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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
photodectrodes. 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 thgep, a mild hydrogen
treatment is introduced to bismuth vanadate (BiV@hich is one of the most promising
metal oxide photoelectrodes, as a method to overcome the carrier transport limitations. Time
resolved microwave and terahertz conductivity measants reveal more than twold
enhancement of the carrier lifetime for the hydregeated BiVQ, without significantly
affecting the carrier mobility.This is in contrast to the case of tungstieped BiVQ,
although hydrogen is also shown to be a ddype dopant in BiV@ The enhancement in
carrier lifetime is found to be caused by significant reductiotrtagfassisted recombination,
either via passivation afieep trap statesr reduction of trapstatedensity which can be
related tovanadium antsite on bismuth orvanadium interstitials according to density
functional theory calculations. Overall, these findings protdtherinsightson the interplay
between defecmnodulationand carrier transport in metal oxide photoelectrodes, wiitth

benetit the development of lowost, highlyefficient solar energy conversion devices.

1. Introduction

Rapid increase of the world energy consumption represents one of the biggest challenges that
humanity faces in the 2century. Experts have estimatedtthe will need ~30 TW in 2050,

and 46 TW by the end of the centlinf] This large amount of energy cannotgrevidedby

fossil fuels, since their supply is limited and their combustion produces large amounts of

carbon dioxide (Cg), which causes serious environmental consequences (e.g., global
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warming). Recently, hydrogen received particular attention as an alternative fuel due to its
high gravimetric energy density (142 Mgd! vs. < 1 MJkg? for batteries). Inaddition, it is
fully renewable and no CQs 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 gag 4 which releases C£s the main byroduct. In order to produce hydrogen in a
compleely 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 commerczaliion of PEC
water splitting is still far away due to the traofé between efficiency, cost, and stability.
High efficiencies, approaching 20%, have been shown by photoelectrodes based-on high
quality 1I-V semiconductors (e.g., GaAs, Gainkretc.)!® However, the cost of these
photoelectrodes ilikely to be prohibitive, and most of them suffer from instability in aqueous
solutions. In contrast, metal oxide semiconductors are relatively cheap and stableousaque
solutions, but photoelectrodes based on metal oxides have only shown moderate iefficienc
(< 8%) 113 A major limitation of complex metal oxides is their poor charge carrier (electron
and/or hole) transpogroperties. As an illustration, carrier mobilities can be as high as 8,500
and 1,500 cVv-!s? in GaAs and Si, respectivefj! while values 0f~0.0%-0.1 cnfV-!s?t are
observed for typicaietal oxidephotoelectrode materialsuch as BiVv@and FeOs.*5 In
addition, carrier lifetimes are usually short, in the order of-pismaneseconds$t”*! 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 or p-type conductivity of the material, others hameergy 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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polarong?!® 2022l Dye to the ionic nature of metal oxides, carriers may becoméagifed 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 atlew ca
transport. In order to improve the carrier transport in metal oxides, we therefore need to
develop methods to passivate the point defects that are perforkiberseand/or modify the
degree of carrier localization. A successful method will potiyptmeak the efficiencycost
tradeoff 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 gsithesisannealing treatment ued H
atmosphere has received considerable attention since Chen et al. reported hydrogenated black
TiO2in 2011123 It is also found to dramatically improve the PEC water splitting performance
of other metal oxides, including the curidgnhighest performing metal oxide photoanode,
BiVO..[?*28 The improved performance was ialty assumed to originate from the increased
electrical conductivity due to oxygen vacancy formation and/or hydrogen insertioraii.e.,
increase in carrier density througbnor doping}?>2° However, to the bé®f our knowledge,
no report has yet provided direct eviderioe the influence of hydrogen treatment on the
carrier transport properties of BiVO

In this paper, we show for the first time that hydrogen treatment increases the carrier
lifetime in BiVOs, 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 pproach of donedoping in BiVQs 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 dendihat act as recombination centers in Biw@hrough

density functional theory (DFT) calculations, we show that the nature s tifa@ states is
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likely to beassociated with vanadium interstitial"(' ") and vanadium ansite on bismuth

(V1. The carrie 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 hydrogetreated BiVQ using®N nuclear reaction analysis {NRA). Our DFT
analysisshowed that hydrogen is bonded with oxygerHOwithin the lattice of BiVQ, in

agreement with an earlier NMR study on hydrotyeated BivVQ.[?!

