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ABSTRACT 

 

COPPER-BASED TERNARY OXIDE SEMICONDUCTORS FOR SOLAR ENERGY 

CONVERSION AND ENVIRONMENTAL REMEDIATION 

Mohammad Kabir Hossain, Ph.D. 

The University of Texas at Arlington, 2019 

Supervising Professor: Krishnan Rajeshwar 

 

Photoelectrochemical (PEC) water splitting using inorganic semiconductors is a promising 

approach to convert sunlight into sustainable fuels. However, many scientific and engineering 

challenges need to be overcome before its commercialization. Oxide semiconductors offer many 

advantages such as stability in a variety of electrolytes, a diverse range of bandgaps and their 

Earth-abundance in nature. In this respect, many binary metal oxides have been investigated 

thoroughly; however, unfortunately, a suitable candidate for PEC water splitting has not been 

identified.  While many efforts are ongoing to overcome the limitations of binary metal oxides, it 

is also essential to expand the search to more complex oxide families such as ternary, quaternary 

as well as to their composites. Nevertheless, this warrants a time-efficient route of synthesis to 

study such a large number of possible combinations (8,000 ternary and 700,000 quaternary 

oxides). 

Herein, we studied several complex oxides in the Cu-Bi-V-O system using a rapid- and 

energy-efficient solution combustion synthesis (SCS). We demonstrated the synthesis of binary 

CuO and α-Bi2O3 as well as their ternary combination, CuBi2O4. In addition, we prepared several 



xvi 
 

composites of CuBi2O4 with binary CuO and α-Bi2O3. We systematically studied the optical and 

PEC behavior of these oxides and found improved photoactivities by the composites than their 

parent oxides which are attributed to the vectorial transfer of photogenerated carriers in them. 

Similarly, we developed a complexation-assisted solution combustion synthesis for multiple 

ternary copper vanadates. Four copper vanadates, namely α-CuV2O6, α/β-Cu2V2O7 and γ-

Cu3V2O8, were prepared in “one-pot” by simply tuning the Cu/V mole ratio in the precursor 

solutions. This enabled comparative PEC performance assessment of these vanadates toward water 

splitting. The α-CuV2O6 polymorph outperformed the other three copper vanadates in PEC water 

splitting. This performance enhancement was attributed to its unique crystal structure and direct 

nature of the optical transition from the valence to the conduction band.   
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CHAPTER 1 

 

INTRODUCTION 

 

Solar fuels generation via water splitting or carbon dioxide reduction using inorganic 

semiconductors is an attractive route for sustainable energy supply. Among various inorganic 

semiconductors, metal oxide semiconductors are promising because of attributes such as excellent 

stability against photocorrosion and Earth-abundance.1-3 However, of the myriad binary oxide 

semiconductors that have been studied, only a few such as Cu2O, CuO, WO3 and Fe2O3 are visible 

light active which is a desired characteristic in a photocatalyst for optimum utilization of available 

solar energy.4,5 In addition, short carrier lifespans through extensive recombination and/or sluggish 

transport properties is another shortcoming of many binary metal oxides. Hematite (Fe2O3), 

irrespective of its suitable band gap (~2 eV) and excellent photostability, falls in the above 

category.6 

While efforts are ongoing to suppress carrier recombination in binary oxides via 

nanostructuring as well as lowering the band gap by doping (also termed as ‘band engineering’), 

it is also imperative to expand materials search towards more complex oxides (ternary or 

quaternary oxides and their composites).7-8 Interestingly, BiVO4, one of the best performing 

visible-light active PEC catalysts, has been found in the ternary family system.9 Moreover, band 

edge engineering to align the conduction band or the valence band for appropriate reduction and 

oxidation reactions respectively has also evolved as another approach for improving catalyst 

performance. This is usually accomplished by incorporating a suitable cation to the existing oxide 
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and thus making more complex, ternary or quaternary, oxides. For example, the band gap and 

band-edge position of Ag2WO4 are not suitable for the hydrogen evolution reaction (HER).10 

Nonetheless, incorporation of Bi (6s) orbitals with existing W (5d) orbitals has shown the uplift of 

band-edge position toward more negative potentials which makes it more suitable for HER.10-11 

Recently, a similar approach has been applied theoretically to tune the band gap of CuWO4 (2.2 

eV) by incorporating Bi which suggested a stable quaternary CuBiW2O8 with the band gap, 1.4 

eV.12 

Figure 1-1. Schematic diagram of a p-n heterojunction showing vectorial electron-hole separation. 

 

Another approach to tackle carrier recombination is the formation of a suitable heterojunction 

of two photocatalysts with different band positions. Thus, charge carriers generating in two 

different photocatalysts are vectorially transferred to the other material and hence hinders the 

possible recombination pathway.13 Figure 1-1 shows a p-n heterojunction where photogenerated 

electrons in photocatalyst B can vectorially migrate to the more stable conduction band of 

photocatalyst A, and holes can migrate to the opposite direction. In this way, the conduction band 

of photocatalyst A becomes electron-rich while the valence band of photocatalyst B becomes hole-
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rich and thus can perform the reduction and oxidation reactions effectively. Although 

heterojunctions of various binary oxides have been explored exhaustively, many heterojunctions 

in the ternary/quaternary families remain unexplored. 

Copper oxides (Cu2O/CuO) have drawn much attention due to their favorable band gaps 

(Cu2O ̴ 2.0 - 2.2 eV/CuO ̴ 1.33 - 1.7 eV), non-toxicity and applicability for CO2 conversion to 

value-added fuels. Furthermore, the component elements (Cu, O) are abundant on the Earth’s crust 

(unlike metals such as Ga or In).14 However, a major drawback of copper oxides is their poor 

chemical and PEC stability in aqueous solutions, originating from the location of their redox 

potentials, which lie within their band gaps (Figure 1-2).  

 

Figure 1-2. Band edge positions of copper oxides and their reduction potentials along with relevant 

potentials for water splitting. 
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Strategies such as coating a protective layer on the electrode surface by atomic layer 

deposition or introducing one or more cations to alter the electronic and structural properties have 

been demonstrated to overcome this limitation and have had varying levels of success .15-18  

Another avenue is to search for new oxide semiconductor candidates. Thus, layered Cu (I)-

based ternary delafossite oxides (CuMO2, M= Fe, Rh, Cr, Ga, Al) have been reported19-22 with 

increased stability stemming from the presumed introduction of M(III) orbitals in the conduction 

band (CB). For example, Fe(III) dominates the CB in CuFeO2 acting as an electron acceptor orbital 

instead of Cu 3d and making the parent compound more stable.18-21 Nevertheless, most of the 

delafossite oxides have high band gaps and therefore have been studied extensively only for 

transparent conducting oxide (TCO) applications.23 

Along with delafossites, Cu (II)-based spinel-type oxides (CuM2O4) such as CuBi2O4, 

CuFe2O4, CuCo2O4, CuCr2O4 and CuMn2O4 have also shown reasonable water splitting activities 

and better stability than their binary counterparts.24-26 Furthermore, divalent Cu is oxidatively more 

stable than the monovalent Cu. Despite that, photocatalytic studies of these oxides are limited and 

only a few studies have been reported relating to H2 evolution from water.24-26Among various Cu-

based spinels, recently CuBi2O4 has drawn much attention due to its low band gap (~1.8 eV) and 

favorable band edge positions for photocatalytic hydrogen evolution. Besides, CuBi2O4 also 

displayed more photostability compared to binary CuO. Ternary CuBi2O4 can also form 

composites either with CuO or Bi2O3 by varying the precursor stoichiometry. Consequently, 

CuO/CuBi2O4 composite with improved charge separation was reported using the co-precipitation 

method.26 

More recently, a combinatorial analysis identified several copper vanadate phases such as 

CuV2O6, Cu2V2O7, and Cu3V2O8 with band gaps of  ̴ 2.0 eV and their self-passivation was 
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demonstrated in weakly alkaline borate electrolytes pointing to the promise of these materials as 

PEC photoanodes.28,29 However, there is only limited literature on the effect of morphology and 

synthetic method choice on photocatalytic performance for these compounds. 

Synthesis of ternary and quaternary oxides, as well as their multitude of possible composites 

in a time-efficient manner, is another challenge. Solution combustion synthesis (SCS), which is 

the wet chemical version of combustion synthesis (CS), has emerged recently as a time-and 

energy-efficient synthetic method for a range of oxides.30,31 This latter method employs metal salts 

such as nitrates, sulfates, carbonates as oxidants and fuels such as urea, glycine, hexamethylene- 

tetramine (HMT), sucrose or starch as reducing agents. Once the reaction mixture is brought to the 

ignition temperature, self-generated heat triggers combustion and converts the precursors to their 

respective metal oxides without the addition of further external energy input. The reaction happens 

in a short time period (usually 3-10 min), evolving large amounts of gases and leaving behind the 

oxide nanoparticles. The morphology, particle size, and crystallinity can be optimized by altering 

the fuel, varying the fuel-to-oxidizer ratio and annealing at different temperatures.32 In SCS, 

precursor stoichiometry can also be easily varied, and a range of composites can be formed. 

In this respect, we were interested to systematically study Cu-Bi-V-O system towards PEC 

applications. Figure 1-3 represents a ternary diagram showing possible combinations of various 

ternary and quaternary oxides in this system. Along the CuO-Bi2O3 line of Figure 1-3, there is only 

one possible ternary composition-CuBi2O4, and similarly, one ternary BiVO4 along the Bi2O3-

V2O5 line. However, there are multiple possible ternary compounds are available in the Cu-V-O 

system. 
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Figure 1-3. Ternary diagram of Cu-Bi-V-O system showing different thermodynamically 

possible ternary and quaternary compounds 

 

From this perspective, this dissertation focuses on the development of suitable SCS-based 

rapid one-pot methods to tune the composition of ternary Cu-Bi-O and Cu-V-O systems as well as 

to study their PEC behavior. Chapter 2 of this dissertation deals with a review on the solution 

combustion synthesis of various complex oxides. This chapter discusses the effect of a range of 

controlling parameters to tune the reaction condition for the expected product. In addition, a 

discussion on the application of SCS-derived oxides toward solar energy conversion has been 

drawn. Chapter 3 describes the preparation of binary CuO, Bi2O3 oxides; ternary CuBi2O4, and 

their composites using a time- and energy-efficient route. A comparative analysis of the 

composites and their parent oxides toward photoelectrochemical hydrogen generation has been 

developed. A rapid one-pot synthesis method of four copper vanadates and their 

photoelectrochemical behavior have been discussed in chapter 4. A computational study to explain 

experimental results has also been performed. Finally, chapter 5 concludes with a summary and 

future directions.  
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CHAPTER 2 

 

SOLUTION COMBUSTION SYNTHESIS OF COMPLEX OXIDE SEMICONDUCTORS 

 

Used with permission from Hossain, M. K.; Kecsenovity, E.; Varga, A.; Molnár, M.; Janáky, C.; 

Rajeshwar, K. Int. J Self-Propag. High-Temp. Synth. 2018, 27, 129-140. 
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ABSTRACT 

This is a perspective of the role that combustion synthesis, specifically solution combustion 

synthesis, has played in the development of ternary and quaternary metal oxide semiconductors, 

and materials derived from these compounds such as composites, solid solutions, and doped 

samples. The attributes of materials, collectively termed “complex oxides” within the context of 

this discussion, are discussed in terms of their applicability in the generation of solar fuels from 

water splitting and CO2 reduction, and environmental pollution remediation via heterogeneous 

photocatalysis. 
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2.1 INTRODUCTION 

 Metal oxides are important from both fundamental chemistry and practical application 

perspectives. They occur, in the solid state, in a fascinating array of crystallographic structures and 

polymorphs. Both their surfaces and bulk can be chemically altered to impart striking effects on 

their optoelectronic, charge transport, magnetic, or catalytic properties. The library of possible 

materials can be expanded by variation of both cationic and anionic sub-lattices within the oxide 

structure.1-4 These, in turn, lead to a wide array of application possibilities in energy conversion, 

energy storage, microelectronics, magnetic devices, etc. Metal oxides can be electronically 

conducting or insulating, and their optical transparency can be tuned to afford a class of important 

technological materials termed transparent, conducting oxides or TCOs. Further, they can also 

exhibit semiconductor behavior and be made in either n- or p-type form. Utilization of sunlight 

using metal oxide semiconductors via artificial photosynthesis (to photoelectrochemically 

generate solar fuels) or photocatalytic degradation of environmental pollutants has attracted much 

attention in recent years.5-7 Although photocatalytic degradation of pollutants has found limited 

commercial success, artificial photosynthesis still languishes in the research laboratory in the 

absence of a “magic bullet” oxide semiconductor. 

 Photoelectrochemical generation of solar fuels demands a rigorous (even conflicting) set of 

material attributes including chemical/electrochemical robustness under irradiation, optimal 

optical attributes that match the solar spectrum, and exceptional bulk carrier transport and surface 

electrocatalytic attributes.5-7 Furthermore, the component element(s) must be earth-abundant and 

non-toxic. Thus it is hardly surprising that no metal oxide has emerged so far, even after ~4 decades 

of research. The on-going search (the so-called Holy Grail, Ref. 8) has expanded beyond binary 

oxide semiconductors to ternary or even quaternary metal oxides.4 Composites of multiple metal 
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oxides, solid solutions of metal oxides, and doping are attractive strategies for tweaking materials 

attributes for photoelectrochemical/photocatalytic applications. Control of the metal oxidation 

state (for example, the ratio of copper in the +1 or +2 states in copper oxide) in a solution 

combustion synthesis (SCS) environment is another intriguing avenue in this regard. Within the 

context of the present article, all these materials aspects are collectively termed as “complex 

oxides.” While precedent reviews and a monograph exist for the combustion synthesis of binary 

metal oxides in general,9-17 including from one of us previously,16 we are not aware of an instance 

where combustion synthesis-derived complex oxides have been discussed from the above 

perspectives. This then constitutes the main theme of the present article with examples drawn from 

recent work in both our laboratories in the U.S. and in Hungary. 

 

2.2 SYNTHETIC ASPECTS AND MECHANISTIC UNDERSTANDING 

 Where does combustion synthesis stand relative to other candidates available for the synthesis 

of metal oxides in nanocrystalline (powder) form? Table 1 shows the relevant aspects. 

 

Table 2-1. Attributes of Solution Combustion Synthesis Relative to Other Routes for the 

Preparation of Nanocrystalline Metal Oxide Powders 

 

synthesis candidate energy efficiency          time efficiency comments  

solution combustion synthesis

  

very good very good sample composition can be 

easily tuned 

hydrothermal synthesis very good moderate --- 

sol-gel good poor mild conditions 

ceramic poor                            poor sample usually obtained in 

crystalline form 

arc-melting and plasma poor                            very good --- 
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 It is noted, as also exemplified by the other contributions in this special volume celebrating 

the successes of combustion synthesis, that there are many variants of combustion synthesis. For 

example, spray pyrolysis has been combined with combustion synthesis for preparing TCO films.18 

Indeed, the variant commonly deployed in most works, including our own, utilizes the so-called 

volume solution combustion mode.19 Figure 2-1 outlines the essence of this commonly-used 

approach.  

 

Figure 2-1. Schematic of the solution combustion synthesis variant used in the studies considered 

here. 

 

 The main handicap of the SCS approach is mostly associated with the lack of thermal control 

since the synthesis basically occurs in an explosive environment. Therefore, other, more 

controllable variants (e.g., self-propagating sol-gel combustion, Ref. 19) have been developed; see 

also other papers in this special volume. 

