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volution of exsolved Fe–Ni alloy
nanoparticles in Ni-doped La0.3Ca0.7Fe0.7Cr0.3O3�d

and their role in enhancing CO2–CO
electrocatalysis†

Haris Masood Ansari, a Adam Stuart Bass, a Nabeel Ahmad b

and Viola I. Birss *a

The growth and phase evolution characteristics of exsolved metal nanoparticles (NPs) in a Ni-doped

La0.3Ca0.70Fe0.7Cr0.3O3�d (LCFCrN) perovskite is investigated in H2–N2 and CO–CO2 environments.

Exsolution kinetics are rapid in H2–N2 while those in CO–CO2 atmospheres are sluggish, possibly due to

a combination of pO2 difference in excess of three orders of magnitude as compared to that in H2–N2,

and a different reaction pathway in the two atmospheres. NPs grown in H2–N2 exhibit a compositional

and structural progression from an initially Ni-rich phase to an Fe-rich phase at short and long heat

treatment durations, respectively. Once the subsurface Ni depletes, the NPs seem to coarsen via

a combination of addition of Fe from the parent perovskite and Ostwald ripening. For longer heat

treatment durations, CaO particles are observed to be appended to the Fe–Ni NPs. Exsolution also

occurred in CO2–CO atmospheres exhibiting similar trends, although the composition of the NPs was

Ni-rich even after a 25 h reduction treatment in 70 : 30 CO : CO2 at 800 �C, indicating that the NPs are

resistant to coarsening and stable for use in highly reducing CO–CO2 environments. In reversible solid

oxide cells (RSOC) applications, the CO oxidation kinetics are typically sluggish on single phase

perovskite electrodes. However, for Fe–Ni alloy NP-decorated LCFCrN (Fe–Ni@LCFCrN), the NPs are

shown to enhance the CO oxidation kinetics (by ca. 75%) and the CO2 reduction reaction (CO2-RR)

kinetics (by ca. 15%) as compared to the parent material, LCFCr. This makes the Fe–Ni@LCFCrN catalyst

equally active for both reactions, hence significantly enhancing its potential for use in reversible solid

oxide cell applications.
1. Introduction

Mixed ion-electron conductors (MIEC) belonging to the perov-
skite oxide class, with a chemical formula ABO3, are a very
promising class of inorganic materials that have gained
signicant traction in the last decade or so for use as the
cathode material in solid oxide electrolysis cells (SOEC) to
replace conventional Ni-YSZ cathodes, due to their propensity
for loss of activity due to coking,1,2 as well as Ni oxidation,
especially under pure CO2.3–5 One of the main advantages of the
use of MIECs is that they can operate as a single phase in the
electrode layers, without the need for the presence of a second
ionically conducting phase (typically YSZ), as MIECs typically
have both good ionic and electronic conducting properties. This
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then can simplify the microstructural requirements of these
electrodes, removing the requirement for maximization of the
triple phase boundary length, as is the case in Ni-YSZ.

Of the perovskite oxides that have been examined to date,
single phase La0.3M0.7Fe0.7Cr0.3O3�d (LMFCr, M ¼ Sr, Ca) has
emerged as a very promising material, showing exceptionally
active and stable performance characteristics at both the
cathode (fuel electrode) during CO2 reduction as well as during
oxygen evolution at the anode (oxygen electrode).6–8 What is
remarkable is the fact that LMFCr exhibits high activity for CO2

reduction as well as oxygen evolution in the absence of a second
phase, such as doped ceria, which is generally added to perov-
skites to increase the ionic conductivity and generate a triple
phase boundary (TPB) length, that, in turn, enhances perfor-
mance. Efforts are still underway to further improve the
achievable current densities at the lowest overpotentials by
using symmetrical SOECs that employ LMFCr at both
electrodes.

Furthermore, there is growing interest in RSOCs that can run
reversibly in both the fuel cell (SOFC) mode (CO oxidation) as
This journal is © The Royal Society of Chemistry 2022
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well as the SOECmode (CO2 reduction). This could enable using
off-peak renewable electricity for electrolysis of CO2 (and
possibly H2O) to produce fuel (CO and H2), and, vice versa,
converting the fuel back to electricity during peak demand, all
using the same RSOC. However, although single phase LMFCr
shows a reasonable performance for CO oxidation, much like
other similar perovskites, the CO oxidation activity is sluggish
as compared to that for the CO2 reduction reaction (CO2-
RR).7,9,10 Therefore, it is imperative to explore means to improve
the CO oxidation activity of LMFCr andmake it equivalent to the
activity for CO2-RR to enhance its applicability in RSOC
applications.

In the last few years, there has been a growing interest in
employing nanomaterials and nano-engineering approaches to
enhance the stability and performance of perovskite electrode
materials. Metal nanoparticle (NP) inltration and in situ metal
NP exsolution are two such methods by which electrode
performance can be improved.11–15 Of these two, exsolution
offers more benets in terms of exercising control over the size
and areal density of the NPs and their stability towards coking
and agglomeration during operation.16–18 Perovskite oxides,
such as La0.3Ca0.7Fe0.7Cr0.3O3�d (LCFCr), are a particularly
versatile class of materials with properties that can be tailored
by doping a variety of cations into either the A-site or the B-
site.19 By placing reducible/redox active cations on the B-site,
there is a possibility of producing metal catalyst NPs on the
perovskite backbone by exsolution.20

In material systems that do not readily exsolve B-site cations,
an A-site deciency helps to facilitate exsolution from the B-site,
and in turn, inhibits the formation of undesirable reaction
products, such as phases containing A-site cations.21 The NPs
are strongly anchored to the parent perovskite backbone, which
is the dening factor in their excellent long-term stability and
coking resistance.22 The NPs not only provide active sites for
CO2/CO adsorption but also increase the catalytically active
surface area.23,24 In situ NP exsolution has been demonstrated in
a variety of perovskite systems, such as La0.52Sr0.28Ni0.06Ti0.94-
O3,21 La0.43Ca0.37Ni0.03Fe0.03Ti0.94O3�g,25 La0.6Sr0.4Fe0.8Ni0.2-
O3�d,9 La0.6Ca0.4Fe0.8Ni0.2O3�d,26 La0.3Sr0.7Cr0.3Fe0.6Co0.1O3�d,27

Sr1.95Fe1.35Mo0.45Ni0.2O6�d,24 and, Pr0.5Ba0.5Mn0.9Co0.1O3,28 to
name a few.

Employment of Ni or Co-doped perovskites as cathodes for
the electrolysis (or oxidation) of CO2 (CO) requires exposure of
the cathode (or fuel electrode) to a reducing atmosphere, typi-
cally 5 : 95 H2 : N2 (or Ar), for a few hours at the SOC operating
temperature, typically 800–900 �C. This ensures that the
exposed surfaces of the porous cathode are decorated with
a reasonable population of metal NPs with sub-100 nm sizes.
During CO2 reduction and CO oxidation, the fuel electrode is
exposed to CO2–CO atmospheres having a pO2 ranging from
10�7 to 10�27 atm (assuming 0.01% CO in pure CO2 and 0.01%
CO2 in pure CO, respectively). As will be shown later in this
paper, exsolution of metal NPs from Ni-doped LCFCr can occur
in 5 : 95 CO : CO2 having a pO2 that is several orders of
magnitude lower (�10�16 atm) than that in 5 : 95 H2 : N2 (pO2 <
10�23 atm). However, the vast majority of the literature on
exsolution is based on reduction in H2 prior to CO2 electrolysis,
This journal is © The Royal Society of Chemistry 2022
even though the fuel electrode is mostly exposed to CO2–CO
atmospheres during CO2 reduction and CO oxidation. Accord-
ing to our knowledge, there are no reports in literature on the
formation, evolution, and stability of NPs exsolved in CO2–CO
atmospheres and the similarities and differences with those
formed in H2.