2. Results and Discussions

Hydrogen treatment was performed on a sjmaylysed BiVQ thin film photoanode (see
ExperimentalSectionfor detailed synthesis steps). Briefly, a pristine BiV€&ample was
placed in a tube faace under 2.4% 4Ar atmosphere for 10 min at 30C. Figure 1a shows
the X-ray diffractograms of pristine and hydrogeeated BiVQ films deposited on quartz
substratesBoth films show only peaks representativetloé pure monoclinic BiVQ phase
(clinobisvanite; space group2/a, JCPDS card No. 043688) Slight shifts in the order of
0.1-:0.2 are observed in the (040), (200) and (002) peaks upon hemrivgatment (Figure
S1), indicating that the lattice is slightly distorted. These shifts have ako freviously
reported for tungstedoped BiVQ, andcan beconsidered as indicatofer the successful
incorporation of dopant€’ Raman spectrospy was performed on the two BiM@Ims, and
the spectra are shown in Big@ S2. The spectra axertually identical, indicating that the short
range order in the monoclinic Bi\\Gs not affected by hydrogen treatment. Finally, the
optical characteristicsf the BiVQs films do not seem to be affected significantly by our mild
hydrogen treatment, as shown by the photographs and thas Bpectraf 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 treatment at 300°C. Instead, we attribute the increase
to free electron absorption due to the fact that hydrogen in the bBIK© 4 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 BiVO
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Figure 1. (a) X-ray diffractograms of pristine and hydrogeaated (10 min. gstannealing
in 2.4% H/Ar atmosphere at 300C) BiVOa. (b) A schematic representation of theN
nuclear reaction analysi$fl-NRA) on BiVQOu. The inset table shows the atomic content of

hydrogen in pristine and hydrogémated BiVQ.

To confirm the pesence of hydrogen, we perform&M nuclear reaction analysis

(*>N-NRA) on our filmsi3® 32 |n short, the sample is bombarded withl ions (E > 6.385

MeV) that react with hydrogen according to the following ¢igua
PN+'™H - C +'He g (1)

The emittedyrays are detected and the measured intensity provides quantitative information
on the amount of hydrogegresenwithin the samplesAs shown inFigure 1b, the hydrogen
contents of pristine and hyayentreated BiVQ films were 0.14° 0.1% and 0.7 0.1%,

respectively. Itshouldbe mentioned thate hydrogercontent measured by NRé&ay only

6
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represent a certain fraction of totamount of hydrogen in the samples since the ion
bombardment itself mayesult in removal of loosely bound hydrogen. Nevertheless, the
measurementslearly showthat the hydrogentreatment results ia significant increase of
hydrogen content in BiV® This result therefore provides direct and quantitative evidence
that hydroga is actually inserted into the Bi\4@attice upon hydrogen treatment, as opposed
to only reducing the BiV®to form oxygen vacancies.

We now turn our attention tothe influence of hydrogen treatment on the
photoelectrochemical performance of Bi¥@-igure 2 shows the AM1.5 photocurrent of
pristine and hydrogen treated BiY@Ims under backside illumination. To exclude any
surface catalytic limitations, sodium sulphite §§&s) was added to the electrolyte as an
effective hole scaveng€f! Hydrogen treatment results in a higher photocurrent plateau and a
favourable cathodic shift of the onset potential of Bi(€ee Figire 2). We confirm that this
improvement is a result of bulk modification of the Bi¥@m by calculatingthe charge
separation and charge injection efficiencies (Fég54), using methods well described in the
literature® 3 The charge separation efficiency increases with hydrogen treatment and
matches the impr@ment in photocurrent. In contrast, the charge injection efficiency is found
to decreasdt is currently unclear what causes the reduction of the charge injection efficiency.
Recent experimental and theoretical studies on nickel oxyhydroxide revealéd tdadialytic
activity towards water oxidation is decreased by the presence of hydrogen on thel¥urface.
37 The same effect may also occur in Biy@urther studies are needed to confirm this, which

is beyond e scope of this paper.
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Figure 2. AM1.5 photocurrentoltage (fV) curves of pristine and hydrogéreated BiVQ
thin film photoanodes. Both the photocurrent plateau and onset potential are improved with
hydrogen treatment. The electrolyte is 0.1 M pithage buffer (KPi, pH ~7) and 0.5 M

sodium sulphite (N$50s) as hole scavenger.

Our mild hydrogen treatment is also effective in improving the PEC performance of
W-doped BiVQ and BiVQy prepared by other synthesiechniques. Figur85 shows the
AM1.5 phdocurrentvoltage curves of a spray pyrolysed tungsieped BiVQ film as well
as undoped BiVOfilms prepared by magnetron sputtering and drop casting. In all cases, the
photocurrent plateau increases and the onset potential shifts cathodically afegehyd
treatment. Thus, a hydrogen treatment appears to be a generally applicable strategy for
improving the performance of BiV photoanodes, as has also been reported by dthéps.

