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Abstract: Widespread application of solar water splitting for energy conversion is largely
dependent on the progress in developing not only efficient, but also cheap and scalable
photoelectrodes. Metal oxides, which can be deposited with scalable techniques and are
relatively cheap, are particularly interesting, but high efficiency is still hindered by the poor
carrier transport properties (i.e., carrier mobility and lifetime). In this paper, a mild hydrogen
treatment is introduced to bismuth vanadate (BiVOa), which is one of the most promising
metal oxide photoelectrodes, as a method to overcome the carrier transport limitations. Time-
resolved microwave and terahertz conductivity measurements reveal more than two-fold
enhancement of the carrier lifetime for the hydrogen-treated BiVOs, without significantly
affecting the carrier mobility. This is in contrast to the case of tungsten-doped BiVOa,
although hydrogen is also shown to be a donor type dopant in BiVOs4. The enhancement in
carrier lifetime is found to be caused by significant reduction of trap-assisted recombination,
either via passivation of deep trap states or reduction of trap state density, which can be
related to vanadium anti-site on bismuth or vanadium interstitials according to density
functional theory calculations. Overall, these findings provide further insights on the interplay
between defect modulation and carrier transport in metal oxide photoelectrodes, which will

benefit the development of low-cost, highly-efficient solar energy conversion devices.

1. Introduction

Rapid increase of the world energy consumption represents one of the biggest challenges that
humanity faces in the 21% century. Experts have estimated that we will need ~30 TW in 2050,
and 46 TW by the end of the century.l: 2 This large amount of energy cannot be provided by
fossil fuels, since their supply is limited and their combustion produces large amounts of

carbon dioxide (CO2), which causes serious environmental consequences (e.g., global



WILEY-VCH

warming). Recently, hydrogen received particular attention as an alternative fuel due to its
high gravimetric energy density (142 MJ kg vs. < 1 MJ kg for batteries). In addition, it is
fully renewable and no CO: is released when the hydrogen is used to drive a fuel cell. While
this is encouraging, ~95% of the current hydrogen production is done via steam reforming of
natural gas,™ # which releases CO; as the main by-product. In order to produce hydrogen in a
completely clean and renewable fashion, sustainable energy sources, such as solar energy,
need to be utilized for hydrogen production.

Photoelectrochemical (PEC) water splitting is one of the promising methods for
producing hydrogen using sunlight.[> © Despite its promise, the commercialization of PEC
water splitting is still far away due to the trade-off between efficiency, cost, and stability.
High efficiencies, approaching 20%, have been shown by photoelectrodes based on high-
quality 111-V semiconductors (e.g., GaAs, GalnP2, etc.).l"®1 However, the cost of these
photoelectrodes is likely to be prohibitive, and most of them suffer from instability in aqueous
solutions. In contrast, metal oxide semiconductors are relatively cheap and stable in aqueous
solutions, but photoelectrodes based on metal oxides have only shown moderate efficiencies
(< 8%).119131 A major limitation of complex metal oxides is their poor charge carrier (electron
and/or hole) transport properties. As an illustration, carrier mobilities can be as high as 8,500
and 1,500 cm?V-1s? in GaAs and Si, respectively,[* while values of ~0.01-0.1 cm?V-1s? are
observed for typical metal oxide photoelectrode materials, such as BiVO4 and Fe;03.15171 In
addition, carrier lifetimes are usually short, in the order of pico- to nano-seconds.l”°! These
low mobilities and short carrier lifetimes can be attributed to two factors inherent to metal
oxides. First, many of the reported metal oxides are prepared through synthesis methods that
tend to produce significant amounts of point defects. While certain defects may be desirable
in order to enhance the n- or p-type conductivity of the material, others have energy levels
deeper in the bandgap and may act as recombination centers, thus negatively affecting the

carrier lifetimes. Second, carriers in metal oxides tend to be localized and form small
3
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polarons.™*> 20221 Dye to the ionic nature of metal oxides, carriers may become self-trapped in
a potential well they create by polarizing the surrounding atoms. Additional energy in the
form of phonons is needed for the surrounding atoms to alter their positions and allow carrier
transport. In order to improve the carrier transport in metal oxides, we therefore need to
develop methods to passivate the point defects that are performance-killers and/or modify the
degree of carrier localization. A successful method will potentially break the efficiency-cost
trade-off and lead to highly efficient, low cost photoelectrodes.

One of the methods that have been used to improve the PEC performance of metal
oxides is hydrogen treatment. This simple post-synthesis annealing treatment under H>
atmosphere has received considerable attention since Chen et al. reported hydrogenated black
TiO2 in 2011.1%1 It is also found to dramatically improve the PEC water splitting performance
of other metal oxides, including the currently highest performing metal oxide photoanode,
BiVO..[2*%8 The improved performance was initially assumed to originate from the increased
electrical conductivity due to oxygen vacancy formation and/or hydrogen insertion (i.e., an
increase in carrier density through donor doping).1-?° However, to the best of our knowledge,
no report has yet provided direct evidence for the influence of hydrogen treatment on the
carrier transport properties of BiVOa.

In this paper, we show for the first time that hydrogen treatment increases the carrier
lifetime in BiVOs4, and consequently the diffusion length, as directly measured by time-
resolved microwave conductivity (TRMC). This observation is directly linked to the
improved PEC performance (onset potential and photocurrent plateau), and contrasted to the
conventional approach of donor-doping in BiVO4 using metallic dopants such as tungsten (W).
Our TRMC results also confirm that hydrogen treatment leads to the passivation of trap states
and/or reduction of trap state density that act as recombination centers in BiVOs. Through

density functional theory (DFT) calculations, we show that the nature of these trap states is
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) and vanadium anti-site on bismuth

likely to be associated with vanadium interstitials (V,

(Vg ). The carrier transport investigation was further extended to the early time window (< 2

ns) with THz conductivity measurements. Finally, we also quantified the amounts of
hydrogen in hydrogen-treated BiVO4 using °N nuclear reaction analysis (H-NRA). Our DFT
analysis showed that hydrogen is bonded with oxygen (O-H) within the lattice of BiVOs, in

agreement with an earlier NMR study on hydrogen-treated BiVO4.1°!

