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Abstract 
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Title of Thesis 
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Study on Electrochemical Preparation of Oxide Semiconductor Films 

(酸化物半導体膜の電気化学形成に関する研究) 

(Approx. 800 words) 

(要旨 1,200 字程度) 

Metal oxide films have been utilized in electronics and chemical industries due to 

their electrical, optical, piezoelectrical, and magnetic characteristics.  The oxides 

have been also used as host materials for transparent conductive layers, electronic 

parts such as thin film transistors and capacitors and photocatalysts.  Especially, 

oxide semiconductor layers with wide bandgap energy over 2 eV have attracted 

increasing attention as materials to open new door for ultraviolet light-emitting diode 

(LED), spintronics, and multi ferroic materials with controlled physical 

characteristics. 

  Oxide semiconductor films have been prepared using gas-phase deposition processes 

and solution chemical processes.  Gas-phase deposition processes have several 

advantages like the ability to control thickness and form high purity semiconductors, 

with disadvantages of expensive apparatus, the need of facility for gasses and high 

vacuum, resulting in large amount of energy consumption and CO2 emission.  

Solution chemical processes have several advantages over the gas-phase deposition 

processes in the equipment, facilities, and fabrication costs, and electrochemical 

processes have been employed to prepare precursors of Cu(In,Ga)Se2 (CIGS) and 

Cu2ZnSnS4 (CZTS) compounds for photovoltaic applications on the industry scale. 

  The wide bandgap oxide semiconductor films were applied to optical devices, and it 

is well known that their compositions, structures and chemical states influence their 

optical properties.  However, electrochemical preparation for oxide semiconductor 

films applied to optical devices has some problems.  It is well known that mixing 

other materials to an oxide semiconductor changes its optical properties and electrical 

properties, but almost no example of a mixed-oxide film is reported.  Moreover, 

valence values of metal elements in oxide were uncontrollable because of the existence 

of mixes valence elements and impurities, and this led to the uncontrollability of 

optical properties and electrical properties of oxide semiconductor.  These problems 

can be solved by designing the processes with thermodynamic calculation.  In this 

thesis, I show resolving these problems using electrochemical deposition of oxide films 



 

based on thermodynamic calculation with some examples, and I demonstrate a novel 

device fabricated by electrochemical deposition overcoming weaknesses of existing 

device, in order to show the possibility for industrial applications.  

First, Zn-Ce-O films, mixed oxide films, were prepared on an electrodeposited Ag 

layer in an aqueous solution containing a zinc nitrate hydrate and cerium nitrate 

hydrate based on thermodynamic calculation.  Theory of deposition for mixed-oxide 

films was discussed from a critical pH perspective relative to ion species and oxides.  

The concentrations of metal ions in the Zn-Ce-O films were depending on ions 

concentration of Zn and Ce in the solution.  The Ce content in the films changed from 

0 to 43 mol% depending on the Ce concentration in solutions.  Zn-Ce-O films were 

identified as a wurtzite ZnO containing Ce (Ce:ZnO) at 5 mol% Ce and mixtures of 

Ce:ZnO and CeO2 containing Zn(Zn:CeO2) at 20-43 mol% Ce.  The bandgap energies 

of Zn-Ce-O films have changed from 3.4 eV to 2.9 eV depending on the Ce content. 

  Secondly, I demonstrated deposition of tungsten oxide hydrate films of WO3∙H2O and 

WO3∙(H2O)0.33 with a controlled valence value of the metal element in the oxides using 

electrochemical deposition based on thermodynamic calculation.  The valence state of 

obtained tungsten oxide hydrate films was only +6, and this film was proved to have 

high chemical uniformity.  Tungsten oxide hydrate films of WO3∙H2O and 

WO3∙(H2O)0.33 were prepared on conductive glass substrates by anodic deposition in 

aqueous solutions containing 0.01–0.5 mol/L WO4
2−.  The large square-shaped 

WO3∙H2O obtained in the 0.01–0.09 mol/L WO4
2− solutions possessed a bandgap energy 

of approximately 2.5 eV, and granular-WO3∙(H2O)0.33 films obtained in the 0.05–0.5 

mol/L WO4
2− solutions showed 3.3 eV in bandgap energy. 

  Thirdly, on the basis of thermodynamic calculations, I tried to form SnO2 films 

having uniformity in valence.  Sn(O,OH), mixture of SnO2 and Sn(OH)4, having 

unified valence of +4 was prepared by electrodeposition designed using 

thermodynamic calculations.  Obtained Sn(O,OH) completely covered the substrates, 

and had smooth surfaces and structures with tetragonal fine crystals. 

  Finally, I fabricated the WO3∙(H2O)0.33/Sn(O,OH) bilayer structure for all-solid-state 

electrochromic device by anodic electrodeposition on the FTO substrate.  The 

WO3∙(H2O)0.33/Sn(O,OH) bilayer device showed electrochromism; this was an evident 

demonstration of a novel and low-costly all-solid-state electrochromic device.  

  I resolved the problems of existing electrodeposition for wide band gap oxide 

semiconductor by electrochemical deposition based on thermodynamic calculation. The 

results demonstrated here will strongly contribute to the improvement of the 

deposition process of oxide semiconductors and their devices.  
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CHAPTER 1 

 

 

Introduction 

 

 

 

 

 

1.1 Introduction to oxide semiconductor films and preparation 

Metal oxide films have been utilized in electric, and chemical industries due to the 

electrical, optical, piezoelectrical, magnetic, and chemical characteristics.  The oxides 

of ZnO, In2O3 and SnO2 have been used as the host material for transparent conductive 

layers because of the high optical transparency and ease to control the conductivity[1-3].  

SiO2, Al2O3, and MgO have been used as electronic components such as thin film 

transistor and capacitor due to the high resistivity[4,5].  The ZnO, TiO2, WO3, and 
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CeO2 have been used as photocatalyst due to the wide bandgap energy[6-9].  

Especially, oxide semiconductor films with the wide bandgap energy over 2 eV have 

attracted increasing attention as the material to open new door for ultraviolet 

light-emitting diode (LED), spintronics, and multi ferroic material with controlled 

physical characteristics. 

  Oxide semiconductor films have been prepared using several techniques such as 

gas-phase deposition processes and solution chemical processes.  Gas-phase deposition 

processes such as a sputtering, evaporation, molecular beam epitaxy, laser abrasion, and 

chemical vapor deposition have been used for the preparation in the electric and 

electronic industries.  These processes have several advantages of the ability to control 

the thickness and form high purity semiconductors with disadvantages of expensive 

apparatus, the need of the facility for gasses and high vacuum, resulting in large amount 

of energy consumption and CO2 emission.  Solution chemical process such as 

electrochemical and chemical processes, hydrothermal process, and sol-gel process, has 

several advantage over the gas-phase deposition process in the equipment and facility, 

fabrication cost, and the electrochemical process has been employed to prepare 

precursors of Cu(In,Ga)Se2 (CIGS) and Cu2ZnSnS4 (CZTS) compounds for 

photovoltaic applications on the industry scale[10,11].  The preparation of oxide 

semiconductor films by electrochemical reactions have been tried, but the films were 

identified as the metal oxide hydrate or metal hydrate till 1996.  The preparation of 

ZnO semiconductor films were reported from two research groups, and then the oxide 

semiconductor and ferromagnetic films have been prepared by electrochemical 

depositions.  The elements prepared as oxide were summarized on the periodic table 

shown in Figure 1.1[12-26]. 
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Figure 1.1 Oxides could be prepared by electrochemical deposition on periodic table. 

 

Izaki group developed two ways to prepare directly semiconductor and ferromagnetic 

oxide films by electrochemical depositions.  One is the cathodic deposition which was 

driven by using the reduction reaction of nitrate ion containing in the solution, and the 

ability was approved by the direct formation of ZnO, In2O3, CeO2, Fe3O4[12-15].  

Another one is the anodic deposition using an O2 evolution reaction, and Ag2O and CuO 

were directly prepared by the anodic deposition[16,17].  Almost all the oxide film 

prepared by electrochemical deposition was identified as single metal oxide such as 

ZnO, and CeO2.  The CeO2 possessed two states of Ce, Ce
3+

 and Ce
4+

, but the Ce
3+

 

state strongly affected the semiconductor characteristic of CeO2[14].   

 



 

4 

 

1.2 Design of electrochemical deposition process and potential-pH diagram 

The wide bandgap oxide semiconductor films have been applied to optical devices, 

and the composition, structure, and chemical state influence the optical property.  

Electrochemical deposition process for preparing oxide semiconductor films appropriate 

to optical devices has several problems of the incorporation of impurity oxide phase 

with harmful effects on optical and electrical properties of the oxide semiconductor, and 

difficulty to control the valence state of oxide semiconductor with mixed valence states.  

It is expected to propose the way by thermodynamic design and calculation.  The 

electrochemical deposition for oxide semiconductors was composed of acid-base and 

reduction-oxidation reactions in aqueous solutions.  The thermodynamic calculations 

on the acid-base and reduction-oxidation reactions are described as follows.   

Acid-base reaction:  

M
n+

 + nH2O ⇌ M(OH)n + nH
+
  (1.1)  

∆rG
0
 = (∆fGM(OH)n

0
) − ((∆fGMn+

0
) + n(∆fGH2O

0
))  (1.2) 

∆rG
0
 = −RTlnK  (1.3) 

lnK ≈ 2.303 logK  (1.4) 

𝐾 =
𝑎M(OH)𝑛𝑎

𝑎H+
𝑛

𝑎Mn+𝑎𝐻2𝑂
𝑛 =

[M(OH)𝑛][H+]𝑛

[Mn+][𝐻2𝑂]𝑛   (1.5) 

log[H
+
] = −pH  (1.6) 

, where ∆rG
0
, ∆fGM(OH)n

0
, ∆fG Mn+

0
, ∆fGH2O

0
, R, T and K are Gibbs free energy change 

per mole for the reaction (1.2), standard Gibbs free energy of the formation of M(OH)n, 

M
n+

, and H2O, gas constant, thermodynamic temperature, and equilibrium constant, 
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respectively.  And, aM(OH)n, aMn+, aH2O and aH+ are activity of M(OH)n, M
n+

, H2O, and 

H
+
, respectively.  Activities are nearly equal to ion concentrations in diluted solutions, 

and ion concentration of [M(OH)n], [M
n+

], [H2O] and [H
+
] are used alternative to the 

activity in the study.  Thermodynamic calculation of the acid-base reaction for 

electrochemical deposition of oxide semiconductor is reflected to the critical pH value 

and solubility curve.  The solubility curve shows the maximum concentration of the 

dissolved species at the pH value.  In the solubility curve, the logarithmic 

concentration of dissolved species is represented by vertical axis, and pH value is 

represented by horizontal axis.  Solubility curves were made from the thermodynamic 

calculation about possible combination of solid phase species and all dissolved species 

in aqueous solution using standard Gibbs free energy of formation and solubility 

product. 

 

Reduction-oxidation reaction: 

M
n+

 + ze
−
 ⇌ M

0
  (1.7) 

∆rG
0
 = (∆fGM0

0
) − (∆fGMn+

0
)   (1.8) 

𝐸 =  𝐸0 +
𝑅𝑇

𝑧𝐹
𝑙𝑛

[𝑀𝑛+]

[𝑀0]
  (1.9) 

𝐸0 =
−∆r𝐺0 

𝑧𝐹
  (1.10) 

, where ∆fGM0
0
, E, E

0
, z, and F are standard free energy of formation of M

0
, cell 

potential, standard electrode potential, number of moles of electrons, and Faraday 

constant (= 96485 C/mol), respectively.   
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The reaction composed of both acid-base reaction and reduction-oxidation reactions 

is described as follows.  

xX + hH
+
 + ze

−
 = yY  (1.11)  

∆rG
0
 = y(∆fGY

0
) − x(∆fGX

0
)  (1.12) 

∆rG = ∆rG
0
 + RTlnQ + zFE  (1.13) 

, where ∆fGX
0
, ∆fGY

0
 and Q are the standard free energy of formation of X, Y and 

reaction quotient, respectively.  In equilibrium state, ∆rG = 0, Q = K, the equation 

(1.13) change into equation (1.14); 

0 = ∆rG
0
 + RTlnK + zFE  (1.14) 

𝐾 =
𝑎𝑌

𝑦

𝑎𝑋
𝑥 𝑎

𝐻+
ℎ =

[Y]𝑦

[X]𝑥[H+]ℎ  (1.15) 

ln𝐾 = 2.303 (log
[Y]𝑦

[X]𝑥 + ℎ(pH))  (1.16) 

0 = ∆rG
0
 + 2.303RT (log

[Y]𝑦

[X]𝑥 + ℎ(pH)) +  𝑧𝐹𝐸 (1.17) 

Here, aX, aY, [X] and [Y] are activity of X, Y, ion concentration of X, and Y, 

respectively.  As shown in the equation (1.17), the Gibbs free energy, ∆rG
0
 is functions 

of the ion concentration, the pH value, and the cell potential at equilibrium state.  

Thermodynamic calculations of the acid-base reaction and the oxidation-reduction 

reaction for the electrochemical deposition of oxide semiconductors are reflected to the 

potential-pH diagram.  In the potential-pH diagram, the potential is represented by 

vertical axis, and pH value is represented by horizontal axis. 
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Figure 1.2 Schematic of three type potential-pH diagram. 

 

The potential-pH diagram shows the stable region of substances in the metal-water 

system and is specified to three types in the oxide formation.  The oxide region is 

located at high pH side of the dissolved cation region, and the oxide can be obtained by 

raising pH value from the cation region to oxide region as shown in Fig.1.2(A), which is 

specified as A-type.  The oxide region is located at low pH side of the dissolved cation 

region, and the oxide can the obtained by decreasing pH value from the cation region to 

the oxide region as shown in Fig.1.2(B), which  is specified as B-type.  There is no 

change in the valence state of the metallic element through the reaction in A-type and 

B-type preparations, and solubility curves are very important, because the acid-base 

reaction directly relates to the formation of oxides.  The valence state of the metallic 

element is kept at the constant value through the reaction.  There is two or more 

valence state for the dissolved cation, and the oxide region is located at high pH side of 

both the cation region in Fig. 1.2 (C).  The oxide can be obtained by changing the 

potential to the positive side from the cation region (b) with the change in the valence 

state of the metallic element as represented by arrow, which is specified as C-type.  In 
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the “A-type” potential-pH diagram, oxides are obtained by electrochemical deposition 

using the raise in the pH value induced by the reduction reaction of nitrate ions and 

molecular oxygen.  The electrochemical deposition of ZnO using the 

reduction-reaction of nitrate ions was demonstrated by Izaki et al.[12] in 1996, and 

CeO2[14], MgO[18], Y2O3[19] and In2O3[27] were obtained by the reduction reaction of 

nitrate ions.  ZrO2 and Y2O3 were prepared by electrochemical deposition by using the 

reduction reaction of H2O[17].  The “B-type” potential-pH diagram is appropriate to 

prepare oxides by decreasing the pH value originated from the oxidization reaction of 

H2O, and the reaction was generated by the anodic electrochemical deposition.  CuO 

and Ag2O have been prepared by the anodic electrochemical deposition using the 

oxidization reaction of H2O[16,17].  In the case of “C-type” potential-pH diagram, the 

oxide can be prepared by the oxidation-reduction reaction between dissolved cations 

and oxides region.  Metal cation dissolved in the solution is oxidized by anodic 

polarization, and the oxide or hydrate can be obtained by reacting O2 originated from 

H2O.  AgO was prepared by the anodic electrochemical deposition in this reaction[20].  

