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Abstract

Ternarybismuthbased oxides are regarded as promising photoanode maténiate field
of photoelectrochemical water splittingue to their tunable structure and suitable energy
band position.However, an indepth understanding obulk defectsin structure-activity
relationshigs and interfacial charge transfedineticsis still lacking but needefbr designing

optimally functioning photoelectrodes

In the present work the impact of bulkoxygen vacancieD{9 in BiOClnd the related
induced shallow and deep defect states the photocurrentwas investigatedTheresults
demonstratal that shallow defect statesctingas electrons sinks can effectively accelerate
separation of charge carriers amdmarkably enhance the photocurrent, while degpng

surface statesictas recombination centerandare detrimental to photocurrent.

Apart from BiOClthe influence oMo dopingin BiVQ on photocurrent, photovoltage, and
charge carrier dynamicsvas investigated The results showd that both dark and
photocurrent densities of BiV/An OER are dominantly limited by interfacial charge carrier
resistance R) rather than bulk resistancd{uik). This conclusionconfirms thatthe increase
of bulkcharge carrier concentration is not a decisive factor for improved OER performance of
BiVQ, whichis consistent with the viewpoint that photocurrent of Bi¥® limited by surface

recombination.

Based on the BiVQesults we further proposel a semiconductoelectrolyte interface
model, in which the surface accumulated hole density in Bafd Mo-doped BiV@samples
during water oxidation can be acquired via employing illuminatiependent MottSchottky
measurementsAccording to this model, we demonstrate that the hole transfer rate remains
linearly proportional to surface hole density on a-dog scale. Both water oxidation on Bi/O
and Modoped BiV@follow first-order reaction kinetics at low surface hole densities, which
is in good agrement with literature. Besides, we find that water oxidation active sites in both
BiVQ and Mo doped BiViare very likely to be BP*, which are produced by photoexcited
or/and electreinduced surface holes, rather than V&pecies or M& due to their insufficient
redox potential for water oxidatiorOur modelgives a relatively complete physical image for
generation and transfer of the photo(electrg)duced holes, as well as their accumulation and
distribution within the space charge region (S@R$emiconductors and surface helelated

water oxidation kinetics.
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Zusammenfassung

Ternare Oxide auf WismiBasis gelten aufgrund ihrer abstimmbaren Struktur und ihrer
geeigneten Energiebandpositien als vielversprechende Photoanodenmaterialien im
Bereich der photoelektrochemischen Wasserspaltung. Ein tiefgreifendes Verstandnis der
Bulkdefekte in  den  StruktuAktivititsBeziehungen und der  Grenzflachen
Ladungstransferkinetik fehlt jedoch noch, ist abdir die Entwicklung optimal

funktionierender Photoelektroden erforderlich.

In der vorliegenden Arbeit wurden die Auswirkungen von Sauerstoffleerstellen (OVs) in
BiOCI und die damit verbundenen flachen und tiefen Defektzustande auPtetostrom
untersucht. Die Ergebnisse zeigten, dass flache Defektzustéande, die als Elektronensenken
fungieren, die Trennung von Ladungstragern effektiv beschleunigen und den Photostrom
deutlich erhéhen kdnnen, wahrend tief liegende Oberflachenzustande als

Reombinationszentren wirken und den Photostrom beeintrachtigen.

Neben BiOCI wurde der Einfluss der -Motierung in BiV@auf den Photostrom, die
Photospannung und die Ladungstragerdynamik untersucht. Die Ergebnisse zeigten, dass
sowohl die Dunkelals auch dig?hotostromdichte von BiV&in der OER hauptsachlich durch
den GrenzflacheadungstragerwiderstandR{) und nicht durch den Volumenwiderstand
(Roux) begrenzt wird. Diese Schlussfolgerung bestétigt, dass die Erhéhung der Bulk
Ladungstragerkonzentration kein entscheidender Faktor fur eine verbesserteEfERBNZ
von BiVQist, was mitder Beobachtungibereinstimmt, dass ddPhotostrom von BiV@durch

Oberflachenrekombination begrenzt wird.

Auf der Grundlage der BiV@&rgebnisse schlagen wir ein HalbleiterElektrolyt
Grenzflachenmodell vor, bei dem die an der Oberflache akkumulierte Lochdichte ig BiVO
und Mo-dotierten BiVQ-Proben wahrend der Wasseroxidation durch beleuchtungsabhéngige
Mott-SchottkyMessungerbestimmtwerden kannMit diesem Modell zeigen wir, dasgch

die Lochtransferrate linear proportional zur OberflacHerchdichte auf einer lebpg Skala
verhalt Sowohl die Wasseroxidation auf Bi/&@s auch Medotiertem BiVQ folgen lei
niedrigen Oberflachethochdichten einer Reaktionskinetik erster Ordnung, was in guter
U bereinstimmung mit der Literatur ist. AuRerdem stellen wir fest, dass die aktiven Stellen fur
die Wasseroxidation sowohl in Bi¥&s auch in Malotiertem BiVQsehr wahrscheinlich Bi

Speziessind, die durch photoangeregte oder/und elektroinduzierte Oberflachenldcher
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erzeugt werden, und nicht \{&pezies oder M Speziesda deren Redoxpotential flr die
Wasseroxidation nicht ausreicht. Unser Modell vermittelt ein relativ vollstadndiges
physikalisches Bild der Erzeugung und des Transfers der photo(elekiuzjerten Locher
sowie ihrer Akkumulation und Verteilung innerhatber Raumladungszone (SCR) von

Halbleitern und der mit Oberflachenldchern verbundenen Wasseroxidationskinetik.
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1. Introduction

This chapter introduces the background of photoelectrochemical water oxidation and
emphasizs the importance ofcleanand sustainableenergy, as well athe advantagesof
ternary bismuth-basedmetal oxides.The photoelectrochemical performance dafiorganic
oxide absorbematerialsis closelyelated tothe behavior of photogenerated charge carriers.
However,to date, there are still unanswered questions regardipfotoelectrochemical
reaction and interfacial charge transfer kinetidherefore, he aim of this dissertation i®
studythe influences of defects and doping othe concentration andnterfacialdynamicsof
photogenerated charge carrieduring the photoelectrochemical water oxidatioreaction
The research objectivesonsist ofthe oxygen vacancies (OVSs) relatgtucture activity

relationship in BiOGndthe interfacialcharge carrier dynamida BiVQ.

1.1 Reseach background

With the continuous growthof the worldQ @opulation andthe rapid development of
science and technologyhe global energyemandis increasingrapidly. It is estimated that
0KS &2 NI RQprimRrperidrgylll b @olt 30 and 46 TW by 2050 and 2100,
respectivelyf1, 2] Traditional fossilfuels are limited and nonrenewable Moreover, the
combustion offossilresourcesreleasesa massive amount of carbon dioxigeéQ), whichis
one of the maircause®f globalclimatechange Basedon the datafrom the global monitoring
laboratory, the CQ concentrationin the 9 I NJAatkdpherehasincreased from 340 ppm in
1980 t0420 ppmin 2023[3] Therefore,the development of a clean, carbonrneutral, and

sustainable energgystemis urgenty needed

Solar energy is considered ase of themost ideal energysourcesdue to itsunlimited
nature, sustainabilityand safety However one of themajor challenges irusingsolar light is
its intermittency. Theefficiency of solar energytilization is affected bythe day-night cycle
weatherconditions and seasonal variati@To solve this problengn attractive strategy is to
convertsolar energyinto chemical energyi.e., solar fuelswith H> as the simplesthemical
energycarrier. Hydrogen is cleanenergyvectorwith the highestgravimetricenergy density
of all known substancd4] For this reasonhydrogen energyas areplacement oftraditional
fossil energy sourceis of greatinterest andpotential in the transformation of our current

energy systenmo a carbonneutral, renewable energgystem.Many countriesand regions




had launchedsignificant sizerojects todevelopnew technologies of hydrogeenergy For
instance Australiapublished a economicallysustainablehydrogen energy policyn 2021[5]
The European Commissi@noposed éhydrogen energplanin 2020with the aimof providing
secure sustainableand affordablesnergyto citizen[6] Germany also put forward a national

hydrogen strategy to emphasize the significance of green hydrogen in[ZP20.

To date, the solarlight-driven Hx production can berealizedby photocatalyic (PC)water
splitting, photoelectrochental (PEC)wvater splitting photovoltaicelectrochemeal (P\VEC)
water splitting solar thermochengal (STC) water splittinghotothermal (PTCXxatalytic CH
decomposition and photobiologcal (PB)H. production[8-13] Among these approaches,
photoelectrochemical (PE@hdphotovoltaicelectrochemica(P\AEC)wvater splittingare ideal
alternatives for Hproduction due to theirelatively high theoretical solar to hydrogen (STH)
efficiengesand corresponding large improvememiargirs (Figure 1.1% However,the PVEC
combinationbrings abouta great deal of CQ and SQ emissions leadng global warming
potential (GWP) and acidification potential (AB)Q emisson mainly originates fronthe
decomposition of Ng5Q during themanufacture of the photovoltaic glass Consideringthe
case of environmental protectiQiPEC water splitting ifie most optimal technique for H

production.(Figure 1.1b
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Figurel.1 Theoretical and experimental efficiencies and the test time (a) of various solar light
driven H production and their respective global warming potential (GWP) and acidification
potential (AP) (b)[8]

Overall otoelectrochemical (PEC) water splittimpmprisesthe photoanodic water

oxidation reaction andthe cathodic proton reduction reactiofil4] Since thehydrogen




evolution reaction (HER)is thermodynamicallyand kinetically simpler water splitting
efficiencyis generallyrestricted by the O, evolutionreaction (OER3t the photoanodedue to
its complex proton-coupled four-electron transfer reactiofl5, 16] Therefore, the

investigation and development photoanodematerials ikeyto designoverallwater splitting

concepts with optimaéfficiency

TiQ is a wellknown binary photocatalytic oxide whichfisst reported by Fujishima and
Honda in 1972%17] it is readily availablenon-toxic, and has anunprecedentedstability.
However,its large bandgap (3.2 eWstricts its light-harvestingability and intrinsic photon
conversion efficiencyFor example, lte theoretical maximum photocurrent densiy and
corresponding solar to hydrogen (STH) efficieabpnatase Ti@are estimatedto be only
1.25~1.86 mA crhand 1.8 %whilethoseof FeOs are estimated tde 12.4 mA criand 15.8 %
respectively(Figurel.2). Accordinglya bandgapmatching the solar spectrums essentiaffor

achievinghighsolarto-H; efficiendes (STH)

T Fe,0,
o -
—— [ l

STH (%)

U T T T T T T T T T T T
300 350 400 450 500 550 600 650
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Figure 1.2 Theoretical photocurrent densitykoy) and solato-hydrogen (STH) efficiency of
TiQ, WQ, BiVQand FeOzunder AM 1.5G solar light irradiatioReproduced from

reference[18] with permission of Wey-VCH.

Despite of thissome unavoidable factsishould beconsidered such ashe photochemical
stability, the separationand migration efficiency of charge carrieras well assurface
photochemical reactionmechanisms For example, GO is one of the mospromising
photocathode materials due to itsmall bandgap and superior photoelectrochemical

performance However, itis photo-transformed to CuO in air or aqueousolutiors.




Accordingly efforts havebeendevotedto surface protectiorio improwve its long-term stability.
For example, Tilley and coworkers reported that RuQ-loaded CuwO/Al:ZnO/TIQ
photoelectrodes exhibéd ~100% Faradaic efficiencies &wbb stability after 8 h of chopepl
light illumination[19]

In addition tothe matchingbandgaps anghotochemical stabilies of photoabsorbers
their separation and migratioafficienciesof charge carrierare essential-orinstance binary
oxideh -FeOs hasan exceptionalstability anda narrow bandgapof 2.0 e\ However pristine
h-FeOszaresubjectedto a very short lifetime of charge carrigrs40 ps), leadingto a practical
maximum photeurrent of 4 mA crf¥ which is much lower than its theoreti¢plachievable

photocurrent density (12.4 mA ci\[20]

Based orthe abowe analysispinary metal aidesrarely meetthe requirementsof highy
efficient photoabsorbersTherefore numerousternary metal oxideshave been explorednd

areexpectedio be more promisingsemiconductors for photelectrochemical water oxidation.

On the other handpncea photoabsorberis given,the properties of the photogenerated
charge carrierare of utmost significanceasthey are directly related to the bulk separation
and migration efficiencgf the photoexcited chargearriers andhe surface chemical reaction
rates. However, up to now, the photogenerated charge carranesdifficult to be tracked due
to their invisibility. As a resultthe relevant photoelectrochemical reaction mechanisms
remainelusive.Photoelectrochemical watesplitting oversemiconductosis like a black box.
We careasily measure thghotoelectrochemicaberformanceput the behaviorof the charge
carriers such astheir storage location, thie concentration (especially the surface
concentration) and the corresponding clgatransferkinetics are key to open the black box.

(Figurel.3)
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Figure1l.3 Schematidllustration of the photoelectrochemical water splitting process over a

semiconductor.

In thisdissertation the ternary bismuthbased metal oxides BiOCl and Bid& employed
as model catalystsecausehey are ecefriendly, structurally diversand commonly useds
photoanode materialsn the PEC water oxidatiosystem Most importantly, they have a
number of specialadvantagesFor example the O\sin BiOClare easyto be generatedand
their concentrationcan bereadilytuned, whichis suitablefor studying the effect of oxygen
vacancies (OVen the nature ofphotoexcited charge carrieduring the PEC water oxidation
process.The concentration of the photogeneratedholes in BiVQ under illumination is
impressiveand Mo dopings easyto be carriedout due to the similarsizeof Mo ionsandV
ions.These propertiesire suitablefor studyingthe effect of Mo doping on th&oncentration

and surfacedynamicsof the photogeneratedchargecarriers.

1.2 Research objectives

High PEC water oxidation activities of photoanode materials closely depend baltbeior
of the photogenerated charge carrierSome defects (typicallyoxygen vacanciefVs) can
increase theconcentration of charge carriens the semiconductoy which in principleis
conductive to their transferNonetheless some researcherargued thatcharge carries
trapped by OV<an reduce the charge carrier mobility, which is detrimentathteir bulk

transport[21]

Besides consideringthe energyband diagramOVs wilbften createstates at or near to the
middle ofthe bandgap.The amount of OVsan affecttheir relative positionsin the band

alignmentand corresponding roles in the catalytic proce$terefore, therelationshigs




between OVs defect statesand the catalytic activiés are significa for an indepth
understandingof behavior ofcharge carries. Unfortunately, the impacts of bulk O\sin BIOCI

on defectstatesand photocatalyticperformanceare still unclear.

Toaddresghe abovetwo issueswe intend to studythe effect of oxygen vacancies BiOCI
on the charge carrier concentration and position of defect states along with the PEC

performance

The secontéteychallengeregardngcharge carriers i® understandheir transfer processs
Thebulk and interfaciatharge transfer processcan bereflected by thebulk resistanceand
interfacial charge transfer resistanceespectively Generally,sample modification or light
illumination canalter the values othese tworesistancesThese two physical quantities are
simple,but they give us a relatively clegicture ofthe rate-determining step othe charge
transfer processThis physicgbictureis helpful for us todrther analyzethe major limitations
during the whole PEC water oxidationsuch as bulk or interfacial recombinatiosf
photogenerated charge carrigrmterfacial concentratiorof photogenerated charge carriers

photoelectrochemicdy active sitesetc.

For this purposeundoped BiV@and Mo-doped BiV@photoanodesare choen as model
systemdo understard thecharge carrier kinetics fromhe aspect of interfacial charge transfer

resistance.

The thirdintriguing buttough questionconcerningcharge carrierss the energetics and
thermodynamics of surface photoexcited charge carriésp. to now, the detection and
monitoring ofthe photoexcited charge carrietsas beena very challengingand meaningful
topic, which isessentialto track the catalytic reaction mechaniss Fortunately, some
advancednstruments have been invented and applied in the field of catalysis. For instance,
Li et al first revealed thecharge transfer process dhe cuprous oxidghotocatalyston the
femtosecond to second timescalby a homemade spatiotemporally resolved surface
photovoltage spectroscopj22] Durrant et alquantifiedthe surface hole densitgnd studed
the water oxidation mechanisnduring the process over the hematitby photoinduced

absorption spectroscopj23]

Despite these effortssomeissues regardingsurfacehole identification and quantification
are stillambiguous For instance in the transition absorptionstudy of BiVQ, Durrant et al.

assignedthe broad photoinduced absorptionin the range of 500 nm to 900 nm to the




photogenerated holes[24, 25] This assignmentis evidenced by the experiments of
hole/electron scavengersand applied potentials[26] However, they did not quantify the
contribution of the photogenerated holes in the amplitude of photoinduced absorption signal.
Additionally,the statementthat the peakabsorptionat 550 nm is consideredasthe surface
holesis alsounconvincing This is becausethe photogeneratedholesaccumulatewithin the

spacechargeregion not only at the surface

Therefore, we aim to setup a theoretical hole model with the consideration of accumulation
of the photogenerated holewithin space charge regiofased on this modelhe surface
hole concentration can be quantified according to the Felbimac distribution statisticsthe
interfacial charge carrier dynamics and thermodynama® further investigated to
understand the complex relationship between surface hole density, applied bias,

(photo)electrochemically active sites and (photo)current density.

