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ABSTRACT: It is of great significance to improve the photocatalytic performance of g-C3N4 by promoting its surface-active sites 
and engineering more suitable and stable redox couples. Herein, first of all, we fabricated porous g-C3N4 (PCN) via the sulfuric acid-
assisted chemical exfoliation method. Then, we modified the porous g-C3N4 with Iron(III) meso-tetraphenylporphine chloride 
(FeTPPCl) porphyrin via the wet-chemical method. The as-fabricated FeTPPCl-PCN composite revealed exceptional performance 
for photocatalytic water reduction by evolving 253.36 and 8301 µmolg-1 of H2 after visible and UV-visible irradiation for 4 h, 
respectively. The performance of the FeTPPCl-PCN composite is ~2.45 and 4.75-fold improved compared to that of the pristine PCN 
photocatalyst under the same experimental conditions. The calculated quantum efficiencies of the FeTPPCl-PCN composite for H2 
evolution at 365 and 420 nm wavelengths are 4.81 and 2.68%, respectively. This exceptional H2 evolution performance is because of 
improved surface-active sites due to porous architecture and remarkably improved charge carrier separation via the well-aligned type-
II band heterostructure. Besides, we also reported the correct theoretical model of our catalyst through density functional theory 
(DFT) simulations. It is found that the hydrogen evolution reaction (HER) activity of FeTPPCl-PCN arises from the electron transfer 
from PCN via Cl atom(s) to Fe of the FeTPPCl, which forms a strong electrostatic interaction, leading to a decreased local work 
function on the surface of the catalyst. We suggest that the resultant composite would be a perfect model for the design and fabrication 
of high-efficiency heterostructure photocatalysts for energy applications.

1. INTRODUCTION

Owing to the rapid consumption of fossil fuels energy reservoirs 
and subsequent environmental contamination, hydrogen 
production via solar water splitting with the aid of 
semiconductor photocatalytic materials received tremendous 
attention.1-3 Hydrogen is recognized as a clean and green form 
of energy carrier alternative to fossil fuels energy because of its 
abundance, zero-emission, virtuous combustibility, and high 
specific calorific value (i.e., 120-142 Megajoules).4 From 
environmentally friendly and economic perspectives, earth-
abundant, highly efficient, nontoxic, and stable photocatalysts 

capable of light harvesting are required. In this regard, 
prodigious efforts have been devoted to highly efficient H2 
generation by utilizing a variety of semiconductor 
photocatalytic materials including metal oxides, metal carbides, 
metal nitrides, noble metal, and non-noble metal-based 
photocatalysts.5

As a benchmark photocatalyst, anatase TiO2 is widely 
employed for solar H2 production through water-splitting 
reactions owing to its low cost, excellent stability, and 
exceptional efficiency under UV-light illumination.6,7 Yet, the 
benchmark TiO2 still suffers from several drawbacks including 
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the sluggish proton reduction kinetics, limited solar energy 
consumption, and rapid recombination rate of photoinduced 
charge carriers.8,9 Thus, it is of utmost interest to design and 
develop high-performance semiconductor photocatalytic 
materials for practical applications. In fact, the photocatalytic 
water splitting process requires appropriate semiconductor 
photocatalysts with their conduction band bottom value 
negative than that of the proton reduction potential (i.e., 0 V) 
and their valence band top value positive than that of the water 
oxidation potential (i.e., 1.23 V).10,11 Usually, in the majority of 
the designed photocatalysts, the rapid charge carrier’s 
recombination rate results in low H2 generation and solar-to-
fuel conversion efficiency. Further, the photoinduced holes 
self-oxide the photocatalysts (photo-corrosion). In addition, 
during photocatalytic water splitting reaction, the H2 generation 
safety should also be well-organized because the H2 and O2 
mixture are explosive and explode when the H2 concentration 
exceeds the explosion limit (i.e., 4-75%). That’s why some 
sacrificial agents like methanol, triethanolamine, etc., are added 
to consume the photoinduced holes, thereby avoiding the safety 
accident of explosion, prolonging the charge carrier’s lifetime, 
and improving the H2 generation rate.9,12-14

With the wide-ranging implementation in mind, 
substantial efforts have been devoted to developing narrow 
band gap semiconducting photocatalytic materials based on 
earth-abundant elements. Recently, graphitic carbon nitride (g-
C3N4) received marvelous attention in photocatalytic solar 
energy conversion due to its exceptional optical and electronic 
structure, high chemical and thermal stability, and polymeric 
nature.15 Due to the presence of aromatic C−N heterocyclic 
rings, g-C3N4 is thermally stable up to 600 °C in air atmosphere. 
Further, due to the existence of strong van der Waal's forces in 
its layers, g-C3N4 exhibit high chemical stability in various 
solvents including H2O, diethyl ether, toluene, alcohols, glacial 
acetic acid, tetra-hydrofuran, N, N-dimethyl-formamide, and 
0.1 M NaOH.16 Generally, polymeric g-C3N4 is mainly 
composed of carbon (C) and nitrogen (N) elements, and some 
impurity hydrogen (H), linked through the tris-triazine patterns, 
and it can be directly synthesized via the condensation 
polymerization of a variety of inexpensive N-rich precursor 
materials such as melamine, urea, cyanamide, thiourea, 
dicyandiamide, and ammonium thiocyanate. Until now, g-C3N4 
is widely utilized in photocatalysis for several applications, 
such as H2 generation, water decontamination, and CO2 
conversion.17-21 Yet, the performance of g-C3N4 is inadequate 
for potential photocatalysis owing to its limited solar energy 
harvesting capability, small surface area, and rapid 
recombination rate of charges.22 Since the photocatalytic 
performance of semiconducting photocatalytic materials is 
directly linked to these factors, thus, it is essential to modify the 
electronic and structural features of g-C3N4 so as to promote its 
photoactivity. 

Numerous strategies including surface morphology 
alteration, elemental doping, defect engineering, and 
heterostructures formation have been utilized to improve the 
photophysics and photochemistry of g-C3N4 for better product 
yield.16 Among different strategies, the chemical exfoliation of 
bulk g-C3N4 into a few layers of g-C3N4 for enhanced 
photoactivities received tremendous attention. For instance, 
Papailias et al.23 prepared a few layered g-C3N4 from bulk 
material via the chemical exfoliation method that revealed 
exceptional visible light activity for NOx removal. In another 

work by Tong et al.24 the g-C3N4 nanosheets obtained from bulk 
via the chemical exfoliation revealed superior visible light 
catalytic performance for hydrogen evolution. This exceptional 
performance was accredited to the improved surface-active 
sites.  