38] Nevertheless, the mainaohanism that causes the improvement of the PEC performance
remains unclear.

To evaluate the influence of hydrogen treatment on the bulk carrier transport
propertieswe utilized timeresolved microwave conductivity (TRMEY: 32421 |n short, the
BiVOys films are excited with a nanosecond laser pulse and theifighted change in the
reflected microwave power, which is sensitive to the presence of mobile carriers, is monitored
(see Experimental Methods for morealks). The TRMC signal can then be expressed as the

8
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product of the absorbanc®rmalized quantum yieldf) and the combined mobility of the
charge carriersx( g sum of theelectron and hole mobiigs). Assuming that the internal
guantum vyield of electrehole generation approaches 100% and no charge carrier
recombination has taken place within the response time of the setup, the carrier magbility (

and the arrier lifetime ¢) 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% tusterrdoped BiVQ thin films using a 355 nm laser pulse with a photon

flux of 1.65n, 10" photonscm’? pulset.

Figure 3 shows the TRMC signals’% € vs. time)for our BiVOs films under pulsed

laser excitation of 355 nm with an intensity of 1r1§3.0*? photonscm? pulset. For pristine

BiVO4, a carrier mobility of ~0.07 cfiv's?! and a caier lifetime of 43 ns is found. Upon
hydrogen treatment, the carrier mobility slightly increases to ~0.08/¢si1d the slight

difference may be due to the fact that recombination is not zero within the response time of
9
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our setupConsidering the effeate mass of electron and hole in Biy(®.9 my and 0.7 m,
respectively)f®l, the individual electron/g) and hole mobility fs) of each films can be
calculated (Table 1)he carrier lifetime, however, shows a muaiger change and increases
from 43ns to 109 ns. Theinority carrier diffusion lengthl(;) can now be calculated using

the following equations:

L, =D 2)

KT
Dh = HZT (3)

Here, k is the Boltzmann catant, T is the temperature, arglis the elementary charge. A
value of57 nm is found for the carrier diffusion length of untreated Bi\A@hich increases to
101nm after hydrogen treatment (see Table 1). This improvement is consistent with the
increaseghotocurrent plateau and improved charge separation we found for these hydrogen

treated BiVQ films.

Table 1 Carrier mobilities, lifetimes, and diffusion lengthspoistine, hydrogeitreatedand
1% tungsterdoped BiVQ. All values were measured using3&85 nm laser pulse with a

photon flux of1.65 x 182 photons crt pulse’.

Photoelectrode m He Hh U Ln
(cm?V-ist) | (cm?V1ish) | (cm?V-is?) (ns) (nm)
Pristine BiVO 4 0.07 0.04 0.03 43 57
H-BiVO4 0.08 0.045 0.035 109 101
W-BiVO4 0.02 0.01 0.01 32 28

Since hydrogen has been suggested to act as a-typeodopant in BiVQ??* 22 we
compare th&@RMC response with that for a tungstéoped BiVQ film. Along with Mo, W
is the most common effective donor dopant in BiY® 3% 44 The TRMC signals and the
extracted carrier properties of 1% W:BiY@re shownn Figure3 and Table 1. Consistent

10
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with our earlier repoft’! and in contrast with the results on hydrogesated BivQ, W-
doping in BiVGy results in a significantly smaller carrier mobility and lifetime.

To better underand the differences between Hnd Wdoping, we determined the
carrier densities in both materials from electrical conductivity measuremeets (
ExperimentalSectionand Supporting Informatigrand the TRM&erived carrier mobilities.
Interestingly, the arrier densities of both hydrogéreated and tungstesoped BiVQ are
similar (see Table 2). The carrier density for the pristine Biv&uld not be calculated since
we were unable to measure the resistivity of the,fpssibly due to extremely high dant
resistance. We therefore estimated the carrier density of the pristines; BiSIGg dark
microwave conductivity and Meaotchottky measurements (Table 2, see Supporting
Information for data and measurement detaBsth tungsten doping and hydrogeeatment
resultin an increase of carrier density of ~2 orders of magnitude, which is higher than the
factor of 520 increase of hydrogen content shown in Fig. 1b. We attribute this slight
discrepancy to the increase of oxygen vacancy concentration upamygbgdreatment, which
is a reducing atmosphere. The increase of oxygen vacancies, however, is not responsible for
the observedhotocurrent improvemenas BiVQ film annealed in Ar (without k) does not

show any changes in photocurrent as compared tantineated film (Figure S6).

