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Abstract

Water splitting into oxygen and hydrogen is a promising route for renewable energies
conversion and storage. Iron group oxides (Fe, Ni, Co) have interesting catalytic properties
towards water oxidation into oxygen (OER) in alkaline electrolytes, and they are amongst the
best candidates for a large-scale deployment of this energy conversion technology. The
development of efficient catalysts involves their synthesis and the understanding of the
reaction mechanisms of water oxidation at the surface of such materials. In this work we
investigate the structure and chemical state of OER model catalysts - cobalt, iron and mixed
cobalt-iron oxide layers with a well-defined structure, composition and morphology - by
simultaneously using surface X ray diffraction (SXRD) and X ray absorption spectroscopy
(XAS). We show that this approach allows a deeper interpretation of observations and yields
new insights into the OER mechanisms. In the case of pure cobalt oxides obtained by epitaxial
electrodeposition on a single crystal substrate Au(111), our results show that spinel cobalt
oxide Co0304(111) and oxyhydroxide CoOOH(001) exhibit different structural and oxidation
state changes induced by potential, corresponding to distinct surface transformation. A sub-
nm skin layer is formed on Co304 before OER onset and its oxidation state is +3. In the case
of CoOOH, no skin layer is observed and the small oxidation state variations with potential is
due to changes of the H surface coverage. In the case of mixed CoFeOy (111) spinel oxide
thin films electrodeposited on Au(111) with an iron content ranging between 15% and 50%, we
find similarities with CosQ4, including structural changes and Co?* surface atoms experiencing
oxidation to Co®" with potential while Fe redox state remains unchanged. The comparison of
these results with those obtained for both Cos04 and Fes;O4 crystalline oxides yields insights
into the role of Fe doping in OER activity improvement of CozO4. We further present a second
preparation method where oxide films are obtained by anodic oxidation of an electrodeposited
ultrathin (=1nm) epitaxial metal film (Co, Fe, CoFe alloys of variable compositions). The nm
thickness of the anodic oxides affords higher sensitivity in potential induced redox changes
determination and the preparation method allows a more flexible tuning of the Co/Fe ratio in
the oxide. The oxidation state changes in these samples are examined in light of the results
obtained for their crystalline analogues, to which they are also compared in terms of
composition, catalytic activity and operando behaviour. By studying well-defined Co, Fe and
mixed CoFe oxides systems, we establish correlation between structural properties and
oxidation state changes that are used to identify the OER active phase and to discuss the

reaction mechanism.



Résumé

La décomposition électrochimique de lI'eau en oxygéne et hydrogéne est un moyen
énergétiquement efficace de convertir et stocker I'électricité issue d’énergies renouvelables.
Les oxydes du groupe Fer (Fe, Ni, Co) présentent des propriétés catalytiques intéressantes
vis a vis de la réaction d’oxydation de I'eau en oxygéne (OER) en milieu alcalin, et sont parmi
les meilleurs candidats pour un déploiement a grande échelle de cette stratégie de conversion
des énergies renouvelables. Le développement de catalyseurs efficaces implique leur
synthése et la compréhension des mécanismes réactionnels de I'oxydation de I'eau a leur
surface. Dans ce travail, nous étudions la structure et I'état chimique de catalyseurs modéles
pour 'OER, des films minces d’oxydes de cobalt, de fer et d’'oxydes mixtes cobalt-fer, ayant
une structure, composition et morphologie bien définies. Pour cela nous utilisons
simultanément la diffraction de rayons X de surface et la spectroscopie d’absorption de rayons
X. Nous montrons que cette approche permet une interprétation plus approfondie des
observations faites et apporte un nouvel éclairage sur les mécanismes de 'OER. Dans le cas
des oxyde de cobalt purs obtenus par électrodépdét épitaxié sur un substrat monocristallin
Au(111), nos résultats montrent que le potentiel appliqué a I'électrode induit des changements
structuraux et de degré d’oxydation différents chez 'oxyde de cobalt de structure spinelle
C0304(111) et chez 'oxyhydroxyde CoOOH(001), ce qui correspond a des transformations de
surface différentes. Une peau d’épaisseur inférieur au nanomeétre se forme a la surface de
Co304 avant 'OER, et son degré d’oxydation vaut +3. Dans le cas de CoOOH, on n’observe
pas de peau et les faibles variations de degré d’oxydation induites par le potentiel sont liées a
des variations de taux de couverture d’hydrogéne a la surface. Les films minces d’oxydes
mixtes CoFeOy (111) de structure spinelle dont la teneur en Fer varie de 15% a 50% sont
également obtenus par électrodépdt sur Au(111). Dans leur cas, on observe des similitudes
avec Co304, notamment des modifications structurales et I'oxydation avec le potentiel des
atomes de Co?" de surface en Co*', tandis que I'état d’oxydation du fer reste inchangé. La
comparaison de ces résultats avec ceux obtenus pour les oxydes cristallins Cosz04 et FesO4
apporte des informations sur le réle du dopage en Fer dans 'amélioration des propriétés
catalytiques de Co304. Nous présentons de plus une deuxieme méthode de préparation ou les
films d’oxydes sont obtenus par oxydation anodique d’un film épitaxié ultramince (£1nm) de
métal (Co, Fe, alliages Co/Fe the compositions variables) obtenu par électrodépbt. L’épaisseur
nanométrique des oxydes anodiques permet une plus grande sensibilité dans la détermination
des changements redox induits par le potentiel, et la méthode de préparation offre une plus
grande flexibilité dans le choix du ratio Co/Fe dans 'oxide. Les variations de degré d’oxydation

dans ces matériaux sont examinées a la lumiere des résultats obtenus pour les analogues
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cristallins, auxquels ils sont également comparés en termes de composition, d’activité
catalytique et de comportement operando. En étudiant des systémes d’oxydes bien définis de
Co, Fe, et mixtes CoFe, nous pouvons établir des corrélations entre propriétés structurales et
de variations de degré d’oxydation, qui sont utilisées pour identifier la phase active pour la

réaction de 'OER et discuter de son mécanisme réactionnel.
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Chapter 1: Introduction

1.1 Context

The combined effects of increasing energy needs, the depletion of fossil fuel resources and
the need to reduce our greenhouse gas emissions in order to limit the consequences of global
warming are encouraging a diversification of our energy sources. The mobility and energy
sectors are particularly concerned by these issues because they mostly rely on the use of fossil
fuels. Among the different alternatives considered, the energy based on hydrogen offers
several advantages.

Hydrogen can be used to provide energy for several applications, for instance to generate
electricity in fuel cells via an electrochemical process or to generate heat via H, combustion.
Fuel cells are energy conversion systems that convert chemical energy into electrical energy
by oxidation of a fuel, hydrogen. During this operation, the electrochemical reaction produces
water but no greenhouse gas [1]. To generate heat and thereby mechanical power, direct
hydrogen combustion in air in an internal combustion engine represents an environmentally
friendly alternative to gasoline [2]. Hydrogen is also an interesting way to store energy since
unlike intermittent energy sources such as sun or wind, hydrogen can be stored permanently
and is readily available in case of need to power fuel cells and produce electricity [2].
Hydrogen is therefore an energy carrier, and it can be produced from several energy sources.
Especially hydrogen production by water splitting is an interesting electrochemical process
with which H; can be synthetized from water, an abundant resource, and without CO;
emissions. Since it uses an abundant resource, it is extremely interesting from an
environmental point of view. When conducted in aqueous electrolyte, it takes place in ambient
conditions, between room temperature and ~200°C [95], at atmospheric pressure. It only
requires electricity to apply a potential difference to the system. Electricity from different
sources may be used to supply water splitting electrochemical cells. For instance, it may come
from renewable resources, and the as-produced hydrogen is consequently referred to “green
hydrogen”, or from nuclear energy, producing “pink hydrogen”, etc. Compared to hydrogen
synthetized from fossil fuels by steam reforming, water splitting is significantly eco-friendlier if

supplied by the appropriate electricity source.

1.2 Principle of electrochemical water splitting
The water splitting process is the decomposition of liquid water into hydrogen and oxygen gas,

following the reaction:

10



Chapter 1

2H0 () — 2H; (9) + 0, (9) (1.1)

This reaction takes place in an electrolysis cell, of which a scheme is shown in Figure 1.1a. It
is composed of an anode and a cathode immersed in an electrolyte, and connected to a power
supply. Indeed, the reaction requires an input of energy in order to drive the process. In
electrochemical water splitting, the reaction is driven by a difference of potential AV between
the anode and the cathode. Different aqueous electrolytes can be used, that are generally
separated in three types: acidic, neutral and alkaline electrolytes. In this work we especially

focus on electrochemical water splitting in alkaline electrolytes.

During the electrolysis process, water is reduced into hydrogen at the cathode via Hydrogen
Evolution Reaction (HER) (1.2) which standard potential is E® = 0 VRHE. At the anode, water
is oxidized into oxygen via the Oxygen Evolution Reaction (OER) (1.3) which standard
potential is EQ = 1.23 VRHE.

2H,0 + 2e~ 2 2HO™ + H, (1.2)
4HO™ - 0, + 2H,0 +4e~ (1.3)
The thermodynamic voltage difference between the anode and the cathode required for the

electrolysis cell to operate is therefore: AV,, = E§ — EQ = 1.23 — 0 = 1.23V.

b eq o
(@) ¥ ®)  E E E." E,
C A I AVr—,\ffective
| I
= — I AV,
I‘
o % @ loer }-- ---!- ---------------
= 2 Q Jher -4~ 0.0V 1.23V,
£ £ T | |
5] ~
T = * [ |
X g <> —_—
Q, 6 NHer 1 Noer
N HO' 3

Figure 1.1: (a) Scheme of an electrolysis cell for water splitting. (b) Current-potential curves of jyzg
(blue) and jogr (red). The potential difference AV, ¢r.qive NEEdEd to meet the condition jorr = —jugr
is larger than 1.23 V. It depends on the catalytic activity of electrodes. Using an efficient catalyst for
OER decreases the overpotential for a given current density (green curve compared to red curve).

Each reaction presents its own current (j) — voltage (V) characteristic. It is experimentally an
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Chapter 1

exponential law of the applied voltage: jugr = jorrexp(bygr(V —E))and jogr =
jSerexp(borr(V — E2)) where b are the Tafel slope and j° are exchange current densities.
Tafel slopes are depending on the mechanism of the reaction [3] and the exchange currents
account for the kinetics of the reaction. Figure 1.1b shows current density — voltage curves of
a water splitting system, plotting both j,zr (blue) and j,gr (red) current densities as a function
of applied potential. It illustrates that the minimum voltage to split water is larger than the
thermodynamic voltage of 1.23 V. In reality one has to account for potential losses due to the
exponential dependence with the voltage. The difference between the thermodynamically
determined half reaction potential ((1.2) or (1.3)) and the potential necessary to drive a specific
current density at the electrode is defined as an overpotential, called nyzr at the anode and
nygr at the cathode. The overpotentials that need to be provided to the system in order to
produce a given current density jogr = —jugr are shown in Figure 1.1b (dashed horizontal
lines). As a consequence, a potential difference 4V, ¢roctive > 4Veq should be applied between
the anode and the cathode of the electrolyser in order to obtain the current density jozr =
_jHER-

To reduce the overpotential and therefore AV, r...ive, the reactions at both the anode and the
cathode should be optimized in order to produce hydrogen with the least amount of energy
possible. For this purpose, catalysts are added to the anode and cathode. The red curve on
Figure 1.1b corresponds to a poor OER catalyst compared to the green curve that would be
obtained with an efficient OER catalyst. With a good catalyst, the overpotential to drive a
current density jogg is reduced and a smaller AVesfecrive IS mandatory in order to reach an

identical current density.

1.3 Transition metal oxide catalysts for Oxygen Evolution Reaction in alkaline
medium

As schematized in Fig. 1.1b, the overpotentials are especially important at the anode side
where OER takes place. The OER is a slow reaction [4] compared to that of the HER (j3zzr<<
joer ), i.e. it requires a large overpotential to meet the condition jozr = —jygg. The reason is
that OER is a complex four electrons transfer process. The OER is therefore responsible for
the main energy losses within water splitting electrolysers [5], which justifies studying this

reaction and developing efficient sustainable catalysts.

A large variety of materials are considered as potential candidates to catalyse efficiently OER

[6]. Below is a non-exhaustive list of the most commonly studied OER catalysts:

- Noble metal-based materials such as Ir or Ru metals, alloys and oxides.
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- Earth abundant transition metal oxides or hydroxides, including Ni, Fe, Co, Mn, Ti, Cu,
Pb based materials and any composites made of the combination of two or several of
these metals.

- Perovskite oxides/hydroxides (of the form ABOs, with A a rare-earth or an alkaline
element, and B is generally a transition metal)

- Metal phosphate, borides... where the metal is generally a transition metal

- Carbon based materials like carbon nanotubes or graphene

Comparing the catalytic activity of OER catalysts

In this work we will especially focus on transition metal oxide catalysts for OER. A general OER
mechanism scheme for metal oxides in alkaline medium is shown in Figure 1.2, where M
refers as the active site. Two pathways are presented starting from M species, with the same
first two steps: adsorption of HO- on the active site by oxidation of the hydroxide anion, followed
by M-O formation by coupled proton an electron removal from M-OH. In pathway (a) [8], a M-
OOH intermediate is formed by HO" nucleophilic attack on M-O and M oxidation, and O; is
further released after proton coupled electron transfer. In pathway (b) [3], 2 neighbouring M-O

species react together to directly form O..

0, +H,0+e (b)

%/ N’ 02 . 2M
M- OH
M-OH
M-OOH K OH
- e

H,O + e
H.O + e

Figure 1.2: general schematic OER mechanisms on metal oxides in alkaline medium. M stands for
the active site (adapted from [7]).

In general, the active site M is considered as the metal cation. A universal descriptor for the
catalytic activity of OER catalysts was described by Man et al. [9]. It is based on the difference
between the energies of M-OH intermediate formation (first OER step) and M-OOH formation
(third OER step), that correspond to the rate-determining step. From a computational point of
view, the activity of OER catalysts (for example the overpotential) can be determined by DFT
calculations, and compared to OER descriptors. For example, Man et al. [3] used the universal
OER descriptor mentioned above to correlate the overpotential of several crystalline oxide
compounds, showing a volcano plot illustrated in Fig. 1.3. The catalysts at the top of the

volcano have a higher overpotential and the optimal value of the OER descriptor. These
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conditions are found for Ru oxide RuO,, close to PtO2, RhO,, NiO and Cos04 oxides. Other
transition metal oxides like TiO,, MoO; or CrO; fall on the foot of the volcano and do not fulfil
the conditions to be good OER catalysts. From an experimental point of view however, the
overpotential of a given metal oxide may depend on several factors that are not taken into
account in computational works. Such volcano plots therefore cannot therefore be considered

as universal OER activity trends.
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Figure 1.3: Theoretical OER overpotential as a function
of the difference between the standard free energy of two
intermediates formation for various binary oxides [9].

Experimentally, the OER activity of a catalyst is characterized by measuring the corresponding
current — voltage curve (see Fig. 1.1). As discussed above, the current generally follows an
exponential law of the potential: jorr = jSzr exp(b(V — E2)) where the Tafel slope b, which is
related to the reaction path [3]. Indeed, itb is inversely proportional to the number of transferred
electrons before and during the rate determining step. It may be used to identify the electron
transfer that is the rate determining step [7]. The latter is therefore often used to characterize
the OER mechanism at a catalyst. Apart from the mechanistic aspect, a low Tafel slope may
be desirable since it corresponds to a faster increase in current density for a similar of
overpotential. However, it is not enough in itself to evaluate the OER activity of a catalyst. The
OER activity is by contrast directly proportional to the exchange current jzz and, two catalysts
with similar Tafel slopes may give very different OER currents at a given overpotential.
descriptor of the intrinsic activity of a catalyst is the Turn Over Frequency (TOF) that indicates the

number of Oz molecules a catalytic site produces per second. In the case of OER which is a four

electrons transfer process, its expression is:
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J
TOF = — (1.4
4eN (1.4)

With j the current density at a given overpotential, e the elementary charge and N the number
of active sites for the reaction. The current density j at a given potential as well as N should
be normalized by the active surface area of the catalyst. However, how this normalization is
performed varies a lot in the literature. A normalization with respect to geometrical surface area
or metal load, is valuable from an applied viewpoint but is not accurate. True benchmarking of
different catalysts requires normalizing the current with respect to the Electrochemical Surface
Area (ECSA) of the catalyst. Different methods exist for this purpose, including capacitance,
BET or microscopy measurements [10]. However, a reliable ECSA determination is not easy
and erroneous ECSA estimation may affect substantially the OER activity measured for a
catalyst. This also applies for the overpotential n at a fixed current density j that should
consider the ECSA of the material. Similarly, determining the true number of active sites N for

the reaction is not straightforward and even more complicated than determining the ECSA.

Together with the Tafel slope and the TOF, the above mentioned overpotential necessary to
flow a given current density and current density measured at a given potential are amongst the
most used OER activity metrics. However, a fair comparison of OER activity is difficult to
establish, depending on the indicator chosen and the way the current is normalized. In the
following, we will focus on the catalysts’ activity in neutral-alkaline electrolyte, which is more
favourable for OER than acidic conditions [6]. The stability of the catalyst in alkaline medium
is therefore another parameter to consider when evaluating the performances of a catalyst.
The comparison of the overpotentials required to reach a given current density measured at
t=0 and at t=2h are for example a way to evaluate the stability of the catalyst in OER conditions
[11].

Benchmarking studies of transition metal oxide catalysts

To address the issue of uncertainties in experimental OER activity comparison, some research
groups have carried out benchmarking studies using consistent protocols to accurately
compare the activity of several OER catalysts. For example, Mc Crory et al. [11-13] have
compared the OER activity in alkaline medium (1M NaOH) of 26 electrodeposited metal oxides,
made of single or binary or ternary metals including Co Fe, Ni, Cu, La, Mn, Ir, Ru, etc. The
activity metrics they used to evaluate the activity of the catalysts are the overpotential needed
to reach a current density of 10mA/cm? per geometrical surface area, measured at both t=0h
and at t=2h in order to additionally estimate the stability of the catalyst, as illustrated in Fig.
1.4 a and b (zoom in the white zone). The ECSA and roughness factor RF were estimated by
determining the double-layer capacitance of the system from CV and are included in the figure

as a colour scale for each data point. The general trend is a higher catalytic activity of noble
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metal oxides like Ru and Ir oxides followed by other metal oxides, especially NiCo, NiFe,
NiMoFe or CoFe oxides. Their measured overpotential at j=10mA/cm? geo is generally within
0.35 — 0.5V. Fe stands as the exception with a higher overpotential especially after 2h of
operation. The same group also compared the activity in 1M NaOH of crystalline nanopatrticle
metal oxides and perovskite [11]. This time the ECSA was measured with both double-layer
capacitance and BET methods. For some sample, this led to consequent differences in the
overpotential at j=10 mA/cm? determined with the two methods. Fig.1.4 ¢ and d (zoom in the
white region) shows the overpotential needed to reach a current density of 10mA/cm? per
geometrical surface area, measured at both t=0h versus measured at t=2h. The BET surface
area is given in colour scale. In general, similar behaviours as for electrodeposited materials
are observed, with IrO, and RuO- having slightly better activity than metal oxide catalysts which

overpotential are in between 0.4 and 0.55V and Fes;04 having a significantly lower OER activity.
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Figure 1.4: Catalytic activity, stability, and electrochemically active surface area for OER in alkaline
solution. The x-axis is the overpotential required to achieve 10 mA cm™2 per geometric area at time t
= 0 and the y-axis is the overpotential required to achieve 10 mA cm2 per geometric area at time t =
2 h. The diagonal dashed line is the expected response for a stable catalyst that does not change in
activity during 2 h. The colour of each point represents the roughness factor of the catalyst according
to the scale shown on top. (a) for several electrodeposited metal oxide catalysts (zoom in the white
region in (b)). (c) for several metal oxide nanoparticles (zoom in the white region in (d)) [11,13].
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It is generally accepted that noble metal oxides are better OER catalysts than other transition
metal oxides [14], however in a sustainability viewpoint, it is essential to use earth abundant
catalyst materials. The above studies indicate that the activity of iron group oxides (Fe, Ni, Co)
oxides is rather close to that of Ir or Ru oxides, which makes them good candidates for durable

OER electrocatalysts.

Iron group oxides catalysts

The OER activity of Fe group oxides both as single metal oxide or oxyhydroxide CoOx, FeOx
and NiOx and binary/ternary metal oxides CoFe, CoNi, FeNi, CoFeNi has been investigated
by different groups [15-19]. In these studies, oxide or oxyhydroxide catalysts of different
compositions were prepared either by electrodeposition or photochemical metal organic
deposition (PMOD), and similar metal loadings were used in order to accurately compare the
catalyst activity of each oxide. Regarding the single metal oxides, Smith et al. [17,18] found
similar OER activities for PMOD prepared Ni and Co oxides, based on the OER onset
overpotential (where the Tafel regime becomes linear) and the overpotential needed to reach
a current density of 0.5 mA/cm?, at least 100mV lower than the one measured for FeOsx.
Morales et al. [19] determined the following activity trend: CoOy > NiOy > FeOy, based on the
TOF and the ECSA corrected current density at an overpotential of 0.35V. However, Burke et
al. [15] found that the TOF of electrodeposited FeOxHy oxyhydroxide is higher than that of
CoOyHy, itself higher than the one of NiOyH,. They attributed the usually low OER activity
measured for Fe oxides to their poor electrical conductivity, and mentioned that at higher
overpotential, Fe oxide becomes more conductive, leading to higher OER activity. Even though
whether Fe oxides are good OER catalysts is debated, it is accepted that Fe addition in Co or
Ni oxides improves greatly their activity. This was observed in all studies mentioned above,
where either mixed FeNi or [15,17] or CoFe [19] oxides had the best OER activities. This is
also the reason why the high OER activity sometimes measured for Ni oxide is attributed in
some studies to the presence of Fe impurities in commercial electrolyte medium [15,20,21].
Fig. 1.5a shows overpotentials at OER onset and at 0.5mA/cm? of PMOD prepared Co, Fe
and Ni oxides, together with their Tafel slopes in (b) [18]. Fe oxides present relatively low Tafel
slopes (~40 mV/decade) in spite of their high overpotentials, while Ni has a notably higher
Tafel (~70 mV/decade). Fe addition decreases both the overpotentials and the Tafel slopes of
mixed oxides compared to the pure ones. Even if they are composed of two metals of high
OER activity, mixed CoNi oxides are found less or as good as catalysts as single Co or Ni
oxides [15,19].
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Figure 1.5: (a) OER onset potentials (Ecat) and potentials required to reach a current density j = 0.5
mA cm? and (b) Tafel slopes of various Fe group oxides obtained by PMOD. [18]

Cobalt oxides catalysts

In this work we especially focus on Co and CoFe based oxides. One of the most OER active
Co based oxide catalyst was reported by Nocera et al. [22]. It is obtained by electrodeposition
of Co(ll) salts in pH7 potassium phosphate buffer (KPi) solution on different substrates like ITO
or FTO, and often referred as CoPi or CoCat. The as-formed precipitate is an amorphous
oxide/hydroxide of micrometer thickness (see Fig. 1.6a) which contains Co, K, P and O atoms
with Co:K:P in aratio 2:1:1(see Fig. 1.6b). It exhibits good OER activity and stability in neutral
pH with an OER onset starting at 0.28V. In a further mechanistic study by electrokinetic and
180 isotope experiments [23], the authors showed that phosphate plays a critical role in OER
mechanism since the Tafel slope is greatly increased in its absence. The OER mechanism
they described involves an equilibrium between Co(lll) and Co(IV) species maintained by
phosphate species, followed by a limiting chemical step involving O-O bond coupling.
However, CoCat is not a well-defined oxide since it contains a notable amount of phosphorus

and potassium.
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Figure 1.6: (A) SEM image (30° tilt) of electrodeposited CoPi catalyst after a charge of 30 C/cm? was
passed in 0.1 M KPi electrolyte at pH 7.0, containing 0.5 mM Co?*. (B) Typical EDX histogram of film
in (A) acquired at 12 kV. cps, counts per second [22].

The activity of pure Co oxide catalysts has been investigated by computational methods
including DFT studies. In this case, the use of defined crystalline cobalt oxides is required, as
well as a specific orientation of the surface in contact with the electrolyte. Figure 1.7 compares
Pourbaix diagrams of cobalt oxides determined from (a) DFT calculated Co oxides formation
free energies [24] and (b) experimental formation free energies [25]. At pH 13 (yellow lines)
the Co oxides considered are Co(OH) at low potentials, Co304, CoOOOH and CoO; at high
potentials. The top red line shows the potential at which OER theoretically takes place. At
potentials where OER experimentally occurs (> 1.4V for example), CoOOH is found to be the
most thermodynamically stable phase and is supposed to be the active phase for OER.
CoOOH(0112) surface was found to be the most stable one in OER conditions [24]. The OER
on C0304(001) and CoOOH(0112) surfaces was investigated by Norksov et al. [26] using DFT
simulations, which found similar overpotentials for the two surfaces that they attributed to
similar Co coordination environment of the active sites. More recently, Creazzo et al. [27,28]
performed DFT calculations combined with molecular dynamics (DFT-MD) which take into
account specifically the H.O dynamics at the oxide-electrolyte interface, in order to correlate
more closely to experimental conditions. They studied both C0304(110) and CoOOH(0001)
surfaces and found that if water participates in OER mechanism, C0304(110) overpotential is
consequently lower than that of CoOOH(0001). They however did not include HO" in their
simulations. The computational studies described above evidence that the most stable
crystalline oxides in OER conditions are Cos04 and CoOOH, however they do not yield a clear
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understanding regarding their relative OER activity, especially since they consider several

distinct surface orientations for these oxides.
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Figure 1.7: Pourbaix diagrams of bulk Co oxide phases (a) calculated from the free energies
formation of the different sloid compounds and (b) based on the experimental formation free energies
[24].

The OER properties of Coz04 and CoOOH have been widely studied experimentally in alkaline
medium. Their reported activity largely depends on the morphology, surface area, oxide
composition (oxidation state, presence of defects or oxygen vacancies) or substrate used [29,
30]. These oxides can indeed be prepared with several methods such as sol-gel [31],
hydrothermal [32], or solvothermal [33] synthesis, or direct electrodeposition in different media
[34] which lead to the formation of nanoparticles, nanosheets or thin films. In the studies of
references [35,36], the OER activity (overpotential) of CosO4 nanoparticles increases with
decreasing particle sizes which is associated to their larger surface area as well as the increase
of Co oxidation sate with decreasing particle sizes. An increase in the nanoparticles surface
area by an order of magnitude was found to decreases the overpotential by approximately 50
mV. The substrate can also influence OER activity, as measure by Bell et al. [37] who showed
that the TOF of Co oxide depends on the metal substrate it is electrodeposited on: it decreases
with decreasing electronegativity of the substrate. It is therefore not straightforward to compare
the catalytic activity of the different Co oxides, due to the various parameters that may influence
the measurement. An attempt to reliably compare Co0z04 and CoOOH OER activity was
reported by Liu et al. [38] who synthesized CoOOH(001) and C0304(111) by respectively
electrochemical oxidation or thermal decomposition of an electrodeposited Co(OH), (001) film
on Au(111). The OER activity of Coz04 and CoOOH were compared by Tafel analysis in O»
saturated 1M KOH electrolyte. The Tafel slopes of both oxides were found close to 55 - 60
mV/decade. The OER activity (current density and overpotentials) of the two materials

becomes similar when taking their ECSA into account, while it is notably different if not.
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Consequently, great care in the morphology of the materials and the experimental conditions

should be taken in order to compare the OER activity of different oxides.

1.4 Studying OER catalysts under operating conditions

The OER mechanisms shown in Figure 1.2 are simplified and theoretical reaction pathways,
which do not take into account the chemistry of the metal center M: which atoms is it bonded
to? what is its oxidation state? To which oxide structure/phase does it correspond to? It has
indeed been demonstrated that the composition, morphology, structure or oxidation state of
the catalysts is dependent on the applied potential [39]. In addition, a critical point in creating
efficient catalysts is identifying the active site for the reaction. This refers to the group of
atom(s) where H.O/HO" is split into O, which atomic environment and local structure are key
parameters to determine. The evolution of the physical and chemical parameters
characterizing the active site(s) can only be probed in situ, in electrochemical conditions.
Characterizations under reaction conditions also called operando characterizations refer to
characterizing the catalyst in OER conditions, while measuring its activity at the same time. It
allows establishing relationships between the activity of a catalyst and structural or chemical

parameters probed with a relevant characterization technique.

Several characterization techniques have been used in operando condition in order to probe
different physical parameters of the catalysts. This includes vibrational techniques like Raman
spectroscopy, Infrared (IR) spectroscopy and X-ray techniques, such as Photoelectron
spectrometry (XPS), Mossbauer spectroscopy or X-Ray Absorption Spectroscopy (XAS), as
well as X-ray Diffraction (XRD), scanning probe microscopies, such as AFM, SEM, and liquid
TEM. Each of these techniques, when used in operando conditions provides different type of
information. Selected examples of their use for the study of Co/Fe oxides catalysts for OER

are given below.

IR spectroscopy: this vibrational technique gives information about chemical bonds and helps

identifying the reactants, products and reaction intermediates. Time resolved IR spectroscopy
experiment is sometimes necessary when reaction intermediates have short lifetimes. Zhang
et al. for instance [40], evidenced the formation of two reaction intermediates with different
temporal behaviour, which they assigned to two different catalytic sites on crystalline Co30a4
nanoparticles during photoelectrochemical OER. They associated the first one, a Co(lll)
superoxide, to a site where a fast OER mechanism takes place, and the second one, a

Co(IV)=0 species, to a slow OER site.

Raman spectroscopy: this technique is especially valuable since it is surface sensitive, it can

provide structural fingerprints by which phases can be identified, as well as chemical bonds.

For example, Yeo et al. [37] followed the Raman peaks of a CosO4 sample obtained by
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electrodeposition on a rough Au substrate during a potential sweep. With increasing potential,
they observed the attenuation of peaks belonging to Cosz04 (shown with dashed vertical lines
in Fig. 1.8a) and the formation of another peak at 579 cm™ (see Fig. 1.8a) that they ascribed
to CoOOH.

Near-Ambient-Pressure XPS (NAPXPS): XPS is also a surface sensitive technique which
allows identifying the elemental composition of a material as well as the chemical state and
electronic state of the elements present in the material. XPS usually requires UHV conditions
but operando measurements using (Near) Ambient-Pressure XPS can be performed with the
adequate setup and sample preparation. This technique enabled Favaro et al. [41] to study in
situ Co304and biphasic Co30.4/Co(OH), samples deposited by plasma-enhanced atomic layer
deposition (PE-ALD) on a Si substrate. They compared XPS spectra obtained under increasing
polarizations until OER potential and found that Coz04 and Co(OH), are converted into CoOOH
at OER potential (see Fig. 1.8b). The chemical-structural transformation is complete in the
case of the biphasic sample while it only concerns 5 A (over 40) in the case of Cos04. The
appearance of new spectral features in Co2p and O1ls spectra at OER potential (green

highlighted area in Fig. 1.8b) was assigned to the formation of Co** centres.
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Figure 1.8 (a) In situ Raman spectra of ~87 ML cobalt oxide/Au in 0.1 M KOH. The spectra were
collected in real time during linear sweep voltammetry at 2 mV/s [37]. (b) (left panel) Co 2p3/2 APXPS
core levels acquired at the open-circuit potential (OCP) and under oxygen evolution reaction (OER)
conditions for biphasic and monophasic CoOx catalysts. (right panel) Chemical composition and
subsurface structure for the monophasic and biphasic catalysts, passing from as-prepared to OER
conditions [41].

Transmission Electron Microscopy (EC-TEM): For operando TEM experiments, the sample is

installed into a thin layer electrochemical cell. This emerging technique was used to study
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crystalline Cos0O4 nanoparticles during OER in alkaline medium [32]. After immersion in
electrolyte and potential sweeps in pre OER and OER regime, the authors observed an
irreversible amorphization of the Cos;0. nanoparticles: the outer part of the particles is
transformed into a less dense cobalt oxide phase of nanometric size, suggested to be an
amorphous CoOxHy phase. The Cos04 structure is not found again after electrochemical

measurements.

X-ray Absorption Spectroscopy: XAS has been widely used in literature to measure the metal

center oxidation state under operating conditions - using the XANES part of a XAS spectrum
— and the local environment (bond distances, coordination number) of the atom — using the
EXAFS part of the spectrum. This is a powerful technique is bulk sensitive and compatible with
operando conditions because it uses relatively high energy X-rays (7-8 keV for probing Co and
Fe K-edges) which penetration depth is a few 100 um. Electrochemical cells with very thin
electrolyte layers and controlled electrolyte flow have been designed in order to limit the
attenuation of the beam in liquid electrolyte [42,43]. “Quasi in situ XAS” [44] instead of
“operando XAS” is a particular method where the electrochemical is freeze quenched in liquid
N2 and stored at low temperature for further XAS measurements. This approach assumes that
the structure of the catalyst in operando conditions is preserved by rapid freezing. The

advantage is that high quality EXAFS may be measured at low temperature [44].

The CoCat sample mentioned above was characterized by XAS, first ex-situ [45] then at OCP
and polarized at 1.25V [46]. Ex-situ, the geometry around Co atoms was identified as a near-
octahedral environment where Co is coordinated to 6 oxygen atoms as illustrated in Figure
1.9. The material consists of oxygen sharing CoOe units and this structure is conserved at
1.25V [46]. This local environment is therefore believed to be the active phase for OER. By
comparison with reference spectra, the oxidation state of CoCat was found close to +3 ex situ
and increases once polarized at 1.25V, indicating an oxidation state higher than +3 under
reaction conditions. This was further investigated in an operando study of CoCat films using
XAS, UV visible absorption and time-resolved mass spectrometry [44]. Shifts of the main
absorption edge towards higher energies with increasing potential were observed, showing an
increase of Co oxidation state from Co(ll) to Co(lll) between 0.8V and 1.0-1.2V, which further
increases from Co(lll) to Co(lV) when increasing potential. They found that these transitions
are accompanied by changes in Co-Co and Co-O environment and claimed that the Co atoms
undergoing oxidation state changes are located at the edges of motifs of six-fold coordinated
Co (such as the Co atom highlighted with an “a” in Figure 1.9). At OER onset, they found 20%
of Co(IV) in the film and proposed that at least two adjacent Co(IV) are required to create an

active site where O-O bond formation occurs.
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Figure 1.9: Proposed structural motif deduced from XAS data relating to
the bulk of the CoCat (cobalt in blue, oxygen in red) [45]. Black circle
highlights a p2-O bridge and yellow circle a ps-O bridge.

