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OER : Oxygen Evolution Reaction

ORR : Oxygen Reduction Reaction

PEMFC : Proton-Exchange Membrane Fuel Cell
PTFE : Polytetrafluoroethylene

RDE : Rotating Disk Electrode

RHE: Reversible Hydrogen Electrode

RRDE : Rotating Ring Disk Electrode

SAFC : Solid Alkaline Fuel Cell

SEI : Secondary Electron Image

SEM : Scanning Electron Microscopy

SHE: Standard Hydrogen Electrode

SOFC: Solid Oxide Fuel Cell

XANES : X-ray Absorption Near Edge Structure
XAS : X-ray Absorption Spectroscopy

XPS : X-Ray Photoelectron Spectroscopy
XRD : X-Ray Diffraction
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General Introduction
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With the population growth, the increase of the new technologies and the transportation
requirements, the energy demand was never as high as today. To fulfill this increasing energy
need and to compensate the decreasing fossil fuel resources, new systems of energy
production have to be developed. Moreover, the global warming and the desire to improve our
life quality motivate the search of cleaner energies. Among possible energy conversion
systems, fuel cells represent a good alternative. They can be used in various applications such
as transport devices, cogeneration systems or mobil phone. In addition, the fuel cell system is
one of the less polluting systems with water as only product.

Nevertheless, the commercialization of these devices is currently limited by their cost. Indeed,
to get sufficient kinetics of the reactions occurring at the fuel cell electrodes, electrocatalysts
are required. Today, the most used catalyst for the oxygen reduction reaction (ORR) is
platinum which is highly active for this cathode reaction, but also very expensive. Therefore,
the current research target is to develop cheaper catalysts with equivalent electrocatalytic
activites. While in acidic media, only noble metals are stable and active for the ORR, various
materials such as non noble metal oxides are suitable for the ORR electrocatalysis in alkaline
media. Therefore, alkaline anion exchange membrane fuel cells represent interesting systems
in terms of fuel cell cost.

Perovskite oxides are promising materials. Theiilfle structure tolerates a wide range of
oxide compositions and thus, offers a large window of properties. Then, perovskites are
suitable for numerous applications in heterogenous catalysis and electrocatalysis, in
particular, ORR electrocatalysis. To aim an alkaline anion exchange membrane fuel cell
application, the electrocatalytic activity of this oxide for the ORR should be sufficiently high

to get reasonable performances and they have to display long term stability. Also, in order to
improve the cathode composition, the ORR mechanism and the role of each component of the

catalytic layer have to be understood.

To answer these questions, the present thesis is divided in six chapters.

Chapter 1 gives a literature review on the ORR catalysts in general, and on perovskite oxides

in particular.

The materials and methods used in this work to study the perovskite catalysts are discribed in
Chapter 2.
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Chapter 3 is devoted to the characterization of the oxides. It includes the material

characterization and the investigation of the electrochemical properties of various perovskites.

Carbon is usually added to catalytic layers to improve their conductivity. Its role in the
electrochemical and electrocatalytic behaviors of perovskite/carbon electrodes is studied in
Chapter 4. In this chapter, the catalytic activity of perovskite electrodes for the ORR is also

discussed according to their compositions.

Chapter 5 is focused on the understanding of the ORR mechanism on perovskite/carbon
composites. For this, the ORR and the transformation of a reaction intermediate, the hydrogen
peroxide, are studied experimentally on various perovskite-based electrodes and interepreted
with the help of a mathematical model.

The chemical and electrochemical stabilities of the perovskite electrodes under various
conditions are investigated iBhapter 6. In this chapter, the electrochemical response is
discussed together with the material characterization of the oxides.

Finally, the General conclusion and Outlookoncludes the work.

At the end of the thesis, additional data can be found in the Appendix section.
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Chapter 1 :

Literature Review
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1.1. Fuel cell technology and challenges

During the last decades, numerous studies were dedicated to the improvement and the
commercialization of new systems of electricity production to fulfill the growing energy
demand and the approaching lack of fossil fuel ressources.

With the purpose to develop clean energies, the fuel cell technology offers many
environmental advantages - no or few gnission, no emission of NOhydrocarbon or
particles, water as only product for hydrogen fuel cells — as well as automotive, mobile and

stationary applications

In a fuel cell, the electricity is directly producdm chemical energy thanks to the oxidation

of a fuel (e.g. hydrogen) at the anode coupled with the reduction of an oxidant (e.g. oxygen
from air) at the cathode.

Depending on the nature of their fuel and of their electrolyte, several fuel cell systems exist.
Some of them are listed ifiable 1. The solid oxide fuel cells (SOFC) have hoglerating
temperature — 700-1000°C — and are therefore only used for stationary applications. Low
temperature fuels cells such as alkaline fuel cell (AFC) or proton-exchange membrane
(PEMFC) are more suitable for transport applications.

Besides hydrogen, methanol in e.g. direct methanol fuel cells (DMFC) and borohydride in

direct borohydride fuel cell (DBFC) can be used as fuels.

Table 1 : Example of fuel cell systems

Fuel cell _ lon Operating
Fuel Oxidant Electrolyte
name conducted temperature, °C
_ . Proton exchange
PEMFC H Air H 60-100
membrane
AFC H, Air + H,O OH Alkaline electrolyte 60-90
Ho, _ Alkaline anion
SAFC Air + H,0O OH <90
CHsOH exchange membrane
CHy, H,, _ ) _
SOFC co Air o~ Oxide 700-1000
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The principal fuel cell component is the membrane electrode assembly (MEA) which is
composed of three main elements. One of them is the electrolyte which can be a liquid
electrolyte or a membrane and which serves as separator of the anode and the cathode
reagents, electronic insulator and ionic conductor. On both sides of this electrolyte lie the
cathodic and the anodic active layers where the electrochemical reactions occur. These layers
contain the catalyst material, which, for low temperature fuel cells, is usually mixed with or
deposited on carbon to ensure high particle dispersion and electronic conduction, and an
ionomer to allow the triple — ion, electron, gas — contact. At the back of the active layers and
for low temperature fuel cells, the gas diffusion layer (GDL), composed of a carbon paper and
polytetrafluoroethylene (PTFE), allows the reagent feeding, the product draining and the
current collecting.

Up to now, the main studied fuel cells are the PEMFC thanks to the existence of well-
developed proton-exchange membranes such as Nafion®. However, acid fuel cells require the
use of noble metal catalysts such as platinum, the price and availability of which limit the
commercialization of these fuel cells. Moreover, the active layers suffer from degradation
during PEMFC operation due to (i) Pt dissolution, (ii)) carbon support corrosion and
subsequent Pt agglomeration, (iii) Pt migration to the electrolyte [1]. It results in an
accelerated decrease of the performance.

The alkaline fuel cells (AFC) present the advantégeallow the utilization of cheaper
catalysts. Indeed, numerous non noble metals and oxides are stable and active in this medium.
Nevertheless, carbon dioxide from air can react with the liquid electrolyte to form carbonate
species. This results in a loss of the performance due to the decrease of the electrolyte
conductivity and the blocking of the porous cathode by the carbonate precipitates.

The alkaline anion exchange membrane fuel cell - or solid alkaline fuel cell (SAFC) — offers a
good compromise between PEMFC and AFC. First of all, the alkaline membrane is less
affected by the carbonation since it does not contain mobile cations to form solid precipitates.
Then, the use of a membrane results in a compact system, contrary to an AFC. Finally, the
alkaline medium allows the utilization of less expensive catalysts than in a PEMFC. Even if
the improvement of the alkaline anion exchange membrane properties is still required [2],

SAFCs are considered as promising type of fuel cells.
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1.2. Oxygen Reduction Reaction (ORR)

The oxygen reduction reaction (ORR) is one of the most important processes in low
temperature fuel cells. However, the sluggish kinetics of the oxygen reduction reaction (ORR)
is largely responsible for the overpotential in these devices, even on the most catalytically
active Pt materials [3]. Therefore, intensive researches were performed during the last decades
to find suitable catalysts. The main issues of the catalyst material concern the performance,
but also the durability and the cost.

This section gives a succinct description of the ORR in acid and alkaline media, as well as a

brief review of the materials active for the ORR electrocatalysis in alkaline media.

1.2.1. ORR pathways

1.2.1.1. ORR in acid medium

The ORR has a complex mechanism involving several steps and intermediate species such as
02.ads HO, ags H2O2,a0s OHads OagsWhere “ads” stands for adsorbed speda®n if the ORR
has been widely studied on Pt-based materials, the nature of these steps is still debated.
Nevertheless, it is established that two main ORR pathways can occur, depending on the type
of electrocatalyst and the experimental conditions.
The first one - the so-called “direct” pathway - is the reduction oin®@ H,O, written as
(Equation 1):

I (Equation 1)

in acid media, where E° stands for the standard potential. It is however not the direct
exchange of 4 electrons, but is called direct since none of the intermediate species of the
elementary steps is stable in aqueous electrolytes.
This is not the case for the “series” pathaway wherés@educed in a 2 electron reaction to
H,0, (Equation 2):

"# ! (Equation 2)
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This HO, intermediate is stole and can eith:
- be reduced through a 2 elron reactio (Equation 3):
## I (Equation 3)

- be catalytically decompos into C; and HO (Equation 4):
(Equation 4)

- or diffuse awayrom the elcctrode surface to the bulk the electrolyte.

These processes are often-esented throth the followingWroblowa’s schem (Figure 1).

Figure 1 :Simplified schemef the ORFadapted from [4], where; ks the rate constant of th
reaction i

When the reduction or th@ecomposition of [0, occurs, the global rmber of exchange
electrons is 4, as for thalifect” pathway. However, the presence of( is detrimental for
fuel cells since it degradeke catalys layer and the membrane [5,8herefory, if the ORR
follows a “series” pathwaya high activity of the catalyst for ¥, transfirmationis required
to reduce the degradaticaused bythe HO, presence.

In order to study whether ttORR is a “series” or a “direct” pathway, earchrs usually use
the rotatingring disk electrde (RRDE) techniqueWith this method, th ORR occurs at tf
disk, and eventual #D, species formed durir a “series” ORR pathwawill be oxidized at
the ring, which therefore srtes as a detect It should however be nced that if the LO,

transformation is fastn the electrode surface, nc,O, intermediate wilbe detectec In the

case of a “series” pathway can also be useful to study the kineticsthe F,O, reduction

and HO, decomposition redions

1.2.1.2. ORR in alkaline medium

In alkaline electrolytes, tht main ORR pathways are similar to te in acidic med.

Neverthelss, imlkaline solubn, H,O; is transformed into HPaccordinctc (Equation 5):
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(Equation 5)

The pK, of this reaction is 11.7 [7]. Then, the ORR “direct” pathway is (Equation 6):

(Equation 6)

and the main steps of the “series” pathway are (Equation 7) (Equation 8) (Equation 9):
$" "%N& ! (Equation 7)

" Oo# ! (Equation 8)
(Equation 9)

Also, HO, species may diffuse in the electrolyte.
It should be noticed that, by misuse of language; H@ermediate species are often referred
to H,O; in the literature.

1.2.2. ORR electrocatalysts in alkaline media

The ORR Kkinetics is strongly sensitive to the type of the catalyst surface. Therefore, highly
active materials have to be chosen. Besides, the catalysts should also be stable, selective and
able to reduce £xo OH, producing as little as possible HO

This section gives a non exhaustive review of ORR catalysts in alkaline media.

1.2.2.1. Noble metals

The high ORR activity of platinum motivated intensive researches on reaction kinetics and
mechanism. Fundamental studies were perfomed on Pt single crystals. In 0.1M KOH, Pt(111)
demonstrated the highest ORR activity [8,9]. The lower activity of Pt(110) and Pt(100) was
attributed, with the help of the study of the temperature dependence of thgiel® and
modeling, to the irreversible adsorption of OH species which limits the reaction kinetics. The
study of the H@ reaction suggested that, despite the low amount of H&dected, the ORR

is mainly a “series” pathway on Pt single crystals, with the reduction of id@rmediate.

The latter is inhibited in the hydrogen underpotential deposition region, leading to high yields

of HO,'. The “series” pathway was also reported for polycrystalline Pt surfaces [10,11].
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For practical applications, it is necessary to reduce the Pt loading to decrease the catalyst cost.
Therefore, Pt in fuel cells is usually used in the form of carbon supported Pt nanoparticles.
Genies et al. [12$tudied the effect of the Pt loading and the parttte in Pt/C electrodes on

the ORR electrocatalysis. They found that the specific activity - normalized to the surface area
- decreases with the particle size. Indeed, the kinetic currents at -0.06 V vs Hg/HgO in 1M
NaOH was 290 pA.cifp for the Pt/C electrodes with 80% Pt (particle size of ca. 25 nm),
while only 70 pA.crifprwas measured on the electrode containing 5% Pt (particle size of ca.