Besides morphological changes, the modification of 
g-C3N4 with porphyrins (heterocyclic macrocycles) received 
marvelous attention because of their π-π interaction. Due to 
their semiconducting nature, broad absorption band, plentiful 
conjugate π bonds, and excellent charge mobility, porphyrins 
are utilized as promising photocatalysts in photocatalysis for 
various applications. The efficient charge separation and 
transfer in such types of composite systems are highly decisive 
to achieve exceptional photocatalytic performance.25 For 
instance, Zhang et al.26 reported the g-C3N4-Cx/FeTCPP 
composite photocatalysts that revealed enhanced activity for 
CO2 conversion to CO and H2. Likewise, Chen et al.27 reported 
the synthesis of CuTCPP/g-C3N4 composite system that 
revealed exceptional visible light catalytic activity for phenol 
degradation. In our recent report,28 the fabricated Au-
porphyrin/g-C3N4 Z-scheme composite system revealed 
excellent H2 evolution under UV–visible irradiation. To the best 
of our knowledge, there is no previous report on the fabrication 
of Iron(III) meso-tetraphenylporphine chloride/g-C3N4 
composite system, especially for photocatalytic water splitting 
to evolve H2.

Herein, first of all, we fabricated a few layers of 
porous g-C3N4 via the chemical exfoliation method. Then, we 
modified the as-fabricated porous g-C3N4 (PCN) with Iron(III) 
meso-tetraphenylporphine chloride (FeTPPCl) porphyrin via 
the wet-chemical method. The performance of the resultant 
PCN-FeTPPCl photocatalyst was evaluated by water reduction 
to evolve H2 under visible and UV-visible illumination. The 
PCN-FeTPPCl composite revealed exceptional photocatalytic 
performance by producing 253.36 and 8301 µmolg-1 of H2 
under visible and UV-visible illumination, respectively, which 
is ~2.45 and 4.75-fold higher than that of the pristine PCN. This 
exceptional performance for H2 generation is accredited to the 
surface exposed abundant active sites due to porous structure 
and to the significantly promoted charge carrier’s separation 
and transfer via the well-aligned type-II band heterostructure. 
In order to check and confirm the performance of our reported 
catalyst, density functional theory (DFT) simulations of PCN-
FeTPPCl were performed. We built two different types of 
models for the PCN-FeTPPCl, and based on the excellent 
performance and correlation with experimental data; the exact 
model of the catalyst. A strong electrostatic interaction of -1.51 
eV between PCN and FeTPPCl validates the stability and 
feasibility of PCN-FeTPPCl, where the electronic cloud density 
has moved to FeTPPCl (surface became more electronegative) 
and can easily cause water reduction. Finally, we suggest that 
this work will help in the development of high-efficiency 
heterostructure photocatalysts for solar energy conversion and 
storage.

2. EXPERIMENTAL SECTION

    2.1. Materials. Melamine (C3H6N6; MW 126.12), Sulfuric 
acid (H2SO4; MW 98.08), Iron(III) meso-tetraphenylporphine 
chloride (C44H28ClFeN4; MW 704.02) represented as FeTPPCl, 
Acetylacetone (C5H8O2; MW 100.12) and Absolute ethanol 
(C2H5OH; 46.07) were obtained from Sinopharm Chemical 
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Reagent Co., Ltd. Shanghai China. De-ionized water was used 
throughout the experiments.

    2.2. Synthesis of Bulk g-C3N4. The bulk g-C3N4 was 
obtained directly via the condensation polymerization of 
melamine precursor. About 40g of bulk g-C3N4 was obtained 
via the direct calcination of melamine precursor at 550 °C for 
2h (rise in temp: 5 °C min−1). The as-obtained yellow product 
of bulk g-C3N4 was ground into fine powder. 

    2.3. Synthesis of Porous g-C3N4 Nanosheets. To obtain a 
few layers of porous g-C3N4 nanosheets, about 40g of the bulk 
g-C3N4 was dispersed in 400 mL of concentrated H2SO4 
(contained in a 1000 mL beaker) under ultrasonication at room 

temperature. After ultrasonication for 30 min, 100 mL of de-
ionized H2O was added to the dispersion. An exothermic 
reaction took place and the whole bulk g-C3N4 suddenly 
disappeared and a transparent yellow solution was obtained. 
After dilution with an excess amount of deionized water, a 
sponge-like white colony appeared (Supporting Information 
Figure S1a). While keeping the solution under static conditions 
for the whole night, the sponge colony settled down at the 
bottom of the beaker and the supernatant solvent was thrown 
away. The precipitate was centrifuged and washed with de-
ionized H2O and ethanol in turn. Finally dried in a vacuum oven 
at 85 oC, and then calcined at 550 oC for 2h. The as-obtained 
product was labeled as PCN.
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Figure 1 (a) Scheme for the transformation of bulk g-C3N4 into a few layered porous g-C3N4 nanosheets via the chemical exfoliation method. 
(b) XRD patterns, (c) UV-visible absorption spectra, (d) Predicted band gaps via Tauc plots of (αhν)1/2 vs. photon energy, (e) Valence band 
XPS spectra, (f) Energy bands diagram vs. the NHE, and (g) Raman spectra of the photocatalysts.

    2.4. Synthesis of FeTPPCl/PCN composite. To fabricate 
FeTPPCl/PCN composite, 1*10-1 M solution of FeTPPCl was 
prepared in 10 mL of acetylacetone. Then, 1g of the PCN 
powder was dispersed in the above solution and stirred for 24h. 
The dispersion was centrifuged thoroughly, washed with 
acetylacetone, and then dried in a vacuum oven at 85 oC.