Regarding non-amorphous Co oxides, Bergmann et al. [31] used the freeze quenched
approach to characterize at different potentials a nanocrystalline Cos0, film deposited by spin
coating on glassy carbon electrode. As prepared, the oxidation state of Co30, is between +2
and +3 as expected for this oxide. With increasing potential, the authors observed a slight
increase of Co mean oxidation state (see Fig. 1.10a) and changes in Co coordination shell
(see Fig. 1.10b): more octahedrally coordinated Co ions are present at 1.62V. After OER,
XANES and EXAFS spectra are very similar to the as prepared sample, suggesting that the
changes occurring during OER are reversible. They suggested the transformation, at OER
potential, of surface Cos04 to an octahedrally coordinated CoOxHy phase, as illustrated in
Fig.1.10e. This conclusion is however in discrepancy with former studies which show that Co
oxidation takes place progressively with potential and not during OER. In a later study, they
combined quasi in situ XAS and DFT calculations to compare the transformation in neutral
electrolyte and under OER condition of four well-defined catalysts: rock salt CoO, wurtzite
Co0, spinel Cos04 and CoOOH [47]. For all materials, the formation of a surface CoOxHy layer
considered as the OER active phase was observed. Analysis of O K-edge spectra revealed
for all samples the presence at OER potential of a characteristic feature of octahedral
environment. They proposed the existence of two active sites for OER in these oxides. The
first one is associated to a fast OER mechanism (low Tafel slope) and involves motifs where
oxygen atoms are bonded to two neighbouring Co (p2-O bridges, highlighted in black in
Fig.1.10a). The second mechanism implies oxygen atoms bonded to three neighbouring Co
(1s-O bridges, highlighted in yellow in Fig.1.10b), and corresponds to slow OER (high Tafel

slope).

Operando XAS studies involving slightly modified Co oxides, such as CoOOH nanosheets [51],
oxygen vacancies rich Coz04[52], Cos04 samples where tetrahedral Co?* and octahedral Co®*
were substituted by Zn?* and APP* OER inactive cations [53], or Co304/CoO core shells [54],
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have also been carried out, and confirm the general trend of the formation of a CoOOH like

species at OER potential, with an octahedral type of environment.
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Figure 1.10: (a) XANES profiles and (b) and Fourier-transforms (FT) of quasi-in situ EXAFS spectra
collected at the Co K-edge at different potentials and (c) XRD patterns under of Co30a4. All data were
recorded in electrochemical conditions obtained with freeze-quenched samples under potential
control. (d) Possible near-surface structure on crystalline Coz04 core (c) at resting state and (e) at
OER potential. At elevated O: evolution the amorphous CoOx(OH)y grows into the crystalline Coz0a4
core leading to a reversible amorphization of a sub- nanometre shell [31].

Operando XAS characterizations have also been employed in order to study the role of Fe in
OER mechanism at the surface of CoFe oxides [48]. For example, for amorphous CoFeOx
oxides, Smith et al. [49] proposed a multiple active site mechanism, with two type of sites. The
first active sites is made a »-O bridge between two Co atoms, which are oxidized up to Co**
upon potential application. The second site involves a W,-O bridge between Co?" and Fe®*,
where Co?" is oxidized, and Fe remains Fe®*. However, Fe oxidation to Fe** at OER potential
was measured by Boettcher et al. [50] who studied CoosFeo.0xHy and CoosFeosOxHy
oxyhydroxides. They proposed two mechanisms on CoFe oxyhydroxides: (i) an OER
mechanism where Co-Fe is the active site, without Co** formation; (ii) a mechanism with Fe

as the active site and involving Fe”** species.
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X-ray diffraction (XRD): For crystalline materials, XRD is a powerful technique to determine
structural changes. It is also well suited for operando characterizations since at synchrotron
facilities it is performed with high energy X-Rays (>18 keV for example). In these conditions,
real electrochemical conditions can be accessed, with the sample covered by a rather thick
electrolyte since the beam attenuation by the electrolyte is consequently smaller at high energy
[55]. In addition, XRD measurements can be performed with a grazing incidence (referred as
grazing incidence XRD, GIXRD, or Surface XRD, SXRD), which allows to be more specifically
sensitive to the surface of the material where structural changes are expected to take place.
For example, Bergmann et al. [31] combined operando GIXRD to their quasi in situ XAS
measurements on nanocrystalline Coz04. Before OER, they did not observe any change in the
structure of the oxide, however at OER potential, they measured a decrease in C0304
coherence length, that they associated to the formation of Coz04 crystallite into the CoOxHy
active phase for OER (see Fig.1.10c) Since they did not observe the formation of other XRD
feature, they suggested that this phase is X-Ray amorphous. After OER, the initial C0304
coherence length was recovered, indicating that this structural transformation is reversible.
This was not the case for other Co oxides CoO and CoOOH [47] for which irreversible structural
changes were measured. Such reversible amorphization was also measured by Reikowski et
al. [56] on epitaxial Co3z04 (111) thin film obtained by electrodeposition. They performed
operando surface X-Ray Diffraction measurements where the oxide Bragg peak was
monitored during potential cycles in pre OER and OER regimes, enabling to determine the
changes in crystallite sizes and lattice constants induced by potential. A reversible and
continuous decrease of the sizes of the crystallites takes place several hundred of mV before
OER potential, together with a compression of the lattice unit cell. This was interpreted as the
progressive formation of an amorphous phase at the surface of Cos;0, crystallites, which
thickness is close to 1 nm at OER potential. Since these changes start at a potential close to
C0304/CoO0H thermodynamic equilibrium, the formation of this surface layer, hereafter called
skin layer, could be related the Co3;04/CoOOH phase transition rather than OER. An epitaxial
CoOOH(001) thin film was investigated with the same method, and they found no skin layer

because its structure was completely stable in a wide potential window including OER.

The selected examples described above show that operando characterizations have yielded
substantial insights into understanding the chemical state, phase, and oxidation state of the
active site for OER in Co and CoFe oxides. Especially XAS has the advantage of providing
insight into the local environment and oxidation state of the metal cation, which play a critical
role in OER mechanism. XRD is essential to study crystalline samples, and proves to be
especially useful in the case of Co based oxides since operando studies mainly converge to

show that these oxides undergo structural transformations under OER conditions. These
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transformations correspond to the formation of a new phase where the metal oxidation state
is higher than in the bulk. However, the reversible nature of this transformation is debated and
seems to depend on the oxide phase. The different studies also do not agree on the potential
at which it is formed (at OER potential or progressive potential induced formation) and on its

nature (amorphous or crystalline, CoOOH-like phase or species with a higher oxidation state).

15 Model catalysts
The aim of operando characterizations of OER catalysts is to establish relationships between
the activity of an oxide surface and other parameters that may a play a role in OER activity,
such as the structure or the chemical state of a catalyst. However, we have seen in section
1.3 that determining properly the activity of a catalyst may present several issues, especially
linked to the poor knowledge of the real electrochemical surface area of the surfaces. In most
of the operando studies detailed in 1.4, the ECSA is not known, therefore the density of surface
(active) sites cannot be estimated. In addition, the exact composition and state of the surface
(atomic arrangement, presence of defects, edge sites and their density), which cannot be

estimated may have an important role in the catalytic activity of the surface.

To establish structural and chemical -property relationships at the atomic scale, identify and
the study the active site(s) for OER and make comparable activity comparisons, ideal or model

systems are therefore required.

What is a model catalyst?

The purpose of model catalyst systems is to understand a catalytic process, using a catalyst
material as well defined and defect free as possible. The defects properties of a catalyst
surface should be controlled since they may influence greatly the catalytic reaction mechanism
[57]. For this purpose, the model catalysts should ideally be prepared as planar as possible
with atomically-defined surfaces having a low defect density. They are generally either single
crystal electrodes or thin epitaxial films grown on a single crystal substrate [58]. The great
advantage of this approach is that a structure — property relationship may be stablished
because the sample surface consists of one type of catalytic sites (if one neglects defects such
as atomic steps, point defects). In addition, one may study the influence of a possible surface
reconstruction [59]. In the case of single crystal, a standard preparation is performing cycles
sputtering / annealing in the UHV to clean the surface. In the case of epitaxial thin oxide films,
different preparations may be used, such as Physical Vapor Deposition (PVD) processes,
Chemical Vapor Deposition (CVD) processes, Molecular beam epitaxy (MBE), or
electrodeposition [58,60]. With these methods, the oxide is generally prepared from a single

crystal or grown on a single crystal substrate and adopts its crystalline structure. This allows
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having oxide with a well-defined atomic structure and orientation, an atomically defined
morphology and high purity [58]. The aim is also to obtain as thin films as possible so that
minor changes in their structure, composition or chemical state can be probed. With their
special features, these catalysts are indeed suitable for several characterization techniques
such as XRD, surface sensitive techniques like XPS or microscopy techniques like STM or

AFM, which allow to establish a complete characterization.

In the literature, little operando studies using Co and Fe oxides model catalysts to investigate
OER mechanism exist. Model catalysts studies have mainly focused on studying the stability
of the catalysts by characterizing them before and after OER or investigating the adsorption of
molecules such as H;O at their surface. A few examples of Co and Fe oxides model catalysts

studies are given below, showing different preparation methods.

Co oxides epitaxial thin fiims by PVD

Faisal et al. [61] prepared 6 nm thick Co3z04(111) films on sputtered- annealed Ir(100) single
crystal substrate. The preparation takes place in an ultra-high vacuum (UHV) chamber and
involves Co physical vapor deposition at a specific oxygen pressure. LEED was used to check
the crystallographic orientation of the as-prepared film and its composition was verified with
XPS. Lauritsen et al. [62,63] reported the synthesis of CoO nanoislands exposing (111) plane
on Au(111) substrate in UHV, Co being deposited with an electron beam evaporator in O,
atmosphere. This method yields 1.7 A thick CoO bilayer (see STM image in Fig. 1.11a). By
increasing either the annealing temperature or the O, exposure, 2.9A thick O-Co-O trilayers
are obtained (Fig. 1.11b), on which a hydroxyl overlayer was identified. Based on the lattice
parameter, XPS analysis indicating a Co®" oxidation state and the coverage of the hydroxyl
overlayer, they suggest a CoOOHjy 33 structure. Co-O bilayer nanoislands (Fig.1.11a) have
been characterized by STM and XPS before and after ten cycles in OER regime in alkaline
medium [63]. After OER, the sample is composed of surface hydroxylated O-Co-O trilayers (as
in Fig.1.11b). This organization was also obtained when exposing CoO bilayer to liquid water.
In another work where they studied with in situ STM the hydroxylation of such bilayers by
exposing the surface to vapour H,O, they found that the islands edges are active sites for water
dissociation (see Fig.1.11c) and proposed based on DFT calculations that these sites may

also act as active sites for OER [64].
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Figure 1.11: STM images acquired from the same sample of (a) CoO bilayer on Au(111) and (b) O-
Co-O trilayers obtained by Oz exposure or temperature increase [83] (c) Image from atom-resolved
STM movie recorded during water exposure showing the initial stage of hydroxylation on bilayer CoO
nanoislands. Scale bar: 50A. [64]

Fe oxides single crystal electrodes

Millner et al. [65] prepared two well-defined FesO, model surfaces Fes04(001) and Fe;04(110)
using Fes04 single crystals, sputtered and annealed in a UHV chamber. Figure 1.12 shows
LEED pattern (b) and microscopic characterizations of Fe;04(001) surface in UHV (a) and at
ambient conditions (c). It is composed of wide terraces separated by 10-14 atomic steps (d),
and atomic step are sometimes visible (e-f). The two Fe;O4 surfaces were found to be stable
after several cycles in 1 M NaOH based on the comparison of AFM images recorded before
and after OER (see example in Fig. 1.12g for Fes04(110)). However, XPS post
characterizations indicated a slight overoxidation of Fe, that the authors attributed to the

oxidation of Fe?* atoms in the near surface region to Fe3".
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Figure 1.12: Fes304(001) surface after sputter/anneal cycles in UHV and
annealing. (a) STM in UHV, (b) LEED in UHV, (c) AFM image acquired at ambient
conditions (high-pass filtered to enhance the visibility of monatomic steps), (d) line
profile of step bunches in part c, (e) line profile of a monatomic step in part ¢, and
() line profile of a monatomic step in part a. (g) Comparison of Fe304(001) ambient
AFM images before (top) and after (bottom) OER in 1 M NaOH.

Cobalt oxides epitaxial layers by electrodeposition:

Electrodeposition of metallic epitaxial films [66-68] and epitaxial metal oxide films [34,69,70]
on a single crystal substrate is now a mature method, easy to implement in ambient conditions.
Recently, Switzer et al. developed electrodeposition methods to synthetize epitaxial
Co0304(111) [34] and Fez04(111) [69,70] films on a single crystal substrate. Crystalline CosO4
films are obtained by electrochemical oxidation of Co?" complexes in aqueous alkaline
electrolyte. The deposition yields ~25 nm thick Coz04 crystallites, that grow with a (111)
orientation on Au(100) substrate. Crystalline Fes;O4 films are prepared by electrochemical

reduction of a Fe** complex in alkaline electrolyte, which results in 300 nm thick films. The
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films are electrodeposited on a Ni(111) substrate and gives (111) oriented Fes04. In both cases,

no post treatment is required since the method directly yields crystalline films.

C0304(111) and CoOOH(001) thin films investigated in the operando SXRD study [56]
mentioned above were prepared with a method adapted from the work of Switzer et al [34].
According to AFM characterizations, this method yields well-defined 20-30 nm thick
Co0304(111) packed crystallites and atomically flat 10-20 nm CoOOH(001) islands both
covering completely the Au(111) surface. Since their ECSA can be determined with
microscopy techniques, their OER activities can be compared properly and related to their
operando structural modifications. If their ECSA is taken into account, the catalytic activity of
C0304(111) and CoOOH(100) is very similar. Morphological characterizations indicate that few
edge sites are present on CoOOH surface, they concluded that it is mainly composed of us-
O(H) sites, where oxygen atoms are bonded to 3 neighbouring Co. This surface is the OER
active surface since CoOOH structure does not change in a large potential range including
OER potential window. The active OER surface for Co304(111) is a nhon-crystalline phase,
likely containing defects with u2-O(H) sites, according to [31]. It would therefore seem that ps-
O(H) are as active sites for OER as u2-O(H), which are generally associated with fast OER

and considered as the most active sites for cobalt oxides [45,47].

1.6 Objectives of the thesis

In this thesis we aim at developing a better understanding of the reaction mechanisms of water
oxidation at the surface of earth abundant metal oxide catalysts. For this purpose, we use
model catalysts and characterize them in the electrochemical environment, under operating
conditions. To address the issue of the lack of consistency in determining and comparing the
activity as well as the density of active sites of different OER catalysts, we employ oxide thin
films with a well-defined structure, composition and morphology as model catalysts. These are
epitaxial cobalt, iron and cobalt-iron oxides layers, obtained by electrodeposition on a single

crystal substrate.

We use both surface X-ray diffraction (SXRD) and X-ray absorption spectroscopy (XAS) to
investigate the oxide structure and the mean oxidation state of the metal(s) in the catalysts.
These parameters have a critical importance in the OER mechanism on Co/Fe oxides surfaces
because (i) the materials surface can undergo structural transformations in the pre-OER and
OER regimes and (ii) oxidation of metal cations is expected to occur with increasing potentials
while OER mechanism involves changes in their oxidation state. In dedicated electrochemical
cells, both characterization techniques are well suited for operando electrochemical

measurements because they involve X-rays of high energy that can penetrate deep enough in
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the electrolyte without being strongly attenuated. This is especially true for XRD, while the XAS
X-ray energies become more limiting. Therefore, they mimic well the operating conditions of
the catalysts. The operando characterization of such model catalysts for water splitting allows
to correlate the potential induced structural and oxidation state variations of the catalysts with
their OER activity to gain an as accurate as possible determination of the catalyst surface state
at OER potential. We aim at a better understanding of OER mechanism on their surface,

together with an identification of the active sites.

We first focus in chapter 3 on epitaxial pure cobalt oxides C0304(111) and CoOOH(001), for
which we reproduce the measurements of [68] and extend the surface state characterization
during OER by performing simultaneously operando XAS measurements. In chapter 4, we
expand the XAS and SXRD operando characterization to a well-defined system of mixed
CoFeOy (111) spinel oxides thin films with an iron content ranging between 15% and 50%,
obtained by electrodeposition on Au(111). The behaviour of the mixed oxides is compared to
the results obtained for pure crystalline Cosz04 and Fe3;O4 spinel oxides. Chapter 5 focuses on
oxide films obtained by a second preparation method which consists in the anodic oxidation of
an electrodeposited ultrathin (<1nm) epitaxial metal film (Co, Fe, CoFe alloys of variable
compositions). This system steps slightly away from the model catalyst systems because the
oxides are not structurally well defined but offers several advantages such as a higher
sensitivity in redox changes determination and more flexible tuning of the Co/Fe ratio in the

oxide.
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Chapter 2: Experimental and methods

2.1 Samples preparation

In this work, different types of oxides have been studied: cobalt oxides, iron oxides and mixed
cobalt-iron oxides. Each type of oxide may be prepared either by direct oxide electrodeposition
on a single crystal substrate or by anodic oxidation of a metal layer, itself electrodeposited on

the substrate.

Substrate preparation and chemicals

The substrate is a top hat-shaped Au(11l) single crystal (MaTeck) with an orientation
uncertainty of <0.1°. Before deposition, it is cleaned in a 1:2 mixture of 30 % H,O, and 96 %

H.SO, (both Carlo Erba, RSE) and then flame-annealed using a butane torch.

Co(NO:s)2 (Merck, > 99.0 %), L-tartrate (Sigma-Aldrich, ACS reagent, > 99.5 %), NaOH (Merck,
ACS reagent, Fe content < 0.00005 %), Triethanolamine (Sigma Aldrich, assay = 99% , Co
and Fe contents < 1 mg/kg), FeCls (Sigma-Aldrich, reagent grade = 98%), CoCl, (Sigma-
Aldrich, ACS reagent 99-102 %, Fe content <50 mg/kg) ,FeSO, (Sigma Aldrich, ACS reagent
=299 %) ,CoS0,4 (Merck, assay = 99 %, Fe content < 0.0005 %), NaClO, (ACS reagent = 98
%, Co and Fe contents respectively < 5 mg/kg and < 3 mg/kg) and Milli-Q water are used to

prepare deposition solutions.

Pellets made of Cos04, CoO, Fes04, Fe;,03 and FeO commercial powders (5% metal powder

95% cellulose in weight, Sigma-Aldrich, 99.5 %) are used as reference samples for XANES.

Direct oxide electrodeposition on Au(111)

For this one step electrodeposition synthesis, the deposition solution is placed in an
electrochemical reflux cell, shown in Fig 2.1a. The working electrode is the Au(111) substrate,
positioned in a sample holder, so as to expose the top (111) surface and the vertical edges to
the solution. A Pt wire serves as counter electrode and a Mercury Sulphate Electrode (MSE)
reference electrode is connected to the cell. A reflux column is mounted on top of the cell,
since the electrodeposition should take place at reflux temperature in order to increase the
crystallinity of the deposits. The deposition is performed under argon atmosphere (solution
purging for more than 30 minutes) in order to prevent oxygen presence in the solution that

could oxidize cobalt or iron ions in solution.

To prepare the deposition solution, a solution containing a metallic (Co/Fe) salt and a

complexing agent is added to a NaOH basic solution. The principle of the direct oxide
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electrodeposition is illustrated in Fig.2.1b. The metal complex(es) formed in the deposition
solution is oxidized (anodic electrodeposition) or reduced (cathodic electrodeposition) when
applying a potential at the electrode. This destabilizes the metal complex and the
oxidized/reduced cations precipitate at the substrate surface in the presence of HO™ ions,
forming an oxide. After deposition, the sample holder is removed from the cell and the sample
is rinsed with milli Q-water to remove electrolyte drying on the sample surface with the
formation of NaOH crystals.

(b)

Metal complexes Insoluble hydroxides

o0 *ee
“ ./\/ HO
L) Oxide film (111)
Au(111) |——>| Au(111) |——>
Elect_r(_)- HZO
deposition elimination
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; N ' g )
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solution

—_

Figure 2.1: (a) electrochemical cell for oxide electrodeposition. (b) principle of the direct oxide
electrodeposition.

The deposition conditions (salt, complexing agent, concentrations, deposition potentials,
temperature) depend on the type of oxide we want to synthetize. They are summarized below
for each oxide type.

e Cobalt oxides

The anodic deposition process is adapted from the one used by Switzer et al. for the growth
of Co304 [15]. A solution containing 1 mM Co(NOs). (metallic salt) and 1.2 mM L-tartrate (tart,
complexing agent) is added to a alkaline NaOH solution. Depending on the NaOH
concentration, we found that one can either obtain the cobalt oxide CosO4 (for 1M NaOH) or
the cobalt oxyhydroxide CoOOH (for 5M NaOH). The metallic complex is oxidized by applying
at the electrode a potential of -0.55Vuse for Coz04 and -0.5Vuse for COOOH. The complex is
destabilized and the oxidized cations precipitate at the surface to form a deposit. Switzer et al.
proposed a two step mechanism shown in (2.1) - (2.2). In the case of COOOH, we suggest a
two step mechanism also given by (2.1) - (2.3).
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2[(Co?*)(tart)] 22 Co3t + 2tart+ 2e~ (2.1)
2 Co3* + [(Co?*M)(tart)]+ 8 HO™ — Co030, + 4H,0 + tart (2.2)

Co3* + 3HO™ - CoOOH + H,0 (2.3)

The deposition is stopped after a charge of a few mC (1 to 10 generally) is passed, resulting
in oxide layers 5 to 40 nm thick.

For intermediate NaOH concentrations, the deposition often yields two mixed phases
containing both CoOOH and Co030.. Increasing the deposition potential may affect the
crystallinity and the grains morphology of the deposits. These aspects are examined in details

in the PhD thesis of Ivan Pacheco Bubi.

e Pureiron oxide

Iron oxide Fes0, is obtained by direct cathodic electrodeposition, using a process adapted
from Switzer el al. [16]. A solution containing 10 mM FeCl; (metallic salt) and 12 mM
Triethanolamine (TEA, complexing agent) is added to a basic solution of 2M NaOH. Once the
deposition solution temperature is stabilized at 80°C, the metallic complex is reduced to Fe?*
by applying a potential of -1.41VMSE at the electrode. The complex is destabilized and the
reduced cations precipitate at the surface to form a deposit, supposedly according to the

mechanism given in (2.4) and (2.5).
[(Fe3*)(TEA)| + 1e~ 2 Fe?* + TEA (2.4)
Fe?* + 2[(Fe3*)(TEA)| + 8 HO™ 2 Fe30, +4H,0 + 2TEA (2.5)

The deposition is stopped after a charge of a few mC (5 to 20 generally) is passed, resulting

in oxide layers 15 to 50 nm thick.

e Mixed cobalt iron oxides

Mixed cobalt iron oxides (CoixFexOy) can be obtained by either cathodic or anodic processes
using CoCl, and FeCl; as metallic salts and TEA as complexing agent in an alkaline NaOH
solution. The cathodic deposition process is adapted from the work of Switzer et al. [17] while
the anodic process was developed in our group during the PhD of Ivan Pacheco-Bubi. Both
processes lead to deposits with a low coverage on a Au(111) substrate. The cathodic route
allows growing Fe rich mixed oxides, while the anodic one allows growing Co-rich mixed

oxides.

The anodic process is compatible with deposition on an oxyhydroxide CoOOH buffer layer

which greatly improves the growth modes of CoixFexOy because continuous and relatively flat
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thin films are obtained in this case. Unfortunately, the cathodic route is not compatible with use
of a CoOOH buffer layer as substrate. These findings are examined in details in the PhD thesis

of lvan Pacheco Bubi.

All Coi.xFe,Oy oxides presented in this work are actually bilayers Co:xFexO,/CoOOH deposited
on Au(111) using the anodic electrodeposition method. The concentration of CoCl; and FeCls
in the deposition solution varies between 1 and 2 mM; TEA concentration is set to be in slight
excess compared to the metallic salts and a 1M NaOH solution is used. The metallic complex
is oxidized by applying at the electrode a potential of -0.5Vuse. The oxidation and precipitation
of the oxide at the surface of the working electrode is supposedly occurring according to the

mechanisms in (2.6) - (2.7).

[(Co*>*)(TEA)] 2 Co3t + TEA+ 1e™ (2.6)

1-—x 1—x 1+x
—— Co®* + x [(Fe3*)(TEA)] +— [(Co*")(TEA)] + 8 HO™ 2 Coy_xFe 0, + 4H,0 + —— TEA (2.7)

The deposition is stopped after a charge of a charge of 15 to 30 mC is passed, resulting in
oxide layers 10 to 40 nm thick.

Anodic oxides films on Au(111)

The sample preparation is a two-step process. The principle of the procedure is illustrated in
Fig. 2.2. The Au(111) substrate surface is in contact with a solution containing metallic salt(s),
a supporting electrolyte and which pH is adjusted to 3.5 - 4. The metal cations are reduced
when applying a potential at the electrode, and migrate to the working electrode where they
deposit as an epitaxial metallic film. The cell is then flushed with a pH 4 metal free electrolyte
solution to remove any traces of the metal cations. Next, an alkaline 0.1 M NaOH solution (pH
13) is introduced in the cell. These steps are performed under potential control in order to keep
the film metallic. The latter is then oxidized by stepping the potential at 0.4Vagagci in pH 13
electrolyte, resulting in an oxide thin film that is not crystalline. All solutions are kept under
argon atmosphere. In practice, the preparation is conducted at the beamline in the
electrochemical cell used for XAS/XRD measurements (see Fig.2.16), which allows

characterizing the epitaxial metal layer before its anodic oxidation.
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Figure 2.2: principle of the two steps oxide electrodeposition: a thin metallic layer (1-2 nm) is first

electrodeposited on Au(111) in an acidic solution, it is then oxidized in an alkaline solution.

The deposition conditions (concentrations, deposition potentials) depend on the type of oxide
we want to synthetize. The deposition solution contains x mM FeSO4 and 1-x mM CoSO4 with
x in [0-1] corresponding to the desired Co/Fe ratio in the metal film. 0.1 M NaClO4 and 1.3 mM
HCl are also present in the solution, to ensure the conductivity of the solution and adjust its pH
to 3.5-4.

Cyclic voltammograms of Au(111) in 0.1MNaClO4 + 1.3mMHCI + 1mM FeSO. (black), 1mM
CoSO0q4 (red) and 0.75mM FeSO,4 + 0.25mM CoSO4 (green) are shown in Fig.2.3. The CVs
present one main cathodic peak C1 between ~ -0.8 Vagiagel (Co electrolyte) and -0.95 Vagiagel
(Fe electrolyte) and one anodic peak which position varies between ~ -0.6 Vagagc (Fe
electrolyte) and -0.35 Vagagal (Co electrolyte). They correspond to Co/Fe deposition on the
negative sweep and Co/Fe dissolution on the positive sweep proceeding according to (2.8)
and (2.9). The cathodic wave around -0.7Vagagci Stands for the hydrogen evolution reaction
(2.10) [18-19].

Co?t +2e~ 2 Co (2.8)

Fe?t +2e~ 2 Fe (2.9)
1
HY +e” 2 H, (210)

For the deposition of metallic films, the deposition potential is chosen negative to the cathodic
peak, as shown by the dashed line on the figure (red: Co films, black: Fe containing films). Co
films are electrodeposited at -1.0 Vagagc) and Fe containing films are electrodeposited at-
1.1Vagagcl- The deposit thickness depends on the deposition time. It is calibrated in a trial and
error procedure by performing deposition/dissolution routines and calculating the charge under

the metal dissolution peak Al. This allows to deposit metallic layers of a chosen thickness. In
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general, a few (3 to 8) metal monolayers were electrodeposited for deposition times of 20 to
100 seconds. For Co films, the deposition is stopped by stepping the potential at -0.7 Vagagci
where the film is stable against dissolution. This potential is kept during the exchange with Co
free electrolyte and it is shifted to -0.9 Vagagcl after introducing NaOH solution. In the case of
Fe containing films, the deposition is stopped by manually exchanging the solution to Co/Fe
free electrolyte while the potential is kept at -1.1V because stepping to a higher potential might
dissolve the film. The NaOH solution is introduced at this same potential and the membrane
of the cell is installed at the end of the exchange with NaOH solution. All films are oxidized by

stepping the potential to 0.4 Vagagcl While the membrane is inflated.

— Co electrolyte
0.101|— Fe, 75C0, »5 €lectrolyte
— Fe electrolyte
] ] Al
0.05 - :
l
|
0.00 - :
|
|
-0.05- '
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| 1
-0.10 ——+—— .

12 10 -08 -06 -04 -02
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Figure 2.3: Cyclic voltammograms of Au(111) in 0.1M NaClO4 +
1.3mM HCI + 1mM FeSOa4 (black), 1mM CoSOa4 (red) and 0.75mM
FeSO4+ 0.25mM CoSOs4 (green)

2.2SXRD: methodology and data treatment

In X-ray Diffraction experiments, a crystalline material is illuminated with a monochromatic X-
ray beam of wavelength A. Since X-rays wavelength is in the same order of magnitude as the
interatomic distances in crystals, interferences of scattered rays occur, leading to a pattern of
measured intensity from which the crystal structure can be reconstructed. The XRD

background given in this section is mainly based on [2]-[4].
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Diffraction conditions

Let us consider a crystal, made of periodical blocks of atoms repeated in space. The smallest
repeating block of atoms that enables to reconstruct the crystal is the crystal unit cell. It is
defined as a parallelepiped and six lattice parameters that are shown on Fig.2.4: the lengths
of the unit cell a, b, ¢ and the angles between them a, B, y. The crystal lattice may be

reconstructed by infinite repetition of the unit cell.

Figure 2.4: crystal unit cell and
lattice parameters

The crystal is made of different set of atom planes of different orientations. The orientation of

a plane is described by three Miller indices h, k, l.A plane identified as (h, k, ) intercepts the
three points a/h : b/k and C/l (or a multiple integer of it). The interatomic distance between

each (h, k, 1) plane is dyy;.
In XRD experiment, it is convenient to use the reciprocal space, instead of the real space
described above. The crystal reciprocal lattice is obtained by Fourier transform of the crystal

real space lattice. For a unit cell of volume V, the reciprocal lattice unit cell parameters are:

a* = b;C bt = % L cF = b;a. Each set of (h,k,1) planes in the real lattice correspond to one

(h, k,1) 3D point in reciprocal space and the distance dy; between two (h, k, 1) points in the

. R |
reciprocal space is dj,;,; = e

Each of the 3D (h, k, 1) points of the reciprocal space has its own intensity that depends on the
electronic density around the atoms of the planes. The reciprocal lattice of a crystal can be

visualized as 3D map of the reciprocal space.

Figure 2.5a shows a scheme of the scattering geometry for an XRD experiment. The incident
X-ray beam of wavelength A can be described by a wave vector E) along the incident beam

direction, which magnitude is 27” The scattered beam of same magnitude (elastic scattering is
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supposed in our experiments) propagates in the direction k_JZ The scattering vector q is defined
as q= k_}: - E . For k_f) to have a significant intensity, E and k7 should interfere constructively.
The condition for this is that ¢ equals a reciprocal lattice vector of the crystal ie § = ha* +

kb* + Ic*. This is the Laue condition.

This condition can be illustrated by the Ewald construction shown in Fig.2.5b. It allows to
determine which lattice planes will give a diffracted signal for a given incident beam of

wavelength A. The Ewald sphere in reciprocal space contains the origin of the reciprocal lattice
and has a radius % It is the location of all possible extremities of g = k_f)—E vector for all

scattered beam directions possible. (h, k, 1) diffraction peaks will be observed only if the sphere

cuts through a point (h, k, 1) of the reciprocal lattice.

(a) (b)

\
A\ P
-

Reciprocal space
lattice

Ewald sphere

Figure 2.5: (a) scattering geometry for XRD measurements k,, is the incident X-ray beam wave vector
and k7 the scattered wave vector. The scattering vector ¢ is defined as ¢ = k_f) —Eand can be
decomposed into out-of-plane g, and in plane g, contributions. (b) Ewald construction that shows the
planes for which a diffracted signal can be measured for a given wavelength A.

As illustrated in Fig.2.5b, if the angle between E; and E is 20, 8 is the incidence angle and the

magnitude of ¢ is %@

. If the diffraction conditions are fulfilled, the magnitude of the

scattering vector § is also dj,,; which leads to Bragg'’s law: 2 = 2 sin (0)dpy,.
Laboratory XRD experiment often consist in measuring the diffracted intensity during 6- 26
scans. The detector has a circular trajectory cutting through the (h, k, [) points of the reciprocal

space that are along the c*direction, which means that it probes the (h, k, 1) planes parallel to
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the surface of the sample. The resulting XRD pattern shows a peak of measured intensity

when the detector passes through a reciprocal lattice point.

In the SXRD experiments we performed at synchrotron beamlines, a 2D detector is used to
measure the diffracted intensity signal. For an incident X-ray beam of fixed wavelength A, the
detector is moved along the Ewald sphere in order to access the different Bragg peaks of the
crystal. Each Bragg peak corresponds to one detector-sample position and to one (h, k, ) set
of planes. In order to do so, the 2D detector is mounted on a diffractometer arm that has two
degrees of freedom, that are defined by the angles § (detector height) and y (detector azimuth
angle) (see Fig.2.5a). The third degree of freedom is given by the sample’s rotation around its
normal, defined by the angle ¢, and the X-ray beam hits the sample with an angle of incidence
a. A Bragg peak position corresponds to a given 2D detector position identified by a set of
(a, 7,8, ) values. For example, for an incident X-ray beam of wavelength 2 = 0.661 A and an
incident angle a = 0.4°, C0304(404) peak can be found at: § = 22.4°and y = 15.4° while ¢
depends on the sample alignment. When the detector is placed at the position of the Bragg
peak, the recorded signal will be a cut through the 3D (h, k, 1) point in the reciprocal space, as
illustrated in Fig.2.6a. The detector thus gives a 2D cut of the reciprocal space (Fig.2.6b) and
the diffraction pattern of the whole crystal can be interpreted as a 3D map of the reciprocal

space lattice.

The smaller A the more diffracted planes are accessible, and the smaller the radius of curvature
of the Ewald sphere is. In SXRD measurements, 4 is chosen small which means a high energy
X-ray beam, so that the sphere might be approximated as a flat plane cutting through the Bragg

peaks.

