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ABSTRACT: Bismuth vanadate (BiVO4) is a promising
photoelectrode material for the oxidation of water, but
fundamental studies of this material are lacking. To address
this, we report electrical and photoelectrochemical (PEC)
properties of BiVO4 single crystals (undoped, 0.6% Mo, and
0.3% W:BiVO4) grown using the floating zone technique. We
demonstrate that a small polaron hopping conduction
mechanism dominates from 250 to 400 K, undergoing a
transition to a variable-range hopping mechanism at lower temperatures. An anisotropy ratio of ∼3 was observed along the c axis,
attributed to the layered structure of BiVO4. Measurements of the ac field Hall effect yielded an electron mobility of ∼0.2 cm2

V−1 s−1 for Mo and W:BiVO4 at 300 K. By application of the Gar̈tner model, a hole diffusion length of ∼100 nm was estimated.
As a result of low carrier mobility, attempts to measure the dc Hall effect were unsuccessful. Analyses of the Raman spectra
showed that Mo and W substituted for V and acted as donor impurities. Mott−Schottky analysis of electrodes with the (001)
face exposed yielded a flat band potential of 0.03−0.08 V versus the reversible H2 electrode, while incident photon conversion
efficiency tests showed that the dark coloration of the doped single crystals did not result in additional photocurrent. Comparison
of these intrinsic properties to those of other metal oxides for PEC applications gives valuable insight into this material as a
photoanode.

1. INTRODUCTION

Photoelectrochemical (PEC) water splitting has great potential
as a route to renewable hydrogen production using solar
energy.1,2 However, a lack of efficient, inexpensive, and stable
photoelectrodes inhibits this technology. Metal oxides are
promising candidate materials because of their stability and
relative abundance but often have poor light absorption and
charge transport properties. Pertinent examples of metal oxide
photoelectrode materials include titania (TiO2),

3 hematite (α-
Fe2O3),

4 and tungsten oxide (WO3).
5 In the continuing search

for higher efficiencies, complex metal oxides, with two or more
cations, are coming to the forefront of this field.
Monoclinic bismuth vanadate (BiVO4) is one such promising

material for water oxidation.6−8 It is attractive because of its
direct band gap of ∼2.4 eV, favorably positioned band edges,
and stability when coupled with cocatalysts. The monoclinic

structure (“clinobisvanite”) is the most common under ambient
conditions and has also been shown to be the most
photocatalytically active.9 The crystal is a slightly distorted
tetragonal scheelite structure, which converts to an undistorted
scheelite structure with temperature,10 pressure,11 or the
addition of dopants.12 Recently, polycrystalline BiVO4 photo-
electrodes singly doped with molybdenum (Mo)13−16 or
tungsten (W)15,17−19 or codoped with Mo and W20,21 have
led to increased efficiencies and thus motivated us to perform a
fundamental study of the electrical properties of this system
using well-characterized single crystals.
In 1979, Sleight et al. first made synthetic single crystals of

BiVO4 using the Czochralski technique.
22 Additionally, Hoffart
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et al. measured the conductivity of BiVO4 single crystals at high
temperatures (550−700 °C) where the tetragonal scheelite
phase is dominant and conduction is primarily ionic.23 Several
investigations of conduction in polycrystalline samples have
been performed,24−28 but variation in syntheses and grain
boundary effects limit the general application of these results.
Determinations of carrier properties, such as mobility and
diffusion length, are inherently difficult, as most metal oxides
are highly electrically resistive at temperatures applicable to
PEC cell operation (room temperature to 100 °C for aqueous
electrolytes).
The aim of this study was to measure the intrinsic electrical

properties of BiVO4. To the best of our knowledge, this is the
first report of doped BiVO4 single crystals. Once these crystals
were obtained, they were oriented and either characterized
electrically or used as photoelectrodes. The term “doping” will
be used in this paper to describe the addition of impurities to
change a material’s electrical properties, without the formation
of secondary phases.
The crystal phase and composition were studied using X-ray

diffraction, inductively coupled plasma mass spectrometry, and
Raman spectroscopy. Electrical properties were obtained by
measuring the resistivity and the Hall effect as functions of
temperature. Oriented samples were used to probe potential
anisotropy. Finally, PEC tests under illumination, Mott-
Schottky analysis and estimation of the hole diffusion length
were performed.