    2.5. Characterizations. The X-ray diffraction pattern of the 
photocatalysts was evaluated with x′pert3 PANalytical powder 
XRD spectrometer (Netherlands) with Cu Kα source. The UV–
vis spectrophotometer (SolidSpec-3700; Shimadzu, Japan) was 
utilized for the measurement of absorption spectra. The catalyst 
morphology and energy dispersive spectroscopy (EDS) X-ray 
analysis was done with ZEISS-G300 (Germany) scanning 
electron microscope (SEM). The Tecnai FEI-G2-F30-(USA) 
transmission electron microscope (TEM) was employed for 
collecting micro images of the catalysts. An X-ray 
photoelectron spectrometer (ESCALAB-250XI; USA) (XPS) 
was used for analyzing the chemical composition of the 
catalysts. The VERTEX-70 Bruker Fourier-transform-infrared 
spectrometer (FTIR, Germany) was employed for surface-
functional groups analysis of the catalysts. A LabRAM-HR800 
(Horiba-Jobin Yvon; (France)) was used for Raman 
spectroscopy analysis of the catalysts. The FP-6500 (Japan) 
fluorescence spectrometer was used for the detection of PL 
spectra of the catalysts. An instrument connected to the lock-in-
amplifier (SR830, USA) and light chopper (SR540, USA) was 
used for surface-photovoltage (SPV) spectra measurement. The 
Brunauer–Emmett–Teller (BET) surface area and pore size 
distribution curves of the photocatalysts were obtained with 

Mike-3Flex (USA) using N2 adsorption/desorption technique. 
A Brooker-A300 instrument was employed for electron-
paramagnetic resonance (EPR) analysis. The fluorescence 
decay spectra were measured with EDINBURGH-FLS-980 
(UK) instrument. A Perkin Elmer TGA-8000 (USA) was 
employed for thermogravimetric analysis in the range of 30–
780 °C (air environment). The photoelectrochemical (PEC) and 
electrochemical measurements were performed with CHI-760E 
instrument (Shanghai, China) using the Ag/AgCl as a reference 
electrode.

    2.6. Photocatalytic Hydrogen Production. The 
CEAULIGHT-CEL-SPH2N-D9 (Beijing; China) instrument 
was employed for water-splitting experiments to generate 
hydrogen with the assistance of methanol (sacrificial agent). 
50 mg of the catalyst was dispersed in the methanol-water 
mixture (1:5 by vol) under continuous stirring. The system was 
thoroughly degreased for 30 min to remove bubbles. Then, the 
photocatalytic experiments were performed under visible and 
UV–visible illumination using a Perfect-light 300 W Xenon 
lamp (Beijing; China). The hydrogen generated via the 
photocatalytic reaction was detected with the online 
CEAULIGH GC-7920 gas chromatograph (N2 as the carrier 
gas) connected to the TCD detector.

3. RESULTS AND DISCUSSION

    3.1. Fabrication, Structural Morphology and Chemical 
Composition. The fabrication of a few layers of porous g-C3N4 
nanosheets (PCN) was done by the stepwise chemical 
exfoliation of the bulk g-C3N4 (BCN) as depicted in Figure 1a.

The X-ray diffraction (XRD) pattern of the BCN, PCN, 
FeTPPCl-PCN composite, and FeTPPCl are displayed in Figure 
1b. As obvious, the bulk CN sample contains two distinctive 
diffraction peaks at 13.1° and 27.5°. The peak at 13.1° with an 
interplanar distance of 0.67 nm corresponds to the in-plane 
structural packing motif of the tri-s-triazine rings, which usually 
directs the (100) plane. The peak at 27.5° with an interplanar 
distance of 0.32 nm corresponds to the inter-layer stacking 
interaction of aromatic rings, which usually directs the (002) 
plane. After chemical and thermal treatment, the peak intensity 
of (100) and (002) planes of the PCN sample remarkably 
decreased demonstrating a reduction in interplanar distance and 
the aligned layers. This reduction in peak intensity confirms the 
delamination and increase in layers disorder.23 Worth noting, 
some major characteristic peaks of the FeTPPCl component are 
detected in the XRD pattern of the FeTPPCl-PCN composite, 
directing the presence of a strong chemical interaction between 
the two-component systems. In order to evaluate the optical and 
electronic band structure of the photocatalysts, UV-visible 
absorption spectra, and the valence band X-ray photoelectron 
spectra were recorded. According to our previous report,29 the 
BCN revealed an energy band gap of 2.7 eV, comparable to the 
threshold energy absorption wavelength of 459 nm. As clear 
from Figure 1c, the threshold energy absorption wavelength of 
PCN is 448 nm, which confirms an increase in band gap via the 
chemical exfoliation process. Further, the threshold absorption 
wavelength of FeTPPCl and FeTPPCl-PCN photocatalysts is 
located at 419 and 441 nm, respectively. Worth noting, the bare 
FeTPPCl exhibit two types of bands, the B or Soret band, and 

Q-bands. The strong absorption Soret band at approximately 
384 nm is ascribed to the S0 to S2 transition, while the less 
intense absorption Q bands in the range of 450 to 720 nm are 
ascribed to the S0 to S1 transition. The metallated porphyrins 
usually possess the fully resolved split Soret band which is 
caused by the mixing of Soret and Q-states. In FeTPPCl, the Q 
band is split due to the vibrational excitations. Therefore, two 
bands are produced due to the transition from the ground state 
to two vibrational states of the excited state [Q(0,0) and Q(1,0)]. 
The presence of NH protons breaks the symmetry and each of 
the above-mentioned band further split into two bands. The X 
and Y components no longer degenerate and hence we see four 
Q-bands Qx(0,0), Qy(0,0), Qx(1,0) and Qy(1,0). Thus, the 
strong electronic transitions associated with the UV region are 
designated as the Soret or B-resonance and the forbidden or 
weak transitions in the visible light region are designated as the 
Q-bands or Q-transitions.30-32 As obvious, the Q-bands of 
FeTPPCl catalyst also appeared in the FeTPPCl-PCN 
composite, confirming the existence of strong chemical 
interaction between the well-aligned two components system. 
In addition, the absorption wavelength of FeTPPCl-PCN 
composite is slightly blue-shifted toward the FeTPPCl catalyst. 
The energy band gaps of the PCN (i.e., 2.77 eV), and FeTPPCl 
(i.e., 2.96 eV) catalysts were predicted from the Tauc plots as 
revealed in Figure 1d.

Valence band XPS spectra were measured for the valence and 
conduction bands maxima values of the PCN and FeTPPCl 
catalysts. As clear from Figure 1e, the valence band maxima 
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values of PCN and FeTPPCl catalysts are predicted to be 1.76 
and 2.08 eV, respectively. Hence, the conduction band maxima 
values of the PCN (-1.01 V) and FeTPPCl (-0.88 V) catalysts 
were predicted from the experimentally observed energy band 
gaps and valence band maxima values, according to the 
equation reported in literature.33 For better understanding, the 
band gap values and the conduction and valence band potentials 
of the photocatalysts vs. the NHE are displayed in Figure 1f. To 
further probe the crystal structure and variation in lattice 
symmetry of the PCN and FeTPPCl-PCN photocatalysts, 
Raman spectra were analyzed as depicted in Figure 1g. As clear, 
the Raman peaks in PCN photocatalyst are the characteristics 
of g-C3N4 motif. The peak at 709 cm−1 corresponds to the 
vibrational mode of the s-triazine patterns. The peaks at 761, 
984, and 1235 cm−1 are ascribed to the stretching vibrational 
mode of the aromatic heterocycles in melem. The peaks 
centering at 1309 and 1618 cm−1 correspond to the D-band and 
G-band, respectively, confirming the g-C3N4 structure. Worth 
noting, the Raman spectrum of FeTPPCl-PCN photocatalyst 
reveals similar characteristic peaks, signifying that the 
introduction of FeTPPCl not damaged the skeleton network of 
PCN. Nevertheless, a slight blue shift in the Raman bands of 
FeTPPCl-PCN with respect to the PCN photocatalyst can be 
observed, which might be due to the strong chemical interaction 
between both of the components.29