In this paper, we have employed 5 mol% A-site decient
compositions of LCFCr ((La0.3Ca0.70)0.95Fe0.7Cr0.25Ni0.05O3�d)
with a 5 mol% B-site doping of Ni to demonstrate the robust-
ness of the system toward in situNP exsolution and the excellent
NP size tunability it affords for relatively short reduction times
at 750–800 �C. We also compare exsolution trends in two
different gas environments, namely H2–N2 and CO2–CO, with
pO2 ranging from ca. 10�16 to < 10�23 atm, to highlight the
difference in NPs characteristics in the two gas environments.
Finally, we demonstrate the enhancement of CO2 reduction
kinetics and especially CO oxidation activity due to the NPs
anchored on the parent perovskite surface.

2. Experimental methods

(La0.3Ca0.7)0.95Fe0.7Cr0.25Ni0.05O3�d (LCFCrN) powder was
prepared by dissolving La(NO3)3$6H2O, Ca(NO3)2$4H2O,
Fe(NO3)3$9H2O, Cr(NO3)3$9H2O and Ni(NO3)2$6H2O (Alfa
Aesar, USA) in DI water (100 mL) according to the desired
stoichiometry. Glycine was added in a 2 : 1 mole ratio versus the
total metal content and the mixture was heated at 375 �C on
a hot plate until auto ignition. The ash was calcined in a high
temperature furnace at 1200 �C for 2 h and then ball milled in
an isopropanol medium and zirconia balls at 150 rpm for 4 h.
The milled powder was uniaxially pressed into pellets at
200 MPa, and then sintered in air at 1200 �C for 8 h. Both
powder and pellet samples were exposed to owing 5 : 95
H2 : N2 or X CO : (100 � X) CO2 (X ¼ 5–95) in a tube furnace at
750–800 �C for 1–50 h (the pO2 of the gas mixtures used in this
work is listed in Table S1†). The furnace was ramped up at
5 �C min�1 in N2 (20 sccm) and allowed to stabilize for 15
minutes upon reaching the temperature set point before
introducing the reducing gases at a total ow rate of 20 sccm.
Upon completion of the reduction treatment, N2 was reintro-
duced for 15 min at temperature aer which the furnace was
ramped down at 5 �C min to room temperature in owing N2.

Field emission scanning electron microscopy was performed
on a Zeiss Sigma FEG-SEM. X-ray diffraction was carried out
over a 2q range of 20–80� (step size ¼ 0.02�, time per step ¼ 1 s)
on Bruker D8 and Rigaku Multiex-1200 XRD spectrometers
with Cu Ka radiation. High Angle Annular Dark Field (HAADF)
Scanning Transmission Electron microscopy (STEM) and
Energy Dispersive Spectroscopy (EDS) were performed using
a FEI Titan Themis STEM.

The electrochemical performance of LCFCrN was evaluated
using symmetrical cells, where single phase LCFCrN powder
was mixed with an ink vehicle in a 1 : 1 ratio (by weight)
and screen printed on an area of ca. 0.53 cm2 on both sides of
130 mm thick (1 inch in diameter) samaria-doped ceria (SDC)-
buffered scandia-stabilized zirconia (ScSZ) electrolytes
(Hionic™, Nexceris, USA) followed by ring at 1100 �C for 2 h.
J. Mater. Chem. A, 2022, 10, 2280–2294 | 2281
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The current collectors were comprised of Au paste, which was
painted on both electrodes followed by ring at 825 �C for 1 h,
while Au wires were used as the contact leads.

The cells were mounted on an alumina tube and sealed using
Ceramabond VFG-552 sealant (Aremco Products, USA) to isolate
the fuel and the air sides. Electrochemical performance
measurements were carried out at 800 �C under various CO2–CO
atmospheres (pure CO2, 90 : 10, 70 : 30, and 50 : 50 CO2 : CO).
The gas mixtures were chosen to simulate the various environ-
ments the fuel electrode could be exposed to under a typical
SOC operation. A Solartron 1287/1255 potentiostat/impedance
analyzer was used to acquire electrochemical impedance
spectra (EIS) in the frequency range of 0.01–65 000 Hz at an AC
amplitude of 50 mV. Cyclic voltammograms (CVs) were
acquired at a sweep rate of 5 mV s�1 using a Solartron 1287
interface and Corrware soware. Short-term electrochemical
stability of the cells was evaluated by 15 minute potentiostatic
tests at cell voltages of 1.0, 1.2, 1.4, and 1.6 V, respectively, in
pure CO2, 90 : 10 and 70 : 30 CO2 : CO atmospheres. Medium-
term stability was evaluated via a 10 h potentiostatic test at
a cell voltage of 1.3 V in a 70 : 30 CO2 : CO atmosphere.
3. Results and discussion
3.1 Exsolution of Fe–Ni alloy NPs from LCFCrN in H2–N2

environment

Fig. 1(a) shows an XRD pattern of the as-prepared LCFCrN
powder. While the parent perovskite (LCFCr) is a pure ortho-
rhombic phase in the space group Pnma, the XRD pattern of A-
site decient LCFCrN shows the presence of Fe2O3 and NiO.
These impurities have also been observed by Lv et al. in A-site
Fig. 1 (a) XRD pattern of the as-prepared LCFCrN powder (inset: narro
showing the surface of an LCFCrN pellet before the reduction treatment
upon reduction in 5 : 95 H2 : N2 atmosphere for 1 h at 800 �C, with (d) sh
box in (c), and (e) a histogram depicting the NP size distribution.

2282 | J. Mater. Chem. A, 2022, 10, 2280–2294
decient Ni-doped SFMN (Sr1.95Fe1.35Mo0.45Ni0.2O6�d and
Sr1.90Fe1.35Mo0.45Ni0.2O6�d).24 Lai et al. doped a similar material,
namely La0.3Sr0.7Fe0.7Cr0.3O3�d, with Co to attain the composi-
tion (La0.3Sr0.7)0.95Fe0.6Cr0.3Co0.1O3�d and found (Fe,Cr)3O4

impurities in their powder.27 They argued that a pure phase
cannot be attained with 5 mol% A-site deciency in this mate-
rial because of the high Sr content and low Cr content. From an
electroneutrality viewpoint, the A-site deciency can either be
compensated for by the creation of built-in oxygen vacancies or
by an increase in the oxidation state of the B-site cations (since
the A-site cations, La3+ and Ca2+, have only one oxidation state).
Xiao et al. have shown that the oxygen non-stoichiometry (d) in
La0.3Ca0.7Fe0.7Cr0.3O3�d is ca. 0.05,29 since Cr prevents oxygen
loss due to a strong preference for 6-fold coordination. Charge
compensation in these perovskites is achieved by Cr3+ changing
its oxidation state to Cr4+, which has a limit set by the amount of
Ca2+ and Cr3+ present.27,30 In LCFCrN, the amount of Ca2+ is
high and that of Cr3+ is low and hence Fe2O3 and NiO impurities
are inevitable along with a near-stoichiometric perovskite.27

Furthermore, a close look at the phase diagrams of the La–Fe–O
and La–Cr–O systems shows that the equilibrium A/B ratio in
LaFeO3 and LaCrO3 in air is close to 1. Since LCFCrN is based on
these aforementioned compounds, any deviation from A/B ¼ 1
could very well result in impurity phases.31,32

The SEM micrograph in Fig. 1(b) shows the surface of the
LCFCrN pellet before reduction, while that in Fig. 1(c) shows the
early stages of NP formation when the pellet is reduced in 5 : 95
H2 : N2 for 1 h at 800 �C. At this stage, the smaller particles are
hemispherical, while the bigger particles begin to facet, such as
the large particle with a square base in the SEM image of
Fig. 1(d). The NPs are 25–70 nm in size with an average of ca.
wer 2q range showing the Fe2O3 and NiO peaks). (b) SEM micrograph
, (c) SEM micrograph showing NPs on the surface of an LCFCrN pellet
owing a higher magnification image of the area highlighted by the red

