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Exsolved catalyst particles as a plaything of atmosphere
and electrochemistry

Exsolution is a novel technique for creating highly active and
stable oxide-supported metal catalysts via the intentional
partial decomposition of a perovskite-type parent oxide.

If the parent perovskite is a mixed conducting electrode in

a solid oxide cell, the exsolved particles can be switched
between a metallic and an oxidic state by applying a bias
voltage, providing unprecedented opportunities for
catalysis. In this work, the electrochemical activity switching
is mechanistically explained by the effective chemical
potential of oxygen in all three involved phases.
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Broader context

Exsolved catalyst particles as a plaything of
atmosphere and electrochemistry

b

Harald Summerer, (2 **® Andreas Nenning, {22 Christoph Rameshan and

Alexander K. Opitz (2 ?

A new type of catalyst preparation yields its active sites not by infiltration but exsolution of reducible
transition metals of its own host lattice. These exsolution catalysts offer a high dispersion of catalytically
active particles, slow agglomeration, and the possibility of reactivation after poisoning due to redox
cycling. The formation of exsolved particles by partial decomposition of the host lattice can be driven by
applying a sufficiently reducing atmosphere, elevated temperatures but also by a cathodic bias voltage
(provided the host perovskite is an electrode on an oxide ion conducting electrolyte). In addition, such
an electrochemical polarisation can change the oxidation state and thus the catalytic activity of exsolved
particles. In this work, we investigate the electrochemical switching between an active and an inactive
state of iron particles exsolved from thin film mixed conducting model electrodes, namely
Lag eSro.4FeOs_s (LSF) and NdgeCag 4FeO3z_s (NCF), in humid hydrogen atmospheres. We show that the
transition between two activity states exhibits a hysteresis-like behaviour in the electrochemical /-V
characteristics. Ambient pressure XPS measurements proofed that this hysteresis is linked to the oxida-
tion and reduction of iron particles. Furthermore, it is demonstrated that the surface kinetics of the host
material itself has only a negligible impact on the particle exsolution, and that the main impact factors
are the surrounding atmosphere as well as the applied electrochemical overpotential. In particular, we
suggest a 'kinetic competition’ between gas atmosphere and oxygen chemical potential in the mixed
conducting electrode and discuss possible ways of how this process takes place.

Heterogeneous catalysis plays a major role in environmentally relevant processes, but the actual preparation of active and stable oxide-supported metal
catalysts often proves to be difficult. A novel catalyst preparation method called exsolution is based on creating highly active metallic nanoparticles via partial

decomposition of a perovskite-type parent oxide. This route allows formation of metal particles with largely decreased agglomeration tendency, thus making
them extremely interesting. If the parent perovskite is a mixed conducting electrode in a solid oxide cell, the exsolved particles show another property: upon

applying a bias voltage, they can be switched between a metallic and an oxidic state. The associated reversible switchability of catalytic activity can offer

unprecedented opportunities for catalysis. Herein, we focus on this electrochemical activity switching and aim at describing the behaviour of the whole system

(parent oxide/particles/atmosphere) by the effective chemical potential of oxygen in all three phases. This is not only relevant to unravel the principles behind
the switching behaviour, but also provides a basic toolkit for understanding the nature of reactions in non-equilibrium atmospheres (such as water-gas shift)
on this novel catalyst type, which can also lead to gradients in the oxygen chemical potential between perovskite, particle, and gas phase.

1. Introduction

option is the highly efficient conversion of electrical energy
directly into chemical energy via electrolysis of water or carbon

The increasing utilisation of intermittent renewable energy
sources, such as wind or solar, and their entailing variations
in power output require reliable storage possibilities."™ One
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dioxide in solid electrolysis cells (SOECs),”® while also allowing
the possibility of reverse operation for electricity generation
(solid oxide fuel cells, SOFC).”"" The most common cathode
(SOEC) or anode (SOFC) materials are Ni/YSZ cermets, which
provide both high electronic and ionic conductivity as well as
high catalytic activity."”>™* However, the metallic particles in
these composite electrodes tend to agglomerate after extended
time at operation temperature, suffer from sulfur poisoning

© 2023 The Author(s). Published by the Royal Society of Chemistry
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and can catalyse carbon fibre formation in hydrocarbon atmo-
spheres that may lead to cell damage.””™® Thus, replacement
options have been explored to avoid these drawbacks.

Perovskite-type oxides (ABO;) and its derivatives have emerged
as a popular alternative due to their inherent stability and composi-
tional flexibility. However, their electrochemical performance with-
out any additional activation steps mostly pales in comparison with
state-of-the-art fuel electrodes. The most common activation mea-
sure is the deposition of electro-catalytically active metal particles
via infiltration.’* > Due to limited control of the particle and oxide
support interaction during and after deposition, these catalysts
tend to agglomerate at elevated temperatures or deactivate by
coking in the presence of hydrocarbons.>*>* A novel way to address
these issues is the inclusion of a catalytically active transition metal
on the B-site of the perovskite, either as dopant or regular lattice
ion. After exposure to sufficiently high temperatures and a strongly
reducing atmosphere it is possible to exsolve highly dispersed and
catalytically active nanoparticles to the surface of the host perovs-
kite oxide via deliberate partial decomposition.>>*” Moreover, the
obtained particles are socketed on the surface leading to attach-
ment and hence lower agglomeration tendency. This process can
also be reversible depending on the applied temperature and
atmosphere, consequently allowing repeated reactivation of poi-
soned metal particles. While this concept has first been explored
for exsolution of platinum group metals for automotive exhaust
control,***° there is now ongoing research for a wide range of
applications including SOEC cathode materials with various transi-
tiOn metalS (eg Ni,414l7 Fe’42,44,45,47750 CO’44,49,50 Cu’Sl,SZ M1’144).

It was shown that the highest nanoparticle density is achieved
by fast heating in strongly reducing conditions.*® This require-
ment can partly be avoided by using electrochemical cells that
carry the exsolution active perovskite as a working electrode. The
application of a bias voltage across the cell changes the oxygen
chemical potential of the working electrode and therefore the
effective oxygen partial pressure in the working electrode bulk.
Thus, a sufficiently strong cathodic overpotential can act as a
replacement for highly reducing atmospheres.>® Furthermore,
the reduction process can be reversed by changing the direction
of the applied potential accordingly (i.e. more oxidising condi-
tions). As a result, the oxidation state of the exsolved particles
and the electro-catalytic activity of the perovskite-type working
electrode can be controlled by applying the respective electro-
chemical polarisation. This concept of “electrochemical
activity switching” has already been demonstrated by various
authors®*>™*° on different electrochemical systems.

