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Abstract 

Transition metal ion incorporation has been emerged as an effective stratagem 

to enhance the performance of metal oxide photoanodes. In the present work, we 

design and fabricate the plain ZnO and (2, 5, 10 and 15%) Fe incorporated ZnO 

photoanode by aerosol assisted chemical vapor deposition (AACVD) method. The 

15% Fe incorporated ZnO photoanode displayed excellent photocurrent density of 4.6 

mA/cm2 at 0.7 VAg/AgCl with photo conversion efficiency of 2.4%, which is 159 times 

higher than pure ZnO photoanode (0.028 mA/cm2). The obtained results are 

remarkably superior to the previous results. Furthermore, the Fe incorporated 

photoelectrodes have also shown good stability. The excellent photoelectrochemical 

performance of Fe incorporated ZnO showed red shift in band edge with relative 

decrease in the band gap energy compared to pure ZnO. The demonstration of this 

simple method for the deposition of Fe incorporated ZnO to fabricate highly efficient 

photoanode for the PEC water splitting can easily be applied to other similar systems.  

Keywords: PEC, Fe incorporated ZnO, photoanodes, AACVD, Wurtzite  

Introduction 

Metal chalcogenide semiconductors have been extensively focused by the 

research community in the past few decades due to their wide spread energy 

applications like sensors, battery, photovoltaics and photoelectrochemical (PEC) 

devices.1-6 A variety of n-type semiconductors such as TiO2, WO3, α-Fe2O3, BiVO4, 

ZnO and (oxy)nitrides have been developed as photoanodes for photoelectrochemical 

water splitting.7 Among all the mentioned photoanodes, ZnO is used as an attractive 

candidate for photoelectrochemical water splitting.8 ZnO is thermodynamically stable 
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at room temperature in hexagonal wurtzite phase, in which each cation (Zn2+) is 

surrounded by four anions (O2-) at the corners of tetrahedron. Generally, ZnO is 

considered as a wide band gap semiconductor with an energy gap of 3.44 eV at low 

temperature and 3.37 eV at room temperature. Large exciton binding energy, high 

optical transmittance, high electron mobility, high thermal conductivity, non-toxicity, 

high chemical and thermal stability, and low cost make ZnO as a potential candidate 

for applications in liquid crystal displays, transparent conducting electrodes in solar 

cells, light emitting diodes, thin film transistors, gas sensing and photoelectrochemical 

water splitting.9-11 The specific positions of valence and conduction band edges are 

also favourable for water redox reaction. However, wide band gap of ZnO (3.37 eV) 

enables it to utilize only ultraviolet (UV) light for water splitting.  

During the past years, several attempts have been made to activate ZnO in the 

visible region of the spectrum including dye sensitization,12 addition of sacrificial 

agent/carbonate salt, composite semiconductor,13 and incorporation of metal ions.14,15 

However, in order to improve the properties of ZnO for the mentioned applications, 

incorporation of metal ions is considered as an effective method.16 Developing highly 

effective yet essentially robust photoelectrodes capable of harnessing the full solar 

spectrum is the core task in this field. Moreover, in the interest of fully utilizing 

intermittent solar energy, integrating PEC cells with other electrochemical devices 

such as batteries and capacitors to simultaneously harvest, store, and release solar 

energy is appealing as well. Overall, efforts inspired from a broad range of scientific 

areas will be highly desirable to allow future breakthroughs in the promotion of PEC 

technology.17 
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Incorporation with selective metal ions can help to improve the structural, 

electrical and optical properties of ZnO and shifts its photoresponse to the visible 

region of the spectrum.18 Mostly 3d transition metals like Ti, V, Cr, Mn, Fe, Co, Ni 

and Cu are used for the incorporation in ZnO lattice.19,20 Fe is considered as an 

effective dopant due to its chemical stability and existence in two possible oxidation 

states, Fe+2 and Fe +3. Additionally, the ionic radius of Fe+2 and Fe +3 (0.78 and 0.64 

