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ABSTRACT: The intermittent nature of renewable energy resources makes imperative
the development of efficient energy storage technologies. Solid oxide electrolysis cells
(SOECs) are a promising alternative to energy conversion devices. SOECs can play an
important role in the control of greenhouse gases by improving processes such as CO2
electrolysis. In order to enhance SOEC performance, exsolution of metal nanoparticles is
emerging for the catalytic surface functionalization of electrodes, preventing sintering
issues related to classical impregnation methods and enabling tailoring specific catalytic
functions. In this work, a medium-entropy, double perovskite system
SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ (x = 2.0, 1.9, and 1.8) was studied. We provide evidence
of Fe−Co−Ni ternary alloyed exsolved nanoparticles, revealing that the alloy composition can be tuned by adjusting the reducing
conditions. Exsolution temperature is critical for Fe content in nanoparticles, increasing as temperature increases, but Ni and Co are
not significantly affected. Temperature adjustments allowed control over nanoparticle size and population, shrinking and growing,
respectively, as temperature decreases. In contrast to what is usually described, A-site deficiency resulted in a decrease in nanoparticle
exsolution because of NiO phase formation in x = 1.9 and 1.8, so that the x = 2.0 compound outperformed both non-stoichiometric
materials, showing significantly larger populations. The three compounds exhibit important conductivity under both oxidizing and
reducing atmospheres, which makes them promising electrodes. The Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ material was integrated as a
cathode in an asymmetrical electrolyte-supported cell, and its electrochemical performance under CO2 electrolysis conditions was
studied. Our results showed a boost in electrocatalytic activity upon exsolution at 600 °C when compared to the fuel electrode
without exsolved nanoparticles or exsolved at 800 °C, where the appearance of the secondary Ruddlesden-Popper phase was
observed. Overall, here, we proved the possibility of obtaining ternary alloy exsolved nanoparticles and tuning their composition to
enhance the performance of SOEC devices, paving the path for optimized metal-alloyed exsolved nanoparticle design, which might
extend its applicability to other electrocatalytic processes in energy conversion and storage.
KEYWORDS: exsolution, ternary alloys, CO2 electrolysis, medium-entropy perovskites, metallic nanoparticles, SOEC

■ INTRODUCTION
Renewable sources are at the core of the energy transition
toward a more sustainable and decarbonized system. However,
efficient energy storage systems are required to boost the
implementation of renewable energy technologies and alleviate
the inherent intermittence of wind and solar resources. In that
sense, electrolysis emerges as a promising technology to convert
the surplus renewable electricity into chemical energy.1 Among
the different electrolysis technologies, solid oxide electrolysis
cells (SOECs) offer high efficiency and flexibility.2,3 In SOECs,
the CO2 and/or H2O reduction occurs at the triple-phase
boundaries of the cathode or fuel electrode. The state-of-the-art
fuel electrode is the cermet Ni-YSZ. However, Ni particles suffer
from coking and tend to agglomerate in long-term operation,
which eventually lowers their catalytic activity.4

Based on its enhanced sintering resistance, the exsolution
method has gained great attention in the last years. Nano-
particles obtained through this synthetic route exhibit high
stability over prolonged operation,5−7 compared to other

conventional methods such as impregnation, also enabling the
tailoring of the catalytic function by controlling nanoparticles’
composition, morphology, and interaction with the support.
The fact that exsolved nanoparticles remain anchored into the
backbone prevents nanoparticle sintering and coking forma-
tion,8 guaranteeing stable catalytic activity. The mechanism of
nanoparticle exsolution relies on the diffusion of metal cations
contained in the oxide crystal lattice that, under reductive
conditions, migrate to the surface nucleating as nanoparticles.
Therefore, this implies that, by a proper material design, one can
choose the composition of the exsolved nanoparticles, given that
thermodynamics allows the nucleation of the metal cation into a
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metal particle. Exsolution has been mainly explored using
perovskite oxides as the host, which are a class of materials that
have also been widely explored as ceramic electrode for
SOECs.5−7 Nevertheless, recently, metallic nanoparticle ex-
solution has been shown in other oxides such as ceria or Ce-
based pyrochlores,9−11 MgO,12 or YSZ.12 In addition, the
versatility offered by the exsolution method expanded its use in
other fields, such as catalysts for methane reforming10,13−16 and
CO2 hydrogenation,17−20 sensors,21,22 or even resistive switch-
ing devices.23

Regarding SOEC applications, double perovskite oxides of the
Sr2Fe1.5Mo0.5O6−δ formula have been widely explored as
cathodes, in which B-site substitution has been commonly
employed to tune their physicochemical properties. For
instance, Jiang et al. fabricated the Sr2Fe1.4Mn0.1Mo0.5O6−δ
perovskite,24 revealing that Mn incorporation enhanced the
CO2 reduction kinetics, increasing the oxygen transport and
reducing the polarization resistance compared to
Sr2Fe1.5Mo0.5O6−δ. Moreover, B-site substitution has been
employed to drive the exsolution of alloyed nanoparticles. For
instance, Ni incorporation has led to the exsolution of FeNi3
alloys in several studies.25−28 Likewise, partial substitution of Fe
by Co led to the exsolution of CoFe alloys,29 which boosted the
CO2 electrolysis performance when compared to the parent
perovskite. On the other hand, few studies have reported
metallic Fe exsolution from Sr2Fe1.5Mo0.5O6−δ perovskites, due
to a lower thermodynamic driving force of Fe to segregate to the
surface as metal when compared to Co or Ni.29 Only Chen et al.
obtained exsolved nanoparticles by increasing the Fe content in
the Sr2Fe1.5+xMo0.5O6−δ formula.30 Based on these reports, the
Sr2Fe1.5Mo0.5O6−δ double perovskite class presents the required
properties to study the tunability of the exsolved alloy
compositions based on the ease to allocate several cations on
the B-site. In this regard, the concept of high-entropy oxides has
emerged,31 which if applied to perovskites defines chemical
compositions in which numerous cations are incorporated into
the B-site position. For instance, Gazda et al. applied this
concept to fabricate single-phase proton conducting perov-
skites.32 Although system entropy (Sconf) increases with the
addition of different elements to the same position (B-site, in
this case), the maximum value is reached with equimolar
fractions of these elements.33 Then, a doped system based on
Sr2Fe1.5Mo0.5O6−δ can predictably achieve a medium-entropy
configuration, also with increased stability, and prevent
instability issues, such as Sr segregation.34 Here, we combine
the concept of entropy-stabilized oxides to obtain double
perovskite compositions that allow for the exsolution of
multicomponent alloy nanoparticles. Besides Fe−Ni and Co−
Fe alloys, few studies have reported ternary alloy exsolutions.
Probably, the first report of a ternary alloy was by Zubenko et al.
who exsolved Re−Ni−Fe alloys that showed enhanced catalytic
activity for dry reforming of methane if compared to Re−Fe or
Ni−Fe binary alloys.15 More recently, and for the same
application, Joo et al. reported Co−Fe−Ni exsolved nano-
particles.35 However, in this case, the ternary alloy was obtained
via topotactic exsolution, that is, Co and Ni were introduced in
the B-site of the perovskite (Pr0.5Ba0.5Mn0.85Co0.05Ni0.1O3−δ),
while the Fe precursor was deposited on the surface of the oxide
perovskite. Anyhow, their results indicated an enhanced
catalytic activity of the ternary alloy with respect to the binary
alloys and single exsolved metallic nanoparticles, illustrating the
benefits of multicomponent alloy nanoparticles. In this regard
and to the best of our knowledge, the only report of direct Co−

Ni−Fe exsolution is the work of Mogni and co-authors36 using
Sr0.93(Ti0.3Fe0.56Ni0.07Co0.07)O3−δ as a parent perovskite. How-
ever, despite the promise, there is still little understanding about
the range of compositional variability of the ternary alloys and
how, by adjusting the exsolution conditions, it might change.

