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General Introduction

Our expansive life conditions and living standards generate a tremendous rise in energy
consumption which results in the inevitable fossil fuel resources depletion. This depletion combined
with the need to limit greenhouse gas emissions led the world to diversify its sources of energy. The
development of new renewable energies has then become a challenge as they could help in reducing

the dependence on fossil energies but also decrease the amount of greenhouse gas emissions.

Due to the intermittent character of renewable energy production from sun and wind, the
excess of energy production has to be stored to use at a later time. A promising way to store efficiently
electric energy as chemical energy consists in converting it to dihydrogen (H.). Indeed, hydrogen has a
very high energy density (120 kJ/g) compared to gasoline (45.8 kl/g) so this molecule is considered as
a fuel and energy carrier for many applications. It can be produced thanks to water electrolysis by

applying a voltage to an electrochemical cell consisting of two electrodes immersed in an electrolyte
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and separated by a membrane, O; is generated at the anode (oxygen evolution reaction: OER) while
H, is generated at the cathode (hydrogen evolution reaction: HER). Consequently, hydrogen
production via water electrolysis performed with the excess energy produced by solar or wind energies
would be an environmentally friendly way to generate it, store it and then use it as a fuel for various
applications. Water electrolysis is consequently regarded as a promising way to produce “green”
hydrogen. This reaction can be performed either in acidic or in alkaline media, using either a proton-

exchange membrane, or an anion-exchange membrane, or a liquid alkaline electrolyte.

The important potential needed for this reaction to occur still hinders the development of
water electrolysis for hydrogen production. Indeed, for this reaction to occur a minimum
thermodynamic potential of 1.23V vs. RHE (Real Hydrogen Electrode) has to be applied but the real
potential is usually much higher than this value. Indeed, out of the two anodic and cathodic half-
reactions, the OER at the anode has the most sluggish kinetics and, as a consequence, an overpotential
has to be applied in addition to the 1.23 V to increase the kinetics of the reaction. In order to decrease
this overpotential as much as possible, catalysts are used and extensive research has been performed
on iridium and ruthenium oxides (in acidic and alkaline media). Non-noble transition metal oxides
(TMOs)-based catalysts (in alkaline media) have also been extensively studied for the OER as they
present the advantage to be more abundant and cost-effective than iridium or ruthenium-based anode
materials. However, some TM such as cobalt or nickel are becoming quite rare and are classified as

critical materials by the European union so their use has also to be limited.

Numerous publications report on the activities and behavior of TMO-based catalysts during
the OER. Among them, cobalt or nickel-based catalysts are among the most promising active
electrocatalysts. However, many difficulties and questions are encountered when designing these

catalysts, evaluating their activities and understanding the OER mechanism:

- Some catalysts are not conductive and are supported by/or mixed with carbon, which
degrades during the OER due to the carbon oxidation reaction, and is consequently not
suitable for industrial applications.

- The catalyst loading seems to play a role in the activity measurements (even in the
presence of some types of carbon), likely due to a contact resistance between catalytic
particles, and its evaluation is not straightforward.

- If the catalyst presents a heterogeneous structure and chemical composition, then
determining the active sites and active structures is an issue.

- The catalysts are degrading or evolving under the OER conditions and consequently linking

their structure and composition to their activity is not straightforward.
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- The OER mechanism (via anion redox or cation redox) and active sites are not well-
understood and often involve some structural transformations (reversible or irreversible)
of the catalyst.

- The electrolyte nature and concentration seem to play a role in the activity but the
phenomena leading to these changes are not well understood.

- During the OER on porous catalytic layers, the pores are clogged by O evolution which
makes the active sites unavailable and decreases the activity as the surface of the catalyst

has to be maximized for a good efficiency.

To resolve these issues the use of in situ and operando techniques on an ideally well-defined

catalyst is needed. To design such a catalyst, several criteria have to be met:

Conductivity: to limit the ohmic losses in the catalytic layer
Stability: to avoid rapid degradation of the catalyst during the OER

Large specific surface: to use low amounts of a catalyst

SR NN

Activity: to be efficient for the OER

Our strategy consisted in the development of a catalyst that meets all of the above criteria and
we have chosen to design core-shell cobalt iron oxide nanoparticles (NPs). Core-shell structures are of
high interest because only the shell (usually composed of rare and expensive materials) has to be
electrochemically active, hence the core volume can be composed of earth-abundant and cost-
effective materials. These Fes0,@CoFe;04 NPs then limit the cobalt utilization by using a conductive
Fes04 core and an electrochemically active CoFe,04 shell. Moreover, the iron oxide core may influence
the catalyst behavior thanks to synergistic structural or electronic effects. An advantage of the
Fes0.@CoFe;04 nanostructures is that both the core and the shell material present a similar cell
parameter, thus the shell can grow epitaxially on top of the core, so that the structure is crystalline.
Also, even though the reasons behind this improvement are not clear yet, the presence of iron within
cobalt- or nickel-based catalysts has been reported to improve the OER activity. Therefore, the

presence of iron as a co-catalyst could be beneficial.

The NPs are synthesized via two consecutive reactions of thermal decomposition of metal
complexes in a high boiling temperature solvent in the presence of a surfactant. The thermal
decomposition method allows the synthesis of NPs with well-defined size, size distribution, chemical

composition, and shape. Hence, an ideally well-defined catalyst can be designed.

In this thesis, we aim at developing an ‘ideal’ catalyst to evaluate its catalytic properties and
link them to the chemical structure but also to understand operando the phenomena happening at the

surface of the catalyst during the OER. For this purpose, we synthesized four different types of core-
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shell cobalt iron oxide NPs, characterized them electrochemically, and then used X-ray absorption
spectroscopy to investigate the oxide structure and the oxidation states of metal cations during the
OER. Chapter 1 will be devoted to the OER reaction principles, the different catalysts that have been
reported active in alkaline media, their operando transformations, and the synthesis principles and
advantages of core-shell NPs by thermal decomposition of metal salts. Then, chapter 2 will present the
materials and methods used in this work for the core-shell NPs syntheses, physical, electrochemical
and operando characterizations. Following this, chapter 3 will present the catalyst used in this work:
the core-shell NPs and their characterizations by various methods to be sure that they correspond to
a well-defined catalyst. In chapter 4, the influence of the electrode loading on the activity will be
investigated thanks to the impedance spectroscopy. The experimental data will be modeled via various
electronic circuits. Once the loading influence has been understood and the activity has been
determined, chapter 5 will focus on the activity comparison of the different types of the synthesized
NPs, and on the study of the impact of the core size on the overall activity. Finally, chapter 6 will
investigate operando the transformations occurring on the catalyst during the OER and study the
evolution of the oxidation state of metal cations, unraveling some synergetic effects between iron and

cobalt during the reaction.
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Chapter 1: State of the art
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1) Context

The rapid improvement of living standards and the following increase in energy consumption
and depletion of fossil fuel resources combined with the need to limit greenhouse gas emissions led
the world to diversify its sources of energy. The development of new renewable energies has become
urgent as the energy crisis and environmental pollution are becoming more and more serious. Indeed,
they could help in reducing the dependence on fossil energies but also decrease the amount of

greenhouse gas emissions.

However, renewable energy production is not constant over time as the wind for the windmills
or the sun for the solar panels are intermittent phenomena. Consequently, depending on the
importance of the energy demand, the energy produced has to be stored or needs to be completed by
another energy source. Stocking the produced energy to use later thanks to energy storage techniques
is a possibility to avoid interruption in the energy supply However, even though researchers are
working on solutions for the energy storage, most of the solutions still involve some waste generation,

energy losses, or limited storage possibilities?.

Electrolysis is a technique in which an electric current is used to drive a chemical reaction that
wouldn’t occur otherwise. It takes a compound and breaks it apart; this reaction is not spontaneous
and electrical energy needs to be given to the system for it to occur. Different type of electrolysis
reactions exists and are used in industrial processes for the production of dihydrogen, aluminum, or

chlorine for example.

Hydrogen has been considered a clean and highly interesting energy source to use in fuel cells
that will convert H, chemical energy into electrical energy. This reaction produces water as a product
and doesn’t produce greenhouse gas?. In addition, hydrogen is an interesting way to store energy as
unlike the sun or the wind it can be stored in compressed gas or liquid form and then be directly
available for the electricity production. Indeed, the option to use an electrical current to create
hydrogen is raising the interest of many scientists because hydrogen has a very high energy density:
120 kJ/g. Compared to gasoline which presents an energy density of 45.8 kl/g, 1kg of hydrogen then
contains as much energy as about 3 kg of gazoline®. This molecule is considered a fuel and energy

carrier for many applications*>.

However, even if hydrogen is a highly interesting molecule for the energy storage, its
production nowadays mainly originates from natural gas reforming processes where methane and

water react to form carbon monoxide, carbon dioxide, and dihydrogen. Even though the carbon
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dioxide can be captured and reused for biomass applications this process is neither clean nor
renewable. Consequently, hydrogen production via water electrolysis performed with the excess
energy produced by solar or wind energies would be an environmentally friendly way to generate it,
store it, and then use it as a fuel for various applications. Additionally, water splitting creates very pure
hydrogen, which avoids purification processes and water is an abundant resource on earth. Water
electrolysis is consequently regarded as a promising way to produce “green” hydrogen3. However, the
important potential needed for this reaction to occur still hinders the development of water

electrolysis for hydrogen production.
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2) Water electrolysis and OER mechanism

Water electrolysis (Equation 1) is of particular interest in this study because of its simple and

abundant reactant (water) and its non-toxic and interesting products (dioxygen and dihydrogen).
2H,0qiq) = Oz(q) + 2Hz(g)

Equation 1: water electrolysis process

This process takes place in an electrochemical cell composed of two electrodes (anode
and cathode) immersed in an electrolyte that are connected to an external power supply (Figure 1).
The drive of the process is the potential difference between the anode and the cathode. During this
process, water is reduced at the cathode in the hydrogen evolution reaction (HER), producing hydrogen
and oxidized at the anode in the oxygen evolution reaction (OER), producing oxygen. This process can
occur in alkaline or acidic media at low temperatures with liquid water or at high ones with the water

vapor®.

The lowest (thermodynamic) potentials at which the oxygen evolution reaction (OER) and the
hydrogen evolution reaction (HER) can occur are 1.23V vs RHE and 0 V vs RHE respectively. However,
the real potentials one needs to apply for these reactions to occur are higher because of the sluggish
kinetics at the electrodes, highlighting the need for catalysts for these reactions. The difference
between the actual potential required to reach a certain current density (j) and the theoretical

potential is called the overpotential (). A catalyst is considered better than another if its

overpotential is smaller for a given current density. The challenge is then to develop catalysts that will

present low overpotentials for both the OER and the HER.

t n HER
> = > E(V)
= If o 1.23

Figure 1: Left: water electrolysis cell. HER, hydrogen evolution reaction; OER, oxygen evolution reaction, taken
from”. Right: current potential curves. OER is the anodic part and HER the cathodic one.
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To avoid gas crossover, a semi-permeable ion exchange membrane separates the two sides of
the cell. In acidic media this membrane is a proton exchange membrane (PEM), one of the more
common materials used in the industry for PEM is Nafion®, a fluorinated polymer bearing sulfonic
functional groups. PEM electrolyzer presents a compact system design, fast response, and high voltage
efficiency, which makes it an ideal candidate for the development of this technology at a larger scale®.
Usually, catalysts used in acidic media are platinum at the cathode and iridium or ruthenium at the
anode®. As these materials are scarce and expensive, their replacement by earth-abundant cost-

effective materials would be interesting.

An alternative to PEM that is rising interests at the moment is the use of anion exchange
membranes (AEM)°. These membranes would let the OH" ions cross the membrane while being
impermeable to the O, and H; generated during water splitting. The development of these membranes
has been a real challenge for a long time. First, the struggle was to find the groups and functions that
needed to be in the membrane in order to obtain a stable membrane with high ionic conductivity.
Nowadays, AEMs usually present quaternary ammonium groups bound to a polymer backbone?,
Thanks to extended research on polymer membranes, some satisfying solutions to create a performant
AEM have been found!"*2. The advantage of this technology is that as the local media is alkaline, cost-
effective transition metal oxide (TMO) based materials that are usually stable at high pH can be used
to replace iridium or ruthenium used at the anode for the PEM technology. It is a promising solution

for future developments of water splitting®.

As presented above the OER is the bottleneck for water electrolysis development due to its
sluggish kinetics: it involves a four-electron process. Also, even though the reaction mechanism is not
very well understood yet, adsorbed and intermediate species are formed during this reaction which
makes this half reaction difficult to realize. HER in alkaline media on the other hand presents less
sluggish kinetics even though it still requires a catalyst to increase the rate of this reaction, and the

HER kinetics is known to be slower in alkaline compared to acid media.
HER:2H,0iq) + 2™ > Hy gy +20H™  E°=0V vs RHE

OER: 40H™ - 2H,0 + 0, + 4e~ E°=1.23V vs RHE

Equation 2: Hydrogen evolution reaction and oxygen evolution reaction in alkaline media

Consequently, even though the HER in alkaline media has also attracted much intention, research
also highly focused on the development of OER catalysts. However, the mechanism of the OER is still
being debated in the literature: two main OER mechanism scheme for metal oxides in alkaline medium
have been proposed in the literature (Figure 2). M refers to the metal cation and active center, all the

reaction mechanisms are beginning by the same first elementary reactions:
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1) Adsorption of OH on M

2) M-O formation thanks to the reaction with another OH™ from the electrolyte.

The overpotential of the OER is related to the kinetics constraints of the slowest elementary
reaction (the rate determining step). These steps are then followed by other intermediate steps. For

the first proposed mechanism (plain black cycle of Figure 2), the next two steps are the following:*

3) MOOH intermediate is formed by a nucleophilic attack on the M-0 intermediary

4) O, isreleased and the active center goes back to its initial state

a. Conventional Mechanism

H
|
@ M+0H" = 0 + o
M
H
| 0
@ + OH = P4+ Ha0 4+ e
: M
M
aH
o |
@i +0H = o + P
M ) 4
OH M

I
@o +0H = M+ 0, + H;0 + &°

M

Figure 2: General OER mechanism taken from>* M is the metal center

In the second pathway (dashed line of Figure 2), the mechanism is a little different and there
is only one other step'®: after the formation of M-O intermediate, two M-O neighbor species associate
to directly generate O, and then both active centers go back to their initial state. Following chapters
will show that this view of the OER is oversimplified. Notably, it does not consider either redox
transitions on the surface and/or in subsurface of the oxide catalyst (which may be localized on the

transition metal cation or oxygen anion) or involvement of lattice oxygen in the OER.

A computational way to describe the catalytic activity of OER catalysts has been described by
Man et al.Y’. This method is based on the difference between the energies of M-OH formation (1% step)
and M-OOH formation (3™ step) which corresponds to the rate-determining step. The activity of an
OER catalyst can then be determined by DFT calculations. Using the above-mentioned criteria, Man et

al. correlated the overpotential of various compounds within a volcano plot in Figure 3. According to
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the Sabatier principle: a good catalyst should bind neither too strongly nor too weakly to the
intermediates in order for the reaction to happen. Consequently, good catalysts are at the top of the
volcano. Among transition metals compounds with cobalt, iron, nickel or manganese seem to be good

candidates as catalysts for the OER.

0.0 I I I I

-2.0F-

-2.5

AGy ,-AGy JeV—

Figure 3: Theoretical overpotential for oxygen evolution vs. the difference between the standard free energy of two
subsequent intermediates taken from 17

However, even though Volcano’s plots are a great indicator of the potential activity of a catalyst,
they are not able to describe it fully and the ideal catalyst cannot be found only thanks to these
simulations. Consequently, numerous publications have been devoted to the investigation of TMO
based catalyst in alkaline media for the OER. These compounds and how their activities for the OER

can be determined will be presented in the next parts.
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3) Catalysts for alkaline water electrolysis

In this part, the determination of the activity and the catalytic properties of a catalyst will be

presented as well as various types of TMO based catalysts, their reported activities and Tafel slopes.

As stated above, water splitting can only occur above a minimum potential of 1.23 V vs RHE at
room temperature. However, because of energy and ohmic losses, in a real system one needs to apply

an additional potential to this minimum voltage: the overpotential (). The minimization of this

overpotential is of great importance for the future of this technology and can be achieved using

efficient electrocatalysts®>.

A catalyst is a substance that accelerates a chemical reaction without being consumed during the
reaction. During the reaction, bonds are broken and rebuilt and catalysts help in making this process
easier by lowering the activation energy of the reaction (energy barrier which has to be overcome for

the reaction to occur). Considering water splitting, this catalyst has to meet different criteria:

- It has to be stable in the media in which the reaction is taking place.
- It has to be active for the considered reaction.
- It has to present a high specific surface to use smaller quantities.

- It has to be conductive to limit the ohmic drop within the catalytic layer.

AEM able to operate in an alkaline media allow the use of electrocatalysts such as earth-abundant
TMOs that are usually stable at high pH. In order to determine the efficiency of a catalyst, various

parameters can be considered:

- The current generated by the reaction at a given potential per unit surface area (surface

activity) or per unit mass (mass activity) of catalyst (Figure 4).
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Figure 4: Linear sweep voltammetry curves obtained for two different catalysts. The green curve corresponds to a
more active catalyst.

In the literature, the activity is often given by dividing the current obtained for a given potential by
the geometric surface of the electrode and not the catalyst real surface. If this is done for the same
catalyst loading and with a catalyst that has a similar electrochemical active surface area (ECSA) or
Brunauer, Emmett Teller (BET) surface this is not an issue but it becomes one if one wants to compare
the activity results of different publications. To compare these results and obtain the surface activity
or mass activity of a catalyst, its real surface or mass is needed®®. Instead of measuring the current
density reached at a given potential to compare the activities of various catalysts, many publications

indicate the potential needed to reach a given current density (often 10 mA/cm?).2®

- The Tafel slope (Equation 3) that derives from the Butler Volmer equation is another factor
that needs to be considered when determining the activity of a catalyst. Indeed, the Tafel slope
can give some insights in the rate determining step of the reaction as well as the reaction

mechanism?°.

n=a+blog(j)
for a single electron transfer step and large anodic overpotentials:

In10RT In10RT

a= —(1—a)FlOg(j°) and =—(1—a)F

Equation 3: Tafel equation
Here, j is the current density; n the overpotential (nN= Eappiiea-1.23 V), R the perfect gas constant, F
the Faraday constant, a the electron transfer coefficient and jo is the exchange current density (the
absolute value of the anodic and cathodic current density flowing across the interface under
equilibrium). Note that for multi-electron transfer electrode reactions the expression for the Tafel

slope becomes more complex.
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Tafel slopes are obtained from the cyclic voltammetry or linear sweep voltammetry curves in the
OER region: when the current variation as a function of the applied potential becomes exponential

(Figure 4).

E(V)

1.70-

/

-» Logj(A/cm?)

1.60 +

Figure 5: Tafel slopes of 2 different catalysts.

The slope of these curves characterizes by how much the potential needs to be increased to obtain
a 10-fold increase of the current. As for a given variation of the applied potential a small Tafel slope
will involve a bigger change in current than a more important Tafel slope, a good catalyst will present

a low Tafel slope.

However, the Tafel slope alone is not enough to fully characterize a catalyst. Indeed, different
catalysts can have the same Tafel slope and they can have different exchange current densities for a
given value of the potential. Thus, to fully characterize the catalyst it is necessary to give the Tafel slope

and the current density measured at a given potential.

- The stability of the catalyst is also an important parameter for future applications, it can be
evaluated by repeating cycles many times or by applying the same potential for a long time. If
the activity of the catalyst and the Tafel slope of the compound don’t vary on the long term

then the catalyst is considered as stable.

To sum up, good OER catalysts have to present a high activity for a given potential, a low Tafel
slope, high surface area, as well as to be stable and conductive?!. Another issue is the wettability of
the electrodes: indeed, when the gases are generated at the surface of the electrodes, bubbles are
created. This deteriorates the activity because as long as the bubble is not big enough to leave the
electrode then it leads to an increasing ohmic resistivity as the electron transfer at the surface is
blocked?. This situation is also an issue because it leads to very high local current densities flowing
through the electrode. This can affect the catalyst stability, consequently, a hydrophilic catalyst is
better for the OER. Catalyst also has to be safe for the health and cheap enough to foresee a large-

scale production in the future.
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One important factor to consider to measure accurately the activity of a catalyst is to verify if all
the surface of the said catalyst is involved in the reaction. Indeed, if the catalyst layer is too thick or
the material not conductive enough it is possible that only a fraction of the particles will be involved
in the reaction due to an ionic and electronic resistance within the layers of the material. One way to
evaluate this resistance is to perform measurements by means of the electrochemical impedance

spectroscopy.

Impedance is evaluated by applying an AC potential to an electrochemical cell and then by
measuring the current flowing through the cell. With this technique, one can measure the conductivity
of the catalytic layer (that will be different from the intrinsic conductivity of the material due to
interparticle resistance). It has an imaginary and a real component, one can plot the imaginary part as

a function of the real one and obtain the Nyquist plot (Figure 6).
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Figure 6: Nyquist plot taken from ref?

With these Nyquist plots, it is possible to determine the solution resistance, the charge transfer

resistance, the ionic and electronic resistance as well as the capacitance of the material.

In conductive materials the only correction that needs to be done is the one of the ohmic drop
caused by the solution resistance. However, more recently, less conductive materials that are more
common on earth and consequently cheaper have been explored such as oxides for the OER for
example?®, It has been a bottleneck to understand better the electronic conductivity and kinetics of
charge transfer during the OER. Very often the catalytic material is mixed with carbon to form an ink
that is then deposited on the electrode. The addition of carbon makes the catalytic layer conductive
and increases its apparent activity by involving all of the catalyst in the reaction?. However, at the
potentials at which the OER occurs, carbon materials are unstable and are prone to oxidation. Hence,

addition of carbon can be used to determine the activity of the material but it won’t be possible to use

24



it at an industrial scale. Consequently, a more in-depth analysis for electrocatalytic reactions utilizing

poorly conducting materials is needed to adequately evaluate and understand their properties.

Dong Young Chung and al *> worked on the HER reaction with a molybdenum disulfide catalyst
and analyzed how the conductivity of the material affected its electrocatalytic performances. They
demonstrated that the conductivity of the catalyst is really important and that if too many layers of
not too conductive nanoparticles are deposited on an electrode then it would modify the measured

activity of the catalyst.
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Figure 7: Schematic representation of the catalytic layer resistivity on the Tafel plots (left) and cartoons
showing conducting pathways through the catalytic layer (right). Top: formation of dead zones,
middle: progressive increase in film resistance, and bottom: combined effects (bottom). Taken from
ref2®

In order to measure the resistance of the catalyst, electrochemical impedance spectroscopy is a
commonly used characterization technique but its interpretation is not always straightforward due to

the effect of charge transport and polarization but also to the fact that all the above-mentioned

phenomena can be modified according to the position of the particle in the catalyst layer (Figure 7).
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Consequently, the apparent (measured) activity will be modified. In that case, one has to consider a
distributed impedance within a porous catalyst. The phenomena has been studied on polymers? but

can also be applied to oxide materials.

As a first approximation one can consider that the electrical charge crosses the electrode materials
and the electrolyte and that only the resistance to charge transfer of the whole layer is considered.
This is the Randles model whose equivalent electric circuit is presented in Figure 8. It is well adapted
when the catalyst layer deposited on the electrode is very conductive or when all the particles of the
catalyst are available to participate to the reaction. The Randles model is one of most common ones:
it includes a solution resistance: Rs; a double layer capacitor: C; and a charge transfer resistance Ry. It

is also a starting point for other more complex models.

Rtr

—_Rs —
—]
C

Figure 8: Randles model for impedance measurements

However, when the catalyst layer becomes too thick and that the material is not conductive
enough to assure a good charge transfer across the layer, one can consider a distributed repartition
of the charge transfer according to the region of the catalyst. To model the impedance, the catalyst
can then be separated into different layers. This is the transmission line model?. The electric circuit
that represents this model is presented in Figure 9. It has been developed first for polymer films
but it can also be a good model for catalysts that are porous or that present a certain resistivity

toward ionic transport.
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Figure 9: Transmission line model for impedance measurements taken from.?°

On this circuit the r; is the ionic and electronic resistance within the layers of the

catalyst, r3 is the charge transfer resistance and qs is the capacitance within the layer.
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Numerous publications investigated different types of electrocatalyst in alkaline media and some
of them have shown great performances®®. Among them are materials such as: noble metal-based
catalysts, earth abundant transition metal oxides such as spinels or perovskites, metal oxyhydroxides,
etc... This work will focus on the development made on transition metal based electrocatalysts for

alkaline water electrolysis.

The type of materials that seems interesting is the layered structure type family. This is a type of
materials that has been used since the 1970s in alkaline batteries. These structures are composed of
different type of materials. It consists of metal hydroxide M(OH); layers (M being a transition metal),
which under the OER conditions transform into metal oxyhydroxide MOOH layers3!. These materials
have shown great activity for the OER, they are usually cobalt or nickel-based compounds because of
their well-known activity for the OER. Ni(OH),/NiOOH system has shown really good activity, a
systematic study performed by Subbaraman et al on this type of structures has shown that the OER

activity decreases in the following order: Ni>Co>Fe>Mn32,

Perovskite materials also seem to be of great interest for the OER. Their general formula is ABX3
(X is usually an oxygen atom) and they have been studied as a promising bifunctional catalyst for the
OER and for the oxygen reduction reaction (ORR)3. In this crystalline structure A and B are two
different cations which sizes are very different (A is larger). The type of cations in the structure, their
charge and their coordination can be tuned. Consequently, one can generate some distortions in the
structure by doping with various insertion atoms, changing the properties of these materials.!
Another option to improve their activity for the OER is to generate oxygen vacancies®*. They can be
generated by treating the sample at high temperature and low pressure of oxygen for example or by
doping by foreign atoms.3> Mixed perovskites with both rare earth (La or Ba) and transition metal such
as Ni, Co or Mn have shown promising results for the OER.3® However, they present the issue of
containing rare earth compounds which quantities on earth are limited and which demand is growing

worldwide.

Last but not least, a material that is rising more and more interest for the OER is the spinel structure
(Figure 10). This compound of general formula AB,O, in which oxygen atoms are arranged in a cubic
closed packed (CCP) lattice and the metal cations A and B are in the octahedral and tetrahedral sites,
seems to be of particular interest. There are two types of spinel structures. One is called normal spinel
with the atom A% in the tetrahedral (Td) sites and B3 in the octahedral ones (Oh), the other is called
the inverse spinel where A% is occupying half the octahedral sites and B>*/** is occupying both the

tetrahedral and the octahedral sites.
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Figure 10: AB,04 spinel structure and its representation. Blue spheres: atom A in the octahedral sites, green
spheres: atom B in the tetrahedral sites, red spheres: oxygen atom, taken from.3”

This family is of great interest because spinels are showing both octahedral (Oh) and tetrahedral
(Td) coordination for the cations inside the structure. As a result, the d electronic level is split into two
different sub-levels (Td: t and e; Oh: t,; and eg)*%. There are more than 100 different compounds in
the spinel family so it offers a very wide choice of potential OER catalysts. Moreover, spinels are usually
stable in alkaline solutions even under high anodic potential, thus they can generally withstand OER

conditions®.

Some groups have recently shown that spinels were submitted to a structural transformation to
produce a metal oxyhydroxide layer at the surface of the catalyst®*** when a high potential required
for the OER to occur is applied. The formation of this layer could explain their high activity for the OER.
However, the reversibility of the formation of this layer is being debated in the literature and it will be
discussed later in this chapter. Oxygen vacancies and defects can also be introduced in spinel structures

to modify the physical and electrochemical properties of the material.

However, this field of spinel OER catalysts requires deeper investigation. For the same materials
different values of the OER activity can be found in the literature: for example, for cobalt spinel (Cos04)
different activity values of 9.6%; 52%5; 78% or 240 A/goxide®> at 1.65V vs RHE have been documented.
These important variations can be explained by the fact that the activity depends on multiple factors
such as the surface state and defects of the catalyst as well as the conduction of the catalyst layer, the
electrolyte concentration or the presence of a conductive material such as carbon in the catalyst to
improve its conductivity will also play an important role. Systematic studies are necessary to
characterize accurately the activity of a catalyst. The influence of various factors on the activity will be

discussed in the next paragraphs.
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- Influence of the type of electrolyte and its concentration on the activity:

To understand the effect of the electrolyte concentration and the effect of the counter ion (K*,
Na*, Li* etc) Duan et al.*’ recently studied the impact of the composition of the electrolyte on cobalt
and iron based catalysts. On a CoOOH catalyst (Figure 11) they observed that higher concentrations of
KOH electrolyte were increasing the OER activity of a material. This increase in activity at higher
electrolyte concentrations was also observed by Huang et al.*® on cobalt-zinc oxyhydroxide catalysts
as well as by Zhou et al.*® on zinc cobalt iron spinel oxides. It was explained by the authors by the
change in the activation entropy and an increase of the number of active sites and probably a faster

charge transfer.
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Figure 11: Effect of the concentration and the nature of the electrolyte on the activity of a CoOOH catalyst taken
from.#7

It is interesting to note that Duan et al. also saw an impact of the counter ion nature (Figure 11):
for the same electrolyte concentration, they used Li*, Na*, K*, and Cs* and observed that for this catalyst
the activity highly varied according to the nature of the electrolyte. For LiOH almost no activity was
observed when for CsOH the activity was the highest. Between KOH and CsOH electrolyte they
observed a 3-fold increase of the activity. This effect was also observed by Garcia et al.>® on NiOOH
catalyst with CsOH electrolyte presenting the best activity for the OER. This effect suggests that bigger
cations are better for the OER, this is probably related to the interaction of the cation with the active
oxygen species within the three-dimensional oxide structure. It should however be noted that cation
effect has also been observed for metal electrodes and may thus be related to the cation-dependent

water structure at the interface.

/.51

Giordano et al.>* also studied the pH influence of oxide based catalysts for the OER and concluded

on the importance of measuring the voltammetric curves with respect to the RHE as it is a pH-
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dependent reference that guarantees separation of kinetic and thermodynamic effects on the
overpotential and ensures a fair comparison at different pHs. They also stated that for systems
containing transition metal oxides (they can sustain charge buildup with a change in the TM oxidation
state) the decoupling of proton and electron transfers during the OER reaction is possible. It has been
suggested by M. Koper®? that the pH dependence of the OER activity indicates the presence of non-
concerted proton—electron transfer steps during the OER. Grimaud et al. > studied perovskite
compounds for the OER and, by increasing the pH, they obtained higher OER activities. They concluded
that non-concerted proton—electron transfer steps are coupled to the activation of lattice oxygen

redox reactions on their catalyst.

Kim et al.>* also studied the OER on perovskite catalysts and arrived at the conclusion that both
the lattice oxygen evolution and the conventional OER on the oxide surface occur simultaneously, the

former dominating at high pH.
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Figure 12: Two types of OER mechanisms proposed by Kim et al.>* on perovskite catalysts. Here M stands for the
transition metal cation and V for the vacancy.

Consequently, the electrolyte nature and concentration can play an important role on the
determination of the activity as well as shed some light on the reaction mechanism (involving the

oxygen atom from the oxide lattice or not).
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- Ligand effect on the determination of the activity:

Another factor that can influence the catalytic activity is the ligand surrounding the NPs. Indeed,
in order to avoid their aggregation, particles are often synthesized in the presence of surfactants. Li et
al.>® suggested that the presence of a surfactant such as oleic acid or oleylamine is detrimental for
electrocatalytic reactions. They studied platinum particles dispersed in carbon for the Oxygen
reduction reaction (ORR) and removed the ligand surrounding them using different techniques such as
thermal treatment (5 h at 185 °C), chemical washing (in acetic acid at 75 °C for 10 h, addition of ethanol
and centrifugation), and UV-Ozone (UV irradiation for 30 min). These various techniques increased
the specific surface area of the particles and their specific activity (Figure 13). They obtained a more
than 3-fold increase between the untreated sample and the sample on which they removed the
surfactant thanks to a thermal treatment. On iridium particles the same trend has been observed for
the OER®® in acidic media. The surfactant was partially removed from the surface of the particles and
an increase in the activity was observed. Consequently, the ligand removal from the particles surface
is an important parameter to consider when evaluating the activity of a catalyst whenever the catalyst

synthesis involves surfactants.
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Figure 13: Rotating disc voltammograms of Pt/C drop-cast on a GC electrode (loading 20 ug.cm? 4st) in 0.1 M
perchloric acid Oy-saturated electrolyte at 20 °C acquired at the scan rate 20 mVs and rotation speed 1600 rom. The specific
ORR activity was determined at 0.90 V. This figure illustrates the impact of ligand removal on platinum particles taken from>>

- Carbon and loading effect on the determination of the activity:

The presence of carbon is also an important parameter to consider when evaluating the activity as
for example, Kéranguéven et al measured the OER activity of a Cosz04 catalyst and obtained an activity
that was highly increased in the presence of pyrolytic carbon of the Sibunit family (green) compared

to a carbon-free cobalt spinel (black)?.
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Figure 14: RRDE voltammograms of Co304 (black), 16Co304ISACSibunit152 (green), 16Co304SACBDD (red),
Sibunit152 (blue) and BDD (cyan) at 1600 rom and 10 mV s~1in N, saturated 1 mol L~1 NaOH. The loadings are
15 ug cm=2 for Co30,4AC, 93.7 ug cm=2 (15 ug cm=2 oxide loading) for 16Co304SACSibunit152 and 16Co304SACBDD and
91 ug cm==2 for pristine BDD and Sibunit152. This graph has been taken from ref 5.

Consequently, the presence of carbon enhances the activity by improving electrical connectivity
of the catalyst particles and increasing the overall electrical conductivity to the catalyst (and thus
increasing the extent of the catalyst utilization). However, its presence is also an issue as carbon does
oxidize within the potential range of the OER, so it is useful to determine the OER activity of a material
but its quick degradation under OER potential highlights the need for the development of carbon-free

catalysts.

Another factor that could influence the activity of a catalyst is its loading. Indeed, if too important
loadings of non-conductive or poorly conductive catalysts are deposited on the electrode then not all
of the catalyst particles will be involved in the reaction, on that matter, the use of lower loadings can
then be an option. Haase et al.>’ indeed found especially high activity values of their CoO,(OH),
catalysts (5000 to 14 000 A/gwbait). These values were obtained for low loadings compared to the

literature (0.25 to 2 pg/cm? in their study instead of conventionally used 100-300 pg/cm?).

