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High-Performing Perovskite/Ruddlesden-Popper Fuel
Electrode for High-Temperature Steam Electrolysis

Yousef Alizad Farzin,* Mohamad Khoshkalam, Siyuan Guo, Wolfgang Menesklou,

Philipp Rése, and André Weber

Ruddlesden-Popper (RP) oxides have emerged as a promising alternative to
Ni cermet electrodes for high-temperature steam electrolysis due to their
superior oxide ion mobility and conductivity. Combining RP with perovskite
(P) can provide superior electrocatalytic activity toward hydroxide oxidation
and reduction reaction, driving higher efficiency in solid oxide cells (SOC).
This work provides a novel approach to enhancing SOC performance by
employing A-site Ce-substituted Sr, cPr, ,,Ce,MnO; (x = 0.1-0.3) electrodes,
investigating their phase evolution, crystal properties, and cation oxidation
states under oxidizing and reducing atmospheres. X-ray diffraction analysis of
heat-treated powder in a reducing atmosphere revealed forming mixed P and
RP structures at 600-800 °C for x = 0.1 and 0.2, which provides excellent
conductivity and electrocatalytic activity. Consequently, outstanding cell
performance is achieved, with low polarization resistances of 0.053 +

0.004 Q cm? at 800 °C. The voltage response at different current densities in
an electrolyte-supported cell revealed a high power density of 1.084 W cm~2 in
fuel cell operation and a current density of 1.00 A cm~2 at the thermoneutral
voltage at 850 °C in steam electrolysis. Moreover, a low overpotential
degradation rate of 45 mV kh~! demonstrated the remarkable potential of the
SPCM electrode as a promising Ni-free candidate for SOC application.

transportable fuels like hydrogen.!"! Solid
oxide cells (SOCs) have been receiving
considerable attention as sustainable
energy storage and efficient energy
conversion devices, generating elec-
tricity in the fuel cell (FC) mode and
hydrogen in the electrolysis cell (EC)
mode.l??] There are several advantages
to using SOECs operating between 650
and 800 °C, including lower electricity
costs and improved reaction kinetics
with increasing temperature without
the need for noble metal catalysts.
As a result, the power-to-hydrogen
conversion  efficiency  increases.l!]

The nickel-yttria-stabilized zirconia
(Ni-YSZ) as a ceramic-metal electrode is
the most mature fuel electrode widely
used in SOCs, providing electronic con-
duction pathways through metallic Ni
and ionic conduction pathways through
the ceramic YSZ backbone.*] Although
Ni-YSZ electrodes exhibit outstanding

1. Introduction

A constant increase in global energy consumption has prompted
research into converting renewable energy into storable,
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catalytic and electronic conductivity, they

are susceptible to degradation under high

current densities due to Ni migration and
agglomeration, as well as low redox stability at high tem-
peratures. As a result of these degradation factors, electrode
resistance rapidly increases during prolonged experiments,
adversely impacting performance.l>¢]

Perovskites (P) with mixed ionic and electronic conductivity
(MIEC) are the most promising fuel electrode material explored
for the application of solid oxide cells.”®] Perovskite oxides
possess the advantage of being able to achieve diverse electro-
chemical properties by tailoring the chemical composition.*1°]
For instance, Li et al.'l investigated the performance of
Pr, ,Sr,;Co,Fe, o, Mo, ,0,_; perovskite oxides and revealed the
controlled CoFe alloy exsolution under reducing conditions. This
in-situ exsolution process led to an increased oxygen vacancy
concentration, effectively enhancing the electrocatalytic activity,
particularly Pr,,Sr,sCo,,Fe,sMo,;0,_; with the highest cur-
rent density at 1.3 V of -456.2 mA cm~? in SOEC mode at 700 °C.
Still, some other material systems show a practical improvement
in electrochemical properties by in-situ exsolution under reduc-
ing conditions, including La,,Sr,,Co,,Fe,;Mo,,0;_ ;! and
Lag 65 ST03Cro g5 Nig 1505 5.1 These exsolution metal particles are
usually embedded on the electrode surface, creating well-bonded
interfaces.' This configuration leads to strong interactions
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between the metal particles and the oxide matrices, facilitat-
ing the transport of electrons and ions across the metal-oxide
interface.[%)

Furthermore, certain perovskite materials undergo the phase
transition to a Ruddlesden-Popper (RP) structure in addition to
in-situ nanoparticle exsolution under fuel electrode operating
conditions.['>*] The RP structure consists of alternating rock-
salt layers (AO) and perovskite-like layers (ABO;) along the crys-
tallographic c-axis direction. The perovskite-to-Ruddlesden Pop-
per (P-to-RP) transformation can benefit electrocatalysis due to
the high concentration of mobile oxide ions in the RP structure.

The initial studies on RP structure investigated their electro-
catalytic activity on the air side of SOCs as an air electrode. The
higher ionic conductivity of the RP oxides, such as Pr,NiO,,,2%
La,NiO,, ;%! and Pr,Ni; ,Nb,O,,;,??l makes it a most promis-
ing candidate for intermediate temperature SOC compared
to the state-of-the-art La,Sr,,Fe,3C0y,055 (LSCF)?}l and
La, St ,C00;_; (LSC) electrodes.*]

Later, a characteristic feature of RP structures attracted re-
searchers to develop a fuel electrode material that would simul-
taneously be electrocatalytic active and stable under a reducing
atmosphere. The idea of developing fuel electrodes rather than
perovskites was mainly inspired by the work on Pr, ;Ba, sMnO, ;
(PBM) perovskite, which transforms to layered perovskite with
heat treatment at 800 °C in pure hydrogen.”’] The opera-
tion of the PBM electrode using humidified hydrogen demon-
strated a power density of 1.3 W cm™2 at 850 °C. However,
the high operation temperature and required high concentra-
tions of hydrogen hinder its application in steam electrolysis
operation.

The presence of Mn at the B-site is reported to be
crucial to achieving P-to-RP phase transformation in
La,¢Sry,Fe sMn,,0;; under a reducing atmosphere at ele-
vated temperatures (i.e., 800 °C).1'%! The Mn ions can also avoid
structure break-up due to forming MnO as an intermediate
component. A change in the oxidation state of Mn ions due to
varying the oxygen partial pressure in steam electrolysis can
further improve surface reaction kinetics for H,O molecule
splitting.?®! However, this hypothesis requires more detailed
analyses of actual cell operations before concluding. Besides, Sr
substitution at the Ba site improves structural stability, oxygen
transport, and conductivity in similar layered perovskites.[?”:2]

Taking these into consideration, Monica et al. investigated
the electrochemical performance of the La,;Sr; sMnO,,; (LSM)
Ruddlesden-Popper in the hydrogen oxidation reaction at 600—
830 °C for symmetrical solid oxide cell.l??] The developed
electrode can be operated under oxidizing and reducing atmo-
spheres, simplifying manufacturing and minimizing thermal
expansion coefficient mismatch between the cell components.
However, the poor electrocatalytic activity of the developed elec-
trode caused a high polarization resistance of 1.04 Q cm? at
830 °C while operating in 3%H,O/H, gas.

The insufficient surface reaction kinetics of LSM with an RP
structure has led to studies to improve electrocatalytic activity
by metallic particle exsolution. For instance, the electrochem-
ical performance of La,,SrysMng,Fe,,O, (LSMF) electrode
was investigated by in-situ preparation under H, flow.3% Ac-
cordingly, the exsolution of Fe nanoparticles on the electrode
backbone highly improved electrocatalytic activity by increas-
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ing the maximum power density of 0.34 to 0.72 W cm™ at

800 °C with operation in H, fuel. Despite this, the thermal
expansion coefficient of the LSMF electrode increases rapidly
above 750 °C due to Fe exsolution and variation of cations
oxidation state, which becomes a severe obstacle for a stable cell
operation.

In another study, Kim et al.l’!] examined the effect of different
Ni concentrations on the electrochemical performance of simi-
lar electrode material, in which Gd replaces La with the chemi-
cal composition of StGdNi,Mn,_ O, ; (SGNM) at different con-
centrations of x = 0.2, 0.5, and 0.8. According to the XPS re-
sults, a decrease in x value increased oxygen vacancies, while
H,-TPR results indicated the in-situ formation of the Ni parti-
cles on the RP backbone at higher x values. Electrochemical test-
ing of the SGN;,M,4-CGO electrode conducted in 3% humidi-
fied H, showed a power density of 1.26 W cm~2 at 850 °C, which
is promising for the SOFC application. Nevertheless, the author
did not investigate the performance of electrodes at higher steam
concentrations as part of the SOEC application. An increase in
oxygen partial pressure with steam concentration can signifi-
cantly influence the electrode performance by varying the oxida-
tion state of the ions and the concentration of oxygen vacancies.

Our previous work investigated the electrochemical perfor-
mance of (St,Pr)MnO,, oxide over a wide range of steam par-
tial pressure to develop active fuel electrode materials with RP
structure.32 The high electrocatalytic activity with a low polar-
ization resistance was recorded at 610 °C. Moreover, the per-
ovskite (SrysPrysMnO;) to Ruddlesden-Popper (SrPrMnO,,;)
phase transformation was observed with heat treatment in hu-
midified 5% H, /N, gas at 800 °C. In principle, forming the RP
structure increases electrode conductivity in a reducing atmo-
sphere. However, the impedance spectra showed suppression of
electrocatalytic activity with increasing temperature to 710-760
°C, indicating that further chemical composition modification is
required to achieve stable electrochemical performance in differ-
ent steam partial pressures.