In this work, the exsolution of Fe−Ni−Co alloys from
Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ (successively named Sr2) and
its end use as an electrocatalyst in SOEC fuel electrodes is
explored. Proof of direct ternary alloy exsolution from the
Sr2Fe1.5Mo0.5O6−δ perovskite class for the first time is provided,
identifying the adjustable parameters (A-site deficiency, time,
and temperature) that allow tuning the composition of the
exsolved alloyed nanoparticles, which have implications on the
electrocatalytic activity for the CO2 electrolysis.

■ EXPERIMENTAL METHODS
Material Synthesis. Powders of SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ (x

= 2.0, 1.9, and 1.8) were synthesized by a modified Pechini method.
Metal precursors, Sr(NO3)2 (99%, Aldrich), Fe(NO3)2·9H2O (98%,
Aldrich), Co(NO3)2·6H2O (99%, Aldrich), Ni(NO3)2·6H2O (98.5%,
Aldrich), Mn(NO3)2·4H2O (98%, Aldrich), and H24Mo7O24N6·4H2O
(99%, Aldrich), in an appropriate molar ratio, were dissolved in distilled
water. This dissolution was made together with citric acid (CA, 99%,
Alfa Aesar) using a molar ratio of metal precursor:CA of 1:1.5, under
constant stirring at 60 °C. Once dissolution was completed, ethylene
glycol (EG, 99%, Aldrich-Merck) was added as a complexing agent
(CA/EG ratio of 2/3 wt. %) and temperature was increased to 80 °C for
faster water elimination, for 2 h. After most of the water was evaporated,
the solution was transferred to a drying oven and heated to 220 °C
overnight to cause gelification and further calcination of the formed gel.
The solid obtained was grounded in an agate mortar to fine powder and
then sintered at 1100 °C for 12 h. Exsolution treatments (2, 4, and 6 h)
were carried out in a horizontal tubular furnace at different
temperatures (800, 700, and 600 °C) under 5% H2/Ar flow.
Physicochemical Characterization. To check the purity of

obtained phases, X-ray diffractometry (XRD) was carried out with a
PANalytical CubiX fast diffractometer using Cu Kα1,2 radiation and a
X’Celerator detector in Bragg−Brentano geometry. XRD patterns were
recorded in a 2θ range of 20−80°, analyzed, and Rietveld-refined with
X’Pert Highscore Plus software (version 3.0.0). Raman spectroscopy
was performed with a Renishaw Raman spectrometer (NewMills, UK).
Analyses were conducted at room temperature with a 514 nm laser
equipped with an Olympus microscope and a CCD detector.

To study the morphology of the perovskites synthesized, before and
after the exsolution process, scanning electron microscopy (SEM)
characterization was carried out with a GeminiSEM 500 from Zeiss.
Size and distribution of nanoparticles exsolved were obtained using
ImageJ software (Version 1.52a).37 Histograms of every sample were
obtained in order to study the size and distribution of exsolved
nanoparticles (Figure S4 in the Supporting Information). Depending
on the exsolved material, between 200 and 900 nanoparticles were
analyzed for each histogram.

Transmission electron microscopy (TEM) was also performed to
study the composition of exsolved nanoparticles. The samples for these
electron microscopy studies were carefully grinded in a mortar into a
very fine powder and then deposited onto holey carbon-coated Cu
grids. High-resolution scanning transmission electron microscopy
analyses were performed at 200 kV on a double aberration-corrected
FEI Titan3 Themis 60-300 microscope. The instrument is equipped
with amonochromatic, high-brightness XFEG source; a high-sensitivity
Super-X-EDS system integrated by four window-less SDD detectors
symmetrically arranged around the sample and the objective lens pole
pieces. The acquisition of X-ray energy-dispersive spectroscopy
(XEDS) maps was carried out using a beam current of 50 pA,
convergence angle of 19 mrad, and 20 keV range. These analyses were
performed for the Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ (Sr2) samples after 4
h ex situ exsolution at 800 and 600 °C.
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Temperature-programmed reduction (TPR) was examined from
room temperature to 900 °C under 50 mL/min, 10% H2/Ar flow in a
2910 Micrometrics system, measuring H2 consumption with a thermal
conductivity detector. X-ray photoelectron spectroscopy (XPS)
analyses were carried out in a SPECS spectrometer with an MCD-9
detector, using a monochromatic Al Kα source, for materials as-
synthesized and after exsolution processes. Exsolved samples were first
in situ-treated with a 50 mL/min, 5% H2/Ar flow at 400 °C for 2 h to
eliminate possible passivation of nanoparticles. For spectral treatment,
CasaXPS software was used. Thermogravimetric analyses (TG) were
performed using NETSZCH STA 449 F3 equipment, measuring from
room temperature to 1000 °C under synthetic air flow.
Electrochemical Measurements. Electrical conductivity was

measured by a standard four-point DC technique, with silver wires
and silver paste to improve contact between wires and samples. For this
purpose, dense bars of each material were prepared. First, synthesized
powders were mixed in an appropriate mass ratio with polyvinyl alcohol
(99%, Merck) in distilled water. Then, rectangular bars were pressed
under 30 kN for 3 min and sintered at 1450 °C for 10 h in air.
Conductivity measurements were performed under synthetic air and
5% H2/Ar flows from 800 °C to room temperature, with a cooling rate
of 1 °C/min. A Keithley 2601 programmable current source and a
multichannel Keithley 3706 multimeter were used.

For CO2 electrolysis measurements, electrolyte-supported asym-
metrical membranes with configuration Sr2 + CGO|CGO|ScSZ|CGO|
LSCF were fabricated. The cells consisted of commercial
(ZrO2)0.89(Sc2O3)0.1(CeO2)0.01(ScSZ) electrolyte pellets of 150 μm
thickness and 14 mm diameter (KERAFOL). To prevent interdiffusion
of ionic species between electrodes and the electrolyte, thin buffer
layers of Ce0.8Gd0.2O2 (CGO) were used. These buffer layers were
prepared via the sputtering method, using a Pfeiffer Classic 250
deposition system equipped with two RF (13.56 MHz) sources.
Deposition conditions were 600 °C (sample temperature) and Ar/O2
flow (5:1 ratio). CGO targets were sputtered onto ScSZ pellets (held by
a rotational sample holder) from a 5 cm distance, with a 25WRF power
for 20 h. This procedure results in a dense barrier layer of about 400 nm
thickness. For electrode preparation, Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ
powders were milled for 24 h in acetone, together with CGO
(CerPoTech) (weight ratio of perovskite/CGO of 60:40). Then, the
mixed powders were grounded in an agate mortar and sieved in a 200
μm sieve. These fine powders were used to obtain inks with a solution of
6% ethyl cellulose in terpineol. This terpineol-ethyl cellulose mixture
was also employed to prepare La0.6Sr0.4Co0.8Fe0.2O3−δ (LSCF) ink,
previous 24 hour-milling in acetone and sieving. Sr2-CGO cathodes
and LSCF anodes were screen-printed (two times each electrode, 9 mm
of diameter) with intermediate drying in air at 80 °C. Then, 1050 °C
calcination was performed for 5 h in air, resulting in 20 μm-thick
electrodes. Finally, gold current collectors were painted on both
electrode sides and sintered at 900 °C for 2 h in air.

