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Abstract 

 

Bismuth vanadate, BiVO4, has been recognized for its high efficiency as a 

photoanode for water splitting. However, its performance is limited by photogenerated 

electron–hole recombination. Thus, researchers have attempted to modify BiVO4 to 

improve its performance. One strategy to improve charge separation is to utilize an 

internal field arising from surface termination differences. Previous studies concentrated 

on polygonal single crystals of BiVO4, providing limited information about the 

orientation-reactivity relationship. The current research focuses on polycrystalline BiVO4, 

which makes it possible to study the photochemical reactivity of all possible orientations 

and determine the complete orientation dependence of the photochemical reactivity of 

BiVO4. 

BiVO4 surfaces of all possible orientations have been used to photochemically 

reduce Ag+ and oxidize Pb2+ and Mn2+. The surface orientations of the grains, measured 

by electron backscatter diffraction, were correlated to the amounts of reduced and 

oxidized insoluble products on each grain. The results show that the photochemical 

reduction of Ag+ is strongly favored on BiVO4 (001) surfaces. However, Ag+ can be 

reduced on all orientations, with the rate of reduction decreasing with increasing 

inclination from the [001] direction. The oxidation of Pb2+ is strongly favored on (hk0) 

surfaces perpendicular to (001), and this is consistent with the result of the Mn2+ 

oxidation. Additionally, surfaces within 50 ° of [001] have a much lower activity for the 

oxidation of Pb2+. The results also show that reduction and oxidation reactions occur on 

complementary surfaces of BiVO4 crystals. 

 In addition to surface/crystal orientation, ferroelastic domains also affect 

the photochemical reactivity of monoclinic BiVO4. The photo-reduction of Ag+ and the 

photo-oxidation of Mn2+ are shown to occur on a certain set of ferroelastic domains, 

which are complementary to each other. Moreover, the domains generate contrast in 

piezoresponse force microscopy (PFM) that correlates to the reactivity, exactly like polar 

domains in ferroelectrics, such as BiFeO3. This discovery is unexpected because BiVO4 

has a centrosymmetric structure, which should not exhibit such phenomena. However, 

surface polarity in centrosymmetric structures can be induced by flexoelectricity, which 
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occurs when a strain gradient breaks the symmetry leading to a local polarization. 

Because symmetry is broken by surfaces, they provide a mechanism for the relaxation of 

internal stress that might create a strain gradient and impart flexoelectricity in a nonpolar 

material. These internal fields arising from ferroelastic domains in monoclinic BiVO4 are 

Bismuth vanadate, BiVO4, has been recognized for its high efficiency as a photoanode 

for water splitting. Previous studies showed that photochemical reactions in polygonal 

BiVO4 were orientation-selective indicating improved charge separation by an internal 

field arising from surface termination differences. However, due to the limited numbers 

of orientations in the polygonal crystal structure, the orientation-reactivity relationship is 

not fully understood. As a result, the current research focuses on polycrystalline BiVO4, 

which makes it possible to study the photochemical reactivity of all possible orientations 

and determine the complete orientation dependence of the photochemical reactivity of 

BiVO4. 

The photochemical reactivities of Ag+ reduction, and Pb2+ and Mn2+ oxidation on 

a sintered BiVO4 ceramic were correlated with the surface orientations of its grains, 

measured by electron backscatter diffraction. The results show that the photochemical 

reduction of Ag+ is strongly favored on BiVO4 (001) surfaces. However, Ag+ can be 

reduced on all orientations, with the rate of reduction decreasing with increasing 

inclination from the [001] direction. The oxidation of Pb2+ is strongly favored on (hk0) 

surfaces perpendicular to (001), and this is consistent with the result of the Mn2+ 

oxidation. Additionally, surfaces within 50 ° of [001] have a much lower activity for the 

oxidation of Pb2+. The results also show that reduction and oxidation reactions occur on 

complementary surfaces of BiVO4 crystals. 

 In addition to surface/crystal orientation, ferroelastic domains also affect the 

photochemical reactivity of monoclinic BiVO4. The photo-reduction of Ag+ and the 

photo-oxidation of Mn2+ are shown to occur on a certain set of ferroelastic domains, 

which are complementary to each other. Moreover, the domains generate contrast in 

piezoresponse force microscopy (PFM) that correlates to the reactivity, exactly like polar 

domains in ferroelectrics, such as BiFeO3. This discovery is unexpected because BiVO4 

has a centrosymmetric structure, which should not exhibit such phenomena. However, 

surface polarity in centrosymmetric structures can be induced by flexoelectricity, which 



	
   v 

occurs when a strain gradient breaks the symmetry leading to a local polarization. 

Because symmetry is broken by surfaces, they provide a mechanism for the relaxation of 

internal stress that might create a strain gradient and impart flexoelectricity in a nonpolar 

material. These internal fields arising from ferroelastic domains in monoclinic BiVO4 are 

capable of improved charge separation and reduced recombination. 

To better understand the contribution of the ferroelastic domain structure to 

improved reactivity, the domain and orientation dependent photochemical reduction of 

Ag+ are investigated for two samples in the co-doped family Na0.5xBi1-0.5xMoxV1-xO4:  a 

monoclinic sample (x = 0.05) and a tetragonal sample (x = 0.175). Like BiVO4, the co-

doped x = 0.05 monoclinic sample has clear ferroelastic domains that exhibit contrast in 

piezoresponse force microscopy (PFM) and exhibit domain specific reactivity. The 

tetragonal x = 0.175 sample has no domains, no PFM contrast, and uniform grain 

reactivity. The orientation dependence of Ag+ reduction is similar for the two samples, 

with surfaces near (001) being more active than others. For any given orientation, 

however, the monoclinic sample is quantitatively more active than the same orientation in 

the tetragonal sample. These collected results are consistent with the hypothesis that 

monoclinic-structured BiVO4 ceramics have enhanced photochemical activity owing to 

ferroelastic domain-selective reactivity, which allows for local separation of 

photogenerated carriers and redox reactions. 
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INTRODUCTION 

1.1 Motivation 

With an increase in energy demand, solar fuel is one of the alternatives to fossil fuels that 

has gained flourishing attention. Solar fuel is produced by converting solar energy to chemical 

fuel, such as H2.1 This solar-to-fuel production could be relatively cost-effective because it 

utilizes a cost-free and abundant energy source of sunlight.2  Moreover, unlike fossil fuels whose 

combustion significantly generates greenhouse gases (CO or CO2), solar fuel technologies, 

because of their low-to-zero emissions of greenhouse gases, are more environmentally 

friendly.3  Thus, researchers have devoted intense efforts to develop solar fuel technologies, 

aiming for  robust and widespread deployment. 

One of the promising solar fuel technologies that has been developed is photocatalytic 

water splitting. 4 This technology generates H2 fuel by mimicking 

photosynthesis.5,6  Specifically, solar energy is absorbed by a photocatalyst, which generates 

electrons and holes that can react with water to produce H2 fuel and a clean by-product of O2. 

Although the concept of photocatalytic water splitting seems simple, this technology is currently 

neither practical nor readily commercial because of its inefficiency. 7-9 

 The main characteristics of photocatalysts that cause inefficiency to energy conversion 

are (1) solar harvesting ability, (2) carrier separating ability, and (3) reaction activating 

ability. [10] In other words, efficient photocatalysts should (1) absorb a large percentage of the 
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solar spectrum, (2) effectively separate photogenerated electrons and holes before they 

recombine, and (3) provide active sites for the redox reactions. 11,12 The light absorbing ability of 

a photocatalyst can be determined by its band gap. The smaller the band gap is, the greater the 

fraction of light that is absorbed. Thus, narrow-band gap photocatalysts are desirable. 11 

Additionally, charge separation and availability of the reaction sites increase the possibility of 

carriers reacting with water, leading to an increase of the overall efficiency. 13,14  

 Considering all of the abovementioned characteristics, developing visible-light 

responsive photocatalysts with a robust charge separation and available active sites is 

challenging, yet essential. One viable class of materials whose charge separating ability has been 

attractive for photocatalytic applications is ferroelectrics. 15,16 Ferroelectrics have an internal 

dipole moment that can promote charge separation. 17 This dipole moment will govern the 

direction in which electrons and holes travel. Specifically, electrons are attracted to positively 

terminated surface domains, while holes are oppositely attracted to negatively terminated surface 

domains. 18 As a result, electrons and holes, as well as the reaction sites, are separated. However, 

most ferroelectric photocatalysts have a wide band gap, which limits their light absorbing ability, 

and thus the efficiencies. Therefore, numerous studies still examine emerging new options for 

photocatalytic materials that have all required properties or attempt to improve the performance 

of existing materials. 

1.2 Objectives 

The ultimate goal of this research is to understand photocatalytic activity of one chosen 

solar photocatalytic material, with an aim at increasing its overall efficiency. Specifically, this 
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research aims to understand charge separation in a known visible-light responsive, non-

ferroelectric photocatalytic material. While investigating the material, I uncovered a novel 

charge-separation method, which is investigated thoroughly herein. 

To improve charge separation of photocatalysts, other than using ferroelectric materials, 

it is possible to use an internal electric field created by surface potential differences. This 

mechanism commonly has been observed in metal oxides, such as titania (TiO2)19, and lately has 

been recognized in bismuth vanadate (BiVO4). 20  In particular to BiVO4, recent studies showed 

an efficient separation of oxidation and reduction products, which was proposed to arise from 

surface potential difference in polygonal particles.20,21  

Investigations into BiVO4 photocatalysts have markedly increased because of several 

advantages BiVO4 possesses. First, BiVO4 has a visible-light active band gap.22  Importantly, it 

also has been shown to be highly efficient for photocatalytic water oxidation (high activity with 

low losses). 23-25 Moreover, this oxide is chemically stable and affordable. 23 Given these 

benefits, BiVO4 is a material of interest for this research and it is important to fully understand 

its photochemical properties, with an aim of improving efficiency for practical applications.  

To obtain a better understanding, this research is separated into 3 main studies. 

Study 1: Orientation dependence of the reactivity of monoclinic BiVO4  

Following upon the reported facet-specific reactivity of polygonal particles, I first 

examined the influence of orientations on the surface reactivity of polished dense 

polycrystalline compacts, which expose many more surface orientations than faceted 
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particles and which should allow us to propose an optimal geometry for a BiVO4 

photocatalytic microcrystal. 

 Study 2: Domain selectivity of photochemical reactions on monoclinic BiVO4 

In the course of investigating orientation dependent reactivity in Study 1, I 

observed an anomalous spatially-selective reactivity on BiVO4, where the supposedly 

non-polar ferroelastic domains appeared to influence reactivity. This is explored in detail 

in Study 2, a possible explanation is proposed, and implications of this anomalous 

reactivity are described. 

 Study 3: Effect of the ferroelastic domain structure on photochemical properties of 

monoclinic BiVO4 

In Study 2, ferroelastic domains are shown to separate reaction products on 

BiVO4, likely owing to the separation of charges in these domains. In Study 3, I 

determine the role of the ferroelastic domains, such as domain existence, on the overall 

level of reactivity, by comparing absolute reactivity of similar ferroelastic and non-

ferroelastic compounds in the BiVO4 family. 

The following is an overview of each study. 

Study 1: Orientation dependence of the reactivity of monoclinic BiVO4 

 Many factors, such as orientation and residual strain, can affect photochemical properties 

of materials. [19,26] BiVO4 is one material where the surface orientation is known to 

significantly impact its photocatalytic properties. 20,21 Such orientation dependence was also 
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discovered in other metal oxides, such as TiO2
19 and SrTiO3.27 In particular to BiVO4, the spatial 

separation of photochemical reactions was found in a faceted microcrystal: the reduction reaction 

mainly occurred on (001) facets, while the oxidation reaction mainly occurred on (011) facets.20 

This result also implied that photogenerated electrons were preferentially driven to (001) facets, 

while photogenerated holes were preferentially driven to (011) facets. Additionally, it proposed 

that the potential difference of facets may be a mechanism leading to a separation of 

photogenerated carriers.20 This knowledge of orientation-dependent reactivity allows researchers 

to design an efficient photocatalyst. For example, the ideal photocatalyst should be comprised of 

a combination of the orientations that provide the highest reactivity for both reduction and 

oxidation. To determine an ideal design, it is necessary to understand the relationship between 

orientations and reactivity. However, the orientation-dependent photocatalytic properties in 

BiVO4 have not been fully explored. Previous BiVO4 studies, which concentrated on single 

crystal and micro- or nano-crystalline structures, offer limited information on the correlation 

between all possible orientations and reactivity.20,21,28 Specifically, only the reactivities of the 

{001} and {101} surfaces could be obtained.20 To completely understand the orientation-

reactivity relationship, a sintered polycrystalline BiVO4 should be studied because it can offer all 

possible orientations on the surface so that an effective design for a highly efficient photcatalyst 

can be suggested.  

The previous study of polygonal BiVO4 led to the conclusion that the {001} surface is the 

most favorable orientation for reduction and the {011} surface is the most favorable orientation 

for oxidation. The preference of reactions possibly occurs to meet the requirement of 

photocatalytic processes; specifically, both reduction and oxidation need to happen to complete 

the process. However, because there were only two choices, these particular surfaces may simply 
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be the best available for the two reactions. In other words, if electrons are preferentially driven to 

{001} surface, such a surface will favor reduction and thus make the only other available surface 

(which is {011}) favorable for oxidation. This is always a limitation of samples with a small 

number of surfaces. In this study, a polycrystalline ceramic is used, which exposes all 

orientations, and thus makes it possible to determine the complete orientation-reactivity 

relationship.  

Research Question 

Based on this abovementioned knowledge, the main question to address in this study is: 

What are the most favorable orientations for reduction and oxidation reactions for 

BiVO4? 

Hypothesis: The orientation-dependent photochemical properties of a monoclinic BiVO4 ceramic 

will differ from that of polygonal BiVO4 crystals	
  because the availability of all orientations will 

allow for a more complete determination of reaction preferences. 

 To test this hypothesis, a polycrystalline monoclinic BiVO4 sample was prepared by 

solid-state reaction. Then, the orientations of many grains at the sample surface were measured 

by electron backscatter diffraction (EBSD). After the photochemical experiment, insoluble 

products were found on the surface, which were imaged by atomic force microscopy (AFM). A 

correlation between the orientation and reactivity was analyzed and compared to the result of 

faceted BiVO4 particles studied by Li et al.20  

Study 2: Domain selectivity of photochemical reactions on monoclinic BiVO4 

 Study 2 first reports anomalous reactivity observed on the surfaces of monoclinic BiVO4 

in Study 1. This anomaly has never been demonstrated in BiVO4 or any ferroelastic material. 
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While investigating the orientation dependence of the photochemical reactivity, I observed 

domain-selectivity of the photochemical reactivity, similar to that observed in ferroelectrics. 

Specifically, the photochemical reduction was selective on some domains, while the 

photochemical oxidation was selective on some domains. The domain-selective reactivity in 

ferroelectric materials is caused by their internal polarization, which can drive electrons and 

holes to separate domains. Thus, it is speculated that a similar effect may happen in BiVO4, 

leading to a separation of reactions by ferroelastic domains. In following up on this observation, 

it was shown that they occurred on complementary domains. In addition, the surface of bulk 

BiVO4 had a piezoresponse under piezoresponse force microscopy (PFM), indicating the polarity 

of the surface. Finally, the reactivity was shown to correlate with the piezoresponsive domains. 

These results are similar to the photochemical behavior of ferroelectrics. However, because 

BiVO4 is centrosymmetric, its surface should not be polar and, therefore, have neither domain-

selective reactivity nor piezoresponsive surfaces. 

 The piezoelectric effect that resulted in a response in PFM measurement was thought to 

be restricted to non-centrosymmetric materials and, previously, only been observed in those 

materials. However, a similar effect can occur in centrosymmetric materials, called the 

flexoelectric effect, which describes a linear relationship between electric polarization and a 

gradient in the strain. The spontaneous polarization arising from flexoelectricity is caused by the 

symmetry-breaking effects of the surface and microstructure. The broken symmetry may 

originate from an inhomogeneous strain and result in a local dipole moment. Hypothetically, 

flexoelectricity can lead to ferroelectric-like behavior in centrosymmetric materials.  

The concept of flexoelectricity is not new, but it has not been thoroughly investigated 

because it is believed to have a small effect, especially in bulk materials. Recently, however, 
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there has been much excitement about flexoelectricity because it shows a surprising impact on 

nanoscale materials.29 Even though it can play a significant role in small-scale materials, the 

effect of flexoelectricity on ferroelastic domains with submicron dimensions is unknown. Thus, 

it is also possible that this effect can be significantly strong in ferroelastic domains.  

Flexoelectricity, or a strain-gradient induced polarization, seems promising for many 

applications, such as flexoelectric nano-generators.30 Photocatalytic applications, including 

photocatalytic water splitting, are also a potential research area that can utilize flexoelectricity to 

improve performance. Induced polarization can promote the separation of electrons and holes, 

and thus enhance efficiency. However, flexoelectrcity has not been studied in the context of 

photocatalysts. Thus, the objective of this Study 2 is to demonstrate the implications of surface 

polarity in centric materials, leading to domain-selective reactivity in monoclinic BiVO4 as well 

as improved charge separation. These notable results can provide an alternative approach to 

improve charge separation and open up material choices for photocatalytic applications.  Plus, 

because of induced surface polarity, centric materials can potentially be expanded into more 

functionality.  

 

Study 3: Effect of the ferroelastic domain structure on photochemical properties of monoclinic 

BiVO4 

Our previous results showed that photochemical reactions could occur on any orientation 

although they preferentially occurred on a particular orientation. This result is distinct from the 

results from polygonal BiVO4, which suggests that the reactions only happen on specific facets. 

The dissimilarity of the results may be caused by polarity on our monoclinic BiVO4 surfaces 
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which lead to domain selectivity of photochemical reactivity. Thus, it is likely that ferroelastic 

domains can improve photochemical properties in BiVO4. Therefore, the objective of this study 

is to better understand the effect of ferroelastic domains on photochemical properties. 

It is hypothesized that residual transformation strain can induce polarization in 

monoclinic BiVO4 and result in an improved charge separation as well as enhanced reactivity. 

Monoclinic BiVO4 is a ferroelastic material which undergoes a phase transition at 255 °C. As a 

result of a symmetry reduction from the phase transition, ferroelastic domains are formed upon 

cooling. This transition leaves a residual strain in the material. Such a residual transformation 

strain can break centrosymmetric symmetry, leading to surface domain polarization and the 

domain-selective reactivity. In other words, the structural transition can induce a local dipole 

moment that drives the photogenerated charge carriers in opposite directions, according to their 

charge. Importantly, this phenomenon can help separate electron-hole pairs and consequently 

improve photochemical reactivity. In addition to the charge separation, ferroelastic domains are 

appealing for photocatalytic applications because they can ideally serve as active sites for 

reduction and oxidation, allowing both reactions to occur simultaneously on the same surface 

orientation.   

Research questions  

 Study 3 attempts to answer the following questions to achieve a thorough understanding 

of the influence of ferroelasticity on the photochemical properties in monoclinic BiVO4. 

1. What is the effect of the ferroelastic transformation on the photochemical properties of 

monoclinic BiVO4? 
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a. Can the transition lead to different surface properties? Specifically, will the 

monoclinic-structured and tetragonal-structured samples of BiVO4 have the same 

surface properties (surface topography, surface polarity)? 

b. Does the ferroelastic domain structure improve the reactivity of BiVO4? 

Hypotheses: The formation of ferroelastic domains results in the appearance of piezoresponsive 

surface domains, which can promote charge separation and improve the photochemical reactivity 

of monoclinic BiVO4.  

 To test this hypothesis, the orientation dependence of reactivity of the tetragonal-

structured sample was compared to that of the monoclinic-structured sample. However, to obtain 

tetragonal scheelite BiVO4, the ferroelastic transformation has to be suppressed: doping was used 

to stabilize a tetragonally structured solid solution phase of BiVO4. This suppression can be 

accomplished by substituting other ions on A sites and B sites of BiVO4. For example, a 

substitution of Na and Mo on Bi and V sites, respectively, can inhibit the transition and maintain 

the structure of tetragonal scheelite at room temperature.31 

It should be noted that, by varying x in Na0.5xBi1-0.5xMoxV1-xO4, the temperature of the 

tetragonal-to-monoclinic transformation changes.  For a composition (x) of 0.1, the transition 

temperature is approximately room temperature. In other words, at room temperature, 

monoclinic and tetragonal phases are obtained at x < 0.1 and x > 0.1, respectively.31 For this 

particular study, Na0.5xBi1-0.5xMoxV1-xO4 with x = 0.05 and x = 0.175 were investigated. 

By investigating the surface structure and properties with PFM, the images of the 

monoclinic-structured sample should show a contrast indicating piezoresponsive surfaces. On the 

contrary, the tetragonal-structured sample, which does not undergo the phase transition, should 
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not show a piezoresponse. Similarly, only topographic images of the monoclinic-structured 

sample should exhibit domain-selective photochemical reactions. Hypothetically, if the 

orientation-dependent reactivity of these differently structured samples is compared, the 

monoclinic one should have higher reactivity. 

In summary, the goal is to understand how the ferroelastic domain structure is related to 

the photochemical properties. These three studies could lead to a strategy to improve the 

photochemical properties in ferroelastic BiVO4 as well as other ferroelastic materials. Plus, this 

knowledge potentially broadens the functionality of ferroelasticity into other practical 

applications.  

1.3 Organization  

 This document contains seven chapters. It starts with this introductory chapter, and the 

remaining chapters are: 

• Chapter 2 reviews the relevant literature and background information including 

photocatalytic water splitting, the concept of flexoelectricity, and properties of bismuth 

vanadate (BiVO4), such as structure and ferroelasticity, will be explained.  

• Chapter 3 introduces the details of the experimental techniques used to test the 

hypotheses.  

• In Chapter 4, I discuss the orientation-dependent photochemical reactivity in a sintered 

polycrystalline BiVO4 (Study 1). 
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• Chapter 5 demonstrates the anomalous domain-selectivity of photochemical reactions 

(Study 2). 

• Chapter 6 addresses the effect of the ferroelastic nature on surface properties and 

photochemical properties (Study 3). 

• Chapter 7 summarizes all the results and key findings. Also, the future direction of the 

research will be suggested.  
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BACKGROUND 
 

This chapter provides supporting background information that is related to this 

dissertation. First, the basic idea of water splitting processes is discussed along with a literature 

review of the photocatalytic developments associated to bismuth vanadate. Second, a brief 

explanation of both flexoelectricity and piezoelectricity is provided as well as a comparison of 

the similarities and differences between the flexoelectric and the piezoelectric effects. Lastly, 

understanding BiVO4 properties is essential because it is related to the articulation of the 

observed phenomena. These topics are important to understand the basis of this research. 

2.1 Photocatalytic water splitting 

2.1.1 Principle 

A photocatalytic water splitting mechanism involves harvesting solar energy and then 

turning water into chemical fuel with an assistance of a photocatalyst material.32 The concept of 

water splitting is simple. Basically, the process requires abundant supplies of sunlight and water 

in addition to a photocatalytic material. This process produces clean H2 and O2 gases, which is 

one of its advantages over a fossil fuel combustion that generates greenhouse gases, primarily 

CO2. This technology is promising for mitigating environmental problems. Given these 

advantages, photocatalytic water splitting has enormous potential as a clean and cost-effective 

alternative for H2 fuel production.1 
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 In general, the overall process of water splitting consists of three crucial steps as 

illustrated in Fig. 2.1.4 

(i) Light absorption: a photocatalyst absorbs sunlight resulting in the generation of 

electrons and holes. The solar energy required for the carrier excitation is determined by the 

energy of the band gap (Eg). 

