoclinic and
monoclinic clinobisvanite structures, respectively, and have
low photocatalytic activities. An enhanced PEC activity is
observed in case of heterojunction, as compared to their
individual constituents (Se and BiVO4). Density functional
theory (DFT) simulations are carried out for the BiVO4 and Se
to simulate their band gap and band edge positions in the
proposed heterojunction band diagram. The PEC properties of
Se/BiVO4 indicate that the increment in performance is due to
the presence of the Se layer, which acts as a hole trapping agent,
light absorber, and improves the charge separation in the
resulted film. The Se/BiVO4 has 1.5 times higher photocurrent
density than that of BiVO4 due to a higher surface area, small
grain size, high roughness, efficient charge separation, and
minimum charge recombination rate. Moreover, the existence
of dual absorption layers of Se and BiVO4 significantly
increased the light absorption, which has ultimately promoted
more charge generation. The results prove that the Se/BiVO4

heterostructure is a potential candidate for PEC water splitting,
confirmed by DFT simulations.
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A B S T R A C T

BiVO4 is a considerably promising semiconductor for photoelectrochemical water splitting due to its stability,
low cost and moderate band gap. In this research, g-C3N4 was proposed in Z-scheme configuration which boosted
the performance of BiVO4 up to four times. The experimental observations were counterchecked with Density
Functional Theory (DFT) simulations. A TiO2/BiVO4 heterojunction was developed and its performance was
compared with that of g-C3N4/BiVO4. The photocurrent for g-C3N4/BiVO4 was 0.42mAcm−2 at 1.23 V vs. RHE
which was the highest among g-C3N4 based Z-scheme heterojunction devices. Lower charge transfer resistance,
higher light absorption and more oxygen vacancy sites were observed for the g-C3N4 based heterojunction. The
simulated results attested that g-C3N4 and BiVO4 formed a van der Waals type heterojunction, where an internal
electric field facilitated the separation of electron/hole pair at g-C3N4/BiVO4 interface which further restrained
the carrier recombination. Both the valence and conduction band edge positions of g-C3N4 and BiVO4 changed
with the Fermi energy level. The resulted heterojunction had small effective masses of electrons (0.01 me) and
holes (0.10 me) with ideal band edge positions where both CBM and VBM were well above and below the redox
potential of water.

1. Introduction

BiVO4 has received extensive attention due to its moderate band
gap, good stability and high activity for oxygen evolution which is a
rate determining step in photoelectrochemical (PEC) water splitting
[1]. It primarily exists in three different crystalline polymorphs,
namely, orthorhombic pucherite, tetragonal dreyerite, and monoclinic
clinobisvanite [2]. The photocatalytic activity and surface reaction is
highly dependent on the phase and crystal orientation of a semi-
conductor oxide [3–5]. For instance, the tetragonal BiVO4 possesses a
band gap of 2.9 eV and predominantly absorbs UV light, while the
monoclinic clinobisvanite phase exhibits a much higher photocatalytic
activity due to its favourable band gap (2.4–2.5 eV) in the visible region
[6]. Monoclinic clinobisvanite phase, however, has certain drawbacks
such as low conduction band minimum position, poor charge transport
properties and high recombination rate of photoelectrons, restraining
its overall efficiency [7].

Numerous strategies have been adopted to enhance the performance

of BiVO4. The enhancement can be obtained by doping or utilizing
oxygen evolution reaction (OER) catalyst. Cobalt-phosphate, iron oxy-
hydroxide and nickel oxyhydroxide were introduced as OER catalyst to
improve the surface kinetics [8–11] while tungsten and molybdenum
were deployed to increase charge carrier densities [6,12–15]. Mor-
phology control and facet modifications were utilized to investigate the
charge separation and photocatalytic behaviour of BiVO4 [16–21].
Zero-dimensional (0D) Quantum-sized BiVO4 (5–20 nm) demonstrated
higher PEC activities compared with those of nanoparticles (3D)
∼200 nm due to their superior life time and elevated conduction band
[16,17].

Another noteworthy strategy is to develop heterojunctions with the
implementation of other types of semiconductors. The development of
heterojunction with BiVO4 suppresses its charge recombination by
improving the charge transport properties. Furthermore, this strategy
engenders the possibility of electronic band structure widening of
BiVO4 to undergo hydrogen evolution reaction (HER). It also broadens
BiVO4’s light absorption due to the implementation of diverse types of
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materials with unidentical band gaps. Several types of heterojunctions
can be constructed by employing two semiconductors, depending on
their valence and conduction band edge positions. We have explained
four diverse types of heterojunctions in our previous report [22]. Yet
the application of type (II) heterojunction have been more prominent in
previous researches, for the photogenerated electrons and holes in
BiVO4 tend to step down to a lower energy level of TiO2 nanostructures
or WO3, contributing to HER on counter electrode and OER on BiVO4

(Fig. S1) [9,22–29].
The graphitic carbon nitride (g-C3N4) has proved highly suitable for

its oxygen and hydrogen evolution properties, moderate band gap of
2.7 eV, high photoelectrochemical and thermal stability, en-
vironmentally friendly properties, and its abundance in nature [30–32].
The more negative conduction band edge potential of g-C3N4, compared
with the state of the art photocatalysts such as BiVO4, TaON, WO3,
TiO2, Fe2O3, ZnO, etc. enables it to form type (II) or Z-scheme hetero-
junction [33–35]. Despite its capability to absorb light in the visible
range, the photocurrent of g-C3N4 is limited to only a few microamperes
due to its high recombination rate of the photogenerated electron/hole
pairs [33]. Although, the utilization of g-C3N4 as a hole extraction layer
on top of TiO2 [36] and ZnO [37] has proved successful, the develop-
ment of thin film utilizing g-C3N4 as electron extraction layer is still in
its preliminary stages.

If the host material, that is, the semiconductor deposited on FTO for
two semiconductor heterojunction thin films in contact, has its con-
duction band above the water reduction potential and if the guest
material has its valence band below the water oxidation potential, Z-
scheme will be formed, leading to HER and OER at the counter elec-
trode and guest material, respectively [22,38]. In order to obtain si-
milar or higher order of PEC enhancement for BiVO4, compared with
TiO2 or WO3 nanostructures, one needs to employ semiconductors in Z-
scheme with BiVO4 due to its high efficiency in charge transportation
and redox ability [33].

In our previous study, Selenium (Se) was deployed as a host mate-
rial in Z-scheme to enhance the performance of BiVO4 up to three times
[22]. In another study by Wang et al. Z-scheme was constructed, using
g-C3N4 and WO3 (see Fig. 1) [38]. Even though Z-scheme provided a
much higher boost for WO3 compared with type (II) heterojunction, the
overall performance of Z-scheme was still lower due to low photo-
current of planar WO3 in relation to nanostructures such as WO3 na-
norods (WO3-NRs) [27,38].

For BiVO4, three methods of electrodeposition were developed, in-
volving the intermediary phase of V2O5 that needed to be removed in
1M KOH (∼pH 13) aqueous solutions [10,39,40]. To fabricate het-
erojunctions with BiVO4, using facile electrodeposition methods, the
utilized semiconductor must be stable in strong basic/alkaline aqueous

solutions. The extensively deployed WO3 limits the fabrication methods
due to the instability of WO3 in basic aqueous media. WO3 forms so-
dium tungstate due to more stable phase of WO4

−2 in the pH of 8 and
above (see Reaction (1)) [41]. It is necessary to mention that extremely
thin layer of BiVO4 (∼40 nm) did not require basic/alkaline treatment
[27], although this thickness is operational only on WO3-NRs nanos-
tructures which are costly to fabricate in comparison with planar
structures [9,42].

WO3+2NaOH→Na2WO4+H2O (1)

The present research addresses two types of heterojunctions, com-
prised of g-C3N4/BiVO4 and TiO2/BiVO4, where the former has superior
efficiency. Various experimental methods have been utilized to in-
vestigate the performance of these heterojunctions. The experimental
results, counterchecked with first principle density functional theory
(DFT) simulations, confirmed that g-C3N4/BiVO4 forms a van der Waals
type heterojunction (Z-scheme), where an internal electric field facil-
itates the separation of electron−hole pair at the g-C3N4/BiVO4 inter-
face which further restrain the carrier recombination.

2. Methods

2.1. Synthesis of g-C3N4 thin film

Fluorine doped Tin Oxide (FTO TEC 8Ω/cm2, Pilkington) was de-
ployed as substrate. Before deposition, FTO was respectively washed in
acetone, ethanol and deionised water for ten minutes each, in ultrasonic
bath, and dried with flow of nitrogen. The standard pyrolysis of urea
was utilized to synthesize g-C3N4 in box furnace. Three grams of Urea
(3 g; 99%, Aldrich), was poured in 50ml alumina crucible with its lid
on, with the temperature gradually rising to 520 °C in 15min and re-
maining steady then for 15min. Next the crucible was left in the fur-
nace until it cooled down to the temperature of 400 °C before it was
taken out of furnace and placed at room temperature. The obtained fine
yellow powder (30–40mg) was dispersed in deionised water and wa-
shed by centrifugation and ultrasonication three consecutive times to
remove any extra organic compound. Then it was dried overnight at
100 °C in an oven and dispersed in methanol, deploying ultrasonic bath
for 10min with a concentration of 0.5 mg/ml. Before deposition of g-
C3N4 thin film, the suspension was ultrasonicated for one minute to
attain uniform suspension. For deposition of one-layer g-C3N4 [g-C3N4

(1 L)] thin film, 10micro litter of the suspension was spun on the pre-
cleaned FTO with speed of 2500 rpm, acceleration of 500 rpm/s and
duration of 10 s. The g-C3N4 thin film was left at room temperature for
five minutes to partially dry before performing another spin coating
process for depositing second [g-C3N4 (2 L)] and third layer [g-C3N4

Fig. 1. Z-schemes, developed comprising g-C3N4/WO3 (a) [38] and Se/BiVO4 (b) [22]. In these heterojunction thin-film structures, the electrons from conduction
band of g-C3N4 or Se directly contributed to HER while holes from valence band of WO3 or BiVO4 contributed to OER.
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(3 L)]. Finally, g-C3N4 thin films were dried at 350 °C degrees on hot
plate for 30min.

2.2. Synthesis of TiO2 thin film

TiO2 thin film was fabricated by using commercial paste (18 NR-T,
Dyesol) with three different concentrations of 5, 10 and 20mg/mL in
ethanol to deposit respectively different thickness of TiO2 namely,
TiO2(A), TiO2(B) and TiO2(C) (See Supporting information Fig. S1 for
TiO2 nanoparticles). Subsequently, 10 μL of suspension was spun with
speed of 2500 rpm, acceleration of 500 rpm/s with duration of 10 s. All
TiO2 thin films were annealed in a tube furnace at 500° for 2 h with a
ramping rate of 0 °C/min.

2.3. Synthesis of BiVO4, TiO2/BiVO4, and g-C3N4/BiVO4 thin films

The electrodeposition method, developed by Seabold et al. [10] was
used to synthesize BiVO4 with a slight modification. Briefly, 10mM
bismuth nitrate pentahydrate of Bi(NO3)2·5H2O (98%, Aldrich) and
35mM vanadium oxide sulphate hydrate VSO5·xH2O (97%, Aldrich)
were stirred in 1M of nitric acid (68%, Aldrich) for 10min. Then, so-
dium acetate (ACS Reag, Merck) was used to stabilize the solution to
(PH∼ 5.1) and to (PH∼ 4.7) with a few drops of nitric acid. Electro-
deposition process was carried out at 50° under a potential of 1.9 V vs.
Ag/AgCl for 10min, with FTO as working and platinum as counter
electrode. After the electrodeposition, the blackish/yellowish samples,
identified as BieVeO, were rinsed with DI water and left at room
temperature to dry. Afterwards the samples were annealed in a tube
furnace at

2.4. Characterizations

The electrochemical properties of the prepared samples were ex-
amined on Autolab potentiostat/galvanostat PGSTAT 204 at room
temperature, utilizing three electrode configurations with Ag/AgCl
(3M NaCl) as reference electrode and 0.5M Na2SO4 (PH∼ 7.0) as
electrolyte. Potentials were converted to Reversible Hydrogen Electrode
(RHE) by using Eq. (1).

ERHE= EAg/Agcl + 0.059 pH+E0 Ag/Agcl (0.1976) (1)

Xenon lamp with 100mW/cm2 intensity was used as solar light si-
mulator. The electrochemical fitting of Nyquist plots was analysed with
the application of Nova Software. The optical properties of the samples
were analysed by UV–vis absorption spectrophotometer, Perkin Elmer
Lambda 950. The physical and morphological properties of samples
were characterised with X-ray Diffraction (XRD), Field Emission
Scanning Electron Microscopy (FESEM) (FE-SEM Supra VP 55) and
Atomic Force Microscopy (AFM) (NanosurfeasyScan 2). The X-ray
Photoelectron Spectroscopy (XPS) with Al Ka X-ray gun was im-
plemented to analyse the chemical bonding and valence band structure.
The reference value of carbon 285 eV was considered in this analysis.
Photoluminescence spectra were analysed (via PL Edinburgh
Instruments) to measure the radiative recombination of the samples at
excitation wavelength of 300 nm.

2.5. Theoretical methods

First principle DFT calculations were performed on QuantumWise-
ATK [43] and results were visualized on VESTA and Virtual NanoLab
Version 2017.1 [44]. Clinobisvanite BiVO4 was used as such with Hall
symmetry space group of I2/b [45]. The lattice parameters of the 24
atoms unit cell were optimized and a supercell (2× 2×2) was then
constructed for the fabrication of BiVO4(001) slab. For the slab model
calculations of surface energies and band edge positions, thickness of
the slab was kept by four primitive unit cells of BiVO4 (10 Å thick

having 96 atoms) to ensure that the centre of the slab can be regarded
as the bulk phase. A vacuum space of about 10 Å was inserted between
slabs to eliminate the fictitious interaction between the periodically
repeating slabs. The (001) termination possesses low surface energy and
represents the most probable surface termination [18]. Stability of
these different slabs are confirmed from their positive surface formation
energy and electrostatic potential; details of surface formation energy is
given in Eq. (S1), Table S1 and Fig. S2 of the Supporting information.
Both single layer and bulk g-C3N4 were considered for simulations: the
structure of the single layer g-C3N4 is portrayed in Fig. 13, while that of
bulk is presented in Fig. S11 and Table S2 of the Supporting informa-
tion. Generalized Gradient Approximation (GGA) with the Perdew–-
Burke–Ernzerhof (PBE) exchange-correlation functional and Double
Zeta Polarized (DZP) basis set were employed for the structural and
energy optimization as a consequence of their superiority to hybrid
pseudopotentials [46]. Moreover, linear combination of atomic orbitals
(LCAO) method was applied to Bi, V, Ti, C, N, H, and O atoms [47]. A
7×7×3 Monkhorst-Pack k-grid with the energy cutoff of 1200 eV
was deployed for the BiVO4 unit cell while a 5×5×1 k-point mesh
was utilized for its slabs. 7× 7×7 Monkhorst-Pack k-grid with the
energy cutoff of 900 eV was implemented for monolayer g-C3N4, and
5×5×1 k-point mesh with 1200 eV cutoff energy was utilized for g-
C3N4/BiVO4(001) heterostructure. The band structure calculations
were performed with TB09LDA functional of meta-GGA that could ac-
curately reproduce the experimental band gaps. Tran and Blaha assert
that this accuracy is due to the use of local density ρ(r) (as in LDA), the
gradient of the density ∇ρ(r) (as in GGA), and the kinetic-energy density
τ(r) [48]. We have fitted the c-parameter of Tran and Blaha XC func-
tional’s equation to reproduce optimally the experimental band gaps
[48]. Density of states (DOS), partial density of states (PDOS), band
structure and effective masses of photogenerated electrons and holes
were also calculated. The DFT occupied and unoccupied DOS were
considered as the VB and CB edges, respectively and then separated by
an energy equal to the known optical band gap [49].

3. Results and discussion

3.1. Structural analysis

XRD plots of g-C3N4 and TiO2 along with their corresponding BiVO4

heterojunctions are illustrated in Figs. 3 and 4, respectively. The peaks
of TiO2 and BiVO4 suggest respectively a high crystalline phase of
anatase and monoclinic sheet [10,50]. No extra peak for anatase TiO2

was observed except for the two highest peaks ca. at (101) and (200)
due to insufficient thickness of TiO2. In case of g-C3N4 powder, two
peaks ca. at (100) and (002) planes were found corresponding to in-
terplanar separation of g-C3N4 sheets and interlayer stacking of the
aromatic systems, respectively [30].

The g-C3N4/BiVO4 thin film had sharper and clearer peaks com-
pared with TiO2/BiVO4 thin film. This is confirmed by the appearance
of (211) and (020) peaks and sharpening of (240) and (042) peaks
(Figs. 3d and 4d). The increase in the intensity of (121), (040), (051),
(042) and (161) peaks supports the fact that g-C3N4/BiVO4 is better
crystallized compared with TiO2/BiVO4. The Gaussian fit was per-
formed on (121) peak and FWHM was found to be 0.346° and 0.263° for
TiO2/BiVO4 and g-C3N4/BiVO4, respectively. The crystallite size ob-
tained from Scherrer formula was found to be 23.64 and 31.46 nm for
TiO2/BiVO4 and g-C3N4/BiVO4, respectively.

3.2. Morphology

The anodic electrodeposition of BiVO4 involves co-precipitation of
Bi3+ with V5+ that precipitates as amorphous BieVeO [51]. The initial
morphology of host materials can highly affect the morphology of final
crystalline heterojunction once the amorphous phase is annealed. This
was also confirmed by Pihosh et al. [27] and Tong et al. [24] where the
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anodic electrodeposition of amorphous BieVeO assumed the shape of
WO3 or TiO2 nanostructures and established a core/shell structure by
being covered around the nanorods.

A comparable phenomenon occurred in this research where the
initial morphology of the substrate (planar g-C3N4 and TiO2, in this
case) transformed the final morphology of the heterojunction thin film
(Fig. 5a–c). This is lucidly depicted in Fig. 5d–i where the morphology
of pristine BiVO4 electrodeposited on bare FTO entirely differs from
that of TiO2/BiVO4 and g-C3N4/BiVO4. This change of morphology
highly depends on the deposition technique since other methods such as
spin coating/drop coating of BiVO4 on planar/nanostructured WO3

[29,52] or TiO2 [53] substrate have resulted in no morphological
change between pristine BiVO4 and its heterojunction. Since final
morphology of our heterojunction structure highly depends on the
morphology of host substrate, the fabrication of g-C3N4/BiVO4 het-
erojunction on other morphologies of g-C3N4 such as nanorods/nano-
flowers appears to be a promising field for further investigation.

3.3. Light absorption

Formation of g-C3N4/BiVO4 and TiO2/BiVO4 caused a significant
increase in light absorption compared with BiVO4, illustrated in Fig. 6.
Both g-C3N4/BiVO4 and TiO2/BiVO4 demonstrated high absorbance
below and above 500 nm. The higher absorbance of g-C3N4/BiVO4 and
TiO2/BiVO4, compared with BiVO4 above 500 nm, does not contribute
to photogenerated electrons, since BiVO4 tends to transmit all that
wavelength due to its band gap (Eg∼ 2.4 eV). Meanwhile, the lower
wavelengths (500 nm) are effectively absorbed. Higher absorbance is
noticeable for g-C3N4/BiVO4 compared with TiO2/BiVO4 at the wave-
lengths shorter than 500 nm which can be one of the reasons of its
superior performance compared with that of TiO2/BiVO4.

The higher light absorption of g-C3N4/BiVO4 is due to the lower
band gap of g-C3N4 (Eg∼ 2.7 eV) compared with TiO2 (Eg∼ 3.3 eV)
that tends to absorb larger portions of light. It is worth noting that
larger grains of g-C3N4/BiVO4 tend to increase its light trapping cap-
ability that, in turn, elevates its absorptivity [22,54–56]. This is also
displayed in Fig. 2c where g-C3N4/BiVO4 appears to be more opaque
compared with TiO2/BiVO4.

3.4. XPS

Surface chemistry and valence band structure of the thin film het-
erojunctions were investigated by using XPS. The characteristic peaks
of C1s bonding for g-C3N4 and g-C3N4/BiVO4 are portrayed in Fig. 7a.
The deconvolution peaks ca. at 285.0, 286.59, and 288.6 eV display the
adventitious carbon sp2 bonded (CeC) or (C]C) on the XPS instrument
(reference value for carbon charging) [57,58], sp3 hybridized C atom
Ce(N)3 [57] and sp2 C atoms bonded to N in (NeC]N) aromatic rings,
respectively [59].

The N1s characteristic peaks of g-C3N4 and g-C3N4/BiVO4 hetero-
junction are illustrated in Fig. 7b. The wide scan for g-C3N4 (Fig. S3)
displays higher intensity of N1s peak compared with C1s, further

Fig. 2. 3D illustration of TiO2/BiVO4 (a) and g-C3N4/BiVO4 (b) and actual fabricated thin films (c).

Fig. 3. XRD peaks for FTO (a), BiVO4 (b), g-C3N4 (c) and g-C3N4/BiVO4 (d).

Fig. 4. XRD peaks for FTO (a), BiVO4 (b), TiO2 (c) and TiO2/BiVO4 (d).
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confirming the formation of g-C3N4. The sp2 hybridized bonding of
nitrogen with carbon (C]NeC) in the framework of the heptazine unit,
tertiary nitrogen bonded to three carbon atoms Ne(C)3, weak amino
functional groups carrying hydrogen CeNeH caused by incomplete
condensation and π-excitations (π→ π* transition), respectively ap-
peared ca. at 399.06, 400.36, 401.51, and 406.07 eV. The C1s and N1s
peaks for g-C3N4 were quenched for g-C3N4/BiVO4 heterojunction due

to wrapping of g-C3N4 by BiVO4 (Fig. 7a–b). This peak, nonetheless,
was expected for adventitious carbon on XPS instruments that existed
for g-C3N4/BiVO4 heterojunction. A similar effect was observed in an-
other report by Wang et al. where C1s peak at 284.6 and N1s peaks
were quenched due to g-C3N4, being wrapped by WO3 [38]. A com-
mensurable effect can be observed for TiO2/BiVO4 heterojunction in
Fig. 7c where both Ti2p 3/2 and Ti2p 1/2 peaks are heavily quenched

Fig. 5. FESEM images of pristine FTO (a), TiO2 (b), g-C3N4 (c). FESEM surface images of BiVO4 electrodeposited on FTO (d,g), on TiO2 (e,h), on g-C3N4 (f,i). FESEM
cross section images of BiVO4 (j), TiO2/BiVO4 (k) and g-C3N4/BiVO4 (l). These images affirm that the morphology of the host substrate can significantly affect the
morphology of the electrodeposited BiVO4.
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by BiVO4.
In Fig. 7d–e, the symmetric peaks of Bi4f 7/2, Bi4f 5/2, V2p 3/2 and

V2p 1/2 bonds appear at 158.9, 164.23, 516.53, and 523.85 eV, re-
spectively which underscore the presence of Bi3+ and V5+ state of
BiVO4. There is, nevertheless, a slight shift to higher energies for V2p 1/
2 of TiO2/BiVO4 and a shift to lower energies for V2p 3/2 of g-C3N4/
BiVO4 compared with bare BiVO4 (Fig. 7f–g). The shift to higher en-
ergies is congruous to that reported by Zalfani et al. for TiO2@BiVO4

photocatalyst where an up-shift for Bi4f and V2p displayed the oxida-
tion of inherent V4+ to V5+ [58]. The shift, in the present research, to
lower energies concords with other researches where a similar down-
shift of V2p to lower binding energy was reported for hydrogen treated
BiVO4, NaBH4 reduced BiVO4 and BiVO4@g-C3N4 photocatalyst, af-
firming the reduction of inherent V5+ to V4+ due to the presence of
hydrogen element [60–63].

The shift of V2p to higher energies occasions the excess formation of
V5+ that reduces the shielding effect on the bismuth due to smaller
electronic cloud around V5+ and increases the electronic density of Bi4f
for TiO2/BiVO4 (Fig. 7d). Contrarily, the shift towards lower energies
implies the formation of V4+, increasing the shielding effect on bismuth
that reduces the electronic density around Bi4f for g-C3N4/BiVO4

(Fig. 7d). The same effect was also investigated and explained by Zhang
et al. for V4+ self-doped BiVO4 where an increase in the electronic state
was due to Bi4f [64].

The formation of V4+ state leads to the formation of oxygen va-
cancies that act as the centre of active catalytic sites and adsorption of
superoxide O2

− via atmospheric oxygen. The ratio of oxygen vacancy
to lattice oxygen was found, using Gaussian fitting (Fig. 7h), and proved
to be more for g-C3N4/BiVO4 (1.33) compared with TiO2/BiVO4

(1.046). The higher ratio of adsorbed oxygen to lattice oxygen confirms
more OH− species can be attracted to the sites, further enhancing the
catalytic performance.

In a nutshell, V4+ ions are made from the reduction of V5+ by
hydrogen atoms, present in the interlayer of s-heptazine ring units of g-
C3N4 that can generate oxygen vacancies which perform as active cat-
alytic sites, with these catalytic sites adsorbing water molecules.
Moreover, the carrier concentration is augmented due to the existence
of self-doped V4+ further elaborated in later sections.

3.5. Band diagram

XPS, Mott-Schottky and UV–vis were performed to find the valence
band maximum, Fermi level and conduction band minimum for the
energy band diagram of bare semiconductors (Figs. S4–S7). The pro-
posed heterojunctions are illustrated in Fig. 8, where TiO2 and BiVO4

form a Type (I) heterojunction while g-C3N4 and BiVO4 comprise Type

(II) heterojunction. It is worth mentioning that the Fermi level shifts for
two semiconductors when they interface one another, forming an
overall band diagram (vide infra).

In the present research, type (I) heterojunction for TiO2/BiVO4 and
type (II) heterojunction for g-C3N4/BiVO4 can be further extended into
a Z-scheme heterojunction under the application of a positive bias. The
anodic photocurrent (to be further elaborated in the later sections of
this paper) suggests oxidation reaction at BiVO4 and reduction at the
counter electrode. This implies that high energy electrons of TiO2 and g-
C3N4 directly reduce water at the counter electrode while the electrons
at the conduction band energies of BiVO4 are recombined with the
holes at the valence band of TiO2 and g-C3N4. Furthermore, the holes at
the valence band of BiVO4 surface are left to oxidize water. In both
aforementioned heterojunctions, TiO2 and g-C3N4 act as electron ex-
traction layers as pathways to transfer electrons to the counter elec-
trode as opposed to other structures where g-C3N4 acts as hole extrac-
tion layer [36,37].

3.6. PL spectra

The formation of heterojunction is proved from the decrease of PL
radiative recombination at BiVO4 and g-C3N4 (Fig. 9). The sharp peak in
section (I), existent in all samples, suggests diffraction of the wave-
length that occurs due to existence of FTO substrate and hence, it can be
ignored. Although BiVO4 photocatalyst presents one peak around
∼520 nm [65], its thin-film photoelectrode behaves differently by
having multiple peaks in sections II and III, presumably due to the
scattering of light. However, the quench of radiative recombination,
observed for two heterojunctions compared with bare BiVO4, suggests
successful formation of interface that facilitates charge transfer, hence,
diminishing recombination. TiO2 demonstrates the lowest PL intensity,
attributable to recombination in singly ionized oxygen vacancy [66],
with the g-C3N4 possessing its sharp characteristic fluorescence peak
around 450 nm [67], being partially quenched after forming hetero-
junction structure (Fig. 9) [68,69].

3.7. Electrochemical properties

The Linear Sweep Voltammetry (LSV) was performed under back-
illumination for dark and light to discover the photoelectrochemical
response of the samples. The performance of g-C3N4/BiVO4 and TiO2/
BiVO4 thin films were optimized and the results are illustrated in
Fig. 10a–b, demonstrating that the photocurrent of g-C3N4/BiVO4 and
TiO2/BiVO4 decreases when the thickness of g-C3N4 and TiO2 increases.
This occurs when some of the lights are blocked [70] by g-C3N4 and
TiO2 from reaching BiVO4, generating less electron/hole pairs. More-
over, the increase in the thickness of g-C3N4 and TiO2 presents high
impedance in the path of electron/hole pairs [71] (to be elaborated
under Fig. 12a–b), with this leading to the highest photocurrent of two
thin films to be 0.42 and 0.22mA for g-C3N4(1 L)/BiVO4 and TiO2(A)/
BiVO4, respectively.

The comparison of these two heterojunction photoanodes with that
of pristine thin films of BiVO4, TiO2 and g-C3N4 is illustrated in Fig. 10c.
The performance of unmodified BiVO4 is enhanced by a factor of ∼2
and ∼4 times on TiO2/BiVO4 and g-C3N4/BiVO4, respectively. The
photocurrent of bare TiO2 is negligible as a consequence of its large
band gap which hinders the efficient absorption of sunlight. So is in-
significant the photocurrent of bare g-C3N4 due to its high recombina-
tion (Fig. 9), rendering ineffective the transport of photogenerated
electron-hole pairs [72]. Fig. 10d displays the chopped photocurrent
response of TiO2/BiVO4 and g-C3N4/BiVO4, indicating both samples’
quick response to input light.

The stability of TiO2/BiVO4 and g-C3N4/BiVO4 was tested under
light for 35min at 0.6 V vs. Ag/AgCl (Fig. 11). The sharp rise of pho-
tocurrent, immediately ensued by its sudden plunge, was observed for
both samples due to excitation of electrons followed by the relaxation

Fig. 6. Light absorption plots for BiVO4, TiO2/BiVO4 and g-C3N4/BiVO4.
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Fig. 7. XPS peaks of C1s and N1s for g-C3N4 and g-C3N4/ BiVO4 (a, b), Ti2p peaks for TiO2 and TiO2/BiVO4 (c), Bi4f and V2p peaks for BiVO4, TiO2/BiVO4 and g-
C3N4/ BiVO4 (d, e), zoomed V2p 1/2 peaks of BiVO4 and TiO2/BiVO4 (f), zoomed V2p 3/2 peaks of BiVO4 and g-C3N4/ BiVO4 (g) and O1s peaks for TiO2/BiVO4 and
g-C3N4/ BiVO4 (h).

Fig. 8. The band diagram of (a) TiO2/BiVO4 type (I) heterojunction and (b) g-C3N4/BiVO4 type (II) heterojunction.
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toward the conduction band. Stable photocurrent was then achieved
with small decay, attributable to the slow accumulation of holes re-
ducing charge transfer kinetics, that can be further improved with the
addition of OER catalyst [22]. TiO2/BiVO4 indicates a steady state

Fig. 9. Photoluminescence spectra of reference FTO (a), TiO2 (b), TiO2/BiVO4

(c), g-C3 N4/ BiVO4 (d), BiVO4 (e), and g-C3N4 (f) thin films deposited on FTO.

Fig. 10. LSV response of g-C3N4/BiVO4 heterojunction (a), TiO2/BiVO4 heterojunction (b), bare and optimized heterojunctions photoanodes (c) and g-C3N4/BiVO4

and TiO2/BiVO4 heterojunction photoanodes under chopped illumination (d). All the tests were conducted in 0.5M Na2SO4 under 100mW/cm2 of light intensity.

Fig. 11. Stability test of photoanodes under illumination for 35min in 0.5M
Na2SO4 under 100mW/cm2 of light intensity at 0.6 V vs. Ag/Agcl.
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photocurrent after 10min while g-C3N4/BiVO4 demonstrates a steady
state photocurrent after 30min. From 30 to 35min both samples
showed little degredation of about 1 μA (from 65 to 64 μA) and (from
40 to 39 μA) for g-C3N4/BiVO4 and TiO2/BiVO4, respectively. The re-
sults suggest that both photoanodes are highly stable in the aqueous
electrolyte for long time operation.

The superior performacne of g-C3N4 to TiO2 was substantiated by
Electrical Impedance Spectroscopy (EIS) test conducted under light
from 100 kHz to 10 Hz, utilizing 10mV sinusoidal voltage at DC bias of
1 V vs. RHE. As can be observed from Fig. 12a–b, the increase in Ny-
quist plot radius with the increase of g-C3N4 or TiO2 thickness, highly
accorded with the results of LSV (Fig. 10a–b) where less

Fig. 12. EIS Nyquist plots for g-C3N4/BiVO4 (a) and TiO2/BiVO4 (b). AFM result and its associated values for surface roughness (Sa) for g-C3N4/BiVO4 (c) and TiO2/
BiVO4(d). The higher surface roughness of g-C3N4/BiVO4 results in its higher double layer capacitance compared with TiO2/BiVO4.

Fig. 13. Relaxed geometries of g-C3N4 (a), BiVO4(001) (b) and g-C3N4/BiVO4 (c).
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photogenerated electrons were produced for thicker layers of TiO2 and
g-C3N4.

Electrochemical circuit fitting was perfomred with the employment
of Randles equivalent circuit. The results are presented in Table 1. The
higher values of double layer capacitance or Constant Phase Element
(CPE) for g-C3N4/BiVO4, compared with TiO2/BiVO4, were due to more
active photocatalytic sites for water redox reaction. This is because high
surface roughness was calculated from topological images obtained
from Atomic Force Microscopy (AFM) of g-C3N4/BiVO4 compared with
TiO2/BiVO4, which act as trapping centres [73] (Fig. 12c–d).

The smaller values of Rp (charge transfer resistance) for g-C3N4/
BiVO4, compared with TiO2/BiVO4, are illustrative of less charge
transfer resistance between photoelectrode and electrolyte, for more
oxygen vacancy sites exist on g-C3N4/BiVO4 in comparison with those
of TiO2/BiVO4. Oxygen vacancy sites make additional chemisorption
between water molecules and photoelectrode, thus reducing the charge
transfer resistance. Besides, Mott-Schottkey test (Fig. S8) demonstrated
3.18 times higher charge carrier density for g-C3N4/BiVO4 compared
with TiO2/BiVO4, confirming a more enchanced charge carrier mobi-
lity. Other factors contributing to superior carrier mobility are the low
lattice missmatch between g-C3N4 and BiVO4 as well as an additional
non-covalent bonding between Bi—N, OeC, and OeN, further elabo-
rated in Section 3.8. The higher light absroption for g-C3N4/BiVO4

compared with that of TiO2/BiVO4 also contributes to the Rp, for a
higher number of photogenerated electrons can participate in redox
reactions.

Even though both g-C3N4/BiVO4 and TiO2/BiVO4 formed Z-scheme
structure under the application of a positive bias, g-C3N4 demonstrated
a superior PEC performance compared with that of TiO2 as electron
extraction layer to enhance the performance of BiVO4. This resulted
from the more negative conduction band of g-C3N4 (−1.72 V vs. RHE)
compared with TiO2 (−1.2 V vs. RHE) that generates a higher potential
energy for water reduction (Fig. S7). Compared with TiO2/BiVO4,
higher light absorption at less than 500 nm for g-C3N4/BiVO4 produces
more photogenerated electrons/holes. Higher surface roughness and
the existence of V4+, which induces oxygen vacancy, enhance the ac-
tive catalytic sites and charge carrier mobility (see Fig. S9 in Supporting
information). The doping of g-C3N4 to develop p-type semiconductor
[74] and its incorporation with solid state mediators in p–n junction
[75] are highly promising approaches that can be utilized to enhance
the performance of g-C3N4/BiVO4 photoanode.

3.8. Electronic properties of BiVO4(001), g-C3N4, and g-C3N4/BiVO4(001)

Drawing upon the experimental results already demonstrated in this
paper, we affirm that g-C3N4/BiVO4 heterojunction is superior to TiO2/
BiVO4. To further corroborate our observations, periodic DFT calcula-
tions were performed for BiVO4(001), g-C3N4, and g-C3N4/BiVO4(001)
heterostructure. Moreover, TiO2/BiVO4(001) heterojunction proved to
possess a larger lattice mismatch (7.3%) compared with g-C3N4/BiVO4
(0.02%) (see Fig. S10 of the Supporting information). The optimized
structures and lattice parameters of monolayer g-C3N4, bulk g-C3N4,
BiVO4, BiVO4(001), and g-C3N4/BiVO4(001) are displayed in Fig. 13
and Table S2, respectively. As discussed previously [22,76], the
BiVO4(001) surface is stable and nonpolar which further confirms its
positive surface formation energy of 1.95 J/m2. As a consequence of
this stability, BiVO4(001) slab was selected to construct g-C3N4/

BiVO4(001) heterostructure by placing a single layer of g-C3N4 on the
top of BiVO4(001) slab (Fig. 13c). The lattice mismatch in the hetero-
junction of g-C3N4/BiVO4(001) proved considerably negligible (0.02%)
due to similar surface areas of BiVO4(001) and monolayer g-C3N4

(Table S2). Hereafter, the g-C3N4/BiVO4(001) will be referred to as g-
C3N4/BiVO4. Relaxed crystal structures of BiVO4 slab and its hetero-
junction as well as those of g-C3N4 bulk and monolayer are demon-
strated in Fig. S11 of the Supporting information.

A 10 Å vacuum region was employed to minimize the interactions
between the neighbouring systems of g-C3N4/BiVO4 heterojunction.
The g-C3N4 formed a non-covalent type interaction with the surface of
BiVO4 through Bi—N, O—C, and O—N with simulated distances of
3.10, 2.95, and 3.12 Å, respectively which reveals strong electrostatic
interaction between them. The calculated adsorption energy of g-C3N4

nanosheet over the BiVO4(001) was −0.68 eV which confirmed the
thermodynamic stability of g-C3N4/BiVO4 heterojunction. The adsorp-
tion or interface adhesion formation energy was calculated via Eq. (2).

= − +ΔE E (E E )ad g-C3N4/BiVO4(001) g-C3N4 BiVO4(001) (2)

where Eg-C3N4/BiVO4(001), Eg-C3N4, and EBiVO4(001) represent respectively
the total energy of the relaxed g-3N4/BiVO4(001) heterojunction,
monolayer g-C3N4, and BiVO4(001) slab. The adsorption/interface
binding energy between the g-C3N4 monolayer and the BiVO4(001) of
the heterostructure (−0.68 eV) predicts strong electrostatic interaction.
To corroborate the experimental high photocatalytic activity of the g-
C3N4/BiVO4(001) heterostructure, the electronic properties such as
band structure and DOS of g-C3N4/BiVO4(001) heterostructure were
calculated. The energy bands of single layer g-C3N4 and BiVO4(001)
surface were also calculated for comparison (Fig. 14). The simulated
band gap of BiVO4(001) was 2.46 eV, consistent with our experimen-
tally observed band gap.

Monolayer g-C3N4 has an indirect band gap (2.70 eV) [30] where
the valence band maximum (VBM) is located at Γ point and the con-
duction band minimum (CBM) is at C point (Fig. 14b). The g-C3N4/
BiVO4 heterostructure has an indirect gap (2.46 eV), and the VBM is
located between B and Γ points, whereas the CBM is at Γ point (see
Fig. 14c). Upon interaction of g-C3N4 with BiVO4(001), flat bands are
produced in the VB of the resulted heterojunction. These flat bands are
responsible for the VB of heterojunction which consequently leads to
holes trapping. The enhanced overall photocatalytic activity or high
charge carrier mobility can be attributed to these flat bands (vide
supra). Moreover, C and N atoms of monolayer g-C3N4 are responsible
for these flat bands (vide infra). The effective masses of the photo-
generated electrons (me

*) and holes (mh
*) are estimated from the band

structure along suitable directions of k-points by fitting parabolic ap-
proximation around the bottom of the CBM or the top of the VBM,
respectively. The Eq. (3) is employed for the calculation of these pho-
tocarriers, where ħ is the reduced Planck constant and E is the energy of
an electron at wave vector k in the same band (VBM or CBM).

m∗= ħ2 (d2 E/dk2)−1 (3)

Using meta-GGA, the simulated values of the effective masses of
photogenerated electrons and holes of the BiVO4 slab are 0.02 and
0.01me, respectively (Table 2). These masses are comparatively lower
than those in our previous report, utilizing LDA method [22,76]. Al-
though pristine BiVO4 has lighter effective masses of photocarriers,
responsible for high carrier mobilities, its CBM (−4.57 eV) is situated at
more negative potential (vs vacuum) than the reduction potential of
water (−4.5 eV).

To probe the contribution of individual species (atoms), responsible
for VBM and CBM, Partial Density of State (PDOS) of these three con-
stituents were calculated, illustrated in Fig. 15a–c. The VBM and CBM
of monolayer g-C3N4, BiVO4(001), and g-C3N4/BiVO4 heterojunction
were simulated from the DOS calculations. Fig. 15a portrays how VBM
of BiVO4(001) is constructed by 2p orbitals of O atoms, situated at

Table 1
EIS parameters conducted at 0.6 V vs. Ag/AgCl for g-C3N4(1 L)/BiVO4 and
TiO2(1 L)/BiVO4 photoanodes.

Sample Rs (Ω) Rp (Ω) CPE (μF)

g-C3N4(1L)/BiVO4 22.81 973.7 1.01-E-05
TiO2(A)/BiVO4 23.79 2428.2 6.55-E-06
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−7.03 eV (vs vacuum) while its CBM (−4.57 eV vs vacuum) is com-
prised of 5d orbitals of V atom. Furthermore, while VB of BiVO4(001) is
principally composed of O orbitals, its bottom section is comprised of
equal contributions of V and Bi orbitals. CB of BiVO4(001) is majorly
composed of the anti-bonding orbitals of V atoms while its lower den-
sity section is made up of hybridized orbitals of O and Bi atoms. Both
VB and CB of g-C3N4 are almost equally occupied by the N and C or-
bitals, where the VBM and CBM are situated at−5.74 and−3.07 eV (vs
vacuum), respectively.

Figs. S12–S20 (Supporting information) presents the detailed con-
tribution of s, p, and d orbitals in making VBs and CBs of these three
different constituents. For the g-C3N4/BiVO4 heterojunction, the VB (in
the range of −5 to −6 eV) is chiefly occupied by N and C orbitals of g-
C3N4 whereas the CB is dominated by the 5d anti-bonding orbitals of V
of BiVO4 (Fig. 15c). At vacuum level, both VBM and CBM of g-C3N4/
BiVO4 heterojunction are situated at −6.16 and −3.70 eV, respec-
tively. Both experimental and theoretical results verify each other.
Comparative analyses of VBM and CBM of the heterojunction with
those of its individual constituents attest that these are respectively well
below and above of the redox potential of water. Table 2 and Fig. 16
demonstrate VBM of BiVO4(001) is higher than that of g-C3N4, whereas
the CBM of g-C3N4 is lower than that of BiVO4(001). In the resulted
heterojunction, both Fermi energy and band edge positions are between

those of g-C3N4 and BiVO4(001).
According to Fig. 16, VB and CB of heterojunction are shifted

downward compared with g-C3N4, while these bands are shifted up-
ward when compared with BiVO4(001). Moreover, the changes in VB,
CB, and Fermi energy result in band bending facilitating electron
transfer [34], responsible for the enhanced photogenerated electrons.
The photogenerated electrons from CB of g-C3N4 directly reduce water
and produce H2 while holes at VB of BiVO4 directly oxidize water and
generate O2. Electrons from CB of BiVO4 recombine with the holes from
the VB of g-C3N4. The photocatalytic performance of heterojunction
proved experimentally higher than that of individual g-C3N4 and BiVO4.
The enhanced performance was due to the combined band off ;set and
built-in electric field that effectively transport the electrons and holes.

Fig. 16 demonstrates that CB edge position of heterojunction is more
positive than that of H+/H2 (vs vacuum), thereby efficiently reducing
H+ to H2. On the contrary, VB edge position of heterojunction proved
more negative than that of g-C3N4 and positive in relation to BiVO4. VB
edge position of heterojunction is, in other words, at ideal position to
perform oxygen evolution reaction (O2/H2O). Once a heterojunction is
constructed, both Fermi level and the CB and VB of the resulted g-C3N4/
BiVO4 heterostructure are at diverse positions compared with those of
their constituents. In brief, one can observe that g-C3N4/BiVO4 het-
erojunction is a Type-II band alignment structure with lighter effective
masses of electrons (0.01m_e) and holes (0.10m_e), responsible for
high photocatalytic activities.

The inter-charge transfer at the g-C3N4/BiVO4 heterojunction was
calculated from the charge density difference (CDD) of the g-C3N4/
BiVO4 heterostructure, with the results presented in Fig. 17 where the
green and yellow shaded areas represent charge accumulation and
depletion, respectively. Fig. 17 also demonstrates that charge dis-
tribution principally occurs at the interface region of g-C3N4/BiVO4

heterostructure, whereas almost no change was observed in the rest of
BiVO4(001), specifically in areas remote from the interface. This type of

Fig. 14. Simulated band structures of BiVO4(001) slab (a), g-C3N4 (b) and g-C3N4/BiVO4 heterojunction (c); Fermi energy is set to zero.

Table 2
Work function, VBM, and CBM at vacuum level, band gap (in unit of eV), and
effective masses of photogenerated electrons and holes; estimated from the
calculated band structure along the suitable direction.

Species Work
function

me*/m0

(me)
mh*/m0

(me)
VBM CBM Band Gap

BiVO4(001) 5.18 0.02 0.01 −7.03 −4.57 2.46
g-C3N4 4.38 0.12 0.44 −5.74 −3.07 2.70
g-C3N4/BiVO4 4.43 0.01 0.10 −6.16 −3.70 2.46
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charge distribution may result in a weak Vander Waals type interaction
[77] between g-C3N4 and BiVO4(001), analogous to the charge dis-
tribution of a typical p−n junction [78]. Furthermore, a slice of the
planar-averaged CDD along Z direction is depicted in Fig. 17 while that
of pristine BiVO4(001) is presented, for the sake of comparison, in Fig.
S21 of the Supporting information. The charge redistribution at the
interface of g-C3N4/BiVO4 heterostructure attests that the electrons at
CB of g-C3N4 directly reduce water while its holes recombine with the
excited electrons of BiVO4. In this process, holes at VB of BiVO4 oxidize

Fig. 15. PDOS plots of BiVO4(001) (a), g-C3N4 (b) and g-C3N4/BiVO4 (c) heterojunction. The vertical dashed lines represent the work function versus vacuum.

Fig. 16. Energy level diagram of the band edge positions of BiVO4(001), g-C3N4

and g-C3N4/BiVO4.

Fig. 17. Average electron density diff ;erence (Δρ) along Z-direction for g-C3N4/
BiVO4. The green and yellow shaded areas indicate electron accumulation and
donation, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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water to germinate O2. The quantity of charge density difference is
calculated (about 0.056 electrons) via Bader charge analysis of g-C3N4/
BiVO4 heterostructure. This charge accumulation and donation gen-
erates an electric field at the interface of g-C3N4/BiVO4 heterostructure
which further exerts the separation of electrons and holes (vide supra).

The band alignment of BiVO4(001), g-C3N4 and g-C3N4/BiVO4

heterojunction were calculated from the difference of Evac (energy of a
stationary electron in the vacuum near by the surface) and Fermi en-
ergy level (EF), using Eq. (4).

Φ= Evac – EF (4)

The calculated electrostatic potential maps of BiVO4(001), g-C3N4,
and g-C3N4/BiVO4 heterojunction along Z-direction are displayed in
Fig. 18 and Table 2, with simulated work functions of BiVO4(001), g-
C3N4, and g-C3N4/BiVO4 heterojunction being 5.18, 4.38, and 4.43 eV,
respectively. The diff ;erence in work function and band edge potentials
(VB and CB) of g-C3N4 and BiVO4(001) demonstrate that the charge can
be effectively transferred from g-C3N4 to BiVO4(001) at the interface of
g-C3N4/BiVO4 heterojunction. As indicated in Fig. 18 and Table 2, the
work function of BiVO4 surface (5.18 eV) is higher than that of mono-
layer g-C3N4 (4.38 eV), enforcing the charge to move from g-C3N4 to
BiVO4 until Fermi energy of these two constituents are aligned.

4. Conclusion

Z-scheme heterojunctions of g-C3N4/BiVO4 and TiO2/BiVO4 were

successfully synthesized by electrodeposition of BiVO4 on spin coated g-
C3N4 and TiO2 thin films, respectively. The obtained photocurrent re-
sponse of g-C3N4/BiVO4 proved nearly two times higher than that of
TiO2/BiVO4, substantiating the superiority of g-C3N4 to TiO2. This su-
periority manifested itself in various properties such as light absorption,
surface roughness, and charge carrier mobility. The presence of inter-
planar hydrogen elements in g-C3N4 induced the formation of V4+,
elevating its charge carrier mobility. Furthermore, V4+ produced
oxygen vacancy that acts as the centre of catalytic sites and chemi-
sorbed species, culminating in its higher photoelectrochemical prop-
erties. The experimental observations were counterchecked with
Density Functional Theory (DFT) simulations. The simulated results
attested that g-C3N4 and BiVO4 formed a van der Waals type hetero-
junction, where an internal electric field facilitates the separation of
electron/hole pair at the g-C3N4/BiVO4 interface, restraining the car-
rier recombination. Comparative analyses of both experimental and
theoretical studies affirm that the photogenerated electrons from CB of
g-C3N4 directly reduce water while holes at VB of BiVO4 directly oxidize
water, with electrons from CB of BiVO4 recombining with the holes
from the VB of g-C3N4. The construction of Z-scheme based g-C3N4 PEC
device engenders a promising field for further exploration and research.
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ABSTRACT: Theoretical study of an optically transparent,
near-infrared-absorbing low energy gap conjugated polymer,
donor−acceptor−donor (D-A-D), 2,1,3-benzosele-nadiazole
(A) as acceptor and 3,4-ethylenedioxyselenophene (D) as
donor fragments, with promising attributes for photovoltaic
application is reported herein. The D and A moiety on the
polymeric backbone has been found to be responsible for
tuning the band gap, optical gap, open circuit (VOC), and
short-circuit current density (JSC) in the polymers solar cells.
D-A-D has a key role in charge separation and molecular
architecture which ultimately influences the charge transport.
Reduction in the band gap, high charge transformation, and enhanced visible light absorption in the D-A-D system is because of
strong overlapping of molecular orbitals of D and A. The polaron and bipolaron effects are also investigated which has a direct
relation with visible light photocurrent generation. In addition, the enhanced planarity and weak steric hindrance between
adjacent units of D-A-D resulted in red-shifting of its onset of absorption. The simulated band gap of the D-A-D has excellent
correlation with experimentally reported values for closely related systems, which validates the level of theory used. Finally, PSC
properties of the designed D-A-D was modeled in the bulk heterojunction solar cell, which gives a theoretical VOC of about 1.02
eV.