In a nutshel] influenceof bulk OVs in BIOCI on tlefect states and the photogenerated
charge carriersis ambiguous. On the other hand, the study on the nature of the
photogenerated charge carriersm BVQ: is significantand on the early stage Qurrent
techniques suchastransientabsorptionspectroscopyTAS)are not ableto clearlyresolveall
issuegegardingthe behaviorsof the photogeneraed chargecarriersdueto somedrawbacks
andlimitations. Herein, two modifiedbismuth-based ternary metabxides(BIOCIOVsandMo-
dopedBiVQy) are employedasmodel systemdto investigatethe effectsof oxygen vacancies
in BIOCland Mo dopingin B'VQr on the nature of the photogeneratedchargecarriersand
their correspondingphotoelectrochemicalperformance We expectto comprehend the
complicate relationship between OWs induced, defect states concentration of
photogeneratedchargecarriersand photocurrentin BIOQ. Besides, wexpect to investigate
the influence ofMo dopingin BiVQ on the nature of the photogeneratedchargecarriersvia
setting up a generaburface hole model and subsequentwater oxidation kinetics and

thermodynamics of thénterfacialcharge carrietransferprocesgs.

1.3 Thesisoverview
In Chapter 2, the basic concepts and thedes related to semiconductors and
photoelectrochenmstry are introduced Finally, thecrystallinestructures physicalproperties

and modification strategiesf the investigatedmaterialsBiOCI| and BiVf&re presented.




In Chapter3, the samplepreparationproceduresand the main characterizatiormethods
are presented including UW-VisNIR absorption spectroscopyXray photoelectron
spectroscopy(XPS)electrochemicaimpedancespectroscopy (EInd intensity modulated

photocurrentspectroscopy (IMPS).

In Chapter4, the influence ofOVsin BiOClon defect states,carrier concentrations and
photoelectrochemical performancis systematicallynvestigated The photocurrent of BiOCI
is mainly limited by the synergistic effect otharge carriecconcentration(conductivity)and
shallow defect states induced byllt oxygenvacanciesThe shallow defect statesannot only
effectivelyincreasethe light absorptionbut also furtherincrease thephotogeneratedcarrier

concentration leadingo an enhancemenh the photoelectrochemical performance of BiOCI

In Chapter 5 BiVQ (BVO)and molybdenum doped BiMMo-BVO)film samplesare
investigated The pomoting effectof Mo dopingin BiVQ on the photocurrent densityis
studied via various characterizatioomethods including photovoltage, electrochemical
impedancespectroscopy,and intensity modulated photocurrent spectroscopy (IMP8)
particular, the analysis dfulk resistanceRuik) and charge transfer resistanced) providesa

visual understandingf the mainlimitations of BiVQ during wateroxidation.

In Chapter 6 a surface holemodelis proposedin which the surface accumulated hole
densitesin BVO and MeéBVOsamples during water oxidatioare determinedby employing
illumination-dependent MottSchottky measurementshe interplay between surface hole
density and photocurrenis systenatically studiedand describedFurthermore weinfer that
the active sites for photoelectrochemicalvater oxidationin both BVOand Ma-BVO samples
are BP* rather than VQor Mo®* speciesby combining theredox potentialwith the variation
of the reaction rate constantsTheMo doping inMo-BVO samplénhibitsthe surface charge

carrier recombinatiorand indirectly increassthe formation of Bi* active species
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2. Theoreticalbackground

This chapterpresentsthe relevantfundamentalconcepts andheories aiming atdeeply
understanding the basic physical properties of semiconductors and their
photoelectrochemicalwater splitting mechanisms includingthe energy band theoryand
optical propertesof the semiconductorthe electrical double layethe semiconductosolid
electrolytejunction andthe mechanism ophotoelectrochemical wateoxidation At the end
of this chapter, thestructure-activity relationshigof bismuthoxychloride (BiOCl) armsmuth

vanadate (BiVg) arereviewed

2.1 Basictheory of semiconductos

2.1.1Energy band evolution

In solidstate physics,dids can beclassifiednto conductos (metalk), semiconductaand
insulators, based ontheir bandgas and conductiviies Metals typically possess excellent
conductivity witha zerobandgapwhile insulatos havean extremely lowconductivity with a
bandgaptypicallygreaterthan 4.0eV. Theconductivitiesand bandgapof semiconductasfall
in between. Energy band theoryprovidesa gooddescriptionfor the physical propertieof
semiconductos. The energy band theoiigusuallyconsideredo bean extension othe Linear
Combinationof Atomic Obitals (LCAO¥oncept The crystal structure of esniconductos
consistsof manyprimitive celk. For instancethe number ofSi atomsn crystallineSireaches
upto 5! 10%2cmP3. Froma chemicapoint of view, analyzingthe evolutionprocessof energy
bands of afew atoms in asingle unitcellby LCAO ieasonableand helpfulfor understanding

the nature of semiconduct@due tothe periodic crystal structure afolidsemiconductos. [1]

For simplicity, we takailiconas an example to describe tleaergyband evolution process.
The ore levelq1s, 2s, and %) of Siare occupiedvith electronswhichleads tothe formation
of full-filled bandsin the energy band oSiaccording tothe LCAO modelFigure2.1). The
formation of \alence band and conduction bargbnlyrelevant tothe outervalenceelectrons
of the Siatom. The outerelectron configuration othe Siatom is 3?3p?. The bur valence
orbitalsof a 9 atom producefour equivalentsp® hybrid orbitals, when they bond to fouother
Si atomsEachhybrid orbital isoccupied byanelectron Theatomic orbitalswill overlapwhen

two Si atoms approach each othdihe closethe two interacting atomget, the greatergets
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the orbital overlap.The overlap of equivalent hybrid orbitals gives risevi@ split energy
levelswhichare callecbondingd “ardd antibondingd * mpabecular orbitad (MO), respectively.
According tathe Pauli principle andHundQ dules, two singleelectronsfrom two equivalent

sp® hybrid orbitak fill intothe * -bonding orbital while thenti-bonding orbital is empty.

As mentioned above numerous Si atomexistin a real Si crystalConsequentlythe
200dzLIA SR ardltfieFSAYVLEA 2 Mdpdint lofbitaiwill further form afull-filled

valence band andn empty conduction bandrespectively

+ Energy CB
0-*
sp? { I sp?
1l
1!
o
LCAO VB

Figure2.1 Energy band evolution of Si from3dpybrid atomic orbitals to valence band and

conduction band.

The evolution ofthe BIOCI band structure can be analyZzada similar wayThe ternary
oxide BiOCI ialayered structure consisting of fB1]%* slabsand Ciions.The structural unit
cell of BiOGkillustrated inFigure 2.2Both O and Cl atoms are bonded to Bi atorfike BiO
and BiCl bondengths are 232 Aand 3.054, respectivelyTherefore, the interaction of BD
bonds is stronger than that &+Cl bondsTheother atomicinteractions such aBiBiand G
Clatoms arevery weakdue totheir relatively large distances (typically greater than3.5 A)
The electronconfiguratiors of the Bi, O and Gitomsare [Xe]415d'%s’6p3, [He]2s?2p* and
[Ne]3s?3p°, respectivelyln the BiOCI crystal, the valence states of Bi, O and Cl ak2 a8d
b1, respectively As a result, the electron configurations tfe BE*, G* and Ct ions are
[Xe]4145d1%s?, [He] 25?2p® and [Ne]323p®, respectively
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Figure2.2 Theunit cell of bismuth chloride, showing the bismugburple), oxygen (red) and

chlorine (green) atoms, respectively.

Theempty 6p atomic orbitals of the BE* ionsinteract with the fullfilled 2p orbitals of the
O? ionsandthe 3p orbitals ofthe CP ions, respectivelyThe corresponding bonding armahti-
bonding molecular orbital§MOs) are formed.Since the atomic distance tiie B#* and G®
ionsis larger than that of Bir and Ciions, the splitting energy of ) MOis larger than that
of BFCIMO. Furthermore, the bonding M@re mainlyderivedfrom the 2 atomic orbitals of
O?ions and § atomic orbitals of Clons while the antbonding MO are mainlgterivedfrom
the empty 6 atomic orbitals of B ions[2] These MO form the valence band and conduction
band ofthe BIiOCI crystal via LCAO rul@fie energy band evolution process of BIiOCI is
presented inFigure 2.3

A
Energy —
/| — — | Mainly Bi 6p —
/ \ | —_ _| Mainly Bi 6p CB
b/ ecec) ep |~
| Anti-bonding, _ | W@O®O
O | \ @ |\ Anti-bonding\
Bi¥* | B3t | A\, 3p
\ . " 2p | Bonding -H--H-.H.
|\ Bonding ) _H__H_H_ \ CeeC /g
\coec / /o cr N s
""‘.‘ ?)? Mainly Cl 3p -H--H--H- ;
. ¥
Mainly O 2p -H--H--H- [Bi-CIJ2*
[Bi,0,]*

Figure2.3 Energy band evolution of BiOCI from valence atomic orbitals to valence band (VB)

and conduction band (CB) accordinghe LCACconcept
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The cellstructureof monoclinicB\VQy, shownin FHgure 2.4, ismore complicatethan that of
BIOGQ. Herein, we analyzethe energybandevolutionof BIVQ; from the atomicorbitalsof the
Bi%*, O* and V®*ionsaccordingo the LCAQules The electronconfigurationsof the Bi**, O*
and\®*ionsare [Xe]41%5d'%s?, [He]2s?2p® and [Ne]323p°®, respectivelyTheBi andV atoms
arebondedto Oatoms.Unlikethe BiOCI structure, two Edbondlengths(1.69Aand 1.77A)
and four V-O bondlengths(2.354 A, 2.372 A2.516 A and 2.628 AYe presened in the

monoclinic BiV@structure.

Figure2.4 The cell structure of monoclinic bismuth vanadate, showing the bismuth (large,

blue), oxygen (small, red) and vanadium (middle, light red) atoaspectively.

Despite ofthe various bond distancesn monoclinic BiVg) the VO bond lengths are
remarkablyshorter thanthe BrO bond lengthssuggestinghat the interaction of YO bonds
is stronger than that of BD bondsThe fulifilled 2p orbitals of the ® Yons interact withthe
empty 3d atomic orbitals of the\V®* ions and thefull-filled 6s orbitals of the BE* ions,
respectively.Accordingly, the gap of the spitting energy levels (formed bonding and anti
bonding orbitals) in MO bonds is larger than in-Bi bondsln addition the 3d orbital energy
level of \**ion is higher tharhe 6s orbital energy levelf the Bf*ion due to its higher valence
states. Therefore,the VBM and CBM of monoclinic Bi¥&re mainly composedof \#* 3d
orbitals and Bi 6 orbitals, respectivelyThe energy band evolution process of monoclinic

BiVQ isillustrated inFigure 2.5
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Energy Anti-bonding
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3d ""‘,‘ Anti-bonding
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V5+ ‘I‘I‘I‘ .‘I‘I ‘\.\\ \
Ix""‘.‘l Bonding “".‘I 2p B.i3+ Bgﬁiicr;g \ 2p
‘.‘, AHEE o »

\ . "/‘/ .012?
mainly 0 2p | HHAH4F] [8i-0]*

[VO]3+

Figure2.5Energy band evolution of monoclinic BiM@m valence atomic orbitals to valence

band (VB) and conduction band (CB) accordinged CAGconcept

2.1.2 Optical properies

In a semiconductotthe energy difference betweeralence band maximunY8M) andthe
conduction band minimumGBM) is calledthe bandgap Hectronsat the VBM can be excited
to the conduction bandand become free electronsnder illumination.In this processif the
VBM and CBM arecatedat the samek vector, a direct optical transitionoccurs withouta
change in crystal momentum(k vector) In contrast, an indirect optical transition is
accompanied witha change of crystal momentumA prerequisite for indirect optical
transitionsisthe excitationof a phonon(i.e., a lattice vibration)The directandindirectoptical
transitions in semiconductorare schematicallyepresened in Figure2.6. Sincenature light
carrieslittle crystal momentumit is difficult forindirect semiconductorso absorb photons
directly. Accordingly,indirect semiconductorausually havemuch lower light absorption
coefficiens, compared to direct semiconduct®r~or examplethe absorption coefficientsit
1.8 eVof crystallineSi (indirect semiconductor) and Culfda.3Se (direct semiconductor) are
4! 10%cm! and 1G cnt?, respectivelyThisexplainswhy the thickness of crystalline $300
>m) in solar cellsscommonlymuch larger than that ofther direct semiconductos (<10>m),

used in thin film PV technology
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direct transitions  indirect transitions

‘hu ‘ hu
/\ / hwE(phonon momentum)
k—

k—

Figure2.6 Direct (left) and indirect (right) optical transitions of semiconduct&sproduced

from reference3] with permission oforingerNature.

The dsorption coefficienbf the semiconductoisnormallymeasued by UWis absorption

spectroscopyand can beexpressed bgquation2.1.

(egn.2.1)

Ais aproportionality constant) isthe absorption coefficienthAisthe photon energy E
is the bandgapm is relevant to the optical nature dhe semiconductorm =2 implies an
indirect bandgap andm = 1/2 implies a direct bandgap.The bandgas andthe types of
semiconductos can bedetermined by plotting the absorption coefficientversusphoton
energy the so-called Tauc plot)4] Theresulting plotusuallyhas a linear regime, which can
be extrapolated to the abscissBhe optical bandgap of the semiconductor is obtaidedctly

from the intersection point.

2.2 Electrical double layeréEDL)

Toinvestigate electron transfer reactigmt the electrodeelectrolyte interfacewe needto
know thetransport and accumulationf electrons andhe adsorption ofions at theactual
solid-electrolyte interface So far, manwolid-liquid interfacemodels have been proposed to
explainthe electrochemical behaviors of electrodéere we introduce the origin of electrical

double layers from three models below.

The concept ofthe EDL was first put forward Byermann vorHelmholtz in1853][5] In his
model, he EDL interface was simptlescribed bya parallel plate capacitor The ions

surrounded by solvent moleculesre assumed to closely approach the surface tioé
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electrodeand form a chargalayer.Mearnwhile, opposite charges arattractedto the surface
of the electrodeto balance theelectrial charges othe ions This model described the solid
liquidinterfacewell but did notconsiderthe adsorption of ions at the surface of electrode and
the diffusion of ions in the solutionLouis Georges Gol§} in 1910 and David Leonard
Chapmafi7] in 1913foundthat the capacitancevasrelevant tothe ion concentration andhe
applied biasTheythus proposed diffuse layer model, later calléde GouyChapman model
The targedistribution of the ionsdepends on the distance fronthe electrode surfaceand
follows the MaxwellBoltzmannstatistics Therefore the potential drops exponentiallgsthe
distancebetween the ions andthe electrode surfacancreases Unfortunately,the Gouy
Chapman theory isnlyvalid at lowion concentratiors. Otto Sterncombined the two modek
in 1924([8] In the Stern modelsome ionsare inproximity tothe electrode surfaceandform
the Helmholtz layewhile some other ions fornthe diffuselayer.&etch mags of three models

aredescribed irFigure2.7.

Helmholtz model Gouy model Stern model

1 1 1 1]
o
+ o040 0

[ T T T T T B T |
(B I |

o+ F
T
|+ 1
'
++++t+t+ o+

&
S
=

\

Figure2.7 Sketch maps of the Helmholtz, GeGhapman, and Stern models, describing the
solidliquid interface, the potential versus distance curves in the Helmholtz model
(orange), the Gouwghapman model (blue) and the Stern model (orange and blue)

are linear, nodinear, and partially linear respectively, 6, 8]

After that, many scientists improwkthe solidliquid interface model based othe Sern
model. Nowadaysthe widely acceptectlectrial double layermodelis illustrated inFigure

2.8. This model isstill incomplete in terms of the energy levels, density of states and chemical
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species, et¢but it is successfuin the description of solvated ions and interfacial adsorption
of ions In this model, he nearest layeito the metal electrode surface is calletie compact
layer or Helmholtz layerwhich comprises solvent moleculesd sometimesspeciically
adsorbed ions and molecule$he locatiorof the specfically adsorbedionsis denoted ashe
inner Helmholtz plane (IHPYvhile the location othe closest solvatedbns iscalledthe outer
Helmholtz plane (OHPThe diffusion layer is composed of these repecificallyadsorbed
solvated ionsAssuming hat the total charge densities dhe electrode surfacethe IHP and
the diffusion layer areq™, ' and " ¢, respectivelythe following equationdescribescharge

neutrality.

n Y " (eon. 2.2)

Normally, the thickness dfie Helmholtz layer is very small (typicaljewA). The thickness
of the diffusion layer is less than 100 A, when the ion concentration is larger thaM10]
Metals usually hae high free electron concentratios, which can compensatefor the
potential dropswith dipoles instead offte bandbendng after contact withthe electrolyte
For example, the electron concentration of silver is 586?2 cnt3, which is much larger than
that of semiconductor$10] Therefore,very thin interfacethicknessin silver arerequiredto
maintain the potential dropsin other words, thehickness ofhe space chargyerof ametal
is extremelythin andthe potential dropbetweenthe metal andthe electrolyteis completely
distributed acrosgshe electri@al double layer, mainly thélelmholtzlayer.If a sufficienty high
potential is applied to the metal electrodan extremely high electrifield (up to 16 Vm?)is
generatedwithin the very narrow Helmholtz layerSucha high electric fieldhus accelerates

the charge transfer to the solution and decompsesfiee water into oxygen and hydrogdQ]
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Figure2.8 Proposed model of the electric double layer at the stitidid interface of a metal.

Reproduced fronreference[9] with permission of Wey-VCH.

As mentioned abovey semiconductohasalower electron concentrationWhen h contact

with anelectrolyte,the surface electron concentration tiie semiconductoisunable toform

dipoles to overcome the potential drop betweéme semiconductor andhe electrolyte.As a

result,the bulkelectrons ofthe semiconductofflow towardsthe surfaceand, in the meantime

band bendingoccurs within the space charge regioto align the Fermi levels of the

semiconductor and the redox electrolyt&his processs illustrated inFigure 2.9. The

semiconductotelectrolyte junctionwil

| befurther elaborated below.

(@)

CB —
E, —

Energy (eV vs. vac.)