In “A-type,” and “B-type” potential-pH diagrams, oxides were prepared by acid-base 

reaction, and the “C type” potential-pH diagram provides the preparation of oxides by 

the oxidization-reduction reaction.  Solar cells[29], passivation film of LED 

reflector[30], and gas sensor[31] have been fabricated by using these electrochemical 

reactions. 

This study deals with the two obstacles laid in the preparation of oxide 

semiconductors by electrochemical depositions in aqueous solutions, difficulty of the 

preparation of complex oxides containing two or more metallic elements and the 

preparation of single valence state oxide in the oxide system with several valence states. 
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  ZnO-CeO2 system was selected to propose the preparation process of the complex 

oxide, Zn-Ce-O, due to the importance in the optical application and electrochemical 

reason.  Simple oxides of ZnO and CeO2 can be obtained by reducing the nitrate ion 

containing in aqueous solutions, resulting in the raise in the pH value in the vicinity of 

the substrate surface, which is specified as A-type already mentioned.  The critical pH 

value is important in the preparation of the ZnO-CeO2 complex oxide in simple aqueous 

solution, and the preparation is realized by adjusting the solution formulation based on 

the thermodynamic calculation specified as A-type. 

Tungsten oxide was selected to propose the preparation process of the WO3 with only 

W
6+

 state due to the optical property and existence of several state tungsten oxide such 

as WO2, W2O5, and WO3 in the oxide system.  The tungsten oxide has been prepared 

by electrochemical deposition specified in A-type, but the deposited tungsten oxide film 

contained some oxides with different valence state.  This study proposed the way to 

overcome this obstacle by applying electrochemical reaction specified as B-type. 

Tin oxide was selected to propose the preparation process of the SnO2 with Sn
4+

 state 

due to the optical property and solution chemical reason.  Several research works to 

prepare the SnO2 film have been carried out by using the electrochemical deposition 

specified as A-type, but the Sn
0
 impurity state was incorporated into the tin oxide film, 

due to the difficulty in controlling the deposition condition.  Since SnO2 region is 

located at positive potential side of the Sn
2+

 state in the potential-pH diagram, the 

preparation of the SnO2 not containing Sn
0
 impurity state can be realized by anodic 

polarization specified as C-type. 

 



 

10 

 

1.3 Outline of this study 

This study aims to indicate the importance of designing electrochemical deposition 

reaction based on thermodynamics and the calculation using potential-pH diagrams of 

“A, B and C-type,” and to approve the ability for preparing oxide semiconductors by 

controlling the deposition process.  The way for designing electrochemical deposition 

reactions for oxide semiconductor preparations based on the thermodynamics and 

potential-pH diagram has been proposed by demonstrating preparation of complicated 

oxide, ZnO-CeO2 and single valence state oxide, WO3, and SnO2.  Furthermore, we 

demonstrated the fabrication of novel solid-state device using new electrochemical 

deposition process for constructing oxide components prepared in this study to show the 

possibility for exploring to industrial use. 

In Chapter 2, Zn-Ce-O films were prepared on an electrodeposited Ag layer in an 

aqueous solution containing a zinc nitrate hydrate and cerium nitrate hydrate.  The 

solution formulation was designed by the critical pH value calculated with the 

thermodynamic calculation for ZnO/Zn
2+

 and CeO2/Ce
3+

 systems.  The metal element 

content in the Zn-Ce-O films depended on the ion concentration of Zn and Ce cations in 

the solution. The structural and optical characteristics were investigated using a X-ray 

diffraction analysis, scanning electron microscopy, and reflectance spectra measurement.  

The Ce content in the films changed from 0 to 43 mol% depending on the Ce 

concentration in solutions.  Zn-Ce-O films were identified as a wurtzite Ce:ZnO for 

5% Ce, a mixture of Ce:ZnO and Zn:CeO2 20-43% Ce.  Zn-Ce-O films showed the 

bandgap energy change from 3.4 eV to 2.9 eV depending on the Ce content. 
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In Chapter 3, the preparation of tungsten oxide hydrate films of WO3∙H2O and 

WO3∙(H2O)0.33 was demonstrated by using electrochemical deposition designed based 

on thermodynamic calculation.  The valence state of tungsten oxide hydrate films were 

in only +6 state, and the film showed the homogeneity in chemical composition over 

entirely the films.  Tungsten oxide hydrate films of WO3∙H2O and WO3∙(H2O)0.33 were 

prepared on conductive glass substrate by the anodic deposition in aqueous solutions 

0.01–0.5 mol/L WO4
2−

.  Structural and optical characterizations were carried out by 

X-ray photoerectron spectroscopy, X-ray diffraction, SEM observation, optical 

absorption measurements, and photoelectrochemical measurements.  The large 

square-shaped WO3∙H2O obtained in the 0.01–0.09 mol/L WO4
2−

 solutions possessed a 

bandgap energy of approximately 2.5eV, and granular-WO3∙(H2O)0.33 films obtained in 

the 0.05–0.5 mol/L WO4
2−

 solutions showed 3.3 eV in bandgap energy.  The 

WO3∙H2O-WO3∙(H2O)0.33 mixtured films prepared in the 0.01–0.09 mol/L WO4
2−

 

solutions showed a photoresponse for visible light at 380–600 nm, due to the existence 

of 2.5 eV-bandgap-WO3∙H2O.  The WO3∙H2O film is a realistic candidate as a 

photomatelial such as photocatalyst operative in visible light. 

In Chapter 4, SnO2 with only Sn
4+

 state was prepared by electrochemical deposition 

designed based on thermodynamic calculation.  The Sn(O,OH) was a mixture of SnO2 

and Sn(OH)4 with only Sn
4+

 state, and the smooth film with tetragonal fine grains 

deposited over entirely the substrate surface.  

In Chapter 5, the fabrication of WO3∙(H2O)0.33/Sn(O,OH) bilayer structure for 

all-solid-state electrochromic device was constructed by anodic electrochemical 

deposition of WO3∙(H2O)0.33 followed by electrochemical deposition of Sn(O,OH) films 
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on the transparent conductive glass substrate.  The WO3∙(H2O)0.33/Sn(O,OH) bilayer 

structure was analyzed for chemical states, structure, and coloration character by XPS 

measurement, FE-SEM observation, and UV-vis spectroscopy measurement.  

Electrochromic behaver of the WO3∙(H2O)0.33/Sn(O,OH) bilayer structure was observed 

by changing the appearance from clear transparency to blue color, and the 

WO3∙(H2O)0.33/Sn(O,OH) bilayer structure is a realistic candidate low-cost and 

solid-state electrochromic device. 

  In Chapter 6, the summary of all results obtained was made. 
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CHAPTER 2 

 

 

Electrochemical deposition of Zn-Ce-O films with controlled 

bandgap energy 

 

 

 

 

 

2.1 Introduction 

2.1.1 Electrochemical deposition using reduction reaction of nitrate 

Electrochemical deposition of crystalline ZnO thin films from aqueous solutions 

have been reported by Izaki et al.[1] in 1996, and are promoted by OH
−
 generation 

originated from electrochemical reduction of the nitrate ion.  In addition, CeO2[2], 
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MgO[3], Y2O3[4] and In2O3[5] were prepared by the electrochemical deposition process 

using the reduction reaction of nitrate ion.  The oxide semiconductor films have been 

applied to important optical devices such as a light emitting diode, photosensors, and 

solar cells[6], and electrochemical deposition using the reduction reaction of the nitrate 

is a important method for optical and electric industries.  Although large amount of 

reports about electrochemical deposition using the reduction reaction of the nitrate ion 

were published, the electrochemical co-deposition of two or more oxide films was 

rarely reported.  In this chapter, ZnO and CeO2 were selected to propose the 

electrochemical co-deposition process for fabricate for Zn-Ce-O films using the 

reduction-reaction of the nitrate ions. 

 

2.1.2 Materials and objective of this study 

The electrochemical reaction for ZnO and CeO2 preparations were specified as 

“A-ype” potential-pH diagram explained in Chapter 1.  In this chapter, I demonstrated 

that electrochemical deposition of ZnO-CeO2 complex oxide (Zn-Ce-O) films based on 

the thermodynamic calculations for the critical pH value. 

  ZnO is an n-type semiconductor with 3.3 eV in bandgap energy[7] and are employed 

for industry, such as a passivation film of the reflector for LEDs[8], a transparent 

conductive film of touch panels and solar cells[9], and a scintillator to convert 

high-energy radiations to visible light[10].  The ZnO film has been prepared several 

techniques such as an RF magnetron sputtering, laser ablation, molecular beam epitaxy, 

sol-gel method, spray pyrolysis, and electrochemical deposition[1,11-15].  ZnO is an 

very important host material available to optical, electrical, and chemical applications, 
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and the characteristics are adjusted by introducing impurities and preparing ZnO-based 

complex oxide.  Electrochemical deposition has several advantages over the gas-phase 

deposition process due to the ease in controlling impurity by solution formulation. 

CeO2 is an n-type semiconductor with 3.0-3.3 eV in bandgap energy[16].  The 

electrochemical deposition of CeO2 was reported[2] by using the nitrate reduction 

reaction based on the critical pH value for acid-base reaction of Ce
3+

/Ce(OH)3.  The 

Ze-Ce-O film has attracted increasing attraction as the photocatalyst for cosmetic and 

self-cleaning applications.  Both of ZnO and CeO2 were deposited by increase in the 

pH value originated from the nitrate reduction reaction, and we perform the deposition 

of the Zn-Ce-O complex oxide by considering the solution formulation for Zn
2+

/ZnO 

and Ce
3+

/Ce(OH)3 systems.  The effect of the mixture is investigated by the structural 

and optical characterizations to approve the applicability to the optical application. 

 

2.2 Experimental 

2.2.1 Thermodynamic calculation of electrochemical deposition for Zn-Ce-O films 

Figure 2.1 shows the potential-pH diagram of Zn-H2O and Ce-H2O systems cited 

from the reference[17].  ZnO and CeO2 deposited by increasing the pH value in the 

vicinity of the substrate surface originated from the reduction reaction of the nitrate ion, 

and the critical pH of the acid-base reaction is very important in the deposition.  In the 

solution containing Zn(NO3)2･6H2O and Ce(NO3)3･6H2O, Zn and Ce elements are 

dissolved as Zn
2+

 and Ce
3+

 cation, and the solutions showed an acidity depending on the 

activity.  
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Figure 2.1 Potential-pH diagram of Zn-H2O (A) and Ce-H2O (B) system at standard state drawn at 

0.08 in activity. 

 

The hydroxide ion, OH
−
 are generated by the reduction-reaction of the nitrate ions in the 

solution, and the reaction is induced by applying a negative potential.  The 

oxidization-reduction reaction of NO3
−
/NO2

−
 is described as follows:[18] 

NO3
−
 + H2O + 2e

−
 ⇌ NO2

−
 + 2OH

−
                 (2.1) 

The pH value before the polarization locates near the critical pH line inside the Zn
2+

 

region, and the condition on the substrate shifted from the Zn
2+

 region to Zn(OH)2 

region by the pH raise induced by the reduction reaction of the nitrate ion.  The critical 

value was calculated to be 6.0 for ZnO/Zn
2+

 and 7.7 for Ce(OH)3/Ce
3+

, according to the 

formation reaction as follws:[18,19]
 

Zn
2+

 + H2O ⇌ ZnO + 2 H
+
        (2.2) 

Ce
3+

 + 3H2O ⇌ Ce(OH)3 + 3H
+     

 (2.3) 
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2Ce(OH)3 + 1/2O2 ⇌ 2CeO2 + 3H2O  (2.4) 

Figure 2.2 shows solubility curves of Zn(OH)2 and Ce(OH)3.  The horizontal axis 

represented the pH value of solutions, and vertical axis represented concentrations of 

Zn
2+

 and Ce
3+

 ions in solutions.  The solid lines represented showed boundaries 

between metallic ions and the hydrate and hydroxides.  The thermodynamic 

calculation was carried out using following equations. 

0 = ∆rG
0
 + 2.303RT (log

𝑎𝑌
𝑦

𝑎𝑋
𝑥 + ℎ(pH)) + zFE (1.8) 

Since electrons were not needed for the acid-base reaction in the reaction, z = 0, 

equation (1.8) was specified to equation (1.8)’; 

0 = ∆rG
0
 + 2.303RT (log

𝑎𝑌
𝑦

𝑎𝑋
𝑥 + ℎ(pH))  (1.8)’ 

As shown in equation (1.8), the standard Gibbs free energy at the equilibrium state is 

a function of the ion concentration and pH value.  The relationship between the pH 

value and the concentrations of dissolved species at equilibrium state is called as 

solubility curves.  A solubility curves were drawn by calculation about on solid phase 

species and all ionic species in the aqueous solution using the standard Gibbs free 

energy for the formation shown in Table 2.1.  The solubility curve shows the 

maximum concentration of the dissolved species at the pH and the system of the 

chemical equilibrium (2.5), which is transformed from equation (1.3), is used for 

drawing solubility curves. 

𝐾 = exp (−
∆𝑟𝐺0

𝑅𝑇
)  (2.5) 
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Table 2.1 Standard Gibbs free energies of formation at 298.15 K used 

for drawing of the solubility curve of Zn(OH)2 and Ce(OH)3[20,21]. 

Chemical species ΔfG
0
[kJ/mol] 

Zn
2+

(aq) −147.06 

Zn(OH)
+
(aq) −330.1 

Zn(OH)2
0
(aq) −522.73 

Zn(OH)3
−
(aq) −694.22 

Zn(OH)4
2−

(aq) −858.52 

Zn(OH)2(s) −555.07 

Ce
3+

(aq) −717.915 

Ce(OH)
2+

(aq) −864.424 

Ce(OH)2
+
(aq) −1055.991 

Ce(OH)4
−
(aq) −1402.636 

Ce(OH)3(s) −1302.86 

H2O(l) −237.1 

 

The solubility equilibrium between Zn(OH)2 and Zn
2+

, Zn(OH)
+
, Zn(OH)2

0
, Zn(OH)3

−
, 

and Zn(OH)4
2−

 can be described by using the following reaction schemes. 

Zn(OH)2 + 2H
+
 ⇌ Zn

2+
 + 2H2O  (2.6) 

Zn(OH)2 + H
+
 ⇌ ZnOH

+
 + H2O (2.7) 

Zn(OH)2 ⇌ Zn(OH)2
0
 (2.8) 

Zn(OH)2 + H2O ⇌ Zn(OH)3
–
 + H

+
 (2.9) 

Zn(OH)2 + 2H2O ⇌ Zn(OH)4
2–

 + 2H
+
 (2.10) 
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The change in standard Gibbs free energy (∆rG
0
) and equilibrium constant (K) can be 

calculated using the chemical potentials of substances according to the reaction schemes.  

