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Abstract 

For efficient photoelectrochemical (PEC) water splitting, multiple factors, such as efficiencies of 

exciton generation, exciton dissociation, charge carrier transport to the electrode/electrolyte interface, 

and catalysis, should be simultaneously improved and effectively combined. This is in contrast to the 

electrochemical counterpart where the catalytic activity of an electrode is a dominant factor to determine 

the water splitting efficiency. To effectively combine these four factors in one electrode for PEC water 

splitting, in this study, we introduced layer-by-layer assembly (LbL) and electrodeposition methods of 

various functional components: charge transporting materials such as graphene oxides and conducting 

polymers and catalysts such as polyoxometalates (POMs). After rational assembly of these components, 

the PEC performance of photoelectrodes was notably improved compared to the photoelectrodes 

without the assembly of the components. For enhanced PEC and electrochemical water oxidation 

reaction, we also introduced the structural engineering of a model catalyst, a cobalt-containing 

phosphotungstate polyoxometalate (CoPOM), through heat treatment and the electrochemical method. 

From these studies, we can considerably enhance the electrochemical water oxidation performance of 

the model catalyst by introducing oxygen vacancies, tuning the oxidation state of W, and using W as a 

charge reservoir for the efficient transfer of multiple electrons during water oxidation. In this study, we 

demonstrated that the efficiency for the PEC and electrochemical water splitting can be greatly 

improved by tailored assembly and structural engineering of CoPOM-based water oxidation catalysts. 

We believe that our study can provide insights for the development of efficient PEC and electrochemical 

water splitting devices. 
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Chapter 1. Introduction 

1.1. Research background 

Renewable energy should be developed to release a recent environmental problem such as air pollution 

and global warming and to substitute limited fossil fuels. Currently, production of eco-friendly 

hydrogen energy has been extensively studied and widely utilized from various ways such as steam 

reforming of hydrocarbons1 and metal hydride acid hydrolysis2-4 for the practical application in our 

lives. However, these ways to produce hydrogen energy are disadvantages such as the use of 

hydrocarbons for the starting materials and reagents and the need of extremely high energy. To 

overcome these environmental problems, solar and electric energy have been introduced to produce 

hydrogen energy. Many researches have been studied for the use of solar power as ways of 

photoelectrochemical (PEC) and electrochemical methods to converse solar power to chemical energy 

such as hydrogen gases which comes from electrolysis of infinite water because of several advantages 

such as hydrogen production with high purity and with a totally ecofriendly way compared to other 

methods as mentioned above.  

To produce hydrogen gases with the high efficiency from a water reduction reaction 

photoelectrochemically and electrochemically, the efficiency of the water oxidation reaction should be 

improved because four electrons from the water oxidation reaction can reduce water molecules to 

hydrogen using four protons at a reduction part.5  

 

The oxidation reaction of water: 2H2O (l) → 4H+ + O2 (g) + 4e-  

Theoretical value: 1.23 V vs. NHE 

Experimental value: 1.23 + OER V vs. NHE 

 

The reduction reaction of water: 2H+ + 2e- → H2 (g) 

Theoretical value: 0.00 V vs. NHE 

Experimental value: 0.00 + HER V vs. NHE 

 

Also, from the above chemical reaction and the theoretical standard reduction potential, the water 

oxidation reaction requires higher potential than the hydrogen production reaction. Unlike the hydrogen 
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production reaction which represents the one-electron reaction, OER is kinetically more complex 

reaction mechanism due to participating four electrons to oxidize water molecules, leading to high 

required potential which indicates a rate-determining step for water splitting. In a real photo- and 

electrochemical system, an overpotential () term is required to carry out OER. There are four kinds of 

overpotentials, (i) ohmic overpotential (ohm), (ii) activation overpotential (act), (iii) reaction 

overpotential (rxn), and (iv) concentration overpotential (conc). The overpotential for OER is higher 

than HER because higher electron transfer (act) and activation energy (rxn) are required, leading to the 

high overall overpotential (OER) in the case of OER due to their complex mechanism to produce oxygen 

compared to the HER. Thus, we apply higher potential to carry out OER compared to HER. For better 

photo- and electrochemical OER performance related to high efficiency of HER, the overpotential and 

the kinetics should be improved using photo- and electrochemical active OER catalysts (Figure 1). 

Many scientists have studied rare and expensive noble metal oxides such as IrO2 and RuO2 for 

the enhancement of the OER efficiency. For example, the water oxidation reaction was carried out using 

rutile RuO2 and IrO2 in 0.1 M KOH under Ar-saturated atmosphere with different crystal planes.6 It was 

found that, for rutile RuO2 and IrO2, (100) planes exhibit higher catalytic performance and stability for 

OER than (110) planes under alkaline conditions, which suggests that the orientation of (100) atoms on 

the surface can attribute the OER active sites compared to the surface of (110) plane in electrochemical 

water oxidation reactions. Paoli et al. studied on Ru and RuO2 nanoparticles deposited on the glassy 

carbon or Au electrodes for the increase of OER performances.7 They investigated that thermally 

treatment of Ru catalysts can improve their OER activity and the stability. In addition, the mechanism 

of OER using RuO2 is widely researched to decrease the overpotential of reactions and to enhance the 

efficiency for OER. Fang and Liu found the mechanism of the water oxidation reactions through 

analysis of the Tafel slopes and density functional theory (DFT) calculations of RuO2 (110) surface.8 

From the results of calculations and Tafel slopes, they found that the redox feature of RuO2 (110) surface 

strongly relied on the reaction potential, where strongly polarized transition states can be stabilized by 

a solvation effect. Despite these efforts, the use of noble metal-based electrocatalysts has been limited 

for practical applications due to its low-cost efficiency. 
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Figure 1. The overpotential requirements of the theoretical and experimental value for overall water splitting and the standard reduction potential for oxygen 

and hydrogen evolution reactions (OER and HER).5,97 (Copyright © 2020 Royal Society of Chemistry, London) 
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To solve this problem such a high cost efficiency, researchers have tried to find low-cost 

materials with high catalytic efficiency such as Ni, Co, and Fe which is also earth abundant, resulting 

in having a potential for the use of practical applications. Ma et al. synthesized Co3O4-carbon porous 

nanowire arrays (Co3O4C-NAs) as OER and oxygen reduction reaction (ORR) bifunctional catalysts 

derived by metal-organic frameworks (MOFs).9 Co3O4C-NA catalysts possess good electrochemical 

properties such as a lower charge transfer efficiency (~100 ohms) from Nyquist plots, a lower Tafel 

slope (~70 mV/decade), a higher electrochemical double layer capacitance (Cdl, 209.7 mF cm-2, Cdl of 

IrO2: 22.3 mF cm-2), and an electrochemical current density (150 mA cm-2 at 1.8 V versus RHE) with 

high stability in electrochemical OER compared to commercially available IrO2/carbon catalysts. To 

enhance much higher water oxidation efficiency in a noble metal free system, Trotochaud et al. reported 

that the structure and catalytic activity of NiFe(OH)2/NiFeOOH were analyzed under Fe solutions with 

an aging process.10 They found that Fe can increase the catalytic activity of heterogeneous 

Ni(OH2)/NiOOH catalysts for OER because of a synergetic effect between easily transferring the 

electrical charges to oxidize water molecules and the increase of the electric conductivity. However, 

these Co, Ni, or Fe-based water oxidation catalysts usually require complex synthetic conditions, the 

heterogeneous property, and the harsh processing conditions such as high temperature and pressure to 

form uniform crystallinity. 

Polyoxometalates (POMs) are one of solutions for harsh synthetic conditions and cost 

efficiency due to consistent of very smaller amounts of Co, Ni, Mn, and Ru metals and only need of 

reflux processes under relatively lower temperature (~100 ˚C) and pressure (1 atm).11-15 Among many 

structures of POMs (Figure 2), we selected sandwich typed POMs because there are tetra transition 

metals in the middle of the structures surrounded by WOX, POX, or SiOX, resulting in easy transportation 

of charge carriers to enhance water oxidation efficiency. Also, POMs are nanosized materials about ~1 

nanometer which have a high surface area with the high efficiency for target reactions and easily soluble 

in water possessing negative charges (e.g., homogeneous property) (Figure 3). Until now, these have 

been limited for the use of various reactions because these are easily dissolved in water which is hard 

to deposit on many types of electrodes for photoelectrochemical (PEC) and electrochemical (EC) 

reactions. 
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Figure 2. Various structures of polyoxometalates (POMs).16 (Copyright © 2020 Springer Nature Limited, Berlin) 
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Figure 3. Charge transfers in the water oxidation reaction. (a) heterogeneous water oxidation process on the solid catalyst surfaces, (b) OER proceeds on the 

surface of the solid catalyst, a redox-active water-soluble cation from the electrolyte when reacting to the OER on the surface of the solid catalyst. (c) A 

homogeneous molecular catalyst proceeding OER on the surface of the catalyst.5 
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Researchers have tried to increase the efficiency for PEC and EC water splitting through 

application of POMs to the electrodes and the change of structural information. There are two ways for 

obtaining better PEC and EC performances such as enhancement of catalytic properties with change of 

their structures and composition and the change of combination composed of PEC and EC electrodes 

which can affect the efficiency. First, the structure and composition of POMs are widely researched and 

changed with different transition metals such as Ru and Co. For example, in the case of EC and 

photocatalysis, Yin et al. reported that OER was electrochemically and photocatalytically improved by 

using the sandwich-type ruthenium-based POMs (Ru-POMs).14 In electrochemical cyclic 

voltammogram, 4 peaks were observed which indicated that the evidence of electron transfer and 

storage from water molecules to Ru-POMs in acidic conditions. Also, they tested photocatalytic 

performance of Ru-POMs in the presence of dye-sensitized ruthenium bipyridine (Ru(bpy)3
2+). They 

obtained 18 moles O2 / 1 mole of Ru-POM through gas chromatogram (GC). After that, this group also 

firstly reported and applied sandwich-typed cobalt-based POMs (Co-POMs) which is composed of 

relatively abundant cobalt transition metals with high cost efficiency.11 In electrochemical OER, the 

performance was enhanced about 140 times in the presence of Co-POMs on the glassy carbon electrode 

(GCE) in 50 mM of sodium phosphate solution at pH 8. Also, they observed the photocatalytic 

properties of Co-POMs with ruthenium bipyridine (Ru(bpy)3
2+) as a dye-sensitized material in electron 

scavengers. The yield of oxygen and turn over number (TON) was calculated about 66.7% and 78.1, 

respectively in sodium phosphate buffer solutions at pH 8. However, these ways are complex to 

synthesize new POMs with different transition metals for the highly efficient water oxidation reaction. 

Thus, we studied on easy synthetic processes with high efficiency through thermal and 

electrochemical treatment. In the previous report, Co-POMs were thermally treated from 100 ˚C 

(CoW100) to 500 ˚C (CoW500) for 1 hour with a ramping rate of 10 ˚C min-1, leading to better water 

oxidation efficiency than non-treated Co-POMs.17 The highest performance was observed in CoW400 

from amorphous CoWO4 (a-CoWO4) because oxygen vacancies were formed after heat treatment 

leading to performance enhancement. Also, they showed that crystalline CoWO4 (c-CoWO4) was less 

active compared to a-CoWO4 because the different distance between Co atoms in CoWO4 structures 

induced different mechanism for OER. In the case of a-CoWO4 (2.82 Å), the distance between Co atoms 

was much shorter than c-CoWO4 (4.69 Å), following the Langmuir-Hinshelwood (LH) mechanism 

where molecular oxygen is produced through absorption on two neighboring active sites.18 In the case 

of c-CoWO4, which was longer bond length between Co atoms, it followed Eley-Rideal (ER) 

mechanism, where molecular oxygen is produced from the single active site.19 Here, we studied on the 

effect of heat treatment and investigation of OER mechanism with different heating time at 400 ˚C for 

development of efficient water oxidation catalysts. Also, the structural formation of POMs was studied 

by only electrochemical method. From these results, we can obtain high performance catalysts with 
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easy electrochemical and thermal synthetic methods and conditions such as relatively lower temperature 

and pressure. It can only enhance the catalytic performances among 4 factors affected on PEC water 

oxidation reactions, which is charge generation, separation, transportation, and catalysis. 

For higher PEC performances, 4 factors affected to the PEC performance (charge generation, 

separation, transportation, and catalysis) should be improved because each factor can synergically affect 

each other to increase the performance. To enhance these factors, POMs should be fixed on the 

photoelectrodes which can generate charge carriers such as Fe2O3, BiVO4, TiO2, Cu2O, and WO3. In 

spite of advantages such as small size resulting in large surface area and enhancement of catalysis, 

POMs have been limited for the use in PEC water oxidation reaction due to its solubility in water leading 

to hard fixation on the target photoelectrodes. Thus, first, we adopted a layer-by-layer self-assembly 

(LbL) method to fabricate photoelectrodes with negatively charged POMs for increasing catalysis 

efficiency and positively charged graphene oxides for enhancement of charge transport efficiency 

through electrical interactions between them. This method is easy to fabricate electrodes using soluble 

materials due to its universality and fabrication under mild conditions such as room temperature and 

pressure. Second, we also introduced electrodeposition of POMs on n-type photoanodes with p-type 

conductive polymers by fabricating p-n heterojunction to improve charge separation efficiency, 

simultaneously, to increase efficiency for charge generation due to absorption coefficient and 

transportation due to conductivity in CP layers. In these studies, we obtained performance enhancement 

for OER water oxidation by introduction of POMs on photoanodes by LbL and electrodeposition 

methods. Detailed studies are explained below. 

 

1.2. Dissertation structures 

Chapter 2 and 3 report that the way of the increase of a catalytic efficiency by deposition of POMs as a 

water oxidation catalyst on target substrates. Chapter 2 was studied on the layer-by-layer assembly (LbL) 

of POMs and chapter 3 was studied about the electrodeposition of POMs on the target substrate.  

Chapter 2 represents that the PEC water oxidation efficiency was enhanced by using a 

positively charged graphene oxide (GO) as a charge transport layer and a negatively charged POM for 

enhancement of the catalysis efficiency through the LbL method (denoted as (GO/Co-POM)n, n is the 

number of GO/Co-POM layers).20 The (GO/Co-POM) layers enhanced the PEC water oxidation 

efficiency with a nacre-like structure observed from scanning and transmission electron microscope 

(STEM and TEM). To deposit uniform layers of GO/Co-POM on the nanostructured semiconductor 

surfaces for the highly efficient PEC water oxidation, polymeric base layers were introduced before 

assembly of (GO/Co-POM) layers. Interestingly, these base layers were affected to the enhancement of 

the PEC efficiency by tuning a flat band potential, leading to change a band position of the 
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semiconductor. Finally, (GO/Co-POM)n with polymeric base layers on the surface of the target substrate 

can increase the efficiency of the charge transport and catalysis, simultaneously, assembled films can 

also improve the band position of the substrate. 