VB

semiconductor

Evac (b) _/—— Eyac
‘Dele ms mele
.
CB———. +
+Hr++++ Tt
7777777 Ef, redox E1 ”””W"”T’””””"”"W‘Ef‘ redox
VB _/
P W
electrolyte semiconductor electrolyte

Figure2.9 Schematic oin n-type semiconductor before (a) and after contacting (b) with an

electrolyte The shallow ionized donor species and free electrons are denoted as

abé

EYRANJ SNA I v MNBdukdSakithe@drk &udetions of the

semiconductor and the redox electrolyta.is the width of the space charge layer.
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2.3 Semiconductorelectrolyte junction

To analyze the distribution of potential and charge the semiconductofelectrolyte
junction, we take an n-type semiconductor immersed in a solution with a high ion
concentration as an examplAccordingly, the diffusion layés notconsidered Assuminghat
the bulk hole and electron concentratieim the semiconductor ar@o and no, respectively

the aurface hole and electron concentrations grgandns, andcan be expressed dsllows:
n nAg@bp— (eqn.2.3
¢ ¢ A@b— (egn.2.4)

A%o is the band bendinn the space charge layeFhe value o%. dependson the applied
potential. When%o. is zero, the corresponding potentialtiee flat bandpotential Un) of the
photoelectrode.The capacitance othe space charge laydsc is a function ofe and the
correspondingrelationship is illustrated ifhigure 2.10a. The whole potentiategioncan be
divided into three partgaccumulation, depletion, anthversion regiol based on the value

of %o .

Envisioing that we apply a potential to makéo. negative this means that the
photoelectrode has a downward band bendingthin the space chargéayer. Under trese
circumstancs, electronsin the CBMtend to flow to the surfaceand holes in the VBNMend to
flow to the bulk WhenA%. isgreaterthan 3kT, nsistwenty times higher thamo. Herein, this

region is calledhe accumulation regiof charge carriers

When the applied biasis changedto shift the bandjap diagram downward, the
photoelectrode has positive%o value i.e., the band bendingf the space charge region is
upward, if A% is smaller thanhalf of the bandgap ofthe semiconductor.The dectron
concentration at the surface is smaller thérat in the bulk but the hole concentration at the
surface idargerthan that in the bulkln this region, both hole and electron concentratsoat
the surface arevery limited because thEermilevel of the semiconductomapproaclesto the

surface midgapof the semiconductarThis egionis known aghe depletion region

Note that if the appliedpotential isincreasedurther, the band bendingvill belarger than
half ofthe bandgap As a resultthe holes become the majority carrieed the surfacethe

surface electron concentration is much lower than that in the bulk, the surface hole
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concentration is larger than that in the bullsincethe surface hole concentratioms an
exponential function ofthe applied potential it will increasesharply withincreasng the

applied potential in thisegion This region isdled the inversion region

The threesituations describedboveare visualized irFigure2.10b.

Lo

(a)  Accumulation Depletion Inversion Ay,
region region ‘ region

E, F ‘

Wismvermeeccsssieclcell | (ALY S

E, =——— ‘
ng>>n, |
ng < Ny |

(b)
|

Figure2.10 Space charge layer capacitanGg versus3%. curve (a) and corresponding
band diagrams (b) of accumulation, depletion, and inversion region atyoen
semiconductotelectrolyte interface.Reproduced from referencgl11l] with

permission of Wey-VCH.

The formation processof the semiconductofelectrolyte junctioncan be descbed as
follows: Free electrons in the semiconductor will flow to the electrolyte aftentactingdue
to the difference of their work functiom The darge transfer reachesquilibrium until the
Fermilevel of the semiconductors equal to that of theredoxelectrolyte.Band bending and
aspace change region in the semiconductor are subsequently fotmeampensa¢ the loss
of electrons during the proces$hewidth of the space charge region can be determined by
t2Aaa2yQa Sldzr A2y @
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—hm o 0
— S (eqgn. 2.5)
Thw 0

Vis the potential,” isthe charge density;o is thevacuumdielectric constant (8.85 102
F m?), -sis the relative dielectric constant tfie semiconductorw is the width ofthe space
charge regionHere the position atthe solid-electrolyte interface is defined as zerois the

position ofa certain point in the bulk semiconductdrhe charge density can bedefined as

follows:
" Q0 (egn. 2.6)

e isthe elementary chargél.602) 10'° C) Npis the donor densityThe electric field and
the electricpotential at positionx are denotedby Ex) and V(x), respectively,and can be

expressedy thefollowing equations

Ow — — @ U (egn.2.7)
W _0wQw — ® cw % (eqn.2.8)

e%o is theband bendingf the spacechargeregionresultingfrom the differencebetween
the redox Fermilevel position ofthe electrolyte Gredox) and the work function of the

semiconductoA%.) before contact.
o  Op o (eqn. 2.9)

Note, thatwe neglect the potential drop withithe electrical double layer%. , because
%o isusually much larger tha%o. in the depletion layeregion The electrical potentials V/(0)

andV(w) are calculatedhs follows:
W %o (eqn. 2.10)
WL —0 % (egn. 2.11)

The potential differencen the space charge regiobetweenthe surface andhe depthw

in the semiconductois easilyobtained
% w0 wmn —0 (eqn. 2.12)

The space charge region capacitagan bedefinedas
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0 — (egn. 2.13)

By @mbing egn. 2.12with eqn. 2.13— isobtained asa function of%o .

%0 (eqn. 2.14)

% Y Y — (eqgn.2.15)

WhereU s the applied potentiallw is the flat band potentialk is the Boltzmann constant

(1.38 10 n? kg s* K1), andTis the temperature in Kelvin.

Finally the sccalledMott-Schottky equation can be derivédm eqn. 2.14 and eqgn. 2.15.

~.

Y Y — (eqgn.2.16)

In addition the width ofthe space charge regiaan be describelly the following equation

~

6 — Y Y — 7 (eqgn.2.17)

2.4 Photoelectrochemical water splitting

Photoelectrochemical water splitting is a promising way to prodd@eneutral hydrogen.
Aphotoelectrochemical cell consists of at leagthotoelectrode andadark counter electrode
other designs involving a photoanode and a photocathode have been reported a§igate
2.11 describes the basiconstitution of a simple photoelectrochemical ¢&lhich includes a
photoanode anddark metal cathode.Both electrodesare immersed in @& electrolyte and
connectedby conductive wiresThe photoanode can absorb light and generate holethén
VB and electrons ithe CB. The holes witixidizewater on the surface ofhe photoanode
while the electronsmoveto the cathode and reduce Hacidic mediapr HO (alkaline media)

to form H. The reactionst the cathodeand photoanodecanbe written as follows:
Cathodex( ¢A © ( (acidic media)
or¢(/ cAocg ( ( (akalinemedia)

Photoanode:¢ (/ TE © 1( | (acidicmedig)
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ort/ ( TE © ¢ (/ [/ (alkaline media)

.

>
Light
@ Ain’adiahon
4HY + de” 5 2H, (gay) / Fermi
B e v level
h*h* - e e

? 2H;0 (liguiay + ™ = 4H* + 03 (gas)

Bottom Anode Electrolyte Cathode
electrode

Figure 2.11 Schematic diagram of a typical photoelectrochemical cell, composed of a

photoanode and a dark metal catho@&2]

2.4.1Mechanism of photoelectrochemical OER

Comparedto HERthe OER procedsusuallymuch slower due téhe required four electron
transfer stepsin order to design highly efficient OER catalystsjn-depth understandng of
the OERmechanism isieeded. Two differentmechanisms involving water oxidation at the
surface of catalysthave beenwidely accepted. i.e., adsorbate evolution mechanism (AEM)

andlattice oxygen mechanism (M.
Adsotbate Evolution Mechanism (AEM)

In this mechanism, catalysts only provide active sites for wédeidic solution) or OH
(alkaline solutionpdsorption After reactant adsorption,sequentprocessesare initiated
at the surfaceof the catalyst includingcharge transfer, chemical bond cleavage/formation,
adsorption/desorption of surfacentermediates and generation of oxygen molecule$he

oxygen evolution can be expressedthg following equationgFigure 2.2).
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O;+H"+e HO0 Acidic solution:

AG, * 4G,

H* +e H,0 () +*—0H* + H* + e~
*OOH Acidic OER *OH *OH—=0* + H + e~
Hote 0* + H,0()- *OOH + H* + e~
AG; *0 4G,
HZO H +e *OOH_> * _I_Oz(g) + H+ +e”

Figure2.12C2 dzNJ St SYSy G NB NXBI Ol A2y & (GSinficatesthe h 9 w

required Gibbs free energy of each reaction.

Sncebismuth-based semiconductor oxideselikely to beunstable in acidic media, we only
describe the alkaline OER processe asanexample As demonstrated ifrigure2.13, firstly,
a OHgroupisadsorbed on an active signd forms adsorbed OHSubsequently, another OH
groupreacts with adsorbed OH*, which produce O* and a water molecAltrird OH group
then undergoes nucleophilic attaclon O* to yield*OOH Finally, aourth OH groupreacts

with *OOH to release *, watesind oxygen molecués

0,+H"+e QH- Alkaline solution:
4G, * 4G,
e OH™ +*—=0H* + e~
OH-
*00H Alkaline OER *OH OH™ + "OH-0" + H,0() + e~
OH
e ~ _
0*+ OH — "O0H + e
AG; *0 4G,
OH- H,0+e OH™ + "O0H- = +0;(g) + H,0(1) + e~

Figure2.13C2 dzNJ St SYSy Gl NB NBI Ol A2y &G SGandigaes h 9 w

the required Gibbs free energy of each reaction.

Theoretically, this processverall requiresa potential of 1.23 V vs. RHE, lhe four
elementary reactiongan have individually different redox potentidgls3, 14] An ideal OER
catalyst requires that four elementary reactions hahe same Gibbs free energpamely,
1.23eV). However thisisimpossible to be achieved due tioe linear correlation of adsorption
energes of surface oxygen species*3 OH and *OOH)For instancethe binding energy

difference of *OH and *OOHh (Bon+-n BH#) is a constantof 3.2 £ 0.2 eV, independent of
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catalysts anddsorption sitesThe reasorfor thisis thateither *OHor *OOHis connected to
anadsorption site othe catalystby an oxygen atonsingle bond15] Since the first and fourth
elementary reaction stepsarely possesshe highest potential in most OER catalysts, the
potential of OER is determindoly the second or third elementary step and can be expressed

asfollows:

s i A@ R " (eqgn. 2.18)

s i Ag h i ~ (eqn. 2.19)

Therefore, he potential(' °% is a function oGor -nGown+ Here, tie volcano plot of OER
can be described ds?FRvs. nGor -nGon ' °ERwould reach a theoretical minimum potential
OmMdc =+ Go -AKHS=Y1.6 W Under ttesecircumstancs, the theoreticalminimumvalue

is 0.37 V.

Of note, based on theelationship between potential' C5§ I Y RGor gnGorr, some
strategies are dedicated toptimizingthe @ I f dz%o+ pGor- fpr indirect control of' OFR
including introduction of vacanciegl6] strain tuning[17] interface engineeringl8]

heteroatom doping19]
Lattice oxygen mechanism (LOM)

Duringthe development of OER catalysitswas found thatsome catalytic phenomea
involving OERannot be interpreted byAEM. For exampléhe OER catalytic activities of some
catalystsare dependent onthe pH value ofthe solution, and theydo not follow the typical
potentialGibbs free energyolcano plot[20, 21] Accordingly, LONhas beenproposedand

widely acceptedo explain the abovenentionedpH-dependence

LCM isusually accompaniedith the generation of oxygen vacancies (OQ¥fginatingfrom
the lattice oxygen of catalystsvhich is different froma single metahctivesite in AEMSince
the kttice oxygen of catalystsn LOM directly acts as active sieand produces oxygen
moleculesin the OER we candifferentiate the AEM and LOM by an&sotope labelling
approach The typical LOM materials include N1Og LkCa-xQs, cobalt phosphate and spinel
oxides etd22-24] The LM can be demonstrated iRigure2.14.[25]
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Figure 2.14 Schematic diagram of the proposed lattice oxygen mechanism (LOM), dashed

boxes represent the oxygen vacancies.
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2.5 Properties and applications othe studied materials
2.5.1Bismuth oxytloride (BiIOC)
2.5.1.1Crystal and electronistructure

Bismuth oxyhalides, usually denoted as BiQXCI, Br or Jl)are a series of VIVII
compoundsThey have similar crystal structures whidnsistof [BO,?*] layersand halogen
ions (A, B or I), as depicted irFigure2.15. Bismuth oxyhalides havihe same tetragonal
matlockite (PbF@lpe) crystal structureand space grougP4/nmm).The detailedcrystal
structure parametersof bismuth oxyhalidesire summarized ifable2.1.[26] Bi and Catoms
in [BOx?"] layersarebonded by covalent bonds and O atoms and halogen atoms are attracted
by van den Waals interactiofi27] The a,b and c values ithe primitive cell increase from
BiOCI BiOBtto BiOI due to the increased radii thfe halogen ions.

Figure2.15The crystal structure of bismuth oxyhalides, bismuth at@lonewn), oxygen atoms

(red) and halogen atoms (blue) are presented, respectively.

Table2.1 The space group and crystal parameterdisfnuth oxyhalide$28]

Space _
a(d) bA) c@A h o i 906 () JIPCDSNo
group
BiOCI PA/nmm 3.883 3.883 7.347 90.00 90.00 90.00 06-0249
BiOBr PA/nmm 3.915 3.915 8.076 90.00 90.00 90.00 73-2061
BiOl PA/nmm 3.984 3.984 9.128 90.00 90.00 90.00 73-2062
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The valence band maximum bismuth oxyhalidegs mainly composed of Ogdrbitals and
X np orbitals =3, 4, and 5 corresponding to=Cl, By and |, respectively)while their
conduction band minimunis composed of Bi $states The energy level positi@of X np
statesare generally higher than O 2jas described ifigure2.16.[2] Hence the contribution
of the X npstatesdeterminesthe valence bangbosition. ThevBMof bismuth oxyhalidesvill
shiftsupwards asXbecomes larger,[26] explaining the band gap order of bismuth oxyhalides:
BIOCI(34 eV) >BiOBr(2.8eV) >Bid (1.8 eV).[29]

o4 W siep

02p
X &p (6=3,4 and 5, when X = Cl, Br, and |, respectively)

Energy (eV vs. Vacuum)
B ow
1 1
(
.

BIOX BiO, X, Bi,0,

Figure2.16 The energy and lineup of bismuth oxyhalides Reproduced from referencé2]

with the permissionof AmericanChemicalSociety.

The transfer properties of charge carrieirs the semiconductorsire highly dependent on
their effective masseshe effective masses of holes aabbctronsin bismuth oxyhalideare
givenin Table 22. Bismuth oxyhalide®ave much large effective massesof electrons and
holesperpendicular tothe [BO2?"] layers(m;), ascomparedto myx and my. This means that
both electrons and holes ardifficult to transferto the surfacealongthe z-axis(i.e.,[00]
direction]). Although the diffusion lengths of carriers in bismuth oxyhalides albegz-
direction have not been reported ygtheyare supposed tde verysmall Therefore, reducing
the thickness of bismuth oxyhalides with exposed (001) fazetn effective approach to
improve their photocatalytic activityFor instanceZhang et al. reported thaf001) crystal
facets in BiOCI exhiledl higher photodegradation activity than (010) crystal facetsler UV
lightirradiation[30] Thehigher activityof (001)facetswasattributed to the surface structure

andasuitableinternal electric field.30]
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Table229 FFSOUA LGS Yl aasSa 2F St SOUNRya FyR K2f S

masses indicates very large val34d]

Effective masses of electron _
Effective masses of holes {r
(Me)

m* My my m; m* My My m;

BiOCI 0.39 029 029 115 133 095 095 6.31

BiOBr 0.36 0.24 0.24 L 1.72 126 126 6.15

BiOl 0.29 0.19 0.19 L 0.70 051 0.1 L

Since only BiOCI is investigated in this thdsig]l outline merits and drawbacks of BiOCI
and correspondingstrategies for improvement below. Frstly, sngle crystalline BiOCI
nanosheetxan befacilelysynthesized viahydrothermal methodlue tothe weak interaction
between [BiO,*"] layersand Cl[27] BiOClhas asuitable valence band position which can
oxidizeorganicpollutants and watef32, 33] The mainadvantage of BiOClieadily generated
oxygen vacancig®Vsunder UMightillumination or thermal treatmentn O; free condition
which create an ideal platform to investigat¢he influence of OV$27, 34, 35 Additionally,
the unique internal electric fieldf BIOCI resulbg from its layered structuras beneficialto

separat the charge carrier$30]

Themaindrawback oBIOClisinsufficient light absorption owning ties large bandgap (3-2
3.4 eV), which impliealow theoretical photocurrent (50lAcn?) underAM 1.5G solar light
illumination. Moreover, BiO@® anindirect semiconductonwhichleadsto alimited utilization
of the photons. Indirect and direct optical transitiasof BiOCI occur at 3.2V and 3.6 eV
respectively.The second limitation of BiOCI is severe recombination of charge caifless
introduction of OVdn BiOCtan increasds light absorptiondue todefect statesand enhance
the adsorption and activation of small molecules@1CQetc.)originating fromthe induced

local electric fielgpolarization[32]
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2.5.1.2Approaches to improve photoelectrochemical properties BiOCI

Modification of photocatalystss typicallyconsideredrom three aspects: light absorption,

separationand migrationof charge carriersand interfaciacharge carrier transfer.