Å) are close to the ionic radius of Zn+2 (0.74 Å). Therefore, it can be easily 

incorporated into Zn lattice sites either substitutionally or interstitially without 

distorting the crystal structure of ZnO with greater contribution of charge carriers for 

the improvement of properties of ZnO.21 Various physical and chemical methods have 

been applied for the fabrication of Fe incorporated ZnO thin films including radio 

frequency (RF) sputtering, direct current (DC) sputtering,22,23 sol-gel,24 chemical 

vapor deposition,25 spray pyrolysis,26 hydrothermal process,27 electrodeposition28 and 

dip coating technique.29 Chemical vapour deposition (CVD) method has gained much 

importance in past few years for the fabrication of thin films of oxide materials and 

metal-chalcogenide. A modified form of CVD i.e. aerosol assisted chemical vapours 

deposition (AACVD) is used for the efficient deposition of thin films on different 

substrates. This is versatile method because of its fast coating rate, wider choice and 

availability of the precursors, controlled films morphology and easy way to deposit 

thin films in short time period.30 

Herein, we report the fabrication of pure ZnO and Fe incorporated ZnO 

photoanodes via aerosol assisted chemical vapour deposition method for high 

performance photoelectrochemical water splitting. The ZnO thin films incorporated 

with different Fe concentrations (2%, 5%, 10% and 15%) have shown improved light 
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absorption with expanding absorption range to visible range. The as-deposited thin 

films were characterized by various techniques. The Fe-ZnO photoanodes has shown 

enhanced photocurrent density (159 times higher than of plain ZnO films) and good 

stability.  

Experimental Section: 

Materials  

Zinc acetate dihydrate, (99.9 %, Sigma Co.), iron (III) nitrate nonahydrate, (99.9 % 

Sigma Co.) and methanol (99.9 % Sigma Co.) were used without further purification.  

Characterizations 

The crystal structures of ZnO and Fe incorporated ZnO thin films 

(photoelectrodes) were studied by D2 ADVANCE XRD (Bruker, Germany) using 

Cu.Kα radiation (λ = 1.54178 Ǻ), in a 2Ɵ range from 15ᵒ to 80ᵒ. FESEM TESCAN 

MIRA3XMU Scanning Electron Microscope (SEM) along with EDX (JEOL, USA) 

was used for the study of structural morphology and SHIMADZU UV 1800 

Spectrophotometer was used for the measurement of the reflectance of the thin films. 

Photoelectrochemical Measurements 

The photoelectrochemical measurements were carried out in a three-electrode 

system. The Fe incorporated ZnO was used as working electrode having a surface area 

of about 1.6 cm2, Pt wire was used as counter electrode and Ag/AgCl was used as 

reference electrode respectively. The electrolyte used for photoelectrochemical water 

splitting was 1 M Na2SO4 solution. The as-deposited photoanodes were illuminated 

through the electrolyte side and the illumination source was an AM 1.5 class A solar 

simulator (Solar Light 16S–300 solar simulator). The photocurrent was measured 
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under the applied potential by an Auto lab PGSTAT12 potentiostat. The cyclic 

voltammetry and photo stability were also measured to check the PEC performance. 

Fabrication of Iron Incorporated ZnO Thin Films 

The thin films of pure and Fe incorporated ZnO were deposited on glass substrate by 

using home-built aerosol assisted chemical vapour deposition method (AACVD). The 

experimental setup detailed description of AACVD is reported earlier.31-34  Briefly, the 

precursor solution was prepared by mixing varying concentrations (2%, 5%, 10% and 

15%) of iron (III) nitrate nonahydrate with zinc acetate dihydrate in 20 mL methanol 

solution. The resulting solution was transferred to two necked round bottom flask and 

placed in water bath above an ultrasonic humidifier where the aerosols were generated. 

The aerosols were transferred to the reaction chamber by using argon as a carried gas 

with the reaction temperature set at 400 ○C for 2 hours. In order to check the 

photoelectrochemical water splitting performance, same procedure of thin films 

deposition was repeated using FTO substrate. 

Electrode Preparation 

Photoelectrochemical (PEC) studies were carried out using fluorine doped Tin 

oxide (FTO) conducting glass substrates. FTO substrates were cleaned by sonication, 

in 30 mL acetone and then in 25 mL of deionized water for 20 min each. The deposition 

of pure ZnO and iron (III) incorporated ZnO was performed on FTO substrate as 

discussed above via AACVD method. The as-obtained thin films on FTO substrates 

with iron (III) incorporated (2-15%) were used as working electrodes for 

Photoelectrochemical (PEC) measurements. The electrical contact of these films 

during photoelectrochemical measurements was made by connecting the uncoated area 

of the thin film surface with an alligator clip connector. 
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Results and Discussion 

In the present work, the deposition of pure ZnO and Fe incorporated ZnO 

photoanodes were carried out using AACVD at 400 °C. As far as we know, this is the 

first report on the designing of such photoanodes using above mentioned deposition 

technique for efficient photoelectrochemical water splitting. Pure ZnO films have 

shown compact film with typical morphology as shown in figure 1(a). As observed, 

all the crystallites have exhibited mixed morphologies (spherical and elongated) and 

average size of about 1.50 3 m. When ZnO was incorporated with various 

concentrations of Fe (2%, 5%, 10% and 15%), the morphologies of the as-deposited 

films were changed as displayed to figure 1(b-e). 

