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ABSTRACT 

 Photoelectrochemical water splitting is an effective approach for sustainable hydrogen 

production and addressing global energy demands. The structure and morphology of iron oxide 

play a vital role in enhancing PEC performance. Fe₂O₃ possesses strong visible-light 

absorption, non-toxicity, earth abundance, and good chemical stability, making it a promising 

photoanode material. However, pristine Fe₂O₃ suffers from poor electrical conductivity due to 

its short hole diffusion length and high interfacial charge-transfer resistance, which limits its 

PEC efficiency. To overcome these limitations, Fe₂O₃ was coated on WO₃ to form a 

Fe₂O₃@WO₃ heterostructure, enabling improved charge separation and enhanced interfacial 

charge transport through favourable band alignment. In this work, nanostructured Fe₂O₃ and 

Fe₂O₃@WO₃ photoanodes were synthesized via a hydrothermal method to mitigate intrinsic 

defects and significantly improve photoelectrochemical water-splitting performance. 
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Introduction 

 The advancement of industry and technology made possible by fossil fuels has greatly 

raised human well-being. However, their limited supply and the effects of their burning on the 

environment demand a shift towards alternative sustainable energy sources1. One abundant and 

renewable resource that has a lot of potential to help with these issues is solar energy. The use 

of solar energy can be greatly increased2,3, lowering dependency on fossil fuels and minimizing 

environmental degradation4, by transforming sporadic solar energy into chemical resources that 

can be stored5, like hydrogen. Photoelectrochemical water splitting technology, which is based 

on solar energy and water, realizes the efficient utilization of solar energy by simulating 

photosynthesis in nature. Under the condition of light, the solar energy is absorbed by the 

photoanode and the light energy is converted into electric energy. Photoelectrochemical 

hydrolysis device is a device that converts solar energy into chemical energy in the form of 

hydrogen and stores it in the form of H2 gas. The essence of PEC hydrolysis is that under the 

synergistic action of photoelectricity, the chemical bond of water molecules on the surface of 

the catalyst is broken, and then the conversion energy of the catalyst is obtained again, and a 

new chemical bond is formed again. The redox reaction that occurs at each electrode is 

expressed by the following equation: 

  Cathode:      2�� + 2�� → ��  Eo = 0V 

  Photoanode: 2��� + 4ℎ
� → �� + 4ℎ

�       Eo = 1.23V 

According to the above equation, we can know that the minimum voltage of 

photoelectrochemical hydrolysis is 1.23V. Therefore, the theoretical minimum energy of an 

electron excited should be 1.23eV. In order to meet this requirement, the energy absorbed by 

the photoelectrode must be greater than or equal to the energy of 1.23eV 6. But in fact, due to 

the energy loss, the energy absorbed by photons should be much larger than the theoretical 
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value. In order to achieve spontaneous photoelectrochemical hydrolysis, it is of great 

significance to improve the efficiency of photoelectrochemical hydrolysis by improving the 

defects of semiconductor materials. The photoanode is usually a semiconductor material, that 

is, when the near surface region of the semiconductor is exposed to light radiation whose energy 

is greater than its band gap energy, the electrons in the valence band will be excited and 

transition to the conduction band，Because of the band gap in semiconductors, the relaxation 

process of excited electrons is much slower than that of excited electrons in metals. High-

energy light excitation can produce electron-hole pairs in semiconductors, that is, semi-

materials produce electron-hole pairs by absorbing light. The photoanode and the cathode form 

a photoelectrochemical cell. After the photoanode absorbs light under the action of an external 

electric field, the electrons generated on the semiconductor strip migrate to the cathode through 

the external circuit, and the protons in the water receive the redox reaction of hydrogen 

production from the cathode 

  PEC water splitting is one of the most promising methods for producing hydrogen7. 

One interesting method for producing green H2 is photoelectrochemical (PEC) water splitting. 

Unlike solar cell-powered electrocatalysis, PEC is still distant from commercialization despite 

its benefits, such as the combination of light absorption and gas evolution on the same material 

surface8,9. Because of their exceptional chemical and operational stability under ambient 

settings, metal oxides (such as TiO2, CuO, WO3 and Fe2O3) are among the most extensively 

researched materials for electrochemical applications10,11. To create photoactive 

semiconductors with large surface areas appropriate for energy conversion applications, a 

number of well-established techniques are used, such as electrodeposition, sol-gel processing, 

and solvothermal synthesis12,13. By applying a suitable voltage/current density in a suitable 

electrolyte, anodic oxidation, also known as anodization, is a simple and scalable method for 

creating nanostructured metal oxides directly on the surface of their corresponding metals. This 
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technique reduces difficulties related to adhesion to substrate during direct material 

development and does away with the necessity for extra coating stages needed for powders14. 