2 nm). Using the RRDE technique, they measured very little amount fgrsdluced during

the ORR. The higher amount detected for the electrode with the lower Pt loading was
attributed to the reduction of,@nto HGO, on the carbon support.

Another way to decrease the catalyst cost is to use other noble metals. For ihataae,

al. investigated the ORR on various noble metals in 0.1M NaOH [13]. They observed that, in
alkaline media, the most active single crystal surfaces were Pt(111) and, interestingly,
Pd(111), followed by Rh(111), Ag(111), and further, Ir(111) and Ru(0001) which display
significantly lower onset potentials. While Au(111) demonstrated high ORR kinetic currents,

it involves only 2 electrons in the ORR whereas other noble metals catalyse a 4 electron
pathway. The same trends were observed for noble metal nanoparticles deposited on high
surface area carbon. By plotting the kinetic current for single crystals, carbon-supported
nanoparticles as well as Pt monolayers on single crystal surfaces versus the d-band center
energies, a Volcano relationship was observed [13]. The d-band center should have an
optimum value. High values of the d-band center lead to stronigo@ding. Then the O
splitting — assuming a “direct pathway” - easily occurs, but the surface is covered by
oxygenated species which are strongly adsorbed. On the other side, low values of the d-band
center allow a weaker adsorption of oxygen-containing species but the bonding is not
sufficient to perform the ©splitting.

Reviews on Pt-based catalysts including alloys can be found in the literature [14,15].

To conclude, noble metals are highly active for @BR. Nevertheless, their price is a
limiting factor. Alternative candidates are carbon materials (see section 1.2.2.2) and non noble
metal oxides (see section 1.2.2.3) which are more interesting from the point of view of cost
and availability.

Much interest has been attracted to F€Nmaterials which will not be considered in this

review.
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1.2.2.2. Carbon materials

While not active in acid medium, carbon is able d@tatyse the oxygen reduction in alkaline
medium. As reported in some reviews [16,17], several mechanisms were proposed for the
ORR on carbon materials. They depend on the allotropic form of carbon but also on the
eventual pretreatment (e.g. polishing, fracturing, reduction/oxidation [18,19]) of the surface.
Despite the mechanistic differences, the authors agree that the ORR on carbon catalysts
results in HQ@, which is not suitable for fuel cell applications.

The characteristic two wave shape of the ORR voltagrams on glassy carbon (GC)
electrodes was attributed to two consequitive 2 electron reductions iofdCHO,. At low
overpotential, this reaction occurs on the most active sites. Thanks to the comparison of the
ORR on bare GC and on quinone-modified GC electrodes, Tammeveski et al. determined that
these actives sites are the quinone groups [20]. On bare GC, the surface concentration of these

sites is limited, leading to a decrease of the current at high overpotentials.

With the purpose to improve its ORR activity, carbmam be doped with heteroatoms. For
instance, Pan et al. [2dipped graphene with N and observed very high ORRitgdn 0.1M

KOH, comparable to that of Pt/C. Besides, P-doped carbon materials were also reported to be
active towards the ORR in alkaline media [22]. Moreover, they display some activity for the
HO, reduction. Also, almost 4 electrons were involved in the ORR on graphene-based carbon

nitride electrodes [23].

1.2.2.3. Non noble metal oxides

In alkaline solutions, contrary to acid media, non noble metal oxides are stable and can serve
as ORR electrocatalysts. Simple oxides such as spinel or manganese oxides, as well as
complexe oxides including pyrochlore and perovskite oxides demonstrated significant ORR

activities.
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1.2.2.3.1. Spinel oxides

Oxides with spinel structure —*%/3*,0%, general formula — have shown activity for both the
ORR and the oxygen evolution reaction (OER) electrocatalysis in alkaline media.

The most common spinel catalyst for these applications is the Co-based spinel. Compared to
carbon, CgO, displays higher ORR activity with four global electrons involved in the
mechanism [24-26]. This is due to the high activity of this spinel catalyst for the
decomposition or the reduction of HO Although NiO is not capable to reduce or
decompose HO species [25], the substitution of €dy Ni** to form NiCaO, oxide does

not affect the number of electrons which remains equal to 4 [24,25]. Also, the Mn-substituted
MnCo,04 spinel shows higher ORR activity than carbon [286H De Koninck et al. [27]
demonstrated that the highest ORR activity of®n Co,0, compounds is obtained when

both Mn and Cu cations are present.

Besides, the electrocatalytic activities of AN spinels were investigated using the RRDE
technique. Ortiz et al. [28tudied the ORR on €xCuMn,0O, oxides and measured the
lowest amount of H® release when x=0.75. Later, Ponce et al. [29] observed that the ORR
kinetic currents of NiMpO, were significantly higher than those ofoMhlosMn,O, and

AlMn 04 compounds, showing the detrimental effect of the Al substituRegarding the

high amount of H@ measured, the authors concluded that the ORR on the studied spinel
oxides was a “series” pathway.

Usually, spinel electrodes contain the spinel oxide physically mixed with a carbon material.
With the purpose to increase the catalytic activity, some authors directly grow spinel oxides
on graphene. For instance, Liang et al. [B8Je investigated the ORR activity of {On

grown on graphene in alkaline electrolyte and measured enhanced activity compared to spinel
alone or graphene alone. This activity was even higher when graphene was doped with N.
Then, the hybrid C4/N-doped graphene displayed comparable current densities to Pt/C
and, more importantly, higher stability. The authors also compared the ORR and OER
activities of CgO4/graphene to that of MnGO./grapheme [31]. Both act as bifunctional
catalysts but MnC, is the most active for the ORR. When grown on N-doped graphene,
MnCo,0O, catalyst has a halfwave potential at only 20 mV below that of Pt/C electrodes for
the same catalyst loading in 1M KOH. Moreover, the activity of the spinel/graphene hybrid
catalyst was stable for at least 6h while the ORR current on Pt/C decreased by ca. 30%. In
addition, little amount of H® was detected in the course of ORR on the spinel electrode,

proving efficient reduction to OHThe activity of the hydrid material was significantly higher
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than that of MnCgO, alone and MnCg, physically mixed with N-doped graphene. This
was attributed to the intimate interaction between the two components in the hybrid electrode

which ensures high conductivity and electrochemical activity.

1.2.2.3.2. MnOy

Without carbon, Mn oxides are not very active fag (DRR [32]. However, when supported

on carbon materials, they display very high electrocatalytic activity, comparable to Pt/C
[32,33]. Although the authors generally agree on the involminof the redox transitions of

Mn and of 4 global electrons involved in the ORR, conclusions on the reaction mechanism are
contradictory. Some of the authors suggested that the ORR follows a “direct” pathway on
MnOy [33,34] at least at low overpotentials, while othprsposed a “series” pathway, either
exclusively on the Mn oxide [35] or with the reduction of @to HO, on the carbon
material, followed by the HO reduction/decomposition on MR(32,36-38]. This could
explain why the number of involved electrons, and thus, of thg ié@ase, strongly depend

on the MnOOH to carbon ratio [39].

The electrocatalytic activity of Mn material coul@ iimproved by doping. For example,
Roche et al. [33showed that the amount of Hroduced could be decreased by doping of
MnO,/C by Ni or Mg. Also, Wu et al. [40] reported that the ORR activdly MnO,/C
catalysts was not stable. A loss of kinetic currents and a decrease of the number of electrons

were observed after cycling. This could be avoided by doping the catalyst with Bi(OH)

1.2.2.3.3. Pyrochlore oxides

Pyrochlores are complex oxides of the general formuBy®@;, where A is often a trivalent
rare-earth cation, and B, a tetravalent transition metal cation. These species were also studied
for the ORR electrocatalysis and display quite high activity.

For instance, Saito et al. [4ifjvestigated the ORR on various EBw,O;. (Ln=Pr, Nd, Sm,

Gd, Dy, Yb) oxides in 0.1M KOH using the RRDE technique and measured substantial
electrocatalytic activity and less than 20% of released dfecies. Moreover, this activity

could be increased by partially substituting Ru by Mn cation. Indeed, the ORR onset potential
on N&bRu 79VIng 2507. pyrochlore is only 50 mV below that of Pt/C and less than 10% of
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HO, was detected on the pyrochlore electrode. Interestingly, it was also demonstrated that
pyrochlores show higher selectivity towards the ORR than Pt/C. By adding methanol in the
alkaline electrolyte, the ORR onset potential of Pt/C drops due to the methanol oxidation,
while the ORR activity of NgRu, Mn,O7. remains stable.

The ORR activity of LeB,O;. pyrochlores was also studied with Zr or Sn in B position [42].
For both cations, the most interesting pyrochlore structures regarding theet@se were
those with La as the A cation, while almost 80% were measured at the ring of the RRDE on
the Yb-baseelectrode. In fact, the activity of ¥Br,O;. was very similar to that of ZnOn

the mentioned work, suggesting low influence of the structure on the electrocatalytic activity
in that case. The authors also reported that the incorporation of Lald@©vskite in
Lay,Zr,05. significantly enhances its electrocatalytic activity by positively shifting its onset

potential.

1.2.2.3.4. Perovskite oxides

The perovskite structure is particularly interesting considering its flexibility (see section 1.3).
Then, it allows the tuning of the oxide properties by varying its composition, giving
promising materials for various catalysis applications.

Peroskite oxides have been intensively used as heterogenous catalysts for e.g. hydrocarbon
combustion [43-55], Fischer-Tropsch synthesis [56,57], oxidation of ethanol [586(58]
toluene [59], CO oxidation [60-63], NO and® decomposition [64,65], but are also suitable

for electrochemical applications.

For example, they serve as cathode materials for solid oxide fuel cells (SOFC) [G&fKE|

to their mixed conductivity and thermal stability. Since the seminal work of Matsumoto et al.
[72,73] and Bockris et al. [74,75)n the study of the OER and ORR electrocatalysis on
perovskite pellets, there is also an increasing interest for perovskite oxides as OER [76-81],
ORR [82-95]or bifunctional electrocatalysts [96-108)r low temperature applications such

as liquid and solid alkaline fuel cells, water splitting and metal-air batteries.

The perovskite oxides are indeed highly active fer ORR electrocatalysis since activities
close to that of Pt/C were reported for some perovskite electrodes [84,85,103]. Their

applications as ORR catalysts will be discussed in more detail in section 1.4.
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1.3. Perovskite structure

This secton gives a brief desription ofthe perovskite structure.eRiews onthis structure can
be found in [104-106].

1.3.1. Ideal structure

The general formula of perckite oxide is ABOs, whereA is a large cabn with low valenc
(usually 3+ or 2+) an® is a smaller catig, in general a transition metaation with a similar
or higher valence (usually 33 4+).A wide range of cations can be inted in A and B sitt
thanks to the structurféexibility .

The ideal structure of peroxites is cubicAs represented in Figure BOgs octahedra form a
three dimensions array byiaring their corners, and A cations lie ire cavity created b
eight octahedra. From anor point of view, the structuican be seen i being composed
cubes of A with O in the ceer cf the faces and B in the center of the ciedon formed by O
ions. Thus, the angle formey B-O-B is equal to 180°.

Figure 2 : Two viewsf the ideal cubic structure of perovskite, aced fron [106]

In the ideal cubic structure)e distancebetween B and O atoms £I3), and A and O atom
(Da-o) follow the relatioship: 2 (Dg.o) = Da-o. However, in practicefew ABO; structures
respect this rulelue to varbus cation size. Therefore, Goldschmidtl07] introduced the
tolerance factor t given bfEquatior 10) to estimate the deviatioftom the ideal structur
(t=1).
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ﬁ—% (Equation 10)

with Ra : ionic radius of A, B: ionic radius of O anion, andgRionic radius of B cation.

If t is different from 1 but is comprised betwee@®and 1.05, the structure is perovskite but
experiences internal strains. Thus distortions are required to stabilize the structure and
structures with lower symmetry, such as orthorhombic or rhombohedral, are obtained.

In the 70’s, Glazer proposed a table of predicted structures for distorted compounds which
display cation ordering and octahedral tilting [108,109]. This table was further improved by
Woodward [110,111].

1.3.2. Distortions

A tolerance factor t below 1 often indicates that the cation in A-sites is too small, leading to a
too large cavity and therefore an unstable cubic structure. Thus, thecBDedra tilt around

a crystallographic axis in order to lower the strain by reducing the site size. This tilting is
performed without changing the size of the octahedra, neither the connectivity, in order to
minimize the distortion energy. The resulting B-O-B bonds are bended.

For t above 1, some octahedra share their facesahstf their corners, leading to both cubic

and hexagonal layers. The latter layers can be stable without cations in the B-sites.

When the electronic configuration of a component presents a degeneracy, the structure breaks
this degeneracy by displacing cations and distorting octahedra. It is the Jahn-Teller effect

which allows the structure to reduce the energy involved by the degeneracy.