During experiments at the beamline and for a posteriori data analysis, previous considerations
are used to convert from angle space (angles of the detector arm, as shown in Fig.2.5a) to
reciprocal space and from detector raw pixel data to q space. Figure 2.5a shows that the
scattering vector g might be decomposed into two components: its in plane projection q and
its out of plane projection q, . The 2D cut of the peak imaged on the detector can be described
in terms of q; and q, coordinates. These transformations are operated by a Python software
developed by colleagues at Kiel university, together with the data treatment procedure
described in the following section. | used this software for SXRD experiments analysis and a
similar software in Labview language written by Fouad Maroun for combined SXRD and XAS
operando measurements analysis.

The samples studied during SXRD measurements are all deposited on a Au(111) substrate. It

is convenient to use the hexagonal reciprocal lattice of Au(111) to express the positions of the
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oxides peaks. The (h,k,[) reciprocal space in the Au(111) coordinate system is used at the

beamline to navigate into the reciprocal space and access the Bragg peaks.

(b)

(@)
Co,0, (404)

\

Ewald sphere

Figure 2.6: (a) illustration of the Ewald sphere (2D detector) cutting through Co304 (404)
3D peak in reciprocal space (b) 2D image of Co304 (404) obtained measured on the
detector.

SXRD measurements and data treatment

In this work, two main type of measurement have been performed at SXRD beamlines. They

are described below.

e L-scans

This type of measurement aims at studying the structure of the deposits by imaging slices of
the reciprocal space. For this, the detector is moved along one of the reciprocal space
coordinates, for example along the L axis at fixed H and K values, and 2D images are recorded
every 0.02 L step. The latter measurement will be referred as L-scans in the following. Figure
2.7 illustrates the result of a (0,1, L) scan for Coz04(111)/Au(111) sample recorded at 1.4Vrue
in 0.1M NaOH. All 351 raw images of the scan have been stacked to reconstruct the 3D
representation of the (0,1, L) rod shown in (a). To prevent damaging the detector, automatic
attenuators are used during the scan, which explains the sudden decrease/increase in intensity
in the images around intense Au(111) peaks. To extract useful information from this scan, it is
convenient to represent the integrated intensity on the region of interest of the detector

(represented as a black square on Fig.2.7a) as a function of L and correct for the attenuator
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values, as illustrated in Fig.2.7b. The obtained experimental diffraction pattern can be
compared with the expected L position of the Coz04(111) and Au(111) Bragg peaks. The
reciprocal space simulation of such system is shown on Fig.2.7c. The (0,1, L) rod is highlighted
in black and the different diffraction peaks expected are given. The hexagonal Au(111)
reciprocal space coordinate system is used but the indices of the Bragg peaks of Cos0, refers
to the conventional cubic unit cell. Red spheres stand for Co3z04(111) and yellow one for
Au(111). Four intense Co0304(111) peaks and 2 Au(111) peaks are expected. Their positions

are indexed with the same colours on Fig.2.7b.

(b) 10-

>

s 14

15

<

S 0,14

2

o

$0015

c

0,001 4 — Co030,4 (111)

Au (111)

Figure 2.7: (a) Stack detector frames recorded during a scan along (0,1,L) rod of
C0304(111)/Au(111) sample in 0.1M NaOH at 1.4Vrk+e. (b) Integrated detector intensity
in the region highlighted in black in (a) as function of L. Red lines identify C0304(111)
peaks and yellow lines correspond Au(111). (c¢) Simulated map of C0304(111) and
Au(111) reciprocal space expressed in Au(111) reciprocal lattice coordinates. The
(01L) rod is highlighted in black, showing the expected XRD peaks positions for this
system that are the red and yellow lines positions shown in (b).

e Operando monitoring of Bragg peaks

For these measurements, the detector is fixed and positioned at a Bragg peak position. Peaks
such as Co0304 (404) or (113) and CoOOH (105) or (107) are chosen for they present a

sufficiently large intensity and are accessible at the working energy.
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The aim of the measurement is to determine the dependence with potential of the oxide
structure. The principle and methods are the same as the ones described in [5]. Images of the
2D Bragg peak are recorded every second during a cyclic voltammogram at 5 or 10 mV/s. The

in plane and out-of-plane strains ¢; and ¢, are derived from the peak in-plane and out-of-plane
positions. Their expression is given in (2.11) and (2.12) with g, and q, ., the peak positions

that correspond to the literature value of the lattice parameter of the studied oxide.

g = wh— A4y

q)

g = qith — 491 (2.12)

1

The in plane and out-of-plane coherence lengths d; and d, are derived from the in plane and
out-of-plane full width at half maximum FWHM;and FWHM, of the peak, as give equations
(2.13) and (2.14). The coherence lengths d,and d;, respectively provide the average height

and width of the crystallites forming the films.

d, (2.13)

_ s
~ FWHM,

dy= —— (2.14
I FWHM”( )

To extract these parameters from the detector 2D frames, fits of peak profiles from cuts along
the out-of-plane and in-plane directions are performed for each image. The process is
illustrated in Fig.2.8: out-of-plane and in-plane cuts are averaged over 10 detector pixel rows,
these are the rows in between the two purple lines for each direction. The peak profiles are the
resulting averaged detector intensities along g, and g, for pixels in between the red lines (top
and right plots on Fig.2.8). The peak profiles are then fitted by Lorentzian, Gaussian or pseudo-
Voigt functions, from which the peak position and the FWHM of the peaks are extracted and

used to calculate € and d.
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Figure 2.8: 2D image of the detector showing C0304(113) peak after
coordinate transformation into g, and g,. Vertical and horizontal
cuts along purple lines (and averaged in between two parallel purple
lines) are used to get peak profiles in between the red lines, as
shown on top and on the right of the detector image. The profiles
are fitted (orange line) to retrieve the peak position and FWHM.

In the following, we will especially focus on the in-plane and out-of-plane relative changes in
strain and crystallite sizes during potential sweeps. The changes are relative to the strain or
coherence length value measured at the lowest potential of the sweep and will be referred as
Ad, Ad Ag, and Ag. Since detector and sample are fixed during these measurements, the
resolution of this method allows detection of relative strain changes in the order of ~10~* and

~0.1 nm for crystallite size changes.

Operando SXRD measurements: setup and procedure

Operando SXRD measurements were performed at two different beamlines:

- at ESRF synchrotron, ID03 beamline (photon energy 22.5 keV, photon flux 4 x 10! counts/s,
beam size 250 pum width x 30 um height)

- at DESY synchrotron, P23 beamline (photon energy 18 keV, photon flux 2 x 103 counts/s,
beam size 200 pm width x 10 pum height).

SXRD characterizations are performed in an electrochemical cell dedicated to in situ
characterizations that was designed and built by Finn Reikowski from Kiel University [5]. The
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potential was controlled with a potentiostat using a Ag/AgCl reference electrode and a Pt wire
as counter electrode. All potentials are quoted against the relative hydrogen electrode (RHE)
potential. The electrolyte circulation is controlled by a remote pump system that allows a
controlled and continuous electrolyte flux within the cell (circulation speed from 5 to 500 uL/s).
Figure 2.9 shows a scheme of the SXRD cell (vertical cut) that highlights its different
components. The Au(111) substrate on which an oxide film is electrodeposited (WE) is placed
at the bottom of the cell. It is sealed with a Teflon cone so that only the top (111) surface is in
contact with the electrolyte that flows from left to right (blue arrows) via the pump system. The
reference electrode (RE) is put inside a glass capillary to prevent electrolyte contamination and
the counter electrode is placed at the electrolyte outlet to avoid contamination. The cell is
equipped with an optical reflectivity system (laser and photodiodes) that does not perturb the
measurements. Finally, a camera is used to check the effective operation of the cell: detect
leaks, verify that the sample’s surface and the reference electrode are in contact with the
electrolyte or monitor the formation of O, bubbles at the sample’s surface at higher OER

current.

Figure 2.9 Scheme of the SXRD
electrochemical cell.

The X-ray path is shown with black arrows on Fig.2.9. In this zone, the X-ray beam goes
through a 1 mm thick cell wall. The cell is made of PEEK, which is stable in the presence of X-
rays and which attenuation length is slightly higher to that of water [1]. At an incident X-ray
energy of 18 keV, the attenuation length of water/PEEK is 11 mm and the path of the beam
through the PEEK and the electrolyte layer is ~ 7 mm (the wall of the cell is 1 mm thick). This
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results in an acceptable intensity loss due to cell and electrolyte absorption, making it possible
to have a free electrolyte surface on top of the sample. In this cell, electrochemical
measurements at high OER currents can be performed, especially since the electrolyte
circulation can minimize O, bubbles accumulation at the sample surface. It can also remove
radicals that may be formed by the incident X-ray beam.

Figure 2.10a shows a picture of the setup used for operando XRD measurements at P23
beamline. The cell was mounted on a heavy load six-circle diffractometer, and a 2D LAMBDA
750k GaAs detector was used to monitor X-ray diffraction signal. The picture focuses on the
cell described above, together with the remote pump system connected to the reservoirs. The
whole setup is mounted on a hexapod that serves for sample alignment. A light blue arrow
shows the direction of the incident X-ray beam. The 2D XRD detector is out the picture field, it
is mounted on the diffractometer arm visible at the back of the picture. Fig.2.10b pictures a
scheme of the scattering geometry, showing how the angles a, § , y and ¢ are defined. For

measurements at grazing incidence, a was fixed either at 0.34° or 1°.

(b)

diffracted
beam

Incident X-
ray beam

Figure 2.10 (a) picture of the operando XRD setup placed on the diffractometer of P23 beamline and
(b) corresponding scheme of the scattering geometry.

During the experiment, the samples are mounted in air in the SXRD cell and aligned in order
to be cantered into the X-ray beam. X-ray reflectivity and L-scans are first performed in air to
establish the material phase and orientation. The sample is then put in contact with the
electrolyte and potential control is established at 1.4Vrwxe (within the potential stability domains
of the studied oxides). The electrolyte is a 0.1M NaOH solution (pH 13) kept under Argon
atmosphere, that is typically exchanged at a rate of 5 pL/s, using the remote-controlled pump
system. The same structural characterizations are performed again at 1.4Vgrue in 0.1M NaOH
to make sure of the stability of the sample in the experimental conditions. Next, the structural
changes during potential sweeps are determined from the changes of a Bragg peak. For SXRD

measurements, images of the 2D Bragg peak are recorded every 1 second during a cyclic
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voltammogram at 10 or 5 mV/s. For combined XAS/XRD measurements at DiffAbs beamline
(SOLEIL), the integration time of the 2D images of Bragg peaks is 5 seconds, which is fast
enough to monitor the structural changes while sweeping the applied potential at a rate of 5
mV/s.

2.3X-Ray Absorption Spectroscopy: methodology and data treatment

In X-ray Absorption Spectroscopy experiments, a material is illuminated with an X-ray beam
which energy is sweeped. The absorption of X-rays of specific energy by the material is
investigated. The XAS background in this section is based on [6]-[9].

X-ray Absorption Spectroscopy: principle

Figure 2.11 illustrates XAS principle. It first involves the excitation of a core electron which can
be promoted into an unoccupied atomic or molecular level or to an unbound state, the
continuum. This transition is created by the absorption of an X-ray photon which energy is set
to the ionization energy of the core electron. Each atom has its own corresponding ionization
energy, which makes XAS an atom specific method. A de-excitation follows the absorption of
the core electron that has left a core-hole. The latter is filled by a higher-level core electron
and a fluorescent X-ray or Auger electron is emitted. The fluorescent X-ray energy is equal to
the difference between the two core levels of the atom, while the Auger photoelectron is

promoted to the continuum.

Absorption De-excitation
®

Continuum Continuum

20 000 Auger e-
) n=4 ‘
Incoming n=3 %’ X-ray out

n=1 (K) o—©0 1s (K)

Figure 2.11: illustration of X-ray absorption spectroscopy principle

Figure 2.12a shows the basic experimental configuration for XAS measurements. The sample
is illuminated with an X-ray beam which intensity lo is recorded. Either the transmitted I; or
fluorescent I X-rays intensity are measured while the incident X-ray energy is varied in the

energy region of interest. For a sample of thickness t, Beer Lambert’s law can be applied:

In (i—") = ut. For dilute or thin samples, the absorption coefficient u is proportional to the ratio
t
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of fluorescence and incident X-rays: u(E)~i—f. XAS spectra show the absorption coefficient
0

intensity as a function of the photon energy.

All the XAS measurements presented in this work were recorded in fluorescence mode. This
means that a fluorescence detector was placed near the sample (see Figure 2.1) and
fluorescence spectra were recorded every 5 seconds while increasing the incident X-ray
energy. Figure 2.12b shows an example of fluorescence spectrum recorded during the
experiment. The left peak located at 6.9 keV corresponds to Co K-alpha fluorescent line and
the right peak comes from the incident X-ray beam. For each energy, the Cobalt peak area
(grey shaded area on the spectrum) is integrated. It is then divided by the intensity of the
incident X-ray to give a XAS spectrum: p = f(E).
@)

| 4000

f (b)

Synchrotron 3000
source I

I O t 2000

CL: ] oo ]

Sample ol

thickness t 0 5000 10000
Energy (eV)

Counts

Figure 2.12: (a) basic experimental configuration for XAS measurements, the incident X-ray energy
intensity lo, and either the fluorescence intensity If or the transmitted intensity It are recorded after X-
ray absorption by a sample of thickness t. (b) Example of fluorescence spectrum recorded during a
XAS measurement at DiffAbs beamline.

Figure 2.13 shows and example of XAS spectrum of a Co304/Au(111) sample, recorded at Co
K-edge. The word K-edge is used to characterize an excited electron which belongs to the K-
shell. A XAS spectrum is composed of two energy regions: the XANES region (X-ray
Absorption Near Edge Structure, at £ 50 eV around the edge energy) and the EXAFS region
(Extended X-ray Absorption Fine Structure, 50 to 1000 eV above the edge). As shown in
Fig.2.13, the XANES region is generally composed of a pre-edge which precedes a main
absorption edge. An absorption edge occurs when a core electron absorbs an amount of
energy higher or equal to its binding energy: it goes from core level to continuum.

The EXAFS region presents oscillations, they give information about the local structure around
the probed atom type. During the XAS process, the ejection of a core electron in the continuum
is followed by the emission and a photo-electron. This photoelectron can be scattered by
neighbouring atoms. The outgoing and scattered waves will interfere, resulting in constructive

and destructive interferences. This will make the probability of absorption to oscillate.
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Figure 2.13: Example of XAS spectrum (Co304/Au(111) sample at
Co K-edge).

In the following we will mainly be interested in the edge energy of the XANES spectra. Indeed,
the edge energy is sensitive to the formal oxidation state of the element probed. The more
oxidized is the element the higher is its edge energy, since it is more difficult to remove a core
electron from an oxidized species. The pre-edge shape is sensitive to site coordination and

disorder.

Normalization of XANES spectra

XANES spectra were recorded at Co K-edge between 7.64 keV and 7.82 keV and at Fe K-
edge between 7.05 keV and 7.23 keV. Raw spectra need to be normalized and baseline
corrected before data analysis. Athena software was used for this [10]. As shown in Fig.2.14,
a pre-edge (green line), defined as a linear background in the pre-edge energy range is first
subtracted to the spectrum. Then, a post-edge (purple line) is subtracted to the spectrum. It is
defined as a spline background in the range of the spectrum located after the edge (this
approximates the background in this range with an adjustable function defined by a polynomial
expression which order can be chosen between 1 and 3). For both the pre-edge and post-
edge, the user determines the range boundaries (orange points in Fig.2.14) to define the slope
of the function. E; is the edge energy, it can be firstly approximated by the maximum of the

first derivative of the spectrum or as the energy at half height of the edge.

The spectrum is then normalized by the software using a normalization constant py(Ep)

calculated as:

Uo(Ey) = Post edge function(E,) — Pre edge function (E,) (2.15)
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The normalization constant is used to calculate the normalized spectrum w(E)normatized :

U(E)raw — (pre edge function + post edge function)
H(E)normatizea = = 1o (Eo) (2.16)
o(Eo
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Figure 2.14: XAS spectrum normalization using Athena software.

With the normalized spectrum, the K-edge energy E.q4. is determined using the integral

method [11] according to Eq. (2.17) where u; and p, define the edge region boundaries in the
normalized XANES spectrum. We used p; =0.15 and u, =1 to avoid contributions

respectively from the pre-peak and absorption peak.
1 %]
E =— f E(uw)d 2.17
edge " (wdu ( )

For some spectra in Chapter 5 that present a high pre-peak contribution, the lower boundary

1, was changed to 0.35 in order to avoid this contribution.

Co and Fe oxidation state calibration

In order to link E.44. and the Co/Fe oxidation states (hereafter called a), XANES spectra of

reference samples are recorded. We use Co0304, CoO, FeO, Fes04 and Fe,O3; commercial
powders diluted in cellulose (5% in weight) and pressed as pellets. The obtained XAS spectra

are corrected for self-absorption and the corresponding edge energy is determined using the
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method described above in order to establish a calibration plot that links @ and the Co/Fe edge

energy.
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Figure 2.15: XAS reference spectra of (a) CosO4 (black), CoO (green) and (c) FesOas (blue), FeO
(red), Fe20s3 (black) powders (5% in weight in cellulose). (b,d) Oxidation state of these compounds
as a function of the edge energy determined with the spectra in (a) and (c). The edge energy
increases by 3,4 eV and 3.9 eV per cobalt and iron oxidation states respectively.

Figure 2.15a shows the Co K-edge XANES spectra of CoO (green line) and Cos04 (black line),
which edge energy E,4. is determined with the integral method: E.q4, = 7718.85 eV for CoO
(Co oxidation state +2) and E,q4. = 7721.1 eV for CosO4 (oxidation state 2.66). Figure 2.15b
is a plot of the Co oxidation state as a function of E,;4.. The inverse of the slope gives a 3.4

eV increase per cobalt oxidation state. This plot is used to convert the experimentally

measured E, 4, Of deposits into an average Co oxidation state. The same process is used for

Fe oxidation state: Fe,Os (black), FesO4 (blue) and FeO (black) Fe K-edge XANES spectra
presented in Fig.2.15c respectively give E.qq. = 7124.83 eV (Fe +3), 7123.52 eV (Fe +2.66)

and 7120.9 eV (Fe +2). The plotin Fig.2.15d results in a 3.9 eV increase per Fe oxidation state.
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The K-edge shift per oxidation state for Co and Fe is in relatively good agreement with values
found in the literature using the same edge determination method. A 2.3 eV/oxidation state
shift and 4.6 eV/oxidation state for Co and Fe K-edge are respectively found by Dau and co-
workers [12], [13], while Calvillo et al. found 3.0 eV/oxidation state for Co and 3.5 eV/oxidation
state for Fe [20]. Using the same data processing for EXAFS spectra of similar oxides available
on IXAS XAFS database [14] yields shifts between 2.5 and 5 eV/oxidation state for Co K-edge
and between 4 and 5.5 eV/oxidation state for Fe K-edge. The measured value of the shift might
depend on the energy calibration of the beamline, the purity and dilution of the compound
(accuracy of the compound oxidation state, auto-absorption correction). Since we rely on the
latter parameter for our measurements, that give calibration close to other experimental values,

the calibrations obtained with the plots shown in Fig2.15 will be used for the following.

Cell and setup for operando measurements

Operando XAS and XRD studies were performed at SOLEIL DiffAbs beamline using a photon
energy between 7 keV and 8 keV, and a beam size of 250x300 um?2. The electrochemical cell
used for operando XAS/XRD measurements had been previously designed and built in PMC
lab for similar operando studies [19]. Figure 2.16 displays a scheme (vertical cut) of this
electrochemical cell. A Teflon cone is protecting the side walls of the Au crystal to only expose
its top (111) surface (WE). The sample and its cone are mounted on a support which height is
adjustable. The counter and reference electrodes are placed above the inlet and outlet of the
cell. The geometry of the cell differs from the SXRD one because we use a smaller X-ray
energy and the electrolyte attenuation length is smaller. At 8 keV, the X-ray attenuation length
by water is ca. 1mm [1]. As a consequence, it is important to minimize the electrolyte thickness
in order to have a strong enough X-ray signal and a good sensibility. In the XAS cell, a 12um
extendable polypropylene foil is fixed on top of the sample to close the cell. The inlet and outlet
of the cell are connected to reservoirs and the remote-controlled pump system is used to
fillempty the cell (total volume ~5 mL). The electrolyte layer thickness above the sample is
monitored by adding or removing small electrolyte quantities (50 to 200 pL) to the cell which
inflates or deflates the membrane. The inflated state is represented with the black dashed line
and the deflated state corresponds to the black plane line. The X-ray path is shown with black
arrows. During the experiments, the state (deflated or inflated) of the membrane was monitored
using an external camera in the beamline hutch. In the XAS cell, electrochemical
measurements may be performed with or without the polypropylene foil. Measurements
without the polymer membrane allow higher OER currents and better electrochemical
conditions since the electrolyte layer on top of the sample is thicker. However, for operando
measurements combining XAS and XRD, the electrochemical measurements have to be

performed with the polymer window on.
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Figure 2.16: Scheme of the XAS/XRD electrochemical cell.

Figure 2.17a shows the setup (cell, reservoirs, pumps) mounted on the beamline 6 circles
diffractometer in kappa geometry. As also depicted on the scheme of Fig.2.17b, the sample
surface is horizontal and aligned parallel to the incident X ray beam prior to the measurements.
XAS measurements were performed in fluorescence mode using a 4-element SDD
fluorescence detector placed just above the sample surface at 90° with respect to the incident
X ray beam. For XRD measurements, a 2D detector XPAD S140 was used to capture the
diffraction peaks. The XRD detector angles are defined in the same manner as for the SXRD
cell in Fig2.10b. A fixed incidence angle a of 4° was used for XRD and XAS measurements

maximizing the footprint of the beam on the sample.
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Figure 2.17: (a) picture of the setup used for operando XAS and XRD measurements at DiffAbs
beamline and (b) corresponding scheme of the setup.

Determination of the oxide state as a function of potential

The main purpose of the operando XAS measurements is to study potential induced Co and
Fe oxidation state changes in pre-OER and OER regime. Two methods have been applied to
monitor the metal oxidation states changes with potential. This section explains these
methods, especially details one of them and justifies its use in order to realize real operando

measurements.

Figure 2.18 illustrates the most common method used in literature for measuring the edge
energy as a function of potential E.q4.(U). Full XANES spectra are recorded at different
potentials (see Fig.2.18a where the data concern an electrodeposited Coz;04/Au(111) sample).
For each potential U, E.44, is obtained from the XANES spectrum with the integral method
described above. The inset highlights the edge region showing a slight shift of Co K-edge
towards higher energies. Figure 2.18b displays the plot E,;4.(U) and the right y-scale gives
the Co oxidation state using the calibration plot in Fig.2.15. Prior to each spectrum
measurement the membrane is inflated to renew the electrolyte on top of the sample then
deflated to optimize the fluorescence signal. This method is not too difficult to implement but
has the drawback of being time consuming since recording one full XAS spectrum takes
approximately 20 minutes. Because of this, acquiring more points as than those in Fig. 2.18b
is possible but practically not doable each time. In addition, this method is only sensitive to the
electrochemical steady state of the sample which makes it difficult to correlate with features in

the voltammograms.
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Figure 2.18: Standard method for measuring E.q4.(U)
(electrodeposited Co304 sample). (a) XANES spectra at Co K-
edge measured at different potentials. (b) Edge energy of spectra
in (a) as a function of the potential. Corresponding Co oxidation
state is shown in y-scale.

As shown in Fig.2.18a, we are measuring very slight changes in edge energy, so we need a
very sensitive method to be able to monitor it with high precision. For these reasons, we tested
and used a second method that allows an operando determination of the oxidation state. It is
illustrated in Figure 2.19 and is referred as operando method in the following of the section.
Measurements on an electrodeposited Cos04 /Au(111) sample are used as example. A
complete XANES spectrum is first recorded at a potential of 1.37 Vrwe (Fig. 2.19a). The sample
is then irradiated at a fixed X-ray energy E, = 7722.8 eV, chosen close t0 E,q44., and the Co
fluorescence signal is monitored while the applied potential is scanned at a rate of 5 mV/s. The
inset of Fig. 2.19a gives the potential dependence of the cobalt fluorescence signal measured
during two consecutive potential cycles between 0.97 V and 1.67 Vrue. The decrease of the

fluorescence signal towards positive potentials is due to the Co edge energy shifts towards
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higher energies. Dividing the fluorescence signal by the local slope of the XANES spectrum
(at the energy E, = 7722.8 eV) yields the shift AE.;,4. of the XANES spectrum with applied

potential. This is a good approximation since the edge shift is small and the spectrum is rather
linear in this energy range. To plot E44.(U), as is shown in Fig. 2.19b, one must account for
the value of E.44.(U = 1.37V) which is determined after analysing the normalized spectrum in
Fig.2.19a. The right y-scale of Fig. 2.19b gives the corresponding value of a using the
calibration plot in Fig. 2.15b.

Compared to the usual method, this one thus presents the advantage that E ;4. (U) or a(U) is

measured with a high potential resolution in short time: it takes ca. 30 min in total for recording
one full XAS spectrum and the two potential sweeps with a point every 25 mV, i.e., 16 times

more points than in the first method.
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Figure 2.19: Determination of the potential induced changes in
oxidation state a using the operando method. (a) raw XANES
spectrum recorded at a potential of 1.37 V/RHE in 0.1M NaOH
of Cos04/Au(111). The vertical line marks the energy E, used to
monitor the Co fluorescence signal as a function of potential.
Inset: plot of the Co fluorescence signal during two consecutive
potential sweeps (5 mV/s). (b) Plots of E.44.(U) and a(U)(right
y-scale) derived from the measurements in (a).

The reliability of the method has been tested. It is emphasized that the choice of E, is not

affecting the final determination of E, 4. (U) provided E is chosen not too far from E, 4., which

means that it is taken within the rise of the Co/Fe K-edge. Figure 2.20a shows the raw XANES

spectrum (not normalized) of a Cos04/Au(111) sample recorded at 1.37 V. The insets are plots

of the Co fluorescence signal as a function of applied potential (sweep rate 5 mV/s). The two

plots are measured at E, = 7719.8 eV and 7722.8 eV which are within the Co edge region.

Figure 2.20b demonstrates that the plots E.44.(U) measured at the two energies E, are

perfectly overlapping. Figures 2.20c and 2.20d show the same as Figures 2.20a and b for a

CoOOH/Au(111) sample. The fluorescence signal variations with potential in the edge region

are measured at E, = 7722 eV and 7724 eV and also give very close E,q4.(U) plots.
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insets show fluorescence variations with potential at the energies indicated with vertical dotted lines.
(b),(d) Corresponding oxidation state variations with potential measured at E,, indicated in left figure.
For clarity one potential sweep is shown for each measurement.

Figure 2.21 compares the results obtained with the two methods described above: measuring
full XANES spectra at different potentials (illustrated in Fig. 2.18) and measuring the
fluorescence signal at a fixed energy Ej, chosen close to E,g4. (illustrated in Fig.2.19). The
two kinds of determinations have been conducted on a 21 nm thick Co304/Au(111) sample (a)
and a Co anodic oxide obtained after oxidizing a 8ML Co(001)/Au(111) thin film (b). Prior to
the measurement the electrolyte is renewed and the fluorescence signal is optimized. Filled
black squares are data obtained with the operando method (2 potential sweeps) and open
squares with the standard method. For both samples, a good agreement is found between the
two methods, if one accounts for the fact that the standard method gives the steady state value
of a. In addition, in the example of Fig. 2.19b, the operando measurements show that the edge
energy saturate at potentials more positive than 1.4V. This behaviour cannot be deduced from
the standard method. Moreover, it is clear from Fig. 2.19 that the uncertainty of the measured

value is significantly smaller for the operando method.
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Figure 2.21: Potential dependant variations of Co oxidation state in (a) Co304/Au(111) and (b) Co
anodic oxide measured by the two methods. The black curves are obtained by recording the Co
fluorescence signal at a fixed energy E, = 7722.8 eV while sweeping potential (5 mV/s). The red open
squares correspond to measurements of E.,,. from full XANES spectra recorded at different

potentials.

In this section, it was demonstrated that the operando method proposed in this work is robust
(i.e. not sensitive to the choice of E;) and offers a high potential resolution within a short

measurement time and better signal over noise ratio.

Combined XAS and XRD measurements

For combined XAS and XRD measurements, XAS and XRD data shown in this work are
acquired sequentially at different beam energies E. Operando XAS data are recorded as
explained bellow at a beam energy chosen close to E,4,4.. For operando SXRD measurements,
a beam energy E outside of Co and Fe absorption K-edge regions has been chosen in order
to improve XRD intensity signal and minimize measurements noise. They were recorded at
E = 7.83 keV for all samples except for FesO,4 for which an energy E = 7.24 keV (outside of
Fe K-edge region) was chosen. The reason for this is that the Bragg peak intensity varies
significantly in the edge energy region and is slightly larger at E outside and higher than E,q 4.
This is illustrated by Figure 2.22 which shows the integrated intensity of Co3z04(113) Bragg
peak during a scan in energy in Co K-edge region. The position of 2D detector was tuned so

that it follows the Bragg peak at each energy.
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Figure 2.22: variation of the Co0304(113) Bragg peak integrated

intensity with incident energy in the energy range of Co K-edge.

Bellow we show that sequential acquisition can however be safely trusted for the correlations
between XAS and XRD discussed in chapters 3 and 4. Figure 2.23 shows operando structural
variations (4d, Ad,) measured at two different beam energies: E = 7.83 keV higher than E¢4,
and E close to Egq4e (E = 7.772 keV for CoOOOH (right column) and E = 7.720 keV for Co3O4
(left column)). The latter data (black) present more data scattering than the former (red), but
both show the same behaviour. This means that XRD operando measurements can be safely
correlated to operando XAS even though they are not acquired simultaneously. This is true all
the more since the samples undergo reproducible and reversible structural changes with no

sizeable modification of their morphology and structure.
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Figure 2.23: Structural relative variations with potential for CoszO4 (left) and
CoOOH (right): first line Ad, , second line Ad; acquired at two different beam
energies E. Operando structural data acquired at E = 7.83keV are shown in red,
the one at E close to Eqq4 (E = 7.722 keV for COOOH and E = 7.720 keV for
Co0304) in black. The sweep rate is 5 mV/s for all measurements.

2.4 Lab characterizations

X-ray Diffraction

The structure of deposits prepared by direct electrodeposition on Au(111) in the reflux cell is
characterized by XRD (6-20) before measurements at the beamline. A Rigaku Smartlab X-ray
diffractometer with a rotating anode Cu Ka radiation source (A= 0.154 nm) is used for this
purpose. X-ray diffraction patterns were obtained using a parallel beam configuration, a
Ge(220) double bounce monochromator on the incident beam side and a Hypix-3000 2D

detector used in 1D mode.

Wide (15° — 75°) 8-26 scans inform about the phase and epitaxy of the deposits. Narrow 6-26
scans (17°-23°) in the angular region of Co3z04 (111), CoOOH (003) and Fes04(111) peaks
also give the phase of the deposit and are used to determine the thickness t of the deposits,
using Scherrer equation (2.18). The crystallites mean height are linked to the FWHM of the
peaks, to the Bragg angle 6 and the incident X-ray wavelength A.

Lo 09=%1
~ FWHM(26) * cos (8)

(2.18)
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Atomic Force Microscopy (AFM)

The morphology of deposits is investigated using a PicoSPM (Agilent) AFM operating in the
AC Mode. Sharp silicon tips (umasch, nominal tip radius = 8 nm, cone angle 40°, spring
constant = 45 N m™, resonance frequency = 190 kHz) were used for high-resolution. Different
regions of the samples are imaged with image sizes ranging from 5 um to 500 nm to verify the
homogeneity of the deposit. AFM measurements allow to obtain to determine the roughness

factor of the deposits, based on the mean island’s width and geometry.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray spectroscopy (EDX)

SEM images of the deposits prepared by direct electrodeposition are obtained using a Hitachi
S4800 microscope equipped with field effect gun and operating between 3 and 10kV. The SEM
is equipped with an SDD fluorescence detector for EDX characterizations. These were
performed with a fixed current at 20 kV. Bilayer Co1.xFexO,/CoOOH samples obtained by direct
electrodeposition on Au(111) (see section 2.1) were characterized by EDX before and after
Co1xFexOy deposition in order to determine the iron content in the top mixed CoFe oxide layer

(see Appendix of chapter 4).
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Chapter 3: Epitaxial Co oxide thin films

3.1 Introduction

For the purpose of understanding their catalytic activity for the Oxygen Evolution Reaction
(OER), cobalt oxides catalysts have been the subject of numerous experimental [1-20,25-27,
30-33] and computational [12,21-24,32-34] studies. Especially experimental works in operando
conditions have been widely used to probe the variations of some key parameters during the
OER process [4-19, 30-32]. As the currently known OER mechanism on Co oxide involves
changes in Co oxidation state and coordination sphere, many of the operando studies used X-
ray absorption spectroscopy (XAS) since it may be employed in operando conditions on a large
variety of samples and yield the Co oxidation state and the local atomic environment. The
general trends derived from these measurements at Co K-edge are: (i) an increase of Co mean
oxidation state with increasing potential for CoCat [8,13], CoO and Co304 [11,12,15,16,18],
CoOOH bulk and nanosheets [12, 19, 32] and (ii) small changes in Co coordination shell in
OER conditions [11,12, 15].

The surface of these different oxides is terminated by oxygen atoms or hydroxyl groups which
are coordinated to Co atoms by either 2 or 3 bonds: they are referred as [>-O(H) and ps-O(H)
sites respectively. The CoCat, which is among the most active Co based catalysts for OER
[25] is also thought to be the more disordered. Since a disordered phase is expected to contain
the highest density of p>-O(H), the p.-O(H) bridges are considered to be the most active sites
for OER [26]. Strasser et al. [12] associated Y.-O(H) bridges to a fast OER mechanism while
a slow OER would take place on ps-O sites. According to their analysis of electrochemical and
XAS measurements on different Cobalt oxides, p.-O(H) sites are associated to high Co®- O
bond electrochemical reducibility, unlike p3-O sites, which are decisive for high OER activity.
Zhang et al. [5] used time resolved FTIR spectroscopy to study CosO4 nanocrystalline particles
during photocatalytic OER, and evidenced the formation of two reaction intermediates which
correspond to two different catalytic sites, one associated to a fast OER mechanism and one
to a slow mechanism. Figure 3.1, that is taken from their work [5], illustrates the different steps
of these two mechanisms ((a) fast and (b) slow) in a neutral electrolyte. The reaction

intermediates they identified by time resolved FTIR spectroscopy are highlighted in yellow.
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Figure 3.1: Proposed OER photocatalytic mechanism at CosO4 surface, (a)
at the fast site and (b) at the slow site. From [15].