 The other handicap is that visualization of dynamic events occurring during the SCS itself is 

hampered, precluding close monitoring of the reaction progress and mechanisms. There is a fertile 

field of opportunity here for the development so operando techniques, especially based on optical 

(e.g., infra-red) probes that may be profitably inserted into the SCS environment. In other variants 

of SHS, thermocouples have been used in the combustion tube to measure the combustion 
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temperature and burn velocity.20 Nonetheless, some degree of understanding of the mechanistic 

aspects of SCS may be gleaned by the use of thermal analysis (i.e., differential scanning 

calorimetry, DSC and thermogravimetric analysis, TGA) on the SCS precursors. An example is 

contained in Figure 2-2. 

 

 

Figure 2-2. Representative DSC-TGA profile for a SCS precursor metal nitrate-fuel (e.g., urea) 

mixture. This example is for the SCS of copper bismuth oxide where stoichiometric amounts of 

copper nitrate, bismuth nitrate and urea were dissolved together in water to make the precursor 

mixture. 

 

   A quick gauge of the ignition temperature and exothermicity of a given reaction mixture can be 

attained by simulating SCS using DSC-TGA. A representative DSC-TGA profile for a SCS 

precursor is shown in Figure 2-2. Different stages in Figure 2-2 (shown by dashed lines) can be 

identified with: (a) endothermic loss of water (b) combustion reaction (c) removal of carbonaceous 

materials and (d) final product formation with constant mass. In Figure 2-2, the DSC peak at ~200 

°C confirms the exothermic nature of the reaction and concurrent loss of mass corroborates the 

a b c d 
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evolution of gaseous products (c.f., Figure 2-1). The constant mass regime ‘d’ in the TGA scan 

(Figure 2-2) reflects the refractory nature of most metal oxides. Interestingly, use of data such as 

those in Figure 2-2 also serves to carefully delineate the temperature chosen for post-synthesis 

thermal anneal. This step is sometimes needed for improving the morphology of the oxide sample 

for the targeted application. 

2.3 CONTROL OF THE METAL OXIDATION STATE  

 The fuel:oxidizer ratio (F/O) is a versatile tool in the control of many SCS-derived sample 

variables, including the metal oxidation state. Figures 2-3 and 2-4 contain data demonstrating the 

key role of F/O. Thus, a series of samples were derived from SCS where the F/O ratio was 

systematically varied (from 0.5 to 4.0, with hexamethylenetetramine (HMT) as the fuel). The F/O 

ratio directly affects the redox nature of the mixture, while the flame temperature is indirectly 

affected. Even at first glance, there are clear changes in the series of XRD patterns (Figure 2-3). 

The low F/O ratio regime corresponds to the most oxidative environment, consequently the most 

oxidized species (CuO) is formed under these circumstances. With an increase of the F/O ratio, 

alterations in the XRD profiles are seen (Figure 2-3), with the gradual appearance of the more 

reduced products (i.e., Cu2O, Cu, Cu3N). The nitride product is somewhat surprising and the 

mechanistic aspects underlying its formation (see below), requires further study, beyond the scope 

of this discussion. 

Careful inspection of the XRD patterns furnished further insights on the composition. Figure 

2-4 compares diffraction patterns recorded for samples synthesized with four different F/O ratios, 

and the position of the most relevant diffraction of the possible components is also presented. At 

low F/O ratios, the CuO phase was formed almost exclusively. Importantly, all CuO-related 

diffractions can be identified without the presence of any minority phase. With the increase of the 
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F/O ratio, diffractions related to the Cu2O phase appeared first, as deduced from the reflections at 

2θ = 36.5o, 42.4 o and 61.5o. With further increase of the fuel content, the CuO phase was 

completely attenuated, while reflections related to metallic Cu developed. Finally, at very high 

F/O ratios, diffractions of Cu3N were spotted, together with the development of diffractions related 

to a mixed oxide-nitride phase. 

 

 

Figure 2-3. X-ray diffraction (XRD) patterns of solution combustion synthesized CuxOy samples, 

obtained with different F/O ratios. 

 

To assess the role of the reducing power of the fuel, the same set of experiments was carried 

out with urea. Similar trends were revealed, but similar compositions were obtained at different 

F/O ratios for the two systems. The higher reducing power of HMT is demonstrated in Figure 2-

5, where the oxide reaction product was more Cu-rich, compared to its counterpart synthesized 

with urea fuel, under otherwise identical conditions. That is, the composition was skewed to a 

Cu:O ratio that was somewhat less than the predicted 2:1 level. 
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Figure 2-4. XRD patterns of solution combustion synthesized CuxOy samples (using HMT fuel), 

obtained with four different F/O ratios, together with the patterns for the four relevant reference 

materials (see text). 
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Figure 2-5.  XRD patterns for solution combustion synthesized CuxOy samples (using F/O = 2.0 

ratio), obtained with two different fuels (HMT and urea), together with the patterns of the reference 

materials. 

 

2.4 SCS OF TERNARY AND QUATERNARY OXIDES  

 A variety of binary metal oxides have been prepared via combustion synthesis. The earlier 

review articles cited above11.12,16 provide a summary of this corpus of studies. Table 2 provides a 

compilation of ternary and quaternary metal oxides that have been derived from combustion 

syntheses. An impressive array of oxides spanning many important crystallographic structures 

have been synthesized using an equally diverse range of fuels. The effect of fuel in controlling the 

combustion intensity and thus the temperature attained is reflected in the corresponding range of 

nanoparticle morphology attributes (Columns 5-7) in Table 2. 

 Examples of data, reflecting the influence of SCS variables on the sample attributes, are 

morphology although these are as yet rather sparse on ternary oxides, confined only to a limited 

number of them. Different fuels such as urea, glycine, carboxymethylcellulose, citric acid, DL-

malic acid, and mixed fuels were applied for synthesizing BiVO4
40-42. Use of urea or glycine 

showed a trace amount of V2O5 as impurity which was believed to be due to the lack of chelation 

of Bi3+ and VO3- ions in the precursor mixture.40-42 When citric acid, carboxymethylcellulose, and 
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DL-malic acid were used as fuel, it formed a single phase BiVO4 due to their strong chelating 

action maintaining a homogeneous precursor mixture.40-42 In terms of BET surface area, glycine 

and urea produced the lowest surface area values which can be correlated with their strong 

reducing power. While producing the maximum combustion temperature, as a result, 

agglomeration of particles, is an unfortunate consequence. On the other hand, use of 

carboxymethlycellulose or DL-malic acid led to the formation of single-phase BiVO4 with higher 

surface areas i.e., 3.00 and 13.86 m2/g respectively presumably stemming their slow, controlled 

combustion.40 

 Similarly, precursor chemistry also influences the purity of the final product. In the SCS of 

CuWO4, ZnWO4 and Ag2WO4, two different types of precursors namely Na2WO4·2H2O and 

(NH4)2WO4, were used for the tungsten source.44 Interestingly, Na2WO4·2H2O produced an 

almost pure product while binary WO3-x was always present as impurity when (NH4)2WO4 was 

used as tungsten source.44 

 The F/O ratio was found to exert a great influence on the purity and product quality in the 

SCS of Bi2Ti2O7.
49 Propulsion chemistry principles teaches that a maximum temperature can be 

achieved when the ratio is 1 (i.e., stoichiometric conditions). However, fuel-rich or fuel-lean 

conditions can often produce a superior product in terms of the desired phase, better crystallinity, 

higher surface area etc.  In the case of Bi2Ti2O7 with HMT as a fuel, only an amorphous product 

was formed when F/O = 1.5 or less. However, increasing F/O to 2.0 produced a well-crystallized 

material.49 A similar trend was also found for the combustion synthesis of FeAl2O4 and 

MgAl2O4.
24-26 For the synthesis of FeAl2O4, different molar ratios of urea (3 to 7) were used; excess 

urea reduced the surface area and increased the particle size. However, after a certain F/O ratio, 

the surface area started to increase.24 



19 
 

Table 2-2. Ternary and Quaternary Oxides from Solution Combustion Synthesis and 

Sample Attributes 

entry 

no. 

crystal 

class      
oxide fuel used 

average 

crystallite 

size (nm) 

particle 

size 

(nm) 

from 

TEM 

BET 

surface 

area 

(m2/g) 

ref 

1 

spinel 

CaFe2O4 glycine - 100 79.3 21 

2 CuBi2O4 urea 35 300 1.9 22 

3 CuFe2O4 urea - 40-50 40 23 

4 FeAl2O4 
diethylamine hydrochloride 

and urea 
16 - 179.3 24,25 

5 MgAl2O4 glycine 21.3 - 12.1 26 

6 MgFe2O4 urea 18 - - 27 

7 MnFe2O4 oxalyl dihydrazine 22 - - 28 

8 NiFe2O4 citric acid - - - 29 

9 SnCd2O4 citric acid - 10-15 28 30 

10 ZnFe2O4 urea - 50 17 31 

11 

perovskite 

GdFeO3 glycine 43 58 - 32 

12 LaFeO3 

citric acid 24.1 24 25.8 33 

triethylamine hydrochloride 26.7 - 84.5  

13 LaNiO3 citric acid 23.1 ~100 15.1 34 

14 SrTiO3 glycine 23 20 12 35 

15 YFeO3 

glycine 50 50 6.4 36 

alanine 22 - 24.2 37 

16 

aurivillius 

Bi2MoO6 tartaric acid - 300-500 < 1 38 

17 Bi2WO6 glycine - 20-30 25.5 39 

18 scheelite BiVO4 

citric acid or urea or glycine - 34 ̴ 1 40 

citric acid and urea 34 400–600 1.8 41 
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sodium 

carboxymethylcellulose 
- 400–600 3 42 

DL-malic acid - 10–20 13.9 43 

19 

wolframite 

CuWO4 urea 22 - 13.2 44 

20 ZnWO4 

urea 32 - 11.9 44 

sucrose 20-30 30-130 19.2 45 

21 

zircon 

LaVO4 glycine - 5-80 3.2 46 

22 CeVO4 oxalyl dihydrazide - - 3 47 

23 

pyrochlore 

Bi2Ce2O7 glycine - 5-6 15 48 

24 Bi2Ti2O7 
hexamethylenetetramine 

(HMT) 
- 61 ± 35 5 49 

25 Gd2Ti2O7 glycine 29.8 30 12.5 50 

26 Nd2Ti2O7 glycine 27.7 30 12.8 50 

27 Er2Ti2O7 glycine 33.2 30 11.8 50 

28 Bi2Zr2O7 

urea 4-5 - 1.2 51 

tartaric acid 3-4 - 2.3 51 

29 

others 

Ag2WO4 urea 22 33 21.3 44 

30 ZrMo2O8 glycine - 40−50 10 52 

31 CuNb2O6 urea 20.3 20−60 8.8 53 

32 ZnNb2O6 urea 15.8 20−60 18.4 53 

33 ZrV2O7 glycine - 30−40 - 54 

34 AgBiW2O8 urea 6 6.6±1.0 34.4 55 
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2.5 COMPOSITES OF TERNARY METAL OXIDES, DOPED SAMPLES, AND SOLID 

SOLUTIONS VIA SOLUTION COMBUSTION SYNTHESIS 

 The distinction between composites and solid solutions relates to how two or more components 

are dispersed in a structural framework relative to one another. If the components are phase-

separated, then the resultant framework is termed a composite. Thus in the Cu-Bi-O ternary 

system, composites of CuBi2O4 can be formed with either of its components, CuO or Bi2O3.
22 Both 

neat CuO and Bi2O3 as well as their 1:1 ternary composition, CuBi2O4 were very recently 

synthesized using SCS. The entire gamut of composite possibilities, ranging from CuO/CuBi2O4 

composites at one end to CuBi2O4/Bi2O3 at the other, could be derived by tuning the SCS precursor 

chemistry.22 Figure 2-7a shows the progressively lighter hue from pure CuBi2O4, the three 

composites, culminating in white coloration for pure Bi2O3. The corresponding spectral profiles 

are contained in Figure 2-7b. As the Bi2O3 amount increased in the composites, the spectrum 

progressively blue-shifted (i.e., from visible to the UV wavelength range) towards the Bi2O3 end.  

 

Figure 2-6. Formation of ternary oxides and composites in the Cu-Bi-O system. The line format 

shows the composition relationships between the ternary compound and its binary oxide 

components. The make-up of the eight composite mixtures that were studied, is also shown on this 

diagram. 

 



22 
 

 

Figure 2-7. (a) Change of color from pure CuBi2O4 (i) through CuBi2O4/Bi2O3 (ii-iv) to pure Bi2O3 

(v). (b) UV/visible absorption profiles for pure CuBi2O4 and Bi2O3 and their composites. 

  

 The data in Figure 2-7 signal an important hallmark of composites, namely the data signatures 

from them are a superposition of those corresponding to their components, and two distinct phases 

can be identified. In contrast, in a solid solution (or an “alloy”), the constituents lose their 

individual identity via mixing at a molecular level, and resulting in a single-phase material. This 

happens when the ionic (or atomic) radii of the individual components are within ~15 % of one 

another such that substitution of one atom (or ion) with another at a given lattice site becomes 

feasible. Metal alloys are very well known and so are solid solutions of chalcogenides, phosphides, 
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or arsenides in various technological contexts. Metal oxide solid solutions are less well studied; 

solid solutions of two ternary oxides are even less commonplace. This is exemplified by the Cu-

Fe-Cr-O system where these new materials were prepared via SCS via simple compositional tuning 

of the precursor mixtures [4]. Both the lattice parameter (Fig. 8) and the optical band gap value 

systematically varied [4], in line with Vegard’s law [56]. For more details, Ref. 4 may be consulted 

(see, for example, Fig. 5 in it). 

 

Figure 2-8. XRD profiles of a series of CuFeO2-CuCrO2 solid solutions along with those of the 

two ternary end members. 

 

 The phenomenon of doping largely derives its importance from the microelectronics industry. 

Doping refers to the controlled introduction of trace amounts of a foreign (“dopant”) species into 

the host lattice framework. Like in the solid solution case, doping also results in a single-phase 

material but unlike in a solid solution, the foreign species are present at very small levels (parts 

per million or less) such that perturbation of data signatures (e.g., XRD profiles) can only be 

resolved by careful work. On the other hand, the optoelectronic perturbations of doping are rather 
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significant (and easily discerned) and lead to their importance in various applications. Many 

instances of doped metal oxide samples derived from solution combustion exist in the literature, 

and these will be discussed in the next and final section in this article. 

