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Abstract

El ectrochemical water splitting h-a s | abteecdo ma& p pil ni ce
Especially, dfhdediectenittat weamedipiighflinovinnd i n chem
bonds is crucial for a future f darmewalylde oggreenr gayn de
evolution reactions (HER, OER) arex psetraseidvaa sdeldy r
catalysts. The replacement -obst hebteemaaervassi by
technol ogie.al i mportanc

I n t he prNesaesmreobetrrka,nsi ti on metal compounds such
and oxides assnamaodpaeorrt itchhiens f(iNPms as-Mwell | sns we
i nvest i gdectochtalftio HERIOER anldeoverall water splittingeaction.Theywere prepared

bye mp | oeyliencgt r ochemt ea hntlggwrsfiade nc he mianall moompod io
of the synt hesdllzarda citaerefryi ead hso twoeerleect r on spectros
el ectron mi c,roseopygciisvBd)y awal ¢ carried out be
el ect r orcehaecntimcoamisder t o gain a deeper understandir
actiielior t he N/NOIGI(E@K):NPs,t he cat alfyotri ct laac ¢hsBR 8 & an

increase in the eamdwrst ao fmalkig@pans dottfti kbeb £ vwi tsh t es
approxi matneltganl@ 5 Bee(d@dy wel | aFso r5 0t% eNHOERat mept eof
el ect r oNi©®H)pfitms byahdrmal annealingn nor mal af mespheme i snmpor

form a | artgheea &8 mb ynisadcea filO@H Nipeci es during the el e
As bifunctional el sptiiddcatnagl y et tdtomy, d tpwrressa tsweaNie
and inveéstisgammady it Itdepbepantchetdsdlde d statdigstss it o w
activities comparabl evtboe tttlee Rthafmort hfeb ec ohENR r O E ¢
respectivel y.

Finally, the stabilities of thevepeWwingategdatheoeani z
actiiewsnd chemicasl cobeppmsmeéeasvmrements (up NPBo3x0 h)
the HER show a gradieghltyracsfioemattahy§t Nd Omp awnn
Ni (@H)t caltmoest eepatrieve,phigis@H)X h st deguni nt doevedad emlt e al

keep the cufdfemiR| aeomgirtayhtatst abi | i tNOH).&élmstf oaf tthhee
OER i madinc at ediurdthigo2ihi watt dor r edbdgpomeae@wegr pot enitsi al ,

associ atthdedd r mat hon of atheveaNalOAHI esapdeticly veastOIE ®n , t |
catal yseax exlhlidnt el ecduvoiciemil oavli ngt &2Bi [hi.t y
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Zusammenfassung

Di el ektr ochemi schheait Wa shsienrbslpiacl kkbueazgofg e BE 8 e rAgniwee n d u n ¢
zunehmendeeBtdbmnelmeagondere ist die effiziente Sy
und Solarstrom f¢r eine zuke¢gnftige ¥konomi e mit
und Sauerstoffentwicklungsreaktionen (HER, OER)
durch den Einsatz von raren und teuren metall en

vorkommende und g¢nsti ge AlrtoeCremra ttievcenm oil sotg i dsacheerr

In der vorliegenden Arbeit wurden unedl e Ni bas
dessen Hydroxide und Oxide als Nanoparti kel (N
gemi scMa eFiNlimeg ilanufBdzZwu e el ektrokatal ytische Akt
gesamte Wasserspaltungsreaktion untersucht. Di e
Abschei demet hoden pra&pariert. Di e chemilsogh ee Qlee
synthetisierten Mat er iPahloiteore |l Bke dd omemk opieé s-( RP8}
El ekt-Mioknrems kopi e ( SEM) untersucht . Diese Analy
el ektrochemi schen Unt er sucdmumng,deum Kkeiin i sehehnefF
katalytische Aktivit?at wad hrend der el ektrochemi
Ni / Ni O/mNP(O®HMmMt die katalytische Aktivit?at bezg¢
Ni O zu und Maxéimaimt duhch die richtige Zusammens
25% Ni unxds olWwii (eOH5J 0% Ni O. Ei ne t hermi sche Vor t
abgeschi edémé meNi hOHuftat mosph?2re i st voint 2ts,s echa
nur dann wunter Reaktionsbedingungen ein hoher /
gebildet wird. Als bifunktionale Elektrokatal ysa
NiMo Strukturen synt lZatsiasnmemtf agesdndnkangauaglets.agt
hergestellten -badi emtenskKabhakens®&dioren vergleicht
und sogar besser ;lalts dioem@ERIi el ziesl & .O

AbschlieCend wurden die Stabilit@ten der neu sy
Zusammensetzung und Aktivit?at untersucht. Lang
Ver bundstoffen f g adiue | HEER Tzeainggdm rariartd on? dals Ohoc
und NihiOH)zu einer fast reiMmheans egerdineggezunmn kAu fvreen

Stromdi cch@ e mA°’cddre doppelte | berspannung ben°tig
Stabilit2tstest 4drFeirl nper @fpéarr ideiret eERNigiOHe) Akt i vi er i
der | berspannung w2hrend der ersten beiden Stund

aktiven Ni OOH Phase ei nhwemrrg gzeehitgt Ndaerh Kldteasleyws af

el ektrochemi sche Stabilit2at f¢gr die darauffol gen
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1.l ntroducti on

This chapter gives a gener al introductory backagr
i mportance of energy storing technology, the ai
superiority of hydrogesi prwdgiucg i nreandwalivlae eenel @ic
t he mot iobjactivefoonr asntdu d-ly a s gchmmibd keelcompounds as the e
water electrolysis, along with why el ecetsremcheedmi

Finalttlye organization of the thesis is outlined.

1.Motivati on

Since the industri alc enetvuworlyut,ifomsebilel,g afou dilnshimdi en d 81
power ed t heasntde ctitnaohisopgn n et woa kislotvwwbh.adredcbonébrUDMg
d e mafnodros s i | fuel s ttho edensde npsutosure neomrentoguys sstl mai n

response to the gl obal ri se in popbhkawhmowehdddamd t
enersgyriojkeetepgplpntoxi mately 30 and 462FWntdof6bBD
f uellsi mirteed, orretsatgreiscrnaftvpalisily @ piieog re ct eido utro loi'cfceutri m
Conseqguaerstelcyur e einergmpcrsaaplpil yg b.y aMosriief beeceurc,h e mi ¢ a l
particul ate pol |l ut i opnsocurre aotwend hbeyadanrsth aagt (d Moissskidd e f u
ot her greenhouse gas emi ssions ass ot hEeattd dc lwii mat @
Due totheproblems mentionedaboveh e me shs fst enewabtle energy source:
| i dhtreta,te laencdtwii it diiotuy er v iprodSrorbearrto n a d i awtiinodin o nN@dedd MO N S
currenaswavieisd eavglelot he rantad exampl esnefgyesewabéee

[ Fossil fuels (a)

I Nuclear energy
[ ] Traditional biomass

[ Modern renewables

[ ]others

[ Non-renewable electricity (b)
[ Hydropower [ ] Wind power
Bl ciopower [l solar PV

Il Ocean. CSP and geothermal power

16.4%
7.8%

5.6%

79.5% 2204

1.9%

10.4%

FiguX(ekE)dti mat ed r e mteava bfl ien adhmpe reeorad yo RAOCE 6re h e & b H e
enershpwnr egl ombelade ct priocd utcin e2oOnl,7 . CSP: Concentrat.i
power. Based ot ®RaDtldB® frrepm rREN2 1

Based o RBOMP® et e wahl(ienecsl udi ng traditional )bi oma
-1-




.
contr i8Rt ed d&gmahbal ener gy 6& &/6s ump ttihoenedaenmde m2a tcii @
respecrtiigwetldynl addhéi gener adfengwaebpacpbwer saw it
increase ever in 2017, with anncesdasmaitgeda@da i yGw
9% over 2pAé6t ovIYitaerd c t lfaec cwwaaygbal mM&E S o f newly ir
renewaobMeep aéTihe . asdodeadr PV nc dpalcé vt gn hheghepet t addit
fossil fuels and nudl|l ead phywde ptprowbndti excbt . t Ween r e
renewabl e c apaaccciotuyn traairdg tfidoams , 29% and nEla®t@l 11%
renewabl e pwowwmor e€eaphantgdoubl e0ilid, t heaehllydkroeepaewe2r0
renewalplaaaistnyc r eased fmo(FéguHanlsi x

Gigawatts
World Total Global

2,500 .
2,195 Gigawatts renewable
power
- capacity
2,000 = | | .
| B Ocean, CSP and geothermal power

1500 — | M Bio-power

Solar PV

Wind power
auley 0
~ -

— I
—
1,000 __—___ |_ = N —— | | s | W Hydropower
X%
e I

. NN N N N SN N N En Em . .
A s
~

“v—_—

2007 2008 2009 2010 @ 20M 2012 2013 2014 2015 2016 2017

Fi gu2@l olb al renewabl e20dwer Baseacion® ,dad a8*7T r emo R

Af undament abispwgeonbelweanb | e e @l @ir e A shuecivhir natse a s on al 8
fluct ddtiisons. not owo mpendeir yhed buigtistelsesy whnt ke gvb da th

effigctiemitng syskemapgrgy phaduced at peak amrdoduc
rel eaarsiend mu mp e o d utgiynilebse r di fafreer ent t echnol ogi es ava
enerrgnesmost of them can be categorized into fo
stofagg. pumped hydro, flywheels and oempgiyesseda
(e.se.nsi blel ecdato)chemi ca(le.agnerlgayt tsetrdreasg e fauned ce
el ectrol yxdmdheay cailt ceroser gy bBpammgeifra)gu3dki slpl ay s
the discharge duration versus the powblearsigeshli & er
stotagédnaslucdi @es pump hydropower storage or comp.l
st osygeacreemner wi hyp frheerxda bi |l ity and adaptation to t
t reenewabl e eRleywgheslosiraes. i ncreasinregvay | kreiemerogy
beianbgl e Bol apge range of power dBasveall gapabdes
uti tiozeadot ate the fl ywheel, and on demand, t he f |

advantages of flywheel staondla e hayast evmas tr @shes stt hneeisr:

-2-




t wenty hyidar st,hew main di sadvantages adesdclihar die ghe

Nowadayds acsh esrer gy sdrpa ageenngysn tednet idn peioldhel i ve
use of ilmatetleerciteasoni cs and st reames md rntga taiso cardiivgadnicsetdr
battwiri Bshi gh®tMaapaopirvtijescdephogehDwer mdiwhde esear
devel opmentcoattoondabaddattery componentstiieilmrct
packagil n@ g cdasdagement with theibkhimedof mempndvsafet

ag al so dedi weetdaudt tticomarods wei ght-pos iy mg rani aw dochtt it ceer pi

Days

Hours

Redox flow batteries.
lead and NaS batteries

Discharge duration

Minutes

Seconds

T T T T T
10 KW IMWIOMW 1GW 1TW

Fi gu3lei slcharge duration versus storedlARRCWES: of v
AdvarAde dh iCamp rceAs Eleedc t St ioaiatgye .

Storage of energy i n ¢ hepgdrctaac tbhrineinse vaaske | aelr seon eas ng dec
tdrive endergonic reactions whose products <can
boredhgrg a controll edenmhadniempledetn t dbea si ésacgrtbieon f or
opti comviegt i ohny dhnwoagteemrl i Hytdrnoggen has been consider
carrier especially because of i tls &ndersvgiardadvn nmeenttr
footprint with water bei nWi ttthien otnHe wirsidairctf oorf
sever alhawd himaedesnf are vred moepveadb | e H yw drno,gveart led eed u otl iyct
photoelectrolysis, t h e MiPoncohnegmi tclaeé m, awalt ebri opmhloit to
represents the most esyt atbdi shbhkd ekebthobobgmiaali
During water el ectirecshgpsibe, usedewmasblteheenedregct ri ci
hydrogen wintdhouxtygemeecwhosté®hegenehgtde dgtemmeecaeni t her
stored and used in chemical industry or used f

combustion engtombuwi t b.A'Zeurbdt! huedrarmmotrse, hi gh puri t

byrodutest utilization both i n medbirciaslg bcaatraen tainadl idn
tohe nominal cost!®%f water electrolysis.
Al t houedhectilweni c al process involves simple reactar

-3-




a hydrogen mol efcfuil eibe ydnye y olvye nsléadve dki neti cs due t
barriers caused by t htehemudatihpddei crreaad tTidhammo sift @ rp & ;

el ectrocatal yst acaeedelieatdiesapceen soanb | el ower tehdeover
e n e rogsyto.date, platinum (Pthas beenr e ¢ o gasthebesiperforming electrocatalyst fahe

hydrogen evolution reactioHER),"*® whereaguthenium (Ru) and iridium (Ir) oxides aregardedas

the mostefficient electrocatalysts for the oxygen evolution reactio&R).>”1° However,ther | a rsge | e

i ndust r i alaresgpifichnilycestticiedby the low abundance antigh marketprice. As an
economical and efficient replacement of -hdsedon:
c at a kaytmabuadant transition metafsF e , Co, Mo , haMe gained exter@iue, resaaictc . )
interest in energy storage/conversion agtions, especially in the field of electrocatalysis
[HER/OER/Oxygen Reduction ReactiodRR)].A mo n g tfarfsigos metamat er i al s, Ni h a
as one of t he most promi sing constituents owin
okdation states), | arge abundaanng®,0dl dvwe ac &&O,n dhic
schemati caFil gudseér owind @ nv draiseetdy edfecNirocat al ysts i1
oxi des, sul fides, c dorites, deelse nind & o ,i deetsq towaldsobER hbh al e Iy
orffand OERTa bl Z2anZi.abl 4&i n2.Chapter 2 summarize the cat
represedhthartidveaiNal ysts f or tMaryoHHERexhkibitderyQrEnisingr e s p
c at adctiyity and stability as monofunctional or bifunctional materials.

Ni-Based Electrocatalysts

[ HER Electrocatalysts ] l OER Electrocatalysts ‘

- NiO,, Ni(OH),, NiOOH

* Ni, Ni-(NiO, Ni(OH, .
i, Ni-(Ni i(OH))) * Ni-Fe layered double

* Ni-(Co)-Pt, Ni-Mo

« Ni(Mo/Fe) (C/N, P/0, h_lfdroxiffe
S, Se), * NiS,, NiSe,
« Ni-MOF - Ni,P, Niy(PO,),
' « Ni-MOF
HER/OER

Bifunctional Electrocatalysts

* Ni-metal alloys * Ni foam + Ni-MOF
* Ni(Fe, Co, Mo).(O/OH/N,P/S,Se),

F i g u4 Diagrammatic representation mitkelbased electrocatalysts for water splittthg®2°

Rec e ntelsye,arrc hiemwsegrtamddf ort s @daedocabnddr soémei cat al y
mec haontilsesb &NsS ed aatdeflwrsithger ov etnfieenat aolfyt i c acti vity
el ectr odHeo we & € catplytit dctvity and stability f t-baes &§d catal ysts hi
studied welmp!l bgn adypt Xhot oet ra $XPB)ply ideqify their chemical

composition and electronic structgre/et. Thus, he main objective ofthe here performed woris to
-4-




exploreeconomicabnd abundant Nbased transition metal compounds for electrocatahdier splitting

andtost utdhye i nvol veaddtd®ehgoieng i €lsmentby coyrelaingetlec t i o n
electrocatalytic behaviawith thechemical composition as well #se electronicand geometristructures
obtained byXxPSandscanning electron microspy (SEM).

Sevenedlhods cfadrhséyentbeedidasse | ectrocasmgtyrsas her mal me
organic bBgmibaeki gsap@VDphywoisddli ownma p ora nammpiolgyert i on
deposition (ALD)He reel,ect r odeposi t i @@ p o3(iEdise thtereond reahmisceanl |

is one ofringpsvgbeusmsiigiuge i ntri2fh%ic advantages

1. El ectr odeamo shiet ippenr f or med both in the | aborat

effective equipment and straightforward pr oce
2. The echnique is scalabl e t oarmeragtel e utrd atdads sar era

3. The material pryep@eréddatr chegdisscdaabwme ncl aldle al
catalysts t hat ahawagttere esnp luistetdi fgpr(e. g. metal s
phosphi de)sT hes ediéveanrdseistiegn si demhoofcet oéd deposit
(al s o amsdaenpeods i Hjamnd ant h htee b b h e ¢ nseihsal ri ia tutdiensy
t heaptlle mpeo&taichleyt itdhrea dicsiet ioffe s, and the conce
precur sor s. The nature of paeametadeduackhme beed he
great advantage. Si mpl e rmenpa lpwieial € ss ame & chpeh |
me tlailg ampll eaoeet tusrad wel |

4. The amount of materi al depodihteda f geaof bteh et u
el ectrochem cpdcoditeraclt i oasyabeentchpgevbd deposit
current or potential at whichsthéeedapygsingi anoc
to aedriemed protocol), or via a combination o

5, The morphol ogies (ectgur essur f@rciee ratr &taisgn s)anmfs tt
be remarkably affected by easy manipul ati on
types of sol vent s, temperature). Besi des, d
additiomasi sywari ables to finely tune the n
materi al s. Uni form doping can be also easil"

deposition solutions. As a result, as ewssephbi

6. The oxidation state of t hceanmebtealc(osn)t rianp pekl deectt hr
potentlinnltrivi al tmeorr res ,0 xti hdii sz erd® ydmetsphodsdi ghéeerde a n
oxzidnig pof amwnbobtrhaehrge feo roeeiduophases deposi.tteld smaatl esr
possible to depogygiatmpmentga It hoex ipdoet efnitlimga somweby
used to deposit Ni comp.osTihe Inaatntoepra ratpipcrl oeasc h e

pol ymorph ofidéppoanatted i atl aamdl ¢ weend pont enmittivalt o
-5-




more highly oxi di wh drcdatea isn soonc j@ohf ¢ dtlotagei seasx ied e st i

| ower. oxi de

Through tano&rgeahreamet er s f omeealk € onehchep 0 £iEteindn i nn
in the development orfeledteed ragmltiad ytsit%ind othdarivisy eb @
Nibaseldect r owiatthal warnt isa lg | es tmourcpthuorlenyyi d a mnpaonsd tsht eant cee
el ectrochemieeccale cprr dpgdegimeiddatpt | mi zawatoer og plhihtet Dng

12Scope Toakst be
With the motivati bonrmbesi enéd abgaananmikei:n t he f

Chap2tpeare ssengener al tdeehcerimotdayidsi midds p e athse ovfat er s pl
reachy oml eamglblvgsi «an overview of thethmeahandpft i
under st amidE R g@BR h® | ect r obceahtasd ifyobriNetb a s ed mat er i al s
HERNQOGERTr e iabbgecdi scussed.

Chaptgemed3description of the di fifsechreesnits.t echni ques

Af tsetri nlge base, t hree sauclttusa | a rrobeas et & dh ta odldesicribs a
singlestepelectrochemical depositioof Ni nanoparticles (NPsyi ami xt ur®e Nif ONand Ni (
as electrocatalysts for the HER in alkaline mefihemp | oyed depiopri ¢ s ®mt eheé@t &iold
The resuadrncehrag ai®Rye E ¥ nXR.Jhe catalytic activity and stability of tid NPsare

then discussed incorrelation withthe chemical compositiorobtainedby XPS to identify the right
combination of materials providing the active sites forHR reaction step

Chaptpesentscies i mpl e met htoldeo&vot coinver el ectbtmadepmsl $ ed
much more hight fceaatcatliyvset fboyr ma otfher mal annnal i ng
exploration on the origin of the catalytic enhancemerit ns ismp ter e a tvaspenfarmed bX P S

al ongelvweictthr ochem{ ealjct € c hna,dblbeucatarnoecchreymi cal i mpedan
The catalytic activity and stability t h e Nif (| Queies t u d ireed rlghe X PEnvesti gat i
conducted before, during and after the el ectroc

components

Chaptaer d@& di cealteecdt rtood etpHoes ii 4 ¢ toorfr darn@idvi<o oMsia § mbi f unct i
el ectroc @todtlhyssdrso gfeodk y gevmm | utreiacm Tbhas var ihaed u ofna coef
chemical dompbe@i depeacatnitdheel ect r ochemi candlyzeadbyact i o

XPSandwerecorrelatedviththere | ect r ocat al yt i ci navcotlivveidt.ya ctta vied esnit

Finally, the key points in this thesis have besunmmarizedand addressed in the conclusion, as well as

possible future developmerttased on this doctoral thesis discussedn the end

-6-




I
2. The®Baecekgralund

Thi s oheptelne st heor et iadciamagpl eoovRiglr foaurntdad &wit bh ke us e
di scuss ahe ebglawved ha &é etthtpesm g na@lresilcrofptt loen wat
splitting wiyt elreecgarod ytso st he deisearmophpimemi ecnpamnd ak
concamnpa £ senklireide falnyd Seexc i @irnu@dmeanrd z3 t ha ndwerrsd ratn dd-
of HEOR andne©OBRsnAidsdm t i o rvealrlvg tehmeant ear i al s t hat are b
forHEReand sOEReretf odt ea | bdyii £¢ wsfs iscobmaescdddt al yst s i nvc

el ectrochemiciasl gnavteerr spl itting

21El ectrochemistry of water splitting

El ectrod¢hle miontcrey ned ewbthi cthebet weeée h@iedlesctenerady
chemi calAt chhagefaneef acéer oh heel eccotnrdoudcet)orand t&m i on
el ect,noh gmied al reaction can be caused by an ext e
electric current can be peraocdtuicoend, baysh ai ne pae nht aatonteehre
reacti oinmgliemvY olownw t r aonxsifdeare daoroetsi iormp leogrd X  Watcdrn on s
splibkywl agtrolysis is an electrochemical process

gaes hydr ogen andf loxw goefn etlhercoturgohrmpst haeraitsiionng offr cam te

2.1.1 The electrochemical cel | and reactions

A typical electrolysis clkidgulletr@2nwsaitsetrs sopfl itthtrieneg f
an anode, and wnByagapmlbhyigrned eaxtitegh al vol tage be
el ectrodes, the hydrogen evolution reaction (HEF
( OER, oxidation reacti on) occur at theamedati v
respetd4i vel y.

©

—_— |

Hydrogen Oxygen
(Cathodic half-reaction) (Anodic half-reaction)

Water
splitting

40H™ — O, + 2H,0 + 4e”
Oxygen evolution reaction
(OER)

2H,0 +2¢" — H, + 20H~
Hydrogen evolution reaction

(HER)
FigutSchematic illustrationtf an al kalir
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Dependi ngH onfaqtheeeus el ectrolytes in which water
hat €actions can betdfenlelreailonydi Bx@B)essed by

In acidic or neutral solution:
Red2 *H 2 ( 2).
Ox:. 2 B O+ 4+ Had e ( 2.
In al kaline solution:

Red2 ® + 'Y2H,€¢ 2  OH ( 3).
Ox. 4 OWHO+ 20 H+- 4 e ( 2.

Addi ti drnwhva-t €abei on paame ogvedalsl twaet ®:t2 splitting

2 ®Y B2+ ,0 ( B).

212Ther modyfniamd ament al s

212 .Celplot ent i al
For a gener the Gibbsfled energg changeiofothe reactte@)c a nwihieas e n
&G =1 nFE ( B).

whenmieshe numbest rodn sflnerdntheedbit saEtaraday conyEaat (9
the maxi mubnetpwaemttwd el ecttrheaesr r ahtsoc &kinlowpo taer
applied biasngatrernit atlihsg ofudbgdiiltantgei rcteltlo ,Waoate tloe it d
mi nus sign B),n ad duatpiomnn @ineoaGwiNtlwd tlilomsevyge i &di bo $ iu
pot e(@t0)alandevisfaet here is a current flowing thr ot
a chemical process (i.e. the cell is discharging

bet we ene cttdreoadre c e :<}‘Evaod iftthe guerent flows tbugh an electrolysis cell, then
the potential required to drive the cBfl | & .

| f the reactants and products of the cell react
transformati on, i . e. the gases are at uni t at mos

equation( B).can be writteras
&G’ = nFP ( 2).