11
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Table 2. Two-electrode ac electricabnductivity data for hydrogetmeated and 1% tungsten
doped BiVQ. The resistance was measured between gold (Au) contacts deposited on the
surface of the film withvarying pitch digance, with dc bias of 1 V, ac amplitude of 10 mV,

and frequency of MHz. "No conductivity data can be obtained from the pristine BivVO
possibly due to extremely high contact resistance. The carrier density value for the pristine
BiVO4 was therefore estiated using dark microwave conductivity and Mséthottky
measurements. Details of the electrical conductivity, dark microwave conductivity and Mott

Schottky measurements are shown in the Supgpiniiormation (Supporting Noje

Resistivity Conductivity Carrier density

Photoelectrode L my G 16 S nm) Na (cmd)
Pristine BiVO4 - - 7.0+ 1.7x 108"
H-BiVO 4 0.8 +0.3x 103 1.40+£ 0.3 1.1+ 0.3 x 10%
W-BiVO 4 2.4+0.7x 103 0.45+£ 0.1 2.9+ 0.8 x 10

The results above indicate that althougithbtungsten doping and hydrogen treatment
increase the carrier concentration in Bi/Ghe effect on the carrier transport properties is
completely different. The decrease of mobility and lifetime in the tungkiped BiVQ has
been attributed to the foration of trap statds”! To investigate the possible change in these
trap states after hydrogen treatment, the TRMC sigifals)(of both pristine and hydrogen
treated BiVQ were obtained at different laser pulse intensitessshown inFigure 4. For
pristine BiVQy, the fx ¢ increases with light intensity until it reaches a maximum at 42'2
photons pulsé cm?. Beyond this light intensityfx € decreases with increasing light intensity.
This behavior has also been repdrisewheré.’ 3% 45 46land it has been attributed to the
competition between electron trap filling and higbeder recombination. At such, it has been
used as a signature for the presence of trap statesmitoseluctors(i.e., trapassisted

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

12
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number of absorbed photons; therefafeg increases with light intensity until all the trap
states are filled. At this point, no further trapping can occur,/aredwill reach a maximum.
Beyond that, the signal decreases with higher light intensity due to fagenanate higher
order recombiation during the laser pul$€! The same intensity dependence 7ofe is,
however, not found in the hydrogémreated BiVQ (Figure4). With increasing light intensity,
only the signature of the fast ngeminate higheorder recombination is detected, i.£x¢g
decreases continuously. No maximum is observed in the, irfidating thatonly few trap
states are present after the hydrogen treatment. We finally note that the behahiehéve
reported pristine BiVQis differentfrom our previous reportt” We attribute thiso small
changeswve recently had to make to ospray deposition setup (see Experimeieacttior),
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 Coopet al.l?® where hydrogettreated BivVQ was found to exhibia
lower subbandgap photoluminescence intensity asngared to untreated BiV/O The
reduction in the number of trap states is also consistent with the inanezesier lifetimes
(Figure 3 and Table 1), which in turn results in the cathodic shithefonset potential in the
photocurrentvoltage curve (Kjure 2). To confirm the relationshipetweencarrier lifetime
and onset potential, we simulated a set of photocuvatdge curves for varying carrier
lifetimes using a model developed by ReichiifilRe i c hmands mo chefithei s an
well-known Géartner 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 Figur®7, the photocurrent onset temtial 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 hydrogefireated BiVQ. AM1.5 illumination is equivalent to an incident number of

photons of-1( pulse! cm?.

To understand the nature of the trap states thatsigréficantly decreasedipon
hydrogen treatment, we performed density functional theory (DFT) calculations using a 2 x 1
x 2 supercell model of the monoclinic structure of Biy€orsisting of 16 functional units of
BiVO4 (i.e., BieV160s4). Detailed information about the DFT methodology adopted for this
work can be found in the Experimental Methods sectdthough several DFT studies are
available in the literaturé* “*they were performed under different processing conditions and
assumedharged defects prior to the calculatitmour methodology, we considered as initial
guess (i.e., before structural optimization) neutral defects tfandormation 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 appliedntestigate the thermodynamic stability of
various defective (photycatalytic materials, and was shown to be weHline with

experimental observatiof8:>%!