Introducing other halogen ions (Brand I) into BiOCl is an elegant way to reduttes
bandgap The reasorfor this is that Br and I can shift the valence band, as elaborated
previously It is worth noting thatthis method diffes from heteroatom doping becausat
barely creates anydefects in the crystal latticef BiOCIIn addition heteroatom doping
usuallyrequiresrelatively harsh conditionsyhereasthe introduction of Brand I ions irto

BiOClsfacilelyachievedand the ratio of halogen ions can be tuneder a widerange[36, 37]

Doping with déreignatoms canalsoincreasethe photon absorptionability and conductivity
of BiOCIHowever,the doping of heteroatomsinto [BO.?*] layersis generallyaccompanied
with a high symmetrychangeof the layer structure resulting inpoor thermal stability othe
heteroatomsas well as somanavoidablecrystaldefects[36] These crystal defects can trap

holes or electronsind acceleratethe charge carrierecombination

Tuning internal electric fielglis a general approach to facilitate separation of charge carriers
in BiOClincluding bulk buitin electric field and interfacial electric fiel@ulk ®If-induced
electric field between [BD,?"] slabs and Clons in BiOGlanacceleratecharge carrier transfer
along the direction perendicular to [Bi0?] slabs and Cions and can be enhanced by
percentage of exposed (001) facetsd doping36] For exampleZhang et al. found thahe
photoactivity of B§OsCl is stronglylependent on percentage okexposed(001) facetslue to
the strong induced internal electric fie[88] Moreover,the internal electric field in BD4Cl
canbe enhancel by nonmetal dopingsuch as (P, S N, F and Bras suggestetly theoretical
calculationd39] The strength of the internalelectric field of BIO4Cl increase by 126 times
after 3.16% @opingand its bulk charge separation efficiengyeatlyincreased from 0.6% to
80%][39] Thisresultindicatesthat mediatingthe internal electric field of layered materials is

a promising wayo restrain bulk charge carrigecombination

The nterfacial electridield of BIOCI can bauned by the construction of heterojunctioa
Nonethelessappropriate band alignmentf the heterojunctiors must be consideredFor
instance, loading semiconductor with &igh work functim onto BiOCI wiltausean electron

flow and a resultinginterfacial electric fieldrom BiOCI tahe semiconductorIn addition to
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the work function,suitable valence bandnd conduction bangbositions are alsoimportant

for the photogeneratedchargecarriertransport

Thetransfer ofsurface charge carrisisa cruciaktepin (photo)electrochemicateactiors.
For the photocatalytic water oxidation reaction,the valence band position of BiO{SI
thermodynamically able to oxize water molecules.However, bare BIOCl showan
unsatisfactoryphotocatalyticperformancedue tothe relatively high overpotential of the rate
limiting step during water oxidation arttie highsurface recombination of charge carrieits.
has beerreported that ntroducing surfacexygenvacanciest the (010) facet oBiOClcan
decrease the required overpotential of water oxidation dadilitatethe dissociation of water
molecules on OV[82] Besides,surface OVs in BiOQGiave also been applied to the
photocatalytic NO oxidatiaf40] photocatalytic C@reductior{41] and the degradation of
organic compoundf42] Although surface OVbave beenwidely studied in the field of
photocatalysis and photo(electjchemistry the studiesof bulk OVsn BiOCarerelatively rare.
Obviously, bulk OVs in BiOCI can algaiicantly affect its light absorptioncharge carrier
recombinationand photo(electro)chemical performancgherefore the influence of bullOVs

in BIOCWill beinvestigated irChapter 4of this thesis

2.5.2Bismuth vanadate BiVQ)
2.5.2.1Crystaland electronicstructure

BiVQ is a promising photoanode for photoelectrochemicalwater oxidation due to its
suitableband gapand chemicalstability. In general BVQy hasfour crystalforms: pucherite,
dreyerite andclinobisvaniteand tetragonal scheeliteTheir crystal structurs are shown in

Figure2.17.
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Figure 2.17 Four crystal structures of BiVO (a) pucherite (orthorhombic) (b) dreyerite

(tetragonal zircon), (c) clinobisvanitgmonoclinicscheelitg and (d) tetragonal
scheelite[43, 44]

Tetragonal scheelite BiVi@anreversibly phasdransformed tothe monoclinic scheelite
structure at 255 “CThe tetragonal zircon structure can lireeversibly convertedo monoclinic
scheelite structuraluring heat treatment at 40600 C The thermal phase transforation of

monoclinic scheelite, tetragonal zircon and tetragonal scheelite strucisirifustratedin
Figure2.18.

Monocllmc scheehte
structure

Irreversible Reversible
Heat treatment at 670 — 770 K 528K
Cooling to room temperature

Tetragona] zircon Tetragonal scheellte
structure structure

Figure2.18 Thermal phase transformation of Bi¥®eproduced from referencgt5] with the

permissionof American GemicalSociety.
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All BiVQ polymorphsconsist ofV-Otetrahedraand BiOdodecahedrabut the bond lengths
of V-O and B aredifferent. For instancethe V-O bond lengthin aV-Otetrahedron is1.73
A andhe BO bond lengtBin BFO dodecahedrare2.4 A and 2.47 A atetragonal scheelite
structure.However the crystal structure othe monoclinic scheelite Bi\\@s more distorted.
TheV-0O bond lengtsare 1.69A and 1.76 A, whiklae BF-O bond lengtsare 2.35 A and 2.37
A, 2.52R and 2.63 A. This distortienhances local polarizatipoharge carrieseparationand
therefore leads to a higher photocatalytic activity[45] The ace groups and crystal

parameters of all BiV{polymorphs are summarized Trable2.3.

Table 2.3 The space group and the crystal parameters pofcherite, dreyerite and

clinobisvanitg44, 46-49

Space _
ad) b@A) c@A) 1O I () J®EDS No.
group
Pucherite
Pnca 5332 5.063 1202 90.00 90.00 90.00 12-0293
(Orthorhombig)
Dreyerite

[4/amd 7.303 7.303 6.584 90.00 90.00 90.00 14-0133
(Tetragonalzircon

dinobisvanite

111
(Monoclinic olb 5.195 5.094 11.704 90.00 90.00 9040 14-0688
scheelitg
Tetragonal

l[41/a  5.147 5.147 11.722 90.00 90.00 90.00 752481
scheelite

The photocatalytic activity of BiM@ closelyrelevant to its electronic structuréudo et al.
found that monoclinic BiV@showed muchhigher photocatalytic activity than zircon type
BiVQ.[50] Sincethe bandgas of monoclinic BiV®@and zircon BiVQare 2.4 eV and 2.9 eV,
they hypothesizedthat the improved photocatalytic property is resulted from enhanced

absorption of photong50] The \alence band otircontype BiVQ@ mainly consists of O 2p

35



orbitalswhile that of scheelite 04 is composed of Bi 6s orbitals (or hybrid Bi 6s and O 2p
orbitals) Thephotonabsorptian in zircon type BiV&occursonly between occupied O 2p and
empty V & orbitals. In contrast, the valence band electrons in scheelite B3&D be excited
from occupied Bi 6¢or hybrid Bi 6s and O 2p orbital®) empty V 3 orbitals. The band
structures of zircortype and scheelite Bi\i@re illustrated inFigure2.19. However, Zhao et
al. reported thatthe optical transition fronthe occupied Bi §orbital to the empty V 3 orbital

in scheelite BIQi isratherimpossibledueto the large spatialdistance betweerthe V and Bi
atoms (3.61 A~3.85 AK1] Normally, the interaction between two neighboringatoms is
considered to bevery weakwhentheir distanceislargerthan 3.00 A52] Theyconfirmedthat
crystal distortion increasd the impact of Bi §states in scheelite Bi\d@y density functional
theory calculatios.[51] This factor push&the occupied O gupwardsandthusdecreassthe
band gapAsaconsequencgthe transition behavior of electronis scheelite BIQ;isthe same
asthat in zircon type BIQ, excited fromoccupied O &states to unoccupied Vdtates[51]

On the other handas mentionedabove this crystal distortion leads to local polarization of
the BFrO tetrahedra and increass the chargeseparationin the scheelite BiV@Q which

contributes tothe high photocatalytic activity45]

Tetragonal (zircon-type) Monoclinic (scheelite)
V 3 =— V3d
VIS
296V uv 24eV absorption
’ absorption
Bi6s
o2p O2p

Figure 2.19 Band structures of tetragonal zircon and scheelite BiR€produced from

referenceg50] with the permissionof American GemicalSociety.

Additionally, the effective masses bbles and electrons in monoclinic Biv&e 0.7 ng
and 0.9 m, respectivelyf51] Neverthelessthe dfective masses of holes and electrons in
zircon type BiV@are 1.2mo and 17.3 m, respectivelyj49] The ighter effective mases of
charge carriersn monoclinic scheelite BO; imply their largercharge carriemobilitiesand
longer diffusion lengtisto reach the interfaceAs a consequenthe excellentphotocatalytic

performanceof scheeliteBiVQ is attributed toits lighter effective masses of charge carriers.
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Superior photocatalytic performance photocatalysts require not only awide range of
light absorption but als@ large light absorption coefficientThe nonoclinic scheelite BiV/O
has asmall bandgap (2.4 eV) which can absorb visible ligliteover, it, as an indirect
semiconductof{53, 54] showsan exceptionallyhigh absorption coefficient (t0m). The
reasonfor the high absorptioncoefficientis that the required energy foithe direct optical
transitionis only200 meVhigher than thatfor the indirect optical transitionIn other words,
the direct optical transition in monoclinic scheelite BiM®very easy to occuaccompanied

with its indirect optical transition
2.5.2.2Approaches to improve potoelectrochemicalproperties

High photon absorptionis essential foisuperior photoabsorbers but improvingphoton
utilization (i.e., reducingcharge carrierecombination)is also significant. The theoretical
maximum photocurrenand correspondingsolar to hydrogen (STH) generation efficienty
monoclinic BiV® under AM 1.5G solar light stimulatiorare 7.5 mA cn? and 9.2%,
respectively[55, 56] However,bareBiVQ photoelectrodeswithout modificationusually have

small photocurrens.

BiVQ is dominantly limited byits poor charge carrier mobilit{57] Bfective masses and

carrier mobilities of some typicahotocatalyticsemiconductors are summarizediiable 24.
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Table2.4 Effective masses and carrier mobilities of selected semiconductors at 298 K.

Effective masses of carrier. Mobilities of carriers

Electrons Holes Electrons Holes References
(me) (me) (cmm?/ist)  (cnm?Vvist)
Si / / 1500 450 [58]
Zn0O 0.24 0.45 200 180 [59]
Anatase Ti@ > 10 0.80 2x103 / [60, 61]
WOs 0.9 / 10 / [62]
Cds 0.19 0.80 720 40 [59]
BiVQ / / 0.2 0.044 [63, 64]

In contrast to other semiconductor)e carrier mobilities of monoclinic BiVAare relatively
small, which implies short carrier diffusion lengti$e dffusion lengths of electrons and

holes can be estimated according to the following equation.

0 —1* (eqgn. 220

Where Lp is the diffusion length of charge carrierk,is the Boltzmann constantT is the
temperature in Kelvin, e ithe elementary charge> and _ are the mobility and lifetime of
charge carriersrespectivel)y{65] For example,if the lifetime of holes is 40 nshe diffusion

length of holeswill be~70 nm[66]

Short carrier diffusion length is unfavorable to separate photogenerated charge carriers
and photocatalytic activities of semiconductoi®@ overcome this drawback, some works are
dedicated to control the sizes and morphologies of Bi\FOr instance, Fu et al. reported that
core-shell hollow sphere BiViGxhibited much higher visible photodegradation activity of
Rhodamine B as compared to that of pkiitee BiVQ.[67] In fact, hollow nanostructured BiVO
not only shortens the required diffusion length of holes but also incretisespecific surface
area.Besideshollow structures, many morphologies such as wdika, plate and nanorod
BiVQ have beersynthesized so fg68-70]
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An alternative approach to alleviate the disadvantages of small carrier mobilities is to
increasethe conductivity of BiVQ(i.e.,the concentration of charge carriers) by dopif&3,
71, 72] The most effective doping elements for increasing conductivity of BaxW and Mq
because the radii ahe W8* (74 pm) and M&' (73 pm)ionsare similar to that othe \°* (68
pm). Doping can increadbe light absorption andhe conductivity of semiconductors, but
excesi/e doping will create dedy trapped energy levels and narrow thaepletion layer
significantly increang charge carrierecombination. Therefore, balancing unfavorable and

favorable impact of doping is essential.

The secondlimitation of BiVQ is relevant to thesluggish water oxidatiomue to the
multielectron transfer procesf/ 3] This viewpoint is alssupported byexperimentswith hole
scavengers, such as methafiedl, 75| sulfites[76, 77] carbonateg78, 79] and hydrogen
peroxide[57, 80] The photocurrent of BiV£s significantlyenhancedn the presence afhese
hole scavengersasthey are more easily oxidized than watéte acumulation of holes gives
rise totheir increased recombination at the surfadenading oxidation evolution ecatalysts
is an elegant wayo alter the reaction patlways andreducethe required activity energy of
water oxidation[81, 82] The mostcommonlyusedoxygenevolution cocatalystare located in
the VIII B groupncludngiron-based cocatalysts (FeO(3}] cobalt-based cocatalysts (Cg
Ca0s,C(PQ)2),[84-86] nicketbased cocatalysts (NtONIOOHNIBQ),[87] MnC, Pt, RuQ
and IrO.[82] The eposition of oxygen evolution cocatalysts can significaatigeleratethe
charge transfer fromthe semiconductor tothe solution, impying that the slow water
oxidation process can be solved afteading an effective OECFor instance Wang et al.
reportedthat the surface charge transfer efficienoy BiVQ increased from 23.2% to 71.4%

at 1.23 \kqeafter the deposition of NiCog)J88]

The ombination of variousmodification methods of BiVfOcan greatly enhance its
photocurrent even approaclhing the theoretical maximum photocurrent-or instancethe
photocurrent of BiV@achieved 2.73 mA crat a potential of 0.6 Mg by applyingdouble
oxygen evolution catalysOEClayers(FeOOH and NiOOBRdits nanostructure, a reported
by Choi et aJ76] To datethe highest photocurrent of BiVis 6.72 mAcm?under AM 1.5G
solar light stimulationat 1.23 Vtnewhich corresponds to 90% of its theoretical maximum
value[70Q] In this article, the authorsubtly combined the advantages oheterojunction

(BiVQ-WGs), morphology control (nanorods) and deposition of OECR{}o
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3. Experimental section

To avoidrepetition, the detailed procedures ofample preparationare presentedin
Chapter 4 (BIOCI) anthapter 5 (BiV@. This chapter mainly gives an introductitmsample
characterization and photoelectrochemical measurengemcludingultraviolet visible near
infrared (U\AVisNIR) absorption spectroscopy, X-ray photoelectron spectroscopy (XPS),
Electrochemicalimpedance spectroscopy (EIS) and Intensitymodulated photocurrent

spectroscopy (IMPS)

3.1 Sample preparation
3.1.1Chemicals

Bismuth nitrate pentahydratéSigmaAldrich, 99.99%), Bnannitol (SigmaAldrich 98%),
NaClSigmaAldrich, 99%) sodium sulfate(SigmAldrich 99%)sodium sulfite (Sigmaldrich
98%),2-methoxyethanol (99.5%Carl Roth) vanadylacetylacetonate (Sigmaldrich, 98%)
acetylacetonate(SigmaAldrich 98%), bis(acetylacetonato) dioxomolybdenum(VI) (Sigma
Aldrich, 99% monobasic potassium phosphatSigmaAldrich 99%), dibasic potassium
phosphate (Sigmaldrich 98%)were used without further purification, deionized water
(conductivity: 0.055>S cmt) was provided byMillipore Milli-Q Direct 8 waterpurification

system
3.1.2Preparation of BiIOCI nanosheets

BiOCl nanosheetsere fabricated by a hydrothermal methahd the detailed procedure

isgivenin Chapter 4.
3.1.3Preparation of BiVQfilms

Different from the synthesis ofthe powder samples, the Biv@ilm photoanodes were

prepared by a spircoating approachThe experimental detailsre givenin Chapter 5.
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3.2 Characterization
3.2.1UV-VisNIR spectroscopy

UV-VisNIR spectroscopy smployed to measurehe light absorption and bandgap of a
material. Herein,the basic principle of UVisNIR spectroscopis presentedWhen a film
sample idrradiatedin the measurementchamber,the following equation igasilyobtained

according tahe law of comservation of photors.
0 © © ‘O (egn.3.1)

lran, Iref, lans@ndlo representthe intensitesof the transmittedlight, reflectedlight, absorbed

light andincident light respectively.
Therein lran followsthe LambertBeer law.
‘0 OA@D| Q (eqn.3.2)
D and arethe thickness andhe absorption coefficient othe sample.

However, m real solid sampleshe rough surface ofhe sampledeads to diffuse reflection

Therefore lyan is written as:
0 O 0O A@ZD| Q (eqgn.3.3)
Thea@ & 2 NLJG A 2 Yy canbédedvad@ranbednid. b
| 1 T—— - (eqn.34)

Figure3.1 presentsanillustration ofthe used UWisNIRCary 7000 universal spectrometer
(Agilent Technologies, Santa Clara, USA¢ detector moves ta specificpositionalong the
circular path whenthe sample is rotatedhy an anglez . After that, the spectraare recorded.
Since thesample is tied atan anglez, thel 6 a2 NLJGA 2y O2SFFAOASY

A 13@nd expresseds follows:

| I I—— — (eqn.35)
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The Tauc plots can be obtainely plotting thecurve oflf 6 8 2 NLJGA 2y O2STTFA OA
energyto determine thedirect or indirect opticabandgap othe semiconductoy which we

have discussed iGhapter 21.