Considering all the above-mentioned parameters that can influence the electrochemical activity
of a catalyst, a non-exhaustive list of some catalyst’s OER activities per unit mass at 1.65 V vs RHE and
Tafel slopes from the literature is presented in Table 1. The loading, the electrolyte concentration and
the presence of carbon (and if so which type) has been indicated. This table only focuses on the activity
per unit mass as the catalyst loading on the electrode is often given but only a few publications are
measuring the actual surface area (ECSA or BET) of the catalysts and consequently even if their results
are comparable within the same paper, they cannot always be compared to the specific activity

documented in other publications.
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Table 1: OER activities at 1.65V vs RHE per unit mass and Tafel slopes of various TMO catalysts. Measurements

were performed at room temperature.

Mass activity Tafel slope Catalyst loading Type of carbon Electrolyte and
Catalyst . . i Reference
(Alg) (mV/decade) (ng/cm?) (if any) its concentration
Co(OH)2 125* 59
204 Graphene 0.1 M KOH 58
CoFe layered 185+ 43
double hydroxide
CoFe204 NFs 16 82
CoFe204NPs 2 223
CuFe204 NFs 0.3 93 429 No carbon 0.1 MKOH 59
Fe203 NFs 0.2 148
NiFe204 NFs 34 98
CoCr204 23.4 177
Co2TiOs 21 83
204 No carbon 0.1 MKOH 45
MgCo204 120 70
Co304 51.6* 61
Co304 9.6 83
210 No carbon 0.1 M KOH 44
Co(OH)2 12 63
FesO4 21 96
Co304 78 72 960 No carbon 1 MKOH 46
CoFe204 182 58
C030:@Co0@Co 56 92 127 No carbon 0.1 M KOH 60
FesOs@CoO TTA/Gorise . 89 300 (catalyst) Vulcan XC-72 0.1 M KOH 61
154 A/gcobat
312A/00x 200 (catalyst+carbon)
Au@C0304 S00A/ Goride 60 64 (catalyst) Vulcan XC-72 0.1 M KOH 62
Goobal 40 (Co304)
Au@CoFeOx« 16 200A/gTm* 58 56 (TM) Vulcan XC-72 1M KOH 6
Au@NiCo2S4 50 000 A/goxide™ 445 200 Carbon black 1M KOH 64
FesOa 15 A/Qoxide 105
50 A/Qoxide
Coo.25Fe2.7504 600 Algeobar 80
90 A/Qoxide
Coo.sFe2.504 540 Algeona 45
170 Algoxide
Coo.75Fe2.2504 680 Algeonar 46
65
core0 170 Alosce 45 100 No carbon 1M KOH
2 510 A/gobatt
220 Algoxide
Co1.25Fe1.7504 528 Algeonar 48
310 A/goxide
Co1.sFe1.50. 46
016781504 620 Algeobat
350 A/goxide
Co1.75Fe1.250. 50
01.75F€1.2504 600 A/gcobalt
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450 Algodde
CoaFeOs 675 Algeosat %0
500 Algoxide
CozzsFenrsOs 666 Algeobal 52
430 Algodde
Co2sFensOs 516 Algeosat 4
300 Algoxide
Co2.75Fe0.2504 327 Algeona 56
C0304 150 A/Qoxide 61
Cos04 123*Algoxide 61.2 300 No carbon
C030s4 240*Algoside 80 15 Sibunit 1 M NaOH 2
C030s4 152*Algoride 65 15 BDD
CoOx(OH), 9nm 5000* Algoobatt 37 2.98
CoOx(OH), 6nm 5000* Algoobatt 39 0.82
No carbon 0.1 M KOH ¥
CoOx(OH), 4nm 11 000* Algeobatt 43 0.82
CoOx(OH), 1Tnm 14 000* Algcobatt 43 0.25

NFs: nanofibers. * Estimated by extrapolation to 1.65 V vs. RHE using the Tafel slope provided in the reference

Various approaches have been proposed in order to enhance the OER activity of the catalysts,
notably varying the composition, the particle size, the defect concentration (notably by introducing

60,62-6466 |ndeed, good catalysts are often

oxygen vacancies), or, recently, forming core-shell structures.
scarce and expensive materials (iridium, ruthenium, or to a lesser extent cobalt or nickel). Catalysis
being primarily a surface phenomenon (even if the OER mechanism may involve lattice oxygen, the
reaction occurs in the near-surface region), it is possible to limit the quantity of the active component
by using core-shell structures with the catalytic component present only in the shell. This motivated
studies of core-shell iridium and ruthenium nanostructures in view of an application for PEM
electrolysis.®””%8 |t was argued that Au substrates could enhance the OER activity of TMOs due to an
electronic effect that favors the transformation of the TM in a 4+ oxidation state.®®’° For example, very
high OER activity was documented for Cos04 and CoOOH films deposited on an Au(111) substrate.*®
Similarly, high activities were observed on core-shell NPs comprised of a gold core and a TMO shell in
alkaline electrolytes, sometimes reaching 10 000 A/grm at 1.65 V vs. RHE. While they demonstrated

62-64 ‘industrial utilization of such catalysts does not seem to be practical as

outstanding OER activities
gold is a scarce and expensive metal. Moreover, it should be noted that the activity reported for the
gold core-shell NPs were documented for carbon-containing electrodes even though the utilization of
conductive core-catalytic shell NPs could potentially allow avoiding carbon addition to the catalytic

layers.

TMO catalysts developed for AEM electrolysis are usually cobalt and nickel based. In the

meantime, global cobalt demand has recently experienced unprecedented growth so that it has been
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recently classified as critical material by the European Union so the limitation is imperative for long
term applications of cobalt-based catalysts.”* Although the exact role of Fe is still debated, several
publications have demonstrated that presence of Fe cations in TM (Co, Ni) oxide phases results in
synergetic effects which enhance the OER’?>73, Indeed, one of the hypotheses is that the iron can give
electron to the surrounding atoms which will modify the filling of their orbitals and will facilitate their
oxidation/reduction compared to the other metal cations. Suntivich et al. studied different perovskite
properties for the OER and unraveled that a filling of the e; orbital close to the unity was responsible
for better activities towards the OER”*. Dionigi et al.””> concluded on NiFe and CoFe layered double
hydroxide that the electronic structure of the iron sites was flexible and that their synergy with the
nearest-neighbor M sites (M = metal cation) through forming O-bridged Fe-O-M reaction centers was
stabilizing the OER intermediates. This synergy with the surrounding atoms explains lower
overpotentials observed for iron-based materials. On spinel materials the same effect has been
observed by Saddeler et al.®> They studied the impact of the cobalt vs iron content in Co.Fes 04
catalysts and evidenced that the proportion of iron in the structure played an important role in the
catalytic activity. For example, Co.FeO. showed a higher activity than pure cobalt spinel (Co304). The
presence of iron consequently helps in the enhancement of the OER activity and among the spinel

family, one type of material that is interesting to study because it contains iron is the ferrites.

The general formula of ferrites is MFe;0, (with M a transition metal such as cobalt, nickel,
copper...) they are usually inverse spinels. This is a family that has been extensively studied in the
literature. However, the activity results obtained in the literature show significant scatter: for example,
Li et al. evidenced that CoFe,0, ferrite under the form of nanofibers (NFs) is the most active among
CoFe;04, NiFe,04 and CuFe;04°° while Silva et al.”® concluded that CuFe;0, is the most active of all the

above-mentioned ferrites.

As it can be seen in Table 1, the activity values reported on the literature significantly differ from
one publication to another. This can be explained by (i) the fact that the currents were not always
corrected from the ohmic losses, (ii) by the insufficient conductivity of the catalyst resulting in an
incomplete utilization of the active sites on the material, (iii) some measurements performed in the
presence, the other —in the absence of carbon, (iv) utilization of different types of electrolytes and pH,
the presence of structural defects, etc.... The observed differences highlight the need for the
development of a systematic method to investigate catalytic properties and activities of

electrocatalysts.

Finally, the synthesis of carbon-free, noble metal-free and gold-free catalysts is an important

challenge for the development of cost-effective OER catalysts. Iron oxide Fes04 seems to be a good
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candidate to replace gold in the core of the NPs as it might help to enhance the OER activity due to a

synergetic effect between iron and its surrounding atoms.
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4) OER catalysts under operating conditions

In this part, the techniques used to study operando and in situ the transformations occurring
during the OER in this work will first be presented. Then a non-exhaustive presentation of the
observations made in the literature under operating conditions on cobalt and iron-based catalysts will

be detailed.

Among the many techniques (TEM, FT-IR, XRD, Raman spectroscopy...) used to study operando the
transformations of the catalysts during the OER, XPS and NEXAFS are two techniques used in this work

to characterize and study operando the OER. Their principles will be detailed in this part.

X-ray photoelectron spectroscopy (XPS) is a well-known technique that allows to determine the
composition of the near-surface layer of a material (from 1 to 10 nm depending on the kinetic energy
of photoelectrons). This technique consists of the collection and analysis of photoelectrons emitted
from the sample when excited by photons. It provides both qualitative and quantitative information
on the oxidation state of the elements, the presence of different type of species or the formation of

alloys”’.

The sample is irradiated by photons presenting an energy /v and interacts with the electrons
present in the atoms of the sample. Consequently, photoelectrons are emitted. They have a well-
defined kinetic energy (KE) that depends on how strongly they were linked to the atom: the binding
energy (BE) and on the work function of the spectrometer ¢ (typically about 4.5eV). The equation for

the calculation of these energies is the following’®:
KE =hv— BE — ¢

Equation 4: Relation between binding and kinetic energy in XPS.

With the XPS technique, when acquired under the appropriate conditions one can get a complete
elemental analysis of the surface and near-surface region. Moreover, the technique is also
guantitative: the intensity of a given peak is proportional to the fraction of the atom from which it

derives.
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Additionally, some information about the chemical and oxidation states can be obtained thanks to
the observation of a shift in the BE of the element’®. It is possible to perform XPS measurements in the
presence of a gas (NAP XPS) such as H;0, O,, H; etc... to observe how the material will evolve under

operando conditions.

If in XPS the electrons are fully ejected from the atom, some other techniques exploiting the fact
that the electron is excited to another energy level also exist: this is the case for all the X-ray absorption
(XAS) techniques. They measure the X-ray absorption coefficient of a sample as a function of the X-ray
photon energy below and above the absorption edge of a certain element. According to the energy
range of the source, XAS can be divided into soft (1 keV), tender (1-5 keV) and hard (5 keV) X-ray’”®. The
spectrum is usually divided in two different regions. The Near Edge Absorption Fine Structure: NEXAFS
(or XANES) from a few eV below the absorption edge to approximately 50 eV above the edge, and the
extended X-ray absorption fine-structure (EXAFS) from approximately 50 eV edge to as much as 1000

eV® above the edge. The comparison of these techniques is given in Figure 15 and Figure 16.

NEXAFS and particularly the soft X-ray absorption is surface-sensitive. It exhibits strong and
distinctive features in the energy region just below and up to about 50 eV above the absorption edge®.
A NEXAFS spectrum reflects the dependence of the photo absorption cross section on the photon
energy for values from just below the ionization threshold up to around 50 eV above it. It can provide
information about the local structure; oxidation states of the atoms and their environment, notably it

is possible to determine if the atom is present in an octahedral (Oh) or in a tetrahedral (Td) site.

ZO-—TDONWD
©
T

-1 4.

»
-
a

‘ [pre-edge XANES EXAFS
-

1 L 1 1 1 1 1 M 1 M 1 L 1
5. 0. 5. 19.  1S. 20.  25.
ENERGY (EV> X10*

Figure 15: Description of the XANES (or NEXAFS) and EXAFS regions taken from.52

For the XAS techniques, the core electrons are excited to an unoccupied energy level above the
Fermi level. When this happens, holes are being formed in the core level of the atom and this generates

the emission of photons that can be detected in the fluorescence yield (FY)®, secondary electrons are
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also emitted as a consequence of these holes being created: they are measured in the total electron
yield (TEY). If among these electrons only the Auger electrons are selected, we obtain the Auger
electron yield (AEY). In the FY mode the mean free path of the photon is of the same order of
magnitude as the incident photon, the technique is then quite sensitive to the “bulk” and less to the
surface. Meanwhile the TEY and AEY techniques are more surface sensitive as the photons are less
attenuated than the electrons. The AEY mode is even more surface sensitive than the TEY mode as
only the elastically scattered Auger electrons are collected with this technique but the signal is noisier
than in the TEY mode. The depth of the analysis depends on the material, but in average for AEY the
estimated depth is about 2-3 hm when for the TEY mode, it is rather between 4 and 10 nm®:. In Figure

16 a summary of all the above-mentioned techniques is shown.

Auger Electron
Electron Out

Vacuum

Unoceupied
States

Occupied
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Photon In 2 2
Photon Out

Core levels

Energy

Fluorescence Electron

XPS XAS  Emission FY) Emission (AEY or TEY)

Figure 16: Scheme of electron and photon emissions occurring during XPS and XAS taken from ref®>.

The XPS and the XAS are the two techniques that will be used in this work to get a better
understanding of the catalyst transformations during the OER. In the next parts, a state of the art of
the understanding of the transformations occurring on cobalt based catalysts during the OER will be

developed.

The complex processes taking place during the OER and the need for a deeper understanding of
the reaction mechanism have motivated the use of powerful tools such as Raman spectroscopy, Infra-
red (IR) spectroscopy, near ambient pressure X-ray photoelectron (NAP-XPS), Near-edge X-ray
absorption fine structure spectroscopies (NEXAFS), transmission electron microscopy (TEM) or X-ray
diffraction (XRD) to study this reaction. In the following paragraphs, the main conclusions on the

transformations observed for various cobalt-based catalyst during the OER will be developed.
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Cobalt spinel Coz04

First, a material that was extensively studied and that generated lots of publications is cobalt
spinel: Cos04 (Co (II) and Co(lll)). For this catalyst, the consensus seems to be that Co304 undergoes a

surface transformation in CoOOH which reversibility and role is debated in the literature.

First, Yeo et al.”® studied the OER on a Cos0, catalyst by Raman spectroscopy and observed the
attenuation of the vibrational peak characteristic of Co304 as well as the growth of a peak attributed
to CoOOH formation in the potential range of the OER. This formation was correlated to the OER

activity. Using NAP-XPS, Favaro et al.8® also confirmed this.

Thanks to operando TEM experiments, Ortiz Pena et al.*! studied Cos04 NPs in the OER potential
range and observed an irreversible amorphization on the NPs surface that they attributed to the
transformation of spinel NPs in a CoO4H, phase. Bergmann et al.®’ studied the structure and the
oxidation state of nanocrystalline Cos04 thin films during the OER using in situ X-ray diffraction and
‘quasi-in situ’ absorption spectroscopy (samples were freeze-quenched under potential control) and
on the cobalt K edge it was observed (Figure 17 A) that in the potential interval of the OER the Co(ll)
ions were oxidized into octahedrally (Oh) coordinated, di-u-O(H)-bridged Co(lll/IV) species. This
oxidation resulted in a reversible formation of a sub-nanometer thick amorphous CoOx(OH), shell. Such
reversibility was also observed by Reikovski et al.*®, they applied operando surface X-ray diffraction to
study structurally well-defined epitaxial cobalt oxide thin Co304(111) film electrodeposited on Au(111).
However, they observed fast and fully reversible Co304(111)/CoOOH(001) transformation at potentials
300 mV negative of the ‘onset’ of the OER, and thus concluded that the observed structural
transformation was not OER-driven. By comparing the OER activity of Co304(111) and CoOOH(001)
epitaxial crystalline films the authors argued against di-p-oxo bridged Co cations being responsible for

the OER activity of Co oxides.

Wiegmann et al. ** also investigated the formation of this layer and its thickness. They found out
that it could be several nanometers thick. They also observed that the thicker the catalytic layer was
becoming, the higher the activity was, implying the implication of more than a topmost layer of the
catalyst in the OER reaction (Figure 17 B). In another publication, Bergmann et al.2® proposed the
existence of 2 types of sites for the OER mechanism: a ‘fast’ one and a ‘slow’ one where the cobalt is
bonded differently with the adjacent oxygen atom (Figure 17 C). The cobalt atoms close to the surface
are considered more reducible and consequently more active for the OER. In this article they claim
that the OER is intimately coupled to the formal Co3*/Co* redox transition leading to protonatable -

+348 &

O sites as well as oxidized Co***% ions bound to terminal 07?9 ligands.
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Figure 17: A) Co-K edge measured for different potentials on a freeze quenched CosO4 thin film taken from®’. B)
Catalytic activity at 1.65 V vs RHE and overpotential needed to reach 1 mA.cm-2gcsp as a function of the thickness of the
CoOOH, layer B) formed at the surface of a Co304 thin film catalyst, taken from.#? C) Structural model of a layered CoO(OH),
and the different sites on which the OER can occur, taken from.58

CoO, H, particles:

The OER has also been studied operando on materials such as Co(OH); particles by Mefford et al.%.
CVs presented in Figure 18 showed two pairs of anodic/cathodic peaks at 1.1 V and at 1.5 V. On Co304

similar peaks were observed around these potentials?,
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Figure 18: Cyclic voltammetry curves obtained on Co(OH), in 0.1 M KOH with 10 mV/s scan rate, taken from.8°
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This CV curve was then correlated with Soft X-ray scanning transmission X-ray microscopy
(STXM) spectra measurements they performed on the cobalt under an applied potential, as shown in
Figure 19. These curves evidenced the oxidation of cobalt from Co (ll) to Co (lll) in the OER potential

interval.
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Figure 19:Voltage-dependent particle-averaged Co Ls-edge STXM-XAS spectra. Reference spectra are included for
the as synthesized 8-Co(OH)2 (Co?*), LiCoO; (Co3*) and SrsCos0;s (Co36*) taken from.5?

Under the OER conditions, the cobalt is first exhibiting a Co?>* oxidation state above 1.1 V and then

above 1.5 Vit fully transforms into Co (ll1).

Enman et al.*® on the other hand studied CoO4H, thanks to NEXAFS K-edge spectra of cobalt and
demonstrated that Co(lll) is, on average, further oxidized during the OER. Consequently, they proposed

Co (IV) as the OER intermediate.

Co0,(OH), catalysts:

Haase et al.>’ recently studied the impact of the particle size of a CoO«(OH), catalyst on the OER
activity (Figure 20 A) and transformations during the OER (Figure 20 B and C). They concluded that
small NPs (1-2 nm) were presenting higher specific activities than larger ones (5-9 nm), hinting at a size
dependence of the OER. It is worth noting that their results were obtained for low loadings compared

to what is usually seen in the literature and that their catalyst was not mixed with carbon.

While confirming the increase of the average cobalt oxidation state from 2+ to 3+, the authors
arrived to the conclusion that during the OER an electron ‘hole’ resides on oxygen ions rather than on
Co cations leading to the formation of electron-deficient ‘oxyl’ rather than Co (IV) species (similar to

what has been previously proposed for IrOx-catalyzed OER%2,
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Figure 20: A) Tafel slopes for the OER on CoOx(OH), NPs. B) NEXAFS Co-K edge of the 1 nm diameter NPs. C) Cobalt
average oxidation state before, during and after the OER. The diameters of the NPs are 9 nm (green), 6 nm (pink), 4 nm
(vellow), 2 nm (brown) and 1 nm (blue).

Cobalt iron catalysts:

As it was shown that iron participated in the enhancement of the OER activity, its role was also
studied operando thanks to XAS techniques on various CoFe oxides®3. Smith et a/.>* remarked that the
presence of iron yielded an anodic shift and a decreased Tafel slope of the catalyst up to a composition-
independent voltage : Ewansiion=1.53V associated to the emergence of a Co (Ill/IV) oxidation process
(Figure 21 A and B). They proposed a branching catalytic mechanism (Figure 21 C) in which the iron
activates a disproportionation of the di-py-oxo bridged Co(lll)-Co(ll) intermediates. Thanks to the

oxidation of di-p-oxo bridged Fe—Co sites, a secondary reaction site is then activated at voltages above

Etransition-
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Figure 21: A) Tafel plots for the OER measured on the thin CoFeOy films in 1 M KOH. The change in the slope is

indicated by the thin black lines. B) Overall electrocatalytic OER performance as a function of the film composition. C)
Mechanism proposed by Smith et al.®* for the OER on an CoFeOy catalyst.

In any case, in this study the cobalt is reaching a Co (IV) oxidation state in this mechanism and the

iron stays in a Fe (lll) oxidation state. However, Fe oxidation to higher oxidation degrees than Fe (lll)

was suggested by Enman et al.”°, on Co(Fe)OxHy catalysts. They confirmed that iron is playing a key role

in the OER mechanism and demonstrated thanks to the study of the Fe K- edge and Co K-edge spectra

that on a Co/Fe catalyst Fe (lll) was further oxidized while the cobalt was not (Figure 22). They are

suggesting two different pathways for the reaction to occur: (1) The OER mechanism proceeds through

the cobalt site but does not involve Co (IV). (2) The reaction mechanism involves Fe (>1ll). The authors

privilege the second interpretation.
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Figure 22: Fe K-edge (A) and Co K-edge (B) evolution during the OER taken from.%0

Calvillo et al.®> also studied the Fe K-edge and the Co K-edge to scrutinize the chemical and
structure change of a Co-Fe spinel powder. They demonstrated that the samples suffered irreversible
oxidation under the OER conditions leading to the formation of a layer consisting of Co304, CoOOH and
Fe,0s. They also stated that it was the Co (ll) cations in tetrahedral (Td) sites which were experiencing
these changes. Indeed, CoFe;0,4 in which the cobalt is in the octahedral sites was stable under the

working conditions, presenting only a slight oxidation of the surface, while Co,FeO4 which presents

more cobalt in the Td sites suffered important modifications (Figure 23).
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Figure 23: Changes of the Fe K-edge and Co K-edge of cobalt ferrite CoFe,04 and iron cobaltite Co,FeO4taken from.%>

However, they also found that the durability of the material was also depending on the species
formed during the OER as iron cobaltite showed the lowest performance loss while in the case of cobalt
ferrite a greater loss of activity was observed. This can be attributed to the preferential formation of
Co304 and CoOOH (stable and active) during the OER in the case of Co,FeQ,and to the formation of

Fe,0s (less active) in the case of cobalt ferrites.

Finally, Saddeler et al.%> recently performed operando studies of the behavior of cobalt iron spinel
with various iron vs. cobalt proportions. Thanks to the changes observed on the Fe K-edge and the Co
K-edge (Figure 24 A) for the different materials they synthesized, they were able to conclude that the
average Co oxidation state increases for all samples while the average oxidation state of Fe is close to
(1 for all samples
and doesn’t show significant changes, confirming the cobalt is here the active center. They also
observed a partial reversibility of this oxidation process. They showed that cobalt reaches Co (lll) during
the OER for cobalt-rich spinels and shows smaller oxidation state for lower cobalt contents (Figure 24

B).
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Figure 24: A) Co K-edge and Fe K-edge changes under OER potential. B) Changes in the cobalt oxidation state
during the OER for various spinel compositions. Taken from ref®. ap= as prepared.

To sum up, the selected examples mentioned above showed that operando characterizations
helped in understanding the chemical state, phase and oxidation state of the metal cations during the
OER. Cobalt-based catalysts have been studied operando for the OER. X-ray absorption techniques in
particular can provide valuable insights into the environment and oxidation state of the cations. They
exhibited some phase transformations (reversible or not) in the OER potential range. These
transformations are accompanied by a change in the oxidation state of the metal cations involved in
the reaction. For catalysts containing only cobalt, it seems that the reaction mechanism involves a Co
(1) or a Co (IV) intermediate and that the position of the cobalt (Td or octahedral (Oh) sites) has an
influence on the transformation occurring. However, for cobalt/iron catalysts, a synergetic effect is
suggested between the cobalt and the iron. Various hypotheses were put forward to explain the role
of Fe in the OER. One suggests that a Fe-Co ensemble is the active site: iron activates the reaction and
helps the cobalt reaching a Co (IV) oxidation state, another is that the iron reaches a Fe (IV) oxidation
state and acts as the active site itself. The design of new model catalyst on which the active sites are
well defined is then essential for further understanding of the OER mechanism and active sites on

cobalt-iron based catalysts.
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5) Nanoparticles: a model catalyst for the OER

Determining the activity of a catalyst is not as straightforward as it seems: the real electrochemical
surface area (ECSA) of the catalysts is often not known, the catalyst can present some composition
variations, different surface states (presence of defects, different atomic densities on different
crystallographic planes, etc) that will play an important role in the OER activity. To establish a link
between structural and electrochemical properties on the one hand and electrocatalytic activity on
the other, identify the active sites and compare the catalytic activities, ‘ideal’ or model systems are

needed.

One of the pertinent ways to obtain a model catalyst with a controlled composition, surface state,
level of defects, etc... is to use thin films.*>** Well-defined thin films deposited on a crystalline substrate
present an excellent model system. However, for AEM electrolysis applications the catalyst needs to
be deposited on a membrane. As stated before, many of the catalysts studied for the OER are in the
form of crystalline NPs, the issue with this type of catalyst is generally that there can be an important
size variation, and composition variation. However, some synthesis methods allow for reproducible
synthesis of NPs presenting a narrow size distribution. These synthesis methods will be presented in

the next parts.

Catalysis being a surface phenomenon, nano-objects which present a high specific surface are
usually considered as good materials for the OER. Considering the high tunability in terms of shape,
size, and composition of the nanoparticles, they are considered as good candidates for the OER.
Different synthesis methods have been developed to synthesize NPs, namely coprecipitation,
microemulsion, polyol, hydrothermal and thermal decomposition®°. Table 2 summarizes these

various methods and gives their pros and cons.
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Table 2: Summary of the different synthesis conditions for nanoparticles taken from.100

Not well
Very simple 20-90 Very short  aqueous <20 Medium High
controlled
Aqueous/
Difficult 20-50 Short <50 Narrow Good Low
organic
(0]
Very simple >180 Short <10 Narrow Very good medium
rganic
Aqueous/
Simple >200 Hours <1000 Narrow Very good medium
ethanol
Highly
Difficult 200-350 Hours organic <40 Very good high
controlled

The coprecipitation synthesis method is one of the most commonly used one where the NPs are
synthesized by the addition of a base in an acidic solution of dissolved metal salts that precipitate when
the pH of the media changes. This method generates a large amount of NPs in an aqueous media but
the size distribution and the extent of aggregation of the NPs is not well controlled. In order to
understand better the OER reaction happening at the interface of the electrolyte and the NPs, it is
important to have a good control of their morphology, size and composition to obtain a well-defined
catalyst that can be used as a model towards a better understanding of the mechanism. For about 20
years the synthesis of NPs via thermal decomposition has been developed and used for the synthesis
of NPs as it allows an accurate control of the size distribution and morphology and presents a high
synthesis yield despite being realized in organic solvents at high temperatures. This method principles

will be described in the next part.

Thermal decomposition is a synthesis method that consists in the decomposition of an organic
precursor at high temperature in a solvent that has a high boiling point (typically around 300°C).

h1% presented in Figure 25 . When

This synthesis is following the Lamer theory for nucleation and growt
heated at a high temperature in the presence of a surfactant, the metal precursor decomposes and
forms monomers. Typically, the precursors used to perform thermal decomposition synthesis are
metal acetylacetonates, oleates or stearates®>'% When the precursors decompose, the monomer’s
concentration in the reaction media during the heating keeps on increasing up to the moment when it

reaches the critical supersaturation concentration (Sc). At this point the energy of the system is high
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enough to initiate the nucleation step: monomers aggregate in nuclei and the concentration in
monomers consequently drops. This is a fundamental step as it will dictate the size of the NPs.
Typically, the nucleation has been observed about 250°C for iron oleates and stearates'°1%, When the
concentration reaches a level below Sc then the nucleation step stops and a second step begins: the
growth. This step simply consists in the addition of the remaining monomers on the surface of crystal
seeds. The energy needed for the growth step being lower than the one for the nucleation step, the
growth is easier to perform. The separation of these two steps is the key for the obtention of
monodisperse NPs with a controlled size. Another element that plays a key role in the synthesis is the

surfactant as it will stabilize the NPs and prevent their aggregation.

If all the nuclei are created at the same time they will undergo the growth step at a similar rate
which will allow the formation of NPs homogeneous in size and in shape®%1%7, However, if the reaction
continues for a too long time, another type of reaction can occur: the Oswald ripening phenomena
when small NPs are being solubilized again and the monomers that constituted them will be used to

grow bigger NPs.

| I ]|
A Nucleationp Growth

O

Monomer conc.

%]

Reaction time

Figure 25: lllustration of the LaMer nucleation and growth steps taken from.10¢

By changing the temperature ramp, the solvent or the precursor it is possible to modify the
size, the size distribution, the composition and the shape of NPs. The influence of these parameters

will be detailed in the next paragraphs.

50



- Size control

Van Embden et al.?%” have proven that temperature is a key parameter in the nucleation step
as the monomer generation rate increases exponentially with the temperature. In the literature, it has
been reported that a high temperature will generally produce larger NPs!%%1% Consequently, the
temperature which dependents of the solvent is key point to control the NP size and the synthesis
temperature. Also, the nature of the solvent can change the NPs properties: if the precursor is
stabilized by the solvent (because of its polarity for example) then its decomposition temperature will
be higher and smaller NPs will be produced compared to a non-stabilizing solvent. Also, a parameter
that likely plays an even more important role in the NPs size is the heating rate: if it is slow (1°C/min)
then the monomer generation rate will also be slow, generating few nuclei and larger NPs compared

to a quick temperature ramp that would generate more nuclei but smaller NPs.

The precursor stability and its coordination mode to the metal will change its decomposition

parameter. A precursor with a higher decomposition temperature will likely generate smaller NPs.

Finally, the duration of the growth step!?”1% will also have an impact on the NPs size. Long
reaction time increases the monomer concentration (anticipating that the precursor was not fully
decomposed after the nucleation step and that its decomposition will continue during the growth step)
and generates bigger NPs. Furthermore, Ostwald ripening phenomena can occur for longer reaction

times. Small NPs dissolve before recrystallization onto the surface of the largest NPs.

- Size distribution control

Wide size distribution can be due to multiple nucleation steps or to its duration (long
nucleation usually leads to a wider size distribution). The temperature in the reaction media also has
to be homogeneous in order to avoid local nucleation and growth, generating a large size distribution.

Figure 26 represents the influence of the nucleation duration on the NPs growth.
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Figure 26: Representation of the nucleation-growth process depending on the kinetics taken from.110

- Shape control:

The synthesis of various NPs shapes can be achieved (spheres, cubes, octahedra for
example)102111112 This shape variation and anisotropy is highly interesting for magnetism applications
and can also be interesting for electrochemical applications as the activity depends on the exposed
crystallographic plane (according to the exposed plane, the number of active sites and their
coordination may change). In this work, the spherical shape will be studied as this is the shape that is

easier to obtain with a reproducible size and size control.

Tuning all these parameters, it is then possible to obtain NPs with a narrow size distribution
and a controlled size and shape. However, the development of core-shell and onion like structures
using different precursors to obtain mixed NPs using the thermal decomposition method poses some

new challenges that will be detailed un the next part.

For electrochemical applications, several publications report on the activity of core-shell NPs for
the OER®0-6467.68113 in acidic or in alkaline media. Core-shell NPs are of particular interest due to the
low amount of catalytically active material needed to synthesize these structures: the core can be
composed of an earth-abundant inexpensive material such as iron oxide while the quantity of the
catalytically active material (such as cobalt or nickel oxides) localized in the shell is decreased.
Additionally, if the core and the shell materials are chosen carefully, the core can, in some cases,
participate in the catalytic activity thanks to electronic exchanges between the core and the shell. This

has been observed for gold-core and TM shell catalyst®*=%* for which important activities have been
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observed (Table 1). An ‘ideal’ catalyst would then be composed of an iron oxide-based core and a

cobalt or nickel oxide shell.

With the thermal decomposition method it is possible to perform successively several thermal
decomposition steps in order to obtain a core-shell structure or even an onion-like structure®114-116,
This second step is more difficult to realize as it will involve two different precursors: if the precursors
used during the synthesis of the shell display the same decomposition temperature, their monomers
will deposit on the core in order to grow a shell with homogeneous and stoichiometric chemical

composition %7,

It is then possible to tune the shell composition by modifying the ratio of the
precursors. However, the elaboration of mixed ferrites MFe,0, is a challenge: the decomposition
temperature of the cobalt and iron precursors are different, cobalt (ll) stearate has demonstrated a
higher decomposition temperature than iron (1) stearate. The concentration of their monomers in the
media will then be different. Depending on the decomposition temperature difference between the

two precursors used, two observations can be made:

- If the temperature difference is small: a gradient in composition with the metal cation of the
lowest decomposition temperature precursor (usually iron) localized in the center, and an
increase concentration of the other metal towards the edges of the NPs.117:118

- If the temperature difference is large: the oxides of the two different cations will grow one

after the other.

Also, in order to obtain a good core-shell structure with high quality of the interface, the materials
from the core and from the shell have to display low lattice mismatch with similar cell parameters in
order to obtain an epitaxial growth of the shell on the core. In the literature, Fes.q0,@CoFe,04 have

been reported (Figure 27) and this could be a good catalyst for the OER4,

) Fe(Ste),
O e S Co(Ste),
Oleic acid
o
AN A Fe®
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Fe(Ste), Reflux Fe; ;0, @ CoFe,0,

Fe; 50,

Figure 27: Successive thermal decomposition to form core-shell Fe;0,@CoFe,04 NPs inspired from.114

Last but not least, for electrochemical applications, it is also important to have a conductive

catalyst in order to avoid the ohmic losses inherent to a non-conducting or a poorly-conducting
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material. When the catalyst is not conductive, it is common to deposit an ink composed of carbon and
catalyst on the working electrode; the carbon being conductive, the issue of the ohmic losses in the
catalytic layer is then avoided. However, carbon materials are oxidized in the OER potential range. Not
only this is detrimental for industrial applications of the catalysts, but also complicates evaluation of
the OER activity and understanding of its mechanism. Consequently, utilization of conductive catalysts

is one of the key points towards a better understanding of the reaction mechanism.