This work explores a new approach that combines the RP with
P phases to develop a highly efficient fuel electrode for steam
electrolysis. By combining perovskite, known for its remark-
able electrocatalytic activity, with Ruddlesden-Popper, renowned
for superior ionic conductivity, we aimed to substantially en-
hance cell electrochemical performance by minimizing polariza-
tion resistance. A key aspect of this approach involves produc-
ing P and RP structures from identical cations, thus minimiz-
ing the formation of undesired intermediate phases that could
affect electrochemical reactions. This strategy ensures the uni-
form distribution of these structures throughout the electrode
structure, facilitating surface reactions and oxygen ion diffusion.
For this purpose, the effect of Ce-doping on crystal properties
and electrocatalytic activity for Sr,(Pr,,, Ce MnO; (SPCM) (x =
0.1, 0.2, and 0.3) will be investigated in great detail. We explore
the effect of operating temperature in the reducing atmosphere
by incorporating Ce into the A-site of the perovskite structure,
thereby enhancing the stability of the perovskite and improv-
ing the kinetics of electrochemical surface reactions. Further-
more, we investigate the electrochemical performance of SPCM
electrodes and degradation mechanisms under a wide range of
steam partial pressure (3-60% H,O in H,) and temperatures
(650-850 °C).
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Figure 1. X-ray diffraction patterns of a) produced ash at 300 °C and heat-
treated powders at b) 500 °C, c) 600 °C, d) 700 °C, e) 800 °C, f) 900 °C,
g) 1000 °C, and h) 1200 °C for 3 h in the air.

2. Results and Discussion

2.1. Phase Formation and Evolution

In order to understand the electrochemical performance of the
SPCM electrodes for hydrogen oxidation/reduction, the forma-
tion of the perovskite phase in the oxidizing atmosphere will first
be discussed, representing the processing conditions to produce
the SOCs. A Rietveld refinement analysis will then be applied to
in-situ XRD to determine phase evolution under a reducing at-
mosphere corresponding to the steam electrolysis.

Figure 1 shows the X-ray diffraction patterns obtained for heat-
treated powder in the 300 to 1200 °C temperature range in the
synthesis of Sr, (Pr,,,Ce,MnO; (SPCM2, x = 0.2) perovskite by
the sol-gel combustion method. It needs to be highlighted that
the phase evolution for all subjected compositions with different
Ce concentrations exhibits similar behavior during the combus-
tion and calcination in the temperature range of 25-500 °C. It
coincides with removing NO;~ and C-O bands and forming sim-
ple oxides.!*3

The phase compositions at different temperatures are identi-
fied according to the inorganic crystal structure database (ICSD)
reference cards. The XRD pattern of the ash powder after com-
bustion with a CA:MI = 1.5 confirms oxidation-reduction reac-
tions produce amorphous powder (Figure 1a).**! The carboxyl
groups of citric acid and nitrate ions undergo a redox reaction
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during combustion, forming simple oxides and eliminating the
carboxyl group.33%] However, the excess amount of citrate ions
leads to the leftover carbon. The amorphous nature of ash pow-
der makes it impossible to identify the carbon-containing compo-
nents after combustion. Still, it can be identified with the ICSD
#127 109 reference card at higher calcination temperatures.

With increasing the calcination temperature to 500 °C in air,
CeysPry 5O, (ICSD #182 193) and SrCO, (ICSD #27 293) are ob-
served alongside other phases (Figure 1b). It has also been re-
ported that intermediate phases such as Pr,0,, MnO,, and CeO,
form in the temperature range of 350-500 °C before forming the
main perovskite phase.[**) However, a noisy background compli-
cates phase identification using the standard database reference
cards. A sharp peak (20 = 25.26°) in Figure 1b corresponding to
the strontium carbonate suggests that the carbon derived from
the excess citric acid interacts with the strontium ions during the
combustion.37:38]

XRD pattern in Figure 1c indicates that SrCO; mainly decom-
posed when the heat treatment temperature increased to 600 °C.
Decomposition of carbonate at similar temperatures range of
540-620 °C was also reported, respectively, for (Pb,,,Ca,,,)TiO;
and (Pb,5,Ca,5,)TiO5 prepared via sol-gel methods using citric
acid as chelating agent.*®! In another work, residual carbonate
components were still observed after heat treatment of Sr-doped
LaMnO;, at 750 °C using sol-gel synthesis.[*0]

In addition, the reaction of intermediate phases at 600 °C
leads to the forming of the perovskite Sr,qsPr,qsCeo;MnO,
(SPCM-P) (ICSD #247 921) with an orthorhombic structure and
Ce,sPr, 5O, (CPO) as secondary phase along with residual car-
bon. With increasing the temperature to 700 °C, the remaining
SrCO,; phase decomposes completely, and the residual carbon
content further decreases (Figure 1d). With the exception of the
trace amount of residual carbon, quantitative analysis of the XRD
results revealed that 26.5 wt.% CPO and 73.5 wt.% SPCM-P are
formed at 800 °C (Figure 1e).

The X-ray diffraction pattern at 800 °C shows the CPO sec-
ondary phase in all subjected SPCM powders with different Ce
concentrations (Figure 1s, Supporting Information). Increasing
the Ce concentration intensifies the corresponding peak for the
CPO phase. Therefore, using the peak area ratio method, the
CPO weight percent in the SPCM1 and SPCM3 powders is cal-
culated at 19.9 wt.% and 33.0 wt.%, respectively. Similarly, the in-
vestigation of phase evolution for the Pr, ,Ce MnO,_; (x=0, 0.2,
0.4,0.6, 0.8, 1) indicated successful replacement of Pr by Ce at the
low doping amount (x < 0.4), whereas Ce-based structure formed
when Ce concentration increases above x = 0.6.2¢ It should be
highlighted that forming the CPO phase can accelerate electro-
chemical reactions on the electrode surface as a catalyst toward
hydrogen oxidation/reduction reaction.

As the calcination temperature increases to 1200 °C
(Figure 1e-h), the chemical components of identified phases are
not affected, except for peak sharpening of the SPCM and CPO
phases. Besides, the corresponding peak intensity of the carbon
effectively decreases up to 1000 °C, and it completely disappears
at 1200 °C, which is the sintering temperature assigned to the
SPCM fuel electrode in this work.

The peaks sharpen with increasing heat treatment temper-
ature, indicating the increased atomic diffusion that leads to
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growing crystallinity and particle size. The crystallite size was
calculated using the Scherrer equation:

D = K4
pcosO

1)

where D represents the average crystallite size assuming spher-
ical particles, K is the shape factor (K = 0.9 [*!l), 1 is the Cu-Ka
radiation wavelength (4 = 1.54 A [#?)), g is the full width at half
maximum (FWHM) of the diffracted peak, and @ is the diffraction
angle. It is calculated that the average crystallite sizes of SPCM
perovskite and CPO at 800 °C are 11.5 nm and 8.2 nm, respec-
tively. At 1200 °C, these sizes increase to 22.4 nm for SPCM and
47.2 nm for CPO, representing a high crystal growth rate in CPO
compared to the SPCM structure.

Incorporating the Ce and Pr from the CPO phase into the
SPCM perovskite/Ruddlesden popper lattices depends on their
ionic radius difference with Sr in the A sites. The Sr cations
occupy the A-site of the perovskite and Ruddlesden-Popper
structure with coordination numbers 12 and 9, respectively. Ac-
cording to the literature, the ionic radius of Sr in the perovskite
is Sr?* (XII) = 1.44 A, and in the Ruddlesden-Popper is Sr** (IX)
=1.31 AI* As a result of the oxygen partial pressure, Ce and Pr
ions exist in multivalent states within the P and RP structures,
with different ionic radius values.?>**] The ionic radius of Ce
in the perovskite is Ce** (XII) = 1.14 A, while the Ruddlesden-
Popper possesses Ce** (XII) = 1.34 A and Ce** (IX) = 1.196
A, depending on its coordination number.**! Accordingly, the
occupation of A-sites by Ce ions in the SPCM structure is most
likely possible within the RP structure with negligible crystal
lattice distortions.

The ionic radius of Pr** (IX) = 1.179 A in the RP structure
is also closer to the Sr** (IX), whereas a huge difference is
at the oxidation state of 4+ with an ionic radius of Pr** (VI)
= 0.85 A and Pr** (VIII) = 0.96 AI*] It suggests that heat
treatment in a reducing atmosphere or operating the SPCM
electrode in SOC conditions reduces the amount of CPO due
to forming the SPCM-RP phase. By introducing an appropriate
concentration of Ce doping, the electrodes can achieve optimal
electrochemical performance by forming mixed electronic and
ionic SPCM-RP surrounded by catalyst particles of CPO and
highly electrocatalytic active SPCM-P perovskite.[*]

To investigate the crystalline structure and phase evolution
under SOC operation conditions for subjected compositions
(SPCM1, SPCM2, and SPCM3), the powders obtained after cal-
cination at 800 °C were further heat-treated in 5% H,/Ar (with
pO, = 1.86 x 10722 atm) at a temperature range of 600-800 °C.
The XRD results of reduced powder at 600 °C showed a similar
diffraction pattern with no phase transformation for SPCM1 and
SPCM2 powder (Figure 2s, Supporting Information), whereas
the SPCM3 decomposed to CPO, MnO (#18 006), SPCM-P, and
SPCM-RP (#237 941) phases. The quantitative analysis of the
phases revealed a formation of 26.4 wt.% CPO and 19.2 wt.%
MnO in the reduced SPCM3 powder, representing its phase
instability for SOC application. We have therefore excluded
SPCM3 from further phase analysis and electrochemical study.
At the above temperatures, i.e., 700 and 800 °C, the P-to-RP
phase transformation is observed for SPCM1 and SPCM2, and
the CPO phase reached its minimum value due to inward Ce
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Figure 2. In-situ X-ray diffraction patterns of SrygPrg,Ceq,MnO;
(SPCM2) powder exposed to 5% H,/Ar (with pO, = 1.86 x 10722 atm
at 800 °C) from room temperature up to 850 °C.

and Pr diffusion to the SPCM-RP structure (Figures 3s and 4s,
Supporting Information).

