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Gener al |l ntroducti on

I n the | ast decades, the rapid growth of gl

to anA neverasing consCumpteinan ygifnbameregym.iclgr e
predomibaasrtdl yon ifoslksctdiatiggepstrol eum, natur a
Howewbe rsesefwovoesifli nii uteH esye aahreaeus nniobtl er e)n e wa b |
antdhertlhey eautef hot smeledtb g bmer gy wo.Mod edbermand
t deepl et i bassi | tfhuee liso trheesausl et asc tiinon amastts ans
which i metgmitmy@enssseverdl eveafyams adsjoifcee a |
and polMotsitmpod,t abhhby wiudesprzaad on of f ossi
greenhouse gases, especinalt hgAebmbeepberexi de
popul ati odnetirs efead iabg ment al l ssues includin
change and envi Tdhhnume nithael tproalnlsuittiioonn. t o an
sust aamdabd enewallnee odurtdes biigggest chall enge
green eneAngoyn gf utthuer er enewgbbbkamrnengygypowr ths:s
potenti al of 23000 TWy pldrr iyeadard yi £ ntehgymaiol
me et the current a nt.dH ofwetvseurrel i egrhetr glya sd eana n d
i nt er mi t2tCoomts emaiteinradd dj t i on( Pd)ephaetesvaolhtaai ¢ r
sol ar energy i nt o electricity, vi(akd)o u s
photoel ec@PBClaenrdi ¢ alt e g r-alt edt mpd(cve bg3Hd la ms |,
have been developed to enh®@meeset n@ putoialcihzas!
produce sohiaghlf we lcdé e debdya |dsi hr aercrt dssysn Intighy n $

of f eprrionngis DIl nsgg @ o m rcol deuacne reendeurcgey ,0 ur fdegpsinld efnuwceel

andi ti gatemahe change.

It i s wgietnheirna I,tt Heitdodn ¢ e kKl B ensisttskvo di f f er e ndt pr oj
duri ng my Prhhe pgrooad r aoni. tboo tshh epdt bOsppegclotisft sins a s p «
i nvol vtehde iinmtpor ovement ofdt bheihpewgian maln pe © cel
i .tethe hydrogénomradd ethe®net hano( EOR) dati on

Nametltye f i risst aprcognebcitned t heor ethi cvadmnikesnd e x
rel atled kbhypydr ogen prpohdoutcotciactna | pyrtoioensasa theyi ngp ki
t opmocs,t of the studies repotheddienmel opemeatu

for controlling thenpbotetatabgbt apeapafl@ap eni 1



Bycontlriamitt,ed attention waacygi mdrmme dniati me rresl
of thiks pwdtpeerctcanmpbhns badepesledviemt 1t dateher

water mol &actuileg as protcabodshner reactailtdcre pt c
part,jcsthaeshiogvat e structwatrsemiduawhmobeer acel
i nfl uences tshpel irtattfen gaft Tvhatée rP hiDs tdhievsiidsed i n
chapClRapter 1 f ocusesst podyg aecei feixpealrliynewmd ah av

l1.Synt hewiozedhot oamat ahgspgpmed -dbip@® k) exih® bi ti ng
di fferemprodubumdingdni fi cant differences i
properties

2. Demons,tr peaed orFmiumg er Transforagmpelchfroarce®dgi
measur amaeont rol |l ed rel adorwcei thuarhimdii thy (R

responsidblfé ecfentthehoitostatteacyure ac¢ttithietiyn

These experimental activities were carried
Producti on and Energy (CASEBEIMNS AM) ®Bf oltd
Phar maceuti cal and Environment al Science

Spectroscopic Laboratory of t he Department
Physical Sciences and Earth Sciences (MIFT)

Chapter 2 deals with thedemssptuy aft umatail omals u
dynami eMD() DEST mul ati ons were perfor metdhein or
structur al organi zation of wdeéeesmithe hwat e
splitting.Tmwertfher hemrsde Dimocstr od mp wiekidigenat ur e
publi shednwerkisng the whherwatpéi tit s ngt onhédi
as an implicit solvent or wusing |ljnustura woirrk
the innovative el amené t eal i solfi ofwvdee $ionrtigeprivaiecc
wat er wizdshurtifse dTh eO c ofragel ndteirraet i loinguwi d wat er
mo |l eciund eksi)rect contac,t .an téexpglhiecipthod mic\ad ratl y:
This comput atsiommmallc t tdud yr w oHal barbiozriaot i Manr cwoi td
(Depart ment o f Chemistry, University of Z¢
Cassone (I nst iPthwtse cfadr PChemiscsals, Nati onal
(I RCRR) , Messina, l'taly).



Theecond r eswadrecvhe | porpoejde cdtur i ng myt aker dbadtir e
Catal”™ doélnvestigaci - Quim3ca (I ClIQ, Tarrag
Jos® Ram-Mas Gal 8§85 i n the framework of t he
(DistributEd Chemical s :Amdphotds]l pcodacat @l
With respect to the previousrgilojescton tthies
fabricati oonf lanmgihltye sge mfgo e me o ¢ r eoardet aal ki gzset negf

et hanol oxi(daQiRpodeexrt eamei oandi tions (Tekencent
fi gabhbustehi s catal yst i nthaatneparnkveifidiecect i R EC w
har ndres solfaar emadirlagyy @@ugt i on @amdt Her ec &ORo d i
anodi c si dgseerleescpteicvieihsge pgr odiwate hyl acet at e)
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Chapler

Structuring of:xi waeefaat bab

soldari ven water splitting |

Summary

This chapter deals with the experimental r
PhD pr.ogTthaen fPpotchues drsi titclae s ol wantgfafiiymns

det er miwaitnegr tphpel f bt,maagceospi ¢ that is odoftten o
I's emphawi watder cannmwmds ieve omesdidemewhar e th
buittash an active role inlcaeadysimng wWheenr eal
interface with a solid surface deeply infl

rat e.



1. lIntroducti on

Photocatalytic water splitting is 2a pgionmg s i
directl y 3sobuatr seenveer rgayl technol ogi cal i mprov
the performance of this process and make i
soitaarydr ogen ( STH) conversion efficiency of
factfbe -Hargheast i ng abiliitiyeofc harsgemiseprndwud

effici enntchye sawnmrdf ace eremed®mersatfioan.t he H

Since the pioneering a’t tun bdnidski)fa Fsilsmowm
as titamita,l | a f avfoourrpiHoed uecd mmiomoe @md b, @to-anl i t y
tokthgi,gh chemi cdlowstcdimiwleittewo, af mdaeesrpsoinsi bl e

—+

he unsatisfactaonti:y] hact ovanboer avidel et I i gl
ccounts for asorhiamors pferca oftuino m(eaddouust! 4%t ) ar
andgap (3.2 eV faordtthlkefasat aseombasnaki on o
harge carriers thvbbesdr aln i stk adtdapdaigqags®o n

ontrol of thédrndamemdropmaltodinh@Bfe hize em ogp uow
O overcome t he safedr dme et ipphnoetdos @it tad tylse f or

(@) (@] o Q

~+

and oxygen evolution reac)tlinonshi(sHER narmredk tQEF

a non metallic el ement (cheaper and mor e
metallic elements) is one of the most feasi
Ti20O'Among all the non metallic elements, re

promi'§iHogvever a mechanistic comprehension ¢
its concentration in the | mproviemesiti lof It de
For exampl e&obgZbrnoveeétaated shidfatf tiem thloe oma mid
while a blue shift?llis otelpanl edrkiEsy NEC hrehe te tal
and FeAfhoandaiehxanti bTiitGs t he highest photoact
di fferent | oading (2%, 6% and 10%, respecti
in presence of a sacrificial agent ?Ysnuch a
addi,t itohne sl ow kinetiowobffes heh®OERy| a’whii €h
hampers the overalll efficiency of water sp
semiconductors throwagh afinlges aibn on@anp @raast iearke e qfe
as a promising approach €% nadrelkandaeicphsei oa:



approprcaatéeyessel @oprrocvlee mi ¢ al par ametreesnt s
density and the chardMbelespreaenficahsiyert e
Pprocesasnesovcicaur-s mmer e -sopheaowt emMécfanitshre f or mo
mechani sm, water molecules aserfacenffjbymtchg
chemicab .Ibfondise second hme @aoracetivabimy doat i on sh
of coordinated water mol ecul es and i nter a
el ect fos6@Bhcagr eement -Hwisthh tthheeb eMarrecoufsg ani z
water mol ecules plays a criticailnrpaenioulde
the -ophere melcdttehiramsstmi al Ipyr okbersPfsmamef or e, gali
fundament al understanding of how the water

the reactivity of the water splitting react

In thisitcobnseRkt noseivieg alt h &I&’p eathidmetnh &d'r et i c &
observatitomashbee hdvcatute and mpeampeurnfi ®@ace odr avatt
di fferenoff wamtesr hioasStpee ci f i cnad Il egyc uhveerdeeaacred er e ¢
and | esisn ntolboi slee psrod x idm(stuyrt flidaindad ® btjuhkek g.i o n

Si mul t atnre@oudilgl ectric constant of interfaci
in th@ H¥8.ePst i mpoaset amcdi yre of ®whed ihuserfh
water gbghiatvvti emr omagly tahfef egd emdetbryi ¢ constr ai

sur face.

Howevde, dndecstandi ng o for garei izsatttriedrhbfdacad uasle w a
many experimental methoti%oaseqbekrkdygsahgi v
from t he oivretresrhfaadomeveids by t he signal Tlhwus giintaf
nostur pri sliemg@rmhaing the peculiar |l inkage be
and the observedsplhiatntgien gitna kthhsav v wtatt giggswsd hi s
endeavour to examine whetwh eseerntihceo nvdautce rods i s
di ffers from that found in the electric dou
its potential i mpact on t htethicshraetli gmg swmfigowmat
we synt hetzianead atswo phio®@ocatalysts (without
B)) that exhisbpilti tdtiifnigé raecsttinvaiattieetso.r y t o emplt
of the project i's not the synthesis of the
of the influence of the structur,ah bhgawhta

splitting activity. For these reasons, in t



nanoparticles as cocatalyst, ii) the concer

order to avoid structural modifications res
and iii) the photocatal ytic teerstat wree et rpaell
Il nterestingly, the different photocatal ytic

i n the-cphlynsicadal properties orf itrhetipdhotbandg:
separation anhdbwme mensimreatsleynhdyitboogile met Mo r k

water molecules at the investigated interfa
at the surface | eads to a change of the | o«
interfaci &%? whateerc Haanygeers i n t hee xwetrd rmesitt mu
demonstrated by Fourier Transform Infrared

relative haoaondiltiydeeRdH)t pe o®OHNgt r et gidlichyg Vvi |
i nformati ddiboalowntet wioherk vadntede rt hour$§Atni tzlae¢ i ®ame
tiheow VRRH iekow watepr cawind ®iniths i ghe i h% er f ac
Wh i &be J-lkieva tbeerhavisowmser vedomodift hogd RH

1 Results and Discussi on

1.2.1Water splitting photobehaviour

The amoarretl emfsetl during the water splitting
the activity odopehdp duvnddieo pgeudsdaomddas Bt he 2cumul a
production (in micromoles per gram of <cat al
2 h) forarbdTBGampl es. There is an initial
establishment of an epbhotobebhamecpontdinéi boar m
di spl ay | inear dependence on t he i rradi at
photocdeakyswvation effects during the expe
amount of phabhdep®odocadr Blememed wstt di ¢ lhieo et

of ,ud solely to the water splitting proces

As depFcugadabdtehen dophikwigt lofbolidn at apmseodonbanoe:
rate. SpecTif2@0 x@s bapr tidhuec tBdPOrenio b'h'gvhiicsh 4. 6
ti mes hitdleeaditeh hemdo IThYy .
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Figdagumul ative hydrogen production (in Opwd- Bber gr
dopedpAotOocatal ystesoubempiarmaadivat hgnr ogen photopro
I n orodefrind an expl anat i onbeochfawdihdeu reintheadch cbeyd ¢
Tio@hot ocatal ysachemebwat ak tsphy dgssamttmipones have &
carouBldeesaol t-WiVs di ffuse refXrRBt aRzmamspeXkP$
SENMEDX anal ysitshatulbeandgap changes, creat.i
heterophases,i nand yalntadénroahtaicoptrsse |noagnyod amensi ol
responsi ble of the i mproveTli@oirleiottgirt o@mandts
nvestigalt pdion g el e c & nabdtcehsetnyitseb URieecso nduct ed
n both phot exatloatldyesritded tfaencmpse dcswoclkha agse at i on
nd stabilization or t har er eas ponbsoadstei nd fe
hotocatal ytTiigd meda vasyeowtfs Band rel ated res
epadragraphs.