Water electrolysis/hydrogen oxidation®! is a reaction that is
technologically highly relevant and its kinetics can be used to
determine the catalytic activity of an electrode decorated with
exsolutions. In eqn (1) this reaction proceeding on a La ¢Sty 4FeOs_5
(LSF) electrode is expressed in Kroger-Vink notation:

H, + O} + 2Fef, = H,0 + Vg + 2Fe, (1)

Besides the gaseous species H, and H,0, lattice oxide ions (Og),

. . . . ! .
regular lattice iron (Fej,, ie. Fe*"), reduced iron (Fey, ie. Fe**) and
oxygen vacancies (Vo) are involved in this reaction. Depending on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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whether iron exsolutions are present in a reduced and hence
metallic or oxidised state, the reaction in 1 proceeds via two
different mechanisms. If the particles are oxidised it occurs
entirely on the perovskite surface with oxidative H, adsorption
as the rate determining step. But as soon as the particles are
reduced to Fe® they provide a fast bypass for the rate limiting
step via dissociative H, adsorption on the metal and spillover of
the adsorbed hydrogen species to the perovskite surface.®’
Consequently, if switching the oxidation state of the particles
is done by electrochemical polarisation, a step-change in the
recorded current-voltage (I-V) curve can be observed.

In this contribution, we aim to further improve our under-
standing of the electrochemical switching behaviour of
exsolved iron particles on perovskite-type model electrodes
and the resulting effects on the H, oxidation/H,O splitting
kinetics by combining electrochemical impedance spectroscopy
(EIS) and I-V measurements with surface sensitive near ambient
pressure — X-ray photoelectron spectroscopy (NAP-XPS). To learn
about the impact of the host perovskite’s surface kinetics on the
switching behaviour of exsolved particles, two different electrode
materials - LSF>*®? and Nd,¢Cag4FeO;_s (NCF)® - were stu-
died. Moreover, we addressed questions regarding the effects of
the oxygen partial pressure in the surrounding atmosphere as
well as of the duration and magnitude of an applied cathodic
overpotential on the first occurrence of exsolved iron particles.
A detailed investigation of the particle’s electrochemical switching
behaviour over a large atmospheric oxygen partial pressure range
allows valuable insights into possible pathways of their electro-
chemically driven oxidation or reduction. The usage of voltage as
a control parameter also permits decoupling of processes, which
would inherently be linked in conventional heterogeneous cata-
lysis of non-equilibrium reactions and thus offers an explanation
for at first glance unexpected catalyst particle behaviour.

2. Experimental methods
2.1 Sample preparation

One side polished yttria stabilised zirconia (YSZ) single crystals
(Crystec, Germany) with a size of 10 x 10 x 0.5 mm® and (100)
orientation were used as electrolyte substrates. Prior to the
working electrode, the porous counter electrode consisting of a
triple layer was prepared. For this, a thin gadolinia doped ceria
(GDC) layer was applied on the unpolished side of the single
crystal by spin-coating a slurry consisting of CeoGdg 10,5
powder (dso = 250 nm; Treibacher, Austria) and an Terpineol
based ink vehicle (www.fuelcellmaterials.com). After drying, a
second layer of custom made Platinum-GDC paste was brushed
on top of the GDC. A thin Pt layer was applied by brushing Pt
paste (Tanaka, Japan) as the last layer. To obtain a 3D porous
counter electrode, the dried sample was then sintered in air at
1150 °C for 3 h. This type of counter electrode is known to
provide very low ASR in reducing atmospheres.®*

As the first step of the working electrode preparation, a Pt
current collector grid (15/5 um mesh/strip width) was prepared on
the polished side of the YSZ crystal by deposition of a 5 nm Ti
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Fig. 1 Sample sketch: mixed conductor (thin film) (1), buried Pt current
collector (2) grid, yttria stabilised zirconia electrolyte (3), and the counter
electrode consisting of GDC (spin-coated) (4), Pt-GDC (brushed) (5), Pt
(brushed) (6).

(adhesion agent) and 100 nm Pt thin film via magnetron sputter-
ing (BAL-TEC MED 020) followed by photolithography and ion
beam etching. Subsequently, dense thin film working electrodes
of either Lay Srg 4FeO;_s (LSF) or Nd, ¢Cag 4FeO;_s (NCF) were
produced by pulsed laser deposition (PLD). The sample was then
broken into four pieces of roughly 5 x 5 x 0.5 mm and the sample
edges were ground off to avoid parasitic current paths due to
deposited Pt or mixed ionic and electronic conducting (MIEC)
materials. A sketch of the resulting sample is shown in Fig. 1.

All PLD targets were prepared via modified Pechini syntheses.®®
Appropriate quantities of the precursors La,O3, SrCO;3, Fe, CaCO;
(all Merck, 99.995%) and Nd,O; (Alfa Aesar, 99.995%) for the
specific targets were dissolved in nitric acid and citric acid was
added in a molar ratio of 1.2 with respect to the total moles of
cations. The solution was heated and water was evaporated until
self-ignition and combustion of the formed foam took place. The
resulting powder was calcined in air at 850 °C for 3 h. Targets for
PLD were prepared by uni-axially pressing this powder (150 MPa)
and sintering the obtained pellets in air at 1250 °C for 12 h. X-ray
diffraction (XRD) of these targets confirmed phase purity. The thin
film deposition via PLD was achieved by ablating these targets with
a KrF excimer laser (Complex Pro 201F, 248 nm) at 600 °C substrate
temperature and an O, background pressure of 0.04 mpar with a
substrate to target distance of 6 cm. The laser fluence on the target
amounted to about 1.3 J ecm™2, which results in 200 nm films for
18000 pulses fired at 10 Hz.

2.2 Ex situ electrochemical impedance spectroscopy (EIS) and
I-V measurements

The setup employed for the electrochemical ex situ measurements
is shown in Fig. 2. The sample was clamped between two
contacting stamps each consisting of Pt mesh (for simultaneously

276 | EES Catal, 2023,1,274-289
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providing good contact and gas supply), Pt sheet, and a silica
spacer utilising a spring loaded middle tube and a fixed inner
tube. The latter also served as a gas inlet for various mixtures of
H,/H,O/balance Ar with nominal mixing ratios ranging from
H,:H,0 = 100:1 to 1:100. A type-S thermocouple was placed
close to the sample for temperature measurement. After sealing
the setup with a silica outer tube the whole structure was placed in
a tube furnace and heated to (600 + 1) °C sample temperature.
A custom made lambda probe consisting of a hollow YSZ pipe
with Pt-electrodes at both sides of the pipe was mounted at
sample height and thus allowed calculation of the actual oxygen

gas

partial pressure (Poz) via the Nernst equation (¢f eqn (2)) with

ambient air (inner part of the pipe) as reference.