Chapter 3 reports that a highly efficient WO3 photoanode for the PEC water oxidation was 

fabricated by introduction of various materials which can be affected to the efficiencies of light 

absorption, charge separation, charge transport, and even catalysis in an acidic solution.21 We introduce 

stable p-type conductive polymers to produce a p-n heterojunction with the n-type WO3 photoanode 

and to improve the charge transport efficiency and also introduce tetra ruthenium-based POMs (Ru-

POMs) with conductive polymers as a water oxidation catalyst on the WO3 photoanode through the 

electrodeposition method (the fabricated electrode is denoted as WO3/PPy:Ru-POM). As a result, the 

PEC performance improved as well as a stability of the fabricated photoanode compared to the bare 

WO3 photoanode. In the case of the bare WO3 photoanode which is stable in the acidic solution, the 

WO3 photoanode can be corroded due to hydrogen peroxide generation during the PEC water oxidation. 

Hydrogen peroxide generated from WO3 could be suppressed by deposition of PPy:Ru-POM, resulting 

in prevention of the corrosion of WO3. In this study, the stable and the highly efficient WO3 photoanode 

that can support HER in the acidic solution without corrosive hydrogen peroxide generation was 

fabricated by deposition of PPy:Ru-POM on the WO3 photoanode. 

Chapter 4 and 5 were studied about tuning POMs for the efficient catalytic performance 

through defect engineering such as an oxygen vacancy in the POM structure, leading to the high 

efficiency for water oxidation reactions. 

Chapter 4 reports that a crystalline core – amorphous shell nanoparticle was synthesized using 

tetra ruthenium-based polyoxometalates (Ru-POMs) with a negative potential constantly. Amorphous 

catalysts are known to be higher efficiencies for the solution-based water splitting than the crystalline 

structure because reactants which is soluble in electrolytes or solutions are easily absorbed and reached 

to the target electrode through vacant sites in the case of the amorphous structure. However, synthesis 

of amorphous catalysts mostly proceeds under harsh conditions such as high pressure or temperature. 

In this chapter, we introduce a simple method to produce amorphous catalysts by electrochemical power. 

The structure was found to use the various tools such as TEM, mapping, X-ray diffraction (XRD), and 

X-ray absorption fine structure (XAFS) from synchrotron X-ray analysis. Also, an electrochemical 

performance of our core – shell nanoparticles was highly improved compared to the crystal-like 

structure of Ru-POMs, which indicates that the amorphous structure is better electrochemical 

performance. 

In chapter 5, oxygen vacancies are easily produced from Co-POMs treated at 400 ˚C for the 

time of 30 minutes to five hours under air atmosphere. In calculation of a rate-determining step (RDS), 



17 

 

the oxygen vacancy can be affected to the decrease of an energy of the RDS, leading to higher catalytic 

activity and producing W5+ states from W6+ in the structure. From experiments, a same result was 

obtained with lower onset potential with amounts of oxygen vacancies in the Co-POM structure. Also, 

Bader charges of a surface Co, adsorbed O, and W was calculated in heat-treated Co-POM structures. 

Bader charge calculation shows that oxidation states of Co were hardly changed, on the other hand, 

oxidation states of W were clearly changed during electrochemical OER processes, suggesting that W 

atoms in heat-treated Co-POM structure can support electron transport to Co atoms for better 

conductivity and the electrochemical performance.
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Figure 4. Dissertation structures.  
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Chapter 2. Interfacial Engineering of Hematite with Catalytic Multilayers 

by Layer-by-Layer for Solar Water Oxidation 

 

2.1. Introduction 

So called artificial photosynthesis, which enables efficient solar production of chemicals, has long been 

considered a promising solution for production of sustainable fuels and chemicals.22-24 Based on the 

principle of natural photosynthesis,25-28 research on artificial photosynthesis has progressed from a basic 

understanding of the photophysical and photoelectrochemical (PEC) properties of semiconductor 

materials29, 30 to practical applications.31-42 For example, many kinds of semiconductor materials such 

as -Fe2O3 (hematite),29-36 Si,36-38 and TiO2
39-41 have been studied as photoelectrodes for hydrogen 

and/or oxygen evolution reaction in PEC systems. In particular, hematite is considered a promising 

candidate for the PEC water oxidation because of its low cost, abundance, and wide light absorption in 

visible light region.29-36 However, several disadvantages such as fast recombination rate (<10 ps), short 

hole diffusion length (2 – 4 nm), and high requisite overpotential (0.5 – 0.8 V) suppress the high 

efficiency and the stability of the electrodes, becoming important for practical applications. To release 

these drawbacks, many scientists have presented new types of photoelectrodes by using various 

functional components such as water oxidation catalysts29-32 and charge transport materials. While these 

efforts have been successful, the importance of tailored assembly and interface engineering has often 

not been a subject of intensive research to further develop photocatalytic performance. 

 A unique strategy has been developed by nature for building delicate and complex biological 

systems through rational design and precise assembly of multiple components in a system.25-28 The 

formation of photosynthetic machinery is included typical examples that uses sunlight on thylakoid 

membranes to efficiently form biofuels, and mollusk shells with good mechanical properties. Efficient 

harvesting of sunlight and directional transfer of electrons are ensured by precise molecular placement 

of light harvesting dyes, redox active molecules, and catalytically active sites in the photosynthetic 

system, leading to superior efficiency of natural photosynthesis.25-28 Similarly, nacre has a unique 

lamellar structure in which nanoscale accuracy has been hybridized by using inorganic calcium 

carbonate crystals and organic polypeptides.43 

 The fabrication of modular PEC devices was recently reported by using the layer-by-layer 

(LbL) method inspired by such biological systems, which has been used in the production of nacre-like 

structure.35, 44-49 The precise assembly of molecular water oxidation catalysts and polyelectrolytes on 

various photoanodes are allowed through the LbL method, notably enhancement of PEC performance 

regardless of the target photoanode.35, 46 The LbL method with lots of advantages such as its simplicity, 



20 

 

flexibility, and versatility35, 44-46 can be further used for designing and manufacturing various PEC 

devices assembled from multiple functional components. However, our previous researches have been 

limited of the proof-of-concept and have not been investigated of potential role of polyelectrolytes in 

the nacre-like structure. 

 In this study, we investigate the role of LbL method deposited of organic/inorganic compounds 

on the target hematite photoanode with polyelectrolytes. We introduce cobalt-based polyoxometalates 

(Co-POMs) as a water oxidation catalyst to develop the water oxidation catalysis11, 35 and positively 

charged graphene oxide (GO) to improve the charge transport efficiency50-53 of the hematite photoanode. 

A synergistic improvement resulted from the assembly of GO and Co-POM in PEC water oxidation 

performance. Interestingly, interfacial charge transport was developed through the pre-deposition of the 

polymeric base layers which reduced the roughness of the nanostructured hematite photoanode, 

adjusting the flat band potential of the target hematite photoanode which led to greater performance in 

the PEC water oxidation. 

 

2.2. Experimental 

Synthesis. Graphene oxide (GO) was synthesized by using a modified Hummer’s method and 

functionalized with amine groups with 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide 

methiodide.54, 55 Tetracobalt-based polyoxometalates (Co-POM, Na10[Co4(H2O)2(-PW9O34)2]·27H2O) 

were prepared according to the literature.11 0.054 mol (17.81 g) of Na2WO4·2H2O, 0.006 mol (1.61 g) 

of Na2HPO4·7H2O, and 0.012 mol (3.49 g) of Co(NO3)2·6H2O were added into 50 mL of D.I. water. 0.1 

M HCl was dropwise added to the above solution until the pH becomes 7 under vigorous stirring. Then, 

the purple solution was refluxed at 100 ˚C for 2 hours. After reflux, the above solution was saturated 

with NaCl. You can add 17.95-18 g of NaCl to 50 mL of the above solution and cooled down to room 

temperature (solubility of NaCl in water at room temperature is 359 g/L). The purple crystal was 

collected from the solution by filtration, then, quickly washed with approximately 15-20 mL of D.I. 

water. The final product was Co-POM, Na10[Co4(H2O)2(-PW9O34)2]·27H2O can be obtained by 

recrystallization from hot water. The powder was collected by filtration and dried under vacuum. 

Deposition of polymeric base layers and catalytic multilayers, (GO/Co-POM)n. 5 mg mL-1 of 

poly(ethylene imine) (Polymer Science; Mw 10,000) and poly(acrylic acid) solutions (Sigma-Aldrich; 

Mw 250,000) were prepared as cationic and anionic polyelectrolytes, respectively, for deposition of 

polymeric base layers on target photoanodes. The deposition of catalytic multilayers ((GO/Co-POM)n) 

was carried out under the following conditions: the concentration of positively charged GO and 

negatively charged Co-POM was 0.5 mg mL-1 and 1.0 mM, respectively. Substrates were treated with 

oxygen plasma to enhance their hydrophilicity. The pH of the solution was adjusted to 6.0. The 
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polymeric base layers and catalytic multilayers were deposited under the following conditions for the 

described number or times: cationic PEI (or GO) solution for 10 minutes (or 3 minutes), three times in 

D.I. water for 1 minute each. (GO/Co-POM)n catalytic multilayers were thermally reduced in a tube 

furnace (Thermal CVD for graphene, Cyntec Co.) at 100, 200, and 300 ˚C with a heating rate of 10 ˚C 

min-1 under Ar atmosphere containing 4% hydrogen. 

Characterizations. The absorption spectra of (GO/Co-POM)n catalytic multilayers on a quartz 

substrate were measured using UV-visible spectrophotometer (Cary 5000, Varian). The film thickness 

on the silicon substrates was measured by ellipsometry (J. A. Woollam Co. Inc., EC-400 and M-2000V). 

The loading mass of each material absorbed onto the film surface was characterized by a quartz crystal 

microbalance (Stanford Research System, QCM200), according to the literature.56 The components of 

deposited LbL films were analyzed by X-ray photoelectron spectroscope (Thermo Fisher, ESCALAB 

250XI). The reduction state of GO was confirmed using Raman spectroscope (Witec, Alpha300). 

Microstructures such as scanning electron microscope (SEM), scanning transmission electron 

microscope (STEM) images, energy dispersive spectroscope (EDS) mapping, and electron energy loss 

spectroscope (EELS) of the (GO/Co-POM)n catalytic layer films were observed using a Nova 

nanoSEM (FEI) and a JEM-2100F high-resolution transmission electron microscope (JEOL). Samples 

for STEM analysis were prepared by a dual-beam focused ion beam (FEI, Quanta 3D FEG). The energy 

resolution of the EELS was about 0.9 eV as measured by the full width at half-magnitude of the zero-

loss peak. The energy window of the EELS was 25-225 eV for W (W O edge, 36 eV), Co (Co M edge, 

60 eV), and Fe (Fe M edge, 54 eV) peaks and 170-570 eV for the C (C K edge, 284 eV) peak. 

Photoelectrochemical characterizations. All photoelectrochemical characterizations were carried out 

in 80 mM potassium phosphate buffer (pH 8.0) with Ag/AgCl as a reference electrode, Pt film as a 

counter electrode. The performance of the hematite-based photoanodes was evaluated by measurement 

with a linear sweep voltammetry (LSV) with a WMPG1000 multichannel potentiostat/galvanostat with 

a scan rate of 20 mV s-1. A 300 W Xe lamp equipped with a 400 nm cut-on filter was used as a visible 

light source, in this study. Evolved oxygen and hydrogen gases during the photoelectrochemical test 

were measured with a GC-2010 Plus gas chromatograph (Shimadzu Co., Japan). Electrochemical 

impedance spectra were carried out using a 1260 impedance analyzer (Solartron) under the following 

conditions: 0.5 V applied potential, 10 mV amplitude, and 100 kHz to 0.1 Hz frequency scan range. 

Mott-Schottky plots were measured using a CP-150 potentiostat/galvanostat (Bio-Logic Science 

Instruments, France) with frequency of 1 kHz. The charge injection efficiency was determined by 

comparing photocurrent densities at 1.23 V versus RHE with and without Na2SO3 as a hole scavenger. 

 

2.3. Results and Discussion 
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We electrostatically fabricated the catalytic multilayers of GO and Co-POM (denoted as (GO/Co-

POM)n, n is the number of bilayers(BL)) on the hematite photoanode by deposition of positively charged 

GO and negatively charged Co-POM through the LbL method (Figure 5). After deposition of catalytic 

multilayers on the hematite photoanode, we observed a surface morphology by scanning electron 

microscope (SEM) (Figure 6). Compared to bare hematite as shown in Figure 5a, coverage of (GO/Co-

POM)8 was obviously much higher, however, for more efficient PEC property, the hematite photoanode 

should be completely covered by catalytic multilayers (Figure 7a-b). To improve coverage of (GO/Co-

POM) catalytic multilayers, we introduced polymeric base layers before deposition of catalytic 

multilayers on the hematite photoanode. As the polymeric base layer, positively charged 

poly(ethyleneimine) (PEI) and negatively charged poly(acrylic acid) (PAA) (i.e., (PEI/PAA)3) was 

deposited to fabricate the uniform catalytic multilayer film (Figure 5c). The crucial role of the 

polymeric base layer in tuning the flat band potential of the hematite photoanode will be described in 

the following discussion. From now, we denoted (PEI/PAA)3(GO/Co-POM)n as catalytic multilayers. 

The successful fabrication of catalytic multilayers on the hematite photoanode was confirmed 

by a digital image, UV/visible spectrophotometer, ellipsometry, SEM, and quartz crystal microbalance 

(QCM) analyses (Figure 7). Absorbance of catalytic multilayers on quartz glasses at 230 nm was 

linearly increased and the light was transmitted about 93.5% through the catalytic multilayer film, 

suggesting that a negligible effect was expected on the passage of light to the hematite photoanode 

(Figure 7a-b). Ellipsometry measurement was also indicated the uniform deposition of catalytic 

multilayers on the target substrates with an average BL thickness of 0.61±0.05 nm (Figure 7c). The 

(GO/Co-POM)n multilayer film was supported by analysis of in situ QCM deposited at a density of 0.25 

for GO and 0.41 mg cm-2 for Co-POM, with a mass ratio of 1:1.6 in a single BL (Figure 7d). From the 

linear growth of each analysis, GO and Co-POM was uniformly deposited on top of the hematite 

photoanode. 
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Figure 5. A schematic image of catalytic multilayers of (GO/Co-POM)n. 