1.3.3. Cation ordering

If some A or B cations are substituted by cationsiafilar size and charge, the different
cationic species will be randomly distributed in the structure, each site being equivalent.
However, if the two cationic species present sufficiently distinct charge and/or size, a cation
ordering will occur.

Generally, in A A’ x\BOs structures, A-site species are ordered in the layer arrangement, each
layer containing one type of cations. In AB’«Os structures, the preferential order is the

NaCl arrangement where the two species B and B’ alternate in the octahedral site. The
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obtained structure is often called “double perovskite” since the cell unit is doubled. When the
two species do not have the same size, a displacement of O is required to adjust the bond

length.

1.3.4. Atomic vacancies

Perovskite structures can involve A or O atomic vacancies \Whereas B-defictive
perovskites are not stable, except in face-sharing octahedra layers as mentioned above. Also,
interstitial ions are not thermodynamically favorable in perovskite structures. The oxygen
excess reported in LaMnr@ compounds should rather be viewed as cation deficiencies.

In the bronze structuresA1xBOs3, the ordering of the vacancies is generally accompanied by
the tilting of BQ octahedra. The A cation may also be totally absent in the structure since the
array formed by B and O atoms is very stable. The remaiB&¥ structure either keeps the

cubic structure, as forReG;, or is distorted.

Besides, several structures of anion-deficient perovskites were reported [112,113]. When
present in high quantity — up to ABGtructures - the oxygen vacancies lead to a cation
ordering depending on the Jahn-Teller effect, but also on the coordination preference of the B
cations. B can lie in a square planar configuration, like ACAQ3], or in the tetragonal
pyramids and octahedra of brownmilleritgBpO3,.; structure.

When the structure presents both O and A vacanci®4.), it might translate along an axis

which does not contain oxygen atoms to eliminate the vacancies. Then, the structure -
crystallographic shear structure - is constituted of edge-sharing octahedra.

One should also mention the existence of the layered perovskites. These structures are
composed of 2D layers of corner-sharing octahedra separated by layers of cations. The most
common layers perovskites are the Ruddlesden-PopeB#Xsn+1 and the Dion-Jacobson
AnBnX3n+1Structures, where n is the number of octahedra layers. This type of structure is the

only one which can support interstitial ions.

The extended perovskite composition and structure possibilities result in a large spectrum of
properties such as magnetic properties, electrical and ionic conductivities, thermal stabilities
or adsorption properties [114] which allow the utilization of perovskites for various catalytic

applications.
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1.4. Perovskites as ORR catalysts

In this section, the reported results concerning the electrode configuration, the ORR activity

and mechanism as well as the stability of perovskite catalysts will be discussed.

1.4.1. Configuration of perovskite electrodes

Various electrode configurations have been applied to study the ORR/OER electrocatalysis on
perovskites, including gas-diffusion electrodes, pellets, films obtained by painting the oxide
slurry on a metal foil, or by spreading oxide particles and a binder, with or without carbon, on
a glassy carbon support. This section is a brief review of the perovskite electrodes reported in

the literature.

1.4.1.1. Gas diffusion electrodes

With the increase of the interest to fuel cells, g&$usion layers (GDL) became more
frequently used for perovskite oxides [83,86,87,94-96,99-102,115,116]. A GDL electrode
consists of a gas supply layer and of a reaction layer. The gas supply layer is a hydrophobic
layer usually made of carbon and PTFE which allow electronic connection and reactant
diffusion, and the reaction layer contains a catalyst, in this case perovskite oxide. To build
these layers, a mixture of a catalyst, carbon and PTFE in an organic solvent is rolled into a
layer of ca. 200 um and heated. Finally the active and gas supply layers are rolled together
with a metallic mesh (Ni, stainless steel ...) in between.

For GDL electrodes, perovskite oxide is usually rdixeth carbon black particles, eventually
treated at high temperature to obtain graphitized carbon. However, some authors reported also
the use of carbon nanotubes (CNT) [115] and carbon nanocapsules (CNCingié&dl of

carbon black. Moreover, perovskite oxides of GDLs can be directly supported on a carbon
material, as found in [83,86,87].
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In order to measure ORR activities in fuel cell conditions, perovskite-based gas diffusion

cathodes are prefered. However, the complex configuration of these electrodes makes difficult
the study of ORR mechanism and the electrochemical behavior of the perovskite. Therefore
other electrodes such as pellets or thin layers, more suitable for electrochemical studies, are

often utilized to investigate perovskite materials.

1.4.1.2. Pellet electrodes

For the first studies with perovskites, researciheostly used pellets to investigate the OER

and ORR. In the 70s, Matsumoto et al. studied the ORR activity of L.gdN&]) as well as of
LaTiOs, SrFeQ, SrVG;, SrRuQ, Vo2Ti1.603 and LaSKMnO; perovskite pellets [73]. In the

80s, Bockris et al. [74,75] studied a wide range of perovskite compositions both for the OER
and the ORR using pellet configuration. Pellet electrodes consist of a perovskite powder
pressed into disk electrodes, connected to a metallic wire. In general, only one face of the
pellet is in contact with the electrolyte. Other faces are isolated with epoxy material.
Nowadays, only few authors reported the use of perovskite pellets [91,92]. Indeed, the pellet
electrodes have the advantages to avoid binders or other additives, but their disadvantage lies
in the high porosity and concomitant internal diffusion complications. For example, Bockris
et al. [75] estimated the roughness factor of perovskite pellets prepared by solid state
synthesis as ca. 1000 and El Baydi et al. [117] found a roughness factor of ca. 1500 for
LaNiOs; pellets prepared using the malic acid method. Moreover, electrode formulations
containing perovskites alone usually suffer from high Ohmic losses, posing problems for the
ORR investigation.

1.4.1.3. Thin layer electrodes

Very thin layers (ca. 1 pm) of perovskite oxides te@nobtained by drop casting on inert
support, for example on glassy carbon (GC) surface [78,82,84,85,88,89,93 @3]thin

film approach is compatible with the rotating disc (RDE) and the rotating ring disc electrode
(RRDE), the advantage compared to the gas-diffusion electrode consisting of a more reliable
separation of kinetic and mass transport contributions. However, the drop casting of
perovskite particles is a very sensitive technique for which the particle dispersion on the GC
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surface strongly depends on the perovskite suspension preparation and on the drying method.
Several solvents were utilized for preparing perovskite suspensions, such as water [85],
propanol [82,93], 1-hexanol [89] or tetrahydrofuran (THF) [78,88,103]. Moreover, some
researchers speed up the drying by placing deposits under light [8)B8]other authors
reported a slow drying under a close jar [78,88,103]. Except for a few publications [85],
perovskites are usually mixed with carbon particles or eventually supported on carbon
materials (e.g. [89]) to improve the electrode conductivity. In order to fix catalyst particles on
the GC surface, a binder such as Nafion transformed from protonated into a cationic form is
usually used. It can be directly mixed with the catalyst suspension [78,86r1d&posited on

adried catalyst layer [82,88,93].

1.4.1.4. Alternative electrodes

Besides the mentioned electrode configuration, saatkors utilized other electrode types.

One example is the layer of perovskite with [90] or without carbon [80,4dinted on a

metal foil (Ti, Ni...).

Another type of electrode is the paste electrode. It consists of a mixture of perovskite, carbon
and oil pressed into a porous material, as used in references [77,118,119]. The resulting
electrode is highly dense, contrary to pellet electrodes.

1.4.2. ORR activity of perovskite oxides

After the electrode preparation, ORR activites ofopskite-based cathodes are measured in

an Q-containing alkaline electrolyte by taking polarization curves for gas diffusion layer
electrodes and by RDE technique for thin layers. Thanks to these electrochemical techniques,
it was demonstrated that perovskite-based electrodes display higher ORR activities — higher
currents at lower overpotential - than the corresponding carbon support [82,83,100,115,116].
For example, Hayashi et al. reported ORR current densities of 300 r'ﬁféotan-80 mV vs.
Hg/HgO for carbon supported LaMgQ, while similar current densities are only reach at ca.
-230 mV vs. Hg/HgO for carbon alone [83]. It proves that perovskites are good candidates for
ORR electrocatalysis. More interestingly, some authors reported ORR activity of perovskite
electrodes close to the “state-of-the-art” Pt/C. Indeed, at the benchmark potential of 0.9 V vs.
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RHE and in 0.1M KOH, ORR current densities of 40 pA%gm. were measured on LaNiO
electrodes while Pt/C reaches 320 pA%ni103]. Therefore only one order of magnitude
separated the perovskite material from the Pt electrode. Moreover, low cost of oxide materials
allows one to increase the catalyst loading in the fuel cell electrode to reach higher currents.
ORR activites comparable to that of Pt/C were also reported for Mn-perovskites, such as
LaMnGs. [84], Lao.4SioeMnOs [85] and La 6Cay.4aMno oF€.103[86].

It is generally accepted that the active site for the ORR onzA&@vskites is the B cation,

while the choice of an A cation and its partial substitution by a lower valence cation indirectly
impact the catalytic activity by changing the B oxidation state and the oxygen stoichiometry.
For low temperature applications, the most studied perovskites for the ORR are the La-based
oxides. They were studied either without doping [72,83,87,88,118] or doped with Sr
[85,89,115] or Ca [82,86,90-93,95,96,99,100,102,116]. Besides La-based perovskites, some
authors also investigated Pr-based [94] and Nd-based [119] perovskite oxides. For all these
perovskites, partial doping of the perovskite by a low valencatiain leads to an improved

ORR electrocatalysis [85,91,92,94,119]. For example, non deég€d; reaches 40 mA.cm

zgeoat ca. -340 mV vs. Hg/HgO while Ng5r :CoO; reaches same ORR current densities at a
lower overpotential, i.e. at ca. -60 mV vs. Hg/HgO [119]. According to Tulloch et al., for La
«SKMNOs, about one order of magnitude separates current densities for non dopeds;LaMnO
from Sr-doped perovskites, the latter one being more active for the ORR [85]. Moreover,
while current densities of ca. 185 mA€rg, for PrMnQ; and ca. 220 mA.cH ge, for
CaMnQ; are reported imeference [94], RCa aMnOs displays ORR current densities of ca.

320 mA.cn geoatt -150 mWs. Hg/HgO.

In the reported studies, the perovskites which dis@ignificant ORR activities are those
containing Mn [83,85,87,89,93,94], Co [77,82,90-92,95,96,99,100,102,115] and Ni
[72,88,101,119]. Ir might also be a good candidate according to Chang et al. who patrtially
substituted Co by Ir in LaCa 4C00; perovskites and observed an increase of the ORR
activity [116]. However, Fe cation should be avoided in perovskite electrodes. Indeed, by
gradually incorporating Fe in baCa eéMni,Fg0; structure, Yuasa et al. [86] demonstrated
that Fe-based perovskites are less active than Mn-based perovskites for the ORR
electrocatalysis.

It should be noticed however that there is no agesgnm the literature concerning the best
B-cation for the ORR in alkaline media. On the one hand, Suntivich et al. studied a wide
range of LaB@ perovskites in 0.1M KOH and reported the highest activity for LaMn&hd

LaNiOs, which was at only one order of magnitude inferior to that of Pt/C [84,103]. On the
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other hand, Sunarso et al. [88] investigated Ni, Co, Fe, Mn, and Cr as B cations foy LaBO
perovskites in 0.1M KOH too, and showed that Lag®Othe most active in terms of the
ORR onset potential, in contradiction with the above mentioned publication. This emphasized
difficulties in comparing published results since the authors use different ways to prepare and
study perovskite electrodes. These differences concern material parameters such as the
perovskite synthesis, the electrode type and preparation, the nature of the carbon support, the
nature of the electrolyte, as well as the way the electrocatalytic activity is determined which
depends on the electrochemical method utilized for the study, the correction of the mass
transport contribution, and the normalization of the current by the oxide surface.

Among the mentioned parameters, the presence and the nature of the carbon support have a
great effect on the ORR performance of perovskite electrodes. Indeed, by varying the
perovskite to carbon ratio and by varying the carbon morphologies, several authors showed
that the composition of perovskite electrodes strongly impacts the perovskite utilization, and,
a fortiori, the ORR activities. Indeed, perovskite electrodes without carbon [&2,88th an
insufficient carbon content [83,8%how very little ORR activities due to their low ei®nic
conductivity. This highlights that the addition of carbon powders significantly improves the
electrical contact between perovskite particles. On the other hand, Miyazaki et al. [89]
compared composites of L@®rMnOs/carbon nanotubes (CNT) with electrodes ofi.La
xSKMnO3 mixed with carbon black particles with a similar perovskite loading, and found that
the former leads to higher ORR activities. Similar behavior was observedfg8id ££00;
electrodes by Thiele et al. [115] who compared perovskites mixed with CNT and perovskites
mixed with acetylene black particles. Electrodes containing CNT displayed larger ORR
activities, attributed to a better electrical contact between the perovskite particles. Therefore,
an optimization of the perovskite based electrodes concerning both the perovskite/carbon ratio
and the electrode composition and morphology is required to increase the electrocatalytic
efficiency.