Electrochemical measurements and CO2 electrolysis experiments
were performed in a double-chamber quartz-tube reactor placed inside
a vertical furnace, supplying 15% CO2/Ar flow (100 mL/min) to the
cathode and air (60 mL/min) to the anode side at 800 °C. The
temperature increase was carried out under Ar flow, and the cell was
sealed to the reactor with an Ag-based alloy gasket. Cell tightness was
ensured by continuously monitoring the nitrogen concentration in the
cathode chamber, being 0.06% the maximum N2 concentration
detected. After ensuring gas tightness, the reduction treatment (with
5%H2/Ar) in the cathode chamber was carried out for in situ exsolution
for 4 h at 800 and 600 °C. Electrochemical impedance spectroscopy
(EIS) spectra in a range of frequencies from 1 MHz to 0.03 Hz and an
AC signal of 30 mV and i−V curves were recorded using Solartron
1470E and 1455A FRA module equipment. To analyze impedance
spectra, ZView fitting software was employed. The gas outlet during
CO2 electrolysis measurements was analyzed using a Micro-GC CP-
4900 (Varian) gas chromatograph equipped with Molsieve5A and
PoraPlot-Q glass capillary modules.

■ RESULTS
E v a l u a t i n g Co− F e−N i E x s o l u t i o n f r om

SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ. Three samples with
SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ stoichiometry, in which x = 2,
1.9, and 1.8 (Sr2, Sr1.9, and Sr1.8, respectively), were
synthesized through the Pechini method. Figure 1 shows the
XRD data for the three materials as-synthesized (calcination at
1100 °C). The three samples exhibit a cubic double perovskite
phase (space group Fm3̅m) which is commonly obtained in
similar compositions.24 Importantly, even if five different cations
occupied the B-site, a unique single phase is obtained for the
stoichiometric compound. On the other hand, for the two other
samples designed with A-site deficiency, NiO impurities were
observed. These impurities were detected at the peaks located at
ca. 43° (Figure 1). On the first basis, A-site deficiency was
applied in order to study its effect on the nanoparticle
exsolution, since it is commonly reported to increase the
amount of exsolved nanoparticles from a perovskite backbone.38

However, for the particular case of the double perovskite
composition synthesized in this work, it has a detrimental effect
as NiO segregation occurred in the as-synthesized samples. NiO
segregation, which was previously observed in similar
compositions,39 was more accentuated with increasing A-site
deficiency, withNiO concentrations of 1.3 and 3.5%wt for Sr1.9
and Sr1.8, respectively. A-site deficiency also caused a lattice
expansion, as denoted by the peak shift to lower 2θ values
(Figure 1). The cell volume of the cubic phase was determined
via Rietveld refinement (Figure S1). The cell volume values were

Figure 1. X-ray diffractograms of the as-synthesized SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ (x = 2, 1.9, and 1.8) samples. Regions at 32 and 43° were zoomed
out in order to depict in more detail the lattice expansion of the perovskite cubic phase and the appearance of NiO (light blue dots).
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475.8, 478.1, and 480.4 Å3 for Sr2, Sr1.9, and Sr1.8 samples,
respectively. This lattice expansion is possibly ascribed to a
change in oxidation states of transition metal cations present in
the structure. A-site deficiency may be compensated, besides the
increase in oxygen vacancies, with a reduction of these metallic
atoms, thus increasing their ionic radii. This possibly explains the
lattice expansion with A-site non-stoichiometry. These results
agree with the work by Merkulov et al. They observed lattice
expansion with A-site deficiency in La0.5−xSr0.5FeO3−δ and
ascribed it to the generation of oxygen vacancies in order to
compensate for A-site vacancies to fulfill the electroneutrality
requirements.40 In the literature, other studies have pointed out
cation−oxygen bond rearrangement41−43 upon creation of A-
site vacancies, which can cause bond length enlargement, thus
expanding the lattice. Thus, it seems that there is not a consensus
on the mechanism that drives the lattice expansion upon the
introduction of A-site vacancies. The previously described cubic
phase can be foreseen through the Goldschmidt tolerance
factor44 (eq 1), which is useful to predict the stability of a
perovskite

= +
+

t
r r

r r2 ( )
A O

B O (1)

where rA denotes the ionic radii of A-site cations; rB denotes the
proportional summation of ionic radii of B-site cations; and rO
denotes the ionic radius of oxygen. The Goldschmidt factor t for
the three synthesized materials (Table 1) show values between
0.9 and 1.0, whichmeans that the cubic phase is more likely to be
stable,45 in agreement with the former XRD results.

To check the high- or medium-entropy nature of synthesized
perovskites, Sconf was calculated with the following equation34

(eq 2)

= ·
=

S R X Xln
i

n

i iconf
1 (2)

where R is the ideal gas constant, n is the number of cations
placed in the same position, and Xi is the molar fraction of these
mentioned cations. If 1.0R ≤ Sconf ≤ 1.5R, the system is
considered as medium-entropy; in contrast, if Sconf > 1.5R, it is
classified as high-entropy.33,46 When this equation is applied to
our materials, the result is 1.3R, thus considered medium-
entropy perovskites.

To analyze the resistance of these materials to carbonation,
they were treated under a 15% CO2 flow at 700 °C for 5 h. The
XRD results after the CO2 treatment are depicted in Figure S2,
illustrating a high stability against carbonation under these
specific conditions, since no additional peaks related to SrCO3
(phase with the most intense peaks at 25−26°) were observed.

The next step is the analysis of the reduction treatment
conditions and how they affect the nanoparticle exsolution.
Special attention must be paid to the nanoparticle size and
distribution, dispersion, and composition. First, the three
synthesized samples were subjected to a reduction treatment
under a 5%H2/Ar atmosphere for 4 h at 800, 700, and 600 °C to
study the temperature effect. Figure 2 shows the XRD for the Sr2
sample after reduction at 800−600 °C, benchmarked against the
as-synthesized sample. As commented before, the Sr2 as-
synthesized sample is a single-phase cubic double perovskite.
This cubic phase is preserved after the reductive treatments at
600 and 700 °C. However, at 800 °C, there is a crystal phase
transformation with the appearance of a major contribution of
an A-site-rich Ruddlesden-Popper (RP) phase. The Sr3FeMoO7
RP-type phase is a tetragonal crystal structure, with the I4/mmm
space group. In addition to the RP phase, whose major peaks are
at 31.6 and 32.2° (note that this last peak overlaps with themajor
peak of the double perovskite at 32.1°), and the main perovskite

Table 1. Label, Composition, Crystal Phase, and Cell Volume of the As-synthesized SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ Samples

label formula crystalline phase cell volume (Å3) impurities (% wt) Goldschmidt factor, t (−)

Sr2 Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ cubic, Fm3̅m 475.8 0.988
Sr1.9 Sr1.9FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ cubic, Fm3̅m 478.1 NiO (1.3) 0.963
Sr1.8 Sr1.8FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ cubic, Fm3̅m 480.4 NiO (3.5) 0.938

Figure 2.X-ray diffractograms of the Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ sample before and after exsolution at 600, 700, and 800 °C. The regions at 32 and
44° were zoomed out in order to depict in more detail the appearance of the RP (red dots) and exsolved metallic phases (green triangle).
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phase, an additional phase was observed at 44.04°, which
corresponds to the exsolvedmetallic phase. Quantification of the
phases revealed the major presence of the RP phase, 56.4%, with
39.5% of the double perovskite and 4.1% of exsolved metallic
nanoparticles. For the refinement of the exsolved metallic
nanoparticles, a CoNi cubic alloy phase was used as a reference,
since CoNiFe ternary alloys were not present in available
crystallographic databases. In the following sections, more
details will be provided about the exact composition of the
exsolved alloy metallic nanoparticles. When lowering the
exsolution treatment temperature down to 700 and 600 °C,
the RP phase was not observed. Thus, the formation of the RP
phase must occur in the 700−800 °C range. At 600 °C, the
presence of the exsolved metallic phase was not inferred due to
the detection limit; however, as it will be shown later, this does
not exclude the presence of exsolved nanoparticles. However, at
700 °C, a minor peak at 44.3° is observed, ascribed to the
exsolved metallic phase. This peak slightly shifted to higher 2θ
values compared to the peak observed after exsolution at 800 °C,
which might indicate that, depending on the treatment
temperature, the composition of the exsolved nanoparticles
might change.