To investigate the morphology of the photocatalysts, SEM 
analysis was done. As revealed in the Supporting Information 

Figure S1b, the bulk CN shows a nonporous architecture of the 
aggregated flakes. The chemically exfoliated PCN 
photocatalyst (Supporting Information, Figure S1c) reveals a 
3D sponge-like framework with a unified porous structure, 
which resulted from the acid intercalation of bulk CN. Further, 
the nanosheet layers become thinner after the acid treatment and 
annealing. The SEM micrograph of FeTPPCl-PCN composite 
(Supporting Information, Figure S1d) reveals the presence of 
FeTPPCl nanoparticles anchored onto the surface of PCN 
photocatalyst. A transmission electron microscope was used to 
further investigate the microstructure of the photocatalysts. The 
TEM and selected area HRTEM images of the PCN 
photocatalysts are depicted in Figure 2a, b. The TEM images of 
PCN clearly reveal thin layers of nanosheets with uniformly 
distributed nanometric-size pores. The TEM image of FeTPPCl 
(Supporting Information Figure S2a) clearly reveals the 
aggregation of a large number of molecule particles. The 
average size of the aggregated FeTPPCl molecule particles is 
approximately in the range of 80-200 nm. In the selected area 
HRTEM image of FeTPPCl (Supporting Information Figure 
S2b), no lattice fringes can be observed confirming its 
macrocyclic molecular nature. The TEM image of FeTPPCl-
PCN composite (Figure 2c) clearly reveals the chemically 
anchored FeTPPCl nanoparticles on the surface of PCN. 
Further, the selected area HRTEM images of the FeTPPCl-PCN 
composite (Figure 2d-f) reveal distinct boundaries of single 
components.

Figure 2 (a) TEM micrograph, and (b) HRTEM micrograph of PCN. (c) TEM micrograph and (d-f) HRTEM micrographs of the FeTPPCl-
PCN composite. 

To investigate the porous structure of the photocatalysts, 
N2 sorption analysis was performed. The N2 
adsorption/desorption isotherm curve of bulk CN is provided in 
the Supporting Information Figure S2c, while that of the PCN, 
FeTPPCl-PCN, and FeTPPCl photocatalysts are revealed in 
Figure 3a. As obvious, all the photocatalysts reveal type IV 
isotherm curves according to the classification by Brunauer, 
Deming, Deming, and Teller (BDDT). This confirms the 

presence of mesopores in the as-fabricated photocatalysts. The 
shapes of the hysteresis loops for all photocatalysts are of type 
H3, which is resulted from the slit-like mesopores generated 
due to the sheet-like particles aggregation.34,35 The observed 
BET specific surface area of the bulk CN is 3.17 m2 g-1 
(Supporting Information Figure S2c inset), while the surface 
areas of PCN and FeTPPCl photocatalysts are 24.72 m2 g-1 and 
7.5 m2 g-1, respectively as mentioned in the inset of Figure 3a. 
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As obvious, the BET specific surface area of the FeTPPCl-PCN 
composite (i.e., 27.4 m2 g-1) is slightly larger than that of the 
bare PCN photocatalyst. The BJH pores size distribution curve 
of bulk CN (Supporting Information Figure S2d) confirmed its 
pore diameter in the range of 5-150 nm. The BJH pores size 
distribution curves of the PCN, FeTPPCl-PCN, and FeTPPCl 
photocatalysts are depicted in Figure 3b. As clear, the small 
mesopores designated by several peaks of ∼20 nm could be 
accredited to the uniform porosity in PCN and FeTPPCl-PCN 
photocatalysts. This might be due to the rapid exothermic 
reaction upon the addition of H2O to the dispersion of bulk CN 
in H2SO4, which cause delamination of bulk CN. The resultant 
high specific surface area and the mesoporous structure are 
expected to provide abundant active sites for catalytic 
reactions.36

To investigate the chemical composition of the PCN and 
FeTPPCl-PCN photocatalysts, FT-IR spectra were obtained as 
revealed in Figure 3c, d. The FT-IR spectrum of PCN 
photocatalyst clearly reveals an apparent peak at 808 cm-1, 
corresponding to the bending vibration mode of the tri-s-
triazine patterns. The characteristic bands in the range of 1236–
1635 cm-1 are accredited to the C–N heterocycles. The wide 
band at 3000–3300 cm-1 is accredited to the adsorbed OH- 
species on the surface and the corresponding amino groups.37,38 
In the case of the FeTPPCl-PCN photocatalyst, the 
characteristic band at 999 cm-1 could be accredited to the Fe-N 
bond formation. The peak at 3400 cm-1 is accredited to the 
amino groups. The peaks in the range of 1539-1696, and at 1380 
cm-1 can be accredited to the C=C stretching and the C‒N 
stretching vibration modes, respectively. The broadband 
corresponding to the N‒H vibration mode of PCN at 3000-3300 
cm-1, slightly switched to a larger wavenumber demonstrating 
the probable effect of hydrogen bonding of N‒H groups of PCN 
with the phenyl groups of FeTPPCl. Further, the overlapping of 
FeTPPCl peak at 808 cm-1 with that of the PCN component can 
be clearly observed. The FT-IR results further clarify the 
presence of strong chemical interaction between the PCN and 
FeTPPCl components in the FeTPPCl-PCN composite.