The fast mechanism takes place at a J.-O site where two O-bridged Co(lll)-OH groups (A) are
first converted into intermediate B containing one Co(IV) group, then into intermediate C with
two Co(IV)=0 groups. Bulk water nucleophilic addition to one of the Co(lV) follows, and results
in O — O bond formation and reduction of the two Co in Co(lll). Intermediate D is transformed
into the superoxide intermediate E, identified by the authors. O is then released, concomitantly
as H,O attack to reform A. This light pulse assisted mechanism takes place within 300 ms.
The difference with the slow mechanism (b) lies in the absence of an O-bridged adjacent Co**-
OH group at the initial active site. In this case, the oxidizing power of isolated Co(IV)=0
intermediate (B) is lowered and H,O deprotonation is required for its addition to B, which makes

this reaction step consequently slower than in the fast mechanism.

This OER scheme involves the formation of Co*" species as reaction intermediates and
numerous experimental works searched evidences for such species in OER conditions. For
example, operando XPS measurements on C0z04 associate the apparition of features at low
binding energy in the Co 2p XPS spectrum measured at OER potential to the formation of Co**

at the oxide surface [30]. The apparition of Co** signal was observed by EPR characterizations
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of CoCat catalyst at potentials above 1.1V [36,37]. The authors found that the intensity of this
signal increases with potential, while Co?* signal decreases, and estimated that approximately
10% of Co** were present in the material at 1.34V. Pasquini et al. [32] studied CoCat catalyst
with operando Raman spectroscopy and described the region of Co-O vibrations by Gaussian
bands of potential-dependent amplitudes. They assigned the Co®** - Co** transition to a linear
combination of these bands’ amplitudes, in relation to previous operando XAS measurements.
In the latter, a mean oxidation state of ~ 3.25 was determined for CoCat at OER potentials,
implying the presence of approximately 20% Co*" in the material. [8] Combining XAS with UV
visible absorption and time-resolved mass spectroscopy to track the OER kinetics, Dau et al.
proposed a four stages OER scheme at l>-O sites by CoCat, involving (i) a dynamic
interconversion between three species containing Co(ll 1), Co(lll) and Co(lll,1V), (ii) formation
of an active site by encounter of two or more Co(lV) ions, (iii) O-O bond formation step followed
by Co reduction at the active site, and (iv) Co re-oxidation to return to equilibrium conditions[8].
In this picture, Co*" and Co3" co-exist at the catalyst surface and are in constant equilibrium.
To interpret operando XAS data, the mean cobalt oxidation state at OER potential is often
referred as Co®7#* [8,11,12,32]. This is for example the case in the study of CoOOH
nanosheets in which the Co oxidation state was found higher than 3 under OER conditions,
interpreted as the formation of a CoO, reaction intermediates [32]. Strasser et al. [11]
described the reversible formation of an amorphous CoOx(OH)y reaction zone at the surface
of crystalline Coz04, resulting from the oxidation of surface Co?* ions into Co*", and in which
Co* can be incorporated via the deprotonation of pi-O bridges between Co ions. Since this
phase is limited to the surface of the crystallites, the corresponding XAS spectra they

measured show a very slight increase of Co mean oxidation state.

The quantitative interpretation of XAS data is therefore far from being straightforward since the
XAS signal originates from the entire oxide film whereas the modifications are expected to take
place at or very near to the oxide surface. In fact, the structure of the oxide may be restructuring
in OER condition. Such a restructuring has for instance been reported and documented for
Co304 using operando XRD [11,14]. In this case, extracting the information related with surface
atoms is a challenging task especially when the active surface area of the catalyst cannot be
reliably determined and presents different crystallographic facets with a large number of
surface site types. In this context, the use of well-defined catalysts materials appears very

interesting to facilitate the interpretation of the XAS measurements.

In particular, our group used operando Surface X-ray Diffraction to study the structural
behaviour of epitaxial C0z04(111) and CoOOH(001) thin films [14]. It was demonstrated that
the transformation of Coz04 surface region also occurs in the case of epitaxial films, and that

it is reversible with potential, in agreement with [11]. This near surface region called skin layer
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is structurally disordered and it is the OER active phase. On the contrary, no significant
structural changes were measured in the case of CoOOH(001) films, which catalytic activity

was found to be similar to that of Co304(111).

In this chapter, we study in operando conditions, the potential dependence of the cobalt
average oxidation state in epitaxial C0304(111) and CoOOH(001) thin films (10-30 nm)
electrodeposited on Au(111) using in combination X-ray absorption spectroscopy (XAS) and
structural characterizations, based on Surface X-Ray Diffraction (SXRD). In the case of C0o30s4,
results evidence close correlation between the increase of the Co oxidation state in pre-OER
regime and the simultaneous restructuring of the near surface region, i.e. the so-called above-
mentioned skin layer. In the case of CoOOH, which surface is perfectly stable, a smaller
increase of the cobalt oxidation state is measured. Data are quantitatively analysed to discuss

the oxidation state of Co atoms at the surface of oxides.

3.2 Structure of Co3z04 and CoOOH

Figure 3.2a shows the atomic structure of CoOOH (heterogenite) which has a trigonal
structure. Along the (001) direction, CoOOH presents a layered structure. There are 3 CoOOH
molecules per hexagonal unit cell (shown with a black rectangle on Fig. 3.2a), which lattice
parameters are: acyooy = 0.285 nm and cco0on = 13.15 nm. Each layer is composed of one
CoOOH molecule, and the distance between two CoOOH layers, i.e. the distance between two
Co planes, is 0.438 nm. A CoOOH layer consists of one plane of Co®* sandwiched between
two planes of O% ions. These trilayers are bonded together via O-H-O bridges. Each O ion is
therefore coordinated with three Co®" ions, leading to a pz-O site, and to one H atom that
ensures the cohesion between trilayers, while Co®* are in octahedral sites. Each bulk Co atom
is thus six-fold coordinated with OHos groups, where the Hos expresses that the H atoms are
shared between two trilayers. On average, the cobalt oxidation state is therefore: ay,;;, =
3 because each OHgs is connected to 3 Co ions. At the surface, the oxygen groups (O or OH)
of the topmost plane have no partners above and the top Co atoms present an oxidation state
asry Which depends on the protonation state of the topmost O-atomic plane. For a fully
protonated surface, ag,,s = 2.5 and for a fully deprotonated surface, ag,,s = 3.5.A schematic
illustration of CoOOH(001) surface plane(s) is shown in Fig.3.2b, alternatively fully OH and O
terminated. The different Co planes contained in a unit cell shown in (a) are highlighted with a

yellow parallelogram.
Co304 is a cubic spinel compound. Fig.3.2c expresses its structure in a hexagonal unit cell,

with ¢, parallel to the cubic (111) direction. This representation is convenient since it uses

the same orientation as the hexagonal Au(111) substrate. In this case, the Co304 unit cell
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Ac0304_cubic

(shown with a black rectangle) has the following lattice parameters: ac,304 pex = 5 =

5.716 nm and Cco304 hex = Cco3o4 cubic * V3 = 14.00 nm. There are 6 CosO4 molecules per
hexagonal unit cell. CozO4 contains both Co?* (light blue) and Co®* (dark blue): Co?* are in
tetrahedral sites and Co®"in octahedral sites. Oxygen planes sandwich two types of Co layers:
one with Co®* only and one containing both Co?" and Co*. Co0s04 can be written as
Co?"1C0%*,04 giving a mean Co oxidation state of 2.66. Fig.3.2d illustrates the atomic
arrangement of the Co planes in Co304(111), showing in yellow the atoms contained in a unit

cell.

(a) CoOOH (c)

0.438 nm

«— ¢ =1315nm ——

a=b=0.2851nm

Figure 3.2: Unit cells of (a) CoOOH(001) and (c) Co3z04(111) oxides. Co?* are shown in light blue,
Co8%* in dark blue, O in red and H in white (the ionic radius is used to represent elements). The cell
parameters along a, b and c directions are given, together with the distance between two atomic
planes along the (001) direction in a CoOOH unit cell. Schematic illustration of the atomic
arrangement in the hexagonally ordered planes of (b) CoOOH(001) and (d) Co304(111), showing
edge steps. In electrolyte, the topmost plane of the oxides is most likely terminated by oxygen or
hydroxyls groups. Highlighted in yellow are the different Co planes of the unit cells shown in (a) and

(c).

3.3 Results

Characterization of as prepared Cos04 and CoOOH deposits

Co304 and CoOOH are obtained by direct electrodeposition on Au(111) substrate. Details of

the electrodeposition method are given in section 2.5.
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Figure 3.3 shows XRD 6-26 scans of Coz04 and CoOOH deposits (a) and (b) in a wide angular
range (20 between 15° and 90°) for CosO, and CoOOH respectively. In Fig.3.3a peaks are
observed at 19° and 59.3°, they correspond to (111) and (333) peaks of spinel CosO4 with a
faced centred unit cell. In Fig.3.3b, peaks at 20°, 40.8°, 62.9° and 88.2° are found, they are
respectively assigned to (003),(006),(009) and (0012) of CoOOH with an hexagonal unit cell.
This indicates that the Cos04 and CoOOH deposits are crystalline and respectively grow with
a (111) and (001) orientation on Au(111) substrate. C0304(222) and C0304(444) peaks are not
visible because they are located close to the Au(111) and Au(222) peaks of the substrate. As
no other peaks are present on Cos0, and CoOOH diffractograms, the oxides are pure phases

with a well-defined orientation.

The epitaxial growth of the oxides on Au(111) is probably linked to the identical in-plane
hexagonal symmetry of Au(111), C0304(111) and CoOOH(001). In addition, the in-plane lattice
constant of Au(111) (a4, = 0.2884 nm) is very close to the one of COOOH(001) (acooon =
0.2851nm) and is almost twice that of Co304(111) (aco,o, = 0.5716 nm = 2 * 0.2858 nm).

This corresponds to a small in-plane lattice mismatch between substrate and deposit.
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Figure 3.3: 8-20 scans of electrodeposited C0304(111) (a) and CoOOH(001) (b) oxide films. The
Co0304(111) family of planes is indicated by red lines and the one of CoOOH(001) by blue lines. 8-26
scan around the (111) and (003) Bragg peaks of C0z04 and CoOOH are shown in (c) and (d)
respectively.

For a more detailed structure determination, 6-26 in a narrow region around Co304(111) and
CoOOH(003) peaks (6 between 18 and 22°) are shown in Fig.3.3c and d. While the position
of C0304(111) peak is very close to the expected Co304(111) peak position (dashed red line),
the position of the CoOOH(003) peak is shifted towards lower 26 values compared to the
theoretical CoOOH(003). This indicates an out of plane strain of ~ +1% for CoOOOH deposits
and almost no out of plane strain for CozO4 deposits. Higher order peaks of the oxides show
similar behaviours. The crystallite out-of-plane size, i.e. the average crystallite height is
estimated from the FWHM of the CoOOH(003) and C0304(111) peaks using Scherrer formula.
For example, in Fig.3.3c and d, Co0304(111) and CoOOH(003) peak FWHMs respectively
equal 0.29° and 0.44° which yield 28.2 nm and 18.3 nm.

Figure 3.4 displays typical AFM images of COOOH (XRD crystallite height: 15 nm) and Co3O4
(XRD crystallite height: 22 nm) deposits along with a horizontal cross-section through the

image at the position shown with arrows.
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The CoOOH film (Fig. 3.4a) consists of wide and rather shallow islands, with stepped facets.
The steps are 0.4 to 0.5 nm high which is consistent with the distance between two atomic
planes along the (001) direction of CoOOH (0.438 nm). The islands have a pyramidal shape
which height (4 — 9 nm) is smaller than the XRD average crystallite height, suggesting that a
continuous CoOOH layer is present below the pyramidal islands visible in the AFM images.
These observations evidence that CoOOH deposits are approximately bidimensional layers,
with an electrochemical surface area (ECSA) very close to the geometrical area of the
substrate. Consequently, the roughness factor (RF), defined as the ratio of the ECSA and the
sample geometrical area, is ~ 1 for this sample.

The Co0304 deposit (Fig. 3.4b) presents a comparatively rougher morphology with tightly
packed triangular islands (30 nm to 70 nm wide). One notices that the Co304 islands adopt two
preferential orientations separated by 180°, as highlighted by the two red triangles on Fig.3.4b.
Their edges are approximately parallel to six in plane axis, which is consistent with the
hexagonal symmetry of the Co304(111) on Au(111) planes. The profile below the AFM image
shows that the average islands height (between the island top and the deeper dips between
the islands that would correspond to the substrate surface) is approximately 20 nm, very close
to the value of XRD average crystallite height. The profile also shows that the grains tops are
rather flat. As explained in Appendix A3.1, we model the Co304 (111) islands as triangular
prisms to estimate the ECSA of the sample. This model yields an ECSA that is approximately
1.75 times higher than the geometrical surface area of the substrate (RF ~ 1.75).
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Figure 3.4: AFM images (1 pm x 1 um) of (a) CoOOH(001) and (b) Co304(111) deposits on Au(111).
Cross section along the arrows is shown below each image.

Characterizations of the oxide films with synchrotron-based techniques

Two C0304 and two CoOOH samples have been fully characterized by SXRD and XAS at
DiffAbs beamline (SOLEIL), both in air and in a 0.1M NaOH electrolyte. Table 3.1 collects the
list of these samples together with their principal morphological, structural and spectroscopic

parameters.

Table 3.1: Main structural, spectroscopic and morphological parameters of as prepared
samples in air and in parenthesis in 0.1M NaOH at 0.97V: the first 2 columns give the structural
parameters (in-plane and out-of-plane crystallite sizes), the next 2 columns give the
spectroscopic parameters (E.qq4. and a). Eq4 is determined with an accuracy of + 0.1 eV and

a = 0.03. The last column gives the roughness factor (RF), defined as the ratio of the ECSA
and the sample geometrical area, determined with AFM.

Sample d, (nm) | d;(nm) Eeage (€V) a RF
C030,4-1 22 21 7720.69 (7720.95) 2.54 (2.62) 1.75
C030, -2 29 21 7720.56 (7720.84) 2.5 (2.58) n.a.

CoOOH -1 15 29 7722.36 (7722.37) 3.02 (3.03) 1
CoOOH - 2 17 35 7722.30 (7722.34) 3.0 (3.02) 1

The SXRD characterizations conducted in air at the synchrotron confirm the epitaxial
relationship between the electrodeposited oxides and Au(111). As detailed in chapter 2.2, the

in-plane and out-of-plane crystallite sizes d; and d , of the deposits are determined by analysing
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2D images of oxides Bragg peaks. The structural parameters given here are extracted from
C0304(113) and CoOOH(105) Bragg peaks images. d, is the same parameter as the average
XRD crystallite height determined with 8-26 scans, and both values agree well for the samples

given in Table 3.1.

Figure 3.5 displays normalized XANES spectra measured in air at Co K-edge of as prepared
Co304 and CoOOH deposits. The general shape of these spectra is consistent with that
reported for the respective oxides in the literature [11,16,18,20,22]. One main difference
between the two spectra is a larger Co edge energy of CoOOH (blue curve) as compared to
Co304 (red curve). One also notes differences in the amplitude of oscillations for energies
larger than 7.74 keV. This is most probably related to the different average coordination shells
around the Co atoms within the two oxides. Using the method detailed in chapter 2.3, the edge
energies are found to be E,q4, = 7720.69 £ 0.1 eV and 7722.36 + 0.1 eV, respectively for the
Co304 -1 and CoOOH -1 layers. These values are converted into an average cobalt oxidation
state a using the calibration plot shown in Fig.2.15, which respectively resultin @ = 2.54 + 0.03
and a« = 3.02 £ 0.03. Very similar values are found for the two Co0304 and the two CoOOH
samples respectively (see Table 3.1). Table 3.1 also gives the a values measured when the
samples are polarized at a potential of 0.97 Vrue (in a solution of 0.1M NaOH). A value of «
very close to 3 for CoOOOH agrees very well with expectations. In the case of Co3z04, a departs
significantly from the expected 2.66 in air and comes closer to this ideal value after immersion
in the electrolyte solution. This may be due to oxygen vacancies present in the as prepared

sample which density may change upon sample immersion in the electrolyte.
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Figure 3.5: normalized XANES spectra recorded in air of CoOOH
(CoOOH-1, blue curve) and Cos04 (C030:s-1, red curve) deposits on
Au(111). The edge region is highlighted in the inset.

Oxides structure and Co oxidation state dependence with potential

The potential dependence of both the structure and the Co oxidation state of the oxides were
studied in the XAS/XRD cell using the procedure described in chapter 2.3. We focus here on
the pre-OER (0.97 — 1.6 Vgrue) and OER (1.6 - 1.67Vgrue) regimes by monitoring the oxides
Bragg peaks changes and the Co fluorescence signal at a fixed incident X-ray energy around

E.q4e during potential sweeps between 0.97V and 1.67V.

Figure 3.6 presents the cyclic voltammograms in 0.1 M NaOH electrolyte of the two oxides
together with the analysis of operando XAS and SXRD data. The left and right columns
respectively deal with Coz04 (red) and CoOOH (blue). The reference state is that measured at
0.97Vrue. The CVs, structural and oxidation state changes have been monitored during two
potential sweeps at 5 mV/s. The filled and open symbols are data points of the first and second
potential cycle respectively. Their overlap shows that the measurements are reproducible. The

thick lines are polynomial fits to guide eye through the data points of the two cycles.

The XAS and SXRD operando data were recorded during CVs with the polymer membrane
on. They are very similar to that measured without the membrane, except for a slightly higher
ohmic drop, due to the thinner electrolyte layer on top of the sample. Oxygen Evolution
Reaction onset potential is 1.6Vrue (grey shaded area). Dashed lines define the
thermodynamic stability domains [28] of the different cobalt oxides at pH 13. They are defined

by the following redox reactions (Ref. 28):
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C0304 + HO™ + Hy,0 23 Co00H + e~ (1.15 Vgyz) (3.1)
CoOOH + HO™ 2 Co0, + Hy0 + e~ (1.56 V) (3.2)

Co0304 stability domain extends negative to the potential window shown here, and is limited by

reaction (3.3):
3Co(0H), + 2HO™ 2 C030, + 4H,0 + 2e~ (0.81 Vgyr) (3.3)

In the pre-OER regime the CV of Co304 presents a pair of positive and negative waves at
1.52V which is consistent with the literature [2,11,27-29]. Only one redox wave around 1.15 V
is visible in the CV of CoOOH and is also observed in that of Co3Oa.

The variations of Co oxidation state with potential a(U) are presented in Figs 3.6c and d.
These plots show that a(U) increases continuously with increasing potential and that the main

difference between the two types of oxides is a lower amplitude of the relative variation of a
for CoOOH (%“ ~ 0.3%) than for Co304 (%“ ~ 1.5%). The variations are linear for CoOOH, while

for Cosz04 the curve a(U) increases approximately linearly above 1.1 V. (These data were
acquired with the operando procedure detailed in Chap. 2, section 3, and similar trends in Co
oxidation state variations with potential were measured using the standard method detailed in

chapter 2 (see an example in Appendix A3.2).

The lower part of the figure deals with the structural changes: the relative out-of-plane and in-
plane crystallite sizes variations Ad, (U) and Ad,(U) are respectively shown in Figs. 3.6e and
f and Figs. 3.6g and h). In the case of C0304(111), Ad,and Ad; both decrease as a function
of potential before OER potential (1.6V). Between 0.97V and 1.1-1.2 V, the crystallite size
remains stable. At higher potentials, the crystallite size decreases in the direction parallel and
perpendicular to the surface plane. The variations are almost linear with no specific changes
at OER potential. At OER potential, Ad, = —0.5nmand Ad;, = -1 nm. This process is
completely reversible since the initial crystallite dimensions are recovered while sweeping the
potential back to 0.97V.

In parallel to above variations of the crystallite dimensions, a decrease of the lattice unit cell
volume AVy,;x(U) is measured (Figs. 3.6i and 3.6j) defined as AV, ;% = Ae, % +
20g,% (Aey (U) and Ag (U) are plotted separately in Appendix A3.3). The fact that AVy,;
decreases means that the unit cell volume contracts. This contraction is anisotropic since
Ae, (U) > Agy(U) (see Appendix A3.3). The potential induced reversible decrease of Ad, and
Ad, indicate that a ~ 0.5 nm thick surface region of the crystalline Cos0. crystallites is
transformed into a structurally disordered phase. This near surface region is called skin layer

in the following. The structural transformation of CosO4 begins at a potential that is close to the
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standard potential of reaction (3.1) [28]. The fact that these changes are occurring before the
OER imply that the OER active surface on Co0s04 (111) is not a (111) plane but a structurally
disordered skin layer. In addition, the coupling between the skin layer formation and the unit
cell volume contraction suggests that the internal strains are induced by the skin layer. The
structural changes are perfectly reversible as long as the potential remains in the range [0.97
V — 1.67 V]. Irreversible changes are observed at more negative potentials. For Co30y, it has
been shown previously that the oxide starts to be reduced into Co(OH). below 1Vrue. The
phenomenon is yet reversible. However, below 0.8V, irreversible structural changes start to
appear, especially a roughening of the film (see Appendix A3.4 and [14]).
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Figure 3.6: Correlation between electrochemistry in 0.1M NaOH with the
oxidation state and the structure of CosO4 (red, C030s-1) and CoOOH (blue,
CoOOH-2) deposits. (a-b): CVs (5 mV/s) recorded in 0.1M NaOH in the
electrochemical cell with the deflated polymer window. The grey shaded region
highlights the OER regime and the cobalt oxides thermodynamic domains are
delimited by dashed lines. (c-d): Co oxidation state as a function of potential
(2 potential sweeps, 5 mV/s). (e-f), (g-h), (i-j): variations of the coherence
lengths Ad, , Ad; and relative variations of the unit cell volume AV, % (2
potential sweeps, 5 mV/s). The first cycle is shown with filled symbols and the
second with open symbols.
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By comparison, the CoOOH(001) layer remains structurally unchanged in the above potential
range [0.97 V —1.67 V] since Ad, , Ad}| AV}, do not show variations with potential. The deposit
remains also stable down to 0.37 V. Figure 3.7 compares the potential induced Co oxidation
state and structural variations of CoOOH(001) in [0.97 V — 1.67 V] (black, same data as
Fig.3.6) and in [0.37 V — 1.67 V] (red) potential windows. It shows in (a) the CVs, in (b) a(U)
and in (c) Ad.(U) during a potential sweep (5mV/s) from 1.4 V down to 0.97 V (black curves)
or 0.37V (red curve), then back to 1.67V and down to 1.4V (see black arrows). All plots overlay
well in the common potential range [0.97 V - 1.67 V]. In the CV, the decrease in current below
0.85V is assigned to oxygen electrochemical reduction (the polymer membrane is not gas
tight), and the thermodynamic stability domains of Co(OH),, CoOOH, Co030, and CoO; are
delimited by dashed blue lines.

In the forward potential sweep, the red curve in Fig.3.7b shows two regimes of variations for
a. Between 1.67V and 0.6V, the variations are linear with a slope which is the same as that
measured in the range [1.67V — 0.97V], illustrated by a thick green line. Negative of 0.6V, «
decreases also linearly with the potential but with a slope that is roughly 3 times larger (thick
grey line). The potential of 0.6 V approximately marks the limit of CoOOH surface stability
domain. Below this potential the surface starts to be converted into Co(OH),, that is the
thermodynamically stable phase at this potential. This goes together with a slight
decrease Ad., however it is difficult to determine clearly the structural changes associated with
the transformation of CoOOH to Co(OH), because both CoOOH and Co(OH). have hexagonal
structures with similar lattice parameters (acopon = 0.285nm and acyonyz = 0.317 nm,
Ccooon = 1.315 nm and 3c¢,omy2 = 1.392 nm). The changes associated with the conversion of
a small fraction (~0.2 nm) of CoOOH in Co(OH), would be within the noise of the measurement.
A slight surface roughening induced by this transformation may explain the hysteretic
behaviour of a while sweeping the potential back towards more positive values as well as the
shift of OER onset towards lower potential for the red curve in Fig3.7a. The changes are yet
reversible since the initial values of @ and Ad.. are recovered at the end of the potential sweep.
As a consequence, CoOOH(001) remains stable down to 0.6Vrue With no significant structural

changes and a linear variation of a(U) before the reduction of the film surface into Co(OH)..
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Figure 3.7: Correlation between electrochemistry in 0.1M NaOH with the
oxidation state and the structure of CoOOH. In black for the pre-OER and
OER potential range [0.97V - 1.67 V] and in red for an extended potential
window [0.37V — 1.67V] in which CoOOH is stable. (a) CVs (5 mV/s)
recorded in the XRD cell with the polymer window. (b) Co oxidation state
variations (1 potential sweep, 5 mV/s). (c) variations of the coherence
length Ad, (1 potential sweep, 5 mV/s). For the larger potential window, the
oxidation state and structural measurements are conducted simultaneously
at the same energy: 7724 eV.
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Catalytic activity of Coz04 and CoOOH:

Figure 3.8 shows iR corrected Tafel plots for (Coz04 -1, red) and CoOOH (CoOOH — 2, blue)
samples corresponding to CVs recorded in 0.1M NaOH without the polymer membrane, with
a thick electrolyte layer on top of the sample to minimize the ohmic drop and allow relatively
large OER currents. The samples were deposited on the same Au(111) crystal, ensuring the
same large scale roughness and therefore a reliable comparison of their electrochemical
properties. In Fig.3.8, the current density is given with respect to the electrochemical surface
area (ECSA). To this end, the measured current density versus the geometrical area of the
substrate is multiplied by the oxide’s roughness factor (RF), defined as the ratio of the ECSA
and the sample geometrical area (see Table 3.1). The two plots overlay, meaning that both
types of oxides present a similar OER activity. This result is in agreement with reference
[29,35]. The overpotential at a current density of 0.2mA/cm? is 0.44V for both oxides and the
Tafel slopes are 61 and 58 mV/decade, respectively for Co30s and CoOOH. These

electrochemical data are summarized in Table 3.2 bellow.
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Figure 3.8: Tafel plots of Co30s-1 (red) and CoOOH-2 (blue)
deposits recorded in 0.1M NaOH electrolyte at a sweep rate
of 5 mV/s in the XAS/XRD cell. The current density is given
with respect to the ECSA.

Table 3.2 Electrochemical properties of samples. RF is roughness factor, defined as the ratio
of the ECSA and the geometrical surface of the electrode. b is the Tafel slope, Ngeo and Necsa
the overpotentials necessary to reach a current density of 0.2mA/cm? and 0.2 mA/cmZecsa
respectively.

Sample RF b (mV/dec) Ngeo(V) Necsa(V)
Co0304-1 1.75 61 0.425 0.44
CoOOH -2 1 58 0.44 0.44
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3.4 Discussion
Oxidation of C0304(111): a skin effect

Co0304(111) thin films are composed of islands (see AFM image in Fig.3.4), which lateral
dimension is larger than d; derived from XRD. This indicates that islands are composed of
several crystallites although no grain boundary is resolved by AFM. Figure 3.9 shows cartoons
of one Co30, island at different potentials. According to Fig. 3.6 and Appendix A3.4, the
Co304(111) islands undergo reversible variations of their dimensions in the potential range [0.8
V — 1.65 V]. Specifically, below 1 V, the island surface (top and side walls) is converted into
Co(OH); over a sub-nm thickness (blue layer in the scheme on left). However, this layer is
converted into crystalline Coz04 by returning to 1V. Above 1.15 V, the top and side walls of
Co030; islands start to be transformed into an X-ray amorphous phase (beige in the right
scheme), the skin layer, which may be reduced back into crystalline Coz04 by reversing the
potential. This amorphization, also reported by Bergmann et al. [11], indicates that the Co
atoms, mainly responsible for X-ray scattering, must move upon application of the potential

above 1.15V, forming a disordered phase.

—A—A
Au(111)

0.8V 1.0V vs RHE OER

Figure 3.9: scheme of a Co304 grain at 0.8V, 1.0V and OER potential. Positive to 1.0V, it illustrates

the reversible formation of the skin layer (beige area), that is the active phase in OER conditions.

Negative to 1.0V and until 0.8V, Co304 is reversibly converted to Co(OH):z (light blue area).

In this section, we will demonstrate that the oxidation state is close to +3 within the skin layer.
To this end, we first address the one to one correlation between the variations of «, derived
from XAS, and the volume of the skin layer, Vg, (U), derived from SXRD. Using AFM images,
Vskin(U) may be estimated as explained in Appendix A3.1 where the characteristic sizes of
the prism (height and triangle side length) are the in plane and out of plane crystallite sizes d,
and d, (given in Table 3.1) The volume of one crystallite is given by equation (3.4).

V3
Vcrystallite = T dJ_d||2 (34)
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Above 1.15V, the crystallite has a core-shell structure (Fig. 3.9), the shell being the skin layer
and the core is crystalline Coz04. The volume of the skin layer is the sum of a triangular prism
of thickness 4d; (on top) plus a volume corresponding to the difference between a prism of

side length d; and one of side length d; — Ad,, (the sides). As a consequence, the skin volume

Verin(U) can be written as:

V3 V3
Vskin(U) = - Ad (U) x dff +-Ady(U) x dyd,  (3.5)

Figure 3.10 shows the variations of Vg, (U) (a) and of the mean cobalt oxidation a(U) over
the whole crystallite (b). To reduce the experimental noise, Aa(U) and Vg, (U) have been
averaged over the two potential cycles of Fig.3.6¢c. The interesting observation is that the
variations of a(U) and Vg, (U) follow similar potential induced trends with a low increase below
1.1-1.2V and a steeper evolution at more positive potentials. These findings suggest that the
variations of a(U) most probably result from the change of the Co oxidation state in the skin
layer only. The oxidation state of the rest of the film (the core part of Coz04 crystallite) would
remain unchanged in agreement with the fact that its structure is unaltered except for the small

strain changes.
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Figure 3.10: (a) Vg, (U) derived from equation (3.5) and
Fig.3.6e and g and (b) a(U). The data have been averaged
over the two potential sweeps of Fig.3.6 and correspond to
sample Cos04-1.
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We may now determine the cobalt oxidation state ag;,, (U) of Co atoms within the skin layer.
The mean Co oxidation state a(U) of one individual CozOa4 crystallite is the sum of two
contributions: (i) the oxidation state of Co atoms in the bulk (a;,;x) measured at U = 0.97 V
which we will consider independent of the potential, and (i) that of the skin layer (as;»)- These
contributions are weighted by their respective volume, Vy,q4in — Vskin and Vg, . a can thus be
written as follows:

Vskin(U) Vgrain - Vskin(U)

a(U) = agin(U) X + apuk X

(3.6)

Vgrain Vgrain

The variations of a as a function of potential can thus be written:

Vskin(U)
da(U) = ;/L X [@skin(U) — apunel  (3.7)
grain
(b)
35}
* Vskin
. : Vgrain 25¢
0.00 0.05 0.10 . s ‘ .
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¢ Potential (V vs RHE)

Figure 3.11: (a) Experimental variations in [0.97 — 1.67 Vrueg] of the relative oxidation state change
Aa as a function of the ratio of skin and grain volume of C0304. Aa and Vg, /Vyrain potential
dependence over the four sweeps 0.97 V to 1.67 V of the two potential cycles shown in Figure 3.6
have been averaged. The red line is the linear fit which yields Aa = 0.001+ 0.41 * Vg IVgpgin- (0) SKin
layer oxidation state as a function of potential: ay;, = f(U) according to (3.8). The red line is an
exponential fit of the experimental data and the black curve shows ag;, = 3.

Figure 3.11 shows the variations of Aa(U) as a function of V;’“—”(U) for sample C03z04 — 1 using

grain
the plots of Fig.3.10. This plot shows that Aa(U) may be fitted by a line with nearly zero-
intercept (red line). The same data analysis has been performed on sample Co304 -2 (shown
in Appendix A3.3), and also results in a linear dependence. This yields an important
conclusion: ag;, (U) is, in a first approximation, independent of the potential, meaning that the
skin layer has a fixed oxidation state and the variations of a are essentially due to the change
of the skin layer thickness. The slope of the linear fit in Fig. 3.11 equals agin(U) — appix =
0.41 yielding a;n,(U) = 3.03 (Table 3.3). The analysis for sample C0304-2 yields a very
similar value for ag;, (U) of 3.05 even though the two samples have different grain sizes and

Vskin (S€€ Table 3.3 and Appendix A3.3). Table 3.3 summarizes the parameters retrieved
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and used for this analysis. To get more insight into the potential dependence of ag;, (U), we
also plot as;,, = f(U) using equation (3.8), as shown in Fig.3.11b.

Vgrain
Vskin(U)
In spite of the scatter of the data points, we observe that ag;,(U) is around 2.7 at 1 V,

asrin(U) = X Aa(U) + apyr  (3.8)

increases to reach ~3 at 1.2 V and remains constant at this value until 1.7 V. In Fig.3.11b, the
red curve is an exponential fit of the experimental data and the value of ag;, = 3 is shown with
a horizontal black line. This value as well as the shape of the curve are in agreement with the
previous analysis stating that the skin layer, which is formed above 1.1-1.2V, has a fixed
oxidation state. Since the skin layer formation is not measurable below 1.1-1.2V, the initial
increase of ag;,(U) from 1.0V up to 1.2V may correspond to a transitional regime where
surface Co atoms are slowly oxidized with increasing potential, via surface deprotonation for
example. agi, (1.0V) is slightly higher than a;,,;x, which suggests that surface Co atoms may
be a bit more oxidized than bulk Co at 1.0V.

