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6
Unraveling the Carrier
Dynamics of BiVO4:

This chapter is based on the following publication:
J. Ravensbergen, F. F. Abdi, J. H. van Santen, R. N. Frese, B. Dam, R. van de Krol
and J. T. M. Kennis, The Journal of Physical Chemistry C, 2014, 118, 27793-27800.

6.1 ABSTRACT

Bismuth vanadate (BiVO4) is a promising semiconductor material for
photoelectrochemical water splitting showing good visible light absorption and a
high photochemical stability. To improve the performance of BiVO4, it is of key
importance to understand its photophysics upon light absorption. Here we study
the carrier dynamics of BiVO4 prepared by the spray pyrolysis method using
broadband transient absorption spectroscopy (TAS), in thin films as well as in a
photoelectrochemical (PEC) cell under water-splitting conditions. The use of a
dual-laser setup consisting of electronically synchronized Ti:sapphire amplifiers
enabled us to measure the femtosecond to microsecond time scales in a single
experiment. On the basis of this data, we propose a model of carrier dynamics
that includes relaxation and trapping rates for electrons and holes. Hole trapping
occurs in multiple phases, with the majority of the photogenerated holes being
trapped with a time constant of 5 ps and a small fraction of this hole trapping
taking place within the instrument response of 120 fs. The induced absorption
band that represents the trapped holes is modulated by an oscillation of 63 cm-1,
which is assigned to the coupling of holes to a phonon mode. We find electrons to
undergo a relaxation with a time constant of 40 ps, followed by deeper trapping
on the 2.5 ns timescale. On time scales longer than 10 ns, trap-limited
recombination that follows a power-law is found, spanning time scales up to
microseconds. Finally, we observe no spectral or kinetic differences by applying a
bias voltage to the PEC cell, indicating that the effect of a voltage and the charge
transfer processes between BiVO4 and the electrolyte occurs on longer time
scales. Our results therefore provide new insights into the carrier dynamics of
BiVO4 and further expand the application window of TAS as an analytical tool for
photoanode materials.

6.2 INTRODUCTION

Our current and future energy consumption urges the need for a sustainable
production of both electricity and fuels. For the latter, sunlight can be employed
as energy source to split water into hydrogen and oxygen using
photoelectrochemical cells (PEC cells). The produced hydrogen can be used
directly as a fuel or as a starting point for further reactions. A typical PEC cell
consists of a semiconductor photoanode, an electrolyte and a cathode. Upon
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absorption of light by the semiconductor, electrons are excited from the valence
to the conduction band. The remaining holes can oxidize water at the
semiconductor-electrolyte interface. The excited electrons travel to the cathode
where protons are reduced to form hydrogen.19,145
Large-scale production of hydrogen using PEC cells will only be successful if the
photoanode is stable in water for years. This requirement has drawn much
attention to oxides such as TiO2, Fe2O3, WO3 and BiVO4, which are relatively stable
compared to other classes of materials. A second criterion for the photoanode is
absorption of a large part of the solar spectrum, which excludes materials with a
large bandgap like TiO2. Here we focus on bismuth vanadate (BiVO4) which has a
bandgap of 2.4 eV and with a recently reported ~5 % energy conversion efficiency
under AM1.5 illumination is the most successful oxide photoanode to date.22,146
BiVO4 exists in several crystal structures, of which monoclinic scheelite has the
best photocatalytic properties.147,148 This structure is composed of VO4 and BiO8
structural units. The valence band (VB) and conduction band (CB) mainly consist of
O 2p, V 3d, Bi 6p and Bi 6s states. The visible-light transition is believed to occur
from the O 2p state to the V 3d state, yielding an onset of absorption at 520 nm
(2.4 eV).147 BiVO4 consists of earth abundant elements and photoactive electrodes
can be made with cheap and convenient methods, such as spray-pyrolysis,149
metal-organic decomposition150 and (electro)chemical decomposition.151 For bare
BiVO4 under AM1.5 illumination the performance is limited by fast recombination
of the charge carriers and slow hole transfer to the electrolyte.152 In state-of-theart photoanodes recombination is minimized by applying a gradient of tungsten
doping or nanostructuring and the rate of hole transport is increased by
depositing suitable co-catalysts such as CoPi or FeOOH/NiOOH.22,153,154
In this work, we aim to study the carrier dynamics of bare spray-pyrolysed BiVO4
photoanodes by means of transient absorption spectroscopy (TAS). TAS studies on
TiO2, Fe2O3 and WO3 have contributed to a better understanding of charge carrier
dynamics, by determination of the charge carrier relaxation rate, recombination
rate and mechanism of recombination.155-160 However, the number of published
TAS studies on BiVO4 is very limited,161,162 and to the best of our knowledge no
study has been published on BiVO4 produced by the spray pyrolysis method.
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Moreover, such studies are usually done on either very short (fs–ns) or long(er)
time scales (µs–s).
In TAS, a pump pulse is employed to excite the sample, followed by a probe pulse
to measure the absorption differences with the ground state sample as a function
of time.76 The accessible range of delay between pump and probe sets the time
scales that can be studied. In the case of ultrafast spectroscopy this is set by the
maximum path length difference, which is typically on the order of 1 m,
corresponding to a maximum time delay of a few ns. Here, we employ a dual-laser
setup consisting of electronically synchronized Ti:sapphire amplifiers seeded by
the same Ti:sapphire oscillator. This setup enables us to measure the
femtosecond to millisecond regime in a single experiment. In other words, we
capture both the ultrafast processes and the recombination on longer time scales
with the same experimental settings.
TAS measurements were performed on BiVO4 in air and in a full PEC cell under
water splitting conditions. We vary the excitation power and wavelength to study
the effect of these experimental conditions. On the basis of this data, we propose
a model that includes relaxation and trapping rates for charge carriers as well as
electron-hole recombination.