The X-ray photoelectron spectroscopy measurement was done 
to evaluate the composition and elemental chemical states of the 
PCN, FeTPPCl, and FeTPPCl-PCN photocatalysts. The survey 
spectra of PCN, FeTPPCl, and FeTPPCl-PCN photocatalysts 

(Supporting Information, Figure S3a, b) revealed the 
corresponding elements of each sample. The C 1s (Supporting 
Information, Figure S3c) and N 1s (Supporting Information, 
Figure S3d) XPS spectrum of FeTPPCl photocatalyst reveals 
binding energy peaks at 284.83 and 398.8 eV, corresponding to 
the sp2 hybridized carbon atoms and the Fe–N bonds in 
metalloporphyrin, respectively. The deconvoluted Fe 2p XPS 
spectrum of FeTPPCl (Supporting Information, Figure S3e) 
reveals two peaks at 711.8 and 725.18 eV, corresponding to the 
Fe 2p3/2 and Fe 2p1/2 orbitals of Iron(III) porphyrin, respectively. 
In addition, the deconvoluted Cl 2p XPS spectrum of FeTPPCl 
(Supporting Information, Figure S3f) reveals two peaks at 
binding energy values of 198.48 and 200.13 eV, corresponding 
to the Cl 2p3/2 and Cl 2p1/2 orbitals, respectively.39 The C 1s 
spectra of PCN and FeTPPCl-PCN photocatalysts are revealed 
in Figure 3e. The C 1s spectrum of PCN photocatalyst can be 
deconvoluted into two peaks corresponding to the sp2-
hybridized C−C (i.e., 284.84 eV) and sp2-hybridized N−C=N 
(i.e., 288.08 eV) coordination. Similarly, the C 1s spectrum of 
FeTPPCl-PCN composite exhibit two peaks at 284.91 and 
288.34 eV, respectively, corresponding to the sp2-hybridized 
C−C and N−C=N bonds. Worth noting, the increase in binding 
energy value of the C−C and N−C=N coordination of FeTPPCl-
CN led us to know that the electron density of PCN is reduced 
due to the transfer of electrons from PCN to FeTPPCl.40 The N 
1s spectra of PCN and FeTPPCl-PCN photocatalysts are 
depicted in Figure 3f. As obvious, the N 1s spectrum of PCN 
can be deconvoluted into three prominent peaks centering at 
398.42, 399.33, and 400.77 eV, corresponding to the sp2-
hybridized C–N=C, N-(C)3, and C–N–H coordination, 
respectively. After the introduction of FeTPPCl, a slight 
increase in the binding energies of C–N=C (398.74 eV), N-
(C)3 (399.41 eV), and C–N–H (400.81 eV) bonds can also be 
observed.10 The Fe 2p spectrum of FeTPPCl-PCN composite 
(Figure 3g) can be deconvoluted into two major peaks at 
binding energy values of 710.7 and 724.0 eV, which 
corresponds to the Fe 2p3/2 and Fe 2p1/2 orbitals of Fe+3 state of 
Iron(III) porphyrin in which Fe3+ is coordinated with N atoms.41 
The deconvoluted Cl 2p spectrum of FeTPPCl-PCN composite 
(Figure 3h) exhibits two peaks centering at 197.99 and 
199.58 eV, accredited to the Cl 2p3/2 and Cl 2p1/2 orbitals, 
respectively.42 
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Figure 3 (a) BET N2 adsorption-desorption isotherm curves, and (b) pore size distribution curves of the PCN, FeTPPCl-PCN, and 
FeTPPCl photocatalysts. (c, d) FT-IR spectra of PCN, FeTPPCl-PCN, and FeTPPCl photocatalysts. XPS spectra: (e) C 1s, and (f) N 
1s, of the PCN and FeTPPCl-PCN photocatalysts. (g) Fe 2p and (h) Cl 2p of FeTPPCl-PCN photocatalyst. (i) Thermo-gravimetric 
analysis spectra of PCN and FeTPPCl-PCN photocatalysts measured in the range of 30-780 oC.

Thermogravimetric analysis (TGA) was done to investigate the 
weight loss of the samples after heat treatment in the range of 
30-780 oC. The TGA result of PCN (Figure 3i) reveals a rapid 
weight loss in the range of 600–670 °C, which means the 
thermal decomposition of PCN starts at 600 oC. Further, the 
weight loss of FeTPPCl-PCN composite starts at 500 °C. This 
signifies that the thermal stability of PCN photocatalyst is 
slightly decreased after incorporation of the FeTPPCl. 

    3.2. Charge Carriers Separation. To explore photoinduced 
charge separation and transfer in the as-synthesized 
photocatalysts, surface photo-voltage (SPV) spectroscopy was 
employed. SPV spectroscopy is mainly used for the 
investigation of the surface physical phenomenon occurring in 
semiconductors in terms of excitation, separation, and transfer 
of charge carriers. The SPV technique usually detects the 
charge carrier’s separation in the form of a signal. Enhancement 
in the charge carrier’s separation gives rise to a strong SPV 
signal.43,44 As clear from Figure 4a, the SPV signal of FeTPPCl-
PCN composite is remarkably enhanced compared to that of the 
bare PCN and FeTPPCl photocatalysts, suggesting superior 
charge separation and transfer in the as-fabricated composite. 

To corroborate the SPV results, photoluminescence (PL) 
spectroscopy was further used to explore the photophysics of 
photoinduced charge carriers in the PCN, FeTPPCl and 
FeTPPCl-PCN photocatalysts. Usually, from PL technique, we 
can get information regarding the surface defects, vacancies, 
and surface recombination of photoinduced charges.38,45 As 
clear from Figure 4b, the FeTPPCl and PCN photocatalysts 
exhibit strong PL signal, directing rapid charge carrier 
recombination. However, a significant quenching in the PL 
signal is observed for the FeTPPCl-PCN composite in 
comparison to the PCN and FeTPPCl photocatalysts. This result 
led us to know that charge recombination in FeTPPCl-PCN 
composite is significantly reduced. The improved charge 
separation and transfer in the FeTPPCl-PCN composite is 
further confirmed by the electrochemical impedance spectra 
(EIS) measurement. Generally, charge transfer resistance in the 
photocatalysts could be evaluated from the arc radius of the 
resultant EIS Nyquist plots. As widely reported, the large arc 
radius represents weak charge separation in semiconducting 
nanomaterials.29 As clear from Figure 4c, the FeTPPCl-PCN 
composite reveals a small arc radius of the EIS Nyquist plot in 
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comparison to that of the PCN and FeTPPCl photocatalysts, 
signifying the remarkably improved charge separation and 
transfer. 