Incident light

monochromator e |

-— -

I
-90° | 20 - |+ 90°
|

Figure3.1 Schematic representation of the light path in W&NIR spectroscopji]

3.2.2 X-ray photoelectron spectroscopy

SinceHertz andRontgenseparatelydiscoveredhe photoelectric effectand Xraysin 1887
and 1895 manyscientistshavecontributed tothe development of XPS-or exampleAlbert
Einsteinexplainedthe photoelectric effectheoreticallyin 1905,P.D Innesrecordedthe first
XPS spectrunexperimentally After several important improvement® XPSinstruments
Siegbahn and his eworkers finally desiged and produce the first commercial XPS

equipmentin 1969

Since its inventionXPShas beenextensivdy used in the fields of surface chemistry and
materiak science.This technique becamextremelysensitiveand indispensable famaterial

characterizatiorwith the development of materialscience.

The XPS principlés based on thghotoelectric effect The poduction of photoelectrons
involvestwo steps Firstly, high-energy electron beams bombaranodic target materials
(@uminum), accompanied withprodudng X-rays (for Al Ka, ka~=1486.6 eV\,) Secondly,

photoelectronsare excited fromthe core levels and valence levaiéthe samples by Xay
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illumination. Photoelectrons withsufficientkinetic energy escapfom the surfaceand are

collectedby anelectron energy analyzer

*aka ESCA

pto-electron Spectroscopy*
Electron Spectrum
Cu XPS
2p3 Survey Spectrum
of Pure Copper
(Cu)

8

Cu
2p1

# of electrons measured

Cu Cu Auger
2 electrons cu U

£ £ &% P
Binding Energy of Electrons (eV)

Top 20 atomic layers

Figure3.2 Schematic diagram of XIP3.

As mentioned above,X-ray photoemission spectioscopy is akey technique for
understandng the chemical composition and electronic structure of materidere we

presentsomeprimaryapplicationsof XP spectra.
(1) Identification of specific elements.

According tahe photoelectric effectthe binding energ of the materialcan be expressed

as follows:
0 Ez © 6 (eqn. 3.6)

Evinding @and Einetic are the binding energes and kinetic energs of the photoelectrons,
respectively.h is the X-ray energy ljere: 1486.6 eV),0 is the work function of the
spectrometer The binding energy is unique when the kinetic energghefphotoelectronsin

a particularatomic orbital isdetermined

The frst basicapplicationof XPS is to identify thigpe ofelementsin the sample The ore
level of an elementusuallyhas ahigherbinding energyhan its outer levels It is alsoworth
notingthat the spin-orbit splitting energyf the element is also aharacteristiof the element

identification. The gin-orbit splitting interaction is a magnetic interactionbetween the
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angular momentunof anatomicorbital (s, p, d, forbitals) andthe spinangular momentum
of an electronBecause thespinstate of the electron isup (s =1/2) or down (§=-1/2), each
electronin agivenorbital has twodifferent states Thetotal angular momentunisthe sum of
the orbital angularmomentum and the spin angular momentum of the electrovritten as

follows:
0 & Of(eqgn.3.7)

Jisthe total angular momentuml isthe orbital momentum(l = 0, 1, 2, 3correspondingo

the s, p, d, f orbitaly s isthe spin angular momenturof the electron respectively.

Forexample pwningto the spin-orbital couplingof the electron the 2p orbital (I =2) is split
into a doublet 2p12 and 2ps2. The energy differencbetweenthese two sublevelsis called
the spin orbital splitting energyof the 2p orbital. Moreover, thedegeneracydegreeof each
splitting energy level is equal ta21. Therefore, thgpeak area ratio oRpi2 and 2oz is
theoreticallyl to 2.Herewe summarizehis informationabout spin orbial splitting inTable

3.1.

Table3.1 Summaryof spinorbital splitting and XPShotations.

Orbital
Totalangular
_ angular Degeneracy | Peakarea

Orbit momentum degree XPSnotation _

momentum ratio
(leiS) (2J+ 1)
0

S 0 1/2 - S1/2 -
p 1 1/2, 3/2 2,4 P12, P32 1:2
d 2 3/2, 5/2 4,6 d3r2, ds2 2:3
f 3 512,712 6, 8 fs2, f712 34

XP&anidentify not onlythe type ofthe elements but also theivalence statesGenerally,
low valence states imply low binding energigschas Einding(BP) < Binding(BF*). Based on this,

the atomic ratio of various valence states canreadilydeterminedfrom the XPSeak area
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and R.S.F valuef the element For instanceMofarah et al.reported that Ce* in ultrathin
CeQxfilmsreached up to 60 at% accordingtte area ratio of C& and Cé*peaks[3] Yannick
et al. Found that Bi and \**in BiVQ: canbe partiallyreduced toBi® and V** duringthe water

exposuremeasurement4]

Thesecond usefuhformationfrom XPSnalysigsthe Auger electron specé Excitation of
the atomic nner electrondeaves manyelectron vacancieslhe aiter electronsof the atoms
can jump to an imer low energy empty orbital and simultaneously releasy thermal or
photon energyin the processThigphotonenergycan be usedo excite surroundingelectrons,
andthese regenerated free electronarecalled Augeelectrons Auger electron spectroscopy

isa powerful andpractical characterization technique

The third key characterizationin XPSs the valence band spectrdJPS is moreurface
sensitive than XPS due tioe lower excitation light source (21.2 eV or 40.1 eV), \alence
band spectra of XP8e alsoconventionallyused to determine the work function and valence
band position determination of semiconducs©ncethe band positiorof the semiconductor
andthe requiredredox potentials othe chemicalreactionsare known, it is possible to assess
whether the chemical reactions thermodynamically occur. The kand diagram ofthe
semiconductor can be tuneldy some modification approaches, such as dopamgl defect
engineering etc Hence, an energy band diagram is also benefal for an indepth

understanding to analyzéhe charge transfer andeaction mechanism

3.3 Photoelectrochemicameasuremens
3.3.1Eledrochemical Impedace Spectroscopy (EIS)

Electrochemical impedance spectroscopy essatiletool to investigatechargekinetics
and ion adsorption processs at the electrode[5, 6] According toOK Y Q& GKS2NBY?:
resistance Rs defined asthe applied voltageU divided bythe electric current (1), when a

certaindirect current (DC) voltage is appliezla material

Y - (egqn3.9
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This is thesimplestexpressionof ideal resistance However many electricakircuits are
much more complex due tothe presenceof inductance and capacitancén this case,
resistance is relpced by impedanc& Generallyan alternating current (AC) potentialused
to characterize these electrical elementscomplex electrical circuitsfhe AC potentiais

expressed as follows:
Yo Yi Q¢ o (eqn3.9)
0dKS

Ua is the maximumamplitude ofthe frequencydependentvoltageU(t). . A a

frequency.The resulting current is relevant the elements.For an ideal resisor, the AC

currentbehaveno phase shifts anthe impedance £an be written as:
®» —— — (egn.3.10

For capacitancethe resultingcurrentshows a phaseshift with a maximum amplitude of

The impedance&is described as follows:

0w ——— I5— (eqgn. 311
where|Z] is the absolute value othe impedance Z.

Besides, @ O 2 NR A y 3 forindla, t9edzimPldkida@mbeA can be represented ithree

ways,asillustrated inFigure3.3.
> O 0Q 1wéi i Q¢ %A (egn. 312

E p (eqn.3.13

Imaginary part (i)

Real part

Figure3.3 Three representations of complex number.
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Thereforethe U(t) and I(tcan be representedybthefollowing equationsrespectively.
50 YA (eqn.3.14
yo OA (eqn.3.15

As a resultthe impedance 4swritten as:
» — A IBAT B Qi BE @ ‘@ (eqn.3.16)
Zea and Zm arethe real and imaginary pasiof the impedance Z, respectively.

Photoelectrochemical water oxidatiorusually takes place at the surface ofthe
photocathode[7, 8] This electrochemical hatfell can be considered asn equivalent
electrical circuitconsistingof resistance,nductance,and capacitanceTakingBiVQ work
(Chapter 5) as an exampla semiconductor electrolyte interfa¢gpicallyconsists o double
electrical layer anda space charge regigras shownin Figure 3.4 Accordindy, the total
capacitance (&) isthe sum ofthe double layercapacitance (& andthe space charge region
capacitance (§cp while the total resistance {§i) is the sum othe charge transfer resistance
(Ry) andthe bulk resistance (R«). Rs is the solution resistance betweeahe working and
reference electrods. For simplicitythis equivalentircuit of a semiconductor liquid junction

can befurther represened bythe Randles circuit (Figure 3.5.[9]

Ef, redox

VB

ITO semiconductor solution

Figure 3.4 lllustration of a semiconducteglectrolyte interface and the corresponding

equivalent electrical circuits.
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Ctotal

Rs

Rtotal
— AN

Figure3.5 Schematic of a Randles circuit model.

The frequencydependent electrochemical impedancgectra can beplotted by two
common ways: Nyquisind Bode plat. The Nyquist plot is the curve dhe imaginary part
versus thereal partasthe angular frequencis increasedTable 3.2summarizes the resulting

impedance Z of each electrical element.

Table 3.2 Electrical elements, R, L and C indicate resistaincleictance, and capacitance,

respectively.

Relationship between
Element ImpedanceZ
current () vs. voltagel()

resistor Y OY Y Y
. (0]0)
inductor Y 00— O MO
@ 0
capacitor O 6 Qy ) P
D 00

According to this data, the total impedancetbé Randles circuit can be readily written as:
'Y — Y — (egn.317)
The impedanceZ is equal toR ¢ KSy (G KS | y3dz I NJ FNBIljyzSy O

Conversely the impedanceZ is equal to the sum oRs andRow 6 KSY . | LILINB | OK:

When thg &Y p, the impedance& can be expressed as:
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O Y — Y — Y —  O— (eqn.3.18)

These three cases of a Rarsiteécuit model are displayed figure 3.6.

The Bode plots the curve of log4] and phase( ) versuslog- . ThetypicalBode plotof a

Randles circuit model isshownin Figure 3.6b

10k 100

5k (a) ‘
IOg (R5+Rmtal)

-
=

i
'gak- iUJ: ”(CRmta\ )
N

ad e elilie T E R SN .
1k - ' & r20
+oc IR O'\ 4/} L

T T T T 10 g v r r r T 0
0 1k 2k 3k 4k 5k 10m  100m 1 10 100 1k 10k 100k
Z'(Q) Frequency (Hz)

Impedance (£2)

Figure3.6 Nyquist plot (a) and Bode plot (b) of a Randles ciypuiduced by the modeleditor
of ZahnerAnalysis

3.3.2Intensity modulated PhotocurrenSpectroscopy (IMPS)

IMPS provides a direct approach tomonitor the charge carrier dynamibehavior of
photoelectrodeson different time scale$10] Different from small perturbation ofoltagein
EIS IMPSis stimulated by thetiny perturbation of incident lightintensity modulated with
frequencyvariation.The perturbation amplitude anthe frequency range dahe light intensity
are usually seto 10% and.1Hz to 10 kHz, respectiveljjheresultingphotocurrentvariation
generally reflects th&ransfer and recombinatiobehaviorsof photogeneratedcharge carries

at the interface[11, 12

To better understand théMPSthe external quantum efficiencfEQE isintroduced.EQHs
defined as the quotient ofthe resulting photocurrent density () and the theoretical
maximumphotocurrentdensity(J ) when an incident photon fluaf wavelength<illuminates

the photovoltaicdeviceslts expresson is giverby:

00 O — (eqn.3.19)
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Integratingthe EQE over thepecificwavelengthrange ofthe incident photon fluxgives the

corresponding total photocurrerdensity.

Similarly, thdMPStransfer function ighe ratio ofthe collectedphotocurrent density( 0 )
to the theoretical maximunphotocurrent density 0 ) when afrequencymodulated incident
photon flux stimulates the photovoltaic devicgsvavelength<is fixed) The IMPS transfer

function can beexpresed as

O

(eqn.3.20)

WhereHo . igithe IMPS transfer function, is the frequency of the incident light

2 KSy . | LILIN®dinOiflest HightlisEatitRaTy. In this case, the transfer function

H(- ) canbe rewritten as
'Oon —— — 00 @eqn.321)

To explain the IMP$esponseof a semiconductor electrolyte junctiora reasonable
interface modelwas proposed byPonomarev and Peteén 1995[13] This modeleveak the
competitionbetweenthe interfacial transfer and recombination of thghotoexcitedminority

carriers.The photocurrentresponsecan bewritten asthe following equation.

vg ¥

(eqn.3.22)

is the angular frequency dhe incident modulated light,lo is the intensity of phote

generated hole flux towards the surfac®eiis the capacitance ahe electrochemical cell and

is equal to . Gcand Gy are the capacitances dhe space charge layer and Helmholtz

layer. kr and krec are the transfer rate constant and recombination rate constant of
photogenerated minority charge carriers, respectively.is the time constant of the

electrochemical cell13, 14]

Since he implicatiors of this formulahave been elaborated inChapter 5, it will not be

repeatedhere.
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4. Thermally Induced Oxygen Vacancies in Bi@&hosheets and Their Impact

on Photoelectrochemical Performanée

Oxygen vacancies (OVshave been reported to significantly alter the photocatalytic
properties of BiOCl nanosheetdowever, their formation mechanism and theirole in the
enhancementbf photoelectrochemicaperformanceremainunclear In this work,thermally
inducedoxygenvacanciesre introduced in BiOCl nanosheets by annealing in He atmosphere
at various temperatures and their formation mechanism is investigatednisytu diffuse
reflectance infrared (DRIFT®easuremens. The influence oDVson band offset, carrier
concentrations and photoelectrochemical performance are systematically studied. The results
show that (1)the surface of BiOCl nanosheets is extrgmsensitive to temperature and
defects are formed at temperatures as low as 200 °C in inert atmosp(@y&he formation
of surface and bulk OVs in BiOCl is identified by a combination of X$#8,IRIFTS, and EPR
experiments. (3) The photocurrent of BiOdingted by the concentration of charge carriers
and shallow defect states induced bulk oxygenvacancies, while the modulation of these
parameters can effectivelyncreaselight absorption and carrier concentration leading to an

enhancement ophotoelectrochemical performance of BiOCI

4.1 Introduction

Bismuth oxychloride (BiOCI), a promising A1l layered ternary semiconductor, has been
widely studied in environmental and energy conversion applicati@ng] It is a layered
structure with [BiO;]?* slabs interleaved by a double layer of ©hs. Compared to other
metaloxide semiconductors, this unique layered structure produces a-tudtectric field

and facilitates the separation of photgenerated charge carrief8, 4] However, the large

1 This chapter has been published iKiaofeng Wu Freddy E. Oropeza, Daan den Boer, Peter Kleinschmidt, Thomas

Hannappel, Dennis G. H. Hetterscheid, Emiel J. M. Hensen, Jan Philipp Hofmann, Thermally induced oxygen vacancies in BiOCI

nanosheets and their impact on photoelectrochemical performa@ienihotoChem2022 €202200192.
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bandgap (3.4 eV) in the UV range and low quantum efficiency of bulk BiOCIl photocatalysts

have seriously hampered their photocatalytic applicatibng]

Up to now, several strategies have begmoposed to solve the aboveentioned issues,
including noametal doping, preparation of homojunction and heterojunction composjigs,
8] or metal cocatalyst depositiof9] Among those strategies, introduction defectsis a
simple and efficient way to improve the photocatalytic performance of Bi&@0] According
to the differencesin atomicstructure, defectscan be categorized as point defect, line defects,
planar defects and volume defects. The relation between these defects and photocatalytic
activity may be complex and elusive. For instance, oxygen vacancies (OVs) in metal oxide
semiconductors, consideredoint defects, can sensitively influence photoelectrochemical
properties[11-13] Recently, the study of surface OVs has emerged as a hot research topic,
because most catalytic reactions occur on the surface of catalytic materials and a deep
understanding of the nature of surface OVs is needed to design and prepare highly efficient
photocatalysts. For example, Li et al. reported that surface OVs in BiOCI can improve water
adsorption and reduce activation energy barriers for photocatalytic water oxidtiérizhao
et al. discovered that different pathways of molecular oxygen activation are prevailing on (001)

and (010) crystal planes of BiOCIl nanosheets in the presence of surfagE5pVs.

At the same time, the bulk properties of the semiconductor are equally important in
determining the efficiency of a photoelectrochemical reaction. Separation and migration of
photo-generated charge carriers first occur in the bulk of the materials. Intiaddibulk
modification, such as doping and defects, remarkably affect light harvesting ability and band
alignment[16-18] Nonetheless, bulk defects are commonly regarded as recombination
centers for charge carriers, and therefore, unfavorable for photoelectrochemical
performance[l9, 20] Taking these studies into account, it appears that experimental
relationships between the presence of bulk OV defects, shallow or deep defect states in the
band gap and the photoelectrochemical performance of-ri@% BiOCI still need to be

established.

In this work, BIOCI samples were prepared by a hydrothermal method and OVs were
introduced by thermal annealing at different temperatures in inert gas atmosphere. The

formation process of OVs is investigated bysitu diffuse reflectance FIR spectroscop
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(DRIFTS) experimentsrag photoelectron spectra (XPS) show the absence of surface OVs in
asprepared BIiOCl samples, while electron paramagnetic resonance (EPR) confirms the
presence of (bulk) OVs. The influence afygen vacancies o light absorption, carrier

concentration and photoelectrochemical response are further investigated and discussed.

4.2 Experimental Details
4.2.1 Sample preparation
4.2.1.1Preparation of BiOCl nanosheets

BiOCIl nanosheets are synthesized by a hydrothermal method according to ref¢2dhce.
Briefly, 2 mmol of Bi(N§¥ 5HO (Aldrich, 99.99%)ere dissolved in 50 mL of an aqueous D
mannitol (Aldrich, 98%%¥olution (0.1 mol &) followed by 1 hour of agitation. After that, 10
mL of saturated aqueous Na(@ldrich, 99%)olution was added dropwise to the above
solution under stirringSubsequently, this mixture was transferred to a 100 mL Teéiftea
autoclave and heated at 160 °C for 3 h. The precipitates were washed with water and ethanol
for 7-8 times and then collected after drying at 60 C for overnight. For simplicity, the as

prepared, pritine sample is denoted as BE3D.
4.2.1.2Thermal treatment of BiOCl nanosheets

The introduction of oxygen vacancies of BiOCI is conducted at various temperatures in
helium atmosphere, the gas flow rate and ramping rate are 50 mbnaind 5 C mitt,
respectively. The annealing samples are denoted as-B$Qx indicates annealing
temperature in C). In addition, for comparison, BiOCl annealed at 3000%ygenfor 12 his
denotedasBOCO-300.