There are not many spinel oxides that are conductive, and magnetite (Fes0,) is one of
them thanks to the hopping of the electrons between the Fe (II) and Fe (lll) cations. Indeed, magnetite
belongs to the inverse spinel structure (Figure 28) where the oxygen atoms are organized in a cubic
closed packed (ccp) structure and there are 8 Fe (lll) in the T4 sites as well as 8 Fe (lll) and 8 Fe (ll) in

the Oy sites'® .
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Figure 28: Inverse spinel structure taken from.1%0

However, it was presented in Table 1 that magnetite has almost no activity for the OER. But
an element that is quite active for the OER would be Co30; or cobalt ferrite?>°”%°, Cobalt ferrite also
presents a partially inverse spinel structure and the cell parameters of CoFe;0, and Fes0, are
respectively 8.3919 A (JCPDS card n° 22-1086) and 8.396 (JCPDS card n° 19-062). An epitaxial growth
of the ferrite shell on the magnetite core is thus possible. This material would be active for the OER
and the conductive core would avoid the use of carbon to increase the conductivity of the system. The
decomposition temperature of cobalt stearate and iron stearate precursors in monomers are also
similar so it is possible to deposit the monomers at the same time on an already formed core of

magnetite and grow a cobalt ferrite shell**4,
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To conclude, it is possible to synthesize core-shell NPs with a conductive magnetite core, an
electrochemically active cobalt ferrite shell, a controlled size, size distribution, shape and composition
via thermal decomposition but the synthesis parameters have to be chosen carefully. These NPs will

be synthesized and studied in the next chapters for the OER catalysis applications.
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6) Conclusion

To sum up, water electrolysis is an environmentally friendly way to produce hydrogen. Performing
this reaction in alkaline media allows to replace the scarce and expensive iridium-based anodes utilized
for PEM electrolysis by TMOs such as cobalt, iron or nickel. The OER (half reaction occurring at the
anode of a water electolyzer) being more difficult to realize due to four electrons exchange usually
presents higher overpotentials than the HER. Hence, finding a good catalyst for this reaction is a

bottleneck for future dissemination of the AEM water electrolysis.

Among the transition metal oxides, catalysts presenting a spinel structure are of great interest due
to their highly tunable properties. Cobalt, nickel and other transition metal oxides have been studied
for the OER in the literature and they seem to present good OER activities. These materials have also
been studied operando, but the transformations occurring on the catalyst surface are debated. In
several publication formation of a CoOxH, layer (reversible or not) at the surface of the catalyst has
been reported. The nature of the active center and the oxidation state of the transition metal cations
are also under discussion. Additionally, the measured activity values greatly vary from one publication
to another; a model catalyst is needed to systematically study the OER activities and operando

transformations of these catalysts and link them to their chemical structure and oxidation state.

Core-shell structures attract more and more attention: the core can be an earth-abundant
inexpensive catalyst while the shell (catalytically active material) quantity is limited. Good catalysts
often being scarce on earth, this is a good way to decrease their usage without being detrimental for
the OER activity. Additionally, the core can also help in increasing the catalytic activity. Consequently,
core-shell Fe30,@CoFe,04 NPs seem to be a good candidate for the catalysis of the OER. Iron is indeed
known to enhance the OER activity of materials and the conductivity of the magnetite core should
make the system conductive and would avoid the use of carbon that would otherwise oxidize in the
OER potential range. This structure also uses a lower amount of cobalt, a material that has been

III

classified as “critical raw material” in 2020 by the European union. Additionally, the core and core-shell
material both present an inverse spinel structure with almost the same cell parameter, which will allow
an epitaxial growth of the shell on the core. These NPs will be synthetized by thermal decomposition,
a method that produces NPs with high reproducibility, with a high control of the size, shape and

composition.

In this thesis, we aim at developing a model catalyst to evaluate its catalytic properties and link
them to the chemical structure but also to understand operando the phenomena happening at the

surface of the catalyst during the OER. For this purpose, we synthesized four different types of core-
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shell cobalt iron oxide NPs, we characterized them electrochemically and then used X-ray absorption
spectroscopy to investigate the oxide structure and oxidation states of the metal cations during the
OER. In chapter 3 we will focus on the NPs synthesis and their characterizations. In chapter 4, we will
investigate the influence of the electrode loading on the activity and highlight the importance of the
catalyst conductivity. Once the right loading for measuring accurately the activity has been
determined, chapter 5 will focus on the activity determination of the different types of NPs synthesized
and will study the impact of the core size on the overall activity. Finally, chapter 6 will investigate the
transformations occurring on the catalyst during the OER and study the evolution of the oxidation state

of metal cations, and unraveling some synergetic effects between iron and cobalt during the reaction.
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Chapter 2: materials and methods
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1) NPs and precursors synthesis

The NPs synthesis consists of a two steps thermal decomposition of metallic precursors. Their
synthesis protocol and the synthesis protocol of the precursors will be detailed in the next parts of this

chapter.

Iron (1) stearate:

Iron (ll) stearate was synthesized following a protocol that was already published for the iron

stearate.'®

In a 1 L two-necked round-bottom flask, 9.8 g (32 mmol) of sodium stearate (98.8%, TCl) were
poured and 320 mL of distilled water were added. The mixture was heated to reflux under magnetic
stirring until all the stearate was dissolved. Afterward, 3.80 g (16 mmol) of iron (Il) chloride
tetrahydrate was dissolved in 160 mL of distilled water and was poured into a round-bottom flask. The
mixture was heated to reflux and kept at this temperature for 15 min under magnetic stirring before
cooling down to room temperature. The colored precipitate was collected by centrifugation (15 000
rpm, 5 min) and washed by filtration with a Buchner funnel. Finally, the powder was dried in an oven

at 65 °C for 15 h.

Cobalt (11) stearate:

Cobalt (11) stearate was synthesized following a protocol that was already published**,

In a 1 L two-necked round-bottom flask, 9.8 g (32 mmol) of sodium stearate (98.8%, TCl) were
poured and 320 mL of distilled water were added. The mixture was heated to reflux under magnetic
stirring until all the stearate was dissolved. Afterward, 3.16 g (16 mmol) of cobalt (Il) chloride
hexahydrate was dissolved in 160 mL of distilled water and was poured into a round-bottom flask. The
mixture was heated to reflux and kept at this temperature for 15 min under magnetic stirring before
cooling down to room temperature. The colored precipitate was collected by centrifugation (15 000
rpm, 5 min) and washed by filtration with a Buchner funnel. Finally, the powder was dried in an oven

at 65 °C for 15 h.
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Four different types of core-shell NPs were synthetized aiming for different sizes of the core and

of the shell. The general protocol is the following:

The first step consists in the core (Fes0.) synthesis. For this step, two different precursors can be
used: a homemade iron (ll) stearate and a commercial iron (lll) stearate. A two-necked round-bottom
flask was filled with of iron (Il) stearate or the iron (ll) stearate, a surfactant (oleic acid 99% Alfa Aesar)
and solvent (ether dioctyl or a mix of squalene and dibenzyl ether). The brownish mixture was heated
at 100 °C under a magnetic stir for 30 min in order to remove water residues and to homogenize the
solution. The magnetic stirrer was then removed and the flask was connected to a reflux condenser
before heating the solution to reflux with a heating ramp of 5 °C/min. At the end, the mixture was
allowed to cool down to 100 °C. 4mL of the mixture were taken for analysis of the core material
following an already published protocol!!*. After cooling at room temperature, this fraction was
precipitated by the addition of acetone and washed by agitation with a magnetic stirrer in warm

acetone (60°). They were then stored in chloroform.

The second step consists in the shell growth on the core. Cobalt (ll) stearate (and in some cases
iron (ll) stearate), oleic acid, and 1-octadecene were added to the reaction medium. The mixture was
heated to 100 °C for 30 min under magnetic stirring to remove water residues and to homogenize the
solution. After removal of the magnetic stirrer, the flask was then connected to a reflux condenser to
heat the solution at reflux with a heating ramp of 1 °C/min. After cooling down to room temperature,
the nanoparticles were precipitated by the addition of acetone and then washed by centrifugation in

a mix of chloroform and acetone. They were then stored in chloroform.

The synthesis of the NPs were made following or adapting already published protocols taken from
refsl02113114120 The details of the nature and quantities of the precursors, solvents, surfactant and

temperature ramp are given in Table 3.
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Table 3: Experimental parameters for the core-shell NPs synthesis

Precursors

Solvent
Oleic acid

Temperature

Precursors

Solvent
Oleic acid

Temperature

Precursors

Solvent

Oleic acid

Temperature

Precursors

Solvent
Oleic acid

Temperature

Iron (Il) stearate 1.38 g (2.22
mmol)

20 mL of ether dioctyl
1.254 g (4.44 mmol)
reflux for 2 h with a heating
ramp of 5 °C/min
Iron (Il) stearate 1.38 g (2.22
mmol)

20 mL of ether dioctyl
1.254 g (4.44 mmol)
reflux for 2 h with a heating
ramp of 5 °C/min

2g (2.2mmol) of commercial iron
(1) stearate

19.5 mL of squalane and 0.5mL
of dibenzyl ether
1.254 g (4.44 mmol)

reflux for 1 h with a heating
ramp of 5 °C/min

2g (2.2mmol) of commercial iron
(I11) stearate

20 mL of ether dioctyl
1.254 g (4.44 mmol)
reflux for 2 h with a heating
ramp of 5 °C/min

2) Thermogravimetric (TG) analysis

(see chapter 3).

Iron (Il) stearate 0.585 g (0.94 mmol)
and cobalt (ll) stearate 0.29 g (0.46
mmol)

32 mL of 1-octadecene
0.791 g (2.8 mmol)
reflux for 2 h with a heating ramp of 1
°C/min

Cobalt (II) stearate 0.335g (0.531mmol)

20 mL of octadecene
No addition
reflux for 3 h under air with a heating
rate of 1°C/min
1.16g (1.84mmol) of cobalt (II)
stearate, 2.36g (3.8mmol) of iron (Il)
stearate

40 mL of 1-octadecene

1.254 g (4.44 mmol)
reflux for 2 h with a heating ramp of 1
°C/min reflux for another 2 h with a
heating ramp of 1 °C/min
1.16g (1.84mmol) of cobalt (II)
stearate, 2.36g (3.8mmol) of iron (II)
stearate
40 mL of 1-octadecene
1.254 g (4.44 mmol)
reflux for 2 h with a heating ramp of 1
°C/min

Thermogravimetric analysis is a method of thermal analysis in which the mass of a sample is
measured over time as the temperature increases. This analysis gives information about various
phenomena such as phase transitions, absorption, adsorption and desorption, chemisorption, or
thermal decomposition. In this manuscript, it is used to verify that the decomposition temperature of

the iron (Il) stearate and cobalt (1) stearate are coherent with the literature and the previous synthesis
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Thermogravimetry analysis was performed on the cobalt and iron (Il) stearates using a SDTQ600
from TA instrument. Measurements were performed on dried powders under air in the temperature

range of 20°C to 600°C at a heating rate of 5°C/minute.

3) Transmission electron microscopy (TEM)

To understand the phenomenon occurring on the surface of the NPs, a narrow size distribution
and well-defined shape is essential. Transmission electron microscopy (TEM) allows to calculate the
mean size of a batch of nanoparticles with a standard deviation, in measuring the size of 200 NPs with
the Image J software. The chemical composition of the NPs can also be investigated with energy
dispersive spectroscopy (EDS). Additionally, it is possible to obtain a high-resolution image of the NPs
and observe the lattice fringes. If the NPs are a single crystal, the fringes will have a regular period
across the NPs without defect. The TEM images were obtained on a JEOL 2100 LaB6 instrument with a
0.2 nm point to point resolution. The Fast Fourier Transformation and the microscopy images treating

and analysis were done using the Digital Micrograph software.

With the TEM it is also possible to study the atomic distribution on a single NP with electron energy
loss spectroscopy (EELS). This technique will confirm the core shell structure. STEM images and EELS
data were obtained using a probe-corrected Titan low-base (Thermo Fisher Scientific) equipped with
a high-brightness field-emission gun (X-FEG). Convergence angle was 25 mrad and collection angle for
high angle annulard dark field (HAADF) imaging was 48 (60) mrad at 300 (80) keV. HRSTEM images
were acquired at 300 keV while EELS data was acquired at 80 keV, except for data on sample CS-4
(Figure 6 in SI). A Gatan Image Filter (GIF) Tridiem ESR 865 spectrometer was employed for EELS data
acquisition using an energy dispersion of 0.2 eV/pixel and a collection angle of 68 mrad. Spectral range
was chosen to encompass O-K edge (520-555 eV), Fe-Ls, L, edge (700-730 eV) and Co-Ls, L, edge (770-
810 eV). Spatially-resolved EELS maps were acquired using DigiScan (Digital Micrograph) with pixel
sizes below 5 Angstrom. EELS data was analyzed with a custom Matlab software. Spectrum-images
were denoised using principal component analysis (PCA) and quantified by integrating a 30-eV wide
window of the background-subtracted spectra and normalizing with calculated scattering cross

sections.

Samples for HRSTEM and EELS measurements were prepared by drop-casting of 2 uL on holey-

carbon TEM grids from the chloroform-stabilized NP suspensions diluted 1:50 in ethyl alcohol. After
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drying, the grids with NPs were washed in a bath of activated carbon and ethyl alcohol similar to the

process described by Li et al.2*! to minimize contamination.

4) Scanning electron microscopy (SEM)

NPs were deposited onto a substrate in order to study the spatial arrangement prior to
electrochemical analysis. A Zeiss Gemini SEM 500 scanning electron microscope with a resolution of 1
nm was used. The detector used was a SE-Inlens (secondary electrons), the applied tension 1keV, the
working distance 3 mm and the aperture size 15.00um. Before taking the images, the samples were
cleaned thanks to a N, plasma generated by an evactron (power 20 W for 2 minutes). Beyond studying
the nanoparticle deposited on the substrate from the top, cross sections images were also recorded.
In order to observe a cross section, the NPs were deposited on a substrate that was the broken in the
middle. A cross polisher IM4000plus was used with a tension of 6 keV to send an argon ion beam on
the edge of the substrate and create a clean cut to observe the cross section. Silicon substrates were
submitted to the beam for 45 minutes while glassy carbon substrate were for 2 hours. in order to

obtain information on the thickness of the NPs layer and the distribution of NPs onto the substrate.

5) X-ray diffraction (XRD)

XRD is used to identify the crystallographic phases in the structure thanks to the intensity and the
position of the peaks of the diffractogram. The structure can be identified via the position and intensity
of the peaks present in the diffractogram. Each peak is the result of the reflection of a Bragg plan of

the material which obey the Bragg law:
Zdhkl Sln(H) =nA

with dng the inter-planar distance, 8 the Bragg angle (or half-angle deviation) and n the diffraction
order. Usually, the wavelength A corresponds to the cupper Ka edge of 1.5406 A. h, k and | are the

Miller indices of the different planes.

Thanks to this dnavalue, it is possible to calculate a, the cell parameter of a cubic system, according

to the following formula:

a = dhkl\/ hZ + k? + lZ
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The NPs crystalline structure was investigated by X-ray diffraction (XRD). In the obtained
diffractograms, in addition to the peaks that are seen (characteristic of the crystalline lattice mode),
the broadness of the peaks can be measured: the width of a peak reflects the crystal size and its

narrowing is a consequence of a larger crystal size.

For CS-1 XRD measurements were performed using a Bruker D8 Advance diffractometer equipped
with a monochromatic copper radiation (Ka = 0.154056 nm) and a Sol-X detector in the 20-80° 26
range with a scan step of 0.02°. High-purity silicon powder (a = 0.543082 nm) was systematically used
as an internal standard. For CS-3 and CS-2, a Bruker D8 Advance diffractometer equipped with a non-
monochromatic copper radiation (Ka = 0.154056 nm) and a Sol-X detector in the 20-80° 26 range with
a scan step of 0.02°. High-purity silicon powder (a = 0.543082 nm) was systematically used as an
internal standard. For CS-4 The XRD measurements were carried out on a D8 Discover diffractometer
in Bragg Brentano geometry equipped with a Cu Sealed tube (AKq = 1.54059 A), a quartz front

monochromator, a motorized anti-scatter screen and an energy resolved Lynxeye XE-T linear detector.

From the diffractograms, it is possible to extract the cell parameter and the crystallite size. These

parameters were obtained by fitting the data with fullprof software!?212,

6) Fourier transform infrared (FT-IR) spectroscopy

Fourier transform infrared (FT-IR) spectrometry is a powerful technique that can help in the
investigation of the composition of the NPs. It can also evidence the presence of impurities and side
products such as the stearate used as a precursor or some free oleic acid used as a surfactant in the
reaction. Moreover, after the synthesis of the nanoparticles by thermal decomposition, the NPs are
precipitated and washed in warm acetone. After the end of the washing step, FT-IR technique is used

to verify if the washing has been successful: one can follow this ratio:

Vasand s
Vum-o
where V. is the symmetric (s) and antisymmetric (as) vibration of C-H bonds from CH; group
between 2925 and 2855 cm™ and V.o is the vibration of the metal-oxygen bond centered around 570
cm! for Fes 504. The NPs are considered as clean when this ratio reaches 1 as some oleic acid ligands

grafted at the surface of the nanoparticles are still present, allowing their colloidal stability.
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FT-IR was performed using a PerkinElmer Spectrum spectrometer in the wavenumber range

4000-400 cm™ on samples diluted in KBr pellets.

7) Granulometry

Stable suspensions are essential for the electrode preparation as aggregates should be avoided in
order to have a high surface of the material. The thermal decomposition method allows the
nanoparticles to have surfactant (oleic acid) grafted at the surface of the NPs which ensure their
stability in suspensions. A first indication of the size of the nanoparticles is given by granulometry
measurements also called dynamic light scattering (DLS). It consists in recording the intensity of an
incident scattered beam by the nanoparticles. The NPs are in movement in the suspension thanks to
the Brownian motion. Measuring the intensity of the beam as a function of the time and using the
Stokes-Einstein equation one can determine the hydrodynamic diameter (dn) which depends on the
temperature (T), the carrier liquid viscosity (n) and the diffusion coefficient (Dy):

KgT
dp-
3nnD;

The hydrodynamic diameter includes the size of the oleic acid ligand grafted at the surface of the
NPs. Measurements were performed using a nanosizer Malvern (nano ZS) at a scattering angle of 173°.

A measure corresponds to the average of 3 runs of 1 min.

8) Electrode preparation

Different substrates are available for the electrochemical experiments to be performed. In order
to determine which substrate was the best for our application, we tried both a plate of polycrystalline
gold and a rod of glassy carbon electrode which advantages and drawbacks as well as the electrode

preparation will be presented in the next parts.

Glassy carbon electrode:

This electrode was cleaned in HCl 1 M for an hour to make sure that no NPs were left on its surface

from previous measurements. Then it was polished for 1 minute using 3 different diameters of alumina
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powder: 1um; 0.3um; 0.05um. After the polishing steps; the electrode was rinsed with water and then
ultrasonicated for 5 minutes in acetone, for 5 minutes in ethanol and for 5 other minutes in water to

remove the traces of alumina powder.

The NPs were then drop casted on the clean glassy carbon electrode (d=0.5 cm) from their
suspension in chloroform, the latter was evaporated in air (Figure 29). Different loadings ranging from
0.5 to 100 pg/cm? were deposited on the glassy carbon electrode, the loadings will be indicated in the

manuscript when presenting the electrochemical data.

Figure 29: Core-shell NPs CS-1 deposited on a glassy carbon electrode measured with SEM.

Gold electrode:

A polycrystalline gold plate (10 mm by 10 mm and 1 mm thick) was used as the working electrode.
First, the gold was cleaned in HCI 1M for an hour and then with ethanol and water. Following this step,
both sides of the gold plate were activated by an argon plasma for 2 minutes. Following an already
published protocol*?*, the gold surface was functionalized for 24 hours in a solution of 11-
mercaptoundecanoic acid. The plate was then washed with ethanol to remove all the ligands that are
not attached to its surface. Finally, the gold-functionalized plate was placed in the NPs solution for 1

hour and washed with chloroform to remove the NPs that would not be grafted to the surface.

The advantage of using gold as a substrate is that after grafting the NPs it can be annealed to
remove the surfactant surrounding the NPs. An annealing step was performed in air for 10 minutes at
300°C in order to remove the organic molecules and make the surface of the NPs available for the OER

(Figure 30).

66



Figure 30: Core-shell NPs CS-1 deposited on a polycrystalline gold plate after annealing at 300°C for 10 minutes,
measured with SEM.

In the beginning of my PhD project, the gold substrate was privileged because, in addition to
withstand high temperatures that would allow the full removal of the oleic acid surrounding them, it
would also allow the study of a submonolayer of non-aggregated NPs and provide for an accurate
estimation of the NPs activity. However, the use of the gold substrate was abandoned later. The reason
for that was that we have noticed that the activity of the polycrystalline gold substrate evolved in time
following successive cycles of NP deposition, annealing, substrate cleaning and polarization to the OER
potentials. Unfortunately, the gold plates we had in our possession were not compatible with a
polishing machine (which would allow us to renew the surface), and we did not succeed in having Au
substrates, which would allow a reproducible surface state. This resulted in a significant
irreproducibility of the results as a matter of time. Table 4 summarizes the advantages and drawbacks

of each substrate.

Table 4: Pros and cons of a polycrystalline gold plate and a glassy carbon rod as the working electrode to support
the NPs

Glassy carbon Polycrystalline gold
Annealing possible No Yes

From the volume of NP
suspension drop-casted, with

Number of NPs estimated from

Activity estimation cobalt and iron concentration .

. . . the SEM images

in the suspension obtained by

ICP-AES
Not good (Au substrate
Reproducibility Acceptable (+15%) becoming more active over
time)
Possible electronic
No Yes

interactions with the catalyst

Not easy to obtain, NPs
Monol o Y I
onofayer randomly distributed =5 selaimenaleyes,

Considering Table 4, even though gold seemed to be a good candidate for the substrate, the fact

that due to the annealing, successive chemical treatments and electrochemical measurements, the
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gold substrate progressively became more OER active, prompted us to abandon it. Also, research

papers indicated that gold could have electronic interactions with the catalys

%970 which we preferred

to avoid in order to determine the intrinsic activity of our catalyst. In the end, it was decided to move

from a gold substrate to a glassy carbon one, even though it could not be annealed, and it was more

difficult to control the repartition of the NPs on the electrode. Nevertheless, the glassy carbon

substrate allowed us to obtain reproducible results.

On this glassy carbon substrate, two different deposition methods were investigated: spin coating

and drop casting.

Spin coating is an interesting method to obtain a thin layer of the NPs but given the size of the
glassy carbon rod (10 mm high and 5 mm diameter), the deposition on the substrate was
delicate and not always repeatable. Unfortunately, we did not succeed in optimizing the spin
coating procedure, and part of the NPs was removed from the substrate due to the high
rotation speed. Thus, the number of NPs on the electrode was then difficult to estimate.
Hence, the mass or surface weighted activity of the catalyst was difficult to evaluate using this
technique.

Drop-casting is a deposition method commonly used in electrochemical experiments. It allows
better control of the quantity of catalyst deposited on the substrate and is easy to perform.
However, it still presents some issues: the distribution of the catalyst on the surface is not well
controlled and if the solvent evaporates rapidly (which is the case here as the NPs are stored
in chloroform), the layer is not homogeneous. With this technique it is not possible to obtain

a monolayer of NPs on the substrate.

As a conclusion of this part, due all the issues above mentioned for the gold substrate, we opted

for a glassy carbon substrate using a drop-casting deposition method. Even though this approach is not

ideal as the distribution of the NPs on the surface is random, showed a correct repeatability of the

cyclic voltammetry experiments.

The glassy carbon electrode that was chosen to continue the project was prepared according to

the following protocol:

Cleaning step in 1 M HCl for 1 hour to make sure that no NPs were left on the surface from

previous experiments.
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- Polishing steps for 1 minute on 3 different diameters of alumina powder: 1 um; 0.3 um and
0.05 pm.

- After each of the polishing steps, the electrode was rinsed with water and then ultrasonicated
for 5 minutes in acetone, for 5 minutes in ethanol and for 5 other minutes in water to remove

traces of alumina powder.

10 uL of the NPs solution (with various concentrations) was taken with a micropipette and the
droplet was deposited on the clean glassy carbon electrode (d=0.5 cm), the solvent (chloroform) was
evaporated in air for about 2 minutes. Different loadings ranging from 0.5 to 100 pg/cm? were
deposited on the glassy carbon electrode, the loading will be indicated in the manuscript. Then
different dilutions were applied (F=1, 10, 30, 60,100) by adding chloroform to the initial solution of NPs
in chloroform and depositing NPs on the electrode to achieve various loadings. The drop-casted
volume was kept constant at 10 uL. For the investigation of the surfactant impact on the activity (see

chapter 5), 1 pL of oleic acid was added to 1 mL of the original NP dispersion in chloroform.

9) Electrochemical measurements

A 3-electrode glass cell was used with a 0.1 M NaOH electrolyte to characterize the material
electrochemically. The working electrode (WE) is the glassy carbon with the NPs, the counter electrode
(CE) is a gold wire instead of a more commonly used platinum wire in order to avoid cross-
contamination of the WE by platinum, and the reference electrode (RE) is a Hg/HgO electrode which
potential vs RHE has been regularly calibrated against a reversible hydrogen electrode to make sure

that it was stable and wasn’t changing with time.

Electrochemical impedance measurements were performed on a Gamry REF 600 potentiostat at
two different potentials: 1.62 and 1.67 V vs RHE. The range of frequency was set from 0.2 Hz to 100

kHz with 10 points per decade.

The Nyquist plots will we used to determine the electrolyte resistance from the high frequency

part of the impedance spectrum and to correct the ohmic losses in the cyclic voltammetry
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measurements. Figure 31 shows how the electrolyte resistance R; is determined from the impedance

measurements.

01 100 200 300 400 500
Z.... (ohm)
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Figure 31: A typical Nyquist plot obtained for the core-shell NPs deposited on a GC electrode. The dashed line
illustrates how the electrolyte resistance was determined.

Cyclic voltammetry measurements were performed on a Gamry potentiostat REF 600. All the
experiments were repeated 3 times to ensure their reproducibility. The WE potential was recalculated
into the RHE scale and corrected to Ohmic losses, with the electrolyte resistance Rs measured using
the impedance spectroscopy. The potential was recalculated as follow (i is the current flowing through

the cell):

Erur = Eng/ngo +0.93 — i X Ry
First 50 CV cycles were done between 0.83 and 1.43 V vs RHE with a scan rate of 100 mV/s in order
to clean the surface of the NPs. Then 3 cycles between 0.83 and 1.73 V vs RHE were performed with a
10 mV/s scan rate, which were used to determine the OER activity and the Tafel slope after the iR
correction. Figure 32 shows how the correction of the ohmic losses changes the cyclic voltammetry

curves. For high currents this change becomes important and can influence greatly the activity

determination.
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Figure 32: Typical cyclic voltammetry curves measured for core-shell NPs deposited on a GC substrate in 0.1 M NaOH
before (black) and after (red) correction of the ohmic losses.

Another factor that we investigated was an eventual influence of oxygen bubbles created on the
working electrode. Indeed, as we stated in chapter 4, the creation of bubbles will likely decrease the
measured activity. This is why a rotating electrode is usually used in the literature. However, in our
case, due to the low NP loadings used and consequently relatively low currents generated, the use of
a rotating electrode was not needed. Indeed, Figure 33 does not display any significant change
between the measurement performed with and without the WE rotation. Consequently, for all the

experiments that will be presented in the following parts, no rotation of the working electrode will be

applied.

0.4
2‘ 0.3
E
= 0.2 Rotation
E No rotation
= | i
5 0.1

0.0

14 16 18

potential (V)

Figure 33: Cyclic voltammetry curves obtained for CS-1 NPs in 0.1 M NaOH at 120ug.cm2 loading without and with
(2500 rpm) electrode rotation.

As stated in chapter 1, in order to evaluate the activity of a catalyst and to compare these
results with the literature, normalizing the current by the surface of the particles or by their actual

mass is imperative. In this study, the concentration of cobalt and iron in a given volume of the NP
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suspension has been determined by Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES). From these measurements, the oxide mass was obtained. The surface of the NPs has been
calculated thanks to the average diameter of the NPs measured by the TEM, assuming that the NPs
were displaying a perfect monomodal distribution and were perfectly spherical. This is an

overestimation of the actual electrochemically active surface but is still a good approximation.

The surface weighted activity and the metal oxide mass weighted activity were calculated as

follows:

f ghted activity (mA.cm=2) = current (mA)
surface weighted activity (mA.cm™*) = — surface (em®)

tal oxid ighted activity (A.g™1) = current (4)
metal oxide mass weighted activity (A. g = oxide mass (g)

Equation 5: Calculation of the surface weighted activity and the oxide mass weighted activity.
If, as we suppose, the activity of the NPs is arising primarily from the shell, with cobalt being
responsible for the activity of the catalyst, another type of activity, normalizing the current by the

cobalt mass can be introduced:

current (A)

cobalt mass weighted activity (A.g™1) = cobalt mass (g)

Equation 6: Calculation of the cobalt mass weighted activity.

This indicator may provide a better estimation of the activity of the catalyst as it will consider the
low amount of cobalt present in the core-shell NPs and responsible for the activity, and not the entirety
of the NPs. These different kinds of activities will be compared for the different types of NPs

synthesized for this study.

Cyclic voltammetry experiments were also performed in a 1 M NaOH electrolyte in order to
evaluate the influence of the electrolyte concentration and pH on the NPs activity. For these

experiments, an Hg/HgO electrode filled with 1 M NaOH and calibrated accordingly was used.
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10) Synchrotron measurements

In order to probe the cobalt and iron quantity and their distribution within the NPs, X- ray
photoelectron spectroscopy (XPS) can be used in order to measure the Co 2p and Fe 2p peaks at
different depths within the NPs by varying the incident photon energy. In this work, two sets of the

depth profiling experiments were performed at the ISISS beamline of the BESSY synchrotron facility.

For the first run of experiments (see chapter 6), CS-1 NPs were deposited on a silicon substrate on
top of which a thin layer of carbon had been deposited. The measurements were first performed on
the initial sample and then it was annealed at 300°C under O, atmosphere for 8 hours. The incident
energy of photoelectrons was varied from 900 to 1600 eV (corresponding to kinetic energies ranging
from 200 to 800 eV). However, in this first run of synchrotron measurements, the depth probed in the
NPs was too important, while the number of experimental points was not sufficient to make an

unambiguous conclusion regarding the Fe/Co ratio distribution within the NPs.

For the second synchrotron run, CS-1 and CS-3 NPs were drop-casted on a silicon wafer substrate,
on this substrate, a thin layer of carbon has been deposited (for the conductivity and to avoid charge
effects on the XPS measurements). More measurements were performed with the incident photon
energy ranging from 850 eV to 1350 eV (corresponding to kinetic energies ranging from 150 to 550 eV)
in order to primarily probe the near-surface region of the NPs. The results of this depth profiling study
will be presented in chapter 3. The results obtained for this experimental run at high incident energies

agreed with the data obtained for the first depth profiling run.

The average mean free paths for the applied energies were given by QUASES software. The area
of the Co 2p and Fe 2p peaks have been integrated thanks to casaXPS software and the proportion of

iron vs cobalt has been calculated using the following formula:

Equation 7: Calculation of the atomic concentration of a given atom A thanks to the area of its XPS peak (14) and its
sensitivity factor S,.

where Ca is the atomic concentration of a given element among a number of n elements. Ia---In is
the area of the peak characteristic of a given element, Sa- - - S, is the sensitivity factor that depends on

the cross-section of the element and also on the flux of the incident source. The cross-sections were
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125 and the flux was taken from the BESSY flux curve. It is

taken from ELETTRA synchrotron website
worth noting that in the case of the polarized synchrotron radiation, an anisotropy factor should be
considered to calculate this ratio. However, while considering the 2p orbitals of cobalt and iron, the

error is compensated when the ratio of these two elements is calculated.

Following the experiments of annealing under an oxidative atmosphere, NEXAFS studies on CS-1
NPs were performed at SOLEIL synchrotron on the TEMPO beamline. The NPs were deposited on a
gold substrate. One sample had been annealed for 10 minutes at 300 °C under air and the other was
not annealed. Fe L-edge and Co L-edge spectra were measured on the annealed and not annealed

samples. The results of this study are presented in chapter 6.

Another NEXAFS study was performed on CS-3 NPs at BESSY synchrotron on the ISISS beamline to
study operando the transformations occurring on the Fe L-edge and the Co L-edge as well as the O K-
edge. The results of this study will be presented in chapter 6. The cell that was used for in situ and
operando electrochemical studies was designed at the Fritz Haber Institute (FHI, Berlin, Germany) and

is presented in Figure 34.
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Figure 34: Electrochemical cell developed at FHI taken from.126

This cell comprises of a membrane permeable to the electrolyte (in this manuscript an anion
exchange membrane) through which it will be able to humidify the catalyst layer deposited at the
surface of the membrane and acting as a WE. The counter electrode is a platinum wire and the
reference electrode, an Ag/AgCl. This cell allows the application of a potential on the working electrode
and the surface of the catalyst can be probed at the same time by NEXAFS or XPS. A gas can also be

introduced in the chamber to perform NAP-XPS measurements.
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Figure 35: Membrane and catalyst assembly.

The membrane - catalyst assembly is presented in Figure 35. On this figure the catalyst layer is

covered by a bilayer of graphene (transparent to photoelectrons) that has two roles!?’:

- acting as an evaporation barrier: the electrolyte will stay between the graphene and the
membrane and will humidify the catalyst, making it possible to study the electrochemical
reaction.

- providing an electrical contact between the catalyst NPs and the current collector.

This graphene bilayer has been bought from Graphenea company that deposited the graphene
thanks to a chemical vapor deposition method. This cell allows the application of a potential to the
membrane and catalyst assembly and to study in situ the phenomena happening on the surface of the
catalyst. It has been previously used to study operando the OER in acidic media®?”1?8, The NEXAFS

measurements are performed in total electron yield (TEY) and Auger electron yield (AEY).

Different types of anion exchange membranes exist and can be used. For this work, two different
membranes have been tested in order to determine the one that was best-suited for the synchrotron

experiments.

The first one is a commercial anion exchange membrane from Fumatech (fumasep® FAS-50) and
the second one is an Aemion® anion exchange membrane prepared by the group of S. Holdcroft (Simon
Fraser University, Vancouver)'?>13°, Both membranes allowed to obtain decent CV curves for core-shell

NPs deposited on their surface and thus seem to be good candidates (Figure 36).
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Figure 36: Cyclic voltammetry curves obtained for core-shell CS-1 NPs dropcasted on the Aemion membrane (left)
and CS-3 NPs deposited on the Fumatech commercial membrane (right). Note that in addition to the membrane being
different, the size of the NPs as well as their loading on the membrane are different, which can explain the differences in the
currents observed on the two membrane-electrode assemblies.

CVs measured for the CS-3 sample using both types of membranes exhibit peaks characteristic of
the Co (Ill)/Co (IV) redox transition around 1.3-1.4 V vs. RHE. The membrane developed by the group
of S. Holdcroft seems to be a better candidate as for this membrane, the cobalt peaks are more intense
compared to the commercial membrane. This difference is probably due to the difference of the ion
exchange capacity (IEC) of the membrane and its thickness. Due to these differences, it was decided
to first try the operando experiments with this membrane. During the preliminary experiments, the
MEA was displaying a good behavior and no pressure issues when inserted in the analytical XPS
chamber. However, during the synchrotron beamtime, the pressure in the chamber upon insertion of
the MEA (10°/® bars) was too high to perform the experiments safely (the risk of having the membrane
breaking and the electrolyte leaking in the analysis chamber were too high). It was then decided to
move on to the second candidate (the commercial membrane), for this one the pressure was
maintained at a level that was still high (10°°) especially at the end of the experiments but that allowed

the experiments to be performed in a safer way for the beamline.