2.6 PHOTOELECTROCHEMICAL AND PHOTOCATALYTIC APPLICATIONS OF 

COMBUSTION SYNTHESIS-DERIVED COMPLEX OXIDES 

 In this section, we consider how combustion synthesized complex oxides have fared in 

photoelectrochemical or photocatalytic applications. The distinction between the two has to do 

with the underlying thermodynamics of the photoconversion process. In photocatalytic processes, 

the radiation serves to speed up an intrinsically sluggish spontaneous reaction such as hydrocarbon 

(e.g., phenol) oxidation or metal ion (e.g., hexavalent chromium) reduction. On the other hand, 

photoelectrochemical processes such as the splitting of water (into H2 and O2) or the reduction of 

CO2 are intrinsically non-spontaneous. Table 3 compiles instances wherein combustion-

synthesized ternary oxides have been deployed for the photocatalytic degradation of an organic 

dye. In general, the oxides derived from SCS have a higher surface area than counterparts 

synthesized from ceramic, solid-state reaction (SSR) routes; and this factor is reflected in the much 

higher photoactivity of the SCS oxides. Thus the photodegradation of MB using SCS-CuFe2O4 

reached almost 100 % in 30 min while only 25.9 % was degraded using SSR sample in the similar 

conditions.23 This can be rationalized on the small particle size (SCS: 100 nm, SSR: 1-3 μm), and 

consequently, higher surface area of the SCS sample (SCS: 79.3 m2/g, SSR: 2.2 m2/g). A similar 

trend was seen for SCS-Bi2WO6 and SCS-AgBiW2O8 compared to their SSR counterparts.55 
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Table 2-3. Photocatalytic Dye Degradation Using Ternary and Quaternary Oxides 

Synthesized by SCS 
 

entry 

no. 
oxide dye 

[dye]  

(mg/l) 

catalyst 

loading 

(g/l) 

light source 
irradiation 

time (h) 

degradation 

(%) 
ref 

1 CaFe2O4 MB 3.2 1 
500 W Xe lamp with 420 

nm cut-off filter 
0.75 ~100  21 

2 CuFe2O4 

Rh B 40 

0.2 natural Sunlight 
2 

 

~80  

23 
MB 40  ~75  

MO 40  ~25  

Phenol 50  ~15  

3 FeAl2O4 
MB 10 1 350 W Xe lamp with a 

400 nm cut-off filter 

2.5 ~70  
24 

Phenol - 1  4 ~50  

4 MgAl2O4 MB 10  0.75  
350 W Xe lamp with 400 

nm cut off 
0.75 ~85  26 

5 MgFe2O4 MY 20  0.16  350 W Xe lamp 1 ~65  27 

6 MnFe2O4 MG 20  0.24  natural sunlight 2 ~65  28 

7 NiFe2O4 MB 20  0.25  300W Xe lamp 2 ~65  29 

8 ZnFe2O4 
Rh B 5  

1  
 

natural sunlight 
1 ~94  

31 
CR 10  0.5 ~95  

9 GdFeO3 Rh B 4.8 1  500 W Xe lamp 2 ~40  32 

11 LaNiO3 MO 10  2  400W Xe lamp 5 ~75  34 

12 SrTiO3 MO 5  0.3 16 W UV lamp 3 ~8  35 

13 YFeO3 

MB 32 1  
300 W tungsten halogen 

lamp 
4 ~70  36 

Rh B 10  1  
175 W metal halide lamp 

with 420 nm cut-off filter 
3 ~70 37 

14 Bi2MoO6 Rh B 10  1  natural sunlight 5 ~100  38 

15 Bi2WO6 Rh B 47.9 1  500W Xe lamp 1.25 ~100 39 

16 BiVO4 

MO 32.8 2  
450 W tungsten-halogen 

lamp 
4 ~65  40 

MB 639.7 0.05 500 W Xe lamp 3 ~70  41 

Rh B 5  1  Xe lamp of 6000K 3 ~100  42 

MB 20 2  natural sunlight 1 ~100 43 
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17 CuWO4 MO 16.4 2  
400W medium pressure 

Hg arc 
1.33 ~100 44 

18 ZnWO4 
MO 16.4 2  

400W medium pressure 

Hg arc 
1 ~100 44 

MB 5  0.8 125 W Hg lamp 3 ~75  45 

19 CeVO4 OG 50 1 
125 W high pressure Hg 

lamp 
0.5 ~40 46 

20 Ag2WO4 MO 16.4 2  
400 W medium pressure 

Hg arc 
1 ~90 44 

21 Bi2Ce2O7 MG 45  1  Natural sunlight 5 ~100 48 

22 Bi2Ti2O7 MO 16.4 2 
150W medium pressure 

Hg arc 
2 ~95 49 

23 Gd2Ti2O7 MO 5 1  four 4 W UV lamps 2 ~97 

50 24 Nd2Ti2O7 MO 5  1  four 4 W UV lamps 2 ~50 

25 Er2Ti2O7 MO 5  1  four 4 W UV lamps 2 ~89 

26 Bi2Zr2O7 

RBBR 

 1  
 

natural sunlight (800 Wm-

2) 
5 

~70  

51 
IC ~100  

RBBR ~35  

IC ~60  

27 ZrMo2O8 Rh B 15  1  
125 W high pressure Hg 

lamp 
2 ~40  52 

28 ZrV2O7 Rh B 20  1  
125 W high pressure Hg 

lamp 
1 ~40 54 

29 AgBiW2O8 MO 16.4 2  
400 W medium-pressure 

Hg arc 
6 ~95 55 

 

  

 

 

MO Methyl orange MG Malachite green RBBR Ramazoline brilliant blue 

MB Methylene blue CR Congo red MY Metanil yellow 

Rh B Rhodium B IC Indigo carmine OG Orange green 
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Composites containing ternary oxides and prepared via SCS, have been tested for their 

photocatalytic dye degradation capability. Table 4 shows a list of these composites and their dye 

degradation capability. In all the cases, the composite outperformed its components; compare 

Columns 8, 9, and 10 in the compilation below.  

 

Table 2-4. Composite Oxides with Improved Dye Degradation Performance 

entry 

no. 

composite  dye [dye] 

(mg/l) 

catalyst 

loading 

light 

source 

irradiatio

n time 

(h) 

degradation (%) ref 

first 

comp

onent 

second 

compo

nent 

comp

osite 

1 Bi2O3/Bi2WO6 Rh B 47.9 1  500W 

Xe lamp 

0.5 ~1.5 ~61 ~98 57 

2 BiVO4/BiOCl Rh B 20  1  300W 

Xe lamp 

3 ~8 ~38 ~85 58 

3 CuO/BiVO4 MB 639.7 0.05 500-W 

Xe lamp 

3 - ~28 ~47 59 

4 NiFe2O4/BiOBr Rh B 10  1  300W 

Xe lamp 

2 ~31 ~46 ~96 60 

5 V2O5/BiVO4 MB 639.7 0.05 500-W 

Xe lamp 

3 ~58 ~37 ~83 61 

 

 Data are also available for doped oxides derived from SCS and their use in Photocatalytic dye 

degradation scenarios; Table 5 collects this corpus of data.  
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Table 2-5. Photocatalytic Degradation of Organic Dyes Using Doped Ternary Oxides  

entry 

no. 

oxide dopant dye [dye] 

(mg/L) 

catalyst 

loading 

(g/L) 

light source degradation (%) ref 

pristine 

oxide 

doped 

oxide 

1 MgFe2O4 Ag MY 20  0.16  350 W Xe-

lamp 

~65 ~89 27 

2 MnFe2O4 Cu MG 20  0.24  Natural 

sunlight 

~65 ~92 28 

3 NiFe2O4 Ag MB 20  0.25  300 W Xe 

lamp 

~50 ~65 29 

4 SrTiO3 Pb MO 5  0.3 16 W UV 

lamp 

~8 ~85 35 

5 LaFeO3 Mn MO 100 7.3 Natural 

sunlight 

- ~87 62 

6 ZnWO4 Eu Rh B 4.8 1 Four 4 W 

UV lamps 

~70 -85 63 

7 CeVO4 Pd OG 50 1 125 W 

high 

pressure 

Hg lamp 

~40 ~65 47 

9 ZrV2O7 Mo Rh B 20 1  125 W 

high 

pressure 

Hg lamp 

~40 ~80 54 

 

 In contrast to the rich body of examples of photocatalytic applications, corresponding 

examples of photoelectrochemical water splitting or carbon dioxide reduction using SCS samples 

are rather limited. Although BiVO4 is primarily an oxygen evolution photocatalyst, recently, high 

surface area BiVO4 was synthesized using SCS and reported to be very active toward hydrogen 

evolution.43 Thus, nanoparticles of SCS-BiVO4 was able to generate 195.6 mmol/h H2 from water-

ethanol mixture.43 Pt-modified SCS-AgBiW2O8 was investigated for the photoelectrochemical 

conversion of CO2 and found that to be able to generate syngas from formic acid.55 
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 LaVO4/BiVO4 composites using SCS were evaluated for photoelectrochemical hydrogen 

generation [46]. Pristine BiVO4 did not show any H2 while LaVO4 showed a H2 photogeneration 

rate of 24 μmol h-1. On the other hand, 20% loading of BiVO4 in LaVO4/BiVO4 composite showed 

45.5 μmol h-1.46 High resolution TEM images showed intimate physical contact of LaVO4 and 

BiVO4 in the composite matrix facilitating vectorial charge transport and thus enhancing the 

photoelectrochemical activity. 

 In summary, the examples given above in this perspective article ought to have amply 

demonstrated the virtues of combustion synthesis as a viable technique for the preparation of 

complex oxides for photoelectrochemical and photocatalytic applications. While serving as a 

useful review for seasoned practitioners, hopefully, this article will be helpful to new entrants to 

this field as a sampling of the exciting possibilities ahead in materials discovery and use.  
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CHAPTER 3 

 

SOLUTION COMBUSTION SYNTHESIS, CHARACTERIZATION, AND 

PHOTOCATALYTIC ACTIVITY OF CuBi2O4 AND ITS NANOCOMPOSITES WITH CuO 

AND α-Bi2O3 

Used with permission from Hossain, M. K.; Samu, G. F.; Gandha, K.; Santhanagopalan, S.; Liu, 

J. P.; Janáky, C.; Rajeshwar, K. J. Phys. Chem. C 2017, 121, 8252-8261.  

Copyright © 2017 American Chemical Society. https://doi.org/10.1021/acs.jpcc.6b13093 

 

ABSTRACT 

The ternary compound, CuBi2O4, a 1:1 stoichiometric derivative of the two component oxides: 

CuO and Bi2O3, has attracted attention from the solar water splitting and photocatalysis 

communities as a p-type semiconductor responsive to visible light.  This study demonstrates that 

solution combustion synthesis (SCS) can be used to prepare powders not only of this compound 

but also nanocomposites with either CuO or Bi2O3 in excess.  This was simply done by tuning the 

SCS precursor mixture composition.  The synthesized crystalline samples were characterized by 

powder X-ray diffraction (with Rietveld refinement for phase purity), diffuse reflectance UV-

visible spectroscopy, electron microscopy, and photoelectrochemical (PEC) techniques. The band 

structure and photoactivity of these oxides were probed by linear sweep voltammetry and by 

measuring their photoaction spectra (internal photon-to-electron conversion efficiency vs. 

wavelength).  The photoactivity (attributed to hydrogen evolution and CO2 photoreduction) was 

considerably improved in the CuO/CuBi2O4 nanocomposites because of electron transport of the 

photogenerated charge carriers between the CuBi2O4 and the CuO nanoparticles. 
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3.1 INTRODUCTION 

Utilizing sunlight via its photoelectrochemical (PEC) conversion to fuels/chemicals is an 

eminently-attractive strategy for attacking energy supply and environmental concerns associated 

with the use of fossil fuels.1 Nonetheless, some four decades of R&D have still not identified a 

“magic bullet” semiconductor that simultaneously satisfies all of the disparate requirements for 

efficient and sustained generation of solar fuels/chemicals.2  Similar performance issues beset the 

use of semiconductors for environmental pollution abatement (i.e., the so-called photocatalytic 

(PC) applications, Ref. 3). In recent years, p-type oxide semiconductors have been studied as 

photocathodes for driving various reductive processes such as H2 evolution and CO2 conversion.4,5 

Copper-containing oxides are particularly relevant for the above applications and ternary oxides 

such as CuFeO2,
6-8 CuRhO2,

9 CuWO4,
10 CuFe2O4,

11 CuNb2O6,
12 and Cu3Nb2O8

13 have been 

examined as possible candidates.  The present study focuses on CuBi2O4, a semiconductor material 

that has captured recent attention since its combinatorial discovery in 2007.14 

As Table 3-1 shows, there have been many studies on this p-type semiconductor since then but 

none that uses solution combustion synthesis (SCS).  This previous body of work also reveals that 

this oxide converts incident photons much more efficiently when used in conjunction with another 

oxide semiconductor, especially an n-type semiconductor.  Thus, we demonstrate below that SCS 

is versatile for exploring the entire composition space from CuO on the one end to Bi2O3 at the 

other. [An early study35 shows that in the CuO-Bi2O3 phase diagram, CuBi2O4, i.e., the 1:1 

stoichiometry of the two binary components, is the only ternary compound that is stable.] 

Specifically, tuning of the precursor SCS mixture is shown below to enable the facile synthesis of 

not only CuBi2O4 but also its nanocomposites with CuO or Bi2O3 by using Cu-rich or Bi-rich 

precursor mixtures, respectively.  
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In the search for time- or energy-efficient oxide preparation routes, SCS has emerged as a 

popular candidate.  Unlike the solid-state or solution-based (e.g., sol-gel) methods that have long 

been deployed for preparing oxides, SCS features very short reaction times.  Further, no special 

equipment is required, and most importantly from a solid-state chemistry perspective, the host 

oxide can be doped or nanocomposites prepared by simple changes of the precursor fuel or mixture 

composition. Review articles have summarized the surging popularity of this synthesis approach 

within the solar fuels and photocatalysis communities.36-38 

It is underlined that, notwithstanding the multitude of studies listed in Table 3-1, this study 

represents the first instance where SCS has been used to prepare CuBi2O4 or its nanocomposites 

with CuO or Bi2O3. Further, some benefits of nanostructured oxide heterojunctions as 

demonstrated below for PEC CO2 reduction, are exemplified by the CuO or Bi2O3 system. 

 

Table 3-1. Previous Studies on CuBi2O4 or Its Nanocomposites with Other Oxides 

entry 

no. 

preparation 

method 

comments application ref 

1 solid-state reaction nanocomposites with WO3 also 

studied 

photocatalytic (PC) 

oxidation of 

acetaldehyde 

14 

2 solid-state reaction followed by 

ball-milling 

heterojunctions with n-TiO2 also 

studied. 

PC reduction of 

Cr(VI) or oxidation of 

methyl orange dye 

15 

3 thin film photocathodes prepared 

by electrodeposition 

film unstable in acid but stable in 

basic electrolyte under constant 

illumination.  

