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Dynamics of photogenerated holes in undoped
BiVO4 photoanodes for solar water oxidation†

Yimeng Ma, Stephanie R. Pendlebury, Anna Reynal, Florian Le Formal
and James R. Durrant*

The dynamics of photogenerated holes in undoped BiVO4 photoanodes for water splitting were studied

using transient absorption spectroscopy, correlated with photoelectrochemical and transient

photocurrent data. Transient absorption signals of photogenerated holes were identified using electron/

hole scavengers and applied electrical bias in a complete photoelectrochemical cell. The yield of long-

lived (0.1–1 s) photogenerated holes is observed to correlate as a function of applied electrical bias with

the width of the space charge layer, as determined by electrochemical impedance spectroscopy. The

transient absorption decay time constant of these long-lived holes is also observed to be dependent

upon the applied bias, assigned to kinetic competition between water oxidation and recombination of

these surface accumulated holes with bulk electrons across the space charge layer. The time constant

for this slow recombination measured with transient absorption spectroscopy is shown to match the

time constant of back electron transfer from the external circuit determined from chopped light

transient photocurrent measurements, thus providing strong evidence for these assignments. The yield

of water oxidation determined from these measurements, including consideration of both the yield of

long-lived holes, and the fraction of these holes which are lost due to back electron/hole recombination,

is observed to be in good agreement with the photocurrent density measured for BiVO4 photoanodes as

a function of bias under continuous irradiation. Overall these results indicate two distinct recombination

processes which limit photocurrent generation in BiVO4 photoanodes: firstly rapid (#microseconds)

electron/hole recombination, and secondly recombination of surface-accumulated holes with bulk

BiVO4 electrons. This second ‘back electron transfer’ recombination occurs on the milliseconds–

seconds timescale, and is only avoided at strong anodic biases where the potential drop across the

space charge layer provides a sufficiently large energetic barrier to prevent this recombination process.
Introduction

Solar water splitting using inorganic semiconductors has the
potential to produce clean and renewable molecular fuels.1

Among the semiconductors investigated for light-driven water
oxidation, n-type metal oxides with small optical band gaps are
of particular interest due to their potentially low fabrication
costs and visible light absorption. Bismuth vanadate (BiVO4)
has attracted particular interest in this regard. Its band gap of
2.4–2.5 eV (absorption edge: 500–520 nm) indicates that it could
ge London, South Kensington Campus,

perial.ac.uk

(ESI) available: SEM images (top and
he undoped BiVO4 photoanode, IPCE
, transient absorption spectra under
back electron/hole recombination and
n amplitude as a function of applied
recombination measured with two

ient absorption decays. See DOI:
in theory produce �6.2–7.5 mA cm�2 photocurrent, whilst its
valence band edge (�2.5 VRHE) provides a strong driving force
for water oxidation by photogenerated holes. Whilst initial
reported current densities were relatively modest, various strat-
egies have been investigated to increase the efficiency of BiVO4

photoanodes,2 including doping,3–6 heterojunctions,7–9 crystal
facet studies,10,11 and surface treatments.6,12–16 For example, van
de Krol and co-workers have recently reported a promising
photocurrent of 3.6 mA cm�2 at 1.23 VRHE (potential relative to
the reversible hydrogen electrode) using a gradient tungsten-
doped BiVO4 photoanode covered with cobalt phosphate (CoPi).17

However, for BiVO4 photoanodes without catalysts, such high
photocurrent densities are only observed in the presence of
signicant external bias, with an onset potential for photocurrent
generation typically �0.6 VRHE and saturated photocurrent only
achieved for voltages >1.3 VRHE. These voltages are substantially
anodic of the at band potential of BiVO4 conduction band,�0.1
VRHE, and limit the overall thermodynamic efficiencies of BiVO4

photoanodes for solar energy conversion. The requirement for
such anodic voltages has been related to the requirement of
This journal is © The Royal Society of Chemistry 2014
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forming a space charge layer at the semiconductor/electrolyte
interface in order to reduce charge recombination in the bulk
and at the semiconductor/electrolyte interface, thought to be
major loss processes in these electrodes.16 It is the bias depen-
dence of these recombination processes, and their competition
with water oxidation by photogenerated BiVO4 holes which is the
focus of the study reported herein.

Functional studies of recombination and water oxidation
kinetics in BiVO4 have to date largely been limited to photo-
electrochemical analyses,3,13,16 with for example some studies
indicating that that ‘surface recombination’ in BiVO4 photo-
anodes limits solar conversion efficiencies.13,16 Surface recom-
bination losses have also been related to current spikes
observed under chopped irradiation at potentials near the onset
of steady state photocurrent generation.13,18,19 We have recently
shown that transient absorption spectroscopy is a comple-
mentary tool for studying the kinetic competition between
charge recombination and water oxidation in metal oxide
photoanodes.20–23 Such transient optical studies, whilst being a
pulsed technique and therefore sometimes more difficult to
relate to steady state operation, allow the direct observation of
the dynamics of the photoinduced holes responsible for water
oxidation. This contrasts with photoelectrochemical and
impedance analyses of such n-type photoelectrodes, where hole
dynamics are inferred from electron currents monitored via the
external circuit. Transient absorption spectroscopy has previ-
ously been used to investigate the dynamics of photogenerated
charge carriers in TiO2,21,24,25 WO3,26 and a-Fe2O3