I n t heeGlisthattaedard freeenergy ameé potential | xefdoewlE) aal tl

or stthaengdoatrednt i al
The reactioriree energyeG varies with the composition of the reaction mixture by

®G= @@+RTINQ ( 3.




wheRies the unive@s a8l 4§&KI) Tanwh stthaentabs o] u#Qd st erhpeer
reaction quotient fomuthéeedebly weatingntWwki alct i
numer ator and t hademndmitshBec omlaicn iamd)Id @uth ®bems ned
mat hemati cal exprcepdt oantt idsedsud réiidoinmgy m reeesg utalt @ ohe r n ¢

RT (9.
-0 =
E=E nFI Q
212 .Haicfe | | potenti al

Consi dighre f oHdtoédwidmgt i on:
Ox nez Red (29D

t hhea-t €d llect r odaee puwitle(@dtraiad dleat bd sbandard @)beyctr od
t hNeeregqtatlg®

RT
e=é+ —| &

2
nNF ageq (21

whemies ntuhneboefr tr ansf eirmeadil neditadtdéd éast | @nageaaared t he
activities of the oxidizing agent ad mgp e chige sriesd u(c
def i nee=dacb y wh ésrthe activity coefficientandcii s mohlee fAtactoom.t emper
(25 AC) ,edhat iNeftdrdssb ysismpdsumi ng the universal gas
and is frequentltyhbeadPpr eogadiithmtei ms wpdathiZdmse i

0.05
e=e°+—|ébx (29
n ed
Since theoitrediahaaddélall i s not directdigrmeasuonéabl evc

cells, the standar d sbyedrhegfeap eif e tlr bodkEhee(riSHEg act i
Th8HEonsi sts of aepleztimmedrersededpli at ia nwislghu et o uasc tsiovliu
H(aq) intbohydcbobgwewn gas at aTlpe epctuert iodlf omfedtah
arbitramay as$l zeeEampbrcthdfasacti on has g svgiescihf i ¢
obt ad < stdhaen d prod ewmd litkhBE EC 0 mme h a npdaatredn tfioarl di f fer ent
(e. g-i ome,t agasarer su@pdapdfoAac edr d omtgd ryd at theetleencttiraol d

f arhe wat er -remlcit@)toior@pa rbea |l € u |4 tHell £,080(0M0) = ,1. 23
E( WO/ MH M. §8nd( @OH)= 0. Wnned ect r occehirelgmo © adhit fifadr ence be
t he t woseeqlueacltsr otdhee c el | potenti al:

E=@Qatho@enode (23

Thulsé¢ opatenti al di ffer erbde sprpovtiechets atlh e fmilni2n3u nv

splitting reaction to take place.

-9-




By appliegatt@2ohtof t he HER -aedc,OE®hNa atlfodse gtot e
equil (Alvreirtsme aSrgeE v eag ulay (i Dfaxn(d2 b

HE Re= i . Op5Hd (2%
OE Re= 11 02.30p5H (25
It is i mpaoamlmapbt ent nattdrdtvbcgeulidraed i on shi ft with
scal elowever, when we evaluate the Ipatrdfaooctmanrce Wil
potentiostat, the pH of the electrolyte must be

hat éaction, andydtelpe ndalnge owi Itlhev grH, &9 giukdkinat e:
conteaquwitl,i bri om pdhtenmteiv@lrsi bl e hydrogen el ectroc
are always atcbDiaaby]l. R &pgWhyus estgsleedo fmaahssurped pot el
referenced to the RHE, which allows us to compar
the standard potentials of the HER and OER at an

Egug (V)
1.23
20.059VpH! |
0.40 -
0.00 [ 7 ;14

Fi gu2Tehe2.depemadtddcle cafr odsé vpot S8RHE) abn t he 2pH of

2.3Kinetedcsroédactions

2.3lOverpotential s

Asment iaocbnoevde, mi ni mum voltage required to drive 1t
to be 1.23 V at standard c¢ odrednatnddossd. t Hotwlke e eirnt edm

present in the cell systenr essiamcaes wellluta sont lree sne
the intrinsicofeteictraeniddaioohaerarciheresl ectr ode, t he

experimentally obser vB)d aetl ea t gidweann plooutrdrred rnvall (uvea lat
(Iha@ur regynti,s call e(d :overpotenti al

d.inTEeq (2_5

For a water splitting syWfemanthe oevprasdedpaes at

-10




Vou 1.RB3i R (2y

wheirRepresents tha nigheni 6§ ndteb @ adafc wighised teanncevhi ¢ h
mini mized by opti Hii =i stgnet hwe/re edplblt desi ghs at the
el ecthoordeasn. el echeo warep octaenc thiemlwt ontsi def edr ast aosam
contri but itohees e cttrcabnosdfierrg (@©cv e r ptohtee mtaisasl t r @uvy)s paord o
t hreaction (dy,er®toct ent i al

At |l ow current s, t he ratwit bcéurcrheanntg el so fa kaslmecd tart dedole
of el ectron transfer across the phase baomud dtaheg
i oni cal | yelceocntdrualtydtndggt i s termed the electron tr a
ate at a given overdpetoendh é ahathase befent ieuasapdedio
reacti on, aonpde ratliseos omnf tthtee pel e ct rAdhliygthee radnedu stirhedn eesl
h

e primary electron transfer rate is uswually n

~+
-

ansport of reactants frcomveaglswetliyon hteo stl toev dlream
from themesectowalepdgtenwwhakth thegoveminsiomhgpmoegast
The mass tramafakeopdlisfbdfeusasoms i nduced bmi @riamance
aused by theceheectionfiaei dj ngonéradmnmecthamgiradl
' i gumdaddi til emttrraonnstfheer and mass transport | imita
reaction, t heorpryetemtcreono ft rparnesf er chemical equi
espedinaltlhhyse regions where el excptercotne dt rtaon sbfee ri natnrd
Examples include adsorption or desorption of sp
chemical reactions befor@&€hbops witkrl ehd &beatreac

2 .3LBEl ect rantshfear y

Among the vari ousr efaacdtemifns aamftfed ctcitmp dtehe imadaudi n
transport ansgsehembduwmd t poiocee rate of el ®Atron
cl assi cfaotrhreehaecotriybra sreat e ni € he model ,whfi cthh ed eascctriivba
charge transfer b9 th ftncemetivated oomgekw ial It raactsiivat i on €

aG'3%F orchami cal process

AB
A +(_J_B)products (23

The activated cohpé eere hgyrgitheeaihes n a € iatbred wereqy )
t reeacAantB anadns htiABha shtaavtene®T haG*can be directly
the reacti dqkviraatteh ec oMrsrth&hnti us equati on:

oG
7 0
2
Q Kexppr (29
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whekiehet-@xgonenti al factor, a c Ohesveralredctionhrate a@a c h

be expressed as

=
u=kecacg =Kocacg € X P (2P

wheomancgare the coficearetArcaataiddBt he el eObwvodamsyswy,r f

al ter a@®wobhl iaffect;stmedGiwielalc tribosng,lrtadieni ae versa.
>~
%BA ‘ Ox+ne = Red ‘
c
w
o e e
£ f
i
o [(1 — B)nFAE|]
o
AGY (E,) AU RN
‘AG’i(Ez)
nFE, - AGY(Ey)
nFAE AGE(E,) l
nFEl— e Emrmamamam e m ey
1 | | >
(metal electrode) (activated complex) (redox)
Reaction Coordinate
Fi gu3Rot2ent i al energy diagr a®dx o# z Rae.d eTl heec terloecchternoir

be transferred from the itmermtsi metoal sdlad @t r(a
the redox react ieddmEilcEwhbet ed ceropg Irotdé®&d .pomenei
negat iB¥ t han

A similar case can be consiadsersehdo wino r gaine geul aegcitarno
met adllécct rode angdolauwii eolne @t rhdlgyht el oni ¢ conpemnemnai
bet ween el ectrode ahidmiet edt HehybhbkeAzs ehihmait i aed y
OX nomeRadhesmlssor bed on rtf ratchemh eicrt rpatee vtui alnfémuemngye c
by an appliedFégtuddca@dn gtdpeetne 9 Al ah bethwe gly ener gy
EtankEbby apppoti eadt=iEidalE;, wlEgerse mor e nEJgdgiahtippé i eldampot e
aEc aaml t B e e Bpecctt ermotnisa | maexiemugrjoubsy TnabE, wliFeset he Far a
constant ()96 nd8dbt Cemoplumber of transf er Theed edleeccttrro
needs to bring up ttéhoer na ctthiev aacitoinv aetneedd gcyg mmlnedx b e
For a process in a singtlhee sttoetpa, | tfhriéiwa| EBbhse vognyl wa hah
transf darhreedctto vadathed fbachpladaisegydnmel v aytne hh iecehs ct hb e s

influence of t htehe pdyrneaend @ odeguitliiadeadaytm rdabstgivenag t
to 1.f olrhutshe cathodiwit(medhet'aonrbtetraqﬁr&atsi emeomwqy i

-12




Figu3the&.act i vatt i pootiechhteir agly

qG" E, =qG" E; +bn BE (21}
antdhe act i vfadri otnhee neemrogdyi ca({ opoE®&®nht oa) reaction
qG E, =qG" E; 1 bnEE (2%

Ac c or deg u g t( 2@ he reaction ratean be determined, which in turn can be identified with the

current density, providing the cathodic current density:

M
P €)= nEoko o x proY (23

andwith the potentialariedfrom E; to E, the cathodicurrent densityurns to

_ "E, +bn BE
| ED= nEok expi il (2%

whelkyeshceat hroedldacct i on r atod sc darhset acmotn,c eannd at i whi ol o
assumeaelon®t ant by rapid transf drf hef p@ti efretfdiamaslesdo | u

q
the zero point with respécitntbhtehremxepe/lfaiéup%é%é el e

can be tconstantrel thcoparated intothee act i o n . UsaAngkEto reptaceds & matk,t

the cathodic cur Eeanh bensxpryesasegoasenti al

_ ~ bn F E
j B)= n?b)j(oexpﬁ (25»
Similarly, the anodldscemmuradnt density can be
: ~ 1b)nFE
| ©= 0Bk e x pron (25

wheeces S the concentratitdvealolieceét@fctteaedpecigasdr an d
knare dcetpeond the choice of the potenAtat heeequahd
pot e(Et,waknneéthecur rtelmeat hesnddnerda,cdensdameuener eqahbhl y

t o eacehndththetrh have t hecea ldacgdhiathgede c ajf), r tetmiga tsl@inss i t y

. ) o bn Ex [

J Baw= o= nhhkexp—= (2y
. 1 bn Ex

J Ban= o= n PFrekpex p$,\l (238

Equati ng Edctheers eba weox, pr essed as

_RT ko RT Ay
EAN-n—lipg kB (29

-13




whichis obviously identicato theNernstequation( 2 }for Eg= ':—lTJ -E;—.I f haec teuladcpooedeti al

Ei writtedd,awbedies t he o,acecorodaeqmtpnsta?l ya n(d2 B

C(E) = ~ bn Exg bn F 2
] (B)= nl?b)koexp?ﬁ (3D

(1bnEq4 (1B)NnF
RT RT (21

i ()= nkekpexp

From the defexeochtinge ¢ luandedtc ud edatbnsw2 Yand( 2 B
equations( 3 Pand( 3 Jcan be arranged as

1 B)= jpexp o= (22
1bnF
| ©)=ipe x bt (23

The net current density for a reversible electro
. . 1b)n H{ bn F
i J=hexg—ﬁ?— exXp o= (3%

thd amBws-Velrmer &5ghickis dt thenbase of the treatment of electrochemical kinetics.

The resulting current voltage behavior of the redox reaction is displayed ig u 4a.dn case ob = 0.5,
the half reaction current densities are symmetric to each other. For asymmetri® ca8dsmeans that
the slope bthe cathodic current density is steeper than the slope of the cathodic cufye, @bdlescribes
the opposite casAt largeoverpotentialyd| >R Th K& 52/@mV at 25 ), where the electrode reaction
becomes irreversibleguation( 3 Jcan be simplified &8

bn F

) ) g 2
gl [, |—9—2 ) :,Ralé (35
for the cathodic reactions or
1 bnF
L ~ 3
' 5= b 95 R (25

for anodic reaction€quationy 2 band( 2 Ppcan befurtherarranged as

-=a bl ¢ | (3Y
. . . _ 2. RO3 . 2. RO3 . _ 2. ROA3_2. RO3
This is secalled Tafel equatignwith a= — :1 BHor - 'j 9 and b= o Or———

for the cathodic and anodic reactions, respectivelyafel plot withb = 0.5 is illustrated i i g u4be 2.

TheTafelpl ot i s often used to evaluate the elbacstroc:
a measure of how efficiently the electrode respo
the Tafel slope, the better the perfor mande. Bes

-1 4




0, i . e.., to equwiltihbrti luen ipmottermnmadaemtl gi vid ng |l t he aax
considered as a measure of how vigorously the
equil i pirs ulmar dé& enough, the systermodmhi phomedas!l
activation of the overall reaction is easy with
(a) 7 (b) +"
(ﬂx[’.l):"
[ i=0s s
, (B=0.5)
/’ 2.3RT | _ 2.3RT
j+=l_ne(1—l;5‘T)nF" /," o FnF 1gj, Slope—i(‘1 BnF
jo| B~ 0.9)
-1 - +n ~lgj +lgj
”/,v" T,=0
..... - - == g'!?lf" Slopef—z'BRT -
0 BnF, 2.3RT
“a-pnrh
—J -1
Fi gu4(ea)2.1 1 | ust r avtoilaomerofd etpleer dRuwtcleqg o tthhee owea rrpepontt

andb) the Taf el pl ot bwi %h5 asymmetry par amet e

Al t hough the Tafel equation is widel gcsaichoed eBiuetd ear
Vol mer wagsaotiiogi nalneyt adle ved Iremtpteridcongpeosee | ect h@&m etf oa s
its applicability to el eantdrrcdead i toimadul avel aotel &
tramshfodie d n seicddietrh Tbar el ¢yt cedmwat hiebf ol |l owing sec
hydroexgykegdamdi da&ny ot her madier itelranswhobipkolbaibd gis
somewhere betweehhamalbé od!| adrett sifi sspsataidih.aeritt h metiot her

tunneling nor electronic states fromhen®el medi at
equaitd omften accurate for | owmagaoame einht ademlsayi &,

densities omtialrger overpote

2. 1MB8I Birsa etpi ons

Most electrochemical reactianmadsern inevo | ovfe anurd ¢ 6 U tei
wiht he f ordnaftfiienmteeotfmeel.i .t etshe HER Thdrd seheo@ER) At e
is called the wéaaxmi brelpeactthrecary t ransfer steps o

associ dteencioat iOnn trheea cbhtaisoinss eq i at (h2pasngdBiydot yabf
heterogeneous el ectrocat al ys twh,i cthh  eTaacftd liomd Itsdt peap
one, andhotithse rtehfeo rmee ¢ h at®'Fsom oa muelatcitsitoenp. reacti on

overall reaction is generally described as

-15




2. RAO3
b= —5— (28

wh elWies cthhaer ge transfer coef fAfDeidarcte df dimr otmhd hev eni a
appaliemta composite value | inkeidsdto carinftyfré meinte de Ik
charge tran@fleb= yfeftf deiteatrs ni ng step (RDS, an
most sl ugdiughtaddsmoeu micesr) of el ectr o*dfDetrri vresdf bryr 8ad
anBeddtiyhe transflefrorc oae f-enlidcdttiempatmesefaecrt i on can be ¢
equata ®»n

0=y (29

whemies the number of el eRD%iosn st h & aochaand rermesrddeers boeff
in the ovedi &l It heeamaumbem of el RDSr cind ttlypti cmadd tyi
0.5 foal esdtnrgdsesdop afthfeenri c awi ¢ detl eepcst r oMhkegaasien. s hc
the predifcotri vertepRaD&E4¥ %% gr example, if the fs$rsheel
radet er mi ni ng sntiespy,u atmhhei vpoieaOm dae ¢ adhfd 0. 5, Tledneetct i\
appat eancsofeefrflics emt5 and t he s¢ ompmedS5len diondg, i1FHa fke)l
cal cul alt20d m¥ shesni | ar t o a srienagdtei loehl ) ehttere or mittei &g s
i achemi calwirteaoattit e maofde bbhowemel ect r ont,e ptahnes fvearl u e
nmanwarbeoefual to 1 whiisl e0.t hGo nvddél Gmee dotfl e Thalel sl o
60 mV. dec

Never t,panee s snpor t anstl o paec thsa voen bleadrelcol | ect ed basec
Taf el kinetics dat a. First, t he values of Taf el
predicted. I n this casd,anksowmpoddigdghteep r bhat alepct
under study is required for the further interpre

for some swdsuemsp danhfeaent experi ment aaf eclo nsdliatpi
for the HER on Pt (1113 radges Ptomld®O)t ¢4%P4 smV r

The experiment al results reveal a complex natur
el ectrode. The factors such as ofhesusdlacti adref e
strongly influence the Taf el kinetics. Mor eover,
change of Tafel sl olpeemtolmseaerevddiinn peoltenttri ad a thals!
Tafleopes of t heanQ@QER hoen GRIRO Al 2RAY dat f Wtis@aion\b nd e c

at d*8'Whe shift is often regarded as an IiIRD&i)cato

due to the wvariation of reaction conditions suc
i nduced by the Téludcg thraisc abteoeghoittzhret i Taalf.e | equation

sufficient meochiami empioét compl ex el ectrochemical r
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22Thkeydrogen evolution reaction (HER)

22. Reacteomamngmki neti cs

The hydrogen gWHEIRSt itdhre rcceada htoidomr par tr ecafc ttilhoen ow er
transfer of two el ectronsldfesicsrohbedwmbdiob pole eedt
intermedi at e, H* (wéiete dnrepeeskatsradeasurivace
Vol mieeryr ovs ky eofrafteH e médl’hfeehre s mechani sm by which t
strongly dependent on the type of electrolyte, t
catalyst, and it is wusually determi P88 hbyovhealk
e g uadrtdhre i meaabidngtepsiohte HER are JamhiarRzed in

Tabll®var all r eact ihtmnR pian hawaiydsi o oah’d al kal i ne

Overall reaction Reacpabhway

(Condition)

2H +2eY H H'+e+*@Y H* (Volmer)

(Acidic solution) H*+e+ H* ,%* H (Heyrovsky)
or2 H* ,fM*H (Tafel)

2H,0+2eY H+20H HO+e+ * Y H* @ol@er

(Alkaline solution) HO+e+ H* Y+ OHt + * (Heyrovsky)
or2 H* ,fM*H (Tafel)

[@al*r epresents a binding site at the el

The first step in acidic mediatishdei s ceh @fgt ons on t he electrode surf
at oms* Oy hceo mbt hoan porfot on transferred from the ele
t hr oouhgeh ect rode surfadeTqdfVvel met opeathor dmh.e avho |l bree
desca¥bed

2. RA3

wheRies the ide@l 3¢445KYydimpttame absolUus$ ethtae gee 1t atawnr
coef f(i gpiemal | y) ,t Bakedirtalmen dayf 86 ndB8H.h 8 mwmohtrast to
environments where a | arge number 0°®5hehywbgems ar
intermediate (H*)i n al k al ii;mfermed bylan initialowatsr dissociatigmocessn the Volmer

reactiom T hi s addi tyi obnrailngstaenp enxat ra energy barrier an
rate.pendi ng on adiseohcpodvicebriigie e né ar e t viootheplBRts i b | e
proceede i tbhyelrect r olFbthe sno c @t i othhHegk moovsstrkeyjpost he mid esadbr pt i or
oH; knotwiea tsa [®¥Ipf t he coverage of H* is |l ow and th
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Si thedrh e H*t hsei t @& s drobmesd wH | Bbiptdf e@ar anbelayr by proto
simultaneousty eedubeedat b¥ldir ®lyecseslohoelde cladlypody s k y
Tafel(s)krapgibeen by

2. RO3
bz,ﬁw (2}

I n caseH*obvdi ghpe, HWo | & djcdeiemdc atladrgyeetl heears e one hy
mol edhli ehe sSTaédmalnd its Texpliastepge can be

2. RO'3

3 2
b, 7 5 (2P

AR AQ .Te298K)Ivsal uesrad fel tf mtdhoep eVvo | mer, Heyr ovhsakwe an
beeml c uloaltde¥ d e'c BV d,ecanmdV 2d% cr es p@tcitliivaillyg the T
values as r efoeurgehmayey z ® nte h @aande atcht e toena tmecountn g s atepl
in a speci”®Pc electrolyte

3 /F\\
] e
10—2 2 Pd*/PtRl} (™ \\\
3 [/ \
/, \ \\
/ \ \
e B P
— 1 / \
& 1 o
e 1073 SR T N
< E ! MoS,, ' B
< ] , @ ! 05, o
T E / 6’ o ‘\’f\) \
° 3 ,’W CoS A Co \ \\
i ! u
forq 2 @ VAg(111)\
, Nb @/ CN,@ \ \
o) N-graphene \ 8 A
£ ,0 \\ Au(111)
: 4 ! \ Ag AY
10_8 ll T I\ o
-0.8 -0.4 0.0 0.4 0.8
AGy- (eV)

Fi gub\wol2ccanot heekachaafye cywmgamsthd F-d a h s ihtyadtreodgen adsor
fremefgy the surfaces of vari omet aneltiad sima tad r
acidic¥®di um

The overall reaction ratéor the HERIis largely determined byhe hydrogen adsorption free energy

( &y).1*%1If hydrogen binds tohecatalytic surface too weakly, the adsorption (Volmer) step will limit
the overall reaction rate; wherafghe binding is too stronghe desorption (Heyrovsky or T#festep will

limit the rate; moderatadsorptionenergies permit a compromise between the extréh#€s! In recent
yearsthe density functional theory (DFT) calculase@n+/hydrogen binding enerdger+) on the catalytic
surfacehas been widelysed as a reasonable descriptor for the catalytic activity of the hydrogen evolution
materialst* 61 Plottingthe logarithm othemeasure@xchange current densities) (/ersus thealculated

a6+ for a wide range of catalyst materials (including many traditional metals, metal composites/metal
-18




alloys, and nommetallic materials) in acidisolutions, a volcano shaped curve is obtainEd (g u 5).d¢t 2 .

is a quantitative illustration of the swmlled Sabatier principlevhi ch st ates that t he
activity canaobat alcyhsite ve mhrpfpaycoep r wiat & b i nda mtgi veen e
i nt er & dhe elcano plot has been usedgsiding principle talesignHER catalysts, prediictg

that materials with an optimadsorption energgneither too strong nor too weak) will shake highest

activity as well as be at the top of volcaswaxh aghe platinunt®

A
'3' @,’\ a
\
. Pd_ ,
—~~ —4- ? \ -

2
metal
n
L)
M
)
»
-
80—
’
’
1

'} 0 Q C \

3 6 ,’ ! \\ { Au
'\T/o 74 W= ’ \\

< ks ; "
8) * ’ \\ é Ag
- 8l ’, " |

08 -06 -04 -02 0.0 0.2 04
AE,, (eV)

Fi gu6lLeo g2a.r ietxhcnmaonfge current densities as a funct.i
on monometallic surfdweas vuies-Pdrlek alhismeves @l wthit
extrapolation of -1t haen dinaAfZechmedpol cotthse breetvweeresni b | e
the HER and then normalization by the el ect

sur ff8ces.

