Uni versity of L

Density functional
copper tungst a

Submitted i n accordance withkh

degree of Doctor of Phil os

Uni versity of Leeds
Supervised by Professor N

School of Chemistry

Xuan Chu
June 2025



| confirm that the work submitted i s my owr

where reference has been made to the work

This copy has been supplied on the underst
no quotation from the thesis may be publis



Acknowl edgement

|l would I|Iike to start by expressing my hea
you for giving me the opportunity to emba
continuous guidance, encouragement , and pa

shapedusntotmy research, but also my personal

My sincere appreciation goes to my dear fri
Wang and Dr Brian Ramogayana. Thank you b
of fering your support and friendship both
moment sath@avmy mPhD experience unforgettahbl e

I would also |Iike to warmly thank Dr David
and Dr Matthew Quesne for your generous an
Your thoughtful advice and professional gu
and dhempenavigate through challenging momei

My ogratitude extends to the Engineering a
(EPSRC) for their generous financi al Supp

would not have been possible.

Finally, 1 want to deeply thank my family,
endl ess | ove, patience, and encour agement
Your unwavering support has meant everythi.

with akl my | ov



Abstract

Copper tung)sthhaase atCurWwOct ed g rloiwgilntgp d maiewe st

photocat aifdystvefmhowaselraspl i tting and car bon
suitable band gap and chemical stability

detail ed wrfdeaertst srudifragce redox properties,

catalytic mechanisms remains | imited. This
study of the structural, el egcusiomg tggemsnd ¢
functional theorysi tRFTGauliomdbl uadn chgdiosnper s
( DFU-B3) .

The equilibrium morphbohdgkesunhdcesatelt etfk

through surface energy calculations and sur
and (110) facets are predominant suntexttypi
the adsorption of water on both pristine
understand its role in the initial stages
Surface phase diagrams were congttrnwant eed t o

temperature and pressur e.

Finally, the mechani sms of water splittin;
through detailed analysis of reaction inter
states. The results indicate that o&ygen V:
catalytic activity by stabilizing key inte
These findings offer important i pasndhts i
support its potenti al wseven hphdr deer!| ppo

tdommol ogi es.
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Chapllemtroducti on

The devel opment of renewable and sustainab
ri sing gl obal energy demands and environm

met hods of harnessieplpoc®es ses esseclgyascaebabky

great potential . 4Cpppet-mertoalg stt lwarheges t(aCtuaNO h a
as a promising material for these applicat
and electronic properties. Th4sfolapiag pmn
it sstcarly structur e, el ectrontreol &ndi nmacganteat!i yc

chemistry.

1.CQl i mate Crisis, GIlobal Ener gy Deman

Cli mate change has become one of t he most
centATthye. continuing increase in energy cons.|
and economic development, has placed subs
systlefmss sids ucuhel s coal , ddialvee dmdgnasteurvald
primary sources %%MHowaeegy wbeidwwddespread
serious environment al consequences, i ncl uc

damage,a@aaumualhat i on of) canbbhedbaombodphéeCO.

According to the U.S. Ener gy Ikghfobmma teincemn g
production in 2Q®lo psajso welseasd .maThids atal ue 1 s
increase sigarnifsicmgpt gholale popul ati on and
( GDP) .

However, S ubsheagveee g g dtsdttatt dieeasr | y f or ecast s L
continued growth, particularly in developi:!l
Africa. As a result, updated estimates r ej

approxpmapv @ltyy oul es in 2023 and is expected

by 2050 compared!to earlier predictions.

Despite increasing awareness of environmen
gl obal energy supply, accountindg®®®brsroughl
reliance has resul t gedmiisns icoonnst.i nEumoi usssliyo nrsi sfir
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combustion are projected to increase from

approximately 13.5 billi*0mceneteliecadoh,s tplee:
remain in the atmosphere for hundredm to ¢t
climate change. Hi storicabcoaodmctentshdws ns h a
increased from around 280 parts per milli o
ppm in1Z024is trend continues, concentrat.i
cet ulriykledaydi ng to serious enmvisressmanesineéaé!| i my
shifts in precipitation pgatterns, and disr
Al t hough S 0 me reductions i n &m@maibmoiny i my ens

transitioning from'S8olaé¢ 4abs mladttue al egals @f d

remai ns Wbnigthed THa&ti ons Cl i maitmeami €h a mg eG| G mgfc
reaffirmed the international commi t ment to
were made to reduce coal dependeh®%y® and e
Bet ween 2000 and 2020, the share of renewa
from 6.2% to 12.4%. However, the rate of ¢t
climaté® targets.

The I ntergovernment al Panel on Climate Chal

warming to bel omenili.s5sifoM,s gnuosbtaldedxd i ne by
from 2010 | evelzsermy e2d 3G, oamrsd muettYyebe achi
recent reports by the World Meteorological
temperatures may temporarily exceed this

suggesting that current??mitigation efforts

This situation highlights the urgent need
both sustainable and capable of supporting
energy conversion through phot 0°®&thailsysi s h
met hod enables direct transformation of SO
potenti al solutions for both clean fuel pr
devel opment of efficient photocatoalayti ¢ ma:

achievi-mgr lmond oewvnergy future and serves as t

18



1.S01 ar energy

1.2.1 Current Status for Solar Energy U
Sol ar energy plays an increasingly importat
and mitigating carbon emissions. As a <cl ea
solar power has received widespr égd?®attenti
Current technologies for solar energy uti
concentrated solar power (CSP), and sol ar
have experienced the most rapid dees, opmen
declining costs, and supportive policy fra
Il n recent years, the gl obal adoption of so
significantly, reflecting continued progre
technof®hiemsa. currently holds the | argest s
tot al installed capacity reaching approxir

202437 hi s

rapid expansion has been support

| arsgel e manufacturing capabilities, and
infrasihectmireed States ranks second, with
239 GW in 2024, contri-hbadvi g( Mol o fthaeal 8OO
nati ondlMhigsrigdrrowt h has been facilitated by
l evel renewabl e energy targets, al though i
integration remai n. I n Europe, Germany con
i nstalalced yc ag approxi mat el y-st9aOn dGW.g Tshuep p o«
mechanilkmdi,ngmiceadi ffs and favourable regt
pl ayed a central rd%%owevem, bilnarge d dii sg gg roi
and | and use constraints pose challenges t
notable progress, with solar capacity expe
years due to decliningnméesctchniohiogly atciosds aa
expanding access to renewable electricity.
reached overarb@ @W2adbvwyen by high sol ar irra
policies promestciang kotdh dutsit*flirbpwt eed JYrinte a
Ki ngdom, solar energy accounted for approx
in 2024, with an installed capacity of ar ol
seasonal variability?*?a¥ide slei md x eendp | secsl alri grhe

19



diversity of national approaches to solar
progress among countries. While substanti a
further efforts ar e required t o eladdedss
chaggéenthat continue to affect the .scalabil

1.2.2 Challenges in Solar Energy Depl oy

Al t hough sol ar energy plays a critical rol
existing technol ogi es stilHevake | nmit adt iec
Crystalli-8ke) srémaioms (the dominant mat er i al

aplications due to it®erimi géPlieibiviclvierypcy t an
producti on Fiengtueinrseisv e e npeurrgiyf i c att @ mme rpart o ees s
fabrication, which contribute to ifmé¢dmeased
teohmgi es, such as '&dnnti ucno ptpeel rl uirnidd eu nf QdaT el)
(Cl &S)Y*reduce material consumption and off e
constraints due to the toxicity of cadmium
and gallium. Pe®*dtiaketegaspnbdr atebehsi on f
i mprovement 1in eff i ecioesntc ymaannudf apcottuernitniga | nfeovr
remain unstable under thermal and environmi
concerns -taecbromtdulroanbgi | ity and environment al
(OP¥%% while attractive for t hperiorc emsescahbainliicta
continue to exhibit | ow power conversion e
Concentrated sb%% anppwevi dggsdiesngatchabl e e
viability is |Iimited by high capital <cost s,

geographic conditions.

These chall enges highlight a broader | imit
inability to directly store solar energy i
convert sunlight into electricitytewhiesh mi
or ot her auxaidldiialrgy csoysstt,enmso mpl exi t vy, and ad
I n contrast, pHh’dofofceart aalny tail ct esrynsatteinvse appr oa

nergy directly into chemical ftuelnsg, osruch

e
hydrocarbons via carbon diaxeilde ornevdeu cstiioonn .e

both energy harvesting and storage in a si
storage infrastructure. Moreobercopéotocteod
from aburmdasnt maltewi als and deployed in a |

20



suitable for decentrali zgerdi d ureed gipagrogd.ucWh ioln

the devel opmental stage, advances in semic
caeatalyst integration continue taot almptriocv e
materials. As such, photocatalysis represer
pat hway for solar energy wutilization, part

and energy storage are essenti al

123Phot oc amadadleywt isgpl i tting
I n response to the need for both energy c
emerged as a promising approat®l dom dire

photocatalytic system, a semiconductor mat e

charge <carriers to drive chemical reacti o
conversion of solar energy into méemed,al
without relying on separate electrical i n
st ugiheod ocatalytic processes arefhadsplitt

the reduction of ¢ arrbiocnh dpirooxd ndeet btéds®afcohr na se
met h®Proer f or "Mi*“Thease dreactions not only prov
cl ean,neuwtrrbaoln fuel s, but also offer the pot
mi tigation by incorporating carbon dioxi de
represents paotcingtiiandty amd uabl e approach t
especially 1in applications where fuel prod

i ntegrated process.

Photocatalytic water splitting is a widely
i nto chemical energy i n the form of hydr
semiconductor material to absorb sunlight
hydroglenand ox%f&fRrheOoverall reaction is

el ectr oc hreemaicctailo nhsa:l ft he oxygen evolution r e

the hydrogen evolution reaction (HER) at t|

I %&( /°/7 1( 1Q (2-1)
( %g( T1Q O ( (22

The overall water splitting reaction is th
ot 19/ « (2-3)
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Thi s reacti on I s -gphenrtmordenwsni acabd ey sbanda
requiring an iMQut oxtEXfinNlequenmal.eh®det o

el ectron.

Il n photocatal ytic water splitting, a semicoc

equal to or greater than i1its bandgap, resu

val ence band to the conductihoh eb pmadtriees d Ftoh

overall reaction to proceed efficiently, t1}
of the materi al before recombining. At t h
participate in the hydrogen evol wtrimn r ea:
hydrogen gas, while the holes drive the o0x

mol ecul es to produce o0xyegaecnt.i oThos ecnasnu roec ctuhra,
structure of the photocatalyst mu s t me et S
conduction band minimum should be position
nor mal hydrogen electrode (NHE) to all ow f
maxi mum should be more positive than +1.:
oxi da%%%ml.t hough the theoretical minimum b
1.23 eV, a slightly wider bandgap, typical
accommodate kinetic overpotentials and to
alignmenedgpd mpanidti ons with the redox pote
sufficient | i ght absorption and efficient
effective photocatalytic performance.

1.2.4 Semiconductor materials for photo

The overall efficiency of photocatalytic wi
of factor s, i ncluding the optical absorpt
charge carrier separation and traf®port, a
A wide range of met al oxi de semiconductors

Among them, tit)dh%Ram dieexi deae( ©f Ot he most ¢

materials due to iIits chemixcazl tyt slbHiohietew,r , |
bandgap (~3.2 eV) I|limits absorption to the
a small fraction of the solat4igphbectresmong

through doping or heterojuncti orh fcchramatei on
recombination remains a dFgrtFPdwianh &i mit

narrower bandgap (~2.1 eV), enables visible
22



abundant el ement s. Neverthel ess, it suffer s

hole diffusion | ength, both of which resu
trioxi %% wWot her-l i wikkdtiibviee mater i al with a
approxinmat &l yeV2. &@xhibits good stability u

favourabl e valence band position for water
|l ies below the hgdtogekn-cade@liytsitsg opo het er c
to compéeéewater splittin§g®dbdrhoacreesss .mazniyn cp rooxpie
withy, Ti®@cluding a similar bandgap and good
under irradiation and is prone to photo co
contrast, ternary metal oxides havnei cattract
properties. For exampiBlfabi asmsuhtadbhaddtaed
eV) and band positions conducive to water

mobility and rapi d roeccaotnabliyntaitci oenf friecdiuecnec yi t

1.3 Copper tungstate

Copper tunag)s'tahtaes (eQuew@ ed as a promising pt
vi sl bbbt bandgap (~2.2 eV), appropriate bat
and chemical stability undetnnébhi salseandos
provide an overview of the crystal struct
propertieas AddiGuVwhally, we ,vppl i daoaslcass i

chal lienngpehsot ocat al.ytic water splitting

1. 3.1 Cucytsutreel str

Research 4hnaso cCounWQ nued for In®e6ayw yL asrikxst y
Ki hl borg and BEuwalretshh aGdberets in a triclin
space 0gr ofuopr mi ng a dtiyspteo rltaetdt-cvedell.f rfatmme ateenti & r
reportedRbiyzeRda&liag ab6vs b.453D, 5.c883, wi. t8h

angl ee@xx, w@ ow, Tand@muvand a uni t cel |l VO
pog o, see -Fli gudhme btructusbdacogn€€u®WOof ed
octahedr a, forming an oxygeagdmalmeaor &n gnv |
Copper a@fomse(€Coordinat e(d®,byf osuirx oofx ywheinc ha tf
square planar configuration, while the r eme
creatinfeld erahn storted!efTlva@P@iheocd dodteamlye dr d
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estimat edvifo o2n OISO Fst ew )arteo nisoqat ed wi t hin
di storted octahediOabondot @ngathisomangi nig Wr
i 1221281 osely resembling the monoclinic wol
wol frami CeWfhkadhs st s a shear displacement i
destroys the twofold symmetryoamgl e ofntambu
90 kX2TPespite initial concerns about oxygen
density measurements CuW@ aocmpgesia i nhoi cThhieo m
di st or tCiuoMOsa r ii e from copper o0s el ectronic

ani sotropiatitdes mahdvsbructur al deviati ons
frameVcd®t k.

Distorted
octahedral
[CuOy]

clusters

4.8829(4) A

b=

Distorted
octahedral
(WO

clusters

Figu3le &§chematic il lustomaiti ooelblf andrcati
di storted eand hwusatPe rCsu.O

It is worth +Fatirigs'bbatfriourRaud zt he triclin
CuWQvi th slightly difdex et 7 @=tv,t5 .c845phr &dnk t
vV ) wWamhn spectroscopy andltopalial s wmwdpseostpd
CuWQnay tranwolk i otaynqptaoesat r uct WfAer beyboadci2ig

i deasttrhuadt ur al di stortions and -ded peecitdreomti ¢ [

1.3.2 Magnetic and electric properties

Copper tungstate is widely recognised as a
N®e l temperature of approximately 23 K and
gap in the rA®&YEThhd &@ntli fteor r20Magnetic order
t he?(C3)d el ectronic configuration, which giywv
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the copper sites. These -enoamean ge airret enapt ied
CuOiWioiCu pat hways. | niTatddeti adn,st ohei addmhnof
octahedra contributes to the anisotropy ob:c
From an el ectronic structure perspective,
2p orbitals hybridised with Cu 3d metdat es,

by W 5d'2d¥% t al s.

Al t hough these features ar e geh?@rigf | y w
computational studies have reported consid
and magnetic p4alédptHPheses di sCuwWPancies are
to differences in the treat ment of el ectroc
states. Standard density functional theory
approxi mation (LDg)yadndnthepgeoer ambhtzed (G
undesti mate “Yhétbangi ghging A&PLEHIi ;s | ow
underesti mati on-kaowgiersted if mont it dhre evreddr i n tl

which | eads to an inaccurate description o

To improve the accuracy ofU'thaheél 6GAroenic

13fmet hods i ntgiotdauc €0 walno myn ctoor reacd o wmt (f or

|l ocalisation, resul ting i n AbbanHo weavpe re s ttihnea:
values remain sendiptairmanet er t hedcmaycetot |
experimental observdlolbmsoh3pomBinw dial i édtdhsBd
shown to provide a better description of t
approxi mddteel ywh2.ch9 aligns more closely wit
functional s 13Qudchhd aBB¥EHSEBGG i ncor porate a porl
exchange, offer furtheitntmpaocvemaenesrbystrt el
the predicted band gap using hybrid functd.i
exact el|xc,chawhgiech( i s often selected| empiric
val ue, reported band gd&ps Manger éc-emt l1y 5 d
dependent hybappr daunhceas omave beebselmpl oyed
consistently, yi el di ngh6a icnalecxuclealtleedn tb aangdr eg
experi ment al measurement s.

Il n addition to variations in the predicted
shown that different methods result in sign
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particularly 1d%Wdhensevaaamnicese.s play an i

modul ating the magnetic amd Atl ebitgbnivacpn

concentrations, the materi al can undergo a
di amagnetic state, df'tee.€Cumbty Itdvee rr ecdaircd d rotn
antiferromagnetic ordering is generally pr.

i modi fied by the presence of defect st a

n

S

energiygemfvaxancies vary considerably depe
correlati®©infgeaerahal hybrid functionals t
energies than LDA + U methods. These diff
conventional DFT approaches for treating s
need for morree taidovaaln &ferdacnhehveosr ktshe GWorappr oxi
dynami c&f emeé an helddftyo (axMFuTr)at el y descri be t
magnetic behaviour of CuWO

1. a3 alytic potenti al and | imitations

Among the various met al oxi des studied f
tungstate has emerged as a promising mat e
degradation of organic pollutants. Compare
such A%B°8RidQWE® which are mainly active und:

—

heir wi de bsahnadsg a® s n a ICu WMDe r band@gap3 of ap
eVl this allows it to absorb a | arger port
essenti alt fsoorl aef feinceiregry ut i2®s1%%hhiiocnh. allns oc o |
absorbs visible |Iight but suffers from | ow
l engt hssa,shOwwO i mproved char'd@8hesandpatiur @:¢
contribute to more effective separation an

hel ping to reduce recombination | osses and

CuWpal so of fers good chemical stability

condiltwhinsh is an advant ag®&®?®vteh*a tmaa ree iparl osn
to photo corrosion. l'ts structur al robustn
of T@QRubonds, which helps maintain stability

ternary oxpasesesGueWO a more complex electro

binary oxides, which may further assi st i
trafé¥Wheirl.e ot her ternaryPhéantdewsdd9’asach as
al so shown potleamthitalphfodrocai i Flseé s, they o
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surface modification or heterojunction de
mobility or stabilsbpft ¥y er Hndcamepetdr isséntn o fCupwWD
including visible |ight absorpbdibat malkege
it a strong candi dat e -dfrarv efnu rctahtearl yitn vce satpipd

Despite its favourable | ight sabcespseovar aln
Il imitations that hi nder its overal/l phot o
chall enges i s I ts relatively | oMot bkBarge

recombi nb*83fchre sreaties.sues are |l argely attribu

of the Cu 3d orbitals, which restlPAsct effi
a resul t, photogenerated <carriers often r
reactions, thereby reducingi mper oaet al i mic & &
is the position of the conduction band edg
evolution potentisalessTheifsf emakee CoOWO dri vi

evolution reaction without addi ti onal modi

To overcome these drawbacks, several strat
approach is the formation of heterojuncti
wo1l4s 1@ hd Bli%These combinations facilitate
photogenerated electrons and holes, thereb:
charge <carrier dynami cs£at Addst s omals| yb e etnh ¢
significantly i nkpirnoevtei cssu.r fNaochel er enaect?dilosn s uch
andi | vdbanld&gdften employed due to their exc
catalytic activity. These modifications pr
i mitations mafki 6g WO t a more ef tdeedtvieme ph

chemical transformati ons.

