Chemical Engineering Journal 471 (2023) 144448

Chemical
Engineering
.. Journal

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

ELSEVIER

Check for

Triggering electrode multi-catalytic activity for reversible symmetric solid [%&s
oxide cells by Pt-doping lanthanum strontium ferrite

Anna Paola Panunzi , Leonardo Duranti® , Igor Luisetto ® Nicola Lisi ", Marcello Marelli ¢,
Elisabetta Di Bartolomeo *
& Department of Chemical Science and Technologies, University of Rome Tor Vergata, Via della Ricerca Scientifica, 00133 Rome, Italy

Y ENEA C.R. Casaccia, Via Anguillarese 301, 0123 S.M. di Galeria, Roma, Italy
¢ CNR SCITEC - Istituto di Scienze e Tecnologie Chimiche “Giulio Natta”, Via Fantoli 16/15, 20138 Milano, Italy

ARTICLE INFO ABSTRACT

Keywords:

Reversible Solid Oxide Cells
Symmetric Cells

Perovskite oxides

Platinum doping

Exsolution

Among the up-and-coming technologies, reversible solid oxide cells (r-SOCs) represent a highly efficient way to
store and convert energy using a single device. The interchangeability between SOFC and SOEC operation is the
key aspect, though for its technological advancement the development of performing, versatile and robust
electrodes must be pursued. A multi-purpose catalyst would allow for the design of a reversible symmetric cell (r-
SSOC), greatly reducing fabrication and maintenance costs. However, such a flexible electrode material must
comply with the requirements of both SOC electrodes, namely ensuring high performance in a wide pO, range:
catalytic activity towards fuel oxidation and HyO/CO; reduction, electronic and ionic conductivity, long-term
stability, tolerance to carbon deposition. In this work, platinum doping at the B-site of a lanthanum strontium
ferrite (LSFPt) endowed the parent perovskite with superior versatility, making it able to operate as oxygen
exchange catalyst as well as fuel electrode material. 5-mol% Pt inclusion enhanced the ORR/OER activity,
lowering the LSF area-specific resistance by 29% and approaching the state-of-the-art LSCF performance. After
reduction, Pt-Fe finely distributed exsolution provided the fuel electrode with catalytically active sites. LSFPt-
symmetric Hy-SOFCs and CO,-SOECs, displayed 720 mWecm ™2 power density and 1.66 A-cm™2 current den-
sity at 1.6 V, respectively, at 850 °C. Endurance tests on LSFPt-based r-SSOCs demonstrated a remarkably stable

SOFC/SOEC cyclability and a steady current density output for over 370 h in 50:50 CO2:CO at 850 °C.

1. Introduction

The intermittent and seasonal nature of renewables requires efficient
systems, capable of storing excess energy and supplying it during con-
sumption peaks. Among innovative technologies, reversible solid oxide
cells (r-SOCs) combine the concepts of solid oxide electrolyser cell
(SOEC) and solid oxide fuel cell (SOFC) in a single device. R-SOCs can
alternatively switch between power-to-fuel mode (turning energy into
storable fuels) and fuel-to-power mode (converting back the stored fuels
into electrical energy) with high intrinsic efficiency resulting from high-
temperature operation [1,2].

The conventional device architecture Ni-YSZ|YSZ|LSM set the stan-
dards for Hyo/H20 operation as both fuel and electrolysis cells. Never-
theless, state-of-the-art materials display operational shortcomings that
restrict the application of commercial devices to a limited, high-
temperature range, and to highly purified gas feeds. For instance, the
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established air electrode material, LSM, suffers from poor activity in the
intermediate temperature range, mainly due to its intrinsic negligible
ionic conductivity [3]. Moreover, LSM showed degradation under cell
polarizations, both cathodic (SOFC) and anodic (SOEC) [4]. On the other
side of the cell, the composite Ni-YSZ fuel electrode shows a series of
weaknesses when it comes to fuel flexibility, one of the distinctive fea-
tures of solid oxide cells. Ni-YSZ has low tolerance to fuel impurities
(HyS) [5] and its catalytic activity rapidly degrades in presence of
carbon-containing species. This latter issue impairs Ni-YSZ utilization in
hydrocarbons-fuelled fuel cells, due to coking [6] but also in CO2-based
electrolysers, due to progressive carbon deposition [7]. The cermet na-
ture of Ni-YSZ suffers from limited TPB extension [8] and instability
over prolonged operation under polarization [4]. Moreover, the fuel
electrode usually plays the role of mechanical cell support, and nickel
volume variations over redox cycles expose the whole cell to mechanical
failure risk [9].
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The pursuit of newly-designed materials has recently been oriented
towards the tailoring of a multi-purpose catalyst, both for anodic and
cathodic applications. To this extent, the concept of symmetric solid
oxide cells (SSOCs) minimizes mechanical and thermo-chemical affinity
issues to a single type of electrode/electrolyte interface, reducing
fabrication/maintenance costs and favouring large-scale production
[10,11]. Additionally, the effort of designing a catalyst able to withstand
antipodal pO, conditions at high temperature can be pushed forward,
towards the optimization of a symmetric and reversible solid oxide cell
(r-SSOC) [12]. Together with redox resistance, the electrode material of
a r-SSOC must ensure both mixed ionic-electronic conductivity and
versatile activity towards all the reactions involved: ORR, OER, oxida-
tion of various fuels and H,O/CO- reduction. Low cost, earth-abundant
iron-based perovskite oxides represent the ideal candidates as multi-
tasking electrode materials [13,14]. These compounds benefit from
highly versatile Fe redox chemistry, which is responsible for their
intrinsic MIEC nature, and provides high structural tolerance to non-
stoichiometry and Fe replacement. In particular, B-site substitution on
Sr-doped lanthanum ferrites Laj.,SryFe; yMyOs.5 has been extensively
explored, aiming at increasing structural stability under highly reducing
environments (M = Ti, Cr, Mn) [15-17], or electronic/ionic conduc-
tivity and catalytic activity (M = Co, Ni, Cu) [18,19].