20,27 photo-
anodes on timescales ranging from femtoseconds to seconds.
Transient absorption spectroscopic studies of BiVO4 photo-
electrodes have been very limited to date,22 and have not
addressed the kinetic competition between charge recombina-
tion and water oxidation, nor the impact of this competition
upon photoanode efficiency. A detailed investigation of charge
carrier dynamics in a-Fe2O3 photoelectrodes has found that
applied anodic bias can retard charge recombination losses and
result in the generation of long-lived (lifetimes of 100 ms–
seconds) holes, and correlated these data with photocurrent
generation.20,23 Analogous data have also been observed for TiO2

photoanodes.21,24

Herein, we report the rst transient absorption study of
water oxidation on undoped BiVO4 photoanodes on micro-
second to second timescales – the timescales of most relevance
to water oxidation. BiVO4 photoanodes were fabricated using
modied metal–organic deposition (MOD), according to the
method developed by Sayama et al.28 Long-lived transient
absorption signals observed following low intensity pulsed
excitation are assigned to the absorption of photogenerated
BiVO4 holes by the use of electron and hole scavengers, and
applied electrical bias. In the photoelectrochemical cell, the
dynamics of photogenerated holes in BiVO4 are studied as a
function of applied bias and laser excitation intensity. These
hole dynamics are correlated with the width of the space charge
layer calculated from impedance analysis. Measurements of
chopped light transient photocurrents are employed to study
the kinetics of recombination of bulk BiVO4 electrons with long-
lived surface holes. The impact of the relative rates of
This journal is © The Royal Society of Chemistry 2014
recombination and water oxidation upon the efficiency of water
photo-oxidation are discussed.
Experimental
Fabrication of BiVO4 photoanodes

Chemicals were purchased from Sigma-Aldrich, unless other-
wise stated, in the highest purity available, and used without
further purication. Undoped BiVO4 photoanodes were fabri-
cated by modication of a MOD method previously reported.28

Briey, bismuth nitrate pentahydrate (0.2 mol L�1) was dis-
solved in acetic acid (1.5 mL, BDH), and vanadyl acetylacetonate
(0.2 mol L�1) was dissolved in acetylacetone (10 mL, Merck).
These solutions were stirred at room temperature for 30
minutes. FTO (uorine-doped tin oxide) glass (2.5 � 2.5 cm,
TEC 15, Hartford Glass Co.) was cleaned by sonication in de-
ionised water (ELGA PURELAB Option-Q, 18.2 MU cm at 25 �C)
then acetone (VWR). Aer sonication, the cleaned glass was
heated at 500 �C for 30 minutes to remove all organic residues.

BiVO4 lms were prepared by depositing the precursors by
spin-coating. Spin-coating parameters were set at 1000 rpm for 20
s for each layer of deposition. For each layer, a small piece of the
substrate was covered with a piece of tape to leave blank FTO for
electrical connection. Aer each layer was deposited by spin-
coating, the lm was calcined at 450 �C for 30 min. This spin-
coat/calcine procedure was repeated 15 times. Aer depositing
the 15th layer, the coated glass was calcined at 450 �C for 10
hours to ensure formation of the monoclinic-scheelite structure.
Characterisation

X-ray diffraction (XRD) was conducted using a micro-focus
Bruker GADDS powder X-ray diffractometer with a mono-
chromated Cu Ka (1.5406 Å) source. UV-vis spectra were
obtained using a Perkin Elmer UV-vis spectrometer (Lambda
25). SEM imaging was carried out with a LEO 1525 scanning
emission microscope (eld emission gun SEM with acceleration
voltage of 5 kV).

Photoelectrochemical (PEC) measurements were carried out
in a home-made PTFE cell with quartz windows on front and
back sides. A three-electrode conguration was used, including
a platinum mesh counter electrode, a reference electrode (Ag/
AgCl/saturated KCl, 0.197 VNHE at 298 K; Metrohm) and the
BiVO4 working electrode. Unless otherwise stated, all PEC and
transient absorption spectroscopic measurements were carried
out via back-side (substrate–electrode) illumination. The scan
rate was 10 mV s�1 in the current–potential (I–V) measurement.
Potassium phosphate (KPi) buffer (0.1 mol L�1 K2HPO4 and
KH2PO4) was employed to maintain a constant pH of 6.7.
Na2SO3 (1 mol L�1) and AgNO3 (6 mmol L�1) were used as the
hole scavenger and electron scavenger, respectively. The applied
potential used in this paper was converted to be versus the
reversible hydrogen electrode (RHE) using the Nernst equation
(eqn (1)),

VRHE (V) ¼ VAg/AgCl (V) + 0.0591 � pH + V0
Ag/AgCl (1)
Chem. Sci., 2014, 5, 2964–2973 | 2965
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where VRHE is the applied potential vs. RHE; VAg/AgCl is the
applied potential vs. Ag/AgCl and V0Ag/AgCl is the standard
potential of the Ag/AgCl reference electrode.

