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Abstract

Bismuth vanadate (BiV§) havesurface statethat give rise to defect levelhat mediate electron
hole recombinatin. In order to minimize the inefficienciean ultrathinAl overlayer wasilepositedon the
BiVO, electrodesA 54% improvemenbn the photocurrent densityas obtained using th&l- modified
BiVO, electrode accompanied by 45% increase in stability over 7.5 hours of continuous irradiation.
Moreover, surface capacitance measuremshtsvedthat the Aloverlayer was indeed passivating the
surface statesWe also shed light on the depositioh an Al overlayer on the surface of Bi\fOby
investigating the process on model Biy@owders.This study presents usefulpreviously unreported
information about the surface chemistry of BiM@ased on experimental methods and gives unique insights
on the characterization of the BiVVGurface.The existence of surfaceeactive siteson BiVO, was
confirmed and quantifiedl(5 reactive sitéant) via chemical titration.

Keywords:BiVO,, Al ovedayer, passivation layemphotoanodesurface chemistrywater splitting, artificial
photosynthesisurfaceorganometallic chemistry
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1. Introduction

Photoelectrochemicalater splitting is a sustainable means to produgenHich can serve as a clean
source of fuel. In this process, liquid water is split into its gasegasitHQ componentgH,O + photons /A&
H,+ %2 ), via the use of photactivatedsemiconductocatalystspy utilizing the photons coming from the
sun and using them to directly convdlre solar energy into chemical ener@p. be able tesplit water into
hydrogen and oxygeaefficiently and sustainab)ythe photevoltage must be sufficient, there should be an
appropriate band alignmeit the semiconductora substantial absorption ohé solar spectrumand an
efficient and fast transport of charges between the semiconductor and the eler@]yta addition,the
semiconductormust be stable and cesffective. The search for suitable materials that satisfy these
requirements is the focus of the currentgming studiesin photoelectrochemistry anghotocatalysis
because no singlenaterial can fulfil all these requirementdradeoffs exist amongthe lightharvesting
DELOLW\ WKH FKDUJH WUDQVSRUW DQG FKDUJH WUDQVIHU SURFF
reaction.

The bottleneck in the phmelectrochemical water splitting process is the water oxidation reaction in the
photoanodd3,4], which is the focus of this studietal oxides[5,6] are preferred as photoanodewinly
because of theiresistance taxidizing conditions[2]. Comparedto other metal oxidefike hematite (-
Fe0;) and WQ, bismuth vanadate (BiV) is preferredbecause itgonduction band edge positioearly
coincideswith the thermodynamic hydrogen evolution poter|fia8], whichis instrumental irpromoing an
earlier photocurrent onset aedablingthe generation of higher photocurrents in the low bias re@iprit
also has aelatively low band gap energy (2245 eV), which makes it readily absorb visible ligh®,11]

The theoretical maximum photocurrent density of BIN©7.5 mA/cm, which translates ta maximum of
9% of solarto-hydrogen (STH) efficiencyl12,13]assumingall of the sunlightphotonswith energies greater
than 2.4 eV are absorbég the semiconduct@ndhavecontributed to the photocurrent

However, slid semiconductors such as Biy@ave surface states that are associated with the abrupt
termination and discontinuity of the solid crystal at the crystahtaty As a resultthe electronic band
structure is quite different from the bulks characterized by dangling bonds!]. These surface states leav
a modified band structurdhat may give rise to defeanergylevels, which may lie within th@reviously
forbidden band gap regi@away from the band edgebhese can mediate electrbale recombination via the
ShockleyReadHall mechanism wherein the electron from the conduction band can move towards the defect
level, release the energy as photonphonons, and eventually relaxdrthe valence band, annihilating a
hole in the process.

In photoelectrochemical systems, passivation layers have been used as an effective strategy to improve
the charge separation and transfer processes across serofoot#iduid interfaces. These thin layers can
reduce the charge recombination at surface states, increase the water oxidation reaction kinetics, and protect
the semiconductor from chemical corrosion. These layers are <100 nm thick but quite ofter omtydke
used to allow the charge transfer by means of tunneling. Passivation layers can be fabrmagbdhe use
of several relatively scalable techniques such as atomic layer deposition (ALD)coafimy,
electrochemical deposition, sputtering,olen beam evaporation, floating transfer andadipting[15 A7].