140bjective of the thesis

Copper thiarsg shteaetne r ecogni sed f or I ts promi s
particularly in applications related to v
el ectroni c, and magnetic characteristics h;
surface tphraotp egrotvieersn i ts catalytic behaviour
particul ar, key aspects gssohf acsed henderdowxa
environment al conditions, the adsorption a

27



mechani stic pat hwadyrsi viemv owavteedr isnpls urtfiacge r

been thoroughly investigated. A more det ai
essenti al for assessing thaengohgubdahgl!l ¥tuit
materi al design strategies.

The primary aim of this thesis iIis to provic

surface chemi swwirtyh oaf fGueWw& on its redox beh

under conditions relevant to water splitti
calcul ations, the work examines the ther mo
redox propenterss€aiWOa owes. Particular atter
interaction of water with the surdmce, i n
behaviour, and to the elementary steps inyv
These investigations seek to clarify the

chemistry on catalytic activity,r eaancdt itoon i d ¢

efficiency.

The computational methods employed in this
3 analyses the redox properties and el ectr
surfaces. Chapter 4 investigates tohne adsor
both stoichiometrsisurénadesedCbapgt EUWO expl
mechani sm of water sswprfigdde,ngi mmnl utdhien gC ut WG
oxygen vacancies and environmental conditi c
t hendfaument al undergsstuarnfdaicneg roefacCGu WOty and

relevant to the design of efficient photoc:
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Chap2@aomput ati onal met hod

2.1 I ntroduction
I n this chapter, we outline the theoretica
materials modelling and analysis presented

principles cal cupataobpnsgedadedsiotny sfpumct i o1
pdror med using the Vienna Ab %®%°TthieseSi mul
computational methods provide the foundati

geometry, and properties of the studied sy

We begin by intnddpenderdntahevémmec Schrodin
and t RGp pBeonrhnei mer Y@fproki mageoher provide a

describing chemical systems with many nucl
present t Ke htiod e'rdmed gt hh Ko heng!&hi omsf or m
the basis of DFT. The chapter also explore

exchaogeel ati on t eShmami nequaei okkshn t he Lo
Approxi matiPemne(rlaDA)z,ed Gr adi entt3daAdpMekamat.i
GGA®®T o address some | imitations of standa
applied correct i d%wshi cthh ei npFrTotvle smetthheo dd,e s c r i
correl at®®dndybsybms d°®FWwmica h oinmd sr,por at e exa
for better accuracy. Simplifications for p
wave basis sets and pseudopotential s, ar e
compl exity whil eddiettiao malnilgy ,a cwieBr deeppcrr dfebceh t |
to account for &fssuperr saiso v ainn tdeerra WMaiad rss ,f or ¢
inadequately captured by standard DFT. The
geometry optimization, including the Stee
al gor'®f2amsl, met hods to overcome th¥*influe
Additionall vy, the method to generate the t
reaction has a¥3'Fialeleyn, iwet rbauacreidhe t he te
characterize thel!™Phhiensiezeidncglevodreet vii lesat i o
anal'y¥fdensity of '8amd eB8adexOSy Ffd%Be anal y:
combining these theoretical concepts and
29



provides a comprehensive overview of the t

anal yse the properties of material s.

22The Schr°dinger equation

The electronic structure of a crmemieialamsg st
ODel ectrons. The i nt drpaattiiacd £ samarmreg -dtelsecgd be

relativisdegendemte Schr°dinger equation:

o
°
~| &
o
<|€
€

(21

wheOandrepresent the energy and wavefunctio
the opereabherright side are, in this order,
energy of nuclei, the Coul omb attractions
repubst ween el ectrons and the Coul omb repu

i, &ndenathees di st aifced elra w@oameic | keautswe e n

t "@gan@el ect rbert ,weadmdn@h eucl eus, Irmrespreicidivel g
all physicochemical properties of the syste
However, due to the compbloedxyi tiyntaerriascitnigonfsr,

solutions are only feasible fokstkenshydr og

To make the probli@ppenaeti anelre,apphexBmani o

applied. This approach decouples electroni

as stationary, which is justified by the s

elcerons (e. g., a proton is approximately 1

this approxi mati on, the nucl earinkiich etairc en

repulsion is treated as a constant. The si |
O B -n B B — B B — ( 2-2)

Whil e this approximation significantly red:!

systems with multiple electrons remains co

el ectron replUdFeckhn(HFhemélahbodeaddresses thi
30



maneyl ectron probleémcas oa quadi oose where ¢
in an average potenti al generated by the
el ectron correlation between electrons wit!

flul correlation energy.

To overcome these [IHiamiifreetcek omef hodsii 6esgpo
Pl esset perturbation theory, coupled clust
i mproved accuracy at the cost of signi fic:
contreast tydfunctional theory (DFT) has eme
of fering a -obfafl amectevde etnr acdeemp ut at i onal ef fic
i ncorpor atcogs reXahtdmgqe effects more comprehe

suitedgd ogydtaems and materials modelling.

23Density functional theory

23. The Hoh&Knbher gheorem

I n 1964, Hohenberg and Kohn formul ated two
el ectron density as the censttraatle gpuraonpteirttyi e
maneyl ectr oA®Tshyesteentsheorems provided the th
de n s futnyc t ithoenaarl y (DFT) and built upon ear | i
Ferlfif 188

The fir stKotonh etnhbeeorrgem st ates that, for a s\
number of el ectr onss taantde neulcel éetii rponnit didee hgyr d wyn
determines theviexatparrntalf rpant eannt. Sadicciet itvhee ¢ o
externaldi pdettenrtmiianles t he Hamiltonian, it fo

system are uniquely dettdrmined by the el ec:

The proof for -Kderheiorem Heheadbetg@gd adt abgur

For a collection of an arbitrary number of

under the infl uencuve ,oft haeen Hexid rt manli apo ti esn tdie:
O Y'Y w ( 31)

whethbhe first term is the Kkineti celeencetrrgoyn, t |

interactions, andt hérei mthe malc ttieams deefs cali dets

external opsobeee mtsieaxlpr s adast el vy
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Y - ot o1Qi ( B2

Yoo —firfiririeiio ( 2-3)

z

w _0ir“iriaqi ( 34
The el ectronic demiss tdenmt edhebyround state
el krh ir o ( 35

Now, assume that two Wi ahdrientl eaxt e¢ronalhep s
el ectroini . déngsihtty Hami |l toni an and the ground
anfdbyQO,0and,t hen

O [ Ao [ [hO & o ( 3-6)
which simplifies to
O O _vui DI €1 Qi ( 387

Similarly, by interchanging the primed and

O O _vui i €1 Qi ( 3-8
Adding these two inequalities results in a
O O O ©O ( 39

Thi s contradichii onnust mplei esnitqluaetléyi det er mi
Consequentl vy, the Hamiltonian is aklso unigq
state propertieési ar elrhf gnecetsitaarbdlisshes el ect

fundamental variable in quantum mechanics.

While the first theorsdamtes tpalolpieshtdse st hcaatn &
terms of electron dekKoshn yt,hddree m extoantde Hothlea
density obeys a variational pri mdiple. Spe
the corretcatgreluedt ron density 1 s the one

functi onal

Since the Wamcktdled etoreamy i niYaractioot eonealgs
Ei, we define a 0 vehisalh rfamaitnonaadal i d fo
particles and any external potenti al

0t k 1hy YT (31D
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Thus, the total energy f undtciaonn abe feoxrp rae sgsié

as:
O¢ k_0i¢giQi Ot (311
CleaOd gchieves i ts mini mum -svtadtuee ¢daen stihtey c

restricted :by the condition
0¢ k_€i10Qi 0 (3122
Foa systempaarnti @sieresnergy functional associ

wavefuncsignven by:
« [ kT fhoy [ Ry YT (2313

which reaches i ts mindtmutme awalvtanfreuw reard rtroe t
condition that the numb8pecoififfecrceyponsds etmc
the ground state of vai ,dhefeo@idBilpenger @2l p
313l eads t o:

w T LLbie 1 Qi oe LT LLbiegi Qi ot (B1y
Thushyear i ati ormad i sa¢ st @defimomesd rating that t

energy is minimized atHowbeecporthet nelweappo
faced the chall emlgectofos ol i mgB-&8BlLKEamirlomoni e

23. 2 kK®StHham equati on

I n 1965, Kohn and Sham introduced a refor mt
and computationally feasi bl e description
i ncorporating exchanr@®®uial nldh noyohrer eHoahhennobne r egf f
t heorem,ShdafmK 8eahhnod i ntrodu€ ed ea axcyt 9 theggm ed fe ¢

t hat move in an effective potsthnatiealde nshiitlye
t he i nt er albd total gnergyyundtianahin the Kol8ham framework is
given by:

0t Y& 0 1&£1Qi Y& O ¢ (31)

wheYegis the kineti-cnteamreagtyi md &lhecthrommns c o]
densgsitly i represents thaceékxngroal Yihies ehtical
t he Hartdeec eindasarg elégcthostatic interactibetween electrons

andO ¢ i s t he -ceoxrcrhealnagtei o ra cemairng ysh delri grimanryt u m
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eff

ects beyond th8yHamppeaegappeowrmgti hah i1

system oinnttoeraacntoinng ref erence system, the K
computational complexity while preserving
cornerstone of mordertnhedrexxctronic struct
The centr al result of ®hecKfohoemulati oos : i
S O N O (31p
wherare the KS orbitals, from which the tol
€1 B $ 1S (31Yy
O I is the effective potential, given by:
0 i 0 i O i VIR (3138
Her o,i Ws—s'Q‘lanl‘mIi represent the Hartree
exchaoagleat i on proetsepnetcitailvel y.

The solution of the KS ecgoumstiisotne nts parcchd eedv

1

Thi
ef f
tra
pro
acCcC
phy
eXxXxc

Suc

app

dnitialize with an @apgproxi mate electron
.Solve the KS equatfions to obtain the or|
.Companew densiBgyi s,

.Update the eOfec¢tive potenti al

.Repeat-4dsuepi 2omnlse ss eht,y mesanacnhgi etvheed i np

out put densities converge within a spec.i

s iterative approach ensures that t he

ectiveThpotkeSnte@ulati ons represent a ma|j
nsforming teleecdaamml exr orbdreyn ipratrd i ahe ef f
blem while presstaiteg dehsi exactThigs otind]
urate el ectriomns sdrmraxsd urer icalstudtamai n s,
sics, guantum chemiHotwrew,erand hmatexraical s
haoge eenaetrigoyn remai ns unknown and must be
h alsoctalhe densitylL Da¥% pargrinma tail o 1z e d gr ad
r ox (Gheat %0 n
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23. 3 Execechoarnrgeel ati on energy approxi mati on

23. 3.1 Local density approxi mati on

In the Local Densi tt9% Mg p e vcrohraraeyl eaotni o(nL DtAe)r |

approxi mated under the lassumgetisoyrsttematbedta

l ocally wuniform el-ceortrreolnatgiacsn fTihrec teixarhaln geea
O ¢ _&gi- €1 Qi (319)

whereti represents -ctohageleacihamgenergy per

homogeneous el ecéd Bba ¢greboregldaetnisoint ypotent. i

enters the KS equation, is then given by:
w i — - £ el — (3820)
The funetiisonypically obtained from par amet

Carl o simulations of the uniform electron

Whi | e LDA provides a computationally ef fi

cal cul ati ons, i ts ascsoumpetliadn onhaethetrlgg €era
exclusively on the | ocal el ectron density
exhibirtasl sleivmei tati ons: it systematically

constant s, overestimates cohesive and bind
strongly correlated electron systems, and
semi cosndawcd ornsul ator s

23. 3. 2 Generalized Gradient Approximati on

To address some of the deficiencies of LDA
( GG¥Extends t-ter eglkchtainge functional by inc
the electron density, Umnherkeb )y DIAmp rwdv icrhg aists:
t he e xccoirarneggleati on energy per el ectron deper
introduces a dependence on the spati al var

refined description of iiomlomogeneous el ect |

The excbangkation energy functional i n GGA
0O & _QtimEi Qi (B321)
whe®&i Méi is a function that dependis, not onl
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as i n LDA, ®beut. iTther rge g ethdonge el ati on pot en

the obtained as:
W i _— (B322)

GGA functionals are typicadempidesagneonssrtr
to satisfy known physi calcoprrcedaerttiioens emfer tgl
exchange functional I's often derived by mo
ofhet homogeneous el ectron gas:

0O & _ti- &tOiQi (323)

whe®©éis an enhanced factor that diepends o

defined as:
i 20 o ¢ (B324)

The correlation functional in GGA is typic:
Monte Carl o simulations OAfmotnlge tthemon edred oyu s
GGA functi onaWasng tilh9e9 TP u(nPdVeéoMA-B u d-Emvn z er h o f

(PBEfunctionals have become standard choi

popul ar in modern DFT calcul ations
GGA offers sever al key i mprovements over 1
through the density gradient, i ncluding mo

description of mol ecul ar binding energies

enhandceesdcr i pti on of transition met al comp
esti mBéespinte these i mprovements, GGA still
particul ar, it struggles to accurately de

wher e mor ep pardovaacnhceesd sat®®dh @y bDF TP W a%fet i onal

often required.
23. 3. 3-GCMatea al i zed Gradient Approximati on

The 1@etnaralized Gradi endiGGMAP’ps oxa mdtuirad e r(
i mprovement of the GGA in DFT. Whil e the
density and GGA i nc o rGGAr aetxetse nidtss t diri ad ifernatm
additionally including the kinetiThenergy

inclusion of this additional degree of frecé
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el ectron correlation effects, particularly

i nadequat e.

The excbangkation ene+GdA fi sndteif o mald iars: Met
0O ¢ Qi meihti Qi (325)

whefTie -Bg9y sis the kinetic energy density, ¢

This functional form extends GGAebkiineti ad
energy, dewhsichy all ows for a more accurate

el ectronic environment-sorfifakeatobooneppbedi ngl
w i — (3826)

| het exchange f-GG8AtIi ®ntaypioaMeyaexpressed a

0 € _ti- t70ih Qi ( 3-27)
where——is dihmensi onl ess kinetict energy d

— 0o € is the-F@8hmmaski netic efodlt gys demsity,
enhancement factor incorporating both the
Since the dimensionless kinetic &SGArgy den
functionals can more effectively different
compared to GGA functional s. This results
strattwamd electronic properties, a better
interactions, and enhanced performance of
' i mitations persist, such as the underest:i

a stromgndepem kinetic energy, both of whi

24Corrections to DFT

24. DFTUmet hod

Standard DFT, par tiacnudl alrOAy, whaeinl su stion gc o0GGAe C
strong correlated systems such as transit.i
This failure arises because DFT tends to

parti al-BEneflfelcltednhdiysgetms,i heorrect band g

i naccurate magnetic propermmee$fhodTo naddodbrdascse
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additiondali kdubkbamdt ontcermaeci onherselkfs in s

better describe electron correlations in |

The i dedmeft NPT+ o suppl ement the DFT funct

Hubb#rcdorrecti on, which -2ixtpeée i €Coul ymlaccouet
among | ocalTkedmetdettednenergy functional ¢
by:

O O O © (21)

whe®©ei s the standard en®rgprdaueanmcts ok 6f
correction term, which introduces an explic
and is the double counting correctiOon. Spec

term foll owsothei 9sinmpl yfiedariant form int
O —B B ¢ € (2&-2)

wheWwes the Hubbard parameter, -sihtie hCaquwlad mb i

interaceproesents the Hundds exchange par at

exchange interactionst¢ amontgh el ooccad ugizaetdi oenl erc
|l ocalizewdi oh pspiaaimany applications, a simpl
thwt Y vand normally J is negl®@atradet ewhi ctl

correction.

By incorporating- ark ea d dirRrTieah ame nkhuobdb aprrdo vi d e
accurate band gaps, magneti c moment s, and
for studying strongly <correlated-ematérial s

compounds.

24 BBy bri d functional

The Hybri d°2fildsh can oalatter nati ve class of sol
interaction error Il nherent in standard DF’
descriptiomofrorel@atxclmander m. They combine a
from HRodk el @HyF)witthhreotrhe exchange and correl
|l ocal ,orwhG&M <can be generally denoted as:

0 &0 p GO O (2-3)

whe® eand artehe exchaametoremrdragy om & estmandar
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DFT functiesmpalcdi isvdlhye, mimxkd ng parameter that
of t he exact exchange, Wi i ohm@tuy pr c anlolsy | i
common hybr i@ rfeupnrcdtdemnntest & cFto c(kHa retxrcehneange en
associ &Ktoehthh awfPr bfi,t awhi ch i s given by:

0 -BRrAT "1 T is—s(zi 1 QiiQ (24)

Typical hybrid fuh’®tBiEddads HSEDVe ase BB LWPdel

used to predict molecular reaction enthalp

in semiconductors and met al oxi des, and i
adsorption at interfaces. Compasegst ems DWIT t |
| ocalized d or f electrons, hybrid functi
materi al s. Mor eover, whideep DFiTa&l of it ehi mrge
Hubbarndetpeaar,a hybrid functionals fix the frez:
mor e system dependent . However, hybrid

computationally expensive especially for I

met hod due to ititee @ xa&4c)s iiesx crheagnugier e d .