PEC hydrogen 

generation 

16 

4 solid-state reaction followed by 

milling (as in Entry 2 above) 

followed by ion exchange for SrO 

insertion 

nanoscale powder containing 20 

mass % SrO was studied 

PC destruction of 

Congo Red dye 

17 
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5 hydrothermal material obtained as nanosheets PC oxidation of 

methylene blue 

18 

6 solid-state reaction oxide combined with BiVO4 by 

mixing two powders and heat 

treating at 150 C for 3 h 

PC oxidation of 

acetaldehyde 

19 

7 low-temperature solution process variety of morphologies seen. PC degradation of 

methylene blue 

20 

8 a dispenser and scanner system 

developed to screen Cu-Bi-M 

oxide arrays for comparison with 

the Cu-Bi-oxide 

Bi-Ag-Cu oxide seen to have 4 

times higher photocurrent than 

the Cu-Bi-oxide 

PEC hydrogen 

generation  

21 

9 hydrothermal DFT calculations also performed 

in study 

PC hydrogen 

generation with 

sacrificial electron 

donor 

22 

10 hydrothermal hierarchically-structured 

composites studied 

PC generation of 

sulfate radicals from 

peroxymonosulfate for 

organic pollutant 

removal and 

disinfection 

23 

11 anodic co-electrodeposition deposition on FTO substrate PEC hydrogen 

generation 

24 

12 solution growth in an ethanol-

water mixture 

both spherulite and nanorods of 

oxides synthesized along with 

CuO nanosheet composites 

PEC hydrogen 

generation 

25 

13 CuBi2O4 layer grown on CuO and 

then platinized 

FTO substrate used PEC hydrogen 

generation 

26 

14 solvothermal growth hybrid with graphene oxide PC degradation of 

methylene blue and 

methyl orange dyes 

27 

15 hydrothermal self-assembled nanocolumn 

arrays of oxide obtained 

activation of 

persulfate and 

peroxymonosulfate for 

1H-benzotriazole 

removal 

28 

16 ball-milling composite with multi-walled 

carbon nanotube (MWCNT) 

PC degradation of 

methyl orange 

29 

17 grinding followed by thermal 

anneal 

composites with NaTaO3 PC degradation of 

methylene blue 

30 
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18 electrodeposition FTO support with a gold 

transition layer 

PEC hydrogen 

generation 

31 

19 electrodeposition Ag doping also studied PEC hydrogen 

generation 

32 

20 hydrothermal composites with Co or Cu 

studied 

sulfanilamide removal 

via 

peroxymonosulfate 

activation 

33 

21 drop-casting limitations for use in PEC water 

splitting discussed 

PEC hydrogen 

generation 

34 

 

3.2 EXPERIMENTAL SECTION 

3.2.1 Materials  

Copper nitrate hemi (pentahydrate) [Cu(NO3)2· 2.5 H2O (Alfa Aesar)] and bismuth nitrate 

pentahydrate – [Bi(NO3)3· 5 H2O (Alfa Aesar)] were used as the metal sources as well as the 

oxidizing species in the reaction. Urea and hexamethylenetetramine (HMT) were used as fuel. 

Nitric acid (Alfa Aesar) was used to dissolve bismuth nitrate. Double-distilled water (Corning 

Megapure) was used to prepare all the solutions. All the chemicals were used as received without 

further purification. 

3.2.2 Solution Combustion Synthesis 

Stoichiometric amounts of copper nitrate and fuel were dissolved in water along with a 

stoichiometric amount of bismuth nitrate in 2.0 M nitric acid. The two solutions were mixed 

together with the final metal concentrations of copper and bismuth being 0.18 M and 0.36 M, 

respectively. Then the solutions were homogenized and transferred to a pre-heated furnace at 300 

°C for 5-8 min. Once they were dehydrated, spontaneous ignition produced gases, leaving behind 

a foamy mass. The variant Cu/Bi mole ratios used in this study are identified in Table 3-2. Initial 

screening used different fuel-to-oxidizer ratios; the stoichiometric (1:1) composition produced the 



39 
 

most optimal results such that only this case is considered below (see also Table 3-2). As-prepared 

samples were ground in mortar and pestle and annealed at different temperatures to remove any 

carbonaceous residue as well as to improve sample crystallinity. 

Table 3-2. Sample Identification with Various Cu/Bi Mole Ratios and Fuels Used 

sample identification Cu/Bi mole ratio 

in precursor 

mixture 

fuel fuel-to- oxidizer 

ratio  

 

CuBi2O4 (U) 1 : 2          urea 1 

CuBi2O4 (HMT) 1 : 2 
hexamethylenetetramine 

(HMT) 
1 

CuO/ CuBi2O4 (5:1) 5 : 1         urea 1 

CuO/ CuBi2O4 (10:1) 10 : 1         urea 1 

CuO/ CuBi2O4 (10:1) 15 : 1         urea 1 

α-Bi2O3/CuBi2O4 (1:5) 1 : 5         urea 1 

α-Bi2O3/CuBi2O4 (1:10) 1 : 10         urea 1 

α-Bi2O3/CuBi2O4 (1:15) 1 : 15         urea 1 

CuO 1 : 0         urea 1 

α-Bi2O3 0 : 1         urea 1 

 

3.2.3 Photoelectrode Preparation   

The metal oxide samples were spray-coated from isopropanol solutions (10 mg cm-3 

concentration) on Sn-doped indium oxide (ITO) glass electrodes with different loadings and were 

used as working electrodes. Prior to coating, the ITO electrodes were sequentially sonicated for 5 

min in acetone, 2-propanol, and finally deionized water. This step was followed by O2 plasma 

treatment of the cleaned electrodes for 15 min. After the coating procedure the electrodes were 
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subjected to a sintering step for 1 h at 350 °C to ensure the adherence of the film to the electrode 

surfaces. 

3.2.4 Physical Characterization 

Simulation of combustion reactions was performed using thermogravimetric 

analysis/differential scanning calorimetry (TGA/DC) in a TA Instruments model Q600 instrument. 

Homogeneous mixtures of precursor and fuel were placed in an alumina crucible in air atmosphere 

with a gas flow rate of 100 ml/min at a heating rate of 10 °C/min.  Powder X-ray diffraction (XRD) 

was carried out on a Siemens D-500 instrument within a 2θ range of 10−70° using Cu Kα source 

(λ = 1.5406 Å). Rietveld refinement was performed using MDI Jade 9 software with model 

structures culled from the JCPDS database. Pseudo-Voigt peak profile function with displacement 

was used to fit the experimental profile allowing for any deviation from the model structure. 

Average crystallite size of the materials was estimated using the Scherrer equation.  

UV-visible diffuse reflectance spectroscopy (DRS) was performed on a Perkin Elmer Lambda 

35 spectrophotometer equipped with an integrating sphere. Brunauer-Emmett-Teller (BET) 

surface area values were measured using nitrogen in a Micromeritics TriStar II 3020 instrument at 

a relative pressure range of P/P0 = 0.05-0.3. A Hitachi S4800 FE-SEM instrument was used for 

scanning electron microscopy. High-resolution transmission electron microscopy (HR-TEM) was 

performed on a Hitachi H-9500 instrument at various magnifications. The samples were prepared 

by evaporating isopropanol dispersions on carbon-coated copper grids. An acceleration voltage 

of 300 kV was used. A Gatan digital micrograph was used to perform fast Fourier transforms 

(FFT) thereby affording the d-spacing for the lattice planes. 
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3.2.5 Photoelectrochemistry Measurements 

All photoelectrochemical (PEC) measurements were carried out on a CH Instruments 

(CHI720C) instrument in a classical one-compartment, three-electrode electrochemical cell. A 

Ag/AgCl/3M KCl electrode and Pt wire were used as the reference electrode and counterelectrode 

respectively. A 400 W Xe-arc lamp (Newport) was used as the radiation source. The 

electrochemical cell was place 20 cm away from the radiation source. Photovoltammograms were 

performed in 0.1 M Na2SO4 as electrolyte with a potential scan of 1 mVs-1 sweep rate. Incident 

photon-to-electron conversion efficiency (IPCE) measurements were performed on a Newport 

Quantum Efficiency Measurement System (QEPVSI-B) in a single-compartment, three electrode 

quartz electrochemical cell. The wavelength range was either 300-1100 nm or 300-800 nm 

(resolution, ∆λ = 10 nm) as indicated below. The incident photon-to electron-conversion efficiency 

(IPCE)-wavelength profiles (photoaction spectra) were recorded in a 0.5 M NaHCO3 solution 

saturated with CO2 at -0.3 V applied bias. For these measurements, photoelectrodes with equal 

loadings were chosen. All measurements were performed at ambient temperature (20 ± 2 °C). 

3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis  

In the preliminary phases of this study, CuBi2O4 was synthesized using two fuels namely urea 

and hexamethylenetetramine (HMT). The stoichiometric combustion reactions are represented by 

Eqs 1 and 2.  

3 Cu(NO3)2·2.5H2O + 6 Bi(NO3)3·5 H2O + 20 H4N2CO = 3CuBi2O4 + 32 N2 + 20 CO2 + 77.5 H2O        (1) 

9 Cu(NO3)2·2.5H2O + 18 Bi(NO3)3·5 H2O + 10 C6H12N4 = 9 CuBi2O4 + 56 N2 + 60 CO2 + 172.5 H2O    (2) 

 

A fuel/oxidizer ratio of 1 was used for all cases (Table 3-2), as it was presumed that combustion 

of this stoichiometric reaction mixture would give out maximum heat.31 The phase diagram of 
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binary CuO and Bi2O3 showed a single ternary phase of CuBi2O4 at a stoichiometric mole ratio 

(Cu/Bi) of 1:2; a stoichiometric mole ratio of Cu and Bi in the precursor mixture was accordingly 

used to synthesize single-phase CuBi2O4. 

To better understand the decomposition process of the precursor mixture using the two different 

fuels, a TGA-DSC simulation was performed using both fuels as shown in Figure 3-1.  In this 

exercise, the sample contains a mixture of the fuel and the oxidizer just like in SCS. Figure 3-1a 

shows various regions of the decomposition process using urea as a fuel. The TGA curve shows 

weight loss in four regimes over a broad range of temperatures. The first weight loss in the range 

of 100-200 °C (Figure 3-1a, Regime 1) can be assigned to the elimination of water followed by 

decomposition of the precursor mixture from 150-200 °C (Figure 3-1a, Regime II)) according to 

eqns. 3 and 4:39,40 

2 Cu(NO3)2·3H2O = Cu2(OH)3NO3 + 3 H2O + HNO3                                                                  (3) 

6 Bi(NO3)3·5 H2O = (BiONO3)6 .3 H2O + 27 H2O + 12 NO2 +3O2                                              (4) 

 

 Combustion of the precursor mixture appears with an appreciable amount of heat generation 

at 200-300 °C. Finally, removal of carbonaceous combustion residue occurs in the range, 300-550 

°C (Figure 3-1a, Regime IV). An exothermic peak at 261 °C can be assigned as the ignition 

temperature. Figure 3-1b, for HMT as the fuel, shows mass change in four regimes: first 

elimination of water at 100-150 °C and then decomposition culminating in combustion of the 

precursor mixture. This is followed by the removal of remaining carbonaceous materials.  An 

exothermic peak at 265 °C can be assigned to the ignition temperature.  
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The percent mass loss during combustion reactions was estimated from the TGA traces after 

the dehydration stage and was ̴ 55 % for urea as fuel and ~50 % using HMT (Table 3-3). After 

combustion, there was a gradual mass change up to ~500 °C in both cases, believed to be due to 

the removal of remaining carbonaceous materials. The overall mass loss from region II-region IV 

appear as 66% for urea and 59% for HMT, and these results correspond well with the theoretical 

mass loss values of 66 % and 60 % using urea and HMT respectively as calculated from Eqns. 1 

and 2 above. 

Figure 3-1. Simulation of solution combustion synthesis via TGA-DSC analyses for the two fuels: 

(a) urea and (b) HMT. Refer to experimental section for sample/precursor mixture details. 
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Table 3-3. Combustion Properties and TGA Data with Respect to the Two Fuels 

 

fuel ignition 

temperature (°C) 

type of combustion % mass loss 

during 

combustion 

(regime II) 

% mass loss up to 500 

°C 

(regimes II-IV) 

urea 261 volume combustion ~ 55 ~ 66 

HMT 265 smoldering 

combustion 

~ 50 ~ 59 

 

The type of combustion reaction using urea and HMT were different: Urea as a fuel showed 

volume combustion whereas HMT exhibited the characteristics of smoldering combustion.38 

Notably and as expected, there was no combustion reaction without fuel in the precursor mixture 

(see Figure A-S1 in Supporting Information). 

3.3.2 Structural and Morphological Characterization.  

Effect of anneal temperature. As-synthesized samples were annealed to enhance the degree of 

crystallinity as well as to remove any carbonaceous residue left after the combustion reaction. The 

effect of different annealing temperatures on as-synthesized samples is presented in Figures 2-2 

and A-S2 using urea and HMT as fuel, respectively. The two samples are designated as CuBi2O4 

(U) and CuBi2O4 (HMT), respectively.  When the as-synthesized CuBi2O4 (U) was annealed at 

400 °C for 1 h, peaks correspond to the kusachiite phase (PDF # 01-071-5101) started to develop, 

along with bismuth oxide phase as impurity, and at 600 °C, almost a single phase of CuBi2O4 was 

formed.  Presumably, at a high temperature, ion mobility is high enough for single-phase CuBi2O4 

growth without segregation of Bi2O3 phase. Rietveld refinement showed good agreement with the 

reference kusachiite XRD pattern (see Figure A-S3 in Supporting Information). On the other hand, 

samples prepared using HMT required thermal anneal at a higher temperature, 700 °C, for 1 h to 

secure the pure phase of crystalline material (Figure A-S3). 
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Figure 3-2. Effect of anneal temperature on the purity and the crystallinity of as-is CuBi2O4 (U).  

A standard XRD pattern of kusachiite, CuBi2O4 (PDF# 01-071-5101), is also shown for 

comparison. 

 

The BET surface area and crystallite size of as-synthesized and annealed samples are shown in 

Table 3-4. The crystallite sizes of the annealed samples were found to be 35 nm and 41 nm using 

urea and HMT as fuel, respectively. However, the BET surface area of annealed CuBi2O4 (U) was 

1.9 m
2
g-1, a value that was higher than for annealed CuBi2O4 (HMT) with 0.6 m2g-1. Annealed 

samples always showed lower surface areas than as-synthesized counterparts, a trend attributed to 
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sintering of the particles after thermal anneal. Since urea as a fuel produced samples with higher 

surface area, only samples derived from urea are discussed hereafter. The rather low  

 

Table 3-4. Calculated Average Crystallite Sizes (from Scherrer XRD analyses) and BET 

Surface Areas for As-synthesized and Annealed Samples for the Two Fuels 

sample 
BET Surface area (m

2

g-1) average crystallite size (nm) 

as-synthesized annealed as-synthesized annealed 

CuBi2O4 (U) 12.5 1.9a 8 ± 3 35 ± 2 

CuBi2O4 (HMT) 6.6 0.6a 9 ± 2 41 ± 2 

a. These values are only approximate since N2-based BET model analyses are not reliable below 5 m2g-1, 

c.f., Ref. 41.  

values of the specific surface area and the large particle sizes will become relevant when the PEC 

and photocatalytic perfomance of these samples are discussed below. At this juncture, it is merely 

noted that benchmark photocatalysts such as Degussa TiO2 have much higher surface areas in the 

~55 m2g-1 range.  Even other samples previously derived from SCS in our laboratories have much 

higher surface areas; for example, silver bismuth tungstate.42  Clearly, the combustion 

characteristics and subsequent particle sintering conspire to produce a non-optimal morphology 

for the CuBi2O4 samples. 

Representative TEM images of as-synthesized CuBi2O4 (Figure 3-3a) showed the porous nature 

of the material.  However, after annealing at 600 °C (Figure 3-3b), the porosity decreased with 

concomitant increase in the particle size.  This trend lends credence to the above interpretation for 

the lowering of surface area (cf., Table 3-4). Figure 3-3d shows the lattice fringes for CuBi2O4 

(110) with a d-spacing of 0.600 nm which corresponds to the (110) orientation of the crystallites. 

An SEM image of annealed sample showed irregular morphology.  The corresponding EDS scan 
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(See Figure A-S4 in Supporting Information) showed the elements present in the samples and 

confirmed the purity with an elemental ratio of Cu/Bi in the compound: 1:1.97. 

