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Frenchresume

La prochaine évolution majeure dans la transition énergétique devrait comprendre
une économie basée swar dihydrogéne. B dhydrogéne peut étratilisé de différentes
maniéresen tant quematiere premiere, combustible, vecteur énergétique ou systeme de
VWRFNDJH GRQW OfXWLOLVDWLR Q. Qdffke\ainsi 8rie olMtiRiIK UFH G-
pour décarboner les procédés industriels et les ssoéeonomiques ou la réduction des

émissions de carbone est a la fois urgente et difficile & mettre en place.

/ Ynion Européenna fait dudéveloppement wddihydrogéne renouvelablene

prioritt ] WUDYHUV OYpOHFWURO\VH Gptodbife-alpxrtir GeRsQuvdeO Tp O H |
UHQRXYHODEOHY WHOOHYVY TXH OfpQHUJLH VRODLUH RX p
FHOXL GH OfK\GURJgQH SURGXLW j SDUWLU GHW pQHUJL
euroskg?. Cela est possible dans des régighs OfpOHFWULFLWp UHQRXYHODE
en réduisant de moitié le colt des électrolyseurs actuels, notamment a travers le
développement de nouveaux électrocatalyseurs dépourvus de platinoides, en particulier pour
OTR[\GDWLRQ GH Off 0N X WM PP PO QHPRIKYY GH IRUPDWLRC
(OER) sur ces rouveaux» catalyseurs est vitale pour résoudre la faible cinétique de cette

réaction.

/ID UHFKHUFKH VXU OH GpYHORSSHPHQW GYpOHFWURF
| EHDXFR X Ssus p ivexdnibines dette réactionCes travaux ont souvent associé
les performances électrocatalytiques des électrocatalyseurs a leur structure. En particulier,
le développement de techniqueperandopermetant Gafialyser les électrocatalyseurs
pendant leur activité électrocatalytique a apporté de nouveaux éclairages dans
O L GHQW L Idite>badiit. dv Qe &XY B \»Sagtivé] dont la stabilitést souvent faible
ORUVTXH OTpOHFWURFDWDO\\VHsuJ RIX W OKH EMAENRNH K O TL Q!
OfHQYLURQQHPHQW pOHFWURFKLPLTXH 'HSXLV OD GpFR
OMDQdp&@andeHVW GHYHQXH LQGLVSHQVDEOH SRXU OD GHVFL

électrocatalyseur.

/ITXQH GHV VéperRaRrdQIesTpiubl MilistHY HVW OD VSHFWURVFRSLI
desrayons; :$6 FDU HOOH GRQQH GHV UHQVHLJQHPHQWYV j OO
métaux et sur leur environnement loca@XAS est une technique qui sondeY ROXPH GTXQ
matériau, ce QUUSHUPHW GH p¥YRIOYUHLRQYJOREDOH GH OfYpOHFW



O TMp OHFWU R FeuaDsSipafitrelimiDé,. & particuliempour suivre Bvolutiondes

especes en surfaceleureusement, le développement de nouveaux procédés de synthese,

dicté par OH E H driela@meénfation duapport surface/volume des électrocatalyseurs

SRXU DPpOLRUHU OYDFWLYLWp PDVVLTXH D SHUPLV OD ID
nanométrique. Ces électrocatalyseurs présentent des surfaces spécifiques suffisamment
élevéespour queOD SURSRUWLRQ G 9 Bdv BuRishmmenOidportantpad F H

rapport a ciie du F ° Xrdndant ainsid XAS sensible auphénoménes localisés a la surface

de ces nanomatériaux.

%LHQ TXH OfHIILFDFLWp GX ;$6 DLW phraterisatidexYpH PDLQ
sitt GH GLYHUV pOHFWURFDW D CopérdriXity&/D @V YO p O H\F DWU IRFEED V& B
SRXU OfLQVWDQW SULQFLSDOHPHQW OLPLWpH j OTREVHUYTC
POPPHQWYV RX j OTLGHQWLIL FDed/daRQérBHqUE&SL VWD QFHY LQWHU

Dans ce contexte 1IREMHAMFPMMWWEIH WKgQVH HVW G{DSSURIRQGLU
XAS operandoen transposanles traitements de données usuellement utilisés en e§AS
situ aux expériencegperando En utilisant des nanomatériagu présententes surfaces
spécifiques élevées, noesaminons les especes électroactsigees en surfaa suivons
leur évolution en fonction du potentiel appliqué ettdmps Pour finir, le couplage XAS
avec des techniquesperando complémentairescomme la microscopiepermet une
description muipFKHOOH GH OfpOHFWURFDW Ddans/de Xavail&éeivV VXXMH )\
thesej WUDYHUYV OTDQDO\VH GH MW bolues! demick2iOlés\bxyalés @ DW p U L
structure pérovskite et les spilesl a travers GO4  / Hjectif du travail est deomprendre
OTDFWLYLWp pO HdeWdiferéntxwater@auyxe lpark HesGddultats obtenysar
XAS operandoqui permettent de décrire $ite électrocatalytique

Le premier chapitre présente leslbelV GH OD VSHFWURISSFRRIBE H GIDEVF
X, et en particuliefes informations qui peuvent étre exteat GHVY VSHFWUHes GIDEVRL
rayonsX. Il discute aussdes limies de la technigyedémontrant ainsi |@écessité de
coupler cette étude &afitresapprochedaisant intervenir degechniquesoperando« plus
locales» pour décrire intégralemetd fonctionnement def pOHFWURFDWDO\VHXU

Dans le second chapitre, naétsidionsdes nanoparticules de borure de nickeBNi
et NiuB3 qui sont des éleaicatalyseurs pour la formation dinydrogéne (HER) & pHcide
HW SRXU OD IRUPDWLR&pHdsiqu§ RR{k $uu@thre @i6tlline contient
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une quantité excessive de courtes distances interatomiques, ce qui rend leur caractérisation
par XAS GLIILFLOH 'H SOXV QRXVY DYRQV pWXGLp OH U
POHFWURFDWDO\WLTXH MXVTXfILFL SHX pWXGLp GDQV O
PRQWURQV TXYLO HVW SR \WpetaBdd HesGIfHriheSd/ gLintitdtivBsp U ; $6
utilisantla combinaison linéaire (LCk)e spectres XAS de composisinisetdu fit de la

transformée de Fourier @pectreE£XAFS (FT-EXAFS) obtenus expérimentalemehtous

démontrons quealphase électroactive desRliest la méme que celle obserp@eirle nickel

métallique LO VIDI2W+GEHXUD QW lDfh2agd nbhVoxydé& XUDQW O f+(5
Cependant, nousbservongjue NiB contient uneplus faible proportion deNi'"'OOH en

OER,bien quf ls@ plusactif quele Ni métal. / D F Wsta¥le @€fevée de NB en OER
VIH[SOLTXH SDU -ecoQuilkeBuGmedike ¢cothede NiIOOHtresélectroactie se

formej OTLQWHUIDFH DYHF OfYpOHRWURGEWdhdutteRrRAS HQ S Up
cette descriptione ERUH OLPLWH O fRA®NWQ RDLE ¥4QRIERY, O

ILWV (;$)6 HW OD /&) QTRQW SDV GirRdDteaptq@hhotteprivod&leW D WV |
QYHVW SDV DGDSWp j OD GHVFULSWLRIQ GB IQRIpFOHF MWRIR GF
SKDVH VXSSOpPHQWDLUH WdH® el propofepQur Bxplidewden GH QL |
comportement ELHQ TXJTXQH pWXGH SOXV SRXVVpH VRLW Qp
hypothése.&HV UpVXOWDWYV PHWWHdgWa LCR ep Yar@ii€) Bds O DS SF
OfHVWLRIDNEBRSRHW W LRQ Grfsief\@ndparttul@d dekdHedDdddbure

de nickel. Cette quantification a rarement été réalisée Wmnexpériencesoperando
reportéesdans la littérature.Ces derniéressuivent, en généralseulementle degré
GIYR[\GDWLRQ GX PpWDH Gxprs O\DUHHP\HLQWNHEQe UMOERDId U JL H |
couplage de |&CF etdufit EXAFS SHUPHW GOHMWSDILEWB XU GH OD FRXFK
QLFNHO IRUPpH j OD VXUIDFH GHV QDQRSDUWLFXOHYV GH E

Dans le troisieme chapitraous étudionkes oxydes pérovskitees manganitedes

cobaltiteset lespérovskitesmixtes manganeseobalt dont les activités en OER et ORR
UpGXFWLRQ GH OTR[\JqQ H dirddenfeht @éstHaXa BabuveldD Xdd désy Q W

métal(aux) de tmasition en site B Les quelquesarticlesdans la littératureV XU OfDQDO\ V|
operandode ces matériaux N HOLHQW SDV O DFWaldhaniemg@add- W URF D\
métal de transitionNotre méthodologie a consisté a analyles spectresXAS des
pérovsktes de mangaseet/oude cobalt aux seuils K du manganése et du cqhak, a
suvrieOTpYROXWLRQ WHPSRUHOOH GX GHJUp GITROY@ZBWLRQ G
Nous montrons queID FW LY LW p p O H FrivanhBritee EstobaltitesTestieeG vV
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présence respective du Mn et @oen ORR et en OERDans le cas des oxydes mixtks
GHVFULSWLRQ GH OYDFWLYLWp pOHFWURFDWDO\WLTXH HQ
En particulier, R XV UHP DU TatRi@E\enTORR/GERe variepas de facon linéaire

avecle rapport Mn/CoCette observation met en évidenceetiet desynergiepossibleentre

les deux métaux de transitiddans le cas dXAS operandosurles pérovskites contenant

un seul métal de transition, LaMBOu La 6Sh3CoO:z OH GHJUp GTR[\GDWLRQ GX
WUDQVLWLRQ DXJPHQWH SHQGDQW . @EHN 2eandiepe dedr® LQXH SH
GIfR[\GDWLRQ GH FHV PrPHYV tRpdtabieXdarG ks \Netbis@ted riikteR Q HV W
LaMno 7C30z et LaMneCmw4Oz /1 p Q HJ Bewl a mihauteurindique que les

pérovskites mixtes contiennent du fnet du C3&*, ce qui suggére que les roles
prédominants de Mn et Co en ORR et OER sont invelsddn** serait OTHV SqFdd DFWLYH
OERet leCc** OTHV SqFad QRRW L Y H

Dans le damier chapitre, nousitilisons un électrocatalyseumodeéle CaOs, bien
connu pour son activittn OER de facon acomparer les résultats obtenus par deux
techniquesoperando le XAS et la microscopie électronique a transmission (TEDM).
réversibilitéde 11 R [\ G Dd&/CdDsEn OER a étéffirméedans la littératureNostravaux
montrentELHQ O Y R[\G D W LeR QER aiBl€s \WegulldtDoKtenus dans le cadre de
OfpYROXWLRQ GX GHJUp GIYR[\GonnifferéntdexcemRaEdhdugy DSUQqV (
uneréversibilitéseulemenpartielleest observée& HWWH FRQFOXVLRQ VIDSSXLH
de XAS obtenws aux seuik L et K du cobaltet les résultat§EM (imagerie espectroscopie
EELS) Les résultatscontradictoires obtenus entre les différenteshni@pes peuvent
provenir de FRQ G LW LR Q \Jdifféeeheibhéremes aux techniques utilisées. Par
HIHPSOH QRXV SRXYRQV QRXV LQWHUURJHU VXU OfLQIC
OfpFKDQWLOORQ QRWDPPHQW j OTH[SRNVXAS BRQuUIDX YLGH Q
du Co et par EELS, qui peut réduire les métaux de transition. Parallélanceci les
conditionsexpérimentalesG | p Wes @dHantillons doivent étre considéréegonction des
WHFKQLTXHV G 1D QO \WHrst¥WEdEE erV goHtactavec O T pOHFAMURO\WH
contraire de O | ppasEnrviirtem ou le matériau est complétement retiré de la cellule
électrochimiqueet séchéDans ce dernier ca) 1D Q GOI\ \DH p F Kaus¥de@er Q
durantplusieurs heures, voire plusieursjgv DSUqV OYH[SpPpULHQFH pOHFWURI
au seuil L du cobalt et EEL)ouvant entraineX QH PRGLILFDWLR QIGIH OYpFKDC
les résultats divergent®btenus par ces différentes techniques montrent que meus

caractérisonpas I p O idatapseuRdans l&«c méme étap. Parallelement, nous suspectons
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que OHV FKHPLQV UpDFWLRQQHOV SHXYHQW rwduéelestQI OXHQ
OfLPSDFW GX IDLVFHDX GH UD\RQV ; GX ;$6 RX GX IDL
| TpOHFWUREd Wé&rdgatidths nous menent a nous demander laquelle de ces

techniqguesH VW OD SOXV DGDSWpH SRXU GpFULUH OYDFWLYLW;j

Toutes ces observations mettent en lumeedifficulté dedéveloppedes techniques
operandoen électrocatalyselu fait GHV FR QG LW L Ri@evfadd 0liQeDiquidé H
IRUPXODWLRQ GYfpOHFWURGH FRPSOH[H) pSucompatjtled FDUE
DYHF OHV FRQGLWLRQV GYfREVHUYDWLRQ RSWLPDOHV HQ
especes électroactivgmribis LQFRPSDWLEOHV DY HbBse@aiioh MWaK QL T X H
conduire a des conclusions non représentatoles conditionsG fp O HFWUBRED WD O\
compromis SUpSDUDWLRQ GYIpOHFWURGH sdvatiorss ¥enditions OD WH
G 1R E V H paftloilerel Qont souventadoptés mais ils peuvent impacter le cycle
électrocatalytique eh fineles conclusionsG H O § panvetiGcktion en aval de la fidélité
des expérienceslectrochimique®perandopar rapport cellesex situest nécessaire, bien
gue souwent délicate.La comparaison des résultats obtemumre plusieurs techniques
operando(ce que nous avons falans le cadre de cette these, avec le XAS et le TEM)
semble donc étre urapproche intéressarpeurlimiter lesconclusions héativegui peuvent
V 1 D Ypatfolis Lhexactes
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General introduction

General introduction

The next significant transformation in the energy transit®tikely to include
hydrogen economy. Hydrogen can be used in different ways as a feedstock, a fuel or an
energy carrier and storage and it silo®t emit CQwhen usetl It thus offers a solution to
decarbonizeéndustrial processes and economic sectors where reducing carbon emissions is
both urgent and hard to achieweterest in hydrogen is growing in Europe anidaabund

the world, withademand increasing rapidly.

The priority for the E@is then the development of renewable hydrogeaduced
through the electrolysis of water, with electricity stemming from renewable sources
including solar energy and wind. It needs to be -costpetitive against fossidased
hydrogen aroundl.5 euroskg®.® This is possiblén regions where renewable electricity is
cheap and by reduction byhalf of the cost ofthe actualelectrolyzes. This callsto the
development of newlectrocatalysts exempt of platids in particular for the oxidation of
water. In parallel, an understandingtioé oxygen evolution reactionechanisn{OER)on
WKHVH 2QHZ" FDWDO\VWV LV KLJKO\ QHHGHG LQ RUGHU WHF

reaction.

7KH TXHVW RI GHYHORSLQJ B®*HIILFLHQW maifyp HOHFWL
investigations of the OER mechanisms. These studies linked often the electrocatalytic
performances of the electrocatalysts to their struttufee development obperando
techniques, which can analyze electrocatalysts while they operate during electrocatalysis,
KDV LQ SDUWLFXODU EURXJKW QHZ LQVLIJKWYV LQ WKH LGH(
as the staility of these specieare often poor whethe electrocatalyst is at a resting state
inside (n situ) or outside(ex sity the electrochemical environment. Since the discovery of
these unstable and active speciggerandoanalysis has become indispensatd fully

describe the activity of an electrocatalyst.

One of the most commonly employefderandotechniques is the Xay absorption
spectroscopy (XAS) because it provides information on both the oxidation state ofdle me
and their local environmenXAS is a technique that probes the entire volume of a material
DQG LV WKHUHIRUH VHQVLWLYH WR 3EXON" WUDQVIRUPDWI
assess surface events occurring during electrocatalysis. Fortunately, the development of new

synthesigrocesses, driven by the need to increase the stidacdume ratio for enhancing
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the mass activity of electrocatalysts, has allowed the fabrication of nanoscaled
electrocatalysts exhibiting high specific surface area, where the significant portisfacés

atoms versus the overall volume renders XAS able to probe events occurring at this surface.

However, while the efficiency of XAS in thexsitu characterization of various
electrocatalysts has been proven many times, the wgendoXAS in electocatalysis is
currently merely limited to the observation of the evolution of the oxidation state of the
constituent elemertsor the identification of characteristic interatomic distances under

electrocatalyt conditions.

In this context, the aim of this PhD thesisto go further in the development of
operandaXAS by extendingex situXAS data treatment toperandoexperiments. By using
nanomaterials with high specific area, we probe the electroactive species and follow their
evolution in regards of the applied pati@ls andof the duration of the experiment. Finally,
coupling XAS with complementargperandotechniques such as surface specific analysis
or microscopies allows a multiscale description of the electro catalyst. These topics will be
illustrated throughhe analysis of three family of materials, on which our current level of

understanding varies.

The first chapter will present the basics ofray absorption spectroscopy, the
information that can be extracted fromrXy absorption spectra, but also theygaeea that
can remain on the understanding of the electrocatalyst behavior after the interpretation of the
spectra, therefore highlighting the complementarity of XAS and oferandatechniques
to fully describe an electrocatalyst.

In the second chapte we analyze nickel boride nanoparticles, which are
electrocatalysts of the hydrogen evolution reaction (HERcalic pH and of the oxygen
evolution reaction (OER) diasicpH. Because of their complex crystal structure, metal
borides have rarely beenaurately characterized by XAS in their pristine form and the role
of boron on the electroactivity is not clearly established. By using linear combination fitting
(LCF) and Fourier transform EXAFS (FHXAFS) fitting, we will show that such
challenging matgals can be monitored bgperandoXAS and that even quantitative

information can also be extracted.

In the third chapter, we study perovskite oxides, whose activities in OER and ORR

(oxygen eduction reaction) at high pH acerrelated to the nature ofetltransition metal(s)
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inside the perovskite. The scarce reportoparandoanalysis of these materials did not
tackle how the presence of two transition metals together inside one perovskite may impact
electroactivities usually independently related tohemetal. We will analyze the XAS of
manganite cobaltites perovskite on Mn and Cedges and monitor the temporal evolution

of the oxidation state of Mn and Co during OER and ORR.

In the fourth chapter, we will use €&y spinel, a deeply investigated OER
electrocatalyst, as a moddlhe objective is to compathe conclusions ofwo different
operandostudies: XAS ad transmission electron microscopy (TEM). We will thiescuss
the divergence of the results and asgess/hat extent we cacombinethe reailts of

operandoexperiments between different techniques.
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Chapter I

State of the art
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Chapter I: State of the art

1. Introduction

1.1. Global energy context

The global energy demand is constantly increasing and should re@60 3JWWh in

2030 [Figure 1- 1 Global energy demand (in TWh) by regifffigure 1- 1). To meet this

urging demand, the diversificatiaf energy sourcesqddingto the will to progressively
reduce the contribution of fossil energipromotes the deelopment of renewable energies

VRODU ZLQG K\GUR« +RZHYHU WKH LQWHUPLWWHQW H
sources requires devicdbat canstore energy, whether as electricitfbatteries)or as

chemical bondsgelectrolyzers and fuel cells)

Figure |- 1 Global energy demand (in TWh) by regdion

1.2. Batteries electrolyzers antuel cells

Batteries are widely used for the storage of electritithium-based ba#ry isone
of the most advanced technologies histfield with many applications in vehicles,
electronis, etc.New lithium battery concepts such as lithitmretal, lithiumoxygen and
lithium-sulfur batteries are being studfedhich would provide biger performance while
avoiding the use of expensive transition metalthilim-oxygen latteries raisattention
becauseheir theoreticalspecific energy is high compared to the conventional lithiom

batteries (2000 vs. 600 Wkg1)°. Another advantage is thatlses air as a sbeffective
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and light reagent: Wting the discharge, oxygen is reduced at the positive electrode by
electrons and combines with lithium ions that are supplied from the negative electetale (m
lithium) to form LiO,. However, the current densities of@ cells hardly reacth mA cm 2

while lithium-ion batteries usually reach currentsaround 30mA cm?. A  better
understanding ofhe oxygen reduction reaction (ORRJ the positive electrodend of its
counterpart oxygen evolution reaction (OER)olved during chargehould help improg

the performances of lithiusair batteries.

Dihydrogenis a medium that castore energyn its chemical bonavith a specific
energy of 142.2 MEg™.! However, this gas is currently produdedm the combustion of
fossil fuel$® which is responsible for C@emissions of more than 800 million tons per
year’. The electrolysis of water into dihydrogen and oxyigea very promisingechnology
to store electrical energy into chemical bonds without @0issionsThe energy required
for this reaction can be obtained by many energy souticesmost attractive ones being
renewable energies, such as windbines or photovoltaics. In solar watslitting cells, the
electrolysis of water can be coupled with photoelectrodes to store solar energy and therefore
provide a carboifree dihydrogersource. Conversely, fuel cells can be designed witimid
O as fuels, and water and electricity as the products of the redeéksatrolyzers and fuel
cells rely onthe OER and ORRrespectively,on the oxygenrelectrode while, on the
hydrogenelectrode the reactions are the reduction of water into hydrogen (HER) and the
oxidation of hydrogen into water (HOR). The reactiabthe oxygenrelectrodeare much
slower than the reactiorad the hydrogerelectrode As for the case dlithium-air batteries,
OER and ORR are major bottlenecks to the development of wsibkiting devices and
advances in the understanding and the improvement of the performances of thesesreaction

shall highly impact the efficiency of these devices.
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2. Oxygen evolution reaction (G and oxygen reduction
reaction (ORR)

2.1. The mechanissof OER and ORR
At basicpH, the oxygen evolution reaction ig* 17 \ 15 Et*41 E vA’. Since
the electrons are transferred one at a time, this is a multistep reaction that generates several

intermediates at the surface of the electrode.

While variousmechanisms have been proposed in the literdtifemost of them
initiate the OER by thadsorptiorof a HO ion to form the hydroxide intermediadtéOH on
a catalytically active surface sit®l. The equilibrium potential voltage of the OER is
1.23V/SHE However, the kinetic barrier of this reaction requires an additional

overpotentiathat needs to be overconieollowing the mechanism displayedkigure |-

Rossmeisl et df used theretical calculations fothe free energiesf adsorptiorof each
intermediates of the OER reaction to highlight that thedatermining step is the formation
of MOOH fromMO ( "Gs). Consequently, stabilizing the intermediate MO@térmediate

should reducéhe overpotential of the reaction.

Figure |- 2 Gibbs free energy @dsorption ofeactive species and intermediates of
the OER in acidic mediurmspiredfrom Dau et al’.
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The oxygen reduction reaction is tleeerse reaction of the OER. Hencesitiso a
multistep reaction, which either foll@aan associative mechanism2(3 adsorbed on the
catalytic site beforéreakng of the GO bond) or a dissociative mechanism (Th&©®ond
is first broken, yielding MO species, followed by reduction of oxygm two separate
catalytic sites)Rossmeisl et af also ugd DFT calculatiosto identify the ratedetermining
step of the ORRThey concluded that the high stability of adsorbed oxygen MO prevents
the transfer of protoand electron at highgpential during the step MO +'H € A£MOH,
which explains why amverpotential is required to destabilize oxygdre authorsalso
highlighted that botlassociative and dissociativeechanisms can contribute the ORR,
depending on the catalytic metal and the applied potential.

Overall, both OER and ORR are slow becausetioé high stability ofthe
intermediatesincreasing theverpotential or modifying the catalytic site can destabilize
these intermediates anthsten the reactions. The energetic cefficiency of the
modification of the catalytic siteas led to the del@pment of electrocatalysts to reduce the

overpotential required to activate the reactions.

2.2. Defining theelectrocatalytiactivity

A good electrocialyst must be highly activetable and efficient on a long tinseale
in order to be employed in the targeétdevices. These characteristics are quantified through
several descriptors.

2.2.1. The overpotential and the current

The simplest way toanalyzethe electrocatalystsactivity is to compare their
overpotentiad, required to produce the same currélfie overpotatial is defined as the
difference between the thermodynamic potential of an electrochemicaéheation and the
experimental potentiallhe most efficient electrocatalyst is then the one with the lowest
overpotential because it is the one that need&etseenergy tbe activaed. Likewise the

most activeelectrocatalystshow the highest currents at a givemrpotential.

2.2.2. The Tafel slope

The relationship between the currérand the overpotential can be described by
the Tafel relationshipR L > UZ * %+ ; whereb is the Tafel slope anl is the exchange
current, which is the intercept at= 0, extrapolated from a linear portion of the plot of
versus log(l). The Tafel slopd, quantifies the amount of energy necesséoy the
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electrocatalyst tdrigger a currenincrease. Consequently, a low Tafel slope reflects an
electrocatalyst that requires little energy intake to become more aStwee reaction

mechanisms can also be determingdusther investigation fothe Tafel plot®2°

2.2.3. Normalized current

Because electrocatalysiand more generally catalysiss a surfacerocess two
materials of the same composition with differegecific area have differentmass
normalizedelectroactivites The electrocatalyst with the highest specific area is the most
active, because of its higher surfat®volume ratio, hence its higher amount of surface
catalytic sites per volume unifo cdculate the intrinsic activity of the material, the current

is normalized to thepecificsurfaceareaof the electrocatalyst.

2.2.4. Turnover frequency

The turnover frequency (TOF) is the number of catalytic cycles occurrarpative
A
aca’

nis the number of electrons exchanged in one c¥cie the Faraday constant amds the

siteper time unit andsi calculated following the relation: (L wherdl is the current,

number of active site3he TOF enables to assess the intrinsic activity of catalytic sites.

This variety of descriptordlustrates that the performags of an electrocatalyst
resultfrom the convergence of different properties of the materials, such as the intrinsic
activity or the specific surface area and thatdtiieiencyof an electrocatalyst may depend

on the considred descriptor.

2.3. Common electrocatalysandcurrentresearch trends

Currently, noble metabased materials are the benchmark in electrocatalysis at low
pH. Platinum is thenost active and stabfmure metal electrocatalyst for HER and ORR in
acidic medium>?2 with an ORR overpotential around 0.4 V for a current density of
1.5A cm?.22 However, it is lesefficientin OER as it udergoes oxidatioit?> Rutile IrQ
and RuQ are the gold standas@f OER catalys®® as they have sustained OER activity in
low pH solutionsThe TOF ofiridium oxidecan reach 107sat an overpotential of 250V

27 However, IrQ is not completely stable under high oxidative poterftigfs®®

Because ofhe scarcity and high costf noble metaf®, alternatives are sought out,
especiallyamongtransition metabased materials They can be applied for different

electrocatalytic reactionthanks to the various oxidation stateat transition meta can
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bear For instance, Co exhibits a high ORR electrocatalytic activity becaitdavors Oz
adsorption, whereas €& facilitatesOH" anion adsorption, giving these cations a high
OER activity’?. In alkaline solutions,everal norprecious metal oxides are reported to have
higher OER activity than IrQ) like NiFeQ!3,

The cost can also be lowered by redgdhe amount of electrocatalyst required for
a similar electrocatalytic activity, namely by increasing the swtiae®lume ratio of the
material or its intrinsic activify Nanostructuration has brought nanoelectrocatalysts with
high specificsurfacearea, whose activity is enhanced thanks to the high number of active
sites®34 but also to a higher dopiraf oxygen vacancies or charge carriers created at the

surface of the electrocatalystat increases the conductivity of the matérial

The intrinsic activity of the electrocatalyst is highly dependent on the chemical
composition. In their studies on transition mdiaked perovskite oxides, Shidorn et al.
correlated the OER and ORRiaittes of these materials to the occupatadrthe ey orbitals

of the transition meta¥ If the g occupancy is lower than 1, the ratetermining step is the

deprotonation of the oxyhydroxide groufi¥s on Figurel-2), while if the g occupancy is

higher than 1, the ratdetermining step is the formatiaf the GO bond (B33 on Figurel-
2). They concluded that ag occupancy slightly higher than 1 provides the highest activity

in OER, while aney occupancy lower than 1 favors the activity in GRRAccording to
their model, they identified BaSr sConsFen 203 as the perovskite that has the highest
activity in OER®. MetakFheteroatonbonds can also modify the activity of the active site and
mary families of compounds have been studisidce then, including metddorides®3°
phosphide¥, and fluoride<®. But evenwith the same composition, the electrocatalytic
activity of a material may vary depending on the crystallographic strittutiee
crystallographic orientatidR the defect density or the local surface compogiith

In the searcHor high electrocatalytic performances, the stability of the material
during the electrocatalysis is the secamaln criterion for apviable application. Nowadays,
the OER'ORR-based devices are usialgctrolytes with low pH, where precious messdre

currently the only stable electrocatalyéts

Several pathways are explored to increase the-effestiveness of OER/ORR
electrocatalysts. While a plethora of performant materials are proposed every year, the

understanding of the electrocatalytic activity is often limited to the analy$ie pristine
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form of the catalyst, before operation. The lastades have seen the emergencenof
sitwWoperando techniques that can analyze electrocatalysts inside an electrochemical
cell/during electrocatalysis and probe the exact nature of electroactive species. One of the

most used techniques isrdy absorption grtroscopy.

3. OperandoX-ray Absorption Spectroscopy

3.1. Fundamentals of XAS

X-ray absorption spectroscopslies onthe excitation of core electrons by a photon.
Depending on the energy of the photon, different physical processes can occur. If the photon
energy, K, is higher than the energy of absorpti&n, the coefficient of absorptiop(E),

increases drastically as thieotoelectron is emitted to the continu{figure I- 3). The ramp

of absorption arounéo, wherepu(E) increasegreatly, is called the edge. If the energy is
lower thanEy, the emission does not occur and [il€) is close to 0. If the energy is higher
thanEo, the phtoelectron is emitted to the continuum with a kinetic eneigy+Eo). p(E)

thenfluctuates around constant value, which is fixed to 1 after normalization.

Figure I - 3 Mn K-edge XAS of metal Mn. The XANES area is in red. The EXAFS
area is in blue.
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3.1.1. The XANES

The XANES (Xray Absorption NeaEdge Structure) spectrum tise area of the
spectrum that spreads from a few eV before the edge to around 50 eV after the edge. It
contains information about the loahvironmentof the absorbing atom and its electronic
structure. If the energy of the photon is high enough toeaaitelectron, but still lower than
Eo, the electronic transition occurs to the first vacant levels. In the case of transition metals,
it is usually the 3d orbitals. In theory, the A83d transition is forbidden. Yet, it is allowed
when 4p and 3d orbitalre mixed.This phenomenon results ifa@v intensity pealbefore
the edgewhichis calledthe pre-edge.The hybridizationof 4p and 3drbitalsis the highest
in a structure with a tetrahediggametry, yielding a high preedge and it is the lowest ia
structure with an octahedrajeametry,*® which should give a negligible pezige

Consequentlyin a K-edgeabsorptionspectrum, the symmetry of the local environment of

an atom can be determined by the intensity of thegaige|Figure |- 4). The electronic

occupancy of a valence band can be determined by the intensity of the transition to its level.
In the K-edge of transition metals, only the intensity of the-guge informs on the
occupation of the 3@ orbitals whereas the analysis of +edges, which directly probe the

3d levels, gives access to the occupation of 3d levels by comparing their integrated
intensitied’. The energy of ionizatiofy, i.e. the position of the edge, is highly dependent

of the oxidation state of the ion. Oxidizing an atom first decreases screening effect and thus

stabilizes core levels. Second, it shortens distances and destabilizes antibewelsg

Consequently, transitions are shifted to higher energigsire |- 5).

Figure | - 4 lllustration of K-edge (in blue), 1-edge (in green) and2l=-edges (in
red).

25



Chapter I: State of the art

Figure | - 5 ManganeseK-edge XAS otlifferent compounds where manganese
oxidation state varies froml#to +1V. The red arrow indicates the shift of the edge energy
when the oxidation state of Mn increases.

3.1.2. The EXAFS

The area from 50 eV to 1000 eWex the edge is called EXAFS (Extendeeray
Absorption Fine Structure). The electron is ejected with a high kinetic energg/smadteed
by the atoms neighboring the absorbing atom. The scattering wave interferes with itself. As
this interference ahe absorbing atom varies with the energy, the value of the absorption

coefficient u(E) oscillates as well. The Fourier transform of these oscillations is a

convolution of peaks and each of them describes a scattering-gatre(I- 6). Because the
HODVWLF PHDQ IUHH SDWK RI D SKRWRHOHFWURQ LQ WKH

influence of the multiple scattering paibsegligible and usually only the single scattering

path is taken into account. Consequently, each peak ofFinarier transform EXAFS
characterizes a distance between the absorbing atom and neighborirsg la&sed on
different parametersthe nature of the neighbor, the distance valRethe number of
neighbos at the same distanchl, and thefluctuationsof this distanceevaluated by the
DebyeWellerfactor, 2-The valusof these parameters are determined by fittimegwhole

EXAFS domain
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Figure 1- 6 Scheme of multiple scattering paths. The absorbing atom is in red. The
scattering atoms are in yelldfy

X-ray absorption spectroscopy is a powerful tool that provaties depth analysis
of the electronic structure, the local structure and the local environment of an element. The
wide range of energies provided by synchrotatiationallows the measurement of the K
and/or L-edge of nearly hundred elements. Moreovas spectroscopy is highly selective
and rarely suffers from the superposition of edges of different elen@@mtfie range of the

K-edges of transition meta, whichareat most 1000 eV, the only interfering elements are

theK-edges of the following atom the periodic tabland the Ledge of heavy atom3#&ble

I -1).

Element Mn Fe Co Ni
K-edge (eV) 6539.0 7112.0 7708.9 8332.8
1stinterference Ce Nd Sm Gd

Table |- 1 Energy of the Kedge of some tresition metals along with the lightest
element whose-kdge is higher than the-&dge of the transition metal

3.1.3. Spectrum collection
The X-ray absorption spectrum can be collected by three modes of detection:
transmission, fluorescence yield and total electron yield.