An i mportant consi depatnidemtwHER tilke asiad yzaeda i s t
t hectriemn plroorc\wedgltsibepditaefi ot he HER ancet isvoltughieonng a bk k ¢
studied the HER activities osuzbaes it eddemonfn smha md me
the exchange currean Wbreenlsdtdiaeyd otfo hydhtgen bidey enadsa t e d
values of the metallic surfageae®eSibd |larVotloc anhoe tcya
medi,ul®t i s still at t MeF es uNmmi tC oolfa o dite® dv ddrmaentrcide pl
for ttokokr ong agdo remamognwhi | e the opposit®Bhe sHERuUEe
activity of a met al in al kal i ne medhyad rdbegcerceiansge s
enedgyifartoetsat,t dfusPtst r on gl tyhhgnogembendingienergy rnt Hteatt al yt i c
surftacnebe al so a usef ulhHHReactoniat tno ra |l fkar iinderetnivfi yi
®®Howeverrel itehkei | ity of the volcano plots as the de
uncertain surface propez ¢ hes*BoR. sionBteanrsiea,f acased
sucNiaamdd W can be easily covemwdd cwabvhdldiree seabu &ot
of the metal s®Moweaotvheer itOiHet MERs ol uti on phase fro
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observed to | argely influeaser pheohydnogleea &chidv
af fecting t&%'Teh edrEeRf carcet,i va tdyi.rect rel ationshiphleet

catalytarmd sHERaazet i vity is occasionally misleadi

1.2
0.9 A
0.6

0.3

AG (eV)

0.0 -

-0.3

-0.6

-0.9 A (S

Reaction Pathway

Figur@i Rhs fr(e@®diemgram of al kaline HER omactkheed s u
(hcp) Ru ¢€6n0bé)edfauabic PfEl))nRluudilnd)r aadt
stat e, intermedimd earst atdditifomall tsit an ®i, t iao
di ssoagGiadedmomt.es hydr ogen adggd rnpdti itctidr efsr eeen eerng
barfowart er di®Ssociati on.

Tof urt her exmlecisenmhb taelrkFhHR ne,Ztemd irdedteompadIr.f or med DF
calculations associat &d nwittift st lod tah &kraho chyen.&BiRc ® n
The calcBdil agk@agoui)e ingtihcaat easi de f r o ngGdsh et hteh ek inmoeo
barrier to water dissociation may al so é%akirog t
the mostudviedd Pt (111) and Ru (0103 19 o msdiirtfiacre,s tah
surface possgbs-Gleeasantiopgéemaghbbarrier to water d
HER activity. @dh atsh ea cloorwt rbaaryr,i eRu t o wat er di ss
hydrogen adsor ptgGo)n iennheirbgiyt s( ntehgea td®&Fsha rsp thiechma vad fo rp
descri beBd BmEYV eRi®l anyi (BEP) shewabhgonhélaitpthe act
process is linearly depen®@mnrtr eosnp otnhdei negrl tyh a It phye oB
embodied in the water di ssoci ati©mmv ipawsley,s, a whao
di ssociation barrier demands st rTohnugs ,e nforuognm aH/ niHc
poi nti eow, t hree ndagnotri ffiaeaot otros gaorvee rin utntdee r a @mp &kraé
conditiagpmpy opriate (not -boodwegk-bhmodongpOErsdrpingy
barrier to wQtaenrt idiass oveei atniad ylsa sh onaother atod t r le d ¢
rate has noqot ylrAenareaeshkbd, the descriptorstdafl It h
being deblféreece: energy of hydrogen adsorption, th
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to play ea dreotleer mim atthreaf ed fhotr bes gbv eamallelr st andi ng

highly desimndél east hat deasmnmgab laen dmattaeirlioarl snoanl ong
nanostructures as highly efficient electrocataly

2.2.2 HER on Ni-basedelectrocatalysts

Among the -paecioewss noat al yst mat er eBdvsa,l unee taanldl iac
HER exchange c WFrirgaumte hdessbsh eeeyn (csceresi dered as a pr
el ectr PeTdhtea lef vire:phbasetl oHEBRf eNectrocatal ysts has

The electrocatalytic activities of some representative catalystsiammarized im a b 12e 2 .
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Tabl268u2mmary of the el ectrocatmdydd cHBR td ati dlyy otfs
for Pt/ C pampardiedorf.or

Loadi Curr(?Overpot Taf el
El ectroca Substr mass Electr densi ; Ref
[ mg 7o (map [mVI Tmv e

Ni nanopag assy 0.35 1 M Na 10 180 111 71
3DOM/ m N g assy 40.2 1 M Na 10 171 52 72
Ni dendr g assy 0.00. 6 M KC 10 4300 102. 73
NiMo nanop Ti fo 1.0 2 M KC 20 70 - 74
NiMo nanop Ti fo 3.0 0.5 2930 I 20 80 - 74
Mo N/i M@ O N i foi a43. 1 M KC 10 als 30 75
Ni Fe -N®BIG2al gl assy 0.28 1 M KC 10 300 110 76
Ni Fe -NDBIG 2! N i f o 2 1 M KC 20 115 - 76
SINi (@M)/ C GCRDE - 01 M K 5 157 - 77
SINi (@Mf)/ C GGRDE - 0.1 M 5 121 - 77
Ni ( @m0 Ti me: 1.48 0.1 M 4 31. 4 89 78
N M nsO4 N i f o - 1 M KC 10 91 110 79
Ni / Ni O N i f o 0.30 1 M KC 5 110 43 80
NiO/Ni-CNT Nif oam 0.28 1 M KC 10 80 82 81
Ni@NiO-Cr203 N i f o 24 1 M KC 100 115 - 82
A-NiC g assy a0. 2 0.5 290 | 10 34 41 83

N 8N Ni f o 1.9 1 M KC 10 121 109 84

N 8N Ni f o 1.9 1 M I[PB 10 234 230 84

N 8N Ni f o 1.9 0.5 23@ | 10 145 94 84

Ni M@ NC g assy 0.25 0.1 Mal 3.5 200 35.9 85
Mo SN i car bon 7.8 1M KOH 10 91 89 8 6
NP/ Ni Ni f o 3.47 1 M KC 10 150 as3 87
N &P/ Ni Ni f o 3.47 0.5 290 | 10 140 a4o0 87
Ni @i crosp Ni f o 43 1 M KC 10 alz2s 83 24
Niedianowi Ni f o 2.8 1 M KC 10 96 120 88
Ni BeNi Ni f o 119 0.5 M HSOy 10 143 49 23
Pt/C g assy 0. 28 05MHSO 20 as0 30 89
Pt/C g assy 0.28 1 M KC 10 a7s 6 4 76

@pDG: defect;PPBSgrppbbspkate buffer solution.
-2 2




Many of the electrocatalysts are reported to ey

However, themobbhek ebétctntolomxaytgged ny sé s o lfwtri on reacti
devel opmeenftf eocft i cvoes twat enr ascp ldiite® veriogn Ide et \i ilbame p rie s enc
active oxygen wevolution el ectrouwtaitaansyshas tbiat mt
devel opment of novehobteumetrnésfbasedheomMEROR At a

Mor eover, al kaline electrolytes due to their |o
temperature conditions, whicba®¥dvamsrts btuht e -nprbd deleats
transition metals possess a better stability 1in
the use of alkaline solutions is much®Mmore attr a

Her ei nbatsleal MER el et hkBR at al mdtkavf bkes ysd leuntait ¢ tsa
di segdsbencl udi ng nanostbrauscetdu r aeldl onyest ad d i we-bNbi s, e@adNi N
heterosfThact mf ®s mat itherN ibasedncatalyionsystems, such as chalcogenides,

carbides, borideandnitridescan be found in the review aiés 2% 55 andwill not be discusselere

(i) Nanostructured nickel met al

The emergence and rapid developwmenh af eamihbeech
met hodlsuih@nostructures wi t h a uni f or mM®5%Fiozre an
el ectrocatal ysi s at hgeiovweenr p @tnre¢ n bdeeanid i & pna taitcal | 'y i n
significantly higher surface area @lmbexteckissy bl I
active sitesThfeorrecfoohree,denabhbhatefihortesethaaveribeamane m
caymamic performance toHHEMRe tbayl Iniacn odit rucward ng and
maxi mi ze the number of caat alapdgecratlr arcd p ovret si Ea@rs

nafso zed metallic NbDr dhataediod ime,s 6PwcdedANID es chin
| i ke Ni n’dhnaovpea rbteiecnl essy,nt hesi zed for efficient HE
exhabvsirmel actrochemical behavior owWwhegcupréeheide

increases al mbhet i hchmeaslep uwiftalce ar eas.

(iNi)c-habed all oys

Ni structuraedswiect Acdi gheas canebe HERp gbcuttwaliutlt @ e st
still be medsatl@iict eNdindiyc cBheadgftorce,actto vi iyt her i
actirveisteyar chbeast adbeochemical 6 r it h&ks magn ta dokfa nNia g
based nanoshirglet Uaesn aafefhect i venmeghottef chemi cal
wel | HiER tchaet al yti ¢ actto vingdaodtmenemdal | e bind sesd o |
al |.Anyag | ahceetrtr ®mmanl t bseur f ace adsor pti onHeaNlmy tt 0 m,n
and it may al so provide adsor pt i ocanc/ciedtsdoeaptea bal ¥
proodsgs hh8r dwR ettt alhs efloife sal HBR s c acsaan dyi8@ehteese af t er

for the sAmer pjun®ie s dlibgasteedd bi namy | adyadpcdpseiretpsar v d b
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el ectrodepasbt tavamwimaett htohdei r el ect HERamnh&| gyrind etrh ed ff
NiMo >Zmiafter | e a dllioi n>V N&nFNi >CrNi> Ni g lwanti é & & thee
correspanfdiMMbbased ternaryhel NiMeRa f Moo weMbNin >
NiMoCo ~MoMW > -MOCP8 r om t,heont hoer control l edoél-&dctro
based alloys haveHbRenaf¢sesoped for the

With the-oaomtiitmdmodver | ap i nMdbhaes @ chtaelrlinmeyt agdM@)cct rpdhca
hawe hi @@ lenieet-lailk e cat afl gyt HE R®*€%Tihwiyt yar e consi dered
candidates to effectively accel erat.dotrhe xalmpd ¢i, s
recehhdnygrepoat el @cMoNMioppal ysxtulbpi leOon Nhgfoar
a -‘Ptke cat allfyhteiupedE®ireat gl yt achaleypediarygyeéewme ddc t |
energy barrier of t hsen a\hool pnaerrt i sctlaet @l | dyamdti mtighgliha eMdo Na
di me n su bosntarl a tseE vsetnr ustdd tua iel. e d od x @ hnpen Ml E & dant ad oyttii wi t y
reacbhysdr face ahko@gromemeaitnhs uncl eafuRthilemeteidsga tte
Elucidlaeéiagi dati on shteatzaraomaf, MNil conmgdddacthent hens be:
of the reactantsuhddchleahrpmheftrymd i aotf e sguab atcheet afl ul rotyhi e
optimization tolir dddBgghmt et b ey ®tgs, grho pioryg ng, vari ati
compoX'i#fi on

(iYNi c & gi/hdyed r olxd desddlt er ost ruct ures

As menti omrea iamtorvien so fc ali ksaktivimen R edame natddi t i onal
of whitsessotbpatitbe VolThmes + & avkelawkedyt al ytic activi
or three orders otfhasaaigs it uRléessenn tolwe, rhantelisagenar c men s a |
provéehel kaHER et icvaint ype bpmpdevedbmpbdbegte materi al
di f fetrs;epotf t he overall HER process in alkaline er
di ssociation of water, amnd ghaebdaddito Hydrn dgdem
subserqgauceanmbt oaft dfomnmH t hesefd%tAsr mend igadtsbangp k @vi ¢ gr o
develadlp ¢ ®dHe c or xtad chw ligitscthc se he e HER aaPibwi tay fafct or
at an oveOpdF &g tf8aT Revafytadad ocsscheimash acwhil yndbe 2.
Wat er dissociation oxcduwrssd eats tthoe fed gne Shbgatfremtie(nO H )i
theprodhgddogen intermediates adsor br eocno ntbhien en etiog !
hydrogen, mwhecul eas eFr omea t hBbemnstedcalr epccavretpleyt i iede
thhsynergi sti c csitmdlystiisn g rvoacnddyrs rdmygsesno ca dastoiropnt i o n

t hperea s e Yoofu nNliA(PQH)2APLY / H
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——PH{111)/0.1M KOH i I )
~—P1(111)/NI(OH) /0.1M KOH (a) (b) °(3 Ue
= Pt(111)/Ni(OH) Jad-islands/0.1M KOH

= == P1(111)/Ni(OH) /ad-islands/10°”M Li’/0.1M KO
= PY(111)/0.1M HCIO,

&
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Fi gu8(eC@mpari son of HER activities with Pt (111)
Pt (111) surf aice $mow@mn atWhpEcENeOmat i c represent
di ssoandt hgdr ogemNie(vaHewtoircarn e ds uPrtf%tcaet al y st

The improvement in catalytic activigchieved by incorporation of Ni(Obklyvasalsoemployedfor other

surfaces, such as Pt(110) and n&@handicating thatheN i ( @M ipterfaces could function as a general
system to optimize the HER activity under alkaline conditiéhs.o | | o wi n g thelyioup fugherr at e ¢
developed variousl i ( @HM =C u , ABu, ANi ,anllli s usbyfcaomes t ruct:zi ng N
nanoclusters on different metal sites and observed an enhancémmerHBR activity overthe pure metal

sites, matching htERact i v i ¢ fpuretmetalssdablished n aci d(i <€ engeudb) & 2 .
Specifically, the activity of Ni(OHJNi s t r uis enhanaed bwpbout fourtimes compared to that of

Ni(OH). free-Ni metal surfacé.®Moreover, Gong et al. created nanoscale nickel emidieel (NiO/Ni)
heterostructures on carbon nanotubes (CNT), which showed a high catalytic activity for the HER similar

to that of platinunf! By comparing the HER activity with those of pure Ni/CNT and NiO/CtH& NiO/Ni
nancinterfaces displayedignificant advantage§ hey achievel a current density 0£0 mA cm? at an
overpotential ofess tharl00 mV under doading of aboud.28 mg cnf on glassy carbon, and 100 mA

cn1? at anoverpotential ofess tharl00 mV under doading of abou8 mg cn? in Ni foam. With regard

to the possible mechanishwassuggestedhat the OHaniors generated byhe Volmer stepreferentially

attachto the NiO site at the NiO/Ni interfaceandthe H atons move toa d j aNi enatal sites for
recombinatiot o0 pr oduce hy.dPure §i© surfaces hretcgodda satalyzingthe HER

because oits incapabilityto stabilize the H atospwhile pure Ni surfaces witventually beoccupied by
thegeneratedH- aniors, thereforeblocking the active sites.

Therefore, although bwHd&emNigexedal landchiysirdbasi ee
becaodsdamsiui t able hydrogen atom adsorption ener g
extremely weak adsorption of HbanedNi oxi dbei rhecl
a wtay form appr opmErfiiadiERnsta a tlahe psage HNOH)./M and NiO/M
interfaces provide opportunities foran enhancementfothe electrocatalytic activity byemployingan
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appropriate combination between the metal oxide/hydroxide and coetaint

In summary, with the aim of replacing preciaustal materials, researchers have invested extensive efforts
in development ofkfficient HER electrocatalysts through nanostructuring and surface engineering to
maximize the catalytically active sites; modifgi electronic properties by fabricating alloys and by
tailoringo x i d e/ h-mée tr & Ix i id antby dopireg €/&I/B/S/Se into metal lattices to achievéiket

HER catalytic properties.

I n addition to t4esdathall ydtiiymp @sic tasmebibthge It dlea m@p c at al
1070Gener alil mposthafteoale gr adati on of catahwpytt pberic
identified

1) Corrosion, a concern fef foann e |neactterroidael , & dothiavei nt
period

2) Poisoningby solution i mpurities, which can signifi
amounts of deleterious materi al present

3) Changing in c¢hemiuagddacaegdmd cosgiyt,i dory omrhi ch t he ca
di mi ni shed.

These degrafidects canotake mplssclyEvegeshabsor pti
which begins instantlyiandoptogiseddt @adasaepthbl ee e |
i ncr etalsTea f e@fl shoper weddolnfidnefgfdi'®hendegradati on m
depdmodaexttemtt he exact conditioinspamateed,whii tdl v
composition and pH of the el ect hpeoltyetnet,i hackl e r aeredl |
density of the specific opemnatieng seadndiot iaovrns .d G
deteriolwatded npmreodcedures must be developed indivi

and operating conditions to!'f ully minimize these

23Thexygen evolution reaction (OER)

23. Reacti on medhéaninemi cs

The amaldfi ccel | reacti on, oxygen evolution react
i nvol ves -edietch @ro rofrd thewpee [tevot ) on r@des f er . Many rese
proppsesdi bl e reaction mechanisms for oxygen evol
generally accepted overall r eTadtl3édRefhatp oongod e
reaction mechanisms of the OER gaoafocwaetdert harouhlgyhdr
adsoripatciioda Ickal i ne sol uti on o6@* pthired csadpddhaed 5§ sctald d d/
hydiraoa (i*o@0Epronygemoi eft ©F0r t he f othleowi nagr es ttewos d
approacheg gt otf fir@dmm nQ e rEmetdhileat eds:r ect combinati on
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intermedi atfgottldeopmaduoen Of a per ox3irdde e(l *e@QH)o ni n
which subsequarttley déeormpauseaeh tol ¢ el gfds’é? Cansfer

Tabl3®rdposed reaction macihdind sansd f @R &Yhien © ERoO li

Overall reaction Reaction pathwa

(Condition)
2 H.O Y2+GH"+4E H20+*[a]Y *OH*+e H
(Acidic solution) *OH Y *®e+ H
2*0Y 2+ O,
or*O+H0O YOOH+H +¢€
*OOH *O,+H +€e
*Ozv Q*'*
40HY ©Or2HO+4e OH+ * Y *OH + e
(Alkaline solution) *OH+OHY MW+*O+e
2*0Y 2+ 0O,

or*O+OHY *OOH+e¢e
*OOH +OH Y *O,+ H.0 +e
*OzY g*

[@A*r epresents a binding site at the el

The kinetic barriers related to each el ementar
over poGemdrialelrypotg exicalhnge cuj)r,enand enBfi adyr eq | tolpe
parameters used to evahu@ER ehectreachtbbgbnadanc
insightful informati ®ilSoncdde OPERiIi mecha@s smhe
el ectrons/ proctsiobd neainidom hef a range .&bD, ald Oblr bé OO
it gnawi se to many wiotssfi foréaaleaytatr mieaaycsh g.“oNo rset cevpesr
radet er mi rfiodrigf fse¢ re@rst mang chawmeé b5 ms  TAYT delsaest éhoep esse.a s o n
why there i s no Tatfhd telrapghRirech ascsdn fzd ctamabipni om r o
and tHeteamehon@QER6ept has been “pBrudpo deckt sf cmrott hme
t he Tafeelal slilasigreopnl 4 ellysasddi ti on to giving us a m
catalyst is, it can help us towbtdbmisieid®m omr crounipé ed
data (e.g. spectros$Sompe cofort b&ETmeatvalppisc dhe] DE-
based eonimnet alartead o/rseks2l OatrmeVabdde c6dDeldidM °

Fi gu9per e2s.etnhset Epureacti on mechanism for the OER i
by RossméWhseaGeedenbdbt es the Gi bbs ener giorc hmaarmgye yd:
t he-dreeteeni ng step, i.e. the step with the highes
of i nvestigati on. Redcestndrlmi,ni algsostepe (PODSentiva
thermochemical aspects of t ke dEER bodéérEjfldhtes nRiDSHI. ,
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indicates the step with the maxi m@mk chfantgeo od o rGs e
adsorbed intermediates. TR trted artetdi ctaol thER PoDvSe
under dstcaomddart i ons at EanOveYkE ta@so:de potenti al

& 4 x
e

PER 1.23 V (23

0,+H,0+e  OH

Alkaline
OER

H,O0 + e

Fi gu9l f2ouep reaction mechanism for the OER wunde
proposed by R&GsrneepirsdsheenttGinleleer gy dmaln gd daifal
reaction

Basedemac htahni st i ¢ energeticenpftan ideal,andtahe® ( {p OER catalysta r e
comparedfi gut B'®*RufH) shown as an exemmnptal et ,the &asw
active cat al yAkhougH tleeresultshoaly d3E&ss.the case of an acidic solution, Rossmeisl

et al. point out, that the analysis can be easily extended to the case of an alkaline environment because the
OER in both conditions is proposedHave the same intermediates *OH, *O, and *O8fH o r an ide
catalyst without therGibbsoeactian pnergiassnd ¢ @il edchaesanisty btep

are equal d&p=aG=28:;=%5,=i 1le.23 V at pH = 0 wunder st
electrode potentiad £:= 0 .V SuBeHing liquid water as the zero point in the energy scale, the Gibbs
energies for the adsorption of the ideal intermediates would be 1.23 eV, 2.46 eV, and 3.69 eV for *OH, *O,
and *OOH, respectively. n t hi s i deal casealthesal wi hh beomota
hindrance, and raidec frork tha ehargectranbfer reactiom ras well as from solvent
reconstruction are notconsiderédn contr ast t o aabuureééal ecdat al gatc hw
reacsttieom being equal to 1.23 eV, O&Talewdatthd at i o
elementary steps decreases in the orfled® > a5, >a8G1>a8G,s(t hi' s mi ght be di ffe
cat al yst)s®aGd .og. tThieOf or mati on of * O6aformatonofthe | ar
*OOH intermediate is the thermochemically least favorablefstepr t he OER admaltylsd . RuC
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0,+4H" T AG
*OOH+ +de
+ 4 3o
H,0 + *O 3H" + 3e .
+2H +2e- A, 1
H,0 + *OH
+H +e AG;
E 2 H,0 AG, |
O
<
E,=123V
|
Real catalyst (RuQ,) L—-—-- E.=1.60V
Ideal catalyst

Fi g utl &ibl® free energies of reactive species and intermediates vs. the reaction coordinate of the

OERonN an ideh(red) and a real (a rutile type Ry®lue) catalyssurface!!®

At an appliectlectrode potentidt; =0 V, all steps arenergeticallyuphill for bothideal and reatatalysts,

and consequently the OER cannot proceed,At1.23 V, the energetic behavior of the id@adtheR u O

catalysts are distinctly different. The ideal catalyst presents no more uphill energetipesandses
therefore no overpotential, provided that kinetic limitations are negligible. F&® thgxatalyst,aeG, is
negative,but aG;, &G, a s w eadGd remaispositive, hindering the OER A minimum electrode
potentialof E; = 1.60 V is required to make all steps downhill for Eha £eatalyst, at whiclthe OER can
proceedat a prescribedrat8.i mpl e gr ap hiFd gluti@rusggmescsttisont haft an i mj
activity towards the OER using a r eafslasGBOR icaateadl w
t he patedretrimiini ng step t oaGsumalel eorbtwalneas (d2@tdi, | i a
However, Rossmei s| et al. demonstrated that the
achieve optimum relative ald3'¢FBd e o atuhses ecrhgeentiiscosr
eargies of the three individual surface?®*i*ihar med
means i f t he weintehr goyn ea srseoaccitaitoend st ep i s changed,
uni ver sal scaling relation between *OH and * OOH
spinel, rock salt, and bixbyiteeoadsespmaboprréents
and *OOH al ways apprreogxairntalteeslsy o3f. 2t (ReeMy bi @& B ng e ne
interesting result derived from the universal S C
OER overpsteoaeitahe *OH and *OOH intermediates ar
t r ansf the perfett sepasation in terms of energy sthdnd 2.46 eV, as illustrated i gut @ 2.
The difference in the energetiof these two steps between actual catalysts and an ideal o2e4@2V)/2

e givesami ni mal theoretically overTwo taesmotiidalt hree cauweitri evc
i mposed by t he the ehbllengegis to Bntl a wvay doodifyn axige, surfaces or the

electrochemical interface, such that the relative stability of HOO* and HO* ch&éfges.
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(a)e ; ' (b) oo . . - -

5} 2 E 05|

-~

4 -lE . 1.0 |
3 >
3 £
4 3 . ' a5k

2 — 20

weak binding
1 1 oo 1 25
-2 -1 0 1 2 3t -1
AE,,/eV AGY. — AGYg- / eV

Fi gud & abhe universal scaling relation between adsorption energies of *OH and *OOH on
perovskites, rutiles, anatase, NiO,309 and MO, oxides!*® (b) Volcano plot of the
calculated activities againgte descriptor ofees-o T adG+on for rutile, anatase, NiO, GO4
and MnO, oxides!*®

Based on the Iinear scaling relations between tfF
described by using the adsorpti-©OnMotrde rsgaErebifgtda s
From this analysis the&eniogy has bleenr paopiosed:
descriptor dotril&%3Fdyt detoaleytiical aamaley d ntyaddayftaidwsi ttioe
for the foll owi axgL apNg*@rvsik®rnt e a So-CabG 0 a M8

Thsremsdwell cempestemntwawithintdinndgsy.b WaBtdakui o et
al kalineFoontdhei ohder oxi des $uacnhd @yn hreu taiclte ,v ia nye
given by the t hrecovseedliochtag preoard elfdtgiud W$SBi. pi Mmi | arl vy
agr ecmeerteen the theoretical a n do ne xopxearti enbe nrteapl o rvtae
Y. Mat sahfdhe eescri pamoe appplriccackc hsoraeaéeihgr afenelv
bustnder st anadcitnitgy ioaiyaeltl e | afa trticdtecmei cohnamm stmh e icsa tsatliylsl

requiredtthseurcfoacel ah @ewii ¢ dr etghucloppep & n ®@ment al appro

2.3.20ER onN tb a s aedtrocatalysts

The earthabundant transition metals and their compounds are excellent candidates for the OER attributed
to their multivalent oxidation states, as it was proved that tHé&¥1* states are the active sites for the
catalytic OER?#126 105127 Nihb ased mat er iialve sisdt geinlgd ¢ he passt de
electrocatalystsfort@eER i n al kal i ne s ealbuutnidoanndt hdauaet otroe tti hceailrl
catal yt,andactttdumi tigietnye.r al , t alug st « i ma i-bwlfsye cia noexl i uddees |
based hydr oxi des /boaxsyehdy dp hboxrsilgd)seie d easaidd eNsi /*  Jdaebsl 48 2 .

lists the electrocatalytic activity of some representativédbadied catalysts for the OER. The catalytic
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activities of these materials appear to be highly dependent on their surface marploblegical
composition, oxidation stasndelectrical conductivity?®l h hfeol | owi ng par agraphs,

wi || be samdmatrheedat al ythas ene cchxaind essm anfd Niydr ox
t owarhGeERvi | | b e.Other® E Rasalytie systemsan be found in the review artictés” 4>
117,129 gndwill not be discussetere
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Tabl4dSummary of the el ectr oc atbalsyetdi cOEaRvVadiamdisthy sorfs
| n®OnRIW,arper ovi ade@dnpfasrni son.