25Basi c set

To solkKvoehh h®Séquati ons in practimwest ththe K¢

represented using a suitable mathemati cal

the orbitals as a |line%ihcomBEAEaEOo®WI ofAAb &
OADOBA +3 ANOAOCETT AAT AA AGPOAOOAA AO(q
i B % 8o

wheres Q@Qmel ecul axaroe btitealcoefficiemis for I

is Qdttomi c onwbietpalesenarsdt he nuTrbe rp roif maartyo m
goal is to detedmhat mheri moréftheenpsal en

which satisfies:
— T (B2)

Howewelr ,i nfinite number of basi c functi ons

wavef umwhtiichns s computationally infeasible
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I n periodic systems such as crystalline so
simplified usifhigi Bl okddsadwmbhebdh e amsoifod haen

el ecttboreonexpressed as:
i Q26 i ( 5-3)

Her®®is a plankei wavea, famadti on with the sanm
crystaThé apernicediicgumarn amtéei@sYtdhat where

Yis a |l attice transl ation vector.

The perio@difcraolm pBarotch t heorem can be furthe

series involWing | attice vector

6i B® Q° ( B4)

whedbeare the Fourier coe53f)i,citenet sf.ulTo gved heef

becomes:
ri Bw Q ° ( &5)

This expression expresses the wavefunction

byQ "0, known awavehexprkrasei on. | n practi c:

expansion is truncat:ed by a kinetic energy
0 =50 @ (56)

This truncation balances computational ef fi

the KS equations in DFT.

26Pseudopotenti al

The pseudopotentials were developed ai ming
ion intereptaoas. theé true nuclear and cor ¢

approxi mat e ef faeccavtsibwieh ep ovteelnetncad elheactt r ons.

One of t he mostpseodmpol gntuiseldSonsner@FTgi s
Pseudopotenflimltshd NC®PP§ region of an atom,
el ectrons oscillate rapi dINCPPusitmplthe est 1tc
replacing the oscillati nfgr evea v-ed @wenftd n otniso rws

that preserve the sameltctaloncwavgdée uastt loe
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achieving high accuracy with NCPP typicall

increase computational cost s.

A more f | exiisbllel tarpapsroofatc hP s)é4Ffdno pt ohti esn tmieat | hso d, L
charge of core el ectrons can change. This c
centaruegdment ati on <charges, which reduce <cor

accuracy

The most robusarPyogAchpaMaert i(PIAWY*®Het hod
introduced@dAWYr é8d @ chterl leactt 3 otnh evaarlelf uncti on b
it into a smooth pseudo part and a correcti

near thehdaarc!|llkasexpressed as:

ra T B 6ol %o O [ (B-1)
wheg @ | St , %onadr e t-eluectarldn wavefuncti on, :
wavefuhbeelad¢dtron parti al wave (solutions

i sol at ed sanmmbormsh)-ppas @ u dad o rwaevseps@biid i megs geoct i v el
ndenotes the pwhoijcehc tsoart ifsufnyc toirofnbeo gjlonal i ty c
I n this fdestat besbehhaevisonbtoe hi nt er sti ti al

the S%@r%captures the rapid oscillations ne
The total energy under the PAW framewor k caé
0: '0& YOiR ( B2)

whe©& is the energy funembothhldeeanedboyat ed u
Br , &e@deis a correction term which denote

el ecdternosnahgyg pseuvdo density

27Di spersion interaction correction

Pure DFT, especially functionals based on t
di spersion interactions (van der Waal s i nt e
|l ocal electronToemslidtryesisnftdi mR3 i oetthactd on ,
introduces an empirical correction term to

expressed as
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(0 O © (1)

whe®eis the energy obtained from a standar c

eneOgyomputed as a pairwise sum of interat

(0) B B —-Q Y (2-2)

HerYeis the di st afxre@dh eatrwe eln sgpteamd on coef f i

from atomic polarizabilities. These coeffic
bonding environimene¢e o€altihrg aftmentsor s deter m
exchaogeel ation function@l Yand the diampeéemns
functhatnh prevents oweameg<et iinmmattevioanctho fo nss htoy gi
expressed as:

QY e (2-3)
wheive s a reference distanceQtéoahb g@dgapamdsel
controlling the steepness of the damping f
By i ncor por atdenpge nednevnitr odninsepnetr s-oodercoetf msi
(¢ o)) and a refined damping function, it s
applicability of DFT for systems dominated

28Geometry optimizati on

The

res

The
nuc.
TTTw

al g

28. 1

geometry optimizationOYef ta myat emmzevi

pect to the Ygowwihtiicdiniasf gtilvennibgl: ei

| ED'Y (81)
gradient of Ot M®Yemeprgegs dutnc ttitoen,f or ces
| eTfihe goal of the optimization ©s to fin

o commonly used met hods fSotre egoeecsmie tdreys coep

orithm and conj.ugate gradient algorithm

Steepest descent (SD) method

Thedomet h°Fds a dDraseidemt gori thm which updates

pos

itions by moving in the direction the

4 2



di rect i odne sscteenetp eosft t he energy functi on.

The algorithm starts with ayn iammildt itbhket gues s

gradient of the energy:
O noY (B2)
At ead&h tsheppositions are updated as:
Y Y | O (33)

wheires the step sizdsamkefOmewWfYas.ceThveect or
al gorithmaeGa ap$ swiheh ow t he predefined thre

The SD method is simple and robust but oft e
| andscapes with narrow valleys or poorly s

282Conjugat e( @G)a dmeetnnto d
The CG 2ffermhfhroalves upon steepest descent by

directions are conjugate, avoiding redundart
The i nitial guessYiof GCG@Gemetttoad ci potsh e i ® ame
met hod. Tlhe sstodp asinzédy thealloinmgetdhearculm rgear f
direQtion
| AJCEDY | Q ( B-4)
The position and the gradient are then upd.
Y Y | O ( 35
O no'y ( B8-6)

The new sed)x cihs dadonmpcutieodh as s a combinati on

t he previous search direction:
Q O I Q ( B7)

whelres scal an hao e fefnisauireentconj ugsdd ye.t-cA ec o mme

Reeves :for mul a

(38)

The algorithmasgAQ eefr 51i haelt esv wihhent hreshol d. As
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preferred method in most modern DFT geome

applied in the following chapters.

28 Bul ay stress
Il n DFT, the basis set depends on the shape

incompl ete basic siewa v ef uaecsitcarmmnbger ttilfea cdlad c tf

l eading to an incorrect stress ont’hé* si mul
It results in the inaccurate of the opti mi
tot al ener gy anHla nddetghiev eRdu | paryo psetrrteisess .pr oper |

accurate and relsataibdre, geopnedcreal!|loyr teil mixvaa riioar

hig9hessure studies.

To mitigate the i Mfolmdbeanrogkeiroet Pol a@e)sgyes s
is required to guarantee the energy, force
desire accurac®., Btyhe ntasiasi 1@t tlhecomes mor

dependency of the basis SAet adr etrmneatdeviel waayr

with Pulay stress is applying consistent bz
cel | shape are allowed to rel ax. By mai nt
optimization, Pulay stress can be avoided

29Transi tion state

The transit’Pad'k® saat ctrd t(i ER) point on the pot
t hat correspodeds sadal i psitnt . |t represen
along the minimum energy reaction path ¢«
transition stwatei odne fd mersg yt hbeararciteir t hat mu

reaction to occur, which plays a fundament :

I n this thesis, we apply theNEB) mbiEéhgot mag:e
170 calcul at e meitehdad ainssigammplnoysadttea cal cul e

I n this approach, the reaction pathway i s ¢
the system's geometry). These i mages are ¢
"0 QY Y QY Y ( ®1)

whe®ies the spri iWg scarhset aantto,mi an@p o sTihtei otnr ucef
physicattfongcen each i mage is given by the
4 4



energy

O no'Y (®2)
The forces are decomposed into components
pat,h ai nmalniggn ot he i mages along the path and

mini mum energy pathway, @ e sapnedc tp e/i@dgn d iTchuel

components ar e expressed as:

'O 10'Y O t ( ®3)

"0 n0'Y O (®4)
The c¢climbing i mage, which corresponds to tt
specially. For this image, the spring forc

maxi mi ze the energy along the r eaicttiioomm pat
stat e:

O no'Y ¢noY o T (B®5)
21Analysis of the optimized geometry

2101 Vi bratioammd!l ygiegguency

Vi brational frequency anal y'$388t i behpsessen
whet her a structure is a true minimum on t
structure of a molecule or intermediate che
adsorption and interaction tmeexXmariismsnt glr oc
and all ows for pbentakoergyjoendbfopgroand f
which are essential for evalwatieng.reacti ol
We <calculated the vibrational frequenci es

intermedi ates at each sitTottefalnong tdhdé free & ni

was employed to compute the harmonic vibra:
di splacing each atom in tvhe ®Swyst emuly)atoma
the second derivative of the potenti al ene
the Hessian matri x. These <calcul ations we
pbential energy well to ensure accurate hal
To align the calculated vibrational freque
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accounted for t he anhar moni c nature of t h

vi brational frequencies correspond to an &
produces harmonic frequencies. To) awas es s
applied to the harmonic frequencies. Thi s
foll owing formul a

_ B 7 7B ] (4aa)
whelre i s Qdcal cul ated harmoni cAiv) bramndonal f
represents corresponding ex®dleyi mental fund

2.10.2 Bader atomic charge
Bader charge analysis is a computational m

materials by partitioning electrédhmiux dens

boundary condition. 't provides insights i
i ntcernans within a system, making it valua
studi es, especially for surface and adsor |
atomic charge is carribadedutal ggpr itthlem i inpv @

Henkel maph®°st8§r ou

The Bader met hod -filsuxb asswerdf aoche tchrei t Zzar @ n. l

divided into atomic basins such that:
n"i{ X 1 (aAe)

whetieis the electron ,dewhiidly iags @alsd uli atne
di mensionale¢gigsr itdhebyunDRT,nor mal vector to th
assigned to a specific "ait.ont hkey afl glolrdawihmg ttr

steepest ascent path from the firjdwhbocht wur

corresponds to the atomic nucl eus, and al |
define the atomic basin. After all grid pc
basi ns, the total el ectron denstihey Bvadehri n
charge:

0 "1 Qi (4 &)

whemreepresents the volume of the atomic ba:

i s performed over the assigned grid points
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2. 3Magneti c moment

To evaluate the |l ocaplbl magrnedi capcopeatioas,

within the collinear spin approximati on. T

reapace grid as the tot al charge density ar
a i wl sl (4 e1)

whetfvd anthsi representupt memeddomwipn ctharge densi

respeclTthieverhaggneti ¢ moment absocwag etdhevmt h

determined by integrating this smin densit:
0 CL Twl sl Qi (4 &)
wheres the Bohr magneton, representing the

The Bader partitioning was generated using
zef bux condii,ensnmring that each grid point
specific atomic region. The total magneti ze

al | atomic contributions.

For coppeg theCoWd@di nal spin state ddepends
el ectron confdtfgsr at icbose@uehel (3species anct
a negligible magnetidd momdmti,nswloinlee uGu@liIr
giving a spin only mpmentatoim appwexiemat dly
these ideal values can occur due to covale
bet weednW GGa nd pOr Bi t al s

2.4Density of states

I n periodic solid systems with a | arge num
|l evel s are so closely spaced that they for
(DOS) pl ot s provide a convenient way to
repmeiseg the number of electronic ¥tates a\
The DOS al so containsgrionfeartmat idemsalogutoft hs
and thesspived compondhtngd, domnbdcasonhe spaf

The PDOS i s particul arly i mportant for an
chemical bonding. Changes in the intensity
transfer and the nature of bonding, such a:
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Chap3kexploring the redox i
| ooMi | | er 1 ndex surfaces of

3.1 I ntroducti on

Understanding the surface structure and st
essenti al for evalwuating their reactivity
CuWhhas been widely studied for its¥™ulk el
13t s sdwerpfeancdee nt behaviour under different

|l ess well explored.

I n this chapter, we use density functional
el ectronic properdteixessuoff ag dnBWe d few @U WAt e t
thermodynamic stabilitypolfarv,aranodu ss ysninoe tcrhii
terminations and investigate how surface r ¢
di agrams are constructed tandadx mplacr € otmpe sii
on redox stability, with particular attent:
Wel 8o predict the equi lbbmndmoamysnoalpholomdger o
gaphase conditions. This work provides a t
the active sgarnfdactehseiaf |GCWKkWO y c orneliegwamatt i or

conditions.

3.Qomput ati onal met hods

Here, we describe the computational set up
t he bul kt mesrWwakle @am®del

3.2.1 DFT calcul ations

DFT calcul ations wereabhpeisniiottiad i wsi packiag e\
within the projector aWeg neemptl eody endB ut ehkee FPABW) d en
Ernzer hé¥¥ unRBE)onal t o i¢ orerae | atthieo ne xecnhear nggye
projector augmeh®dd vwmawnma | feortrheael icome st ates
O: [ He] , and C: [ He], as well as their inter

of the H atom was treated aldohabkencedamphaedg
48



w a used t oirnaondgeel Mame dleanfMBat sodint ephaneon

s
basis sets wer e uSheadm tvoa | eexnpcaen ids ft tfaht ee sk owgnt h o fa
0

40 eV. Al cafpoldlaat isemds wertd < mien magneti c
spin antiferromagnetic ali gmmgentayiem st méd 0Gu
[ 001] direction!®Whakse uBFRT+ U omeatchcoodu nt f or t
interaction and to i mprove the dssdcriptio

Coul omberr%cearinornwas tested between 3 and 10
we found Utitga 7. Whewe fobt &€iun t he best descri
parameters andasWwiatnd mappodt CtudVOt he exper i me

i ndicat d&dotriraetcttilmen i s not needed fdor the V
el ectrons wupon sf oFoma ttihoen coafl cQuIVdG i ons of th
a triclinic primitive WXt ovélilchcwasai miteg
the reciprocal Uspateedi %h 3phodi Aribligss. luesefd K h e
conjugate gr a%ioe nftusl layl groerliatxh mal | structur e:
atom were |l ess than 0.01 eV/ and ithe ener
consistent |l oop®eVYeps was below 1110

3.2.2 surface phase diagr ams

We have used the dipol?8ft onetc st puotpotsted $Huy
model s fsorTIKCiusNOmet hod considers the crystal
that no dipole moment or surface charge exi
met hod for polar solids considers three ty

net cahsartgheey are composed of <cations and a

makes the-podrafracd nndrype 2, the dipol e mome
cancell edl wyehi aymmet8i c stacking sequence
of formula wunits. Il n type 3, there is a di
to t hsey mmen ri cal stacking of alternating c
number of formula units. We rre@odmst rswatfead ecs
by moving half of the ions with the same cfFt

The dipole method also ensures thaltabhe el e

and the potenti al at each i on site becomes

We have modell ed the i#8nl dathed tmo 4 @ ClOsg atier
andCOn amp8iB8Bb8ic boxgpotas sampl ede
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An | mpr olveededgraldgori thm was used to obtai:t
charges and the at!dmitte mawgnétifanmoment s .def
mi ni mum ther modynamic energy required to re
(0 ) at tsbear CatvVv® t o t e )vyacwam ¢c¢avell gt ed

foll owin?d®equation

O (0] (21)
To create all seven surfaces, we empl oyed
METADI SE P’&§ok anpelel the pristine as well a
partially oxidised surfaces, we found that
25% of the atomic | ayers were fixed at t hei

t he at omiecr eplaalnleoswew t o relax to obtain a
introduced a 10 deep vacuum perpendicul ar
To mpae the Brillouin zone, we tRacked and
me s %@ dli-centpednks, depeMdingronnBem twef ac
(001), (011), and 1( &@1®Kp osiunrtf arceessh,, wweh iu see df oc
and (111) suo foa&pavientusgrdi d. The (010) sur
usimgt apkpoi nt mesh, whereas fworttpgke (100)
point mesh. The tetrahedr dhvamse tihsoedd wfidrh tB

geometry optimisations and to obtain accur

The surface ener dgi)esanaf ateH e xsalta bosn 2Bikafso rdee f (i
o — (22)
ro— ( 23)

whe®,eO,0Orepresent the ener gireesl aoxfe d hsel aubn,r eal ne
formula unit inAtkerkesgskkisreésdnpeassctihicamp mbree .

of formula units in the surface 283 ab. The
Y — (=24)

The relaxation of the i erplanar distance

A — (25)
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whe@@an@d@represent the distan®en@®tpwenen t he

the relaxed surface model and bul k, respecHt

3.3 Resul't and discussion

3.3.1 Bulk properties of CuWO

The conventional t rsi cwWhincle comnt aicred |t wd fCa
shown i 831Fi gTluff'een 8XfoMat i ons are stamibomsied b
forming sther eaam@e®Ot ahedr allel Tlree XdhHrect bre
Cu QQadr bital degeneracypsymmatinty ngnd ndit hteort tr
Cudoctahedr a. Due to sbhbhéealOedsrhaaraingo umee rw
di stortion. We found in our opaxyrgendbosnd uc
| engths range from kod®thdhddbr & . a8#MB firom I .heE
i i ne. Wi gurel shows the four inequisaval ent (
O1 and 02 ar e?'ddtnikerds taoh'davwoi eCupngwki We O3 an
connectef'cabi bwe Wit ad i oinngl e Cu

Fi gu3lePo3l yhedr al model sodnttéienitmrg ctlwamifco rCmu

The symmetrically inequivalent O atoms are

bl ue, W atoms are in grey, and O at
Tab33d summari ses the structural,, edectroni
The calculated | attice parameters agree ve
deviation fThenatyori. %Bader charges for Cu
as 1.244;1.200838904 jarnedspectively, i.e. | ower t
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the ions which is usual in the Bader metho
is 0AD8§1 which correppandbetbran@gbonfigu
This result is in good agreement with botlt
esti mM&EiMes observed relatively ‘sh®l if omagneti
Otand Owhich can be explained by the hybrid

orbital, which enhances the magnetic momen:

Tabl3d. 3Latti ceabpama,teltatrtdl i(@ndpantgd neisc (Bader
charqqesatomic magnpefioc mbmebus k( phase of

Properties This work Previous works

a 4.69 4,692

b 5.83 5.83%

c 4.90 4.88%

U 91.69 91.64%

b 92.22 92.41%

9 83.89 82.912
qCu) (QFA Q) i 1.24 1.17231%6
qw) (QTA OT i 2.90 2.90%126
qO) (QFAOT | 11.04 [ 1.37%81%
G (Cu¢ TAOT i 0.78 0.74%
a O¢ TAOT | 0.03 0.068%

The density of wutatebowbhI32n 6TTheCowvdEO ence ba
mai nly composed of O 2p states mixed with
and 1714 eV. The conduction band, which I|ies
Cu 3d states mixed with O-s2pgoaplr@mhl arl essp wingdi 0
separates the occupsteat efsr,onr etshuel teimmpgt yi nCua 3l

which agrees wit’i! previous studies.
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10 F i _CUSd_
trg + e —— W 5d
— O 2P |1
T