2% Fe incorporated ZnO films have shown the globular structures fused to form cluster 

and the average size of these clusters were increased compared to pure ZnO (figure 

1(b)). Further increase in Fe incorporation in ZnO of 5% has changed the film 

morphology of variable shapes and sizes. The formation of these structures suggests 

that higher Fe concentration may lead to development of more defined shaped ZnO 

crystallites as displayed in figure 1(d). Interestingly, 10% Fe incorporation in ZnO has 

shown the formation of well-defined hexagonal shaped crystallites of variable sizes 

stacked over one another as shown in figure 1(e). Similar hexagonal structures were 

also reported by Meng et.al.35 for Fe doped ZnO nanoparticles synthesized via parallel 

flow precipitation method. We further increase the concentration of Fe into ZnO 

matrix to 15%. In this extreme concentration of Fe, nanorods of Fe-ZnO were appeared 

as presented in figure 1(e). Such a high quality nanorods, which were well dispersed 
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onto the surface of the thin film have shown high surface area, which provides a basis 

for enhanced photoelectrochemical water splitting. 

 

Figure 1. FESEM images of as-deposited photoanodes of (a) plain ZnO and (b) 2% 

(c) 5%, (d) 10%, (e) 15% Fe incorporated ZnO deposited by using AACVD method at 

400 °C.    

 

The structural development of the as-deposited thin films of ZnO and Fe-ZnO 

has been further analyzed by the powder X-ray diffraction (pXRD) measurements. 

Figure 2(a) shows the pXRD patterns of pure ZnO and Fe incorporated ZnO thin films 

with different concentrations of Fe. The diffraction peaks of the pure ZnO thin film 

were index to the wurtzite phase of ZnO confirmed by the presence of (100), (002), 

(101), (102), (110), (103), (112) and (201) planes (JCPDS: 01-089-0510). The absence 

of impurity peak indicates that as-obtained films are highly phase pure. Furthermore, 

the pure ZnO film has high diffraction peak intensity showing the high degree of 

crystallinity in pure ZnO films. The diffraction peaks of planes (100), (002) and (101) 
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were recorded to be the most intense peaks. However, the peak intensity of these planes 

have shown progressive degradation with increasing Fe incorporation in ZnO lattice. 

This peak degradation was showing the effect of Fe incorporation on the growth 

kinetics of ZnO films. The change in growth kinetics of Fe incorporated ZnO films 

mainly associated with the incorporation of new nucleation centres, their saturations, 

and change in energy at the time of collision and the physical and chemical 

interactions.36 The diffraction peak intensity was decreased gradually with increasing 

Fe concertation in Fe-ZnO films suggesting that the ZnO crystallinity was decreased 

due to Fe incorporation in ZnO. The optical properties of pure ZnO and Fe 

incorporated ZnO films were studied by UV-visible diffuse reflectance spectroscopy 

(UV/DRS) as shown in Figure 2(b). As presented in figure 2(b), the absorption band 

of ZnO was shifted to visible region with iron incorporation into the ZnO matrix.  In 

pure ZnO, the band edge absorption was appeared at 380 nm, which was expanded to 

higher wavelength with increasing concentration of Fe suggesting a decrease in the 

band gap of thin films. Furthermore, the absorption peak intensity of ZnO films was 

increased with the decrease in reflectance from 74 % for ZnO with 2% Fe and 57 % 

for 15% Fe in ZnO,   respectively. The red shift in band edge absorption is probably 

due to the d-d transition of Fe (III) or the charge transfer transition between interacting 

Fe ions 37 and due to sp-d exchange interaction between the band electrons and the 

localized “d” electrons of the Fe+3 ion at cationic site.38 The change in colour of the 

as-deposited photoanodes with increasing concentration of Fe incorporation in ZnO 

thin films can be observed in the figure 2(c).  
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Figure 2. (a) pXRD pattern, (b) UV-Visible diffused reflectance spectra, (c) the color 

change of the thin films with increasing concentration of Fe in ZnO, (d) band gap 

energy level diagram and (e) plot of (F(R) hυ)2 versus photon energy (eV) using 

Kubelka–Munk method of pure ZnO  and Fe incorporated ZnO (Zn1-xFexO) 

photoanodes (x = 0.02, 0.05. 0.10 and 0.15).   