The Sr,Pr,,Ce,,MnO; (SPCM2) powder was subjected
to further analysis using in-situ XRD, and the results were
analyzed by Rietveld refinement to operand study structure
evolution and transformation under a similar SOCs operation
condition. Figure 2 shows the in-situ XRD pattern recorded from
room temperature up to 850 °C for SPCM2 powder exposed to
a 5% H,/Ar atmosphere. As shown by the pattern, increasing
the temperature up to 450 °C leads the main perovskite peaks
at 32.89°, 40.53°, and 47.54° to shift downward, representing
expanding the lattice plane distance and crystal parameters in
the perovskite structure. At higher temperatures, a further shift
has been detected for the diffraction peaks originally located at
20 = 32.89° and 47.54°, respectively, to 26 = 32.20° and 46.44°,
but the middle peak stays almost at the same diffraction angle
(20 = 40.24°) from 450 °C to 650 °C.

According to the Rietveld refinement (Figure 3a), the crys-
tal parameters for SPCM-P with Orthorhombic structure
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Figure 3. Rietveld refinement profile and crystal structure of formed phases in in-situ XRD of Sry ¢Prg ,Ceq ,MnO3 (SPCM2) powder at a) room tempera-
ture and b) 850 °C in 5% H, /Ar (with pO, = 1.86 X 10722 atm at 800 °C). I, and I, show the X-ray diffraction patterns obtained from the experiment

and the calculated profile by Rietveld refinement, respectively.

(Imma (74) space group) are calculated at a = 5.494 A, b =
7.569 A, and ¢ = 5.585 A at room temperature. The details of
refined parameters, i.e., the space group, lattice parameters, and
site occupancy, are summarized in Table 1s (Supporting Infor-
mation). From room temperature to 400 °C, the lattice param-
eters increase continuously to a = 5.595 A, b = 7.665 A, and
¢ =5.664 A. In contrast to the b and ¢ parameters, the “a” pa-
rameter shrinks at higher temperatures and reaches its min-
imum value of 5.475 A at 650 °C. These variations in crys-
tal parameters versus in-situ XRD at different temperatures
are summarized in Table 1 and plotted in Figure 5s (Sup-

porting Information). Instead, the diffraction pattern showed
weak peaks corresponding to the MnO and SPCM-RP phases at
650 °C.

As the in-situ analysis temperature increases to 675 °C, the
main perovskite peak (26 = 32.20°) splits into two peaks at 31.24°
and 32.91°, corresponding to the partial P-to-RP transformation.
Meanwhile, a sharp decrease in the peak intensity of CPO at
700 °C represents the diffusion of the Ce and Pr ions into the
A-site of the SPCM-RP structure under the reducing atmosphere
(5% H,/Ar), which is due to dwindling their ionic radius differ-
ence to the Sr?* ions in the RP structure.

Table 1. The calculated lattice parameters (a, b, and c (A)) for the SPCM-P powder (ICSD #247 921) with orthorhombic structure (Imma (74) space

group) from in-situ X-ray diffraction pattern at different temperatures (T, °C).

Temperature [°C] 25 100 200 300 400

450 500 525 550 575 600 625 650

Lattice parameters a[A] 5.494 5.518 5.516 5.546 5.595
b [A] 7.569 7.581 7.595 7.642 7.665
c[A] 5.585 5.597 5.604 5.637 5.664

5.575 5.557 5.536 5.530 5.529 5.507 5.507 5.475
7.690 7.701 7.714 7.730 7.731 7.771 7.772 7.818
5.669 5.675 5.677 5.686 5.685 5.704 5.703 5.724
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Figure 4. The core-level spectra of a) Sr 3d, b) Pr 3d, c) Ce 3d, d) Mn 2p, €) O 1s for SPCM2 powder. The spectra with numbers 1 and 2 correspond to
powder heat-treated at 800 °C in the air with a perovskite structure and in 5% H,/Ar (pO, = 1.86 X 10722 atm) with a Ruddlesden-Popper structure,
respectively. Note: The LA(1.53243) is used as a line shape; the Shirley background is considered for Pr 3d, Ce 3d, and Mn 2p spectra, and the Tougaard

background is considered for Sr 3d and O 1s spectra.

According to Equation 2, the P-to-RP phase transformation
is reported to coincide with the outward diffusion of B-site
cations.?2*%] In the case of SPCM powder, the diffusion of Mn
ions from the B-sites leads to the formation of MnO above
650 °C.

2AMnO; = A,MnO, + MnO + 1/20, 2)

For the reduced powder at 850 °C, the Rietveld refinement re-
sulted in the amount of CPO and MnO phases being 9.3 wt.%
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and 6.5 wt.% (Figure 3b). In other words, the formation of RP
structure leads to a decrease in the concentration of CPO with
inward diffusion of Ce and Pr ions; at the same time, outward
diffusion of Mn ions forms MnO under a reducing atmosphere.
The crystal parameters for SPCM-RP with Tetragonal structure
(I4/mmm (139) space group) are calculated at a = 3.836 A and
c=13.020 A at 850 °C.

Following the XRD measurement at 850 °C, the powder was
cooled to room temperature under a 5% H, /Ar atmosphere, and
the XRD pattern was recorded at 25 °C. The obtained results
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Table 2. The binding energies, FWHM, percentage contributions, and average oxidation state (AOS) of core electrons for Sr 3d, Pr 3d, Ce 3d, Mn 2p, and
O 1s for SPCM2 powder heat-treated at 800 °C in the air with a perovskite structure and in 5% H, /Ar (pO, = 1.86 x 10722 atm) with a Ruddlesden-Popper
structure. Note: The LA(1.53243) is used as a line shape; the Shirley background is considered for Pr 3d, Ce 3d, and Mn 2p spectra, and the Tougaard
background is considered for Sr 3d and O 1s spectra.

Atmosphere Spin state lons Binding energy [eV] FWHM [eV] Concentration [%)] AOS

Air 3ds), Sr2+ 131.3 2.4 43.33 2.00 + 0.03
Sss 132.8 1.8 16.67
3ds), Szt 133.1 2.4 28.88
Sss 134.6 18 1.1

3ds, prit+ 927.1 5.3 18.17 3.35+0.07
Pré+ 9315 5.3 20.85
pr3+ 932.4 5.3 20.97
3ds), pri+ 947.1 5.3 12.11
pri+ 951.5 5.3 13.90
P+ 952.4 5.3 13.98

3ds), Ce't 881.5 3.6 22.82 3.89 +0.08
Ce’ 886.1 3.6 6.88
Cett 888.7 3.6 7.44
Cett 897.0 3.6 22.86
3dy), Ce't 899.5 3.6 15.22
Ce** 904.1 3.6 4.58
Cet 906.7 3.6 4.96
Cett 915.0 3.6 15.24

3ps) Mn2* 642.2 2.8 33.34 2.47 +0.04
Mn3* 643.5 2.8 28.96
Mn*+ 646.0 2.8 436
3py) Mn?* 653.8 2.8 16.67
Mn3* 655.1 2.8 14.48
Mn#+ 657.6 2.8 2.18

1s O?* (Lat.) 527.8 2.0 35.43 2.00 + 0.05
0% (S/D.) 529.6 2.0 30.79
0% (S/D.) 531.3 2.0 23.86
0% (S/D.) 532.9 2.0 9.93

5% H, /Ar 3ds) Szt 130.5 2.5 43.28 2.00 + 0.03
Sss 132.0 2.0 16.72
3ds Sr2+ 132.3 2.5 28.85
SsS 133.8 2.0 11.15

3ds), Prit 923.4 5.1 19.60 3.35+0.07
pri+ 927.0 5.1 21.19
pri+ 928.6 5.1 19.21
3ds pri+ 942.9 5.1 13.07
Pré+ 947.0 5.1 14.13
Pr3+ 948.9 5.1 12.80

3ds), Cett 877.9 5.3 18.33 3.80 + 0.08
Ce’ 882.4 5.3 12.02
Ce*t 885.7 5.3 5.66
Ce* 894.1 5.3 24.00
3d;), Ce** 895.9 5.3 12.22
Ce*t 900.4 5.3 8.01
Ce’ 903.7 5.3 3.77
Cett 912.1 5.3 16.00

(Continued)
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Atmosphere Spin state lons Binding energy [eV] FWHM [eV] Concentration [%)] AOS

3py), MnZ* 640.5 2.8 38.78 2.57 +£0.04
Mn3* 642.4 2.8 24.13
Mn#* 644.7 2.8 3.76
3py) MnZ* 652.1 2.8 19.39
Mn3+ 654.0 2.8 12.06
Mn*+ 656.3 2.8 1.88

1s O (Lat.) 529.2 2.1 29.99 2.00 + 0.05
0% (S/D.) 530.9 2.1 33.15
0%* (S/D.) 5323 2.1 29.99
0% (/D) 5335 2.1 6.87

showed no difference in phase composition after cooling down,
while the diffraction peaks at 20 = 31.09° and 32.91° shifted to
higher angles of 26 = 31.16° and 33.06° due to lattice shrinkage
(Figure 6s, Supporting Information).