2. EXPERIMENTAL METHODS

2.1. Single-Crystal Synthesis. Starting ceramic powders were
made by a solid state reaction of Bi2O3 (99.999%, Sigma-Aldrich),
V2O5 (99.6%, Sigma-Aldrich), MoO3 (99.95%, Alfa Aesar), and WO3

(99.99%, K. J. Lesker). After being mixed in an agate mortar, these
mixtures were calcined first at 600 °C for 10 h before further reaction
at 900 °C for 10 h in air with intermediate mixing. Mo and W were
added on the basis of the chemical formula

− −Bi Ø V M Ox x x x1 /3 /3 1 4 (1)

where Ø represents Bi vacancies and M is Mo or W.12,29

Single crystals were grown using an infrared heating image furnace
(NEC SC-M35HD). The ceramic powders were isostatically pressed
to form the feed and seed rods before a final annealing step of 700 °C
for 10 h. A slight excess of V (48:52 Bi:V atom % ratio) was added to
these powders to account for volatilization losses.23 The feed and seed
rods were counter-rotated at 30 rpm in a static O2 atmosphere of 1.8
atm during the growth. Typical growth rates were between 1 and 3
mm/h. In some cases, the feed rods were premelted prior to growth to
suppress bubble formation in the melt zone.
2.2. Composition. Powder X-ray diffraction (XRD) was

performed using a Philips X’Pert diffractometer equipped with
monochromatic Cu Kα X-rays (λ = 1.54056 Å). Laue back-reflection
XRD was employed to check single-crystal quality and to orient
crystals in the three principal crystallographic axes to within 1°.
Multiple Laue images were taken on samples to ensure they were
single-domain throughout. Inductively coupled plasma mass spec-
trometry (ICP-MS) measurements were taken using an Agilent 7500ce
Quadrupole ICP-MS instrument. To prepare samples for ICP-MS,
powders from the single crystals were dissolved in 4 M HNO3 (Fisher)
and reacted at 180 °C for 2 h in a Teflon-lined autoclave (Parr).
Deionized water was used throughout the ICP-MS sample preparation.
An optical Raman system with a Verdi V2 532 nm green laser, Andor
spectrometer, iCCD detector, and 1800 grating was utilized for
vibrational spectroscopy measurements. Diffuse reflectance UV−vis
spectra were measured with a Cary 500 spectrophotometer attached to
an integrating sphere (Labsphere DRA-CA-5500).

2.3. Electrical Measurements. The dc resistivity and dc field Hall
effect measurements were taken using a Physical Property Measure-
ment System (PPMS, Quantum Design) specially modified for high-
resistivity samples at Pacific Northwest National Laboratory.30 A
custom sample probe with triax connectors was used for this work.
The ac field Hall effect measurements were taken at Lake Shore
Cryotronics on a model 8404 ac/dc Hall measurement system. Some
resistivity measurements at room temperature were taken using a
Keithley 2400 source meter.

The sample geometry was rectangular, oriented such that
measurements could be made along principal crystallographic axes
[Figure S1 of the Supporting Information (SI)]. It was not practical to
differentiate between the a and b axes using Laue XRD because of the
near structural symmetry in these directions; therefore, they were
combined and termed ab. The thicknesses of the single crystals ranged
from 160 to 220 μm.

Ohmic contact was achieved by using In−Ga eutectic (Sigma-
Aldrich), held in place with Ag paste (CircuitWorks). When indium
metal or only Ag paste was used, high resistances and diode behavior
were observed (Figure S2 of the SI). Contact areas at the edges were
kept small (∼0.1 mm2) to minimize measurement errors. Current−
voltage curves taken at all chosen temperatures confirmed that the
contacts were ohmic (Figure S3 of the SI).