Loadi Curre_ Overpot Taf el
El ectroca Substr mass Electr densi R Ref
[ mg 2 [ magqm [mvVI Tmv e

Ni O nanopi Au ~ 0. 0.M KOF 10 320 40 13«
Ni ®©t abi lizigl assy ~ 0. 1 M KC 10 320 52 13:
FeNi oxides«gl assy 0.25 1 M KC 10 213 32 13:
Nb.Feo®@d C gl assy 2.0 1.0 M 10 280 30 13
Ni @ananosh gl assy 0. 4 1.0 M 10 360 50~6(13:
NiCo oxi d Au - 1 M Na 10 325 39 13¢
UNi (@H3gnocr gl assy ~ 0. 0.MNaOH 10 331 42 13¢
200Ni (OMP gl assy 0.2 1 M KC 10 260 78.6 13
bNi ( IMGNT&! | T 0.28 0.1 M 10 474 87 13¢
Ni (@H3dnosh Carbpoanp 1.0 ~ 1.0 M 20 338 102 13¢
UNi OOH Nan Ni foam 0. 2 1.0 M 10 266 76.3 14(
Ni Fe hydr Ni f o - 1.0 M 10 215 28 28
Ni Fe hydr gl assy - 1.0 M 10 240 38.9 14:
FeNi hydr Au - 01 M K 20 280 40 14:
Ni Co L DH gl assy 1 1 M KC 10 335 41 14
Nb.Vs. bsDH gl assy 0.14 1 M KC 57 350 50 14:
Cedoped Nilt Ni f o 0.25 1 M KC 10 220 42 14°¢
NiI'Se nanos<gl assy 0.14 1 KOH 10 330 80 14¢
NEN nanosh gl assy 0.28 1 M KC 52.3 350 45 147
NP nanopa gl assy 0.14 1 M KC 10 290 59 14¢
NiB nanost gl assy 0.21 1.0 M 10 380 89 14¢
Nio.13C00.8751.097 RDE 0.12 1.0 M 10 316 54.7 15(
Ni/N/C paper gl assy 0. 4 0.1 M 390 10 44 15:
I 120 gl assy 0.21 1 M KC 10 338 47 14:

I r20 gl assy 0.05 0.1 M 1 320 55 15:

I r20 gl assy 0.050.1M H 1 290 45 15:
RuO gl assy 0.05 0.1 M 1 320 80 15:
RuD gl assy 0.05 0.1 M3l 1 280 50 15:

BMWCNTmuU kwail | ed car g% d:0madn autnu ddd DHokagdered doubl e
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( iNirbased oxides

Nickel oxides havéd e e n  wi d ¢ Ihfyei @ IBldctdocatalgsis. In order to improveh ei r act i vi
cat al y zi Jygeat effores ha@ebhé&en devotedd t themiomgp hol ogy, sur face mi
el ectronitxF ogt reuxdavmipykbeet al. fabricated ultrasmall crystalline NiO NWP$ a  a
solvothermal +dhedamnmiodn'dbsiswg vytembtser ved t haitzet he
resulted in th'estfadremaan otnheofsuar fNiice of dihreecNilQ
associated with the el eraged admmp/adauncd sa.ctMovri & oyv eorf
be increasedewfithhe hpadteicecleasdi mensi ons, whi ch
a c t i Tha surface energy is also a crucial factor for the electrochemical readivitgenerallythe

surface chemical reactivity increaseish surface energy?* >* The order of surface energy for NiO facets
is(110)a (101) > (113) > (100%3* ' Thus,(110)or (101) facets are very desirable for good OER activity.

Zhao et al. prepared ultrafine NiO nanosheets witld)(facets (platelet sizét 4.0 nm; thicknessa 1.1

nm) stabilized by Ti@ and dserved excellent OER activity in alkaline solutiéhiThe high OER activity

was suggested being due to the large proportion of reactive NiO (110)dant&t®ing Ni* active sites

an abundantnumber ofinterfaces, as well as “Tisites which improve the chargetransfer/transport

efficiendesat the catalyst/electrolyte interfa’@' Furthermoren anost ruct ured conduct

as carbon nanotubes and graphene, have been repo
ofNibasceadt ali>3°§he. synergetic eff ectt hieiet ke leniohd lgehe &) |
el ectronic ¢ desetdruwcdtiwridly,staanldi | ity of the el ectr ol

The introductionof other metals (such as Fe and Co) into nickel oxides enthdnei electrochemical

performancé.?21325Boet sclyemoup i nvestigated a series of me
Ni 0CoQ ke@aO, oNdeQ, Mm@d ' PTOe results he&wabed t
the most active OER catalyst,u whi ot wase Q@®Ht 1 ialy
oxyhydroxi de speciesbeaiindgh enleaaatl ryo elveemiyc aNli|l yateaoot i

(ii) Ni-based hydroxides/oxyhydroxides

Hydroxidesand oxyhydroxides of th&li metal 13t 136 16016%5re also active for electrocatalytic water
oxidation13% 136 162 231-:232141 1631655 y h p ar aman et al . compared t he OEF
hydr (oxy)oxide with defined morphol ogies and sto
trend of Mn,<whgokWeCade yrengWMt( OIO tilh ebrfio.Nei .

< Co < PeOviMmuslgdr (Niky) oxi desa.dNFiEl dvn dno € te rsamogw aH
maxi mum OER FaocrthiaveietdyNOER el ectrocatalysts, there
to be present before oldydexbile ¢ @bNit OO, b-Nx®ODHs , t I
Accordi ng moRiB8houier*®@pon oXINdg®iHYPnusoabvkewpNee®OHPp
wherbeNa § @H9 usual | YoNt ©®OWHebrN@& eDdD Ht ovi | | b®eN i cOoOHv eurptoend
further '®*Beiddentkiomin. observed the formati ohooét &i

t hin fandssi,ngi ti-mayX absorpti enweasapedtolh@® sl ptiykhass
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el ectrochemical active'%otrenivaelr ,f Gra oclUiN a(l&Hnids g ntt
b-Ni (@Manocrystals Ibymea hoall, v cathNde ¢ f@ey h dabhii tgshter OER
activity amiNifdddial kayi ned®F hechighgteel ectrocher
was maiinbyteonto the ea8Nief@ddjeNiv ©OBi on bet ween

Oxidation state

3.5-3.67

Oxidation state L
Oxidatic "Y—.\IOOH

s B-NiOOH ™~ Ov e1chal ge

-

=

= .

z Charge| [ Discharge

g Charge Discharge

g \

_g . eing

S| B-Ni(OH), I -CL S Ni(OH),
Oxidation state Oxidation state
2.0-22 20-2.2

Figut® Bode scheme NifOQH er eNdo(xOHYr ansf or mat i

Af ttehre f i r st tohbes eproviastoinoinngo fef f ect pefl eFcet riompewsr iitni
battley i Edi son'®@1sdy sxwemmperi c studies were undert ak
cont amiThaddémann st raaitnectk etafiset Fe c olndadd entacasabng capa
and cycle life oft Heoaveal hgl IOER ba &Y Poit enathegad . by
observation and withlitheéeingsingthepwépéffitthset@iadwai ¢
the oxygen evolution behavior of nhe®eétwaddeéhel
incident al Fe incorporation i mpNioGGH Istjhsetce@mBER ya.
Trotochaud et al . further i nvedltai{gpaxtyg ch y t hye x idad e
e OdNJFE8OOH] on t hel!?DBEBR mesultsyindi caft eFa hiamp u rhie
| edadticcsortdimdNi OOH csrtyrsutzaldr @ hi ghl y-f elndhantiedm( co B¢
Both effects were favorable for the OER. Meanwhi
of the struRtarce i andytloé¢ OFe €I emsr o e ptIdhictlys ch e N
obsethad -Rehef iNNims with a composition of 40% Fe ¢
freshly depositeldn padlita yNéd oeadc dd dwrep LfEBH3mysd rad xni chgs c a
brucite déker dtacydertsy evahangéall é¢ rstheoan grgeelratd rnvied
struct FigatPse@ahi sthhealrlaoppi d ditts uandonpodduectact aln
protounpled el étit*¥'dmerednmsfeer the catalytic actiwv
induce a goodeelfocdhzddebas ptheoghess that has b
devel opmewnNilo Ni hbeased mat er iCEIRsC twii vt ifitt yb ket ideett ya,i | e d

cat armnegadhha&ni sm r e maistio ud dc Ibeeara f odmuusssipifeuct utbsce® p gt
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theoretical <cal cul atmiognhst vdissht padee geaprelsi ed pot ent i

(a) (b) Bulk
Bulk

%| ey

r

\& MOy

S

N
LDHs

Hydroxide

Figut& a2. Layeredi by d hlexyiaire¢ €di dt anc e .-l a(ybe)r daDwH so nvsi
wat er mozi sc ulhesyiend edvi>ght GEnacceh, si ngle | ayer i
edgdaring ocscmahedi &als MO denotTdhpuapmet akde
spheregpgy ehertmhdkygen , arempecdriogphgrddise r at e

intleayer anions alHydmwagem atodmsudrees omitted.

In summary, in order to replace the noble metal materials, researchers have proddsidexfforts in

the development of alternative HER and OER electrocatalysts, especidigsid catalysts, to achieve

high HER and OER catalytic properties and stability t hi s wor k, the structur ;
of the el ecbrneddpaoamitteerd aNB and their correlat.i
systematically studied with the aid of surface

gaining a deeper insight into t hienveoldevrieediviefh qpsh ars e
bobhhddacti ons.
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B3Experi Sectabn

This chapter briefly explains the maim experi mer

a methodbalckgiroalntddh epri aipmptl 6 It esteicea®hdlrg swi | | make i f
they were chosen in each case and how ttFlney moo mp
extended and fundamental explanations, some sui't

3.Ell ectrodeposition

The word electrodeposition or electrochemical de
process in which sonleildesc i anroedd d épeaneinttaendd osnhtaop ea .
aplp caotfi drhi st pseawalelsesd | slteeccthrnapguaet, i mgst | y met al o]
are produced for decorative otrecphrroocgeacets vteh ea pdd p «
a divenge of srodndirmgnt enet al s, all oys to semicon:i
spectrum of size and dsceelne i antda. ned Juopd it Zoestl anwaNde nd lo
compounds with various chedniagalcpralpest s ebormartehe
reaction or oxygen evolution reaction. This secH!
the use of reference el ectrodes, the selecatpbpaono

of electrochemical thackd epdecttroche @ad yistFatrisd eMii

detailed information about electroé€hemical proce
3.1.1 Cell setup
Al presented el ectr ocheni wan temgesapuie s standard threewe r e

electrode PEC& cell system with a volume of 7.2 mL and wer® n t r odZIENNN | fbhddntiostat
(ZahnerElektrik GmbH & Co. KGQ. Fi gutapr @s ent s tahRpCGRe tellorpee roaft e i n
t hredeectr ode wiotnWWd mkuirmag i @elnectrode (WE)and aePter e
counter electrode (CE)a Mhbee WasduéTsetf ihaygnn theod dleeat waer
covered metealacpgliatee.area of the WE exposed to the
Or i ng, wh hceohn nseecahldse hpbat €. The distance between
analbo2ut3 cm between .The Wareaedpohei €& celFi gaooerne
31b.

A schemationt €l ast catt delagaetamo dd 4drhreaRtidopuden t3 .i s
where the current flow is measured between the
bet ween WE lainidts tthlee Rigotf e rt thiea Ve mter @ltdi efdl xteaddt RE

provi des t hien veossisiitgiphed-¢i étlyl troe ac twiotnfhawti hget WEcons
el ectrochemitdell CEeiasc tailosnos paots-ei eter bdewookfigunal

REIn this case a potenti al di fference is applied
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performance of jusree wdfo-¢t ter ded deteilt dr nosc

(JEITIRIISENRL] ‘ WE /‘D CE
4
3 electrodes RE

)

O-ring
Sample E
g
® z
Pt wire—/ E
&}

(b) ©

Fi guX(eP)Bot ogrPaEpG aifenl dteH reecd r o d e wiotnhf iag woatkiionng el e
areference electrode (RE) .4b) &cPeewishetcwhi
the cell C o Aemreuns 0 onwabg. t he) Schematic pict

t hredectr 00d% mode.

3.1.2 Reference electrodes

The potenti al of an el etchdEQde i tnh agtenies apas ciama o ¢
measurement with recprercyi ng@ dlhedto@E)dteat D@ emeas ek
cel |l vol tage wil/| include cont el batrreoshigsttéarnocne tahr
oerpotentials of *Hhwulm, tilaep oWE d ;mted stCrEpl i aand measu
el ectrode potent bdtulsiédhdgc it mtad e (0 ecshreee lele £ B ¢)eTrhoed e

REhas a stable and known el ectrode potenti al and
the el ectr ddhlemiicgahl scealbli.l ity of the reference ¢
empl oying a redmoxt asrytst(ebwuifwiidearhed or saturated) co
in the redBoxt hemnmeri®n. it sMoubhdobe emagyover hamnd,!
from the ®EHLrodamhrp uRE stdliedaé pg et owkciambadblei eved with
i mpedance vol tAneg welce€Cadsr sbbowans nf or the uncompens

be cdlissed further in section 3.4. 2.

There are d¢avhea arle fogprteammes el ectrode. The Ag/ AgCl
common one, whai csh | wenmsiwsitrse i mmer sed i Aastaan daagrude |
pot ewmndlimd dependi ng o msetlhvee rc oinocoesn.tirmahteihoen aoofe ua i s o
t he bBbSg@athgd t he( H@adCHgnefF er ence ehecthr mdesealclhr pase
summary of common arnddfheeri@ancpeotelndadtarlsdewsi t h r espe
el ectsd@le =XHmme f oluanbdlldl h3. sel ecti on ofl etchdregidyep@s o f
on each particular case, especially on the el e
-38




interferenhbe iemwdldinoingtae eplr eAge/nAg &foarken ctehiee h &ct r o

M KCI solution was empl oy-bdseélderc ttrhoec aetlael cytsrtosd. e p o s

Tabll€o3nmon reference electrodes SHEt t &Y r pote

Reference electrode ConditionHalicfell reactio Potenvti
Standard hydrogen electrode (SHE) a, = 1 2H*+ 2 z H; 0.0
Normal hydrogen electrode (NHE) G, = 1. 0 M 2H'+2€z H, & 0.0
Reversible hydrogen electrode (RHE actual electrolyte  2H*+ 2d z H, 0Ot 0.05
Silver/silver chloride electrode ac, = 1 AgClizAge 'Cl +0.224
(Ag/AQCl) saturated KCI +0.1976
KCl (c=3.0M) +0.209
Calomel electrode a = 1 Hg.Cl, + 2 z 2Hg + 2Cl + 0.2682
(Hg/HgCly) saturated KCI + 0.2415
KCl (c= 1.0 M) +0.2807
Mercury/mercurous sulfatlectrode  853= 1 Hg,SO, + 26 2 2Hg +S & + 0.6158
(Hg/HgSOy) saturatedK,SO, + 0.650
H.SQO4 (c= 0.5 M) + 0.682
Mercury/mercury oxide electrode  agny= 1 HgO + H,O + 2é z Hg+20H  + 0.097
(Hg/HgO) NaOH €= 1.0 M) +0.140
NaOH €= 0.1 M) + 0.165
Copper/copper sulfate electrode saturateds G Cw*+2d z Cu +0.314
(Cu/CusQ)
Each r eflerceamoede was calibrated prior to initial

commer ci al reversi bl,e cdondpamgye)nd fieel teécx pr dridieEme(nRHE | vy
potentials in this work, ienece peolEegecnttiromdree (meoas/ e d
the potenti alEs. Jr&da € € ® eqtdlliaat(gIPpihd O ot omemei wine d:

Evs. ®Ees. HE% et. 01®H8 9 ( 3.

wh eBE'eir s ptoteent iraelf edfentcree el ectrode versus the statl

3.1.3 Working electrodes

The working electrodactsas the substratevhichsupporsthe heterogeneous electrocatalysts. In this work,
Titanium (Ti) foil with athin native TiO, layer was useafter speal chemical treatmest(as detailed
below) as the working electrode with the catalyst to be electraigabon top of it. There are several
reasons for tis selection: First, the surface is passivated by the [E¢er, so no further degradation takes
place in the alkaline regime. Second, the ;i@ does not show any catalytic activity for the HER and

OER by itself, which would hefor examplethe case for Ni/Ni@substratesThird, the conductivity of a
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thin TiO: layer should be sufficient, so that it does not influence the measurement of the electrocatalytic

activity. Fourth it is quite often used as adaption and passivation layer iB®'¢ells, alsdor the work

in our groupon buriedjunction PMVEC cells, weethin TiO, layers produced by Atomic Layer Deposition

(ALD) are employedThus, this substrate resembles then thepsir a complete water splitting device
quitewellPr i or to the el ectr od@pmmsxLOtmmox.89 mmhoe.7%d, Alfaf o i |
Aesanlwe rcear ef ul I byy petegphirregd i n (55 eHFa eckrp e@ nNne@lal s e
charpt4e to 6). I mmediately after each -mader aft mem
hol der with a geé(m®tmmic@g dairaenae togr )O0.abnd nf i xed on

pl ate as isthiogmlL abd.ve

3.1.4 Electrodeposition techniqgues

As an electrolytic electrochemical process, the method of electrodeposition is only feasible under
application of arexternalelectromotive force. Thus, the electrodeposition carithercontrolled byan

applied potential oan applied current, as well as by the parameterg. time, temperaturestirring)
recorded during the process. In the first category the potential is controlled with regheaeference
electrodeeitherin potentiostatic, cycliand lineawoltammetricor pulsed mode<Cyclic voltammetry can

be used to deposit metal oxides andfoxyjhydroxides onto conductive substrates from rredil
solutions, the number of cycles deteretine mass loadingnd the morphology of the catalyst depzoid

the scan rate and the rangeapipliedpotentials.Under the second category fall thentrdled-current
techniqueswhichare often known as galvanostatic methodshis category @ontrolledcurrent passing
through the cell is applied in constant or pulsed modes.

Theel ectrodepositionspdudimgimeeé ewer kiedg (slndst rad es ) ,
reference electrodes am»dweasleld & i hidibg seelide cetl reocd er poocs
in thasewdiekheperdi ment atlh lesaepsdteitoon s6 .i n

32 -Xay photopdéetctoonopy ( XPS)

The el ement al compositiamvaortVembat sxadat oimcsi af
t huen d eri snogh n diad apryacMbta®led catal ysts are often use
cotr ol of the medrmadigroxiedat iremc & ma sebhwslivtishep ec.at alown
Het erogeneous catalytic processes take generall
i . e. in electrochemi sdr ¢ hasdhardactitdefichangi qanfe aa v er
hi gh surface seempdiotyiewdi tfyornumetmislwei i ngnd hpdfy si el
c at aul nydsetr i n.Heesrteir,ggt ipchmt oel ec t{ X®P@) s e ckitndo@snd ggosn
spectroscopy for chemical analysis (ESCA), is o
techniqgues for ipnboi bid4Biga tfnoicds ftiytpaet iioofgp st he anal y:

to a minimum because sa-mplgés vwaictehu arneall aytziewde . ulnave r |
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Spectral results are obtainedefpreoxdi wigt loinn tthlee kit c
the emitsedvhelcehc tabdmiarsfnXPBatt ioorn hdki rce aitcliyalf rsaamf ac

XPS can do both qualitative and quantitative ana

In this study, XPS investihbgatidonsa mpde ik aecrbd afuted re d
el ectrocatalytic hydrogen or oxygen eval u¢chamge:
i nduced by the differ emtct plehnissorime d medotesidedrrayc h e mi

compuerder st amdomgoiorigtdl e mentdarey i mevad tviealn ascttd e

3.2.1 Operating principle

The main opeobht KBS bprsiedcioml ¢ he exter nal bpohuontdo el

i hhienner shel | senmift ttehde fprkoemmsetpheen esvd b iont mas | wint h s L
energy. The phenomenon of photoemi ssion was di ¢
photoelectric effect by Einst¥?P®iegbad@bvamiobsl
Swedweenr e t he dpeivoenleoepr ssitgoni fi cant i mprotveameemitguaeé,n

whi cht hweans ewamod e Neovbietli pr pAws ilOs81.

Hemispherical
electron energy

X-ray Source .
Slit, — — Slit,

n—— m

Electron detector

Sample
Vacuum chamber

UHV (p = 109 mbar)

Figu2%chdematics of t heybagdsiod oxdtecpg maofnr smekXtt.r o

The basic setup of an XPS FinguZerm&Entphaoet carcd ewmiat h
ener i |dfumis mastreeaa of a sampl decajlerch)RI® | iecd trromnme
rays are gemniekiamcgdal|l by c -anedgywetbchighs. T-he en
rays depends on t hbee aanm oidnet emastietryi ad e p esvmdeab aomt & g
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Ekisn:hAT Ebilnts ( 3).

whehlies the enragypldt o hEiinkeitthg WwsSedli ng energy of
to the Fer mi e B r ggind ft heh ewasrakmpfltent i on of the s

With the establishment of theampleetandat heospac
Fer mi energy of the sampl e iDse tahedomsenatibn okénerdihtet h a t
el ectron bEwn)dicnagn ebneeargeyfud(egd a tf i3p p

EpiwhAT ExAd ta ( 3.

whemAé s the eneragy phfottomes " esi ngheuskedh,eti c energy
measured by thesispeaedter ovime tke f u nagicd o ni rdt it thmme rmtnall vy
whi céhdjissst ed by seemisgioheoFeamicl edge metallic s
binding energy.