> T © O

1.2.2Physicalchemical characterization

1. 2U%vils diffuse reflectance spectros

The ophsecrmapti on properties of t h-eibDihfoftuosceat &
Refl ect anc eFisguscletoriss o dggysOv pti on spec-tra of
doped Ti O



—TiO,
——B-TiO,

Absorbance (a.u.)

T | T I T I T I 1
150 350 550 750 850 1150
Wavelenght (nm)

Figut®vi2si bl e diffuse ranhdd8tPampd espectra of Ti O

Botshampl es di splay a similar absorption b a
wavelength range beasveeni adt0e0d Yawifdien3etdn enondi ¢
transitions. The main peak at about 370 nm
(3.1 eV) are ascribed to a pptdidmireasmpte can ate
It i s worth nothiaswy tthh aBt atthoemsd odpoiensg nooft Tsii (@
rel ative amouiteovid\sr udiiflfeu speh arseai.d iecd taen et laa
absorption behaviour of ti tramliiang so witotty had f
t hat B doping improvasgduonsebgtileat h gthitov iatbys oo
| ndegped,bdbéyto the | ow thernBeprtdsdimpBedo miong,
exhibed shift in ((lypizhdoygptdi dry d dhege actreesa t |
close to the bott owhemnf Bt mda oansn*fleptl iaccre WOa rod «

Asl ight increastndei vitshcdlnledbrg giBaickOweaend afr erd
to 2Miu@ to the very | ow.*INwrntmat ihoowewferdeftda
absorption above around 2eV is nearly zero
oxygen defHHootnss awodu| i be pdeésenentidanamgge
increase of the absorptioc®20¢admhpi¥s ienxPfeacrteedd
The energy babdgepgd omhAtehe aTisOwas determined
spectra using t(re gfagtHs pl ot met hod

M N
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both powders exhibit only characteristic pe
to JCPDS -tarM9 nor.y2tlal |l ine rutile or brooki:t
the high purity ofThtutsheewnidieatciez e@od 4 dmmplad «
preferentially exposed crystalline facets e
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We can obsienvhe WXIRDt glotpteedt Te®dk i senB trace o
atd=28cdaAr espobdiag 0 gdess(iBbbly coming fro
decomposition at'Sdabsbad€pafthbhaeties,awhdxh co
on the photoc,atcamsiny t ir eane lBReathgavnimaesureac t rroscopi ¢

1. 2MRc-Raman spectroscopy

Thetructural propertdbopesdwdi O hffuunidep exexcamidn
Raman spemé¢ avscdmpe cts geldi@nmdToBEQ-i gu)r eshbow f i v e
peaks assg@didadfcadE? D) EHB99) cmMBy( 516" capd E

(639) cRmaman modes of the anatase phase, I n
di ffraction patterns. dyhmmet mod et reeaméteqgir
bendimg anBl anti symmgt rviidbr bBeTm@ nbgrod 0 n Ti

respectivel y.
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Mor eover ,-Rdarhen ndmpe antorta suggest the presence
Ti20 which shouwlddligRiawearad tneo ctewso a {.°5°1/358 sahnodwnl 7 1
in theFig®eetstowdgB8d sample is charact)eroifsed
theg 1B mode and 4§ roddgthhieh ¢éBs ¢ ~RAdmam modes ar
atom vibrations (the system's symneélthruys doe s
this result can be related to B in Ti subst

1. 2XPay¥ photoelectron spectroscopy

The surface compositiomraahmndel bmencthgimbh bal.i
photocatalysts -wayepkegbmehedt bgRkiXgpbaetr os c ¢
reportthes pfmFrahse,2@TiahggeB ks for -dodegedi @d
respedtheveregsponding bindianugmmareifagnide(iBIE) v a


https://pubs.acs.org/doi/full/10.1021/acsanm.2c02217#tbl2
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Fr omt oppaecn eHi giéa, et hpe ®R sofosampla@di ©e deconvol i
t woomponanéent589. 82 a@nddbd8dtsddleVa@dc Or lessgdndg
to the | a0) i scpeacxegeman@dTit he oxXylfQdpr ob@pt he
respectn vtel®ep.eBk ( Do Ot om Fp gnba)le ianf t er deconvo
adtdion to the main pe®kspecthHhied®. addenvdrpeéeé ak e:
eVattribut-ed gooupe, Ta t5hai2ad( e¥mpbhedt aat O
associ ald ebdsinsdo pB&hest, this first result is

atoms in the doped sampl e.

ThXPS spectTriipgme akTit@hkeac k Fliigré® ex hstbhdeb ub | et
T2 pat 458. 52p@aV avdwiTtizh eV splii.teteiprag aemeomg Yo f
pedkb 5.WHI eV, itshd ypl €<@d mc T iadf t °FToiteh eT i BO
sampred Hii gha, & he 2pshpevalka posifti ofBEOV 27 u e ¥y
of 458. 88V affo r4/Bp d 319, r2eps p.ecTdhiigspl mcement i s i
ok reduction of the electron dendibteygtTo fOc & i
SThiisprobdbkey to the pr e(sneonrcee edfecBrahaemat i v

i nt er sttihtaita lltemlidtl®ésr on transfer from Ti to B



Based on the XPS dat a, t he 4 028campd @n.tiesnt3.
Regarding the chemical -Tin@ ampinlee na s affg ome mt

XPS peaks | sbexcamntsreovBr at @ifimst ecesrt i clasipiyt ut i
(replacing Ti or O:havomb¢eBdDSi péchk blgaveen t he
deconvoluted into two components.e Amaen a

contribset)jloagt (1B911 eV isrcas rirthdack dtiaccet o nTii @t
positionsOHBsopestitineg? WiHi | e t he s elcso(nad )cloOn2p. o4nbe
e Vsaissi gn@d: t°BFB° studies indicate that the o

O substitution is energeticall®y preferable

I n conouBdopmpeaggwadasOsuccessful |-genseytridided h z e d
generally | eadlepitmg,i ntteegetthdri alsotBht hlee stuof @
of thpaMi.DcIMgs eover, bortawmaddecgsndual charg
resul ts i nithoh ea nn uimbcerre aosfe®8 u Avfhd cceh O K @ervad wpesn ¢
i ncrease of the intensityTioBampeeOwilsh (Tt e}
TioFi gupde Téhae XPS results of our sampl es ar e
i) i nterstitlsali( RB gs6eyteeasn d( singmodlIviBig 2phe shi
i Figéaend (i1 ) surf &neg 6dB ¢ ( sghaynecehrl a te ss itghnea | B
at b532Fidg6aee/ (

Binding energy (eV)

Ols Ti2p B1ls
Samp O1¢1)01¢1 101411 Ti2p/2 Ti2p/2 B1g1)B1g I |
Ti20O 529.8531. 4 - 458.£5464.1-

B-Ti2O 530.0531.1532.41(458.€&464.3191.¢192. 1

TablBi Mdi ng energ) e@®ind2@edlss Prédsent in the -XPS spe
dopkid®@ampl es.

1. 2M@8r phol ogi cal and el ement al char ac

The morphol ogical features and the el ementas
scanning electron microsceomy (SEHbPM))t rAossic @mye.r
shownSEIMn | mkggafad),bh heur fodfcebot h plhpatese@anttal y s
homogenous distribution of particles with i

Mp



mor phol ogy and cAgditalohatkys ekeoneeds no a

on these aspects.

a) TiO,
G)

Fi guE®X peanda SEmBMgenssoet i @nldB-Ti-Powder s.

The composition of both prTeapbdreed photocat al

Sampl e Wei ght concentration (
Ti @] C B

Ti0 33.3 53.3 13.5 -

B-Ti 20 34. 4 57.5 6.7 1.3

Tabll@Gom@position xafndd Bdepellla®ded® on .EDX spectra)

The EDX results (acquired during SEM i magir

a weight concentration of 1. 3i%) biont ht huen ddooppee

dopedpdw@®ers, the weight percentage of Ti a
previous indications that doping with B doe



1. 2BET6anal ysi s

NitrofephlyNi cal adsorpurbdbatdeebrphoobocéaval y
applied to gain insights on the textural pr
ar eaeX StAhe t ot alpo)yrodethel pme e dihdetept ( Dn
desorption curves and the cehowmBpgsBdehbhg por
respectively.

a) 120 b) 1.2E+00
) |—e—ads Tio, _@.e.o-o-g;o-G-O’o ) o —0—TiO,
~100 -{ © DesTO; A 1.0E+00 —o~B-Tio,
"o J—o—adsBTiO, § ° = ©
G _|—o—Des B-TiO 4 ™ el
£ 80 2 / froogaoed® | o BOED!
~— [oF, ¥
% 60 ,of’fﬁ o = 6.0E-01 —
[m] 4 ﬁ/a A ie]
= o g ¥ o))
5 40 - ﬁﬁﬁ’ S 4.0E-01 -
‘(N - o o >
Z' 59 i(oﬁ ©20E-01 |
i 0
0 e — 0.0E+00 90000 O —O—————0—0
00 02 04 06 08 1.0 100 1000
Relative pressure (P/P,) Pore diameter (A)

Fig8ed&litrogen adsorptisconmdpeseorspizieoneisfot hatmodopedyv
B-d o pTeidO

As shdcwmg8xaccording to the |1 UPAC <cl assi fica
a type |V i sotherm charact er Hsytpiec hoyfs t neersecsp
t hat i s tbyoptitclael poofr eisnk( i . e. , a not well def
and sKHEped Bpedndmn®powal es!| ih@ht beyw ahiugeh ecro nfprar e «
that 20157Ti @2 a%g4d T kkpzttmvely). Furthermore
( Po)e of each samples, dis$er mbonRidptreoios pdI .8 3
and 39. 46z2ammdd Bped, TilMOOspectively.

The textur al properties Toafb3d.beot h sampl es are
Sampl e S Ae rhg?) Voo (e C3rg) Dpofen m)
Ti:0 111. 27 0.12 33.83
B-Ti 20 157.92 0.17 39. 46

Tab3 BRET surface ar eaofla®PdnlaBOe par ameters

The differences are negligible (< 30%) sug



atoms in reducing thessuumpmpenrt gt e prnéwanoa
doping with B atoms does not generate oxyg
contrary, the formati onzaafc ed werrfaad ees dxhyeg en nc
resulting in gchaeadr podunosi oy af t®8A a% identic

1.2.3Photoelectrochemical characterization

The electrochemicdlehaviourof TiO2 and Bdoped TiQ photocatalysts wasvaluated by

performing cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical
impedance spectroscopy (EIS) analysis.

1.2C@clhic voltammetry

The C€C¥VrwemsecowidtelFoiug @a)eenwdi t h i | I(Fui ngi Gb)aktri oom
0.036 to 2.am36Gcvanvyg aRHEnoft BEOopnidyt st he | at est

(obtai hestabtlkerzation cycles) was reported.

a) Dark conditions b) Light conditions
1.25 5
o |—TiO, o~ |----TiO, !
g 1.00 |—BTio, g 4 - -=--- B-TiO, :
< 0.75 - < ]
£ ] €3 i
> 0.50 — = i
% 3 2 i
% 0.25 4 % T :"‘ r’!'
ho] A o 1 - Fl "l"’
£ 0.00 — z e
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8 0.25 ] 8 e
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Applied voltage (V vs. RHE) Applied voltage (V vs. RHE)

Fig9QCempariywlni o fogolaumnnEis;@otiTiB@ampl es i wmndae)M KOH
dark conditiigdohns camdli ti ons.