The transmission mode follows the relatiopz L 4 3 S A" ;Tavherely is the
intensity of the transmitted bearty, is the intensity of the incident beam(E) is the
absorptioncoefficient and x is the thickness of the sample. Consequent(§) can be
measured throughy and lo. This transmissionmode of acquisition is adapted for
concentrated systems at energies high enough to penetrate the Baomple practical point
of view, asthe transmission beam passes through the whole sample, it is well adapted for
isolated materials. Hoswver, analyzing a compound on a complex setup may become tricky,

as the Xrays can also be absorbed by any other component situated on their path.
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In thefluorescence yieldve measurtheintensity of the fluorescen@mitted by the
sample after excitatioof the core electron by the absorbedays fluorescence. With a
penetration depth of around 1 (keV?, this mode is adapted for many materials and
especially for diluted sample¥et, distortiors provoked by selabsorption and saturation
effects havebeen reported on theledge XAS with different degrees of impact depending
on the elemer® Advanced fluorescence modes, suchpagiatfluorescence yield and

inverse partial fluorescence yield, have been investigated to overcome this ptfbblem

Finally, XAS can beperformed by measuring thietal Electron Yield (TEY). The
absorbed Xrays create photoelectrons through the excitation of core electrons. The created
holes are filled by Auger decay that emit Auger electrons. TH¥¢ intensity quantiesthe
numberof Auger electrons andf scattered secondary electrons createdhiege Auger
electrons Clearly, this mode is only adapted to conductive samples. The probed depth
depends on thelectronmean free path, which may vary from 10 to 100 nm depending on
the energy. It is usually employed for surface analysis. Duoipgrandoelectrochemical
experiments, this electronic mode of detection may interfere withutrent coming from

charge transfer duringjectrocatalytic reactian

3.2. Historical background ah situ XAS

Beforebeing applied t@lectrocatalysis, XAS was one of the mamitu methods
employed in the battery reseattPrto analyzethe electrode during the charge proéées
during its thermal decompositih For instance,Nam et al. recently studied the
LixNio.8Co.15Al0.0502 and LkNi13Co13Mny1z02 cathodes and the evolution of XA$the K-
edge of the transition mesaduring heating®. From the shifts in the XANES, they
highlighted the reduction of the transition metals induced by the releasegafroyyrom the
EXAFS, theauthorsdetected transition metabsed spinels abe product of the thermal

decomposition of the electrodes.

The growing interestledicated tahe electrode/electrolyte interface has led to the
application of XASto thin film electrodes(c.a. 50nnr°), thus proving that tis bulk
technigue can also be employed to analyze surface phenomena such as electrocatalysis. The
main difficulty of probing electrocatalysisy XAS is the identification of thective $te of
the material, whiclhequires studiegsnderoperandaconditionsj.e. when an electrochemical
potentialis applied. Eventually, the development @ferandocells adapted to XAS in

several synchrotranhas allowed the analysis of electrocataystside an operating
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electrochemical cef®8 Thenext challenggincludethe advaning of the exploitation of
XAS analysis onoperandoexperiments andhe couping of XAS with otheroperando
techniques to obtain complementary information. This requires the desigm %fu

electrochemical cells adaptéat multiple techniques of analysis.

3.3. Information provided by XASn materials

3.3.1. Oxidation state and local structure

The most important information extracted from X&She oxidation state and the
local structure of the absorbing element. The oxidation stijnomdicated bya shift of the
edge&®°9% while the local structure is deduced from the-guge (for the symmetry) and
the EXAFS of the Kedge (for the distances between the absorbing atom and its ersighb
Friebel et al. studied Pt/Au(111) and observed a shift of thes-Btddge to higher energy
when a high potential is appli€d They attributed this shift to the oxidation of metdl Bt

PtV that is induced bthe dissolution of the noble metal.

3.3.2. Site occupacy

When the absorbing atom oceeipdifferent sites, XAS can determine the occupation
of each site. In materials that contain transition metal ions in various crystallographic sites,
the site occupancy carave a high impact on the reactivity during electrocatei¥/8isAs
the preedgeof the K-edgeis sensitive to the symmefryif an element occugstwo sites
with different symmetries, the ratio of each site can be determined by the intensity of the
preedge. The deconvolath of the Iz -edges, which are directly impacted by the energy
and the occupation of the 3elvels also inforns on the contribution of each site and can

also discriminate the oxidation state. Kwon et al. analyjze@o Ls-edge and the predge

of theCoK-edge of amorphous cobalt borate (CoBi) and cobalt phosphate {d&Rjure

| - 7). Theydeconvoluted th@eaks andbserved that in CoBi both ¢oand Cd are in

octahedral symmetry, whereti® fit of the Co k-edge of CoPi requireg addition to the
previousCa"" and Cd in octahedrbsymmetry, another component correspondinGadbin
tetrahedral $es. The existence @0 in tetrahedrakite could explan the higher electron

proton conductivityof CoBi compared to CoPi.
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Figure | - 7 XASat the Co Ls-edge of CoBi (left) and CoPi (right) with linear
combination fittigs with the @Cd", Tq Cd', O, Cd' reference spectra. Figusextracted
from ©3,

3.3.3. Nanoparticle size

Quantitative informatioron nangarticle size and shaje also provided by XAS,
especiallyby fitting the EXAFSto calculate the number of neighbors of each paths. If the
experimental number of neighbor is lower than the theoretical one, it can indicate defects in
the structure, a lowange order for amorphous materials, a small nanopastidieistersize
for crystalline compounds. Bediako et al. calculated the size ofesrdemairsin anodized
nickel oxide films from the number of neighbagaluatedoy the fitof the EXAFS of the

activated material, compared to the referenbBOOH®,

3.3.4. Surface sensitivity

Electrocatalysis is a surface phenomenon while XAS is probing the bulk structure.
We can aslourselves whethehis spectroscopy is a valuable technique for probing surface
phenomenaThe answer is highly dependent on the size and the amplitude of the expected
surface modification. For instance, a change on a 1 nm layer of a 10 nm thick film will
impact 10 % oftie XAS signal. On a nanoparticle of 10 nm, a modification bma layer
would impact 27 % of the XAS signal. On the other hand, the XAS sensitivity varies with
the nature of the modificationnancreasef the oxidationstatefrom Cd" to Cd¥ implies
an energy shift of less thdane\® and islesseasy to measurhan a shifof 2 eV from PP
to PtV °. Consequently, it is not trivial to edtlish a general critical size below which the

XAS signal can be significantly impacted by surface st&@thermore, the definition of a
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critical size only applies to nanopatrticles, while XAS is also suited to hanoporous materials
whose specific area wde comparable to nanopatrticles.

Conversely, as XAS describes an average state of the material, how can we state that
any impact on the XAS signal is dualy to a surface modification rather than a bulk
phenomenon? The discrimination requires supplemgmaestigation, the first one being
comparing XASresults betweemulk samplesandthin film or nanostructur materials
Kanan et al. compared tivesituXAS of CoPi in thin film and in bulkorm®. They observed
a significanenergyshift of the CoK edgebetween the activated and thgen circuit voltage
(OCV) statesvhen CoPwasin thethin film form. This shift was not deteaeon bulk CoPi,

proving that this phenomenon is located at the surface. Another option would be to use

complementary techniques of analysis that are specific to the suefgcXPYFigure |-

. Eventually, the strength of XAB that it can detect any significant change whether in
the core or on the surface of the material. Determining the localization of this change requires

further investigation.

Figure | - 8 Schematic response of XAS and XP&ading to the structure of a
biphasic material. Phase 1 is in blue. Phase 2 is in red. Mixed phases 1 and 2 is in purple.
From left to right: phase 2 is a surface layer on a bulk phase 1, the phase 2 is a surface layer
on a nanoscaled phase 1, and theg#®l and 2 are mixed inside the material.

While XAS can bring such variety of information on materi@perandoXAS
studies rarely fully exploit the potential of this spectroscopy. Most of them only study the
qualitative evolution of the oxidation staéed the intemtomic distance8. As for the
remaining types of information, otheperandaechniques that are more specifi@tgiven
piece ofinformation aregenerallycalled into b also bring additional insights on elements

that are unobtainable from XAS.
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4.  Otherin situstudies for electrocatalysis

As stated previouslyin situ XAS encounters grey areas in the investigation of
electrocatalysts and sometimes requires the suppodngblementary techniques to bring
solid conclusions. The most comminsitu techniquegspectroscopies, microscopies and
X-ray diffraction)are summarized in the review of Choi e%%h this section, we wilfocus
on new insights that these alternatigehniques could bring ta situ XAS for the study of
electrocatalysts

4.1. Time resolution

Electrocatalysisnvolvesfast reactios that can reach a TOF of 13 §. Observing
thedifferent step®f the mechanism would require instruments with a time resolbgtow
100 ms, which is not the case of XAS. The scan rate at which the spectra are colléeted var
from one beamline to another. Some beamlines, such as ROCK at SOLEIL, are equipped
with a quickEXAFS monochromator that all@the collection of a fewgpedra per second,
but they arestill not fast enough to decompose the electrocatalytic agcéetrivial way
Instead of scanning an energy rangea} emission spectroscopy uses one single incident
X-ray energy to excite the metal above its electron bjnénergy and uses a wavelength
dispersive spectrometer to collect emission spectra shot by shot. This method allows
monitoring several edges at once. For instance, Gul et al. followed thaKMn and Ni

in MnNiOx and showed that the presence of nickkbwed manganese t@achhigher

oxidation state during OBER(Figure I- 9). Such technique allows the collection of spectra

on a very short time-owever,this fast recording speed hasnsequencen the quality of
the data For instancethe spectra presented in the article were recorded during an hour.

There is then a tradeoff between the speed of recording and thetsigioée ratio
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Figure 1 - 9 Mn K 13 XES spectra of the MnNj@atalyst undetORRand OER
conditions. Figure taken frof§. Acquisitiontime: 1 h

4.2. Surfacestate

An accurate dscription of the surface of the electrocatalyst is keydescribing
mechanisms occurring durirelectrocatalysis. Xay photoelectron spectroscopy (XPS) is
the most common method to characterize susate8’ 2. The development df situXPS
is confronted to the adaptatiohthis technique, which is usually carried out under vacuum,
to near ambent pressure experiments. NeanbientpressureXPS (NARXPS) with
pressures up td0mbar, enabls the presence of a gas reagent near the surface of the
electrocatalygt. Electrocatalytic experimestan also bearried out onfambient pressure
XPS (ARXPS)at 30 mbabya 3G LS D Qr@etBad0I0this experiment, the electrode is
partly removed from the liquid electrolyte so that the emerged part of the electrode is covered
by a thin film of electrolyte. The emerged part of the electrode can then be analyzed by
operandoAP-XPS while it is still in contact with the whole electrochemical setup through
the electrolyte film.Eventually even if great advances have to be highlighted,ldhe
pressure environmentGHVSLWH WKH HUURQHRX%VisGtiR RHofldd®tk. RQ R 3

toin situloperandoXPS analysi®f electrocatalysts in a liquid electrolyte.
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4.3. Phase evolution

As XAS describes the environment of the absorbing atom on arsimg, it is not
adequate to detect lorrgnge orderwhich can give insights otine stability of the material
or its active phaseOperandoX-ray diffraction (XRD) is well developed for electrode
materials in batterié& Analyzing electrocatalysts through this technique can bring
information about phase modification or lattice shrinking or relaxing. Reikowski et al.
studied CeOs (111) epitaxiathin films deposited ogold during OER byoperandoXRD"’.
They observea@ decrease dfhe size 0fC0:04 domairs during OER that they attributed to
the formation of a thi€oOOH toplayer d up to 4 nmthickness As thesize of theCo304
domairs is restored when the potential Isought back to low potentiathe authors
concluded that the formation tife thin layer is reversible. Whithis study was carried out
on an epitaxial thin film vth a longrange crystal order and a conteallorientation, we can
wonder ifsuch information can be extracted from more disorderedore dividednaterials

such as nanoparticles.

4.4. Morphology insights

On an even larger scale thhecrystal domain, the orphology of the electrocatalyst
materialscanhardly be determined from XAS. Consequently, microscopy techniques can
provide substantial information on the morphology and the size of the material, the formation
of layers around the electrocatalyst oralegve facés during electrocatalysis. While atomic
force microscop{ and scanning tunneling microscdpydo not require specific
environmental conditions and can easily be adaptedopgerando electrochemical
observations, transmission electron microscopy (TEM) experiments are run undeighitra
vacuum. The development of liquid TEM holdéras recentlyenablel such studies. By
using such holderdjan et al. observed the formation of Bubbles during OER ahe
surface of BasSh.sCosFe 203/ under HO vapouf®. We have also recentlfollowed
Cos04 nanoparticles amorphization during OER in liquid electrélyt€his work will be

presented in chapter IV.
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5. Conclusion

The growing interest to understand the electrocatalytic mechanisms of OER and
ORR is motivated by the development of perforgndevices for energy conversiomda
storage to cover the increasing energy demiansitutechniques have brought new tools to
analyze electrocatalysthuring operatiorand have demonstrated that some active species
can only be observedperando i.e. during electrocatalysis. However, neoof these
techniques is seBufficient enough to fully describe the electrocatalytic system and it
bemmes obviously necessary to couple complementary techniques to understand the

electrocatalytic reaction.

X-ray absorption spectroscopy is a powerfuthtéque to analyze the local
environment of a specific atom in a bulk material. Thanks to high specific area
nanomaterials, it is also used to analyze the surface of these compouratseramndoXAS
is now regularly employed to study surface sensitivenptreena, such as the evolution of
electrocatalysts during OER/ORR. However, while XAS can provide various information
on the materials, most of tliperandastudies limit the exploitation afperandoXAS to its
basics, namely the evolution of the oxidat&tate and the inteatomic distances, and rather
look into complementarin situ/operanddechniques that are more specific to the desired
information, even though thiea situ/operandocenvironment may differ depending on the

employed technique.

In contras to this trend, the goal of this thesis is to extend the contribution of
operandoXAS in the understanding of electrocatalysis. To do so, we will agptyando
XAS to two familes of materials. In chapter Il, we will analyze sBiand NiB3z nickel
boridesand investigate how the presence of a heteroatom such as boron impacts the
electrocatalytic activity of nickel in HER and OER. In chapter IIl, we will study, LaMn
xC0O3 perovskites, which contain two transition metals, and try to identify the attvie s
OER and ORR and look out fany synergy or concurrence between the two transition

metals.

Chapter IVwill illustrate the complementarity @iperandaechniques by comparing
the observations fromperandoXAS andoperandotransmission electron micraggzy on
Ca304 spinel, which is a model OER electrocatalyst. ®pherandoTEM study was carried

out by Nathaly OrtizPefa, Dris Ihiawakrim and Ovidiu ErseFhey are our collaborators
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from the ANR InsiChemwhich is aproject between the Laboratoire Chimie ld Matiere
Condensée de Paris, SOLEIL Synchrotron and the Institut de Physique et Chimie des
Matériaux de StrasbourgThis project seeks to combini| situ X-ray absorption
spectroscopy andn situ transmission electron microscopy to provide a multiscale

description of the evolution of electrocatabmtiring electrocatalysis.
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Chapter II:

Electrocatalytic properties ®fixBy

nanoparticles for water splitting
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Metal borides attract attention for their diverse properties sucmametism,
hardness or electrocatalysis. These characteristics are linked to their uncommon crystal
structure that holds metabron and boroiboron covalent bonds. In these compounds,
besides covalence, strong electron delocalization may also occur M-kheublattice®,
Recently, transition metal borides have shown high electrocatalytic activity in HER and
OER®. In amorphous transition metal borides, electrocatapgiformances were attributed
to higher electron density on electrocatalytic sites due to reverse electron transfer from boron
to metal centefd. In OER, some investigatiomevealed surface oxidation of metal borides
into metal (oxy)hydroxidés. One common hypothesis is the formation of a -sbrell
structure with a metal boride core and a metal (oxy)hydroxide®sffelHowever, most of
these studies were carried out on amorphous metal borides, whose stability over time may
be lower compared to more stable crystalline solids. Here, we analyzigécin oNisBs
crystalline nickel boride nanoparticles that predeigh electrocatalytic activity in HER

(NisB, 0-NisBs) and OER (NiB)®. These materials compete with reference metal boride

performances|Table Il - 1} [Table 1l - 2). We usedoperando XAS to probe the

electrocatalytically active ggies within these nanomaterials and to discuss the

electrocatalysis mechanisms occurring with these synthesized nanoparticles.
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Catalysts Electrolyte Onset 10 Tafel References
potential (mV) slope
(V Vs.RHE) (mV dec?)
IrO2 1 M KOH 325 86
CoB/N- graphene| 0.1 M KOH 1.51 360 45 67
Co-Mo-B 1 M NaOH 460 87
Co-3Mo-B 1 M KOH 1.50 320 155 88
FeB 1 M KOH 1.48 296 52 83
Amorphous NiB | 0.5 M KOH 330 85
NixB 1 M KOH 1.54 380 89 84
NiBo.4s 1 M KOH 296 89
Ni(ll)borate 1 M KOH 1.48 302 52 89
@Ni3B
NisB-reduced 1 M KOH 1.43 290 88 %0
graphene oxide
NizB 1 M KOH 1.51 340 81 %
*Ni3B NPs 0.5 M KOH 300 &
NisB NPs 1M KOH 302 86
*Ni 4Bz NPs 0.5 M KOH 85

Table 1I- 1 OER activity of some metal borides and of iridium oxide as reference.
The samples studied in this chapsee preceded by *.10is the ovepotential at a current
density of 10nAcMZolecor 213V QDQRSDUWLFOHYV

Catalysts Electrolyte Onset potential 10 20 | References
(mV/RHE) (mV) (mV)
Pt/C 0.1 M HCIQy 0 -75 o1
CoBNPs | 0.4 M KoHPQy - 70 - 250 82
FeB 1 M KOH -20 - 61 -82 83
MoB> 0.5 M HSOy -50 25=-180 92
Amorphous | 0.5 MH2SQOy -50 -160 85
NiB
Amorphous | 0.1 M HCIQ: -15 -100 -132 o1
Ni-B NP
*NisB NPs | 0.5 M H2SOs - 40 -145 &
*NisBaNPs | 0.5 M H2SO4 -70 -177 &

Table II- 2 HER activity of some metal borides and platinum deposited on carbon.
Compounds studied in this chapter are preceded byo*and 2o are the ovepotentiak at
a current density of 18nd 20mA cnicoliector.
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1. NixBy presentation

Nickel boride nanoparticlesare obtained by a twstep synthesisprocess
monodisperse nickel nanoparticles ca.20nm are first synthesized then boron is
incorporatedwithout alteringthe size distributionby reacting sodium borohydride with
nickel the nickel nanoparticles in molten sé#éitst published/et). The initial polycrystalline
nickel (0) nanoparticleare obtainedy colloidal synthesig organic solvents by reduction
of nickel (Il) acetylacetonate with oleylamine andhe presence dfioctylphosphine aa
ligand23**Theparticles are then dispersed iateutectic mixture of lithium and potassium
iodides and further mixed with sodiumorohydride. The mixture is heated at 48) while
the eutectic mixture melts at 276. Boron is then insertednto the particles by
decomposition oNaBH: in molten saltsyielding single crystatickel boride nanoparticles

with maintainednorpholog.

These materialshow high activity and stability under electrocatalytic conditions.
According to onset potentials acidic mediumfor nanoparticles of the same siki;B are

more activeén HER electrocatalysis than M3, which is alsomuch more activenian Ni(0)

nanoparticlegRigure 1l - 1). These results indicatn intricate boro effect: while nickel

borides arenore electrocatalytically active than metallic Ni, adding too mumion up to
boronrich NisBs seens detrimentalto the activity In alkaline medium, under OER
conditions, whilgheNi3B electrocatalytic activity ikigher than Ni(0), NiBz performances
areinsignificant@ . These results bring out that boron ezendeactivatehieNi

intrinsic electrocatalytic activityThese observations raise a question: what are the actual

active species in electrocatalysis, and what is the evolution of the materials under

electrocatalysis conditions?

Nickel borides require more investigatiorto understandhe role ofboron during
electrocatalysisOperandoXAS on Ni K-edge could exploréhe fate ofNi during these
reactions. Indeedhe B K-edge energy (<200 e\i$ too low toenableoperandostudes
under ambient pressuitayt theNi K-edge erergy (8333 eV) is high enough to provitere
convenient conditions fayperandomeasuremeni€omparingthe Ni K-edge for Ni, NizB

and NiB3z nanoparticles shouldarify the effect oboron.
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Figure Il - 1 Cyclic voltammgrams inHER conditionsin H.SQ:1 0.5M: NisBs
(40 pg.cm?gis) (red), NgB (30 pg.cniaisy) (blue), Pt/C10% (400 pg.crdisk) (black),
Ni (green).

Figure Il - 2 Cyclic voltammograms i®©ER conditionsin KOH 0.5 M: NiB
(30 pug.cm?gisy) (blue), NikBs (40 pg.cngisy) (red), Ni (green).
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2. XAS analysis technique

For each spectrum, XANES and EXAF&jions &e treatedby linear combination
fitting and Fourier transforranalysisfitting, respectively.

2.1. Linear combinatioriitti ng

2.1.1. Principle

The e@lge position is highly dependemt theoxidation stateOxidizing an atonfirst
decreases screening effect and thus stabilizes core I8eelsnd it shortens distances and
destabilizes antibonding levels. Consequently, transitionshafted to higher energies. A
qualitative evaluatiorof the oxidation state mathen be providedsimply by comparing
edgesFor our study, Ni metaNiO, Ni(OH). and NiOOH nickel oxide specteae collected

as references

Figure Il - 3 Linear combination applied to Mz under resting state. Th
experimental spectrum (black) is compared to the fit (purple), whicbnstructed fron
pristine NiBs (dotted red) and nickel hydroxide (dotted blue) reference spetira
residual difference is also plotted (dotted green).

Quantitative oxidation state determination can be performed by linear combination

fitting (LCF), following the BeerLambert law |Figure Il - 3). Accordingly, theoptical

absobance ofpecies can be directly linkéaltheir concentrationlf a material icomposed
of different species wittkknown proportions, its Xay absorption spectrum is a linear
combination of tk reference species espra with the same proportions, where the

propations are weighted by the atomic percentage of the probed element. The residual plot,
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that s the difference betwedhe experimental spectrum artde calculated fif shouldbe
close to zero foa reliable fit.

Even though LCF is valid on the whole spantr we onlycalculatethe contribution
of each compound based on the narrow part of the spectrum localizgsD eV range
around the edge (8348863 eV)where absorption variations are the highest. The theoretical
spectrum $ thenconstructed by applygthe obtained weigktof the contributionso their

respective reference spectmathe whole spectrum range.

2.1.2. Methodological limitations
Linear combinatiorfitting is a comparative techniquso that itsaccuracy is highly
dependent on the chosen refees)dhe relevancef their choiceand the reliabilityof the

experimental sampleBelow we list some of these limitations.

2.1.2.1. References choice
As previously statedthe edge position is sensitive the formal charge. Buthe
XANES shape caalsobe alteredby many other factors (atomic distance, symmetry))spi

Consequentlythe edge position may differ even within compounds of the same oxidation

state|Figure Il - 4]illustrates this phenomenoon manganesbased compoundslhe

LaMn"'Os pre-edge starts at a lower energy than'MBs and its edge slope is sharpEhe
SrMn"Y Oz white line(the edge maximum intensitig higher than M O, while itsshoulder
around 6550 eVs less intense. At u=0.5, edge positions vary by 1.2 eVlahdV for Mn'!
and MV compoundsrespectively.Consequently, aferences with structures close to the

studied compounds should fasored.

New phases are likely to appear duropgeration of the electrocatalytic materials
They should also beonsiderd in the LCF references. However, while simple compounds
like Ni nanoparticles will most likely oxidize intsolely nickel oxides or nickel
(oxy)hydroxide it is hard to predict thevolutionof complex structures like nickel borides
which are uncommon.The variety of phases that could potentially form during the
electrochemical reaction is large, includimgckel borates nickel oxide and nickel
(oxy)hydroxide. Therefore, ndicipating the evolution ofnickel boride requires some

assumptions as to the nedof the evolved species
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Figure Il - 4 XANES ofmanganes®xides. Oxides with the same Mn oxidat
state cardisplay different edge enaes.

2.1.2.2. Reference reliability

A wise choice of references can still provide errongesslts if their experimental
spectra are not reliablelThis usuallycomes whether from their poor purity or from
degradation during sample preparatarduring observation conditionds all compunds
are manipulated under ambient atmosphere, air semsi@noparticlesouldlikely oxidize.
Some materials are also sensitive t@a¥ radiationsFinally, the measurement of-Kay
absorption spectra of referenceaterialsis performed by diluting these materials and
pressing thenm boron nitide or cellulbse The latter can degrade under ionizing radiations
and form free radicaldurther deteriorating the material of intefést

In order to be trustk references requirén situ control One can be provided

simultaneously by XAS through complementariXAFS analysis.

2.2. EXAFS fits
2.2.1. Principle

A Fourier transfom EXAFS spectrundesribesthe local environment around the
analyzed element. It is composed of peaks, wbachespond téhe presence of neighboring
atoms. The position, intensity and widtlof these peaksind their physical meaning
respectivelyn bondlength(R), number oheighboratoms (N)and crystal disorder (Debye

Waller factor 3% (Figure Il - 5). The experimental FIEXAFS is then compared ta
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theoretical EXAFS constructed from tineference crystal ddtasesto deduce the most
plausible composition.

Figure Il - 5 Schematic illustration of EXAFS main paramete
Correspondence between atomic local environment (top) and Fourier tran
(down).The vwhite domain is the window in which the fit waerformed
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In this chapter, thbest fis aredetermined by tafollowing criteria

- Firstly, the proposed structure has Ive physically relevant. As the fitting
software isa mathematical tool, the calculated fits require further analysis from
a physical point of view. Due to steric effects, bond length shzeiliidher than
1 A and the number of atoms on the sgmathshould be limited. The Debye
Waller coefficient should be between 0.003 and 0.015. Those values correspond
to perfect crystals and amorphous compounds, respectively. The energy of the
edge greatly inflances the EXAFS. A variable namdfE is introduced as a
correction between the energy that has been arbitrarily chosen to make the
Fourier transform of the EXAFS and the energy employed by tHEht.EE of
a reliable fit should not bleigher than 10 eV

- Second the fit quality can be @luated through several values: uncertainties,
reduced$ andR factors(Ry). The fit that displays the lowest values is considered
the best.

- Finally, the proposed materighould be chemically stable in its environment.
For instance, identifyingreacidicstable compound in an alkaline medium should

raise questions.

In this chapter, the spectra are generfitilgd between 1 and 3 Ayhere most of the
first distances@ found. Due to thstructuralcomplexity ofthestudied materials, this range
is notexpanded to higher distances. Multiple scatteriargsnot included as they alittle
influence onthe measuredlistances between Ni and its first neighbors. Finally, due to
computational limitatiog, only 9 variable ae usually allowed for a 2 A rangegion.
Considering that each distance is defined by 3 variablespféerdaddingEE, fits can have
up to +1lvariables, where is the number gbathstaken into account. In order to fit more
than 2paths, somevariables should be fixed on relevant valdleat will be discussed each
time. In fits of purecompoundsspectrathe number of neighbors fixed to be consistent
with the known structure. Calculated Debyaller factors are then kept asphase
descriptor and fixed in mixed phase compounds, whesenumber of neighdrs is left
fluctuating, as this parameteray vary depending on tleenount of the considerguhasdn

the studiednaterial
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2.2.2. Reference crystal data

Calcuated fits are then compared to the structure of the starting materialsatinelrto
referencedn order to identify their possibleccurrencein the sampleThese reference
materials weg characterized by N\i and Ni+O distances, and their respective coordination

numbers.

Three nickel oxides have been ussdbenchmarks: NiO-Ni(OH)2 and -NiOOH
Tablell - 3). -NiOOH isexpected to form during OER and is known for its electrocatalytic
OER activity’. Ni-O and NiNi distances of NIOOH1.86 and 2.8A respectively)are
noticeably the shortest among the oxides, which is due to the higher Ni oxidatioNi§tte.

based materialgould oxidize to Ni(ll) under theform of NiO or -Ni(OH).. These
compounds may be differentiated by comparingONand NiNi coordination numbers, as
thenumber of neighbarof the Ni-Ni distanceas twice thenumber of neighbarof the Ni-O

distancan NiO, while they are the same in Ni(OH)

Phase Distance N R Ref ICDD

- Ni-O 6 2.08

NIO % | 01-0731519
Ni-Ni 12 2.95

Ni(OH), | O ° 2| w | 0005720007
Ni-Ni 6 3.12

“NIOOH o ° ~% | % | g00060075
Ni-Ni 6 2.82

Tablell - 3 Theoretical paths of Ni oxides between 1 andA3.2
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3. Results

Spectraare acquiredon the SAMBA beamlineof SOLEIL between 8200 and
9500eV. With a velocity of 10 eVsec!, one spectrunis collected in approximately
2 min 16 sec. Depending on the quality of the sigh&tween 3 and 2Gcans are collected
and merged to obtain the displayed spe@an history in Appendix section 3.3.Eyery
composition is expressed atomic percentage of nickel. For instance, the composition of
the material that is 50 % of Ni(OkHand 50 % of NiB means that 50% of the total nickel
atoms belong to the Ni(Oklphase and 50 % of the total nickel atoms belong to tb® Ni

phase.

3.1. Solid sanples overview

Spectreof referencesolid samplesvere first collectedThe EXAFS parts aréitted
to assess the purity and reliabilitytbe compounds and obtain the Debyéaller factor of
their crystallographic structur€or recording reference specta well as sample spectra,
samplesre mixed with cellulose (ca. 10% in weight) and then pelletized for analysig,
Ni4sBs, and Ni nanoparticlesere synthesized according tiwe protocoldescribedin the
thesis of Chan Chafty Commercial Ni(OH), NiO and Ni foil ae used aseferencesyhile
we use data frorBediako et af* for NIOOH and the Ni foil employed as calibration at the
beamline for metal Ni Considering théarge diversityof reportednickel boates they are
not considered in the fitting procedures. The analysis of the XANES regions is performed
by linear combination. This analydiscusson determininghe Ni oxidation statewhich
does not change so much in the borates family.

X-ray absorptin spectra XAS) and Fourier Transform EXAFS spectrd&T-
EXAFYS) of the pure starting compoundse displayed or[Fqure Il - 6). Nickel oxides
XANES spectrafeature a sharp edge witin intense white line. Their FEXAFS are

compo®d of 2 main peaks. The first one between 1 aAd<attributed to NiO distancs,
while the second one, between 2 anfl Belongs to NiNi distance. Differentiatingnickel
borides and metallic Ni XASimore delicate. However, 3 and NiBz FT-EXAFS dsplay
a broader peak thahould be a convolution of several peaks, mosthNNand NiB
distances. A slight shift cane observed betweeé\i-Ni peaks ofNi foil (2.15 A) and Ni

nanoparticle$2.13A) and will be investigated later in the chapter.
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Figure Il - 6 XAS spectra (left) and EXAFS Fourier transform (right) of pris
materials: (a)Ni foil, (b) Ni nanoparticles, (cNiO reference, (dNi(OH). reference, (e
NiOOH reference, (f)commercial bulk Ni2B, (g) NisB naroparticles, (h) NisBs
nanoparticles.

3.2. Nickel oxide references

Ni foil and Ni oxide reference FEXAFSare fitted to confirm the puritpf the
materialsandto obtaintheir DebyeWaller factor P

Table 1l - 4) required to analyze XAS of the nickel borideB characterizeshe

crystal structureand will be reused as fixed parametefiiting spectra ofther sample
Only the coordination numberN are fixed accordig to the expectedabulatedstructure.
Calculated NiNi and NiO distancesre compared to crystal datéor NiO and NiOOH,
they ae consistent with NiO andNiOOH tabulated structurdistancesThe measureli-

O distance (2.0A) in Ni(OH)2 from the EXAFS datas shorter thathetabulatecone in -
Ni(OH)2 (2.13A). FortheNi foil, theNi-Ni secondpathis added to improve fit qualitfhe
Ni-Ni measured distances (2.A8nd 3.49) are slightly longer than the theoretical values
(2.44 A and 3.4%). However, taking into account standard Delwyaeller values,low
uncertaintiegindicated in bracketsggndRs factors, those fitare consideredeliabledespite
minor discrepancies in the distancétence, tbse Ni oxidesare considereaf sufficiently

high purity to be eliable as referencdar linear combinatioranalysis
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The shapes of thdi K-edges of Ni(OH)2 and NiOare similar in the XANES range,
so that differentiatinghesetwo compounds through linear combinatisndelicate{Figure

Il - 7). Consequently, only Ni(OH)xervesas Ni(ll) (hydr)oxide referencéor the following

linear combinatioranalysis Ni(OH). and NiOare further discriminateftom EXAFS fits

as detailed laterThe abovedetailed methodology is extended tackel boridebased

electrocatalysts.

. N Red Rt

Compound Distance R N 10®1¢ (E chi2 %)

N Ni-Ni | 2.48(1) 12 | 6(1) | 7(1) 1700  0.70
Ni-Ni | 349(2) 6 @ 9(2)

Nio Ni-O | 2.07(2) 6 | 5(2)  1(2) 2100 2.67
Ni-Ni | 2.96(2) 12 | 6(1)

. Ni-O | 2.07(1) 6 | 6(1)  0(1) 5500 044
Ni(OH)2 Ni-Ni | 312(Q) 6 @ 7(1)

. Ni-O | 189 (2) 6 | 10(2) 3(2) 8000 | 2.23
NIOOH Ni-Ni 2832 6  7(2)

Table Il - 4 Structural parameters of Ni foil, NiO, Ni(OHpand NiOOH oxide

references extracted from Niédge EXAFSits. In brackets is the uncertainty on thetlas

digit. Fixed parameters are in bottharacters.5 1 1 d(Dae@efined irsection2.2.1.

Figure Il - 7 XANES ofmetallic rickel and nickebxides used as bulk reference
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3.3. Nickel boridebasedanoelectrocatalysts
The electrocatalytic activities di, NisB and NiBs nanoparticls are evaluatedn
HER and OER, respectively i,BQ: 0.5 M and KOH 0.5 MThe electrocatalysts (10 mg)
are preliminarily dispersed in absolute ethanol (10 mL) with activated acetylene black (10

mg) and Nafion (435 pL) to form an ink. Therdy absorptiorspectrawere collected in

several conditions schematize¢Higure |- 8|and defined below:

- Dry state nanoparticlesre deposited aan inkon glassy carbo(GC) substrates
and left to dry.