3.2.2 EIl ement identificati on

The first ia&XsPuSe ainnavioylsviesd iisn to i dentify the el em
scanmngnia survey spectrum over a maximum possi bl e
exampl gudedi Spl ays a typical XPS asNur vheayn oppea d ti rcd re
prepared by elaeclTtizbdiddpmpasei.t i SSmceuvaevgueg el eménbdbnh.
t hexperimentally determined binfdomgeendéid gi eesl emB
compatrhien gme as urteod rseptieactférmuee emi ssi omevet eamcahl beo

to parti dwltasotfeetl eeteloeaameht gu4d as3 mar ked i n
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Photoel ectron peaks are | abeled according to th

originates. An el eclt(rOgn Bwii n2hi Ba,bé d ad s mo,mem,t udn f
shas a tot gkl+go.meAstputmh emay 2 €i Lt h2)ys=olp 2downe a(c h |
wi thhlas two subl evel s, widthhe -asnppienhesgyi tdtfhgretpe
t he -osrpbiint coupling is one of tthRee ofnpbs tt ail mpacsr taan te xi
agaiFn gtud):&®h&n an el ectron is emitted from Ni 2p,
s= 1/ 2. Since the Ni 2p ofk=bilt,alt hcearsrpiiens oan tahneg wln
either paralllelesoad tamtgi (o af id twdole Ids tf dteee:n one jwith
G=1+s of 1/ 2 anjbft Bd 2at Héhre winttlkensi t y-om&tiito dofubt k
determined by the multiplicijty lof Hemeiegy t i@t ip an
1/ 2 j=andl/ 2 components of the Ni 2p doublet is 1:2
(doubl ets) except for FabteBdss wlihieclpagiametaersi

T a b I 2&unBnary of the parameters of spirbit splitting.

Orbital I s j=INs Il ntensi
S 0 1/2 1/2 -
p 1 1/2 1/2, 3/2 1.2
d 2 1/2 3/2, 5/2 2:3
f 3 1/2 5/2,7/2 34

In addition tothe directcore level emissions, Auger electrons are also emitted because of the relaxation

process of the excited ionized atomscsa |l | ed A Auger decayo. The Ti KM
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emission lines are also indicated in the survey spectrufmiing u 4. én th8 Auger process, an outer

electron falls into the inner orbital core hole created by the original photoemission process, and a second
electron is simltaneously emitted carrying off the excess energy. Take LMM lines for example, the peaks
represent the energy of the electrons ejected from the atoms due to the filling of the L shell by an electron
from the M shell coupled with the ejection of an eletfrom an M shell. In contrast with the photoelectric
peaks, the kinetic energy of the Auger linkges not dependn the photon energy of the-day source.

Thus, an overlap between XPS and Auger peaksometimes be avoided by varying theay energy.

3.2.3 Oxidation state analysis

Binding energies are not only elemeaecific but contain also chemical information, because theetiterg
positionof the corelevelsdepend on the oxidation state of the atdimerefore, lgh-resolution core level
spectraof the electronic states are measuedbtainmore detailed informatioaboutthese smalenergy
differencesF i g u%shows\.i sReptra at high resolutiami hidkel in different oxidation states. The
binding energy increases with the oxidation state of the nickel. The reason for this is that the@select
in the NP* ion feel a higher attractive force from the nucleus witip28ons than the 26 electrons in Ni

or the 28 in the neutral Ni atom. In other wgrthe binding energy increases with increasing positive
charge on an atom. The chemical shif general can be attributed and directly correlated to changes in
the initial state Enin = Einiit). In addition, the binding energy of a specific atom is also related to the
electronegativity of its neighbors. However, dbeules do not alwaystrictly hold. The chemical shift
cannot always be attributed to a change in the initial state only. The final state can also have an impact in
the binding energy. Take cobalt as an example,binding energy of the electron in3€¢779.6 eV) is
lower than the binding energy of the electron if*Ce80.5 eV) 83

Ni 2p
Ni‘/Ni*"O/Ni*'(OH),
Satellites )
= Satellites
8, | Ni*'(OH)_/Ni*"OOH
2
‘»
= -2+
@ [Ni"(OH),
£
Ni°
890 880 870 860 850
Binding Energy [eV]
Fi guBki gBh r eNsiol2upt icoonr e | evel spectra of npmiccked me

ni ckel /byghpear dgarmrde nMibd ad )moixa el dgae gdeen
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Shakeup and shakeff satellites are another spectral feature arising by final state effects, which appear

when the emitted photoelectron imparts energy to another electron of the atom. Ultimately, this electron
will be excited taa higher unoccupied stafshakeup, above the Fermrevel) or in an unbound state (shake

off, above the vacuum leyelAs a result, the photoelectron loses kinetic energy and appears at a higher
binding energy in the spectrum. Such lossethave diagnostic value as the predoss structure depends

on the environment of the atofi.th e oxi dati on states of a met al , [

this work, can be distinguished by a chemical s h

An experimental problem in XR&hichneedto be noticed is thathargng may take place on electrically
insulating samples.g. nickel hydroxide films electrodeposited in this work. As photoelectrons are lost
during the photoemission proceas, si gni fi cant net positive charge
several tens of wvolts) accumul ates ahetnhies sacdc¢ arc
t he ki netailclt eanfee piyt o€d phot oel agt t onagp peairhelngtid éyor e
binding energies of t hé®&®®®Tbos eornvecadie nptelmekifsd $ snimd thieo s p
the surface c¢hemiafafle csttead elsYX B&Eh a thgeir gga me & ISii lmrcat i o
adventitious carbon is vi shibdse ussuapolyl watcehritevend

compl et euntlthecarbr Qligpeakgrees with its catalogued value284.8 e\(C-C, G-H).

3.2.4 Stoichiometry determination

XPS is one of the most important techniquedliier qualitative and quantitative analysis of ghemental

and chemical composition of surfaces. The underlying assumption when quantifying XPS spinetta is
the intensity(l) of a photoelectron line of a specific atal®pendon the average atomic density of atoms
(N) in a given state. However, othfactors need to be considered as well, inclutiegohoton fluxdensity

(F), the spectrometer efficiency for detecting the elecivith kinetic energyExin [also called transmission
factor, T(Ex i)}, the ionization crossection for thebsorption of photonsith e n e hAgnd electronsvith

Ewn [ WA Exi)n]the inelastic mean free path of the photoelectwitis Exin [&(Ex i)}, the angle between

the emission and theurface(d), and for single crystalline samples also the orientation of the sample with
respect to the detector and fhalarization plane of the photoh$.The general expression for the intensity

of an emission linenormally given as counts per seconds (CPS§518*
|(Eki }1: F(hA) * T(Eki )1 LOJ'%A, Exi )1* N * S(Eki )1* c as ( 3-).

A simplified analysis of sample composition is based on tabulated sensitivity fagtoasgsé known as
relative sensitivityfactors RSH for individual photoelectron lines. The intensity of the line is then given

by using the general equati¢n3)-
| NS ( 3).
and the atomic fractio@y of element x in a sample by equatiorB):
C=(4S)  MIS)( x ( 8).
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The sensitivity factors can be estimated from theory or derived empirically from the analysis of standard

samples. A set of RSF amecessary for transitions within an element and for all elements. Quantification

requires the selection of one transition per element.
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Binding Energy (2V) Binding Energy (2V)
Name Position FWHM | Area/(T*MFP) |  Area/(RSFT*MFP) | % Mass Conc %At Conc
Cls 284.90 1.483 17154 171545 4174 11.631
O1s 529.85 2.566 154081 £623.94 21.467 44,913
Tidp 458.85 1.124 B574.1 841,757 8.163 5707
Mi 2p 834.35 5.284 123591.2 356717 66,196 37.748

Fi guBXPS.quanti filciagthitonalmweg,i bteospg@ant i fi cati on t a
values computed f egmonCGasmXPSpdwartetFaVHM.a bk wi dt

at hal f maxi mum; T: transmi ssion factor ; MF

For the evaluation of the XPS spectra, the CasaXPS softWarsion: 2.3.16Dev5%as used®Fi gur e

3 6illustrates the areas targeted by the regions defined for the C 1s, O1s, Ti 2p and Ni 2p transitions, leading
to the quantification table displayed below the spectra. The first step iretlysianf a surface composition

is thedefinition of the peak areas of interest ftive evaluation, whicthave to be corrected by subtraction

of anappropriate background. iBbackground originatfrom the inelastic scattering of the photoexcited
electros. Generally, three types of backgrounds are used: the linear background, the Shirley background
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and the Tougaard background. Herein, the Shirley background, where the background intensity at any given

binding energy is proportional to the intensity o tiotal peak area above the background in the lower
binding energy peak randg®, was generallyadopted because it is a good compromise between the
physically unrealistic linear background and the physically realistic Tougaard backdsautit latteis

not easy to apply in many practicafuations:® After correcting the peak areas for the atomic sensitivity
factor (RSF), the transmission factor (T) and the mean free path (MFP), the information on the mass ratios

and the atomic ratios of the identified elements can be obtained (see TRblegnu 68).e 3 .

R
x 10°
1203 ame Pos. FWHM Area  %hims =
1 01sNio 5272 108 6160 37342 =
1 olsNgoH: 5313 138 6013 36085
1107 ©1l:Tio2 53047 1111 3B&0 17881 !
] 01lsCO.C=0 524 2108 1600 BB/ -

CPs

T T T T T T T T
337 334 331 328

Binding Energy (2V)

FigurT@Quant iftiatii v lof stpleect rum of el ectgwrdfepoesid i
CasaXPS softwart®

Curve fitting can be required if intensities of different chemical species of an element are to be evaluated.
A model is typically constructed from a set of Gaussian/Lorentziarshiapes. An effective fitting result

is based on a careful model constrastinvolving additional parameter constraints, including the binding
energy differenced, ul | wi dt h aRWHM)ahdfareanaA\r examplenofihegnt i t at i ve
ot hCe 1s smeasioueel ectrodeposi txasdrNia oGpBaxPSsoftware / Ti C
is shown inF i g u 7. [eor tBe.accurate determination of nickelsed oxides, the contributions of carbon
oxygen anditaniumoxygen compounds to the O 1s area must be considetede were obtained from

the C 1s and Ti 2p detaipectra and used to constrain the areas of the fitted O 1s lines representing carbon
oxygen and TO speciesk r o mdetohvelution and fittig of the O 1s spectrum,har act er i st i c
l i nes assoc?iat eNd T@jatn®@HNt { @HPas we |l | cadbmioxpgenyspeeias i n

| i k@ &nd C=0 c a mhebn&rmatidneabautitheir peak position, FWHM, peak area and

percentage of area can be obtained from the quantification table ig u7. e 3.

3.2.5 I nstrumentation

The XPS measurements were performed in the Dar ms
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(DAISY-FUN). The system combining a wide variety of surface prejparahd surface analysis facilities

operates under ultrahigh vacuum (UHV) at a base pressure’tibar to avoid any contamination of the
specimen during different processing steps. The XPS system was purchased from SPECS Surface Nano
Analysis GmbH. TheX-ray source was a monochromatic Al KXR 50 M, Focus 500) tube with an
excitation energy of 1486.74 eV. The XPS spectrometer was calibrated by correcting the relative binding
energy difference of the measured 3d core level emission lines and the Ggembésputtecleaned Ag,

Au and Cu to their literature values.

3.8a8ni ng eclreocstcréornMM)miand e nerrgayy dd pepcetrrsda sveeo pXy ( EL

Scanning electron microscpfSEM) yields information about topography, morphology and composition

of the probed samples by scanning the surface with a focused beam of electrons. The interaction between
the incidenprimary electron beam and the sampithin a teardrogshaped/olumeleads to various signals

which can be detectdny specialized detectqras shown ifr i g u 8. €he Bost used SEM mode in this

study isthe detection of secondary electrons emitted by atoms excited by the electron beam. In secondary
electron imaging (SElxheseare ejectedvery close to the specimen surface. Consequently, by scanning

the sample am collecting the secondary electrons emitted, very -hégiolution images displaying the

topography of the surface can be produced.

Electron beam

10 A Auger electrons

50-500 A Secondary electrons

Backscattered
electrons

E=E,
E=0

Continuum X-rays

/ Secondary fluorescence
by continuum and

characteristic X-rays
8 -

\_/

F i g u8 Scheatic representation of the interaction between the primary electrombednesample

within theinteraction volumé3

As indicated irF i g u 8, ehar&teristic Xays are among the byproducts of electron microscopy, which
forms the basisef an analytic technique referredtother e-d g g pe raiyves p¥ ctroscopy (
a hemwmdir ggibdeecannt i s focused intantékeesttmphei hbeamgi «

excited and ejected from the shell with an-el ect
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energy shell fill sfdrhendellkeet-maman dthlea rediriegyrigpy 100 hiee!

may be rel easedr ayn tThhee fnournmb eorf aannd &g/rse meayns thfeetd h e

an eqWersgpyrsive spectr ometreays Aasr & heh adnieetrge reess ¢aef
energy between tthheer etfwa es mealelt diearmc omyc | shkedt aroe
el ement , EDX all ows the deter mi nat iuonnd eorf itnhvee setlie

In this study, the specimens wetharacterized using a Philips XL30 FEG higisolution scanning
electron microscope (FEI Company, Hillsboro, Oregon, USA) coupled with energy dispersiye X
spectroscopy (EDX, EDAX, Mahwah, USA).

3 . Hectrochemical measurements

3 . Zlectrochemicalce | |

Similar to the electrodeposition setup (Fee g u 1), ¢he @ectrochemical measurements were carried out
atroomtemperatuiea st anearld PEHC 7. 2 4L vZahunme )( RECQ g a Ze¢
(Zenni umo a GAMRY Ietarface 1000E potentiostatp er at i ng i-al setanddedmb
Thecatalyst decoratedli substrate and a Bt o defived as the working electrode and the counter electrode,
respectivelyAnA g/ Ag Cl (r&ferelce &ldctroyle was used for the measurements in 0.1 M KOH
(Carl Roth GmbH + Co. KGyolumetricstandard solutior®.1 M + 0.2%) and 0.5 M HSQ, (Carl Roth

GmbH + Co. KGyolumetricstandard solutiof.5 M £0.2%). AHg / Hg O ( 1 refdrendee@dirpde

was used for the measurements in 1 M K@4dr{ Roth GmbH + Co. K@Grolumetricstandard solutiod

M £0.1 %).

3.4.2 El ectrochemiocsalopiympedaSnce spect

Impedance spectroscopy represents a powerful method for investigating the electrical properties of
materials and interfaces of conducting electrodes. In this study, electrochemical impedance spectroscopy
(EIS) measurements were performed aarect the electrochemical dédta the electrolyte resistance and

to evaluate the catalytic reaction kinetics in different electrode/electrolyte systems.

3 . 4 BaBicsDfEIS

For measurements on an electrochemical sysstem\C (alternating current) potential is applied émel
resulting alternating curremesponsds measured. Generally, electrochemical cells do not behave like
linear systems, where the output signals arglsittie superposition of the responses to each input signal.
Due to the no#inearities, lowamplitude perturbation signals are necessary. With the small perturbation

of the electrode statapseudo linear response can be described analog to the impetianear systems.

In most cases, electrochemical systems are linear at signal amplitudes of 10 mV or less. The applied

alternating potential to an electrode is expressedsasusoidal function iequation( 3):
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I
Ec=Eosin (¥} ( 3).

whereE; is the potential at timg Eois the amplitude offite sinusoidal potentighndy = 2 " f i s t he
frequencyThe resulting current responsan be described guation( 38)-

lc=losin (v 1 ) ( 8).

wherel is the current at timg lois the amplitude offie sinusoidal currenindt the phase difference
between the potential and the current. The impedat)ae generally defined agjuation( 3):

Z(¥)=Ei/lk=2Z0€ =Zo(cost +jsint) (9).
i = (12 (3P

The variation of the electrochemical impedance with frequency is often of interest and can be represented
graphically in different ways. In a Nyquist plthe real part oE (Zm) is plotted against thienaginary part
(Zre) for different values of . An dternative representation, a Bode plot, displays bottdjcanid- versus

log ¥. Exemplary impedance plots are illustrateFin g u9. e 3.

(2) (b)

.7 log 7 ¢
“"' A
log (Rey+Rp) [o--mmmmms, b
— 1 ".
RerCp -
w o,
i/ i e T
" © 0 i 7 ]og RI", ¢ == e e S
Ll Re
R, Ro+ Ry log &

Fi gu9(ea)3.Nyqui sBodd P!l atn.d ( b)

In general, an electrochemidadlf-cell can be considered simply as an impeddaca small sinusoidal
excitation; hence its performance can be represented in terms of an equivalent electrical circuit that consists
of resistances, capacitances or inductarieés.g u * ®resdnts a simple equivalent circuit corresponding

to the spectra shown ki g u 9, ensi@lering the electrgile resistanc®&, t he charge tran:
Rctand t he doubl . Tha pamltel cangpgnents iare iatrodueed because the total current
through the working interface is the sum of distinct contributions from the faradaic pig@ess.double

layer chargingjc. All the current, of course, must pass through the solutisistamce; therefordie is

inserted as a series component to represent this effect in the equivalent &irbigh frequencies the
capacitance allows the total current to flamd the current is just limited B3e. At low frequencies the

current has tdlow via Rcr, thusin this caseahe current is defined by the sumRdfandRcr. It has to be

kept in mind that thequivalentcircuit discussedere is based on the simplest electrode process. Many
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othersmayhave to be considered in ordennwestigate more complex situations, such as those involving

electrereactants adsorption, multistep charge transfer, or homogeneous chemistry.

i

RCT

Figuté&qdi val ent circuit ( Ra n dheattl éfl dtirlr ec uii mp e dod n caen
showhRi gmn9.e 3.

3 . 4 Cdrecting for uncompensated series resistance

The el aaidomineé ccurrent flow requires an el ectrost

Most of the potential drop is compensated by wusi
wor keilnegct r oTdhee (pWEt)e ntii ’fdr ochr dpher é owlitc current f 1l o)
bet ween the RE and the WE is uncompensated, whi
achieve a specfTfhiuc,cuntr enutstddmrsicoyrected. For a
current density theR)unicsongmeveet(@dtddqyd r esi stance (

Ru=x/ k(A (31

whexies the distance between the WE @adids$ )tthhee ta rpe a f
WE, kinnd t he sol ut’itoie waocodumpteinsiatt y.d pequat{i3@al i s
Euncompe%i;’éRed (3-2

wh eEies t he poitsenthiealc,urarnednt (not current density)
t o hebove three parameters, the conductivity of )
solution (e.g. bubbhésooaRéFetttbee surface) can

To esR,j mae eequate it t &ithh g u®eldld.ihrpgehd afnrceeq u(e n cey.
angle is closest to O0A, s h Baw evaryg eleptrode etroguced mte ans t i v
electrochemical cell, thB, is measured prior tour standard series of electrochemical characterization

experiments. Inthiswork, he uncompensatedl et esimsi n@mnce o be 45 -

5.3 ~ 5.6 q in 1.0 M KOhvitharnfal assubStrateO rocRgil si me @ s o r k&
it can be used to correct the experi mental pol ar
Ecompen-_samEderie*dRu (33

According to the equations, t bpensedr roeveetriporn ema s a

-5 %




current is very small Eatomjchgablcapbenshi Howelver hebp
get | arger and | arger withitRhempers @taisomgi ®f a t g
elimnate the uncompensated potential drop, and
3.4.3 Current/ potential <curves

Current/ potential cur vets hworreksi enngt t(tid¥eey ncauerdr eenlte cf tl ro
with a Ilinearly increasing potenti al relative t
correlated to the Gteaacadiayitvehaapee cafhi tsimé /sp actad r teide
very pspfaVviding information on whioakl e Etercabnmsofdeer
reacomnmloyi demisng t he (ei.mget itce mpiemiattaotftielgee dorRc,epelca
activat),onhepeugynéeénbledbehialve @ r-vg lstaguiea tBiAdiA Speci al

current/ potenti al curves wused in this study i nc
voltammetry (CV), |l i near sweep vol tmosmeatriyc (sLcSavr
chronoamperometry (i .e. potentiostatic scan) mea
T OCP measurements give the potenti al behavior
T CV and LSV anecwoli tyahreeseet ray | i near potenti al s
wth the aidosf &i heepohenturrent i s measured a

al so varies with ti me, the results are wusual/l

as voltammetry.

T For a chronopotentiometry measuremenbyt ha cert
potentiostat, and the variation of podealnltedl
achronoamperometry measurement .

3.4.4 Test procedures

Theecetlrocatalytic propef ¢tihees HEfR tohre OFErRe pvaerr eed i navrm

to specified test procedures, which generally in
the electrochemical i nmap esdpaencci ef i sepde withra engsutatagsjgnal r Eal nSg)
amplitude of 10mVnearhe OCP, a cyclic voltammogram (CV), a
chronopotentiometry scan. Pol ari zat i omeasaoremermts t i or

wad i mplemented h@®¢fameé k8Yht®dts. The gener al el

summar iTaedlei 8.
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Tabl3&Gedher al el ectrochemical test proc
. Conditions Determined value or
Step Experimental f
HER test OER test performance
1 OCP scan 15 min 15 min Open circuit
2 EIS 1 Hz to 100 KHz 1 Hz to 200 KHz Electrolyte resistance
3 Polarization at 0V vs. RHE at 1.23 V vs. RHE Polarize to start value of step 4
4 cV 50 mV st, 3 scans, 10 mV st, 3~ 6scans, Overpotentialat curr e
0.05V~-0.6V 1.13V~1.83V i
5 Polarization at 0V vs. RHE at 1.23 V vs. RHE Polarize to start value of step €
6 LSV 1 mvV s, 1 scan, 2mV s?, 1 scan, Qverpgtﬁngag? t (; E: ; rn (ta
0.05Vto-0.6V 1.23V1t01.83V I P
exchange curr
7 Chronopote at10 mA ¢ at +10?% m/ Stability

Potentials measured against the reference elecvatle e c onv er t e derstusahe tevessiblgp ot e n
hydrogen electrodand corrected for the electrolyte resistance based on the electrochemical impedance
spectroscopy dataTo compare the catalytic activitye of t
overpotentials at a?cuorbrteanitn edde nfsriotny tohfe 1cOy cmA cc nv
voltammetry, are used as an indicatofwdsrs dlhec ta
because it representpectleed dppr axipmacteo vwd itwd ce xd
hydr ogen '%®ifnf i &d ckintciyon, Taf el pl ot derivedttlteom
information aboyitnthermatoi nTafcelacsli ope and excht
the stability of the catalysts, chronopotenti ome
0f10 mAf om t he HER?foar +tllDe mAER.mM
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4El ectrodeposition bbr NERE el Nanoparticles

4.1 I ntroduction

Practical design of the HER el ectr ocaknadwns tv olnc aal
relation, whi ch generally decsatralbytsi ct hac tri evli & tyi
el ectrocatalyst and the strength of the interact

Hadd®f°The high catalytic &taniawmidt yo,t hwehri cnho bilse snhea van
to be correl at e dHadbo ntdh st?irtoayemhedi, attdheM!| ow abund
cost of these noble metals stronglcyt rloil iyisti st. h éAimro
nomobl e met al edleelhs obetal yat £ ul At e dHahaad/d ;mairgp taino r
energy Pdiadsmmdt dt was identified-basea mgradmil syisn ¢
its | ow coshi gahn de Ireecltart o’&&@OMye we i tc hcakostbstsail t Nd.n it s
not show a high catal y%iAs agaoiivtiied ouwmt i°k°apti hei
cat ad fyftiici ency of the HER at high pH vadlspesndcan

strength as well as by the ener@tyhe eali feertdZ stoe m:i
Haaos QH This i mplkiemés at hait t h o ehyheBnpeprrgoyp r itahtee WMt er
an i mportant step for catalyzing the HER under a
by improving the ®vater dissociation step.

|l warseported that the aldkatlhrnoeu HE Ra abcitfi wn ctdyime tsa le nrh
system, as theladgessopr BmpOH)t he wat-#elrbdndsotia
absorbeée@d®*Wlaheergener aficeod | ddaaitde dtehceonmbi nes on t he ne
rate simiadwdnd tatfi®dn parti cul aetl halve. sPawihnl o hiac t
activity of the Ni me tiasl isnuprrfoavceed nboyd i af ifeadc tboyr No f(
free NifTbher 6goergi stic effect on the HER was al s
el ectrocatalyst combinations showing a strong ac
nanoNG O/aNi het ©¥NodtNi QhtGwBe D ,mMpP% sciotnepso s iICr&?°WNm d Ni O
t hrde eneos al coredsshebb’HEREEL® resultstosugdggmstoveol
catalytic activity of Ni met al for the HER in a
Moreover, the [@exigdi Ne €a NdNiNjpaedH eal so reported to
nomobl e el etcor o0BERail ysak®®@@P3i ne sol utions.