Table 3.3: Selected parameters of Co304 samples. ap,, is the Co mean oxidation state of the
oxide at U=0.97V, the third column is the slope of the plot Aa(U) as a function of
Vskin(U) Vgrain- @skin IS the oxidation state of the skin layer at 1.67 V, determined with equation
(3.7), and the crystallite out of plane d,size is taken as a measure of the average grain
thickness.

sample Apulk Slope Askin d. (nm)
Co304-1 2.62 +0.03 0.41 3.03+£0.03 22
C0304-2 2.58 +0.03 0.47 3.05+0.03 29

Consequently, the skin layer is exclusively containing Co** atoms at 1.6 V, which is the onset
of OER. Co?* atoms, which occupy tetrahedral sites, are oxidized and become unstable, which
promotes atomic rearrangements to create a favourable local environment, close to the
octahedral one in which Co®* are stable. Not only Co atoms must move but also oxygen atoms
must be inserted, which generates strains. The process is restricted to the first 2 Co?* topmost
atomic planes (Fig. 3.2) which contributes to make it reversible. A molecular scheme of this
plausible atomic arrangement in one Co304 unit cell is sown in Fig. 3.12, with the skin layer
highlighted in grey. In this scheme Co®*" atoms in the skin layer are in an octahedral
environment, however in reality their environment might be more disordered. Our results
therefore support the formation of a CoOx(OH)y phase that is often inferred in literature either
from XAS [11,12], Raman Spectroscopy [31] or XPS [30]. Moreover, our results demonstrate
that the skin is the result of the thermodynamics phase transition Coz04/CoOOH. It must be

empathized that it is not promoted by OER. Even in the OER regime, this disordered near
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surface region does not grow. This is the OER active phase on CozO4 and it only contains Co®*
since the deviation of ag;, from 3 is practically within the error bar and would correspond to a
proportion of Co*" of less than 1.5%. There is therefore no indication of Co*" within the
accuracy of the measurements. However, the pre-OER region of CozO4 CV (Fig. 3.6) exhibits
a peak at 1.55V, which is often attributed to Co®" - Co** transition [11,27,29]. In Fig 3.6a for
Co304-1, the charge under this peak is 0.06 mC/cm? which represents 3.8.10%* Co*/cm?
considering that the peak corresponds to Co®* - Co*". As a comparison, one can estimate the
concentration of Co atoms contained in CozO. skin layer. The latter will be called N5%,and can

be estimated with the following equation:
Ns%?in = Vskin(1-67v) X Pco3osa X Ngrain (3.9)

where pco304 is the Co density per nm? in Co304 and Ny,.q;,, the number of CozO4 grains per

cm? of electrode. For Co304-1, we find N53,, = 8.75 1015 Co/cm?. Therefore, the number of

Co** estimated from the area under the peak at 1.55V in the pre-OER regime of the CV would
represent approximately 4% of all Co atoms within the skin layer. This is higher than 1.5% of
Co* estimated from XAS measurements but still remains reasonably close to this value. In
addition, the calculation above should be considered with precaution since it approximates Co
density in the skin layer by that of Coz04 which might not be the case. Overall, the presence
and shape of this CV peak suggests that the skin layer mainly consists of Co®" with probably

a low amount of Co*.

Figure 3.12: Molecular scheme of Co0304
unit cell at OER potential: dark blue atoms
are Co®* and light blue Co?* red atoms refer
to Oxygen. The region that is transformed in
skin layer is shaded in grey.
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Oxidation of CoOOH(001): a deprotonation effect

CoOOH(001) films are structurally stable in a wider potential window than Co30a4. As the films
are very flat and smooth (see AFM image in Fig.3.4), they can be pictured as a 2D films, as
illustrated in Figure 3.13 CoOOH is stable below 1.15 V, where Co0304 should form (reaction
3.2). The absence of any sizable phase transformation CoOOOH - Co304 may be explained by
two facts: (i) It requires complex atomic rearrangements since the bulk structure of Cos0, is
rather different from the layered structure of COOOH (see section 3.2); (ii) To proceed, the
reaction needs surface defects which are in low density. In fact, the CoOOH (001) surface is
atomically smooth and atomic steps, from where the reaction should start, represent only a
few % of surface atoms. Both factors contribute to hinder the reaction CoOOH - Co0304. The
transformation CoOOH - Co(OH); should be easier because both phases present a layered
structure with similar lattice parameters (see above), the main difference being an additional
hydrogen per Co atom. It is inferred that the transformation is hindered for kinetic reasons (low
density of surface defects), it therefore takes places at potential negative to 0.6V. At the

reference potential of 1.0V, CoOOH is therefore kinetically stable.

-
Au(111)

04V 1.0V vs RHE OER

Figure 3.13: scheme of a CoOOH film, at 0.4V, 1.0V and OER potential. It illustrates
the structural stability of CoOOH in [0.6V — OER] potential window, and its

transformation into Co(OH):2 (light blue) bellow 0.6V.

The fact that structure of CoOOH deposits remains unchanged in the pre-OER and OER
regimes and that the variations of a(U) are linear and 5 times smaller than for Cos04 suggest
that the latter stems from Co atoms at the CoOOH surface exclusively. As detailed in section
3.2 (Fig.3.2), the oxidation state of the Co surface atoms is related to the hydrogen surface
coverage (hereafter called 6). Indeed, the charge balance of Co and O atoms at the surface
differs from that of the bulk CoOOH. Bulk Co atoms are six-fold coordinated with OHo s groups,
themselves shared by three Co atoms, therefore, the mean cobalt oxidation state in the bulk

IS apy = 3. At the surface, Co atoms of the top Co plane have a mean oxidation state ag,, ¢

which depends on the protonation state of the oxygen groups (O or OH) in the topmost O-
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plane. For example, ag,,r = 3 for a half-protonated surface (6 = 50%). The relationship

between 6 and ag,,r may be written as:
Asyrp = 25X 0 +3.5x (1 —80) (3.10)

If 6 varies with potential, so will ag,,r and «, but not the structure of CoOOH, which makes it

a plausible interpretation of the operando SXRD and XAS data.

The H coverage of the CoOOH(001) surface has already been addressed in literature using
ab inito calculations. Chen et al. performed DFT calculations for 3 different 8 values 0%, 50%
and 100%, and showed that 6 = 50% in a 1.4V large potential window but they did not
determine a fine dependence of 6 in this large potential range [23]. More recent DTF
calculations combined with molecular dynamics (DFT-MD) [34], which explicitly include the
liquid water dynamics, examined the dependence over time of 6 for different initial 6 value.
Results showed that a CoOOH surface in contact with water and with an initial 6 value of 50%
is stable with time. In all other cases, 6 varies with time, indicating that the surfaces undergo

interface reactions with water which modify their initial hydrogen coverage.

In the following, we will use the experimental a(U) to estimate 6 as a function of potential.
Since « is the mean Co oxidation state of a very flat CoOOH sample composed of n Co planes,

a and ag,,r are related by equation (3.11):

n—1

1
a = X Apuik + ; X asurf (311)

Where apx =3 and n = d;_ir;rg) because the distance between two Co planes in CoOOH is

0.438 nm (see Fig.3.2a). Using (3.10) and (3.11), we can express 0 as a function of a:
0 =05—nx(a—-3) (3.12)

Since a(U) is linear in Fig.3.6d, equation (3.12) shows that 6 also varies linearly with potential.

AG(U)

Let us first estimate the variations of 9 : which can be written:

AB(U) Aa(U)

T =-—nX AU (313)
Equation (3.13) ylelds 9 \with a very good accuracy since the estimation of 29 trom the
linear fit of Fig.3.6d and that of n from the width of the diffraction peak are very precise (TU) +

2.5 % 1073). However, the precision on the absolute value of 6 is limited by the uncertainty of

determining a from the XAS spectrum which is £0.03. Indeed, a variation of 8 by 1 (fully

protonated to fully deprotonated) results in an «a variation of % in the range ~0.025 - 0.03 for
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our samples. Therefore, to estimate the value of 8(U), one needs to make an assumption on
the value of 6 at a specific potential. As shown in Fig.3.7, the potential of 0.6Vr1e marks the
beginning of the reduction of CoOOH into Co(OH). i.e. of Co®* into Co?*. This suggests that
6 = 100% at 0.6 V. We can thus estimate 8 as a function of potential U with (3.14):

Aa(U)

o) =1-—
) n—y

(U—-06) (3.14)

Table 3.4 gives the experimental parameters (i—g , n) of the two CoOOH deposits mandatory

to determine 8(U) and a(U).

The calculation yields the H-coverages in the pre-OER regime of Fig.3.6 6(U = 0.97 V) and
0(U = 1.67 V). The surface H-coverage varies from ~80% at 0.97 V to ~55% at the onset of
OER conditions (1.67 V). These fine variations could not be observed in other reports. 6(1.67V)
is 60 % for COOOH-1 and 51% for CoOOOH-2 sample. They are in reasonable agreement the
one with the other and indicate that the majority of Co surface atoms are Co®*, meaning that
according to our assumptions, the amount of Co** is below the detection limit at OER potential
at the surface of CoOOH. The atomic arrangement of CoOOH at OER potential is pictured in

Fig.3.14 with the surface where OER takes place shaded in grey.

Figure 3.14: Molecular scheme of CoOOH unit cell
at OER potential: dark blue atoms are Co3* and red
atoms refer to Oxygen. The reaction zone is
shaded in grey.

96



Chapter 3

Table 3.4: Selected parameters of CoOOH samples. n is the number of layers in the CoOOH
deposit considered and Aa/AU is the experimental amplitude of variations of the cobalt
oxidation state per Volt. 6 is the calculated surface coverage of OH groups at a potential U
(Eq. (3.14)) and ag,, is the corresponding oxidation state of surface cobalt.

Sample n Aa/AU (VY | 0(097V) | 6(1.67V) [ g (1.67V)
CoOOH-1 | 34.2 0.011 85 % 60 % 2.90
CoOOH-2 | 3838 0.012 81 % 51 % 2.99

Co oxides surface oxidation state and OER activity

One important consequence of the above analysis is the negligible amount of Co** sites
detected within the skin on Co3;04 and at the surface of CoOOH: their quantity remains < 5%
of surface sites even at the OER onset. This contrasts with previous studies where a significant
fraction (~20%) of Co** was found [8,12,32,36,37].

This difference (between XAS measurements) could first result from different Co oxidation
state calibration. For example, Dau et al. [8] measured that Co oxidation state increase from
+2 to +3 corresponds to a shift of 2.3 eV of the main absorption edge while we measured a
shift of 3.4 eV. Using their calibration, our variations of Aa(U) would be ~1.5 times larger and
result to a higher amount of Co*" at OER onset. However, the references used for calibration

have been measured several times and reproducibly give the calibration shown in section 2.3.

The absence of a sizeable amount of Co** sites might be also due to their lifetime. According
to the OER mechanism shown in Fig.3.1, the formation of Co*" at the active sites is expected
during the OER catalytic process. The mechanism corresponds to a constant equilibrium of
oxidation/reduction in which Co®** and Co*"* co-exist. Each reaction intermediate has a finite
lifetime, which differ the one from the others according to the rate of each step, and the
intermediates with the highest lifetime are those involved in the rate determining step. The
steady state density of Co*" can be estimated as the product of their lifetime during the OER
catalytic cycle and the density of surface sites involved in OER mechanism (active sites). The
density of Co*" sites therefore increases with the number of active sites and/or their lifetime
during the catalytic cycle. The higher amount of Co* found in other works might therefore be
explained by two facts: (i) the density of active sites on the surface of these materials is higher
than for our samples and/or (ii) the rate determining step of OER is different for these materials
to promote a longer lifetime of Co** species. Compared to other catalysts such as CoCat for
which a significant amount of Co* was measured, the density of active sites may be
substantially lower on C0304(111) and CoOOH(001) surfaces. Dau et al. [8] indeed suggested
that Co ions at the margin of CoCat motif are oxidized with increasing potential and participate

to OER reaction. In our case, the proportion of Co atoms at step edges is of the order of ~2%

97



Chapter 3

for CoOOH. It is expected to be larger for CosO4 but it is difficult to estimate precisely because
of the rather vertical island facets, the difficulty to image atomic steps on such island

morphology and the unknown morphology and atomic environment in the skin layer.

We have also seen that the catalytic activity of Coz04 and CoOOH are very similar when the
ECSA is taken into account (Fig. 3.8), which is consistent with their similar Co®" content at
OER potential. Since the skin layer of Co3z04is supposed to be disordered, this also suggests
that either the proportion of the Co atoms at defects sites (J2-O sites) is the same for the two
materials after surface normalization, or the p2-O sites and ps-O sites are as OER active. The
first scenario does not seem credible given the disordered structure of the skin layer, which

makes the second one plausible.

3.4 Conclusions

In this chapter we have described operando SXRD/XAS measurements performed on cobalt
oxide layers in epitaxy with Au(111). For both of them, operando XAS evidenced a progressive
and small increase of the average Co oxidation state starting in pre-OER regime. The use of
well-defined films and simultaneous operando SXRD characterizations enabled a quantitative
interpretation of XAS data. For Cos04, a skin layer is forming due to the oxidation of Co?* into
Co®" near the surface. The process is restricted to the first 2-3 atomic planes and all Co centers
in this region are +3. In the case of CoOOH, which is structurally stable, XAS data indicate a
progressive deprotonation of the surface, which is about 50% protonated in OER conditions.
For both oxides, the amount of Co* remains marginal, which may be attributed to their low

density of step edges sites where Co*" would be formed.
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3.6 Appendix
A3.1: Geometrical model for Co3z04 (111) crystallites

According to AFM observations, Cos04 (111) crystallites are 3D triangular islands. Vertical
AFM profile (Fig. 3.3b) shows that the crystallites have a rather flat top and quite sharp edges.
This is consistent with the fact that the angle between (111) and (111) planes is equal to 70.53°.
As shown in Figure A3.1, Cos0; crystallites are consequently modelled as triangular prisms

of height d, . The prism base and top are equilateral triangles which side length is called b.

The external area of the prism A, (the facets of the crystallites exposed to the electrolyte

solution) is computed as follows:

Aprism = Atop + 3 Agiges (3.15)

V3
Aprism = sz +3d,b (3.16)

The volume of the crystallite is expressed as:

V3
Vgrain = 4 dJ_b2 (3:17)

| 4

Figure A3.1 schematic representation of
C0304(111) crystallite on Au(111) substrate. It
is modeled as a triangular prism of height d;
and which base is an equilateral triangle of side
length b.

The ECSA of a Co304(111) sample can be estimated with this model and AFM images since
the islands density and sizes are homogeneous on the whole sample. For sample Co30,-1
imaged on Fig. 3.4b, there are around 400 triangular islands of averaged side length 50 nm
and averaged height d; (22 nm for this sample deduced from XRD). Using the triangular prism
model of the islands detailed above and Eqg. (3.14) results in a total surface area exposed to

the electrolyte 1.75 times larger than the geometrical area of the electrode
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A3.2: XANES spectra of Co304-2 recorded at different potentials

Fig.A3.2a shows XANES spectra of Co304-2 measured at Co K-edge in 0.1M NaOH at four
different potentials. The inset highlights a slight shift towards higher energies of the main edge
energy with increasing potential. This shift is quantified into mean Co oxidation state increase
with potential (Fig.A3.2b).
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Figure A3.2: (a) XANES spectra at Co K-edge of Co304-2 measured at different potentials. The inset
focuses on the main edge where a slight shift towards higher energy is observed. (b) corresponding
Co oxidation state variations as a function of the potential. The error on the edge energy determination
is 0.1 eV, corresponding to an error of 0.03 on the oxidation state.
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A3.3: Additional structural data in [0.97 — 1.67V]

Fig.A3.3 gives the relative changes in A¢,, Ag; that are used to plot the relative unit cell volume
variations AVy,;, = Ae; + 2 AgyinFig.3.6 i and j. AV, < 0 indicates a contraction of the unit
cell of the oxide toward positive potentials since Ae; and Ag; are both < 0 for the spinel phase

(see Fig.A3.3a). By contrast no strain is induced in CoOOH (Fig.A3.3b).
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Figure A3.3: In plane and out-of-plane strain relative variations (respectively black and red) with
potential for CosO4 (a) and CoOOH (b) samples.
The volume variation of the oxide unit cell is determined by: AV = 2 = Adg; + Ade.

A3.4: Operando structural characterization during potential sweeps negative to pre-OER
regime

Figure A3.4a-c show operando structural variations of C0304(111) recorded during a CV (a)
between 0.8Vrue and 1.77Vrue at 10 mV/s in 0.1M NaOH in the SXRD cell. The relative in-
plane and out-of-plane crystallite size changes Ad, and Ad, are shown in (b) and (c). Compared

to Fig.3.6, the potential window is 0.2V more negative and both Ad, and Ad, decrease in the
range [0.8 — 1.0] Vree. This is attributed to the beginning of the reduction of Coz04 into Co(OH)-
which standard potential is 0.81 Vrue [28]. In this potential window, the crystallite size changes
remain reversible. However, scanning more negative until 0.4V does not restore properly the
crystallite size and results in roughening of the film, as shown in Fig.A3.4d for Ad, (red). In

the case of CoOOH (blue), irreversible changes occur when it is submitted to a potential of OV.
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Figure A3.4: Structural variations of Cos04(111) recorded during a CV at 10 mV/s in 0.1M NaOH
electrolyte in [0.8-1.77VrHe] potential window (a). The in- plane and out-of-plane crystallite size
changes, 4d, Ad.. with potential are respectively shown in (b) and (c).

(d) Changes in out-of-plane crystallite size Ad, for CosOa4 (red) and CoOOH (blue) films during a
potential sweep at 10 mV/s in 0.1M NaOH in the range [0 - 1.6V] (CoOOH) and [0.4 - 1.6V] (C0304).

A3.5: Analysis of combined XAS and XRD data of C0z04 -2

In 3.3, the experimental variations with potential of Co mean oxidation state Aa(U)in C0304

are plotted versus Ystin(W) (see Eq. 3.7) for Co304-1 sample. Figure A3.5 shows the same plot

grain

for sample C0304-2, measured in [0.97 — 1.37 Vrue] potential window.

For this sample, the oxidation state and crystallite sizes changes with potential were not
investigated during a potential sweep but for potential steps. This means that XANES spectra
were recorded at selected potentials (every 0.2V) forward and backward and Co oxidation
state was determined from them (see 2.3 for more details). 2D detector images of C0z04 (113)
Bragg peak were also recorded every 0.1V. The data shown in Fig.A3.5 are averaged over
the two data points of the backward and forward potential steps measured. As mentioned in
3.3, a linear dependence is also found between the x and y axis of the plot, which fit yields
Aa = —0.001 + 0.47 * Vayin Vyrain-
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Figure A3.5: Experimental variations in [0.97 — 1.37 Vrueg] of the relative oxidation

state change Aa as a function of the ratio of skin and grain volume of C03z04-2. The
red line is the linear fit which yields Aa = -0.001+ 0.47 * Vi Vyrain

For comparison of the two CosO4 samples, Vi, (U = 1.37 V) together with V.4, and the
amplitude of Ad, and Ad, are given in Table A3.1 for both CosO4 samples.

Table A3.1: Selected structural parameters of CosOa4 films. V.4, is the average volume of
Cos04 crystallites, Ad, and Ad; are the amplitudes of the crystallites height and width
variations measured during a potential sweep at U= 1.37V/RHE. Vg, is the volume of the skin
layer at U = 1.37Vrue determined with (3.5).

Sample | Vyygin (nM3) | Ad; (nm) | Ady (nm) | Vg (nMB)
Co0304-1 4201 0.4 0.3 ~200
Co0304 -2 5538 0.6 0.8 ~500
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Chapter 4. Fe doped Co oxide thin films

4.1Introduction

The introduction of Fe in Co and Ni oxides is known to enhance their catalytic activity [1-4].
For example, Burke et al. [3] established the following activity trend for Fe group metal
oxyhydroxides: NiFeOyHy, > CoFeOxHy > FeOH, > CoOxH, > NiOxHy. The catalytic activity of
CoFeOy catalysts may also depend on the Co/Fe ratio in the catalyst. For example, Burke et
al. [5] found the highest activity for an iron content of ~ 50% in Co-Fe hydroxides, and so did
Smith et al. [22] for amorphous films obtained by photochemical metal organic deposition
(PMOD). Smith et al. [11] showed that an iron content of 25% corresponds to the best activity
in photochemically deposited Fe—Co oxide amorphous films, and CozFeQ, is reported as the

best catalysts amongst typical Cos.xFexO4 spinels with x integer in [0;3] [19,23,24].

Many studies have focused on understanding how Fe acts to improve the catalytic properties

of these materials [3-13]. Different roles for iron have been proposed, among them:

(i) Fe is the active site and Ni/Co oxides/oxyhydroxides provide a conductive support and serve
as chemically stable host for Fe catalysis [3,5-8]. This hypothesis is especially supported by

Mossbauer experiments that support the presence of Fe** species in OER conditions [4,9].

(i) Ni or Co are the active sites and Fe®" helps to activate these sites to accelerate OER [10-
13]. This can involve promoting the formation of high valence cations like Ni** [10], decreasing
the energetic barrier for the formation of reactive intermediates [11] or facilitating the surface

reconstruction to form oxyhydroxide-like layers [12].

(iif) Ni/Co work together with Fe to enhance OER activity, for example by forming new active
sites made of dimetal oxo bridges [11]. In situ and operando techniques particularly have been
used to elucidate the behaviour of the different cations during OER, especially X-ray

Absorption Spectroscopy to probe the oxidation state and local environment.

The beneficial role of iron is somewhat surprising because iron oxides are not considered as
good OER catalysts compared to cobalt and nickel oxides [1,14,15], even though Burke et al.
[3] claim that FeOxHy is a better catalyst than CoOxHy and NiOxHy, when the effective TOF is
taken as mean to evaluate OER activity. Crystalline and oriented FesO. films have been
studied as a model catalyst [12,16-19]. They have shown that Fe3;O4 is covered by a Fe3* rich
surface layer, sometimes assigned to a kind of Fe,O3 layer [18,19], instead of FeOOH,
because the latter presents a structure that is very different from that of FezO4 [12,19]. This
may be linked to the high stability reported for Fes04(110) and (001) in alkaline medium [16,17]

and the absence of structural modifications upon increasing potential until OER regime [12,16].
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In the case of CoFe oxides, different behaviours in terms of potential induced oxidation states
changes are reported depending on the material phase and initial oxidation state of Fe and
Co. In [11], the authors showed with operando XAS measurements that in amorphous CoFeOx
oxides containing Fe®, iron is not oxidized while increasing potential untii OER regime.
Instead, Co?" are oxidized into Co*". The oxidation of Co?" into Co®*" is also reported in
CozFe0., CoFe;04 and CoosFe2404 spinel, together with the oxidation of Fe?* into Fe® [19].
No oxidation of Co was detected in CoosFeo.2OxHy and CoosFeo.sOxHy oxyhydroxides made of
Co®* and Fe*" but a partial Fe oxidation to Fe™** was reported [6]. This diversity of results
obtained for different types of CoFe oxide materials tells the need for using well defined and
characterized materials, that should be compared the one with the other if one wants to reliably

study the transformations of the materials during the catalytic reaction.

With crystalline CosxFexOas spinel, such studies are possibly facilitated by a good knowledge
of the structure and the atomic arrangement. Regarding the latter, the environment of Co atoms
has been identified has a key parameter in understanding the catalytic activity of Co based
spinel oxides [13,19,24-26]. For instance, in the case of CoFe;O4 and Co:FeQO., the Co
oxidation state change with potential measured by XAS was attributed to the oxidation of
tetrahedrally coordinated Co?* since it was smaller in CoFe,O4 than in Co.FeQy, richer in
Co% 1. [19]. In addition, studying crystalline samples opens the possibility to investigate how
the structure behaves upon increasing potential to OER, which is not often considered in
operando studies of these materials. Hsu et al. [12] used operando SXRD to study CoFe;04
crystalline nanocubes in which Co?* are in octahedral sites. They determined the formation of
a new phase at potentials higher than OER onset, identified as B-COOOH, and accompanied
by a redox wave around 1.5V. Post OER TEM shows the existence of an amorphous layer.
This was also observed by Calvillo et al. [19] for Coz,FeO, and CoFe;04, and the authors
concluded that this amorphization is irreversible. These measurements also evidence a phase
transformation into an active OER phase, as described for Cos0, in previous works [21,30]

and in chapter 3.

In this chapter, crystalline and epitaxial Co..xFexOy oxides with x in [0.2-0.5] are synthetized
and characterized by SXRD, AFM and XAS in order to give a precise determination of the
structure, atoms oxidation states and active surface area of the samples. After characterization
of their structure and redox states, they are compared to Co304 and Fez0s, in terms of OER
activity, potential dependant structural behaviour and oxidation state changes in operando
conditions. A common behaviour trend is found for all samples: the reversible transformation,
before OER potential, of a surface layer into a disordered species. We show that this

transformation is correlated to the oxidation of cations in the near surface region of the
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crystallites, and discuss the amplitude of structural changes of CoixFexOy in regards of their

structure and catalytic activity.

4.2 Characterizations of as prepared samples up to immersion

The CoixFexOy and Co304 layers are electrodeposited on a CoOOH buffer layer. FesOq layers
are deposited on Au(11l), because it is a cathodic reaction that is not compatible with
deposition CoOOH (the Co oxide is reduced). The synthesis of samples is explained in
Chapter 2 and the determination of the Co/Fe composition of Co1.xFexOy layers is exposed in
Appendix 4.1. For the sake of simplicity samples are named by the top layer without mention

of the substrate, unless there is ambiguity.

Structure of Co:xFexOy layers
Figure 4.1a shows XRD 6-26 scans of Fes04/Au(111) (red), CosO4/ (black) and Co, ,.Fe,,.O

0.25%y

(blue) electrodeposited oxides in a wide angular range (26 between 17° and 70°). In all
diagrams the most intense peak at 38° is that of the Au(111) substrate, and other Au peaks
marked with a star* can also be seen on some scans. The (003), (006) and (009) Bragg peaks
of the CoOOH buffer layer (at 20°, 40.9° and 62.9°) are marked with vertical dotted lines. Their

presence on the XRD pattern of CosO4/ and Co, ,Fe,,;O, shows that CoOOOH layer is not

dissolved after the second oxide electrodeposition. Fe;O4 diffractogram exhibits two peaks at:
18.3° and 56.9°, respectively assigned to Fez04(111) and (333). For Co304, C0304(111) and
(333) peaks at 19° and 59.4° are at the same positions as for Coz04 thin film in Chapter 3.
Co O, exhibits peaks at 18.85° and 58.7°, resulting from a shift of C0304(111) and (333)

0.75Fe0.25
peaks toward lower angles due to Fe incorporation. These observations indicate that

electrodepositing Co3z04, Fez04 and CoixFexOy yields epitaxial films with a (111) orientation.

Fig.4.1b shows Co O, diffractogram in a narrower 0-28 range to illustrate that

O.75Fe0.25

Co, 75F€4 250, peak is located in between Co304(111) and Fes0,(111) (indicated by black and

red lines). The CowxFexOy peak position depends on x. As shown in Appendix 4.2, the out-of-

plane unit cell parameter c, retrieved from the CoixFexOy (111) peak position, remains in

between c¢,,0, and cge,o, and decreases with increasing Fe content. The (111) peak FWHM

is used to determine the average height of the oxides’ crystallites. For instance, Co, .. .Fe

0.75 0.250y

layer in Fig.4. 1b is 19.6 nm thick and the CoOOH layer is 17.9 nm.
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Figure 4.1: (a) 6-26 scans of electrodeposited FesOs (red), Co0304/CoOOH (black) and
Coo.75F€0.250,/CoOOH (blue) oxide films. Diagrams have been offset in y-scale for clarity. The (111)
family planes of FesO4 and Co3O4 are indicated by red and black lines respectively. The CoOOH(001)
family planes are shown with black dotted lines. (b) 8-26 scan around the (111) Bragg peak of
Co0o.75F€0.250,/CoOOH sample.

Further structural characterizations using SXRD confirm the epitaxial orientation of the
electrodeposited films. Figure 4.2 shows scans along Au(01L) rod for FesOs (red)
Coo.75F€0.250/ (blue) and Cos04/ (black) samples. In the [0 - 5.5] L range, 2 Au peaks at L=2
and L=5 are visible for all samples. Four oxide peaks are found (marked by vertical solid lines),
identified as (113), (222), (115) and (404) of Fe304(111) (red) and Cos04(111) (black). Peaks
of the CoOOH(001) buffer layer are also found for Cog.7sFe0 250y/ and Co304/ and marked with
dashed lines. Fig.4.2b shows the L-region [3.25 — 4.2] where (115) and (404) of Coz04 and
Fes0, are located (highlighted in green in Fig.4.2a). For Coz04 and Fez04, (115) and (404)
peaks are close to the expected position, indicating that the deposits are almost strain free.
Coo.75F€0.250y (115) and (404) peaks appear in between those of Fes04 and Cos0.. As for the
(111) peak position, the peak positions measured in L-scans show a dependence on the Fe
content x measured by EDX. An example of this dependence for the (115) peak position of
various CoixFexO,/ samples is shown in Appendix 4.2. As the same peaks are found for the
mixed and pure oxides, the synthetized CoixFexOy oxides preserve the spinel structure of
Co0304 and Fez04, together with their (111) orientation. The (111) epitaxial growth of C0304
and CoixFexOy on CoOOH is probably facilitated by the similarity of the in-plane lattice
constants of CoOOH(001) (acopon = 0.285nm), Cos04(111) hexa ac,,p, = 0.572nm = 2 *

0.286 nm) and CoixFexOy(111) hexa (aco,0, = 0.572nm =2+ 0.286 nm < Aco,_yFey0, <
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AFe,0, = 0.594nm = 2+ 0.297 nm) leading to a small in-plane lattice mismatch between

substrate and deposit.
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Figure 4.2: (a) Scans along the (0, 1, L) crystal truncation rods of Fesz04(111) (red),
C0304(111)/CoO0OH(001) (black) and Coo.75F€0.250y(111)/CoOOH(001) (blue) oxide films. The
expected positions of the Bragg peaks for Fes04, Co304 and CoOOH are indicated by red, black plane
and black dotted lines respectively. A zoom on the green shaded area is given in (b). It shows (115)
and (404) peak positions for the three oxides.

The above results demonstrate that electrodeposition yields single phase Coi.xFexOy oxide
films. Over several samples’ preparations, Coi.xFexOy samples with x varying in [0.18 — 0.5]
were obtained. All layers present a spinel structure and the pending question is the exact
distribution of Co and Fe cations in tetrahedral (Th) and Octahedral (Oh) sites. It is well-known
that CosO4 and FesO4 present respectively a normal and inverse spinel. In Cos04, Co®* occupy
octahedral (Oh) sites and Co?* tetrahedral (Th) sites and its formula may be written as ((Co?*
1)7h(C0%* 2)on(04)). In Fes04, Fe?* are in Oh sites and Fe®*" are half in Oh half in Th sites, which
gives the formula ((Fe3* 1)mn(Fe®* 1 Fe?*1)on(04)). This means that Fe®*" ions are stable in both
Th and Oh environments. Mixed Cos-3xFesO4 spinel oxides might have a normal or inverse
structure depending on the cation’s distributions in the octahedral and tetrahedral sites. The
defined compounds Co.FeO4 and CoFe204 are inverse spinel, respectively with the formula
(Co?* 0.45 FE30.55)Tetra(C0O%* 055 CO®* 1 Fe3 g4s5)octa(O4) and (Co?* o25 Fe3*o.75)tetra(CO%* 075 FE3*
1.25)octa(O4) [19,27,28]. The lattice parameter a of these defined compounds is larger than the
one expected from Vegard’s law assuming a linear increase of the lattice parameter with the
iron content x in between acy304 and ag.304 [35]. In the case of our electrodeposited Co;xFexOy
oxide films, their lattice parameter is generally along or below Vegard’s law (see Appendix

A4.3). This analysis is further developed in Ivan Pacheco-Bubi PhD thesis [36], where it is
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shown that the lattice parameter of our mixed Coi.xFexOy spinel oxides indicates a normal

spinel structure with Co?*in octahedral sites.

Since the beginning of the chapter, the mixed CoFe oxides are referred as CoixFexOy which
especially indicates the percentage of each metal in the film. Since we have just seen that
these oxides have a spinel structure, a more adequate notation taking x as the iron content in
[0;1] would be: Cos.sxFesxOa. For simplicity and convenience to read the oxide composition, the

notation Coi.xFexOy will however be kept in the following.

Morphology of Co:.xFexOy layers
Figure 4.3 displays typical AFM images of (a) C0304/CoOOH (Co304 and CoOOH XRD
crystallite heights are respectively d, = 28 nm and d, = 22 nm), (b) Co:-«FexOy/CoOOH (Co1-

xFex0Oy and CoOOH XRD crystallite heights are respectivelyd,= 27 nm and d,= 17 nm) and (c)
Fes04 (d. = 27 nm) samples.

All films are composed of densely packed islands fully covering the substrate surface. Co1-
«FexOy/CoOOH and Co304/CoOOH bilayers have a very similar morphology: they present
tightly packed triangular islands adopting two main orientations separated by 180°. The
compactness of the top layer ensures that the CoOOH underlayer is negligibly exposed to the
electrolyte. In fact, in Fig.4.3b, the hole present in the cross section is approximately as deep
as tcorxrexoy, Meaning that the AFM tip likely hits the CoOOH beneath layer at this location,
while elsewhere, the Coi-xFexOy film is dense. This guarantees that the electrochemical

response of the sample is coming from the top oxide layer.

Compared to Coz04, the Co304/CoOOH bilayer is slightly more densely packed: the triangular
islands are less discernible as they seem more interconnected. For instance, flat terraces 150
to 200 nm wide probably composed of several CozO4 grains can be observed in (a). The
compactness of Coi-xFexO,/CoOOH layer may vary from one sample to another with no
dependence on the Fe content. The roughness is never greater than that of than
Co0304/Au(111) and some samples may be very flat. The morphology of FesO, differs from
that of Coz04 and Coi-xFexOy in the islands shape that is more spherical-like than triangular.
The large islands (~150-250 nm wide) seem to contain several smaller islands (~30 nm wide)

merged together. However, the resulting deposit is continuous and notably flat.
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C0304/CoOOH Coo.82Fe0.180y/CoOOH Fes3Oa
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Figure 4.3: AFM images (1pum x1um) of (a) Co304/CoOOH, (b) Coo.s2Fe0.180y/CoOOH and (c) FesO4
layers electrodeposited on Au(111) together with horizontal cross section through the image.

Cobalt and iron oxidation state in Coi.xFexOy, oxide films

The oxidation state of both iron and cobalt in the materials have been investigated using X-ray
Absorption Spectroscopy. Fig.4.4a compares XAS spectra of Cop.s2Feo.180y/ COOOH (green),
Coo.75F€0.250,/CoOO0OH (red) and Co304 (black, same as in Fig.3.4) at Co K-edge. In the case
of Co1xFex0y, the XAS spectrum results from the contribution of Co atoms in both CoOOH and
CoixFexOy layers. The XANES spectra of Cos04 and CoixFexOy/ CoOOH are very similar,
suggesting similarity in Co atomic arrangements. Table 4.1 gives the edge energy Egqg4
calculated with Cogg2F€0180y / CoOOH and Cog.7s5F€0.250,/CoOOH XAS spectra and the
corresponding mean Co oxidation state in the bilayer aCoy;;qyer. FOr Coos2Fe0.180y/ COOOH,
aCopjigyer 1S 2.46 in air and increases to 2.58 at 0.97V in 0.1M NaOH. Fig.4.4b shows XAS
spectra at Fe K-edge of Coog2Feo180y / CoOOH (green), Coo.7s5F€0.250,/CoOOH (red),
electrodeposited FesO4 (black) and Fe2Os reference pellet (black). While the edge region of
CoixFexOy/ CoOOH and Fe;Os3 are very alike, the edge energy of FesO, is shifted towards
lower energies. FesO. edge energy corresponds to a Fe oxidation state aFe of 2.61 in air and
2.66 at 0.97V in 0.1M NaOH (see Table 4.1), in very good agreement with the value of 2.66
expected for this oxide. a(Fe) is slightly higher than 3 for Coog2Feo.160y/ CoOOH, matching
the spectral similarity with Fe2Oz. In Coo.7sF€0.2s0,/COOOH bilayer, aFe was also found to be

3, and aCo is 2.63 in air (see Table 4.1).