The equation (2.2) is revised as equation (2.11): 

Zn(OH)2 ⇌ Zn
2+

 + 2OH
−
  (2.11) 

∆rG
0
 = ∆fG

0
[Zn2+] + 2∆fG

0
[OH−] − (∆fG

0
[Zn(OH)2]) 

= −147.06 + 2(−157.24) − (−555.07) 

= 93.35 kJmol
−1

   (2.12) 

log𝐾 = −
∆𝑟𝐺0

2.303𝑅𝑇
= −

93.53×1000

2.303×8.314×298.15
= −16.38   (2.13) 

, when K in the equation (2.8) means Ksp of Zn(OH)2, Ksp(Zn(OH)2), and it is shown as 

follows:  

Ksp(Zn(OH)2) = 10
−16.38

 = 4∙10
−17

  (2.14) 

The calculated Ksp(Zn(OH)2) value was almost agreed with the standard value, 3∙10
−17

[22], 

and solubility curves of Zn(OH)2 is determined by thermodynamic calculation 

originated from equation (2.6)-(2.10) in this study. 

The standard Gibbs free energy for reaction scheme (2.6) was expressed as follows: 

∆rG
0
 = ∆fG

0
[Zn2+] + 2∆fG

0
[H2O] − (∆fG

0
[Zn(OH)2] + 2∆fG

0
[H+]) 

∆rG
0
 = −147.06 + 2(−237.129) − (−555.07+ 2(0)) 

∆rG
0
 = −66.248 kJmol

−1
  (2.15) 

Since, ∆rG
0
 = −RTlnK = −2.303RT logK, 
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log𝐾 = −
∆𝑟𝐺0

2.303𝑅𝑇
= −

−66.248×1000

2.303×8.314×298.15
= 11.604   (2.16) 

when, K is equilibrium constant of equation (2.6). The activity is approximated to ion 

concentrations for all substances, aZn2+ ≈ [Zn
2+

] and aH+ ≈ [H
+
].  [Zn

2+
] and [H

+
] 

represented the concentration of Zn
2+

 and H
+
, and there is relation of log[H

+
] = pH. 

log𝐾 = log
[Zn2+]

[H+]2
= log[Zn2+] − 2log[H+] = log[Zn2+] + 2pH   (2.17) 

11.604 = log[Zn2+] + 2pH   (2.18) 

The pH dependences for the dissolved species, (Zn(OH)
+
, Zn(OH)2

0
, Zn(OH)3

−
, 

Zn(OH)4
2−

), can be calculated in same manner, and results are summarized in table 2.2.  

The solubility equilibrium between Ce
3+

, Ce(OH)
2+

, Ce(OH)2
+
, Ce(OH)3

0
, and 

Ce(OH)4
−
 can be described as the following reaction schemes: 

Ce(OH)3 + 3H
+
 ⇌ Ce

3+
 + 3H2O  (2.19) 

Ce(OH)3 + 2H
+
 ⇌ Ce(OH)

2+
 + 2H2O (2.20) 

Ce(OH)3 + H
+
 ⇌ Ce(OH)2

+
 + H2O (2.21) 

Ce(OH)3 ⇌ Ce(OH)3
0
 (2.22) 

Ce(OH)3 + H2O ⇌ Ce(OH)4
−
 + H

+
 (2.23) 

The equation (2.19) is revised as equation (2.24): 

Ce(OH)3 ⇌ Ce
3+

 + 3OH
−
  (2.24) 

∆rG
0
 = ∆fG

0
[Ce3+] + 3∆fG

0
[OH−] − (∆fG

0
[Ce(OH)3]) 

= −717.915 + 3(−157.24) − (−1302.86) 
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= 113.225 kJmol
−1

   (2.25) 

log𝐾 = −
∆𝑟𝐺0

2.303𝑅𝑇
= −

93.53×1000

2.303×8.314×298.15
= −19.83   (2.26) 

, when K in the equation (2.26) means Ksp of Ce(OH)3, Ksp(Ce(OH)3), and it is shown as 

follows:  

Ksp(Ce(OH)3) = 10
−19.83

 = 1.5∙10
−20

  (2.27) 

Calculated Ksp(Ce(OH)3) value is almost agreed with the standard value, 1.6∙10
−20

[22], and 

in this study, solubility curves of Ce(OH)3 is determined by thermodynamic calculation 

originated from equation (2.19)-(2.23). 

The standard Gibbs energy of reaction for equation (2.19) was described as follows: 

∆rG
0
 = ∆fG

0
[Ce3+] + 3∆fG

0
[H2O] − (∆fG

0
[Ce(OH)3] + 3∆fG

0
[H+]) 

∆rG
0
 = −717.915 + 3(−237.129) − (−1302.86+ 3(0)) 

∆rG
0
 = −126.44 kJmol

−1
  (2.28) 

Since, ∆rG
0
 = −RTlnK = −2.303RT logK, 

log𝐾 = −
∆𝑟𝐺0

2.303𝑅𝑇
= −

−126.44×1000

2.303×8.314×298.15
= 22.08   (2.29) 

Here, K is equilibrium constant of equation (2.19). Activities are approximated to ion 

concentrations in dilute solutions, aCe3+ ≈ [Ce
3+

].  [Ce
3+

] is Ce
3+

 concentration in 

solutions. 

log𝐾 = log
[Ce3+]

[H+]3 = log[Ce3+] − 3log[H+] = log[Ce3+] + 3pH   (2.30) 

22.08 = log[Ce3+] + 3pH   (2.31) 
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The pH dependences of the dissolved species (Ce
3+

, Ce(OH)
2+

, Ce(OH)2
+
, Ce(OH)3

0
, 

and Ce(OH)4
−
), can be calculated in same manner, and are summarized in table 2.3.  

The total concentrations of Zn and Ce dissolved species in solution are described as 

[Zntotal] and [Cetotal]: 

[Zntotal] = [Zn
2+

] + [ZnOH
+
] + [Zn(OH)2

0
] + [Zn(OH)3

–
] + [Zn(OH)4

2–
] (2.32) 

[Cetotal] = [Ce
3+

] + [Ce(OH)
2+

] + [Ce(OH)2
+
] + [Ce(OH)3

0
] + [Ce(OH)4

−
] (2.33) 

The solubility curves of Zn(OH)2 and Ce(OH)3 were expressed by using logarithmic 

value of [Zntotal] and [Cetotal] for vertical axis, and pH value for horizontal axis in Figure 

2.2. 
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Figure 2.2 Relationship between solubilities of Zn(OH)2 and Ce(OH)3 and pH. 

 

Light blue area represented in the Figure 2.2 region, gave the condition to prepare 

Zn-Ce-O film due to the close solubilities of Zn(OH)2 and Ce(OH)3.  The critical pH 

values of the acid-base reaction for Zn
2+

/ZnO system was 6.51 at 0.04 mol/L, and the 

critical pH values of the acid-base reaction for Ce
3+

/Ce(OH)3 system was 7.85 at 0.04 

mol/L concentration.   

 

2.2.2 Experimental procedure 

The substrate was a Cu plate (2x2 cm
2
) coated Ag by electrochemical deposition.  The 

Cu plate was degreased at a current density of −10 mA/cm
2
 in an electrolyte containing 

60 g/L KOH and 30 g/L K4P2O7 for 1 minute and was washed with distilled water (15 

MΩcm with Milli-pore), prior to electrochemical deposition.  Then, activation of Cu 



 

30 

 

substrate was carried out by the immersion in 10% H2SO4 solution for 30 seconds.  

Electrolysis for the Ag electrochemical deposition was performed SILVREX 50 (EEJA) 

containing AgNO3.  Pt foil was used as the counter electrode, and the electrochemical 

deposition was carried out at 80 mA/cm
2
 in current density for 5 min. 

  The solution for electrochemical deposition of Zn-Ce-O films was prepared by 

dissolving Zn(NO3)2･6H2O and Ce(NO3)3･6H2O into a deionized water.  Total ion 

concentration was set at a constant value of 0.08 mol/L, and Ce(NO3)3･6H2O 

concentration in the solution were set at 0, 0.027, 0.040, 0.053 and 0.08 mol/L in order 

to change the Ce molar ratio (Ce/(Zn+Ce)) to 0, 33 , 50, 67, and 100%, respectively.  

Deionized water (15 MΩcm with Milli-pore) was used as a media, and the pH value of 

solutions ranged from 4.0 to 5.4.  The electrochemical deposition of Zn-Ce-O films 

were carried out using conventional three electrode cell with Ag/Cu substrate, Pt foil, 

and Ag/AgCl electrode (+0.199 V vs. NHE) as working, counter, and reference 

electrodes.  Temperature was set at 63°C, and the potential was set at −1.1 and −0.9 V.  

The electric charge was set at 0.5 C/cm
2
.  Electrochemical deposition were performed 

at −1.1 V for Zn(NO3)2･6H2O solution, and−0.9 V for Ce(NO3)3･6H2O solution, 

respectively.   

 

2.2.3 Characterization of Zn-Ce-O films 

  Surface observations were carried out with a field emission scanning electron 

microscope (FE-SEM). Accelerating voltage and emission current were taken as 3.0 kV 

and 10 mA, respectively. In addition, elemental analysis was carried out using an 

energy dispersive X-ray spectroscopy (EDX, EMAX ENARGY: EX-250; X-Max80, 
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HORIBA) attached to the FE-SEM. In the EDX analysis, the accelerating voltage and 

emission current were set at 7.0 kV and 10 mA, respectively.  The structures of the 

deposited films were identified by an X-ray diffraction (XRD: RINT2500, Rigaku) 

technique with a monochromatized Cu Kα radiation at 40 kV and 200 mA.  Optical 

reflectance spectra was recorded by a spectrophotometer (UV-Vis-NIR: U4100, 

HITACHI Hightech) with the reference of Al2O3.   

 

2.3 Results and discussion 

2.3.1 Composition of Zn-Ce-O films 

Table 2.1 shows molar content of Ce, Zn, and O and Ce molar ratio of Ce to metal 

(Ce/(Zn+Ce)) of Zn-Ce-O films.  The film prepared in the Zn(NO3)2･6H2O solution 

contained only Zn and O elements, and the ratio for Zn:O is approximately 50:50 in 

agreement with the stoichiometry.  The film prepared in Ce(NO3)3･6H2O solution 

contained only Ce and O elements, and the ratio for Ce:O is approximately 40:60.  The 

oxygen deficiency against the stoichiometric value was attributed to contain the Ce
3+

 

state in the films, as already reported in CeO2 films prepared by nitrate reduction[2].  

The film prepared by the Ce 33, 50 and 67% solutions contained Zn, Ce, and O 

elements indicating the formation of Zn-Ce-O films.  In all Zn-Ce-O films, the Zn 

molar content is higher than the Ce molar content.  The Ce content in the films 

changed from 0 to 43 mol% depending on the Ce concentration in solutions, and the Ce 

concentration in solutions showed a great influence for the Ce molar content in the films.  

The Ce molar content in the Zn-Ce-O films prepared at −0.9 V slightly higher than 

these at −1.1 V, as shown in table 2.1. 
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Figure 2.3 Correlation between Ce ions molar concentration by total metal ions in the solution 

(Ce/(Zn+Ce)) and Ce ions molar concentration by total metal ions in the deposits (Ce/(Zn+Ce)) from 

EDX analysis. 

 

In electrochemical deposition using the reduction reaction of nitrate ion, the deposition 

potential strongly affected the pH value in the vicinity of the substrate, and it was 

reported that the pH value in the vicinity of the substrate increased to 10.5 and 11.5 at 

−0.9 and −1.1 V for the electrode potential at −0.9 and −1.1 V, respectively[23].  The 

Zn-Ce-O film prepared at −1.1 V showed higher Ce content compared with that at −0.9 

V, because of the change between the critical pH value for Zn
2+

/ZnO and Ce
3+

/Ce(OH)3 

system and the pH value in the vicinity of substrate.  The Ce content in Zn-Ce-O films 

depended on the Ce concentration in solutions and pH value in the vicinity of the 

substrate.  Figure 2.3 shows correlation between the Ce molar ratio (Ce/(Zn+Ce)) in 

the solution  and Ce molar content ratio (Ce/(Zn+Ce)) in the Zn-Ce-O films. 
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Figure 2.4 X-ray diffraction patterns Zn-Ce-O films with Ce content of 100(a), 38(b), 19(c), 5(d), 

and 0 mol%(e). 

 

2.3.2 Structural characterization of Zn-Ce-O films 

Figure 2.4 shows the X-ray diffraction patterns for Zn-0~100% Ce-O films.  The 

three peaks at 31.84, 34.46 and 36.34° in the Ce-free ZnO film were assigned as (100), 

(002) and (101) planes of wurtzite structure ZnO, respectively, and the peak at 38.18° 
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was assigned as the Ag(111) plane.  Broadened peaks at 28 and 33° observed in the 

Zn-free CeO2 film were assigned as (111) and (200) planes of a cubic CeO2, 

respectively.  Full width at half maximum (FWHM) of X-ray diffraction peaks relates 

to the grain size and inhomogenous strain[24], and broadened CeO2 peaks indicated the 

small grain size and presence of inhomogenous strain.  The inhomogenous strain was 

originated from the incorporate of the Ce
3+

 ion in addition to Ce
4+

 ion and the deference 

in ionic radius.  The intensity and diffraction angle of XRD peaks changed depending 

on the Ce content for Zn-5~38% Ce-O film.  XRD peaks assigned as ZnO were 

observed clearly on XRD patterns for Zn-5~20% Ce-O films.  Intensity of XRD peaks 

of ZnO decreased with increase in Ce content, and very weak ZnO (002) peak was 

observed in the Zn-38% Ce-O film.  Since, the ZnO (002) peak was stronger than other 

ZnO peaks in the Ce-free ZnO film, the ZnO film showed a (0002) preferred orientation, 

due to the lowest surface energy of (0002) plane in wurtzite ZnO[25].  In Zn-5~38% 

Ce-O films, the intensity of the ZnO (002) peak decreased compared with (100) and 

(101) planes, suggesting the changing preferred orientation.  The decrease in the grain 

size and increase in inhomogenous strain were generated with increase in the Ce content 

from the increase in the FWHM value of ZnO peaks.  A slight shift of ZnO peaks to 

lower angle side occurred by containing the Ce element, indicating the change in the 

lattice constant.  Broadened CeO2 (111) peak was observed around 28° in 

Zn-19-38%Ce-O film in addition to ZnO peaks, and the intensity increased with 

increase in the Ce content.  The CeO2 (111) peak shifted to higher angle side by 

0.3-0.7° compared with that for the Zn-free CeO2 film. 
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Figure 2.5 Effects of the Ce content on lattice constant a and c of ZnO films in ZnO and Zn-Ce-O 

films. 

 

As mentioned above, Zn-0~6% Ce-O films were identified as single ZnO phase, and 

Zn-19~43% Ce-O films were identified as a mixture of ZnO and CeO2.   