This higher pressure experienced with the Aemion® anion exchange membrane could have been
caused by the fact that the non-commercial membrane was needed to be conditioned before use (in
a 3 M KOH electrolyte changed regularly for a couple of days), the initial hydration state of the
membrane was then probably at fault and the membrane was degassing in the chamber. Even though
it was dried for about 30 minutes before inserting in the chamber, it was not possible to dry the

membrane more without damaging its properties.

To conclude, the non-commercial membranes seem to be a better candidate but their initial
hydration state hinders their use for operando investigation. As a consequence, for this run, a

commercial Fumatech membrane was used.
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Chapter 3: NPs synthesis and

characterizations: Fes. 504 and Fes.s01@Co01.«
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1) Introduction

The synthesis of a well-defined catalyst to understand better the phenomena occurring at the
interface between the catalyst and the electrolyte is of high importance for the development of future

anode materials for the OER. This catalyst has to meet several requirements:

- Be conductive to avoid the use of carbon that is commonly used in the literature to circumvent
problems related to the low conductivity of transition metal oxides?®. The issue is that carbon
can’t be used in the OER potential range because it corrodes.

- Present a high surface area: catalysis being essentially a surface phenomenon (even if for some
(electro)catalytic processes, notably OER, Mars-van-Krevelen-type mechanisms may be
involved), it is highly dependent on the surface available for the reaction to happen but also
on the surface state and defects of the catalyst.

- Be active for the OER. As we saw in chapter 1, TMO based catalysts with a spinel structure are
interesting candidates due to their tunable properties.

- Be stable in the potential range of the OER, in time with repeated cycles and in the alkaline

media.

Another important characteristic to consider is the cost of the catalyst and its abundance on earth.
Indeed, as it was discussed in chapter 1, the best OER performances are obtained for materials such
as iridium and ruthenium oxides that are used in acidic media but due to their scarcity and cost, other
alternatives to these catalysts are needed. TMO are good candidates to catalyze the OER in alkaline
media. Their properties for the OER were extensively studied in the literature.?565829 They exist under
different forms: simple oxides/hydroxides (CoOOH, NiOOH), or more complex oxides (spinels,
perovskites). Simple oxides and spinels are relatively active for the OER but not conductive (to the
exception of Fes04) while perovskites generally present a higher conductivity. Compared to
perovskites, synthesis of spinels is usually performed at a lower temperature, leading to a larger

specific surface while the perovskite’s one is generally smaller.

The most active materials reported in the literature in alkaline media are cobalt or nickel-based
catalysts. However, these materials are not abundant on earth and their prices are consequently quite
high. The growing cobalt demand led to its recent classification as critical material by the European
Union.” In order to investigate the minimum amount of cobalt needed to catalyze efficiently the OER,
Saddeler et al®® recently studied the OER activity of CosFesxOs4 compounds and evidenced that the
higher activity was reached for Co,FeOsand not Co304. The cobalt quantity in the catalyst can therefore

be decreased but these materials, even though presenting a good OER activity are not conductive.
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Catalysis being a surface phenomenon, one way to cut these costs and use less of these materials is to
use a core-shell structure where the core consists of inexpensive material and where only the shell
that contains these metals is the active component for the OER. Various examples of core-shell NPs

67,68 ysing elements such as iridium

for the OER have been investigated in the literature in acidic media
or ruthenium in the shell but also in alkaline media®%®*%4%¢ ysing TMOs in the shell. Among these
materials, core-shell NPs presenting a gold core and a TMO shell (CoFeOx®3, NiC0,5:%* or C03045?)
displayed important activities for the OER of about 10 000 A/gru for some of the samples. It was
suggested that Au enhances the OER activity of TMOs because it induces electronic effects that allow
the transformation of the TM in a 4+ oxidation state.®®’° Although it is not clear yet, iron cations in
TMO phases may result in similar synergetic effects with cobalt or nickel atoms which would be
responsible for enhanced OER properties’’3, Core-shell NPs with an iron conductive core (Fes0,) and
a cobalt or nickel-based shell would then present the advantage to decrease the quantity of active

material as well as to increase the conductivity in the material. An interaction between this iron core

and the shell could also enhance the OER properties of the overall catalyst.

Synthetizing noble metal-free catalysts is then an important challenge for the development of cost-
effective catalysts. Another challenge is to control the formation of these objects in order to be able
to study systematically their electrochemical properties as a function of their chemical composition
and structure. Indeed, according to the size of the conductive core, the thickness of the shell, the
valence of the metallic cations, their chemical environment, or their conductivity, the properties of the

catalysts may differ.

The catalyst that has been chosen for this study is core-shell cobalt iron oxides NPs:
Fe3;04@CoFe;04. It meets all the criteria above-mentioned: Fes04 is abundant and stable in the OER
conditions, the bulk material conductive at ambient temperature (250 ohm™*cm™)!3! and iron oxide
NPs have been proven to be conductive!®?133, Moreover, CoFe;0, is active for the OER and these 2

materials present similar cell parameters, allowing an epitaxial growth of the shell on the core.

These NPs have a core of Fes.s04 and a shell of CoFe;04. Thanks to their spherical shape and their
nanosize they present a large specific surface. They are also conductive thanks to the magnetite
core®32133 and the fact that they present a really thin shell of cobalt ferrite. Thus, the addition of carbon
with the NPs is not necessary. As it was presented before and in chapter one, TMOs such as cobalt
ferrite are known to be active for the OER***® and they are stable in alkaline media in the OER potential
interval. Additionally, Fes.s04 and CoFe,04 both present an inverse spinel structure and have almost
the same cell parameters so they can grow epitaxially on top of the other. The synthesis approach

consists in a seed mediated growth based on the thermal decomposition of metal complexes as

79



recently reported!!*. Two successive steps of thermal decomposition of metal complexes (iron (ll) or
(1) stearate in the first step; cobalt (II) and iron (ll) stearate in the second step) are performed in a
high boiling temperature solvent (about 300°C) and in the presence of a stabilizing agent (oleic acid).
The obtained NPs are homogeneous in size, shape, and composition and consist of a good ideally well-
defined and model catalyst for the understanding of the phenomena occurring at the NPs/electrolyte

interface.

In this chapter, the synthesis strategy of four different types of NPs synthesized with various core
sizes and the shell thicknesses will be presented. Their chemical structure will be deeply investigated
by a wide panel of characterization techniques including Transmission Electron Microscopy (TEM),
Fourier transform infra-red spectroscopy (FT-IR), granulometry, X-ray diffraction (XRD),
Thermogravimetric analysis (TGA) electron energy loss spectroscopy (EELS) and X-ray photoelectron
spectroscopy (XPS) to verify if they are presenting the right properties to be a good model catalyst for

the OER. These synthesis and characterizations of the precursors will be presented in the next section.
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2) Synthesis strategy

In this work, four different kinds of core-shell NPs have been synthesized, their properties for the
OER will be studied in the next chapters. In order to perform a systematic study of the influence of the
core size and shell thickness on the electrochemical properties, the operating parameters were varied
to control them precisely. For comparison with the core-shell NPs, Fes.s04 NPs (core material) were

also synthesized.
Three parameters were modified:
- The core size:

To study the influence of the core size, two groups of NPs aiming for two different core diameters
(8 nm: CS-1; CS-2 and 14 nm: CS-3; CS-4) were designed using two different iron stearate precursors.

The activity results obtained for these NPs will shed light on the core role in the behavior of the catalyst.

- The shell thickness:

In order to investigate the influence of the shell thickness, various quantities of cobalt and iron
precursors were then added during the second step of the synthesis in order to grow thin and thick
shells. For CS-1, CS-3 and CS-4 the precursors quantities added during the second thermal
decomposition and consequently, the shell thickness has been gradually increased from 0.46 mmol to
1.84 mmol mmol to generate crystal growth of the shell on top of the core. The second thermal
decomposition always consisted in the addition of cobalt and iron stearate precursors
stoichiometrically in order to form CoFe,04. The activity results obtained for these NPs will be
interesting in order to understand the impact of the size of the conductive core and the thickness of

the shell.

- The growth of the shell:

The shell synthesis method has been varied in order to investigate the influence of crystalline
growth vs. diffusion phenomena on the catalytic activity. For CS-2, NPs the synthesis method was
different: only cobalt (ll) stearate has been added during the second thermal decomposition step.
Consequently, the diameter of the core-shell NPs is theoretically similar to the core’s one as the cobalt
only diffuses in the vacancies present at the surface of the Fes.s04 core according to the work of Liu et
al. 113, The shell should here be localized on the edge of the NPs and the presence of CoO should be
controlled. Indeed, if large quantities of cobalt precursors are added, the NPs obtained will be

presenting a CoO shell.
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3) Precursors synthesis and characterizations

The synthesis of nanoparticles consists in the successive thermal decomposition of iron and
cobalt complexes. As we previously discussed in chapter 1, the chemical structures of these precursors

significantly affect the reaction kinetics and the size, shape and chemical composition of the NPs.

In order to prepare nanoparticles with a well-defined core-shell structure and spherical shape,
homemade iron (Il) stearate and cobalt (1) stearate precursors were synthesized by reacting separately

sodium oleate and iron of cobalt chloride (Figure 37). The experimental details are given in chapter 2.
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Figure 37: Synthesis of iron (1) and cobalt (Il) stearate precursors

Foriron (ll) stearate, a light brown powder was obtained. For the cobalt (Il) stearate, it was a violet
powder. The thermal decomposition of these complexes being directly dependent on the chemical

structure, thermogravimetry (TG) analysis and by FT-IR spectroscopy.

The FT-IR spectra of iron (Il) stearate and cobalt (Il) (Figure 38) have been indexed according

to the work of Abrahamson and Lukaski on iron stearate®3* as well as the work of Perton et al.**
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Figure 38: A) FT-IR spectra of iron (Il) stearate and cobalt (Il) stearate and B) its zoom on the COO" vibration bands
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Bands located at 2917 and 2850 cm™ are characteristic of the symmetric (vsC-H) and
antisymmetric (vasC-H) stretching vibrations of the stearate hydrocarbon chains. Peaks centered at
1554 cm™* and 1414 cm™ correspond to the symmetric (vsCOO") and antisymmetric (v.sCOO") stretching
vibrations of the carboxylic acid group. The peak located at 720 cm™* emerges from the H-C-H scissoring

of the alkylene chain.

Moreover, the distance A between v,,COO™ and v,COO" bands can give information on the
coordination mode of the ligand with the surface of metal oxides.’**!3” For 200 < A < 320 cm, the
coordination mode is monodentate, for 140 < A < 190 cm™ it is bridging bidentate and for A < 110 cm’

! chelating bidentate. Schemes of these coordination modes are shown in Figure 39.
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Figure 39: Coordination modes of the metal cation (R is an alkyl chain and M the metallic cation)
Two values of A were observed for both iron and cobalt stearate (Table 1). They correspond to
bidentate chelate mode (A1) and bidentate bridging mode (A,). It can be seen that there is roughly an
equal proportion of bidentate chelate and bidentate bridging for the iron (ll) stearate. In contrast, for

the cobalt (Il) stearate the bidentate chelate mode predominates over the bidentate bridging mode.

Table 1: A; and A; values measured for the iron and cobalt stearate precursors

Iron (Il) stearate 85 129
Cobalt (Il) stearate 70 | 125

Hence, FT-IR analysis proved that the synthesis of the precursors has been successfully processed
and that the coordination mode for iron (II) and cobalt (1) stearates is a mixture between bridging and
chelating bidentate modes. Their decomposition temperature will be investigated in the next part

thanks to thermogravimetric analysis.
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As previously discussed in the Lamer theory!®, the decomposition temperature of the precursors

119 and particularly for the synthesis of a stoichiometric

is a key parameter for the synthesis of the NPs
spinel shell. In order to verify the good properties of the precursors in terms of decomposition

temperature, thermogravimetric (TG) analyses were performed (Figure 40).
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Figure 40: A) TG curves obtained for cobalt (11) and iron (Il) stearate precursors measured under air at a rate of 5
°C.min"Iwith B) their corresponding derivative curves

The iron precursor starts losing weight around 250 °C while for the cobalt one there is a small loss
of weight around 200°C at first. This first weight loss observed on cobalt can be attributed to water
molecules complexing the metallic center in the cobalt (11) stearate!'®. According to Cotin et al.}'° the
presence of water molecules complexing the metallic cation in the precursor will stabilize it and
consequently increase its decomposition temperature. Indeed, these water molecules don’t influence
the oxidation state of the metal but they do modify it electronic structure. Then, a constant decrease
of the weight can be observed until about 450 °C for iron stearate and 500°C for cobalt stearate. Figure
40 evidences that cobalt stearate has a higher decomposition temperature than iron stearate. These
results are consistent with the FT-IR data showing that the cobalt cation was more strongly bonded
(more chelating bidentate) to the stearate chains than the iron cation. The derivative of TG analysis
(Figure 40B) confirmed that the main weight loss is 280°C for iron stearate while it starts more around
330°C for cobalt stearate, in agreement with the literature on similar precursors©13, This start is
generally attributed to the nucleation step. The growth steps then start around 370 °C after which the
final weight loss occurring between 400 and 500°C corresponds to the total decomposition of the

organic ligands.
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This result is in contradiction with the FT-IR results: Bronstein et al.* studied the influence of iron
oleate structure on the formation of iron oxide NPs and concluded that a change in the coordination
mode observed thanks to FT-IR spectroscopy corresponds to a change in the nucleation temperature
observed on the differential scanning calorimetry curves. They observed that, for higher amount of
bridging bidentate coordination modes, the temperature at which the first decomposition of the
compound happens (attributed to the nucleation temperature) increased. In our case, the FT-IR
spectra are displaying a higher amount of bidentate chelate for cobalt (Il) stearate than for iron (ll)
stearate (hence a lower decomposition temperature for this precursor). The higher decomposition
temperature of the cobalt precursor is likely due to its hydration state and the water molecules
complexing the metallic center that stabilize it. The hydration state probably has more influence than

the coordination mode in that case.

To conclude, the precursors have been successfully synthetized and can be used for the design of
core-shell cobalt iron oxide NPs even though they present a difference up to 50°C in their
decomposition temperatures. This difference could lead to some gradient of composition in the shell
or to some phase segregation. The characterizations of the synthesized NPs using these stearate
precursors will be described in the following parts and the composition of the shell will be further

analyzed.
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4) Nanoparticles synthesis and characterizations

NPs were synthesized in order to combine Fes; 404 as a conductive core and CoFe;O4 as an
electrocatalytic active shell. The synthesis of core-shell nanoparticles consists in the thermal
decomposition of metal precursors in high boiling temperature solvents according to a two-step-seed-
mediated growth process (Figure 41). First, iron stearate was decomposed in dioctylether (bp 290 °C
in order to form pristine Fes;.4¢04 nanoparticles. Second, iron and cobalt stearates were decomposed
together in octadecene (bp 315 °C) in order to grow a CoFe;0O4 shell at the surface of pristine
nanoparticles. Each step happened in the presence of oleic acid which acted as a stabilizing agent of

metal complex decomposition regulation) and NPs (colloidal stability).

As the core size and the shell thickness are the parameters studied in this work, the NPs were
designed using different iron stearate precursors. Indeed, iron (lll) stearate presents a higher
decomposition temperature than iron (Il) stearate and will generate NPs with an increased diameter
compared to iron (Il) stearate.!® To investigate the influence of the shell thickness, various quantities
of cobalt and iron precursors were then added during the second step of the synthesis in order to grow
thin and thick shells. The details of all protocols were given in chapter 2. Four nanoparticles with
different core-shell structures were synthesized in order to study systematically the influence of the

core structure and the shell thickness on their electrochemical properties (see next chapters).

Oleic acid FeSt, Oleic acid
FeSt, or FeSt; +  (notforCs2)
solvent Solvent
CoSt,

CoFe,0y4

Figure 41: Schematic illustration of the synthesis of the core-shell NPs according to a two-step seed-mediated
growth process by completing thermal decomposition of FeSt; iron () stearate; FeStsiron (lll) stearate and CoSt, cobalt (1)
stearate.
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Table 2 presents some experimental details about the NPs synthesis. The full protocol for the NPs

synthesis was described in chapter 2.

Table 2: precursors and solvents used for the synthesis of the core-shell NPs. CoSt;: cobalt (Il) stearate, FeSt,: iron
(1) stearate and FeSts: iron (lll) stearate

Sample name 1%t step 2" step
Precursor(s)  FeSt, 2.2mmol CoSt,  0.46mmol and  FeSt,
CS- 0.94mmol

Solvent(s) dioctyl ether (T,=290°C) dioctyl ether (T»=290°C) and 1-
octadecene (T,=315°C)

Precursor(s)  FeSt; 2.2mmol CoSt, 0.531mmol

Solvent(s) dioctyl ether (Tp=290°C) dioctyl ether (T»=290°C) and 1-
octadecene (T,=315°C)

Precursor(s)  FeSts 2.2mmol CoSt 0.73mmol and  FeSt,
1.47mmol

Solvent(s) Squalane (T;=421°C) and dioctyl ether (Tp,=290°C) and 1-

dibenzyl ether (T,=298°C) octadecene (T,=315°C)

Precursor(s)  FeSts 2.2mmol CoSt, 1.84mmol and  FeSt,
3.68mmol

Solvent(s) dioctyl ether (T,=290°C) dioctyl ether (T,=290°C) and 1-
octadecene (T,=315°C)

After the synthesis, some washing steps were necessary in order to remove unreacted precursors,
intermediate products, the free oleic acid in the solution and the solvents used for the synthesis. A

wide panel of techniques was used to characterize the obtained nanoparticles.
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a) Transmission electron microscopy (TEM)

The NPs were first characterized by TEM in order to determine the shape and the size distribution

of both Fe;.404 pristine and core-shell nanoparticles (Figure 42).
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Figure 42: TEM images and size distributions of CS-1 (A, B), CS-2 (C, D), CS-3 (E,F), CS-4 (G,H).

From the TEM images, it can be concluded that the NPs all present a narrow size distribution both

for the pristine and the core-shell NPs. The largest NPs (CS-3 and CS-4) display wider size distributions,
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although they are narrow enough for the purpose of our study. These NPs are presenting in their
majority a spherical shape even though some of them (mainly the CS-3 and CS-4) present some larger
facets according to their largest size. In the next parts, the NPs will be assimilated as spheres in order

to estimate their volume and surface.

In order to confirm the presence of cobalt in the catalyst, energy dispersive X-ray spectroscopy
(EDX) was performed upon TEM analyses. The atomic percentages of cobalt are consistent with the
amount of cobalt and iron precursors that were used. They vary from 12 to 19 % depending on the

type of NPs (Table 3).
Table 3: Characteristic values of the diameter of pristine Fes.q04, CS-1, CS-2, CS-3 and CS-4. The estimated shell

thickness is the difference between the average core-shell diameter and the average core diameter that is then divided by
two. The atomic concentration of cobalt vs. iron calculation is Co/(Co+Fe).

cs-1 7.5 8.3 0.4 16 9
Cs-2 9.1 9.3 0.15 15 3
Cs-3 12.7 14.0 0.65 19 9
Cs-4 13.6 15.7 1.05 12 12

It can be observed that for CS-1 and CS-2 and CS-3 the atomic proportion of cobalt is higher than
expected from the size variation data. Indeed, assuming the NPs were perfectly spherical it was
possible to calculate the theoretical ratio of cobalt vs. iron in the NPs from the volume of the core and
the volume of the shell. From these volumes, their contribution to the total volume of the NPs was

calculated thanks to the following calculation (x being the shell or the core):
Vs

V% =—
¥ Viot

From these volumes’ contribution as in the core there is only iron (100 %) and in the shell there is
66 % of iron, the theoretical proportion of iron vs cobalt in the NPs was calculated. The calculation was
the following:

Vshell% X 0.66 + Vcore% X 1= %atFe

However, the expected proportion of cobalt was calculated by neglecting the potential diffusion
phenomena that can occur during this type of synthesis. In the literature some articles reported the

occurrence of diffusion phenomena during NPs synthesis®214, |n the case of our core-shell catalyst,
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the oxidation in maghemite (Fe,0s) at the surface of FesOs NPs generates vacancies which favor the
diffusion of Co?* (this oxidation layer has been reported to be about 2 nm thick and is due to the oxygen
coming from the air as the synthesis is performed under air'®). Consequently, this difference
demonstrates the presence of important diffusion phenomena during the growth of the shell : a thicker
cobalt ferrite shell is expected due to this diffusion phenomenon10#113114141 Thjs diffusion phenomena
occurred during all the syntheses but will be particularly visible on small NPs. Consequently, CS-1 that
cumulates crystal growth and the diffusion phenomena is expected to display a thicker shell when
compared to the one of CS-2 for which only the diffusion will occur. On CS-3 NPs, diffusion also occurs
but as the core diameter is larger, the shell should still be well defined. On CS-4 NPs, the expected
atomic % of cobalt vs. iron is the same as the one measured in EDX, the diffusion becomes negligible

even though there should still be some diffusion occurring.

To sum up, TEM images showed that the NPs have been successfully synthesized. They present a
well-defined close-to-spherical shape and a narrow size distribution. Their size generally increased
after performing the second thermal decomposition of Fe and Co stearate which is consistent with the
growth of a shell onto the surface of the pristine Fes s04 NPs. Although the size increase for CS-1 and
CS-3, the shell thickness is not sufficient to justify the cobalt content measured by EDX. These results
agree with the diffusion of metal cations inside the structure during the shell synthesis. Indeed, the
pristine Fes.s04 core is generally oxidized in maghemite on about 2 nm at the surface and during the
synthesis the metal cations can diffuse though the vacancies of this oxidized layer'02113114141 ‘Fqor CS-2
only the diffusion phenomena occurred hence the diameter of the core and the core-shell structure is

similar. On CS-4 the crystal growth seems to be predominant over the diffusion.

After verifying the size distribution of the NPs, it was important to make sure that they were
properly washed and that no precursors that didn’t react or free oleic acid were present in the solvent

in which they are stored.

After the synthesis of the NPs, it is important to wash them chemically in warm acetone to get rid
of all the solvents used during the reaction as well as all the stearate precursors that wouldn’t have
reacted during the reaction. The washing steps are described in chapter 2, they are also used to remove
all the free oleic acid that is not attached to the NPs. This molecule acts as a surfactant, its presence
allows the NPs to stay as a colloidal solution, i.e. avoiding aggregation. Therefore, some oleic acid
should remain at the nanoparticle surface. Therefore, FT-IR was used to monitor the washing step

(Figure 43A).
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Bands at 2920 and 2850 cm™ are characteristic of symmetric and antisymmetric stretching
vibration modes of the alkyl chain (vC-H) belonging to the oleic acid surfactant. The symmetric and
antisymmetric stretching vibration modes of the carboxylic acid function (vCOO") correspond to bands
centered around 1635 cm® and 1414 cm? 92142, The absence of a peak around 1710 cm
corresponding to the stretching vibration of free carboxylic acid groups (vC=0) confirms that there is
no more free oleic acid. However, the peak at 720 cm™ correspond to C-H scissoring mode of the metal

precursor (Figure 43 B).

A B
~ S
3 .
S R
n 2]
@ 2
& 2
C (0]
5 £
£ :
i} vM-0
4000 3500 3000 2500 2000 1500 1000 500 800 700 600 500 400
Wavenumber (cm™') Wavenumber (cm™)

Figure 43: A) FT-IR spectra of the synthesized NPs: Fe3.s04 (8 nm average diameter), CS-1, CS-2, CS-3 and CS-4 B) is
a zoom of the metal-oxide band normalized by the peak at 600 cm-! for these NPs.

Moreover, as for the analysis of the precursors, the distance A between the two vCOO™ bands can
give information on the coordination mode of the ligand at the surface of NPs®3%137:13% For 200 < A <
320 cm?, the coordination mode is monodentate, for 140 < A < 190 cm?, it is bridging bidentate and
for A < 110 cm™, chelating bidentate. However, the multiple peaks and the noise of the signal in this
region do not allow the characterization of A for the core, CS-1 and CS-4. For CS-2 and CS-3 it is of 135
and 148 cm™ respectively; so, the coordination mode is bridging bidentate. It is likely that the other

NPs will present the same coordination mode.

Additionally, the metal oxide stretching band located around 600 cm™ (Figure 43 B) can give
information about the chemical composition and oxidation state of the NPs!*, Indeed, the maghemite
(yFe,03) displays several shoulders from 800 cm™ to 600 cm™ exhibiting a maximum at 639 cm™ while
magnetite (Fes0,4) that presents a higher content in Fe?* presents a single band at 574 cm™ and a
shoulder at 700 cm™. Here, generally on the core-shell NPs, it can be observed that the band is
narrower than the core’s one. The maximum of the peak seems also shifted to shorter wavenumbers
compared to the core’s peak which is consistent with the creation of a shell of CoFe;04 and the
disappearance of the maghemite phase. Additionally, for the core, the maximum can be observed at

615 cm™ and some small shoulders at 720 cm™ and 760 cm™ can be seen, which is consistent with the
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potential oxidation of the magnetite into maghemite at the surface of the Fes. s§04 NPs. From these
results, it is not possible to evidence the formation of a CoFe,04 shell as the bands characteristic of

Fes04 and CoFe,04 are too close to be differentiated.

Lastly, the amount of oleic acid surrounding the NPs can be evaluated using the intensity ratio of
the two-band characteristic of C-H vibration around 2920 cm™ and M-O around 600 cm™. When this
ratio is close to one for magnetite NPs it means that they are properly washed. Considering the fact
that the system studied is not pure magnetite but presents a cobalt ferrite shell and that empirically it
has been more difficult to wash (probably due to a different interaction between the cobalt ferrite and
the magnetite), this ratio was not possible to obtain for all the NPs. Indeed, if too many washing steps
are performed, the oleic acid surrounding the NPs is removed and there are risks of aggregation of the
NPs. The aggregation state of the NPs was controlled using granulometry measurements in volume,

intensity and number of counts. They will be presented in the following part.

To sum up, the FT-IR analysis showed that the NPs were consisting of a partially oxidized magnetite
core (Fes.504) on top of which a shell grew. They are correctly washed even though some traces of
stearate can be seen and that the ratio of intensity of the M-O band vs. the C-H one is not exactly 1-1
but this is due to the presence of cobalt in the shell that makes it more difficult for the oleic acid to be
removed from the NPs surface. Further washing can’t be realized without risking an aggregation of the
NPs. After the verification of the proper washing of the NPs, one other important thing to verify is the
aggregation state of the NPs. The objective is to have a stable colloidal solution of the NPs in
chloroform and one tool that can be used to characterize the extent of NP aggregation is the

granulometry (or dynamic light scattering). This technique will be presented in the next part.

Granulometry performed by using dynamic light scattering (DLS) is useful to detect the presence
of aggregates in colloidal solutions of NPs. Indeed, the electrochemical properties are highly
dependent of the surface state of the catalyst and of the surface available for the reaction to occur. An
aggregation of the NPs would lead to less surface available for the reaction to happen and
consequently to a decrease of the catalytic activity. The NPs are surrounded by oleic acid that is grafted
at their surface, this surfactant is the reason for the stability and non-aggregation of the NPs in solvents
such as chloroform, toluene, hexane or THF. The hydrodynamic diameter (NPs and oleic acid system)

has been measured for the different types of NPs (Figure 44).

There are different ways to measure the distribution of the NPs via DLS:
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- The number distribution that shows the number of particles in the different size bins.
- The volume distribution that shows the total volume of particles in the different size bins.
- The intensity distribution that describes how much light is scattered by the particles in the

different size bins.

Typically, the difference between these distributions is that intensity distribution gives more
importance to large particles, when the number distribution gives more weight to the small particles
and the volume distribution only considers the volumetric contribution of a particle of a given size. All
these distributions are correct in the sense that they are just different representations of the reality
and it depends on how you look at it. In order to compare one sample to the other, it is important to

use the same distribution for the representation.
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Figure 44: Granulometry measurements. The hydrodynamic diameter is plotted as a function of A) the intensity
count, B) the volume count and C) the number count for CS-1, CS-2, CS-3 and CS-4.

Figure 44 evidences a monomodal distribution of the hydrodynamic diameter in number and
volume counts for all NPs analyzed. Some additional contributions can be seen in the volume count
for CS-2 and CS-4 around 300 nm that are characteristic of a few aggregates. In intensity, these
aggregates are dominating the signal. However, these aggregates can be neglected as the major peaks

are centered around 10-20 nm for all NPs for the volume and number distribution.

The values obtained for the diameter of the NPs are higher than the sizes measured in TEM
because DLS gives the hydrodynamic diameter which is sensitive to both the inorganic NPs and the
surfactant (oleic acid) at their surface. Their diameter is then increased by about 2 nm compared to

the TEM diameter.

Here the volume distribution and number distribution are close to the sizes measured via TEM so

this measurement was privileged for the hydrodynamic diameter (Table 4).
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Table 4: Measured maximum of the volume and number distribution hydrodynamic diameters for CS-1, CS-2, CS-3
and CS-4 samples

Cs-1 10.1 10.1 8.3
CS-2 11.5 11.9 9.3
Cs-3 15.8 13.5 14.0
Cs-4 21 211 15.7

To sum up, granulometry showed that the NPs were non-aggregated, stable in solution in
chloroform, and present a monomodal distribution. The NPs crystalline structure can then be

characterized.

XRD is powerful to characterize the crystalline structure of nanoparticles. The cell parameter and
the crystallite size can be calculated from XRD patterns. Experimental details about the diffractometers

used to perform the measurements are given in chapter 2.

Using references for FesO4 (JCPDS card n° 19-062), y-Fe;05 (JCPDS card n°® 39-1346) and CoFe;04
(JCPDS card n°00-022-1086), it was possible to compare the obtained diffractograms and calculated
cell parameters in order to determine the phase and the chemical composition of the NPs. For
example, XRD can give information on the oxidation state of pristine iron oxide nanoparticles. Indeed,
the surface of magnetite (FesO4) nanoparticles is usually oxidized in maghemite (y-Fe,03).1%2 Both
phases belong to the inverse spinel structure but present slightly different cell parameters 8.338 A for
the maghemite and 8.396 A for magnetite. In that case, it will be possible to determine if the iron oxide

NPs have been oxidized or not.

The diffractograms were measured with a reference of silicon added to the NPs (Figure 45) in order

to calibrate them and to obtain a better refinement of the cell parameter and the crystallite size.
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Figure 45: Diffractograms obtained for the core and core-shells systems of CS-1 (A), CS-2 (B), CS-3 (C), and CS-4(D).

Figure 45 shows that all the samples present the peaks characteristics of the inverse spinel

structure. The CoFe;04 and the Fes;04 both having the same structure with almost the same cell

parameter (8.396 A for magnetite and 8.3919 A for CoFe,0.), it is not possible to discriminate them

from a diffractogram.

Additionally, one can observe that the peaks are narrowing when the shell has grown. This

indicates an increase of the average crystallite sizes (Table 5), which is consistent with the epitaxial

growth of a crystalline shell on top of the iron oxide core. The cell parameters of the different NPs

were also calculated using Rietveld refinement thanks to the fullprof program

122,123

Table 5: cell parameters and crystallite sizes calculated for CS-1, CS-2, CS-3 and CS-4 and comparison with the TEM

diameters

Cs-1
Cs-2
cs-3
Cs-4

8.3815 + 0.0002
8.3890 + 0.0003
8.3875 £ 0.0004
8.3866 + 0.0004

54.3+ 0.3
63.7+24
112.6+ 0.1
949+1.4

93
93
140
157
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The cell parameters calculated for all core-shell NPs are similar. However, this value is inferior to
the theoretical one given for either Fes04 or CoFe,0, (about 8.39 A). This difference could be explained
by the partial oxidation of the core which exhibits a smaller cell parameter and would constraint the
system. Also, if the size of the crystallites is compared to the TEM measurements for the NPs size
(Table 5), one can see that XRD measurements are giving a smaller size for the coherent scattering
domains. This difference can be partially explained by the fact that on the TEM images a 2D projection
of the NPs is observed, which tend to overestimate the nanoparticle size. Other factors that likely
influence the crystallite size is the anisotropy of the NPs and the peak broadening caused by small
particles contribution. Also, if the NPs present some structural defects, they are likely to display a

smaller crystallite size compared to the TEM images.

To sum up, the XRD patterns showed that all core-shell NPs present an inverse spinel structure,
with a cell parameter of about 8.38 A which is a little smaller than expected according to the growth
of a CoFe,0;4 shell'* (8.41 A was expected) this is probably due to some constraints in the crystalline
structure of the NPs. Apart from CS-2 NPs, the crystallite size in gradually increasing with the size of
the NPs and it also increases between the pristine iron oxide and the core-shell NPs which agree with
the growth of CoFe,0, shell although the cobalt ferrite structure can’t be differentiated from the
magnetite. Other characterizations techniques are needed to determine the cobalt distribution inside

the shell.

These measurements were performed by our partner from the “Instituto de Nanociencia y
Materiales de Aragén” (INMA). The images obtained thanks to STEM-HAADF allow to see the lattice
fringes of the crystallographic planes of the NPs. The latter were then used to analyze the crystallinity
and the presence of defects inside the structure. By coupling this technique with the EELS which allows
the observation of the iron, cobalt and oxygen spatial distribution within the core-shell NPs, one can
have an idea of the surface state of the NPs and prove the existence of a core-shell system. The STEM-
HAADF images are presented in Figure 46, the conditions of the measurements are presented in

chapter 2.
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Figure 46: STEM-HAADF images of A) CS-1, B) CS-2, C) CS-3 and D) CS-4.

All NPs present a good crystallinity as shown by well-defined lattice fringes all-across each NP. The
planes that are shown on the NPs are the ones characteristic of the spinel structure of iron oxides and
assimilated chemical compositions: (311), (220) or (400) depending on the NPs. It can be seen that on
CS-4 there seems to be some defects in the structure as the NPs seem rougher and are not as defined
as for the other syntheses. Some line defects consisting in one lattice fringes joining another (Figure
47) can be seen but they are equally present in all samples. These defects certainly contribute to the
smaller crystallite size compared to the TEM average size that were mentioned in the XRD

characterizations.