While the CV profile (with or without 111 un
i n terms of tbedqdeedwrcdgeedoetroattHr oentat an appl
0.5 V compared to RHE), there is a marked d

generati on, above Th® VIdaumparmaed omot RHE) s i
oxidation activity with reepkett tiosdmoke epck
i n-TB2®O hana. TT e effect of ITight i1l umination

My



which is the slow p%Regasdingwhherretecti ol
el ectradlisdssi sl eBss ef fai c atehdetr etf loare Tie@Qui res
over po(tle.nx5 aV¥ v sTi2@ Bd ¥Tifr@rs pBJptoinv @ll y)uzmi nat i
Ti20Os al so slightly Ibeesesd se faf isclinegnett |tyhvaeno wla tCe
to start the reduct2i(00n 7p rVo cvess sl .)cBodn pear reelda etcat

reduction of the potenti al i's related to th
Thsee esul ts indicate that | ight pTiethbaasamor
t he2sTurOf ace, i n agr eeme kiugsd a).hb Tphhe t eofcfad catl yad

due to either a more efficeeamgtmasrten baflfiiscaitda no
sepafP@amnidon hus a higher photocurrent gener ¢
structure at the interface which enhances
spli®*tting

1. 2CBr8@8noamperometry

The CA @Eigfihkeese coll ected by performing si

seconds for each at an applied potential of
(AM 1.5 G, UuvC and UVB/C blocking filters)
Tibased photoelectrodes in specific waveler
0.05
f? - _Ti02 Open spectrum
' ——B-Tio )
€ 0.04 - e 1 (]
< n b\onki;g_ﬂter
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= (|
s d LU
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' 1 1 T T r 1
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Time (s)

FigapP@hr onoamper omet r i c,amedd sSBBraemmpel netss (flo.rl 3T™i O/ vs RHE
using wevpiesni bUN | amp spectrum (no | ight filter) and

bl ocki nbgatfa Iweerre) .nor mal i sed with respect to the surf
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A< an bfer gtk when t he | itghhetenei sinsmtpii @t h endt r ere
i n pthhoet o d wrl rl eonmte d buyn tai Is | a0 ad auressteddinte @ ache dl. i g
i's swi afcdhetd bdday i whibé& plkouoascrutrerneintts vianlit
Theecomdamgyhti hntheapkoet doehbegthledfuisenosn ti
neededreach a stabl e eTlheicst roibcs edrovuabtlieo nl aiysers
correlation betweeandhéhphsestabufreati oensi n
dengsietqgwi res more time t)andcbhbhyevbdearsepabdeac
photocurrent dennsc¢ ¢ 1ys ebceufitd vwieo urceyxcd lets . conf i r
photocurrent i s not related to changay oact
when activity is related, for example, to

with water.

Usithlge AM 1.5 G, uvC, amnpthadd¥B/ hbt bekeestr b
active in the photocurrent generati on, and

performed at open hep echtortwone ucs o readiitt ibcerhsavi our

sever al i r rAasd i eaxt ppebchteecdy,c besi ng t hie. BV, ulsii ghigt
AM 1.5 G, UVC amhe UymBdtCocd ufittemdlid@eaci ¢ gses.
For instance, under t2h5e% AoM 1t. hSeu o Ipf@ithlotcsaprre rc ¢éanr

remai ns.

Morepvehe decrease in the photocurrent den:
filtered irradiation A{Ts$20laing fi(trl 9yPo Mosr e7 4p%b)o.n C
i ndi cat @< tolhualto giamg | wistihmmBr adwesi heooes pogbe of
Ti20O I n both open spectrcuonmdandidfOs!| ttehree dhiiglhl
photocurrent dehis® tTyh ecroenfpoarree,d tthoesBe resul ts

B does not enhance the charge separation, w

1. 2EBe8trochemical il mpedance spectros

Addi ti onal riemgfao dncaitgpirogne e t r ansf leat pabteodimena
semi conductiont/ ewderxet eprioytied aidl i ey . EM&e EI S me
wercarried out without and with | i°gbtOitrddi

wi t laman i tOu Delvsedtfppl i ed potential ranging fro

The Nyquist plots for both sample&igader d

H N



Na,Bhe EI'S data were fitted t hr(osuigeip ean dsiixmp |
A3 .f80r more detail s)
Dark conditions
a) b)
200 TiO, 7 80 ]B-Tio, ° 6
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and, ldyght c®ywmdbdlionrsepresent the experi ment al i mpeda
using the equivalent <circuit model
It is clear that, at all the applied potent
i's small er under |l i ght conditions respect
l owRunder il 1l uminatd mows MaRdsdeoonypea n, eTd2(0tOon B
both dark and |l ight conditions) 2prTohneorteefso rteh,
el ectron transf éloweovewatehi smoektatesis not
carrier generation rate (attributed to the
degradation paths), bsthetld teHecgmomottir@am sd f

Tablld s4 s

equi val einit dca rrkc ua ntd)

t her evsaul luteisn go ff rRo m
l i gdandlciBOhdi ti ons

t idyfiutst inmgg t dhfe R

for Ti



Dark condi't Light condit

Ti 0 (B)Ti O Ti 0 (B)Ti O
Potenti al Rc (n,) Rec (n,) Re (n,) Re (1)
1.313 V vcs 838 345 5314 345
1.513 V vse 315 73.6 189 66.9
1.713 V vse 60. 2 11. 8 37 9. 21
1.913 V vs 12.6 4.85 7.8 3.48
2.133 V vs 5.80 2.32 3.97 2.81

TabllEgdi val ent

conditions at

electric

di fferent applied

1.2.4Steadystate photoluminescence

potential s.

peak

circui tapalf Bhetder sdhr emabBdS|
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1.2.5FTIR measuremens

Inf ormati on on the structure and thaendarB ang
Ti-zbave been gained by analysing th&866l®ange
cmMmwavenumbér ategtihaenyi ngce hy drfattihoen (= aempelless
appendexpArfiore ht dIntdteeetd®H| stretching band i s
structure resulting fromwhhiecihbmreademmanal off rai
provide 1 mport arbtonidn sdioghotrs (iDnNt oa wmtdh e tHe e pvtad e
mol ecul es as wel |l absonodf nfénteWdbstkli ¢ uBi Gsawvde dt h
13,tbhe | R istplectOQHIinmst r étochithge tevgpi o mpPpeaairgat
significana lryordmalfiessreedhtr gpresentation is al
var i aRiigpats®,)drom this idhgersvactutont htadnda di
organi sation at t he pihmottercfasadee gwsiptsha ctehe t wo

a) b)
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With the aim of providing a detailed descri
broad OH stretching band has been deconvol

exampl es driey s obvd hien ot her irAepspuelntd}i.xarAe s hov

a)
Tio, - DA-OH

| RH=53% r & U
3 ) T

©

— DDA-OH
Q

: ¢
_‘E“ DAA-OH LW
g .

2800 3000 3200 3400 3600 3800
Wavenumber (cm™)

b) -
B-TiO, Aen

__ | RH=53%

=

]

~ DDA-OH
@

0 ’
C

8 | pAA-OH LW
2 .
2| b

< P

2800 3000 3200 3400 3600 3800
Wavenumber (cm™)

Figur@auddgsi an deconvol uti onaJ)obt@ rtihBel i @BHa nspt Ireest canti nRYH =h5a3

Thesecentrsboati empondd f f eyemmet rOHc stretchin
i ncliugimg!| & odidord ®r ac eCeHo-8 0 4 0, iDihAu b | ed adwnloe
accept ofOH( DBARA)AGsIIOmg | e i chagrd er a edHe p t~a3r4)3(0D A m
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In particular,significant insights ito the organization of the#dond networlarisefrom the

comparison of the relative are@®., the ratio between the area of a Gaussian subpeak and

the total area of the OHrstching banylof these five spectral componeffgures 15ae€).

DAA-OH

S T
] - P
I i Ay

DDAA-OH DA-OH DDA-OH O Oxygen atom

L
3) ~

d

R4
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1053 DAA-OH TiO,
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Figure 15 a-e) Changes with the relative humidity of tihelative area of the five spectral components

obtained by the Gaussian deconvolutidihe OH stretching barfdr both TiG/ and BTiO /water interface.

f) Mean Hbonding state of water in Tikand BTiO, samples.

For both samples, thmain findingis that theDDAA and DA water moleculepopulations

constitutethe major contributions (more tha80%) of the whole OH stretching band

(Figures15b,9. Specifically the most representative patterns at the interface with puge TiO



consist offully tetrahedrally coordinated-Bondedwater species (DDAAdlong withsome

H-bord topological defects (under coordinategDHnolecules) of théype DA. In contrast,

the local environment of water molecules at the interface withB is dominated byvater

dimers (DA speciey especially for RH values below 75%s shown inFigure 15c

Therefore in agreement withmechanisms very recently proposed by Jiang et ahe

presence oB atoms hampers the percolation of tetrahedi@dgrdinated water clusters and

largely enhances thBA population leading to the formation of chaimd dimers It is

noteworthy that water dimers have been found to exhibit a higher photodissociation activity

than larger clustefand that defective #hond networks are generally more effective for

proton transfer procesgés

Additjiomaél yhe DDAAeandchetwddbedDAmati f sH-i nvol v
b ondnentgweotr kt he I ntetrd digedspneschi atlhveag atethitea o n
anal ysi e ndfrituydecd ffasccalrldy ng to the criterio
al’?,he ratio between DAwaasmnd c DDA e a stshped n1iem g
hydrogen bonding statetadoliGuameTBA/ DIDA6A i nt
water mopeciud pe@rtli ®oaulseog bedTiacGunt hac gr eat er
compar ednt d htshudaltfi@cdei cat i ngboan dwenelhevb r x hi bi
| arger f(Fugtidhdt Abns he same ti me, this find
hydrophobic BhldatCactasr safppttheedal cul ati on
numberboonfd Hher water mol ecule as function o

under i nvestigation.

Th e scihcelnautsafr attheonor gani zati on of watzer mol
andTiBOesul ting frognstisehbemfhuR@aaNadbRs b

a) b)

TiO,/water interface B-TiO,/water interface

® ©
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FigurSchleénpat i ¢ i | l-huesntd ant ddaowic@kldBtH ep hHbt ocat al yst s.



I n conakesirdmng to ouunexTpleRMmMpraseldt swattelhe s
effi ominerndy hy-@r2@@h @asbtiyesatnBg hffea voarnuarrarbalneg e ment s
watmeari nly in chheseoéexpememsent als ufpipnodritnegds ba
DF-MD si muFat i mosewatedraiilntoenr acti ons w-ith th

MD simul ations see next <chapter.

1.3 Conclusion

By compéaerei mpdhrysi cal chemi eahdTciBGampt esj stitc
i nf er rtende tdhogpti ng with a | ow amount of B (1
intrinsic proper-Tii@ a mpafbeofuitt &8B8Mi% .ofl nt hteheB B s

surfacedispewesleld 2@)d riikce ascpiedci(eB. The remai ni
Ti20 attice, mainly as firnamUwwliet iashlakeBesi Besver
evidence that the interstitial B induces a
could potentially -sjpulsittitfiyd ga na cetnihvaintcyed wat er

Experi mbat akt tsgriinscd WXWiR®mM g fRiaaqmram , -EEB)XE Mand BET
analyglsliew al so ttheenlearcd ed ep ¢ MTai®®@ Mme nrt edls ahtedr d B
possible interpretations, such as the creat

in the crystal facet &8 porosity or nanomorp

Addi tional gdlese¢isnothdmngalkyclic voltammetr)
(CA) and el ectrochemical I mpedanstat eapec
phot ol uminescence (Pe) feohemsue ement $ hewpnoss
i mprehadge separation, d hba rmgodf | dtmatbe rl mezadait a toe

i .exygen vagsapciesdi al r e aascanev i-ftky® otvh e d &€ n h

water splitting

It is worthtpeiat mngfouhi shptoject is to cl
of water at t hies ilnitrekddacwei twh tthhelfivwat er spl it
rather than i mproving the perforenmanhmresherf

photocatalysts synthesis process, we did nc
met al ions of Cu, Fe, nobl e metals and ot
Consequently, the |l ack of a bbgcahemyst] awna
rul es out the possibility that tThhe®amplbeve:



rel ated t°BFotrhitsh easspaentet moti vati on, B doping
wapur pkeel plag v e |

Fourier Transform | nfartardeidf f(eRTelnR) cnoena sruwrl d nee
( RH) conditthiaasnustr tireecvee anbboyd idfoipciantgi opnor of oundl y a
structure at the interface,boedadtwatger nmadle
A significant @Hpaoahdt idomepHorspEgl es, i nst
tetrahedrally coordinateddopradssTirldDdasted e en

experi ment al FTIR findingfSolsduggrisdndemantt hi
production rate achi eVeXphwittolcat alkey shtydr ep il

advantageous arr angsemepnrtesd conii nmeanttelry nfod renciunl ge
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Chap2er

DF-MD si mul ati on/swaotfe r( 1iOnlt)e
and (T0POwaB er i1 nterface

Summary

Thi s ¢ hawittehr cdleaarltisf waftnupwatheer and t heborwrdani z
net waotr kt he i ntearndlciB®ywxph obleinnigty Functiona
mol ecul ar dMDBEBmMmMoasamODEMmMI s wor k, we overcom
modti teraturwhisdh dii meeendareasicri bing adeptsol i
only a water molecule or at the belsntdeaedyat e
we provided a marhee rienaveirsttaicch avhiaezvwwweaft ioga tte
sur fbayceisncl udi ng ansk@p32cwat én gumolde walt €s)

box.