- Firstresting state: tredectroddthe GC plate coated with nanoparticleslipped
in the electrolyteThis corresponds to the state of the electrode at the open circuit
voltage (OCV).

- Under HER/OER conditions: thelectrodeis subjected to reducing/oxidizing
potentias.

- Secoml resting stateThis corresponds to the return at the open circuit voltage.

The LCF B usedto analyzeevery spectrumbut only the FT-EXAFS spectraof
activated stateare fitted. To test the procedure of EXAF#ting, we first studiednetallic
nickel ranoparticleswhich will also serve as a reference electrocatalyst to investigate the

impact of boron in nickel boride compounds.

Figure Il - 8 Scheme of the successive conditions under which the XAS are collected.
The ex gu NPs are analyzed as pellets. NPs is nanopatrticles. OCV is open circuit voltage.
CE is countetelectrode.

3.3.1. Metallic nickel
Before tackling nickel boridge metl Ni nanoparticles are investigatesk a starting
reactantof NixBy synthesis, the morphologes aresimilar, with particles ofca.20nm in

diameter Furthermorethe stability and electrocatalytic activity of nickel nanoparticles are
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well referencet?®292 Metallic nickel easily oxidizes under air or in water. Its activity in
HER is low, while it is highn OERand has been linked tiOOH formation. Observing
how thesgphenomena reflect in XAS should facilitakeir identification in more complex

systemssuch as nickel borides

3.3.1.1. Solid sample

In the Ni reportedstructure (1 & , the Ni first path consist®f 12 Ni at 2.44 A
Figure II- 9|[Table 1I- 5). The secongbathat 3.45 A is above our established fit range

1-3A. So our first calculation only includeneNi-Ni distancdTable 1I- 6] fit 1). According

to the fit, the NiNi distance is 2.4& with =2-of 0.006 and 7.3 neighbors. This low number

of neighbor, which the structural model predicted to be 12, raises questions about the fit
reliability. A nickel oxide phase is theadded to the fitindeed, onsicering the instability
of Ni under air, the ample canoxidize during pellet preparatiofhis phenomenon is

expected to be more extended in nanopatrticles than in foils because of the highet@urface

volume ratioNi(OH). seensthe most realistic choice in ambient air. This neyFiggre I

- 10| Table II- 6| fit 2) displays lower R (1200 instead of 1700) and reduc8d0.39 instead

of 0.83).For Ni-O, thelow number of neighbors of ca. 0.5 indicates that the nanoparticles
are slightly oxidized on the surfacéhe smaller NiO distance compared tbé tabulated
structure(1.99A instead of 2.0A) may arisdrom surfae lattice contractid®. Still, the
number of neighbors for théi-Ni distance of metallic nickeemairs unchanged7.3). We

conclude that these nanoparticiesar Ni vacancies.

Figure 1l - 9 Structure of Ni%.

Phase Distance N R Ref

Ni Ni-Ni 12 2.44 104
Table 1I- 5 Ni theoretical paths of Ni between 1 and 3 A.
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Figure Il - 10 Fourier transform othe Ni K-edge EXAFS spectrum fpelletized
Ni nanoparticles (black) and its fit between 1 &hd (red). Thespectrumis analyzed
through 3 distancescontributions: NiNi from metal Ni (blue), ND from NiO oxide
(green), NiNi from NiO oxide (purple).

Fit Path R N 10° 1¢ (E | Red chiz| Rf (%)
1 Ni-Ni 248(1)  7.3(5) | 6(1) | -3(1) 1700 | 0.83
Ni-O 1.99(4) @ 05(3) 6 | -3(1) 1200  0.39
2 Ni-Ni 248 (1)  7.3(5) 6(1)
Ni-Ni 296(5) 05(@) 7

Table 1l - 6 Structural parameters of Ni nanoparticles extracted from Nadge
EXAFS refinement. In brackets is the emainty on the last digit5 1 10 b &6
defined insection2.2.1.

Threepossibleoriginsfor Ni vacancies are identified:

- Some Ni atomsre oxidized, as shown by the numloémi-Ni pathsdecreamg in
favor of Ni-O patts. Furthermorethe nickel oxide NiNi distance(2.96 A) is
distinguished fronthemetal NiNi distancg2.98A) with atheoretical coordination
number of6. ThereforeNi oxidationreduces the number ofetatoriginatedNi-Ni
paths per Ni atoms.

- Downsizing materials results in higher surface to volume ralear the surface,
nickel coordination spheres are incomplete. Consequarghgscaled compounds

usually possedswer average coordination numisethan their bulk counterparts.
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- Previous characterizatioby TEM and XRDindicatal that these nanoparticleaJe
apolycrystalline structuf®. Zones baveen two crystalline domains should contain
Ni defects.

These phenomena could explain the lagge inthecoordination numbameasured
for Ni nanoparticles antbr Ni foil. Ni oxidation also explaing/hy the FT-EXAFS peakin
Ni nanoparticless shiftedby 0.02 eV compared to bulk Nisthe peakis a convolution of
Ni-O and NiNi distances

The Ni(OH)2 molar contentis estimated between 8 arid@ at. % of total Ni,
depending orwhetherits structure is considered perfectigmpactor it contains as many
vacanciessthemetallic nickelphasgdetailed calculation in Appendix section 4. Ejom
linear combinatiorfitting of XANES for theNi nanoparticles with Ni foil and Ni(OH)
referencesthis ratio is estimatedo be ~ 5 %. This small deviationis attributed to
morphological and structural differences between Ni foil and Ni nanoparticles, considering

thatLCF only takes into accourdxide formationand neglects lattice distortion.

As nickel nanoparticlesare oxidized during the preparation of the padlfor XAS

measurements, their spectrum carb®tseds a reliable reference fb€F. Consequently,
the spectra acquiredperandofor Ni nanoparticles aréitted with Ni foil, Ni(OH)> and

NiOOH spectra.

3.3.1.2. HER

3G U\ VW DarHdlle¢tedfrva Ni naroparticlescoatedglassy carbon (GC)
working electrode fixed o 3-electrodeslectrochemical cell. Theell is thenfilled with
H2SOy 0 HOHFWURO\WH DQG areltsdliesten. LA Yclie VolEamhirbgrant D Q V
between 0.24 aneD.56 V/RHEis recoded toverify that the material displayed its usual
electractivity. 20 scansre thencollected at0.36 VVRHE and 16 scans a0.06 VVRHE,

which correspond to the catalytgtate andback to theresting staterespectively The

potential profile used ithe experiment is displayed|kigure Il - 11{ top. Another cyclic

voltammogramis eventually recorded tcheckany changes in electextivity during the

experiment.
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Figure Il - 11 Top: Potential apped at each step ahe HER experiment of N
nanoparticles in HISQ; 0.5 M. Bottom: Phase compositiofa. %) obtained from linear
combination (from left to right) at dried state, resting state, under HER condition,
0 V/IRHE

The a&quired spectrareanalyzed with LCF usindyi foil and Ni(OH). as reference
samplegKigure II- 11). The died states composed of 6&t.% of Ni and 35at. % Ni(OH),.
Oncethe acidic electrolytas addedthe Ni(OH)2 contentdrops to 20 %, therremairs the

samein the reducingconditions of HER Suchan oxidation of theNi nanoparticless
expectedonsideringhat theelectrode preparation took placesin atambientemperature.
Indeed the electrodeare left drying for morettan one hour. Téddecreasef the amount of
Ni(OH). when the electrode is in contact with the electrolyte can be explained by its partial
dissolution in the acidic mediumpplying a reducing potentialoes not affect the quantity

of dissolvedNi(OH).. Reducing potentialsave thus no influence on Ni(OHjissolution.

Given these informationhe fit of theFT-EXAFS of HER-active Ninanoparticless
performed byncluding Ni and Ni(ll) oxidecomponentsresulting in three paths: one-Ni
distancearound 2A and two NiNi distancesaround 2.58 and 3A, hallmarks of Ni and
Ni" respectively. 2 values @ fixed at their value obtained section 32. We calculate a
first fit considering Ni and Ni(OH) then another one where we substittite Ni(OH)>
Debye Waller factor by the NiO value. In both fits, the second-Ni path coordination
numberis half the value of ND coordination numbein agreemenwith the NiO phase.

For this reasorthe NiO component iselectednstead ofNi(OH)2 (Figure 11- 12|{Table I
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- 7). The Ni-Ni number of neighbors is 780.4 A. Considering theuncertaintyrange

between this value and the-Ni number of neighbors of the starting Ni nanopatrticles (7.3
+0.5A), theFT-EXAFSfit does not enablesaessing whether or not more nickel is oxidized
in the HER conditions compared to the pristine partidie<D and the first NiNi distances
are the same as the solid sample ones (1.99 A and 2.48 A respeciitelyyecond NNi
distance$ in agreement ith the NiNi distance in NiO (3.01 +0.05 A).

These results suggest that, under HBRditions, nickel nanoparticleseamainly

composed of Ni and NiO, with an oxide motamtentbetween 23 and 2%. These values

are close to the results obtained frbnear combinatiofit of the XANES aregFigure II-

, which clearly show a decrease in the amount of oxidized nickel under HER conditions
For 20 nm sized nanoparticles, this amount equals to a 2 nm thick layer of oxideudtite s

of the nanoparticleConsideringhe high content of oxide in the dry state, the NiO oxide
layer most likely originatérom the exposuréo air for approximately an hour during drying

of the electrode. This oxide layer partially dissolwdgn immesed in acidic electrolyten
agreement with the Pourbaix diagrarihe remaining oxide layestays unchanged
afterwards, even during HERSuch athick HER inactive oxide layer shouldisableNi
electrocatalytic activity. Consequenttire Ni nanoparticlegnstability preventsheir use in

HER electrocatalysis

Figure Il - 12 Fourier transform of Ni Kedge EXAFS spectrum for Ni nanoparticles
under HER conditions (black) and its fit between 1 aAd@d) The latteris splt in 3 path
contributions: NiNi from metal Ni (blue), ND from NiO oxide (purple), NNi from NiO
oxide (green).
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Path R N 10018 0( |Redchiz| Rf(%)
Ni-O 1.99 (2) 1.4 (3) 5 -2 (2) 66 1.03
Ni-Ni 2.48 (1) 7.0 (4) 6
Ni-Ni 3.01 (5) 0.7 (5) 6
Table Il - 7 Structural parameters of Ni nanoparticles under HER conditions

extracted from Ni Kedge EXAFS refinement. Uncertainties on the last digit are in brackets.

Fixed parameters are in bold characters. 1

1 6 (D @efined irsection2.2.1.

Figure 11 - 13 Comparison of nanoparticles composition measured by linear

combination and EXAFS fitting. Top: Potential applied at each stédpedttER experiment
for Ni nanoparticles in ISQ; 0.5 M. Bottom, from left to right: Phase compositions obtained
from linear combinationin dried state, resting staté€OC) and under HER condition
(catalytic) then phase composition obtained from EXAFS fitting under HER conditions.
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3.3.1.3. OER
3G U\ VW DakeHollectedfihe Ni nanoparticlesoatedelectrode The 3
electrode electrochemical cedithenfilled with the . 2 + 0O HOHFWURO\WH DQG

V W DO }Hscansare collected. A cyclic voltammogram between 1.07 and 1.56 V/RHE
recorded to ssure that the material displayed its usual OER activity. 20 srarteen
collected at 1.57 \RHE and 20scans at 1.27 NRHE, which are respectivelyhe catalytic

state anapen circuit voltage (OCV) (potential behavior is displaygBigure 11- 14| top).

Another cyclic voltammograns eventually recorded to assess any activity modification

during the experiment.

The acquiredspectraare analyzed blinear combinatiorof Ni foil, Ni(OH)2 and

NiOOH spectraas referencg{Figure 11- 14). As previously,thedried states composed of
65at. % of Ni and 35at.% Ni(OH).. Oncethe alkaline electrolytes addedthe Ni(OH)-
componentincreassto 40at. %. During OER, the materiég composed of 4at. % Ni(0),
15 at.% Ni(ll) and 45at.% Ni(lll). When the potentiais dropped back tthe OCV, the
NiOOH componentdisappeas in favor of Ni(OH) (60 %). The alkaline medium then

stabilizes Ni(ll) species adNi(OH)2 with a higher content than under acidic conditg&
Under oxidation condition$\li(ll) species are further oxidized into Ni(lll) as NiOOH. The
latter is further reduced batk Ni(ll) once the potential is lowerdd 1.27 VRHE.

The FT-EXAFS of the Nibased nanomaterialsnder OER conditions is fittedyb
including Ni and NiOOHcomponentsresulting in thredistancesone N+O distancearound
1.9 A and two NiNi distance around 2.58 and 2.8A, corresponding tNi® and N
respectively{ffigure II- 15| Table II- 8). 1 @alues &e fixed at their value obtainedovein

section4.2. TheNi-Ni distancenumber of neighbors of Ridecreassto 6.2 while NiO and

Ni-Ni distances iMNiOOH show numbers of neighboof 3.7 and 4.0. Such high values
indicate a large oxidatiorstate for nickel and confirm the results obtained from linear
combination. The ND distances measured &t.88A while Ni-Ni distances @ 2.50 Aand

2.79 A. The NiO distance is in agreement with th&liOOH structue, but the NiNi longest
distance ishorter than expected. This could come from an imprecise deconvolution of the
main peak, which overestimate Ni-Ni contributionin NiOOH at the expense tte Ni-

Ni component oNi°. The oxidized component is most likely formed at the surface of the
Ni® nanoparticles, which then bear a esreell morphology.

58



Chapter II: Electrocatalytic properties of NixBy nanoparticles for water splitting

Figure Il - 14 Top: Potential applied at each step of OER experiment ¢
nanoparticles in KOH 0.5 M. Bottom: Phase compositions obtained from |
combination (fron left to right)at dried stateQCV, under OER conditioandthenOCYV.

Figure Il - 15 Fourier transform of Ni Kedge EXAFS spectrum for |
nanoparticles under OER conditions (black) and its fit between 1 dn@edl) The latter
is split in 3distancecontributions: N+O from NiOOH oxide (grey), NNi from NiOOH
oxide (blue), NiNi from metal Ni (purple).
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Path R N 10° 18 0( | Red chi2| Rf (%)

Ni-O 1.88 (5) 3.7 (6) 10 0(5) 360 1.88

Ni-Ni 2.50 (2) 6.2 (8) 6

Ni-Ni 2.79 (2) 4.0 (2) 7

Table Il - 8 Structural parameters of Ni nanoparticles under OER conditions

extracted from Ni Kedge EXAS refinement. Uncertainties on the last digit are in brackets.
Fixed parameters are in bold characters. 1 1 o (Bage@efined irsection2.2.1.

Both FT-EXAFS fit and XANES linear combination show that underRO&onditions, Ni

nanoparticlesra mairly composed of Niand NI (Figure I1- 16). Themolarcontentof the
oxidized componentsiestimated between 54 % and 62 % byEXAFS fit and 45% by
linear canbination. Such a difference may cofnem the EXAFS fit taking accont only
one nickel oxideat once while XANES enables to consider botiOOH and Ni(OH)

phases.Togethey these oxo species account &fF % ofnickel atoms inthe materialin
contact with the alkaline mediunfo summarize, iralkaline medium, Ni nanopactes
significantlyoxidize to Ni(OH». Then, under OER conditions, they oxidizwen more and
further WR KLJKHU RJ[LGDW-INROQHVMWI® aeetrovamalyti¢aly Rictive phase
only manifestsat high potentiahand is formed reversibly, &800H is reducedackto Ni(ll)

(hydr)oxideonce the systens put back to resting state.

The Ni instability becomesa strength in OERelectrocatalysis as it favors the
formation of HOHFW U R F D W D NI@OHF Thi3 @hadeywh. i§’ binly observiale
under OERconditions, proveshat operando characterization is essential to unravel
electrocatalysis mechanisms. Now ttiebehaviorof simple Ni nanoparticles described
during HER andOER, we cantackle nickel boride and discuss theboron effecton

electroc#alytic properties.
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Figure Il - 16 Comparison oNi nanoparticles composition measured by line
combination and EXAFS fitting. Top: Potential applied at each steph®fOER
experiment in KOH 0.5 M. Bottom, frdeft to right: Phase compositions obtained frc
linear combination at dried state, resting sté@C) and undefOERcondition(catalytic),
with the correspondingomposition obtained from EXAFS fitting.
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3.3.2. NisB

As showed ifFigure II- 1jandFigure I1- 2| NizsB nanoparticlegxhibit high activity

both in HER and OER compared to Ni nanoparticléss questions how boron contributes

to enhance electrocatalytic propertesnpared to bare nickelo answethis point NizB is

studiedin the sameperandoXAS experiments as Ni nanoparticles: its solid state pisgity

analyzed first, thethe compositionof the electrode material is studiddring HER and

OERDby interpreting the obtained spectra through LTlke dectrocatalytically active phase

is further analyzed through FHXAFS.

3.3.2.1. Solid sample

Thereported structuref NisB is 2 J | =(Figure II- 17). Itslow symmetrylimits path

GHIJHQHUHVFHQFH ORUHRYHU 1L DWRPYV R pdihs

S$able

VLWHYV 11

Il - 9). All'in all, photoelectrons expelled from the nickah can follow13 different paths

betweerthe absorbing nickel and a neighboring atom that is at a distance béteee3A.

Trying to deconvolute so many paths in suchaarow range wouldinvolve too many

variables to enable an accurate fit of EXAF&dA simplified structuresthenconstructed

by mergingdistancegTablell - 10). Ni-B distancesre merged together. 5 out of 6 of them

rangebetween 1.95 and 2.38. 2 Q H -Bldftanceis 2.60A butis still included in this

combinationto keep all NiB paths together. NNi pathsare separated to two groups: the

first one include Ni-Ni distances between 2.46and 2.564, and the second one inclwle
2.74A and 2.81A Ni-Ni distances. Whil¢he Ni-B number of neighbaris simply fixed to

3, asimple average would have resultedNi-Ni distancesith degenerescence of 8 for the

shortestoneand 3.5 for the longesine Their degenerescences aoeinded to 8 and,3

respectivelyas longer pathusually exhibit weaker intensgs than shorter paths. Simplified

reference distanceare calculated by averaging distandesm the tabulated structure

weighted by their degenerescence, thus resulting in& fi2 Ni-B, then 2.50 and 2.78

for Ni-Ni. Becaus of these approximationBebyeWaller factorsare expectedo be high
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Figure Il - 17 Structure of NyB%. B is green, Ni is pinkNi sites)andpurple (1 L

sites)

Path Degenerescencd R (A) Path |DegenerescendR (A)
Ni-B 1 1.97 (NE. | 1 1.95
Ni-B 1 2.06 118 1 2.12
Ni-B 1 2.33 1LNi 4 2.52
Ni-Ni 3 2.46 B 4 2.56
Ni-Ni 2 2.50 (NE. | 1 2.60
Ni-1L 1 2.52 1LNi 2 2.74
Ni-1L 2 2.56 110 2 2.81
Ni-1L 3 2.74

Table I1- 9 Ni theoretical pathsin NisB between 1 and 3d&ccording to the tabulated
crystal structure (PDF card 68140853) In this crystal structure, nickel occupies two
GLIIHUHQW VLWHV 1L DQG 1L¢Y

Path | Degenerescenc R

Ni-B 3 2.12
Ni-Ni 8 2.50
Ni-Ni 3 2.76

Tablell - 10 Simplified paths of NB between 1 and &.
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A first fit of EXAFS datas performed byassuming that the sampkea pureNizB

phase|fFigure Il - 18| (Table Il - 11} fit 1). The numbers of neighboese fixed at the

previously state values. As expected, the fit exhibitigh B above 0.010. The longest-Ni

Ni path feature a DebyeWaller factor of 0.017which couldbe considered dubious in a
crystaline material. Yet, regarding the amount of approximatiosed to simplify the
structure this value is expectedNi-Ni distances(2.49 A and 2.76A) are close to their
approximated values. Howevéne Ni-B distance of 2.04 As much shortethan the initial
values This result may arisérom the approximatims performedwhen we averaged ith
distance. We supposed that each petdnsity was equivalent to one another regardless of
its distance to Ni, which is rigorouslyrong as the further the atom is located, the weaker
its contributionis to the EXAFS data. Consequently, theightof the2.60 A 1 L-B pathon

the averaged distaa was overestimatebhdeed, if this path is discardedy average on the
other 5 NiB pathsgivesa distance of 2.09 A. Thimlue ismuchcloserto the result of the

fit, yet still higher than thedistance calculated by ttig. Likewise, & the highedistance
contribution has been overestimatéde shorter distance contribution might have been

conversely underestimated as well

We thenperformeda second fiby assuming thallisB was oxidizedTable I1- 11

fit 2). Unlike Ni°, no pure N§B experimentateferences availableso that thdebyeWaller
factors @amot be fixed. Insteadhenumber of neighboris theNi3B paths are fixed on their
approximated valueslhe Ni-O DebyeWaller factor is setat 0.005, whichis the value
measured for thHiO phase. The calculated §hows a energy correctioru (of -13 eV and
givesto NisB originateddistancesimilar lengthsand DebyeéWaller factorsto the first fit,
exceptfor Ni-B 1 that was 0.008. The coordination number of th€ONjath is 1.2+1.2 for
a distance of 2.19 ASuch relative uncertainty of 180 on the number of neighbors of-Ni
O path fails to clarifyvhetheror not the compoundseoxidized butheNi-O long distance
doesnot match with any nickel oxide reference. Tlaaided tahe 0 (extremely high value

indicatesthatthis fit is unrelialbe.

Sincethe mixed solid NB/NiO structure faito fit the FFEXAFS datacontrary to
pure NisB, we conclude that the material is pureBiThis is unexpected since # is
supposed to oxidize under air, like ietaf®. Still, the XAS of NiB serves as reference for

the XANESIinear combinatiorunder electrocatalysis conditions, as explained below
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Figure Il - 18 FT-EXAFS N§B nanoparticles (black) and its fit between 1 anil

(red). The lattenis split in 3distancecontributions: NiB (green) and two NiNi (blue and

light blue).
Fit Path R N 10018 0( | Redchi2| Rf (%)
Ni-B 2.04 (3) 3.0 13 (5) -7 (3) 4700 | 0.63
1 Ni-Ni 2.49 (2) 8.0 11 (1)
Ni-Ni 2.76 (3) 3.0 17 (4)
Ni-O 2.19 (6) | 1.2 (12) 5 -13(7) | 5700 | 0.41
5 Ni-B 2.02 (4) 3.0 8 (6)
Ni-Ni 2.47 (3) 8.0 11 (1)
Ni-Ni 2.78 (5) 3.0 17 (6)

Table II- 11 Structural parameters of BB nanoparticles extracted from Niédge

EXAFS refinement. Uncertainties on the last digit are in brackets. Fixed parameters are in

bold characters.5 1 1 d(Bae@efned insection2.2.1.

3.3.2.2.

HER

Nine 3G U\ VW D Vsrel colleetéal Groima NisB nanoparticlexoated electrode
connected tahe electrochemical cell. Ae cellis thenfilled with H.SQs 0.5 M electrolyte
andnine SBUHVWLQJ Vak RaNeetéd VA @ycid/vabmmogram between 0.24 and
0.56V/ RHE is recorded to assure that the material dispiisyusual activity(Figure in
Appendix section 3.3.1.P3 scansre thencollected at0.36 VVRHE and 16 scans at 0.49

V/RHE, whichare respectivelyhe activated stie andgoing back to OCVAnother cyclic

voltammogramis eventually recorded to assess any activity modification during the

experiment.
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The aquired spectrare fitted withlinear combinatiorof the spectra of théNizB
solid-state and Ni(Oh)as referenceamplegKigure II- 19’. Accordingly, the ded state,

resting state and activated st@tader electroactivity)ra all composed adnly NizB. These
results attesthe stability of thenickel oxidation state in MB compound undeacidic HER

conditions.

Figure 11 - 19 Top: Potential applied at each steptoéHER experimenwith NisB
nanoparticles in HSQ; 0.5 M. Bottom: Phase compositions obtained from lin
combination (from left to righij thedried state, resting statandunder HER condition
thenOCV.

The FTFEXAFS of HER-active NgB nanoparticleds fitted with NisB and NiO
components, resulting in five distances: oneONdistance around & (depending on the
oxide taken into accounine NiB distancearound 21 A and three NNi distancesround
2.5A, 2.7A and 2.9 A 1 $alues @e fixed according to the results obtained in sections 3.2
and 33.2.1. To reduce the number of variablegB\basedlistance lengthare fixed. NtO

C:CUE;

and N-Ni distanced$rom nickel oxideare constrainedvith the relation:clg—@cu L ravK N§

depending on the supposed phasspectively NiO or Ni(OH) Choosing the NiO phase
provides a better fit than with the Ni(OHphase.The correspoding parametes are
displayed ifiTable II- 12land the fit is shown ({ﬁigure II- 20[ The numbeof neighborsn
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Ni3B distancess 3.0+0.1for the NiB distance and.0+0.1 and O+Zor the two Ni-Ni
distances.The Ni-O number of neighboriis 0.2+0.9while Ni-O and NiNi distances from
NiO are evaluatedat 1.9+4 A and 2.8+7 A respectively. Tisativeuncertaintyon the Ni
O number of neighboiis 450% We diw the conclusion that no oxideformed durig the
experimentThisconclusion is consistent with thegh uncertaintiesbservedn NiO-based

distances

Figure Il - 20 Fourier transform of Ni Kedge EXAFS spectrum for 3Bi
nanoparticles under HER conditions (blackidsits fit between 1 and (red) The latter
is split in 5distancecontributions: N{O from NiO oxide (purple), NB from NgB (dark
cyan), NiNi from NgB (olive), NiNi from NiB (light green), NiNi from NiO oxide (pink)

Path R N 10° 18 0( | Red chiz| Rf (%)
Ni-O 1.9 (4) 0.2(9) 5 -5 (7) 723 1.90
Ni-B 2.06 3.0 (1) 13
Ni-Ni 2.50 8.0 (1) 11
Ni-Ni 2.73 0(2) 16
Ni-Ni 2.8 (7) 0.5 6

Table Il - 12 Structural parameters of BB nanoparticles undeHER conditions
extracted from Ni kedge EXAFS refinement. Uncertainties on the last digit are in brackets.
Fixed parameters are in bold characters. Related parameters are coltreblue:
constrained values N(Mli) = 2*N(Ni-O). 5 1 1 o (bage@efind in section2.2.1.
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Both XANES and FIEXAFS show no presence of any Nxo-speciesduring the

whole experimentiRigure Il - 21), highlighting the oxidation resistancef NizB. This

property explaia the NisB high HER electrocatatic activity compared to Ni. Indeed, Ni
atoms ar¢hemainelectrocatalytic sites in HER Preventig theoxidation and deactivation

of nickel increasethe number of active sites per total number of Ni.

Figure 1l - 21 Comparison of nanoparticles composition measured by lii
combination and EXAFS fitting. Top: Potential applied atteatep of HER experime
of NisB nanoparticles in BEBQy; 0.5 M. Bottom, from left to right: Phase compositic
obtained from linear combination at dried state, resting st@€) and under HER
condition (Catalytic), then phase composition obtained from EX%Aitting under HEFR
conditions.

3.3.2.3. OER
3G U\ VWD sertollacted ftpm NB-coated electrodan anelectrochemical
FHOO 7KHQ LW LV ILOOHG ZLWK .2+ 0O HOHFWURO\WH DQ(
Then 30 scans are collected at 1.57 M &0 scans at 1.22 V, which were respectively
activated state and resting state anew. Another cyclic voltammogram is evenst@itied

to assess any activity modification during the experiment.

The aquired spectrare fitted bylinear combinatiorf referenceNisB, Ni(OH). and

NiOOH spectraFigure II- 22). Like previouslythedried statas compose@nly of NizB.

Oncethealkaline electrolytes addedtheNi(OH)> componenincreassto 10at. %. During
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OER, the materiak canposed of 95 % NB and5 % NiOOH. When the potentied dropped
backto OCV, the NiOOH component disappears in favor of the reappearance of Ni(OH)
(10 %). Therefore, the alkaline medium oxidizes the surfacesBfaMid forms Ni(ll) oxide.

Then, OER conitions further oxidizes Ni(ll) to Ni(lll). The decrease in the nickel oxide
proportion between the OCV and the following catalytic state can be attributed whether to
nickel oxide dissolution, estimated at 0.8 nm for nanoparticles of 20 nm size initethyqd

in Appendixsection 4.1, or to the uncertainty of the linear combination fit, which is not
clearly estimated (Appendigection 4.2. NiOOH reducs backto Ni(ll) oxide once the
potentialis decreasetb 1.27 VRHE.

Figure Il - 22 Top: Potential applied at each step of OER experiment B
nanoparticles in KOH 0.5 M. Bottom: Phase compositions obtained from |
combination (from left to right): at dried state, resting state, under OER condition
resting sta¢ again QOC).

The FT-EXAFS of OER-active NgB nanopatrticless fitted by includingNizB and
NiOOH componentsvith five paths: one ND patharound 1.94, one NiB patharound
2.0A and three NNi patts around 2.4\, 2.7A and 2.8 (Figure II- 23|[Table II-13). 18
values & fixed according to the resultsbtained insection3.2. and section3.3.2.1. To

reduce the number of variables,sBlibased path distancese fixed. NFO and NiNi

distances from nickel oxidere correlated withg%u L saccording tothe -NiOOH
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structureThenumber of neighborsf NizsB-based NiB andtwo Ni-Ni pathsare3.0, 6.4 and
3.3 respectivelyThenumber of neighborr theNi-O pathis 0.6 £0.4.In nickel oxide, the
Ni-O and NiNi distancesare 1.86 A and 2.76 Aespectively. These lengths coincide with
the -NiOOH structureThe decrease in the numbers of neighbors ofhiogtest NiNi path

in NisB, and thepositive number of neighboisf the Ni-O distanceindicatesNi° partial

oxidation to N{' under OER conitions.

Both FT-EXAFS fit and XANES linear combination show that under OER
conditions, NiOOHs formed{Figure II- 24). FromEXAFS datatheamountof NiOOH is

estimated between 10 % anddt20. This ratio desnot match witlthenickel oxidecontent

foundin the electrocatalytically active state according tolthear combinatiorfit, but it
ratherfits the nickel oxide content founat the OCV from the LCFWe attribute this
discrepancy to the uncertainty©LF, ofat leastt5 at. %. Under alkaline OER conditions,
only 10 % of Ni from the NB phaseoxidizes to electrocatalytically active phase NiOOH,
whereas Ni nanoparticlege oxidized at 60 %. Even,shizB shows higher OER activity
than Ni. We hypothesizethat the predminant factor heres the nanoparticles core
conductivity. While NIOOH contamhighly electrocatalytically active sites for ®Eit is
insulating and less conductive than the nickel boride pHaeetrocatalysts forming an
excessive amount of NiOOH, likeetal Ni,would showoverall performancehindered by
the decrease of their electrical conductiyptgventing charge transféfhe high oxidation
resistanceobserved forNisB allows only the nanoparticles surface to oxidizeith a
thickness of ca. 0.7 nnthus forming an ideal system with electrocatalytically active sites

anchoredat thesurfaceof theconductiveboridecore.

Path R N 10° 18 0( | Redchiz| Rf (%)
Ni-O 1.86 (7) 0.6(4) 5 -5 (2) 587 0.77
Ni-B 2.04 3.0 (1) 13
Ni-Ni 2.50 6.4 (6) 11
Ni-Ni 2.77 3.3(1) 17
Ni-Ni 2.76 (6) 0.6 6

Table Il - 13 Structural parameters of BB nanoparticles uter OER conditions
extracted from Ni Kedge EXAFS refinement. Uncertainties on the last digit are in brackets.
Fixed parameters are in bold characters. Related parameters are colored. In blue:
constrainedN(Ni-Ni) = N(Ni-O). 5 1 1 o aeGlefined irsection2.2.1.
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Figure Il - 23 Fourier transform of Ni Kedge EXAFS spectrum for JBi
nanoparticles under OER conditions (black) and its fit between 1 d@&d) The latter
Is split in 5distancecontributions: N+O fromNiOOH oxide (purple), NB from NgB (dark
cyan), NiNi from NgB (olive), NiNi from NgB (light green), NiNi from NiOOH oxide
(pink).

Figure Il - 24 Comparison of nanoparticles composition measured by linear
combinaion and EXAFS fitting. Top: Potential applied at each step of OER experiment of
Ni3sB nanoparticles in KOH 0.5 M. Bottom, from left to right: Phase compositions obtained
from linear combination at dried state, resting stf@C) and under HER condition
(Catalytic), then phase composition obtained from EXAFS fitting under OER conditions.
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Overall, the NisB high electrocatalytic activity in HER and OE®mesfrom its
stability against oxidation that ressilh two different phenomena. In acidic and reducing
medum, it prevens Ni HER-electrocatalytically active sites to be inhibited. In alkaline and
oxidizing medium, it presergeelectrical percolation insidand througththe nanopatrticles.
This promising boron effect on Niased materialencourages tenrich them with even
more boron. We then analyzesBi whose electrocatalytic activitg disappointing.

3.3.3. NuBs
NisB3z nanoparticlesre obtained by boron insertion in Ni nanoparticles, likeBNi

Experimental conditionare optimizedo isolate a pur@rthorhombicphase of NiBs (o-

NisB3). However, TEMEDX mapping(Figure Il - 25) highlightsa higher amount of boron

on the surface of the nanopeles. This material exhibitsigh electrocatalytic activity in
HER compared to Ni nanoparticldsutlower than NsB (Figure Il £1). In OER, no activity
is observedFigure Il £2). In order to understand this behavior, we study the evolution of

the Ni and boron environment under electrocatalytic condition.