(ii) Charge separation and diffusion: after solar energy has been absorbed, an electron is 

excited from the valance band to the conduction band. This electronic excitation also results in 

the creation of a hole in the valence band. The photogenerated electrons and holes, then, diffuse 

to photocatalyst surfaces in contact with water (ii.1) to evolve H2 and O2 in the next step. 

Otherwise, electrons and holes can recombine (ii.2). 

 (iii) H2/O2 evolution: the water decomposition step involves two half reactions, namely 

reduction and oxidation. Electrons participate in the reduction reaction (iii.1), which evolves H2 

fuel, while holes participate in the oxidation reaction (iii.2), which evolves O2 gas. The chemical 

reduction and oxidation reactions for water splitting are listed in Eq. (2.1) and (2.2), respectively: 

    2H+ + 2e− = Hⁿ₊g₋       (2.1) 

    HⁿO + 2h+ = 1/2Oⁿ₊g₋ + 2H+      (2.2) 
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 Figure 2.1. A photocatalytic water splitting mechanism. The diagram shows three main 
steps in photocatalytic water splitting. First, a photocatalyst absorbs light to generate charge 
carriers. Then, charge carriers diffuse to surface reaction sites to participate in the redox 
reactions. 

 
 

The efficiency of each of the three steps affects the overall efficiency of photocatalytic 

water splitting, which is still relatively low for all practical materials. The inefficiency becomes a 

main obstacle that prevents this technology from becoming widespread.8 As a result, selecting a 

proper material is a key step for designing an efficient photocatalyst. 

Over decades, many materials have been explored as water splitting photocatalysts; 

however, metal oxides are the most commonly employed material in this technology since it was 

first discovered in TiO2 by Fujishima and Honda in 1972.33,34 The popularity of oxide 

photocatalysts is because of their cost-effectiveness and water-stability.8,35 However, there are 

still many concerns with using oxide photocatalysts, including their light-absorbing and charge-

separating abilities. 

2.1.2 Challenges and recent developments in photocatalyst materials 

It will not be possible to achieve high water-splitting efficiency without the design and 

optimization of photocatalytic materials. For example, a photocatalyst needs to have a band 

structure with the appropriate band gap energy and band-edge positions, as well as ability to 
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separate electron-hole pairs.35 This section emphasizes three primary challenges that affect 

photocatalytic efficiency: (1) band structure optimization, (2) charge separation enhancement 

and (3) active site promotion. Also, strategies to improve efficiency will be discussed including 

the ones for BiVO4, which is the material of interest for this thesis work. 

 (1) Band structure optimization 

In general, to optimize a band structure, two key characteristics associated with materials 

properties need to be considered: the band gap width (Eg) and band edge locations (Ec and Ev). A 

band gap width determines the amount of light being absorbed, or the light-harvesting efficiency. 

Band edge positions of the conduction and valence bands allow the H2 and O2 evolution and 

determine if the reactions can occur or not. Clearly, a desirable band gap width and appropriate 

potentials of the conduction and valence bands are essential for efficiently water-splitting 

photocatalysts. 

(i) Band gap width 

A band gap width limits the amount of light being absorbed by a material. Specifically, a 

photocatalyst can only absorb light with energy larger than the band gap. If more light is 

absorbed with an energy greater than the energy needed to split water, then the efficiency is 

higher. Across the entire range of the solar spectrum, visible light offers the most significant 

fraction (~32% of the solar spectrum).36 Consequently, an ideal photocatalyst should be able to 

absorb the light in a visible light range. 

Visible light absorption is one of the major challenges. Many oxides have been 

intensively investigated for photocatalytic applications.15 However, the options of visible-light 
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responsive materials are limited. Some examples of visible-light responsive oxide photocatalysts 

include Fe2O3, 37 Cu2O,38 WO3
39 and BiVO4.40 As a result, researchers are attempting to improve 

the light-absorbing ability of existing wide-band gap photocatalysts to increase the number of 

material choices as well as efficiency.  

Band gap engineering becomes especially valuable when altering the band structure, 

which is one strategy to increase efficiency. Such band gap engineering results in a change in 

electronic properties of materials.41 In general, a simple method to change the band structure is 

doping impurity atoms. Dopants provide an excess charge carrier concentration, which causes a 

change in electronic structure, for example, a shift in a Fermi level and a formation of a donor 

level within the band gap.42 These changes may cause changes in absorption ability as well. 

In particular to BiVO4, an investigation of the effect of metal doping on 

photoelectrocatalytic properties was carried out by H.S Park et al.43 The study focused on 

molybdenum (Mo) and tungsten (W) dopants which are commonly used for BiVO4 doping. The 

experimental result showed that the photooxidation current measured from Mo-doped BiVO4 is 

three times greater than undoped BiVO4. Additionally, doping with 4-8 at%W can enhance the 

photocurrent about 7 – 9 times depending on the dopant concentration. Furthermore, 25% 

additional photocurrent increment from the W-doped BiVO4 can be obtained from co-doping 

with both Mo and W. In Park’s study,43 a simulation based on a first-principles density-

functional calculation was also conducted to explain the effect of doping on the increased 

photocatalytic properties. The result of the simulated electronic structure revealed that the carrier 

density was enhanced because the impurity elements substituted at V sites, namely Mo and W, 

have an extra electron compared to the host atom of vadanium. Moreover, the Fermi level was 

shifted to inside the conduction band. Besides, there also was a formation of a localized state in 
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the band gap. These changes in the band structure could lead to lower energy needed to generate 

charge carriers as a consequence of band engineering.  

In addition to the change in band structure, doping can affect a charge separation in 

BiVO4. The study of Park et al.43 pointed out that the increased carrier concentration may result 

in an increase of an electric field in the space charge region, which can promote charge 

separation. The agreement of the increased charge separation was also demonstrated by other 

studies44,45 revealing that the improvement of the charge separation resulted from the nature of W 

and Mo dopants that had a shallow-donor behavior and low formation energies. As a result, the 

photocatalytic properties of doped BiVO4 were enhanced. Although increasing dopant 

concentrations may give rise to an increase in photocatalytic activity, adding dopants exceeding 

the optimum point could decrease the performance because excess impurities become scattering 

centers, which increase recombination.  

Doping can also help improve conductivity and thereby efficiency.46 Abdi et al. revealed 

that BiVO4’s photocatalytic efficiency was limited by its carrier transport, specifically poor 

carrier mobility.47 In fact, compared with other photocatalytic materials, namely Fe2O3 (0.5 cm2 

V–1 s–1),48 Cu2O (6 cm2 V–1 s–1),49 and WO3 (10 cm2 V–1 s–1),50 an electron mobility of BiVO4 

(0.04 – 0.2 cm2 V–1 s–1)47,51 is significantly lower. As a result, doping with W can increase carrier 

mobility resulting in enhanced efficiency. 

(ii) Band edge positions 

Besides the band gap, the position of the band edge should be considered for its effect on 

the reaction. Specifically, photogenerated charge carriers that are transferred to the surface need 

to participate in a redox catalytic reaction at the solid-solution interface. Consequently, the 



 
Chapter 2: Background    

 -19- 

conduction band edge should be more positive than the energy level of a reduction reaction so 

that electrons can participate in the redox reduction. Similarly, for holes to participate in a redox 

oxidation, the valence band edge has to be more negative than the energy level of the oxidation 

reaction. In the case of water splitting processes, as shown in Fig. 2.2, the band edge positions 

have to straddle the energy level of H+/H2 at 0 eV and the energy level of O2/H2O at +1.23 

eV.32,36 This requirement also relates to the minimum band gap needed to split water. 

Specifically, the ideal minimum band gap that can split water is 1.23 eV. However, in practice, 

the minimum required energy is ~1.7 eV because the overpotential should be taken into account 

to compensate energy losses through the process.52  

Unfortunately, not many materials, especially for visible-light absorbing materials, can 

meet the requirement of the energy levels for both reactions. In the case of BiVO4, its valance 

band aligns below the O2 evolution level, meaning that BiVO4 can oxidize water; however, the 

conduction band edge of BiVO4 is slightly lower than the H2 evolution level. Therefore, BiVO4 

cannot reduce protons to hydrogen gas.  

 
Figure 2.2. The appropriate band edge level for water splitting (modified from Ref. 36)  
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One of the strategic modifications to obtain both H2 and O2 evolution is to construct a 

composite photocatalyst.36 Fig. 2.3 displays the mechanism of a composite structure composed 

of dual-photocatalyst system: one for H2 evolution and another one for O2 evolution. An electron 

mediator, aligning between two photocatalysts, accepts charge carriers from the photocatalysts 

that do not participate in the reactions. These carriers usually recombine in a layer of the electron 

mediator. An advantage of this system is that each photocatalyst only needs to overcome the 

thermodynamic requirement of one redox reaction, so it opens up more material choices. 

Additionally, the heterogeneous structure can also promote charge separation. The potential 

offset at the interface will be an internal force assisting a separation of electrons and holes, which 

can increase photocatalytic activity.53 

 
Figure 2.3. The mechanism of a composite structure or the so-called Z-scheme method    

(modified from Ref. 36) 
 
 

Fig. 2.4(a) demonstrates a heterogeneous system of BiVO4 and SrTiO3:Rh particles. In 

this system, because BiVO4 can only oxidize water, SrTiO3:Rh particles attached on BiVO4 act 

as a reaction site for water reduction. Previous studies54,55 observed the H2 and O2 evolution from 

a BiVO4-SrTiO3:Rh composite photocatalyst. It should be also noted that for this particular 
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system an electron mediator is not needed. In other words, electrons can be injected from BiVO4 

photocatalyst to SrTiO3:Rh photacatalyst across the interface without an electron mediator. The 

result showed that water can be split to H2 and O2 with this composite catalyst. 

 
 Figure 2.4. (a) The mechanism, (b) morphology14, and (c) H2 and O2 produced of a 
heterogeneous BiVO4/ SrTiO3:Rh photocatalyst.55 
 

Even though the band structure modifications can improve photocatalytic water splitting 

efficiency, there still are some other issues that should be addressed, namely a separation of 

electrons and holes, and availability and accessibility of active sites. 

(2) Charge separation enhancement 

Charge separation is a crucial characteristic that mainly restricts the efficiency of 

photocatalysts. Various methods can be employed to increase charge separation, such as tandem-

structured photocatalysts. Even though a built-in potential at the interface of the heterogeneous 

(a)$

(c)$

(b)$ (c)$
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photocatalysts can facilitate charge separation, an efficiency loss due to interfacial defects could 

also happen. Another strategy to improve the charge separation is to use ferroelectric materials. 

Unlike the heterogeneous structure, limited efficiency at the interface is not a concern in a 

homogeneous structure of ferroelectrics. Due to this advantage, the present discussion will thus 

mainly focus on ferroelectric photocatalysts. 

Ferroelectrics have a spontaneously internal electric field that can drive electrons and 

holes to opposite directions. The internal dipole moment is only possible if the crystal structure is 

non-centrosymmetric.16 In other words, an off-centered atom induces a local charge as well as an 

internal polarity. As a result, the ferroelectric effect is restricted to certain non-centrosymmetric 

crystallographic structures. Furthermore, the directions of the atomic displacements determine 

the orientation of polarization or dipole moment. As shown in Fig. 2.5, if the central atom is 

shifted off its position, the dipole moment or polarization is induced due to the unbalanced 

charge with respect to the centered position. If the atom shifts up relative to the center of the 

structure, a dipole moment is generated in this direction. Conversely, the opposite shift of the 

centered atom produces an opposite sign of the polarization. Because of the internal polarization, 

charge carriers are driven in a certain direction corresponding to the orientation of polarization. 

Such carriers can also result in a surface charge, or surface polarity. A region where the 

polarization is uniformly oriented is called a domain. Such domains are a common feature in 

ferroic materials including ferroelectrics. Different ferroelectric domains can possess distinctive 

directions of polarizations which drive the charge carriers to certain directions. Ferroelectric 

materials that have been used for photocatalytic water splitting are BaTiO3, PbTiO3, Pb(Zr, Ti)O3 

(PZT) and BiFeO3.15,16,56 
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 Figure 2.5. Schematic description of an internal dipole moment induced due to a lack of 
centrosymmetry 
 
 

Previous studies show a promising result of spatial separation of redox reactions by 

internal polarization of ferroelectrics. For instance, Fig. 2.6 displays the surface of {001} BaTiO3 

single crystal after the reduction of silver (Fig. 2.6(a)) and the oxidation of lead (Fig. 2.6(b)). 57 It 

is clear that the reactions were spatially selective. In other words, only some certain domains 

would reduce silver ions, while some other domains would oxidize lead ions. The spatial 

selectivity of the reactions was also complementary. Further experiments revealed that the 

reducing domains and the oxidizing domains possessed a positively charged and a negatively 

charged surface, respectively. This spatial separation also implies a mitigation of carrier 

recombination, leading to an increase in photocatalytic activity. Despite their effective charge 

separation, ferroelectrics mostly have wide band gaps resulting in poor light absorption. As a 

result, developing visible-light absorbing photocatalyst materials with an internal dipole moment 

would be promising.  
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 Figure 2.6. The surface of {001} BaTiO3 single crystal after (a) the reduction of silver 
and (b) the oxidation of lead.57 

 

 
In recent years, there have been many attempts to improve the performance of 

photocatalysts including band engineering by doping, composite formation, and the use of 

ferroelectrics. The above-mentioned methods are some potential strategies that are widely used. 

Other developments also include, for example, surface and morphology modifications. In this 

study, a novel strategy is proposed to enhance charge separation in a narrow band gap 

semiconductor. Flexoelectricity can result in a surface polarity that, when present in a narrow-

band gap BiVO4, may result in improved charge separation in a visible-light absorbing non-

ferroelectric. As a result, this narrow band gap material will have a suitable band gap as well as 

internal charge separation. 

(3) Active site promotion 

To activate chemical reactions, charge carriers need to reach the solid-solution interface. 

When electrons and holes are photogenerated, if active sites are neither provided nor accessible 

at the interface, the charge carriers will not be able to react and will, instead, recombine. 

Therefore, availability and accessibility of active sites at the interface are essential for 

photocatalytic water splitting. 
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Co-catalysts are commonly used to promote active reaction sites for photocatalysts. Also, 

co-catalysts can improve the kinetics of surface reactions so that the surface reactions are not a 

limiting step. The main drawback of co-catalysts is that the materials often used as co-catalysts 

are expensive noble metals, such as Pt and Au. In particular for BiVO4, IrOx, Co3O4, Co-Pi and 

Pt have been used to modify BiVO4.25 Among the aforementioned co-catalysts, Ye et al.58 

showed that a Pt-loaded BiVO4 photoanode obtained the highest enhanced photocurrent. Even 

though it can improve the performance, this method is not cost-effective. 

In this research, I demonstrate a practical and cost-effective strategy that can be 

accommodated by inexpensive ferroelastic materials. Available sites are promoted using the 

ferroelastic domain structure. Specifically, ferroelastic domains, which are naturally formed as a 

result of symmetry reduction as part of a phase transition to the ferroelastic state, can potentially 

serve as active sites at the surface so that reduction and oxidation reactions can occur 

simultaneously, but at spatially distinct locations. 

2.2  Flexoelectricity in solids 

The terminology of ‘flexoelectricity’ is assigned to describe a linear coupling between a 

mechanical strain gradient and an electric polarization. This electromechanical coupling can arise 

in liquid crystals and dielectric solids.59 However, in this research, I am focusing on 

flexoelectricity in solid materials, especially in ferroelastics. I will discuss the conceptual basis 

as well as relevant theoretical and experimental studies. 
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2.2.1 The contributions to flexoelectricity 

The flexoelectric effect in solid was discovered in the 1950s-1960s;59,60 however, it is not 

well studied especially in bulk materials because the effect has been shown by theoretical and 

experimental studies to have a small magnitude in bulk materials.59 Recently, much attention has 

been paid since its strong impact was found in nanoscale materials and ferroelectrics.61–64 The 

strong flexoelectric effect at the nanoscale is related to the reduction in sample size. In other 

words, the flexoelectric effect is enhanced by size reduction. Previous studies have demonstrated 

that if the sample size is decreased to the nanoscale, strain gradients can be relatively large and 

thus leads to a strong flexoelectric effect. Such a strong flexoelectric effect is also found in high-

κ materials, such as ferroelectrics. Even though the magnitude of flexoelectricity is proportional 

to a dielectric permittivity, it is possible that flexoelectric polarization adds to an existing internal 

dipole moment in ferroelectrics and consequently increases the magnitude of the overall 

polarization.61,64,65 Importantly, because flexoelectricity is not restricted by crystal symmetry, it 

can induce polarization in non-piezoelectric materials. This phenomenon leads to recent 

developments of piezoelectric metamaterials, which have piezoelectric properties without 

piezoelectric components.29 These previous investigations demonstrated that the flexoelectric 

effect can play a significant role in a broad class of materials including both non-

centrosymmetric and centrosymmetric materials,65 opening up more material choices that can be 

used for piezoelectric- or ferroelectric-related applications. As a result, a fundamental 

understanding of this effect is vital to exploit flexoelectricity to practical technologies. 

In general, flexoelectricity is composed of four contributions: (1) static bulk 

flexoelectricity, (2) dynamic bulk flexoelectricity, (3) surface piezoelectricity, and (4) surface 

flexoelectricity.59,66 The following will discuss each contribution in detail. 
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 (1) Static bulk flexoelectricity 

Static bulk flexoelectricity describes a polarization response to a static uniform strain 

gradient. Considering a rigid-ion model, in the presence of a uniform strain gradient, an atom at 

position R is shifted with a distance r, making a final position equivalent to R+r. This movement 

of atoms can cause a change of the polarization in the crystal. Hypothetically, one could say that 

the static bulk effect is caused by an inhomogeneity of atomic displacements, which leads to 

local polarization in a unit cell.   

 Generally, the coupling between a polarization and a strain in crystalline dielectrics can 

be described by Eq. (2.3): 

     𝑃! = 𝑑!"#𝜀!" + 𝜇!"#$
!!!"
!!!

   (2.3)  

where Pi is the polarization, εjk is the uniform mechanical strain, dijk is a third-rank piezoelectric 

tensor, ∂εkl/∂xj is a strain gradient, and µijkl is a fourth-rank flexoelectric tensor. Equation 2.3 

expresses the direct effect. The first term on the right hand side of the equation describes a linear 

polarization response to a homogeneous deformation. Such a term is related to the direct 

piezoelectric effect belonging to piezoelectric or non-centrosymmetric materials. For non-

piezoelectric materials, the components of the piezoelectric tensor are zero, which makes this 

first term become zero. The second term on the right-hand side of the equation introduces a 

linear coupling between a polarization and a strain gradient with the absence of electric field 

known as the direct flexoelectric effect. Such a relationship is a basic description of 

flexoelectricity and indicates that an inhomogeneous deformation can create a polarization. 
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In addition to the direct effect, for any crystalline dielectric, the converse effect can be 

expressed as Eq. (2.4): 

𝑇!" = 𝑑!"#𝐸! + 𝜇!"#$
!!!
!!!

    (2.4) 

where 𝑇!" denotes a mechanical stress, 𝑑!"# is a piezoelectric constant. Ek is an electrical field, 

and µijkl is a flexoelectric tensor. Please note that 𝑑!"#is the counterpart of the piezoelectric tensor 

in the direct effect. 

 The converse effect mainly defines the linear relationship between the applied electric 

field (or electric field gradient) and the induced elastic stress. Similar to the direct effect, the first 

right-hand-side term describes the converse piezoelectric effect, while the second term is the 

converse flexoelectric effect. Please note that the converse piezoelectric effect is also a principle 

effect of piezoelectric force microscopy; a voltage is applied to measure a piezoelectric response 

of a material. 

 From the equation, in principle, an inhomogeneity of a polarization (or an electric field) 

is needed to induce the converse flexoelectric effect. As a result, the application of a uniform 

electric field should not lead to the crystal deformation. However, in practice, Tagantsev and 

Yurkov60 demonstrated that a homogenous polarization can possibly lead to a stress or strain 

similar to a bending effect. They pointed out that even if the homogeneous polarization is applied 

in the bulk crystal, there is a change of polarization happening from the bulk value to zero on the 

boundary (at the sample surface). This change can lead to a deformation.60 

It should be noted that these abovementioned flexoelectric terms (the second right-hand-

side terms of both Eq  (2.3) and (2.4)) only consider the static bulk flexoelectricity contribution, 
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which particularly involves in a situation where a strain gradient is stationary. This contribution 

is proportional to dielectric susceptibility. Thus, high-κ materials are thought to have large static 

bulk flexoelectric contributions.  

The estimate of the flexoelectric tensor for this contribution was first proposed by 

Kogan.67 In the estimation, he simply used a point-charge approximation with a lattice model 

containing point charges q (or e when considering an electronic charge) with an interatomic 

distance or a lattice parameter a. When these point charges are distorted, the strain gradient 

scales as !
!
 and, for all dielectrics, the lower bound for the static bulk flexoelectric coefficient is 

approximately !
!
, where e is the electronic charge.68 This is roughly equivalent to a flexocoupling 

coefficient f of !
(!!!!!)

, or quantitatively 1-10V.59 

 (2) Dynamic Bulk flexoelectricity 

In contrast to a static bulk flexoelectric, which is considered for the uniform static strain 

case, dynamic bulk flexoelectricity gives contributes when materials respond to a sound wave.59 

Dynamic bulk flexoelectric response basically describes a polarization and a strain gradient in 

response to an acoustic displacement.  

The origin of the strain gradient in the dynamic case is distinctive from the static case. 

The strain gradient under the dynamic condition is generated by a sinusoidal wave of an elastic 

deformation with a wavelength greater than an interatomic distance. Figure 2.7 demonstrates the 

dynamic flexoelectric response. When the acoustic wave of inhomogeneous deformation 

propagates into a crystal, it generates a strain-gradient wave causing an atomic displacement δd, 

in addition to δs, a static strain-induced displacement, and a polarization wave with the amplitude 
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proportional to the strain-gradient. In other words, while the inhomogeneity of lattice dispersion 

gives rise to static bulk flexoelectricity contribution, the frequency dispersion results in dynamic 

bulk flexoelectricity. Additionally, both the polarization and strain gradient waves are time-

dependent.59  

 

Figure 2.7: Dynamic bulk flexoelectricity in a moving medium. The resultant ionic 
displacement δ includes both a displacement from the static contribution δs and a displacement 
from the dynamic contribution δd (modified from Ref. 59). 

 

This dynamic contribution is valid when the spatial scale is microscopic. It is based on 

lattice dynamics theory of ionic crystals, which can be considered as an extra term in the static 

response equation. If the dynamic response is added to the expression of static bulk 

flexoelectricity, the polarization response can be re-written as: 

𝑃! = 𝑑!"#𝜀!" + (𝜇!"#$ + 𝜇!)
!!!"
!!!

    (2.5) 

where 𝜇! is the dynamic flexoelectric coefficient. The dynamic response is not only related to 

the acceleration of the medium, but also the masses of the ions in the crystal and can be given by 

Eq. (2.6): 

𝜇! = −𝑐!"#$𝜒
!!"

!
     (2.6) 
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where 𝑐!"#$ denotes an elastic constant at a fixed electric field,  𝜌 is a density and 𝑀!" can be 

given as 

𝑀!" = 𝛿!"
!!!!!
!!

     (2.7) 

with 𝛿!" is defined as the ionic contribution to the dielectric susceptibility of the crystal, and m1 

and m2 are the masses of ions with opposite charges, Q.  