20 mol% Co-substitution on LSF (LSCF) represented a breakthrough
for outstanding performance in the intermediate temperature range
(600-800C°). Nevertheless, LSCF shows poor stability upon long-time
operation, due to solid state reactions with the electrolyte, Sr segrega-
tion, and Co migration [20]. Moreover, the economic and ethical im-
plications of cobalt use in the field of green energy must be considered:
Co demand, in fact, is expected to witness a five-fold growth in few
decades mainly due to the future market of electric vehicles [21]. As an
alternative to cobalt utilization, a valuable solution in terms of elec-
trocatalytic performance is the partial substitution of B-site iron with a
small amount (<5 mol%) of platinum group metals (PGMs). Such
quantities of PGMs can be profitably harvested from secondary sources,
such as spent automotive three-way catalysts (TWCs) [22] or, more
recently, from electrode membrane for hydrogen production [23].
Recycling is an economically and ecologically convenient PGMs source,
an alternative to localized low-grade ores extraction. PGM-doped
perovskite oxides are reduced to their metallic state displaying largely
favourable Gibbs free energy [24], thus when doped into complex oxide
structures, they can easily segregate to the oxide surface upon high-
temperature reduction. This PGMs segregation in form of metallic
nanoparticles, alone or alloyed with Fe, is known as exsolution, and
promotes catalytic activity for fuel oxidation [25-28]. Pt inclusion
within a stable lanthanum titanate has been achieved through solid-state
reaction, avoiding thermal decomposition of platinum oxide precursors,
to obtain a stable catalyst for CO oxidation and other fuels conversion
[28]. Lately, 1.5 at% Pt was doped into an LSF thin film grown by pulsed
laser deposition. A multi layered structure was used as a model electrode
to study how Pt surface doping lowered the electrode polarization
resistance [29].

Here, 5 mol% Pt was successfully doped at the B-site of Lag ¢Srg.4.
FeOs s through citrate-solution combustion method. The effect of Pt-
doping on the parent perovskite structure was evaluated by X-ray
powder diffraction (XPRD), X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TG) and oxygen temperature-programmed
desorption (O2-TPD). Lag ¢Srg 4Fep 95Pto. 05035 (LSFPt) performance as a
SOC air electrode was evaluated in terms of electrical conductivity and
polarization resistance as a function of temperature and pO». The rate-
limiting steps of oxygen exchange reactions were investigated by
means of equivalent circuit modelling (EC) and distribution of relaxa-
tion times (DRT) on electrochemical impedance spectroscopy (EIS) ob-
tained data. Results are compared to both the undoped parent perovskite
(LSF) and to a commercially available state-of-the-art 20 mol% Co doped
(LSCF). LSFPt structural evolution after thermal treatment in 5% Hy/Ar
was screened by means of XRPD, temperature-programmed reduction
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(H,-TPR), transmission electron microscopy (TEM) and scanning elec-
tron microscopy (FE-SEM) coupled with elemental analysis (EDX) to
assess its applicability as a fuel electrode as well. Finally, LSGM-based
symmetric cells were tested as Hp-SOFCs, CO,-SOECs, and r-SOCs
assessing long-term (over 370 h) stability and reversibility.

2. Experimental
2.1. Samples preparation

Lag ¢Srg 4Fe03.5 (LSF) and LageSrg4Feq 95Pto0503.5 (LSFPt) were
synthesized by citrate-nitrate solution combustion method. Stoichio-
metric amounts of precursors, such as: La(NO3)3-6Ho0 (Alfa Aesar®©,
99.999%), Sr(NOs3)2 (Aldrich®, 99.995%), Fe(NOs3)3-9H20 (Aldrich®,
99.99-+%) and H;3NgOgPt (Alfa Aesar©, 99.995%) were dissolved in a
distilled water solution (0.1 M) on a hot plate. Acting as fuel and com-
plexing agent, citric acid (CA) was added in 1:1 CA/ions molar ratio. The
pH of the solution was adjusted to 6.5 by dropwise addition of NH3(aq).
The solution was slowly dehydrated to obtain a gel, then the combustion
was ignited by raising the plate temperature up to 350 °C. The obtained
ashes were milled and homogenized. To maximize the perovskite cata-
lyst surface area, the lowest possible calcination temperature was cho-
sen, after the complete loss of excess water, nitrates and carbonates. The
calcination temperature was set at 750 °C as resulting from thermog-
ravimetric analysis performed on the post-combustion sample (Fig. S1 -
Supplementary Material). Ashes were calcined at 750 °C for 3 h. The
obtained oxide powder was grounded in an agate mortar and calcined
again to ease the formation of a pure phase. Commercial (Praxair)
Lag gSrg.4Feg 8C0p.203.5 (LSCF) was used as a reference air electrode
material.

2.2. Instrumental characterizations

Specific surface area was assessed applying the Brunauer-Emmett-
Teller method (BET) in the linear 0.03 = 0.3 span of relative pressure
(p/p%). Ny adsorption/desorption isotherms were acquired at —196 °C
by means of a Micromeritics Tristar II Plus Surface Area and Pore Size
Analyzer. Samples were subjected to a degassing step in vacuum at
350 °C for 4 h before analysis.

X-ray powder diffraction (XRPD) analyses were performed using a
Philips X-Pert Pro 500 diffractometer with Cu Ka radiation (A = 1.54056
A) in the range 20 = 20° —90° with 0.015° step size and 10 s time per
step. The mean crystallite size was calculated using the Scherrer equa-
tion and the broadening of the most intense XRPD peak.

Thermogravimetric measurements were carried out under nitrogen
flux using a TG-DSC 1 (Mettler Toledo, STAR system). The mass loss was
recorded between 50 °C and 1000 °C, with a heating ramp (5 °C-min1).
Prior to each analysis, the sample (~30 mg) was loaded in a Pt crucible
and pre-heated in air up to 500 °C (5 °C~min’1) to ease adsorbed con-
taminants desorption, then cooled to room temperature. Buoyancy ef-
fect was subtracted. XRPD analyses were performed on the samples
before and after the TG measurements.

Oxygen temperature programmed desorption (O2-TPD) and
hydrogen temperature programmed reduction (Hy-TPR) were per-
formed with an AutoChem 2950 HP Micromeritics automated flow-
through device with a TCD detector. To favour the desorption of
adsorbed exogenous species, the samples were treated 1 h at 350 °C in
5% O4/He gas mixture (30 cm®-min~1) then cooled down to 50 °C in this
controlled environment. O,-TPD measurements, were carried out in
flowing He (30 cm®min~1), and oxygen released by the samples was
monitored between 50 °C and 850 °C (10 °C -min’l). Hy-TPR analyses
were performed flowing 30 cm®-min ! of 5% Hy/Ar gas mixture in the
reactor, following the same thermal ramp used for O,-TPD experiments,
this time up to 1000 °C. A TCD detector recorded Hy consumption. CuO
(99.99%, Aldrich®) was reduced for TCD calibration. XRPD analyses
were performed on the samples before and after the O,-TPD
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measurements.