Further, electron paramagnetic resonance (EPR) spectra of 
PCN, FeTPPCl and FeTPPCl-PCN photocatalysts were 
measured as shown in Figure 4d. Based on this technique, the 
unpaired electrons in semiconductors give rise to the EPR 
signals usually located at g ≈ 2.002. Notably, the intensity of 
EPR signal is directly proportional to the number of unpaired 
electrons.40 Interestingly, the PCN, FeTPPCl and FeTPPCl-
PCN photocatalysts reveal a Lorentzian line with a g value of 
2.002. Compared to that of the PCN and FeTPPCl, the EPR 
signal intensity of FeTPPCl-PCN photocatalyst is remarkably 
enhanced, revealing a significant increase in the number of 
unpaired electrons. This confirms the improved charge 
separation and transfer in the FeTPPCl-PCN composite. The 
photoelectrochemical (PEC) I-t curves of the PCN, FeTPPCl 
and FeTPPCl-PCN photocatalysts were measured in 1 M KOH 
electrolyte to further validate the enhanced charge carrier’s 
separation in the FeTPPCl-PCN composite. As revealed in 
Figure 4e, the photocurrent response of the FeTPPCl-PCN 
photocatalyst is remarkably improved as compared to the bare 
PCN and FeTPPCl photocatalysts, further validating the 
significantly promoted charge carrier’s separation and transfer. 
To further investigate the promoted lifetime of charge carriers 
in the FeTPPCl-PCN photocatalyst, time-resolved fluorescence 
decay spectra were measured (λex = 375 nm) as revealed in the 
Supporting Information, Figure S4. The non-radiative-(τ1) and 
radiative-(τ2) processes primarily denote the decay time of the 
faster and slower components.28 It is widely accepted that τ2 
originates from the indirect self-trapped excitons initiated via 
the trapped electrons, while, the τ1 originates from the directly 
induced free electrons and holes. As obvious, the predicted τ1 
and τ2 values for PCN photocatalyst are 2.17 (Rel% = 66.99) 
and 17.97 (Rel% = 33.01) nanoseconds (ns). Whereas, the 
predicted τ1 and τ2 values for FeTPPCl-PCN photocatalyst are 
2.26 (Rel% = 65.50) and 19.56 (Rel% = 34.50) ns. The average 
lifetimes (τavg) PCN and FeTPPCl-PCN photocatalysts are 1.11 
and 1.14 ns, respectively. This clearly demonstrates that the 
charge carrier’s separation lifetime of the FeTPPCl-PCN 
photocatalyst is prolonged compared to that of the PCN 
photocatalyst. This well support the SPV, PL, EIS, EPR, and I-t 
curves results.

    3.3. Photocatalytic Activities Evaluation. The 
photocatalytic water reduction tests for H2 evolution under 
visible light and UV–visible illuminations were performed in an 
online gas reactor connected to the Gas Chromatography 

(TCD/FID). In the photocatalytic water reduction experiments, 
methanol was used as a sacrificial agent for capturing holes. As 
clear from Figure 4f, the PCN, FeTPPCl and FeTPPCl-PCN 
photocatalysts yield 103.48, 17.48, and 253.36 µmolg-1 of H2, 
respectively, under visible illumination for 4 h. The rate of H2 
evolution over the FeTPPCl-PCN composite under visible light 
irradiation is ⁓2.45-fold improved in comparison to that of the 
pristine PCN. Likewise, as revealed in Figure 4g, the PCN, 
FeTPPCl and FeTPPCl-PCN photocatalysts yield 1749.16, 
67.7, and 8301 µmolg-1 of H2, respectively, under UV-visible 
illumination for 4 h. The H2 yield over the FeTPPCl-PCN 
composite is 4.75-fold improved compared to that of the bare 
PCN photocatalyst under UV-visible illumination. The H2 
production tests over the PCN and FeTPPCl-PCN 
photocatalysts were performed under single excitation 
wavelengths of 365 and 420 nm as revealed in Figure 4h. It is 
important to note that the photon with a wavelength of 365 nm 
exhibits high energy than the photon with a wavelength of 420 
nm. Thus, a high amount of H2 would be produced at 
wavelength 365 nm in comparison to that at 420 nm. As 
expected, the H2 produced over PCN and FeTPPCl-PCN 
photocatalysts at 365 nm wavelength was 8.9 and 13.6 μmol, 
respectively. Likewise, the H2 evolved over the PCN and 
FeTPPCl-PCN photocatalysts at wavelength 420 nm was 5.6 
and 8.7 μmol, respectively. The predicted quantum efficiencies 
for H2 evolution over the FeTPPCl-PCN photocatalyst at 365 
and 420 nm wavelengths were 4.81 and 2.68%, respectively. As 
revealed in the Supporting Information Table S3, the predicted 
quantum efficiencies of our photocatalyst are remarkably 
higher than those of the previously reported CN based 
photocatalysts under identical conditions. Meanwhile, the 
photocatalytic recyclable tests for H2 production over the 
FeTPPCl-PCN photocatalyst under visible and UV-visible 
illumination were measured as revealed in the Supporting 
Information Figure S5a and Figure 4i. As obvious, no 
significant decrease in the H2 evolution activity can be observed 
even after four repeated photocatalytic cycles, confirming the 
excellent stability of the FeTPPCl-PCN photocatalyst.

Interestingly, this exceptional amount of H2 produced over the 
PCN photocatalyst guarantee that the chemically exfoliated 
porous g-C3N4 exhibit a large surface area and abundant active 
sites for photocatalytic reaction. On the other hand, the superior 
H2 evolution over the FeTPPCl-PCN composite is accredited to 
the abundant active sites due to the large surface area and the 
significantly promoted charge carrier’s separation and transfer 
via the well-aligned type-II band heterostructure.
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Figure 4 (a) SPV spectra (b) PL spectra, (c) EIS Nyquist plots, (d) EPR spectra, and (e) photoelectrochemical I-t curves of the PCN, 
FeTPPCl, and FeTPPCl-PCN photocatalysts. (f) Photocatalytic H2 evolution activities of PCN, FeTPPCl, and FeTPPCl-PCN 
photocatalysts under visible light, and (g) under UV-visible light. (h) Photocatalytic H2 evolution activities of PCN and FeTPPCl-
PCN photocatalysts under single wavelengths (i.e., 365 and 420 nm) irradiation. (i) Photocatalytic recyclable test for H2 evolution 
over the FeTPPCl-PCN photocatalyst under UV-vis light.

To validate the exceptional photocatalytic performance and 
high stability of the FeTPPCl-PCN composite, we have 
evaluated the electrochemical hydrogen evolution reaction 
(HER) of the PCN and FeTPPCl-PCN photocatalysts. The 
cyclic voltammetry (CV) curves for HER are revealed in the 
Supporting Information, Figure S5b. The CV curves were 
measured in 1 M KOH electrolyte vs. the Ag/AgCl electrode 
with scan rates of 50 mV sec-1. Worth noting, the redox current 
of the FeTPPCl-PCN photocatalyst is remarkably improved 
signifying excellent electrochemical HER performance. 
Further, the FeTPPCl-PCN photocatalyst revealed more 
integrated areas in the CV curves compared to that of the PCN 
photocatalyst, confirming the remarkably enhanced specific 
capacity. According to the Randles–Sevcik equation,46 the 
electro-active surface areas (ECSA) are directly proportional to 
the cathodic and anodic peaks. This means that the larger ECSA 
provides abundant active sites for electrochemical reactions. 
Thus, the improved photocatalytic and electrochemical 
performance of the FeTPPCl-PCN photocatalyst is accredited 

to the improved surface-active sites as well as the enhanced 
charge carrier’s transfer and separation.