Thus, the difference in ionic masses can lead to a dynamic bulk flexoelectricity 

contribution.66 On the other hand, this contribution will vanish if the masses of all atoms have no 

difference or a crystal is made up from the same atoms.  The anticipated magnitude of the 

flexoelectric dynamic response is ~ M/e or ~1 - 10 V, which is the same order of magnitude as 

static bulk flexoelectricity. It should be noted that the flexoelectric coefficients in both the static 

and dynamic response do not depend on frequency; however, the magnitude of the resultant 

polarization is frequency-dependent.59 

(3) Surface piezoelectricity 

For a finite sample, thin surface layers of non-piezoelectric materials can exhibit a 

piezoelectric behavior. The piezoelectric effect is induced by the presence of the free surfaces, 

which causes a distortion of the lattices adjacent to the surface. Such a distortion happens due to 

broken bonds at the surface. In other words, the atoms at the surface have fewer bonds than the 

ones in the bulk. The broken bonds result in a symmetry-breaking of the surface. 

Fig. 2.8 depicts the mechanism of polarization-induced surface piezoelectricity. One 

could also relate the occurrence of broken bonds to surface stresses, which can extend to a few 
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atomic layers from the surface. Such surface stresses lead to the relaxation of the surface 

associated with atomic displacements. In addition, the surface relaxation can result in an 

inhomogeneity of residual surface strain. Consequently, the inhomogeneously deformed surface 

layer can generate a polarization, resulting in an internal electric field. Ultimately, the surface of 

non-piezoelectrics can exhibit piezoelectricity known as the surface piezoelectric effect.  

 

 Figure 2.8. A stress induces a polarization near the surface causing the surface 
piezoelectric effect 
 
 

In practice, the manifestation of surface piezoelectricity can be seen in bent or truncated 

pyramid samples.62 Bending a plate or compressing a non-uniform geometry can create an 

inhomogeneous strain, which is a symmetry-breaking effect. The broken symmetry leads to a 

local dipole moment of the near-surface layers.   

Consider a bent sample as an example, the surface layers exhibit a piezoelectric effect 

due to a gradient of the internal stress. Thus, the sample structure can be simply represented by a 

composite model comprised of 3 layers: two piezoelectric thin layers adjacent to the surface, 

with a thickness of λ, and a non-piezoelectric bulk layer, with a thickness of h, between the 

piezoelectric surface layers as illustrated in Fig. 2.9(a). The top layer has a tensile strain, while 

the bottom layer has a compressive strain. Such stresses induce polarization Ph with the same 
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magnitude in the surface layers. However, due to the different directions of the stresses, the 

dipole moments on the opposite side of the sample have opposite signs at the surfaces. 

Specifically, the tensile layer contains a positive dipole moment at the surface, whereas the 

compressive layer contains a negative dipole moment at the surface. The induced polarizations 

also result in electric displacements in the sample indicated as a jump of the potential near the 

surface. However, the total electric displacements have to be conserved. Thus, to compensate the 

electric displacements in the surface layers, the presence of the polarization in the bulk layer is 

stimulated. The electric displacement profile along the cross-section of the sample is displayed in 

Fig. 2.9(b).  

 
Figure 2.9. Surface piezoelectricity by the bending effect (duplicated from P. Zubko, 

201359)   

Similar to other contributions, the effective flexoelectric coefficient attributed to the 

surface piezoelectricity can also be calculated as Eq. (2.8):69  

𝜇!"
!"" = 𝑒𝜆 !!

!!
     (2.8) 

when e is a piezoelectric modulus,  𝜆 is the surface thickness,    𝜀! is the bulk dielectric permittivity 

and 𝜀!  = 𝜀! + 𝜒!  ; 𝜀!   is the dielectric constant of the free space and 𝜒!  is the dielectric 

susceptibility tensor of the piezoelectric surface layer. 
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According to the equation, the effect is not dependent of the ratio of surface to volume, 

but is sensitive to the dielectric constants of the piezoelectric surface layers 𝜀!  and of the bulk 

𝜀!.59 As a result, the flexoelectric coefficient for this contribution is relatively high in high-K 

materials. Tagantsev70 evaluated the magnitude of this contribution by setting e = 1 C m2 and 
!!
!!

 

= 10, and thus obtained the effective flexoelectric coefficient of 1–10 V, showing it to be as 

significant as the bulk flexoelectricity. It is also worth mentioning that the magnitude of this 

contribution is influenced by crystal orientations. It is known that the piezoelectric constant of 

thin layers strongly depends on the surface structure.70 Therefore, different surfaces of a 

polycrystalline crystal may have varied magnitudes of surface piezoelectricity. 

 (4) Surface flexoelectricity 

Similar to the bulk flexoelectricity, surface flexoelectricity is a polarization response to a 

strain gradient; however, the effect is considered only in the near-surface layers of a finite 

sample. Additionally, surface flexoelectrcity, analogous to surface piezoelectricity, is strongly 

influenced by surface properties, such as surface structures and compositions. Despite the 

similarity, the difference from surface piezoelectricity is that this contribution is dependent on 

the ratio of surface to volume. In addition, this effect is not sensitive to the dielectric 

permittivity. In other words, the surface flexoelectric coefficient is not enhanced in high-K 

materials. As a result, this contribution is relatively small and may be negligible in ferroelectrics, 

compared with the other contributions.64 

Using a simple model of a point-charge approximation, this contribution can be 

calculated using Eq. (2.9) describing the induced dipole-moment density as followed:  
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𝛿𝑃!!" = 𝐼 2 !!!"
!!!

− !!!!
!!!

    (2.9) 

where I is a trace of a multipole electric moment tensor and !"
!"

 is a strain gradient tensor 

corresponding to the direction of the vector x. From the definition of I, surface flexoelectricity is 

especially sensitive to the electronic structure of the surface.70 

To estimate the magnitude of this effect in ordinary solids, it is assumed that the 

flexoelectric coefficient f ~ I. The estimate of I is approximately e/a. As a result, in ordinary 

dielectrics, this contribution has about the same order of magnitude as the others.66 It should be 

noted that this is true for only ordinary solids. This contribution is relatively small in high-K 

materials. 

In conclusion, these four mechanisms with different physical origins can contribute to the 

flexoelectric effect. For a finite crystal, in the case of a static strain gradient, static bulk 

flexoelectricity, surface piezoelectricity and surface flexoelectricity contribute to the 

flexoelectric effect. In the case that the sample responds to acoustic excitation, only two 

contributions from static bulk flexoelectricity and dynamic bulk flexoelectricity are considered. 

In principle, all contributions exhibit about the same order of magnitude.59,70 

 

2.2.2 Flexoelectricity vs Piezoelectricity: similarities and differences 

The analogy of the flexoelectric effect is close to that of the piezoelectric effect. Similar 

to piezoelectricity, flexoelectricity is an electromechanical coupling. Besides this similarity, the 

key differences that distinguish flexoelectricity from piezoelectricity are described as follows25.  
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(1) Origin of the effect 

The central dissimilarity is the cause of the effect. The flexoelectric effect originates from 

a strain gradient, while the piezoelectric effect is caused by a uniform strain or homogeneous 

deformation. Such a strain gradient can break the inversion symmetry of a material, which is a 

crucial requirement that leads it to appear like piezoelectricity in non-centrosymmetric materials. 

Specifically, the symmetry-breaking effect, which results from atomic displacements, can induce 

a polarization in centrosymmetric crystals. Figure 2.10 demonstrates this difference between 

piezoelectricity and flexoelectricity. In piezoelectric materials (Fig. 2.10(a)), the crystal is non-

centrosymmetric, so upon the application of an external stress, a central atom is shifted leading 

to a net dipole moment in the crystal. By contrast, in centrosymmetric materials, a uniform strain 

generates equal atomic displacements in the structure, which results in a zero net dipole moment. 

To induce a polarization, the symmetry needs to be broken by a strain gradient. Thus, upon 

inhomogeneous deformation as illustrated in Fig. 2.10(b), such as under a bending scenario, the 

net dipole moment is non-zero. One may refer flexoelectricity induced by this bending effect as a 

contribution of surface piezoelectricity.59 

 
 Figure 2.10. The difference of the symmetry consideration between (a) piezoelectricity 
and (b) flexoelectricity 
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In addition, even though piezoelectricity and flexoelectricity are both tensors, the orders 

of the tensors are different. On one hand, piezoelectricity is a third rank tensor, and thus it is 

restricted by a crystallographic consideration: only 20 noncentrosymmetric crystalline point 

groups can exhibit this effect. On the other hand, the tensor of flexoelectricity is fourth-order, so 

any materials can display the flexoelectric effect regardless of the symmetry. 59,71 

 

(2) Direct and Converse effect 

The symmetry between the direct and converse effects in flexoelectricity differs from the 

one in piezoelectricity. In piezoelectric materials, the direct and converse effects are symmetric. 

When no electric field is applied (E = 0), a strain can induce a polarization. This phenomenon 

validates the occurrence of the direct piezoelectric effect. Moreover, the converse piezoelectric 

effect is also possible: in a mechanically free sample, an electric field can induce a stress. In 

contrast to piezoelectricity, flexoelectricity has asymmetry between the direct and converse 

effects. Specifically, under the absence of electric field, a strain gradient can induce a 

polarization; however, for the converse flexoelectric effect, a polarization cannot generate a 

strain gradient.70  

(3) Dynamic bulk flexoelectricity 

In an oscillating medium, an additional term for dynamic bulk flexoelectricity can be 

incorporated into bulk flexoelectricity. Thus, a dynamic flexoelectric coefficient is included in 

the equation of static bulk flexoelectrcity to express this contribution. As a result, in the case of 

flexoelectricity, the expressions of a polarization response to a strain gradient under static and 

dynamic situations are different. In other words, the proportionality factor between a polarization 
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and a strain gradient in the dynamic contribution are distinctive from the one in the static 

contribution. However, this contribution to the dynamic bulk response doesn’t exist in 

piezoelectricity. Specifically, the relations of the polarization and strain under static and dynamic 

situations are identical. Thus, the dynamic bulk effect differentiates flexoelectricity from 

piezoelectricity. 

 

(4) Surface contributions 

In general, the surface contributions are proportional to the surface to volume ratio. Thus, 

they are negligible in bulk materials. However, in the case of a finite sample, the surface 

contributions can have a strong impact to flexoelectricity. The presence of the surface can cause 

exceptional effects, such as an atomic polarization due to a local symmetry-breaking or surface 

relaxation. Moreover, as the flexoelectric effect is size-dependent, a very thin layer near the 

surface (~ few atomic layers equivalent to a few angstroms) can exhibit pronounced 

flexoelectricity if the total size of the crystal is small in comparison. The surface contributions in 

flexoelectricity can be classified into two mechanisms: (1) surface piezoelectricity and (2) 

surface flexoelectricity. 

For the first mechanism of the surface contributions: surface piezoelectricity, thin surface 

layers of non-piezoelectric materials exhibit a piezoelectric behavior, which is induced by a 

distortion of lattices adjacent to the surface. Such a distortion arises due to the broken bonds at 

the surface. In other words, the atoms at the surface have fewer bonds than the ones in the bulk, 

and this also causes asymmetry of strains of surface atoms.  
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In the case of surface flexoelectricity, the effect is associated with a trace of quadrupolar 

electric moments. Surface flexoelectricity is strongly influenced by surface characteristics, such 

as surface charges and structures. When stresses or strains are generated in the surface layer, the 

surface charges are redistributed, which can lead to a linear coupling between a polarization and 

a strain gradient within a few layers from the outermost surface. It should also be noted that the 

effect is independent to dielectric permittivity. Thus, the effect is not supposed to exhibit 

differently in different-K materials. 

While flexoelectricity has surface contributions, piezoelectricity is a bulk property. In 

other words, the change in surface properties does not significantly affect the piezoelectric effect. 

As a result, the surface contributions are usually neglected in piezoelectricity because of the 

relatively small magnitude. 

2.2.3 Theoretical and experimental studies 
 

To gain a better understanding of the significance of the flexoelectric effect in materials, 

estimates of flexoelectricity is essential. The estimates are also useful for quantitative 

comparisons. To evaluate the flexoelectric effect in ordinary dielectric materials, many 

computational models having been developed. Most of them are typically based on microscopic 

approaches. Such techniques, for example, include ab-initio calculations, first-principle 

calculations and Monte Carlo simulations. 59,72,73 

Flexoelecric coefficients of most materials are not readily available. The first calculation 

of flexoelectricity was made by Kogan.67 A simple rigid-ion model of periodic lattices with 

interatomic spacing a was used. From this approximation, the typical values of the flexocoupling 

coefficients in dielectrics were quantified to be in a range of 1-10 V. Because of the simplicity of 
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the approximation, later more complicated models based on Kogan’s have been developed to 

improve the accuracy.  

Nevertheless, all computational methods cannot address all contributions or have some 

limitations.  For instance, Ponomareva et al.74 proposed an approach based on an ab-initio 

integrated Monte Carlo simulation. This method can used to calculate flexoelectric and 

flexocoupling tensors of ferroelectric films; however, the model is short of the bulk effect 

consideration because the simulation was considered under a unit-cell environment and this leads 

to the inappropriate approximation for a larger scale, such as in macroscopic scale.  

The accuracy of modeling is a crucial issue in flexoelectricity calculations. Studies using 

different numerical techniques reveal controversial predictions of the flexoelectrcity estimates. 

Hypothetically, some studies pointed out that the differences of the computational results arose 

because different contributions were considered in simulations. Not only are there disagreements 

between the calculated estimates using different techniques, the variations between the calculated 

and measured values are also found. The previous studies revealed that the flexoelectric 

coefficient from the experiment is much larger than the theoretical or calculated ones. This may 

be caused by the fact that many factors can contribute in the experimental response and some 

theoretical approaches didn’t consider all the contributions, namely bulk flexoelectricity, surface 

piezoelectricity and surface flexoelectricity.59,68 

In addition to the theoretical approximations, experimental investigations of the 

flexoelectric effect are essential to validate the fidelity of the calculations. Two experimental 

techniques are mainly used to evaluate flexoelectricity: (1) a phonon spectra and (2) macroscopic 

investigations.59 These two methods can examine different contributions of flexoelectricity. 
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Specifically, the static and dynamic bulk flexoelectric effects are obtained from phonon spectra 

analyses, while the contribution of static bulk flexoelectricity and surface piezoelectricity are 

yielded via macroscopic analyses.  

The former method uses a neutron scattering technique to measure the long-wavelength 

low energy phonon spectrum.75 Transverse acoustic phonons propagate into a crystal and then 

result in a spectrum of inelastic scattering or Brillouin scattering. Such a spectrum is examined 

based on the continuum Landau-theory to determine the interaction between the optical soft 

mode and the acoustic mode. A comparison between the obtained spectrum and the predicted 

equation of flexoelectricity is made to determine the flexoelectric tensor. The major disadvantage 

of this technique is that some key information, such as the sign of the effect, cannot be acquired.  

Besides the phonon spectrum analysis, macroscopic analyses are also widely used. The 

common techniques used in this particular measurement are: (1) bending a beam sample and (2) 

compressing a truncated pyramidal sample.59,62 Basically, the bending method generates a 

transverse strain gradient in a beam or cantilever sample. Such a strain gradient also generates a 

polarization response, which can be measured in a form of current signal through the sample. In 

case of the pyramid-shaped compression, a force is applied on the surface of the sample. Due to 

different cross-sectional areas of the truncated pyramid, a strain gradient is created. Unlike the 

bending method, the compression method gives rise to a longitudinal strain gradient. 

Additionally, the compression setting can acquire the converse flexoelectricity measurement by 

applying a voltage across the sample. The application of the voltage results in a creation of an 

inhomogeneous polarization response, which can induce a strain in the sample. 
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The experimental measurements also have restrictions and face a challenge of 

quantifying the analysis to get an accurate measurement.  For example, using the bending 

method, the three components cannot be all obtained. Thus, to yield the estimates for all 

components, an additional technique is needed. Moreover, the flexoelectric estimates obtained 

from experiment studies are significantly deviated from the simulated prediction. Typically, the 

experimental values are greater about two or three orders of magnitude. So far, the explanation 

behind the mismatch of the calculated and measured values is still mysterious, but it is possible 

that the difference occurs because all contributions are not incorporated into the simulations. As 

a result, the calculation result may be valid in only some certain systems. Also, another challenge 

that experimental studies face is to isolate the measured response from all contributions. The 

measured response usually included all possible mechanisms, so it is difficult to quantify the 

magnitude of just one contributor. 

Due to many contributions, theoretical and experimental studies for flexoelectricity are 

challenging. Additionally, the comprehensive explanation for the effect is still ambiguous. Thus, 

models and experimental techniques that can give more accurate estimates and validate the 

postulations are in need. 

2.2.4. Other manifestations of the flexoelectric effect 

(1) Manifestations in domain structures 

 In the literature related to flexoelectricity, most domain structures refer to ferroelectric 

domains. Flexoelectricity can significantly alter the ferroelectric effect in ferroelectric materials, 

especially for thin film structures. Flexoelectricity-induced internal field enhances the magnitude 

of the polarization in ferroelectric materials.61,76 Interestingly, flexoelectricity not only can affect 
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the magnitude, but also influence the formation of ferroelectric domains.61,76–78 Specifically, it 

can change domain configuration which alters the alignment of the field. By mechanically 

modulating a magnitude of a strain gradient, an increased flexoelectricity can alter the rotation of 

the spontaneous polarization.77,78 Even though a mechanical deformation can cause a 

piezoelectricity-induced polarization, the domain-switching mechanism of ferroelectric thin 

films is manipulated by a flexoelectricity-induced polarization.78 This indicates that the 

flexoelectric contribution to domain-switching overwhelms other contributions, such as 

piezoelectricity. 

(2) Manifestations of polar behaviors in centrosymmetric materials 

Typically, polar behaviors are restricted by crystal structures, specifically, only exhibited 

in non-centrosymmetric materials. However, polar behaviors can be induced in centrosymmetric 

materials by flexoelectricity. For example, anomalously polar states were found at grain 

boundaries of ferroelastic CaTiO3.79,80 In particular to CaTiO3, a large strain gradient is generated 

by the lattice distortion. Such a strain gradient breaks the symmetry and leads to a ferroelectric 

polarization at the interface where the structural distortion occurs (in principle, this could be twin 

walls, interface and surface). Similarly, the polar nature was also found in paraelectric SrTiO3. 

However, in contrast to CaTiO3 in which the wall polarity is induced by structural distortion, the 

polarity in SrTiO3 is induced by temperature.81 

The significance of anomalously polar behaviors in centrosymmetric materials is a 

possibility to develop multifunctional materials and also to broaden choices of materials for 

piezoelectric- or ferroelectric- related applications.82 This also leads to numerous interests to 
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quantify this effect as well as to explore investigations in non-piezoelectric materials where I can 

engineer materials properties in many potential applications, such as nano-generators.30  

 

2.3 Bismuth Vanadate (BiVO4) 

2.3.1 Structure  
 Bismuth vanadate exhibits three main phases: tetragonal zircon, tetragonal scheelite and 

monoclinic fergusonite (which is often called monoclinic scheelite).83,84All phases can be 

isolated in the bulk through variations in the synthesis techniques, such as solid-state reaction, 

the sol-gel method and the hydrothermal route.84 Fig. 2.11 schematically describes all possible 

transformations of BiVO4. Tetragonal zircon structure can be obtained through low-temperature 

processes. This structure possesses a space group of I41/a with a = b = 7.303 Å and c = 6.584 

Å.85,86 Monoclinic fergusonite BiVO4 is usually obtained from high-temperature processes, such 

as solid-state syntheses. By heating up to 397-497 °C and then cooling down to room 

temperature, the tetragonal zircon phase irreversibly becomes the monoclinic fergusonite phase. 

The monoclinic fergusonite structure (ferroelastic) can also transform to tetragonal scheelite 

(paraelastic) via a ferroelastic transition at 255°C. This paraelastic-to-ferroelastic transition is 

reversible and belongs to a group of 4/mF2/m.86 The monoclinic fergusonite belong to a space 

group of I2/b with   a  = 5.1935 Å, b = 5.0898 Å, c = 11.6972 Å, and γ  = 90.3871° (or a 

complementary angle of 89.613°), while the tetragonal scheelite belongs to a space group of I41/a 

with a = b = 5.1470 Å, c = 11.7216.87 It should be noted that the abovementioned monoclinic 

setting defines 21 along [001], which is a convenient way to compare parameters directly to 

tetragonal scheelite; however, such indices of the monoclinic BiVO4 structure are non-
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conventional. The standard convention has the b-axis as the longest axis and identifies as the C-

centered structure (C2/c) with lattice parameters a’ = 7.223, b’ =11.702, c’ =5.170, and β’  = 

134.23°. 85 However, in this study, the convention of I2/b is used to correspond to the parameters 

of tetragonal scheelite, which is used for OIM analysis. The structural conversion between the 

non-conventional and standard convention of monoclinic BiVO4 is depicted in Fig. 2.12. 

 
Figure 2.11. Phase transformation in BiVO4 (modified from Ref. 83) 

 
Figure 2.12. Structural conversion of BiVO4                                                                                               

(black = non-conventional I-centered structure, red = modern C-centered structure)  
(modified from Ref. 85) 

  

 Fig 2.13 shows the scheelite structure of BiVO4. The structures of monoclinic fergusonite 

and tetragonal scheelite are comparable. In fact, monoclinic fergusonite can be considered as a 

distorted structure of tetragonal scheelite. Both structures are composed of four-coordinated V 

atoms forming a tetrahedron of VO4 and eight-coordinated Bi atoms surrounded by O atoms. The 
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isolated VO4 tetrahedron has 42𝑚  symmetry and is aligned along the 4  axis. A Bi atom forms a 

dodehedron of BO8 and is located at the middle of eight VO4 tetrahedra.86  In case of tetragonal 

zircon, V and O atoms have the same coordination as that in the scheelite structure. However, Bi 

atoms are connected with six VO4 tetrahedra instead of eight VO4 tetrahedra in the scheelite 

structure.   

 
Figure 2.13. Scheelite structured BiVO4.

86 

 Even though the atom arrangements in monoclinic fergusonite and tetragonal scheelite 

are very similar, the significant difference of the structures is the distorted environment of V and 

Bi atoms. The structural environment in each structure is illustrated in Fig. 2.14. The local 

environments in tetragonal zircon (Fig. 2.14(a)) and tetragonal scheelite (Fig. 2.14(b)) are 

undistorted. In other word, the bond lengths of polyhedrons in these two structures are 

symmetrical. Conversely, in monoclinic fergusonite (Fig. 2.14(c)), the displacements of V and Bi 

atoms vanish the locally symmetry and also lead to a structural distortion. The distortion results 

in a symmetry reduction of monoclinic fergusonite by losing symmetry elements of 4 and 41 in 

tetragonal scheelite.  
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 Figure 2.14. The bond lengths of (a) tetragonal scheelite, (b) monoclinic scheelite and                                 
(c) tetragonal zircon 85 

 

 

2.3.2 Ferroelastic transition in BiVO4 

 
 BiVO4 possesses a ferroelastic transition between monoclinic fergusonite (ferroelastic) 

and tetragonal scheelite (paraelastic) at 255°C. Monoclinic fergusonite stably exists at room 

temperature. This structural change is described as a displacive transition, which is driven by 

spontaneous strain. Conclusively, the major structural changes leading to the transition are listed 

below. 

 (1) The atoms on (001) shift along the [001] direction and the directions of the 

displacements are alternating as illustrated in Fig. 2.15. 
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 Figure 2.15. Schematic illustration of the displacements leading to the structural 
distortion in monoclinic BiVO4.

86 

  

 (2) Among all displacements, Bi atoms have the largest. The displacement of atoms in the 
structure is summarized in Table 2.1.  
 