X-ray photoemission spectroscopy (XPS) was performed on dense
perovskite oxide samples. Sintered disks were obtained by mixing the
perovskite powders with 5% of organic binder (PVP), uniaxially pressing
the mixture at 260 MPa and sintering the obtained disks at 1250 °C
(2 °C-min~!) for 4 h. XPS core level spectra were acquired with Al Ko X-
ray radiation at 1.486 eV (VG Escalab MKII Spectrometer).

LSF and LSFPt sintered samples were also treated with oxygen
plasma (30 min, 100 W, Diener Electronic, model Zepto), then exposed
to flowing air for 10 min and XPS spectra acquisition was repeated, to
enhance the adsorbed molecular oxygen contribution in O 1 s signal.

Morphological analyses were performed using a Zeiss Leo SUPRA™
35 field emission scanning electron microscope (FE-SEM), Transmission
Electron Microscope (TEM) and Scanning Transmission Electron Mi-
croscope (STEM). For TEM analyses, specimens were gently ground in
an agate mortar, suspended in isopropyl alcohol, and placed for 10 min
in an ultrasound bath. A suspension drop was deposited onto a lacey
carbon copper TEM grid and analysed after overnight drying. The grid
was inserted in the column of a ZEISS LIBRA200FE electron microscope
for imaging and analysis. EDX (Energy Dispersive X-ray Analysis) map
and line profiles were performed in STEM mode, with an OXFORD (X-
stream 2) probe.

Electrical conductivity was measured using the direct current four-
point probe technique on sintered samples. The same sintering proced-
ure previously described for XPS sample preparation was followed. Au
current collectors were used. Conductivity measurements were per-
formed under air flux (100 cm3~min’1) in the 200 °C-850 °C tempera-
ture range.

2.3. Cells configuration

The electrolyte-supported configuration was chosen for the electro-
chemical characterization of symmetric cells. Lag gSrg 2Gagp sMgo.203-5
(LSGM, purchased by Praxair) was mixed with 5% of PVP, pressed at
370 MPa and sintered 10 h at 1500 °C (2 0C~min_1). Dense pellets
(diameter 10 mm, thickness 300 um) were obtained.

Inks for electrode deposition were prepared by mixing the selected
perovskite powder with serigraphic terpineol-based oil (purchesed by
Fuelcellmaterials). The fuel electrode was spin-coated on one side of
LSGM electrolyte, while the air electrode was deposited on the other side
via brush painting. A thermal treatment (2 h at 1100 °C, 5 °C:min~H)
ensured adequate adhesion of the electrodes to the electrolyte. The
thickness of the fuel electrode was 60 um while the air electrode was 30
um-thick. The air electrode area was used for data normalization. An Au
adhesive paste (T10112, Metalor Technologies Ltd., U.K.) and gold wires
(Au 99.99%) were used as current collectors. Thus obtained symmetric
cells will be named X/LSGM/X with X = LSFPt, LSF, LSCF in the
following.

Area-specific resistance (ASR) was measured performing electro-
chemical impedance spectroscopy (EIS) measurements on symmetric
cells, by means of a frequency response analyser (FRA, Solartron 1260)
coupled with a dielectric interface (Solartron 1296). EIS spectra were
acquired in the 0.01 Hz—2 MHz frequency range, with a set AC voltage
amplitude of 10 mV. ASR was evaluated vs. temperature
(550 °C—800 °C) and vs. oxygen partial pressure (0.01 atm—0.21 atm) at
constant temperature (750 °C). The different pO, environments were
obtained diluting air with Ar. Impedance data were fitted with equiva-
lent circuit modelling (using ZSimpWin software). The distribution of
relaxation times (DRT) method was also used to investigate the trend of
the single reaction steps occurring at the electrode. DRT analysis was
carried out using a program developed by Ciucci et al. [30] running on
MATLAB.

SOFC, SOEC and r-SOC tests were performed on symmetric cells.
Samples were sealed on an alumina-based cell station using commercial
ceramic paste (Aremco Ceramabond 552). The electrochemical cell
characterizations (I-V characteristics, EIS analyses, potentiostatic tests
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for cell stability evaluation) were recorded with a PARSTAT 4000A
potentiostat-galvanostat/EIS analyzer. EIS spectra (frequency range
0.01 Hz—10 MHz, AC signal 10 mV) were acquired at open circuit
voltage (OCV) and at various cell voltages. Impedance data were fitted
and deconvoluted as reported above. SOFC tests were run at 650 °C,
750 °C and 850 °C, fluxing 100 cm®-min~! H, at the fuel electrode. SOEC
tests were performed at 850 °C fluxing 100 cm®-min ! of pure CO, at the
fuel electrode. Cell reversibility (r-SOC) was assessed at 850 °C fluxing
50% CO4 and 50% CO over time. The air-electrode was exposed to static
air in SOFC, SOEC and r-SOC tests.

3. Results and discussion
3.1. Samples characterization

Fig. 1a shows the XRPD diffractograms of LSF and LSFPt samples
after calcination. Both stoichiometries show the characteristic
Lag.6Sro.4Fe03.5 (JCPDS 82-1961) rhombohedral structure belonging to
the R 3 ¢ space group. As reported in the 31° < 20 < 34° enlargement in
Fig. 1a, the main peak position is centred at 20 = 32.54° and 32.40° for
LSF and LSFPt, respectively. Pt-doping shifted the LSF pattern toward
lower angles, indicating a lattice expansion resulting from the substi-
tution of Fe*/Fe*" ions (0.645/0.584 A) with larger Pt2*/Pt** ions
(0.800/0.625 A) into the lattice [31]. The change in crystallite size upon
Pt-doping was calculated from the Scherrer formula applied using the
FWHM of the most intense peaks. The presence of 5 mol% Pt reduced the
crystallite size from 29 + 1 nm for LSF to 25 + 1 nm. The surface area
values calculated with the Brunauer-Emmett-Teller method on the
adsorption branch of the Ny adsorption/desorption isotherms (Fig. S2),
showed comparable surface areas for LSFPt and LSF, 12.18 + 0.04
m2g~! and 10.56 + 0.04 m?.g~}, respectively. 5 mol% Pt replacement
at the B-site introduced a short-range perturbation in LSF crystalline
structure, reducing the mean crystallite size. The lattice distortion per-
centage ¢ [32] was estimated according to

_ b
©= duan 0]

A larger ¢ was obtained for LSFPt (0.0052%) as compared to LSF
(0.0045%).