3.3.3.1. Solid sample

Like NizB, theorthorhombidNisB3 reported structurerystallizes in the2 J | =space

group(Figure Il- 26). Here, Ni atoms occupy 4 different sitdsble II- 14) resulting in 34

paths between Ind 3A, plus one path at 3.08, whichis not so different from the other
paths, furtheimpacing the EXAFSfit between 1 and 3 AA simpler structurés constructed
by mergingdistancedollowing the same approach thansBli Ni-B distancesare merged
together at an estimated distance of A Ifor an average degenerescence oMNENi
distancesre separated in two groups: the first one inciieNi distances between 22
and 2.7A, and the seconohe include®.7 A and 3.0A Ni-Ni distances. These grps have

an average degenerescence of 7 and 3 respectively.
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Figure 1l - 25 TEM image and elemental mapping of aBy¥inanoparticle. Boron is
in red. Ni is in green. Oxygen is in cyan. A higher concentration of boron carsbevet
at the surface of the nanopartiéte

Figure 11- 26 Structure of NiB3!%. B is green, Ni is pink and puspl
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Dist. | N R Dist. N R
Ni-B | 2 2.08 Ni-B |1 2.05
Ni-B |1 2.21 Ni-B |1 2.09
Ni-B | 2 2.24 Ni-B |4 2.14
Ni-B |1 2.42 Ni-Ni |1 2.35
Ni-Ni | 2 2.46 Ni-Ni |2 2.48
Ni-Ni | 2 2.54 Ni-Ni |2 2.54
Ni-Ni | 3 2.61 Ni-Ni |2 2.62
Ni-Ni | 1 2.85 Ni-Ni |1 2.85
Ni-Ni | 3 2.97 Ni-Ni |1 2.89
Ni-Ni | 4 3.09 Ni-Ni |2 2.98

Dist. |N R Dist. [N R
Ni-B |3 2.06 Ni-B |1 2.07
Ni-B |1 2.08 Ni-B [3 2.16
Ni-Ni |4 2.47 Ni-B |2 2.20
Ni-Ni |1 2.51 Ni-Ni |1 2.51
Ni-Ni |2 2.58 Ni-Ni 2 2.58
Ni-Ni |1 2.62 Ni-Ni |4 2.62
Ni-Ni |2 2.98 Ni-Ni |1 2.89
Ni-Ni  [3 2.97

Table 11 - 14 Ni theoretical paths of NB; between 1 ah 3 A.(PDF card 04007-

0670). Each table correspond to one different Ni site.

Table 1I- 15 Simplified paths of MBs between 1 and A&.

Path | Degenerescencd R

Ni-B 6 2.1
Ni-Ni 7 2.5
Ni-Ni 3 2.9
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A first fit is performedassuming that the sampis apure 6NisB3 phase

|ﬁ| Table II- 16

fEigure II-

fit 1). The numbers afeighborsare fixed at the previously stated values

Table II- 1?} The Ni-B distanceis 2.11A with a DebyeWaller factor of 0.010 Ni-Ni
distancesre 2.54 and 2.9A with DebyeWaller factors of 0.012 and 0.01lfespectively.

TheseNi-Ni distancesre shorter thathe oneexpectedrom the tabulated crystal structure

Asit is observed foiNi3B, this discrepancy may arif@m an overestimation of longer paths

contribution.The fit exhibis high B asit is anticipated with excessivistancemerges.

Figure Il - 27 FT-EXAFS NiBs nanoparticles (@ck) and its fit between 1 andA3
(red). The latteris split in 3distancecontributions: NiB (green), and two NNi (blue and

light blue).
Fit Path R N 10° 15 0( | Redchi2| Rf (%)
Ni-B 2.11 (10) 6.0 10 (6) -5 (12) 1.95
1 Ni-Ni 2.54 (8) 7.0 12 (3)
Ni-Ni 2.91 (5) 3.0 11 (10)
Ni-O 2.03(9) | 1.6(35) 5 -7 (22) 1.87
5 Ni-B 2.00 (36) 6.0 17 (10)
Ni-Ni 2.53 (12) 7.0 12 (4)
Ni-Ni 2.91 (9) 3.0 11 (17)

bold characters.5 1 1 d(ae@efined irsection2.2.1.

Table Il- 16 Structural parameters of M3 nanoparticles extracted from Ni&dge
EXAFS refinement. Uncertainties on the last digit are in brackets. Fixed parameters are in

75



Chapter II: Electrocatalytic properties of NixBy nanoparticles for water splitting

We then performa second fit, considering the hypothesis thtisBs is partially

oxidized |Table 1l - 16| fit 2). As with the previous nickel boride, /85 path number of

neighborsare left on their approximated valueBhe Ni-O DebyeWaller factor is set at
0.005, theNiO phase value. The calculateddtiowsa 0 (of -7 eV and gves to o-NisBz-
originated paths similar distances and DeWyaller factorsthan in the first fit exceptthe

Ni-B path whose distance2s00 A D Q G L \0/0A7ITéeNMO path number of coordination

is 1.6+3.5 for a distance of 2.03 A. Such closeness with distance raiseconcernin the

ability of the fit to discriminatéhese twodistances. fie NiB high DebyeWaller factor §

also another clue about artificial split in o distances: with other parameters constant, if

1 ihcreasesthe peak intensity decreases. This could be compensated whether by increasing
the number of neighbors or bgding a virtual peak. The second option seems to happen

here: in order to increase the intensity of the peak of tH& distance, the calculatignelds
a convolution with a virtually created D distance instead of decreasing taef Ni-B.

Therefore this second fit seesnunreliable. ThéNisBs solid samplas thensupposed pure

and not oxidized, as the first fit suggest

3.3.3.2. HER

3G U\ VW DaHdlle¢tedeaiore fillingthe electrochemical cellith Ho.SQu
0.5 M electrolyte. 3UHV W L Q hser@thziwedtectdd-LD scansre thencollected at
0.16V/RHE, under electrocatalytic conditiofisigure 1l- 28| top). The aquired spectrare

fitted bylinear combinatiorof referencen-Ni4Bs solid-state and Ni(OH)spectraFigure |l

- 28). The Ni(OH)2 contentin dry state, resting state and activated shee5, 10 and 20

at. % respectivelylt is hard taconclude on the oxidation of theNisBz nanoparticlest the
dry state. However, threugmentaon of percentage of Ni(OkHpat the OCV and at the active
state (HER) confirm the oxidation of iz in these conditions.

The FFEXAFS of NisBz nanoparticlesn HER conditionss fitted with NisBz and
NiO componentsgFigure II- 29| Table II- 17), resulting in foudistancesone N+O distance

around 2A, one NiB distancearound2.06 A and two NiNi distancesaround 2.53 and
2.9A. 1 dalues & fixed according to the results obtained in sections 3123&h3.1. To
reduce the number of variabldbg distancelengthsin NisBs are fixed according to the
values obtainedrom the fit ofthe solid sampleThe number of neighbor&or the NisBs-
based NiB distanceandthetwo Ni-Ni distanceare 6.5+571, 5.845.5and 2.0£81.7TheNi-

O number of neighborshows a large uncertain{9.0+11.6 as well as th&li-O distance.
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These high uncertainties and questionable values highlight that the EXAFS fit is difficult to
exploit in this specific case.

Figure Il - 28 Top: Potential applied at each step of HER experiment @BaNi
nanoparticles in HSQ, 0.5 M. Bottom: Phase compositiongbtained from linear
combination (from left to right) at dried state, resting state, then under HER icondit

Figure Il - 29 Fourier transform of Ni Kedge EXAFS spectrum for sNs
nanoparticles under HER conditions (black) and its fit between 1 dhdr&d) The latter
is split in 5distancecontributions: N+O from NiO oxide(purple), NiB from NiBs (dark
cyan), NiNi from NiuBs (olive), NiNi from NiB3 (light green).
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Path R N 10° 15 0( | Redchi2| Rf (%)

Ni-O 2.04 0.0 (116) 5 -10(2) | 7600 3.90
(>1000)

Ni-B 2.11 6.5 (571) 10

Ni-Ni 2.54 5.8 (55) 12

Ni-Ni 2.91 2.0 (817 11

Table I1- 17 Structural parameters of M3 nanoparticles under HER conditions
extracted from Ni Kedge EXAFS refinement. Uncertainties on the last digit are in brackets.
Fixed parameters are in bold characteRs.N, 1 8 DR &e defined irsection2.2.1.

All'in all, XANES fitting with linear combinatioin HER conditiongeveas partially
oxidized nickelat asimilar extenthan Ni nanopaitles. Yet the oxide hasdifferent origin
than in nickel particleswhile Ni already oxidize under ambient atmosphere, B4 is
oxidationresistant in ambient conditions but is oxidized when exposed &zitieaqueous
medium. Its borosrich layer may have passivated the nanoparticles and then dissolved in

H.SQs-based electigte, thus allowing the underlyingNisBs to get oxidized.

3.3.3.3. OER

3G U\ VW D wreHcollected fpova NisBsz coated electrodeefore filling the
electrochemical celvith KOH 0.5 M electrolyte CUHV WL QJ ¥ettizkédliécted: D Q V
A cyclic voltanmogram between 1.07 and 1.67 V/RI8Eecorded to assure that the material
displayed its usual OER activityll scansare thencollected at 1.62 \RHE, potential at
which OER is observedAnother cyclic voltammograms performedto verify any

modificationduring theelectrochemicagéxperiment.

The aquiredXANES spectraare fitted bylinear combinatios of 0-Ni4sBz, Ni(OH)2
and NiOOH referencepectra@. Here,thedry stateis composed of 7at. %
NisB3, 25at. % Ni(OH)2 and 5at. % NiOOH. Noteworthy, eNisBsis highly oxidizedn the
dry state, whichs clearly different to what was observed on the electrode used for HER

experimentSince the two electrodes are supposedly identicalyésultshows that NiuB3

is eventually highly sensitive to ambient atmosphere. Such differences in composition could
then be attributed tthe drying time thatis not controlled. Oncthe alkaline electrolytes
added,the material composition was 6@ol. % NisBs, 35mol. % Ni(OH). and5 mol. %
NiOOH, showing further oxidation in contact with an alkaline aqueous meduring
OER,the materials composed of 50 % M3, 10 % Ni(OH) and 40 % NiOOHKisimilar to

the behavior of nickel nanoparticles. Most of the oxidized nickel specieNiéi8,
suggesting that this state is indeed the active one for OER.
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Figure Il - 30 Top: Potential applied at each step of OER experiment 83N
nanoparticles in KOH 0.5 M. Bottomphase compositions obtained from line
combination (from left to right): at dried state, resting state, then under OER condi

The FT-EXAFS of 0-NisB3 nanoparticlesinderOER conditions idfittedwith NisB3
and NiOOHcomponentsresulting in fivedistancesone NiO distancearound 1.93, one
Ni-B patharound 2.1 Aand three NNi patts around 2.4, 2.8A and 2.9A. 1 $alues a
fixed according tahe results obtained sections 3.2. and 3.3.1.(Figure Il- 31{|Table II-
. To reduce the number of variablése lengths oNisBs-baseddistancesre fixed. N

O and Ni-Ni distances from nickel oxidare correlated With(%. L saccording tahe

-NiOOH structure.The number of neighborén the NisBs-based NiB andtwo Ni-Ni
distancesre 5.0+ 15.3, 3.4 3.8 and 0.0 #.2 respectivelyThe number of neighborsor
the Ni-O distancewas 1.2 #1.9. Nickel oxidebased NHO and NiNi distances were
1.91+0.21 A and 2.82 0.21 A respectivelyThe uncertaintyof Ni4Bs-baseddistancess
large suggestinghat the local structure is strongly diffatdrom the structures that can be
described by our fitsStill, consideringhe relatively lonuncertaintie®f nickel oxidebased
paths, we could speculate thateimaterialunder OER conditionpossesssa combination
of Ni" and NI" speciesas NiO and NiNi distancesre intermediate between Ni(OfH9nd
NiOOH phases.
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Figure Il - 31 Fourier transform of Ni Kedge EXAFS spectrum for 483
nanoparticles under OER conditions (black) and its fit between 1 dn@el) The latter
is split in 5distancecontributions: N+O from NiOOH oxide (purple), N8 from NiBs
(dark cyan), NiNi from NiBs (olive), NiNi from NiBs (light green), NiNi from NiOOH
oxide (pink).

Path R N 10° 18 0( |Redchiz| Rf (%)
Ni-O 1.91(21) | 1.2 (19) 5 0(11) | 3100 1.31
Ni-B 2.11 5.0 (153) 10
Ni-Ni 2.54 3.4 (38) 12
Ni-Ni 2.91 0.0 (72) 11
Ni-Ni 2.89 (21) 1.2 6

Table 11 - 18 Structural parameters of M3 nanopaticles under OER conditions
extracted from Ni Kedge EXAFS refinement. Uncertainties on the last digit are in brackets.
Fixed parameters are in bold characters. Related parameters are colored. In blueNN(Ni
=N(Ni-O). 5 1 1 o{baEe@efined irsedion 2.2.1.

XANES linear combinatiofit reveasthato-Ni4Bs followsthe same trend than metal
Ni for the same experimentBesidesshowingthato-Ni4Bs is in fact sensitive to oxidation
under air, half othe nickel atoms arexidized duringDER and NiQDOH is formed. Yetits
OER electrocatalyticaivity is low. This surprising behavior may come from the benioh
layer of the synthesized Mz nanopatrticles that does not dissolve in alkaline medinch
passivates the metal boride cat®nsequently, ean if NIOOHis formed at high potential,
this passivation layer hinders accessibility of the electrolyte to the catalytic NIOOH layer
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The ©NisBs complex crystal structure, the inhomogeneity of the starting
composition caused @aboronrich layer and th formation of unidentified phases suggested
by the inability to obtain &atisfyingfit in FT-EXAFS undermineshe extraction ofiny
reliable results from FEXAFS. XANES linear combinatiorfitting reveal that these
nanoparticles exhibia similar nickel oxide contentto Ni nanoparticles. However, their
electrocatalytic activitieare oppositewhile Ni nanoparticlesre highly active in OER but
inactive in HER,0-Ni4B3 nanoparticleshow high activity in HER but a poor activity in
OER. The passivating bam-rich layer at the surface of these particles could have prevented
its electrocatalytic activity in OERhe origin ofo-NisBz HER performances is still under
investigation asnactive nickel oxides Ni(OH) is identified, which is counterintuitive

accordng to the reducing conditions present

4. Discussion

4.1. Methodology

Nickel borides are challenging materials to studppgrandoXAS because of their
low stability under ambient air and their complex crystal and local structure. The random
content of oxide thais already found at the dry states eNnBs3, and the impact of the
electrolyte on the composition of the electrocatalyst highlights the necessity to monitor and
to verify the composition at different stages of electrode preparation before studying the
operandoconditions. Besides stating that the composition of the material has already
changed before the electrocatalysis, the dissolution of the oxide layer of Ni metal in HER
decreases the size of the nanoparticles, and by the same way the surface of the

electrocatalytic material.

Nickel boride crystalline structures are hard to analyze througBXAFS. The low
symmetry of their lattices added to the short distances results HEXRFS with the shape
of one broad peak on a short range <& A that isthe convolution of up to 30 paths in the
case of NiBs. By merging these paths, a simplified structure of three paths has been
constructed, where each original path is given a weight proportional to its degenerescence.
However, this model does not tak@éaraccount the decrease of intensity of the peaks at
higher distances. This oversight is reflected in the number of neighbors obtained for high

distances that is lower than expected theoretically.
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After this drastic simplification, we need to fit a brgaebk with up to five paths.
Usually, the reliability of a fit is verified by the visual shape of the fit compared to the
experimental FIEXAFS. This method, necessary but not sufficient, applies to classical and
simple structures, where one peak is attéduto only one distant¥. Most of the FT
EXAFS studies on metal borides are carried out on amorphous materials where the first peak
is mainly attributed to the metaietal distanc®®’84 Rades et al. have analyzed the
structure of gystalline FeB by EXAFS but in their article, no detail on their methodology is
provided®’. During our work, every calculated fit looks like the experimentaElXRFS
and we are unable to discriminate one fit from another from a visual criterion. Consequently,
the most suitable fit is exclusively determined by the value and the uncertainties of the

parameters of the fits.

We verify the oxidation of a compound by compgrihe quality of the fitby using
a structure without NO distances and a fit where the-Qidistances are allowed. Indeed,
while allowing as many distances as possible to be variables seems to increase the chances
to obtain the right phase, the high ambof variables increases the uncertainties on every

values, as it was observed on the fit ofBNsolid sample.

4.2. Evolution of the electrocatalysts

The metallic nickel nanoparticles contain nickel vacancies. It is then unclear if the
nickel oxide phase thas formed afterwards conserves the same amount of vacancies or if
the oxygen inserts inside these vacancies. Consequently, only a maximum and a minimum
value of the oxide content can be estimated (Appendix section 4.1.). The oversimplification
of the FFEXAFS fitting of NizsB and 6Ni4B3 structure makes difficult to determine whether
these nanopatrticles do or do not contain vacancies. However, the high crystallinity of the
nanoparticles and the conservation of the nanoparticl®® sizggest a boron insertion that

may have filledhese vacancies.

The formation of NiOOH during OER in alkaline medium is observed with every
electrocatalyst, suggesting that NiOOH is the active species for OER. During HER in acidic
medium, the metallic nickel nanoparticles are still partially oxidizaglile the NiB
nanoparticles show no sign of oxidation. The high electroactivity £ MiHER compared
to Ni is then attributed to its higher amount of rmadized Ni active sites. These
observations on MB during OER and HER are similar to the repdrbehavior of metal

borides®® The stability of NiB to nickel oxidation is attributed te@lectron transfer from
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boron to nickehtoms thus enriching the-and of the transition met&f. During OER, this

stability allows N#B nanoparticles to keep a condugtisore, while still providing a minimal

layer of active phase that is less conductiigyre II- 32). This coreshell structurdike is

favorable tahigh electroactivity. As XAS on the #€dge does not probe thébdnd directly,
the enrichment of the-dand is difficult to observe. Investigation on the Nedige could
bring more information on the evolution of théand of nickel.

0-NisB3 nanoparticles do not follow the same trend thasgBNiVhile o-NisBsis more
active than Ni ilHER, it is not active in OER, despite the detection of the NIOOH phase
under electrocatalytic conditions. The failure of EXAFS fitting to find adequate structure
for the catalytic state suggests that the composition of the compound includes a ghsise tha
not taken into account in our fitting methodology, which anljludesNi metal, NgB, o
NisB3, NiO, -Ni(OH)2 and -NiOOH. The bororrich layer on the surface of Mis
nanoparticles may have oxidized and formed an insulating barorlayer in alkaline
electrolyte, impeding then good electroactivity and electron transfer. The dissolution of this
boronrich layer in acidic electrolyte would help recovering electrocatalytic activity
comparable to other metal borides as free active nickel sites would appear again- Our FT
EXAFS fitting methodology is not the most practical technique to identify the partial
formation of a nickel borate, or more generally a beioh, phase from a nickel boride
phase. The structure of nickel borates is as complex as the structure of nickel borides.
Consequently, trying to fit a material containing both phases would requrenamy
variables on a range too short. Other techniques of analysis should be called into. The
investigation of the boron 4€dge could assert the presence on borates. However, boron K
edge is difficult to observe under catalytic conditions because dafvitsehergy (around
200eV). We tried to obtain boron-Kdge by inelastic Xay scattering (IXS) butbecause
of the presence of a heavy atom such as nickel, which lzbsoost of the photons, this
technique providesa very low signal to noise ratio. Near laient pressure Xay
photoelectron spectroscopy could bring insights of the surfaceNsfBa nanoparticles
under conditions that are close to electrocatalysis. Aside from spectroscopy, local
morphology and crystalline modification during OER could beeoled byoperando

transmission electron microscopy.
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Figure 1l - 32 Scheme of the activated state of Ni angBNianoparticles during HER
in acidic electrolyte and during OER in alkaline electrolyte.

5. Conclusion

In thischaper, weintroducedwo complementary Xay absorption spectra analysis
techniques: XANES linear combination and Fourier transform EXAFS fits. We applied them
to NixBy nanoparticles under HER and OER conditions. Metallic nickel nanoparticles were
first studed to set the methodology and then more complex compousdsaNd 6NisB3
were studiedIn the work presented herein, we have followed the materials transformation

from the pristine to the electrocatalytically active states.

We explained that the XANEShkar combination principle was based on the Beer
Lambert law and could give the composition of the electrodes using a series of references.
We then acknowledged its methodological limitations, mostly from the arbitrary choice of
said references. We thenpdxined the physical meaning underlying-EXAFS parameters

and described our approach to find the right fit.

Several phenomena could already be observed from nickel nanoparticles
investigations: oxidation of nickel appeared in air and when the eleétratdeontact with
aqueous electrolytes. Under electrolysis, the quantity of nickel oxide was estimated to be
25at. % in HER and 60 at. % in OER. The experiment also suggeskad vacancies inside
the nanopatrticles and shortenedNNidistances. This ay be linked to the nanoscale of the

studied materials.

NisB displayed a complex structure that rendereantdysidy FT-EXAFS difficult.
A simplification of its structure was necessary. We suspect its high electrocatalytic activity
in HER and OER torginate from its high stability towards oxidation. This is linkedhe

presenceof boronin the material. Indeed, previous reports based on XPS and Auger
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spectroscopy have shown that in nickel borides, electrondi@tition from boron to nickel
enriche nickelind HOHFWURQV DQG LQF®YHDVHV LWV 3SQRELOLW\’

The oNisBs complex structure needeaiore simplification than N4B to allow
EXAFS fitting and EDXTEM charaterizationof the pristine material indicated a boron
rich upper layerSuchvery complex structuravas too challenging to badescribedoy FT
EXAFS operando Still, linear combination methodology indicates a behavior similar to
metallic Ni in terms of niclel oxidation state during HER ar@ER experiments. These
resultswere at first sight contradictory with those we obtainad\isB. Indeedwhile our
observation on NB suggested that the presence of boron enhances the HER and OER
activity of nickel boridecompared to nickel metal-¥isBs and Ni possessed drastically
opposedehavior in HER and OER, withNi4Bs activity being absent in OERne part of
the answer to the discrepanty linked to the boromich upper layer passivating the
nanoparticles unde€ER conditions.

Several points could be reviewed or improved in this work. First, given the
uncertainty on the results forNi4Bs, other nickelbased phases should be added to linear
combination references, especially nickel borates. Nickel sulfatd atad beconsidereds
it could be formed in acidic electrolyte. Many qualitative approximations have been made
to simplify EXAFS fits, such as merging of paths. It was observed that peaks at different
distances did not have similar contributions. Eachglteshould be estimated more
accurately from theoretical calculations. Our interpretations were mostly based on a
spherical model with a crystal core and a crystal sBeit. modeldid not take into account
any transient zone nor any amorphous phase. rRieganickel borides study, more
investigations should be performed. Even though preliminary characterization established
the stability of these materials, nickel dissolution was not evaluated thopeghndoXAS.
Eventually, observing NBy electrocatalgis from the boron point of view could complete
this nickelbased analysis. However, as a light element, boron is difficult to apalyze

particularlywith operandatechniques.
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1. Introduction

ABOs perovskites are a versatile group of materials as their physical properties can

be tuned by tailoring A and B cation sites with multiple cationic substitutieigsire 111 -

. In the field of electrocatalysis, they have been widely investigated asftadive

alternatives to precious metahsed electrocatalysts for OER or ORRTheir active site is

generally placed on the B si@sa transition metatation The choice of the B site an(s)

influences the bond strengtietween the surfaced adsorbed dioxygen. Moreover, the A

site cation(s) influensethe charge density on the B site transition metal cations, their

oxidation state, and the mettygen distance. The A site occuparaigo influences the

formation of oxide ion vacanci¥s. Overall, the A site cation enables tuning the adsorption

energy of reagents and intermediates. Sk RUQ TV JURXS KDV FRUUHODWHG SH

ORR electrocatalytic activities with theldock ey orbitals electronic occupancy of the B site

cations [Figure 1l - 2). These considerations have led to the identification of
Bao.sShh.sCon.gFa 203, (BSCF) as the perovskite with the highest activity in GER.

However, such high activity comes along with surface instability and amorphization during

the reaction, partly due to the lattice oxygen evolution reaction (LESER)Consequently,
there is a need to investigate the structural evolutiorpevbvskite materials during

electrocatalygis.

LaMnQs is one of the most active bicationic perovskites in @RR3 Partial
substitution of L& with SP* improves its performances by increasing the material

conductivity and providing the optimal amount ge&ectrongfigure Il - 2). The minimum

ORR overpotential is observed with 8% Sr!4 The same evolution is observed with

Lax xSiCoQ; perovskites fothe OER electrocatalytic activity®.

In this chapter, we look into these manganese and eo@isdid perovskites using
operando XAS. Starting from LaMn@ ZH VWXG\ WKH LsBIStfEo iRl 36U
Lao.67Sh.3aVinOz D Q G 3 &sRtutivhXrE.aMn.sC .40z ontothe OER the ORR or both.

First, we describe LaMnand La.e:Sh.3dVInOz synthesis and their electrocatalytic
propertiesin ORR. Then we demonstrate the flexibility of our protocol synthesize
Lao.67S1.33C00zs and LaMn sC.403 perovskites. The electrocatalytic activities in both OER
and ORRarethen evaluated and discussed according to structural parameters (oxidation
state or local environment). Finally, we monitor the evolution of these materials theing

electrochenical reaction byperandoXAS.
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Figure I - 1 Structure of LaMn® perovskité!®. La (A site) Mn (B sitd, and O
atoms are in green, purple and red, respectively. While the simple cubic perovskite crystal
structureis 2vl | , the JahrTeller effect on M# centers induces a lattice distortion to the
2 > J Ispace group.

Figure 11l - 2 ORR and OER electrocatalytic actieis d various perovskite oxides
in alkaline solution (KOH 0.M). (a) Overpotentials for the ORR as a functiongalectron
occupancy. (b) Overpotentials for the OER as a function goélectron occupancy.
Reproduced from Hong et al. (20149.
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2. Model materials: LaMn@andLag 651 33VIN0O3

2.1. An overview ofthe synthesiof perovskite

Perovskite oxides are multicatic oxides. This simple definition highlights the two
main challenges of perovskite synthesis: atomic homogeneity and crystallization. in solid
state synthesis of perovskite oxides, oxide and carbonate precursors-aridldxhliogether
for a long time ad then heated up to high temperature, over 1000 °C during severdfhours
This step often needs to be repeated several times to achieve pure perovskite phase because
the low diffusion cefficient of cations in solids (18 cn?-s118) requires long reaction time
assisted by vigorous grinding. Other pathways consist in mixing the precursors in a liquid
phase, to form an ammhous solid or a mixture of binary oxides, and then crystallize these
intermediate mixtures by calcination. This is the strategy ofgsblsynthesig®, co-
precipitatiorf®'?° and autocombustion syntheé'$fs'?2 In nanoscaled perovskites for
prospective electrocatalysis, calcination has a negative impact as it tends to trigger a decrease
of the surface area by sintering the particles. In some conditions;@utmustion can bypass
this secondstep of calcination if the combustion temperature is high enough to allow the
crystallization of the perovskite. However, organic residues are often observed and,
involuntary favor substitutionand sintering. Crystallization in liquid phase has been
invedigated in solvothermal synthesis, where the driving forces are the high solubility and
reactivity of the reagents alowgth the drop ofthe inorganic material solubility near the
critical point of the solveAt®. Despite being well crystallized, nanoparticles formed by this
pathway exhibit variable sizes and morpholotfit¥> Moreover, the limited temperature
range accessible with common solvents (< 300 °C) does not enable crystallization of
manganite perovskites. Molten salt synthesis extends the concept awst taljgering the
reaction of soluble precursors at a temperature high enough to crystalizad/Gebased
perovskites, above 60C. Such an advance is enabled by the use of wisialinelting point
muchlower than the reaction temperature, thusvalhg ions to diffuse much faster than in
solid-state synthesis (T0+108 cn?-s1118) even if the process occurs at lower temperature.
Moreover, initial grinding of precursors with the ltem salts desnot need to be as energetic
as for solidstate synthesis and the products are also easily recovered by dissolving the salt

in a suitable solvent, usually water.
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According to Arendt'® and as for other solventbge reactiorin molten salt synthesis
proceeds by supersaturation of the molten salt solvent by the constituent reactants, then
precipitation of the less soluble products from the solution. The reaction stops when the
solution contains only a residual concentration of the reactants, which are then removed with
the salt. The choice of a salt is then highly important. It is dictated by its thermal stability
and ability (when known) to dissolve reagents, so by its-la@d and coordination
properties, for instance. Other critical parameters have been identified to influence the
reaction rate, particle size and particle sh&pAamong them, the concentration of reagents
can modify the particle size. Hence, the production of nanomaterials was enabled by diluting
reactants in a solvent salt and by thermally quenching the reaction to limit aggregddtion
1 1 * ReFal. developed this kind of synthesis forolsdSi.33VInOs nanocrystals in 2017,

They used nitrate precursors diluted in molten potassium nitrate. Besides being highly
soluble in molten KN@ metal nitrateserve as oxidizing agentas well as the solvent

Their remnant traces easily decompose upon heating.

2.2. Molten salt gnthesis of LaMn®(LMO) and La.67510.33VIn0O3 (LSMO)

LaixSMnQOz nitrate precursors are La(N@6H20, Sr(NQ)2 and Mn(NQ)2-4H-0.
They are purchased hydrated and need preliminary drying before the reaction. A
stoichiometric reaction with these precursersuld form La(OH} lanthanum hydroxide
impurities according to preliminary studi€s. Indeed, even though the reaction is nearly
total, traces of simple oxides remain after heating: lanthanum oxide, strontium oxide and
manganese oxide. Among them strontium oxide and manganese oxide are soluble in water
and are removed during washjnghereas lanthanum hydroxide is n@onsequently,
reactants are mixed with La/Sr/Mn ratio of &8/1 (x = 0 for LaMnQ and x = 0.33 for
Lao.67S1h.33VIN03) and diluted in KNQ with a Mn/K molar ratio of 1/10. Thepowdered
mixture is coarsely grinded with a ball miller because no stirring is providedgdtimen
heating. The powder is then put in a furnace under air and preheated at 608ct€ase
the heating rateand hencehe nucleatiomateat a temperature higher than the salt melting
point, so in a liquid phase. After one hour, the nanoparticlestiris rapidly stopped by
qguenching the system at room temperature. The nanoparticles are recovered by dissolving
the salt with an adapted liquid solvent. Heleionized water can be used as it dissolves salt
but does not destroy the oxide particles. phafied nanoparticles are obtained after about

ten centrifugatiofredispersion cycles evaluated from the water conductivity (value under 20

uS-cnt). Nanoparticles are finally dried under vacuum at®0
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2.3. Material characterization

All peaks on the powdeX-ray diffraction (XRD) patternKigure 1l - 3) of the

Lao 67S1h.33VInO3 (LSMO) sample are attributed to the perovskite phase. The LaMnO
sample includes an additional peak at 15°GRK .). It could be a potassium compouine.
KMnOy). Aside from this impurity, the Xay diffractograms indicate only the perovskite
phase. We also notice that the angular resolution of these diffractograms is too low to

differentiate LaMnQ@ from Lap.67S1.33VINOz by the perovskite cell parameters.

According to transmission electron microscopy (THFig(re 1l - 4), the samples

are mainly composed of crystalline nanoparticles with an average diameter of 25 nm. In the
LSMO sample, most of the nanopatrticles are Afialeted cbhes with sharp edges. Whereas

in the LMO sample, the nanopatrticles appear rounder.

The elemental compositioowas measured by wavelength diffraction-ray
fluorescence (WDXRF)The LMO sample contains La and Mn in atomic proportion of
1.16/1.00. The La exss confirms the presence of lanthanum oxide impurities shat i
observed in XRD This technique is nogfficient to quantify the oxygen contentodt
elements are detected in the LSMO sanpgisides oxygerLa, Sr, Mn and K. Their atomic
proportions are spectively 0.75/0.31/1.00/0.01. Small amounts of potassium impurities
arise from the salt. Considering that the uncertainty of the WDXRF measusewitrdut
internal standards 5 at. %, the sum of La and Sr (1.06) shows that there maydtight
excesf La. Indeed, there is unlikely an excess of strontium oxide in the sample because
strontium oxidereacts with water to form strontium hydroxide, which is highly soluble in
water(22.5 g.:21?8), and should have been rewed during the washing step. Consequently,
there may be lanthanum impurities in the LSMO sample, likely hydroxide that is insoluble
in water, but such small amogmannot be detected in XRD. The actual composition of the
LSMO samplecan then be assumesllao.75+0.05510.31+0.08VINO3 + 0.06 +£0.05 La(OHj).

LMO and LSMO perovskite nanocrystals can be synthesized through molten salt
synthesis with an average particle size of 25 nm. Lanthanum hydroxide (adaabb %
according to WDXRF) can be observediapurity in LMO.This impurity is insulating and

not active in ORRConsequentlyit should not disturb the electrocatalytic measurements.
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Figure 1l - 3 Powder XRD patterns of LaMnr@op) and La.s7Sto.33VInOs (bottom)
synthesized using the molten salts protocol in #éf2° The reference pattern in red
corresponds to Les7Sr.33VIinOs (tabulated PDF card 04014-4312).

Figure Il - 4 Transmission electron microscopy images of pristine nanopatrticles and
their corresponding particle size distribution of LaMn@ and c¢) and Las7Sro.3MnOs (b
and d).Number of measured nanoparticke® in brackets.
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2.4. Electrocatalytic properties

2.4.1. Hectrochemical setip
Oxide perovskites are stable in alkaline electréfjt@he experiments are therefore
run in a KOH 0.1 M electrolyte. In this medium, the oxygen reduction reaction is:

1 Et*g1 EVA \ v*17

Continuous oxygen bubbling maintains oxygen saturation of the solution to keep the
equilibrium potentiaktonstant. To avoid dissolution of glass due to the high basicity of the
solution, the container used for electrochemisteasurerantsis a plastic beaker. The three
electrodes setup is composed of an Ag/AgCI referenBe QEL97V/SHE), a Pt counter
electrode in a frit, and a rotating disk working electrode composed of a film of electrocatalyst
ink (2 uL) deposited on a polishedagby carbon substrate (0.07 cr@ . The
electrocatalyst ink comprises electrocatalyst nanoparticles (1Lthgdgpphilizedacetylene
black (10 mg), Nafion (435 pL) and absolute ethanol (10 mL). Acetylene black srikare

electricalconductivity of the composite filmwhereas Nafion is an ieconductive binder

that provides the mechanical resistance of the déposiThe nanoparticles are
homogeneously dispersed through two hours of sonicalioa.ink is deposited less than

12 h after the start of the preparation to limit any ageing effect. Once the ink is dried, the
film is wetted with a drop of electrolyte during 80n to eliminate air bubbles that could be
stuck when first immersed into tleéectrolyte. Then, the three electrodes are plunged in the
electrolyte and connected to the potentiostat. A more detailed protocol of the electrochemical
experiment is written in the appendix2. The speed of the rotating disk electrode is set at
1600rpm. Cyclic voltammogramare recorded from the open circuit voltage (OCV) to 0.4

V / RHE, then back to 1.0 V/RHE with a scan speed of 10shV

2.4.2. Results

At 50 pA-cm?, the potential of both electrocatalystaisund0.9 V/IRHE(Figure IlI
, which is in good agreement with the literafd?eFor potentials lower than 0.9 V/RHE,
LSMO displays higher current densiiy absolute valuedhan LMO. At 0.4 V/RHE, the

LSMO and LMO current densitiese3.2 and 2.0nA-cm?, respectively. These experiments

confirm that strontium substitutioimproves LSMO ORR electrocatalytic activigs
compared to that of LM(Jpresumablypbecause of an increase in the electrical conductivity
and of an optimal gelectron filling®’. Finally, the perovskite nanocrystals synthesized in

molten salts possess electrocatalytic activities comparablhe tsaime compounds formed
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by other synthesis methdd$32 This observation validates our synthetic approddéthen
synthesizd perovskites with different fractions of Mn, Co and Sn molten saltsFirst,
cobaltbased materialshould exhibit high electroactivity towardhe oxygen evolution
reactiot”*1% Second, substitutinthe manganesgerovskite with cobalt should allow the
design of bifunctional electrocatalysts (ORR and OER).