Al,O; has been used as a passivation layer for botng ntype silicon solar cellsAl,O; is a wide
band gap material {8 eV)which exists irdifferent crystalline forms, exhilsitow leakage current, arfthsa
modest value of dielectric constdi®]. It finds its use as a gate dielectric in metal oxide semiconductor
(MOS) transistors and is a suitable insulator for various electronic applications. In the photovoltaic field, the
importane and crucial impact of surface recombination to the resulting photoactivity of conventional
semiconductors has been very much highlightegO#ds a passivation layer is unique because it combines
the effect of both chemical and field effect passivabgrproviding hydrogen to the Si interface during the
postdeposition thermal treatments and also for having a very high density of negative charges located near
the interfacg19]. However, the use of AD; as apassivation layer for BiVQphotoanodedas not been
largely investigatedTo date, only one paper reported the use gDAhs a passivation layer for Biy(20].
It was shown that adding anl Averdayer with an optimal thickness can double the photocurrent density,
however, te nature of the specific surface interactions betwkerAl overlayerandthe BiVO, remains to
be studied.



This study presents novel findings about tise of ultrathin overlayers of\l to enhance the
photoactivity of BiVO,. Moreover, anorganometallic chmistry approach was used to study this very
important surface as well as to introduce surface modifications that could help improve the photoactivity and
the stability of this material

2. Experimental
2.1 Materials and Methods

2.1.1 Synthesis Procedures

A full description ofmaterials and methods used for the synthesis of both Bpd@ders and filmss
reportedin the Supporting Information (Séections S1 and $Briefly, the BiVO, powder was synthesised
by hydrothermal method employing solution of bismuth nitrate and ammonium metavanadate as
precursorsunder acidianedia pH=0), in an autoclave at 180 for 12h, according to a previous published
procedurg21]. The crystalline BiVQ powder was obtained after calcination under air atmosphere a€400
for 2h.The BiVQ, films were synthesised based opraviously optimizectlectrodepositiomethod[22]. In
brief, BiOl was electrodeposited ordeped Tin oxide (FTO)/glass substrateusing a solution of bismuth
nitrate, potassim iodide, pbenzoquinone and ethanol. The BIOI film was subsequently transformed in
BiVO, by addition of a solution of vanadyl acetylacetonate in dimethyl sulfoxide and calcination under air
atmospherat 425°C for 2h The photoelectrode area is of 1°cifhe BiVO, powders and thin films were
modified by the addition of AD; with the procedure described in the Sl (sections S1.4 and S2.3,
respectively).ln particular, the BiVQ films with different amounts (or cycles) of deposited@ were
investigated.

2.1.2 Materials Characterization

A Merlin Zeiss Field EmissiontScanning Electron Microscope (FESEM) equipped with an Energy
Dispersive Xray Spectroscopy System (EDS) was used to study the morphology of the samples. The XRD
spectra were obtained by using af EHUW 3KLOOLSV GLIIU BR#HMWR R EHVEHYAXSIGIH U & X
40 kV and 40 mA. Badsorption and desorption isotherms were obtained at 77K on a degassed sample using
BelsorpMax from BEL-JAPAN. The DRIFTS spectra were obtained using a Nicol@®FT spectrometer.
Gas chromatography (GC) measurements were determined using a HP 5890 gas chromatograph equipped
with a flame ionization detector (FID) and a KCH®B} on fused silica column (50 m x 0.32 mrV-Vis
absorption spectra of BiVOfilms were measured using a Perifmer Lambda 950 doubleeam
spectrometer equipped with an integrating sph¥reay photoelectron spectroscopy (XPS) measurements
were performepwith a monochromatic Al Koradiation (hQ= 1486.74 €Y, in order to determine the surface
composition of theBiVO, electrodes and their stability after the photoelectrochemical ®ate BiVQ,
samples were first analysegt using a PHI 5000 Versa Probe (Physical Electronics) sySehsequentlya
SPECS FOCBS 500 monochromator and a hemispherical electron analyzer (SPECS PHOIBO&d€0)
employed to further analyse the éaand Almodified BiVO4 samples before and after testiie binding
energies for all spectra were calibrated with respect to the atilvesittarbon C 1s peak at 284.5 eV. Peak
fitting was done using XPSPEAK software with a Shirley background subtraction.

2.1.3 Photoelectrochemica(PEC)Characterization

A Pt coil counter electrode (CExn Ag/AgCl (3M KCI) reference electrode (RE), andetBiVO,
photoanode as the working electrode (WE), vemsembledh asinglecompartment quartz cell containing a
0.1 M NaPisolution(pH 7). The simulated sunlight irradiation was fronNawport 450 W Xe lamgource
that was equippedith an AM 1.5G filter (intensity of 100 mW/crA). lllumination was performedinder
back illuminationon a geometric area of cnf, which corresponds to the entire deposited arethef
electrode.

