ISSN 1061-3862, International Journal of Self-Propagating High- Temperature Synthesis, 2018, Vol. 27, No. 3, pp. 129—140. © Allerton Press, Inc., 2018.

Solution Combustion Synthesis of Complex Oxide Semiconductors!

M. K. Hossain“, E. Kecsenovity” <, A. Varga® ¢, M. Molnar?* ¢, C. Janiky* ¢, and K. Rajeshwar® *
?Department of Chemistry and Biochemistry, The University of Texas at Arlington, Arlington, TX, 76109-0065 USA
bMTA-SZTE, Lendiilet Photoelectrochemistry Research Group, Szeged, H-6720 Hungary
¢Department of Physical Chemistry and Materials Science, University of Szeged, Szeged, H-6720 Hungary
*e-mail: rajeshwar@uta.edu
Received April 3, 2018; in final form, May 10, 2018

Abstract—This is a perspective of the role that combustion synthesis, specifically solution combustion syn-
thesis, 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 CO, reduction, and environmental
pollution remediation via heterogeneous photocatalysis.
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INTRODUCTION

Metal oxides are important from both fundamental
chemistry and practical application perspectives. They
occur, in the solid state, in a fascinating array of crys-
tallographic structures and polymorphs. Both their
surfaces and bulk can be chemically altered to impart
striking effects on their optoelectronic, charge trans-
port, 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 insu-
lating, and their optical transparency can be tuned to
afford a class of important technological materials
termed transparent, conducting oxides or TCOs. Fur-
ther, they can also exhibit semiconductor behavior and
be made in either n- or p-type form. Utilization of sun-
light using metal oxide semiconductors via artificial
photosynthesis (to photoelectrochemically generate
solar fuels) or photocatalytic degradation of environ-
mental pollutants has attracted much attention in
recent years [5—7]. Although photocatalytic degrada-
tion of pollutants has found limited commercial suc-
cess, 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

! The article is published in the original.

attributes including chemical/electrochemical robust-
ness 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 sur-
prising 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 qua-
ternary metal oxides [4]. Composites of multiple metal
oxides, solid solutions of metal oxides, and doping are
attractive strategies for tweaking materials attributes
for photoelectrochemical and photocatalytic applica-
tions. Control of the metal oxidation state (for exam-
ple, the ratio of copper in the +1 or +2 states in copper
oxide) in a solution combustion synthesis (SCS) envi-
ronment 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 pre-
viously [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 labora-
tories in the United States and in Hungary.
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Table 1. Attributes of SCS relative to other routes for 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 —

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 relevant aspects.

It is noted, as also exemplified by the other contri-
butions in this special volume celebrating the suc-
cesses of combustion synthesis, that there are many
variants of combustion synthesis. For example, spray
pyrolysis has been combined with combustion synthe-
sis for preparing TCO films [18]. Indeed, the variant
commonly deployed in most works, including our
own, utilizes the so-called volume solution combus-
tion mode [19]. Figure 1 outlines the essence of this
commonly-used approach.

The main handicap of the SCS approach is mostly
associated with the lack of thermal control since the
synthesis basically occurs in an explosive environ-
ment. Therefore, other, more controllable variants
(e.g., self-propagating sol-gel combustion, Ref. 19)
have been developed; see also other papers in this
issue.

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 of operando techniques,
especially based on optical (e.g., infra-red) probes that
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—_

Precursor Reactive gel
mixture

may be profitably inserted into the SCS environment.
In other variants of SCS, thermocouples have been
used in the combustion tube to measure the combus-
tion temperature and burning velocity [20]. Nonethe-
less, 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 Fig. 2.