Figure 1ll - 5 Schematic of the working electrode preparation and of the
electrocherital setup.

Figure Il - 6 Electrocatalytic properties of synthesized perovslgte Cyclic
voltammograra (first cycle)of LaMnQG (in red) and La s7Sth.3dMnOs (in blue) in an G-
saturated KOH 0.1 M electrolyte using a rotaf disk electrode (160¢pm) at 10mV-s?.
Electrocatalyst loading: 30 pg.cRaisk In the red frame is a zoom at the curve around
50 UA.cnZisk. The arrows indicate the direction of the cycles.
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3. Manganese partial substitution in LaM0osOs

CobaltdopedLaMnO:s perovskits have shown electrocatalytic activity in both OER
and ORR33 However, the evolution dhe activityis not linear with the cobalt conterithe
family LaMn1.«CoOs displays the highes OER activity for x=0.3%, In the present work,
we have attempted the synthesidlodse materialat a nanoscaleith different leve$ of
substitutionn orderto understand the role of both Mn and &d theipossiblenteractiors.

As for Lay xSkMnOs, the LaMn.xCoO3 ORR activity will be compared to LaMnQused

as reference.

3.1. Synthesis

LaMn1.xCoxO3 particles are obtained by usirg synthesisprotocol similar to
LaMnGOs (Appendix section 1.1.1 )y adapting the manganese and cobalt nitrate carttent
match the targeted composition. While the LaMs@nhthesis only forms electrocatalytically
inactive impurities, the presence of cobalt may generate impuritieCG@0OH, CgOa,
KxCoQ «) that could bective in OER. The lanthanum precursor is added with equimolar
guantity compared to the sum of the manganese and cobalt precursors. Two perovskites are
prepared with the La/Mn/Caheoretical ratios of 0.50/0.37/0.13 (sample 1) and
0.50/0.33/0.17 (samplg.2

3.2. Characterization

The elemental compositisof the final powders are determined by WDXRHRljle

Il - 1). The final compositions of samples 1 and 2 correspond to La/Mn/Co ratios

0.52/0.33/0.15 and 0.51/0.30/0.19, respectivelyith an uncertainty of WDXRF
measurement of &t.%. The lanthanum relative content is higher than the sum of the
manganese and cobalt relative corgesuggesting an excess of A site cations. This

highlights the presence of a lanthanum phase as a seg@mndduct.

The perovskite and lanthanum trihydroxide phases are detectedpmwitierX-ray

diffractogramgFigure IlI- 7), thus identifying the lanthanum impurity detected by WDXRF

as La(OHj3. Supposing that all manganese amialt are in the perovskite phases, the
perovskite compositions are then estimated to be ba®mw:0s for sample 1 and
LaMno.6Cn.403 for sample 2. The La(OH)mpurity amounts t@a. 2-4 mol. %.
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Exp. Precursors WDXRF Composition |

LaMno.7C.203
+ 0.03 La(OHy

LaMno.6C.403
+0.02 La(OH)

Table Il - 1 Elemental composition of the samples 1 and 2: initial precursor ratio
and final composition determined by WDXRF analysis. For the rest of the chapter, the
samples are denominated bthe composition of the perovskite phase, namely
LaMno.7C.303 and LaMn.6C.40s.

Figure 1ll - 7 XRD patterns of LaMysC.403 and LaMn 7C.303. Red and blue
Reference patterns of LaMa@ed, PDF card 00051-1516) and La(OHy)(blue, PDF card
04-005-8587). The LaMn@ pattern is used as reference for the perovskite manganite
structure independently of its composition.
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The nanoscale morphology is observed by transmission electron micrgS&dpy
and scanning transmission electron microscopy (STEM) cduplé-ray energy dispersive

analysis for elemental mapping. TEM images show crystal nanoparticles along with wires

and foils of 0.11 um size|Eigure 111 - 8). The nanparticles shape is smooth and the average

size is ca. 30 nm for both perovskiteSTEM-EDX eemental mapping of the

LaMno.7Cn.303 sample|Eigure Il - 9) shows that the wires are exclusively composed of

lanthanum as heavy elemethiys suggesting that these wires are madasifa(OH) phase
detected by XRD. The nanoparticles contain lanthanum, manganese and cobalt. Inside the
multicationic nanopatrticles, the elemestemhomogeneously distributed (Appendix 1), as

expected for th perovskite phase.

The synthesized compounds are composed of both perovskite nanocrystals and
lanthanum hydroxide. The nanopatrticles have an average size of around 30 nm and the

perovskite compositions are LaWh€o.303 and LaMmn.6C00.40s.

4.  Synthesis of by .67:5r0.38C00;

Lao.67S1.33C00s perovskite is highly active in OERL A.g'metas®) thanks to the
presence of Co electrocatalytically active sites and to the pseimio structure mvided
by Sr that enhances the conductivity of the maféri&t The first objective is tesolate the
cobaltite perovskite phase. To do so, the influence of the temperature on the crystallization
was studied. The first synthessas performed by using the same parameters as
Lao.s7S1.33VINO3 and by replacing the manganese nitrate tetrahydratugsor by cobalt
nitrate hexahydrate. Keeping the other paraméerd, two additional syntheses wetteen
carried out at higher temperature: 7@and 800C.
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Figure IIl - 8 Transmission electron microscopy iges of LaMp7Cm.303 (a, b)
and LaMneCm.4Os3 (c, d) synthesized at 600 °C during 1 h in KiN®article size
distributions of LaMa7C.303 (e) and LaMp.eC.40s (f). Number of measured particles
are in brackets.

Figure 11l - 9 scanning TEM (STEMEDX mapping of LaM#s*C 303 nanoparticles
synthesized at 600 °C for 1 h in KO
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The powder Xray diffractograms are displayed|&igure 11l - 10 At 600 °C, only
La(OH) and CaO4 phases are datted. At 700°C, the diffractogram presents peaks from
La(OH) and CaO4 phases. The peak at 64.0° from La(®@k$) more distinguishable at
700°C than at 600C. Other small peaks (23.1°, 32.8° é&®18°) are observed and attributed
to the LaxSKCoQOs pemvskite. At 800°C, the diffractogram corresponds to a mixture of

both LaxSKkCoQO; and LaxSn+CoQs phases. These results show that a synthesis
temperature of 60€C is too low to crystallize the perovskite phase as no multicationic oxide

is detected. fie perovskite phase starts to appear at®@But in a small amount as single
oxides are still predominant. They disappear at ®MDut beside the pseudecubic
perovskite, the LaSn+CoQs RuddlesderPopper phase is also formed. This lamellar
perovskie contains less cobalt than the pseadbic one. At the end of the heating step,
blue traces are observed inside the alumina crucible that contains the molten salt crude.
These traces remain after the crucible is washed at the end of the regtiendx section

4.3), suggesting that cobalt diffuses in the crucible and is sequestered from the reaction
medium. Other types of crucildevere then teste@he study is described in Appendix
section 4.3.) but the alumina crucible still seemed the more efficie

The nature of the molten salt was then modified in order to drive the reaction towards
the Corich perovskite LaxSKCoQs. To do so, we increadehe oxcbasicity in order to
trigger full precipitation of La, Sr and Co catioms,a similar approachs with Bronstedt
basicity in watet®®. KNOs; was thaefore changed to NaNg which bears a dissocian
constant 18 times higher than the nitraf8 We expeadthe medium to be more reactive

and to provide more oxygen in order to favor the crystallizaifonulticationic oxides. We

run three synthess in NaNQ at different temperatures: 60G, 700°C and 800C [Figure

Il - 11). At 600°C, the diffractogram shows small and large peaks that do not correspond

to any perovskite phase and are not investigated fur&ter00°C, the diffractogram
presentsonly peaks from the pseuetubic perovskite phase. At 80Q, the lamellar
RuddlesderPopper perovskites obtained as main produetith some traces of the pseudo

cubic perovskite (23.2°, 40.6°, and 51.8°). The charigalt clearly improves the reactivity

of the medium, as much less single cation oxide phases are detected by XRD. From these
results, we conclude that 1.86rCoQs crystallizes at 700C or higher. However, high
temperature also favors theiL&n+xCoQu formation by activating the ©donor behavior

of the molten salt. For the rest of this chapter, all syethase run at 700C in NaNQ,

which yield the pure pseuenubic phase according to XRD
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Figure 11l - 10XRD paterns of L3.67S1.33C00; powders synthesized in KNQuring
1 h at 60C°C, 700°C and 80C°C. Reference patterns of 4.81.3Co0; (green, PDF card
04-014-1579), La.75Sn.2sCoQs (orange, PDF card 0490©134920), La(OHj (red, PDF card
04-005-8587) and CgO4 (blue, PDF card 04005-4386).

Figure 1l - 11 XRD patterns of Lg7Sr.3:Co0; powders synthesized in NahO
during 1 h at 600C, 700°C and 800 °C (top). Reference patterns af 451 3Co0; (green,
PDF card 04014-157) and La.7sSn.2sCoQOy (orange, PDF card 04913-4920).
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TEM shows that the sample synthesized at@(Figure Ill- 12| a b) encompasses

particles of several morphologies, in contrast to the siplgésse XRD patterns. Cuboidé
100300 nm size are observed. Some of them are fused together. Other crystalline cuboids
with intermediate size (100 nm) are also observed. Thin foils can be seen around them. We
hypothesizethat the cuboids are perovskite crystals and that the fodislaarthanum
hydroxides or cobalt (hydr)oxides, which could not be detected by XRD because they are
poorly crystalline or because their amounts are too low for the XRD detection threshold. The
location of these foils at the surface of the perovskite pasticlould be compatible with

their formation during washing in deionized water, which may have partially ripened the
perovskite particles and solubilized the most soluble i8fy 8ws leaving lanthanum and
cobalt (oxyhydr)oxides on the surface of the mate? In summary, LaxSKCoQOs
nanoparties are cuboids whose size iegbetween 50 and 30@m. They are often fused

each other and are covered with (oxyhydr)oxide foils.

In order to increase the?Goncentration of the reaction medium analkdain less

coalesced nanoparticfé$ NaO sodium oxide (3 eq. to Cayas added to the reaction

medium as an oxygerosrce. According to the Xay diffracion (Figure IIl - 13| II), the

perovskite is theonly phaseobtained On the TEM images, more isolated cuboids are

observed but many foils rema’ﬁigure [ll- 12} c ard d). Considering the starting ratio of
the precursors La/Sr/Co of 0.60/0.33/1.00, the defectsitécation, initially used in order

to avoid La(OHjy impurities in the previous syntheses, can be a cause of the perovskite

instability.

Therefore, the saenexperiment is carried out with La/Sr/Co elemental ratio of
0.67/0.36/1.00 to saturate the A sites. On the diffractogFaguie 11l - 13} 111)), we see
mostly the peaks from the pseudabic phase, but also a peak at 31.8 °laited to the

lamellar phase with much lower intensity. Indeed, increasing tisgeAcations content

favors LaxSn+xCoQy formation. The TEM imageg-(gure Il1- 12| e and f) show 5200nm

cuboids that are partially fused. Failiee less present. However, some nanoparticles seem to

presentrough surfaces armbme porosity that suggastompletecrystallization.

LaixSCoOs synthesis pathways are clearly different from the original
La: xXSKMnOs molten salt synthesis. For crystadition,the cobaltite perovskite requires a
higher temperature and a more éxasic solvent. Moreover, cobalt is more sensitive to the

surroundings: cobalt species react with most crucibles and cobalt perovskites are poorly
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stable in deionized water. lhé end, the LaSKCoOs nanoparticles obtained are partially

fused and their average size is around 100 nm, which is much larger than the size of

La: xXSKMnOs nanoparticlegsegFigure 111 - 4).

Figure lll - 12TEM images of L&s7Sto.33Co0s at 700°C: with La/Sr/Co/NgO initial
ratios 0.60/0.33/1/0 (a and b), 0.60/0.33/1/3 (c and d), and 0.67/0.36/1/3 (e and f).

Figure 1l - 13 X-ray diffractograms of L&s7Sr.3:Co0s at 700°C: with
La/Sr/Co/NaO initial ratios 0.60/0.33/1/0 (1), 0.60/0.3BB3 (II), and 0.67/0.363.33
(1).The peak indicated with a red dot is attributed to a.43t1+xCoQOs phase.
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5. Electrocatalytic properties of LaSCo0O; and LaMnxCo,Os

Theelectrocatalytic properties of the newly synthesized perovskites are investigated
in OER and ORR.The experimental composition of the studied perovskites are
LaMno.7C00.303 (LMCO30) and LaMp.eC.403 (LMCO40). The characterizatiofDRX,

TEM WDXRF) of the Lap.7551.25C00; perovskite (LSCO¥yampletested here is shown in
Appendix section2.2. We use the same experimentalgetas for the LaMn&®(LMO)

electrochemistry experiments.

First, the electrocatalytic properties of LSCO in O&Rverified (Figure Il - 14).

The cyclic voltammogram is recorded from the open circuit voltage (OCV) Aidd/RHE

to 2.2 VIRHE, then back to 1MYRHE with a scan rate of 10 m¥*. Three cycles are
recorded. The results are compared to a cyaditasnmogram of a bare glassy carbon
substrate in the same conditions. At Z/RHE, the LSCO current density is consecutively

21 mA-cmZgisk, 17 mAcm?gisk and 15 mAcmZisk. At the same potential, theareglassy
carbon substrate showscarrent densityof 0.6 mA.cm2. These results prove that LSCO
nanoparticles are active in OER electrocatalysis but this activity decreases over the cycles,
illustrating the instability of the material at high potential, which dlesady been reported
andattributed to srface amorphization and cobalt leacifiig2 The wave corresponding

to the oxidation of Co(ll1)/Co(IV), which is expected to be around YABHE®"1% is not
observed. This let us wonder if the oxidation state of the cobalt is stable all along the reaction,
or if the amount of xidized cobalt is too low to exhibit a noticeable wave on the cyclic

voltammogram.

The OER and ORR electrocatalytic activities of LSCO, LMO and both LMCO are
investigatedFigure IlI - 15}. The cyclic voltammograms are recordedhirthe open circuit
voltage (OCV) at ca. 1.0 V/RHE to 0.4 V/RHE, then to 1.8 V/RHE and finally back to
1.0V/RHE with a scan rate of 10 m¥'. The first cycles of each electrocatalysts are
displayed offigure Ill- 15 At 0.4 V/IRHEIin the ORR region, the current densities of LSCO,
LMO, LMCO30 and LMCO40 are respectivel§.7,-2.0,-1.6 and-1.9 mAcmZgisk. At
1.8V/RHE in the OER region, they are 3.1, 0.7, 0.7 and 1.2am&is«. Among these four
perovskites|. MO is the electrodalyst that is the most active in ORR and the less active in
OER, while LSCO is the most active in OER and the less active in ORR. The two LMCO
have different behaviors. While LMCO4¢hows intermediate performances, LMCO30

performances are always closdlte material the least active.
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Figure 1l - 14 Electrocatalytic activity of synthesizedolz&5.25CoOs perovskite in
OER. Cyclic voltammograms of 4.&Sr.2sCo0s (blue) and the glassy carbon substrate
(black) in an Q saurated 0.1IM KOH electrolyte using a rotating disk electrode
(1600rpm) at 10mV:s™. Electrocatalyst loading: 30 pugniZisk

Figure Il - 15 Electrocatalytic activity of synthesized perovskites in OER and ORR.
Cyclic wltammograms of LgsSh.25Co0s (blue), LaMnQ@ (red), LaMn 7C.303 (dark
green) and LaM#eC0.403 (light green) in an @-saturated 0.IM KOH electrolyte using a
rotating disk electrode (160@m) at 10mV-s?. Electrocatalyst loading: 30 pgnZgisk.
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From these results, no clear conclusion can be drawn about the origin of the
electrocatalytic activity of LMCO samples. From the LMCO30 electrocatgtytiperties
we can even consider that the OER and ORR active sites might be switched, so that OER
would occur on Mn sites and ORR on Co sites. To verify this hypothesis, we plotted the
cyclic voltammograms of perovskites, where the surface current is normalized to the content
of each transition metal inside the perovskite the size of LMO, LMCO30 andMCO40

nanoparticles are similar, their normalized cusemé directly comparablén|Figure IlI -

the current is normalized to the manganese content, i.e. the measured currents of the

LaMnxCo01.xO3 perovskites that are dispkg in the previoygigure Il - 15(are multiplied

by 1/xwith x the cobalt contentn|Figure Il - 17| the current is multiplied by 1/4%) to

normalize to the Co content inside the perovskite.

The currerd of LMCO30 and LMCO40 normalized tioe Mn content at 0.4 V/RHE
are respectively2.3 and-3.1 mAcnm?, which are both lower than the current of LMO at the
same potentiat2.0 mA.cm?). At 1.8 V/RHE, the normalized currents are mA-cm? for
LMCO30 and2.0 mA-cm for LMCO40, which are higher than the surface current of LMO
under the same conditions (0.9 reAr2). When normalized to the Co content, the currents
of LMCO30 and LMCO40 at 0.4 V/RHE are respectivéyt and-4.6 mA.cm?, while the
current d LSCO is-1.7 mAcm2. At 1.8 V/RHE, the normalized current is 2.3 roAv? for
LMCO30, 3.0 mAcm? for LMCO40 and 3.1 mAcm? for LSCO. The mixed transition
metal perovskites display a higher activity in ORR than LSCO but all perovskites have

similar normalizedelectroactivities in OER.

These results suggest that if manganese is the active site whether in OER or ORR, it
is more active in LMCO materials. If cobalt is the active site, its activity is roughly the same
in any perovskite under OER conditionsthts ORR activity is enhanced in LMCO
compared to LSCO. To summarize, whatever the transition metal site that is active during
electrocatalysis, its electroactivity is higher, or similar at worst, imitked LMCO phases
than in LMO or LSCOIn the follbwing weseek to find the identity of the active site by

analyzing these materials witiperandoXAS.
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Figure Il - 16 Electrocatalytic activity of synthesized perovskites in OER and ORR
normalized to the Mn content. Cyzivoltammograms of LaMn{red), LaMrn.7C0p.303
(dark green) and LaMysCm.403 (light green) in an @saturated 0.]M KOH electrolyte
using a rotating disk electrode (1660m) at 10mV-s?. Electrocatalyst loading: 30 pgnt
Zgisk*Xwmn is defined in the grovskites as LaM@nCowxvnOs. (Xun = 0.7 in LMCO30 and an
= 0.6 in LMCO40)

Figure IIl - 17 Electrocatalytic activity of synthesized perovskites in OER and ORR
normalized to the Co content. Cyclic voltammograms 0§ A34S#0.25C00; (blue),
LaMno 7Cou 303 (dark green) and LaMyxCou.4Os (light green) in an @saturated 0.M
KOH electrolyte using a rotating disk electrode (18pM) at 10mV:s'. Electrocatalyst
loading: 30 pgcnTZisk. *Xco is defined in the perovskites BaMn xcdCokcdOs. (Xco = 0.3 in
LMCO30 and % = 0.4 in LMCO40)
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6. XAS analysis

LaMnOs  (LMO), LaosSha3MnOs (LSMO), La.755M0.25C00s  (LSCO),
LaMno.76C 00,3003 (LMCO30) and LaMp.edC.40d03 (LMCO40) were first analyzed by-X
ray absorption spectroscopytae Mn K edge and Co Kedge. Then, we have followed
more specifically the evolution of Mn and Co oxidation statestuduring OER and ORR.

6.1. Pristine compounds
As in chapter I, the Mn and Co lkedge spectra of the newly synthesized perovskites
areacquira and compared to the spectra of chosen references, whose Mn and Co oxidation

states are known.

First, the spectra of MnMn"' 203, Mn"V O, commercial compounds and Lali®s;

synthesized perovskite were recorded. On the same figure, for comparison pthrpose,

spectrum of SIMN O3 taken fromCelorrio et at* has been plotte¢F{gure 1lI - 18). At
half-edge jump (0.5 absorption intensity)nfiMn"'>0s, LaMn" Oz, Mn"V O, and SrMi O3
energies are 6547.3 eV, 6549.8 eV, 65%M06552.8 eV and 6554.1 eV, respectively. As
expected, the ¥edge energy increases with the oxidation state frofttkIn'" . Structural

differences should also explaithe energy variation between oxides within the same Mn
oxidation state. Consequently, we exclusively used the spectra of'l@)md SrMi Oz
perovskites as references, as the environment df Mnoctahedral, as in the studied

samples.

LSMO and LMCOspectra are then compared to La\®s and SrMA Oz spectra
Figure IIl - 19). The shape of the edges are very similar. All of them display-adye

around 6540 eV and a sharp edge with comparable slope and with little shSuldet Qs
at 6550 eV) or not. LSMO and LMCO energies are between LaMn®SrMnQ energies,
suggesting that the partial substitution of Mn by Co in Ldgaand La by Sr in LSMO
modifies the oxidation state of manganese, reaching a value between IV.ahgel Mn

average oxidation state is estimated by XANES linear combination from 'l'@yand

SrMn"V O3 referencegTable I11- 2). Accordingly, the manganese average oxidation states in
LSMO, LMCO30 and LMCO40 are respectively +3+8.4 and +3.3While the measured

oxidation state of manganese in LSMO concords with the composition of the perovskite

deduced from WDXRF, @observe that thacreasen cobalt content in LMCO perovskites
decreaseslightly the manganese oxidation stai®e should then expect that the average
oxidation state of cobalt is lower than 3.
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Figure Il - 18 XANES spectra of Mn oxides: Mreen commercig), Mn'',03
(grey, commercid)l, LaMn" Oz perovskite (blacksynthesized MnVO, (pink, commercia)
and SrMiOs perovskite (redreported®9).

Figure Il - 19 XANES spectra of Mn oxide perovskites: Indids (black), STMA O3
(red), La.67S10.33VIn0Cs (blue), LaMn.2Co 303 (dark green), LaM#nesC0.40s3 (light green).
In the red frame is a zoom between 6550 and 6554 eV.

Fit composition Lao.67Sro.saMnO 3 LaMn 0.7C00.303 LaMn 0.6C00.403

Table 1l - 2 Manganese average oxidation s&tén LaperSh.3dVInGs,
LaMno 7C 303 and LaMneCw4Oz calculated by XANES linear combination with
LaMn" Oz experimental reference and reported/®'V 033,
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The spectra of C§OH), and C4'OOH commercial compounds and synthesized

bulk LaCoQ have been recorded and plottedFigure 1l - 20 Unfortunately, no pure

Co(IV) oxide material is availabknd theSrCoQ perovskite is not stable enough for a pure
phase, containing only Co(lV), to be charactert?&ét 0.5 intensity, Cb(OH)., Cd"OOH

and LaCd'Os energies are 7718.4 eV, 7721.4 eV and 7721.6 eV, respectivey.aCoQ

Co K-edge energy is close to that of f@@OH, thus confirming the cobalt oxidation state
+3. As the only available perovskite that contains cobalt at a single oxidation state is
LaCd"Os, Cd'(OH). XAS is kept as a reference for LCF.

LSCO and IMCO Co K-edge XAS spectra are compared td @H). and LaCd' O3
spectraligure Il - 21). The spectra of every perovskite display aguige at 7710 eV, and

the slopes of their edges are very similar. However, only the spédthd@0O perovskites
present a second peak after the white line at 7730 eV. Atddrbalizedintensity, LSCO,
LMCO30 and LMCOA40 energies are 7722.1 eV, 7720.4 eV and 7720.4 eV, respectively. By
comparing LaClO; and Cd(OH). energies with the one measdrfor the synthesized
perovskites, the cobalt average oxidation state in LSCO is above +3, while it is between +2
and +3 in LMCO30 and LMCO40. Note thtite Co'(OH). spectrum appears to be too
different from the perovskite spectra to be used in a releXANES linear combination

fitting.

The investigation on pristine perovskites confirms that Mn average oxidation state in
La""0.67Sr0.3MnOs is +3.33, which is in good agreement with the valypectedrom the
WDXRF-derived compositionThe Co averagexalation state of L&zsSr.25Co0Oz cannot be
evaluated for lack of Co(lV) reference. But according to XANESeferal referenced
appears to be higher than +3, which agregth the theoreticalvalue of +3.25. The
substitution of Mn by Co in LaMng§leads to a increasen the oxidation state of Mavhich
rises abover3. Because of charge compensation on the B site, the oxidation state of Co
shouldconcomitantlydecreaséo a valuebelow+3. This charge balancing mechanism needs
to be further examinedrsie the Mn oxidation state in LaM§Cao.40s is slightly lower than
in LaMno 7C 303 although this oxide contains more cobalanetheless, in the following

part we study the electrochemical behavior of the perovskite samples described above.
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Figure 1l - 20 XANES of Co oxides: ¢@H), (purple, commercig), Cd"OOH
(grey, commercigl and LaCd' Oz perovskite (blacksynthesized bulk

Figure Il - 21 XANES spectra of Co oxide perovekit LaCd'Osz (black),
Laos7Sr0.33C00: (blue), LaMrCm:0s (dark green), LaMnsCm.4Os (light green).
Cd'(OH), serves as Co(ll) oxide reference. In the red frame is a zoom between 7719 and
7723 eV.

111



Chapter IlI: Evolution of Mn and Co -based perovskites during the OER and the ORR

6.2. In situ characterization

The protocol used is treame as the orfer nickel boride experiments. Some spectra
were recorded at the dry statender open circuit voltage (OCVunder OER/ORR
conditions andinally under open circuit voltage (OCVBecause of the long duration of
each experiment (around 10per material), theyere performed onto two beamlines:
SAMBA at SOLEIL and B18 at DIAMOND. But as high scan rate implies a lower signal
to-noise ratio, more scans were taken on B18 to compensate theirdoality. As the
energy resolution of B18 beamé is lower than the one of SAMBA beamline (Appendix

section 3.1.)more scans were taken on B18 to compensate thesr tpvality.

6.2.1. LaMnQ

The study of LaMn®@(LMO) wasperformedRQ WKH % EHDPOLQH SGU
scans are collected from a LMO nanopdesecoated glassy carbon (GC) electrode
connected to an electrochemical cell. The wealthen filled with a KOH 0.1 M electrolyte
DQG 32&9° VFDQV ZHUH FROOHFWHG $ F\FOLF YROWDPPR
was recorded to assure that the mateadiaplayed its usual activity measured situ
(Appendix 3). Then, several scans were taken at different potentials during a
chronoamperometry experiment. The experimental conditions are summarized in Appendix

section 3.3.2

The average spectra are dis;eldyor{Figure llI- 22] The general shape of the spectra
isthe same, aside from the slump occurring at 6560 eV on the spectrum taken at 1.8 V/RHE.

At the halfedge jump, the energyieasuredt 0.2 V/RHE is 6549.7 eV while the eneg

of the other spectra are between 6550.3 eV and 6550.8 eV. This suggests that manganese is
reversibly reduced during ORR.

The investigation of the edge evolution is extended to a temporal and a spectral study

as shown offrigure 111 - 23| On the left side, the relative energy at 0.5 normalized intensity

of every scan is correlated to the applied potential. The reference energy is the energy of the
first scan at OCV. On the right side, the energy of each spectrum is subtrabtesidectrum
acquired during the first OCV. The dry differential spectrum shows two positive peaks at
6555 eV and 6570 eV. As they are after the edge dbegspond ta structural modification

rather than an oxidation state change. Note that thestigdf jump energy of the scaiss

shifting to lower energies over the time when the electromatsdry state This shift is not

observed once the electrolyte is added. This suggests a manganese reduction possibly
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induced by beam degradation when the mmtés not plunged in an electrolyte. Under
progressive reducing conditions (0.6, 0.4 and 0.2 V/RHE), a peak rises on the differential

spectra, correlated to the edge endhgydecreased by 1 eV.

Figure Il - 22 XANES spctra of LaMnQ during ORR and OER experiment. Dry
electrode is in black. Successive potentials are applied: 0.9 (dark blue), 0.2 (red), 0.9 (blue),
1.8 (green), 0.%/RHE (cyan). In the red frame is a zoom between 6548 and 6552 eV.

Figure Ill - 23 LaMnGs during in situ XAS ORR and OER experiment. Left: Time
evolution of the Mn Kedge energy at the hatidge jump (red) under different potentials
(blue). EE is the difference between the edge and the edge of the first O@\isp&ight:
XANEdifferencespectra of LaMn@at these potentials, from which the first OCV spectrum
(0.9V/RHE) is subtracted. The red vertical line is the {ealfje jump energy of the first ®C
spectrum.
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These modifications of XAS spectra indicate igamese reduction of the perovskite
under ORR conditions. This reduction is not totally reversible as the peaks onto the
differential spectrum observed at low potential are still present when the electrode is back to
OCV at 0.9 V/RHE. However, the scans shihat the edge energy rises up to its original
value (EE =0eV) gradually over time when the applied potential is kept at 0.9 V/RHE.
Therefore, manganese is oxidized back from ORR conditions but a hysteresis behavior
occurs that requires higher potentizn the OCV for manganese to recover its initial state.

At higher potential of 1.4 V/RHE, the peaks disappear and a small slump can be
distinguished at 6555 eWhichgets everarger at 1.8 V/IRHE. At these two potentials, the
edge positiorof the scansises up to 0.4 eV. These results indicate that the oxidation state

of manganese increases under strongly oxidizing conditions and that the material recovers a
structure close to the one observed during the first OCV. When the electrode is brought back
atthe OCV of 0.9 V/RHE, the differential spectrum is nearly flat, with theatlip555 eV

reminiscent from the previous high potential state nearly distinguishable, and the edge
energy back tofEE=0 eV. This suggests that the modifications under oxidizingitons

are reversible.

These results demonstrate thaMnOz perovskite shows reversible manganese
oxidation during OER and manganese reduction during @®Bording to the edge energy
monitoring,manganese recoveis initial oxidation state when the fgmtial ispoised back
to OCV. Howeveraccording to the overall shape of the XA& material requires oxidizing
conditions to recover its initiatrsictureafter ORR. In the literature, emphasis has been put
on the analysis of the bulk and the surfaéeLaMnOs; materialsto explain the high
electroactivity in ORR*142 EELS and DFT calculations have demonstrated the presence
of Mn?* at the surface of the gsepared perovskite, which promotes the ORR on the
materiaft?’142 Yet the possibility that the reduction comes from the vacuum conditions under
which the EELS measurement was carried8tt*has not been envisageturrently, there
is no report operandanvestigation on LaMn@under ORR or OER conditions.
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6.2.2. La.67S0b.33MNnO;

The La.67:S1h.3MnO3 experiment was performed on th&® % $ EHDPOLQH 3G L
VWDWH" VFDQV ZHUH oFRBOF WahbeartideRdated GO electrode
connected to an electrochemical cell. The cell was then filled with KOH 0.1 M electrolyte
DQG 32&9° VFDQV ZHUH FROOHFW R eécoftled bet@eéeR 1YORIW D P P F
0.4 V/RHE to assure that the material displayed the activity measxistu Several scans

were then taken at different potentials. The experimental conditions are summarized in

Appendixsection 3.3.2The mergd spectra are dplayed ofFigure Il - 24) The general

shape of the spectra is unchanged function of the potential appliéithe energies at half

edge jump separate in 3 groups. The edges of the spectra measured in the dry state, at 0.4
and 02 V/RHE are between 6650.4 eV and 655\0 At 0.6 V/RHE, the energy is at
6551.5eV. The energies for 0.8 V/RHE and all the spectra at 1.0 V/RHE are between
6551.8eV and 6552.3 eV.

Figure Il - 24 XANES spectra of ba:Sr.3aMnOs during ORR experiment. Dry
electrode is in black. Successive potentials are applied: 1.0 (dark blue), 0.8 (purple), 1.0
(blue), 0.6 (pink), 1.0 (cyan), 0.4 (light pink), 1.0 (light cyan), 0.2 V/RHE (red). In the red
frame is a zoom betweebd and 6554 eV.
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Like in LaMnQ; experiment, we observe a gradual reduction of Mn under reducing

conditions. The edge evolution investigation is extended to a temporal and a spectral study

as shown olrlFigure [l - 25| The differatial spectrum recorded in the dry state shows three
bumps at 6552 eV, 6570 eV and 6590 eV. The edge energy of thassshifisng to lower

energies over time, as it was observed on the LaMeXperiment. Under progressive

reducing conditions (0.8, 0.6,4 and 0.2 V/RHE), a bump rises on the differential spectra
around 6552 eV. The overall shape of the spectra in these ORR conditions is similar to the
one of the dry state. This suggests that the perovskite is already reduced in the dry state
which is inaccord with the progressive reduction of the gradual reduction observed on the
half-edge jump monitoringThe system is brought back to 1.0 V/RHE between each
reducing potential. At these resting states, the peak lowers drastically. However, when the
eledrodes are brought to strongly reducing potentials at 0.4 V/RHE and 0.2 V/RHE, the peak
is still distinguishable on the subsequent 1.0 V/RHE spectra, whose energyeatdegifimp
remains lower than the first OCV. These modifications indicate reductiomaofjanese
during ORR which is hardly reversibléAt each change of potential, the edge energy shifts
progressivelyMore reducing potentials increase the sitt.0.6 V/RHE and 0.4 V/RHE,

the edge energy reaches a minimum wih= -0.5 and-1.4 eV respectively on the second

scan (which equals to around 15 min of steady potential). At 0.8 V/RHE, the minimum is
not reached on the third scan. This intermediary state is also observed on the resting state
potentials after 0.4 V/RHEnd 0.2V/RHE. Hence, the oxidation state of manganese evolves

at the 10min time scale before reaching a steady value. Still, we must keep in mind that
these assumptigmre built solely based onto thrpeint curves, even though they have been

distinguied on five different potentials in our experimgent

The LaeSn.3MnOs ORR investigation shows that, like in LaMgQOnanganese
reduces under reducing conditions. Yet, the reversibility of this redox change is not
complete especiallywhen very low potetmals are applied Thanks to the higher signgd-
noiseratio provided by th6&6AMBA beamline, intermediate statdaring the evolution of

the electrocatalystould be observed.
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Figure Ill - 25 Lao.s7Sr.3MnOs during in situ XAS ORR experiment. Left: Time
evolution of the Mn Kedge energy (red) at Orormalized intensity under different
potentials (blue).EE is the difference between the edge and the edge of the first OCV scan.
Right: XANES spectra of b&Srn.3dMnGOs at these potentials, from which the first OCV
spectrum (0.9 V/RHE) is subtracted. The red vertical line is theskdgk jump energy of the
first OC spectrum.