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 X-ray diffraction patterns of (a) as-prepared LCFCrN, LCFCrN
exposed to 5 : 95 H2 : N2 at 750 �C for 1 and 5 h, and 800 �C for 1 and
5 h, respectively, and (b) patterns over a narrower 2q range, showing
the phase evolution upon reduction of LCFCrN at 750 �C for 5 h and
800 �C for 1, 2, and 5 h, respectively.
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46 nm and an areal density of ca. 18 NPs/mm2, as depicted in
Fig. 1(e). The robustness of the system to NP exsolution in a H2

environment is apparent in that a sizeable NP population with
sub-100 nm sizes is observed aer only 1 h of reduction treat-
ment at 800 �C, the typical operating temperature of SOCs. The
practicality of catalyst systems with exsolved NPs depends on (1)
how quickly a reasonable NP population is established on the
catalyst surface, (2) the average size of the NPs, and (3) the
thermal stability of the NPs. Many SOC catalyst systems have
suffered from this practical limitation, whereby the exsolution
kinetics were either too sluggish33 or required temperatures as
high as 1400 �C to achieve a reasonable NP population.34 In
some systems, such as La0.52Sr0.28Ni0.06Ti0.94O3,21 the A-site
deciency had to be signicantly increased to force NP exsolu-
tion. However, these time and temperature requirements to
achieve a reasonable NP population still render the system
impractical for SOC application.

In the case of LCFCrN, two factors that could determine its
strong exsolution capability in H2 are the A-site deciency and
the presence of other redox active cations on the B-site, namely
Fe and Cr. Under a reducing environment, the loss of lattice
oxygen reduces the 6-fold coordination of the B-site cations.
Oxygen stripping during exposure to a reducing environment
has been identied as a vital factor in the surface segregation of
reducible species and their eventual exsolution.35,36 Haag et al.
have shown that, in a reducing environment, the oxygen stoi-
chiometry for La0.3Sr0.7Fe0.7Cr0.3O3�d, a perovskite similar to
LCFCr, is �2.65 (d �0.35) when B-site cations reduce fully to an
oxidation state of +3.37 This, in turn, destabilizes the perovskite
lattice by lowering the co-ordination number of B-site cations
and could have a strong inuence on forcing B-site exsolution.
Sun et al. have argued that lattice coordination has a strong
inuence on the rate of exsolution.13 Through experiments and
density functional theory (DFT) calculations on Pr0.5Ba0.5-
Mn0.9Co0.1O3, they have shown that crystal reconstruction and
subsequent lowering of the coordination number of B-site
cations favors Co NP exsolution in a reducing environment.
Since the A-site deciency in LCFCrN is low in our case, the loss
of lattice oxygen and lowering of co-ordination number could be
the dominant factor in the speed of exsolution.35

It has been shown via high temperature AFM studies that the
initial stage of NP formation involves the appearance of pits on
perovskite surfaces exposed to a reducing atmosphere from
where the NPs subsequently emerge.38 A direct consequence of
this is that the NPs are rmly anchored to the parent perovskite,
with as much as 30% of the NP residing below the surface.17 The
existence of surface pits is clearly visible in Fig. 1(d) and many
NPs seem to have a trench around them. A recent in situ TEM
study on a La0.43Ca0.37Ni0.06Ti0.94O3 perovskite has shown that the
Ni NPs nucleate on the perovskite surface rather than in the bulk
and that anchoring is achieved when the expanding NPs push the
perovskite lattice around them, causing it to rise around the
particles to create a volcano-shaped socket.39 However, it is
unclear from our experiments whether pit formation is
a precursor to exsolution and eventual emergence of NPs from
them, or whether the pits are formed later when the NPs mound
up as they grow and draw material from their vicinity.
This journal is © The Royal Society of Chemistry 2022
To understand the phase evolution of the NPs and the
perovskite, rst in a H2 atmosphere, the as-prepared LCFCrN
powder was reduced at two different temperatures, namely 750
and 800 �C, in 5 : 95 H2 : N2 for 1–50 h Fig. 2 shows a series of
XRD patterns of LCFCrN aer exposure to 5 : 95 H2 : N2 at 750
and 800 �C for 1, 2, and 5 h. Although slightly suppressed peaks
of Fe2O3 and NiO are still visible aer a 1 h reduction at 750 �C,
these peaks disappear aer a 5 h reduction at 750 �C (Fig. 2(a)
and (b)). At the same time, peaks for FeNi3 (JCPDS 38-0419)
appear at 2q values of 44.33� and 51.7�. A weak peak at 2q ¼
43.64� is also visible, which belongs to the Fe-rich Fe0.64Ni0.36
(JCPDS 47-1405) Fe–Ni alloy. Lv et al. reduced
Sr2Fe1.35Mo0.45Ni0.2O6�d (SFMN) perovskites in 5 : 95 H2 : Ar at
700 �C for 2 h and found the surface of the SFMN powder
particles decorated with FeNi3 NPs,24 while Liu et al. reduced
La0.6Sr0.4Fe0.8Ni0.2O3�d (LSFN) in 5 : 95 H2 : N2 at 850 �C for 2 h
and observed Fe0.64Ni0.36 NPs on the surface of LSFN.9 That we
observe both FeNi3 and Fe0.64Ni0.36 NPs could be due to the
combination of a lower temperature as compared to that
employed by Liu et al. and a longer reduction time compared to
that used by Lv et al.
J. Mater. Chem. A, 2022, 10, 2280–2294 | 2283
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Fig. 3 SEM micrographs showing the metal NPs on the surface of
LCFCrN pellets, formed upon exposure to 5 : 95 H2 : N2 for (a) 5 h at
750 �C, (b) 5 h at 800 �C, (c) 25 h at 750 �C, and (d) 25 h at 800 �C. (e)
Plots of NP average size and areal density vs. heat treatment duration.
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Another factor that could be at play in determining the NP
composition/stoichiometry is the amount of dopant present,
which in our case is 5 mol%, while it was 10–20mol% in the two
aforementioned cases.9,24 Our results suggest that the rst
generation NPs that were initially FeNi3 coarsened and formed
Fe0.64Ni0.36 at a later stage, while the next generation of NPs with
a FeNi3 composition nucleated at the same time. This also
suggests that the NP size and composition can be tuned in
LCFCrN to suit the application by varying the reduction
temperature and duration. It is hardly surprising that the NPs
formed at lower temperatures or short reduction durations are
Ni-rich, since the Gibb's free energy change for Ni2+ / Ni0

reduction (DGr) is highly negative at 800 �C, while that for Fe2+

/ Fe0 is less negative.40 All the other cations in LCFCrN have
a positive DGr value and hence are stable in reducing environ-
ments and thus do not exsolve.

Increasing the reduction temperature to 800 �C for 1 h
results in an XRD pattern similar to the one obtained aer a 5 h
reduction at 750 �C, although weak NiO peaks are still visible
(Fig. 2). These NiO peaks disappear when the reduction dura-
tion was increased to 2 h, while a weak Fe0.64Ni0.36 peak appears
at a 2q value of 43.65�. The NPs formed under these conditions
are composed predominantly of FeNi3, while the parent perov-
skite peaks shi to higher 2q, suggesting a lattice contraction. A
longer reduction duration at 800 �C (5 h) resulted in NPs with
a mixed Fe0.64Ni0.36 and FeNi3 composition, although the NP
stoichiometry possibly deviates from Fe0.64Ni0.36 and FeNi3,
which causes peak shis such as indicated by * in Fig. 2(b).