The light source used for photocurrent and IPCE measure-
ments was a 75W ozone-free xenon lamp (Hamamatsu) coupled
with a monochromator (white light intensity: �100 mW cm�2).
An Autolab potentiostat (PGSTAT 12 equipped with FRA2
module) was used to record all PEC and impedance data with
Nova soware. In incident-photon-to-current efficiency (IPCE)
measurements, the intensity of the monochromated light was
measured using an optical power meter (PM 100, Thorlabs) with
a power sensor (S120UV, Thorlabs). The IPCE values were
calculated using the following equation (eqn (2)),29

IPCE ¼ Iph � 1239:8

Pmono � l
(2)

where Iph (mA cm�2) is the photocurrent under applied poten-
tial; 1239.8 (V nm) is a multiplication of Planck's constant and
the speed of light; Pmono (mW cm�2) is the power intensity of the
monochromatic light and l (nm) is the wavelength of the inci-
dent light.

Transient photocurrent (TPC) measurements were carried
out by xing constant applied bias to the sample and then
measuring the current response under chopped light condi-
tions. The light on/off condition was controlled by a home-
programmed shutter with a time interval of 10 s.

Electrochemical impedance spectroscopy (EIS) measure-
ments in the dark were conducted to determine the at-band
potential (VFB) of BiVO4. The frequencies were between 0.01 Hz
and 100 kHz. The Randles equivalent circuit (shown in Fig. S4†)
was used to analyze the impedance data using Zview soware
(Scribner Associates). The VFB was calculated using the Mott–
Schottky equation (eqn (3)),

1

C2
¼ 2

ð330A2eNDÞ
�
V � VFB � kBT

e

�
(3)

where C (F) is the space-charge capacitance; A (cm2) is the active
geometric area, ND (cm�3) is the donor density; e is the elec-
tronic charge (1.602 � 10�19 C); 3 is the relative permittivity of
BiVO4 (68);30 30 is the vacuum permittivity (8.854 � 10�12 F
m�1); V (V vs. RHE) is the applied potential; VFB (V vs. RHE) is the
at-band potential; kB is the Boltzmann constant (1.381 �
10�23 J K�1) and T is the temperature (298 K). Aer determining
the donor density and at-band potential, the width of the space
charge layer (WSCL) as a function of applied potential was also
determined using eqn (4).31

WSCL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2330ðV � VFBÞ

eND

s
(4)
Fig. 1 The current density of a BiVO4 photoanode, measured in 0.1 M
KPi buffer (pH 6.7), is shown as a function of the applied bias versus
RHE and Ag/AgCl reference potentials. Current density measured
under illumination (red line) is compared to dark conditions (black line).
Light intensity: approximately 100 mW cm�2.
Transient absorption spectroscopy (TAS)

The transient absorption spectrometer setup has been
described previously.32 Briey, the transient absorption spec-
trometer consists of a Nd:YAG laser (Big Sky Laser Technologies,
Ultra CFR Nd:YAG laser system, 6 ns pulse width) at 355 nm (3rd
2966 | Chem. Sci., 2014, 5, 2964–2973
harmonic) to excite the band gap of BiVO4 photoanodes; the
frequency of the laser ash was 0.33 Hz; the laser intensity
was adjusted to be 100 mJ cm�2 using neutral density lters
(Comar Instruments), except during the excitation intensity
study, during which the laser intensity ranged from 2 mJ cm�2 to
800 mJ cm�2. The probe light source was a 100 W Bentham IL1
tungsten lamp equipped with a monochromator (OBB-2001,
Photon Technology International). The transmitted probe light
was ltered by a number of long-pass lters and a band-pass
lter (Comar Instruments) in order to lter the scattered laser
light. A silicon photodiode (Hamamatsu S3071) was used to
detect transmitted photons. Collected data were processed in an
amplier (Costronics), and then were recorded with an oscil-
loscope (Tektronics TDS 2012c) on the timescale of ms–ms, and
with a DAQ card (National Instruments, NI USB-6211) on the
timescale of ms–s. Each transient absorption decay was recor-
ded by averaging over 300 laser pulses. All data were acquired by
home-programmed soware on the Labview platform.
Results

Structural characterization (SEM and XRD) indicated that the
BiVO4 lms employed in this study comprise dense, rather at
lms (particle size �100 nm, thickness 450–500 nm) with a
monoclinic-scheelite crystal phase (see ESI Fig. S1 and S2†),
consistent with a previous study of analogous BiVO4 lms.28

According to the thickness determined from SEM images and
the absorbance measured from UV-vis spectroscopy, the light
penetration depth at 355 nm excitation was calculated to be
�270 nm in the BiVO4 photoanode (see ESI Section 3 and
Fig. S3†).