The concentrate on WO3, a thoroughly researched narrow band gap photoanode material with 

a valance band maximum appropriate for water oxidation, moderate electron mobility (far 

higher than that of Fe2O3), and stability in acidic conditions. However, WO3 exhibits a low 

light absorption coefficient, which necessitates the use of thicker layers for sufficient light 

harvesting – this, in turn, increases the likelihood of unwanted recombination of 

photogenerated electron-hole pairs before they can participate in water splitting reactions15. In 

the context of porous WO3 production, anodic oxidation of tungsten has been thoroughly 

described in the literature16. Additionally, it was demonstrated that the deposition of 

appropriate co-catalysts might improve its photoelectrochemical performance. However, 

tungstates are difficult to use as overlayers in photoanodes illuminated from the photoactive 

material side (front illumination), especially when grown on opaque metal substrates, because 

they usually show narrower band gaps than WO3 
17. In fact, there aren't many examples of co-

catalyst deposition on anodized WO3 electrodes because these layers might prevent light from 

getting to the photo absorber. Nonetheless, various effective methods have been demonstrated 

to improve the photoelectrochemical water oxidation performance of anodic WO3 
18. We have 

decided to investigate Fe2O3, for which there are no prior reports on the deposition of a pure 

phase on WO3 electrode, regardless of the synthesis or coating technique for PEC water 

splitting, in order to fill this crucial research gap in co-catalyst decorated anodic WO3 

photoelectrodes. The hydrothermal approach has been used for the synthesis of Fe2O3 

nanoparticles because it provides single-phase polycrystalline powder synthesis at a moderate 

temperature, which is required for predictable optical and electrical properties 19,20. In this study 

the coating of Fe2O3 coated on WO3 for water splitting application in FTO is analysed from 

EIS study.  

LIBERTE JOURNAL (ISSN:0024-2020) VOLUME 14 ISSUE 2 2026

PAGE NO: 4



Experiment 

 The material used in synthesis process initiate with FTO substrate with the resistance 

of 14 Ω, square and thickness of glass 5cm×1.0cm×0.16cm. Ammonium oxalate ((NH4)2C2O4. 

H2O), Sodium tungstate (Na2WO4.2H2O), Hydrochloric acid (HCl), Sodium nitrate 

(NaNO3·6H2O), Ferric trichloride (FeCl3), Nickel nitrate (Ni (NO3)2·6H2O), ferric nitrate (Fe 

(NO3)3·9H2O), urea, Na2SO4. 

 Synthesis of WO3 Films and WO3 Nano rods begins with hydrothermal method. 

Typically, 0.1237 g sodium tungsten dehydrates (Na2WO4.2H2O) was dissolved in 15 mL of 

distilled water as solution A, 0.1172 g ammonium oxalate ((NH4)2C2O4 H2O) was added into 

15 mL of distilled water as a solution B. 5ml of HCl solution (3.0 M) was slowly dropped into 

solution A. After stirring few minutes at room temperature, the white suspension was obtained. 

The solution B was then added into suspension. When the suspension became clear, the mixture 

was moved into a 50 mL of the stainless autoclave, the FTO glass was placed vertically to the 

bottom of the Teflon-lined stainless-autoclave and conducting side facing down was immersed, 

then sealed and thermally treated at 140 °C for 6 h. Afterward, the obtained samples were 

washed thoroughly and dried in air overnight at 60 °C. The products were calcined at 500 °C 

for 2.5 hr to obtain the WO3 films. 

 After synthesis of WO3 nanorods, Fe2O3@WO3 Heterojunction is prepared by 

hydrothermal method. Specifically, 0.87 g ferric trichloride (FeCl3.6H2O) was slowly dissolved 

in 30 mL of distilled water, 0.5099 g sodium nitrate (NaNO3.6H2O) was then added into the 

mixture. After a few minutes of stirring the mixture was placed into a 50 mL stainless autoclave 

in which immersed FTO substrate with WO3. The autoclave was maintained at 100 °C for 6 h. 