1. INTRODUCTION

Solar energy harvesting is one of the challenging tasks to
current renewable energy scientists. Researchers are struggling
to design a cheap, liable, elastic, and environmental friendly
optoelectronic devices with high efficiency.1−4 Silicon-based
materials are ideal in the current solar cells technology, but
having a high cost and high operation temperature limits its
portability and versatility.5 A step toward the development of
low-cost, environmentally friendly, easily synthesizable, flexible,
and efficient material for solar cells lead scientists to the use of
conjugated organic polymers (COPs).4,6 COPs are emerging as
promising materials due to their stability, low-cost processing,
and ability to form tunable and robust structures. Four
prominent generations of COPs are being explored by
scientists, which has application in the field of solar to power
energy conversion.7−11

COPs have tunable band gap where one can precisely tune
the desired band gap, HOMO, and LUMO energy levels during
the synthesis, which directly affect the open circuit voltage
(VOC), charge transport (ηcT), and short-circuit current density
(JSC) in the polymer solar cell (PSC).4 Generally, a polymer
with a band gap of more than 4 eV is considered to be an
insulator while the underneath represents semiconducting
nature.12 Since the discovery of the conducting nature of
polyacetylene (PA), researchers are working to minimize this

band gap.13 Many efforts are reported in this regard which are
either copolymerization, composites, nanoparticles, or donor−
acceptor copolymerization.14

The major issues with PSCs are their low efficiency in the
photovoltaic devices which links to the incident photon to
electron conversion. To date, the power conversion efficiency
(PCE) of PSC has been enhanced up to 13.2%,15,16 means still
large efforts are being required of making it acceptable all over
the world. As explained elsewhere,4 the conduction mechanism
of the PSC is also different from that of inorganic semi-
conductors. The other problem associated with the PSC is large
exciton binding energy which requires the high energy of
dissociation into electron and hole and thus results in less
efficiency of the organic based PSC.17 Finally, COPs used in the
PSC should have the ability to absorb the visible part of the
solar spectrum (narrow band gap) and a well below HOMO
energy level compared to the LUMO of phenyl-C61-butyric acid
methyl ester (PCBM), used in the bulk heterojunction.
COPs monomers such as 3,4-ethylenedioxythiophene

(EDOT) and 3,4-ethylenedioxyselenophene (EDOS) are
working as a donor while 2,1,3-bezothiadizole (BOD) and
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2,1,3-benzoselenadiazole (BSD) moieties act as an acceptor in
the donor−acceptor combination (Scheme S1). The synthetic
mechanism and electropolymerization of EDOS into poly 3,4-
ethylenedioxyselenophene (PEDOS) are given in Figure S1 and
S2, respectively, while those of poly 3,4-ethylenedioxythio-
phene (PEDOT), poly 2,1,3-benzoselenadiazole (PBSD), and
poly 2,1,3-bezothiadizole (PBOD) can be found elsewhere.18

To overcome the challenges of PSC, a donor−acceptor
approach has been used to efficiently tune the HOMO−LUMO
levels and optical band gap.19−23 As we know, the processes are
not so simple and require a lot of effort to get insight into the
underlying phenomenon.17 The combination of the donor
(electron donating species) and acceptor moieties (electron
withdrawing) in a copolymer can tune the optical gap and
efficiently harness the solar energy influx which is consequently
responsible for the increase of JSC. This would not simply solve
our problem but band gap engineering of a polymer can lead to
increase in the VOC, followed by efficient exciton dissociation in
the PSC.24

The purpose of this work is to design and suggest such a
polymer that can be used in the bulk heterojunction (organic
solar cell), having enhanced VOC, JSC, and fill factor (FF).25 In
this work, we used a different conjugated organic monomer
having a donor and acceptor nature which can give rise to a low
band gap polymer with desired bandwidth positions. More

interestingly, these exciting materials are rarely investigated for
solar to power energy conversion and have not been simulated
to design an efficient PSCs. Finally, this theoretical
investigation will minimize the synthetic effort for the future
experimentalists.

2. COMPUTATIONAL METHODOLOGY

Both molecular and periodic boundary condition’s (PBC)
simulations of the donor, acceptor, and their combinations have
been carried out on Gaussian 0926 and Quantum Espresso,27

respectively, while visualizations are achieved on Gabedit,28

QuantumWise,29 and GaussView.30 Electronic structure proper-
ties of nBSD, nEDOS, and their co-oligomeric combination in
the form of nEDOS-BSD (where n = 1, 2, 3, ..., infinity) are
carried out with the help of density functional theory (DFT) at
the hybrid functional of the B3LYP/6-31G** level of theory.
The oligomeric chain length of 9BSD (A), 9EDOS (D), and
9EDOS-BSD (D-A-D) represent their polymeric nature very
well; therefore, calculations are restricted to nine repeating
units. The D-A-D crystal with an orthorhombic structure in the
Pbcn (60) space group with 204 atoms, having lattice constants
a = 4.4551 Å, b = 15.982 Å, and c = 23.91 Å, are used for the
PBC simulations. PBC/DFT simulations at generalized
gradient approximation (GGA) with a Perdew−Burke−
Ernzerhof (PBE) exchange-correlation functional with a double

Figure 1. Optimized geometric structure of D-A-D (a) along with side view (b) and its crystal structure (c).
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zeta polarized basis set is performed for the structural and
energy optimization due to its superiority over other
pseudopotentials. Monkhorst−Pack k-grid of 9 × 9 × 9 and
energy cutoff of 400 eV is used in these simulations. The
B3LYP hybrid pseudopotential is employed for the optical
properties simulations of D-A-D. From computational and
accuracy points of view, TD-DFT is optimistic between
semiempirical and wave function approaches.31−33 TD-DFT
calculations can incorporate environmental effects and quickly
give best quantitative fit to UV−vis spectra (excitation energy)
of these species, especially using hybrid functionals
(B3LYP).33−35 In the case of approximate DFT, negative
orbital energies (HOMO and LUMO) do not give accurate
ionization potentials (IP) and electron affinities (EA), but the
deviation is about 1 eV. Since the error is method dependent
and consistent for all oligomers, orbital energies can be still
used to examine trends consistently.36−48

Furthermore, to verify our computational method, oligo-
meric properties of these species are extrapolated to the
polymer using second order polynomial fit eqs (Table S1−S3).
Bendikov et al. have extensively studied this group of polymers
both experimentally and theoretically and confirmed the
superiority of the B3LYP/6-31G** level of theory over other
methods.16,49−52 Our simulated results also have a nice
correlation with the experimental data as can be seen from
Table S4, so that is why the current level of theory is employed
for the rest of the simulations.18,52

Key parameters of the photovoltaic system such as
reorganization energy (λ), polaron, bipolaron, UV−vis spectra,
and exciton binding energy (Eb) are also simulated with said
level of theory. The stability, perturbation in electroactivity, and
conductivity upon mixing of donor and acceptor species are
estimated from the energy of HOMO, LUMO, and band gap.
The electrons and holes carrying nature are simulated from the
reorganization energy and also from the contours of HOMO
and LUMO, respectively. UV−vis, UV−vis-near IR spectra, and
an optical gap of the D-A-D are simulated, using the TD-
B3LYP/6-31G** level of theory.

3. RESULTS AND DISCUSSION
3.1. Optimized Geometries. Planarity in molecular

geometry and the corresponding π-electrons conjugation over
the backbone play an important role in the visible light
absorption of a chemical substance. Optimized molecular and
crystal structure of D-A-D are given in Figure 1. An ideal 180°
dihedral angle (Table 1) of the D-A-D shows that the

combination of donor and acceptor moieties has planarized the
geometry of the resulting polymer via establishing a delocalized
π-electronic cloud density over the backbone. This intrachain
dihedral angle (180°) of the D-A-D is responsible for its low
cost and straightforward synthetic approach. This statement is
also inconsistent with the recently reported work.16,49−52

The dihedral angles in the intramolecular rings of D are also
near to planarity; however, in the case of A this is about 146°.

The deviation in A from 180° is due to the internal steric
hindrance of N atoms of the adjacent rings of benzo
selenadiazole, causing them to be out of the plane as well.
This out of the plane behavior of the benzo selenadiazole rings
in the polymeric body may be responsible for the high
resistance in delocalization of the electron cloud density
(Figure 2).

3.2. Electronic Prosperities. Charge transformation and
the localized and delocalized nature of the electronic cloud
density of these three different oligomers are estimated from
their frontier molecular orbitals, as the electronic cloud density
over the HOMO predict holes and LUMO determines the
possibility of the electron. The greater the delocalization of the
charge density, the higher the electron/hole mobility will be,
and vice versa. HOMO and LUMO of D, A, and D-A-D are
comparatively given in Figure 3 while their orbital correlation
diagram is shown in Figure 4. Molecular orbitals energy of
small oligomers of these species, from monomers up to infinite
chain length, are simulated and listed in Table S1−3 of the
Supporting Information.
Comparative analysis of the data of Table 2 and a visual look

of the contours of HOMO and LUMO (Figure 3) predict that
excited state properties in D-A-D are optimum compared to
their individuals’ D and A species. The data shown in Table 2
are specifically for the nine repeating units; however, the rest of
the oligomeric species is given in the Supporting Information.
Variation in characteristic properties is very common in short
oligomers, but beyond the seven or eight repeating units, they
remain almost constant. The purpose of other repeating units is
to provide a range of entities which may be useful as a guideline
for other experimentalists, as short oligomers are more
electroactive but tricky to synthesize.
Our simulated HOMO, LUMO, and band gap values has

excellent correlation with the recently reported data.18 Excited
state properties of the different oligomers of D-A-D, estimated
from the frontier molecular orbitals, give a clue of the free
availability of π-electrons over its conjugated body (Figures 3
and S1). These molecular orbital overlapping in the D-A-D
(delocalized π-electrons) provides an easy pathway for the
motion of free electrons which make it an excellent transparent
material in the visible region of solar light (vide infra).
The electrical band gap (estimated from the HOMO−

LUMO difference) of the isolated D (2.42 eV) and A (2.22 eV)
provide the evidence of their absorption in the green region of
the visible spectrum. Prominent near-IR absorption (red
regions of the visible spectrum) by the D-A-D can be
correlated with its band gap of 1.75 eV. Simulated band gaps
of the D, A, and D-A-D are comparatively shown in Figure 4.
The band gap reduction in all the resulted co-oligomers of D-A-
D (Figure S3−6) highlights the importance of two opposing
species in a single junction. The band structure of D-A-D is also
obtained from the PBC simulations and has a good correlation
with the molecular one, as given in Figure 5. The purpose of
the PBC simulated band gap of D-A-D is to clarify and confirm
our level of theory used.

3.3. Reorganization Energy. Reorganization energy (λ) is
directly associated with the geometrical distortion of a chemical
substance when it changes from neutral to cationic state. This
energy is responsible for an electron to be excited from its
ground state potential, charge carrier, and related geometrical
distortion which may be either polaron or bipolaron. Moreover,
hole mobility in an organic semiconductor can be understood
in terms of its reorganization energy; the lower the

Table 1. Dihedral Angles between the Neighboring Rings of
D, A, and D-A-D

no. Φ1 Φ2 Φ3 Φ4 Φ5 Φ6 Φ7 Φ8

D 179 180 179 179 179 179 180 179
A 146 148 147 149 147 149 147 148
D-A-D 180 180 180 180 180 180 180 180
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reorganization energy, the faster will be hole transformation
and vice versa. The internal reorganization energies of an
oligomer decrease with chain length elongation which is due to
the greater positive charge (π-electrons) delocalization over the
oligomeric backbone. The internal reorganization energy of A,
D, and D-A-D are simulated, using the adiabatic potential
energy surface method with eq 1 (Table 2).

λ λ λ= + = * − + * −+ +E E E E( ) ( )1 2 0 (1)

The E0 and E+ are the energies of neutral and cationic species in
their lowest energy geometries and E0* and E+* represent the
energy of a neutral molecule at the geometry of charged
molecule and charged molecule at the geometry of the neutral
molecule.
The reorganization energy of D is 0.22 eV which is a little

higher than that of A (0.16 eV) while that of D-A-D has a λ of
0.20 eV. Comparative analysis of the reorganization energies of
these three different species (Table 2) led us to conclude that
geometrical distortion in A is quite easy, but on the other hand
its exciton binding (0.37 eV) is higher because of its electron
accepting nature. So, D-A-D has an optimum reorganization
energy compared to the isolated D, and A but a much lower Eb
(0.29 eV) which ultimately easily separate the electron−hole

Figure 2. Optimized geometric structures of D (a), A (b), and D-A-D (c).

Figure 3. Contours of the HOMO and LUMO of D (a), A (b), and D-A-D (c).

Figure 4. Orbital correlation diagram for D, D-A-D, and A.

Table 2. HOMO, LUMO, Band Gap, Optical Gap, Exciton
Binding, and Reorganization Energy in eV of the Studied
Species at the B3LYP/6-31G** Level of Theory

no. HOMO LUMO band gap optical gap Eb λ

D −4.44 −2.02 2.42 2.04 0.38 0.22
A −5.22 −2.99 2.22 1.85 0.37 0.16
D-A-D −4.65 −2.90 1.75 1.46 0.29 0.20

Figure 5. Band structure of D-A-D.
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pair upon visible light irradiation. Moreover, we also compared
our simulated λ to the already reported hole transporting
organic semiconducting materials.53,54 These hole transporting
materials such as N,N′-diphenyl-N,N′-bis(3-methylphenyl)-
(1,1′-biphenyl)-4,4′-diamine has 0.33 eV,55 ((N,N′-bis(2,4-
dimethyl-phenyl)-N-(4′-((2,4-dimethylphenyl) (phenyl)-
amino)-[1,1′-biphenyl]-4-yl)-N′-phenyl-[1,1′-biphenyl]-4,4′-di-
amine has 0.23 eV, 4-(4-phenyl-4-α-naphthylbutadienyl)-N,N-
di(4-tolyl)-phenylamine has 0.2453 and silole-based organic

semiconductors has 0.50 eV54 internal reorganization energy.
So, it is verified that D-A-D has a better hole transferability due
to lower reorganization energy which may be correlated to its
fully planner geometrical structure with an ideal dihedral of
180°.

3.4. Polaron, Bipolaron, and Exciton Binding Energy.
It is generally believed that PSCs require well-controlled
movement of charges for efficient photon conversion.56 In
conjugated polymers, usually polaronic and bipolaronic states

Figure 6. Energy level diagram of the neutral, mono, and dicationic state of D.

Figure 7. Energy level diagram of the neutral, mono, and dicationic state of A.
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appear within the parent band gap57 upon doping with
appropriate doping agents. These are the key tools for charge
storage and charge transportation in COPs. Charge and the
associated distortion along the backbone of COP create either
polaron or bipolaron. Single charge and the associated
distortion are termed as polaron (delocalized state), denoted
as Ep while a pair of charges and their distortion in the
polymeric body is regarded as bipolaron. Bipolarons states are
comparatively stable, localized and less electroactive to that of
polarons. Donation of charge by a particular conjugated system
is followed by intramolecular relaxation which can be precisely
called as polaronic effect. Polaron-binding energy can be easily
obtained from the reorganization energy (λ) using an
expression such as Ep = (1/2 λ). On the other hand, exciton
binding energy or an electron−hole binding energy is the
amount of that barrier (Coulombic energy) with which the
lowest unoccupied orbital accepts an extra electron and left
behind the occupied orbital as degenerate. We have simulated
the exciton binding energy (Eb) from the energy difference of
neutral exciton and the two free charge carriers, using an
expression such as Eb = EBand gap − EOptical gap.
Molecular orbital energy diagram of the neutral, cationic, and

dicationic states of D is depicted in Figure 6, where orbital
transition along with energy is clearly shown. Band gap and
exciton binding energy of D in its neutral state are 2.42 and
0.38 eV, respectively. Monocationic state in the unrestricted
formalism and in the absence of counterion is considered to
efficiently explore the polaronic effect. Removal of an electron
from the oligomeric backbone of D induces an extra band
within its parental band gap, regarded as interband.
Monocationic state not only reduces the band gap (2.23 or
2.15 eV) of parent D by lowering the HOMO and LUMO
energy levels but also increases the delocalization over the
polymeric backbone (Figure S7). The delocalization over the

oligomeric body of monocationic state can be seen from the
nondegenerate molecular orbitals, termed as Alpha and Beta
(Figure 6) or polaron. However, restricted and unrestricted
formalisms of the Kohn−Sham orbitals have a similar effect on
the molecular orbital distribution of dicationic state in D.
Dicationic state of D, creates a bipolaronic state as can be seen
from its degenerate frontier molecular orbitals (Figure 6). This
degenerate state in the highly cationic state is not only
responsible for reducing the band gap but promotes stability
compared to that of the polaronic state.
A similar trend in the molecular orbital distribution of A is

observed upon making its cationic and dicationic states, as
shown in Figure 7. Band gap of the acceptor species in the
neutral state is found to be 2.22 eV while the Coulombic force
which holds the electron−hole pair is 0.37 eV. The frontier
molecular orbital cloud densities of the neutral, cationic, and
dicationic states are given in Figure S8 of the Supporting
Information.
The combination of the D and A moieties in the oligomeric

form such as D-A-D has much stretched down the HOMO and
LUMO energy levels which result in a band gap of 1.75 eV.
Analysis of the contours of HOMO and LUMO (Figure S9) of
D-A-D reflect an evidence of strong overlapping of the D and A
orbitals. Keeping in mind the exciton binding energies of D and
A, this donor−acceptor combination has considerably lowered
the Eb (0.29 eV). So, this lower exciton binding energy and
narrow band gap are clear indications for the charge separation
(electron−hole pair) at the donor−acceptor interface (here
acceptor is the PCBM in the PSC device) and high short-circuit
current density, respectively (vide infra).
The simulated narrow band gap (1.75 eV) of the D-A-D has

a good correlation with the experiment, which strongly
validates the level of theory we used.18 To further validate
the electronic properties of the designed polymer, cationic and

Figure 8. Energy level diagram of the neutral, mono, and dicationic state of D-A-D.
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dicationic states are considered, upon removal of one and two
electrons in the absence of counterions, respectively. Oxidation
causes a reduction in the band gap from 1.75 to 1.56 eV
(considering the Alpha orbitals) and 1.75 to 1.67 eV on
considering the Beta orbital distributions. As explained earlier, a
cation along with associated distortion produces a non-

degenerate state: polaron (Figure 8). Further oxidation of the
D-A-D species (extraction of a pair of electrons) in the absence
of counterions results in a bipolaronic state over the π-
conjugated backbone which further reduces the orbitals band
gap to 1.49 eV. The bipolaronic state creates an extra band,
called interband transition, which arises from the σ → π*

Figure 9. UV−vis spectra along with optical band gaps of neutral, mono, and dicationic states of D at B3LYP/6-31G**.

Figure 10. UV−vis spectra along with optical band gaps of the neutral, mono, and dicationic states of A at B3LYP/6-31G**.
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orbital transition and has an energy of 0.61 eV. As explained
earlier, the stability of bipolaron over the polaron is due to
these degenerate molecular orbitals. Moreover, restricted and
unrestricted formalism has a similar effect in the dicationic
states.
3.5. UV−vis and UV−vis-Near-IR Absorption Spectral

Analysis. UV−vis and UV−vis-near-IR absorption spectra of
the D, A, and D-A-D along with their corresponding mono and
dicationic states are simulated at TD-DFT. Generally, light
absorption by conjugated polymers causes single and strong
absorption in the visible region where an electron transferred
from HOMO to LUMO. Moreover, this absorption band peak
red-shifts with chain length elongation of the conjugated
body.58,59 Absorption spectra of all these three species along
with their defective states are categorized into separate sections.
Mostly COPs are positively charged when experimentally

synthesized, so that is why the cationic and dicationic states are
considered to efficiently explore the solar light absorption
abilities. The UV−vis spectra of the neutral state of D (Figure
9) show two distinct peaks at ca. 608 and 440 nm and arises
from π → π* and HOMO−1 to LUMO−1 transition,
respectively. The effect of cationic and dicationic is investigated
in the absence of counterion, where the monocation induces
polaron and deficiency of two electrons create a bipolaron state.
Removal of an electron from the oligomeric backbone of D

creates an extra absorption peak in the near-IR region at ca.
2133 nm. Compared to the parent D, a red-shifting of about
186 nm in the λmax is achieved in its cationic state. The lower
energy absorption peak at a longer wavelength (2133 nm) is
because of the delocalized polaronic state which is simply due
to σ → π* transition or interband transition. This longer
wavelength absorption, near the IR region, is responsible for
the delocalized electronic cloud density over the oligomeric
chain length (vide supra). From the UV−vis-near-IR spectra,
we can see that monocationic state may be much efficient for
the solar spectrum absorption but unstable compared to the
ground state.
Creation of a dicationic state in D significantly red-shifts the

λmax from 608 to 1356 nm and gives rise to a weak σ → π*
transition (2044 nm) within the parent optical band gap. The
lower excitation energy of the π→ π* in the bipolaronic state is
a direct consequence of its stability and localized nature
compared to that of the polaronic state. The reduced optical

band gap of the dicationic state has a wide range absorption of
near-IR radiation besides visible spectrum of light. So, both of
these polaron and bipolaron states can be easily induced in the
polymeric body to enhance the visible light absorption in the
PSC device, upon covalent and noncovalent doping. In
summary, a well-doped state of the D can also give desirable
efficiency if used in the BHJ of the PSC (vide supra).
UV−vis spectra of A give rise to a strong absorption band

peak which is peaked at 669 nm and is termed as the first
allowed π → π* transition, capable of red light absorption of
the solar spectrum, shown in Figure 10. In the polaronic state
(monocationic), a significant amount of red-shifting in
absorption is simulated in the λmax (669 to 969 nm) and
generate an interband transition. This interband peak arises
from the transition of the partially occupied (n) molecular
orbital to the vacant conduction (π*) band state. This
forbidden absorption band peak is situated at 2430 nm and
consequences a high delocalized π-electronic cloud density over
the oligomeric body. The n → π* transition in the higher
wavelength region is because of the absence of counterion,
which creates high electroactivity and instability. This polaronic
trend in A is almost similar to that of D but substantially
pronounced. Removal of two electrons from the oligomeric
chain length of A establishes a stable and very prominent
bipolaronic state compared to D. The first allowed π → π*
transition in A spans in the range of 1513 nm, which is capable
of absorbing both the visible and Near-IR radiations of the solar
spectrum. Furthermore, this localized dicationic state along
with associated distortion provide an easy pathway for the
electron/hole transformation along the π-conjugated backbone
(vide supra). The bipolaronic state has wide range absorption
of the solar spectrum as can be seen from the broad and high-
intensity band peak at ca. 1513 nm.
Comparative UV−vis spectra of D, A, and D-A-D are given

in Figure 11, where the maximum absorption band peaks are
peaked at 608, 669, and 847 nm, respectively. These bands can
also be regarded as the first allowed maximum electronic
excitation (the one with higher oscillator strength) in the visible
region and are due to π → π* transitions (Table 3). The
absorption band peak at ca. 847 nm in D-A-D is strong
evidence of its efficient absorption in the visible region and is
responsible for charge transferring ability as well. Moreover,
this simulated λmax has a strong correlation with the already

Figure 11. UV−vis spectra of A, D, and D-A-D at B3LYP/6-31G**.
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experimental observed UV−vis spectra (843 nm)18 which also
supports and confirmed the level of theory used (See Figure
S10 of the Supporting Information). Furthermore, it can be
concluded that this wide range of the visible light absorption in
the D-A-D is responsible for higher efficiency, compared to that
of their individual counterparts. From Figure 11, it is evident
that how the donor and acceptor moieties in the form of D-A-
D increase the visible light absorption in a particular polymer.
As discussed above, a reduction in the optical band gap of the

resulted polymer along with wide UV−vis absorption is
achieved through a mutual overlapping of the molecular
orbitals of donor and acceptor. The UV−vis spectra of D-A-D
has three distinct absorptions; two small peaks in the visible
and a broad one near the IR region, which is an indication of its
efficient light-harvesting ability. Furthermore, we also predicted
the polaron and bipolaron states in the extended conjugation of
D-A-D, which is given in Figure 12.
Once again, a similar trend is observed in the case of D-A-D,

upon creation of polaronic and bipolaronic states. Optical band

gap of the parent D-A-D is 1.46 eV, which reduces to 1.10 eV
in the monocationic state. The optical band gap of the
bipolaronic state is about 1.12 eV which is due to the π → π*
transition. Unlike the D and A, UV−vis-mear-IR spectra of the
dicationic state are ideal and transparent in the whole region of
the solar spectrum. Additionally, two extra low energy band
peaks, located at 1501 and 2277 nm, strengthen the absorption
ability of D-A-D in the bipolaronic state. These near-IR
absorptions arise from the electronic transition of σ → π*
orbitals.

3.6. Theoretical Performance of Polymer Solar Cells.
To get the high efficiency of bulk heterojunction (BHJ)
polymer solar cell, scientists are struggling to achieve higher (i)
short-circuit current density (JSC), (ii) open circuit voltage
(VOC), (iii) and a high fill factor (FF). The efficiency of a PSC
can be obtained using eq 2:4

η = ×
V J

P

FF
100OC SC

in (2)

where η is efficiency and Pin is the power density of incident
light.
The JSC has an inverse relation with the band gap value in

PSC; the lower the band gap, much higher the short-circuit
current density will be, and vice versa. So, narrow band gap
polymer can harvest a sufficient amount of sunlight and lead to
enhanced JSC. Furthermore, JSC is also dependent on the
LUMO energy levels of the hole transporting material (here D-
A-D) and acceptor (PCBM) in the PSC device. If the difference
is more than 0.3 eV (eq 3), then the device will result in high
JSC, and this energy difference can also be correlated with
charge transport (ηcT) within PSC. The smaller-scale phase
separation creates a larger area of interfaces where charge
separation can take place. A large energy difference between the

Table 3. First three vertical allowed transitions along with f
and MO transition

species
excited energy

(eV) λ (nm) f electronic transition

D 1 608 3.35 HOMO→LUMO
2 456 0.17 HOMO−3→LUMO
3 440 0.65 HOMO−1→LUMO1

A 1 669 2.06 HOMO→LUMO
2 544 0.08 HOMO→LUMO2

3 512 0.20 HOMO−1→LUMO1

D-A-D 1 847 1.78 HOMO→LUMO
2 680 0.17 HOMO−1→LUMO
3 618 0.12 HOMO−1→LUMO1

Figure 12. UV−vis spectra along with optical band gaps of neutral, mono, and dicationic states of D-A-D at B3LYP/6-31G**.
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LUMO of D-A-D (donor) and the LUMO of PCBM
(acceptor) is required for ultrafast photoinduced electron
transfer.60 The next important parameter of the PSC is the VOC,
which can be tuned/enhanced by lowering the HOMO level of
the polymer in the BHJ. Theoretically, the VOC of PSCs can be
estimated from the orbital difference of D-A-D (HOMO) and
PCBM (LUMO), using eq 3:4

= | | − | | −−V e E E( Donor Acceptor 0.3 eVOC
1

HOMO LUMO
(3)

where e− is the elementary charge, E is the energy level, and 0.3
eV is an empirical value for efficient charge separation
(minimum difference of the LUMOs of donor and acceptor).
The final crucial parameter in getting the high efficiency of PSC
is the FF, which is simply a ratio between the maximum
obtainable power and the product of VOC and JSC. FF is strongly
dependent on the film morphology, interface recombination,
miscibility of polymer and PCBM and high charge carrier
mobility in the PSC. So, from a molecular point of view, a
planner polymer with high delocalized π-electrons, molecular
chain packing, and good crystallinity are prime factors for high
FF.
Theoretical performance of our investigated D-A-D is finally

modeled for the solar cell application in a BHJ structure which
is schematically given in Figure 13. The photovoltaic properties
of D-A-D are modeled in a device structure of ITO|
PEDOT:PSS/D-A-D:PCBM|Ag (where ITO, indium tin
oxide; PEDOT:PSS, poly(styrenesulfonate)-doped poly-
(ethylene-dioxythiophene); PCBM, and other fullerenes
derivatives). Theoretical open circuit voltage (VOC) and the
corresponding LUMO−LUMO difference of D-A-D and
PCBM derivatives are correlated with JSC and charge transport
energy (ηcT), respectively. All other parameters of the device
are taken from experimental work such as illumination of AM
1.5G, and weight ratios of D-A-D and PCBM (fullerene
derivatives) were 1:1.61

The photovoltaic properties of D-A-D in the PSC device
such as VOC and charge transport are simulated which are listed
in Table 4. Different HOMO and LUMO energy levels of the
fullerenes derivatives are reported (Table 4); however, a few of
them are considered with our investigated D-A-D polymer.
From Table 4, it can be analyzed that the VOC of the PSC has a
direct relation with the LUMO energy level of PCBM; a higher
LUMO level results in large VOC. A PC61BM

62 with LUMO
energy level of −3.63 eV, produces VOC of 1.02 eV with our
designed D-A-D; however, this voltage drops down to 0.65 eV

when PC71BM
64 is used (LUMO, −4.0 eV). Comparative

analysis of the data of Table 4 led us to predict that an average
open circuit voltage of roundabout 0.90 eV can be achieved,
using D-A-D as donor material in the BHJ solar cell devices.
Compared to individual D and A conformers, the resulted
constituent has planner geometry, so a high FF is expected, and
the narrow optical band gap (1.46 eV) and electrical band gap
(1.75 eV) are responsible for high JSC (vide supra).

4. CONCLUSION
Solar to power energy conversion via photovoltaic process is a
clean and renewable energy technology which holds a
sustainable development. We have used density functional
theory (DFT) and time-dependent (TD-DFT) at hybrid
functional to assess the nature and electronic properties of a
near-infrared-absorbing, low energy gap conjugated polymer:
D-A-D. The D-A-D is consisting of 2,1,3-benzosele-nadiazole
(A) as acceptor and 3,4-ethylenedioxyselenophene (D) as
donor fragments. The D and A moieties in the polymeric
backbone have been found to be responsible for reducing the
band gap, open circuit (VOC) and increasing short-circuit
current density (JSC) in polymers solar cells (PSC). Our
theoretical studies revealed that charge transportation efficiency
(ηcT), VOC, and JSC and, in turn, device performance, are
influenced by electronic energy level alignment at interfaces. A
lower HOMO energy level (−4.65 eV) of designed D-A-D is
responsible for increasing the ambient stability during device
operation and results in high VOC of 1.02 eV. Furthermore, it is
found that donor−acceptor combination has a key role in

Figure 13. Supposed device structure of the inverted organic solar cell along with energy band diagram of D-A-D and other species.

Table 4. HOMO, LUMO of fullerene derivatives and open
circuit voltage (VOC) and LUMODonorLUMOAcceptor energy
difference (L-L) of D-A-Da

no. species HOMO LUMO VOC L-L

1 PC61BM
62 −6.10 −3.63 1.02 0.73

2 PC61BM
63 −6.10 −3.70 0.95 0.80

3 IC60BA
64 −5.80 −3.70 0.95 0.80

4 IC60BA
65 −5.85 −3.74 0.91 0.84

5 IC60MA65 −5.91 −3.86 0.79 0.90
6 PC60BM

66 −5.93 −3.91 0.74 1.01
7 PC70BM

67 −5.87 −3.91 0.74 1.01
8 PC70BM

68 −6.0 −4.0 0.65 1.10
9 PC71BM

64 −6.0 −4.0 0.65 1.10
10 PC61BM

69 −6.2 −4.10 0.55 1.20
aAll values are in eV.
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charge separation, weak steric hindrance, and molecular
architecture (planarity of the polymeric backbone) which
directly influences the charge transport compared to that of
counterpart homopolymers (either D or A). Reduction in the
band gap, high charge transformation, and enhanced visible
light absorption in D-A-D system is because of strong
overlapping of the frontier molecular orbitals of the D and A.
A highly energetic, unstable and delocalized polaronic state
exists when the polymer was oxidized (cationic state), while
further oxidation (dicationic state) generates a comparatively
stable and localized state, bipolaron. Finally, these polaron and
bipolaron are found to have a direct relation with visible light
absorbed photocurrent generation.
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a b s t r a c t

Density functional theory study has been carried out to design a new All-Solid-State dye-sensitized solar
cell (SDSC), by applying a donor-acceptor conjugated polymer instead of liquid electrolyte. The typical
redox mediator (I1�/I3�) is replaced with a narrow band gap, hole transporting material (HTM). The
electronic and optical properties predict that donor and acceptor moieties in the polymeric body have
increased the visible light absorption and charge transporting ability, compared to their parent polymers.
A unique “upstairs” like band energy diagram is created by packing N3 between HTM and TiO2. Upon
light irradiation on the proposed configuration, electrons will move from the dye to TiO2 and from HTM
to dye (to regenerate dye), simultaneously. Our theoretical simulations prove that the proposed
configuration will be highly efficient as the HOMO level of HTM is 1.19 eV above the HOMO of sanitizer
(dye); providing an efficient pathway for charge transfer. High short-circuit current density and power
conversion efficiency is promised from the strong overlapping of molecular orbitals of HTM and sensi-
tizer. A low reorganization energy of 0.21 eV and exciton binding energy of 0.55 eV, confirm the high
efficiency of HTM. Finally, a theoretical open-circuit voltage of 1.49 eV would results high quantum yield
while, the chemical stability of HTM towards oxidation can be estimated from its high ionization po-
tential value (4.57 eV).

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

When Sun strikes the earth for an hour, if that energy is properly
harvest then it can fulfill whole theworld energy demand for a year,
but unfortunately, we are not able to harvest it properly [1,2]. Solar
energy technology in the market is mostly Silicon-based photo-
voltaic cells, which is a promising renewable energy technique for
[3]. Silicon-based solar cells are ideal, but having a high cost and
high operation temperature limits its portability and versatility, so,
it is an urgent need to replace Si with a better and efficient material
for photovoltaic applications [4e6]. Thin film solar technology
based on CdTe, p-GaAs/n-GaAs, and ZnO/CdS/CuInSe2 etc., exhib-
iting ~20% efficiency, however, this is more expensive and
having elements which are not earth abundance and toxic for
Ullah), A.Tahir@exeter.ac.uk
environment [7].
Dye-sensitized solar cell (DSSC) is considered as the best way

forward to fulfill our energy requirements due to its low-cost, easy
fabrication and environmentally friendly [8]. A basic DSSC is consist
of molecular dye, adsorbed on a mesoporous wide band gap
semiconductor oxide (frequently TiO2), a redox couple (I1�/I3�)
usually liquid electrolyte and a p-type hole collector/counter elec-
trode [9,10]. The dye molecule (photosensitizer) absorb light and
injects its excited electrons into the conduction band of TiO2 and
become oxidized. The redox electrolyte act as an intermediate to
transfer hole from dye to counter electrode for regeneration of dye
[11e13]. Although, highly efficient DSSCs have been reported but
they are facing long-term performance and durability problems
which are stem to liquid electrolytes; the I1�/I3� redox couple, leads
to serious problems such as electrode corrosion and electrolyte
leakage [14e16]. The crucial solution would be the purely solid-
state cells, given the expected issues of any liquid electrolyte,
such as leakage, heavyweight and complex chemistry.

Chung et al. [17] has designed an SDSC model with all inorganic
material using TiO2, Dye, and CsSnI3, where an efficient e�/hþ



Scheme 1. Chemical structure of the monomers EDOS, BSD, and its Copolymer
(EDOS þ BSD) [27].
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transferring occurred due to the development of a better band di-
agram of the mixing constituents [17]. The efficiency of this com-
bination is found to have exceeded over the performance of a liquid
electrolyte Gr€atzel cell [17]. The valance band (VB) edge positions of
all these three interacting materials had sufficient gaps and are best
suitable for hþ transferring, however, conduction band (CB) edge
levels; where the e� of the excited dye can go to either side (CsSnI3
or TiO2), has not proper energy gap difference (upstairs). Moreover,
CsSnI3 is used as hole collector to regenerate dye but contains less
abundant earth metals and also has processing issue similar to the
thin film solar cell, making it expensive to fabricate.

Solid state hole transporting material (HTM)-based DSSC,
termed as all solid-state DSSC (SDSC), has overcome the liquid
electrolyte problems [17], but facing the challenge of modest con-
version efficiency [18,19]. Some HTM has a weak interaction with
the dyewhich leads to the interruption of the hole-conducting path
between HTM and dye molecule. So, designing of an efficient,
flexible and cost-effective HTM is needed for the high-performance
SDSC.

Conjugated organic polymers (COPs) are promising emerging
materials and are considered to be superior over other materials
(inorganic semiconductors) due to their possibility of processing to
form useful, tunable, robust structures, having material diversity,
mechanical flexibility, light weight, low-temperature processing,
roll to roll printing (just like a newspaper printing) and large-area
capability [20e23]. Photovoltaic is one of the efficient applica-
tions of COPs, especially in the form of donor-acceptor co-polymer,
possess low band gaps are much suitable for solar energy har-
nessing technique [24]. These narrow band gap materials have
better absorption capability within the active region of solar
spectrum especially in the near-infrared region which conse-
quently increases the generation of photocurrent.

Using our previous experience of COPs, here for the first timewe
are proposing an efficient all-solid-state organic-inorganic hybrid
DSSC, preliminary based on their band edge positions (Fig.1), where
COP is used as HTM [25e27]. A series of different COPs, such as 3,4-
ethylenedioxythiophene (EDOT), 3,4-ethylenedioxyselenophene
(EDOS), 2,1,3-bezothiadizole (BOD), 2,1,3-benzoselenadiazole (BSD),
and their combination in the form of donor-acceptor moieties are
used (Scheme1) [28,29], has been simulated to replace electrolyte in
the conventional DSSC.

To design an ideal configuration for the SDSC, which would be
cheap, easy to handle, environmental friendly and responsible for
high efficiency, a perfect upstairs energy level diagram of the
Fig. 1. Energy level diagram of simulated TiO2, N3, and HTM for high efficient DSSC.
interacting materials is required where the band edge positions of
TiO2, Dye and HTM should have difference of at least of 0.50 eV
(Fig. 1). The HTM used in this work is a donor-acceptor co-polymer;
a combination of EDOS and BSD moieties.

2. Methods

Quantum mechanical study of the molecular (TiO2)28 cluster,
N3, EDOS, BSD, EDOS þ BSD (HTM) and their non-bonded inter-
acting systems are carried out with the help of density functional
theory (DFT). GAUSSIAN 09 [30] is used for the DFT calculations [31]
while the results are visualized through Gabedit [32], GaussSum
[33], and GaussView [34]. DFT and time-dependent DFT (TD-DFT)
calculations are used for the electronic properties simulations of
the mentioned materials, to predict an efficient model for SDSC.
Different oligomeric chain lengths of EDOS, BSD and HTM from
monomers up to nine repeating are considered and extended to
polymers, using second order polynomial fit equation [31]. Prior to
property simulations of the interacting systems such as N3-HTM,
N3-TiO2, and HTM-N3-TiO2; the DFT method was confirmed
through correlation of the HTM simulated HOMO, LUMO and band
gaps with experimental data (see Table S1) [28,35]. Hybrid func-
tional such as B3LYP has been successfully applied for this type of
polymers and has been found to be superior over other functionals
[35e38]. In the case of inter-molecular study of the proposed
model, N3 was sandwiched between TiO2 and HTM and then
optimized at B3LYP functional with LanL2DZ basis set. The inter-
action energy of these three components is simulated with the help
of inter-molecular energy simulation as explained elsewhere
[25e27,39,40]. The quantitative and qualitative behavior of charge
transferring phenomena of the entitled complexes are simulated at
natural bonding orbital (NBO) analysis. The prediction of stability,
electroactivity, conductivity and donor/acceptor nature are esti-
mated from ionization energy (IP), electron affinity (EA), and band
gap analysis. UVevis spectra and DSCF energy gap (optical gap)
were simulated in a solventmedium such as chlorobenzene, using a
conductor like polarized continuum model (CPCM) at TD-B3LYP/
LanL2DZ level which unveils our results regarding the optical and
electrical properties.

3. Results and discussion

The 84 atoms cluster of titanium dioxide [(TiO2)28] is used as a



Fig. 3. Energy level diagram of HTM.
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representative of the [101] surface of anatase [41e45]. The choice of
a molecular cluster of Ti28O56 contrast to periodic calculations is
that the excited states within TD-DFT are not generally imple-
mented and in any case standard continuum solvation models are
not applicable due to the impossibility of defining an infinite sol-
vation cavity [41e43]. The major part of this paper is devoted to the
hole transporting material (HTM), its applicability in SDSC and the
corresponding efficiency. However, HTM interaction with dye, N3-
TiO2, and HTM-N3-TiO2 systems are also highlighted. Charge
transferring phenomena, electron-hole exchange and band edge
positions of these systems are simulated and discussed in their
respective parts.

3.1. Geometrical and electronic properties of HTM

The light absorption capability of a chemical substance can be
predicted from its dihedral angles, UVevis absorption spectra,
conjugation of p-electrons, and planarity. As discussed elsewhere
[46,47], oligomers up to seven or eight repeating units represent
the characteristics of their infinite polymer so that is why the chain
length is restricted to nine repeating units. Our current simulations
on the nine repeating units of HTM also shows a similar trend and
corroborates its polymeric properties. The optimized geometric
structure of HTM is given in Fig. 2, where an ideal dihedral angle of
180B (Table S2) is because of donor and acceptor moieties; which
has planarized the geometry of the resulting polymer through
establishing a delocalized p-electronic cloud density over its
polymeric backbone.

The electrons and holes carrying properties of a species can be
precisely estimated from the contours of its molecular orbitals;
where the electronic cloud density of the localized HOMO repre-
sent holes and the LUMO determines the facility with which the
electron moves under the external electric biased. Both the HOMO
and LUMO of HTM are fully covered by electronic cloud density
(Fig. S1), a clear indication of the free availability of p-electrons in
the HTM (Fig. 3). Moreover, this molecular orbital overlapping
(delocalized p-electrons in HTM) of the C, H, O, N, and Se atoms
provides an easy pathway for the movement of free electrons
which make it as a donor species (hole donor) in the bulk hetero-
junction solar cell.

3.2. Reorganization energy (l) of HTM

The energy of geometrical distortion of a chemical species be-
tween the neutral and cationic state can be termed as
Fig. 2. Optimized Geometric Structur
reorganization energy (l). Hole mobility in an organic semi-
conductor can be understand in term of its reorganization energy;
lower the reorganization energy the faster will be the hole transfer
and vice versa. The internal reorganization energy (l) of HTM is
0.21 eV, which is simulated by the adiabatic potential energy sur-
face method, using equation (1).

l ¼ l1 þ l2 ¼
�
E*0 � E

�
þ
�
E*þ � Eþ

�
(1)

where E0 and Eþ, represent energies of neutral and charged species
in their lowest energy geometries, while E0* and Eþ* represent the
energy of a neutral molecule at the geometry of charged molecule
and charged molecule at the geometry of the neutral molecule.

Comparative analysis of the reorganization energy of HTM with
the already reported hole transporting materials such as N,N0-
diphenyl-N,N0-bis(3-methylphenyl)-(1,10-biphenyl)-4,40-diamine
(0.33 eV) [48], N,N0-bis(2,4-dimethyl-phenyl)-N-(40-((2,4-
e of HTM along with side view.
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dimethylphenyl) (phenyl)amino)-[1,10-bi-phenyl]-4-yl)-N0-phenyl-
[1,10-biphenyl]-4,40-diamine (0.23), 4-(4-phenyl-4-a-naph-
thylbutadienyl)-N,N-di(4-tolyl)-phenylamine (0.24) [49] and silole-
based organic semiconductors (0.50 eV) [50] shows that our pro-
posed HTM has better hole transfer ability due to lower reorgani-
zation energy. This low reorganization energy of HTM can also be
correlated to its fully planner geometrical structure, where an ideal
dihedral of 180� is present.
Fig. 4. Schematic representation of exciton binding energy, band, and optical gap.

Table 1
Partial charge difference analysis of HTM.

Species Cation Neutral Difference

Se 7.084 6.844 0.24
N �5.552 �5.578 0.026
O �5.520 �5.574 0.054
C 0.126 0.126 0
H 4.868 4.572 0.296
3.3. Polaron and exciton binding energy of HTM

The combination of charge and the associated lattice distortion
in a chemical substance can be appropriately termed as Polaron,
denoted as Ep. Distortion in the polymeric back establishes when a
p-conjugated polymer donates electronic charge density, this intra-
molecular relaxation can also be referred to as a polaronic effect.
The polaron-binding energy that relates to the reorganization en-
ergy; transfer of a charge from one molecule to other can be
calculated from this formula Ep¼(1∕2 l), where l is the reorgani-
zation energy. A 0.105 eV polaron-binding energy is simulated for
the proposed HTM, which evidences its ease of electron donation.
In terms of molecular orbitals analysis, an electron�hole binding
energy is that energy when an electron adds in the LUMO and only
one (instead of two) electron in the HOMO.

The electron�hole exciton binding energy (Eb) is actually the
energy difference between the neutral exciton and the two free
charge carriers. This can be simulated as Eb ¼ Eband gap � Eoptical gap,
or the difference between the electrical gap and optical gap of a
particular HTM. For the simulations of these gaps, TD-DFT method
at LanL2DZ level and CPCM solvent model is used. The energy
required to fully separate the electron�hole pair against the
Coulomb attraction is known as exciton binding energy. In Fig. 4,
the Eb, optical and band gap are schematically illustrated [51]. A
lower Eb is responsible for the charge separation (prevent electron/
hole recombination) and high charge carriermobility in a particular
solar cell. The intra-molecular charge transfer (Eb) in HTM has a
binding energy of 0.55 eV. The Eb of the investigated HTM is also
compared with the already reported hole transfer materials which
concluded its lower binding energy. So, an easier dissociation of
free charge carriers can be promised in our HTM. Furthermore,
binding energy can also be used for the determination of short-
circuit current density in a solar cell; lower exciton binding en-
ergy of a particular HTM is responsible for its higher short-circuit
current density and vice versa.
3.4. Partial charge difference analysis

Partial charge difference on the conjugated backbone of HTM is
simulated by using eq. (2). NBO charge on a particular atom in the
neutral as well as in the cationic state is considered for the charge
transferring phenomena in HTM. Partial charge difference analysis
of HTM predicts that H and Se atoms are responsible for the charge
donation.

DQX ¼
X

QXi
þ �

X
QXi

0 (2)

where DQ is a charge on particular X atom, either in cationic (Xþ) or
neutral state (X0).

The partial charge difference of the atoms involved in HTM
backbone is given in Table 1, which demonstrates that the DQH
value is slightly larger than DQSe to about 0.05 e�. Comparative
analysis of the data of Table 1 led us to conclude that Se and H
atoms are mainly involved for the charge transfer in HTM, however,
H atom plays a significant role compared to Se atom. The partial
charge difference of DQH is 0.296 e� while that of DQSe is 0.24 e�.
Partial charge difference values for N, O, and C are 0.026, 0.054 and
0 e�, respectively. In summary, partial charge difference between
the neutral and the corresponding cation state directly reflects the
geometric structures, whether planner, zig-zag or curl.
3.5. UVevis absorption spectra of HTM

The first allowed maximum electronic excitation energy of HTM
(lmax) at ca. 925 nm has strong evidence to be an efficient charge
transporting material, as it can easily absorb in the visible region.
Furthermore, it is expected that higher efficiency is associated with
high absorption ability of solar radiation, especially in the visible
part. The effect of the alternating donor and acceptor moieties in
the polymeric backbone is found in the form of visible light ab-
sorption as can be seen from Fig. 5. Furthermore, the vertical
excitation energy of the isolated donor, acceptor and HTM increases
with chain length elongation (Figs. S2eS4). Oligomeric chain length
elongation produces a single but strong feature in the visible region
and confirms that this excitation (the one with low energy) is
dominated by a single absorption during which an electron is



Fig. 5. UVevis spectra of BSD, EDOS, and HTM at CAM-B3LYP/LanL2DZ.
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transferred from p to p* orbital. Analysis of the data of
Tables S3eS5 proves that chain length elongation shifts the strong
absorption to lower energy with high intensity and high oscillator
strength. Moreover, it is observed that the contribution of HOMO-
LUMO transition decreases and new absorption from HOMO-
1 / LUMOþ1, HOMO-2-LUMO, and HOMO-LUMOþ2 excitations
start to contribute (Tables S2eS4). The strong transition (the one
with high oscillator strength) of HTM in the visible region corre-
sponds to the transitions from HOMO to LUMO (Table 2).

The UVevis spectra of HTM has three absorptions band peaks;
two in the visible and one near to the IR region of the spectrum,
which is an indication of its efficient light-harvesting ability.
Charge-transfer character occurs at the lower energy part of
UVevis absorption and a low-lying wide conduction band (Fig. 3)
[52].

3.6. HTM and N3 interacting system

Inter-molecular charge transferring and dye regeneration is
simulated from the interaction study of HTM and Dye. The inter-
action between N3 and HTM is purely non-dissociative but quite
strong due to the establishment of non-covalent bonding. The
carboxylic anchoring groups of N3 establishes non-covalent
bonding with the N and Se of HTM (Fig. 6) which is a clear evi-
dence of their strong interaction. Two of the oxygen atoms of N3
make an inter-molecular bond with the Se of HTM, each having
non-bonding distances of 3.13 Å. Other atoms involved in this
electrostatic type of interaction are H atoms which lead to
hydrogen bonding i.e., H of N3 with Se at ca. 3.54 Å and two H
atoms of N3 with N of HTM each having distance of 2.74 Å (Fig. 6).
The inter-molecular electrostatic energy of this interaction
is �8.72 kcal/mol, which further confirms the evidence of charge
transferring between HTM and N3. It is well-known from the
literature that a good amount of this type of dye work as donor-p-
electrons eacceptor where a large orbital density of the LUMO
should cover the carboxylic anchoring groups and a small elec-
tronic cloud density cover their HOMO [11e16,53]. This similar type
of phenomenon is observed in the molecular orbitals of N3 (Fig. S5)
Table 2
Excitation Energy, HOMO, LUMO, Band gap, optical gap, Exciton Binding Energy (Eb) and

Species HOMO LUMO Band gap O

HTM �4.57 �2.93 1.64 1
TiO2 �7.33 �4.27 3.06 2
N3 �5.76 �3.42 2.34 2
which is consistent with the already reported work [11e16,53]. The
higher electronic cloud density at LUMO compared to that of HOMO
shows that the charge injection is favored from HTM to dye and
prevents charge recombination in the dyemolecule. The energies of
HOMO, LUMO, band gap and an optical gap of these three species,
before and after interaction are listed in Table 2.

Frontier molecular orbitals of HTM-N3 are shown in Fig. 7,
where the p-electron donation fromHTM towards dye can be seen.
The position of HOMO level of HTM which is considerably above
(0.61 eV) the HOMO of dye (N3); obviously evidences the hole in-
jection from N3 to HTM. Furthermore, the HOMO and LUMO of
HTM in the HTM-N3 system indicates how the transformation of p-
electrons towards N3 is achieved. Frontier molecular orbital anal-
ysis led us to conclude that a nice overlap in the orbitals coupling of
HTM and N3 occurs, which can lead to the high efficiency of the
corresponding solar cell.

As discussed earlier, the electrons and holes carrying species can
be more precisely determined from the contours of their HOMO
and LUMO, respectively. Lower the HOMO energy level (more
negative) of the HTM the higher will be its open-circuit voltage in
the corresponding solar cells, and a high adiabatic IP ensures its
high stability in terms of resistance towards ionization. The high IP
(4.57 eV) of HTM which is 1.19 eV above the HOMO of dye is
responsible for the hole exchange as well as high chemical stability
toward oxidation. The adiabatic IP and EA are obtained from the
negative of the DFT orbital (HOMO and LUMO) energy; using
Koopman's theorem. The electrical gap (band gap) is estimated
from the difference of IP and EA while the optical gap is simulated
from the DSCF TD-DFT calculation, where first allowed electronic
excitation with higher oscillator strength is considered (Table 2). In
a typical DSSC, dye provides an electron to awide bandgapmaterial
(TiO2) and then regenerates itself from the liquid electrolyte. In our
proposed SDSC configuration the regeneration of dye has been
achieved from HTM, due to its low reorganization energy (vide
supra). So, when the charge moves to N3, relaxation energies is
needed to remove this charge from HTM to regenerate the dye
which is about 0.21 eV (eq. (1)).

According to NBO charge analysis, HTM and N3 share about
reorganization energy in eV of HTM (in solvent), N3, and TiO2.

ptical gap l (eV) Orbital transition Eb (eV)

.34 0.21 H / L 0.55

.62 H / L

.27 H�2 / L



Fig. 6. Optimized geometry of HTM-N3 complex.

Fig. 7. Contours of the HOMO and LUMO of HTM-N3 system.
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0.184 e� of electronic cloud density (Fig. S6a), moreover, the indi-
vidual charge (NBO) on each atom of this complex is shown in
Fig. S6b.

3.7. N3 and TiO2 interacting system

In order to understand the electron transferring phenomena in
the proposed solar cell, we further investigated the MOs analysis of
N3-TiO2 system; as shown in Fig. 8. Contours of the HOMO and
LUMO of N3-TiO2 system indicate that dye has delocalized p-elec-
trons which are ready for donation. So, a clear and sophisticated
picture of electron transformation is observed from N3 to meso-
porous titanium dioxide. The estimated open circuit voltage of this
solar cell is 1.49 eV which is simulated from the difference of the
quasi-Fermi levels of the TiO2 and the HOMO energy level of N3
(Table 2).