 

 

Figure 6. Morphological structures of (a) the bare hematite photoanode, (b) (GO/Co-POM)9 multilayers 

on the hematite, and (c) (PEI/PAA)3(GO/Co-POM)9 after deposition of polymeric base layers on the 

hematite photoanode. 
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Figure 7. (a) A digital image and (b) absorption spectra and (c) ellipsometry for measuring the film 

thickness of 1 to 17 bilayers of GO and Co-POM on the quartz glass and the silicon wafer with various 

number of catalytic multilayers. (d) Measurement of each GO and Co-POM layer through quartz crystal 

microbalance (QCM). 
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 To determine the nanostructure of the (GO/Co-POM)n multilayer film on the hematite 

photoanode, we achieved cross-sectional scanning transmission electron microscopy (STEM), electron 

energy loss spectroscopy (EELS), and energy dispersive X-ray spectroscopy (EDS) (Figure 8). The 

STEM (Figure 8a and 9) and EDS mapping analyses suggested that the multilayers of (GO/Co-POM)n 

with P and W atoms of Co-POM were deposited on the worm-like hematite photoanode with Fe and O 

atoms (Figure 8b). The alternating multilayer film was shown in the high magnification STEM image 

by the clear contrast difference: dark Co-POM layers with heavy atoms such as W and Co, bright GO 

layers with light atoms such as C and O (Figure 8c). From the EELS analysis, the alternating GO and 

Co-POM layers were obviously distinguished in the LbL film (Figure 8d). Thus, the chemical 

composition varied with respect to location, highlighting the continuous deposition of the corresponding 

components. The peaks for the C K edge (284 eV) and the W O edge (36 eV) were alternatively shown 

with a different contrast in a distance of 4 nm (Figure 8c and d). The C K peak was obtained in the GO 

layer (Figure 8e and f) and the W O and Co P peaks were observed in the Co-POM layer (Figure 8g 

and h). Also, the peak observed at 54 eV indicated the Fe M edge in the hematite photoanode (Figure 

8i). Polymeric base layers were difficult to identify because of the low contrast composed of carbon 

chains, on the other hand, the catalytic multilayer film clearly displayed alternating GO and Co-POM 

layers in a nanoscale. The thickness difference between STEM and ellipsometry could have originated 

from differences in roughness of the hematite photoanode for STEM and a silicon wafer for 

ellipsometry.56 On the basis of the STEM and EELS analyses, we prove that the catalytic multilayers 

by the LbL method resulted in the formation of organic-inorganic hybrid film with nanoscale precision. 
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Figure 8. (a) STEM and (b) mapping images for (GO/Co-POM)9 catalytic multilayers after deposition of polymeric base layers on the hematite photoanode. 

(c) The assembled (GO/Co-POM)9 layers and (d) electron energy loss spectrum (EELS) of W O and C K edge in the image of (c), layered catalytic multilayers. 

(e-i) Extracted EELS data of the multilayers: (e-h) C K, Co M, and W O edge on (e, f) a GO layer and (g, h) a Co-POM layer and (i) Fe M edge on the 

hematite photoanode. 
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Figure 9. Detailed TEM images of (GO/Co-POM)9 catalytic multilayers assembled on the hematite photoanode. Layered lines indicate the (GO/Co-POM)9 

with polymeric base layers and the worm-like structures indicate the hematite photoanode. 
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After deposition of n BL of GO and Co-POM on the hematite photoanode, thermal reduction 

was carried out to enhance their PEC efficiency for solar water oxidation under an Ar atmosphere with 

4% H2. Thermal reduction of GO is well known to increase the electrical conductivity, especially hole 

transporting properties.52, 53 The (GO/Co-POM)9 was representatively selected for thermal reduction at 

100, 200, and 300 ˚C. After even thermal reduction of the sample, the composition was hardly changed 

compared to before thermal reduction (Figure 10a). However, C=O and C-OH bond were disappeared 

in thermally reduced catalytic multilayers compared to before thermal treatment from XPS and Raman 

analyses, which indicated that the thermal reduction of GO was successfully carried out without any 

change of composition of the catalytic multilayers (Figure 10b and c). The efficiency of the samples 

was confirmed by linear sweep voltammetry (LSV) in the presence and absence of light illumination 

(Figure 11a–c). Even before reduction, the performance of catalytic multilayer film was slightly 

increased in terms of the photocurrent density and the onset potential, developing a catalytic efficiency. 

In the case of thermal reduction, the onset potential was measured as same as before reduction, on the 

other hand, much higher photocurrent density was observed about 1.03 mA cm-2 at 1.23 V vs. RHE 

compared to 100 (0.83 mA cm-2) and 300 ˚C (0.78 mA cm-2) (Figure 11a). The reduction temperature 

of 200 ˚C will be used in this study, representatively. Here, we hypothesize that the performance 

dependence of the hematite photoanode on the reduction temperature resulted from a compromise 

between the enhanced electrical conductivity of the catalytic multilayer film and the thermal 

degradation of the polymeric base layer during thermal reduction. One can expect that the production 

of oxygen vacancies can be resulted in the performance enhancement after annealing.57, 58 XPS analysis 

showed that the large amounts of oxygen vacancies were produced at a relatively lower temperature of 

200 ˚C under an Ar atmosphere with 4% H2 (Figure 12). However, considering the penetration depth 

of X-ray in XPS analysis and the thickness of catalytic multilayers (ca. 20–30 nm), it is difficult to 

affirm that oxygen vacancies were produced in the hematite photoanode. Further studies will deal with 

these causes and identification of role of oxygen vacancies in the catalytic multilayer film. 
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Figure 10. (a) XPS, (b) detailed C1s for XPS, and (c) Raman spectra of (GO/Co-POM)9 assembled on 

the hematite photoanode before and after thermal treatment at 200 ˚C.
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Figure 11. Linear sweep voltammogram (LSV) of (GO/Co-POM)n on the hematite photoanode with a 

different (a) annealing time for reduction of GO and (b-c) assembling layers of GO and Co-POM after 

deposition of polymeric base layers. (d) Real configuration for the PEC water oxidation reaction under 

the applied bias of 1.23 V vs. reversible hydrogen electrode (RHE) with a front side illumination of 

visible light.
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Figure 12. XPS spectra of the O1s peak (a) before and (b) after annealing to confirm the oxygen vacancy in the (GO/Co-POM)n after heat-treatment for 

reduction of GO. 
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Based on these results, further study was carried out the LSV curves with and without light 

illuminations to optimize the conditions for the catalytic multilayer. We investigated the effect of the 

number of BL (i.e., thickness) of the catalytic multilayers, it was found that 9 BL exhibited the 

maximized photocurrent density at the OER potential of 1.23 V vs. RHE (Figure 11b and c). It showed 

a larger cathodic shift about 369 mV in the onset potential compared to the bare hematite photoanode 

(the onset potential of hematite was measured about 1.07 V vs. RHE), resulting in the largest cathodic 

shift for the bare hematite photoanode regardless of condition for measurement such as concentration 

of electrolyte, pH, and light intensity (Table 1).57 After that, we measured incident photon-to-current 

conversion efficiency (IPCE) to further study the effect of the catalytic multilayer film on the 

wavelength-dependent PEC properties of the hematite photoanode (Figure 13). IPCE and absorbance 

spectra of both photoanodes (bare and 9 BL) show similar wavelength-dependent responses, confirming 

the negligible effect of the catalytic multilayers except for a notable improvement in the efficiency on 

the photogeneration of charge carriers after deposition of the catalytic multilayer. As a control 

experiment, the hematite photoanode was further treated with GO, Co-POM only, and randomly mixed 

GO and Co-POM through drop-casting without the base layer (Figure 14). In these experiments, we 

kept the amount of each component and their relative ratio from QCM analysis with the same as the 

LbL method. When modified by drop-casting as shown in Figure 14, it had negligible or even 

deleterious effects on the performance of both bare and 9 BL photoanodes regardless of the type of 

material deposited. 
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Table 1. Performance comparison of various hematite-based photoanodes in recent reports. 

 

 

 

Type of  

materials 

Onset potential 

shift (mV) 

Onset potential 

(V vs. RHE) 

Current density at 

1.23 V vs. RHE  

(mA cm-2)  

Light 

source 
Electrolytes Ref.* 

GO/Co-POM 369 0.70 1.03 
300 W Xe 

100 mW cm-2 

80 mM phosphate 

pH 8.0 

This 

study 

Co-Pi 240 ~ 1.0 < 0.4 
AM 1.5G 

100 mW cm-2 

0.1 M phosphate & 

0.2 M KCl, pH 6.9 
S4 

IrOx 300 ~ 1.1 ~ 0.2 
450 W Xe 

100 mW cm-2 

0.1 M phosphate pH 

7.0 
S5 

Co3O4 40 0.66 1.2 
150 W Xe 

100 mW cm-2 
1 M NaOH S6 

Co-Pi 100 0.6 < 0.6 
AM 1.5G 

100 mW cm-2 

1 M KOH  

& 0.2 M KCl 
S7 

Co-Pi 170 0.9 2.8 
AM 1.5G 

100 mW cm-2 
1 M NaOH S8 

Reduced 

graphene 

oxide 

20 0.8 0.82 
450 W Xe 

100 mW cm-2 
1 M NaOH S9 

Carbon 

dot/Co3O4 
60 0.78 1.48 

300 W Xe 

100 mW cm-2 
1 M NaOH S10 

Reduced 

graphene 

quantum dots 

700 0.92 0.9 
150 W Xe 

100 mW cm-2 
1 M NaOH S11 
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Figure 13. Incident photon-to-current conversion efficiency (IPCE) and UV-visible absorption spectra 

of (black square) the bare hematite photoanode and (red circle) hematite photoanode assembled with 9 

BL of catalytic multilayers. 
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Figure 14. Comparison between the performance of the hematite photoanode with and without 

assembly of GO and Co-POM through various methods. Co-POM alone, GO alone, or randomly drop-

casted GO and Co-POM was deposited on the hematite photoanode for comparison with LbL assembly. 

(a, b) LSV was measured to evaluate the PEC performance of each photoanode. We normalized the 

photocurrent with respect to the photocurrent density of the bare hematite photoanode at 1.23 V vs. 

RHE. (c) The performance of all photoanodes was compared in terms of photocurrent density and onset 

potential for water oxidation. 
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 Next, a chronoamperometric cycling test was performed to evaluate the stability of the 

catalytic multilayer on the hematite photoanode against PEC water oxidation (Figure 15). As shown in 

Figure 15a, our hematite photoanodes with catalytic multilayers showed much higher photocurrent 

density compared to the bare hematite photoanode. It is worth noting that, unlike the other samples, the 

(GO/Co-POM)9 sample sometimes caused a gradual and rapid enhancement in photocurrent density 

during PEC measurement. Given that such phenomena are frequently observed because of the formation 

and desorption of bubbles at the active site of the electrode,59 these changes may be due to the high 

catalytic efficiency of (GO/Co-POM)9. Interestingly, the amount of oxygen gas generated from the 

(GO/Co-POM)9 film was 2–3 times higher than that of the bare hematite photoanode (Figure 15b). The 

Faradaic efficiencies of the hematite photoanode with and without the a% and catalytic multilayer film 

were 57.6% and 84.6%, respectively. A slight deviation from the ideal efficiency of 100% may be due 

to photocorrosion of hematite at neutral pH region. The base and catalytic multilayers 

(PEI/PAA)3/(GO/Co-POM)9 on the hematite photoanode indicated the turnover frequency of Co-POM 

about 1.88×103 h-1. The high efficiency and stability of the catalytic multilayer film are confirmed from 

these results. 
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Figure 15. (a) Photocurrent density of a long-term stability for three hours at 1.23 V vs. RHE under visible light illumination and (b) gas chromatography 

for analysis of produced O2 for the hematite photoanode with and without assembly of (GO/Co-POM)9. 
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 During the optimization, it was discovered that the unexpected role of the polymeric base layer 

contributed to the improved performance of the hematite photoanode. Before assembling the (GO/Co-

POM)n catalytic multilayer, the base layer was first introduced to improve the adhesion to the hematite 

photoanode. Interestingly, increased photocurrent density and a slight cathodic shift in the onset 

potential about 182 mV was observed in the deposition of the base layer alone (Figure 11b). 

Encouraged by these discoveries, the relationship between the number of the polymeric base layer, the 

number of the catalytic multilayer, and the photocurrent density of the hematite photoanode was 

investigated. The pre-deposition of the base layer notably enhanced the performance of PEC water 

oxidation (Figure 16a). For example, the hematite photoanode performed the best efficiency for PEC 

water oxidation reaction when both 3 BL of the base layer and 9 BL of the catalytic layer were deposited 

together. For the hematite photoanode with 9 BL of catalytic layer, the current densities were obtained 

about 1.03 and 0.51 mA cm-2 at 1.23 V vs. RHE with and without 3 BL in the base layer, respectively. 

To explain the underlying mechanism of improvement, we evaluated the electrochemical impedance 

spectrum (EIS) as shown in Figure 16b. The EIS of the hematite photoanode with the polymeric base 

layer (PEI/PAA)3 alone showed a small resistance compared to the bare hematite photoanode in both 

charge transport (R1) and electrocatalytic charge transfer (R2) (Table 2). Further deposition of catalytic 

multilayers resulted in even the greater decrease, indicating that GO and Co-POM act as efficient charge 

transport materials and effective water oxidation catalysts, respectively, as previously described. We 

assume that the base layer contributes to the improvement by exerting a dipole moment on the flat band 

potential of the hematite photoanode and adjusting the position of the band edge in favor of the overall 

water splitting. 

To support our hypothesis about the interfacial dipole effect of polymeric base layer, we 

determined the flat band potential (Vfb) of the hematite photoanode with and without the base layer by 

Mott-Schottky (MS) analysis (Figure 16c). According to literature,60 the flat band potential (Vfb) can 

be described by the expression 𝑉𝑓𝑏 =  𝐸0
𝑆𝐻𝐸+𝜒+𝜁𝑛𝑏

𝑞
+  𝑉𝐻

𝑓𝑏
 , where E0

SHE is the energy of standard 

hydrogen electrode (SHE) with respect to the vacuum level of the electron (-4.44 eV), x is the electron 

affinity for the hematite photoanode, nb is the difference between the energy of the conduction band 

edge and the Fermi level, and VH
fb is the potential drop across the Helmholtz layer because of the 

presence of adsorbed ions and dipoles under flat band conditions (Figure 16d). The deposition of the 

polymeric base layer shifted the flat band potential by about 200 mV. Conversely, negligible change 

was measured in the slope of the MS plot, and the charge carrier density of the hematite photoanode, 

indicating that  and nb were constant in both samples. Thus, different VH
fb values result from the 

observation of the flat band potential differences, suggesting the existence of local dipole moments from 

alternating layers of cationic and anionic materials (Figure 16e). Interestingly, after deposition of the 

polymeric base layer, the shift in onset potential was comparable to the shift in flat band potential about 
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~200 mV, however, the charge injection efficiency was notably enhanced (an inset image of Figure 

16c), supporting our hypothesis that the charge separation and injection efficiency was improved by the 

formation of the local dipole moment through the polymeric base layer deposited on the hematite 

photoanode. Our finding is consistent with recent reports on the fabrication of low work function 

electrodes through polyelectrolyte deposition.61-63 Further research is currently underway to more 

clearly disclose the underlying mechanism. This study is notable in that GO, Co-POM, and polymeric 

base layers were reasonably assembled on the hematite photoanode, taking into account the energy level 

and effective charge transfer of each material. A conductive basement is provided from GO as a hole-

transporting material, and Co-POMs serve as a water oxidation catalyst, respectively. In addition, the 

polymeric base layer effectively regulates the flat band potential to develop the catalytic dipoles. Finally, 

it is important that all electrodes are assembled in the aqueous solution, which could offer the potential 

for universally and environmentally friendly applicable ways for future electrode engineering. 
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Figure 16. A role of the base and catalytic multilayers in improvement of performance of the hematite 

photoanode. (a) Effect of polymeric base layers on the hematite photoanode in the presence and absence 

of deposition of catalytic multilayers. The solid lines represent polynomial curves. (b) Nyquist plots of 

electrochemical impedance spectroscopy for the hematite photoanode with and without deposition of 

catalytic multilayers. The solid lines are respective fitted curves of the dotted lines. (c) Mott-Schottky 

plots for the hematite photoanode with and without assembly of polymeric base layers. The charge 

injection efficiency for the corresponding photoanode was shown in the inset. (d) Energy level diagram 

indicating the definition of various physical and electrochemical meaning. (e) Illustrations showing the 

effect of the interfacial dipoles on the semiconductor surfaces. 
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Table 2. The fitting results of Nyquist plots as shown in Figure 16b using the equivalent circuit model. 

