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Photoelectrochemical Response of TlVO4 and InVO4:TlVO4 Composite
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This work presents photoelectrochemical characteristics of TlVO4, a previously uncharacterized
candidate for photocatalytic water splitting. Additionally, a composite of InVO4 and TlVO4 was
synthesized by a facile solution method using orthorhombic InVO4 as a seed for growth of
crystallographically similar orthorhombic TlVO4. Photoelectrochemical measurements indicate an
increase in photocurrent and more negative flatband potentials for TlVO4 and the InVO4:TlVO4

composite relative to InVO4. Diffuse reflectance UV-visible measurements were used to determine
bandgaps of 3.50 eV, 2.94 eV, and 2.98 eV for InVO4, TlVO4, and InVO4:TlVO4, respectively.
Density functional theory (DFT) calculations were performed to elucidate the band structures and
correlate well with experimental data. The results indicate higher photoelectrochemical activity for
TlVO4 and the InVO4:TlVO4 composite relative to InVO4.

I. Introduction

There are considerable economic, environmental, and
security benefits involved in transitioning to a hydrogen
based economy.1-8 The discovery of photoelectrochem-
ical hydrogen evolution onTiO2 byFujishima andHonda
in 19729 sparked intense research efforts into overall
water splitting by semiconductor photocatalysis with
the hope of attaining sustainable hydrogen production
from solar energy. There remains considerable interest in
overall water splitting today.10 Particulate photocatalyst
systems, which provide the advantages of simple cell
construction and lower cost when compared to photo-
electrochemical cells using massive or single crystal elec-
trodes,4 have received significant research attention
since the early reports of overall water splitting in these

systems in 1980.11-13 Since those early reports, many
photocatalyst systems have been catalogued,14 though
none approach commercially viable efficiency levels in
visible light.
Semiconductor overall water splitting photocatalytic

efficiency is limited by recombination of electron/hole
pairs, fast back reactions of photocatalytic products, and
insufficient visible light absorption.7 The basic require-
ments of an effective total water splitting photocatalyst
include strong visible absorption, stability toward photo-
corrosion, efficient charge transfer with limited recombi-
nation effects, low cost, and suitable band positions for
water oxidation/reduction accompanied with low over-
potentials.15 The positions of the conduction and valence
band edges of the semiconductor are particularly crucial
to the photocatalytic activity. The conduction band must
lie at potentialsmore negative thanHþ/H2 (0VvsNHEat
pH= 0) and the valence band must lie at potentials more
positive than O2/H2O (1.23 V vs NHE at pH = 0).16

Without these conditions being met, total water splitting
cannot occur thermodynamically and must be driven by
an external bias.
While a number of semiconductor materials are rela-

tively efficient at hydrogen production, this efficiency
often comes at a cost of diminished stability in the
aggressive aqueous environment, particularly in the case
of metal chalcogenides.4,14,17 Metal oxides are generally
stable enough to resist photocorrosion if the kinetics of
water oxidation are faster than anodic decomposition,
and have thus been the focus of many researchers as viable
water splitting photocatalyst materials.15 The primary
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drawback of metal oxide systems is the typically large
bandgaps (low visible absorption) or conduction bands
too low in energy for hydrogen evolution.
In an attempt to address this shortcoming, significant

research efforts have been directed to dye sensitization of
metal oxide materials to improve visible light absorption
and overall activity.18-20 In addition, doping metal oxi-
des with metal cations, carbon, sulfur, and nitrogen has
been explored as a way to increase visible absorption.21-25

Attempts have also been made to incorporate metal
oxides into heterostructures to improve optical absorp-
tion and charge separation characteristics. Recent reports
on the BiVO4:Co3O4 system indicate enhanced photoca-
talytic activity and photoinduced charge separation when
compared to the materials individually.26,27 Studies on
the ZrO2:TiO2 system also indicate that the interface
between the two types of particle leads to diminished
recombination.28

One promising class of materials for semiconductor
photoelectrochemical purposes are the vanadates. In parti-
cular, a number of reports suggest that InVO4 and BiVO4

might be good candidate materials for photocatalysis.
16,29-34 However, the vanadates as a class are relatively
unexplored especially when compared to well-known ma-
terials such as TiO2 or ZnO. Given the success of these
materials,wewonderedwhether incorporating InVO4 into a
heterostructure might provide synergies leading to en-
hanced activity. Given theoretical discussion about how
cation exchangemight affect the VO4

3- band gap,35 we also
wondered whether using a cation like Tl might change the
photoelectrochemical properties relative to In.
Utilizing this strategy, we report here the synthesis of

InVO4, TlVO4, and an InVO4:TlVO4 composite by facile
aqueous solution methods for the purpose of improving

charge separation and the photoelectrochemical charac-
teristics of the system. InVO4 has two stable phases,
monoclinic (Cm/2) and orthorhombic (Cmcm). Our work
makes use of orthorhombic formof InVO4.