6.3 MATERIALS AND METHODS

Transient absorption spectroscopy was performed on a setup using two
electronically synchronized amplified Ti:sapphire laser systems (Legend and Libra,
Coherent, Santa Clara, CA). The amplifiers were seeded by a single 80 MHz
oscillator (Vitesse, Coherent) and pumped with separate pump lasers (Evolution,
Coherent). Both lasers have an 800 nm output at a repetition rate of 1 kHz. The
output power is 3.0 W for the Legend and 4.5 W for the Libra. For excitation at
400 nm the second harmonic of the Legend was used. A series of excitation
energies were used, ranging from 50 to 500 nJ per pulse at a spot size of 0.19 mm
in diameter at the sample position. This corresponds to an intensity of 0.14 to 1.4
W/cm2. The excitation energy was adjusted by a neutral density filter wheel,
without making other changes to the setup such as the overlap of the pulses or
the pulse diameter. For 500 nm excitation the output of the Legend was used to
drive an optical parametric amplifier (OperA SOLO, TOPAS, Coherent) and an
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excitation energy of 500 nJ per pulse was used. A broadband probe beam was
generated by focusing part of the output of the Libra on a CaF2 plate. The TAS
signal was acquired in a multichannel fashion by spectrally dispersing the probe
through a spectrograph projecting it on a 256-element diode array detector.76 The
instrument response function had a width of 120 fs (full width at half-maximum).
The time difference between pump and probe was controlled in two ways. An
optical delay line was used for delays of the pump beam in the fs to 3.8 ns regime.
Delay steps of 12.5 ns were generated by selection and amplification of
consecutive seed pulses of the oscillator. The timing of the amplification process
of the Libra is controlled by a signal delay generator (SDG Elite, Coherent). A
second signal delay generator – one that synchronizes with the first – governs the
timing of the Legend (SDG, Coherent). By varying the triggering of the second SDG
with respect to the first, delays of the probe were achieved up to 0.8 ms. Both
delay methods were applied simultaneously, addressing the fs to ms range in a
single experiment.
Global analysis of the transient absorption data was performed using the Glotaran
program.8 The spectral chirp was fitted with a third order polynomial. In global
analysis all wavelengths are analyzed simultaneously with a set of common time
constants and spectra.77 Here, we present both sequentially interconverting and
parallel decaying (sum-of-exponentials) models. In a sequential analysis (1 → 2 →
3 →….) the numbers indicate evolution-associated difference spectra (EADS) that
interconvert with successive mono-exponential decay times, each of which can be
regarded as the lifetime of each EADS. The first EADS corresponds to the timezero difference spectrum. The first EADS evolves into the second EADS with time
constant τ1, which in turn evolves in the third EADS with time constant τ2, etc. This
procedure clearly visualizes the evolution of the excited and intermediate states
of the system. In general, the EADS may well reflect mixtures of difference spectra
of pure electronic states, which may arise from heterogeneous ground states or
branching at any point in the photo-induced evolution.33,85,136 The parallel sum-ofexponentials decay scheme produces decay-associated difference spectra (DADS).
DADS indicate the spectral changes that occur with their associated time constant.
In essence, DADS denote the spectral differences that occur on going from one
EADS to another. It is important to note that sequential analysis is mathematically
equivalent to a parallel analysis. The analysis program calculates both EADS and
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DADS and the time constants that follow from the analysis apply to both.9 For a
more detailed description of global analysis we refer to Van Stokkum et al. 2004.77
Power-law kinetics were modeled using Origin. Matlab software was used for a
Fourier analysis. To eliminate the exponentially evolving part of the signal, the
residues of global analysis were used as input for a FFT-based script.
TAS experiments were performed on a BiVO4 layer on fused silica in air and on a
BiVO4 photoanode incorporated in a photoelectrochemical cell. BiVO4 thin films
were prepared by spray pyrolysis according to previous reports.153,163 Bare quartz
(S1-UV fused silica, Esco Products) was used as the substrate. Prior to the
deposition, the substrate was cleaned in successive 15 minutes ultrasonic rinsing
steps in acetone and isopropanol. The substrate was placed on a heating plate
that was set to 450 oC during deposition. The spray nozzle (Quickmist Air
Atomizing Spray) was placed 20 cm above the heating plate and driven by an
overpressure of 0.6 bar of nitrogen gas. A pulsed deposition mode was used, with
one spray cycle consisting of 5 seconds of spray time and 55 seconds of delay time
to allow solvent evaporation. Each deposition was done for 200 cycles, with a
deposition rate of ~1 nm per cycle. After the deposition, the sample was annealed
for 2 hours at 450 oC in air to further improve the crystallinity. For the PEC cell a
photoanode was prepared by depositing the same 200 nm BiVO4 on an FTOcoated quartz substrate (Solaronix). As cathode, a layer of platinum was deposited
on quartz, leaving open a window for the probe beam to pass. The photoanode
and cathode were glued together with a silicon spacer of 2 mm to form the PEC
cell. As electrolyte, a 0.1 M phosphate buffer was used at pH 7. A variable power
supply was used to apply a bias voltage in a two-electrode configuration. The PEC
cell was excited via the photoanode side (back-side illumination).