  Correlation between the Ce content and lattice constants of ZnO phase in Zn-Ce-O 

films was shown in Figure 2.5.  Lattice constants a and c of Ce-free ZnO film were 

calculated to be a = 3.243 Å, c = 5.203 Å and almost agreed to a = 3.2496 Å, c = 5.2065 

Å for standard values.  The lattice constant c of ZnO phase showed almost constant 
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value irrespective of Ce content in Zn-Ce-O films, but the lattice constant a of ZnO 

phase increased with increase in the Ce content in Zn-Ce-O films, and the cell volume 

increased.  The increase in the cell volume indicated that the Zn
2+

 site in ZnO was 

substituted by Ce
3+

 and Ce
4+

, due to the ionic radius of 0.60 Å for Zn
2+

 ion in ZnO, of 

1.01 Å for Ce
3+

 ion and of 0.87 Å for Ce
4+

 ion.  The change in the lattice constant a 

and cell volume indicated the formation of ZnO solid solution by subtracting the Zn
2+

 to 

Ce ions, and the formation reflected the increase in the FWHM and change in the 

preferred orientation. 

Figure 2.6 shows the correlation between the Ce content and lattice constant of CeO2 

in Zn-Ce-O films and CeO2.  Lattice constant of Zn-free CeO2 was calculated to be 

5.43 Å, which almost agreed with the standard value.  Lattice constant of Zn-32-38% 

Ce films showed a value around 5.35 Å and decreased to 5.31 Å for Zn-20% Ce film.  

The decrease in the lattice constant with the Ce content indicated the formation of CeO2 

solid solution by subtracting Ce to Zn ion.   
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Figure 2.6 Effect of the Ce content on the lattice constant of CeO2 in Zn-Ce-O films. 
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Figure 2.7 SEM images of surface of Zn-Ce-O films with Ce content of 0(a), 6(b), 20(c), 38(d), 

100%(e) and bare Ag film(f).  
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Surface morphologies of the Ag substrate before and after-depositions of Zn-0~100% 

Ce-O films were shown in Figure 2.7.  The Ag substrate was composed of aggregate of 

angular grains of 1-4 μm in size and had very roughed surface originated from the 

roughness of Cu plate.  The Cu plate was covered entirely with the Ag grains.  The 

surface of the Ce-free ZnO film was composed of the aggregate of granular grains of 

0.05-0.5 μm in size.  The surface of the Zn-free CeO2 film was composed of aggregate 

of plate-like grains of 5 μm in length and covered over the Ag substrate, but some 

cracks was observed between grains.  The Zn-6~20% Ce-O films were composed of 

the aggregate of granular grains of 10-100 nm in size, and cracks and defects was not 

observed on the image.  The surface morphology of Zn-38% Ce-O film was different 

from the Zn-6%C-O film and was composed of aggregate of plate-like grains of 2-5 μm 

in size.  The Zn-38% Ce-O film showed some cracks similar to CeO2 film. 
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Figure 2.8 Reflectance(A) for Zn-Ce-O films with Ce content of 6, 20 and 38 mol%, and the 

correlation between the absorption coefficient and photon energy(B). 
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2.3.3 Optical property of Zn-Ce-O films 

Figure 2.8 shows reflectance spectra for Zn-6, 20, 38% Ce-O films and the correlation 

between the absorption coefficient and photon energy.  Zn-6~38% Ce-O films showed 

reflectance over 60% or more at 500-900 nm in wavelength, and the reflectance 

increased with increase in the wavelength.  Although it was not clear whether CeO2 

was direct or indirect transition type semiconductor[26], relationships between the 

square of absorption coefficient, which was calculated from the reflectance and film 

thickness, and photo energy, due to the direct transition type semiconductor for ZnO.  

The absorption edge shifted to lower energy side with increase in the Ce ratio in 

Zn-Ce-O films.  The bandgap energy was estimated by extrapolating linear part to the 

background value.  A linear part was observed for the Zn-6% Ce-O film, and two 

linear parts were observed for Zn-20, 38% Ce-O films as represented by two arrows, 

where band gap energies were estimated from two linear parts.  The existence of two 

absorption edge indicated the mixture of two different bandgap energy as already 

reported for Cu2O-CuO system[27].  Existence of two oxide semiconductors in Zn-20, 

38%Ce-O films was consistent with the result of XRD measurement. 

Figure 2.9 shows effects of the Ce content on the bandgap energy for Zn-Ce-O films.  

The bandgap energy of the Ce-free ZnO film was 3.42 eV, and the bandgap energy of 

the Zn-free CeO2 was 3.25 eV.  Bandgap energy of the Zn-Ce-O films decreased with 

increase in the Ce content. There were two tendencies represented by (1) and (2).  The 

bandgap energy decreased from 3.4 eV for the Ce-free ZnO to 3.2 eV for the Zn-32% 

Ce-O film on line (1). 
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Fig. 2.9 Effects of the Ce content on bandgap energies for Zn-Ce-O films.  

 

The bandgap energy decreased from 3.4 eV for Ce-free ZnO to 2.9 eV for Zn-32% 

Ce-O film.  XRD measurement indicated that the Zn-Ce-O films was composed of 

Ce
3+

, Ce
4+

:ZnO solid solution (Ce:ZnO) and Zn
2+

:CeO2 solid solution (Zn:CeO2), but 

the relationship between the line (1), (2) and Ce:ZnO, Zn:CeO2 solid solutions was not 

clear from the results obtained here.  The changes in band gap energy by impurity 

introduction were already reported for many semiconductor materials.  It was predicted 



 

44 

 

theoretically and confirmed experimentally that the bandgap energy of the Zn(O1−x,Sx) 

with wurtzite lattice as that for ZnO and ZnS decreased from 3.3 eV for ZnO to 2.8 eV 

for Zn(O0.5,S0.5) and then increased to 3.76 eV for ZnS[28].  The Zn(O,S) was ZnO 

solid solution by substituting O site by S element or ZnS solid solution by substituting S 

site by O element, and the lattice constant changed continuously depending on the 

composition.  The lattice constants of Ce:ZnO and Zn:CeO2 changed depending on the 

Ce content.  The relationship between the bandgap energy and lattice constant was 

clearly observed for Cu(In,Ga)(S,Se)2 compound as already accepted.  The change in 

the bandgap energy of the Ce:ZnO and Zn:CeO2 solid solutions closely related to the 

lattice constant by forming solid solution. 
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2.4 Conclusions 

In summary, ZnO-CeO2 composite oxide (Zn-Ce-O) films were prepared on Ag 

substrate by electrochemical deposition in aqueous solutions containing Zn(NO3)2･

6H2O and Ce(NO3)3 ･ 6H2O.  The solubility curves for Zn
2+

/Zn(OH)2 and 

Ce
3+

/Ce(OH)3 systems were calculated using thermodynamics, and the solution 

formulation was thermodynamically designed by adjusting the critical pH values for 

both systems.  The Ce concentration in solutions and deposition potential relating the 

pH value in the vicinity of substrate influenced the Ce content in Zn-Ce-O films.  

Zn-Ce-O films were identified as a wurtzite ZnO solid solution containing Ce (Ce:ZnO) 

at 5% Ce, and a mixture of Ce:ZnO and CeO2 solid solution containing the 

Zn(Zn:CeO2) at 20-43% Ce.  Zn-Ce-O films showed the reflectance over 60% in 

visible light region, and the bandgap energy changed from 3.4 eV to 2.9 eV depending 

on the Ce content.  
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CHAPTER 3 

 

 

Electrochemical deposition of tungsten oxide hydrate films with 

controlled bandgap energy 

 

 

 

 

 

3.1 Introduction  

3.1.2 Materials and issues of existing electrochemical depositions  

Tungsten oxide (WO3) having “B type” (section 1.2) potential-pH diagram is an 

n-type semiconductor with a bandgap energy of 3.3 eV, and its hydrates show bandgap 

energy values changing from 2.55 eV to 3.2 eV depending on the amount of introduced 
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water molecules.  WO3 and hydrates have been used as photocatalysts for water 

splitting and decomposing organic pollutants and components in electrochromic 

devices[1-7].  The bandgap energy is closely related to the operative wavelength of 

photocatalyst, and the visible light has been employed for the photocatalytic operation 

by decreasing bandgap energy[8].  WO3 and hydrate films have been prepared using 

several techniques such as gas-phase deposition processes including sputtering and 

chemical vapor deposition, solution processes including the sol-gel method and 

hydrothermal synthesis, and electrochemical deposition processes[9-16].  Solution 

processes have several advantages over gas-phase deposition processes, such as low 

cost, and high applicability to film preparation on substrates with wide and complicated 

surface morphology.  The cathodic electrochemical deposition of WO3 hydrate films 

for an electrochromic application has been reported by Pauporté et al.[11]  However, 

there is a possibility of the incorporation of tungsten oxide phases except for the 

hexavalent WO3 according to the potential-pH diagram[17], and deposited WO3 was 

actually reduced and changed the oxidation state of W in WO3 because the cathodic 

electrochemical deposition was potentiostatically performed at −0.24 V vs. NHE which 

was more negative potential than that for electrochromic reaction of WO3.  The 

introduced phases as mixed valence compounds could have harmful effects on the 

performance of photoelectronic devices.  The anodic electrochemical deposition of 

WO3 hydrate films from metal W plate similar to the alumite treatment was 

reoprted[18].  WO3 prepared by this deposition method kept the valence state of W; 

however, this method used high voltages, and the surface morphology of films was not 

easily controllable, leading to very rough and porous morphology.  Moreover, both of 

existing processes such as the cathodic electrochemical deposition and the metal 
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oxidation could not obtain the crystalline films without any heat-treatment.  

Crystallinity is important for photovoltaic devices, and well crystalline films are needed.   

3.1.2 Anodic electrochemical deposition using oxygen-evolution reaction 

The direct electrochemical depositions of oxide semiconductor films have been 

proposed by our group as demonstrated for ZnO, CeO2, Ag2O and CuO[19,20], and 

both the Ag2O and CuO films are prepared by decreasing the pH value in the vicinity of 

the substrate by an oxygen gas evolution reaction described as follows  

2H2O ⇌ O2 + 4H
+
 + 4e

−
  (3.1) 

Since the redox potential of the reaction (3.1) locates at approximately 0.2–1.3 V vs. 

NHE depending on the pH value, it is predicted that films composed of a single WO3 

phase are obtained by anodic electrochemical deposition.  As understood from this, 

anodic electrochemical deposition can be applied to almost oxides having “B type” 

potential-pH diagram explained in Chapter 1.   

 

3.1.3 Objective of this study 

In this chapter, I aim at developing the novel soft solution process for tungsten oxides 

having high chemical uniformity and dense crystalline structure to solve the problems of 

existing processes based on thermodynamic calculation in order to proving usability of 

anodic electrochemical deposition for oxide semiconductors.  The Ag2O and Cu2O 

films are prepared by decreasing the pH value in the vicinity of the substrate with an 

oxygen gas evolution reaction.  Since the redox potential of the reaction (3.1) locates at 

approximately 1.23 V vs. NHE depending on the pH value, there is a possibility to 
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obtain chemically uniform WO3 films by an anodic electrochemical deposition like 

Ag2O and CuO.  Moreover, we speculate that this process solve the problem of 

existing processes.  Here, I report on the preparation of 2.5-eV WO3∙H2O and 3.3-eV 

WO3(H2O)0.33 by anodic electrochemical deposition in aqueous solutions containing 

Na2WO4∙2H2O and H2SO4.  Structural and optical characterizations were carried out 

for both WO3∙H2O and WO3∙(H2O)0.33 films with X-ray diffraction, SEM observation, 

optical absorption measurements, and electrochemical measurements. 

 

3.2 Experimental 

3.2.1 Theory of electrochemical deposition for tungsten oxide hydrates films 

  Figure 3.1 shows Potential-pH diagram of W-H2O system at 298 K drawn using 

equation (1.8) and standard Gibbs free energies according to Table 3.1[21]; 

concentration of each dissolved species was set at 0.1 mol/L. 

Table 3.1 Standard Gibbs free energies of formation at 298.15 K 

used for drawing of the potential-pH diagram of W-H2O system[21]. 

Chemical species ΔGf
0
[kJ/mol] 

H2WO4(s) −947.652 

WO3(s) −764.124 

WO2(s) −533.920 

HWO4
−
(aq) −934.706 

WO4
2−

(aq) −914.204 

H2O(l) −237.141 
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A potential-pH diagram maps out possible stable (equilibrium) phases of an aqueous 

electrochemical system, and it is also called a Pourbaix Diagram about something of 

metal-water system.  Predominant ion boundaries are represented by lines.  The 

relationship between equilibrium constants (K) and standard Gibbs energy of reactions 

(∆rG
0
) (2.5), and this equation is used for chemical reactions.  Nernst equation (3.2) is 

used for electrochemical reactions, and equation (2.5) and equation (3.2) fabricate a 

potential-pH diagram. 

𝐾 = exp (−
∆𝑟𝐺0

𝑅𝑇
)  (2.5) 

𝐸 = 𝐸0 −
𝑅𝑇ln𝐾

𝑧𝐹
  (3.2) 

Nernst equation (3.2) is led from equation (1.10) and (1.14).  In dilute solution, 

activities are approximated to ion concentrations and ion concentrations are utilized as 

activities for construction of potential-pH diagram for W-H2O system.  Here, two lines 

relate to oxidation-reduction reaction of water are drawn as follows. 

Hydrogen generation: 

H+ + 𝑒− ⇌
1

2
H2  (3.3) 

E = 0 − 0.0592 pH (V vs. NHE)  (3.4) 

Oxygen generation: 

1

2
O2 + 2H+ + 2𝑒− ⇌ 𝐻2𝑂  (3.5) 

E = 1.23 − 0.0592 pH (V vs. NHE)  (3.6) 
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The potential range of 1.23 V between these lines is called the potential window of 

water, and decomposition-reaction of water does not happen in this region.   

  First, the boundary of the acid-base reaction is determined as follows; 

WO4
2-

 + 2H
+
 ⇌ WO3 + H2O  (3.7) 

∆rG
0
 =can be calculated by taking standard Gibbs energies of formation, ∆fG

0
. 

∆rG
0
 = ∆fG

0
[WO3] + ∆fG

0
[H2O] − (∆fG

0
[WO42-] + 2∆fG

0
[H+]) 

= (−764.124) + (−237.141) − (−914.204 + 2×0 ) 

= −87.061 (kJ/mol)  (3.8) 

Then, substitution of lnK = 2.303logK, ∆rG
0
 = −87.061 kJmol

−1
, R = 8.314 JK

−1
mol

−1
 

and T =298.15 K into (2.5) gives log K as below. 

log𝐾 = − 
−87.061×103

2.303×8.314×298
= 15.258   (3.9) 

Meanwhile, K can be expressed by a product of equilibrium activities of the species 

relevant to the chemical reaction, and considering the activity of solids and solvents are 

1, the following equation holds. 