2. Results and Discussions

Hydrogen treatment was performed on a spray-pyrolysed BiVOs thin film photoanode (see
Experimental Section for detailed synthesis steps). Briefly, a pristine BiVOs sample was
placed in a tube furnace under 2.4% Ho/Ar atmosphere for 10 min at 300 °C. Figure 1a shows
the X-ray diffractograms of pristine and hydrogen-treated BiVOa films deposited on quartz
substrates. Both films show only peaks representative of the pure monoclinic BiVO4 phase
(clinobisvanite; space group: 12/a, JCPDS card No. 014-0688). Slight shifts in the order of
0.1-0.2° are observed in the (040), (200) and (002) peaks upon hydrogen treatment (Figure
S1), indicating that the lattice is slightly distorted. These shifts have also been previously
reported for tungsten-doped BiVOa, and can be considered as indicators for the successful
incorporation of dopants.*% Raman spectroscopy was performed on the two BiVO4 films, and
the spectra are shown in Figure S2. The spectra are virtually identical, indicating that the short
range order in the monoclinic BiVO;s is not affected by hydrogen treatment. Finally, the
optical characteristics of the BiVO4 films do not seem to be affected significantly by our mild
hydrogen treatment, as shown by the photographs and the UV-vis spectra of the films (Figure
S3). Only a small increase of the absorbance is found for wavelengths above 500 nm. We do

not believe this is due to increased scattering, since the microstructure of the film is not
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expected to change during the mild H> treatment at 300°C. Instead, we attribute the increase
to free electron absorption due to the fact that hydrogen in the bulk of BiVO; acts as a shallow
donor. This will be discussed in more detail below. In summary, we observe no significant

structural or optical changes upon hydrogenation of BiVOea.
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Figure 1. (a) X-ray diffractograms of pristine and hydrogen-treated (10 min. post-annealing
in 2.4% H/Ar atmosphere at 300 °C) BiVOa. (b) A schematic representation of the °N
nuclear reaction analysis (**N-NRA) on BiVOa. The inset table shows the atomic content of

hydrogen in pristine and hydrogen-treated BiVOa.

To confirm the presence of hydrogen, we performed °N nuclear reaction analysis
(**N-NRA) on our films.% 32 In short, the sample is bombarded with °N ions (E > 6.385

MeV) that react with hydrogen according to the following equation:
“N+'H > "”C+“‘He+y (1)

The emitted y-rays are detected and the measured intensity provides quantitative information
on the amount of hydrogen present within the samples. As shown in Figure 1b, the hydrogen
contents of pristine and hydrogen-treated BiVOs films were 0.14 + 0.1% and 0.7 + 0.1%,

respectively. It should be mentioned that the hydrogen content measured by NRA may only
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represent a certain fraction of total amount of hydrogen in the samples since the ion
bombardment itself may result in removal of loosely bound hydrogen. Nevertheless, the
measurements clearly show that the hydrogen treatment results in a significant increase of
hydrogen content in BiVO4. This result therefore provides direct and quantitative evidence
that hydrogen is actually inserted into the BiVVOq lattice upon hydrogen treatment, as opposed
to only reducing the BiVO4 to form oxygen vacancies.

We now turn our attention to the influence of hydrogen treatment on the
photoelectrochemical performance of BiVOs4. Figure 2 shows the AM1.5 photocurrent of
pristine and hydrogen treated BiVOs films under back-side illumination. To exclude any
surface catalytic limitations, sodium sulphite (Na2SOs) was added to the electrolyte as an
effective hole scavenger.[*3 Hydrogen treatment results in a higher photocurrent plateau and a
favourable cathodic shift of the onset potential of BiVO4 (see Figure 2). We confirm that this
improvement is a result of bulk modification of the BiVOs4 film by calculating the charge
separation and charge injection efficiencies (Figure S4), using methods well described in the
literature.®* 1 The charge separation efficiency increases with hydrogen treatment and
matches the improvement in photocurrent. In contrast, the charge injection efficiency is found
to decrease. It is currently unclear what causes the reduction of the charge injection efficiency.
Recent experimental and theoretical studies on nickel oxyhydroxide revealed that its catalytic
activity towards water oxidation is decreased by the presence of hydrogen on the surface.[*®
371 The same effect may also occur in BiVO4; further studies are needed to confirm this, which

is beyond the scope of this paper.
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Figure 2. AML1.5 photocurrent-voltage (j-V) curves of pristine and hydrogen-treated BiVO4
thin film photoanodes. Both the photocurrent plateau and onset potential are improved with
hydrogen treatment. The electrolyte is 0.1 M phosphate buffer (KPi, pH ~7) and 0.5 M

sodium sulphite (Na2SOs3) as hole scavenger.

Our mild hydrogen treatment is also effective in improving the PEC performance of
W-doped BiVO4 and BiVOs prepared by other synthesis techniques. Figure S5 shows the
AML.5 photocurrent-voltage curves of a spray pyrolysed tungsten-doped BiVOs film as well
as undoped BiVOs films prepared by magnetron sputtering and drop casting. In all cases, the
photocurrent plateau increases and the onset potential shifts cathodically after hydrogen
treatment. Thus, a hydrogen treatment appears to be a generally applicable strategy for
improving the performance of BiVO4 photoanodes, as has also been reported by others.[?4 22
381 Nevertheless, the main mechanism that causes the improvement of the PEC performance
remains unclear.

To evaluate the influence of hydrogen treatment on the bulk carrier transport
properties we utilized time-resolved microwave conductivity (TRMC).X: 3942 |n short, the
BiVO4 films are excited with a nanosecond laser pulse and the light-induced change in the
reflected microwave power, which is sensitive to the presence of mobile carriers, is monitored
(see Experimental Methods for more details). The TRMC signal can then be expressed as the

8
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product of the absorbance-normalized quantum yield (¢) and the combined mobility of the
charge carriers (3 u, sum of the electron and hole mobilities). Assuming that the internal
quantum vyield of electron-hole generation approaches 100% and no charge carrier
recombination has taken place within the response time of the setup, the carrier mobility ()

and the carrier lifetime (7) can be obtained from the peak and the decay of the TRMC signal,

respectively.[”: 40
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Figure 3. Time-resolved microwave conductivity signals recorded for pristine, hydrogen-

treated and 1% tungsten-doped BiVOs thin films using a 355 nm laser pulse with a photon

flux of 1.65 x 102 photons cm pulse™.

Figure 3 shows the TRMC signals (¢Y.u vs. time) for our BiVO4 films under pulsed

laser excitation of 355 nm with an intensity of 1.65 x 10*2 photons cm pulse™. For pristine

BiVOys, a carrier mobility of ~0.07 cm?V1s™ and a carrier lifetime of 43 ns is found. Upon
hydrogen treatment, the carrier mobility slightly increases to ~0.08 cm?V1sl—the slight

difference may be due to the fact that recombination is not zero within the response time of
9



WILEY-VCH

our setup. Considering the effective mass of electron and hole in BiVO4 (0.9 mp and 0.7 mo,
respectively)*®l the individual electron (1) and hole mobility (ss) of each films can be
calculated (Table 1). The carrier lifetime, however, shows a much larger change and increases
from 43 ns to 109 ns. The minority carrier diffusion length (Ln) can now be calculated using

the following equations:

L, =D, (2)
D, = 4K 3)
5]

Here, k is the Boltzmann constant, T is the temperature, and e is the elementary charge. A
value of 57 nm is found for the carrier diffusion length of untreated BiVVOas, which increases to
101 nm after hydrogen treatment (see Table 1). This improvement is consistent with the
increased photocurrent plateau and improved charge separation we found for these hydrogen-

treated BiVO4 films.