The PEC tests were performed using a BioLogic VSP 300 potentioktagar sweep viammetry
(LSV) in continuous and chopped light modes and chronoamperometryw@aAperformed to characterize
the photoactivity of the electroddsinear sweep voltammetry was performed at the potential ran@e30¥
to 1 Vvs.Ag/AgCl, using ascan rée of 10 mV/s. Chronoamperometry was done at 01 YAg/AgCI. The
following Nernst equation was used to convéreé potentials versus the Ag/AgCIl (3M KCI) reference
electrode to RHE (NHE at pH=0)
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MS-SPEIS(Mott SchottkyStaircase Potentio Electrochemical Impedance Spectroseopiysis was
done under an applied potential-6f8 V to 1 V ¢s Ag/AgCI), and a frequency of 7.5 kHz. MeBchottky
plots were usedto extraptate the flat band potentials gJEand donor densities g\ of the photoanodes,
according to the equation:
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where C is the interfacial capacitandds the dielectric constant of the semiconductglis the pemittivity
of free space, A is the area of the interfacial capacitangés tthe donor density, E is the applied potential,
Ep is the flatband potential, kK LV WKH %ROW]PDQQTV FRQVWDQW 7 LV WKH W

charge. A plot ofi #%versus the potential yields a linear region.

Charge transport and transfer properties of the photoanodes stuelied using electrochemical
impedance spectroscopy (EIf}frequenciefrom 0.1 Hz to 0.5 MHz, @otential of0.61 Vvs. Ag/AgCl,
under simulated sunlight illumination

Monochromatic photocurrentg,{ of BiVO, flms were measured under the illumination of a Xe lamp
source (Oriel, 300 W) coupled with a grating monochromator (Acton SpectraPro A306Ng-pass filter
(Schott, 3 mm thick) was placed between the monochromator and the sample in order to remove any second
order diffracted light. The optical power of lights reaching the filRswas measured using a calibrated
photodiode (Ophir, PD300RYV with Nova Il controler). An EG&G Princeton Applied Research 283
potentiostat was used to apply the bias potential. An Ag/AgCl (saturated KCI, XR300 Radiometer
Analytical) and a platinum wire were used as the reference and counter electrode, respectively. Incident
photonrito-current conversion efficiency (IPCE) values for each wavelen@hwére calculated using the
following formula:

. ~. , 568HYsKE; .
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For O, detection, differential electrochemical mass spectrometry measurements were performed using a
setup described in details elsewh@@,24] Signal calibration was performed hyeasuring the ©signal vs.

current for a Pt sheet. The Faradaic efficiency (FE) was then calculated using the following equation, under

the assumption that the Pt sheet has 100% Faradaic efficiency forekiel@ion reaction:

S qgeldjpmg_knjc (4)
S gqgeldjpmkrgfccr

Finally, rapid scan voltammetry was performed. A constant potential of 1.5 V vs Ag/AgCl (2.1 V vs
RHE) was appliedor 2 minutes as a conditioning step, followed by a quick potential swedp2td/ vs
Ag/AgCIl (0.4 V vs RHE) vith a scan rate of 1 V/s. Comparison of the curves with and without conditioning
yields the surface capacitance (C) through the equationshd tdwout cong/SCan rate.

3 Results and Discussios

3.1 Morphology and Structure

BiVO, has three main crystal formsmonoclinic scheelite, tetragonal zirctype and tetragonal
scheelite.There is anirreversible transition from the tetragonal ziretype to the monoclinic scheelite
structurethat occurs at 408600 °C. At 255°C, another eversble transitionalso occurs between the
monoclinicscheelite and the tetragonal scheelite structufesthermore mechanical grinding at room
temperatureanalsoirreversibly transform the tetragonal structure into a monoclinic stru2éieAmong
these three crystal structures, the monoclinic scheelite structuréghesmost commonly used for
photocatalysis because of its higlprotactivity compared tdhe other structure26]. We prepared two
different form of samplesBiVO, powders that wre synthesized hydrothermally and Biy@hin-film



electrodes prepared via electrodepositibine readeis referred to the Supporting Information (S1 and S2)

for the detailed synthesis procedurEse XRD spectran Erreur ! Source du renvoi introuvable.showed

that boththe BiVO, electrode andhe BiVO, powdermanifested the monoclinic scheelite structure (JCPDS

No. 140688, space group: 12/a, a=5.195, b=11.701, ¢=5.@90.38), which is evident from the peak
splitting at the2 Tvalues 0f18.5 and 35. No traces of other phases were observethese diffraction
patterns, which points out the suitability of the chosen synthesis methods towards the monoclinic phase of
BiVO,. For an easy comparison, the XRD reference spectra of Bivithh maonoclinic scheelite and
tetragonal zircoftype structures are also shown in Eigurel.