After the reaction, the obtained samples were washed thoroughly using distilled water and 

absolute alcohol followed by drying at 60 °C in the air. Finally, the obtained products were 

calcined at 600 °C for 2 hr.  
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Result & Discussion 

XRD 

 The crystal structure and phase purity of the synthesized materials are analyse using X-

ray diffraction (XRD) shows in Fig.1. The XRD pattern exhibits distinct diffraction peaks at 

2θ values of 24.4°, 26.6°, 35.8°, 38.0°, and 51.7°, which are indexed to the (106), (116), (119), 

(209), and (329) crystallographic planes respectively. These diffraction peaks are perfect match 

with the standard data reported in the JCPDS card No. 00-015-0615, confirming the formation 

of tetragonal phase Fe₂O₃. The crystalline structure of the synthesized WO₃ shows prominent 

diffraction peaks at 2θ values of 23.7°, 24.2°, 34.0°, 34.8°, 37.9°, 44.2°, 50.5°, and 56.5°, which 

are indexed to the (002), (200), (220), (–212), (–103), (320), (–114), and (1–24) 

crystallographic planes, respectively. These diffraction peaks closely match the standard data 

of WO₃ as per the JCPDS card No. 00-002-0310. The analysation of XRD of Fe2O3@WO3 

visualise the presenting of both WO3 and Fe2O3 by identify their diffraction indexes in the 

resulted peaks. 
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Fig.1. XRD patters of WO3 Nano rod, Fe2O3 and Fe2O3@ WO3 nano structured 

photoanode  

SEM 

 In thin film the coated substrates are undergoes Scanning Electron Microscopy (SEM) 

to examine the surface coverage, thickness uniformity, and adhesion of material. WO3 shown 

in Fig.2. which is known for its structural versatility, commonly existing in monoclinic, 

orthorhombic, and hexagonal phases depending on temperature. The WO3 nanorod formation 

is confirm the existence of the central tungsten atom is surrounded by oxygen atoms. In Fig.3. 

the formation of nanoparticles od Fe2O3 are clearly visualised. The structure consists of an hcp 
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(hexagonal close-packed) array of oxygen anions (O2-) with Fe3+ ions occupying two-thirds of 

the octahedral interstices. The heterojunction structure of Fe2O3@WO3 composite material 

where the two oxides are brought into contact shown in Fig.4. This is typical core-shell 

structure which shows highly integrated heterostructure. There is a transition in lattice fringes 

which represent the interface between atomic planes. This structure is engineered to improve 

photocatalytic property.  

 

Fig. 2. SEM image of WO3 Nano rod  

 

Fig. 3. SEM image of Fe2O3 Nano structure 
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Fig. 4. SEM image of Fe2O3 @WO3 Nano rod 

EIS 

   Electrochemical Impedance Spectroscopy (EIS) analysis was carried out to evaluate the 

charge-transfer kinetics of the electrode for water-splitting applications in Fig.5. The Nyquist 

plot of Fe2O3@WO3 exhibits a depressed semicircle in the high-frequency region followed by 

a straight line in the low-frequency region, indicating a combination of charge-transfer 

resistance and diffusion-controlled processes. The smaller semicircle diameter suggests a low 

charge-transfer resistance (Rct) at the electrode–electrolyte interface, confirming enhanced 

electrical conductivity and faster electron transport. This improved interfacial charge transfer 

facilitates efficient electrocatalytic reactions during the hydrogen and oxygen evolution 

processes. The inclined line at lower frequencies reflects favourable ion diffusion and 

capacitive behaviour, which further supports sustained electrochemical activity. Overall, the 

EIS results demonstrate that the electrode possesses excellent charge-transfer characteristics, 

making it a promising candidate for efficient water-splitting applications. 
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Fig. 5. EIS curve of Fe2O3@WO3 photoanode 

Conclusion: 

 The nanostructured Fe₂O₃, WO₃ nanorods, and Fe₂O₃@WO₃ composite were 

successfully synthesized via a hydrothermal method. X-ray diffraction analysis confirmed the 

formation of well-defined polycrystalline phases of Fe₂O₃, WO₃, and Fe₂O₃@WO₃ without the 

presence of secondary impurities. FE-SEM studies revealed that the additive played a 

significant role in modifying the surface microstructure of Fe₂O₃, resulting in distinct 

nanostructured morphologies. Surface morphology analysis showed that WO₃ exhibited flake-

like nanorod structures, while Fe₂O₃ formed uniform nanorods, providing a large surface area 

and abundant electroactive sites. Electrochemical impedance spectroscopy demonstrated that 

the Fe₂O₃@WO₃ composite exhibited the smallest semicircle diameter, indicating a markedly 

reduced charge-transfer resistance and improved interfacial electron transport. The enhanced 
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electrical conductivity and synergistic interaction between Fe₂O₃ and WO₃ significantly 

promote charge-transfer kinetics. These results confirm that the rational design of additive-

assisted heterostructure nanomaterials is an effective strategy for improving electrochemical 

performance. Consequently, the synthesized nanostructures show strong potential water-

splitting applications. 
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