R1 and R2 are respective the charge transfer and transport resistances in the hematite photoanode. RS 

represents the series resistance including the substrate, electrolyte, and external contact resistances. 
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2.4. Conclusions 

In summary, positively charged graphene oxides and negatively charged Co-POMs ((GO/Co-

POM)n) were deposited on hematite photoanodes through the LbL method with relatively lower 

coverage about ~ 80%. To improve the coverage of the LbL film, we introduced and deposited 

polymeric base layers by using positively charged poly(ethyleneimine) (PEI) and negatively charged 

poly(acrylic acid) (PAA) before deposition of catalytic multilayers on hematite. Polymeric base layers 

can enhance PEC performance such as increase of current density and decrease of onset potential for 

OER which indicates that the polymeric base layer can change the surface property of hematite. From 

electrochemical impedance spectroscopy (EIS), surface dipole and flat band potential were tuned for 

efficient charge separation and injection. The hematite photoanode assembled with organic and 

inorganic hybrid multilayers showed a good photocatalytic activity compared with a bare hematite 

photoanode, indicating that the catalytic multilayers play an important role in the effective hole transfer 

to water. 

 

Copyright © 2020 American Chemical Society 
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Chapter 3. Polyoxometalate-Doped Conducting Polymer / WO3 Hetero-

junction Photoanode for Efficient and Stable Solar Water Oxidation 

 

3.1. Introduction 

Tungsten oxide (WO3) is one of considerable materials for solar water oxidation, enabling efficient solar 

to chemical conversion (e.g., artificial photosynthesis). Compared to other materials, such as titanium 

oxide, bismuth vanadium oxide, and iron oxide, it is composed of earth abundant materials and good 

physicochemical characteristics such as a narrow bandgap (2.5 – 2.8 eV), good conductivity, a long 

hole diffusion length, and high stability and activity under acidic conditions.64-70 Synthesis of tungsten 

oxide photoanodes is carried out various methods to use in photoelectrochemical water oxidation such 

as a hydrothermal method, chemical/physical vapor deposition, and sol-gel method to synthesize 

nanomaterials (e.g., nano-particles, -rods, -wires, and –sheets).71, 72 However, it has some disadvantages 

such as low solar to chemical conversion efficiency leading to small extinction coefficient, low catalytic 

properties, and fast recombination of generated holes or electrons from visible light. 

To solve these problems, many scientists have been attempted to control the morphology of 

WO3 to enhance the photoelectrochemical performances improving extinction coefficient, catalytic 

activity, and fast recombination of photogenerated charge carriers. For example, nanostructured WO3 

was found to inhibit the charge recombination of photogenerated carriers. It has been reported that the 

deposition of electrocatalysts provides high catalytic activity for water oxidation of WO3 photoanodes.73, 

74 Also, the fabrication of a WO3-based heterojunction with inorganic materials, such as copper tungstate 

(CuWO4) and bismuth vanadate (BiVO4), enhanced the light harvesting property resulting in the 

recombination and charge separation efficiency.71, 73, 75-79 However, previous works have been limited 

to inorganic materials leading to low visible light absorption efficiency and instability under aqueous 

conditions. Also, they often require hard processing conditions such as high pressure and temperature 

with special instruments. 

To solve intrinsic problems, herein, we report the deposition of conducting polymers (CPs) on 

WO3 photoanodes for solar water oxidation by fabrication of heterojunction between WO3 photoanodes 

and CPs. We used various CPs such as polypyrrole (PPy), polyaniline (PANi), and 3,4-

polyethylenedioxythiophene (PEDOT) due to advantages of low-cost materials, an easy synthetic 

method, and high visible light absorption coefficient. Polyoxometalates (POMs) with a tetraruthenium 

active sites were also used as a dopant and a water oxidation catalyst for deposition on WO3 

photoanodes with conduction polymers. In this study, the fabricated WO3 photoanodes with CPs and 

Ru-POMs have possessed high photocurrent density about 2.5 mA cm-2 at 1.23 V versus reversible 
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hydrogen electrode (RHE). According to the electrochemical impedance spectroscopy (EIS) and the 

Mott-Schottky (M-S) analysis, the photoelectrochemical performance was improved because of (1) the 

increase of light absorption by conduction polymers by having a high extinction efficiency, (2) 

improvement of charge separation efficiency by fabrication of heterojunction structure, and (3) 

enhancement of catalytic activity for photoelectrochemical water oxidation by deposition of Ru-POMs 

with CPs. Also, WO3-modified photoanodes can prevent corrosion of the surface of WO3 to form 

corrosive hydrogen peroxide for higher photostability. 

 

3.2. Experimental 

3.2.1. Materials. All chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA). Hydrogen 

peroxide was purchased from Junsei (Tokyo, Japan). Sodium tungstate dehydrate was produced by Alfa 

Aesar (Ward Hill, MA, USA). 

3.2.2. Synthetic methods for Ru-POM.14  

Synthesis of 2-Undecatungstosilicate. 1.06g of sodium metasilicate (5 mmol) was dissolved in 10 

mL of D.I. water (solution A) and 18.14 g of sodium tungstate dihydrate (55 mmol) was dissolved in 

30 mL of D.I. water (solution B). 16.5 mL of 4 M HCl was added in 0.1 mL portion over 10 minutes 

under vigorous stirring to the solution B. After that solution A was poured solution B. pH of the mixture 

was adjusted to between 5 and 6 by adding 4 M of HCl with small amounts for 100 minutes. Then, 9 g 

of KCl was added to the solution under stirring and the precipitate was collected by filtration. This 

collected precipitate was dissolved in 85 mL of D.I. water and then insoluble materials should be rapidly 

removed. 8 g of KCl was also added to the filtered solution and washed with 2 M of KCl solution with 

2 portions of 5 mL. The precipitate was dried in air. 

Synthesis of -Decatungstosilicate. 1.5 g of 2-Undecatungstosilicate (0.5 mmol) was dissolved in 15 

mL of D.I. water at 25 ˚C and insoluble impurities should be rapidly removed by filtration. The pH of 

the solution was quickly adjusted to 9.1 by adding 2 M of K2CO3 solution. The pH of the solution was 

monitored, which continuously dropped, and maintained by adding 2 M of K2CO3 solution for exactly 

16 minutes. 4 g of KCl was added to precipitate the potassium salt of the -Decatungstosilicate. The pH 

of the solution was quickly adjusted and maintained at 9.1 during the precipitation (10 minutes) by 

adding small amounts of 2 M of K2CO3 solution. After that, the precipitate was collected by filtration 

and washed with 1 M of KCl solution and then dried in air. 

Synthesis of Ru8K2[Ru4(-O)4(OH)2(H2O)4(-SiW10O36)2]·25H2O (Ru-POM). 2.4 g of RbCl (19.8 

mmol) was dissolved in 15 mL of D.I. water (solution A) and 0.6 g or 2.66 mmol of RuCl3·H2O was 

dissolved in 15 mL of D.I. water (solution B). Also, 4.0 g of -Decatungstosilicate (1.35 mmol) was 
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dissolved in 50 mL of warm (~ 40 ˚C) D.I. water (solution C) and cool down to room temperature. The 

solution B was quickly poured into the solution C and then the pH of the mixture was adjusted by adding 

3-40 drops of 6 M of HCl. After additional stirring for 5 minutes, the solution A was slowly added to 

the above mixture in small portions. Insoluble impurities were removed by filtration and left at room 

temperature for crystallization. After 1-3 days, the precipitate was collected by filtration and dried in 

air. 

3.2.3. Preparation of WO3 photoanodes.71  

Seed layer coating. 1.25 g of H2WO4 and 0.5 g of poly(vinyl alcohol) (PVA) were added to 10 mL of 

35wt% H2O2. The above solution was coating by spin coater on fluorine doped tin oxide (FTO) glass. 

This FTO was annealed at 500 ˚C for 2 hours. 

Preparation of solvothermal H2WO4 solution. 3 mL of H2WO4 (0.05 M), 9 mL of ethanol, 4 mM of 

HCl (6 M), 0.01 g of oxalic acid and 0.02 g of urea were put to 100 mL of Teflon for autoclave. The 

solution was prepared by dissolving 1.25 g of H2WO4 in 30 mL of D.I. water adding 10 mL of 35wt% 

H2O2 with heating at 95 ˚C on a hot plate with stirring. After that, the above solution was autoclaved 

with FTO glass at 180 ˚C for 24 hours. The synthesized film was annealed at 500 ˚C for 2 hours. 

3.2.4. Electrodeposition of CPs and Ru-POM on WO3 photoanodes. CPs such as polypyrrole(PPy), 

polyaniline (PANi), and poly(3,4-ethylenedioxythiophene) (PEDOT) were deposited on the WO3 

photoanodes by electropolymerization using a WMPG1000 multichannel potentiostat/galvanostat 

(WonA Tech Co. Ltd., Korea). Each solution was prepared by dissolving CPs with and without Ru-

POM in D.I. water. The concentration of Ru-POM and precursors were kept constant at 1 and 100 mM, 

respectively. Electrodeposition of PPy and PANi was carried out under the conditions: Ag/AgCl as a 

reference electrode, a Pt wire as a counter electrode, and the WO3 photoanode as a working electrode, 

with a constant potential of 0.6 V versus Ag/AgCl. In the case of PEDOT, the monomer solution was 

prepared by dissolving 20 mM of 3,4-ethylenedioxythiophene (EDOT), 50 mM of KCl, and 1 mM of 

Ru-POM in D.I. water. The pH of the above solution was adjusted to 4.5. After that, cyclic voltammetry 

was proceeded to synthesize PEDOT on the WO3 photoanode under the following conditions: Ag/AgCl 

as a reference electrode, the Pt wire as a counter electrode, and the WO3 photoanode as a working 

electrode with a scan rate of 100 mV s-1 and a range of 0.0 to 1.5 V versus Ag/AgCl. 

3.2.5. Characterizations. Microstructures of samples were observed by using an S-4800 scanning 

electron microscope (SEM) (Hitach High-Technologies, Japan) and a JEM-2100 transmission electron 

microscope (TEM) (JEOL Ltd., Japan). Also, elemental mapping analysis was obtained by a Tecnai G2 

F20 X-twin scanning transmission electron microscope (STEM) mode (FEI, OR). Water contact angles 
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were measured by using a DSA100 contact angle analyzer (KRUSS, Germany). UV-visible absorption 

spectra of WO3 and modified WO3 photoanodes were observed by a Carry 5000 (Agilent) in diffuse-

reflectance mode. X-ray photoelectron spectroscopy (XPS) was measured using K- XPS (Thermo 

Fisher Scientific, MA). 

3.2.6. Photoelectrochemical Characterizations. A 300 W Xe lamp filtered with a 400 nm cut-on filter 

was used as a visible light source. The photoelectrochemical performance of WO3 modified 

photoanodes for visible-light-driven water oxidation reaction was evaluated by using linear sweep 

voltammetry (LSV) and photocurrent density measurement with and without visible light illumination 

(100 mW cm-2) under the following conditions: Ag/AgCl as a reference electrode, the Pt wire as a 

counter electrode, and WO3 photoanodes with and without modification as a working electrode, in 0.1 

M of HCl (pH 1.0) using a WMPG1000 multichannel potentiostat/galvanostat (WonA Tech Co. Ltd., 

Korea). Quantification of oxygen and hydrogen gases was performed with a GC-2010 Plus gas 

chromatograph (Shimadzu Co., Japan) with a constant potential with 1.4 V versus reversible hydrogen 

electrode (RHE) under visible light irradiation. Electrochemical impedance spectra (EIS) were obtained 

with a Solartron 1260 impedance analyzer at 0.6 V versus Ag/AgCl, amplitude of 20 mV, and a 

frequency scan from 100 kHz to 0.1 Hz. A Mott-Schottky plots were obtained at a frequency of 10 Hz, 

AC amplitude of 2 mV, and an applied potential from -0.3 to 1.0 V versus Ag/AgCl with a 0.1 V interval. 

 

3.3. Results and Discussion 

WO3-modified photoanode for PEC water oxidation was prepared through electrodeposition of various 

CPs and Ru-POMs on n-type WO3 surface. We synthesized n-type WO3 nanostructures using the 

hydrothermal method according to the literature71 and deposited Ru-POM-doped p-type CPs to form a 

p-n heterojunction structure (Figure 17). CPs studied in this dissertation include PPy, PANi, and 

PEDOT which is known to be p-type semiconductors and thus have been used as hole-transporting 

materials with a property of absorption of visible-light80, 81 (Figure 18). Compared to inorganic 

semiconductors, they can be easily synthesized through electropolymerization of monomers at ambient 

temperature and pressure, also have a higher extinction coefficient in the UV and visible-light region 

(Table 3 and Figure 19) and stable in aqueous solutions, especially at acidic82-85 pH solutions. Ru-POM 

with a molecular formula of [Ru4O4(OH)2(H2O)4(-SiW10O36)2]10- was deposited with CPs as both a 

dopant for CPs and a molecular water oxidation catalyst. In addition to its catalytic activity, Ru-POM 

is known to be highly stable at acidic pH solutions86-88 and exhibits fast hole transfer activity86. Thus, 

we hypothesized that the deposition of p-type CPs doped with Ru-POM on n-type WO3 significantly 

improves the PEC performance for the following reasons: (1) the enhanced efficiency of 

photogeneration of charge carriers because of the broader and stronger light-absorption capability of 
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CPs, (2) the increased charge separation efficiency because of the production of the p-n heterojunction, 

and (3) the improved catalytic activity for PEC water oxidation due to the incorporation of Ru-POM 

catalysts. 