Fig. 1 shows the current–voltage performance of a typical
BiVO4 photoanode employed in this study, consistent with a
previous study reported by Sayama et al.28 The dark current
onset for water oxidation is 1.9 VRHE, which is indicative of a
large overpotential for dark water oxidation on BiVO4. At 1.2
This journal is © The Royal Society of Chemistry 2014
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Fig. 2 (a) Transient absorption decays of a BiVO4 photoanode
measured in 6 mM AgNO3 (black, electron scavenger), de-ionised
water (red) and 1 M Na2SO3 (blue, hole scavenger), probing at 550 nm.
(b) Transient absorption spectra in AgNO3, de-ionised water and
Na2SO3 (color matches (a)), recorded 50 ms after laser excitation (355
nm, 100 mJ cm�2, 0.33 Hz).
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VRHE, the photocurrent is 0.86 mA cm�2. The corresponding
incident photon-to-current efficiency spectrum (IPCE, shown in
ESI Fig. S3†) shows an onset at 500 nm, corresponding to the
BiVO4 absorption edge. The photocurrent onset is �0.8 VRHE.

Mott–Schottky analysis using electrochemical impedance
spectroscopy was employed to monitor space charge layer
formation in these photoanodes (see ESI, Fig. S4†). The at-
band potential (VFB) was determined to be �0.1 VRHE, which is
700 mV more negative than the onset of photocurrent genera-
tion. This analysis also yielded a donor density of 1018 cm�3,
similar to that reported previously for ‘undoped’ BiVO4 lms
(i.e. without additional intentional dopants).16 This donor
density value was used to calculate the width of the space charge
layer (WSCL) as a function of electrical bias using eqn (4), as
further discussed below (see Fig. 5). The relatively low donor
density measured for these undoped BiVO4 photoanodes results
in a rather wide space charge layer (e.g. at 1.2 VRHE, WSCL was
calculated to be �90 nm),33 signicantly wider than typically
reported in, for example Si-doped hematite photoanodes.34

Using transient absorption spectroscopy, charge carriers
photogenerated in the BiVO4 photoanode can be directly
monitored by measuring the change in the intensity of a
transmitted monochromatic probe light as a function of time
aer pulsed band-gap excitation. In order to understand the
photogenerated holes' behavior during the process of water
oxidation on BiVO4, it is rst necessary to identify the transient
absorption signal of these holes. Employing electron/hole
scavengers or applying anodic/cathodic bias can enable the
identication of charge carriers' transient absorption signals by
modulating their lifetimes and concentrations. Previous tran-
sient absorption studies have shown that electron/hole scav-
engers change the kinetics of charge carriers signicantly in
WO3 and TiO2 lms;26,35 however, kinetics of photogenerated
holes in a-Fe2O3 were not affected by methanol (a hole scav-
enger) without applied bias.20

Fig. 2a compares the transient absorption data collected for
a BiVO4 photoanode in de-ionised water, AgNO3 solution, and
Na2SO3 solution with no applied electrical bias, measured at
550 nm. We note that these lms exhibited signicant optical
light scattering; the resultant negative scatter signal precludes
the collection of transient absorption data for <10 ms time
delays in our apparatus. The transient absorption spectra
measured under the same conditions are shown in Fig. 2b at a
time delay of 50 ms. The observed enhancement of the transient
absorption signal amplitude and the increased lifetime of
charge carriers in the presence of the electron scavenger
(AgNO3) suggest that photogenerated holes are probed in this
spectral region (500–900 nm). This assignment is supported by
a signicant decrease in the signal amplitude and lifetime on
the addition of the hole scavenger Na2SO3. The assignment of
transient signals in this spectral region, peaking at 550 nm, to
photogenerated holes is also supported by the transient
absorption study of BiVO4 with applied electrical bias (see
below), and with a previous transient absorption study of BiVO4

employing FeCl3 as an electron scavenger.22 Absorption maxima
for photoinduced holes in this spectral region have also been
observed for other metal oxide photoelectrodes.20,25,26,35 No
This journal is © The Royal Society of Chemistry 2014
signals were observed that could be clearly assigned to electrons
between 500 and 900 nm, suggesting that electrons may absorb
in the near-IR region, as is observed in some other metal oxide
photoelectrodes.26,35 In any case, the dynamics of photo-
generated holes and their reaction with water are the primary
focus of this study; our assignment indicates these holes can be
monitored most readily at 550 nm.

We turn now to data collected under applied electrical bias.
The decay dynamics of photogenerated holes, probed at
550 nm, in a BiVO4 photoanode as a function of applied bias
from 0.1 VRHE (at-band potential, VFB) to 1.5 VRHE are shown in
Fig. 3a. At VFB, the small transient absorption signal decays to
zero within 20 ms, assigned to charge recombination occurring
primarily on timescales faster than our instrument response,
consistent with a previous study of a-Fe2O3 photoanodes.20 The
amplitude and decay time constant of the photoinduced hole
signal both increase with increasing positive (anodic) applied
bias throughout the wavelength range studied (see ESI Fig. S5†).
This is consistent with our assignment of these transient
absorption signals to photogenerated holes, with applied
anodic bias increasing the yield of these holes due to reduction
of electron/hole recombination losses. We note that the tran-
sient kinetics of the unbiased lm in the absence of scavengers
is closest to that observed under modest anodic bias
Chem. Sci., 2014, 5, 2964–2973 | 2967
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Fig. 3 (a) Dynamics of photogenerated holes (probed at 550 nm) in
the BiVO4 photoanode as a function of applied bias, measured from
0.1 VRHE (corresponding to flat-band conditions) to 1.5 VRHE, at inter-
vals of 0.1 V. Data recorded in a three-electrode PEC cell with KPi
electrolyte; other conditions as for Fig. 2. (b) The fitting (red) to a decay
measured under 1.2 VRHE applied bias, with a combination of a power
law (green) and single exponential (blue) functions.