Phy = 1B, exp (——UL"‘}“;;Z‘L‘F) @)
In eqn (2), pz;; denotes the oxygen partial pressure in ambient air
(209 mpar), Urampaa the resulting voltage, F Faraday’s constant
of 9648534 C mol ™', R the universal gas constant of
8.314 ] K ' mol " and T the operating temperature (873.15 K).
Thin Pt wires connected the aforementioned Pt sheets and
the electrical feedthroughs at the cold end of the setup.
Electrochemical AC and DC measurements were performed
by connecting either a N4AL PSM 1735 Frequency Response
Analyser with a femto impedance converter or a Keithley
2611A Source Measure Unit to the electrodes. The EIS measure-
ments were carried out before and after each DC measurement
block to obtain the YSZ electrolyte resistance and confirm the
stability of the working electrode. Spectra were recorded in a
frequency range from 1 MHz to 100 MHZ with an AC amplitude
of 20 mV.

Fig. 2 Sketch of the ex situ measurement setup: impedance analyser
or DC source meter (1), multimeter measuring U ampda (2). inner tube (3),
gas inlet (4), custom lambda probe consisting of a hollow YSZ-pipe with
Pt-contacts at sample height (5), thermocouple (6), spring loaded middle
tube (7), sealed outer tube (8), sample consisting of counter electrode,
electrolyte and working electrode (9-11), silica spacer (12) and Pt contact
sheets and mesh (13).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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If Ueaen > -700 mV lower Uy, by 25 mV

Fig. 3 Flowchart of the method used for exsolution onset determination
where each measurement cycle consists of three steps: exsolution is
triggered by application of a specific cathodic potential U, for a certain
acquisition time tpog. Then an [-V curve is recorded with varying step
sizes. If no step change is observed the applied cathodic potential Ucat, is
decreased further for the next iteration.

The I-V measurements were conducted for two reasons:
First, to exsolve the desired catalyst particles, and second, to
analyse the electrochemical switching behaviour of these par-
ticles under various conditions. The first set of experiments
aimed at determining the necessary cathodic potential at which
exsolution occurs. The general procedure is shown in Fig. 3.
This method encompasses a cycling measurement routine
consisting of the following steps:

e A cathodic overpotential U, is applied for a specific
holding time #,014 Of either 60 or 3600 s.

e An I-V curve is recorded by a stepwise U-increase +400 mV
and 30 s hold time per step. The step size was 25 mV to open
circuit, 5 mV between 0 mV and 25 mV again between +175 mV
and +400 mV.

o After completion of a full cycle Ue,e, is lowered by 25 mV and
the whole process is repeated down to a minimum of —700 mV.

As soon as the applied U, triggered the formation of
metallic iron exsolutions a dip in the in the anodic branch of
the I-V curve was observed. The overpotential calculated from
the respective U.,, value is denoted as the exsolution onset
potential. This routine was repeated with new samples with
varied tpo1q, electrode materials (LSF and NCF) and H,:H,0
mixing ratios (10:1 and 30:1).

The second set of experiments dealt with the electrochemi-
cal switching process itself, with a focus laid on the effect of the
surrounding atmosphere on the required overpotential to suc-
cessfully switch the particles between a metallic and an oxidic
state. Therefore, I-V characteristics of samples with already
exsolved particles were recorded in different atmospheres and
voltage ranges (Use) between —400 to +400 mV. The step size was
either 10 or 20 mV depending on the region of the I-V curve.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Those parts of the I-V characteristics where the switching point
was expected were recorded with a higher resolution. For the rest
of the curve a lower resolution was regarded sufficient. The
applied atmospheres ranged between H,:H,0 =~ 70:1 and
H,:H,0 ~ 1:130 with purge times of 2 h between different
gas compositions; the exact compositions were measured by the
lambda sensor of the setup.

2.3 In situ NAP-XPS and electrochemical measurements

A detailed description of the setup used for these experiments is
beyond the scope of this paper and has already been described in
another publication.®® In brief, the sample is placed on a ceramic
sample holder where it is electrically contacted and held in place
by Pt/Ir wires. Inside the measurement chamber of the NAP-XPS
system, the water cooled analyser nozzle was moved close
(0.5 mm) to the sample and a H,:H,0O mixture with a ratio of
H,:H,0 ~ 16:1 and a total pressure of 0.75 mbar was intro-
duced. The effective po, of the atmosphere and thus the H, : H,O
ratio was calibrated via the chemical capacitance of GDC similar
to Chueh et al.®” and also confirmed by mass spectrometry (MS)
measurements of the residual gas in the first differential pumping
stage of the NAP-XPS system. The sample was heated directly with
a near infrared laser through a hole in the backplate of the sample
holder.

The X-ray spot size is around the same size as the nozzle
diameter of 350 um. Using an Al-K, source and a monochro-
mator the system achieves a peak width at half maximum of
0.6 eV which corresponds to an energy resolution of 0.2 eV.
A Novocontrol Alpha-A High Performance Frequency Analyser
(Novocontrol Technologies, Germany) and a Keithley 2611A
Source Measure Unit were employed for EIS and I-V measurements,
respectively. The sample temperature was determined from the
YSZ electrolyte resistance®® in the EIS measurements and set to
(600 £+ 8) °C. Applying an electrochemical DC polarisation in
conjunction with simultaneous XPS measurements allowed us to
observe the formation of exsolved particles as well as their switching
driven by the applied overpotential virtually in real time.