36 Both InVO4

and TlVO4 share the orthorhombic Cmcm (63) crystal
structure, which is composed of edge sharing (In/Tl)O6

octahedra with VO4 tetrahedral linkers. In and Tl have
nearly identical atomic radii (1.93 Å and 1.96 Å, re-
spectively37), which naturally leads to similar lattice
dimensions and volumes for InVO4

38 and TlVO4
39 (325 Å3

vs 345 Å3, respectively). The similarity of crystal structure
and dimension allows for InVO4 to seed TlVO4 growth,
thereby providing an avenue for effective composite
formation. These composites provide an opportunity to
tune the band positions and study how these changes
affect photoelectrochemical activity.

II. Experimental Section

Preparation of InVO4.A 1 g portion (0.0085mol) of NH4VO3

(Sigma-Aldrich, 99þ% ACS Reagent grade) was dissolved in

125 mL of 60 �Cwater (Milli-QUV Plus, 18.2MΩ), and 3.342 g

(0.0085 mol) of In(NO3)3 3 xH2O (Aldrich, 99.9% metals basis)

was dissolved in 25mL of water. After dissolution, theNH4VO3

solution was cooled to room temperature. In(NO3)3 3 xH2O

solution was added to NH4VO3 solution resulting in a yellow/

orange suspension. The suspension was heated to 100 �C and

stirred under reflux conditions for 24 h. A yellow powder was

isolated by vacuum filtration, washed with water (3 � 50 mL)

and acetone (3 � 15 mL), and allowed to air-dry.

Preparation of TlVO4. A 0.1319 g portion (0.001125 mol) of

NH4VO3 was dissolved in 145 mL of 60 �C water, and 0.5 g of

Tl(NO3)3 3 3H2O (Aldrich, 98%) was dissolved in 5 mL of water

with 5-10 drops of HNO3 (Fisher, certified ACS Plus). After

dissolution, the NH4VO3 solution was cooled to room tempera-

ture. Tl(NO3)3 3 3H2O solution was added to NH4VO3 solution

to immediately yield an orange suspension. The suspension was

heated to 100 �Cand stirred under reflux conditions for 24 h. An

orange/brown powder was isolated by vacuum filtration,

washed with water (3 � 50 mL) and acetone (3 � 15 mL), and

allowed to air-dry.

Preparation of InVO4:TlVO4 Composite. A 0.1319 g portion

of NH4VO3 was dissolved in 140 mL of 60 �C water, and 0.5 g

Tl(NO3)3 3 3H2O was dissolved in 5 mL of water with 5-10

drops of HNO3. After dissolution, the NH4VO3 solution was

cooled to room temperature, and 0.258 g (0.001125 mol) of

InVO4 was added to create a yellow suspension. To this suspen-

sion, the Tl(NO3)3 3 3H2O was added dropwise (<1 drop per

second), creating a tan/brown suspension. The suspension was

stirred at 100 �C under reflux conditions until a yellow suspen-

sion returned (1 h). This yellow powder was isolated by vacuum

filtration,washedwithwater (3� 50mL) andacetone (3� 15mL),

and allowed to air-dry.

Physical CharacterizationMethods.PowderX-ray diffraction

(XRD) measurements were collected using a Rigaku D-MAX

diffractometer using Cu KR radiation operated at 45 kV and
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20 mA, 1.5�/min scan rate, 0.02� step size. Samples were

mounted on a glass slide using two-sided tape. Transmission

electronmicroscopy (TEM) images were collected using a JEOL

2100 Cryo operating at 200 kV with samples supported on lacey

Formvar/carbon 200 mesh copper grids (Ted Pella, Inc.). En-

ergy Dispersive Spectroscopy (EDS) spectra were collected

using a JEOL 2010F STEM equipped with an EDS probe.