Fig. 4 (a) Transient absorption decays of a BiVO4 photoanode as a
function of laser excitation intensity, ranging from 2 mJ cm�2 (grey) to
800 mJ cm�2 (black), at 1.2 VRHE. The arrow in the figure indicates
decreasing laser intensity. (b) Amplitude from the fit of the ms–ms
phase (power law; red dots) and the amplitude of the ms–s phase
(ATAS2 of the exponential function; black squares) as a function of laser
excitation intensity.
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(�0.6 VRHE), indicative of the presence of signicant band
bending in these BiVO4 electrodes in water in the absence of any
applied bias or scavengers. The dark open circuit potential of
the unbiased BiVO4 photoanode was measured to be 0.6 VRHE,
which is in agreement with these results.

At strong positive (anodic) bias, a biphasic decay is observed,
with one phase on microsecond to millisecond timescales
(dened herein as the fast phase), and a slower decay phase on
millisecond to second timescales. This biphasic behavior under
anodic bias is similar to that which we have reported previously
for TiO2 and a-Fe2O3 photoanodes,20,21 where the faster ms–ms
decay phase was assigned to bimolecular electron/hole recom-
bination following photoexcitation, and the slower ms–s phase
to holes localised in the space charge layer. The similarity with
the data reported herein suggests similar assignments of these
two phases can be made for the BiVO4 photoanodes studied
herein.

Support for assignment of the faster phase to electron/hole
recombination comes from the laser intensity dependence of
the transient absorption decays at 1.2 VRHE, as shown in Fig. 4a.
It is apparent that the decay kinetics of the slow decay phase
(ms–s) are almost independent of the excitation intensity (see
ESI, Fig. S8†), whereas the fast phase becomes more
pronounced and shorter lived as the laser intensity is increased
2968 | Chem. Sci., 2014, 5, 2964–2973
(see also ESI Fig. S7†). The increased dominance and accelera-
tion of the fast phase with increased laser intensity is analogous
to behavior we have observed for a-Fe2O3

36 and TiO2
35 photo-

anodes, and is consistent with the assignment of this phase to
the bimolecular recombination of photogenerated electrons
and holes. The saturation in the amplitude of the slow transient
absorption decay phase under high excitation intensities
(>400 mJ cm�2) is attributed to the typical non-linear depen-
dence of bimolecular recombination on charge carrier
density (with an increasing proportion of this recombination
occurring on sub-microsecond timescales not reported herein).
We note that the measured amplitude of the slow phase
(measured on millisecond timescales) saturates at 5 � 10�5

DOD (absorption) units as the laser intensity is increased,
emphasising the high detection sensitivity required to monitor
this slow decay phase.

The transient absorption decays such as those shown in
Fig. 3a and b are well tted by a combination of a power law
decay (consistent with bimolecular electron/hole recombina-
tion, see ESI Fig. S6†) and a slower, single exponential function,
as detailed in eqn (5):

DOD(t) ¼ at�b + ATAS2e
�t/s(TAS2) (5)
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Comparison of the time constants as a function of applied bias
obtained from transient absorption spectroscopy and transient
photocurrent. Red dots: s(TPC), the time constants of negative tran-
sient current in the chopped light TPC measurements; black squares:
s(TAS2), slow phase time constants obtained from fitting the transient
absorption slow decay phase with an exponential function.

Fig. 5 Correlation of transient absorption amplitude of long-lived
photogenerated holes (ATAS2, red solid squares, obtained from fitting
with an exponential decay) with the width of the space charge layer
(black solid line), and correlation of yield of water oxidation deter-
mined from the transient absorption data by eqn (7) (fWO, red empty
squares) with photocurrent density (black dashed line).
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Here DOD is the transient absorption optical density, a and b
dene the power law phase, ATAS2 is the amplitude of the slow,
exponential decay phase and s(TAS2) is its decay time constant.
A typical t to the experimental data is shown in Fig. 3b; the bias
dependence of the four t parameters is shown in ESI Table S1.†
Fig. 6 (a) Chopped light transient photocurrent measured at 0.8 VRHE.
(b) Charge due to surface accumulated holes which undergo ms–s
recombination, as a function of applied bias, obtained by integration of
the negative transient current (black box in (a)).