Table 2.1: The atomic displacements in monoclinic BiVO4.35 

 
 Δ!" Δ! Δ  

Bi 0.039 -0.207 0.21 

V 0.039 -0.06 0.07 

O1 0.125 -0.111 0.168 

O2 -0.125 0.111 0.168 

Note: Δ!" and Δ! is a diaplacement in the (001) plane, and along the z-axis, respectively. Δ  represents the total 
displacement. 
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Overall, the ferroelastic switching process occurs on the 41 axis and during the transition, 

the parameter a shortens, while b increases. The summarized changes in the parameters are 

demonstrated in Fig. 2.16. 

 
 Figure 2.16. The changes in the structural parameters of tetragonal scheelite (with 
parameters on the ao and bo axes) to monoclinic fergusonite (with parameters on the a and b axes 
which are rotated with respect to the ao and bo axes). (modified from Ref. 87) 
 
 
 Domain structure is commonly observed in ferroic materials, including ferroelastics. 

Ferroelastic domains are formed as a consequence of a reduction of symmetry. In BiVO4, during 

the transition, the symmetry elements of 4  and 41 are lost. The ratio of the order of the point 

group in high symmetry structure and that in low symmetry group equals the number of 

orientation states (permissible domains) that can exist in the system. As a result, in the BiVO4 

system, two orientation variants can exist. In other words, these two domain states are 

energetically equivalent. These variants are rotated ~90° around the c axis across domain 

boundary. In ferroelastic materials, according to Sapriel’s classification, domain walls can be 

classified into two types: W wall and W’ wall. W wall is restricted by symmetry and W’ wall is 

determined by strains.88 Fig. 2.17 schematically illustrates unit cell alignments across W and W’ 

walls (please note that the defined axes of twin domains are different across domain wall.) Lim 
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et al. 89 reported the calculated and experimental values of orientations of W’ and W walls in 

BiVO4 which are summarized in Table 2.2 and 2.3, respectively. 

 
   Figure 2.17. W’ and W wall in ferroelastic BiVO4.137 

Table 2.2. The values of the W’ wall orientation with respect to the a-axis in monoclinic BiVO4 
from the calculation and from the measurements using various techniques89

 

Reference θobservation 
(degree) 

θcalculation 
(degree) 

Experimental method 

1. Sawada A. & Ishibashi Y., 1979 39  Polarizing microscope 

2. Manolih C. & Amelinckx S., 1980 32 31.4 TEM,   

Electron diffraction 

3. Wainer L. S. et al., 1981 37.4 36 TEM,  

Electron diffraction 

  Ref:  1. Sawada, A. and Ishibashi, Y., Kotai Butsuri 14, 464 (1979).    
   2. Manolikas, C. and Amelinckx, S., Phys. Status Solidi a 60, 167 (1980).   
   3. Wainer, L. S. et al., Ferroelectrics  31, 121 (1981). 
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Table 2.3. The values of the W wall orientation with respect to the a-axis in monoclinic BiVO4 
from the calculation and from the measurements using various techniques89

 
 

Reference θobservation 

(degree) 

θcalculation 

(degree) 

Experimental method 

1. Moon E. Y. et al., 1987 44.25 
 

X-ray diffraction,    

51V NMR 

2. Lim A. R. et al., 1989 
 

45 
 

3. Lim A. R. et al., 1990 44 
 

51V NMR,  

polarizing microscope 

4. Lim A. R. et al., 1992 44 
 

TEM,   

electron diffraction 

5. Yeom T. H. et al., 1994 44.2 
 

Mn2+ EPR 

6. Lim A. R. et al., 1995 44.25 
 

209Bi NMR 

  Ref:  1. Moon, E. Y. et al., J. Phys. C: Solid State Phys. 20, 1867 (1987). 
   2. Lim, A. R. et al., J. Phys.: Condens. Matter 1, 1571 (1989). 
   3. Lim, A. R. et al., J.  Korean Phys. Soc. 23, 162 (1990).  
   4. Lim, A. R. et al., Solid State Commun. 83, 185 (1992). 
   5. Yeom, T. H. et al., J. Phys.: Condens. Matter 6, 383 (1994). 
   6. Lim, A. R. et al., J. Phys.: Condens. Matter 7, 7309 (1995). 
  

 The predicted and the measured values of the orientations of the W’ domain walls are 

inconsistent. The values are in the range of 36° -39° with respect to the a-axis. Because W’ walls 

is controlled by spontaneous strain, the deviation may arise from the variation of the magnitude 

of the strain. Despite the variation of wall orientations, all walls are aligned with an acute angle 

with respect to the a-axis. The angle of W’ wall corresponds to the plane of (1p0), where 
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p≈0.78. On the other hand, the alignments of the W wall from many observations and 

calculations seem to agree due to its symmetry restriction. Specifically, the W wall is rotated 

~44° with respect to the a-axis which corresponds to (110) plane. It is important to note that two 

sets of the permissible orientations of domain walls are about perpendicular, specifically 91+/-

0.5° to each other.88 Typically, domains need to compatibly align to minimize strain energy. 

Specifically, each domain state needs to rotate with the same angle to be in mutual contact. Plus, 

the rotation should be in the opposite direction. Regarding compatibility, two types of domain 

are classified: (1) full-strain compatible and (2) incompatible. The former type forms a parallel 

alignment of domain walls, while the latter one comprises of sets of quasi-perpendicular domain 

walls.  

 The elastic tensor of the spontaneous strain can be predicted using lattice parameters of 

tetragonal and monoclinic structures. The tensor can be calculated using the following 

equation:90 

𝜀!"! (𝑆!) =
−𝜀!!! 𝜀!"! 0
𝜀!"! 𝜀!!! 0
0 0 0

=
(𝜀!! − 𝜀!!)/2 𝜀!" 0

𝜀!" −(𝜀!! − 𝜀!!)/2 0
0 0 0

 

where (S1) indicates a single ferroelastic orientation state, 𝜀!!, 𝜀!!  and 𝜀!"  are lattice strain 

related to the structural changes and can be computed by 

𝜀!! 𝑇 = (𝑎! 𝑇 − 𝑎! 𝑇 )/𝑎! 𝑇  

𝜀!! 𝑇 = (𝑏! 𝑇 − 𝑏! 𝑇 )/𝑏! 𝑇  

𝜀!" 𝑇 = tan  [
𝛾! − 90!

2 ] 
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and the magnitude of the spontaneous strain is equal to [2(𝜀!!! )! + 2(𝜀!"! )!]!/!. Fig. 2.18 shows 

the temperature-dependent spontaneous strain. 

 

Figure 2.18. Temperature-dependent spontaneous strain91 

 

 Based on the lattice parameter defined by Sleight et al.87 (am  = 5.1935 Å, bm = 5.0898 Å, 

cm = 11.6972 Å, and γm = 89.613° and at = bt = 5.1470 Å, ct = 11.7216). The obtained 𝜀!!!  and 

𝜀!"!  are 10.07x10-3 and -3.38x10-3 respectively, which causes a spontaneous strain with the 

magnitude of 15.02x10-3.  This strain tensor also describes the distortion of BiVO4 monoclinic 

structure and anisotropy of the spontaneous strain; for example, the longitudinal strain is larger 

than the transverse (shear) strain.   

 In addition to strain, temperatures and rates can influence domain formation. In general, 

the formation of domain walls starts at high local stress area and then propagates. The 

propagation rate depends on temperature and heating rate. For example, if either temperature is 

below 235°C or heating rate is low (~1°C/min), domain walls will propagate slowly with the 
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approximate rate of 0.2 mm/s. The occurrence of domain walls is also influenced by 

temperatures.91 Quasi-perpendicular domain walls do not appear until temperature reaches 

239°C. Considered the influence of temperature and rate, the orientation of domain walls may be 

reproducible during re-annealing processes if the annealing parameters remain the same.  

2.3.3 Photocatalytic properties of BiVO4 

 Crystal structure strongly influences photocatalytic properties of materials. In particular 

to BiVO4 phases, Kudo et al.92 reported that fergusonite shows the highest catalytic activity 

among all three possible structures. The higher photocatalytic performance of monoclinic 

fergusonite over tetragonal zircon could be due to the band gaps. The band gaps of monoclinic 

and tetragonal zircon are 2.4 and 2.9 eV, respectively.93 Thus, with the smaller band gap, the 

monoclinic phase would be expected to have higher photocatalytic activity.  

 In the case of monoclinic fergusonite and tetragonal scheelite whose structures are almost 

identical, the band gaps are just slightly different (2.41 eV for monoclinic and 2.34 eV for 

tetragonal).94 Despite the smaller band gap of tetragonal scheelite, monoclinic fergusonite still 

obtain higher photocatalytic activity. Fig. 2.19 shows the photocatalytic activity obtained from 

monoclinic (a line denoted with a) and tetragonal (a line denoted with b) phases under visible 

light (i) and UV light (ii) iraadiation. It is conclusive that monoclinic has a better performance in 

both visible-light and UV light regions. 
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 Figure 2.19. The comparison of the photocatalytic performance of (a) scheelite and                                      
(b) monoclinic in visible light (left) and UV light (right) 94 

 

 
 The main reason for higher reactivity in monoclinic phase is because of the distortion of 

the structure. The distortion of each atom in the monoclinic fergusonite structure is summarized 

in Table 2.1. Overall, the considerable distortion belongs to a Bi site in a Bi-O polyhedron. The 

distortion happens due to two main factors: (1) asymmetry of the bond lengths86 and (2) the 

electron lone pairs of Bi atoms.95 The distortion could promote the charge separation as well as 

the delocalization of charge carrier. Similarly, Tokunaga et al.94 pointed out that the enhanced 

photocatalytic performance in monoclinic could be resulted from the variations of the local 

structure. Such variations can affect electron transport in the structure. For example, the 

distortion can induce a local polarization that can increase a charge separation leading to the high 

photocatalytic activity.  

Additionally, the variation of the local structures can alter the electronic structure 

affecting the photocatalytic properties of monoclinic BiVO4. Walsh et al.22 simulated the band 

structure of monoclinic BiVO4 and found that the Bi 6s state and the O 2p state in the valence 

band was hybridized, which does not exist in the tetragonal phase. This hybridization can control 

the valence band edge position and the carrier transport. The calculation of the band structure by 

Walsh et al. is in agreement with the experimental studies by Kudo et al.93 and Payne et al.96 
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They also emphasized the role of Bi 6s lone pair electrons to increase the activity. Explicitly, the 

lone pair electrons alter the isotropic optical properties in tetragonal to become anisotropic.97  
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METHODOLOGY 

 
This chapter explains the sample preparation method and characterization techniques 

used in the study. In this research, BiVO4 with different compositions was synthesized via a solid 

solution and solid-state reaction route: the details of the processes are provided in this chapter. 

Also, the details of all characterization techniques are described. These techniques include X-ray 

diffraction, photochemical experiments, electron backscatter diffraction (EBSD), atomic force 

microscopy (AFM), piezoresponse force microscopy (PFM), and electrical conductivity 

measurement. 

3.1 Sample preparation 

Monoclinic (x = 0 and 0.05) and tetragonal (x = 0.175) phases of Na0.5xBi1-0.5xMoxV1-xO4 

powders used in this research were synthesized by a conventional solid-state reaction route.31 

These compositions were chosen based on the previous study of Zhou et al.31 and aim to attain 

the targeted monoclinic and tetragonal structures with x = 0 and 0.05, and x = 0.175, 

respectively.  

Initially, stoichiometric ratios of the starting materials (Bi2O3 (99.9999% purity, Acros 

organic), V2O5 (99.999% purity, Alfa Aesar), NaCO3 (99.5%, Acros organic), and MoO3 

(≥99.5%, Sigma-Aldrich)) were mixed. The mixture was ball-milled overnight using yttria 

stabilized zirconia grinding media and ethanol as a dispersant.  After ball milling, the mixture 
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was dried at 85 °C and then heated to 650 °C in air for 3 hours to complete the reaction.98 The 

reacted powder was then manually ground to reduce the particle size.  The calcined powders 

were characterized by X-ray diffraction to confirm full reaction to the targeted structures.  

Next, the powder was sintered to form a dense ceramic. Prior to sintering, 1g of fine 

calcined powder was mixed with a few drops of 5 wt% of PVA binder in ethanol and pressed 

into a 1 cm-diameter cylindrical-shaped pellet using a hydraulic press with a uniaxial pressure of 

6 metric tons. The green pellets were heated at 500 °C for couple hours, to remove the added 

PVA, then underwent a sintering step. The optimal sintering temperatures were found by trial 

and error. The undoped samples were annealed at 600°C, while the co-doped samples were 

annealed at 780 °C. All samples were annealed for 20 hours. The heating and cooling processes 

were set to have the same rate of 5 °C/min. All of the heat treatments were carried out in an 

alumina crucible with an air atmosphere. Note that, at the sintering step, to minimize 

contamination and reduce a loss from volatile components, excess reacted powder was placed on 

the bottom and the top of the pellets. 

The sintered samples were mechanically lapped and polished. The samples were first 

lapped using SiC grinding papers to get a flat surface, followed by polishing with successively 

finer Al2O3 polishing suspensions (consecutively 1 µm, 0.3 µm and 0.05 µm) on a polishing 

cloth until mirror-like surfaces were obtained. Afterwards, the samples were annealed at 300 °C 

for 2 hours to heal surface damage from the polishing at a temperature above the ferroelastic 

transition temperature.99 After preparation, the samples were characterized by X-ray diffraction 

and EBSD (described below). These steps resulted in (essentially) single-phase polycrystalline 

pellets having the targeted symmetry with a random orientation texture. These samples were 

used to determine the relationship between photochemical reactivity and orientation. 
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3.2. Characterization techniques 

3.2.1. X-ray diffraction 

X-ray diffraction was used to identify the phases of the synthesized powders, the sintered 

pellets, and the annealed samples. Besides the identified phase, the crystallographic structure and 

orientation were also obtained.100 

The XRD analysis was performed using Panalytical X’Pert Pro MPD diffractometer. 

CuKɑ (lambda = 1.5406 Å) radiation with no filter was used as the incident beam. The 

accelerating voltage and the operating beam current were set to be 45 kV and 45 mA, 

respectively. The scans were run over a 15°-90° range of the incident angle (2θ) at a scan rate of 

3°/min with a step size of 0.05°. Based on Bragg’s law (2dsinθ = nλ), diffracted peaks are 

detected when lattice planes with a particular d-spacing are oriented with an angle of θ with 

respect to the beam. Thus, the diffraction pattern of a material is unique and can be used to 

determine the phase and the structure.101 The diffraction pattern was first collected from the 

powder after the synthesis to confirm that the reaction was complete and no impurity phases 

were present. The phases of the samples after sintering and annealing were also examined to 

demonstrate that the desired phases remained.  

 

3.2.2. Electron backscatter diffraction 

Electron backscatter diffraction (EBSD) analysis was carried out using a Quanta 200 

scanning electron microscope equipped with an EBSD detector. TSL software (EDAX, Mahwah) 

was used to acquire and index electron backscatter patterns. This characterization technique is a 

powerful tool to obtain crystallographic and microstructure analyses, such as crystal orientation 
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mapping, phase identification and grain boundaries investigation.102,103 EBSD was used in this 

work to determine the local crystallographic orientation of the polycrystalline samples, 

specifically the local surface normal of grains.  

The surface orientations of grains were quantified using EBSD. The sample was prepared 

by mounting a stub with a sticky carbon tape. The measurements were set up with the working 

distance of 10 mm and an accelerating voltage of 15 kV with a spot size of 5. To conduct a 

measurement, the sample was tilted at 70°. When the incident electron beam interacts with the 

sample, some electrons diffract and travel out of the sample. The pattern of these diffracted 

electrons, which consists of Kikuchi bands, is captured on a phosphor screen. Each band 

originates from a set of parallel planes.  The angles between the bands correspond to the angles 

between planes and the width is related to the d-spacing.  Successfully determining the 

orientation of the crystal amounts to correctly assigning the identity of the bands.104 In practice, 

commercial software compares known interplanar angles with those observed in the pattern and 

chooses an orientation solution that best explains the pattern. Note that, while this process has 

been shown to be highly reliable, the obtained solution only represents the orientation that the 

software determines to fit the pattern with the highest confidence. 

EBSD patterns were automatically collected and indexed by the TSL software.105 It 

should be noted that, to simplify the indexing processes, the monoclinic samples were indexed in 

the tetragonal Laue group 4/m because the parameters of a and b in the monoclinic structure are 

almost identical (only 2 % difference) and the angle is almost 90°.99 From the point of view of 

EBSD, monoclinic fergusonite and tetragonal scheelite are basically identical. Monoclinic 

fergusonite BiVO4 with space group space group I2/b has lattice parameters of a = 5.1956 Å, b  

= 5.0935 Å, c = 11.704 Å, and γ = 90.383. Tetragonal scheelite BiVO4 with space group I41/a 
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has lattice parameters of a = 5.147 Å and c = 11.7216 Å.99_Using the higher symmetry 

tetragonal group simplifies the analysis and the reactivity results are not impacted by this 

approximation.106 

To produce grain orientation maps, an electron beam is scanned over a particular area of 

the sample in a stepwise fashion and the diffraction patterns from each point are indexed 

automatically to determine the orientation. The orientation is denoted on a map by a unique 

color. A grain is formed by a group of nearby points whose orientations are the same within a 

certain tolerance. The orientation data can be used to quantify the crystallographic texture of the 

sample. The samples studied here all had random textures. The step size of the scan is 0.1 µm. 

The raw orientation data was cleaned using typical algorithms,105 including a dilation algorithm 

(using 5 ° tolerance angle and a 10 pixel minimum grain size), a grain orientation averaging 

algorithm (using 5 °), and a pseudo-symmetry correction algorithm. To verify that this 

simplification of the symmetry did not impact the results, several experiments were conducted 

using the monoclinic cell and point symmetry 2/m. Examples of these results are included in 

Appendix 3. Both tetragonal and monoclinic indexing schemes yield consistent orientations for 

all grains. Also, there were no detectable differences between the reactivities of the (100) and 

(010) surfaces. As such, use of the simpler tetragonal system is appropriate. After classifying the 

extent of reactivity, the orientations of grains with high and low reactivity were plotted in an 

orientation distribution diagram. 

 

3.2.3 Photochemical experiment (Marker reaction) 

In this study, I used the reduction of silver and the oxidation of lead oxide and manganese 

oxide to evaluate the reactivity of a surface. These marker reactions have been well established 
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by previous researchers. For example, the reduction of silver (Ag+ + e- → Ag₊s₋) is widely used 

to observe the reduction site.107,108 The silver metal product is insoluble and forms deposits on the 

surface. As a result, the deposition of the reaction product can be investigated by microscopic 

techniques.  

For the reduction experiment, Ag+ from an aqueous solution of 0.115 M AgNO3 was 

photochemically reduced to an insoluble Ag product on the sample’s surface. The deposits create 

topographic contrast in AFM images, so they can be observed. Similarly, Pb2+ from an aqueous 

solution of 0.115 M Pb(NO3)2 and Mn2+ from an aqueous solution of 0.115M MnSO4 were 

photochemically oxidized to Pb4+ and Mn3+/Mn4+ ions yielding an oxide of PbO2 and MnOx, 

respectively.109,110 Both PbO2 and MnOx are also insoluble and the oxidation products can be 

observed by AFM. It should be noted that because the conduction band edge of BiVO4 is below 

the redox potential of H2, NaIO3 was added as an electron acceptor when the oxidation reactions 

were being carried out. To conduct the photochemical experiment, an O-ring was placed on the 

surface of the specimen and then filled with the aqueous solution. A quartz slip was put on top of 

the O-ring(s) to create a flat and uniform surface for illumination. Then, the samples were 

illuminated from the topside using a blue LED (λpeak = 470 nm). Three experimental setup 

parameters were adjusted to be suitable for each study, specifically the power of the light source, 

the distance between the light source and the sample, and the exposure time. The setups of the 

photochemical experiments for each study will be described separated in detail in the chapter of 

each study. 

After the photochemical experiments, the samples were then imaged by atomic force 

microscopy (AFM). In addition, the phase and the compound of the reaction products were 

examined by x-ray diffraction and energy dispersive x-ray spectroscopy (EDS). Because of the 



 
Chapter 3: Methodology    

 -63- 

sensitivity of XRD and EBSD, the sample needs to be overexposed for 30 minutes for each 

experiment. Otherwise, the reaction products cannot be detected by the characterization 

technique. It should also be noted that the reduction product from AgNO3 solution could be 

identified; however, neither EDS nor XRD could examine the oxidation products from Pb(NO3)2 

and MnSO4 solution because the highest intensity peak and the EDS spectrum of PbO2/MnOx is 

overlapped with that of BiVO4, which is the matrix phase.  

3.2.4 Atomic Force microscopy (AFM) 

Atomic force microscopy (AFM) was used to investigate the surface topography of 

ferroelastic domains before and after the reactions. AFM is a scanning probe microscopy (SPM) 

technique.111 This technique scans a probe across a sample’s surface to acquire images. The 

images show some material property, such as topography or friction, as a function of position. 

Fig. 3.1 schematically shows the principle of AFM. A cantilever is moved along the surface, and 

the sharp probe tip on the cantilever is sensitive to atomic forces between it and the sample’s 

surface. Changes in these forces act to deflect the cantilever vertically or laterally. By measuring 

a vertical or lateral deflection with an optical lever, which is an array of photodiodes detecting a 

laser reflection from the cantilever, a physical property can be obtained.  
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 Figure 3.1. Atomic Force Microscopy measurement shows the basic components of 
AFM system: cantilever, laser diode and photodetector. 

 

The sample topography was imaged using the AFM in a tapping mode. This mode is 

carried using amplitude modulation detection with a lock-in amplifier. In this operating mode, 

the cantilever was oscillated at near the resonance frequency (300Hz) and was tapping near the 

surface. The change in heights causes a change in the original oscillation of the cantilever. In 

other words, the changes of topography cause deflections in the cantilever resulting in a change 

of the cantilever amplitude. The reduced amplitude was detected and was interpreted to obtain 

the topography of the sample. The obtained topographic AFM images can reveal the appearance 

of ferroelastic domains on the samples.  

The most important information extracted from the images are the heights of the reaction 

products.  The heights of deposits were used for qualitative analysis of determining 

photochemical reactivity on each surface orientation. To analyze the reactivity, the sample 

topographic images before and after reaction were compared. After reaction, deposits increased 

the relative height (maximum height –minimum height) and could be seen as white contrast on 

the images. All AFM images were collected using a Solver Next AFM. An n-type silicon probe 
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was used for the measurement with the resonance frequency of 300 Hz. The reactivity was 

determined by the relative height of the deposits. After image acquisition, image processing, 

such as flattening, was conducted to reduce the effect of surface defects (e.g. pores and 

scratches) on the quality of the topographic image. 

3.2.5 Piezoresponse force microscopy (PFM) 

Besides surface topography, the AFM can be used to measure the surface piezoresponse 

using a mode called piezoresponse force microscopy (PFM), as shown in Fig. 3.2. By applying a 

voltage to the conductive tip, PFM can measure the electromechanical coupling or piezoresponse 

of the sample’s surface.112–114 Principally, the magnitude of the applied voltage can be described 

by the following equation: 

   Vtip = VDC + VAC cos (ωt)     (3.1) 

where VDC is a switching bias that can be applied through a tip or a sample, and VAC is the 

probing bias. Such a voltage can result in a deflection of the cantilever, which can be defined as: 

    A= A0 + A1ω cos (ωt + φ)     (3.2) 

The two parameters in Eq. 3.2, the amplitude (A1ω) and phase (φ), can be used to create 

images. The amplitude signal is correlated to the magnitude of surface polarity, while the phase 

signal is associated with the direction of polarization with respect to the surface. For example, in 

ferroelectrics, if a domain has a positive phase signal, there is a positive-ended dipole at the 

surface. Likewise, domains giving a negative phase signal have the opposite polarization at the 

surface. Thus, this technique is commonly used to image domain structures in 

ferroelectrics.112,113  
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 Figure 3.2. Piezoresponse Force Microscopy measurement demonstrates the system 
components. In addition to the basic components of the AFM system, PFM is connected to the 
bias supply. 