3.8. HTM, N3, and TiO2 interacting system

Finally, the three components are simultaneously interacted via
non-covalent bonding interaction to find/confirm the net electron-
hole transformation. The HTM-N3-TiO2 complex is optimized with
LanL2DZ pseudopotential, using hybrid functional of DFT such as
B3LYP (Fig. 9). On the electrostatic energy surface, both dissociative
and non-dissociative strong interactions are found among these
three components as can be seen from Fig. 9. The interaction of N3
with TiO2 is dissociative where oxygen atoms of the carboxylic
groups make covalent bonds with the Ti atom of TiO2. However, the
HTM and N3 interaction is non-dissociative but quite strong, due to
the establishment of Hydrogen bonding (SeeH), see Fig. 9.
Furthermore, the HOMO and LUMO of this three components sys-
tem are also simulated to find the contours of the electronic cloud
density (Fig. 10). Results of the HOMO and LUMO are also incon-
sistent with the previous results, where an ideal and classical
phenomenon is justified. Based on these simulations, we can say
that when light shines on the proposed configuration, the delo-
calized p-electrons of N3 would become activated andmove toTiO2
and ultimately would regenerate itself by sharing an electron from
the HOMO of HTM.

An easy pathway for the movement of electrons in the said
complex is made possible due to the alliance of the energy levels
(HOMO and LUMO) of TiO2, N3, and HTM; having an upstairs ladder



Fig. 8. HOMO and LUMO contours of the N3-TiO2 system.

Fig. 9. Optimized Geometric Structure of the HTM-N3-TiO2 system.
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like band diagram (Fig. 1). Analysis of the data of Table 2 and Fig. 10,
led us to conclude that it is not unusual for the electron to shift from
the LUMO of HTM to N3 or from N3 to TiO2 under the applied
biased. As the LUMO energy level of HTM is about 0.49 eV above the
LUMO edge position of N3 while that of dye and TiO2 has 0.85 eV of
difference in their LUMOs energy levels.

In summary, if the proposed configuration of SDSC is exposed to
light; the excited electrons of both of the dye and HTM become
delocalize and move from the dye to nanoporous TiO2 and conse-
quently the oxidized dye would be regenerated from the HTM via
exchanging of the electron.
4. Conclusion

It is believed that all-solid-state DSSC (SDSC) is cost effective
and a stable solar cell compared to the classically reported one. We
have carried out structural, electronic, optical, and charge-
transport properties of a donor-acceptor-donor polymer; a Hole
transporting material (HTM), N3 and TiO2 for the design of an
efficient SDSC. We proposed an ideal setup for an SDSC, where the
HTM, N3, and TiO2 are chosen, based on their upstairs like energy
levels (band edge positions); having a difference of at least 0.50 eV.
Our theoretical simulations prove that if we shine a light on the



Fig. 10. HOMO and LUMO contours of the HTM-N3-TiO2 system.
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proposed setup, the electron would move from the dye to TiO2 and
from HTM to dye, to be regenerate. HOMO level of our investigated
HTM lies about 1.19 eV above the sanitizer, provides an easy
pathway for hole injection. Strong overlapped molecular orbitals of
HTM with that of sensitizer and their lower reorganization energy
(0.21 eV) which led to 0.55 eV exciton binding energy, responsible
for high short-circuit current density and high power conversion
efficiency. The theoretical open-circuit voltage of about 1.49 eV is
responsible for high quantum yield. Moreover, the HTM is chemi-
cally stable to oxidation due to 4.57 eV of IP and has excellent
transparency in the visible region of sunlight (lmax of 925 nm).
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A series of four new porphyrin-furan dyads were designed and synthesized by having anchoring group
either at meso-phenyl or pyrrole-b position of a zinc porphyrin based on donor–p–acceptor (D–p–A)
approach. The porphyrin macrocycle acts as donor, furan hetero cycle acts as p-spacer and either
cyanoacetic acid or malonic acid group acts as acceptor. These dyads were fully characterized by
UV–Visible, 1H NMR, MALDI-MS and fluorescence spectroscopies and cyclic voltammetry. Both of the
observed and TD-DFT simulated UV–Vis spectra has strong correlation which validate and confirm the
synthesized dyads and theoretical method for this type of compounds. Both soret and Q-bands are red
shifted in the case of pyrrole-b substituted dyads. The redox potentials of all four dyads are not altered
in comparison with their individual constituents. The dyads were tested in dye sensitized solar cells
and found pyrrole-b substituted zinc porphyrins are showing better performance in comparison with
the corresponding meso-phenyl dyads. Optical band gap, Natural bonding, and Molecular bonding orbital
(HOMO–LUMO) analysis are in favour of pyrrole-b substituted zinc porphyrins contrast to meso-phenyl
dyads.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Porphyrins and their derivatives have been intensively studied
for many years because of their importance in the photochemistry
and photo-biology processes [1–3]. Under the influence of the large
planar p-conjugated structure, porphyrin derivatives exhibit good
thermal stability, strong two-photon absorption [4], efficient elec-
tron transfer [5–7], and interesting photo-electrochemical proper-
ties [8]. Therefore, porphyrins have been frequently employed in
various fields such as biomimetic natural photosynthesis [9–11],
chemical and biological sensors [12], organic light-emitting diodes
[13], field effect transistors [14], non-linear optical properties [15]
and dye-sensitized solar cells (DSSCs) [16,17].

DSSCs have emerged as an innovative solar energy conversion
technology which provides a pathway for the development
of low-cost, renewable and environmentally acceptable energy
production [18–20]. However, the technology is not yet
commercialized due to several technical problems. The sensitizer
is one of the key components in achieving high conversion
efficiency and durability of the devices. The widely used sensitizers
are Ru(II) polypyridyl complexes with a certified conversion
efficiency of 11.4% [18,21,22]. In spite of this, the main drawbacks
of these sensitizers are the lack of absorption in the red region of
the visible spectrum and also relatively low molar extinction
coefficient above 600 nm. In this regard, porphyrins and their
derivatives are found to be alternative sensitizers to Ru(II) polypyr-
idyl complexes based on their absorption and thermal properties.

Some metalloporphyrins have been tested for the photosensiti-
zation of wideband-gap semiconductors, the most common
being either free-base or its zinc derivative of the meso-benzoic
acid substituted porphyrins [23–25]. However, the efficiency of
meso-substituted porphyrins remained around 3% for a long time
till 2007. In order to further improve the efficiency and durability
of porphyrin based DSSC devices, one has to tune photophysical
properties of porphyrin macrocycle by introducing substituents
either at meso-phenylor at pyrrole-b position/s. Officer and
co-workers have reported a combination of conjugated ethenyl

http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2015.08.035&domain=pdf
http://dx.doi.org/10.1016/j.poly.2015.08.035
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or diethenyl linker at the pyrrole-b position and a carboxylate
binding group to give the device efficiencies up to 7.1% [26].
Grätzel and co-workers have redesigned and reported a porphyrin
sensitizer (YD2-o-C8) based on D–p–A concept [27]. The new por-
phyrin with co-sensitization of an organic dye (Y123) using cobalt
redox electrolyte attained a power conversion efficiency of 12.3%.
Recently, same group has further re-designed the porphyrin
macrocycle by introducing benzenethiadiazole group with an effi-
ciency of 13% [28], which is superior to those developed based on
Ru(II) polypyridyl complexes and becomes a new milestone in this
area. The high efficiency of porphyrins sensitizers is probably due
to the bathochromic shift of absorption andminimization of charge
recombination. The bathochromic shift of absorption spectra of
porphyrins were also done by introduction of hetero aromatic
molecules like thiophene and furan either at meso-phenyl or at
pyrrole-b position [29,30]. However, introducing the similar hetero
aromatic groups either at meso-phenyl or at pyrrole-b position of
porphyrin macrocycle and compare their photovoltaic perfor-
mance was not reported in the literature to the best of our
knowledge.

In the present work, we have synthesized a series of four new
porphyrin based sensitizers having a furan hetero aromatic ring
between the porphyrin macrocycle and anchoring group either at
meso-phenylor at pyrrole-b position of porphyrin. The porphyrin
macrocycle acts as donor, furan hetero cycle acts as p-spacer and
either cyanoacetic acid or malonic acid group acts as acceptor. They
are 5,10,15,20-tris(4-methylphenyl)Zinc(II)porphyrinato-furan-2-
(2-cyano-2-yl-acrylic acid)[b-Zn-CAA], 5,10,15,20-tris(4-methyl-
phenyl)Zinc(II)porphyrinato-furan-2-(2-yl-methylene malonic acid)
[b-Zn-MA], 5-(5-(4-Phenyl)-10,15,20-tris(4-methylphenyl) Zinc (II)
porphyrinato)-furan-(2-cyano-2-yl-acrylic acid [meso-Zn-CAA]
and 5-(5-(4-Phenyl)-10,15,20-tris(4-methylphenyl) Zinc (II) por-
phyrinato)-furan-(2-yl-methylene malonic acid) [meso-Zn-MA].
The structure of the photosensitizers is shown in Schemes 1 and 2.
All four compounds were characterized by UV–Visible, 1H NMR,
MALDI-MS, and fluorescence spectroscopies as well as cyclic
voltammetry and their device efficiency was evaluated by using
I-/I3- redox couple. Theoretical study of the compounds has also been
performed by the first-principles calculations.
2. Experimental

2.1. Materials

Analytical reagent grade solvents and reagents were used for
synthesis, and distilled laboratory grade solvents were used for
chromatography. Milli-Q water was used for synthetic and
purification purpose. Dry toluene, chloroform and dichloro-
methane were prepared by argon-degassed solvent through
activated alumina columns. N2 (oxygen-free) was passed through
a KOH drying column to remove moisture.

ACME silica gel (100-200 mesh) was used for column chro-
matography and thin-layer chromatography was performed on
Merck-precoated silica gel 60-F254 plates. Either gravity or flash
chromatographywas used for compound purification.Where a dual
solvent system was used, gradient elution was employed, and the
major band was collected. All porphyrin reactions were carried
out under nitrogen or argon atmosphere using dry degassed
solvents, and the apparatus was shielded from ambient light.
2.2. Synthesis

The compounds 5,10,15,20-tetratolyl porphyrin (H2TTP),
5,10,15,20-tetratolyl porphyrinato zinc(II) (ZnTTP), 2-bromo-
5,10,15,20-tetratolyl porphyrin (1), and 5-(4-bromophenyl)-
10,15,20-tritolyl porphyrin (2) were synthesized according to the
reported procedures in the literature [31].
2.2.1. Synthesis of 2-(5-formylfuran)-5,10,15,20-tetra(tolyl) porphyrin
(3)

1 (35 mg, 0.047 mmol), 5-formyl furan-2-boronic acid
(26.32 mg, 0.188 mmol), K2CO3 (52.61 mg, 0.380 mmol), Palladium
tetrakis (triphenyl phosphine), (5.42 mg, 0.0047 mmol) in a dried
single neck round bottom flask, evacuated with nitrogen and then
refilled. To this 20 ml of toluene was added and the resulting
reaction mixture was heated to 90–100 �C for 48 h. The solvent
was removed under vacuum and obtained solid was washed three
times with CHCl3, filtered, dried over anhydrous Na2SO4 and sol-
vent removed under vacuum. The brown colour crude material
obtained was subjected to silica gel column chromatography and
eluted with CHCl3. The second brown colour band was the desired
compound in 62% yield. Anal. Calc. for C52H38N4O2 (764.91):
C, 83.22; H, 5.27; N, 7.32. Found: C, 83.21; H, 5.25; N, 7.30%. 1H
NMR: 9.49 (s, 1 H), 8.96–8.78 (m, 7 H), 8.11 (d, 8 H), 7.56–7.54
(m, 8 H), 7.10 (d, 1 H, J = 3.77 Hz), 6.40 (d, 1H, J = 3.77 Hz), 2.70
(S, 12 H), �2.61 (s, 2 H). ESI MS (C53H40N4O2) m/z: 765 (M+1),
766 (M+2).
2.2.2. Synthesis of b-Zn-CAA
3 (200 mg, 0.24 mmol) and cyanoacetic acid (107.53 mg,

1.265 mmol) was dissolved in 100 ml of CHCl3. To this piperidine
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(0.956 ml, 9.18 mmol) was added drop-wise and the reaction
mixture was heated to reflux for 5 h. After cooling to room
temperature, the reaction mixture was washed with water and
0.1 M HCl. The organic layer was dried over anhydrous Na2SO4.
The solvent was removed under vacuum and the residue was
subjected to silica gel column chromatography and eluted with
methanol/dichloromethane (95:5% v/v) mixture as eluent. The
solvent front running brown colour band was collected. The
obtained free-base compound was then subjected to Zinc
metallation using Zn(OAc)2 and CHCl3/Methanol to get the corre-
sponding zinc derivative in 75% yield. Anal. Calc. for C56H39N5O3Zn
(895.33): C, 75.12; H, 4.39; N, 7.82. Found: C, 75.15; H, 4.40; N,
7.80%. ESI MS (C56H39N5O3Zn) m/z: 894 (M+), 917 (M+Na+). 1H
NMR: 8.99 (s, 1 H), 8.87–8.75 (m, 7 H), 8.10–7.90 (m, 8 H), 7.97
(d, 2 H), 7.68–7.60 (m 8 H), 2.69 (s, 12 H). FT IR (KBr, kmax/cm�1):
2210 (–CN). UV–Vis(kabs, nm) in THF: 425 (5.03), 554 (4.06),
607 (3.90).
2.2.3. Synthesis of b-Zn-MA
This compound was synthesized by an analogous manner to

that described above for the synthesis of b-Zn-CAA, but only the
difference is that by replacing cyanoacetic acid with malonic acid.
Anal. Calc. for C56H39N5O3Zn (914.33): C, 73.56; H, 4.41; N, 6.13.
Found: C, 73.55; H, 4.40; N, 7.10%. ESI MS (C56H40N4O5Zn) m/z:
912 (M�2), 849 (M+�Zn). FT IR (KBr, mmax/cm�1): 1615 (C@O).
UV–Vis (kabs, nm) in THF: 429 (5.11), 564 (4.33), 607 (4.21).

2.2.4. 5-(5-(4-Phenyl)-10,15,20-tris(4-methylphenyl)porphyrin)-
furan-2-carbaldehyde (4)

This compound was synthesized by an analogous manner to
that described above for the synthesis of 3, but by replacing 1 with
2. Anal. Calc. for C52H38N4O2 (750.88): C, 83.18; H, 5.10; N, 7.46.
Found: C, 83.20; H, 5.12; N, 7.50%. ESI MS (C52H38N4O2) m/z: 756
(M+). 1H NMR: 9.8 (s, 1H), 8.84–8.78 (m, 8H), 8.31 (d, 2H),
8.10–8.08 (m, 8H), 7.90 (d, 1H), 7.81 (d, 1H, J = 8.12 Hz), 7.55
(d, 6H), 2.72 (s, 9H), �2.76 (s, 2H).

2.2.5. Synthesis of Meso-Zn-CAA
This compound was synthesized by an analogous manner to

that described above for the synthesis of b-Zn-CAA, but by
replacing 3 with 4. Anal. Calc. for C55H37N5O3Zn (881.30):
C, 74.96; H, 4.23; N, 7.95. Found: C, 74.92; H, 4.20; N, 7.90%.
ESI MS (C55H37N5O3Zn) m/z: 883 (M+3), 903 (M+Na+). 1H NMR:
8.88–8.54 (m, 8H), 8.30–8.17 (m, 3H), 8.1–7.8 (m, 8H), 7.64–7.33
(m, 8H), 2.72 (s, 9H). UV–Vis (kabs, nm) in THF: 423 (5.12), 558
(4.40), 597 (3.89).
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2.2.6. Synthesis of Meso-Zn-MA
This compound was synthesized by an analogous manner to

that described above for the synthesis of b-Zn-MA, but by
replacing cyanoacetic acid with malonic acid. Anal. Calc. for
C55H38N4O5Zn (900.30): C, 73.37; H, 4.25; N, 6.22. Found:
C, 73.40; H, 4.22; N, 6.20%. ESI MS (C55H38N4O5Zn) m/z: 901
(M+1), 903 (M+2), 923 (M+Na+). UV–Vis (kabs, nm) in THF: 424
(5.13), 556 (4.18), 598 (4.02).

2.3. Characterization methods

The UV–Visible spectra were recorded with a Shimadzu model
UV-3600 spectrophotometer for 1 � 10�6 M (porphyrin Soret
band) and 5 � 10�5 M (porphyrin Q bands) solutions in THF
solvent. Steady state fluorescence spectra were recorded using a
Spex model Fluorolog-3 spectrofluorometer for solutions having
optical density at the wavelength of excitation (kex) � 0.11. The
fluorescence quantum yields (/) were estimated by integrating
the fluorescence bands 5,10,15,20-tetratolyl porphyrinato zinc(II)
([ZnTPP]) (/ = 0.036 in CH2Cl2) as the standards [32]. Time-
resolved fluorescence measurements have been carried out using
HORIBA jobin yvon spectrofluorometer. Briefly, the samples were
excited at 370 nm and the emission was monitored at 700 nm, in
all unsymmetrical phthalocyanines. The count rates employed
were typically 103–104 s�1. Deconvolution of the data was carried
out by the method of iterative reconvolution of the instrument
response function and the assumed decay function using DAS-6
software. The goodness of the fit of the experimental data to the
assumed decay function was judged by the standard statistical
tests (i.e., random distribution of weighted residuals, the autocor-
relation function and the values of reduced v2).

2.4. Dye-sensitized solar cell fabrication

The DSSCs were made using a procedure similar to the one
reported previously [33,34]. The TiO2 electrode of 9 lm of trans-
parent layer (TiO2 paste DSL 18NR-T, Dyesol) and 6 lm of scatter
layer (TiO2 paste DSL 18NR-AO, Dyesol) was screen printed onto
FTO substrate (TEC15, Pilkington, UK). Prior to the deposition of
TiO2, FTO substrates were treated with 40 mM TiCl4 at 70 �C for
30 min by chemical bath deposition. The deposited films were
annealed in air at 325 �C for 5 min, at 375 �C for 5 min, and at
450 �C for 15 min, and finally, at 500 �C for 15 min before having
another TiCl4 treatment (40 mM at 70 �C for 30 min). The elec-
trodes were annealed at 450 �C for 30 min in air. The electrodes
were then sensitized with a 0.2 mM solution dye molecules in
THF solvent for 20 h. Platinised counter electrodes were made with
transparent platinum paste (Plastisol T/SP, Solaronix SA) on FTO
substrates, and heated at 450 �C for 15 min. The counter and
working electrodes were then sealed together using a hot melt
polymer film (Surlyn, Solaronix, SA) gas ket, before a solution of
0.05 M I2, 0.1 M LiI,0.6M1-butyl-3-methylimidazoliumiodide and
0.5 M tertbutylpyridine in a 85:15 volume ratio of acetonitrile
and valeronitrile was introduced into the cell through a pre-drilled
hole in the counter electrode. The device was then sealed with the
hot melt polymer and glass cover.

2.5. Theory

In the design of this series of porphyrin sensitizers, the intro-
duction of furan group is expected to be extended p-conjugation,
which broadens and red-shifts absorption spectra. The studies
were performed using the density functional theory (DFT) [35,36]
approach implemented in GAUSSIAN 09 [37], while the results were
visualized through Gabedit [38] and GaussView [39]. We have con-
sidered the dye molecules as shown in Schemes 1 and 2. DFT and
time depended DFT (TD-DFT) calculations at B3LYP/6-31G⁄ level
of theory were used for the electronic structure properties of the
mentioned materials; further detail of this method can be found
in our previous work [40–43]. Theoretical study of the porphyrin
macrocycle which acts as donor, furan hertero cycle as p-spacer
and either cyanoacetic acid or malonic acid group acts as acceptor
are investigated with electronic properties such as frontier molec-
ular orbitals (HOMO–LUMO), and UV–Vis spectral analysis. Charge
analysis are simulated at natural bonding orbital (NBO) and
Mullikan charge analyses. THF was used a solvent medium, using
polarized continuum model (PCM) for the UV–Vis spectra and
DSCF energy gap (optical gap) at TD-DFT-B3LYP/6-31G⁄ level of
theory.

3. Results and discussion

3.1. Design and synthesis

The broadening of the absorption of the sensitizer can improve
the conversion efficiency. It can be achieved by introducing
extended p-conjugation in the molecular structure of the sensi-
tizer. The Q-band absorption bands of prophyrins are broadend
by introduction of hetero aromatic molecules like thiophene
[29,30]. Here, we have achieved the broadening of absorption
porphyrin macrocycle with furan hetero aromatic molecule. The
new sensitizers based on porphyrin-furan conjugates have been
synthesized as per the Schemes 1 and 2. The purification of all
the compounds were done by silica gel column chromatography
and followed by recrystallization. All these sensitizers were
characterized by CHN analysis, UV–Visible, 1H NMR, Mass and
fluorescence spectroscopies (both steady-state & life-time) as well
as cyclic voltammetry. The elemental analyses data presented in
experimental sections were found to be satisfactory. Each of the
Mass spectrum consists of molecular ion peak ascribe to the
presence of corresponding porphyrin sensitizer (see Section 2).

3.2. Optical and electrochemical properties

The electronic absorption spectra of these porphyrin based sen-
sitizers were recorded in THF solution. Fig. 1 shows the absorption
spectra of b-Zn-CAA and meso-Zn-CAA, while their TD-DFT simu-
lated UV–Vis spectra are given in Fig. 2. Both of the theoretical
and experimental wavelengths of maximum absorbance (kmax)
and molar extinction coefficient (e) values of these porphyrin-fu-
ran conjugates as obtained from UV–Vis studies, are summarized
in Tables 1 and 2, respectively. The absorption spectra of these



Fig. 2. TD-DFT simulated UV–Vis spectra of Zn Porphyrin-Furan dyes.

Table 2
TD-DFT calculated electronic excitations (kmax) and optical gap of Zn porphyrin-furan
dyes.

Species Maximum
excitation

Oscillator
strength

Electronic
transition

Optical
Gap (eV)

b-Zn-MA 617 0.13 p? p⁄ 2.00
b-Zn-CAA 609 0.11 p? p⁄ 2.03
meso-Zn-MA 585 0.22 p? p⁄ 2.11
meso-Zn-CAA 611 0.22 p? p⁄ 2.02
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porphyrin-furan conjugates in THF solution shows an intense soret
band between 420-430 nm and two less intense Q-bands between
500 to 625 nm due to p–p⁄ absorption of the conjugated macrocy-
cle. Observed and simulated UV–Vis spectra has strong correlation
among their absorption band peaks as can be seen from Figs. 1 and 2
and Table 1 and 2. Both Soret and Q-bands are red-shifted
(5-10 nm in case of pyrrole-b substituted and 3-5 nm in case of
meso-phenyl substituted porphyrins) in comparison with its parent
porphyrin i.e., ZnTTP. The shift in absorption bands are probably
due to the electron with-drawing nature of furan substituent.
A similar red shift was also observed in other pyrrole-b and
meso- substituted porphyrins [29,30,44,45].

Fig. 1 also shows the emission spectra of b-Zn-CAA and meso-
Zn-CAA in THF solvent at room temperature and the corresponding
emission maxima & quantum yield data are presented in Table 1.
The emission maxima (Table 1) are independent of the excitation
wavelength between 400 and 600 nm, and spectra shown charac-
teristic vibronic bands between 610 and 675 nm similar to those
reported other zinc porphyrins. The emission maxima of all four
porphyrin-furan conjugates are red-shifted in comparison with
its constituent ZnTTP. The quantum yields are slightly reduced in
comparison with ZnTTP probably due to the substituent effect of
furan group on porphyrin macrocycle. The excitation spectrum
obtained by exciting emission maximum at 660 nm exhibit an
intense Soret and Q-bands that corresponds to the ground state
absorption spectra, indicating the presence of single emitting
species in each case. Based on absorption and emission, the singlet
excited state [E0-0] energy of b-Zn-CAA,b-Zn-Ma, meso-Zn-CAA and
Table 1
Absorption, steady state and time resolved emission data.a

Sample kmax, nm, log e/M�1 cm�1b kem, (/)c s1 (ns) s2 (ns)

Beta-Zn-CAA 425 (5.03), 554 (4.06), 607 (3.90) 664 (0.032) 1.04 (62) 1.84 (38)
Beta-Zn-MA 429 (5.11), 564 (4.33), 607 (4.21) 660 (0.026) 1.08 (69) 2.67 (31)
Meso-Zn-CAA 423 (5.12), 558 (4.40), 597 (3.89) 659 (0.027) 1.97 (52) 6.73 (48)
Meso-Zn-MA 424 (5.13), 556 (4.18), 598 (4.02) 657 (0.030) 1.02 (57) 2.80 (43)

a Solvent THF.
b Error limits: kmax, ±1 nm, log e, ±10%.
c Error limits: kem = ±1 nm.
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b-Zn-CAA and meso-Zn-MA are found to be 2.05, 2.05, 2.06, and
2.07 eV, respectively. We also simulated this singlet excited state
(optical band gap) energy at DSCF method, which has excellent
matching as can be seen from Table 2. The simulated optical band
gap of b-Zn-MA is 2.0 eV,b-Zn-CAA has 2.03 eV, meso-Zn-MA has
2.11 eV and meso-Zn-CAA has 2.02 eV optical band gap.

No emission spectra are observed for the porphyrin-furan
conjugates adsorbed onto 6 lm thick TiO2 layer as a consequence
of electron injection from excited singlet state of porphyrin into
Table 3
Electrochemical data.

Sample E1/2oxd (V)a E1/2red (V)a E0

Beta-Zn-CAA 0.73 �1.58 2.0
Beta-Zn-MA 0.69 �1.56 2.0
Meso-Zn-CAA 0.64 �1.59 2.0
Meso-Zn-MA 0.63 �1.58 2.0

E0-0 = HOMO–LUMO gap calculated from the intersection of the absorption and fluoresc
DGinj. = driving force for electron injection from the LUMO of the dye to the conduction
DGreg. = driving force for regeneration of the oxidized dye from the redox electrolyte.

a Error limits, E1/2, ±0.03 V, 0.1 M TBAP.
b Error limits: ±0.05 eV. Eoxd⁄ = E1/2 � E0-0.

Fig. 5. Contours of HOMO and LUM
the conduction band of TiO2. Fig. 3 illustrates fluorescence decay
curves of all four investigated compounds in THF solvent. The sin-
glet excited life-time of all four porphyrin-furan conjugates were
measured in THF solvent and found 1.04, 1.08, 1.97 & 1.02 ns for
b-Zn-CAA, b-Zn-Ma, meso-Zn-CAA and meso-Zn-MA, respectively.
In all these cases the excited state life-time quenched when
adsorbed onto 2 lm thick TiO2 layer.

With a view to evaluate the HOMO–LUMO levels of porphyrin-
furan conjugates, we performed the electrochemistry by using
cyclic and differential pulse voltammetric techniques in THF
solvent. Fig. 4 shows the cyclic voltammograme of b-Zn-CAA and
the corresponding data are presented in Table 3. Analysis of
Fig. 4 and Table 3 it is evident that each porphyrin-furan conjugate
undergoes two oxidations and two reductions under the experi-
mental conditions employed in this study. Wave analysis sug-
gested that while the first two oxidation and first two reduction
processes represent reversible (ipc/ipa = 0.9–1.0) and diffusion con-
trolled (ipc/t1/2 = constant in the scan rate (t) range 50–500 mV/s)
one-electron transfer (DEP = 60–70 mV; DEP = 65 ± 3 mV for Fc+/Fc
couple) reactions, left over electrode processes are either quasi-
reversible (ipc/ipa = 0.6–0.8 and DEP = 80–150 mV) or irreversible
under similar experimental conditions. Analysis of the data given
in Table 1 reveals that the redox potentials of these porphyrin-
furan conjugates are not altered when compared to its reference
compound. Each porphyrin-furan conjugate undergoes oxidation
at 0.73, 0.69, 0.64, and 0.63 V vs. SCE generating p-cation for
b-Zn-CAA, b-Zn-Ma, meso-Zn-CAA and meso-Zn-MA, respectively.
-0 (eV)b Eoxd⁄ (V)c DGinj. (V) DGreg. (V)

5 �1.32 �0.82 0.23
5 �1.36 �0.86 0.19
6 �1.42 �0.99 0.07
7 �1.44 �0.94 0.13

ence spectra.
band of TiO2.

O of Zn porphyrin-furan dyes.



Fig. 6. Contours of occupied and unoccupied NBO of Zn porphyrin-furan dyes.
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With respect to dye-sensitization of wide-band-gap semiconduc-
tors, e.g. TiO2, the oxidation potentials of porphyrin sensitizers
and the E0-0 transition energy, the energy levels of the singlet
excited states (excited state oxidation potential) of b-Zn-CAA,
b-Zn-Ma, meso-Zn-CAA and meso-Zn-MA �1.32, �1.36, �1.42,
and �1.44, respectively. Whereas the energy level of the conduc-
tion band edge of TiO2 is ca. �0.74 V vs. SCE [46]. This makes
electron injection from the excited state of porphyrin sensitizer
into the conduction band of TiO2 thermodynamically feasible.
Furthermore, the HOMO level of the porphyrins is lower than
the energy level of the redox couple I�/I3� (0.2 V vs. SCE) in the
electrolyte, enabling the dye regeneration by electron transfer
from iodide ions in the electrolyte.

The theoretical predicted frontier molecular and natural
bonding orbital’s (NBO) contours of these dyes are shown in
Figs. 5 and 6. Topmost HOMO is strongly contributed by the
N 2p states whereas the lowest LOMO is strongly contributed by
C 2p-like states slightly hybridized with O 2p and C 2p states.
Most contribution to the highest HOMO and lowest LUMO states
are coming from p electrons whereas contribution from s-electrons
Fig. 7. J�V characteristics of DSSCs constructed with different porphyrin sensitizers
under 1 sun illumination.
is modest. Since the p–p electrons transitions are not allowed, very
strong absorption of sunlight by the molecule is not expected.
Fig. 6 displays electron localization function for the dyes. Analysis
shows that the electrons are distributed around the ring, so the dye
molecules can be oxidized. The electrons are localized around H, N,
O, and C atoms and are located in the covalent C–C, C–O, C–Zn, C–H
bonds. Although good light absorption properties of the dyes are
important for high efficiency solar cells, electrical properties of
the molecules, charge transfer between the molecule and TiO2 as
well as the interface are the other important factors. That might
explain the reason of getting the low efficiency of the cells.

Highest electronic cloud density on the HOMO at anchoring
sites of these dyes clearly predict that charge injection is favoured
while the lowest one on the LUMO shows that charge recombina-
tion is prevented. From the NBO contours of all these dyes (Fig. 6),
it is evident that except the meso-Zn-MA, the rest of them have
good electron donating ability.
3.3. Photovoltaic properties

Fig. 7 shows the performance of the DSSCs of different sensitiz-
ers on the basis of their steady-state current–voltage characteris-
tics. Table 4 summarizes the key cell parameters for DSSCs as a
function of different porphyrin sensitizers. DSSC parameters are
significantly influenced by the porphyrin sensitizers. The
maximum conversion efficiency has been achieved for the
cells sensitized with b-CAA. It shows slightly improved
Jsc (0.813 ± 0.15 mA cm�2) and Voc (467 ± 10 mV) than its
meso-CAA which shows Jsc (0.569 ± 15 mA cm-2) and Voc

(462 ± 10 mV) effects in the frontier orbitals. This might be due
Table 4
Test cell data.a

Sensitizer Voc (mV) Jsc(mA/cm2) ff(%) g (%)

Beta-CAA 467 ± 10 0.813 ± 0.15 35.24 ± 0.10 0.1330 ± 0.01
Beta-MA 525 ± 10 0.584 ± 0.15 33.49 ± 0.10 0.1020 ± 0.01
Meso-CAA 462 ± 10 0.569 ± 0.15 40.42 ± 0.10 0.1060 ± 0.01
Meso-MA 391 ± 10 0.013 ± 0.15 27.38 ± 0.10 0.0013 ± 0.01

a Photoelectrode: TiO2 (9 + 6 lm and 0.74 cm2); electrolyte: 0.6 M1-butyl-3-
methylimidazoliumiodide, 0.05 M I2, 0.5 M tertbutylpyridine and 0.1 M guanidine
thiocyanate in a 85:15 volume ratio of acetonitrile and valeronitrile.
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to the presence of p-electron cloud at b-pyrrole position than at
meso phenyl position. More over the sensitizers having cyanoacetic
acid anchoring group showing better performance than the
corresponding sensitizers having dicarboxylic acid anchoring
group probably due to the presence of electron withdrawing
–CN group. However, the overall conversion efficiency is less
than the controlled cells made with standard N719 sensitizer
(Jsc18.1 ± 0.15 mA cm�2 and VOC 622 ± 10 mV) [47].

The reason for the low efficiency compared to the previously
reported thiophene spacer porphyrins might be related to poor
electrical conductivity of furan derivatives [30,48], offset between
HOMO/LUMO of the porphyrins and valence/conduction bands of
TiO2, as well as quality of interface between them. However, one
has to investigate in detail about the charge injection of present
sensitizers and compare with thiophene derivatives. The detailed
charge injections studies are currently under progress.
4. Conclusions

In conclusion, we have designed, synthesized and theoretically
counterchecked for the first time porphyrin–furan conjugates, in
which anchoring group either at meso-phenyl or at pyrrole-b
position of a zinc porphyrin based on donor-p-acceptor approach.
The newly synthesized dyes are characterized by UV–Visible, 1H
NMR, MALDI-MS and fluorescence spectroscopies and cyclic
voltammetry. Theoretical data simulated with DFT and TD-DFT at
B3LYP/6-31G⁄ level theory has nice correlation with our experi-
ment. It is found that this level of theory can be used for the new
dyes to predict and improve their efficiency. Both optical and
electrochemical properties of pyrrole-b substituted dyads are
altered whereas its meso-phenyl substituted dyads are not altered,
when compared to its reference zinc porphyrin. The dyads were
tested in dye sensitized solar cells using I-/I3� redox couple. The
pyrrole-b substituted porphyrins are showing better efficiency
than its meso-phenyl substituted dyads. Overall the efficiency of
these sensitizers are found to very low. Optical band gap, Natural
bonding, and Molecular bonding orbital (HOMO–LUMO) analysis
are also in favour of pyrrole-b substituted zinc porphyrins contrast
to meso-phenyl dyads.
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a  b  s  t  r  a  c  t

Density  functional  theory  (DFT)  study  of  polypyrrole-TiO2 composites  has been  carried  out  to  explore
their  optical,  electronic  and  charge  transfer  properties  for the  development  of an efficient  photocatalyst.
Titanium  dioxide  (Ti16O32) was  interacted  with  a range  of pyrrole  (Py)  oligomers  to  predict  the optimum
composition  of  nPy-TiO2 composite  with  suitable  band  structure  for efficient  photocatalytic  properties.
The  study  has  revealed  that  Py-Ti16O32 composites  have  narrow  band  gap  and  better  visible  light  absorp-
tion  capability  compared  to individual  constituents.  The  simulated  results  of  band  structure  (band  gap,
and band  edge  positions),  molecular  orbitals,  and UV–vis  spectra  of  the optimized  nPy-Ti16O32 systems
FT
olecular interaction

hotocatalysis
edox potential

strongly  support  the  existence  of strong  interactions  between  Py and  TiO2 in  the  composite.  A red-shifting
in  �max,  narrowing  band  gap,  and  strong  intermolecular  interaction  energy  (-41  to −72 kcal/mol)  of nPy-
Ti16O32 composites  confirm  the  existence  of  strong  covalent  type  interactions.  Electron−hole  transferring
phenomena  are  simulated  with  natural  bonding  orbital  analysis  where  Py  oligomers  found  as  donor  and
Ti16O32 as  an  acceptor  in nPy-Ti16O32 composites.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nanostructured TiO2 is one of the most investigated photoactive
aterials due to its excellent electronic structure and high stabil-

ty to photocorrosion under redox conditions [1–3]. TiO2 has drawn
uch attention due to its potential applications in solar energy con-

ersion (such as photocatalytic water splitting and dye-sensitized
olar cell), environmental cleaning (photocatalytic degradation of
ollutants, self-cleaning, and water purification), and bio-sensing
4–7]. The solar energy conversion and photocatalytic efficiency
f TiO2 is limited due to its wide band gap (3.20 eV), as it can
nly absorb UV region of the solar spectrum [8]. Along with wide
and gap, TiO2 also suffer from high charge recombination rate
photogenerated electron−hole pair) which hindered the photo-
atalytic activity [9]. Strategies such as noble metal deposition
s co-catalyst, metal or non-metal doping and photosensitization
ave been adopted to tailor band gap and enhance the charge trans-
ort properties to improve the photocatalytic performance of TiO2
10,11].
Conjugated organic polymer (COPs) [12–14] having spatially
xtended �-bonding system become potential energy materials
ue to their unique electrical and optical properties, such as high

∗ Corresponding authors.
E-mail addresses: Hu203@exeter.ac.uk (H. Ullah), A.Tahir@exeter.ac.uk

A.A. Tahir).

ttp://dx.doi.org/10.1016/j.snb.2016.10.019
925-4005/© 2016 Elsevier B.V. All rights reserved.
photon absorption coefficients under visible light irradiation, high
electron mobility, excellent stability, material diversity, mechan-
ical flexibility, light weight, low-temperature processing, roll to
roll printing and large-area capability [15]. They have been suc-
cessfully applied in organic electronic devices and solar cells [16].
Conducting polymers are mostly p-type semiconductors which
work as an electron donor in the p-n junction solar cell. Polyaniline
(PANI), polypyrrole (PPy), polythiophene (PT), polyacetylene (PA),
polythiopene (PT), polyparaphenylene (PPP), polyparaphenylen-
evenylene (PPV), poly (3,4-ethylenedioxythiophene) (PEDOT),
poly(o-phenylenediamine) (POPD) are prominent examples of
COPs which are being explored in this area [12–14,17]. Recently, it
has been found that composite of metal oxide and COP into intimate
contact on both physical and electronic levels have significantly
improved solar energy conversion and photocatalytic performance
compared to metal oxide or COP individually [18]. Moreover,
an increasing interest is found on the fabrication of COP-TiO2
nanocomposites for photocatalytic degradation of environmental
pollutants as well as water splitting to generate hydrogen [19,20].

Although, experimental study of PPy-TiO2 as a photocatalyst is
reported but facing lower photocatalytic efficiency which is due to
lack of theoretical investigation [21–24]. The fully explored theo-
retical insight of optical, electronic structure, surface interactions,

electroactivity and charge transfer mechanism between PPy and
TiO2 is essential to tailor and improve photocatalytic activity of PPy-
TiO2 nanocomposite. Our recent investigation on PPy and pyrrole
oligomers (nPy, where n is a number of repeating units) has proved

dx.doi.org/10.1016/j.snb.2016.10.019
http://www.sciencedirect.com/science/journal/09254005
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Table 1
Electronic properties of isolated TiO2, Ti16O32,and Ti28O56 Anatase clusters.

Species Band gap (eV) HOMO (eV) LUMO (eV) Optical gap (nm)

Ti16O32 3.06 −7.33 −4.33 333
162 H. Ullah et al. / Sensors and A

hat nPy has excellent tunable, optical and electroactive properties
25–27]. In this work, we have detailed theoretical investigation
f charge transfer mechanism between nPy and TiO2 (molecu-
ar cluster; Ti16O32) in a connected junction such as nPy-TiO2
anocomposite. The present article is focused on the investiga-
ion of important photocatalytic parameters such as (i) interaction
f Ti16O32 with PPy oligomers to find out electron−hole transfor-
ation, (ii) band structure alteration, (iii) mechanism of charge

electron/hole) transport (vi) optimisation of oligomeric length of
y for efficient performance and (v) structure-property relation-
hip. The study is aimed to provide a better understanding of the
lectronic structure of nPy-Ti16O32 nanocomposite and will open
ew direction to synthesize an efficient nPy-TiO2 nanocomposite
hotocatalyst with the optimized composition for visible light pho-
ocatalysis. Moreover, this work will also inspire computational
cientists to explore structural property relationship of other COP-
etal oxide nanocomposites.

. Methodology

Interaction of molecular cluster of Ti16O32 with nPy oligomers
n = 3, 5, and 9) are performed with the help of density func-
ional theory (DFT). All DFT calculations [28,29] were carried out on
AUSSIAN 09 [30] and the results were visualized through Gabedit

31], GaussSum [32], and GaussView [33]. DFT and time-dependent
FT (TD-DFT) calculations were performed at B3LYP with LanL2DZ
asis set for the determination of electronic structure properties
f nPy-Ti16O32, as an efficient photocatalyst. Oligomers up to eight
epeating units can accurately represent its polymeric characteris-
ics so, oligomeric size is restricted to nine repeating units [28,29]. A

olecular cluster of Ti16O32 is added to the oligomeric backbone of
Py and then optimized. Geometries of nPy-Ti16O32 (n = 3 to 9) sys-
ems were optimized at B3LYP/LanL2DZ level and confirmed from
requency calculations. The non-bonding and bonding interaction
nergies in nPy-Ti16O32 are simulated with help of interaction
nergy (�EInt) and geometrical counterpoise correction (gCP). The
CP is able to treat both inter- and intra-molecular BSSE on the same
ooting at low computational cost. The B3LYP-gCP-D3 [34] interac-
ion energy is simulated from the Grimme  Web  service [35]. The

EInt and gCP-D3 are calculated from equations 1 and 2, respec-
ively.

Eint = ETi16O32 + EnPy − EnPy−Ti16O32 (1)

EgCP−D3 = E(nPy−Ti16O32)gCP−D3 − E(nPy)gCP−D3 − E(Ti16O32)gCP−D3 (2)
UV–vis spectra are simulated at hybrid TD-DFT with pseu-
opotential of LanL2DZ. Natural bonding orbitals (NBO) analysis
erformed for the charge simulations. All these calculations were
erformed in the gas phase.

Fig. 1. Optimized Geometric Structure
Ti28O56 2.61 −7.39 −4.78 471
Isolated TiO2 1.86 −5.28 −3.42 647

3. Results and discussion

3.1. Choice of TiO2 cluster

To understand physical significance of nPy-TiO2 at the molecular
level, it is important to select an appropriate TiO2 cluster as a repre-
sentative of its bulk. The interactions between nPy and TiO2 surface
can be described in two different ways; the cluster model and peri-
odic surface models [36]. For the surface representation of TiO2,
we have used cluster models, consisting of 48 and 84 atoms which
are applicable to the molecular quantum chemistry [36]. Electronic
properties such as HOMO, LUMO, band gap, and optical gap of iso-
lated TiO2, Ti16O32, and Ti28O56 clusters are simulated which are
comparatively listed in Table 1. On the basis of band gap simu-
lation and computational point of view, it is evident that Ti16O32
(band gap 3.06 eV) is a better representative of bulk anatase (Fig. 1).
The current study is focused on Ti16O32 and their interaction with
different Py oligomers.

3.2. Optimized geometries

Geometrical relaxation of nPy, Ti16O32, and nPy-Ti16O32 bound
species are carried out at DFT- B3LYP/LanL2DZ level. Optimized
geometric structure of 48 atoms (Ti16O32) is given in Fig. 1,
while their comparative geometrical parameters are listed in
Table 2. Analysis of the data (Table 2) proves that there is no
significant difference between geometrical parameters of bulk
(crystal/condensed phase) and molecular cluster (gas phase), con-
firming that Ti16O32 is the best representative of bulk TiO2.

The optimized geometric structures of 7Py-Ti16O32 and 9Py-
Ti16O32 along with their inter-molecular bond distances are shown
in Figs. 2 and 3, respectively, while 3Py-Ti16O32 and 5Py-Ti16O32 are
given in S1 and S2 of the Supplementary information. During the
optimization, Ti16O32 circulated and finally attached at the middle
of nPy oligomer by establishing strong non-covalent bonds with H
and C atoms of Py. The interaction of Ti16O32 with nPy oligomers,
results distortion in nPy geometries (Figs. 2 and 3), which is a direct
consequence of their strong orbital overlapping. Six different types
of inter-molecular interactions are observed in the case of the 7Py-

Ti16O32 system; where Ti and O of Ti16O32 have made the strong
electrostatic type of bonding with the C and H atoms of 7Py; rang-
ing at ca. 1.90 to 2.80 Å. In all these composites, Ti atom of Ti16O32

 of Ti16O32 and Ti28O56 clusters.
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Table  2
B3LYP/LanL2DZ ground states bond angles and distances in the Vacuum for Molecular TiO2, cluster of Ti16O32, and in the Bulk for structural Rutile and Anatase.

Parameters This study TiO2 Vacuum TiO2 Vacuum1 Rutile bulk properties1 Anatase bulk properties1

dTi−O 1.71/92 Å 1.63 Å 1.67 Å 1.96 Å 1.83 Å
dTi−Ti  2.78 Å – – 3.61 Å 3.03 Å
dO−O  2.46 Å – – 2.57 Å 2.29 Å
O−Ti−O 82.96◦ 110.7◦ 110.6◦ 81.6◦ 74.1◦

Ti−O−Ti 102.82◦ – – 130.8◦ 105.9◦

Fig. 2. Optimized Geometric Structure of 7Py-Ti16O32.
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Fig. 3. Optimized Geom

akes an inter-molecular electrostatic bond with C of nPy and a
ydrogen bond between the O of Ti16O32 and H atoms of nPy.

The O—H inter-molecular bonds in the studied systems are
trong bonds and can be regarded as covalent bonding. On
he other hand, simulated Ti—C bond distances in the range of
.30–2.70 Å confirm the formation of a strong electrostatic inter-
ction. Jeffery et al. have reported that 2.2–2.5 Å of hydrogen

onding will be “strong, mostly covalent”, 2.5–3.2 Å as “moderate,
ostly electrostatic” while 3.2–4.0 Å as “weak, mostly electro-

tatic” along with following bond energies, −40 to −14, −15 to
4, and <–4 kcal/mol, respectively [37]. Comparative analysis of
tructure of 9Py-Ti16O32.

simulated inter-molecular bonding (including Fig. S1 and S2) led
us to conclude that Ti16O32 make a strong composite with Py
oligomers.

3.3. Interaction energy in nPy-Ti16O32 composites

Ti16O32 and PPy oligomers have a good interaction which

is mostly covalent and electrostatic, simulated from interaction
energy (�Eint) and geometrical counterpoise corrected (�EgCP-D3)
methods (Table 3). The �EgCP-D3 method is employed to mini-
mize the geometrical and dispersion factors. The result of this
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Table  3
Inter-molecular interaction energy (�Eint), geometrical counterpoise corrected
energy (�EgCP-D3), in kcal/mol), and NBO charges analysis of nPy-Ti16O32.

Species �Eint �EgCP-D3 QNBO

3Py-Ti16O32 −42.54 −54.09 0.409
5Py-Ti16O32 −34.22 −47.50 0.469

i
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Table 5
Molecular Orbital Energy, Band Gap (in eV) and Dipole moment (Debye) of nPy and
nPy- Ti16O32 composites.

Species HOMO LUMO Dipole moment Band Gap

Ti16O32 −7.33 −4.27 0.0007 3.06
3Py  −4.71 −0.44 1.56 4.27
3Py-Ti16O32 −5.67 −2.12 13.63 2.55
5Py  −4.45 −0.76 1.08 3.69
5Py-Ti16O32 −5.04 −3.53 10.89 1.51
7Py  −4.34 −0.91 0.58 3.43
7Py-Ti16O32 −5.24 −3.37 9.97 1.87

T
N

7Py-Ti16O32 −41.10 −72.47 0.709
9Py-Ti16O32 −41.47 −68.21 0.599

nter-molecular interaction energy proved that a very strong inter-
ction is present in nPy and Ti16O32 species. In the 3Py-Ti16O32
omposite, the �Eint is −42.54 kcal/mol while this interaction
nergy is simulated to be −54.09 kcal/mol with �EgCP-D3 method
hich is 11.55 kcal/mol higher than the �Eint method.

A comparatively weak inter-molecular forces are present in 5Py-
i16O32 for which these energies are; −34.22 kcal/mol based on
Eint and −47.50 kcal/mol based on �EgCP-D3. This decrement in

nter-molecular interaction energy is due to its geometrical shape
ompared to the 3Py-Ti16O32 composite. With chain length elon-
ation, a slight difference in �Eint is observed as can be seen from
ata in Table 3. In the case of 7Py-Ti16O32, this inter-molecular
on-bonding energy is about −41.10 kcal/mol, based on �Eint
hile −72.47 kcal/mol based on �EgCP-D3. This highest interac-

ion energy (�EgCP-D3) in 7Py-Ti16O32 can be attributed to the
uitable oligomeric length of PPy. Moreover, strong interaction
f 7Py-Ti16O32 can be correlated to the fully relaxed geomet-
ic structure, which allows 7Py to wrap around Ti16O32 cluster
uch effectively compared to other compositions of nPy-Ti16O32

Fig. 2). A similar but less pronounced trend is observed in 9Py-
i16O32 composite, where the �Eint and �EgCP-D3 are −41.47 and
68.21 kcal/mol, respectively. Comparative analysis of the interac-

ion energy of 7Py-Ti16O32 and 9Py-Ti16O32 indicate that 7Py make
tronger nanocomposite. In summary, the amount of this interac-
ion energy also evidences the existence of strong types of bonds
etween these two species which led to the confirmation of stable
omposite.

.4. Natural bonding orbital analysis

Inter-molecular charge transfer between nPy and Ti16O32 are
imulated with natural bonding orbital (QNBO) charge analysis
t B3LYP with pseudopotential of LanL2DZ. As discussed else-
here, these charge analyses are basis set dependent but with

he same level of theory [such as B3LYP/6-31G (d), UB3LYP/6-31G
d), UB3LYP/6-311++G (d, p) or B3LYP/LanL2DZ] etc., for different
tructures the results would provide meaningful trends [38,39].

In connection with previous sections, Ti16O32 interacts with nPy
ligomers through strong hydrogen (mostly covalent) and electro-
tatic (Ti C). The analysis of NBO simulation indicates that Ti C
ond is the main charge transferring paths in all nPy-Ti16O32 com-
osites. The net charge transfer in all nPy-Ti16O32 composites is

isted in Table 3 while individual ring charges are listed in Table 4
long with Ti16O32 attached-Py rings. Analysis of data in Table 4

onfirms the electron accepting nature of Ti16O32 in the compos-
te as it withdraws electronic cloud density from Py oligomers
o about 0.40 to 0.70 e− which results in a cationic state in nPy
ligomers, responsible for better electrical conductivity [40–42].

able 4
BO charge Analysis in unit of electron of nPy-Ti16O32 rings.

Species Ring 1 Ring 2 Ring 3 Ring 4 

3Py-Ti16O32 0.228 0.11 0.071
5Py-Ti16O32 0.087 0.102 0.204 0.034 

7Py-Ti16O32 0.065 0.16 0.103 0.108 

9Py-Ti16O32 0.039 0.043 0.158 0.126 
9Py  −4.28 −0.98 0.07 3.30
9Py-Ti16O32 −4.42 −3.68 8.75 0.74

Finally, a unique charge distribution can be seen in the Py rings of
7Py-Ti16O32 system which suggest that 7Py-Ti16O32 is an optimum
composition with greater charge transferring ability.

3.5. Electronic properties simulation

The electronic properties such as IP, EA, HOMO, LUMO, ESP, DOS
and band gap of isolated as well as nPy-Ti16O32 composites was
estimated at B3LYP/LanL2DZ level. The �SCF and negative of HOMO
orbital energies are almost similar, especially for long chain sys-
tems. The IP energy is estimated from the negative of HOMO while
the EA is obtained from negative of LUMO, using Koopman’s theo-
rem. Higher the EA and IP values of a chemical substance, greater
will be its electroactivity and stability. The HOMO and LUMO ener-
gies (band edge positions) of isolated Ti16O32 are listed in Table 5
while frontier molecular orbitals are shown in Fig. 4.