Recently [120], it was reported that the nature of the cation of the alkaline electrolyte plays a
significant role in the ORR mechanism. In the mentioned work, the use of NaOH, KOH or
LiOH electrolyte results in very different ORR activities for LaMnQthe highest activity

being measured in KOH and the lowest — one order of magnitude lower - for LIOH. This
points out to the fact that the use of different electrolytes may lead to different activities for a
given catalyst.

To conclude, ORR activites of perovskite electrodes reported by different groups are difficult

to compare since researchers use various methodologies. Nevertheless, perovskite oxides
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seem to be promising candidates for the cathode of an alkaline fuel cell. This brings up the
guestion of the ORR mechanism.

1.4.3. ORR mechanisms on perovskite electrodes

In order to investigate the ORR mechanism on perovskite oxides, several approaches have
been applied in the literature. First of all, the presence of kH@ermediate, proof of a
“series” ORR pathway, was investigated by the rotating ring-disk electrode (RRDE). This
intermediate can then be further reduced or decomposed (see section 1.2.1). Thus, the kinetics
of both HQ™ electrochemical reduction and H@hemical decomposition were studied by a

few groups to determine the predominant ORR mechanism on perovskite oxides. Carbon
being an almost indispensable component of perovskite-based electrodes, it is also interesting
to investigate its exact role in the ORR electrocatalysis on composite electrodes. Finally, the
relationship between the electronic properties of the oxide and its electrocatalytic activity will

be discussed.

1.4.3.1. Identification of “series” versus “direct” ORR pathway by RRDE

studies

Thanks to the RRDE method, any stable,H@termediates produced at the disk during the
ORR can be oxidized at the ring, resulting in a positive current at the ring. With this
technique, the amount of HClormed during the ORR on LaMn@neasured by Konishi et

al. [42] as well as on various LaM@nd LaNysMos0; oxides (M = Ni, Co, Fe, Mn, Cr)
measured by Sunarso et al. [88] was very low. Therefore, the authors suggested that the ORR
mainly occurs through a “direct” ORR pathway without formation of,H&h perovskite
oxides. On the other hand, Tulloch et al. [85] found that the amount gfdé@cted — and

thus the percentage of the “direct” pathway - is strongly dependent on the Sr doping by
studying various La,SrMnO;3; perovskites. Indeed, up to 80% of H@ere measured during

the ORR on LaMn@while La 4SthsMnOszdisplayed only 15% of HQ Different amounts of

HO, were also measured for \Ga) sMNO3; perovskites by Yuan et al. [93] with ca. 24% of
HO, for stoichiometric perovskites and around 10% for non-soichiometric oxides in both 1M
and 6M KOH. The authors attributed these differences to a more pronounced participation of
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Mn reduction/oxidation transitions in the ORR mechanism in non stoichiometric perovskites
which would favor the “direct” ORR pathway. According to Matsumoto et al. [72], a low
amount of HQ detected at the ring of a RRDE may be due to a fast transformation,of HO
on perovskite oxides rather than a “direct” ORR pathway. They proposed that after being
formed through the adsorption and reduction af O, stayed adsorbed on LaNjGurface

and was rapidly reduced by a rearrangement on oxygen vacancies. High reactivity of HO
and its concomitant short life time did not allow it to desorb and to diffuse away from the
diskelectrode to be detected at the ring.

Besides, the ORR on bga&4C00; was studied using a channel flow cell [90] where
eventual intermediate species are formed on a generator electrode, transported by the laminar
flow of an electrolyte and collected by a downstream electrode. The presence af i@

ORR mechanism was evidenced, and the comparison of the kinetics of the reductigns of O
into OH and of Q into HO," led the authors to discard a possible “direct” ORR pathway on
the perovskite. The results obtained on dGa 4CoGOs/carbon electrodes also proved the
ability of this perovskite to reduce or decompose,Htntrary to carbon electrodes. The
“series” ORR pathway was also highlighted by Li et al. [82] on the same perovskite
(Lap.eCa 4C00s) for various concentrated alkaline electrolytes using the RRDE method. The
currents measured on the ring during the ORR were non-negligible, suggesting a significant
amount of HQ formed on this perovskite. The authors finally suggested an ORR mechanism
with two possible ways for the HOintermediate. HQ can either stay adsorbed and be
reduced on perovskite surface or desorbs and be detected by the ring of RRDE. This is
consistent with the ORR mechanism proposed by Matsumoto et al. [72].

In conclusion, while some authors mentioned theetdirORR pathway on perovskite oxides,

it seems reasonable to also consider the “series” ORR pathway on these electrodes, the low
amount of HQ detected being possibly attributed to the fast transformation gf witout

its desorption. Therefore, it is essential to study the kinetics of possiblard@sformations

to identify the mechanism.

1.4.3.2. Study of HO,” decomposition kinetics

The catalytic decomposition of HOwas studied on various perovskite oxides using the
gasometric method. It consists of placing Faliquot in a catalyst-containing solution and

to measure the volume of;@volved during the catalytic HOdecomposition reaction. With
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this method and regardless the perovskite composition, thedd@mposition was generally
found to be a first order reaction with respect to th@ttoncentration [121-127].

The rate constant was then calculated by different ways depending on the authors which
makes comparison difficult. Normally the heterogeneous rate constant is calculated’in cm.s
by multiplying the first order constant by the solution volume and normalizing it by the
surface area of the catalysts [122,123,125]. This way, Soleymani et al. [125] measured a
kinetic constant of ca. 5 Tocm.s! for La;.xCaMnOs while Falcon et al. [123] found more

than 10° cm.s' for LaFe «NixOs. When the surface area of the perovskite oxides is unknown,
an alternative way to compare catalyst activities is to normalize the first order constant by the
catalyst mass since the activity increases linearly with the latter [127]. This was performed in
references [121,124,126,128]. Depending on the perovskite composition and the temperature,
the obtained kinetic constants range betweef 46d ca. 7. 16 gl.s’(the largest was
measured for LgSriNiO3 [121,124]) and the corresponding activation energy, between 20
and 50 kJ.mét [121,124,126], showing the differences of catalytic activities of various
perovskites.

It is generally accepted that cations in A positim not directly affect the activity of
perovskites for HQ decomposition. However, the nature of B cations may strongly influence
the catalytic activity. For example, it was highlighted that Cr-based perovskites are less active
than Ni-based for H® decomposition since the reaction rate decreases by substituting Ni by
Cr in Lay ¢Sip.1Ni1xCrO3 perovskites [121]Magalhaes et al. [129] found that the presence of
Mn in LaMnFgMo,O3 (x+y+z=1) perovskites is essential to achieve high activity fop HO
decomposition while the increase of Fe and/or Mo contents leads to a decreasing catalytic
activity. The reasons of the higher activity of Mn and Ni cations are not understood yet but
were investigated by several authors. In general, the activity of Mn-perovskites for HO
decomposition is related to M#Mn** mixed valence ratio [125,126,130]. However, the same
authors also mentioned that the presence of oxygen vacancies might play a role in the
catalytic reaction. Lee et al. [127] studied various JAIMNO3 and concluded that the
activity for the HQ decomposition is not determined by Mn surface concentration or
Mn**/Mn®* ratio, contrary to conclusions of other authors, but only by the oxygen non-
stoichiometry of the perovskites. They therefore proposed A ¢@omposition mechanism
involving the oxygen vacancies. By studying various Ni-based perovskites, the activity for the

HO, decomposition was attributed to the facile redox transition of Ni cations [121-124].
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Numerous studies demonstrated the activity of perovskites for t#@omposition, but the
kinetics of this reaction is strongly influenced by the perovskite composition and, in

particular, by the oxidation state of the B-cation and the presence of oxygen vacancies.

1.4.3.3. Study of HO," reduction kinetics

While several researchers studied the,Hd&composition on perovskite oxides, very few
published results can be found for the study of the electrochemical reduction,obtO
perovskite oxides.

In order to learn about the ORR mechanism in alkaline media, Wang et al. [131] and Zhuang
et al. [132] investigated the electrocatalysis of,;H@duction using cyclic voltammetry in
H.O,-containing 3M KOH electrolytes on Lg&SrKMnO3; and La.xCaCo0s. Both perovskite

types showed activity for the mentioned reaction but conclusions on the reaction mechanism
and kinetics could hardly be obtained with the method applied. Nevertheless, it was found that
the amount of perovskite doping does not have any effect on the mixed potential of the
reaction. Moreover, Wang et al. [131] by varying thgklconcentration from 0.4M to 1M
demonstrated that, at low potentials, the,H@duction is controlled by diffusion on La
«S1MnQO;3 electrodes. Previously, Matsumoto et al. [72] proved with the RDE method in 1M
NaOH + 0.01M HO, that LaNiQ pellets display significant activity for HOreduction. They
therefore suggested a “series” ORR mechanism whetg iBl@pidly reduced on perovskite
electrode thanks to the participation of oxygen vacancies. This fast transformatiory of HO
into OH avoids its desorption from perovskite surface and thus this intermediate cannot be
detected by the ring of the RRDE, leading to an apparent “direct” ORR pathway. In his PhD
thesis, Hermann investigated the electrocatalysis of Huction on LgsCa 4Co0; [133].

Both RDE and flow cell methods were used and several electrode configurations were tested
for various HO, concentrations in 1M KOH electrolytes. For all tested electrodes, HO
reduction occurred in a mixed regime on the studied perovskites. Indeed, the measured
currents suggest that the perovskite can indeed redugebhiQhe currents were only slightly
dependent on the mass transport, indicating that the reaction kinetics was slow. The author
concluded that the perovskite rather transformed H{a chemical decomposition for which

the perovskite showed significant activity, followed by the reduction of the formed O

Besides the ORR investigations, theQd reduction/oxidation electrocatalysis was also

studied with the aim to build perovskite-basedOK sensors [134-136]. However, these
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researches were performed in neutral solutions and thus can differ from the reactions actually
occurring during the ORR in alkaline media. The activity 0§ dg8f3Mn0O3; for H,O,
reduction/oxidation was demonstrated thanks to a great increase of the measured current in
the presence of #, compared to graphite electrodes [135]. The same authors observed that
Sr-doping of La,AxMnO; leads to more efficient activity than Ca-doping. Shimizu et al.
[134] tested the activity of several J.& & 4B1-xB xO3 oxides (B=Cr, Mn, Fe, Co, Ni, B'=Fe)

and concluded that baCaNipFe030s is the most active for the B, reaction
electrocatalysis and that carbon is required in the electrode to achieve agbagsponse.

Others authors [136] proposed the involvement of oxygen vacancies in@aedduction on

Lap 5S1hsC00s4 in agreement with the mechanism proposed by Matsumoto on b4dRRD

Ahn et al. also evidenced differences in the catalytic behavior for the reduction and the
oxidation of HO,.

In conclusion, it appearss that H©@an be reduced on perovskite oxides but further work has

to be performed to investigate the reduction mechanism and kinetics in more detail.

1.4.3.4. Carbon contribution in the ORR mechanism

It was shown in sections 1.4.1 and 1.4.2 that mesbyskite electrodes currently contain a
certain amount of carbon in order to improve the perovskite utilization. However, as
mentioned in section 1.2.2.2, carbon is known to be active for tlreddction into H@ In

alkaline media. Therefore it brings up a question on the separation of contributions from the
two components in the perovskite/carbon composite materials.

Most studies of the ORR on perovskite oxides neglect the contribution of carbon into the
ORR Kkinetics, even if the latter is added to the thin film electrodes. For example, Suntivich et
al. [103] reported a methodology to quantify specific ORR activies of perovskites without
considering carbon contribution to the ORR electrocatalysis, and normalizing the kinetic
current by the oxide surface area. On the other hand, some authors have investigated the ORR
mechanism by the RDE [82,88] or channel flow cell [90] on carbon and
Lag ¢Ca.4Co0s/carbon electrodes to identify the role of each component. By comparing the
ORR onset potential and the number of involved electrons for both electrodes, it appeared that
the role of carbon may not be limited to the improvement of an electrical contact in the
catalytic layer. In fact, carbon probably participates in the first steps of the ORR, i.e. the O
reduction into H@. Then, the role of oxide may indeed be limited to the decomposition or
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reduction of HQ into OH in the presence of carbon, leading to a higher number of electrons

than carbon alone.