This journal is © The Royal Society of Chemistry 2014
In this paper, we are particularly concerned with correlating our
observed transient absorption data with the bias dependence of
water oxidation. Therefore, following analogies with our
previous studies of TiO2 and a-Fe2O3 electrodes, we focus on the
amplitude and decay kinetics of the slower (ms–s), exponential
decay phase.

It is apparent from Fig. 3 and 5 that the amplitude ATAS2 of
the slow, exponential TAS decay phase increases with increasing
anodic bias beyond a threshold voltage of �0.2 VRHE. The life-
time s(TAS2) of this exponential decay phase also increases with
anodic potential, as is apparent from Fig. 3, and is discussed
further below (see Fig. 7). In Fig. 5, we overlay the amplitude of
this decay phase (ATAS2, lled squares) as a function of applied
bias with the photocurrent density measured under white light
irradiation (dashed line), and with the width of the space charge
layer determined by our electrochemical impedance analysis
(solid line). Following our previous studies of hematite photo-
anodes, this amplitude is assigned as an assay of the yield of
photogenerated holes which avoid initial recombination with
BiVO4 electrons and are thus able to accumulate at the photo-
anode surface. It is apparent that the yield of these long-lived
holes correlates with the width of the space charge layer; both
have an onset potential of 0.2 VRHE. It is also striking that for
modest applied potentials, 0.2–0.7 VRHE, these surface-localised
holes do not result in signicant photocurrent generation (i.e.
water oxidation). This implies the presence, at these potentials,
of a process that competes with water oxidation, which we
consider below.

We turn now to complementary transient photocurrent
measurements18 and their correlation with the transient
absorption data reported above. Fig. 6a presents the result of a
typical chopped light transient photocurrent measurement
under modest anodic bias (0.8 VRHE). When the light is switched
on, a positive transient photocurrent is observed; when it is
switched off, an analogous negative transient is observed, in
qualitative agreement with a previous BiVO4 report.13 These
Chem. Sci., 2014, 5, 2964–2973 | 2969
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positive and negative photocurrent transients have been asso-
ciated with accumulation of the holes in the BiVO4 space charge
layer under prolonged irradiation and the recombination of
bulk electrons with these holes,13 in agreement with analogous
studies of a-Fe2O3 photoanodes.18,19,23 In particular, the negative
transient observed following light switch-off has been assigned
to recombination of bulk BiVO4 electrons with holes accumu-
lated in the space charge layer during irradiation, resulting in a
back ow of electrons into the photoanodes.13

Analogous chopped light photocurrent data were collected
for applied bias between 0.2 and 1.5 VRHE. The negative tran-
sients tted reasonably to single exponential decays, shown in
eqn (6),19

I(t) ¼ I0 + ATPCe
�t/s(TPC) (6)

where I(t) is the current transient measured under a certain
applied bias, I0 is the dark steady-state current, ATPC is the
amplitude of the exponential decay and s(TPC) is the decay time
constant.

Integration of the negative transient current quanties the
negative charge associated with this back electron/hole recom-
bination process, as shown in Fig. 6b. It is apparent that losses
associated with this back electron/hole recombination are
largest for potentials around the photocurrent onset (0.8 VRHE),
and negligible for potentials#0.2 VRHE and$1.5 VRHE. It is also
apparent that the potential range where this recombination
phase results in the largest losses corresponds to the range
where we observe high yields of long-lived holes but low
photocurrent densities (see ESI Fig. S10†).

The time constants of the negative photocurrent transients
decays (s(TPC), red circles) are shown as a function of applied
bias in Fig. 7, increasing from 10 ms to �1 s with increasing
anodic bias. The time constants of these ‘back electron/hole
recombination’ transients appear to be very similar to the decay
times of the slow decay phase observed in the transient
absorption data, s(TAS2), black squares in Fig. 7, as we discuss
below.
Discussion
Recombination dynamics on ms–ms timescales

Using chemical scavengers and applied bias, the transient
absorption signal peaking at 550 nm has been assigned to
photoinduced BiVO4 holes, consistent with a previous study.22

We rst of all consider the decay dynamics of this transient
absorption on the ms–ms timescale. The slower, ms–s decay
phase observed under strong anodic electrical bias is discussed
in the subsequent section.

Our initial assignment of the fast, ms–ms power law decay
phase to bimolecular electron/hole recombination, based on
analogy with comparable data obtained for a-Fe2O3 and TiO2

lms,20,21 is strongly supported by the excitation intensity study
shown in Fig. 4a. In this study, the initial (10 ms) amplitude of
the fast phase the transient absorption signal signicantly
increases with increasing laser intensities between 0 and
�100 mJ cm�2 but saturates above 100 mJ cm�2. An excitation
2970 | Chem. Sci., 2014, 5, 2964–2973
intensity of >100 mJ cm�2 corresponds to a density of absorbed
photons of 1018 cm�3, similar to the donor density of these lms
(�1018 cm�3, calculated from Mott–Schottky analysis). The
decay kinetics are slightly accelerated by high excitation inten-
sities, due to elevated concentrations of photogenerated holes
(and electrons) resulting in faster bimolecular recombination. It
should be noted that the acceleration of decay kinetics with
increasing excitation intensity is not as signicant as has been
reported for a-Fe2O3 and TiO2 photoanodes.21,36
Yield of long-lived BiVO4 holes