Our simulated band gap value for Ti16O32 is 3.06 eV at
B3LYP/LanL2DZ level, which is close to that of the observed data
(3.20 eV) [40]. The difference is because of molecular cluster simu-
lation as reported by Troisi et al. [41]; different simulation packages,
cluster size, and level of theories give rise to different band gaps.
Usually, the band gap decrease with increase in the size of the clus-
ter and it is expected that this will also converge to the bulk value
like that of the total energy [41]. Best reactive sites of both of the
Ti16O32 and nPy oligomers are estimated from molecular electro-
static potential (MEP) as shown in Fig. 4 and 5. Based on these MEP
plots, Ti16O32 and nPy oligomers interacted at a suitable distance.

3.6. Ionization potential

Interaction of Ti16O32 with nPy increases the IP of nPy oligomers
indicating the increased stability of the resulted composite as can
be seen from the delocalized contours (Fig. 5). Higher the IP more
will be the stability of a chemical substance. In case of 3Py-Ti16O32
composite, the increase in IP is about 0.96 eV which consequently
narrow its band gap from 4.27 to 2.12 eV (as discussed in band
gap section below). A similar trend is observed in rest of the nPy
oligomers in nPy-Ti16O3 composites, except 9Py-Ti16O3 composite,
where negligible change (IP value) has been observed which can be

attributed to lower interaction ability of their molecular orbitals.
The increase in IP value of nPy-Ti16O3 composites is clearly depicted
in Fig. 6.

Ring 5 Ring 6 Ring 7 Ring 8 Ring 9

0.042
0.121 0.105 0.047
0.156 0.041 0.021 0.011 0.004
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Fig. 4. Contours of the HOMO and LUMO of Ti16O32.
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Fig. 5. Molecular Electrostatic Poten

.6.1. Electron affinitie
EA is estimated from the negative of LUMO, which found to

e increasing in nPy oligomers upon interacting with Ti16O32. A
ubstantial shift in LUMO to narrow the band gap is observed in
Py-Ti16O32 bounded species compared to individual Ti16O32 and
Py as shown in Fig. 7. Ti16O32 shifts the EA of 3Py from 0.44 to
.12 eV, 2.77 eV in 5Py-Ti16O32, 2.46 eV in 7Py-Ti16O32 and 2.70 eV

n 9Py-Ti16O32 composite. As discussed in the optimized geomet-
ic analysis, Ti16O32 has an excellent interaction with nPy oligomers
hich is also in agreement with the EA analysis. The overall increase
n EA value proves that the nPy-Ti16O32 composites are cationic in
ature where polaron and bipolaron states may  exist.
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Fig. 6. Change in IP of nPy and nPy-Ti16O32 composites.
lots of Ti16O32, 5Py and 5Py-Ti16O32.

3.6.2. Band gap and molecular orbitals energy
Both optical and electrical band gaps are simulated at �SCF

(excitation energy with higher oscillator strength) and B3LYP (dif-
ference of HOMO-LUMO orbitals), listed in Tables 5 and 6 . Analysis
of the data (Table 5) clarifies that the band gap of nPy oligomers
become narrow upon interaction with Ti16O32, which is an evidence
of their excellent electroactive property in the resulted composite.

Frontier molecular orbitals and dipole moments of these inter-
acting species before and after interaction are calculated at
B3LYP/LanL2DZ level. The contours of HOMO and LUMO along

with band gap of nPy and nPy-Ti16O32 composites are given in
Figs. 8 and 9, respectively. It can be easily predicted from the
date that molecular orbitals of Ti16O32 strongly interact with the
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Fig. 7. Change in E.A of nPy and nPy-Ti16O32 composites.
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O32, n

H
b
s
b

Fig. 8. Frontier molecular orbitals of Ti16

OMO/LUMO of nPy through establishing strong covalent types of

onding (Table 5). The strong covalent type of bonding indicate the
tability of nPy-Ti16O32 composites which have an intermediate
and gap and highest dipole moment.
Py and nPy-Ti16O32 bounded complexes.

The LUMO energy of Ti16O32 has considerably reduced from

−0.44 to −2.12 eV while the band gap of Py reduced from 4.27 to
2.55 eV in all nPy-Ti16O32 composites as shown in Figs. 8 and 9.
Dipole moment of 3Py-Ti16O32 (13.63 Debye) clearly demonstrates
a substantial increment in its electroactivity.
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Fig. 9. Molecular electrostatic potent

Moreover, narrowing band gap, have also a direct relationship
ith chain length elongation of Py as obvious from Fig. 10. Ti16O32

educes the HOMO of 5Py from −4.45 to −5.04 eV (actually increase
n negative charge), LUMO from −0.76 to −3.53 eV and band gap
rom 3.69 to 1.51 eV. Similar, but more pronounced reduction in
hese values can be seen in 7Py-Ti16O32, 0.90 eV in HOMO, 2.46 eV
n LUMO, and a reduction of 1.56 eV in its band gap. Electronic cloud
ensities of the contours of HOMO and LUMO of 9Py-Ti16O32 com-
ared to that of 9Py are enhanced to about 0.14 eV and 2.70 eV,

espectively. While their dipole moment and band gap change
rom 0.07 to 8.75 Debye and 3.30 to 0.74 eV, respectively. The

olecular electrostatic potential plot of 3, 7 and 9Py-Ti16O32 are
hown in Fig. 9, which clearly visualize their electroactive nature.

Fig. 10. Density of states plots of Ti16O32, nPy
t of 3, 7 and 9Py-Ti16O32 composites.

Furthermore, the density of states plots for four these composites
are correlatively shown in Fig. 10, which highlight a substantial
variation in their band edges shifting compared to their individual
constituents.

The homogeneous MEP  plot (Fig. 9) of these composites con-
firm the excellent interaction between nPy and Ti16O32 cluster by
mutually sharing of their electronic cloud densities. One can easily
observe how the HOMO and LUMO of Ti16O32 (red spectra) and nPy
(black spectra) interacted and resulted stable and ideal (align band

edges with redox potential of water) nPy-Ti16O32 (blue spectra)
composites. This theoretical investigation will guide and minimize
the synthetic effort in term of interaction and mixing ratios. So,
from experimental point view, we  don’t need to synthesize an

 and nPy-Ti16O32 bounded complexes.



1168 H. Ullah et al. / Sensors and Actuato

3 4 5 6 7 8 9

500

100 0

150 0

200 0

250 0

300 0

E
xc

ita
tio

n 
E

ne
rg

y 
(n

m
)

Number of repeating units

 nPy
 nPy-Ti

16
O

32

F
i

i
r
T
i
o

3

i
e
t
p
o
t
a
r
o

i
T
s
t
i
d
n

i
l

T
C
t
c

ig. 11. First allowed electronic excitation energy of nPy and nPy-Ti16O32 compos-
tes.

nfinite chain length of PPy, the routine oligomer (up to 6 or 8
epeating units) will be a best fit for the commercially available
iO2 (anatase). Furthermore, the study also provides insight into
mproving the band structure, charge transport and determination
f physical and chemical bonding between nPy and TiO2 species.

.7. UV–vis study

UV–vis spectra of nPy, Ti16O32, and nPy- Ti16O32 are simulated
n the gas phase at TD-DFT/UB3LYP/LanL2DZ level. The first allowed
lectronic excitation energies are correlated with the experimen-
ally observed �max, which are listed in Fig. 11 and Table 6. Three
rominent band peaks are found in the UV–vis spectra of nPy
ligomers where the high wavelengths one is referred as �max; the
ransition of an electron from valence to conduction band. Inter-
ction of Ti16O32 with nPy oligomers (Fig. 11 and Table 6) cause a
ed-shifting in the �max of nPy. This red-shifting in �max of all nPy
ligomers illustrates the n-type doping nature of Ti16O32.

In the case of 3Py, the excitation energy of � → �* transition
ncreased from 296 to 663 nm in the resulted composite (3Py-
i16O32), which evidences the establishment of strong bonding. As
hown in Table 6, Ti16O32 increases the first allowed electronic exci-
ation energy of 5Py to about 707 nm,  420 nm in 7Py, and 2493 nm
n 9Py. This substantial increase can be attributed to improved con-
uctivity/delocalization of the composites compared to isolated

Py oligomers (vide infra).

The individual Ti16O32 and nPy oligomers are unable to absorb
n the visible range, however, nPy-Ti16O32 composites have excel-
ent absorption capability in the visible region (Table 6) due to

able 6
alculated excitation energies, oscillator strengths, and molecular orbitals (MOs) of
he first allowed singlet transition involved in the excitation for nPy and nPy-Ti16O32

omposites.

Species Energy
(eV)

Wavelength
(nm)

Oscillator
Strength

MOs Coefficient

Ti16O32 3.71 333 0.01 S0 → S1 0.46
3Py 4.18 296 0.87 S0 → S1 0.70
3Py-Ti16O32 1.86 663 0.005 S0 → S1 0.37
5Py 3.49 354 1.50 S0 → S1 0.70
5Py-Ti16O32 1.16 1061 0.008 S0 → S1 0.50
7Py 3.19 387 2.08 S0 → S1 0.70
7Py-Ti16O32 1.53 807 0.02 S0 → S1 0.68
9Py 3.05 405 2.67 S0 → S1 0.69
9Py-Ti16O32 0.42 2898 0.0002 S0 → S1 0.70
rs B 241 (2017) 1161–1169

a substantial decrease in the band gap. The red-shifting from
the ultraviolet to visible elucidates/evidences the excellent photo-
voltaic and photocatalytic activity of nPy-Ti16O32 composites over
their individual constituents. Analysis of the simulation results led
us to conclude that all nPy-Ti16O32composites have a wide range of
visible light absorption capability. Among the long chain oligomeric
systems, the first allowed excitation energy of (� → �*  transition)
of 9Py-Ti16O32 is more prominent compared to other compositions
(Fig. 11) indicating that eight or nine repeating unit of PPy would
be an excellent oligomeric chain length to develop an efficient vis-
ible light active photocatalyst (composite). This argument is also in
good agreement with the other parameters discussed above.

4. Conclusions

Density functional theory study (DFT) of pyrrole-Ti16O32
bounded systems are carried out to find their interaction to tai-
lor the best composite for the photodegradation of environmental
pollutants and solar water splitting. Inter-molecular interaction
energy in nPy-Ti16O32 composites is simulated in the range of −41
to −72 kcal/mol which confirmed the existence of strong covalent
and electrostatic type bonding. This energy is simulated with the
help of single point energy and �EgCP-D3 methods. So, after con-
firming the composite formation, band gap narrowing and better
visible light absorption capability is observed compared to their
individual nPy and Ti16O32 constituents. Electronic properties such
as HOMO and LUMO of nPy, Ti16O32 and nPy-Ti16O32 composites
estimated using B3LYP/LanL2DZ level, indicate excellent visible
light absorption and charge transport efficiency of nPy-Ti16O32.
Other electronic properties such as ESP, DOS, band gap, and UV–vis
spectra also support the formation of efficient photoactive nPy-
Ti16O32 composites. Moreover, UV–vis spectra of these composites
predict the visible light absorption compared to nPy and Ti16O32.
Electron-hole transferring define Py oligomers as a donor and
Ti16O32 cluster as an acceptor in the resulted composites. Finally,
the oligomeric length of eight/nine in the composite is found to
be an optimum for the designing of an efficient photocatalyst. This
theoretical investigation will minimize the synthetic effort such as
mixing ratios of TiO2 and PPy oligomers. Although, other compo-
nents present in the cell might affect the nPy-TiO2 interactions, but
this basic theoretical study guides us about its possibility to be used
as a photocatalyst. The study will also guide experimental scien-
tists to improve the band structure, optical, physical and chemical
properties of COP-TiO2 and other metal oxide composites.
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ABSTRACT: Sensitivity and selectivity of polypyrrole (PPy) toward NH3, CO2,
and CO have been studied at density functional theory (DFT). PPy oligomers are
used both in the doped (PPy+) and neutral (PPy) form for their sensing abilities
to realize the best state for gas sensing. DFT calculations are performed at the
hybrid functional, B3LYP/6-31G(d), level of theory. Detection/interaction of
CO is investigated from carbon [CO(1)] and oxygen termini of CO [CO(2)].
Interaction energies and charge transfer are simulated which reveal the sensing
ability of PPy toward these gases. Furthermore, these results are supported by
frontier molecular orbital energies and band gap calculations. PPy, in both the
doped and neutral state, is more sensitive to NH3 compared to CO2 and CO.
More interestingly, NH3 causes doping of PPy and dedoping of PPy+, providing
evidence that PPy/PPy+ is an excellent sensor for NH3 gas. UV−vis and UV−
vis−near-IR spectra of nPy, nPy+, and nPy/nPy+−X complexes demonstrate
strong interaction of PPy/PPy+ with these atmospheric gases. The better
response of PPy/PPy+ toward NH3 is also consistent with the experimental observations.

1. INTRODUCTION

Conjugated organic polymers (synthetic metals) are conducting
due to the presence of delocalized π electrons along the
polymer backbone.1,2 The conjugated organic polymers
(COPs) have several advantages over other semiconducting
materials due to ease of synthesis and processing and their
cheap, tunable, and robust nature. Polyaniline (PANI),
polyacetylene (PA), polythiopene (PT), polypyrrole (PPy),
polyparaphenylene (PPP), polyparaphenylenevenylene (PPV),
and poly(o-phenylenediamine) (POPD) are some prominent
members of COPs.3 Most COPs have nonlinear response to
the electronic excitation, but doping and dedoping (injection of
an electron and a hole) of the conjugated chain lead to a self-
localized excited state (imprinted).4 Therefore, COPs are
potential candidates for energy storage,5 electrocatalysis,6 smart
windows,7 membrane gas separation,8 organic sensors,9 electro-
chromic displays,10 microwave screening,11 corrosion protec-
tion,12 etc.
Recently, the interest of the scientific community has

increased in the application of COPs in high performance
solid state gas sensor devices.13−16 Gas sensors are very
important in environmental monitoring, home safety, and
chemical controlling (both in the industries and laboratories).
The most frequently reported sensors are metal oxide

semiconductors,17 quartz crystal microbalance,18 surface
acoustic wave,19 field effect transistor,20 and conducting
polymers (CPs).16,21−23 The metal oxide semiconductor
(inorganic material) gas sensors work on the principle of
change in conductivity upon interaction with gas molecules, but
they suffer from low selectivity (specific target gases).
Moreover, high operation temperature leads to increased
power consumption which reduces sensor life and limits the
portability. In order to overcome these issues, research is
directed to explore sensors which are stable, selective, and
highly sensitive and have a quick response mechanism.
COPs have found a worthy place as room-temperature gas

sensors. Several reports have shown that COPs are sensitive to
a wide range of gases,24−29 vapors,30 metals,31,32 and volatile
organic solvents.33,34 COP-based sensors are also superior to
other sensors because of their chemical diversity, stability,
selectivity, high sensitivity, and quick response mechanism.35

COPs consist of very large molecules of repeating units
which may be homo, hetero, or blend, with a range of
molecular weights (polydisperse); therefore, predicting their
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electronic properties is quite challenging (especially theoret-
ically). Generally, two distinct approaches are applied to
calculate the properties of polymers: (a) periodic boundary
condition (PBC) simulations and (b) extrapolation of
oligomeric properties to infinite chain lengths, using the
polynomial fit equation. Similar to metal-based sensors, COPs
also change their conducting behavior/doping level upon
interaction with different organic36,37 and inorganic analy-
tes.24,38 The change in conductivity is one of the best tools to
understand the gas sensing of COPs both theoretically and
experimentally.15,39−41

Among the studied COPs, PPy is a very promising candidate
for gas sensing applications due to its ease of synthesis, high
redox properties, tunable nature,42 stability in either the neutral
or doped form, and good electrical conductivity. Changes in
electrical conductivity of PPy can easily be observed, upon
interaction with various volatile organic and inorganic analytes.
Several reports are presented in this regard, where change in
conductivity of PPy is measured upon exposure to different
gases such as O2, NO2, CO, CO2, and NH3. Blance et al.43

reported NH3 gas sensing properties of PPy upon exposure to a
mixture of O2, NO2, and NH3. On the other hand, Lui et al.44

fabricated a CO gas sensor by growing a PPy film through
electropolymerization. A gas sensor for CO2 based on PPy film
is also reported26 showing the interactive ability of PPy but not
counter checked by theory. Among other fascinating properties,
the ability of PPy to form covalent bonding with inorganic
substances like diamond makes it a valuable material for
molecularly imprinted sensors.45

In this paper, the sensing mechanism of both cationic and
neutral forms of different oligomers of PPy are investigated
with the help of electronic structure theory simulations.
Intermolecular interaction and charge transferring phenomena
between the interacting systems are carried out. Calculations
for excited state properties such as UV−vis, UV−vis−near IR,
density of state (DOS), HOMO, LUMO, and band gap are
performed to explore whether, and how, the analytes shift
electronic configuration of the parent oligomers and polymer.

2. COMPUTATIONAL METHODOLOGY
All calculations are performed using GAUSSIAN 09,46 and the
results are analyzed/visualized with GaussView47 and Gabedit
programs.48 Density functional theory (DFT) is quite accurate
for the study of COPs and has been widely accepted.42,49−51

Therefore, molecular and electronic structure elucidation of
PPy as a gas sensor, both doped and neutral forms, is achieved
with DFT methods. Individual geometries of nPy and their
complexes (nPy−X) were optimized at the 6-31G(d) level of
theory, using a hybrid functional: B3LYP [Becke 3-Parameter
(Exchange), Lee, Yang and Parr].52 Charged species, nPy+

(Figure 1), and their complexes (nPy+−X) (Figure 2) were

optimized using an unrestricted formalism such as UB3LYP53

at the 6-31G(d) level of theory, where n = 3, 5, 7, and 9.
Optimized geometries are obtained from gradient minimization
of energy without any symmetry constraint.54,55 Intermolecular
interaction (total and counterpoise corrected interaction
energies), charge analysis (Mulliken and natural bonding
orbital), molecular orbital analysis (HOMO and LUMO),
and UV−vis/UV−vis−near-IR spectral analysis are simulated at
the above-mentioned level of theory. Although Mulliken and
natural bonding orbital (NBO) analysis are basis set dependent,
the trend obtained can be used to explain the sensing
phenomenon. Band gap is estimated from the difference of
HOMO and LUMO energies, and it gives an idea about the
change in conductivity of polymer upon interaction with
different substances. Oligomeric properties are extrapolated to
polymer, using a second degree polynomial fit equation.56

3. RESULTS AND DISCUSSION
I. Interaction Energy Analysis. For quantitative estima-

tion of the strength of interaction between nPy (both doped
and neutral) and analytes (NH3, CO2, CO), the interaction
energy is simulated using DFT methods. The greater this
interaction energy, the greater the response will be of the nPy/
nPy+ toward analytes. The calculated interaction energies are
also counterpoise corrected. The counterpoise corrected energy
method removes the error arising from the use of finite basis
sets. Adsorbent species (PPy/PPy+ in this case) interact with
analytes and become stable due to these interaction energies.
The complexes are stable because of either a hydrogen bond or
weak dipole-induced-dipole or ion−dipole interaction with
adsorbate (NH3, CO2, CO). Simple and BSSE interaction
energies of PPy/PPy+ with these different analytes are listed in
Table 1 and Table 2.

Figure 1. Reference optimized geometric structure of 3Py (a) and 3Py+ (b) using B3LYP/6-31G(d) and UB3LYP/6-31G(d) levels of theory,
respectively.

Figure 2. Reference optimized geometric structure of 5Py+−X (X =
NH3, CO2, and CO).
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nPy/nPy+−NH3. Interaction energy of nPy with NH3 (3Py−
NH3 complex) is about −9.98 kcal mol−1, whereas the
counterpoise corrected energy is −7.66 kcal mol−1. For nPy,
the binding energy increases as the oligomer size increases. The
binding energy increases to −10.23 kcal mol−1 (BSSE, −7.91
kcal mol−1) in 5Py−NH3, −10.44 kcal mol−1 (BSSE, −7.89 kcal
mol−1) in 7Py−NH3, and −10.53 kcal mol−1 (BSSE, −8.09 kcal
mol−1) in the 9Py−NH3 complex. The binding energy of the
infinite polymer (PPy) with NH3 is obtained through the
second degree polynomial fit equation. This energy is 11.04
kcal mol−1 based on simple energy calculation and −8.31 kcal
mol−1 based on BSSE simulation (see Table 1). The interaction

energy (between PPy and NH3) is indicative of a hydrogen type
of bond, typically between 5 and 12 kcal mol−1. Intermolecular
nonbonding distance analysis also supports the establishment
of a strong hydrogen bonding between PPy and NH3.
Doped PPy (PPy+) oligomers exhibit remarkable interaction

with NH3, and ion dipole electrostatic forces are believed to
operate instead of H-bonding. The doped (PPy+) ion interacts
through ion−dipole interactions with NH3. 3Py

+ interacts with
NH3 with −16.69 kcal mol−1 of energy (15.62 kcal mol−1 based
on BSSE). With chain length elongation this binding energy
decreases, which is contrary to the effect of the neutral polymer
(see Table 1 and Table 2). It decreases to −14.68 kcal mol−1 in
the case of 5Py+−NH3 (BSSE corrected −13.74 kcal mol−1),
−13.74 kcal mol−1 (BSSE, −12.80 kcal mol−1) in 7Py+−NH3,
and −13.05 kcal mol−1 (BSSE, −12.11 kcal mol−1) in the
9Py+−NH3 complex. The extrapolated binding energy for
infinite chain length of PPy+ is −10.74 kcal mol−1 based on
ΔEint, and the counterpoise corrected energy is −9.69 kcal
mol−1 (Table 2).

nPy/nPy+−CO2. Interaction energies for complexation of
CO2 with nPy/nPy+ are relatively less compared to ammonia
bound complexes. nPy oligomers interact with CO2 from the O
site, through a weak type of van der Waals interaction (Table
1). Noncovalent interaction energy in the 3Py−CO2 complex is
−3.07 kcal mol−1 (counterpoise corrected energy is −1.44 kcal
mol−1). Contrary to NH3 bound complexes, a rather irregular
trend is observed in the binding energies of nPy−CO2
complexes with oligomeric length increment. For example,
the binding energy first slightly decreases up to −3.01 kcal
mol−1 (BSSE, −1.39 kcal mol−1) in 5Py−CO2 and then
increases to −3.39 kcal mol−1 (BSSE, −1.88 kcal mol−1) in
7Py−CO2. Again it decreases to about −3.33 kcal mol−1 (−1.76
kcal mol−1 based on BSSE) in the case of the 9Py−CO2
complex. The extrapolated interaction energy for ∞Py−CO2
turns out to be −4.14 kcal mol−1 (counterpoise corrected is
−2.71 kcal mol−1). nPy+−CO2 complexes show slightly greater
interaction compared to nPy−CO2 complexes. This may be due
to the cationic nature of PPy oligomers (nPy+). But here again,
as the chain length increases, the interaction energy decreases.
This decrease in interaction energy can be attributed to a drop
in delocalization due to the bulkiness of polymer which retards
the interaction with CO2 in larger units.

nPy/nPy+−CO. Binding energies for the complexes of CO
with nPy and nPy+ are studied from both ends of CO. Binding
energies for both positions are given in Table 1 and Table 2 for
neutral and doped forms of PPy, respectively. The interaction
energies are high when CO interacts with nPy through the
carbon terminus. The 3Py−CO(1) complex is stabilized by
−2.76 kcal mol−1 compared to 3Py and CO (counterpoise
corrected energy is −1.32 kcal mol−1). The interaction energy
increases with an increase in the chain length of the oligomer.
The calculated binding energy between infinite polymer (nPy)
and CO(1) is −2.89 kcal mol−1 (counterpoise corrected −1.35
kcal mol−1). The van der Waals type of bond in the 3Py−
CO(2) complex has −1.63 kcal mol−1 of stabilization energy.
The counterpoise corrected energy for this complex is −1.11
kcal mol−1. A slight increase is found in the case of 5Py−CO(2)
and then constant values for the rest of complexes. Finally, the
extrapolated oligomer bounded complex energies are simulated
which is about 1.74 kcal mol−1 and 1.14 kcal mol−1 (based on
counterpoise corrected energy). The binding energies for
infinite doped polymer with CO are 2.63 and 1.81 kcal mol−1

Table 1. ΔEint, ΔEint,CP, QNBO, and QMulliken of nPy−X (X =
NH3, CO2, and CO) (n = 3, 5, 7, and 9) Using the B3LYP/6-
31G(d) Level of Theory

species ΔEint ΔEint,CP QNBO QMulliken

3Py−NH3 −9.98 −7.66 −0.046 −0.043
5Py−NH3 −10.23 −7.91 −0.045 −0.044
7Py−NH3 −10.44 −7.89 −0.048 −0.046
9Py−NH3 −10.53 −8.09 −0.050 −0.048
∞Py−NH3 −11.04 −8.31
3Py−CO2 −3.07 −1.44 −0.005 −0.011
5Py−CO2 −3.01 −1.39 −0.007 −0.012
7Py−CO2 −3.39 −1.88 −0.006 −0.010
9Py−CO2 −3.33 −1.76 −0.005 −0.011
∞Py−CO2 −4.16 −2.71
3Py−CO(1) −2.76 −1.32 −0.013 −0.027
5Py−CO(1) −3.39 −1.45 −0.017 −0.034
7Py−CO(1) −3.38 −1.43 −0.017 −0.036
9Py−CO(1) −3.39 −1.45 −0.017 −0.035
∞Py−CO(1) −2.89 −1.35
3Py−CO(2) −1.63 −1.11 −0.008 −0.022
5Py−CO(2) −2.13 −1.23 −0.008 −0.022
7Py−CO(2) −2.13 −1.23 −0.008 −0.022
9Py−CO(2) −2.13 −1.23 −0.008 −0.022
∞Py−CO(2) −1.74 −1.14

Table 2. ΔEint, ΔEint,CP, QNBO, and QMulliken of nPy
+−X (X =

NH3, CO2, and CO) (n = 3, 5, 7, and 9) Using the UB3LYP/
6-31G(d) Level of Theory

species ΔEint ΔEint,CP QNBO QMulliken

3Py+−NH3 −16.69 −15.62 −0.071 −0.080
5Py+−NH3 −14.68 −13.74 −0.061 −0.070
7Py+−NH3 −13.74 −12.80 −0.060 −0.068
9Py+−NH3 −13.05 −12.11 −0.057 −0.065
∞Py+−NH3 −10.74 −9.69
3Py+−CO2 −5.08 −4.58 −0.018 −0.045
5Py+−CO2 −4.27 −4.10 −0.015 −0.038
7Py+−CO2 −3.95 −3.45 −0.013 −0.037
9Py+−CO2 −3.64 −3.50 −0.013 −0.035
∞Py+−CO2 −2.78 −2.41
3Py+−CO(1) −4.46 −3.22 −0.030 −0.056
5Py+−CO(1) −4.02 −3.01 −0.026 −0.050
7Py+−CO(1) −3.70 −2.61 −0.024 −0.047
9Py+−CO(1) −3.51 −2.31 −0.023 −0.045
∞Py+−CO(1) −2.63 −0.80
3Py+−CO(2) −3.20 −1.76 −0.015 −0.039
5Py+−CO(2) −2.70 −1.50 −0.012 −0.033
7Py+−CO(2) −2.51 −1.19 −0.011 −0.033
9Py+−CO(2) −2.32 −1.02 −0.010 −0.030
∞Py+−CO(2) −1.81 −0.07
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for nPy−CO(1) and nPy−CO(2), respectively. These results
indicate that nPPy+ has more response with CO(1).
Furthermore, comparative analysis of the above results

illustrates that PPy oligomers in either the doped or neutral
state are sensitive and selective toward NH3. The interaction
energy analysis also supports the experimental evidence of high
sensitivity of PPy toward NH3 gas.
II. Charge Analysis. Interaction between two or more

species is often associated with charge transfer. Charge transfer
alters the electronic and structural properties of these
interacting species. The sensing capability and, therefore,
selectivity of PPy oligomers (doped and neutral forms) toward
NH3, CO2, and CO are investigated through amount of charge
transfer between the oligomer and analyte. The extent of charge
transfer between nPy/nPy+ and analytes [NH3, CO2, CO(1),
and CO(2)] is simulated at the 6-31G(d) level of theory. The
amount of charge transfer is simulated from Mulliken and NBO
charge analyses, which are given in Table 1 for nPy−X and
Table 2 for nPy+−X complexes.
nPy/nPy+−NH3. In the 3Py−NH3 complex, ammonia

transfers about 0.043 e− charge to 3Py, based on Mulliken
and 0.046 e− based on NBO charge analysis. This phenomenon
can also be regarded as an n-doping process of 3Py. This extra
charge does not remain confined on the bridging NH group of
the Py; rather, it is distributed along the entire complex through
delocalization which alters the electronic structure of the 3Py.
The charge transfer is rather stronger in higher repeating units
such as the 5Py−NH3 complex. The 5Py gains −0.044 e− from
ammonia (based on Mulliken) and −0.045 e− based on NBO
charge analysis. Similarly, 7Py accepts −0.046 e− in units of
electrons (based on Mulliken) and −0.048 e− (based on NBO)

from NH3. In the case of the 9Py−NH3 complex, the polymeric
backbone gets −0.048 e− (based on Mulliken) and −0.050 e−

(based on NBO).
Charge transfer from analytes to nPy+ oligomers is more

intensive due to the electrophilic nature of the latter. For
instance, 3Py+ gets 0.071 e− charge based on NBO and 0.080
e− based on Mulliken charge analysis. This charge transfer,
from ammonia to doped oligomer, causes dedoping of 3Py+. In
large repeating units this charge transfer is relatively low (Table
2). This could be probably because of the delocalization of
charge in large oligomers. Transfer of electronic cloud density
from NH3 to either nPy or nPy+ provides a platform for the
sensing ability of this polymer.

nPy/nPy+−CO2. Neutral PPy oligomers interact with CO2

and accept electronic charge from CO2 (Table 1). CO2 donates
about 0.005 e− charge to 3Py, based on NBO and 0.011 e−

based on Mulliken charge analysis. With the chain length
elongation of the neutral nPy, the amount of charge transferred
increases, i.e., 0.007 e− (based on NBO) and 0.012 e− based on
Mulliken in 5Py−CO2, 0.006 e− (0.010 e− based on Mulliken)
in 7Py−CO2, and 0.008 e− (QMulliken) and 0.022 e− (QNBO) in
the 9Py−CO2 complex (see Table 1). The doped form of PPy
oligomers has more potential to interact with CO2, and hence
this donation is more compared to the neutral species. For
example, 3Py+ gets 0.018 e− charge based on NBO and 0.045
e− based on Mulliken charge analysis (Tables 1 and 2). A quite
similar effect is observed in higher repeating units, but the
doped ones are more responsive toward these analytes.
However, the interaction is reduced with chain length
elongation, which may be due to the increase in conjugation
and delocalization (vide supra).

Figure 3. Frontier molecular orbitals of 3Py/3Py+ and 3Py/3Py+−X (X = NH3, CO2, CO(1), and CO(2)), using B3LYP/6-31G(d) and UB3LYP/6-
31G(d) levels of theory.
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nPy/nPy+−CO. Interestingly, the interaction of nPy
oligomers with CO is slightly greater than that of CO2,
regarding charge transferring. PPy receives about 0.008 e−

charge (QNBO) and 0.022 e− (QMulliken) from CO in the case
of 3Py−CO(1) (see Table 1). On the other hand, 3Py gets
0.013 e− charge (QNBO) and 0.027 e− (QMulliken) in the 3Py−
CO(2) complex. This charge transferring increases up to 0.008
e− (QNBO) and 0.022 e− (QMulliken) in 9Py−CO(1). However,
the 9Py−CO(2) complex is stronger than that of 9Py−CO(1),
where charge transfer is about 0.017 e− (QNBO) and 0.035 e−

(QMulliken). It can be observed that CO(1) (at C terminus)
shows strong interaction with nPy oligomers, compared to
CO(2) (at Oxygen terminus). Both NBO and Mulliken charge
analyses are also consistent with the interaction energy
simulations. A similar, but more distinct, effect can be seen in
nPy+−CO(1) and nPy+−CO(2) complexes (see Table 2).
The trend obtained from the charge analysis shows that this

polymer is more sensitive and selective toward NH3, among
CO2, CO, and NH3. Although the results obtained from the
charge analysis support the interaction energy analysis, the
amount of charge transfer cannot provide useful information
about the sensitivity and selectivity of the polymer solely. Here
the charge transfer is too low to give a conclusive result about
the sensing ability of the polymer. This may be due to the fact
that Mulliken and NBO charge analyses are highly method
dependent.
III. Frontier Molecular Orbital and Band Gap Analysis.

Interaction between two species (chemically or physically) is
considered because of the interaction of molecular orbitals,
occupied and unoccupied. When two species come close to
each other, their molecular orbitals start interacting with each
other and develop electrostatic/van der Waals type of
interactions between them. Sensing properties of a substance
are also greatly dependent on the interaction of molecular
orbitals of oligomer with analyte. Molecular orbitals of sensing
material, particularly HOMO and LUMO, get perturbed after
interaction with analyte. This perturbation greatly affects other
properties of the sensing substance (polymer in our case) such
as IP, EA, and band gap. These theoretical electronic properties
are translated in experimental redox potential and conductivity.
Contours of the HOMO and LUMO of isolated nPy/nPy+

and analyte bounded complexes are given in Figure 3 and
Figures S3−S5 (Supporting Information). Frontier molecular
orbital energies and corresponding band gaps are listed in
Tables S6 and S7 (Supporting Information).
nPy/nPy+−NH3. NH3 donates electronic cloud density to

nPy and causes doping of the polymer. This transfer of
electronic cloud density decreases the energy of HOMO of nPy
(Tables S6 and S7, Supporting Information). A decrease of
about 0.3 eV is observed in the energy of HOMO of 3Py after
interacting with NH3. Similarly, a decrease of about 0.23 eV is
simulated in the case of 5Py, 0.18 eV in 7Py, and 0.16 eV in 9Py
on sensing NH3. A change in the LUMO energy also indicates
transfer of charge from NH3 to the nPy (Table S6, Supporting
Information). Alteration in orbital energies also alters the
corresponding band gap of the nPy oligomers. A slight
shortening of band gap from 4.39 to 4.36 eV is observed in
3Py−NH3, 3.79 to 3.74 eV in 5Py−NH3, 3.53 to 3.51 eV in
7Py−NH3, and 3.41 to 3.39 eV in 9Py−NH3 complexes. A
decrease in the band gap value also strengthens the evidence of
doping in nPy upon interaction with NH3.
NH3 donates electronic cloud density and causes dedoping of

nPy+ oligomers. This transferring of electronic density from

NH3 decreases the HOMO energy of nPy+, indicating its
sensing ability. A 0.31 eV decrease in HOMO energy can be
observed in 3Py+−NH3, 0.19 eV in 5Py+−NH3, 0.13 eV in
7Py+−NH3, and 0.10 eV in 9Py+−NH3 complexes, compared to
isolated 3Py+. HOMO and LUMO energies decrease
correspondingly which leads to the enlargement of band gap,
showing dedoping of the polymer (Table S6, Supporting
Information). The band gap increases from 3.85 to 3.95 eV in
3Py+−NH3, 3.23 to 3.31 eV in 5Py+−NH3, 3.00 to 3.07 eV in
7Py+−NH3, and 2.92 to 2.97 eV in 9Py+−NH3 complexes. The
extrapolated values up to infinite repeating units for HOMO,
LUMO, and band gap are also simulated (see Tables S6 and S7,
Supporting Information).

nPy/nPy+−CO2. CO2 causes perturbation in the HOMO
energy of nPy oligomers but to a lesser extent (about 0.01−0.02
eV for all oligomers) as compared to NH3. For example,
HOMO energy decreases from −4.43 to −4.42 eV in 3Py−
CO2., −4.17 to −4.16 eV in 5Py−CO2, −4.06 to −4.05 in 7Py−
CO2, and −4.02 to −4.00 eV in 9Py−CO2 complexes. A
decrease in the energies of LUMO is relatively high which leads
to a decrease in band gap (Table S6, Supporting Information).
A decrease in band gap is less pronounced which is due to the
inertness of nPy oligomers with CO2 (Table S6, Supporting
Information).
Interaction of CO2 with nPy+ also changes the HOMO and

LUMO energies. The band gap of nPy+ increases after
interaction with CO2 which can be regarded as dedoping of
nPy+ oligomers, due to charge transfer. The band gap increases
from 3.85 to 3.87 eV in 3Py+−CO2, 3.23 to 3.25 eV in 5Py+−
CO2, 3.00 to 3.02 eV in 7Py+−CO2, and 2.92 to 2.93 eV in
9Py+−CO2 complexes. It can also be observed that CO2 has
less effective interaction on a large oligomer. Very miniscule
changes are observed in the HOMO, LUMO, and band gap,
compared to shorter repeating units. These inferences from
band gap analyses are also consistent with interaction energy
analysis (vide supra); therefore, a weak type of sensing is
deduced between nPy+ and CO2, compared to the nPy+ and
NH3 system.

nPy/nPy+−CO. The effect of two sites of CO on nPy/nPy+ is
also analyzed for HOMO, LUMO, and band gaps. Molecular
orbitals of CO(1) interact with 3Py and decrease its energy
from −4.43 to −4.39 eV, i.e., transfer some amount of charge to
3Py. However, the effect on the LUMO energy is opposite as it
increases from −0.04 to −1.02 eV. Changes in HOMO and
LUMO energies consequently affect the band gap. Similar
increases in the energies of HOMOs of other oligomers are also
observed.
Transfer of electronic cloud density from CO(2) to nPy

oligomers is almost negligible, compared to CO(1) and NH3
(Table S6, Supporting Information). The smaller the change in
HOMO energy, the lesser the sensing response toward CO(2).
Interaction of CO with nPy+ also follows the same trend as for
nPy; however, the overall interaction is very small (see Table
S7, Supporting Information). Comparative analyses of HOMO,
LUMO, and band gap combined with energetic parameters
illustrate that the carbon terminus of CO is the favorable
binding site.

IV. UV−vis/UV−vis−Near-IR Spectroscopic Analysis.
UV−vis and UV−vis−near-IR spectra of both of the isolated
nPy/nPy+ and analyte-bound copmplexes are simulated at TD-
B3LYP/6-31G(d) and TD-UB3LYP/6-31G(d) level of theo-
ries, respectively. Three distinct peaks can be observed in nPy
and nPy−X, and these results are consistent with earlier
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theoretical and experimental work. The experimerntal UV−vis
spectrum of PPy has three prominent absorption band peaks.
In short oligomers, the third peak is not very prominent but can
be observed beyond five repeating units. UV−vis spectra of
nPy/nPy+ and nPy/nPy+−X complexes (containing more than
three repeating units of Py) are given in the Supporting
Information of Figures S6−S17, while 3Py/Py+ and their
complexes are given in the subsequent sections. A peak in the
near-IR region can be obseved in the doped form of nPy (nPy+)
and their analyte bound complexes, besides the three main
peaks.
nPy/nPy+−NH3. nPy shows three distinct band peaks which

get shifted to longer wavelength upon interaction with NH3

(Figure 4 and Figures S6−S8, Supporting Information). The
red shift illustrates the doping process of PPy by NH3. NH3

donates electronic cloud density to PPy and decreases its band
gap. 3Py shows three peak bands at about 301, 229, and 201
nm, but with chain length elongation, these band peaks appear
in the visible region. The major band peak of 3Py with low
energy (301 nm) is red-shifted to 305 nm on interaction with
NH3 (Table 3). In 5Py, this peak appears at 361 nm and red
shifts to 366 nm on interaction with NH3. In longer oligomers,

the red shifts are from 395 to 398 nm in 7Py and from 414 to
418 nm in the case of 9Py.
The UV−vis spectrum of nPy+ shifts to the low energy

(compared to nPy) band peak in the near-IR region which
clearly shows the doping phenomenon of nPy. NH3 decreases
the doping intensity of nPy+ by transferring electronic charge
density; therefore, it causes a blue shift in the low energy band
peak. The band peak appearing at ca. 769 nm shows blue
shifting to 662 nm in 3Py+−NH3. The similar band peak is
blue-shifted from 1034 to 1014 nm in 5Py+−NH3 (Table 4),
from 1440 to 1395 nm in 7Py+−NH3, and from 1907 to 1830
nm in 9Py+−NH3. This blue shifting of low energy band peaks
is also consistent with interaction energy and molecular orbital
analysis.

nPy/nPy+−CO2. CO2 also shows a similar but less
pronounced effect, compared to NH3, on interaction with
nPy/nPy+ (Figure 5 and Figures S9−S11, Supporting
Information). The prominent absorption band peak of 3Py at
301 nm is slightly red-shifted to 304 nm, upon interaction with
CO2. Similarly, the peak at 361 nm in 5Py-CO2 shifts to 363
nm. The shifts of absorption bands in larger oligomers upon
complexation with CO2 are 396−398 nm in 7Py−CO2 and

Figure 4. UV−vis/UV−vis−near-IR of 3Py (red), 3Py−NH3 (blue), 3Py
+ (green), and 3Py+−NH3 (black).

Table 3. Calculated Excitation Energies, Oscillator Strengths, and Molecular Orbitals (MOs) of the First Allowed Singlet
Transition Involved in the Excitation for nPy and nPy−X (X = NH3, CO2, and CO) (n = 3, 5, 7, and 9) Using the TD-B3LYP/6-
31G(d) Level of Theory

species wavelength (nm) energy (eV) oscillator strength coefficient MOs

3Py 301.22 4.1161 0.8513 0.70651 52→53
3Py−NH3 305.10 4.0637 0.7845 0.70428 57→58
3Py−CO2 304.13 4.0767 0.7697 0.70257 63→64
3Py−CO(1) 446.27 2.7782 0.0066 0.70655 59→60
3Py−CO(2)
5Py 312.68 3.9652 1.4910 0.70588 86→87
5Py−NH3 365.99 3.3876 1.4401 0.70563 91→92
5Py−CO2 363.02 3.4153 1.4385 0.70556 97→98
5Py−CO(1) 501.22 2.4736 0.0017 0.55787 93→94
5Py−CO(2) 481.79 2.5734 0.0007 0.70633 93→94
7Py 395.65 3.1337 2.0941 0.70091 120→121
7Py−NH3 398.00 3.1152 2.0563 0.70079 125→126
7Py−CO2 398.48 3.1114 2.0363 0.70085 131→132
7Py−CO(1) 509.97 2.4312 0.0087 0.59400 127→128
7Py−CO(2) 492.08 2.5196 0.0007 0.70434 127→128
9Py 414.45 2.9915 2.6992 0.69125 154→155
9Py−NH3 416.99 2.9733 2.6131 0.69079 159→160
9Py−CO2 418.94 2.9595 2.6270 0.69176 165→166
9Py−CO(1) 517.31 2.3967 0.0042 0.55014 161→162
9Py−CO(2) 496.96 2.4949 0.0006 0.70112 161→162
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414−418 nm in 9Py−CO2. The red shifting explains the doping
effect in PPy due to CO2. The lower energy peak appearing in
the near-IR region in doped form of PPy gets shifted to higher
energy upon interaction with CO2. The band peak at 769 nm
shifts to 664 nm in 3Py+−CO2, at 1034 shifts to 1026 nm in
5Py+−CO2, at 1440−1419 nm in 7Py+−CO2, and at 1907−

1871 nm in 9Py+−CO2. These results are consistent with the
above-discussed parameters. The peak shifting is less
pronounced as compared to NH3, depicting more sensitivity
of PPy/PPy+ toward NH3.

nPy/nPy+−CO. The UV−vis and UV−vis−near-IR spectra of
the isolated nPy, nPy+, and their CO complexes [CO(1) and

Table 4. Calculated Excitation Energies, Oscillator Strengths, and Molecular Orbitals (MOs) of the First Allowed Singlet
Transition Involved in the Excitation for nPy+ and nPy+−X (X = NH3, CO2, and CO) (n = 3, 5, 7, and 9) Using the TD-B3LYP/
6-31G(d) Level of Theory

species wavelength energy (eV) oscillator strength coefficient MOs

3Py+ 768.91 1.6125 0.2959 0.97876 51→52
3Py+−NH3 662.09 1.8726 0.2004 0.92789 56→57
3Py+−CO2 664.58 1.8656 0.1940 0.92105 62→63
3Py+−CO(1) 666.90 1.8591 0.1950 0.92280 58→59
3Py+−CO(2) 664.97 1.8645 0.1934 0.92030 58→59
5Py+ 1034.23 1.1988 0.5353 0.97559 85→86
5Py+−NH3 1014.36 1.2223 0.5381 0.97817 90→91
5Py+−CO2 1025.88 1.2086 0.5321 0.97560 96→97
5Py+−CO(1) 1033.94 1.1991 0.5340 0.97747 92→93
5Py+−CO(2) 1029.12 1.2048 0.5335 0.97595 92→93
7Py+ 1439.77 0.8611 0.8754 1.01455 119→120
7Py+−NH3 1395.23 0.8886 0.8715 1.01065 124→125
7Py+−CO2 1418.77 0.8739 0.8734 1.01204 130→131
7Py+−CO(1) 1435.88 0.8635 0.8686 1.01430 126→127
7Py+−CO(2) 1426.43 0.8692 0.8732 1.01281 126→127
9Py+ 1907.08 0.6501 1.1050 1.05743 153→154
9Py+−NH3 1829.73 0.6776 1.1167 1.04297 158→159
9Py+−CO2 1871.04 0.6626 1.1186 1.04990 164→165
9Py+−CO(1) 1898.76 0.6530 1.1027 1.05472 160→161
9Py+−CO(2) 1884.23 0.6580 1.1156 1.05231 160→161

Figure 5. UV−vis/UV−vis−near-IR of 3Py (red), 3Py−CO2 (blue), 3Py
+ (green), and 3Py+−CO2 (black).

Figure 6. UV−vis/UV−vis−near-IR of 3Py (red), 3Py−OC (blue), 3Py+ (green), and 3Py+−OC (black).
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CO(2)] are given Figures 6 and 7 and Figures S12−17
(Supporting Information). Trends in the shift of the absorption
are different than revealed by analyses of other properties. The
peak observed in 3Py at ca. 301 shifts to 298 nm in 3Py−
CO(1) and to 302 nm in the 3Py−CO(2) complex. The
absorption peak appearing at ca. 361 nm in 5Py moves to 363
nm in 5Py−CO(1) and to 366 nm in the 5Py−CO(2) complex.
Similarly, absorption peaks appearing in 7Py and 9Py also shift
after interaction with CO.

V. CONCLUSIONS

DFT study of nPy/nPy+ (where n = 3, 5, 7, 9) and their
complexes with NH3, CO2, and CO are caried out to analyze
the sensitivity and selectivity of PPy, in both neutral and doped
form. The intermolecular interaction energies are calculated
and counter poise corrected. The bond energies are in the
range of −9.98 to −10.53 kcal mol−1 in the case of nPy−NH3

complexes (hydrogen bonding) and −16.65 to −13.05 kcal
mol−1 in the case of nPy+−NH3 complexes (ion−dipole
interaction). The intermolecular interaction is found to be
weak electrostatic/weak van der Waals type bonding in CO2,
CO(1), and CO(2) bound complexes. Interaction energies of
CO(2) bound complexes show the inertness of CO(2) toward
PPy. The results of sensing of analytes by PPy are in excellent
correlation with the experimental results. CO interaction to
nPy/Py+ from the carbon side is more prominent compared to
the interaction with the oxygen atom. Comparative results of
interaction energy of neutral and doped forms of PPy reveal
greater response for the doped form toward different analytes.
It is also indicated from interaction energy that PPy shows
more response to CO2 than CO. The NBO and Mulliken
charge analyses support the results obtained from interaction
energy analysis, although the amount of charge transfer is too
low. Frontier molecular orbital energies of nPy−X and nPy−-X,
before and after sensing, confirm that NH3 perturbed the
orbital energy of PPy to a greater extent than the perturbation
caused by CO2, CO(2), and CO(1). Therefore, orbital studies
also add to the conclusion that PPy is very selective to NH3. In
neutral forms, red shifting in UV−vis spectra is observed upon
interacting with NH3, CO2, CO(1), and CO(2), which confirm
the doping process. These analytes cause blue shifting in UV−
vis and UV−vis−near IR spectra of nPy+, which confirm the
dedoping chemistry PPy+. NH3 has high peak shifting ability in
PPy/PPy+ compared to that of CO2, CO(1), and CO(2). In
conclusion, PPy (both the nPy and nPy+) has greater response/
selectivity with NH3, in the presence of CO2 and CO gases.
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The Application of Graphene and Its
Derivatives to Energy Conversion,
Storage, and Environmental and
Biosensing Devices

Asif Ali Tahir,*[a] Habib Ullah,[a] Pitchaimuthu Sudhagar,[b] Mohd Asri Mat Teridi,*[c]

Anitha Devadoss,[d] and Senthilarasu Sundaram*[a]

ABSTRACT: Graphene (GR) and its derivatives are promising materials on the horizon of
nanotechnology and material science and have attracted a tremendous amount of research interest in recent
years. The unique atom-thick 2D structure with sp2 hybridization and large specific surface area, high
thermal conductivity, superior electron mobility, and chemical stability have made GR and its derivatives
extremely attractive components for composite materials for solar energy conversion, energy storage,
environmental purification, and biosensor applications. This review gives a brief introduction of GR’s
unique structure, band structure engineering, physical and chemical properties, and recent energy-related
progress of GR-based materials in the fields of energy conversion (e.g., photocatalysis, photoelectrochemical
water splitting, CO2 reduction, dye-sensitized and organic solar cells, and photosensitizers in photovoltaic
devices) and energy storage (batteries, fuel cells, and supercapacitors). The vast coverage of advancements in
environmental applications of GR-based materials for photocatalytic degradation of organic pollutants, gas
sensing, and removal of heavy-metal ions is presented. Additionally, the use of graphene composites in the
biosensing field is discussed. We conclude the review with remarks on the challenges, prospects, and further
development of GR-based materials in the exciting fields of energy, environment, and bioscience.

Keywords: energy conversion, energy storage, graphene, photocatalysis, sensors

1. Introduction

The main challenges for scientific and technological research
into solar energy conversion, energy storage, and environment
are the stability, durability, and performance of low-cost func-

tional materials. The discoveries of sp2-hybridized carbon
nanomaterials such as buckminsterfullerene,[1,2] carbon nano-
tubes,[3] and graphene (GR)[4] have revolutionized the research
directions in the fields of physics, material science, chemistry,
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and life sciences.[5] These carbon nanomaterials will continue to
play a vital role in overcoming the major technological and prac-
tical challenges of material science. Among the carbon nanoma-
terials, GR is the most exciting material due to its monolayer
structure composed of a network of six-membered rings.[6]

Considering its planar state, GR can be rolled into zero-
dimensional spherical fullerenes, one-dimensional carbon nano-
tubes, or two-dimensional honeycomb structures, or stacked

into three-dimensional graphite.[7] GR can be used as a basic
building block for all carbon nanomaterials and in composites
with other materials. GR has unique and stimulating properties,
such as high theoretical surface area (2630 m2 g21),[8] high
room-temperature charge carrier mobility (�100000 cm2 V21

s21),[9] the highest electrical conductivity (106 S cm21), high
thermal conductivity (�2000 to 5000 Wm21 K21),[10] and the
capacity to support large electrical current density (108 A

Asif A. Tahir graduated from the Depart-
ment of Inorganic Chemistry at Quaid-i-
Azam University, Pakistan, in 2009. He
worked as a research associate at Lough-
borough University for three years and
then moved to the University of Liverpool
before joining the College of Engineering,
Mathematics and Physical Sciences (CEMPS) at the Univer-
sity of Exeter as a Lecturer in Renewable Energy. He specializes
in the fabrication of nanomaterials using state-of-the-art tech-
niques for solar energy conversion and photocatalysis. His
research focus includes the design, synthesis, and characteriza-
tion of new materials using soft chemistry approaches and the
optimization of nanomaterials for high performance.

Habib Ullah obtained his M.Phil. in Phys-
ical Chemistry from the Institute of
Chemical Sciences, University of Pesha-
war, Pakistan, in 2014. Currently, he is
doing his Ph.D. in Renewable Energy at
CEMPS, University of Exeter, under the
supervision of Dr. Asif A. Tahir. His
research involves the design of novel materials, i.e., conjugated
organic polymers (graphene), inorganic metal oxides, and their
composites, for sensors, solar cells, rechargeable batteries,
light-emitting diodes, and corrosion inhibition applications.