6.4 RESULTS AND DISCUSSION
6.4.1

Transient absorption spectra: general properties and power
dependence
To obtain insights into the carrier dynamics and the underlying photophysics of
BiVO4, we applied transient absorption spectroscopy to this semiconductor. In
transient absorption spectroscopy, one measures the probe attenuation/gain
difference between the excited state and the ground state. Here, positive features
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correspond to newly formed absorption bands as a result of photon absorption,
whereas negative signals correspond to ground state depletion.76 Thus, generally
speaking, positive features correspond to (transient) photoproducts, whereas
negative features inform on the ground state absorption that disappears as a
result of photon absorption. In principle, stimulated emission may contribute as
negative signal on wavelengths longer than the bandgap, but is not observed
here.
Absorption difference spectra on BiVO4 in air were recorded on a range of delay
times upon excitation at 400 nm. For reference, Figure SI 6.1 shows the steadystate absorption spectrum. Figure 6.1A shows the raw ΔA spectra at selected time
delays, as indicated in the legend. The excitation energy is 50 nJ/pulse. Three
features can be distinguished: (i) a negative band around 440 nm, (ii) a positive
band around 475 nm and (iii) a broad absorption tail that extends beyond 700 nm.
The negative band around 440 nm is in the region where BiVO4 absorbs in the
ground state (Figure SI 6.1) and hence represents decrease of ground state
absorption. The positive band at 475 nm and the broad absorption tail can be
interpreted as absorption of charge carriers. Note that the negative and positive
bands are spectrally overlapping and a sum of these contributions is therefore
observed. The positive band grows in the first tens of picoseconds, after which the
entire spectrum decays on the nanosecond to microsecond time scales. This
kinetics can be seen clearly in the time traces at 440, 475 and 700 nm (Figure
6.1B). In previous reports, Ma et al.162 and Aiga et al.161 demonstrated that the
entire positive absorption in the visible region up to 700 nm can be attributed to
hole absorption. We believe this is also the case for the TAS spectra of our BiVO4.
Free electron absorption is expected in the near-IR region,162 which is outside our
probed spectral range.
Time-dependent absorption-difference spectra were recorded for six different
excitation energies, ranging from 50 to 500 nJ per pulse. Figure SI 6.2 shows this
power dependence of the ∆A spectrum at a delay of 20 ps. Remeasurement with
the lowest excitation energy (50 nJ/pulse) after completing the series of
increasing excitation energy reveals identical results, showing that no damage
occurred on the sample. Upon increasing the excitation energy, the position of
the positive band around 475 nm was found to undergo a minor red-shift from
472 to 478 nm.
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A