This part of work has beelr .caRahreidz iooutMairnc
(Depart @hretmi cft r vy, Uni versity Jyan@OZ¢r iGahusep ek
Cass@Oihestitut ePhHysi cGhhenfrcaadesses, Nati onal
(I RPRCH¥R), Messina, Iltaly).



2. 1Int roducti on

Quant emel compuedtomnBensi ty Faurnec tai gomoaMe r T huel
tel athéymechani stic i nteirnptlearyf abaentdw etehna ttehret a
surface activity. Previous computational i n

materials, focusing on imp®dviMongttbéi-t hpbet

science' ccoanctetwleatsiuofsace structur e, the for
heterostructur es, and the surface reconstr.
solvent framewor k. However, the organisat.i

l eveh¢ idamteérface (with’d)a bus kdyerami tcy af fli

and their impact onundepBdomeds)e tpirtognreira iceast .
el usi ve. Psr eovni otuhse sitnutdeireacti on of water wit
t he identification of chemi sor bed -lsapyeeai e s

organisation of water mb®%ecQnleys a nf evh ec csnupr
attempt si mpgioghtdsedaboutboinile echywymamine@mt edra t t

i nt e2®P®Pace

Wh a 't i's not fully addressedomiedt i doltdévedlhec
modi ficasuobphaoé pheperties (e.g., by doping
water environment as well as the surface al
can affect the experimentally provewmatchrange

splitting.

Intending to fillintthhisswealtgkmpdowir ken oaw | deedtgaei,l e d
of not (olmMOulyd o peBld capnedd anatase surfaces of
dynami caémpemat ere behaviour of | i qmiid wat e
and (BITO1®y expl o-pol adiessepd ny Functional T h e
dynami eMDY IDRUTl ati ons and an explicit water
DFT picture and the implicit s ol vheanste ds c h e

cal cul ations were al so performed on bul k an

The descriptionmet hbdsaooboapstamineoddilao ddlrluicr
el ectronic and mechid®it aaA pepdernodpiexr tA e s



2.(2201 Y»i nfi o ntlaicawavdetrh

Under standi ng aunrdf accoen tcrioe@iaknegy ytplwomf tt he f i el
photocabafysies characteri ze aacndoVti whyievahds s u
wat er %*pWR ethhienganabalsk F0l0id is cut along ¢t
symmetr Fiuglepmrededooor di nated Ti and O surface
I n particular, the (Whilohoamrdaoatexdpooved i Vi
six) O atoms,fléaddicogridonhe vedtgs ubhesgae ur at ¢
Ib.Bri dging oxygwhi ahomseOcoordinated to two
are al so pr esenrlti2Gaur ftahteedanG twos 81 ( B@ D)ms i n a3
bri dge bet we ebnontdhlellne B(&Thih on averfagled .s uMofr eecx
oxygen zat ¢gmsl Oy) coordinated to three surfe
l' i ke geom@®tbygndThendgth is in the range of 1

a) 101 cut of 442 TiO, supercell b) (101) TiO,
© Ti4
: 101
» 0° surface
oL
S
2
S
/s
20.46 A Y,
Figla®42 supercell bul ki sstcruutc tathroen goyfs haenl af {bagdsreagprhei©cn )p.|
bComposition and surTia@edsbpbeaftaei oplrae( a@hpasett .heTIBi
thickné22d46Ta®oms) in a stoichiometric slab model .

Thed®Bpedhdv® been construct®at dms r ®ptl mmd .nB
When surface Ti atagdmigns@tenseedptchd el Br o
crystalline sunfFrageaedomedbr ywidt hé&dc®ot snat i on
t wo sur fdaed &Fcitgs@bd&@ hi s i s due °tic t(Halflaygt stah a
30atoms in a trigonéli nesboee@amdioonst Ben tdsa o mautr If ya



a) (101) TiO, surface b) (101) B-TiO, surface

el W/
Ja 1

Fi gujrZeooBlnn vieaelwl @ )s uTrifCGage:omBi on the surfa®eatoms cool
i nprai stuirfeace gbJ méBIMiyG amfdace: B atoms on the surfac:e
atoms. The twefeswouatrd$ asmreeblinghl i ghted in black dashed
in pink, red ad cyan, respectively.

ThendopedogpetlOB)s uTrifCaces were put in contact
(bul k liquid watef ogfvilreadiemgl, it ueitidea tf ma leis
showhppendsikurAl ng-pdwrng2MDFB®i mul ati ons, we o0
exposingTiBarfh@®rys to | iquid wateandst@bi | i
surfawdizlihst @sbo deinstsiorcei anto ¢ & qhvih gesSa g.b

a) Water surface-adsorption b) Water surface-dissociation
at Tis site at Tigys site O

bt SO
B S

Fi gBrragivat er adqnb@psputriface di ssoci at(ilOMHinechaoné smsi aan
atoms are in pink and red color, respectively, whil

Det aesedts are summari zed bel ow:

- (10TLipOLCentir2ediasmsdci at ed wat eradnsoolrebceud east a
unsatudgubteadi mg to a surface ter-@Qbkmaatdi on/ s
20% ©OH B xposed csaittoarss , o0 vassk idipTé& e ednsat ur at
Osurface sites receive the two protons (
Tivsi tes),2®@H deé nmo sFaudr tshieBfensd.rde sur f ace o0Xyg
Osi( 12) , (fully) coordinated to three surf:



present and not affected by the presence

(101) TiO, surface

w,OH u0H

v

80% 20% =---- > (20%)
Fi guEgqu#é4l i brium compositionysaumrd aspee dinatciomn aacft twhéda h(
O and H atoms are in pink, red and white col or, res

- (10B1Ni20 over ldAiutsouraflacBdr i waser pti on sites
2Tdéu€ 20 %) remain taeambbbt eorm.vedmt iprder tamca l
di ssoci ated wateradmolrdecud Tessaarrfdalcseu rsfiatcees ,
to 70%OHind 108HofexPosed sitEsgbh@A@ehedepic
unsat ursautrefdac@®@ sites receive 1h@H dd xsposd &t

si Fert he3fmdrde ,sur f acesaaxygdn ldt pgmses@nt and

(101) (B)TiO, surface

uOH uz0H . (Ticys)
¢ : ...
70% 10% --—-- > (10%) 20%
FigbEe@ilibrium composit( @& @BTH sBdu rsfpaecceisatiin nc oconft atchte wi
Ti, O and H atoms are in pink, red and white col or,

Onced uci dated the elgei We &n i lnyaltc atiriped sumbd dopdne d
doped (2@X) atie®@ i n contact wihah & ibgeuend pwact ve
i n orodeirnvest ingaatteronti ei s bThed ¢ bit @ah sy,naednbder o f
GO surface terminaddeonnsnatschadgegeéhabsivmul a
However, the dynamics of the interfacial we
(hydrated) catalyst surface and theDwat er

turns out that :



- For )il | &G-Ohé overns Bin@H  omeur Bave e H
bonded with watsard Thbéblget mt be water mbéecul
i nterfacial-baovaded tl @yTehhee nihujrof8adctey. ¢ f t hes
sur fwacebrondtds are made by water moilbeoanudl es
donor/ acceptor t(Foi wgauBy,des w it thre & nbrofnede edaiget aH
(bet ween surface oxydeénb6and wat emomded bge
wat er mol e eaulceesptaorti-ObsosTH wenldlo Do s-Ol i Oe, as
depi cRiegle.ime r emai ndeom d20% waft ehtba snod ecu |l e s
t 0000 sites) faBlar s@rfacemaaxy gdn ldt pmes@nt
by the idbobedf acoées adti ons.

- For (-TD20) aB#OH, h-@HOane uTrif ace -bsd ntdesd awiet H we
mol eculk es bIOtYW ng iwater mol eéoccuilgenadéeédthe 1tk
surface hbaneérdpkt@dnicle. The maj-bondgd ( &aLogr
mol ecul-ascapeoHi-Ohasn wéldlo OmsOH gi es al r eac
shwni Fi g6.Mée ot herbodndd¥e dofwaH er -dwon cereQitl ;e sO a |
sitesp.gdgvddrd Gur f ac esaorxey gsetni lat opmse s nt and

i nt er fhoonaed' senWi r onment .

: v ”20

FigéMagni fication of -whe ebpornedd opmaitntaenrtn safti /@ahdeee mrfjae® us
Thebdéalnded water modecaypteo ra;diHsconmalsitdlmaen o® 00 stite . O Ti an
O atoms are pink and red, respectively, while the w

Thesemputational theBtlers adsoirpat  nbomhde n o me
interactions show a siln gththafy ctdhydid coppBtitkPb i ¢ ¢
surface, where only 50% of -bbaeddcdtudnmref ace .al



I nterestingByitddheatBuolp@&ac€lr®1)not affected
adsorption phenomena abBowes$ | i msemycttih@ensg ,ntr
thate neither available for adsofroorigmgd di ss
bonds. When B atoms replace surface Ti ato
compared to the.Buataeame Moveaetobomwayds tbef al
their cobiuglBphBhioni § furthevabupapoohedf byhe
radi al di stri buFiug® .functions (RDFs) (

Ti(s)-Ow (anatase)
= Ti(s)-Ow (anatase+B)
Sk n = = B-Ow (anatase+B)

g(r)

r(A)

Figufei ¥sgndO,BRDFs at the (u@ddpridmaerd .dapedjaces

I n fact, by comparing the RDF between tita
oxygen wvatamd ©Ohat between boron atoms B at
Ovshowhki gofseol 7 d bl ack and dashed blue cur v
closer to water (exhDd.iliijn)g tsmatrmeyEirBamperodnss t
are on ®&%.e9 ajgefraam water.

|l addi healwmyed of t heawenfkoat amchecat d(@misld) ogpredd B
Ti2Qur faces RBRir g8asmd winifa bnke «

Thwor k fundthiSorld wal e x peDdi.H8e 2%°aN ‘avta ltunees an a
(101)balrieO subDlt a8eeVawlkden t hes uvarnfaatcaes e s( 1 0nl )c ol
l i qui d watderp.e dF aarn att aessheB (Vvidl1le & Vdfahnadv el .b7e eenV
obt aatnetdhe bare surface and at (Therssatulktrsir

are in fairly good agreement with the exper



Ti20anat ase’® s dbcfoancfei r mi n gP BtEmwaJt rtelpe e DiEle at i o

computational setup are reliable in?® eprodu
7
1 B Exp. reference (5.1 eV)
6F ®  Anatase (101) TiO, -
b A Anatase (101) B-TiO, 1
5P l ¥ Anatase (101) TiO,+ water <
] 4 Anatase (101) B-TiO, + water
4tk J

Work function (eV)

1k o

0
Fi g8wer k function (eV)Tic@hRTuib&urefda d ey itrhedi(rleddclt) cont

or with |l iquid wateri.s Tthhee raevde rsaqguea rweo rikn ftuhnec tgiroanp he x p
from®Ref’@sgual to 5.1 eV.

System Wor k functdi
(101) Ti O 5.
(1013)+ Twalx er 1.
(103dopBed Ti O 4 .
(101dopBd+ TWOt er 1.

~N 00 0

Tableal cul ated surfaceswork function (eV) value

Al t hough these computational model |l i ng negl
voltage application), they are in fairly ¢
showi ng hBethapleidampl e, the enhantciedi wat edusp
a modi fication i(hnd hsicgaimdr geé ffepamatei om t he
of the undopedranadcttapge TinNnOterms of the wa
by the B presence. l nstead, it is due to a
water molecules in contact with the solid ¢
of domibhdgn di ng and | ocal electriatdmel st ea
of a B one proddijcless wur flacalel(avd ttrhiicn f3i el d i
VI j oriented towards the water environment

I Ri gOre



FigOtLecellectric field determined as the difference
the site col orexgbsuirMf axcel laowidfant wen BitOm and a systel
same position for isovalues equal to 0.10 V/j.