𝐾 =  
𝑎WO3𝑎H2O

𝑎
WO4

2−𝑎
H+
2 ≅

1

𝑎
WO4

2−𝑎
H+
2   (3.10) 

Activities are nearly equal to ion concentrations in dilute solution, and aWO42− and aH+ 

are approximated as [WO4
2−

] and [H
+
], respectively, and the log[H

+
] is −pH; then, 

taking the logarithm of equation (3.10) gives. 

log𝐾 = − log[WO4
2−] + 2pH  (3.11) 
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pH = 0.5 logK + 0.5 log[WO4
2−]  (3.11)' 

When, equation (3.10) is substituted into equation(3.11)’, it turns to equation (3.12). 

pH = 7.629 + 0.5 log[WO4
2−]  (3.12) 

The equation (3.12) is a function of only ion concentration, and the boundary pH is 

decided from the given value of ion concentration. 

  Next, calculation for the line of boundary of electrochemical equilibrium as 

raection(3.13) is able to be conducted by considering the electrochemical equilibrium 

for the following reaction. 

WO4
2− + 4H

+
 + 2e− ⇌ WO2 + 2H2O  (3.13) 

∆rG
0
 of this reaction can be calculated as below. 

∆rG
0
 = ∆fG

0
[WO2] + 2∆fG

0
[H2O] − (∆fG

0
[WO42−] + 4∆fG

0
[H+] + 2∆fG

0
[e−]) 

∆rG
0
 = (−533.920) + 2×(−237.141) – [(−914.204) + 0 + 0] 

 = −93.998 kJ mol
−1

  (3.14) 

Here, the standard electrode potential (E
0
) can be deduced from ∆rG

0
 as follows. 

𝐸0 = − 
∆rG0

n𝐹
= − 

−93998

2×96485
 − 0.4871 V vs. NHE   (3.15) 

Here, Nernst equation for this reaction is expressed as follows. 

𝐸 = 𝐸0 −  
0.0592

2
log𝐾 = 𝐸0 −  

0.0592

2
log

𝑎W𝑂2𝑎H2O
2

𝑎
𝑊𝑂4

2−𝑎
H+
4   (3.16) 

Substituting equation (3.15) into equation(2.5), 
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𝐸 = −0.4871 −  
0.0592

2
( log𝑎W𝑂2

+2 log 𝑎H2O − log 𝑎𝑊𝑂4
2− − 4 log𝑎H+)  (3.17) 

Then, considering the activities of solids and solvents are 1, and activities are 

approximated as their concentrations, the following equation (3.18) holds. 

E = −0.4871 + 0.0296log[WO4
2−] – 0.1184 pH V vs. NHE  (3.18) 

As shown in equation (3.18), the electrochemical equilibrium state of the reaction is 

indicated by a function of ion concentration, pH value, and cell potential, and once 

[WO4
2−

] is determined, the equation (3.18) makes a line on the potential-pH diagram.  

The calculations of equilibrium for all possible combinations of chemical species in 

aqueous solution for W-H2O system were carried out with the same way, and they are 

summarized in table 3.2.  By choosing the boundaries in order to fulfill all of these 

relationships rationally, the potential-pH diagram is parceled out into some regions 

where each species has the lowest Gibbs energy, thereby being the most stable species 

in each region. 

  The theory of anodic electrochemical deposition for tungsten oxide is explained using 

potential-pH diagram of Figure 3.1 and the equations are shown as follows:[22] 

Na2WO4 ⇌ 2Na
+
 + WO4

2−
                (3.19) 

2H2O ⇌ O2 + 4H
+
 + 4e

−
          (3.1) 

WO4
2−

 + H
+
 ⇌ HWO4

−
                (3.20) 

HWO4
−
 + H

+
 ⇌ H2WO4               (3.21) 
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Fig. 3.1 Potential-pH diagram of W-H2O system at 348 K. Concentration of each dissolved species 

was set as 0.1 mol/L.  

 

Sodium tungstate(VI) dihydrate (Na2WO4∙2H2O) decomposes into Na
+
 and WO4

2−
 in 

the solution (equation (3.19)), and decreasing the pH value in the vicinity of the 

substrate with an oxygen-generation reaction is caused by applying more positive 

potential than that of oxygen-generation reaction on the substrate (equation (3.1)).  

WO4
2−

 ions are combined with protons because of the decrease of pH, and WO3∙H2O is 
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formed on the substrate.  It is well known that WO3 forms its hydrate easily in aqueous 

solutions[23], and valence state of W in all WO3∙H2O were stabilized at +6.  This 

process promises to give tungsten oxide and its hydrates structures with high chemical 

uniformity. 

 

3.2.2 Experimental procedure for electrochemical deposition of tungsten oxide 

hydrates films 

The solution for electrochemical deposition was prepared using 0.01, 0.03, 0.05, 0.09, 

0.1 and 0.5 mol/L Na2WO4･2H2O and deionized water (15 MΩcm with Milli-pore), and 

the solution pH was adjusted to 1.0 by sulfuric acid (KANTO CHEMICAL, 96%).  

Electrochemical deposition was performed using a typical three-electrode 

electrochemical cell equipped with a fluorine-doped tin oxide glass (10 Ω/□ FTO), a 

platinum foil, and an Ag/AgCl electrode (0.199 V vs. NHE) as the working, counter, 

and reference electrodes, respectively.  Prior to the electrochemical deposition, the 

FTO substrate was rinsed with acetone, and then the deposition area was limited to 15 

mm × 15 mm by waterproof adhesive tape (Fluoroplastic Saturated Glass Cloth Tape 

NITOFLON No. 973UL-S/973UL, Nitto).  Then, the substrate was degreased by 

cathodic polarization at 10 mA cm
−2

 for 3 min in a 1.0 mol/L sodium hydroxide 

aqueous solution.  Deposition potential was decided by linear sweep voltammetry with 

0.01 and 0.5 mol/L Na2WO4･2H2O solution at 1.0 of pH, and the scan rate was 5 mV/s.  

Deposition parameters were set at the potential of 2.0 V vs. Ag/AgCl, the temperature 

of 70°C, and the deposition time of 2 hours with a computer-controlled electrochemical 

measurement system (HSV-110, HOKUTO DENKO). 
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3.2.3 Characterization of tungsten oxide hydrates films. 

The electron spectra were recorded by an X-ray photoelectron spectroscope (XPS: PHI 

Quantera SXM-CI, ULVAC-PHI, Inc., monochromatized Al Kα radiation).  The 

pre-sputtering using Ar
+
 ions accelerated at 1.0 kV was carried out in an area of 2.0×2.0 

μm
2
 on the surface of films for 18 seconds before the measurement.  The binding 

energy was corrected by the C1s peak at 284.6 eV.  The relative sensitivity factors of 

0.733 and 3.863 for O1s and W4f orbitals were used for the calculation of molar ratios 

of W and O elements.  The structures of the deposited films were identified by an 

X-ray diffraction (XRD: RINT2500, Rigaku) technique with monochromatized Cu Kα 

radiation set at 40 kV and 200 mA.  A field emission scanning electron microscope 

(FE-SEM) was used for observing the surface and the cross-sectional structures with an 

accelerating voltage of 3.0 kV.  Optical absorption spectra were recorded by a 

spectrophotometer (UV-Vis-NIR: U4100, HITACHI Hightech) with the reference of 

bare FTO substrate.  Photoelectrochemical measurements were carried out in a 1.0 

mol/L Na2SO4 solution with a three-electrode electrochemical cell with a platinum foil 

counter and an Ag/AgCl reference electrode.  Applied potential was set to 1.2 V (vs. 

Ag/AgCl), which was decided based on the results of preliminary experiments of the 

linear sweep voltammetry. 

  Intermittent light irradiation was performed for 120 s with a high-pressure mercury 

lamp (USHIO Optical Modulex, SX-UI250HQ, 500 W), with switching “ON” and 

“OFF” carried out every 10 seconds.  A bare FTO substrate was used as the filter to 

eliminate the ultraviolet light at photon energy over the bandgap energy of 3.3 eV. 
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3.3 Results and Discussion 

3.3.1. Composition and structure of tungsten oxide hydrates films 

  Figure 3.2 shows linear sweep voltamograms for the 0.01, and 0.5 mol/L Na2WO4・

2H2O solution at pH of 1.0.  A rising edges of current for oxygen-generation reaction 

were observed at approximately +1.9 V vs. Ag/AgCl in both the 0.01, and 0.5 mol/L 

solutions, and deposition potential was set at the +2.0 V vs. Ag/AgCl.   

Figure 3.3 shows the chronoamperometric curves in the 0.01, 0.03, 0.05, 0.09, 0.1, 

and 0.5 mol/L WO4
2−

 solutions and the dependence of the current density at 120 min on 

the WO4
2−

 concentration.  The films deposited on the substrate without any peeling off 

even after the electrochemical deposition for 120 min, irrespective of the WO4
2−

 

concentration.  The current density drastically decreased at the initial stage (inset of 

Figure 3.3(A)) and then gradually decreased to an almost constant value for the 0.01, 

0.03, 0.05, 0.09, and 0.1 mol/L WO4
2−

 solutions. 
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Fig. 3.2 Linear sweep voltammograms for the 0.01, and 0.5 mol/L Na2WO4・2H2O solution at pH of 

1.0; scan rate was 5 mV/s. 

 

The current density in the 0.5 mol/L WO4
2−

 solution decreased up to about 65 min and 

then slightly increased with the passage of time to 120 min.  The current density at the 

deposition time of 120 min was around 0.025 mA cm
−2

 for the 0.01, 0.03, 0.05 and 0.1 

mol/L WO4
2−

 solutions, and 0.5 mol/L WO4
2−

 solutions showed the value of 0.043 mA 

cm
−2

, suggesting that the deposited film changed depending on the WO4
2−

 concentration.  

The films deposited at 0.01, 0.03, 0.05, and 0.09 mol/L WO4
2−

 solutions had a yellowish 

appearance, but transparent films without any color were obtained at 0.1 and 0.5 M 

WO4
2−

 concentrations. 
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Fig. 3.3 Change in current density for electrochemical deposition with the deposition time in 0.01, 

0.03, 0.05, 0.09, 0.1, and 0.5 mol/L WO
4

2−

 solutions and inset of its magnified plot in initial stage of 

electrochemical deposition(A).  The correlation between current density at 120 minutes and the 

WO
4

2−

 concentration(B).  
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Figure 3.4 shows survey electron spectra and W4f and O1s electron spectra for films 

prepared in 0.03 and 0.1 mol/L WO4
2−

 solutions.  Both the yellowish and transparent 

films deposited in the 0.03 and 0.1 mol/L WO4
2−

 solutions show almost the same in 

peak energy, and all the peaks on the survey spectra are able to be identified as peaks 

originating from the W and O elements.  Peaks at 35.7, 37.7, 247.9, 260.5, 427.9, and 

495.8 eV are identified with W4f7/2, W4f5/2, W4d5/2, W4d3/2, W4p3/2, and W4p1/2 for 

W
6+

 element, and peaks at 530.5 and 974.7 eV are assigned to O1s and OKLL electron 

spectra[24,25].  Any peaks originating from other elements were not detected on the 

spectra.  This means that both the yellowish and transparent films prepared in 0.03 and 

0.1 mol/L WO4
2−

 solutions were composed of only W and O elements.  The W4f7/2 

peaks for films prepared in 0.03 and 0.01 mol/L WO4
2−

 solutions showed a constant 

binding energy of 35.7 eV and were close to 35.6 eV of W
6+

 state in WO3 and smaller 

than 36.2 eV of W
6+

 state in H2WO4[26].  Additionally, the molar ratios of the O to W 

elements (O/W ratio) calculated from integrated intensities of peaks with relative 

sensitivity factors are 3.5 and 3.4 from the 0.03 and 0.1 mol/L WO4
2−

 solutions, 

respectively.  Both the O1s spectra for films prepared in the 0.03 and 0.1 mol/L 

solutions showed a peak at 530.6-530.7 eV and a shoulder at 532.3 eV. The binding 

energy of 530.6-530.7 eV is close to that in the state of O
2−

 in WO3[27].  The peak at 

532.3 eV was reported to be identified as O
2−

 in H2O incorporated in 

WO3∙(H2O)x[28,29], and the value was smaller than 533.2 eV of H2O[27].  Those 

peaks on the O1s spectra reflect the existence of two states of O, O
2−

 in H2O of 

WO3∙(H2O)x, and O
2−

 in WO3 of WO3∙(H2O)x.  The intensity ratios of the shoulder to 

the peak are estimated to be 0.13 and 0.1 for the films prepared in the 0.03 and 0.1 

mol/L WO4
2−

 solutions, respectively. 
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Fig. 3.4 Survey(A), O1s(B), and W4f electron spectra(C) for W-O-H films prepared in the 0.03(a), 

and 0.1 mol/L (b) WO4
2−

 solutions. 
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According to W in films prepared in 0.03 and 0.1 mol/L WO4
2−

 solutions having the 

same valence state, difference of two films in the molarities only relate to amount of 

hydration water molecules in films.  The change in the O/W ratio and peak/shoulder 

intensity ratio suggests a change in the H2O content of the films, and these films will be 

abbreviated as W-O-H films hereafter.  The W-O-H films possessed W
6+

 state in WO3 

and the H2O content was different depending on the WO4
2−

 concentration. 

Figure 3.5 shows the XRD patterns of W-O-H films prepared in 0.01–0.5 mol/L 

WO4
2−

 solutions and the correlation of lattice constant calculated from X-ray diffraction 

to the WO4
2−

 concentration.  The diffracted X-ray peaks for W-O-H films prepared in 

the 0.01–0.09 mol/L WO4
2−

 solutions show peak angles at 16.5, 25.6, 33.4, 34.2, 35.0, 

and 38.9°, which are assigned to the (020), (111), (040), (200), (002), and (022) planes 

of WO3∙H2O with an orthorhombic lattice, respectively[30].  The X-ray diffracted 

peaks for W-O-H films prepared in the 0.01–0.5 mol/L WO4
2−

 solutions are observed at 

22.8, 24.0, 26.5, 28.1, and 36.6°, and are assigned to (002), (200), (022), (220), and 

(222) plane of WO3∙(H2O)0.33 with an orthorhombic lattice, respectively [26].  The 

W-O-H films prepared in the 0.01 M WO4
2−

, 0.03 - 0.09 M WO4
2−

, and 0.1–0.5 mol/L 

WO4
2−

 solutions are identified as single WO3∙H2O, mixtures of WO3∙H2O and 

WO3∙(H2O)0.33, and single WO3∙(H2O)0.33, respectively[31].  Excellent crystalline 

tungsten oxides prepared by electrochemical deposition without any heat-treatment have 

never been reported, and it is a novel and advantageous factor of this method.  The 

lattice constants are calculated from the (002), (020), and (200) planes of WO3∙H2O and 

WO3∙(H2O)0.33, but a calculation could not be performed for WO3∙(H2O)0.33 in the 

W-O-H films prepared in 0.03 and 0.05 mol/L WO4
2−

 solutions, because of the absence 

of (002) and (200) diffracted peaks. 
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Fig. 3.5 X-ray diffraction pattern of W-O-H films prepared in the 0.01(a), 0.03(b), 0.05(c), 0.09(d), 

0.1(e), and 0.5 mol/L(f) WO4
2−

 solutions(A), and the correlation between the lattice constant 

calculated from X-ray diffraction and WO4
2−

 concentration(B). 