Pitchaimuthu Sudhagar is currently
working as a Research Fellow at the
School of Chemistry and Chemical Engi-
neering, Queen’s University Belfast, UK.
He was the recipient of a JSPS Post-
Doctoral Fellow Award under the guid-
ance of Prof. Akira Fujima at the Photo-
catalysis International Research Center, Tokyo University of
Science, Japan, during 2013–2015. He received his Ph.D.
degree (Physics) from Bharathiar University, India, and later
moved to the Center for Next Generation Dye-Sensitized
Solar Cells of Hanyang University, South Korea (2009–
2013). He has published about 67 articles in peer-reviewed
international journals and three book chapters. His research
interest is to pioneer the creation of nanostructured electro-

des, semiconductor photoabsorbers, and electrocatalysts for
high-efficiency solar cells and solar fuel cells.

Mohd Asri Mat Teridi received his Ph.D.
on cathodic sensitization solar cells in 2012
from Loughborough University. He joined
the Solar Energy Research Institute,
National University of Malaysia, as a Junior
Research Fellow/Lecturer in 2007. After he
received his Ph.D., he was appointed as
Research Fellow/Senior Lecturer at the same university in 2013.
His recent research activity has focused on nanostructured metal
oxides for solar water splitting, perovskite solar cells, polymer
solar cells, and dye-sensitized solar cells.

Anitha Devadoss received her Ph.D.
from Dublin City University in 2011
under the supervision of Prof. Robert J.
Forster and Prof. Tia E. Keyes. She
worked as a Brain-Korea-21 postdoctoral
fellow at Hanyang University, South
Korea, and later as a researcher at Tokyo
University of Science, Japan. Currently, she works at Swansea
University, UK, and her research focuses on developing vari-
ous biosensors (electrochemical, ECL, and photoelectro-
chemical) and signal amplification strategies for highly
sensitive and selective bioanalysis. She has published over 25
research articles.

Senthilarasu Sundaram graduated from
Bharathiar University, Coimbatore,
India, in 2006. Currently, he works at the
University of Exeter, UK, and his
research focuses on the development of
nanostructured solar cells, especially dye-
sensitized solar cells and perovskite thin-
film solar cells through low-cost fabrication techniques. He is
concentrating specifically on scale-up engineering challenges
in novel solar cells, system-level integration, and spectral
dependence analysis.

P e r s o n a l A c c o u n t T H E C H E M I C A L R E C O R D

Chem. Rec. 2016, 00, 00–00 VC 2016 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Wiley Online Library 2



cm22).[11] Thus, GR is a unique material for capacitors,[12] bat-
teries,[13] and sensors.[14] On the other hand, its high surface
area, excellent transparency, light absorption, and charge trans-
port properties have triggered huge interest from different
research fields concerned with energy conversion and environ-
mental pollution remediation, which are gaining traction in
modern society.[7,15] Along with energy conversion, storage, and
photocatalysis of environmental pollution, GR also has a wide
range of other applications in the fields of nanoelectronics, opto-
electronics, chemical and biochemical sensing, polymer compo-
sites, intercalation materials, and drug delivery.[16]

Certainly, the discovery of GR in 2004 has opened up
enormous scientific opportunities. Recently, technologies for
preparing GR, its derivatives, and GR-based nanomaterials/
nanocomposites have grown rapidly because of more sophisti-
cated fabrication methods. The versatile methods developed
for the synthesis of GR and its derivatives include chemical
vapor deposition (CVD) on metal surfaces; epitaxial growth
on single-crystal SiC; micromechanical cleavage of graphite
crystals; and “top-down” exfoliation of graphite by means of
oxidation, intercalation, and/or sonication.[17] The chemical
oxidation of graphite to GR oxide (GO) and its subsequent
reduction to reduced GR oxide (rGO) was considered as an
effective method for preparing GR nanosheets because of its
scalability, high yield, and low cost.[18] The rGO possesses
reactive groups, such as epoxide, hydroxyl, carbonyl, and car-
boxylic groups, allowing the development of functionalized
GR-based materials.[18] There is increased popularity in the
use of GR, GO, and rGO in energy conversion (photoelectro-
chemical (PEC) water splitting, photocatalytic water splitting,
and photovoltaic devices), energy storage (capacitors and bat-
teries), and environmental applications (photocatalytic degra-
dation of pollutants, gas sensors and heavy-metal removal).
Therefore, it is necessary to compile a comprehensive review of
the energy and environmental applications of GR and its
derivatives.

The progress made in GR-based materials for energy and
environmental applications has been discussed in several
review articles with a focus on either specific materials or gen-
eral preparation methods and functionalization.[1,7,15,19]

Recently, Zhang et al. have compiled a few excellent reviews
highlighting the importance of GR as a template for composite
photocatalyst synthesis and an excellent candidate for artificial
photosynthesis.[7,20] They also critically reviewed the entrepre-
neurial aspects of the commercialization of GR-based technol-
ogies.[7] This article aims to give a relatively systematic update
on the development and current research status of GR-based
materials from the perspective of energy conversion, energy
storage, and environmental purification. After a brief introduc-
tion of the structure and properties of GR, GO, and rGO, we
will discuss the electron acceptor and transport properties of
GR and its derivatives. Each section provides key challenges

and requirements to enhance the performance of GR-based
materials in photocatalysis and energy storage. Afterwards, we
explore and summarize the recent progress of GR usage and its
derivatives for PEC and photocatalytic water splitting and
photocatalytic conversion for fuels, photovoltaics, and applica-
tions in supercapacitors, batteries, degradation of pollutants,
heavy-metal removal, and so forth. The main applications of
GR and its derivatives are summarized in Figure 1. In addition,
key challenges encountered with GR-based materials, for their
effective use in energy conversion, storage, and environmental
applications, are discussed in the final section. This update
promotes a more efficient and rational review of the structural
and electronic properties of GR and a more efficient design of
GR-based materials for solar energy conversion, energy stor-
age, biosensors, and environmental applications.

1.1. Structure and Properties of Graphene

Carbon, which is a past, present, and future backbone of
chemistry, regained popularity in the last decade and won the
Nobel Prize for Physics in 2010.[21] The different types of car-
bon produced at different stages and in different forms such as
C12, coal, and gasoline have been used in electrode technolo-
gies, lubricants, carbon-fiber-reinforced plastics, pencil lead,
and nanotechnology. GR is a carbon-containing compound
that has a two-dimensional stable geometrical structure con-
taining delocalized p-conjugated systems. Generally, GR exists
in different isotropic forms, three of which are depicted in Fig-
ure 2. The versatile applications of GR stem from its unique
structure and highly anisotropic properties. Its characteristic

Fig. 1. Overview of GR-based materials in energy conversion, energy storage,
environmental, and sensing applications.
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a b s t r a c t

Quantum mechanical calculations are performed to establish the structure of an oligomer of aniline and
pyrrole [Poly(Ani-co-Py)], through comparison of experimental and theoretically calculated properties,
including conductivity. The copolymer was synthesized through chemical oxidative polymerization and
then confirmed from the experimental IR, UVevis, mass spectra, elemental, XRD, TGA, and SEM analysis.
Quantum mechanical calculations are performed at Density Functional Theory (DFT) and Time depen-
dent DFT (TD-DFT) methods for the electronic and spectroscopic properties of the oligomer. A very nice
correlation is found between the theory and experiment which consequences the structure of Poly(Ani-
co-Py). Poly(Ani-co-Py) is not explored like other conducting polymers; however, by tuning this mo-
lecular structure, the electro-active nature of this material can be enhanced adequately.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced functional macromolecules such as conjugated
organic polymers (COPs) [1e3] are promising due to their wide
range of technological applications in the area of rechargeable
batteries [4], optoelectronic devices [5], light emitting diodes [6],
photovoltaic, sensors [7], biosensors [6,8], electrochromic display
material, electromagnetic shielding [9], artificial muscles, and solar
cell. Among COPs; poly (o-phenylenediamine) (POPD) [9], poly (3,
4-ethylenedioxythiophene) (PEDOT), polyparaphenylene (PPP),
polyparaphenylenevenylene (PPV), polythiophene (PT), poly-
pyrrole (PPy) [10], and polyaniline (PANI) have been studied both
theoretically [11,12] and experimentally for efficient synthesis,
characterization and applications [13e15]. Physical, electronic and
mechanical properties of the conducting polymers can be enhanced
by doping, de-doping [12], nanotube additives, and copolymeriza-
tion [16e18]. Poly(Ani-co-Py) double-walled nanotube arrays for
electrochemical energy storage (high-performance supercapacitor)
have been fabricated by Z. eL. Wang et al. [18]. Composites for-
mation is another efficient way to tune the properties of COPs.
Compared to pure COP, composites of COP with other materials
such as metals are gaining attentions due to unique properties and
applications. Blinova et al. [19,20], synthesized PANI-silver nano-
composites and reported higher conductivity of the nano-
composites as compared to pure PANI.

On the other hand, copolymerization is an efficient way to get
some new unique properties which are non-existent for homo
polymer [21e24]. Solanki et al. [24] has efficiently electro-
polymerized Poly(Ani-co-Py)-immobilized cholesterol oxidase
(ChOx) film (Poly(Ani-co-Py)/ChOx), and used as biosensor (bio-
electrode) with sensitivity of 93.3 mA/mM. A remarkable increase
of sensitivity in Poly(Ani-co-Py)/ChOx is observed compared to
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Fig. 1. Four proposed structures of Poly(Ani-co-Py).
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their homo polymer-immobilized ChOx, i.e. PANI/ChOx (69.0 mA/
mM) and PPy/ChOx (32.2 mA/mM). S. E. Mavundla et al. [25] has
chemically synthesized Poly(Ani-co-Py) using ammonium persul-
phate (APS) and ferric chloride as oxidants. They reported the
physicochemical and morphological properties of Poly(Ani-co-Py),
with amorphous, disordered structure, and lower conductivity
compared to their homo polymers of PANI and PPy. These authors
had assigned the lower conductivity of Poly(Ani-co-Py) due to
ineffective complex formation between PANI and PPy, induced by
the use of APS as the oxidant. These authors has described the
structural properties with different characterizations but did not
mention the proper structure of Poly(Ani-co-Py). Poly(Ani-co-Py) is
an interesting blend, consisting of 5 and 6 membered rings how-
ever, little attention has been paid toward its exact structure
[21e24].

A few other reports on the copolymerization of PPy and PANI
with certain limitations are also available (vide supra) [21e24,26],
but its structure is not properly discussed. D. K. Moon et al. [22] has
copolymerized pyrrole (Py) and aniline (Ani) and concluded that
conductivity of the resulted species declined contrary to their in-
dividual homo polymers [27]. They had used different co-
monomers ratios of Py and Ani (1:9 … 9:1) and found that the
properties of co-polymer shifted to PPy at 9:1, 8:2, 7:3, and 6:4
ratio. Whereas, shift were observed towards PANI at 1:9, 2:8, 3:7,
Fig. 2. Polymerization mechan
4:6, 5:5 M ratios. Overall, their work was just a confirmation of the
copolymerization, not the structure determination. Stejskal et al.
[20] and Lim et al. [27] reported a copolymer of Poly(Ani-co-Py),
and found a nonlinear trend in the conductivities of Poly(Ani-co-
Py) samples, which were synthesized using HCl as dopants. They
attributed the decrease in conductivity of the copolymer, with in-
crease in Py, to the shortening effect of PANI chain through the
copolymerization or heterodiads formation of Ani with Py rather
than to forming Ani blocks. M. J. Antony et al. [28] did not observe
any nonlinear behavior in their synthesized random copolymer
therefore, rejected the heterodiad formation (Lim and Stejskal
work) [20,21,27]. They described the unusual nonlinear conduc-
tivity behaviors in the copolymers materials to variation in the
morphology, and difference in the three-dimensional solid-state
ordering. Y. Zhu et al. [29] has successfully synthesized hollow
Poly(Ani-co-Py)-Fe3O4 nanospheres via the oxidative polymeriza-
tion of Ani and Py in the presence of a magnetic fluid. Their
copolymer had interesting electromagnetic and super para-
magnetic properties. Moreover, increase in conductivity were
found with Fe3O4 contents. Among all these reports K. Moon et al.
has proposed the molecular structure of Poly(Ani-co-Py) as shown
in Fig. 1a. However, they were unsuccessful to support their
structure from spectroscopic and other related analytical tech-
niques. Taking into account these considerations (ambiguities), we
set to synthesize a copolymer from Ani and Py in the presence of
APS. The objectives of the current work is to: (I) confirm the
copolymerization (II) determine decrease or increase in conduc-
tivity on copolymerization (III) validate the structure of the
copolymer (if formed) through experimental and theoretical
studies. DFT methods at B3LYP/6-31G (d) level of theory [30,31] is
employed which gives fruitful results especially in the field of COPs
[9,12,26,32e35].
2. Methodology

2.1. Experimental

Poly(Ani-co-Py) was synthesized from double distilled Ani and
Py of analytical grade (Aldrich Sigma) by a well-known common
oxidative polymerization method [36] at ambient temperature.
We also attempted inverse emulsion (chemical) [27,37] and
ism of ANI (a) and Py (b).



Fig. 3. Solubility of PPy, PANI, and Poly(Ani-co-Py) in NMP along with their corresponding filtrate.
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electrochemical polymerization techniques but, found that
chemical oxidative polymerization is much superior [38,39]. APS
(analytical grade) and HCl(aq) (37% pure) were used as oxidizing
agent and supporting electrolyte, respectively. In a typical proce-
dure, 10 mL (0.1 M) of Ani(aq) and 10 mL (0.1 M) of Py(aq) solutions
were mixed with stirring. After 20 min, 10 mL of HCl (0.1 M) so-
lution (catalyst) were added and then after another hour, 10 mL of
APS (0.1 M) were added. The reaction mixture was left to stir for
24 h. The mixture was filtered and washed with distilled water
and then with acetone. The bluish-black precipitate was dried in
an oven at 60 �C for two hours. In another optimization, the ratios
of Ani, Py and HCl were kept constant however; different con-
centration of APS such as 0.5, 1, 1.5 and 2 M were employed. A
Shimadzu UVevis 1700 spectrophotometer was used to record the
UVevis spectra. The sample was dissolved in NMP and the spectra
were recorded in spectral region ranging from 200 to 800 nm.
Elemental analysis was performed in Pakistan Council of Scientific
and Industrial Research (PCSIR) Laboratory Peshawar, Pakistan,
using Elementar CHNS-0 elemental analyzer Germany. IR spectra
were measured as KBr pellets, using Perkin Elmer spectropho-
tometer series 400 IR, in the region from 400 to 4000 cm�1 with a
resolution of 4 cm�1. The spectra were collected in ATR mode with
10 numbers of scans for all samples. The experimental band gap of
the powder sample of Poly(Ani-co-Py) was measured in the range
of 200e1000 nm, using Perkin Elmer spectrophotometer Lambda-
1050.
Table 1
Elemental analysis of Poly(Ani-co-Py).

Sample Oxi/Mon % Yield % C % H % N C/N ratio

Poly(Ani-co-Py) 1 74.2 66.75 5.25 23.87 2.79
2.2. Computational methods

All DFT calculations were carried out on GAUSSIAN 09 [33] and
the results were visualized through Gabedit [40] and GaussView
[41]. DFT and time depended DFT (TD-DFT) calculations were
performed to determine the approximate structure of Poly(Ani-
co-Py) and its conductivity. We have shown in our previous re-
ports that oligomers up to five or six repeating units can accu-
rately represent the polymeric characteristics [9e12]. Geometries
of type a, b, c and d (Fig. 1) of Poly(Ani-co-Py) were considered
for calculations. Optimizations of these oligomers were
confirmed from frequency calculation. Some of the calculated
properties such as ionization potential (I.P), electron affinity (E.A),
HOMO, LUMO, and band gap of all these three types (see Fig. 1) of
Poly(Ani-co-Py) were simulated. I.R spectra were simulated and
scaled with a common scaling factor of 0.9613. The UVevis
spectra and natural bond orbitals (NBO), Mulliken charge ana-
lyses were simulated at TD-DFT-B3LYP/6-31G (d) and DFT-B3LYP/
6-31G (d) level of theories, respectively. All calculations were
performed in the gas phase, except UVevis spectra which is
simulated in CHCl3 medium, using polarized continuum model
(PCM).
3. Results and discussion

3.1. Synthesis of PANI and PPy

There are three different fundamental oxidation states of PANI;
Leucoemeraldine (LB), Emeraldine Base (EB), and Pernigraniline
Base (PNB). The EB form of PANI can be converted into a conducting
state upon protonation, emeraldine salt (ES). Synthesis of all these
states by chemical oxidative polymerization method is shown in
Fig. 2a. Neutral PANIs have the general formula [(eBeNHeBeNHe)
y(eBeN]Q]Ne)1-y]x, where B and Q represent benzenoid and
quinoid units, respectively. In this formula, y is the oxidation
number and can be varied from 1, 0.5 and 0; from reduced to the
fully oxidized one. PANI was synthesized with a common oxidative
polymerization technique, although various reports are available
on its chemical synthesis [36,42e45]. Similarly, PPy typical poly-
merization mechanism is depicted in Fig. 2b. These both homo-
polymers are synthesized, compared with the well-known re-
ported work for the validation of our experimental procedure. We
found an excellent correlation among our and reported work
[36,42e45].
3.2. Synthesis of Poly(Ani-co-Py)

Before the synthesis of copolymer, we synthesized homo-
polymers; PANI and PPy according to the literature methods
[36,42e45]. The characteristics of the homo polymers were corre-
lated with the reported work which validated our protocol.
Experimental results and discussion in the subsequent discussions
is limited to the copolymer. The synthesized Poly(Ani-co-Py) color
is compared with their homo polymers analogs. Synthesized PANI
is soluble in N-methyl-2-pyrrolidone (NMP), and blue in color (EB
form). On the other hand, PPy is partially soluble in NMP (see Fig. 3)
but completely soluble in m-cresol and dark black in color. Copol-
ymer, Poly(Ani-co-Py) is completely soluble in NMP and has black
color with light orange (in the web version) filtrate (see Fig. 3),
where these three polymers are given along with their corre-
sponding filtrates.



Table 2
Proposed structure of Poly(Ani-co-Py) based on mass spectral result.

Peak position Proposed structure

468.3

HN
H
N

H
N

NN
H

N
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3.3. Elemental analysis

Elemental analysis of Poly(Ani-co-Py) is listed in Table 1, per-
centages of C, H and N are 66.75, 5.25 and 23.87, respectively. A
comparison of the theoretical and observed values demonstrates
that hydrogen and oxygen are in more percentage than expecta-
tion, which may be attributed to moisture or incomplete combus-
tion. The C/N ratio of the sample is close to 3. Given the close
resemblance of structures a-d and the associated uncertainties in
the experimental results, it is pointed out that the elemental
analysis would not play a significant role in the identification of
structure (Table 2).

3.4. Mass spectral analyses

The mass spectrum provides vital information in assigning the
structure of a compound. The structures a-d (shown in Fig. 1) can
be distinguished from the fragmentation pattern. The HR-ESI-MS
spectrum of poly(Ani-co-Py) is shown in Fig. 4. The spectra indi-
cate that the peak at highest m/z for Poly(Ani-co-Py) product is
Fig. 4. Mass spectrum
467.3, which is one unit lower than the theoretically calculated
molecular mass (m/z 468 for type c and d) of a 3:3 oligomer of
aniline and pyrrole (3:3: ANI:Py). For a 3:3 oligomer, the molecular
mass should be an even number (Nitrogen rule). Therefore, the
peak at ca. m/z ¼ 467.3 is assigned to the M�1 fragment of 3:3
oligomer of ANI and Py (molecular formula C30H24N6). A promi-
nent peak at M�1 in the mass spectrum is common for the mol-
ecules containing acidic protons. The structures a and b have two
hydrogens more than the structure c and d, and therefore, ex-
pected to have the highest m/z at 470. The lack of peak at m/z 470
probably eliminates the possibility of structures a and b. The
structures c and d are the oxidized forms of b (dehydrogenation).
Therefore, mass fragmentation pattern has been evaluated to
determine the position of oxidation in order to differentiate be-
tween c and d. The mass spectrum of Poly(Ani-co-Py) consisted of
several peaks, as shown in Fig. 4. The mass fragmentation patterns
of type c and d are shown in Fig. 5. Structures c and d are expected
to differ in the fragmentation of pyrrole part of the oligomer. Type
c is expected to have a peak at m/z 440 whereas the type d is ex-
pected to have a peak at m/z 439. Analysis of the spectra indicate
of Poly(Ani-co-Py).



Fig. 5. Mass fragmentation of Poly(Ani-co-Py) from M�1 ion peak at m/z 467.3.
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that the peaks are present at m/z 439 and 440 therefore, no
conclusive remarks can be made from the analysis of these peaks.
However, type c is expected to have a peak atm/z 339 compared to
337 or 338 (depending on the position of hydrogen loss for M�1
ion) for type d. Indeed, a peak at m/z 339 is observed in the
spectrogramwhereas no peaks were observed atm/z 337 and 338.
The peak at m/z 339 is very helpful in deciding the position of
oxidation. For any other position of oxidation, a peak at m/z 339 is
not logical. The connectivity of three aniline rings can be ratio-
nalized by peaks atm/z 92 (Ph-NH), 183 (PheNHePheNH) and 259
(PheNHePheNHePhe). We believe that the M�1 peak was
observed due to loss of proton from the NH next to pyrrole frag-
ment because the fragment (PheNHePheNHePheNH) could not
be located. So, this spectrogram and elemental analysis suggest
that the sample has an oligomeric structure, consisting of 3ANI and
Fig. 6. Optimized geometric
3Py rings. The mass spectral analysis suggests that the structure is
probably c.
3.5. Optimized geometric structure

Geometries optimization of structures “a”, “b”, “c” and “d” of
Poly(Ani-co-Py) were carried out at DFT method with B3LYP/6-31G
(d) level of theory. The optimized geometric structures of types a, b,
c and d of Poly(Ani-co-Py) are shown in Fig. 6. Since the mass
spectrum analysis suggest that the structure of the oligomer is
more likely “c”. The optimized geometry of type c is not planar but
bent at one end. We discussed earlier that a planer structure of
polymers provides an easy pathway for the movement of delo-
calized p-electron along its backbone. The oligomer in type “c” is
not completely planar; therefore, delocalization of the p-electrons
over the polymer backbonewould be reduced. It would be expected
to have less conductivity compared to homo polymers of aniline or
pyrrole. These observations are consistent with the reported liter-
ature; Poly(Ani-co-Py) bears low conductivity contrast to their in-
dividual homo polymers [19,20,28]. We have also analyzed the
geometries of type d. The optimized geometry of d is also bent. Both
structures c and d are less bent compared to structure b. The
structure b is bent much from planarity and it leads to very low
conductivity (vide infra). Moreover, the structure b is also not
structures of type aed.



Fig. 7. UVevis spectrum of Poly(Ani-co-Py).

Table 3
Experimental and simulated UVevis absorption bands of 6Poly(Ani-co-Py).

Simulated UVevis of PPy Absorption Assignment

Calculated Experimental

Type a 387 nm (2.10) S0 / S1
Type b 342 nm (1.40) S0 / S1
Type c 574 nm (0.56) 520 nm S0 / S1
Type d 631 nm (1.46) S0 / S1
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supported by mass spectral analysis while type a has linear geo-
metric structure.

3.6. UVevis spectral characteristics

The experimental UVevis spectrum of Poly(Ani-co-Py) is shown
in Fig. 7, whereas the simulated ones (type a, b, c and d) are
depicted in Fig. 8. The experimental UVevis spectrum of Poly(Ani-
co-Py) show uniforms absorption throughout the whole visible
region and gives a broad peak in the UV region ca. 520 nm. Our
experimental UVevis spectrum are also in close agreement with
recently reported work [21e24]. This single maximum absorption
band peak is due to the transition of valance electron to the con-
duction band. This absorption band peak is correlated with the lmax
of type a, b, c and d which are listed in Table 3.

The TD-DFT simulated UVevis spectrum of type c shows two
peaks ca at of 574 (lmax) and 337 nm. The simulated UVevis
spectrum of type d also shows two absorption transitions at 631
and 321 nm. The maximum absorption peak (631 nm) is due to p
/ p*. Although the experimental UVevis spectrum show a single
broad peak in the region of 500e600 nm (specifically at 520 nm)
but the diffuse nature of the peaks shows close resemblance to type
c, where peak of low oscillator strength (574 nm, lmax) is simulated.
It may be argued that two peaksmay be present but their lowmolar
Fig. 8. Simulated UVeVis spectra o
absorptivity might have resulted in the overall appearance of a
single peak. The types a and b give maximum excitation energies at
387 and 3342 nm, respectively. Excitations energies of the type a, b,
c and d of Poly(Ani-co-Py) along with their oscillator strengths and
transitions states are shown in Table 3.

The observed 520 nm (lmax) of the UVevis spectrum can be
easily correlated with the first allowed optical electronic excitation
of type c, ca. at 574 nm, containing disturbed conjugation with
spiral symmetry (vide infra). The experimental UVevis spectra has
nice correlation with that of type c, besides of having 50 nm dif-
ference. On the basis of this similar assignments and band peak
position, we can easily conclude that the structure of the synthe-
sized sample is just like type c (6Poly(Ani-co-Py), not a, b and d.
Besides time dependent simulation, molecular orbital simulation
and their different excitation transitions correlate nicely between
the experiment and theory (especially in our case, see “Electronic
Properties” section below).
3.7. Electronic properties

Electronic properties such as HOMO, LUMO, IP, EA, and band
gap of type a, b, c and d of Poly(Ani-co-Py) are simulated at
B3LYP/6-31G (d) level of theory. Negative of HOMO and LUMO are
taken as IP and EA, respectively using Koopman's theorem.
Contours of HOMO and LUMO are depicted in Fig. 9. The exper-
imental band gap (indirect band gap) was measured from the
synthesized powder of Poly(Ani-co-Py), which is 2.40 eV and is
given in Fig. 10. The experimental band gap is also correlated to
the calculated band gaps of type a, b, c and d of Poly(Ani-co-Py),
(see Table 4).

Electronic properties are simulated to account for the conduc-
tivity of Poly(Ani-co-Py), compared to homo polymers. The con-
ductivity issue is extensively explained in the introduction, where J.
Stejskal et al. reported a low conducting nature of the resulted
copolymer [Poly(Ani-co-Py)]. The simulated band gaps are corre-
lated with the experimental band gap, obtained from the powder
sample of Poly(Ani-co-Py). The estimated band gaps of type a, b, c
f type a-d of 6Poly(Ani-co-Py).



Fig. 9. HOMO and LUMO of type a-d of 6Poly(Ani-co-Py).

Fig. 10. Experimental Band gap of Poly (Ani-co-Py).

M. Kamran et al. / Polymer 72 (2015) 30e3936
and d are listed in Table 4 which has 3.67, 4.10, 2.09 and 2.30 eV
band gap, respectively. The band gap for type c can be correlated to
the observed band gap of 2.40 eV. Although, this value is close to
the simulated type d, but the UVevis spectral analysis cannot be
ignored as well (vide supra). The I.P and E.A of type c are 4.63 and
2.54 eV, which give rise to band gap of 2.09 eV. We have also
evaluated the electronic nature of type a and b, but these structures
are not supported by mass spectral analysis. Type b is less con-
ducting than type c and d. Type a provides a relatively easy way for
the delocalization of p-electron, whereas in b, this electronic cloud
density is concentrated at one side.

3.8. Vibrational spectral characteristics of Poly(Ani-co-Py)

Simulated IR spectra of type a, b, c and d of Poly(Ani-co-Py) are
given in Fig. 11, whereas a comparison of the observed and
Table 4
IP, EA, and band gap (both theoretical and experimental) in eV of type aed.

Type IP EA Band gap Exp band gap

a 4.11 0.44 3.67
b 4.30 0.20 4.10
c 4.63 2.54 2.09 2.40
d 4.53 2.23 2.30
simulated type c is shown in Fig. 12. The experimental IR spectrum
of Poly(Ani-co-Py) reveals peaks ca. at 3296, 3052, 2934,
2364e2327, 1491, 1247, 1180, 1091, 981, 840, and 755 cm�1. On the
other hand, the simulated IR spectra of type a, b, c and d consist of
19 prominent band peaks. The experimental and calculated scaled
Fig. 11. Simulated IR spectra of type aed.



Fig. 12. Experimental (red) and theoretical (green) IR spectra (type c) of Poly(Ani-co-
Py). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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IR peaks (type a, b, c and d) of Poly(Ani-co-Py), along with their
approximate assignments are listed in Table 5. The simulated and
observed NH stretching has little difference, as the theoretical data
is for an isolated oligomer in the vacuum state while the experi-
mental is that of condensed phase. Two NH bands are simulated for
the type a, b, c and d whereas only one broad peak is observed
experimentally which probably encompasses both peaks. The band
peak due to NeH stretching of Py ring is simulated at ca. 3512 (type
a), 3516 (type b), 3517 cm�1 (type c) and 3521 cm�1 (type d) in
6Poly(Ani-co-Py). The observed peak at ca. 3296 cm�1 is also
because of NeH stretching of the aromatic ammines. This peak
(3296 cm�1) has 176, 134, 189 and 168 cm�1 differences to that of
the type a, b, c and d, respectively. The peaks at ca. 2934-2852 cm�1

in the experimental IR spectrum have CeH stretching vibrations of
the aromatic ANI rings. The functional group region of the infrared
spectrum is not very helpful in differentiating among different
Table 5
Experimental and calculated frequencies (in cm�1) of Type a, b, c and d.

S. no Exp Calculated frequency

I.R Type a Type b

1 3512 3516
2 3296 3472 3430
3 3052 3121 3083
4 2934 3050 3045
5
6 1605 1600
7 1491 1508 1498
8 1305 1417
9 1247 1291 1286
10 1224 1236
11 1180 1213 1201
12 1173
13 1090 1098 1094
14 981 1044 992
15 840 795 801
16 754 741 739
17 634
18 598 500
19 487

Note: n: stretching; Wag: Wagging; cis: scissoring; b: bending; Def: deformation mod; g
types (a-d), more particularly between type c and d, mainly
because of the presence of the similar functional groups. The
fingerprint region is more helpful in assigning the structure of the
oligomer. The most prominent and broad band peak in the
observed spectrum of Poly(Ani-co-Py) is at ca. 1491 cm�1 which
may be attributed to C]C and CeN stretching of both the Py and
ANI rings. Band peak at ca. 1247 cm�1 of the experimental IR
spectrum is a combination of C]C, CeN stretching and CeH
wagging. This band peak has good correlation with the calculated
1293 cm�1 of type “c” compared to 1313 cm�1 for type “d” (see
Table 5). The observed band peak at 1180 cm�1 has theoretical
counterpart peak in type “c” at ca. at 1218 cm�1, and it shows better
correlationwith the experiment. The observed peak at 1180 cm�1 is
assigned to CeN stretching and NeH, CeH wagging. Although the
peak for type d appears at 1177 cm�1 but it is lower than the
experimental peaks. The simulated values are, on the average,
higher than the experimental values. Another observed peak at ca.
1090 cm�1 is assigned to the in-plane bending vibration of CeH and
NeH bond. The next prominent experimental band peak in the
fingerprint region is situated at 840 cm�1 on the basis of similar
assignment (CeH and NH out of plane bending) it has good cor-
relation with the calculated 846 cm�1 for type “c” than 908 cm�1

for type d (see Table 5). The last observable peak of the chemically
synthesized Poly(Ani-co-Py) is at 754 cm�1 which is attributed to
out of plane of CeH and NeH bond of the Py rings. This band peak is
also in close agreement with the simulated ones for type c
(756 cm�1) than type d (752 cm�1). Moreover, not only the peaks in
the simulated spectrum of type c show better correlation with the
experimental IR spectrum, but also the shape of the peaks in the
fingerprint region correlate nicely (particularly the peaks around
1200 cm�1). Comparative discussion of the data of Table 5 gives
more inclination towards type c compared to type d. This is
consistent with the above characterization.
3.9. X-ray diffraction analysis

The X-ray diffraction pattern of the PANI, PPy, and Poly(Ani-co-
Py) are given in Fig. 13aec, while a comparative (smoothed) XRD
plot of all these species given in Fig. 13d. It is widely explored in
the literature that both PANI and PPy has amorphous nature
[46,47]. PANI gives a broad peak at 2q of 25.30 which corresponds
Approximate assignment

Type c Type d

3517 3521 n NeH (Py ring)
3485 3464 n NeH (Bridging NH)
3115 3125 n CeH (Py ring) (Asym)
3084 3086 n CeH (Ani ring) (Asym)
3060 n C]C; Wag CeH, HeN
1594 1565 n C]C; Wag CeH, HeN
1506 1502 n C]C, CeN; Wag CeH, HeN
1409 1447 n CeN, C]C; Wag CeH
1293 1313 n C]C, CeN; Wag CeH

1283 n CeN; Wag NeH, CeH
1218 1177 n CeN; Wag NeH, CeH
1032 1153 Cis CeH (Ani rings)
1004 1098 Cis CeH, NeH (Py rings)

1032 n CeN; Wag CeH, NeH (Py ring)
846 908 g CeH, NeH; for type c Def (ring)
756 752 g CeH, NeH (Py rings)

560 g NeH (NH2)
497 500 Def (ring); g CeH (Ani ring)

460 g NeH (Py ring

: Out of plane bending.



Fig. 13. XRD graph of PANI, PPy and Poly(Ani-co-Py).

Fig. 14. TGA graph of Poly(Ani-co-Py).
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to (110) plane of PANI as can be clearly seen from Fig. 13a.
Furthermore, this broad peak indicates the amorphous nature of
PANI with little amount of crystallinity [47]. On the other hand
XRD spectra of PPy powders (Fig. 13b) confirm its complete
amorphous nature, without any sharp peak and broad peak ca at
2q ¼ 25� [46]. The broad peaks are characteristic of amorphous
PPy and are due to the scattering from PPy chains at the inter-
planar spacing.

XRD spectra of Poly(Ani-co-Py) has also a broad peak (see
Fig. 13c) which is located at 2q ¼ 25�. Poly(Ani-co-Py) has much
broader peak compared to their counterpart PANI and PPy oligo-
mers. So, comparative analysis of the XRD spectra led us to
conclude that Poly(Ani-co-Py) has high amorphous nature (lower
crystallinity) which would be responsible for lower conducting
nature as well.

3.10. Thermogravimetric analysis

The thermal stability of Poly(Ani-co-Py) was studied through
thermogravimetric analysis (shown in Fig. 14) where 8 mg sample
was used. The maximum weight loss was observed from 500 to
650 �C in which 42.5% of sample were lost. For convenience, the
weight loss of the sample is divided into three steps, weight loss
occurs from 0 to 100 �C, this weight loss is about 8.75%which is due
to the loss of water of hydration. This number is consisted with %
value of the elemental analysis. In the second step, weight loss
occurs from 100 to 200 �C corresponding to the presence of trace
amount of oligomers (both of ANI and Py) and may be some doped
ion of the supporting electrolyte. From 200 to 300 �C, 10% weight of
the sample is lost whereas it is about 12.5% at a temperature range
of 300e400 �C. The weight loss further increases from 400 to
500 �C which is 26.25% of the total sample. In the third step which
start from 500 up to 650 �C, where continuous loss of mass
occurred and stopped at 650 �C, at which the copolymer is
completely dissociated. The TGA analysis led us to conclude that
our copolymer has good stability up to 650 �C.
3.11. Morphological study

The scanning electron micrograph (SEM) of Poly(Ani-co-Py) at
two different megapixels (2000 and 10,000) is depicted in Fig. 15.
Our SEM results of Poly(Ani-co-Py) are in line with the recently
reported work of J. Stejskal, P. Xu, J. Wilson, and co-workers
[21e24,46]. The different particle size can be distinguished into
three categories, very big, average, and small as shown in Table S1



Fig. 15. SEM of Poly(Ani-co-Py) at 2000 (a) and 10,000 (b) magnification.
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and Figure S1. The particle size was measured with nano-measure
software. The 0.5 mm particles (first category), average size of all
particles are of 0.27 mm, and small ones are about 0.05 mm. SEM
analysis confirm the copolymer formation of Poly(Ani-co-Py) with
granular morphology/flaky structures, completely different form
that of its counterpart PANI (fibrillar morphology) [24] and PPy
(convoluted tubules, dendrites, or fibrillar) [48]. The results of SEM
image also favor the formation of Poly(Ani-co-Py) with closely
packing.

4. Conclusions

We have determined the structure of an oligomer (copolymer)
of aniline and pyrrole [Poly(Ani-co-Py)], through a combination of
theoretical and experimental techniques. Molecular formula of
Poly(Ani-co-Py) is determined by elemental analysis and mass
spectrometry. Themolecular mass 468 corresponds to a copolymer,
containing three aniline and three pyrrole units. The sequence of
monomeric units in the oligomer is determined by mass spectral
analysis and then confirmed by a comparison of theoretical and
experimental spectroscopic properties. IR spectra reveal reasonable
conclusive information about type c of 6Poly(Ani-co-Py). UVevis
spectral analysis strongly supports the type “c” as the approximate
structure of the resulted oligomer. Moreover, the spiral nature of
the 6Poly(Ani-co-Py) (type “c”) can be account for its low con-
ductivity. Estimated energy of the contours of HOMO and LUMO of
type “c” is also supportive to low conducting nature of Poly(Ani-co-
Py).

Appendix A. Supplementary information

Supplementary information related to this article can be found
at http://dx.doi.org/10.1016/j.polymer.2015.07.003.
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a b s t r a c t

Density functional theory study of Polypyrrole/TiO2 have been carried out at molecular level, to find its
internal nature for the tuning of photocatalytic efficiency. Molecular isolated TiO2 interacts with various
pyrrole oligomers for the investigation of inter-molecular interaction. A narrowing in band gap and
better visible light absorption are achieved compared to their individual constituents, based on elec-
tronic properties simulations. Electrostatic potential, the density of states, IP, EA, UVevis spectra and
band gap are also supportive to the composite formation. Inter-molecular interaction energy (�28
to �45 kcal mol�1), counterpoised corrected (BSSE), and DEgCP-D3 methods are employed which confirm
the existence of a strong covalent type of bonding between Py and TiO2 in nPy-TiO2 composites. Finally,
Mulliken and natural bonding orbital analysis have pointed out that Py oligomers are p-type and donated
electron cloud density to TiO2 in all of the nPy-TiO2 composites.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Conducting polymer (CPs) have been using in the fields of
organic electronic devices and solar cells because of having unique
electrical and optical properties, such as high photon absorption
coefficients under visible light irradiation, high electron mobility,
excellent stability, material diversity, mechanical flexibility, light
weight, low-temperature processing, roll to roll printing and large-
area capability [1]. The conducting nature of these materials is
because of having delocalized p-electrons (presence of alternating
double and single bonds) which provide an easy pathway for
electron mobility. CPs such as polyaniline (PANI), polypyrrole (PPy),
polythiophene (PT), polyacetylene (PA), polythiophene (PT), poly-
paraphenylene (PPP), polyparaphenylenevenylene (PPV), poly (3,4-
ethylenedioxythiophene) (PEDOT), poly (o-phenylenediamine)
(POPD) are widely explored both by theoreticians and experimen-
talists [2e5]. CPs are mostly p-type semiconducting materials,
working as an electron donor species upon doping/mixing with
other n-type metal oxides, especially in a p-n junction. Conducting
polymers have been using in the polymer solar cell and photo-
catalysis but facing a severe problem of low efficiency. This defi-
ciency can be either improved by doping and de-doping process or
making their composite with metal oxides such as TiO2, Fe2O3, ZnO,
etc [6e8].

Among metal oxides, titanium dioxide has been attracted many
researchers since the last decade. It is used as an efficient light
harvesting material and has enormously wide range of applications
in solar energy conversion and photocatalysis due to its electronic
structure and high stability to photocorrosion under redox condi-
tions [9e11]. Moreover, TiO2 has drawn much attention because of
its potential applications, in CO2 reduction, water purification,
photocatalytic water splitting, dye-sensitized solar cell, and bio-
sensing [12e15]. However, TiO2 has lower visible light conversion
efficiency which is due to its wide band gap (3.20 eV), absorb only
in the UV region [16]. Another limitation of TiO2 is high charge
recombination rate of the photogenerated electron-hole pair which
is responsible for its low photocatalytic activity [17].

Although PPy-TiO2 composites have been reported as experi-
mental photocatalysts, they have low efficiency, and so need to be
explored through extensive theoretical modeling. The theoretical
study may consist of optical, electronic structure, surface in-
teractions, electroactivity and charge transfer mechanism between
PPy and TiO2 [18e21]. Salzner et al. and our group have reported
that PPy and pyrrole oligomers are excellent tunable electroactive
materials [22e26]. In this work, the charge transferring between
molecular nPy and TiO2 are carried out which will give the idea of
the electron-hole transferring phenomenon in the resulted nPy-
TiO2 system. The current work can be divided into four different
sections, (i) optimized geometries (ii) Inter-molecular interaction
energy (iii) charge analysis (iv) and electronic properties
simulations.
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2. Methodology

Density functional theory (DFT) calculations at hybrid functional
such as B3LYP with 6-31G* level of theory are performed for the
molecular isolated TiO2, nPy oligomers (n ¼ 1, 2, 3 … 8) and nPy-
TiO2 systems [27,28]. These simulations were carried out on
GAUSSIAN 09 [29] and the results were visualized through Gabedit
[30] and GaussView [31]. DFT and time-dependent DFT (TD-DFT)
calculations were performed to determine the electronic structure
properties of nPy-TiO2, as an efficient photocatalyst. As we dis-
cussed elsewhere, oligomers beyond six repeating units can pre-
cisely represent its polymeric characteristics so, that is why the
current oligomeric size is restricted to eight repeating units [27,28].
Molecular isolated TiO2 interacts near the oligomeric backbone of
nPy. Geometries of 1Py-TiO2, 2Py-TiO2 … up to 8Py-TiO2 were
optimized at the said level of theory and confirmed from frequency
calculations. The non-bonding and bonding interaction energy in
nPy-TiO2 systems are simulated with interaction energy, basis set
superposition error (BSSE), and geometrical counterpoise correc-
tion (gCP). The B3LYP-gCP-D3/6-31G* energy corrections are made
from the Grimme's Webservice (http://wwwtc.thch.uni-bonn.de/)
[32,33]. The equations used for DEInt, DEBSSE and gCP-D3 are given
bellow.

DEint ¼ EnPy þ ETiO2 � EnPy�TiO2 (1)

DEintCP ¼ DEint � EBSSE (2)

DEgCP�D3 ¼ EðnPy�TiO2ÞgCP�D3 � EðTiO2ÞgCP�D3 � EðnPyÞgCP�D3 (3)
Fig. 1. Optimized geometric structures of 3Py-TiO2 system.

Fig. 2. Optimized geometric
The time-dependent DFT at B3LYP/6-31G* level of theory is used
for the UVevis spectra while the charge on these composites was
estimated from the natural bond orbitals (NBO) and Mulliken
charge analysis. All these calculations were performed in the gas
phase.
3. Results and discussion

3.1. Optimized geometries

Optimized molecular TiO2 interacted near the backbone of nPy;
i.e., optimized geometries of 3Py bounded TiO2 systems is given in
Fig. 1, however, rest of the nPy-TiO2 geometries are given in the
Supporting Information (Figs. S1eS8). Isolated molecular TiO2
interacted with 3Py by forming Hydrogen and electrostatic types of
bonding; the former is due to O of TiO2 and H of 3Py while the latter
is between Ti and C atom of TiO2 and 3Py, respectively. These inter-
molecular distances such as 1.84 and 2.38 Å, revealed the strong
type of bonding and may be regarded as covalent. Jeffery et al. have
investigated that inter-molecular bond distance in the range of
2.2e2.5 Å will be hydrogen bonding “strong, mostly covalent”,
2.5e3.2 Å will be “moderate, mostly electrostatic”, and 3.2e4.0 Å as
“weak, electrostatic” [34]. Moreover, the energies for these bonds
should be round about �40 to �14 kcal/mol, �15 to �4 kcal/mol,
and <-4 kcal/mol, respectively [34]. Ti of the TiO2 establishes a
covalent type of bonding (2.38 Å) with the C of 3Py and this is the
main charge transferring bond in PPy-TiO2 composite [35]. This
strong interaction and short bond distances strongly suggest that
there may be chemisorption in the experimental PPy-TiO2
composite.

Stable geometrical structures of nPy, TiO2, and nPy-TiO2 boun-
ded species are optimized at the DFT-B3LYP/6-31G* level of theory.
A reference optimized structure of 1Py-TiO2, from three different
sides' is shown in Fig. 2. During the optimization, TiO2 circulated
and then stuck in the middle of Py ring through establishing strong
non-covalent bonds with its N and C atoms. Ti of TiO2make a strong
electrostatic type of bondingwith the C1 and C4 of 1 Py at ca. 2.74 Å,
this bond is about 2.57 Å with the C2 and C3 atoms. A 2.87 Å, non-
bonding distance is simulated between the Ti and N atoms, which is
comparatively long than that of the TieC bonding.

Optimized molecular isolated TiO2 is interacted near the back-
bone of nPy to find the chain length elongation effect of the poly-
mer (see Figs. S1eS8). In case of a 6Py-TiO2 system, TiO2 is fully
interacted with 6Py on the ground state potential energy surface as
can be seen in Fig. 3, where Oxygen atoms of TiO2 form hydrogen
bonding with 6Py with a non-bonding distance of 1.92 Å. Ti of TiO2
forms an electrostatic type of two non-covalent bonds with C atoms
structure of 1Py-TiO2.



Fig. 3. Optimized geometric structures of 6Py-TiO2.

Table 1
Inter-molecular interaction energy (DEint), counterpoise corrected energy (DEgCP-D3),
counterpoise correction (DEint,CP), DEgCP-D3 in kcal/mol), NBO and Mulliken charges
analysis of nPy-TiO2.

Species DEint DEgCP-D3 DEint,CP QNBO QMULLIKEN

Py-TiO2 �35.14 �39.84 �28.92 0.15 0.25
2Py-TiO2 �40.53 �43.17 �43.17 0.10 0.20
3Py-TiO2 �40.41 �44.42 �32.75 0.10 0.20
4Py-TiO2 �42.98 �44.69 �34.82 0.13 0.23
5Py-TiO2 �43.42 �45.26 �35.14 0.13 0.23
6Py-TiO2 �45.11 �44.05 �35.83 0.11 0.20
7Py-TiO2 �43.73 �42.67 �35.39 0.13 0.24
8Py-TiO2 �40.47 �41.35 �32.75 0.11 0.21
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of Py rings, each with a distance of 2.54 Å.
It has also been pointed out that isolated molecular TiO2 in-

teracts with other nPy oligomers via two types of essential
bonding; a strong hydrogen bonding (mostly covalent), OeH
(where O of TiO2 attach to N-bonded H) and electrostatic, TieC
(between the Ti of TiO2 and C of Py) [34].

Comparative analysis of the optimized geometric structures of
all nPy-TiO2 systems predict that only these two types of bonding
exist in PPy-TiO2 composites (Figs. S1eS8) but with variant
strength. In 2Py-TiO2 composite, the OeH bond length is 1.86 Å
which further decreases with chain length elongation of Py, 1.84 Å
in 3Py-TiO2, 1.83 Å in 4Py-TiO2, and 1.81 Å in 5Py-TiO2. A similar
trend is found in the case of TieC bonding, 2.54 Å in 1Py-TiO2 which
decreases to 2.39 Å in 2Py-TiO2 and 2.38 Å in case of 3Py-TiO2 after
which elongates to 2.63 Å in 4Py-TiO2 and again decreases in the
rest of the oligomers. Weak hydrogen bonding is found in the 5Py-
TiO2 composite as can be estimated from its electrostatic inter-
molecular bonding distance of 2.57 Å. A very strong inter-
molecular interaction can be seen in the 6Py-TiO2 system, where
two strong hydrogens and an electrostatic bonding established,
each having 1.92 and 2.54 Å distances, respectively. On further
chain length elongation of Py, the interaction becomesweakened as
can be seen in 7Py and 8Py-TiO2 composites. In the 7Py-TiO2 sys-
tem, one hydrogen and two electrostatic type bondings are found,
having a distance of 1.81, 2.54, and 2.57 Å, respectively. On the other
hand, two types of inter-molecular bonding exist in 8Py-TiO2
composite, OeHwith a bond distance of 1.85 Å and TieC bond with
2.38 Å, however, the net interaction is found to be dropped
compared to other composites. Analysis of Figs. S2eS8 clearly de-
picts that TiO2 has distorted the parent geometrical structures of all
nPy oligomers, however, prominent extent is found in 6Py-TiO2
composite (see Fig. 3). In summary, inter-molecular bond distance
analysis led us to conclude that nPy and TiO2 strongly interact each
other through creating covalent and electrostatic types of bonding.
3.2. Interaction energy of nPy-TiO2 systems

Interaction energy between molecular TiO2 and nPy are calcu-
lated with interaction energy (DEint), counterpoise corrected en-
ergy (DEint,CP) and with geometrical counterpoise corrected
methods (DEgCP-D3) which are listed in Table 1. We employed the
DEgCP-D3 method to minimize the geometrical and dispersion fac-
tors. A minor difference is found in all of these three methods but
on the average concludes the existence of a very strong interaction
energy between the nPy and TiO2.

In the 1Py-TiO2 system, the DEint is �35.14 kcal/mol which is
4.70 kcal/mol lower than the DEgCP-D3 method while upon removal
of basis set superposition error (BSSE), this interaction energy
is �28.92 kcal/mol. A comparatively strong inter-molecular forces
are observed in 2Py-TiO2, where these energies are; �40.53 kcal/
mol based on DEint, �43.17 kcal/mol based on DEgCP-D3 and
-43.17 kcal/mol based on DEint,CP methods. These interaction en-
ergies have similar values in 3Py-TiO2 systems, excluding the
DEint,CP which is 11 kcal/mol lowered. In larger repeating units of
PPy bounded TiO2 systems, the counterpoise energy increases up to
7Py-TiO2. The DEint,CP of 4Py-TiO2 system is �34.82 kcal/mol while
this binding energy is about �44.69 and 42.98 kcal/mol based on
DEgCP-D3 and DEint methods, respectively. In case of 5Py-TiO2, this
inter-molecular non-bonding energy is about 0.5 kcal/mol stronger,
compared to that of 4Py-TiO2 composite;�43.42 kcal/mol based on
DEint,�45.26 kcal/mol based onDEgCP-D3, and -35.14 kcal/mol based
on DEint,CP. These inter-molecular interaction energies are much
stronger in case of 6Py-TiO2, where the DEint is �45.11 kcal/mol,
DEgCP-D3 is �44.05 kcal/mol and DEint,CP �35.83 kcal/mol. The
overall effect of these three interaction energies in 6Py-TiO2 system
has relatively stronger compared to that of other systems which
may be attributed to the suitable oligomeric size of PPy.

The 7Py-TiO2 system has 2 kcal/mol lower binding energy
compared to 6Py-TiO2, based on both of DEint and DEgCP-D3 methods
while a 0.44 kcal/mol decreased is found in the counterpoise cor-
rected energy. So, it is concluded that due to the bulkiness of PPy
rings, it may be difficult for TiO2 molecule to interact sufficiently for
the exchange of electron cloud density. A further decline of about
2 kcal/mol is simulated in 8Py-TiO2 compared to the 7Py-TiO2
system. This analysis also evidences that a specific ratio/composi-
tion of TiO2 and Py is necessary for an efficient composite (photo-
catalyst). These strong covalent and electrostatic types of bonding
predict that molecular TiO2 and PPy oligomers have a good inter-
action which results in composite formation instead of weak type
interactions.



Table 3
HOMO, LUMO, Band Gap (in eV) and Dipole moment (Debye) of nPy and nPy-TiO2

composites.