Thil®cal electric field, which is absent w |
responsi ble for the more pr oawiirnéentr elsypdercdp H i
doped counterpart. In fact, it is wel!/l Know
order i rbgp ntdh en el wor k "%0,f°% i @iui du nvsatteemrce r ati o

structuring of the | ocdbpwasdérOaaei rdhmseniw
surface properties are modified upon dopi ng¢
water arrangement. These aspects are cruci a
the interface, whichtdemendnadn | ©&8%enetl erce o
ulti mately affect the water splitting actiwv

2.C30oncl usi ons

DF-MD si mul ati onsamdTiB@ite t(hleO li)ntTeird ace wi t h |
the E&EXp&i mental findings, showing that the
in descri-wanelosnddr fiarcteer acTtibG ns f Moodree blier Bt he

computoanal alrsesucdosf i rm the sl ighiTlia hwndraopt
nut shel |, wat er adshbhoomd iiomt eprhaecntoinoeinbd :Gamodw  Ht
surface has a hydrophilic character, in whi
the majority of 1intebdmdedl!|t ovattheer snuorlfeaccud .e sl

hydrophobic char a@fTex®uddacrei, bevhertehen( Y0509

oy



water mol ebcounldeesd atroeltiteresitfiage .y, the surfe
(101) 2B ThOt affected by water adsorption

H-bonds i nteractions, i . e. resul ting i n
adsorbing/dissociating inbendaciWhemwaBeat omm
surfTacat oms, they systematically relax as i

i .e. B atoms moveé atyewanos fuhdti dohiheeTauk ofoa c
supported by the evalwuation of the atomis
comparing the RDF between titanium atoms Ti
Ow, and that between boron atoms Bwraets utlhtes s
t hRit(s) atoms are closer to vtdr j()exMiami t(ii
site) B atoms, vwBiL O®hijafdomowawndn{®Bda mptD e s,

the enhanced water splitting of the | atter

or a change in terms of the water chemisoryg

—+

due o a | ocal cohr agnagneioZiant itodnew astt e ru cmallread ul e ¢

the solid surface. This fact 1 s -lsomkihrogv ared

|l oca
4i) surface enlseicttyriocn ftiheed doridnetre of 0. 10 V/ j

electric fields. The presence of a Ti

envir oin.mesnott r(opi cal | yThiud wlaog dalt hel edttrei ¢ f i
when B atoms replace the Ti ones, mi ght be
characternwdbt hneat gl®p@ dt @ oiutng eB part . EIl ectri

can or deand hreetHvor k "%o,f°%l iogiuri ddu nsattaenrce r ati o
structuring of the | oc-dbpeast@r Oahcesi rwanyme nttt
surface properties are modified wupon dopin
water arrangement. These aspects are cruci a
which depema oo m asanzdaelnadocnasl &P mcd rulct if mat alsy

the water splitting activity.
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Chaplder

Et hanol O X1 dalta cotnr a ceaatca li

Summary

The woeaskcri bed iwast ltioswddlhdhmtderr amewor k of th
Proj eecCADB (DistributEd Chemical s 2AnNd fue
phot oel ect r ocaantda twgatsi icdeud Bonugc easn) abr oad r esear
March 2022 unthielbtdAleyusut 2Capl " dobélnyestig
TarragohandeSrp ati me Pupd rdwiss®ir oha mneMa s Gal 8§ . Th
mai nodgodlhe DECA®ELt pradng eierk mqpyvatta evleec(tRBOC)at al
cefldr2r@@ uc taivoongwlayner o xti lthentoidarc . ¥ e@E®E G N

devuses waani-eoCOanolst sasgmtfheeedcat hodi cs, and a
respedthiivselaypproach can be e npdiotyed.d)ytlo agred dal
both at the anodic side by oxidationz2o0f eth

Speci fthiicsa lcldhaglt £ hvei tdhe s cr d e\ e losapnrald notphh @ Mi z at i
a highly efficienttf@amdt Isieoa BEOR hsée lleenctt m oc att all
mdaerial, d e p oasnidt iroena cttewcehraéprigeodpiteam Iy reeadhi ev e
t he dexsiid@grdodlorc tpayrsteiveceuwlaar bi met al |sbasanmnd tr
on Cr(iRtti@ama)l Non( Cubni aatRaNi Glad re)siyalt hewe rzee d
acarbon cl otthhr(c®&lCgglc suppgepositionsdModeiompnredqgr
concentrated ethanowubD. btMhabeén9oéé& wctbadLacf€l
t o puslhectthievistey hy b waicdthet e¢e i me obf t byutbmé Heis o

Decade project. i s stildl i n progress



3. IInt roducti on

I n the | agtel beacsand ¢ 4 ,i otnlse of t oonsr esulctairbgnf d
wi despread ud$easofsairgessrisir ofhuseslose alat snosphasi c
pol l uti on andCaogn soebgau e nwalnmyme mffgiercd ti ovggec aspotl wirtd oa
reducezetmmes@G@®e ofs t he ffatrleenosdi g@mtiidofnii d pa smm
context, by mimickingthdedepmhat awwe lad c t@Erlooct hoesnyin
reducimbogh chemical fuels byi susa ngr esnmil fairn g
approach tor resol ve 49k ed'Pdvfeptrdvaemehnitg ho ncevde rppr o
requiredwtad edaroxy dauti on reaction is the mai
10A potealntte radoantsiinsetcso u p lzr mg utc e @ o @ QRORW i (t hGe

et hanol oxi dBORoaoapreagtiba sel eRRoifviee rEOR woi

advant ages: i) the energy reqaededdfborthhe
evolution reaction (OER), enabling the over
potefiial the oxidation products, including

have a higher markidowewdmu,e <hahssoklymledicacsy
problems ofahbdessesplest i @it Whooweurcd dsiesr,d | e

apr omibsuitn gc h aal pl pernogaicnhg itsh e os agreemtepfadddhctt he c a
and anodifc asi RIEEG@ nd etvhiicset BEwrnafPa aor e c t DECAD
(DistributEd Chemicals 2Andphoebsel pcbdacati at
ai m® develPEL ademawes wasndk-elCianonlpfuas t he

cathodic and anotocsephetsevoepppproat ey be
as green sol vepe corfoirfchad || aga dddeioteit vhea n o | IS O0X
acewht ehr gcheetns wi th et hanoOnthe mrad dhwdaece tplay
reduced iwmt ehade&athee rwi t h et hanoml itna efgoram ee

moduwlld ows to drive the reaction by using s

This chapter i s dev dteesc gtho f tahwef i d ehdec raimpotdii ocn
selectively.Tchoinst rwads tahen ¢EMORt mniuwmballr ®©Déaslk xi st
studies for the oxidatiearhaawnmnd ¢l edthiyde acc
l i mi®ed’®oreover, t hsarfee wnapirne sye nptr owoorsked f o
(KOH 1 Bt hadplilbhHe MDec aider g eprujsdncet sietl ye wsh i o

et hyl acetate andcbaooestettrhtasnepir OdwWdit Cla® r at e



el ecttrooliymper ove thghasnbBeeondhbos e niit®g nreact
this ,regasdcrucitahbttanhhglkghi gpretr f or mi ng el e
solution can be non active when working 1ir
DECADE phioject

After a wide screening of possible candidate electrocatatpgt®nly ones that result to be
active forthe EORIn concentrated ethanol 968te pure metallic Pt, PtSn bimetallic sites,

PtSn ad CuSnbimetallic alloys and NiCuSn trimetallic alloy.

So far, pure Pt is the most efficient metal for catalyzing the ‘EDRowever, it is an
expensive material and its active sites are vulnerable to poisoning by intermediate species,
especially carbon monoxide (CO), that are generated during thé*EQRnsequentlyin

this worksignificant efforts have beanade in order ta) finely control the morphology of

Pt nanoparticle(including dimension and shap®)designcatalysts with a high number of
exposed catalytic sitessing a low amount of Bf 7andii) reducethe poisoning issuley

the addition of SH®

The exclcusiitoncadf rawPfmradmrtilmée asmuade adesi gn w

the fabrication of an el ectrochemical syste
reasadn eirnitdslddad e Cué&n Lnbda Ni p r ocnainsdii hdgart eEOR,
sever al ef forttee dptviemibzee nt hmemidre acti vity and

These electrocatalystsust e deposited on a carbon cloth (Gipstratein order to find
applicationas anodic paiin a prototype of th@roposed neWwECapproachin this work,
the metallic electrocatalysts were or directly deposited omyC€lectrodeposition method
from aqueous solution containing the metallic precursors galtowing two different
pathways (ceelectrodeposition and sequential electrodeposition) alternative, the
electrocatalystdhave been first synthetized ararbon doped sulfur (S) support by
impregnatio method and thedeposited in the form of an ink on the CC substogtepray
coating The obtained materisivere characterized kstructual, morphological, elemental

analysisand tested for the EOR using electrochemical techniques.



3.P2t containing catalysts

3.2.1Electrodeposition

The electrodeposition method has been chosen for its scalability, the possibility to finely
control the morphology (size and distribution) of the deposited materials by adjusting the
deposition parameters and the assurance of a strong adhesion of thg téte CC

substrate.

I n this regard, two different procedures we

1T The-deposition

T The sequenti al deposi tion
The-etectrodepst i tsiyomrt hadtllilaogy a nPtwdhn ch al | tr
catalyst is active t 9 wagtdeslpetchter oHiCORe ¢ sHbuwreaneir

compl ex and chat henge dgx b petcvawestEailallish aef leetnheen

di fferent val ues

Thequential electrodeposition condiesaatdss dfo t
t he f orbmamatoanl loifc sites that t W(EOR,o0 uthatheerbe

a true alloy.

3. 2Chellectrodeposition

Theel ectroadd p &g iStni coomw aGC pseufpfrparmnteach s abuebaas

cont ai nARtngadlt®Hn precursors by using a pul se
cycl iinggd amA2 Smeci fheaPgrenc utr sor solution wa
di ssol vimigtr $ins avdait (eN@sHs@7)t5r0a tmeh,e nn (1 1) B hl or i
2 mM fainndahl propl ati ni c RatcdblHO)h e2x. arftM dsrhaotud d( H
poi nt edt hoeuste tthhartee chemi cal comyordedtl whnungt
descrielmeid mc eNaGlsOrpl akeyarole in pvoeotfi aog t
Sngiln water abwd ntighfairsmaitnaonn uonfi f or m hfriolurg hf r
el ectrodepdapt epar et'dmol uti on

The XRD Bhglaysedfs t(henad eipdiearlttiefdi ed tahSsn. preser
phase, the other visible peak at ~ 25A ano
substrate. I n agreement Ptam®5&tad miaan dPtS/h Sdoal
by EBPXg@xe Moreover, as Vvisible Fiyepuphe acq



this protocol provides an homogenous cover a

a) Irel.

PISn-REP

[96-153-9191) P3.6 Sn0.4 (P19 Sn)0.4

Pt
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kev
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FigbpXRD palkh)EBXnel ement al anapyMdiismapede p asnhmerdloPt S
all oy.

The EOR acti wilttyyofsutplpoerPed8n on CC was eval
voltammetry (CV) and | inear sw@Eepgdayel tammet
The CV and LSV aweornee mpeoas wroend aiimer i n 420 mL
0.2 M solution atlaamds &d,nmVrestpee cotfi v7esl ymV Tsh e

measured and corrected using the ithgpe &n &e

of the real component of the i mpedance mea:
was used for the I R drop or voltage |l o0oss <co
25
a) . . . . i : : b) —— SnPt before AST)|
175 CC, PtSn - CV 1 SnPt After AST
= CC, PtSn - LSV 20 +
15.0F b —_
€
12.5F T 515 "
< 10.0f i E
E z
£ 75fF . 210k
g
5.0 e -
© &5
25} : =
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Ewe [V] vs. Fc, iR corrected 0.2 0.3 04 05 0.6 0.7 0.8 0.9

Voltage vs NHE (V)

Figah¥EV and LSV profiles of PtSn supported
mV land 5! mVYespkekSVvatgel erated stress test (

As showng@re both CV and LSV profiles exhibi



values oftmMahd. 34mMmA espectively. Moreover t

on <LiCovwend excell ent stability. Il ndeed, the ¢
cycles (accel er aetxendd bsathr e snsc rteaste, i ASTt)h,e el ¢
(Fi g @br)e

However-depbei tbon method is not trivial an
true PtSn alloy with good performance and h
A critical factor is the stability of the ¢
bot h Pt and Sn precursors to metallic Pt a

standard reduction potentialgefEA) ewittbdeetsf
room temperature (25 AC) and pressur? of 1

DOOAaCQE DOOACO A O T Yo
DOdacQf 0Doi 16 O ™™ @
Ye Q£ TYe O ™ w
Ye Q£ TYei (0} T TW
It i's clear +®hetctdodemgsitthieoncoprocess the
precursor to metallic Pt is ther modymamical

tdnsreeassowe stopped opandmwei agt empsedoube se

in order to get a more reproducible and con

3.2SéglAential electrodeposition

APSn bi neeattaadlyisquesg reenp af e ddsebgydysangafpPerononft he C
subsamadten topla thysesr cohdbEnhion, the | ayer
and isolate tkeesuPtiagt i neeasyc & toanl Wdwiseevwittyh
di scoveirnedt tehaeampl oyed r eacwiitom slfie@)i @Wimh € et h

metallic Sn gets corroded at thAse g orteesnulitalo
corrosi on,apomulngn @mai ns, which i s <uaflfliedi en
bi met alil.i®s. exist evRian®mboms are in close proxi

The prfodlolcfoavrs@ el ect rPedred oSn ,t tidosm wellrlt iaad co

of Sn are described bel ow.