2.2. XPS Analysis

Hydrogen oxidation and reduction are extremely sensitive to
the configuration of surface atoms since the electrochemical
reactions occur on the electrode surface. Therefore, the XPS
measurements were used to determine the oxidation state of the
cations in SPCM2 powder. Figure 4 shows the deconvolution
of XPS spectra of Sr 3d, Pr 3d, Ce 3d, Mn 2p, and O 1s after
heat treatment at 800 °C in the air and in 5% H,/Ar (pO, =
1.86 x 1072 atm) atmospheres. Accordingly, forming perovskite
and Ruddlesden-Popper structures in oxidizing and reduc-
ing atmospheres helps better understand the electrochemical
performance under the SOC operation condition.

The XPS spectra were fitted by Lorentzian line shape,
LA(1.53243), using Voigt functions within the Shirley or
Tougaard background, and the fitting parameters and quantita-
tive results are summarized in Table 2. The Shirley background
assumes that the background intensity is proportional to the to-
tal intensity of the XPS signal at the peak’s high binding energy,
which is ideal for core-level spectra of Pr 3d, Ce 3d, and Mn 2p
with low signal-to-noise ratios and moderate inelastic scattering.
The Tougaard background accounts for complex inelastic scatter-
ing effects, resulting in asymmetrical tails in peaks such as Sr 3d
and O 1s spectra.

In order to perform accurate analysis, constrained peaks with
equal full width at half maximum (FWHM) were set for each pair
of components, and a constant area ratio according to the number
of electrons in the p and d orbitals was used to fit the spectra.l*’]
Moreover, a fixed doublet separation was applied to fit the cation
spectra based on literature data.

The B-site cations generally determine the electrocatalytic ac-
tivity of perovskites.[*8] Although the cations in the A sites are
not involved in the catalytic reaction, based on the XRD results,
the varying heat treatment condition highly influences the oxida-
tion state of A-site cations and can also regulate the B-site Mn*"
charge. Accordingly, the influence of the heat treatment atmo-
sphere on the oxidation state of the cations on the A-sites will be
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discussed, followed by the investigation of the Mn 2p; , and Mn
2py), levels in the P and RP structures.

The core-shell level spectra of the Sr 3d for the P and RP struc-
tures are illustrated in Figure 4a. Sr 3d spectra were deconvoluted
into surface (Sr surface species, SSS) and lattice components to
provide insight into the number of surface species and their evo-
lution under different heat treatment atmospheres. The identi-
fied SSS peaks at high binding energies include surface oxides,
hydroxides, carbonates, and sulfates.[*”] The area ratio between
fitted peaks for the 3d;, and 3ds, levels was restricted to 2/3,
and a doublet separation of 1.8 eV was used to fit Sr 3d spectra.
The FWHM of 2.4 and 2.5 eV is also used for the lattice species
in the P and RP structures, respectively.

According to Figure 4al, the lattice component peaks are
located at 131.3 eV and 133.1 eV for 3d,, and 3d;), levels, which
are correlated with the positions of Sr?* at the perovskite crystal
structure.l® Formation of the RP structure with heat treating in
a reducing atmosphere leads to a shift to lower binding energies
of 130.5 eV and 132.3 eV. Comparing the corresponding area
for heat-treated powder in the air and reducing atmosphere
shows a similar amount of surface species (27.78% =+ 0.09%) on
the P and RP particles. While the XPS analysis was carried out
immediately following heat treatment cycles, the interaction of
prepared powders with the atmosphere during sample prepa-
ration for XPS analysis can also influence the concentration
of surface species, which contributed to the similarity of SSS
peaks found in this study. The accurate investigation of surface
chemistry requires more advanced techniques, including SIMS
and LEIS spectroscopy, which is out of the scope of this work.

The scanned Pr 3d spectra display three fitted peaks at 3dy),
and 3d;,, levels corresponding to the Pr’* and Pr** species
(Figure 4b). The binding energy at 927.1 and 932.4 eV could
be assigned to Pr** 3ds,, whereas the peak at 931.5 eV was
ascribed to Pr** 3ds ,. Although a significant shift (-4.5 + 0.4 eV)
toward lower binding energy was recorded after forming the RP
structure, a neglectable variation in the Pr**/Pr3* ratio has been
calculated. As a result, the valence state of Pr in SPCM2 powder
is not influenced by the heat treatment atmosphere, as both P
and RP surfaces have similar average oxidation states (AOS) of
+3.35 £ 0.02.

The Ce 3d spectrum (Figure 4c) shows more complicated
peaks due to interfered 3ds,, and 3d;, levels. Six peaks corre-
spond to the three pairs of spin-orbital doublets of Ce**, and two
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Figure 5. The SPCM2 symmetric-cell schematic with the components’ thickness in micrometers and SEM images of the corresponding locations spec-

ified in the scheme. The cell was sintered for 3 h at 1200 °C in the air.

peaks reflect the pairs of doublets of Ce?+,>'>2] with spin-orbital
energy of 18 eV between the pair peaks in the 3ds;, and 3d;),
orbitals.

The quantitative analysis shows a high concentration of Ce**
(88.54%) after heat treatment in the air, resulting in a significant
Ce**/Ce3* = 7.72 ratio with an AOS of +3.89 in the perovskite
structure. Meanwhile, a high impact of reducing atmosphere to
form Ce?* is observed in SPCM2 powder, leading to a decrease in
the Ce*t/Ce** ratio to 3.99 and an AOS of +3.80 in the RP struc-
ture. As discussed earlier in the phase evolution study, reducing
Ce** ions can decrease the ionic radius mismatch with Sr’* ions
in the A sites and lead to inward diffusion of the CPO phase into
the RP crystal structure. Since a significant decrease in the CPO
phase is identified by Rietveld refinement after reduction, it can
be concluded that the large shift (-3.3 + 0.3 eV) in the Ce 3d or-
bitals mainly corresponds to binding energies of Ce*" ions in the
RP structure.

The Mn 2p spectra (Figure 4d) show three peaks correspond-
ing to the Mn?*, Mn3*, and Mn** ions in the spin-orbital split-
ting of the Mn 2p,, and Mn 2p, , levels.’>*?) The area ratio be-
tween fitted peaks for the 2p,, and 2p;), levels was restricted
to 0.5, the doublet separation between the peaks at these sub-
levels was fixed at 11.6 €V, and an equal FWHM of 2.8 eV
was applied for fitting. The quantitative analysis in 2 shows
an increase in the concentration of Mn?* species after reduc-
tion. Accordingly, the AOS of Mn*" in the P structure decreases
from +2.57 to +2.47 in the RP structure. As mentioned ear-
lier, the oxidation state of the ions in the B-sites can be con-
trolled by the heat treatment conditions and the charge compen-
sation caused by variations in the oxidation state of the A-site
ions.[32%8] Accordingly, reducing the A-site ions, specifically form-
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ing a high concentration of Ce**, can highly affect the AOS of
the Mn*" ions and the final electrocatalytic activity of the SPCM
electrode.

According to the literature, the O 1s spectra could be in-
terpreted as two regions corresponding to the lattice oxygen
at lower binding energies and surface components at higher
binding energies.l>>** As a result, the peak area at high bind-
ing energy could reflect the number of oxygen defects at the
particles’ surface, including oxygen vacancies, adsorbed hydrox-
ide groups, and interstitial oxygen. This work calls these peaks
at high binding energies surface species/oxygen defects (Ogp).
The O 1s spectra for heat-treated powder in the reducing atmo-
sphere exhibit intensified peaks at high binding energies and
dwindled peak areas corresponding to the lattice oxygen. Ac-
cordingly, the ratio of O, /Oy, increases from 1.82 in the P
structure to 2.33 in the RP structure. The significant enhance-
ment in the Ogp, /Oy, ratio can be attributed to the charac-
teristic feature of the RP structure, containing high concentra-
tions and mobility of interstitial oxygen.! The high mobility
of oxide ions in the RP structure can enhance cell performance
by maximizing fuel electrode conductivity under SOC operation
conditions.

2.3. Microstructural Investigation

Figure 5 illustrates the microscopy images of the SPCM2 fuel
electrode in a symmetric cell configuration, supported by a 3YSZ
electrolyte with a thickness of 40 um. Compared to a conventional
electrolyte-supported cell (ESC) containing an electrolyte with a
thickness of 80-200 um, a thinner layer utilized in this study
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Figure 6. The SPCM2-LSCF full-cell schematic with the components’ thickness in micrometers and SEM images of the corresponding locations specified
in the scheme. The SPCM fuel electrode was sintered at 1200 °C first, and then the LSCF air electrode was sintered at 1080 °C; both sintering processes

were done for 3 h in the air.

can improve the electrochemical performance of solid oxide cell
under the operating condition by providing lower electrolyte re-
sistance due to a shorter path for oxide ion diffusion. Moreover,
lowered series resistance improves the quality of the impedance
spectra and enables a reduced error when analyzing the polariza-
tion phenomena in the cell.