Determination of the cubic double perovskite cell volume
indicates a progressive lattice expansion with the increase in the
reduction temperature. For instance, the cell volume for the Sr2
as-synthesized sample was 475.8 Å3, and after the exsolution
treatments, it was 484.9, 486.8, and 491.7 Å3 for 600, 700, and
800 °C, respectively. The progressive lattice expansion with
temperature correlates well with a higher reduction degree with
increasing temperature, thus with the ionic radii enlargement of
transitionmetallic cations due to their reduction. Sr1.9 and Sr1.8

were also treated under the same conditions, and the XRD data
after the exsolution treatments are depicted in Figure S3
(Supporting Information). A similar trend is observed as for Sr2,
the samples after exsolution at 600 and 700 °C maintain the
double perovskite, and only after reduction at 800 °C, the RP
phase appears. Interestingly, the peaks associated with the RP
phase decreased in intensity with increasing A-site deficiency
(Figure S3), indicating that by lowering the amount of Sr in the
double perovskite, it is possible to delay the crystallographic
transition. Table 2 shows the phase composition and cell volume
values for Sr2, Sr1.9, and Sr1.8 samples after exsolution at 800
°C for 4 h, determined by Rietveld refinement. The amount of
RP phase decreased from 56.4% for Sr2 to 45.8 and 25.5% for
Sr1.9 and Sr1.8, respectively. Interestingly, the cell volume
values for RP were similar for the three samples, around 314 Å3,
whereas the DP cell volume values decreased with increasing A-
site deficiency (Table 2). It should be noted that the A-site-
deficient as-synthesized samples were already expanded with
respect to Sr2 (Table 1).

Regarding the region at which the metallic phase appears,
some differences were observed with respect to the Sr2 sample.
For instance, for Sr1.9 and Sr1.8, a peak at ca. 44.5° appeared
after exsolution at 600 °C, which slightly shifted to 44.4° when
the reductive treatment occurred at 700 °C. This peak is
ascribed to metallic Ni.47 However, it is important to note here
that both Sr1.9 and Sr1.8 samples presented NiO impurities in
the parent material. Thus, we ascribe the emergence of Ni in
Sr1.9 and Sr1.8 after the treatment at 600 and 700 °C,
respectively, to the reduction of the NiO phase, rather than to
the exsolution of metallic Ni from the bulk, since at these
temperatures, the exsolved nanoparticles would present low

Table 2. Crystal Phase Distribution and Cell Volume of the SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ Samples, with x = 2, 1.9, and 1.8
Exsolved at 800 °C, 4 h in 5% H2/Ar

sample double perovskite, DP (%) Ruddlesden-Popper, RP (%) metallic alloy (%) DP cell volume (Å3) RP cell volume (Å3)

Sr2 39.5 56.4 4.1 491.7 314.7
Sr1.9 46.1 45.8 8.2 489.6 314.1
Sr1.8 65.6 25.5 8.9 488.8 314.3

Figure 3. SEMmicrographs of the SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ samples with x = 2, 1.9, and 1.8 before (left panel) and after exsolution at 800, 700,
and 600 °C for 4 h in a 5% H2/Ar atmosphere.
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particle size, hindering its detection by XRD in our equipment
(as it is the case for Sr2). Interestingly, the amount of metallic
phase increased for Sr1.9 (8.2%) and Sr1.8 (8.9%), with respect
to Sr2 (4.1%) after exsolution at 800 °C (Table 2). However,
this increase for both A-site-deficient materials might be
triggered by the presence of metallic Ni obtained by the
reduction of NiO present in the as-synthesized materials (Figure
1).

In order to study themorphology of the synthesizedmaterials,
SEM was performed for each sample: as-synthesized and after 4
h exsolution treatment at 800, 700, and 600 °C (Figure 3). The
three as-synthesized materials present similar morphologies,
with well-defined grain boundaries and particle sizes between
about 50 and 350 nm. No remarkable secondary phases can be
appreciated, despite the demonstrated presence of NiO in Sr1.9
and Sr1.8 samples, but in a very minor percentage. After the
reductive treatment in a 5%H2/Ar atmosphere, a morphological
change occurs, caused by the exsolution of spherical nano-
particles. Focusing on the case of stoichiometric material, Sr2, in
Figure 3, it can be appreciated that a remarkable amount of
exsolved nanoparticles cover the surface of the perovskite oxide,
regardless of the temperature treatment. After 800 °C
exsolution, these nanoparticles exhibit a mean size of 21.3 nm
and a population of 550 μm−2. It is worth noting that after this
800 °C reducing treatment, due to the formation of the RP
phase, some minor morphology changes can be appreciated,
specifically affecting the grain boundaries. They appear less
polygonal-shaped, especially observable for the stoichiometric
Sr2 material. This fact is ascribed to the larger formation of the
RP phase, compared to Sr1.9 and Sr1.8. As the exsolution
temperature decreases, there is a significant reduction of the
nanoparticles size (Figures 3 and 4a), reaching mean diameters
of 11.6 nm at 700 °C and 8.9 nm at 600 °C. Decreasing

exsolution temperature also has a clear effect on the nanoparticle
population (Figure 4b), increasing to values of 1200 and 1800
μm−2 at 700 and 600 °C, respectively. This temperature-
dependent behavior over size and population has been already
observed in previous studies,47,48 depending on the exsolved
material. On the other hand, non-stoichiometric compounds
exhibited counterintuitive results regarding population. As
mentioned in previous sections, a growth in the amount of
exsolved nanoparticles is usually expected by introducing A-site
deficiency. Nevertheless, an evident drop in the amount of
exsolved nanoparticles is observed in both non-stoichiometric
materials (Figure 4b), especially when compared to Sr2. These
results can be explained by the previously mentioned NiO phase
segregation, which acts detrimentally to the exsolution process
in this case, causing a descending trend in nanoparticle
population as A-site deficiency increases. In fact, the remarkable
difference between Sr2 and non-stoichiometric compound
(Sr1.9 and Sr1.8) nanoparticle dispersion after exsolution at
800 °C can be seen at a glance in Figure 3. NiO segregation also
changes the relation (Sr/B-site cations), thus affecting the real
A-site deficiency. This results in (1.9/1.93) relation for Sr1.9 and
(1.8/1.812) for Sr1.8, which means lower non-stoichiometry
degree. Consequently, it has been proved that the presence of
NiO plays a critical role in the exsolution of these materials. It is
worth mentioning the formation of cavities, as seen in the 600
°C exsolution of the Sr1.8 material, due to the reduction of NiO
to metallic Ni. Later sections will show that Ni is the main
component forming these metal nanoparticles, which explains
the great impact the lack of Ni to exsolve can have. Ni is playing,
in fact, a relevant role in exsolving other metallic atoms,
especially those with low segregation energy, in this case, Fe. It is
seen that co-exsolution of Fe in this family of double perovskites
with other metallic atoms can enhance the exsolution process.49