PDOS(states/eV)
o

|
(6]

-10 -

E-E-(eV)

Figu3¥2e PBrojected density of stad4gewi (ADOS)
t he Fer mi l evel i ndAecated by a dash

3.3.2 Pristineg surface of CuWO
We used METADI SE ttmol albbt aisny mmeér inconand s

terminati ons ofs utrhfeacpersi.s tBiansee dCuowO t he di pol

we divided the surfaces into two groups, I
(001) and (010) facets, and the Tasker typ
have calcul anedgyheasomfac®8ader charge, ma

function for each sl ab 388d tabul ated the r

TablI3® 3Surfatkp, eacomiyc (PBadevagantedd e mo ment
work fupectaond Yelaxathent ol @aos siybmmetmort ¢
stoichiometric ter miMiatlieorn si nodfe xeasascuhr fparcies tc
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Surface Termination [ (A &v ) AATAOD | aCmop A B Y (%)
Cu w @] Cu w
001 (O2)1 0.073 125 228 -1.02 0.81 0.01 6.11 38
(02)2 0.065 123 281 -1.01 -0.77 0.01 6.80 64
010 CuG 0.036 125 289 -1.03 -0.80 -0.01 6.95 33
WO, 0.044 124 280 -1.01 0.75 0.01 8.27 66
011 WO, 0.098 120 278 -099 0.72 0.003 8.77 64
CuG 0.062 121 2.87 -1.02 0.77 0.02 6.51 41
100 Cu 0.068 1.17 2.88 -1.02 0.76 0.001 6.52 42
W 0.195 120 253 -093 -0.69 0.58 6.80 39
101 (CuWQy)1 0.064 1.18 2.80 -1.00 0.57 -0.02 8.91 72
(CuWwQy)2 0.102 1.20 2.80 -1.00 -0.63 0.01 6.41 42
110 (CuwQ), 0.069 121 281 -1.01 -0.65 0.01 8.19 64
(CuwQy): 0.058 1.25 284 -1.02 -0.79 0.001 6.56 54
111 CwW-20, 0.108 1.14 276 -0.97 -0.39 0.01 5.82 58
Os 0.069 122 280 -1.00 -0.81 0.01 4.58 61
Fi g3#33 di splays the side views, alongside

of t he

i nterplanar

and

(0
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Figu33 B8Left and middle panels) Side views
interplanar distanep®ed aof Shemewoi gosainbdl s
terminations for the Tasker type 1 (101) a
Cu, W, atammms Oare represented in colours blu

stacking sequence of each termination i

The (101) surface, whi cpholiasr Tsaysrhreat rtiycp et elr,r
(CuWand (LHLuW@hich are comsthrageres Wwiyt H{ CaM
di fferent struct u¥38s, Cas hdae phtovicaesdiaink IhFairsgu r e
one dangling bond iJ)n twhe rtearsmiWh eltadsmo adtsw(oC udVED

and Cu has one dangl i ngas2bohkfdt e m rtédleast atrimod mg
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t hat only t\W&ltbpwmest i €upull ed 8.64% i nw:

octahedral coordi natsg2onForn tteerrmmi)pnaattiiroen ((C
t opmosW-O-2Cul ayer moves 17.77% outwards t o
coordinatisonf aW-®8 CaabV-OQu pl anes are pull ed
1.25% towards the surface. The <calcul ated

moments f ompotlhaer ttweor mionati ons of the (101)
Our result suggesetsattohmaitc tBhaed ecrh acnhgaersg eisn otfh
in both termi natAiZ7AOkifarea Ireed sa xtahta no n0 .cOolmp ar
counterpart, Il ndicating that the i1 onic cha
(101) surface. HR)ar ttheer nmanganteitanc (MdDuEMt s c al
W were 00502ZA0rnd respectively. sporwe efranimdat i
that the magnetic mdnfA@tliafrgrer Ca hias onl y e®
(CuWO but aligned in the opposite-directd.i
magnetic. Although the work f grictiBb6mlobt ai
small er than f o4, ttelremifnaartmeorn i(sCuiWOnor ed i n

due to its | arger surface energy, which i n

The (001) sur face, whi c h -piod af asaknedr styynpnee t
termi nagtandp)s( Gtd®at are compWsaddo©O adlhtyer satw
bot h -awwnadredi nated Cu and W having &3single d
3. After relaxsmushows BebfbmOdé&t i awa(® moveme
negativelyd thageged wdBi ch experiences Coul on
sudbur f aw-2 Cayer. We foundW-2 handd tiGaeg efr sl Imowier
4. 8% inwards and 24 .ddue otuot wahred sC o url eosnpbe cattitvre
them. 4THeay@r is pulled 6.6% inward because
from WHe |GQwer . Fodp ttelrenitdap mosetr (s pushed
by 35.6% to maint anat itchre. olch eWifeahl 6d wi@nogo r @u
|l ayers move 16.3% inwards and 8. 1% outwar
attraction between these | ayers. The el ec
summar i s e3B-2i.n ATdlelre r e b)atxeartmionna toifont,hewve( @ oun
atomic Bader char gebSTAOhfdonrg et Hoep ownddsesrat Bdn CQ
W, and O, whereas the magnetic moments for
« TAOI, Il respectively. Our calculations sugges

W, and O do not change signifidxpanwWd yf cafntder
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that the magnetic moments for Cu and W site
“ TAOI, I respecti vebnhasTear nsilniaghitolny (IGA%er wor k
compared toJielABi,namidocat®ng that it requi i

the | oosest held electron duri £ g spmhomttocat
considered for further analysis due to i1ts
its |l ack of stability.

The (010) surface, which is a Tasker type
and WOt hat are construokgdehr oomxadlit beagat sng(
(W, sed83FigGuehas two dangling whenmdcsasi Wt
and Cu have one dangl i ng blonn dt eeragihnvagn otne r\
found a | arge 20.18% outward relaxation an
topmost posidilveélayechamngedhWw-O2e gssuthi vad ¢ ¢ h«
pl ane, Iresspentiovaer to maintain the bulk
relaxation, t he topmO8t | aggatiivnel iy e rcnhianragte
undergoes a 9.63% inward relaxation to mai |
foll owing posO#ti veVYgrchargedh®&d by 2. 02% t ¢
o the Coul omb aQ-3 rlaacytero.n Twhiet hc atlhceu |ICaut ed a't

—+

and magnetic momentgoofarthertmvmapoodnisblod
i $isted 3B3hA. TaAabkeatomic Bader <charges for
terminations remain very similar compar ed
charact esdooefs GuowO change at the (010) surfa
moment s for Cu, although oriented in opp:
ter mi naitihoann QGunO t ey mwhat eanr WBe magnetic m

essentially the same. The cal gaundaiseéle wor k |
6. 945 aka Be@LB&ct i vaetleys, twhhaitc ht hien dfiocr mer i s
the | atter and is able to provide more easi
processes. Thuyuss nher mcoasi oer & f or furthert

surface energy and work function.

The side views and the relaxation of t he i n
(100) , (110), and (111) sl abs, whi&h are T:¢
34 .
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Figu34e BLeft and middle panel s) Side view
i nterplanar distances of-pphart weypmpmesrtr bte
stoichiometric terminations for the Taske
surfaceandCQ,atWoms are represented in co
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respectively. The stacking sequence of =eac
Vi ew.

The (011) surface, whic-poliar asymmkeri typer ¢
W0oandO£u which are reconstructed by moving
topmost | ayer to the bottd®¥ .ofTwitohda egslma,ata
are possible due to t hG) adndr(nCay exrgs sdlaacrkg
[ 011] direction, characterised by exposed
We found that the to@inolsay gro sa ftOieerlvingi srcehtair @re
27 99 @ut wards during relaxation tourkfeeepe it s
negativel YO2cHaryged mMdowes by 14.80% towards
Coul omb attr a@l iloamy  m.om nOhteetrhe ntaa p noons tCun e g
charge#d KCayer undergoes a 12.78% inward r el
bonds aim to increase their coordination n
O3 | ayer moves by 4.01% t omaradtst rtahcet isaumr ffarcc
CuO-2 | ayer above. The atomic Bader eharges
pol ar terminat i oinksi sotfe d3Bée&n. (T@ibll)er e sufl d se sug

the 1onic character does ne o r fcahcaen,g es innocte ¢
di fferences in the atomic Bader charges be
|l ayer and the bul k are negligible. We founct
termi nararoem Llui ghtly | ar g@&r Trhhenwarnk tfeu ma tni
t er mi ngopiisonB6Couvhi c AGinmsal2.er6 t h aW.0i. n Tthairsmi n a't
termi €axi  nsel ected for the following anal

energy and work function.

The (100) sur face, which is al sopal arrecons
terminations, i . e. Cu and W that are ter mi
bonds alternating W34h Boildl ayer i nateieo nFi \Y,u
positively ¢ygreged sWpulled inwards by 36.
negativel- Ichywemgemdowes by 36.66% towards th

the octahedr al coordinlatlraynebofvet h&8hat d md |
positiveCy3 dhaayregedmoves inwards by 3.41% d
attractioh Ifayer thel Ow. I n termination Cu,
Cud3 | ayer suffers a 66.62% relaxation inwar
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the sub<gumflane, Owhi ch moves outwards by or
charges and magneti @omamerites mfi omratti foen st wd
i sted 332. Tahkeatomic Bader charges of t
rminations only AdARQidiggeg i myy Ired saxtahdmonQ. G
e ionic character does not change for th
rmination Cu, the ma@Citiivwhimomeing lodr ¢Ceur

0. 6FAO0Iliin termination W However, the magne

—
() > @D &

Cu is* PAOOL ndi cat i-nmagg niett itco, baen dnosnmal | er t h.
W. The work functionAefwhieaWeGimsmtid.eml Chains f
termination W, suggesting that the former s
Thus, termination W is not considered furt!

surface energy and work function.

The (110) surface, which i spal darasker mitiyatei
(CuW@nd (HLUWOhi ch are ter mipWw@sj ednt wu( €UWOr n:
|l ayers, as I3Howmuirn meidgedrse i ndi cate that th
have two dangling bonds etaltéh.t-Wiohd etay@unat i
moves outwards by 10.06% to keep the octah
the other planes changed their interplanar
(CuWO the t-W®BbayelCumoves by 14.01% towar d:
the octahedr al coordisatrifiawWe@dfCuahwher casi posb
outwards by 11. 80®ttdaeti o A N-Ghe ol@eoyWehre mdchuo v e
The atomic Bader charges ampdlmagnetrimi nmd meot
the (110) sur f3a3e Ourl iretsaid tisn sThaobM @ hat t he
of the two terminat  AdhGiuipbangel hxatéoss tham
the bul k, indicating that the ionic charac
surface. Our results suggest tHLtuMWOhe magn
despite its orientation, giwdhiscmhmal Isemotr eamaign
However, t he magmdttihougdmentisnafedW,i n oppos:s
essentially the same. Th€uWaank f(UmNé ons o
8.19 aAe@, 6r &Hpektdn ovee,l yt er daii satnioan co@usWder e

further analysis due to its | arge surface

The (111) s urpfoalcaer htaesr Mp@peantdsoo@t s aCu ar e t er mi

by t hv0) Cuayer of mixed cations and the O I
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exposed Cu and W in the topmost334aykns of
ter mi naM@,0nt Caw negat-2 vieadyechmoges ®©Out war ds
all ow the c-8tOtlondsayefr ttlhbe mau nt ain the octah
bul k, which in turn are pull edurhaWg €868. 41¢
O3 layer MmMdpedudyt .t he | ower o dlagmlr . atTthrea
negativel-¥4 kchwpegedsOpushed outwards by 4. 4
attmadtriomWOBel @Gyer above,. Wea fteumd ntalt a to nt e
negativel- lchapegemowWes slightly towards t he
chargedur $ a-ivé®©-3 Cl ayer undergoes a 20.80% o
mai ntain the octahedr al cogr biecami og cf osk
the tofgmbaye®O, which is pulled inwards by
attracti o-W-Of3r d myterem@Giwhees Oby 20. 98% t owar ds
foll owiaelgy pols @5 d &Cwuer i s then pulled 4. 28
Coul omb attraktliaoyerf raoabhoven.e TOhe atomi c Bade
moments opobathteomi nati &823. aNeglliigitlelde i ah :
in the atomic Bader charges of both term
suggesting that the i onic character does n
the direction of orientati ah]j @nsh & anraggenre ttihca
in ter mpA\r@t i HooweCwer , t he magneti c moments o
are the negmé gadimée wor k f unctAidom tier nbi.n8a2t i aom
CuW0and, Orespectively, whiehminditedt ssrtflaat
more reactive. giThusel eaectrend nfadi omhe®© f ol | owi

the relatively smaller surface energy and

3.3.3 Redox preperties of CuWO

Her e, we anal yse t he redox properties of
terminations of each pristine surface. Oxy
exposed cations with dangling bonds in eac

oxi dattihont,hewimaxi mum number of oxygen atom

number of the dangling bonds present on t hi

oxygen atoms were selectively removed only

The entiwassfoubtyurel axed for each degree o

and the atomic configuration with the | owe

the surface with the next coverage of O ¢
61



properties, i ncl udin)ngamd oma gn ddta)dcef ronioc rheaar tglse s |
oxygen cooverfagwheé(l eEowi ndex surfac3&8, are pr
whereas the suj)jfaaadf wee ke fee rdgypii@rn ed i n Fi
The surface free energy of ahe partially

(» ) surf aces at 0 K are defined as:
re— (31)
I 6 —— (32)

whed e-i s the coverage of oxygen vacancies (

oxygen adatoms (when positive); n represeil
oxygen ®dan@nesr.e the energies of the parti
reduced surf a@ad ssltehles ,e nehrgryead t he oxygen
DFT.

TabI38AB3omi c Badigr acdasge® (maig)neafi cs umofnmeecne

Cu and W atoms in the-Midpmastx Isaydracaefs @l

di fferent ox(Yygedenooesr apesn@mber éof oxygen

mMm or remveedl@tive to the stoichiometric

magnetic moment values correspond to the
modi fied oxygen sites.

6 2



qATAOIT | G @ TAOI |

Surface / Cylr 1) cu W o) cu W

2 74 1.18 2.81 -0.89 0.71 0.02

(001) 1 3.7 1.23 2.82 -0.95 0.78 0.01
1 -3.7 0.96 2.76 -0.99 0.00 0.00

-2 7.4 0.83 2.63 -099 -001 -0.66

2 8.8 1.25 2.89 -0.92 0.67 0.01

(010) 1 4.4 1.24 2.89 -0.97 0.40 0.02
-1 4.4 0.99 2.81 -1.02 0.00 0.00

-2 -8.8 0.89 2.64 -1.01 0.01 -2.37

3 84 1.24 2.87 -094  -0.77 0.00

2 5.6 1.22 2.87 -096 -076 -0.09

(011) 1 2.8 1.24 2.87 -1.00 -071 -0.04
-1 -2.8 111 2.85 -1.02 0.00 -0.01

-2 5.6 0.98 2.81 -1.01 0.00 0.00

-3 -8.4 0.93 2.67 -0.99 0.06 0.00

3 105 1.17 2.87 -0.85 -062 -0.01

2 7.0 1.12 2.87 -089 -0.74 0.00

(100) 1 35 1.14 2.87 -094 071 0.00
-1 -35 0.95 2.81 -1.00 0.00 -0.32

-2 -7.0 0.84 2.68 -1.01 0.00 -0.05

-3 -10.5 0.74 2.53 -1.01 0.01 -0.01

4 10.0 0.63 241 -1.01 0.00 0.06

3 75 1.23 2.80 -0.92 0.71 0.02

2 5.0 1.18 2.79 -0.93 -0.70 0.03

(101) 1 25 1.20 2.81 -0.97 0.67 0.00
-1 25 1.12 2.77 -1.00 -005 -0.04

-2 -5.0 0.98 2.70 -0.98 -007 -0.12

-3 -75 0.98 2.63 -1.00 0.92 -1.76

-4 -10.0 0.91 2.58 -1.00 0.00 -0.28

4 11.6 1.25 2.85 -0.91 0.75 0.07

3 8.7 1.24 2.84 -0.93 0.69 0.00

2 5.8 1.25 2.84 -096 -0.72 -0.02

(110) 1 29 121 2.83 -0.98 2.73 0.05
-1 -2.9 117 2.76 -1.01 -010 -0.23

-2 5.8 1.10 2.71 -1.02 -003 -0.68

-3 -8.7 0.96 2.71 -1.01 -0.05 0.31

-4 -11.6 0.92 2.62 -1.01 -008 -0.24

3 6.6 1.22 2.80 -092 081 0.00

2 4.4 1.23 2.79 -095 -0.73 0.03

(111) 1 2.2 1.22 2.80 -0.97 0.80 0.74
-1 2.2 1.07 2.79 -1.00 0.00 0.00

-2 4.4 1.01 2.72 -1.00 0.00 0.01

-3 -6.6 0.92 2.63 -098 -004 -0.21
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Figu3be Surfacelatee Knelgft [ d)arn(dg wto)r kf ofru n c
each coverage of O adatdMm$l|l andi @deacanci a:
CuWO The coverages of the O -padiasbobimse asdr Oa
are noted on the axes in the figures by p

We found that the atomic Bader charges exhi
Aadduring oxidation, which closely correspon
relaxation. However, during reduction, the
in each surface as O vacancies arar create:q

calcul ations show that the magnetic moment
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withimAOlulpon surface oxidation for most co
during reduction the magnetic moment of Cu
vacancies. I n contrast, W becomes magnetic
(110), andaddd.l) Tsee substanti al changes 1in
cations can be attributed to significant

reducti on.