Despite these previous achiewelmemtsi,mplte i st rsdtidd
Nibased el ectrocatalysts and thereby advance t hei
met hod has been considered as one of the best
mi xsucan be realizethtndi coalts®| dredefefasdtl-gwe me't
par ttiyplee cat al ysts wWirt°Ho weé \gdcatalyitr detmity and stabibtyadcf the

el ectrodeposited Ni metal/ oxi de XPStaidentifythe chdmea n 1 n
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composition and the electronic structure, yet.

In this study, Ni NPs with the composition of°NNiO, and Ni(OH) were electrodeposited onto Ti
substrates by using cyclic voltammetry (CV). The surface morphology and the chemical properties of the
NPs could be tuned over a wide range by varying the deposition conditions. The catalytic activity and
stability of the NPgor the alkaline HER are discussed in correlation to the obtained XPS data.

4 EXperimental section

4. Zhkemicals and el ectrodeposition

An aqueous sMhutkeh 6fl 1L0c ml olf 6@, e 99.x%5h%,d rlaltfea (A
mMMHSQwas used as the electrolyte for thEmmixectro
10 mm x0.89 mm, 99.7%, AlfaAesar at roomThempéreatunuoeeposition s
Chapter 3.

Prior to depositi om, etchua i Wielsyu lcd teramnteeds (Weorre 5¢ mi |
2propanol, and Millipor-©@ WRa&a@reandeMeWactke rMidfHolm)tpeont,e ,:
Subsequentl vy, the cleaned Ti substrates awemaaktt
GmbH) to remove theamadtioehomodesi £di Ohe surf ace
thoroughly rinsed with Millipore WwWatgaishods wehe
SEM i mages of c¢cleaned and 5% HF etched Ti surfac

Pristine Ti surface HF etched Ti surface

Acc.V  Spot Magn det WD
0 2000x SE 101

FigudlSEM. i mages of pristine (cleaned) and 5% H
photographsi nsetthed Tinfoitke Tefl on hol der

After each electrodeposition, the prepHhiTe)d Was s
removed from the electrolyte, ul t r ausnodneirc antietdr oigne
flow prior to further characterizati on.
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Tabll€osadi ti ons for the electrodeposition of Ni

Set Electrode P‘[J\Be\?;i.aéﬁg? € S[r?i? Sr?]t €
| Ni Ti-1 -1.8t0 +0.2 50
Ni Ti-2 -1.8t0 +0.7 50
Ni T4-3 -1.8t0 +1.2 50
Ni Ti-4 -1.8to +1.7 50
Ni Ti-5 -1.8t0 +2.2 50
Il Ni Ti-6 -1.8t0 +1.2 5
Ni Ti-7 -1.8t0 +1.2 10
Ni T4-8 -1.8t0 +1.2 100
I n this work, cyclic voltNiméecyrwae®esemboyedertrs

of the deposition parameters on the surface morp
wi || highly affecy)theetlERatatat gt bt ( a&Pplehbi ment s
but only two were selected here a¥Falbldpmehr reeaicrhe s e
of experiments, the potential NHesgmplaaesd ahe awcm@
Ni TA-n. Ni Ti-1 Ni Ti-2 Ni Ti-3 NiTi-4, N médb wer e prepared with diffe
I Ni Ti-3 NiTA-6 NiTi-7, Nim8 were prepared at di fferent sca
performed for oRfFégay @l &ohasi sthloweanden of varying

t he depositi onwafsr oimm voensdi & tya wenldsryecewed a very mi no

Figu2dh4erefore, t haerse methsaunmeelmedd &

o I e e e e e e e e e e e e e e m e e e e m— =

£ 2f :

<

E

> 4r 1

B

N ]

[} S

S 6t — Ni/Ti-1 cycle 4

E — Ni/Ti- 2 cycles

5 — Ni/Ti- 3 cycles

O -8f 1

-10 M M R R S ST R

-0.4 -0.3 -0.2 -0.1 0.0

Potential E vs. RHE [V]

(-iR drop)

Fi gu2leSHAur ves recorded i n O Nifli edctrédeshregammdiwiteedifférent 9 )

number of cycles
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4. Tharacterization

After the edepdttbdeplbscti oqh elililexlad ctmeadals ewnemd sc
bVWSEM and hePS.verage projected particle size of t
(randomly) on 100 particles i 0OQDOOOSEMbyemaag wagwi
pack'dlgawesaur e P°Flu.r2i"mdror mati on on the charakkda®eri z.
been ign veemapter 3.

4. El2ctrochemical measurements
The el ectrochemical measurements wWhreasgenfpor med
ChaptTerHiBecor ated Ti substrate and a Pt <coil s e

el ectrode, nAgespg®KICI8g! yW.. ZEB) reference electrod
measur emeMKGH i an®. 4 MJadBgO QISHE) Vreserence el ect
for the meaMKOld maEtaS uiremkent s wer e perafnogremeod iln H
100 KHz with a modul dt0ednVs ingemalo tdonbpt| & A RU dieth ed flr & s |
el ectrolyte. The catalytibyac8Vvinythiedopoe 6bbiERI
V versus RHE at sla Staetastat gmeket pem¥Yor med under &
densi-ty m&Afor up t oMKOHPtienEtd,almeasured agai nst
el ectrodes, were converted st rueh b e 0o duitaet@3pthdles v e
values were corrected fort hked eEItS odayttae. rFeusritsh earnncoer
values werwi mbspmadti zttad t he geométrical surface a

43Results and Discussi on

4. Judbi ngPeNdodre pospdtieomt i al range
4. 3SWrfiace morphol ogy

The surface morphologies of tiNi TA electrodes were characterized by SB¥e r &ii ng,u Baee 4 .
di splay the SMMel emageede$ phepared wNTiHd HidFEfer en

5). As can be seen from the images, the Ti subst/
which is an indication that the chosen techni que
Moreover, ohkbataa opdaerggresn@mthocoverage of Ni NPs c

(see iFrngeaBae) j4ni ndi cati ng & dtaitve diitgehs ahfiogghotdf e el . a
shows a pl ot of the average projected particle
potenti al r agea.t Itthei savebwigeusparticle size (~1C¢C

deposition conditions.
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Average partlcle SIK '
100 nm -

e B

200

(f)

150 -

00F e T e °

Average particle size [nm]
a
o

0
-1.8t0+0.2 -1.8t0 +0.7 -1.8to +1.2 -1.8 to +1.7 -1.8 to +2.2
100 nm i i ~— Potential range[V vs. RHE]

Average paltlcle size, i S
ZT)' pm

Figud3(ee@ BEM i ma g &lisTi etedtrodestpespared with different potential ranges Tseeb | e

41). The | arge structures with si zswb stertamees.n
insets show enlarged SEM images of the <cor
being tcdhwee Nio NPs. (f) Shown is the average

the employed potential range.
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4.3.1.2 XPS characterization

XPSmeasurements were conducted to figure out the
on Ti skibg o 4sahtodwssXPs jheec tt tha df substrate after etc
t NeThiel ectNidideMidi(5) prepared by cyclic voltammetr
ranges with the lfcgudamlatde | afys50 hmV ssirvey spectr
corresponding to the Ni el ement are robsier vadbse
NiThiel ectrodes, Ni signals dbWTiepbpearodédheabsasovegyve
are assigned to the el ements of Ti, C and O. N o
t he chemi cahle sctheetmreisc adnd omposition of the Ni NPs
Ni 2p, Ti 2xXPapec®©Ords detail

The NipeZRirgaudlfe dxhi bit typical peaks | ocated at
869.9 eV, which gaaedaiNito pNit exhe t @& NE A @tpisv elnyi .f i c ¢
split odr Hihte csgpmmonents is found to be about 17
liteDakudé&.B2°®ep. can observe that the intensiti:
fr NinMi-1 Nidgl-5The continuous decrease in these®peak
is reduced when the deposition potenti al range
Further significant peaks at 85%6@.nad e\t od2mdN, 8 7CBH)9
respectivel y. Tarebictlh @t idsotreenphled dNa (i©Oplimeasured to

which is well consisted¥?'Anidtint i bantad rpemdkrst end tphr es
observed at 854. 2 eVManadn dNiBri72le & s e WS i dirdh et D p
el ectrodes. The appearanoebof HHhesaeantwoopedks5bwe

of Ni O for '#2ibPbe samel leiste features present on t
and 861.5 eV arseoat tNNi ©Ou b ed MNes( @) t2ipvel y.

The Ti 2pi sypseec tkhaow( peaks | ocajedndt 485,98 Oweiet\W( Tarm
spin orbit splitting 20¥Th®. Srefd emcemabpopdibkgato
spectra of the badNiTel THNIdGi-Sulksecaredandi shattri but
subsi®figt e.
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(@) AlKa (hv=1486.74 e\ Survey
. O KLL ; O 1s
— [NiTi-5 TIKMM Niegp  NMLMM -
< |Nii-a Cls Ni3sTizp
b M
‘@ |NiITi-3 N ) | —
C N
Q |NifTi-2 *
= - e N
— [NIi/Ti-1 A
Ti substrate after HF etchi LJI :
| Supbstrate aiter etcning
P NP A A_AM
1 L 1 L 1 L 1 L 1 1
1200 1000 800 600 400 200 0
Binding Energy [eV]
(b) Ni 2p (c) Ti 2p
Ni2p,, Ni 2p,, TiO,
. Ni©OH), NiO ‘
Ni/Ti-5 | _ NI(OH;)ZfNiO
satellites ; N satellites;

Intensity [a.u.]
Intensity [a.u.]

Ti substraﬂte
after HF etching

Ti substrate !
after HF etching !

890 880 870 860 850 470 465 460

Binding Energy [eV]
FigudX¥ray photoelectron spectra

2p region. The Ti substrate

-6 %

of t hdi )eTiest ngd
di fferent potentiaTabldpg4s)feur@epoeigbhpoanNamn

after

455
Binding Energy [eV]

450

etching




Addi ti onal i nformation about t he chemical stat es
1s s pkricgubpe (4F.r deconvoldtien and fitting of these spectNi Ti-1 Nidi-5) , sever ¢
characteristic emission | inkEs2auwhabedeViaema iddfs sac |

with?thet ®e Ni O ilNGt(t@dH)ee apdcOlvel yompari son, the
of the etched Ti substrate is also adédgdedadsr e
assigned?io ATfa®hite ©Ohe shauhigaed3bbB8Et edrel at ed
adsor bed waztseur fdafched hpe &k Oas soci a%tiend ;TWSOt Wi gihkel € af

sampl es. I n addition to Nillel pirdeS, ofue aitdSree\sh reantdl e |
A5328V5 ar e a tcarbodoxygenspetiest ® C®,. C=Pand ads@rbdbmedt He sur
respeti®tivel general, the chemical composition de

agreement with the data oboitgaudbeedd .from t he Ni 2p

Ni/Ti-2

QD

o

n

I
=0

Intensity [a.u.]

538 536 534 532 530 528 526538 536 534 532 530 528 526538 536 534 532 530 528 526

NiTi-4  TiO, NiITi5  Tio,
NiO ‘

533 536 534 532 530 528 526538 536 534 532 530 528 526538 536 534 532 530 528 526
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]
Fi guBFei t4t.eXtr Oy 1photspelcd dhtar e ect rodeposit &Nd )Nii NP

prepar ed ploy ewadri yail i @bal beg edsT h(es eTd substrate af

is added for comparison.

The C 1s detail XP spectra of all tNeTi electrodesK i g u 6) eevedl the presence of aCCcomponent
(C-C, 285.0 eV), epoxy/hydroxyls (O, 4286.7eV) and carbonyl groups (C=@288.7eV). There are

three main sources of carbon: (1) from the electedgliutions and the used equipment, (2) from dissolved
-6 2




CO,, and (3) by the adsorption of G@ompounds during transport of the sample through air from the
electrochemical deposition to the XPS machine. With regarded tbglame equipmeand the highly

pure electrolytes with Millipore water as the solvemrtealwaysusel for the experimentgo point (2): the

amount of dissolved CGhould be very small unddreworking conditiorwith the pH value oélectrolyte

lower than 3Point (3) cannot bavoided at moment, but we have recently setup a special electrochemical
cell, which is directly connected to the surface science apparatus, where experiments can be done under
rare gas atmosphere to study the influence on the reaction products froomdiffaceof atmospheric

gases. For the determination of NiO and Ni(&ttntent, the contributions of Carb@xygen compounds

to the O 1s area have to be considered. These were obtained from the C 1s detail spectra and used to
constrain the area of the &l O 1s lines representing@species. The same procedure was done on the

contribution of T+O species to the O 1s area.

Ni/Ti-1 Ni/Ti-2 Ni/Ti-3

r T T : T ; T ; T T 1 r : T ‘ T : T T 1 r T : T : T ‘ T T
294 292 290 288 286 284 282 280294 292 290 288 286 284 282 280294 292 290 288 286 284 282 280
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Ni/Ti-4 Ni/Ti-5 Ni/Ti-6

—— T — — T —bL T — 7 T
294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Ni/Ti-7 Ni/Ti-8

r T T ; T - T + T T 1 r T T : T : T : T
294 292 290 288 286 284 282 280294 292 290 288 286 284 282 280
Binding Energy [eV] Binding Energy [eV]

Fi guB@ 14s. Xdreayaiphotspelcd o hir miiiet heddbslp(dee

From the quantitative XPS analysis the atomic co
NiTiel ectrodes can be obt aTianbelde, Zwhhei cahmoaurnet sourmnGarii:
contributions ;dnodmoWNheOr &NpeHPGamcmchdsdonhgedi wat
these values the chemical composition ofi st hael sedl

summari zed in the table. The resadnesasensdiatatlei g
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potentials, where oxidation is taking place duri

percentage of Ni O increases to 55.2 % at a-n anod
oxidation behavior iofs utblsda r Mit es penadiees vamr itahe oh o
cyclic voltammogr am-lwa@8s armac ot 2d.e2d Kb egtusdefantdtheE ( s e
correspondingtext. At deposition addittigpesalkbpve 4t 7oNWVg wi
OER. Therefore, we assume that by using g@Qcihsa h
oxidi z®Q@OH,0 whii ch cdecraasai nnt heNiTI-Bli OGompaeadity
NiTi-4 compound. The formed Ni OOH cannotx?2¥e easily

Tabl2at émi c concentr at i o NisTietedtroddd prepafied with differend poténtiaD o f

ranges (seeabllpas4 .well as the chemical compositior
_ ) ) o0 (%) chemica_l co
El ect Potenti Ni Ti C t he N3i%NP

(Vovs. (%) (% (% 5 1 o Nh(oel ot hél NPP Ni ¢ Ni ( O

Ni AATi -1.8 to 19. 9.117. 0.3 21. 3 32. ¢ 44. 1.! 54.1
Ni £22Ti -1.8 To1l1l2.10.24. 1.1 13.5 37. ¢ 38. 8. 53.1
Ni A.3Ti -1.81t@10.13.24. 1.2 9.9 40. ¢ 40. 11. 48.1
Ni FM4Ti -1.817To0o 17.14.14. 9.6 9.5 34. ¢ 17. 55. 27.:
Ni A5Ti -1.82t2o 14.15.15. 5.5 12.2 37. ¢ 17. 39. 43.¢

[ali ncl udes -@Q,headds oirnb eTdi woaxtyeg e na rfsdpjecsal rebsoinc ul at ed by fir
concentrationsforfonNitCh ea n@ll siNst (deaH)Yae. maNini ng concentrati g

In summary, the XPS results indicate that the el
composition o0 TWNheéNi®©V&Aii(el)dohteirbonti oompdunds
the variation of the potenti al range employed f o
43. Zuni ng Ni NPs upon scan rate

4321 Surface morphol ogy

Fi guTaels A o wSEMhineages of hNeTi-6 Ni AF7TNi 3T iaNmd-8electrodep r epar ed wi
scan rates of 57 respetivelydOnendlidfi Gemwes coverage of
observed on t htehelii lBudtsIaeind Be r gnenere@s in the scan rate from

5to 100 mVs!resultsinadeclinedf h e Ni NPs average si zeFifguotee 146.0
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Average pa\i”tigle size,

160 nm 2

200

150 e

100

Average particle size [nm]

O I " " " " 1 " " " " 1 " " " " 1 " " " " 1 "
0 25 50 75 100

Scan rate[mV s ']
Figur(ed BEM i ma g &iglTi ete€trodeshpeepared with different scan rates {saeb | 1 4 .
The insets show the enlarged SEM i mages of

average particle size of the electrodeposit

4. 3.2.2 XPS characterization

To figure out the influence of the scan rate, XP
i ncl Nidifi-en g( 5 H)MVTi-3 ( 1 0Y) MiW-3s ( 50Y) m¥hT#8 (100 .mV s
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(@) AlKa (hv=1486.74 eV) Survey
— O KLL ) Ni LMM O1ls
S NITi8 igum Nzs, N3P A'/Iiy,\& nizs| TP Ni 3p
T, s Ni 3s Ti 3p
> |Nimi-3 B
GC) W A S
= | ‘ )
W ]
1 . 1 . 1 . 1 : I = 1 A
1200 1000 800 600 400 200 0
Binding Energy [eV]
() Niz2p| [(© Ti 2p
Ni2p, , Ni 2p,_, TiO,
i(OH NI
NiTig Ni)é NI(OH) o
satellites ! § a °

Ni/Ti-3

Ni/Ti-7

Intensity [a.u.]

Ni/Ti-6

Ni/Ti-8

Ni/Ti-3

INtensity [a.u.|

Ni/Ti-6

890 880 870 860

50 470

455

450

Binding Energy [eV]

Binding Energy [eV]

Fi gu8Xr ay

phot oel ectron

wi t h

ar e

di fferent
| Tabldel 4 n

scan
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FiguB8ashéws the survNVisasmptesa dhet baosgey spectr e

the scan rate |l eads to | ess intensity of the Ni
2p signals. These observations are inogeodaaptert
indicating that a | arger amount of MWNigubs ie€wdsit
t he Ni 2p coSiemilleavre |t os ptehceNirmé3. lpe stprecd eNu 6 lod os p e
NiTi-8 el ectrodes al so exhi bitantdh dNiacsRpri dtdtB5tdostNiecV
and 869.8 eV), Ni O (854 ,38=6/. 2naV 8arnd 78 #RBM.)Puaerd) ,!
48s hows tchoer eTil 2wel spectra. The inte€mhsi0ide€¥8arid:
eV) and Ti met al (453.8 eV) are reduced with dec

rate |l eads to a higher coverage of the Ni NPs.

Nimi-e T,

Intensity [a.u.]

538 536 534 532 530 528 526538 536 534 532 530 528 526
\TiO \TiO

2

Ni/Ti-3 Ni/Ti-8

Ni(OH),,

Intensity [a.u.]

538 536 534 5éé 530 528 526538 536 534 532 530 528 526
Binding Energy [eV] Binding Energy [eV]
Fi gu9Fei t4t.exXtr dpyhbs oed pedtriom @efl ect rodeposit &Nd )Nii NP
obtained with diNif/eTaimmpt esc amdrili slsedTha

The deconvolution analysis of &b5h2e8 Wb dlk8 &s\pke cvihriac hp
are attributedcdspecNe®, ahidg pBREODHhelewer opbaks can |
observed a63B¥6abde¥%¥33.3 eV, Wwhathi @e ed awrstfdg@ ne d

species and adsorbed water, respect i yeolnyp.o sTihtees eN|
are depositeuwdr oenl eacltlr otdheess e Moa eover, the intensi
increased with decreasing the scan rate, i ndicat
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scan Tadt3es.udnmari zes the atomic c 0 n c e Niflirelactrodesn s of

prepared with different scanraless wel | as the calculated chemical
With the decrease of the scan rate from 100 mMMte 5 mV s!, the percentage of NiO in the Ni NPs
increases from 7.1% to 34.3%.

Tabl3Atd.mi c concentrationb8dli teflieiit,r oTdie,s @,r egprad ed v

ratesalbklpeednd the chemical composition of th
El ect Scanrate Ni Ti C O( %) chterr]néczil ;(\:135'
mvis) (%) (%) (%) 5 {0 o in Miothel NP [' NiCNi(O
Ni /6T 5 27. 8.z 10. 9.3 18.9 26.: 30. 34. 34.¢
Ni /7Ti 10 25. 8.1 11. 4. 4 20.3 29. 43. 17. 39.¢€
Ni /3Ti 50 10.13. 24. 1.2 9.9 40. 40. 11. 48.1
Ni /8Ti 100 7.112. 34. 0.5 8.8 36. ! 30 7.1 62.¢

[ali ncl udes-Ot, had® oirb e™i watygre na [sthjacsd reladcul at ed by diffe

43 Beposition behavior by cyclic voltammetry
43 .. Reducdxiohati on of the nickel species in volta
To under st anodx itdhaet iroend ubcethiaovni or of t he Ni species

applied voltage, a typical cy-t8 ian dv o 2.a2nnmb gwr sa.m R
rate ofl(ssb®i gnwit@& The arrows show the scan directio

NN 7

1_(a) 2,(0.24V) a(lV) A (b) ]
! } .

of 7 ol ——

4L | startlend (02 v) | _1/ start/end (0.2 V) ]

c,(-0.32V)

Current density [mA cm?]
N
T
Current density [mA cm]
N
T

- _5_ -

-5
1.4V
oy by by b by by by by e 1 _6.I...I...I...I...I...I...I...I...I...I.
-16 -1.2 -0.8 -04 00 04 08 12 16 20 -16 -1.2 -0.8 -04 0.0 04 08 12 16 20
Potential E vs. RHE [V] Potential E vs. RHE [V]

Figul@aV. cofveei el ectrodeposition onto Ti subst

Ni gin 1 3% HKW)corfve he Ti S U BDwi & the wiSec Bh CinM
rate: 50 mV s
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The scan was initiated at +0:12 8V,V tamedn +s2e (Ru eVnt iaa
+0.2 V. The CV curve can be ¢l eaahg aabnsde rtvweod ciant

peakandgcc armhedi cicdpeakgat he scan from +0.2 V to +:
Ti subskFirgaul@® Tedeecat hoadp pce gre@akadM, which is -attri
reduct Poonef o NNiP23Rélt" a |

N#( aqleV+NPREA &. 26 V) . ( 4).

At more negative potentials, an expon®ntidalNV,i wbht
is relatetdetbbowecthi 6w &Nm the substrate and Hhy¥Y8 ogen
21¥here exist a |l arge number of pubdtiicdad/iPyndr coxi
di fferent type of substrates, whhyegthr oxi den&s adn a
intermedi ate or as a competing proce¥&02pidaifhe i
21¥he reddHatti ameofrmsdoda | ocal increase of the plt

reac(té:.on
Nf{ aqg) O NRi (HOHQds)* + 2 H ( 2.

Ni (@Hdds )+ +Z(&eNi (s + 2 (3.

The f dBr mkdl hydrtdhxindepartially reduced( &,aovhimethal l
shows a maxathum NMeaKhe exact position of this pe
it can also depend on the type orfedwndtoinormmngr ddes
be described involving a singly hydroxyl ated Nj
di scussion of the differentid ngiod¥d.ledi streepfs. f or N

FromXP8edata we obtain an al mbasntd INFd(nOdtgwnrc ealt @ att ri
the deposition reaching only up to 0.2 V into th
of re@a@hin@d&®»so the overall composition.