On the other hand, B-site Ni-doping in Sr2Fe1.5Mo0.5O6−δ
proved to have a direct impact on the reducibility of B-site
cations, promoting it, which lastly would maximize exsolution of
metallic NPs.26 Interestingly, it can be seen for the Sr1.9 sample
that the exsolved nanoparticles generated after the 800 °C
treatment tend to grow and nucleate in the grain boundaries of
the oxide particles.6 Regarding nanoparticle size, there is an
identical tendency in Sr1.9 and Sr1.8, compared to Sr2:
nanoparticles becoming smaller as exsolution temperature
decreases. Although mean sizes are similar for all three materials
with 600 °C exsolution, a soft growing trend with A-site
deficiency can be observed at 700 and 800 °C exsolution (Figure
4a). A larger amount of exsolved nanoparticles suggests a
favored nucleation process. Consequently, as population
decreases, with equal exsolution time (4 h), it is predictable
certain, proportional growing of formed nanoparticles when
there is no more nucleation. This might be the reason of larger
nanoparticles when increasing A-site deficiency, with identical
exsolution time and temperature. In summary, the Sr2 material
outperformed Sr1.9 and Sr1.8 in terms of higher exsolved
nanoparticle population, at any of the temperatures tested and
lower nanoparticle sizes.

Next, the effect of the exposure time on the nanoparticle
exsolution was assessed for the Sr2 material. Figure S5 shows the
SEM images of the Sr2 sample exsolved at 800 °C after 2, 4, and
6 h. Themorphology of the three exsolved samples looks similar,
with very minor differences in terms of particle size and
dispersion (Table S1). For instance, the particle size slightly
increases with exposure time from 20.4 to 21.3 and 24.3 nm for
2, 4, and 6 h, respectively, of hydrogen treatment at 800 °C.

Figure 4 . Influence o f the A - s i t e defic i ency , x i n
SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ in the (a) particle size (dp) and (b)
population of the exsolved nanoparticles after exsolution treatments at
800, 700, and 600 °C.
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Regarding the exsolved nanoparticle population, the maximum
was obtained at 4 h (550 particles μm−2), whereas after 2 and 6
h, it was 537 and 532 particles μm−2, respectively. Based on these
data, treatment after 4 h was chosen as it provided the optimum
tradeoff between particle size and dispersion. Figure S6 shows a
comparison of the XRD for these samples. All of them presented
a mixture of double perovskite (DP) and Ruddlesden-Popper
(RP) phases and the metallic alloy contribution. Table S1 shows
a quantification of the amount of each phase, depicting the
progressive decrease in the DP phase with increasing exsolution
treatment time. The DP phase shows a progressive lattice
expansion upon 4 h (491.7 Å3); however, at 6 h, the cell volume
slightly decreased to 491.2 Å3, suggesting that a maximum cell
expansion is reached at 4 h.

After identifying the effects that time and temperature have on
the nanoparticle size and dispersion, we focused on under-
standing, with more detail, the nature of the exsolved
nanoparticles. For this reason, a detailed high-resolution TEM
analysis of the exsolved nanoparticles was performed to
elucidate their composition and the possible effects that the
temperature treatment has on it. From this point on, our
analyses will be solely focused on the Sr2 material for two main
reasons: its lack of NiO segregation in the parent material and
the higher dispersion of exsolved nanoparticles if compared with
Sr1.9 and Sr1.8.

Figure 5 depicts the HAADF-STEM image and the XEDS
maps of a nanoparticle exsolved from the Sr2 sample at 800 °C
(4 h, 5% H2/Ar). First, in the HAADF image, the nanoparticle
anchoring can be observed, typical of the exsolution method.
This image illustrates that the particle is partially embedded on
the oxide surface, which provides it with high resistance to
agglomeration and sintering. The XEDS mapping indicates that
the nanoparticle is formed by Ni, Fe, and Co. Thus, we have the
first confirmation of ternary alloy exsolution from
Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ, corroborating the XRD results
of Figure 2. To obtain more information about the composition
of the exsolved nanoparticle and the perovskite backbone after
exsolution, an area scan comparing the inner region of the
exsolved and the oxide in the proximity to the surface was
performed (Figure S7 in the Supporting Information). The
elemental analysis of the inner region shows that it is mainly
composed of Ni (atomic fraction of 43.3%) followed by Co
(22.5%) and Fe (14.4%). The rest is mainly oxygen, since there
is a layer covering the nanoparticle that, according to the maps
and the line scan (Figure S7), is formed by Co, Fe, and O. This
corresponds to the passivation of the metallic nanoparticle,
which was stored under ambient conditions, which seems to be
covered by a thin layer (less than 5 nm) of a Co−Fe spinel oxide.
Importantly, the XEDS maps and the line scan of Figure S7
illustrate the absence of Ni in the passivation layer, indicating a
lower tendency to be oxidized than Fe or Co. On the other hand,

Figure 5.HAADF-STEM image and XEDS maps of a Fe−Co−Ni ternary alloy nanoparticle exsolved from Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ at 800 °C,
4 h, and 5% H2/Ar atmosphere.

Figure 6. (a) HR TEM image and (b) HAADF-STEM and XEDS mapping images of an FeCoNi ternary alloy nanoparticle exsolved from
Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ at 600 °C, 4 h, and 5% H2/Ar atmosphere. (c) Comparison of the composition of two ternary alloy nanoparticles
exsolved at two different temperatures. (%metal = (AMe/ANi +AFe +ACo) × 100; whereAMe is the atomic fractionmeasured by XEDS andMe =Ni, Fe,
or Co).
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Ni is the major component of the exsolved nanoparticle,
doubling and tripling the atomic fraction of Co and Fe,
respectively. When looking at the elemental composition of the
oxide support surface at the proximity of the nanoparticle, it can
be observed that the amount of Co and Ni is almost negligible.
Thus, it seems that the exsolution process caused the depletion
of both elements from the perovskite backbone, as the almost
total amount of Ni and Co leave the perovskite backbone in the
form of exsolved nanoparticles. It should be noted here that after
exsolution at 800 °C, the oxide backbone is a mixture of the RP
and DP phases; however, with the present data, we could not
discern so far differences in the parent oxide and if it would have
any effect on the exsolution.

In summary, the first proof of ternary metallic alloy
nanoparticle exsolution from a Sr−Fe−Mo-based system is
provided. We found that (1) Ni is the main component of the
alloy followed by Co and Fe, (2) the passivation layer is formed
by a Co−Fe oxide, and (3) there is depletion of Ni and Co from
the parent oxide caused by the exsolution process.

To assess the effect of temperature on the elemental
composition of the exsolved nanoparticles, an HRTEM analysis
of the Sr2 sample exsolved at 600 °C (4 h, 5% H2/Ar) was
performed. Figure 6a depicts an HRTEM micrograph of such a
sample, showing an exsolved nanoparticle embedded in the
parent perovskite backbone. The nanoparticle, which is about 10
nm of diameter, shows in this case a much thinner layer of
passivation. Figure 6b shows the HAADF-STEM and XEDS
maps for a nanoparticle exsolved under the aforementioned
conditions, illustrating that with exsolution at 600 °C, it is also
possible to obtain a ternary metallic alloy composed by Ni, Co,
and Fe. However, when scrutinizing the atomic fraction of each
element with XEDS area analyses (Figure S8 in the Supporting
Information), we could identify compositional differences with
the nanoparticles exsolved at 800 °C. This comparison is
summarized in Figure 6c. Here, a remarkable increase in the
relative composition of Ni with respect to Fe and Co at 600 °C
can be observed. For instance, at such a temperature, the amount
of Ni is 2.4 and 6 times higher than the amount of Co and Fe,
respectively, whereas at 800 °C, the Ni is 1.8 and 3 times the
values of Co and Fe, respectively. Thus, it seems that the
decrease in the exsolution temperature hinder the exsolution of
Co and, especially, Fe. These results correlate well with DFT

analyses provided by Lv et al.,50 which pointed to a lower
thermodynamic favorability for the exsolution of Fe. Here, we
add a new level of adjustment driven by the careful control of the
exsolution temperature. In the previous section, Figures 4 and 5,
we illustrate how, by controlling the exsolution temperature, the
nanoparticle size and dispersion can be adjusted. In addition, by
proper adjustment of the temperature, the exsolved alloy
composition can be tuned in a very simple manner. These
could find potential applications in several catalytic processes in
which, by adjusting the metallic alloy composition, it would be
possible to increase the reaction conversion or selectivity to
desired compounds.