3. Results

3.1 Determination of the working electrode overpotential

The overpotential #™™®C at the working electrode is calculated

by subtracting the bias independent (i.e. ohmic) voltage drop at
the YSZ electrolyte (given by the product of the resulting current
Ipc and the ohmic resistance Rys;) from the applied voltage Use,
as shown in eqn (3).

n™MPC = Uger — IncRysz (3)

A possible overpotential drop at the counter electrode can be
safely neglected due to its extremely low polarisation resistance,
as described in ref. 64. The electrolyte resistance Rys; was
determined from the measured impedance spectra, as already
shown in similar studies, e.g. ref. 54 and 69-71 The over-
potential obtained via eqn (3) directly corresponds to the
change in the chemical potential of oxygen uo between the

EES Catal., 2023,1,274-289 | 277
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MIEC working electrode and the counter electrode with the
latter remaining in equilibrium with the surrounding atmo-
sphere. The resulting working electrode overpotential ™= for
a given atmosphere with a specific p%a; is thus connected with
the difference in the oxygen chemical potential between mixed
conducting electrode and gas Augy ““* by eqn (4).*”> Here, F
denotes Faraday’s constant and 2 is the number of transferred
electrons for eqn (1) being the surface reaction. Consequently,
for the present case of surface limited kinetics of the MIEC
working electrode, 7M™ can be viewed as the thermodynamic
driving force of the electrode surface reaction, as already
described in other studies.>*”*

Aﬂlé/HEC—gas - ZFI’]MIEC (4)

The effective p§jI*“ in the MIEC can therefore be calculated by
Nernst’s equation given in eqn (5).

MIEC
e _ KT, (18 .
4F pgoa’ $

3.2 Exsolution onset determination

After applying a sufficiently high cathodic overpotential, a drop in
the anodic part of the I-V curve was observed, as shown in Fig. 4.
Previous ambient pressure XPS>’® and XRD®' measurements
have shown that this drop occurs due to the electrochemically
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driven oxidation of catalytically active Fe® particles to a less active
Fe;_,O phase. Please note that in the following Fe;_,O will be
abbreviated with FeO for the sake of simplicity. Therefore, the
occurrence of this activity drop is a specific and easily measurable
characteristic for the existence of a sufficient amount of exsolved
Fe® nanoparticles.

In literature, most studies on the exsolution formation
conditions focus on temperature and partly on the gas phase,
whereas the effect of electrochemical polarisation is - with few
exceptions®® - largely unexplored. Hence, the question whether
the oxides’ defect chemistry (which is influenced by the voltage)
or the gas phase composition plays the bigger role in the
formation of metal exsolutions is not fully resolved.

For better understanding, we studied the impact of the
electrode material, the present atmosphere and the duration
of the applied cathodic potential on the first occurrence of
exsolved particles. Fig. 4a—c show the anodic branches of both a
pristine sample (ie. without any cathodic overpotential
applied) and after the first appearance of said activity change
for exemplary variation of perovskite host material, H,: H,O

gas

ratio (i.e. p5,) and holding time of the cathodic voltage to
trigger exsolution, respectively. In these graphs, the appearance
of an activity switching can be nicely identified. While on
pristine samples only regular non-linear /-V curves could be
recorded, electrodes decorated with exsolved particles exhibit a

10
< a) Material variation b) LSF - H,:H,0 variation ) NCF - tpolg Variation
E 8 e LSF|pristine - ® 10:1|pristine - ® 1 min|pristine
< LSF[-397 mV 10:11-397 mv 1min|-287 mv
E © NCF|pristine © 30:1|pristine © 1 hlpristine
2 61 ¢ NCFl-287 mv - 30:1]-335 mv ¢ 1h[-223 mV °
E= o
S 4
©
|5 ¢ o Y
£ 24
>
(&)
0+ T T T T T
0 50 100 150 0 50 100 150 0 50 100 150
Overpotential n (mV) Overpotential n (mv) Overpotential n (mv)
400 - d) Onset potentials B thow: 1 min . e) Switching potentials @ thow: 1 min
S\ D thotd:1 h E »150 _ D thotd:1 h
E =
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= Q
§ *g 100 A
S -200 4 >
- =
2 =
[%] B 50
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0 - 0 -
101 30:1 10:1 301 101 30:1 1011 301
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Fig. 4 Exsolution onset determination with different (a) materials (LSF, NCF), (b) atmospheres (H,: H,O = 10:1, 30:1) or (c) thoig (1 min or 1 h). Each of
the figures show the anodic branch of the /-V characteristics of a pristine sample (without any activity changes) and one after the first visible discontinuity
in the anodic current (with the legend caption showing the necessary Ucan). (d and e) Summary of the switching and onset potentials of all varied
parameters. The switching potential of a species for a given atmosphere remains unchanged. An increase in toq Or @ more reducing atmosphere result in
a lower onset potential. The hatched sample had different manufacturing conditions (see text for further information).
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sudden drop of the measured current, despite a further increase
of the applied anodic overpotential. This is in line with results
from a previous study, where this special behaviour was con-
firmed to be related to the oxidation of Fe° particles.®!

The overpotential of activity switching was determined from
the activity switching feature as the average between the local
maximum before, and the local minimum after said step
change. While this may seem arbitrary at first glance, it is
important to note that the switching potential obtained via this
procedure also corresponds with the occurrence of an anomaly
(e.g. current surges) in the i vs. t curves recorded at the
respective overpotential (see Subsection 3.4 for further details).

In general, this parameter variation was conducted for all
combinations of materials, H, : H,O ratios and #,,14. Regardless
of the varied parameter, pristine samples (i.e. without exsolu-
tions) show lower current densities and LSF seems to be more
active compared to NCF. The effect of the performed variations
on the exsolution onset potential is summarised in Fig. 4d.
From this image it can be concluded that a higher H,:H,0
ratio and a longer t,01q lead to a lower onset potential. Inter-
estingly, NCF electrodes also showed formation of exsolved
particles already at slightly lower cathodic overpotentials. The
switching potential (Fig. 4e), however, appears to be virtually

& 4 —
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L
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independent of the electrode host oxide materials, which is an
interesting observation that will be discussed in a broader
context in Section 4. More reducing conditions require higher
anodic overpotential to oxidise the exsolved particles, while t,1q
has no impact on the step change of already existing particles.
It is worth mentioning at this point that several factors in the
sample preparation, such as laser fluence or deposition tem-
perature during the PLD process, can have noteworthy impact on
the exsolution onset and switching behaviour (see the hatched
bar in Fig. 4d and e). Accidentally, one of the NCF samples was
prepared with a different laser fluence leading to slightly deviat-
ing results. This may be due to resulting differences in film
morphology, stoichiometry, or strain. However, a detailed inves-
tigation of the effect of deposition parameters on the exsolution
behaviour is beyond the scope of this study and will be the topic
of a later publication.