Fig. 1b shows Pt 4f XPS spectrum obtained from LSFPt. Two main
peaks related to Pt 4f;,» and Pt 4f5 /5 are revealed, at 73.3 eV and 76.5
eV, respectively. According to the literature, each set of peaks can be
deconvoluted into two components, belonging to Pt?* and Pt** species.
The former contributions usually appear around 72.5 eV and 76 eV,
while the latter at 74 eV and 77 eV [29,33]. No relevant fraction of
metallic platinum (main peak around 71 eV) [34] can be seen in Fig. 1b
and from the XPS data fitting. The analysis of the relative concentrations
revealed that most of the doping platinum is coordinated in its highest
oxidation state, Pt4+, that accounted for 74.7%, with the remaining
25.3% being Pt>*.

Fig. 1c shows the comparison of the Fe 2p spectra of LSF and LSFPt.
The asymmetric feature of the spectra is characteristic of B-site iron in
lanthanum ferrites: two double-peaks, related to Fe 2p3,» (710 eV) and
Fe 2p1,2 (726 eV) together with two broad satellites at 720 eV and 734
eV. The peaks around 710 eV and 724 eV can be attributed to Fe3", while
the enhanced features around 713 eV and 726 eV have been associated
with Fe*t species [35-37]. According to these recent findings, here Fe
2p spectra were fitted with two components, the first clearly attributed
to Fe®t [38] and the second, appearing as a shoulder at higher binding
energies, to the presence of varying amounts of the Fe*' superoxide.
Thus, iron cations are mainly present as Fe>* and Fe*" with the relative
amounts listed in Table 1. The presence of a minor quantity of Fe?t
associated to structural defects cannot be excluded, yet since the XPS
measurements were performed on as prepared (oxidized) samples, the
peak related to Fe®t presence (~708 eV for 2ps/, signal [39]) cannot be
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Fig. 1. a) left: XRPD patterns of LSF and LSFPt powders; right: 31° < 20 < 34° enlargement of XRPD pattern shown in a) highlighting the 20-shift of the most intense
peak; b) XPS Pt 4f spectrum of as prepared LSFPt; ¢) XPS Fe 2p spectra of as prepared LSF and LSFPt; d) weight loss (%) vs. temperature for as prepared LSF, and
LSFPt between 25 °C and 950 °C in N, atmosphere; e) O»-TPD profiles of as prepared LSF, and LSFPt between 25 °C and 850 °C.

Table 1
Relative concentrations of iron obtained fitting the Fe 2p spectra reported in
Fig. 1lc.

Sample Fe*" (%) Fe** (%) Fe*t /Fe3+
LSF 67.9 32.1 0.47
LSFPt 56.2 43.8 0.78

easily discriminated, thus Fe?* was not included in Table 1.

Fe®" relative concentration decreased from 67.9% in LSF to 56.2% in
LSFPt, while the Fe**-related component raises from 32.1% to 43.8%. Pt
inclusion increased the amount of 4 + cations at the B-site and the net
effect on the perovskite lattice was a larger oxygen retention capacity, to
ensure the overall electroneutrality.

Fig. 1d shows the TG profiles of LSF and LSFPt samples from room
temperature to 950 °C recorded in flowing Ny. For both samples, the
weight loss is <2% and it can be ascribed to oxygen being released from
the sample due to thermal depletion of oxygen vacancies. At 950 °C the

mass losses were 1.15% and 1.71% for LSFPt and LSF, respectively.
LSFPt profile shows a lower slope as compared to LSF, especially from
room temperature to 200 °C (superficial oxygen release) and at T >
600 °C (lattice oxygen vacancies depletion). O»-TPD plots of LSFPt and
LSF are reported in Fig. 1e. Two main regions can be distinguished, on
the basis of the released Oy (Table 2): the a-region, up to 400 °C, in
which low intensity peaks arise from surface and weakly-bound oxygen
release, and the p-region, up to 850 °C, that accounts for the majority of
oxygen release, likely due to thermally activated oxygen loss from the
oxide lattice. Although the oxygen desorption tests were carried out in

Table 2
Oxygen released (mmol-g~!) from O,-TPD analysis for LSFPt and LSF.

released O, (mmol-g’l)

Sample Low T Peak High T Peak Total
LSF 0.057 0.452 0.509
LSFPt 0.047 0.412 0.459
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flowing He, a similar trend was observed as the one obtained in the
thermogravimetric analysis in Ng (Fig. 1d), with LSFPt releasing less
oxygen as compared to LSF both in the a-region (17.5%) and in the
p-region (8.8%). The most intense peak around 600 °C (likely associated
to the highest slope of the curves in Fig. 1e) appears shifted from 587 °C
for LSF to 685 °C for LSFPt, confirming the larger oxygen retention ca-
pacity provided to the oxide structure by the platinum doping. XRPD
patterns of both the samples before and after the TG and O,-TPD ana-
lyses were acquired and showed a preserved structural integrity of the
samples after the measurements (Fig. S3 in Supplementary Material).

The electrical conductivity of LSF and LSFPt was measured on sin-
tered perovskite samples by DC four-probe method between 300 °C and
850 °C in flowing air. Fig. 2a shows the Arrhenius-like plot and Table 3
reports maximum conductivity (cmax) and activation energy (E,) values.
In Fe-based perovskite oxides, the simultaneous presence of electron
holes and oxygen vacancies as charge carriers enables a mixed ionic and
electronic conductivity (MIEC). However, the electronic conductivity
results 2-3 orders of magnitude larger than the ionic one, thus the
former represents the major contribution to DC conductivity [40]. Data
in Fig. 2a exhibit the typical trend of LSF-based oxides: p-type conduc-
tion occurs via thermally activated small polaron hopping through the
Fe3*-0-Fe*" paths in the lattice until T ~ 600 °C. At higher temperature,
holes are annihilated to compensate for the progressive oxygen loss and
the conductivity decreases showing a metal-like trend.