To corroborate the nature of the exsolved nanoparticles, the
materials were analyzed, before and after exsolution, with XPS
(Figure 7). Here, we focused on the qualitative analyses of the
metallic species that were present in the perovskite surface and
exsolved nanoparticles, with special attention to the exsolution
temperature treatment. Figure 7 depicts the XPS data for Fe 2p
(Figure 7a), Ni 2p (Figure 7b), and Co 2p (Figure 7c). In all
three cases, notorious changes upon material exsolution can be
observed. Before exsolution, the Fe 2p spectra in the Sr2 sample
are mainly dominated by Fe2+ and Fe3+ components (with 2p3/2
bands at ca. 709 and 710.7 eV, respectively).51 However, upon
exsolution, even at 600 °C, a 2p3/2 band around 706.75 eV
appears which corresponds to metallic Fe.51 This peak ascribed
to metallic Fe increased in intensity with increasing exsolution
temperature, which matches well with the EDX mapping results
reported in the previous section, indicating that, by increasing
the exsolution temperature, a higher amount of metallic Fe was
present in the ternary alloy exsolved nanoparticles. Regarding
the Ni 2p (Figure 7b) component, before exsolution, a minor
presence of Ni2+ (2p3/2 ca. 852.5 eV) was observed. After
exsolution, at any of the three temperatures assayed, a strong
peak (2p3/2) at 851 eV was detected, which is ascribed to Ni
metal. Opposite to Fe exsolution, XPS data showed a high
presence of metallic Ni regardless of the temperature used for
the exsolution treatment, pointing to an easier migration of Ni
cations under reductive atmospheres and a higher driving force
for metallic Ni exsolution. Finally, Co2p data showed a similar
behavior to Fe. Before exsolution, the main band was ascribed to
Co2+ 2p3/2 at 780 eV.51 However, upon exsolution, a small band
(2p3/2) around 779 eV emerges at 600 and 700 °C of exsolution

Figure 7. X-ray photoemission spectra of (a) Fe 2p, (b) Ni 2p, and (c) Co 2p core levels of Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ before and after exsolution
at 800, 700, and 600 °C for 4 h in a 5% H2/Ar atmosphere.
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treatment, which is ascribed to metallic Co. The intensity of this
band increased notably when the exsolution treatment was
performed at 800 °C, as observed for Fe. In conclusion, XPS data
corroborated the EDX-SRTEM observations, pointing out to a
compositional variability of the exsolved nanoparticles depend-
ing on the temperature of choice used for the exsolution
treatment, that is, higher temperatures (800 °C) favored the
exsolution of Co, and especially, Fe, which are present in lower
quantities at 600 and 700 °C. On the other hand, Ni exsolution
was affected to a lesser extent (if any) by temperature, and
metallic Ni was easily detected by XPS at the three temperatures
assayed. These results agree with TPR analysis performed
(Figure S9), which shows that the reduction of Ni2+ to metallic
Ni occurs at low temperature (between 360 and 400 °C),
whereas metallic Fe and Co occur at temperature above 800 °C
as it was inferred from the TPR analysis.52,53

Electrochemical Performance and Potential Applica-
tions. To discern the potential applications for the developed
materials, conductivity measurements were performed under
oxidizing and reducing conditions. Figure 8a shows the

conductivity as a function of temperature in synthetic air.
Conductivity increases with temperature for the three
compounds below 400−500 °C (depending on the material)
that are attributed to the small polaron hopping conduction
mechanism, p-type conductivity. Above 500 °C, material
conductivity lowers as temperature increases. This behavior is
attributed to the increase in oxygen vacancies due to the loss of
structural oxygen above 400 °C as it is inferred from the weight
loss observed in the TG measurements (Figure S10). The
formation of oxygen vacancies (that consumes electron holes)
together with the reduction of Fe3+ to Fe2+ or Mo6+ to Mo5+ at
higher temperature induces a drop in the charge carrier
concentration and, consequently, in the conductivity. This
behavior has been observed in other studies with similar
materials54,55 and other Sr perovskites.56,57 Sr2 conductivity in

air outperforms Sr1.9 and Sr1.8, reaching a maximum of about
26 S cm−1 at 600 °C. Conductivity as a function of temperature
in 5%H2 balanced Ar is plotted in Figure 8b.Materials were kept
at 800 °C for 6 h, until conductivity was stable, indicating the
proper exsolution and stabilization of the materials. In Figure
S11, conductivity measurements before stabilization in 5% H2
balanced Ar can be appreciated. The Sr2 material presents the
highest conductivity, reaching values of 16 S cm−1 at 800 °C,
followed by Sr1.8.

Based on the physicochemical characterization results, the
CO2 electrolysis performance of the Sr2 material functionalized
with in situ exsolved nanoparticles was analyzed, at both 800 and
600 °C (4 h treatment each), and its electrochemical activity
against the oxide without exsolved nanoparticles, namely,
without prior reduction treatment in H2, was benchmarked.
These electrolysis measurements were performed at 800 °C, in
all cases. Given that exsolved nanoparticles can presumably grow
at 800 °C after 600 °C exsolution, it is worthmentioning that the
main idea of this reduction treatment temperature is to prevent
the formation of the RP phase after exsolution, condition
achieved after 600 °C exsolution, but not after 800 °C. Thus, the
effect of this secondary phase can be evaluated, besides the
differences between exsolution treatments. Figure 9 shows the
cell architecture scheme and SEM micrographs of the different
electrolyte-supported asymmetrical membranes with config-
uration Sr2 + CGO|CGO|ScSZ|CGO|LSCF, prepared to
evaluate the Sr2 performance as the cathode for CO2
electrolysis. Figure 9b depicts the cathode-electrolyte interface
composed of the Sr2 + CGO porous composite electrode well
connected to the CGO buffer layer of around 400 nm thickness.
The fully assembled cell can be observed in Figure 9c, with a
highly porous LSFC anode of about 20 μm thickness and the Sr2
+ CGO cathode with 30 μm thickness, both showed proper
attachment to the CGO buffer layers deposited by sputtering
over the ScSZ electrolyte. In situ exsolution treatments were
performed in the cathode chamber after sealing the cell to the
reactor. Additionally, to evaluate the exsolution of the electrodes
in cell configuration, reduction treatments were performed to
half-cells and are shown in Figure 9d,e. These results
demonstrate that the electrode showed nanoparticle exsolution
when supported to the electrolyte, as can be seen in Figure 9d,
for a cell exsolved at 800 °C, and in Figure 9e corresponding to a
cell exsolved at 600 °C. For both treatments, nanoparticle sizes
and populations are consistent with previous powder studies,
showing similar dp (around 22 and 10 nm after 800 and 600 °C
exsolution, respectively) and nanoparticle distribution.