3.3 NAP-XPS

To in situ investigate the change in oxidation state of the
exsolved particles when passing through the hysteresis, we
conducted NAP-XPS measurements during an electrochemical
activity switching experiment. Thus, we could observe the
chemical state of the iron surface species based on the applied

0.14
0.12 4
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0.08
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0044 | |

Current density i (mAcm™2)

0024 “ " |

0.00 | ; : -
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Overpotential n (mv)
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Fel + FeO
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(a) In situ recorded -V curve for LSF in H, : H,O =~ 16:1 with the arrows and numbers indicating measurement direction. (b) Zoom in on the part

of the activity change (marked by the rectangle in (a)). (c) Fe 2p XPS spectra consisting of two species: One oxidised species at 710.5 eV and a metallic
species at 707 eV (position indicated by the wedge). The large arrow indicates the recording direction. (d) Amount of Fe® compared to the total amount of
surface iron based on the applied overpotential.
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overpotential as well as recording direction. Owing to technical
restrictions of the used NAP-XPS setup the working atmosphere
was set to H, : H,O ~ 16:1 with at total pressure of 0.75 mbar.
Fig. 5a shows the resulting I-V characteristics for LSF and
Fig. 5b depicts a zoom in on the region of the I-V curve with a
hysteresis due to activity switching. In Fig. 5c Fe 2p XPS spectra
recorded at increasing overpotentials are shown exemplarily,
whereas Fig. 5d shows the percentage of Fe’ compared to the
total amount of surface iron based on the applied overpotential.

The shape of the electrochemical -V curve recorded in the
NAP-XPS setup is almost identical with those obtained under
ex situ conditions in H, rich atmosphere. Still, a strongly
asymmetric I~V characteristic with steep cathodic branch and
hysteresis in the anodic region is visible. The only obvious differ-
ence is the lower absolute current density, that can be most likely
explained by the lower total gas pressure in the XPS chamber.

The Fe 2p spectra were fitted with the software CasaXPS,
utilising a shirley background. We chose a simple and robust
peak model consisting of two asymmetric Lorentzian peak
shapes (LF(0.8, 2.5, 0) and LF(0.6, 3, 10) respectively) for
oxidised and metallic iron. Due to the simplistic nature of this
model the absolute numbers of the quoted fit results may be
subject to somewhat larger uncertainties. However, the fit
approach used brings the advantage that a reliable detection
of the metallic and oxidic Fe species can be ensured even in the
case of relatively strongly changing spectra. The fit is shown in
Fig. 5c for the lowest spectra. In this case of an increasing
overpotential, there is clearly a metallic iron species visible up
to +70 mV, which nicely corresponds to the step change in the
I-V characteristics (see triangles in Fig. 5b). The aforemen-
tioned hysteresis is clearly visible in Fig. 5d with the arrows
indicating the measurement direction of increasing and sub-
sequent decreasing overpotential with the latter showing
almost no surface iron and thus low electrochemical activity.
This fits perfectly with the I-V characteristics of Fig. 5b and is
indicated by the dashed lines in both pictures. Hence, we can
summarise that the XPS spectra confirm the activity switching
hysteresis depending on the measurement direction observed
in electrochemical experiments in a previous publication.®*

3.4 Oxygen partial pressure dependence of the
electrochemical switching potential

As already briefly shown above, the po, of the surrounding
atmosphere significantly affects the overpotential at which
already exsolved surface iron particles can be switched between
metallic and oxidic state. Consequently, the oxygen partial
pressure dependence was investigated in more detail. This
was done in two different ‘regions’, one where Fe® is stable at
OCV and the switching potential is expected to appear in the
anodic branch of the I-V curve and one where Fe® is stable only
below OCV and said switching potential is located in the
cathodic branch.

Selected examples for an electro-catalytic activity switching
behaviour in the anodic branches for both materials (LSF and
NCF) at different p§ are shown in Fig. 6. Starting with cathodic
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bias, the applied voltage is raised up to a maximum of +400 mV
(full markers) and then lowered back to open circuit (half-full
markers) - the measurement direction is further indicated by
arrows. The grey wedge represents the switching potential based

on the assumption that the particle is in equilibrium with p§/!=C

according to thermodynamic data.®® In contrast to an accord-
ingly sharp switching potential a strong hysteresis is visible with
a shift of the current step depending on the measurement
direction. Thus, two switching potentials can be defined and
are shown by the dashed (‘Fe — FeO’-direction) and dotdashed
(‘FeO — Fe’-direction) vertical lines in Fig. 6.

As already mentioned in Subsection 3.1, the switching
potential shifts to higher anodic values as the oxygen partial
pressure decreases, which occurs regardless of the recording
direction. It appears that while the exsolved particles are
metallic they remain in this state approximately until the
thermodynamic transition point, while the re-reduction upon
decreasing the applied anodic polarisation lags behind.

If the switching potential is in the cathodic branch, its
position is not as straightforwardly detectable as this is the
case for a switching potential in the anodic branch. Selected
examples for both materials are depicted in Fig. 7, which is
similarly structured like Fig. 6. Colour, marker and arrows
indicate recording direction, grey wedge the thermodynami-
cally expected switching potential and the dashed or dotdashed
vertical lines the experimentally obtained switching potential
for each direction, respectively.

For LSF, the cathodic branch is rather steep indicating high
activity with current densities slowly decreasing as the H,O
content increases. The same applies to NCF but with much
lower absolute values. Around the thermodynamic switching
potential of Fe/FeO the current drops sharply after reaching a
local maximum, which we attribute to the oxidation of the
exsolved particles. The catalyst then remains in this low activity
state even at large anodic overpotentials. Reversing the
measurement direction reveals a shift to lower overpotentials
for the re-reduction, visible as a sharp current density increase.
In case of determining the switching potential in the ‘Fe —
FeO’-direction, i.e. strongly cathodic bias back to open circuit,
the procedure remains the same as for switching potentials in
the anodic branch of the I~V curve. This only applies fully for

gas

LSF. For NCF, especially at higher pg" no clear maximum or

minimum is visible. Considering the i versus ¢ data (see the
inset in Fig. 7f for an example) with the aforementioned current
surges, however, allowed determination of said activity change.
The reasons for the appearance of this anomaly in the 7 vs. ¢
diagram of the metal to oxide transition of the particles may be
associated with the chemical capacitance of the particle.”*”> To
stay consistent, this second method was compared to the first
one for the whole set of data with an apparent local current
maximum and resulted in no significant deviations.