The dc resistivity was measured from 400 to 140 K in the van der
Pauw (vdP) configuration. The dc field Hall effect data were obtained
with a magnetic field of −6 to 6 T applied perpendicular to the sample.
The dc current was applied in both polarities at each field and
temperature to eliminate intrinsic errors resulting from misaligned
contacts.31 Experimental errors commonly found in high-resistivity
samples due to sample capacitance and temperature transients were
minimized by waiting for the current and voltage signal to reach the
steady state after the temperature, field, or current had been changed.
The ac field Hall effect data were obtained with a magnetic field
frequency of 0.1 Hz. This frequency is large enough such that ac
conductivity effects can be ignored (further explanation in the SI). The
dc current was applied in both polarities to remove the inductive
pickup signal from the Hall voltage.32

2.4. Photoelectrochemical Measurements. Single crystals were
incorporated in electrodes using an In−Ga eutectic/Ag paste back-
contact embedded in nonconductive epoxy (Loctite). A freshly cleaved
(001) face was exposed, and electrode areas were between 1 and 2
mm2. The crystal thicknesses ranged from 80 to 150 μm.

Photoelectrochemical measurements were conducted in a three-
electrode cell using the single crystal as the working electrode, Ag/
AgCl (saturated KCl) as the reference electrode, and Pt wire as the
counter electrode. All potentials reported here are versus the reversible
H2 electrode (RHE). Illumination was the full output of a 150 W Xe
lamp (Osram, Munich, Germany) calibrated to 100 mW/cm2. A
monochromator (Photon Technology International), a silicon photo-
detector (model 818-UV, Newport), and an optical power meter
(model 1830-C, Newport) were used to obtain the incident photon to
current conversion efficiency (IPCE). IPCE values were calculated
using the formula33

λ
λ

λ λ
= ×

j

E
IPCE( )

1240 ( )

( )
100

(2)

where λ is the wavelength (nanometers), j is the photocurrent density,
and E is the incident power of the monochromated light.

The electrolyte solution was 0.1 M phosphate buffer with 0.1 M
Na2SO4 (Fisher) in deionized Milli-Q water (pH 7). In some
experiments, 0.1 M Na2SO3 (Fisher) was added to this solution as a
hole scavenger (pH 7). A CH Instruments 630D potentiostat was used
for all current−voltage scans. The scan rate was 20 mV/s.
Capacitance−voltage measurements were taken using a CH Instru-
ments 660D potientiostat. The amplitude of the applied voltage was 5
mV at fixed frequencies of 500, 1000, and 1500 Hz.
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3. RESULTS AND DISCUSSION

3.1. Synthesis. Crystal boules of undoped and doped (<1
atom %) BiVO4, ∼6 mm in diameter and 20 mm in length,
were prepared but were rarely single-domain throughout. This
is in agreement with other studies, where BiVO4 crystals grown
by the Czochralski technique contained extensive twinning.22,23

Regardless, large single crystals (up to 4 mm × 3 mm × 2 mm
in our case) could be cut from the boules. Laue back-reflection
XRD confirmed that the prepared samples were not macro-
scopically twinned (Figure S4 of the SI). The undoped crystals
were transparent orange, and we saw cleavage perpendicular to
the c axis as observed by other workers.22,23 Figure 1 shows that

doping with Mo and W changed the apparent color to a dark
purple. Observed color can be due to a variety of
mechanisms;34 in this case, we rationalize the color change
using semiconductor band theory. Mo and W are predicted to
act as shallow donor impurities,20,35 which gives rise to a low-
energy transition between the impurity states and the
conduction band, capable of absorbing all visible photons.
Grinding of both doped and undoped crystals resulted in
yellow powder characteristic of BiVO4, indicating that the dark
purple color is observed only in specimens where the crystal
domains are large enough. This phenomenon is well-known in
mineralogy, where “streak” (dragging a sample across a hard
plate to produce a fine powder) is used to identify
compounds.36