The anodatt p@ak4 adumwnetihediCd¥at ed ot meé ckeil d.@dtkieare so
XPS results imply that the growth of Ni O could b
both abewldi | axotnte nNir@@H)on decrebs@®2Wi th the i

Ni ( @qH)d'sNi Cads)0 + H ( 4.
43 .. Pet ermi nallPonl @ddiNmgs

Fi guXxr®hdws the deposition current as a function

sampl eTsa bfIBeonla b 16e Br om t het acwrasefr dalheet ¢d t o t he

of t he Ni species the <corresponding electric q
summari zeldl oTwd migee THhe Ni amount is calculated by
to reduée Howe vEir , due to the kbwndhogdénc eegl mei on

could be overestimated.
-6 9




Current [mA]

——100mV §', -1.8 to 1.2 V (Ni/Ti-8)
2r ——50mV s, -1.8t0 1.2 V (NiTi-3) |
——10mV s, -1.8t0 1.2 V (Ni/Ti-7)
——5mVs', -1.8t0 1.2 V (Ni/Ti-6)

——5mVs', -1.3to 1.2 V (Ni/Ti-opt)
-3 L 1 L 1 L 1 L 1 L

0 300 600 900 1200 1500
Time [9)]

Fi gul®udriemtur okebeNMNs edepxdasioti on.

Tabl4€ad cul ati on of the d&mguwdtk df deposit e

Sampl e El ect Calcul at
Numbe Deposition COArea ( charge amounltmg)
Ni /6Ti 1.8 to 1.2 5 mV 414, ¢ -0.4114 0.126
Ni F7Ti 1.8 to 1.2 10 mv 267. ¢ 0. 267 0.082
Ni Fl3Ti -1.8 to 1.2 50 mVv 65.5 -0. 065 0.020
Ni /8Ti -1.8 to 1.2100 ™ -35. 3 -0. 035 0.011
Ni FoTpit -1.3 to 1.2z 5 mV 257 .1 0. 257 0.078

[is calculated by assuming tHat all el ect

43 HHER catalytic acdpioteidt Wi ofNPtshe el ectrod
43 .4 I nflupocenbifakt heange

The catalytic -preop#Med est odbdedheomst he HER wer e

al kalinéeigaoaXr2hdwse. the | inear sweep voltammetry (
with different potential ranges. The Ti foil an
expethedPt foil exhibits the highest HER catalyt

Addition of Ni to the Ti ;eVetunddersnegabl es bl as

cathodic cir rogfntlfd émiddii¢tme | @ectrode req@i)ofes2ah mV,e

which is the best perfor maNidiel elrttaiordeed oM Tid dmpsa r

INTI-2NiTi-3 aNn®d-5 el ectrodes exhibit INOW-dr et aiatripd e C

hof 340, 330, 297 dntecestigyiSh end/e respkecsivaehybe cor

of the Ni O coNPineTaadd2ei A ThkhegNeater the percentac
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| ower the resulting overpotential. This indicate

HER. As Gbdbfnagpeedp,tashed HER process can i vmdIlvec ulhe
the Ni/ Ni O particle, wdsohbettHeandasBNioOi aldleer batd
on a nenatlay Nite. The | attexgeineradgiiogq.t WMdiisnt ertr
supported by pHéayidoy) o xwWeek®LdmeNimosel i mplies th
Ni / Ndpa&rticles is necessary for a high catalytic
adsorption, "iwsheadsaocsr tehde ocOH t he Ni O

T T T T
0 ——
§ -2f
<
£
> Ar Ti foil
a — NifTi-1
S Gl —NiITiF2
= —— NifTi-3
= —— NilTi-4
5
O -8f ——Ni/Ti-5 T
—— Pt foil
-10 M . o S B A P R
0.4 -0.3 0.2 0.1 0.0

Potential E vs. RHE [\/](_iRdmp)

Fi gul2S¥. cur v\ H elextfodes prapared with different potential rangesTse b 1 1gi n4 .
0.1 M KOH (pH = 12.9). Ti foil and Pt foil

4342 | nfluence of the scan rate

Figut&hédws the LSNTiedrecdg oafest lodbt ained after el
by the change Nilli-6tNiH-7 NidisBn axnddi8e .e | Telcda r didoef s 2e5x0h i Ri7t
297 and 308 mV, respectively. Theseereauwml tbe iardii
by decreasing the deposition scan rate. This mi
deposited at t (hsed@ albd ®eBdtecmani mpoetantl vy, t he <cat
correlates with the dmabulet 4o0fhcNie@si mgt h@deNPer Cee
asleposited Ni NPs, decreases the required overpc

with the results of Set [ el ectrodes.
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T T T T
O ______________________________
5 2
<
E
> 4r
|2
o — Ni/Ti-6
= 6 — Ni/Ti-7 1
o — Ni/Ti-3
3 st —— Ni/Ti-8 |
— Pt foll
) SRR 4N NP S N S - —
0.4 -0.3 -0.2 0.1 0.0

Potential E vs. RHE [V]

(-iR drop)

Fi gul & S¥. cur v\ H elextfodes frepared with different scan ratesTsaeb [1gi n4 .0. 1 M
KOH (pH Pt 1f20i9l) .el ectrode data are added fo

43 . Gpti mi zed Ni NPs

From the above &kTWé6npé laesght orvess et lhtes ,hitghheest HER cat a
the catalytic activity could be further i mproved
are shiawn5ei Brom t hat dat a NcTbd Il eecctt ri coche Na{iha gpript ti émh 2 &
been prepatwid hata 5nam\ osw depos-it BonopeleBtVa(lra:

Tabl50Ovaer pot eln0t inX(dgcomM) in 0.1 M KOH of the Ni C «
di fferent potenti al r aThhggees a lwirie thh &vwaa K qaei 6 ®mmd o
recor tbodmeMi /eTie cti rhdsdeetsr ee series of sampl es

Scan Potential to potenti al [V vs.
[ mVY s 0.2 0.7 1.2 1.7 2.2
2.0 347 345 310 295 310

50 f[rvorcsp_o 1.8 340 330 297 275 285
1.5 382 370 365 356 363

Scan Potenti al to potenti al (V vs.
[ mVT s 0.2 0.7 1.2 1.7 2.2
1.8 307 284 275 261 282

10 from po 1.5 287 2614 223 247 255
(V vs. 1.3 286 258 244 309 276

-1 347 375 4009 422 467

Scan Potential to potenti al (V vs.
[ mVY s 0.2 0.7 1.2 1.7 2.2
-1. 8 283 256 250 2509 265

5 from po -1.5 272 238 225 246 248
(V vs. 1.3 271 223 210 2438 261

-1 313 335 362 376 435
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Ave;aoé partlcle snze,} >
220 nm, '

Fi gulI®©EM. i mage ofNit/eBiecptriomieze®dt ai nedl .a¥ teenmd oln.e2
with a scant rahe bhs&t m¥hews a magni ficati

(@) Ni 2p (b) O 19
_ Ni 2p, TiO,
Ni 2p1/2 '
NiO

NG LN

Satellites Satellites A

Intensity [a.u.]
Intensity [a.u.]

AN’

890 885 880 875 870 865 860 855 850 845 536 534 532 530 528 526
Binding Energy [eV] Binding Energy [eV]

0

Fi gut & a4 . Ni 2p anH-r a4 ) photstpeeidd dtarlwnf Ni hedlieocpttriondie:

obtained afterl.oheamrdcl.e2 b\etwiettlh a scan

rat

TablAtdo.mi ¢ concentrations of Ni/eTligdctr €de amand Ot v

composition of the obtained Ni NPs.
o0 (%) chemical co
Poten t he Ni NI

El ect rangeScanrate Ni Ti C o T
(mVsy (%) (%) (%) ot h¥ NPLPT Ni ¢ Ni ( ®F
(V vs N|(N|(@I(/) (%) (%) ( %)
(%) (%) ° °

Ni foTpit -13t ol .+ 5 34. 5..11.16. 19.¢€ 11. 23. 48. 28. ¢

[ali ncl udes-Ot, head® oir edi watygre na fsbhlacdreladcul at ed by
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Figutéand. shoet t he SEMNiTroapgte seloefcttrlboede. The i nset

i mage of this electrode displays that a dense, |
substrate with an avErgukrE eparcisl thesi Kie 2p 220 O

of NiTicept el ectrode. The Ni 2p spectrum indicates
eV, 854.3 eV and 8%6 Ne\WO ama aN§(pOHxpeet gd, Naanot h
of emission | i nesi;axoer rael sspoo npdriensge ntto aNi B2Eps of app
2ppeaks. The deconvolution of the O 1s core | eve
at 529.7 VeW4¥ndwlibi3cdh are asskbpghnreasptect NvOl aw.ndHé
contribution of the smaller peak | naned®sGspiees eat a

also observable. From the det aei |ceodmpXoPsSe df,noafl 8y2s3 %1 ¢
Ni O and 28.,.(GRaNicgPHeEsenting an evemompghed &mou
NPs oONTi6hel ectrode.

L L L L L L
Or 0.25 .
Tafel plot
N 0.20
= | <
o -2 %0.15
< =
é ‘;:.0,10
> 4o
(7) 0.05
S
0.00
S 6} ] .
= j1ImA cm’]
o
5 —— Pt foil in 0.1 M KOH
O -8r —— Ni NPs in 0.1 M KOH
——NiNPsin 1M KOH
_lo....l. P P PR U A ST RS S
-0.6 -0.5 -04 -0.3 -0.2 -0.1 0.0
Potential E vs. RHE [\/](_iR drop)
Figul@S¥%. curve ofNit/dilede otprt 6 oné zfear t e HHER 1i2n 90 . Ar
KOH (pH = 14). Pt foil e | e cTthreo dien sdeatt as haorwes

pl ot derived from the LSV curves.

The catalytic behavior of tdi Ti-o p t e | obtained afted @V froml.3 to 1.2 V with a scan rate of 5
mV stwas investigated n 0. 1 M asolaions (se& i K @ H & Thed Ni composite NPs exhibit
a remarkably high activity with an onset potential of ~ 0TV everpotentials required to produce a
cathodic current densityof 1I0mAéh n 0. 1 M Hared210ImV knd K93 mV, respectively. A
decrease of thdio by 40 mV is reached for this sample as compared tdlifié-6 electrode. The better

catalytic performance is expected with the greater amount of NiO in the NPs.
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o
o

(@)
- — Linear fit
y =0.223 + 0.002 * x

I
3

o
~
T

hat-10 mA cni’ [V]
o o
r <
u

©
=
T

o
o

hat-10 mA cni’ [V]
~ & & & 8§

©
=
T

o
=}

- (b)

— Linear fit

y = 0.324 - 0.0022 * X

15 20 I 25 I 30 I 35 40 45 0 10 20 30 40 50
Ni® [%6] NiO [%]
0.6 ——————F———F——F——1——1—
L (c)
05+ —— Linear fit .

y =0.169 + 0.0027 * x

o
~
T
1

A at-10 mA cni’ [V]
o o
A
*

©
=y
T
1

0'025 3|o 3|5 4|o 4|5 5|o 5|5 elo 65
Ni(OH) , [%]
Figut®l éts of thel®vmApeomsewng itahe’@ddnt &NntO ¢ ) Nian

for di fferent N i NPs.

(c)
The dependence of tltee-values on the content of the different species for all of the above presented
samples is summarizedfni g u 1 &-rodh ths compilation it is clear that the activity increases with the
NiO content in the particles, and it decreases with an increasing proportiohasfN{OH),. Moreover,
thediofor the optimized electrode is comparable to the value, which we have obtairnkd Pt foil, and
I o we r mdsthraported nanostructured -ised electrocatalysts in alkaline solutions, including
dendritesr (st3HHNPBVE(, N3 NieMpnof or est

electrodepositedll i gr c

Nif oam ( 286RiPM/Y ,( 22AnthVNi Cu nanoZhheysebé2r9amVpns
far seem to suggest, that the highest activity
is actual FygaobgndTHesreef or e, it must Dbe concl udec
activity the right combination of active sites
reaction steps of the HER are required.
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Annealed Ni/Ti-6

300 €, 5h, Ar ™

Ni NPs on Ti
(Ni/Ti-6)

Current density [mA cm?]

0.1 M KOH, 1 mV s*1

-10 L 1 L 1 A 1 L 1 L 1 L
-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1

Potential E vs. RHE [V]

(-iR drop)

Figut@8cs4ivity of the afit eromprorsa3adl® ndglt dloystss h i |
compared to the(UlUhiasnesal pdssampbkéengl e meas:

ef fevhtol @8 new series of measurements woul d |

The |l inear regi(iomssertoiut hed€afioledplfotom the LSV cl
using the T&f el equation
d=a bt ofp ( 5).

wheaies the intercept rel at gy, thoarsd hdheeXahahgsl ope
density rbegli@@ nmA(deodm0210mV)Taf el anal ysis indancc at es
88 mViidhed.1 M and 1 M KOH, respectivel y. I n al Kk
processoprgeeaibyabhyinitial formation ofagshy dahigeg eHn i
formed bytamansffectisoep through the discharge of

Vol mer 0t ®ZpH.q¥ HOH ( 8.
This is then followed either by a second electro
Heyr ovsKkyss ss®lepz: 6 HOH ( 2.

or by the
Taf el .34 elg:Hy)(.H ( 8.

Tafel sl opes ofm\abdeodelatdw2i 0t,h 4t0Oh,e ovro |l 3n@ r , Heyr ovsk
radet ermining step of tHe’2HER phoervssd Tafsglecsli v
in 0.1 M KOH indstapetsodther ibbimpgteeacti on.” The
i n 1 MoeKm@tHnatch thexpected Tafel slopes related with different-@agermining steps. This

valuei s comparabl e to teladc torfoamotsd!l ywetpo ritre dt HHeE Rs a me
CNT (82Yh)hWiESEHNRs (9 7Y@ omamowi res on mVAdrebd?fli Cluot h
nanoal l oys HY?BAha-MbV Cdecnanowi r )g2Addd % i mvMatdeéey, t h
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currentjpdenssiconsi{dered to be a reasonabl e jmeasur
of 11.06nAT éfmor the HER in 0.1 M KOH are within th
commercial PYh€i cattianygsthe good catalytic perf«

Al t ho ujgh t5h#0A Zifmm 1 M KOH is still |l ower than tl
it is a sati sfmxchlog yc astad luyes tf ofrora tnhoen *HPEtR iast d ihfef |
here te compaata with all the data obtained by ot

and substrates, which have beemasenp|l ogteal vy Btug , cq
efficiencies in alkali@et e o$ tsthhahsdead dcwahti aclhy satrse. cFou
synthesis of a bifunctional Ni / Ni O catalyst wit
hi ghest efficiencies as shown clearly by our re

i mportant information about the system under inv

43 .6 abitleistty

Figui@héwshraonopotmeas wrmenmenyt oefl etchter oodpet i$oofrz ée@ t a
and ,30rehspletctcael pe clearly observed, t hat there
current -1dCe nsAftoymoup to 12 h. Afterwards the requ
doubl e value of the starting voltage.

02 T T T T T 02 T T T T T
(a) Chronopotentiometry @ -10 mA cnf, 12 h L (b) Chronopotentiometry at -10 mA cni’, 30 h
g o0} 4  Boof .
z z
> 0.2 { =02
0 M L
I . I
T o4} ) 1 & o4
14 y=-3.7*10"*x-0.220 ¢ |
L w
5 06f i T 06 .
< IS L
2 ie
S 08t 1 S o8t .
-1.0 R 1 R 1 R 1 R 1 R 1 . 1.0 1 1 1 1 1
0 7200 14400 21600 28800 36000  4320C 0 5 10 15 20 25 30
Time [s] Time [h]

Figul€®hd4onopotenti omet Niy/loipe a sed reecrhe motd eo fu ntdlreee a ¢ «
0f1l0 mAfom 12 and 30 h in 0.1 M KOH.

From the SEM investigations the mor pheliomey tdeosets n
Figu2®B.u4B the XPS daFiagoec2&ba4t hashowe(seees an ali
the peak intensi fdmed Niod reaefstpindé htgh ¢ f NGongt app
no | oss of materi al , but®aa dc dNmpd etoe tthrea nl safbBosrcrbactt i
al so supported by the chiaguyZ2® i o4.Thhe slubstcaiacsi
observation that the activity stays al most cons/
necessiitxye do fNi a kne Ih/ed xeir beatsr u hteurthe ghl y active site
-7 F




by Goalg®Tae shiftpaestkot He weisiOnpda scilatéi orne d u*ctt & amwe ro f
oxi dati on Stiuantdeesr, teh.ege.l 6MEEK 2¢€ondi ti on.

4 .",. o
el . /‘?."‘.J"

Averageparticle size,~ 1/ A

S

22‘0(nm ¥ L i, '20_!,"'1'_

Fi gu2@EM. | mag&s$ Fodpft tehleect rode bef ore meads warnadmean tt
The insets show enlarged i mages of the mar k
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(@) Ni 2p

Ni 2p1/ 312

Ni(OH)

Satellites N|}O

after 12 h \ 0

prer 3~ A\
Eﬁiijfai””"\\-’/N\\hk\qu//,/“\\,//

as prepared

Intensity [a.u.]

860 855 850 84¢

890 885 880 875 870 865

Intensity [a.u.]

(b)

after 12 h /

Ni(OH), O 15

ads. I—LO

after LSV

e
/
after 3 h J/_%\

as prepared ‘ /5%\

540

536 532 528 524

Binding Energy [eV] Binding Energy [eV]
(c) Ti 2p (d) Cls
T|:O2
TiO
— after 12 h : ;‘ after 12 h
S, ; =
> £
‘w | after 3h c
E : < |after 3h
after LSV~
1 after LSV
as prepared | P
as prepared ; L
L 1 L 1 L i 1 L 1 L 1 i 1 L 1 1 1 ; 1 1 L ™ N II L N R " ;ujll’\lsi L -‘I ™
470 468 466 464 462 460 458 456 454 452 450 292 288 284 280

Binding Energy [eV]

Binding Energy [eV]

Figu2%Xad. Ni 2p, (ch) Ti(iddpeddalgs pb ot oel ect-ppapapedt
Ni FoTpit el ect rNaddelpitanel eechter ode after LSV

chronopoteh®i mfhet my
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4. 4 Summary

We havedemonstratedhat NiNPs wi t h t he® miNx tOu raen,dcoadNi KbGH) di r e
el ect r oah® picubstrates s icnycc | i ¢ volhde aanmeumtyNio®@ Nmidn Ni f ©H)
composite NPs could be tuned by varying thkbedepo
el ectrocatahythe HERiIi wasypmrveap airagdck dc dtoal yessidhhlei n a |
hi gher activitys,coofmptohsae tNei /NNPisO/i i (s@H)ongly correl e
but the pure Ni O on its own shows only a r%duce:
and the pNPe. NTH®OHéf ore, the right aombiveati obmreso
reaction steps of theOHEROQt v mazcehtd eecobsitgdteptmltof a c t |
~0Vand a HER currenttatdeasi ot yweopotl®n miAakurhermore, 97 m
itshowsa s mal lop€afod| 8<@lnalighedxecchange currentmAlethmi ty
Stability measurements for up to 30 2MNPss htoon, Nih(eOH
which requires then the doubl dO0RmcemfThel cbovkes
finished after a period of about 12 h, from wher
Nevertheless, the deposition ofstNeap cnoemphoosd tsee eNnPss
promi siemgf dromattihon of a highly active electrocat

water.

Further experiments areofnettlde dNit ocompo Diviee t &t &l
Ssubstrate or to tryotiogirea@loveondihtei @ m@stiailuly Istteacthlaniig

wi || be necessary to gain an even deeper wunder st
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]
5. El ectroNieplosl t HRpidlrfrfr hGIEER

51 I ntroducti on

In electrochemical water splitting, the OER is
because the production of oneaoxdygemoarl e dwa aHr
which rabsght svenplwwhentei avlatifeea Stptifdhnet hngh OER over
significantly i mpedes the whole efficiency of th
hydr ogen ate u#Oxides, mydnoxsdesr andeokyhylroxides of the fist transition metals
(Mn,227229 F@230231 0232234 |\jj 131 136 160162 5ng CuP352%9), containing either single or multiple metal

elements, are active for electrocatalytic water oxidatibtf>16°

In order to improved h e a c transitiontmegtaboafs e d mat er i al s fgreatefforsst al y z
have been devotddo t themonm g hol ogy, surd¢ e mé¢ ammfca visttirarc taim ke,
struld®fFor e e xFommykheet, al. fabricated ultrasmall crystalline NONPs a a s ol vot h
react i onbwtsamagl takttswadyveabserved that the decrea
formati omstaft ea dicehefsurmhe Ni O NPs, which i s <co
el ectrocatal yti-baaetdi eompoaohdsheCarckghn eotf al
Fec ainlmpr ove t he OER ascytsitvem yc oonfs & éheet eNO H gO Hi) rOErRe ma r K
over potffenaddl OEBRnacotfhdtihfepHy)ystam be i mproved vi a
prcondi ti on@Nig(,aH)ENi. (, ecH)me be i ni t ioNilOy@HoENIi diQHe d i
respectivel yl®The fsor et Hode eNpliE@Rbiecheel s cimi cahe act i ve n
for catal y'2i°hg the OER.

Very r,ecGanot leyt & Ih(Nif(oQe)d idhhisgth erc a©OBRyttiivxci ty and ¢
thahat bNfi (i@ ml k aelliencetdrudeloy ttdne easi er UNOfwWaHndi on
>Ni OOHMThs study dé&monpsotsrsaitbeisinighy fapemeipvaccomm
ectrocatsal Ro® s bsy@clths haalgeapd easi IGNi § ©@p dge d
el ectrochemjiidawe WerploNsia@gthmes e i s an i nsul ator wi
condudtéi Wi ¥y’50 APt he el ectrochemiUbia( @ldsc tgwikife osnl c
This phenomenon has al so beemr aonbsspddivée@iHi)il sh ¢hdare p r
el ectrodepositedh®udpotdNé ¢ DHI) Ism rsfpmieb iQER act i vi

af

el

ter el ecicroodhemiomalngpr Surprisingly, it was f ot
Ni (@H)Dlim air actammo scpdhmepleet el y overcome this prob
anneahi mgdat at e tUNing ©&Hiadlt mreanthe i mmedi ately act
and exkbmbhrkabl QERmpctoiveidt y. This result indicate
stat udND{ ©Hihlem must ocliumgduwhingh amhaws a critic
of the OER cat alNit(i@Hi)dant. i vint yorodfert heo dteedOfR unde

catalytic activity of the Ni(OH) films annealedat different temperatuseand time were evaluated by

-8t




el ectrochemical techniques such as cyclic vol

el ectrochemical i mp eXdPaSn cceh asr pasuc fe 0 $zcao phgodd(eBphoSs})i ht ee de
and anM(®H) sepde ¢ i mextrast chermnidaand structural information associated with the
annealing treatmenkE u r t h ethe wadatytec activity and stability t h e  Nis @ OlgWeresst udi e d
by eil mgagheXP$ nvestcgatduoned before, during and af
elucidate the redox states of the active compone

5.2 Experimental section

5.2.1 Catalyst preparation
Preparati o idfmsNi ( OH)

An aqueous sol ufie®nioccfk el 0 (MM ) Nic®ll ori de héxalydr
mM BHQwapr epared for electibdpbsi pobor wht Hir-( OMET
Q Rea@reandde Wat erz st ewnags 1B8Bsed as the solvent in
el ectrodeposition setup and the substrates (5% I

are as dobhsapl edbmrd 4d4.mapter

Three differently tdFart etdh es afBipN Be{sofstipdwrpd e rseypratrhee s
by astemw sltnr BtileedgeypNi deposits were el ectfrteede Ro giytc
betwéel and 1.2 V vs. RHELwheéeh, atlseaNi rdaeceomndt &
ultrasonicated in MillipoFehwetcdSdmar t3hi af&8P staenp |
Ni ( ofHi)Iweg e el ectrodepositedla8tand2labddV3vseycREE
of mb/Ols respectively

Af tdeerposi ti onf i ldiee oNiaf ©@d)wleir es ucbasrterfautlelsy wi t hdr awn
and rinsed in MilliporPRr iwart etro wi urhtohuer utlrte atsnmenn tc
apr epMir(edfHi lwesde i ed under a nitrogen gas fIl ow.