Species HOMO LUMO Dipole moment Band gap

TiO2 �6.48 �3.00 6.62 3.48
Py �5.48 1.38 1.90 6.86
Py-TiO2 �5.48 �1.50 9.52 3.98
2Py �4.75 0.35 0.97 5.10
2Py-TiO2 �5.49 �1.85 6.17 3.64
3Py �4.43 �0.03 1.41 4.40
3Py-TiO2 �4.62 �1.83 6.29 2.79
4Py �4.26 �0.25 1.49 4.01
4Py-TiO2 �4.82 �1.59 8.72 3.23
5Py �4.16 �0.38 0.89 3.78
5Py-TiO2 �4.43 �1.63 9.06 2.80
6Py �4.11 �0.46 1.78 3.65
6Py-TiO2 �4.54 �2.01 5.85 2.53
7Py �4.06 �0.53 0.33 3.53
7Py-TiO2 �4.23 �1.66 7.98 2.57
8Py �4.03 �0.57 1.82 3.46
8Py-TiO2 �4.09 �1.72 9.03 2.37

Table 4
Calculated excitation energies, oscillator strengths, and molecular orbitals (MOs) of
the first allowed singlet transition involved in the excitation for nPy and nPy-TiO2

composites.

Species Energy (eV) Wavelength (nm) Osc. strength MOs Coefficient

TiO2 3.24 382 0.001 H / L 0.70
Py 6.75 183 0.14 H / L 0.69
Py-TiO2 2.75 450 0.001 H / L 0.66
2Py 4.87 254 0.55 H / L 0.70
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3.3. Mulliken and NBO charge analysis

The nature of charge transfer estimation between nPy and TiO2
are simulated with the help of Mulliken (QMULLIKEN) and natural
bonding orbital (QNBO) analysis. As we know that these charge
analyses are basis set dependent; however, using a similar level of
theory for various systems [such as B3LYP/6-31G*, UB3LYP/6-31G*
or UB3LYP/6e311þþG (d, p)] etc., then the results would be
meaningful [36,37].

As discussed earlier, molecular TiO2 interacts with nPy with two
types of bonding, strong hydrogen (covalent bond) and electro-
static bonding (TieC). The net charge transfer in all nPy-TiO2
composites is listed in Table 1. Moreover, the individual ring
charges in nPy-TiO2 systems are listed in Table 2. Examination of
this data (Tables 1 and 2) confirms the electron accepting nature of
TiO2 in these composites, simulated on both of the QMULLIKEN and
QNBO charge analysis. TiO2 withdraws electronic cloud density of
about 0.20e0.25 e� from nPy oligomers based on QMULLIKEN and
0.10 to 0.15 e� based on QNBO analysis. TiO2 created net cationic
states in all of the nPy oligomers in the resulted composites, which
would be responsible for better electrical conductivity. As evident
from the work of Veloso, Ajayan, and Desiraju et al., that higher
charge transferring is present in the covalently bounded atoms and
molecules rather than electrostatically [38e40]. So, here the OeH
and TieC bonds are the main charge transferring pathway in all of
the nPy-TiO2 composites. As far as the optimized oligomeric size of
nPy is concerned, again a unique charge distribution can be seen in
the 6Py-TiO2 as shown in Table 2, proved to be a better composite
with greater charge transferring ability.
2Py-TiO2 3.04 406 0.009 H / L 0.57
3Py 4.11 301 0.85 H / L 0.70
3Py-TiO2 2.26 547 0.006 H / L 0.70
4Py 3.68 336 1.18 H / L 0.70
4Py-TiO2 2.72 454 0.11 H / L 0.70
5Py 3.43 361 1.49 H / L 0.70
5Py-TiO2 2.36 523 0.09 H / L 0.70
6Py 3.26 380 1.78 H / L 0.70
6Py-TiO2 2.04 606 0.06 H / L 0.69
7Py 3.13 395 2.09 H / L 0.70
7Py-TiO2 2.21 559 0.13 H / L 0.70
8Py 3.05 443 2.39 H / L 0.69
8Py-TiO2 1.96 631 0.01 H / L 0.69
3.4. Electronic properties simulation

Electronic properties such as IP, EA, UVevis spectra, HOMO,
LUMO, ESP, DOS and band gap of nPy, TiO2, and nPy-TiO2 com-
posites are calculated at thementioned level of theory. As discussed
elsewhere, IP is obtained from the negative of HOMO while the EA
from negative of LUMO using Koopmans theorem [41]. The
electron-accepting power of a chemical substance has a direct
relation with EA and on the other hand, greater the IP high will be
the electron donating ability.

Our simulated band gap value for the isolated molecular TiO2
(Table 3) can be correlated with the experimental data (band gap
3.48 eV). Moreover, the band gap of isolated TiO2 is also calculated
at DSCF which is 3.24 eV (see UVevis section). We selected molec-
ular TiO2, having a band gap of 3.24 eV to precisely represent the
real anatase, as band gap is considered to be a key parameter
especially in the field of photocatalysis and photovoltaics. In the
case of 1.68 eV band gap (molecular anatase), it has overestimated
the experimental results. That is why throughout the text we used
isolated TiO2; a representation of the observed TiO2 and to mini-
mize the computational cost.
Table 2
NBO charge Analysis in unit of electron of nPy-TiO2 rings.

Ring 1 Ring 2 Ring 3 Ring

Py-TiO2 0.151
2Py-TiO2 0.07 0.02
3Py-TiO2 0.041 0.039 0.021
4Py-TiO2 0.043 0.025 ¡0.024 0.09
5Py-TiO2 0.009 0.033 0.023 ¡0.0
6Py-TiO2 0.011 0.030 0.017 ¡0.0
7Py-TiO2 0.008 �0.003 0.034 0.02
8Py-TiO2 0.004 �0.006 0.036 0.03

The bold texts show net NBO charge of the nth Py ring, upon TiO2 interaction.
Prior to interaction study simulations, best reactive sites of both
of the TiO2 and nPy oligomers are estimated from molecular elec-
trostatic potential (MEP) (Fig. 4) and then reacted. The different
colors in these Figures are used as a symbol for the different value
of electrostatic potential; where red and blue colors show electron
rich and electron deficient (high positivity) regions of the molecule
and the green color shows the region of zero potential. The MEP
also provides a visual method for understanding the relative po-
larity of these species. Analysis of the MEP surfaces clearly indicate
that the most electronegative part of TiO2 is the area around O
4 Ring 5 Ring 6 Ring 7 Ring 8

21 0.09
06 0.016 0.042
1 ¡0.028 0.058 0.045
9 ¡0.040 0.044 0.011 0.021



Fig. 4. MEP plots of isolated TiO2, 1Py and 1Py-TiO2.
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atoms which is the most electron rich regions (red) and Ti is the
most electropositive with electron deficient regions (blue). In case
of 1Py, the area around the N is electropositive (blue) while C atoms
have resulted in an electronegative region (red).
3.4.1. Ionization potential
An appreciable amount of increase is estimated in the IP values

of nPy oligomers upon making their composites with TiO2 which is
also a direct consequence of its stability (Fig. 5). No change in IP is
observed in the case of 1Py and 8Py-TiO2 composites which may be
due to their lower interaction ability between the molecular or-
bitals. In case of 2Py-TiO2, IP increases about 0.74 eV which
consequently decreases its band gap from 5.10 to 3.64 eV (as dis-
cussed in band gap section). Same is the case of rest of the PPy TiO2-
bounded oligomers, 0.19 eV in 3Py-TiO2, 0.56 eV in 4Py-TiO2,
0.27 eV in 5Py-TiO2, 0.43 eV in 6Py-TiO2 and 0.17 eV increment are
found in 7Py-TiO2 composite. This increase in IP value of nPy-TiO2
composites is clearly depicted in Fig. 5.
3.4.2. Electron affinities
EA of nPy oligomers increases even shift from negative to a

positive value, on interacting with TiO2. TiO2 shifts the EA of 1Py
from�1.38e1.50 eV, an increase of 2 eV in 2Py-TiO2, 1.80 eV in 3Py-
TiO2 and then a similar increment of about 1.30 eV are estimated in
the rest of repeating units, excluding 6Py-TiO2 composite (Fig. 6). As
discussed in the optimized geometric analysis, TiO2 has an excel-
lent interaction with the 6Py which is also in agreement with the
EA analysis; increased its EA to about 1.55 eV. So, it can be easily
concluded that the resulted composites are cationic in nature
where the polaron and bipolaron states may also exist.
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Fig. 5. Variation in IP of nPy (blue) and nPy-TiO2 (orange). (For interpretation of the reference
3.4.3. Band gap and molecular orbitals simulations
We simulated the band gap at DSCF; excitation energy of higher

oscillator strength, and from B3LYP, where the difference of LUMO-
HOMO orbitals is accounted. Energies of the HOMO, LUMO orbitals
and band gap of these species are listed in Tables 3 and 4. The TD-
B3LYP (DSCF) values are slightly lower compared to the ones ob-
tained at B3LYP as can be seen from Table 4. From the comparison of
band gap analysis of Table 3, it is concluded that it decreases in nPy
oligomers upon interaction with TiO2, which also evidences their
excellent electroactivity in the resulted composites.

Frontier molecular orbitals and dipole moments of these inter-
acting species; before and after interaction are calculated at the
B3LYP/6-31G* level of theory. Change in the valence band (HOMO),
conduction band position (LUMO), dipole moment, and the band
gap of TiO2 and nPy oligomers and their composites can be seen
from Table 4. Moreover, contours of HOMO and LUMO along with
band gap of nPy and nPy-TiO2 systems are given in Figs. 7 and 8,
respectively. Comparative analysis of the data of Table 3 led us to
conclude that molecular orbitals of TiO2 strongly interact with the
frontier orbitals of nPy and led to strong covalent bonding in the
resulted composites; having an intermediate band gap, highest
dipole moment and stable nature (vide supra).

The interaction of TiO2 has considerably reduced the LUMO
energy level (from 1.38 to �1.50 eV) and band gap (from 6.86 to
3.98 eV) of 1Py in the 1Py-TiO2 composite. Dipole moment of 1Py-
TiO2 (9.52 Debye) clearly demonstrates a substantial increment in
the electroactivity of this composite. As discussed earlier, narrow-
ing the band gap of Py has a direct relationship with chain length
elongation (more conjugation) as can be seen from Fig. 7. TiO2
decreases the HOMO of 2Py from �4.75 to �5.49 eV, shift LUMO
from 0.35 to �1.85 eV and reduces band gap from 5.10 to 3.64 eV.
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Fig. 6. Variation in EA of nPy (blue) and nPy-TiO2 (orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7. Developments of band structure of PPy from energy levels of oligomers. (The monomer is used as a repeat unit.)

Fig. 8. Developments of band structure of nPy-TiO2 from energy levels of oligomers. (The monomer is used as a repeat unit.)

H. Ullah / Journal of Alloys and Compounds 692 (2017) 140e148 145
Similar, but little more pronounce reduction in these energies are
estimated in 3Py-TiO2, 0.19 eV in HOMO, 1.80 eV in LUMO, and
1.61 eV in the band gap.

Electronic cloud densities over the HOMO and LUMO of 4Py-
TiO2 are found to have enhanced compared to that of isolated 4Py, a
roundabout to 0.56 eV and 1.34 eV, respectively. The dipole
moment and band gap change from 1.49 to 8.72 Debye and 4.01 to
3.23 eV, respectively. In case of the 5Py-TiO2 composite, HOMO of
5Py decreases from �4.16 to �4.43 eV, LUMO from �0.46
to�2.01 eV, dipole moment changes from 0.89 to 9.06 eV, and band
gap reduced to 2.80 eV (from 3.78 eV). Prominent perturbation in
these properties can be seen in case of 6Py-TiO2, where HOMO
(�4.54 eV) and LUMO (�2.01 eV) orbitals became closer with a
difference of 2.53 eV (band gap), which is 1.12 eV narrower than
that of 6Py. Beyond six repeating units of Py, a large shift in the
orbitals positions is found as can be seen in 7 and 8Py-TiO2 systems.



Fig. 10. Density of states (DOS) of TiO2, 6Py, and 6Py-TiO2.

H. Ullah / Journal of Alloys and Compounds 692 (2017) 140e148146
The high dipole moment of the 7Py-TiO2 system can be assigned to
its zigzag geometry, and wider band gap (2.57 eV) compared to that
of 6Py-TiO2. Orbital (HOMO and LUMO) energies of 8Py increase to
0.06 and 1.15 eV upon interaction with molecular TiO2. However,
this change is negligible which may be regarded due to the bulk
structure of 8Py-TiO2, having 9.03 Debye dipole moment and
2.37 eV band gap.

This section has highlighted that optimummolecular oligomeric
size for the efficient nPy-TiO2 composite should be six repeating
units. A molecular electrostatic potential plot of 6Py-TiO2 is given in
Fig. 9, where the orbitals intermixing can be easily seen. Moreover,
DOS and energy level diagram of this composite are separately
shown in Figs. 10 and 11, respectively.

The homogeneous MEP plot of 6Py-TiO2 led us to conclude that
how these two molecular constituents have made excellent inter-
action by sharing their electronic cloud densities. For the clarity
reason, molecular orbitals interaction of this composite along with
their interacting species is also depicted in Fig. 11. In Fig. 11, orbitals
contours are shown in the form of the density of states, TiO2 (red
contours), 6Py (yellow contours) and the green color contours are
for 6Py-TiO2 system.

Energy level diagram of this interacting system is simulated in
the form of band structure position, where the band gap of TiO2,
6Py and 6Py-TiO2 are clearly shown. Furthermore, this study will
also open an idea for modifying the band structure position of this
type of composites, by improving their physical and chemical
bonding between the reacting species.
Fig. 11. Comparative energy level diagram of 6Py, TiO2 and 6Py-TiO2 composite.
3.4.4. UVevis study
UVevis spectra of nPy, TiO2, and nPy-TiO2 systems are simulated

at TD-DFT which is shown in Figs. S9 and 10 of the Supplementary
Information, while their first allowed electronic excitation energies
are given and listed in Fig. 12 and Table 4, respectively. It is reported
in a number of papers that nPy give rise to three prominent ab-
sorption band peaks in the UVevis spectra [23,26,42]. The lmax,
having high wavelength and low absorption energy is referred to
the transition of an electron from valence to conduction band.
Interaction of TiO2 with nPy oligomers (shown in Fig. 12 and
Table 4) resulted red-shifting in the lmax of nPy-TiO2. This red-
shifting in lmax of all nPy oligomers with TiO2 illustrates its n-
type doping nature. In small oligomers, the lmax of nPy became
doubled as can be seen from Table 4, which is a direct consequence
of improved conductivity/delocalization in the composites over
their isolated nPy oligomers (vide infra).

In the case of 1Py, the excitation energy for the p/p* transition
is 183 nmwhich increased to 450 nm in the 1Py-TiO2, evidences the
establishment of strong bonding. As shown in Table 4 and Fig. 12,
Fig. 9. Molecular electrostatic pot
TiO2 increases the first allowed electronic excitation energy of 2Py
to about 152 nm, 246 nm in 3Py, 118 nm in 4Py, 162 nm in 5Py,
226 nm in 6Py, 164 nm in 7Py, and 188 nm in 8Py. TiO2 and nPy
oligomers can absorb only in the UV region as evident from their
lmax values, however, their composites have excellent absorption
capability in the visible region (Table 4). The red-shifting from the
ultraviolet to visible predicts the excellent photocatalytic activity of
nPy-TiO2 composites over their individual constituents. Among the
long oligomeric systems, the first allowed excitation energy of
(p/p* transition) of 6Py-TiO2 is more prominent compared to their
other TiO2 bounded oligomers (Fig. 12). So, as far as the optimum
chain length of molecular PPy is concerned, six repeating unit
would be an excellent oligomer, compared to other repeating units.
ential of 6Py-TiO2 composite.



Fig. 12. First allowed electronic excitation energy of nPy (blue) and nPy-TiO2 (pink) composites. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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So, UVevis spectroscopic study is also in good agreement with the
rest of the characterizations, discussed above.

4. Conclusions

Density functional theory study of molecular pyrrole-TiO2
bounded systems are carried out to find its nature of interaction for
tailoring best composite, used in the photocatalysis of environ-
mental pollutants and solar water splitting to produce solar fuel.
The chemical nature of interaction in nPy-TiO2 composites is
simulated with the help of inter-molecular interaction energy
analysis, NBO and Mulliken charge simulations, optimized geo-
metric parameters, and electronic properties calculations. The
simulated inter-molecular interaction energy, in the range of �28
to �45 kcal mol�1 confirmed the existence of strong covalent
bonding. This energy is simulated with the help of simple energy,
BSSE, and DEgCP-D3 methods. So, after confirming the composite
formation, narrowing in band gap and better visible light absorp-
tion capability is observed, compared to their individual nPy and
TiO2 constituents. Electronic properties such as HOMO and LUMO
of nPy, TiO2, and nPy-TiO2 systems are estimated with B3LYP/6-
31G* level of theory, predicts the excellent efficiency of the resul-
ted species. Other electronic properties such as ESP, DOS, band gap,
and UVevis spectra are found to have in support of the efficient
nPy-TiO2 composites. A red-shifting in lmax and narrow band gap
are found when nPy and TiO2 interact. Electron-hole transferring
phenomena are simulated with Mulliken and natural bonding
orbital analysis, which define pyrrole oligomers as donor and TiO2
an acceptor. Finally, the molecular 6Py-TiO2 system is estimated to
be the best candidate for better photocatalytic activities. This iso-
lated molecular gas phase simulations will minimize our synthetic
efforts such as mixing ratios of TiO2 and PPy. The study will also
guide experimental scientists in modifying the band structure,
optical, physical and chemical properties for the improved perfor-
mance of nPy-TiO2 and other related composites.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jallcom.2016.08.169.
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Abstract

Photoelectrochemical water splitting (PEC) offers a promising
path for sustainable generation of hydrogen fuel. However,
improving solar fuel water splitting efficiency facing tremendous
challenges, due to the energy loss related to fast recombination
of the photogenerated charge carriers, electrode degradation,
as well as limited light harvesting. This review focuses on the
brief introduction of basic fundamental of PEC water splitting
and the concept of various types of water splitting approaches.
Numerous engineering strategies for the investgating of the
higher efficiency of the PEC, including charge separation, light
harvesting, and co-catalysts doping, have been discussed.
Moreover, recent remarkable progress and developments for
PEC water splitting with some promising materials are discussed.
Recent advanced applications of PEC are also reviewed. Finally,
the review concludes with a summary and future outlook of this
hot field.

Introduction

The traditional sources of energy such as coal, oil and nat-
ural gas have supplied the world with energy that drives
society for long decades. But the energy consumption
around the world is incredibly increased and is estimated to
be double by 2050 [1]. Since the fossil fuel resources are
limited and concentrated in certain region around the world,
while global demand is increasing; subsequently, a secure
supply is increasingly challenging to assure [2]. Furthermore,
pollution created from fossil fuel plants has significant
impact on our health. Moreover, the emissions of green-
house gas and Carbon dioxide have negative impact on our
planet.

Renewable energy resources such as wind, biomass and solar
fuel have been investigated for years to help in the replace-
ment of fossil fuels. Extensive research and development are
required to produce such a technology that can compete the
fossil fuel and commercially available everywhere. However,
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the most developed renewable energy sources are based on electricity generation, producing trans-
portable and storable fuel, which is remains a challenge.

Among these energy resources, solar energy is considered a primary carrier that may hold potential
promise for a sustainable and clean energy future [3]. Solar energy focused on direct conversion of sun
light into chemical fuels in the form of hydrogen gas (H2) [4]. The advantages and attractiveness of
solar water splitting, include sufficient water resources, small reaction potential required (1.23 eV), and
zero CO2 emission [5].

In this review, we are aiming to briefly introduce the basic principles of PEC. An overview of the
common used materials that have been investigated for photoelctrochemical water splitting will be
presented. In addition, the current state of the technology is discussed. Finally, the review concluded
with a summary and future viewpoint in this hot topic of research.

Basic principles of photocatalytic water splitting

Generating Hydrogen fuel directly from sunlight, comes from natural phenomena called natural
photosynthesis (NP), exist in plants [6,7], where sunlight is used to convert water and carbon dioxide
into oxygen and carbohydrates. The potential technology that converts water into H2 and O2 using
sunlight for generation of solar fuel is called artificial photosynthesis (AP), which aims to mimic NP
using man-made materials [7,8].

The water splitting reactions (see reactions 1–3) is an uphill reaction with a net Gibbs free energy of
238 kj/mol or 1.23 eV, as shown in Equation (1),

+ +
+

→ +

+

+
O   4H 4e 2H O Water Oxidation

4H 4e 2H Water Reduction
2H O 2H O Water Splitting 

2
-

2
-

2

2 2 2

(1)

(2)

(3)

The basic mechanism of photocatalysis water splitting in general is based on the generation of photo-
excited charge carriers. Generally, photocatalytic water splitting reaction on semiconductor particles
involves three main steps: (1) absorption of light irradiation with energies exceeding the semiconductor
bandgap, generate electrons (e−) and holes (h+) pairs inside the semiconductor particles; (2) the
generated electrons and holes are separated followed by migration of these charges to the interface of
the semiconductor particles; (iii) surface chemical reactions between these carriers with various
compounds (e.g., H2O); electrons and holes to produce H2 and O2, respectively as it shown in
Figure 1 [9,10]. Recombination of electrons and holes may also occurs on a very fast timescale without
participating in any chemical reactions [5,9,11,12].

General approaches for water splitting

Production of Hydrogen, using water splitting technique mainly fall into three categories; pho-
tocatalyst system (PC), photoelectrochemical system (PEC), and photovoltaic-photoelectrochemical
system (PV-PEC) [13,14]. In photocatalytic system (PC), which is considered as the simplest,
cheapest, and for potential scalable method for water splitting. Photocatalyst which form as
powders are dispersed in water for water splitting under light irradiation (Figure 2). Photocatalysts
possess the advantage that the water splitting can occur in the homogeneous phase without the
need of transparent electrodes and without the need of directional illumination [10]. Whereas, PC
have many disadvantages that limit its use for water splitting. (1) Separation of the generated
hydrogen and oxygen immediately when formed are required, which will consume additional
energy, causing low efficiency of water splitting process. (2) The illumination of PC systems
without fast removal of the catalysts will eventually cause a photostationary state, where all forward
and backward reactions have identical rates, and no more water splitting can take place. (3)
Implementing PC system at high scale still challenging. Due to these limitation, PC system will not
be covered in this review.
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Photoelectochemical water splitting has been reported for the first time early 1968 by illumination a
conductive electrode made from TiO2 in aqueous solution [15]. The interaction of incident light with
TiO2, generate electron hole pairs, where the holes oxidize water at the TiO2 surface to generate
oxygen, and the electrons travel to the Pt counter electrode to reduce water to produce hydrogen
(Figure 3a)[11–14]. In PEC technique, the photocatalysts initially prepared on conductive substrates
as electrodes and additional small bias applied for water splitting.

To make this cell, one or both electrodes should be a photoactive semiconductor, where the charge
separation forms at the semiconductor/liquid interface (Figure 3b and 3c). When the cell is exposed
to sun-light, photogenerated carriers are separated by the space-charge field and the minority charges
(holes for an n-type photoanode and electrons for a p-type photocathode) travel to the semi-
conductor electrode-liquid interface for reaction [17]. Compared to photocatalyst system (PC), PEC
have advantage that there is no need for gas separation in PEC systems because the generation of H2

and O2 is spatially separated at different electrode sides [17,18]. PEC will be described in this review
with focus on different semiconductor materials used to fabricate both photoanode and photo-
cathode.

Photocathode for hydrogen evolution

Water splitting photocathodes are generally p-type semiconductors and must generate the required
cathodic current to reduce water to hydrogen and need to have high stability in aqueous environments.
The optimal photocathode material, need to have the conduction band edge potential to be more
negative than the hydrogen redox potential. Many earlier studies on electrochemical photocathodes
mainly focused on p-type silicon and III–V semiconductor such as InP and GaP. Recently, p-type
semiconductor including oxides and sulphide have received lots of attention. In this section, the review
is focused on various photocathodes materials, which include monometallic and bimetallic oxides,
chalcopyrites, silicon, and III–V semiconductors.

Figure 1. Fundamental principle of photocatalytic water splitting on semiconductor.

Adapted with permission from ref [8]. Copyright 2011 Materials Research Society.
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a b s t r a c t

Oligomeric synthesis of phenyl-end-capped oligoaniline (4PANI LB) has been carried out through a weak
oxidizing agent, CuCl2, using chemical oxidative polymerization protocol. The sample was characterized
by mass spectrometry, UVevis, IR, and CHN elemental analysis. The experimental results are counter-
checked with the aid of Quantum mechanical calculations such as density functional theory (DFT). DFT at
B3LYP/6e31 G (d) level of theory was used for the geometric and electronic properties simulations which
also confirm the existence of 4PANI LB. Excellent correlation is observed between the experiment and
theory, particularly in the UVevis spectra which conclude the formation of tetramer (fully reduced form)
4PANI LB (C24H20.06N4.07). Electronic properties such as Ionization Potential (I.P), Electron Affinities (E.A),
the coefficient of highest occupied molecular orbital (HOMO), the coefficient of lowest unoccupied
molecular orbital (LUMO) of 4PANI LB were evaluated at the above-mentioned level of theory.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Conducting polymers (CPs) have recently received considerable
attention due to their wide range of applications in solar cells,
lightweight batteries, sensors, actuators, corrosion protection, light
emitting diodes, surgical instruments, and mercury removal from
waste water etc [1e3]. CPs such as polypyrrole (PPy), poly-
thiophene (PT), polyaniline (PANI), polyacetylene (PA) and redox
polymers such as poly(o-phenylenediamine) (POPD) and Poly (o-
aminophenol) [4] have extensively been explored both experi-
mentally and theoretically after the discovery of PA by Shirakawa
et al. in 1975 [5]. Among CPs, PANI is of great interest mainly due to
its ease of synthesis, easy doping de-doping ability, environmen-
tally friendly and of low-cost monomer [6]. PANI exists in four
different fundamental oxidation states; leucoemeraldine base
(PANI LB), emeraldine base (PANI EB), pernigraniline base (PANI
PNB), and the conducting emeraldine salt form (PANI ES). The
interconversion of all these states of PANI is shown in Scheme 1 [7].
Neutral PANIs have the general formula [(-BeNHeBeNHe)y(-B-
N ¼ Q ¼ N-)1-y]x, where B and Q represent benzenoid and quinoid
units, respectively. In this formula, y is the oxidation number and
(A.-u.-H.A. Shah).
can be varied from 1, 0.5, and 0 while moving from completely
reduced (PANI LB) to semi-oxidized (PANI EB) and fully oxidized
(PANI PNB) respectively.

Conventional methods such as oxidative polymerization, usu-
ally give high yields for the bulk synthesis of PANI and its oligomers,
where aniline (ANI) monomer are oxidized into PANI in few hours
under strong acidic medium/solution [8]. A number of synthetic
techniques are reported regarding the oligomeric state of PANI for a
wide range of applications [9,10].

The oxidized oligomeric states (highly reactive oligomers) of
phenyl-capped di-aniline and tetra-aniline are also reported
through simple chemical polymerization method, further, their
polaronic and bipolaronic nature were confirmed by EPR, IR and
XPS [11]. In this connection a similar study from Zotti and co-
workers is also reported, where a linear relation between 1/n
(n ¼ 1, 2, 4) and optical band gap of phenyl-N-capped aniline
oligomers is found [12].

An interesting report in the synthetic roots of aniline oligomers
was proposed byWei and co-workers [13] who synthesized aniline
oligomers from three amine segments up to eight units, without
using any external oxidizing agent. Aniline trimers (high oxidation
state) cause oxidation of ANI monomers.

Synthesis of ANI oligomers in the presence of a catalyst and the
acidic reaction medium is also one of the prominent methods of
chemical synthesis [14] including oxidative and inverse emulsion
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Scheme 1. Synthesis of PANI and its different oxidation states.
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polymerization. Oxidative polymerization of ANI oligomers is
extensively investigated [15] using ammonium persulfate (APS) as
an oxidizing agent in the presence of hydrochloric acid. Different
oxidizing agents and supporting electrolytes (medium) are re-
ported for the chemical oxidative polymerization [10,16] such as
KIO3, FeCl3 (oxidizing agent) and HCl, CHCl3 (reaction medium).
Chemical synthetic protocol generally involves: (a) rapid mixing
[17] in which reaction kinetics are modified in such a way to use all
reactants during the initial stage of synthesis; (b) dilute polymer-
ization [18] where the formation of agglomerates is hindered by
reducing the concentration of both the oxidant and monomer; (c)
interfacial polymerization [19] where the reactants are separated
into immiscible aqueous and organic phases, and the polymeriza-
tion reaction proceeds between the interfaces of two phases; and
(d) avoiding mechanical agitation [20] where the reaction is carried
out at high temperature, responsible for the growth process and
hinders the formation of granular morphology. Besides synthesis,
the crystalline arrangement of both PANI and its different oligomers
are determined through simply subjecting a mixture of p-amino
diphenylamine (ANI dimer) and ANI, followed by fractionation [21].

The conductivity of conducting polymer system is related to
molecular size. The electronic cloud is delocalized in the long
conjugated system resulting high conductivity; however,
increasing the molecular size beyond a certain level may cause
distortion of the molecular chain symmetry which adversely leads
to the decrease in conductivity. High level of conductivity is ob-
tained with a tetramer of PANI [6,22e25]. Most of the applications
of PANI are reported for the tetramer system such as PANI (4LEB)
was as cathode material [26]. Similarly, partial oxidation of 4 PANI
LB leads to the formation of EB-PANI which on 50% doping show the
highest conductivity and has many industrial applications. The
molecular size, level of doping, oxidation level and percentage of
crystallinity play a significant role to achieve high conductivity
which is easily possible with tetramer PANI system [25,27e29].

The relatively weak photo-induced absorption capacity of 4PANI
(EB, LEB, and PNB) makes it an appropriate medium for erasable
optical information and in non-linear optics [26,30e32].

Udeh et al. [33] have presented various synthetic routes and
strategies for the synthesis and modification of tetra (aniline)s
oligomers in their review article. A theoretical investigation has
been shown to support the experimental data regarding the syn-
thesis of tetra (aniline)s, tri and di-block structures. The usefulness
of aniline oligomers and their possible applications in various
technological fields have been highlighted.

PANI can be converted from almost insulating leucoemeraldine
form (LB) to highly conducting emeraldine salt form (ES) which
enables it to be used in digital memory devices [26]. Applications of
short and medium size ANI oligomers for the protection of steel
corrosion were recently reported by Grgur and co-workers [10,16].
The oligomers were electrochemically coated on mild steel elec-
trode for the study corrosion protection mechanism. They found a
slight change in the structure of ANI oligomers during this process
of corrosion. The use of para-toluenesulfonic acid (p-TSA) as a soft
template and dopant for the synthesis of ANI oligomers have been
reported in the literature [34]. APS was used as an oxidizing agent
via in situ self-assembly method. They reported the effect of p-TSA
and ANI molar ratio on the thermal stability and magnetization
values of the oligomers. Ding et al. [26] have used, FeCl3, cerium
sulfate, and high concentration of CuCl2 to control the diameter of
PANI nanofibers. Ozkazanc et al. [35] have used ammonium per-
sulfate as an oxidizing agent in addition to CuCl2 as a dopant. PANI
has been synthesized/polymerized in different states extensively in
the presence of strong oxidizing agents at favorable condition by
various groups as we discussed (vide supra) [36e40], However very
less is known about the synthesis of PANI oligomers using weak
oxidizing agents.

In this paper we report on the oligomerization of phenyl-end-
capped oligoaniline (4PANI LB) from ANI under a nitrogen atmo-
sphere, using CuCl2, as a weak oxidizing agent in the presence of
p-TSA. The study of these small oligomers is important because
these oligomers have different characteristics properties especially
from that of infinite chains. Sometimes the bulkiness of a polymer
decreases its valuable traits such as conductivity, crystallinity, sta-
bility and solubility [41e43] etc. A cost effective chemical method
for the synthesis of different oligomers is presented. The experi-
mental data is validated and correlated the data with theoretical
findings.

2. Experimental

2.1. Materials

ANI monomer (Analytical grade) was purchased (Sigma-
Aldrich) and distilled twice at reduced pressure prior to use. p-TSA
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(Synthesis grade from Scharlau) and anhydrous copper chloride
(97% from Sigma-Aldrich) were used as received.

2.2. Procedure

A solution of 0.2 M p-TSA and 0.2 M ANI was prepared in de-
ionized water at a pH 4.80.10 mL of this solution was cooled in a
refrigerator for 15e20 min and then 10 mL of pre-cooled (5e10 �C)
0.01 M copper chloride solution was added dropwise (2e3 min) to
the ANI and p-TSA solution. The reaction was carried out under a
nitrogen atmosphere at room temperature (15e20 �C) by constant
stirring for 24 h. The final pH of the reaction mixture was 3.7. The
crude precipitate was centrifuged followed by washing with de-
ionized water and acetone, to remove un-reacted materials. The
product obtained was dried for 24 h at room temperature in a
vacuum oven and labeled as PANI LB. The oxidant: monomer ratios;
0.05, 0.25, 0.50, 0.75, 1 and 1.25 were evaluated for the yield of
oligomers. The same procedure at high oxidant: monomer ratio
(15) leads to the production of polymeric emeraldine base form of
PANI as discussed in the literature [44].

2.3. Characterization

IR spectra were obtained, using Perkin Elmer spectrophotom-
eter series 400 IR, in the region from 4000 to 400 cm�1 with a
resolution of 4 cm�1. The spectra were collected in ATR mode with
10 numbers of scans for all samples. A Shimadzu UVeVis 1700
spectrophotometer was used to record the UVeVis spectra. The
spectra were recorded in the spectral region ranging from 200 to
800 nm. Elemental analysis was performed in Pakistan Council of
Scientific and Industrial Research (PCSIR) Laboratory Peshawar,
Pakistan by using Elementar CHNS-0 elemental analyzer Germany.

3. Computational methodology

All DFT calculations were performed at Becke three-parameter
(exchange), Lee, Yang, and Parr (LYP) both local and nonlocal (cor-
relation; DFT) (B3LYP) [45] with 6-31G (d) [46e54] basis set, using
Gaussian 09 [55]. Results were visualized by using GaussView [56]
and Gabedit [57]. The geometries of all PANI LB from monomer
up to six repeating units labeled as, 1PANI LB, 2PANI LB, 3PANI LB,
4PANI LB, 5PANI LB, and 6PANI LB were optimized. Optimization
was obtained by gradient minimization at the above-mentioned
level of theory without any symmetry constraints. This was
further confirmed when the stationary point was located [55,56].
DFT is one of the suitable approaches to study short, medium, and
long p-conjugated system without spin contamination [7,58e61].
Therefore, DFT at B3LYP/6-31G (d) level was employed for our
target species. The ionization potential (IP), electron affinity (EA),
highest occupied molecular orbital (HOMO), lowest unoccupied
molecular orbital (LUMO), and band gap calculations were per-
formed on these optimized structures. Frequencies were scaled
with a common scaling factor 0.9613 [62], to better correlate with
the experimental one. The assignments of frequencies were
manually performed, using GaussView. The band gap (p/p*) was
estimated from the difference of HOMO and LUMO orbital energies.
As we discussed earlier, the negative of HOMO is estimated as IP
[63,64] whereas the negative of LUMO is estimated as EA [45,65].
The UVevis spectra of PANI LB from monomer up to 6 repeating
Table 1
Elemental analysis of 4PANI LB.

Sample Oxi/Mon %Yield % C %

PANI LB 1 23 76.87 5
units were simulated at TD-DFT using B3LYP/6-31G (d) level of
theory.

4. Results and discussion

4.1. Elemental analysis

Elemental analysis of PANI LB sample is listed in Table 1 inwhich
the percentage of C, H and Nwere found to be 76.87, 5.64 and 15.20,
corresponds to PANI LB. Comparative analysis of Table 1, manifests
that hydrogen is in more percentage than expectation, which may
be due to trace amount of moisture [66]. Moreover, the percentage
of carbon is also less than expected due to the incomplete com-
bustion. However, the C/N ratios are close to the expected value 6.0
for PANI LB, the C24H20.06N4.07.(H2O)0.5 (empirical formula) of our
sample (vide infra), represented as 4PANI LB.

4.2. Mass spectral analysis

Elemental analysis delivers information about the empirical
formula; therefore, to determine the molecular formula, the mass
spectral analysis was performed. The high-resolution electron
spray ionization mass spectra (HR-ESI-MS) of PANI LB are shown in
Fig. S1. The spectrogram indicates that the molecular mass of the
resulting PANI product is 364 which is in agreement with the
theoretically calculated value of themolecular mass of PANI LBwith
four repeating units (vide supra). This data is in close agreement
with the earlier reported work by Dolan et al. [15] for the tetramer
of aniline. The highest peak at ca.m/z¼ 364.1 is assigned to the four
benzenoid units of PANI LB (here called 4PANI LB) having molecular
formula C24H20N4. The mass spectra of 4PANI LB can be divided into
seven major peaks, which are further analyzed to accord for the
structure of fragment (Table 2). The peak at 288.1 is assigned to
C18H16N4, obtained by the loss of phenyl ring from C24H20N4 [15]
and 276.1 is for the C18H16N3 group. The peak at ca. 260.1 is for
the C18H16N2, obtained by the loss of an NH2 from 276.1. The peak at
185 is for the dimer with a formula of C12H12N2 and the last peak at
ca. 93.1 is attributed to the unreacted aniline radical cation (see
Table 2). Since the reaction was carried out by using a weak
oxidizing agent (CuCl2), therefore, the formation of 4PANI LB is
attributed to the low oxidation potential of CuCl2.

4.3. pH measurement of the sample

The percent yield of the product and pH of the solution as a
function of oxidant/monomer ratio is shown in Table 3. With the
increase of oxidant to monomer ratio, pH of the reaction mixture
decreases (see Table 3). While, on the other hand, percent yield
(product obtained) increases with the increase of oxidant/mono-
mer ratio, which is due to the increase in oxidation of CuCl2 with
the increase in its molar concentration [67].

4.4. Geometric structure

The DFT optimized geometries of nPANI LB (n ¼ 1, 2 … 6) end
capped with NH2 are given in Fig. 1 (one end of all oligomers are
capped with NH2). Our main focus is on the 4PANI LB where
neighboring rings in the optimized geometry are slightly bent away
from planarity. The calculated bond distances of CeC, CeN, CeH,
H % N Composition C/N ratio

.64 15.20 C24H20.06N4.07.(H2O)0.5 5.89



Table 3
Oxidant to monomer ratio and mass yield along with initial and final pH.

Oxi/Mon Initial pH Final pH % Yield

0.05 4.72 4.58 9.18
0.25 4.85 4.60 15.03
0.50 4.83 4.47 18.36
0.75 4.70 4.37 19.12
1.0 4.75 4.23 20.02
1.25 4.71 4.10 20.26

Fig. 1. Optimized Geometric Structure of nPANI LB (where n ¼ 1, 2... 6).

Table 2
Proposed structures for the main series of oligomers with reference to Fig S1.

Peak position Proposed structure

93
NH2

185 H
N NH2

260 H
N

H
N

276 H
N

H
N

H
N

288 H
N

H
N

H
NH2N

364.1 H
N

H
N

H
N

H
N
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and NeH are about 1.39, 1.40, 1.08, and 1.01 Å, respectively. The
bridging bond angles between phenyl rings are found to be 128.63�,
which is very close to the experiment and the earlier simulations
[52,53] while inner ring angle was about 121.20�. Lim et al. have
shown that conformation of PANI obtained at B3LYP is more stable
than the other level of theories such as RHF/6-31G and is probably
due to the inclusion of electron correlation in the B3LYP [23]. Based
on the structural analysis discussed above, it may be proposed that
the most stable B3LYP conformations were mainly achieved
through the inclusion of electron correlation in the geometry
optimization. All of the optimized geometric structures of nPANI LB
(n ¼ 1, 2 … 6) were twisted.

4.5. IR spectroscopy

The percent yield provided in Table 3 corresponds to the 4PANI
LB. The yield is less than 20% which is what we can expect from the
use of a weak oxidizing agent (CuCl2). The FTIR spectrum of the
initial products (Fig. 2) show intense peaks in the range of
3361e3445 cm�1 which are assigned to the NH stretching mode of
nucleated aniline [68e70], thus the majority of the product is
supposed to be un-reacted nucleated aniline along with 4PANI LB.

The comparison of spectra of 4PANI LB and 4PANI EB have been
done to determine the difference between these two forms. The
synthesized sample (4PANI LB) was further investigated by IR
spectroscopy; comparative IR spectra of pure 4PANI EB and 4PANI
LB samples are shown in Fig. 3. The EB (tetramer) form of PANI has
usually intense peaks at ca. 1575e1600 and 1490-1500 cm�1

(which are responsible for the quinoid and benzenoid units,
respectively [71]. In our case (4PANI LB) the peak for a quinoid unit
at 1585 cm�1 vanishes, which is very prominent in (PANI EB) of
PANI. However, the peak for a benzenoid unit at 1493 cm�1 in (PANI
EB) is shifted towards 1469 cm�1 in 4PANI LB confirming the
leucoemeraldine. The band peak at ca. 1209 cm�1 is because of CeN
stretching of the 4PANI LB [2], and the CeH out of plane bending
give rise to 866 cm�1 band peak [72]. Another intense peak in
4PANI LB at 1290 cm�1, indicating the presence of a secondary
amine [1]. Comparative analyses of both spectra lead us to conclude
that the synthesized product is the fully reduced form of PANI LB,
which is also in agreement with the mass spectral and elemental
analysis (vide supra).

Furthermore, vibrational spectroscopy is elaboratedwith the aid
of simulated IR spectra of 4PANI LB, at DFT with B3LYP/6-31G (d)
level of theory. Comparative simulated and observed IR spectra of
4PANI LB are presented in Fig. 4, whereas detailed simulated IR
spectra of PANI LB from monomer up to six repeating units are
depicted in Fig. 5. For convenience, IR spectral discussion is divided
into 12 major band peaks (shown in Table 3 along with their
approximate assignments). The calculated IR spectrum of 4PANI LB
has two prominent band peaks in the functional group region at ca.
3476 and 3056 cm�1, for NeH and CeH stretching, respectively. The
calculated 3476 cm�1 band peak has a large difference (120 cm�1)
from its counterpart 3356 cm�1 of the observed one. This large
difference (3476 cm�1) can be attributed to the missing solvent
effects [73e80] in our calculations of an isolated molecule of 4PANI
LB, and the underestimation of anharmonic effects for the strongly
anharmonic NH vibration [81,82].

This has already been discussed in the literature by us and
others [73e80]. On the other hand, calculated 3056 cm�1 shows
nice correlation with the experimental 3052 cm�1. The calculated
peak at 1600 cm�1 can be assigned to C]C and CeH wagging, and
correlates with the experimental 1593 cm�1 peak. The calculated
1505 cm�1 band peak is the most prominent peak of the fingerprint
region which is 36 cm�1 greater in frequency compared, to the
experimental 1469 cm�1. This band peak has intense C]C, CeN
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Fig. 3. Experimental IR spectra of PANI EB (black) and CuCl2 doped (red) of 4PANI LB.

Fig. 4. Experimental (red) and simulated (black) IR spectra of 4PANI LB.
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stretching and CeH, NeH wagging component. The calculated
1291, 1230, 1168 and 855 cm�1 band peaks show nice correlation
with the experimental 1290,1209,1166, and 866 cm�1, respectively.
The last two prominent band peaks in the calculated IR spectra, 807
and 694 cm�1 correspond to out of plane bending and are very close
to the observed bands at 804 and 689 cm�1. Analysis of data in
Table 4 points that both theory and experiment correlate each other
quite well, with minor differences.
4.6. UVevis spectroscopy

UVevis spectra of PANI LB, PANI EB are analyzed to further
confirm that the oligomer synthesized is PANI LB (Fig. S2). PANI EB
shows two strong absorption bands at 320e340 and 600e660 nm,
corresponding to the benzenoid and quinoid units of PANI,
respectively [83]. UVevis spectra of pure EB have two peaks at 629
and 324 nm, which strongly validate the reported literature. In the
case of our synthesized sample i.e., labeled as PANI LB, the quinoid
unit was absent in its UVevis spectrum, confirming the fully
reduced, PANI LB. The information provided by the UVevis analysis
also corroborates the IR spectra and other characterizations (vide
supra).

UVevis spectrum of PANI LB has a prominent absorption peak at
ca. 336 nm. It is very difficult to determine the oligomeric size of the
PANI LB from the UVevis spectral results. However, we carried out
TD-DFT calculations at various level of theories such as B3LYP/6-
31G, B3LYP/6-31G (d), B3LYP/6-31G (d,p), B3LYP/6-31 þ G (d,p),
both in the gas phase and chloroformmedia, for monomer up to six
repeating units (see S3eS8 of the Supporting Information). We
correlated all these spectra with the observed one and finally
concluded that UVevis spectra (Fig S9) of four repeating units
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Table 4
Experimental and calculated frequencies (in cm�1) of 4PANI LB.

S.no Experimental IR Simulated IR Approximate assignment

1 3356 3476 n NeH
2 3052 3056 n CeH
3 1593 1600 n C]C; Wag CeH
4 1469 1504 n C]C, CeN; Wag CeH, NeH
5 1290 1291 n C]C, CeN; Wag CeH
6 1209 1230 n C]C, CeN; Wag CeH, NeH
7 1166 1168 Cis CeH
8 866 855 g CeH; Ring breathing
9 804 807/730 g CeH
10 689 694 g CeH
11 588 640 g NeH
12 496 497 g CeH, NeH

Note: n stretching; Wag: Wagging; cis: scissoring; g: Out of plane bending.

Table 5
First three vertical allowed electronic excitations in 4PANI LB.

Peak Experimental Excitation
energy (nm)

Oscillator
strength

Electronic transition

CHCl3 CHCl3 Vacuum CHCl3 Vacuum CHCl3 Vacuum
1 336 346 338 0.90 0.75 H / L H / L
2 279 293 280 0.20 0.11 H / L5 H�1 / L2
3 273 256 254 0.19 0.17 L�1 / L5 H�1 / L5
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(4PAN LB) at TD-B3LYP/6-31G (d), correlates with the experimental
spectrum. Three different optical absorptions band peaks of 4PANI
LB, both in the CHCl3 solvent and gas phase are summarized in
Table 5 along with their oscillator strength, electronic excitation,
and experimental peaks as well. There are no allowed absorptions
in the visible range for both the observed and calculated spectra.
The first peak in the simulated UVevis with high oscillator
strengths occurs at 338 nm in the vacuum and 346 nm in the CHCl3.
This maximum absorption peak (lmax) is 2 nm (gas phase) and
10 nm (solution phase) greater in wavelength from that of the
experimental lmax (336 nm). As shown in Table 5, the absorption is
due to the p/p* transition (S0/S1), excitation electron from 97 to
98 molecular orbital (vide infra).

Chloroform solvent effect is predicted by the polarized contin-
uum model (PCM) [84]. In chloroform, the excitation energy of all
the three peaks decreases compared to gas phase however, oscil-
lator strength increases. This indicates that p-conjugation increases
in solvent compared to the gas phase. The second absorption in the
experimental UVeVis is at 279 nm and shows a strong correlation
with both gas (280 nm) and solution phase (293 nm) theoretical
bands.

This absorption is due to the electronic excitation fromHOMO-1
to LUMOþ3 in gas spectra, while in solvent medium this excitation
is from HOMO to LUMOþ5. Another, high energy absorption
appeared only in the theoretical spectra ca. 254 nm (gas phase) and
256 nm (CHCl3) can be assigned to the observed 273 nm. This ab-
sorption is because of the electronic transition of molecular orbital,
HOMO-1 to LUMOþ5. The 2nd and 3rd absorption peaks are not
cleared in the experimental UVevis spectra; this is also evident
from the DSCF calculations, huge gap difference between the
ground and excited orbitals (see Table 5 and Fig. S10).

4.7. Ionization potential, electron affinities, and band gap analysis

The electronic properties of nPANI LB oligomers are calculated at
B3LYP/6e31 G (d) level of theory. The negative orbital energies of
DFT do not give well accurate IP and EA at B3LYP/6e31 G (d) level of
theory, but the deviation is less than 1 eV. Since the error is sys-
tematic, orbital energies can be used to investigate trends reliably.
Furthermore, pure DFTmethods underestimate excitation energies,
underestimate band gaps, overestimate conjugation, overestimate
defect sizes and this error gets larger with increasing chain length.
B3LYP is quite accurate for our system (medium sized system)
[85,86], implementation of hybrid functional (B3LYP), which ac-
counts for the effects of self-interaction, is used to achieve better
correlation.

The IP and EAwere obtained from the negative of the DFTorbital
(HOMO and LUMO) energy using Koopman's theorem with typical
exchange-correlation functional. The IP and EA of both of PANI LB
from monomer up to infinite repeating units are listed in Table 6.
Polymer IP and EA are obtained by extrapolation of oligomers data,
using second order polynomial fit equation. The data of Table 6
reveal that all of the IPs from monomers up to infinite repeating
units is positive, whereas some of the EA values are in negative. The
negative EAmeans that this oligomeric state is unbound. This trend
exists in the monomer, diphenylamine, and triphenylamine as
depicted in Table 6. IP decreases and EA increases (Table 6) with the
increasing of repeating units, this change is due to increasing of p-
electron conjugation (delocalization) along the oligomeric back-
bone of nPANI LB. The high p-electron density with chain length
elongation leads to smaller band gap as shown in Fig. 6, and a
consequence of numbers of delocalized p-molecular bonding or-
bitals. The band gap is obtained from the difference of the orbital
energies (valence and conduction band). Our estimated band gap of
PANI LB is 3.57 eVwhich has good correlationwith earlier reports of
both calculated (4.01 eV) and experimental work (3.8e4.0 eV)
[52,53,87]. This also concludes the hybrid DFT methods are more
accurate than pure DFT methods. Generally, in conducting copol-
ymer, the extent of conjugation increases with chain length elon-
gation of oligomers. But on the other hand, the planarity of the
polymer decreases due to steric contribution. Similarly, an increase
in the number of atoms decreases the electron density of HOMO
and LUMO thereby preventing delocalization over the entire frame.



Table 6
IP, EA, and Band Gap of nPANI LB, where n is the number of repeating units.

n IP (eV) EA (eV) Band gap (eV)

1 5.39 �0.25 5.64
2 4.64 �0.05 4.69
3 4.34 �0.008 4.34
4 4.21 0.06 4.15
5 4.13 0.10 4.03
6 4.09 0.13 3.96
∞ 3.80 0.21 3.57

R. Ullah et al. / Journal of Molecular Structure 1127 (2017) 734e741740
The conductivity depends on planarity of the system and band gap
and polymers having smaller band gap and planner geometry are
considered to show good conductivities.

A band gap of an extended periodic system is defined as the
difference between the lowest energy in the conduction band and
the highest energy in the valence band. Band gaps are parameters
of considerable importance for the determination of possible ap-
plications of conducting polymers. In this study, we investigated
finite size systems such as monomer and oligomers of PANI of
different sizes. The term band gap is used here also to represent a
property of a finite system that converges to infinite band structure
when the size of the oligomer increases. The word “gap” also in-
dicates a difference between electronic energy levels. These can
either be observable energy gaps or some type of calculated mo-
lecular orbital energy gap such as the difference between HOMO
and LUMO.

The HOMO, LUMO contours and molecular electrostatic poten-
tial (MEP) plots of nPANI LB (n ¼ 1, 2 … 6) are estimated by using
B3LYP/6-31G (d) level of theory are given in Fig S11 and S12 of the
supplementary material. The HOMO and LUMO of monomer,
diphenylamine and triphenylamine are found to extend on all
carbons, hydrogens, and nitrogens and involve delocalization over
the entire molecular framework. Where in larger oligomers (n ¼ 4,
5, 6) electron density in the HOMO and LUMO is not spread over the
entire skeleton, which indicates decreases of delocalization. The
HOMO and LUMO energies of PANI LB, frommonomer up to infinite
repeating units, are shown in Fig. 6.