\ 2nm

Figure 47: left: 2D illustration of the defects that can be present in a crystal: substitutional (blue) and interstitial
(red) impurities, vacancies (white void), and line defects (dashed line) taken from44. Right: line defect observed on CS-2

The NPs are crystalline also in the shell. Due to the inverse spinel structure and the close cell
parameters of Fes.s04 and CoFe,0,4 materials, it is not possible to differentiate these two components
in the core-shell NPs via these images. Consequently, the core-shell structure was proved by EELS

measurements (Figure 48).

Thanks to these images it is possible to observe the cobalt (blue), iron (green), and oxygen (red)
distribution in the NPs. From these images the core-shell structure of CS-2, CS-3 and CS-4 is evidenced:
the sum of all the atomic contributions of oxygen, cobalt and iron are clearly exhibiting the presence
of a thin and sharp cobalt iron oxide shell localized at the edges of the NPs. The shell seems to be about

1 nm thick. It can also be observed that the shell of the NPs is thicker and sharper on the larger NPs

97



(CS-4 and CS-3) compared to CS-2 NPs. It can also be observed that for CS-2 and CS-4 NPs, the cobalt
distribution is rather homogeneous while for CS-3 NPs it seems quite dispersed. In chapter 5, the

influence of this distribution will be investigated.
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Figure 48: EELS images of A) CS-2, B) CS-3, and C) CS-4 NPs, cobalt is in blue, iron in green, oxygen in red. The image
on the right is the sum of all the atomic contributions.

The EELS images also allowed for the quantification of the atoms present in the structure.
Consequently, it was possible to plot the profile of the atomic concentration along a cross-section in
the NPs (Figure 49 C, F, I, L) in order to get a better idea of the cobalt proportion in the shell. In theory,
if the shell is composed of pure CoFe,0., it should be composed of about 14 %,: of cobalt, 28 %,: of

iron and 57 %.: of oxygen.
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Figure 49: EELS mapping and profile of atomic concentration for CS-2 (A, B, C), CS-3 (D, E, F), and CS-4 (G, H, 1). Red:
oxygen, green: iron, blue: cobalt. On the profile of concentration, the concentration of cobalt is on the right while the one of
iron and oxygen is on the left.

For CS-2 and CS-3 the proportion of cobalt in the shell is higher than the expected one: it reaches
about 19 % for CS-2 and 16 % for CS-3. This indicates that there is a gradient in the cobalt content in
the shell for these two samples and that the shell is likely Co1:xFe2.x04 with x between 0 and 1. This is
likely due to the difference in decomposition temperature of the cobalt and iron precursors that was
discussed in the TG analysis. The amount of cobalt at the surface reaches 17% for CS-2 while it is 15%
for CS-3 and 14% for CS-4. Considering the precision of the measurement (about 1 %) and the fact that
EELS is a local analysis, it is likely that the cobalt proportion observed at the surface is similar on all NPs
batches. This shell composition with a richer cobalt content at the NPs surface agrees with what has

been observed by EELS technique on NPs synthesized with the same method?#°.
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Additionally, the diffusion could also explain the XRD results for the cell parameter: for all NPs, the
cell parameter measured was lower than the expected one for CoFe;0,. We attributed it to the
constraint from the core cell parameter but a higher content of cobalt in the shell (Co1.«Fe2-«04) would
also explain this difference. Indeed, in that case, the cell parameter would be intermediary between

the one of CoFe,04 (e.g. 8.392 A) and Co,Fe0s (8.244 A (JCPDS card 04-016-3953)).

To sum up, TEM images have shown that the core-shell NPs were all crystalline and present planes
characteristic of the spinel structure. The core-shell structure has been evidenced by EELS images
showing the highest content of cobalt on the edge of NPs. The composition profiles of iron cobalt and
oxygen in the NPs have been calculated thanks to the EELS images and they displayed a higher
proportion of cobalt in the outer shell than the expected one, leading to the conclusion that the shell
presented a gradient of cobalt and that its chemical formula was Co1.xFe;xOs. However, TEM and EELS
are local analysis techniques and only consider isolated NPs and not the whole sample. To get a more
accurate estimation of the thickness of the shell and shed light on the diffusion phenomenon, one

would need to consider a high number of particles.

The EELS measurements have evidenced the core-shell structure locally and have given an
estimation of the amount of cobalt on a single NP. In order to have another estimation of the average
iron vs. cobalt proportion and confirm the existence of the core-shell structure on a great number of
NPs it is possible to use the XPS with a variable energy of photons. Indeed, when acquired using a
synchrotron source, one can get a complete quantitative elemental analysis as a function of the
analysis depth: 68 % of all photoelectrons will come from within a depth of A (the inelastic mean free

path) and 99.7 % will be arising from a 3\ depth4>%,

Using the following equation, it is possible to calculate the proportion of a certain element in the

material:

Iy

Equation 8: Relation between the atomic concentration of a given element and the area of the XPS peaks of the

CA=

material

Cais the atomic concentration of a chosen element among a number of n elements. Sa- - - S, are
the sensitivity factors that depend on the cross section of the element and the flux of the incident

source. It is worth noting that in the case of the polarized synchrotron radiation, an anisotropy factor
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should be considered to calculate this ratio. However, while considering the 2p orbitals of cobalt and

iron, the error is compensated when the ratio of these two elements is calculated.

Itis then possible with synchrotron radiation to send photoelectrons with various incident energies
in order to probe different depths of the NPs (Figure 50) and to correlate it with the area of the cobalt
and iron peaks thanks to Equation 8 to obtain the proportion of iron vs. cobalt for various depths in

the NPs. These measurements were performed on CS-1 and CS-3.

High incident energy

70% of the signal

i 30% of the signal

‘t“ Low incident energy

Figure 50: scheme of the depth profiling of a core-shell NP.
The obtained XPS spectra for different depth in the material have been fitted and the area of the

Fe2p and Co2p peaks has been calculated (Figure 51). All the parameters of these experiments

(incident energy, resulting kinetic energy) were given in chapter 2.
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Figure 51: Fe2p (left) and Co2p (right) XP spectra and their fitting for different kinetic energies obtained while
performing the depth profiling of CS-3. Black: experimental data, yellow: fitting of the experimental data, sum of all the other
peaks: 2ps/; (red) and its satellite (green) as well as 2p1/; (dark blue) and its satellite (light blue)
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The sensitivity factors have been calculated multiplying the flux of the incident source given by
BESSY synchrotron and the atomic cross sections given by the elettra synchrotron website for these
energies'?®, The ratio of iron vs cobalt has been calculated for these different energies. Figure 52 shows

the proportion of iron in CS-1 and CS-3 as a function of A.
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Figure 52: Proportion of iron vs cobalt in CS-1 and CS-3 as a function of the inelastic mean free path of the
electrons.

Estimating an error of 10 % on the determination of the iron vs. cobalt ratio, it has been
determined that cobalt density is higher in the shell than in the core for both types of NPs, which is

consistent with the formation of a cobalt ferrite shell.

The depth profiling analysis confirmed the EELS results obtained for CS-3 about the core-shell
structure and the same trend can be observed for CS-1. Consequently, both NPs are presenting a core-
shell structure. However, for both CS-1 and CS-3 NPs, the Fe/Co atomic ratio at the surface is about 50
% instead of the 66 % that were expected if the deposited material was CoFe,04. As the incident
energy increases, a more important part of the NP is probed and the proportion of iron increases as
not only the shell but also the core is probed. According to the size difference measured between the
core and the core-shell NPs on the TEM micrographs, the shell of these NPs should be around 0.5 nm
for CS-1 and 0.7 nm for CS-3. However, EELS measurements of CS-3 demonstrated that the shell is
thicker than what has been observed on TEM micrographs due to the diffusion phenomenon occurring
during the second step of the synthesis. A plateau is reached for a kinetic energy corresponding to an
inelastic mean free path of about 0.8 nm for CS-3 and 1 nm for CS-1. As 68 % of the emitted
photoelectrons are arising from a depth of A and 99% from a thickness of 3 A, it means that the shell

of CS-3 has a thickness of about 0.8 mm and that CS-1 about 1 nm.
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As for the EELS images, the depth profiling also displayed a higher quantity of cobalt than expected
on the edge of the NPs. This could have been due to the presence of CoO on the surface but has been
ruled out thanks to the XRD and FT-IR measurements that evidenced the absence of wistite. Another
possibility that agrees with the EELS images is that a gradient of cobalt is present in the NPs. That could
be due to the differences in the decomposition temperature of the cobalt and iron stearate precursors
(see in the part about the precursors synthesis). Indeed, for a stoichiometric shell, it is necessary to
have metal complexes with a close decomposition temperature. In our case, when the shell is
synthesized, the core of the NPs is already synthesized and only the growth of the shell will be
observed, no nucleation will take place. As it has been presented in the part about the precursors
synthesis, cobalt (Il) stearate presents a higher decomposition temperature that iron (ll) stearate.
Consequently, during the second thermal decomposition step, Fe monomers will decompose first
resulting in the growth of iron oxide on the surface of the core. Then, the decomposition of Co will
start, but by that time the concentration of iron (ll) stearate will drop, resulting in the Co enrichment
of the outer shell with the composition similar to Coi.sFe1504. This material would have an intermediate
cell parameter to the ones of Co,FeOs and CoFe,0, that are respectively 8.244 A (JCPDS card 04-016-
3953) and 8.392 A (JCPDS card 00-022-1086). As the structure is strained by the magnetite cell
parameter of the core, the interatomic distances of Co1sFe1504 would be slightly enlarged in order for

the shell to grow epitaxially on top of the core.

To conclude, the NPs present a core-shell structure but the shell seems to present a gradient in
the cobalt concentration as at the surface the concentration of cobalt vs. iron seems to be about 50 %
and the more in depth the beam goes in the core, the more it decreases. It is probably due to the
difference in the decomposition temperature of the cobalt (Il) and iron (ll) stearate that are used

during the synthesis of the shell.
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5) Conclusion

The TEM micrographs have proved that the NPs present a spherical shape and a narrow size
distribution. At higher resolutions, it was possible to observe the lattice fringes up to the edges of the
NPs confirming their crystallinity. Lattice fringe distances were characteristic of the ones of the spinel
structure in agreement with the diffractograms of the NPs that present the peaks characteristic of a
spinel phase both for the core and the core-shell system. The cell parameters calculated for these
samples correspond to Fe30.. It is not possible to differentiate the core and the shell material neither
by XRD nor by HR-TEM due to their similar cell parameters and the constraints on the cell parameter
imposed by the core on the shell. Granulometry measurements confirmed this monomodal
distribution and proved that the NPs were not aggregated. Apart from CS-2 sample for which the shell
is synthetized only though diffusion of cobalt inside the structurel?3, the size of the NPs has generally
increased between the two thermal decompositions, in agreement with the growth of a shell on the
surface of the core. Similar changes on the size of the crystallite have also been observed on the

diffractograms of the NPs.

However, the FT-IR analysis of the Fes04core NPs showed that they were consisting of a partially
oxidized magnetite core (Fes.s04). This oxidation leaves some vacancies on the surface of the core that
will be filled by the diffusion of cobalt or iron atoms during the synthesis of the shell before beginning
the crystalline growth of the shell through thermal decomposition. EDX analysis confirmed the
presence of cobalt in the core-shell NPs. By calculating the amount of cobalt corresponding to the TEM
observed crystal growth, the total content of cobalt should be lower than 15%. in the NPs.
Consequently, the crystal growth is not the only phenomenon occurring during the shell growth:
diffusion phenomena also occur. The shell will then be thicker than the size difference measured in
TEM. This has been confirmed by the depth profiling, EELS images and composition profiles on which
the thickness of the shell was evaluated. CS-2 for which no crystal growth was observed exhibited a
sharp and well-defined shell of about 1 nm thickness. For CS-1, the depth profiling confirmed the
presence of a shell whose thickness is about 1 nm. As to CS-3 and CS-4, the larger diameter of the core
limited the diffusion of cobalt atoms to its surface. Their shell is sharp and seems to have a thickness

of 1-2 nm.

During the NPs synthesis, the precursors (iron (II) and cobalt (Il) stearates) decomposition
temperatures have to be similar in order for the shell to grow stoichiometrically at the surface of the
core. Thanks to FT-IR and TG characterizations, it was proved that the stearate chains present a mix

of two coordination modes to the metal: chelating bidentate and bridging bidentate. TG analysis
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showed that the decomposition temperature of the cobalt precursor is higher than the iron one, this
has been attributed to complexed water molecules surrounding the metallic center that were
observed in the cobalt (IlI) stearate precursor which increased its decomposition temperature by
stabilizing it. This difference in decomposition temperature led to some gradient in the amount of
cobalt in the shell observed thanks to the EELS composition profiles and the XPS depth profiling
performed on the NPs: the external part of the shell seems to be composed of CoisFe1s04 and the

cobalt content decreases when going deeper in the shell.

Consequently, four different types of core-shell cobalt iron oxide NPs have been successfully
synthetized and characterized. Two samples are presenting a core of 8-9 nm (CS-1 and CS-2) and two
others a larger core of 13-14 nm (CS-3 and CS-4). Two synthesis methods have been used: the crystal
growth of the shell on the core (CS-1, CS-3 and CS-4) and the diffusion of cobalt in the vacancies of the
core (CS-2) that should generate a sharper and thinner shell. Both synthesis approaches resulting in
different chemical structure (defects, crystallographic planes, cobalt vs iron proportion) of the CoFeOy

shell, electrochemical activity of these nanoparticles will be investigated in the next chapters.

The design of NPs with core-shell structure is an elegant way to produce efficient catalysts for the
OER reaction. The Fe;.4O4 core size and the CoFe oxide shell thickness being key structural parameters
to control the electrocatalytic properties, their systematic variation should shed light on the
mechanisms occurring at the interface between the catalyst and the electrolyte. Additionally, they

meet two of the four requirements for a good catalyst that were stated in the introduction:

- They should be conductive thanks to their magnetite core and allow us to avoid the use of
carbon that is commonly used in the literature to increase the conductivity of the catalyst?.
The use of carbon would make the system more complex and the surface transformations
more difficult to understand than on a carbon-free catalyst.

- Thanks to their small size (8-16 nm) they present a high surface area, their specific surface has

been evaluated and for all NPs it is about 100 m?g™. Catalysis being a surface phenomenon, it

is highly dependent on the surface available for the reaction to happen.

Moreover, these core-shell NPs limit the use of cobalt (only present in the thin shell). As this
material was classified as a critical material by the European union in 201772, it is highly interesting for
future electrocatalysis applications to limit its usage. TMOs such as cobalt ferrite are known to be
active for the OER?*® and are stable. The OER properties of the NPs will be investigated in the next
chapters of this manuscript by studying the redox properties and the electrochemical activity of the

NPs during the OER as well as the transformations occurring at their surfaces.
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Chapter 4: Experimental investigation and

modelling of the electrochemical properties of

cobalt iron oxide core-shell nanoparticle

multilayers in alkaline medium

This work has been awarded a poster prize at the 31st ISE Topical Meeting “Theory and
Computation in Electrochemistry: Seeking Synergies in Methods, Materials and Systems”, which took
place in Aachen (Germany) on May 2022. The chapter is based on the invited manuscript, which is
prepared for submission to the Virtual Special Issue of Electrochimica Acta associated with the Topical

Meeting in Aachen.
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1) Introduction

Anion exchange water electrolysis is an attractive alternative to PEM water electrolysis allowing
the replacement of the iridium anodes by more abundant 3d transition metal oxides (TMO) based on
nickel, cobalt, iron or manganese’*. TMOs with spinel structure constitute a promising class of oxygen
evolution reaction (OER) catalysts due to their high activity, a relatively low synthesis temperature
(allowing the preparation of high surface area catalysts) and their composition-dependent and widely

tunable properties.

The catalytic layers commonly used in electrolyzers often present a complex 3D porous
architecture. In the case of the OER in an AEM electrolyzers, the performance of the catalyst layer can

be limited by:

v" the water /OH" transport in the catalyst layer;

v the efficiency of the O, removal and eventually the formation of O, bubbles that might
block the access to catalytic active sites;

v local changes of the pH affecting the stability and the activity of the layer;

v electronic conduction across layer which depends on the intrinsic conductivity of the
materials composing the layer and/or on the contact resistance between the catalyst

particles.

TMOs are usually not very conductive. Thus, to compensate for this lack of conductivity, carbon is
often added to the catalytic layers for benchmarking of TMOs. However, carbon materials are oxidized
at high anodic potentials required for the OER'. Hence carbon could be eventually used to determine
the activity of TMOs but it won’t be possible to use it at an industrial scale. Another possibility is to
develop TMOs with intrinsic electronic conductivity such as Fe30a, that is conductive thanks to an
electron hopping between the Fe (II) and Fe (Ill) cations!*.. However, even if Fes04 nanoparticles (NPs)
possess high intrinsic conductivity, the conductivity of NP networks may be low due to the contact
resistance between the NPs, the conductivity mainly arising from the tunneling effect’32133, Thus, to
accurately calculate electrocatalytic activity of materials it is critically important to consider charge
propagation through the catalytic layer and understand whether the entire surface of material is

involved in the electrochemical reaction.

As we presented in chapter 1, numerous TMO based catalyst for the OER have been studied in the
literature and these materials generally presented a low conductivity if no carbon was added to the
catalytic layer”*®. In order to understand better the effect of the catalyst conductivity, Chung et al.}*

reported on how the electrical resistance of the catalytic layer affects its electrocatalytic activity. They
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investigated poorly conductive amorphous and crystalline MoS; (loading 0.25 mg/cm?) mixed with
various amounts of carbon and demonstrated that both the overpotential and the Tafel slope are
affected by underutilization of the active material and the ohmic losses. Indeed, increase of the ohmic
resistance resulted in an increase of the overpotential (required to reach a 10 mA.cm™ current density)
0.15 to 0.35 V and Tafel slope from 40 to 75 mV.dec. They concluded that even though electrical
conductivity is often neglected in electrocatalytic studies, it should be considered as one of the
important criteria when designing electrocatalysts. Additionally, for poorly conductive catalysts they
observed an inflexion in the Tafel plots that deviated from a linear behavior and became convex.
Moreover, Papaderakis et al.?*° studied the OER on porous iridium oxide catalytic layers and used the
transmission line model with various constant phase elements to evaluate the charge transfer
resistance and capacitance for different loadings. By studying the impedance curves before the OER
and in the potential range of the OER, they concluded that impedance studies of porous IrO, electrodes
can give an estimate of their total capacitance C; and that this capacitance decreases during the OER
due to pore clogging by evolved O,. These studies were performed in acidic medium, which is not
compatible with TMOs. Consequently, more in-depth analysis for electrocatalytic reactions utilizing
poorly conducting materials in alkaline media is needed to adequately evaluate and understand their

properties.

In the case of the oxygen evolution reaction (OER) in alkaline media on TMO catalysts, such issues
as the electrical conductivity of the catalysts, the interparticle resistance, the pore clogging with the
evolved oxygen, may also affect the measured electrocatalytic activity. As we previously stated, one
way to evaluate the importance of these factors is to measure the electrochemical impedance and to
determine the solution resistance, the charge transfer resistance, the ionic and electronic resistance
as well as the capacitance of the material. Electrochemical impedance spectroscopy is a commonly
used characterization technique but its interpretation is not always straightforward due to the effect
of charge transport, storage, and polarization but also to the fact that all the above-mentioned
phenomena can be modified depending on the position of the particle in the catalyst layer (close to
the electrode/electrolyte interface, in the middle of the layer, close to the current collector). In that
case, one has to consider a distributed impedance within a porous catalyst. The distributed impedance
approach has been applied to polymer films,?” but can also be used for oxide materials, and impedance
spectroscopy has been extensively utilized in the literature especially for porous electrodes.’>**>3 Heim
et al.*>3 for example recently studied porous electrodes and concluded that it as possible to translate
the transmission line equivalent circuit model into independent distribution of time constants with a

model containing two or three R| | C chains.
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We report here on electrochemically active nanoparticles (NPs) which combine a magnetite core
and a cobalt ferrite shell: Fe304,@CoFe;0.. These well-defined NPs with a narrow size distribution and
controlled shape and composition both for the core and the core-shell were synthesized via a seed-
mediated growth based on the thermal decomposition of metal complexes as recently reported!!*114,
Such a core-shell structure allows combining an electrochemically active phase (Co-Ferrite) at the
nanoparticle surface and a conductive Fes04 core.’3*13% Even though the shell is not conductive, this
conductive core is expected to enhance the electron transport between the electrode and the
interface between the nanoparticles and the electrolyte. They also present the advantage of using low
amounts of cobalt, a material which demand is exploding worldwide and has been classified as critical
material by the European union recently’®. The diameter of these NPs (core size and shell thickness)
will be modified in order to evaluate the importance of these parameters on the resistance and on the
electrochemical activity. The behavior of the catalytic layer of different thickness was studied by
impedance spectroscopy in order to get a better understanding of the influence of the resistance
within the catalytic layer. We will first present the characterization of the catalytic layer thanks to
scanning electron microscopy (SEM), then the electrochemical characterization for different
thicknesses of the catalytic layer (cyclic voltammetry curves, their corresponding Tafel slopes, OER
activity and impedance spectroscopy measurements). The results will only be exploited for a small
overpotential to avoid the influence of the O, bubble formation and the mass transport issues. Finally,
the impedance spectroscopy curves will be fitted thanks to two different models: the Randles model
(for thin catalytic layers) and the transmission line model (for thick catalytic layers), a simulation of the

current and potential distribution within the catalytic layer will also be presented.
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2) Results and discussion

a) Characterization of the NPs and NP films
In this work two types of NPs will be used: CS-2 and CS-3. The characterizations from chapter 3

showed that the NPs are homogeneous in size, shape, and composition. Their size, structure and
crystallinity have been confirmed by X- ray diffraction (Figure 53 A), transmission electron microscopy
(Figure 53 B, C, E, F) and the core-shell structure has been demonstrated thanks to electron energy
loss spectroscopy (see chapter 3). They display an average diameter of 9.3 nm and 14 nm respectively

(Figure 53 D) and are presenting peaks characteristic of the spinel structure.
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Figure 53: A) Diffractograms of the NPs, B) TEM micrograph and C) HR TEM micrograph of CS-2. D) Average diameter of the
NPs CS-2 and CS-3 F) TEM micrograph and G) HR-TEM micrograph CS-3.

Various mass of catalysts have been dropcasted on a glassy carbon electrode to obtain catalytic
layers composed of core-shell NPs with different thicknesses. In order to observe the thickness of the
catalytic layer and the organization of the NPs on the surface, different NPs loadings were deposited
on either a thin glassy carbon plate or a silicon wafer substrate that was then crossed polished thanks
to an ion beam, leaving the cross-section of the material exposed and ready to be characterized by
scanning electron microscopy (SEM). Since the quality of the cross-sectional images was much higher
when using the flat silicon wafer substrate, they will be presented in Figure 54, which shows the SEM
images of the cross section for three different loadings of NPs. On these images, the important
thickness variation of the catalytic layer is confirmed: for a loading of 63 pg/cm? (average thickness

200 nm) there are a lot of NPs stacked on top of each other while for 6.3 pg/cm? (average thickness 50
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nm) there seems to be between 4/5 and 10 monolayers of NPs on the surface. For a loading of 0.63
pg/cm? (average thickness 10 nm) there is 2 monolayers of NPs at most and in some places no NPs are
present on the substrate. These irregularities are due to the deposition method (dropcasting) and the
fast evaporation rate of the solvent in which the NPs are in suspension (chloroform). Indeed, this fast

evaporation will favorize some irregularities in the layer thickness.

Loading = 0.63ug/cm?

Loading = 6.31ug/cm?

Loading = 63ug/cm?

Figure 54: SEM image of a cross section of different loadings of the NPs dropcasted on a silicon wafer substrate.

b) Electrochemical data
After the characterization of the catalyst and the catalyst film, cyclic voltammetry experiments

were performed in a 3-electrode cell and a 0.1 M NaOH electrolyte. All experiments were repeated 3
times to study the reproducibility of the experiments and the curves were corrected from the ohmic

losses by measuring the electrolyte resistance thanks to impedance spectroscopy.

Figure 55 A and D present the cyclic voltammetry curves obtained for the two types of NPs studied
in this chapter. On both types of NPs the diminution of the loading implies a diminution of the overall
reaction current. From these curves, by taking the anodic contribution, Tafel plots were built (Figure
55 B and E). The Tafel slopes are in agreement with the results obtained for similar compounds in the
literature’. In agreement with Chung et al**, an increase of the loading leads to an increase of the Tafel
slope that can be explained by the ohmic resistance built across the catalyst film. Thus, when the
loading increases, some zones of the catalytic layer become less involved in the reaction as they are
not submitted fully to the applied potential. Another phenomenon can be observed, namely

nonlinearity of the Tafel plots. Indeed, the Tafel slopes incurvate and become convex: at low
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overpotential the slope is lower than the one at high potential (Table 5).

Table 5: Tafel slope measured as function of the loading for CS-2 and CS-3 NPs at two values of the electrode
potential: 1.62 1.67 V vs RHE

Loading Tafel slope at 1.62V  Tafel slope at 1.67 V
(ng.cm?) (mV/decade) (mV/decade)

Sample

4.4

2.2 49+5 737
1.3 6016 75%7
42.8 6216 8719
4.3 5245 74+7
1.4 6216 7247
0.7 59+6 6416

As expected from the linear sweep voltammograms, the current measured at a given potential
increases with the loading. However, if the activity per unit mass is plotted (Figure 55 F) by dividing the
current obtain at 1.67 V vs. RHE by the actual mass of the catalyst, then the mass-weighted activity is
constant (as expected) up to a loading of about 5 pg.cm?, but decreases by a factor of 10 at higher
loadings. In an ideal case, if all of the NPs within the catalyst layer are involved in the reaction, the
mass-weighted activity should be constant. Here it is not the case, so in agreement with the Tafel plots,
these results are suggesting that the NPs are not fully involved in the reaction when the loading is too

high.
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Figure 55: A) Cyclic voltammetry curves obtained for CS-3 NPs in 0.1M NaOH, scan rate 10 mV//s. Dark colors are for high
loadings and light ones for lower loadings. B) Tafel plots obtained for CS-3 NPs (the values of the Tafel slopes are indicated
in mV/decade). C) Tafel slopes measured for CS-2 and CS-3 for various loadings. D) Cyclic voltammetry curves obtained for

CS-2 NPs in 0.1M NaOH, scan rate 10 mV/s. E) Tafel slopes obtained for CS-2 (mV/decade). F) Activity per unit mass of oxide
measured at 1.67 V vs RHE for CS-2 (green) and CS-3 (red)

This diminution of the activity for high loadings could be due to the formation of oxygen bubbles
blocking the surface. Indeed, the formation of O, bubbles might block the access of water to the
catalysts surface and thus result in a decrease of the overall current with the loading. To analyze the
possible influence of the O, generation, we measured the activity for 2 different potentials: one at
which the OER has just started (1.62 V, Figure 56) and one at a higher potential (1.67 V Figure 55 F) at
which the OER has fully begun. By seeing the same trend for both potentials, we are able to conclude
that the observed loss of activity is not linked to the formation of O, bubbles. It is also instructive to
analyze the activity vs. loading plot shown in Figure 55F. The slope of this plot for high loadings can
give an indication of the NPs involvement in the activity. Indeed, a slope of -1 would mean that an
increase of the loading does not lead to an increase in the measured OER current. For both CS-2 and
CS-3 samples the slope was estimated as —0.91 at 1.67 V vs RHE and decreased down to —0.81 at 1.62
V vs RHE. These values demonstrate that the NPs are becoming less and less involved in the OER
reaction while the loading increases, and that this phenomenon aggravates with the increase of the

electrode potential.
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Figure 56: Activity measured at 1.62 V vs. RHE for CS-2 and CS-3 NPs as a function of their NP loading on a GC
electrode.

In order to investigate the electrical properties of the catalytic layer, electrochemical impedance
spectroscopy measurements were performed for the various loadings of both NPs. The Nyquist plots
of the different loadings have also been plotted (Figure 59 and Figure 58). On these curves it can be
observed that for high loadings the semi-circles present some asymmetry at high frequencies. This
could be linked to an additional resistance in the catalytic layer that could either be an electronic or

ionic resistance.

Impedance measurements can be modeled thanks to an electric circuit. In this work, two different
models will be considered: the Randles model and the transmission line model. As a first approximation
Randles circuit (Figure 57 A), applies to flat electrodes, it is well adapted when the catalyst layer
deposited on the electrode is very conductive and all the particles of the catalyst are available to
participate in the reaction. Thanks to this model the catalytic layer can be considered homogeneous,
in which the ohmic resistance (Rs, usually related to the electrolyte resistance) and the charge-transfer

resistance (Rz) do not vary across the film thickness.
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Figure 57: Randles model (A) and transmission line model (B) inspired from?3.

However, when the catalyst layer becomes thicker and/or when the catalytic material is not
sufficiently conductive to assure fast charge transport across the layer, one can consider a distributed
repartition of the charge transfer at the catalyst/electrolyte interface and electrochemical capacitance
according to the region of the catalyst. The catalyst can then be separated into different layers and the
modelling can be done using a transmission line model?® (Figure 57 B). This model considers three
different parameters: an apparent resistance Ri;, which may comprise of either the ionic or the
electronic resistance or both, R; the charge transfer resistance, and Cs the capacitance. It has been
developed for porous polymer and electrocatalyst layers and can thus be applied to porous catalyst
films that present a certain resistivity (either ionic or electronic). The equations used to model the

circuits were the following:

R,
ZRandles = TR, Cow + R (1)
1/2
RyR, W\ 1/2 w2
ZTransmission line = TN X coth (w_) [1 + (0 w_)] + Rs(2)
1+ (] w—z) L 2

Equations used to fit the impedance data for the Randles model (1) and the transmission line model (2).

The fitting was performed considering a pure capacitance, the phase constant element exponent
(a) value is 1. First, the impedance Nyquist curves were fitted at low loadings for which the Randles
model can be used (loadings about 1 pg.cm). This allowed the determination of R; (the total charge
transfer resistance) and Cs the capacitance of about a monolayer of nanoparticles. Then, it was possible

to fit the Nyquist plots obtained for higher loadings, for which the Randles model was not appropriate,
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with the transmission line model. The values of the different parameters used in are given in the

equations below.

_ 1 _ 1 3
@2 = TC3 B R,(5 )

_ 1 _ 1 @
W= ricsl? RiCy

Ry =1 XL (5)
=
R, =17 (6

Cs=c3 XL (7)

Equations used to calculate the different parameters of the impedance measurement with the transmission line
model: w; (3), wi (4) R: the ionic and electronic resistance (5), Rz the charge transfer resistance (6) and Cs the capacitance (7).

L is the thickness of the layer.

With the transmission line model there were often several solutions possible for the various

parameters of the fit using the method of the least squares. In order to select the right solution, we

used the value Ry=r,/L (equation 6) as initial value for the nonlinear least squares fitting process. r, was

estimated thanks to the fitting of the impedance data at low electrocatalyst loading using the Randles

model. Thus, among the different possible solutions for the transmission line model, the one

presenting the closest R, value to the one estimated from Equation (6) as initial conditions was then

selected. The capacitance of the catalytic layer Cs can also be determined thanks to this model. Figure

58 presents Nyquist plots for CS-2 and CS-3 fitted with the Randles model for low loadings and the

transmission line model for high loadings.

116



0 500 1000 1500 2000 0 250 500 750 0 100 200 300 400

2000 750
400
15001 . =
E £ 5001 E 300
< g
S 2 S 1.4pug.cm o
1000 0.7 pg.cm b = 4.3 pg,cm'z
£ E — £ 200
~N N : ~N
; 250 f
500
400 200
1500
_E 13 5 _E 300 & - 1 _E 150 .
< 1000 9 R = R PR =% 13.1ug.cm?
,\-F Ngznn g 100
500 1
100 50
. 2.2 pg.cm® . . 131.1 ug.cm?
0 500 1000 1500 2000 0 100 200 300 400 500 0 50 100 150 200 250
Zreal (Ohm) Zreal (Ohm) Zreal (Ohm)

Figure 58: Experimental (black squares) Nyquist curves for different loadings of NPs on the electrode modelled thanks to the
Randles model for low loadings (left and middle) and the transmission line model (right) for high loadings on CS-3 (red) and
CS-2 (green) NPs at 1.62 V vs RHE.

These results evidenced that for low loadings (about one or two monolayers), the Randles
model fits the experimental results: the catalytic layer can be considered as a homogeneous layer in
which the charge-transfer resistance is the same throughout the whole thickness. However, when the
loading increases and more monolayers of NPs are present on the electrode, then the Randles model
doesn’t fit the experimental results anymore and one has to consider the transmission line model that

will consider the electronic and ionic resistance between the catalyst layers (Figure 59).
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Figure 59: Transmission line model (solid line) and Randles model (dotted line) fitting of the experimental data (green and red
dots) for high loadings of CS-2 (green) and CS-3 (red) NPs.

On Figure 59 it can be observed that for high loadings, the Randles model is not able to provide
an accurate description of the experimental data while the transmission line model can, confirming
the existence of an additional parameter: resistance R (ionic and/or electronic) to the charge transport
across the layer. From these fittings it was possible to extract the value of R;, the charge transfer

resistance (R;) and the capacitance of the layer (Cs). All these parameters are given in Table 6.

Table 6: Rs, Ry, and Cs parameters obtained thanks to the fitting of the Nyquist curves

2790700

2045 1317+330

13.1 144+36 191+50 142+40
4.4 4371110 / 118+30
2.2 10904270 / 46+11
1.3 16904420 / 2245

42.8 3048 1575+400 8701220
4.3 304175 29375 72420
1.4 6791170 / 46+11
0.7 1800+450 / 28+7
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The results shown in Table 6 are demonstrating an influence of the layer thickness for loadings
above 5 pg.cm? (which corresponds to 10-20 NP monolayers). The value of R, decreases with the
loading while R; and C; increase. This was to be expected as a greater number of NPs leads to a higher

overall rate of charge transfer across the interface (and hence the OER current) and higher capacitance.
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Figure 60 shows the evolution of R, and C; as a function of the electrode roughness factor
defined here as the total surface of NPs (calculated from their mean size) and the geometric surface
on the GC electrode (cm?2yps.cM eiectrode). ON these graphs it can be observed that for larger NPs (CS-3),
the charge transfer resistance R is lower than the one measured for small particles (CS-2). This
difference can be attributed to the larger core (CS-3 over CS-2 NPs) facilitating charge transfer across
the interface (hence the OER), and hinting to a synergy between the cobalt in the shell and the iron in

the core, as it will be presented later in chapter 6.
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Figure 60: Evolution of the capacitance Cs (A) and the charge transfer resistance R, (B) as a function of the roughness of the
catalytic layer defined as the total surface of NPs (calculated from their mean size) and the geometric surface on the GC
electrode (cm 2vps. Cmrzelectrade)

Using various R; values it is also possible to model the linear sweep voltammograms and their
respective Tafel slopes for various R; values (Figure 61). In order to perform these simulations, the
Telegrapher’s equations®™* (see below) adapted for this model were used. Note that the charge-
transfer step is modelled as an exponent (see Eq. 9) with the transfer coefficient of 1 (in agreement

with the 60 mV/decade Tafel slope for thin NP films).
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Telegraphers equations used to simulate the linear sweep voltammetry curves. V is the applied voltage, C the
capacitance, | the current, k the reaction rate constant (has the dimension of a conductance), T the temperature, R the ideal
gas constant and F the Faraday constant.