6.2.3. La.7550.25C0Q

The La.75Sh0.25C00s H{SHULPHQW LV SHUIRUPHG RQ WKH %
scans are collected from adz&S1.2sC0o0s; nanoparticlesoated GC electrode connected on
an electrochemical cell. The electrochemical isethen filled with KOH 0.1 M electrolyte
DQG SUHVWLQJ VWDWH" VFDQV DUH FROOHFWHG %
1.5V/RHE is recorded to assure that the material displayed the activity measuséd
Then, several scans are taken at diffeqgotentials. They are summarized in Appendix
section 3.3.2During the first trial at 1.8 V/RHE, the detector had to be displémethe
sake of safetyjHence another set of spectra at the OCV was taken before reaching the second
oxidizing stateWe decide to show all the recorded spectra in order to take the whole history

of the electrocatalyst into consideratidrhe merged spectra are displayedFaogure Il -
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The general shape of the spectra is similar. At-béddfe jump, the edge energies
separate in 3 groups. The edges of the spectra for 0.4 V/RHE is at 7721.3 eV. The energies
recorded in the dry state and at 1.0 V/RHE are 7721.8 eV. The energy at 1.8 V/RHE is
7722.1eV. Hence, we observe cobalt reduction and oxidatdaring ORR and OER,

respectively.

. Theevolution of the spectra on Coeédgeasfunction of time and the experimental

conditions are gatheredhiagure Ill- 27| The second OCV conditions were used as reference

as it was recordeon the same location as during the following potentials. The differential

spectrum of the second energy scan in OER conditions at 1.8 V/RHE shows a dipeX 7725
and a flatter one around 7770 eV. The edge energy increases slighiy=t6.4eV,
indicaing cobalt oxidation under OER conditions. The differential spectrum at/BHME
displays an intense peak at 7720 eV, a small peak ateA7add a large bump at 7770 eV.

The edge energy decreasesBd =-0.6 eV. These experiments show that cobalt resluc
under reducing conditions and the peaks observed in the EXAFS part of the spectra suggest
that the local environment of the cation is modified. On the differential spectrum of the last
OCV, the peak at 7720 eV is less intense but the peak at 7730 awiseifhe edge energy

is close to the energy of the starting OCV stafe# -0.2 eV). These modifications indicate

that the OER electrocatalyst does not recover completely its initial state even after being
submitted to ORR conditions and then again to the OCV.

The investigation of LgsSn25Co0:; under OER and ORR electitalysis
conditions shows that cobalt follows the same trend as manganese in manganite perovskites
described aboveobalt oxidizes during OER and reduces during ORR. The reversibility of
these changes it completén ORR The reversibility could not bassesseih OER as no

spectrum wascquiredat OCV after the perovskite wasbmitted tdOER conditions.
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Figure 1l - 26 XANES spectra of basSfsCo0; during OER and ORR
experimerd. Dry electrode is in black. Sucs®ge potentials are applied: 1.0 (blue), 1.8
(green), 0.4 (red) and 1.0 V/IRHE (cyan). In the red frame is a zoom between 7719 and
7723eV.

Figure Il - 27 Lap.75S1.2sC0Q0s during in situ XAS OER and ORR experiment. Left:
Time evolution of Co ¥dge energy hakdge jump (red) under different potentials (blue).
EE is the difference between the edge and the edge of the first OCV scan. Right: XANES
spectra of La7sSh.2sCo0s at these potentials, from which the second OCV spectrum
(0.9V/RHE) issultracted The red vertical line is the hadéidge jump energy of tlsecond
OCV spectrum.

119



Chapter IlI: Evolution of Mn and Co -based perovskites during the OER and the ORR

6.2.4. LaMn.eC@.403

For operando XAS, we have focused on the mixed perovskite with the richest content
in cobalt: LaMn.¢C.403. More scans were required for acquiring Cedge spectra than
Mn K-edge spectrabecause of the lower contarftCo than Mn Manganese and cobalt K
edgespectraare recorded successively on each step during the same experiment. Data
collection was performedwice: onceon the SAMBA beamlineand once on the B18
beamlinewith the same protocol as the other peroeskiBoth experiments provided the
same results, thus proving the reproducibility of the experiment. Here, we present the results
from the experiment on the SAMBA beamlifiach step is listed in Appendsection 3.3.2
7KH 3SFRQWURO’™ F\F O LrécovdedbeivizeErP1E8 Addo0Rt /R HEIERd shown in
Appendix section 3.3.1

The averaged spectra at the Mrelge and Co ¥dge are displayed grigure 11l -

and Figure 11l - 29| respectively. On each-Edge no modification in the overall shape,

neither on the edge energies, can be observed. At thedgdfjump, the energies of Mn K

edge stay between 6552.0 eV and 6552.2 eV, whiblel®vthe energy resolution of 0.2

eV. The energies of the Co-&dge arebetween 7721.8 and 7722.0 eV. From these
observations, no change of oxidation state is detected under OER and ORR electrocatalytic

conditions for manganese and cobalt. €kelution of the spectra in function of time and

the experimental conditions are lgated ivI|Figure [l - 30(for the Mn K-edge and dfigure
[l - 31ffor the Co kedge.

The differential Mn kedge spectrum with the OCV state as reference shows in the
dry state a peak at 658¥ with a flatslump centered at 6565 eV. At the same state, the
differential spectrum athe Co K-edge features a dip at 7725.8Wese resudtindicatethat
the alkaline electrolyte modifies the local structure of manganese but it has little effect on
the cobalt localstructure suggesting that the perovskite responds to the new external
constraint by adapting the local environment of mangaridse edge energy is shifted to

lower energies with time, as observed above with the other perovskites.

Underoperandocondiions, no significant change is observed at any potential on
the differential spectra of the Mn-&dge nor the Co +dge, and the energies at the half
edge jump of both edges stay constant. We conclude that the structure of theCaMDs
perovskite istable during the electrochemical experiméhtlike in the previously studied

perovskites, the oxidation state of Mn and Co in LaMw 403 are hardly sensitive to OER

120



Chapter IlI: Evolution of Mn and Co -based perovskites during the OER and the ORR

and ORR conditions. From these results, it is difficult to determine which catamtive

during electrocatalytic reactien

Figure 11l - 28 XANES spectra of LaMpC.403 during OER and ORR experiment
on Mn Kedge. Dry electrode is in black. Successive potentials are applied: 0.9 (dark blue),
1.8 (grea), 0.9 (blue), 0.4 (red) and O\@RHE (cyan). In the red frame is a zoom between
6548 and 6552 eV.

Figure Il - 29 XANES spectra of LaMBsCm.403 during OER and ORR experiment
on Co kedge. Dry electrode is in black. @essive potentials are applied: 1.0 (blue), 1.8
(green), 0.4 (red) and 1X/RHE (cyan). In the red frame is a zoom between 7719 and
7723eV.
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Figure Ill - 30 LaMnp eC.403 during in situ XAS OER and ORR experiment. Left:
Time evolution of the Mn -Kdge energy (red) at 0.5 normalized intensity at different
potentials (blue).EE is the difference between the edge and the edge of the first OCV scan.
Right: XANES spectra of LaMC.4Os at these potentials, from which thest OCV
spectrum (0.9 V/RHE) is subtracted. The red vertical line is theskgk jump energy of the
first OC spectrum.

Figure Il - 31 LaMno.eC.40s during in situ XAS OER and ORR experiment. Left:
Time evolution of the€Co K-edge energy (red) at 0.5 normalized intensity at different
potentials (blue).EE is the difference between the edge and the edge of the first OCV scan.
Right: XANES spectra of LaM#gCm.403 at these potentials, from which the first OCV
spectrum (0.9 V/RHE) is subtracted. The red vertical line is thesdgk jump energy of the
first OC spectrum.
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7. Discussion

7.1. Synthesis anéx situelectrochemical characterization

The molten salt synthesis of LaMa@ adaptable to the synthesis of perovskites
whose composition are close to the original material to obtain crystalline nanoparticles with
a mean size of ca. 20 nm. The obtaineelslo.3IVINO3 are cule-like nanoparticles while
the insertion of cobalt in LaMrCoxOs gives roundemanoparticles. While elemental
mapping confirms the presence of manganese and cobalt in all the nanopaheles,
resolution of the current imagés too low to establish if the repartition of the transition
metals is homogeneous inside the nanoparticles. The perovskite phase is accompanied by
impurities, mainly La(OHp), but whose amount and electroactivity aressdered negligible
to perturb the future electrochemical experiments of the perovskite phase.

Compared to manganebased perovskites, the crystallization of 1k3xCoGOs
nanoparticles requires higher temperature and a morelaxar solvent. The obtained
nanoparticles have a mean size higher than 100 nm and are fused together. A variety of
cobaltbased secondary phases can be formedcanttl interfere withelectrocatalysis
experiments because these compounds are usually highly active in OER. Asidag€rom t
crystallization of LaxSri+CoQs perovskite, which appears if the temperature is too high,
cobalt reacts with most of the crucibles to produce cobalt silicates in a porcelain crucible or
eroded boron nitride in a boron nitride crucible. The washing istenonitoredwith the

water conductivity. If the dissolution of a compound is slow (i.e. LagDH)n early
measurement will indicate a low water conductivity that meay tostop the washing step
prematurely. Letting the sample in the water for a long@e would dissolve more

impurities, but it could also degrattee surface of the perovskites.

TEM shows foils at the surface of the:k&rCoOs perovskites. The nature and the
origin of these foils have not been clearly established but, from the pseoimmenton the
washing step, we may hypothesize that these foils are formed during a too long exposure to
liquid solvent namely water or ethanol from the TEM grid preparation (Appendix section
1.3.2)

We measur@ the OER and ORR electrocatalytpropeties of LaMn;-xCoOs,
LaMnO3and La.7551.25C0o0s. While the comparison between LMCO and LMO is relevant
because they have the same mean size of nanoparticles and they only differ kgit¢he B

composition, comparing LMCO to LSCO is questionable, as LS&@particles are much
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larger and should then provide a lower surface area for the same load of catalyst and the
composition of the Asite is also modified. Whilthe materialsve have synthesizezkhibit

OER and ORR activity, comparing their performanaesheir analogues in the literature
requires to normalize their activity to the oxide surfacéo the amount of electrocatalytic

active sites (either Mn or C8j-27:°6:130.132,.141

7.2. Operamlo XAS technique

The oxidation state of manganese in LSMO, LMCO30 and LMCi®4alculated
from linear combination fitting with two references: LaMy@hd SrMnQ. While the first
one is homanade and has similar sizadcrystallinity than the samples te bmeasured,
SrMnQs XAS is extracted from the publication of Celorrio et3l.The conditios where
the data were collected, the size and the crystallinity ofnthveparticles can alter the
resultingabsorptiorspectrum. The uncertainty brought by the choice of a reference from the
literature isclearby comparing LCF carried out with LaMa@e have synthesizedith a
LCF done with the XAS of a LaMntaken from tle publication of Celorrio et &
(Appendk section 4.2 The oxidation state of cobalt cannot be evaluated with the same
accuracy by this technique because thig amailable cobalt perovskite reference is a bulk
LaCoGs. SrCoQis hardly obtainable as a pure perovskite because of the instability of this
phase so an experimental sample would likely contain multiple cobalt oxidation states (ll,
11, IV) 14%. Consequently, the evolutionhiecobalt oxidatiorstate is qualitatively evaluated

by comparing the energy at the hatfge jump of each perovskites to LaGoO

During operando experiments, the changes observed on the EXAFS of the
perovskites are weak and the energy at theddde jump shiftby 2 eV atmost. Differential
spectrawere then plotted to detect when critical changes occur on the XAS during the
electrocatalysis. This spectral analysias completed by a temporal monitoring where,
instead of only displaying the average spectrum at each ajuliedtial, we recomet the
energy at haledge jumpfor every scarrecorded consecutivelyfrhis alloned us to follow
the evolution of the oxidation state under fixed conditions for 30 min to a few houtng
literature, heoperandaanalysis of electratalytic experiments on this tinseale is usually
dismissed as the emphasis is only put on the applied potential and the equilibrium state is
supposed to be reached in less than a minute after setting the new cotidftiofise
kinetics of the materiad response to the externatimuli have never been assessed.
Theoretically, a timegesolved beamlinevould be adapted for the changes we seek to

observe. However, comparing the scans collected on the B18 beamline (scan rate: 5.5 eV
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with the scans recorded on the SAMBA beaml{sean rate: 2.0 eV shows that
increasing the scan rate degrades the sigrabise ratio of the spectrum. A compromise
has to be found between a high scan rate to obtain enoughtpaimhke a model, and high
quality spectato have exploitable angliable data.

The temporal evolution of the experiments was monitored byetlge position
energy at haledge jump. Indeed, this energyan indicator of the oxidation state of the
probed element. However, the accuracy of this method based on onefgbmispectrum
is very low compared to LCF which takes into account a wide range of theaspdtth is
why this method is completed by thieidy ofdifferential spectra to support the observations
of the shift of energy. Teaum up monitoring the enesgat halfedge jumpwithout LCF
cannot bring more than a qualitative evolution of the oxidation state of the transition metal,
but the detection of any evolution of the oxidation state helps to identiphfreomenghat
are worth to be further investigat such as the impact (or not) of an oxidizing/reducing

potential on the perovskite or the transition metal reduction on the dry electrode.

Recording theperandoexperiment of LMCO40 took 10 hours because the Mn K
edge and the Co-4€dge were recorded seessively and the low amount of each element
diminished thescangjuality. Collecting the Kedge of both elements at the same time would
shorten the duration of the experiment and ensure that both spectra describe the same state
of the material. The simianeous detection of two edges can be performed -bgyX
emission spectroscopy but the sigt@whoise ratio of this techniqumay be lower than
XAS®8,

Ouroperandoexperiments wre rarely carried out under the same conditidisgle
from the use of two different beamlines that has already theenssegdthe potentials that
we havesuccessively applied may differ from one perovskite to another. The evolution of
LSMO under OER catlitions was not studied. Insteadke deeply investigatetthe oxidation
state of manganese in this perovskite during ORRfor the LSCO perovskiteit was
investigated twice under OER conditiofifie vaiousexperimental conditionssed gave us
differentinsights on every perovskitdsxperiments on LMO and LSCénabledexamirnng
the oxidation state of the transition metal in a singkatB perovskite during OER and ORR.
Furthermore, oufocuson studyingL.SMO underORR conditionshighlightedthe effect &
the strength of the reducing condition on the perovskite. Still, one phenomenon is observed
on everyperovskites at the dry state, the energy at the tealfe jump shifts to a lower
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energy, indicating a reduction of the transition mafan processingf the electrodeThis

shift is not observed anymore when the electrolyte is added. We suggest that the dry
electrode overheats under therays and reduces in the presence of the cariocbn
environment provided by the formulation of the electtétiérhe aqueous electrolyte, by
cooling down the electrode, prevents the overheatidgced reduction. This hypothesis
could beprovedby collecting the spectra of the dry electrode at two momentsdis time

to see if the phenomenon still happens without a beam exposure, amalyzing the
nanoparticles on a carbdree electrodeo test the impact of the presence of carbon on the

reductionof the transition metals.

7.3. Observations on the electraabysts

According to linear combination fittisg(Table IIl - 2), the oxidation state of

manganese in ba7Sr.33Mn0Os is +3.3 is inagreementvith the theoretical valueCobalt
substitutionin LaMnGs increases the oxidation staié manganese. At the same time, the
oxidation state of cobalt is estimated to be lower thanirithe mixed Mn/Co perovskites
An average oxidation state of +3 on thaiBe cation of the perovskite is then still possible,
with the presence of My Mn**, C&* and Cd&" in these sites.

Under reducing conditionghe perovskites containing one transition metal see a
reversible reduction of this transition metdl. similar phenomenon is observed under
oxidizing conditions, where the transition metal is @ed. The oxidation of cobalt during
OER in LSCO has already been observed and the OER activtig cbbalperovskite has
been attributed to the presence of Qo the activatd phaseat high potentidf. Conversely,
the LSCO ORR activity is attributed to the reduction of cobalt t6*Cahich has a high
ORR activity’2. In the same way, highly oxidized manganeationsare active sites in
OER“47 At 0.2 V/RHE, the shift of the energy at halige jump of LSMOs more than
1.5 eV while the shift of LMO is less than 1 eV, suggesting a higher reduction of manganese
in the LSMO perovskite. Considering that the oxidation state of the manganese is higher in
LSMO, this higher shift is interpreted as a compensatingctasuof Mrf*. The average
oxidation state of the manganese during ORR is then lower than +3 eRadalfrew similar
conclusion fronoperandoXAS of electrodeposited-KxMnO- y-zZH-0 at theMn L z-edge,
where they observed that the ORR active phase of manganese oxide contains mixed Mn
and Mr#148
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In a mixed Mn/CoLMCO perovskite, naeduction or oxidation othe transition
metal cations is detected as the energy atddgje jump stays constant along the experiment.
According to the evaluation of the oxidation states on thergggared compounds, during
bothOER and ORR, LMCO peroviks contain manganese with an average oxidation state
higher than +3 and cobalt with an average oxidation state lower th&y +&ferring to the
reported electrocatalytic activities of K€ and C3* 32, we conclude that manganese
should be the activetsiin OER and cobakhould bethe active site in ORR. When the
electroactivities of the perovskites are normalized to the manganese @ ,
LMCO perovskites are more active than LMO in OER. This indicatesabattsubstitution

in LMO increases the activity of the manganese sites. Under reducing conditions, when the

current is normalized to cobalt content, LMCO perovskites exhibit higher ORR activity than

LSCO (Figure 1l - 17). Since he electrocatalytic activity does not only depend on the

content of transition metal, but also on the surface composition and the spat#cearea,

we cannot directlgoncludeon any enhanced performance brought by the mixed transition
metal compositin becausehe LSCO sample is too different from the LMCO perovskites.
Thelarger size of the LSCO nanoparticlesiuces the number of active sites per disk area.
Moreover,the presence of strontiumcreases the average oxidation state of cobalt, which
may have reduced theontent of ORR active Ga

The variation of manganese oxidation state in LSMO is progressive under reducing
conditions or under OCV and may last more than 15 min. This effect cannot be
unambiguously observed on the other perovskiteausecthe signdb-noise ratioandthe
number ofscans recorded on LMO and LSCO experimare too low. Besides,the
oxidation state evolution of the transition metal in LMCO is too weak to be expldhed.
slow reduction could be explaidby a progresive reduction of the manganese at the surface
of the electrocatalyst or by the modification of the bulk composition of the matériaise-
resolved surface analysis of the material should bring answer to the first question and orient
the research for ¢hsecond question.
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8. Conclusion
In this chapter, we have described the synthesis of La\Mm@ La 67S1o.33VInO3

perovskite nanoparticles in molten salt and adapted the protocol to the synthesis of both
LaMn1xCoO3 and La xSkCoQs; perovskites. Wehave studied the electrocatalytic
properties of all synthesized perovskites in OER and ORR and analyzed the evolution of the
transition metals during these reaction®pgrandoXAS on Mn and Co Kedge.

The synthesis of LaSKCoOs perovskite nanoparticles was redifficult because
of the specific cobalt chemistry: the cobaltite required a reaction medium richer in oxygen
to form, while it also exhibited instability in contact with water. Still, this material showed
an OER electrocatalytic activityin the same aer of magnitude than the reported
LSCCO®112 The compositions ofaMn;.xCoOs perovskitesvereclose to LaMn@ so the
minor amount of cobalt did not affect the synthesis that is based on the manganite perovskite
synthesis A slight increase of the nanoparticle size was observed and correlated to the
concentration of Co in the material. LalMe@0xOs displayed electrocatalytic activity in both
OER and ORRas it was reported by Liu et &P, though these activities were lower than
the perovskites that contain only one transition metal, namainOs (in ORR) and
Lao.75S10.26C00s (in OER). The normalization of the current by one of the transition metal
content shows that if we suppose tloaly one transition metal is active during the
electrocatalysisthen the activity per active site is highén the LaMnxCoOz than in
LaMnOs or La.75S1h.25C00s. This suggests that both transition metals contribute to the
electrocatalysis, whether by being an active site, or by increasing the intrinsic activity of the

other transition metal.

XAS analysis orthe asprepared materials allowed us to estimate the manganese
average oxidation state in d.@Sr0.33VInOs3, LaMno.7C0.303 and LaMmn.C0.403 of +3.33,
+3.40 and +3.30, respectivelfhe Co average oxidation state could not be calculated for
lack of perovkite reference containing &@r CdY. Still, the average oxidation state of
cobalt in La.7sSr.2sCo0s was confirmed to be higher than +3. In LaMB0O3, cobalt
showed an average oxidation state between +2 and +3. This feature incheateransfer
from manganese to cobalt in LaMxCoOs perovskites.Operando XAS experiments
showed that in perovskites with a single cation (manganites and cobaltites) sitbetBe
average oxidation state of the transition metal varied with the electrochewnmchlians

i.e. the cation oxidize under OER and redus@inder ORR. For manganites, we suspect
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structural changes to occur during ORR and that oxidizing conditions were required to reach
again the initial sta&t Intermediate states were observediierl a 6:St.3IVINO3 perovskite

at each modification of potential. The origin and the nature of this slow redox reaction is still
unclear. The evolution of manganese and cabdlMCO were surprisinglydifferent than

their pure transition metal counterpass manganese and cobaltdfige were invariant

during the electrochemical experiment.

The La.75S1h.25C00s perovskite nanoparticles were mutdrger than the other
materials and they could not be obtained without impurities. Improving the synthesis of
La: xSKCoQs would provide more accurate comparisons. Achieving this goal would also
allow the synthesis of LaM@0:1.xOs perovskites where cobalt would be the major transition
metal cation. LaxSxMn1yCo/O3 quaternary perovskites couldiso be investigated.
Manganese average oxidation stataswalculated by XANES linear combination from
reference perovskites. Obtaining these kind of references for cobalt perovskites would
enable the estimation of cobalt average oxidation state accuratelystill, the resulk from
this technique should be douldbecked by another type of analysis. Chemiitedtion
would help to confirm manganese average oxidation stgierowskites without cobalt, as

in Lay xSkMnOs127,

To summarize, we confirmed the oxidation/reduction of the transition metal during
OER/ORR respectively in the perovskites that contasimgle transition metal, while the
average oxidation states of both transition metals seem stable in thep,lGdDs
perovskites. Investigating this stability requires more sengiti\g#u techniques to detect
any possible weak evolutioRor instancewe couldconsideranalyang the transition metal
L-edge, which should be more sensitive to oxidation variationtttedf-edge On the other
hand, electrocatalysis mostly impacts the surface of the perovskite. A surface analyzing
technique, such asearambient pressure Xay photoelectron spectroscopyould probe
the nanoparticles surface exclusivelhere the changes should occur the mids. second
intriguing observation is the identification dfet intermediate stat¢hat wereobservedn
the LMO eperiment. Howevernone of the beamlines were optimized enough to draw
conclusions on the origin dhis slow transformation in theaMnsCo1.xOs perovskites.
While the slow scan rate of the SAMBA beamline allowed only a few scans to be taken, the
low sigral-to-noise ratio of the B18 beamline did not allow the phenomenon to be detected.
Compromises between the-sgis of the two beamlines needed to be found. As for the origin

of the intermediate state, it was still not clear if the slow reduction/oxidatiomrs on the
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surface or in the bulk of the material. This intermediate state, as well as the evolutions of
Mn and Co average oxidation state, waetermired from a single point per spectrum, at
half-edge jump. This choice, although commonly used, wasramnp Taking more points

into account would provide more reliable results. For Mredge, XANES linear

combination could beonsidered, as the spectra of relevant references are available

While the data collection of nickel borides and manganite dabpkrovskites were
carried out the same waglata treatment of the perovskites was more qualitative and
emphasized the evolution of the electrocatalyst during the whole experiment, rather than a
clear description of the electroactive phaget, in bothstudiesthe need to couple XAS
with otheroperandatechniques has been highlighted.
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Chapter I\

An In situXAS and TEM study of G0,

a model system for the OER
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1. Introduction

X-ray absorption spectroscopy at thee#ge of transition mals is a powerful
technique that gives information on the average electronic and local environment of an
element, which does not take into account materials heterogeneity. The high penetration
depth of hard Xrays makes this technique easily adaptable ttu analysis. However, its
efficiency may be questioned when it comes to its sensitivity, since the concentration of

electroactive species in the whole material can be very low.

To overcome these limitations, two complementary technigreeaddressed this
chapter L-edge XAS and transmission electron microscopy (TEM). XAS at the transition
metal L-edge provides information on the electronic environment of the metal, {édgK
XAS, but it can show a higher sensitivity in terms of chemical speniatdeed, kand Lz

edges probe the 2gE3d transitions that directly indicate the occupation of 3d orbitals and

consequently the metal oxidation stgEg(re IV- 1). On the other side, TEM provides local

nanc or atomscale irfiormation on nanoparticle morphology and structure. New
developments in the field of TEM have been reported during the last years to adapt this
technique tan situexperiment&. In situelectrochemical TEM in liquid electrolyte starts to

emerge?1>0

Because of the short travel length of softa¥ photons and of electrons in a gas
(such as air, for instance);ddge XAS of transition metals and TEM bothuieg vacuum
environment to enable radiations to probe the materials. Consequently, airtight
electrochemical cells have been developed for these techniques. These cells have been
developed independently until now, because of the different technical cotsstrwit are

imposed by the two techniques.

Herein, we compare the evolution of a model OER electrocatalystinssitg XAS
at the metal Kedge,ex situXAS at the corresponding-eédge andn situ TEM. We use
C0:04 spinel nanoparticles as a model mﬂl@ for the OER electrocatalysis.
We will first characterize the GOs nanopatrticles that will be studied throughout this chapter

and wewill verify that their behavior in OER electrocatalysis is similar to thgserted in
the literature fromn situ XAS at the Co Kedge. We will then present a XAS preliminary

ex situstudy at the Co{edge on various supports in view of futureituXAS experiments
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at the Co Ledge. We will finally present and investigate theFO&periments byn situ
TEM andin situ XAS and compare the results.

Figure IV- 1 Scheme of cobalt-Kdge and tedge transitions

Figure 1V - 2 Structure of Cg04. Oxygen are in red. Care in blue at the center of
the octahedral sites. Ctoare in green at the center of tetrahedral sites.
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2. Co04 nanoparticles synthesis aoldaracterization

Ca304is the most ubiquitous OER electrocatalyst in alkaline media and demasistrate
large activiy (10 mAcm? at an overpotential of 0.5%/). Its synthesis is simple through
several synthesis pathways*®*and commercial precursors are avail&tijehus making it
an affordable materials for fundamental study on electrocatafst.The CaOs OER
electrocatalytic activity is generally attributed to the*Gapecies that are only stable under
oxidizing condition$>82%°, The reversibilityof cobalt oxidation examined through XAS at
the Co kedge, coupled with the reversible amorphization observed-tay Xliffraction
suggests that the @0, modification during OER is reversible in neutral medifBimilar

reversible changes have been observed by XRD in alkaline médium

We synthesized GO4 nanoparticles by microwav&ssisted hydrothermal synthesis
from cobalt (Il) nitrate hexahydrate (@2 mol-L™)®% The pH is raised above 11.3 with
ammonia to precipitate cobalt (1) dihydroxide that readily oxidizes intd €uecies by
reaction with Q dissolved in the solutidff. The solution is then heated by microwaves
(850W) to 100°C for 10 min. The high temperature ramp and homogeneous heating
provided by microwaves favor the foation of small and crystalline nanoparticles with a
narrow size distribution (see Figure-B/and Figure IV¥4)). The final mixture is cooled
down to room temperature. The nanoparticles are washed 5 times with deionized water and

dried under vacuunA detaled protocol is described in appendix 1.1.2.

The powder Xray diffractogram of the sample displays peaks that are all attributed

to CaOs4 (FigurelV - 3). The noisy signal is due to the low amount of powder analyzed

(40mg) and tothe fluorescence of cobalt under the Cu Kadiation. TEM indicates

crystalline nanoparticles with an average size of 5Riguge IV - 4). Cyclic voltammetry
was then performed in KOH 0.1 M between 0.4 and 1.8 V/RHE with a stanof

10mV-s ! The results are plotted [figure IV - 5] The electrode exhibits a high
electrocatalytic activity in OER as the current at 1.8 V/RHE (1tam&gisy) is at least ten

times higher than the current of an electrodbout electrocatalyst (< 1 ma&m2gisk). This
OER activity is comparable to the reported performances e®£%51% The reversible
redox wave at1.55 V/RHE corresponds to the €0V redox peakd’138
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Figure IV - 3 Powder XRD pattern of GO4 nanoparticles formed by microwave
assisted hydrothermal synthesis at 2Q0for 10 min (in red). The reference pattern in black
corresponds t€004 (PDF 00-:0421467).

Figure IV - 4 Transmission electron microscopy imagkes$t and middle) and size
distribution (right) of CosO4 nanoparticles synthesized in alkaline water (pH=11.3) at
100°C.

Figure IV - 5 Electrocatalytic actiity (without correction) of synthesized £t
spinels (in blue) and a blank electrode (in blaickKOH 0.1 M solutior(pH = 13) using a
rotating disk electrode (1600 rpm). The peak at 1.5 V/RHE is attributed to tH€aY
oxidation.
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In situ XAS experments in different electrolytes (KOH 0.1 M or KPi 0.1 M (pH=7))
were then performed to further study the nature of the electroactive species. To reproduce
conditions used im situ TEM electrochemical experiment, the electrocatalyst ink was only
composedf Caz04 nanoparticles (10 mg) dispersed in absolute ethanol (10 mL), without
any carbon black ddafion®. Preliminary experiments in KPi 0.1 M with a classicaf@Qo
LQN $SSHQGL[ VHFWLRQ LOQGLFDWHG WKDpdctWKH IRUP

on the cobalt oxidation state evolution insOgduring OER (See Appendix section 3.3.4.).

First, experiments in KOH 0.1 M were performed and three @adde XAS spectra
were recorded which correspond to the dry state, the open circuit voltage RH&\and
OER conditions (2.% vs. RHE)|Figure IV- 6). The energies at hadfdge jump for the dry
electrode, at 0.8 and 2.2 V vs. RHE are 7719.7, 7719.7 and 7719.8 eV respectively,
suggesting that there is no evolution of th&lakon state when the electrode is immerged

in the basic electrolyte but a small oxidation under OER conditions in this condition
(confirmed by reproducing the experiment). A second set of experiments were performed in
KPi 0.1 M (pH=7) with acquisitionof five spectra, at the dry state and at 4 successive
potentials: 1.0 (OCV), 2.0, 1.0 and 2.0 V vs. RHgQre IV - 7). At half-edge jump, the
energy of the dry electrode is 7719.9 eV. The energies of the successive potenttal 1.0

1.0 and 2.0 V vs. RHE are respectively 7719.8, 7720.2, 7720.0 and 7720.2 eV. Again, there

is no significant change of the oxidation state when the electrode is immerged. The increase

of the edge position energy with the potential confirms cobaltlatiin under OER
conditions. However, the difference of edge position energy between the two OCV (7719.8
and 7720.@V) at 1.0 V/RHE indicates that the material remains partly oxidized after the

first stage in OER conditions.

TEM and XRD indicate that theynthesized spinel cobalt oxides araemd size
nanoparticles. The measured electrocatalytic activity in OER is comparable to what has been
reported®?163 The results of the situ XAS experiments in KPi are comparable to those
obtained by Bergmann et @lwho also observed cobalt oxidation of30 during OER.
However, their study suggests that this oxidation is reversible, while our results indicate that

cobalt stays partly oxidized after OER in our experiment.

Now that we have verifiechat the CeO4 nanoparticles synthesized display their
reported OER activity, our next goal is to investigate the evolution of the&igé& during

136



Chapter IV: An in situ XAS and TEM study of CasO4, a model system for the OER

OER electrocatalysis for the purposes of observing more significant and convincing signs of
cobalt oxidatioror structural change during OER.

Figure IV - 6 XANES spectra of GO4 recordedduring OERIn KOH 0.1 M on Co
K-edge. The spectrum corresponding to the dry electrode is in.l8ackessive potentials
are applied: 0.8 (blugand 2.2 V/RHE (greenin the red framés a zoom between 7719 and
7721eV.

Figure IV- 7 XANES of C¢D4 during OERN KPi 0.1 M on Cd&-edge. The spectrum
corresponding to the dry electrode is in blaSkiccessive potaals are applied: 1.0 (blue),
2.0 (dark green), 1.0 (cyan) and 2.0 V/RHE (light greenihe red frameés a zoom between
7719 and 772%V.
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3. XAS at the Co Ledge

The K-edge of transition metals describes th&Ep transition. The oxidation of the
transition metal is then mostly observed by the stabilization of the 1s states that increases
the energy of the 144p transition. More accurate and sensitive information on the oxidation
state can be obtained by directly probing the 3d valence band of the transatal. The b
and Lz edges of transition metal describe the/u transition and the associated sprbit
coupling (J=1/2 for kand J=3/2 for k). The occupancy of the transition metal 3d states is
obtained by comparing the intensities of theahd Lz edges. XAS at the Co-&dge has been
performed on the LUCIA beamline, where spectra can be collected from two detectors: a
fluorescence yield detector and a total electron yield current collector, which measures the
photoelectrons created by the absorberhys @ Ex situ experiments have

been conducted. For these experiments, the samples were pressed ag pefietsr()and

contacted to a conductive substratiea carbon adhesive or a silver glue.