B

Figure 6.1 A) Transient absorption spectra at a selection of delay times for BiVO4 in air.
(400 nm, 50 nJ, 1 kHz) B) Corresponding time traces at 440, 475 and 700 nm. The time axis
is linear up to 10 ps and logarithmic from 10 ps to 10 µs.

To quantify the dynamic processes that take place in BiVO4, we applied global
analysis methods to the TAS data. Four kinetic components are required to
adequately fit the first 10 ns, with time constants of 0.5 ps, 5 ps, 40 ps and 2.5 ns.
The results are presented in Figure SI 6.3 in the form of Evolution-Associated
Difference Spectra (EADS) and Decay-Associated difference spectra (DADS). For
interpretation of EADS and DADS we refer to the Materials and Methods section.
From 10 ns onward the signal decays without spectral changes and can be fitted
to a power-law. An overlay of the data and fit is presented in Figure SI 6.4 for 440,
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475 and 700 nm detection wavelengths. The origins of the time constants and the
power-law are discussed in a step-by-step fashion below.
6.4.2 Ultrafast kinetics: hole trapping and coherent oscillations
Immediately after excitation, pronounced spectral changes take place on the
ultrafast timescale. After rise of the signal within the instrument response of 120
fs, a decrease of its amplitude is observed for the 440 and 700 nm time traces (see
Figure 6.1B and Figure SI 6.5). The decrease, with an exponential time constant of
0.5 ps is found to be increasingly pronounced at higher excitation energies (Figure
SI 6.5) and we therefore interpret it as fast electron-hole recombination that
occurs at high carrier concentrations.
The illumination conditions in our experiments differ in several aspects from solar
radiation. The applied energy densities were ranging from 0.14 to 1.4 mJ/cm2. This
is roughly comparable to intensities ranging from 1 to 10 sun. However, we have
to take into account that the measured energy density is an averaged value; the
momentary charge density after each 40 fs pulse will be several orders of
magnitude higher than the normal 1 sun condition. Since the 0.5 ps kinetics was
found to scale with the total excitation energy, we expect this recombination to
be negligible at sunlight conditions.
The next process has a time constant of 5 ps, independent of excitation energy,
which is a growth of signal across all wavelengths. The DADS at 5 ps is reproduced
in Figure 6.2A (green line). We observe a band-shape absorption feature with a
negative peak, which indicates a growth of ΔA signal, with a maximum at 460 nm.
This DADS corresponds to the growth of the positive 475 nm band in Figure 6.1A,
although its maximum is different due to overlap with ground state bleach. Bandshaped absorption features have normally been associated with trapped charges,
in contrast to a broad absorption spectrum for free charges.155,159,164 Therefore,
the spectral shape of the 5 ps DADS provides strong evidence that it originates
from hole trapping.
A similar rise feature on the ps timescale was observed previously in a 550 - 740
nm probe window and assigned to hole trapping at the surface.161 Interestingly, at
very early times a small 475 nm band is already present, which indicates that a
minor fraction of holes is already trapped within the instrument response time of
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120 fs (the red 0.5 ps ∆A spectrum in Figure 6.1 and the black first EADS in Figure
SI 6.3).
A

B

Figure 6.2 A) Spectral feature (DADS) that decays with a 5 ps time constant (green) and
power spectral density (blue). Note that the power spectral density is scaled and inversed
-1
for comparison with DADS. B) Overlap of 475 nm time trace (50 nJ, 1 kHz) and an 1.9 ps
sinusoid.