114



Chapter 4

154 (@) | (b)
Co K-edge Fe K-edge
=1
3
IS 1.0+
©
£
—
ZO 054 _ I — Fe;0, reflux
’ — Co, 75Fe 250,/CoO0H Coyp g2Fe€g 150,/CoO0H
Co,0, reflux — Coy 75Fe; 250,/CoO0H
0.0 —— C0p g5F€( 150,/CoO0H —— Fe, 0, reference
7700 7750 7800 7100 7150 7200
Energy (eV) Energy (eV)

Figure 4.4: (a) normalized XANES spectra recorded at Co K-edge in air of electrodeposited
Co0o.75F€0.250,/CoOOH (green) and Co304 (black). (b) normalized XANES spectra recorded at Fe K-
edge in air of electrodeposited Coo.s2Feo0.180y/CoOOH (green) and FesOas (red). XANES spectra of
Fe203 (reference compound) is also shown (black).

Table 4.1: Spectroscopic parameters of as prepared Fez04, Co304 and Cog s2Feo.180y/ COOOH
and Coo.7sFeo.250y/ CoOOH bilayers samples in air and in parenthesis in 0.1M NaOH at 0.97V:
the first 2 columns give the spectroscopic parameters (E.q4. and a) measured at Fe K-edge
and the next columns the ones measured at Co K-edge. E,44, is determined with a precision
of£0.1 eV and a + 0.03.

Sample Ecqge (V) at Fe K- aFe Eeqge (€V) at CoK- | aCopjiayer
edge edge

7123.31 (7123.49) | 2.61 (2.66) - -

FezO4

Co000.62Fe0.180y /

CoOOH 7124.87 (7125.09) | 3.01 (3.06) | 7720.40 (7720.81) | 2.46 (2.58)
CoQo7sFeo2sOy /| 7154 93 (7124.88) | 3.02(3.01) | 7721.0(7721.24) | 2.63(2.69)
CoOOH
C030s4 - - 7720.69 (7720.95) -

The fact that Fe is introduced as Fe®" in CoixFexOy layers is consistent with the synthesis
method. The Fe precursor is indeed a Fe®** complex, which is not oxidized at the deposition

potential. It is probably adsorbing on the surface of the growing oxide and gets incorporated in
the spinel structure as Fe*".

For Co, XAS gives an oxidation state aCoy;qyer thatis averaged over all cobalt atoms present
in the Coi-«FexOy and in the CoOOH layer. The contribution of the buffer layer needs to be

accounted for to determine the cobalt oxidation state in the Coi.xFexOy layer only, that will be
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called aCocy1—xrexoy- L€t US consider the Co.-«xFexOy/CoOOH sample as a bilayer. The mean

Co oxidation state aCop;qye-may be written:

_ aC0co1-xrexoy * Nco1-xrexoy + @C0co00m * Neooon
aCObilayer - N (41)
tot

Where N's are the number of Co atoms per nm? of the respective layers designated by the
subscript. Ncooon IS the number of Co atoms in the CoOOH film that is considered as a layer
of thickness d co,0on. The volume density of Co atoms in bulk CoOOH being pcooon =

32.4 nm~3 (see Chapter 3), one may write:

Ncooon = d1cooon * Pcooon (4-2)

The volume density of Co atoms in C0o304 iS pcy30a = 45.4 nm™3 (see Chapter 3) therefore we
approximate the volume density of Co atoms in Coi-«FexOy IS pcoi-xrexoy = 45.4 *
(1 — x) nm~3 because the lattice parameter of Coi-«FesOy layers remains very close to that of
Co0304 This yields:

NCol—xFexOy = dJ_,Col—xFexOy * pCol—xFexOy (4-3)
Finally, N.,, is the total number of Co atoms per nm? in the bilayer: Nior = Neooon + Neor—srexoy-

Using aCoceoon = 3 in EQ. (4.1) (see Chapter 3) aCocy1-xrexoy May be computed. Its value
for the as-prepared samples and at 1.0V in 0.1M NaOH are given in Table 4.2 for the two
samples studied by both XAS and SXRD. The corresponding d, cooon: @1,co1-xrexoy and

aCopjiayer are also given. For both CoixFexOy oxides, Co oxidation state in air is close to 2.4,

and slightly increases to ~2.5 after immersion at 1.0V in 0.1M NaOH. One may also calculate

aCoco1-xrexoy from the spinel oxide’s stoichiometry, considering only Fe®*" and no oxygen

vacancies. In this type of spinel, the mean oxidation state of the cations is 2.66, which leads

to the following expression:

. 2.66 —3 *xx
The corresponding values of aCogg‘{C_*ﬁ,‘;Z,‘coy in the two samples are given in Table 4.2 (last
column). The data show that as prepared Co:-xFexOy layers, in which Fe*" have substituted in
part the Co®*, present a smaller average Co oxidation state than in CosO4. Moreover, the
difference between aCocyi_xrexoy and aCoggng;;gg}wy suggests the presence of Oxygen

vacancies. After immersion of the sample this difference is reduced, suggesting that part of the

O-vacancies have been filled.
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Table 4.2: aCocoi-xrexoy the Co mean oxidation state in as prepared Coi-xFexOy layers
together with measured the structural and spectroscopic parameters needed to compute its
value: d; cooon d1,co1-xrexoy @Nd aCopjjqyer- The a values at 1.0V in 0.1M NaOH are given in
parenthesis. The mean oxidation state measured in Co3z04 deposit (chapter 3) is given for
comparison. All oxidation states are given + 0.03. The last column gives the aCog(ﬁ‘{C_’}"ﬁZ,‘m},
derived from stoichiometry and accounting that Fe is present as Fe** only.

Stochiom

Sample d1,cor-xrexoy | A1 cooon aCObilayer aCOCol—xFexOy aCOCol—xFexOy

(as measured) | (calculated from XAS) (calculated from

stoichiometry)

Co0o.82F€0.180y 37 nm 7 nm 2.46 (2.58) 2.37 (2.51) 2.59
Coo.75F€0.250y 26 nm 7 nm 2.63 (2.69) 2.40 (2.50) 2.55
Co0304 2.54 (2.62) 2.66

4.3 Operando characterizations

Potential induced structural changes

Table 4.3 lists all the samples that have been characterized by operando SXRD during cyclic
voltammograms in 0.1M NaOH (same principle as what was described in chapter 3 for Coz0a4
and CoOOH). We are especially interested in the variations with potential of four parameters:
the relative in-plane and out-of-plane unit cell strain variations Ag(U) and 4e.(U) and the

relative in-plane and out-of-plane crystallite sizes variations 4d(U) and 4d_.(U).

Figure 4.5 compares the potential induced variations of 4¢ (U) (a), 4e..(U) (b), 4d (V) (c) and
Ad.(U) (d) for Cos0.-2 (pink, left panel), Coo.73Fe0.270y (green, middle panel) and FezO4 (black,
right panel). For all samples, the relative strain variations Ag; and 4e. both decrease with
potential and recover their initial value after a potential cycle, indicating that the unit cell volume
of the oxides is reversibly compressed upon increasing potential. 4¢;(U) is slightly smaller (~
1.5 - 2 times) for Coo.73Fe0270y and FesO4 than for Cos0.-2. In the case of 4e.(U), the
variations are clearly reduced (approximately by 5) for Coo.7zFeo.270y compared to C0304-2,

and are almost non-existent for FezOa,.

In all cases, the in plane and out-of-plane crystallite sizes changes Ad;(U) and 4d.(U) also

reversibly decrease with potential. For the cobalt-based oxides, the decrease begins around ~
1.0-1.2 V and implies the reversible formation of a 0.5 to 1 nm thick layer at the surface of the
oxides’ crystallites. In the case of FesO., the decrease occurs later, around 1.4Vgrye and
involves the transformation of a thinner surface layer of approximately 0.2 nm. A few hundreds
of mV before OER, a sub nm thick surface layer starts transforming into an X-ray amorphous
phase, the skin layer, that is the active phase for OER. A skin layer also forms at the surface

of Coo.73Fe0270y (111) and Fez04(111), before OER onset potential. This is accompanied by a
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compression of the unit cell lattice, that is significantly reduced in the out-of-plane direction

when Fe is present in the oxide.

Table 4.3: structural parameters of Coi-xFexOy/CoOOH, C0304/CoOO0H and FesO. samples
included in this study. d. and d; are the out-of-plane and in-plane crystallite sizes determined
from SXRD measurements and a is the lattice parameter determined form XRD
measurements.

Sample Substrate d. (nm) dj (nm) a (A)
Co0304-1 CoOOH 24 24 8.091
C0304 -2 CoOOH 19 14 8.062
Coo.82Fe0.180y CoOOH 37 23 8.177
Coo.75F€0.250y -1 CoOOH 26 25 8.217
Coo.75F€0.250y -2 CoOOH 17 27 -
Co0o.73F€0.270y CoOOH 18 28 8.176
C00_72Feo_2goy CoOOH 15 14 8.185
Co0o.69F€0.310y CoOOH 15 22 8.194
COo_eoFeo_AoOy CoOOH 15 16 8.189
Coo.51Fe0.490y CoOOH 15 23 8.202
Fes0s-1 Au(111) 15 23 8.465
Fes04-2 Au(111) 28 26 8.433
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Figure 4.5: Operando SXRD structural data for C0304/CoOOH (purple), Coo.73Fe0.270y/CoOOH
(green) and Fes3O4 (black), recorded during a CV in 0.1 M NaOH at 5 mV/s. The grey shaded region
highlights the OER regime. (a-b) relative unit cell strain changes in the out-of-plain and in-plane
directions Ae: and Agi with potential. (c-d) potential dependent changes in out-of-plane and in-plane
grain size Ad. and Adi. In all panels, filled and open symbols refer to the positive and negative going
potential sweep, respectively.

Similar variations have been measured for all the samples listed in Table 4.3. Fig.4.6 aand b

show the in-plane and out-of-plane relative strain changes 4¢.(1.67V) and 4¢;(1.67V) as a

function of the iron content x. The volume of Fe3z04 unit cell is almost unchanged in the studied
potential window since both 4¢;(1.67V) and 4e.(1.67V) are almost 0%, while that of CosO4 is

compressed preferentially in out-of-plane direction. Small 4¢.(1.67V) (<0.05%) are measured

for CoixFexOy. 4¢g(1.67V) is also small for oxide whit low Fe content and is larger for oxides

with x > ~0.3.
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Figure 4.6 c and d show 4d;(1.67V) and 4d.(1.67V) as a function of x. In spite of some
scatter, the plot of Ad.(1.67V) shows an increase with increasing x, which means a decrease
in the absolute skin layer thickness |4d.(1.67V) | upon increasing Fe content in Coi-xFexOy.
Both Co304/CoOOH samples present a |[4d_.(1.67V) | of ~ 0.5 - 0.6 nm, similar to that of C0o30.
shown in chapter 3 while for FesO4 |4d.(1.67V) | is ~ 0.2 nm. On the contrary, Ad;(1.67V)

does not show significant trend with x.
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Figure 4.6: Amplitude of variations (0.97 V — 1.67 Vrne) of (a) Aer (b) Ag. the in-plane and out-of-
plane relative strain changes, and of (c) Ad. (d) Adi the in-plane and out-of-plane crystallite sizes, all
derived from operando SXRD measurements. The data concern Co304/CoOOH (black points), Fe3Oas
(red points) and Co1-xFexOy/CoOOH (blue points). Samples and are shown for increasing x value.

The general tendency from Figure 4.6 is that the amplitudes of potential induced changes
Ad, (1.67V) and 4¢, | (1.67V) follow the same trend and that they are lower for FesO4 than for

CoixFe 0Oy, themselves lower than for Coz04. This suggests that the thickness (in both in plane
and out-of-plane directions) of the skin layer formed just before OER is correlated to the strain
changes, i.e. a thicker skin induces larger strain changes. To investigate this point, we chose

two parameters representing the skin layer and the strain changes: (i) the skin volume fraction:

Lskin_ anq (i) the relative unit cell volume change &Vu”‘ (see Chapter 3 for more details about

grain

their analytic expression). A correlation between these two parameters might be found by
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looking at the potential dependency of the one versus the other. In the following, we show this
dependency for one typical sample that stands for all samples included in this study since
similar variations are obtained for them. Figure 4.7 shows the potential induced variations in

[0.97-1.67V] of the skin volume fraction YseinW) - 55 a function of the relative unit cell volume

grain

change AV””T”‘(U) for Coos1F€0.400,/CoOOH sample. In spite of some scatter, there is a linear

Woutk®) ang Lskin) This indicates that the compression of the oxide unit

relationship between orain
cell is at least partly induced by the formation of the skin layer. Indeed, in the skin layer, Co
atoms are disordered compared to the spinel arrangement. XAS measurements on Co oxides
by Bergmann et al. [20] have shown a contraction of Co-O bond length upon increasing
potential. This contraction is associated to a partial change in Co environment from tetrahedral
to octahedral upon Co?* oxidation in the near surface planes, corresponding to the formation
of the skin layer. This is accompanied by a slight rearrangement of oxygen atoms, and results
in a strain that is transmitted to the bulk lattice, which shrinks. It is therefore logical that the
increase of the skin layer thickness, i.e. the increase of the volume containing disordered
atoms would also increase the strain that is transmitted to the bulk, implying larger

compression of the unit cell volume.
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Figure 4.7: potential induced variations in [0.97 — 1.67V] of the
ratio of skin and grain volumes VS’“—”(U) as a function of the relative
grain
unit cell volume change ‘Wb”T”‘(U) for Coos1Fe0.490y/Co0OOH
sample.

We have shown that the unit cell volume changes are related to the formation of the skin layer,

which may explain the differences of amplitude in Ad, ;(1.67V) and 4¢, (1.67V) in between
Fes04, CoixFexOy and Co304. Figure 4.8 shows the amplitude at OER potential of the two
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Vskin(1.67V AV 1.67V
skm( ) and (b) bulk( )
Vgrain 14

parameters we have stated before (a) as a function of the iron

Vskin(1.67V)

content x. The skin volume fraction roughly decreases with increasing iron content.

grain
AV ik (1.67V) . . . . . .
For — (Fig.4.8b), we indeed observe that the relative unit cell compression is larger

for Co304 than for Fe;04, which agrees with the small skin layer volume measured for Fez04

AV pu1 (1.67V)

samples. The tendency among Coi.xFexOy is less easy to determine: may seem to

increase with increasing iron content, which goes in the opposite direction of what is observed

AV puik (1.67V)

for Lskn7Y) - gamples with an iron content around 20-30% have similar values

Vgrain
while another group with higher Fe content shows higher w. The behaviour of these
Fe richer oxides is in fact mainly dictated by 4¢;(1.67V), that is significantly larger than for the

other mixed oxides (see Fig.4.6). This may be linked to the more granular morphology of these

deposits which could allow larger in plane strains because the grains are less packed.
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Co and Fe oxidation state changes with potential

The variations of Co and Fe oxidation state with potential aCopjigyer-(U) and aFe(U) are
presented in Figure 4.9a for Coo.s2Feo.180,/CO0OOH and in Figure 4.9b for FesO4. They were
recorded during CVs at 5mV/s in 0.1M NaOH electrolyte using the method described in
section 2.3. In the potential window [0.97 — 1.67 Vrue] in C0o.52F€0.180y/Co0OO0OH film, aFe(U)

(green plot) remains unchanged, while aCo(U) (black plot) increases reversibly and

A;CCOO of 1.5% measured for Co30. in

significantly with potential (A:% ~ 1.1%, comparable to
chapter 3). Simultaneously, the potential dependence of the film structure was probed and
showed a similar behaviour as described in Fig.4.5. These observations indicate that iron,
present as Fe®*" in CoixFexOy, is not oxidized during the pre-OER and OER process, while Co
cations, present as both Co?* and Co®* get oxidized, as a skin layer is formed. This is similar

to what was measured for Co3z04. Since aFe(U) is constant in the studied potential window,
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the skin layer formation on these oxides is probably linked to the oxidation of Co atoms only.
This is in agreement with other operando XAS studied on CoFeOx oxides: when iron is present
as Fe®" in the oxide, it remains Fe(lll) in OER conditions while Co oxidation state increases
[7,11].
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Figure 4.9: (a) Co (black) and Fe (green) oxidation state change with potential for electrodeposited
Co0o.52F€0.180,/COOOH sample. (b) Fe oxidation state change with potential for electrodeposited
Fes04 sample. The changes are recorded during a CV in 0.1M NaOH at 5mV/s.

In the case of Fe3z0.4 (Fig.4.9b) aFe(U) remains constant between 1.0 V and 1.4V, and a slight
increase of Fe oxidation state (% ~ 0.2%) is measured at potentials > 1.4Vrue. A reversible

decrease of Fes;O;4 crystallite size was also measured starting 1.4Vrue (See Figure 4.5). As for
Co30., Fe?* at the surface might be oxidized at U > 1.4V to form another Fe oxide phase. We
attempted to derive a quantitative correlation between structural and oxidation state changes
measured for Fes04, as done for Coz04 in chapter 3. However, the results were not conclusive
so as to determine the oxidation state of Fe atoms within FeszO4 skin layer with enough
precision. This is especially due to the significant scatter in the data caused by the very little
potential induced variations in oxidation state and skin volume shown by this sample,
especially at low potentials. Since Fe304 shows almost no oxidation state changes with
potential, its skin layer likely contains both Fe?* and Fe®" ions. Different works about crystalline
FesO4 oxidation in alkaline media suggest that FesO, surface is passivated by a Fe®* based
oxide layer of a few Fe planes at OER potentials [17,18,19]. In our case for electrodeposited
Fesz04(111), if this phase transformation occurs, it would be limited to the very top surface and
begin around 1.4V. This is largely more positive than the standard potential of the Fez04/Fe,03
transition (around 0.15 Vrue [34]). Only ~ 1 Fe plane would be oxidized at OER onset and this
plane may act as a passivation layer that prevents further oxidation of the film, as evoked in

[17], which may explain the small skin layer thickness we measure.
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Let us now consider the CoixFexO,/CoOOH bilayers in order to determine the mean oxidation
state of Co atoms within Coi.xFexOy skin layer, using a similar methodology as described for

Co304 in chapter 3. To simplify the notations, let us call B the following quantity:

NCol—xFexOy

B =
Ntot

(4.6)

aCopjiiayer(U) (EQ. (4.1)) is therefore written as:
aCObilayer(U) = aCOCol—xFexOy(U) * B+ aCocooon * (1 —B) (4.7)

Where aCo¢,o0y IS independent of U since the CoOOH layer is buried underneath Coi-xFexOy
and not exposed to the electrolyte. As a consequence, the potential induced variations of

AaCopjjqyer are only related to AaCocy1-xrexoy the Co oxidation state variations in Coi.«FexOy

layer. The latter is expressed like in Eq. (4.5). This gives:

Vskin (U)

Aacobilayer(U): v
grain

B * [alobe(U) — afShe] (4.8)

Where af2i¢ refers to aCocoi—xrexoy(0.97V), the Co oxidation in CoixFexOy layer at 0.97V

(see Table 4.1) and a£2¢ (U) the Co mean oxidation state in the skin layer of volume Vg, (U).

Figure 4.10 shows the variations of AaCop;qyer(U) as a function of VSL“(U), for (a)

grain
Coo.s2F€0.180y and (b) Coo.7sFe0.250y. The data are averaged over two potential sweeps in order
to minimize noise. The red lines are linear fits of the data, which equation is given on the top

Vskin(U)

grain

of each figure. It clearly shows a linear dependence between 4aCop;;qye-(U) and since

both fits have a nearly 0 intercept (~1073). This shows that a525¢ (U) is, in a first approximation,

independent of the potential: the skin layer oxidation state retrieved from the slope of the linear

. . l . . .
fits is: agefy = =+ afgje. The B value is given for each sample on the corresponding plot,

together with af2fe. The analysis yields aS2h¢ = 3.30 4+ 0.03 for Coos2Fe0.150y and al2fe =

3.19 £0.03 for Coo7sFeo2s0y. This means that aCopjqyer(U) increase results from the

oxidation of Co?*** atoms within the skin layer to Co®"** Unlike for CosOa, ab2k¢ is significantly

higher than 3, which evidences the formation of 20-30% Co*" at the mixed oxides surfaces.
Based on the example of these two samples, the Co*" concentration of the skin layer may vary
with the sample (surface) iron content. In Figure 4.10 (c) and (d) are respectively shown the

evolution of a525¢ = £(U) for one potential cycle of Coo.s2Feo.180y and Coo.7sFe0.250y. aSdfe = 3

is shown with a dotted horizontal line. In both cases, a52f¢increases between 1.0V and 1.1-
1.2V and then remains approximately constant at a value > 3. As expected from the analysis

of Fig.4.10 (a) and (b), a525¢ is higher for Coo.s2Feo 180y than Coo.7sFeo 250y,
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Compared to Cos0s, the formation of Co*" species could be facilitated in the mixed oxides by
the presence of Fe®, as suggested for NiFe and CoFe oxides [10,38]. In the case of NiFe
oxides, Fe®*" were thought to act as Lewis acid and promote the formation of Ni** [10]. However
in our case, operando XAS measurements show that Fe oxidation state does not change with
potential, making unlikely an electron transfer between Fe®* and Co?'. In the case of CoFe
oxides, the authors suggested that the presence of Fe®* adjacent to surface Co atoms (Co-O-
Fe groups) may facilitate the deprotonation of Co*"-OH groups to form Co**=0 [38], compared
to Co-O-Co groups present in pure Co oxides. This mechanism involving Fe** would be in line
with the skin layer oxidation state values determined for both pure Co oxides (chapter 3) and
mixed CoFe oxides. In addition, if the formation of Co** results from the kinetic deprotonation
of surface Co®", this may explain why Co®*" can be oxidized at 1.2V while Co*" species are
thermodynamically stable above 1.5V. Since there might be a substantial amount of oxygen
vacancies in CoixFexOy oxide films (see section 4.2), another possibility would be that their

presence may facilitate the formation of Co*" and oxygen insertion in the lattice.
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Figure 4.10: experimental variations in [0.97 — 1.67 Vrheg] of the relative Co oxidation state change in
the bilayers AaCop;qyer(U) as a function of skin and grain volumes Yskin® The data correspond Oto

grain

Coo.82F€0.180y/CoOOH (a) and Coo.7sF€0.250y/CO0O0H (b). AaCopjiayer(U) and Vg, (U) have been
averaged at each potential of two CV cycles to minimize noise. The red line is the linear fit which

yields the relationship between AaCop;qy.-(U)and V;’”—"(U) that is given on the plots. The value B is

grain
also given, which enables to compute a&25¢. (c) and (d) are the experimental variations a&25¢ = f(U)
of Coo.s2Fe0.180y and Coo.7sFeo.250y respectively during one potential cycle.

4.4 Composition dependence of catalytic properties
Catalytic activity of Fe-doped Co30a:

The catalytic activity of the different Co...FexO,/CoOOH samples listed in Table 4.3 has been
investigated in 0.1M NaOH electrolyte, and compared to that of Co304/CoOOH and FezO..
Their catalytic parameters are given in Table 4.4. It includes the Tafel slope b, the current
density measured at 1.65Vrue and the overpotential at a current density of ImA/cm? both

measured versus the geometrical surface area of the substrate. For each sample, cyclic
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voltammograms in pre-OER and OER regimes are recorded before any operando X-ray based
measurement and the catalytic parameters of the oxides are derived from these CVs. Figure
4.11 shows an example of this procedure. In (a) it compares CVs at 5mV/s of Coz04-1 (black),
Coos1F€0.490y (green) and Fes;0s-1 (red) samples all electrodeposited on the same Au(111)
substrate. The OER onset potential is smaller for Coo.s1Fe0.490y, as well as the current density
at 1.65Vgrue (+410 mV at ImA/cm? and 1.65 mA/cm?) than for Co304/CoOOH (+452 mV and
0.29 mA/cm?) and Fe3Os (+480 mV and 0.09 mA/cm?). Corresponding Tafel plots in OER
regime are shown in Fig.4.11b, illustrating that CoosiFeo.490,/COOOH Tafel slope (46
mV/decade) is smaller than that of Co304/ (58 mV/decade), itself smaller than the one of Fez04
(71 mV/decade). These measurements evidence the role of Fe addition to Cos04 in improving
its catalytic activity towards OER. They are also consistent with the reported higher OER
activity of Co oxide compared to Fe oxides [1,4,11,14,15,19]. The pre-OER regime of the CVs
[0.97-1.57 V] is presented in Appendix 4.3.

Table 4.4: Electrochemical and structural properties of Co1-xFexO,/CoOOH, C03;04/CoOOH
and FesOssamples. j at 1.65Vgrueis the current density per cm?e, at 1.65V, b is the Tafel slope,
Ngeo IS the overpotential necessary to reach a current density of 1 mA/cm?ge,. d. and d; are the
out-of-plane and in-plane crystallite sizes determined from SXRD measurements. RF max is
the maximal roughness factor of the films (for disconnected islands of sizes d. and d).

Sample Substrate | jat 1.65Vrhe b Ngeo d. d RF
(mA/cm?ge0) | (MV/dec) (mV) (nm) (nm) max

Co0304-1 CoOOH 0.29 58 452 24 24 4.0
Co0304 -2 CoOOH 2.03 53 402 19 14 5.1
Coo.82F€e0.180y CoOOH 2.24 47 403 37 23 5.8
Co0o.75F€0.250y -1 | CoOOH 0.16 49 >460 26 25 4.1
Coo.75F€0.250y -2 | CoOOH 3.33 a7 387 17 27 2.9
C0o.73F€0.270y CoOOH 0.89 53 415 18 28 2.9
Coo.72F€e0.280y CoOOH 0.52 51 433 15 14 4.2
C0o.69F€0.310y CoOOH 0.49 52 434 15 22 3.0
C0o.60F€0.400y CoOOH 0.30 59 452 15 16 3.8
Coo51Fe0.490y CoOOH 1.35 46 410 15 23 3.0
Fes;0s-1 Au(111) 0.09 71 480 15 23 3.0
Fes;04-2 Au(111) 0.05 62 527 28 26 4.2
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Figure 4.11: (a) Cyclic voltammograms (5 mV/s) recorded in 0.1M NaOH electrolyte of
electrodeposited Coo.5Fe0.s0,/Co0OOH (green), Co0304/CoOOH (black) and Fe3Os4 (red) and
corresponding Tafel plots in (b). The current density is given with respect to the geometrical surface
area of the substrate which is the same Au(111) crystal.

Figure 4.12a shows the Tafel slopes of all samples included in Table 4.4 as a function of the
iron content, with Fez0a4 in red, CoixFexOy in blue and Co304 in black. The Tafel slopes are
lower for Coi.xFexOy than for both Cos04 and FezO4. FesO4 exhibit the higher Tafel slopes,
approximately 10 mV/decade higher than the one of Co30.4. This could suggest that the OER
mechanism, for example the rate determining step, may differ for the three oxide species
presented here.
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Figure 4.12: (a) Tafel slopes and (b) current density at 1.65VrHe of C0304/CoOOH (black points),
Fes04 (red points) and Coi1xFexOy/CoOOH (blue points) samples as a function of the Fe content x.
The lower end of the error bar on the current density corresponds to the current density normalized
with respect to geometrical area of the sample and the upper end with respect to the maximum
roughness factor of the sample (derived from the grain sizes measured in XRD, see Table 4.4).

The XRD crystallite sizes in plane (d;)) and out-of-plane (d.) determined by Cos04 0r FesO4
(113) or (404) Bragg peak analysis using SXRD are also given in Table 4.4 These parameters
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can serve as computing a maximal roughness factor (RF) for each sample. Following the
crystallite model given in Chapter 3 (Appendix A3.1), we can determine from d. and d the
external surface area of one crystallite assuming that the crystallites are disconnected. The
maximal RF is the ratio of this surface and the top surface of a crystallite (fully packed film).
For each sample of Table 4.4, a maximum value for n and a minimum value for j are obtained

from the maximal RF, while 4., and j per mA/cm?ye, (Table 4.4) are respectively the minimum

and maximum value for these parameters. Fig.4.12b shows j as a function of the Fe content
X. The data points in these graphs are the average of the two maximum and minimum values
and the error bar joins these two extreme values. The data confirm that Fe;O, is not a good
catalyst compared to Co3z04. They also suggest that CoixFe Oy oxide layers present an
intermediate OER activity. It is however difficult to establish a clear trend as a function of Fe

content. We will see in next sub-section that a refined analysis is necessary.

OER activity and skin layer

Results obtained in our group indicate that the OER activity of epitaxial electrodeposited C0304
(111) layers increases with the skin volume [37]. We tentatively used this approach here.
Namely, we checked the correlation between the OER activity with the “average skin layer
thickness”. This corresponds to the parameter (dgi,) Which is defined as the skin layer volume

of one crystallite at 1.67V, Vg, (1.65V), divided by its surface area (referred as Ay, in

Appendix A3.1 of chapter 3 where its analytical expression is given):

d
(dskin) = Ady (1.65V) + 2 -d—: - Ady (1.65V) (4.9)

(dskin) has a unit of a length (nm). Figure 4.13a shows (d;,) as a function of the iron content
for C0304/CoOOH Co1.4FexOy/CoOOH and FesO4 samples shown in Table 4.4. Additional
Co30,4 samples measured during similar experiments have been added to the graph in order
to increase statistics. The figure shows that (dg;,,) follows the tendency: Fes;04 < CoixFexOy

< Co0304 and in Co1xFexOy it decreases with increasing iron content. This is consistent with the

Vskin(1-67V)

rough decrease of with increasing Fe content (Figure 4.8). However, the trend is

grain
clearer when plotting (dgi»). Within Cos04 samples, a variability of (dg;,) can be observed,
probably because of the Ad value that likely varies with the oxide morphology. Therefore, pure
cobalt oxides Co304 roughly have the highest “average skin layer thickness”, which then
decreases gradually when adding Fe to the film until becoming very thin for pure Fe oxides
Fes0a.

Figure 4.13b shows the current density measured at 1.65VgrHe Versus the geometric surface

area as a function of (dg;,) for Coz04 and FesO. samples, both shown on logarithmic scale.
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Previously [37], our group evidenced a correlation trend between (dg;,) and the current
density j obtained for different Cos04(111) samples prepared in different conditions, as
illustrated by the dashed line. Because the OER activity increases with the skin layer thickness,
it is therefore related to the amount of Co sites in the skin. This correlation implies that all
atoms within the skin layer are active sites for OER. In comparison, Fez04 samples which
(dskin) is smaller than that of Coz04 samples, present a smaller OER activity. Following the
statement that all Co/Fe atoms in the skin layer are active sites, and since the volume density
of Fe and Co in Co304 and Fez04 are approximately similar, the tendency of Fig 4.13b would
suggest that, compared to Co304, fewer active sites are involved in OER at Fez04 surface,
leading to smaller OER current at a same potential. This might therefore indicate that the low
OER activity of FesO4 is due to the small skin layer formed at their surface. However, more

data would be required to confirm this statement.

Figure 4.13c now compares (di,) as function of the current density at 1.65V for both Co304
and Coi.xFe,Oy.We observe that Co:i.xFe Oy oxides also follow a (d;,) — j trend, as illustrated
with the green dashed line (linear fit of the data). This trend is placed slightly above the data
points of pure Coz04 oxides (in black). This means that a skin layer containing less active sites
is required for Co1.xFexOy to achieve the same OER activity as Coz04. As a consequence, the
intrinsic activity of Co..xFexOy oxides, i.e. the activity per active site, is slightly higher than that
of Co304. Since both Co and Fe atoms are present in the skin layer of Coi.xFexOy, this further

suggests that both Co and Fe atoms participate in the OER reaction in the mixed oxides.

In Co1xFexOy spinel oxides, we expect the presence of both Co-O-Fe and Co-O-Co bridges,
and this should also be the case in their skin layer, while only Co-O-Co bridges are present in
the skin layer of Cosz04 according the works of Dau et al. [21]. Therefore, both Co-O-Fe and
Co-0O-Co bridges could be catalytic sites in the mixed oxides. The existence of another catalytic
site where neighbouring Fe®* play a role may stand for variations observed between Coi.<Fe.Oy
and Co3z04 catalytic behaviours. First, the OER mechanism and especially the rate determining
step could not be the same at each of the catalytic sites, as suggested by Smith et al. [11] and
Dionigi et al. [39]. This would be in line with the lower Tafel slopes measured for CoixFexOy:
~45-50 mV/decade against 55-60 mV/decade for Co030s. Second, the presence of
neighbouring Fe®* seems to increases the mean Co oxidation state in the skin layer, as
described in section 4.3. The higher intrinsic OER activity of Coi.xFexOy compared to Co3O4
could therefore be associated to a higher amount of Co** present in their skin layer. To check
this possibility, we plotted in Figure 4.13d the ratio j(1.65V) / (di) that represents the current
density per atom in the skin layer, as a function of Co mean oxidation state in the skin layer.
The graph compares Co0304-1 sample from chapter 3 in black, Coos2Feo180y and

Coo.75F€0.250y -1 samples (Fig 4.10) in green (these are the two samples for which operando
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XAS is available). This plot shows that the catalytic activity per atom within the skin layer is
increasing with the average oxidation state of Co atoms in the skin. Based on the results of
these three samples, the presence of Co** in the skin layer therefore improves the OER
catalytic activity of Co based oxides. More data would however be needed to establish a

stronger trend between catalytic activity per active site and Co oxidation state.