Higher doping concentrations, up to 10%, were attempted
but resulted in an unstable melt zone, which was presumably
caused by incongruent melting. Incongruently melting materials
can be grown using the traveling solvent floating zone
technique,37 but the use of a suitable solvent is essential.
Several solvents in the Bi2O3−V2O5 phase diagram were tried,
but none resulted in stable crystal growth. More exotic solvent
materials may be successful.
3.2. Compositional Analysis. Final dopant concentrations

were determined by inductively coupled plasma mass
spectrometry (ICP-MS), confirming that Mo and W were
present in the samples. Results are shown in Table 1. From
these values, it appears that x in eq 1 is limited to ∼0.3% for W

in BiVO4 grown from the melt. In fact, the value of x decreased
for all samples, except sample 1, where the increase in the Mo
concentration is attributed to V evaporation during growth.
Hereafter, all data in this paper refer to either undoped, 0.6%
Mo doped, or 0.3% W doped BiVO4 single crystals. The doped
samples will be termed Mo:BiVO4 and W:BiVO4. In this
analysis, we have assumed that the doping in the samples is
homogeneous; i.e., no surface segregation takes place. As
mentioned in section 3.1, the melt−growth technique produces
large boules of crystalline material, from which samples are cut.
As the samples are obtained from the bulk of the boules, surface
segregation is unlikely.
Analyses of the powder X-ray diffraction (XRD) spectra

showed that the resulting crystals were single-phase monoclinic
BiVO4 (PDF 14-0688) as shown in Figure 2. The addition of

Mo and W has been shown to stabilize the tetragonal scheelite
structure of polycrystalline BiVO4 at room temperature with
high (>5 atom %) dopant concentrations.12,20,21 The dopant
concentrations that could be achieved using the floating zone
growth process (<1%) were too small to yield any significant
change in the lattice parameters, so the incorporation of Mo
and W could not be studied using XRD.
Raman spectra were collected from the c plates of the single

crystals to probe potential changes in the V site in the BiVO4

lattice. All peaks could be indexed to Raman bands of
monoclinic BiVO4.

38,39 Luo et al. recently performed Raman
spectroscopy on BiVO4 thin films doped with 3 atom % Mo or
W.15 Doping resulted in little change between spectra, except
for a shift of ∼7 cm−1 in the peak around 829 cm−1 associated
with stretching of the V−O bond. We measured a comparable
shift of ∼2 cm−1 in this peak, which we also assign to Mo and
W substitution in the V site (Figure 3). Though the shift was
small, it was repeatable. The low concentration of dopants
made analyses of their charge state and local environment by X-
ray photoelectron spectroscopy (XPS) impossible.

3.3. Electrical Transport. Resistivity was measured from
400 to 140 K, increasing by 5 orders of magnitude as the
temperature was decreased (Figure 4). The similarity in the
resistivity values for Mo and W doping was expected as their
concentrations are comparable and both are typically in the +6
oxidation state,20,21 therefore adding a single electron to the
lattice per dopant atom. Undoped crystals were highly resistive
(∼5 × 108 Ω cm), compared with a value of ∼104 Ω cm for

Figure 1. Photographs of undoped and doped oriented and polished
single-crystal c plates. The scale bar is 1 mm.

Table 1. Initial Calculated Dopant Concentrations in the
Feed Rods Compared to the Concentrations Determined by
ICP-MS in BiVO4 Single Crystals

dopant sample starting xa (%) final xa (%)

Mo 1 0.54 0.57

2 1.08 0.78

W 3 0.52 0.31

4 1.04 0.31

ax is based on eq 1.

Figure 2. XRD patterns for pulverized BiVO4 single crystals. Gray
vertical ticks show the pattern for the monoclinic phase of BiVO4

(PDF 14-0688).
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doped samples at 300 K. The van der Pauw (vdP) configuration
was used, and there was little difference between the resistances
along the a or b axis, indicating that ρa ≈ ρb. Thus, c plates were
assumed to be isotropic.
3.3.1. Transport Models. In many metal oxides (i.e.,

Ti:Fe2O3
40,41 and Nb:TiO2

42), carrier transport is described
by a thermally activated small polaron hopping (SPH)
mechanism first proposed by Mott.43 In this model, the charge
carrier distorts the surrounding lattice, impeding its transport
and resulting in low mobility: an upper limit of 0.1−1 cm2 V−1

s−1 has been calculated.44 On the basis of density functional
theory calculations,20 SPH was suggested to be dominant in
Mo:BiVO4 and W:BiVO4, with electron transport taking place
between V4+ and V5+, Mo6+, or W6+ atoms. The small polaron
model is described by45