The preparation of CP-based organic/inorganic hybrid photoanodes was investigated using 

electron microscope and water contact angle measurement. The morphology was changed after 

deposition of conduction polymers on the WO3 photoanode (Figure 20a, 21, 22a-b). While the bare 

WO3 photoanode was composed of aggregation of smooth nanowires (Figure 20a), the deposition of 

PPy (WO3/PPy) led to the formation of a particulate coating layer on the nanowire surface (Figure 21 

and 22). It could be readily distinguished by a contrast difference in the transmission electron 

microscope (TEM) images (Figure 20a): dark WO3 because of heavy elements such as tungsten atoms, 

and bright PPy because of carbon and nitrogen. When the electrodeposition was carried out in the 

presence of PPy monomers and Ru-POM, a coating layer was formed on the surface of nanowires, 

suggesting the deposition of PPy and Ru-POM catalysts on WO3 structures (WO3/PPy:Ru-POM). The 

thickness of the coating layers for WO3/PPy:Ru-POM was 20 (±1.5) and 27(±3.2) nm, respectively, 

when they were deposited with a charge density of 50 mC cm-2. The elemental mapping by scanning 

TEM (STEM) observed the production of an organic-inorganic hybrid coating layer and distribution of 

Ru-POM. The deposition of the Ru-POM-doped CPfilm could be identified by water contact angle 

measurement (inset images of Figure 21a-c). In the case of the WO3/PPy photoanode, the film was 

slightly hydrophobic with a water contact angle of 46.9˚ and also the bare WO3 and WO3/PPy:Ru-POM 

were found to be superhydrophilic with water contact angle of ~0 and 8.4˚, respectively.



48 

 

 

 

 

Figure 17. Experimental schematic images of a WO3/CP:Ru-POM heterojunction photoanode for PEC 

water oxidation. (a) Energy diagram of the WO3 photoanode and various CPs such as PPy, PANi, and 

PEDOT tested in this study with respect to the standard reduction potential for HER and OER. (b-c) 

Schematic images of the bare WO3 and CP:Ru-POM doped WO3 photoanode with energy band diagram: 

(i) charge generation, (ii) dissociation, (iii) transport, and (iv) catalytic transfer in the PEC water 

oxidation reaction. (d) Experimental procedures for the deposition of CP:Ru-POM on the WO3 

photoanode. 

 

 

Figure 18. Various kinds of CPs used in this study: (a) polypyrrole (PPy), (b) polyaniline (PANi), and 

(c) poly(3,4-etylenedioxythiophene) (PEDOT).
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Table 3. Optoelectronic properties of CPs used in this study. a)These were directly obtained from the 

reported values in the literature or indirectly from the reported figure through a freely available software 

(Mark Mitchell, Baurzhan Muftakhidinov and Tobias Winchen et al., “Engauge Digitizer Software.” 

Webpage: http://markummitchell.github.io/engauge-digitizer). 

 

 

  

http://markummitchell.github.io/engauge-digitizer
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Figure 19. (a) UV-visible absorption spectra of various CP:Ru-POM on the fluorine doped tin oxide 

(FTO) and (b) their Kubella-Munk spectra. The bandgaps of PPy:Ru-POM and PANi:Ru-POM on the 

WO3 photoanode from (b) were calculated about 2.3 and 2.7 eV, respectively. However, the bandgap of 

PEDOT:Ru-POM were unable to be determined because of its strange spectrum.



51 

 

 The deposition of CPs and Ru-POMs on the surface of the WO3 electrode was also confirmed 

by measuring absorption spectra with a diffuse reflectance mode, Fourier transform infrared (FT-IR), 

and X-ray photoelectron spectra (XPS). The color of WO3 (yellowish green), WO3/PPy (dark gray), and 

WO3/PPy:Ru-POM (black) was clearly different. Also, their optical bandgaps were measured and 

calculated to be 2.5, 2.0, and 1.8 eV, respectively, by UV-visible absorption spectra (Figure 20b and 

23). In UV-visible spectra, the enhancement of absorbance was observed in entire region of visible light, 

even with very thin layer of CPs because of their high extinction coefficient. The FT-IR spectra showed 

characteristic vibrational peaks of PPy, PANi, and PEDOT, confirming the successful deposition of the 

respective polymer with Ru-POM via electrodeposition (Figure 20c). XPS analysis of the WO3 

photoanode coated with CPs also displayed the peaks for Ru3d and C1s, indicating the co-deposition 

of CPs and Ru-POMs (Figure 20d and 22c-d). The crystallinity of the WO3-modified films was 

investigated and found that a monoclinic WO3 structure was maintained before and after the deposition 

of the CPs and CPs with Ru-POMs through the electrodeposition method (Figure 24).
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Figure 20. The WO3 photoanodes with and without deposition of CP and CP:Ru-POM. (a) TEM, STEM, 

and elemental mapping images showing morphological change of WO3 in the presence and absence of 

PPy and PPy:Ru-POM. (b) UV-visible absorption spectra of the WO3, WO3/PPy, and WO3/PPy:Ru-

POM photoanodes. (c) FT-IR spectra of various WO3/CP:Ru-POM. (d) XPS C1s and Ru3d spectra of 

PPy:Ru-POM deposited on the WO3 photoanode.
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Figure 21. SEM images of the (a) WO3, (b) WO3/PPy, and (c) WO3/PPy:Ru-POM. Inset images indicate the water contact angle measurements of each 

photoanode. 

 

 



54 

 

 

Figure 22. SEM images and XPS C1s spectra of the (a, c) WO3/PANi:Ru-POM and (b, d) WO3/PEDOT:Ru-POM. 
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Figure 23. Kubella-Munk transformed absorption spectra with a diffuse reflectance mode of the WO3, WO3/PPy, and WO3/PPy:Ru-POM photoanodes for 

calculation of their optical bandgaps. 
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Figure 24. XRD patterns of the WO3, Ru-POM, and WO3/PPy:Ru-POM photoanode.
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 On the basis of these results, we studied the influence of types of CPs and the co-deposition 

of the CP and Ru-POM on the WO3 surface for visible-light driven PEC water oxidation (Figure 25). 

The PEC performance of various photoanodes treated with various CPs was investigated by using 

chronoamperometry (CA) and linear sweep voltammetry (LSV) under back-side illumination of visible-

light. It was found that even the deposition of the CP alone led to a slight enhancement of photocurrent 

density because of the enhanced light absorption by CPs and more efficient charge separation between 

the surface of the WO3-modified film and water interface by fabrication of p-n heterojunction. The PEC 

performance was synergistically improved due to deposition of Ru-POM on WO3/PPy surfaces (Figure 

25a). Among the three types of CPs such as PPy, PANi, and PEDOT, PPy:Ru-POM film showed the 

best performance (Figure 26). The photocurrent density with an applied bias of 1.4 versus RHE for 

WO3/PPy:Ru-POM was 5 to 10 times higher than those for bare WO3 and other WO3-based electrodes. 

The onset potential of water oxidation for the WO3/PPy:Ru-POM electrode was 0.72 V versus RHE 

(Figure 25a). The OER performance of WO3/PPy:Ru-POM is thought to be related to the band-edge 

position of PPy. As shown in Figure 17a, among three CPs, only PPy has a suitable highest occupied 

molecular orbital (HOMO) level or a valence band edge position for PEC water oxidation (e.g., more 

positive than the standard reduction potential of OER). Based on these findings, we focused on PPy in 

the following studies. 

 To find out the effect of light absorption by PPy, the dependence of the PEC performance of 

the WO3 photoanode was investigated on the illumination direction, the deposited amount of PPy:Ru-

POM film and wavelength for the illumination. As shown in Figure 27a, back-side illumination led to 

a higher photocurrent density than front-side illumination. WO3 photoanodes with a different amount 

of the PPy:Ru-POM film were prepared by varying the electro-polymerization charge density: 10, 50, 

and 100 mC cm-2. The photocurrent density enhanced with a charge density of up to 50 mC cm-2 and 

then decreased beyond it (Figure 27b). These results are attributed to the trade-off relationship between 

stronger light absorption and the relatively poor charge transport properties of PPy compared to that of 

WO3. The deposition of PPy:Ru-POM resulted in a broader and stronger absorption of visible light as 

expected from the absorption spectra and optical bandgap of WO3 (2.5 eV) and WO3/PPy:Ru-POM (1.8 

eV). Considering a smaller relative permittivity resulting in a shorter diffusion length of excitons and a 

stronger exciton-binding energy in the PPy film on a scale of tens of nanometers,89 however, it is 

expected that the probability of exciton recombination in the PPy:Ru-POM film will be much faster 

than in WO3 and enhancement with thickness of the film. Thus, we expected that the observation 

resulted from the compromise between the increase in the number of photogenerated excitons and the 

decrease in the probability of exciton dissociation upon the deposition of thicker film. Indeed, the 

exciton diffusion length in the CP (a few tens of nanometers) was similar to the thickness of the PPy:Ru-

POM film exhibiting the best performance (27 nm, as shown in Figure 20a). In the same way, the 
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illumination direction-dependent performance of the WO3/PPy:Ru-POM photoanode can be described. 

The incident photon-to-current conversion efficiency (IPCE) was measured to investigate the 

wavelength-dependent response of the respective photoanodes (Figure 25b). An IPCE of the bare WO3 

photoanode was exhibited less than 1% only at wavelengths below its bandgap wavelength (~448 nm). 

The deposition of PPy leading to a notable improvement in both IPCE and absorption spectra in the 

entire range of 400-650 nm, demonstrating its contribution to light absorption. As mentioned, the doping 

of PPy with Ru-POM resulted in an even further enhancement in the IPCE because of the catalytic 

activity of the Ru-POM water oxidation catalyst. The role of PPy is obviously indicated by the overall 

results in the photogeneration of charge carriers. 

 In order to elucidate the effect on the p-n heterojunction structure on the increased performance 

of WO3-based photoanodes, EIS and Mott-Schottky (M-S) analyses were carried out. All the impedance 

spectra in the form of a Nyquist plot consisted of one semicircle (Figure 25c) and were fitted to a 1-RC 

circuit model (Table 4). The charge-transfer resistances (Rct) of WO3, WO3/PPy, and WO3/PPy:Ru-

POM films were measured about 15.4, 4.9, and 1.7 kohms, respectively, indicating the better catalytic 

activity of the PPy:Ru-POM film. It was found that even the deposition of PPy alone led to a decrease 

of Rct. Considering the low catalytic activity of PPy for PEC water oxidation,90 the decrease of Rct could 

have partially resulted from the efficient charge carrier dissociation delivery of photogenerated holes 

by the production of the p-n heterojunction structure. Interestingly, the constant-phase element exponent 

(CPE-P) for WO3/PPy:Ru-POM was found to be very close to the unity (Table 4), demonstrating near-

ideal capacitor behavior.91 The capacitor-like behavior of the WO3/PPy:Ru-POM was attributed to the 

fast hole scavenging and accumulating ability of Ru-POM.86, 88 M-S plots were achieved to determine 

charge carrier density for each sample to demonstrate the benefits of the p-n heterojunction structure 

(Figure 25d). The positive slope of the M-S plot for bare WO3 indicates that it is an n-type 

semiconductor. The deposition of PPy or PPy:Ru-POM led to a notable reduction in the slope of the M-

S plot, suggesting an increase of the donor or charge carrier density (ND). ND is inversely proportional 

to the slope of the M-S plot according to the following equation67:  

1
𝐶2 =

2
𝜖𝜖0𝑒0𝑁𝐷

(𝐸 − 𝐸𝐹𝐵 −
𝑘𝑇
𝑒0

) 

where C is the space charge capacitance,  and 0 are the electrode and free space permittivity, e0 is the 

elementary electric charge, E is the applied bias, EFB is the flat band potential, k is the Boltzmann- 

constant, and T is the absolute temperature. The charge carrier densities for pristine WO3, WO3/PPy, 

and WO3/PPy:Ru-POM were found to be 2.4×1017, 1.65×1018, and 1.7×1020 cm-3, respectively. The 

notable improvement in charge carrier density upon the deposition of PPy or PPy:Ru-POM was 

attributed to the developed charge separation and light harvesting efficiency by the production of the p-

n heterojunction structure.  
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Oxygen evolution by WO3-based photoanodes under visible light irradiation was confirmed by 

gas chromatography to calculate their Faradaic efficiency (Figure 28 and 29). As expected from the 

LSV and photocurrent measurement, a much larger amount of oxygen gases was generated on the 

WO3/PPy:Ru-POM heterojunction photoanode at an applied bias of 1.4 V vs. RHE in 0.1 M HCl 

solution. For both cases of the bare WO3 and WO3/PPy:Ru-POM, the amount of evolved hydrogen gas 

continuously enhanced on the measurement. However, different oxygen evolution profile was observed. 

While there was a continuous and gradual enhancement of the concentration of oxygen gases for the 

WO3/PPy:Ru-POM photoanode. Saturated oxygen profile was measured after 30 min of the test for the 

bare WO3 photoanode, indicating a better stability of the WO3/PPy:Ru-POM photoanode than the bare 

WO3. The Faradaic efficiency for PEC water oxidation by bare WO3 and the deposition film was 

calculated to be 21 and 56%, respectively. Considering that chlorine oxidation potential for chlorine 

gas can compete with OER, the Faradaic efficiency of the WO3/PPy:Ru4POM photoanode is very 

impressive result compared to previous reports.66 The standard reduction potential for chlorine 

evolution is known to be 1.36 V vs. RHE.92 

To confirm the effect of the PPy:Ru-POM film on the stability of the WO3 photoanode, 

morphological and structural changes of the WO3 photoanode were observed on PEC water oxidation 

with and without the film. They were investigated before and after the photoelectrochemical water 

oxidation test for 1.5 hours under visible light illumination in 0.1 M HCl. Although both the morphology 

and the structure of the WO3/PPy:Ru-POM photoanode were barely changed, there were notable 

changes in those of the bare WO3 photoanode (Figure 30a-c). The size of WO3 crystals was decreased 

and the fluorine doped tin oxide (FTO) substrate was partially exposed in the absence of the polymeric 

p-n heterojunction film. In addition, the bare WO3 photoanode underwent a phase transition from the 

most stable monoclinic (JCPDS 43-1035) to a less-stable hexagonal (JCPDS 75-2187) phase.84 These 

results obviously indicate the role of the PPy:Ru-POM film as a protective film for the WO3 photoanode.
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Figure 25. (a) LSV curves of the WO3, WO3/PPy, and WO3/PPy:Ru-POM. The solid lines indicate 

measurement under visible light and the dotted lines are under dark conditions. (b) Absorption spectra 

(solid lines) and IPCE (solid lines with symbols) spectra of the respective photoanodes. A magnified 

IPCE spectrum was shown in the inset for the WO3 photoanode. (c) Nyquist plots shows the resistance 

of the electrochemical reaction with respect to the photoanodes. (d) Mott-Schottky plots of respective 

photoanodes.
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Figure 26. Photocurrent densities of WO3-modified photoanodes with various CPs used in this study 

under periodic illuminations of visible light. 