Diffuse reflectance UV-visible measurements were taken using

a Varian Cary 5G spectrophotometer and transformed into

absorbance units by the Kubelka-Munk relationship K/S =

(1 - R)2/(2R) where R is reflectance, K is the absorption co-

efficient, and S is twice the scattering coefficient.40

Photoelectrochemical Measurements. Working electrodes

were constructed by depositing sample onto indium tin oxide

coated glass slides (70-100 Ω/sq surface resistivity, Aldrich)

previously rinsed with isopropanol. Sample slurry in ethanol

was dropped onto an areamarked off by scotch tape. After being

air-dried with the tape removed, electrodes were heated at 200 �C
for 12 h. Copper wire was brought into contact with ITO using

InGa eutectic (99.99þ%, Aldrich) and adhered using epoxy.

Electrochemical measurements were performed using a CHI

760C bipotentiostat (CH Instruments) with a platinum gauze

counter electrode and a Ag/AgCl reference electrode. All poten-

tials are reported in reference to Ag/AgCl. A xenon arc lamp

(Newport) operated at 150 W and equipped with a water filter

was used to irradiate samples from the back side of the electrode,

which reduces the influence of semiconductor film thickness.27

The photoelectrochemical cell has a circular sample port of 1 cm

diameter, which allows for an electrode area of 0.785 cm2. A 0.1

M K2SO4 (99.99% metals basis, Aldrich) solution, adjusted to

pH = 4 by H2SO4,was used as the electrolyte. Electrolyte was

purged for 20 min with Ar before measurements, and a positive

Arpressureover the solutionwasmaintainedduring experiments.

The apparatus was fitted with a 400 nm cutoff filter (Edmund

Industrial Optics) to test visible light response.

Band Structure Determination. Density Functional Theory

(DFT)41 calculations were performed using the CASTEP42 code

within Materials Studio 4.4 (Accelrys).43 Three dimensional

periodic cells were constructed from the published space group

and crystal structure parameters of InVO4
38 and TlVO4.

39

Atomic coordinates were approximated for TlVO4 because of

lack of published data; the structure was geometrically opti-

mized before proceeding. The band structure of the composite

was obtained by layering the cell of InVO4 with that of TlVO4 to

form a new supercell containing the unit cell of both materials.

Calculations were performedwithin the generalized gradient ap-

proximation (GGA)44,45 using the Perdew-Burke-Ernzerhof

(PBE)46 exchange-correlation functional. Band structure and

partial density of state determinations were carried out with

ultrasoftpseudopotentials, 4� 4� 3k-pointdensity, 5.0� 10-7 eV/

atom SCF tolerance, density mixing electronic minimization,

fixed orbital occupancy, 380 eV energy cutoff, and density of

states integration by the interpolation method.

III. Results and Discussion

InVO4 is typically synthesized by a solid state method
involving the reaction of In2O3 and V2O5 at high tem-
perature.31,47 Sample particles made by this method tend
to be large and have a correspondingly low surface area.
Also reported are wet chemical precipitation methods
followed by subsequent calcination at around 600 �C.48,49

The synthetic method reported here differs from previous
approaches to making InVO4. The reflux conditions of
the aqueous environment at pH = 4 induce crystalliza-
tion of nanoparticulate orthorhombic InVO4 that is
ordinarily accessed at temperatures above 680 �C.48

These same conditions also lead to crystallization of
orthorhombic TlVO4.
Figure 1 shows powder X-ray diffraction data of

InVO4, TlVO4, and InVO4:TlVO4 composite. The InVO4

diffractogram features broad, low intensity peaks indexed
to orthorhombic InVO4 (JCPDS no. 04-008-7237).38

The peak broadening apparent in the diffractogram arises
as a consequence of the small InVO4 crystallite size (vide
infra).
The TlVO4 diffractogram contains sharp, intense peaks

which match orthorhombic TlVO4 (JCPDS no. 35-
0086)39 well. Minor deviations in diffractogram intensi-
ties in the low angle region between that reported here and
that reported by Touboul and Ingrain39 are likely caused
by different preferred orientations or preparation meth-
ods between the crystals studied.50 The diffractogram for
the InVO4:TlVO4 composite matches that of TlVO4, but
with contributions from InVO4 apparent as shoulders or
broadened peaks; InVO4 peaks appear roughly 0.5� high-
er in 2θ thanTlVO4peaks. This observation indicates that
both InVO4 and TlVO4 were synthesized and are present
in the composite sample.
Figure 2 shows TEM micrographs of InVO4, TlVO4,