The maximum of the hole absorption band in the ΔA spectra is found at 475 nm,
compared to 550 nm reported by Ma et al.162 We report that the influence of
excitation wavelength and energy on the spectral shape is minor and cancels out
on the early nanosecond timescale (vide infra). We therefore assign the observed
difference to a different nature or distribution of hole traps, resulting from
differences in e.g. the amount of impurities, defects, or exposed crystal facets for
the various preparation methods.
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The 475 nm time trace shows a coherent oscillation with a frequency of 1.9 ps-1
(or 63 cm-1) that damps out in about 1.5 ps (Figure 6.2B, blue). For comparison, a
sinusoidal function with the same frequency is shown in Figure 6.2B (green line).
To investigate the spectral distribution of this oscillation, a Fourier transform was
performed on all time traces of the probe window. The weight of the 63 cm-1
oscillation is given by the amplitude of the power spectral density (PSD) at this
frequency. The wavelength dependence of the PSD (inversed and rescaled to a
similar amplitude as the DADS) is shown in Figure 6.2A in blue. We find that the
PSD closely resembles the shape of the 5 ps DADS. The phase of the oscillation is
found to be independent of the probe wavelength. A similar oscillation in a
narrower probe range has been reported and assigned to coherently excited
phonons161 on the basis of a previously reported Raman band of the material
(phonon mode involving Bi and VO4).165 The similarity of our PSD and DADS (Figure
6.2A) therefore provides strong evidence that the observed phonon mode is
directly coupled to trapped holes.161 Mechanistically it seems unlikely that such
coherent oscillations, which are launched within the instrument response of 120
fs from the Franck-Condon region and dephase in about 1.5 ps, can be coupled
with a hole trapping process that occurs much slower in 5 ps. However, as we
noted above, a small fraction of holes are impulsively trapped within our
instrument response of 120 fs (Figure 6.1A and Figure SI 6.3) and we therefore
propose that the coherent oscillations originate from that early-trapped fraction.
6.4.3 Ultrafast kinetics: Pump wavelength dependent relaxation
In the preceding paragraph we described that hole trapping occurred in 5 ps,
associated with the rise of the pronounced band at 475 nm and the broad
absorption tail that extends beyond 700 nm. The next two time constants are 40
ps and 2.5 ns (Figure SI 6.3, blue and green line respectively). They both represent
an overall decrease of the ΔA spectrum and hence represent electron-hole
recombination. However, small but significant spectral changes occur at these
time scales in addition to electron-hole recombination. To elucidate the nature of
the processes, we compare these spectra to the corresponding ΔA spectra upon
excitation with 500 nm pump wavelength.
Figure 6.3A shows the ΔA spectra at 10 ps and 13 ns upon excitation with 400 and
500 nm pump wavelength. Gradual changes of the spectra between 10 ps and 13
ns are shown in Figure SI 6.6. The gap in the spectra of 500 nm excitation is due to
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scattering of the pump beam, which precluded collection of reliable spectra in this
region. First of all, the 10 ps spectrum for 500 nm excitation (Figure 6.3A, green) is
positioned at longer wavelengths than the corresponding spectrum for 400 nm
excitation (Figure 6.3A, red). This initial difference likely results from a different
position of the inhomogeneously broadened ground state bleach band. Exciting
with different pump wavelengths results in charge carriers with different excess
energy. Upon 400 nm excitation, charges are created with an excess energy of up
to 0.7 eV, while the excess energy is only 0.1 eV for 500 nm. Consequently, the
ground state bleach of the 500 nm excitation spectrum lies close to the onset of
absorption, while excitation at 400 nm gives a bleach that extents further to the
high-energy side of the spectrum. For 400 nm excitation, the decay of the ΔA
spectrum (Figure 6.3A, red to blue) is accompanied by a small red-shift of the
ground state bleach; the ΔA spectrum at 415 nm even becomes slightly positive.
In contrast, for 500 nm excitation we observe a blue-shift of the bleach (Figure
6.3A, green to magenta).
Two components are needed to fit these kinetics: 40 ps and 2.5 ns. The DADS that
show the decay on these time scales are reproduced in Figure SI 6.6C for
comparison. The DADS for 400 nm excitation show that recombination and redshift occur with both 40 ps and 2.5 ns time scales. In contrast, upon 500 nm
excitation, the amplitude of the 40 ps DADS is minimal and both the decay and
blue-shift occur only on the 2.5 ns timescale. The absence of the 40 ps process can
also be seen in the time traces at 475 and 675 nm (Figure 6.3B), where no decay
occurs on the tens of picoseconds timescale.
Because the 40 ps process occurs only upon 400 nm excitation and includes a redshift of the ground state bleach, we assign this time constant to electron
relaxation to the bottom of the conduction band. The overall decrease of the
spectrum on this timescale shows that electron relaxation occurs in kinetic
competition with electron-hole recombination.
In contrast to the 40 ps process, the 2.5 ns component is found for both 400 and
500 nm excitation. This timescale shows a red-shift of the ∆A spectra for 400 nm
excitation and a blue-shift for the 500 nm excitation experiment, in combination
with an overall ∆A signal decay in both experiments. It is only after this process
that the ΔA spectra of the two experiments are nearly overlapping, showing that a
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full equilibration has not occurred on the previous timescale. Because the 2.5 ns
process is the last kinetic process before the system enters the trap-limited
regime (vide infra), we attribute this time constant to the trapping of electrons, in
competition with electron-hole recombination.
A