4.2.2 Materials characterization

Powder Xray diffraction patternwere recorded on a Bruker D2 PHASER diffractometer
using Cu Kradiation at a scan rate of 0.02° n%in BET specific surface area and pore volume
were measured on a Tristar 3000 automated gas adsorption system. Transmission electron
microscopy (FEI Tecnai)2@as used to observe the morphology and bulk structure of the

materials. UWis diffuse reflection spectra of BiIOCI samples were obtained on -¥i$JV
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spectrometer (Shimadzu WR401, Japan) with &Q as reference Xray photoelectron

spectra were collectecdbn a Thermo Scientific -Rlpha spectrometer equipped with a
monochromic Al KX-ray source (hv = 1486.7 eM)he powder samples were mounted on
adhesive doublesided conductive carbon tape on substrate or filled into the holes of a
homemade Cu powder sample holder. A low energy electron/ion flood gun neutralizer was
used to compensate the surface charging. Higéolution spectra of Bi, O and CI elertgen

were averagely scanned for 30 times and their pass energy was set to 50 eV. Spectra were
binding energy calibrated by setting the main line of Bi4pectrum to 159.4 eV. All XPS
spectra were analyzed and processed by CasaxXPS and Origin softwares. EPR spectra were
measured on a Bruker EMXplisband spectrometer at room temperaturen air at a

frequency of 9.468.470 GHz in 4 mm thin wall quartz glass EPR tubes (Wilmad).

In-situ temperature-controlleddiffusereflectanceinfrared Fourier transform spectroscopy
(DRIFTSyasusedto assessurfaceoxygenvacancyformation. Seady state IRspectrawere
recordedin the regionof 400to 3950cnP! at a resolutionof 2 cmb! on a Bruker \értex 70v
spectrometerwith aroom temperature DTGdetector. Ristine BOCS0 was usedsstarting
sampleand heatedat 200 °C,250 C,and 300 in vacuum) respectively. & the oxidation
processdry O, (#99.95% wasintroducedinto the cellat a flow rate of 2 cm®min®! at 400 C
for 6 hto oxidize defective B Cwhilethe staticpressureof the cellwas10mbar. After cooling
downto 298K, DRIFT$pectrawere collectedn staticvacuum(1 mbar). Dry KB powder was

usedasthe reference.

Photoelectrochemical measurements were carried out in thedextrode configuration
(CIMPS workstatiarzahnerElektrik GmbH & Co. KGermany. 0.1 M sodium phosphate
buffer solution containing 0.1 M sodium sulfite was used as electrolyte for photocurrent and
electrochemical impedance spectroscopy (EIS) measurem&héscircularirradiation area
was0.283cn¥ andthe intensity of simulated solar LED white light source was 100 m¥. cm
ElSmeasuremens wereconductedin the frequencyrangebetween0.1Hz and 10 KHz with a
perturbation amplitudeof 10 mV at open circuit potential (OCP)Mott-Schottkyplots were
measuredat afrequencyof 500Hzin 0.5 M NaSQ solution in threeelectrode configuration
Ag/AgCI (3 M NaCl) and Pt wire were used reference and counter electrodes, respectively and

the potential of the Ag/AgCI reference electrode was +0.251 V.
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Working electrodes were prepared on FTO glass (Solaronix, D010 ohm/sq.) by drop
casting. In detail, for préereatment, all BiOCI samples were sieved with an 80 pm sieve plate
andthe smallerparticleswere keptfor further preparation of working electrodes. FTO glass
substrates were initially subsequently ultsanicated in distilled water, ethanol and acetone
for 30 minutes eachfollowed by UVbzone cleaning treatment for 20 minute&fter that, 100
mg of the above samples were dispersed in a mixed solution of 5 w/w% Né4§olution (200
pL) and ethanol (2 mL). Then, the solution was tdtraicated for 30 minutes to obtain a
uniform white slurry. 100 pL of slurry was carefully dropped and spread out on the FTO

substrates (2x2 ¢ Thin films are formed after natural evaporation of ethanol.

4.3 Results and Discussion

4.3.1Effect of annealing treatment on crystal structure, morphology, and specific surface

area

The XRD pattern of BiOCl samples are showfigare4.1. Xray diffraction peaks of all
BiOCl samples are in accordance with tetragonal phase BIOEDS card no.-0849). When
increasing temperature to 30%C in helium or oxygen, all BIOCI samples retain their original
tetragonal crystal structure, with no obvious diffraction peaks of Bi metal are observed. This
indicates that annealing in either,@r He atmospheres did not significantly change the crystal
structure of BiIOCI samples. In addition, the annealing process has little effect on the average
crystallite sizes of BiOCI samples as estimated vistherrer formulaTable4.1). However,
intensities of the diffraction peaks of BIOCI nanosheets obviously have changed. Using the
intensity of the (001) crystal plane as reference, relative crystallinity of BiOCI noticeably
increased from 1.00 to 1.68 after annealing in oxygen while it decreased .00 to 0.58,

0.65, 0.55 at 20T, 250C, 300C in helium, respectivelyT@able4.1). Intensity of the (020)
crystal facet follows the same trendhese changes are possibly caused by the increasing

number of defects during annealing in He.
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Table4.1 Physical properties of the aynthesized BiOCl samples, including BET surface area,

pore volume, relative crystallinity and average crystallite E22.

Pore Relative crystallinity Average
Sample Serarea volume crystallite
2 bl

(m g ) (cm3 gbl)a (001) (020) size (anf)
BOGSO 19.5¢0.03 0.11¢0.005 1.00 1.00 231
BOGH-200 21.2¢0.05 0.15¢0.002 0.58¢0.01) 0.73¢0.0) 17@&1)
BOGH-250 21.4(¢0.02 0.13¢0.003 0.65¢0.0) 0.800.0) 20(1)
BOGH-300 17.5¢0.01) 0.11¢0.009 0.55¢0.0) 0.70#0.0) 231
BOGO-300 18.7¢0.049 0.10¢0.003 1.68¢0.0) 1.72(x0.0) 39(1)

apore volume

brelative crystallinity calculated from the relative intensity of the (001) and (020) diffraction
peaks with BOGO0 as reference

¢average crystallite size calculated from Scherrer formula.

Additionally, N physisorption isotherms of the BiOCl samples were collected to calculate
specific surface areas and pore volurkgg(re4.2). The BET surface area of B8ICis 19.53
m2g! and its pore volume is 0.11 éfgbl. These values show a negligible change after
treatment at various temperatures in helium and oxygen. The data of physical properties are

summarized iMmable4.1.

From TEM images of BED and BOE-300 (igure4.3), it can be observed that BEED
shows nanosheet morphology with length and thickness of approximatels2@00nm and
20-30 nm, respectively. The lattice spacing is 0.730 nm, which implies their exposed (001)
crystal facets. After annealing at 300 C &lihm, some defects emerged on the (001) crystal
facets Figure4.3c and 4.3d). Taken together, the above data reflect that annealing in He
atmosphere does not significantly change crystal structure, morphology, or porosity of BiOCI

nanosheets.
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Figure4.3 Transmission electron microscopy (TEM) images of8®(a) and (b)) and BOC
H-300 ((c) and (d)R2]

4.3.2Light absorption andormation of oxygen vacancies

In order to obtain information about the influence of defects on the optical absorption, UV
Vis diffuse reflectance spectra of the BiOCl samples were recorded. As shéwrie4.4,
the absorption edge of BG8D is at about 380 nm and the indirect bandgap calculated from
corresponding the Tauc plot is 3.24 eV. The apparent bandgaps for the samples>XBQG0,
250, 300) are 3.16, 3.00, and 2.95 eV, respectively, and decreasenar#iasing annealing
temperature. The reduced bandgap is caused by barhgadue to the presence of a high
number of defect statef23] Interestingly, the bandgap of sample Bi€BEBOO is restored to
the value of the sample B@E&D, indicating the healing of OV defects by @nealing
treatment. UWVis spectra of BOB-X (200, 250, 300) show a large increase of light absorption
in the visible light range, while BEE300 shows no changes. This extended light absorption
at longer wavelengths has been reported to originatenfroxygen vacancig24, 25 EPR
spectra were measuretb verify the presence of OVBigure4.5). A significant peak appears
positioned atg = 2.004, which is the typical signature for trapped electrons in [@§[Nith
an increasing annealing temperature in helium atmosphere, the respective signal gradually

becomes larger, indicating an increasing amount of OVs. ConsistentlyOBO€shows no
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response in the EPR spectra which relates to the absence of OVs after annealing inloxygen.

comparison to other reducible oxides, BiOCI is much more sensitive and prone to form OVs at

low temperature. For instanceTiQ starts to be reduced at 500°C during2-FAPR

measurementg26] Surface and bulk oxygen of pristine Ge@n be removed under dyas
atmosphere at 470 C and 730 C, respectijel] BiOCls much less stable and phase change
occurs at above 40028] The readiness to form OVs relates to the lovOBiond enthalpy.[2]

(a)

=y
o
L

Intensity (a.u.)
(=]
&

0.04

——BO0C-30

3.0

(b} ——BOC-30
—— BOC-H-200 o5 — BOC-H-200
——BOC-H-250 — BOG-H-250
—— BOC-H-300 — BOG-H-300
BOGC-0-300 20 BOC-0-300

2.95+0.03 eV

3A62Y-
/
3.24+0.01 eV

=504 e I

400 500 600
Wavelength (nm)

200 300

e

700 800 2

3 4 5
Photon energy {(eV)

Figure4.4 U\+Vis diffuse reflectance spectra)(and the corresponding Tauc pldty of as

prepared and differently treated BiO€amples. An indirect bandgap is assumed,
according to literaturd3, 21, 22]

Intensity (a.u.)

——BOC-S0
—BOC-H-200
——BOC-H-250
——BOC-H-300
BOC-0-300

332

334

336 338 340

Magnetic Field (mT)

342

Figure4.5 EPRspectra of BiOCIl nanosheets, measured in the dark at 39| K.

70



Generally, XPS measurements are employed to characterize OVs at the surface of
semiconductorg29, 30] However, the powder samples are conventionally mounted on the
oxygencontaining carbon tapevhich would significantlyaffect the detection of OVsTo
confirm this point, the XP spectra oBOCH-300 mounted on carbon tape and filled into
homemade Cu sample holder are measuregspectively.They are denoted as BE4300
with conductive carbon tape (CT) and BB*300 without CTAs displayed ifrigure 4.6,C b
peaks of BOE300 mainly originate from conductive carbon tape (J&jher than BO&H-

300 sampleO kpeaks at 531.6 eV and 533.0 akeé attributed to absorbed oxygen species
at the surface oCT(Figure 4.®). No binding energy shifts or additional spectral components
are discovered in Bif4Figure 4.6) and CI 2p spectréFigure 4.@l), whichimplies Cu sample

holder is suitable to measure XP spectra of BOC samples
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Figure4.6 C 5, O 1s, Bi 4 and CI P high resolutionXP spectraf carbon tape and BOB-300,
measuredat 298 K[22]

XPspectraof all BOC samplgdaced onto the Cu sample holdarerecordedto detect OVs
According tditerature, the relative content of oxygen vacancies can be extracted from the O
1s and the corresponding metal high resolution core level XP spectra. For instance, it is

possible toindirectly obtain the content of OVsthrough calculatng the ratio of Cé%/Ce** in
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the @ 3d spectrumor the relative area of €€+ in O 1s spectrum[31] NeverthelessXPS is

very surface sensitive with an information depth of few nanometers, depending on
photoelectron kinetic energynlour case high resolution XP spectra of Bj ©®Isand Cl p

regions remain almost unchanged with the different treatments indicating the absence of
surface OVsHigure4.7a-c). No changes are observed in valence band XPS. The absence of
spectral features between VBM aiii indicates that there are no occupied defect states in

the band gap close to the VBMigure7d). The XPS and EPR results taken together with the
reported high reactivity of surface OVs in Bi{®Tlet us presume that surface OVs formed by
annealing in He have been quickly replenished by subsequent exposure to ambient air during
sample handling and preparation and that the OVs seen by EPR are located mainly in the bulk

of the materiald.32]
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Figured.7Bi 4 (a), O 5(b), Cl p (c) highresolution XP spectra andrXy valence band spectra
(d) of asprepared BiOCIl sampl§a?2]

Photoluminescence (PL) is commonly used to determine the energy positions of defect
states in the band gap and evaluate separation efficiency of photogenerated charge

carriers[33] The range of PL spectral features associated with-éd&ted defect states is

72



relative wide. The PL spectra of the Bi@&hples taken at room temperature show a broad
distribution of PL intensity in the range of 3800 nm Figure4.8). The distinct peak at 423

nm is associated with a defect state 2.93 eV above valence band maximum (denoted as S
Figure4.9) and corresponds to the main recombination process of charge carriers. The
required excitation energy of electrons trapped airsBOGH-250 sample is only 0.070 eV (=
Ecem( Esy), which is close to 3kT (0.078 eV). This means that the trapped electrons can be
excited thermally at 298 K. Therefore; Sates are not regarded as effective recombination
centers for BO®-250 and BOEI-300 samples. However, this excitation energy reaches up
to 0.23 eV in BOE-200, which makes it less likely that trapped electrons get thermally excited
at 298 K. In thisanple, additionally, a new deep defect state (denoted 8sa62.56 eV (485

nm) above VBM emerged. These two recombination centers related to defect states
contribute to the high photoluminescence intensity for B&Q200 sample Figure4.9). The

amount of Swill decrease or even disappear with increasing annealing temperature.
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Figure4.8 Photoluminescence spectra of BiG@mples, measured at room temperatui22]

73



Figure4.9 Photoluminescence spectra of BIOCI samples, measured at room tempef28jire.

To investigate the mechanism of thermally induced OV formatiorsitin DRIFTS
experiments on BOSO0 were conducted at various temperatures and a pressure <1 mbar. As
shown inFigure4.10, a peak centered at 2335 ¢happeared at 200C, which can be ascribed
to physisorbed Cgafter thermal removal ofvater. The amount of physisorbed G@bviously
increasesasthe amount of adsorbedwater decreases When the temperature increased to
300 C, CQ physisorption became stronger and a noticeable red shift is observed from 2335
cmPl to 2332 cnftl. This change originates from influence ofimcreasecamountof bulk OVs.
Meanwhile, a small peak at 2267 Enemerged, which can be ascribed to &femisorption
on B#*at the surface of defective BiO[34] Interestingly, these two peaks shift back to their
original positions after oxygen treatment at 3@0 for 16 h This is possibly because most of
bulk OVs are healed and lead to reduction of the binding strength efn@&cules at the
surface. The CQadsorption processcan be understood as depicted ifrigure 4.11 We
anticipate residues of the dhannitol from synthesis as well as other adventitious carbon
species reacting with lattice oxygen of BiOCI as the source fdn@@ DRIFTS experiments.
This viewpoint is confirmed by the decrease of hydrocarbon related absorption features
between 30062800 cmi! (GH stretching region) upon increasingniperature. Moreover, B
mannitol starts to decompose when the temperature increases above®@0fccording to
literature [35] The formation and recovery process of bulk OVs can be described in Kroger
Vink notation as follows. Firstly, bulk OVs are formed in BiOCIl samples, ande(@ased at

low temperature (eqn4.1). Secondly, fnannitol or adventitious carbon decomposition to
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produce C@and water and physisorption occurs at the surface of BiOCI @&8gJ.followed

by CQchemisorption on surface Bisites when increasing temperature to 3@0Finally, bulk

OVs are healed by-@htroduction at 400C (eqn4.3).
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Figure4.11 Proposed schematic mechanism of BiOCI OVs formation basedsdn DRIFTS
results inFigure 4.1(22]

As elaborated above, the OVs of the temperature treated Bsa@ples are located in the
bulk rather than at the surface. To further confirm this point, we ats@asuredransmission
FTIR spectra of all BiOCl samples pressed into KBr pellets in the evacuated sample
compartment of the FTIR spectrometer at reduced pressure of <5 mbar at Z9§urked.12).
The peakat 2332cmP! results from C@physisorption from the residual g$36] Interestingly,
there are no indications of G@hemisorption in the region of 2262270 cnf!, although that
would have been expected for defective Bi{&4]. The high reactivity of surface OVs towards
atmospheric oxygen leads to their facile replenishment when in contact to air. Consistently,
Zhanget al. reported that surface OVs in BiOBG4sicallydisappearedafter repeatedusein
benzyl alcohol oxidatiorior 5 times, which implies that surface OVs of BIOCI are highly

reactive[9]
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Figure4.12 TransmissiorFTIR spectraf BiOCl samples, measured as KBr pellets in static

vacuum at 298 K22]

4.3.3 Effect of bulk oxygen vacancies on photoelectrochemical performance

To investigate the effect of bulk OVs on the photoelectrochemical performance of BiOCI
samples, chopped light voltammetry measurements on BiOCl / FTO glass photoelectrodes
were carried out. In spite of similar specific surface areas and morphologiesiffiewatly
treated BIOCI| materials show remarkably different photocurrents at open circuit potential
(Figure4.13a). Photocurrentainderirradiationfor all samples annealed in He are significantly
higher than that of the aprepared sample, reaching up 1017 pA cr¥? for BOGH-300, which
is 7 times higher than that of BiOCI (0.13 pA%nin contrast, @annealing seems to be
detrimental as the photocurrent for sample B&@E300 drops to 0.08 pA ¢ Themaximum
theoretically achievabl@hotocurrentdensityof BIOCI(3.2 eV) is around 500 pAcmb? under
100 mW cri¥? simulated solar light illuminatiof87] However, thepracticalphotocurrentwill
stronglybe limitedby light absorption separatiorandtransportof chargecarriersas well as
the rate of the surfaceredoxreactiors [38] Althoughbulk defects may acis recombination
centers for photogenerated charge carriers and are thus unfavorable for
photoelectrochemical activitj20] the overall effect of OVs formation on PEC performance is
positive. Moreover, an enhancement of crystallinity in sample -BEBDO0 is not beneficial to

the photoelectrochemical properties. A high crystallinity may accelerate the separation and
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migration of charge carriers. However, this effect seems not to outweigh the depletion of O
vacancies defects in these samples, suggestingdaater mobilityin BiOCI is not the rate

limiting step for the photoelectrochemical performance.