ρ ∝

⎛

⎝
⎜

⎞

⎠
⎟T T

E

k T
( ) exp a

B (3)

where Ea is the hopping activation energy, kB is Boltzmann’s
constant, and T is the absolute temperature. As shown in Figure
5, this model fits the data closely from 250 to 400 K, and
activation energies of 0.286(1) and 0.290(1) eV were
determined for Mo:BiVO4 and W:BiVO4, respectively. These
results indicate that Mo and W have electrically similar behavior
as dopants in the BiVO4 system at concentrations of <1%.
A transition to a variable range hopping (VRH) mechanism

is expected at low temperatures, at approximately one-half the

Debye temperature (ΘD/2).
46 At the time of writing, no

literature values for the Debye temperature of BiVO4 exist, so
on the basis of our data, we estimate a value of ∼500 K.
In the VRH regime, conduction occurs by hopping from

localized dopant centers and so can be applied in doped
semiconductors and amorphous glasses containing metal ions.
Several VRH mechanisms exist: Mott 3D, Mott 2D,43 and
Efros−Shkolvskii.47 The Efros−Shkolvskii model gave the best
fit to our data and is described by

ρ ∝
⎛

⎝
⎜

⎞

⎠
⎟T

T
( ) exp

1
1/2 (4)

though it should be noted that all models mentioned fit the
data adequately (R2 > 0.999). Interestingly, the relationship ln ρ
α T−3/4 matched the resistivity data excellently over the entire
temperature range (data not shown), but no conduction model
was of this form. The data for 0.6% W:BiVO4 crystals (Figure
S5 of the SI) produced results nearly identical to those
described above for 0.3% Mo:BiVO4. Certainly, our under-
standing of transport in BiVO4 would benefit from rigorous
computational studies as have been performed for hematite48,49

and titania.50

3.3.2. Resistivity Anisotropy. Monoclinic BiVO4 (space
group I2/b, a = 5.1935 Å, b = 5.0898 Å, c = 11.6972 Å, and γ =
90.387°)22 has a layered structure, consisting of edge-sharing
BiO8 and VO4 groups, separated by weakly bonded oxygen
planes perpendicular to the c direction (Figure 6). Hoffart et al.
investigated anisotropy in undoped single crystals at elevated
temperatures (550−700 °C), where conduction is primarily

Figure 3. Raman spectra of single-crystal c plates, illustrating a shift in
the peak around 830 cm−1.

Figure 4. Resistivity vs temperature for BiVO4 single crystals.

Figure 5. Fits of small polaron hopping (SPH) and variable range
hopping (VRH) transport models to resistivity data. The arrow
indicates the transition to the VRH mechanism.

Figure 6. Schematic of monoclinic BiVO4 structure (a) showing edge-
sharing BiO8 (purple) and VO4 (red) units and (b) illustrating oxygen
planes perpendicular to the c direction.57
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ionic and via oxygen vacancies.23 The authors showed 50 times
greater ionic resistivity in the c direction than in the a direction,
which was attributed to the layered structure of BiVO4. We
measured a resistivity anisotropy ratio (ρc/ρab) of ∼3 over
multiple single-crystal samples at room temperature (Table 2),

where ρa ≈ ρb = ρab as discussed in section 3.3. This was first
observed in the vdP geometry; however, direction-dependent
resistivities could not be extracted using the traditional vdP
method, which assumes that the sample is isotropic.51 Several
authors have presented techniques for determining resistivity
anisotropy from vdP data.52−55 Here, we have used Kazani et
al.’s method,56 which indicated an anisotropy ratio between 2.6
and 3.7.
To verify this result, bar-shaped samples (0.5 mm × 0.3 mm

× 2 mm) were cut in the directions of interest and four-point
collinear measurements confirmed an anisotropy ratio of ∼3 as
shown in Table 2.
Though the degree of anisotropy is modest, this difference

could be significant in BiVO4-based photoelectrodes where
charge transport is limiting. High-aspect ratio nanostructures
that minimize electron transport in the c direction are therefore
predicted to be beneficial in this case. Other recent work has
emphasized the importance of crystal orientation in photo-
electrochemical processes, such as, on different crystal facets of
BiVO4.