Figure IV - 8 Scheme of LUCIA beamline. The electrode (green) is fixed on a
conductive support that measures the total electron yield (TEY). The photons emitted from
the fluorescence of the material are collected at the fluorescence dd€tEw).

3.1. Ex situanalysis of reference compounds

L-edge Xray absorption spectra of cobhlised oxide pellets were first recorded
from both detection modes: the fluorescence yield and the total electronRiggide(1V -

E}. Ead spectrum is a merge of four to six scans. The baseline is removed from the collected
spectra and the spectra are normalized to the intensity of-#ndge peak. The fluorescence
yield (FY) spectra are noisier than the total electron yield (TEY) spétirs.is due to the

low amount of photons that are collected by the fluorescence detector at 700 eV. The
normalized intensity of theslpeak of the FY spectra are between 1 and 1.5, while they are

between 2.1 and 2.7 for the TEY spectra. Such a differeanebe attributed to self
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absorption phenomena that can alter the FY spéttiacan also be attributed to the TEY
that collects electrons at the surface because of the low mean free path of the electrons
(chapter | section 3.1.3.). The-kdge TEY spectrum of reference'Q@H). bears on@eak

at 780 eV whose normalized intensity is 2.7, with a shoulder at 782 eV. sTédgk of
reference CHOOH is at 782 eV with a relative intensity of 2.1. The shift to higher energy
compared to CHOH), is in agreement with the higher oxidation stafecobalt in
Co"OOH'®, Moreover, the b edge of CHOOH is less intense than &®H),, in
agreement with lower occupancy of 3d levels i' O®H. The TEY spectrum of La®@®s

is identical to the spectrum of @®@OH, which is expected as cobalt hastame electronic
structure and octahedral environment in both compounds. Bhedge spectrum of
LaMno.7C.203 displays two peaks: one at 779 eV and another at 782 eV. These peaks
suggest the presence of both'@ad Cd' in the compound.

Overall, theseexperiments show that Co-édge spectra can be collected by
fluorescence yield and total electron yield. The spectra given by these two detectors differ
by the signato-noise ratio and the relative intensity of the peaks. The TEY spectra, which
have a hyher signako-noise ratio, show a shift ofstedge to higher energy and a drop of
the normalized intensity ofstedge when the oxidation state of cobalt increases, as expected.

Because of the low energy of the Cetlge (around 780 eV), XAS experimentssin
be run under vacuum. Consequentty,situ or operandoexperiments at the Co-édge
require a closed and pressure resistant electrochemical cell.

Figure IV - 9 Fluorescence vyield (left) and total electron yielykit) spectra of Co
L-edge of references Co(OH)yed), CoOOH (black), LaCof)blue) and LaMp7Ca.203

(purple).

139



Chapter IV: An in situ XAS and TEM study of CasO4, a model system for the OER

3.2. Co L-edge XAS spectra of GOs electrodes before and after OER

The operandocell for used for XAS at the Co-&dge is described in the Appexdi
section 3.2.2. As the setup to recoraitu XAS on Co L-edge could not be finalized before
the end of this PhD work, the & electrocatalyst deposited on the electrode was analyzed
out of the cell before and after the electrochemical reaction. Discting the electrode
from the cell facilitates the measurement. We can expose the front of the electrode to the
beam and thus improve the sigit@inoise ratio. Even ibperandoXAS on Co L-edge will
require the use of an optically transparenNgsubstateinstead of the glassy carbone
(Appendix section 3.2.2.), we use a glassy cadwdsstrate fothis ex situstudy because it
is much more mechanically resistant compared $N43ind provides spectra with a higher

signal to noise ratio (Appendix gem 4.5.).

An ink of CaOxs is prepared in absolute ethanol (1-mg™). 10 pL are deposited on
a 1 cm2 glassy carba@ubstrate 7KH 3'U\" VSHFWUXP LV FROOHFWHG RQFL
substrates then dipped in the electrolyte. After 30 min, it is cetd and the spectrum called
32&9° LV UH F RBub&idt@& th&rigleiced in the cell as working electrode and a current
density of 10mA-cm ZsubsiradS applied for two hours. Thaubstratés then removed and left
WR GU\ EHIRUH WK Hré&(ded. Vigrxp@itmenPis lcaried out in KOH 0.1 M
Figure IV- 10) and KPi 0.1 M (pH=7]Kigure IV - 11).

In KOH 0.1 M, the FY spectrig{gure IV- 10|left) display Ls edges witthormalized
LQWHQVLWLHYV EHWZHHQ DQG 7KLY HGJH VHHPV OHYV
TEY (Figure IV - 10|right), the Lz edge normalized intensities of the Dry, OCV and OER
spectra are respectively 1.7, 1.9 and 16JSIHVWLQJ D UHGXFWLRQ IURP WKH
32&9° VWDWH WKHQ DQ R[LGDWLRQ IURP WKH 32&9° VWDW
results to the ones measured on thekGalge are then observed regarding the reminiscent

oxidation of the material afterER.

In KPi 0.1 M, the FY spectrgF(gure 1V - 11fleft) display Ls edges whose relative

intensities are all 1.1. In the TEY, the édge relative intensities of the Dry, OC and OER
spectra are respectively 1.7, 1.6 and 1.9, sugggettat cobalt is reduced after OER, which
is contradictory with our observations on Ceelge. Such a difference can be attributed to
the difference of environment of the electrode during spectrum recording. Thee@geK
spectrum was acquired situ, where a potential of 1.9/RHE was applied. The Co-&dge

spectrum is recorded on the electrode after being removed from the cell and dried. The
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electrocatalyst may have reduced during the drying or under the vacuum it was exposed
during the XAS collectiotf®.

Figure IV- 10 Fluorescence yield (left) and total electron yield (right) spectra of Co
L-edge of CegDs nanoparticles deposited on a glassy carbon (black), after 30 min of
immersion in KOH 0.1 M (red), after 2 h at a curr@ensity of 10 mANT%substraein KOH
0.1 M (blue).

Figure IV- 11 Fluorescence yield (left) and total electron yield (right) spectra of Co
L-edge of CegD4 nanoparticles deposited on a glassy carboladk), after 30 min immerged
in KPi 0.1 M (red), after 2 h under at a current density of 10amPsubstratein KPi 0.1 M
(blue).
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Overall, Xray absorption spectroscopy at the transition metadde provides
information exclusively on the electronicvmnment of the metal through the edge energies
and L. and Lsrelative intensities. However, the sigitalnoise ratio of the acquired spectrum
is detector dependent. Even if the total electron yield detector provides the most reliable
spectrum, it canndite used on amperandcelectrochemical setup. The TEY detector collects
the electrons emitted from the sample as a result-@fyXabsorption. However, during a
chronoamperometry measurement, the current is governed by the applied potential.
Consequentlypnly the fluorescence yield detector is useable in conditions close to the
situ experiments, but at the cost of long acquisition times. The analygesbfmortem
electrodes confirms cobalt partial oxidation in alkaline electrolyte, but suggests cobal
reduction in neutral electrolyte, which is in contradiction with our observations on operando
XAS on the Co Kedge|Figure IV- 7).

4. In situTEM experiment

In order to assess morphological and structural changes, #@ Ganopaticles
were then studied by transmission electron microseasytu andin situ. This study, led by
Ovidiu Ersen and Nathaly Ortiz form IPCMS, has been published in a dedicatedarticle

The particles were analyzed by TEM through a commercially avail@blesitu

electrochemical TEM cell composed of a working electrode made of glassy ¢arhore

IV - 12). The OER electrocatalytic activity was studied in KOH 0.1 M and KPi 0.1 M

(pH=7), by cyclic voltammetry and chronopotentiom®&tryNanopaticles amorphization
was observed and proved to be irreversible after two hours under a current of
10 mA-cm Zsubstrate AN electron energy loss (EEL) spectrum reconoestmortemafter the

electrocatalyst was removed from the electrolyte after chrondpategtry in KOH 0.1M

indicates significant cobalt reducti(i)ﬁigure V- 13}. Such observations are different from

those obtained through XAS at thegdge but they are in accord with the results from XAS
at the l-edge.Such a disrepancy still requires additional efforts to be understdéslhave
therefore performeéx situandin situ XAS experiments using the TEM electrochemical

electrodes or cell to understand this behavior.
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Figure IV- 12 Top ldt: image of the in situ TEM sample holder. Top right: image of
the electrochemical microchip on a 1 cent coin for scale. Bottom: side view scheme of the
electrochemical in situ TEM cell. The working electrode (WE) is glassy carbon. Reference
(RE) and couter electrodes (CE) are made of platinum.

Figure IV - 13 Co L-edge EEL spectra of CoO (black), {0a as prepared (green)
and after 2h of chronopotentiometry measurem@sitge) at 10mA cnMZsupstratein aqUEOUS
0.1 M KOH Past-morten). Reproduced from Ortiz Pefia et aACS Nano(2019¥!

4.1. Post mortenCo K-edge XAS spectra of GO4in the TEM electrochemat cell

First, an XAS spectrum at the Co-dé€lge has been collected on dry:Qo
nanoparticles still in the TEM electrochemical cell after OER electrocatalysis (2 h at
10 MA-cm2supsiratein KOH 0.1 M). We have selected these conditions corresponding to a

reduced cobalt state according to EELS. The spectra are collected on two areas of the chip

Figure 1V - 14 left). The first spectrumppst mortemis taken on nanoparticles localized

on the glassy carbon electrode that were activeng OER. The second spectrum (OCV) is
taken on nanoparticles that are far from the working electrode, and should not have been
affected by any electrochemical reaction. This set of data is considered as a control sample.
The spectra are collected on tHeCIA beamline by TEY|Figure IV- 14] right). The global

shape of both spectra corresponds to the one expected (See spectra above). Yet the
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half-edge jump for the OCV amibst mortenspectra are respectively 7720.0 &7d9.4eV,

thus indicating that the nanoparticles localized on the electymult (norterp are more
reduced than the nanoparticles far from the electrode. This result supports the observations
made by EELS.

Figure IV- 14 Co K-edge XAS of the electrochemical chip after the in situ TEM OER
experiment. Left: Top view image of the in situ electrochemical TEM cell. The window of the
cell is framed in blue. The location where the epeouit (OC) and posmortem (PM)
spectra ae taken are arrowed in red and green respectively. Right: XANES of the two
locations on Co Kedge. OC is in redPostmortem is in greenn the red framas a zoom
between 7719 and 772V.

Both post mortem kedge XAS and EELS show the reduction ogQgafter 2 hours
under OER conditions in 0.1M KOH followed by exposure to vacuum in the TEM
electrochemical cell. The reduction of cobalt in the TEM cell is therefore confirmed. This
reduction come eitherfrom the exposure of the cell to vacuum during th& EBnalysis*

or tothe electron beam irradiation of the TEM.

4.2. In situCo K-edge XAS spectra of GO4in the TEM electrochemical cell

During in situ TEM, the cell is exposed to electron beam irradidtiothat can
damage the sample. Likewise, compounds can be damaged by synchro&rnpradiation
during XAS experiments. To evaluate the extent of these damages, we have attempted

recording in situ Co K-edge XAS spectra of the electrocatalyst inside the TEM

electrochemical cell. The experiment was performed at the SAMBA beafRlmnead 1V -

. The Ca@Os nanoparticles were deposited on the chip from an ink composed of
nanoparticlesdispersed in absolute ethanol (1 -md;?) following the same procedure

employed for thén situ TEM experimerit. Because of the smalize of the window of the
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TEM cell (400 x 50 pm), the beam is reduced to a minimum size of 300 x 24€igare
IV - 16| left). The spectrum displayed |Grigure IV - 16| right is obtained by merging 13

scans collected while the nanoparticles are still dry and not in contact with the electrolyte.

The total acquisition time is 2 h. It is compared to the spectrum gdDQwnoparticles

deposited alone on a glassy carbon plate and used as working electieednuentional

cell forin situ XAS (Figure IV - 16| right). The overall shapes of the two spectra are the

same. However, the signta-noise ratio of the spectrum from the TEM cell is too low for
more in depth analysis. This mttould be improved by increasing the photon flux, which

has been dramatically diminished with the reduction of the beam size.

Figure 1V - 15 Image of the setup of XAS on the TEM electrochemical chip/cell on
the SAMBA beanie.

Figure IV- 16 Left: scheme of the size of the beam (in orange) and the window of the
chip (in blue). Right: Co Kedge XANES of GO nanopatrticles in XAS (black) and TEM
(red) electrochemical cells at the dry state.

In situ TEM observation of Cgs electrocatalysts under OER conditions
demonstrated irreversible nanoparticles amorphiZZtialong wth unexpected cobalt

reduction, especially in alkaline medium. The oxidation state of the materials poghe
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mortemTEM electrochemical cell is confirmed by EELS and XAS at the Galfe. XAS
measurement on a TEM chip is considered to evaluate thefrelectrochemical setup on
the evolution of the cobalt oxidation state. Even though a spectrum©f Saecorded, the
setup needs improvement in terms of sigoatoise ratio and rate of acquisition in order to

obtain useful data from prospectivesitu measurements.

5. Discussion

5.1. In situ techniques

X-ray absorption spectroscopy at the Ceedge and transmission electron
microscopy are techniques that use short length photons and electrons and therefore require
a vacuum environmenglectrochemical cedl have been designed separately for these
techniques to carry ouh sitWoperandoexperiments. Their small size requires adapted
settings to circulate the electrolyte and the species on the eleétfoOgtical transparency
becomes a determining criterion for the choice of the components that are placed on the path
of the beam, especially the working electrode. Following the aim to reduce the path of the
beam hrough the system and to detect by fluorescence, a cell whose working electrode is in

a back scattering geometry is used feedge XAS.

In this chapter, the XAS spectra were collected by two detection modes: fluorescence
yield and total electron yield Mén if the spectra collected from the TEY are of high quality,
this detection mode is not adapted to electrochemical experiment because it measures the
variation of the electron current, which is a fixed parameter during electrocatalysis.
Consequently, theY is the only detection mode useable during an in situ electrochemical
experiment. However, the signal to noise rati&Y modeis very low and selbsorption
of the transition metal alters the shape of thedges, preventing them to be directly
interpreted by comparing the intensities efdnd Lz edges. More advanced techniques such
as partial fluorescence yield (PFY) or inverse partial fluorescence yield (IPFY) could

overcome the sekibsorption phenomenth

The oxidation state of a transition metal is usually calculated from the ratio of the
integrated intensities ofsll> 4’. However, our study is limited to a quick qualitati
comparison of the two edges because of the low quality of the spectra and/or the small

differences between the compared spectra.
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An XAS spectrum of CgD4 was acquired at the Co-&dge in the environmental
TEM cell. However, even after two hours of s@atiection, the quality of the spectrum is
not high enough to extract any accurate information on the oxidation state. The settings of
this experiment need more optimization, especially on the beam size and the intensity of the
beam. Still, this proof ofancept is promising to extend the coupling of TEM and XAS to
theoperandoanalysis of electrocatalysfé

5.2. Insights on CgO4 behavior during OER

All the employed techniques confirm the oxidation of cobalt during OER, although
the changes are suigingly weak. The shift of energy at hafige jumpat theCo K-edge
between the spectra of the OCV and the active state is between 0.1 and 0.2 eV, which is the
same value as the shift that is observed in the previous chapter witBbasCoQOs in OER,
even though the perovskite contains cobalt whose oxidation state is already high (+11/+IV),

while cobalt in CeOs is expected to oxidize from Cbto Co™ and eventually C%’ ©,

The oxidation state of the electrocatalyst after electrocatalysis and after drying is
unclear. In alkaline medium, the oxidation of cobalt is supported by XAS at theeCige,
while the CaOs nanopatrticles are reduced after the same experiment inside the TEM cell.
In neutral medium, the analysis thie Co K-edge shows an oxidation of &y at the first
OCV and a partial oxidation is kept after OER going back to the OCV, while theeQgd-
spectra suggest a reduction. We ¢han wonder if retrieving the electrode from the

electrolyte alters the electrode. Following this question, we sumendiz previous

observations on cobalt redox evolution during OERigure IV - 17|andFigure IV - 18

where, after OER, the states before the electrolyte removal (OCV back) and after the
electrolyte removalP-M) are discriminated. While we dwthave enough data to conclude

on the evolution of G4 in KPi, we still have contradictory results in KOH: XAS at the Co
L-edge suggests a slight cobalt oxidation between drypastinortem but TEM shows
cobalt eduction between the same states and it is supported by XAS at thedgre k the

TEM cell. These inconclusive results raise the question of the transferability between the in
situ cells for XAS and TEM. The design of an electrochemical cell adaptedAf®rand

TEM should ease the concordance of the results fromdpstandatechniques.
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Figure IV- 17 Summary of the observations on cobalt redox evolution during OER
in KOH 0.1 M through the different techniques. The colbthe arrow indicate the
evolution between the two considered states: oxidation (in green), reduction (in red) and
unchanged (in blue). A dotted arrow means that the change can be considered negligible.
OCV: Open Circuit Voltage.®: Postmortem.

Figure IV- 18 Summary of the observations on cobalt redox evolution during OER
in KPi 0.1 M (pH = 7) through the different techniques. The color of the arrow inditae
evolution between the two considered states: oxidatiomr@en), reduction (in red). A
dotted arrow means that the change can be considered negligible. OCV: Open Circuit
Voltage. PM: Postmortem. The observations on the Cedge experiment are divided in
two lines for a better readability.

6. Conclusion

In this chapter, we study the evolution of cobalt oxidation state gd{turing OER
reaction byoperandaxXAS at the Co Kedge anaxsituXAS at theCo L-edge andperando
TEM.

While the setup foiin situ XAS on Co L-edge is still under development, the
oxidation of cobalt under OER conditions is observed dw situ electrochemical

measuremengperandolT EM andoperandoXAS.

Post mortenanalysis do noallow todraw any clear conclusion on the evolution of
cobalt oxidation state after electrocatalysis, combato its oxidation state before
electrocatalysis. In neutral medium, XA%theCo K-edge sustains the oxidation of cobalt,

whereas XAS on Co-edge suggests cobalt reduction. In alkaline medium, XAS on-Co L
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edge indicates cobalt oxidation and EELS ingisacobalt reduction. XAS at the Ceddge

of the post morteml'EM electrochemical cell confirms the EELS observation that cobalt
reduces between before and after the electrocatalysis. We then tried to reprodusieuan
XAS experiment whose setup is #8se as possible to the setup employed duringntbiu

TEM electrochemical experiment. The settings still have to be optimizedndteclusive
results on the becoming of the electrocatalyst after electrocatalysis are based on small
variations of the xidation state. By differentiating the resting state inside the electrolyte
after the electrocatalysis from thestmortemstate when the electrode is dried, we propose
two nonexclusivehypothesedo explain these results. First, the vacuenvironmentto
which the electrode is exposed during plast mortermranalysis by EELS and XAS on the
L-edgetriggers a reduction afobalt(lll) . Second, the electron beam of the TEM damages

the nanoparticles and reduces cobalt.

These diverging results show the nedgss couple multiplan situ techniques in
order to describe the electrocatalyst the most faithfully and to watch over any phenomenon
that may interfere with the electrochemical system. Transmission electron microscopy and
X-ray absorption spectroscopylaw energy are run under particularly drastic conditions
such as low pressure environment and on a small scale that require specific adaptions of the
whole electrochemical experiment. Understanding how such changes influence the
electrocatalytic system &n indispensable prerequisite for extracting relevant information

fromin situtechniques.
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General conclusion

This thesisvasfocused on the study of the electrocatalytic activity of nickel borides
(in HER and OER), manganite cobaltite perovskites (ilR@Ed ORR) and cobalt oxide
spinels (in OER) byperandoX-ray absorption spectroscopies. Through this investigation,
thiswork contributes to both the understanding of the electrocatalytic activity of the studied
materials and a reflection on what infotioa operando XAS can provide tothe

understanding aduch electrocatadys

The nickel borides are compounds whose EXAFS are complex to analyze because of
their complex and unique structures, yielding excessive amounts of short interatomic
distances. Evethough strong approximations were done, the obtained results are supported
by two methods: linear combination fitting and EXAFS fiigti The electroactive phase for
NisB is the same as the one observed in metallic NiOWH during the OER, arttie non
oxidized phasen HER. However, we demonstrate thagBlicontains a lower amount of
active phase in OER, while it is also more active than metal NisBya coreshell model,
we attribute the high activity of BB to its resistance to oxidation, whictiosvs the
nanoparticles to form a thin electroactive NiOOH shell at the interface with the electrolyte,
while keeping a highly conductive 8 core. Consequently, we postulate that the presence
of boron limits the nickel oxidation. Nevertheless, EXAFSnigtand LCF do not give
concluding results on the study of4B%, indicating that our model is not suitabledescrbe
the electroactivity of this compound. In this case, the formation of an additional phase such
as a nickel borate has been suggesteapwdth further investigation is required to confirm
this hypothesis.

To investigate nickel boride nanoparticles, we have used data treatment methods that
are commonly used in the characterization of pristine compound, but have been scarcely
employed to fdbw electrocatalysts duringperandoXAS experiments. We use linear
combination fitting to estimate the nickel oxide content inside the nickel (boride)
nanoparticles. Such a quantification has been rarely done previousbparando
experiment¥, as most of them merely follow the oxidation state of the transition metal by
the shift of the haledge jump. By coupling linear combination fitting and EXAFS fitting,
we were able to provide guantitative estimation of the thickness of the nickel oxide layer

that is formed around the nickel boride nanoparticles during electrocatalysis.
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General conclusion

Manganite cobaltite perovskites have been studied as they are expected to display a
bifunctional activity de to the presence of both Mn and Co, which have been demonstrated
to be active transition metals in ORR and OER, respectively. Yet théneamity of the
relationship between the ORR/OER activity of the perovskites and their Mn/Co content
raises questimabout a synergy effect between these two transition metals. dgbilando
XAS show that in single Bite perovskites such as LaM§©r Las7Sr.33Co0s the
oxidation state of the transition metal increases during OER and decreases during ORR, the
oxidaion states of these same transition metals are remarkably stable in the nsited B
perovskitesThe energy at hakkdge jump indicates thate mixed perovskites contain Kin
and Cd*, suggesting that the predominant roles of Mn and Co in ORR and OER are
switched, with Mfi* being the active site of OER and®the active site for ORR.

Cmx0s4 spinel is a model OER electrocatalyst that is reported to reversibly oxidize
during OER. While we observe the oxidation okOpby XAS, the measurements are not
precise enough to enable a clear measurement of the oxidaatem of Co during
electrocatalysis, as the results from different techniques are either not concluding (Co L
edge) or contradictory (Co-Kdge and TEM). We also observe a divergence between the
behaviors observed by probing the Cedge and the CK-edge.Such divergence may
originate from the difference between the resting state after electrocatalysis, which is a state
that is still inside the electrolyte (i.eperandoXAS on Co kedge), and thpostmortem
state, where the material is completely remdvenh the electrochemical cell and may have
been analyzed several hours to several days after the experiment (i.e. XAS esd@® L
and EELS). We also question the influence of the environment of the analysis on the sample,
as the vacuum environment wh&e L-edge XAS and EELS are collected can reduce the
transition metals in the nanoparticles. At the moment, the discording results indicate that we
do not look at the same state of the electrocatalyst through these techniques of analysis. We
can even wondeif we follow the same electrocatalytic mechanism during all these
electrochemical experiments. For instance, does theyXeam or the electron beam have
any impact on the electrocatalysis? This leads to the question of which of these techniques

reprodues the most faithfully the electrocatalytic mechanism that oecusgu

OperandoXAS alsoprovidesaccess to data treatment methods that are not relevant
for the XAS characterization oéx situ materials, bringing then new insights on the
investigationof electrocatalysts. Firstly, the tim@onitoring ofXAS experimenthighlights
the inertia of the electrochemical response of thgs1Saw.33VInO3 electrocatalyst to the
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General conclusion

applied potential as the oxidation state of the manganese reaches a steadestamaft

than 15 min. The time monitoring has also brought to light the progressive reduction of the
transition metal by the Xay beam on the dry electrodes specifically, due to the simultaneous
presence of a carbon rich environment and a heating so@woen@y, the compeson of

the XASspectrdrom different samples is usually assured by the normalization of the XAS,
which corrects the variation of concentration from each sample as well as the flux of the
beam. However, during asperandoexperiment, wenalyze the same area of the material

on the same beamline with a steady flux. Consequently, by bypassing the normalization of
the spectra, we could get information on the evolution of the concentration of the
electrocatalyst during the electrocatalysiad therefore its stability. An example of this

analysis is described in Appendix section 4.4.

All these observations highlight a weakness of the current developmeareraindo
techniques: the process of adaptation has focused on dealing with the teatioipstacles
for the analysis of an electrochemical experiment (liquid environment, application of a
SRWHQWLDO« +RZHYHU DVLIiB Hituldydkd® vahakhroddars,RiéG L Q J
reproducibility of the electrocatalytiprocessduring an operando andysis is rarely
questioned. In this thesis, we have proved that the electrocabéigst evolves during
electrocatalysis. But the mater@nalsobe altered by unexpected parameters such as the
preparation of the electrode, the beam effect, or theidaraf the experiment, despite the
control cyclic voltammograms still ensuring a regular electrocatalytic activity. The
verification of theagreemenof the operandoexperimentswith the ex situelectrochemical
experiments is necessary but not trivial,coiurse Cross checking the results between
severaloperandatechniquesaswe have done with TEM and XAS, is a safeguard to hasty

and mistaken conclusions.
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1. Methods

1.1. Material synthesis
1.1.1. Synthesis of perovskites in molten salts

1.1.1.1. Manganite cobaltite perovskites

The manganite perovskites are synthesized from the nitrate precursors
La(NQs)s-6H.0 (SigmaAldrich, > 99 %), Sr(NGs)2 (Aldrich, 99 %), Mn(NQOs)2-4H,0
(Aldrich, 98 %), Co(NQ)2:6H20 (Alfa Aesar, > 98 %) and KN&SigmaAldrich, > 99%)

whose weights (in grams) are summed up inAppendix Tablel|{ The solid mixture is

coasely grinded with a ball miller (20 Hz, 2 min) and dried in a vacuum oven (60 °C) for at
least 24 hours. 2.5 g of the powder is put emocalumina crucible and placed for one hour

in amuffle furnace under air and preheated at 600TI& crucible is then removed from

the oven and cooled down at room temperature, under air. The recovered black solid is
dissolved in deionized water (c.a@ 6L). The dispersion is centrifuged (200 rpm) then

the transparent supernatant is removed. The remaining black solid is redispersed in deionized
water and washed bgn centrifugatiofrredispersion cyclemonitored by measurinthe
supernatantonducarnce which must reach the value fdeionizedwater (20 uS cm).

Nanoparticles are finally dried under vacuum oae60 °C overnight.

La(NO3)s  Sr(NOsz)2 Mn(NO3)2 Co(NOsz)2 KNOs3

LaMnO 3 2.77 2.04 7.22
Lao.67Sro.3aMinO3 1.67 0.44 1.65 6.50
LaMn 0.7C00.203 3.70 1.60 0.60 8.60
LaMn 0.6C00.403 3.50 1.35 0.75 8.10

Appendix Tablel Synthesis of manganite cobaltite perovskites. Weight of the
precursors (in grams) for each perovskite.

1.1.1.2. Cobaltite perovskites

The cobaltite perovstas are synthesized from the nitrate precursa(slOz)3-6H.0O
(SigmaAldrich, > 99 %, 2.04 g)Sr(NGs)2 (Aldrich, 99 %, 0.50 g), Co(N§k»-6H-0 (Alfa
Aesar, > 98 %, 2.00 g) and NakigmaAldrich, > 99%, 4.90 g)The solid mixture is
coasely grinded witra ball miller (20 Hz, 2 min) and dried in a vacuum oven (60 °C) for 3

hours and grinded again with a mortar. It is then dried again in the vacuum oven for more

than 24 hours to avoid exthgydration of precursors. 2.5 g of the powder is put into an
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alumina crucible and placed mmuffle furnace under air and preheated @0 ?7Cfor one

hour. The crucible is then removed from the oven and cooled down at room temperature.
The recovered black solid is dissolved in deionized water (c.a. 100 mL). The dispsrsio
centrifuged (2M00 rpm) then the transparent supernatant is removed. The remaining black
powder is redispersed in deionized water, washed and dried as the manganese perovskites
described above.

The synthesis parametds the LSCO perovskiteamplegpresented in this thesis

are summarized in the tables below.

Theoretical
molar ratio Crucible Temperature ( °C) = Heating time (min)
La/Sr/Co
600
Alumina 700
800
0.60/0.33/1 600 60
Porcelain 700
800
Boron Nitride 800

Appendix Tabl@ Parameters of the synthessof LaxSKCoQs carried out in KNQ
molten salts with a Co/KNgnolar ratio of 1/10.

Theoretical
. Naz20 N :
molar ratio . Temperature ( °C) = Heating time (min)
molar ratio to Co
La/Sr/Co

0.60/0.33/1 0 600 60
0.60/0.33/1 0 700 60
0.60/0.33/1 0 800 60
0.60/0.33/1 0 700 30
0.60/0.33/1 3 700 30
0.67/0.36/1 3 700 30

Appendix Tabl& Parameters of the synthessof La.xSCoQ; carried out in NaNQ@
molten salts with a GblaNG molar ratio of 1/10.
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1.1.2. Synthesis of spinel nanoparticles by microwassisted heating

Cobalt (Il) nitrate hexahydrate (Sigma Aldrich, 98%) is dissolved in water
(2.102 mol-L 1)1 for a total solution volume of ca. 40 nlhe pH is raised above 11.3 with
ammonium hydroxide (Carlo Erba, 36) and the solution is stirred for an hour. The solution
is separated into two glass tube86fmL andhen heated by micraave heating in an Anton
Paar Monowave 300 oven (880 power input) to 100C for 10 min. The final mixture is
cooled down to room temperature. The nanoparticles are washed 5 times with deionized

water and dried under vacuum.

1.2. Ex situ electrochemical measuarents

1.2.1. Setup preparation

Usualink: A composite ink is prepared from the electrocatal¥6tnig), activated
acetylene black (Alfa Aesar, 99.9 %, 10 mg) and absolute ethanol (\DARL). It is
sonicated for 2 hours and Nafion dispersed in ethanol (Sigmac\lb % dispersion,
435yL) is added. The suspension is sonicated again for 30 min. The electrochemical
experiment is carried out less than 12 hours after the start of the ink preparation.

Sole nanoparticle ink: It is the same preparation than the cleasink, but without

Nafion and activated acetylene black.

The glassy carbon substrai@ £ 3 mm) is previously polished onlaum paper
(Buehler TexMet C, 5 min) and a0®.um paper (Buehler ChemoMet, 5 mi@)uL of the
ink is dropped on the substraféhe deposit is dried fa80 min in air. A few microliter of
electrolyte is then dropped on the substrate to wet the electrode3@ften, the substrate
is installed on the working electrode. The K@QAIfa Aesar, 85 %)0.1 M electrolyte is

prepared thealy of the electrochemical experiment.

The electrochemical measurements are carried out in a plastic beaker to prevent any
glass dissolution from a glass beaker in an alkaline medium. The electrolyte is saturated with
oxygenby bubblingfor 30 min beforette beginning of the experiment and all along the
measurement during both OER and ORR experiments. The reference electrode is a saturated
Ag/AgCI electrodgE°= 0.197 V/SHE) The counter electrode is a platinum wire separated

from the electrolyte with a it The working electrode is composed of the nanopatrticle ink
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deposited onto the glassy carbon substrate that is placed on a rotating disk electrode (1600
rpm).

1.2.2. Cyclic voltammetry

The cyclic voltammograms are recorded with a scan sweep rate of =} mér 5
cycles. For the OER/ORR experiments (LMO, LSCO and LMCO), the cyclic
voltammograms are recorded from the OCV to 1.8 V/RHE, then 0.4 V/RHE, then back to
OCV. For the OER experiment (&), the cyclic voltammogram is recorded from OCV to
1.8 VIRHE. Forthe ORR experiments (LMO and LSMO), the cyclic voltammograms are
recorded from the OCV to 0.4 V/RHE.

1.3. Techniques of characterization

1.3.1. Xray diffraction

Powder Xray diffraction (XRD) was performed on a Bruker D8 advance
diffractometer quipped with a Cu Ksource (K = 1.5406 A, K = 1.5443 A)in reflecion
mode with an accelerating voltage of 40 kV and a current of 40 mA. The intensity of the
diffractedX-UD\V LV PHDVXUHG RQ D UDQJH EHWZHHQ f DQ
total acquisition tine of 30 min. Because of-Ky fluorescence of cobalt, the slit, which is
usually fixed at [0.11 V, 0.25 V], is reduced to [0.20 V, 0.25 V].

1.3.2. Transmission electron microscopy

Transmissiorelectron microscopy (TEM) was performed ol 120 kV. The
samples e prepared from the evaporation of a drop of a nanoparticle suspended in absolute
ethanol onto a copper grid on which a carbon film was previously deposited.

1.3.3. Elemental mapping
Elemental mappingvas performed on a JEOL JERLOOPIusLaBs working at an

accelerating voltage of 200 kV.

1.3.4. Wavelengthdispersive Xayfluorescence
The domic compositiowasmeasuredby wavelengthdispersive Xrayfluorescence

(WDXRF) on a BrukeS8 Tiger spectromet®@n pelletized powders.
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2. Material characterization

2.1. Elemental dstribution inside LaMn7¢C.3003 nanopatrticles

Appendix Figurel TEM image of LMCO30 and Co (in red) and Mn (in yellow)
repartition along the white line.

2.2. Characterization of the LaSKCoQs perovskite

The protaol of synthesis is described in Appendix section 1.1.1.2.

Appendix Figure2 XRD patterns of Lax<SxCoQ; synthesized at 700 °C in NahO
from La/Sr/Co ratio of 0.60/0.33/1.00. Green peaks account for tabulatekbaCoOs
(PDF card 04014-1579.
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Appendix Figure3 Elemental composition of the LSCO perovskite determined by
WDXRF analysis. The estimated composition of the perovskite 16Stg4C0Cs.