B

Figure 6.3 A) 10 ps and 13 ns spectra upon 400 and 500 nm excitation (140 and 500 nJ
respectively, 1 kHz). B) Time traces at 475 nm (top) and 675 nm (bottom).
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The observation that trapping leads to a blue-shift of the ground state bleach in
the case of 500 nm cannot be explained from loss of electron energy; this would
give a red-shift. It rather shows that the bleached transition – the transition of a
valence band electron into the trap state – is of higher energy than the 520 nm
bandgap. This might occur when the trap is located at the k-vector where the top
of the valence band is low. Alternatively it could imply that only lower lying states
of the valence band contribute to the transition. In WO3 and TiO2 electron
trapping is reported on the hundreds of picoseconds timescale.166,167 The slower
trapping of electrons in BiVO4 can be attributed to the low mobility of electrons in
the conduction band.163
The relaxation and trapping kinetics are found to be independent of the excitation
energy within the range studied. Still, the kinetics can differ from those under 1
sun conditions since the time-averaged charge carrier concentrations are much
lower in the latter case. A process that is expected to depend on carrier
concentration is recombination by diffusion of mobile charges. Under the high
carrier density conditions studied here, hot electron-hole recombination and
relaxed electron-hole recombination are able to compete with the relaxation and
trapping of electrons. At lower carrier concentrations, however, the competition
of these processes will be more in favor of relaxation and trapping. Thus, at 1 sun
conditions, more carriers can enter the trap-limited recombination regime and
direct recombination will be less important. This is consistent with the near-unity
internal quantum efficiencies that we reported for low light intensities.153
6.4.4 Power-law decay dynamics: Trap-limited recombination
On time scales longer than 10 ns the ΔA signal decays without spectral changes.
Figure 6.4 shows the time traces at 475 nm for excitation energy ranging from 50
nJ to 500 nJ. The detection threshold in this experiment was 0.2 mOD, which is
reached after 10 µs for the highest excitation energies. The decay cannot be fit
exponentially, but fits to a power-law with a constant of -0.49 for all excitation
energies. Power-law decay is empirically ascribed to trap-limited recombination,
in which an electron or hole is temporally unavailable for recombination when it is
trapped. Two trap-limited recombination mechanisms have been proposed to
explain the power-law behavior: one assumes detrapping and the other electron
tunneling. In the detrapping model the broad range of recombination times
results from a distribution of trap potential and, as a consequence, detrapping
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time. The second mechanism assumes tunneling of the charge carrier to the
recombination site. In that case the distribution of distances between trap and
recombination center leads to the broad range of tunneling time scales.157,168-171
The power-law kinetics in our results shows that the recombination rate is traplimited. To discriminate between the proposed mechanisms is beyond the scope
of this work.

Figure 6.4 Time traces at 475 nm on a log-log scale with excitation energy as indicated in
the legend.