A quick gauge of the ignition temperature and exo-
thermicity 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
Fig. 2. Different stages in Fig. 2 (shown by dashed
lines) can be identified with: (a) endothermic loss of
water, (b) combustion reaction, (¢) removal of carbo-
naceous materials, and (d) final product formation
with constant mass. In Fig. 2, the DSC peak at
~200°C confirms the exothermic nature of the reac-
tion and concurrent loss of mass corroboates the evo-
lution of gaseous products (cf. Fig. 1). The constant
mass regime ‘d’ in the TGA scan (Fig. 2) reflects the
refractory nature of most metal oxides. Interestingly,
use of data such as those in Fig. 2 also serves to care-
fully delineate the temperature chosen for post-syn-
thesis thermal anneal. This step is sometimes needed
for improving the morphology of the oxide sample for
the targeted application.

Ignition
_—

%

As-prepared
sample

Combustion

Fig. 1. Schematic of the solution combustion synthesis variant used in the studies considered here.
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Fig. 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.
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Fig. 3. (a) X-ray diffraction patterns and (b) composition of SC-
ratios.

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 3 and 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 the first glance there are clear
changes in the series of XRD patterns (Fig. 3). The low
F/O ratio regime corresponds to the most oxidative
environment, consequently the most oxidized species
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synthesized Cu,O,, derived from precursors with different F/O

(CuO) is formed under these circumstances. With an
increase of the F/O ratio, alterations in the XRD pro-
files are seen (Fig. 3), with the gradual appearance of
the more reduced products (i.e., Cu,O, Cu, Cu;N).
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 4 com-
pares diffraction patterns recorded for samples synthe-
sized with four different F/O ratios, and the position
of the most relevant diffraction of the possible compo-
nents is also presented. At low F/O ratios, the CuO
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Fig. 4. XRD patterns of SC-synthesized Cu, O, samples (using HMT fuel) obtained with four different F/O ratios, together with

the patterns for the four relevant reference materials (see text).

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 F/O ratio, diffractions related to the Cu,O phase
appeared first, as deduced from the reflections at 26 =
36.5, 42.4, and 61.5°. 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 Cu;N
were spotted, together with the development of dif-
fractions related to a mixed oxide-nitride phase.

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 sys-
tems. The higher reducing power of HMT is demon-
strated in Fig. 5, where the oxide reaction product was
more Cu-rich, compared to its counterpart synthe-
sized with urea fuel, under otherwise identical condi-
tions. That is, the composition was skewed to a Cu/O
ratio that was somewhat less than the predicted 2 : 1
level.

SCS OF TERNARY
AND QUATERNARY METAL OXIDES

A variety of binary metal oxides have been prepared
via combustion synthesis. The earlier review articles
cited above [11, 12, 16] provide a summary of this cor-
pus of studies. Table 2 provides a compilation of ter-
nary and quaternary metal oxides that have been
derived from combustion syntheses. An impressive
array of oxides spanning many important crystallo-
graphic structures has been synthesized using an
equally diverse range of fuels. The effect of fuel in con-
trolling the combustion intensity and thus the tem-
perature attained is reflected in the corresponding
range of nanoparticle morphology attributes (Col-
umns 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, carboxymethyl-
cellulose, citric acid, DL-malic acid and mixed fuels
were applied for synthesizing BiVO, [41—43]. Use of
urea or glycine showed a trace amount of V,0; as
impurity which was believed to be due to the lack of

chelation of Bi** and VO;5 ions in the precursor mix-
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Fig. 5. XRD patterns for SC-synthesized Cu,O, samples (using F/O = 2.0 ratio), obtained with two different fuels — HMT (a)
and urea (b) — together with the patterns of the reference materials.
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Fig. 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.

ture [41—43]. When citric acid, carboxymethylcellu-
lose and DL-malic acid were used as fuel, it formed a
single phase BiVO, due to their strong chelating action
maintaining a homogeneous precursor mixture [41—
43]. 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 carboxymeth-
lycellulose or DL-malic acid led to the formation of
single phase BiVO, with higher surface areas, i.e. 3.00

and 13.86 m?/g respectively, presumably stemming
their slow, controlled combustion [41].