 

 

Figure 3-3. TEM images of CuBi2O4: (a) as-synthesized, (b) annealed at 600 °C for 1 h, (c) SEM 

image of CuBi2O4 annealed at 600 °C for 1 h, (d) HR-TEM and lattice image. The inset in frame 

d contains the corresponding numerical FFT pattern. 

 

 Effect of Cu/Bi Ratio. The phase diagram of CuO and Bi2O3 predicts that nonstoichiometric 

Cu/Bi mole ratios would lead to the formation of composites with excess of one binary oxide phase 

or the other. In the SCS procedure, then the expectation is that an excess of Cu precursor will lead 

to the formation of a composite with excess of the CuO component while an excess of Bi precursor 

leads to the formation of composite with excess Bi2O3.  Accordingly, Figure 3-4 shows XRD 

patterns for CuO and CuBi2O4 composites with varying ratios and pure CuO at the extreme. 

Corresponding reference JCPDS files are also shown for the respective oxides. The XRD patterns 

show that the ratio of CuO increases with increasing mole ratio of Cu in the precursor solution.   
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 Rietveld refinement of XRD data confirmed the two compounds and their corresponding 

compositions (Figure A-S5).  Figure A-S6 compares the composition of the two phases as deduced 

from the Rietveld analyses with that expected from the amounts used in the precursor mixture.  

The agreement was satisfactory in all the three sample cases studied. Further results are contained 

in the Supplemental Information (Table A-S1).  

 

 

 

 

 Figure 3-4. XRD patterns for CuO/CuBi2O4 nanocomposites with varying Cu:Bi ratios. Standard 

XRD patterns for kusachiite (PDF# 01-071-5101) and tenorite (PDF# 01-073-6234) are also 

shown below for comparison. 
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Figure 3-5a shows the SEM image of CuO/CuBi2O4 (Cu/Bi = 15:1) nanocomposite showing an 

irregular morphology from agglomeration of the nanoparticles. The HR-TEM images (Figures 3-

5b and c) showed lattice fringes with d-spacings of 0.424 nm and 0.274 nm corresponding to the 

CuO (200) and CuBi2O4 (110) orientations, respectively. 

 

Figure 3-5.  Representative microscopy data on CuO/CuBi2O4 nanocomposite (Cu:Bi = 15:1): 

(a) SEM image (b and c) HRTEM images showing lattice spacings in the CuO and CuBi2O4 

phases respectively. The insets in frames b and c contain the corresponding numerical FFT 

patterns. 
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A similar approach was used to synthesize CuBi2O4/α-Bi2O3 nanocomposites where an excess 

of Bi in comparison with Cu precursor was employed for the SCS. XRD patterns for the samples 

prepared from nonstoichiometric Cu:Bi mixtures with excess of Bi precursor are shown in Figure 

3-6.  The α-Bi2O3 phase (PDF# 01-076-1730) was formed along with the kusachiite phase (PDF# 

01-071-5101). A pure form of α-Bi2O3 was formed when no Cu-precursor was used. 

 

 

Figure 3-6. XRD pattern of α-Bi2O3/CuBi2O4 nanocomposites with various Cu:Bi mole ratios in 

the precursor mixtures. Standard XRD profiles for tetragonal CuBi2O4 (PDF# 01-071-5101) and 

α-Bi2O3 (PDF# 01-076-1730) are also displayed for comparison. 
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Rietveld analyses were again performed on the XRD data to estimate amounts of the two 

phases present in the nanocomposites (Figure A-S5).  The results are presented in Figure A-S7, 

and additional details are contained Table A-S1 (Supporting Information). Interestingly, the 

agreement between what is expected and what was actually found (from Rietveld analyses), was 

not quite as satisfactory as in the CuO/CuBi2O4 cases discussed earlier. The discrepancy is 

particularly severe in the CuBi2O4 phase assay (see Figure A-S7 and Table A-S1). This variant 

behavior in the two nanocomposite cases could be accommodated by contamination with other (as 

yet unidentified) minority phases beyond just the two phases assumed for these analyses in the α-

Bi2O3/CuBi2O4 cases. An SEM image (Figure 3-7a) of the nanocomposite, α-Bi2O3/CuBi2O4 

(Cu/Bi = 1:10), showed irregular lumps of particles; this is believed to be due to the high 

temperature annealing. As the particles were large, it was difficult to see the size distribution in 

the TEM images. However, the HR-TEM data showed lattice fringes with d-spacings of 0.300 nm 

and 0.324 nm corresponding to the CuBi2O4 (220) and α-Bi2O3 (120) planes, respectively (Figures 

3-7b and c).  

The average crystallite sizes and BET surface areas of composites are presented in Table 3-

5. The CuO/CuBi2O4 composites had two distinct crystallite sizes, one stemming from the 

CuBi2O4 phase and another from CuO. The CuO crystallites were lower in size (~ 25 nm) than 

CuBi2O4 (~ 40 nm). On the other hand, Bi2O3 (40 nm) formed as larger crystallites than CuBi2O4 

(~30 nm) in the Bi2O3/CuBi2O4 nanocomposites.   

 

 

 

 

CuBi2O4 
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Figure 3-7.  Representative microscopy data on α-Bi2O3/CuBi2O4 nanocomposite (Cu:Bi = 1:10): 

(a) SEM image (b and c) HR-TEM image showing lattice spacings in the α-Bi2O3 and CuBi2O4 

phases respectively. The insets in frames b and c show the corresponding numerical FFT 

patterns. 
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Table 3-5. Average Crystallite Size of CuO/CuBi2O4 and α-Bi2O3/CuBi2O4 Composites 

Annealed at 600 °C 

sample identification 
BET Surface area 

(m
2

g-1) 

average crystallite size 

from CuBi2O4 peaks 

(nm) 

average crystallite 

size from CuO or 

Bi2O3 peaks (nm) 

CuO/ CuBi2O4 (5:1) 3.2 36 ± 2 23 ± 2 

CuO/ CuBi2O4 (10:1) 2.5 38 ± 3 24 ± 1 

CuO/ CuBi2O4 (10:1) 2.4 38 ± 4 23 ± 1 

α-Bi2O3/CuBi2O4 (1:5) 0.7 28 ± 3 41 ± 2 

α-Bi2O3/CuBi2O4 (1:10) 0.8 26 ± 2 38 ± 2 

α-Bi2O3/CuBi2O4 (1:15) 0.6 31 ± 2          39±2 

a. These values are only approximate since N2-based BET model analyses are not reliable below 5 m2g-1, c.f., 

Ref. 41.  

 

3.3.3 Optical Properties 

Optical properties of the various powder samples were measured using UV-visible diffuse 

reflectance spectroscopy. Figure 3-8a,b shows Tauc plots for CuBi2O4; both direct and indirect 

optical transitions could be discerned.  The direct bandgap was estimated as 1.84 ± 0.01 eV while 

the indirect bandgap was located at 1.42 ± 0.02 eV.  Figure 3-10c,d shows the variation of bandgap 

and absorbance with the addition of CuO and α-Bi2O3 respectively to the parent ternary compound. 

As the CuO percentage increased, the bandgap shifted towards the bandgap of CuO (1.46 eV) 

while α-Bi2O3 addition increased the bandgap of composites toward the higher value (2.65 eV) 

characteristic of α-Bi2O3. Table 3-6 compares the present sets of values with those reported in the 

literature.   
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Figure 3-8. Tauc plots showing (a) direct band gap (b) indirect bandgap of CuBi2O4 (c) direct 

bandgap changes for CuO/CuBi2O4 nanocomposites (d) direct bandgap changes for α-

Bi2O3/CuBi2O4 nanocomposites.  Tauc plots for pure CuO and α-Bi2O3 are also included for 

comparison in frames c and d respectively.  See also Table 6. The inset in frame ‘a’ contains a 

representative spectrum. 
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Table 3-6. Bandgaps of Solution Combustion-Synthesized CuBi2O4 and Its 

Nanocomposites with CuO and α-Bi2O3 along with Literature-Reported Values 

method of 

preparation 

sample bandgap (eV) mode of 

transition 

method of 

determination 

ref 

solution 

combustion 

synthesis 

CuBi2O4 1.85 

1.42 

direct  

indirect 

Tauc plot from 

DRS 

this 

study 

CuO 1.45 direct 

CuO/CuBi2O4 1.54 (Cu:Bi = 5:1) 

1.50 (Cu:Bi = 10:1) 

1.48 (Cu:Bi = 15:1) 

direct 

α-Bi2O3 2.85 direct 

α-Bi2O3/CuBi2O4 1.88 (Cu:Bi = 1:5) 

1.92 (Cu:Bi = 1:10) 

1.93 (Cu:Bi = 1:15) 

direct 

electrodeposition CuBi2O4 1.8 - absorption edge 16 

solid-state 

reaction 

1.30 indirect Tauc plot from 

DRS 

17 

hydrothermal 1.75 - absorption edge 22 

electrodeposition 1.80 direct Tauc plot from 

DRS 

24 

solution 

precipitation 

1.74 direct  Tauc plot from 

DRS 

25 

electrodeposition 1.60 indirect Tauc plot from 

DRS 

31 

drop-casting 1.8 - absorption edge 34 

electrochemical       CuO 1.38 – 1.56 direct Tauc plot from 

DRS 

43 

solution 

precipitation 

    α-Bi2O3  2.68 indirect Tauc plot from 

DRS 

44 
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3.3.4 Photoelectrochemical Properties 

Figure 3-9a shows chopped (light/dark) linear sweep voltammetry (LSV) scans for CuBi2O4, 

CuO, and CuO/CuBi2O4 (Cu/Bi = 15 : 1) with N2 bubbling. The photocurrent polarity was cathodic 

consistent with the fact that all the compounds as synthesized behaved as p-type semiconductors. 

Disappointingly, the photocurrent density for pure CuBi2O4 was low compared to pure CuO. 

However, one of the nanocomposites (CuO/CuBi2O4, Cu/Bi = 15:1) showed improved 

photocurrent response than the parent oxides. Data on the other two nanocomposite CuO/CuBi2O4 

samples are included for comparison in Figure A-S8. The shapes of the photovoltammograms are 

more complex than those typically observed for single crystal samples and can be attributed to the 

many more carrier recombination pathways available for nanocrystalline samples such as those 

considered in Figure 3-9.  Also worthy of note is the peaked (rather than plateau) photoresponse 

for some of the nanocomposite samples (e.g., the “15:1” CuO/CuBi2O4 sample in Figures 3-9a and 

A-S8). The improved photoactivity of the CuO/CuBi2O4 samples (relative to CuBi2O4) is in line 

with the trends observed for corresponding nanocomposite samples prepared by other methods in 

two recent studies.25,26   

On the other hand, the Bi2O3/CuBi2O4 nanocomposite sample only marginally outperformed 

both the α-Bi2O3 and CuBi2O4 samples (Figure 3-9b). However, in this case, it was the 1:10 

composition that was optimal. The photocurrents were also markedly more spiked than in the cases 

shown in Figure 3-9a. Figure A-S9 contains the data counterparts of Figure A-S8 for the three α-

Bi2O3/CuBi2O4 samples.  The photocurrent onset potentials were also more positive than in the 

samples in Figure 3-9a. 
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Figure 3-9. Chopped (light/dark) linear sweep voltammetry scans for (a) CuBi2O4 along with CuO 

and optimized CuO/CuBi2O4 nanocomposite (b) CuBi2O4 along with α-Bi2O3 and optimized α-

Bi2O3/CuBi2O4. The photovoltammograms were run in 0.1 M Na2SO4 electrolyte with a potential 

scan rate of 1 mVs-1 with N2 bubbling.  

 

These trends are rationalizable in terms of energy band diagrams.  An energy band diagram for 

CuO/CuBi2O4 (Figure 3-10a) supports the transfer of electrons from the CuBi2O4 conduction band 

to the CuO conduction band due to the difference of band energy positions.  Similarly, the 

photogenerated holes can transfer to the valence band of CuO from the valence band of CuBi2O4. 

The net result is amelioration of carrier accumulation in the CuBi2O4 phase, lowered carrier 

recombination, and a higher photocurrent.  On the other hand, the band alignments are such that 

in the α-Bi2O3/CuBi2O4 nanocomposite case (Figure 3-10b), there should be facile carrier 

recombination. This is indeed what is observed (compare Figures 3-9a and b). In general, the 

presented band edge alignments in Figure 3-10 are in good agreement with data on CuO/CuBi2O4 

heterojunctions derived from other synthesis methodologies.25,26 

b 
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We presume in all the cases that the cathodic photocurrent results in the reduction of protons at 

the interface although no attempt was made to identify the product (H2). Note also that the nitrogen 

purge ensured that dioxygen reduction was not a factor in these experiments. 

 

 

Figure 3-10. Energy band diagrams and vectorial charge transfer for (a) CuO/CuBi2O4 (b) α-

Bi2O3/CuBi2O4. 

 

Figure 3-11 shows the photoaction spectra, for the various metal-oxide coated electrodes in 

this study, in CO2 saturated NaHCO3. In all cases, the bandgap of the materials was estimated by 

fitting the cut-off region with a straight-line segment and extrapolating it to the wavelength axis. 

The photoactivity of pristine CuBi2O4 stretched into the visible region of the spectrum. A bandgap 

value of 2.08 eV was determined for CuBi2O4, in reasonable agreement with the 1.84 eV value 

obtained from DRS measurements (see above and Table 3-6) especially considering the rather 

severe kinetics barriers associated with the CO2 reduction reaction.5 By altering the SCS condition 

to form excess CuO, the overall light harvesting performance of the nanocomposite sample clearly 

increases to a broader spectral range. The enhanced visible light absorbance results in a bandgap 
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value of 1.41 eV, in excellent agreement with both the 1.45 eV value determined from optical 

measurements and values reported in the literature (Table 3-6).  

 

Figure 3-11. Photoaction spectra for CuBi2O4, CuBi2O4/CuO (Cu:Bi = 15:1) and CuBi2O4/Bi2O3 

(Cu:Bi = 1:10) samples in 0.5 M NaHCO3 saturated with CO2 at E = -0.3 V, ∆λ = 10 nm. For better 

visualization, the inset shows a magnified portion of the original curve for two of the samples. 

 

Interestingly, with the SCS conditions favoring the formation of Bi2O3-rich material, the 

behavior attributable only to the α-Bi2O3 portion of the sample can be clearly distinguished by 

breaks (discontinuities) in the spectra in Figure 3-11. Thus, the fitting in the low-wavelength 

region, resulted in a bandgap of 3.54 eV which is higher than the 2.85 eV value for Bi2O3 (Table 

3-6). It is tempting to attribute this discrepancy to the same factor seen earlier; namely, sample 

contamination with other minority phases. 

Finally, the photoaction spectral data in Figure 3-11 demonstrate that these samples have 

activity attributable not only to the hydrogen evolution reaction (HER) but also toward CO2 
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reduction, although the reaction products have not been explicitly identified in the two cases yet. 

Note also that the trend between the relative photoactivity of the CuBi2O4 and CuBi2O4/Bi2O3 samples 

is reversed in Figures 3-9b and 3-11. However, this can be rationalized by the fact that the electrolytic 

media (and thus the photoreactions) are different in the two sets of PEC experiments related to Figures 

3-9b and 3-11. 