 

PFM measures the contraction or expansion due to the piezoelectricity of the sample 

when electrical stimulus is applied. Specifically, a domain will expand if the applied bias is the 

same type as the surface polarization (+/+ or -/-), while a domain will contract if the applied bias 

is opposite to the surface polarization (+/- or -/+). The expansion and the contraction will give 

rise to contrast in PFM images. 

In addition to ferroelectrics, previous studies surprisingly reported the use of PFM to 

demonstrate the surface’s polarization of non-ferroelectric materials. Kholkin et al. applied PFM 

to study the polar phonomena of a centrosymmetric SrTiO3 ceramic at room temperature and 

found the local piezoelectric contrast of the PFM images.113  The obtained PFM images revealed 

the grain-sensitive piezorepsonse. Specifically, the image’s contrast was varied by grain 

orientations. The phenomenon was speculated to be caused by surface piezoelectricity arising 

from the flexoelectric effect, which arises from a strain-gradient induced by a surface relaxation. 



 
Chapter 3: Methodology    

 -67- 

In this current study, PFM was used to image piezoresponsive domain structures at the 

surface of ferroelastic BiVO4 samples. The measurement was conducted using Solver Next 

AFM. Such a measurement was operated under the contact mode using a N-doped Si probe. 

During the measurement, the voltage is applied to the sample, so it is necessary to ground the 

sample. Thus, the sample was grounded with a special sample holder or using a conductive 

carbon tape to attach the surface to the ground.  

3.2.6 Conductivity measurement 

The van der Pauw technique is a 4-point probe conductivity measurement technique that 

is used especially for arbitrarily shaped samples.115 Other than resistivity, the van der Pauw 

measurement can determine carrier density, major carrier mobility and the Hall coefficient of a 

sample. Despite no restriction in sample shapes, homogeneity of thickness and composition of 

samples is required. Also, to eliminate the contact resistance, the contacts must be relatively very 

small in size on the perimeter of the sample structure. The error in measurement can be 

determined by the ratio of the average diameter of the contacts to the distance between contacts. 

For a comparative study of photochemical reactivity in Study 3, the co-doped monoclinic 

and tetragonal samples should have a comparable conductivity. Thus, to verify the validity of the 

comparison, the resistivity of the polished samples was measured for the order-of-magnitude 

conductivity using this technique.  

In the measurement, four contacts were made on the edge of the samples by connecting a 

copper wire with silver paint. Each contact is roughly equally spaced. After applying the silver 

paint, the contacts were left to harden. Eight configurations of the measurements (four 

configurations shown in Fig. 3.3 and their conjugates, in which the direction of the source 
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current is reversed) were carried out.116 Basically, to obtain the resistivity, the current is applied 

from one contact to another contact, and the resultant voltage across the remaining contacts is 

then measured.117 The voltage and the current were used to calculate the resistivity. The 

resistivity can be calculated by Eq. (3.3) – (3.5). 

     𝜌 = !!!!!
!

       (3.3) 

𝜌! =
!"
!"!
𝑅!𝑓!     (3.4) 

    𝜌! =
!"
!"!
𝑅!𝑓!     (3.5) 

where 𝜌 is a volume resistivity (Ω-cm), t is thickness (cm), Ri is resistivity across the contacts 

(Ω), and fi  is a correction factor regarding the symmetry of sample geometry and related to the 

resistance ratios (QA and QB). 
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Figure 3.3. Resistivity measurement configurations 

 

and RA and RB , and QA and QB are given as follows: 

𝑅! =
!!",!"!!!",!"!!!",!"!!!",!"

!!
    (3.6) 

𝑅! =
!!",!"!!!",!"!!!",!"!!!",!"

!!
    (3.7) 

𝑄! =
!!",!"!!!",!"
!!",!"!!!",!"

      (3.8) 

𝑄! =
!!",!"!!!",!"
!!",!"!!!",!"

      (3.9) 
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Then, QA and QB are used to estimate the fA and fB factors from the graph illustrated in Fig. 3.4. 

 

Figure 3.4. The relationship between Q and f factors117 
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STUDY 1: 

Orientation-Selectivity of Photochemical Reactions 

4.1 Chapter overview 

 Bismuth vanadate, BiVO4, is of interest for its high efficiency as a photoanode for water 

splitting.85 With a band gap of approximately 2.4 eV and a valance band edge positioning at ~2.5 

eV with respect to hydrogen reduction,118 BiVO4 has an ability to oxidize water using holes 

excited by visible light.  Theoretically, BiVO4 can obtain as high as 10% efficiency. However, 

BiVO4 is not currently able to reach its predicted efficiency because of electron-hole 

recombination; quantitatively, 60-80% of the total photogenerated electrons and holes 

recombines before arriving at reaction sites.118,119 This problem underscores the need to spatially 

separate electron-hole pairs effectively to prevent recombination.15,16 Morphological control has 

been suggested to limit recombination in BiVO4 crystals.120–122 It is known that different surfaces 

of the same crystal are able to promote different reactions; the orientation-dependent reactivity, 

for example, was found in TiO2 and SrTiO3.19,27,123 In the case that one surface promotes 

reduction and the other promotes oxidation, it would be possible to create photocatalysts that 

spatially separate the oxidation and reduction reactions.21,120  

 Previously, the orientation dependence of BiVO4 reactivity was also presented.20,120 

Before discussing the prior results, it is necessary to make some comments about the 
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crystallography used for BiVO4 system.  BiVO4 can crystallize in three structures: a tetragonal 

zircon structure, a tetragonal scheelite structure, and a monoclinic fergusonite structure.  Because 

of similar atomic arrangement of the tetragonal scheelite and monoclinic fergusonite structures, 

the latter structure is sometimes referred to as “monoclinic scheelite.”  Of these, the monoclinic 

structure has been reported to be the most photochemically active.124 As a result, this study will 

focus on photochemical properties of the monoclinic fergusonite phase, which is the equilibrium 

structure at room temperature and pressure.87 The monoclinic fergusonite structure (I2/b, a = 

5.1935 Å, b = 5.0898 Å, c = 11.6972 Å, γ = 89.613°, or a complementary angle of 90.387°) can 

be obtained from the transformation of the tetragonal scheelite structure (I41/a, a = 5.147 Å c = 

11.7216 Å) through a small distortion below 255 °C.87 This transformation alters the cell 

parameters by less than 1% and creates a ferroelastic domain structure125 that also affects the 

reactivity.126 The effect of domains on reactivity is discussed in later chapters of this thesis.  

 BiVO4 can be described using different conventions. Two different choices have been 

made in the past for monoclinic BiVO4: modern and non-standard crystallographic conventions. 

If the unit cell is selected according to modern crystallographic conventions, then it should be 

consistent with group C2/c, making the longest axis b.  However, the non-standard choice of 

space group I2/b makes the c-axis the longest, preserving the relationship with the more 

idealized tetragonal structure.   The latter choice is used in this thesis for consistency with the 

approximation used in the electron backscatter diffraction (EBSD) experiments.  In all 

comparisons to previous work, I shall use indices in I2/b, even when the previous authors 

indexed the cell in C2/c.   
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 Many investigations have shown that the rate of photochemical evolution can differ with 

BiVO4 surface orientations. Wang et al.120 measured the amount of O2 evolved from an aqueous 

solution of AgNO3 and found that the oxygen-evolving rate (i.e., the oxidation reaction rate) on 

BiVO4 during visible-light illumination increases with the area of the (001) facet. Later, the 

reactivity of polygonal BiVO4 particles bounded almost entirely by (001), (101) and (011) facets 

was studied.20,21 Marker reactions that leave insoluble products on the surface where oxidation 

and reduction occurs were used to show that reduction was promoted on (001) facets and 

oxidation was promoted on (101) and (011) facets.  Hypothetically, this was attributed to small 

differences in the valance and conduction band edges at the two surfaces that promoted electron 

transfer to (001).20 More detailed calculations suggest that there are several competitive factors 

and that a single simple parameter may not be sufficient to describe the orientation dependence 

of the reactions.28  

 The purpose of this chapter is to describe the complete orientation dependence of surface 

reactivity on BiVO4.  Whereas the previous work20,21,120 concentrated on polygonal particles 

exposing only (001), (101), and (011) facets, this study employs a method that allows one to 

compare the reactivities of all possible orientations, which can indicate the preferences among 

the different oriented surfaces for reduction and oxidation.  The results make it possible to 

propose an ideal particle shape to promote charge carrier separation. 

4.2 Experimental method 

Monoclinic BiVO4 was prepared by a conventional solid-state reaction using a 

stoichiometric mixture of Bi2O3 and V2O5 powders.  The mixture was ball-milled overnight 
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using yttria stabilized zirconia grinding media and ethanol as a lubricant.  After ball milling, the 

mixture was dried at 85 °C and then heated to 650 °C in air for 2 hours to complete the reaction.  

The reacted powder was then manually ground to reduce the particle size.  The powder was 

mixed with 5 wt% of PVA in ethanol as a binder and compressed to form a 1-cm-diameter 

cylindrical specimen with a thickness of ~ 3 mm.  The pellet was annealed at 500 °C for 6 hours 

to decompose the binder and any other organics, and then sintered at 800 °C for 12 hours.  

Powder x-ray diffraction was used to verify that the product had the structure of monoclinic 

fergusonite, as expected for BiVO4 at room temperature.   

The surface was prepared by lapping, polishing and annealing. First, the sample was 

lapped using SiC abrasive papers (initially with 320 grit and followed by 400, 600, 800 and 1200 

grit, sequentially) to get a flat surface. Afterwards, it was consecutively polished with 1 µm, 0.3 

µm and 0.05 µm alumina suspensions.  Each lapping step required several minutes, while each 

polishing step took 30 – 60 min.  Finally, the sample was annealed in air at 300 °C for an hour to 

repair surface damage accumulated during the polishing.   

Electron backscatter diffraction (EBSD) was used to determine the orientations of the 

crystals at the surface of the sample.  EBSD measurements were carried out in a Quanta200 

scanning electron microscope (FEI company) equipped with an orientation imaging microscopy 

(OIM) system that used a Hikari charge coupled device (CCD)-based detector to collect the 

diffraction patterns. TSL software was used to analyze the surface orientations and generate an 

orientation map of the scanned area.  As noted in the first section, the room temperature structure 

of BiVO4 is monoclinic, with space group I2/b and lattice parameters a = 5.196 Å, b = 5.094 Å, c 

= 11.7045 Å, and γ = 90.38°.87 Because a and b differ by only 2%, and γ is nearly equal to 90°, 
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the cell is approximately tetragonal, analogous to the higher temperature scheelite-structured 

parent phase.  Therefore, to simplify the orientation measurements, we assumed that BiVO4 has a 

tetragonal unit cell with lattice parameters a = 5.1509 Å and c = 11.73 Å and indexed the EBSD 

patterns in Laue group 4/m.  The most important artifacts of this assignment are that the longest 

axis is [001] and the crystallographically distinct (100) and (010) monoclinic surfaces become 

indistinguishable.  Orientation maps were recorded over 200 µm x 200 µm areas with a step size 

of 1 µm.  Several ‘clean-up’ procedures were used to minimize the number of un-indexed or 

incorrectly indexed pixels.  First, a grain dilation clean-up was applied using a 5° tolerance 

angle, a 10 pixel minimum grain size, and a so-called multiple row requirement. The fraction of 

points changed in this clean-up process was about 19%. Next, an average orientation was 

assigned to each grain, where a grain is defined with a tolerance angle of 5°. Finally, the use of 

tetragonal 4/m Laue group for the monoclinic system results in some grains having two different 

orientations (in different pixels within the same grain) that are related by a 90° rotation about the 

c-axis. This can create artificial apparent boundaries within single grains.  Most of these could be 

(and were) removed using a psuedosymmetry clean-up with a 5° tolerance.  Several experiments 

were also conducted using the monoclinic cell and point symmetry 2/m and examples are 

illustrated in the Appendix 3. The tetragonal and monoclinic indexation schemes are consistent 

for all grains. However, as no differences were found between the reactivity of the (100) and 

(010) surfaces, I choose to use the simpler tetragonal system to describe the results. 

The photochemical reactivity of individual grains was evaluated using reactions that left a 

solid product on the surface, which could then be observed microscopically.  Aqueous solutions 

of 0.115 M AgNO3 were used for the photochemical reduction of Ag+ to Ag0.107,108 Aqueous 

solutions of 0.115 M Pb(NO3)2 and of 0.115 M MnSO4 were used for the photochemical 
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oxidations of Pb2+ to Pb4+ and of Mn2+ to Mn3+/Mn4+, respectively.127,128 For the case of the Pb2+ 

and Mn2+ bearing solutions, an electron acceptor (IO3
-) was added as 0.23 M NaIO3 to the 

solutions to promote the counter redox reaction of reduction. Because insoluble Pb(IO3)2 or 

Pb(IO3) or Mn(IO3)2 always formed after the addition of the NaIO3, the mixture was filtered to 

remove the precipitate and the clear supernatant was further used in the experiment.   

The same procedure was used for each photochemical experiment.  An O-ring was placed 

on the sample surface to create a reservoir that was then filled with the metal-bearing solution.  

The top was sealed with a quartz cover slip that was held in place by capillarity.  Illumination 

was provided by a blue light-emitting diode (LED, wavelength of 470 nm, 2.64 eV) placed just 

above the sample and in contact with the cover slip.  The LED was operated at 5 V with a current 

of 750 mA.  BiVO4 has different activities for the different reactions, so the exposure time was 

optimized so that the reaction product was easy to detect in atomic force microscope images, but 

not so prevalent that the large topographic variations complicated the imaging.  The exposure 

times were 1 min, 20 min, and 5 min for the AgNO3, Pb(NO3)2, and MnSO4 solutions, 

respectively.  Reduction and oxidation reactions were carried out on the same sample, on the 

same areas.  After Ag reduction, the sample surfaces were gently wiped off with methanol-wet 

cotton swabs and ultrasonically cleaned in acetone and methanol to remove silver deposits, 

before the oxidation reaction.  To verify that the reaction products were formed through 

photochemical processes, control experiments were performed in which the sample was 

immersed in the metal bearing solutions for 30 min, but without illumination.  In these cases, no 

reaction products were found on the surface. 
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The reaction products were characterized by energy dispersive x-ray spectroscopy (EDS) 

in an SEM equipped with an Octane Plus EDS detector and by x-ray diffraction. The products 

identified after the reduction and oxidation reactions were silver and lead oxide, respectively.  

The x-ray diffraction patterns of the products confirmed the EDS results.  

The surface topography of the same areas in the orientation maps, before and after the 

reactions, was measured by atomic force microscopy (AFM) using a SolverNext NT-MDT 

scanning probe microscope operated in tapping mode.  Features that appeared on the surface 

after the reaction were assumed to be the reaction product.  Because it is topographically higher 

than the surrounding surface, the reaction products appear as bright contrast in the AFM images.  

The relative reactivities of different surfaces were determined by the relative heights of the 

deposits compared to the surface before the reaction. The effect of orientation on the reactivity 

was investigated by correlating the surface orientation with the measured reactivity. 

4.3 Results  

4.3.1 Orientation determination 

Fig. 4.1 displays an inverse pole figure map obtained from EBSD analysis with color key 

from the tetragonal reference frame. It should be noted that the lattice parameters of the 

monoclinic fergusonite (a = 5.1935 Å, b = 5.0898 Å, c = 11.6972 Å, γ = 90.38°)87 and ones of 

the tetragonal scheelite (a = b = 5.147 Å, c = 11.7216 Å)87 are almost identical. Thus, the 

monoclinic fergusonite BiVO4 can be considered as a distorted tetragonal scheelite BiVO4. The 

similarity of the structures validate that our structural approximation for the EBSD analysis is 
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reasonable. The colors in the map represent the orientations of grains regarding the standard 

stereographic triangle of the higher symmetry tetragonal reference frame. The figure is 

composed of a number of grains with distinguishable orientations. Grains with distinct 

orientation meet at grain boundaries where the orientation changes. The existence of all colors in 

this map with no obvious preference indicates that the sample has a random orientation (i.e., all 

orientations can be addressed for reactivity). 

   
Figure 4.1. Color-coded inverse pole figure (IPF) map of bulk BiVO4 sample 

4.3.2 Preference of Silver Reduction  

The effect of Ag reduction on the surface is illustrated in Fig. 4.2. The AFM images in 

Fig. 4.2(a) and Fig. 4.2(b) show the surface topography before and after reduction, respectively.  

In Fig. 4.2(b), the different heights of the grains lead to abrupt changes in contrast at the grain 

boundaries and the striped contrast within the grains corresponds to ferroelastic domains, which 

will be discussed in further chapter.  While these domains obviously influence the reactivity, this 
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chapter mainly focuses on the effect of grain orientation.  By comparing the images in Fig. 4.2(a) 

and 4.2(b), it is clear that more silver deposits were found on some grains compared to others; 

this is confirmed by the topographic profiles in 4.2(c) and 4.2(d). On the surface of the grain with 

low reactivity (denoted with L), the silver deposits have an average height of ~ 12 nm, while the 

height of the reaction product on the highly reactive surface (denoted with H) is ~ 70 nm. 

 

 Figure 4.2. Silver reduction on the BiVO4 surface (a) topography before reduction, (b) 
topography after reduction. The height profile of the low reactivity grain (‘L’ line) and one of the 
high reactivity grain (‘H’ line) are shown in (c) and (d), respectively.  The black-to-white 
contrast is 12 nm in (a) and 90 nm in (b). The field of view is 10 µm x 15 µm. 

. 

 The images in Fig. 4.3 compare the topography of the surface after the reduction of Ag to 

the grain orientations measured by EBSD.  It should be noted that Fig. 4.3(a) is a montage of 

smaller images, so there are some discontinuities in the contrast.  To illustrate the 

correspondence between the images, the same two grains are outlined with a white line.  Based 
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on the contrast in the AFM images, the reduction of silver is clearly heterogeneous.  There are 

two types of heterogeneities.  The first is a grain-by-grain reactivity that changes abruptly at the 

grain boundaries.  The present chapter focuses on this grain-to-grain heterogeneous reactivity.  

Other heterogeneities arise from the presence of polishing scratches and ferroelastic domains.  

The polishing scratches are long straight features that traverse grains boundaries uninterrupted 

and one is labeled 'PS'.  The ferroelastic domains are parallel stripes contained within grains.  

There are also occasional “islands” of higher reactivity that occur within grains (examples 

marked with an "x" in Fig. 4.3(a)).  These features will not discussed here and I focus instead on 

the variations related to grain orientation, away from these islands.  From a qualitative 

perspective, the trend in reactivity with orientation seems obvious.  For instance, the grains with 

high reactivity in Fig. 4.3(a) have orientations near (001) in Fig. 4.3(b).  Similarly, the grains 

with low reactivity have orientations that are closer to (hk0), roughly perpendicular to (001).  

 To quantify the orientation dependence of the reduction of silver, about a hundred grains 

were evaluated according to the heights of the silver deposited on the surface.   To measure the 

height, a height profile was extracted from each grain, as illustrated in Fig. 4.2.  Areas classified 

as highly reactive had silver particles higher than 20 nm.  Areas classified with low reactivity 

had heights less than 20 nm.  To illustrate how grains in Fig. 4.3 were classified, low reactivity 

grains are labeled 'L' and high reactivity grains are labeled 'H'.  The orientation distribution of 

low- and high-reactivity grains is shown in Fig. 4.4.  The plots show that there are no low-

reactivity grains within 40° of (001).  The high-reactivity grains appear to be clustered near 

(001), and fewer grains are found as the inclination from (001) is increased.   
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 Figure 4.3. (a) Topographic AFM image after Ag reduction.  The black-to-white vertical 
contrast is 196 nm. (b) Orientation map of the same area.  The color key is shown in the inset. 
The field of view is 60 µm x 60 µm. In (a), and example of a polishing scratch is marked with 
"PS" and a surface pore with "P". 
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 Figure 4.4. Orientations of grains on the BiVO4 surface that were classified as low (a) 
and high (b) reactivity for the photochemical reduction of Ag.  Each point corresponds to an 
observed grain and the points are plotted in stereographic projection. 

 

 To quantify the distribution of high and low reactivity grains, the orientations are 

compared to those expected in a random distribution.  Specifically, the observations are divided 

in 10° ranges by the fraction that would be found in a random orientation distribution; the 

resulting units are multiples of a random distribution (MRD).  The results are illustrated in Fig. 

4.5.  In the range between 0° and 10° from [001] (plotted as the bin average of 5°), grains that 

reduced silver are four times more likely than random and between 80° and 90° from [001] 

(plotted as the bin average of 85°), grains that reduced silver were five times less likely than 

expected at random.  Similarly, there are no low reactivity grains within 40° of [001], but from 

80° to 90° from [001], they are more than twice as likely as in a random distribution. So, while 

all grain orientations can reduce some silver, grains within 40° of [001] reduce much more in the 

same amount of time. 
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 Figure 4.5.  The orientation distribution of grains with high and low reactivity, as a 
multiple of the random fraction.  The red circles are for the high reactivity grains and the blue 
squares are for the low reactivity grains. 
 

4.3.3 Preference of Lead Oxidation 

The orientation dependence of the oxidation of Pb2+ was determined the same way that 

the orientation dependence of the reduction reaction was determined.  The topography of the 

BiVO4 surface after illumination in an aqueous Pb(NO3)2 solution is shown in Fig. 4.6(a) and an 

orientation map of the same area is shown in Fig. 4.6(b).  Overall, the oxidized reaction product 

(in Fig. 4.6(a)) appears as white contrast, representing features are that are 50-70 nm in height.  

Ignoring irregularities such as the polishing scratches, it is clear that there are sometimes abrupt 

changes in the amount of reaction product at grain boundaries, with some grains being reactive 

(having a large amount of oxidized material on the surface) and others being almost unreactive 

(very little reaction product on the surface, which is usually located at surface damages, such as 

scratches and pores).  When one compares the orientation map with the distribution of reaction 

product, it is clear that grains with surface orientations near (001) are unreactive (see grains 

labeled L), while the more reactive grains (labeled H) are approximately perpendicular to (001). 
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 Figure 4.6. (a) Topographic AFM image of the BiVO4 surface after a photochemical 
reaction in a Pb(NO3)2 solution.  The vertical height from dark-to-light contrast is 220 nm. (b) 
Orientation map of the same area colored by orientation according to the inset.  The field of view 
is 90 µm x 90 µm. 

 

To demonstrate the orientation dependence of the reactivity, the orientations of 54 

reactive and 36 unreactive grains are plotted on the stereographic projections in Fig. 4.7(a) and 

4.7(b), respectively.  From these observations, it is clear that all of the reactive grains have 

orientations that are at least 50° from [001] and all of the unreactive grains have orientation that 

are closer to [001].  Note that this is approximately the opposite of what was observed for the 

reduction reaction.  In other words, grains close to (001) are more active for reduction and grains 

with orientations perpendicular to (hk0) are more active for oxidation. 
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 Figure 4.7. Orientations of grains on the BiVO4 surface that were classified as low (a) 
and high (b) reactivity for the photochemical oxidation of Pb2+. Each point corresponds to an 
observed grain and the points are plotted in stereographic projection. 

 

4.3.4 Preference of Manganese Oxidation 

In addition to the lead oxidation, a Mn2+ oxidation experiment was conducted using 

0.115M aqueous MnSO4 solution. The topographic images in Fig. 4.8 reveal that insoluble 

particles of manganese oxide disperse differently from lead oxide particles. In contrast to the 

lead oxidation, the product of manganese oxidation was deposited uniformly over every grain. 