1.4.3.5. Influence of electronic structure of perovskite oxides on the ORR

electrocatalytic activity

In the 70’s, Matsumoto et al. [73] proposed a refehip between the ORR electrocatalytic
activity and the electronic structure of perovskites. They observed that the ORR activity
increased with the doping of LaMR®y Sr and suggested that it is related to the availability

of a localized gorbital on the transition metal ion of the doped perovskite to foftfnkeond

with the surface oxygen. They also observed that perovskites with émptynds display

low ORR activity and proposed therefore that an electron is required in this bond to allow the
exchange of an electron in the rate-determining step of the ORR. For these authogs, the O
adsorption is an end-on type adsorption on perovskite surface and therefore occurs through
the orientation of the* orbital of O, toward the g orbital of the transition metal. If the
overlap of these orbitals is high, the electron transfer probability will be high. In other words,
the reaction rate will be high and the perovskite will be highly active for the ORR. When the
perovskite structure is distorted due to a small A cation, the random directigroudfitals
complicates their overlap with thé& orbital of O, and leads to low activity.

Some years later, Bockris et al. [7&udied the OER on perovskite oxides ant arrived at
important conclusions which can be applied to the ORR as well. First of all, they showed that,
in alkaline media, perovskite oxides are highly covered by OH species. Secondly, they plotted
the OER activity in function of the number of d-electrons and found a direct correlation
between them, suggesting that the transition metal determines the electrocataytic activity.
Also, they observed that the OER current decreases when the bond strength between the
transition metal cation and OH species increases. Thus, the breaking of this bond was
proposed to be the rate determining step of the OER. According to the molecular-orbital
approach and knowing that, at the perovskite surfacethidigal is split into thé®,2 level at

a lower electron energy and0a: , 2 level at a higher electron energy, the authors proposed

that the filling of the0,2 orbital determines the OER activity. When electrons are present in
this orbital, the occupancy of the antibondirfgorbitals of B-OH increases, resulting in a

weaker bond, and thus, to higher OER rate.
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By using the density functional theory (DFT), Fernandez et al. [d8iflonstrated that the
adsorption energies for O and OH on transition metals and transition metal oxides is
determined by the strength of the coupling of the valence states of the adsorbates with the d
states of the transition metal.

Very recently, after the start of the present the&sistivich et al. [84] studied a wide range of
perovskites and found a M-shape relationship between the ORR activity and the number of d
electrons. The maximal activity was measured at high spimndl low spin @ This
corresponds to anyilling of 1. By plotting the electrocatalytic activity of perovskites in the

ORR in function of their gfilling, a volcano shape was observed, as shown in Figure 3.

Figure 3 : ORR potentials at 25 pA:&pas function of gorbital in perovskite-based oxides.
Data symbols vary with type of B ions (Cr, red; Mn, orange; Fe, grey, Co, green; Ni, blue;
mixed compounds, purple), where x = 0 and 0.5 for Cr, and 0, 0.25 and 0.5 for Fe. Error bars
represent standard deviations. Reprinted from [84] with the permission of Nature Publishing

Group.

To account for the observed volcano-type relationship, the authors proposed the following
explanation. When thegdilling is equal to one, one electron lies in g orbital which is
directed towards the surface oxygen. This is thereforé atectron which can destabilize the
B-OH bond in favour of the B-Obond. When thegilling is higher than 1, the B-£bond is

weak — it was confirmed by the ;Otemperature-programmed desorption. Then the
replacement of OH by £hardly occurs and is therefore the rate determining step of the ORR.
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On the contrary, when thg-8lling is lower than 1, the B-®@is strong, leading to a difficult
regeneration of the surface OH.

To conclude, the authors proposed the filling of therbital of the transition metal at the
perovskite surface as the ORR activity descriptor. Nevertheless, this volcano relationship
should be taken with caution, first of all because the determination of-fitkng was not
precise, and secondly because the contribution of carbon in the ORR activity is neglected in
the mentioned study despite the fact that carbon was present in the thin layer electrodes in

high quantities.

1.4.4. Stability of perovskite electrodes

With the purpose to use perovskites as catalysts in SAFCs, sufficient stability of the oxide
properties is required. It includes the (i) thermodynamic stability of the perovskite structure,
(i) chemical stability of perovskites in alkaline media, (iii) reversible transformations of
perovskites with the electrode polarization and (iv) sustainable ORR activity with stable oxide
properties after electrocatalysis.

1.4.4.1. Structure stability

As mentioned in section 1.3, AMQxides with a tolerance factor between 0.75 and 1.05
have stable perovskite structure. These considerations are based on the cation radii, but
thermodynamic data can also give information about the structure stability.

With this purpose, Calle-Vallejo et al. [138] calculated the formation energies of various
perovskites using the DFT and found values in very good agreement with reported
experimental free energy values. Two mains conclusions emerge from the comparison of the
free energies for different perovskites (Figure 4). First of all, it is observed that the stability
decreases with the increase of the atomic number of transition metal M. This is attributed to
the relative ease to exchange atoms, which is the easiest for the cation with the lowest number
of electrons in the 3d band, Ti, and the hardest for the one with the highest number of
electrons in the 3d band, Cu. Secondly, it is noticed that perovskites with A and M cations of

the same oxidation state, e.g. Laphd YMQ;with A and M in the oxidation state (3+), are
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more stable than those which have different oxidation state for the two cations, e.gs;, BaMO
CaMG; and SrMQ with A in oxidation state (2+) and M in the oxidation state (4+). This
trend is supported by the values for doped.&SaMO3 perovskites. Indeed, they have
intermediate formation energies, consistent with their doping degree, showing that the

oxidation states of the perovskite components are determining factors in the structure stability.

Figure 4 : Trends in formation energies from elements for various families of perovskites
(AMOg), in terms of the atomic number of M. Symbols indicate calculated values for
individual perovskites, and lines show the best fit for each family. Reprinted from [138] with

the permission of John Wiley and Sons.

1.4.4.2. Chemical stability

As SAFCs require the use of alkaline membranes, the stability of perovskite oxides in
concentrated alkaline media is necessary.

Towards this goal, the chemical stability of La-based perovskite oxides was investigated by
XRD after 12h in 9M NaOH at 80°C [139]. After this treatment in the strong alkaline
medium, LaCo@ was almost completely transformed into lanthanum hydroxide. LaMnO
and LaNiQ also showed some traces of lanthanum hydroxide while Ladm¥eQ and

Lag 6Slh.sFeQ; demonstrated a stable perovskite structure. Interestingly, it was found that a
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partial substitution of Fe by Co or Mn in ¢ g51p. 4FeQ; perovskite does not alter its chemical
stability.

On the other hand, several researchers worked with perovskite electrodes in alkaline media
and did not report such significant changes. In particular, the stability of both ORR
[83,94,100] (see section 1.4.4.4) and OER [75,100,101] activities in alkaline media indirectly
prove the stability of Co-based and Mn-based perovskite oxides in these media.

1.4.4.3. Electrochemical stability

The ORR occurs under a cathodic polarisation of an electrode. Therefore, it is desirable to
study eventual transformations of perovskite oxide with the electrode potential.

In order to investigate the electrochemical stability of {C&MnO3 perovskite, Lucas et al.

[140] performed XRD, SEM and roughness factor measurements before and after CVs in
alkaline media. They found that an increase of the roughness of the electrode occurs with the
polarization, and, from a careful study of peak dependencies and from the change of the
electrolyte color, attributed these to the dissolution of high oxidation stdfedstiion (x > 4)

at high potentials (ca. +0.4 V vs Hg/HgO). Despite this dissolution, XRD analysis proved that
the perovskite structure was preserved in the bulk after CV measurements. On their side,
Carbonio et al. [118studied the effect of polarization on LakeNip7:0;3 and SrFe®
perovskites using thm-situ Méssbauer effect spectroscopy analysis in 0.1M KOH. For the
former, no modifications occur in the perovskite bulk with electrode polarization, while for
the latter, the perovskite is irreversibly reduced to Fe{Cdil)potentials below -0.7 V vs
Hg/HgO. LaNiQ also demonstrates an irreversible transformation with decreasing potential.
Indeed, Karlsson [141pbserved an increase of the ohmic resistance ofntbetioned
perovskite upon electrode reduction in 1M KOH at 55°C and, by employing the XRD
analysis, concluded that LaN§Os reduced to a poorly conductive layer of La(@ldhd
Ni(OH),.

When possible and depending on the nature of the B cation of perovskites, the ORR should be

studied in a restricted potential window to avoid irreversible modifications of the oxides.

1.4.4.4. Electrocatalytic stability
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Usually, the electrocatalytic stability of a material is investigated by potentiostatic or
galvanostatic experiments in the presence of a reactant.

By these methods, the stability of the ORR activity was studied on various perovskite
catalysts. For example, galvanostatic measurements at -300 ﬁbaoware performed in 8M

KOH at 60°C in the presence of air and showed HainO; demonstrated a stable ORR
activity for at least 140h [83]. In the same electrolyte and at similar cathodic current densities,
Hyodo et al. [94] reported a stable ORR activity for ca. 200h o} gClysMnO;3 electrode.

By performing XRD analysis before and after electrocatalysis, the authors showed that this
perovskite did not show noticeable changes in the structtrés not the case of

Lay sCa.4C00; which, according to XRD, is largely decomposed into La{#ipbably due

to the interaction with the alkaline electrolyte (see section 1.4.4.2)trahsformation results

in an increase of the overpotential of ca. 110 mV in 1Z0kese results are however not in
agreement with Zhuang et al. [10@ho also studied l@aCa 4sC00; and observed a rather
stable ORR activity during 120h at -50 mA.‘&éfa, Interestingly, it was found that
Ndo.sS1h.2C00; perovskite demonstrates higher durability towards the ORR with puitea®

with air [119], showing the importance of the partial pressure of oxygen on the mass transport
resistance and thus on the ORR activity. In this work, the stability of the ORR activity was
significantly improved with the partial substitution of Co by Ni. However, Karlsson [141]
showed that the ORR activity of LaNi@ 1M KOH at 55°C decreases significantly with the
time due to the irreversible reduction and transformation of the perovskite into lsa@iH)
Ni(OH), species with the polarization (see section 1.4.4.3).

Besides, some authors have studied the stability of perovskite electrodes intihhedd€iion
reaction, as a possible step of the ORR. For instance, Wang et al. [131] by
chronoamperometry measurements at various potentials showed that a Mn-based perovskite
(Lap.sS1p.eMNnO3) has a stable activity for the HCreduction in 3M KOH + 0.6M kD, at

25°C. A Co-based perovskite -J.&a 4Co0; — also displays stable activity for this reaction,

as demonstrated by galvanostatic measurements at various cathodic current densities in 3M
KOH + 0.4M R0, at 25°C [132]. However, the durations of the tests — 30 min — is too short
to conclude on the long-term stability versusH®actions.

In conclusion, no clear tendency of the electrocatalytic stability of perovskite oxides emerges
from the literature. Moreover, the stability of perovskite catalysts is not systematically
investigated although required for practical applications. Thus, search of on active ORR

catalysts should be accompanied by stability tests.
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1.5. Conclusions of Chapter 1 and Objectives

Regarding the increasing electricity production requirements and the environmental concerns,
fuel cells represent an attractive energy conversion technology. In particular, the solid alkaline
fuel cell (SAFC) is a promising system which allows the use of inexpensive materials.
Although the oxygen reduction reaction in the alkaline medium is often faster than in the
acidic, it is still a very slow process which largely limits the performance of fuel cells. Thus,
numerous studies have been performed to search for the most active and stable catalysts for
this reaction. In alkaline media, besides noble metals, various materials, including metal free
materials and transitions metal oxides, demonstrate noticeable ORR activity. Among these
materials, perovskite oxides appear to be suitable catalyst regarding their ORR activities and
their price. The present thesis is therefore focused on the investigation of perovskite oxides,
the catalytic behavior of which is not fully understood yet.

The flexible perovskite structure tolerates a wide range 1gAAB;.,B’yOs compositions,

and thus, allows tuning of the oxide properties. The nature of the B cation was reported to
have a great impact on the ORR activity and doping of the A cation by cation of lower
valence may increase the ORR kinetics. Among perovskites of various transition metals Mn
and Co-containing perovskites have shown the most attractive catalytic activities. This work
therefore includes the study of several doped and non-doped perovskites of Mn and Co to
determine the relationship between their material properties and their catalytic activities.

In the literature, a large range of electrode configurations were used to measure the ORR
activities of perovskite materials. However, only one — the thin layer approach — is compatible
with the rotating (ring) disk (R(R)DE) techniques. Thanks to these techniques, careful
measurement of the kinetic activities and mechanistic studies of the ORR are possible in
liquid media. Therefore, liquid electrolyte and thin layers of perovskites are utilized in this
work.

However, perovskite-based electrodes generally suffer from high resistance between the oxide
particles (or agglomerates), which limits the ORR studies but also the application of these
oxides as cathode materials in fuel cells. The addition of carbon significantly improves the
conductivity of perovskite electrodes and thus, their performance. While carbon materials

show significant ORR activities in alkaline media which might interfere with that of
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perovskites, the role of carbon in perovskite/carbon composite electrodes is still unclear. In
this thesis, the impact of the carbon on the ORR mechanism will be investigated by
systematically varying the perovskite to carbon ratio in composite electrodes. Also, the
possibility to evaluate the intrinsic activity of perovskites in the ORR is an important issue
which will be addressed in this work.