For one part of the data, neither current anomalies nor local
extreme values were observable, which were the curves in Fig. 7
measured in ‘FeO — Fe’ direction. For LSF, at least a clear
bending of the curve indicates an activity change. Thus, for LSF
parts of the ‘FeO — Fe’ curve - shallow and steep — were fitted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 /-V Characteristics of LSF and NCF at very low oxygen partial pressures (specified as the ratio between H, and H,O with increased H, content)

showing the current step change due to oxidation or reduction of the exsolved iron particles in both directions (indicated by the dashed/dotdashed line).
The arrows specify the measurement direction. The grey wedge represents the thermodynamically expected switching potential (see Section 4 for more

information).

with a linear model separately and the intersection point was
defined as the switching potential. While this method was
expected to be the least accurate, it actually matches the other
two rather well as will be seen in Section 4 below. For NCF,
however, this method also did not yield reliably objectifiable
switching potentials of the ‘FeO — Fe’ curve in Fig. 7. Hence,
this point can unfortunately not be determined for NCF under
more oxidising conditions (i.e. H,: H,0O < 1).

One question to be discussed is the disparate visibility of
the activity regime change based on measurement direction
and/or the location of the switching potential (i.e. in the anodic
or cathodic branch - compare Fig. 6 and 7, respectively). Two of
these scenarios are shown in 8, where the light colours indicate

© 2023 The Author(s). Published by the Royal Society of Chemistry

low and dark colours high reaction rates. In Fig. 8a the switching
potential is placed in the anodic branch of the I~V character-
istics, which means that the metallic particles oxidise with
increasing anodic bias. In this case an actual step change
occurs with an apparent ‘peak’ at the position where the
current density decreases due to the transition from the high
activity to the low activity curve upon increasing anodic
overpotential.

In Fig. 8b the switching potential is placed in the cathodic
branch and the recording direction chosen to reduce the
oxidised particles back to their metallic state. Now, however,
a further decrease in the overpotential also yields a decrease in
the current density. Thus, the activity regime change does not

EES Catal., 2023,1,274-289 | 281
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|-V Characteristics of LSF and NCF at very low oxygen partial pressures (specified as the ratio between H, and H,O with increased H,O content)

showing the current step change - if there is one — in both directions (indicated by the dashed/dotdashed line). The arrows specify the measurement
direction. The grey wedge represents thermodynamically expected switching potential (see Section 4 for more information). The inset in (f) represents

the current density over time for the highlighted region.

appear as a peak-like feature, but almost looks like a bend in
the resulting I-V plot.

4. Discussion

4.1 Possible gradients in the chemical potential of oxygen and
their effect on the switching behaviour

In order to explain the occurrence of the hysteresis and its
Do, dependence, we have to look at possible reasons for the
reduction/oxidation of the surface particles, which take place in
this model system. On the one hand, iron oxidation/reduction
can happen via a chemical reaction with the gas phase (see

282 | EES Catal, 2023,1, 274-289

eqn (6)). This reduction of iron oxide with H, can be modelled
with a software like HSC Chemistry, which employs an exten-
sive thermochemical database.”® Hence, we are able to obtain
the equivalent oxygen partial pressure pglz at which both

phases, FeO and Fe, are in equilibrium.
FeO + H, = Fe + H,0 (6)
FeO + 2e~ = Fe + O*~ )

On the other hand, a particle redox reaction is also possible
electrochemically by an overpotential at the working electrode
(see eqn (7)). In this case the involved electrons and oxide ions

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Sketch to explain the difference in switching potential visibility based on measurement direction: (a) an increase in 5 results in a lower i which ends
up being a real step change. (b) A further decrease in 5 only results in a steeper curve, but no real step change.

are transferred via the mixed conducting perovskite oxide. The
driving force for eqn (7) is the difference in the chemical
potential of oxygen between particle and mixed conductor
(ApG™CPAt with pp = Apoe- — 24e-). In other words, oxygen
is pumped in or out of the particle electrochemically via the
interface with its parent oxide. The difference between eqn (6)
and (7) is essentially the electrochemical H, oxidation/H,0O
splitting reaction (eqn (8)).

H, + 07 = H,0 + 2e” (8)

As the particle has an interface with both gas and MIEC parent
oxide (see Fig. 9a), it is also exposed to both effective oxygen
partial pressures, and hence the oxygen chemical potential in
the particle is affected by both chemical potentials ug'™° and
u&'. Depending on whether the kinetics of the chemical reaction
eqn (6) or of the electrochemical reaction eqn (7) is faster, the
chemical potential of oxygen in the exsolved particles is either
mainly governed by the atmosphere or the perovskite-type
electrode, respectively. So to speak, the exsolved particles with
their uB™" are caught between two stools, as sketched in Fig. 9a.

Consequently, it is also possible to formulate a Nernst
equation for the particle (eqn (9)), which is not necessarily

identical with the one for the perovskite-type MIEC electrode.

b, _ A'ugart.-gas :Eln ppoazrt. (9)
2F 4F p‘a(’i y

For the experimentally observable switching behaviour at least
three different possibilities exist, which depend on the kinetics
of both reactions (eqn (6) and (7)) and hence on the established
step changes in the o at the particle surface and at its interface
with the perovskite electrode. These three cases are depicted in
Fig. 9d. In the first case, the oxygen chemical potential of
the particle sticks to the one of the gas (1 ~ uB"™) and hence
AuECES ~ Ay ECPAt holds. In the second case, p™ is only
affected by the MIEC (ugy ©C ~ B Aug =8 ~ Aul ™) and
therefore also by the applied voltage. The third option is an

© 2023 The Author(s). Published by the Royal Society of Chemistry

intermediate case, where the particle is influenced by both, the
mixed conductor and the surrounding atmosphere.

To visualise the different particle redox behaviour, the
expected activity switching potentials (i.e. Fe < FeO transition)
of the three cases are compared in Fig. 9e. This graph shows the
working electrode overpotential versus the equivalent oxygen

partial pressure in the gas phase pg. (on a log scale). As 5™

can also be converted into a pM!EC, the ratio between MIEC

electrode and gas atmosphere is also given at the right y-axis of

this plot. The grey dashed lines represent the isobars of pg/*“.

The expected transition between Fe’ metal and Fe-oxide is
depicted by the differently coloured lines for all three cases.
For each of them, metallic iron is stable on the left hand side of
the respective line, while FeO is the stable compound on its
right hand side.