 

 

Figure 27. Photocurrent densities measured under periodic illuminations for various forms of WO3-

modified electrodes. (a) The effect of direction of light irradiation and the co-deposition of PPy and Ru-

POM on the PEC performance of the WO3 photoanode. Additionally, b and f indicate back (substrate – 

electrode side) and front (electrolyte – electrode side) illuminations, respectively. (b) The effect of the 

deposited amounts of PPy:Ru-POM on the WO3 photoanode.
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Table 4. Fitted results of Nyquist plots of electrochemical impedance spectra for the WO3, WO3/PPy, 

and WO3/PPy:Ru-POM photoanodes. Rs, Rct, CPE1-T, and CPE1-P indicate bulk, charge transfer 

resistance, constant-phase element admittance, and constant-phase element exponent, respectively. 
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It has been postulated that the deposition of the PPy:Ru-POM film suppresses the formation of 

hydrogen peroxide under illumination and protects the WO3 photoanode from photocorrosion. 

According to the literature,84 the formation of reactive oxygen species (ROSs) such as hydrogen 

peroxide (two-electron oxidation reaction) under visible light illumination is faster than that of that of 

production of oxygen (four-electron oxidation reaction) and causes the corrosion of WO3. To support 

our hypothesis, we carried out stability of the bare WO3 photoanode with concentrated H2O2 solution 

(35 % in 0.1 M HCl). After overnight incubation at room temperature (RT) and 50 ˚C, SEM was used 

to examine the morphology of the WO3 photoanode. As shown in Figure 31, the WO3 photoanode 

underwent severe corrosion, especially at a higher temperature, even in the absence of light irradiation. 

Based on this finding, we used a commercially available colorimetric hydrogen peroxide detection kit 

and measured the concentration of produced hydrogen peroxide to test PEC tests from the WO3 

photoanode with or without the (WO3/)PPy:Ru-POM film. After 1.5 hours of testing, the hydrogen 

peroxide concentration was measured to be about 3.0 and 1.8 M on the WO3 and the WO3/PPy:Ru-

POM photoanodes, respectively (Figure 30b). Given that the dissolution of WO3 might have already 

consumed a large amount of hydrogen peroxide, it is likely that more hydrogen peroxide was produced 

from the bare WO3 photoanode than was measured. The inhibition of formation of hydrogen peroxide 

can be explained by considering the alignment of energy levels and the standard redox potentials of 

OER and hydrogen peroxide production reactions. As shown in Figure 30c, the valence band edge of 

WO3 is more positive than the standard redox potentials of both reactions, so both reactions compete in 

the presence of visible light irradiation. Conversely, the HOMO level of PPy and redox potential of the 

Ru-POM only allow oxygen to be produced by PEC water oxidation and suppress the formation of 

hydrogen peroxide. 

Compared to previous approaches, which rely mainly on inorganic materials, our approach 

based on hybridization of the organic-inorganic materials has many advantages for producing efficient 

and stable photosynthetic and photocatalytic systems. Even if we have only demonstrated the 

production of efficient and stable photoanodes for PER water oxidation, our approach does not require 

complex procedures, harsh processing conditions or expensive equipment, thus, we can convert solar-

to-chemical energy easily. Furthermore, our approach shows that the use of organic or polymeric 

materials can notably improve the performance and the stability of photoelectrodes, even at low pH and 

strength (Table 5). These materials are barely used in the production of photosynthesis and 

photocatalytic systems because of their relatively low electrical properties and the stability compared 

to inorganic materials. However, it was found that the PEC performance and the stability of the WO3 

photoanode can be notably developed by its multifunctional roles by the deposition of organic/inorganic 

hybrid thin films, especially, PPy doped with Ru-POM. These include (1) the improvement of light-

harvesting properties, (2) suppression of charge carrier recombination and promotion of efficient charge 
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separation, (3) increased catalytic efficiency, and (4) production of preventing layers against corrosive 

hydrogen peroxide. 

 

3.4. Conclusions 

To summarize, we have fabricated an efficient and stable WO3 and CP-based heterojunction photoanode 

for solar water oxidation. The deposition of CP, especially PPy doped with Ru-POM, highly improved 

the performance of the WO3-modified photoanode due to its suitable band edge position for PEC water 

oxidation and doping with Ru-POM water oxidation catalysts. Electrochemical impedance 

spectroscopy and the Mott-Schottky plots showed that the enhanced performance resulted from the 

improved light-harvesting and charge separation efficiencies through n-WO3/p-PPy heterojunction 

structure and enhanced catalytic activity through Ru-POM doping. Also, the WO3/PPy:Ru-POM 

heterojunction photoanode displayed a good photostability compared to the bare WO3 due to the 

suppression of production of corrosive hydrogen peroxide. 

 

Copyright ©  2020 American Chemical Society 
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Figure 28. Spectra of gas chromatography (GC) for the modified WO3 photoanodes with and without 

PPy/Ru-POM during the electrochemical measurement with a constant potential at 1.4 V vs. RHE. The 

red lines represent the produced gases on the WO3/PPy:Ru-POM and the black lines indicate production 

of gases on the WO3 photoanode. The solid lines with empty circles indicate produced hydrogen gases 

on the substrates and the solid lines with X indicate produced oxygen gases on the substrates. 

 

 

Figure 29. Long-term stability of the WO3 and WO3/PPy:Ru-POM photoanode for 90 minutes at 1.4 V 

vs. RHE under continuous visible light irradiations.
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Figure 30. Improved stability of the WO3 photoanode by the deposition of PPy:Ru-POM. (a, b) SEM images show the morphologies of (a) the bare WO3 

and (b) PPy:Ru-POM coated WO3 before and after PEC tests for 90 minutes. (c) XRD patterns of the respective photoanode before and after the PEC tests. 

(d) The concentration of hydrogen peroxide produced from the respective photoanode during the PEC measurements. (e) The suggested mechanism for the 

improved stability of the WO3/PPy:Ru-POM photoanode compared to the WO3 photoanode. 
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Figure 31. SEM images of the WO3 photoanode before and after the overnight incubation in 0.1 M HCl with and without hydrogen peroxide (35%) without 

the electrochemical measurement. It was incubated at room temperature (RT) and 50 ˚C under dark conditions. The presence of hydrogen peroxide expedited 

the corrosion of the WO3 photoanode at 50 ˚C, leading to the reduction of its crystal size and the exposure of the FTO substrate.
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Table 5. Comparison of the PEC performances of WO3-based heterojunction photoanodes. 
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Chapter 4. Amorphous Catalysts for Bifunctional Hydrogen and Oxygen 

Evolution Reactions using Ruthenium-based Polyoxometalates 

 

4.1. Introduction 

Amorphous structures have been widely used in various applications such as electrochemical hydrogen 

and oxygen evolution reactions (HER and OER) due to their excellent stability and the performance.93, 

94 These amorphous catalysts for electrochemical reactions have many advantages such as (1) a 

relatively flexible structure for absorbing reactants (water) in the electrochemical reaction to the 

electrolyte-electrocatalyst interface compared to crystal structures of electrocatalysts, (2) a large 

electrochemically active surface area in the same mass, and (3) corrosion resistance due to its self-

healing system.  

Many researchers have been interested in amorphous electrocatalysts for OER and HER. Kreysa and 

Hakansson firstly studied the electrochemical OER and HER of more than 20 materials with amorphous 

structures under high pH conditions.94, 95 Alemu and Juttner studied on the charge transfer efficiencies 

of amorphous catalysts for OER and HER through electrochemical impedance spectroscopy (EIS).96 In 

this study, they synthesized amorphous iron, cobalt, and nickel alloys and figured out their catalytic 

activity with electron transfer via the EIS method. Amorphous electrocatalysts possess high 

performance such as higher stability and lower overpotential compared to crystalline structures. 

Nevertheless, these catalysts have been limited for actively development for various applications 

because their structural information can be hardly revealed and it can be mostly carried out under 

alkaline conditions. To apply electrocatalysts for OER and HER, pH should be acidic because HER is 

driven under acidic conditions to receive protons to produce hydrogen gases. 

In this study, we used polyoxometalates (POMs) to synthesize amorphous-crystalline core-shell 

structures due to its unique structure and the easy synthetic method by electrochemically. Among many 

kinds of POMs, we selected ruthenium-based POMs (Ru-POMs) which is composed of tetra ruthenium 

metals in the middle of the structures due to its solubility in acidic solutions and carrying out OER with 

high efficiency. Ru-POMs were deposited on the carbon fiber papers (CFPs) by applying a constant 

potential to enhance the bifunctional water splitting efficiency. After electrodeposition on CFPs, the 

structure of Ru-POMs was changed from nanosized molecular catalysts to crystalline core-amorphous 

shell nanoparticles with uniform diameter of ~300 nm through transmission electron microscope (TEM), 

elemental mapping, and X-ray absorption fine spectroscope (XAFS). The electrode measured 

electrochemically higher OER performance as well as had a good HER property. Finally, it can be used 

for the bifunctional water splitting reactions under acidic conditions with high efficiency without the 
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use of any binders to deposit the catalysts on the target electrodes (the overpotential was measured about 

~1.43 V between OER and HER overpotential @ 10 mA cm-2). 

 

4.2. Experimental 

4.2.1. Materials. Sodium metasilicate pentahydrate, ruthenium chloride monohydrate, and rubidium 

chloride was produced by Sigma-Aldrich (St. Louis, MO, USA). Sodium tungstate dihydrate was 

purchased from Merck. Potassium chloride was obtained from Alfa Aesar. 

4.2.2. Synthetic methods.14  

Synthesis of 2-Undecatungstosilicate. 1.06g of sodium metasilicate (5 mmol) was dissolved in 10 

mL of D.I. water (solution A) and 18.14 g of sodium tungstate dihydrate (55 mmol) was dissolved in 

30 mL of D.I. water (solution B). 16.5 mL of 4 M HCl was added in 0.1 mL portion over 10 minutes 

under vigorous stirring to the solution B. After that solution A was poured solution B. pH of the mixture 

was adjusted to between 5 and 6 by adding 4 M of HCl with small amounts for 100 minutes. Then, 9 g 

of KCl was added to the solution under stirring and the precipitate was collected by filtration. This 

collected precipitate was dissolved in 85 mL of D.I. water and then insoluble materials should be rapidly 

removed. 8 g of KCl was also added to the filtered solution and washed with 2 M of KCl solution with 

2 portions of 5 mL. The precipitate was dried in air. 

Synthesis of -Decatungstosilicate. 1.5 g of 2-Undecatungstosilicate (0.5 mmol) was dissolved in 15 

mL of D.I. water at 25 ˚C and insoluble impurities should be rapidly removed by filtration. pH of the 

solution was quickly adjusted to 9.1 by adding 2 M of K2CO3 solution. The pH of the solution was 

monitored, which continuously dropped, and maintained by adding 2 M of K2CO3 solution for exactly 

16 minutes. 4 g of KCl was added to precipitate the potassium salt of the -Decatungstosilicate. The pH 

of the solution was quickly adjusted and maintained at 9.1 during the precipitation (10 minutes) by 

adding small amounts of 2 M of K2CO3 solution. After that, the precipitate was collected by filtration 

and washed with 1 M of KCl solution and then dried in air. 

Synthesis of Ru8K2[Ru4(-O)4(OH)2(H2O)4(-SiW10O36)2]·25H2O (Ru-POM). 2.4 g of RuCl (19.8 

mmol) was dissolved in 15 mL of D.I. water (solution A) and 0.6 g or 2.66 mmol of RuCl3·H2O was 

dissolved in 15 mL of D.I. water (solution B). Also, 4.0 g of -Decatungstosilicate (1.35 mmol) was 

dissolved in 50 mL of warm (~ 40 ˚C) D.I. water (solution C) and cool down to room temperature. The 

solution B was quickly poured into the solution C and then the pH of the mixture was adjusted by adding 

3-40 drops of 6 M of HCl. After additional stirring for 5 minutes, the solution A was slowly added to 

the above mixture in small portions. Insoluble impurities were removed by filtration and left at room 
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temperature for crystallization. After 1-3 days, the precipitate was collected by filtration and dried in 

air. 

Synthesis of a Ru-POM modified carbon fiber paper (CFP) electrode. For a Ru-POM solution for 

synthesis of modified Ru-POM electrodes, 1 mM of Ru-POM powder was dissolved in 0.5 M H2SO4 

(pH ~1). The electrode modified with Ru-POM was synthesized by applying a constant potential at -

0.3 V versus RHE for 1, 4, 8, 12, 16, and 20 h in the Ru-POM solution. 

4.2.3. Characterizations. Microstructures of core-shell nanoparticles was obtained with a S-4800 

scanning electron microscope (SEM, Hitachi High Technologies, Japan) and a JEM-2100 transmission 

electron microscope (TEM, JEOL, Japan). Elemental composition of samples was characterized by 

TEM equipped with an energy dispersive X-ray spectrometer (EDS). Crystallinity of core-shell 

nanoparticles was observed by using a D/MAX2500V.PC high-power X-ray diffractometer (XRD, 

Rigaku, Japan). The oxygen vacancy was carrying out a K-a X-ray photoelectron spectrometer (XPS, 

ThermoFisher). Extended X-ray absorption fine structure (EXAFS) and the oxidation state were 

performed at the beamline 6D of Pohang light source (PLS) in Pohang Accelerator Laboratory (PAL) 

in Korea. 

4.2.4. Electrochemical characterization. The electrochemical performance was evaluated by using 

linear-sweep voltammetry (LSV) with a scan rate of 5 mV s-1 and chronoamperogram (CA) with a 

constant potential. They were measured in three-electrode with Ag/AgCl as a reference electrode, Pt 

film as a counter electrode, and our samples as a working electrode using a SP-150 

potentiostat/galvanostat (Bio-Logic Science Instruments, France) in 0.5 M H2SO4 (pH ~1).  

 

4.3. Results and Discussion 

Ru-POM-modified electrodes were prepared by chronoamperometry (CA) at a constant potential of -

0.3 V vs. RHE for various time on carbon fiber papers (CFPs) in 1 mM of the Ru-POM solution 

dissolved in 0.5 M H2SO4. We first carried out the deposition of Ru-POM on CFPs, denoted as the Ru-

POM-modified film, for various time to confirm the highest performance for target reactions such as 

HER and OER. After deposition of Ru-POM on the CFPs for 1, 4, 8, 12, 16, and 20 hours, the color of 

electrodes was gradually changed from dark gray to black as shown in Figure 32, which is indicated 

that the surface structure and morphology could be changed. Morphologies of each electrode with 

various synthetic time were obtained by scanning electron microscope (SEM) (Figure 32). 

Nanoparticles were observed on the Ru-POM-modified films with a different size and distribution 

obtained from SEM images with the size of about 0, 207, 373, 300, 523 and 550 nm in the deposition 

time of 1, 4, 8, 12, 16, 20 hours (Figure 32 and 33). Also, the distribution of nanoparticles was 
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maximized in the 16 h deposition as shown in Figure 32e and Figure 33, expecting the best efficiency 

for water splitting than other cases. In the 20 h deposition film, the number of nanoparticles deposited 

on the CFPs was less than 16 h deposition film, which indicated an optimal synthetic condition for 

synthesis of the Ru-POM-modified film. To obtain the specific morphology and the composition of 

nanoparticles, transmission electron microscope (TEM) and elemental mapping analysis were observed 

(Figure 34). From TEM and scanning TEM (STEM) images (Figure 34a and b), core-shell 

nanoparticles were observed and these were composed of Ru, O, W, and Si which were constituted from 

Ru-POM catalysts through elemental mapping images (Figure 34c). In the core of the nanoparticle 

observed from the TEM image (an inset image of Figure 34a), 2.601 A of lattice was measured which 

indicates the crystalline structure composed of Ru, O, Si, and W, on the other hand, in the shell of the 

nanoparticle, the amorphous structure was existed composed of Si, W, and O from mapping analysis. 