58

The method of Kazani et al. was further tested by applying
the technique to vdP data for c plates that were expected to be
isotropic. This analysis yielded resistivities that varied by only
20−30% (Table S1 of the SI).
3.3.3. Hall Effect Measurements. We attempted to measure

the Hall effect using a static magnetic field in the doped
samples, but no clear signal above the instrument noise could
be obtained. For these samples, it was noticed that it took
several hours to reach a steady state after a current had been
applied, and spurious Hall voltages could be easily obtained
with an insufficient wait time. A potential explanation for the
small signal is that the samples were too thick. The Hall voltage,
VH, is inversely proportional to sample thickness, t59

ρμ
=V

iB

t
H (5)

where i is the applied current, B is the field strength, and μ is
the mobility. Thin films (on the order of nanometers) would
improve the Hall signal dramatically but also increase the
misalignment voltage that is directly proportional to sample
thickness.32

The ac field Hall effect measurements were used to obtain
values for carrier mobility, μ, and carrier concentration, n, for
the doped single crystals. This technique applies an oscillating
magnetic field to the sample, making the resulting Hall voltage
(given in eq 5) time-dependent. This signal is boosted by a
lock-in amplifier, facilitating measurement of the Hall effect in
low-mobility materials.32 Though this is an uncommon

technique, it is well established in the literature with work
dating from the 1960s developing and utilizing it.60,61 The ac
field Hall effect measurements showed both W:BiVO4 and
Mo:BiVO4 crystals were n-type with electron mobilities of ∼0.2
cm2 V−1 s−1 at 300 K (Table S2 of the SI). In the temperature
range of 250−300 K, mobility was effectively constant, while
the carrier concentration decreased as the sample was cooled
(Figure 7), consistent with the resistivity increase at lower

temperatures (Figure 4). Similar behavior was observed for
0.6% Mo:BiVO4 (Figure S6 of the SI). Below 250 K, the signal
was too noisy to discern a Hall voltage in the doped crystals
and undoped samples were too resistive to measure the Hall
effect at all temperatures considered. There was variability in
the measurements (factor of ∼2) as the Hall voltage was small
(Table S3 of the SI), but this did not appreciably change the
observed trends or the values for n or μe. For an n-type
semiconductor, the carrier concentration is given by

ρ μ
=n

e

1

e (6)

Using eq 6, n was determined to be ∼5 × 1015 cm−3 at 300 K
(Table S2 of SI), significantly lower than the impurity
concentrations, between 4 and 8 × 1019 cm−3 for 0.3% W
and 0.6% Mo doping, respectively, calculated from ICP-MS
measurements (Table 1). This unexpected result suggests
partial charge compensation in these single crystals, which can
complicate the intentional doping of complex metal oxides.62

Under the O-rich and Bi-poor growth conditions employed, we
hypothesize that singly ionized impurities substituted at the V
site (MV

•) are the main sources of donors and triply charged Bi
vacancies (VBi‴) are the main sources of acceptors (eq 4), using
Kröger−Vink notation:

− = − ‴
•n p [M ] 3[V ]V Bi (7)

where p is the carrier concentration of holes, M is Mo or W,
and the subscript refers to the lattice site. Bi vacancies have
been observed in heavily doped (Mo and W) polycrystalline
BiVO4

12,29 and are predicted to be shallow acceptors that can
easily be accommodated in the BiVO4 lattice.35,63 Unfortu-
nately, the very low predicted concentration of these vacancies
means they could not be observed in our lightly doped samples.
From the charge balance in eq 9, it is clear that only a low
concentration of Bi vacancies would be needed to provide a

Table 2. Resistivity Anisotropy of 0.3% W:BiVO4 Single
Crystals at 300 K

sample geometry technique ρc/ρab

1 ab plate vdPa 2.6

2 ab plate vdPa 3.7

3 bar four-point collinear 2.9
avan der Pauw.