    3.4. Ab-Initio Electronic Structure Property Simulations. 
Periodic density functional theory (DFT) simulations are 
performed on Quantum-ATK and the visualizations are attained 
on VNL 2019.12.47 In order to model our experimentally 
fabricated catalyst, first we built the individual models of PCN 
and FeTPPCl, followed by a composite, and constructed two 
different types models (A and B), to represent composites of 
FeTPPCl-PCN. In model A, Cl atom of FeTPPCl directly 
interacts with PCN, which has less than 0.02 lattice mismatch 
as shown in Figure 5. While in the case of model B, Cl atom is 
situated at the interface of FeTPPCl-PCN catalyst as shown in 
the Supporting Information Figure S6c. Based on the excellent 
water interaction with the surface of FeTPPCl-PCN, we 
confirmed that model A is the correct model for our 
experimentally observed catalyst (vide infra). All these model 
structures were optimized at generalized-gradient 
approximation (GGA) via the Perdew Burke Ernzerh (PBE) of 
exchange correlation-functional and PseudoDojo 
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pseudopotential.48,49 In this work, the linear combination of 
atomic orbitals (LCAO) technique is employed for Fe, Cl, C, N, 
O, and H atoms. A 5x5x1 Monkhorst-Packed k-grid and cut-off 
energy of 120 Hartree is utilized for the individual PCN, 
FeTPPCl, and FeTPCCL-PCN composite. Besides, the electron 
difference density (EDD), electron localization function (ELF), 
effective potential, and water interaction over the surface of 
FeTPPCl-PCN are also simulated with the above method.

In the final model structure of FeTPPCl-PCN (Figure 5c), the 
PCN and FeTPPCl have strong interactions with binding energy 
of -1.51 eV. This high interaction energy confirms the stability 
and feasibility of our photocatalyst. Moreover, the electrostatic 
potential map of FeTPPCl-PCN further validates and confirms 
the stability and activity of our photocatalyst as revealed in 
Figure 5d-f. From the electrostatic potential maps, we can see 
that the PCN (Figure 5d) and FeTPPCl (Figure 5e) 
photocatalysts have mutually shared their electronic cloud 
densities in FeTPPCl-PCN (see Figure 5f).

The results of model B are given in the Supporting Information 
Figure S7a-f. In addition, we have also simulated the ELF 
(Figure 5g-I, and Supporting Information Figure S7a-c) and 
EDD (Figure 6a, and Supporting Information Figure S7d) of 
these three photocatalysts. Before performing the HER 
mechanistic study of the FeTPPCl-PCN composite, a single 
water molecule was interacted over the surfaces of both model 
A and B (FeTPPCl-PCN@H2O) and the system was allowed to 
be fully optimized. The optimized structures of FeTPPCl-

PCN@H2O for model A is given in Figure 6b, while model B 
is shown in the Supporting Information Figure S7e, where the 
H2O interaction energy (∆Eint) was calculated from the 
difference in energies of the optimized H2O molecule and bare 
slab (Eslab) from the optimized H2O-slab complex (slab@)H2O, 
using equation (1).

𝛥𝐸𝐼𝑛𝑡 = 𝐸𝑠𝑙𝑎𝑏@𝐻2𝑂 ― (𝐸𝐻2𝑂 + 𝐸𝑠𝑙𝑎𝑏)               (1)

The strong interaction energy of -11.85 kcal/mol of model A (-
3.23 kcal/mol for model B) suggests the excellent HER 
performance of FeTPPCl-PCN as can be visualized from the 
ELF maps (see Figure 6c) and Table S1 and Table S2. 

Based on this high interaction energy, model of FeTPPCl-
PCN has been selected as a true representative of our 
experimentally observed photocatalyst. In Figure 6d, we can see 
that charge is transferred from PCN to FeTPPCl via Cl atom, 
which consequently makes the FeTPPCl photocatalyst more 
electroactive. So, water can be easily attracted by the surface of 
FeTPPCl-PCN due to its strong electron-donating nature. 
Actually, the O atom of water molecule interacted with the 
surface of FeTPPCl-PCN (see Supporting Information, Figure 
S8a, b). After optimization, O atom of H2O formed strong 
electrostatic bonding with Fe of FeTPPCL-PCN (Figure 6b). 
While in the case of model B, where Cl is situated at the 
interface, and H atom of H2O forms a hydrogen bonding with 
the surface atoms of FeTPPCl-PCN (see Supporting 
Information, Figure S9a, b).
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Figure 5. (a) Optimised geometric structure of PCN, (b) FeTPPCl, (c) and FeTPPCl-PCN (d), Electrostatic potential map of PCN, (e) 
FeTPPCl, (f) and FeTPPCl-PCN. Electron localization function maps (g) of PCN, (h) FeTPPCl , (i) and FeTPPCl-PCN.

The 2D EDD plots of pristine and water-interacted FeTPPCl-
PCN systems are comparatively shown in Figure 6d, where the 
strong electron donating ability of the FeTPPCl-PCN 
photocatalyst is highlighted in a green dotted circle area, while 
the electron withdrawing part is denoted by blue-dotted circles. 
To further support the above results, the work functions of PCN, 
FeTPPCl, and FeTPPCl-PCN systems are simulated which are 
6.51, 4.98, and 6.15 eV, respectively (see Figure 6e). The 
optimal work function of FeTPPCl-PCN is responsible for the 
excitation of an electron from the VB to the CB, making it 
available for photocatalytic reaction. This can consequently 
improve the electronegativity of FeTPPCl in the FeTPPCl-PCN 
composite. So, a catalyst with a lower work function is more 
active, as it can facilitate reactions with less energy input. This 
is due to the electrons in the valence band being more easily 
excited, making them more readily available for chemical 
reactions. So, a more electronegative FeTPPCl-PCN can easily 
reduce water and perform the HER process. 