On these simulated linear sweep voltammetry curves a decrease in the current can be

observed when the R; value increases (Figure 61A). Also, the Tafel plots deviate from an ideal linear
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behavior and are becoming convex when R;increases. These observations agree with the experimental
data presented above. These results are confirming that the catalytic activity cannot be determined
accurately for high loadings if the catalyst layer presents resistance to charge transport across the
layer. This resistance may arise from an insufficient electronic conductivity of the catalytic layer (poorly
conducting catalyst particles or high contact resistance between the catalytic particles) or,
alternatively, from ionic resistance of the electrolyte within the pores of the catalytic layer. Also, this
highlights the impact of the loading on the Tafel slope, the latter being often used for mechanistic
interpretations. Indeed, these interpretations are likely to be inaccurate for high loadings, notably for

poorly conductive catalysts and/or electrolytes of low conductivity.
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Figure 61: Simulated linear sweep voltammetry curves (A) and their corresponding Tafel plots (B). The dashed lines correspond

to a linear fitting of the Tafel slopes for high and low potentials. It can be observed that the Tafel slope increases at high
potentials.

The simulated currents normalized by the number of elements (N) for two different potentials
(0.12 and 0.17 V) were then plotted against the transmission line length (L) (Figure 62). We note that
as the number of elements increases (and thus the resistance across the layer, R, increases), the
normalized current drops and the slope on the log i vs log N changes with the applied potential from -
0.68at0.12Vto-0.9 at0.17 V. The overall trend and the simulated values are in reasonable agreement

with the experimental data presented above.
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Figure 62: Simulated currents normalized by the number of elements at 0.12 and 0.17 V against the transmission
line length in the transmission line model.

Finally, in Figure 63 the current and the potential distribution inside the catalytic layer have
been plotted for a high value of R1=1000 Q and high applied potential of 0.3 V.
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Figure 63: Simulation of the potential (A) and current (B) distribution within the catalyst layer for a potential applied
on the working electrode of 0.3 V and an R; resistance of 1000 £2.

This figure demonstrates that the potential within a catalytic layer is applied in an
inhomogeneous manner. If the apparent R; resistance is primarily electronic, then the highest
potential is applied to the catalyst particles adjacent to the substrate (GC in the experiment) decaying
towards the exterior of the catalyst layer. On the contrary, if the apparent R; resistance is primarily
ionic, then the highest potential is applied to the exterior of the catalyst layer, facing the electrolyte,
decaying towards the interior of the catalyst layer. As a result, the current generated due to the
electrocatalytic reaction will be the highest in the interior of the catalyst layer (electronic resistance)
or in the exterior of the catalyst layer (ionic resistance). This confirms that for high loadings the NPs

are not entirely involved in the OER.
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3) Conclusions

To conclude, in this work we studied the OER activity of two different sizes of core-shell cobalt iron
oxide NPs for different thicknesses of the catalytic layer. For both types of NPs, it was observed that
the apparent activity of the NPs at a given potential strongly depends on the layer’s thickness and that
the Tafel plots deviate from the linear behavior and present an important variation (from 60 to 80
mV/decade depending on the loading). It was concluded that in order to measure accurately the
activity of a catalyst, thin layers are needed, notably for catalyst layers that are not highly conductive.
This loss of activity can be attributed to either contact resistance between the NPs or to electrolyte
resistance in the voids between the NPs. In order to distinguish between these two alternatives,
additional experiments are required, notably with variable electrolyte conductivity. Experiments with
different supporting electrolyte (higher concentration and hence higher conductivity) were performed

and are currently being analyzed.

In order to get a better understanding of the influence of the resistance across the catalyst layer
on the measured electrochemical characteristics (mass-weighted activity and Tafel slope), impedance
spectroscopy measurements were performed. These measurements demonstrated asymmetry
appearing on the Nyquist plots at high frequencies for high loadings. Consequently, we used the
transmission line model to extract the apparent resistance (ionic and/or electronic) value from the
fitting of these impedance curves and used the resistance value to simulate the linear sweep
voltammetry curves for various R; values. These simulations agreed with the experimental data as for
higher resistance the normalized current was lower and the Tafel plots were deviating from an ideal
linear behavior, confirming that mechanistic interpretations of the Tafel slopes are only accurate if the
catalyst is highly conductive (negligible resistance to the charge transport across the catalyst layer) or
if the loading on the electrode is low. Finally, the current and potential distribution throughout the
catalytic layer was also simulated and displayed an exponential decay when the resistance was
important, confirming that the particles within the layer were not submitted to the same potential and
consequently that if the catalytic layer is too thick not all the particles will be equally involved in the

electrocatalytic reaction.
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Chapter 5: Combining conductivity and

electrochemical properties in unique core-shell

Fes;50.@CoFe,04 nanoparticles for enhanced

oxygen evolution reaction

This chapter is based on the article “Combining conductivity and electrochemical properties in
unique core-shell Fe;.50.@ CoFe;04 nanoparticles for enhanced oxygen evolution reaction” by L. Royer,
S. Hettler, R. Arenal, T. Asset, B. Rotonnelli, B. Pichon, A.Bonnefont and E. Savinova submitted to

Angewandte Chemie.

1 Activity of @CoFe,0, at 1.65V vs RHE

2 S0+ 2300
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1) Introduction

Water electrolysis provides an environmentally friendly way to store renewable energies through
the H; production. While proton exchange membrane water electrolysis is well suited to the renewable
energy storage, it relies on the utilization of scarce and expensive Ir to accelerate the sluggish kinetics
of the anodic oxygen evolution reaction (OER). Thanks to the recent progress in the development of
anion-exchange membranes (AEM), transition metal oxides (TMOs) appear as promising substitutes
for noble metals.1%°%15515 yarious approaches were proposed to enhance their OER activity, notably
varying the composition, particle size, defect concentration, or, recently, forming core-shell

structures.b0:62-64.66

Owing to their composition-dependent and widely tunable properties, TMOs with spinel
structures became very attractive. While Co304 and CoOOH thin films deposited on an Au(111)
substrate were reported to significantly enhance the OER activity,* core-shell nanoparticles (NPs)
combining a gold core and a TMO shell reached 10 000 A/grm at 1.65 V vs. RHE. Such a high OER activity
of TMOs may result from an electronic effect of gold that favors the oxidation of TM up to the 4+
state.®’° The use of core-shell nanoparticles might be an efficient way to reduce the amount of
expensive and rare electrocatalysts by circumscribing them to a thin shell,®”%8 the exclusive use of cost-
effective and abundant materials is the next challenge for the worldwide dissemination of water

electrolysis.

Although most of TMOs are insulating, magnetite (Fes0.) is conductive thanks to electron hopping
between Fe (Il) and Fe (lll). Therefore, it may be considered as a promising support material to avoid
carbons, which are often added to circumvent the lack of conductivity of TMOs catalysts, but are
unstable under the anode operation conditions. Furthermore, iron cations in TM oxide phases may
result in synergetic effects with the surrounding atoms, thus enhancing the OER7>73, All of the above

makes Fes0. an excellent candidate as the core of noble metal-free OER catalysts.

TMO nanoparticles are also of significant interest since the catalytic activity can be greatly
enhanced by adapting their size, i.e. the active surface area. The fine-tuning of the size of the
conductive core, the thickness of the catalyst shell, the valence of the metallic cations, and their
chemical environment may be also critical parameters to consider for enhancing the OER activity.
Consequently, the challenge lies not only in identifying the chemical structure of NPs, but also in
controlling their formation in order to systematically study their electrochemical properties Beyond

the fine control of narrow size distribution and well-defined shape, recent advances in nanoparticle
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synthesis in liquid media avoid aggregation which favors high surface area, i.e. enhanced mass-

weighted catalytic activity.

Here we report on an original approach to design a new type of carbon-free, noble-metal-free
nanostructured material for the OER. The core-shell structure of FeszOs@CoFe,04 NPs allows the
combination of a conductive magnetite core and a catalytically active cobalt ferrite shell. Such a cost-
effective material resulted in an excellent OER activity per unit mass of Co. The fine control of the core
size and the shell thickness led us to investigate the influence of the core-shell structure on the OER
which is markedly enhanced by a larger conductive core. The influence of the pH and concentration of
the electrolyte as well as the addition of oleic acid ligand on the electrocatalytic activity are also
investigated. Higher pH and lower quantities of ligands seem to have a positive impact on the catalytic

activity.

The NPs used for this study are CS-1, CS-2, CS-3 and CS-4 which have been previously presented
in chapter 3. As a consequence, only a quick reminder of the most important features of these NPs will

be made here.

126



2) NPs synthesis and characterizations

Four types of core-shell nanoparticles were synthesized thanks to the decomposition of two
precursors in a high temperature boiling solvent to induce seed-mediated growth and in the presence
of a surfactant to keep the NPs from aggregating. They were synthesized via two different approaches:
The first one is based on the epitaxial crystal growth (CG) of a CoFe;04 shell on a Fes.s04 core as we
recently reported!'®. The second approach relied on the diffusion (D) of cobalt into the core vacancies

as we previously reported 13, All the synthesis protocols are presented in chapter 2.

NPs were characterized by several analysis techniques which confirmed their structure,

composition and suitability for electrochemical characterizations:

- TEM micrographs showed that the NPs were quasi-spherical and presented a narrow size

distribution. The EDX also showed the presence of cobalt in the structure.

- Granulometry measurements demonstrated that the core-shell NPs were a stable non-

aggregated suspension.

- X-ray diffraction (XRD) patterns display peaks corresponding to the spinel crystal structure

both for the core and the core-shell NPs, demonstrating the crystallinity of the catalyst.

- The crystallinity of the NPs was also confirmed by Scanning Transmission Electron Microscopy
with a High Angle Annular Dark Field detector (STEM-HAADF) images which showed lattice

fringes all-across each core-shell NP.

- The local composition of these NPs was then further investigated by Electron Energy Loss
Spectroscopy (EELS) analysis that demonstrated the presence of a sharp and defined shell on
these NPs. This technique also demonstrated an iron depletion at the surface of the NPs and

a gradient of cobalt concentration inside the structure.

- While EELS provided information regarding local composition of the NPs, X-ray photoelectron
spectroscopy (XPS) depth profiling measurements were performed to probe the average
near-surface composition of the sample and also evidences the core-shell structure. Also, in
agreement with the EELS results, an iron depletion at the surface of the NPs and a gradient of

cobalt concentration inside the shell was observed.

All the parameters of the NPs are summed up in Table 6 .
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Table 6: Mean size of the Fes.s04 core and Fes;.s04@CoFe,04 core-shell nanoparticles and the corresponding Co:Fe
atomic ratio. Epitaxial crystal growth (CG), diffusion (D)

7.5 8.3 15 CG 8.3815 £ 0.001
9.1 9.3 16 D 8.386 £ 0.002
12.7 14.0 19 CG 8.387 £ 0.004
13.6 15.7 12 CG 8.3797 £ 0.006

Such an excess of Co at the nanoparticle surface may be explained by the faster decomposition
of the Fe complex compared to the Co one. Indeed Fe(ll) stearate presents a lower decomposition

temperature than the Co(ll) stearate!®®

. The Fe oxide thus starts growing at the surface before the
beginning of the Co oxide growth, which creates a gradient of Co concentration in the shell. However,
their decomposition temperature is close enough so that no phase segregation in wistite or CoO is

observed on the diffractograms*°.

The NPs were then characterized electrochemically and their redox properties as well

as their activities will be studied in the next part.
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3) Electrochemical characterizations

After determining the optimal loading of NPs in order to evaluate accurately their activity (chapter
4), electrochemical characterizations of all four types of the core-shell NPs were performed to

determine their activity for the OER.

More details on the cyclic voltammetry experiments are given in chapter 2. Cyclic voltammetry
experiments were performed in a three electrodes cell in 0.1M NaOH electrolyte by dropcasting a thin
layer of NPs on a glassy carbon substrate. All the experiments were repeated three times to study their
reproducibility and all potentials were then corrected to the RHE by regularly calibrating the electrode
reference (around 0.93 V) and the electrolyte resistance Rs was measured thanks to impedance
spectroscopy in order to correct the ohmic losses. The potential was recalculated as follow (i is the

current generated by the reaction):

Erue = Eng/ngo +0.93 — i X Ry

As stated in chapter 1, in order to evaluate the activity of a catalyst and compare these results to
the literature, normalizing the current by the surface of the particles or by their actual mass is
imperative. In this study, the concentration of cobalt and iron in a given volume has been determined
by Inductively coupled plasma atomic emission spectroscopy (ICP- AES). From these measurements
the oxide mass was obtained. The surface of the NPs has been calculated thanks to the average
diameter of the NPs measured by the TEM, considering the NPs were displaying a perfect monomodal
distribution and were perfectly spherical. This is an overestimation of the actual electrochemically

active surface but is still a good approximation.
The surface weighted activity and the oxide mass weighted activity were calculated as follow:

current (mA)

surface weighted activity (mA.cm™2) =
f g v ( ) oxide surface (cm?)

current (4)

oxide mass weighted activity (A.g™1) = oxide mass (q)

Equation 9: calculation of the surface weighted activity and the oxide mass weighted activity
On the cyclic voltammetry curves of Figure 64, the current measured has been divided by the NPs
mass. It can be observed that the core’s material (Fes.s04) is not active. Indeed, at 1.65V the OER has
not started yet while at this potential, core-shell NPs already display an important activity. Hence, as

expected, it is the cobalt ferrite shell that imparts the NPs OER activity.
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Figure 64: Cyclic voltammetry measurements performed on CS-1, CS-2, CS-3 and CS-4 deposited on a glassy carbon
electrode (oxide loading about 1ug/cm?), in 0.1M NaOH, scan rate 10mV/s. The current has been divided by the oxide mass

As the cobalt is the atom responsible for the activity of the catalyst and is only present in the shell,
another type of activity, normalizing the current by the cobalt mass can be introduced:

current (A)

cobalt mass weighted activity (A.g™1) = cobalt mass ()

Equation 10: calculation of the cobalt mass weighted activity

This indicator will be a better estimation of the activity of the catalyst as it will consider the low
amount of cobalt present in the structure responsible for the activity and not the entirety of the NPs.
These different kinds of activities will be studied on the different types of NPs synthesized for this
study. From the cyclic voltammetry curves, another indicator of the activity of a catalyst was extracted
from the anodic scans of the cyclic voltammograms (Figure 65): the Tafel slope. From this graph, it can
be observed that FesO4 NPs present a high Tafel slope, further confirming their low OER activity. In the
meantime, core-shell NPs all display Tafel slopes of about 60 mV/decade which is coherent with the

literature for similar compounds (see Table 7).
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Figure 65: Tafel slopes (in mV/decade) of CS-1, CS-2, CS-3 and CS-4 extracted from the anodic scan of the cyclic
voltammetry curves presented above.

Thanks to the calculations mentioned in Equation 5 and Equation 6, the current observed at
1.65 V was divided by the mass of cobalt, the NPs surface area and by the mass of oxide to evaluate
their activity. 1.65 V is a high potential compared to the potential values usually used in the literature
to determine the activity but it was chosen considering the low NPs loading on the substrate. The Co
mass-, surface- and oxide mass- weighted OER activities at 1.65V are plotted in Figure 66 A, B and C

respectively.
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Figure 66: Co mass (A), surface(B) and oxide mass (C) weighted OER activities at 1.65V vs. the real hydrogen
electrode (RHE, all subsequent potentials are given vs. this reference)

While all core-shell NPs studied in this work demonstrate excellent OER activities, larger NPs
seem to be better candidates. Indeed, the OER activity at 1.65 V is about 1300 A/gcobar for CS-1 and CS-
2 (Figure 66 A) and it is about doubled for CS-3 and CS-4 (2300 and 2800 A/gcobalt respectively). The

same trend can be observed for the surface-weighted activity (Figure 66 B) where it is increased by a
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3-4-fold factor for larger NPs. Finally, for the oxide-mass weighted activity the same observation is

made: the activity of larger NPs is increased by a 2-fold factor compared to small NPs.

With a record activity at 2800 A/gcobait for CS-4, the Fess0.@CoFe,04 core-shell NPs greatly
outperform most of the TMO catalysts for alkaline OER reported in the literature, with a uniform

structure or with a FesOs-core-shell structure (Table 7).

Table 7: Mass activities calculated from the literature for different type of catalysts and their Tafel slopes compared
to the activities obtained in this work. Data with * have been extrapolated thanks to the values of the Tafel slopes.

Mass Tafel slope Loading Electrolyte
Catalyst . Carbon . Reference
activity(A/g) (mV/decade) (ng/cm?) concentration
Co(OH), 125* 59
204 Graphene 0.1M KOH 5
CoFe layered 185* 43
double hydroxide
CoFe;04 NFs 16 82
CoFe;0,NPs 2 223
CuFe,O4 NFs 0.3 93 429 No carbon 0.1M KOH 59
Fe,O; NFs 0.2 148
NiFe,O4 NFs 3.4 98
CoCr,04 234 177
Co,TiO4 21 83
204 No carbon 0.1M KOH 45
MgCo,0, 120 70
Co304 51.6* 61
Co304 9.6 83
210 No carbon 0.TM KOH 44
Co(OH), 12 63
Fes04 21 96
C0:0; 78 72 960 No carbon 1M KOH a5
CoFe;04 182 58
Co:0u@Co0@C 56 92 127 No carbon 0.1M KOH 60
77A/goxide 300 Vulcan XC- 61
Fe;0,@Co0O 154 Algupar® 89 (catalyst) 72 0.1M KOH
200
) (catalyst+car :
AU@C0504 G, 60 bon) Vulean XC 0.1M KOH 62
Yeobal 64 (catalyst)
40 (Co304)
Au@CoFeO, 16 200A/gr* 58 56 (TM) | VUIoaDXC 1M KOH &
AU@NICo,S: | 50 000 Algoee” 445 200 Carbon 1M KOH o
F8304 15 A/goxide 105
65
ConFor O 50 Algorise 50 100 No carbon 1M KOH
0.25 2.75\4 600 A/gcbbalt
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90 A/Qoxide
COO.5F92-5O4 540 A/gcobalt 5
170 A/ Joxide
Coo.75F€2.2504 680 A/Qcobalt 4
170 A/Qoxide
CoFe04 510 A/Qeopalt 0
220 A/Qoxide
Co125Fe17504 528 A/Qcopatt 8
310 A/ Joxide
Co1sFe1504 620 A/Qcobalt 46
350 A/Qoxide
Co175Fe12504 600 A/gcobat %0
450 Al Joxide
Co.FeO, 675 A/Gcopat %0
500 A/Qoxide
002_25F90-75O4 666 A/gcobalt 52
430 Al Joxide
Coz5Fe0s04 516 A/Qcobalt 4
300 A/ Joxide
Co2.75F€0.2504 327 Algcopalt %
C0s0: 150 A/goxice 61
Cos0, 123*A/Goxide 61.2 300 No carbon
Cos0s 240*Algoxise 80 1 Stount eer 25
Co50, 152*A/Goxide 65 15 500
CoO,(OH), 9nm | 5000* A/gcapat 37 298
CoO,(OH), 6nm | 5000* A/geopar 39 0.82 57
No carbon 0.1M KOH
CoOL(OH), 4nm | 11 000* A/gecsar 43 082
CoO(OH), Tnm | 14 000* Aldeoar 43 iy
0.1 mA/cM>oyide
140 A/Qoxide
1300 A/geobait
0.13 mA/cm?Zyyige
170 Algorie Between
1300 A/gcobalt 0-6|~Jg/cmzelec i
Halom No carbon 0.1M NaOH This work
0.43 MA/CMoxice 5-3Hg/CMM e
350 A/goxide trode
2300 A/Qeobalt
0.35 mAlcmzoxide
260 A/Qoxide
2800 A/gcobalt

One example of a higher OER activity for a uniform structure reported in the literature is that of
CoO«(OH), NPs*” where the activities values reported were from 5 000 to 14 000 A/g for NPs diameters
ranging from 1 to 9 nm. Their small size can partly explain their high efficiency for the OER. Additionally,
it is worth noting that the activities were measured for low loading (often inferior to 1pg/cm?) which

as we proved in chapter 4 can lead to higher activity values.
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Considering the core-shell, structures, the only material that has been reported with a higher OER
activity is NPs with a gold core®® (Au@CoFeOx and Au@NiCo,S4) which activities were reaching 10*
A/gm. However, these activities were measured in 1M KOH electrolyte (and not 0.1M NaOH like in our
study, the influence of the electrolyte concentration will be investigated later) by mixing the catalyst
with carbon black, the latter leading to a better dispersion and thus higher site accessibility (on top of
the Au-induced activity improvement thanks to the core of the NPs) but being detrimental for practical
applications as the carbon oxidizes in the OER potential range!¥’. Additionally, gold is an expensive and

rare metal, which makes the development of this catalyst at a larger scale less likely.

The two-fold factor difference in activity between CS-1 and CS-2 vs. CS-3 and CS-4 likely originates
from the differences in core sizes (7.5 —9.1 nm vs. 12.7 — 13.6 nm). This incidentally explains the low
activity observed for Fe30,@Co0 (154 A/gcobait) Nanocubes with a small core diameter of 4.5 nm ©,
Large FesO4 NPs have been proved to be conductive®®?133 and small NPs are often less conductive due
to their surface oxidation in maghemite. Consequently, the core conductivity is likely to be essential

for reaching high OER activity.

We also presume a synergistic effect between the Fes04 core and CoFe;04 shell where Fe (ll)
cations from the core act as efficient electron donors to the Co (IlI) cations from the shell. This
synergistic effect and the transformations of the NP structure during the OER will be developed in
chapter 6 which presents the detailed operando study of CS-3 NPs under synchrotron radiation

studying the iron L-edge, cobalt L-edge and Oxygen K-edge.

A few other parameters such as the pH, the electrolyte concentration or the quantity of ligand
surrounding the NPs can have an impact on the catalyst activity. They have been investigated and the

results will be presented in the next paragraphs.

Another factor that can influence the apparent electrocatalytic activity is the electrolyte,
notably its type, concentration, and its pH. Firstly, an increased concentration of the electrolyte usually
results in a higher conductivity of the electrolyte, hence less ohmic losses. Second, the type of

1.4 recently

electrolyte and its concentration can also influence the reaction kinetics. Indeed, Duan et a
worked on TMO catalysts in alkaline media and, as presented in chapter 1, observed important
differences in the catalytic activities depending on the electrolyte that was used (LiOH, NaOH, KOH,
CsOH) but also on its concentration. They observed an important cation (Li*, Na*, K*, Cs*) effect on

CoOOH and on FepsCoos0O0H activity and important changes on CoOOH activity as a function of the
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electrolyte concentration. Generally in the literature, an increase in the electrolyte concentration has

been linked to an increase in the catalytic activity*®4917,

Giordano et al.>! also studied the pH influence on the OER on TMO catalysts and concluded on
the importance of measuring the cyclic voltammetry curves with respect to the RHE as a pH-
dependent, which allows one to conveniently separate thermodynamic and kinetic effects in
electrocatalysis. They also suggested that for systems containing transition metal oxides, which can
sustain certain degree of charge buildup accommodated by a change in the TM oxidation state,
decoupling of proton and electron transfers during the OER reaction is possible. It has been suggested
by M. Koper>? that the pH dependence of the OER activity points to the presence of non-concerted
proton—electron transfer steps during the OER. Grimaud et al. >3 studied perovskite compounds for the
OER and, by increasing the pH, they obtained higher OER activities. They concluded that non-concerted
proton—electron transfer steps are coupled to the activation of lattice oxygen redox reactions in their
catalyst. Kim et al.>* studied the OER on perovskite catalysts and concluded that both the lattice oxygen
evolution and the conventional OER occurring on the oxide surface occur simultaneously, the former
dominating at high pH. The influence of the electrolyte composition and concentration and pH is thus
highly debated in the literature and it would be interesting to study their influence on the OER on core-

shell NPs as it could give more insights into the OER mechanism.

While detailed investigation of the electrolyte concentration on the catalytic activity of CS-3 NPs
is beyond the scope of this thesis, in what follows we will compare OER activity in 1.0 and 0.1 M NaOH
electrolytes. The experiments were performed on CS-3 NPs in a 0.1 M NaOH and a 1 M NaOH
electrolyte with two different Hg/HgO reference electrodes calibrated for these pHs. Even if more
experiments on other samples for different loadings and in a wider range of pH would be needed to
confirm this trend, the cyclic voltammetry curves obtained for a higher electrolyte concentration,
clearly exhibited better OER performance (Figure 67). Indeed, in 1.0 M electrolyte the activity
normalized by the cobalt mass of the catalyst is increased by a factor of 2-3. Following Ref>2>3, the
increase of the OER current with pH could be tentatively attributed to a OER mechanism involving a
non-concerted proton—electron transfer step as the rate determining step. It would also hint at the
involvement of lattice oxygen in the electrocatalytic reaction. However, the latter is in contradiction
to the OER mechanism discussed in Chapter 6 (operando study of the transformations occurring on the
NPs during the OER), whereby no formation of electron-deficient oxygen species was detected (cf. O-

K-edge spectra).
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Figure 67: Left: cyclic voltammetry curves obtained for the same loadings (1.43 ug/cm?) in 1 M and in 0.1 M NaOH
electrolyte and their corresponding activities (right) normalized by the cobalt mass.

The Tafel plots corresponding to the two different pHs have also been extracted from the
anodic part of the cyclic voltammetry curves (Figure 68). They don’t display significative differences
and the mechanism is likely the same at both electrolyte concentrations. Due to the low catalyst
loading on the electrode, it was not possible to observe the redox peaks of cobalt in these experiments.
In the future, it would be interesting to evaluate the influence of the electrolyte concentration on the

cobalt redox peaks by performing experiments with higher loadings.
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Figure 68: Tafel slopes of CS-3 NPs in 0.1 M (light blue) and 1.0 M (dark blue) NaOH electrolyte. Loading 1.43
ug/cm?,

To sum up, the electrolyte concentration has an important influence on the catalytic activity,
hinting to a non-concerted proton—electron transfer steps as the rate determining step. Indeed, the
activity in a 1.0 M electrolyte has been multiplied by 2-3 compared to a 0.1 M electrolyte. However,
from these preliminary experiments, it is difficult to draw definite conclusion regarding the lattice

oxygen involvement in the OER mechanism. Indeed, along with the pH, the concentration of Na*
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cations could also affect the OER kinetics. Indeed, Duan et al.*’ suggested that the counter ion (K,
Na*, Li*) can have a high impact on the catalytic activity, especially for iron-containing catalysts. Further
investigation on the influence of the electrolyte on the OER activity of core-shell NPs (pH effect at a
constant Na* concentration and Na* concentration at a constant pH) would be interesting to carry out

in the future as it could shed some light on the OER mechanism.

Another factor presented in chapter 1 that can influence the catalytic activity is the ligand
surrounding the NPs. Li et al.>® suggested that the presence of a surfactant such as oleic acid or
oleylamine may be detrimental for electrocatalytic reactions. They studied the case of platinum
particles for the ORR and obtained a more than three-fold increase of the ORR activity between the
untreated sample and the sample on which they removed the oleylamine surfactant. In order to
remove the surfactant, they used three different methods: chemical washings, UV irradiation or
annealing, the more efficient was the annealing. It is worth noting that with this annealing, it is likely
that the surface reconstructs to become more crystalline and that is has an impact on the
electrochemical properties of the material. More recently, a similar effect was also observed on

iridium particles for the OER in acidic media®®.

In order to avoid their aggregation, the synthesis of the NPs presented in this work was performed
in the presence of oleic acid. They have been chemically washed with warm acetone in order to remove
a major part of the oleic acid but some is still present at the NPs surface to provide some colloidal
stability to the suspension. In order to evaluate the importance of the oleic acid presence around the
NPs, 1 L of oleic acid was added to the NPs in suspension. Their concentration was then divided by a
factor of 10 (corresponding to an added oleic acid concentration of 3.17 107 mol.L (0.1pL.mL?)) and
they were deposited on the working electrode. The activity of the catalyst was determined in presence

of added oleic acid and without added oleic acid (Figure 69).
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Figure 69: Left: cyclic voltammetry curves obtained for a 3.2 ug/cm? loading of CS-1 NPs on the electrode and their
corresponding activities at 1.65 V vs. RHE normalized by the cobalt mass (right) without and with the addition of 0. 1 uL.mL-!
of oleic acid (OA).

The cyclic voltammetry curves of Figure 69 display important changes depending on whether oleic
acid has been added to the colloidal NPs suspension or not. The activity of the NPs without the addition
of oleic acid is higher by a factor of 4 compared to the ones with added oleic acid. This would need to
be investigated further but it confirms that an excess of ligands is detrimental for practical applications.
Thanks to the washing steps after the synthesis, all the unnecessary oleic acid is removed from the NPs
surface but it is still present at their surface in order to avoid their aggregation and could have an
influence on the activity. This lower activity for a higher amount of ligand is also confirmed by the Tafel
slopes extracted from the anodic part of the cyclic voltammetry curves (Figure 70), that are higher

when some oleic acid has been added to the NPs suspension.
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Figure 70: Tafel Slopes of CS-1 with and without the addition of oleic acid (OA). Loading 3.2ug/cm?

138



To conclude, the presence of oleic acid ligands around the NPs has a high impact on their activity
as in the presence of added oleic acid, the NPs present an activity divided by a factor of four compared
to the NPs for which no oleic acid has been added in the suspension. This can be explained by the fact
that when more oleic acid surrounds the NPs, less of their surface is then involved in the OER. In this
work, the impact of the oleic acid has been reduced as much as possible thanks to thorough washing
of the NPs with warm acetone after their synthesis and the NPs are displaying a high activity at least
at the level of the values observed in the literature (and even far more important than these values if
only the cobalt mass is considered when normalizing the current to obtain the activity). It was

consequently assumed that if the oleic acid was playing a role, it would likely be negligible.

Li et al.>® suggested that the surfactant removal could be performed using different methods such
as chemical washing (which has been done on our catalyst), heating at a temperature high enough for
the ligand to decompose, or irradiating the sample by UV radiations. There are consequently other
methods to remove the surfactant from the NPs surface but not all these solutions are applicable on
our system. In this study the NPs are deposited on a glassy carbon electrode that can’t withstand high
temperatures without degrading, annealing is thus impossible. Another substrate would then be
needed to study the influence of this parameter. A gold substrate has been studied as it can be heated
to high temperatures, the NPs were grafted on a the gold substrate?* (see chapter 2). The oleic acid
was removed thanks to a thermal treatment at 300°C for 10 minutes and a submonolayer of NPs was

obtained. Their properties for the OER were evaluated (Figure 71).
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Figure 71: A) SEM image of a sub monolayer of NPs grafted on a gold substrate, B) Cyclic voltammetry curves
obtained on core-shell NPs CS-1 annealed at 300°C under air for 10 minutes and not annealed.

Figure 71 displays a more important current for the annealed NPs. As the experiments were
performed on two gold plates presenting the same surface and as the functionalization times were
similar the coverage is supposed to be similar for both samples, hence annealed samples are likely to

present a better activity. However, upon the successive annealing and cleaning processes performed
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on the gold substrates, it was observed that the gold activity was increasing, progressively becoming
active for the OER. This was problematic as the role of the substrate is to ensure conductivity but if it
is active for the OER, its contribution should be removed from the activity measurements. As the
substrate contribution is not straightforward to evaluate, a substrate which does not display OER
activity (glassy carbon) was chosen and the use of a gold substrate was abandoned. Additionally, gold
has been reported for OER activity enhancement in the literature®®’° which would be better to avoid
in order to get a better understanding of the phenomena occurring at the surface of the NPs. In the
future, it would be interesting to try to irradiate the NPS with UV radiations in order to see if this has

an influence on the activity.
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4) Conclusion and perspectives

To sum up, core-shell Fes0.@CoFe,04 NPs with a uniform size distribution have been successfully
synthesized through two alternative approaches (diffusion and crystal growth). They present excellent
OER activities per unit mass of cobalt (ranging from 1300 to 2800 A/gcobait), and greatly outperform

most of the OER activities of transition metal oxide nanoparticles reported in the literature.

Along with the core-shell structure, the size of the core plays key role in the OER activity, which is
tentatively attributed to the conductivity of Fes04 and a synergistic effect between the core and the
shell (that will be developed in chapter 6). However, the synthesis method does not seem to have an
influence on the obtained activity. Thus, controlled synthesis of core-shell nanostructures seems to be
a viable approach for designing promising alkaline OER catalysts. In the future, the influence of
different shapes (cubic, plates) on the OER activity should be investigated in order to understand if
some crystallographic plans are better than others for the reaction to occur. Also, the comparison
between core-shell and pure CoFe,04 NPs is something that should be done to confirm the conductivity
role of the core. However, due to the differences in decomposition temperature of the cobalt and iron
(1) stearates, and the fact that the nucleation is a more difficult step than the growth, all the synthesis
we tried failed and were not magnetic or presented two different populations of nanoparticles with
different compositions. Finally, one last experiment that would be of high interest is the replacement
of the cobalt ferrite shell by a nickel ferrite one and the investigation of the properties of a cobalt/nickel
core-shell NP (Fes04@ CoxNiixFe204). Indeed, nickel is known to be active for the OER and would be a

good candidate for the catalysis of the OER.

Further studies should be performed on the influence of the electrolyte concentration and on the
pH on the basis of preliminary and promising results correlating the catalytic activity to the electrolyte
concentration. However, higher electrolytes concentrations (and pH) seem to be better for the OER
activity. Indeed, with a NaOH concentration of 1 M (pH= 14), the activity of the NPs was three times
higher than for a concentration of 0.1 M (pH=13). The dependence of the OER activity to pH has been
linked to a non-concerted proton—electron transfer steps as the rate determining step and the
involvement of lattice oxygen in the redox reaction in the literature.”**®* However, from the
experiments presented above, it was not possible to determine if the activity was influenced by a
higher concentration in Na*or OH" (or both) ions. In the future, deeper investigation of the electrolyte
nature, the impact of the counter ion, and its concentration on the OER activity should be performed

to get a better understanding of the OER on these samples.
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Preliminary experiments focusing on the evaluation of how the surfactant (oleic acid) surrounding
the NPs was impacting the OER activity demonstrated that low concentrations of surfactants seem to
be better for the OER activity. When oleic acid was added to the NPs suspension, its activity was divided
by four. It was assumed that the chemical washing steps were enough to evaluate the activity of the
NPs. Indeed, they displayed a more important activity than most of the catalysts reported in the
literature. However, to make sure that the ligand removal is efficient enough, more analysis on another
substrate than gold (which use has been abandoned due to all the above-mentioned factors) would be
interesting. A substrate that would not present possible interaction with the catalyst or that wouldn’t
be subjected to reconstruction upon annealing or the application of a potential would be interesting.
in order to make sure that the ligand removal was efficient enough with the chemical washing.
Exposing the sample to UV radiations could also be another way to remove the leftover oleic acid while
avoiding coalescence of NPs. It could be performed on a glassy carbon electrode to assess the need for

additional surfactant removal.