Fi gB83%% shows the surface free energy at 0

coverage of O adatoms and vacancies in the
the pristine surfaces exhibit the | owest
oXi di sesd gseunrefraaclel y have small er surface fre

indicating that the former are ther modynam

Our estimated surface free A@Gveirgybotmhrehse
partially oxidized and reduced (001) surfa
6. Bd or the surface with a/lcdov.erlmen odarQ ia
oxidation and reduction, the surface free
approxi madvel yThOe. 9o0xi di zed surface has a wor
Ae, indicating a | ow photocatalytic react.i
coverage of OQlviapassiesesesfthedl owhsst wor k
I n the (011) facet, the sSABv ffaoacge clovea agreesr @)
adatoms rangitngt anomf 6rtooB8edages of O vac:
8.4 /tid .0 The work function decreases with
partially reduced surfaces, Atibtthai tnkea If owe s
vacancy cokleirageé noft h®. § 100) surface, a sig
free energy is observed when two or more O
surface free energy of the redutédi ssurface
calcul athkdav at i@ad8tating a substanti al str
movement of Cu in the topmostAf@ayarc.hi®he dl ¢
when the partially reduced (100YyTs$urface h:
I n the (101) facet, the sAdvffaccre a nrye ec oevneerrag
of O adatoms or O vacancies,Adasmndatithaei fdedvefs
the partially oxidised surf/ldde. win ht lme c(olvlel

surface, the | owesh6 swookt diumedi bor of h8. g &
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surface with a cover/algie ,ofd eC pviacea nhca veisn go ft
surface fred@deneFigyalolfy,0.i4m the (111) pl an

remains B&I 6wr0alb the coverages of O adat

in this work, with the pristine surface sh

Ae

3.4 surface phase diagr ams
3.3.4.1 Surface pbhaocmerdidtiiagmsams under O

The redox pr ocegessusrefsa coefsc ouhndd eGu s can be de

the following chemical reactions:
#Or -1 #0Or1 ( 3-3)
#Or #0Ov -/ (34)
Based on these reactions, and assuming ide
the partiagl 'Wyj)oaindi padtfj aMiyy CewWOctdcé¢s
are calculated using the following equatio
. - A oA
, W18 -Y'vh/ (85)
. W16 - NN Y. ( 36)

whet®/ is the |l ogarithm efy 'tfihe spatrhtei aeln tprroeps
of oxygen mol ecul i snt hbaet e trreedpartedsresnit asa stdh

ideal gas constant.

The surface face diagrams under oXxygen con
based on the atomic configurations with | o\
335 and-3&q Bhe 2D surface phadiemediisa gornaams
projncantoo the plane forimegd bfy the 3IBmper

phase diagr ais ,f osreeanFiguampl e. To provide
convenient representation, 2D projections
a function of temperature and partial pr e

properties of eamnh Fsubaecdheazcsushessn bet we
intersecting energy surfaces represent the

parti al reducti on olrt oixd dwdrn tom rmdt ierag ht saitr
6 6



range of temperatures and environment al C
exceeding typical experi ment al or i ndustri

thermodynamic trends in the construction o

The (001) surface remains pristine when t
temperature increases, the surface undergo
parti al p.r eWhséuit/ e i sf | @rger than 17 and the
600 K, the surface begins to oklidizeas with
shown in the red r36a@i,on ndhavart iing Eihguraed sdr
oxygen atom at our computaitiim@nabnsiabe A9
increase to 1400K and 22, respedtiilviely, the
corresponding to the adsorption of two 0XY(
undergoes reduction when thilg/t émpedredtowr & i
as shown in the gree3bar edgihen colvewragien oFi ¢u
3./11 when one oxygen atom is removed fron
11fg/ decreasdsabel owe temperature is above
vacancies bieilcodnees t70. 4t he | oss of t wo oxyd
simulation cell. For all other conditions,

the blue region-3@asplayed in Figure 3
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noted in the figures with positive and

The (010) surface was found to remain pris
anildirg/ is above T4, as depicted -B§bthhRsblue
the temperat Ui idieccrreecaasseess athod 1000 K and T 4
surface undergoes reduction/Wwith as sdhweaevnag
in the green r egi-36nb.diVehpelna ytehde itne nipiegruarteu r3e
anidirg/ is below 19, the coveragélbf, O vaca
corresponding to the | oss of two oxygen a
simul ations suggest t hat the (010) surfac
conditions considered in this study, since
Cd*cations, which are therefore inaccessib
oxygen, as di 8fbleysdd icrarRFiigeudr @ou under ext |
that the (010) surface ld&itoimesl pragdri atlHan of
shown iA2 Figure

We found that the (011) surface al ways r emz¢
than 600 K and only oxidize/siliwwhenathever
temper altiug/e aamd above 1400 K and 22, respec
red regio®6o0of FThgu¢(@lB) surface undergoes |
O vacancilkebk whfen5.tthe temperat uirieg/i ss above

| ower than 3, asc od ompir etde o eig&b6ocn.h e TnhcefFasguurfea c

becomes fully reduced with /&I cwheenr atglee of
temperature isllapove uBPEiKdaodting the | c
oxygen atoms from our computational sl ab,
3-3-6 C .

Our calcul ations suggest t hat the (100) S
oxygen atoms at any tempeil &iCuries farboorv el 0104 ,K
resulting in a partially oxiditzked,h suwmrsface
shown in the oraf3i-ge. r@¥gi dind ofotFi giumeé &vi de
oxidation equivalent to three oxygen adat
adat oms/ loif, 19i Bce the oxygen atoms tend to
than adsorbi‘ngt iommo The @CLOO0O) surface star:t
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of O wvacan/kliilesatof508. 3Kiffwhdecreases bel ow
corresponding to |l osing one oxygen atom fro
in the green -36d.i olhheofs urifgaucree I3o0ses a furt
when the temperaturlelf/si abodéowrledPekt andl
resulting in a fully reduced s/irifacaswith

depicted in the p36rdpl e region of Figure 3

The (101) surface stays pristine when the
temperature above 300 K reduces the surf at
/T1 whenrig/ is below 8, as shown i-®6et.he gre
|l ncreasing the temperatulrief/ abevew 1160 Kulaln
reduces the (101) surfacel/itlo,aasodepageedf
the purple region of Figure 6e. We found t
coverage of Oladwmhemst lod Reldp@r amereaaerd

above 600 K and 18, respecti i@/l yabdwer eas:i
1000 K and 21 results in a |argéd ,coverag:¢
corresponding to the adsorption of three o

represented in the3&ell ow region of Figure

For the (110) surface, our results suggest

O adatomd odecgi.Ms at any temperature betwe

1Tfg/ is above 14, as shown -36nf .t hWi tohr aanng e nrcer
in temperddigurteo add0 K and 17, respecti vel
undergoes partial oxidizat/ilidn, tcoorar e&esop/err digre
to the adsorption of three oxygen atoms 1in

the tempdrdit uatkovaend1900 K and 24, the equi
adatoms i nc/rielaseseswol tliln® in the complete
with the adsorption of four oxygen adat oms
region coloured i nR36dar Kl heelsluow aicre Eihgwr e el
the tempdrigfudecramalse si multaneously. When
1Trg/ decrease below 900 K and 13, respectiyv
reduced with a coveradge oafs G hvoancna nicni etsh eo fv i
of Fi-Zeufr.e 3

We found that the (111) surface can only b
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6./6l i whelnifg/ is above 14, corresponding to
oxygen atoms in our simulation ce&¥6lg, as sh
Decrelalsift/ng o 75, stabilises the pristine su
of Fi-3oug.e Beduction of the surfaklel to a cov
is favoured when the tidmperatheleows7 abayedé
in the green region ofl ARf/lgureereéaseWe bfed wnvd
the (111) surface becomes fully /ddduced wit
corresponding to the creation of three oxy
il lTustrated in th&86gurple region of Figure

OQur results suggesti ntdheaxt saumd nage easl,| tlhoew pMiilsl
is thermodynamically the most stabl e pl ane
ABv within the widest range of 2t eansp esrhaotwnr d sn
Fi gu36e ®n the other hand, the pristine (111
range of temperaturx &dad phetiawepteswsunkef
A@ndt hes most chemically react i-Miel Ise/rs tiemd ex |

surfaces,-38ee Figure 3
3.3.4.2 Surface pbOdsondiagirams under H

From a practical point of view, t he water
gas phase than in solution, since the form
0. 3&61) for the adsorption of t he water mo
corrosion of the <catalyst, and it has sm
photot her?maPh’et/f ewt 8f these benefits, we d
surface phase d-Magtemsi hdexeasaobdéhowgasf plasisy
conditions for the water splitting process

The reaction between gas phassarwatcers amd b

represented as foll ows:
#0O1r &/ Cc #Or7 ¢( C (37)
#0r & ¢ #O7 e( /1 C (38)

The surface freeneéearcrrgaesplhds€uwdt er spl it
oxidjsei) (and reduceldn)suweraec ecsal(cul at ed, as

gas behaviour, using the following equati ol
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~ ) w ~

I y0 N Sl
(39)

S £ T yo ¥ Y N s
(310)

whelrle— is the logarithm of r aii canglf Ht he

YO is the energy Hand@Hemem toere wWBEM cal ct
y Y ") represents the entHh@paymndiHfiebamce
based on ther Mddhyn Knmiidee att ehbglaess ,const ant . We

entropi@s amwmdcaicul at ed at di fferent t empe
ther mod¥yamictbsare in good agreement with ¢t
500 and 200®3K, see Figure

On the (001) surface, reduction begins at
of /3.i7at any tempéd+watiug ebemheenen 1 and 5, &
Fi gu37ea.3 Further increasingl i-Ge ttoe n2pedr akt ur €

and 1, respectivel vy, fully reduces the sur

~

/T1T , shotvwne apsur ple region in Figure 7a. We

a coverage of/ 10l acatuams adf a3l.tiaxmpaebavear e an

750 K and 13, respectliivgt+wborer 1®&00e ip eamalt

respectively, the cover algilel of cO radcastpomsiinr

complete oxidation with the adsorption of
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pristine surfaces are noted in the figur
respectively.

We found that the (010) surface undergoes

vacancilelsi whesa. 4 he temperatiurrg—eéscodbed w200

10, as depi8Tked A tFhgutremmBer atlulr-@—i ncr eas e

decreases to 11, the surface becomes full
vacancilelsi pfag$.8hown in th237cya@nrggone | ay
of partial oxidation app€atas ewlhern ht méd otvemp
K and 17, respectively, resbullitinggqunval emv e

to complete oxidation after adsorption of

orange col our33#7égion in Figure

A | arge region is predicted for the partia

coverage of Qliviacaamsikespiodt €d3-8i7cn. gTheee n( G Inl )F
surface | oses anot h-€6+i ®ax ybged o wa t2o0m cwhrere s p o
coverage of O lviacanthesea$i Bg6the temperat

decr elaisg+nlgel ow 71, increases thdlidoverage

(@)

indicating complete reduction after our si
one level of partial oxidatiohllappehes, at
the tempdrisgtdare amllove 800 K and 11, as il
region ®F7cFigure

The (100) surface undergoes partial reduct
/[T1T at any temgddi#atius ebemhweenen 1 and 6, rep
green r egqgi38nm.ofl nkcirgeuarsea ng t he temperature a

IlTe—below 6 fully reduces the surface, res

1411, corresponding to |losing four oxygen

found that the (100) surface stalritis to oxic

when the telmp@+atrer abaveé 700 K and 11, re
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increasing the t eimp@+ratourle5,t oo xl0dd ke sandce

with a coverage pbifi @fadat ome afdsd®pbi on o

atoms in our simul ation cel |

Our results suggest t hat the (101) surfac

coverage of Of/lvia@danaings tefmp2rature bet ween

whelnilc—i s between 1 and 7, show®37as the g

l ncreasing the temperatulriee—abelvew2%0 Kulaln

reduces the (101) surface /Wilt,h cao rcroevseproangdei

to four oxygen vacancies in our simulation

of O adat bmsowmdurs 5when t Hd-Geanperalduve AaMA

K and 13, respectively. Fur+hetro iabcawe s iy

K and 14, fully oxidizes the sufdfilace with
corresponding to the adsorption of three o0:°

the yell ow B8&Z%i.on in Figure
Our calcul ations indicate that the (110)
temperature isliaGoves D@0 ow andwhich corre

compl ete reduction of the (110) surface, w
coverage of O/Vhcarmdioensn dfn 11ln.e6 p3B7fp.l e r egi
We found that partial oxidation of the (11

5./81 , occurs when Itihge—areenpabaveaeré0a@ndk ar
respectivel y. | ncrealsli-Grg abhbhee t 20n® e rkataim e
respectively, |l eads to partial oxidation of
of /8.17, corresponding to the adsorption of

The surface becomes completely oxidized w

~

/T1T when the temp€raaueel anger than 1100
respectively, shown as 3t3fife. dark yell ow regi
The (111) surface undergoes partial reduct
/[TT whdn-€—is between 1 and 7, as s3hown in
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379. Whie@—decreases below 1, the (111) sur

coverage of O/iviacacoresspbnéi g to three o
our simulation cel . Our results show that

6./61 1 , Dbecomes thermodynamically stable

] T-c—are above 600 K and 10, respectively,
three oxygen atoms in the simulation cell

We foundQ/banvithhenment facilitateszcirseducti o
an oxidising2lehgena,swhemgamseduci ng charact
the (010) and (110) surfaces, the remainin
bet ween 100 and 2000 K, w@ damd rienl ecvoannttr apsat
the surface phasoendditagornasm sthmodwesr that t he (0

when both thelit@mprcaedr2@8dK and 17. Howe

suggest that it i's dsufif aclkdblirdaax Hd ione |, t

unl ess a high Paandabkl pvasedreempeHatures
3.3.4.3 Surface phaAa€® doadr amensnder CO

The interactameh OGOt wetalmutClbac@sWOan be descr

foll owing chemical reacti ons:
#0O1r &t#/1 ¢ #0OT7 g# /1 C (39)
#0O1r t#/C #0O7T g#/l C (310)

The surface free ener,gyYof tama parttiiallll y
(b, “YM) CwWoOrfaces under Jrleaeucdndint iamms CfOo 0 x

were determined as foll ows:
., Y 1 06 YO "W YY) YV
(311)
., Y 1 06 YO "W YY) YV —
(312)

whelrle— i s the |l ogarithm of ratiamdofCOthe p

(9]

YO denotes t he energy di ffferemcé hdeDWde
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cal culYa¥¥jons,i s the entropy gainfd eGQ@ nacte 1b ebtav
extracted from th¥e3thermodynamic tables.
On the (001) surface, | b&i—dataicthre ss tlaébr,t sasati ne

by the red r-38ga.onThien cFoivgeurraege3 of / Di adat oms
for a temperature above 1100 K, -88a.depicte

However, we did not findCeviidenekeowfldxi O

calculations suggestl itchaits rledwert i ohamc22r a
with the surface remaining refdiuicemheant a co

lTe—is between 5 and 1. We found that the

coverage of Qliviacawhkbk@siofb@l éw 115, as shc

purple regi3@m.of Figure 3
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pristine surfaces are noted in the figur
respectively.

Unl i ke the surf acecopnhdastei odnisa g rweem fuonudnedr tCh at
becomes partially oxl d&sed awhdam®5i0t Ki,s wdhxmo
coverage of O dddt.omlsn rearcthressst8,. 8reducti on
lTe—reaches2800 K, resulting in/lal coverage
shown in Figure 8b. Notabl vy, the surface
temperature range firfloga—28B|I K bel WOQB, whentr

to a coverage dfl IO vsahcoawmrc iaess tohfe 8pBr pl e r eg
8b.

On the (011) surface, reduction starts at

/T1 xEAIT—EO®Gu Decrdd&sitnogy 4 causes the (011
be reduced with a col/vleirageoofe®©powvadangi €6 b
vacancies in our simulation cell. The surf:
O vacanclilels whdng8—4is | ower than 17.5 at 200C
purple regB®&hc.i nThrei gaurrley | ev el of oxidati o
adat omd 1 6f, 8.cdcurs when 1 h-6—aemp arbatvier € 52n o

and 12, respectively, 1ind338at.ed as the yell
Similar to the (011) surface, our results
reduced at 298 K, resulting in a partially

of /3.i15. Whé«—f all s-1bel twe surface becomes

coverage of OQliviaaanangstempédature bet ween
corresponding to four oxygen vacancies 1in
region 3H3R8AFi gWer ef ound that oxidation with :

/T1T occurs when thdl-Cenapreer adalhoee ans0 K an

respectively. Increasinigi-Ghteotempeubtwrexti

the (100) surface with /dicoveoralges pdn di mg at
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adsorption of three oxygen atoms in our sir
i n F3838udr.e

Reduction of the (101) surface iIis observed
2./91 , shown as the ®&38een Whe@n-on beal wgutek,
the surface becomes fully reduced at any t

coverage of @1IwVa,cacnccrireess ppdndliong to four oxy

simulation cell. Oxidati on -Coearueg sabwdhwea I0OE

K and 13, respectively. When thleil-@&emperatur

is above 14, the surface is completely oxi
/1T1T , corresponding to the adsorption of th
shown as the yeBB®&®eae. region in Figure

OQur result suggests that the (110) surface

vacanci/dd whedde—is below 0. The (110) surf

wheilnfc—i ncreases above 11, resulting in a
coverage of Ol hdattcomg esfpoh.d8 ng to the adso
atoms in our simulation cell |l l-4ndroeading t
partially oxidizes the (110) surifface with
Further increasing thd-GCtetmpel@,t ufrel Ity dxXi0d

surface with a covdidadge coofr rCe sapdoant doinmsg otfo 1tlh

of four oxygen atoms in our simulation cel/l
3-38f .

Similar to the (110) surface, we found that
resulting in a covelrldge olown vas amlteé egr @é n

Fi g838g. Dedrie€asbenllgow 77 increases the cove

to /6.6 , indicating complete reduction af't

oxygen atoms. Only one level of Joixii dation v
occurs when t hel-Geamperladmuger atndan 700 K anc

depicted as the ¥38g.ow region in Figure
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Qur computati onal surface pHa€Le chinadgrnamans

facilitate the reduics i moreofstalel enatlean aCQ .
a reducing agent. I-Mitlelreers tii maye » , s @l fl a cseesv edh
ability to be fully reduced across the ent

K, provided that icelrtmpriaes:gmie OGf €66 tmai mptaa
Apart from the (010) and (110) surfaces, W

]T-6e—to be below 1 to become reduced. Altho

for each surface, our cal cul at i gsnusr fsahcoews t h ¢
undeg COOconditions, owing to thej,dmdge r at
CO required and | ow concentration of CO pr .
3.3.5 Morphology of CuWO

The morphol ogis@esnot€tr yhttalCuWOn di fferent er
synt hesi gdl%c®Fdetcomditi ons for?2*anbdonhdi oxi
conditions f®%®%ewnaet edre tseprimitnteidrgo,ased on t he
di scussed in the previous sections. The Wul
atomic configuration with the | owest surf a
foll owing +elatti onsihj pywhenideepresent the su

free energy and the distance from the cent

FiguB®a 3illustrates thatsutnider mdryph aclad gys ym
condi =i b /(K 0. 21 badéchhedanateshape with
pentagons and 4 trapezokiksdwsr.f aMee d oruemmdaitrh agr i
to 500 K, showing significant 2sbpalditibpswh
The (010) surface iIs the predomi naintth ftalcet
| owest surfacéA®Br.eeOuernerregsyu lotfs 3a6r e consi ste
observations under synthesis cohdi tDobar |
enhances the expression of t he partially
mor phol ogy, owing to the small surface fre
adatomg 1df. 5Qt8her wi se, phee mofphbhogexhibi
slight changes compared to the one reporte
t he robust sasti @b ileigtipye r aft,-u@GureW@ ed vOr onment s.
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= 298 K 500 K 500 K
p(02)= 0.21 bar 0.21 bar 10 bar

T= 298 K 500 K 700 K
p(H20)_ 25 25
P(H3)

c. CO2/CQ

T= 298 K 298 K 600 K
p(CO)_ 25 36 25

g
YOO JNOGEM o010 011 [WACOMMNEOTE 110 WNEEEN

Fi gu39% Blorphol ogynafodrhyestCalWwO (a) wunder
temperature/ pressiucle,coeypdiDied@ms,i af@bh)m@innt H
under the conditionsy 6O eavierosmént tumder
conditions of carbon dioxide reduction. T
vacanciesprfiostithmhe ®sonfaces are noted in t
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negative values, respectively.