(101), (200), and (301) plane for RuO2, and (200), (100), and (002) plane for Ru were measured 

corresponding to a result of X-ray diffraction pattern (XRD) (Figure 35), suggesting that the core-shell 

nanoparticles possess weak crystallinity in their structure. For the measurement of XRD patterns, we 

used a FTO as a substrate instead of CFPs due to their porosity. We thought that the shell of nanoparticles 

can be positively affected to the efficiency for electrochemical water splitting because the amorphous 

shell on the surface of nanoparticles well reacts with water molecules through easy penetration of 

reactants for easy electron transfer reaction. 
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Figure 32. (a-f) Digital and SEM images with and without Ru-POM-modified CFPs with various treated time. An inset image of (a) indicates the CFP 

electrode only. 
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Figure 33. The distribution of the average particle size and the standard deviation with different deposition time on CFPs. 
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Figure 34. (a-b) TEM images with the (a) bright mode and the (b) dark mode. (c) Elemental mapping 

images of the nanoparticles in (b). 
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Figure 35. XRD patterns with and without deposition of Ru-POM on FTO. FTO was only used for the 

measurement of XRD patterns. 
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The performance of electrochemically deposited Ru-POM-modified films was tested through 

linear sweep voltammogram (LSV) and chronopotentiometry (CP) for bifunctional electrocatalytic 

performance and the stability, respectively. The films deposited of Ru-POM were prepared at various 

deposition time such as 1, 4, 8, 12, 16, and 20 hours in 1 mM of Ru-POM dissolved in 0.5 M H2SO4 at 

-0.3 V vs. RHE on the carbon fiber paper (CFP) which is stable regardless of pH and an applied potential 

(Figure 36). The current density of 16 h deposition at -0.3 V vs. RHE was maximized about -81.211 

mA cm-2 corresponding to the size and distribution of nanoparticles on CFPs, indicating that 

morphology and atomic structure could be suitable for HER with high performance. We carried out 

various electrochemical and structural characterizations by using 16 h deposited Ru-POM films due to 

the highest current density among various samples (Figure 36b). The overpotential and onset potential 

of the Ru-POM deposited film were measured about -0.099 V vs. RHE at -10 mA cm-2 and -0.048 V vs. 

RHE, respectively, which is comparable for the overpotential of Pt/C about -0.051 V and the onset 

potential of -0.016 V vs. RHE. To obtain further information of the reaction rate, Tafel slope of the Ru-

POM-modified film was calculated about 68 mV/decade (Figure 37b). From the value of Tafel slope, 

the RDS was expected the Heyrovsky-Tafel reaction, which is similar mechanism with Pt/C catalysts. 

In the case of the Ru-POM-modified nanoparticle, Tafel reaction is superior to Heyrovsky reaction 

which indicates that protons are easy to be adsorbed to the surface of the catalyst and then most of 

protons bind each other to produce hydrogen gases. Some of adsorbed protons are bound with protons 

existed in the solution on the surface which is unprevailing compared to Tafel reaction. The 

overpotential of Ru-POM-modified film was slightly increased about 0.1 V in the CP compared to Pt/C 

(0.05 V vs. RHE) (Figure 38). However, the potentials were only increased up to -0.15 V vs. RHE at 

100 hours during electrochemical tests, indicating that this value is clearly comparison with different 

HER catalysts studied in the other works. In addition, the Ru-POM-modified film was also carried out 

OER by using the 16 h deposition film with relatively lower onset potential and overpotential about 1.3 

and 1.37 V vs. RHE at 10 mA cm-2, respectively (Figure 39). Tafel slopes for OER were notably 

decreased in the case of the Ru-POM-modified film about 60 mV/decade compared to the only use of 

CFPs about 254 mV/decade, indicating that the kinetics of the reaction in the Ru-POM-modified film 

is much faster than the case of only use of CFPs under acidic conditions. According to the value of Tafel 

slope of the Ru-POM-modified film about 60 mV/decade, the RDS might be expected as the chemical 

reaction after an electron transferring reaction.97 In the case of the no catalysts which indicated the only 

use of CFPs, Tafel slope was obtained about 254 mV/decade which indicated the RDS could be existed 

between a first electron transfer reaction and the chemical reaction for OER. Lower Tafel slope for 

multiple electron transfer reaction such as OER implies that the ending part of the reaction is the RDS 

resulting in good electrocatalysts. Most of OER catalysts are driven under alkaline conditions because 

OH- ions are contributed to water oxidation which is different with HER. However, to produce high 

pressure and larger amounts of green hydrogen gases, catalysts driven in the acidic solution should be 
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introduced applying overall water splitting, which denotes as bifunctional catalysts. Thus, development 

of efficient OER catalysts driven in the acidic solution is important as mentioned in the chapter 1. 

introduction part. OER performance was highly increased in the Ru-POM-modified film, resulting in 

improvement of the onset potential, overpotential, and Tafel slope under acidic conditions, suggesting 

that our Ru-POM-modified film can be clearly utilized to the application for overall water splitting. 

OER for the Ru-POM-modified film was stable under a constant current density at 10 mA cm-2 and 

maintained the overpotential about 1.75 V for 5 hours in acidic solutions, 0.5 M H2SO4 (Figure 40). 

The deposited film showed the good HER performance as well as good OER performance which 

suggested that deposited films can be clearly used as overall water splitting catalysts (Figure 41). The 

overpotential for overall water splitting (Ecell) was a relatively very low value about 1.43 V compared 

to other bifunctional catalysts compared to the Ecell of 1.83 V for Co-Mo2C@NC98, 1.51 V for Co/CoP,99 

(Ref) 1.55 V for even use of Ir complex100. We thought that this improvement of the performance was 

induced by the atomic structure of nanoparticles deposited on the substrate, leading to high performance 

of HER and OER. 
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Figure 36. (a) Polarization curves for Ru-POM-modified films with various deposition time on CFPs. (b) The current density trace for each sample at -0.30 

V vs. RHE with the deposition time. 
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Figure 37. (a) Polarization curves of CFPs, the Ru-POM-modified film, and Pt/C on CFPs for HER. (b) Tafel slopes for HER. 
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Figure 38. Chronopotentiometry (CP) at -10 mA cm-2 of CFPs, the Ru-POM-modified film, and Pt/C 

on CFPs for 100 hours.
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Figure 39. (a) Polarization curves of CFPs and the Ru-POM-modified film on the CFP for OER. (b) Tafel slopes for OER. 
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Figure 40. Chronopotentiometry (CP) of CFPs and the Ru-POM-modified film for OER at 10 mA cm-

2 for 5 hours. 
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Figure 41. Overpotential for overall water splitting and the cell potential (Ecell) between OER and HER. 
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To further investigate the reason on the improvement of electrochemical performance, the 

core-shell nanoparticles were carried out synchrotron X-ray analysis such as X-ray absorption near edge 

structure (XANES) and extended X-ray absorption fine structure (EXAFS) after deposition of Ru-POM 

on a fluorine doped tin oxide (FTO) glass (Figure 42a and b). As shown in Figure 42a, two broad 

peaks were existed in W L edge in the XANES spectrum of the Ru-POM catalyst which corresponded 

to two oxidation states, W5+ and W6+ in the Ru-POM structure, however, in the case of the Ru-POM-

modified film, only one peak was measured, indicating the one oxidation state. The position of the edge 

of XANES spectrum for the Ru-POM-modified film was shifted to positive energy level compared to 

the Ru-POM catalyst, suggesting that the oxidation state of W in the Ru-POM-modified film was lower 

than W6+ corresponded to the second derivatives of XANES (Figure 42b). In the second derivatives of 

the W L edge spectra of Ru-POM and Ru-POM-modified film, the difference of energy gap between 

two peaks of the film was around 3.0 eV and was quite small compared to that of crystalline WO3 

structure about 5.0 eV (ref) or the Ru-POM catalyst about 4.4 eV. This small energy gap could be 

originated from the low-coordinated W atoms,101 indicating that amorphous WO3 structure can contain 

low-coordinated W with four or five O atoms.102 The amorphous structure with low coordination 

induces higher performance compared to the Ru-POM catalyst acting like crystalline because atoms 

composed of the catalyst disorderly arrange and thus reactants such as water or electrolytes can be easily 

absorbed to the bulk of the modified film as shown in Figure 42c.94 Also, only two peaks for W-O 

bonding at 1.5 and 1.9 A were observed in W L edge EXAFS spectrum of the Ru-POM-modified film 

(Figure 43), which were different with the Ru-POM catalyst. On the surface of core-shell nanoparticles, 

amorphous WOx was only existed suggesting that WOx composed of the surface can enhance the 

electrochemical activity for the water splitting reaction (Figure 44).103 

We will further calculate H adsorption free energy (GH), which acts as descriptor for HER 

catalytic activity on the crystalline WO3 by varying W coordination numbers. Considering both H 

adsorption and H2 desorption, optimal GH for HER is known to be zero. To investigate the effect of low 

coordinated W atoms on HER, we will also introduce oxygen vacancy by removing oxygen atom 

connected to H adsorption site, W atom. From these calculations on core-shell nanoparticles derived 

from the Ru-POM catalyst, we expect that the Ru-POM-modified film can highly enhance the 

electrochemical HER/OER performance with decrease of H adsorption free energy from production of 

low coordinated W atoms, which induces amorphous structures on the surface of nanoparticles. 
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Figure 42. (a) XANES and (b) 2nd derivative of XANES for the Ru-POM catalysts and the Ru-POM-

modified film. (c) Schematic images of crystal and amorphous structures of catalysts.94 (Copyright © 

1999-2020 John Wiley & Sons, Inc.) 

  



87 

 

 

Figure 43. EXAFS traces for the Ru-POM catalysts and the Ru-POM-modified film at W L edge.
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Figure 44. (a) A structure of Ru-POM and the distance between composed atoms. (b) A TEM image of the core-shell nanoparticle and a scheme of the shell 

structure composed of WOX. 
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4.4. Conclusions 

In summary, we synthesized crystalline core – amorphous shell nanoparticles by using ruthenium based 

polyoxometalates (Ru-POMs) through the electrochemical deposition way. From various 

characterizations such as SEM, TEM, mapping, XANES, EXAFS, and electrochemical tests, it is note 

that the Ru-POM-modified core – shell nanoparticles enhance the performance for HER and OER 

because the amorphous shell of the nanoparticle can be affected to the HER/OER properties with low-

coordinated tungsten oxides, inducing easy electron transfer by exposure to the electrodes from 

reactants. 
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Chapter 5. Efficient OER Catalysts through Oxygen Vacancy derived by Co-

POM to Enhance the Electron Transfer by Tungsten Metals 

 

5.1. Introduction 

Oxygen vacancy is well known to enhance the electrochemical performance. For example, Li et al. 

reported fabrication of an oxygen vacancy of tungsten oxides (WO3) through a facile thermal treatment 

to improve the performance for electrochemical water splitting while maintaining their crystallinity.103 

The synthesized WO2.9 with the oxygen vacancy showed the excellent electrochemical performance 

compared to before thermal treatment of WO3. Also, the performance of WO2.9 was comparable to the 

that of commercially available Pt/C even maintained their current density after 1000 cycles of CVs. 

From density functional theory (DFT) calculations, WO2.9 had much lower intermediated Gibbs free 

energy than WO3 catalysts which led to the electrochemically high performance. Finally, they 

successfully synthesized WO2.9 catalysts with the high performance for the water splitting reaction. Also, 

Miao et al. further investigated on the role of oxygen vacancies of a perovskite structure PrBaCo2O6-d 

in electrochemical OER with various experimental data.104 The spin state of Co was highly affected to 

the electrical resistivity, a large decrease of eg filling of Co ions, and weakening of Co-O bonding, which 

led to the performance enhancement. However, these reports only imply the single electron transition 

sites such as the electrocatalytic active Co or W, as mentioned above. Also, they need hard processing 

conditions such as high pressure and use of hydrogen gases to reduce the intrinsic catalysts. 

Here, we easily synthesized the Co-based tungsten oxide water oxidation catalyst with oxygen 

vacancy through only heat treatment using Co-based polyoxometalates (Co-POMs) under air conditions. 

The performance of CoW was notably enhanced compared to Co-POMs by cyclic voltammogram (CV), 

resulting from production of W5+ along with production of oxygen vacancies in their structures. A role 

of W5+ was shown at the electrochemical water oxidation reaction through density of state (DOS) of an 

energy state of CoW with and without oxygen vacancy, density functional theory (DFT) of each step 

for OER mechanism to figure out the decrease of the energy requirement in a rate-determining step, and 

Bader charge calculations. From the experimental CV and various theoretical results, W5+ in the CoW 

catalyst with the oxygen vacancy can play a role of a charge reservoir to support the electron transfer 

reaction of Co active sites for OER. 

 

5.2. Experimental 
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Synthesis of Co-POM and Co-POM modified structures. Tetracobalt-based polyoxometalates (Co-

POM, Na10[Co4(H2O)2(-PW9O34)2]·27H2O) were prepared according to the literature.11 0.054 mol 

(17.81 g) of Na2WO4·2H2O, 0.006 mol (1.61 g) of Na2HPO4·7H2O, and 0.012 mol (3.49 g) of 

Co(NO3)2·6H2O were added into 50 mL of D.I. water. 0.1 M HCl was dropwise added to the above 

solution until the pH becomes 7 under vigorous stirring. Then, the purple solution was refluxed at 100 

˚C for 2 hours. After reflux, the above solution was saturated with NaCl. You can add 17.95-18 g of 

NaCl to 50 mL of the above solution and cooled down to room temperature (solubility of NaCl in water 

at room temperature is 359 g/L). The purple crystal was collected from the solution by filtration, then, 

quickly washed with approximately 15-20 mL of D.I. water. The final product was Co-POM, 

Na10[Co4(H2O)2(-PW9O34)2]·27H2O can be obtained by recrystallization from hot water. The powder 

was collected by filtration and dried under vacuum. After synthesis of Co-POM, heat treatment was 

carried out with a ramping rate of 10 ˚C min-1 at 400 ˚C with annealing time from 0.5 to 5 hours to 

produce oxygen vacancies in the structure. 

Characterizations. X-ray photoelectron spectroscopy (XPS) was measured using K- XPS (Thermo 

Fisher Scientific, MA). X-ray absorption near edge structure (XANES) and extended X-ray absorption 

fine structure (EXAFS) and the oxidation state were performed at the beamline 6D of Pohang light 

source (PLS) in Pohang Accelerator Laboratory (PAL) in Korea. 