Table 1. Carrier mobilities, lifetimes, and diffusion lengths of pristine, hydrogen-treated, and
1% tungsten-doped BiVOas. All values were measured using a 355 nm laser pulse with a

photon flux of 1.65 x 102 photons cm™ pulse™.

Photoelectrode M He Hh T Ln
(cm?Vv1ist) | (cm?V-is?) | (cm?V-is?) (ns) (nm)
Pristine BiVOs 0.07 0.04 0.03 43 57
H-BiVOu 0.08 0.045 0.035 109 101
W-BiVO: 0.02 0.01 0.01 32 28

Since hydrogen has been suggested to act as a donor-type dopant in BiVO,,?* 2% we
compare the TRMC response with that for a tungsten-doped BiVOs film. Along with Mo, W
is the most common effective donor dopant in BiVO4.[ 34 44 The TRMC signals and the
extracted carrier properties of 1% W:BiVO4 are shown in Figure 3 and Table 1. Consistent

10
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with our earlier report!!”l and in contrast with the results on hydrogen-treated BiVOs, W-
doping in BiVOg results in a significantly smaller carrier mobility and lifetime.

To better understand the differences between H- and W-doping, we determined the
carrier densities in both materials from electrical conductivity measurements (see
Experimental Section and Supporting Information) and the TRMC-derived carrier mobilities.
Interestingly, the carrier densities of both hydrogen-treated and tungsten-doped BiVOs are
similar (see Table 2). The carrier density for the pristine BiVO4 could not be calculated since
we were unable to measure the resistivity of the film, possibly due to extremely high contact
resistance. We therefore estimated the carrier density of the pristine BiVO4 using dark
microwave conductivity and Mott-Schottky measurements (Table 2, see Supporting
Information for data and measurement details). Both tungsten doping and hydrogen treatment
result in an increase of carrier density of ~2 orders of magnitude, which is higher than the
factor of 5-20 increase of hydrogen content shown in Fig. 1b. We attribute this slight
discrepancy to the increase of oxygen vacancy concentration upon hydrogen treatment, which
is a reducing atmosphere. The increase of oxygen vacancies, however, is not responsible for
the observed photocurrent improvement, as BiVO4 film annealed in Ar (without Hz) does not

show any changes in photocurrent as compared to the untreated film (Figure S6).

11
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Table 2. Two-electrode ac electrical conductivity data for hydrogen-treated and 1% tungsten-
doped BiVOs4. The resistance was measured between gold (Au) contacts deposited on the
surface of the film with varying pitch distance, with dc bias of 1 V, ac amplitude of 10 mV,
and frequency of 1 MHz. "No conductivity data can be obtained from the pristine BiVOs,
possibly due to extremely high contact resistance. The carrier density value for the pristine
BiVOs was therefore estimated using dark microwave conductivity and Mott-Schottky
measurements. Details of the electrical conductivity, dark microwave conductivity and Mott-

Schottky measurements are shown in the Supporting Information (Supporting Note).

Resistivity Conductivity Carrier density

Photoelectrode p (Q'm) o (103 S m) N (cmd)
Pristine BiVO4 - - 7.0+1.7 x 108"
H-BiVO4 0.8+0.3x10% 1.40+0.3 1.1+0.3 x 10%
W-BiVOs 24+0.7 x10° 0.45%0.1 29+0.8 x10%

The results above indicate that although both tungsten doping and hydrogen treatment
increase the carrier concentration in BiVOg, the effect on the carrier transport properties is
completely different. The decrease of mobility and lifetime in the tungsten-doped BiVOs has
been attributed to the formation of trap states.[!’] To investigate the possible change in these
trap states after hydrogen treatment, the TRMC signals (4> ) of both pristine and hydrogen-
treated BiVOs were obtained at different laser pulse intensities, as shown in Figure 4. For
pristine BiVOa, the ¢ increases with light intensity until it reaches a maximum at ~2 x 10*2
photons pulse cm. Beyond this light intensity, ¢>u decreases with increasing light intensity.
This behavior has also been reported elsewhere,!” 3% 45 461 and it has been attributed to the
competition between electron trap filling and higher-order recombination. At such, it has been
used as a signature for the presence of trap states in semiconductors (i.e., trap-assisted

recombination). At lower light intensities, the concentration of trap states is higher than the

12
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number of absorbed photons; therefore, ¢« increases with light intensity until all the trap
states are filled. At this point, no further trapping can occur, and ¢y« will reach a maximum.
Beyond that, the signal decreases with higher light intensity due to fast non-geminate higher-
order recombination during the laser pulse.[*’l The same intensity dependence of #Yu is,
however, not found in the hydrogen-treated BiVO4 (Figure 4). With increasing light intensity,
only the signature of the fast non-geminate higher-order recombination is detected, i.e., ¢ u
decreases continuously. No maximum is observed in the trend, indicating that only few trap
states are present after the hydrogen treatment. We finally note that the behavior for the here-
reported pristine BiVOy is different from our previous report.l!”l We attribute this to small
changes we recently had to make to our spray deposition setup (see Experimental Section),
which may result in larger concentration of trap states.

The observed reduction of trap states density upon hydrogen treatment is in agreement
with a recent report by Cooper et al.,[*® where hydrogen-treated BiVO,4 was found to exhibit a
lower sub-bandgap photoluminescence intensity as compared to untreated BiVOa. The
reduction in the number of trap states is also consistent with the increase in carrier lifetimes
(Figure 3 and Table 1), which in turn results in the cathodic shift of the onset potential in the
photocurrent-voltage curve (Figure 2). To confirm the relationship between carrier lifetime
and onset potential, we simulated a set of photocurrent-voltage curves for varying carrier
lifetimes using a model developed by Reichman.*l Reichman’s model is an extension of the
well-known Gartner model, using more appropriate boundary conditions for the derivation of
the valence band photocurrent and allowing for the possibility of recombination in the space
charge region. As shown in Figure S7, the photocurrent onset potential indeed shifts

cathodically with increasing carrier lifetime.

13
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Figure 4. Maximum observed TRMC signals as a function of incident photons for pristine
and hydrogen-treated BiVOs. AML1.5 illumination is equivalent to an incident number of

photons of ~10° pulse™ cm,

To understand the nature of the trap states that are significantly decreased upon
hydrogen treatment, we performed density functional theory (DFT) calculations usinga 2 x 1
x 2 supercell model of the monoclinic structure of BiVOs, consisting of 16 functional units of
BiVOs (i.e., BisV160es). Detailed information about the DFT methodology adopted for this
work can be found in the Experimental Methods section. Although several DFT studies are
available in the literature,** %% they were performed under different processing conditions and
assumed charged defects prior to the calculation. In our methodology, we considered as initial
guess (i.e., before structural optimization) neutral defects, and the formation energies were
then computed by taking into account the thermal parts of the oxygen and hydrogen chemical
potentials at pressure and temperature mimicking our deposition and annealing conditions.
This method has been successfully applied to investigate the thermodynamic stability of
various defective (photo-)catalytic materials, and was shown to be well in-line with

experimental observations.[%-5

14
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Table 3 summarizes the calculated formation energy of defects in both unmodified and
hydrogen-treated BiVOs. Among the various intrinsic defects explored, only those

corresponding to interstitial vanadium (V,**"*) and vanadium anti-site on bismuth (V) are

found to have relatively low formation energies (less than 100 meV). Upon insertion of
hydrogen, the formation energies of both point defects were found to increase, indicating a
smaller likelihood of their formation. In contrast, other point defects showed lower formation

energies (i.e., easier formation) upon insertion of hydrogen.