Figure S12 shows the current−voltage curves from the
different SOECs fabricated andmeasured at the beginning of the
experiment at 800 °C, with 15% CO2 being supplied to the
cathode chamber and air being supplied to the anode chamber.
The i−V curves exhibit non-linear behavior, commonly
observed when perovskite oxides are used as electrodes for
CO2 electrolysis without premixing with CO.24 For instance, we
obtained a current density of about 400 mA cm−2 at an applied
voltage of 1.5 V for non-exsolved and 600 °C exsolution
membranes, although the 600 °C exsolved cell shows a slightly
better performance at higher conversion rates (higher i). On the
other hand, the exsolved cell at 800 °C showed the worst
performance at higher current densities compared to both non-
exsolved and 600 °C exsolved membranes. Such behaviors will
be explained ahead, after EIS analyses and post-mortem
characterization. Nevertheless, no large differences can be
appreciated between the three samples; this is not surprising and

Figure 8. Conductivity measurements for the as-synthesized
SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ samples with x = 2, 1.9, and 1.8 in air
(a) and 5% H2/Ar (b) atmospheres.
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can be explained by the largeOhmic resistance of the electrolyte-
supported cells. Figure 10 plots the CO production and the

corresponding Faradaic efficiency for the three samples by
applying different current densities (50, 200, and 300mA·cm−2).
CO production was very similar for the three samples at 50 and
200 mA·cm−2, showing a slight improvement in exsolution-
functionalized cells, compared to the non-exsolved one. At 300
mA·cm−2, there is a remarkable change in the CO production
trend. First, the 600 °C exsolved cell shows a larger and more
evident improvement when compared to the non-exsolved and,
especially, 800 °C exsolved membrane, which shows an
important drop in its CO production. This drop can be
subsequently seen in the Faradaic efficiency, arriving to its
bottom (around 60%) at 300 mA·cm−2, compared to 200 (90%)
and 50 mA·cm−2 (almost 100%). This descending trend shows a
deactivation of the 800 °C exsolved membrane that will be
further explained with post-mortem characterization. Faradaic
efficiency falls especially between 200 and 300 mA·cm−2, which
is consistent with the i−V curve for 800 °C exsolution (Figure
S12). This drop in the Faradaic efficiency can be seen also in the
non-exsolved membrane but strongly softer, reaching its lowest

at 300 mA·cm−2 (80%) and remaining around 95 and 90% at 50
and 200 mA·cm−2, respectively. This can be due to a
deactivation process too, but clearly not as important as after
800 °C exsolution. The highest CO production and Faradaic
efficiency were both obtained with the electrode functionalized
with 600 °C exsolution treatment. After obtaining a 100%
Faradaic efficiency at 50 mA·cm−2, 90% is reached at both 200
and 300 mA·cm−2, remaining stable in these i values.

To further study the drop in Faradaic efficiency affecting both
exsolved electrodes and the remarkable decrease in the 800 °C
exsolved cell, CO2 electrolysis was performed for more than 80 h
(Figure 11). These measurements were carried out at 1.2 V,

according to the i−V curves, remaining in the linear region for
both cells. Over the first few hours of the experiment, in both
cases, a clear drop in i can be seen. This decrease is larger for the
800 °C exsolved membrane, exhibiting lower i than the 600 °C
exsolved cell after 80 h. After this initial fall, both cells show a
slight loss of i with time. Between 30 and 80 h, an 8% i loss for
both cells occur, which is far from the initial 20 h fall. Post-
mortem SEM micrographs (Figure S13) demonstrate that the
800 °C exsolved membrane lost almost every nanoparticle on its
surface after these experiments (CO2 electrolysis and long-term
analyses) and, the few remaining, exhibited great changes in

Figure 9. (a) Schematic of the fabricated SOEC with exsolved FeCoNi nanoparticles. SEMmicrographs of the cross-section of Sr2-CGO|CGO|ScSZ|
CGO|LSCF cells showing the (b) cathode-electrolyte interface and (c) whole cell, including the cathode, anode, and electrolyte. Sr2 + CGO cathode
after exsolution treatment at (d) 800 and at (e) 600 °C.

Figure 10. CO production rate and Faradaic efficiency for the different
SOECs (Sr2 + CGO|CGO|ScSZ|CGO|LSCF), using 15% CO2 flow in
the cathode chamber and air in the anode chamber. All measures were
performed at 800 °C.

Figure 11. CO2 electrolysis measurements at 800 °C for 80 h under
constant voltage (1.2 V) for cells after in situ exsolution at 600 and 800
°C.
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their morphology, not only size changes but shape variation too
(Figure S13b,c). However, after measurements with the 600 °C
cell, despite an important loss compared to the exsolution in
powders (see Figure 3), a remarkably larger number of
nanoparticles (Figure S13a) than in the 800 °C exsolved cell
can be appreciated. Morphology changes are also observable,
especially a growth of certain nanoparticles compared to the
ones observed after 600 °C reduction treatment before
electrolysis tests (from 10 to 30−35 nm growth). However,
the spherical shape remains, unlike in the 800 °C exsolved cell.
This growth of the NPs was predictable, according to the
electrolysis temperature (800 °C). Morphology changes
affecting Ni exsolved NPs have been observed by Kyriakou et
al.,58 after CO2/H2O co-electrolysis experiments without
protection hydrogen flow. The injection of hydrogen is
commonly used with Ni/YSZ electrodes to prevent Ni oxidation
that may cause NP alterations. However, there is little
information about post-mortem analyses in double perovskite
oxides of the Sr2Fe1.5Mo0.5O6−δ family50 after CO2 electrolysis or
other Ni exsolved perovskites59 to carry out a proper
comparison. Then, such differences in the stability of NPs
between exsolved cells may be caused by certain instability of the
cathode due to the phase change after 800 °C reduction, when
the RP phase appears. In addition, post-mortem characterization
revealed carbonate formation on the surface of the Sr2 + CGO

cathode in situ exsolved at 800 °C, which can play a role in the
degradation observed during cell testing (Figure S14). This
SrCO3 formation can be appreciated only after 800 °C
exsolution, but not after the 600 °C reduction treatment. This
fact suggests that the A-site rich RP phase can be susceptible to
carbonation, seeing that the RP phase is no longer present in
XRD diffractograms after CO2 electrolysis and SrCO3 peaks
appear after 800 °C exsolution (Figure S14c). Thus, carbonation
issues can be solved by lowering the exsolution temperature to
prevent RP phase formation. In summary, the instability
ascribed to the RP phase may explain the larger loss of NPs
and consequently affect Faradaic efficiency, CO production, and
i. All of them are remarkably decreased in the 800 °C exsolved
membrane when compared to the 600 °C exsolved cell, which
has no phase change due to the reduction treatment temper-
ature. This larger loss of NPs, consequently, explains the bigger
initial drop in the performance (Figure 11) of the 800 °C
exsolved cell.