Exsolution is oen accompanied by the formation of AO type
oxides9,21 and, in this case too, CaO peaks appear aer a 5 h
reduction at 800 �C, possibly as a consequence of loss of Fe3+

from the B-site and a strong affinity of the system to revert to
ABO3 stoichiometry. Neagu et al. have suggested that increasing
the perovskite A-site deciency ($0.1) could circumvent the
formation of AO byproduct and also produce a stable residual
perovskite.41 In this work, we have employed an A-site deciency
of 0.05 and have used native perovskite surfaces rather than
cleaved bulk surfaces. It is shown in literature that native
surfaces undergo A-cation surface segregation21,27, which could
interfere with the exsolution process and also promote the
formation of the AO byproduct. However, for real SOC catalysts,
their native surfaces, rather than cleaved bulks, are exposed to
the process gases. Also, as we have already shown (Fig. 1(c)), the
exsolution process in LCFCrN does not seem to be inhibited in
any way by the use of native surfaces and hence we did not use
cleaved bulk surfaces in this work. Fig. 1(c) shows that the entire
surface of the LCFCrN pellet is uniformly covered with NPs even
aer 1 h exposure to 5 : 95 H2 : N2 at 800 �C. The system is so
robust that lower growth temperatures can also be employed
and the size and areal density of the NPs can be tuned by varying
the time of reduction treatment.

Fig. 3 shows a series of SEM micrographs, displaying the
surfaces of LCFCrN pellet samples, reduced at 750 and 800 �C
for 5 and 25 h, respectively. The dark phase adjoining the NPs in
Fig. 3(b–d) appears to be CaO, since it was evident in the XRD
pattern in Fig. 2. Similar oxide growth attached to the NPs has
also been observed by Neagu et al. in La0.8Ce0.1Ti0.6Ni0.4O3,39 as
2284 | J. Mater. Chem. A, 2022, 10, 2280–2294
well as Thalinger et al. in La0.6Sr0.4FeO3�d.42 Notably, CaO
formation during exsolution may not necessarily have a delete-
rious effect on the electrochemical performance of the material,
as it has been shown to promote CO2 adsorption and enhance
the electrochemical activity in synergy with exsolved NPs.26 One
feature that is common to all of the micrographs shown in this
work is the surface roughness that develops on the surfaces of
the LCFCrN grains upon exposure to 5 : 95 H2 : N2 environ-
ment. Although others27,43 have also shown the development of
a similar degree of surface roughness, it is unclear whether this
is a result of exposure to the reducing atmosphere or the exso-
lution process, since the grain surfaces are smooth in the as-
prepared pellets in air as seen in Fig. 1(b).

The NPs that form at 750 �C in 5 : 95 H2 : N2 are smaller in
size and appear to be hemispherical in shape as compared to
those formed at 800 �C for the same time duration. Fig. 3(e)
shows plots of the NP average size and areal density vs. heat
treatment duration. For a 5 h reduction treatment, the NPs
formed at 750 �C are 36 nm in size on average with an areal
density of ca. 44 NPs/mm2, while those formed at 800 �C are
95 nm in size with an areal density of ca. 14 NPs/mm2. The
average size of the NPs at both 750 and 800 �C exhibits an
increasing trend with the heat treatment duration and the size
distribution becomes broader with time (Fig. S1†).

The NPs formed at 800 �C have an initially steep growth rate
(Fig. 3(e)), nearly doubling their average size aer 5 h, but
saturating beyond that point, leading to average sizes of ca.
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 SEM micrographs showing NPs on the surface of an LCFCrN
pellet upon exposure to 5 : 95 H2 : N2 for (a) 5 h, and (b) 10 h at 800 �C.
The same area was imaged for both (a) and (b).
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115 nm aer 50 h. It is pertinent to mention here that the NP
size distribution becomes broader with heat treatment time in
the 5 : 95 H2 : N2 environment (Fig. S1†), suggesting the pres-
ence of two competing processes, namely nucleation and
growth. It seems that, aer an initial nucleation burst, growth is
the dominant process. This could explain the slight decrease in
NP areal density between 1 and 5 h of reduction treatment
(Fig. 3(e)) as the NPs double in size. At this point, although the
subsurface Ni is depleted, more Ni diffuses to the surface from
the bulk, initiating new nucleation events and hence causing
the areal density to double thereaer, from 14 NPs/mm2 aer 5 h
to 27 NPs/mm2 aer 25 h.

The results at 750 �C paint a slightly different picture.
Fig. 3(e) shows that the NP growth rate in 5 : 95 H2 : N2 is
sluggish at all times at the lower temperature and requires 50 h
for a twofold increase in size (from ca. 36 nm aer 5 h to ca.
70 nm aer 50 h). The slower growth rate leads to a signicantly
narrower NP size distribution for all heat treatment durations at
750 �C as compared to those formed at 800 �C (Fig. S1†). The NP
areal density is also 2–3 times higher at the lower temperature
than at 800 �C. This suggests that the conditions at 800 �C favor
NP growth, which is suppressed at 750 �C, likely due to smaller
diffusivities of Fe and Ni although the pO2 is lower at 750 �C.

Overall, our results suggest that the kinetics of nucleation
and growth, the two competing processes in NP formation, are
faster at 800 �C than at 750 �C in 5 : 95 H2 : N2, as expected.
Hence, the average particle size shis from 36 nm (750 �C 5 h) to
95 nm (800 �C 5 h), because the growth rate is much faster for
only a 50 �C increase in temperature. As a consequence, the
areal density drops from ca. 44 to 14 NPs/mm2. However, the
areal density of NPs aer 25 h at 750 �C does not change
signicantly (51 NPs/mm2) while that at 800 �C almost doubles
to 27 NPs/mm2. This could be attributed to the fact that, at the
higher temperature (800 �C), the Ni and Fe required to form NPs
can diffuse from deeper in the bulk to nucleate new surface NPs,
while once the sub-surface Ni concentration is depleted at
750 �C, nucleation of new NPs is restricted while the existing
ones coarsen to an average size of 46 nm, possibly by the
addition of Fe. A typical NP population consists of a variety of
shapes ranging from hemispherical for small particles to
cuboidal and faceted for larger ones.

To understand whether NP coarsening in LCFCrN is a result
of particle coalescence or Ostwald ripening, an experiment was
carried out in which the NP evolution in a particular area on
a pellet sample was tracked with time at 800 �C in 5 : 95 H2 : N2.
Fig. 4(a) shows an SEM image aer a 5 h exposure, in which
cuboidal NPs ca. 55 nm in size are clearly visible, while much
smaller NPs can also be seen emerging from the surface (indi-
cated by the yellow arrow in the inset in Fig. 4(a)). The same
sample was placed in the furnace again and reduced for another
5 h for a total of 10 h exposure to 5 : 95 H2 : N2 at 800 �C.
Fig. 4(b) shows that aer a 10 h exposure, the dark phase
completely disappeared from the surface while the grain surface
appears to have roughened as the particles grew in size. A few
individual particles were tracked for changes in shape and size
(marked by red oval and blue box). The tracked NPs appear to be
anchored to the same spot on the sample in the same
This journal is © The Royal Society of Chemistry 2022
orientation. Their shapes, however, changed from cuboidal to
irregular and their size doubled on average (from ca. 55 nm to
ca. 104 nm). The smaller NPs that were seen emerging aer 5 h
have completely disappeared, possibly merging with the larger
ones, which suggests that the dominant coarsening mechanism
in this case is Ostwald ripening, although the possibility of the
contribution of NP coalescence to the overall growth process
cannot be ruled out. Lai et al. also suggested Ostwald ripening
as the dominant NP growth mechanism for a similar perovskite
with Co doping (La0.3Sr0.7Cr0.3Fe0.6Co0.1O3�d), although they
based their argument on particle size and areal density
measurements rather than corroborating it with a particle
tracking experiment.27

HAADF STEM imaging was performed to determine the
morphology and composition of the NPs formed aer the
reduction treatment in H2–N2. Fig. 5(a) shows a STEM image of
a NP protruding from the perovskite particle surface. This
sample was exposed to 5 : 95 H2 : N2 for 1 h at 800 �C. The EDS
elemental color maps in Fig. 5(b–e) reveal that the NP is an Fe–
Ni alloy, while the EDS line scan across the center of the particle
reveals that the stoichiometry is close to Fe0.5Ni0.5 (f). Similar
results were obtained for the sample that was exposed to 5 : 95
H2 : N2 for 5 h at 750 �C. Fig. S2(a–e)† shows a NP with a square
base that is composed of only Fe and Ni, also with a stoichi-
ometry close to Fe0.55Ni0.45 (Fig. S2(f)†). Longer exposures to the
reducing environment appear to allow the NPs to shi from
J. Mater. Chem. A, 2022, 10, 2280–2294 | 2285
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Fig. 5 (a) HAADF STEM image of a NP exsolved upon reduction of
LCFCrN in 5 : 95 H2 : N2 for 1 h at 800 �C. EDS elemental maps of (b)
Fe, (c) Ni, (d) O, and (e) Fe and Ni overlayed, for the NP seen in (a). (f)
EDS line scan across the middle of the NP in (a).