A5 um CGO barrier layer is applied to both sides of the 3YSZ
electrolyte to prevent the interaction of Sr from the electrode
with Zr-based electrolytes. The CGO layer is engineered to form
a dense interface (CGO-DL) at the CGO/YSZ interface, effec-
tively suppressing SrZrO, formation during sintering and elec-
trochemical testing. The CGO-DL is marked with orange in the
barrier layer illustration.

After sintering the barrier layer, the screen printing technique
applied the SPCM fuel electrode on both sides of the 3YSZ elec-
trolyte. The symmetric cell sintered at 1200 °C exhibits crack-free
microstructure with a 30 + 2 um thickness. The sintering pro-
cess results in a well-bonded electrode/electrolyte interface that
is crucial to oxide ion conductivity and mechanical stability of the
cell. Despite the high sintering temperature, the electrode retains
submicron particles with an average size of 310 + 90 nm, as mea-
sured by Image] software. This fine particle size enhances the
active surface area for hydrogen oxidation/reduction reactions.

Furthermore, the electrode shows good porosity with an av-
erage 0.71 + 0.5 pm pore size covering 41.8% of the electrode
structure. These open pores facilitate gas diffusion and minimize
gas conversion resistance under the cell operation conditions.
Therefore, combining uniformly distributed small particles and
open porosity minimizes polarization resistance and enhances
the overall electrochemical performance.

Adv. Energy Mater. 2024, 2404843 2404343 (10 of 19)

After sintering the fuel electrode at 1200 °C, the LSCF air elec-
trode was screen-printed on the other side of the 3YSZ electrolyte
to create a full solid oxide cell. Figure 6 shows the microscopy
images of the SPCM2 and LSCF electrodes after the second sin-
tering cycle at 1080 °C in air. The microstructure of the LSCF
air electrode shows well-integrated particles to the CGO barrier
layer, which makes it difficult to distinguish the LSCF/CGO inter-
face. Similar particle sizes of LSCF electrodes to the CGO barrier
layer indicate its high tendency to agglomerate at lower tempera-
tures compared to the SPCM and CGO layers. However, the high
catalytic activity of LSCF perovskite toward the oxygen reduction
reaction and its mixed ionic and electronic conductivity made it
a state-of-the-art electrode for SOC applications, and a small con-
tribution of the air electrode to the final polarization resistance is
expected.>*-58]

It must be highlighted that the Au layer was also applied to
the top of the SPCM fuel electrode before conducting the electro-
chemical testing, and it sintered during the heating up of the cell
in the air for testing. The contact layer provides an equipotential
surface with the fuel electrode to ensure an excellent electronic
connection to the external circuit, including the Ni mesh and
Pt wires in the test setup. The Au layer is known as an inert
layer while operating the cell for hydrogen oxidation/reduction.
Moreover, due to the limited interfacial boundary of the contact
layer with the SPCM electrode, which is placed far from the
electrode/electrolyte interface, the Au contact layer does not
influence the electrochemical reaction kinetics and final cell
performance.

On the air side of the cell, there is no need for a contact layer
since the LSCF electrode exhibits high electronic conductivity in
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Figure 7. Overview of ohmic resistance (Rg) and polarization resistance
(Rp) extracted from the impedance spectra measured at different tem-
peratures and steam partial pressures for the symmetric cells containing
SPCM1 or SPCM2 fuel electrodes. Note: The polarization resistance is pro-
vided for two fuel electrodes in a symmetric cell configuration and needs
to be divided by two for each electrode.

the oxidizing atmosphere, and Au mesh gets well adhered to the
air electrode structure at elevated temperatures (i.e., 650-800 °C).
Therefore, the LSCF electrode was connected directly to the Au
mesh as a current collector.

2.4. Electrochemical Performance

Impedance spectroscopy was employed to study the electrochem-
ical performance of SPCM fuel electrodes across a temperature
range of 650-800 °C and a broad pH,O range, i.e., 3-60%
H,0/(H,0+H,). Figure 7 displays an overview of the obtained
ohmic resistance (Rq) and polarization resistance (R,) extracted
from Nyquist plots for SPCM1 and SPCM2 fuel electrodes. In
which the R, is provided for two fuel electrodes in a symmetric
cell configuration, and thick 3YSZ electrolyte (40 pm) has the
main contribution to the Rq. The variation of R, with fuel gas
composition reveals improving electrochemical performance
with steam concentration for the SPCM1 electrode. At the same
time, the electrochemical performance degrades for the SPCM2
electrode at higher steam partial pressures. Degradation of R, for
SPCM1 at more reducing atmospheres is mainly due to P-to-RP
transformation, which increases the RP/P ratio in the electrode
structure. The RP structure features high oxide ion conductivity
owing to its mobile interstitial oxygen.['”>%] However, the electro-
chemical performance of the RP electrodes is mainly limited due
to the poor electrocatalytic activity under reducing conditions
for the fuel electrode, requiring a certain amount of P phase
in the electrode structure for sufficient electrocatalytic activity.
This limitation causes increasing polarization resistance when
using mixed P-RP electrodes under high reducing conditions.
In our former work, the details of increasing the polarization
resistance in a similar mixed P and RP electrode were discussed
for the Sr,PrysMnO,.22 A complete P-to-RP transformation
forms a blocking layer and causes a significant degradation in
cell performance.

Compared to SPCM1, the higher concentration of Ce in
SPCM2 stabilizes the perovskite structure under more reducing
conditions, forming a mixed RP-P electrode and enhancing its
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electrocatalytic activity toward surface reactions. This structural
stability is a key factor contributing to the lower R,, observed for
SPCM2 compared to SPCM1 in atmospheres containing 3-10%
H,0.

XPS analysis of the reduced powders reveals AOS of +3.35
for Pr and +3.8 for Ce, indicating that Ce substitution reduces
the oxygen vacancy concentration in the SPCM structure. Addi-
tionally, higher steam partial pressures further decrease oxygen
vacancy concentrations by increasing the oxidation states of the
cations. Since oxygen vacancies are critical for ionic conductiv-
ity, this reduction leads to a steady increase in R, for SPCM2 as
steam partial pressure rises.

In contrast, the kinetic of the electrode reaction can be opti-
mized at the high steam concentrations of 20-60% H,O for the
SPCM1 electrode when the oxygen vacancy concentration and ki-
netic of the surface reaction are sufficiently high. The complex
electrode reactions coupled with dynamic conditions in phase
evolution make identifying rate-limiting mechanisms challeng-
ing for electrodes with different Ce concentrations.

A similar trend was observed for the ohmic resistance, primar-
ily due to the influence of gas compositions on oxygen vacancy
concentration within the P structure and the mobility of oxygen
ions through the interstitial sites within the RP structure.

Compared to SPCM2, although SPCM1 shows higher electro-
catalytic activity at 40-60% H,O/(H,0+H,), operating this cell
under high electrolysis current densities can lead to a high lo-
cal hydrogen activity close to the electrode surface. An intense
reducing condition at the electrode surface can quickly cause
SPCM1 with lower Ce content to form a single RP phase. Conse-
quently, the complete P-to-RP transformation can interrupt sur-
face reaction, as reported for the single-phase RP electrode.l*?]
Degradation of polarization resistance due to this phase evolu-
tion was also observed during the initial measurement in 3%
H,0/(H,0+H,) at 800 °C for the SPCM1 electrode. We have
therefore excluded the SPCM1 electrode from further investiga-
tion in full-cell configuration.

Figure 8 displays the typical impedance spectra and distributed
relaxation time (DRT) plots for the SPCM2 electrode in a full-
cell configuration containing LSCF perovskite as an air electrode.
The impedance spectra were measured at 650-800 °C, and the
gas composition at the fuel side was considered 3% and 60%
H,0/(H,0+H,). Pure oxygen was utilized on the air side since
no air purge is required for SOEC operating at thermoneutral
conditions, and it prevents the gas diffusion process from con-
tributing to the impedance data. The Nyquist plots represent the
high electrocatalytic activity of the SPCM2 electrode toward the
hydrogen reduction/oxidation above 700 °C. Accordingly, mea-
sured impedance spectra at 800 °C showed small R, 0of 0.043 and
0.055 Q cm? in 3% and 60% H,0/(H,0+H,), respectively.

The impedance spectra were analyzed using the distribution
of relaxation times (DRT) to identify the processes contributing
to the overall cell performance. DRT can deconvolute electro-
chemical reactions with close time constants for a detailed
interpretation of electrochemical performance. Accordingly, the
corresponding DRT plots are illustrated next to the Nyquist plots
in Figure 8.

Through DRT analysis, a clear distinction of electrochemi-
cal processes at the measured frequency range (from 1MHz
to 3mHz) and their contributions to the overall polarization
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Figure 8. Temperature dependency of impedance spectra and corresponding DRT plots for the cell containing SPCM2 and LSCF electrodes in a) 3%
H,0/(H,0+H,) and b) 60% H,0O/(H,0+H,) gases. Note: pure oxygen is utilized on the air side to minimize gas diffusion resistance at low frequencies.

resistance can be observed. The DRTs were calculated using a
Tikhonov regularization-based approach.[®® This approach re-
quires the regularization parameter (), which is the most crit-
ical parameter for the DRT calculation since it keeps the pro-
file smooth and reduces the occurrence of artificial peaks.[®!] By
selecting an optimal value of 4 = 0.005, the number of indi-
vidual processes with different relaxation frequencies has been
identified to interpret the Nyquist plots. Accordingly, the over-
all impedance spectra show five peaks in the DRT: two high-
frequency peaks (HF, f > 10° Hz), two middle-frequency peaks
(MF, f=10-10° Hz), and one low-frequency peak (LF, f < 10 Hz).
By identifying these peaks in the DRT plots, the following equiv-
alent circuit is considered for studying the impedance spectra for
the SPCM2 electrode in a full-cell configuration.