The ORR has a complex multi-step mechanism which may involve theiti€mediates if

it occurs through the “series” pathway. In the literature, some contradictions about the ORR
mechanism appear for perovskite-based electrodes. Indeed, both the “series” and the “direct”
pathways were reported. This might be the result of the utilization of different electrode
configurations, compositions and catalyst loadings. Therefore, the impact of the electrode
composition in terms of perovskite and carbon loadings as well as the oxide nature on the
HO, production during the ORR will be studied in this work using the RRDE technique.

If the ORR is indeed a “series” pathway with prodwuctof the HQ intermediates, the
investigation of the kinetics of its transformations is mandatory for the understanding of the
mechanism. From the literature, it is known that the;Hf@écomposition kinetics is strongly
dependent on the nature of the B catiBasides, little work has been performed on the HO
reduction on perovskites, therefore the kinetics of this reaction remains largely unKiawvn.
present work includes the study of the H&duction/oxidation and the HOdecomposition

for various perovskites to extend the understanding of the ORR.

Finally, with the purpose to use perovskite oxidesa@hode materials in fuel cells, long term
performance stability is required. Literature data indicate that some perovskites might not be
stable in alkaline medigOn the other hand, the stability of the electrocatalytic activity of
perovskites is not always performed, while being vital for fuel cell applicatidrerefore,

the chemical and the electrochemical stability of perovskite oxides will be investigated in this
work. It includes not only the monitoring of the electrocatalytic activity but also the

characterization of the perovskite material after its eventual degradation.

To sum up, the present thesis will regroup kinetic, mechanistic and stability studies on various
electrode compositions. These studies are rarely combined in the literature but are required to
fully understand the ORR electrocatalysis. The present work therefore links fundamental

studies of the ORR to potential applications of perovskites as cathode materials for SAFCs.
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Chapter 2 :

Materials and Methods
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2.1. Synthesis of perovskite oxides

2.1.1. Synthesis procedure

The most commonly used method to prepare oxides with perovskite structure is the solid state
synthesis in which oxides are mixed in stoichiometric amounts and heated at high temperature
(1000-1406C). However, for electrocatalysis purpose, this method is not suitable since only
powders with low surface area can be prepared.

The perovskite oxides studied in this work were all synthesized in the Moscow State
University by F. Napolskiy [142] with a soft chemistry method using polyacrylamide gel.
This method was described by Douy [143] and provides materials with higher surface areas
than conventional high temperature approaches.

For this synthesis, nitrate and acetate of the desired components are required. In case they are
only available in the form of oxides or carbonates, the latter were reacted with nitric acid to
form nitrates. Precursors - nitrate and acetate solutions - were weighted according to the
required stoichiometry, mixed with a solution of acrylamide and bis-acrylamide and heated at
around 300°C to form a polyacrylamide gel. Then, this gel was heated in air from 25°C to
650°C at 5°C.mitf and annealed at 650°C for 1h to decompose the gel and form perovskite
oxides. This temperature was chosen since it usually results in smaller particle size than
higher temperature synthesis [143]. After cooling, the oxides were milled in a planetary mill
in the presence of ethanol for 3 h at 120 rpm using WC balls to separate particles and thus to

obtain microfine oxide powder.

2.1.2. Choice of studied compositions

In this work, various perovskite compositions wetadsged in order to understand the
influence of the B cation, the A cation and the perovskite doping on the ORR mechanism and
on the perovskite stability.

It is known from literature that ORR activity is mainly linked to the nature and the oxidation

state of the B cations. That is why it was chosen to study two different B cations to confirm
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this behavior: Co and Mn, which demonstrated ORR activity in the literature (see section
1.4.2). One of the most common A cation for ORR catalysts being La, the main studied
components were therefore LaCo&hd LaMnQ to allow comparison with the literature data.

In order to vary the oxidation state of Mn and/or the number of oxygen vacancies and a
fortiori the ORR activity, the effect of partial substitution of Lay a A* cation in LaMnQ

oxides was also investigated by thoroughly studyings&a MnOs. Finally, PrCoQ,
PrMnQ; and LagCa MnO3; were tested as ORR catalysts and compared to La@o@®
LaMnG; to check the influence of the nature of the A and A’ cations and their effect on the
perovskite structure and on the ORR activity.

Beside perovskite oxides, simple oxides of Co sz@pinel — and Mn — Mi©O3; — were also
synthesized by the polyacrylamide gel method and studied for ORR electrocatalysis in order
to verify the importance of the perovskite structure.

Other components studied in this work — La oxide,Qsa299.99%, Aldrich) and carbonate
(Lax(COs)3, xH0, Aldrich), Co hydroxide (Co(OH) 99.9%, Alfa Aesar), Na hydroxide
(NaOH, >99%, SDS) and carbonate {863 >99.5%, SDS) and Pt/C (40 wt. % Pt on

carbon black, Alfa Aesar) — are commercial materials.
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2.2. Material characterization

Several techniques were used to characterize the studied catalysts before and after
electrocatalysis. They gave access to volume properties - crystallographic properties from X-
Ray Diffraction (XRD), morphologic properties from Scanning Electron Microscopy (SEM),
and composition properties from Energy-Dispersive X-Ray Spectroscopy (EDX) — as well as
to surface properties - surface composition from X-Ray Photoelectron Spectroscopy (XPS)
and specific surface from Brunauer, Emett and Teller (BET) technique. This section describes

the methods employed and their principles.

2.2.1. X-Ray Diffraction (XRD)

2.2.1.1. XRD principle

Nature and structure of cristalline phases of a material can be determined by X-ray diffraction
(XRD) technique. This technique is based on the Bragg diffraction, which is a consequence of
the interference between waves reflecting from different crystal planes of a solid. When a X-
ray beam reaches the sample to study, it is diffracted according to the BragdiEdaation
11):

05 6 7 (Equation 11)

with d, spacing between two cristallographic planBragg angle, which is half of the angle
between the incident beam and the detector direction, n, the order of reflection,thad
wavelength of the incident wavé&.hen the diffracted X-rays are collected in function of the 2
angle The pattern produced by XRD therefore gives information on the inter-layer spacing of
atoms in the crystal structures of the sample.

Unless specified, X-Ray powder diffractions were recorded with D8 Advance Brucker
diffractometer equipped with a copper anticathode using the tadiation. For powder
samples, the oxide powders were first ground in a mortar to break down eventual
agglomerates, then deposited as a powder thin layer on a glass support, and finally

immobilized thanks to ethanol which is evaporated before analysis. For carbon paper samples
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(see section 2.5.4.1), the samples were placed as received on the glass support in the presence
of ethanol. The sample holder was rotated at 15 rpm during analysis to measure X-Ray
intensities in each direction. Diffraction patterns were collected at room temperature for 2
between 20 and 100°. The acquisition time was 2 h for powder samples and 8 h for carbon
paper samples in order to distinguish perovskite peaks from the background contribution of
the carbon paper.

2.2.1.2. Determination of bulk composition and structure

Each cristalline phase leads to a unique diffracppattern. Thus reference cards of the
International Centre of Diffraction DatdCDD) database were used to determine the structures
present in the studied samples. The cards containing the expected elements — such as La, Co
and O in the case of LaCgQ were collected and compared to experimental diffraction
patterns after the background correction. Those which present similar position peaks and peak
intensity ratio were considered corresponding to the bulk structure of the sample. When peaks
could not be identified with this method, the search/match procedure was repeated with other
possible components such as WC traces, NaOH traces or carbonates. This method has
however its limits: peaks can be shifted compared to reference cards when the sample is too
thick, for example, and the relative height of the peaks can be different from theory due to
preferential orientation, insufficient number of crystallites or peak superposition. Moreover,
amorphous phases cannot be identified by the XRD technique.

Previously to this work and immediately after the perovskite synthesis, unit cell parameters
and quantification of the phases present in the initial oxides were determined by F. Napolskiy
at the Moscow State University (142). The X-ray powder diffractions for this refinement were
recorded with Huber G670 Image plate Guinier diffractometer (Qutadiation, curve) and

the unit cell parameters were refined by the full profile Rietveld analysis [144,145]. This
method consists of simulating a diffraction pattern from a crystallographic model of the
sample, and then of adapting the parameters of this model to fit the experimental diffraction

pattern.

55



2.2.1.3. Determination of the crystallite size

The particle size of a crystalline material, or, more precisely, the size of a coherently
scattering domain, can be estimated from the Scherrer equation which relates the mean
crystallite size to the broadening of a peak in a diffraction pattern.

This equation can be written as (Equation 12):

8 .
o (Equation 12)

with t, the mean size of crystallites in nm, k, the shape factor, which is 0.89 for D8 Advance
Brucker diffractometer, , the X-Ray wavelength which is 0.15418 nm for Cu, b, the peak
width at half of maximal intensity in radian, andthe Bragg angle in radian. It is only valid

for nano-scale particles. The crystallite size obtained with this equation is smaller or equal to
the grain size. Therefore, one can estimate the particle size and surface area of the studied
material, assuming that particles are spherical. In this study, crystallite sizes were determined

at low values to have more precision, with single peaks.

2.2.2. Particle Size Distribution

Particle size distribution was determined in the Moscow State University by a laser diffraction
analysis. This technique is based on the principle that particles passing through a laser beam
will scatter light at an angle and intensity that is directly proportional to their size. It therefore
gives the distribution of the relative amount of particles or agglomerates present in the studied

material according to their size.

2.2.3. Scanning Electron Microscopy (SEM) and Energy-
Dispersive X-Ray Spectroscopy (EDX)

2.2.3.1. SEM principle

Morphology, particle size, and distribution homoggnef a sample can be observed by the

scanning electron microscopy (SEM). This technique produces largely magnified image of a
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sample thanks to the interactions between electrons and matter. Indeed, an electron beam
scans the sample surface, which produces elementary particles in response. These particles are
then accelerated to detectors which amplify the electrical signal. The signal intensity depends
on the sample nature at the point of impact, as well as its morphology. Nanometer size objects
can be observed by this technique.

The particles produced by the excited sample include secondary electrons, backscattered
electrons and photons. Whereas photons are used for the elemental analysis of the sample,
secondary and backscattered electrons are used for imaging the material. The secondary
electrons show the morphology and topography of the sample since the number of secondary
electrons is function of the angle between the surface and the beam. The detection of these
electrons is made by secondary electron image (SEI) and low secondary electron image (LEI)
detectors. The SEI mode gives better resolved images, but LEI is preferred in case of charging
of the sample. The backscattered electrons through a COMPO detector illustrate contrasts in
the composition of the sample. Indeed, their intensity is strongly related to the atomic number
of the beamed species.

The morphology of perovskite samples was analyzél avideol 6007F apparatus at IPCMS,
Strasbourg on ground perovskite powders and on perovskite/carbon thin layers on glassy
carbon support (see section 2.3.2) as well as on carbon paper (see section 2.5.4.1). Perovskite

powders were analyzed as received, without a conductive layer addition.

2.2.3.2. EDX principle

The energy-dispersive X-ray (EDX) spectroscopy isaaalytical technique used for the
elemental analysis of a sample from the detection of the photons produced by the excited
sample. Indeed, the X-ray energy produced during the relaxation of excited atoms is
dependent on their chemical nature. Therefore, by selecting energies, one can identify the
atoms present in the sample at the point of impact. If the beam scans the whole screen, it is
possible to make an elemental mapping of the sample and thus, to observe the distribution of
various components over the surface.

The elemental distribution of the composite perovskite/carbon electrodes was studied in
parallel to the SEM analysis with the Jeol 6007F apparatus at IPCMS, Strasbourg.
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2.2.4. Brunauer, Emett and Teller (BET) technique

The specific surface area of a solid sample, ie.atcessible surface for gas molecules per
mass unit, is a determining factor for catalytic activity. While it can be evaluated thanks to
hydrogen underpotential deposition for Pt samples (see section 2.3.4.3), other techniques are
required for perovskites. The most common technique for oxide samples is the Brunauer,
Emmet, and Teller (BET) method, developed in 1938 for the gas physisorption [146]. The
physisorption phenomenon is the adsorption of gas molecules on the solid surface involving
only Van der Waals forces. The BET model is based on three hypotheses: (i) adsorption
enthalpy of molecules other than those in the first layer is equal to the liquefaction enthalpy,
(ii) there is no interaction between adsorbed molecules, and (iii) the number of adsorbed
layers is infinite at the saturated vapor pressure.