In addition, the lattice constants of WO3∙(H2O)0.33 could not be calculated for the 0.1 

and 0.5 mol/L WO4
2−

 solutions, because of the broadened and weak diffracted X-ray 
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peaks at approximately 23 and 27 degrees in 2θ.  The lattice constants of a, b, and c of 

WO3∙H2O are almost constant values of 5.256 Å, 10.74 Å, and 5.127 Å, irrespective of 

the WO4
2−

 concentration, and the volume of the unit cell was calculated to be 289.4 Å
3
, 

which was larger by approximately 0.3% than the standard value.  Meanwhile, the 

lattice constants of a, b, and c of WO3∙(H2O)0.33 were calculated to be 7.294 Å, 12.795 

Å, and 7.792 Å, and the unit cell volume was calculated to be 727.2 Å
3
, and was larger 

by approximately 2.6% than the standard value.  The unit cell of both the WO3∙H2O 

and WO3∙(H2O)0.33 slightly expanded, but the effect of the WO4
2−

 concentration in the 

dimension could not be seen. The intensity of the diffracted X-ray peaks assigned to 

WO3∙H2O is dependent on the WO4
2−

 concentration. Both the (020) and (002) peaks 

increase with increasing WO4
2−

 concentration up to 0.05 mol/L, and then decrease.  

Both the intensity of the (020) and (002) peaks assigned to WO3∙H2O increased with 

increasing WO4
2−

 concentration up to 0.05 mol/L, and then decreased.  The (002) 

plane is normal to the (020) plane in the orthorhombic lattice, and this suggests that the 

orientation is almost random. 

  Figure 3.6 shows SEM images of the surfaces of W-O-H films prepared in the 0.01–

0.5 mol/L WO4
2−

 solutions.  From the SEM image of the W-O-H film prepared in the 

0.01 mol/L WO4
2−

 solution, sparse square grains of approximately 1 μm in size can be 

observed, and the bare FTO surface is partly exposed.  The square grains are identified 

as WO3∙H2O by XRD analysis.  The square WO3∙H2O grains are also observed for 

W-O-H films prepared in the 0.03–0.09 mol/L WO4
2−

 solutions, and the size increases 

to approximately 2 μm with an increase in the WO4
2−

 concentration to 0.09 mol/L.   



 

70 

 

 

Fig. 3.6 SEM images of the surfaces of W-O-H films prepared in the 0.01(a), 0.03(b), 0.05(c), 

0.09(d), 0.1(e), and 0.5 mol/L(f) WO4
2−

 solutions. 

 

The aggregates of granular grains with a size of approximately 100 nm can be observed 

between the WO3∙H2O square grains and covered the entire FTO substrate surface.  

The square WO3∙H2O grains disappeared for W-O-H films prepared in the 0.1 and 0.5 
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WO4
2−

 solutions, and only granular grains deposited on the FTO substrate, which were 

identified as WO3∙(H2O)0.33 with X-ray diffraction.  

 Figure 3.7 shows the cross-sectional SEM images of W-O-H films prepared in the 

0.01–0.5 mol/L WO4
2−

 solutions.  The W-O-H film prepared in 0.01 mol/L WO4
2−

 

solution is composed of WO3∙H2O square grains with a height of approximately 1 μm 

corresponding to the size of the grains, and the height of square WO3∙H2O grains 

increased to 1.8 μm at 0.03 mol/L WO4
2−

 concentration.  From the cross-sectional 

SEM images, the WO3∙(H2O)0.33 grains cannot be clearly observed at the 0.03 mol/L 

WO4
2−

 concentration due to the thin thickness, and the thicknesses of these prepared at 

the WO4
2−

 concentration of 0.05 mol/L and 0.09 mol/L were estimated to be 0.25 μm 

and 0.75 μm, respectively.  Large WO3∙H2O square grains stacked on the lower 

granular WO3∙(H2O)0.33 covered the entire FTO substrate, although the deposition 

mechanism is not clear at present.  Approximately 1.8 μm-thick WO3∙(H2O)0.33 with a 

large surface irregularity deposited on the FTO substrate at the 0.1 mol/L WO4
2−

 

concentration.  The thickness of the granular film of WO3∙(H2O)0.33 grains decreased to 

200 nm at a 0.5 mol/L WO4
2−

 concentration.  Depending on WO4
2−

 concentration in 

the solution, island-like WO3∙H2O was obtained in the 0.01 mol/L WO4
2−

 solutions, 

dense excellent crystalline WO3∙H2O and WO3∙(H2O)0.33 films were obtained in the 

0.03-0.09 mol/L WO4
2−

 solutions, and porous fine crystalline WO3∙(H2O)0.33 films were 

obtained in the 0.1-0.5 mol/L WO4
2−

 solutions. 
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Fig. 3.7 Cross-Sectional SEM images of W-O-H films prepared in the 0.01(a), 0.03(b), 0.05(c), 

0.09(d), 0.1(e), and 0.5 mol/L(f) WO4
2−

 solutions. 
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3.3.2 Optical properties of WO3∙H2O and WO3∙(H2O)0.33 films. 

  Figure 3.8 shows the absorption spectra for the W-O-H films prepared in the 

0.01-0.5 mol/L WO4
2−

 concentration and the correlation between bandgap energy and 

WO4
2−

 concentration.  The absorption spectra of the W-O-H films prepared in 0.01, 

0.03, 0.05, and 0.09 mol/L WO4
2−

 solutions showed absorption edge at around 500 nm, 

while additional absorption edge at around 400 nm are observed for W-O-H films 

prepared in 0.05, 0.09, 0.1, and 0.5 mol/L WO4
2−

 solutions.  The absorption coefficient 

(α) is calculated using the absorbance and thickness decided by the SEM images.  The 

bandgap energy is estimated by extrapolating the linear part of the relationship between 

the (αhν)
1/2

 and the photon energy with the assumption of an indirect bandgap 

transition[32].  The bandgap energies of 2.45, 2.45, 2.46, and 2.49 are obtained from 

the absorption edges of about 500 nm from W-O-H films prepared in the 0.01, 0.03, 

0.05, and 0.09 mol/L WO4
2−

 solutions.  Furthermore, bandgap energies of 3.3, 3.27, 

and 3.25 eV were obtained from the absorption edge around 400 nm from W-O-H films 

prepared in the 0.09, 0.1, and 0.5 mol/L WO4
2−

 solutions.  The large WO3∙H2O square 

and WO3∙(H2O)0.33 granular grains possessed bandgap energies of 2.45-2.49 eV and 

3.25-3.3 eV, respectively, by considering the X-ray diffraction results and SEM 

observation. 
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Fig. 3.8 Absorption spectra for W-O-H films prepared in the 0.01(a), 0.03(b), 0.05(c), 0.09(d), 

0.1(e), and 0.5 mol/L(f) WO4
2−

 solutions(A), and the correlation between bandgap energy and 

WO
4

2−

 concentration(B). 
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Both the WO3∙H2O and WO3∙(H2O)0.33 possessed an orthorhombic lattice, and the 

lattice constant was different depending on the amount of water molecules introduced 

into the lattice.  It was reported for the Cu(In,Ga)(S,Se)2 compounds that the bandgap 

energy proportionally changed from 1.04 to 2.34 eV depending on the lattice constant 

induced by the composition change[33].  This will be the reason for the difference of 

the bandgap energy for the WO3∙H2O and WO3∙(H2O)0.33. 

The reaction schemes for the WO3∙H2O and WO3∙(H2O)0.33 are not clear at present, 

but the following reaction according to the potential-pH diagram can be speculated. 

HWO4
−
 + H

+
 ⇌ WO3 + H2O               (3.22) 

The reaction was revised as follows from the formation of the tungsten oxide hydrate. 

HWO4
−
 + H

+
 ⇌ H2WO4               (3.21) 

H2WO4 ⇌ WO3∙H2O               (3.23) 

WO3∙H2O ⇌ WO3 + H2O  (3.24) 

The difference of amount of the water molecules suggested that the WO4
2−

 

concentration affected the reaction equation(3.7) shown above. 

 

3.3.3 Photoelectrochemical properties of WO3∙H2O and WO3∙(H2O)0.33 films. 

Photoresponse curves for W-O-H films prepared in the 0.03 and 0.1 mol/L WO4
2−

 

solutions recorded under a light irradiation with and without UV light are shown in 

Figure 3.9.  The high-pressure Hg lamp source used in the measurement emitted 

UV-vis light at wavelength ranging from 300 to 600 nm. 
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Fig. 3.9 Photoresponse curves for W-O-H films prepared in the 0.03(A) and 0.1 mol/L WO4
2−

 

solutions(B) with and without UV irradiation in a 0.1 mol/L Na2SO4 aqueous solution. The light 

irradiation started at “ON” and stopped at “OFF”. 
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When only visible light at 380–600 nm was irradiated, the UV light at 300–380 nm was 

eliminated by using an SnO2 filter with a bandgap energy of 3.3 eV.  Both W-O-H 

films prepared in the 0.03 and 0.1 mol/L WO4
2−

 solutions generated photocurrent 

density at only positive potential, and showed no change in current density at the 

negative potential side, suggesting that both W-O-H films are n-type semiconductors.  

The light irradiation started at “ON” and stopped at “OFF” is represented in the figure. 

The W-O-H films prepared in the 0.03 and 0.1 mol/L WO4
2−

 solutions are a mixture of 

2.5-eV WO3∙H2O and 3.3-eV WO3∙(H2O)0.33, and single 3.3-eV WO3∙(H2O)0.33, 

respectively.  Photocurrent density increased immediately just after irradiating UV-vis 

light and then decreased to almost 10
−3

 mA cm
−2

 by stopping the light irradiation for 

both W-O-H films prepared in the 0.03 and 0.1 mol/L WO4
2−

 solutions.  The 

maximum photocurrent density by irradiation of UV-vis light is observed at the first 

irradiation, and the value reaches a plateau after the fifth irradiations in each case.  The 

maximum and plateau values are estimated to be 0.05 and 0.01 mA cm
−2

 for the W-O-H 

films prepared in the 0.03 mol/L WO4
2−

 solution, while 0.18 and 0.06 mA cm
−2

 for that 

in the 0.1 mol/L WO4
2−

 solution, respectively. The photocurrent generation by the 

irradiating light without containing UV light, i.e. visible light, is observed only for the 

W-O-H film prepared in the 0.03 mol/L WO4
2−

 solution.  The irradiated visible light at 

wavelengths ranging from 380-600 nm corresponding to the photon energy of 3.26-2.06 

eV excited electrons from the valence band to the conduction band only for WO3∙H2O.  

Therefore, the W-O-H film prepared in the 0.03 M WO4
2−

 solution contained 2.5-eV 

WO3∙H2O, and although the film was identified to be a mixture of 2.5-eV WO3∙H2O and 

3.3-eV WO3∙(H2O)0.33 from XRD results, the existence of 3.3-eV WO3∙(H2O)0.33 did not 

contribute to photocurrent generation.  The W-O-H film prepared in the 0.1 WO4
2−
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solution was identified to be the single 3.3-eV-WO3∙(H2O)0.33 film because of no 

photocurrent generation under the visible light irradiation.  
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3.4 Conclusions 

Crystalline tungsten oxide hydrate films of WO3∙H2O and WO3∙(H2O)0.33 were 

prepared on conductive glass substrates by anodic electrochemical deposition in 

aqueous solutions containing 0.01–0.5 mol/L WO4
2−

 without any heat-treatment.  The 

valence state of obtained tungsten oxide hydrate films were +6, and the films are proved 

to have high chemical uniformity.  The large WO3∙H2O grains with square shapes 

obtained in the 0.01–0.09 mol/L WO4
2−

 solutions possessed a bandgap energy of 

approximately 2.5 eV, and granular-WO3∙(H2O)0.33 films obtained in the 0.05–0.5 mol/L 

WO4
2−

 solutions showed 3.3 eV in bandgap energy.  Tungsten oxide hydrate films 

prepared in 0.01–0.9 mol/L WO4
2−

 solutions possess excellent crystalline structures of 

WO3∙H2O and WO3∙(H2O)0.33, and it is a novel and advantageous factor of this method.  

The WO3∙H2O-WO3∙(H2O)0.33 mixtured film prepared in the 0.03–0.09 mol/L WO4
2−

 

solutions showed a photoresponse for visible light at 380–600 nm, due to the existence 

of 2.5 eV-bandgap-WO3∙H2O. The WO3∙H2O is a realistic candidate as a photomaterial 

such as a photocatalyst operative in visible light. 
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CHAPTER 4 

 

 

Electrochemical deposition of tin oxide hydrate film 

 

 

 

 

 

 

4.1 Introduction 

4.1.1 Materials and issues of existing electrochemical depositions for SnO2 

Tin oxide (SnO2) having “C type” (section 1.2) potential-pH diagram is a n-type 

semiconductor which has 3.6 eV of bandgap energy, and is applied to gas detective 

sensors, solar cells, transparent conductive films and ion injection layers for 
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rechargeable batteries[1-4].  Chemical state, composition, bandgap energy, 

morphology and structure of tin oxide films are very important for applications to 

photoelectric devices, and those properties depend on forming methods.  SnO2 films 

can be synthesized by numerous techniques such as sputtering [5], chemical vapor 

deposition[6], sol-gel dip coating[7], spray pyrolysis[8] and electrochemical 

deposition[9,10].  Electrochemical deposition processes have several advantages over 

gas-phase deposition processes, such as low cost, and high applicability to film 

preparation on wide and complicated substrates.  Existing methods of electrochemical 

deposition for tin oxides utilize of the nitrate reduction reaction[9.10]; however, there is 

possibility of the incorporation of a tin oxide phase except for SnO2 according to the 

potential-pH diagram[11], and the deposited tin oxide contain metal tin.  This 

deposition of metal tin was caused by the reduction of Sn
4+

 ions in the solution, and the 

introduced phases as mixed valence compounds could have harmful effects on the 

performance of photoelectronic devices. 

 

4.1.2 Anodic electrochemical deposition using oxidization reaction of dissolved ions 

Anodic electrochemical deposition using oxidization reaction of dissolved ions was 

reported by A. Switzer et al. in 1996[12], and AgO film was obtained by combination 

reaction of acid-base reaction and oxidation-reduction reaction.  The theory of anodic 

electrochemical deposition for oxide is explained by the equation shown as follows: 

Ag
+
 + H2O = AgO + 2H

+
 + e

−
  (4.1) 
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Ag
+
 ions dissolved in water was oxidized, and combined with OH

−
 ions to AgO.  As 

understood from this, anodic electrochemical deposition can be applied to almost all 

oxides having “C type” potential-pH diagram explained in Chapter 1, and this method 

can deposit metal oxides with the maximum oxidation number.   