Figure 7. Carrier concentration (n) and electron mobility (μe) ac field
Hall effect as a function of temperature for a 0.3% W:BiVO4 c plate.
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significant degree of charge compensation. Addition of excess
Bi in the feed rods may promote less compensation and more
efficient n-type doping of BiVO4;

62,64 however, a slight excess
of V was required for stable growth of crystals experimentally.
3.4. Photoelectrochemistry. All photoelectrochemical

testing was done with doped samples, as we could not obtain
a measurable photocurrent from electrodes using undoped
BiVO4 crystals. This is attributed to recombination of generated
electron−hole pairs before reaching the back contact, based on
the inherently low conductivity of undoped crystals (Figure 4)
and relatively large crystal thickness (∼100 μm). Linear sweep
voltammetry (LSV) was used to evaluate the performance of
doped single-crystal BiVO4 electrodes with the (001) face
exposed, which exhibited behavior characteristic of an n-type
photoanode (Figure 8a). Only Mo:BiVO4 data are shown as the
behavior of W:BiVO4 electrodes was comparable (Figure S7 of
the SI).

Photocurrents reached ∼0.4 mA/cm2 at 1.2 V versus RHE
(Figure 8a). A hole scavenger (Na2SO3) was used to evaluate
electrode performance with facile oxidation kinetics (Figure
8b). Here, we observed the onset of the photocurrent at lower
potentials than for water oxidation, demonstrating that the
transfer of a hole from the BiVO4 surface to the solution is

limiting when it is used for water oxidation. This has been
reported by other authors and illustrates the importance of
cocatalysts for this material.21,65,66 Relatively small cathodic
dark currents were observed at more negative potentials
(Figure 8a,b and Figure S7 of the SI) and may result from
reduction of the electrode surface or dissolved oxygen in the
electrolyte. Incident photon conversion efficiency (IPCE)
spectra agreed well with polycrystalline BiVO4 photoanodes
with a tail extending to ∼520 nm (Figure 9).65,67 This indicates

a band gap (Eg of ∼2.4 eV), despite the dark coloration of the
doped single crystals (Figure 1). Diffuse reflectance UV−vis
spectra showed that these samples absorb at all wavelengths of
visible light (Figure S8 of the SI), but clearly these do not
contribute to useful electron−hole generation. This phenom-
enon has been observed in reduced single-crystal TiO2

68 and
SrTiO3,

69 doped ZnO,70 and, most recently, H2-treated
polycrystalline BiVO4 films,63 but the underlying mechanism
remains unclear. Future work will involve photoluminescence
measurements to probe the role of impurity states and carrier
recombination in our crystals.

3.4.1. Mott−Schottky Analysis. Mott−Schottky (M−S)
analysis is commonly used in photoelectrode characterization
and relies on measuring the capacitance of the space charge
region at the semiconductor−liquid junction. The flat band
potential, Vfb, is determined from a plot of CSC

‑2 versus
potential as the x intercept and the carrier concentration can be
calculated using the slope of the linear region according to eq 8
for an n-type semiconductor

εε
= − −

⎛

⎝
⎜

⎞

⎠
⎟
⎛

⎝
⎜

⎞

⎠
⎟

C en
V V

k T1 2

eSC
2

0
fb

B

(8)

where ε is the dielectric constant of the material, ε0 is the
permittivity of free space, and V is the applied potential. The
term kBT/e is small at room temperature and therefore
neglected.
Both the calculated flat band potential and carrier

concentrations were shown to vary with frequency (Figure S9
of the SI). The flat band potential was 0.03−0.08 V versus
RHE, in good agreement with the onset potential of ∼0.05 V
(Figure S7, inset, of the SI). The calculated range of carrier
concentration from these plots was 0.3 to 1 × 1018 cm−3. This

Figure 8. Chopped illumination linear sweep voltammograms (LSVs)
of a Mo:BiVO4 electrode with the (001) face exposed. The scan rate
was 20 mV/s, and the light intensity was 100 mW/cm2 from a xenon
lamp. The electrolyte solution was 0.1 M phosphate buffer with (a) 0.1
M Na2SO4 or (b) 0.1 M Na2SO4, and 0.1 M Na2SO3 (hole scavenger).