The BET equation i€Equation 13):

= @ B@
>+=7 =- >AB >pB

C = (Equation 13)

with P: equilibrium pressure, P°, vapor pressure of the adsorbate at the test temperature, V,
adsorbed gas volume per gram of the solid atR gés volume required to completely cover

the solid surface with a molecular monolayer of the adsorbate, and C, characteristic constant
of the system gaz - solidhus, by plotting P / [V(P° — P)] versus P/P°, oaa determine ¥

and C from the slope and y-intercept of the obtained straight line. Then, the specific surface

area $er of the studied sample can be determined fi@&quation 14):

D:e  22°3H (Equation 14)
|

>

with N5, Avogadro number, 6.022 ¥omol?, s, surface area occupied by a gas molecule,
which is 0.162 nrhfor N, at 77K, and 4, molar volume.

The specific surface area of perovskite powders was determined by BET method using a
Micrometrics Tristar 3000 apparatus. A certain amount of oxide was first degassed at 200° for
ca. 8h to remove moisture and adsorbed species from the sample. The exact mass was
measured after this degassing step. The measurements were then performed at 77 K using
liquid nitrogen to achieve the adsorption of the introduced nitrogen gas on the sample. The
successive measurements of the adsorbed gas volume and of the equilibrium pressure gave the
adsorption isotherm from which the specific surface of the catalyst could be determined,

knowing its mass.
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2.2.5. X-Ray Photoelectron Spectroscopy (XPS)

2.2.5.1. XPS principle

When a solid is irradiated by a beam of X photots,atoms emit photoelectrons. The
principle of X-ray photoelectron spectroscopy (XPS) consists of analyzing the kinetic energy
Ex of these photoelectrons. Then the binding eneggyMhich characterizes an electron at a
given electronic level, can be calculated from the relationship of energy conservation
(Equation 15):

e J $ «(Equation 15)

with hn, the energy of the incident X photons. As binding energies of core electrons are
specific to an atom, it is then possible to identify and quantify the atoms present on the
surface of a sample thanks to this technique.

When an atom is involved in a chemical compound, its core levels are modified compared to
the levels of the isolated atom. In particular, orbital energies are shifted of some eV since they
depend on the chemical bonds established by the atom, as well as its nature and its
coordination number. This chemical shift allows for example the identification of the
chemical bonds involved in chemical species, or the oxidation state of an element.

One should note that the apparent binding energy of photoelectrons is function of the
conductivity of the studied sample. Actually, for an insulating material, a positive charge is
created by photoemission, leading to a decrease of the kinetic energy, and thus to an increase
of the apparent binding energy. This charge effect is usually compensated by using the Cls
peak of adventitious carbon as reference.

XPS is a surface analysis since thicknesses of only 1 to 5 nanometers can be studied. Indeed,
the analyzed thickness is limited by the mean free path of the photoelectrons — the distance
crossed between two collisions — which is dependent mrtel on the composition and
density of the studied material. Identification of the surface composition is particularly
important in catalysis since most reactions occur at the surface.

In this work, XPS analysis was performed with a Multilab 2000 Thermoelectron spectrometer
with Al K (hn = 1486.6 eV) source under the pressure &frhbar. Spectrum analysis was
performed with the Avantage software, and the binding energy of adventitious carbon was set

at 284.6 eV to calibrate the peak positions. Perovskite powders were ground before being
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applied on the carbon scotch of the sample holder to break down agglomerates and thus
minimize charge effects, and to get a fresh surface.

2.2.5.2. ldentification of the present species

In a typical XPS analysis, a survey scan was first operated in a large binding energy window —
usually from ca. 1200 eV to 0 eV - to check the elements present. For reference, the
Handbook of X-ray Photoelectron Spectroscopy [147] was used. Once the elemental
composition was determined, more detailed scans of each element were performed in the
corresponding binding energy window, and the background signal was subtracted using the
Shirley methodC1s peak was first analyzed in order to performailération of the peak
position. Then other components were labeled according to their electronic structure, and their
corresponding peaks were identified thanks to deconvolution.

The deconvolution process of a photoelectron pealsists of simulating a theoretical
spectrum close to the experimental one by varying (i) the number of individual components —
element or chemical components, (ii) their binding energy, (iii) their peak width, and (iv) their
intensity. The choice of these parameters was based on the literature.

In addition to photoelectrons emitted in the photoelectric process, Auger electrons can be
emitted because of the relaxation of the excited ions remaining after photoemission. These
Auger electrons can have binding energy close to the binding energy of the photoelectrons
and high intensities. Therefore, they should also be taken into account in the deconvolution

process.

2.2.5.3. Quantitative analysis

The quantification of an element or a chemical component can be achieved from the intensity
| of a photoemission peak. Indeed, after background subtraction and peak deconvolution, this
intensity is dependent on the atomic concentration N of the considered component on the
surface according to the relationship (Equation 16):

L 'M 7 (Equation 16)
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with K, a constant dependent on the detection of the signahe mean free path of
photoelectrons which varies with the kinetic energy, snthe photoelectron cross section -
section where the photoionisation is efficient - which is dependent on the electronic structure
and can be determined from the Scofield’s tables [148].

One can therefore easily obtain the atomic ratio of two components A and B according to
(Equation 17):

S 2 P -
o O C o (Equation 17)

The error of the quantification thanks to this technique is about 10%.

2.2.6. Inductively Coupled Plasma - Mass Spectrometry (ICP-
MS)

Inductively coupled plasma - Mass spectrometry (ICP-MS) was used to quantify the eventual
dissolved species in electrolyte. This technique combined an ICP source which converts the
atoms of the elements present in the sample into ions, and a mass spectrometer, which

separates and quantifies these ions. It was performed at IPHC, Strasbourg.
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2.3. Electrochemical techniques

2.3.1. Cleanliness of experiments

Very clean equipments and solutions have to be used for electrochemical analysis to avoid
any troubles with impurities and therefore to increase reproducibility of the experiments. This

was achieved by using very pure water and by thoroughly cleaning electrochemical cells.

2.3.1.1. Ultrapure water

The water used in the following experiments wasaplire water. To obtain water of this
purity, demineralized water was first distillated to remove main impurities, and then filtered
and deionized with a Purelab Ultra apparatus (ELGA). The resulting water displays the
typical resistivity of 18.2 M.cm at 25°C and the amount of total organic carbon (TOC)
inferior to 3 ppb.

2.3.1.2. Piranha solution

Piranha solution was used to clean glassware. Thigien is obtained by adding hydrogen
peroxide solution (kD2, 35% in solution, stabilized, Acros Organics) to concentrated sulfuric
acid (HSO,, 95-98%, Sigma-Aldrich) in the volume ratio 1:1 under magnetic mixing. The
resulting reaction is (Equation 18):

Do R Dg (Equation 18)

This reaction being exothermic, the addition gOkito H,SO, should be performed slowly

and the reaction vessel should be surrounded by ice to avoid overheating of the mixture. The

obtained solution is a strong oxidizing agent which can remove most organic matter. Its high

acidity also allows the dissolution of oxides.
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The prepared solution was active for around 6 months — proof of activity can be checked by
presence of bubbles in the solution — and was stored under the hood in not tightly closed

bottles.

2.3.1.3. Cleaning procedure

Glassware as well as plastic material such as Te#tinrshould first be carefully rinsed with
ultrapure water to remove for example alkaline and most catalysts traces. Under the hood,
piranha solution is added in the item to be washed when possible, or the material is placed in
a large beaker containing piranha solution. This material is covered to avoid solution
evaporation, but not tightly closed to avoid internal pressure. After one night, the piranha
solution is recovered and the material is washed several times with ultrapure water to remove
piranha solution traces. Any remaining traces can lead to unexpected behavior such as
dissolution of catalyst due to acidic traces or reduction current dueQe tkhces. After

careful rinsing of the material, it can be used for experiments.

2.3.2. Electrode preparation

Thin layers of perovskite/carbon were prepared following the procedure adapted from
Schmidt et al. [149]. This method allows a good reproducibility, a complete utilization of the

catalyst for sufficiently thin layers and is adapted for RDE and RRDE studies.

2.3.2.1. Carbon choice

Thin layers of perovskite usually suffer from lownduictivity, therefore carbon material was
added into the catalytic layer. Carbon of the Sibunit family was chosen for its high purity (ash
content <0.4 wt%), avoiding reactions catalyzed by impurities, and high electron conductivity
(around 10 S.cif) [150-152].

Sibunit carbons are obtained by pyrolysis of hydrocarbons onto a template such as carbon
black. Then a steam activation leads to the formation of the porous structure of Sibunit carbon
by burning off the carbon black particles. By carefully choosing the template, i.e. the size of
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carbon black particles, and by controlling the activation step, i.e. the manner and the duration
of the activation, one can obtain carbon with the desired surface area and pore size.

The carbon used in this study was mainly Sibunit carbon of BET surface area of’5-7 m
supplied by P. Simonov of the Boreskov Institute of Catalysis. Sibunit carbon of lower

surface area (6 hg') from the same supplier was also studied for comparison.

2.3.2.2. Catalyst thin layer

The perovskite oxide powders (black powders) were first ground with a pestle in a mortar to
break down agglomerates. For each experiment, controlled amounts of oxide and carbon
powder were mixed together and ultrapure water (18.2dwh, Purelab) was added to get the
desired suspension of the powder. The suspension was then treated in an ultrasonic bath
during 30 minutes to break down remaining agglomerates and disperse particles. Making
fresh suspensions for each experiment is preferable for two reasons: (i) an eventual error in
the preparation of a suspension will not be reproduced; (ii) oxide suspensions might not be
stable during time, as discussed in section 6.2.2.

A glassy carbon (GC) rotating-disc electrode (RDE) (0.07 cm2 geometric area, Autolab) or a
GC rotating ring-disc electrode (RRDE) (0.2 cm? geometric area, PINE) was successively
polished with 1.0, 0.3 and 0.05 um alumina slurry (Escil) and rinsed with ultrapure water to
get a mirror finish. When GC disc was dried, 3.2 pL of the catalyst suspension for RDE
experiments or 10 pL for RRDE experiments were taken under sonication to keep a
homogeneous mixture, drop cast onto the GC support, and dried unddridNlast operation

— deposition and drying - was repeated three times in order to get a homogeneous coverage of
the electrode and to improve the reproducibility. Thus, one should for example prepare a
suspension containing 0.67 &.bf perovskite and 0.27 gLof carbon to get a catalytic layer

of 91 pg.crif perovskite and 37pg.cfrcarbon on RDE GC of 0.07 émia 3 depositions of

3.2 uL.

The obtained thin layer was observed with an optical microscope (IPCMS, Strasbourg) to
check the distribution of the particles. Optical photograph in Figure 5 shows that perovskite

and carbon patrticles cover rather homogeneously the whole glassy carbon surface.
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Figure 5 :Perovskite/carbn thin layer on glassy carbon observed btical microscop

The apparent thicknesg tof the catalytic layer was estimated us (Equation19)
Uy U,
BT wxyg  wxyz

(Equation 19)

with m; and m - the mass ¢ the perovskite oxide and carbon, respely; 1 and ;- the
powde density of the perokite oxide and carbon, respectively— the radius of the RD
(0.15 cm) or RRDE (0.3 cn The powder densities were estimated b:asuring the volum
of water added to a knownass of powder material to reach a desirelume. Nosetting of
the powder were performe The obtained powder densities were (and 0.4 g.cr® for
perovskite oxides and the Sinit carbon, corresponding

Both RDE and RRDE expenents were performed with various amcs of perovskite an
carbon to studyhte role of ech component ielectrocatalysigsee sectins 4 and 5 RRDE
experiments were performevith thinner catalytic layers than RDE to flitate diffusion, anc
thus increase the probabilitf detection, of thH,0O, intermediateut of he layer In order to
better identify the contribwon of carbon, electrodes containing onbibunit carbon- no
perovskite -were prepared)llowing the same procedure and quantis perovskite/carbc
thin layers. The contributn of the support was also evalid by using polished G(
electrode without any depoon.

Pt/C is usually utilized as oenchmark of the ORR activ [3]. Therefire, electrodes wel
prepared from suspensionsntaining Pt/C (40 wt. % Pt on carbon bladAlfa Aesar). Fotthe
ORR RDE studythe Pt/C eectrodes contained 91 pg.? Pt to be corpared to perovskit
electrodes, and for RRDEd HC; reduction/oxidation RDE experimts, Pt/C electrode
with lower thickness were lized to avoid strong capacitive contributi No Sibunit carbo
was added for these elecies. The roughness factor of Pt particle the electrode we

estimated using the coulonry of the hydrogeunderpotential depositicand found to be 2

65



CM%:.CM7geo for ORR RDE study and 6 ce&mi’ge, for RRDE calibration (see section
2.3.5.2) and H® reduction/oxidation RDE study (see section 2.3.5.1).