The details of extrapolating oligomer data plot up to polymer are
given in the Supporting information (see S13�S18). With
increasing conjugation, the energy of HOMO increases, whereas the
energy of LUMO decreases, and this causes a decrease in the band
gap (vide supra). The HOMO�LUMO energy differences of 4PANI LB
is 4.15 eV, and this corresponds to p/p* transition energies which
are also close to the lmax (3.67 eV or 338 nm) of the DSCF results.
Lim et al. reported 4.0 eV p/p* transition of leucoemarldine base
Fig. 6. Development of band structure of PANI LB from energy levels of oligomers. (The
monomer is used as a repeat unit).
and 2.0 eV Peirles gap transition of pernigraniline base on the basis
of DFT calculations to investigate the geometric and electronic
structures of various neutral aniline oligomers.

5. Conclusion

An oxidative oligomerization of aniline (ANI) for the synthesis of
phenyl-end-capped oligoaniline is achieved through CuCl2 as an
oxidant with the aid of density functional theory (DFT) calculations.
Chemical oxidative polymerization of ANI was carried out at room
temperature under nitrogen atmosphere for 24 h. The prepared
sample was characterized by mass spectrometry, UVevis, IR, and
CHN elemental analysis. Both spectroscopic and elemental analyses
indicate the formation of tetramer (fully reduced form of PANI) up
to four repeating units, 4PANI LB (C24H20.06N4.07). DFT at hybrid
functional was used for the geometric and electronic properties
simulations of 4PANI LB, to confirm its oligomeric structure. Good
correlation between the experiment and theory is observed in the
UVevis spectra and with minor exceptions in case of vibrational
frequencies. All calculated vibrational bands of 4PANI LB were
scaled with a common scaling factor of 0.963. Spectroscopic data
(IR, UVevis spectral analyses) for 4PANI LB is also compared with
that of 4PANI EB which confirms the presence of 4PANI LB.
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Introduction

Medicinal plants are the consistent source for the treatment of
many health problems in our modern as well as ancient Egypt,
Assyrian, China and Indus valley human societies [1–5]. Plants
extract derived-medicines have been usually used for primary
health care, across the world from pre-historically [6,7]. In the
research laboratory round the world, it is desired to discover and
devise new drugs from natural sources, which are often more use-
ful, cheaper and easily available. For curing of common diseases,
developing countries have restricted approach to medical services,
therefore, therapeutics sources are the medicinal plants [8].

The genus Diospyros (Ebenaceae) consists of woody shrubs and
trees distributed in the tropical and subtropical regions of the
world. Around 500 species are known worldwide of which 24 spe-
cies are native to India and Pakistan [9,10]. Diospyros lotus (DL) is a
deciduous tree, growing in China and Asia. DL has been cultivated
for its edible fruits. The fruits of DL is used as a sedative, astringent,
nutritive, antiseptic, antidiabetic, antitumor, astringent, laxative,
nutritive and as a febrifuge and for the treatment of constipation.
DL fruits are used for the treatment of diarrhea, dry coughs and
hypertension [9,10].

Phytochemical studies have been previously carried out on
many Diospyros species, and have revealed the widespread pres-
ence of naphthoquinones and naphthalene derivatives, dimeric
naphthoquinones and lupane triterpenes. Chemical investigation
of the fruits of DL led to identification of some fatty acids, sugars,
phenolic compounds and non-volatile acids [11,12]. 8-
Hydroxyisodiospyrin (HDO) and Diospyrin (DO) are bisnaphtho-
quinone which have been isolated by our group from DL [13]. DO
was obtained as a polar orange–red crystalline compound [12]
while HDO has violet amorphous nature (see extraction and isola-
tion section). HDO also displayed good activity against Plasmodium
falciparum (strain K1 and NF54, stages IEF). In cytotoxicity studies
toward rat skeletal myoblasts, L-6 cells showed that HDO (see
Fig. 1) was responsive to all parasitic protozoa. HDO also possesses
in vitro activity against T. cruzi [14].

In spite of the above medicinal related investigations, HDO still
need extensive technological exploration which will open new
ways for the future scientists [15]. Lots of useful experimental
studies on HDO reveal its high potential and reactivity toward bio-
logical species [13,14]. In this work, we have explained, how com-
putational chemistry methods can successfully be applied to a
phytochemically isolated organic molecule (HDO) [16]; determina-
tion/confirmation of its exact chemical structure. Moreover, we
have predicted its technological application (interaction ability
toward different gases such as NH3, CO2, CO, and moisture) with
the help of electronic structure properties simulations. This study
also emphasize on non-covalent interactions, which play an impor-
tant role to understand structures and energetic of organic mole-
cules [17–19].

For the study of non-covalent interactions [20], Grimme and Co-
workers have suggested that B3LYP-gCP-D3/6-31G⁄ [21] is a well
OH
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Fig. 1. Molecular structure of HDO.
accurate ‘‘Model Chemistry’’ for the non-covalent/Van der Waals
type interactions study [22–27].
Materials and methods

Plant material

Roots of D. lotus were collected from Toormang Razagram, Dir,
KPK, Pakistan, in May 2009. The sample was authenticated by
Taxonomist, and Botanist at Department of Botany, University of
Peshawar, Pakistan. A voucher specimen (Bot. 20036 (PUP)) has
been deposited at the Herbarium, Department of Botany,
University of Peshawar, Pakistan.

Extraction and isolation

Shade-dried roots of D. lotus (14 kg) were crushed to powder
and kept at room temperature in MeOH for six days with continu-
ous stirring by simple percolation. After this period, the extracts
were combined and concentrated by evaporating solvents using
rotary vacuum evaporator under reduced pressure at temperature
below 55 �C to obtain a dark red residue (202 g). It was suspended
in water and successively partitioned with hexane, CHCl3, EtOAc
and n-BuOH using standard protocol. The chloroform fraction
(30 g) was subjected to column chromatography on silica gel
[Merck Silica gel 60 (0.063–0.200 mm), 5 � 60 cm]. The column
was eluted with hexane–ethyl acetate (100:0 ? 0:100) as solvent
system. A total of 105 fractions, RF-1 to RF-105 were obtained
based on TLC profiles. Elution of the chromatogram with hexane-
EtOAC (100:0 ? 7:93) gave a violet amorphous solid, HDO with
m.p. 275–276 �C (1.4 g). The structure of HDO was partially con-
firmed by comparing the physical and chemical data with reported
one [28].

Characterization

IR spectra were measured on KBr pellets, using Perkin Elmer
spectrophotometer series 400 IR, in the region from 400 to
4000 cm�1 with a resolution of 4 cm�1. The spectra were collected
in ATR mode with 10 numbers of scans for all samples. A Shimadzu
UV–vis 1700 spectrophotometer was used to record the UV–vis
spectra. The sample was dissolved in chloroform and the spectra
were recorded in spectral region ranging from 200 to 800 nm.

Computational methodology

Quantum mechanical calculations with DFT method at Becke
three parameter (exchange), Lee, Yang, and Parr both local and
nonlocal (correlation; DFT) [29–31] at B3LYP/6-31G⁄ level of the-
ory are employed [16,32–34]. DFT is chosen due to its more accu-
rate prediction, as explained in our previous work [35]. Vibrational
I.R spectra were simulated at the above mentioned level of theory
using optimized geometric parameters. Excited state properties
such as Ionization Potential (IP), Electron Affinities (EA), electro-
static potential (ESP), density of states (DOS), co-efficient of highest
occupied molecular orbital (HOMO), co-efficient of lowest unoccu-
pied molecular orbital (LUMO) and band gap are also simulated at
the above mentioned level of theory. Using Koopmans’ theorem
the negative HOMO energy corresponds to the first IP while the
negative of LUMO energy corresponds to the EA [36]. TD-B3LYP/
6-31+G(d,p) level of theory is used for the UV–vis spectra, both
for the gas phase and in chloroform media. Band gap is estimated
as the difference of LUMO and HOMO. The non-bonding (non-cova-
lent) interaction of HDO with the mentioned gases are simulated at
geometrical counterpoise correction (gCP) which is able to treat



Table 1
Optimized Geometric Parameters of HDO.

Geometrical parameters B3LYP/6-31G⁄ B3LYP/6-31G(d,p)

Bond length (Å)
C1AC2 1.47 1.47
C2AO39 1.24 1.24
O42AH43 0.99 0.99
C14AH17 1.08 1.08
C19AC18 1.41 1.41

Bond angle (�)
C3AC2AC1 117.75 117.71
O39AC2AC1 119.73 119.96
H17AC14AC13 121.60 121.57
C14AC13AC11 122.49 122.42
H37AO36AC21 108.62 108.85
H31AC30AC22 110.92 110.86

Dihedral angle (�)
C6AC1AC2AC3 �0.07 �0.05
H7AC1AC6AC5 �179.95 �179.94
O39AC2AC1AC6 179.90 179.92
H43AOAC8AC3 0.05 0.03
H27AC25AC12AC11 �20.13 �22.61

Table 2
Experimental and calculated IR frequencies (in cm�1) of HDO.

S.No Experimental Scaled Unscaled Approximate assignment

1 3667 3652 3800 m OAH
2 3072 3055 3178 m OAH
3 2922 3022 3144 m OAH
4 1642 1679 1747 m C@C, C@O
5 1599 1611 1676 m C@O, C@C; Wag OAH
6 1571 1589 1654 m C@C, CAC; Wag CAH
7 1455 1451 1510 Cis CAH
8 1409 1405 1462 m C@C, CAO; Cis CAH
9 1368 1398 1455 m CAO; Cis CAH; Wag OAH

10 1332 1350 1405 m C@C; Wag CAH, OAH
11 1284 1263 1314 m CAC; Wag CAH, OAH
12 1205 1219 1269 Wag CAH, OAH
13 1143 1151 1198 Wag CAH
14 1110 1059 1102 Wag CAH
15 856 855 890 b OAH, CAH
16 461 441 459 Rings breathing

Note: m: for stretching, b: out of plan bending, Wag: for wagging.
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both inter- and intra-molecular basis set superposition error (BSSE)
on the same footing at low computational cost [37]. The B3LYP-
gCP-D3/6-31G⁄ [38] energy corrections are also made from the
Grimme’s Webservice (http://wwwtc.thch.uni-bonn.de/) [21].
Equations for the DEInt and DEBSSE calculations are clearly
explained in our previous report [37]. All calculations were per-
formed in gas phase except UV–vis (which is simulated both in
gas and solvent phase) using GAUSSIAN 09 [39]. The visualization
of results is achieved with Gabedit and Gauss View [40].

Results and discussion

Geometry optimization of HDO

The molecular optimized geometric structure of HDO along
with numbering of atoms is shown in Fig. 2. Some of the prominent
optimized geometric parameters at B3LYP/6-31G⁄ and B3LYP/6-
31G(d,p) level of theories are listed in Table 1, while their coordi-
nates are listed in S1. Due to the amorphous nature of HDO, we
could not get its crystallographic structure (experimental) how-
ever, for comparison reason; simulated optimized geometrical
parameters at the two different levels of theories are correlated
(see Table 1). All CAC bonds distance are in the range of 1.47 and
1.41 Å, using these both level of theories.

Analyses of the listed data in Table 1 clearly indicate that the
CAH bond distances of HDO have similar lengths at both levels
of theories. The oxygenAhydrogen (O42AH43) bond distance is
about 0.99 Å. The calculated CAO bond distance (C242AO39) is
1.24 Å. Intra-molecular hydrogen bonding also present in HDO at
three different positions. These hydrogen bonds are present at
H37� � �O42, H35� � �O38, and H43� � �O39 positions, and have dis-
tances of 1.72, 1.66 and 1.68 Å, respectively. The bond angles of
C342AC242AC1 and O3942AC242AC1 are 117.75� and 119.96�,
respectively. The dihedral angles among C642AC142AC242AC3
and H4342AO4242AC842AC3 atoms are �0.7 to 0.05.
Comparative geometric analysis lead us to conclude that both
B3LYP/6-31G⁄ and B3LYP/6-31G(d,p) level of theories have almost
similar results.

Infra-red spectral characteristics

According to the non-linear vibrational mode formula (3N-6),
HDO consists of 43 atoms (H14,O7,C22) and expected to have 123
normal modes of vibrations under C1 symmetry. Among all these
Fig. 2. Optimized Geomet
123 normal modes of vibrations, 16 prominent IR band peaks are
given in Table 2 along with their approximate assignments. The
observed and simulated scaled IR spectra of HDO are given in
ric Structure of HDO.

http://wwwtc.thch.uni-bonn.de/
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Fig. 3, whereas some of the major band peaks, both simulated
(scaled and unscaled) and observed are collectively listed in
Table 2.

The experimental IR spectrum of compound HDO shows charac-
teristic absorption bands for ketone, OH, and ACH functional
groups. The simulated IR spectrum at B3LYP/6-31G⁄ level of theory
was scaled with a factor of 0.9613 to correlate with the experi-
ment. The OAH stretching band appeared in the functional group
region at ca. 3667 cm�1 which has good agreement with the com-
puted band appeared at 3652 cm�1. Other two prominent band
peaks (simulated) of the functional group region are 3055 and
3022 cm�1, and have OAH stretching. These simulated bands can
be correlated with the experimental 3072 and 2922 cm�1, which
has 17 and 100 cm�1 differences, the large difference (100 cm�1)
is because of the theoretically isolated molecule whereas experi-
ment is for the condense phase.

The finger print region has 11 major vibrations; the simulated
peak at 1679 cm�1 is assigned to C@C and C@O stretching, and
has strong correlation with the experimental peak at ca.
1642 cm�1. Calculated band peaks at 1611 also has contribution
from C@O and C@C stretching. The simulated bands at 589, and
1451 cm�1 assigned to the OAH, and CAH wagging, respectively.
The experimental band peaks for these vibrations are ca. 1571,
and 1454 cm�1 and has 18, and 3 cm�1 difference from that of the-
oretical. The last two peak of the observed IR spectra peaked at 856
500 1000 1500 2000 2500 3000 3500 4000

IR
 In

te
ns

ity

Frequency (cm-1)

Fig. 3. Experimental (red) and simulated (black) IR Spectra of HDO. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Table 3
Experimental and TD-B3LYP/6-31+G(d,p) calculated electronic excitations of HDO.

Peak Experimental Excitation energy (nm)

Vacuum CHCl3

1 553 556 562
2 483 495 501
3 414 433 434
4 292 281 283
and 461 cm�1 can be correlated with the simulated vibrations ca.
855 and 441 cm�1 on the basis of their similar assignments, as
listed in Table 2. Comparative analysis of the calculated and exper-
imental IR bands led us to conclude that both theory and experi-
ment validate each other.
Experimental and theoretical UV–vis spectra of HDO

In order to understand the electronic transitions (UV–vis spec-
tra) in HDO, TD-DFT calculations at B3LYP/6-31+G(d,p) level of the-
ory are performed. The calculations are performed both in vacuum
as well as in chloroform solvent (using polarized continuum
model, PCM), to ensure the maximum correlation of experiment
and theory. The experimental absorption wavelengths and simu-
lated electronic excitation values, such as absorption wavelength
(kmax), excitation energies (E), oscillator strengths (f) and major
contributions of the transitions along with their assignments (elec-
tronic transitions) are given in Table 3. The experimental UV–visi-
ble spectra of HDO have four absorption bands at ca. 292, 414, 483,
and 553 nm, as depicted in Fig. 4. The strong absorption band peak
(kmax) observed at 553 nm is because of the, p ? p⁄ transition and
has correlation with the simulated 556 nm (gas phase) and 562 nm
(CHCl3). Solvent causes red shifting of wavelength, and it has been
discussed in our earlier reports [33]. Moreover, the remaining
observed absorbance band peaks such as 483, 414, and 292 nm
have also good correlation with their counterpart calculated ones.

The experimental absorption band peak at ca. 483 nm can be
correlated with the theoretical 495 nm (gas phase) and 501 nm
(CHCl3). This experimental absorbance band peak has 8 and
18 nm differences to that of simulated gas phase and solvent
media, respectively. This peak is because of the electronic transi-
tion from the molecular orbital of HOMO�1 to LUMO+2 and can
also be regarded as n ? p⁄ transitions. The n ? p⁄ transitions are
expected to occur relatively at lower wavelength. Another, absorp-
tion in the observed UV–vis spectra is at ca. 414 nm which is
because of S�2 ? S+2 transition, and can be matched with the cal-
culated 433 nm (gas phase) and 434 nm (CH3Cl).

The last forbidden electronic excitation of HDO in the experi-
mental UV–vis spectra is 292 nm, which again has very nice corre-
lation with their calculated 281 nm (gas phase) and 283 nm
(CHCl3). This absorbance is because of the electronic excitation
from HOMO�9 to LUMO. Analysis of the data of Table 3, Figs. 4
and 5 led us to conclude that theoretical results at TD-B3LYP/6-
31+G(d,p) level of theory correlate nicely with the experiment.
Interaction study of HDO

Reactive site simulation
Non-bonding interacting ability of HDO is investigated with

four different gaseous molecules such as ammonia (NH3), carbon
dioxide (CO2), carbon monoxide (CO) and moisture (H2O).
Optimized geometric coordinates of HDO-X are listed in S2–S5 of
the Supplementary materials. These gases are the main focus of
the study because they are usually available in a common labora-
tory, industry or other related areas, and the current study. Some of
Oscillator strength Electronic transition

Vacuum CHCl3 Vacuum CHCl3

0.04 0.06 S0 ? S1 S0 ? S1

0.15 0.19 S0 ? S3 S0 ? S3

0.04 0.04 S�1 ? S3 S�1 ? S3

0.05 0.04 S�9 ? S1 S�9 ? S1
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Fig. 4. Experimental UV–vis Spectrum of HDO.
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these gases in ppm or ppb level concentration in the atmosphere
are dangerous for human health. In order to explore the best pos-
sible interaction of HDO with these gases, first of all the most suit-
able (reactive) sites are investigated by electrostatic potential
(ESP), Mulliken, and NBO charge analysis, see Figs. 6 and 7. The dif-
ferent colors in Figs. S6 and S7 are used as a symbol for the
Fig. 5. Simulated UV–vis spectra of HDO gas phase (black) and solvent media (red). (For i
the web version of this article.)

Fig. 6. Mulliken (a) and NB
different value of electrostatic potential; red and blue colors show
electron rich and electron deficient (high positivity) regions of the
molecule whereas the green color shows the region of zero poten-
tial. The ESP also provides a visual method for understanding the
relative polarity of the molecules (Figs. S6 and S7). Analyses of
the ESP surfaces clearly indicate that the nucleophile (most elec-
tronegative) part of HDO is the area around O41 and O36 (ref to
Fig. 2), which is the most electron rich regions (red). Moreover,
other electron rich areas near O40, O42, O39, O38 and O34 cannot
be ignored but they are less nucleophilic compared to O41 as can
be seen from Fig. S6. The second most electronegative atom is
O40 followed by O38, and O34. The weakest nucleophilic region is
around O39 and O42 atoms.

Prior to simulation of non-covalent interaction of HDO with dif-
ferent gases, they are interacted at suitable reactive sites as pre-
dicted from MEP (Fig. S6). We also tried all the four regions of
HDO without keeping in mind its MEP plot, and found that only
the H37 is the best region for attacking of these gases. For details,
see S8–S10 of the Supplementary material where HDO and these
gases are interacted at different positions. From MEP (Fig. S6) of
H2O and NH3, it is clear that O and N of water and ammonia are
nucleophilic, respectively, and the H of HDO are to the elec-
trophilic. In case of CO2, both O are nucleophile while C is more
nucleophilic than O in CO.

In order to ensure the electron rich and deficient areas (as pre-
dicted by ESP) of HDO, Mulliken and NBO charges analysis are also
carried out (see Figs. S11–S12). Mulliken and NBO charge analysis
reveal that the O36 and O41 are in the most negative states
nterpretation of the references to color in this figure legend, the reader is referred to

O (b) Charges on HDO.



Fig. 7. Optimized Geometric Structures of HDO-X (X = NH3, CO2, H2O, CO, and CO).
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(Fig. 6a and b). O36 and O41 have about 0.64 and 0.54 e� unit of
charges based on Mulliken charge analysis, while these atoms have
0.67 and 0.57 e� unit of charges based NBO. The oxygen O34 has
0.67 (based on NBO) and 0.64 e� unit of charge based on
Mulliken charge analysis. Area near O36 and O41 are the best
nucleophilic region compared to O34, O38, O42, and O39.
Although, the rest of oxygen atoms such as O34, O38, O42, and
O39 have also significant amount of negative charge compared to
O36 and O41 but their effect is little. These charge analysis also
corroborate the ESP investigation, and confirmed that this is the
attacking area for the electrophile.

Intermolecular interaction of HDO with gases
Non-covalent interaction between HDO and NH3, CO2, H2O, CO,

and CO are simulated at two different methods, simple interaction
energy (DEint) and geometrical counterpoise correction energy
(DEgCP-D3). The optimized geometries of all these HDO-X com-
plexes are given in Fig. 7, whereas some of important inter- and
intra-molecular optimized geometrical parameters such as
Table 4
Optimized geometric parameters, DEgCP-D3, DEint, QNBO and QMulliken of HDO-X (X = NH3, C

Species dX1� � �Y8 dX6� � �Y7 \O1C2C3 \C4O5

HDO 122.43 106.8
HDO-NH3 2.32 1.89 123.45 118.3
HDO-H2O 2.02 2.02 123.08 114.1
HDO-CO2 2.95 3.99 121.95 107.3
HDO-CO 3.11 2.64 122.56 108.1
dX1� � �Y8, dX6� � �Y7 (Å), \O1C2C3, \C4O5H6, (�) and DEgCP-D3, DEint,
QNBO and QMulliken are listed in Table 4.
HDO-NH3 complex
The optimized geometric structure of NH3-HDO complex is

depicted in Fig. 7a, wherein the N7 (for general representation
the symbol Y7 is used) of ammonia forms a hydrogen type bonds
to the H6 of HDO. This non-bonding distance is about 1.89 Å.
Nitrogen of ammonia acts as a nucleophile (vide supra), and attacks
on the H6 of HDO and changes its electronic structure properties
through charge transfer, (donate electron) of about 0.05 and
0.04 e� based on of QNBO and QMulliken, respectively. This trend is
very nicely estimated from the MEP of HDO-NH3 complex, see
Fig. S7. Ammonia also establishes another hydrogen bond with
HDO via H8 and O1 with a distance of 2.32 Å. This charge transfer
alter the band gap, kmax (vide infra), and optimized geometric struc-
ture of HDO especially, near the analytes (NH3), which are in fact
the sensitivity measurements parameters.
O2, H2O, CO, and CO): atomic labels are with reference to Fig. 7.

H6 DEgCP-D3 DEint QNBO QMulliken

5 0 0
7 �4.70 �4.76 �0.05 �0.04
0 �4.45 �5.77 �0.02 �0.03
9 �2.66 �2.60 �0.003 �0.002
8 �1.88 �1.31 �0.005 �0.007
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The interaction energy (HDO-NH3) is about �4.76 kcal mol�1

based on DEint. The DEgCP-D3 which is accurate one because of the
inclusion of Van-der Waal and dispersion forces gives similar esti-
mates of interaction energy i.e., �4.70 kcal mol�1. Interaction of
ammonia with HDO, increases its \O1C2C3 and \C4O5H6 angles
from 122.43� to 123.45� and 106.85� to 118.37�, respectively.

HDO-H2O complex
Interaction of moisture with HDO is established due to the

transferring of electrons from analyte (H2O) to HDO, which distorts
the HDO geometry especially near the adjoining rings as can be
seen from Table 4 and Fig. S7. H2O donate about 0.02 charge of
e� based on QNBO and 0.03 e� based on QMulliken to HDO molecule,
and forms intermolecular hydrogen type of bonds at position
O1� � �H8 and H6� � �O7. These intermolecular non-covalent bond
distances are about 2.02 Å. The gCP-D3 energy for this complex is
�4.45 kcal mol�1 whereas the simple interaction energy is
�5.77 kcal mol�1.

HDO-CO2 complex
HDO has little affinity toward CO2 gas, as revealed from inter-

molecular distances, charge transfer, and interaction energy
Fig. 8. Combined UV–vis spectra of HDO and H

Table 5
TD-B3LYP/6-31+G(d,p) calculated electronic excitations of HD

Species Peak Excitation Energy (nm)

HDO 1 556
HDO-NH3 524
HDO-H2O 548
HDO-CO2 569
HDO-CO 556

HDO 2 501
HDO-NH3 482
HDO-H2O 496
HDO-CO2 500
HDO-CO 498

HDO 3 434
HDO-NH3 446
HDO-H2O 438
HDO-CO2 433
HDO-CO 433

HDO 4 283
HDO-NH3 308
HDO-H2O 276
HDO-CO2 278
HDO-CO 280
calculations. A relatively weak interaction is found to be present
in the HDO-CO2 complex, with Van der Waal type of bond. These
non-bonding distances are 3.99 for H6� � �O7, 2.95 for O1� � �C8 and
2.62 Å for the H10� � �O9 (see Fig 7c) which are comparatively larger
than those of NH3, and H2O complexes. The molecular electrostatic
simple interaction energy of HDO-CO2 complex is �2.60 kcal mol�1

and with a DEgCP-D3 energy is �2.66 kcal mol�1. These binding
energies are lower than the binding energies for the HDO-NH3,
and HDO-H2O complexes. The overall low interaction is because
of the zero dipole movement of CO2. The charge transferring is also
very low; CO2 donate negligible amount of charge (about
�0.003 e�) based on NBO and �0.002 e� charge based on
Mulliken charge analysis.

HDO-CO complex
Carbon monoxide has very little interaction with the HDO

molecule as can be seen from the geometric parameters, charge
exchange and amount of interaction energy (Table 4). Very slight
changes are observed in the intra-molecular bond distances upon
interaction of CO with HDO. The intermolecular non-bonding dis-
tances are found to be 3.11 and 2.64 Å (see Fig7), which are even
greater than that of HDO-CO2 complex. The amount of charge
DO-X (where X = NH3, H2O, CO2, and CO).

O and HDO-X.

Oscillator Strength Electronic Transition

0.04 S0 ? S1

0.15 S0 ? S1

0.06 S0 ? S1

0.02 S0 ? S1

0.05 S0 ? S1

0.15 S0 ? S2

0.03 S0 ? S2

0.13 S0 ? S2

0.17 S0 ? S2

0.13 S0 ? S2

0.04 S�1 ? S2

0.07 S�1 ? S2

0.07 S�1 ? S2

0.03 S�1 ? S2

0.06 S�1 ? S2

0.05 S�9 ? S1

0.02 S�9 ? S1

0.07 S�10 ? S1

0.05 S�9 ? S1

0.06 S�9 ? S1



Table 6
IP, EA and band gap (eV) of HDO and HDO-X.

Species IP EA Band gap

HDO 6.14 3.49 2.65
HDO-NH3 6.00 3.34 2.66
HDO-H2O 6.13 3.48 2.65
HDO-CO2 6.51 3.84 2.66
HDO-CO 6.13 3.48 2.65
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transfer from CO to HDO is �0.005 e� (based on NBO) and
�0.007 e� (based on QMulliken). Very low DEint is present in this
complex, which is �1.31 kcal mol�1. The geometrical counterpoise
correction energy is also low for this non-covalent bond
(�1.88 kcal mol�1), which may be because of the stable nature of
CO.

UV–vis spectroscopic analysis of HDO-X

Comparative UV–vis spectra of HDO and HDO-X are given in
Fig 8, whereas the prominent vertical excitation band peaks along
with their oscillator strength, orbital transition both of the exper-
imental and simulated ones are listed in Table 5. Parent molecule
(HDO) has four major absorptions in its UV–vis spectra (vide supra).
Interestingly, NH3 blue-shifts the first two high wavelength
absorptions peaks of HDO, while red-shifts are observed for the
higher energy absorption, i.e., shifting from 434 to 446 and 283
to 308 nm. NH3 shifts HOMO–LUMO excitation energy of HDO to
about 32 nm (556 nm in HDO compared to 524 nm in HDO-NH3

complex), the S0 ? S2 excitation energy from 501 to 482 nm,
S�1 ? S2 from 434 to 446 nm, and shifts the forbidden excitation
energy band peak (S�9 ? S1) from 283 to 308 nm. Besides the
Fig. 9. Molecular orbitals
above mentioned peaks, HDO-NH3 complex shows one extra
absorption at ca. 329 nm which is because of S�5 ? S2 transitions.
Overall, a strong interaction can be concluded from the UV–vis
spectra of HDO-NH3 complex (vide supra).

On the other hand moisture has also considerable interaction
with HDO, as can be seen from Fig 8 and Table 5. H2O blue-shifts
the first two and last absorptions band peaks of HDO (from 556
to 548 nm, 501 nm to 496 nm, 283 to 276 nm) and red-shifts the
remaining third one; 434 to 438 nm. These shifting are small, but
the system is purely vacuum phase therefore, these minute
changes cannot be ignored.

Analysis of the UV–vis spectra of HDO-CO2 reveals that a weak
inter-molecular interaction is present between the CO2 and HDO
compared to that of HDO-NH3 and HDO-H2O complexes. The
absorption band peaks of HDO-CO2 are similar to that of HDO-
H2O complex; red shifting in the low energy excitations and
blue-shifting in the high energy absorptions (Table 5). UV–vis
spectra of HDO-CO2 complex have extra absorption peak at
458 nm with an oscillator strength of 0.06 (S�1 ? S1).

Effect of CO on HDO is negligible as can be seen from the UV–vis
spectra HDO-CO complex. CO interacts with HDO from C side only
however, the absorption spectrum is similar to that of parent HDO.
All four distinct absorption peaks are observed at the same wave-
length, oscillator strength and even transitions (Table 5). This
result is also in consistence with the geometric, charge analysis
and intermolecular interaction energy simulations which con-
firmed the lower intermolecular interaction of HDO-CO.

Electronic properties of HDO and HDO-X

The electronic properties simulations such as IP, EA, HOMO,
LUMO, band gap, and density of states (DOS) of HDO and HDO-X
of HDO and HDO-X.



Fig. 10. Combined DOS plot of HDO and HDO-X (where X = NH3, H2O, CO2, and CO).
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are carried out at the mentioned level of theory(B3LYP/6-31G⁄).
These properties are simulated for the confirmation of non-covalent
interaction and determination of activity, reactivity and interaction
ability of HDO (Table 6). The contours of NBO, HOMO, LUMO
and DOS plots of HDO and HDO-X are depicted in Figs. 9 and 10.
The role of frontier molecular orbitals in the electronic, optical
properties and in chemical reactions is of great importance. The
changes in these molecular orbitals reveal a chemical reaction,
bond formation, old bond breaking, etc.

Moreover, the HOMO energy characterizes the capacity of elec-
tron donation while the LUMO energy describes the ability of elec-
tron acceptance. On the other hand, an ESP indicates the reactive
site (vide supra), and HOMO–LUMO gap estimates the molecular
chemical stability of a molecule. The IP and EA of parent HDO is
6.14 and 3.49 eV, respectively. Upon interaction with NH3, lower-
ing in IP, EA, and band gap is observed as can be seen from
Table 6 and Fig. 10. This lowering in IP and EA indicate that the
HDO-NH3 complex is comparatively inert (stable) as that of parent
HDO, with little electron donating and withdrawing ability. NH3

decreases the IP of HDO from 6.14 to 6.00 eV and EA from 3.49
to 3.34 eV, while a minute increase in the band gap from 2.65 to
2.66 eV. The difference between the total DOS plots of HDO and
HDO-NH3 clearly shows the n-type doping of HDO (Fig. 10).
Furthermore, these results also conclude that a strong non-covalent
is established in this complex. Moisture has comparatively little
effect on the electronic properties of HDO. Both IP and EA of
HDO-H2O complex decreases about 0.01 eV but without any
change in the band gap. This behavior can also be seen from the
DOS plot as depicted in Fig. 10. Non-bonding interaction of CO2

and CO with HDO has also similar effect as that of H2O.
Conclusion

We have carried out a comprehensive phytochemical and
Density Functional Theory (DFT) study of a natural product 8-hy-
droxyisodiospyrin (HDO). After isolation, different experimental
characterizations of the sample are performed to elucidate its
chemical structure. The structure of HDO is then supported by
the comparison of theoretically simulated data (DFT simulations
at B3LYP/6-31G⁄ level of theory) with the experimental values.
The experimental and predicted IR and UV–vis spectra [B3LYP/6-
31+G(d,p)] have excellent correlation with minor exception, which
can be attributed to the condensed phase nature of HDO in the
experiment. It is also found that B3LYP/6-31G⁄ level of theory is
a proper protocol for this class of compounds. The electroactive
nature of HDO is also studied quantum mechanically at B3LYP/6-
31G⁄, and B3LYP-gCP-D3/6-31G⁄ methods. From the comparison
of these two methods, we concluded that inter-molecular interac-
tion of HDO with gasses such as NH3, H2O, CO2, and CO can be
accurately and easily determined at B3LYP-gCP-D3/6-31G⁄

method. Inter-molecular interaction of HDO with gasses is also
investigated through geometrical parameters, electronic, thermo-
dynamic, and charge analysis. Electronic properties includes
Ionization Potential (IP), Electron Affinities (EA), density of states
(DOS), co-efficient of highest occupied molecular orbital (HOMO),
co-efficient of lowest unoccupied molecular orbital (LUMO), and
band gap simulations.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molstruc.2015.04.
027.
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Density functional theory (DFT) and phytochemical study of a natural product, Diospyrin (DO) have been
carried out. A suitable level of theory was developed, based on correlating the experimental and theoret-
ical data. Hybrid DFT method at B3LYP/6-31G (d,p) level of theory is employed for obtaining the elec-
tronic, spectroscopic, inter-molecular interaction and thermodynamic properties of DO. The exact
structure of DO is confirmed from the nice validation of the theory and experiment. Non-covalent inter-
actions of DO with different atmospheric gases such as NH3, CO2, CO, and H2O were studied to find out its
electroactive nature. The experimental and predicted geometrical parameters, IR and UV–vis spectra
(B3LYP/6-31+G (d,p) level of theory) show excellent correlation. Inter-molecular non-bonding interaction
of DO with atmospheric gases is investigated through geometrical parameters, electronic properties,
charge analysis, and thermodynamic parameters. Electronic properties include, ionization potential
(I.P.), electron affinities (E.A.), electrostatic potential (ESP), density of states (DOS), HOMO, LUMO, and
band gap. All these characterizations have corroborated each other and confirmed the presence of
non-covalent nature in DO with the mentioned gases.
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Introduction

Medicinal plants are the factory of producing thousands of sec-
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were/are used directly or indirectly by 80% of the world population
for their basic health needs. Current estimates suggest that in
many developing countries, a large proportion of population relies
heavily on the traditional practitioner and medicinal plants to
meet their primary health care needs. Although, modern medicine
are available in these countries but they prefer traditional medi-
cines. Natural product isolated from marine and terrestrial plant,
play a significance rule in the drug discovery. The relationship
between human, plants and drugs derived from plants, describe
the history of mankind. Plants contain potential compounds for
the treatment of diseases which are not easily curable. Pakistan
has rich countless floras, especially the Khyber Pakhtunkhwa
(KPK) province [1,2]. The country has more than 6000 species of
wild plants, out of them about 400–600 are considered to be
medicinally important. During the past decades, traditional sys-
tems of medicine have become a topic of global importance [3].
Herbal medicines have maintained their popularity both for his-
toric and cultural reasons. Currently, many people in the developed
countries have begun to turn on alternative or complementary
therapies, including medicinal herbs [4].

In this regards, the genus Diospyros (Ebenaceae) is medicinally
quite important, and consists of woody shrubs and trees which
are distributed in the tropical and subtropical regions of the world.
Around 500 species are known worldwide of which, 24 species are
native to Asia [5]. Diospyros lotus (DL) is a deciduous tree, growing
in China and Asia. DL has been cultivated for its edible fruits. The
fruits of DL is used as a sedative, astringent, nutritive, antiseptic,
antidiabetic, antitumor, astringent, laxative, nutritive and for the
treatment of constipation [6]. DL fruits are also used for the treat-
ment of diarrhea, dry coughs and hypertension.

We also investigated the phytochemical studies on many of
Diospyros species, and have shown widespread presence of naph-
thoquinones, naphthalene derivatives, dimeric naphthoquinones
and lupane triterpenes. Chemical investigation of the fruits of DL
led to identification of some fatty acids, sugars phenolic com-
pounds and non-volatile acids [7]. Diospyrin (DO) is bisnaphtho-
quinone, which has been isolated from fruits of DL, and exhibited
significant lipoxygenase inhibitory activity [8]. DO has been
reported from DL which poses significant inhibitory effect on the
growth of Leishmania donovani promastigotes. DO inhibit the cat-
alytic activity of DNA topoisomerase I of the parasite and its chem-
ical structure is given in Fig. 1. DO induces topoisomerase I
mediated DNA cleavage in vitro bioassay. Thus DO is a precise
inhibitor of the parasitic topoisomerase I. [9].

We have reported number of biological activities of DO which
are attributed to high potential and reactivity. In addition to bio-
logical activities (earlier investigations), the present work is going
to describe a comparative experimental and density functional the-
ory (DFT) study of DO to confirm its exact structure by correlation
of experimental and theoretical spectroscopic data. Finally, its non-
covalent interaction abilities towards atmospheric gases are also
investigated. Non-covalent interaction is a hot research topic of
organic chemistry (aromatic compounds) which has number of
applications in the field of sensors, drug design, protein folding,
OH

CH 3

CH3

OHO

O

O

O

Fig. 1. Molecular structure of Diospyrin.
etc. This non-bonding interaction study of DO with atmospheric
gases such as NH3, CO2, CO, and moisture are studied. For the first
time, sensor potential of a natural product toward the atmospheric
gases is studied.
Materials and methods

Plant material

Roots of DL were collected from Toormang Razagram, Dir, KPK,
Pakistan, in May 2009. The sample was authenticated by a Taxon-
omist in the Botany Department, University of Peshawar, Pakistan.
A voucher specimen (Bot. 20036 (PUP)) has been deposited at the
Herbarium, department of Botany, University of Peshawar,
Pakistan.

Extraction and isolation

Shade-dried roots of DL (14 kg) were powdered, and kept at
room temperature in MeOH for 6 days (four times each) with con-
tinuous stirring through simple percolation. After this period, the
extracts was combined and concentrated by evaporating the sol-
vents under controlled temperature (55 �C) using a rotary vacuum
evaporator at a reduced pressure to deliver a dark red residue
(202 g). Furthermore, it was suspended in water and successively
partitioned with hexane, CHCl3, EtOAc and n-BuOH according to a
standard protocol. The chloroform fraction (30 g) was subjected to
column chromatography on silica gel (Merck Silica gel 60 (0.063–
0.200 mm), 5 � 60 cm). The column was eluted with hexane–ethyl
acetate (100:0 ? 0:100) as a solvent system. A total of 105 fractions,
RF-1 to RF-105 were obtained based on TLC profiles. Elution of the
chromatogram with hexane–EtOAC (100:0 ? 10:100) gave a red-
dish color, oil of fatty acid residues and red crystals of various sizes
and shape. The crystals were separated from the solution by wash-
ing with n-hexane. To obtain pure and larger crystals, these crystals
were re-grown from a mixture of hexane–chloroform. DO was
obtained as a polar orange–red crystalline compound (1.4 g) at
m.p. 252–255 �C. The 1H and 13C NMR data were found to be identi-
cal to the data reported previously for DO [10], so that is why we did
not include here.

Computational methodology

DFT calculations at B3LYP/6-31G (d,p) level of theory were per-
formed for DO and DO–X (X = NH3, CO2, CO, and H2O) [11]. DFT
method has been chosen because of our previous experience and
accuracy associated [12–16]. Vibrational spectra (IR) are simulated
on the optimized geometries at the same level of theory [17,18]. Fre-
quency simulation has also confirmed that the molecule is com-
pletely optimized (no imaginary frequency). Excited state
properties such as ionization potential (I.P.), electron affinities
(E.A.), co-efficient of highest occupied molecular orbital (HOMO),
co-efficient of lowest unoccupied molecular orbital (LUMO) and
band gap are simulated at the above mentioned level of theory
[B3LYP/6-31G (d,p)]. Interaction energy (DEint), counterpoise cor-
rected energy (DEint,CP) such as basis set superposition error (BSSE),
and geometrical counterpoise corrected energy (DEgCP-D3)
[13,19,20] simulations are performed for the determination of
non-covalent interaction. UV–vis spectra are simulated at time
depended (TD), TD-B3LYP/6-31+G (d,p) level of theory, using both
gas phase and chloroform media. Band gap are simulated as the dif-
ference of LUMO and HOMO orbital energies. All calculations were
performed on GAUSSIAN 09 [21] suite of program in the gas phase,
except UV–vis (chloroform media). The visualizations of results
are achieved with GaussView and Gabedit [22].



Table 1
Optimized geometric parameters of DO.

Geometrical parameters B3LYP/6-31G (d,p) Experimental [23]

Bond length (Å)
C31AH34, C25AH26 1.09, 1.08
C15AH18, C6AH11 1.08, 1.08
O37AH38, O35AH36 0.96, 0.99
C22AO37, C17AO42, C10AO35 1.35, 1.22, 1.33 1.34, 1.23, 1.33
C2AO40, C5AO39 1.22, 1.48 1.21, 1.47
C31AC23, C23AC25, C25AC22 1.50, 1.39, 1.40 1.50, 1.37, 1.38
C22AC28, C19AC20, C21AC19 1.41, 1.41, 1.39 1.40, 1.40, 1.37
C19AC16, C10AC4, C2AC1 1.48, 1.41, 1.24 1.48, 1.40, 1.23
C15AC14, C14AC12, C12AC10 1.34, 1.49, 1.41 1.33, 1.49, 1.40
C3AC4, C4AC10, C3AC2 1.41, 1.38, 1.49 1.40, 1.37, 1.48
C6AC1, C6AC5 1.34, 1.08, 1.47 1.320, 1.48

Bond angle (�)
H34AC31AH33 108.0
C15AC14AC12 122.2
C1AC2AC3 117.0
C12AC10AO35 118.6
C3AC2AO40 122.5
C2AC1AH8 115.6
C6AC1AH8 122.3

Dihedral angle (�)
H34AC31AH32AC23 �122.5
O41AC16AC19AC20 �179.0
C16AC14AC12AC10 111.9
C15AC14AC12AC13 113.9
C23AC25AC22AC20 0.04
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Results and discussion

Optimized geometry

The optimized molecular structure of DO is shown in Fig. 2. The
prominent optimized structural parameters (bond length, bond
angle and dihedral angle) calculated at DFT-B3LYP/6-31G (d,p)
level of theory are listed in Table 1. DO is an orange color semi-
crystalline substance. Major prominent observed bond lengths
(only) [23] are correlated with the simulated ones and are listed
in Table 1.

The bond distances for the calculated CAH and OAH are 1.08
and 0.9 Å, respectively and no correlation can be made due to the
non-availability of experimental data. The observed bond length
of CAO is in the range of 1.21–1.47 Å, and has nice correlation with
their counterpart simulated ones (1.22–1.48 Å). The CAC bonds are
found to be in the range of 1.32–1.50 Å in the experiment and can
be correlated to the predicted 1.24–1.50 Å. There are also existing
hydrogen bonds between the H42� � �O41 and H36� � �O38, which are
1.69 and 1.66 Å, respectively. The bond angle among HACAH is
108� while the CACAC at ca. 122.2–117.0�, and CACAO angle is
118.6–122.5�. The last distinguished bond angle of DO is CACAH,
which is found to be in the range of 115.6–122.3�. About six differ-
ent major dihedral angles can be observed in DO which are listed in
Table 1.
C15AC17AC20AC19 0.83

IR
 In

te
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ity
Infra-red spectral characteristics

According to non-linear molecular vibrational mode formula
(3N � 6), DO consist of 42 atoms with molecular formula of
C22H14O6, and expected to have 120 normal modes of vibrations
under C1 symmetry. Comparative simulated and experimental IR
spectra of DO are plotted in Fig. 3, however, some of the major
band peaks along with their approximate assignments are listed
in Table 2. In Table 2 and 15 major band peaks of the calculated
IR spectra are compared with that of the experimental peaks. Fur-
thermore, these modes (band peaks) are found to be most active in
the infra-red absorption. The functional group region of the simu-
lated IR spectra has three peaks including one shoulder peak, con-
sisting of hydroxyl and methyl group stretching.

The OAH band peaks appeared at ca. 3651 and 3120 cm�1 and are
correlated with the experimental 3548 and 2922 cm�1, respectively.
CAH stretching peaked at 2928 cm�1 and has good correlation
(based on similar assignment) with the observed 2853 cm�1. The
most prominent peaks of the finger print region of the calculated
IR spectra are situated at 1683, 1677, and 1589 cm�1. These peaks
have very nice correlation with the observed (experimental) 1666,
1639 and 1598 cm�1, respectively (see Table 2). Other peaks of this
region (simulated) such as 1474 cm�1 can be correlated with the
experimental 1563 cm�1 based on their similar C@C stretching.
The simulated band peaked at 1391 cm�1 is due to combination of
Fig. 2. Optimized geometric structure of DO.

500 1000 1500 2000 2500 3000 3500 4000

Frequency in (cm-1)

Fig. 3. Experimental (red) and simulated (black) IR Spectra of DO. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
C@C stretching and CAH, OAH bending and are correlated with
1453 cm�1 of the experimental IR spectra. Other calculated bands
such as 1334 cm�1 has good correlation with the experimental
1365 cm�1 and the band peak at ca. 1266 cm�1 can be correlated
with the observed 1280 cm�1. The simulated 1258 cm�1 is because
of CAC stretching and CAH, OAH wagging and has nice correlation



Table 2
Experimental and calculated IR frequencies (in cm�1) of DO.

S. No. Experimental Scaled Unscaled Approximate assignment

1 3548 3651 3799 m OAH
2 2922 3120 3246 m OAH
3 2853 2928 3045 m CAH (sym)
4 1666 1683 1750 m C@C, C@O
5 1639 1677 1744 m C@O, C@C; Wag CAH
6 1598 1589 1652 m C@C, CAC; Wag CAH
7 1563 1474 1533 m C@C, b OAH, Wag CAH
8 1453 1391 1447 m C@C, b CAH, OAH
9 1365 1334 1388 m CAC, C@C; b OAH, CAH
10 1280 1266 1317 m CAC; Wag CAH, OAH
11 1245 1258 1309 m CAC; Wag CAH, OAH
12 1204 1221 1271 m CAC; Wag CAH, OAH
13 1047 1066 1109 Cis CAH, ring breathing
14 850 836 870 b OAH, CAH
15 444 416 433 b CAH, rings breathing

Note: m: for stretching, b: out of plan bending, Wag: for wagging, sym: symmetric.
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with the experimental 1245 cm�1. CAC stretching and CAH, OAH
wagging also produce a peak at 1221 cm�1 and has excellent corre-
lation with the observed 1204 cm�1. Simulated 1066 cm�1 has CAH
scissoring and ring breathing vibration and is about 19 cm�1 low-
ered than that of observed 1047 cm�1. The last two peaks of the fin-
ger print region at ca. 836 and 416 cm�1, which are because of OAH,
CAH, and CAH bending, respectively. The differences between the
simulated and observed band peaks is because of gas phase simula-
tion while the experimental IR spectra is that of condensed phase.

UV–vis spectral analysis

Experimental and TD-DFT calculated UV–vis spectra of DO are
shown in Figs. 4 and 5, respectively. For comparison reason, UV–
vis spectra are simulated both in gas phase and in chloroform
media (Fig. 5). In the theoretical UV–vis spectrum vertical excita-
tion energies are plotted against oscillator strength. Three major
absorptions are present in the experimental UV–vis spectrum, at
ca. 439, 355, and 260 nm. Both of the calculated and observed
(experimental) absorbance of the UV–vis spectra of DO along with
their transitions are shown in Table 3.

Both theoretical and experimental absorption band peaks have
good correlation, observed 439 nm absorption is about 20 nm less
than the simulated 459 nm (gas phase). The absorption band peak
ca. 439 nm is because of p ? p⁄ transition, the 355 nm is due to
200 400 600 800
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Fig. 4. Experimental UV–vis spectra of DO.
HOMO � 1 to LUMO + 1 transition while the absorbance at ca.
260 nm is a theoretical forbidden transition which is an electronic
excitation from HOMO � 8 to LUMO + 2.

Frontier molecular orbitals analysis

The HOMO and LUMO are those orbitals which interact with
other species, hence they are called the frontier molecular orbitals.
These orbitals are very important in the electric, optical properties,
as well as in UV–visible spectra and chemical reactions [24,25]. The
energies of HOMO, LUMO and their orbital energy gaps are simu-
lated by using B3LYP/6-31G (d,p) method, while the pictographic
design of these frontier molecular orbitals are shown in Fig. 6.
Molecular orbitals provide clues into the nature of reactivity, con-
jugation, aromaticity, lone pairs and some of the structural and
physical properties of molecules.

The HOMO energy characterizes the capacity of electron dona-
tion and the LUMO energy characterizes the ability to accept elec-
tron, and the gaps between HOMO and LUMO characterizes the
molecular chemical stability and electrical transport properties
[26]. The HOMO and LUMO energy values of DO are estimated to
be �6.45 and �3.29 eV, respectively, while the band gap or energy
gap is found to be 3.16 eV. The electronic cloud density of HOMO is
distributed on the left side of DO, especially on the C@O, OAH, and
some CAC bonds, however this electron density is more prominent
in LUMO which show its electroactive nature (highly reactive).
These HOMO and LUMO lead us to conclude that the most reactive
sites of DO is O39 (numbering are with ref to Fig. 2).

Mulliken and NBO charge analysis

Charge analysis was performed for the reactive site simulation
of DO. Both Mulliken and natural bonding orbital (NBO) analysis
were carried out on the optimized geometric structure of DO,
shown in Fig. 7. According to NBO charge analysis O35 and O39 have
�0.687 and �0.512 e� unit of electron charge, respectively. Mullik-
en charge analyses also confirm this atom to be of highest negative
charge (nucleophile), O39 has �0.403 e� unit of electron. This state-
ment is also in line with the frontier molecular orbitals analysis.

Molecular electrostatics potential study

The electrostatic potential (ESP) of DO is calculated and is
depicted in Fig. 8. The molecular electrostatic potential (MEP)
map predicts the nature of electrophilic attack and nucleophilic
reactions of the molecule. MEP has shaped the space around the
molecule by its nuclei and electrons. It also provides charge den-
sity, delocalization and site of chemical reactivity of the molecules
(vide supra). MEP map for the DO with color range from
�7.31 � E�2 (deepest red, high electron density) to the 7.31 � E�2

(deepest blue, high electrophilic region) is simulated. According
to the MEP, O39 is the regions of highest electron density, which
is also in line with frontier molecular orbitals and charge analysis.
However, MEP indicates four reactive sites of DO, region around
O39 (1st highest charge density), region around O40, O37 and O41

(2nd highest electron density area), the O35 and O38 regions which
are least reactive sites.

Both HOMO/LUMO and the charge analysis (NBO and Mulliken)
illustrate the area around O39 is the most effective for the non-
covalent interactions. We also confirmed the effectiveness of this
area from its non-bonding interaction at atmospheric gases. There-
fore, O39 is used for the interacting study.

Intermolecular interaction of DO with atmospheric gases
Atmospheric gases such as NH3, CO2, moisture (H2O), CO, and

CO are interacted with DO, near the proximity of O39 atom, based



Fig. 5. Simulated UV–vis spectra of DO.

Table 3
Experimental and vertical excitation energy of HDO along with oscillator strength and transition.

Peak Experimental Excitation energy (nm) Oscillator strength Electronic transition

Vacuum CHCl3 Vacuum CHCl3 Vacuum CHCl3

1 439 459 472 0.11 0.11 H ? L H ? L
2 355 404 419 0.05 007 H�1 ? L2 H�1 ? L2

3 260 264 274 0.19 0.24 H�8 ? L2 H8 ? L2

Fig. 6. Frontier molecular orbitals of DO.