In the next chapter, the transformations occurring on the NPs surface during the OER will be
investigated thanks to synchrotron radiations to get a better understanding of the iron and cobalt

interaction in these types of structures.

142



Chapter 6: in situ and operando studies of

the NPs upon potential application and

annealing in O, atmosphere

This chapter is based on the manuscript “Cooperative red-ox transitions drive electrocatalysis
of the oxygen evolution reaction on cobalt-iron core-shell nanoparticles” by L. Royer, A. Bonnefont, T.
Asset, B. Rotonnelli, J. Velasco-Velez, S. Holdcroft, S. Hettler, R. Arenal, B. Pichon, and E. Savinova, ACS

catalysis, accepted.
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1) Introduction

Anion exchange membrane water electrolysis is an attractive alternative to proton exchange
membrane electrolysis as it allows the replacement of iridium or ruthenium at the anode with more
abundant 3d (Ni, Co, Fe, Mn) transition metal oxides (TMO).1213 TMOs possessing a spinel structure
constitute a promising class of oxygen evolution reaction (OER) catalyst due to their high activity,
relatively low synthesis temperature (allowing preparation of high surface area catalysts without
coalescence), their composition-dependent and widely tunable properties. However, the nature of the
active sites which is connected to the evolution of the surface structure and the composition under
the OER conditions are not fully understood. These knowledge gaps hamper building correlations
between the chemical structure of materials on the one hand and their OER activity/durability on the
other hand, ultimately impeding the development of active and stable catalysts for the anode of the

AEMWE.

1.87 studied nanocrystalline Cos04 films during the OER using in situ X-ray

Bergmann et a
diffraction and ‘quasi-in situ’ absorption spectroscopy (samples were freeze-quenched under potential
control). They found that in the potential interval of the OER the Co (Il) ions were oxidized into
octahedrally (Oh) coordinated, di-p-O(H)-bridged Co (llI/IV) species resulting in a reversible formation
of a sub-nanometer thick amorphous CoOx(OH), shell. In contrast, Ortiz-Pena et al.** studied Cos0,4
nanoparticles (NPs) in situ by transmission electron microscopy under potential control (EC-TEM) and
found that this amorphization is irreversible. In the meantime, Reikowski et al.** applied operando
surface X-ray diffraction to study structurally well-defined epitaxial cobalt oxide thin Co304(111) film
electrodeposited on Au(111). They observed fast and fully reversible Co304(111)/CoOOH (001)
transformation at potentials 300 mV negative of the ‘onset’ of the OER, and thus concluded that the
observed structural transformation was not OER-driven. By comparing the OER activity of Co304(111)
and CoOOH (001) epitaxial crystalline films the authors argued against di-p-oxo bridged Co cations
being responsible for the OER activity of Co oxides. In the case of Co(OH), particles, Mefford et al.%,
by using operando scanning probe and X-ray microscopy techniques, documented Co (Il) into Co (lIl)
oxidation leading to the formation of B-CoOOH under OER conditions and concluded that Co (lll) at the

1.57 studied transformations of

particle edges were the OER active catalytic sites. Recently, Haase et a
CoO«(OH), NPs with the average size ranging from 1.6 to 9.3 nm during the OER with operando X-ray
absorption spectroscopy and density functional theory (DFT). The authors arrived to the conclusion
that during the OER an electron ‘hole’ resides on oxygen (the so-called ‘anion-redox’ OER mechanism)
ions rather than Co cations, leading to the formation of electron-deficient ‘oxyl’ rather than Co (IV)

species (similar to what has been previously proposed for IrOx-catalyzed OER®*%?), and that this charge
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redistribution between the cobalt and oxygen atoms is particle size-dependent. From the
aforementioned works, it appears that (i) the oxidation degree of the Co during the OER, namely the
occurrence of the Co (Il) to Co (l1l) and Co (Ill) to Co (IV) transitions, and (ii) the formation of the CoOOH
phase and its reversibility, are rather controversial in the literature. This complexifies even further

when addressing the Co-Fe based catalysts for the OER.

Numerous studies have revealed the crucial role of iron in enhancing the OER activity of Niand
Co-based TMO® catalysts with further controversies regarding the reasons for this enhancement.
Since iron oxide itself presents a low activity for the OER, it was suggested that a synergetic effect

t’3 is at the origin of the observed enhancement.

between iron and other TMs such as nickel or cobal
Using Hubbard model DFT+U calculations, Wang et al*>® demonstrated that, for Fe-doped Ni hydroxide,
a local arrangement of Fe (lll) with two Ni (1V) ions plays an important role in the OER activity, and that
charge transfer during the OER occurs from Fe (lll) to the OER intermediates. Xiao et al. also suggested
a synergy between Fe and Ni where Fe (IV) catalyzes formation of an O radical intermediate and Ni (1V)
catalyzes the 0-O coupling™®. It was also argued that the presence of iron modifies the e, orbital
filling’%, generating more active materials towards the OER. DFT+U calculations were also applied to
elucidate the influence of iron on the OER activity of Co3041%%%1, They revealed influence of Fe on the
oxidation state of Co and will be discussed in what follows. Although many studies have investigated
transformations of cobalt-based catalysts during the OER, few have studied Co/Fe catalysts. Calvillo et
al.®> studied the Fe K-edge and the Co K-edge to scrutinize the chemical and structure changes of a
Co-Fe spinel powder during the OER. They demonstrated that the samples suffered irreversible
oxidation under the OER conditions leading to the formation of a layer consisting of Co304, CoOOH and
Fe,0s. They also stated that these were Co (ll) cations in tetrahedral (Td) sites which were experiencing
changes during the OER. Saddeler et al.®® recently studied cobalt iron spinel catalysts of different
composition and thanks to the changes of the Co and Fe K-edge concluded that during the OER cobalt

was oxidized to Co (lll) while iron maintained its Fe (1) oxidation state.

In this work, we report on the cooperative red-ox behavior of core-shell cobalt iron oxide
nanoparticles (Fes0,@CoFe;0,), with a conductive Fe;0,4 core and OER active CoFe;04shell. The use of
core-shell nanoparticles where Co is present only in the shell has the advantage to drastically reduce
the Co loading in the electrocatalyst. Furthermore, an improved OER performance may be expected if
the particle core has beneficial impact on the shell properties®?3. More details about the synthesis
and characterization of the NPs used in this study (CS-3) have been previously presented and can be
found in chapter 2 and in chapter 3 respectively. The synthesis consisted in a seed-mediated growth
based on the thermal decomposition of metal complexes as recently reported!!*. The obtained spinel

Fes0.@CoFe,04 NPs are homogeneous in size, shape, and composition and possess an average
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diameter of ca. 14 nm with a shell thickness of ca.1.5 nm. As it was discussed in chapter 5, these NPs

present high activity for the OER.
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2) Membrane electrode assembly

The membrane electrode assembly was used in the operando liquid spectro-electrochemical
cell of the ISIS Beamline at Bessy synchrotron. The procedure for the membrane electrode assembly
was the following: 10 pL (4.2 pg) of NPs CS-3 dispersed in chloroform were drop-casted either on the
surface of a Fumatech anion exchange membrane (fumasep® FAS-50) or on the surface of an Aemion®
anion exchange membrane. Then, following procedure developed by Velasco-Velez et al,?*1%2 covered
by a graphene bilayer, the latter establishing electric contact between the particles and the current
collector. A 0.1M NaOH electrolyte was flowing behind the membrane in order to humidify the NPs,
the reference electrode used was a silver/silver chloride (Ag/AgCl) electrode and the counter electrode
a platinum wire. More details about the electrochemical cell used for these measurements have been

presented in chapter 2.

® Cobalt iron oxide NPs

AEM —> «— 0.1M NaOH

Figure 72: Membrane electrode assembly used for the synchrotron measurements

Cyclic voltammetry curves have then been measured on both membranes. The shape of
current-potential curves obtained with the two types of anion exchange membranes was similar as the
redox peaks characteristic of cobalt could be seen on both membranes. However, on the Aemion
membrane, the peaks were more intense, which might be tentatively attributed to higher ion exchange
capacity (IEC) of this type of membrane (see chapter 2). These membranes would have been a better
candidate than the commercial Fumatech membrane but their initial hydration state made the
pressure in the analysis chamber upon insertion too high to perform the experiments safely. As a

consequence, the commercial Fumatech membrane was used.

The redox behavior of Fes0,@CoFe;0,4 core-shell and Fes0,core NPs was studied operando in
a wide potential interval by monitoring the evolution of the Near Edge Absorption Fine Structure
(NEXAFS) spectra recorded for cobalt and iron L-edge and oxygen K-edge in total electron yield mode

as a function of the applied potential.
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3) Reduction experiments

We start our discussion with the analyses of red-ox transformations occurring at low electrode
potentials. Figure 73 shows that on Fes04 NPs, when the potential is decreased, a pair of anodic (Pa)
and cathodic (Pc) redox peaks is observed in the CV at ca. 0.2 and at -0.2 V vs. the reversible hydrogen

electrode (RHE), respectively. These peaks were attributed to the oxidation and reduction of iron.
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Figure 73: Cyclic voltammetry curves at low potential of Fe304 NPs (right) dropcasted on the Fumatech membrane.
Electrolyte: 0.1M NaOH, scan rate 20mV s

For the core shell NPs CS-3, the same redox peaks were observed on the cyclic voltammetry
curves (Figure 74 A). The corresponding NEXAFS Fe L-edge, Co L-edge and O K-edge spectra measured
in the interval from 1.0 down to -0.5 V vs. RHE are presented in Figure 74 B, C and D respectively. All
NEXAFS measurements are performed in total electron yield which has higher surface sensitivity
compared to the fluorescence yield. The Fe Ls and L,-edge peaks (Figure 74 B) are centered at 711 eV
and 724 eV respectively and are sensitive to the valence and redox state of the atoms. At 1.0 V vs. RHE,
the fine structure of the Fe Ls-edge shows a shoulder at 709 eV, which is attributed to Fe(ll), while the
main peak at 711 eV is attributed to Fe(lll).25* The Co L-edge spectra (Figure 74 C) confirm the presence

of Co (Il) in the shell as expected for CoFe;0..
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Figure 74: A) Cyclic voltammetry curves obtained for core-shell NPs dropcasted on a Fumatech membrane in 0.1 M
NaOH electrolyte, scan rate 20 mV s*1. B) Area-normalized NEXAFS Fe-L; 3 edge spectra for core-shell NPs at different applied
potentials. C) Area-normalized NEXAFS Co-L, 3 edge spectra for core-shell NPs at different applied potentials. D) Baseline
corrected O K-edge spectra for core-shell NPs at different applied potentials.

The red-ox peaks of Figure 73 can be assigned with the help of the NEXAFS spectra. In the Fe
L;-edge spectra measured at -0.2 vs. RHE (Figure 74 B), a significant increase of the Fe (Il) peak and a
pronounced decrease of the Fe (lll) peak are clearly observed. Moreover, another shoulder at 705 eV,
characteristic of the formation of FeO®?, emerges a low potentials. These changes are accentuated at
-0.5 V vs. RHE. Similar changes are also seen on the L, peaks at 720 eV, 722 eV, and 724 eV. Thus, the
majority of the Fe (lll) cations in the Fes0, core and in the CoFe;04 shell is reduced into FeO at
potentials negative of the cathodic peak Pc. It should be mentioned that the Co L-edge spectra are not
modified even for potentials as low as -0.5 V vs. RHE suggesting that Co (lII) is not reduced at these
potentials (Figure 74 C) while the O K-edge spectra evidenced some changes related to the
transformation of the spinel structure into the rock salt (Figure 74 D). Furthermore, no signature
corresponding to the reduction to metallic iron was observed in the NEXAFS spectra contrary to what
has been reported in some previous publications.'®* Note that if the potential was scanned further
negative, the CV became irreversible (not shown), which we tentatively attribute to the reduction of
Fe;04 to metallic Fe. When the potential is brought back to its initial value (1.0 V vs. RHE) the Fe (II)/Fe
(1) ratio returns to the initial one. Consequently, chemical transformation of Fe;0,4 into FeO and back

seems to be essentially reversible.
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The ratio between the Fe (I1) and Fe (1) peaks for core-shell NPs is 0.59, slightly lower than the
Fe (l1)/Fe (1) ratio of 0.61 observed for the Fe;04 core NPs, pointing to smaller Fe (lll) fraction in core-
shell NPs. Furthermore, no signature of the reduction to metalliciron has been observed in the NEXAFS

spectra.

Finally, STEM-HAADF micrographs, TEM micrographs and EELS mappings before (Figure 75)

and after (Figure 76) the application of -0.5 V vs. RHE for 30 min are presented.

Figure 75: STEM-HAADF and EELS images (top), TEM micrographs (bottom) of the core-shell NPs CS-3 before the

application of a potential. Cobalt is in blue, iron in green and oxygen in red.

It is worth noting that even after reduction the NPs are still crystalline. However, they seem to
have undergone structural changes. The differences in the TEM and EELS images provide evidence for
Co redistribution inside the core-shell NPs, likely resulting from the atomic diffusion inside the core
and indicating that while being compositionally reversible, the red-ox cycling results in some structural

irreversibility of the core-shell NPs.
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3 nm

Figure 76: STEM-HAADF and EELS images (top), TEM micrographs (bottom) of the core-shell NPs CS-3 after the

application of -0.5V vs RHE for 30 minutes. Cobalt is in blue, iron in green and oxygen in red

Last but not least, the important changes observed in the Fe L-edge spectra also underline that
the NPs probed by the X-ray beam are electrically connected to the graphene bilayer, confirming that
this spectro-electrochemical cell can be successfully utilized to assess operando changes during the

OER.
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4) Oxidation experiments

Armed with the knowledge that the NPs are well connected to the membrane and that they
can undergo reversible redox changes, we turn to the analyses of NEXAFS spectra acquired above 1.0
V vs. RHE in the OER potential range. Cyclic voltammogram of Figure 77 shows a pair of low intensity
peaks (Pa1and Pc1) around 1.05 V vs. RHE, which are usually attributed to Co (II/11l) transition in Co304
or Co(OH), materials (Figure 77)**%. Additionally, a cathodic peak usually attributed to the Co (IV/IIl)
transition**® is observed at high potentials, around 1.3 V vs. RHE (Pc;). The oxidation peak is hidden
by the OER and is consequently not seen. The cyclic voltammetry curve obtained for Fes04 NPs (Figure
77) does not exhibit these peaks around 1.1 and 1.4 V, further confirming that these peaks are indeed

due to the cobalt presence in the shell of the NPs.
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Figure 77: Left: cyclic voltammetry curve obtained for CS-3 NPs in 0.1 M NaOH, scan rate 20 mV s1 Right: cyclic

voltammetry curve obtained for Fe304 NPs in 0.1 M NaOH, scan rate 20 mV s

Since the intensity of these CV peaks is low (compared to the peaks observed at low
potentials), the changes in the NEXAFS spectra are also expected to be smaller. The NEXAFS spectra

under potential for the Fe L-edge, Co L-edge and O K-edge are presented in Figure 78.
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Figure 78: Area-normalized Co-L; edge (A), Fe-Ls edge (B), and O K-edge (C) NEXAFS spectra for core-shell NPs at
different applied potentials. D) Fe-L; edge NEXAFS spectra to which the spectrum at 1 V vs. RHE has been subtracted.

At 1.0 V vs. RHE, the Co Ls-edge NEXAFS spectrum exhibits shape characteristic of Co (Il). By

comparing the spectrum at 1 V with the simulated L-edge spectra of Co in Oh and Td sites!®® it is
estimated that roughly 75% of cobalt resides in the Oh and 25% in the Td sites as expected for the

CoFe,0. inverse spinel structure (Figure 79).
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Figure 79: Co Ls- edge spectra of the core-shell NPs at 1.0 V vs RHE compared to Co Ls- edge spectra simulated for
Co(ll) in Oh and Td sites taken from Ref.164
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Surprisingly, when the potential is increased in 0.2 V increments up to 1.8 V vs. RHE (Figure 78
A), the Co (ll) signal is still largely observed in NEXAFS spectra revealing that the spinel structure is
preserved even under the OER conditions. However, it is worth noticing that the L; peak slightly shifts
to higher energies when the applied potential increases, suggesting that a small fraction of Co (ll) is
transformed into Co (lll). Potential-induced changes observed at the Fe-L; edge (Figure 78 B) are more
significant with (i) the characteristic Fe (I1)/Fe(lll) peak ratio decreasing to 0.46 at 1.8 V vs. RHE and (ii)
the disappearance of the 707 eV shoulder, both evidencing oxidation of a fraction of Fe(ll) present in
the NPs core into Fe(ll1).2%* As iron in the Fe (I1) oxidation state is only present in the Fes0, core (in the
shell it is Fe (lIl)), we thus conclude that the Fe;04 core is strongly influencing the chemical properties
of the CoFe,04 shell, as this oxidation likely results from an electron transfer from the Fe (ll) in the core
to reduce the electrochemically oxidized Co (lll) species in the shell and thus essentially maintain its

Co(ll) state.

Additionally, STEM HAADF micrographs, EELS mappings and TEM micrographs of the NPs after
the oxidation (Figure 80) demonstrate that the crystallinity and the presence of the Co-containing shell

have been preserved even after the application of 1.75 V for 30 minutes.

Figure 80: STEM-HAADF and EELS images (top), TEM micrographs (bottom) of the core-shell NPs CS-3 after the

application of 1.75 V vs RHE for 30 minutes. Cobalt is in blue, iron in green and oxygen in red.

However, the NPs appear to be rougher and the edges are not as neat as before applying the
anodic potential (Figure 80). Such roughening may be attributed to the NP restructuring driven by the

migration of excess Fe (lll) cations from the core to the shell of the NPs. This hypothesis is supported
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by the reported evidence of the inverse spinel structure Fes0, (magnetite) that can easily transform
into y-Fe203; (maghemite) which is deficient spinel, with vacancies in the octahedral sublattice'®. For
example, oxidation of Fe (II) of magnetite NPs into Fe (lll) by molecular oxygen involves electron
hopping along with migration of Fe(lll) cations through the lattice framework, generating vacancies in

the octahedral sublattice (and their migration) in order to preserve the charge balance.®

It is interesting to notice that no changes were observed in the low excitation energy region
(in the interval from 527 to 530 eV) of the O K-edge spectra when the potential was increased from
1.0 to 1.8 V vs. RHE (Figure 78C for the full spectra and Figure 81 for the zoom). Thus, an anion red-ox
mechanism involving the formation of an electrophilic oxygen species O" as an OER intermediate can

be discarded.
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Figure 81: Zoom of the O K-edge of core-shell NPs evolution upon potential application.

On the other hand, a small peak around 714 eV emerges in the Fe L-edge spectraat E>1.6 V
vs. RHE (Figure 78 B and D) and might be tentatively attributed to the formation of Fe (IV), since
broadening of the Ls peak has been shown in the literature to correspond to Fe (1V)%51%8, Subtracting
the spectrum obtained at 1 V vs. RHE from the spectra at higher potentials (Figure 78 D) better
highlights this peak. The presence of this peak agrees with a cation red-ox OER mechanism involving
participation of Fe(lV) in the OER active site as it was suggested by Enman et al upon operando hard-
X-ray investigation of Co(Fe)OxH, oxyhydroxide.® Note that on the core alone (Fe304, Figure 82), which
is much less OER-active and which has been proven to be stable during oxidation®, almost no changes

are seen on the Fe L-edge under the OER conditions.
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Figure 82: Fe Ls-edge (left) and O K-edge (right) of Fes04 NPs upon oxidation. The Fe Ls-edge spectra have been

normalized by the area of the peaks.

This hindered Fe304 core compared to Fe30s@CoFe;0, core-shell NP oxidation may be
attributed to the presence of a thin layer of y-Fe;Os3 on the surface of the FesO4 NPs acting as a

passivating layer.2®
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5) Transformations of core-shell NPs with potential

Considering this observation, we can conclude that in the core-shell NPs a small fraction of Fe
(1) from the core, likely localized in the close proximity to the shell, is oxidized to Fe (lll) to maintain
the Co (ll) state above 1.1 V vs. RHE. To preserve electroneutrality in the core, this Fe (lll) cation
probably migrates from the core towards the surface of the NPs, leaving behind a vacancy in the core
and leading to a roughening of the NP surface. It is interesting to note that stabilization of the Co(ll)
state at high applied potential by the nearby Fe was already invoked dealing with DFT+U calculations
of Co304(001) and CoFe;0,4 (001) surfaces with and without an additional half or full monolayer of Fe.
It was concluded that the OER active site is octahedral Co, both in the presence and in the absence of
a Fe monolayer. However, while for the Fe-free surface Co is oxidized to reach a Co (IV) state!®, the
presence of a Fe monolayer (for example, on the CoFe,04 (001) surface) stabilizes the Co (II) state®*
while itself relaxing to octahedral sites and accepting the Fe (lll) oxidation state under the OER
potential. In this case, the OER catalytic cycle would involve the oxidation of a surface-active site
composed of Co (ll) interacting with a nearby Fe (lll), into Co (lll). Formation of short-lived Co (IV) as it
has been suggested in the literature on similar compounds®*® cannot be fully discarded. However,
considering that only a small fraction of Co (Il) is transformed into Co (lll) during the OER, such a
scenario is quite unlikely for the core-shell NPs. In the meantime, the anion red-ox mechanism
previously proposed for IrOx°*%2 and C0s04%° anodes involving electron-deficient oxygen as an active
intermediate is rather unlikely. Figure 83 presents the transformations that are susceptible to occur

on the core shell NPs.
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Figure 83: Proposed redox transformations on core-shell NPs depending on the applied potential. Step 1: At E=1.0 V
vs. RHE, Fe (Il) and Fe (1) are coexisting in the core, and the shell is composed of Co (1) and Fe (lll). Step 2: At 1.0<E <1.2 V vs
RHE, an electron is transferred from Co (ll) in the particle shell to the current collector. However, Co (Ill) is not observed by
NEXAFS since it is reduced back to Co (Il) due to an electron transfer from Fe (11) (residing in the NP core in the close proximity
to the shell) resulting in the Fe (Ill) formation. This Fe (Ill) cation then likely migrates to the surface, leaving behind a cationic
vacancy in the particle core. Step 3: Above 1.2 V vs RHE, Co (ll) in the shell is partly oxidized to Co (). Step 4: OER occurs on
an active center comprised of Co (Ill) and Fe (Ill). However, one cannot exclude formation of active Fe (IV) species above 1.4V
vs RHE. Oxygen atoms are in red, cobalt in blue and iron in green.
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6) Transformation of core-shell NPs upon annealing in O, atmosphere

To complement the studies of NP transformations with the electrode potential, we have also
investigated NEXAFS and XPS changes occurring upon their annealing at 300°C under air or a 1mbar O,
atmosphere. The latter could also help to better understand phenomena occurring when the NPs were

annealed to remove the oleic acid from their surface as explained in chapter 2.

The NPs used for this study are CS-1 NPs, the experiments were realized at BESSY and SOLEIL
synchrotron on either a gold substrate (SOLEIL) or a silicon wafer covered by a carbon layer to insure
its conductivity (BESSY). Although, the results that will be presented in this part are quite preliminary,

additional measurement will be performed soon on the TEMPO beamline (SOLEIL synchrotron).

First, to clarify whether the core-shell structure is stable against annealing, depth profiling
experiments were performed for CS-1 NPs using different incident photon energy (from 900 eV to 1600
eV, corresponding to kinetic energies of photoelectrons ranging from 200 eV to 800 eV) before and
after heating at 300 °C under an O; atmosphere 1 mbar for 8 hours. These experiments were realized
at BESSY synchrotron on ISISS beamline. Similar to what has been discussed in chapter 3, the XPS
spectra of the Co 2p and Fe 2p peaks were analyzed (Figure 84). Note that changes in the XPS peak
intensity are not only due to the variation of the excitation energy but also to the fact that spectra

were taken from different zones of the sample (to avoid beam damage).
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Figure 84: Co 2p (left) and Fe 2p (right) XP spectra and their fitting for different kinetic energies obtained while
performing the depth profiling of CS-1 NPs before (bottom) and after (top) annealing under 1 mbar O, for 8 hours.
Experimental data (black); 2ps/, (red) and its satellite (green), 2pi. (dark blue) and its satellite (light blue): sum of all fitted
peaks (yellow).

From the area of these peaks normalized to the synchrotron flux and to the respective cross
sections, it was possible to determine the Fe:Co (Figure 85) at different depths (see chapter 2 for more
details about the calculation). The spectra measured on not annealed CS-1 NPs presented in chapter
3 for more photoelectrons incident energies have been added to the graph. Indeed, as the

measurements have been performed on the same line, they are comparable.
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Figure 85: Fe:Co ratio calculated from depth profiling experiments realized on the particles CS-1 before (red) and
after (black) annealing at 300 °C for 8 hours in 1 mbar O, atmosphere and plotted against the inelastic mean free path

For NPs before annealing, in agreement with what has been discussed in Chapter 3, one may
observe lower Fe:Co ratio at small values of the inelastic mean free path (hence small probing depth).
This confirms the core-shell structure with Co preferentially localized in the particle shells. However,
after annealing the Fe:Co distribution changes drastically. Even though more points at lower incident
energies for the annealed sample would be needed to confirm this, Figure 85 seems to display a higher
proportion of iron in the shell after annealing. Thus, the core-shell structure does not seem to be
preserved after annealing at 300 °C for 8 hours. The proportion of iron vs. cobalt seems higher for
lower incident energies, likely indicating the diffusion of iron atoms toward the surface and of cobalt

atoms in the center of the NPs.

While the depth-profiling experiments have demonstrated redistribution of Fe and Co in the core-
shell NPs as a result of annealing in O, atmosphere, they did not show any clear indication of the
change in the average oxidation state of either Co or Fe. Since L-edge spectra are more sensitive to the
oxidation state and to the environment of Co and Fe than the 2p XPS spectra, in what follows we
present the results of the Co and Fe L-edge NEXAFS studies performed before and after annealing of

the NPs.
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The L-edge of cobalt and iron have also been measured before and after annealing at SOLEIL
synchrotron on TEMPO beamline. Their spectra are presented in Figure 86. For these experiments, the

NPs have been deposited on a polycrystalline gold substrate.

On the iron L-edge spectra, it can be observed that iron experienced partial oxidation: the decrease
of the peak at 708 eV and the increase of the one at 710 eV is characteristic of more Fe (IIl) and less Fe
(1) after annealing®3. Additionally, the shoulder at 707 eV characteristic of Fe304 decreased'®*1%, This

change is characteristic of the Fe304 transformation in y-Fe,Os at the surface of the NPs.

For the Co L-edge, much smaller changes were observed. The difference between the two spectra
is mainly related to the peak at 781 eV which is more intense before annealing than after. This
difference could arise from the migration of Co(ll) in Td sites to the Oh sites (see Figure 79 for the
simulated spectra of Co(ll) in Oh and in Td sites taken from Ref.?®*). Indeed, as we discussed in the
previous sections, cobalt is initially present both in the Td sites (about 25%) and in the Oh sites (about
75%) even though in theory it is only supposed to be in the Oh sites. Here we suppose that to reach a
more stable configuration of a CoFe,0. spinel, the cobalt migrates from the Td to the Oh sites upon
annealing. This would agree with the changes observed on the depth profiling and Fe-L edge as the Fe
(1) and Fe (1) would then migrate to the Td sites. No changes related to the Co (ll) oxidation could be

evidenced from the Co L-edge spectra taken after annealing.
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Figure 86: a) Fe L-edge (left) and b) Co L-edge (right) spectra of core-shell NPs CS-1 before (black curve) and after
(red curve) annealing at 300°C under air for 10 minutes at SOLEIL synchrotron on TEMPO beamline. NPs were deposited on a
gold substrate.

On these NEXAFS spectra measured at SOLEIL synchrotron, the energy values for the iron and

cobalt peaks are not the same as the ones observed at BESSY. This is due to a calibration in energy that
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should be performed. However, that does not have an impact on the changes observed on the shape
of the peaks and their relative intensity, the only change is in the energy value. To conclude, the
NEXAFS observations agree with the depth profiling measurements; hinting at a diffusion of the metal
cations upon annealing. To sum up, the NEXAFS results present important changes upon annealing.
More experiments at different temperatures and under various atmospheres would be needed to
understand better the phenomena occurring during the NPs annealing and in order to shed light on
these transformations. In order to continue in this direction, NPs CS-3 were analyzed studying the K-
edge of iron and cobalt during the annealing at ESRF synchrotron and these results are currently being
analyzed. Additionally, a synchrotron beamtime on the TEMPO beamline is planned in the beginning

of 2023 to study the transformations occurring during annealing under O, and under H,.
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7) Conclusion

To conclude, we performed an operando study using soft X-ray absorption spectroscopy in a
wide potential range spanning from -0.5 V vs. RHE up to the OER interval on membrane electrode
assemblies containing cobalt iron oxide spinel core-shell nanoparticles (CS-3, Fes0.@CoFe;0,) covered
by a graphene bilayer. This approach turned out to be well-suited to study potential-induced redox
transformations of these NPs. The work sheds light onto the interactions between the core and the
shell, thus providing insights into the synergies that might exist within these NPs. We document strong

influence of the Fes04 core on the red-ox behavior of the CoFe,04 shell under the OER conditions.

Compared to previously investigated Cos04 or Co(OH), NPs#+#387:89 core-shell FesO4s@CoFe;0,4
NPs behave differently: most of the cobalt atoms in the shell remains in a Co (ll) oxidation state in the
potential interval where significant OER current is achieved. In addition, the presence of Co in the shell
favors the oxidation of some fraction of Fe (II) into Fe (lll) in the NPs core. Hence, these results suggest
the occurrence of a cation-red-ox OER mechanism involving cooperative red-ox behavior between Co
and Fe atoms. It is remarkable that the core-shell spinel structure is essentially preserved under the

OER conditions but can hardly withstand cathodic polarization down to — 0.5 V vs. RHE.

To complement electrochemical studies, annealing NPs in different environments could also
be of interest. XPS depth profiling experiments of core-shell NPs before and after annealing at 300°C
in the presence of O, suggesting that there is a diffusion of the iron and cobalt atoms through the NPs
resulting in a higher density of iron on the surface of the NPs. More measurements would be needed
to clarify above which temperature the loss of core-shell structure occurs. Such studies may be
interesting to perform in the future in order to clarify whether annealing is suitable for removing the
oleic acid (that could impact their OER activity) from the surface of NPs. Additionally, the NEXAFS Fe L-
edge spectra indicate partial oxidation of Fe (Il) to Fe (lll). In the meantime, Co L-edge spectra are
displaying some changes that would be characteristic of cobalt migration from the Td sites to the Oh
sites upon annealing. In order to confirm these observations, the iron and cobalt K-edge were studied
in situ at ESRF synchrotron and the results are currently being analyzed. Another beamtime at the
TEMPO beamline of SOLEIL synchrotron is also planned to study the influence of annealing at various

temperatures in various atmospheres in order to simulate oxidation and a reduction of core-shell NPs.

163



General conclusions and outlook
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The aim of the present thesis was to develop well-defined nanoparticulated TMOs-based
catalysts for the OER in alkaline media, which could, on the one hand, serve as a model system to study
the OER, and, on the other hand, to have a potential to replace iridium and ruthenium-based anode
catalysts commonly used in acidic media. This catalyst should both be active for the OER and present
an intrinsic conductivity to avoid the use of carbon. This catalyst was then characterized
electrochemically to determine its OER activity and operando with NEXAFS spectroscopy to shed light
on the phenomena occurring at its surface during the reaction. The strategy to develop such a catalyst
was to synthesize and characterize core-shell cobalt iron oxide NPs and study their electrochemical

properties.

In this work, we studied four types of core-shell NPs (Fe;0,@CoFe;04) that meet the criteria

of an ‘ideal’ catalyst:
v" Conductivity: the core Fes04 is conductive
v Activity: the shell CoFe,0;, is electrochemically active

v’ Large specific surface: the nano-size of the objects gives it a large specific surface for the OER

to occur.
v’ Stability: the material is stable in alkaline media and in OER conditions.

Additionally, this catalyst presents other advantages: it is synthesized at a relatively low
temperature, the shell can grow epitaxially on top of the core as both materials present a similar cell
parameter, and interactions between Co and Fe or Ni and Fe have been reported as favorable for the
OER but are not fully understood yet. Finally, the synthesis method (thermal decomposition) can also
be modified to tune the core size, shell thickness and modify the shell growth (diffusion or crystalline
growth) using different solvents, precursors, temperature ramps...This type of synthesis produces NPs
that present a narrow size distribution, a sharp shell rich in cobalt at its surface, the cobalt content will
then decrease inside the NPs. This composition gradient is due to the decomposition temperature

difference of the iron and cobalt stearate precursors used to synthesize the shell.

The NPs have then been studied electrochemically thanks to cyclic voltammetry and
impedance spectroscopy techniques and their activity for the OER was evaluated. By characterizing
the activity of the catalytic layers, we were able to show that for high NPs loadings on the electrode
even though the overall current was increasing, the activity per mass of oxide was decreasing when it
should have been constant. These results indicated that, at high NP loadings, the NPs were not equally
involved in the OER despite the conductivity of their core. This could be attributed to either a contact

resistance between NPs or an electrolyte resistance within the catalytic layer. This resistance affects
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the Tafel slopes that become non-linear. Below a loading of about 5 pg.cm™ the activity was reaching
a plateau. For a couple of monolayers, all the NPs were then involved in the OER. The impedance data
obtained at 1.62 V vs RHE at low current densities (to avoid blocking the layer by O, bubbles) were
fitted for various layer thicknesses. Two different models were used for simulating the experimental
data: the Randles model and the transmission line model. Thanks to this analysis, it was possible to
evaluate the charge transfer resistance, the capacitance, and ionic/electronic resistance within the
catalytic layer. It was demonstrated that the charge transfer resistance was decreasing with the loading
while the electronic and ionic resistance as well as the capacitance was increasing. The conclusion was
that for important loadings, an ionic and/or electronic resistance builds up across the catalytic layer,
causing the mass-weighted activity to drop. This phenomenon must be considered in order to evaluate
accurately the electrocatalytic activity. Some simulations of the linear-sweep voltammetry have also
been done using various values for the ionic and electronic resistance and they are coherent with the
experimental data by showing a drop in the mass-weighted activity for high resistance in the catalytic
layer. From these simulated linear-sweep voltammetry curves, the Tafel plots were extracted. For high
values of resistance, a deviation from a linear behavior was observed sometimes resulting in two
different Tafel slopes, which agrees once again with the experimental data. As the Tafel slopes are
often used to determine the nature of the rate-determining step and the reaction mechanism, ohmic
losses in the catalytic layer is an important factor to consider when performing this type of analysis in

order to avoid eventual misinterpretations.