This makes it difficult to measure the absolute height of MnOx deposits on the surface; no non-

reacted area can be used as a reference for reactivity measurement.  Thus, the quantitative 

analysis of the preferential orientation for oxidation will be conducted using only data from the 

Pb2+ oxidation. Even though the Mn2+ oxidation will not be analyzed for the correlation, its 

orientation dependence will be observed by comparing contrast of few grains in the same image 

to approximate the effect of Mn2+ oxidation on the surface.  

Compared with the Pb2+ oxidation result, manganese oxide particles are much finer than 

lead oxide particles. Specifically, the size of manganese oxide is approximately five times 
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smaller than the size of PbO2 particles. The size difference may lead to different particle 

coverage as the coverage of manganese oxide is smoother than that of lead oxide. 

 
 Figure 4.8. After oxidation with MnSO4 solution (a) surface topography from AFM 
measurement. The vertical height from dark-to-light contrast is 230 nm.  and (b) OIM map from 
EBSD of the same area in (a) colored by orientation according to the inset.  The field of view is 
30 µm x 40 µm.  
 
 

Besides the different coverage, the distribution of both oxidation reactions in the 

orientation space is also dissimilar. In the case of the Pb2+ oxidation, the active grains have 

orientations that are at least 50° from [001], and all grains are equally active. On the contrary, all 

orientations are active for the Mn2+ oxidation, but show some degrees of difference in reactivity. 

For example, in Fig. 4.8, a grain that orient close to (001) (denoted with L) has some deposit, 

while grains with similar orientations show no reactivity for the Pb2+ oxidation. Also, the close-

to-(001) oriented grain has the lowest contrast, which implies low reactivity for manganese 

oxidation.  Conversely, a grain with the orientation that is nearly perpendicular to (100) (denoted 

with H) has the highest reactivity.  Thus, it is likely that the reactivity gradually enhances from 

the lowest reactivity of near-(001) surfaces to the highest reactivity of perpendicular-(001) 
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surfaces. In other words, the reactivity for Mn2+ oxidation increases with an inclination of angles 

away from [001]. This is consistent with the result of the Pb2+ oxidation that the favorable 

orientation for oxidation is about perpendicular to [001].  

4.3.5 Complementarity of the redox reactions 

The topography of the same area of the BiVO4 surface after silver reduction and after 

lead oxidation is compared in Fig. 4.9. The grains that reduce the most Ag are inactive for Pb 

oxidation, and those that oxidize Pb2+ are less active for Ag reduction, which indicated that (001) 

and (hk0) orientations have complementary reactivity.  However, it should be noted that there is 

a range of orientations that have some activity for both reactions.   In Fig. 4.10, the populations 

of grains that have high reactivity for oxidation and reduction are compared.  The population of 

the grains that has high reactivity for reduction is centered at (001) and the population of grains 

that has high reactivity for oxidation is centered at (hk0).  At the limiting ranges of the 

orientations, grain’s reactivity is almost exclusively reduction or oxidation.  However, for a 

range of orientations between these limits, both oxidation and reduction are possible.  
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 Figure 4.9. Topographic AFM image of the BiVO4 surface after a photochemical 
reaction (a) after silver reduction, (b) after lead oxidation, and (c) orientation map of the same 
area colored by orientation.  The topographic vertical contrasts of (a) and (b) are 110 and 220 
nm, respectively. The field of view is 30 µm x 50 µm. 
 

 
 Figure 4.10.  The orientation distribution of grains with high reactivity for reduction (red 
circles) and oxidation (blue squares), as multiples of the random fraction.  
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 Overall, the present results are consistent with the results from the polygonal crystals 

studied by Li et al.20, bearing in mind that the current experiment probes all orientations. For 

example, (001) is for silver reduction. In addition, while Li's result indicate that (101) is for 

oxidation (60° from [001]), the current results indicate that there are other surfaces 60° from 

[001] that also favor for lead oxidation. However, the current results also showed that it is 

possible for silver reduction and manganese oxidation to occur on any oriented surfaces.  

4.4 Discussion 

The reduction and oxidation results demonstrated that the photochemical reactions on 

sintered polycrystalline BiVO4 surface under visible light were spatially selective. Under 

illumination, BiVO4 absorbed light and then generated charge carriers of electrons and holes as 

shown in Eq. 4.1. The charge carriers travel to surfaces and participate in the redox reactions. 

Specifically, electrons are involved in a reduction reaction, while holes participate in an 

oxidation reaction. In the reduction experiment, Ag ion was reduced to insoluble Ag metal (Eq. 

4.2) which was deposited on the surface. The Ag deposit would mark where the reduction 

reaction occurred, whereas O2 gas, the product of water oxidation (Eq. 4.3) would not be 

characterized. In the oxidation experiments, electrons are used to reduce the sacrificial agent of 

IO3- (Eq. 4.4), while holes contribute to the oxidation of Pb2+ (Eq. 4.5) or Mn2+ (Eq. 4.6) 

depending on the precursor solution. 

    BiVO4 + hν  à  h+ + e-     (4.1)  

 Ag+ + e- à Ag     (4.2) 
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 2O2- + 4h+ à O2     (4.3) 

  IO3- + 6e- à I- + 3/2 O2    (4.4) 

  Pb2+ + 2h+ à PbO2      (4.5) 

  Mn2+ + xH2O + (2x-2)h+ à MnOx +2xH+    (4.6) 

The energy level diagram of BiVO4 including the redox potentials for the reduction and 

oxidation experiments is shown in Fig. 4.11.  

 
 Figure 4.11. The energy level diagram showing the band edge positions compared with 
the redox potentials (a) in AgNO3 solution, which Ag+ accepts electrons for reduction (b) in 
Pb(NO3)2 solution coupling with IO3

-, and (c) in MnSO4 solution coupling with IO3
-, which IO3

- 
accepts electrons for reduction and Pb2+ and Mn2+ accepts holes for oxidation. 
 
 

In particular to the oxidation experiments, the different dispersion of Pb2+ and Mn2+ 

oxidation products was observed. This may arise due to the difference of the overpotentials. The 

overpotential is an extra energy that can accommodate the carrier transport:  higher overpotential 

drives holes to the O2/H2O potential more easily. Thus, it is likely that the Mn2+oxidation will 

have a wider range of active orientations than the Pb2+ oxidation because of its higher 

overpotential. 
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 The photochemical reactivity of BiVO4 observed here is consistent with that observed by 

Li et al.20 The prior work considered polygonal particles bounded by (001), (101), and (011) 

faces.  The (101) and (011) faces were not discriminated in the previous work and appeared to 

have the same reactivity, an observation consistent with the current work.  Li et al.20 found 

reduction exclusively on the (001) surface and oxidation exclusively on the other two facets.  

Our results agree in the sense that (001) favors reduction of silver ions and surfaces inclined by 

more than 50° favor oxidation of lead (II) ions.  However, the reactivity was not exclusive in our 

experiments.  Surfaces close to (001) had the highest reactivity, but all surfaces could reduce 

some Ag (see Fig. 4.4), even if it was a small amount.  By examining all possible orientations, it 

was found that surfaces perpendicular to (001), or those with indices of the type (hk0), have the 

highest photochemical reactivity for both lead and manganese oxidations. 

 There are a few possible experimental differences that should be mentioned. For 

example, the surfaces on the sintered polycrystalline specimen have much larger areas for each 

orientation than on the small particles; the ceramic grains are usually several tens of microns in 

diameter.  It is difficult to imagine that photogenerated electron-hole pairs travel to different 

grains to react.  It is more likely that a surface that reduces Ag is also oxidizing water at the same 

rate and a surface that oxidizes Pb2+ is also reducing IO3
- at the same rate.  This is made possible 

by the ferroelastic domains in the grains, which appear polar in PFM images, providing closely 

spaced sites for oxidation and reduction on all grains (see Chapter 5).126 The more exclusive 

oxidation and reduction behavior on the small single crystals might be because the oxidation and 

reduction sites are separated by only a few hundred nanometers and the photogenerated carriers 

can traverse these distances. 
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 The mechanism for the anisotropic reactivity is not known with certainty. Previous 

investigations on the anisotropic photochemical reactivity of oxides have suggested the 

importance of both bulk and surface properties.  For example, Giocondi et al.27 attributed the 

anisotropic photochemical activity of SrTiO3 polycrystals to differences in the energies needed to 

create electron-hole pairs with momentum along different crystallographic directions.  They also 

argued that surface polarity played a role.129 Past studies of the anisotropic properties of hematite 

proposed that higher photocurrent densities on prismatic surfaces (in comparison to basal 

surfaces) was the results of greater electronic conductivity parallel to the basal plane.  This factor 

could improve the electron-hole separation and therefore could decrease recombination, leading 

to greater photocurrent densities.  The conductivity may also play a role in BiVO4.  Based on 

DFT calculations, it has been reported that electrons and holes have higher drift velocity for the 

(001) surface.28 This would bring more of the majority carrier (electrons) to the (001) surface and 

promote reduction.  Under these circumstances, the minority carrier (hole) population would be 

very low.  The localization of oxidation reactions to perpendicular surfaces may be because the 

comparatively lower electron populations at these surfaces lead to higher hole lifetimes. 

 The findings described here make it possible to propose an ideal particle shape for a 

BiVO4 catalyst.  The particle would not have to be fully faceted.  Instead, it could be cylindrical 

with two flat (001) faces (the best surfaces for reduction) and any combination of (hk0) surfaces, 

oriented perpendicular to (001) faces, which are all active for oxidation.  The relative areas of the 

surfaces would be adjusted so that one half of the reaction would not limit the other.  For 

example, if reduction were fast compared to oxidation, the particle would be acicular and, if 

reduction were sluggish compared to oxidation, a flatter disc shaped particle would be desirable. 
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4.5 Conclusions 

 The photochemical reduction of Ag+ is strongly favored on BiVO4 (001) surfaces.  

However, Ag+ can be reduced on all orientations, with the rate of reduction decreasing with 

increasing inclination from the (001) surface.  The oxidation of Pb2+ and Mn2+ are strongly 

favored on (hk0) surfaces that are perpendicular to (001).  Surfaces within 50° of (001) have a 

much lower activity for the oxidation of Pb2+, which is in agreement with the oxidation of Mn2+ 

as the surfaces became more active when the inclined angle of the surface increased. As a result, 

the ideal BiVO4 particle to promote photochemical reactions would be comprised of (001) faces 

and any combination of (hk0) surfaces, oriented perpendicular to (001) faces. 
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STUDY 2: 

Domain-Selectivity of Photochemical Reactions 

5.1 Chapter overview 

 Other than the effect of orientation reported in the previous chapter, the ferroelastic 

domain structure was also observed to affect the reactivity. Recently, semiconductors with polar 

domains have received significant attention because their internal fields effectively separate 

photogenerated electron-hole pairs and thereby reduce recombination.15,16,130,131 Domains of 

opposite polarization create unbalanced charges in spatially localized areas where the domains 

intersect the surface.  As a result, electrons are attracted to positively terminated domains where 

they promote reduction reactions and holes are attracted to negatively charged domains where 

they promote oxidation.57,132 The separation of photogenerated carriers and redox products 

increases reactivity by limiting recombination and back reactions; the spatial localization can 

also be used to create well-defined nanostructures through site specific reactions.133 So far, this 

phenomenon has been observed only in materials that have polarity deriving from their non-

centrosymmetric structures, such as ferroelectrics.  One survey identified just over 500 oxide 

compounds that met the symmetry requirements for polar behavior,134 a relatively small number 

considering the possible ternary, quaternary and more complex stoichiometries that might be 

formulated. 
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Herein, a novel charge-separation method that arises from charged surfaces of 

centrosymmetric BiVO4 is uncovered. Surprisingly while investigating orientation-dependent 

reactivity, an anomalously domain-dependent reactivity was observed in sintered polycrystalline 

BiVO4, whose domains are supposedly non-polar. This anomaly has never been found in 

materials with a centrosymmetric structure. There are, however, polar phenomena that can occur 

in any materials, including centrosymmetric oxides. Such polar phenomena are known 

collectively as flexoelectric effects, which couple a strain gradient and internal 

polarization.59,69,70 While thin film ferroelectrics have been reported to have large flexoelectric 

effects,61 the effect is thought to be small in bulk materials and especially in centrosymmetric 

materials.59 Because symmetry is broken by surfaces, they provide a mechanism for the 

relaxation of internal stress that arises both from microstructural discontinuities and from the 

discontinuous bonding at the surface.29,135 In general, any relaxation of stress at the free surface 

might create a strain gradient and impart flexoelectricity in an otherwise non-polar material. 

BiVO4, when cooled below 255 °C, undergoes a ferroelastic transition from the 

tetragonal scheelite structure to the monoclinic fergusonite structure (I2/b, a = 5.1935 Å, b = 

5.0898 Å, c = 11.6972 Å, γ = 89.613°).87,136 This ferroelastic transformation leads to two 

permissible domains that form to partially compensate for the transformation strain that occurs 

when the crystal changes shape.89,136,137 As a result, such a transformation strain may cause 

flexoelectricity in monoclinic BiVO4, resulting in the heterogeneity of the photochemical 

reactions by domains.  

This chapter will mainly present the heterogeneity of the photochemical reactions 

affected by ferroelastic domain structure. Specifically, some ferroelastic domains are more active 
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for reduction than others. Similarly, this domain-selectivity can also be found for oxidation 

reaction as well. These findings are promising and exceptional for centrosymmetric materials 

because they indicate improved spatial separation of the reactions and charge carriers. This could 

potentially open up more material choices for efficient photocatalysts, plus a possibility to 

expand centric materials into more practical applications. Thus, a possible explanation and 

implications of this anomalous reactivity will be discussed in this chapter. 

5.2 Experimental method 

The sintered polycrystalline BiVO4 sample prepared for the study in Chapter 4 was also 

used in this study. The topography of the sample’s clean surface was first examined by atomic 

force microscopy (AFM), recorded using SolverNext NT-MDT AFM under tapping mode. 

Piezoresponse force microscopy (PFM) was used to evaluate the piezoresponse of the surface.   

The marker reactions were carried out to determine the locations of the reactions using an 

aqueous solution of AgNO3 and of MnSO4 for reduction and oxidation experiment, respectively. 

For the photochemical reduction of Ag, the surface was covered with a 0.115 M aqueous AgNO3 

solution.  The solution was contained in a viton o-ring and closed at the top surface with a glass 

cover slip.  The sample was then exposed under a blue LED (emission wavelength centered at 

470 nm) for times ranging from 1 to 30 min. The LED was driven by a DC power supply at a 

fixed current of 750 mA, corresponding to a power of about 3 W.  The shorter times were used 

for AFM experiments, which are very sensitive to reaction product on the surface, and longer 

times were used for the XRD and EDS experiments, which are less sensitive.  A control 

experiment was conducted under the same conditions, but without illumination, and no silver 
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deposits formed on the surface. Then, the reactivity was observed by imaging surface topography 

after reduction using AFM. Afterwards, the sample surface was gently wiped off with methanol-

wet cotton swabs and ultrasonically cleaned in acetone and methanol to remove silver deposits 

prior to the oxidation experiment. 

Similarly, the photochemical oxidation experiment was conducted using the same setup 

of the reduction experiment. However, the solution was changed to 0.115 M aqueous MnSO4 

solution with the addition of 0.23 M NaIO3 as an electron acceptor.  It should be noted that 

MnSO4 and NaIO3 can react and result in insoluble Mn(IO3)2, so the mixture solution of  MnSO4 

and NaIO3 was filtered to get clear supernatant before used in the oxidation experiment. The 

reaction time for the oxidation is also different from the reduction; the sample was exposed 

under blue LED for 5 mins. Then, after reduction and oxidation experiment, the surface 

topography of the same area was imaged by AFM for comparison. 

5.3 Results  

5.3.1 Ferroelastic domain investigation 

Fig. 5.1 is an example of AFM images showing a common surface topography obtained 

from the sintered polycrystalline BiVO4 sample after annealing. When the polished surface was 

examined microscopically, the previously reported parallel lamellar structures, which correspond 

to ferroelastic domains, were obvious.137,138 The AFM image in Fig. 5.1 shows portions of three 

misoriented crystals, separated by grain boundaries, each with lamellar contrast corresponding to 

the domain microstructure. The orientation of domain patterns usually changes across grain 

boundaries. Typically, each grain would contain a set of apparent domains in AFM images; 
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however, there were some grains or area of a grain that had a complicated domain structure. 

Specifically, some grains may comprise multiple domain structures or cross-hatched patterns of 

domains as shown in a dashed box in Fig. 5.1. Also, it is possible to find grains with no 

observable domain contrast. Similarly, parallel lamellar patterns of the domains were able to 

observe via scanning electron microscopy (SEM) with backscatter electron (BSE) mode as 

shown in Fig. 5.2. It should be noted that the widths of observable domains are in a range of 

submicrons.  

 
 Figure 5.1. AFM topography of the clean surface of bulk BiVO4. Arrows point at some 
common surface features: polishing scratches, grain boundaries and domains. The vertical bright 
to dark contrast is 15 nm. 
 



 
Chapter 5:  Domain-Selectivity of Photochemical Reactions 
    

 -99- 

 
 Figure 5.2. SEM image (BSE contrast) reveals the existence and alignments of 
ferroelastic domains. 
 

5.3.2 Domain-selectivity of photochemical reactions 

When silver cations from solution are photochemically reduced to silver metal on the 

surface,139 the silver preferentially forms only on certain domains; this is illustrated by the image 

in Fig. 5.3(b).  Compared with the surface topography before reduction shown in Fig. 5.3(a), the 

silver deposits, which are the large topographic features in Fig. 5.3(b), appear white. In the 

central grain with contrast from multiple domains, only one parallel set of domains (the wider 

ones) has reduced silver and the reduction occurs only on every other domain. This is a 

characteristic of all observations: when domains photochemically reduce silver, it is every other 

domain that is active for reduction.  
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 Figure 5.3. (a) AFM topographic image before reaction (b) topography after 
photochemical reaction and (c) out-of-plane PFM magnitude before reaction. The vertical bright 
to dark contrast is 30 nm (a), 50 nm (b), and 180 pA (c). The dashed white lines indicate the 
same domain walls (domains) in each image, D illustrates domain contrast, GB a grain boundary, 
and PS a polishing scratch.  In (b), the locations of three domains that reduce silver are indicated 
by the label Ag. 
 

 The PFM image in Fig. 5.3(c) shows clear contrast from the ferroelastic domains. When 

multiple sets of parallel domains are present, it is typically only one set preferentially reduces 

silver.  Piezoresponse from a polycrystalline (centric) SrTiO3 surface has previously been 

reported, but in that case it was a grain-by-grain response.135 The correlation observed here 

between the piezoresponse of ferroelastic domains and photochemical reactions in a centric 

material is unique.  Similar behavior was observed on dozens of additional grains that were 

examined.  Two additional examples (illustrated in Fig. 5.4) show common phenomena:  

inhomogeneous Ag reduction in Fig. 5.4(c) and 5.4(f), even though the piezoresponse in Fig. 

5.4(b) and 5.4(e) appears to be relatively homogeneous.  
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 Figure 5.4. (a), (d) Topographic images of different areas before reaction. (b) and (e) are 
out-of-plane PFM images of the areas in (a) and (d) respectively, before the reduction reaction. 
(c), (f) Topographic images of different areas after a 1 min photochemical reaction of the areas in 
(a) and (d) respectively. Labels indicate reactive (R) grains and non-reactive (NR) grains.  The 
vertical scales are (b) = 66.5 pA, ( (c) = 40 nm, (e) = 120 pA, f) = 65 nm. 
 
 
 Fig. 5.5 shows the effect of silver reduction on a sintered polycrystalline BiVO4 surface 

that has no apparent domains.  Even though a grain has no apparent topographic domains (Fig 

5.5(a)), the domain-selectivity of photochemical reduction can still be observed. After reduction 

(Fig. 5.5(b)), silver was also formed in patterns of lamellar strips similar to the domain pattern.  
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 Figure 5.5. Domain selectivity of photochemical reduction (a) surface topography before 
reactions, (b) the surface after reduction, and (c) the surface after oxidation. The image regions in 
(a), (b) and (c) are the same. The vertical scale are (a) = 20 nm, (b) = 80 nm, and (c) = 110 nm. 
 
 
 Just as domain selectivity was apparent in reduction, Figure 5.5(c) shows that it was also 

apparent in oxidation. It should be noted that because the Pb2+ oxidation did not occur on every 

grain, while the Mn2+ oxidation occurred on every grains. Thus, in this study, the result of the 

Mn2+ oxidation was used to show the domain selectivity. After oxidation, Mn2+ ions from an 

aqueous MnSO4 solution were oxidized to MnOx particles. The reactivity in oxidation has similar 

patterns as the one in reduction: only one set of domains was reacted and it happened on every 

other domain. 

 When compared the surface topography after reduction (Fig. 5.4(b)) and after oxidation 

(Fig. 5.4(c)), interestingly the domain selectivity in reduction and oxidation was complementary 

to each other. This complementarity is strong evidence that implies the existence of an internal 

force which can drive electrons and holes to different domains, and lead to domain-selectivity of 

the reactions. The domain selectivity and the complementary reactions are essentially the same 

as what has been observed in non-centrosymmetric ferroelectrics including BaTiO3,
140 

BiFeO3,141 (BaxSr1-x)TiO3,18 and PZT,142,143 but for BiVO4, the crystal structure is 
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centrosymmetric. It should be also noted that although bulk BiVO4 is centric and non-

piezoelectric, the ferroelastic domains at the surface are piezoresponsive.  

5.4 Discussion 

The domain-specific photochemical reduction of silver on ferroelectric structures, such as 

BaTiO3
140 and BiFeO3,

141 has been explained as a natural consequence of unscreened dipolar 

charge in each domain.57,132 As illustrated in Fig. 5.6, the surface, of which a positive polarization 

oriented toward, can reduce the energy of the conduction band edge at the surface, making it 

easier for electrons to reach the surface and reduce cations in solution.18,144 Conversely, a 

negative polarization oriented toward the surface increases the energy of the conduction band 

edge at the surface, making it less likely that electrons will reach the surface. 

 
 Figure 5.6. Dipole moments lead to the polarity of the surfaces. The dipole moments also 
affect the bending of the band structure at the interface; the lower schematic shows the 
corresponding band structure. 
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Based on the observed results, it is speculated that an internal polarization would be 

induced in the sample and lead centric materials to behave like non-centrosymmetric polar 

materials. While this effect, known as a ferroelectric effect, is commonly seen in non-

centrosymmetric ferroelectric materials, this effect would be crystallographically prohibited in 

centric BiVO4 due to the crystal restriction. One theory that can explain this piezoelectric or 

ferroelectric-like behavior in centric materials is the so-called flexoelectricity.59 Flexoelectricity 

is an electromechanical coupling similar to piezoelectricity. However, instead of associated with 

a strain, flexoelectricity needs a strain gradient to break the symmetry. As a result, there is no 

crystallographic constraint for the flexoelectric effect. 

An inhomogeneous strain is a key component that leads to the flexoelectric effect. Such a 

strain gradient can arise from many mechanisms, but here two main contributions, which are 

particularly related to a sintered polycrystalline structure, will be deliberated as follows: 

(1) A strain gradient is caused by a relaxation of undercoordinated atoms at the surface.  