14
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Table 3 summarizes the calculated formation energlefects in both unmodified and

hydrogentreated BiVQ. Among the various intrinsic defects explored, only those
corresponding to interstitial vanadiue,(" ") and vanadium ansite on bismuth\(] ) are

found to have relatively low formation energigkess 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 lowgation

energes(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 Kridenotationd>® V.’ :
bismuth vacancy,”” : vanadium vacancy, : oxygen vacancyBi" ": bismuh interstitial,

V11T vanadium interstitial®” : oxygen interstitial Bi) : bismuth antisite on vanadium, and

V) vanadium antsite on bismuth.

Point defects | Formation energy in BiVOa4 (eV)? Formation energy in H-BiVO4 (eV)?
\VAG 0.467 0.364
Vi 0.967 0.781
AR 0.277 0.268
Bi' T 0.394 0.391
\ARN 0.041 0.072
o/ 0.201 0.179
Bi/ 0.446 0.402
(A 0.024 0.068

AT = 723 K in Q atmosphere®T = 723 K in Q atmosphere and 573 K inzltmosphere;

Formation energies at 0 K are shown in Table S1.

In additionto 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 treatmentWe therefore further analyzed the structural parameteasomic
environmentsand the corresponding electronic density of states (®BeV,"" - andV] -

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

detailed atomic stictures g depicted irFigure 5. The calculated DO8liagrams are shown
in Figure S8.For theV"""-containing BivVQ, the vanadium interstitial is octahedrally

coordinated with neighboring oxygen atoms (bond lengths2.@% A). It is also suounded

by 3 neighboring vanadium atoms at distances of 2.39 and&.@4d by 2 neighboring
bismuth atoms at a distance of ZQFigure &, left). The most stable spin configuration is
found to be an opeshell quartet state with the spin dengigrtialy located on the inserted
vanadium.This results in new defect states within the bandgap of Ri'@® shown in Figure
S8b.Inserting hydrogen into this structure results in the formation of a®188g O-H bond

with one oxygen bridging the interstitisanadium and one of the 3 nklmpring vanadium
atoms (Figure &, 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 vanadm, leading to an increase of the local spin density on this vanadium from
0.38 to 1.1This localization leads to minimal change of the energetic position of these states,

as shown in Figure S8c. Hydrogen treatment therefore is not expected to caiveeiasds
V‘IT 1 ﬂ.
For theV{ -containing BiVQ, the V. "anti-site defect is tetrahedrally coordinated

with neighboring oxygen ions with bond lengths ranging from 2.01 to& (Fgure B, left).
The most stable &p configuration is found to be an opshell triplet state in which almost
the whole spin density is localized on the substitutional vanadaso giving rise to new
defect states within the bandgap of Bi®Bigure S8d)Addition of hydrogen in this sicture
results in the formation of an-B bond of 1.01A with the oxygen atom farédm the defective

region (Figure b, 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 uporrdggh insertion fully delocalized
throughout the whole crystaPrior to hydrogen treatment, the electron localized on the
inserted vanadium argite on bismuth is 1.8 (vs. 2.0 in total for an ogéell triplet state);
insertion of hydrogen results in2localized 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 delocalizatiothe defect stateshift towards the bottom of the conducin

band (Figure S8e).e., the defect states become shallowéerefore, differently fronthe
vanadium interstitial, insertion of a hydrogen atom in\ff}é containing BiVQ also results

in the passivation of the defect states

ViOOOOO andH

Figure 5. Optimized structures of 1 x 2 BiVOssupercell 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 whiterdtitial 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 state4n BiVO

affected byhydrogen treatent is vanadium interstitiaM" " ') and/or vanadium ansite on
bismuth ¥ ). Upon hydrogen treatment, the concentratiohV," "" andV] ‘in BiVO, are

reduced as evident from the higher formation eeartn the @se ofV, ', the reduction of the

density is accompanied by an upward shift of the energetic position of the defect states, i.e.,
passivation of the state©verall, heseresult in superior carrier transport properties,
especially the carrier lifetimé&urther experimental studies beyond the scope of this paper are
needed to distinguish the influence of hydrogen treatment to these two defects in BiVO
Finally, we also investigated if the inserted hydrogen would have an impact on the
carrier transport at anadier time window (< 2 ns) using tinrresolved THz conductivity
(TRTC) measurements. We excited our BiV§&amples with a femtosecond laser pulse and
used a low probe photon energy of only a few meV to detect the mobile carriers. The THz
photoconductivitytransients of pristine and hydrogaeated BiVQ are shown irFFigure 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 timedain (see Figuréa inset). We have
previously shown that the decay in Bi¥@ this time window is related to continuous
reduction of carrier mobility, as opposed to recombination of cartiexts occurs at time
scales >1Ms>"! Figure6atherefae directly represents the carrier mokskitin 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

hydrogentreaed BiVOs (see Table 1).