The measured LSF conductivity is in good agreement with previously
reported values for the same stoichiometry [41]. Fig. 2a shows that
LSFPt data match those of LSF within the experimental error. 5 mol% Pt
doping did not significantly affect LSF conductivity, that remained well
above the threshold for application as a solid oxide cell air electrode
(100 S-cm™) [42], both in the IT-operational range (600 °C -850 °C)
and for lower temperatures. On the other hand, Pt-doping in the
perovskite lattice positively affected the activation energy for the
polaron hopping mechanism, that decreased by 19% (Table 3). The
observed lowering in E, might arise from the larger availability of Fe**/
Fe®* couples in LSFPt as compared to LSF (Table 1) introduced by Pt-
doping: a similar improvement in the polaron hopping mechanism
(lower activation energy) was reported as a consequence of Fe*t/Fe3+
ratio increase upon B-site substitution in lanthanum strontium ferrites
[43].

3.2. Air electrode characterization

LSFPt electrochemical activity as air-electrode was assessed by
means of ASR evaluation on LSGM-supported symmetric cells and
compared to both the undoped compound (LSF) and to the state-of-the-
art 20 mol% Co-substituted lanthanum ferrite, LSCF. EIS data were best
fitted with an Ry(CR)1(QR)2(QR)3 equivalent circuit, where R is the
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Table 3
Maximum conductivity values and activation energies for LSF and LSFPt
measured in air.

Sample Omax (S-em™) E, (eV)
LSF 189 +7 0.140 + 0.004
LSFPt 189 + 10 0.114 + 0.002

shows the area specific resistance (ASR) of LSFPt, LSF and LSCF in the
550 °C—850 °C temperature range. As expected, LSCF and LSF displayed
the lowest and the highest ASR values, respectively, in the whole
investigated range. LSFPt showed comparable resistance values to LSF at
550 °C, then approached LSCF performance at temperature higher than
700 °C. Fig. 2c shows the Nyquist plots at 750 °C: the total polarization
resistance for undoped LSF was 0.31 Q-cm?, the introduction of 5 % mol
Pt resulted in a 29% resistance decrease (0.22 Q-cmz), close to the 0.21
Q-cm? of LSCF. LSFPt exhibited a higher temperature-dependent
behaviour, as confirmed by the highest activation energy value: 1.43
+ 0.03, 1.37 + 0.02 and 1.31 + 0.05 eV, for LSFPt, LSF and LSCF,
respectively. According to TG and O,-TPD profiles in Fig. 1d and 1e, the
oxygen released above 700 °C allowed for larger oxide ions mobility and
the full exploitation of platinum catalytic activity, approaching ASR
values close to the ones obtained with 20 mol% Co-substituted LSF.

To have a better understanding of how Pt-doping lowered the
resistance of oxygen exchange reactions occurring at LSF electrode,
impedance spectra of LSFPt/LSGM/LSFPt and LSF/LSGM/LSF cells were
recorded at different oxygen partial pressures, between 0.21 atm and
0.01 atm, fixing the temperature at 750 °C. Again, the results were
compared to an LSCF/LSGM/LSCF cell, tested in identical conditions.
DRT analysis was carried out on EIS data and profiles are shown in
Fig. 3a, 3b, and 3c for LSF, LSFPt and LSCF, respectively.

As expected, for all samples the decrease in pOs led to a progressive
resistance increment. DRT spectra show three main peaks (Pyg, Pymr, PLE)
corresponding to the reaction stages occurring at different frequencies:
103-102 Hz (High Frequency), 10%-10° Hz (Medium Frequency) and 10°-
107! Hz (Low Frequency). The impedance contributions (areas of
separated peaks) will be addressed as Ry, Ry, Ryp in the following. For
all compounds, Py accounted for the lowest intensity and did not show
significant dependence on pO3 variation, thus Ryr can be related to 0%
transfer at the electrode/electrolyte interface [44]. Conversely, Py and
P1r were strongly dependent on pOj: both peaks increased and shifted
toward lower frequency with the decrease of the oxygen partial pres-
sure. Fig. 3a—c clearly show that medium-frequency processes repre-
sented the reaction rate determining steps for the three samples,
followed by the low-frequency steps. The relation between polarization
resistance (Ryo) and pOy has been investigated to unveil ORR mecha-
nisms on SOFC cathode materials and it is as follows [45,46]:

resistance, C is the capacitance and Q is the constant phase element R,;},cxkpoz” )
(CPE), and the obtained parameters are reported in Table S1. Fig. 2b
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respectively.

where k is pO, independent, while n ranges from 1 to 0, according to the
oxygen reduction reaction step and the species involved. Whenn ~ 1 the
limiting step is represented by molecular oxygen diffusion at the elec-
trode surface,

02(8)—0:(ad) 2
intermediate n values, like 0.5 and 0.25, denote highly resistive mo-
lecular oxygen dissociation with consequent atomic diffusion inside the
electrode (3) and charge transfer (4), respectively.

0,(ad)—~20(ad) 3

O(ad) +2¢ + V;—0} (€]

Finally when n approaches 0 the RDS is less dependent from pO;
variations and involves O?~ transfer along the electrode/electrolyte
interface:

2
- Oeleczmlym

0%

electrode

()

The measured trends of Ryg, Ryr and Ryf vs. pOs for LSF, LSFPt and
LSCF are displayed in Fig. 3d—f and the n-values for the different com-
pounds are shown in Table 4. From the DRT profiles of Fig. 3a—c it is
clear that the rate determining step occurs in the medium frequency
range, especially for higher pO, values, thus close to operating condi-
tions. Here, the reference LSCF shows n = 0.26, revealing a purely
charge transfer-dominated rate determining step. On the other hand, n
= 0.37 in LSF reveals that sluggish O, adsorption and dissociation
represent a limiting factor. This latter aspect was in fact indicated as the
RDS for La; «SrxFeOs s family of perovskite oxides [46]. In this respect,

Table 4
n-values of Ryp, Ryr and Ry vs pO, trend for LSF, LSFPt and LSCF.

Sample n-value (HF) n-value (MF) n-value (LF)
LSF —0.04 + 0.02 0.37 +0.01 0.83 + 0.01
LSFPt —0.05 + 0.01 0.30 + 0.01 0.80 + 0.02
LSCF 0.01 + 0.02 0.26 + 0.01 0.94 + 0.02

5 mol% Pt-doping (n = 0.30) lowered the resistance for Oz adsorption
and dissociation, shifting the RDS towards a charge-transfer-limited
reaction.