Fig. 6 SEM micrographs showing NPs on the surface of LCFCrN
pellets upon exposure to (a) 10 : 90, (b) 30 : 70, (c) 70 : 30, (d) 90 : 10
CO : CO2 gas mixtures (inset shows the SEM image demonstrating the
Fe–Ni NPs encapsulated by a second phase), and (e) humidified
7.5 : 92.5 H2 : N2 for 5 h at 800 �C. (f) Plots of NP average size and areal
density vs. pO2 in various CO–CO2 gas mixtures.
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a Ni-rich to Fe-rich stoichiometry. These STEM results, in
conjunction with XRD, suggest that there is a series of Fe–Ni
alloys that can form by exsolution from LCFCrN at these
temperatures and that the transition from FeNi3 to Fe0.64Ni0.36
and beyond is not stepwise. Instead, this process likely proceeds
through intermediate compositions, such as Fe0.5Ni0.5, by the
addition of Fe to the growing NPs.

3.2 Exsolution of Fe–Ni alloy NPs from LCFCrN in CO–CO2

environments

In SOC conditions, the fuel electrode is exposed to CO–CO2

atmospheres having a pO2 ranging from 10�7 to 10�27 atm
(assuming 0.01% CO in pure CO2 and 0.01% CO2 in pure CO).
Even if the NPs are rst formed in 5 : 95 H2 : N2 before being
used as catalysts in CO–CO2 atmospheres, the atmosphere
could have enough reducing power to inuence the NP stability
during SOC operation. Although there are many reports in
which cell post-mortem analysis aer exposure to CO–CO2 has
been reported, there are no reports of systematic studies on the
nucleation and growth of exsolved Fe–Ni alloy NPs in CO–CO2,
to the best of our knowledge. For this reason, herein we
compare the Fe–Ni alloy NP nucleation and growth character-
istics during exsolution from LCFCrN perovskites in 5 : 95
H2 : N2 and CO–CO2 atmospheres.

Fig. 6(a–d) show SEMmicrographs of the surfaces of LCFCrN
pellets exposed to 10 : 90, 30 : 70, 70 : 30 and 90 : 10 CO : CO2

gas mixtures, respectively. Small hemispherical NPs are visible
in all of these gas mixtures as well as for gas mixtures with 5 : 95
and 95 : 5 CO : CO2 ratios aer 5 h exposure at 800 �C. One
important observation made from the SEM micrographs in
Fig. 6 is that the dark phase, possibly CaO, which was visible in
H2–N2 atmospheres, does not appear in all atmospheres up to
90 : 10 CO : CO2 aer a 5 h exposure. In 90 : 10 CO : CO2, the
2286 | J. Mater. Chem. A, 2022, 10, 2280–2294
NPs appear to be enveloped by a second phase with
a morphology that is reminiscent of a red blood cell (see inset of
Fig. 6(d)). It is unclear at present as to what this phase may be
but it is possible that it is the incipient CaO that was seen to
append to the NPs previously, although further characterization
is needed for accurate determination.

Fig. 7 shows XRD patterns for LCFCrN powder exposed to
various CO–CO2 mixtures, indicating that CaO only begins to
appear aer exposures to >90% CO, with distinct peaks visible
for 95% CO aer 5 and 25 h exposures. It is worth mentioning
that the pellets coked excessively aer exposure to 95 : 5
CO : CO2 for 25 h (see graphite peak at 2q value of 26.38� in the
XRD pattern in Fig. 7) and pulverized completely aer exposure
to 100% CO. Another interesting observation from the XRD
results is that the NPs are composed of Ni-rich FeNi3 up to at
least 70% CO, while distinct peaks for Fe0.64Ni0.36 alloy NPs
(clearly visible in 5 : 95 H2 : N2) only begin to appear aer
exposure to >90% CO. Also, the Ni-rich alloy peak disappears
aer a 25 h exposure to 95% CO and a peak at a 2q value of
44.94� appears, possibly reecting a-Fe.

Signicant surface roughness was observed on the LCFCrN
grains upon exposure to CO2–CO atmospheres, similar to what
was observed in 5 : 95 H2 : N2 atmospheres. Fig. 6(f) shows plots
for the variation in NP size and areal density with pO2 (which
varies with the CO2 : CO gas composition) for a 5 h exposure at
800 �C. The average NP size does not change signicantly,
increasing only by ca. 10% over a 3 orders of magnitude
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d1ta07552g


Fig. 7 (a) Room temperature X-ray diffraction patterns showing phase
evolution of LCFCrN exposed to varying CO–CO2 ratios at 800 �C. (b)
X-ray diffraction patterns showing the emergence of CaO and Fe–Ni
alloy NP peaks for LCFCrN exposed to 95 : 5 CO : CO2 at 800 �C for 5
and 25 h.
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decrease in pO2. On the other hand, a decrease in pO2 has
a marked effect on the Ni NP areal density, which increases by
a factor of ca. 5.5 when the pO2 was reduced from 3.1 � 10�17

atm to 6.9 � 10�20 atm. This suggests that, although the
decrease in pO2 promotes NP nucleation, it does not signi-
cantly impact NP growth in CO–CO2 environments.
3.3 Comparison of nanoparticles grown in CO–CO2 vs. H2–

N2 environments

To verify whether the NP composition, size, areal density, and
shape, are a function of pO2 alone, pellet samples were reduced
in humidied 7.5 : 92.5 H2 : N2 at 800 �C for 5 h. This gas
composition was chosen because it has a pO2 almost identical
to that of 70 : 30 CO : CO2 at 800 �C (Table S1†). Fig. 6(e) shows
an SEM image of the surface of the pellet, depicting the NP
distribution and morphology in humidied 7.5 : 92.5 H2 : N2.
The NPs have a composition close to FeNi3, an average size of
This journal is © The Royal Society of Chemistry 2022
67 nm, and an areal density of 14 NPs/mm2 (Fig. S4†). Although
the NP areal density is identical, the average NP size is almost 2/
3rd that in dry 5 : 95 H2 : N2, while the appended CaO particles
visible in Fig. 3 are also less abundant. These results suggest
that the nucleation kinetics are similar in both the atmospheres
(dry vs. humidied H2) while the coarsening kinetics are slower
in humidied 7.5 : 92.5 H2 : N2.

In comparison, while the Ni-rich NP composition (FeNi3) in
humidied 7.5 : 92.5 H2 : N2 is similar, the average size is
almost twice, and the areal density is almost half that in 70 : 30
CO : CO2, although the pO2for both atmospheres is similar. To
maintain the composition close to Ni-rich FeNi3 at a bigger size,
the rate of Ni diffusion to the growing NP needs to keep up to
prevent Fe enrichment. That this composition is maintained in
humidied 7.5 : 92.5 H2 : N2 at an average NP size of 67 nm (as
opposed to 38 nm in 70 : 30 CO : CO2) suggests that the H2–N2

environment is more potent for NP exsolution than CO–CO2

environment and that the nature of the reducing gas in
conjunction with the pO2 dictates the NP characteristics. With
regards to the NP shape, those formed in humidied 7.5 : 92.5
H2 : N2 are strongly faceted with cuboidal or pyramidal shapes
(Fig. 6(e)), while those formed in 70 : 30 CO : CO2 are more or
less hemispherical (Fig. 6(c)). The stark differences in the
shapes of the NPs in both the environments also lend credence
to the assertion that the nature of the gas, not just the pO2, plays
an important role in determining NP characteristics.