18
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Figure 6. (a) THz photoconductivity transients of bare and hydregeated BiVQ 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 lengime window (up to 2 ns) are shown in the inset.

THz combined electrehole mobility spectra ofb) pristine andc) hydrogentreated BiVvQ

measured at delay time of 20 ps. The open squares represent the real data points and stars the
imaginary data poits. 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 carrie¥€% In fact, we recently reported direct time
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resolved evidence of small hole polaron formation in BiM@ing THz spectroscogy/!

There, we observed a resonance peak in the melbiity frequency spectrum, which is
indicative of strong carrier localization. This was corroborated by observation of a phonon
mode in the Raman spectrum at ~70~gcmvhich corresponds well with the resonant
frequency of ~2.3 THz. This phonon mode has been askignan external (Bf-VO.*)
vibration along the [012] or [102] ax&$.%Y Our DFT calculations (Table $2uggest that
hydrogen treatment causes additional distortion to the Bistiice, which results in a slight
increase of the bond distance along these two external vibration axes ([012] and [102]).
Indeed, we observe a 3 @rtequivalent to ~0.09 THz) #h of the Raman peak to a lower
wavenumber upon hydrogen treatment @iFggS9). Figure 6b and cshows the THz mobility
spectra of both pristine and hydrogeeated BiVQ at probe delay time of 20 picoseconds. In
both cases, a modified Drudmith conduavity 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 BD4 films (the expected ~0.09 THz shift is smaller than the
resolution of our measuremengonsistent with the TRMC results, a carrier mobility value of
~0.10 cmV!st is obtained by extrapolating the THz mobility spectrum to thexiyg (see
Figure 90). Hydrogen treatment therefore does not seem to affectnéitere of the
conductivity in BiVQ. In addition, since hole polaron formation is not affectedthoy
hydrogen treatment, we can conclude that the trap states described above are located
energeticdy deeper than the polaron states. lddkeen exit the polaron stafEigure S1) and

start recombiningr further trapped at lower statastime scales > 2 nsombined with the
reduced trap state density gpassivation of trap states, this resultsander carrier lifetime

as observed with TRMC measurements.
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3. Conclusion

In summary, a mild hydrogen treatment (2.4% ikl Ar, 300 °C, 10 mins) results in a
significant increase ahe carrier lifetime in BiVQ photoanodes, while the carrier mobility
remains unaffected. Thlonger lifetime is attributed to theeduction angassivation of deep

trap states that act as recombination centdrs.opposite is shown for tungstdaped BiVQ,
despite hydrogen also being a dotype dopantDFT calculations hae identified vanadium
interstitialsand vanadium ansite on bismuthas likely candidates for these trap states. As a
result of theimproved carrier lifetime the photoelectrochemical performance of the
hydrogentreated BiVQ is significantly improved: lte 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 -@i% hydrogen in the lattice dfydrogen
treatedBiVO4. The incorporated hydreg forms GH bonds and distorts the lattice of Bi¥Y,0
which results in a slight shift of BFVO4> external vibration peak. This additional distortion,
however, does not affect the hole polaron formation, which means that the trap states are
energeticallylocated deeper than the hole polaron states. These meguksent an important

step forward in ouunderstandingf the carrier transport properties in BiY@nd possible
defect passivatidreductionstrategies. Similar considerations are likely védid other metal
oxides, and will thus benefit further development of highly efficient photoelectrodes for solar

energy conversion.
4. Experimental Section
SynthesisBiVO4 thin films were prepared by spray pyrolysis on quartz (2.5..2 cnf,

Spectrosit 2000, Heraeus)Detailed information on théasic spray pyrolysis setup and
precursor can be found in the literattife®? 3lthe only difference is einor modification of

the air atomizig spray head (Quickmist 1/4QMJANC + SUQRZ200) since the original
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spray head is no longer carried by the supplreshort, the quartz substrate was placed on a
hot plate, and its temperature was maintained at@%sliring the spray pyrolysis of BiVO
200 cycles of deposition were performed with the rate of ~1 nm per each kipellty, the
BiVOs film was post annealed for 2 hours480 C in air. For PEC measurements, FTO
coated glass (TEQ5, Pilkington) was used as the substrate instead of quaytrogen
treated BiVQ (H-BiVO4) samples were obtained by a simple annealing of bare BivM@er
2.4% H in Ar (Arcall0, Air Liquide) for 10 min at 300C. Tungsterdoped BiVQ (W-
BiVOy) films were obtained by introducing 1 at% of tungsten ethoxide, \W{6)E; into the

initial precursor solutiof:!: 34

Materials CharacterizationPhotoelectrochemical characterization was carried out in & three
electrode configuration. Electrical contact to the sample was made aisiogper wire and
conducting tape (tiplated copper foil with conductive adhesive, BM.183). 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, saturat€ti 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 (Ng5Os) in demineralized and dmiized water (18.2 Mi.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 f)W/cm
with a solar simulator (WACOM, type WXS0S5H, class AMA).