Table 3. Calculated formation energies for the various explored defective structures before

and after hydrogenation. The point defects are expressed in Kréger-Vink notations. V.’ :
bismuth vacancy, V""" : vanadium vacancy, V;": oxygen vacancy, Bi’™ : bismuth interstitial,
V.**** : vanadium interstitial, O, : oxygen interstitial, Bi : bismuth anti-site on vanadium, and

Vg : vanadium anti-site on bismuth.

Point defects Formation energy in BiVO4 (eV)? Formation energy in H-BiVO: (eV)?
vy 0.467 0.364
v, 0.967 0.781
v 0.277 0.268
Bi™ 0.394 0.391
v, 0.041 0.072
o/ 0.201 0.179
Bi,/ 0.446 0.402
v 0.024 0.068

AT = 723 K in Oz atmosphere; PT = 723 K in Oz atmosphere and 573 K in H, atmosphere;

Formation energies at 0 K are shown in Table S1.

In addition to decreased trap states density, passivation of trap states (i.e., modification

of their electronic states) may also explain the improved carrier transport properties upon

15
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hydrogen treatment. We therefore further analyzed the structural parameters, atomic
environments and the corresponding electronic density of states (DOS) of the V,”** - and V;; -

containing BiVOs. The lattice parameters and chemical bonds are shown in Table S2, and the

detailed atomic structures are depicted in Figure 5. The calculated DOS diagrams are shown
in Figure S8. For the V,** -containing BiVOs, the vanadium interstitial is octahedrally

coordinated with neighboring oxygen atoms (bond lengths 1.95-2.09 A). It is also surrounded
by 3 neighboring vanadium atoms at distances of 2.39 and 2.74 A and by 2 neighboring
bismuth atoms at a distance of 3.0 A (Figure 5a, left). The most stable spin configuration is
found to be an open-shell quartet state with the spin density partially located on the inserted
vanadium. This results in new defect states within the bandgap of BiVOa, as shown in Figure
S8b. Inserting hydrogen into this structure results in the formation of a 0.98 A long O-H bond
with one oxygen bridging the interstitial vanadium and one of the 3 neighboring vanadium
atoms (Figure 5a, right). The most stable spin configuration for this structure is increased to a
quintet state. The new electron introduced upon hydrogen insertion is mainly localized on the
neighboring vanadium, leading to an increase of the local spin density on this vanadium from
0.38 to 1.1. This localization leads to minimal change of the energetic position of these states,

as shown in Figure S8c. Hydrogen treatment therefore is not expected to cause passivation of

For the Vg -containing BiVOs, the V' anti-site defect is tetrahedrally coordinated

with neighboring oxygen ions with bond lengths ranging from 2.01 to 2.02 A (Figure 5b, left).
The most stable spin configuration is found to be an open-shell triplet state in which almost
the whole spin density is localized on the substitutional vanadium, also giving rise to new
defect states within the bandgap of BiVO4 (Figure S8d). Addition of hydrogen in this structure
results in the formation of an O-H bond of 1.01 A with the oxygen atom far from the defective

region (Figure 5b, right). The most stable spin configuration for this structure is increased to a

16
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quartet state, with the new electron introduced upon hydrogen insertion fully delocalized
throughout the whole crystal. Prior to hydrogen treatment, the electron localized on the
inserted vanadium anti-site on bismuth is 1.8 (vs. 2.0 in total for an open-shell triplet state);
insertion of hydrogen results in 2.2 localized electrons (vs. 3.0 in total for a quartet state). The
ratio of localized electrons is therefore decreased upon hydrogen treatment (from 0.9 to 0.73).
As a result of this delocalization, the defect states shift towards the bottom of the conduction

band (Figure S8e), i.e., the defect states become shallower. Therefore, differently from the
vanadium interstitial, insertion of a hydrogen atom in the V' —containing BiVO4 also results

in the passivation of the defect states.

Vi.O... andH

Figure 5. Optimized structures of 2 x 1 x 2 BiVOa supercell with (a) one interstitial V and
(b) one substitutional V at Bi site, before (left) and after (middle) inserting one hydrogen. Bi
atoms are shown in purple, V in gray, O in red and H in white. Interstitial or substitutional V
is shown in green. The magnifications of hydrogen position in the lattice are shown

respectively on the right.

17
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Based on the above DFT results, we propose that the nature of the trap state in BiVO4

affected by hydrogen treatment is vanadium interstitial (V,”***) and/or vanadium anti-site on

bismuth (V). Upon hydrogen treatment, the concentrations of V,"*** and V' in BiVOys are

reduced as evident from the higher formation energies. In the case of V', the reduction of the

density is accompanied by an upward shift of the energetic position of the defect states, i.e.,
passivation of the states. Overall, these result in superior carrier transport properties,
especially the carrier lifetime. Further experimental studies beyond the scope of this paper are
needed to distinguish the influence of hydrogen treatment to these two defects in BiVOa.
Finally, we also investigated if the inserted hydrogen would have an impact on the
carrier transport at an earlier time window (< 2 ns) using time-resolved THz conductivity
(TRTC) measurements. We excited our BiVO4 samples with a femtosecond laser pulse and
used a low probe photon energy of only a few meV to detect the mobile carriers. The THz
photoconductivity transients of pristine and hydrogen-treated BiVOs are shown in Figure 6a.
A minor variation of decay times is observed in the first tens of picoseconds, but overall no
significant differences can be observed at this time window (see Figure 6a inset). We have
previously shown that the decay in BiVOs in this time window is related to continuous
reduction of carrier mobility, as opposed to recombination of carriers that occurs at time
scales >10 ns.[71 Figure 6a therefore directly represents the carrier mobilities in each sample,
on which the hydrogen treatment clearly does not have a significant impact. This is consistent
with our TRMC results, which revealed comparable carrier mobility values for bare and

hydrogen-treated BiVVO4 (see Table 1).
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Figure 6. (a) THz photoconductivity transients of bare and hydrogen-treated BiVOs films in a
time window of < 100 ps. The dashed lines represent single exponential fits to the data as a
guide for the eye. The transients for longer time window (up to 2 ns) are shown in the inset.
THz combined electron-hole mobility spectra of (b) pristine and (c) hydrogen-treated BiVO4
measured at delay time of 20 ps. The open squares represent the real data points and stars the
imaginary data points. The dashed and dotted lines are guides to the eye for the real and

imaginary spectra, respectively.