*FTO peaks
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* *
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A
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AAA

tetragonal zircon-type
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Figure 1. XRD (left) and FESEM (righijnages of bare BiVEpowder and thirfilm electrode. The reference XRD
spectra of monoclinic scheelite and tetragonal zirtgpe structures of BiV{are shown for comparison in the bottom
of the left image.

Fromthe FESEM images$n Figurel, it is evident thathere were very distinct differences between the
resulting morphologies of the BiVQrowderand the thidilm electrode.The BiVO, powdermorphology
consists ofamore agglomerated amdmpact structuréhat is made up dig grainsizes, while the thin film
electrode showed a more porous structure that is not agglomerated, and with smaller grains. In agreement
with this, the cystallite sizes for the powder atfte thin film electrodewhich weredetermined from th&-
ray diffraction dataare found to be 320 and 112 nm, respectively. More intense peaks were observed from
the powder samples because of the higher amount ofialgiegsent than in the thifiilm electrode. From
FESEMEDS, the ratio of Bi/V for each of the samples was both found to be 1, which means that the 1:1
ratio of Bi: V is well-maintained in the bulkor both samplesNitrogen adsorptiowlesorption isotherms
were used for the BET surface area measurements for the,RBid@der, which revealed eatherlow
surface area of-2 nf/g.

3.2 BiVOypowder

The nature of the BiV@surface was studied lijpe chemical titration ofthe BiVO4 powder with R
butyllithium (n-BuLi), a carbanionic reagent, typically used in surface organometallic chemistry for the
titration of surface acid protorisee S, section S1.3, for more detailEhe rBuLi is known to react with
the surface hydroxyls and chemisorbed water of inorganmed®7] to yield butane (¢H1g) that can be
guantified using a gas chromatograph (GC).

From the nBuLi reaction, 8.8 mol of butane gas (Elig) was evolved when contacted with the
thermallytreated dehydroxylatedBiVOa. If one extrapolated such chemical reaction to exclusive reaction
with surfacereactive sitesthe result translates to 1sbrface reactive sitdsr? on the BiVOy surface. The



reader is referred tthe S| (sectionS3) for the gas chromatography calculatiomsa study by Starr esl.

[28], it was show that single crystal BiV@Qexhibited the presence of surface hydroxyl groups, however,
there is no evidence in literature that confirms their presence in polycrystalline structures such as BiVO
powders.

The IR spectra of the pristine Bii@owder (blacKkine) and the titrated BiV@powder (red line) in the
500 to 2000 cm region is shown irfFigure2. The BiVQs powder titrated with BuLi showed two distinct
IR bandsin the 1098.5 cm and 1259 cm regions.This preliminary data necessitatirther studies to
characterize the surface chemical species arsgaaifhydroxyl to GLi™ titration with concomitant alkane
stoichiometric releasis the dominant surface readty . As of now, the 1.5 OH/nfrtan be considered as an
upper boundary estimate of the hydroxyl population on the Bi&(@face. To the best of our knowledge,
this quantification of the OH groups in BiM®Gurface has not begmeviouslyreported in liteature.

bare BiVO, powder

1,0 4
——BiVO, powder titrated with n-BuLi
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Figure 2. FTIR spectra of bare BivV{and BiVQ titrated with rBuLi

The addition of an Abverlayer was also performed on Biyfowder in order to model the BiV/&l
LQWHUIDFH IRUPHG RQ WKH SKRWRDQRGH 6XF KesRRIGHIOBQ@F RQ Wi
surface area thathat of the thin film electrode(ca. 2 m2/g for powder vs. few cm?/g for tekectrodé,
allows to use millimolar range routinearacterization techniques (such asIBRIR, elemental analysis by
combustion, GC analysis of the gas phase), thus, giving moldeutdrinsight to the surface processes,
which would be more difficult to harness directly from éhectrodesurface29].