Structural analysis was performed with a Bruker D8 Advateay diffractometer (CiKg, o

= 0.154056 nm) in the grazing incidence configuration. Ultravakgble absorption data

were measured with a Perkin Elmer Lambda 950 spectrometer. Raman spectroscopy was

performed using a Horiba HR800 spectrometer with a HeNe laser excitatiorengthebf
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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 4and an incident energy of 642%\ (ion
penetration depth ~20 nmYhe measured amount of hydrogen represents the fraction of
tightly-bounded hydrogen since the ion bombardment may result in (partial) removal of
looselybounded hydrogen.

For the resistivity measurement, BiV@® coated o quartz by spray pyrolysis, followed by
electronbeam 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 9. Dark microwave conductivity was also used to
estimate the carrier concentration (data and procedures are shown in the Supporting Note).
Electrochemical impedance and M&tthottky measurements were performed using a

VERSASTAT 3F potentiostat.

Timeresolved spectroscopyime-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 elsewk&r®! During the measurements, a change in the
microwave power reflected by the cavity upon sample excitation by 6 nsv{flih at half
maximum) pulses of a frequentypled Q-switched Nd:YAG laser at a wavelength of 355
nm (10 Hz repetition rate§g?/P, was monitored and correlated to the photoinduced change in

the conductance of the sampigs, by

%(t) = K @ ()

whereK is the sensitivity factor derived from the resonance characteristics of the cavity and
the dielectric prperties of the medium(g@ of BiVO. is taken as 6%)). From the

experimentally observed change in the photoconductance, the product of the chaege car
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generation yield f) and the sum of electron and hole mobilitigs§( can be obtained
according to

s me 2 (5)
| 0be FA

wherelp is the incident intensity per pulsejs the elementary chargp,is the ratio between

the inner broadnd narrow dimensions of the waveguide, &ads the fraction of incident
photons absorbed within the sample. The laser pulse intensities were adjusted by the use of
calibrated filters and varied from ~4@o 10 photons cr pulset.

THz spectroscopwas 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
lengthsof ~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 fregloerdgd
wavelength of 400 nm. Further details of the experimental setup have bsenbetk
previously!® The THz pulse is generated bptical 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 eleptito sampling. The available
experimental spectral range isiin 0.5 to 3 THzAnN InP reference sample with known signal
yield is measured within every experimental slot to ensure proper functioning of the

spectrometer.

Density functional theory (DFT)ntrinsic defects in pristine BiVwere examined using a 2
3 13 2 supercell model of the monoclinic structure of perfect Bi\(@int group:C62h,

space group: C2/c), which consists of two unit cells stacked both aloiag dhe c-axes (16
functional units BigV160s4 Or 96 atoms) and has sufficient length to avdme tsel

interactions of the defect along each direction. Several structural configurations for intrinsic
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defects, namely Bvacancy, Wacancy, Gvacancy, Biinterstitial, \-interstitial, Ginterstitial,
Bi on V site and V on Bi site, were modeled. For, Bi- and Qdeficient BiVQy, one Bi, V or

O atom was removed from the 1BY16064 supercell and labeled by their respective point

defect Krégewink notations:Vy,' , V" or VI'. For Bi, V- or O-enriched BivQ, one
neutral Bi, V or O atom was inserted into theeBieOss supercell and labeled bgi' ",
V1" or O". Moreover, one Bi atom was substituted at one V site (labelei/byinto the

Bi16V 16064 supercell as well as one substitutional V at Bi site (labeled/bywas 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 BiwW&s also
investigated by inserting one H atom at various possible sites into th€-BO-deficient or
enriched BisV160s4 Supercell models invoked above. All the structures considerehis

work were fully optimized by means of the symalarized periodic density functional theory
(DFT) within the plane wave (PW) approach using the VASP softi® The generalized
gradient approximation(GGA) within the PerdevBurkeEmzerhof (PBE) exchange
correlation function&® and the standard frozemre projector augmentedave (PAW)
approacH® were employed tdescribe the electrealectron and the electréan interactions,
respectively. The valence eleatrconfigurations taken into account in PAW potentials are
65°6p° for Bi, 3p°3d*4s! for V, 252p for O and ultrasoft sfor H. A cutoff energy of 400 eV

was used for basis functions. In all cases, the Brillouin zone was sampled ith333
MonkhorstPack k-point grid* The relaxabn 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*18, and the energy change per species was less than 5 x
106 eV. As the magnetistate 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 s#dffective BiVQ materials beforeand after
hydrogenation with respect to the perfect one was investigated by computing the defect

formation energies using the four following expressions:

Eform(l) = Etoth 1 X) (1 y)()(4 2) H 8- Etot[ BIVQ] L EO{ ql y. EO[ \}/

(9)
+—E[O] E[HZ] P t-m
form(2) EtotSB l+x) (l +) (4 2) H 9’ Elol[ BIVQ] X EOJ: ql y ED[ \}/
10
-—E[o] E[HZ] z np t-mD (o)
form(3) EtotsB l+x) (1 y)o Ht B' Etot[ BIVQ] X Eot[ Q' y-%t[ \}/
11
-E.E[HZ] t. M -
form(4) E[oth 1 X) (1 +y)o Ht 9' E[ot[ BIVQ] * Eot[ Q' y %t[ \}/
(12)

-E.E[Hz] 1. M

EwoBiVO4], EwfBia-nVayOuzHi, EwlBiamwV+)OuwHi,  EwlBiaxyVa+)OsH] and
Ewof Bi+V(1y)OsHi], Ewf Bi] and Exo V] are the total energies of the pure and-defective
solids in their most able structures whil&[O] and E[H2] represent the total energies for

these two molecules in gas phaBeg and Dr, are the thermal parts of the oxygen and

hydrogen chemical potentials which depends on tertyrerdl) and pressurepj via the

enthalpy f) and entropys) corrections as follows:

D3 = (T) Ts,(7T) R‘Irnae—ép[OZ]

¢ Po

(13)

D, =, (T) Ts.(T mrni‘e% (14)
(o 0

The zero point vibrational energy, the enthalpy correctp@aid the entropys| of O> andH>
as a function of the temperaturé) (and the pressurep) were calculated using DMol

progrant’? within the PBE exchangeorrelation functional and the DNP basis &&tThe
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zero point vibrational energy was systematically included in the enthalpy and entropy
corrections. The thermal contributions of the solids wereeaggdl. All electronic energies

(for solids and molecules) were calculated using VASP program. In what follvgswas

set at-0.67 eV for T = 723 K andm, at-0.26 eV forT = 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 Biv@he. Note that the defect formation energy for

V. upon hydrogenation was obtained fr@guation9 for y = z= 0 andx = t = 1/16, whereas
those for\(;"” and V] “were also obtained frofquation9 forx =z = 0;y =t = 1/16 and for

x =y =0;z=t = 1/16, respectively. FoBi'", the déect formation energy upon
hydrogenation was obtained from Equatid® fory = z= 0 andx =t = 1/16, whereas those

for VI Tand Q" were also obtained frofequation10 forx = z=0;y =t = 1/16 and fox =
y=0;z=1t= 1/16, respectively. Fo/J ', the defect formation energy upon hydeogtion was

obtained from Equatiodl forx =y = t = 1/16, whereas that fdBi/ was obtainedrbm

Equationl2 forx =y =t = 1/16. Note the formation energies of the various explored intrinsic
defects in the pristine BiV&material were obtained using the same equations=d.

The electronic properties of pristine and the most relevantdsédttive BiVQ materials

were exarmed through density of states (DOS) calculations shown in Fig8ren $he
Supporting Information. The calculations were conducted by means of th@daiized

DFT basedon the fully optimized geometriassing thePBE functional as implemented in
VASP oftware. The tetrahedron method with Blochl 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 materialgecfoniel
structurecalculations 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 rangeeparated hybrid HeyS8cuseriaErnzerhof (HE06) functional®0-52: 748l
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 seHlintrinsic defects on the optoelectronic properties of Bi\aOthe HSEOQG level

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

Supporting Information
Supporting Information is available from the Wiley Online Library or fromatiaor.
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Overcoming poa charge carrier transport represents one of the biggest challexigehe
development of metal oxide photoelectrodes. Fiesolved conductivity measuremeatsd
DFT calculationsevealthat a simplgostsynthesis hydrogen treatment at 300réGuced
thenumber of deep trap states in metal oxides. As a result, the charge carrier lifetime and
overall photoelectrochemical performance are significantly enhanced
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Figure S1.0Observed shifts in thé) (040) and(b) (200) and (002) xay diffraction peaks

with hydrogen treatment.
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