3.4 CONCLUDING REMARKS 

This study demonstrates that solution combustion synthesis (SCS) can be added to the library 

of methods for preparing p-CuBi2O4.  Importantly, however, simple tuning of the SCS precursor 

mixture composition enables ready synthesis of a range of nanocomposites from CuO at one end 

to α-Bi2O3 at the other. We have shown in this study that the nanocomposite electrode 

outperformed the pure CuBi2O4 albeit to varying degrees for Bi2O3 and CuO. More importantly, 

the enhancement in the PEC behavior is not a simple sum of the activity of the individual 

components. The enhanced charge carrier separation seen here was a synergetic effect, facilitated 

by proper alignment of the band edge positions. Further efforts aimed at improving the electronic 

and morphological characteristics of the samples for applications related to solar water splitting or 

CO2 photoreduction are in progress. 
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CHAPTER 4 

 

RAPID ONE-POT SYNTHESIS AND PHOTOELECTROCHEMICAL PROPERTIES OF 

COPPER VANADATES 

 

Used with permission from Hossain, M. K.; Sotelo, P.; Sarker, H. P.; Galante, M. T.; Kormányos, 

A.; Longo, C.; Macaluso, R. T.; Huda, M. N.; Janáky, C.; Rajeshwar, K. ACS Appl. Energy Mater., 

2019, 2, 2837–2847. Copyright © 2019 American Chemical Society 

https://doi.org/10.1021/acsaem.9b00179 

 

ABSTRACT 

Solution combustion synthesis (SCS) is shown to be versatile for the rapid one-pot synthesis of 

three compounds and four polymorphs in the Cu-V-O ternary family: α-CuV2O6, α- and β-

Cu2V2O7, and γ-Cu3V2O8. These compounds feature copper: vanadium stoichiometric ratios 

ranging from 1:1 to 3:1; their structural, electronic, optoelectronic, and photoelectrochemical 

attributes were comprehensively characterized by a combination of theoretical and experimental 

techniques. The main contribution of the present study is the demonstration that a range of 

stoichiometries in this compound family can be derived simply by tuning the precursor mole ratio 

in the SCS procedure. The Cu-V-O family of samples, derived by SCS, is shown to exemplify the 

strong effect of compound stoichiometry on the optoelectronic and photoelectrochemical 

properties. Overall, α-CuV2O6 showed the best performance, rooted in the direct nature of the 

optical transition in this material. Finally, SCS is very time-efficient and the various compositions 

can be obtained in a matter of minutes, as opposed to hours or even days in classical solution-

based or ceramic synthesis routes. 

 

https://doi.org/10.1021/acsaem.9b00179
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4.1 INTRODUCTION 

We show in this paper that solution combustion synthesis (SCS)1-5 is versatile for preparing 

various compound stoichiometries within the Cu-V-O ternary family simply by varying the 

copper/vanadium mole ratio in a “one-pot” precursor mixture. Trends in the materials chemistry 

properties and photoelectrochemical (PEC) activity6,7 are presented as are corresponding trends 

in polymorphic modifications and electronic band structures. The stoichiometries of the various 

compounds in this family may be visualized8 in terms of the CuO/V2O5 combining ratio in the 

ultimate ternary composition, as shown in the second column in Table 4-1. 

Table 4-1. Synthetic Methods for Copper Vanadates 
 

oxide 

composition 

CuO: 

V2O5 
polymorph 

mineral name 

(crystal structure) 
synthesis method ref 

CuV2O6 1:1 

 

α-CuV2O6 

 

- 

(triclinic) 

ceramic method 

drop-casting 

ink-jet printing 

sol-gel 

electrospray 

hydrothermal 

9 

10 

11 

12,13 

14 

15 

Cu2V2O7 2:1 

 

α- Cu2V2O7 

 

 

blossite 

(orthorhombic) 

ceramic method 

magnetron co-sputtering 

inkjet-printing 

9 

16 

11 

β- Cu2V2O7 

 

ziesite 

(monoclinic) 

ceramic method 

flux growth method 

drop-casting 

magnetron co-sputtering 

ink-jet printing 

electrospray 

9 

17 

10 

16 

11 

14 

 

γ- Cu2V2O7 

 

- 

(triclinic) 
ceramic method 18,19 
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Cu3V2O8 3:1 

 

β- Cu3V2O8 

 

pseudolynsite 

(monoclinic) 

ceramic method 

solution precipitation 

20 

21-24 

 

γ- Cu3V2O8 

 

mcbirneyite 

(triclinic) 

ceramic method 

magnetron co-sputtering 

20 

16,25 

Cu11V6O26 11:3 Cu11V6O26 

fingerite 

(triclinic) 

electrochemical approach 

magnetron co-sputtering 

26 

16 

Cu5V2O10 5:1 Cu5V2O10 
stoiberite 

(monoclinic) 

ceramic method 

inkjet-printing 

9 

11 

CuV2O6, Cu2V2O7, Cu3V2O8 solution combustion synthesis 
this 

study 

 

The combination of a narrow energy bandgap (in the ~2 eV range) and excellent stability 

against photocorrosion has thrust copper vanadates into the forefront of emerging photoanode 

materials for solar fuels generation.10-12,14,16,25-29
 In the continuing search for a magic bullet 

semiconductor material, it is imperative that the synthesis technique is time-efficient. Otherwise, 

materials screening is bound to be inefficient and cost-ineffective from a practical standpoint. In 

this vein, this study seeks to demonstrate the virtues of SCS as a screening tool to generate a series 

of compounds with progressively-tuned stoichiometries from a single “pot”. Interest in the 

structural aspects of Cu-V-O materials appears to have begun in 1958;30
 this early study identified 

stoichiometries ranging from 1:1 to 5:1 within the system. Notably, the 4:1 stoichiometry was 

missing from a subsequently reported phase diagram,31
 and, accordingly, previous authors were 

unable to prepare Cu4V2O9 (see ref 32 and references therein). Other than the PEC applications of 

immediate interest within the present study context, copper vanadates are also of technological 

interest as lithium-intercalating battery cathodes9,13,15,23,33,34 (or even anodes35), thermal 
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batteries,9,36
 unique magnetic materials,16,17,20,37-39

 flame retardants,40 photocatalysts for 

environmental remediation,21,23 or as catalysts in solar thermochemical water splitting cycles.41-43 

Polymorphic transformations have been of interest right from the early history of study of the 

Cu-V-O family to the present.18,19,32,44-48 Thus, Cu2V2O7 features three polymorphs, α-, β-, and γ- 

whose thermal interconversions have been studied18
 by the combined use of X-ray diffraction 

(XRD) and thermal analysis (specifically, differential thermal analysis or DTA). Similar studies 

have been performed on phase transitions in Cu3V2O8, where again three modifications were 

reported.44
 Single crystals of α-CuV2O6 and the β- and γ-Cu2V2O7 phases have been grown by the 

flux growth method or in melts.17,38 A variety of polymorphs was also seen in studies employing 

high throughput combinatorial methodology11,16 on CuV2O6 (α-), Cu2V2O7 (α- and β), and Cu3V2O8 

(γ-). We were able to delineate the various polymorphs in our SCS samples using XRD (with 

Rietveld refinement) as a function of their thermal anneal history. The photoactivity of these 

polymorphs will be shown to depend crucially on the stoichiometry of the copper vanadates. 

Finally, experimental results on the four SCS-derived copper vanadates in this study (α- 

CuV2O6, α- and β-Cu2V2O7, and γ-Cu3V2O8) were corroborated by electronic band structure 

calculations. Precedent theoretical studies, involving density functional theory (DFT) or 

relativistic and ab initio calculations, are noted here for Cu2V2O7, Cu3V2O8, and 

Cu11V6O26.
16,27,39,47 In the Cu2V2O7 case, the electronic, structural, and magnetic properties of all 

three phases (α-, β-, and γ-) were mapped in the first-principles study.16 The electronic structures 

have been experimentally mapped via the use of X-ray absorption spectroscopy.25 The overlapping 

aspects of our new results with the corpus of literature information summarized in this introductory 

section, and also presented in Table 1, will be further elaborated in what follows below. 
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4.2 EXPERIMENTAL SECTION 

4.2.1 Materials. Copper nitrate hemi (pentahydrate) [Cu(NO3)22.5 H2O (Alfa Aesar)] and 

ammonium vanadate [NH4VO3 (Alfa Aesar)] were used as Cu and V source respectively. DL-

Malic acid [C6H4O5 (Alfa Aesar)] was used as fuel as well as complexing agent for vanadate ion 

in the solutions. Sodium tetraborate decahydrate [(Na2B4O710 H2O (Sigma Aldrich)] and boric 

acid (H3BO3) were used to prepare electrolyte solutions for PEC characterizations. Double-

distilled water (Corning Megapure) was used to prepare all the solutions. All the chemicals were 

used as received without further purification.  

4.2.2 Solution Combustion Synthesis. Stoichiometric amounts of precursors were calculated and 

are shown in eqs 1-3. 

3 Cu(NO3)2·2.5 H2O + 6 NH4VO3 + C4H6O5→3 CuV2O6(s) + 6 N2 (g) +4 CO2 (g) +22.5 H2O (g)                  (1) 

12 Cu(NO3)2·2.5 H2O + 12 NH4VO3 + 7 C4H6O5→6 Cu2V2O7(s) + 18 N2 (g) + 28 CO2 (g) + 75 H2O (g)       (2) 

3 Cu(NO3)2·2.5 H2O + 2 NH4VO3 + 2 C4H6O5→ Cu3V2O8(s) + 4 N2 (g) +8 CO2 (g) +17.5 H2O (g)                (3) 

 

A stoichiometric amount of copper nitrate was dissolved in water while stoichiometric proportions 

of ammonium vanadate and DL-malic acid (1:1 mole ratio) were dissolved in water. Then, the two 

solutions were mixed together with continuous stirring leading to the homogeneous precursor 

solution with a final concentration listed in Table 4-2. The precursor mixtures were then transferred 

to a preheated muffle furnace set at a temperature of ~ 300 °C (Figure 4-1). The precursor mixture 

was first dehydrated and brought to ignition; finally sintering of the sample set in. It took 5-10 min 

to complete the reaction; the product at this stage is termed “as-synthesized” in what follows. The 

as-synthesized samples were then annealed at different temperatures, both to remove remaining 

organic traces and to secure improved crystallinity. 
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Table 4-2. Concentration of Precursor Mixtures for Different Copper Vanadates 

targeted ternary oxide 

composition 

concentration in precursor mixtures 

[Cu(NO3)22.5 H2O] [NH4VO3] [C6H4O5] 

CuV2O6 0.25 M 0.50 M 0.75 M 

Cu2V2O7 0.50 M 0.50 M 1.0 M 

Cu3V2O8 0.75 M 0.50 M 1.25 M 

 

 

 

 

 

Figure 4-1. Schematic diagram of the solution combustion synthesis process. Refer to refs. 1-4 

for further details. 
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4.2.3 Physical Characterizations. To study the combustion pattern of the precursor mixture, a 

simulation of combustion reactions was performed using thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) analysis in a TA Instruments-Q600 instrument using an 

alumina crucible. Approximately 20 mg of precursor mixture was loaded in the crucible and heated 

from room temperature to 800 C with 5 C/min ramp under a constant air flow of 100 ml/min. 

Powder XRD data were collected at room temperature on a PANalytical Empyrean powder 

diffractometer equipped with Cu Kα radiation, a Bragg–Brentano HD optical module and a 

position-sensitive PIXcel 3D detector. The angular range covered was 2θ = 10-70° and a step size 

of Δ2θ = 0.008° was used. Rietveld refinement of XRD patterns was carried out using X’Pert 

Highscore Plus49
 software package employing a pseudo-Voigt function. 

Scanning electron microscopy (SEM) images and energy-dispersive X-ray spectroscopy (EDX) 

were performed on a Hitachi-S3000 instrument. Optical analyses of the bulk powder samples were 

performed on a Perkin-Elmer Lambda 35 UV-vis spectrophotometer equipped with an integrating 

sphere over the range of 400-1000 nm. The Kubelka-Munk transformation (eq 4) was applied to 

transform diffuse reflectance (R) to absorption coefficient, 𝛼50 

𝐹(𝑅) =  
𝛼

𝑠
=  

(1 − 𝑅∞)2

2 𝑅∞
                                                                                     (4) 

Energy bandgaps were estimated using the Tauc plot based on eq 550 

ℎ𝜈 = 𝛼(ℎ𝜈 − 𝐸𝑔)𝑛                                                                                                (5) 

Here, Eg denotes the bandgap and n represents the mode of transition, i.e., n = 1/2 for direct 

transition and n = 2 for indirect transition. 
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4.2.4 Electrode Preparation and Photoelectrochemical Measurements. Electrodes of the 

various samples were prepared from bulk powder using spray-coating. Details of the preparation 

can be found elsewhere.51 The photoelectrochemical (PEC) measurements were performed in a 

classical one-compartment, three-electrode electrochemical cell (CH Instruments, Model 

CHI720C). A Ag/AgCl/4M KCl electrode was used as the reference and a Pt wire was used as the 

counterelectrode. All potentials in this study are reported versus the reversible hydrogen electrode 

according to eq 6.  

ERHE = EAg/AgCl + 0.0591pH +  EAg/AgCl(4 M KCl)
0             (6) 

EAg/AgCl(4 M KCl)
0 = 0.1976 V vs NHE at 25 °C 

 A 400 W Xe-arc lamp (Newport) was used as the radiation source equipped with an IR filter. 

The incident light was adjusted to 1 Sun (100 mW/cm2) at the surface of working electrode using 

a calibrated Si reference cell (Oriel). Photocurrent measurements were performed in 0.1 M borate 

buffer (pH 9.2) (in some cases with addition of 0.1 M Na2SO3) with potential scan at 1 mVs-1 

sweep rate. 

 

Photoelectrochemical electrode stability tests employed chronoamperometric measurements at 

a fixed potential for 2 h. The irradiation was blocked after each 30 min for a few seconds to confirm 

that dark current remained negligible. ICP-AES analysis of the electrolyte solution after the 

photostability experiment was performed using a Shimadzu ICPE-9000 instrument. 

4.2.5 Kelvin-Probe Microscopy and Surface Photovoltage Spectroscopy. Measurements were 

performed using a KP Technology APS04 K-probe instrument. First, the Fermi level (EF) of the 2 

mm in diameter gold alloy-coated tip was determined by measuring the Fermi level of a silver 

reference target (EF, Au tip = −4.73 eV). Thin films identical to those investigated in the PEC 
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experiments were studied. The tip was vibrated over the sample surface at a fixed height (∼1 mm) 

and amplitude (0.2 mm), with a constant frequency (70 Hz). Contact potential difference (CPD) 

was measured between the sample and the Kelvin probe tip after electrical equilibrium was 

reached. Surface photovoltage spectroscopy (SPV) data were recorded under ambient conditions. 

The vibrating Kelvin-probe tip functioned as the reference electrode. The samples were 

illuminated with a 150 W quartz halogen lamp (Fiber-Lite DC950) which was coupled to a 

monochromator. 