Since the two gas environments, humidied 7.5 : 92.5
H2 : N2 and 70 : 30 CO : CO2, have a similar pO2 but exhibit
starkly different NP characteristics, the nature of the gas and
consequently the role of the reaction pathway for reduction in
H2–N2 vs. CO–CO2 are clearly very important. For exsolution to
proceed, a complex series of steps are required, i.e., the reactant
gas must diffuse to the NP/perovskite interface and then
undergo many individual reaction steps, including multiple
solid-state processes, as shown as net reactions (1) and (2) in
H2–N2:

Ni
0
Fe þO�

O þH2/Ni0s þH2Oþ V
00 0
Fe þ V

��

O (1)

2Fe�Fe þ 3O�
O þ 3H2/2Fe0s þ 3H2Oþ 2V

00 0
Fe þ 3V

��

O (2)

and reactions (3) and (4) in a CO–CO2 environment:

Ni
0
Fe þO�

O þ CO/Ni0s þ CO2 þ V
00 0
Fe þ V

��

O (3)

2Fe�Fe þ 3O�
O þ 3CO/2Fe0s þ 3CO2 þ 2V

00 0
Fe þ 3V

��

O (4)

It is possible that the rate limiting step in both the H2 and
CO environments is the diffusion of the H2 or CO to the NP/
perovskite interface, where the reaction is most likely to
occur, once Ni2+ is depleted from the perovskite lattice in the
surface region, forming Ni. H2 is a small molecule and thus can
diffuse faster to that interface rather than the larger CO mole-
cule and hence reactions (1) and (2) would likely have faster
kinetics than reactions (3) and (4). Since the CO–CO2 gas
mixture contains a signicant amount of CO2 and as it has been
shown in the literature that the NPs enhance CO2 adsorption, it
J. Mater. Chem. A, 2022, 10, 2280–2294 | 2287
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Fig. 8 (a) HAADF STEM image of a NP protruding from the surface of
the LCFCrN perovskite reduced in 70 : 30 CO : CO2 at 800 �C for 5 h.
EDS elemental maps of (b) Fe, (c) Ni, (d) O, and (e) Fe and Ni overlayed,
for the NP seen in (a). (f) EDS line scan across the middle of the NP in
(a).
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is possible that the ease of access of the gas to the NP/perovskite
interface becomes increasing difficult for CO. Thus a lower
coarsening rate is seen in CO–CO2 atmospheres as compared to
that in H2–N2. Furthermore, as stated above, reactions (2) and
(4) will each likely involve multiple individual steps, any of
which could be rate limiting.

Although not a fair comparison, some interesting contrasts
can be drawn between the characteristics of the NPs formed in
5 : 95 H2 : N2 (at 750 and 800 �C) versus those formed in 70–30
CO : CO2 atmospheres at 800 �C for the same heat treatment
duration (5 h). This CO : CO2 ratio was chosen assuming that
the CO2 to CO conversion efficiency of a typical SOC fuel elec-
trode is 70%. In terms of their size and areal density, the NPs
exsolved under 5 : 95 H2 : N2 at 800 �C are bigger by a factor of
ca. 2.5, while their areal density is roughly one half of those
formed under 70–30 CO : CO2 atmospheres. This corroborates
our earlier assertion that the NP growth kinetics are faster at
800 �C in 5 : 95 H2 : N2 than in 70 : 30 CO : CO2. Slower NP
growth kinetics also mean that the NP shape is not as well
developed (hemispherical) versus those formed in 5 : 95 H2 : N2

(faceted). Also, since NP coarsening is restrained, the size
distribution is narrow in 70 : 30 CO : CO2 (Fig. 6(e) and S3†). On
the other hand, the NPs formed under 5 : 95 H2 : N2 at 750 �C
have a similar average size (36 nm), while their areal density is
roughly 1.5 times those formed under 70 : 30 CO : CO2 atmo-
spheres. This suggests that the NP nucleation kinetics are also
faster in 5 : 95 H2 : N2 than in 70 : 30 CO : CO2 even though the
temperature is lower. This could be advantageous, as this
suggests that NP coarsening would be restrained during expo-
sure to highly reducing CO–CO2 environments that are preva-
lent in typical SOC conditions.

However, it would be misleading to suggest that the NP size
and composition would remain the same aer long-term
exposure of LCFCrN to a reducing environment under
cathodic polarization. While studies focused on CO2 electrolysis
using exsolved NPs have reported a particular NP size distri-
bution and initial composition, there are few studies that show
the composition aer long-term exposure to the reducing
environment. As we have shown in the present study, the NP
size and composition are transient and depend on the reducible
species, reduction temperature and duration, the local pO2, and
the nature of the reducing gas. In the case of material systems
containing Ni and Fe, such as LCFCrN, once Ni in the surface/
sub-surface is depleted and the diffusion of Ni from deeper
within the lattice is restrained, the NPs would continue to grow
in size with the addition of Fe, while the composition would
continuously shi from Ni-rich to Fe-rich alloys, such as the
transition from FeNi3 to Fe0.64Ni0.36 in the current case.

However, as we have shown here, this transition can be
accelerated or suppressed by changing the pO2 of the reducing
environment, the reducing atmosphere (CO vs. H2), and the
reduction temperature and duration, among other factors. Zhu
et al. have shown that slight changes in pO2 can have a signi-
cant impact on the NP composition.44 They showed that the Fe–
Ni alloy NPs formed at 850 �C in Ni-substituted Sr(Ti,Fe)O3

shied from a stoichiometry of Ni0.51Fe0.49 to Ni0.72Fe0.28 with
an order of magnitude increase in pO2. Since higher pO2 seems
2288 | J. Mater. Chem. A, 2022, 10, 2280–2294
to favor Ni-rich (Fe-lean) alloys, the NPs formed in CO–CO2 and
humidied H2–N2 in the present work retain their Ni-rich
stoichiometry as opposed to those formed in dry H2–N2, as
the pO2 is at least 3 orders of magnitude higher.

HAADF STEM imaging was performed to determine the
morphology and composition of the NPs formed in the 70 : 30
CO : CO2 environment. Fig. 8(a) shows a STEM image of a NP
protruding from the perovskite particle surface, where the
sample was exposed to 70 : 30 CO : CO2 for 5 h at 800 �C. The
particle is ca. 30 nm in size and appear to be spherical in shape
with slightly faceted corners. A signicant volume of the NPs
seems to be embedded in the perovskite base, suggesting strong
anchoring. EDS elemental mapping and line scans across the
center of the particle in Fig. 8(b–e) show that the NPs are Ni-rich
with a stoichiometry of close to that of FeNi3 (f). Fig. 8(d) shows
an EDS elemental map for oxygen which reveals a faint oxygen
shell around the NP. It is pertinent to mention here that
although very faint, this shell was seen across many particles
which led us to believe that this is likely an artefact due to
exposure to air during sample retrieval and handling.

Even aer exposure to the same atmosphere for 25 h (Fig. 9),
the NPs do not coarsen signicantly (Fig. 9(a)) and retain the Ni-
rich composition, as revealed by the STEM/EDS analysis pre-
sented in Fig. 9. However, the NP shown in Fig. 9 has a slightly
lower Ni : Fe ratio (Fig. 9(f)), which suggests that NP coarsening
is a result of the addition of Fe, possibly due to the sub-surface
depletion of Ni and the abundance of Fe in the vicinity of the
NP.