and the InVO4:TlVO4 composite. Images A and B contain

Figure 1. X-ray diffractograms of InVO4:TlVO4 composite, TlVO4, and
InVO4.
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InVO4 nanoparticles ranging from 10 to 30 nm in dia-
meter and agglomerated into large clusters of discernible
particles. The small size of these particles is consistent
with the diffractogram peak broadening discussed above.
Images C and D display TlVO4 particles which range
from 1 to 5 μm in diameter. TlVO4 particles do not
agglomerate and appear smooth with few surface defects.
TlVO4 generally melts under focused, high energy e-

beam while InVO4 particles are robust and able to
dissipate the injected charge. Previous studies have in-
dicated that TlVO4 is susceptible to decomposition above
300 �C,39,51 which explains the e- beam sensitivity of this
system.
Image E contains a TEM image of InVO4:TlVO4 com-

posite nanoparticles between 20 and 40 nm in diameter
with significant agglomeration into clusters. These clus-
ters are altered in shape by the e- beam, though not as
strongly as is TlVO4, which causes individual particles to
fuse into largermasses. Image F displays a small cluster of
composite material collected by scanning TEM (STEM).
The particles in images E and F show no evidence of a
core-shell boundary or any other type of distinct hetero-
structure visible by TEM.

Figure 3 displays the EDS spectrum of InVO4:TlVO4

composite taken in STEM mode. The EDS spectrum of
the composite was collected to determine whether TlVO4

was successfully deposited onto the surface of InVO4 nano-
particles. EDS indicates the presence of Tl, In, and V in the
InVO4:TlVO4 composite sample. Measurements performed
on agglomerated regions as well as individual particles and
small clusters revealed comparable ratios of indium and
thallium throughout the sample, which excludes the possi-
bility of separate domains of TlVO4 and InVO4. The pre-
sence of oxygen prevents accurate quantitative analysis of
sample composition because of selective low energy X-ray
absorbance by the berylliumwindow of the EDS detector.52

Extraneous peaks of copper originate from the supporting
grid. Thus, XRD confirms the presence of orthorhombic
InVO4 and TlVO4, indicating that both crystal systems have
been incorporated into the composite material. The lack of
definable structure between the two materials in TEM
images is likely the result of nearly identical crystal struc-
tures, allowing growth of TlVO4 to take place on the InVO4

crystals without significant strain being introduced.
Figure 4 shows cyclic voltammograms of InVO4, TlVO4,

and InVO4:TlVO4 composite under no illumination, full
xenon arc lamp illumination, and xenon arc lamp illumina-
tion with a 400 nm cutoff filter. Photocurrent density
measurements were compiled at -0.5 V, 0 V, and 1 V in
table 1. Samples show anodic photocurrent with onset of
0.25 V for InVO4 and roughly 0.35 V for both TlVO4 and
the composite material. TlVO4 shows roughly a 10-fold
increase in anodic photocurrent over InVO4 while the
composite shows a 2-fold increase. Illumination also in-
creases cathodic photocurrent in each sample, with signifi-
cant photocurrent increases andpotential onsets of 0.3V for
InVO4 and 0.4 V for TlVO4 and the composite. Again, both
the TlVO4 and the composite show more than a 10-fold
increase in cathodic photocurrent over InVO4.
There exist several possible explanations for the larger

photocurrent density exhibited by TlVO4 and InVO4:
TlVO4 composite. Ordinarily, one would expect a sample
with larger electrochemical surface area (smaller particles)
to display more photoelectrochemical activity; however,

Figure 2. TEM images of (A, B) InVO4, (C, D) TlVO4, and (E) InVO4:
TlVO4 composite, and (F) a STEMimage of the InVO4:TlVO4 composite.

Figure 3. EDS spectrum of InVO4:TlVO4 composite.
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the response of our samples is counter to the results that

may be expected based on particle size considerations

alone. The TlVO4 particles are at least an order of

magnitude larger than InVO4 and should correspond-

ingly have a smaller surface area and thus lower electro-

chemical activity, but TlVO4 exhibits a greater photoelectro-

chemical response. Disparate film thicknesses could also

account for different photoelectrochemical; however, we

controlled the film thickness of all samples studied to 10μm.