2.3.2.3. Binder layer

Thin layers prepared from perovskite oxides werdalne when the electrode was placed in

an alkaline electrolyte. In order to improve the adhesion of the particles onto the GC support,
a binder layer was then added on the dried catalyst |Bdion is often used as binder for

thin layer applications. Nevertheless, as experiments were performed in alkaline media, an
alkaline ionomer was preferred to allow diffusion of Qbhs through the binder, and to
avoid any dissolution of oxide in contact with acidic medium of Nafion. The chosen ionomer
is AS-4 from Tokuyama Company. It has a linear hydrocarbon backbone with quaternary

ammonium group (Figure 6) [153].

Figure 6 :Schematic representation of the structure of AS-4 ionomer [153]

RDE and RRDE experiments were performed with different catalyst layer thicknesses and
therefore required different amounts of ionomer. Thus, AS-4 ionomer solution (5 wt% in 1-
Propanol) was diluted in water to obtain a 2.2° ¥81% solution (8.68 puL AS-4 ionomer
solution in 4 mL water) for RDE and a 1" 3@I% solution (5.2 pL AS-4 ionomer solution in

5 mL water) for RRDE. An aliquot of 2 pL of 2.2'300l% solution for RDE and of 6 uL of

1 10° vol% solution for RRDE was deposited on the dried layer of a catalyst. The final
apparent thickness of the bindgmtas estimated to be around 15 nm for RDE and 7.5 nm for
RRDE. Schmidt et al. [149nd Paulus et al. [154] showed that the film diffasiesistance is
negligible for thin Nafion layers (below 0.1 um). After extrapolation of this conclusion to
alkaline ionomer, and as the binder thickness was very low compared to the thickness of the
catalyst layer (> 0.4 um, see sections 4 and 5), the diffusion resistance into the binder layer
was neglected in this work. Moreover, one can assume that such a thin binder layer did not

lead to the blocking of the catalyst surface.
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When the ionomer layer was dried, the electrode was immersed in a beaker containing
electrolyte and it appeared that the depositions with the binder layer were stable.

2.3.3. Setup for electrochemical measurements

2.3.3.1. Three electrode cell

A standard three electrode cell was used for electrochemical measurements. All parts of the
electrochemical cell in contact with the alkaline electrolyte — such as the bottom of the cell or
the reference electrode - were in Teflon whereas the rest was in Pyrex. The electrolyte was
100 mL of 1 M NaOH prepared from extra pure NaOH solution (50 wt. % solution in water,
Acros Organics) and ultrapure water, at 25°C. The temperature was controlled by a thermostat
bath. Since the preparation was performed in air, carbonate impurities cannot be completely
excluded. Depending on the type of experiments, the working electrode was RDE, RRDE or
carbon paper with perovskite/carbon thin layer. The counter electrode was a platinum wire in
a separated compartment to avoid side reactions such gsdel€@mposition on Pt. This
counter electrode should have a higher surface area than the working electrode to avoid
current limitation by the counter electrode. The reference electrode - to which the applied
potential was referred - was a Hg/HgO electrode (IJ Cambria Scientific) filled with 1M
NaOH.

The electrolyte resistance was measured by potential electrochemical impedance spectroscopy
(PEIS) at open circuit potential (OCP) from 100 kHz to 1 Hz and was equal to ca.Fbb

the currents measured during electrochemical experiments, the IR correction was negligible -

less than 2 mV shift for highest currents - and was therefore not applied.

2.3.3.2. Reference electrode calibration

The potential of the Hg/HgO/1M NaOH electrode was calibrated vs. the reversible hydrogen
electrode (RHE). The utilization of this electrode allows to correct for thermodynamic effect
of pH on electrochemical processes. For this electrode, the relation between the potential and
the pH is given by (Equation 20).

A $""& CJ (Equation 20)
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Therefore, electrochemical processes appear at the same potentials vs. RHE in electrolytes of
different pH, unless pH influences the process kinetics. For calibration, 1M NaOH electrolyte
was saturated with H- after N-purging to remove any oxygen traces — and the open circuit
potential was measured between a working electrode of platinum (typically a Pt wire or a
platinized Pt foil) and the Hg/HgO/1M NaOH electrode. This open circuit potential was equal

to +0.93V vs. RHE. In what follows the electrode potentials are given in the RHE scale.

2.3.3.3. Typical electrochemical experiments

All electrochemical measurements were performedgusuntolab potentiostat with an analog
scan generator, and the scan rate was usually 10'nf\indess otherwise stated). Each
experiment was made at least two (but in general three or four) times to check the
reproducibility of the catalyst loading and of its electrocatalytic behavior. Some of the
repeated experiments can be seen in Appendix 1.

For all experiments, the 1M NaOH electrolyte was first purged withds during at least 1h

to remove oxygen traces. Then the working electrode — RDE or RRDE - was immersed in the
N2-purged electrolyte and cyclic voltammetry (CV) measurements were performed without
electrode rotation until a stable voltammogram was obtained — usually 10 cycles. The
potential window was restricted to +0.43 V / +1.23 V vs. RHE in order to avoid the
irreversible oxide reduction at more negative potentials (see section 3.3.1), or the carbon
oxidation at more positive potentials. The obtained voltammogram was used as a background
for the ORR rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) as well as
for HO, reduction/oxidation RDE measurements. These reactions were then studied with
hydrodynamic methods, description of the experiments is given in the corresponding sections

(see section 2.3.5).

2.3.4. Cyclic voltammetry (CV)

2.3.4.1. CV principle

The voltammetry is a method to study the electroaegsses by controlling the potential

variation (Equation 21):
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+- ] * < (Equation 21)

with E;, the initial electrodepotential in V vs. the reference electrod;, the sweep rate in
V.s' andt, the time in s. Thevolution of the current passing in electnchemical system |
then neasured in functionf the time an plotted versus the appliepotential to give .
voltammogram (Figure 7)Thus, if the potential is swept in the rative direction, th
reduction of theelectroactiv: specieswhich can be reduced in this :ential windowwill
occur, giving a negativiaracaic currentwhich increases when the potal decreast. Due to
consumption of specias the vicinity of the electrode surfaandmass fansport limitatios,
the absolute current will thedecreas if the potential is kept decreasing.current peak wil
therefore appear in thevoltammcram. Usally, the electrode | immobile during
voltammetry but this technjue can also be combinwith hydrodynanic methods such ¢
rotating disk electrode to chge mass transport conditic

The voltammetryis called tyclic voltammetry when thesweep direcon is inverted at
chosen potential. Thereford the potential was first swept ithe negative direction, th
products of the reduction cidbe oxidized when the potential is swept ie positive diretion.
Several cyclebetween twopotential value — Enin and Enax - can be erformed during a

experiment (Figure 7).

Eﬂ'a(_al | | | | | 7 _I
N
\ ]

E/V vs. RHE
m
/
/
[/ mA

'min

min

E/Vvs. RHE I
Figure 7 :(a) Variation of the applied potential with tir in cyclicvoltammetn and (b)

schematicurrent responseersus applied potenti. The arrows indicatithe potential swee
direction.

The total current I(tineasurd duringvoltammetry is given by(Equation22):
l+- L +- L-,+- (Equation 22)
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with I, the faradaic current, ang,Ithe capacitive current. The faradaic current is due to
electrochemical processes and is directly proportional to their reaction rates. The capacitive
current is due to the double layer charging — modification of the electrical charge distribution
at the electrode-electrolyte interface - and increases with increasing the sweep rate (Equation
23).

L.+- b aTﬂ’\ (Equation 23)

with Cgy;, the capacity of the double layer, in Farad. In order to study only faradaic processes,
one should subtract the capacitive current from the total current. The charge — in Coulomb —
of the double layer @can be evaluated by integrating the capacitive current in function of the
time, and the charge associated to an electrochemical reactign Ky integrating the
faradaic current.

In order to study the interfacial properties of the studied oxides, CV measurements were
performed in the Mpurged electrolyte in various potential windows and at various scan rates.
With this method, the potential window in which the oxides were electrochemically stable
was investigated, as well as the roughness of the catalyst layer and the reversibility of the

perovskite redox transitions.

2.3.4.2. Reversibility of electrochemical systems

The notion of reversibility in electrochemistry @ifé from that one in thermodynamics.

Various physico-chemical processes can be involved at the electrodes, such as the electron
transfer between the current collector and a redox couple, i.e. the redox reaction, the mass
transport of the species in the electrolyte and the adsorption and desorption processes — i.e.
electrosorption reactions — occurring on electrode surface. Electrochemical systems can be
classed into three categories, depending on their kinetics. A system is called fast when it is
controlled by diffusion. When both diffusion and electron transfer control the electrode
process, the system is considered as moderate. Finally, a process exclusively limited by the
charge transfer is considered as slow. According to Matsuda’s criteria, reversible redox
systems — i.e. systems which are controlled by mass transport and have almost identical
reduction and oxidation reaction rates - have kinetics constant it sapsrior to 0.3 &/*n"/?

while irreversiblesystems display kinetics constant below 2.1§"°n"?. Kinetic constants

between these two values correspond to quasi-reversible systems. Clearly, the reversibility of
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a reaction depends on the time constant of a method, and for linear sweep and cyclic
voltammetry, on the sweep rate. Indeed, high sweep rates lead to too short time to reach
equilibrium at the electrode surface, thus slow sweep rates should be applied such that a
reaction satisfies the reversibility conditions.

Considering the redox reaction from species in solution, several equations were
obtained — as for example demonstrated by Bard et al. [155] and Diard et al. [156] — to
calculate the peak currents and potentials in function of the reaction kinetics.

tefiox, rev

For a reversible redox system in solution, the peak curtgn is proportional to ¥

(Equation 24):

L ers®°*0 8" %hib | klmg—FnoL (Equation 24)

with n, the number of involved electrons, F, the Faraday constant, A, the electrode surface

area, @, the initial concentration of O in the solutiong,0Dhe diffusion coefficient of O, R,

the gas constant, and T, the temperature in Keltareover, the peak potentiapdg®***"of

a reversible system does not depend on the sweeEqtation 25):

Xe';3 Xeg _ F S0t o @@wWF
defs Ip im 4 rsﬁu $ Im

(Equation 25)

with Eq/r®, the standard potential of the redox couple O/R, agdie diffusion coefficient of

R ; and the reduction peak — cathodic peaég;{Edox'C— and the oxidation peak - anodic peak
Epear-"%“?- are separated by a constant potential gap for any sweep rate. This potential gap is
equal to (Equation 26):

Xe';3: Xe';3f y'F .
X defs S defs x —— (Equation 26)

which is 59/n mV at 25°C. For an irreversible redox system, however, the oxidation of the R
species hardly occurs, and the peak potential gap between anodic and cathodic peaks is higher
than this valuelndeed, peak potentials,&:**" depend on yfor irreversible systems
(Equation 27):

8'F

Xe';3 \XXeg ) F
sz{Imgn0)

ef8 3 z(Im

lgr u$"#"t (Equation 27)

with k°, the standard constant of electronic transfer, andhe symmetry factor, which
indicates the feasibility in terms of enthalpy of the considered half-reaction — here, the
reduction. Peak currents are proportional §&,vas for reversible systems, but the equation

which gives the peak currenpdas=">"" contains the symmetry fact¢Equation 28):
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L_defSXe‘B\XXeg $" % hib j k% (Equation 28)

Finally, quasi-reversible redox systems are characterized by a peak current which is not
proportional to v/? and by peak potentials as well as a peak potential gap which are
dependent ongIn particular, the potential gap between anodic and cathodic peaks is higher
than for reversible systems.

For the electrosorption reaction ~ 1 05 , Where * is a free site on the electrode
surface, and A,ads stands for A adsorbed on the electrode surface, it was shown [156] that
peak potential of reversible electrosorption reactiopsiE®"*" does not depend on the
sweep ratéEquation 29) while peak potential of irreversible electrosorption reactions

Epear "™ does (Equation 30), as for redox processes:

1eXi< X 'F
I wa- 5, €~, (Equation 29)

eaeicX;<\XXeg F_ ,_Z°ma .
def8 Z?mq - ?€,~,(Equat|on 30)

with A™*, the initial concentration of Ain the bulk, and kand k, the kinetic constant of
electronic transfer in the oxidation direction and in the reduction direction, respectively.
However, contrary to redox processes from species in solution, the peak current of
electrosorption reactions varies linearly with for reversible (Equation 31) as well for

irreversible(Equation 32) reactions:

|__def8eae:cx;< Xeg rT?€f9n (Equatlon 31)

L_defSeae:cX;<\XXeg m’-€fz 20n (Equatlon 32)

with |, number of sites per surface unit, and e, electron charge.
Therefore, by studying the dependence of the peak current and potential on the sweep rate, it

is possible to determine the nature and the kinetics of an electrode process.

2.3.4.3. CV of platinum electrodes

Polycrystalline platinum electrodes display a typmaltammogram on which three regions
may be distinguished. At high potentials, the “oxygen region” is characterized by an anodic

current of hydroxide anions adsorption and Pt oxide formation and by a cathodic peak of
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