The accepted simplified AlLinechanism for AlD; growth on OHterminated surfaces is shown
below, with * denoting the surface spedi@8].

(A) AI-OH* + AI(CH,), — AI-O-AI(CH,),* + CH,
(B) Al-CH;* + H,0 — Al-OH* + CH,

When the reaction is performed in a sequential manner, i2AAB-A-%« D FRQWUBRBOOHG O
layer growth of AJOzis achieved. However, to the best of our knowledge, the mechanism of the growth of
an Al overlayer on BiVQ@Qhas not been investigated to date. We have earlier established and quantified the
presence of reactive sites on the BiMDrface, and we have hypothesized that some OH groups can serve as
initial binding sites for the Al atoms as indicated in sequence @éaséquently, the growth of the Al
overlayer in an AB-A-B-A-B sequential manner should also be possible for BiVO
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Figure 3. FTIR Spectra of dehydroxylated bare BiMidwder, BiVQ powder with 1 pulse of AIMand 1 cycle
AlMes-H,0 at (A) 2008500 cni wavenumbers, (B) 30e8000 crit wavenumber, (C) 4008000 crit wavenumber

Figure3 shows the IR spectra of (i) vacuum fireated pristine BiVQ (ii) BiVO,powder with 1 pulse
of AlMes, and (iii) after reaction with #D. The starting bare BiVQi.e., before thesipulse of AlMe, is
characterized by peaks at 7205826 cn, and 97 cm' which correspond to M waging, symmetric,
and asymmetric vibrations, respectivgdl]. Peaks associatedth O-H stretching vibrations are expected
in 3374 cm and 3700 ciwavenumbers, although for the case of BiMOis not readily seen in the IR
spectra.

Upon addition of the first pulse of AIMgethe presence of the AlGHsurface species was confirche
by the presence of the diagnostC-H) stretching vibrations seen at 2829248 cni'. The 3015, 1207,
1015, 1264 and 1302 chpeaks are yet unassiggh The subsequent® pulse resulted to a broadHDband
at 3400 crit in agreement with expected AIB stretching vibrations from AIOH* surface species in the



3600 cnt* region. Thecontribution to this band from OH vibration modepifysiosorbedvater molecules
should be limited, due to the vacuum treatment step undergahe sample between the water addition and
the IR analysis.

Upon water addition on the Ale terminated surface (see reaction B above), the volatiles were
condensed, analyzed and quantified by gas chromatography. In agreement with reaction B, methane was
detected in the gas phase. The quantification of methane translated to,le2dBidd per reactive group
titrated on the initial surface. This result is in the correct order of magnitude for the simplified growth
mechanism propodefor ALD cycles to alumia and is also compatible with the possible formation of
dipodalsurface species-0).AlMe].

3.3 BiVQythin-film electrode
The chemical composition of the Bi\{Ghin film electrods wasdeterminedoy XRD, XPS, FESEM
EDSand Ramamnalyses.

The highresolution XPS spectra for Bi4f, V2p, and O1ls binding energy regionsharen inFigure
4Erreur ! Source du renvoi introuvable. In agreement with the XRD data (see section 3hg thinfilm
photoeletrodesmanifest the spiworbit splitting for both the Bi4f, and Bi4t,,, and the V2p, and V2p,,,
that are in good agreement with those reported in liter&ur@onocliniescheelite structure BiVO,[32].
Also, it is noteworthy that the Bi4f and Bi4f,, peaks appear in the binding energy region (158.5 eV and
163.8 eV,respectively)that is much higher than that of metallic Bi, i.e. 156.8 eV and 162.238Y
respectively. These Bi4f peaks indicate the presence of Bi occurring mainl'sigeBies in the surface of
the electrodesMeanwhile, the V2§, and V2p,, peaks at 516.1 eV and 523.7eV, respectively, are
characteristic of V occurring mainly as"\&pecies on the surface of the gimtode. This is different from
the bulk V species, which hawget5 oxidation stateas implied g EDS measuremenisid by earlier studies
by us with deth profile XPS measuremenf22]. The reduction of V' to V* on the surface of the BiVO
electrode induces oxygen vacancies that directly impact the electronic structure of the monoclinic scheelite
BiVO,. In fact, these oxygen vacancies has been observed from the O 1s spectra, the deconvolution of which
yielded lattice oxygen at 529.2 eV, nlattice oxygen at 530.3 eV, and chemisorbed or dissociated oxygen
from water molecules at 532.0 ¢82 86]. The nonlattice oxygen refers to oxygeteficient regions which
might be populated with OH groups in order to correct the charge balance.