An additional advantage of TRTC is the possibility to distinguish between free and

weakly bound (i.e., localized) charge carriers.[86% In fact, we recently reported direct time-
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resolved evidence of small hole polaron formation in BiVOs using THz spectroscopy.l’]
There, we observed a resonance peak in the mobility-THz frequency spectrum, which is
indicative of strong carrier localization. This was corroborated by observation of a phonon
mode in the Raman spectrum at ~70 cm™, which corresponds well with the resonant
frequency of ~2.3 THz. This phonon mode has been assigned to an external (Bi**-VO.%)
vibration along the [012] or [102] axes.’” 611 Our DFT calculations (Table S2) suggest that
hydrogen treatment causes additional distortion to the BiVOs lattice, which results in a slight
increase of the bond distance along these two external vibration axes ([012] and [102]).
Indeed, we observe a 3 cm™ (equivalent to ~0.09 THz) shift of the Raman peak to a lower
wavenumber upon hydrogen treatment (Figure S9). Figure 6b and c shows the THz mobility
spectra of both pristine and hydrogen-treated BiVVO4 at probe delay time of 20 picoseconds. In
both cases, a modified Drude-Smith conductivity model can be used to describe the spectra
below 1.7 THz, whereas a damped oscillator model fits well for the spectra above 1.7 THz.
No significant differences are observed in term of both the spectral shape as well as the
amplitude between the two BiVOs films (the expected ~0.09 THz shift is smaller than the
resolution of our measurement). Consistent with the TRMC results, a carrier mobility value of
~0.10 cm?V-1s? is obtained by extrapolating the THz mobility spectrum to the y-axis (see
Figure S10). Hydrogen treatment therefore does not seem to affect the nature of the
conductivity in BiVOa. In addition, since hole polaron formation is not affected by the
hydrogen treatment, we can conclude that the trap states described above are located
energetically deeper than the polaron states. Holes then exit the polaron state (Figure S11) and
start recombining or further trapped at lower states at time scales > 2 ns; combined with the
reduced trap state density and passivation of trap states, this results in longer carrier lifetime

as observed with TRMC measurements.
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3. Conclusion

In summary, a mild hydrogen treatment (2.4% H> in Ar, 300 °C, 10 mins) results in a
significant increase of the carrier lifetime in BiVO4 photoanodes, while the carrier mobility
remains unaffected. The longer lifetime is attributed to the reduction and passivation of deep
trap states that act as recombination centers. The opposite is shown for tungsten-doped BiVOs,
despite hydrogen also being a donor-type dopant. DFT calculations have identified vanadium
interstitials and vanadium anti-site on bismuth as likely candidates for these trap states. As a
result of the improved carrier lifetime, the photoelectrochemical performance of the
hydrogen-treated BiVOs is significantly improved: the photocurrent plateau increases by
~25% and the onset potential is shifted cathodically by ~100 mV. Nuclear reaction analysis
provided direct evidence for the presence of ~0.7 at% hydrogen in the lattice of hydrogen-
treated BiVOa. The incorporated hydrogen forms O-H bonds and distorts the lattice of BiVOg,
which results in a slight shift of Bi®*-VO4> external vibration peak. This additional distortion,
however, does not affect the hole polaron formation, which means that the trap states are
energetically located deeper than the hole polaron states. These results represent an important
step forward in our understanding of the carrier transport properties in BiVO4 and possible
defect passivation/reduction strategies. Similar considerations are likely valid for other metal
oxides, and will thus benefit further development of highly efficient photoelectrodes for solar

energy conversion.
4. Experimental Section
Synthesis: BiVOs thin films were prepared by spray pyrolysis on quartz (2.5 x 1.2 cm?,

Spectrosil® 2000, Heraeus). Detailed information on the basic spray pyrolysis setup and
precursor can be found in the literature;[3* 62 63 the only difference is a minor modification of

the air atomizing spray head (Quickmist 1/4QMJAU-NC + SUQR?200), since the original
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spray head is no longer carried by the supplier. In short, the quartz substrate was placed on a
hot plate, and its temperature was maintained at 450°C during the spray pyrolysis of BiVOa.
200 cycles of deposition were performed with the rate of ~1 nm per each cycle. Finally, the
BiVO; film was post annealed for 2 hours at 450°C in air. For PEC measurements, FTO-
coated glass (TEC-15, Pilkington) was used as the substrate instead of quartz. Hydrogen-
treated BiVOs (H-BiVOs) samples were obtained by a simple annealing of bare BiVO4 under
2.4% Hz in Ar (Arcall0, Air Liquide) for 10 min at 300 °C. Tungsten-doped BiVOs (W-
BiVO.) films were obtained by introducing 1 at% of tungsten ethoxide, W(OC:Hs)s, into the

initial precursor solution, 1 34

Materials Characterization: Photoelectrochemical characterization was carried out in a three-
electrode configuration. Electrical contact to the sample was made using a copper wire and
conducting tape (tin-plated copper foil with conductive adhesive, 3M™ 1183). The potential
of the working electrode (i.e., the sample) was controlled by a potentiostat (EG&G PAR
273A). A Pt wire and an Ag/AgCI electrode (XR300, saturated KCI and AgCI solution,
Radiometer Analytical) were used as the counter and reference electrodes, respectively. The
electrolyte was a 0.1 M potassium phosphate (KPi) buffer solution, pH ~7, with added 0.5 M
sodium sulphite (Na2SOs) in demineralized and deionized water (18.2 MQ.cm). Cyclic
voltammetry measurements were performed with a scan rate of 50 mV/s. White light
photocurrent measurements were performed under AM1.5 solar illumination (100 m\W/cm?)
with a solar simulator (WACOM, type WXS-50S-5H, class AAA).

Structural analysis was performed with a Bruker D8 Advance X-ray diffractometer (Cu-K,, A
= 0.154056 nm) in the grazing incidence configuration. Ultraviolet-visible absorption data
were measured with a Perkin Elmer Lambda 950 spectrometer. Raman spectroscopy was

performed using a Horiba HR800 spectrometer with a HeNe laser excitation wavelength of
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632.82 nm. Nuclear reaction analysis was performed at the lon Beam Center of Helmholtz-
Zentrum Dresden Rossendorf, Germany. The samples were bombarded with doubly charged
nitrogen ions with an incident angle of 45° and an incident energy of 6425 keV (ion
penetration depth ~20 nm). The measured amount of hydrogen represents the fraction of
tightly-bounded hydrogen since the ion bombardment may result in (partial) removal of
loosely-bounded hydrogen.