To summarize, we have found a clear indication of faster
nucleation and growth kinetics in 5 : 95 H2 : N2 than in all of
the CO–CO2 environments employed in this work but the
mechanism causing this difference is not clear at this time,
although it can be argued that both pO2 and the nature of the
reducing gas play a role in the exsolution kinetics and
outcomes. An important conclusion reached in the previous
This journal is © The Royal Society of Chemistry 2022
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Fig. 9 (a) HAADF STEM image of a NP exsolved upon reduction in
70 : 30 CO : CO2 for 25 h at 800 �C. EDS elemental maps of (b) Fe, (c)
Ni, (d) O, and (e) Fe and Ni overlayed, for the NP in (a). (c) EDS line scan
across the middle of the NP in (a).
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discussion is that, once the NPs are formed in either gas envi-
ronment, they are likely to remain stable when they are
employed in CO2 reduction/CO oxidation catalysis. For the
system in question, we suggest a short reduction treatment (1–2
h) in 5 : 95 H2 : N2 at 800 �C for the fuel electrode to achieve
a densely populated NP distribution with average sizes of sub-
50 nm, before exposure to CO2–CO environments for CO2

electrolysis or CO oxidation studies.
3.4 Electrochemical performance of LCFCrN symmetrical
cells in CO2–CO environments

To assess the electrochemical performance of Fe–Ni NP-
decorated LCFCrN (Fe–Ni@LCFCrN), symmetrical cells were
prepared on samaria-doped ceria (SDC)-buffered scandia-
stabilized zirconia (ScSZ) electrolytes, with the buffer layer
added to prevent reaction of La and Ca with YSZ.7,8 The fuel
electrode was reduced in 5 : 95 H2 : N2 at 800 �C for 2 h, as
discussed above, to produce the NPs on the electrode surface,
followed by exposure to various CO2 : CO ratios, while the
oxygen electrode was supplied with air.

Fig. 10(a) shows the cyclic voltammograms (CVs) acquired
when the fuel electrode was supplied with pure CO2, 90 : 10
CO2 : CO, 70 : 30 CO2 : CO, and 50 : 50 CO2 : CO, respectively.
The measured open circuit voltages (OCV) for each gas mixture
were 0.134 V, 0.847 V, 0.905 V, and 0.943 V, respectively, all at
800 �C, in agreement with predicted thermodynamic values.

The CVs reveal the excellent activity of Fe–Ni@LCFCrN for
the CO2-RR, with current densities of �0.649, �0.634, �0.618,
and �0.583 A cm�2, respectively, at a cell voltage of 1.6 V. The
current densities achieved in this work for the electrolysis of
pure CO2 are comparable to or better than many other electrode
materials reported in the literature (Table S2†), noting that we
This journal is © The Royal Society of Chemistry 2022
have not added a second phase, normally an ionic conductor, to
the catalyst layer and are thus reporting the excellent activity of
the mixed conducting LCFCrN material on its own. Interest-
ingly, the CO2-RR current densities at a constant overpotential
(Fig. 10(d)) are almost independent of the pCO2 of the gas feed.
Although an in-depth study of this observation has not been
carried out as yet, we speculate that this could be due to two
possible reasons; (i) during CO2 electrolysis, a redox transition
step, such as the reduction of Fe and Cr, is the slow step before
CO2 adsorption and activation occurs, or (ii) the surface
coverage of CO2 is saturated at a lower pCO2, hence making the
CO2 reduction rate essentially independent of pCO2.

Fig. 10(a) also shows the excellent activity of Fe–Ni@LCFCrN
in the SOFC mode (CO oxidation), especially as the CO content
in the gas phase is increased. In 90 : 10 CO2 : CO, the CV shows
signicant hysteresis in the SOFC mode, possibly due to reac-
tant (CO) starvation at the fuel electrode. However, when the
amount of CO fed to the fuel electrode is increased, the
hysteresis progressively disappears and high current densities
for CO oxidation are also achieved. For example, from the iR
corrected CV in 50 : 50 CO2 : CO shown in Fig. S5,† at an
absolute current density of 0.4 A cm�2, the overpotential for
CO2RR is 241 mV, while for CO oxidation, it is 273 mV, showing
that the CO2RR is only slightly faster than CO oxidation under
these conditions.

To reveal the impact of the exsolved Fe–Ni NPs, Fig. 10(b)
compares the electrochemical response of symmetrical LCFCr
and Fe–Ni@LCFCrN cells when the fuel electrodes were
supplied with 70 : 30 CO2 : CO and air was fed to the oxygen
electrodes. It is evident that, while there is only a ca. 15%
enhancement in current density for CO2-RR in Fe–Ni@LCFCrN
vs. LCFCr at a cell potential of 1.6 V, the current density for CO
oxidation shows a ca. 75% enhancement at 0.2 V, with these
potentials being equivalent to a similar overpotential of �0.7 V.
These results are very important, especially from the point of
view of developing electrode materials for symmetrical SOCs.
Generally, in perovskite-based fuel electrodes, the CO2-RR is
signicantly more efficient than is CO oxidation,9,10,45 which
limits the applicability of these materials for RSOC applica-
tions. However, in the present work, the Fe–Ni NPs in Fe–
Ni@LCFCrN greatly increase the kinetics of the CO oxidation
reaction and make the material essentially equally active for
both CO2-RR and CO oxidation, thus signicantly improving the
material for use in RSOC applications.

Our results are contrary to what was observed by Liu et al.,
who used La0.6Sr0.4Fe0.8Ni0.2O3�d as the fuel electrode. Their
cells exhibited a greater enhancement in CO2-RR activity (ca.
35%) when tested at 850 �C due to exsolved Fe–Ni alloy NPs,
while the CO oxidation activity showed a signicantly lower (ca.
20%) extent of improvement.9 It should also be kept in mind
that the fuel electrodes in Liu et al.'s work and those in most
published literature are composite electrodes, where the active
material is mixed with an ion-conducting material, such as
gadolinia- or samaria-doped ceria.9,22,24,46 Similarly, their air
electrode consisted of LSCF or LSM composite electrodes con-
taining doped cerias or YSZ.9,22,24,46,47 It is well known that the
addition of an ion-conducting phase increases the TPB length
J. Mater. Chem. A, 2022, 10, 2280–2294 | 2289
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Fig. 10 Electrochemical results for a symmetrical cell with the configuration Fe–Ni@LCFCrN/SDC/SSZ/SDC/LCFCrN. (a) CVs acquired at 800 �C
(scan direction is indicated by arrows) in pure CO2, and in 90 : 10, 70 : 30, and 50 : 50 CO2 : CO gas mixtures, (b) CVs showing the enhancement
in current density vs. LCFCr in a 70 : 30 CO2 : CO gas mixture due to the exsolved NPs, (c) Nyquist plots acquired at open circuit in 90 : 10,
70 : 30, and 50 : 50 CO2 : CO gas mixtures, respectively, (d) 15 minute stability tests between 1.2–1.6 V for the electrolysis of pure CO2, and
90 : 10 and 70 : 30 CO2 : CO gas mixtures, respectively, and (e) medium term stability test at a cell potential of 1.3 V in a 70 : 30 CO2 : CO gas
mixture.
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that, in turn, enhances the catalytic activity. In our case, the
material for both the fuel and the oxygen electrodes was
intentionally used as a single phase material, and as has been
shown previously, the parent perovskite (LCFCr) is also highly
active for the oxygen reduction (ORR) and oxygen evolution
(OER) reactions.6,8 Importantly, as our electrodes are not
composited with doped-cerias, this means that the electro-
chemical data can be interpreted in a straightforward manner
and any enhancement in activity can be unambiguously
ascribed to the presence of the exsolved NPs.
2290 | J. Mater. Chem. A, 2022, 10, 2280–2294
The impedance spectra of the Fe–Ni@LCFCrN full cell at
OCP in 90 : 10, 70 : 30, and 50 : 50 CO2 : CO gas mixtures are
presented in Fig. 10(c). The corresponding resistance and
capacitance values based on a best-t to an equivalent circuit
model (ECM) [Rs(R1//CPE1)(R2//CPE2)(R3//CPE3)] are given in
Table 1. The series resistance, Rs, was found to be �0.60 U cm2,
invariant with the CO2 : CO ratio, as expected. The Rp in 90 : 10
CO2 : CO was 1.39 U cm2, which decreased to 1.0 U cm2 when
the gas composition was changed to 70 : 30 CO2 : CO, and to
0.93 U cm2 when the gas composition was changed to 50 : 50
CO2 : CO.
This journal is © The Royal Society of Chemistry 2022
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Table 1 Fitting parameters of electrochemical processes based on the equivalent circuit model in Fig. 10(c)