Furthermore, surface Bi/V atomic ratios revealed-sidi surface for the BiVQelectrode befor€EC
tests(Bi/V: 2.3), while EDS measurements show a Bi/V ratio of 1 in the bulk. ThécBisurface of the
BiVO, is a consequence of the segregation phenomena that has been observerbfbaifihg oxides,
wherein the oxygen segregates to the surface, depldtegubsurface of oxygen, and leading teOBi
surface termination87].

Upon Aloverlayer depositionXPS investigation was also performed, and the spectra are shown in
Figure S6. As expected, Al peak is clearly seen for the Bis&@dnple that is modified with Adverlayer
deposition, whereas none can be observed for the bare,BN&Ochange is observed for the V 2p peaks
upon Aloverlayer depositignbut additional peaks at higher binding energies can be observed Bi #fe
spetra. These are assigned to°Bias also reported in the literatui@8][39]. This shows that the Al
overlayer deposition slightly oxidize the surface of the BiVO
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Figure 4. Ols Bi 4fandV2p XPS spectra fdyare BiVO, electrode

As a representative of the -frlodified samples, ifFigure 5A is shown a low magnification FESEM
image withan EDS map of Al, Bi, V and @lements irthe BiVQ, thin-film with 2 cycles of Al overlayer
which demonstratan uniform coveragef FTO/glass substrate with the Biy®m and an homogeneous
deposition of Al on iteven at a low number of deposition cyclegher elements (i.e. Si and St shown)
were also visible in the EDS analyses due to the FTO/glass sub8satbown inFigure 5B and C, he
nanostructured porousiorphology of the BiVQ particlesremainsunmodified and, afound in thebare
BiVO,, a Bi/V ratio of 1 wasalsoobserved in the Amodified samples, confirming the no modification of
the chemical composition of BiV afterthe Al depositionprocess

The Raman spectra of bare andmddified BiVO, thin film electrodes are shown igure6A. The
most intense band at 822 ¢iis assigned to the XD stretching mode and the weak shoulder at 708ism
assigned to antisymmetric-@ stretching. The bands at 375 tand 335 cri correspond tdhe symmetric
and antisymmetric bending of \{@etrahedraThere was a slight difference observed at the-2D4 cni*
bands, but these are ascribed to the external mode of ,BiMtich is not exactly structural in natue0].
Therefore, based on the Raman spectra, it can be also confirmeitheghat overlayer did not induce
structual modifications on theBiVO,. This result is also supported hige UV-Vis absorptionanalysis
shown in Figure S3 in the SDnly minor difference are observed in the absorption speofrall the bare
BiVO, and Almodified BiVO, samplegFigure S3A), which is within the sampl®-sample variation. From
these absorption spectra, Tauc analyses were performed in order to determine the bandgplms Tauc
direct and indirect bandgap analyses are shown iar&§38 and C, respectively, where only very little
changs of bandgaps are observe®,48 and 2,4k 0.01 eV, respectively. Overall, as expected, the Al
overlayer does not affect the bulkusttural and optical properties of BiVO



| BiVO, electrode with 2 cycles Al overlayer

Figure 5. FESEMEDSanalysef Al-modified BiVQ electrode made by 2 cyd: Low magnification FESEM
image and EDS maps of Al, Bi, V and O elements on the fresh electrode (A); FESEMbiefaggB, C) and after (D,
E) photo-electrochemical water oxidation tests in 0.1M NaPi buffer

The effect of varying the number of cyclesthe ALD-like deposition method on the photoactivity
of the BiVQ, thin film electrodes was investigatedgure 65 and C shows the linear sweep voltammetry
and chronoamperometry curves under chopped light condfarnall the samples modified with Al, as
compared with that of the bare Bi\(@in film electrode. Indeed, for very few pulses of Ali&,O cycles,
the formation of alumina oxide cannot be inferred. All curves manifested the initial current spikes appearing
readily when the light source was turned on, which eventually dampened, which suggestsurrence of
fast electrorhole recombination. For the bare Biy&ample, a photocurrent density of 0.35 mAf@in1.23
V vs RHE was achieved. It can be clearly seen from the same figure that an improvement in photocurrent
density values was achievedtiw?2 cycles and 5 cycles of Aleposition, yielding 0.54 mA/chrand 0.49
mA/cn? at 1.23 V vs RHE, respectivelyn the LSV curveslUnder CA tests at 1.23 V vs RHE, the
photocurrents of these two samples stabilized at a bit lower and similar value ohA/&8". However,
lower photocurrent density was observed when the numbat-depositioncycles was increased to Bie
influence of Aldeposition cycles to the incident photmacurrent conversion efficiency (IPCEas also
investigated and the resulgircurves for the different samples under bawe illumination areshown in
Figure 6D. The IPCE increases from the bare Bj\@mple to that with 2 cycles Al deposition, and it
decreases again for higher number of Al deposition cycles. The differences between samples are rather larger
than those observed from the LSV curves. The reason for this may be related to the instdabditffims,
which will be discussed later in the manuscript. Nevertheless, the overaltiati@tivelyagrees with the
LSV and CA measurements.