4.2.6 Computational Methodology. The present calculations were performed using the density 

functional theory (DFT)52,53 as implemented in the Vienna ab initio simulation package 

(VASP).54,55 Exchange and correlation were treated through the generalized gradient 

approximation (GGA) formalized by Perdew-Burke-Ernzerhof (PBE).56 The projector augmented 

plane wave (PAW) method57 was used to treat the core electrons.  The Monkhorst-Pack (MP) 

scheme was used to generate the k-points grid. In the present calculations, a 9×9×5 k-point mesh 

for α-Cu2V2O7, a 9×9×7 k-point mesh for β-Cu2V2O7 and γ-Cu3V2O8, and a 9×7×5 k-point mesh 

for α-CuV2O6 were used respectively for cell relaxation which gave well-converged results. A 

plane wave kinetic energy cutoff, Ecut of 500 eV for α-Cu2V2O7, 550 eV for β-Cu2V2O7, 600 eV 

for γ-Cu3V2O8 and α-CuV2O6 were used respectively throughout the calculations.  Effective U 

values (Ueff) of 3.1 eV and 5.0 eV were used for the strongly correlated d electrons of V and Cu 

respectively. The visualization software, VESTA was used to visualize and analyze the crystal 

structure.58 
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4.3 RESULTS AND DISCUSSION 

Malic acid served as both fuel and chelating agent in the precursor mixture for SCS. A possible 

mechanism of complexation can be inferred from earlier reports.59,60 In this scheme, Cu(NO3)2 

and NH4VO3 dissolved in the solution by forming their respective ions (eqs 7-8). Malic acid (MA) 

served as a chelating agent for these metal ions leading to the formation of a polymeric complex 

network (eq 9). 

Cu(NO3)2 → Cu2+ + 2NO3
−                                                                   (7) 

NH4VO3 → NH4
+ + VO3

−                                                                         (8) 

Cu2+ MA + VO3
− MA →  Cu2+ MA VO3

− MA          (9)  

Once the ignition temperature was attained, combustion of MA led to thermal breakdown of the 

complex and culminated in oxide formation. The SCS process can be simulated61,62 by heating the 

precursor mixture in a TGA/DSC analysis environment; Figure 4-2 contains the TGA and DSC 

results for the formation of CuV2O6.  

 

Figure 4-2. Simulation of solution combustion synthesis using TGA/DSC analysis for CuV2O6. 
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The TGA/DSC trace can be divided into four distinct regions: (a) evaporation of water (b) 

complexation of ions (see above) and removal of hydrated water (c) ignition and combustion and, 

(d) removal of any carbonaceous remnant as well as product anneal. The first step was dehydration, 

which is an endothermic process and reflected in the DSC trace as a peak with negative heat flow. 

Once all the water evaporated, further heating caused removal of hydrated water and ionization-

complexation of the precursor mixture which was then ignited (Region c) with a positive heat flow 

peak in DSC trace. In the case of CuV2O6, the ignition temperature appeared at ~280 °C. As the 

combustion reaction took place only for a short time (a few min), the as-synthesized sample 

contained a mixture of amorphous and crystalline compounds which upon further heating yielded 

well-defined crystalline products (see below). 

The effect of different anneal temperatures on the as-synthesized CuV2O6 sample is presented 

in the XRD data in Figure 4-3a. Annealing at 550 °C showed a well-defined triclinic α-CuV2O6 

phase along with the minority phase, α-Cu2V2O7. Increasing the anneal temperature to 600 °C 

resulted in a diminution of the α-Cu2V2O7 phase.  Further increasing the anneal temperature to 610 

°C led to the formation of another compound in admixture, assigned as β-CuV2O6. Synthesis of α-

CuV2O6 using electrospray and sol-gel methods also reported mixed phase oxides14,15 presumably 

arising from their similar thermal history.  

On the other hand, Cu2V2O7 crystallized in two stable polymorphs, namely, low temperature 

β-Cu2V2O7 (zeisite) and high temperature α-Cu2V2O7 (blossite) as shown in Figure 4-3b.  Notably, 

these phases were pure unlike in the CuV2O6 case above. Thermal anneal at 500 °C for 1 h yielded 

a high purity β-polymorph which started transforming to α-polymorph at higher temperatures; 

complete transformation occurred at 610 °C. These observations on the SCS samples are consistent 
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with earlier reports on Cu-V-O samples synthesized by other methods, which showed the β to α 

transition at 605-610 °C.19 

 

Figure 4-3. XRD-patterns of as-synthesized samples (a) CuV2O6 (b) Cu2V2O7, (c) Cu3V2O8 and 

(d) phase compositions from Rietveld refinement. In panels a-c, the minority components are 

marked with dashed lines.  

 

The SCS of Cu3V2O8 showed behavior contrasting the other two compounds with lower Cu 

content. The as-synthesized sample showed mostly the crystalline phase of γ-Cu3V2O8 along with 

zeisite (β-Cu2V2O7) (Figure 4-3c).  Although we expected the formation of the low temperature 

c d 

a b 

550 °C 

600 °C 

610 °C 
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polymorph, β-Cu3V2O8 (pseudolynsite),44 the formation of the high temperature modification, γ-

Cu3V2O8 was presumably favored by the SCS environment. Once we annealed the as-synthesized 

sample, zeisite (β-Cu2V2O7) transformed to blossite (α-Cu2V2O7). At 550 C for 1h, γ-Cu3V2O8 

co-existed with both α and β- Cu2V2O7 while at 600 C, complete conversion of β-Cu2V2O7 to α-

Cu2V2O7 occurred.  However, Cu2V2O7 was always present in admixture with γ-Cu3V2O8, a trend 

which also corroborates previous reports which show that γ-Cu3V2O8 cannot be found as a single 

pure phase.25 

Rietveld refinement was used to determine the crystal systems, unit cell parameters (Table B-

S1) and compositions of different phases present in the SCS sample. Figure B-S1 represents the 

refinement of four compounds. For α-CuV2O6, the XRD pattern of the sample annealed at 600 C 

was employed for the refinement while the XRD pattern of γ-Cu3V2O8 at 610 °C was used for 

refinement. More details on the refinement results are presented in Table B-S2. 

Briefly, Rietveld refinements of the XRD data for the different copper vanadate samples 

indicated that in the case of α-CuV2O6, there was a minority phase of α-Cu2V2O7 of ~6.7%. 

Similarly, β-Cu2V2O7 showed two minority phases- α-Cu2V2O7 and α-CuV2O6 to the extent of 

~3.0% and ~6.5% respectively along with the major phase β-Cu2V2O7. The γ-Cu3V2O8 sample 

also consisted of two minor phases, α-Cu2V2O7 (6.1%) and Cu11V6O26 (7.0%).  Figure 4-3d shows 

the phase composition for the four SCS samples.  Morphological characteristics of the annealed 

samples are presented in Figure B-S2; elemental analyses (via EDX) are contained in Figure B-S3 

and Table B-S3.  

Turning next to optical properties of the SCS samples, a structural analysis of the four copper 

vanadates was performed as a prelude to the DFT calculations. Figure 4-4 contains the structures 

on the left side panels. α-CuV2O6 consists of CuO6 and VO6 octahedral layers (Figure 4-4a), while 
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the crystal structures of α-Cu2V2O7 and β-Cu2V2O7 (Figures 4-4b, c) both share a common feature 

of CuO5 square pyramids connected by V2O7 (dimerization of two VO4 tetrahedra). On the other 

hand, γ-Cu3V2O8 (Figure 4-4d) contains a network of two types of Cu motifs: CuO5 square-

pyramids and CuO4 square-planar units that are cross-linked by VO4 tetrahedra.  Similar structures 

may be found for α-, β-, and γ-Cu2V2O7 in ref 37 and for α-CuV2O6, β -Cu2V2O7, γ-Cu3V2O8, and 

Cu11V6O26 in ref 16. 

The electronic band structures and the partial density of states (PDOS), as estimated using the 

DFT + U method, are shown in Figure 4-4 (right-hand panels, e-h)  for the four different copper 

vanadates (i.e., α-CuV2O6, α-Cu2V2O7, β-Cu2V2O7, and γ-Cu3V2O8 respectively). Because the 

focus in this study was optical (rather than magnetic), no magnetic ordering was considered here 

unlike in the two precedent theoretical studies. As shown in the PDOS plots, all four phases have 

the V 3d states at the conduction band minima and the valence band maxima is mostly O 2p and 

Cu 3d states and they are strongly hybridized near the Fermi level.  Furthermore, the Fermi level 

is dominated by O 2p states for α-CuV2O6, β-Cu2V2O7, and γ-Cu3V2O8 while Cu 3d states are the 

dominant contribution at the Fermi level for α-Cu2V2O7. These conclusions are in broad accord 

with the previous theoretical studies.16,39,47 

For α-CuV2O6 and γ-Cu3V2O8, the bands were dispersive throughout all high symmetry points. 

For α-Cu2V2O7, the conduction band was less dispersive along the Y→T→Z direction and along 

A1→Y direction, both conduction and valance bands were less dispersive indicating the effective 

masses of the electrons and holes. For β-Cu2V2O7, both conduction and valence bands were flat 

along the X→Y1→H1 direction which also indicates that the carriers are “heavy.” For all the 

copper vanadates studied, the valence band was composed of Cu 3d and O 2p and the conduction 

band was mostly V 3d states. Because the d-d transition is forbidden, the transition is predicted to 
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occur from occupied O 2p to unoccupied V 3d states. It is worth noting here that among other 

copper vanadates α-CuV2O6 would be a prominent photoabsorber because of its direct bandgap 

and dispersed band on both valence band maxima and conduction band minima. 

All the copper vanadates in this study showed indirect bandgaps except α-CuV2O6. The 

calculated indirect band gap values for α-Cu2V2O7, β-Cu2V2O7, and γ-Cu3V2O8 were 2.12, 2.28, 

and 2.11 eV, respectively, whereas the direct band gap value for α-CuV2O6 was 1.89 eV.  Diffuse 

reflectance spectroscopy was employed to experimentally determine the absorbance coefficient of 

these oxides (c.f., Figure B-S4). While all the SCS samples strongly absorbed visible radiation, 

weak absorbance was detected below the absorption cutoff. Similar behavior was also found in the 

previous reports.25,26 The reason for the weak absorption is believed to be due to the on-site 

excitation of d-shell electrons into the half-filled Cu 𝑑𝑥2−𝑦2 orbitals of Cu2+.25  
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Figure 4-4. Chemical structures (panels a-d) and electronic band structures and density of states 

(DOS) (panels e-h) for α-CuV2O6 (a, e), α-Cu2V2O7 (b, f), β-Cu2V2O7 (c, g) and γ-Cu3V2O8 (d, 

h). The unit cells are shown on panels a-d as dashed lines. 
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Table 4-3. Experimental and calculated bandgap valuesa along with literature data. 

oxide EF / eV theoretical 

bandgap (ev) 

experimental bandgap (ev) reported 

experimental 

bandgap  

refs 

DRS SPS 

α-CuV2O6 -4.91 1.89 (direct) 2.09 (direct) 

2.07 

1.76 1.96 10,12 

α-Cu2V2O7 -4.93 2.12 2.13 1.86 1.9 ± 0.1 16 

β-Cu2V2O7 -4.85 2.28 2.22 1.94 2.0 ± 0.2 10,16 

γ-Cu3V2O8 -4.89 2.11 2.18 1.73 1.8 ± 0.1 16,25 

aAll the optical transitions are indirect unless otherwise noted. 

 

Previous theoretical and experimental studies suggested that all these oxides have indirect 

bandgaps.16,25 However, α-CuV2O6 showed a direct transition in our theoretical study (see above) 

although the difference between indirect and direct bandgaps was very low (0.02 eV). Table 4-3 

shows a comparison among the theoretical and experimental bandgaps along with the reported 

literature bandgaps.  Clearly, our experimental bandgaps agree well with theoretically derived 

values as well as reported data in the literature on samples synthesized by other methods. The 

systematic discrepancy between the values derived from DRS and SPS (fourth and fifth columns 

in Table 4-3) will be addressed later. 

The PEC activity of the four SCS-derived copper vanadate samples were evaluated using linear 

sweep voltammetry scan under chopped irradiation (Figure 4-5a). Sodium borate buffer (0.1 M, 

pH ~9.2) was used as electrolyte due to improved stability of electrodes as suggested by previous 

reports.22,25 Linear sweep voltammograms were obtained sweeping the potentials from open circuit 

potential (OCP) to the positive directions.  All four copper vanadates showed n-type photoactivity 

(positive photocurrents under reverse bias). Photocurrent onset potentials were found as ~0.8 V vs 

RHE for all four copper vanadates. However, photocurrents were very low initially and slowly 
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increased up to 1.0 V vs RHE.  Beyond this value, the photocurrents increased gradually with 

applied positive bias and finally saturation of photocurrents was achieved.  

 

Figure 4-5.  Photovoltammogram under interrupted irradiation of the samples (a) in 0.1 M borate 

buffer solution (pH=9.2) (b) 0.1 M borate buffer solution with 0.1 M Na2SO3 (pH 9.2). All linear 

sweep voltammetry scans were performed under front side illumination with a scan rate of 1 mV/s. 

Inset of (b) shows an extended view at the onset potential.     

 

Photocurrents (in µA/cm2) at the thermodynamic oxidation potential of water (1.23 V vs 

RHE) were found to be 55, 30, 65, and 25 for α-CuV2O6, α-Cu2V2O7, β-Cu2V2O7, and γ-Cu3V2O8 

respectively. Admittedly, these photocurrents were quite low; however, some of these values (55 

µA/cm2 for α-CuV2O6 and 65 µA/cm2 for β-Cu2V2O7) are two-fold higher than the maximum 

reported photocurrent (25 µA/cm2 for α-CuV2O6 and 35 µA/cm2 for β-Cu2V2O7) under similar 

conditions.10 These improved photocurrents are attributed to better crystallinity of these SCS-

derived oxides as inferred from their XRD patterns. An alternative possibility is the presence of 

more oxygen vacancies in the samples, although this requires further experimental verification, 

beyond the scope of the present study.  

a b 
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Interestingly α-CuV2O6 showed very little photocurrent at low applied bias, however, the 

photocurrent increased drastically with applied bias more than 1.2 V vs RHE and attained a 

maximum value of ~400 µA/cm2 at 1.8 V vs RHE which is more than two folds compared to other 

copper vanadates. A previous study28 showed that surface states in Cu-rich vanadates are 

responsible for electron−hole recombination; this would be in line with the good performance 

noted here with the Cu-lean vanadate sample. However, the exceptional high photocurrent of α-

CuV2O6 can also be correlated with its electronic band structure (see Figure 4-4e) that shows a 

direct bandgap. 

Moreover, the coordination of Cu and V in α-CuV2O6(CuO6 and VO6 octahedra) are different 

from the other three copper vanadates (CuO5 square-pyramid and/or CuO4 square-planar and VO4 

tetrahedra) and hybridize differently. This structural nuance could contribute to a higher mobility 

of minority carriers through the α-CuV2O6 crystal lattice although a separate (solid-state transport) 

study (beyond the scope of this work) is required to validate this presumption. 

Because of the sluggish kinetics of these oxides to water oxidation, photocurrent onset 

potentials were obtained from sulfite (a kinetically fast hole acceptor) oxidation with the addition 

of 0.1 M Na2SO3 to the 0.1 M borate buffer; these data are shown in Figure 4-5b. The potentials 

were swept from a value, a little negative of the rest (open circuit) value in a positive direction to 

accurately record the photocurrent onset potentials (see inset in Figure 4-5b). The onset of 

photocurrents shifted toward more negative direction than water oxidation consistent with a 

previous report.10,22,25 The onset potentials were found to be 0.72, 0.70, 0.69, and 0.66 V vs RHE 

for α-CuV2O6, α-Cu2V2O7, β-Cu2V2O7, and γ-Cu3V2O8 respectively. Approximating these onset 

potentials as the flat-band potentials afford estimates of the EF levels of these oxides. As the 

conduction band is a few hundred millivolts more negative than the Fermi level,63 all these oxides 
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have conduction band minima in the range of 0.65-0.70 V vs RHE (Figure 4-6) in line with 

reported values.10,22,25  

 

 

 

Figure 4-6. Band-edge positions based on experimental photocurrent onsets for the four copper 

vanadate samples considered in this study. Purple dashed lines show Fermi levels derived from 

the contact potential difference measurement. 