These observations strongly suggest that the differences

in photoelectrochemical activity relate to differences in

materials chemistry.
Typically, for an n-type semiconductor, no cathodic

photocurrent is observed as photocurrent is the result of
minority carrier generation and subsequent oxidation of
solution species. However, previous research has noted

the occurrence of an anomalous photoeffect (APE) in
semiconductors arising from surface states within the
energy bandgap, which could be the origin of anomalous
cathodic photocurrent in InVO4, TlVO4, and the compo-
site.53,54 In each sample, the I-V curve has a general tilt
indicative of redox processes on the surface, particularly
as vanadium oxoanions are progressively oxidized or
reduced.
Figure 4 shows that both the TlVO4 and InVO4:TlVO4

composite contain a reversible redox couple near -0.8 V
which is attributable to the Tl0/Tlþ couple (E0 = -0.336
Vþ 0.0591 log[Tlþ] V). Studies on TlVO3, which contains
Tlþ, also indicate the same type of reversible redox peaks.
Tl3þ is reduced to Tlþ according to the Tlþ/Tl3þ redox
couple atE0=1.252 V, resulting in Tlþ at the surface that
is reduced to Tl.55 However, the photoactivity of TlVO4

and InVO4:TlVO4 composite is the same if the potential is
reversed prior to accessing the Tlþ/Tl0 couple.
Figure 5 shows Mott-Schottky plots constructed

from capacitance measurements collected by alternating
current (AC) voltammetry. This data was transformed to
1/C2 to fit the Mott-Schottky equation

1

C2
SC

¼ 2

eεε0ND

� �
E- Efb -

kT

e

� �

whereCsc is the space charge capacitance, e is the electron
charge, k is the Boltzmann constant, T is temperature in
Kelvin, ε0 is the permittivity of free space, ε is the di-
electric constant of the film electrode, ND is the carrier
density, and E and Efb are the applied and flatband
potentials, respectively.56,57 When plotted, 1/C2 versus
E is linear in the depletion region of the semiconductor
and allows estimation of flat-band potential, Efb, at the
intersection of the potential axis (1/C2 = 0).58 The flat-
band potential provides a good estimation of the conduc-
tion band edge in n-type semiconductors.59 The band
edge generally lies between 0.1 and 0.4 eV more negative
depending upon conductivity of the semiconductor.60 As
compiled in Table 2, estimated flat band potentials are

Figure 4. Cyclic voltammetry of (A) InVO4, (B) TlVO4, (C) InVO4:
TlVO4 composite performed at pH= 4 in 0.1 M K2SO4(aq).

Table 1. Photocurrent at 1 V, 0 V, and -0.5 V

Photocurrent Density (μA/cm2)

InVO4 TlVO4 InVO4:TlVO4

1 V 5.56 63.30 11.91
0 V -5.37 -180.38 -108.31
-0.5 V -8.19 -105.86 -245.61
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-0.041 V, -0.221 V, and -0.217 V versus Ag/AgCl for
InVO4, TlVO4, and the InVO4:TlVO4 composite, respec-
tively. These flat-band potentials give some insight into
the photoactivity of the materials with water. Samples
containing Tl appear to have a conduction band edge
more negative than that of InVO4, possibly allowing for
better water reduction activity. None of the materials
studied, however, has band positions ideal for photoca-
talytic water splitting without application of an electro-
chemical bias (E�[Hþ/H2] =-0.236 V vs NHE at pH= 4,
-0.458 V vs Ag/AgCl).61

We recognize that our estimation of the conduction
band level is at odds with reported observation of H2

production from InVO4 and InVO4 loaded with Ni/NiO.
Our own experience suggests that little or no H2 is
produced from samples of InVO4. Additionally, there
exist several potential experimental complications that
could render a higher level of uncertainty into the results.
Even in the case where the conduction band level of
InVO4 is around 0.4 eV more negative than the flatband
potential, there will be little or no overpotential to per-
form the water reduction reaction, which leads to mini-
mal H2 production from H2O.
Figure 6 contains diffuse reflectanceUV-vis spectra of

TlVO4, InVO4, and InVO4:TlVO4 composite samples.
Band gaps for samples are estimated by extrapolation
of the linear portion of the absorption edge. Bandgaps
for InVO4, TlVO4, and InVO4:TlVO4 are estimated as
3.50 eV (354 nm), 2.98 eV (422 nm), and 2.94 eV (415 nm),
respectively. The presence of thallium in TlVO4 and the
composite serves to reduce the bandgap of these vana-
dates relative to InVO4.
Figure 6 also reveals the presence of absorption in

the visible wavelengths for each sample extending to
approximately 600 nm (2.07 eV) for InVO4 and the
composite and roughly 800 nm (1.55 eV) for TlVO4.
Previous reports of the band gap of InVO4 by diffuse
reflectance UV-visible spectroscopy have typically esti-
mated it as 1.9-2.0 eV.30,31,62,63 The InVO4 band-
gap presented here significantly deviates from those of
previous reports. Interestingly, we performed photolumi-
nescence measurements on the InVO4 material (not

Figure 5. Mott-Schottky plots of (A) InVO4, (B) TlVO4, and (C)
InVO4:TlVO4 composite performed in pH= 4 0.1 M K2SO4(aq).