El ectrodepoepl Bt omum

The Pt el ectrodeposition on CWi twa slaogRirco i e d
mul ti channeln papboenmet heetrmododes el ectrochemica
ccC, an aqueous Ag/ AgCl electrode (3 M KCI)
el ectrode ( WE), reference electrode (RE) atl

precur domasolputepared sogi udm sebl o0r.in5da Md( Na C|

HPt &IHO3 mMn 20 mL of milliQ water undeh con
Ar i n or ddarhoex pyglehr®mmwoawde posi t ed bpulaspepHryaéen g =
di fferagrts, voddtcP ud8i0agdd V vs. aqueous Ag/ AgCl
V. for 5 s, Deeppeetithel yCC i s hydrophilic,
hydrophobic character. This could result ir
are not sufficiently wet, commonly referrecd
el eetprod ti on process, it i s necessary to w
example methanol, ensuring in this way a h

substrate.

El ectrodapdsptar 6 nafi nr e mov al

The el ectobdvegmospern fomr-med t hraeoaeakectrodes
metallic Pt supported on CC, an agqgueous Ag/
used as WE, RE alhhde CEn preegweacstoamp exdsoel.de th yo nSn
0.2 M and ammoni sHNNz:G7) t 0 288 Mri ba30@mip€of mi
solution was kept under an atmosphere of Ar
(1 MWg.ai n, as alreadgl extprl ad enpeals iitne otelgemad ¢ o d
di ssol ve i neHwie®randfdnhdstfi:- £3°e C

Thewaspbsited obfy aa pspel-gydiennyfee mf 2 ms (deposi't
0 mA2fcom (T7Tems$iamgd t5 rAeArc(hr enser se current pu

for 10 minutes (3000 cycles). Depositing S
hydrogen production occurring at a | ower pc
still deposited, sa@ahnbmedstt iof stigeda eneqtupalinit pi ot siee

rapi dl ydeoirngdthle f & ipgah@e@omn KiOHMcre sene hou



Cat adchywgstact eri zati on

The mo r ppamadl oglye el eme notfal t {pceoenmaprse dweo et al y ¢
i nvestigated &rnyalSyEsM sa.nd EDX

Al |l et ket hetmna sctad were carried out 1 n a one poc
with 40i. QI ® under stirring at 600 +#@apgmeoAsSPt
Ag/ Ag+ el ectrode fill e@.®i Mhaedhaaobr 86 %dwiw
The medium inside the RE was kept as c¢cl ose
avoid the presence eatkeff utnlce i iomt e@ron &Int e laé c ton
I tho rtehaect i on e nviwaasrame rbtnynact aedde rhiReEEg r o c enye p e a k
performingmaa@yWroxi matively 0. 2Z2ahtto a0 .s& a\h ws
ofl00 HVors 40 wythestastirring. Théeénmeahamein
96 % wi t4dd . Ri ™M @nd M ebry oac<siteg f5om | as WE and a
The ferrocene potenti al has been observed ¢
measured and corrected using the itmgpe@&n &e
of the real component of the i mpedance mea:

was used for the IR drop or voltage |l o0oss <co
Results

The el ectrodepo=idtsi otnb utheecnhenhi eq uneo raplhloolwo gy o f
by adjusting the electrodeposition paramet
el ectrodepositioappligmehfeTleent efcfadhtbdavin pot e
Fi gaur-@ahditsphay SEM { mageé § e@mntwRivadheposi ted
by applpwilsgds2dm t3 -Ga.ndd V v s. aqgueous Ag/ AgCl |
for 5 s, respectively.

I n paryt@ral\arasngd otbiRetd aparticles are uni for ml
subs i gtlae (.

At mor e negait.i€.e3Ri\ogtsef(®t | adn.dzl F iV g %3Kk-e) because
as hyhder ogen evobeugiiinbsta git dPat @ tdieljpeocsd mess.Trha wsgher
i's evident WwWhegounreowdeahi mflg spl ays Fglgab elsardj d

whegei Béductures are visible.

Additiomh.ad4 |\Wy,t mea production of hcyadurso giegng tb u b

ny



heterogeneity oThitshendt uwreipfoosrimiitoywiisn bt ke
comparing theFilgp@wetolve rlaiggeh IFomnaogvwereage i n

]
(e

Fi gBreSEM i mages of Pt el ectrodeposited on wunfunct
vol tag}s2 V vsijAQ./AgLIlysk-A/. Agll vs Ag/ Apranld)espect
Cl ospe i mages taken aa)f amedr eemd dtrjepeidy foi Clopod mages

taken at t he cgheannrdgrre ppesdttiiwenl yo.f The | ow magni ficati
the backscattering detector (for &and hdargktdamlgort hree p
while the close up ones with the standard secondary

n o



The steps of Sn deposition and partial cor i
showhi gsb-eThe SEM i mage of the sd&amgd@@ cove
i's depicted Fagumhaft orgeridher Iwnth a cl ear hor
particles, we can observe the presence of

deposi ts. I n all the t huangceosa,t etdh eCh.l ack ar ea

Fi gd)S&EM i magPets doefposi ted on cal.bdnV cvsotahg wmea auhs pAugl /shegs
bsame zone after Sn el ectroodemeosidneonafftreom talgea eparst
thradugter sion of the electrode in KOH 1 M for 1 h. A
the different composition of the mBitg6Bxal surface.

pn



The BDAloyfsitshe Pt Sn | apeovbedppoesedcenofCCPt
before apdrafbaéer Bheesapev &lpeCci fi cal loyRt t he ¢
was 85% and 93% before and after the i mmers
while as expected, the atomic weight of Sn
mappshgwedhomogenous distribution of Pt bo
(Fi gs5c ¢, whil e t lodSndadlsotwehrb ot RPthaitn ofi(eit s cea s e s
5d ).h Frome these observations, piatrtiisaldonfriern

from the top of Pt

Before the partial Sn corrosion

After the partial Sn corrosion

Sn SnSn Sn Sn sn

FigbmhéEDX el ement al anal ysi sh-d9epDexc terluemtmeonft abl JPém&ptpS m ga
al lcopyt, &apBd; before peaergDXalelSmmerngndv alnal ysi $shspectru
EDX el ement diPt Sappepthgay®d; after partial Sn removal



Moreover, the robustness of the Pusethhegectr od
SEMechnAiguuae s s hoFung Binrehe el ectrodeposite

perfectly attached to the CC substrate even

Sn electrodeposition, Sn corrosion and EOR
CC with only the PitRidgta)ies| ad tsipd cheg/eas iatsed ef el
areas in both 1 mages reprresceeapdgointcoverre dPtCC(

the gra¥igémease iSm deposits.

Fi g®brnNSeEM backscattered electron images of el ectrode

processes.

The activity of the electrodes was measur e
deposition, after Sn depobBytpenfC&@mmindg tCAr

measur ement s

ThéVcurweer e rfecemdled o 0.6 V vs oUdfrorcuzsd ooy RIE
in order to assess t hfeolsltmawisiid tiys of epgdiret esd/ ¢
| ast Theal eest has been performed by applyin
l evel of 0.2, 0.3, 0.4 and 0.5 V for 2 min
step, a cl eta.nli n\Wy wausl saep polfi ed f or 5r esp.e altheed w
many times in order to certify the stabilit

Figuséegsivheeompar itsh@Aprodoiftlhe ee di f f evi @Piit el e
deposwi vttt agesO.pu] 3 0anddbsV. Ag/ AgCl



== Pt deposited with -0.2 V pulses
= Pt deposited with -0.3 V pulses
== Pt deposited with -0.4 V pulses
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Figugcaeronoamperometry of the Pt electrodeposited NP

| t i st btalied ectivi oldePt at i ngter medi ¢

actibFort yt.hit her Sasadmeposition

deposited

and pairnt itahli sr em

wor k were opélienctzreadde® npraepdred in this cond

Fi gau8aedomptahe el ectrode

el ectrodepositi on d(egproeseint iloinn ea)n da npda ratfi tad r

acft hei tey ecowadds aE
rter

The activity of the bare QAG sewmppeecctdeuds, s @fl stc
f ormat i don noeft aRtlISnc sites the activity of thi
—ELAT CC
a) —ELAT CC with Pt b) 30 :
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Fig8fempari son of the EOR activity of the CC substr

Sn deposition
Li Cl O4 bQC.A2 wM,t h

aamBt phirti aé¢dcOYrpesobinl &
stepped

potential s.

mehamoeéd 986 %
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3.2.2 Impregnation

As alternadlieect troddpeesictoi on met hod, we trie
by i mpregnat C8sasupnedyddfd oawn mg ocedure alread)
| it elrridSstperce f pPPaahlh ¢, .JMIGled as metal salt prec

respectively) were mixed in 50 nQS osfu.pdpeorotn i
The tot al met al |l oading was 20 wt%. The mi)>
vacuum. Finally, the dried powder w@ks0%ubje

in Ar) atmosphere at 900A C for 6 h. Consi
common C support the high tempédéidyt oraderreaq®
nanoparticles structur e, i nevitably accel er
poor crystallinity and | ow surface area. Ho
Pt and S suppresses .Thetnhmeptracp esmniedtl ggrsitsg W
deposited in the form of an ink on the CC s

Res wlntds di scussi on

Th&®EM i mag@Ssoufp ptoret i mpregnat edFiwg®8he PEe&n i
be obsesmanielttahdti ¢c parti<dlO®s nwi { h hiak idghuartree t e
99are well a t-G@ saucbhsetdr aotne .t he S

Fi gOFESEM i mafeShdfoyt kg ICtShenpr rgdaby on met hod.

The fCf the assessment of tthhei sa cPttiSvni teyl etcotw
cat awygstperformed in cowmdentuliala@. shbanol n
Figanen®t Sompound exhibits high performance
remar kabl yaB801maA WwovseoNidEas carried out at

pn



for F3 gt 0OBVe can olksheer weaurtrreantt densi t3anids ver
after an initial drop of abbat 64 %maeaddc kehsee
end of Tthreesleeest ochemical s hugrgacsdtte r tiald el toPyto & n
synthet-CzedpbggBation method is a promisi ng

hi gher met al |l oading Ii's necessary to i mprov
a) 40 S b) 2
—Pt
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FigafgCV prandlCAsmeasurement at oPt@®nVsadrdt.chyNHIEz dd rb
SC i mpregnation met hod

3.NBon Pt containing catalysts

3.3.1Electrodeposition

Aneffective al-PGM ddladmantorenoondt acheddbposi
pul sed technique, from a solution containi |
Speci,dfitchél YuSn all oy precursor solution w
metallic chloridesa imm x alirnaeptichbytli-D 8 SDf | avxeichdt e
Acet oAICINr iwlig h t he a0OddZzamg edfeclir@ll @t e. The €
was performed by using a CC as WE, a car bon
(SC&3 .REe prfootlolcooned!| ¢orrtddavodivedappl i cat.
di fferent cycles (450, 90 .dnd/ &0 ®B,CEr d vped
a potent i ofsfttaetri ct meodel.ect rodeposition proce
ethanol and dried at 60AC.

Using this wmetshyomdsidedgnzadd cabalegsnt s atvi obh of

pp



metallic.®mnardsCHp. CHUISH. CassInGu.,Sn.6u. 33
Sh.€4. asnSn. €. 83

Addi t iwesaglInltyh,asr zmdt abVyi addl hgywNitchk etlthe( Nai)m
har netsrseaym@r gy amondpobbée meealperfor maWwees o
chose tNi i medttacdhedasn dieaor g o dowxriidnagt irgenaa t i @amt or |
we becdamevesef ul i act impiroymengathéeyst.