Gas composition R1 (U cm2) C1 (F cm�2) n1 R2 (U cm2) C2 (F cm�2) n2 R3 (U cm2) C3 (F cm�2) n3 Rp (U cm�2)

90% CO2–10% CO 0.15 1.0 � 10�2 0.52 0.06 5.2 �10�1 0.88 1.18 2.3 � 10�1 0.91 1.39
70% CO2–30% CO 0.16 8.5 � 10�3 0.53 0.06 5.2 � 10�1 0.88 0.78 3.0 � 10�1 0.94 1.0
50% CO2–50% CO 0.16 8.3 � 10�3 0.53 0.06 5.2 � 10�1 0.88 0.71 4.0 � 10�1 0.94 0.93
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The Rp value obtained in two-electrode studies represents the
electrochemical processes occurring at both electrodes. Table 1
shows that R1 and R2 (high and medium frequencies, respec-
tively) seem to be independent of the gas composition supplied
at the fuel electrode, possibly attributable to underlying inter-
faces but perhaps more likely to processes occurring at the
oxygen electrode. In order to clarify this, half-cell impedance
spectra were acquired in air, which yielded a relatively low Rp of
0.46 U cm2 (0.23 U cm2 per electrode). Comparison of the time
constants obtained from equivalent circuit tting for the half
cell in air with those observed at the full cell suggests that R2

(0.06 U cm2) in Table 1 arises primarily from the oxygen elec-
trode. In terms of the high frequency R1 (ca. 0.15–0.16 U cm2)
(Table 1) for the full cell, our results suggest that it is due to the
combination of processes occurring within the porous struc-
tures of both electrodes.

The comparison of the EIS-determined R values in the full
cell versus in an air half-cell shows that LCFCrN, like its undo-
ped analogue (LCFCr), is a still better catalyst for the oxygen
reduction and evolution reactions (ORR and OER)6,8 than for
CO2 reduction/CO oxidation, and that the processes occurring
at the fuel electrode make the dominant contribution to the full
cell Rp in Fig. 10(c). Also, the decrease in Rp with increasing
amounts of CO in Fig. 10(c) means that CO oxidation dominates
the low frequency response at these open circuit conditions.

Table 1 also shows the capacitance values measured in our
full cells, revealing that the low frequency capacitor (C3) is very
large, with an associated n3 value close to 1. As this arc is very
responsive to the CO2 : CO ratio, it is attributed either to gas
phase mass transport limitations of CO (which is present in
lower concentrations, at least in 90 : 10 and 70 : 30 CO2 : CO gas
mixtures) or to the chemical capacitance of the LCFCrN elec-
trode in the CO2–CO environment,48–51 with a small increase in
C3 noted as the CO content of the gas increases. As stated above,
C2 likely has similar origins but is generated at the air electrode,
as it is independent of the CO2 : CO ratio. C1 and its charac-
teristic n1 value of ca. 0.5 suggests a Gerischer element, arising
from a distribution of potentials within both of the porous
electrodes under high frequency perturbations.52,53

Fig. 10(d) shows the results of 15 min potentiostatic stability
tests for the CO2-RR reaction (and oxygen evolution) at a cell
potential in the range of 1.0–1.6 V when the fuel electrode was
exposed to pure CO2 and 90 : 10 and 70 : 30 CO2 : CO gas
mixtures. It is seen that the current densities are stable in pure
CO2 at all voltages, while the current densities for the 90 : 10,
and 70 : 30 CO2 : CO gas mixtures are also stable up to a cell
voltage of 1.4 V, with a slight degradation seen only at the
relatively high voltage of 1.6 V. However, this drop in current
This journal is © The Royal Society of Chemistry 2022
density can be rapidly reversed by retracting the voltage and
running the cell at the OCP for a few minutes.

Liu et al. attributed a similar drop in current density for
La0.6Sr0.4Fe0.8Ni0.2O3�d electrodes at high cell voltages to
concentration polarization arising from starvation of CO2 in the
gas mixture and/or restrained oxygen evolution at the air elec-
trode,9 while Optiz et al. attributed it to coke formation by CO
disproportionation or electrochemical reduction.54 As our cells
can be so easily re-activated, it seems more likely that this is due
to mass transport limitations in our case.

Chronoamperometry was also carried out to examine the
medium-term stability of the Fe–Ni@LCFCrN cells in a 70 : 30
CO2 : CO atmosphere. Fig. 10(e) shows that at a cell potential of
1.3 V, the cell exhibits a very stable current density of ca. 0.28 A
cm�2 for 10 h for the electrolysis of CO2, without appreciable
degradation.

Although the growth and phase evolution of exsolved Fe–Ni
alloy NPs presented herein focus on one system, namely
LCFCrN, we believe that this could be generalized to other Fe
and Ni containing perovskites. This could apply especially to
perovskites with abundant Fe and low Ni doping levels on the B-
site, such as SrFe1.35Mo0.45Ni0.2O6�d,24 La0.6Sr0.4Fe0.8Ni0.2O3�d,9

La0.6Ca0.4Fe0.8Ni0.2O3�d,26 (La0.75Sr0.25)(Cr0.5Fe0.5�xNix)O3,55 etc.
The insights presented in this paper should also be very helpful
in controlling the NP characteristics, such as size, areal density,
and composition, to enable stable and durable electrochemical
performance of catalyst systems with exsolved NPs.

4. Conclusions

Ni-doped La0.3Ca0.7Fe0.7Cr0.3O3�d (LCFCrN) is a robust material
system in which a uniform dispersion of metal nanoparticles
can be exsolved onto the parent perovskite surface via a short
reduction treatment under typical SOC operating temperatures
(750–800 �C). The nanoparticle size, composition and areal
density can be tuned by controlling the reduction treatment
duration and temperature in a particular reducing atmosphere.
Although XRD reveals that CaO also forms as a by-product of
exsolution, its formation can be mitigated by using a lower
growth temperature, short reduction duration, or reducing in
CO–CO2 environments (lower pO2). Also, the NPs produced in
the CO–CO2 atmospheres are composed of Ni-rich Fe–Ni alloys,
while those produced in 5 : 95 H2 : N2 quickly transition from
the composition of FeNi3 to Fe0.64Ni0.36. However, the nucle-
ation and growth kinetics are slower in CO–CO2 atmospheres as
compared to those in H2–N2. This makes the LCFCrN system
a promising fuel electrodematerial for RSOC applications as the
NP coarsening can be restrained during exposure to CO–CO2

atmospheres under typical SOC conditions.
J. Mater. Chem. A, 2022, 10, 2280–2294 | 2291
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Overall, Fe–Ni@LCFCrN exhibits a remarkable electro-
chemical performance, even without the addition of an ionically
conducting phase, such as GDC. Short-term stability tests reveal
a very high and stable performance with a maximum current
density of 0.65 A cm�2 at a cell voltage of 1.6 V in pure CO2 at
800 �C. As compared to the parent perovskite LCFCr, the
exsolved NPs in Fe–Ni@LCFCrN greatly enhance the CO
oxidation kinetics (by ca. 75%) more notably than the CO2-RR
kinetics (ca. 15%), which makes the exsolved catalyst equally
active for both CO2-RR and CO oxidation, showing great
promise for future use as an SOFC anode as well as in RSOCs.
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