PreparoadthRrra® Teil ectrode

Assbandard ref exderpoe i d eetdploynctd adb®twva k em with a | o
m. According to the testwempeagpafelMeitakamspehbeael
Ti:@Q@s a Dhedelectlredaesedwpr eorc t oacuesteoonbeyt iSd qmmphonmg

foll owed by rinsing with Millipore water.

5.2.2 Annealing treat ment

Thedapositedampl(eOH)were treated by thdomahvasnhegdg
effect of anneta@bngi nr efaermemptit caidl) (I wer e heate

di fferent temperatures with variation of anneal!:
-8 2
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t bhe r esouwlttitno ézn&iggeuweree, 5Nif(iQdnsneal ed at 150 AC wit
shedw he best OER elyecHenmcat adlylt.cehatgyttivernt diNisCQH)s ¢
text pmwerreeat edhi s opti mal condition before furthe

5.2.3 Characterizati on

Af teearc h pr eparedteica m osaenproesaalsiinogh ,and t he el ectroch
catalysts wer B8EMhEDXdc alrdi tXiP&r. biynf or mati on on t he

and parhame tbeeréeam gihae@n er 3.

5.2.4 El ectrochemical measurements

El ectrocheméerctas wemns uacae&mri eedeblutofn7a2s#®bndahudmre®
usi ng a Zahner potenti osdiant s(tZaenngdiredmt t baadrenmo J e
measurements were conducted i@ M KOH electrolyte solutiotA pl at i nusned oad twhe ac
electrode and the Hg/HgO (1 M NaOH) el ectrode wa
referencdase)l,ewetrreodceconverted to the potentiEad s ve
rup a@&mdrected for thk) ebasedodiyttehe eslisectamaeh & mi c
(ElIl SYRewas adet ermi neqi nolb@ MH. ROHowibt® t he Tqi sub
was calcul at gd):using Equation

d=E/s. RiReT 1. 23 (3.

wheiness the current. Catalysts were investigated
which includes the measurements of the open ci.
i mpedance ¢gE¢iS)rtobeopyequerndy tangé60f Kbm with a
amplitude of 10 mV near the OCP, cyclic vaogl taammo

|l inear sweep voltammetry (LSV), recogaldean o ttat iac
perfor mmA @&iorl1015 min, and repeated CVs and LSVs
scans. Polarization at 1.23 V for 3 min was i mpl
wer e pelryhooomeodp ot eairsti dn@pMBY Interface 1000Eqientiostat nder a cons

current dens?ty of 10 mA cm

5.3 Results and Discussion
5.3.1 Characpeepmatecon adfs as
5.3.1.1 Surface morphol ogy

Fi gutehodws -tihewt 8pM | rhaages Tof stulins t( o) Hesgpod i t ed
t he Ti ssulbhset rlagrege simagoi i eswi bht Benagewdet @men
are fr omystuhbes FTii g tTtbheOh®Dws t he SEMT henalgreisgHttors Bdt. s
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magni ficati on i pm@jgdedparticleshi zaen oafv erSa0genm ar e being

Af t er 2o fdceypcols€i§Fiognuice % .he Ti substrate stildl ma i
indicating the thin chmagnot &rcaitn® eHdfgniidee Shlows .
translucent and mil ky Ni fil mswivi ¢ h dpeavotsii la éeads ond
Ti surface. chAayp teirksiddus@speditihne particl es below t he
during thanfiNistfiCMmscon anddhTeis it b stherade dpawhg cl e
second CV scamfle pbd s(eStBii §ruddec ISeosme o bvi ous cracks
the boundaries of the substrate structurest Mor
reveal s thdtncNidg dfdiidrigsarwe tchep os b C&d s d@lthtes rc 03 rceyscploen
EDX analngieRRisg ibe & .)anwaldi dates thempnésemNtce ©f @l

Fi gulSEM .iemagbhr €afi ,s b3t (aan)deSPd) s et s s hroews otl huet ihoi
i mages argelhe f mamk atdhearE@R$. spectr

5.3.1chaXRB8terization

XPSstudies were carried out tocuafcabpze it life i anod m:
-8 4




catalysts depositkidg whe htdhwes Tih es usbusrtvreayt esspect r a.

corresponding to the Ni el ement are observabl e i
t hepraesspaf e tomblit udb sTir ag e s, Ni signals do appear.
the presence ,€f CGlhea®d gfB®Ing satOt ri buted to 1+t he Ti
decorated el eaftirtoldiecsk an e ghedri ctaMa mogtltDe rn mmet al I mpur
detected.

Al Ka (hv =1486.74 eY Survey
Ni 2p

OKLL :

Ni 2s

. .Ni3p
138.0.24

Intensity [a.u.]

Ti KMM Ti 3p
Ti3s

1200 1000 800 600 400 200 0

Binding Energy [eV]

Fi gu2XXP$ .survey spreparneahNiThfeislakhkst rates (dashed
l i nes: correct ed)c orTrheec tmeeda shuyr eads sliigunneisngarae b i

to the C 1s peak of &dvHnti ti ous carbon spe

It is worth noting that the measured survey spec
to that of the AfFp eartermteds Hliif tssi bsamr albee .e a eisloy ud b e
CcC 1s, Ni 2p and O HEisgulae eDhl)dvndlls dscgoeud xdp e @a til ecgve
conducti WNit({wWHeads hteo a sampfRfédsEFoof athenducti ve
positi vgee ncelraartgeed from the photoionization can be
However, in case of a semiconductor or an insul
positive charge (varying It ytpeincsalofy vforlotns )s ewielrlala
As this occurs, the kinetic energy of the emitte
the observed pe&RBi fifnenteéret spleicfttraumare observed ¢
|l arger shifts can be detected on t!R%® thicker fil
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]
(@) MeasuredC 19 (b) MeasuredNi 2p

861.9 eV

879.5 eV

> >
o o ‘
S, S, 876.4 ev 8288 €Y
2 2 ‘
(%)) A n
3 2863 eV, G
c e 2851eV| €
= L = 875.4 eV

S1 s \

[}

|
| "B | (_ﬂ!r .
colie e
P I L

[ A R B R A

300 295 290 285 28C 900 890 880 870 860 850

Binding Energy [eV] Binding Energy [eV]
(c) Measured Ti 2( (d) Measured O 13
537.8 eV
i 458.9
s3 TIPZ( ey
S92 : S3
- e 534.4 eV
O [[Tizpfors1 _ ! S,
b TiO, : b S2
0 Tio, : a 532.9 eV
g ' £ /\
E 70 465:3inding éﬁgrgy[ev]“ss 9 : E Sl
TiO (464.7 eV | 1
! .
! Ti0 TiO, —7
: (453.8 eV) (530.5 ey
l
1 M B B | PR B

470 465 460 455 45C 545 540 535 530 528
Binding Energy [eV] Binding Energy [eV]

Fi gu3Meabs.ur ed XPS detparielp asfpeetlemdriai od u b shter aatses: ( a)
2p, (c) Ti PRpseandimadind Diiks. tThife 21 .spectrum

I nterestingl y,s ptehcet Bnfiefaisayfu 3b@ x WNi b 2(ps a s madBIE fodat u
852.6 eV, which casnfoore MNit t)O1&38uln e@MNid iot iINon ,2 pt he m
spectrusm ofnstehret ed RS ma@dgrbers ent s pe 8% seV s@Aitam2p at
46%eV (M WRipth a spin orbit spli'fitwgufoodr t3.48 &\hec
peak positions associmnomdt we t hu Nst met aclammadnead CGo

|l iteratHoweval ueshe mai n peakonmstshop kit tedp wi it It &
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]
the BE of 857s 8hie¢/hedMhi savmal e data re’gld%*Tbdspre

unexpected result | eads us to consider t he pr
acqui’SAs i oeas’é*?*Bedferential charging in XPS can
material containing at | east two components with

rays to experience a net electroa pobsixti tesbi asn
charge effect, while more conductive components
more closely associat et24tttnh alhle,i rt hoer i dya thaa t d msge rc
di fferenti al charging efd ¢ rwfaasc eo cdcwrrirmagk reanet t XhR
This might be the reason why there are twoeC,peaks
CH) oboer $dids EeguBap. 5No peaks corresponding to N
obser $€@daod S3

(@) Corrected Ni 2p| |(b) Corrected O 1§ |(C) Corrected C 15

Intensity [a.u.]

890 880 870 860 850 540 535 530 525295 290 285 280
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Figu4@orbrrected XPS depraddafsegptbmNifTa eftibsheatses: (a
Ols and (chhdiddrerdedcCt dd .1l i nes are obtained b
eV to t het Gaedlvse mteiatki wmds -C,alpb.on species (C

To obtain useful information -pmepeartadsmXKiP&c &€ hah e
corodactinecessary. Adventitious carbon *&3°284. 8

showhi gmw3ae the C 1s spectra for adventitious <car
be 1.5 eV above the main peak, of equal -LuiC wic
H)Thi s higher BE peak is ascrib@d,-®06) alkEwhtohemrnhl
components o0ofO G@ aredht@xE@d at approximately 3 e
respectively. The measucteald sipye cd misfotaitrhgat daldla emd dk
C 1s spectr ad, -HGo nijgoente ntto (2884 . 8 eV ( sNee 2cparnfe cltse d
ls spéedtgru@enklt gud)drdD5m t hi s poe bealpipe eoixnlgndt Vv, 3.1

and 6.4 V are o0bsSlr,vex2, aarnedspSe3cs uved yes of
-8 7




Figudas hdDws the corr dmt ecdSsihseiXpn isfpiecadmta. p sa kn oavt

oOobwe d8 ®Bie Maf Chlar gei adrorome Bt517n 8c #Xg aqfdt 88 compensa
2p lines show significantorfeSa?k s elco eat ¢ d8o5mk .83 Be. \B f
for (&8rrected from 861.9 eV). Eimarseasi pnedeéemtes atc

approximately +lipéalky foomt hbee Ni h2pe sampl es,
repor Ne @ oHpeav i?é®dkid yaddi ti on, consi dfertimeg méaien spyen
Ni 2p spectral feat ur es .3 #&he slightvariation dfthe peak positiori cant e d
result from the charge correction process and/or dtleetthemical compositioof the prepared samples.
Moreover, the assspgaeameans odnthe MNaurf(tOMHger su@Bporte
eV (Fsi egeu #bp212%*F r odeconvolution and fittingof he O 1s spectenri stsiew
emi ssion |ines can be obtain8dV dhe @masoc palé&d &
Ni (@F)e smal |l peaks sobdc areoedadtn B BEBer e B&| at-ed t o
0XYygpeedeslsi k® &nd a@dO adsOr breas plgtt2ftFleéysurface ch
composiStli alretefr mi ned from t he f i tat eldivO mk sadaddn7ddn i
Ni ( @ Hiy@ Ni(OH) were preparedn the surface of S2 arigB.

5.3.2 Annealing treatment: XPS analysis

XPS analysis was-depdserirt aleN@H)sgptelte aneendd el ectr od
3 ¢ y(c9 Bepxtract chemical and structural information related to the annealing treatment.

5.3.2.1 I nfluence of annealing temperature

Fi g u Baeb abd.c present the measuréddi ,Qps &td det aoflthe i(PH)cftirlams

el ectr odeposi(tSeddnealed at tifferl@ent tergperatwees for 1 h: 100, 150, and 200 €. The
asdeposited sample is shown for comparidbnanbeobserve, that the peak features onthé ,Q Ips

an@ls i mees shi ftedafttoerl oamere aBEsng. Thi s observati
ef f, e mhoicachu r r eahnealad Ni{fOhy)s p e c durirgrithe XP spectral acquisition. This also
reveals an enhanced electricgbnductivity! 2892 3 8probably caused by the loss of the weakly
adsorbetbondedwater molecule$**244 However, the charge effedbesnot decreasi accorgncewith
theincreae ofthe annealing temperature. Taking Ni 2f-igure 5.6afor example,th@ e ak posi t i or
s hi byt2&dvt o | o wter aniRélisg atal00 CStrongers hi ft s ar € antod DdmElr e
annealed at 150 € and 200 €. Both samplasow a shift of thdli 2p spectraf e a tofionlgls9 eV to

lower BEs. It seems that there was a drastic increase in conductivity elettirodeposited Ni(Obfter

annealing at 100 €, and the conductivity slightly decreased and remained coafstardannealing at

150 € and 200 €. The charge effect was still present after annealihg.measure@ 1s afRdgOr &s

55bandc) show a similar trend compared to that of |

After fitting and deconvolution of the measured C 1s and assigning a binding energy of 284.8 eV to the C

1s peak otheadventitious carbin specie¢C-C, GH), the correctetli 2 p, O dlest aainldresQ elcst
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obtained as given ik i g u Baeb aldc. The corrected Ni 2p spectrk { g u apshadsv that the as
deposited and arealed samples demonstrate similar spettralat ur e s N@gOHpwigtnR Bp.t O

T Ni 2ps2 binding energy separation of around 17.6aeMas y mmet r i ¢ s hap®?2dfhet he
assignment carf ib@ éde rd gdaocetdr & ywittRi a omariendNgdhadki nagt
(seeF i g uBbE? B fhadditonFi guBbpr 8Bsents a small peakcdtoicrag e
the formation of Ni @QGtempeh@0&€rnepbe anneal ed at

(@) Measured Ni 2g  |(b) Measured O 1

(© Measured C 1%

U7r

Intensity [a.u.]

879.5 eV,

900 890 880 870 860 850 544 540 536 532 528300 295 290 285 28(
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

FigubMeas Nie@p, @O KBS addat adfl tshpecdlract roddEgFPoesi t e
anneal ed at variouksegaempe€h AKEe®GNTUoR20D KC. a

(@ Corrected Ni 2p| |(b) Corrected O 1§ |(¢) Corrected C 15

872.8eV g552 eV,
NiO
! 529.4 eV

1

1
1
1

1
1
1
1

Intensity [a.u.]

87311 eV

as-deposited E JL |

890 880 870 860 850 535 _ 530 52505 200 _ 285 280

Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]
FigueCGreNnt p, O X®Saddt aafl tshpecdlreact rood gFPesi t e
anneal ed at wvari ousdetpeonsp etAe@lt, uMIB0 afnodrT 210 Oh : A C
corrected spectra are obtained by assigning
adventitious -C,alib.on species (C
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Previous i nvestthiagtatwaotnesr rceapnorbteedei t herbatdw®e b etdh
Ni ( ©@H3t2*?*8der mogr avienett rhieicc klenla| fgydesiamiede and ni tr

atomphehewehdat attelerrece reactions taking ploachee dur i
nickel hydr®kede

1. Removal of absorbed/ adsofBe88OAM®t;860 at | ower t

2. Removal of structurally bonded(/& notOeArTc)all8a0t e d \

3. Decompositizoom o&Ni ONiafOHepmperatures higher thal
and rtewaoct @ dhbesi ¢ k e | hydrakéede

1. Removabsofbed/ adg o @engoctubt tt BOAE s

2. Decompositizoon o&Ni ONiafOHepmperatures higher thal

Thus, the obsetrhgeampbr ahn@efluedthathernad @ c omposi ti ol
Ni ( @H)

5.3.2.2 Influence of annealing ti me

To probe the influence of t he atherelecrddéposited NifOlle , XF
(S3)annealedtthe optimal temperatuigowards OERDPf 150 € with different time: 30 min, 1 h, and 3

h. The agleposited sample is shown for comparidom. g u Tagh arilc present the measurdti ,Q p
lan@ls detahAd dpecussaed above, e mi s showshiftsitoilower s o f
BEs ofthepeaksc o mp ar ed t @ sltehpoosse t aebdt therdiéfanericesjghatin this case
increasing shifo f etnies s i miowekrB Ense sc an b e arb sienr cvieammeadng e,  t

This observation demonstratésatalonger annealing tima t ctohnestt eanmpt @1 m &50 © ¢an lead

to a moreenhanced sample conductivity, thereby reducing the charging effect, which occurred during the
XPS spectral acquisition”?82 3 ¥he measureli 2p spectradisplag r i ght shi ft bof t he
1.7 eV toa®nOeoefd stwhie hanneal i ng tiFmguffleord .30 mi n

Fi g u8aé aricshowthe correctedi , 2 ®© 1ICd sa ma t adbthined y assigninga BE of

284.8 eV to the C 1s peak tife adventitious carbon speciég-C, GH). The corrected Ni 2gpectra

(F i g u 8aeshoby that the agleposited and annealed samples demonstrate sgedralt, u wérgs c h c a
beassi g Ni@#)wiotaNi 2p,.1 Ni 2ps2 binding energy separation of around 17.6 &\ a
symmetric shapédlfh atsrsd gmariemtp ecaakn. be verified by
peak akVéBrnespoNiHRd?*Tchhe mai nt pNi2Kkand © s spectra

corr esp blifOd) shay a similaF WH M.
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(a) Measured Ni 2p |(b) Measured O 1§ |[(c) Measured C 19
859.9 eV

30min

Intensity [a.u.]

879.5 eV
as-depogjte

291.2 eV

b as-deposited

as-deposited

PURIR ST SRS S MUY S S NS SR N U S S R |:|| M B P P R
900 890 880 870 860 850 544 540 536 532 526300 295 290 285 28C
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Fi gufhMe abs.INii e@ pls ankdS GelhsadcA real eocft rtdidde (p@dddittad dy st (-
annealed at 150 AC widtelp ocii ft feedr, e B8t0 hmd Indi rlg ht,

(@) Corrected Ni 29 |(b) Corrected O 1s |(C) Corrected C 15

855.6 eV ' ;
873.2 eV : £ (284.8 eV)
' ! 3h L 0=C-0

Intensity [a.u.]

as-deposited

las-deposited l
PR PR II PR

890 880 870 860 850 540 536 532 528 524295 290 285 280
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

855.5 e\i/

Figu8CGr5ect,©d 1Ni a2RlS AehpsadcXd real eocft rtdidde (p @it tdelI39 t
anneal ed at 150 AC widepodiftfeer e 30T Hmed Inold rargehd ti
spectra are obtained by assigningadvkehhding
carbon sCpeHr@i.es (C

The XPS Speaddas pé dteifwaley,and after annealing at
obtained f d&n guBamemh®drwissdrh.e measureddé&dlpo2ipt epeandas
Ni / Ni:NP#) right shift of 0.8 aetM rfiobru ttelwa rnodidh s a
duet hammneal i ng, while there Iis no shift for t he
eVAfter cé&6irgeebpi d&hnhé spectr al features indicate
FigumOediSs.pl ays t he measur ed-d&pos2ip edpeacntdr aa nfnoera
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el ectrodeposi(t®2)iwiltulst2 atcyaolgesa right shift of 1
whcih coinci des wi t hoetl heec tvraoldueep of so(rtS & phnee eNti B dBHU) O g e Ir e
conditions. Th eFicgour9deetcht |elduredi@ed ar thaguriaae

(a) S1 Measured Ni 2p (b) S1 Corrected Ni 2p
0.8 oV 856.1 eV
por 873.8 eV Ni(OH),
874.7 eV 'A 857.0 eV :

annealed

annealed

Intensity [a.u.]

as-deposited

as-depositea

860 850 890 880 870 860

-

870

890 880 850 |

Binding Energy [eV] Binding Energy [eV]
(c)S2 Measured Ni2p| |(d) S2 Corrected Ni 2p
856.9 6V 855.3 eV
S |annealed®’46eV - _[i|1.9eV annealed
S,
2
‘» .
c 1
(0] 1
c |
i as-deposited
as-deposite |

890 880 870 860 850 890 880 870 860 850
Binding Energy [eV] Binding Energy [eV]
Fi gu9Me adbsured and PopecectdepoNidap X¥dnd asSdiedlaedb
and(62 d).

Figuflés hDwWBREM i mage sdeopfo stintide deansne al ed ( 15f0i | AG, 1
el ectrodepos(iS®)d tf awran3 bey sleeesn t hatNit (h&Hi)sldmosf racte r

significantly change as a result of the annealin
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Fi gulI®EM. i magesmepbdsi(tmdnaeaded (150f iAl€hetthpdRipO®
for 3(8%pbkes supecrormringghrts s-hewotl beéilbingh mages

areas.

5. E 8ctrochemiacfatle rb eahnanveiad ri n g

The electrochemaslapobiehadi andxctan ml aloandh@RIRBE( @B ) e

investigated through detailed electrochemical S
el ectrochemical techniques such as CWsspoherinét
of the annealing treatment and to form the basis

5.3.3.1 Cyclic voltammetry
Effect of annealing temperature

FigutBhbwhieRorrected CVs -degoaidead ometaOhedCas 150 /
200 NAQ)OH)I(S®S n 1.0 M KOs fatl OsTomvn sTiatel @rsehroavdhe f dat
compari son.t Wsl amlks eTrivesdybstr at e has®OERWarcatuasl yrte d
characteristiamn Nibeodyeée ab hAs eveereyd s ma l | anodic pea
1.55 V is obdepousamg bwh it lhee &oas anodic peak carrespondinghe

Ni ( @MQOH transition can be noted at lowgro t e nt i a for the samdleaniedled\at 108 C

This cormwéltdtdheweXIPISi anahgsips e wineiiva@mpovemgnt alier s
annealings attributed to the dehydration induced enhancemethtealectricconductivity. Interestingly,

t wo anodic peaks at lpdt3ewti akespettilvdd9yyV aman be
for thesampleannealedat 158 C, i ndi cat isn @ tkeis@e @) i asrteii gwmoprd et. h X P ¢
cannot easitllye dti vid e® e e toavnedrdei ct hpee dkecatad e d5coknsi d
t hfei lanmsaled at 206 C. Tanti tsr iitmu tpa d gtr @ s s itvhdei 6 @dey 9 thayl so f wi
decreasesmpdcitimg of the unit cell due tocaai*®r re

24Fur t heFringourtée,h 6 tvhtalteen neal i ng treat ment camthilghliyc
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properties of t hexTehlesyvdw oa egiogn it feidc @\n t( OHhpr ov e me

anneadlhiendhcghesnht density at a fixed fBRanmpod &lndd
at 150 AC, indicating atbéant &p flaEReealcad vatt yl1dn A

Overpotential / [V]
-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

20 T T T T T T T T T T T T
Ti substrate
—— as-deposited

g 10k ——1007C,1h ]
g ——1507C,1h
= ——2007C,1h
2
2]}
& Of .
©
=
Q
5
O

10+ -

11 12 13 14 15 16 17 18
Potential E vs. RHE [V]

(iR corrected)

Figut#VE.irst scan) +depomdide donmletall eAd@s 150 AC a
Ni (fH)I(BBh 1.0 M KOH at & scan rate of 10

Thel ectrociteomidd aslit empiser g epproervtitodu spllyay an fiompe r @ BRt

act i wirtay sd ftbiaosne dmeetlael t22 ¥262¢ At q U yassthso.ws t he CV cur ve
aftecCVddares,t hwehgeaacth s t a b After am¢abny geatments, the electrodeposited

Ni ( ©fHi) Islos a significant enhancement in the catalysihefOER Thea c t i wiotnys i ider ab |
i mpr o v ardncraa® of the annealing temperature from 100 to £5Q . Hoafeuvwretrh,er i ncr
of the temperature to 200 Qesults in a decline oftreat al yti ¢ acti vity, but it
filamsneal ed HRitguli0fs BoOG.s the CV cumnsedbsehuanneds
gal vanostatstcet on@ 7mAAdaim ndhe asampl o Wi § ©®H) mpr ov
catalytict aoedn dviittiyomaifntge,r whil e no appar-ceapgodinpad
one

Mor eov eorb,s difthaits t waweéehadaxteri stics rel atkidguroe t h
5111 ao show consi delr)a klhee coabspomitingctohtee sk s dNa t(iebin o f
NiOOH***®°gar e shifted to | ower potentials; (2) the t
have been tomansf o omaatgpEainatdlyd.s8ca/t (3 the redox wavatefs a mp | e
anneal ed Hghlyitc@dsedAiensitgand features a pair of anodic and cathodic pabkest
identicaltothes ampl e anneal ed at 150 AC. Evedi 4 dp,uatdr e dh €
anneal ed iNsm{d@Hl) as hhi ghly enhanced OER catalytic

i $ound 160 As€.proposed by s'FE®%Wtihoeu snumbteerr adfur el ec
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