For the resistivity measurement, BiVOs is coated on quartz by spray pyrolysis, followed by
electron beam evaporation of gold (Au) using a mask to create well defined contacts (Figure
S12). Details on the measurement configuration, setup and procedures are shown in the
Supporting Information (Supporting Note). Dark microwave conductivity was also used to
estimate the carrier concentration (data and procedures are shown in the Supporting Note).
Electrochemical impedance and Mott-Schottky measurements were performed using a

VERSASTAT 3F potentiostat.

Time-resolved spectroscopy: Time-resolved microwave conductivity (TRMC) measurements
were performed by mounting the samples in a microwave cavity cell and placed within a
setup similar to the one described elsewhere.[*° 4% During the measurements, a change in the
microwave power reflected by the cavity upon sample excitation by 6 ns (full-width at half-
maximum) pulses of a frequency-tripled Q-switched Nd:YAG laser at a wavelength of 355
nm (10 Hz repetition rate), 4P/P, was monitored and correlated to the photoinduced change in

the conductance of the sample, 4G, by
A—Pp(t) = —KAG(t) )

where K is the sensitivity factor derived from the resonance characteristics of the cavity and
the dielectric properties of the medium (& of BiVOs is taken as 682%). From the

experimentally observed change in the photoconductance, the product of the charge carrier
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generation yield (#) and the sum of electron and hole mobilities (2x) can be obtained
according to

_AG
P = | jeF, )

where lo is the incident intensity per pulse, e is the elementary charge, S is the ratio between
the inner broad and narrow dimensions of the waveguide, and Fa is the fraction of incident
photons absorbed within the sample. The laser pulse intensities were adjusted by the use of
calibrated filters and varied from ~10! to 10 photons cm pulse™.

THz spectroscopy was performed by connecting the THz spectrometer to a femtosecond laser
system consisting of a 150 kHz amplifier (RegA, Coherent) seeded by 800 nm pulses of a
Ti:sapphire 80 MHz oscillator (Mira, Coherent), yielding 7 pJ pulses with autocorrelation
lengths of ~70 fs (fwhm). The laser output is split into three branches which are used for THz
generation, THz detection and the optical excitation of the sample at the frequency-doubled
wavelength of 400 nm. Further details of the experimental setup have been described
previously.[%* The THz pulse is generated by optical rectification in a ZnTe crystal. A series
of parabolic mirrors guide the THz probe pulse onto the sample and focus the transmitted
signal onto the detection sequence based on electro-optic sampling. The available
experimental spectral range is from 0.5 to 3 THz. An InP reference sample with known signal
yield is measured within every experimental slot to ensure proper functioning of the

spectrometer.

Density functional theory (DFT): Intrinsic defects in pristine BiVO4 were examined using a 2
x 1 x 2 supercell model of the monoclinic structure of perfect BiVOa4 (point group: C62h,

space group: C2/c), which consists of two unit cells stacked both along the a- and c-axes (16
functional units BiwsV16Oes Or 96 atoms) and has sufficient length to avoid the self-

interactions of the defect along each direction. Several structural configurations for intrinsic
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defects, namely Bi-vacancy, V-vacancy, O-vacancy, Bi-interstitial, V-interstitial, O-interstitial,
Bi on V site and V on Bi site, were modeled. For Bi-, V- and O-deficient BiVOa, one Bi, V or

O atom was removed from the BiisV160s4 supercell and labeled by their respective point

defect Kroger-Vink notations: Vy', Vi or V. For Bi-, V- or O-enriched BiVOs, one

neutral Bi, V or O atom was inserted into the BiisV160ss supercell and labeled by Bi™,
V:*** or O!". Moreover, one Bi atom was substituted at one V site (labeled by Bi) into the

Bi1sV16064 supercell as well as one substitutional V at Bi site (labeled by V;.') was considered.

For each type of defect, a large number of configurations were generated in order to find the
most stable structure. The preferential location of H in hydrogenated BiVO4 was also
investigated by inserting one H atom at various possible sites into the Bi-, V-, O-deficient or
enriched BisV160es supercell models invoked above. All the structures considered in this
work were fully optimized by means of the spin-polarized periodic density functional theory
(DFT) within the plane wave (PW) approach using the VASP software.[%5-¢% The generalized
gradient approximation (GGA) within the Perdew-Burke-Emzerhof (PBE) exchange-
correlation functional® and the standard frozen-core projector augmented-wave (PAW)
approach”™ were employed to describe the electron-electron and the electron-ion interactions,
respectively. The valence electron configurations taken into account in PAW potentials are
6s26p° for Bi, 3p®3d*4s! for V, 2s22p* for O and ultrasoft 1s! for H. A cutoff energy of 400 eV
was used for basis functions. In all cases, the Brillouin zone was sampled with 3 x 3 x 3
Monkhorst-Pack k-point grid.["* The relaxation run was considered converged when the force
components on each species were less than 0.01 eV/A, the stress was less than 0.02 GPa, the
displacement was less than 5 x 10 A, and the energy change per species was less than 5 x
107% eV. As the magnetic state depends on the type of defect, several spin multiplicities were

tested for each defective configuration in order to identify the most stable spin electronic state.
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The relative stability of the various explored self-defective BiVO4 materials before and after
hydrogenation with respect to the perfect one was investigated by computing the defect

formation energies using the four following expressions:

form (1) Etot [Bl(l x)" (1-y) (4 Z)H :I Etot BIVO ]+ X. Et t [BI] + y Etot[ ]

t 9)

+§'E[OZ]_E'E[H2]+Z'A/JO —t.A/JH

form (2) Etot |:B|(1+x) (1+y) (4+Z)H ] Etot [BIVO4] - X'Etot [BI] tot [V]
t (10)

—E.E[OZ]—E.E[HZ]— 2. My —t. At
Eform (3) = Etot [BI(1+X)V(1 y)o H :I tot [BIVO ] X, Etot [BI]+ y Etot [ ]

11
—%.E[Hz]—t.A,uH ()

form (4) Etot ':Bi(l—x)v(1+y)o4Ht :| - Etot [BIVO4] + X'Etot [ ] y. Etot [ ]

12
—%.E[HZ]—t.AyH -

Ewt[BiVO4], Ewi[Bia-Vay)OunHi, Ewt[BiamVa+y)OuyHi, Ewi[BiaxVa+)OsH] and
Etwt[BiV(1y)OsHi], Ewt[Bi] and Eiwt[V] are the total energies of the pure and self-defective
solids in their most stable structures while E[O2] and E[H2] represent the total energies for

these two molecules in gas phase. Au, and Az, are the thermal parts of the oxygen and

hydrogen chemical potentials which depends on temperature (T) and pressure (p) via the

enthalpy (h) and entropy (s) corrections as follows:

0

o =N, (T)—Ts, (T)+RT|n[p[O ]] (13)

L =hy, (T)-Ts, (T)+RTIn( p[H, ]] (14)