Similarly, precursor chemistry also influences the
purity of the final product. In the SCS of CuWO,,
ZnWO, and Ag,WO,, two different types of precursors
namely Na,WO, - 2H,0 and (NH,),WO,, were used
for the tungsten source [45]. Interestingly, Na,WO, -
2H,0 produced almost pure product while binary
WO,_, was always present as impurity when
(NH,),WO, was used as tungsten source [45].

The F/O ratio was found to exert a great influence
on the purity and product quality in the SCS of
Bi,Ti,0, [50]. Propulsion chemistry principles teach
that a maximum temperature can be achieved when

the ratio is 1 (i.e. stoichiometric conditions). How-
ever, fuel-rich or fuel-lean conditions can often pro-
duce a superior product in terms of desired phase, bet-
ter crystallinity, higher surface area etc. In the case of
Bi,Ti,O;, 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 FeAl,O, and MgAl,O, [24—
26]. For the synthesis of FeAl,O,, different molar
ratios of urea (3 to 7) were used; excess urea reduced
the surface area and increased the particle size. How-
ever, after a certain F/O ratio, the surface area started
to increase [24].

COMPOSITES OF TERNARY METAL OXIDES,
DOPED SAMPLES, AND SOLID SOLUTIONS
VIA SOLUTION COMBUSTION SYNTHESIS

The distinction between composites and solid solu-
tions relates to how two or more components are dis-
persed 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
CuBi,0, can be formed with either of its components,
CuO or Bi,0; [22]. Both neat CuO and Bi,0; as well
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Table 2. Ternary and quaternary oxides from solution combustion synthesis and sample attributes

HOSSAIN et al.

Entry . Average TEM BET
no. Crystal class Oxide Fuel used crystallite | Particle surface, Refs.
size, nm | size, nm m?/g
1 | Spinel CaFe,O, |Glycine — 100 79.3 21
2 CuBi,O, |Urea 35 300 1.9 22
3 CuFe,04 |Urea — 40-50 40 23
4 FeAl,O, Diethylamine hydrochloride and urea 16 — 179.3 24,25
5 MgAL,O, |Glycine 21.3 — 12.1 26
6 MgFe,O, |Urea 18 — — 27
7 MnFe,O0, |Oxalyl dihydrazine 22 — - 28
8 NiFe,O, |Citric acid — — — 29
9 SnCd,0, | Citric acid — 10—15 28 30
10 ZnFe,O, |Urea — 50 17 31
11 | Perovskite | GdFeO; Glycine 43 58 — 32
12 LaFeO; Citric acid 24.1 24 25.8 33
Triethylamine hydrochloride 26.7 — 84.5 34
13 LaNiO; Citric acid 23.1 ~100 15.1 35
14 S1TiO; Glycine 23 20 12 36
15 YFeO; Glycine 50 50 6.4 37
Alanine 22 — 24.2 38
16 | Aurivillius | Bi;MoOg | Tartaric acid - 300—-500 <1 39
17 Bi,WOg¢ Glycine — 20-30 25.5 40
18 | Scheelite BiVO, Citric acid or urea or glycine — 34 ~1 41
Citric acid and urea 34 400—600 1.8 42
Sodium carboxymethyl-cellulose — 400—-600 3 43
DL-malic acid — 10—20 13.9 44
19 | Wolframite | CuWO, Urea 22 — 13.2 45
20 ZnWO, Urea 32 — 11.9 45
Sucrose 20—30 30—130 19.2 46
21 | Zircon LavVO, Glycine — 5-80 3.2 47
22 CeVO, Oxalyl dihydrazide — — 3 48
23 | Pyrochlore | Bi,Ce,O; |Glycine - 5-6 15 49
24 Bi,Ti,O; | Hexamethylene-tetramine (HMT) — 61 £35 5 50
25 Gd,Ti,0; |Glycine 29.8 30 12.5 51
26 Nd,Ti,O; |Glycine 27.7 30 12.8 51
27 Er,Ti,O; |Glycine 33.2 30 11.8 51
28 Bi,Zr,0; |Urea 4-5 — 1.2 52
Tartaric acid 34 - 2.3 52
29 | Others Ag,WO, Urea 22 33 21.3 45
30 ZrMo,0Og | Glycine — 40—50 10 53
31 CuNb,0O¢ | Urea 20.3 20—60 8.8 54
32 ZnNb,O¢ | Urea 15.8 20—60 18.4 54
33 ZrV,0, Glycine — 30—40 — 55
34 AgBiW,0;4 | Urea 6 6.6+ 1.0 34.4 56
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Fig. 7. (a) Change of color from pure CuBi,Oy4 (I) through CuBi,04/Bi,O3 (II-1V) to pure Bi,O5 (V) and (b) UV—VIS absorp-