To calculate the equilibmiammcmpspalosoagnde
conditions of gas phaslel-Grabé&r 285pktiot 5ii mg) aw

working environment of the photocatalyst ul
298 K, we fosuméanshar mGuWwW@t o a dodecahedr on
and 3 trapezoi ds39bas Tshheo wna ritni aFli gruerdeu c3t i on
with a coverage bifi Preaeansci ¢eheofexprB®8ssi ol
surface, resulting in a morphological di st
500 K, the morphology returns to the tetra

by CuW®Oder synthesis conditions. Further t
|l eads to oxidation, which | owers the surf act
(111) surfaces. As a result, the morphol og:

(l110f)acsau,r i ndi cateimmag ntsh astt aQulVO up t o 500 K i
water steam, as39dbhowowerweFigdmuet Ber resea
determine the opti mal conditions of temper

appl ncat is@sW@ photocatalyst for the gas ph

We chose a temperature of 288nKetrsi®inmularteée
at room temperature osanliGheomor2phaalnagy3d. &f wl

employed to repndsenbnpunadCe@mbi edsatndcondi t i
100 ppb CO in air, respectively. Due to th
reduced (011), (100), (101), as wel | as th

the morphol agpndlefc—CuwWwBxdopts a dodecahedr :
domi nated by the (010) surface, featuring
as shown -3 c Fild\ug—e ap3pr oaches ambi ent con

mor phol ogy shifts to an octahedron with 2
(011) surface dominates the crysitAaBb mor phol
and a coverage of/fl 1O ,v anhaenrceiaess tohfe 5.0610) , (
surfaces are not observed due to their rel

find evidence of <c¢changaewheinn tthhee tneonrppehroaltougrye
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600

K dtic+awaleues. However, the opti mal C

conversion at the surfaces of our <catalyst
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Conclusion of Chapter 3
this chapter, we have reported a comput
ory of the reddx!| peopendieas safd atbles | ofv

act on the crystal mor phol ogy of wvariou
ul ated the structur al and el gctamaniwe pr
nd that the | attice parameters, at omi ¢
eement with published works. We have us

t woolna@m ter minations of each of the seve
t the slabs that suffered only minor st

mi nated by Cu rather than W, are usuall

mpl e, the (010) surface has the small est
the (111) surface is the chemically m
ction. We also investigated thda hreedox p
mi ¢ Bader charges undergo negligible ¢
rease for each | evel of (partial) reduc

s change ‘bFAONdwrsi ntgh amx i0d.alt i on, but they
nges during reduction due to severe str
eption of the (100) surfacdj |l It e BOdEérc
facessaok 6GeAMBW G.ujygesting that they are
bl e facets.

redox surface phase diagrams are repor
genated species and t empeir.d@dautr ea nubnideenrt t |
under synthesis con@iMinadres, tdae weolnldi as

gas phase water osCpd iunderg trlreeaet 00adi t ia

uction. We found that both oxidation an
e readily at relatively high temperatur
e easily oxidized compared to tohe rest
ditions, but we did not find eyidence
ssures below 25 bar. Our surface phase ¢
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of partialOptheds/3dR sstodbiH i se the partially
the partia 9pnrnesdulB® a@feOstrong reducing ag
(100), (101) and (111) surfaces can become
a mi xt0r eanp@lf MIHer eas the (011), (100), (101
O atoms at room tempeaamtduiC®O.uddher pa i mitxtner &
is the thermodynamically most stable facet,
three different environments considered in

rel axed seuwrefrgeye fOruge si mul ations suggest t |

which has the narrowest range of stability
surface owing to its consistently small est
The equilibrium crysomdiemotrip&ot bgge o€ n \CiuMa

constructed wusing the surface free energy
corresponding to specific temperatures and
species. Our reswttgsshbw ahatsthbl EuWdder
whereas the morphology does not <change at
steam at | east up to 500 K. However, we f o
298 Kvwermrderl arge pard C®OI poessstestofwi CH a
CQ and at the same raanmnd GO eairsiiahgpiresai
the morphol ogyr yodt alhse rCaOi ns st able up to
pur e CO

This study Bs dfevedoed ngnthe computational
el ectronic and structur al pamdpebaenmels marfkitnh
t hose predictions aigiai medeldri envgi hodulsiecragipy $ it
properti @olafr alnld mogmmetric stoi-Mhi bemetri c
index surfacesesanidgdti ng the redox surface
temperature and the ratio of the partial pr
codniti ons and i n eanwdO Hasmewetlsl rgiscvw® G cdnHhr @0
relevant to the phot oxathavleytsii ® nwateearcts plnist.t

wi || focus on simulating explizaxietdluctt lme g ¢
processes under real i stic reactions condi
di splayed in the crystal mor phol ogi es.
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Chapd®ater adsorpti(dmlat
and Sl¥G)acess of CuWO

4.1 I ntroducti on

Water adsorption is a key step in the phot
i nteraction between water molecules and th
determining reaction pathways and efficien
the thermodynamic stabil4stuy farcd sr,e d chxe predpa

water at these interfaces requires further

I n this chapter, we study thereadecremttiadn v
CuWS ur f apcreissst i ne ,@0rt@)Xusedf §d®1) surface ¢
vacancaed an oxidized (11W®Usisagr D&de cwil chul @an
examine adsorption geometries, hydrogen bot
changes in surface electronic properties.

assess water coverage uvuadetraldiprfresentes$s empl
help clarify how wagseur fiarcteesr aacntds pmiavhi d@u\

understandiagetshefewnt grsactivation and di .

4.2 Computational met hods
Here, we describe the computational set wup
the surface model for water adsorption.

4. 2.1 DFT calcul ations

I n this work, we performed DFT <calcul atior
package 'S¢ VREP) core states of Cu: [ Ar ], W:
interactions with the valence orbitals wer
(PAW) f o'PMivhesmas their remaining electron:
treated as a val eBue-Eeheet hoOfl ugEBEDPRal dew:
empl oyed to cal-carlradleattihen eeaudganyce Mme@n & rotn
the Van der Waals interactions whashmoamect e

dampi’g.used periodic pl awméfwawne Affgsrios <O -
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the expansi é&maomf viahenKehnst at edmetWeod ptpd i e c
correct t hei netleercacrtoinonc isredidfrhtei ttarlasn sd & u oend m
pure GGA f%Uvec ttieosntaelds .t he onsiteyY Ebfudromb i nt
both cations AGetareénf Gumdca dt H&dt only Cu nee
sel e¥t exp A6, as this value provides the Dbe
parameters and the bandgap with respect to
thatUcobheection is unnecessary fdelretheoWsat ¢
upon f or matsAonn aoft eCn\VE®@ i ve way to accurate
properties of transiihiygmr indetfad n cctoinopnoaulnsd.s H
met hod i s degkbhdasystemh as it requires sigl
resour ces c oUmwphaerne da ptpol YyDIFNTgtr t o a sur face mod
work to foUbpwrbobhehDFWhich previous wor k h:

our mAieri al

The bul k materi al was modell ed using the t
at omsWo@)Cu which was sampled i mpcteme eredi pr
T 0 tkpoint $°Frheesh sl atod e chil e wag ynapdel | ed i
i’periodic box to avoid the influence of i
onl yaptohewt was sampled. The energy cutoff w
the effect was negligible, we have select
mol ecule. We used the conjugate gradients

surfatcksthbhat-Reeyinmean nf orces on each? atom we

A6/ and the energy difference -choentswesetne ncto nlsoeo
was bleGlAGW ’

4. 2.2 Surface model s

I n this study, we used the dipole method p
|l oMi I 1l er index (010) ,22THiOsl) metamald (clridgdt essur
such a way that no dipole moment exists per
METADI SE package Mol tenstndek shefhows fror
CuW@®A ~vO®acuum was introduced perpendicul ar
interaction between the perisoldabcadndy troe pelal
space to ®@dsmofkctchespgls ulpheer cel | s were empl o)
the pristine (010), reduced (101) and oxid
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from the sobuF&r Ca®wOh surface model, two sl a
16 Cu at oms, 16 W atoms and 64 O atoms for
32 W at oms, 124 O atoms for the reduced (1C
143 O atomslI®Oy oxrnfdaced The topmost 2 | aye
to be relaxed during the optimizati-on, wit|
opti mi sedFoprostitea omppropriate sampling of t
diféet MoePnakchkoorksntt mesheavs | fler ti m&ERawuheaces
(010) surface with?a weumfseeapk-mai ead mesdl. 92
the (101) surface wii hwa ®sefphmei ar eme o, 1
and for the (110) surfacdetaw tphpai rsturmaske a
was employed. Bomolt deuli sol ¢ éidoHNnt ev&lbuat &
geometry optimisations and to obtain accur
met hod with Bl °chl correction for the bulk
i sol a ento |RR2¢ Ul e.

To create the reduced (101) surface, we rer
the pristine surface. The oxidized (110) s
sequentially to the exposed cations with d
The structures of both the partially reduc
relaxed, and the atomic configuration with
for the next addition of O adatoms or O va

The surface energiers ahd t)hfert eslrlaapast | menf oweer e

a2813,,.223

[ E— (21)

r — 7 (2-2)
whe®eD , Gade the energy off eluanxreed axleab ,s | armb
formula unit i n Arheep rbeuslekn,t sr etshpee narsevae hagf. t h
number of formula units in the sl ab.

To comprehensively test iOhenopetcanhtisal wad do

the surface area of the pristine (010), r

Foll owing carefuk ¢ @e&pei ntwemaplpl t.0&6d sampl e

adsorption system of the three surfaces.
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TheXOHadsorption process on the g4crainsthiene ar
described BEB)ra@#d) (daspédti vely.

~ Z ~

#O0r 1 O &/ Cc #0r | ( O (2-3)
#O0r 1 O &1 ¢ #0r/ ( O (24)
#O0r 1 O &1 ¢ #0r/ ( O (25)

Based on the reacti oRsef))t hod st upseh aCluaOE 58 e € n e
thermodynamic equilibhOiiusm advettihnedeas: gas pl

5 Qudd & qQy Vg

€

e . A
JAROM T Y'Y EL (26

whed e-represents the s O frreoc eendcsl veedr,ea greu ralf e rt h

HO mol ecul e adsor b‘@j@@rﬁ@c, atrhee tshuer fraeclea x eadn de n
the GaWOf ace sl ab yO tmoltelcas |l aecbs mamided hie ener ¢
HO mol ecul e,"Yq/r"éfﬁsp@@trie\selny.s iOh enoé rrtcrud gy i of t
standard state taken?!fhemVAS®BIKIMD ¢pyt n ahmisc atl a
been applied for calculating the entropy o

val.i dr‘]@c,tii ont,he par tiOdlli sprnt ées ureaRyedrpaldeusreen,t sa n
the ideal gas constant.

I n this work, the chemisorption refers to w
of bonding molecules and bonds formati on,

in the changes of thd&hehathsoalbp®R® ndie negiregt r
H.O mol ecul e senrfheeCif®fOdefi ned as

Quio uo® £Q (27
We al so calcul ated the variation of t he He

point energy and the contribution of the vi

However, such i mpact i's negl i dgialbll €, A@whii ah
AppendTkRerefore, we only focus the electro
at 0 K.

We calculated the atomic Bader charge and

gr-bdsed al®ydhliet wor k ¥funwhioh (s defined as

thermodynamic energy required toO)yembve on
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the GaWOf ace to ttheg ,vavasumbltaveled( by the fc
O (0] ( 2-8)

The char ge”)diofff etrheen cseu r(f)a caen db eaffatreer -Gads or pt i

& ) was dé&Ffined as
oo ” ” ( 2-9)

whererepresents the char-Qemdleacuiltg. oAl It hteh ¢

densities were obtained at the same geomet

We used fiHhaemalrenr soagpgroach to simulate scann
(STM) images, where the tunnelling current
(LDOS) of the surface at the position of t
the app’PTre HBIiVAE .program was use’d®to gener ¢

4. 3 Result and discussion

4. 3.1 | sol ated water mol ecul e
We first model |l ed and cal cul at®&dmodohecel ectr
Tab43d | ists the cal dul akkoendd )bpomglh edsi tsftea nicressc

and scaled asymmetrisgmentet ef chisamgdck (ern chign d (

fundamental vibratio®amomedestefolfheheebssabt
our simulation of the equilibrium bond dis
agreement with t°A%e elxpwee i maiht all atdead at he ha
modes as the second derivative of t he pot
position in the vicinity of the minimum of
where pdOspPpllé&cement is set for eachlThieon to

unscaled asymmetric stretching and symmetr
are-shefited by 17A0L 91 apdpedbt2i.WBl y, wher ea
har monic vibr atsihdrfale didodocodipsa7teldue t o exper |

However, experiment al vi brational modes r e
state and the first vibrational energy | ev
Thus, we obtained mh@geo esnmpalrécalr fatboati on

make them directly compa¥'dbkestalthg fhabao
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cal cul ated as:

B

() 5 (4-1)
whelreand represent the experimental and ca
wavenumber s, respectivel y. The results ind
15.Ai9 was obtained in the asymmetric and s
modes, respectively, c&6éFfmpvaevear ,t ot heex psecrai | meedn

mode was under eAsitcmmpadedyt @0t B@3°%exper i ment

Tabi3d. 4Bond d)i,stmarctk)sanfags ewe I( | as unscaled
asymmetrict sitoregyemmeaetgrc) samcetimwdendignd (

fundamental vi bsOati onal modes for

Proper Calcul ated Experi m

dii ) 0.972 0. $%%

") 104. 40 1042248

unscal e scal e

T Al 3931. 91 3780. 6 3756390
¥ Al 3819. 07 3672.1 3657390

1 Al 1564. 2¢ 1504.0 15953°%0

4. 3.2 Crystal mar phol ogy of CuWO

To determine the most suitable surfaces fc
crystal mo r p hforl cong yMiolfl eGuWOndex surfaces wit
enerlign etshe previous Chapter, we have studie

index surfaces under the working cndition:

The Wulff construction of the equ+Ilibrium |

— E — A whiamd d represent the surface fre

the distance of the surface from the centr e
|l hhe previowe Ghapt shown that under the wo
water splitting, i . e. 298 K, the (010) sur
was reduced with -2ai15k uarnfda cteh ec o(vlelrOa)g es uorff a c e
at 700 K. The equilibkatu@d9BioKpholdodgio®s Kofar
Fi g#431le and 3BB.guvArney structur al changes cause:

the materi al i's beyond the scope of t his
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temperatures consTihdeer gdi sitni ntehi(sO1WQ9r ks.ur f ac
mor phol ogy owing to its ld#esnhdasmurWwaclki g
conditions, as shown 43 tTlke oracdhygeed e@l ®@h) i
the second predominant facet expressed und

energyl A, 56hown i n 48llue Tihre Fiegwrced (101)

characterised by one O atom vacancy, corre
2.5 . The dominance of these two surfaces
and (111) surfaces, resulting in an equil i/l

consisting of 3 pentagons and 3 trapezoids
freeyemwméirAgpb9i s al so expressed when the tem
However, the result suggests that the wat el
oxidized (110) surface due to the occupati
water physissoa pltdaroghne sihrosst abi |l ity of the en
consider further the oxidized (110) surfac
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Figu3le f4a) Equilibrium Walnfdf smammh milgo d y nafe
mi croscopy (STM) i mages of (b) the pristin
of CuWQu, W, and O atoms are shown as bl

We simulated the STM images of the opti mi
surfaces, ods CiulWOu s t3rlat efchei ISTAVi guraeged4d of t he
surface was acaq)uiofefdl cabh tah editsitpd nacred (&@t. 0 8d e
Alv. THheld Cu cations of the topmost | ayer

five O ani casdoiwOt hbhe Cudl units appear as
cations, which are | inking two O anions, a
|l ow partial char gk.$56atThteh & TMa mprlae eb iod s t dife
surface suggestdi hhanedt@B&e dations in the t
potentially act as:Oamsbepulienowihgstodot heh
bonds. The STM i mage of the reduced (101)
virom the tip andivatsi agdan sia3mpobe T h& a S0 Mf

i mage of the reduced (LTt®@bydswmatade Cauga@gesto
coordinated W cations in the topmost | ayer

spots, can potential Oy oawéithgadg ocadde@rn pt idamgs

4. 3.3 Single water molecule adsorption
Il n the 1nitial adsor p® i mol esduluetabese avac hs
adsorptiopawaytéram 22he surface, with the O
cation exposed in the.Ftoogpnmoshetltaeyerdeofcrtiip
adsorption coni#0 gnorl eetciud ress onve thtaer eH empl oy e d
used in organometallic chemistry, “which is

and the number of sun%3adc?é?2 atoms it can bri
4.331 Pristine (010) surface

On the pristine (010) surface, the Cu and
| ayer were tested as potent pOalmoslietceusl ef. o rT ht
fully optimized structures of the most st a

432, and their electroni3d.properties are |i
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Figu32eLéft panels) Top view of the most st
HO mol ecul e on the prisstlime |(eOMgt)h safr ftalce
(green arrow) and hydrogen bonds (blue arr

are shown as bl ue, grey, and red,Orespecti
adsorption sites. (Right panels) Side view
the water adsorption. Yell ow regions repre

represent Chrgst ach@aggeaphi c directions are i
bracket s.