The first contribution is the relaxation of atomic positions because of the broken bonds at 

the free surface.  The existence of a free surface allows stresses in a sintered polycrystalline 

ceramic to relax. Ions near the surface will relax by different amounts, depending upon their 

proximity to the surface, with those that are closest to the surface moving the most and those 

further away moving the least, schematically illustrated in Fig. 5.7. To the extent that these 

relaxations lead to gradients in the strain, this can be considered the flexoelectric effect. In other 

words, as long as these movements are non-uniform, it is possible to develop a net dipole 

moment in the near surface region. As a result, this likely contributes to the observed pattern of 
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surface polarization and causes BiVO4 to behave (in the near surface region) just as a 

ferroelectric would. This behavior can be referred to as a contribution of surface 

piezoelectricity.59,60 

 

 Figure 5.7. Strain-gradient-induced symmetry-breaking effect by the free surface, 
leading to an inhomogeneity of atomic displacements 

 

(2) A strain gradient arises from the relaxation of the transformation strain associated 

with domains in the ferroelastic microstructure.59,69,70  

The second mechanism is contributed to static flexoelectricity. This contribution should 

be considered additive rather than independent.  The tetragonal-to-monoclinic phase 

transformation leads to shape changes within each grain of the sintered polycrystalline sample.  

Because each grain has a different orientation, it changes shape by different amounts in different 

directions, while still being constrained to maintain continuity at all of the interfaces, except the 

free surface.  The domain structure forms to reduce the transformation strains, but does not 

completely eliminate them.  In fact, the relief of elastic strain will be inhomogeneous because of 
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the free boundary condition. Some domains possess tension and some possess compression, and 

this will cause gradients in strain and, therefore, a polarization.  Evidence for this strain relief is 

found in the observed surface topography. 

One can speculate about the relative influence of the two contributions.  The relaxation of 

undercoordinated atoms at the surface would be expected to be relatively uniform for a given 

orientation and not reverse itself in neighboring domains.  However, the inhomogeneous strains 

that arise from the domain microstructure will change polarity when the stress changes from 

tensile to compressive across neighboring domain boundaries as shown in Fig. 5.8.  This is the 

likely origin of the observed alternation in the photochemical reactivity and the contrast in the 

PFM images. In the cases where positive polarization is pointed toward the domain surface, the 

conduction band edge is bent downward and electrons can be transported to the surface where 

they can reduce silver.  In domains with weak or opposite polarization, electrons cannot reach 

the surface and the oxidation reaction is observed, illustrated schematically in Fig. 5.9.   

 Figure 5.8. Inhomogeneous strain from the transformation leading to the alternation in 
the polarization. 
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 Figure 5.9. Induced polarization in the surface layer of centric materials causes an 
opposite polar surface and therefore the domain-selectivity of photochemical reactions. 

5.5 Conclusions 

It was found that ferroelastic domains of a BiVO4 surface can promote the domain 

selectivity of silver reduction from an aqueous AgNO3 solution and of manganese oxide 

oxidation from an aqueous MnSO4 solution.  Additionally, there was a domain-complementary 

reactivity between the reduction and the oxidation. The domain-specific photochemical reactivity 

and its complementary reactivity are consistent with what has been observed in ferroelectric 

materials. While the equilibrium structure has a center of symmetry and should not have locally 

polarized domains, the flexoelectric effect in the near surface region creates regular patterns of 

domains that are piezoresponsive and sometimes aligned to promote the transport of 

photogenerated electrons to the surface to reduce silver.  The polar response of BiVO4 suggests 

the range of possible materials that may promote photogenerated charge carrier separation and a 

possibility for engineering centric materials into more functionality.     
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STUDY 3: 

Effect of ferroelastic domain structure on 
photochemical properties of BiVO4  

 

6.1 Chapter overview 

Photo-generated electron-hole recombination is a crucial problem in photocatalytic 

materials and it is also a main problem limiting the performance of the BiVO4 photocatalyst.118 

Internal fields in photocatalysts are integral to charge separation, arising from surface 

terminations and ferroelectric phenomena in single-phase materials, and polymorph or p–n 

junctions in multi-phase samples.16 Some of these methods have already been used to introduce 

internal fields in BiVO4. For example, heterojunctions between Co3O4 and BiVO4 have shown 

notable improvements in the rate of oxidation reactions.14,119,145,146 Surface orientation 

differences also impact the overall activity in BiVO4 for water oxidation120 and control the 

spatial selectivity of photochemical marker reactions.20,21,28,105 In marker reaction experiments, 

reduction appears favored on (001) surfaces and oxidation appears favored on surfaces away 

from the (001).20,21,105,120 While the origin of these observations can be associated with different 

internal fields at or between different facets,20,21,28,105,120 other factors are known to affect the 

reactivity and it is generally thought that a single simple parameter might not be sufficient to 

describe the orientation dependence of the reactions.28 Whatever the origin, it is important to 

consider the orientation of the surface when comparing the reactivity of different samples. 
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In ferroelectrics, domains of different polarization states intersect surfaces and exhibit 

different photochemical activities. Domains with positive surfaces attract electrons and promote 

photo-reduction, while domains with negative surfaces attract holes and promote photo-

oxidation.16,57 The ferroelectric contribution to surface reactivity can modulate or even 

overwhelm orientation-dependent reactivity differences. Unfortunately, most ferroelectrics have 

wide band gaps that do not absorb significant portions of the solar spectrum. The narrow gap 

ferroelectric BiFeO3 exhibits domain selective reactivity when illuminated with visible light.141 

Recently, I discovered that the centrosymmetric ferroelastic monoclinic BiVO4 can also exhibit 

spatially selective visible light stimulated surface photoreactivity that correlates to the 

ferroelastic domain structure.126 Moreover, the domains generate contrast in piezoresponse force 

microscopy (PFM) that correlates to the reactivity, exactly like polar domains in ferroelectrics, 

yet polarity is not a bulk property of centrosymmetric crystals.126 In addition, oxidation and 

reduction occur on distinct subsets of the domains, a property referred to here as 

“complementarity.” The implication is that the ferroelastic domains in monoclinic BiVO4 have 

internal fields capable of improved charge separation and reduced recombination.147 Although, it 

remains to be demonstrated if the ferroelastic domains lead to improved reactivity. 

To investigate whether ferroelasticity leads to improved reactivity, I compare the 

reactivity of monoclinic (ferroelastic) and tetragonal (non-ferroelastic) BiVO4-based samples 

with similar surface orientations, over all of orientation space. The stable phase of BiVO4 at 

room temperature is monoclinic.99 The ferroelastic transformation from the high-temperature 

tetragonal phase to the low-temperature monoclinic phase occurs at 255 °C. This transformation 

temperature can be suppressed by co-doping in the Na0.5xBi1–0.5xMoxV1−xO4 family, where the 
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tetragonal structure is maintained to room temperature for x ≥ 0.10.31 Therefore, I fabricated and 

compared the reactivity for a monoclinic x = 0.05 sample and a tetragonal x = 0.175 sample, 

focusing on comparing whether domain specific reactivity is observed and if quantitative 

differences in the overall reactivity could be observed for comparable orientations.  

6.2 Experimental method 

Monoclinic (x= 0 and 0.05) and tetragonal (x = 0.175) samples of Na0.5xBi1–

0.5xMoxV1−xO4 were synthesized by solid-state reaction. Stoichiometric ratios of Bi2O3, V2O5, 

NaCO3, and MoO3 were mixed and then wet ball-milled in ethanol for 24 hours using YSZ as a 

grinding media. The mixed powder was then put in a drying oven at 80 °C to remove the ethanol, 

and the dried powder was calcined at 600 °C for 3 hours. The powder was manually reground 

and calcined several times to obtain fine powders, and the calcined powders were characterized 

by x-ray diffraction (XRD) to confirm full reaction to the targeted structures. Then, a few drops 

of PVA was mixed manually with 1 g of fine powder, and the mixture was pressed into a 1 cm-

diameter cylindrical-shaped pellet using a hydraulic pressure of 6 metric tons. The green pellet 

was heated at 500 °C for two hours, to remove the PVA, and was then annealed at 780 °C for 20 

hours to obtain a dense sintered ceramic. The surfaces of the obtained ceramics were lapped and 

polished with SiC papers, followed by polishing with successively finer Al2O3 polishing 

suspensions, until mirror-like surfaces were obtained. Afterwards, the samples were annealed at 

300 °C for 1 hour to heal surface damage from the polishing. The polished samples were also 



 
Chapter 6:  Effect of ferroelastic domain structure on photochemical properties of BiVO4  
 
    

 -111- 

measured for their order-of-magnitude electronic conductivity using the van der Pauw technique 

at room temperature. 

All samples were used to photochemically reduce Ag+. An O-ring was placed on the 

surface of the specimen and then filled with 0.115 M AgNO3 aqueous solution. A quartz slip was 

put on top of the o-ring(s) to create a flat and uniform surface for illumination. The undoped 

sample was tested and illuminated alone. The co-doped samples were tested and illuminated 

together to remove the possibility that differences in reactivity of the two samples were related to 

changes in the experimental conditions. Each was placed in an o-ring filled with an identical 

solution environment, placed adjacent to each other in the center of the illuminated region, and 

then covered with the same quartz. Samples were illuminated from the topside using a blue LED 

(λpeak = 470 nm, Philips Lumileds, San Jose, CA), and the set-up was arranged to optimize 

examination of the initial reactivity using atomic force microscopy (AFM). For the undoped 

sample, the light source was in contact with the quartz slip, the power was 330 mW (0.75 A and 

0.44 V), and the exposure time was 60 s (consistent with our previous studies105,126). For the co-

doped samples (which were more reactive), the light source was ~ 1 cm above the cover slip, the 

power was 220 mW (0.5 A and 0.44 V), and the exposure time was 10 or 30 s. After exposure, 

the sample was rinsed in water to avoid the precipitation of residual AgNO3 and then dried. For 

the undoped BiVO4, the photochemical oxidation of Mn2+ was investigated on the same area 

where Ag+ reduction was observed, using identical illumination conditions and a 0.115 M 

MnSO4 aqueous solution containing NaIO3 as an electron acceptor. Prior to the oxidation 

experiment, silver deposits were wiped from the sample surface, and the sample was cleaned in 

an ultrasonic bath of methanol and then acetone, for 5 min each.  
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After reaction, the surface topography of the samples was imaged using AFM148 and 

scanning electron microscopy (SEM). The heights of deposits were measured on 50 grains, and 

these were used to classify the relative reactivity of each co-doped sample. To obtain the 

relationship between reactivity and orientation, the surface orientations of grains were quantified 

using electron backscatter diffraction (EBSD) in a Quanta200 SEM (FEI, Hillsboro, Oregon) 

equipped with an orientation imaging microscopy (OIM) system. For the co-doped samples, the 

orientations were measured in a 100 µm x 100 µm area, using a scan step of 0.1 µm. EBSD 

patterns were automatically collected and indexed by the TSL software.105 Indexing was carried 

out using a tetragonal unit cell in the Laue group 4/m with a = b = 5.1509 Å and c = 11.73 Å, for 

both the monoclinic and tetragonal samples. The co-doped monoclinic system can be indexed as 

tetragonal because the distortion between a and b is only 2 % and γ is very close to 90° (as 

described previously105). The raw orientation data was cleaned using procedures in the TSL 

software,105 including grain dilation (using 5 °), a grain orientation averaging (using 5 °), and a 

pseudo symmetry correction (for misorientations of 90 ° around (001) axis). Grains were 

classified as either being high or low reactivity (the quantitative criteria for these distinctions are 

described later), and the relative reactivity was plotted as a function of orientation using a 

stereographic projection. 

6.3 Results 

To test the hypothesis that the ferroelastic domain structure can enhance the overall 

photochemical reactivity, the orientation and domain dependent reactivities of two compositions 
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in the co-doped Na0.5xBi1–0.5xMoxV1−xO4 family were compared, one composition with a 

monoclinic structure (x = 0.05) and the other with a tetragonal structure (x = 0.175). The two 

samples were initially characterized by XRD. The diffraction patterns as given in Fig. 6.1 were 

consistent with expectations:31 the x = 0.05 sample was monoclinic and the x = 0.175 sample 

was tetragonal.  

The ferroelastic domain structure of the polished samples was then investigated. Fig. 6.2 

shows surface topography investigated by AFM. Ferroelastic domains can be readily observed as 

striped patterns inside grains on the surface of the monoclinic ferroelastic sample (Fig. 6.2(a)). 

Contrarily, no domains can be observed on the surface of the tetragonal sample (Fig. 6.2(b)), as 

expected. The difference of the domain existence in the co-doped monoclinic sample and the co-

doped tetragonal sample can also be observed from SEM micrographs, recorded using back-

scattered electron (BSE) contrast, are shown in Fig. 6.3(a) and 6.3(b) for the x = 0.05 and x = 

0.175 samples, respectively. BSE contrast is sensitive to ferroelastic domains, which gives rise to 

the striped patterns inside grains for the monoclinic ferroelastic composition (Fig. 6.3(a)). As 

expected, no domains can be observed for the tetragonal sample (Fig. 6.3(b)).  
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 Figure 6.1. X-ray diffraction analysis of co-doped monoclinic Na0.5xBi1–0.5xMoxV1−xO4 (x 
= 0.05, red) and co-doped tetragonal Na0.5xBi1–0.5xMoxV1−xO4 (x = 0.175, blue). 

 

Figure 6.2. AFM surface topography of (a) co-doped monoclinic, and (c) co-doped 
tetragonal samples. Arrows point to ferroelastic domains denoted ‘D’ observed in the monoclinic 
samples only. The vertical scale range of (a) and (b) is 35nm.  
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Figure 6.3. SEM micrographs (BSE contrast) of (a) co-doped monoclinic (x = 0.05), and 
(b) co-doped tetragonal (x = 0.175) Na0.5xBi1–0.5xMoxV1−x O4 

 

The electrical resistivities of the samples were measured. The co-doped samples had 

similar resistivities of ≈ 106 Ω-cm, while the resistivity of the undoped sample was at least (it 

was too resistive to measure) two orders of magnitude greater at  > 108 Ω-cm.51 Co-doping 

according to the stoichiometry Na0.5xBi1–0.5xMoxV1−xO4 is, ideally, self-compensating: no 

changes in other defect populations, such as electronic carriers, is required. Nevertheless, the 

doped samples had conductivities similar to each other and at least 100 times greater than the 

undoped sample. To avoid complications in interpreting reactivity differences arising from 

differences in conductivity, we focused on comparing the photochemical reactivity of the co-

doped samples of different symmetry but similar conductivity. 

In prior work on BiVO4,126 the domain selectivity for Ag+ reduction was correlated more 

strongly to the piezoresponsive nature of domains (measured using PFM) than the surface 

topography (imaged using AFM). To explore whether surfaces in the Na0.5xBi1–0.5xMoxV1−xO4 

family were piezoresponsive, I carried out PFM investigations of the two co-doped samples. The 
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surface topography (plotted as the error signal) of the two co-doped samples are shown in Fig. 

6.4(a) and (c), respectively for the monoclinic and tetragonal samples. The piezoresponses 

(plotted as the phase signal) from the same areas are given in Fig 6.4(b) and 6.4(d), for the 

monoclinic and tetragonal samples, respectively. In the topographic images, contrast arising from 

grain boundaries and polishing scratches are clearly observed in both samples. However, contrast 

arising from ferroelastic domains is observed only for the co-doped monoclinic sample, 

corresponding to narrow parallel lines within a given grain. In the PFM phase images, weak 

contrast is observed in both samples from grain boundaries, but strong contrast correlated to 

domains is observed only in the monoclinic sample. These results indicate that the co-doped 

monoclinic x = 0.05 sample is similar to undoped monoclinic BiVO4,126 both monoclinic samples 

having piezoresponsive (polar) ferroelastic domains at their surfaces (these samples are directly 

compared in Fig. S.5, Appendix 4). The co-doped tetragonal sample, however, does not have 

ferroelastic domains and has no clear piezoresponsive regions at the surface. 
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Fig 6.4. Topographic AFM images of the (a) monoclinic x = 0.05 and (c) tetragonal x = 
0.175 Na0.5xBi1–0.5xMoxV1−xO4, each plotted as error signals with a vertical scale of 0.2 nA. (b) 
and (d) are PFM phase images from the same areas as given in (a) and (c), respectively. The 
range of the vertical scale for the PFM images ((b) and (d)) is 2.4 °. 

 

Example AFM topographs after photochemical reduction of Ag+ (using a 30 s exposure) 

are given in Fig. 6.5(a) and 6.5(d) for the monoclinic x = 0.05 and tetragonal x = 0.175 sample, 

respectively. Silver deposits were found on the surfaces of both co-doped samples, though the 

amount of silver varied from grain to grain. This is consistent with an orientation dependent 

reactivity, similar to that reported for the undoped BiVO4 sample.105 The local surface 

orientation, determined using EBSD, from these same areas is shown in Fig. 6.5(b) and 6.5(e) for 

the x = 0.05 and 0.175 samples, respectively. The topographic height profiles of deposits along 

the dashed lines in Fig. 6.5(a) and 6.5(d) are shown in Fig 6.5(c) and 6.5(f), respectively. I used 

these height variations to quantify the relative reactivity for grains within each sample. Because 
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the deposition rates on the co-doped monoclinic and co-doped tetragonal samples are different, 

the criteria for classifying the reactivity for both samples are also different. For the co-doped x = 

0.05 monoclinic sample, the deposit heights were generally higher, so grains with deposits 

greater (less) than 20 nm in average height were classified as having high (low) reactivity. For 

the co-doped x = 0.175 sample the average deposit heights were generally lower, and grains with 

deposits greater (less) than 10 nm height were classified as having high (low) reactivity. The 

lines in Fig. 6.5(a) and 6.5(d) were chosen such that they traversed grains classified as having 

high reactivities (H in the images) and low reactivities (L in the images), for both samples. It 

should be noted here that, for the surfaces on the monoclinic sample classified as low reactivity, 

such as the grain marked L in the lower left of the image, the spatial distribution is reminiscent of 

the ferroelastic domains. No domains were observed on the tetragonal sample. The domain 

specificity will be discussed later. 
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Figure 6.5. Surface topographic images taken after the reduction of Ag+ for 30 s on the 
surface of (a) the x = 0.05 monoclinic sample and (d) the x = 0.175 tetragonal sample. Inverse 
pole figure (orientation) maps from the same areas are shown in (b) and (e), respectively. Pixels 
with low confidence indices are colored black. Topographic line profiles from the dashed lines in 
(a) and (d) are shown in (c) and (f), respectively. The vertical (horizontal) lines in (c) and (f) 
mark the grain boundary (height of bare grain surface). In all images, symbols denote grains of 
relatively high (H) or low (L) reactivities (see text). 

 

 More than 50 grains in each sample were characterized for their relative reactivity and 

orientation. The relative reactivity is plotted as a function of orientation (in the standard 

stereographic projection for the tetragonal reference frame105) in Fig. 6.6(a) and 6.6(b) for the x = 

0.05 monoclinic and x = 0.175 tetragonal samples, respectively. Despite the somewhat subjective 

distinction between H and L reactive grains in the two samples, (001)-oriented grains were 

observed to be more highly reactive than others: as the angle between the surface orientation and 

[001] increases, there are fewer grains whose average heights of silver particles exceed 20 nm for 

the x = 0.05 (10 nm for x = 0.175) sample. These results are also consistent with the orientation-
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dependent reactivity observed for undoped BiVO4.105 The photo-deposition on these co-doped 

samples was generally higher than for the undoped sample, even with a shorter exposure time, a 

lower power of illumination, and a larger distance between the light source and samples, which 

all should decrease the reactivity105. It is possible that the higher electronic conductivity of the 

doped samples contributes to their higher reactivities.47,149 

 

Figure 6.6. Orientation distribution of grains with high and low reactivity in (a) co-doped 
x = 0.05 monoclinic and (b) co-doped x = 0.175 tetragonal Na0.5xBi1–0.5xMoxV1−xO4. 

 

Figure 6.7 shows similar results to those of Fig. 6.5, but in areas selected to compare the 

reactivities of monoclinic and tetragonal grains with nearly identical orientations. AFM 

topographs after the photochemical reduction of Ag+ (orientations maps) are given in Fig. 6.7(a) 

and 6.7(d) (Fig. 6.7(b) and 6.7(e)) for the monoclinic and tetragonal sample, respectively. The 

height profiles along the dashed lines in Fig. 6.7(a) and 6.7(d) are shown in Fig 6.7(c) and 6.7(f), 

respectively. The lines in Fig. 6.7(a) and (d) were chosen such that they remained within grains 

of similar orientations indexed in the tetragonal reference frame (marked with * in (b) and (e)). 

The small distortions from the tetragonal structure for the x = 0.05 sample will not significantly 

impact this analysis. The height of deposits on the monoclinic grain, see Fig. 6.7(c), was greater 
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than the height of those on the tetragonal grain of the same orientation, see Fig. 6.7(d). In fact, 

when I compare the relative reactivities of grains of similar orientations (eight pairs), the 

reactivity the x = 0.05 monoclinic grains was always greater than that of the x = 0.175 tetragonal 

grains (the orientations and the measured reactivity of all compared grains are shown in 

Appendix 4, Fig. S.6). These results support the conclusion that the monoclinic sample is more 

reactive than the tetragonal sample. 

In Fig. 6.7(a), domain selective reactivity is clearly observed for several grains in the 

x = 0.05 monoclinic sample, but not for the tetragonal sample. In fact, domain-to-domain 

variation was generally observed for the monoclinic co-doped sample, when the reactivity of the 

grain was low (L). In highly reactive grains, Ag+ generally coated the entire grain, presumably 

from lateral growth on the surface of previously nucleated silver deposits. The domain-selective 

reactivity in monoclinic co-doped Na0.5xBi1–0.5xMoxV1−xO4 is similar to that previously reported 

for undoped BiVO4.126 This indicates that the domain-specific spatially-selective reactivity of 

fergusonite-structured BiVO4 is not restricted to a specific composition (see Appendix 4, Fig. S.5 

for a comparison of PFM for the two monoclinic samples, and see Fig. S.7 for one-to-one 

correlation between PFM domains and photoreduction of Ag+ on the x = 0.05 sample). 

Furthermore, the increased conductivity of the x = 0.05 sample appears to render the co-doped 

sample more reactive than the undoped sample. In a previous study of domain specific reactivity 

on TiO2 supported on BaTiO3, increasing the carrier concentration led to spatially uniform 

reactivity, presumably because the additional donors screened the polarization of the domains.144 

That does not seem to be the case for the surface of Na0.5xBi1–0.5xMoxV1−xO4. 
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 Figure 6.7. Surface topographic images taken after reduction for 10 s of Ag+ on the 
surface of (a) the x = 0.05 monoclinic sample and (d) the x = 0.175 tetragonal sample. 
Orientation maps of the same areas are shown in (b) and (e), respectively. Topographic line 
profiles from the dashed lines in (a) and (d), from the grains marked with * in (b) and (e), are 
shown in (c) and (f), respectively. (Note: The pixels with confident index below a tolerance 
angle of 5° were screened on the maps seen as black pixels). 

6.4 Discussion 

Despite their different room temperature crystal symmetries, the orientation-dependent 

reactivities observed for the co-doped monoclinic and tetragonal samples are essentially the 

same: surfaces near (001) are more reactive than others for the photochemical reduction of Ag+. 

A similar orientation dependent reactivity was observed for undoped monoclinic BiVO4.105 

These results indicate that the orientation dependent reactivity is closely tied to the structure (and 

bonding) of the parent tetragonal scheelite phase, and that the small distortions leading to the 

monoclinic phase do not markedly influence orientation-dependent behavior. However, the 
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monoclinic co-doped sample was found to be more active on any given orientation than was the 

tetragonal co-doped sample, which is consistent with prior studies indicating that the monoclinic 

phase of BiVO4 is more active than the tetragonal phase.94,150–152 That the increased photo-

reactivity of monoclinic BiVO4 arises for every orientation indicates orientation effects are not 

the origin of this improvement. 