Table 2. Flat-Band Potentials Determined from Mott-Schottky Method

flat band potential (V) vs Ag/AgCl

frequency InVO4 TlVO4

InVO4:TlVO4

composite

1000 Hz N/A -0.280 -0.253
500 Hz -0.038 -0.189 -0.186
100 Hz -0.023 -0.182 -0.200
50 Hz -0.063 -0.231 -0.228
average -0.041 -0.221 -0.217

Figure 6. UV-visible diffuse reflectance spectra of TlVO4, InVO4, and
InVO4:TlVO4 composite.
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shown). These measurements revealed the presence of a
luminescence peak at 550 nm with 325 nm excitation, but
no luminescence was observed with 442 nm excitation.
These results suggest that the InVO4 band gap is at
energies greater than 442 nm (or 2.8 eV).
To better understand these observations, DFT calcula-

tions were performed to elucidate the band structure.
Figure 7 presents the partial density of states of the
materials as calculated using the CASTEP code within
Materials Studio 4.4. The 0 eV energy signifies the highest
occupied state of the semiconductor, corresponding to

the top of the valence band. The calculated bandgap
of InVO4, TlVO4, and the InVO4:TlVO4 composite is
3.14 eV, 1.92 eV, and 2.25 eV, respectively as shown in
Table 3. The bandgap for InVO4 correlates well with the
3.1 eV predicted by Oshikiri et al. in previous studies,32,64

though is larger than the 2.3 eV calculated by Zhang and
co-workers.62 Results from these calculations match well
with UV-vis observations and are consistent with band-
gap underestimation typical of DFT calculations.35,65-67

The origin of the visible absorbance for InVO4, TlVO4,
and the composite likely arise from oxygen vacancies and
gap states lying above the valence band. These states lie
closer to the conduction band and give rise to false band
edges, albeit with significant absorption, that are lower in
energy than the true bandgap. Similar observations are
seen with InTaO4, for which it has been determined that
the apparent optical bandgap of 2.6 eV68 actually arises
from oxygen vacancy levels within the bandgap67,69 while
the true optical bandgap is 4.3 eV.67 A valence band to
conduction band transition of 3.50 eV for InVO4, as
measured by diffuse reflectance UV-vis spectroscopy,
is not surprising as calculations have predicted InVO4 to
have a smaller bandgap relative to InTaO4 (3.1 eV vs
3.7 eV) because V 3d orbitals lie at lower energy, likely
because of higher electronegativity and different crystal
geometry.32 TlVO4, however, has lower energy band edge
absorption at 2.94 eV with significant deviation from the
predicted 1.92 eV bandgap. One reason this underestima-
tion is so large could be the presence of a conduction
band with more s orbital character, which has previously
been shown to give rise to band gap determination errors
exceeding 2 eV in DFT calculations.70-72 While the
inaccuracies associated with uncorrected DFT bandgap
calculations may be large, the DFT calculations still
provide a point of comparison. The systems we study
are similar enough in nature that the inaccuracies result-
ing from discontinuity in the exchange correlation func-
tional and other correlation effects should be similar and
allow evaluation of relative band positions and composi-
tion.
Our DFT calculations indicate that the primary con-

tribution to the valence band of each compound comes
fromO 2p orbitals with small contributions fromV 3d, In
5s, and/or Tl 6s and 6p. The valence bands of both InVO4

and TlVO4would ordinarily be expected to occur at nearly
the same level because of the dominant contribution of O
2p orbitals and the small energy difference between In
and Tl. Estimation of the valence bands by the Mott-

Table 3. Comparison of Calculated and Experimental Band Gaps

calculated band gap
(eV)

experimental band gap
(eV)