Figure 9. Incident photon to current efficiency at 1.2 V vs RHE in 0.1
M phosphate buffer with 0.1 M Na2SO4. The photograph of a
Mo:BiVO4 c plate (inset) shows the dark coloration of a doped single
crystal.
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value does not agree with n from Hall effect measurements and
illustrates the need for independent measurement of this
quantity. The frequency dispersion indicates that M−S analysis
may not be adequate for accurate determinations of n for these
single crystals. This finding has also been observed for other
single-crystal electrodes, such as hematite.69

3.4.2. Estimation of Hole Diffusion Length. Via application
of the model of Gar̈tner,71 a useful relationship can be derived
for estimating the hole diffusion length:72,73

η α
εε

α− = − − − +⎜ ⎟
⎛

⎝

⎞

⎠en
V V Lln(1 )

2
( ) ln(1 )0

1/2

fb
1/2

p

(9)

where η is the IPCE in eq 2 corrected for reflection at the
electrode surface and expressed as a fraction, α is the
absorption coefficient, and Lp is the minority carrier diffusion
length. At sufficiently positive potentials, a plot of ln(1 − η)
versus (V − Vfb)

1/2 results in a linear region that can be
extrapolated to the y intercept to determine Lp (Figure S10 of
the SI). Application of this analysis yielded a value for α of
∼2,600 cm−1 using n from the ac Hall effect measurements and
a resulting hole diffusion length of ∼100 nm at λ = 400 nm.
This value is in agreement with the estimated range of 100−
200 nm calculated by other authors for polycrystalline undoped
and doped BiVO4 electrodes.

18 Detailed calculations are given
in the SI.
3.5. Comparison to Other Metal Oxide Photoanode

Materials. The electron mobility of Mo:BiVO4 and W:BiVO4

is low, but in the correct range for metal oxide semiconductors
in which thermally activated small polaron hopping is the
dominant conduction mechanism. In comparison to those of
other metal oxides studied as photoanodes, its intrinsic mobility
is on the low side, similar to that of iron oxide (Table S4 of the
SI). However, the hole diffusion length is moderate, being
greater than reported values for single-crystal TiO2 and
polycrystalline hematite (at the time of writing, no single-
crystal data for comparison could be found), but significantly
less than that of monoclinic WO3 (Table S5 of the SI).
It is important to note that mobility is a function of total

impurity concentration because of scattering processes, and
although the n of these single crystals was low because of
charge compensation, the impurity concentration was on the
order of 1019 cm−3 (calculated on the basis of ICP-MS
measurements). If fewer of the donor impurities were
compensated, samples with lower resistivity and lower impurity
concentrations could be synthesized, potentially resulting in
higher electron mobility because of reduced impurity scattering.
Further studies of doping on grain boundaries and surface
states as has been performed for other materials74,75 are
essential to an in-depth understanding of this material and
optimization of BiVO4 for water splitting applications.

4. CONCLUSIONS

We have synthesized single crystals of undoped BiVO4,
Mo:BiVO4, and W:BiVO4 via the floating zone technique,
with up to 0.6 and 0.3% doping, respectively. Mo and W
substitute for V in BiVO4 and act as donor impurities, doping
crystals of the n type. Between 250 and 400 K, conduction is
governed by small polarons, with an associated activation
energy of 0.3 eV. At temperatures lower than 250 K, a
transition to a variable-range hopping mechanism occurs. A
resistivity anisotropy of ∼3 was observed in the c direction and

was attributed to the layered structure of BiVO4. Attempts to
measure the dc field Hall effect were unsuccessful, but the ac
field technique yielded an electron mobility of ∼0.2 cm2 V−1 s−1

at 300 K. Comparison of the impurity level to the carrier
concentration indicated partial charge compensation in these
crystals. Mott−Schottky analysis yielded a flat band potential of
0.03−0.08 V versus RHE, while IPCE tests showed that the
dark coloration of the doped single crystals did not contribute
to additional photocurrent. Applying the Gar̈tner model, we
estimated a hole diffusion length of ∼100 nm. These results
provide new insights into the fundamental transport properties
of BiVO4 and should be of great value in optimizing this
material further for photoelectrochemistry and other applica-
tions.
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