Electrochemical characterizations. The electrochemical performance was evaluated by using cyclic 

voltammetry (CV) with a scan rate of 25 mV s-1. They were measured in three-electrode with Ag/AgCl 

as a reference electrode, Pt wire as a counter electrode, and our samples as a working electrode deposited 

on a glassy carbon electrode (GCE) using a SP-150 potentiostat/galvanostat (Bio-Logic Science 

Instruments, France) in 0.5 M phosphate buffer (pH ~7). 

 

5.3. Results and Discussion 

In the previous study, Co-POM was already annealed at various temperature from 100 to 500 ˚C for 1 

hours to enhance the OER performance.17 After heat treatment, we carried out the electrochemical OER 

which resulted that the best performance of 400 ˚C (CoW400) was obtained due to production of the 

largest amount of the oxygen vacancy in their structure among various samples with heat-treated 

temperature. Based on the previous study, Co-POMs were carried out heat-treatment fixed at 

temperature of 400 ˚C for various time from 0.5 to 5 hours with a heating rate of 10 ˚C min-1, which is 

the same conditions with the previous study. We denoted heat treated Co-POM with treated time (t) as 

CoW(t) (e.g., CoW(0.5) represents heat-treated Co-POM for 0.5 hour at 400 ˚C). After heat treatment, 

we observed that the color of CoW(t) powder was gradually changed from purple to dark grayish purple 

with time of 0 (non-treated) to 5 hours at 400 ˚C (Figure 45), expecting that the structure of CoW(t) 
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was different with Co-POMs as shown in the previous report such as morphology and crystal structures 

through transmission electron microscope (TEM) and X-ray analyses.17 The different structural 

information leads to the different electrochemical performances. We expect here that the amount of 

oxygen vacancy (VO) is different with heating time due to the color change of powder and the results 

of the previous work, which is the same meaning with the different oxidation state of neighbor metals 

such as W and Co in the structure. The calculation of density of states (DOS) was carried out to figure 

out the change of the energy level in the presence and the absence of VO in the CoW(2) (Figure 46). 

The energy level of W in the CoW(2) was changed after heat treatment which indicated that the 

additional d orbital was produced possessing the additional electron, on the other hand, DOS of Co was 

hardly changed which indicated that the oxidation state of W could be changed from W6+ to W5+, 

compared to the oxidation state of Co.  

 To observe the change of oxidation states of W metals composed of the annealed Co-POM 

(CoW(t)), we carried out X-ray photoelectron spectroscopy (XPS), which can be used for analysis of 

the oxidation state of metals. Normally, tungsten metals are existed as W6+ oxidation state in various 

tungsten oxide structures, which is hardly affected to the catalytic performance for OER. However, in 

the case of CoW(t) samples, the ratio of W5+/W6+ was existed and gradually enhanced and decreased 

after two hours heating time, suggesting the formation of W5+ from W6+ (Figure 47). From the previous 

report, the electrochemical performance was notably enhanced, resulting from formation of the VO in 

the CoW structure. Based on these results, we theoretically figured out the VO could improve the 

electrochemical property. Also, we expect that W5+ which leads to formation of VO can be affected to 

the improvement of OER properties due to the enhancement of electrochemical performances from 

production of VO. 
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Figure 45. Digital image of Co-POM after annealing at 400 ˚C for various time such as 0, 0.5, 1, 2, 3, 4, and 5 hours. The different colors were observed 

with different heating time.
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Figure 46. Density of states (DOS) of (a) without VO and (b) with VO. The red circle indicates the formation of new energy states. 
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Figure 47. X-ray photoelectron spectroscope (XPS) for CoW(2) at 400 ˚C to determine the W5+/W6+ 

ratio in CoW(2) structures. Dotted line indicates fitted W5+/W6+ ratio based on the scattered graph. 
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To proof better electrochemical water oxidation performance of the 1VO structure than the free 

VO structure, CVs of various heat-treatment time of CoW catalysts were tested with a scan rate of 25 

mV s-1 in 0.5 M phosphate buffer at pH 7 (Figure 48). A cathodic shift of the onset potential was 

observed and the lowest onset potential of 1.595 V vs. reversible hydrogen electrode (RHE) was 

measured in the CoW(2) catalyst with the highest electrochemical current density of about 2.0 mA cm-

2 at the potential of 1.8 V vs. RHE. The onset potential was gradually decreased from 0 to 2 hours, after 

that the increased onset potential and decreased current density were observed. According to the 

previous research, the enhanced performance was explained from production of W5+ from XPS analysis, 

resulting from formation of VO in the structure. Maximum amount of W5+ was experimentally observed 

at CoW(2) structure, leading to the highest performance such as the lowest onset potential and the 

highest current density at the same potential among various heat-treatment time (Figure 49). It is 

suggested that the amount of the W5+ was different with the treatment time, and the largest value in the 

CoW(2) sample due to the maximized amount of W5+. Also, the amount of W5+ can be clearly 

contributed to the electrochemical OER performance.  

We investigated a role of the VO and the W5+ in the water oxidation reaction by using density-

functional theory (DFT) of free VO bulk and 1VO bulk structure which represented the CoW(2) structure 

(Figure 50). We expected that VO (denoted as W5+) can decrease the energy requirement for an OER 

rate-determining step (RDS) when the OER is proceeded, leading to performance enhancement. Thus, 

we also calculated Gibbs free energy (G) of each step of OER mechanism. In the case of free VO, the 

overpotential was observed about 1.09 V (Figure 50a), however, the overpotential of 1VO system was 

notably decreased to 0.80 V because two kinds of metals such as Co and W can largely accept reactive 

electrons from the water molecules compared to one active site system (free VO) (Figure 50b).  

We need to find out a role of W5+ through experimental and the calculation results. First, Bader charges 

were calculated to figure out the change of oxidation states during electrochemical reactions along with 

the step for OER mechanism. Bader charge of Co was hardly changed with the OER intermediated steps, 

maintaining Bader charge of O* (Figure 51). On the other hand, Bader charge of W was clearly changed 

which leads to the charge carrier transfer reaction with the existence of VO, indicating that W metals 

can play a role of charge reservoirs at the water oxidation reaction. One can expect here that W can act 

as an electron transfer site of OER instead of Co in the VO structure with high OER efficiency. Co is 

one of the metals with higher electron affinity which can be hard to transfer the electrons to the 

intermediates during OER, leading to lower OER efficiency. However, W5+ which possessed additional 

one electron in the CoW(2) can transfer the electron to the intermediates, resulting in higher OER 

performances instead of the case of the electron transfer from Co. To investigate the role of W as the 

electron transfer site of CoW structure for OER, we carried out further experiment which was 

comparable for annealed POMs with and without Co active sites (Figure 52). In the cyclic voltammetry 
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(CV) result of POMs without Co, the electrochemical current density was hardly changed and 

maintained even after heat-treatment of POMs without Co. It is different result with Co-POMs after 

heat-treatment, indicating that Co is only active sites of the CoW(2) catalyst for OER and W can only 

play a role of the charge reservoir in the structure to support electron transfer reactions.  
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Figure 48. Cyclic voltammogram of Co-POM before and after heat treatment. 
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Figure 49. The relationship between onset potential and the amounts of W5+ in CoW(2). At 2 hours, the 

amount of W5+ was maximized and the onset potential was minimized 
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Figure 50. (a-b) A schematic image and (b-c) the calculation of Gibbs free energy (DG) with and without VO in CoW(2). (d-e) The overpotential requirements 

based on the calculation of the Gibbs free energy. 
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Figure 51. The calculation of Bader charges for (a) Co, (b) O*, and (c-d) W in the CoW(2) structure. Schematic images of the electron transfer reactions in 

(e) the absence and (f) the presence of VO. 
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Figure 52. Cyclic voltammogram of POMs (a) without Co and (b) with Co along with various heat-treated time. 
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Figure 53. Schematic images of the CoW(2) for electron transfer reaction during electrochemical OER in the absence and the presence of VO. 
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5.4. Conclusions 

In summary, heat-treated Co-POMs with various treatment time (CoW(t), t is treated time) resulted in 

production of VO leading to electrochemically high OER performances. VO can produce new charge 

carrier reservoir W5+ which possesses a new energy state to transfer electrons between reactants and 

catalysts through DOS calculation. We figured out the role of W5+ which is produced from formation 

of VO in the electrochemical OER system through the various calculations and the experimental results. 

From XPS results, CoW(2) had a largest amounts of W5+ ions in the structure. Based on the XPS, CV 

of CoW(2) showed that the enhanced OER performance such as reduced onset potential and improved 

current density at the same potential among various samples. It suggests that W5+ can easily change a 

certain property of catalysts positively affected to the OER properties. For further investigation of the 

role of W5+, DFT and Bader calculations were carried out. From the calculation, W5+ ions in the 1VO 

CoW(2) structure played a role of charge reservoirs enhancing the OER performance by improvement 

of ability for the electron transfer. 
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Chapter 6. Conclusions 

In conclusion, POM-based molecular water oxidation catalysts were immobilized and engineered to 

enhance the efficiency of photoelectrochemical (PEC) and electrochemical water splitting. To enhance 

the PEC and electrochemical water splitting efficiency, we should control and effectively combine 

multiple factors, such as the efficiencies of exciton generation, dissociation, charge carrier transport, 

and catalysis.  

We could increase the efficiency for the PEC water splitting through effectively immobilizing 

POM-based molecular water oxidation catalysts on photoelectrodes by using the (1) layer-by-layer 

assembly (LbL) and (2) electrodeposition method. To increase the water oxidation efficiency, positively 

charged graphene oxide and negatively charged polyoxometalates (POMs) were deposited on a target 

semiconductor. The efficiency for the PEC water oxidation was highly enhanced by adapting these kinds 

of materials by the LbL method. We further studied about the reason for the increase of the efficiency 

through electrochemical analyses such as Mott-Schottky and electrochemical impedance analyses. 

According to our results, the change of flat band potential induced the increase of the OER driving 

forces due to production of the interfacial dipoles on the electrode surfaces. Thus, we could fabricate 

photoanodes for the PEC water oxidation more easily by the LbL method. Secondly, the 

electrodeposition of POMs and conducting polymers was carried out to increase the efficiency for the 

PEC water oxidation. The efficiency was highly enhanced and also even the electrochemical stability 

of photoanodes fabricated in this study was notably increased because the deposited layer can act as 

protection layer, simultaneously. 

 To enhance the PEC and electrochemical performances, the POM molecular catalysts should 

be modified by structural engineering such as (3) the synthesis of amorphous catalysts from POMs and 

(4) production of oxygen vacancy (VO). Third, crystalline-amorphous core-shell nanoparticles were 

synthesized from POMs. The core-shell structure increased the electrochemically bifunctional water 

splitting efficiency due to their disordered structures on the surface. Lastly, VO was produced in the 

POM structure by simply annealing in air atmosphere at 400 ˚C for various time. VO can change the 

oxidation state of neighboring metals in the POMs such as Co and W, especially W from W6+ to W5+. 

From various results combining both calculations and experiments, we found that W5+ could improve 

the electrochemical performance for water oxidation due to the formation of additional energy levels 

near the Fermi level and the lower energy requirement for the rate-determining step (RDS). The 

improvement of electrochemical water oxidation was because it is easy to transfer the electrons between 

W and OER components during electrochemical OER, compared to the case between Co and OER 

components. In these studies, we tried to increase the PEC and electrochemical water splitting by 

surface engineering of the semiconductors and structural engineering of the POM catalysts.  
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at all times remain the exclusive property of John Wiley & Sons Inc, the
Wiley Companies, or their respective licensors, and your interest therein is
only that of having possession of and the right to reproduce the Wiley
Materials pursuant to Section 2 herein during the continuance of this
Agreement. You agree that you own no right, title or interest in or to the
Wiley Materials or any of the intellectual property rights therein. You shall
have no rights hereunder other than the license as provided for above in
Section 2. No right, license or interest to any trademark, trade name,
service mark or other branding ("Marks") of WILEY or its licensors is
granted hereunder, and you agree that you shall not assert any such right,
license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS,
IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE
ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A
PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NON-INFRINGEMENT
AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU. 

WILEY shall have the right to terminate this Agreement immediately upon
breach of this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and
their respective directors, officers, agents and employees, from and against
any actual or threatened claims, demands, causes of action or proceedings
arising from any breach of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY
OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL,
CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION
WITH THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR
BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE,
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION,
DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS
OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT
THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.
THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY FAILURE OF
ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED HEREIN. 
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Should any provision of this Agreement be held by a court of competent
jurisdiction to be illegal, invalid, or unenforceable, that provision shall be
deemed amended to achieve as nearly as possible the same economic
effect as the original provision, and the legality, validity and enforceability
of the remaining provisions of this Agreement shall not be affected or
impaired thereby. 

The failure of either party to enforce any term or condition of this
Agreement shall not constitute a waiver of either party's right to enforce
each and every term and condition of this Agreement. No breach under
this agreement shall be deemed waived or excused by either party unless
such waiver or consent is in writing signed by the party granting such
waiver or consent. The waiver by or consent of a party to a breach of any
provision of this Agreement shall not operate or be construed as a waiver
of or consent to any other or subsequent breach by such other party. 

This Agreement may not be assigned (including by operation of law or
otherwise) by you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty
(30) days from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms
and conditions (which are incorporated herein) form the entire agreement
between you and WILEY concerning this licensing transaction and (in the
absence of fraud) supersedes all prior agreements and representations of
the parties, oral or written. This Agreement may not be amended except in
writing signed by both parties. This Agreement shall be binding upon and
inure to the benefit of the parties' successors, legal representatives, and
authorized assigns. 

In the event of any conflict between your obligations established by these
terms and conditions and those established by CCC's Billing and Payment
terms and conditions, these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the
course of this licensing transaction, (ii) these terms and conditions and (iii)
CCC's Billing and Payment terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or
Requestor Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the
laws of the State of New York, USA, without regards to such state's conflict
of law rules. Any legal action, suit or proceeding arising out of or relating
to these Terms and Conditions or the breach thereof shall be instituted in a
court of competent jurisdiction in New York County in the State of New
York in the United States of America and each party hereby consents and
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submits to the personal jurisdiction of such court, waives any objection to
venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such
party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in
Subscription journals offering Online Open. Although most of the fully Open
Access journals publish open access articles under the terms of the Creative
Commons Attribution (CC BY) License only, the subscription journals and a few
of the Open Access Journals offer a choice of Creative Commons Licenses. The
license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy,
distribute and transmit an article, adapt the article and make commercial use of
the article. The CC-BY license permits commercial and non-

Creative Commons Attribution Non-Commercial License

The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits
use, distribution and reproduction in any medium, provided the original work is
properly cited and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-
NC-ND) permits use, distribution and reproduction in any medium, provided the
original work is properly cited, is not used for commercial purposes and no
modifications or adaptations are made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing
purposes requires further explicit permission from Wiley and will be subject to a
fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
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Questions? customercare@copyright.com or +1-855-239-3415 (toll free in
the US) or +1-978-646-2777.

mailto:customercare@copyright.com
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