It is noteworthy that the reaction temperature used in the-kdeDdeposition of the Al overlayer on
the BiVO, surface which yielded the better performance is low enough &€ 6Which is not commonly
demonstrated in typical ALD processes involving@l commonly performed at 1Z80°C [30].



Figure 6. (A) Raman spectraf bare and Aimodified BiVQ electrodesPECwater oxidation testef bare and Al
modified BiVQ: (B) LSV plotaunder chopped lightscan rate: 10 mV/s{C) chronoamperometries under chopped
light, (D) IPCE spectraand (©) Raman spectralests were made withl M NaPi buffer pH 7.

To confirm that thenigherphotocurrent values of th&-modified BiVO, electrods are mainly due
to water oxidationwe measured the @enerated byhe highest performind\l-modified sample (i.e. with 2
cycles) using differential electrochemical mass spectrometry (DENERe experimental section for
measurement detajl§Figure 7A shows a linear sweep voltammetry curve, directly compared with the O
signal simultaneously measured with DEMZth curves correspond well with each other, suggesting that
the G generation can be correlated with the photocurrierieed, ly using the same systebut under
chronoamperometry conditipthe Faradaic efficiencyor O, evolution was determinetd be 100.0 £ 0.6 %
at1.0 Vvs.RHE. All photocurrents can therefore be attributed to the water oxidation reaction.

In order to verify if the Al overlayer is indeed passivating the surface states in thg 8frode
surface, rapid scan voltammetry waarformed to determine the surface capacitance of the electrodes. As
shown ifFigure 7B, the surface capacitance decreases by orders of magnitude with increasieg atimb
cycles of Al, in agreement with passivating surface states that serve as charge recombination sites. This is
important because the photocurrent of BiMas been reportdd be limited more by surface recombination
than the charge transfgtl].

Meanwhile, the Nyquist impedance plot is showRimre7]". The charge transfer resistance, which
was indicated by the diameter of the arc, is seen to be highest for the 8Alyelestrode (green arc), and
greater than that of bare BiV@black arc). This is consistent with the trend observed for the photocurrent
density, where it was seen that the bare Bjy¥érformed better than the 8 cycles Al overlayer. Therefore,
the thickest layer of Al overlayer contributed in slowing down thestearof holes on the BiVgelectrolyte
interface. Also, it can be seen frimure 7], that the 2 cycles Al overlayer (red arc) and the 5 cycles Al
overlayer (blue a) have lower charge transfer resistances than the bare,BiM@, both having higher
photocurrent density relative to the bare Biv8Bowever, between these 2 electrodes, it turned out that the 5
cycles Al has a lower charge transfer resistance tha tyeles Al, which was the opposite behaviour of
the observed photocurrent density. It appears that the higher photocurrent density of the 2 cycles Al electrode
is explained by the donor densities as derived from the-8tdibttky plotgshown in Figure & in the SI)



wherein the 2 cycles Al electrode manifested a donor density of 1.48xri®, while the 5 cycles Al
electrode has a lower donor density of 1.16 £ b0n°. A higher donor density can improve tREC
response by raising the Fermi level, which creates more band bending that enhances electric field in the
space charge layer, thus, lowering the eleehole recombination. Second, it enhances the electrical
conductivity of the photoanode, thus, improvitlge charge transport properties within the material.
Moreover, he onset potentials of these electrodes were almost equal at 0.39 V, 0.37 V, 0.38 V, and 0.37 V
vs RHE, for bare BiVQ 2 cyclesAl, 5 cyclesAl, and 8 cycled\, respectively.