RQ (RIQI) (RZQZ) RG (R4Q4) (RSQS) (3)

The electrode reaction is complex, involving multiple steps,
and is affected by gas composition (oxygen and steam par-
tial pressure), cell processing techniques, sintering tempera-
ture, operational methods, and the phase stability of electrode
material.[®?] Collectively, these factors make interpreting specific
reactions within the impedance spectrum challenging.

As a first step in interpreting the fuel electrode reaction in-
volved in hydrogen reduction/oxidation and transport processes,
it is required to distinguish the reaction originating from the
air electrode. Besides, minimizing the degradation mechanisms
caused by the air electrode facilitates understanding the stabil-
ity behavior of the subjected SPCM2 electrode. For this purpose,
varying the pO, on the air side can help identify corresponding
resistances to the LSCF electrode. Accordingly, the gas composi-
tion on the fuel side is kept constant at 3% H,0/(H,0+H,), and
impedance spectra are measured at 750 °C while varying the oxy-
gen partial pressure from pO, = 0.02 to 1 atm by mixing O, and
N, gases.

Figure 9 shows the dependency of impedance spectra, DRTs,
and sub-resistance values on the oxygen partial pressure and
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obtained reaction orders (n) for the fit results. The DRT plots
(Figure 9b) indicate relatively constant resistances for the HF-
R,, HF-R,, and MF-R, reactions with a quite small reaction or-
der (Figure 9c). At the same time, a high dependency on pO,
has been recorded for the R at a middle frequency and R; re-
sistance at a low frequency. Based on the literature, the coupled
electrochemical surface reaction and oxygen ion diffusion in the
air electrode can be described with a Gerischer element at 10
to 10° Hz range.[%3%*] It can be concluded that the MF-R¢ with a
reaction order of (n = 0.12) refers to the LSCF air electrode reac-
tion. Polarization resistance and relaxation frequency range are
in excellent agreement with previous studies on cells containing
the same LSCF electrode.[®]

As the reaction was most influenced by pO,, the LF-(R;&Ry)
showed a resistance drop (n = 1) with increasing oxygen partial
pressure from 0.02 to 0.2 atm (a similar O, and N, mixture in the
air). This is the characteristic feature of gas diffusion resistance
reported for the air electrode with a perovskite structure, and its
resistance dependency follows the equation below.[23:65:66]

Rp (air electrode) o 1 1 “4)
0,

According to the above equation, further increasing the pO,
to 1 by utilizing pure oxygen on the air side must suppress the
gas diffusion resistance to zero. However, the obtained results
demonstrate polarization of 0.069 Q cm? for LF-(R;&R;) in
pO, = 1. Moreover, the study of LF-(R;&R,) dependency on
the fuel gas composition represented decreasing polarization
resistance for this reaction with hydrogen partial pressure (it is
provided in the following, called LF-Rs). It can be concluded that
two resistances with very close relaxation frequencies are present
at low frequencies (LF, f < 10 Hz), which makes it impossible
to distinguish them using the DRT. Accordingly, we have used
pure oxygen on the air side to eliminate the contribution of
gas diffusion resistance in our interpretation of low-frequency
resistance. From now on, the LF-(R;&R;) will be replaced by
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Figure 9. Oxygen partial pressure dependency of a) impedance spectra,
b) corresponding DRTs, and c) the fitted polarization processes of the cell
containing SPCM2 and LSCF electrodes at 750 °C. Note: the gas compo-
sition for the fuel side was kept constant at 3% H,0/(H,0+H,).

LF-R; since the polarization resistance for LF-R is supposed to
be zero using pure oxygen on the air side.

Following identifying the resistances originating from the
LSCF air electrode, we will analyze the impedance spectra and
discuss the influence of the operation conditions by fitting an
equivalent circuit model (ECM). In order to interpret physico-
chemical reactions in impedance spectra as combined complex
electrochemical processes, temperature and steam partial pres-
sures on the fuel side are varied to determine the characteris-
tic features of the processes. Varying these operating parame-
ters provides information about the physicochemical background
of DRT peaks in hydrogen reduction/oxidation reactions.[®’] It
needs to be noted that a variation in steam partial pressure is
closely associated with a variation in the RP/P ratio in the SPCM
electrode, which may significantly accelerate or diminish the re-
action kinetics. Therefore, the possibility of P-to-RP phase trans-
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formation under different pH,O can complicate the interpreta-
tion of impedance spectra for hydrogen reduction/oxidation re-
actions.

Figure 10a,b display the Nyquist and corresponding DRT plots
in 60% H,0/(H,0+H,) at 800 °C. In addition, Figure 10c,d pro-
vide the temperature and steam concentration dependency of the
sub-polarization resistances, respectively. In fitted resistances,
minor high-frequency peaks (HF-R, and HF-R, resistances) with
a high activation energy of 2.06-2.34 eV were observed in the DRT
plots, indicating a minimal contribution of these resistances to
the overall polarization resistance.

According to the equation below, the calculated capacitance for
HF-R, and HF-R, resistances indicates a small capacitance of
C, =0.001 and C, = 0.040 F cm™2.

C (Fem™) = RW/»-1Q!/n (5)

The reactions with a small capacitance are typically associ-
ated with rapid interfacial processes, such as charge transfer or
transport process at a solid/solid interface,[*! which in our case
is the SPCM/CGO, LSCF/CGO, or the CGO/YSZ interfaces.[?!
Figure 9c illustrated neglectable reaction orders (n, = 0.03 and
n, = 0.04) with varying oxygen partial pressures in synthetic
air based on the slope of fitted lines for the HF-R, and HF-R,
resistances. When steam partial pressure is varied on the fuel
side (Figure 10d), HF-R; shows an increase in reaction order to
n, = 0.10, while N, remains at the same magnitude, i.e., 0.02.
It is reported that the interfacial processes are strongly affected
by the chemistry of interlayers,[®®! and even minor changes in
material composition or processing parameters can result in sig-
nificant variations of the related resistances.[®”) The possibility of
changes in the oxidation state of the cations for both CGO fluo-
rite and SPCM perovskite structures under reducing conditions
and, consequently, decreasing the oxygen vacancy concentration
can be the probable explanation for the slight increase in the re-
sistance of HF-R, reaction with steam partial pressure. On the
other hand, the HF-R, resistance is most likely related to the in-
terfacial YSZ/CGO and LSCF/CGO process on the air side. Nev-
ertheless, the close relaxation frequencies of the charge transfer
and transport processes in the air and fuel electrodes overlap the
corresponding semicircles in the Nyquist plot, making it difficult
to distinguish between them accurately.

The ECM fitting results at middle frequencies show two
ME-R; and MF-R, resistances. As discussed earlier, the third
resistance (MF-R;) is fitted by the Gerischer element describing
the electrochemical reaction on the air side, which includes
coupled surface oxygen dissociation and oxygen ion diffusion
through the LSCF grains. Due to the constant partial pressure
of oxygen on the air side when using pure oxygen, the reaction
order of zero was measured at 800 °C (Figure 10d), which reveals
a constant resistance of MF-R; = 0.012 Q cm? in different steam
partial pressures.

The fitting results show accelerated reaction kinetics in the in-
vestigated gas compositions for the MF-R, process with a nega-
tive reaction order between -0.03 and -0.10 (Figure 10d). Similarly,
the LF-Rs process with an apparent activation energy of 1.46 eV
shows a negative reaction order (n = -0.1) at a steam range of
3-20% H,0/(H,0+H,), while the corresponding resistance in-
creases with steam partial pressure above 20% H,0/(H,0+H,).
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Figure 10. a) the Nyquist spectrum, b) corresponding DRT plots along with fitted sub-polarization resistances for the cell containing SPCM2 and LSCF
electrodes, c) Arrhenius plots of fitted resistances in 60% H,0/(H,0+H,), and d) steam partial pressure dependency of sub-polarization resistances
at 800 °C. Note: The steam partial pressure varies in (d), whereas pure oxygen is utilized on the air side, which leads to identical MF-Rg resistance

attributed to the LSCF electrode.

The nvalues for all testing temperatures are provided in Figure 7s
(Supporting Information). Variation of the MF-R, and LF-R;
peaks in DRT plots to the steam partial pressure suggests that
these reactions are related to the electrochemical reaction in the
SPCM2 electrode. The fitted ECM for the MF-R, represents a
high activation energy of Ea, = 1.11-1.35 eV and capacitance of
C, = 0.45-0.61 F cm™2, and corresponding values for the LF-Rg
resistance are Eag = 0.91-1.46 eV and C; = 1.50-2.46 F cm™2.

Interpreting the MF-R, and LF-R; resistances requires look-
ing at the physiochemical reactions involved in hydrogen oxida-
tion/reduction. Accordingly, the overall reaction in steam elec-
trolysis can be presented as follows!”%):

H,0,, + Vo +2¢” = H, (g) + 0" (6)

gas

According to the Kréger-Vink notation, the Vo' and Og*
denote an oxygen vacancy and regular lattice oxygen in the
perovskite/Ruddlesden-Popper structure, respectively. The MIEC
electrode enables this reaction by conducting the oxygen ions
(0?7) and electrons (e~) simultaneously on the electrode surface.
Accordingly, the main steps involved in the steam electrolysis re-
action can be described as the adsorption of the steam molecule,
surface charge transfer reaction, and incorporation of oxygen into
the electrode structure.?27!] These processes are chemisorption
reactions on the SPCM grain’s surface, where an oxygen vacancy
is preferably at the reaction site.