To evaluate how Pt-doping affected the perovskite capability of ox-
ygen species adsorption, XPS O 1 s spectra of LSF and LSFPt were ac-
quired before and after an oxygen plasma treatment. Results are
reported in Fig. 4 and Table S2.

O 1 ssignals in Fig. 4 show two main features, a low B.E. component,
0Oy (528-530 eV) typically assigned to strongly bound O?~ species, thus
lattice oxygen, and Oy (531-534 eV) commonly related to surface
adsorbed oxygen species, such as OH™/O», including physically adsor-
bed H,0 [36,47]. The most intense component in the as-prepared
samples is Op. A small contribution at lower B.E. is present in LSFPt,
likely due to Pt-O bonds in the perovskite lattice [27]. After the acti-
vation of the perovskite surface due to the sample exposure to oxygen
plasma, Oy increased for both LSF and LSFPt, becoming the major
contribution to the whole signal (Fig. 4 b-d). The treatment dramatically
increased Oy for LSFPt as compared to LSF. Pt-doping enhanced the
ability to adsorb oxygen: as shown in Fig. 1e, at operating temperatures
(T > 650 °C) adsorbed oxygen is thermally released, increasing the
electrochemically active sites for SOC air-electrode reactions.

3.3. Fuel electrode characterization

To evaluate the applicability of LSFPt as electrode of symmetric
devices, the structural evolution in reducing environments typical of the
fuel electrode compartment was investigated. Fig. 5a shows the Hy-TPR
profiles of LSF and LSFPt from RT to 1000 °C, while the Hy consumption
isreported in Table 5. Since La and Sr cations are not reducible under the
reported experimental conditions, the displayed hydrogen consumption
can be entirely attributed to the reduction of B-site cations. LSF profile
shows two main features: a first peak around 315 °C and a second broad
peak between 700 °C and 1000 °C. The lower temperature hydrogen
consumption is generally attributed to Fe** — Fe>* reduction, while
Fe3" = Fe?' and Fe?t - Fe’ begin above 700 °C and eventually lead to
metallic iron segregation along with the oxide substrate collapse [48].
Pt-doping markedly modified the Hy-TPR profile: the sharp peak at
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Fig. 4. XPS O 1 s spectra of a), as-prepared LSF; b) LSF after oxygen plasma treatment; c) as-prepared LSFPt; d) LSFPt after oxygen plasma treatment.

H, consumption (a.u.)

4- 3-
Fe''— Fe’

Pt PE s P
. 3
Fe — Fe

"

3+ 2 0
Fe" —» Fe" — Fe

3 2 0
Fe” > Fe —» Fe

—— LSFPt
——LSF

T T T T
200 400 600 800 1000
Temperature (°C)
d ¢ La(OH)y sa-2031

& Lay0; 831355

% Fel s7.0m2

Intensity (a.u.)

SrLaFeQ, 21ws

25 30

35

40 45

20 (degrees)

100

Relative Frequency (%)

r
3t

o
=]
Comulative Frequency (%)

0.0 0.5 1.0 1.5 2.0 25 3.0
Size (nm)
20 - 100
f oogogoouu

] £ d_=6.6 nm -
~ ] e
'C;E, 15 v E - 75 &
B ] g
=] A w
g g
g L 50 =
i H
2 £
3 E
2 L 25 &
~ o

LAYV o] g

10 15 20 25
Size (nm)
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Table 5

Amount of hydrogen consumption for LSFPt and LSF from H,-TPR analysis.

consumed H, (mmol-g~1)

Sample Low T Peak High T Peak Total
LSF 0.93 4.41 5.34
LSFPt 1.55 3.63 5.18

238 °C accounts for higher Hy consumption if compared to the low-T
peak in LSF profile, 1.55 mmol-g~! vs. 0.93 mmol-g~}, respectively.
This feature in LSFPt likely arises from the overlap of two contributions:
Fe*" - Fe3" and Pt*" — Pt° reductions. The lower Gibbs free energy of
reduction to metal displayed by Pt as compared to Fe [24] is responsible
for the —77 °C peak shift with respect to the un-doped LSF: newly
formed surface Pt’ NPs might trigger Fe** — Fe®" through hydrogen
spillover [49]. Nevertheless, the total amount of consumed hydrogen is
slightly higher for LSF than for LSFPt, due to a higher H; intake shown
by the undoped perovskite at higher temperatures (Table 5).
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According to literature, when heated in Hy, LSF starts segregating
metallic iron at temperatures above 450 °C [50]. Here, LSFPt and LSF
were treated in 5% Hy/Ar at 500 °C and 750 °C to evaluate Pt-doping
impact on B-site metal segregation. The 500 °C and 750 °C reduced
samples will be referred to as 500-LSFPt, 500-LSF and 750-LSFPt, 750-
LSF, respectively. XRPD profiles of 500-LSFPt and 500-LSF are shown in
Fig. S4: after the 10 h treatment, LSF exhibits traces of initial decom-
position in form of low intense impurity peaks, while for LSFPt structural
integrity was retained. TEM analysis on 500-LSFPt is reported in Fig. Sb:
the perovskite grains show an ultra-fine distribution of nanoparticles
displaying a very narrow size range between 0.5 nm and 2.3 nm
(average diameter = 1.3 nm, Fig. 5¢). SEM images on the same sample
(Fig. S5a) show that these NPs homogenously decorate the surface of
perovskite grains. On the other hand, 500-LSF show the presence of
bigger (4 + 1 nm) isolated nanoparticles, mainly nucleated at grain
boundaries (Fig. S5b).

Thus in 500-LSFPt, the oxide structural integrity was preserved,
along with a ultra-fine distribution of nanoparticles, primarily due to Pt
segregation.

XRPD pattern of 750-LSF (Fig. 5d) denoted a structure collapse after
reduction, with the formation of the layered perovskite structure SrLa-
FeOy4, along with large domains of segregated metallic iron (intense
sharp peak at 20 = 44.65°) and lanthanum oxide phases, specifically La
(OH)3 and LagOs. SEM micrographs of 750-LSF are reported in Fig. S6,
exsolved nanoparticles are absent and the large metallic iron grains are
not distinguishable. Conversely, 750-LSFPt XRPD pattern showed less
prominent iron segregation, together with the complete absence of
Lay0Os3, denoting a more gradual and controlled structural transition
upon reduction.