Tabl3@€B4 nding configur at Exe sat al sk,r pdd md lee

(d , bond) angbek Yunchaogp¥)(taadsViebsa(iona

frequencies for tHhe )as ysnymemertirct c9 tsrtetreahci hnign

bendji)ngno(des 00 mokeoagle &dsorbed at differ

(010) surface. The pd§ridgdrves eamtd mlegragd veea i
l ost, respCcdurviengy ,adsyorHpt i on.

Site Mol ecul ar Di ssoci ¢
Cu Cu Cu @] Cu

Configu * — ‘- ‘- ‘- -
EasseV) 0.6 0.6 -0.8¢ -0.2 -0.12
dO-Me t @)l 2.0 2.0 2. 0c¢ 1.97
dH b o(wnd 1.9 2.1t 2.1 1.76
dH b s(n)d 2.21 2.3

yR A 0.1 0.0 0.1C 0.0 0. 47

(eV) 6.1 6.2 6.45 6.5 6. 48
T AT ) 365( 360( 3475 361: 3727
T Al 351¢ 328:. 3396 351" 3352
1 AT ) 145¢ 154: 1510 154.

We found that at the CpO poootnedretdi aro | aedcsud raprtliyc
topmost surface' -Caoonaftobpgur &or mnngs32ia.l ustr al
The O atonh mdl edelwads( dri ented towards the
octahedr al coer dlimé&thdwmmrd afi sCa@c,e whaisc h2 .i0s5
consistent wi t h -Ot hbeo nld€ n(gLO)O Sonf tthhee bCwl k p he
hydrogen atoms, on the other hand, pointed
that no hydrogen bon@ darmsd ftoraned ¢fet thlee ns u rh
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surface exhibited negligible structural di
the adsorption site was ddiesploatde Cotuwamds
Ov. As | i st &def nt Mabls eanddsloer pH i on system was
0.8 contributed t o-Otbhoen df.o rAmsa tlii-82t, eadf hignh €T ad
charge dens¥fy odi ftthe semades of(pti on mode sugg
densi tyQmifgra.tle@d fromOtmol adesbebed Hhe su
highlighted the atoms with the | argest at
Figu82. 4The results suggest tdatmoaestreng
occurred during ads@©0PQ@) osurofna e tvwkei cChu WDa L
redistributi o®mfwAMsgratedut o, Obhbe8twe Huaifha:c:
wi th wohed gai ni Ny @h8 8 egas®idn &AdT30E. Iwor k functi
of the hydrated syshk6envhwvacsih giaswem.l 88thad &atheb
surface, revealing that the former can pr o\
We calculated the vibrational modes of the
32. For the hydrated (O01lnOne tsruircf ascter,e ttchhei nags y
t heO Hnol ecul e are redAistiiftthed esypet3 1l tand ht
mol ecul e, whichHi bdhndabesambaweaker Oduri ng
other hand, the bendi ngAimcoenpwasedr ed g tief i e

water mol ecul e.

TheXOHmMol ecul e is al sso—campfaibder atfi drorwh erg a
onto Cu, as il B2kt r &aBwebdGidn whitdhuraevidge ngt h o
oriented towards the surface tosimainheain t
bul k phase,wHwgeoepsf ovhmen@ & Ppb.nDy evm tTh eO

Cu migrated outward slightlyy HKwte tthhe thestCo
sl ab atoms stayed at their relaxe@.608y surf
A6 which is identical to the value calcul e
hydrbgends, discussed previ ous tbyo.ndlsh ed or ensout! !
pl ay a major role in the thermodynamics ¢
il ladsetdr in the righ2b,pames$ malfl Fdhgakrgee 4d e n s
transferr e nforloent utlhee tkb t he surface, wher e:
observed was theOpmdlagc zlad i duwnr ioddyotrdabtsaedtt pt i
0. 820 the Cu adsorption site. THAto ttwhne H af

surface, as illustrated in Fi féroemp2abr.e dT he
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to the adsorption co#binguyr avthii @ ® Ganisatl lddedrtl | h 0
than the dry surface, suggesting that the
providing electron charge whem2f dcisltist atuirn
estimated asAimmetand 6c86MOtYi st (S8R2B8HIi ng mc
which are red sAiftedspeci8ledryd 29mpared t
mol ecul e. Our results suggest that the inti
adsorption. The esti mat eAd be mdhiincgh noadse ownal s

Al Il arger than for the isolated water mol ec

We also tested the physisor fHtoiwen e® f twh e ert
mol ecul e chemi sorbed onto the nearest Cu c
configuration as32cndiTchaet ecdalicnu |l FRaitge@y eb odand d
was V2. O0mhich is i n good agr &€ e meomtd wint ht hteh eb
phase. -Ofbend€uoriented towards the surface
geometry OAfddCud@ohalmgd HwondygdawbgBnO5 and
2. 21 which forced the molecular plane of th
to the surface, -&xc.i |Thies tsruartfeadc @ nd iFd gnuate s4u
di stortions as only the Cu adsorption sit
Coulomb at traltebdbntbofsOadsorpti oonA&onfi gur
which is the most favourabl es(@@ls®) pgurofna aneo
The result al so suggests that chemi sorptic
primary interaction on the pri sdgciame on0 y0)
be considered as @&ssédaonaeasd3itniYaoaidr ebtds on .
adsorption structure 9hAwsg rtahtaetd atno etlheec tsruor
optimization, where®smbhecpbkawagabai ®sa obst
H atoms contri Buo ewh@a iOr6edch ndh dQ@tgo n@d 0. 0 4
A to f-Owcrmoar dGunati on komd san iy rda.tdee nt o t h
ot her anions of the surface, as il lustrat
calculated work functionA¢owhi thGsmalydedt ed
than the dry surface, suggesting that the
charge and facilitate che32,catthe eaxmmensi c
asymmetric stretching modesAiwer e es9pteicma tved
which are significantly red shifted compar

t hat t he i ntramol ecul ar OH bonds become w
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bending modeAil,i ewhiadh AissdQofnfleyr esnt from t he

water mol ecul e.

We did not find amwyntenfcgedatwi oh Wheséeno©e

dangling bomdtaeaitlopbnoe t surface | ayer. Wi
t opmost |l ayer of the pristine (010) surfac
created two dangling bonds &avmall edod lee ,f otrh &
atoms in the topmost | ayer of thhet phedtalne

coordination. The STM-1i mdges sphloom ttehdati n hkei
shlikeced by two O atoms and as such, 0t hey ar e

mol ecul e.

As i1l lustr a2aeld #Oh eiHewrud e4 isnmit @a2rawd shwidit g ©
bonds at 2, 18oamdrc@®.nd@87 guration. Th® mol ecu
was perpendicul ar Jmovtehde osuutrwaarcdes bduute tthoe t
repul sioga dhetiser ®cture of the surface di
rel axation because of-bomndedeli at & x@dy i weak
this adsor pti & pvehtitcenr wawwasmai nly attribute
bonds. The surface | ost aAt me glhiegnidb lee uk b ect
whereas the main electronic effect was th
il lustrated JanniFongugdi meddy Ohh€e3sQir f age and H
gained 0.A0db &ddmaAQ2 The calcul ated wor k f
system W&s wh. T4 GinsalO.el t han that of the d
indicates that the hydrated surface wild.|

i mproves the chemical reactivity. The cal c
modes of the adsonrdb e386l1vda i eseh iwfeteald 35y 81 ®5 an
Al , respectively, compared to the isol at
intramol ecul ar OH bonds become wakdheaft er
bending mode wasAles,t i whitehl iancrlesddsded sl i gt

compared to the isolated water mol ecul e.

We also obtained a sin®l enotlessdei—-amiitvhe | &
coordination geometry32eht psewent dd niomi FQ
di ssoci ation of water discussed in this st

of water at the surface and the dissociat.i
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TheHOgroup coordinating the exposed Cu on

vand a bowd#@pgp&e The dissociated H atom f

gro
bon
t he
att
whi
i nd
As
We
rig
di s
obt
Ae,
el e
t he
OwH

We
of
ato
ato
ads
and

up withatomurWacal ©oHf guodpt hat metieaOhy
d &t oHO76 The surface exhibited negligib
Cu adsorption site, where the Cu atom
ract. ofthedbr Ot he di ssOcihdsobvetNskdrgi e H

ch is smaller than for the mol ecul ar ads:s
icates that water prefers t ossaudrsfoade .mol e
|l i sted2intfHeblsesirdace gai Maefitet ebydoat de

il lustrated the atoms with noticeabl e ct

ht of-2€&i guwhde #OAf Mol 1t he surface and b
sociated H atom coAtta ifbartthe dt dsedgdsiamidc & mte
ainffedr®espondingly. The work function f
i .Ae6s m®I. 14&gr than the dry surface, indi
ctron charge more easily, thereby impro
vi brational stret etiansg |nosd-&2df o Fno tThatbh ei <
group, it walsli eswhimab Ridé adldBEEMp&T e d
the symmetric s-shefthihh dcyomdpdber, e da ntdo rtehd
mmetric stretching mode. Thgyd beqnudl tdiidndi
change noticeably due to the slight di
| ated water molecule. Thd#el gerbuopl waed38%b6
, which i sAi32malalnedr 4t2l9an t he symmetric

etching modes of the isolate water mol e
2 Reduced (101) surface

i nvestigated thg andd ercptl ieomnoft h® gsiedaglce
CuWOhe afeitnalt hGu t o p me(sitn ststads fdambeed Jay eCy ,
m, and O atom were al/|l consi-deyed Ws po
ms were shielded by the top O at oms, z
orption sites. The struicdtuece io8-3 kiaghr ed
their electronic-3Broperties are |isted

TabI38 4Bi nding configur aBadsoms, Oa&Ksobpnidoh e
(d , bond) angbek ffuncthiaom¥) ¢t amdsfebsa(i ona
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configurations off apymmegmmetcr s¢)retamd algi f c

bendji)ngno(des f r mol icrudlee adsor bed at di ff
reduced (101) surface. THWeg epaseisteinte cahmad gree

and | oss, res@emdlievcedlye afft drheadsor pt i

Site Mol ecul ar Di ssoc
Cu Cuy W W

Configur * — ‘- - -
Eadse V) 0.6 0.5 -0.38 -0.53
OMetw!l ( 2.1: 2.0%f 2. 3" 2.01
H bgwd 1.7 1.6¢ 2 y
H begwd 2. 3"

YA 0.0¢ 0.0° 0.0 0.16

(eV) 4.7¢ 4.7¢ 4. 9¢ 5.33
s Al 361€¢€ 3551 3597 3719
r Al 3172 298¢ 3281 3618
1 Al 1521 1537 153¢(
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Fi gu33e( l4eft panels) Top view of the most st
H:O mol ecul e on the reductEhle (I1®dgt Baurdfactehe
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(green arrow) and hydrogen bonds (blue arr
are blue, grey, and red, r espeCtadvseolryp.t iDoanr |
sites; (Right panels) Side view of the ch
adsorption compared with the dry (101) sur
represents charge gain (noted raesd pions iltiigvhet

blue represents charge | oss (noted as n
Crystaltdiogeaphons are indicated by numb
As il |l ustr a3t3ead Oh @faiblg wcragpadl e t o adsorb mol

site in the topmost sur fOade®nldawern,h fbornmdi A g
2. 87. Tvhoer i@nted towards the surface to ke
geometryseion the MOl k phasescecomimpd emamnitdomqgwit
hydrogedst oh@ | engthbornd tihes hiy@#d eddeinn Fi gu
33a. The surface suffered negligible struct
out ward displacement of thewWTohuHeort ot hihe C
adsor ption €omBfli ggwr,atwihorc hi 9 s the ther modyn
adsorption mode for a single water mol ecul
CuW@urface. The hydrated surfdas bnbyedain
Tabi3®,4whereas the polarization of the wat ¢
in the right-3panmkeé a@atf oRs gwireh 4noti ceabl e ¢
after hydrpadiimell @h®2iO0ally provided by the
0O.ARa6nd two H atomsAwiTthteh @ 04 nbedadt ®& with
gai nelwh0e.n05 or mi nlgomd .hyOhe®geaur O atoms <¢coO«
adsorption Aiint & ogaailned tle.r0Oladsor ption. The

surface is 4.99 eV, which is 0.96 eV | ower
that the hydrated surface is significantly
i s in gomtd wvaigtrleetmee i ncrease in the charge

before. As B3Bstedeisymmbtei 4 and asymmetric
adsorbed water were Abti matied atr e328KM a&rhd f
and Al84 respectively, with respect to the
indicate -mbhectuhar i @HrbBonds are weaker aft

mode changedAisIciognptalryedby 028 he i sol ated wat

TheOHwas able to chedms csropthi oant stihe , CUd or mi
configuration, -833b.shDhwe I eegCetblgoafe ivdhe . Cd
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whereas tHeonkdydrooageeidong. 0M0onCdu i s orient
outwards to maintain the nodthaehdodrd &l phacredi 1
at the adsorption site was pull ed. oUhevards
O for the adso® pAB owhisgstiesm small er than t
di scussed before, suggesting that the water
densit fimiogr @t. @ t o t he s ud3f acldya iddse @ i0s.tOeld |
when it bonded to Cu, whereas Qthewahwo H at
the surface, r@gapeacta@edp bhndr aheo®. The wc
this system was calculated as 4.78 eV, whi
surface, revealing that the surface become.
The result i s condseinsstietnyt iwnictrhe atshee oefl etchter ohny
symmetric and asymmetric stretcHings modes
listed -83, Tawlbieh 4are red Aihj ftespdyt 40Ol yan
result suggests that the intramolecular OH
bending mode Als,fwbndhats1b68ly a negligibl

the isolated water mol ecul e

Since the reduced (101) surface contains O
of a sO nngolleecHi| e atoft hteH e xspwls eAds CaakBo wn i n F
3c, wwaes (pushed towards the top | ayer of ¢t}
coordinati @n bodndtihnep tGuE..l0 5TCwo -bygddsesgeaer e

established vadti sit.athcc egand RE @3 &c n Meggmevntt h O

adsorption configuration. The surface sl ab
rel axatQ ocmal cTuheat ed for tHWi.BdBadsersputitomgma
weaker adsorption pattern than the two ads
hydrat RelnectOr @7 density Dachomeguhetedoft bm
l i sted 4i38. TahipaineMlel ®@crtron density, which
compensated by the Cu athupbe hBdserptt oanswi
Two H contri bWt ewhdr. Qdaiamwd 00.AdWwi agdto. 06 e
formati on -boofn dhsy.drTohngeenwor k funcAGowhivab tal c
1. Asmaller than the dry surface, indicatin
more reactive upon hydrati on. The symmetr
became 2984 and 3&33%,1,wHireitleabhy ha&@&@bared 230
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Al , respectively, upon hydration. The resu
becomes weaker compared to the isolated wat
is slhigkrtishi §hedyi andbt @63Bydrati on.

Di ssociative adsOrnpotlieocnuloef aa ssoi nogclceurH ed at
surface, shM3%d. i Wh égirGourpe, whi ch was initial
t hel agpr of the surface, migr adwerdfCana, after
The y@Gyuand-OWMWond | engths are Re@pgeatnidve2.y0 1
di ssoci ated Hsatcompd cetnredctaaniey gaur agwiaossn. The
pull ed out of the surf acewwhhircohu gphu sthheed G ohuel
| ayer Cu o0t Wwardg.heThld ssoci @t #Be avhs amhpt i
indicates:Otphraeéef eérhse tHo adsor H amelk edN| awhliyc h
configuration is thermodynamicall yQ more st
mi grated @roml ¢dhel e to the surface after t
' i sted433n Thabhpehie@ed OnhdXT h wer e pdondthed stuyp t
surface | ayer, the W aHl sgorroputpi.o nT hsei tdei,s saoncdi
O. ®&®&2hen bonding to thgais e @vai@ae 2t6hweh ecroer ar se st phoe
OH bond. The work function d&f6 twhed chy dtsend .
Ad ower than that of the dry surface, makin
vi brational stredchgrogp mwdas ocBAI¢chkaed at
hydrati on, i . e. similar to the isolated
stretchindd gnoadep MiagO BI6il @&k iskhyi fAbBe2df t er

di ssociati on, sHu opensdt iinsg wehaskte rt hceo m@ ar ed t «

mol ecul e.