Prior explanations of the better photocatalytic performance of monoclinic BiVO4 over 

tetragonal BiVO4 have been attributed to two factors associated with the monoclinic distortion: 

the appearance of local polarizations in the metal-oxygen environments and a change in the 

average electronic structure related to the changes in metal-oxygen bonding. In the tetragonal 

scheelite structure, the metal oxygen polyhedra are symmetric, with the cations at the center of 

the polyhedra. In the monoclinic fergusonite structure (sometimes called the monoclinic scheelite 

structure), the polyhedra are distorted and the cations are off-centered within them.94 This results 

in local polar units in fergusonite, while the net polarity is zero when all summed over the entire 

centrosymmetric unit cell. Tokunaga et al.94 proposed that these local polarizations result in a 

significant improvement of charge separation, and thereby enhance the reactivity of monoclinic 

BiVO4. It is likely that these local polar units do not completely cancel at the surfaces of BiVO4, 

where symmetry is broken, which is essentially what I measure in the PFM images that 

demonstrate net surface polarity in monoclinic BiVO4, but not in tetragonal BiVO4. That the local 

distortions differ near the surface was implied in Raman signals measured using different laser 

wavelengths.153 

The electronic structure also changes as a result of the monoclinic distortion in BiVO4, 

because it is directly coupled to the metal-oxygen bonding environments.154 In BiVO4, the Bi 6s 
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lone pair is stereochemically inactive in the symmetric Bi-O environment of the tetragonal 

scheelite structure, but is active in the distorted environment of the monoclinic fergusonite 

structure.38 When the lone-pair becomes active, it hybridizes with the valence band oxygen, 

contributing significantly to the valence band edge.22,95,151,152,154,155 Concomitantly, the distortion 

of the V-O tetrahedra modifies the conduction band states (which are primarily V orbitals). 

Experimentally, there is little difference in the absorption edges of tetragonal scheelite and 

monoclinic fergusonite BiVO4 (though a relatively large shift occurs on massive structural 

change to the tetragonal zircon-structured BiVO4).94,153,155,156 Therefore, there is little change to 

the amount of light absorbed. However, these hybridizations are believed to increase the electron 

and hole mobilities, which therefore improve the performance of the photocatalysts as electron 

and holes are more easily separated.157 I cannot determine the role that the improved 

hybridization of the band edge states in the monoclinic systems played in our observations. 

However, whatever the role, it cannot explain the orientation-dependent reactivity of the two 

doped samples. It can, however, contribute to a possible improved performance for a given 

reaction occurring on a specific ferroelastic domain, when compared to the same reaction 

occurring on a similarly oriented tetragonal grain.  

What prior investigations have not considered is the role that local surface polarity may 

play on improved reactivity. Local surface polarity is known to promote charge separation, 

reduce recombination, and drive electrons and holes to different reaction sites on the surface, 

which also results in a spatial separation of chemical reactions.16 Here I demonstrated from PFM 

measurements that monoclinic co-doped BiVO4 exhibits regions of varying surface polarization, 

similar to that reported for undoped monoclinic BiVO4.
126

 Moreover, the reduction of Ag+ on the 
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surface of the co-doped monoclinic material is spatially correlated to domains (and can be 

correlated to the PFM signal from domains), as reported for the undoped material.94,105 

Previously in Study 2 (Chapter 5), I also show that complementary redox reactions occur on 

complementary sets of domains (Fig. 5.5). This indicates that the existence of locally polar 

polyhedra in the centrosymmetric bulk are not the primary driver for improved performance, but 

that net, non-zero polar domains at the surface drive the spatial separation of electrons and holes, 

and therefore the separation of photochemical reactions. 

In addition to the increased reactivity, the co-existence of complementary ferroelastic 

domains on all grains also provides sites for both reduction and oxidation on all surfaces. This 

makes it possible for both reduction and oxidation to happen on any orientation, which has not 

been observed in the previous study of polygonal BiVO4.20 We conclude that the existence local 

surface polarity separated into complementary domain patterns, which do not exist in the 

tetragonal Na0.5xBi1–0.5xMoxV1−xO4, leads to the increased reactivity in monoclinic Na0.5xBi1–

0.5xMoxV1−xO4. While some additional benefit may arise from improved mobilities associated 

with the increased hybridization, the results suggest that the primary factor that increases the 

photocatalytic performance of monoclinic Na0.5xBi1–0.5xMoxV1−xO4 is the existence of 

complementary sets of polar ferroelastic domains. 

Increased reactivities arising from spatially varying polar domains of opposite signs are 

commonly seen in ferroelectrics, which possess inherently non-centrosymmtric 

structures.112,134,141,158 One does not anticipate such effects in centrosymmetric structures, for 

which a net internal polarization is forbidden. I have previously argued that the non-zero 

polarizations measured at the surface of centrosymmetric BiVO4 arise from flexoelectric 
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effects.126 Flexoelectricity is defined as a linear relationship between an electric field and a strain 

gradient, where the strain gradient breaks the symmetry, resulting in a local polarization. Thus, 

flexoelectricity is not limited to non-centrosymmetric materials.70,69 The contribution of the polar 

nature of ferroelectric surfaces has been shown to spatially promote the separation of charge 

carriers and therefore increase reactivity in many studies.16,57,140,159–161 Similarly, the increased 

reactivity of our monoclinic BiVO4 samples can be attributed by the induced polar nature of 

surfaces from flexoelectricity, which appears to be coupled to specific sets of ferroelastic 

domains.  

Because the composition was varied to stabilize the monoclinic and tetragonal phases of 

Na0.5xBi1–0.5xMoxV1−xO4, I need to consider chemical effects as well.  For example, the materials 

studied here all have slightly different colors: undoped BiVO4 is a bright shade of yellow, the x = 

0.05 sample is light yellow and the x = 0.175 sample is darker yellow.  However, it has already 

been established by Zhou et al.31 that the band gaps of these two compositions of Na0.5xBi1–

0.5xMoxV1−xO4 are comparable, indicating that they absorb approximately the same amount of 

light. Also, because I used narrow band illumination far from the band edge, a small shift in the 

band edge will not have a significant effect on the amount of light absorbed. Thus, differences in 

light absorption are not likely to be responsible for the differences in reactivity.  

The conductivity also varies with composition, either from changes in carrier populations 

or mobilities. Abdi et al.47 demonstrated that doping BiVO4 with W increased the conductivity, 

which resulted in higher carrier mobility, and therefore better photocatalytic performance. Our 

co-doped samples have higher conductivities (by at least two orders of magnitude) than the 

undoped sample, but are similar to each other. The increased conductivity of the co-doped 
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samples explains their improved reactivity when compared to the undoped sample, but does not 

provide a satisfactory description for the differences in reactivity observed between the doped 

samples. Also, the fact that both reduction and oxidation reactions can occur on any surface 

orientation of the sintered ceramic sample, but not the small polygonal crystals,20 suggests that 

the co-existence of regions promoting oxidation and reduction on each surface improves the 

reactivity by promoting local charge separation and balancing the local rates of both redox 

reactions.  

6.5 Conclusion 

Complementary, domain-specific, reduction and oxidation reactions were observed on 

the surface of a ferroelastic monoclinic BiVO4 ceramic. It suggests that surface polarizations 

correlated with the ferroelastic domain structure controls photogenerated charge separation. A 

study of the orientation dependence of the photochemical reactivity of co-doped monoclinic and 

tetragonal Na0.5xBi1–0.5xMoxV1−xO4 showed that, for the reduction of silver, the most reactive 

orientation was (001) in both materials. Even though the orientation dependence of the reactivity 

was comparable for the two different compositions of Na0.5xBi1–0.5xMoxV1−xO4, the 

photochemical reactivity of the monoclinic composition was greater than that of the tetragonal 

composition. The enhanced photochemical reactivity of the monoclinic sample is most likely 

caused by the ferroelastic domain structure, which leads to surface polarization measured using 

PFM. It is therefore likely that the improved photochemical reactivity of the monoclinic 
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ferroelastic material arises from polar domains that transport electrons and holes to the surfaces 

of different domains, providing spatially distinct sites for oxidation and reduction. 
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Summary of the Conclusions  
and Future Prospects 

 

7.1 Summary of the Conclusions 

In conclusion, all studies lead to the following findings and conclusions: 

(1) The photochemical properties of Na0.5xBi1–0.5xMoxV1−x O4 are strongly orientation-

dependent, and this orientation dependence is not strongly symmetry or composition dependent. 

 Specifically, (001) is the most favorable orientation for reduction and (hk0), perpendicular to 

(001), is the most favorable orientation for oxidation. Together, these results can be used to 

design an ideal orientation combination for efficient Na0.5xBi1–0.5xMoxV1−x O4 photocatalysts, and 

indicate that the orientation preference is driven by the bonding in the higher symmetry (high 

temperature) scheelite structure.   

(2) Undoped BiVO4 exhibits domain selectivity of photochemical reactivity. In addition, 

BiVO4 exhibited piezoresponsive domains indicating domain polarity. Importantly, domain 

selectivity is correlated with the piezoresponsive domains. The domain polarity is consistent with 

local symmetry-breaking in the near surface region, such as a flexoelectric effect. The results 

suggest that piezoresponive ferroelastic domains can facilitate the separation of electrons and 

holes leading to the separation of the redox reactions. 

(3) Doped monoclinic and doped tetragonal BiVO4 exhibited the identical relationship 

between orientation and reactivity: (001)-oriented grains of both structured samples are most 

active for the reduction reaction. However, the doped monoclinic sample is more reactive than 

the doped tetragonal sample at any given orientation. This result demonstrates the primary 
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importance of the underlying similarities in the monoclinic and tetragonal samples, such as the 

general atomic arrangement, and the secondary importance of the resultant modification related 

to ferroelastic domains. 

	
  

7.2 Revision of the hypotheses 

This research aims to testify to these following hypotheses:  

(i)  (from Study1) (001)-oriented grains are more active for reduction than other grains. 

In addition, this preferential reduction on (001) will lead to oxidation reactions happening away 

from (001) grains. 

(ii) (from Study 3) The formation of ferroelastic domains results in the appearance of 

piezoresponsive surface domains, which promote charge separation and improve the 

photochemical reactivity of monoclinic BiVO4. 

Overall, the results validate the hypotheses. The results showed that orientation and 

ferroelastic nature influenced photochemical reactivity of BiVO4. However, the orientation plays 

a more important role than the ferroelastic nature.  In other words, the orientation is a primary 

factor and the ferroelastic nature is a secondary factor affecting BiVO4 photochemical reactivity.  

In particular to the influence of orientation, even though the previous observations on 

microcrystals20 and this research’s observations on BiVO4 sintered pellets are in general 

agreement, the BiVO4 pellet offers greater insight for orientation dependence. Explicitly, due to 

the limited orientation on microcrystal faces, the faceted BiVO4 particle can yield only the 

orientation dependent reactivity on {001} and {101} faces. On the other hand, with all possible 

orientations on surfaces of BiVO4 polished pellets, a more complete understanding of the 

relationship between orientation and reactivity can be obtained. Despite of the agreement of the 
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results, the mechanisms leading to the orientation-dependent reactivity in microcrystal and in a 

sintered polycrystalline ceramic may be different. It should be noted that grain sizes in the 

BiVO4 pellet are relatively larger than faceted surfaces of BiVO4 microcrystals. As a result, 

surface potential differences may play a more significant role in the microcrystal structure, if 

they are important. Such a surface potential difference was proposed as a mechanism to drive 

electrons and holes to different surfaces, which is favorable for different reactions.20 In the case 

of sintered pellets, it is more difficult for a surface potential difference to drive charge carriers 

across grain boundaries. Thus, it is more likely that both reduction and oxidation locally occur 

within a grain. This explanation also supports the idea that ferroelastic domains can facilitate 

reduction and oxidation reactions by providing available and accessible sites for both redox 

reactions, such that the catalytic reactions can occur simultaneously at the surface, while being 

spatially distinct. 

Moreover, it should be noted that this is the first observation of piezoresponive domains 

in a centrosymmetric material. The apparently piezoresponsive domains indicates that surfaces 

are locally polar, implying the existence of an internal polarization. The polar surfaces of centric 

bulk materials can possibly be explained by strain-gradient-induced flexoelectric effect, which 

can result in a broken symmetry. It should be also pointed out that flexoelectric effect is usually 

neglected in bulk materials due to its small magnitude; however, in ferroelastic domains with 

submicron dimensions, flexoelectricity could have a significant impact and result in domain 

polarity. Similar to ferroelectric domains, it is clear that the polarity of ferroelastic domains 

assists charge separation leading to a spatial separation of photochemical reactions. Additionally, 

BiVO4 photochemical reactivity is enhanced because of ferroelastic nature.  
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7.3 Future prospects 

This research has favorable implications to photocatalytic applications: photocatalytic 

properties can be improved by ferroelasticity. However, the current study is limited only to 

ferroelastic BiVO4. It is possible that similar phenomena can occur in other ferroelastic 

materials. As a result, it is of great interest to expand investigation into other ferroelastic 

materials to identify a class of materials that can exhibit the phenomena. To limit the scope of the 

study, considering that the structure of monoclinic BiVO4 possesses the lowest symmetry in the 

group, ferroelastic materials with fergusonite structure, such as YNbO4
162, YTaO4

163, and 

LaNbO4
164, would be a good start for further investigation. The finding from this further study 

would suggest wider material options for efficient photocatalyst materials. 

Based on the current results, even though they do not contradict the hypotheses, they are 

not conclusive yet. For example, the anisotropic reactivity has been found in many oxides, but 

the influential factors have not been fully understood. In this particular study, I have not 

attempted to comprehend the underlying mechanism leading to the variation of reactivity owing 

to orientation (e.g. why is {001} the most active for reduction?. Thus, future work should 

address this area to complete the understanding. 

Similarly, the origin of piezoresponsive domains in centric materials is still ambiguous. 

Towards the future direction, a study to determine the underlying physics of this unexpected 

result should be in great detail. Because the piezoresponsive surface can be observed in only 

monoclinic BiVO4, it suggests that BiVO4’s ferroelastic transition may lead to the observed polar 

surface. It is postulated that the phase transition can result in a strain gradient that locally breaks 

the symmetry as known as flexoelectric effect.  
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The extent of this effect is still unknown (for example, what is the magnitude of the 

effect? what is the extent of the effect propagating from the surface? what factors can influence 

this effect?). The flexoelectric effect could be considered as a local effect, 165 meaning that it may 

be orientation-dependent. In particular to BiVO4, it is possible that the induced polarization is 

aligned along [001] direction according to the direction of the largest atomic displacement in 

monoclinic fergusonite structure. However, at this point, there is no experimental evidence to 

support this postulation. Thus, as a follow-up to this postulation, the correlation between 

piezoresponsive extent and orientation would be of interest. In addition to experimental studies, 

implementing computational studies can provide a better understanding of the effect and an 

ability to estimate the extent of the phenomena. 

Additionally, it should be noted that our explanation of higher photochemical reactivity 

in monoclinic BiVO4 considers only the influence of the ferroelastic nature. Based on our results, 

the ferroelastic nature can potentially improve photochemical properties of monoclinic BiVO4. 

Other than ferroelastic nature, many factors, such as electronic structure, can contribute to the 

improvement in photochemical reactivity. Previous studies have also demonstrated that 

monoclinic BiVO4 obtained a higher photochemical reactivity than tetragonal BiVO4. In this 

research, I neither consider nor attempt to define all factors leading to the higher reactivity in 

monoclinic BiVO4. However, it would be promising for future work to include more factors into 

consideration. 

Ultimately, these further studies can provide a better understanding of photochemical 

properties in BiVO4 and also lead to a general strategy to improve photochemical properties in 

ferroelastic materials. More importantly, this knowledge suggests a possibility to induce 
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ferroelectricity or piezoelectricity into centric ferroelastic materials or, in other words, create 

multiferroic properties in restricted materials. This potentially broadens the functionality of 

ferroelasticity into more practical applications, such as sensors. 
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Appendix 1 

X-ray diffraction 

 

XRD patterns from the three samples investigated in the Na0.5xBi1–0.5xMoxV1−xO4 family 

with different composition: x = 0, 0.05 and 0.175. This data shows that the x = 0 and 0.05 

samples are monoclinic (ferroelastic) and the x = 0.175 is tetragonal (non-ferroelastic). The data 

was collected using a Panalytical X’Pert Pro MPD diffractometer with a CuKα source operated 

at 45 kV and 40 mA. The step size and time per step of the scan were 0.0263 ° and 48 s, 

respectively. Also, a 1° fixed divergence slit was used in the measurement.  

 

Figure S.1. X-ray diffraction patterns of BiVO4 and related compounds 
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Appendix 2 

Comment on the correlation between domain sizes and reactivity 

 

The relationship between domain sizes and reactivity is unknown. However, it is believed 

that the observed reactivity in BiVO4 is affected by flexoelectric polarization, which scales with 

size. Flexoelectricity has been known for its size-dependent behavior: specifically, the 

flexoelectric effect is much stronger when the size shrinks down to nanoscales owing to the 

relatively large strain gradient.18 As a result, the degree of reactivity potentially depends on sizes. 

One prediction about the correlation between domain sizes and reactivity is that smaller sizes of 

domain have a stronger flexoelectric effect, which leads to higher reactivity. 

On the other hand, one may argue that considering that several nm of surface relief mark 

the areas where domains intersect the surface in the topographic AFM images, the strain gradient 

should be present over vertical and horizontal lengths comparable to the domain sizes. This 

argument would predict that larger domain sizes show a relatively stronger effect and thereby 

higher reactivity. 

Based on these two contradicted hypotheses, further observation was conducted in this 

research to comment on the domain size-reactivity correlation and qualitatively estimate the 

extent of the strain gradient-induced polarization effect. First, we eliminated the effect of surface 

orientation by observing the variation of size-dependent reactivity of similar-oriented grains. Fig. 

S.2 shows a common surface observed by BSE signal of scanning electron microscope. Different 

domains give rise to contrast in the image. The image also shows that some grains obtain 

domains with various sizes and alignments. Thus, the reactivity of domains within the same grain 
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would be observed from SEM images (SE mode) so that the correlation between domain sizes 

and reactivity can be acquired. 

 

Figure S.2. SEM micrograph (BSE contrast). The outlined grains are examples of grains 
that have multiple domain sizes and orientations. 

 

A couple one-to-one comparisons between BSE contrasting surface before reduction (a 

and c) and SE contrasting surface after reduction (b and d) were shown in Fig. S.3. The grains of 

interest are marked with ‘*’, ‘x’ and ‘o’.  

Within all considered grains, SEM images showing BSE contrast (Fig. S.3 (a) and (c)) 

reveal sets of multiple domain widths: narrow and wide domains.  Correlated with 

photoreduction of Ag+ shown in Fig S.3 (b) and (d), here are some points from observation: 

(1) For the grain denoted with ‘*’ (Fig. S.3 (a) and (b)), silver particles were uniformly 

coated, showing no domain-size dependent reactivity.  
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(2) Contrary, in Fig. S.3 (c) and (d) the heterogeneous reactivity was observed on the 

grain of interest, and importantly the reactivity was varied with domain sizes. Apparently, the 

wider domains in SEM images (BSE mode) obtained relatively higher reactivity. This potentially 

indicates that the wider domains possess a stronger strain gradient-induced polarization effect, 

which can result in the higher reactivity.  

Based on these two example observations, domain-size dependent reactivity is not 

strongly apparent. In other words, domain sizes may have some degree of influence on reactivity, 

but they are not a dominant factor. Thus, there is no correlation between domain sizes and 

reactivity in monoclinic BiVO4. 

 

Figure S.3. SEM micrographs (BSE contrast) in (a) and (c) compare with the AFM 
topographic images after photochemical reduction of Ag+ in (b) and (d), respectively. The 
outlined grains are examples of grains that have multiple domain sizes and orientations. 
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Appendix 3 

EBSD measurement indexed in the monoclinic reference frame 

Figure S.4 shows the comparison of the EBSD results indexed in the tetragonal reference 

frame and in the monoclinic reference frame of the same area. The colors in Fig. S.4(a) and 

S.4(b) represent the orientations of grains regarding the standard stereographic triangle of the 

tetragonal reference frame and that of the monoclinic reference frame, respectively. The lattice 

parameters used for the tetragonal reference frame are a = b = 5.147 Å, c = 11.7216 Å, while the 

ones used for the monoclinic reference frame are a = 5.1935 Å, b = 5.0898 Å, c = 11.6972 Å, 

and γ = 90.38°.  The correlation between orientation and low reactivity for silver reduction was 

also made using the monoclinic-indexed orientation map. The correlation results from the 

tetragonal reference frame and the monoclinic reference frame are illustrated in Fig. S.4(c) and 

(d), respectively. 

 Using the same clean-up procedure, the map indexed with the tetragonal reference (Fig. 

S.4(a)) appears nicer. However, the correlations from both reference systems are in agreement. 

Specifically, both correlations showed that grain with low reactivity for silver reduction orient 

away from (001). Because of this consistency, the tetragonal reference frame is used in this 

thesis study. 



 
 

 -152- 

 Figure S.4. A comparison of (a) color-coded inverse pole figure (IPF) map indexed with 
the tetragonal reference frame and (b) color-coded inverse pole figure (IPF) map indexed with 
the monoclinic reference frame. (c) and (d) are the correlation between orientation and low 
reactivity using the orientation in (a) and (b), respectively. 
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Appendix 4 

Supplementary Information for Study 3 (Chapter 6):                            
Effect of ferroelastic domain structure on photochemical properties of BiVO4 

 

 Three supplemental figures are provided to support the primary information given in 

Study 3: Effect of ferroelastic domain structure on photochemical properties of BiVO4 (Chapter 

6). 

 Figure S.5 compares directly the AFM error signal signals (a, b) and PFM phase signals 

(c, d) between the monoclinic undoped (a, c) and monoclinic co-doped x = 0.05 (b, d) samples. 

Contrast in the AFM images corresponds to topographical ferroelastic domains, while contrast in 

the PFM images is correlated to surface piezoresponse or surface polarity. These images were 

collected in a similar manner to those given in the main document (Fig. 6.4). Here I compare the 

two monoclinic samples, which show that although they have different compositions, these two 

monoclinic samples behave analogously under PFM measurement; piezoresponsive domains 

were observed. 
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 Figure S.5. Topographic AFM images of the monoclinic-structured samples: (a) x = 0 
and (b) x = 0.05, each plotted as error signals with a vertical scale of 0.2 nA. (c) and (d) are PFM 
phase images from the same areas as given in (a) and (b), respectively. The ranges of the vertical 
scale for the PFM images in (c) and (d) are 17° and 2.4°, respectively. 

 

 Figure S.6 compares reactivities of eight similar-oriented grains of the co-doped 

monoclinic and tetragonal samples. The orientations of the 8-pair comparison are shown on a 

stereographic projection in (a). Also, the measured heights of deposits on the given grains are 

provided in the table (b). Regardless of the orientation, all given surfaces of the co-doped 

monoclinic sample show quantitatively greater heights of deposits, indicating that they are more 

reactive. 

 



 
 

 -155- 

 

  (b) 

 

Figure S.6. Reactivity comparison of similar-oriented monoclinic and tetragonal grains 
(8 pairs): (a) the orientation of the 8-paired grains in the orientation space and (b) the actual 
average height of deposits on the given grain. Note: the average value is measured from the 
baseline (no deposit area). 
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 Figure S.7 shows the one-to-one correlation between piezoresponse (a) and reactivity (b) 

on the monoclinic co-doped x = 0.05 sample. Both PFM contrast and reactivity have similar 

patterns of parallel laminar strips. This implies that domain-selective reactivity is associated with 

PFM domains. 

 

 Figure S.7. A correlation between (a) piezoresponsive domains and (b) photoreduction of 
Ag+ on the x = 0.05 sample. The vertical scale of PFM image in (a) is 2° and that of AFM 
topographic image in (b) is 50 nm. 
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