Overall, these data rationalize the OER activity measured for Co304 and Coi.xFe Oy oxides
and show that the number of active sites within the skin layer is a good descriptor for OER
activity. In addition, for Co containing oxides, a higher OER activity per active site is associated

to higher Co oxidation state.
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Figure 4.13: (a) {dg) as a function of the iron content in the oxides. (b) {(dsx,) as a function of the
current density measured at a potential of 1.65V for CosO4 and FesOa4 oxides. The dashed line shows
the correlation between j and (dy;,,) obtained for Coz04 samples shown here. (c) (dgi) @s a function
of the current density measured at a potential of 1.65V for Co3z04 and CoixFexOy oxides. The
correlations between j and (dg,) are shown with green and black dashed lines for Coi.xFexOy and
Co304 respectively. (d) Current density per atom in the skin determined as the ratio j / (ds,) as a
function of Co mean oxidation state in the skin layer (obtained by operando XAS measurements).
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4.5 Conclusion

In this chapter we have shown that electrodeposited Fe;O4 and CoixFeOy grow on Au(111)
and CoOOH/Au(111) substrate as spinel oxides with a (111) orientation. Their morphology is
similar to that of Co304, resulting in well-defined thin films. Spectroscopic characterizations
using XAS show that they contain Fe®*, Co?" and Co*" cations. Upon increasing potential until
OER onset, all oxides suffer reversible structural changes, sign of a surface transformation
into the OER active phase. The formation of the skin layer generates compressive strains in
the oxides’ unit cell, which are proportional to its volume. Using operando XAS we have shown
that this surface transformation results from the oxidation of Co?* into Co®**in the case of Cos.
«FexOy and from the oxidation of Fe?* in Fe®*" for FezOa4. In CoixFexOy, Fe remains at the
oxidation state +3 and its presence may promote the formation of Co** in the mixed oxides.
We have shown that the OER activity of the oxides, measured as the current density at 1.65V,
is linked to the equivalent thickness of their skin layer. The latter decreases with increasing Fe
content. However, CoixFexOy oxides show slightly higher intrinsic activity compared to Co3Oa:
even though CoixFexOy form thinner skin layer compared to Co304, their skin layer contains
more Co*" atoms, and we show that their amount is associated to high OER activity. FesO4
show the lowest catalytic activity, which may be rationalized by the very small skin layer formed

at their surface.
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4.7 Appendix
4.1 Example of Fe content determination in Coi.xFexO,/CoOOH bilayers using EDX

As mentioned in the beginning of 4.2, the iron content in CoixFexOy /CoOOH bilayers is
determined with EDX. This section shows an example of the procedure used to calculate x in
Coo.51F€0.490,/COOOH sample. After CoOOH deposition on Au(111), EDX spectra at different
locations on the sample are measured. Fig.A4.1 shows an example of such EDX spectrum. It
shows Co K lines and Au L-lines. The net counts represented by these lines are determined
by EDX software (see Table A4.1), and averaged over the different locations probed on the

sample in order to get an average Co counts in CoOOH layer.
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Figure A4.1: EDX spectrum of CoOOH/Au(111)

Table A4.1: Net counts of the fluorescence peaks detected by EDX software for the spectrum
shown in Fig.A4.1.

Element Line Net Counts
Co K 9922
Au L 296357

CoixFexOy is then electrodeposited on CoOOH/Au(111) substrate, and EDX spectra are
recorded again on several locations on the sample. Fig.A4.2 shows an example of spectrum,
where Fe K line is added to previous Co K and Au L lines. The net counts represented by these
lines are determined by EDX software (see Table A4.2), and averaged over the different

locations. The averaged Co counts in CoOOH layer is subtracted to the one obtained for Co;.
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xFexOy/CoOOH to result in a net Co counts in Coi.xFexOy, as shown in Table A4.3. The ratio
between Fe counts in Co14Fe,O,/CoOOH and the total Co nets counts plus Fe counts yields

the iron percentage in the layer : 49% in the case presented here.
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Figure A4.2: EDX spectrum of CoixFexOy/CoOOH/Au(111)

Table A4.2: Net counts of the fluorescence peaks detected by EDX software for the spectrum
shown in Fig.A4.2.

Element Line Net Counts
Fe K 5205
Co K 15423
Au L 286488

Table A4.3: Balance of Co counts in CoixFe,Oy from CoOOH/Au(111) and Coi-
«Fex0y/CoOOH/AuU(111) EDX counts, from which the iron percentage %Fe in CoixFexOy is
determined.

CoOOH/Au(111) Co1.xFex0,/CoOOH/Au(111)
Co counts Co counts Co net counts Fe counts Fel/(Fe+Co) %
9922 15423 5501 5205 49 %

4.2 Structure and Fe content X in Coi1.xFexO,/CoOOH bilayers

From XRD CoixFexOy (111) peak position, 26¢,1—xrexoy, the unit cell parameter a¢,, FEXOyis

A

computed determined as : ac,, Fex0y = V3 * Y CR——

It is plotted in figure A4.3a as
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a function of x the iron content determined with EDX, together with the unit cell parameter of
C0304/COOOH (black) and FesO4 (red) samples. The dashed line connects the theoretical

Aoy, and ag,, 04values. The same plot for (151) peak position measured in L-scans is shown

in figure A4.3b. In Fig. A4.3a the data points roughly follow the trend of increasing unit cell
parameter with increasing x that is expected from Vegard’'s law. However, the evolution of

Aco, with x is not linear especially for high iron content. Moreover, there is a non-
—Xx FexOy

negligible peak position difference between two Co03;04/CoOOH or Fe;0s4 samples, which
suggests a non-negligible intrinsic error on the peak positions of Coi.xFexO,/CoOOH. In the
case of Fig.A4.4, the difference is smaller, and Co..xFexOy (151) peak position decreases in L

for increasing x, even though the data points are all below the theoretical line.
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Figure A4.3: (a) unit cell parameter of the spinel oxides derived from (111) Bragg peak position. (b)
(151) peak position measured in L-scans of the oxides. The data concern Co304/CoOOH (black
points), FesO4 (red points) and CoixFexOy/CoOOH (blue points) samples and are shown for
increasing x value. The dashed line joins the theoretical spinel Co3sO4 and FesO4 unit cell parameter
(a) and (151) peak position (b).

4.3 CVs in pre-OER regime

Figure A4.4 shows cyclic voltammograms of Co0304/CoOOH(black), Coo7Feo30,/CoO0OH
(green) and FesO. (red), centred in the pre-OER regime [0.97-1.57 V]. It exhibits two anodic
and cathodic waves. In the case of C0z04/CoOOH, the waves appear at the same potentials
as for Coz04: a pair of positive and negative waves at 1.52V and one negative wave around
1.15V. The latter is also present in the CVs of FesO. and Co1xFexOy/CoOOH. A positive wave
around 1.30-1.35V is found for FezO4 and some of Co.xFe,O,/CoOOH samples, while the pair
of waves at 1.52V can be observed for some Coi.xFexO,/CoOOH samples but not all of them.
The sample Coo.7Feo30,/CoOOH shown here presents all the anodic and cathodic waves

possibly observed for Co:xFexO,/CoOOH samples.
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The pair of anodic and cathodic waves at 1.5 V is often attributed to Co®" - Co* and is
observed in Co304, Co2FeO4 and sometimes in CoFe204 [13, 23]. Regarding the oxidation of
Co?" into Co®*" ,a pair of cathodic and anodic waves at ~1.3 — 1.35V and ~1.2 — 1.25V are
measured by the authors [13, 23] and attributed to this redox transition. They also add that this
wave shifts anodically when the iron content increases, which has also been mentioned for
non-spinel CoFe systems [11]. Since this wave could not be observed for all samples, it is not
possible to tell whether this is also the case for our samples. Laouini et al. [23] measured the
apparition of this wave only after a negative sweep down to -0.2V, which may explain why it is

not observed for some samples.

For Fes;04, no redox wave appears in this potential window according to [13,23]. Since XAS
measurements evidence a slight oxidation of Fes;04 after 1.4Vrue, the wave around 1.3V may
be attributed to Fe?* > Fe®".

—— Co,;Fe, ;0y/CoOOH
Fe,O,
Co,0,/CoOOH

o
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Figure A4.4: Pre-OER region of cyclic voltammograms of Co304/CoOOH
(black), Fe3Oas (red) and Coo.7Fe030y/CoOOH (green) samples. Anodic and
cathodic waves are highlighted with A and C.
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Chapter 5: Anodic oxides

5.1 Introduction

In this chapter we focus on cobalt, iron and mixed cobalt-iron oxides prepared by anodic
oxidation of metallic Co, Fe and CoFe epitaxial films electrodeposited on Au(111) substrate.
The electrodeposition of ultrathin and crystalline Co and Fe metallic films on (111) oriented
substrates has been previously demonstrated [1,2,21,22]. Both types of deposits are
characterized by an homogeneous nucleation across the substrate surface, together with a
lateral expansion of the islands until reaching a full coverage. The islands are mono (Fe) or bi
atomic (Co) and the growth proceeds by mono/bi atomic layer by layer growth. The deposition
method enables controlling the number of electrodeposited monolayers on the substrate so
that deposits of well-known and ultrathin (> 2ML) thicknesses can be obtained [2,21,22].
According to their growth mode, these layers are also atomically flat, their active surface area
is therefore the same of the one of the substrate. They are also crystalline: Co has an
hexagonal structure and grows epitaxially with a (0001) orientation [1]. In the case of Fe
deposits thicker than 3 ML are bcc-Fe(110) [2].

These ultrathin and smooth metallic deposits are prepared in acidic aqueous electrolytes. They
can further be transferred in alkaline electrolyte where they may be oxidized in order to form
oxide films. This approach for elaborating oxides gathers some advantages compared to
crystalline oxides. The catalyst is prepared inside the electrochemical cell where it can be
directly characterized in situ, avoiding possible external contaminations or surface
modifications (see chapter 2 for details about preparation method). Moreover, ultrathin
metallic layers (<1nm) can be electrodeposited, which enables the total conversion of the
metallic layer into an oxide. The as-formed metal oxide catalysts will also be ultrathin. This is
especially interesting for operando XAS experiments. Indeed, XAS signal is sensitive to the
total amount of Co/Fe atoms in the film, while redox processes might take place at the surface
of the material only. The use of ultrathin sample is of great interest in this context compared to
“bulk” samples since surface atoms represent a large part of the sample: measured oxidation
state changes originate from a large part of the atoms contained in the film. This preparation
method may also provide more flexibility in tuning the composition of mixed oxides. Using
electrodeposition method, it is indeed possible to prepare bimetallic alloys in a continuous
range of concentration. For example, Kakuno et al. [9] or Qiang et al. [10] reported the
elaboration of CoxFei1x alloys of several compositions by tuning the concentration of Fe and
Co in the electrolyte bath. This may yield oxides with concentrations that cannot be easily

obtained for crystalline oxides. Finally, compared to non-crystaline Co-Fe
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oxides/oxyhydroxides obtained by direct electrodeposition [3-5] which have a poorly defined
morphology, the anodic oxides have the advantages of presenting a morphology close to flat
films because of their very low thickness and mode of growth, which is of high importance in

order to determine and compare the OER activity of the oxides.

As a general trend, the growth of transition metal (M) oxide passive films is 3D at large
overpotential and is self-limited [6]. In this chapter, we focus on passive oxides formed at high
potentials compared to the metallic films equilibrium potentials, close to Co(ll)/Co(lll) or
Fe(I)/Fe(lll) potentials. The anodic oxidation in alkaline medium of Co and Fe metal films has
been studied with several techniques such as X-ray Diffraction, AFM, STM, XPS or Raman
spectroscopy [1,13,14,18-20,23,24]. In the case of Co, in situ XRD [1] and XPS [14] and STM
[13] evidenced the formation of Co(OH). when Co is oxidized at 0.4 — 0.6Vrre. The layer grows
probably from grain boundaries and expands laterally, Based on XPS characterizations, the
formation of a Co(OH), - CoOOH mixture was reported for further oxidation of Co at 1.4Vgrue
[14]. Studies on metallic iron oxidation in alkaline medium based on in situ AFM and XPS
[19,20] suggest the formation of a Fe?* oxide -Fe(OH), or FeO- which outer layer is converted
into a Fe** rich hydroxides at 1.2V. In pH 8 buffer electrolyte, the anodic passive film formed
on iron was identified by XRD and Raman as an oxide with a spinel-like structure with both
octahedral and tetrahedral vacancies, and octahedral interstitial sites [23, 24]. XRR studies
[18] evidenced three growth stages: first the formation of a defective spinel, followed by defects
filling to progressively form a species which electron density is close to that of magnetite. In
the same electrolyte, according to XRD, the passive Fe oxide layer grows with an epitaxial

relationship regarding the substrate and has a nanocrystalline microstructure.

In this chapter, planar, ultrathin and epitaxial Co, Fe metal films and CoFe bimetallic alloys of
different composition are electrodeposited and characterized in situ using both SXRD and
XAS. Their oxidation in alkaline electrolyte is monitored with these techniques, showing that
oxides with different Co and Fe oxidation states are obtained. The evolution of both Fe and Co
oxidation states during potential sweeps until OER regime is consequently measured and
guantified in light of the structural characteristics determined for firstly electrodeposited metals
and alloys films. The composition, operando behaviours and catalytic activity of crystalline Co
and Fe oxides presented in chapters 3 and 4 are compared with those of anodic oxides, in
order to investigate the similarities and differences on how OER proceeds on these two types

of materials of similar composition.

5.2 Structure of Co and Fe metals
Cobalt under its metallic form has a hexagonal close packed (hcp) structure, made of

alternating atom layers overlaying one another. Fig.5.1a shows a scheme of three alternating
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Co planes along the c direction. The unit cell (shown in black) contains two Co atoms and the
unit cell parameters are:a., = 2.51 A and ¢,, = 4.07 A.

Metallic iron can either have a body centred cubic (BCC) structure or a face centred cubic
(FCC) structure. BCC iron unit cell is shown in Fig.5.1b. The lattice parameter is az, = 2.87 &
and the unit cell contains two Fe atoms. Fig.5.1c shows FCC iron unit cell with a lattice
parameter ap, = 3.63 A . In this case, there are four Fe atoms in the unit cell.

In the following, a Co or Fe monolayer (ML) corresponds to one single Co or Fe plane. Its
thickness is defined as the distance between two adjacent Co or Fe layers. In the case of hcp-

a;e for both bce-Fe and fce-Fe. A “monolayer unit cell” can also be

Co, it equals “*, and it is

defined, which characteristics for each structure are:

0] hcp-Co: contains 1 Co atom, ¢, = CCT" =2.0354 , ay; = a.,. The Co density in

one ML is: py, = — = 15.9 Co/nm?.

Co

(i) bce-Fe: contains 1 Fe atom, ¢y, = a% =1.4354, ay;, = ar,.The Fe density in one
ML is: ppy = a% = 12.1 Fe/nm?2.
Fe
(iii) fcc-Fe: contains 2 Fe atoms, ¢y, = aFe — 18154, ayr = Ape - The Fe density in

2

one ML is py;, = a% = 15.2 Fe/nm?
Fe

(@  ag, =251A (b) ar, = 2.87 A

ooiﬁ»I

Figure 5.1a: Co-hcp unit cell | Figure 5.1b: Fe-bcc unit cell Figure 5.1c: Fe-fcc unit cell

5.3 Results

Monitoring Co/Fe electrodeposition and anodic oxidation

The detailed electrodeposition procedure is given in chapter 2. Briefly, the process begins with
the metal electrodeposition on Au(111) substrate from an adapted electrolyte which is acid (pH
3-4) and contains 1mM of Co or Fe salt. The electrodeposition consists in stepping the potential
at a value negative to the redox wave of the metal formation. The potential is then kept constant

for a given amount of time that determines the amount of metal layer electrodeposited. The
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deposition is stopped by stepping the potential back to the equilibrium potential where no
deposition nor dissolution take place. Then, the electrolyte is switched to an alkaline one (pH
13), under potential control. For Co [1] and Fe [2] films, it has been shown previously that the
electrodeposition procedure yields crystalline, epitaxially grown, flat metal and continuous
deposits. In order to check the characteristics of the electrodeposited layers, two
measurements are performed. (i) we measure a XANES spectrum at the K-edge of the
deposited metal. (i) We look for XRD peak(s) of the metal at expected positions because the
epitaxial growth of Co(001) and Fe(110) on Au(111) are known. If both measurements yield
the desired output, anodic oxidation is performed by stepping the potential to 1.4Vrue Where
the oxide is stable. The corresponding oxidation peak is recorded, and once the current is
stabilized (a few seconds), the two previous characterizations are performed again. The shape
and edge energy of the XANES spectrum is expected to change, and the XRD metal peak to
disappear if the metal layer is completely oxidized.

(a) (b)
—— Co metal 1.5
1.5 Co anodic oxide 5 ML
Co anodic oxide 8 ML
= . 3
. 1.0 2 1.0
Q Q
N N
B g
| 05" —
g \ % 0.5+
—— Fe anodic 5 ML
0.0 20 eV —— Fe metal
T T 0.0 T
7700 7750 7800 T T .
Energy (eV) 7100 7150 7200
Energy (eV)

Figure 5.2: (a) XANES spectra recorded at Co K-edge in 0.1M NaOH of 8ML Co metal film (red), 8ML
Co oxide (blue) and 5ML Co oxide (black). (b) XANES spectra recorded at Fe K-edge in 0.1 M NaOH
of 5ML metal film and Fe oxide obtained by its anodic oxidation.

Figure 5.2a shows an example of XANES spectra recorded during the two steps of this
procedure for two Co deposits of different thicknesses (5 and 8 ML (monolayers)). Figure 5.2b
is the analogous for Fe deposit of 5ML. Figure 5.3 shows the corresponding XRD peak images
for the 5 ML Co/Au(111) film (panels a-b) and the 8ML film (panels c-d). In Fig. 5.2, the red
spectrum is that of Co metal deposit (here, 8ML thick, a similar spectrum is obtained for 5ML
Co). This spectrum is similar to that of a Co foil and is therefore demonstrating that the Co
layer is metallic with no sizeable trace of oxidation. The spectrum measured after oxidation of
the 5 ML Co film (black) is very different from that of the metal film, with a significant edge shift

towards higher energies. It is very similar to that obtained for Cobalt oxides in chapter 3 (see
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below), suggesting that the metallic layer has been converted into an oxide. In comparison,
the spectrum of the anodized 8ML Co layer (blue) presents a higher pre-edge contribution and
almost no EXAFS oscillations, suggesting that metallic cobalt remains under the oxide. This is
confirmed by XRD characterizations. Fig. 5.3 displays the Bragg peaks of Co(001) before (left)
and after anodic oxidation (right). In the case of the 5ML Co film (panels a-b), the XRD Bragg
peak disappears once the anodic oxide is formed. On the contrary for the 8ML Co film, a weak
XRD Bragg peak is still found after oxidation. The XANES spectrum of the anodized 8ML Co
layer (blue) can be described by a linear combination of Co metal (40%) and C0304 (60%)
XANES spectra, suggesting that ~5ML of metal have been oxidized over 8 ML. Moreover,
different Co anodic oxides obtained by oxidation of Co deposits of different thicknesses have
been studied, and for deposits thicknesses below 5ML, no traces of Co metal XRD peak was
found after oxidation, showing that a complete oxidation occurs whenever the layer is as thin
or thinner than 5 ML.

The XRD and XAS data are therefore consistent: the anodic oxide formed on a 5ML Co film
consumes all Co atoms; while in the 8ML case, a metal contribution can still be distinguished.
These characterizations are thus a way to check that the electrodeposition took place properly
and that the anodic oxidation was efficient enough to oxidize the whole metal film. Based on
the result of Figure 5.3, we choose to investigate S5ML thick films that can be fully oxidized and

are thick enough for them to be stable during the measurement’s timescale.
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5 ML Co (011) 5 ML Co (011)
peak. E = -0.1VrHF peak. E = 1.4VrHF

8 ML Co (011) 8 ML Co (011)
peak, E = -0.1VrHE peak, E = 1.4VrHE

Figure 5.3: images of Co(011) XRD peak
recorded in 0.1 M NaOH at -0.1Vr+E (&) and
1.4VRHE (b) for a 5ML thick film. Images of
Co(011) XRD peak recorded at -0.1Vrhe (C)
and 1.4VRHE (c) for a 8ML thick film.

Characterization of Co and Fe anodic oxides

No oxide XRD peak was found after oxidation of Co and Fe deposits. This suggests that the
oxides are X-ray amorphous, and if they are composed of crystallites, their characteristics sizes
are too small to be detected. The as-formed oxides are characterized by XAS in the following.
Figure 5.4a compares the XANES spectra at Co K-edge of an anodic Co oxide obtained by
oxidation of a 5 ML Co film (black) with those of C0304 (red) and CoOOH (blue) prepared by
direct electrodeposition on Au(111) (presented in chapter 3). Co anodic XANES spectrum is
very similar to that measured for these oxides both in terms of EXAFS oscillations and edge
energy position. At 0.97Vrue, We measure an oxidation state of 2.71 for 5SML Co anodic oxide,
against 2.62 for Cos04 and 3.02 for CoOOH. These observations suggest that Co environment
in the anodic oxide is probably not too different from that in Coz04. The as-formed Co anodic
oxide may also be a CoOOH rich mixture of disordered CoOOH and Co(OH), as mentioned in
[14] or an homogeneous CoOxHy phase where Co arrangement is not too different from that in
Co030,4 and CoOOH.
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In Fig. 5.4b are shown the spectra at Fe K-edge of an anodic Fe oxide obtained by oxidation
of a 5 ML Fe film (black), together with XANES spectra of Fez04/Au(111) and Fe»Os3 reference
powder (blue) (from chapter 4). The main edge energy of the Fe anodic oxide is close to that
of Fez04, however the amplitude of the spectrum EXAFS oscillations is lower than for FesOa4
and Fe»O3 and the pre-edge intensity higher. At 0.97V, an oxidation state of 2.67 is found for
Fe anodic oxide, very close to 2.65 determined for FezO4/Au(111). This may indicate that the
Fe anodic oxide is a FesOs-like phase, as often mentioned in the literature [18,23,24]. However,
it would likely be more disordered than FesOa4, with Fe atoms having a low order at short

distance as suggest the shape of the spectrum.

To simplify notations, Co and Fe anodic oxides will be referred as CoO, and FeOy in the
following.
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Figure 5.4: Co and Fe oxides XANES spectra comparison. (a) XANES spectra at Co K-edge of Co
anodic oxide (black), Co304/Au(111) (red) and CoOOH/Au(111) (blue). (b) XANES spectra at Fe K-
edge of Fe anodic oxide (black), FesO4/Au(111) (red) and Fe203 powder (blue).

Characterizations of alloys films and oxides

Alloys composition

In the case of CoFe alloys, we follow the same procedure as the one described for Co and Fe

100—x
100

depositions. This time, the electrolyte is composed of: mM of Co salt plus % mM of Fe

salt, and three compositions have been investigated: x = 25; x = 50 and x = 75. From each
electrolyte, we deposit 5ML of metals. Figure 5.5a shows the raw XANES spectra (not
normalized) measured at Fe and Co K-edges obtained after electrodeposition from each of the
three electrolyte compositions. For all deposits, we measure a signal at both edges meaning
that both Co and Fe are present in the deposits. We also observe that the intensity amplitude

of the spectra varies with the electrolyte composition. Indeed, the absolute fluorescence
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intensity difference between the beginning and the end of the main K-edge jump of non-
normalized XAS spectra at a given element edge is proportional to the amount of this element
in the material. The Co/Fe ratio in each deposit can therefore be retrieved from the ratio of
these intensity differences at Co and Fe K-edges, if the measurements conditions are taken
into account for each spectrum (attenuators, dead times). Figure 5.5b shows the iron
percentage in the alloy determined from XAS spectra versus the iron percentage in the
electrolyte solution. Red points correspond to iron content determined from alloys XANES
spectra and black points the one estimated from corresponding oxides XANES spectra. The
dashed line shows the 1 to 1 correlation between x and y axis. The plot indicates that the iron
percentage from XAS spectra shows a good agreement with the Fe content in the
electrodeposition solution, both for the alloys and oxides. The exact compositions are given in
Table 5.1, together with the deposit thickness expected from the electrodeposition calibration.
The biggest difference to the expected Fe content is measured for the 25% Fe electrolyte
where the iron content is found at 16% in the alloy and increases to 20.5% in the oxide.
Otherwise, the compositions are similar within a 4% error. The measured values between alloy
and oxide are also in good agreement the one with the other. Overall, this analysis indicates
that the alloys composition is close to that of the Co and Fe salts in the electrolyte solution,
suggesting that Co and Fe deposition rates are similar in our deposition conditions. According
to CVs in the potential window where the alloys are electrodeposited (see section 1 of chapter
2), both Co?* and Fe?* electrodepositions are limited by mass transport, which may explain
why no preferential deposition of one of the species occurs. For the sake of simplicity, in the
following the three alloy deposits will be named after the electrolyte composition: CozsFezs,

CosoFeso etc, and Coigo-xFex in general.
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Figure 5.5: (a) Non-normalized XANES spectra at Co and Fe K-edges of CoFe electrodeposited
bimetallic alloys from three different electrolyte compositions. (b) Iron content in the electrodeposition
electrolyte versus iron content measured with the Co/Fe intensity ratios calculated from raw XANES
spectra of metals (red) and oxides (black).

Table 5.1: Alloys composition. For each deposit the electrolyte composition is given (in M of
Co?" and Fe?" salts), together with the metal and oxides composition obtained with the
fluorescence intensity of non-normalized XANES spectra at Co and Fe K-edges. The
deposition thickness is the expected metal thickness obtained for a calibrated deposition time.
Co and Fe deposits shown in the previous section are added for comparison.

Electrolyte Alloy composition (XAS) | Oxide composition (XAS) | Deposition
composition Co Fe Co Fe thickness
1 mM Co 100% 0% 100% 0% 5ML
0.75 mM Co 77.7% 22.3% 79.1% 20.9% 5ML

0.25mM Fe
0.5 mM Co 50.6% 49.4% 51.3% 48.7% 5 ML
0.5 mM Fe
0.25 mM Co 16.1% 83.9% 20.5% 79.5% 5 ML
0.75 mM Fe

1mM Fe 0% 100% 0% 100% 5 ML

Alloys structure
As mentioned above, pure Co films electrodeposited on Au(111) in these conditions grow as

hexa-Co(001), while Fe films grow as bcc-Fe(110) and we did find these XRD peaks for the
corresponding deposits. For the three CoFe alloys described in Table 5.1, we looked for hexa-
CoFe(011), bcec-FeCo(110) and fcc-CoFe(111) since Fe may also have a fcc structure [2]. The
structure found for the alloys is given in Table 5.2, together with the detector angles (6,y)
corresponding to the XRD peak found. Additional structural characterizations (phi scans across

the diffraction peak) are shown in Appendix 5.1. Fe-rich alloys (CozsFers and CosgFesg) remain
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in the bcc structure of Fe(110) and & increases with increasing Co content. From the cubic
Fe(110) and CoFe(110) peak positions measured at 7.24 keV, the unit cell parameter of the

AxVh2+k2 412

i . For Fe metal, a unit cell parameter of 2.88 A

alloy may be retrieved as : acore =

is found, in good agreement with the value of 2.87 A that is expected. a.,r, decreases slightly
upon increasing Co content in the film, which has been reported in the literature [11], and
attributed to the fact that incorporating smaller atoms (Co radius (0.104nm) < Fe radius (0.11
nm)) in the lattice would shrink it. For the cobalt rich alloy CozsFe2s, two XRD peaks were found:
one weak hexa-CoFe(001) peak and one strong fcc-CoFe(111) peak. In the case of fcc-

CosFezs (111), a unit cell parameter of 3.61 A is determined.

The difference of structure measured for Fe rich and Co rich alloys is consistent with the
reported structure of electrodeposited CoFe alloys [9,10]. Kakuno et al. [9] found that the
structure of CoixFey films electrodeposited on Cu(100) depends on x : the films present a bcc
structure for x>0.3, followed by a transition from cubic to hcp structure for x<0.3, together with
the existence of a fcc structure for x in 0.1-0.05. A transition from bcc to fcc was also found by
Nakamura et al. [10] for x = 0.8. Since XAS spectra analysis (Table 5.1) gives a cobalt content
of 83% in CorsFezs alloy, the fce-structure found for this alloy is in line with the literature
transition values. The fact that a hcp component also exists for this alloy is also consistent with

the findings of reference [9].

To characterize the deposit structure, 2D detector images of Coig-xFex XRD peaks (see
Appendix 5.2) were recorded and analysed in order to estimate the height (d..) and width (d;)

of metal crystallites. The results are shown in Table 5.2: the lateral size of the crystallites is ~
10 to 20 nm and their height is in between 2.6 and 3.8 nm, which is ~ 3 to 4 times higher than
5ML of Co or Fe (0.7 to 1 nm). This difference is most probably due to the 3D shape of the
Bragg peak (vertically elongated ellipsoid) and to the measurement’s conditions (large detector
height or § angle). The 2D detector image corresponds thus to a cut of the Bragg peak with a
tilt compared to the vertical cut yielding a peak FWHM significantly smaller than that expected
from a vertical cut which gives the real film thickness. Consequently, the measurement is
limited by the smaller horizontal width of the Bragg peak and estimated d._ is larger than the
actual film thickness. The important point is that the lateral size of the crystallite is consequently

larger than their vertical sizes, suggesting a smooth morphology.
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Table 5.2: Structural parameters of bimetallic CoigoxFex deposits, including the structure, the
(Co)Fe(110), or CoFe(111) peak positions measured at 7.24 keV and an incident angle of 4°,
the unit cell parameter derived from it, and Co(Fe)(001) peak position measured at 7.83 keV,
together with the crystallite width (d;)) and height (d.) derived from XRD peak analysis.

Sample structure delta gamma a(A) d d.
Co Hexa-Co(001) 21.96° 45.0° - 15.4 nm 3.5nm
CO75Fe25 Hexa-CoFe(001) 21.95° 44.5° -
+ fcc-CoFe(110) 15.14° 47.48° 3.61 (fcc) | 14.7nm | 3.4 nm
CoSOFe50 bcc- CoFe(110) 25.19° 45.98° 2.86 9.9 nm 2.6 nm
Co,Fe_ bcc- CoFe(110) 24.96° 46.28° 2.87 14.0nm | 3.8nm
Fe bcc- CoFe(110) 24.71° 46.18° 2.88 18.2 nm 2.7 nm

XANES spectra of Coioo-xFexare shown in Figure 5.6a at Co K-edge and Figure 5.6b at Fe K-
edge. Comparison of these spectra the ones with the others also reflects the structural
differences found by XRD since at Fe K-edge the spectra of Fe, CozsFers and CosgFesg overlap
overs the entire energy range, with very similar oscillations frequency and amplitude in the
EXAFS region. On the contrary, CozsFess presents completely different EXAFS features. At Co
K-edge, Fe rich alloys spectra are also nearly identical, and those of Co and CozsFezs seem to
have similar features but the data quality of CozsFezs spectrum is not good enough to make a
strong affirmation. For each bcc CozsFers and CosoFesy alloys, the EXAFS oscillations
measured at Co and Fe K-edges of a same deposit overlap well (see Appendix A5.3). Since
fcc and bcc environments yield different EXAFS oscillations, this overlap indicates that both
Co and Fe are in a bcc environment, meaning that the alloys are solid solutions with a bcc

structure.
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Figure 5.6: XANES spectra of CoziooxFex metallic films at (a) Co K-edge and (b) Fe K-edge

Co and Fe oxidation states in anodic alloy oxides

Figure 5.7a and b show XANES spectra at Co and Fe K-edges respectively of anodic oxides
formed after oxidation of Coigo-xFex deposits. The XANES spectra of Co and Fe anodic oxides
are also shown for comparison. The spectra were recorded in 0.1M NaOH electrolyte at
1.4Vree, just after anodic oxidation. The anodic alloy oxides will be referred as Co1go.xFexOy in

the following.

At Co K-edge, XANES spectra of CoiooxFexOy are rather similar the one to the others.
Compared to CoOy, their main edge is shifted towards lower energies, they show low amplitude
in EXAFS oscillations and their pre-edge is more intense. These observations first indicate that
Co in anodic alloy oxides has a lower oxidation state than in CoOy. The small EXAFS
oscillations amplitude also suggests a lower order at short distance compared to CoOy,
meaning that alloy oxides would be more disordered than Co oxide. However, we cannot
exclude that the high pre-edge and the low EXAFS oscillations amplitude observed for the
alloy oxides would result from a contribution of remaining CoFe alloy after oxidation. Even
though no XRD metal peak is visible anymore, it might be present in too little proportion to be

detectable.

At Fe K-edge, all spectra look very similar in terms of shape, main edge energy and EXAFS
oscillations, which suggest that both Fe oxidation state and Fe environment are close in FeOy

and Co1o0-xFex0y.
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Figure 5.7: XANES spectra at (a) Co K-edge and (b) Fe K-edge of Coi00-xFexOy oxides

The Co and Fe oxidations state of the oxides are determined with the XANES spectra of Figure
5.7, the main edge energy being calculated for u > 0.35 in order not to take into account the
pre-edge contribution. The obtained aCo(1.4V) and aFe(1.4V) values for each oxide are shown
in Table 5.3. In anodic alloys, aCo(1.4V) is in between 2.0 and 2.2, significantly smaller than
in CoOy, while aFe(1.4V) is higher, and increases with increasing Co content, from 2.67 in
FeOy to 2.83 in CorsFezs0y,

Table 5.3 also gives the charge measured during anodic oxidation of each of the deposits
which may be compared to the oxidation state of Co and Fe. Indeed, all Co/Fe atoms are
oxidized in the deposits and that their amount in the deposits is known from the structure as
well as the thickness of the films. The oxidation charge is related to x, the number of electrons
exchanged during the reaction M > M*+ x e (M being Co, Fe or both) and the amount of
Co/Fe atoms in the film. Estimating x yields values in between 3.4 and 3.6, which is larger than
the oxidation states measured here (between 2.2 and 2.85), which suggests that a side

reaction takes places during the anodic oxidation process.

As a comparison with spinel oxides where the mean cations oxidation state in the material is
2.66, the mean cations oxidation state obtained in the anodic alloy oxides is also given in Table
5.3 (last column). It is obtained by weighting Co and Fe oxidation states measured with XANES
spectra by their content in the film. The mean cation oxidation state is 2.5 — 2.6 in CosoFesoOy
and CozxsFersOy which is not too far from what is expected in spinel oxides. However, in
CorsFezsOy it is 2.25, which departs more from the value in spinel oxides. Overall the Fe and
Co oxidation states measured in the alloy oxides have some similarities with Co rich spinel
oxides Coi.xFexOy presented in chapter 4, since Fe oxidation state is higher than the one of

Co (Fe®* and Co?®*"). However, the preparation method forced Fe to be present as Fe®*, which
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makes it difficult to establish relevant comparisons between the oxides. It is also not easy to
conciliate the oxidation state measured with a known CoFe oxide type. The lower mean
oxidation state of CozsFe2sOy could for instance result from the fact that the oxide is a mixed
of different oxide types (CoFe(OH). and Co.FeO, for example). This may also be the case of

the other alloy oxides in a smaller proportion.