Appendix Figurel Transmission electron microscopy images afA&a10.25C00;
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3. XAS measurements

3.1. Beamline settings

3.1.1. SAMBA beamline

XAS spectra at the Mn, Co and Niddges were collected on the SAMBA beamline
at the SOLEIL synchrotron with a 3#0) monochromator with an energy resolution of
EE/E =6 x 10°. The Ni K-edge spectra were collected between 8200 and 9500 eV with a
scan rate of 10 eVlsand an integration time of 0.5 s per point for a recording time of 3 min
per scan. The Co4€dge spctra were collected between 7550 and 8300 eV with a scan rate
of 2.5 eV.g" with an integration time of 0.1 s per point for a recording time between 6 and
7 min. The Mn Kedge spectra were collected between 6400 and 7400 eV with a scan rate
of 2.5 eV.g with an integration time of 0.1 s per point for a recording time of 8 min per

scan.

3.1.2. B18 beamline

XAS spectra at the Mn and Coédges were collected on the B18 beamline at the
DIAMOND synchrotron with a Si(111) monochromator with an energy resolution of
EE/E = 1.4 x 10*. The Co Kedge spectra were collected between 7510 and 8560 eV with a
scan rate of 3.5 eV!sand an integration time of 0.07 s per point for a recording time between
6 and 7 min. The Mn ¥dge spectra were collected between 6340 and &89(th a scan
rate of 3.5 eV.3 with an integration time of 0.07 s per point for a recording time of 5 min

per scan.

The security procedure of the beamline specifies that the detector must be removed
anytime the analyzed sample (here the experimentap)sés manipulated. Hence, the
detector is removed between the collection of the dry and the OCV scans to fill the cell with

the electrolyte.

3.1.3. LUCIA beamline
XAS spectra at the Co-Kand L zedges were collected on the LUCIA beamline at

the SOLEIL synchotron with a monochromator Si(111) with an energy resolution of
EE/E =1.410*for the K-edge and a Multilayer Grating Monochromator (MGM) for the-L
edge.
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The Co kedge spectra were collected between 7600 and 8000 eV with a scan rate

varying dependingn the energy and summarizegppendix Tabled| The total recording

time of a scan is 290 min. The Co bkzedge spectra were collected between 760 and 820

eV with a scan rate varying dependmgthe energy and summarizegppendix Tables

The total recording time of a scan is-18 min.

From (eV) To (eV) Step (eV) Time (sec)
7600 7700 2 1
7700.3 7760 0.3 2
7761 7850 1 1
7852 7800 2 1

Appendix Tablet4 Settings forthe acquisition of XAS on Co kKedge on LUCIA
beamline. Variation of the step size and the integration imafunction of the energy
range.

From (eV) To (eV) Step (eV) Time (sec)
760 770 0.3 1
770.1 810 0.1 2
810.3 820 0.3 1

Appendix Table Settings of theacquisitionof XAS on Co izedge on LUCIA
beamline. Variation of the step size and the integration imafunction of the energy
range.
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3.2. Cell description
3.2.1. In situ cell for ¥dge

Thein situelectrochencal cell for hard Xrays is appropriate for use in fluorescence

mode in order to allow a large volume of electrolyte (around 10 mL). A simplified scheme

of the cell is displayed aAppendx Figure5| An image of the experimentadtsip used on

B18 beamline is ofAppendix Figure6| The reference is a saturated calomel electrode

(0.244VINHE). The counter electrode is a platinum wire in a frit. The working electrode is

a glassy carbon plate covered with arcetcatalyst ink. The plate is glued on a hole on the
side of the cell so that one side is in contact with the electrolyte, and the other side is directly
exposed to the incident-Mys. In this configuration, Xays are only absorbed by the
components ofhe working electrode, namely the electrocatalyst ink and the glassy carbon

plate whose thickness & pum, which is transparent enough forddge XAS of transition

metals|Appendix Figure7). The vertical position of the workindeetrode allows oxygen

bubbles that are formed during OER to escape to the surface of the aqueous electrolyte, and
thus refresh the species near the electrocatalysts. The cell is large enough to add an oxygen
bubbling inlet for ORR/OER experiments. The gaetion of the ink containing the
electrocatalyst is described in Appendix Section 1.2.1. The ink is dropped onto the glassy
carbon plate. Once the ink is dried, the concentration of the electrocatalyst on the plate is not
homogeneous. Usually, there amere electrocatalysidepositedon the edges than on the
center of the deposit. The beam is centered on an area with a high amount of electrocatalyst
and far enough from the edges to ensure that the area corresponds to operating

electrocatalysts.
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Appendk Figure 5 Simplified scheme of the side view of the in situ electrochemical
cell.

Appendix Figure6 Experimental setup of operando XAS measurement on B18
beamline. Ref is the referenetectrode. CE is the counter electrode. WE is the working
electrode. Qindicates the oxygen bubbling inlet.
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Appendix Figurer Transmission coefficient of a 60 um glassy carbon foil between
6000 and 9000 eV.

3.2.2. In situ ell for l-edge

In order to function properly, the electrochemical cell requires several criteria.
Because the cobalt&édge is measured under vacuum, the cell must be resistant to pressure
and to the corrosive electrolytes, such as alkaline or acidic as|issdutions or organic

solvents. Moreover, in order to reduce photon loss, the beam path to the material should

cross a layer as thin as possipMgendix Figures).

Appendix FigureB Side viewscheme of the electrochemical cell. Electrodes are in
red. Reference electrode is a silver wire. The counter electrode is a platinum plate or
platinum foil. The working electrode is a nanoparticle ink deposited on conductive plate
(glassy carbon or SiNs).

164



Appendix

The electrochemical cell is made of PEEK polynr,epp(endix Figuregr. It is

composed of a 1 cm? working electrode (1) placed in front of a platinum counter electrode
(2) with a spacing of 200 um. The pseudderence electrode & silver wire (3) inserted

from the side and in contact with the cell through one of the electrolyte inlet (6). A
waterproof rubbe©-ring (4) surrounds the counter electrode and the inlets and delimits the
electrochemical system in an area of 45 mm2. gdld spring (5) connects the working
electrode plate to the potentiostat. All in all, the electrochemical reaction occurs in a volume
of 9 mn?. In such small volume, oxygen accumulation quickly creates an overpressure. To
avoid such pressure build up, thes is evacuated through the electrolyte circulation (6). The
electrode is analyzed in a back scattering geometry, where the beam goes through the
electrode to analyze the part that is in contact with the electrolyte. The electrolyte flow is

regulated by peristaltic pump outside the vacuum chamber.

In our previousin situ experiments on transition metal-é¢ges, the working

electrode consisted on nanoparticles deposited on a glassy carbon plate. However, this

substrate is noetransparent at 700 eMppendix Figurel(). Instead, a SN4 plate is used

to transmit 70 % of the photons and to resist to pressure. It is coated with 10 nm of Au/Ti

beforehand to assure the conductivity of the electrode.

Appendix Figured Top view image of the cell open (left) and closed (right). 1:
location of the working electrode plate. 2: platinum foil as counter electrode. 3: reference
electrode input. 4: waterprooD-ring. 5: golden spring. 6: electrolyte inletittet. The
fluorescent white papers enables a visual tracking of the beam to align the cell.
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Appendix Figurel0 Transmission coefficient of 50 um of carbon (left) and 0.1 pum of
SiNs (right) between 700 and 1000 eV.

3.3. Operando experiments

3.3.1. Cyclic voltammograms of in situ experiments

Appendix Figurel1 Control cyclic voltammograms of /8 in Ho.SQ; 0.5 M solution
during the operando experiment of HER. Scan rate: 5V
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Appendix Figire 12 Control cyclic voltammograms of 3 in KOH 0.5 M solution
during the operando experiment of OER. Scan rate: 5&mV

Appendix Figurel3 Control cyclic voltammograms of M in KOH 0.5 M solution
during the operando experiment of OER. Scan rate; 5&mV
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Appendix Figurd4 Control cyclic voltammograms of LaMa@® O,-saturated KOH
0.1 M solution during the operando experiment.

Appendx Figure 15 Control cyclic voltammograms of b.&Sf3MnOs in Oo-
saturated KOH 0.1 M solution during the operando experiment.
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Appendix Figurel6 Control cyclic voltammograms of LaWéC.4Os in Oo-
saturated KOH 0.1 M solution during the operando experiment.

3.3.2. Scan history of the operando experiments

Potential

Dry | OCV | -0.56 | -0.36
(V/RHE)
Scans 6 6 20 16

Appendix Tabl®& Operandostudy of Ni during HR. Potential of each steps and the
number of scans acquired. No potential was applied during the steps in blue.

Potential

Dry | OCV | 1.57 | 1.27
(V/RHE)
Scans 6 6 20 20

Appendix Tablg Operandaostudy of Ni during OER. Poteatiof each steps and the
number of scans acquired. No potential was applied during the steps in blue.

Potential

Dry | OCV | -0.56 | -0.36
(V/IRHE)
Scans 9 9 23 16

Appendix Tablé Operandostudy of N4B during HER. Potential afach steps and
the number of scans acquired. No potential was applied during the steps in blue.
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Potential
(VIRHE)
Scans 3 30 30 30

Appendix Tabl® Operandostudy of N§B during OER. Potential of eachegis and
the number of scans acquired. No potential was applied during the steps in blue.

Dry | OCV | 1.57 | 1.22

Potential
(V/IRHE)
Scans 16 10 10

Appendix Tabld0Operandostudy of NiBz during HER. Potential of each steps and
thenumber of scans acquired. No potential was applied during the steps in blue.

Dry | OCV | -0.16

Potential
Dry | OCV | 1.62
(V/IRHE)
Scans 6 6 11

Appendix Tabld1 Operandastudy of NiBz during OER. Potential of each steps and
the number of sees acquired. No potential was applied during the steps in blue.

Potential
(V/IRHE)
Scans 16 16 9 16 16 16 16 8 8 8

Appendix Tablel2 Operandostudy of LaMn@ Potential of each stspand the
number of scans acquired. No potential was applied during the steps in blue.

Dry | OCV | 0.8 0.6 0.4 0.2 09 | 14| 18|09

Potential

Dry ocv 0.8 1.0 0.6 1.0 04 | 10| 02| 1.0
(V/RHE)
Scans 3 3 3 3 3 3 3 3 3 3

Appendix Tablel3 Operandostudy of LasSrsMnOs. Potential of each steps and
the number of scans acquired. No potential was applied during the steps in blue.

Potential (V/RHE) | Dry ocC 1.8 1.0 1.8 0.4 1.0
Scans 13 12 12 9 6 12 12

Appendix Tabld4 Operandostudy of La7sSr.2sC00s. Potential of each steps and
the number of scans acquired.
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V/RHE |Dry |Dry |OC|OC | 18|18| 10|10 04| 04|10 10
K-Edge | Mn | Co | Mn | Co [ Mn | Co | Mn | Co | Mn | Co | Mn | Co
Scans 2 4 3 6 3 6 3 6 3 6 3 6

Appendix Tabld5 Operandostudy ofLaMny sC.403. Potential of each steps and
the number of scans acquired.

3.3.3. XANES corresponding to the linear combination fitting

Appendix Figurel7 Linear combination applied to Manoparticles under drgtate
during the HER experimenfThe experimental spectrum in black. The calculated
contribution by LCF of pristine Ni and Ni(OHgare in blue and green respectively. The
residual difference between the experimental spectrum and the fit construatetthéreum
of all contributions is plotted in dotted grey.
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Appendix Figurel8 Linear combination applied to Mianoparticles under resting
state during the HER experimerithe experimental spectruis in black. The calcaked
contribution by LCF of pristine Ni and Ni(OHgare in blue and green respectively. The
residual difference between the experimental spectrum and the fit constructed from the sum
of all contributions is plotted in dotted grey.

Appendix Figure19 Linear combination applied to Nnanoparticles under
electrocatalytic conditions during the HER experiméFtie experimental spectruis in
black. The calculated contribution by LCF of pristine Ni and Ni(£4#¢ in blue and ggen
respectively. The residual difference between the experimental spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.

Appendix Figure20 Linear combination applied to Mianopaticles under resting
state after the electrocatalysis during the HER experimidm experimental spectrusin
black. The calculated contribution by LCF of pristine Ni and Ni(£4#¢ in blue and green
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respectively. The residual difference between tkpeemental spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.

Appendix Figure1 Linear combination applied to Manoparticles under dry state
during the OER experimeniThe e&perimental spectrums in black. The calculated
contribution by LCF of pristine Ni and Ni(OHgare in blue and green respectively. The
residual difference between the experimental spectrum and the fit constructed from the sum
of all contributions is plo#d in dotted grey.

Appendix Figure22 Linear combination applied to Mianoparticles under resting
state during the OER experimeiithe experimental spectruim in black. The calculated
contribution by LCF of pristine NiNi(OH) and NiOOH are in blue, green and red
respectively. The residual difference between the experimental spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.
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Appendix Figure23 Linear combination applied to Nnanoparticles under
electrocatalytic state during the OER experimérite experimental spectruisiin black.
The calculated contribution by LCF of pristine Ni, Ni(Qldjhd NiOOH are in blue, green
and red respectively.HE residual difference between the experimental spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.

Appendix Figure24 Linear combination applied to Mianoparticles under restin
state after the electrocatalysis during the OER experinidrg experimental spectrumin
black. The calculated contribution by LCF of pristine Ni, Ni(@&hd NiOOH are in blue,
green and red respectively. The residual difference between the expalisperctrum and
the fit constructed from the sum of all contributions is plotted in dotted grey.
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Appendix Figure25 Linear combination applied to BB nanoparticles under dry
state during the HER experimerithe experimntal spectrums in black. The calculated
contribution by LCF of pristine M8 and Ni(OH) are in blue and green respectively. The
residual difference between the experimental spectrum and the fit constructed from the sum
of all contributions is plottedhi dotted grey.

Appendix Figur&6 Linear combination applied to BB nanoparticles under resting
state during the HER experimerithe experimental spectruis in black. The calculated
contribution by LCF of pristine M8 and Ni(OH» are in blue and green respectively. The

residual difference between the experimental spectrum and the fit constructed from the sum
of all contributions is plotted in dotted grey.
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Appendix Figure27 Linear cambination applied to NB nanoparticles under
electrocatalytic state during the HER experiméeFtie experimental spectruisiin black.
The calculated contribution by LCF of pristinesBliand Ni(OH} are in blue and green
respectively. The residual differe between the experimental spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.

Appendix Figur&8Linear combination applied to BB nanoparticles under resting
state after thelectrocatalysis during the HER experiméehite experimental spectrumin
black. The calculated contribution by LCF of pristingBNand Ni(OH} are in blue and
green respectively. The residual difference between the experimental spectrum and the fit
corstructed from the sum of all contributions is plotted in dotted grey.
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Appendix Figure29 Linear combination applied to BB nanoparticles under dry
state during the OER experimeiithe experimental spectruis in black.The calculated
contribution by LCF of pristine M8 and Ni(OH) are in blue and green respectively. The
residual difference between the experimental spectrum and the fit constructed from the sum
of all contributions is plotted in dotted grey.

Appendix Fgure 30 Linear combination applied to BB nanoparticles under resting
state during the OER experimeiithe experimental spectruis in black. The calculated
contribution by LCF of pristine M8 and Ni(OH) are in blue andyreen respectively. The

residual difference between the experimental spectrum and the fit constructed from the sum
of all contributions is plotted in dotted grey.
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Appendix Figure31 Linear combination applied to BB nanoparticles under
electrocatalytic state during the OER experimérite experimental spectruisiin black.
The calculated contribution by LCF of pristinesBliand NiOOH are in blue and red
respectively. The residual difference between the experimentalrispeand the fit
constructed from the sum of all contributions is plotted in dotted grey.

Appendix Figure32 Linear combination applied to BB nanoparticles under resting
state after the electrocatalysis during the O&fRerimentThe experimental spectrumin
black. The calculated contribution by LCF of pristingBNand Ni(OH} are in blue and
green respectively. The residual difference between the experimental spectrum and the fit
constructed from the sum of all ¢ohutions is plotted in dotted grey.
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Appendix Figure33 Linear combination applied to M3 nanoparticles under dry
state during the OER experimeiithe experimental spectruim in black. The calculated
contribution byLCF of pristine NB, Ni(OH) and NiOOH are in blue, green and red
respectively. The residual difference between the experimental spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.

Appendix Figure4 Linear combination applied to M8z nanoparticles under resting
state during the OER experimeiithe experimental spectruis in black. The calculated
contribution by LCF of pristine N8B, Ni(OH) and NiOOH are in blue, green and red
respectively. The residual difference between the experimental spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.
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Appendix Figure35 Linear combination applied to M3 nanopaticles under
electrocatalytic state during the OER experimérite experimental spectruisiin black.
The calculated contribution by LCF of pristinesBlj Ni(OH)» and NiOOH are in blue, green
and red respectively. The residual difference between the mgesl spectrum and the fit
constructed from the sum of all contributions is plotted in dotted grey.

3.3.4. Chronoamperometry of soneperandoexperiments

Appendix Figure36 Chronoamperogram of la7Sro.33VInOs in Oz-saturatedKOH
0.1 M solution during the operando experiment.
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Appendix Figure37 Chronoamperogram of LaMBCm.403 in Oz-saturated KOH
0.1 M solution during the operando experiment.

3.3.5. Operando XAS of & from a classical ink

Theink composition is described in section 1.2.1.

Appendix Figure88 XANES of CgDs during OERiIn KPi 0.1 M on CK-edge. The
spectrum corresponding to the dry electrode is in bl&ciccessive potentials are applied:
1.2 plue), 1.8 (dark green), 1.2 (cyan) and 1.8 V (light grebnjhe red frames a zoom
between 7719 and 772V.
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3.3.6. Supplementary FEXAFS fits without paths from nickel oxides

Path R N 10018 0( |Redchiz| Rf (%)
Ni-B 2.06 3.0 (1) 13 -5 (2 137 2.33
Ni-Ni 2.50 8.0 (1) 11
Ni-Ni 2.73 1(2) 16

Appendix Tablel6 Structural parameters of BB nanoparticles under HER
conditions extracted from Ni-Kdge EXAFS refinement. Uncertainties on the last digit are
in brackets. Fird parameters are in bold characte’s. 1 1 d(Eak@efined ichapter

Il section2.2.1.
Path R N 10° 18 0( | Red chi2| Rf (%)
Ni-B 2.04 3.0 (1) 13 -5 (2) 773 2.97
Ni-Ni 2.50 6.1(6) 11
Ni-Ni 2.77 3.3(1) 17

Appendix Tablel7 Structural parametersof NiB nanoparticles under OER
conditions extracted from Ni-Kdge EXAFS refinement. Uncertainties on the last digit are
in brackets. Fixed pameters are in bold characters. 1 1 diEage@efined ithapter

Il section2.2.1.
Path R N 10° 18 0 ( Redchi2 | Rf (%)
Ni-B 2.11 6.7 (23 |10 -10(3) | 385 3.90
Ni-Ni 2.54 58 (19 |12
Ni-Ni 2.91 21(20 |11

Appendix Tablel8 Structural parameters of NBsz nanoparticles under HER
conditions extracted from Ni-Edge EXAF$efinement. Uncertainties on the last digit are
in brackets. Fixed parameters are in bold charactdys. 1 1 0 Ea@e@efined ichapter

Il section2.2.1.
Path R N 10018 0 ( Red chi? | Rf (%)
Ni-B 2.11 9.0(10 |10 4(2) 360 2.27
Ni-Ni 2.54 27() |12
Ni-Ni 2.91 1.4(10 |11

Appendix Tablel9 Structural parameter of NiBz nanoparticles under OER
conditions extracted from Ni-Kdge EXAFS refinement. Uncertainties on the last digit are
in brackets. Fixed parameters are in bold charactdys. 1 1 0 Ea@e@efined ichapter
Il section2.2.1.
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4. Discussion

4.1. Calculaton of the nickel oxide content and layer thickness

According to the EXAFS fits in Table I£6, the average number of O neighbors
around a Ni is 0.5, while the theoretical value is 6 neighbors in the Ni(Qlftalline
structure. If we suppose that thekel oxide phase formed in our nanopatrticles is indeed the

crystalline structure, then the percentage of oxidized nickel is calculated from:
raex L z”

However, the average number of Ni neighbors around a Ni (i-Bli Nistances) is
7.6, which, comparetb the theoretical value of 12 neighbors of the crystalline structure,
corresponds to a vacancgntentof 37 % (the effect of the size of the nanoparticles is
neglected). Consequently, if we consider that the nickel oxide phase contains the same
percentge of vacancies than the metallic nickel phase, the percentage of oxidized nickel is

then:
rav.st .
— U— L su
X yX

In conclusion, the percentage of nickel oxide in the synthesized nickel nanopatrticles
is between 8 and 13 %, depending on the percentage of vacancies inside the nickel oxide
phase.

Supposing that the nickel oxide phase is a layer on tliaceuof the nanoparticles
forming a coreshell structure and that all the phases have the same densities, the relation
between the nickel oxide layer thickness e, the nickel oxide content x and the nanopatrticle

size R is:

A7
TL SF@F—4A

From this rehtion, we calculate that a nickel oxide content of 13 % in Ni

nanoparticles of 20 nm corresponds to a nickel oxide layer of less than 1 nm.

4.2. Evaluation of the uncertainty of linear combination fitting
In chapter 1l section 2.1.2.1., we stated that thecehof the reference for the linear

combination fitting can highly impact the results of this technique. Here, we demonstrate
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this statement with LCF of mangands&#sed perovskites with manganite perovskite

references from different origins.

In chapter Il, we synthesized LaMn§) Lao67Sr.33MN0O3, LaMno.7Cm 303 and
LaMno.eCn.403 nanoparticles. To evaluate the oxidation state of the manganese, we did a
LCF with the XAS of our synthesized LaM@®; and a SrMN O3z perovskite taken from
Celorrio et al*®. [Appendix Table20| column 2) We then did the LCF with the XAS of
LaMn"'Os and SrMi O3 perovskites that have both been taken from Celatial. to

compare the impact of the origin of LaMg@n the oxidation state calculated from XANES
LCF [Appendix Table20| column 3). With the LaMn&from the literature, the content of
Mn'"" (LaMnQs contribution) is overvalued hyp to 0.09 in LaMa7Co 303, which is higher

than the uncertainties calculated from the LCF that are lower than 0.03. Consequently, the

impact of the choice of the reference is more important than the uncertainty of the LCF

calculation on the LCF result.

Even though LaMn@hanoparticlesyand LaMnQqiteraturey are the same phase, the
LaMnOs from the literature are larger nanoparticles (50 nm compared to 20 nm for our
synthesized perovskites) and such a small detail has an effect on the shape of'fife XAS
Moreover, the difference in synthesis method-¢glin the literature, molten salts in our

work) could also alter the purity of the perovskite.

LaMnO 3(nanoparticlesy SIMNO 3 LaMnO 3iterature)/STIMNO 3

Lao.67Sro.3MnO3 ‘ 0.67/0.33 (2) 0.74/0.26 (2)
LaMn 0.7C00.203 0.60/0.40 (2) 0.69/0.31 (1)
LaMn 0.6C00.403 ‘ 0.70/0.30 (3) 0.75/0.25 (2)

Appendix Table 20 Mn" and MrdY molar content in L&eSlh.3MnOs,
LaMno 7C. 203 and LaMn 6C.403 perovskites calculated from XANES linear combination
fitting with two sets of references: our synthesized Lajmgdoparticles)and SrMng
taken from Celorrio et a*® (second column) and LaMn(iterature) and SrMn@ both
taken from Celorrio et a®° (third column). The uncertainty on the last digit calculated from
LCF is under brackets.
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Appendix Figure89 XANES of aprepared LaMn®@by our molten salt synthesis (in
black) and reported by Celorrio et &° (in red). In the red framés a zoom between 6550
and 6554eV.

In this LCF applied to manganite perovskites, we have demonstrated that even two
different references ith the same phase can give quite diverging LCF results. We can then
wonder about the uncertainty of this method when the references chosen are much more
different from the studied phase as it is the case in chapter Il, where nickel boride
nanoparticles ar fitted with (bulk) commercial nickel oxides. As the uncertainty on the
choice of the references cannot be estimated and the uncertainty on the LCF calculation is

negligible, no uncertainty range is given on the LCF combination in chapter II.

4.3. Impact of tke natureof the crucible on the synthesis ofilk&KCoOs

Porcelain and boron nitride crucibles wearensidered for the synthesis bé-
xSKC0Os. The boron nitride crucible is a cylinder with the same dimensions as the alumina
crucible. The porcelain cride is a flatbottomed bowl that is shorter than the other
crucibles but slightly wider. We reproduce the perovskite synthesis atC800 these

crucibles. After heating, their visual aspects are compared to the aspect of the alumina

crucible at the samsep|Appendix FiguretQ). In the alumina crucible, most of the solid is

black, which is the color of the nanopatrticles, and it also covers the sides of the container. In
the boron nitride crucible, the black solid is only in leétom of the crucible, under a white

ring cohesive to the crucible wall. This white wall is covered with blue spots, suggesting
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sequestration of cobalt species and possible reaction due to the reducing properties of boron
nitride. In the porcelain crucie) the black crude is present in the bottom and the wall is
covered by black and blue stains. The porcelain is no more covered with glaze. The crude

clearly reacts also with porcelain.

Appendix Figure40 Crucible aspectfter La/SnsCo0s synthesis in molten salts.
The alumina crucible (a) contains only a black mixture composed of the nanoparticles
embedded in the salt. After the mixture is removed (b), blue traces still remain on the
crucible. The boron nitride crucié (c) contains a mixture of white and blue powders
(indicated by the red arrowyhich are respectively eroded boron nitride and the products
of cobalt reacting with boron nitride. The porcelain crucible (d) contains a mixture of black
and blue powders.he black component is the nanoparticles in salts. The blue component
is cobalt reacting with the porcelain silica to form cobalt silicates.

The sample synthesized in the porcelain crucible is mainly black and is further
investigated by Xay diffraction. ts diffractogram is compared to thee obtained witlan
alumina crucible undethe same conditiongg. at 800°C under airWe also note that the
synthesis caied out in the alumina crucible theoretically done under the same conditions
than the firs synthesis presented at 800 ° in the alumina crucible. However, their
diffractograms are not similar. Aimidentifiedcritical parameter of the synthesis may not
have been taken into account. One possible origin is the ageing of the precursors.
Consequetty, the diffractogram displayed on each figure is the diffractogram whose
synthesis was carried out at the same time as the other synthesis compared on the same
figure. The diffractogram of the sample from the alumina crucible displays peaks fiom La
xSKCoOs pseudecubic perovskite, LexSn«xCoQs lamellar perovskite, La(OH)and
hydrated potassium cobalt oxide phases. The diffractogram of the sample from the porcelain
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crucible exhibits peaks from both 1&rC0o0: and LaixSn+xCoQs phases and of a
potasgum cobalt oxide phase. Three peaks are not identified at 18.3°, 27.3° and 30.8°. The
powder synthesized in the alumina crucible contains many oxides, including both
perovskites with comparable amounts. The powder synthesized in porcelain crucible is
mainly Lay.xSKCoQs perovskite with a small amount of impurities. Considering the aspect

of the porcelain crucible at the end of the reaction, we hypothesize that unidentified peaks
indicate the presence of silicdtased species. To avoid these additional nitipa, we
choose to further investigate reactions in alumina crucibles, where the gadidphase

is far not pure, but where the secondary products originate only from the reaction precursors
and are not due to the reaction between our precursorfi@mthiémical component in the

crucible.

Appendix Figuredl XRD patterns of LasSrzCo0Oz powders synthesized in KNO
during 1 h at 800C in alumina and porcelain crucibles. Reference patterns of
Lao.7Sr.3Co0s (green,PDF card 040141579), La.7sSn.2sCoQy (orange, PDF card 04

013-4920), La(OHj (red, PDF card 04005-8587) and K.:C0(,-0.4H0 (purple, PDF card
04-012-5548). Unattributed peaks are identified with a star.

4.4. Monitoring the stability of the electrocatalyst the intensity of the raw XAS
An operandoXAS experiment on G4 during OER in KPi 0.1 M was carried out
on the SAMBA beamline, where the ink contained only theOz@anoparticles dispersed
LQ DEVROXWH HWKDQRO 3G 5 \scad Brb Gpleckzt &t eRdR @pplidd- WH G
potential (OCV, 1.0 V/Ag/AgCl, 0.0 V/Ag/AgCI, 1.0 V/Ag/AgCI, 0.0 V/Ag/AQCI). The
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scans without normalization are displayedAywpendix Figure42| We observe that the

intensities of the scans are degsing during the experiment. When we correlate with the
state of the electrode/the applied potential, we observe that the first drop of intensity (around
40 % loss) occurs between the dry and the first resting state, suggesting either that the
concentrabn of cobalt decreased or that the electrolyte partially absorbs-tag beam.

The second drop occurs while the system is still under resting state. This clearly implies that
the concentration of cobalt is decreasing, whether through the dissolutioheof t
nanoparticles or through the detachment of the nanoparticles from the working electrode into
the electrolyte. Another drop of intensity is observed when a potential of 1.0 V/Ag/AgCl is
applied, then the intensity stays stable under the oxidizing conslitihe reduction of the
potential to 0.0 V/Ag/AgCI reengages the progressive loss of intensity overtime at a resting
state, although this second loss is less important than the loss during the first OCV, because
the loss is proportional to the preseahcentration of cobalt. Raising the potential back to

1.0 V/Ag/AgCI halves the remaining intensity, which then stays relatively stable under the

oxidizing potential and slightly decreases once the potential is reduced back to 0 V/Ag/AgCI.

The temporal momdring of the experiment displayed [&ppendix Figure43{(the relative

intensity is chosen as the difference between the intensity of the scan after the edge at
8000eV and the intensity at the scan before the edge at 7600 e¥ly sleaws that the loss

of intensity overtime cannot be modelled by a regular (exponential or linear) plot. Instead,
the plot exhibits three significant drops around 1h, 2h30, and 4h45 which correspond
respectively to the transition from dry to OCV and tweo transitions from 1.0 to
0.0V/Ag/AgCI. While the loss of intensity from dry to OCV could be attributed to the
absorption of the electrolyte, the drop of intensities when the potential is reduced ftom 1.0
0.0 V/IAg/AgCl clearly reflects a decreasecobalt concentration, hence a dissolution of the
nanoparticles or a detachment of the nanoparticles from the working electrode. This
potentiatdriven decrease of cobalt concentration is not observed when a classical ink
(section 1.2.1.), which contains fian, activated acetylene black and nanoparticles inside
absolute ethanol is employed instead of the sole dispersion of nanoparticles that is used, here.
We then attribute the loss of cobalt to the detachment e®Loanoparticles from the
working electrale, which is prevented by the mechanical stabilization provided by Nafion

in the classical ink.
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Appendix Figureél2Raw scans of G@4in KPi 0.1 M on Co Kedge during operando
experiment. The prepared ink only contairs@: nanoparticles in absolute ethanol. The
potentials areplottedagainst Ag/AgCl reference. The poterg@pplied are indicated above
the scans and numbered in the chronological order. When necessary, the arrows indicate

the direction of the change dag a constant applied potential.

Appendix Figure43 Cos04 during in situ XAS OER experiment. Time evolution of
the relative intensity of the scans on Ceet#fge under different potentials. The relative
intensity is the dierence between the intensities at 8000 eV and 7600 eV.
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Résumé:

Pour satisfaire la demande éndigge mondiale, les batteries takair et les
électrolyseurs sorgnvisagés pour le stockage et la conversion énergétiguenteur ds
UpDFWLRQV GH IRUPDWLRde GHC OAW[L[\RQQEH 20FRI&JqQH 25!
formation du dihydrogéne (HER) impliquées dans cesdispositifs nécessite des
électrocatalyseurpour atteindre legperformanes requisesCe travail est focalisé sur des
électrocatalyseurs sous forme de nanoparticules et a bas#alex de transitigra kas co(t,
avec desactivités électrocatalytiques éleveeRDLY GRQW OfpYROXWLRQ ORU\
QpFHVVLWH XQH FRPSUpKHQVLRQ DSSURIRQGLH GDQV OH
/ITREMHFWLI D pWp GH PLHX[ FRPSU HQ®BAdithrOdpprdatRi@sX WLR Q G
en mobilisant une technique de chobD V S HF W UdbsbFpioBdesi ra@ofhs< (XAS)
in situ. Nous avons ainsip f{DERUG GTH[SOLTXHU OD WUqV JUDQGH DF
ERUXUHV GH B((5 NRBERIFRXUeQrinde silité du borure dans le premier
cas et la formationn situ GTXQ R[\GH HQ VXUIEeHdeGhHonreQlan@ RSDUWLF
deuxiéme casNous avons ensuite chercls§nthétiser puis comprendre la réactivité des
pérovskites oxydes manganites et cobaltites poUf255 H W erDdwl{dnin situ les
YDULDWLRQV GH GHJUp GTR[\G CEWihRa@o&siilté BeatuplXrleS H WU D Q
analyse®perandoXAS et en microscopie électronique a transmission a été évaluée pour le
cas modéle d€0z0xs.

Abstract:

To meet theglobal energy needsnetatair batteries and water splitting devices are
foreseen as potential energy conversion and storage devicetuggishness of thexygen
Evolution Reaction (OER)the Oxygen Reduction Reaction (ORR) atite Hydrogen
Evolution Reaction (HER)that areinvolved in these devicesalls for the use of
electrocatalystso achieve the required performancebis work focuses on cosffective,
transition metabased electrocatalyst nanoparticles with high electriytiatactivities, but
whose evolution duringhe reactionsequiresthorough understanding orderto improve
activity and stability The goal is to better understatitk electrocatalyst evolutionnder
operating condition®y usingin situ X-ray absorptn spectroscopy (XAS). We were able
to explain the high HER and OER activities of nickel boriddsich are due tothe high
stability of boridesin theformercase, and to thie situformation of an oxide layer around
the boride nanoparticles in thadter case. We then synthesizendstudiedthe reactivity of
manganite cobaltite perovskite oxides during ORR and OER by studysitgthe evolution
of the oxidation state of the transition met&imally, we evaluated the possibility to couple
operandoXAS analysis and transmission electron microsaomgingon the model OER
electrocatalyst GfDs.
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