The STEM micrograph of 750-LSFPt, reported in Fig. 5e, highlights
exsolved nanoparticles with an average diameter of 6.6 nm. The size
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distribution appears very broad, ranging between 1.6 and 25 nm and
larger, but almost 90% of the analysed NPs are below 11 nm and 98%
are below 20 nm (Fig. 5f).

An EDX map (Fig. 6) was performed to investigate the elemental
spatial distribution. La, Sr and O were mainly localized on the oxide
backbone, while Fe and Pt signals are present in the regions where
nanoparticles appear, with the latter showing a more localized signal
than the former. The nanoparticle line profile of Fig. 6 confirms that
exsolved NPs are made up of a Pt-Fe alloy (see also Fig. S7a). Likely, Pt
early exsolution served as template for subsequent Fe’ segregation. Pt
was nevertheless found also within the substrate (Fig. S7b). Notably,
LSFPt exsolution and phase transition are fully reversible over re-
oxidation at 750 °C for 10 h as shown in Fig. S8.

3.4. Cell tests

LSFPt-symmetric cells were tested as Hy-SOFCs, CO»-SOECs and r-
SOCs in a 50:50 CO2:CO gas mixture. Fig. 7 displays overall cell per-
formance and long-term stability tests. Hy was fluxed at the fuel elec-
trode for 2 h at 850 °C to favor Pt-Fe NPs exsolution before testing
(Scheme in Fig. 7a). A symmetric LSF/LSGM/LSF cell was tested as a
reference. Fig. 7b shows I-V curves and power densities of the LSFPt-
based cell working as Hy-SOFC in the IT range (650 °C — 850 °C). The
maximum power densities (MPD), the open-circuit voltage (OCV) values
together with cell polarization resistances (Ryo1) at 650 °C, 750 °C and
850 °C are listed in Table 6, while OCV Nyquist plots at 850 °C are re-
ported in Supplementary Material (Fig. S9). Fig. 7c displays the obtained
MPD compared with those of the reference cell (I-V curves and power
densities of the LSF reference cell are shown in Fig. S10). Although at
650 °C LSFPt and LSF cell performance are comparable, a noticeable
improvement is observed on LSFPt-cell at higher temperatures, with

Signal (a.u.)

L N Ny 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90 100
distance (nm)

Fig. 6. Left: STEM-EDX elemental map of 750 °C-reduced LSFPt. Arrows help to track the Pt-Fe/enriched exsolved NPs. Right: STEM micrograph and EDX elemental

line profile (normalized values) of a representative exsolved particle of 750-LSFPt.
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Fig. 7. a) Schematization of the LSFPt-based fuel electrode conditioning prior to the different SSOC tests; b) Ho-SOFC I-V power density curves (650 °C — 850 °C); ¢)
MPD at 650 °C, 750 °C and 850 °C compared to LSF-based cell; d) top: CO,-SOEC characterization in pure CO5 at 850 °C, bottom: Nyquist plots of the polarized cell at
1.2V, 1.4V, 1.6 V; e) SOEC short-term stability test at 850 °C in pure CO,, comparison between LSFPt and LSF-based cells; f) LSFPt and LSF-based cells DRT spectra
comparison of EIS data in SOEC mode at 1.6 V and 850 °C; g) r-SSOC complete I-V characteristic in 50:50 CO2:CO at 850 °C; h) reversibility and durability r-SSOC test
of LSFPt/LSGM/LSFPt in 50:50 CO,:CO at 850 °C: the cell was subjected to 0.7 V and 1.2 V polarizations for SOFC and SOEC operations, respectively; i) DRT plots
recorded at 0 h, 120 h and 335 h during the endurance test of h); 1) SEM micrograph and m) EDX analyses of the spent electrode.

17% and 28% higher MPD at 750 °C and 850 °C, respectively. This window was kept below 1.8 V not to trigger gallium reduction in LSGM.

improvement reflects the trend observed for the air electrode charac- The obtained OCV (0.09 V) reflected the low pO, difference at the
terization of Fig. 2b, i.e. the thermal activation of the ORR due to Pt- opposite cell compartments [51]. The reversible potential resulting
doping. when pure CO; is fed at the cathode and air at the anode has been

CO,-SOEC tests were carried out at 850 °C in 100 cm®min~! CO,. recently reported to be 0.36 V at 800 °C [51]. Here, the low current

The -V curve from OCV to 1.8 V is shown in Fig. 7d. The potential density observed from OCV to 0.3 V in Fig. 7d results from oxygen being
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Table 6
Electrochemical performance of LSFPt/LSGM/LSFPt cell operating in SOFC
mode in pure H,.

T (°C) gas OCV (V) MPD (W-cm™2) Rpol (Q-cm?)
650 pure Hy 1.19 0.285 1.66
750 pure Hy 1.14 0.564 0.68
850 pure Hy 1.12 0.719 0.58

pumped from the cathodic to the anodic side [52]. The current density
output due to CO, reduction starts around 0.8 V, reaching 1.66 A-cm ™2
at 1.6 V. In the lower section of Fig. 7d the impedance spectra at
different voltages (1.2 V, 1.4 V and 1.6 V) are shown, with a polarization
resistance value as low as 0.039 Q-cm? at 1.6 V. The corresponding LSF
SOEC characterization is reported in Fig. S11 while in Table S3 the
comparison between Ronm and Ry at different SOEC voltages is shown.
The current density for LSF was remarkably lower: 1.17 A-cm 2 at 1.6 V,
with a Ry, at 1.6 V of 0.071 Q-cm?. Pt-doping increases the current
density by 42%, decreasing the electrode polarization resistance by
45%.

A short-term stability test at different cell voltages (1.2 V—1.8 V) was
carried out on both LSFPt and LSF cells at 850 °C in pure CO, atmo-
sphere, as shown in Fig. 7e. LSF current density output was lower than
that observed for LSFPt at all the potential steps. Moreover, when
polarized at 1.2 V the reference LSF cell showed a decreasing current
density over time. Although Fe-containing perovskites generally display
superior performance as fuel electrodes for CO,-SOEC [53] it was
recently reported how metallic iron catalytically active sites can un-
dergo rapid reoxidation, resulting in current density loss [54,55].
Conversely, the presence of Pt seems to prevent this activity
degradation.