Table 5.3: Spectroscopic parameters (Co, Fe and global metal oxidation states) of the oxides
(5 ML thick) derived from XANES spectra recorded at 1.4Vgrne in 0.1M NaOH after
metals/alloys oxidation. The anodic oxidation charge as well as the mean cations oxidation
state in the film derived from aCo and aFe.

Sample aCo (1.4V) | aFe (1.4V) Oxidation charge | Mean a cations
CoOy 2.8 - 5.07 mClcm? 2.8
Co_Fe Oy 2.09 2.83 4.96 mC/cm? 2.25
Co,_Fe_Oy 2.21 2.80 5.36 mC/cm? 2.50
Co_Fe_ Oy 2.0 2.72 5.28 mCl/cm? 2.57
FeOy - 2.67 5.36 mCl/cm? 2.67

Catalytic properties of CoigoxFexOy films

The catalytic activity towards OER of the anodic oxides has been investigated in the closed
XAS/XRD cell with the polymer membrane inflated, using cyclic voltammograms at 5mV/s in
0.1M NaOH. Figure 5.8a shows the CVs of CoOy, CorsFe2s0y, CozsFersOy and FeOy samples,
all formed on the same Au(111) substrate. CosoFescOy is not shown because it was formed on
another Au(111) substrate and the electrochemical characterizations only go until 1.57V. The
current density is given versus the substrate’s geometrical surface area. The corresponding
Tafel plots are shown in Fig. 5.8b. The OER activity follows the trend CoOy > CorsFezsOy
>CozsFersOy> FeO,. The overpotential measured at a current density of 0.2mA/cm? as well as
the current density at 1.63V are given in Table 5.4. It confirms that FeOy is the least OER active
of oxides [3,4], as was the case for Fez04 in chapter 4. The surprising observation is the lower
overpotential of CoOy compared to CoFe oxides, while the addition of iron to Co oxides is
generally thought to improve OER activity [5]. However, the overpotential of CossFezsOy is very
close to that of CoO, and they become almost equal around 1mA/cm?. This suggests that
CorsFezsOy might be a better catalyst than CoOy for higher current densities. Table 5.4 also
gives the Tafel slopes: all mixed CoFe anodic oxides exhibit a similar Tafel slope of ~ 65
mV/decade, while that of CoOy, and FeOy is 75 mV/decade. This may indicate that the OER
reaction proceeds with a similar mechanism on all mixed CoFe oxides and that it differs from

the one taking place at CoOy and FeO, surfaces.
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For this catalytic activity comparison, we have assumed that all oxides have a similar
electrochemical surface area. Previous in situ STM imaging have shown that Fe and Co metal
films electrodeposited in these conditions are two dimensional and atomically flat [2,32], and
the oxides formed after their anodic oxidation are expected to maintain a rather similar smooth

morphology. Therefore, a strongly different ECSA form the substrate surface area is not

anticipated.
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Figure 5.8: (a) Cyclic voltammograms in 0.1M NaOH at 5 mV/s for CoiooxFexOy oxides, and (b)
Corresponding Tafel plots in OER regime.

Table 5.4: Catalytic properties of CoiooxFexOy samples measured during CV in 0.1M NaOH
electrolyte. The current density at 1.63Vgrue, the overpotential at 0.2 mA/cm? and the Tafel
slopes are given.

Sample jat 1.63V (mA/cm?) | n(mV) | b (mV/decade)
CoOy 0.66 361 75
Co_Fe Oy 0.63 377 67
75 25
Co_Fe_ Oy n.a. n.a. 64
50 50
Co_Fe_Oy 0.19 401 66
25 75
FeO, 0.07 430 75

Potential induced spectroscopic changes

The mean variations of Co and Fe oxidation state with potential AaCo(U) (second line) and
AaFe(U) (third line) are presented in Figure 5.9 for CoOy (red), CosFezsOy (orange),
CosoFes00y (blue), CozsFersOy (green) and FeOy (black). They were measured during CVs at
5mV/s in 0.1M NaOH (top line), by recording the fluorescence intensity variations when the
sample is illuminated by an X-ray beam which energy is close to E.4,4. at Co and Fe K-edges.

The Fe and Co oxidation states measured at 1.4V for each oxide are given on the
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corresponding plots. The CVs in Fig. 5.9 are focused in the pre-OER regime. One cathodic
wave around 1.1-1.15V is present in all CVs. Almost at the same potential, an anodic wave is
visible for Co and CozsFezs, while an anodic peak can be seen around 1.27V for CosoFeso, and
around 1.3V for CozsFers. It may be attributed to Co?*/Co®* redox transition [5,7,8]. Anodic

waves are difficult to distinguish in the CV of FeO,.

The Co mean oxidation state variations 4aCo occur before the OER, i.e. between 0.97V and
1.57V: AaCo~ 0.1 for CoFeOy oxides, and 0.13 for CoOy. Except for CorsFess, the increase is
steep in [0.97V — 1.4V], then it slows down and almost saturates for CozsFezsOy. In the case
of Fe, one also observes variations of 4aFe in pre-OER regime with, however, with a smaller
amplitude. AdaFe ~ 0.02 measured for CossFe2sOy, and is 0.01 for FeOy. For CosoFesoOy and
CozsFersOy, daFe(U) is constant. If some measurements show higher noise than other, like
AaFe for CosgFeso, this is probably due to experimental conditions (thickness of electrolyte
layer on top the sample for example). These measurements show a systematic increase of Co
oxidation state in [0.97 — 1.67V], that are a little higher for CoOy than for CoFeOy. In the same
potential window, Fe oxidation state does not change in Fe rich CoFeOy, and it increases only

slightly in FeOy and CozsFezs0y,.
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Figure 5.9: Mean Co and Fe oxidation state variation Aa, (second and third lines respectively) and
Aar, measured during a CV (top line) at 5SmV/s in 0.1M NaOH at an energy close to E,;4. for Coioo-
xFexOy oxides.

5.4 Discussion

Oxidation of Coig0xFexOy OXides

In this section, we aim at quantifying the potential induced variations of Co and Fe oxidation

states shown in Figure 5.9. For this purpose, one may draw a comparison with Co304(111) in
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chapter 3: namely we assume that the Co?* atoms in the near surface region of the oxide’s
crystallites are oxidized into Co®" upon increasing potential, while the Co atoms in the
remaining of the oxide layer keep the same mean oxidation state. Let us take the example of
CoOy, illustrated with Figure 5.10. At 1.0V, the oxide film has a mean oxidation state a.,(1.0V)
and contains Ng, Co atoms per nm2. When it is polarized at a potential U > 1.0V, N,,(U) Co
atoms have been oxidized into Co*" while N, — N,,(U) Co “bulk” remain Co?*. We want to

determine N, (U) for each anodic oxide shown in Figure 5.9.
Following the model of CoOy in Figure 5.10, N£2(U) is related to AaCo(U) by the relation:

N¢o * AaCo(U)
(3 = ag,(1.0V)

Noz (U) = (5.1

In the 5 ML thick Co metallic deposit, the Co density per nm? is N, = 5 * p,,, (see section
5.2). If we assume that no metal dissolution occurs while oxidizing the deposit, the amount of
Co atoms in the as-formed oxide is the same as in the metal.

N - s =
3

1.0V u

Figure 5.10: Scheme of CoOy anodic film at 1.0V containing N, atoms at mean oxidation state
ac,(1.0V). At a potential U > 1.0V when N, (U) Co?* atoms at the surface of the film are oxidized
into Co3*.

The same reasoning applies to obtain NF¢(U) from potential induced oxidation state changes

measured at Fe K-edge. The same method also applied for the alloys except that Ny, = 5 *

(100-x)

X
PML* o0 and Nge = 5 * py * Too'

Table 5.5 gathers the different values used to determine NZ¢(1.55 V) and N52(1.55 V) for each
anodic oxide, including N,,, Nge, aco(1.0V), ap.(1.0V), AaCo(1.55V) and AaFe(1.55V). This
potential is chosen for two reasons: (i) not all measurements go beyond this potential and (i)
[097-1.5V] is the potential region where the largest Co oxidation states are measured since

AdaCo(U) seems to saturate above this potential.

Table 5.5: Spectroscopic and structural parameters used to compute NF¢(1.55V) and
NS2(1.55V) for each anodic oxide. aCo/Fe(1.0V) are Co and Fe oxidation state at 1.0V,
AdaCo/Fe(1.55V) are the amplitude of variations of 4a between 1.0V and 1.55V, determined
from Figure 5.9. d.q(1.55V) is the skin layer thickness formed at the surface of the anodic
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oxides considering that their density is that of Co30. or Fe;O4. As comparison, one Co3s04
monolayer (Co-O-Co distance) is 0.2 nm thick.

Sample Neo Npe Ao Ape Aac, Aag, deq(1.55V)
(Co/nm?) | (Fe/nm?) | (1.0V) | (1.0V) | (1.55V) | (1.55V)
CoOy 397.5 - 2.71 - 0.13 - 0.80 nm
CO75FeZSOy 300.2 79.8 2.03 2.82 0.08 0.017 | 0.13 nm (Co)
0.13 nm (Fe)
COSOFeSOOy 154.3 148.3 2.16 2.82 0.085 0 0.10 nm
C025F6750y 63.6 239.0 1.92 2.72 0.10 0 0.07 nm
FeOy - 302.5 - 2.66 - 0.012 0.04 nm

NFe(1.55V) and NS°(1.55V) are shown in Figure 5.11 for all CoigoxFexOy,. The first
observation is that N52(1.55 V) is much larger in CoOy than in alloy oxides: there is a factor 7
with N52(1.55 V) in CozsFe2sOy and a factor 25 with that in CozsFezsO,. The second observation
that highlights Figure 5.11b is the decrease of N&2(1.55 V) with increasing Fe content in the
alloy. By comparing N52(1.55V) to Ng,, we can estimate that the oxidized surface layer
(equivalent skin layer) corresponds to half of CoOy initial film, while in the case of CoFeOy
oxides it is ~ 10% of the Co atoms in the film (all anodic films have similar thickness). In the
case of FeOy, NF¢(1.55 V) is low compared to CoOy, which was expected from the only slight
AaFe(U) increase for this oxide. It indicates that ~ 4% of Fe atoms in the film are oxidized upon
increasing potential. NJ¢(1.55 V) in CozsFezsOyis also not negligible since it corresponds to ~
10% of Fe atoms in the film, just as for N$2(1.55 V) in this oxide. Overall this indicates that the
presence of Fe in the anodic oxides has an appreciable impact on the amount of Co®" atoms

that are present on the surface layer region.
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Figure 5.11: Nf¢(1.55 V) (black) and N£2(1.55 V) (red) as a function of the iron content in the anodic
oxides. They respectively represent the amount of Fe3* and Co®" in the surface region of the oxides
at 1.55V. (b) is a zoom in the 25-100% iron content region of (a).

To compare these results with the thickness of skin layers measured by XRD in the case of
Co0304, FesO4 and CoixFexOy (chapters 3 and 4), we will estimate the equivalent thickness
called d,, (U) that N (1.55 V) and N5¢ (1.55 V) represent. For this, the Co density in the anodic
films will be approximated by Co density in C0304 (pcp304 = 45.4 Co/nm?3) and by that of FesO,4
for Fe anodic oxide (p¢p304 = 42.9 Fe/nm?). For Co atoms, d,,(U) is for instance expressed:

NE2(U) * ¢
deq(U) = = IOOM—Lx (5.2)

Pcozos * o)

The values of d.,(1.55V) are given in Table 5.5 for each sample. For comparison, one Co
monolayer in Co304(111) (Co-O-Co distance) is 0.2 nm. d,,(1.55V) is 0.8 nm for CoOy which
is rather comparable with the skin layer thickness on C0304(111) (0.5 — 1.0 nm). In the case of
the CoFe anodic oxides, d.q(1.55V) is around 0.1 nm which is smaller than the skin layer
thickness measured on CoixFexOy(111) (0.15-0.45 nm). In addition, d.4(1.55V) decreases
with increasing iron content, which was also measured in chapter 4 for mixed spinel oxides.
In the case of FeOy, d,4(1.55V) is 0.04 nm which is at least half of what we measured for the
skin layer on Fe304(111) (0.1-0.2 nm). For CozsFe7s0y, the equivalent skin layer thickness is
the same considering Fe** and Co*" amounts, which suggests that the surface layer region
may homogeneously contain both Co*" and Fe®*. For the two other alloys, this region may be
composed of Co®*" and mainly Fe3* since Fe oxidation state is around 2.8, however some Fe?*

remain.
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Hence, the general trend in d, is CoOy > CoFeOy > FeOy, which is similar to the trend found
electrodeposited spinel oxide layers. The values of d., for FeOy and CoFeQy are smaller than
that expected with spinel oxides (chapter 4). This may be due to a wrong estimation of Co/Fe
density in the anodic oxides. For example, Co density in CoOOH is 1.5 times lower than in
Co30.4. Using CoOOH Co density would therefore increase d,,(1.55V) and make it closer to

what was measured in chapter 4. However, since the data are in fair agreement between
spinel and anodic oxides, this justifies the use of the skin layer model (see Figure 5.10) to

determine the data presented above for anodic oxides.

OER activity and amount of Co®"/ Fe®* in the surface region

In light of the above analysis, we will compare the OER activities of the different oxides. Figure
5.12 shows the ratio j(1.55V) / N,,(1.55 V) that represents the current density per atom in the
active (oxidized) phase, as a function of the iron content in the anodic oxides.

We observe that the ratio j(1.55V) / N,,(1.55 V) is smaller for pure oxides (FeO, and CoOy)
compared to mixed oxides CorsFe»sOy and CozsFersOy. This means that the catalytic activity
per atom in the “skin layer” is higher for mixed oxides. In addition, the figure shows that the
catalytic activity per Fe atom in FeOy is higher than that measured per Co atom in CoOy. This
is surprising since Co oxides are very often considered as better catalysts than Fe oxides, and
at the scale of the complete catalyst, we indeed measured that the OER activity of CoOy is
higher than that of FeOy (see Fig 5.8). The present graph however seems to indicate that for
our anodic oxides, the catalytic activity per active site in FeOy is higher than that in CoOy, but
since FeOy active (oxidized) phase contains fewer active sites than that of Co oxide, its global
OER activity is lower. This is in line with the conclusion drawn in chapter 4 form the comparison

of spinel Co304 and Fe30..

In the same way, one can see that CoOy global OER activity (Fig 5.8) is higher than that of
mixed oxides CoFeOy, while its activity per Co atom (Fig 5.12) is lower than in mixed oxides.
Indeed, the amount of Co®* in CoOy active phase is consequently higher than for in mixed
oxides. For example, itis ~ 7 times higher than in CorsFe2s0y while CozsFe»sOyand CoO, global
OER activity at 1.63V are not very different (0.66 and 0.63 mA/cm?). A first explanation for
such differences would be that only a fraction of Co*" within the skin layer of CoO, are OER
active. However, this seems improbable because a correlation between OER activity and
amount of Co®" in the surface layer was found for CoOy anodic oxides of varying thicknesses
(see Appendix A5.4), which suggests that a higher amount of Co*" in the skin layer is
associated to a higher OER activity, and therefore all Co®" within the skin layer would be OER
active. A second explanation would be that due to Fe presence, the catalytic scheme is

different for CoFeO, and CoOy: it does not require as much Co** at CoFeOy surface as it does
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for CoOy to obtain a similar OER activity. This would be supported by the different Tafel slope
measured for CoOy (~75 mV/dec) and CoFeOy (~65 mV/dec). In addition, a similar observation

was made for spinel CoixFexOy and Cos04 oxides in chapter 4.

&

c o

(o=

D [ )

w

S 0.001} e

\_:O< b

Z

< J

)

0

o

1E-4 1 : 1 : 1
0 50 100
% Fe

Figure 5.12: Ratio j(1.55V) / N, (1.55 V) representing the catalytic
activity per Co/Fe atom in the oxidized (active) phase, as a function of
the iron content in the anodic oxides.

Comparison of anodic and crystalline oxides:

As evoked along this chapter, spinel and anodic oxides differ regarding their structure,
thickness and redox states, and we will now compare their OER activity and surface redox

state at OER potential.

Figure 5.13 compares the catalytic activity of anodic and spinel oxides in 0.1M NaOH. In the
latter case the current density is normalized to the ECSA (we used AFM images to determine
the roughness factor of the oxide surface, see chapter 3 for more details). For anodic oxides,
the geometrical surface area of the substrate is used since the oxides are grown on atomically
flat metallic films. First, FeOy and FezO4 (111) exhibit very similar overpotential and Tafel
slopes, suggesting that the OER mechanisms is the same for the two types of Fe oxides. On
the contrary, CoOy is unambiguously a better catalyst than Co0304 (111) and CoOOH(001)
samples, with an overpotential 70-80 mV lower. However, CoOy has a higher Tafel slope than
crystalline oxides (75 mV/decade against 55-60 mV/decade), which suggests that the rate
determining step might be different for anodic and spinel oxides. However, operando
characterizations suggest that the amount of Co*" in the active phase are probably not too

different for both types of oxides. A higher number of defects within the non-crystalline CoOy
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anodic oxide may account for its higher catalytic activity compared to Cos04(111), since defect

sites such as oxygen vacancies are believed to be the most active for OER [12].
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Figure 5.13: Comparison of anodic and crystalline oxides OER activity with Tafel plots: (a)
Co oxides (b) Fe oxides and (c) CoFe oxides. The current density is given versus the ECSA
for crystalline samples (determined with AFM images) and versus the geometrical surface
area for anodic oxides.

In both types of mixed CoFe oxides, a significant increase of Co oxidation state and almost no
change in Fe oxidation state are measured in operando conditions. The exception is
CorsFezsOy in which aFe increases slightly, which is probably facilitated by the fact that there
are Fe?* centers in the anodic oxides. Therefore, a redox transition Fe?* - Fe®" is possible,
unlike in Fes04(111) films. These observations are interpreted as the formation of a skin layer
at the surface of mixed oxides, mainly composed of Co®** and Fe**. In both types of mixed
oxides, we also saw that the catalytic activity of the films was related to the thickness of the
skin layer formed at OER potential, which decreases with increasing Fe content. Fig.5.13c
compares the OER activity of CossFexs0y, C0g.31F€0.600,/CoOOH and Cog.1sFe0.820,/CoOOH.
The current density measured for the spinel oxides is normalized to the ECSA. The difference

in overpotential are not very large between the three oxides (30 mV gap maximum), the anodic
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oxide having a low overpotential especially at low current densities. The crystalline oxides have
smaller Tafel slopes than anodic oxides (45-55 mV/decade and ~65 mV/decade respectively),
which suggests a difference in the OER mechanism taking place at the surface of each type
of oxide. These observations may be interpreted as: for a similar Fe content in the oxides, a
similar number of active sites are involved during OER at their surface, but the active site(s)

on which OER proceeds may not be the same(s).

To summarize, a schematic comparison of Co, CoFe and Fe oxides surfaces at OER onset is
shown in Figure 5.14. Globally, for either crystalline or amorphous oxides, a “thick” skin layer,
made of Co®*" mainly is formed at the surface of Co oxides, while that of CoFe is smaller,
containing Co®*" and Fe*" principally and an even thinner Fe3* containing skin layer is formed
at the surface of Fe;O4. The large-scale transformations (structural and redox) undergone by
each oxide type are similar whether they are crystalline or amorphous. However, the local
atomic environment differs between crystalline and disordered oxides, corresponding to
different OER mechanisms especially for Co containing oxides. This leads to the common idea
that disordered samples are more active than the crystalline ones, for which we only find strong

evidence in the case of pure Co oxide.

3+ 3+

Fe
i Co

3+ 3+
Co _Fe

f

Fe oxide Co oxide CoFe oxide

» Intrinsic activity
Figure 5.14: schematic comparison of Co, CoFe and Fe oxides at OER onset.

5.5 Conclusion

In this chapter, anodic oxides formed by oxidation of a metal or alloy films have been prepared
and characterized in situ by SXRD and XAS. Since the structure of the initial metal film is
known, the density of Co and Fe atoms within the as-formed oxide film can be estimated, as
well as the redox states of Co and Fe. Their potential induced changes in pre-OER and OER
regimes can therefore be quantified and show similar trends for mixed oxides, with an increase
of OER activity linked to a higher amount of Co** in a surface region formed in pre-OER regime.
Even though more Co*" are present on the skin layer of CoOy than in CozsFe2sOy, both oxides
have a similar OER activity, which suggests the existence of different active sites for mixed
oxides, more efficient. Comparison of potential induced redox changes and catalytic activity

between crystalline (chapters 3 and 4) and anodic oxide samples of similar metal composition
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yields common large-scale features for both amorphous and crystalline samples, and suggests

differences of mechanisms at the atomic scale especially for Co containing oxides.
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Chapter 5

5.7 Appendix

Ab5.1 Additional structural characterizations of electrodeposited films: phi scans

Additional structural characterizations of electrodeposited metal and alloy films include ¢-
scans around the CoFe(011), (111) and Co(001) peak. Such scans are shown in Fig.A5.1 for
all CoiooxFexsamples. For metals with a bcce structure, a pair of broad Bragg peaks are found,
separated by 4¢ ~ 9° (Fe) and 4¢ ~ 7° (CosoFesp). The appearance of these peaks is expected
for bce-Fe(110), for which the formation of two distinct peak contributions was measured for
deposits as or more thick than 5ML [2]. For 5SML Fe deposit, 4¢ was found close to 8.5°, which
is line with our measurements. Hexa-Co(011) and fcc-CorsFezs(111) exhibit narrow and

intense peaks.
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Figure A5.1: ¢ scans around Coioo-xFex XRD peaks

Ab5.2 Example of metals and alloys XRD peak

Figure A5.2 presents the CoiooxFex XRD diffraction peaks from which structural information
given in Table 5.2 are determined. They were recorded in pH 13 electrolyte at a potential
where the metal phase is stable. They are broad Bragg peaks corresponding to thin metal
films, which do not appear anymore after anodic oxidation of the films, as the second line of
Fig. A5.2 shows.
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Co75Fe25(-111) 0F5(01 CoZSFe75(011) Fe(011)

Figure A5.2: (first line) XRD peaks of the different electrodeposited CoFe alloys and Fe metal studied
in this chapter, and (second line) XRD signal at the previous peak position after anodic oxidation.

A5.3 Comparison of XAS spectra of alloys at Co and Fe K-edges

Figure A5.3 shows the superposition of Co and Fe K-edges XAS spectra measured for a same
alloy. Co K-edge spectrum is shown in red and Fe K-edge in black. In (a) and (b) are the
spectra of bcc CozxsFers and CosgFeso for which the EXAFS oscillations overlap almost
completely between Co and Fe spectra, except a slight difference in the very first oscillation.
Since fcc and bcc environment yield different EXAFS oscillations, this overlap indicates that
both Co and Fe are in a bcc environment, meaning that the alloys are solid bcc solutions. In

the case of CorsFess (), the comparison is more difficult because of the quality of the spectrum

at Co K-edge.
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Figure A5.3: Superposition of XAS spectra measured at Co and Fe K-edges for a same alloy: (a)
CozsFers, (b) CosoFeso and (c) CorsFess.
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A5.4 Anodic Co oxides of different thickness

As mentioned in 5.3, we have studied CoO, oxides obtained from anodic oxidation of Co(001)
films of different thickness. Fig.A5.4 shows the dependence of Co oxidation state determined
by XAS spectra analysis with the thickness of the initial Co(001) film measured with SXRD. At
both 0.97V and 1.37V (within the pre-OER regime), a., decreases with increasing thickness
of the initial metal film. This indicates that thinner CoOy tend to have a higher Co oxidation
state than thicker ones. The oxidation states we measure are lower than 3 even for thin
samples at OER potential, and higher than 2.65 for samples that we consider as fully oxidized
(no metal contribution remaining in the XRD signal). If we assume that the oxide is composed
of two layers, one containing Co(ll) and one with Co(lll), this means that the Co(ll) phase is
more consequent for thicker oxides. In this case and even if CoOy is seen as an homogeneous
phase of oxidation state «,, this dependence with the Co(001) thickness could be explained
by the fact that oxidizing Co(0) to Co(ll) is easier than Co(0) to Co(lll), and the oxidation is all
the more facilitated than the number of Co atoms is small. Thinner layers would therefore be
more readily oxidized into Co(lll) than thicker ones where the oxidation would be more difficult,

making more Co remaining Co(ll).
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Figure A5.4: Co oxidation measured at 0.97V (black) and 1.37V (red) for
CoOy formed by anodic oxidation of Co(001) metal films of different
thickness (measured by SXRD).

In Fig. A5.5, the catalytic activity of CoOy films of different thickness (see A5.4) is compared
to the amount of Co?* oxidized in Co3" before OER, between 0.97V and 1.55V. This amount is

given in Co per nm? (according to Eq. (5.1)). A higher amount of oxidized Co atoms is
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Chapter 5

associated to a higher current density at 1.57V. Thicker oxides (less Co®* rich) also tend to
form thicker skin layers, allowing higher OER activity. This is in line with the work of Du et al.
[16] who have shown a dependence of OER activity with the volume of electrodeposited CoCat

catalyst. A combined volume and surface activity would therefore also exist in our CoOy

catalysts.
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Figure A5.5: Amount of Co?* oxidized into Co®" between
1.0V and 1.57V as a function the current density at 1.57V for
CoOy samples of different thicknesses.
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General conclusion and perspectives

In this thesis, we investigated the operando behaviour of different metal oxide catalysts for
water splitting using both surface X-ray Diffraction and X-ray Absorption Spectroscopy. This
aims at developing a better understanding of the oxygen evolution reaction mechanism taking
place at their surface, which is required for developing efficient OER catalysts. We chose to
study cobalt, iron and mixed cobalt iron oxides which are amongst the best earth abundant
catalysts for water oxidation into oxygen in alkaline electrolyte. Especially, for our studies we
used model catalysts which present well-defined morphologies, structures and compositions.
These are epitaxial oxide thin films obtained by electrodeposition methods. The use of model
catalysts enables to correlate the electrochemical response of the catalysts, measured versus
a known electrochemical surface area with the structure and chemical state of the catalysts
measured under operating conditions. We prepared thin films of Co, Fe and CoFe oxides
adapting preparation methods in the literature. We also devised a new preparation method for
Co rich CoFe oxides. In the latter case, we were able to obtain very flat films by performing the
electrodeposition on CoOOH(001)/Au(111) buffer layers. We also devised another method for
preparing Co, Fe and CoFe oxides based on the anodic oxidation of metal films. We used
operando structural characterizations using XRD consist in monitoring changes of crystallites
sizes and lattice parameters during potential sweeps until the OER regime. We additionally
developed a procedure to simultaneously track the Co oxidation state using the XAS

fluorescence signal emitted by the material at a chosen incident energy.

In the case of Co304, we evidence the transformation a sub-nanometre thick surface layer of
the crystallites into a disordered phase which mean oxidation state is 3. This surface layer,
referred as skin layer is the active phase for OER and is formed upon the oxidation of Co?* in
the near surface to Co*. For CoOOH, the active phase is the (001) basal plane, which
undergoes potential induced deprotonation, leaving a ~ 50% protonated surface at OER onset,
where Co** are mainly present. In both cases, we found no evidence for the presence of Co**
on the surface during OER. The Co*" surface termination of both oxides is consistent with their
similar OER activities. The surface crystallinity and roughness do not seem to play an important

role in the OER activity.

We then extended the study to crystalline mixed CoFe oxides (CoixFexOy) and iron oxide
FesO.. Fe is present as Fe®" in the mixed oxides, and Co oxidation state is ~ 2.5. We evidence
the potential induced formation of a skin layer on the Fe containing oxide’s surfaces, just like

for Co30.. Its thickness decreases with increasing Fe content, ranging from ~ 0.4nm in Co rich
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oxides to ~ 0.1nm in Fe3z04. We find a mean Co oxidation state in the skin layer of 3.2 - 3.3,
which is higher than for Co3O4, while Fe oxidation state remains unchanged. We measure that
the OER activity of Cos04 and CoixFexOy is similar, while that of FezO, is clearly lower. To
rationalize this, we show that the number of active sites in the skin layer as well as its Co
oxidation state should be considered. At equal OER activity, Coi.xFexOy skin layer contains
less active sites than that of Cos04, and a higher Co mean oxidation state. We show that Co
oxidation state and catalytic activity per active site are related. The intrinsic activity of Co-
«FexOy active sites is therefore higher than that of CozO4but the skin layer of the latter contains
more active sites, globally resulting in a similar activity. Finally, almost no skin layer is formed
at the surface of FesO., therefore containing little active sites, which may explain their lower
OER activity.

In the last part of this work, we introduced another preparation method with which oxides films
one order of magnitude thinner (1-2 nm) can be obtained. It consists in the anodic oxidation of
an ultrathin metal or alloy epitaxial layers electrodeposited on Au(111). We could grow using
this new method CoFe alloys with a wide composition range. These oxide films are not
crystalline but their low thickness enables to track the potential induced oxidation state
changes with high sensitivity. We found that the Co and Fe oxidation states in the
corresponding anodic oxides are slightly higher than those of Cos0,4 and Fe3;04 but remain less
than 3. In the case of alloy oxides, Co oxidation state is lower than that of Fe (2 - 2.2 against
2.7 - 2.8). Considering the same potential induced oxidation model described for spinel oxides,
we could conclude that Co anodic oxides do not catalyse as efficiently the OER reaction as

the anodic alloy oxides do.

Overall, we have evidenced a general pattern amongst cobalt, cobalt-iron and iron oxides in
pre-OER regime: the potential induced formation of a 3D reaction zone containing high valency
cations. This is the active phase for OER, it is thicker on Co oxides compared to Fe oxides,

and has an intermediate thickness for mixed CoFe oxides.

Beyond the work presented here, more investigations would however be required in order to

get a more comprehensive understanding of the results we obtained.

Regarding the skin layer of spinel oxides, even though we have been able to determine the
metal oxidation state within it, we could not resolve the complete chemical composition of the
skin layer with our measurements. Doing EXAFS characterizations at OER potential could
provide more insights into the Co local environments in the skin layer, which would be useful
to understand the similarities in OER activity of Coz04 and CoOOH. In the case of CoFeOy

spinel oxides, this could also help understanding why is Co more oxidized in CoixFexOy skin
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layer than in CosO4, and therefore get more insights into the possible difference of OER
mechanism between them. For these mixed oxides, even though we are confident in the results
obtained by operando XAS-XRD measurements, performing additional measurements on
other samples of different compositions would be interesting especially to investigate how the
Co oxidation state within the skin layer might change with the oxide composition, and get

stringer correlation with OER activity.

In addition, there are several experimental conditions that may have an influence on our
results, which would require more investigations. For example, we found that the substrate on
which the oxide is grown, the morphology of the oxide, or the pH of the electrolyte can influence
both OER activity and potential induced structural changes of Co0s04(111). Moreover, our
operando characterizations would benefit of being performed in experimental conditions closer
to that of commercial electrolysers, for example at higher temperature (70°C) and in more
concentrated electrolytes. The stability of the oxides during long term catalytic use is also an
interesting parameter to look at. This includes investigating the stability of their catalytic
performances and their structural stability (is amorphization becoming definitive, is the catalyst

dissolving?).

Regarding anodic oxides presented in chapter 5, more knowledge about their exact
composition, atomic arrangement and morphology would be required to get a more
comprehensive understanding of their operando spectroscopic behaviour. Additional in situ
characterizations using STM or XPS could be interesting in this regard. Since these samples
are only characterized in situ, studying their stability in air with XAS, XRD and AFM
characterizations would also be interesting. This might also help understand the OER activity
differences between spinel and anodic oxides. We have also seen in the case of Co anodic
oxides that the thickness of the oxide can influence its oxidation state. The influence of this
parameter and how it may impact the operando behaviour of the oxides should therefore be
investigated in the case of the other oxides. Repeating the XAS measurements with thinner
alloy oxides could help also determine if residual metal is present or not in the alloy oxide films.
Moreover, in order to have a broader understanding of the correlations between catalytic
properties and potential induced redox changes in the anodic alloys, the resulted of chapter 5
should be consolidated by additional measurements including more alloy compositions

distributed on the whole composition range.
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Résume: La décomposition électrochimique de
I’eau en oxygeéne et hydrogéne est un moyen
énergétiquement efficace de convertir et stocker
I¢lectricité issue d’énergies renouvelables. Pour
cette technologie, I'utilisation de catalyseurs est
nécessaire afin d’optimiser le rendement de
conversion. Les oxydes du groupe fer (Fe, NI, Co)
sont parmi les meilleurs matériaux présent en
abondance sur terre pour la catalyse de la réaction
d’oxydation de I’eau en oxygene. Le
développement de catalyseurs efficaces implique
leur synthése et la compréhension des mécanismes
réactionnels ayant lieu a leur surface. Dans ce
travail, nous cherchons a développer une meilleure
connaissance de la structure atomique et de 1’état
chimique des catalyseurs en conditions
réactionnelles.

Titre : Etudes in operando par diffraction et spectroscopie d’absorption des rayons X de catalyseurs
modeles pour la décomposition de I’eau

Mots clés : caractérisations operando, structure, électrochimie, oxydes, degré d’oxydation

Pour cela, nous avons synthétisé des catalyseurs
modeles — des couches d’oxydes trés minces avec
une morphologie idéalement plane électrodéposés
sur un substrat — et utilisé le rayonnement
synchrotron pour sonder, en conditions operando,
la structure atomique et le degré d’oxydation des
cations métalliques. L’utilisation de catalyseurs
modeles permet une interprétation approfondie des
observations faites. Les corrélations établies, entre
propriétés structurales et variations de degré
d’oxydation, sont utilisées pour identifier la phase
active pour la réaction d’oxydation de I’eau et
discuter de son mécanisme réactionnel.

Abstract: Water splitting into oxygen and hydrogen
is a promising route for renewable energies
conversion and storage. For this technology, the use
of catalysts is mandatory in order to optimize the
conversion efficiency. lron group oxides (Fe, Ni,
Co) are amongst the best earth abundant materials
for the catalysis of water oxidation into oxygen
reaction. The development of efficient catalysts
involves their synthesis and understanding the
mechanisms of this reaction at the surface of such
materials. In this work we aim at developing a better
knowledge of the atomic structure and chemical
state of the catalysts under reaction conditions.

Title: Model catalysts for water splitting studied operando using X-ray Diffraction and X-ray Absorption
Spectroscopy

Keywords: operando characterizations, structure, electrochemistry, oxides, oxidation state

For this purpose, we prepared model catalysts —
very thin layers with ideally flat morphology
electrodeposited on a substrate - and used
synchrotron radiation to probe, in operando
conditions, their atomic structure and the oxidation
state of the metal cations. The use of model catalysts
allows a deeper interpretation of observations. The
established  correlation  between  structural
properties and oxidation state changes are used to
identify the active phase for water oxidation
reaction and discuss its reaction mechanism.
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