This power-law decay that we observe complements and agrees well with the
study of Ma et al. 162, which covered a time window of 10 µs to 2 s. They found
that in the first decades of their time-window, power-law decay was dominant,
while the latter decades were mainly governed by exponential decay. The
reported power-law constants varied from -0.24 to -0.32 (vs -0.49 for our case).
This difference may be caused by the different BiVO4 preparation methods that
give rise to a different nature or distribution of trap states, leading to different
recombination rates. For WO3 a power-law constant of -0.35 has been
reported.159
6.4.5 BiVO4 dynamics in a PEC cell
Transient absorption measurements were performed on a photoelectrochemical
cell with BiVO4 as photoanode. The 400 nm excitation was set to 230 nJ per pulse
and a bias voltage of 1.23 V (vs. Pt, two-electrode) was applied. Interestingly,
within the resolution of our experiment no differences were observed in the
spectral shape (Figure 6.5A) and kinetic processes (Figure 6.5B) when a bias
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voltage is applied to the PEC cell. Previous results have shown an increase of
photocurrent upon applying a bias voltage.152 The TAS results show that the
charge transfer processes from BiVO4 to the electrolyte occur at time scales
longer than 10 μs. This observation contrasts with those recently reported for
hematite, where the recombination dynamics on a ps timescale were strongly
affected by applying a bias voltage.160
Time traces at 440 and 700 nm are shown in Figure SI 6.7. The kinetics fit to the
model proposed so far, although we note that the smaller signal to noise ratio
leads to increased uncertainty, mainly on time scales longer than 10 ns.
Although the observed kinetics do not differ, we found the amplitude of the ΔA
signal to decrease with 30% upon successive scans of 20 minutes when a voltage
was applied, see Figure SI 6.8. The signal did not recover by waiting for several
hours, but was restored when the beam spots were moved to another position on
the sample. This shows that the decay is due to degradation of the BiVO4 layer. In
addition, we found an increase of scattering during these measurements,
probably caused by small BiVO4 particles in the electrolyte solution. The
degradation was not found without electrolyte present. We postulate that, upon
applying a bias voltage, an accumulation of holes at the surface leads to reactive
species in the electrolyte solution, which in turn cause damage at the BiVO4 layer.
In previous studies on BiVO4 prepared by the spray pyrolysis method, it was found
that water oxidation was rate limiting under AM1.5 illumination, but no
degradation was observed.152 The degradation is therefore tentatively attributed
to the much higher hole concentrations in the present study. Still, on the
timescale of years, degradation is likely to occur even under 1 sun conditions. Our
results emphasize the importance of a stable catalyst when BiVO4 is used in a PEC
cell, in order to prevent excessive accumulation of holes at the surface.
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A

B

Figure 6.5 A) ΔA spectra at 0.5 ps for a PEC cell (400 nm, 230 nJ, 1 kHz). B) Time traces at
475 nm.

6.4.6 Model of carrier dynamics in BiVO4
The carrier dynamics discussed in this study is illustrated in Figure 6.6. The powerdependent recombination at 0.5 ps is not included, because it is expected to be
negligible under 1 sun conditions. The initial ΔA spectrum in our data shows that a
fraction of holes are trapped within 120 fs. The left panel in Figure 6.6 illustrates
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the kinetic process of hole trapping found on a 5 ps timescale. On a 40 ps and 2.5
ns timescale we report electron relaxation and trapping, respectively, in
competition with direct recombination with trapped holes. Under 1 sun
conditions, we expect relaxation and trapping to be the dominant processes.
Recombination of trapped carriers occurs with power-law kinetics and is
illustrated with a dotted arrow.

Figure 6.6 Model of carrier dynamics in BiVO4.

6.5 CONCLUSION

We have presented our transient absorption spectroscopy study of BiVO4 on the
femtosecond to microsecond time scales. From this data we have extracted a
model of carrier dynamics that includes relaxation and trapping rates for electrons
and holes. The majority of the photogenerated holes are trapped in 5 ps, with a
small fraction of the holes trapped in times as short as 120 fs. The band that
represents trapped holes was modulated by an oscillation of 63 cm-1, assigned to
the coupling of holes to a phonon mode. For electrons a relaxation timescale of 40
ps was found and a trapping timescale of 2.5 ns. On time scales longer than 10 ns,
trap-limited recombination was found. No spectral or kinetic differences are
observed by applying a bias voltage, indicating that the effects of bias voltage
occur on longer time scales. Our results give new insights into the carrier
dynamics of BiVO4 and illustrate how transient absorption spectroscopy on a wide
range of time scales can be used as an analytic tool for photoanode materials.
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SUPPORTING INFORMATION TO CHAPTER 6
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Figure SI 6.1 Steady-state absorption spectrum of BiVO4.