To clarify the role of Pt in such an improvement of cell performance,
EIS spectra recorded at 1.6 V were analyzed through DRT (Fig. 7f). The
profiles show four distinguishable peaks (P;-P,4) ranging from 10° to 10%
Hz. The 45% decrease of total Ry, with LSFPt is almost entirely as-
cribable to a lowered resistance of the low-frequency processes (P3, P4).
Literature records converge upon attributing P3 and P4 to fuel electrode-
related processes: CO» dissociative adsorption and diffusion, respec-
tively [56]. The first steps of the CO, reduction mechanism involve
molecular adsorption on the most catalytically active sites, i.e. oxygen
vacancies and/or metal surface [51]. The better activity displayed by
LSFPt here, is associated to the presence of platinum in the fine and
homogeneous distribution of exsolved NPs, occurred during the fuel
electrode pre-reduction treatment (Fig. 5d-f and Fig. 6) and missing in
reduced LSF. In fact, among all 4d and 5d transition metals, Pt is known
for dramatically lowering the CO5 and CO adsorption energies on oxide
substrates [57] and a P3-P4 lowering was recently reported upon ex-situ
Pt decoration of a Co-containing perovskite-fluorite composite SOEC
fuel electrode [58].

Operational SOFC/SOEC reversibility for LSFPt/LSGM/LSFPt was
assessed at 850 °C and tested on the long-term. A constant 50% COy —
50% CO inlet was fed at the fuel compartment. The 0.89 V obtained OCV
resulted from the presence of CO as a reducing agent at the fuel elec-
trode. The I-V curves in both modes and Nyquist plots of EIS analyses at
0.7 V (fuel cell) and 1.2 V (electrolyser) polarizations are shown in
Figs. 7g and Fig. S12a, respectively.

The I-V characteristic is linear in the whole voltage span, a MPD of
0.301 W-cm ™2 and a current density of 0.97 A-cm™2 at 1.6 V were ob-
tained as SOFC and SOEC, respectively. Polarization resistance was
larger for CO, reduction than for CO oxidation, 0.11 Q-cm? vs 0.06
Q-cm?, respectively. Again, from DRT analysis (Fig. S12b) the imped-
ance difference was clearly observed in the molecular adsorption/
dissociation stages (lower frequency range): while in SOEC mode CO
desorption represented the limiting step [59], SOFC operation benefited
from exsolved platinum, as it is an established catalyst for carbon
monoxide oxidation reaction. In fact, recently published Pt-free
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reversible systems with perovskite oxide-based fuel electrodes, tested in
C02:CO mixtures at 800 °C and 850 °C, showed larger Ry, for SOFC as
compared to SOEC operations [60,61].

Cell endurance was evaluated monitoring the current density at fixed
voltage over SOFC/SOEC cycles of different duration (8 h and 48 h): the
cell output vs. time is shown in Fig. 7h. The device showed remarkable
stability both in SOFC and SOEC modes with total current density losses
of 7% and 13%, respectively, after 377 h. Such losses mainly occurred
within the first cycles and are likely associated with perovskite grain
growth and minor electrode/electrolyte interface degradation. Fig. 7i
shows the evolution of the cell DRT profile derived from EIS spectra at
OCV over time (Nyquist plots are reported in Fig. S13). Data are
recorded at the beginning of the endurance test, after 120 h, and 335 h.
Ohmic and polarization resistance values are reported in Table S4. The
former increased by 6% while the latter by 17%. Ronm increase can be
attributed to the commercial electrolyte degradation. According to the
DRT plots in Fig. 7i P2 was mainly responsible for the overall cell
resistance increase, thus implying a slight worsening of the electrolyte/
electrode interface and O%~ transport within the electrode oxide back-
bone. On the other hand, NPs size and stability were negligibly affected
by the prolonged operation, as shown in SEM-EDX post-mortem cell in-
spection carried out on the spent fuel-electrode and reported in Fig. 71,
m. In Fig. 71, individual, non-coarsened Pt-Fe nanoparticles, firmly
attached to the perovskite substrate are clearly visible, with an average
diameter of 31 + 13 nm. EDX spot investigation of Fig. 7m confirms that
the Pt signal increased in intensity when the electron beam was focused
on the particles (site A) as opposed to the substrate (site B). The SEM-
EDX post-mortem cell characterization confirmed the overall stability
of the catalytically active sites, also excluding the presence of carbon
residues.

4. Conclusions

B-site 5 mol% Pt-doping proved to be a successful strategy to
enhance the electro-catalytic performance of Lag¢Srg4FeOs.5 (LSF),
rendering LSFPt a promising electrode for symmetric and reversible
solid oxide cells (r-SSOCs). Pt** cations in the host lattice induced a
higher Fe**/Fe3" ratio, providing LSF with larger oxygen retention ca-
pacity. Pt-doping did not affect the high LSF electrical conductivity,
showing a opax of 189 S-cm™ L. Pt inclusion decreased LSF area-specific
resistance by 29% at 750 °C, increasing the catalytic activity towards
oxygen exchange-related reactions and eventually approaching the
reference 20 mol% Co-substituted LSF (LSCF) at 800 °C—850 °C. Ac-
cording to Ry, variation vs. pOa, the presence of platinum cations
lowered the resistance of molecular oxygen adsorption on the electrode
surface, and this was confirmed acquiring O 1 s XPS signals for LSFPt and
LSF before and after a plasma oxygen treatment. After a simulation of
SOFC-anode reduction treatment, LSFPt showed a uniform and fine
surface coverage of exsolved Pt-Fe nanoparticles, endowing the elec-
trode material with highly catalytically active sites. Symmetric LSFPt/
LSGM/LSFPt cells were fabricated and tested for Ho-SOFC operation,
obtaining 720 mW-cm ™2 of power density at 850 °C. The LSFPt-based
device was then tested as CO2-SOEC at 850 °C, displaying a current
density output of 1.66 A-cm ™2 at 1.6 V in pure CO,, along with a fast and
stable output varying the cell voltage from 1.2 V to 1.8 V. Both SOFC and
SOEC tests were compared to a reference LSF/LSGM/LSF cell. Finally,
the device reversibility was studied in 50:50 CO2:CO at 850 °C. In this
gas mixture a MPD of 301 mW-cm~2 and a current density of 0.97
A-cm™2 at 1.6 V were observed in fuel cell and electrolyser modes,
respectively. The device reversibly operated between 0.7 V (SOFC) and
1.2 V (SOEC) for over 370 h showing remarkable stability, with 6% and
17% increase of ohmic and polarization resistance. A post-mortem SEM-
EDX analysis showed remarkable stability of the exsolved Pt-Fe NPs at
the end of the reversibility/endurance test.
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