0
The zero point vibrational energy, the enthalpy correction (h) and the entropy (s) of O; and H>
as a function of the temperature (T) and the pressure (p) were calculated using DMol

programt? within the PBE exchange-correlation functional and the DNP basis set.[”®l The
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zero point vibrational energy was systematically included in the enthalpy and entropy
corrections. The thermal contributions of the solids were neglected. All electronic energies
(for solids and molecules) were calculated using VASP program. In what follows, Az, was
set at -0.67 eV for T = 723 K and Ay, at -0.26 eV for T = 573 K with 1 atm pressure to
mimic the experimental conditions. Higher or lower defect formation energy represents less or
more stable material than the perfect BiVO4 one. Note that the defect formation energy for

V2" upon hydrogenation was obtained from Equation 9 fory =z =0 and x = t = 1/16, whereas
those for V" and V3* were also obtained from Equation 9 for x =z = 0; y = t = 1/16 and for

X =y =0; z=1t= 1/16, respectively. For Bi'™ , the defect formation energy upon
hydrogenation was obtained from Equation 10 fory =z = 0 and x =t = 1/16, whereas those

for V.= and O were also obtained from Equation 10 for x =z = 0; y =t = 1/16 and for x =
y =0; z =t = 1/16, respectively. For Vg, the defect formation energy upon hydrogenation was

obtained from Equation 11 for x = y = t = 1/16, whereas that for Bi/ was obtained from

Equation 12 for x =y =t = 1/16. Note the formation energies of the various explored intrinsic
defects in the pristine BiVO4 material were obtained using the same equations for t = 0.

The electronic properties of pristine and the most relevant self-defective BiVOs materials
were examined through density of states (DOS) calculations shown in Figure S8 in the
Supporting Information. The calculations were conducted by means of the spin-polarized
DFT based on the fully optimized geometries using the PBE functional as implemented in
VASP software. The tetrahedron method with Bldchl corrections was adopted for integrating
the Brillouin zone. An increased cutoff energy of 500 eV was used for basis functions to
ensure the sufficient convergence of the band gap values of these materials. For electronic
structure calculations of semiconductors, it is well known that GGA functionals such as PBE

underestimate the absolute experimental band gap values, and this can be greatly corrected by
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the use of range-separated hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional.[50-52 74-80]
However, our main focus on this study was to show the trend rather (relative difference)
rather than giving absolute numbers. A systematic computational investigation of the impact
of relevant self-intrinsic defects on the optoelectronic properties of BiVVO4 at the HSEO6 level

of theory is indeed under progress and will be reported soon.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Overcoming poor charge carrier transport represents one of the biggest challenges in the
development of metal oxide photoelectrodes. Time-resolved conductivity measurements and
DFT calculations reveal that a simple post-synthesis hydrogen treatment at 300 °C reduced
the number of deep trap states in metal oxides. As a result, the charge carrier lifetime and
overall photoelectrochemical performance are significantly enhanced.

Keyword: solar water splitting, BiVOs, time-resolved spectroscopy, hydrogen treatment,
carrier lifetime
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Figure S1. Observed shifts in the (a) (040) and (b) (200) and (002) x-ray diffraction peaks

with hydrogen treatment.
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Figure S2. Raman spectra of pristine and hydrogen-treated BiVOa. Peaks at ~830, 368, 326
and 212 cm? are assigned to vs (V-0), 65 (VOs>), das (VO4>) and external modes,

respectively.[®
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Figure S3. Absorbance spectra of pristine and hydrogen-treated BiVO4 films measured with

UV-Vis spectroscopy. The inset shows the photograph of both films deposited on quartz.
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Figure S4. (a) Carrier separation efficiency (nsep) and (b) carrier injection efficiency (ninj) of

pristine and hydrogen-treated BiVVOg as a function of applied potential.
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Figure S5. The effect of hydrogen treatment to the photocurrent-voltage (j-V) curve of
BiVO; is found to be general. The same increase of photocurrent plateau and cathodic shift of
onset potential were shown in (a) W-doped BiVO4 prepared by spray pyrolysis, (b) undoped

BiVO4 prepared by magnetron sputtering, and (c) undoped BiVO4 made by drop-casting.
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Figure S6. AM1.5 photocurrent-voltage (j-V) curves of untreated 100 nm-thick BiVO4 and

one that is annealed in Ar at 500 °C to increase the oxygen vacancies. The electrolyte is 0.1 M

phosphate buffer (KPi, pH ~7) and 0.5 M sodium sulphite (Na>SO3) as hole scavenger.

Potential vs. ref (V)

Figure S7. Simulated photocurrent-voltage curve of a hypothetical photoelectrode, illustrating
the influence of carrier lifetime to the onset potential. The following parameters were used as
the input to the Reichman model™™: Io = 10%° photons.s*.m?, a =10 m?, Lp = 100 nm, Np =

10Y7 cm3, 1,° (hole exchange current) = 10°2° mA.cm™.
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Figure S8. Computed density of states—DOS (based on PBE functional) for (a) pristine
BiVOg4, (b) BiVO4 with vanadium interstitial before and (c) after hydrogen treatment, and (d)

BiVO4 with vanadium anti-site on bismuth before and (e) after hydrogen treatment. Fermi

levels are indicated by the dashed lines.
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Figure S9. A shift of ~3 cm™ is observed on the phonon mode corresponding to the external

Bi**-VO.* vibration upon hydrogen treatment.
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Figure S10. THz combined electron-hole mobility spectra of hydrogen-treated BiVOa4
measured at delay time of 20 ps. The open squares represent the real data points and stars the
imaginary data points. Fit was performed according to the procedure reported in our previous
report.>] The red solid and dashed lines are fit based on Drude-Smith model to the real and

imaginary data, respectively. The blue solid and dashed lines are fit based on damped

harmonic oscillator model to the real and imaginary data, respectively.
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Figure S11. THz combined electron-hole mobility spectra of hydrogen-treated BiVOs

measured at delay time of 20 and 50 ps. Only the real data are shown.
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Table S1. Calculated formation energies for the various explored defective structures before

and after hydrogenation, both at temperature of 0 K.

Point defects Formation energy in BiVOs (V) Formation energy in H-BiVOas (eV)
VA 0.467 0.347
v, 0.967 0.765
e 0.319 0.294
Bi™ 0.394 0.374
v, 0.041 0.056
o/ 0.160 0.121
Bi,/ 0.446 0.385
Vg 0.024 0.052
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Table S2. Calculated lattice parameters of the two most stable defect-containing BiVOs

before and after hydrogenation along with their chemical bonds around the defect site.