Once the optimal amount of NPs to deposit on the electrode has been determined, then the
NPs OER activity was determined. Comparison of the OER activity of the core-shell NPs with that of the
Fes04 core NPs confirmed significantly higher activity of the former. Three types of activity were
considered: the surface-weighted activity, the oxide mass-weigthed activity, and the cobalt mass-
weighted activity (the overall current was divided either by the surface of the NPs, by their mass, or by
the mass of cobalt present in the shell of the NPs as it is the element that imparts them their activity).
The activity values obtained for the core-shell NPs in 0.1 M NaOH at 1.65 V vs RHE were ranging from
140 A.g Yoxide, 0.1 mA.cm2oxide OF 1300 A.g cobar fOr the NPs presenting a small core (about 8 nm) to 350
A.g  oxide, 0.4 MA.cm2oyide 2800 A.g obar for NPs presenting a larger core (about 13 nm). These activity
values are among the highest activities that can be found in the literature: 240 A.g Yoxide for Co304, 500
A.g " cobar for Au@Co304 particles, or 154 A.glpar for FesO,@CoO particles at 1.65V vs. RHE for
example. It is worth noting that the electrolyte was not the same for all these measurements and can
have an impact on the activity. From these results, it was then concluded that along with the core-shell
structure, the size of the core plays an important role in the OER activity. This is tentatively attributed

to the conductivity of Fes04 and a synergistic effect between the core and the shell. Thus, controlled
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synthesis of core-shell nanostructures seems to be a viable approach for designing promising alkaline
OER catalysts. However, the approach used to form the shell around the Fes;0, core (diffusion against

crystal growth) does not seem to have a significant influence on the obtained activity.

In order to get a better understanding of the OER mechanism and of the transformations
occurring on the catalyst during the OER, NPs with a large core that presented an excellent OER activity
were then characterized operando using soft X-ray absorption spectroscopy. In order to do so they
were deposited on an anion-exchange membrane and covered by a graphene bilayer. This approach
turned out to be well-suited to study potential-induced redox transformations of these NPs. The NPs
were then submitted to a wide potential range spanning from -0.5 V vs. RHE up to 1.8 V vs RHE. The
work sheds light on the interactions between the core and the shell, thus providing insights into the
synergies that might exist within these NPs. We document the strong influence of the Fe304 core on
the redox behavior of the CoFe,0, shell under the OER conditions. Compared to previously
investigated Co3z0, or Co(OH), NPs#4387:89 core-shell Fes0,@CoFe,04 NPs behave differently: most of
the cobalt atoms in the shell remain in a Co (1) oxidation state in the potential interval where significant
OER current is achieved. This was attributed to the electron transfer from iron to cobalt cations,
resulting in the oxidation of some fraction of Fe (Il) into Fe (lll) in the NPs core and protecting cobalt
from formation of CoOOH. Additionally, the O K-edge spectra are not modified in the OER conditions,
so an anion redox mechanism has been ruled out. Hence, these results suggest the occurrence of a
cation-red-ox OER mechanism involving cooperative red-ox behavior between Co and Fe atoms. It is
remarkable that the core-shell spinel structure is essentially preserved under the OER conditions but

can hardly withstand cathodic polarization down to — 0.5 V vs. RHE.

In the future, several perspectives can be envisioned for the development of the OER catalysts:

- Comparing the activity between core-shell NPs and pure CoFe;04 NPs is something that
should be done to confirm the role of the core conductivity. However, due to the
differences in decomposition temperature of the cobalt and iron (ll) stearates, and the fact
that nucleation is a more difficult step than growth, all the syntheses of CoFe;04 NPs using
the thermal decomposition method failed.

- As nickel is known to be active for the OER, replacing the cobalt ferrite shell by a nickel
ferrite one and investigating the properties of a cobalt/nickel core-shell NP (Fe30,@CoxNi;.

«Fe204) could also be interesting.

- Changing the shape of the nano object and using Fes04 nanofibers for the growth of the
Co and/or Ni shell would also be interesting, as nanofibers seems to show better

performances for the OER.
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Also, in order to understand better the catalytic properties of core-shell NPs and ameliorate
them, the study of the electrolyte pH and electrolyte concentration effect as well as the impact of full
removal of the surfactant surrounding the NPs would be something to consider. The role of the core
in the OER activity should be investigated deeper with other operando studies on different core-shell
NPs: It would be interesting to study the interaction between the core and the shell with a nickel-based
shell to see if the interactions seen with the cobalt are also observed with nickel. Finally, the long-term
stability of the core-shell NPs under the OER conditions should also be investigated to shed light on

the durability of the catalyst.

To complement electrochemical studies, annealing NPs in different environments could also
be of interest. XPS depth profiling experiments of core-shell NPs before and after annealing at 300°C
in the presence of O; suggested that there is a diffusion of the iron and cobalt atoms through the NPs
resulting in a higher density of iron on the surface of the NPs after annealing. More measurements
would be needed to clarify above which temperature the loss of core-shell structure occurs. Such
studies may be interesting to perform in the future in order to clarify whether annealing is suitable for
removing the oleic acid (that could impact their OER activity) from the surface of NPs. Additionally, the
NEXAFS Fe L-edge spectra indicate partial oxidation of Fe (llI) to Fe (lll). In the meantime, Co L-edge
spectra are displaying some changes that would be characteristic of cobalt migration from the Td sites

to the Oh sites upon annealing.
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1) Introduction

L’électrolyse de I'eau est une technique prometteuse pour le stockage des énergies renouvelables. Cette
technique consiste en la décomposition de la molécule d’eau en dioxygéne et dihydrogéne, la molécule
d’intérét étant celle d’hydrogéne qui permet de stocker I'énergie électrique sous forme d’énergie chimique.
Le stockage d’énergie sous forme d’hydrogéne est en effet particulierement intéressant car il dispose d’une
densité énergétique supérieure a trois fois celle du pétrole (45.8 kl/g)*2. Le dispositif d’électrolyse de I'eau
consiste en une cellule électrochimique composée d’électrodes séparées par un électrolyte alcalin et une
membrane échangeuse d’ions afin de séparer les gaz formés, cette réaction peut se produire aussi bien en
milieu acide qu’en milieu basique. Deux réactions ont lieu a I'interface entre I'électrolyte et les électrodes : a
la cathode la réaction de dégagement de I’hydrogéne (HER) et a I'anode la réaction de dégagement de
I'oxygene (OER).

Plusieurs verrous doivent cependant étre levés pour permettre a cette technique d’étre développée a
I’échelle industrielle. Notamment le rendement énergétique de la réaction 'OER qui n’est pas spontanée et
requiere une surtension élevée : 1.23V vs. RHE minimum. Cependant a cause de la cinétique lente de I'OER,
les surtensions a appliquer sont généralement bien plus importantes. De nombreux catalyseurs sont a I’étude
afin de diminuer le plus possible cette surtension. Le catalyseur anodique en milieu acide le plus efficace
jusqu’a présent est un métal rare et cher : I'iridium. Ce matériau a beaucoup été utilisé du fait de la stabilité

35 mais grace a de récents progrés, des

des membranes échangeuses d’ions limitées au milieu acide
membranes échangeuses d’anions®’ permettent dés a présent de réaliser I'électrolyse de I'eau en milieu
basique. Cette avancée technologique ouvre ainsi des perspectives intéressantes pour remplacer l'iridium par
des oxydes métalliques a base de métaux de transition comme les oxydes de fer, de nickel ou de cobalt qui
sont plus abondants sur terre et par conséquent moins chers. Cependant, les valeurs d’activité relevées dans
la littérature pour ces types de matériaux sont assez contradictoires selon les matériaux utilisés, la charge de

catalyseur présente sur I'électrode ou encore le pH/concentration/nature de I'électrolyte utilisé®.

De plus, les mécanismes réactionnels ayant lieu a la surface des électrodes sont également mal connus.
Méme si des études in situ et operando de ces matériaux ont été réalisées®™?, la nature des sites actifs et des
intermédiaires réactionnels n’est donc pas encore bien comprise. Cela empéche donc leur développement
pour I'électrolyse en milieu basique. Il est donc nécessaire de développer un catalyseur pour I'OER qui puisse
servir de systeme modele afin de mieux comprendre ces phénomeénes. Ce catalyseur doit donc remplir
plusieurs critéres : (i) il doit étre stable chimiquement dans les conditions opératoires (pH, température,
électrolyte, potentiel), (ii) conducteur pour permettre le transfert des charges, (iii) avoir une structure
électronique adaptée pour catalyser la réaction a une tension la plus basse possible, (iv) présenter une grande
surface spécifique pour permettre un bon rendement de la réaction et limiter les problemes de transfert de
masse.

Les oxydes métalliques présentant une structure de type spinelle sont prometteurs car ils peuvent étre
synthétisés a une température relativement basse, de plus leurs compositions chimiques et leurs propriétés
peuvent étre facilement modifiées. Cependant, de nombreux oxydes de métaux de transition ont une faible
conductivité électrique, ce qui complique leur utilisation en électrocatalyse. Par exemple, alors que le spinelle
de cobalt Cos04 est connu pour étre actif pour 'OER, sa basse conductivité électrique requiert I'addition de
carbone'®. Ce qui réduit donc la possibilité qu’il soit utilisé a grande échelle dans I'industrie car le carbone
s’oxyde dans les conditions de I'OER. Inversement, Fes0, a une plus grande conductivité électrique mais est



moins actif pour 'OER. La combinaison des propriétés de ces deux composés permettrait donc de créer un
catalyseur efficace pour 'OER et constituerait une alternative a I'usage d’iridium.

L’'objectif des travaux de theses décrits dans ce mémoire est donc de proposer une alternative efficace a
'usage d’iridium en tant que constituant de I'anode des électrolyseurs. L'approche utilisée consiste a
concevoir des nanoparticules (NPs) présentant une structure cceur-coquille selon Fes0.@CoFe,04 pour
combiner la conductivité du coeur de magnétite (FesO4) avec l'activité catalytique de la ferrite de cobalt
(CoFe;0.). Ces nanoparticules ont été synthétisées via la décomposition thermique de précurseurs métalliques
dans des solvants aux alentours de 300 °C!3. Cette technique a I'avantage de générer des nanoparticules
présentant une distribution de tailles étroite et donc de s’affranchir des effets de tailles influencant les
propriétés électrochimiques. De plus, cette approche permet de limiter I'usage de cobalt seulement dans la
coquille pour ainsi réduire les risques de rupture d’approvisionnement. De plus, il a été montré dans la
littérature que la présence de fer dans un catalyseur pouvait aider a augmenter I'activité pour 'OER. Les
raisons de cette amélioration ne sont pas encore tres bien comprises mais la présence de fer dans le coeur
pourrait donc étre un avantage pour le catalyseur.

Des NPs présentant des tailles de cceur et des épaisseurs de coquilles différentes ont été synthétisées. La
maniéere de faire croitre la coquille (par diffusion ou par croissance cristalline) a également été étudiée. La
structure chimique de ces NPs a été étudiée de fagcon approfondie en mobilisant une large gamme de
techniques présente dans les laboratoires (Microscopie a balayage électronique, microscopie a transmission
électronique, diffraction des rayons X, spectroscopie infra-rouge, granulométrie, analyse thermo
gravimétrique). Les résultats obtenus nous ont permis d’étudier I'influence de la structure cceur-coquille des
NPs sur leurs propriétés électrochimiques. Nous avons pu ainsi confirmer le potentiel de ces nanoparticules
cceur-coquille comme catalyseur efficace pour réaliser la réaction d’OER. Par la suite, des études operando
ont été menées a I'aide de la technique NEXAFS (Near edge absorption fine structure) dans le but de mieux
comprendre les mécanismes réactionnels se produisant a I'interface des nanoparticules et de I'électrolyte
durant I'OER.

2) Reésultats et discussion

Synthése et caractérisation

Quatre types de nanoparticules (NPs) ont été synthétisées suite a la décomposition thermique de
précurseurs métalliques (stéarates de fer et de cobalt). L’approche consiste en la formation d’'une premiére
nanoparticule d’oxyde de fer a la surface de laquelle est formée une coquille de ferrite de cobalt via le principe
de nucléation-croissance (Figure 1) 13116,

Acide oléique FeSt, Acide oléique
FeSt2 ou FeSt3 +  (pas pour CS-2)
Solvant Solvant
CoSt, olvan

CoFe,0,

Figure 1: protocole opératoire pour la synthése des NPs cceur-coquille étudiées dans ce manuscrit FeSt, : stéarate de fer, CoSt;
stéarate de cobalt.



Des NPs cceur-coquille (CS-1, CS-2, CS-3 et CS-4) cristallines présentant une forme quasi-sphérique et une
taille homogéne ont été obtenues et caractérisées a I'aide d’un microscope a transmission électronique (MET)
(Figure 2 A, B, D, E, G, H, J, K). La taille de la coquille et du coeur de ces NPs ont été modifiées afin de pouvoir
étudier l'influence de ces deux parameétres sur l'activité. Une analyse de la suspension des NPs par
granulométrie a permis de montrer que les NPs n’étaient pas agglomérées et stables en suspension. En
paralléle, des analyses de diffraction des rayons X (DRX), et de MET haute résolution ont également montré
que ces NPs étaient cristallines et présentaient uns structure spinelle. Cependant il n’était pas possible de
différencier le coeur de la coquille par ces techniques de caractérisations car les parametres de maille de Fe;0,4
et CoFe,04 sont trés proches.

La formation de la coquille a pu étre démontrée sur un grand nombre de particules grace a une étude par
la spectroscopie de photoélectrons X (X-ray photoelectron spectroscopy, XPS) dans laquelle des photons de
différentes énergies incidentes permettaient de sonder I’échantillon en profondeur (Figure 2 C). Cette étude
a permis de prouver la présence d’'une coquille dont I'épaisseur est de l'ordre de 1-2 nm mais aussi de
quantifier la proportion de fer et de cobalt dans la coquille. Il semblerait que la surface de la coquille soit plus
riche en cobalt que prévu : a la surface des NPs nous trouvons un ratio atomique Fe:Co de 50/50. Cela tend
donc a montrer qu’il y a un gradient de concentration de cobalt dans la coquille. L’existence de la coquille a
également été prouvée par des images de spectroscopie de perte d’énergie des électrons (EELS) qui montrent
clairement que le cobalt est localisé sur les bords des NPs (Figure 2 F, |, L). Les profils de concentrations de ces
NPs sont en accord avec les observations faites en XPS par rapport a la composition de la coquille : la surface
de la coquille semble étre plus riche en cobalt. Ce gradient de concentration en cobalt est d{i a la différence
de température a laquelle les précurseurs (stéarate de cobalt et stéarate de fer) se décomposent. En effet en
général le stéarate de cobalt présente une température de décomposition plus élevée que le stéarate de fer.
Ces résultats ont également été observés dans la littérature pour des NPs similaires®’.
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Figure 2 : A, D, G, J) Image MET des NPs CS-1, CS-2, CS-3 et CS-4 respectivement. B, E, H, K) Répartitions de tailles de ces NPs. C) Etude
de la répartition de Fe:Co en profondeur dans les NPs CS-1 et CS-3. F, I, L) Images EELS de la répartition des atomes dans les NPs CS-2,

CS-3 et CS-4 respectivement. Le cobalt est en bleu, le fer en vert et I'oxygéne en rouge.



Etudes électrochimiques

Dans le but d’évaluer I'activité catalytique de ces NPs, différentes quantités ont été déposées sur
I’électrode pour obtenir des couches catalytiques de différentes épaisseurs allant d’'une charge de 0.6 pg.cm-
2 (environ une monocouche des NPs) a une charge de 100 pg.cm™ (plusieurs monocouches les unes sur les
autres). L'activité massique a différents potentiels a été déterminée en divisant le courant obtenu a ce
potentiel par la masse de catalyseur déposé sur I'électrode (Figure 3).
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Figure 3: A) courbes de voltampérométrie cyclique obtenues pour différentes charges de NPs CS-3 and B) les pentes de Tafel tirées de
ces courbes (en mV/décade). C) Pentes de Tafel pour les NPs CS-2 et CS-3 a différentes charges. D) courbes de voltampérométrie cyclique
obtenues pour différentes charges de NPs CS-2 and E) les pentes de Tafel tirées de ces courbes (en mV/décade). F) Activités massiques
apparentes par gramme d’oxyde mesurées a 1.62 et 1.67 V vs RHE pour les NPs CS-2 et CS-3.

Cette figure met en évidence que I’activité massique apparente varie en fonction de la masse déposée
et que pour une masse déposée faible on a une activité massique plus importante. Il faut cependant noter que
si toutes les NPs sont accessibles et participent a la réaction, cette activité massique devrait étre constante.
De plus, les pentes de Tafel semblent dévier de la linéarité pour devenir convexes et que la valeur de la pente
de Tafel augmente lorsque I'épaisseur de la couche catalytique augmente. Ces résultats semblent donc
signifier que toutes les NPs ne sont pas soumises au potentiel ou actives pour I'OER lorsque la couche
catalytique est trop épaisse.

Ce phénomene a pu étre étudié a I'aide de la technique de spectroscopie d’impédance dont les
résultats sont présentés en Figure 4. Des courbes Nyquist sont alors obtenues et il peut étre observé que pour
d’importantes charges, une asymétrie du demi-cercle est présente aux hautes fréquences. Ce phénomene
peut étre expliqué par une résistance ionique et/ou électronique présente entre les NPs. Des modélisations
ont été réalisées en assimilant la cellule electrochimique a un circuit électrique constitué de résistances et de
capacités a I'aide de deux modeles différents :

Le modele de Randles (bien adapté pour des matériaux conducteurs ou pour des couches

catalytiques fines)



- Le modeéle lignes de transmissions'® (valable pour des couches catalytiques plus épaisses) dans
lequel les différentes sous-couches de la couche catalytique sont considérées et ou un parametre

de résistance R; (ionique ou électronique) est considéré entre les NPs.
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Figure 4: Modéles de Randles et de ligne de transmission pour modéliser les courbes d'impédance Nyquist expérimentales (carrés noirs)
pour les NPs CS-2 (vert) et CS-3 (rouge).

Grace a ces simulations, il a été possible de déterminer la valeur dela résistance au transfert de charge
(qui diminue avec la charge de NPs), la capacité (qui augmente avec la charge de NPs) ainsi que la résistance
ionigue et électronique (qui augmente avec la charge pour de hautes charges seulement). Il a également été
possible de simuler les courbes de voltammeétrie a balayage linéaire et leurs pentes de Tafel correspondantes
(Figure 5) pour différentes valeurs de résistance.
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Figure 5: simulation des CVs et des pentes de Tafel pour une résistance R; variable



Ces simulations mettent en valeur I'influence importante de la résistance ionique et électronique sur
I'activité apparente et les pentes de Tafel, elles sont cohérentes avec ce qui a été observé expérimentalement
(diminution de I'activité massique avec la résistance qui augmente et déformation de la linéarité des pentes
de Tafel).

L’étude d’impédance ayant permis de mieux comprendre les phénomenes de transport de masse et
de transport de charge sur I'électrode, I'activité massique a pu étre déterminée pour une charge suffisamment
faible de maniére a ce que I'activité massique ne soit plus dépendante de la masse de catalyseur déposée a la
surface de I'électrode. Les résultats de voltampérométrie cyclique et les pentes Tafel des différents types de
nanoparticules sont présentés en Figure 6. Cette figure met en évidence le fait que les NPs coeur-coquille sont
bien plus actives que le cceur seul. En effet, la pente de Tafel correspondants aux nanoparticules d’oxyde de
fer sans coquille est plus importante et la surtension qu’il faut appliquer pour initier de 'OER est beaucoup

plus importante.
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Figure 6: A) courbe de voltampérométrie cyclique obtenue pour les différents types de nanoparticules synthétisées. B) pentes de Tafel
(en mV/décade) de ces mémes NPs

Les activités massiques par gramme de cobalt, par unité de surface et par masse d’oxyde de ces NPs
ont été mesurées a 1.65 V vs RHE (Figure 7) et comparées a ce qui a pu étre obtenu dans la littérature pour
des composés similaires. Les activités massiques par gramme d’oxyde obtenues pour les NPs (entre 160 et 410
A/goxyde) sont cohérentes avec ce qui a pu étre observé dans la littérature pour des composés similaires.
Cependant, comme il a été prouvé que seule la coquille est responsable de I'activité des NPs, il est alors
possible de normaliser I'activité par la masse de cobalt (composé actif). Dans ce cas, les valeurs d’activité
mesurées par gramme de cobalt sont beaucoup plus importantes que celles mesurées dans la littérature et
les valeurs obtenues sont de l'ordre de 2000 A/gcobair @ 1.65 V vs RHE, ce qui représente une activité
électrocatalytique exceptionnelle. Les NPs coeur-coquille constituent donc un matériau prometteur pour
I’OER. De plus, entre les NPs, les valeurs d’activité ne sont pas toujours similaires, les NPs présentant les plus
grosses tailles (CS-3 et CS-4) semblent étre de meilleures candidates. Ces résultats peuvent étre expliqués par
le fait que les NPs CS-3 et CS-4 ont un cceur conducteur plus grand que celui de CS-1 et CS-2, ce qui donne une
meilleure conduction au catalyseur.
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Figure 7: Activité massique des NPs a 1.65 V vs RHE. A gauche normalisée par la masse d’oxyde et a droite normalisée par la masse de

cobalt contenue dans les nanoparticules.

L'impact de la concentration de I'électrolyte et de la quantité de ligands entourant les NPs a également
été mesuré. Un pH plus important et une plus faible quantité de ligands (acide oléique) autour des NPs sont

bénéfiques pour I'activité du catalyseur. Il faudrait le confirmer avec plus d’études mais il semblerait que les
lavages a I'acétone chaud réalisés sur les NPs sont suffisant pour retirer la majorité des ligands et donc que la
qguantité d’acide oléique entourant les NPs n’a pas d’influence sur I'activité.

Etudes NEXAFS operando pendant I'OER

Les NPs CS-3 ayant montré d’excellents résultats d’activité ont été étudiées operando durant I'OER au

synchrotron. Les NPs ont été analysées d’abord en électrochimie puis en NEXAFS.

2_ T
B
z £
o 5 b
o O
e
08 10 12 14 08

E vs RHE (V)

1.0 12
E vs RHE (V)

14



Figure 8: Courbes de voltampérométrie cyclique obtenue pour les NPs CS-3 (A) et Fes04 (B) sur une membrane polymére
échangeuse d'anions fumatech dans un électrolyte NaOH 0.1M avec une vitesse de balayage de 20mV/s

Sur les courbes de voltampérométrie cyclique pour les NPs CS-3 (Figure 8A) on peut voir des pics redox
qui ne sont pas observés sur les NPs de Fes0, (Figure 8B) et qui dans la littérature sont caractéristiques du
cobalt®. Le cobalt change donc d’état d’oxydation durant I’OER. Afin d’étudier les changements se produisant
dans les NPs cceur-coquille quand un potentiel est appliqué, différents potentiels fixes ont alors été appliqués
et des spectres NEXAFS pour le seuil L du cobalt et du fer ont pu étre mesurés. lls sont présentés en Figure 9
sur laquelle on voit que le cobalt reste globalement dans un état d’oxydation Co (ll) et qu’il y a une trés petite
transformation en Co (I11) *°. D’autre part, le Fe (Il) est remplacé par du Fe (Ill) lors de I'oxydation®2°,
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Figure 9: Seuil L du cobalt (A) et du fer (B) pour différents potentiels appliqués aux NPs CS-3. C) est le résultat de la soustraction
de la courbe obtenue a 1 V a la courbe obtenue a un autre potentiel.

Ces résultats montrent qu’il y a un effet conjoint du fer et du cobalt qui agissent dans I'OER : au-dessus
de 1V, le cobalt passe de Co (Il) a Co (Ill) mais il est alors directement réduit en Co (II) par le Fe (Il) présent
dans la NP qui s’oxyde lui en Fe (Ill) et migre vers la surface de la particule. Au-dessus de 1.4V, le cobalt ou le
fer peuvent passer d’un état d’oxydation (lIl) vers un état d’oxydation IV avant d’étre réduits par I'OER. Ces
échanges redox sont résumés en Figure 10.
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Figure 10: Schéma résumant les transformations se produisant dans les NPs lors de I'OER. Etape 1 —Pour E =1 V vs. RHE fe(ll)
et Fe(lll) coexistent dans le cceur et la coquille est composée de Co(ll) et Fe(lll). Etape 2 : entre 1.0 et 1.2V vs. RHE, un électron est
transféré de Co (Il) dans la coquille au collecteur de courant (graphene). Cependant Co (Ill) n’est pas observé en NEXAFS car il est
directement réduit en Co () grdce a un transfert d’électron depuis le Fe (1) dans le cceur (dans la partie du cceur proche de la coquille)
résultant en la formation de Fe (lll). Ce cation de Fe (Ill) migre ensuite probablement vers la surface laissant une lacune dans le cceur.
Etape 3 : au-dessus de 1.2V vs. RHE Co (ll) dans la coquille est partiellement oxydé en Co (lll). Etape 4 : I'OER se produit sur un centre
actif composé de Co (lll) et Fe (lll). Cependant on ne peut pas exclure la formation de Fe (IV) actif pour I’'OER au-dessus del.4V vs. RHE.
Les atomes d’oxygéne sont en rouge, le cobalt en bleu et le fer en vert.



Bien que dans la littérature sur des NPs de Cos0., il ait été observé la formation d’'une couche de
CoOOH en surface lors de I'OER, ici la structure spinelle de la NP semble étre conservée, le cobalt reste dans
un état d’oxydation Co (Il). Un mécanisme faisant intervenir I'oxygéne de la maille a été également écarté car
aucun changement n’a été vu sur le seuil K de I'oxygene lors de I'OER.

3) Conclusion

Dans ce travail nous avons synthétisé différents types de catalyseurs pour I'OER sous forme de NPs
cceur-coquille Fes04@CoxFe,.x04. Cette approche originale a pour intérét de maximiser la surface de matériau
catalytiquement actif (coquille) tout en limitant la quantité du cobalt. Cette coquille est combinée avec un
cceur conducteur de Fe30, sur lequel la coquille peut croitre de maniére épitaxiée. Quatre types de NPs qui
peuvent étre assimilées a des catalyseurs modeles ont été synthétisés par décomposition thermique de
précurseurs métalliques et la taille du coeur ainsi que I’épaisseur de la coquille ont été modifiés afin de pouvoir
étudier l'influence de ces parametres sur les propriétés électrochimiques des NPs. La méthode de
décomposition thermique est intéressante car elle permet I'obtention de NPs dont la taille, la distribution de
taille, la composition et la forme sont bien définies et contrélées.

Avant de procéder aux caractérisations électrochimiques des NPs, leur structure a été étudiée a I'aide
de différentes techniques d’analyse qui ont mis en évidence la présence d’une structure cceur-coquille comme
nous nous y attendions. Cependant la stoechiométrie de la coquille n’est pas d’exactement CoFe;0, mais
plut6t CoxFes«04: un gradient de concentration de cobalt est donc présent dans la coquille. Ce résultat peut
étre expliqué par la température de décomposition des précurseurs (stéarates de cobalt et de fer) utilisés pour
la synthese des NPs. En effet |le stéarate de cobalt présente une température de décomposition plus faible, le
fer commencera donc a croitre en premier a la surface de la coquille puis le cobalt croit également a la surface,
créant un gradient de cobalt avec la surface de la coquille riche en cobalt.

Une fois ces caractérisations réalisées, les NPs ont été caractérisées électrochimiquement a l'aide de
techniques de voltampérométrie cyclique et d’'impédance. Lors de cette étude, il a pu étre observé que
I'activité massique apparente des NPs n’est pas constante en fonction de la charge déposée sur I'électrode :
elle diminue fortement lorsque la masse est trop importante et que les NPs forment alors plusieurs couches



superposées. La conclusion logique de cette observation est que toutes les NPs ne sont alors plus accessibles
de la méme fagon. A l'aide de simulations réalisées sur les données expérimentales de spectroscopie
d’impédance, il a pu étre démontré I'existence d’une résistance de contact qui se crée entre les couches de
NPs. Les modélisations ont été réalisées a I'aide de deux modeles : le modele de Randles et le modele de lignes
de transmission. Ainsi cette étude a prouvé que pour avoir une valeur correcte de I'activité il faut donc mesurer
les NPs avec une charge basse sur I'électrode (qui correspond a une couche catalytique mince).

Comparativement a la littérature, les NPs cceur-coquille ont toutes montré une bonne activité pour
I’OER. De plus, le cceur des NPs, constitué uniquement de Fe;O, est lui treés peu actif, c’est donc bien le cobalt
dans la structure spinelle qui donne I'activité au systeme. Il est donc possible de normaliser le courant généré
par les NPs par la masse de cobalt seulement et non pas la masse totale des NPs. Lorsque I'on considéere les
activités massiques par gramme de cobalt alors les NPs présentent une activité allant de 1300 A.gcobar pour
les NPs présentant un cceur de petite taille (7-8 nm) a 2800 A.g.obar pour celles qui présentent un coeur dont
la taille est plus importante (13-14 nm). Ces activités sont bien supérieures a la majorité des activités reportées
dans la littérature. Ces différences d’activité en fonction de la taille du coeur des NPs sont probablement dues
au fait que le coeur donne au systéme une conductivité suffisante pour que le catalyseur soit conducteur.
L'épaisseur de la coquille ne semble pas avoir un effet important sur I'activité mais il faudrait réaliser ces
expériences avec une coquille dont I'épaisseur serait bien plus importante pour s’en assurer.

Enfin les analyses NEXAFS operando réalisées au synchrotron ont mis en évidence une action conjointe
du fer dans le coeur et du cobalt lors de la réaction de I'OER. Il a été observé que dans les conditions de 'OER
le fer s’oxydait en Fe (ll) alors que le cobalt lui restait majoritairement dans un état d’oxydation Co (Il). Une
transformation en CoOOH comme cela a été souvent proposé dans la littérature pour des catalyseurs de Co304
a alors été écartée. De méme, un mécanisme faisant intervenir 'oxygéne de la maille a été écarté car aucun
changement n’a pu étre observé au seuil K de I'oxygene lors de I'OER. Les transformations se produisant dans
les NPs ont été expliquées par la potentielle intervention d’un atome de Fe (IV) dont la durée de vie est trés
courte et qui n’est donc que trés peu observé en NEXAFS qui pourrait constituer un cluster avec le cobalt et
serait le site actif.

Dans le futur il sera intéressant de changer la composition des NPs en remplacgant le cobalt par du
nickel, lui aussi connu pour étre actif pour 'OER mais aussi de regarder au microscope électronique a
transmission comment les NPs sont affectées par I'application d’un potentiel pour vérifier s’il y a une
reconstruction de la nanoparticule et de la diffusion des atomes de cobalt et de fer ou si la structure cceur-
coquille initiale est belle et bien conservée.
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Résumé

Cette thése étudie un nouveau type de catalyseur visant a abaisser le potentiel
d’activation de la réaction de dégagement de 'oxygéne (OER) en milieu alcalin tout en
remplagant les métaux nobles utilisés communément en milieu acide par des oxydes
métalliques. Ce catalyseur combine les propriétés conductrices d’'un cceur de
magnétite (FesOas) a I'activité électrocatalytique d’'une coquille de ferrite de cobalt
(CoFe204) dans une structure cceur-coquille FesOs@CoFe204. Les propriétés
électrochimiques de ces nanoparticules (NPs) ont été étudiées systématiquement en
modifiant la taille du coeur et I'épaisseur de la coquille. Les NPs constituées d’'un cceur
de taille supérieur a 12 nm ont permis d’atteindre une activité de 2800 A.g"cobalt & 1.65
V vs. RHE qui est généralement au-dela des valeurs reportées dans la littérature pour
des composés similaires. Les mécanismes se déroulant a la surface des
nanoparticules lors de la réaction dOER ont été étudiées operando et I'étude de la
structure électronique des métaux en fonction de leur environnement a permis de
suivre I'évolution de leurs degrés d’oxydation et de mettre en évidence la synergie
entre les cations de fer (ll) et de cobalt (II) pendant 'TOER. De plus, I'analyse par
microscopie électronique a transmission (STEM HAADF et EELS) a montré que la
structure cceur-coquille est conservée lors de cette réaction et qu'elle permet d’éviter
la formation de CoOOH en surface dans la gamme de potentiel de 'OER.

Mots clés : Réaction de dégagement de I'oxygéne (OER) ; oxyde de cobalt ; oxyde
de fer; nanoparticule cceur coquille ; operando spectroscopie de structure pres du
seuil d’absorption de rayons X (NEXAFS)

Résumé en anglais

This thesis studies a novel type of catalyst aiming for lowering the overpotential of the
oxygen evolution reaction in alkaline media while replacing the noble metals oxide
commonly used in acidic media by transition metal oxides. This catalyst combines the
conductive properties of a magnetite core (Fe3zO4) and the electrocatalytic activity of a
cobalt ferrite shell using core-shell Fe3Os@CoFe204 nanoparticles. The
electrochemical properties of these nanoparticles have been systematically studied
modifying the core size and the shell thickness. The particles presenting a core
diameter superior to 12nm reached an activity of 2800 A.g-'cobat at 1.65 V vs. RHE
which is by far superior to the activity reported in the literature for similar catalysts. The
transformations occurring at the surface of the catalyst during the oxygen evolution
reaction have been studied operando by NEXAFS thanks to synchrotron radiation. This
technique allowed the study the evolution of the metal cation oxidation state and
evidenced a synergy between the Fe (Il) in the core and the Co (ll) in the shell during
the OER. Moreover, transmission electron microscopy revealed that the core-shell
structure was preserved during the OER and that it allows to prevent the formation of
CoOOH in the potential range of the OER.

Keywords: Oxygen evolution reaction (OER): cobalt oxide; iron oxide; core-shell
nanoparticles; operando near-edge absorption spectroscopy (NEXAFS).
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