Electrochemical impedance spectroscopy (EIS) was per-
formed to make a detailed analysis and comparison of the CO2
electrolysis performance of the Sr2 + CGO different cathodes.
Figure 12 shows the Nyquist (a) and Bode (b) plots of the
different fabricated SOECs measured at 800 °C, open circuit
voltage (OCV) at the beginning of the experiment. The
impedance spectra were fitted by a complex non-linear least

Figure 12. Nyquist and Bode plots from EIS measurements during CO2 electrolysis experiments at 800 °C (a,b) at OCV and (d,e) at 1.2 V. Total Rp
and its three contributions (RLF,RMF, andRHF) at (c)OCV and (f) 1.2 V, for SOECs with the non-exsolved cathode, in situ exsolved cathode at 800 °C,
and in situ exsolved cathode at 600 °C.
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square (CNLS) to the equivalent circuit Rs(RLFQLF)(RMFQMF)-
(RHFQHF) (LF, MF, and HF being low, medium, and high
frequency, respectively) where Rs is the Ohmic resistance mostly
attributed to the electrolyte, and the total polarization resistance
of the cell can be calculated by the sum Rp = RLF + RMF + RHF.
This Rp and its three contributions can be observed in Figure
12c, for measurements at 800 °C and OCV. Noting that the
characterized cells have an identical anode (LSCF) and
electrolyte (CGO|ScSZ|CGO), Rp differences are attributed to
the incorporated Sr2+CGO cathode. Lower Rp values of 1.02
and 0.93 Ω cm2 are obtained for the cells in situ exsolved at 800
and at 600 °C at OCV, respectively, compared to the non-
exsolved sample (1.51 Ω cm2). The performance improvement
can be ascribed to the presence of the exsolved alloyed
nanoparticles, which emerged on the surface of the perovskites
after the in situ exsolution treatment. This Rp reduction is clearly
depicted in Figure 12c, which reveals that the in situ exsolved cell
at 600 °C showed the lowest polarization resistance value. It also
reveals an interesting trend related to medium frequency
resistance contribution (RMF), observable between 101 and 102

Hz in the Bode plot. This contribution clearly descends after
exsolution, especially with 600 °C reduction treatment. This
RMF contribution, which corresponds to obtained capacitances
between 10−2 and 10−1 F cm−2, can be associated to the
activation of the dissociative adsorption of CO2 and to diffusion
processes.60,61 Figure 12d shows the Nyquist plot and Figure
12e shows the Bode plot of the SOECs measured when a voltage
of 1.2 V was applied, same used for the 80 h CO2 electrolysis
measurements. The lowest Rp value (0.95 Ω cm2) was, again,
obtained for the in situ exsolved cell at 600 °C, followed by the
800 °C exsolved cell (1.09 Ω cm2) and the non-exsolved cell
(1.28 Ω cm2), showing an Rp decrease with exsolution (Figure
12f), same trend as OCV impedances. In addition, the same
decreasing trend with exsolution is observed in RMF, which is
consistent with OCV impedance measurements. Thus, these
results reveal improved catalytic activity, especially after 600 °C
exsolution, in line with the larger number of nanoparticles or
reaction active sites and a more stable electrode when no RP
phase is formed. Additional EIS studies were performed at 1.4 V
(Figure S15). In all cases (Figure S14a,c,e), Nyquist plots were
fitted to the equivalent circuit Rs(RMFQMF)(RHFQHF). Appa-
rently, RLF descends drastically when increasing the applied
voltage. On the other hand (Figure S14b,d,f), total Rp decreases
for non-exsolved and 600 °C exsolved cells but not for the 800
°C exsolved cells. This fact is consistent with i−V curves, that is,
at 1.4 V, the 800 °C exsolved cell curve is no longer in the ohmic
region, showing the worst performance at higher current
densities, as explained previously. It is also worth noting that,
for non-exsolved and 600 °C exsolved cells, RMF decreases with
increasing the applied voltage, which would be related to a better
catalytic activity. Nevertheless, CO2 electrolysis tests were
performed at 1.2 V due to the degradation showed by the 800 °C
exsolved cell at higher voltages.

As mentioned previously in this section, the three cells show
large ohmic resistances (Ro) as electrolyte-supported cells. In
fact, at 1.2 V, Ro represents 35, 26, and 22% of the total resistance
for the exsolved cells at 600 and 800 °C and the non-exsolved
one, respectively (0.51, 0.38 and 0.37 Ω cm2). The variation in
Ohmic resistance among cells can be ascribed to experimental
differences related to sputtering buffer-layer deposition, that is,
thickness, grain-morphology, and occluded porosity. From these
results, it can be inferred that the use of a thinner electrolyte
could improve the performance of these cells, especially in the

600 °C exsolved case. Changing the 150 μm-thick used
electrolyte by a 10 μm-thick electrolyte instead would reduce
94% of the Ro contribution. This would directly affect the
electrochemical performance of the cells by means of a potential
growth in i: from 250 to 335 mA cm−2 at 1.2 V and from 400 to
535 mA cm−2 at 1.5 V for the 600 °C exsolved cell. This fact
clearly exemplifies the need of further cell optimizations to
improve the performance of these SOECs. Nevertheless,
optimization of these cells relies not only on the used electrolyte
but also on other parameters that need further optimization:
changes in exsolved NPs and perovskite/CGO ratios of the fuel
electrode composite or electrode thickness may have an
important impact on the studied cells.

Finally, Figure S16 depicts the Raman spectra of the exsolved
Sr2 + CGO cathodes (800 and 600 °C) after CO2 electrolysis.
The 600 °C exsolved cathode does not exhibit any carbon
deposition feature, whereas a minor mode around 1560 cm−1 for
the 800 °C exsolved cathode can be observed.

In summary, the exsolution route presented here shows a
promising possibility to tune the composition and morphology
of ternary alloyed nanoparticles to enhance the catalytic
performance of SOEC devices. Further optimization of the
cells and the reaction parameters is needed, in order to prevent
NP loss during the measurements, accomplishing the full
potential of the 600 °C exsolved Sr2 + CGO cathode. This
surface-functionalized cathode showed the best electrochemical
performance, especially due to the absence of RP phase
formation, thus increasing its stability.

■ CONCLUSIONS
In this work, medium-entropy SrxFeCo0.2Ni0.2Mn0.1Mo0.5O6−δ
(x = 2, 1.9, and 1.8) electrodes were synthesized, and its surface
functionalization via nanoparticle exsolution was evaluated.
First, we observed that A-site deficiency was detrimental in
terms of lower electric conductivity and exsolution extent, the
latter caused by NiO phase segregation. The stoichiometric
material (x = 2) showed remarkable exsolution with ca. 1800
particle μm−2 of 9 nm size when exsolution was performed at
600 °C for 4 h.When increasing the temperature, the population
decreased and the nanoparticle size increased. In addition,
exsolving at 800 °C led to the formation of a Ruddlesden-Popper
(RP) secondary phase. Besides nanoparticle size and population,
in this work, it is demonstrated that, by adjusting the exsolution
conditions, namely, temperature, it is possible to tune the
composition of the exsolved nanoparticles. Here, the medium-
entropy double perovskite allows for the exsolution of ternary
alloyed nanoparticles composed of Ni, Co, and Fe. STEM−EDX
mapping revealed that the concentration of the elements in the
exsolved nanoparticles follows the order Ni > Co > Fe.
Importantly, by adjusting the temperature, the amount of Fe in
the exsolved nanoparticle can be greatly increased, that is, a
twofold increase in concentration was reached upon exsolution
at 800 °C.

The implications of the exsolution temperature were also
evaluated under CO2 electrolysis conditions. Here, we found
that the electrodes functionalized with exsolved nanoparticles
created at 600 °C presented lower polarization resistance values
with respect to the non-exsolvedmaterials and after exsolution at
800 °C, which degraded after exposure to CO2. This degradation
is ascribed to the formation of SrCO3, probably triggered by the
presence of the secondary phase of RP. This phase also affects
the stability of the cathode, leading to a greater performance loss
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and morphology alteration of metallic NPs under electrolysis
conditions, not observed for the electrode exsolved at 600 °C.

In summary, we proved ternary alloy nanoparticle exsolution
from Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6−δ and the ability to easily
tune its composition by adjusting the exsolution treatment
conditions. This work could pave the way for the design of
multicomponent nanoparticles a ̀ la carte, which might find
potential applications in several energy storage and conversion
technologies or thermocatalytic processes for fuel and chemical
production.
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