 

4.1.3 Objective of this study 

In this chapter, I aim at developing the electrochemical deposition processes for tin 

oxides having high chemical uniformity based on thermodynamic calculation to solve 

the problems of existing processes and usability of anodic electrochemical deposition 

using oxidization-reaction of ion species for oxide semiconductor to be proved.  

Shown in the literature, the AgO film was prepared using combination reaction of 

acid-base reaction and oxidation-reduction reaction.  Since the electrode potential is 

kept positive enough from the redox potential of Sn
2+

/SnO2, there is a possibility to 

obtain chemically uniform SnO2 films by anodic electrochemical deposition like AgO.  

Moreover, I speculated that this process would solve the problems of existing processes.  

Chemical and structural characterizations were carried out for obtained films with an 

X-ray photoelectron spectroscope, a grazing incidence X-ray diffraction, and a field 

emission scanning electron microscope observation. 

 

4.2 Experimental 

4.2.1 Theory of electrochemical deposition for tin oxide hydrate compounds 
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Before conducting the experiments of electrochemical deposition, I elaborated the 

potential-pH diagram of Sn-H2O system under the similar conditions to our 

investigation (Figure 4.1).  The values of standard Gibbs energy of formation used for 

the thermodynamic calculations are summarized in Table 4.1[11].  In the calculations, 

the activities of the solvent water and pure solid materials were regarded as unity, and 

the activities of Sn
2+

 ions and Sn
4+

 ions were set to 0.001.  In this study, I developed an 

anodic electrochemical deposition for the tin oxide from aqueous solution containing 

Sn
2+

 ions based on thermodynamic calculations.  When electrode potential was kept at 

a higher potential than that of the Sn
2+

/SnO2 combination reaction of acid-base reaction 

and oxidation-reduction reaction, SnO2 and Sn(OH)4 are more stable on the electrode 

than Sn(II) species, and tin oxide were formed directly from the solution (equation 

(4.2),(4.3)).  

SnO2 + 4H
+
 + 2e

−
 = Sn

2+
 + 2H2O  (4.2) 

Sn(OH)4 + 4H
+
 + 2e

−
 = Sn

2+
 + 4H2O  (4.3) 

Table 4.1 Standard Gibbs free energies of formation at 298.15 K 

used for drawing of the potential-pH diagram of Sn-H2O system[11]. 

Chemical species ΔGf
0
[kJ/mol] 

SnO2(s) −515.0 

Sn(OH)4(s) −477.0 

SnO(s) −257.1 

Sn
4+

(aq) −2.7 

Sn
2+

(aq) −26.2 

Sn(s) 0 

H2O(l) −237.1 
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Figure 4.1 Potential-pH diagram of Sn-H2O system at 348 K. Concentration of each dissolved 

species was set at 1 mmol/L. 

 

4.2.2 Experimental procedure for electrochemical deposition of tin oxides hydrate 

compounds 

Electrochemical deposition experiments were conducted based on the potential-pH 

diagram. The electrochemical deposition experiments were performed using a typical 

three-electrode electrochemical cell.  The working, counter and reference electrodes 
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were an Au-coated Si wafer (Si/Au wafer), a platinum plate and an Ag/AgCl electrode 

(0.199 V vs. NHE), respectively.  The substrate was rinsed with acetone by immersion.  

Then, it was masked with waterproof adhesive tape (Fluoroplastic Saturated Glass Cloth 

Tape NITOFLON No.973UL-S/973UL, Nitto) to restrict the exposed surface area of the 

substrate to 10 mm × 10 mm. The masked substrate was degreased by electrolytic 

degreasing (−10 mA/cm
2
, 1 min) in an aqueous sodium hydroxide solution with its 

concentration of 1.0 mol/L.  The solvent for electrochemical deposition was prepared 

by adding 90 mmol/L sulfuric acid (H2SO4 =96.0%, KANTO CHEMICAL) to 

deionized water. Then, 1 mmol/L tin(II) sulfate (SnSO4 =93.0%, KANTO CHEMICAL) 

was added to the solvent.  Deposition potential was decided by linear sweep 

voltammetry with 1 mmol/L SnSO4 solution at 1.3 of pH, and the scan rate was 5 mV/s.   

Deposition parameters were set at +0.2 V (vs. Ag/AgCl), temperature of the cell was 

kept at 75°C using thermostatic water bath, and electrochemical deposition was 

conducted for 1 hour.  A computer-controlled electrochemical measurement system 

(HSV-110, HOKUTO DENKO) was used for electrochemical deposition.  

 

4.2.3 Characterization of tin oxide hydrate compounds 

The electron spectra were recorded by an X-ray photoelectron spectroscope (XPS: 

PHI Quantera SXM-CI, ULVAC-PHI, Inc., monochromatized Al Kα radiation).  The 

pre-sputtering using Ar
+
 ions accelerated at 1.0 kV was carried out in an area of 2.0×2.0 

μm
2
 on the surface of films for 18 seconds before measurement.  The binding energy 

was corrected by the C1s peak at 284.6 eV.  The relative sensitivity factor of 0.733 and 

4.890 for O1s and Sn3d orbitals were used for the calculation of molar ratio of Sn and O 
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elements.  The chemical states of the deposited species on the surface of the sample 

were investigated with an Attenuated Total Reflection method (ATR) of Fourier 

transform infrared spectroscopy (FT-IR: FT-IR-6300, JASCO).  The structures of the 

deposited films were identified by a grazing incidence X-ray diffraction (GIXD: 

RINT2500, Rigaku) technique with monochromatized Cu Kα radiation set at 40 kV and 

200 mA.  Glancing angle of X-ray was set at 4°, and 2θ scan was carried out.  A field 

emission scanning electron microscope (FE-SEM) was used for observing the surface 

and the cross-sectional structure with an accelerating voltage of 3.0 kV.  Optical 

absorption spectra was recorded by a spectrophotometer (UV-Vis-NIR: U4100, 

HITACHI Hightech) with the reference of bare Si/Au substrate.   

 

4.3 Results and discussion 

4.3.1 Composition of tin oxide hydrate compounds 

Figure 4.2 shows linear sweep voltamogram for the 1 mmol/L SnSO4 solution at pH 

of 1.3.  The rising edge of current for SnO2 forming was observed at approximately 

+0.12 V vs. Ag/AgCl, and another rising edge of current for oxidization-reaction from 

Sn
2+

 to Sn
4+

 was observed at approximately +0.27 V vs. Ag/AgCl; these results are 

consistent with the potential-pH diagram, and deposition potential was set at the +0.2 V 

vs. Ag/AgCl. 

Figure 4.3 shows the chronoamperometric curves in the 1 mmol/L SnSO4 solution.  

The films did not peel off from the substrates for 60 min electrochemical deposition. 
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Figure 4.2 Linear sweep voltammogram of Au wafer in 1mmol/L SnSO4 and H2SO4 90mM solution 

at 70°; scan rate was 5 mV/s.  

 

 

Fig. 4.3 Change in current density for electrochemical deposition with the deposition time in 1 

mmol/L SnSO4 solutions. 
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Figure 4.4 Survey(A), Sn3d(B), and O1s electron spectra(C) for tin oxide film. 

 

The current density drastically decreased at the initial stage and then gradually 

decreased to an almost constant value.  The current density at the deposition time of 60 

min was around 0.05 mA cm
−2

. 

Colorless deposits were observed on the electrode with the naked eye.  Figure 4.4 

shows the results of XPS measurements for the survey electron spectrum and narrow 
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electron spectra of Sn3d and O1s for the obtained film.  All the peaks on the survey 

spectrum are able to be identified as peaks originating from the Sn and O elements.  

Peaks at about 27, 90, 137, 487, 495, 717, 759, 886 and 1061 eV are identified with 

Sn4d, Sn4p, Sn4s, Sn3d5/2, Sn3d3/2, Sn3p3/2, Sn3p1/2, Sn3s, SnMNN for Sn element, and 

peaks at 530.7 and 974.7 eV are assigned to O1s and OKLL electron spectra[13,14].  

Any peaks originating from other elements were not detected on the spectrum, and this 

means that tin oxide film prepared by anodic electrochemical deposition in the SnSO4 

solution was composed of only Sn and O elements.  Sn3d5/2 peaks in XPS spectrum for 

tin oxide film have binding energy of 486.78 eV, and this value is closer to 486.7 eV of 

Sn
4+

 in SnO2 than 486.9 eV of Sn
2+

 in SnO[15].  All observed peaks of tin had valence 

value of +4, and this film is proved to have high chemical uniformity.  The O1s 

spectrum for the film prepared by anodic electrochemical deposition in the SnSO4 

solution showed a peak at 530.7 eV and a shoulder peak at 532.0 eV. The binding 

energy of 530.7 eV is close to the state of O
2−

 in SnO2[16].  The peak at 532.0 eV was 

reported to be unidentified, but the value was smaller than 533.2 eV of H2O[16].  It 

can be assumed that this unidentified peak was originated in tin hydrate according to 

similar peak of metal hydrate can be observed in literature[17], but there is no particular 

evidence from the XPS measurement.  The intensity ratio of the shoulder to the peak is 

estimated to be 0.33.  Additionally, the molar ratios of the O to Sn elements calculated 

from integrated intensities of peaks with the relative sensitivity factor are 1.8. 

Figure 4.5 shows the FT-IR absorption spectra of the film surface investigated with 

an ATR attachment.   
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Figure 4.5 FT-IR absorption spectrum of the tin oxide film deposited on a Si/Au electrode. 

 

The absorption peak at around 650 cm
−1

 is assigned to Sn–O symmetric stretching 

vibration[18]; the absorbance of 1440 cm
−1

 is assigned to the Sn–O–Sn antisymmetric 

stretching vibration[19].  This indicates the presence of SnO2 in the film.  Moreover, 

absorption peaks at 970, 1100 and 1140 cm
−1

 correspond to Sn–OH symmetric plane 

bending vibration[19,20], and the broad absorption around 3400 cm
−1

 is assigned to O–

H stretching[20].  This means that the film also includes Sn(OH)4. In addition, the 

absorption peak at 1600 cm
−1

 is assigned to the H–O–H symmetric plane bending 

vibration[20], showing the presence of a small amount of water molecules in it. 
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Fig. 4.6 GIXD patterns of Sn(O,OH). 

 

Considering this result together with the XPS results, the obtained film is compounds of 

SnO2 and Sn(OH)4 (Sn(O,OH)).   

 

4.3.2 Structural characterization of tin oxide hydrate compounds 

  Figure 4.6 shows the XRD pattern of Sn(O,OH).  The diffracted X-ray pattern for 

Sn(O,OH) film shows peaks at 26.1, 34.5, 36.6 and 52.7°, which are assigned to the 

(110), (101), (200) and (211) planes of SnO2 with a tetragonal lattice, respectively[21]. 
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Figure 4.8 Surface(a) and cross-sectional(b) SEM images of the tin oxide film deposited on a Si/Au 

electrode. 

 

The FWHM of X-ray diffraction peaks relate to grain size and inhomogenous strain, 

and broad peaks of SnO2 indicate that small grain size and the presence of 

inhomogenous strain.  This inhomogenous strain was originated in the presence of tin 

hydrate and oxygen vacancy in Sn(O,OH).  The lattice constants are calculated from 

the (110) and (211) planes, and the lattice constants of a and c of tetragonal SnO2 are 

4.931 Å and 2.913 Å.  These values have deference from the standard value, and the 

volume of the unit cell was calculated to be 67.98 Å
3
, which was smaller by 

approximately 5% than the standard value.   

Figure 4.7(a) shows the SEM image of the surface of the tin oxide film deposited on a 

Si/Au electrode.  The surface of the electrode is completely covered with deposits. The 

deposited film does not have cracks, and its surface is very smooth.  Spherical particles 

on the surface of the films are seen in Figure 4.7(a).  These particles appear to be tin 

oxides deposited from bulk solution since electrochemical reactions occurred not only 
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in the vicinity of the electrode but also in the bulk solution. Equation (4.4) shows the 

oxidation of Sn
2+

 ions into Sn(OH)4 by dissolved oxygen in the bulk solution[22]. 

2Sn
2+

 + O2 + 6H2O = 2Sn(OH)4 + 4H
+
  (4.4) 

Since standard Gibbs energy of reaction of equation (4) is −4.4 kJ/mol, the reaction is 

able to occur in the bulk solution, and Sn
4+

 ions spontaneously turned to SnO2 leading to 

deposition because Sn
4+

 ions could not stably exist under the pH condition of 1.3as this 

solution.  Figure 4.7(b) shows cross-sectional SEM images of the tin oxide film 

deposited on a Si/Au electrode. The film thickness is about 100 nm.  
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4.4 Conclusions 

Chemically uniform Sn(O,OH), mixtures of tin oxide (SnO2) and tin hydroxide 

(Sn(OH)4) was formed by anodic electrochemical deposition using the combination 

reaction of acid-base reactions and oxidation-reduction reactions based on 

thermodynamic calculations.  Obtained Sn(O,OH) completely covered the substrate, 

and have smooth surface and structure of tetragonal fine crystal. 

Formation of Sn(O,OH) film composed of Sn having only a single oxidation state of 

+4 was achieved by electrochemical deposition based on the potential-pH diagram and 

electrochemical measurements. 
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CHAPTER 5 

 

 

Solid state tungsten oxide hydrate/tin oxide hydrate 

electrochromic device prepared by electrochemical depositions 

 

 

 

 

 

5.1 Introduction 

5.1.1 Subject of this Chapter 

By the previous chapter, I have demonstrated examples of developing for 

electrochemical deposition processes based on potential-pH diagrams. Here, I 

demonstrate fabricating optical functional device prepared by previously mentioned 
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electrochemical depositions to solve a problem for existing devices, and suggest 

applicability of these electrochemical depositions based on thermodynamic calculations.  

 

5.1.2 Electrochromic device 

Electrochromic devices (ECDs) have been applied to cabin windows, anti-glare 

interior mirrors, and windshields installed into automobiles and airplanes for changing 

color appearances driven by electrochemical reactions[1]. The ECD was composed 

mainly of an electrochromic layer and an electrolyte layer for ion injection to change the 

color appearance.  Since liquid phase electrolyte limits the industrial use due to 

leakage, solid state ECD has several advantages such as non-leakage and 

shape-flexibility over the conventional ECD with an electrolyte.  The oxide hydrate 

such as tungsten oxide was used as the electrochromic layer for both conventional and 

solid state ECD[2,3], and oxide layers of rare metals like tantalum and iridium were 

used as the solid state ion-injection layers.  Tin oxide hydrate, Sn(O,OH), has been 

used as a component in a secondary battery as solid electrolyte and has a role to inject 

ions into the electrode[4].  The Sn(O,OH) layer is a realistic candidate as the solid 

electrolyte for injecting ions into the electrochromic layers installed in solid state ECDs.  