4.2 Discussion of the experimentally observed catalyst
switching

In Fig. 10 the same diagram is shown for the experimentally
obtained values. In addition, this figure also depicts the Nernst
equations for the cases (b) and (c) in Fig. 9, which are given by
the thin dotdashed and dashed line (see legend), respectively.
The electrochemical activity switching potentials extracted from
Fig. 6 and 7 for both materials are separated with respect to the
electrochemical recording direction to account for the strong
hysteresis. Furthermore, the obtained switching potentials were
checked for reproducibility and possible effects due to different
prehistory. The filled and half-filled markers indicate that the

sample has previously been exposed to lower and higher p%f;,

respectively. Since no significant difference between both data
sets (filled and half-filled symbols) can be observed Fig. 10, any
effects of long-term degradation or p§. prehistory can be safely
assumed to be negligible.

The results in Fig. 10 allow a number of interesting insights.
First, they further illustrate the strong impact of the measurement

EES Catal., 2023,1,274-289 | 283
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(a) Sketch of all gradients in the oxygen chemical potential Auo of the involved phases. (b—d) Three different possibilities for the switching

behaviour where either Aul'E<9% ~ Aul'EC P (b) or Aul'EC-9%5 &~ ApRP™ 9% (c) applies as well as an intermediate one with both, MIEC and gas, affecting
the particle (d). (e) Resulting Fe/FeO equilibria of all three cases shown in a semilogarithmic plot of the overpotential 5 at the working electrode versus the

gas

equivalent oxygen partial pressure 7o,

direction. For switching from the high to the low activity regime
(i.e. oxidising metallic surface particles to oxides) the switching
potentials are significantly higher than the values for the reverse
direction, thus reflecting the hysteresis in the I-V curves - compare
‘Fe — FeO’ with ‘FeO — Fe’ data. Second, no significant
difference can be found for LSF and NCF electrodes, thus
indicating that the particle redox behaviour is almost indepen-
dent of the surface kinetics of the parent electrode material.
Third, the relative position of the switching potentials reveal
valuable details about the kinetics of the particle redox kinetics.
For increasing overpotential (‘Fe — FeO’ data) the switching poten-
tials lie almost exactly on the line representing the Nernst equation
of the MIEC electrode (i.e. 7™ ~ 5P and hence ug"C ~ &™)
This means that, when comparing the experimentally found
data with the theoretical considerations in Fig. 9e it can be
concluded that the second case (Fig. 9¢) appears to provide an
appropriate model. This would mean that the particles are
almost in equilibrium with the parent MIEC, irrespectively of
the gas atmosphere - i.e. oxygen exchange at the MIEC/particle
interface eqn (7) being significantly faster than at the particle/

284 | EES Catal., 2023,1, 274-289

in the atmosphere. The dashed lines represent the isobars of pyIEC.

atmosphere interface eqn (6). The slightly higher slope of the
‘Fe — FeO’ curve compared to the theoretical value given by
Nernst’s equation might be seen as an indication for a small
effect of the gas atmosphere and thus the appearance of a small
Ay = p™FC — 4Pt Nevertheless, for the switching potentials
Aug™ECES & AuBES gtill holds in very good approximation.
Another reason for the observed slight deviation in slope may
be associated with a possible socketing effect of the particles on
the MIEC electrode. However, owing to the polycrystalline
nature of our MIEC,! the data in the current study does not
seem to be perfectly suited for making clear statements in this
regard, and a quantitative investigation of the influence of the
particle-MIEC-interaction on the particle redox behaviour may
be the topic of future studies.

In principle, there exists also a further possibility with a
dynamic change between the situations in Fig. 9b and c. Let’s
assume a starting situation of a metallic particle in equilibrium
with the gas phase (i.e. sketch in Fig. 9b). Initially, the electro-
chemical pumping rate of oxygen into the particle (i.e. net rate
of eqn (7) from left to right) is low and thus p&*° ~ uB"* holds

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2as

of the gas analogous to Fig. 9e but

including extracted step changes in the /-V plot for both mixed conducting electrode materials, LSF and NCF. Further distinctions are made with regards to the

gas

recording direction of the /-V curves (see legend) and the Po,

in good approximation. An increase in the applied anodic over-
potential causes an increase of the pumping rate, while the rate
of eqn (6) remains constant. At a certain anodic overpotential,
the rate of eqn (7) becomes larger than the one of eqn (6). After
this point the situation switches from the one sketched in Fig. 9b
to the one in Fig. 9c and Aug ™8 ~ Aul™ € holds. As long as
this transition occurs at a uo below the Fe/FeO equilibrium, the
resulting straight in Fig. 9e would be identical to the one of
Fig. 9c and thus indistinguishable. Hence, this scenario would
also explain the experimental results of ‘Fe — FeO’ measure-
ments in Fig. 10. A discrimination, however, whether the model
in Fig. 9c or such a dynamic transition from p2™ ~ u&*° to
B~ ™€ occurs, is not straight forwardly possible from the
electrochemical results in this study.

Another rather unexpected peculiarity of the hysteresis is
the position of the switching potential from oxidic to metallic
Fe-particles. This transition deviates significantly from the
thermodynamically expected Fe’/FeO equilibrium as can
already be seen in Fig. 6 and 7. But even more interesting, by
comparing Fig. 9e and 10, it can be deduced that this deviation
cannot be explained by any of the three suggested theoretical
models. In Fig. 10 this discrepancy appears as the ‘FeO — Fe’
lines running at substantially lower overpotentials as the one
predicted by eqn (5). This behaviour is insofar astonishing as it
implies that the surface particles remain oxidic even under
conditions where both gas phase and MIEC electrode provide a
driving force to re-reduce them.

As a reasonable interpretation for the behaviour observed
here we suggest a nucleation limitation: A small cluster of Fe°
atoms - acting as the nucleus of Fe’ re-formation - is less stable
than bulk iron, as its formation requires establishing an addi-
tional metal/oxide interface, which commonly costs energy.

© 2023 The Author(s). Published by the Royal Society of Chemistry

of the previous /-V recording, i.e. a higher (filled markers) or a lower (half-full markers) one.

Therefore, a slight overpotential is needed for spontaneous
formation and growth of the metallic nucleus. Interestingly,
there appears to be little to no overpotential required to
nucleate the oxidation reaction. In this case however, no new
metal/oxide interface must form, but rather the interface moves
into the particle - and thus the surface energy penalty is much
lower. What should also be mentioned here is that if this
explanation is correct the Fe® particles appear to be sufficiently
small that the metal/oxide interface moves through the entire
particle quickly enough (based on the findings of a previous
paper the metal particle size is a few tens of nm®"). A systematic
investigation of the influence of the particle size on the switch-
ing behaviour is currently underway and will be the subject of
an upcoming paper.