4. 3.4 Water surface coverage

We selected the most thermodynamic@lly fav
mol ecul e adsorption sysOeg)m d3 .tehe wiiniht it dle d
to study the effect of i ncrement al surf ac:
reduced (101) surfaces. Boadsomopeicaohawenrmnad
for each coverage, and Ohwascondli gautrad i oo svi
the next adsorption stx@pmolTdreu lweassnb(enc 0é a @
unt il al | the potenti al adsor pt iob@nwassites v

obtained.
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4.3.4.1 Pristine (010) surface

Fi gu34e sdhows t h@ cmouvietriapglees Hon t he pristine (
surface coveéy agas oy walt erlme(l t wo water mol e
sited at different Cu and beha8ads awsatiesrol at
1 and 2. Wat er mol ecul-eoR2d f gt me d8hee siumdglae
Wheti ncrea&leid, t bour adsorbates were situat.
Water 1 and 3 f-bomdd wawnodh hOdchreo gars water 2
formed a si-mhgldesthoVl@mng e Gabrevad i 5.g5wat er 5

chemi sorbed at Cu;bofnadrsmiang 2t.wildd Jray@dr edg elnSs

water 4, | ocated between water 1 and 5, p h
hydrdogends. The surface reached ygLil, cover a
which correspondsOt moleeglthltesadpeor bsedr fHac e
forming-l akhedii m@enol ayer on the sddrofnadcse vi a
interactwamdg @didhi n@g mol ecHl|l es would | ead in

| ayer with i nt eQ antotniool nasy etro otnh et hij& upsiftiasHei n e
The surface suffered negligd,bla&s dosltyrthen
adsorption sites moved outward slightly du

4.4£m'2
4

Fi gu3de Zdop wOeowowdr addlges at the pOistine (|
mol ecul es are | abelled (1 to 8) and the ad
blue. The Cu, W, O, and H atoms are (pale
respectively. Thebadnednsgtohf otfh et haed dhiytdirocongaeln w
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each configuration is noted and show
We calcul ated the average Bader atomic char
(010) surface at e, c hass usrhfoawd® .icnd ViFe rgaugreel o4y i k
change in the Bader charges indicates that
mi grated from the adsorbates to the surfac:
charge transfer ed®lsnoalssedl ¢ oads depsi oagl The

adsorptionOemed gdcuper)(Hvas cal cul ated as ¢t

the coveO.adgleheofr el @l t s hHews etals&td8 D r tFah

0]

V, which indicates that single molecule ad
although ®he vakwmaioftd negative. We found
nega®i ve when the surface colvier awbeibbdc ame
attributed to the for-manhdenupbnaddbsbDrphab
additional water mol ecul e, which released
calcul ated the sur,f acasfaeéuvuenergn@esfathe
at the pristine (010), ssuwrgfgaecset.s Tthea tsettehaed ys uc
system becomes thermodynamically more stahb
B o tOh and indicate thad mdlseoawltasont o ff H |
coverage at the pristine (010) surface i s

nteracti onwmnldetswadmctecheve® e observed in th

The work functi onO owa s asrha lcloe/re rtalgeen otfh adt o f
at B69S5Suggesting that the hydrated surface:
The small est wo rAlbw afsu n@hi ti @inn eodf a5t. 9t4he sur f
1811 , as shown Thi Figlhueromenon is attribute
water at Cu adsorption site wHdn .tThhe sur f
el ectron charge migrates from the adsorbat e
the work function. When the (010) surface
abovéibs5. 5hysisorption of the additional ad
charge to the surface, resulting in a smal
the band gap of the hydrated sy3%.emlfhaet eac
val uree odband gap fluctuates within a narrow
coverage is increased. The result suggests
the potenti al for photocatalytic water spl

a minimum band gap o 1.23 eV for the reac:
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(010) surface and (right) the reduc
We constructed 3D surface phase diagrams of
(010) and reduced (101) surfaces. The mol ec
for each coverage, and the surfacgyconfigu
cal cul at ed baX4e d woans Higsueadt ifoomr 4 he construct

The 2D projections of the 3D surface phase
temperTatameé the | ogarithmOobf-Ct+he paert FaRbupeE
4-3-6 . The curves between the intersecting e
required to mosfXHi adsbhetewnent of H

10 10

log p(H,0)/p°
o

log p(H,0)/p°
o

-10

=10 T T T —
o = o o o
o o o (=) [=]
o~ < w <] 8
T(K)

Fi gu36e &urface phase diagrams of (left) th
reduced (101) surface das andumnite i lomgarfi &t hm
pressuwde(ln@f/ M). The E€)o voefr aagde o(r brkidt :H

are noted in the figure.
As shown -36, Ftilgaur(eO ¥40) surface stays dry as
300 K when the |l ogaritdmwats beéowaBti dhepo
possible cOyverageslol, HBIL 3ar & . ay ai5l. &hl @ nwh
parti al pressure of the absorbate 1s i1ncr
simul ation sl ab of our s uQ fnaoclee cwal se sc aapnadb | ree
full coOveorflaig8aviBemm s | ower than 185 K and the
press uwbdies olffarHger than 8. 6. The surface phas
(010) surface o rneodleercsulteos aadnsdo rrbe aHc hes f ul |

|l ow temperature or 0.0 gugplrai aésplrtesissireon
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narr
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di ag

The
Wh e n
ads

Vv

co

i nuous!l y OdepcereCadmolienc ul ke baesf.od¥at es sed

rption on the pristine (010) sur face

sud,e af tHhe surmdtagdd icoamrragky bé achiev
ow range of environmental condi,ti ons. 1
esponding to two and seven adsorbates,
ram, as they are thermodynamically uns:
. 4.2 Reduced (101) surface

mu bQ iapdilseorHbt i ons at the reduce3d.(101) s
the coelvewagelOl.oG,l2Hvater 1 and 2 behav
rbates, I nteracting mgodoresul Wheéy wheéhsas
ragd iwaswdad8sor3bed mol ecul arly on the s

di ssoci ated witrhgant o otrh & hlea rngoeTrdlie ugJacumd s or

mi gr
t he

atedsuof abe aob p,.bolnhdee dd iwsistohc iCwtiend H bon

top | ayer ,-bdrmod miin AAisa8 hynadr elgisg dwabvbep . 4

4 coordinated W mol ectudrmad | giffanid8Zalhi ng a hyd

Wh e n
mo | e
adso
inte

wi t h

—+

at

e

— o~
>0 O

e

—_—)

cove
bond
acce
mo n o
pot e
t he

the coverhbe at eaddheethoH3e.cOul es were ad
cularly onto the surface. Water 1 to 4
rbates, formbogdabet wgémr |bn&t o gvéart 2r 0 5

racteed wheahd@mme | ayer at thebOndacancy
nei ghbogaiB.ea0OO }.. 8WICevms 13. 6 we found

water ©6ibondead ewiptof GClthe subbdbadet with
nei gdobfouirwantge rO 7 adsorbed at Cu in the
nei ghabnodsar® nlg. 9@j,amde sp.ex3d i vely. When C |

the reduced (101) sQurnioal ceec ual cecso nammodd arteead

rage. Water 1 to 4 adsorbed at W as i
ed with Cu. Al the adsorbates interac
ptor dbfonthydmodgebnet wejgn flo.r7 nlgiokaehd. G c e
| ayer. We did Ootmofecdl|l evddesoei af i din
nti al adsorption sites, and additional

monodOaypar the Heduced (101) surface.
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Figu37e dop wOeowowdr ddlges on the reduced (10:

H O mol ecul es as well as the adsorption sit

Cu, W, O, and H atom are (dark and pale) b

| engt h of -btohned shyodr oeggecth addi ti onal ewat er mc
with blue arrows.

The average Bader at omi c -lcahyaerg eosf otfh eCur,e d\j c
surface for each surface cove3dbhageNewelriegichall «
changes of the average Bader chartgeomley e ob
smal | amounts of electron density were tra
whi ch agrees with the result for the single
Th®e of the reduced (1020. 930rtABMie hdecr e a
increasing surface coverage of water, whic

adsorbates and surface was weaker at highei

o fO was observed at thelisurfamevi ogverag
formati omOwlddnda Wabween ks@u $ualce vAndr ohp, O
resulting in the Tlg edescer emfs echorwa t & n evrag ye.r

suggesting that the reduced (101) surface

thermodynamically f avoe3br,ahal e.ubfsst asnhtoivan ilno w

work function was obsertvoedA@FX d@rhehydrya t(iloor

surface, due to electron charge migration

that the hydrated systems aWee frnoouwned rae ascewv ev

reduction of the work function to its | owe:
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2.141 , which is attributed to the migration
water adsorption. The band gap of the hydr.
calcul ated and are shown in Figure 5. The
i s snuoitt abl e for photocatalytic water splitt
small er Athan 1. 23

We constructed the surface phase diagram a
presswbeomfthile reduced (101)-36.urTlheesurafsa s
stayed bare of water when the temperature
parti alofpOHewassurbeel ow 7. The surface reached
of lpiagh i alofpOle dyurnemcreasing the temperatu

surface covel dge Tleaadt Her 4t.1Bree Cégi ons of

equal to 0.1d, werd alhsio 3sPown in the phase
suggest that the reduced (101) surface 1is
stay dry or fully hydrated under certain co

of water cobhéd onl g berrewcrange of temper
of 0H TiDe cHverages of 1Ml 2do 1n.o8t 3s.h6o,w ainnd t4h. e

di agram since they are thermodynamically u

4. 4 Conclusion of Chapter 4

Il n ¢thaptwe have reported a computational st
t heory of the adsorption of water on the p
CuwWO On the pristine (010) SQusiwnoetetdhevad

i n-sconfiguration has the0lAB8gaAst tadsorpic

(101) sur® amwmel edthlee Hpreferentially adsorbs
energ9. &5 , f ortmisngond i gur ati on.-moHf elclud wei ng
adsorption, we next i nveG tmoglaetceud easd soonr ptthi eo

(010) and reduced (101) surfaces, starting
obtained f o® mdleecsuilneg.l eWeH f ound that the p
adsorb upO tmoleagultesH per 20s umofl ecal |l eesl |Ib.o nEHeu
Cu in the surface, whereas 't heO omohleerc ufloeusr
vi a hybdornodgse,n f o-t mk egmanol ager over the surf
surface ads@Orimelde eulghd MHef over age.sOcho ewnv e H
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mol ecul es bonded with W amol sollaed e dbandded b\

in tsardalkwe, whemelasc ulweos Hi nter-hayed. with

The electronic properties were calcul ated
change in the Bader atomic charges of Cu,

consistent with the minor charge transfer

systems. The work functions of both hydrate
at all coverages. The band gap of the hydr
fluctuat eh6,widrmd nalol. A®%r e whbaewhe shon3 poten:
utilization in photocatalytic water splitti
surface at each surface coverage is wel/l k
candidate for photocatalytic watetiaplitt:i

(010) and reduced (101) surfaces were obta
parti al PO .e sTshuer er eosfulHH s suggest that the t\v
at |l ow partiQalbptr esasrurteesc mme Hf ulrl ggs hyrdesat ec
of OHat | ow temperatures. Ot her coverages,
were hard to achieve due t o0t lparndrarlowrreasrs
required. Il n summary, our resultsshabBow t ha
the potential to be wutilized in photocatal

future wor k.
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ChapbArdensity functional
the mechanism of wateaer sp
(010) swurface

5.1 I ntroducti on

The dissociation of water and the subseque
centr al to photocatalytic water splitting.
CuWOsurfaces and their interaction with wa

turn to the reaction mechanisms that dri ve

Recent experiment al and theoretical studi e
vacancies into the surface can substanti a
Cuwd3®*%31 n this chapted3 owel cudeatDBEMsUto i n:
el ementary steps of water sphi®i10ngsomf doe¢
Sever al reaction pathways are ¢tHhnsorddkered,
cl eavage, i ntermedi ate formation, and hyd:]
thermodynamically and kinetically favour a
vaacdmrs influence reactivity by altering s
reaction intermeéergyeproByl asal geangeehr an
modes, this chapter provides b&karsd gihnf arnmso
potenti al strategies for enhancing its pe
doping.

5.2 Met hods

Here, we describe the computational set wup

the surface model used to calcul ate the ca:

5. DFT cal cul ati ons

Il n this work, w e-p rhiarveei ppl eersf oa anleguwllifatriisctresd at
density functional theory (DFT) | evel usin
( VASPYThe P8B8udEwnzer hd%f unRBE)nal was empl
compute t heorexdhmangea tShramm efguiabh e o Kohidhe p
augment ed Wanet hPAWWwWas used to model the fr
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kinetic energy densities, and their intera
H, the 2s2p |l evels of O, the 3d4s |l evels of

as valence states.

A perioWwnwepbasées AGuofwi tehnear gyOOwas used t
Kohtham valence states. To account for the

D3 method -WohmsoBrectampi W'gTowdbset appl iseadnul at
bandgap 4f wEuW@pl oyed the DFT+U method to
interact-omomi t al $ hef dt he transition metal s,

pure GGA fafrcetsioatinea | Go.ufYombwasertnes(t ed in the
to 10 eV for both Cu and W cations. Our opt
experimental | attice paffamasesstahd Babde¥t
The results allbscoorirnedcitciaotne di st huantn etchees sary f o
all theictreons upon the Al ohmaghomybdfi GuWOnc
an alternative to accurately describe the

are hi ghdeyp esnydsetnegm and require significant]l)
for surface model s c odhplaw’e dh awvoe tthhee rDeFfTotrUe m

the DFT+U approach, whoshaasc cbuereanc yd eimmo nnsot dr ea
previoux®Ltludi es.

Bul k uW®bown -R-haFiwasemddel |l ed using a tric
containing M) ,at ®anmp |[{eCde nwirtetd -pad | 81 43k s h .

| sol atoeh 8 Hmol ecul es wer espoamploéepdv mnl y at t
periodic simulation cell to avoid the influ
gradients algorithm was wused to optimize
hydrated Ssystems, and reaction i nter medi a
comptled when tFlreg nkthahl haommces on eacth atom
A6/ and the energy differeonrsei dted wie esit €3 S &«
16A6’To increase the efficiency of the int
introduced the tetrahedron method with BI?®°
CuW@’8nd Gaussian smeas i2iDg cb® bimo It dh&eli s.l at e
have also tested hpagihretr gmiedg,y Tanwdldlseaadn dl

energy thresholds to ensure f R®tert med oamer g

The climbing i mage -NEBd)g ende tehloads twas bampdl i(ed
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transition states (TS)DP'&Flioreg itmaag esatwaelryet iic
bet ween the initial (I SNEBndatbhael at hahsst a;

The Bader <charge of each at obmswadk ealsgarmatthe
proposed by Hewwok &€BmEHi anthetbod uses zero f
di vide molecules into atoms, on which the c
to the surface.

Fi guz2le( &) Polyhedral modebnohi hhegttwol for
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units. Cu, W and O are coloured in blue, g
of CwwwQer the conditions of water sp
5. Bu2face model s
The surface was <creamadefraim &beorbdil kg Ctuo
met h%ad i ng t he METADIGBEt packalgeul ati ons wer
noadi polar and symmetrical stoichiometric s
sl ab was composed ofsi h6 efi grhrRiylga hu mintxe do fl a@t
where t hmodtoulraytemps were all owed to rel ax e
four |l ayers in the bottom eofpttimd sslda lp owed rte
The exposed area oV anmlle agalciame wawas i 8fir 88
perpendicular to the slab to prevent the i
i mages ofssthbe @uWOto all o®@ mpheeut esadadr b
t he surface react iodtnhse. sTlhaeb shuerffoarcee aennde r afyt

calcul ated as:
e — (&1)
I — T (2-2)

wheODandare the energies of the relaxed and

Ois the energy of one fAreptasemis oDhetaree

sl abtissnd he number of .formula units in the
5.2.3 Vibrational frequency calcul ati on
We calcul ated the vibratDomalleculeguamditelse f
intermedi ates for each step in the mechani ¢
was applied, and the harmonic vibrational f

derivative of the pot antoimdlc eroeri gy owmi tim rten

the minimum of the weviWa.s As edti sfpolra ceeantehn ti oonf

the Hessian matri x. To compare witwlasthe e
introduced to the harmonic vibrational fre
defined *8%3f ol | ows

_ B " ¥B ] (&23)

whelre and ar e itthhecal cul at ed har moni ¢ vi br a

117



experimental fundidnme,ntrads pfercetgiuveenlcyy. (i n

5.2.4 Thermodynamic and kinetic profile
The enYOrgyoff the intermediates as well as
thermodynamic and kinetic profiles with re

sur fGac)e were calculated according to the fo

)

Yo © (0 O a0 4o ( 2-4)

whe®e is the energy of theO s,¥sa @ awiet h ads
the energies(/oth hh/idimBsetated in vacuum, r
whernraeespresents the (rdyum@andaorfe atdhseo (nbuendb er o

an/drel eased from the surface system.

The activald) ons eaoalrgyl dted from the energy

sta®®@ and inteY®medilat ei s wor t hormmiottthendy t ha't
zepoint energy and vibrational <contributi ot

i mpact on the resul t’%® as tested in previo

5.3 Results and discussion

5.3.1 I solated mol ecul es

The structur al and electronic properties o
vi brational frequencies of bot K3-1hy dDruadgen
cal cul ated equilibrium bozxadn dgiHsatraen ciens gaonodd

agreement wi?thfH¥e peirmumleatted vi bgaantd otnhad f r
H:O red shiftAiawmé wihtehiemp20®@0 mental values,
due to the underestimation of the second d
di spl acement by the PBE functional

Tabl3d. 5Bond di stance (d), bond ang

"), stretchi(hg megemeori €al),hstsryertneehirn ¢ amo
stretching amodwelll ay bB®BnmndHNg mode (
Prope H2 H20
Cal cu Exper Calcu Experi
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d (B) 0.74 0.2%8 0.97 0.%8
- - 104. 104P2%
Q& ) 4315 4408 |° Ai ) 3683 375%
(AT ) 3642 3653

1(AT ) 1522 159%%

5.2Pat hways on t hg OplrOi)s tsiunref aCueWO

Il n prevaptuse have investigated the redox pt
surfacesswhfer@uwWde surface phase diagrams v
partial pressure of oxyd&hmat eedqus p e direé s1i marrc
mor phol ogys,, oderGuwedd from the phase diagrar
mi xt ur:@ktbaufggest s that the pristine (010) s
the morphol ogy ast.128%8urKheseanhilgsies of wa
confir med tmpdete ccanlnH adsorb onto the perfect
exothermic ads0.r&u% ieo\h. eAdedrigtyi oonfal | y, t he ba
of .OH on Cué&\@ai ns greater than 1.23 eV, t h
requirement of the band Gapséquenhhbywatmertl
we have selected the (010) surface for th
reaction catsalysed by CuWO

5.3.2.1 Pathway 1

The reaction profile of proposedsmebtlbami sm
in F53ur®nly one water molecule is involvec
to a surface coverage of O0.125 monol ayers
wor k, we had def i gO0e dnod efcwll le sMlh yads adii gnlgt aH |
thembep | ayer ?2Afwaher stmof¥ awas ef i(r st1 adsor be
in tmostop aywr getne?2 abd-2ggi Y@aluenthotnypes of

shown in state i nt®832newdoi ahtyed rlo g(elnl )b oonfd sF iwgeur
bet wdamd#lrid the O ato/ms )nat hei stuvaamedes ¢f
2. 2,1 respectively. The Ypc @lces|sa tids@viextot her m

respect to the pristiThe shafrgee ahraréfysi snod

t hat an over & wasc htarr gyres foefr r0e.dl Of rom t he ads
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mai nl y di stri bwm/t edboaldgngast hsehdd®BB. iThheFi gur
asymmetni aald Gy mmet ri ch)l osft rtelt ec hwantge rmoudnedse r
shift after adsorption with respect to the
5-3-4, suggesting weakening of the OH bond,

mi gration from the adsorbate to the surfac:

(a) Initial 11 TS1
H,0 . H,O __, H---OH
: :
. I N
O Cu 0 O Cu 0 O Cu 0
|
'
13 TS2 12
H 0 H O---H H OH
e = — I X A =
i ___:::::i_:z £ ________ — ; T
O Cu Cu o) O Cu 0
(b) 1.5
TS2
10k ,
I
|
05| AEA2%1_25 eV

AE (eV)

0.0 :

|
;\EMTO.BG eV

-1.0

Water splitting coordinate

Fi gu3le(a) Proposed mechanism and (b) cal cul
1 on theOTCOWOsur face.
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Fi gu32eTo5p and
statal ong pat

water mol ecul

side views ndfertmeeda irsatnred ctta uode s
hway L4L(0bh0}) hBuept@w,e i WeanCdu WD at

of the surface are shown in blue, grey, ani
e are shown as i n -bcoynadns aanrde wh
shown as dotted | ines.

Fi gu33eChsar ge

density differences for each
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