Figure 7. (A) Measurement of £xsignal detected simultaneously during linear sweep voltammetry on 2 cycles Al
modified electrodg(B) Surface capacitance an@) Nyquist impedance plots for bare andmddified BiVQ.

The 2 cycles Aklectrode, which exhibited the best photocurrent density, was subjected to a stability
test along with the bare BiVi@lectrode. The result of the stability test is shovfigure8| The bare BiVQ
(black line) showed an 85% decay in photocurrent density after 7.5, mhils the 2 cycles Afblue line)
electrode showed 59.6% decdy understand the reason of such decay in the performancegeposbn
FESEMEDSand XPS analyses were perfornfEdure 5P and E show the FESEM images of the 2 cycles
Al modified sample after testing.mincrease of the BiV@Qpartides sizeandrearrangement of the porous
structure of the film after thBEECtest areobserved The samédsehavior was also noticed in the bare BiVO



film (see Figure S5, Sl); however, uncoated regions of the FTO substrate clearly appeared after tife 7.5 h
operationin the bareBiVO, film (see Figure S5ESI), while the Almodified film was already preserved
from this point of viewFrom EDS analyses it was observeB8ieenrichment of the films: the Bi/V ratio
increasd from 1.0to 1.2 and 1.1in the bare BiVQ and the 2 cycles Ainodified electrodetespectively,
which can be explained by the dissolution of V atoms from the BiSi®face during th€EC tests[42].
Indeed, the Bi/V ratidrom XPS analysigor the bareBiVO, slightly increases from 2.3 (vide supra) to 2.8
after PEC measuremenh addition, Bi atoms on the surface of the bare Bj\$@mple become partially
oxidized to BY* ([Bi®'] increased from 0 t620%, see Figre S7A), indicating that the photocurrent decay
may be related to an oxidative phatorrosion process. In contrast, although the Bi atoms are already
partially oxidized to begin with in th2 cycles Almodified samplePEC measuremeinly slightly oxidize

the surface further ([Bi] slightly increased from 23 to 29%, see Ufig S7B) Instead, he instability
observed in the Aodified BiVO, may be related to the detachment of Alphserved from disappearance

of peak in the ARp core level spectra (seégkre S7C) Further investigation on better adhesion of Al on the
BiVO, surfaces thereforeneeded in order to extend the stability.

Overall, dhough the stability of the BiVQ photoanode clearly remains an issue, it was
demonstrated here that the presewnf an Aloverlayer on the BiVQsurface arrested some of the photo
corrosion and reduced the photocurrent decast bgastl5%.

Figure 8. Stability test (chronoamperometry) plot for 2 cycles Al and bare BiVO

4 Conclusion

In order to minimize the inefficiencies due to electhmte recombination and passivate the surface
states, ultrathiil oxo/hydroxylsoverlayersveredepositeconto the BiVQ, thin film electrodes in an ALD
like manner(alternating pulses of trimethyluminumand water) This was also performed in order to
protect the BiVQ surface from photocorrosion and increase its stability. A photocurrent density of 0.54
mA/cn? at 1.23 V vs RHE was obtained for tAecyclesAl overlayer- BiVO, electrode which wa a 54%
improvement from the bare BiV/Qhat demonstrated a photocurrent density of 0.35 mA&tn.23 V vs
RHE. A 15% increase in stability of tlecycles Al overlayerBiVO, electrode was also observed over 7.5
hours of continuous irradiatiofinally, through surface capacitance measurements, it was shown thdt the A
overlayer was indeed passivating the surface states of the, Blg€rodes.

Chemical insight ito the nature of the Amodified BiVO, surface waslsogained by studying the
larger surface area BiVQpowder, used aa model of the photoanode. Chemical titrationtioé BiVO,
powder with RBuLi led to the evolution of butane (1.5 molecule/nm? of Bi\Drface), thus highlighting
the existence of surface reactive groups on BiM@hosechemical nature has not yet been defined. If the
presence of surface hydroxyls, postulated elsewhere ititénature, is confirmed, this work suggests a
maximum of 1.5 of such reactive site/fhom BiVO,. Such surface site reaatith AIMe; to yield surfae



alkyls, which can be hydrolyzed by a further pulse of water and concomikgthtine release (1.2 GH
molecules released by the reactive group of the initial surfade$ work on model powder BiV{xonfirms

that chemically reasonably welbehaved ALDiike half-cycles of AlMe; and HO can be alternatedn

BiVO, surfaces, thus providing a molecular model for the useful chemical modification reported herein for
the thin film BiVO, photoanodes.
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