Another possibility is the formation of Fe;O, at high enough
overpotentials, as already confirmed in a previous study.®’
A slower oxide ion diffusion in Fe;O, compared to FeO and
thus a significant transfer resistance for oxide ions at the Fe;0,/
FeO or Fe;0,/MIEC interface would in principle also be able to
explain the observed discrepancy and is supported by literature
data.””””® The particle thus lags behind the effective po_ in the
MIEC upon reducing the anodic overpotential past the point of
the Fe/FeO equilibrium. This interpretation is also in accor-
dance with the already observed effect, that the occurrence of
the hysteresis also has a strong time relation.®® Beyond that,
also strain in the particles may cause deviations in the particle
redox behaviour from the thermodynamically ideal response.

4.3 Comprehensive summary of the individual phases of
electrochemical activity switching

Fig. 11a depicts an simulated I-V curve for a given atmosphere
with a switching potential in the anodic branch and a strong
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(a) Simulated /-V curve with a switching potential in the anodic branch showing a large hysteresis defining three significant points (schematic

explanation in (b)) based on the measurement direction and the dominant reaction taking place.

hysteresis for the ‘Fe — FeO’ and ‘FeO — Fe’ recording
direction. The previous results suggest three significant points.
The first one (I in Fig. 11) corresponds to the part of the I-V
curve, where a metallic particles are formed due to a large
electrochemical driving force (i.e. eqn (7) from left to right).

The regime created by these growing particles is characterised
by high electro-catalytic activity and remains present until the
electrochemical overpotential pushes the oxygen chemical
potential in the particle beyond the thermodynamic threshold
for the Fe’/FeO transition. As ug™C ~ %™ holds in good
approximation for the current system, the oxidation of Fe’ occurs
at the overpotential, where the effective oxygen pressure in the
MIEC (described by eqn (5)) is in accordance with the respective
Do, of the Fe®/FeO equilibrium. Upon oxidation of the exsolved
iron particles, the current drops sharply due to less H,q spilling
over from the now oxidic particle (point II in Fig. 11).

By again decreasing the applied anodic potential, however,
the re-reduction of oxidic particles is shifted to a lower anodic
overpotential (point III in Fig. 11) and thus forms the hysteresis.
This is also supported by the low current density in the -V
characteristics as well as the XPS results shown above. We
suggest this shift of the point of Fe-oxide particle reduction to
originate from a kinetic hindrance due to a nucleation limita-
tion, and the overpotential is needed to facilitate spontaneous
formation and growth of the metallic phase. An alternative (but
less likely) explanation would be the confirmed formation of
Fe;0, which exhibits a slower oxide ion diffusion than FeO
leading to the particle lagging behind the MIEC after the
reduction of the oxygen pumping rate.

4.4 Relevance for redox-type catalysts in heterogeneous catalysis

It should be explicitly mentioned that the conclusions drawn in
the previous sections are not only relevant for exsolution-
decorated oxide electrodes but also for conventional

286 | EES Catal, 2023,1,274-289

heterogeneous catalysis on these novel catalysts. The main
difference between conventional heterogeneous and electro-
chemically supported catalysis is that the usage of voltage as
a controllable parameter allows decoupling of processes which
are tied together otherwise. For example, in a non-equilibrium
gas atmosphere - like it is the case for a mixture of H, and CO,
that can react via the well-known reverse water-gas shift reaction
(rWGS; H, + CO, —» H,0 + CO) - the effective oxygen partial
pressure is ill-defined. Whether such a non-equilibrium gas
mixture has a reducing or an oxidising effect on a material,
depends on the respective reaction kinetics. On an oxide sup-
ported metal catalyst, this may lead to the situation that the
effective oxygen partial pressure in the particle differs from the
one in the MIEC parent oxide. When studying the activity of an
exsolution catalyst for such a reaction, it may not be easily
recognisable that the actual chemical state of the particles may
be mainly controlled by the kinetics of oxygen exchange between
the mixed conducting support and the gas atmosphere (see
Fig. 9a for reference). Applying a voltage that causes an electro-
chemical stoichiometry polarisation of the MIEC parent oxide
offers a convenient possibility to adjust ug ™= and u&* indepen-
dently from each other, which in this study was the decisive
factor for unravelling the complex kinetic interplay between
atmosphere, particle, and perovskite-type parent oxide.

5. Conclusion

In this work, perovskite-type ferrite materials were used as model-
systems to successfully gain insights into the formation of
catalytically active Fe° exsolutions as well as the electrochemical
switching behaviour of these catalyst particles. Dense LSF and
NCF thin films on YSZ electrolytes with fast GDC based counter
electrodes were prepared and their exsolution behaviour was
investigated with special emphasis on the chemical/oxidation

© 2023 The Author(s). Published by the Royal Society of Chemistry
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state of the obtained surface particles and their impact on the H,
oxidation/H,O electrolysis reaction. This was achieved by a combi-
nation of electrochemical (mainly I-V characteristics) and surface
sensitive methods (in situ NAP-XPS). The measurements revealed
the following:

e The recorded I-V curves showed three distinct points,
where sudden step changes in the current density were obser-
vable. At sufficiently cathodic overpotentials this is linked to
the formation of exsolved Fe® nanoparticles, which can then be
oxidised in the anodic branch after reaching the Fe’/FeO
equilibrium. The re-reduction, however, is hampered by the
Fe® nucleation process resulting in a hysteresis.

e For the initial formation of exsolution particles, lower
effective po, values, stronger cathodic polarisation and longer
holding times were found to act promoting. The composition of
the parent oxide and its prehistory-dependent surface state
apparently played a significant role for the kinetics of H,
oxidation/H,O splitting, however, the latter shows only a minor
(if any) correlation with particle exsolution.

e Once exsolved, the particles could be reversibly oxidised
and reduced by changes of the applied overpotential and
atmosphere. Aided by theoretical considerations, we could
show that not the atmospheric composition but the oxygen
chemical potential in the perovskite bulk is decisive for the
redox state of the particles.

e For re-reduction of the particles, interestingly none of the
theoretical models reflects the observed behaviour, but rather a
phase transition at more reducing conditions as the thermo-
dynamically expected overpotential was found, which may be
due to a nucleation limitation related to the re-formation of a
metal/oxide interface.

e The independent adjustment of up °C and u™ with the
applied voltage allowed decoupling of the relevant processes,
which control the surface state of exsolved particles, thus
providing an important contribution to the understanding of
heterogeneous catalysis on exsolution catalysts.
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