Figure SI 6.2 ΔA spectra recorded at 20 ps for a series of excitation energies ranging
from 50 to 500 nJ per pulse, at 1 kHz.

Upon increasing the excitation energy, the position of the positive band was
found to red-shift. In the 20 ps spectrum this shift is from 472 to 478 nm.
After the power study the TAS measuremement was again performed with
the lowest excitation energy, 50 nJ ref. This data agreed with the initial
results, showing that no damage had occurred on the sample.
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Figure SI 6.3 Results of global analysis. A) Evolution Associated Difference Spectra (EADS).
B) Decay Associated Difference Spectra (DADS), 400 nm, 50 nJ, 1 kHz.

The transient absorption data is fitted by global analysis. All wavelengths are
analyzed simultaneously using a sequentially interconverting model 1 → 2 → 3
→… The results are presented in the form of EADS and DADS. The EADS are the
interconverting spectra with a given lifetime. The DADS that follow from the same
analysis present that decay that occurs with a given time constant. The final EADS
of this analysis (magenta) does not decay exponentially. The decay of this
spectrum is fitted with a power-law as is discussed in the main text. Note that the
0.5 ps kinetics captures the decay on this timescale, but cannot fit the data
around 460 nm where an oscillation occurs. This oscillation is studied separately
by Fourier analysis as described in the main text.
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Figure SI 6.4 Time traces together with fit. A) 440 nm trace. B) 475 nm trace. C) 700 nm
trace. Up to 10 ns the results of global analysis with an exponential model is used. On
timescales longer than 10 ns the data is fitted with power-law kinetics, without spectral
changes. The Fourier analysis is not included in this fit.
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Figure SI 6.5 Time traces from -1 to 5 ps for a series of excitation energies ranging from 50
to 500 nJ per pulse, at 1 kHz. A) 440 nm trace. B) 475 nm trace. C) 700 nm trace. The 440
and 700 nm region can be fitted with an exponential time constant of 0.5 ps. The decay
with this time constant is most pronounced for the higher excitation energies. The 475 nm
region does not follow exponential kinetics on the early picoseconds, but shows an
oscillation.
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Figure SI 6.6 A) ΔA spectra upon 400 nm excitation for a selection of time points between
12 ps and 12 ns (140 nJ, 1 kHz). B) Corresponding ΔA spectra upon 500 nm excitation (500
nJ, 1 kHz). C) 40 ps and 2.5 ns DADS of 400 and 500 nm excitation.

Here the ΔA spectra and DADS illustrate the differences between the kinetics
upon 400 and 500 nm excitation. The DADS that follow from global analysis
present the decay that occurs with a given time constant. For 400 nm excitation
both DADS have significant amplitude. The red-shift of the bleach in these
processes can be recognized by a large amplitude around 415 nm and a small
amplitude around 450 nm. Upon 500 nm excitation, only the 2.5 ns DADS has
significant amplitude. Here the decay is mainly on the low energy side of the
bleach, indicating a blue-shift.
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Figure SI 6.7 Transient absorption spectroscopy on BiVO4 PEC cell. A) Time trace at 440 nm.
B) Time trace at 700 nm.

The cell with electrolyte solution or electrolyte solution and voltage shows the
same kinetics as the empty PEC cell. However, during the measurement of the cell
with electrolyte solution and voltage degradation of the sample was observed.
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Figure SI 6.8 Measurements in PEC cell (400 nm, 500 nJ, 1 kHz). The measurement is
started with an empty PEC cell without voltage. The scans, in which all time points are
probed, are plotted sequentially.

Electrolyte solution is added to the cell after the second scan, this does not lead to
changes. Only after the fifth scan, when a voltage of 1.23 V is applied the signal
starts to decay. After nine scans the sample is moved, such that the beams fall on
a different spot on the sample. The signal then recovers to the original amplitude
and starts to decay again.
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