Characterizati on

The foll owiinsg fdobcdudsiesdsmioarmp hol ogi c al and el em
(Fi guratglof Soh€w.sgompoausnda representative sam
perfor makEO& idguhpagldhown in the foll owing s

.MapSum Spectrum
o I
sn I
cu I
c I

S
40

Powergd py Tru-Q®@

Fi gdda)SEM el ectron bmkkRX oslcomegntaald anab €®idsayseprecdm um
carbon c¢loth, obtained by, eclpcstea odp peESEMoalif )tnhea ps @
EDX el emental analyesi gl hila$pneiCuig odghJd.he Sn

The SEM(Fiigageps hbwss heh&C 6s8ubstrate is wunifo
el ectrodepbt8hietee dEDat g egdimlec onn f(i r med t he pr e

pc



expectedi e®2reyemd s@e i wiht hpercent of ~ 30 and
Figdteehows a close up SEM i mage. Guf ast hey dec
reveal i ng ac hraoruagcht esgugrefeagcaecbg s of gl obul ar pa
EDX el ementreaelvemdppianguni fSonr ma ntido gGut hkeut wom ho
el ement s (t@easid (R)rgo rdele)

Regartdanammgphol ogi calofc htahheacthtird m@u &M guynaeg e
138)di spa anyosdul wa ¢ &-deéli hed boundary between t
el ement al angAiygursg colpdhc r mem t he presence
component io.feit,,heCualalnady ,Sn with the weight p:

respectivel y.

Fi gab¢fEM | malmlEDX¥nell ement al analysis spectrum of a ¢
particles.

I nformation about t he @uniaenrdo sNirSuncGuu rceo aotfi nkgo
obtained by recorHignigBe he XRD patterns



L ——Sn_.Cu

0.67 0.33]

—— NiSnCu

Intensity (arb. u.)

10 20 30 40 50 60 70
2q (degrees)

Fi gdiB¥RD pattern of a car@wowmompoumdcdygerced by n8h ar
l'ine).

We can observe the presé@mde anfd #UA masisoch ad

support. Specificablewy,zsitnhetrtree aadeaes enoo fditshda
di ffraction peaks, but rather a wide distr.i
around 35A. We believe that the signals fro

from the CC subtshe aXRD patstt erad o f the Ni Sr

di ffraction peaks at the same angle as thos

Resul ts

Every el ectrode w@Byeval 6 &mend onigo Evdyitelse
The CV profiles were recorded from 0.2 to 1

M as electrolyte, a carbon rod as CE and a
5
4
Rl
(8]
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E |
>
‘w2
c
3
%1
5
QO
1k
072 . 074 . 016 . 018 . 1IAO . 112 . 1.4
Voltage vs NHE (V)
Figadst abilized cyclic voltammograms for several Sn(
of the two metallic centers (Sns0anm2d Mu) measured in

py



We observe some catalyti®©.waWdBR,sinhhdatheamreant
with ethanol oxidation (EA= 0.66 V vs NHE).
Sn.eu.csompound which maybe i.Homcertenisse led cetcitvre
e x hiabivtescywuriroewvmm o fd &n Sidd ynAl cWn(Fvi sg GNBJHEN addi t i on
the CA test pesf dathie dc cantd ulcrtzedAdelvse rs 2men d e a «
effecteoady bl ehe firFatgdde. mi nut es (

10

SNy Gl ——CC/Sny,,Cu, 5,
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Fi gabagCV profhilAe samdafl.iz4y VY ess thhi@k Ssupported on CC.

Considering the wunder per fpoortrmeadnecgea dalfat i e 81
during wllee |B@Rvat the addition oh prewemntid!
poi soning and deactivation during the oxid:é
during the el enoduobdtdgmohiptasiridznechwaend c¢c C\Cer age
supphoirggaddd | ustrates how these two variabl es
of the EOR.

—— 1800 cycles NiSnCu
—— 900 cycles
I —— 450 cycles
—— CC_EOR

N
o
T

=
(53}
T

Current density (mA/cnf)
o 5
T T

o
T

0.4 1.0 1.2

0.6 0.8
Voltage vs NHE (V)

Figabe®dVv profil e aolfl ooyheelNeicStnrCudeposited on CC by appl

p o



The electrode realized by applying 450 cycl
how the combined effect of depositing smal/l
enhances theeéfefcit cioarydsorfti entcgh ehehtee rEiCeRI

3.3.2Impregnation

Bi metallic and tri medmniltlicalaldawsmadtaesreida losn
CuNihSanve been sySntihmeptriezgendaftb joln® \men gacie pr oce
described.i2n2section

Re s walntdscudsi ssi 0 n

Fi galr7feabr esent the mor phol cCqiSma la nedh aNti aCbuyy e t B ¢
prepar&sSdilmpr€€gnaasfaonl lyneéeilBalt h catal ysts shi
similar distribution of small metal particl
wel | GSs utplpeor t .

Fi gWwr7§EM i matlkas) ionie tCaulSainbl )t r i meNCw®nd i al l oy sy-B8Bthetize
i mpregnat.i on method

Thpossi ble empeéoy MenmEn odnd NhE€ulBdOR clhad ea | ayssst ess
by performing EVgmBasur ements (



CuSn
NiCuSn

Current density (mA cm)
oK, o
N

T T T T T T
0.2 0.4 0.6 0.8 1.0 12 14
Voltage vs NHE (V)

Fi gu8Jey probi mesabfic CuSn andotyrsi megtnd HHeisxp zheid@lagrn D h e
met hod.

|l both cases, the current negghsigt oyl wad arad ytl
EOR. Thes CuSn and 8SlyQcubleySaneaagl gghati on met
not promising to carry out the EOR.

34Concl usi ons

I n sumrmarsycworckhsaysnt bésias good catalysts wit
stabilitya tsoeleebchtaigvoeb ubd xi datii o nocnenmabept s eodh ( E (
el ectroeygneedettrhaatneo ! S p(exa %)wdalf f @ p g nebsa,c ke .

el ectrodeiprapn ¢ gnmeattlveowdnlc ar bon d®pepdwewilsfewdr ( C
to faPr$Smat@uSnebhadt No€atal ysts in the form

all oys or bimetallic active sites. Our res
candifdat e ¢ daBe®R.2 nn gdcerteai | , regardi ngPttSwme el ec
foll owed t wo i f ftehreelnetcd mpo e paeilt i on and

el ectrodepedietcitam.d eTphoes icto o n f adrb tRantgme i tsa v e ty
all oy, but with | ow reproduci bdepogitthu.ent b:
Ther eifnoroer,der to get a more reproduci bl e an
attempted and optimized the sequential el ec
by the deposition and parr@i a&latltends ail meotfa | Sr

i .@er.eas where both Pt and Sn atoms are in ¢



efficiency of this deposition met hosd twaes c
EOR af tPdr aadampBei SBipanmtamd rewmovwabcedept yThaé
the partial removal step of Sn confirmed t|
Asaml|l terntheewleedtor odepypnrt havonzaeve btyS®C al |l o
i mpregnat.ilontmeshocdse, gdespihnt ® rotbeten i tMoygmi s i r
performing and ssytnabhlees iesl epcrtortoodcbcsd talihrei et n @ ei 0
to Pt ®8maMeweai cated and tested otfhebianettiaviltiy
trimetallic adriotyisc a&lasrealw oma tneri al maydeot h C
by -ecloectr odé@pws ke nicaatritagiwtanygd s tairee EIOCRs sbuper f o
compar edMdroedMsSon, f ar t hdeusee tnoa treerpiraoldsuics ibnd i t
during the el ec,tweo dterpioesd ti onolptraicessS good
i mpregnation methed.catmal thiec aatievity tow:e
suggetshatagptrhreepar edNCGC®ENaonyes not good catal ys
Theanal ysioxiadfati baef ptr bds ettislaimpilrespr edreess ac

study of strategies to Iimprove the perfor ma



Gener al Concl usi on

Thihshh Resiwi deatt wo didbeutentheriomegrcdsement o
of two energy rtenlaat ead er d dheet ihyrdg ogen product

oxidation reaction (EOR)

Il mhe firswemesheot!| i ght omemecrabdetiyalnods pgent
the context of watebe s mbacti nf§ teacdbrgani za

on the semiconductor photocatalytic activit

The behaviour of water is intboad ed*'gt wotkler c
whi ch i s characterised by-b@anddsy nlame &k eamud |
cooperatively &%r whsnwwheemhohadsea bvi & hhas eH s
a material, this dynamic equilibrium and t
i nfluencing solvent reorgani sati ons pherper t
el ectron tirmpmsfer Maccwos dt hedi’y Dapdngenived
i nteraction of water with a surface, pot eni
and t hsep hoeurteerel ectron transfer. Despite the
not been investi gsatldidigi m eraecltatviiany .t o water

I n shiysl ywe daesi gunneddnpleBdd 1 Wd)op @ do ana-basell
photocatahgstthbier€dl & demlvancesnpentt tiimgwatce
compared 4o Weumnuesedi @ari ous char actwirgishalte o1
di f fuse KRBDmiecRtaoanwmaapec,t r XP@opdy -EBM,0 r utlheato u
bandgap ccrheaantgheesn,e rodjourmet e ompghases, and alte
facet s, nanomor phodroepy,poaits hibrhperoplhendtc ocabobal yt
pr op eif tTiB&Os

Addi tiedralt r ochemi cal i ncchlaumda anigeod it zaant m eot nr sy (C
chronoamper amalte gt r(oCcAhe mi ¢ al i mpeadsanwel Ispa<s
steadgte phot ol mpiasaus cawerd s( Eobnducted to e
charge separation, charge stabilization, ar
reasonds mporpviepe r tTiieBy ope BfFmumiireg Transform
(FTIsP)ectiraneaspr ements under cyontoofwedoms |

demondt hthtee di fferent water splittings acti



exclulsivlkeéey to a different Spatcerd hht@filBgt ur e
sampl e, the water mol ecul ebso mddr moamoeeiprtloyr rta

that i s favourabreatoronhe water splitting

St adfe haer t -popdiami zed Density FunctiondD) Theor
simulations were also performed tookxamene
titani a sampiheesnifropund exper i tmhsaitmad!| artei sounl trse
Showaat & not chemiismostheawditbedregy moawsi t e T
wWhiacdmmoanchty wat er alpisrod wpat ii solgni gshittleys hydr opho

on the titania surface, which is typically
I n conclusion, our study unequivocally demo
i nfluengspelsi wateg performance. The water | ay
on i-hendd ng with the semicondnuacdorttsiug f ascgE
Understanding the i mpact ofbonle moui face nin
water environment and its i mpact on el ectr
photocatalysts for water splitting.

The design of an highly perforen mhagnell excxirda
reacgEOpRPmas( the goal of second prMhjiscta dviog ku
packageuogfoptelmaem Proj ect DECADE (DistributEd
fromi@Ophotoel ect racicnaitnag ytto cg éDeevio xpeesat n @ w h e
(PEC)f cxcrelt he comnragpstdbwmagtoefr ®OXi dati on as a
Namethysi cuesves wasnce-elCiDeanol taseliecpudodedcege t he
same p(r odtulrytl acetate) at both el ectrode si

Not abdryder to push the selectivity toward t
ratet baction is carried out Iin exDwuemeocoHmid:
non cowuomokni ng r,e qtuhier efmemrti cati on of the ano

chall enging.

Firstly, aowileets ogreagexilayigltys wor ki ng i n aque
ma daena@n pwre metallic Pt, Pt Sn bimetallic siH
Ni CuSn tri metsel leice ¢alelyovywe g e f otuonwda rtdos bteh ea ch

i opur reactconceedramed et hanol 96 %



Assecondt hetseep el swérecaraldystectly deposited

substsabhehetrmpeegbhptomncamebhdoddBpesumppddf ur
theasted for the EOR.

Among them the PtSn electrowas afgsnhnthoe@al bee
promising f or ,hsthhoewisnegl etchtei vhei gh@®Rst ef fi ci enc:

Neverth€ué&ssantdhbdidéws $rin tra®lwe o ¥ 8 rommmampcaersed t o P
el ectroantalwpstdhy tbebauseonmader awdt h cheaj
mat eFioal ¢ hi sffemenh, cdemi cal and phyisn cal |

the nexbo fwmpupoeactiheity and stability.