We now consider the slower, exponential transient absorption
decay phase (ms–s) observed under anodic bias. Fig. 5 shows
the transient absorption amplitude of long-lived holes aer
laser excitation as a function of applied bias (red solid squares),
overlaid on the width of the space charge layer (WSCL, black
solid line) determined from our Mott–Schottky impedance
analysis. The relatively large width of this space charge layer
(e.g. �90 nm at 1.2 VRHE) is in agreement with a previous
impedance analysis of undoped BiVO4,37 and consistent with
the relatively low doping density compared to intentionally
dopedmetal oxide photoanodes.34,36 It is apparent that there is a
quantitative correlation between this assay of long-lived pho-
togenerated holes and the space charge layer width. This
strongly suggests that the electric elds present in the space
charge layer are essential for driving the spatial separation of
initially generated electrons and holes, and thereby the gener-
ation of long-lived holes which accumulate at the electrode
surface.

It is also apparent from Fig. 5 that this transient absorption
assay of long-lived holes does not correlate with the photocur-
rent density (black dashed line). Signicant long-lived hole
signals are observed in BiVO4 at potentials cathodic of the
photocurrent onset potential Von (0.8 VRHE). Since photocurrent
is indicative of water oxidation, as has been shown previously
for BiVO4 photoanodes,15 the observation of long-lived holes at
V < Von suggests that there must be a competing pathway that
reduces the yield of water oxidation, particularly at modest
applied bias. In the following section, we address the identity of
this competing pathway.
Kinetic competition between water oxidation and back
electron/hole recombination

We have observed that the decay kinetics of the slow transient
absorption decay phase correlates with the recovery time of the
negative transient current assigned to back electron/hole
recombination, as illustrated in Fig. 6a. The transient absorp-
tion signal on ms–s timescales monitors the density of long-
lived holes. The observation that the negative current transient
decays with the same time constant as the decay of this hole
density supports our assignment of this current transient to
back electron transfer into the photoanode. This back electron
transfer is driven by recombination of bulk BiVO4 electrons with
holes accumulated in the space charge layer, analogous to
recent analyses of hematite photoanodes.18,19,23
This journal is © The Royal Society of Chemistry 2014
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We now apply a kinetic model to the transient absorption
results to quantify the proportion of long-lived photogenerated
holes which give rise to water oxidation versus those which
decay due to back electron/hole recombination, as shown in
Scheme 1. The water oxidation hole yield, fWO(V), assuming a
100% Faradaic efficiency consistent with previous reports,12,16

can be calculated from,

fWOðVÞ ¼ fTAS2ðVÞ � kWO

krecðVÞ þ kWO

(7)

where fTAS2(V) is the yield of long-lived holes determined from
the amplitude of the slow exponential transient absorption
signal, ATAS2, in eqn (5), determined from data shown in Fig. 3;
kWO and krec(V) correspond to the rate constants for water
oxidation and back electron/hole recombination, respectively.
In this simple analysis, the rate constant of the water oxidation,
kWO, is assumed to be independent of applied bias. The bias
dependence of krec(V) is determined from:

krecðVÞ ¼ 1

sðTAS2Þ � kWO (8)

where s(TAS2) is obtained from tting the transient absorption
decays to eqn (5) above.

The transient absorption decay kinetics of long-lived pho-
togenerated holes saturates (time constant �0.8 s) at applied
bias more positive than 1.3 VRHE, as shown in Fig. 7. Over this
potential range, losses from back electron/hole recombination
tend to zero (Fig. 6b). This suggests that over this potential
range, water oxidation is dominant, such that kWO � 1.3 s�1.

The yield of water oxidation, fWO, determined from ana-
lysing the slow transient absorption decay phase by eqn (7) and
(8) is shown as a function of applied bias in Fig. 5 (empty
squares). It is apparent that the yield of water oxidation deter-
mined from this simple kinetic model correlates remarkably
Scheme 1 Schematic representation of the photo-induced processes
considered in the kinetic model of photogenerated charges in an
undoped BiVO4 photoanode. The back electron/hole recombination is
in kinetic competition with water oxidation, on ms–s timescales.

This journal is © The Royal Society of Chemistry 2014
well with the photocurrent density. In particular, this kinetic
analysis of our transient absorption data suggests that almost
all long-lived holes recombine without contributing to water
oxidation between 0.1 VRHE (VFB) and 0.8 VRHE (Von). Back elec-
tron/hole recombination decreases with increasing anodic bias
aer Von and is strongly suppressed at strong anodic potentials.
This observation is consistent with our transient photocurrent
data, which indicate that losses resulting from back electron/
hole recombination are maximal around the photocurrent
onset (0.8 VRHE), and become smaller for higher applied
potentials. For potentials >1.2 VRHE, the slow decay phase of
photogenerated holes is dominated by water oxidation.