 

The incorporation of Fe in ZnO substituted the Zn ions and introduced the new 

energy levels into the bands. Two types of energy levels can be introduced by the Fe 

ions in ZnO. One above the valence band due to the 3d orbital of Fe3+ and other is 
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below the conduction band due to the 3d orbital of Fe2+.38 As a result, the level of 

conduction band is decreased and level of valence band is upgraded leading to decrease 

in band gap as shown in figure 2(d).  

The Kubelka-Munk function is applied to evaluate the bandgap energy of as-

deposited photoanodes (figure 2e). The optical band gap of pure ZnO was found to be 

3.25 eV, which become 3.2 eV, 3.18 eV, 3.08 eV and 2.98 eV for 2%, 5%, 10% and 

15%) for Fe incorporated ZnO photoanodes, respectively. These values were 

according to the reported  literature.39 The reduction in band gap is mainly due to the 

presence of  new energy levels below the conduction band and above the valence band 

of ZnO, reduces the energy required for transitions from valence band to conduction 

band.40,41 

PEC Performance 

PEC water splitting performance was analysed to determine the photo-

activities of pure ZnO and Fe incorporated ZnO photoanodes fabricated by AACVD 

method. In this context, the electrochemically active surface area (ECSA) for pure 

ZnO and Zn1-xFexO (x = 2%, 5%, 10% and 15%) photoanodes were evaluated from 

the electrochemical capacitance of the electrode-electrolyte interface (EDLC). 

Electrochemical capacitance was measured by using cyclic voltammograms 

potentiostatically cycled in the range of -0.6 to 0.6 V versus Ag/AgCl as shown in the 

figure 4 (a-d).  
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Figure 4. (a-d) Cycle voltammetry curves for Fe incorporated ZnO photoelectrodes. 

(0.02, 0.05, 0.10 and 0.15) 

 

The electrochemical double-layer capacitance (cdl) is directly dependent on 

the ECSA and the scan rate. It can be obtained by calculating the slope of the linear 

relationship shown in figure 5. The cdl of all the as-deposited photoanodes were found 

to be 25, 148, 188 and 195 mF/cm2. As observed, the electrochemical effective surface 

area of ZnO increased rapidly with increasing Fe incorporation in ZnO. The maximum 

cdl value of 15% Fe-ZnO suggests more active sites available for PEC activity. 
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Figure 5. Double layered Capacitance calculated from the cyclic voltammetry curves 

at different scan rates. 

 

Figure 6(a) showed the photocurrents generated from pure ZnO and Fe incorporated 

ZnO photoanodes between potentials of (-0.5 to 0.5 VAg/AgCl). The dark current for all 

the photoanodes was negligible. Whereas, under light illumination, pure ZnO 

photoanode produces a photocurrent density of 0.27 mA/cm2. As observed, Fe 

incorporated ZnO photoanodes showed significant improvement in the photocurrent 

density compared to ZnO photoanodes. For Fe incorporated ZnO photoanodes, the 

photocurrent intensity at potential of 0.5 VAg/AgCl was increased significantly from 

1.98, 2.46, 3.38 and 4.57 mA/cm2 for Zn0.98Fe0.02O (2% Fe) , Zn0.95Fe0.05O (5% Fe), 

Zn0.90Fe0.10O (10% Fe), and Zn0.85Fe0.15O (15% Fe) respectively. The photocurrent 

density of 15% Fe incorporated ZnO photoanode was 159 times superior to pure ZnO. 

The superior current density for 15% Fe incorporated ZnO was due to the band gap 

extended to visible range and the morphology of the as-deposited photoanodes 

compared to ZnO photoanodes with low Fe concentrations.  
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Salem et al.42 have reported the photocurrent density of 0.024 mA/cm2 for 0.5% Fe 

doped ZnO photoanode. On the other hand, Yang et al.43 have developed 

ZnO/ZnFe2O4 hetero-nanostructured photoanodes showed a photocurrent density of 

1.41 mA/cm2.  Dom et al.44 have also fabricated the Fe doped ZnO photoanodes by 

spray pyrolysis technique and have reported the photocurrent density of 0.22 mA/cm2.  