Fig. 7. NBO (a) and Mulliken (b) charge analysis of DO.
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on the HOMO, LUMO, NBO, Mulliken charge analysis, and ESP.
Although, ESP analysis indicates four reactive sites but the
response of other three sites were lower compared to O39 region
(vide supra). Comparative optimized geometric structures of all
these DO–X complexes are given in Fig. 9, along with the important
inter- and intra-molecular optimized geometric parameters. Other
intermolecular parameters such as DEint, DEint,CP, DEgCP-D3, QNBO

and QMulliken are listed in Table 4.
DO–NH3 complex. NH3 interacts with DO from its H and N to the
O39 and H7 of DO, as depicted in Fig. 9a. The N and H of ammonia
form a hydrogen type bonds to the H7 and O39 of DO. These non-
covalent interaction distances are 2.34 Å for NAH7 and 2.26 Å for
HAO39. Ammonia changes the electronic structure properties of
DO through charge transfer (NH3 donates electron) of about
0.006 and 0.007 e� based on both of QNBO and QMulliken analysis,
respectively. Although this charge transfer is very small, but yet



Fig. 8. Molecular electrostatic potential (MEP) of DO.

Table 4
DEint, DEint,CP, DEgCP-D3, QNBO and QMulliken of DO–X (X = NH3, CO2, H2O, CO, and CO).

Species DEint DEint,CP DEgCP-D3 QNBO QMulliken

DO–NH3 �5.71 �4.91 �6.08 �0.006 �0.007
DO–H2O �8.47 �7.80 �7.78 0.003 0.012
DO–CO2 �2.82 �1.38 �3.07 0 �0.001
DO–CO �1.38 �0.31 �1.88 �0.001 �0.004
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indicate it alteration in the band gap, kmax (vide infra), and opti-
mized geometric structure of DO. The geometrical parameters
especially, near the analytes (NH3) are found to be effected which
is in fact the sensitivity measurements parameter.

The interaction energy of DO–NH3 complex is about �5.71 and
�4.91 kcal mol�1 based on DEint and DEint,CP, respectively. While
the DEgCP-D3 energy is �6.08 kcal mol�1. This is a relatively high
energy of interaction which confirmed a hydrogen type of bonding.
DO–H2O complex. Water donates electrons to DO, and form a DO–
H2O complex which has distorted geometry especially near
the adjoining rings (Fig. 9). Highest interaction energy is found
in this complex, for which the common interaction energy is
�8.47 kcal mol�1 whereas the counterpoise corrected energy is
�7.80 kcal mol�1. The geometrical counterpoise corrected (DEgCP-D3)
is also higher than the DO–NH3 which is �7.78 kcal mol�1. On
the basis of this interaction energy simulation, H2O interact more
Fig. 9. Optimized geometric st
efficiently compared to NH3 (Table 4). DO donates about 0.003
charge of e� based on QNBO, and 0.012 e� based on QMulliken to
H2O molecule. An appreciable amount of non-covalent bond dis-
tances for this complex are calculated ca. 1.98 and 2.26 Å, which
are lesser than that of DO–NH3 complex. H2O also distorts the bond
angles of DO (near the proximity of analyte) in small extent.
DO–CO2 complex. CO2 gas has little interaction ability with DO, as
revealed from intermolecular distances, charge transfer, and inter-
action energy calculations. A small amount of non-covalent inter-
action is found to be present in this complex, with Vander Waal
types of bonds. These distances are 2.53 Å for H7AO and 2.92 Å
for O39AC, larger than that of NH3, and H2O interacting systems.
The Vander Waal electrostatic interaction energy of the DO–CO2

complex is �2.82 kcal mol�1, counterpoise corrected and DEgCP-D3

energy are �1.38 and 3.07 kcal mol�1, which is much lower than
the binding energies for the DO–NH3, and DO–H2O complexes. This
low interaction is because of the inertness and zero dipole move-
ment of CO2. A negligible amount of charge transferring of about
0.001 e� based on Mulliken charge analysis is found to be present
in the DO–CO2 complex.
DO–CO complex. Another toxic gas such i.e., Carbon monoxide was
also tested by DO with non-bonding interactions and found to
have very little interaction as can be seen from the geometric
ructures of DO and DO–X.



Table 5
TD-B3LYP/6-31+G (d,p) calculated electronic excitations of DO and DO–X.

Species Peak Excitation energy (nm) Oscillator strength Electronic transition

DO 1 459 0.11 S0 ? S1

DO–NH3 457 0.14 S0 ? S1

DO–H2O 458 0.16 S0 ? S1

DO–CO2 459 0.15 S0 ? S1

DO–CO 460 0.14 S0 ? S1

DO 2 404 0.05 S�1 ? S2

DO–NH3 400 0.05 S�1 ? S2

DO–H2O 408 0.03 S�1 ? S2

DO–CO2 406 0.05 S�1 ? S2

DO–CO 404 0.05 S�1 ? S2

DO 3 264 0.19 S�8 ? S2

DO–NH3 293 0.09 S�8 ? S2

DO–H2O 264 0.16 S�8 ? S2

DO–CO2 264 0.17 S�8 ? S2

DO–CO 264 0.17 S�8 ? S2
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parameters; charge exchange and amount of interaction energy
(see Table 4). The intermolecular interaction distances at H7AC
and O39AC are found to be 2.69 and 3.20 Å, respectively which
are even greater than that of DO–CO2 complex. Selected bond
angles of DO did not change with CO interaction. The amount of
charge transfer is also negligible, 0.001 e� based on of NBO and
�0.004 e� based on QMulliken charge analyses. The charge transfer
from CO to DO is much smaller than the charge transfer of the
mentioned complexes. This inertness of CO can be attributed to
the internal resonance structure of CO (�C„O+).
Table 6
I.P., E.A. and band gap of DO and DO–X.

Species I.P. E.A. Band gap

DO 6.45 3.29 3.16
DO–NH3 6.41 3.21 3.20
DO–H2O 6.58 3.42 3.16
DO–CO2 6.50 3.35 3.14
DO–CO 6.47 3.32 3.14
UV–vis spectral characteristics

The interaction of atmospheric gases such as NH3, moisture
(H2O), CO2, and CO is also simulated with the help of vertical exci-
tation energy’s band peaks, oscillator strengths, and orbital transi-
tions. Three prominent band peaks are found for DO and DO–X
complexes, as listed in Table 5. Moreover, comparative simulated
UV–vis spectra of DO and DO–X complexes are shown in Fig. 10.
NH3 blue-shifts the parent absorptions peaks of DO, except the
lower wavelength peak. It also shifts the HOMO–LUMO excitation
energy of DO to about 2 nm, with S0 ? S1 excitation energy from
459 to 457 nm, S�1 ? S2 from 404 to 400 nm, and red-shifts the
S�8 ? S2 from 264 to 293 nm. Optical absorption band peaks of
DO–NH3 complex predict good interaction between NH3 and DO.
Fig. 10. UV–vis spectra
These shifting are very small, but the system is purely vacuum
phase and level of theory is also same so, these minute change can-
not be ignored.

UV–vis spectra of DO–H2O complex estimate considerable non-
covalent interaction, as can be seen from Fig. 10 and Table 5. Inter-
estingly, moisture blue-shifts the first absorptions of DO from 559
to 558 nm (almost negligible), red-shifts the mid absorption from
404 to 408 nm and have no effect on 264 nm (last peak). The
UV–vis spectral data of DO–H2O complex are also in agreement
with discussed characterizations.

UV–vis spectra of DO–CO2 and DO–CO show very weak type of
inter-molecular interaction which can be regarded as Vander Waal
bond. The absorption band peaks of DO–CO2 and DO–CO are quite
similar to that of parent DO; red-shifting in the lower excitations
energies (1st and 2nd high wavelength peaks) and no shifting in
of DO and DO–X.



Fig. 11. Frontier molecular orbitals of DO and DO–X.

Fig. 12. Total DOS of DO and DO–X.
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the last peak (Table 5). Moreover, the molecular orbital transitions
(excitation from lower energy orbital to higher orbital) are similar
to those of parent molecule (DO). Comparative inter-molecular
interaction of DO–CO2 and DO–CO are lower to that of DO–NH3

and DO–H2O complexes.
Electronic properties simulations

Electronic structure properties such as I.P., E.A., HOMO, LUMO,
band gap, and DOS of DO are estimated from B3LYP/6-31G (d,p) level
of theory. These properties are simulated for the determination of
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activity, reactivity and amount of interaction ability of DO with
these four different atmospheric gases which are listed in Table 6.
The contours of HOMO, LUMO and DOS plots of DO and DO–X are
depicted in Figs. 11 and 12. The very important role of the frontier
molecular orbitals in the electronic and optical properties are also
highlighted here. The results of these electronic properties are quite
satisfactory compared to the previous characterizations. The
changes in these molecular orbitals reveal a chemical reaction, bond
formation (non-covalent), and old bond breaking. The I.P. and E.A. of
DO are 6.45 and 3.29 eV which are listed in Table 6. When NH3 gas is
reacted with DO, results non-covalent bonds and lowers both of its
I.P. and E.A. which further consequences an enlarge band gap, as
can be seen from Table 6, Figs. 11 and 12.

This net lowering in magnitude of I.P. and E.A. consequences
decline of ionization and electron affinity of DO–NH3 complex
towards other gases, and also confirm the reduction chemistry of
NH3. Moisture has severe effect on the electronic properties of
DO, both I.P. and E.A. increase up to 0.13 eV however, no change
is observed in the band gap. This large value of I.P. and E.A. charac-
terize the electroactive nature of DO–H2O complex, strong ability
towards other molecules as compared to parent DO. This behavior
can also be seen from the DOS plot as depicted in Fig. 12. This high
electroactivity of DO–H2O complex can be attributed to the elec-
tron withdrawing ability of H2O. Non-bonding interaction of CO2

and CO with DO also increases its I.P. to about 0.05 and 0.02 eV,
respectively. A similar alteration can be found in their E.A.; upon
reacting with CO2 and CO, 0.06 eV increase in the E.A. of DO–CO2

and 0.03 eV in DO–CO complex.
Conclusion

A comprehensive phytochemical and theoretical study at den-
sity functional theory (DFT) was successfully achieved for a natural
product, Diospyrin (DO). DO was isolated from D. lotus plant, and
then characterized with different experimental techniques such
as NMR, IR, UV–vis, and X-ray crystallography. Proper theoretical
protocol was developed by benchmarking, and then from the cor-
relation of experimental and theoretical data. These experimental
characterizations were followed by theoretical calculations i.e.,
optimized geometry, electronic, spectroscopic, inter-molecular
interaction and thermodynamic simulations. DFT at hybrid func-
tional (B3LYP) was selected because of the accuracy associated
and the 6-31G (d,p) level of theory is employed for all simulations.
The molecular structure of DO was confirmed from the experimen-
tal NMR, and then from correlation of crystallographic and theoret-
ical optimized geometric structure followed by spectroscopy (IR
and UV–vis). Non-covalent interaction of DO is explored with the
available atmospheric gases such as NH3, CO2, CO, and moisture
(H2O). The experimental and predicted geometrical parameters
(bond distances and angles etc), IR and UV–vis spectra [B3LYP/6-
31+G (d,p) level of theory] are found to have an excellent correla-
tion. Inter-molecular non-bonding interaction of DO with these
gases is investigated through geometrical parameters, electronic
properties, thermodynamic simulations, and charge transfer analy-
sis. Electronic properties include I.P., E.A., electrostatic potential,
density of states (DOS), HOMO, LUMO, and band gap. The inter-
molecular interaction calculations confirmed the presence of
non-covalent bonding.
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ABSTRACT: A thin film of poly(o-aminophenol), POAP, has been used as a
sensor for various types of toxic and nontoxic gases: a gateway between the digital
and physical worlds. We have carried out a systematic mechanistic investigation of
POAP as a humidity sensor; how does it sense different gases? POAP has several
convenient features such as flexibility, transparency, and suitability for large-scale
manufacturing. With an appropriate theoretical method, molecular oligomers of
POAP, NH and O functional groups and the perpendicular side of the polymeric
body, are considered as attacking sites for humidity sensing. It is found that the
NH position of the polymer acts as an electrophilic center: able to accept electronic
cloud density and energetically more favorable compared to the O site. The O site
acts as a nucleophilic center and donates electronic cloud density toward H2Ovap.
In conclusion, only these two sites are involved in the sensing process which leads
to strong intermolecular hydrogen bonding, having a 1.96 Å bond distance and
ΔE ∼ −35 kcal mol−1. The results suggest that the sensitivity of the sensor improved with the oxidization state of POAP.

1. INTRODUCTION

Conducting polymers (CPs) are becoming an active field of
research which has brought a dynamic revolution in the field of
chemistry, physics, and engineering in the last several decades.1

Electrical conductance along the tailorable structure of CPs,
followed by optical and electronic properties, has proven their
potential application in a large number of organic electronics
such as batteries,2 fuel cells,3,4 solar cells,5 light emitting diodes,6

supercapacitors,7 and optical displays.8,9 The most widely used
CPs are polyaniline (PANI),10 polypyrrole (PPy),11 polythiophene
(PT),12 poly(o-phenylenediamine) (POPD),13 and poly(o-amino-
phenol) (POAP).14

Besides these technological applications, CPs are getting a
valuable position in the design of gas sensing devices. Humidity
control is a grand challenge in various sensitive industries such as
packed food, storage of drugs, preventing different antiques and
paintings, agricultural uses, and in environmental control.15−17

Although humidity sensors are available in the market, based on
dew point,18 catalysis,19,20 infrared,21 and inorganic semi-
conductor (Ti, Zn) sensors,19,22 most of them require high
operation temperature, show deviation from the linear response,
and create problems in reversibility. Cost maintenance and high
power consumption restrict their viability and versatility.23 Lots
of research is in progress to overcome these drawbacks and
develop an effective material for humidity sensing.
One of the best options is to replace other inorganic materials

with flexible CPs. CPs are stable and cheap, require low opera-
tional temperature, have low weight, and are easily synthesizable
with good reversibility and tailorable properties; this make them

prominent compared to other inorganic materials.1,24−27 Some
of the most commonly used CPs in the field of humidity sensing
are PANI,28−30 POPD,31,32 and PPy,33−35 which have been used
in different oxidation states. Furthermore, they are either employed
in pure, blended, or in composites form with other inorganic
materials to enhance their sensitivity, flexibility, and selectivity.36

Scientists are investigating varieties of CPs to be the best humidity
sensing materials, but they are facing numerous issues such as
formation of a nonuniform, unstable, and adhesive film on the
electrode.17 POAP is a redox conducting polymer with the
unique ability to have a uniform, stable, and adhesive film
formation besides its other electroactive properties.37 POAP is a
substituted derivative of PANI, where the structure has two
potentially active sites (NH and O positions) for the interaction
of H2Ovap and other related gases. It is recently reported that a
modified POAP film has improved sensing properties, compared
to other CPs.38−40 Although POAP has been experimentally
reported as a sensor, no one has paid attention to its mechanistic
study; which functional group is more sensitive and how does it
attract gas particles?
In this work, we employed density functional theory (DFT)

and time-dependent (TD) DFT simulations at various level of
theories to find out the best method for precise correlation of
theory with the already experimental evidence of POAP.
Molecular oligomers of POAP, both reduced and oxidized,
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with different chain lengths are considered where the NH and
O functional groups and perpendicular sides of the polymeric
body are considered as attacking sites toward humidity sensing.
The sensing phenomenon is investigated from structural distor-
tion (change in geometric parameters), intermolecular inter-
action energies, natural bonding orbital analysis (NBO), and
electronic property simulations such as HOMO, LUMO, density
of states, band gap, electrostatic potential, and UV−vis spectral
analysis. Moreover, the current theoretical investigation of
POAP, combined with the already reported behavior of POAP,
will lead to the fabrication of a proficient and competent
humidity and other related gas sensor.

2. RESULTS AND DISCUSSIONS
a. Selection of Level of Theory. DFT analysis at various

levels of theory is carried on the symmetrical 3PAOP (Figure 1)

to find the best, inexpensive method for precisely correlating the
theory with experiment. Results of ten different levels of theory
on the symmetrical 3POAP are listed in Table 1, which led us to
conclude that B3LYP/6-31G(d) is the best regarding both the
computational time and accuracy points of view.
DFT at the B3LYP/6-31G(d) level of theory not only

reproduces the experimental band gap41,42 but is very fast and
cheap regarding the computational point of view. The difference
of 0.28 eV between the experimental and simulated band gap is
due to the fact that the observed one was from the thin film while
the calculation is that of the gas phase.
b. Selection of Proper Interacting System(s). i. Opti-

mized Geometric Parameters. Geometry optimization of all
these species has been performed using DFT at the 6-31G
(d) level of theory. The sensing potential of nPOAP toward
water vapors (H2Ovap) is estimated from the geometrical distor-
tion of the polymeric backbone, interacting with water vapor(s).
These parameters include intermolecular distance, intermolec-
ular bond length, bond angles, and dihedral angles of POAP.

Optimized geometries of 4POAP and their complexes with H2O
at different sides have been shown in Figures 2 and S1−3, while
their different geometric parameters are listed in Table 2.
We have selected different models to find the best interaction
between H2O and 4POAP, where the H2O either interacts at NH
(Figure 1), O (Figure S1), perpendicular to the backbone
(Figure S2), or considering both the NH and O sides of 4POAP
(Figure S3). Results and discussion of the latter two interacting
systems show that instead of interaction with the polymeric body
of 4POAP, water molecules hydrogen bond among themselves,
as can be seen from Figures S2 and S3 of the Supporting
Information. So, the overall interaction in these species is
comparatively low as that of H2O attached at NH or O functional
groups. In case of the 4POAP_NH@H2O system, one, two, and
three NH sites of 4POAP were alternatively covered with H2O
and it was found that the O of H2O makes an intermolecular
bond of about 1.95 Å with the H of NH in all these complexes.
A similar but less pronounced intermolecular hydrogen

bonding is observed in 4POAP_O@H2O systems (Figure S1),
where the H-bonding is because of the H of H2O and O of the
O site of 4POAP backbone. In summary, both the NH and
O sites of 4POAP has a strong interaction with water vapor as can
be seen from the strong H-bonding and its distorted geometric
structure (Figures 1 and S1).

ii. Interaction Energy, NBO Charge, and Electronic Proper-
ties. As a universal solvent, water act as either a proton donor or a
proton acceptor which directly depends on the other reactant.
In acids/bases, the proton is that of the H+ ion so, water acts as a
proton donor when it reacts with a base; however, it accepts
proton when it reacts with an acid. A similar situation is observed,
on considering NH and O sites of POAP for water vapor. In the
case of H···O, where the H of H2O react with O of POAP
oligomer which withdraw the electronic cloud density of 0.012 e−

from its backbone. On considering two H2O molecules for the
O site of 4POAP, water vapor withdraws about 0.014 e− of
charge, and 0.025 e− in the case of three H2O. When water vapor
was reacted at theNH sites of 4POAP, it donates electronic cloud
density toward the polymer as can be seen from Table 2. 4POAP
has withdrawn a charge about 3-fold greater than the NBO
charge compared to the O site of POAP. On considering the
perpendicular attachment of water vapors, a less pronounced
situation is observed where H2O withdraws electronic cloud
density of 0.008 e−. In this interaction, water molecules circulate
around the polymeric body and search for either O or NH groups
and forms intermolecular H-bonding through self-interaction.

Figure 1. Optimized geometric structure of symmetric 3POAP.

Table 1. Different Levels of Theory and Their Simulated Total Energy (a.u), HOMO, LUMO, Band Gap (eV), and Time
Consumed (min)a

no. functional basis set total energy HOMO LUMO band gap time

1 B3LYP 6-31G(d) −953.08 −4.16 −0.34 3.82 15
2 B3LYP 6-31G(d, p) −953.10 −4.17 −0.35 3.82 16
3 B3PW91 6-31G(d, p) −952.74 −4.25 −0.45 3.80 18
4 BPV86 6-31G(d, p) −953.16 −3.60 −1.21 2.39 25
5 CAM-B3LYP 6-31G(d, p) −952.62 −5.42 +0.92 6.34 34
6 HSEH 6-31G(d, p) −952.11 −4.00 −0.60 3.40 35
7 LSDA 6-31G(d, p) −947.86 −4.08 −1.75 2.33 22
8 PBE 6-31G(d, p) −951.97 −3.49 −1.12 2.37 17
9 TPSS 6-31G(d, p) −953.27 −3.49 −0.97 2.52 22
10 WB97XD 6-31G(d, p) −952.79 −6.01 +1.45 7.46 21
11 experimental 3.5441

aUsing 3POAP as a model at fixed memory of 10 GB and 4 processors.
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Finally, both NH and O sites of 4POAP were covered with H2O,
where water vapors accept electronic cloud density from polymer.
This intermolecular charge transfer is inbetween those of the
individual O and NH interacting systems but is still a very good
interaction. The reason behind this is that one group acts as an
electron donator while the other accepts as electronic cloud
densities which minimize the net charge exchange.
As discussed earlier, H2O vapor reacts with POAP backbone

via either NH or O sites with strong hydrogen bonding. In the
case of 4POAP_O@1H2O, this intermolecular hydrogen bond
distance is−8.22 kcal mol−1, which increases upon increasing the
number of water vapors, −14.93 kcal mol−1 in @2H2O, and
−21.96 kcal mol−1 in the case of the 4POAP_O@3H2O system
(Table 2). So, a linear response in interaction energy is observed
with number of water vapors. A very similar intermolecular inter-
action energy is observed in the case of 4POAP_NH@nH2O
systems (Table 2), but here the intermolecular interaction
is due to O of H2O and H of the NH side of the polymer.
A −9.03 kcal mol−1 interaction energy is simulated for one water
vapor, −16.44 kcal mol−1, for two, and −24.03 kcal mol−1, for
three, attached to 4POAP. In contrast to the small charge
transfer, a good interaction energy of−32 kcal mol−1 is simulated
between the perpendicularly attached water vapors at a backbone

of 4POAP (4POAP_|@3H2O). On covering all the functional
groups (both O and NH) of 4POAP with water vapors, a
comparatively higher intermolecular interaction energy of
−59.05 kcal mol−1 is observed as can be seen from Table 2.
But again, the charge transfer is low and the net behavior is an
average of O and NH interacting systems. This comparatively
higher interaction energy is because of high number of water
vapors while the lower charge exchange (−0.05 e−) is due to the
self-interaction and intermolecular hydrogen bonding among
H2O vapors. As explained earlier, the perpendicularly attached
H2O vapors tend to minimize themselves near the O and NH
functional groups of 4POAP. So, both the O and NH are
responsible for the sensing of H2O vapors. Furthermore, an
electrostatic potential map of these four different interacting
systems is given in Figure 3, where the electrophilic and
nucleophilic sites can be seen as red and blue region, respectively.
We have also carried out UV−vis absorption spectroscopy for

all these four-interacting species, which is given in Figure 4 along
with the parent 4POAP as a reference. Three distinct absorption
band peaks are simulated in the hydrogen terminated 4POAP;
at ca. 427, 361, and 251 nm. The broad absorption band peak at
ca. 251 nm has a strong correlation with experimentally reported
λ = 258 nm43,44 which can be assigned to the π→ π* transition of

Figure 2. Hydrogen-terminated 4POAP_NH@H2O.

Table 2. Interaction Energy (kcal mol−1), NBO Charge (e−), Band Gap (eV), and First Allowed Excitation Energy of 4POAP and
Its Complex with H2O

no. species ΔEint QNBO band gap Eexcit (eV)

1 4POAP 0 3.54 3.42 (0.57)
2 4POAP_O@1H2O −8.22 0.012 3.86 3.63 (0.41)
3 4POAP_O@2H2O −14.93 0.014 3.81 3.62 (0.48)
4 4POAP_O@3H2O −21.96 0.025 3.88 3.67 (0.41)
5 4POAP_NH@1H2O −9.03 −0.032 3.69 3.51 (0.47)
6 4POAP_NH@2H2O −16.44 −0.064 3.70 3.55 (0.54)
7 4POAP_NH@3H2O −24.03 −0.095 3.61 3.44 (0.23)
8 4POAP_|@3H2O −32.00 −0.008 3.87 3.65 (0.42)
9 4POAP@6H2O −59.05 −0.050 3.73 3.58 (0.30)
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the aromatic benzene unit. On interacting water vapor(s) with
4POAP, all these prominent band peaks are blue-shifted as can be
seen from Figure 4 and Table 2. So, water vapor act as a reducing
agent which can be seen from the hypsochromic shift in the
UV−vis spectra of 4POAP. The HOMO−LUMO band gap of
hydrogen terminated 4POAP is 3.54 eV while its first allowed
electronic excitation energy is 3.42 eV, as listed in Table 2.
The later can be regarded as an optical band gap while the first
one is known as electrical band gap. Upon interaction of H2O
vapor at the O side of 4POAP, the band gap elongates and a blue-
shifting occurred in the first allowed excitation energy (Table 2).
A similar but less pronounced behavior is simulated in case of
4POAP_NH@nH2O systems, where n is the number of H2O
vapors. In these four-interaction systems, the trend of band gap
elongation and blue shifting of first allowed electronic excitation
energy is because of H2O vapor(s). So, water vapor(s) cause a
hpsochromic shift in POAP; attached either at O, NH, |, or all
sides of POAP. So, UV−vis absorption spectroscopy will be the
best tool in investigating the humidity sensing behavior of POAP
and its oligomers.
As reported by Jeffery et al. 2.2−2.5 Å of hydrogen bonding

will be “strong or mostly covalent”, 2.5−3.2 Å will be “moderate,
mostly electrostatic”, while 3.2−4.0 Å is described as “weak,
mostly electrostatic”. The bonding energy for the strong one

should be in the range of −40 to −14 kcal mol−1, for the moder-
ate, −15 to −4 kcal mol−1, and for the weak, <− 4 kcal mol−1.45

In summary, POAP senses or reacts to water vapor either at
O, NH, or both sites by establishing strong hydrogen (mostly
covalent) bonding, although both functional groups have
opposite (in term of electron/proton transferring phenomena)
but systematic effects. So, the sensing efficiency of the experi-
mentally prepared thin film of POAP and its oligomer will
strongly depend on the free availability of O and NH functional
groups. Whether the H2O vapors are in line or perpendicular to
its backbone, the reacting sites will be O, NH, or both.

c. Noncovalent Interaction of Water Vapors at the
O Site of nPOAP. After predicting the proper orientation of
humidity sensing, different oligomeric chain length of POAP
(both reduced and oxidized states) are opted for further simu-
lations. In case of nPOAP_O@H2O (where n = 2, 4, ..., 10), all
available O sites were covered with water vapors. Interaction
energy, NBO charge, band gap, and first allowed excitation
energy of the respective nPOAP_O@H2O systems are listed in
Table 3. Analysis of the data of Table 3 led us to conclude that
water vapor interaction energy with nPOAP is about −7 kcal
mol−1 per water, where the O of nPOAP donates electronic cloud
density toward H2O. Upon interaction of H2O vapor with
nPOAP, band gap and first allowed excitation energy of the

Figure 4. Electronic excitation spectra of 4POAP, where H2O molecules interact at different sites.

Figure 3. Electrostatic potential map of 4POAP_O@H2O (a), 4POAP_NH@H2O (b), 4POAP_|@H2O (c), and 4POAP@6H2O (d).
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resulted complexes increase which is a direct consequence of
H2O adsorption (vide supra).
So, along with chain length elongation of POAP, inter-

molecular interaction energy, NBO charge, band gap, and first
allowed electronic excitation energy changes/increases linearly.
The HOMO and LUMO energy levels of parent nPOAP and
nPOAP_O@H2O are simulated from the density of state (DOS)
plots, which are comparatively given in Figure 5. Water vapors
change the position of HOMO and LUMO levels of all nPOAP.
To confirm and elaborate the humidity sensing nature of

nPOAP, UV−vis absorption spectra in the range of 100−600 nm
were simulated at the B3LYP/6-31G(d) level of theory.
As explained earlier, nPOAP gives rise to three distinct absorp-
tion band peaks. With increasing oligomeric chain length, the
third shoulder peak disappears and broadens and shifts the high-
energy absorption band peak (∼250 nm) toward the visible

range (low energy region). UV−vis absorption spectra of the
reduced nPOAP are given in Figure 6 along with nPOAP_O@
H2O systems.
Analysis of the results of Figure 6 and Table 3 led us to

conclude that all the absorption band peaks of parent nPOAP are
sufficiently blue-shifted upon interaction of water vapors which
confirm the strong sensing behavior of POAP. This is further
supported by the interaction energy, NBO charge, and band gap
alteration.
Generally, COPs are positively charged when experimentally

synthesized and the cationic form is more reactive than their
counterpart neutral state. So, we considered a monocationic
nPOAP without doping agent using UB3LYP/6-31G(d) level of
theory. As expected, nPOAP+ has stronger intermolecular inter-
action energy withH2O compared to that of their reduced nPOAP.
The simulated interaction energy is almost double while a similar
trend in band gap and first allowed electronic excitation energy is
observed. Alteration in band gap and HOMO/LUMO levels of
both parent and interacting systems are simulated from DOS,
which are given in Figure S4 of the Supporting Information.
Interestingly, the charge transferring phenomena is in the oppo-
site direction to that of its reduced form of nPOAP_O@H2O
systems. All nPOAP+ has withdrawn electronic cloud density
from water molecules as can be seen from Figure 7 and Table 4.
In Figure 7, an electrostatic potential map (ESP) of the reduced
and cationic form of nPOAP along with water vapors is given.
Different colors are used as a symbol for different values of
electrostatic potential; red and blue colors show electron rich and
electron deficient (high positivity) regions of the species whereas
the green color shows the region of zero potential. A neutral
electrostatic potential map for nPOAP, a nucleophilic one for
nPOAP_O@H2O, and a slightly electrophilic one for

Table 3. Interaction Energy (kcal mol−1), NBO Charge (e−),
Band Gap (eV), and First Allowed Excitation Energy of
nPOAP_O@H2O Systems

no. species ΔEint QNBO band gap Eexcit (eV)

1 2POAP 4.45 3.90
2 2POAP_O@H2O −6.96 0.01 4.49 3.93
3 4POAP 3.76 3.52
4 4POAP_O@H2O −20.90 0.03 3.83 3.54
5 6POAP 3.29 3.21
6 6POAP_O@H2O −35.39 0.05 3.69 3.47
7 8POAP 3.26 3.21
8 8POAP_O@H2O −48.65 0.08 3.28 3.28
9 10POAP 3.22 3.19
10 10POAP_O@H2O −61.99 0.10 3.23 3.23

Figure 5. DOS of nPOAP along with nPOAP_O@H2O.
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nPOAP+_O@H2O can be clearly seen from the electrostatic
potential map (Figure 7). On interacting H2O vapors with
nPOAP, its backbone becomes more electropositive due to the
acceptance of proton from H2O and the corner (especially H2O
attached sides) turned dark yellow (more electronegative).
The proton acceptance/donating ability of water from nPOAP

and nPOAP+ can also be confirmed from their ESP plots. Both
electrostatic potential map and NBO charge analysis strongly
corroborate each other (vide supra). The UV−vis and UV−vis-
near IR spectra of the cationic species along with water vapors are
simulated at TD-DFT with UB3LYP/6-31G(d) level of theory.
Comparative UV−vis-near IR absorption spectra of nPOA-
P+_O@H2O systems are given in Figure 8, along with that of

parent nPOAP+. Oxidized nPOAP has strong UV−vis absorption
band peaks in the visible and near IR regions, compared to that of
reduced ones. This band shifting to the red or near IR region is
because of the formation of a polaronic state, responsible for the
high electroactivity. All the absorption band peaks of nPOAP+

blue shift on interacting with water vapors, which are clearly
described in Table 4. As discussed in earlier sections, this blue
shifting in the absorption band peaks of nPOAP+ is due to the
interaction of H2O.

d. Noncovalent Interaction of Water Vapors at the NH
Site of nPOAP. In order to analyze the sensing behavior of the
NH site in nPOAP (both reduced and oxidized), different
oligomers are opted for interaction energy, NBO charge, band
gap, ESP, and UV−vis spectral characteristics. A comparatively
higher intermolecular interaction energy is estimated in case of
nPOAP_NH@H2O to that of nPOAP_O@H2O systems as can
be seen from Table 5. The simulated interaction energy for
2POAP_NH@H2O is −7.65 kcal mol−1, −23.03 kcal mol−1 for
4POAP_NH@H2O, 38.34 kcal mol−1 for 6POAP_NH@H2O,
−50.46 kcal mol−1 for 8POAP_NH@H2O, and 68.58 kcal mol

−1

for 10POAP_NH@H2O systems. In contrast to the O@H2O

Figure 6. UV−vis absorption spectra of nPOAP (top) and nPOAP_O@H2O (bottom).

Figure 7. Electrostatic potential map of nPOAP (both neutral and
cationic) along with nPOAP_NH@H2O and nPOAP_O@H2O
systems.

Table 4. Interaction Energy (kcal mol−1), NBO Charge (e−),
Band Gap (eV), and First Allowed Excitation Energy of
nPOAP+_O@H2O (at 6-31Gd)

no. species ΔEint QNBO

band
gap Eexcit (eV)

1 2POAP+ 2.56 2.15
2 2POAP+_O@H2O −13.99 −0.041 2.54 2.21
3 4POAP+ 1.03 0.95
4 4POAP+_O@H2O −21.35 −0.076 1.07 0.96
5 6POAP+ 0.47 0.56
6 6POAP+_O@H2O −30.12 −0.095 0.51 0.56
7 8POAP+ 0.32 0.42
8 8POAP+_O@H2O −41.98 −0.114 0.38 0.46
9 10POAP+ 0.21 0.31
10 10POAP+_O@H2O −55.41 −0.270 0.23 0.32
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interaction, the nature of NH@H2O is totally different in the case
of proton/electron transferring phenomena. Here the NH side of
nPOAP acts as a proton donor, which means the electronic cloud
density moves to nPOAP and results an anionic state. This high
interaction energy and charge transferring are responsible for
strong hydrogen bonding (H−O) between H of NH and O of
H2O in all nPOAP_NH@H2O systems. Compared to
nPOAP_O@H2O systems, here the amount of charge transfer
is 3-fold which make the nPOAP backbone more nucleophilic
and H2O vapor more electrophilic. This phenomenon can be
clearly seen from the ESP plots (Figure 7) where the yellowish
region depicts the electronegative nature and the bluish is that of
electropositive character (H2O sides). This time, the band gap
and first allowed electronic excitation energy decrease upon
interaction with H2O vapors as can be seen from Table 5. So,
here water act as an oxidizing agent which finally validate the
acid/base chemistry of water in different reagents (vide supra).
The band gap of 2POAP decreases from 4.45 to 4.34 eV, a

decrease of 0.13 eV in 4POAP, 0.08 eV in 6POAP, 0.12 eV in
8POAP, and again a decrease of 0.12 eV in 10POAP is observed
upon sensing H2O vapors. The shifting of HOMO and LUMO
energy levels in nPOAP after interacting with H2O are also very

prominent as can be seen from the DOS plot, given in Figure 9.
These band shiftings are clear evidence toward the high sensi-
tivity of nPOAP for H2O vapors. Moreover, UV−vis absorption
spectra of all these interacting species are simulated which are
comparatively given in Figure 10 along with isolated nPOAP.
Absorption band peaks of all nPOAP are red-shifted upon
interaction with H2O, as can be seen from Table 5 and Figure 10.
Water vapor has increased the visible light absorption capability
of all POAP oligomers (shift the λmax to lower energy region)
which further supports and confirms POAP as the best sensor for
humidity.
Again, comparatively higher intermolecular interaction energies

are observed in all nPOAP+_NH@H2O systems, which are listed
in Table 6. In contrast to the reduced state, here water vapors
have caused a blue-shifting in all the oxidized oligomers of POAP.
This behavior in all POAP+ oligomers can be analyzed from the
blue shifting of UV−vis and UV−vis-near IR absorption band
peaks (Figure 11). Being a universal species, water interacts with
POAP either in reduced or oxidized state. For clarity reasons,
the first allowed electronic excitation band peaks of all these iso-
lated and H2O interacting nPOAP+ systems are listed in Table 6.
However, the charge transferring phenomena is in the same
direction as that of nPOAP_NH@H2O systems but more promi-
nent. In the case of a reduced state (nPOAP), the electronic
cloud density was moved to nPOAP due to NH functional
groups (electrophilic nature). Here the proton donating nature
of nPOAP+ toward H2O vapors is because of the oxidized state
(cationic form). So, upon interaction with H2O vapors, the
oxidized states are reduced as can be visualized from the ESP plot
(Figure 7), band gap enlargement, and shifting of HOMO/
LUMO levels (Figure S5).
The opposite interacting nature of O and NH functional

groups with H2O vapors can be precisely seen from Figure 12,
where the red and blue-shifting of λmax is shown. So, water vapor
can be detected at either site (O, NH, or both) of POAP.
The strong humidity sensing ability of POAP is stem to the free
availability of these two functional groups which simultaneously

Figure 8. UV−vis-near IR spectra of nPOAP+ (top) and nPOAP+_O@H2O (bottom).

Table 5. Interaction Energy (kcal mol−1), NBO Charge (e−),
Band Gap (eV), and First Allowed Excitation Energy of
nPOAP_NH@H2O

no. species ΔEint QNBO

band
gap Eexcit (eV)

1 2POAP 4.45 3.90

2 2POAP_NH@H2O −7.65 −0.033 4.34 3.84

3 4POAP 3.76 3.52

4 4POAP_NH@H2O −23.03 −0.095 3.63 3.38

5 6POAP 3.29 3.21

6 6POAP_NH@H2O −38.34 −0.181 3.21 3.17

7 8POAP 3.26 3.21

8 8POAP_NH@H2O −50.46 −0.256 3.14 3.14

9 10POAP 3.22 3.19

10 10POAP_NH@H2O −68.58 −0.330 3.10 3.11
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act as a proton donor/acceptor agents, followed by redox
chemistry of H2O.

3. CONCLUSION

The prominent nature of poly(o-aminophenol) (PAOP) among
all CPs is because of its redox conducting nature, ladderlike

molecular structure, and availability of more reactive sites such as
O and NH functional groups on its polymeric backbone. Due to
the free availability of these functional groups, POAP can be used
as a best candidate for gas sensing. We have carried out a
systematic theoretical study for a POAP gas sensor; considering
its O andNH functional groups as attacking sites for H2O vapors.

Figure 9. DOS of nPOAP along with nPOAP_NH@H2O.

Figure 10. UV−vis absorption spectra of nPOAP (top) and nPOAP_NH@H2O (bottom).
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For theoretical simulations, DFT and time-dependent DFT
simulations are performed at the various level of theories. DFT at
the B3LYP/6-31G(d) level of theory is found to be the best
method for theoretical study of PAOP and its interacting systems

with different analytes. In summary, POAP both in reduced
and oxidized states has strong sensing ability toward H2O vapors
which is estimated from good interaction energy, as a conse-
quence the strong hydrogen bonding is more likely covalent.

Table 6. Interaction Energy (kcal mol−1), NBO Charge (e−), Band Gap (eV), and First Allowed Excitation Energy of
nPOAP+_NH@H2O (6-31/G)

no. species ΔEint QNBO band gap Eexcit (eV)

1 2POAP+ 2.56 2.15
2 2POAP+_NH@H2O −20.52 −0.049 2.66 2.18
3 4POAP+ 1.03 0.95
4 4POAP+_NH@H2O −48.56 −0.117 1.16 1.02
5 6POAP+ 0.47 0.56
6 6POAP+_NH@H2O −71.60 −0.221 0.60 0.64
7 8POAP+ 0.32 0.42
8 8POAP+_NH@H2O −94.87 −0.309 0.42 0.49
9 10POAP+ 0.21 0.31
10 10POAP+_NH@H2O −115.46 −0.380 0.25 0.37

Figure 11. UV−vis-near IR spectra of nPOAP+ (top) and nPOAP+_NH@H2O (bottom).

Figure 12. UV−vis spectra of 10POAP@H2O at O and NH sites.
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Furthermore, structural distortion (change in geometric param-
eters), charge exchange, shifting of HOMO and LUMO levels,
band gap alteration, and perturbation in UV−vis spectra absorp-
tion band peaks of POAP upon interacting with H2O validate
its sensing ability. Finally, if one side of POAP acts as a proton
donor then the other will act as a proton acceptor, which further
strengthens its intermolecular interaction; however, the NH
position of the polymer is energetically favorable compared to
the O site toward H2Ovap. It is concluded that H2O is responsible
for blue-shifting in λmax of POAP UV−vis spectra, so color
change in the thin film of POAP may be a direct method for
detection.

4. COMPUTATIONAL METHODS

The ground-state geometries of nPOAP oligomers (where n = 2,
4, ..., 10) were simulated using hybrid DFT at the B3LYP
functional (Becke three parameter, Lee, Yang, and Parr)46 with
the 6-31G(d) basis set. B3LYP and its unrestricted formulism,
such as UB3LYP, are used for the reduced (POAP) and oxidized
(POAP+) form of POAP, respectively.47 From the last two
decades, this level of theory has been proven to accurately
describe π-conjugated systems such as CPs and other conjugated
materials.48−50 All calculations were performed using Gaussian
09,51 while the results are analyzed through Gabedit52 and Gauss
view.53 Prior to sensor study of nPOAP, its symmetrical trimer
(hydrogen terminated) is employed for the testing of an appro-
priate level of theory. Molecular gas phase H2O is considered as
water vapors. Water vapors are interacted at the NH and O sites
and perpendicular to the polymeric backbone of 4POAP,
considering both reduced and oxidized states. After the syste-
matic study, nPOAP (nPOAP and nPOAP+) is interacted with
water vapors. POAP+ oligomers either isolated or in complex
state (nPOAP+@H2O) are positively charged with doublet spin,
and the simulations were performed at the UB3LYP/6-31G(d)
level of theory. No symmetry constraint was applied during
geometry optimization.54 Harmonic frequency calculations were
performed to confirm the optimized structures with no negative
frequencies. Intermolecular interaction energies were also simu-
lated to study the interaction behavior of polymer with H2O.
This was further confirmed by natural bond orbital (NBO)
analysis. Frontier molecular orbitals such as highest occupied
molecular orbital (HOMO), lowest unoccupied molecular
orbital (LUMO), and their respective band gap calculations
were also carried out at the mentioned level of theory. UV−vis
absorption spectra are also simulated to understand the sensing
behavior of polymers. Both the gas phase and solvent media of
acetonitrile using polarized continuum model (PCM) are
employed. In case of POAP oligomers, both solvent and gas
phase UV−vis spectra were almost similar (see Figure S6), so,
in order to reduce the computational cost, the gas phase simula-
tions are considered. Finally, the oligomeric properties were
extrapolated to obtain polymeric properties through a second-
order polynomial fit equation.55
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(47) Alemań, C.; Ferreira, C. A.; Torras, J.; Meneguzzi, A.; Canales, M.;
Rodrigues, M. A.; Casanovas, J. On the Molecular Properties of
Polyaniline: A Comprehensive Theoretical Study. Polymer 2008, 49,
5169−5176.
(48) Ullah, H.; Shah, A.-u.-H. A.; Bilal, S.; Ayub, K. Doping and
Dedoping Processes of Polypyrrole: DFT Study with Hybrid Func-
tionals. J. Phys. Chem. C 2014, 118, 17819−17830.
(49) Ullah, H.; Shah, A. A.; Ayub, K.; Bilal, S. Density Functional
Theory Study of Poly (O-Phenylenediamine) Oligomers. J. Phys. Chem.
C 2013, 117, 4069−4078.
(50) Zade, S. S.; Bendikov, M. From Oligomers to Polymer:
Convergence in the Homo− Lumo Gaps of Conjugated Oligomers.
Org. Lett. 2006, 8, 5243−5246.
(51) (a) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci, B.;
Petersson, G. A.; et al. Gaussian 09, Rev. D. 0.1; Gaussian, Inc.:
Wallingford, CT, 2013. (b) Gaussian 09, Rev. A. 02, Gaussian, Inc.:
Wallingford, CT, 2013; 200.
(52) Allouche, A. R. GabeditA Graphical User Interface for
Computational Chemistry Softwares. J. Comput. Chem. 2011, 32,
174−182.
(53) Dennington, R. D.; Keith, T. A.; Millam, J. M. Gaussview 5.0.8;
Gaussian Inc, 2008.
(54) Yanai, T.; Tew, D. P.; Handy, N. C. A New Hybrid Exchange−
Correlation Functional Using the Coulomb-Attenuating Method
(CAM-B3LYP). Chem. Phys. Lett. 2004, 393, 51−57.
(55) Zade, S. S.; Bendikov, M. From Oligomers to Polymer:
Convergence in the HOMO-LUMO Gaps of Conjugated Oligomers.
Org. Lett. 2006, 8, 5243−5246.

ACS Omega Article

DOI: 10.1021/acsomega.7b01027
ACS Omega 2017, 2, 6380−6390

6390

http://dx.doi.org/10.1021/acsomega.7b01027


 

 

 

[Article 18] 

 

H Ullah, Tahir. A “Metal Ferrites: Prospective Materials for Solar Energy 

Conversion and Environment Applications” Review Article. Under Review in 

Progress in Materials Science. 2018.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

[Article 19] 

 

Hyeong Pil Kim, Anil Kanwat, Habib Ullah, D.G, Xiuling Li, Jeongmo Kim, W. 

J. Silva, F.K. Schneider, Abd. Rashid bin Mohd Yusoff, Jin Jang, Deji 

Akinwande, A. A. Tahir, and Mohammad Khaja Nazeeruddin. “Improving 

Charge Transport and Stability of Perovskite Thin Film Transistors by 

Crosslinking with Diethyl-(12-phosphonododecyl)phosphonate” Ready to 

submit to Nature Chemistry. 2018. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

[Article 20] 

 

H Ullah, M. Sookhakian, W. J. Basirun, A. A. Tahir, M. A. Mat Teridi4* “ITO 

free of 10.73% efficiency visibly transparent triple-junction polymer solar cell” 

Ready to Submit to Advanced Functional Materials. 2018. 

 



Dr. Habib Ullah Yousaf Zai 

Hu203@exeter.ac.uk 

habibullah@uop.edu.pk 

habib_chemist@yahoo.com 

23.04.1986 LundKhawar, Takht Bhai, Mardan  

(Khyber Pakhtunkhwa), Pakistan. 

1992-1999 Primary and Middle Schools (Mardan). 

1999-2002 Secondary School (Mardan). 

2002  Secondary School Certificate (Matriculation), BISE Peshawar. 

2002-2005 Intermediate at Govt. Superior Science College Peshawar. 

2005  Higher Secondary School Certificate (F.Sc), BISE Peshawar. 

2005-2007 Study of Chemistry, Zoology and Geography at Govt. Superior Science College 

Peshawar. 

2007  Bachelor of Science (B.Sc), University of Peshawar. 

2007-2009 Master of Science (M.Sc) in Physical Chemistry, Hazara University, Mansehra. 

2009-2010 Scientific fellow at Chemistry Department, Hazara University, Mansehra. 

2010  Master of Philosophy (M.Phil) in Physical Chemistry, University of Peshawar. 

 2010-2013 Scientific fellow at Institute of Chemical Sciences, University of Peshawar. 

2011-2014 Teaching Assistant at Institute of Chemical Sciences, University of Peshawar. 

2014-2017 Teaching Assistant at Renewable Energy, University of Exeter, UK. 

2014-2018 Doctor of Philosophy (Ph.D) in Renewable Energy, University of Exeter, UK. 

 

 

 

 



Selected Publications  

1. Hyeong Pil Kim, Anil Kanwat, Habib Ullah, D.G, Xiuling Li, A. A. Tahir, and Mohammad Khaja Nazeeruddin. 

“Improving Charge Transport and Stability of Perovskite Thin Film Transistors by Crosslinking with Diethyl-(12-

phosphonododecyl)phosphonate” Ready to submit Nature Chemistry. 2018. 

2. Habib Ullah,* M. Sookhakian, W. J. Basirun, A. A. Tahir, M. A. Mat Teridi4* “ITO free of 10.73% efficiency visibly 

transparent triple-junction polymer solar cell” Ready to Submit to Advanced Functional Materials. 2018. 

3. Habib Ullah,* Tahir. A “Metal Ferrites: Prospective Materials for Solar Energy Conversion and Environment 

Applications” Review Article. Under Review in Progress in Materials Science. 2018.  

4. Habib Ullah,* Tahir. A A, Salma Bibi, Mallick. T, and Karazhanov, S. “Electronic Properties of β-TaON and Its Surfaces 

for Solar Water Splitting” Appl. Catal., B: Environ. 2018, (229), 24-31. 

5. Habib Ullah,* Tahir. A, and Mallick. T “Structural and Electronic Properties of Oxygen Defective and Se-Doped p-Type 

BiVO4(001) Thin Film for the Applications of Photocatalysis” Appl. Catal., B: Environ. 2018, (224), 895-903. 

6. J. Safaei, Habib Ullah,* N. A. Mohamed, M. F. M. Noh, M. F. Soh, A. A. Tahir, N. A. Ludin, M. A. Ibrahim, W. N. R. W. 

Isahak, M. A. M. Teridi, "Enhanced photoelectrochemical performance of Z-scheme g-C3N4/BiVO4 photocatalyst." Appl. 

Catal., B: Environ., vol. 234, pp. 296-310, Oct. 2018. 

7. Salma Bibi, Salma Bilal, A. A Shah, and Habib Ullah. "Systematic Analysis of Poly (o-aminophenol) Humidity Sensors." 

ACS Omega, 2017, 2 (10), 6380-6390. 

8. Siti M. Nasir, Habib Ullah,* Asif A. Tahir, Mehdi Ebadi, Jagdeep S. Sagu, and M. Asri Teridi* “New Insights into 

Se/BiVO4 Heterostructure for Photoelectrochemical Water Splitting: A Combined Experimental and DFT Study” Journal 

of Physical Chemistry C, 2017, 121 (11), 6218–6228. 

9. Habib Ullah,* A. A. Tahir, and T. K. Mallick, Polypyrrole/TiO2 Composites for the Application of Photocatalysis Sens. 

Actuators, B 241 (2017) 1161-1169. 

10. Habib Ullah,* S. Bibi, A. A. Tahir, and T. K. Mallick, Donor-acceptor polymer for the design of All-Solid-State dye-

sensitized solar cells J. Alloys Compd. 696 (2017) 914-922. 

11. Habib Ullah,* S. Bibi, A. A. Tahir, and T. K. Mallick, Density Functional Theory Study of Selenium-Substituted Low-

Bandgap Donor-Acceptor-Donor Polymer Journal of Physical Chemistry C 120 (2016) 27200-27211. 

12. Asif Ali Tahir, Habib Ullah, Sudha, Mohd Asri Mat Teridi, * Senthilarasu Sundaram, * Anitha Devadoss "Energy 

Conversion, Storage, Environmental and Biosensing Application of Graphene and Its Derivatives" The Chemical 

Record. 16 (2016) 1591–1634. 

13. Muhammad Kamran, Habib Ullah,* A. A. Shah, Asif Ali Tahir, Khurshid Ayub. “Density Functional Theory and 

Expermental Study of Poly(Aniline-co-Pyrrole)” Polymer, 2015, 72, 30-39. 

14. Salma Bibi, Habib Ullah, Asif Ali Tahir. “Molecular and Electronic Structure Understanding of Polypyrrole Gas 

Sensors.” Journal of Physical Chemistry C, 2015, 119, 15994–16003. 

15. Habib Ullah.; Shah, A. A.; Bilal, S.; Ayub, K. Doping and Dedoping Processes of Polypyrrole: DFT Study with Hybrid 

Functionals. Journal of Physical Chemistry C 2014, 118, 17819. 

16. Habib Ullah.; Shah, A. A.; Ayub, K.; Bilal, S. Density Functional Theory Study of Poly (o-phenylenediamine) Oligomers. 

Journal of Physical Chemistry C 2013, 117, 4069. 

17. Habib Ullah.; Shah, A. A.; Bilal, S.; Ayub, K. DFT Study of Polyaniline NH3, CO2, and CO Gas Sensors: Comparison with 

Recent Experimental Data. Journal of Physical Chemistry C 2013, 117, 23701. 