To determine the Gibbs free energies (ΔGH*) of hydrogen 

adsorption, we choose model A of FeTPPCl-PCN. DFT 

calculations were performed to simulate the ΔGH* adsorption 

on FeTPPCl-PCN as revealed in Figure 6f. The calculated 

ΔGH* values at three different positions over the surface of 

FeTPPCl-PCN are marked as positions 1–3 and plotted in 

Figure 6f. In the case of position (i), H is adsorbed near Fe atom 

of the FeTPPCl-PCN, while in the case of position (ii), H is 

placed near N of the FeTPPCl-PCN. In the case of position (iii), 

H is placed between C and N of the FeTPPCl-PCN. All these 

positons are schematically shown in Figure 6g. The ΔGH* 

values at positions 1–3 is 0.15, −0.62, and −0.71 eV, 

respectively.
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Figure 6. (a) EDD plots of PCN, FeTPPCl, and FeTPPCl-PCN. (b) Optimized geometric strucutre of FeTPPCl-PCN@H2O type A system. 
c) Electron localization function map of FeTPPCl-PCN@H2O, (d) the comparative EDD plots of FeTPPCl-PCN and FeTPPCl-PCN@H2O. 
(e) Simulated effective potential maps of PCN, FeTPPCl, and FeTPPCl-PCN along with their work functions. (f) Gibbs free energy (ΔGH*) 
of HER process over the surface of FeTPPCl-PCN at three different positions along with Pt. (g) Schematic illustration for H adsorption at 
three different positions of FeTPPCl-PCN. 

Based on a comparative analysis of Figure 6f, we predicted that 
the ΔGH* value at position (i) is optimal (i.e., 0.15 eV), 
responsible for the dissociation reaction, and exhibits increased 
catalytic activity. This could be due to electrostatic interaction 
between H and the Fe atom of FeTPPCl-PCN. The ΔGH* value 
at position number (ii) is greatest (i.e., −0.62 eV), which is 
owing to the strong adsorption energy (bonding) of the H atom 
with the N-atom over the catalyst's surface. This increased 
adsorption energy does not dissociate the hydrogen bonds, 
reducing the overall catalytic activity. 

Moreover, the ΔGH* value at position (iii) is also very high (-
0.71 eV) and again, here the H is also attached to N of FeTPPCl-
PCN. In the case of both positions (ii) and (iii), H form a strong 
bonding with N of FeTPPCl-PCN. So, these higher ΔGH* 
values of H adsorption do not allow dissociation reaction. On 
the other hand, the ΔGH* value at position (i) has high activity 
for the HER, which is close to the thermodynamic limit value 
of 0. This value is also near to that of the Pt (111) surface, which 
is ∼0.09 eV. The reason behind this is the charge transformation 
from PCN to FeTPPCl-PCN via Cl atoms, which optimize the 
charge of Fe. It is found that the FeTPPCl-PCN is a promising 
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candidate for highly efficient HER. Furthermore, we suggest 
that the enhanced HER activity of FeTPPCl-PCN is due to the 
porous support of PCN, which has enhanced photocatalytic 
activities of the surface where H is adsorbed (see Figure 6g). 
    3.5. Discussion on Mechanism. It is important to mention 

that charge carriers' separation and transfer is the crucial step 

in semiconductor photocatalysis. In the case of composite 

photocatalysts, the transfer of electrons mainly relies on the 

appropriate band structure alignment. As predicted from the 

Tauc plots, the energy band gaps of PCN, and FeTPPCl-PCN 

photocatalysts are 2.77 and 2.96 eV, respectively. The 

corresponding valence band edges of PCN, and FeTPPCl-PCN 

are 1.76 and 2.08 V, respectively, versus the NHE as predicted 

from the valence band XPS measurement. The conduction band 

potential values of the PCN and FeTPPCl-PCN photocatalysts 

can be predicted from the band gap equation (i.e., ECB = EVB – 

EEg) as mentioned in the previous reports.50,51 Herein, we have 

predicted the values of Eg and EVB for both of the PCN and 

FeTPPCl-PCN photocatalysts. Hence, their exact ECB values 

are predicted to be −1.01 and −0.88 V, respectively. According 

to the predicted valence and conduction band edge values of the 

PCN and FeTPPCl-PCN catalysts, a type-II charge transfer 

mechanism is possible in the FeTPPCl-PCN composite as 

predicted in Scheme 1. Based on the above elucidation, it is 

assumed that when the heterostructure FeTPPCl-PCN 

photocatalyst is excited under visible or UV-visible irradiation, 

charge carriers are generated in both of the components (i.e., 

carbon nitride and porphyrin). Since the conduction band edge 

of PCN photocatalyst is more negative than that of the FeTPPCl 

photocatalyst, the excited electrons of PCN will easily transfer 

to the conduction band of FeTPPCl photocatalyst. More 

important, the valence band edge of the FeTPPCl photocatalyst 

is more positive than that of the PCN photocatalyst. Thus, the 

photoinduced holes of FeTPPCl photocatalyst will transfer to 

the valence band of PCN photocatalyst. As a result of the type-II 

band alignment in the FeTPPCl-PCN composite, lifetime of the 

photoinduced charge carriers significantly improved, and as a 

result, the H2 evolution activity is remarkably enhanced. In 

summary, the newly designed FeTPPCl-PCN composite 

revealed high performance for water reduction to evolve H2, 

which is due to the large specific surface area, abundant active 

sites, and significantly enhanced charge carrier’s separation and 

transfer. 

Scheme 1. Schematic of the band alignment, charge carriers 
transfer, and the photocatalytic reactions over the surface of 
FeTPPCl-PCN composite.

4. CONCLUSIONS
In summary, we have successfully fabricated porous g-C3N4 
(PCN) via sulfuric acid-assisted chemical exfoliation method 
and then coupled it with Iron(III) meso-tetraphenylporphine 
chloride (FeTPPCl) porphyrin via the wet-chemical method. 
The FeTPPCl-PCN composite revealed exceptional 
performance for H2 evolution with a quantum yield of 4.81 and 
2.68% at single excitation wavelengths of 365 and 420 nm, 
respectively. From experimental results, it is confirmed that the 
enhanced performance for H2 evolution is accredited to the 
improved surface-active sites due to porous structure and the 
significantly improved charge carrier’s separation via the well-
aligned type-II band heterostructure. Our density functional 
theory (DFT) simulations strongly validate the excellent HER 
performance of FeTPPCl-PCN in the form of optimum ΔGH* 
value of 0.15 eV which is near to Pt (0.09 eV) catalyst. It is 
inferred that the combination of PCN and FeTPPCl led to a 
stable photocatalyst due to the strong electrostatic interaction (-
1.51 eV) in them, resulting in a decreased local work function 
on the surface of FeTPPCl-PCN, which consequently enhanced 
the HER activity. We suggest that the resultant composite 
would be a perfect model for the design and fabrication of high-
efficiency heterostructure photocatalysts for energy 
applications.
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