tion profiles for pure CuBi,O,4 and Bi,O3 and their composites.

as their 1 : 1 ternary composition, CuBi,O, were very
recently synthesized using SCS. The entire gamut of
composite possibilities, ranging from CuO/CuBi,0,
composites at one end to CuBi,0,/Bi,0; at the other,
could be derived by tuning the SCS precursor chemis-
try [22]. Figure 7a shows the progressively lighter hue
from pure CuBi,0,, the three composites, culminat-
ing in white coloration for pure Bi,O;. The corre-
sponding spectral profiles are contained in Fig. 7b. As
the Bi,O; amount increased in the composites, the spec-
trum progressively blue-shifted (i.e. from the visible to
the UV wavelength range) towards the Bi,O; end.

The data in Fig. 7 signal an important hallmark of
composites, namely the data signatures from them are
a superposition of those corresponding to their com-
ponents, and two distinct phases can be identified. In
contrast, in a solid solution (or an ‘alloy’), the constit-
uents lose their individual identity via mixing at a
molecular level, and resulting in a single-phase mate-
rial. 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 solu-
tions of chalcogenides, phosphides, or arsenides in
various technological contexts. Metal oxide solid solu-
tions are less well studied; solid solutions of two ter-
nary oxides are even less commonplace. This is exem-
plified by the Cu—Fe—Cr—O system where these new
materials were prepared via SCS via simple composi-
tional 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 [57]. For more details, Ref. 4 may be consulted
(see e.g. Fig. 5 in it).

The phenomenon of doping largely derives its
importance from the microelectronics industry. Dop-
ing refers to the controlled introduction of trace
amounts of a foreign (‘dopant’) species into the host
lattice framework. Like in the solid solution case, dop-
ing also results in a single-phase material but unlike in
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Fig. 8. XRD profiles for a series of CuFeO,—CuCrO, solid solutions along with those of the two ternary end members.

a solid solution, the foreign species are present at very
small levels (parts per million or less) such that pertur-
bation 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 sig-
nificant (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.

PHOTOELECTROCHEMICAL AND
PHOTOCATALYTIC APPLICATIONS OF SCS-
DERIVED COMPLEX OXIDES

In this section, we consider how combustion syn-
thesized complex oxides have fared in photoelectro-
chemical or photocatalytic applications. The distinc-
tion 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 H, and O,) or the reduction of
CO, are intrinsically non-spontaneous. Table 3 com-
piles instances wherein combustion-synthesized ter-
nary 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-CuFe,0,

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 um), and consequently, higher
surface area of the SCS sample (SCS: 79.3 m?/g, SSR:
2.2 m?/g). A similar trend was seen for SCS-Bi,WO,
and SCS-AgBiW,04 compared to their SSR counter-
parts [56].

Composites containing ternary oxides and pre-
pared via SCS, have been tested for their photocata-
Iytic dye degradation capability. Table 4 shows a list of
these composites and their dye degradation capability.
In all the cases, the composite outperformed its com-
ponents; compare Columns 8, 9, and 10 in the compi-
lation below.