HZO = HZOads (7)

gas

Following the adsorption reaction of H,O on the SPCM sur-
face (Equation 7), the adsorbed steam can dissociate into its con-
stituent ions. It involves breaking steam chemical bonds to hy-
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droxide ions (OH™,,,) and later to hydrogen (H,,,) by getting elec-
trons in two steps through the SPCM backbone.[”-73]

H,0,4 + e = OH 4 + H,4 (1*generatedhydrogen) 8)
OH 4 +€ = 0”4 + H,q (2"generatedhydrogen) (9)

The oxidation of H,0O,,, by transferring the electron at the
electrode/gas interface through (Equations 8 and 9) has been
assessed to be the principal MIEC surface charge transfer reac-
tion for H, oxidation and H, O electrolysis,!*?] forming physically
bonded hydrogen atoms on the SPCM grain’s surface.

Finally, the hydrogen gas is formed by combining hydrogen
atoms followed by desorption.

0" 4 + 2H,4, (1"'and2™generatedhydrogen) + V"~

=H, . +0," (10)

The continued dissociative adsorption of steam molecules
would only be possible if the oxide ion’s mobility in the SPCM
structure were high enough. Accordingly, the diffusion of the
oxide ions (O?~) from the electrocatalytic active surface sites to
the electrode/electrolyte interface can lead to another resistance,
which is reported with a much higher capacitance compared to
double-layer capacitance (HF-R, and HF-R,) in the MIEC fuel
electrode.l3?

The complexity of the hydrogen oxidation/reduction reaction
and the possibility of P-to-RP phase transformation makes it diffi-
cult to distinguish the reactions described above in Nyquist spec-
tra. Moreover, the deviation of fitted resistance for LF-Ry from
linear behavior (Figure 10d) reveals the dependency of charac-
teristics of the SPCM electrode on the gas composition, as sim-
ilar behavior has also been reported for other MIEC electrode
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Figure 11. |-V characteristic of the cell containing SPCM2 and LSCF elec-
trodes for a) fuel cell (FC) operation mode in 3% H,0O/(H,0+H,) and b)
electrolysis cell (EC) operation mode in 50% H,O/(H,0+H,).

materials.[327*] However, it can be concluded that thermally ac-
tivated LF-Rs resistance with relative dependency to the steam
partial pressure is most likely related to the surface reactions, and
MEF-R, with a higher capacitance compared to HF resistances is
related to oxygen ions diffusion through the SPCM2 bulk.

Figure 11 shows the I-V characteristic of the SPCM electrode
in a full-cell configuration containing the LSCF air electrode. Al-
though the prepared electrolyte-supported cell hinders obtaining
the optimum performance below 800 °C due to its high ohmic
resistance, evaluating power output at higher temperatures can
provide insight to be considered for commercial ESCs. Accord-
ingly, the measurement was conducted in the FC mode operation
using 3% H,0/(H,0+H,) and EC mode operation using 50%
H,0/(H,0+H,) at 650-850 °C temperature range. The open cir-
cuit voltages (OCVs) in the FC and EC operation conditions were
recorded at 1.11 + 0.01 V and 0.97 + 0.02 V, respectively. These
values are close to the calculated based on the Nernst equation
(OCVy, e = 1.131 V and OCVy, g = 0.963 V),l”>7¢) and indicate
negligible gas leakage and deviations in flow rates in the test
setup as well as no electronic leakage through the dense 3YSZ
electrolyte.

RT N PO,, air electrode
2F \/PO,, fuel electrode

oCV,, = (11)

The FC operation was carried out between the OCV and 0.4
V, and pure oxygen was utilized on the air side to avoid oxygen
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starving at high current densities, which can cause degradation of
the LSCF electrode. The maximum power density reached 0.786
and 1.084 W cm™ at 800 and 850 °C, respectively (Figure 11a).
These values are remarkably higher than those obtained previ-
ously for perovskites like STFM (0.573 W cm™ at 850 °C, 0.444
W cm~2 at 800 °C),[””) SEM (0.650 W cm™ at 850 °C, 0.500 W
cm™ at 800 °C),’”® and AFM (A = Ca, St, Ba) series (0.757 W
cm™ at 850 °C, 0.614 W cm~2 at 800 °C).l”"! The generated high
power densities with comparable values to those obtained for Ni
cermet electrodes (0.7-0.73 W cm™ at 800 °C)!®#1] indicate the
capability of the SPCM2 as a Ni-free electrode to operate in SOFC
conditions.

When considering the technical application of SPCM2 cells in
an SOFC operation mode, it is crucial to consider that at maxi-
mum powetr, the cell voltage falls below 600 mV, which results in
a relatively low electrical efficiency. Operating voltages between
700 and 850 mV are more reasonable, resulting in power densi-
ties 0f 0.971 W cm™2 at 0.7 V and 850 °C.

The voltage response of the investigated cell under EC opera-
tion was measured in 50% H,0/(H,0+H,) with a limited maxi-
mum voltage of 1.8 V and a maximum current density of —2.0
A c¢m™2. Similar to the FC measurements, the air electrode is
operated in pure oxygen. It should be noted that pure oxygen
enhances the FC performance, but it also has a negative im-
pact on the EC performance. Figure 11b shows IV characteristics
and electrical efficiency versus current density in the 650-850 °C
range. Unlike the fuel cell mode, the voltage continuously in-
creases with applying current due to the internal resistance. For
this reason, a maximum power density can not be given in EC
operation. Instead, the most common reference parameter is the
current density value at a thermoneutral voltage (TNV) for high-
temperature electrolysis (Vyyy = 1.29 V).182]

The utilized 3YSZ electrolyte with a thickness of 40 um in this
work is a recently developed benchmark electrolyte to improve
the electrochemical performance of ESCs. As a result, decreased
ohmic resistance makes I-V characteristic comparison difficult
to those reported in the literature with thicker electrolytes. At the
same time, the 40 um electrolyte is much thicker than the elec-
trolyte in the fuel electrode-supported cells. Nevertheless, the op-
erating investigated ESC cell under thermoneutral voltage rep-
resents high current densities of —0.74 A cm~2 at 800 °C. This
is reasonably higher than recently reported values for the most
promising Ni-CGO (I gpyy = —0.5 A cm™ at 800 °C)!*! and 3Mo-
3Au-Ni-CGO (Igpyy = —0.361 A cm™ at 800 °C)[** electrodes in
ESC configuration.

In addition, electrical efficiency can be calculated by dividing
the TNV by the cell voltage at the applied current density,!”!
which leads to an electrical efficiency higher than 100% below
TNV due to the effect of thermal energy on steam electrolysis.
The obtained cell potential (1.39 V) at 800 °C is still small enough
to achieve a high current density of 1.00 A cm~2 to keep electrical
efficiency above 93% in hydrogen production, which is of great
interest in commercial applications.

Finally, the durability study was carried out for 350 h under ini-
tially thermoneutral conditions (I =-0.74 A cm™2) at 800 °C using
60% H,0/(H,0+H,) on the fuel side and synthetic air on the air
side for steam electrolysis. Accordingly, the ESC cell was oper-
ated under a galvanostatic mode, and impedance spectra were
measured under current and OCV conditions every six hours.
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Since the reaction kinetic highly changes under applied current,
the impedance spectra under OCV conditions are considered for
comparison with the initially measured data. The overview of the
variation of Rq, R, and overpotential is shown in Figure 8s (Sup-
porting Information).

The results calculated a minor degradation rate of 0.02 and
0.06 Q cm® kh™! for R,, and R, resistances, respectively. More-
over, the stability of cell performance under thermoneutral condi-
tions shows an increase in the over-potential at a 45 mV kh! rate.
This degradation rate is quite low compared to the other reported
data in the literature for Ni-YSZ or Ni-CGO electrodes in sin-
gle cells. For instance, Sciazko et al. have recently compared the
degradation behavior of Ni-YSZ and Ni-CGO electrodes under a
current density of -0.2 A cm™2 for steam electrolysis at 800 °C.%]
Although a better initial performance was observed for the Ni-
CGO electrode, cell voltages were increased by ~#180 and 120 mV
for Ni-CGO and Ni-YSZ electrodes after 100 h. A significantly
lower degradation rate for SPCM2|3YSZ|LSCF cell demonstrates
its potential to be considered for further investigation taking into
commercial applications.

3. Conclusion

The sol-gel combustion method was successfully employed to
synthesize a series of Sr,(Pr,,,Ce, MnO; (SPCM) perovskites
with varying Ce concentrations (x = 0.1, 0.2, 0.3). The eval-
uation of phases under SOC operation conditions reveals the
forming of mixed perovskite and Ruddlesden-Popper structures
at 600-800 °C. The investigation of A-site substitution by Ce
cations demonstrated that increasing Ce concentration intensi-
fies the formation of the Ce, s Pr, O, (CPO) phase, which causes
the decomposition of the perovskite phase under a reducing at-
mosphere for the x = 0.3. Meanwhile, phase transformation to
Ruddlesden-Popper was observed for lower substitution concen-
trations (x = 0.1 and 0.2). According to the Rietveld refinement,
the b and c crystal parameters in the perovskite with an or-
thorhombic structure (Imma (74) space group, a = 5.494 A, b
=7.569 A, and c = 5.585 A) increase with temperature. In con-
trast, the “a” parameter reaches its minimum value of 5.475 A
at 650 °C. Further increasing temperature above 650 °C led to
perovskite-to-Ruddlessden Popper (P-to-RP) transformation with
a tetragonal structure I4/mmm (139) and crystal parameters of a
=3.836 Aand c=13.020 A.