Appendli x

AlPhot ocatal ysts synthesis

PristideopactdaBOparticles weregslynmbebodeds

tetrabutyl titanateBQ TBRAB) parcubeporc oédcitd t
respectively. I n the synthesis process, 12
(Et OH) to form a uniform solution. Subsequ
mol ecul ar weight ofd 2t0® t P&EGs 2I0Wt)i ovra su raddare
room temperature to obtain the sol. The ob
aged ftoo ©O®&rrm the gel. Then, the resulting

hydrothermally treated at 180 AC for 10 h
thus produced was calcinedpeads Bib@| eACwafsoral
synthesized by following the same the same

HdBQi n the precursor solution.

A2Seup for photocataltytic water splitt

The phot-acsatatgdi water splittinghioedreawen
equi pped with a quartz window for th% irrad
First of al |, bl ank tests (without catal ys

ensure thato2dtehrei vperso deuxcceldusH vely fTom@a®he ph

mg of sample were suspended into 150 ml of
continuous stirring. The test were carried
pressur e. Before thez2diesgdlnged tihre watyegre nw e
fl owing for 30 min with Ar as inert gas. Af
il uminated wusing a -srod alramp ,mul 20 r WY ORTIE&
equidpweth | enses for collecting and focusin
the infrared radiation. Moreover, the incid

photocatalyst surface) was measmordeed by T® 5909
adjusted 1 SHYN b(ylovOarnyW ncgmt he di stance of t
The raasdkpODoHucti on were monitored, every
(Mi croGC GCX Pollution Anal yafi-221 pepgnu.i p mlefntter



testing, the photocatalyst particles were
anal ysed by atomic absorption spectroscopy
Ti or B. Finally, Then, aftetralay 9dtr ywang ogma
to monitor any possible modifications and 1

water splitting performances.

A3Characterization techniques

A3. Uw iBi ffuse Refl ectance Spectroscop

UMvis Diffuse Reflectance Spectroscopy mea
Fisher 220 Spectrophotometer equipped with

barium sud fasethBa&EO®&f erence and in air.

A3. Xrai f fraction

X-raggi ffraction weXddijues angl yasiBr uker D2 Phase
equi ppedbfwiiltthekdea\diCat i enls bjd)i, ¢80 pler ati ng at
10 mA® data were dcahbgecbedwieent h6A2and 90A
0. 04A s

A3. Bli ccRaman Spectroscopy

Mi ccRaaman measurementsi wgrea ctcabRamdHB800 Hor
equi wpedomdlocmi cr oslciogpuei danndi taa ogen cool ed ¢
(CCD) detegeotrr a TWwerne tehoeq uriarnegld O bla thw ereono m3 0
temperaturgég8@addgusmmgdiaTheasbmphegusienmr@gae XC
| aserwibtehama wavel engdd$h fodc &583€d nbmy tdad%0 X mi
Thapplied | asewasepfowled nadVémnsiery ticndavceidd thhas e

degradation or phasemglransi tions of the TiC

A3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analy
(Physical El ectronilc s()l 4e89eri&fyp esdo u rveciet hwiarh Aal
of 100 microns and operating at 2&8n& yThkhe :



energy path of 117 eV, while the O 1s, Ti 2
energy of 23.5 eV. Prior to detecting the
performed by simultaneous|l¥nerggadieheibrea mt he
an ion beam. The graphitic Carbon peak (284
of the XPS peaks. Data analysi s, i ncluding
correction with the Shirl eyl tmegdaold, Davtas Rea
softwar ePHIULVIACc ) .

A3.5 Scanning Electron Microscopy and Energy Dispersive Xay

Scanning electron microscopy (SEM) i mages w
El ectron Microscope. -RaA/n Skneecrtgryo meit sspg e r(sE DvXe)

provide semiquantitative information of el e

A3.6 Nitrogen physisorption

Nitrogemh(yNi sor pt iadn cme/asglernd ntedrbiAsBt peem paet ruarteu |
of l i qui dwenet rcoagbryi)edsionug an Autosorb I Q3
(Quant adBlerfoomes) .eac h thesxa mgrlad e raen aol uft sguass, shebdu rfso
under vaccid3mKdhe ~speci fi egeys wrafsacdeetaemrem ne8
Br un-& meneTtetl | er ( BET) met hod. The pore dist
( Voe and dbgdmetwaars (aBsessed a afr el adi aecpr
t he Blaoyrhkeftenda (BJH) met hod using the deso

A3.7 Photoelectrochemstry

The electrochemical behaviour of Ti@nd Bdoped TiQ photocatalysts was valuated by
performing cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical
impedance spectroscopy (EIS) analysis. For those testse p hot ocat al ysts v
on a condulcased gas bdoinf fusi on | ayer (GDL, S
amount2(afo Taichi eve a final Yo avdd sn gmioxne d hvei tGH
of 1 sopr oplanoofl Manfdi 60 10 wt % perfluorinated
formation of a s tTahbel ep rsoodl uucteido ni n(k2 Owansi nt)h en
coating technique onto the heated (~ 80 A

solvent and wuniformly fibxastehle spthsttagaateal yst

cy



These measurements were carried out by using a-hwade electrochemical cell (made of

Pyrex) workingf or i n a t hr ee eAqgeatzwindavallowsaliowsitrgeu r at |
transmission of the light generated by a solar simulator (300 W Xarag Lotoriel) and

so the irradiation of the photocatalysts. The system was adjusted to work at 1 SUN (100 mW
cm?) as described in theppendix A2.Speci fi cabbhygedt bat @i st s a
working electrode (WE, square dimension of
(CE) and an Ag/ AgCl (3 M KCI) electrode (s
(RE). A regular)lofw if )emta(shaisnt(rNoiduced i nto
the oxygen. Al the electrochemical charact
in 1 M KOH aqueous solution using a potent
oltage supplienti &l lvalbheeapps.i edlg/phgel el e

oltages referred to the reversible hydrog

o < <

guati on

E(rHE) (Eg/ ApciQ. 059 pH + 0. 21(1)

I n detail, the CV curves wereatr eaqpprided wiottl
randgirmgn 0. 036 to 2.036 V vslL RABewiCAhpao$cah]
coll ected by perfooRBOngecsiondONFOFF eayxd!|l ag

of 1.136 V vs RHE. Moreover, three differen
fil tseres Tadpl eve Ae applied t o eval whased he
phot oel ecpeaonidfeisd engt h regi ons.

Typebloofcki hger Cu-b f f wa vreelgei nogntsh

AM 1.5 G Direct di ghuseddl i ght
when the sbhanglse adf a4 &

uvce 28440 nm

uvB/ C 329480 nmM,44000 m

TabllldiAmght blocking foffbeebewgth rebganodonge cut

Finally, the EI'S measur ewietnh sutwelrieg hctarirn real
frequency Yteoon@e 1f rHemwli G h awwiatntp |l ant uadpep loife d .
ranging from 1.313 to 2.113 V vs RHE.

c



For all the applied potentials, thé&iProces:
based photoel ectrodes were described by u

commonly known &s$ gadred!| es circuit (

a) Randles circuit b) Nyquist plot
Ret
R —

s EC':’ ©
N QPDOGQQ‘\

] QQ
g %

CPE 2'(Q)

FigArXrjaRandl es equivalent kKWNyguwi st sgphetmacorcr @$ pggmdimn

't consi sts of amncoenl neeccttreod yitne sreersiiesst amicteh Rt
of the char ge darnadn stfheer croesstiasntta npchea sikes etl eene n
resistance related to the electrical conne
reference etiexctaoadreisbhed hteo Rt he wih okkcet, he | tehcet r
hat €éactions occurring on)woilTkengl amdnt oGRE €
behavior of a double | ayer. The Nyiqguwirset p|
Al b .

A3.8 Steadystate Photoluminescence

Steadystate photoluminescence (PL) spectra were recorded using an Horiba Jobin Yvon
FluoroMaxP fluorimeter equipped with a Hamamatsu R3896 photomultiplier. The spectra
were acquiredon Ti&x abl et s operating with a 250 nm e

pass filterwithacab f f of 370 nm.

A3.9 Fourier Transform Infrared spectroscopy under controlled relative
humidity conditions

Foustiramsform infrared (FTIR) spectra were
to 380mican i nfrared region, MIR) wusing a Br.
order to obt atimoiasegoroadt | ®i, gneaalch spectrum

resolutitlownt bf-adeicmy andfil2a8eshadmmwdggr ound spe



(registered in absence of sample) was <coll
from the sample spectra in order to el i min
contr iblug i o;mrstrredlatdfvet haumi dity (RH) was ach
salts solutions method (since a given satur
specific Pemperabueath measurement, to be s
equilibrium stat e 2bwaasse da cphhioetvoecda,t alt yst §i Wer
saturated salt solution for 12 hours or mo]l
no significant variation of the shape and i
ti me.

I n this work, S i xo fsscadtiuurna t eydd rsoaxl itdse s(oNauQH)o,n
(CHC OOX, magnesi um 2c,hl magdesi(Mdgg GUi,t rad i ulm
chl oride (NacCl), anwempetwsead uimiHcduwladeuiedeor (4Kt
from 8. 9% ¢qQuiBbRHL Vdimeesf ada @b ALat urated sa
reporTaebdl2ei nA

Salt RH (%
NaOH
CHCOOK
Mg Gl
Mg ( B0
NaCl
KCI

0 ~NUTwWN ®
U Www’
©

Tabl2esak urated salt solutions and corresponding rela

Each soluti dory vaadsdi mrgepargeacke at excess of <che
of deionised watewshkemrbietg wmatid! ynlo cAudurd @ s o |
be di ss®&lubsckequent Wgs ddleedsodawn oho.Thheom t e
acqui $t hleRopnecot ra whil e changiagmphe hgduat e
desi gmmpme f (FaiegshA?2ac).

Fi guA2assthotvhe front al and |l &teelrla,lF ivgnuialges MRtcs
di s ptlhaey se xvpileond edd agr am of the cell with the



a) b) c) <« Aluminum body

Gasket

O:ring IR Si window

Aluminum cap

+sample  Water O-ring
tank

Gasket

FigureFA2Znnta) atedal snapesthbirml wdedi hei taldeRa med fl .

Speci fi calsl ya, ntohdeu |caerl lbsfy sa ne nma lcuomiwmisut m algesdya r
I R wi mchadWesf wantearn kMoraowveupl e ofrigmagsskeit de aa o
good seal . Al the components of the cell

mi-dR range and compatible with our measurer

these reasons, Si offeri ong aardgmg di Mg alnshni e s
was the ideal material for the I R windows.
sample deposited on a Si wontdawniangtthlee fsal

sol uitni otnhe mi ddl e andt tthlkee slkeraokn.d Si wi ndow

For the measturienmbefat anodaipeode awds Of onmedp of
Si wi Brdioe¥f0l yng 2cfat ale®@ewitxensd wi th 80 manof di :
sonicated wuntil the formation of a stable
sprcaoyat i ng itned cohwtiihtpd{@ t i ng d* ad whs turpatte) 120 A

the evapor atanamsaf et hdewatdddresi on of the pov

AdFurt her inhn®iegwbs er structure, at t he
anBTi®hr oklgIhR measur ement s

Figuresshdw ®igect Ra of waan &MiBGounr ftahcee sTpie@ t i Vv «
at six diffEBhengeRdit viatl ufeisv. eb edtiwseteinn c2t8 0fOe aatnuc
cmMm(OH stretthahngdibfafhredrent OH sy mmetwiitch st r
di st i ng thiogchbanbfl iegiurr calt u doinn g : -dio)u bslien galceeOddepat noor r (

30406) ,cm i) ddoabdlee daocnco®mt o~ 3@)DR,DAIAIM ) -si ngl e
single aclH,pt-o3d)I0mAcdn i o p nswironughbl lee ac OaHpt or (
~3570 ,cmlescribing fully ebronpdaerdt Iwa t(edre fneoclteic
v) -DHeei bratiofhsrelasdedoétomwater -bmoddces.ul es

l



Figur|6aA8sian deconvoluti onwaotbenrt hie@ OHfa &éheeaelt cehs ngf b a
aB. o 3%,B3%W,H3%Y5% fahH%.

Fi gu4|l€éahAssi an deconvol uti onwaotfe rtBden.@ thfemR dveat! cuheisn go fb a |
ap. o 3%,8B83%W,pH3%,)Y5% fahH%.



