For driving the photoelectrochemical process, theigecarriers needto passthroughthe
spacechargeregion and the electrochemicaldouble layer at the semiconductorsolution
junction. HectrochemicalimpedancespectroscopyEIS)s capableto determine resistanes
and capacitiesin the semiconductorsolution interface by fitting equivalent circui. In our
study, EIS was conducted at open circuit potential (OCP) in the dark.i®GéeRctrolyte
interface can be fit in first approximation by a Randbgsiivalentcircuit, describing charge
transfer and diffusiorproceses Figure4.13). The smaller the diameters ahe semicircles
of the plots, the smalleristhe charge transfer resistana@ndthe higher isthe chargetransfer
rate at the interface. @mparedto BOGSQ defective BOClsamplesi.e., BO&4-200, BO&H-

250, BO€H-300 qualitativelypossessmallercharge transfer resistances.
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Figure4.13 Photocurrentdensityunder 100 mW ci# white LED light illuminationa) and
electrochemicalmpedancespectroscopyn the dark(b) of asprepared samples
measuredin 0.1 M sodium phosphate buffesolution containing 0.1 M &SQ,

both at opencircuit potential.[22]

Mott-Schottky plots were recorded to determine band alignment and concentrations of
charge carriers in the different BIOCI samples. The slopes of the-3dbtittky plots are
positive Egure 4.14), indicating Atype behavior, consistent with literatuf9-41] The open
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circuit potential (OCP) and flat band positi@) were measured and are summarized able

4.2. The band bendindJs) of BiIOCI samples was calculated according to the formla:

0 6 0 O .[42] The larger upwards band bending results in a larger contact potential
difference at the semiconductesolution interface. In addition, the donor density can be

estimated bythe slopeof the Mott-Schottky plot

Accordingo the classicaMott-Schottky relationshipthe equation can be written agt3]
— ———— w w — (eqn.4.4)

Gsis the space charge layer capacitance of the semicondudtas,the donordensity, eis
elementary charge 1.60 x #8C, s is the dielectric constant in vacuum which is equal to 8.85
x 101 Fem?, Lis relative dielectric constant of the material witf(BiOCI) = 6.7f44] Aiis
the actualsurfaceareawhich can becalculatedfrom the massand the BETdata of the used

material, Vi is the flat band potentialk Boltzmann constan{] temperature in Kelvin.

From the MottSchottky formula, the donor density can be obtained as follows:
0 — (eqgn. 4.5)

Obviously, BOE-200 sample possesses the highest donor density (14 &a®°) but does
not show the highest photocurrent due to severe bulk recombination which is confirmed by
photoluminescence measurements. The donor density of-B300 6.20x10% cmP3) is 1.8
times and 3.6 times higher than that of BGG 2.88x13° cmk?) and BOGD-300 (1.44x 18
cmP3), respectively. Except for BE200, the photocurrent is proportional to the
concentration of charge carriers, which reflects that both of defects and concentration of

charge carriers affect the photocurrent density.
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Figure4.14 Opencircuit potentials(a) and Mott-Shottky plots (b) of BIOClsampleq22]

Table 4.2 Opencircuit potential QCP)alues energy positions oflat band &) and band
bending Uny), the slopes of MotSchottky plots and calculated corresponding
concentrations of charge carriers measured in 0.5 M3@asolution at 298 K. Error

indicators in bracketf22]

Sample oCpP B Ul h / Ent  Slope OfC fhr;izremca;ﬂzrs
(Vvs. RHE) (V vs. RHE) (1010RP2\AY) o)

BOGSO  0.93¢0.01) b0.12¢0.02) 1.05¢0.03) 18.5¢0.2) 2.88(0.03)10%

BOGH-200 0.86(:0.04) b10.12¢0.04) 0.98¢:0.08) 4.09¢0.1) 1.10¢0.03 x107
BOGH-250 1.00¢0.01) b50.22¢0.02) 1.22¢0.03) 11.7¢0.1) 3.78¢0.03 x10'6
BOGH-300 0.93@¢0.05) b10.33¢0.03) 1.26¢0.08) 12.7¢0.1) 5.20€0.04)x106

BOGO-300 1.02¢:0.02) 0.00¢0.04) 1.02¢0.06) 40.2¢0.1) 1.44(0.04)x100

The conductivity ) of semiconductors is determined by mobility) @ndconcentration )

of charge carriers according to equatidré.
K €1 ' (eqn.4.6)

with g being the elementary charge.
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In this sense, OV related deep defect states as recombination centers are unfavorable
transfercharge carriers, because of their impact on the mobility of charge carriers. However,
a moderate amount of shallow defect states from which electrons can easily be excited to the
conduction band at room temperature does not only increase the concentrétinralso the
separation efficiency of photogenerated charge carriers. Taking into account the layered
structure of BiOCI, the distance of{Bi]?*andadjacent CP ion layersisrelativelylarge, which
gives rise toweak interaction and high energy barrier focharge carriers migration
perpendicular to the sheets. We also can look at this from the point of mobility of charge
carriers. According to literaturgl5] effective masses of holes along x, y, z direction in BiOCI
are 0.95m, 0.95m and 6.31mg, respectively, while effective masses of electrons along x, vy, z
direction are 0.29m 0.29np and 1.15m3, respectively. Charge carrier mobility of
semiconductors is inversely proportional to their effective mass. Therefore, charge carriers
show low mobility in z direction. This phenomenon is also found in other 2D layered

semiconductorg46]

4.4 Conclusions

In summary, the surface of BiOCl is extremely sensitive to temperature and OVs are formed
at temperatures as low as 200 °C in inert atmospheresitn DRIFTS results demonstrate that
CQ can specifically adsorb on the surface of BiOCl nanosheets bearing OVs and the formation
process of OVs could be traced by using &0IR probe molecule. Introduction of OVs not
only increases concentration of charge carriers but also gives rise to two kinds of shallow and
deep defect states. Shallow defect states as electrons sinks accelerate separation of charge
carriers and remarKaly enhance the photocurrent, while deelefectstates as recombination
centers negatively impact on photocurrent. Finalbhotoelectrochemical performance of
BiOCI nanosheets is dominantly determined by the balance of OV induced generation (doping)
and defect mediated recombination of charge carriers. This work sheds light on the important
role of bulk defects in influencinghe photo(electro)chemical performance of layered

inorganic semiconductors.
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5.Influence of Mo doping on interfacial charge carrier dynamics in

photoelectrochemical water oxidation on BiV®

The understanding dhterfacial charge transfer processes is vital to the design of efficient
photoanodes in photoelectrochemical (PEC) water splitting. Bismuth vanadates)BsV&
promising photoanode material to drive the oxygen evolution reaction (OER). However,
intrinsic BiV@ suffers from a slow charge carrier mobility and sluggish OER kinetics, which
gives rise to a high charge carrier recombination rate and unsatisfactory photoelectrochemical
performance! f 1 K2dzZa3K (GKS AYLI QAP TFIKRSGFASRRLRAY ILIR
LIK2G2St SOUNRPOKSYAAGUNE KI & RE8 Sgryf BRNESE IR i3 |
AYOGSNFFOALFE OKINHS OFNNASNI ReylYAO0a Ay RSLIS
FAZNIKSNI t 9/ RSOAOS 2LIGAYATLFGA2Yy ®

In this work, BiVOfilm samples were prepared by a modified metal organic precursor
decomposition method. Effects of molybdenum (Mo) doping on the photocurrent density,
electrochemical impedance spectra and interfacial charge transfer kinetics of; Bid®
investigated. Our results indicate: (1) interfacial charge transfer resistaReg®f BiVQ in
0.1 M phosphate buffer solution decrease 2 to 3 orders of magnitude under illumination. (2)
Intensity of the photocurrent is predominantly limited B, rather than the semiconductor
bulk resistance Rouk). (3) Mo doping not only increasg@hotovoltage, but alsmbviously
decreasesR:. (4) Compared to pristine BiYOMo doping lead to an enhancement of

photocurrent density at 1.23 V vs. RHE to 25A%n??, i.e., by a factor 2.7.

5.1 Introduction

Photoelectrochemical water splitting is regarded as a promising approach to caanert
store solar energy in4]1] Compared to the photocathodic half reaction, the oxygen evolution
reaction (OER) in photoelectrochemical water splitting is more complex due to involvement
of multiple protortrcoupled electron transfer stedg, 3] Monoclinic bismuth vanadate (BivVQO

as a promising photoanode material, ldrawn significant attention due to its high absorption

2This chapter has been publishedXiaofeng WuFreddy E. Oropeza, Zheng Qi, Marcus Einert, ChuanmCEaent
Maheu, Kangle Lv and Jan P. Hofmann, Influence of ddping on interfacial charge carrier dynamics in

photoelectrochemical water oxidation on Bi¥,Qustainable Energy & Fue?923,7,29232933.
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coefficient, suitable band edge positions for redox reactions, long charge carrier lifetime and
chemical stability4, 5] However, intrinsic BiV&3till suffers from a low charge carrier mobility,
which gives rise to a small diffusion length of holes. According to previous literatures, the hole
diffusion length of BiV@s reported to be 76100 nm[6-8] Nevertheless, recent study based

on a more reliable approach indicated that it may be overestimated and only 1®n@n

the other hand, the oxygen evolution reaction (OER) process is kinetically sluggish due to the

proton-coupled fourelectron transfer at the semiconductalectrolyte interfacd.10]

Morphology control of BiVE&s an effective approach to overcome the drawback of small
carrier diffusion length and therefore has been employed for enhancing photoelectrochemical
performance. Up tadate, plates, dendritdike, and worrdlike shapes of BiV{have been
synthesized for increasing the number of active sites and reducing the required migration
lengths for charge transfer.[113] For example, Zou et al. confirmed that the charge carrier
separation efficiency of porous wortike BiVQfilms is twice higher than that of den&VQ
films due to lower bulk recombination of the charge carriers.[14] On the other hand, lots of
works have been dedicated to increase the charge carrier concentration and conductivity of
semiconductors by metal/nometal doping, which can alleviate the disashtage of small

charge carrier mobility.[6, 15, 16]

In order to solve the problem of slow reaction kinetics of the OER, loading oxidation co
catalysts, such as IsORuQ, and CoQ is conventionally considered as a superior strategy, as
it can change the reaction paths and lower the activation energy barrier of the rate
determining steps in OER.[17, 18] For instance, Gong amedaers achieved a photocurrent
of 2.71 mA cni at 1.23 V vs. RHE by loading a moderate amount ¢®Qm BiVQ, which is
5 times higher than the photocurrent of bare BiV@9]

Although the influence of doping on the photoelectrochemical performance of Bie®
been investigated, a concrete and comprehensive understanding on interfacial charge carrier

dynamics is still needed.

In this study, Mo doped BiVihotoanodes were prepared by a twsiep spin coating
calcination approach. The effect of doping on the photoelectrochemical performance of OER
are systemically investigated from the aspect of interfacial resistance and interfacial transfer

of charge cargrs. We believe that insights into the interfacial charge transfer processes is the
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key to better understand the roles of dopants on Bifibotoanodes in order to further

improve the overall PEC performance.

5.2 Experimental section
5.2.1 Sample peparation

Pristine BiV@films were synthesized by a modified metal organic decomposition method
according to literature.[20] First, ITO substrates (2x2)cwere cleaned by sonication in
distilled water, acetone, and ethanol for 15 min each and then calcined at 470 °C for 2 h to
remove adventitious organic compounds. The ITO substrates were covered with tape at the
edge to leave a blank area for later contiue connection. To prepare the precursor solutions,

1 mmol of Bi(N@)35H20 (99.99%, Sigmaldrich) was dissolved in 4 mi.2methoxyethanol
(99.5%, Carl Roth), which forms a colorless solution. 1 mmol of vaaeetyllacetonate (98%,
SigmaAldrich) was dissolved in 4 mL of methanol and forms a dark blue solution.
Subsequently, the dark blue solution was carefully added i@ bismuthcontaining
colorless solution. 0.5 mL of acetylacetone (99%, Sigltiach) was added for adjusting the
viscosity of the resulting solution. Finally, 50 pL of this solution was spin coated (1800 rpm, 1
min) on the cleaned ITO substrates. Afpeeheated at 150 C for 10 min, the substrates were
calcined in air at 470 C for 2 h in a muffle furnace. For Mo doped 4BiW@s,
bis(acetylacetonato) dioxomolybdenum (VI) (CAS No. 10521 SigmaAldrich) was used as

Mo source, a stoichiometric ratio of V to Mo compounds (0.97 mmol: 0.03 mmol) in methanol
was prepared as precursor solution. The spin coating and calcinatimesses are the same

to those for pristine BiVO The obtained samples were denoted as BVO aneBM@
5.2.2Materials characterization

XRD pattern was recorded from 10°to 7@i a Bruker D8 Advance diffractometer with
monochromatic Cu'Kradiation &= 1.54178) at a scan rate of 0.02°min The morphologies
of all samples were assessed by field emission scanning elestconscopy (FESEM, SU8010,
Hitachi). UWIisNIR spectra were measured on a Cary 7000 universal measurement
spectrometer (Agilent Technologies, Santa Clara, USA). The sample orientation was’set as 6
and baseline was corrected against air. The transmission and reflectance spectra were

recorded and absorption spectra in percentage were obtained by subtracting transmission
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and reflectance spectra from 1:r&y photoelectron spectra (XPS) were recorded din@rmo

Fisher Escalab 25%Gth a monochromic AltKX-ray source (hv = 1486.6 eV) set at 13 mA and
15 kV. The pressure inside the analytical chamber was monitored below % mhér. The
high-resolution corelevel spectra were acquired with a pass energy of 10 eV, a step size of
0.05 eV, and a dwell time of 50 ms per measurement péithiXPspectra were calibrated by
setting Bi 47> spectrum to 159.0 eV.An electron gun was used to compensate for surface
charging. The reflectance FTIR measurements were performed on a Bruker VERTEX 80v
spectrometer, equipped with MCT detector, and the incidence angle was set’af\ Glat
aluminum (Al) mirror was used for background correction. FTIR spectra were acquired at a
resolution of 2 crmt by averaging 100 scans in the range 0f-<4000 cm'. Raman spectra were
obtained from 50- 3000 cm' with excitation wavelength of 514 nm on a migRaman HR800

spectrometer (Haba Jobin YvarBensheim, Germaiy
5.2.3Photoelectrochemical measurement

Photoelectrochemical characterization was performed in three electrode configuration
(PECE cell Zahner Elektri@mbH, Germany). The working electrodes consisting of4iMO
samples were electrically connected by copper tapgre5.1). Ag/AgCl and Pt wire were
used as reference electrode and counter electrode, respectivelyM sodium phosphate
buffer solution (KPi, pH 6.8) and 0.5 M sodium sulfite solution were used as electrolytes. The
photoelectrochemical performance was evaluated by linear sweep voltammetry which was
carried out in a bias range of +0.&kn¥¢to +1.8 Vkueat a scan rate of 10 mgl EIS
measurements were conducted at +1.2R3¢by applying a sine 10 mV signal AC amplitude in
the frequency range 00.1 Hz to 10 KH2Modulated illumination was provided by blue
emitting diode (435 nm, 100 mW cthand the irradiationactive areawas 0.283cn?. Mott
Schottkyplots were measured from +0.2 V to +1.0a&f a frequencyof 1 kHz in 0.1 M KPi
solution Intensity modulated photocurrent spectroscopy (IMPS) spectra were collected at
+1.2 WkHein 0.1 M KPi solution in the range of 0.1 Hz to 10 kHz. Intensity and small AC
perturbation of 435 nm LED light were set to 100 mW?@nd 10%, respectively.
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Figure5.1 Contacting of BVO photoelectrod&l]

5.3 Results and discussion
5.3.1Crystal structure, morphology, and light absorption

Pristine BVO and MBVO films were prepared in this work. XRD pattern of all BVO thin film
samples are consistent with monoclinic BA@GCPDS No. D688), indicating that no obvious
secondary phases were formed during doping and annealing procésgassb.2). The phase
purity of BiVQfilms was also confirmed by their Raman spectra [@gare5.7 and discussion
below). Typical morphologies of pristine B& Mo-BVO films samples are shownFigure
5.3. The thickness of pristine BVO film is about 500 nm and the width of tightly connected
wormlike BiV@chains is around 5000 nm, respectivelyHjgure5.3a and Figure5.3c). This
chainlike morphology remains after ¥doping Eigure5.3b).