Data are also available for doped oxides derived
from SCS and their use in Photocatalytic dye degrada-
tion scenarios; Table 5 collects this corpus of data.

In contrast to the rich body of examples of photo-
catalytic applications, corresponding examples of
photoelectrochemical water splitting or carbon diox-
ide reduction using SCS samples are rather limited.
Although BiVO, is primarily an oxygen evolution pho-
tocatalyst, recently, high surface area BiVO, was syn-
thesized using SCS and reported to be very active
toward hydrogen evolution [44]. Thus, nanoparticles
of SCS-BiVO, were able to generate 195.6 mmol/h of
H, from water—ethanol mixture [44]. Pt-modified
SCS-AgBiW, O was investigated for the photoelectro-
chemical conversion of CO, and found to be able to
generate syngas from formic acid [56].

LaVvO,/BiVO, composites using SCS were evalu-

ated for photoelectrochemical hydrogen generation
[47]. Pristine BiVO, did not show any H, while LaVO,

INTERNATIONAL JOURNAL OF SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS Vol. 27 No.3 2018



SOLUTION COMBUSTION SYNTHESIS 137
Table 3. Photocatalytic dye degradation in the presence of SCS-produced ternary and quaternary oxides
E:(t:y Oxide Dye* [n?g;]]d’ logg,ta;)L Light source Et)i(rr;(:u;e Degra;(l}a‘uon, Refs.
1 | CaFe,O, MB 3.2 1 500 W Xe lamp with 420 nm 0.75 ~100 21
cut-off filter
2 | CuFe, O, |RhB 40 0.2 Natural sunlight 2 ~80 23
MB 40 ~75
MO 40 ~25
Phenol | 50 ~15
3 | FeAlL,O, MB 10 1 350 W Xe lamp with 400 nm 2.5 ~70 24
Phenol - 1 cut-off filter 4 ~50
4 | MgALO, |MB 10 0.75 350 W Xe lamp with 400 nm 0.75 ~85 26
cut-off
5 | MgFe,O, | MY 20 0.16 350 W Xe lamp 1 ~65 27
6 | MnFe,O, | MG 20 0.24 | Natural sunlight 2 ~65 28
7 | NiFe,04 MB 20 0.25 300W Xe lamp 2 ~65 29
8 | ZnFe,O, |RhB 5 1 Natural sunlight 1 ~94 31
CR 10 0.5 ~95
9 | GdFeO; Rh B 4.8 1 500 W Xe lamp 2 ~40 32
11 | LaNiO; MO 10 2 400W Xe lamp 5 ~75 35
12 | SrTiO4 MO 5 0.3 16 W UV lamp 3 ~8 36
13 | YFeO, MB 32 1 300 W tungsten halogen lamp 4 ~70 37
Rh B 10 1 175 W metal halide lamp with 3 ~70 38
420 nm cut-off filter
14 | Bi;MoOg |RhB 10 1 Natural sunlight 5 ~100 39
15 | Bi,WOq¢ Rh B 47.9 1 500W Xe lamp 1.25 ~100 40
16 | BiVO, MO 32.8 2 450 W tungsten-halogen lamp 4 ~65 41
MB 639.7 0.05 500 W Xe lamp 3 ~70 42
Rh B 5 1 Xe lamp of 6000K 3 ~100 43
MB 20 2 Natural sunlight 1 ~100 44
17 | CuWO, MO 16.4 2 400W medium pressure Hg arc 1.33 ~100 45
18 | ZnWO, MO 16.4 2 400W medium pressure Hg arc 1 ~100
MB 5 0.8 125 W Hg lamp 3 ~75 46
19 | CeVO, oG 50 1 125 W high pressure Hg lamp 0.5 ~40 47
20 | AgaWO, MO 16.4 2 400 W medium pressure Hg arc 1 ~90 45
21 | Bi,Ce,O; | MG 45 1 Natural sunlight 5 ~100 49
22 | Bi,Ti,04 MO 16.4 2 150W medium pressure Hg arc 2 ~95 50
23 | Gd,Ti,0, | MO 5 1 Four 4 W UV lamps 2 ~97 51
24 | Nd,Ti,O; | MO 5 1 Four 4 W UV lamps 2 ~50
25 | Er,Ti,0, | MO 5 1 Four 4 W UV lamps 2 ~89
26 | Bi,Zr,0; | RBBR 1 Natural sunlight (800 W m™2) 5 ~70 52
IC ~100
RBBR ~35
IC ~60
27 | ZrMo,Og |Rh B 15 1 125 W high pressure Hg lamp 2 ~40 53
28 | ZrV,0, Rh B 20 1 125 W high pressure Hg lamp 1 ~40 55
29 | AgBiW,04 | MO 16.4 2 400 W medium-pressure Hg 6 ~95 56
arc