However, in present study, we have achieved the photocurrent density of 4.6 mA/cm2, 

which highest from the previous reports. The superior photocurrent density for 15% 

Fe incorporated ZnO usually related with the crystal defects and domain confinements 

which could lead to the formation of charge trapping centres resulting in the 

improvement of charge separation at the interface of ZnO and the electrolyte used and 

hence enhanced the photoelectrochemical water splitting.45 The linear sweep 

voltammetry curves (LSV) for the as-deposited photoanodes under chopped light 

illumination are shown in figure 6(b). As observed, all the as-deposited photoanodes 

have shown reproducible photoresponse. Under light radiation, the photocurrent has 

shown spike and then it became steady rapidly. After the interruption of light, the 

photocurrent density was dropped quickly to almost zero. Moreover, the photocurrent 

depends upon the applied potential, since it increases as the applied potential is 

scanned towards more positive values. Among all the photo-anodes, Zn0.85Fe0.15O 

showed maximum photocurrent density due to slow recombination of electron and 

holes.46 The increased photocurrent density of the Fe incorporated ZnO suggests that 

the separation and transferring of photogenerated charges are highest for 15% Fe 

incorporated ZnO.   
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Figure 6. (a) Linear Sweep Voltammetry (LSV) curves (b) Chopped under light and 

dark conditions for pure and iron incorporated ZnO, (c) photo-conversion efficiency 

of the pure ZnO and 15% Fe incorporated ZnO photoanode at an applied potential and 

(d) Tafel plot of as-deposited pristine ZnO and Zn1-xFexO (x=0.02, 0.05, 0.10 and 0.15) 

photoelectrodes in 0.1 M Na2SO4 solution.   

 

The photo-conversion efficiency of the 15% Fe incorporated ZnO photoanodes was 

calculated by using equation 1.43  

𝜼 =
𝑰(𝟏.𝟐𝟑−𝑽)

𝑱
  -------------------------------------- (1) 

Where, η is the photo-conversion efficiency, I is the measured photocurrent (mA/cm2), 

V is the applied voltage (V) and J is the incident light radiation (mM/cm2). As shown 

in figure 6(c), the photo-conversion efficiency was found to be 0.15% at the applied 
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potential of 0.5 V vs Ag/AgCl. Whereas, 15% Fe incorporated ZnO photoanode has 

displayed an optimum photo-conversion efficiency of around 2.4% at an applied bias 

of 0.5 V vs Ag/AgCl. Compared to various previous reports of Fe doped ZnO 

photoanodes, our results were remarkably high.42-44 Obviously, the superior results in 

our study are highly competitive compared to related materials.  

To gain more critical insights into the photoelectrochemical reaction kinetics, Tafel 

plots were determined as shown in figure 6(d). The value of Tafel slope for pure ZnO 

photoanode was found to be 304 mV/dec. Whereas, the Tafel slope values for 2%, 5%, 

10% and 15% Fe incorporated ZnO photoanode was found to be 226, 165, 157 and 

146 mV/dec. respectively. The lowest Tafel slope value for 15% Fe incorporated ZnO 

(Zn0.85Fe0.15O) photoanodes could be justified by the increased activity of iron due to 

electronic interaction between iron and zinc and high catalytic activity resulting from 

the effect of back bonding of iron. 47,48  

Stability is an important factor to validate the application of photoanodes.  

Therefore, the photocurrent density-time curve at 0.5 V versus Ag/AgCl for about 10 

seconds per cycle as shown in figure 7. Under discontinuous illumination for 900 

seconds, the decline in photocurrent density was negligible. This confirms the quick 

transference of electrons and stability of the photoanodes.49 Among different 

chronoamperometric measurements of as-deposited thin films, Zn0.85Fe0.15O showed 

maximum stability in light. This enhancement of photo-response of Zn0.85Fe0.15O 

photoanode is possibly because of the higher absorbance and better separation of 

photogenerated electron-hole pairs.50 
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Figure 7. Chronoamperometric measurements of as-deposited Pristine ZnO and Zn1-

xFexO (x= 0.02, 0.05, 0.10 and 0.15) thin films. 

Conclusion 

A simple and facile approach was adopted to prepare Fe incorporated ZnO 

photoanodes by using AACVD technique. The as-prepared photoanodes were 

characterized by powdered X-Ray diffraction (pXRD), field emission scanning 

electron microscopy (FESEM), UV-Visible reflectance spectroscopy. The Fe 

incorporation in ZnO has altered the band gap and extended it to visible range. The as-

deposited photoanodes (Fe incorporated ZnO) have shown super photocurrent density 

with good stability.   
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