The tungsten and tin oxide hydrate layers have been prepared by several processes 

including gas- and solution-phase depositions[5-9].  The solution process has several 

advantages over the gas-phase deposition has already reported
19-21

.  Direct anodic and 

cathodic depositions have been proposed by our group, and the ability has been 

approved by preparations of ZnO, Cu2O and CuO semiconductors[10-12].  The 

tungsten oxide hydrate (WO3(H2O)0.33) has been prepared by anodic deposition, and it is 
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expected that the preparation of the Sn(O,OH) by the anodic deposition from the 

electrochemical characteristic[13].  In this Chapter 5, I realize the fabrication of a 

solid state tungsten oxide hydrate/tin oxide hydrate electrochromic device by anodic 

deposition in aqueous solutions and demonstrate the change in the color appearance by 

applying voltage through it. 

 

5.2 Experimental 

5.2.1 Fabrication of a FTO/WO3(H2O)0.33/Sn(O,OH) bilayer structure 

Prior to electrochemical deposition, the fluorine-doped tin oxide glass (10 Ω/□, FTO) 

substrate was rinsed with acetone, and then the electrochemical deposition area was 

limited to 15 mm × 15 mm by waterproof adhesive tape (Fluoroplastic Saturated Glass 

Cloth Tape NITOFLON No. 973UL-S/973UL, Nitto).  Then, the substrate was 

degreased by cathodic polarization at 10 mA cm
−2

 for 3 min in a 1.0 mol/L sodium 

hydroxide aqueous solution.  Tungsten oxide layers are prepared by decreasing the pH 

value in the vicinity of the substrate with an oxygen gas evolution reaction as mentioned 

in Chaper 3. The tungsten oxide hydrate layer was prepared on a FTO substrate by 

electrochemical deposition in an aqueous solution containing a 0.1 mol/L Na2WO4･

2H2O at pH of 1.0, 70°C, and a potential of +2.0 V referenced to Ag/AgCl electrode for 

2 hours by using a typical three-electrode electrochemical cell.  The electrochemical 

deposition for Sn(O,OH) layer was performed using a typical three-electrode 

electrochemical cell as Chapter 4. The tin oxide hydrate layer was stacked on the 

tungsten oxide hydrate layer in an aqueous solution containing a 90 mmol/L H2SO4 and 

1 mmol/L SnSO4 at 70°C and a potential of +0.2 V referenced to Ag/AgCl electrode for 
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2 hours.  The solutions were prepared with reagent grade chemicals and deionized 

water purified with Milli-Pore Elix-Advantage. 

 

5.2.2 Characterizations of a FTO/WO3(H2O)0.33/Sn(O,OH) bilayer structure 

The electron spectra were recorded by an X-ray photoelectron spectroscope (XPS).  

The Ar
+
 sputtering was carried out at 2.0 kV for 1 minute before measurements.  The 

binding energy was corrected by the C1s peak at 284.6 eV. The cross-sectional images 

were observed with a field emission scanning electron microscope (FE-SEM).  Au 

electrode formed on Si wafer was contacted to the Sn(O,OH) layer, and a voltage of 5 V 

was applied between the Au electrode and FTO layer for 1 min. Optical transmission 

spectra were recorded by UV-visible-near infrared (UV–vis–NIR) spectroscopy. 

 

5.3 Results and discussion 

5.3.1 Characterizations of a FTO/WO3(H2O)0.33/Sn(O,OH) bilayer structure 

Figure 5.1 shows Sn3d(a), W4f(b), and O1s(c) electron spectra for tungsten oxide 

hydrate/tin oxide hydrate bilayer after 2 min (solid line) and 25 min (dashed line) Ar 

sputtering, and the depth profiles of W, Sn and O elements(d). The intensity of the Sn3d 

signal was strong near the free surface and decreased with increase in the etching time, 

and the W4f signal showed very weak intensity near free surface and increased with 

increase in the etching time. 
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Figure 5.1 Sn3d(a), W4f(b) and O1s(c) electron spectra in WO3(H2O)0.33/Sn(O,OH) structure after 

sputtering for 2 (solid) and 25 min (dashed), and depth profiles of W, Sn and O elements(d). 

 

The tendency of the intensity change for Sn3d and W4f signal was consistent with the 

bilayer structure of upper Sn(O,OH) and lower WO3(H2O)0.33.  The state of Sn, W, and 

O elements were investigated by recording the Sn3d and O1s spectra for upper 

Sn(O,OH) layer at 2 min in the etching time and W4f and O1s spectra for WO3(H2O)0.33 

at 25 min in etching time.  Although the intensity of Sn3d signal changed depending 

on the etching time, almost same spectra in peak energy and profile were observed 

irrespective of sputtering time.  The Sn3d peaks at 487.0° and 495.5° were assigned to 

Sn3d of Sn
4+

 state in SnO2[14].  The Sn3d signal remained even at the etching time of 

25 min, but no change in profile was observed.  The O1s signal showed 530.8 eV, 
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irrespective of the etching time , and the value was close to 530.6 eV of O
2−

 in both 

SnO2 and WO3[14].  Shoulders were able to observed at 532.3 eV for both spectra and 

were assigned to the O
2−

 state in hydroxides including WO3(H2O)0.33[14].  The W4f 

signals appeared at 38 and 36 eV with very weak intensity at 2 min spputering in the 

Sn(O,OH) layer region, and strong peaks at 37.8, 35.7, 33.5 and 31.3 eV were clearly 

observed at 25 min sputtering in WO3(H2O)0.33 layer region.  The W4f peaks around 

38 eV and 36 eV were assigned to W4f7/2 and W4f5/2 orbitals of W
6+

 species[15], and 

W4f7/2 orbital was close to 35.6 eV of W
6+

 state in WO3 and smaller than 36.2 eV of 

W
6+

 state in H2WO4[14].  The peaks at 33.5 and 31.3 eV were identified as W
0
 state, 

suggesting the occurrence of the reduction of W element by 25 min-Ar sputtering. 

Figure 5.2 shows the cross-sectional SEM image of the WO3(H2O)0.33/Sn(O,OH) 

structure.  The 400 nm-thick-WO3(H2O)0.33 layer was clearly observed on the FTO 

substrate and was composed of aggregates of equiaxed granular grains with the size of 

50 nm.  The 80-nm-thick Sn(O,OH) layer, which was composed of aggregates of 

granular grains of 30 nm in size, covered over entire the surface of the WO3(H2O)0.33 

layer.  The defects such as pores could not be located in both layers, and 

heterointerface was able to be clearly observed between two layers.  It was confirmed 

that the formation of the WO3(H2O)0.33/Sn(O,OH) bilayer structure was realized only by 

anodic deposition. 
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Figure 5.2 Cross-sectional SEM image of WO3(H2O)0.33/Sn(O,OH) bilayer structure. 

 

 

5.3.2 Coloration reaction of a FTO/WO3(H2O)0.33/Sn(O,OH) bilayer structure 

Optical transmission spectra and the change in appearances of the 

WO3(H2O)0.33/Sn(O,OH) bilayer structure before and after applying the voltage are 

shown in Figure 5.3, in addition to the schematic illustration of the 

WO3(H2O)0.33/Sn(O,OH) bilayer structure(a).  The optical transmission decreased 

rapidly at wavelength around 400 nm by the absorption edge of WO3(H2O)0.33 layer, 

irrespective of applying the voltage. 
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Figure 5.3 Schematic illustration of the structure of the WO3(H2O)0.33/Sn(O,OH) bilayer structure(a), 

and optical transmission and the change in appearance  the  WO3(H2O)0.33/Sn(O,OH) bilayer 

structure before and after applying voltage. 
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The WO3(H2O)0.33/Sn(O,OH) bilayer structure showed transmission of 80% in visible 

region of wavelength ranging from 500 to 900 nm before applying voltage, and optical 

transmission decreased at the wavelength longer than 450 nm by applying voltage, and 

it was demonstrated that the WO3(H2O)0.33/Sn(O,OH) bilayer structure was operated as 

an all-solid-state electrochromic device.  Transmission of the WO3(H2O)0.33/Sn(O,OH) 

bilayer structure before and after applying the voltage was 84.94% and 21.44% at 663 

nm.  Since the current density and colored area were 0.5 A and 1.5 cm
2
, the coloration 

efficiency (CE)[16] was estimated to be 0.03 cm
2
/C.  The CE value was lower than 

those already reported for solid state ECDs with tantalum and iridium[2].  The 

performance of ECD was affected by several factors such as electrical characteristics 

including the ion mobility in bulk and heterointerface[1,16].  Furthermore, 

investigation on the parameters, especially the bulk characteristics and heterointerface 

state in the WO3(H2O)0.33/Sn(O,OH) bilayer structure, is needed to enhance the CE 

value.  It was demonstrated that the Sn(O,OH) layer played a role as an ion-injection 

layer and the WO3(H2O)0.33/Sn(O,OH) bilayer structure showed electrochromic 

characteristics from clear transparency to blue color. 

 

  



 

112 

 

5.4 Conclusions 

The solid-state WO3(H2O)0.33/Sn(O,OH) bilayer electrochromic device has been 

fabricated only by anodic electrochemical deposition on the conductive glass substrate, 

and the change from clear transparency to blue color has been demonstrated by applying 

voltage through an Au electrode contacted on the top surface of the device. 

The WO3(H2O)0.33/Sn(O,OH) bilayer device overcome the problem of existing device, 

and it utilized the advantages of electrochemical deposition, such as being low-costly, 

conventional and easy to applying to large scale products, to best effect.  Furthermore, 

the WO3(H2O)0.33/Sn(O,OH) bilayer device is a potential candidate of an solid-state 

electrochromic device.   
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CHAPTER 6 

 

 

Summary 

 

 

 

 

 

 

6.1 Research summary 

This thesis has been focused on the importance of design of electrochemical 

deposition for wide bandgap oxide semiconductor based on thermodynamic calculation.  

I successfully resolved several representative problems of existing electrochemical 

deposition with novelly designed electrochemical deposition processes based on 

potential-pH diagrams in order to suggest the importance of design of electro chemical 
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deposition methods based on thermodynamic calculation.  Moreover, I proved an 

applicability of designing electrochemical deposition processes for industrial purposes 

by fabricating a novel electrochromic device which overcame weaknesses of existing 

devices.  The main results of this work are summarized below. 

In Chapter 1, I showed the issues of electrochemical deposition as forming methods 

for wide bandgap oxide semiconductors and overviewed the methods for designing 

electrochemical deposition processes based on thermodynamic calculation in order to 

resolve these issues.  I considered that designing electrochemical deposition processes 

to obtain objective oxides is important, and the objective of this thesis was decided to be 

“Development of electrochemical deposition process based on thermodynamic 

calculation”. 

In Chapter 2, I proved forming metal oxide compounds prepared by electrochemical 

deposition based on thermodynamic calculation by preparing Zn-Ce-O films on an 

electrodeposited Ag layer in aqueous solutions containing zinc nitrate hydrate and 

cerium nitrate hydrate.  Theory of deposition was discussed from the view point of 

critical pH between to oxides and dissolved species.  Since Zn
2+

/Zn(OH)2 and 

Ce
3+

/Ce(OH)3 have near critical pH values and then both Zn
2+

 and Ce
3+

 can co-exist in 

the solution in a certain pH range, ZnO and CeO2 were deposited at the same time from 

the solution.  The Ce content in the films changed from 0 to 43 mol% depending on 

the Ce concentration in solutions.  Zn-Ce-O films were identified as a wurtzite ZnO 

solid solution containing Ce (Ce:ZnO) at 5% Ce, and a mixture of Ce:ZnO and CeO2 

solid solution containing the Zn(Zn:CeO2) at 20~43% Ce. 
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In Chapter 3, I developed the novel anodic electrochemical deposition of tungsten 

oxide hydrate using oxygen-evolution reaction based on thermodynamic calculation, 

and it resolved the problems of existing electrochemical deposition, i.e. ununiformity of 

oxidation states of metal ions in oxide films.  Crystalline tungsten oxide hydrate films 

of WO3∙H2O and WO3∙(H2O)0.33 were prepared on conductive glass substrates by anodic 

electrochemical deposition in aqueous solutions containing 0.01–0.5 mol/L WO4
2−

 

without any heat-treatments.  The valence state of obtained tungsten oxide hydrate 

films were +6, and this film is proved to have high chemical uniformity.  The large 

WO3∙H2O with square shapes obtained in the 0.01–0.09 mol/L WO4
2−

 solutions 

possessed a bandgap energy of approximately 2.5 eV, and granular-WO3∙(H2O)0.33 films 

obtained in the 0.05–0.5 mol/L WO4
2−

 solutions showed 3.3 eV in bandgap energy.  

Tungsten oxide hydrate films prepared in 0.01–0.9 mol/L WO4
2−

 solutions possessed 

excellent crystalline of WO3∙H2O and WO3∙(H2O)0.33, and obtaining crystalline tungsten 

oxide hydrate without any heat treatment is novel and advantageous point of this 

method.  The WO3∙H2O-WO3∙(H2O)0.33 mixtured film prepared in the 0.03–0.09 mol/L 

WO4
2−

 solutions showed a photoresponse for visible light at 380–600 nm, due to the 

existence of 2.5 eV-bandgap WO3∙H2O. The WO3∙H2O is a realistic candidate as a 

photomaterial such as a photocatalyst which is operative in visible light. 

In Chapter 4, I developed the novel anodic electrochemical deposition for Sn(O,OH) 

using combination reaction of acid-base reaction and oxidation-reduction reaction based 

on thermodynamic calculation. This method resolved the problem of ununiform 

oxidation states in existing electrochemical deposition.  Sn(O,OH), mixture of SnO2 

and Sn(OH)4, with unified valence of +4 was prepared by electrochemical deposition 
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designed by thermodynamic calculations.  Obtained Sn(O,OH) completely covered 

substrate, and had smooth surface and tetragonal fine crystal structure. 

In Chapter 5, I demonstrated the fabrication of WO3∙(H2O)0.33/Sn(O,OH) bilayer 

structure for all-solid-state electrochromic devices by anodic electrochemical deposition 

above-mentioned in Chapter 3 and Chapter 4, and resolved problem of existing 

electrochromic device fabrication such as costly and complex processes.  

WO3∙(H2O)0.33/Sn(O,OH) bilayer structure was prepared by anodic electrochemical 

deposition on the FTO substrate.  It was revealed that the WO3(H2O)0.33/Sn(O,OH) 

bilayer structure was fabricated with an approximately 400 nm WO3(H2O)0.33 layer and 

an approximately 100 nm Sn(O,OH) layer by the XPS measurement and FE-SEM 

observation.  Electrocromism of WO3(H2O)0.33/Sn(O,OH) bilayer structure was 

observed by optical transmission measurements.  A voltage of 5 V was applied to the 

WO3(H2O)0.33/Sn(O,OH) bilayer structure for 1 min, and its color changed from 

colorless transparent to blue.  WO3(H2O)0.33/Sn(O,OH) bilayer structure successfully 

worked as a novel and low-costly all-solid-state electrochromic device, and thereby I 

demonstrated the applicability of these electrochemical depositions based on 

thermodynamics. 

I resolved the problem of existing electrochemical deposition for wide band gap 

oxide semiconductor by electrochemical deposition based on thermodynamic 

calculations.  The results demonstrated here will strongly contribute to the 

improvement of the preparation of oxide semiconductor and its devices. 
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