*Notes. MO stands for Methyl Orange, MG Malachite Green, RBBR Ramazoline Brilliant Blue, MB Methylene Blue, CR Congo Red,
MY Metanil Yellow, Rh B Rhodamine B, IC Indigo Carmine, OG Orange Green.
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Table 4. Composite oxides with improved dye degradation performance

E (Dye] Catal. load E Degradation (%)
ntry . yel, atal. load, . Xpos.
o, Composite Dye me/L /L Light source time, h COinp_ Colrlnp. Total Refs.
1 Bi,0,/Bi,WO¢| Rh B 47.9 1 500 W Xe lamp 0.5 ~1.5 ~61 ~98 58
2 |BivVO,/BiOCl |Rh B 20 1 300 W Xe lamp 3 ~8 ~38 ~85 59
3 |CuO/BiVO, |MB 639.7 0.05 500 W Xe lamp 3 - ~28 ~47 60
4 |NiFe,0,/BiO |Rh B 10 1 300 W Xe lamp 2 ~31 ~46 ~96 61
Br
5 |V,05/BiVO, |MB 639.7 0.05 500 W Xe lamp 3 ~58 ~37 ~83 62
Table 5. Photocatalytic degradation of organic dyes in the presence of doped ternary oxides
E (Dyel, | Catal. load Degradation, %
ntry . yel, atal. load, . —
o, Oxide |Dopant| Dye me/L /L Light source Pristine Doped Refs.
oxide oxide
1 MgFe, O, | Ag |MY 20 0.16 350 W Xe-lamp ~65 ~89 27
2 MnFe, O, | Cu MG | 20 0.24 Natural sunlight ~65 ~92 28
3 NiFe,0, Ag |MB 20 0.25 300 W Xe lamp ~50 ~65 29
4 SrTiO5 Pb |MO 5 0.3 16 W UV lamp ~8 ~85 36
5 LaFeO; Mn (MO | 100 7.3 Natural sunlight - ~87 63
6 |ZnWO, Eu |RhB| 48 1 Four 4 W UV lamps ~70 -85 64
7 CeVO, Pd |OG 50 1 125 W high-press. Hg lamp ~40 ~65 48
9 Z1V,0, Mo |RhB| 20 1 125 W high- press Hg lamp ~40 ~80 55

showed an H, photogeneration rate of 24 umol h~!. On
the other hand, 20% loading of BiVO, in LaVO,/BiVO,
composite showed 45.5 umol h~! [47]. High resolution
TEM images showed intimate physical contact of
LaVO, and BiVO, in the composite matrix facilitating
vectorial charge transport and thus enhancing the
photoelectrochemical activity.

CONCLUSIONS

The examples given above in this perspective article
ought to have amply demonstrated the virtues of com-
bustion synthesis as a viable technique for the prepara-
tion of complex oxides for photoelectrochemical and
photocatalytic applications. While serving as a useful
review for seasoned practitioners, hopefully, this arti-
cle will be helpful to new entrants to this field as a sam-
pling of the exciting possibilities ahead in materials
discovery and use.
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