 

Importantly, note that none of the copper vanadate samples in this study are 

thermodynamically capable of generating hydrogen from water. This is seen from the fact that the 

Fermi levels in all the cases lie positive of the hydrogen evolution potential (Figure 4-6).  On the 

other hand, the photogenerated holes in all the cases will have sufficient energy to oxidize water. 

The relative insensitivity of the band edge positions as a function of chemical composition in 

the Cu−V−O system deserves comment. Scrutiny of the conduction band edge position does reveal 

a slight but systematic shift with greater Cu/V ratio: 0.72, 0.70, 0.69, and 0.66 V versus RHE for 

α-CuV2O6, α-Cu2V2O7, β-Cu2V2O7, and γ-Cu3V2O8, respectively. On the other hand, the valence 

band edge of V2O5 is derived from O 2p orbitals and lies at ∼3.0 V versus NHE. On incorporation 

of Cu, Cu 3d9 hybridizes with O 2p and “lifts” the valence band edge to ∼2.6 V versus NHE. 
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However, the conduction band edges of both V2O5 and copper vanadates are made of V 3d orbitals 

and hence they lie in similar positions (0.5−0.6 V versus NHE). 

The optoelectronic properties were further investigated with Kelvin-probe measurements and 

surface photovoltage spectroscopy (Figure 4-7a,b). The EF of the various copper vanadate samples 

were estimated from their contact potential differences (CPD), Figure 4-7a. The purple dashed 

lines in Figure 4-6 show the corresponding EF for each oxide which lie close to the flat-band 

potential values, determined from the photovoltammograms (see Figure 4-5), as expected for 

reasonably-doped n-type semiconductors.  

 

 

Figure 4-7. Contact potential difference (CPD) (a) and surface photovoltage spectra (b) for the 

four copper vanadate samples. 

 

The wavelength-dependence of light driven charge separation was monitored by SPV 

measurements. All spectra show negative photovoltage values (Figure 4-7b), which can be 

associated with the transfer of electrons to the ITO layer.64 These data show (and corroborate the 

trends in Figure 4-5) that all samples behave as n-type semiconductors.64-66  The highest 

photovoltage was recorded in the case of the γ-Cu3V2O8 sample (≈ −130 mV). Interestingly, this 
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trend was not reflected by the photovoltammograms, where γ-Cu3V2O8 gave the lowest 

photocurrents. Since the buildup of photovoltage is connected to both charge separation and 

transport in the electrode bulk these data suggest that the reason behind the poor PEC performance 

is rooted in the sluggish water/sulfite oxidation kinetics on the surface.  

Bandgap values (EBG) were determined from the photovoltage onset on the SPV spectra (Table 

4-3). These are consistently lower than the values derived from our diffuse reflectance 

spectroscopy data, but much closer to those reported in the literature. These systematic differences 

are possibly linked to the higher sensitivity of SPV to sub-bandgap transitions67 and to the 

bandwidth of the monochromatic light (i.e., 40 nm). 

 

Figure 4-8. Chronoamperometric measurements of copper vanadates at 1.4 V vs RHE in 0.1 M 

sodium borate buffer (pH 9.2) with 100 mW/cm2 light intensity. 

 

Finally, the PEC stability of three SCS-derived copper vanadate samples with increasing Cu/V 

ratio, was compared (Figure 4-8). These chronoamperometric data pertain to a fixed potential of 

1.4 V versus RHE under 100 mW/cm2 irradiation. The photocurrent for the α-CuV2O6 sample 

decreased sharply at the beginning and ∼30% of the photocurrent loss took place during the first 
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30 min. After that time frame, the photocurrent appeared quite stable for at least another 2 h at 

which time the experiment was discontinued (black curve, Figure 4-8). On the other hand, the 

photocurrent for β-Cu2V2O7 showed a sharp fall during the first 5 min, then slowly decreased and 

∼20% of photocurrent was lost after 2 h (red curve, Figure 4-8). In contrast, photocurrent loss for 

γ-Cu3V2O8 was negligible after 2 h. 

Importantly, this study shows that a higher Cu/V ratio in the copper vanadate compositions 

renders better PEC stability for the corresponding oxide. We attribute the sharp loss of 

photocurrent for α-CuV2O6 to initial photoleaching of vanadium leaving behind a CuO layer on 

the surface.68 Thus, CuO acts as a passive layer for the film, suppressing further corrosion of 

vanadium from the bulk matrix.68 Accordingly, the V/Cu ratio in the electrolyte solution after the 

stability experiment was analyzed using ICP-AES which confirmed the presence of four-times 

higher V than Cu in the solution. This observation is entirely consistent with the stabilization 

mechanism proposed by previous authors.68 

4.4 CONCLUSIONS 

The main contribution of the present study and its differentiator from the considerable number 

of reports that have emerged on copper vanadates is the demonstration that a range of molar 

stoichiometries from 1:1 to 3:1 in this compound family can be derived simply by tuning the 

precursor mole ratio in the solution combustion synthesis procedure.  Importantly, SCS is very 

time-efficient and the various compositions can be obtained in a matter of minutes (as opposed to 

hours or even days in classical solution-based or ceramic synthesis routes, Table 4-1).  In this 

regard, SCS is eminently suited for incorporation into the high throughput screening methods16,27 

that have been deployed for the Cu-V-O family of n-type semiconductors. A secondary feature of 

this study is that it builds upon the corpus of structural, electronic, and optoelectronic body of 

information on copper vanadates, derived from a variety of synthetic procedures (c.f., Table 4-1).  
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While a number of attributes of these family of compounds are appealing from a solar fuels 

materials design perspective, their charge transport characteristics (limited by small-polaron 

hopping)69 certainly would need further optimization, beyond the scope of this particular study. 
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CHAPTER 5 

 

SUMMARY AND PERSPECTIVES 

 

Complex oxides (ternary and quaternary oxides and their composites) have emerged as 

promising alternatives to binary metal oxides for solar energy conversion and environmental 

remediation. However, it is no easy task to screen an enormous set of multinary oxides (8,000 

ternary and 700,000 quaternary combinations), and this warrants a time-efficient route of 

synthesis. In this dissertation, we demonstrated solution combustion synthesis as a time- and 

energy-efficient synthesis route for generating Cu-based complex oxides in the Cu-Bi-V-O system. 

Comparative PEC characterizations could also be carried out by synthesizing a family of 

compounds. 

Chapter 2 described a review on solution combustion synthesis for the preparation of complex 

oxide semiconductors. We showed that a diverse range of complex oxides can be prepared using 

SCS; this could be easily deployed to tune a range of materials parameters such as morphology, 

particle size, porosity and surface area, etc.  

In chapter 3, we demonstrated the solution combustion synthesis of binary CuO and α-Bi2O3 

as well as their ternary counterpart CuBi2O4 by utilizing two different fuels (urea and 

hexamethylenetertramine). A range of composites from CuO/CuBi2O4 to CuBi2O4/α-Bi2O3 as the 

end members were also successfully prepared. Rietveld refinement of the XRD patterns confirmed 

that the experimental compositions corresponded with theoretical expectations. The 

photoelectrochemical behavior of the composite samples showed improved photocurrent response 
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toward solar hydrogen generation than their parent oxide components. This performance 

enhancement was attributed to vectorial charge transfer across the composite heterojunction. 

Chapter 4 discussed the complexation-assisted rapid one-pot synthesis of four copper 

vanadates (α-CuV2O6, α/β-Cu2V2O7 and γ-Cu3V2O8) by tuning the mole ratio of Cu and V.  We 

hypothesized that the formation of heterobimetallic complex malate facilitated the formation of 

ternary oxides. Among the four copper vanadates, α-CuV2O6 demonstrated superior n-type 

semiconductor behavior toward solar PEC water splitting. This could be attributed to its unique 

crystal motifs as well as the direct nature of the optical transition from the valence band to the 

conduction band. However, further works are needed to more completely elucidate the 

complexation mechanism and tune the reaction parameters (e.g., pH, reactant concentrations, etc.) 

to get targeted compositions  

Another avenue for future work may entail the study of electrode-electrolyte behavior under 

dark/light conditions of different copper vanadates. This will provide answers to many surface-

related questions, such as carrier transport kinetics across the interface, surface states, and 

photostability, etc. Furthermore, doping of appropriate transition elements (e.g., W, Mo, Nb, and 

Ta) may be explored to “engineer” the electronic band structures of these semiconductors. In this 

way, a range of solid solutions can also be prepared.  

A final and very important aspect that deserves further scrutiny concerns the photochemical 

stability of the new-generation semiconductors generated in this dissertation. Practical application 

of these new families of semiconductor materials entails that they maintain their chemical and 

electrochemical stability over several hours. The addition of experimental tools such as 

electrochemical quartz crystal microgravimetry will undoubtedly aid in better understanding of the 

underlying corrosion mechanisms. Such mechanistic understanding will also contribute to more 
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effective performance optimization for practical technologies such as water splitting and pollution 

abatement.  
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APPENDIX A 

SUPPORTING INFORMATION FOR CHAPTER 3 

                               

 

Figure A-S1. TGA-DSC analysis of precursor mixture without fuel. Refer to the experimental 

section for sample preparation details. 

 

Figure A-S2. Rietveld refinement analysis of annealed CuBi2O4 (U) showing good agreement 

with the standard kusachiite (PDF#01-071-5101) (χ2=2.1). 



95 
 

 

 

Figure A-S3. Effect of anneal temperature on the crystallinity of as-is CuBi2O4 (HMT).  A 

standard XRD pattern of CuBi2O4 (PDF# 01-071-5101) is also shown for reference. 

 

 

 

 

 

 

 

 

 

Figure A-S4. EDS spectrum of annealed CuBi2O4 (U). 
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Figure A-S5. Rietveld refinement of XRD data for CuO/CuBi2O4 (frames a, b and c) and α-

Bi2O3/CuBi2O4 (frames d, e and f). 
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Figure A-S6. Comparison of results from Rietveld analyses for the CuO/CuBi2O4 for the three 

SCS-derived nanocomposite samples. 

 

 

Figure A-S7. Comparison of results from Rietveld analyses for α-Bi2O3/CuBi2O4 for the three 

SCS-derived nanocomposite samples. 
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Table A-S1. Percent composition and goodness of fit for CuO/CuBi2O4 and α-

Bi2O3/CuBi2O4 composites as obtained from Rietveld and comparison with theoretical 

yields. 

Sample identification 

Cu : Bi 

mole 

ratio 

CuBi2O4 (%) 

Rietveld (Expected) 

CuO (%) 

Rietveld 

(Expected) 

Goodness of fit 

(χ2) 

CuO/ CuBi2O4 (5:1) 5 : 1 46.3 (44.2) 53.7 (55.8) 1.27 

CuO/ CuBi2O4 (10:1) 10 : 1 24.6 (26.1) 75.4 (72.9) 1.13 

CuO/ CuBi2O4 (15:1) 15 : 1 18.3 (20.1) 81.7 (79.9) 1.12 

Sample identification 

Cu : Bi 

mole 

ratio 

CuBi2O4 (%) 

Rietveld (Expected) 

α-Bi2O3 (%) 

Rietveld 

(Expected) 

Goodness of fit 

(χ2) 

α-Bi2O3/CuBi2O4 (1:5) 1 : 5 49.4 (43.8) 50.6 (56.2) 1.45 

α-Bi2O3/CuBi2O4 (1:10) 1 : 10 10.8 (22.6) 89.2 (77.4) 1.36 

α-Bi2O3/CuBi2O4 (1:15) 1 : 15 6.3 (15.2) 93.7 (84.8) 1.75 

 

 

Figure A-S8. Chopped (light/dark) linear sweep voltammetry scans (scan rate 1 mVs-1) for 

CuO/CuBi2O4 composites in 0.1 M NaSO4 with N2 bubbling. Scans were performed with 

frontside illumination. 
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Figure A-S9. Chopped (light/dark) linear sweep voltammetry scans (scan rate 1mv/sec) for α-

Bi2O3/CuBi2O4 composites in 0.1 M NaSO4 with N2 bubbling. Scans were performed with front 

side illumination. 
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APPENDIX B 

SUPPORTING INFORMATION FOR CHAPTER 4 

 

 

Figure B-S1. XRD patterns (black), Rietveld model (red) and difference (blue) of (a) α-CuV2O6, 

(b) α-Cu2V2O7, (c) β-Cu2V2O7 and (d) γ-Cu3V2O8. Bragg reflections are shown in green. 
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Table B-S1. Unit cell parameters of the synthesized samples along with the standard cell 

parameters from database. 

 
Oxides Space 

group 

a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (106 pm3) JCPDS # 

α-CuV2O6 

 

P1̅ (2) 3.543 4.859 6.478 69.991 87.750 70.514 98.450 01-074-2117 

3.550(3) 4.863 (5) 6.476 (5) 69.986 (1) 87.692 (2) 70.367 (2) 98.622 (1) This study 

α-Cu2V2O7 

 

Fdd2 (43) 20.676 8.392 6.446 90.000 90.000 90.000 1118.460 01-073-2487 

20.671(4) 8.402 (2) 6.444 (1) 90.000 90.000 90.000 1119.32 (2) This study 

β-Cu2V2O7 

 

C2/c (15) 7.689 8.028 10.106 90.000 110.252 90.000 585.350 01-076-2820 

7.694(3) 8.042 (3) 10.115 (3) 90.000 110.243(6) 90.000 587.54 (1) This study 

γ-Cu3V2O8 P1̅ (2) 5.196 5.355 6.505 69.220 88.690 68.080 155.730 01-074-1401 

5.185(6) 5.346 (7) 6.510 (7) 69.265 (2) 88.653 (2) 68.100 (2) 155.396 (1) This study 

 

 

 

 

Table B-S2. Rietveld refinement results for various copper vanadate samples. 
 

Oxides Rexp (%) Rp (%) Rwp (%) χ2 

α-CuV2O6 9.66 8.27 10.87 1.12 

α-Cu2V2O7 4.02 4.12 4.43 1.10 

β-Cu2V2O7 4.86 7.63 10.80 2.22 

γ-Cu3V2O8 4.91 5.97 7.81 1.58 
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Figure B-S2. SEM images (a, b) α-CuV2O6 annealed at 600 °C (c, d) α-Cu2V2O7 annealed at 610 

°C (e, f) β-Cu2V2O7 annealed at 500 °C and (g, h) γ-Cu3V2O8 annealed at 610 °C.  
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Figure B-S3. EDX spectrum of α-CuV2O6. 

 

 

 

Table B-S3. V/Cu ratio from EDX analysis of annealed samples. 

 V/Cu ratio 

Oxides α-CuV2O6 α-Cu2V2O7 β-Cu2V2O7 γ-Cu3V2O8 

Experimental 2.14 (±0.02) 1.17(±0.02) 0.96 (±0.02) 0.76 (±0.03) 

Expected  2.00 1.00 1.00 0.66 

 

 

 

 

 

 

                

keV 
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Figure B-S4. Absorbance (a) and indirect band gaps (b) of four copper vanadates. 
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