The electrochemical performance of developed SPCM fuel
electrodes was investigated in a 3YSZ electrolyte-supported cell
and wide pH, O range, i.e., 3-60% H,0O/(H,0+H,). The study of
impedance spectra for the symmetric cell showed performance
degradation with hydrogen partial pressures for SPCM with
lower Ce concentrations (x = 0.1). Increasing the R, is mainly
due to the significant increase in the RP/P ratio and poor elec-
trocatalytic activity of the Ruddlesden-Popper toward hydrogen
oxidation/reduction.

The Nyquist spectra analysis of the full cell revealed a small
polarization resistance of MF-Rg = 0.012 Q cm? for the air elec-
trode, demonstrating that sintering the state-of-the-art LSCF elec-
trode at 1080 °C produced a well-bonded layer to the electrolyte,
ensuring high electrochemical surface activity and oxide ion con-
ductivity in pure oxygen.
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Additionally, four resistances corresponding to the fuel elec-
trode reactions are identified in the impedance spectra. Two
minor high-frequency resistances (HF-R, and HF-R,) were
attributed to the charge transfer and ionic transport at the
SPCM/CGO, LSCF/CGO, and CGO/YSZ interfaces, reflecting
no resistive intermediate phase formation and optimum pro-
cessing conditions that produce well-bonded layers. A small
middle-frequency resistance (MF-R,) of R, = 0.0045 + 0.0005 Q
cm? at 800 °C, characterized by a higher capacitance than HF-
resistances, likely corresponds to oxide ion diffusion through
SPCM bulk. The reduced resistance at the middle frequency
can be attributed to the enhanced electrode conductivity through
the RP structure with a high concentration of mobile oxygen
atoms, ensuring the excellent conductivity required for high-
temperature SOC applications. On the other hand, at low fre-
quency (LF-R;), a small resistance (0.033 + 0.005 Q c¢m?) asso-
ciated with hydroxide dissociation or evolution reactions was ob-
served, demonstrating enhanced kinetic of surface reactions in
60% H,0/(H,0+H,) at 800 °C.

Despite using the 3YSZ electrolyte-supported cell with 40 um
thickness, the voltage response at different current densities re-
vealed a high power density of 1.084 W cm~2 in FC mode and a
current density of 1.00 A cm 2 at the thermoneutral voltage at 850
°C. Moreover, the stability analysis demonstrated a low overpo-
tential degradation rate of 45 mV kh~!, highlighting the potential
of SPCM electrodes to be introduced as a very promising Ni-free
candidate. Accordingly, it is necessary to investigate its durabil-
ity for long-term industrial operation and optimize the process-
ing parameters for implementing the SPCM electrode into SOC
stacks.

4. Experimental Section

Powder Synthesis: The series of Srq¢Pry4,Ce,MnO; (SPCM) (x =
0.1, 0.2, 0.3) perovskite were synthesized using the sol-gel combustion
method. The samples are referenced as SPCM1, SPCM2, and SPCM3
for x = 0.1, 0.2, and 0.3, respectively. Accordingly, for each perovskite
composition, the stoichiometric amounts of nitrate precursors, includ-
ing Pr(NO;3)3-6H,0, Sr(NO;),, Ce(NO;);-6H,0, and Mn(NO;),-4H,0
were dissolved in aquas citric acid (CgHgO;) solution. The ratio of 1:1.5
for metal ions and citric acid is considered for optimized combustion
reaction.3*] The obtained sol was stirred for 2 h at 70 °C to achieve a
transparent aqueous solution. Following this, the pH of the solution was
adjusted to approximately neutral (pH = 6.5-7.0) by adding ammonia so-
lution dropwise. Afterward, the viscous gel was obtained by heating the
sol at 80 °C overnight, when more than 90% of the water content was
removed. The gel was then heat treated at 350 °C for 1 h (with a heat-
ing rate of 5 °C min~'). Accordingly, during the heat treatment, redox re-
actions occurred between carboxyl groups and nitrates, forming a foamy
black ash.[33:36] Afterward, the obtained black ash was further calcined in
air at 800 °C (held for 3 h, with a heating and cooling rate of 3 °C min~")
to yield the perovskite with the submicron-size powder. Furthermore, after
calcination in air at 800 °C, the powder was heat treated at 600-800 °C un-
der a reducing atmosphere (humidified 5% H,/N,) to investigate phase
transformation under the SOC operation condition. In addition, the phase
evolution was further investigated using in-situ XRD up to 850 °C to un-
derstand the P-to-RP transformation mechanism under a similar steam
electrolysis condition.

Cell Preparation: For the preparation of symmetric and full cells, a
Gdj,Ceu30,.5 (CGO) layer with a thickness of 5 um was first screen
printed on both sides of a 3YSZ electrolyte substrate (Kerafol, Keramis-
che Folien GmbH & Co.) with a thickness of 40 um. The CGO layer
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operates as a barrier layer, inhibiting the formation of an insulating SrZrO,
phase at the electrode/electrolyte interface.[#7:33] The screen printing was
conducted separately for each side, followed by drying for 24 h at 70 °C.
The CGO layers were sintered at 1300 °C for 3 h, beginning with a heat-
ing rate of 0.3 °C min~" from 25 to 500 °C (called a debinding step), then
increasing to 1°C min~'. The slow heating rate from 25 to 500 °C avoids
cracks and defects in the CGO layer, primarily caused by gas released from
the decomposition of organic binders. Furthermore, this heating process
promotes uniform and effective particle bonding, forming a denser barrier
layer close to the electrolyte.

The fuel electrode ink for screen printing was prepared by mixing SPCM
powder with various additives. The prepared SPCM slurry was then applied
to the top of the CGO layer. The precursor materials for ink preparation
were subjected to ball milling at 150 rpm for 8 h using a planetary ball
mill. Dipropylenglycol (DPG), poly (methylmethacrylate) (PMMA), sani-
tizer 26 1A, polyvinylpyrrolidone (PVP) K30, and PVP K90 were added as the
solvent, pore-forming agent, plasticizer, dispersant, and binder, respec-
tively. The amount of PMMA pore-forming is determined by 10 wt.% of to-
tal polymer loading to ensure adequate porosity. The symmetric cells con-
taining SPCM electrodes on both electrolyte sides were sintered at 1200
°C for 3 h in the air, following the debinding step and heating rate of 1 °C
min~" from 500 °C.

The solid oxide cell in a full-cell configuration was prepared by prior
sintering the SPCM fuel electrode, screen printing the LSCF air electrode,
and performing the second sintering cycle. In this regard, the air elec-
trode ink is prepared by mixing the additives, including Terpinoil, Ethylcel-
lulose, Dictylphthalat, and Thixatrol ST, and then adding the LSCF powder
at 60 °C to reach 60% of solid loading. Further details on LSCF electrode
processing and its electrochemical properties are provided in the former
publication.[858%] Finally, the air electrode was sintered at 1080 °C for 3 h
in the air, with a similar debinding step and rate to the fuel electrodes.

Last, the gold layer was also screen-printed on the SPCM electrode and
sintered during electrochemical testing to ensure electrical connections to
the external circuit.

Characterization and Electrochemical Testing:  The crystal structure and
phase evolution of SPCM powder were characterized by X-ray diffraction
at room temperature and in-situ mode in the 20 range of 10°-90° (Bruker
D8 Advance diffractometer with Cu Ka radiation (4 = 1.54 A [42]). The
Rietveld refinement was performed using FullProf Suite software on the
powder samples heat-treated in both air and reducing atmosphere (5%
H,/N,, with pO, = 1.86 x 10722 atm at 800 °C). This refinement process
aided in further studying the lattice parameters, space groups, occupation
of the crystal sites, and secondary phases in prepared oxide. Moreover, an
analysis of the oxidation state of cations in the SPCM oxide with perovskite
and Ruddlesden-Popper structures was carried out by XPS (Thermo Sci-
entific, ESCALAB XI*) using an Al Ka radiation monochromatic source.

Scanning electron microscopy (Zeiss CrossBeam XB 1540) equipped
with an energy dispersive spectrometer (EDS) was employed to investigate
the microstructure and distribution of porosity in the LSCF and SPCM elec-
trodes as well as identify the thickness of applied layers in the symmetric-
and full-cells.

The electrochemical performance was evaluated through I-V curves
and electrochemical impedance spectroscopy (EIS) at open-circuit volt-
age (OCV). The steam partial pressure was set from 3% H,0O to 60%
H,O. Details on the applied test bench and testing methodologies can be
found in.[?% Accordingly, the distribution of relaxation times (DRT) was
employed to identify the number of processes involved in hydrogen oxida-
tion/reduction reactions and study the polarization resistance and char-
acteristic frequency ranges for each process. Subsequently, the complex
nonlinear least square (CNLS) fitting was used to create an equivalent cir-
cuit model to interpret individual physical and electrochemical processes
in impedance data.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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