Structure Lattice parameters Chemical Bonds
a(d) [bA) [ cA | a@ | BO | v© | Vi | Vi | Vin- | O-H
OA) | VA)| Bi (A)
A
Vo 7.27 | 1154 | 512 90 | 13490 | 89.90 | 1.95 | 2.39 3.0 -
containing 1.95 2.74 3.0
BiVO. 204 | 274
2.04
2.09
2.09
Vo 7.30 | 1153 | 514 | 89.84 | 135.04 | 90.25 | 1.94 | 2.4 3.0 | 0.98
containing 1.94 2.75 3.0
BiVO, (H- 2.00 | 3.04
treated)
2.08
2.05
2.11
V- 7.20 | 11.53 | 5.08 90 | 13497 | 90 2.01 - -
containing 201
BiVOs
2.02
2.01
Ve - 722 | 1155 | 5.08 | 89.95 | 135.04 | 90.01 | 1.99 - - 1.01
containing 200
BiVO4 (H-
treated) 2.05
2.07
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Supporting Note: Carrier concentration determination

For the resistivity measurement, BiVOg is coated on quartz by spray pyrolysis, followed by
electron beam evaporation of gold (Au) using a mask to create well defined contacts (Figure
S12). The thickness of BiVOs here is ~200 nm and the distance between each Au () is varied
between 0.18 and 0.94 mm. The resistance (R) is then measured between two Au contacts
using AMETEK Modulab XM Materials Test System under ac configuration (frequency 1
MHz, ac amplitude 10 mV, dc bias 1 V). The resistance as a function of distance was then
linearly fitted, and the intercept at the y-axis is taken as the total contact resistance (Rc). The

resistivity (p) and conductivity (o) of the films were then obtained using the following

equations:
d
p=R-R)T (S1)
1
==
P (S2)

d is the thickness of BiVO4 (200 nm) and | is the distance between Au contacts. We also
estimated the carrier density (Nq4) based on ¢ and p obtained in TRMC measurement using the

following equation:

o=euN, (S3)
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Figure S12. Schematic illustration (left) and photograph (right) depicting the direct resistivity

measurement performed on BiVOys thin film deposited on quartz.

The resistance as a function of Au contact distance for the hydrogen-treated and tungsten-
doped BiVOs4 is shown in Figure S13a. The resistance values obtained from the ac
measurement are also compared to the resistance obtained from dc measurement. Both
hydrogen-treated and tungsten-doped BiVO4 show Ohmic behavior, as shown in Figure S13b.
The slope of these curves are plotted as the resistances in Fig. S13a, and they are very much
in agreement with the ac-acquired data. Based on equations S1-S3, the carrier density values
for hydrogen-treated and tungsten-doped BiVO4 are shown in Table S3 (and Table 2 of the

manuscript).
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Figure S13. (a) Resistance as a function of pitch distance (i.e., distance between Au contacts
in Figure S12) for hydrogen-treated and tungsten-doped BiVOa. The dashed lines are linear fit
to the data and the intercepts to the y-axis represent the contact resistances (Rc¢) (b) Two-point
current-voltage curve of hydrogen-treated BiVOs measured with the configuration shown in

Figure S12 for different pitch distances. Ohmic behavior is clearly shown.

Table S3. Carrier concentration (Nq) values for pristine, hydrogen-treated and tungsten-doped

BiVOs measured via two-electrode conductivity, dark microwave conductivity and Mott-

Schottky measurements,

as described in this section.

Two-electrode conductivity
measurement on pristine BiVOs was not possible due to high contact resistance and Mott-
Schottky measurements on hydrogen-treated and tungsten-doped BiVOa were not reliable

because the requirements were not met.

Two-electrode conductivity Dark p-wave | Mott-Schottky
Photoelectrode 0 . conductivity
(m@-m) | (10°S mY) Ng (cm3) Ng (cm3) Nd (cm3)
Pristine BiVO4 - - - 8.7 x 10'8 5.2 x 108
H-BiVOs 08+03| 140+04 | 1.1+0.3x10* 2.4 x 10%° -
W-BiVO4 24+0.7| 045+0.1 | 1.4+0.4 x 10% 3.8 x 10% -
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The method described above, however, were unable to be implemented on the pristine BiVOa.
This is most probably caused by the presence of extremely high contact resistance. Therefore,
in order to estimate the carrier concentration of pristine BiVVOs, we utilized dark microwave
conductivity measurements. The same setup as the TRMC measurement was used, except no
laser pulse illumination was subjected to the films. By comparing the normalized change in
the detected dark reflected microwave power from the cavity filled with quartz substrate and
thin BiVOq layer on quartz, and assuming the small perturbation condition is maintained, we
can calculate the change in conductance (i.e., the conductance of BiVOs) according to the

following relationship:

PBiVO4/quartz o Pquartz _ A_P —_KAG (84)
P P

K is the sensitivity factor derived from the resonance characteristics of the cavity and the
dielectric properties of BiVOs (a value of 68 was taken here). AP/P values for pristine,
hydrogen-treated and tungsten-doped BiVOs are 0.003, 0.09, and 0.29, respectively. The

conductivity and the carrier concentration can then be calculated according to the following

equations:
AG =Aopd (S5)
Ao =eN,u, (S6)

Here, $ is the ratio between the inner broad and narrow dimensions of the waveguide, e is the
elementary charge, and d is the thickness of the film. s« (Table 1) was taken to calculate the
carrier concentration since only majority carriers are considered in the absence of illumination.
A value of 8.7 x 10'® cm™ was obtained for pristine BiVOa, as shown in Table S3. The values
for hydrogen-treated and tungsten-doped BiVOs are also shown, which are in the same order
of magnitude as compared to the values obtained by the electrical conductivity method.

Finally, to provide further confidence on the estimation of the carrier concentration, we

performed a Mott-Schottky measurement on the pristine BiVOas. Mott-Schottky measurement
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assumes that the overall response of the system is dominated by the capacitance of the space
charge layer. As shown in the Bode plot of the pristine BiVO4 (Figure S14a) this is the case
for frequencies around 1 kHz: the real part of the impedance is constant, and the imaginary

part has a slope close to -1 when plotted against frequency on a log-log scale.
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Figure S14. (a) Log-log plot of real (Z’) and imaginary (Z’’) impedance as a function of
frequency of potential modulation of the pristine BiVOs film, at applied potential of 0.8 V vs
RHE. (b) Mott-Schottky plot for the pristine BiVO4 film, measured at 1 kHz. The electrolyte

used in the measurement is 0.1 M KPi with 0.5 M Na>SOs.

A Mott-Schottky plot of pristine BiVOa is shown in Figure S14b, measured at 1 kHz. For the
linear part of the slope, the following equation applies:

1 2 KT
— = IV -V -
C? engogrAz( el TFB g j

From the slope of Figure S14b, a donor density value of 5.2 x 10'® cm™ was obtained, which
is very close to the value obtained from the dark microwave conductivity measurement.

The Mott-Schottky condition was, however, not met at all frequencies for the hydrogen-
treated and tungsten-doped BiVOa, preventing reliable Mott-Schottky analysis. Nevertheless,

Table S3 provides carrier concentration values that are comparable between different
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measurement techniques, which provide confidence that the conclusion taken here is valid:

hydrogen treatment increases the carrier concentration in BiVOa.
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