InVO4 3.14 3.50
TlVO4 1.92 2.94
InVO4:TlVO4 composite 2.25 2.98

Figure 7. Partial density of states (PDOS) of (A) InVO4, (B) TlVO4, and
(C) InVO4:TlVO4 composite. (PDOS labeled by primary contribution to
s, p, and d orbitals).
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Schottky method coupled with UV-visible measure-
ments, however, indicates the valence band tops of TlVO4

and the composite lies nearly 0.7 eV more negative than
that of InVO4. A schematic representation of the pro-
posed band structures of these compounds based upon
Mott-Schottky flat-band potentials and UV-visible
bandgap approximations is presented in Figure 8. Calcu-
lations performed by Walsh et al. on BiVO4 show that Bi
6s interaction with O 2p causes an upward dispersion in
the maximum energy of the valence band of 0.4 eV.70 The
presence of Tl 6s and 6p orbitals and their couplingwithO
2p orbitals in TlVO4 and the composite thus could be the
cause of the higher valence band edges. Coupling between
Tl 6s and O 2p in the valence band is qualitatively ap-
parent as delocalization of the density of states when
compared to that of InVO4 where sharper, more localized
states exist.
The conduction bands of both TlVO4 and InVO4 are

primarily composed of V 3d orbitals with additional
contribution from O 2p, In 5s, and/or Tl 6s, matching
previous observations.62 The contribution of Tl 6s orbi-
tals, in contrast to In 5s orbitals, provides a more hybri-
dized conduction band in TlVO4 which again appears to
slightly raise the conduction band bottom relative to that
of InVO4.
The diffuse nature of the Tl 6s orbitals incorporated into

the conduction band and valence band of TlVO4 allows
better contact and interaction with solution species. The
Gerischer model of semiconductor-electrolyte interfaces
suggests that the rate of reaction is dependent upon the
overlap of the density of states of the semiconductor valence
bandand conductionbandwith the reactants.58,73Themore
diffuse s orbitals incorporated into the conduction band of
TlVO4 would thus exhibit improved contact with the elec-
trolyte and could result in greater photocurrent. Indeed, this
is what is seen in Figure 4 for the Tl-containing species; s
orbitals are available at the bottom of the conduction band
to accept photogenerated electrons to reduce water when
sufficiently negative potentials are reached. This effect is

most likely enhanced by increased absorption into the
visible region of the spectrum because of the lower energy
bandgap of the TlVO4. An alternative explanation for the
different photocurrent densities of the materials could be
differences in the photoelectrochemical surface area avail-
able because of different particle size and shape. The
evidence contradicts this assumption, however, because
more photocurrent occurs for lower surface area TlVO4

than either InVO4 or InVO4:TlVO4 composite as discussed
above.
The InVO4:TlVO4 composite material is dominated by

TlVO4 characteristics despite the fact that both InVO4

and TlVO4 are incorporated into the composite as in-
ferred by XRD, TEM, and EDS. UV-vis shows the
composite shares similar band edge absorptions with
TlVO4 with some small contribution from InVO4. Photo-
electrochemistry shows nearly identical flat band poten-
tials and similar photoactivity; this result is not surprising
since the synthetic method utilized deposits TlVO4 onto
the surface of InVO4, thereby yielding surfaces of similar
chemistry for TlVO4 and the composite. The calculations
also reinforce the dominant effect of Tl in the composite
by yielding a similar band structure and density of states
to that of TlVO4.

IV. Conclusion

In summary, we report a simple solution method to
synthesize InVO4, TlVO4, and an InVO4:TlVO4 compo-
site. Photoelectrochemical activity and the band structure
of TlVO4 has been characterized for the first time and
compared to the better characterized InVO4. We con-
clude from these results that the higher photoelectro-
chemical activity of TlVO4 and the InVO4:TlVO4

composite arise from the more diffuse Tl 6s character of
the valence and conduction bands relative to In; this
enables better contact with electrolyte allowing photo-
generated electrons and holes to more readily react with
solution species, which decreases the likelihood of charge
recombination. The results reported here provide the first
evaluation of TlVO4 as a photocatalyst and evidence that
incorporating crystallographically similar metal oxides
into a composite heterojunction can alter the band posi-
tions and bandgap, providing an opportunity for con-
certed band engineering and tuning. Figure 8 graphically
presents this band tuning and gives better approximations
of the valence and conduction band positions than those
previously published.
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Figure 8. Representation of the band structures of InVO4, TlVO4, and
InVO4:TlVO4 composite at pH 4.
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