We have previously reported that the yield of long-lived holes
observed with a-Fe2O3 and TiO2 photoanodes shows strong
correlation with photocurrent density,36,38 although these
studies did not consider the bias dependence of the lifetime of
these long-lived holes, nor the impact of back electron/hole
recombination as discussed herein. We have recently reported
an analogous study of Si-doped, nanostructured a-Fe2O3 pho-
toanodes23 where we include consideration of such back elec-
tron/hole recombination, and demonstrate that the model
reported herein for BiVO4 is also valid for other photoanode
materials such as a-Fe2O3, consistent with previous PEC
analyses of a-Fe2O3 electrodes.18,19 We note however that the
potentials relative to at band required to generate long-lived
holes, and to suppress back electron/hole recombination, differ
between the results for BiVO4 reported herein and those we have
reported for Si-doped a-Fe2O3. For example, for the BiVO4

photoanodes long-lived holes are observed at potentials
immediately anodic of at band, whereas for Si-doped a-Fe2O3

such long-lived holes are only observed at potentials 300 mV
more positive than at band, potentially due to the much nar-
rower space charge layer in the doped a-Fe2O3 compared to the
BiVO4 photoanodes studied herein. Such comparisons will be
addressed in more detail elsewhere.

The kinetics of the slow TAS decay phase at strong anodic
bias, assigned to water oxidation, are observed to be indepen-
dent of excitation intensity, and therefore hole density (Fig. 4b
and ESI Fig. S8†). This observation suggests that under the
experimental conditions employed, this water oxidation process
does not involve a concerted, multi-hole water oxidation, but
rather the sequential single-hole water oxidation. As we have
discussed previously, the single-hole oxidation of water by
metal oxide holes such as BiVO4, a-Fe2O3 and TiO2 may be
enabled by the highly oxidizing nature of such valence band
holes.39 It should however be noted that continuous solar irra-
diation may result in substantially higher densities of accu-
mulated holes than those achieved by the pulsed laser
excitation employed herein, with therefore potentially greater
opportunities for concerted, multi-hole reactions.

We now consider the mechanism of the back electron/hole
recombination which we observe to be in kinetic competition
with water oxidation. It should be noted that electrons cannot
reach the semiconductor–liquid interface without being ther-
mally activated over or tunneling across the space charge layer
(or vice versa for holes moving into the electrode bulk).
Tunneling across the SCL is unlikely due to the relatively wide
Chem. Sci., 2014, 5, 2964–2973 | 2971
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SCL in the photoanodes studied herein (�80 nm at 0.8 VRHE).
More likely, the relatively slow timescales of back electron/hole
recombination (100 ms) compared to bulk electron recombi-
nation (typically reported on picosecond timescales for metal
oxides) can be attributed to the requirement for thermal acti-
vation across the SCL. For example, a 300 mV barrier height is
equivalent to 12 kBT at room temperature, resulting in a retar-
dation of recombination dynamics by e�12 or 1/200 000 fold. It
thus appears more likely that this back-electron recombination
proceeds via thermal activation.

The formation of a space charge layer at the semiconductor–
liquid interface is widely recognized as being critical in
reducing recombination losses in photoelectrodes. The results
we present herein suggest that two distinct, space-charge
dependent, recombination processes must be considered for
the BiVO4 photoanodes studied herein. The space charge layer
facilitates initial charge separation, leading to generation of
long-lived holes with a yield that scales with the width of the
space charge layer. However, for potentials only modestly
anodic of at band, the space charge layer eld is insufficient to
block the slow back recombination of bulk electrons with these
long-lived holes localized in the space charge layer. This back
electron/hole recombination can be avoided by signicantly
deep band bending across the space charge layer with strong
anodic bias. In the BiVO4 photoanodes employed in our studies,
the potential required to prevent back electron/hole recombi-
nation appears to be �600 mV greater than that required to
achieve separation of the initially generated charge carriers, and
is therefore the key reason for the high anodic voltage required
for photocurrent generation. As such, the results reported
herein suggest that blocking the back electron/hole recombi-
nation should be prioritised in order to improve the water
oxidation efficiency of BiVO4 photoanodes. This could be ach-
ieved by increasing barriers to this recombination (by
increasing the space charge layer band bending or introducing
an additional junction) or using surface catalysts to increase the
water oxidation rate constant.
Conclusion

In this paper we have focused on the study of water oxidation
and recombination dynamics of photogenerated holes in
undoped BiVO4 photoanodes using transient absorption spec-
troscopy and photoelectrochemical methods. The transient
absorption signals of the holes on microsecond to second
timescales were assigned using an electron scavenger, a hole
scavenger, and applied electrical bias. A broad absorption of
holes in BiVO4 photoanodes was observed from 500 nm to 900
nm, peaking at 550 nm. However, charge recombination onms–
s timescales occurs due to back electron/hole recombination.
This slow recombination kinetically competes with water
oxidation, thus limiting the photoanode efficiency. These
results suggest that future material design and optimisation
should consider avoiding back electron/hole recombination in
BiVO4 photoanodes in order to enable efficient water oxidation
at less anodic applied potentials.
2972 | Chem. Sci., 2014, 5, 2964–2973
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