+ BIVO,
+ ITO

M
ITO substrate

I JCPDS No.14-0688
L u
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Figure5.2 XRD pattern of annealed BVO (redid Mo-BVO (blue) film samples, ITO substrate

wasmeasured as referendd.]]
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Figure5.3 SEM images of BVO (a), B¥O (b) and crossections of BVOc) and Mo-BVO
(d).[11]

UVW-VisNIR spectra were recorded to determine the light absorption characteristics-of as
prepared BVO samplesigure 5.4a). Bare ITO substrate shows an onset of the optical
transition energy at ® eV, which does not affect the bandgdgtermination of BVO samples.
Intrinsic BiV®@is an indirect semiconductor with a bandgap of 2.4 eV, but its direct optical
transition occurs only 200 meV above the conduction band minimum (CBM), explaining the
high visible light absorption coefficiefit2-14] The bandgaps of BVO and NB¥O were
determined to 2.49 eV and 2.54 eV, respectively. This implies that Mo doping barely affect the
optical bandgap of BVO.

(a) —1ITO (b) —ITO
——BVO —BVO
—— Mo-BVO —— Mo-BVO

@ oo
o o

Absorption (%)

249V

N
o

2.54 eV

0 T
0.5 1.0

15 20 25 30 10 20 30
Photon energy (eV) Photon energy (eV)

Figure5.4 UV-VisNIR absorption spectra (a) and corresponding Tauc plots (b}meaared

BiVQ film samples, assuming direct optical absorptjad]
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5.3.2Surface analysis of gsrepared BVO samples by-rdy photoemission spectroscopy,

specular reflectance FTIR and Raman spectroscopy

To furtheranalyzedoping and surface speciesya§ photoemission spectra (XPS) of BiVO
films were recorded. The emission at a binding energy of 159.0 eV is ascribed;ip(Biglire
5.5a).[15] The two peaks at 524.2 eV and 516.6 eV are attributed to M apd V 2pp,
respectively Figure5.5b).[16] The binding energies of these states show negligible variation
when going from BVO to MBVO. The Gemissions located at 529.8 eV, 530.8 eV and 532.5
eV can be ascribed to lattice oxygen, surfa¢@H groups and adsorbed oxygen species,
respectively[17-19] Mo 3ds;> and 35/, states show up at 235.2 eV and 232.1 eV, respectively,
indicating that M&* ions are successfully introduced into BiV(Figure 5.5€).[20, 21]
Additionally, trace N element is observed in BVO andBX® samples. Nsbinding energy
shifts from 400.0 eV of BVO to 398.0 eV of-BMO, implies two kinds of NFigure5.5d).
However, peak shifts caused by doping in metal oxides semiconductors are usually small due
to limited shifts of the Fermi level. For instance, $bihding energy shifts from 400.0 eV to
399.6 eV, when the nitrogen content irnddped TiQincreases from 0.5 % to 5[#2] Herein,
we infer that N originated from Bi(Nf3 precursor decomposition and only exists at the
surface. The four peaks of Gdt 288.4 eV, 285.5 eV, 284.8 eV and 284.5 eV are assigned to
C=0, €©-C, CC and C=C entities, respectively. The assignment of C=0 in BVO-&\dOV&d
288.4 eV mainly originates from adsorbed adventitious carlin the other hand, the
assignments of €€ in BVO at 284.8 eV and C=C inBX¥®at 284.5 eV indicate two kinds of
carbon species ($@nd sg carbon). Combined with Raman results (see below), we infer that

short sg carbon chains and short $parbon chains exist on BVO and WO, respectively.
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Figure5.5 High resolution XPS spectra of Bi4a), V » (b), O (c), N 5(d), Mo 3l (e) and
C B(f) of asprepared BVO samplg¢$1]

To obtain further insight into the speciation of surface functional groups gdregared
BVO samples, specular reflectance FTIR spectra were recorded. Characteristic peaks of as
prepared films are displayed Figure5.6a. The peaks located at 1232 2rand 1066 cnt are
ascribed to longitudinal optical (LO) and transversal optical (FOSsvibration mode of ITO
glasg23] In the typical €H stretching vibratiom(GH) region of 28003000 cmt, 2960 cmt is
attributed to asymmetric stretching vibration mode -&H functional groups while 2915 cm
L and 2848 crt are attributed to asymmetric and symmetric stretching -6fH- groups,
respectively{24] As shown irFigure5.6b, both BVO and M@VO show trace amounts ef

Ch- carbon chain species.

Raman spectra of all samples are presenteBigure5.7a. The bands located at 207, 322,
364, 710, 825 crhare attributed to characteristic peaks of monoclinic BiYZ», 26] The band
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at 207 cm' is assigned to the external mode of XQgroup. The motion frequencies of
external modes in polyatomic ions are usually much lower than that of internal modes due to
their heavier masseR7] The bands at 322 ctnand 364 crt are associated with the
asymmetric and symmetric bending vibration modes of the®Vgoup, while the bands at
710 cmtand 825 cmt are attributed to asymmetric and symmetric stretching vibration modes
of the O bond, respectively. As showrFigure5.7b, the main peak of Bi\Vioriginated from
symmetric stretching vibration of-@ band shifts from 825.6 chto 823.6 cm', which is

indicative of Mo ions being doped into Bi¥[Q28]

( a) Mo-BVO
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Figure5.6 Reflectance FTIR spectra offaspared BVO films (a) and enlarged region of 2800
3000 cmt* (b).[11]
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Figure5.7 Raman spectra of gwepared BVO films (a) and enlarged regions ofg®0 cmt
(b)[11]
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5.3.3Photoelectrochemical measurements
5.3.3.1Effect of Mo doping on the photoelectrochemical performance

The photoelectrochemical activity of-psepared photoanodes is evaluated by linear sweep
voltammetry (LSV) curveBigure5.8a depicts the photoelectrochemical performance of all
samples in 0.1 M phosphate buffer solution (pH 6.8). As expected, little current densities of
BVO and MaéBVO are observed in dark due to a high overpotential and a sluggish oxidation
process for OER. Tipéotocurrent densities of BVO and MB/VO measured at 1.23 V vs. RHE
under illuminationare 9.5 pA criand 25.2 pA criy respecively. To calculate charge transfer
efficiency, LSV curves of BVO and-BAMO were measured in a 0.5 MAS& solution, their
dark current densities at 1.23 V vs. RHE are 10 pAarm 38 A cm, indicating oxidation
potential of NaSQ solution is below 1.23 eV, consistent with literaty@9] Photocurrent
densities of BVO and MBVO at 1.23 V vs. RHE noticeably increase to 319 fAmB21 pA
cnt? (Figure 5.8b), using NgSQ as an effective hole scavenger and the charge transfer

resistance R:) can be neglected at this potentig0]

The charge transfer efficientyy ,. . curves of BVO and MBVO can be obtained by using
the equation Figure5.8c):

(eqn.5.1)

Charge transfer efficiencies of BVO and-BMO are 6.8% and 13.7%, respectively. It

indicates that Mo doping can accelerate charge transfer at the interface by a facte8.of 2
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Figure5.8 Linear sweep voltammetry (LSV) ofpaepared samples in the dark and under
illumination exc= 435 nm, 100 mW cH), measured in 0.1 M phosphate buffer

solution (a) and 0.5 M N8Q solution (b); charge transfer efficiency under

illumination, calculated from LSV curves[({d]

5.3.3.2Effect of Mo doping on the electrochemical impedance spectra (EIS)

To clarify current change from aspect of an equivalent circuit in the OER reaction, EIS
measurements of BVO and MBVO in the dark and under illumination were carried out.
Generally, the semiconductalectrolyte interface can be modeled &gure5.9 and the
equivalent circuit consists of the external circuit, space charge region and electric double
layer[31] However, it is difficult to distinguish and measure the resistance, capacitance in the
space charge region and the electric double layer separately due to their similar frequency

responses. Therefore, we fit EIS data by a classic Randles model, ant@dltbapgacitance and

resistance are given as follows.

— (egn.5.2)

Y (eqn5.3)
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Additionally, we assume that charge transfer resistari&g (neasured in Ng&5Q solution
at 1.20 Vtneapproximately is zero and bulk resistance is independent of electrdlytthis

case Rota €quals toRe:.

Cscr Cai
Ef — |—| |—| H Ef, redox

Rs Rbuk Ret

ITO semiconductor solution

Figure 5.9 Schematic diagram of semiconductor electrolyte interfaBe.is the solution
resistance between working electrode and reference electroBex is bulk
resistance, €cris capacitance of space charge regidt, is charge transfer

resistanceCy is capacitance of electric double layéd]

The detailed fitting results of the EIS data are summarized ifidnere5.10 Table5.1, and
Table5.2.
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Figure5.10 EIS fitting results of gsrepared samplesmeasured at 1.2 V vs. RHE in 0.1 M
phosphate buffer solution (a artg) and 0.5 M N&5Q solution (¢ and d)11]
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Table5.1 Element parameters of Randles equivalent circuit, obtained from EIS data fitting,

measuredn 0.1 M phosphate buffer solutioi1]

CPE
N Rota=Ruikt Rt
Sample Condition Rs (w) Gotal ) Erron%)
A (M)
P
Dark 101 3.03 0.982 12.6 1.3
BVO
lllumination 92.9 2.85 0.904 31.6410°3 6.9
Dark 99.7 3.40 0.979 5.51 2.7
Mo-BVO

lHlumination 91.9 3.06 0.911 19.9X103 14.1

Table5.2 Element parameters of Randlequivalent circuit, obtained from EIS data fitting,
measured ir0.5 M NaSQ solution[11]

CPE
iy Rota=RuktRt  Error
Sample Condition R®m  Goal )
A (k) (%)
P
Dark 49.6 3.17 0.967 3.47 1.0
BvVO
lllumination 47.2 2.30 0.956 2.89 2.0
Dark 45.4 3.14 0.960 2.31 1.2
Mo-BVO
lllumination 44.7 3.21 0.958 2.06 2.0

The total resistances of BVO and %O, measured at +1.2Mn 0.1 M phosphate buffer
solution in the dark, are 12.6 Mand 5.51 M, respectively. This indicates the absence of an
oxidation current at 1.2 V v&RHE, which is consistent with LSV data. Resistances of BVO and
Mo-BVO sharply drop to 31.8dand 19.9 ki underillumination. In this caséRota Obviously
decreases 2 3 orders of magnitude under illuminatiofigure5.11a and 5.11c). Therefore,

the current density of photoanodes, inversely proportionaRea, is remarkably increased.

100



To further calculate the contributions oRwuk and Rt on the current density, EIS
measurements of BVO and MBVO are conducted in 0.5 M #0 solution at 1.2 V vs. RHE
as well Rukof BVO and Md@VO slightly decrease from 34 &nd2.31 kin the dark to 2.89
km and 2.06 kn under illumination, respectivelyseeFigure5.11b and d). These decreased

resistances originate from increased photoconductivity under illumination.

Rt of OER is thousand times higher tHajkin the dark, whileR of OER is 2.6 to 10 times
higher thanRouk under illumination, which means that both dark current and photocurrent
densities of OER are limited By, rather thanRyuk. On the other hand, Mo doping slightly
decrease$buik but obviously decreasdz: under illumination, which implies that the increase
of interface active sites is moramportant than that of bulk conductivity for

photoelectrochemical OER, i.e., bulk concentration of charge carriers.
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Figure5.11 Electrochemical impedance spectra and corresponding interfacial resistances of
asprepared samples in the dark and under illumination (435 nm, 100 mWj,cm
measured in 0.1 M phosphate buffer solution ((a) and (c)) and 0.5 }@la
solution ((b) and (d)) at the potential of 1.2 V vs. RHE. Error bars originate from

repetitive measurements of second samp|ég]
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5.3.3.3Effect of Mo doping on concentration of charge carriers, phetoltage and surface

charge carriekinetics

The MottSchottky measurements are carried out at the frequency of 1 kHz according to
the literature[32, 33

In order to further confirm that the frequency of 1 kHz meet the requirement of the Mott
Schottky measurements, we also plotted the resistance vs. frequency figures afSBivigles,
measured at 1.2 V vs. RHE in the phosphate buffer solution as&(Nsolution Figure 5.12.

The real resistance at 1 kHz is independent of frequency and the slope of imaginary resistance
at 1 kHz is close to 1, which indicates 1 kHz of frequency is suitable forStubttky

measurement
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Figure5.12Resistance vs. frequency plots offaspared BVO samplesieasured at 1.2 V vs.
RHE in 0.1 M phosphate buffer solution (a) and 0.5 W¥SResolution (b)[11]

Mott-Schottky plots of BVO and MBVO show typical-type semiconductobehavioras
evident from the positive linear slope between 0.7 V and 1.0 V vs. RilEd5.13).

The concentrations of charge carriers of BVO andBX® in the dark werdetermined to
be 1.82x 10 cm?, 2.22 x 10'° cm®, while the concentrations of charge carriers under
illumination were increased to be 2.2610' cm® and 2.46x 10'° cnt3, according to the

following equation.
6 — (eqn.54)

Np is the donor density, e is elementary char@gis the dielectric constant in vacuurd,is

relative dielectric constant of the material. A is the actual illuminated surface area. The rise in

102



the charge carrier density can be interpreted as an increase of the photoconductivity and thus
a reduction of the bulk resistances. The measured flat band potenalsf Mo-BVO, which
have found to be at 0.48V, respectively, showed no changes after illumination. However, the

Ew of BVO shifts from 0.41 eV to 0.36 &\Alfle5.3). This effect is due to trapping of pheto
excited holes at surface states.[38, 39]
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Figure5.13Mott Schottky plots of BVO (a) and MBVO (b), measured in 0.1 M phosphate

buffer solution (pH 6.8) in the dark and under illumination (435 nm, 100 mW cm
?).[11]

Table5.3 Calculated flat band potential&«) and concentration of charge carrier derived from

Mott-Schottky plots of the aprepared BVO samplg&l]

Concentration of

=)
Sample Condition charge carriers
(V vs. RHE)
(cm?d)
Dark 0.41 1.82x10°
BVO
lllumination 0.36 2.16x10°
Dark 0.48 2.22x10°
Mo-BVO
lllumination 0.48 2.46x10°

The presence of surface defect states in the BVO sample is also demonstrated by its low
photovoltage as shown irrigure 5.14. The photovoltages of BVO and N8&¥YO under
illumination (435nm, 100 mW cmd) are 0.063 eV, 0.216 eV, respectively. It is reported that
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surface states give rise to fermi level pinning effects at the sédtrolyte interface, which
obviously limits the photovoltagE4] Because of this, the concentration of phegenerated
charge carriers in BVO is much higher than that ofB#©D, but the photovoltage of BVO is
much lower than that of MeBVO (sed-igure5.14). Commonly, surface states in BVO arise

from V vacancies, so the amount of surface states are reduced after Mo doping into N35jites.

0.7
——BVO
—_ Mo-BVO
w
%a&
o
>
>
5051
c
@
)
o
Qoat 4
1 illumination
0 200 400 600 800

Time (s)

Figure5.14 Photovoltage of aprepared samples under illumination (435 nm, 100 m\W25m

measuredat opencircuit potentials in 0.1 M phosphate buffer solutifi]

The transfer and recombination kinetics of surface charge carriers of BVO samples are
investigated by intensity modulated photocurrent spectroscopy (IME&ure 5.1% The
LIK2 (G2 O0dzNNByd OFy 6S RSLIAOISR o0eé UGKEEETF2Ffft 20A

Q T (eqn.5.5)

. Is the angular frequency of modulated lightjs intensity of photegenerated holes flux

towards the surface. &iiis the capacitance of electrochemical cell and equaHte—. Gcand

G. are the capacitances of space charge layer and Helmholtz layamdk:ec are transfer rate
constant and recombination rate constant of phegenerated minority charge carriers,

respectively. is the time constant of the electrochemical &b, 37]

In the case that is at least two decades smaller than——,[38] the above equation can

be simplified as follows.
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'rQ x

(eqn.5.6)

Resistance capacitance (RC) attenuation and competition between cbanger transfer
and recombination usually occur in th® 4nd B'quadrants, respectivelf89, 40] The angular
frequency corresponds to the sumlkfandk.ec, when the imaginary part reaches a maximum

value in the ¥quadrant, i.e.; max= Z fmax=kt +kiec. When the imaginary part is equal to zero,

the intercepts of the x axis correspond-e and , respectively. Normally, the space

charge capacitance is much smaller than the Helmholtz capaciténcé (0 8Therefore,

the ratio of the x intercepts is equal te——=38

At short circuit conditions, the photgenerated majority charge carriers would migrate to
the back layer of the photoanode and recombine with minority charge carriers at the back
contact[41] Accordingly, the transit time of electrons reflects their recombination possibility

at the back contact and can be obtained from the equation from RC attenuation region.
t —— (eqn.5.7)

The calculatecky and kec Of photo-excited holes and transit time of photgenerated
electrons are summarized ihable5.4. The average electron transit times of BVO and Mo
BVO are 0.06 ms and 0.38 ms, respectively, indicating that the fgjesterated electrons in
BVO transfer much faster, comparing & O. This also implies that the PEC water splitting
process is limited bghe transfer of photeexcited holes, not the photexcited electrons. The
surface recombination rate of MBVO is 5 times lower than that of BVO, verifying tia
doping can reduce effectively surface recombination of BVO due to an increased amount of

surface states.
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Figure5.15 Intensity modulated photocurrent spectroscopy (IMPS) opeepared samples
under illumination (435 nm, 100 mW c¢)) measured at 1.2 V vs. RHE in 0.1 M
phosphate buffer solutiorl1]

Table 5.4 Calculated transfer rate constanky and recombination rate constank:c) of

photo-excited holes and transit time of photo-generated electrons, estimated

from IMPY11]

Transfer rate  Recombination

constant of rate constant of Transit time of

Sample _ _
charge carriers charge carriers electrons_ (ms)
Kir (Sl) krec(sl)
BVO 31 55 0.06
Mo-BVO 34 11 0.38

5.4 Conclusions

To summarize, the photoelectrochemical activities of semiconductors are closely dependent
on their resistance at the semiconductor electrolyte interface. In our study, Mo doping of BVO

films was introduced by a spin coating approach. Mo doping are cordibyeXPS and Raman
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