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Abstract

This study explores the efficacy of cerium introduction, both singly and in combination with
nickel, into PrBaMn0s.5 (PBM) structures to enhance solid oxide fuel cells (SOFC) anodes.
We synthesized PrixCexBaMn;Os+s compositions for x values of 0.05 (PrCe5) and 0.1
(PrCel0), as well as a nickel-doped variant (PrCe5Ni), assessing their performance under Ho-
3% H-0 reducing conditions pertinent to SOFC anode operations. Our findings reveal that the
PrCe5 composition exhibits a thermal expansion coefficient (TEC) that not only improves upon
the Ce-free counterpart but also aligns closely with the TEC standards of prevalent SOFC
electrolytes. A notable advance was achieved with the application of a 3.5 um GDC buffer layer
through physical vapor deposition, effectively mitigating chemical interactions between PBM-
based anodes and YSZ electrolytes, a concern highlighted by in situ neutron diffraction
analyses. Electrochemical impedance spectroscopy, conducted over 220 hours in an H2-3%

H>0 atmosphere at 750 °C, demonstrated that the optimal 3.5 pm thickness of the GDC buffer



layer significantly minimizes the area-specific resistance (ASR) degradation rate to 0.002 Q
cm?/h, markedly outperforming both thinner (1 um) and thicker (8 um) GDC layers which
showed higher degradation rates of 0.15-0.2 Q cm?/h. Moreover, cerium doping fosters superior
microstructural stability and obviates barium diffusion, thereby suggesting an enhanced
durability of the doped anodes over their lifespan. Integrating nickel into the PrCe5 structure
halved the ASR to 0.5 Q cm? at 750 °C, situating it well within the ideal performance range for
SOFC anodes. The enhancement brought about by simultaneously doping PBM with cerium
and nickel, which fundamentally relies on the critical contributions of defect chemistry and
crystal structure, highlights the significance of these fields in creating sophisticated materials

for energy-related applications.
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impedance spectroscopy.

1. Introduction
Solid Oxide Fuel Cells (SOFCs) represent a cutting-edge technology with great potential for
the efficient and eco-friendly generation of power from hydrogen.!”” However, current SOFCs
suffer from various obstacles limiting their market entry. Challenges related to the anode are
prominent among these issues: severe reducing environment and high temperature. During
operation, it must remain thermally stable and maintain redox stability to avoid cracking and
mechanical compatibility with the electrolyte to prevent delamination. Conventional nickel—
yttria stabilized zirconia (Ni—YSZ) cermet anodes face issues in terms of Ni agglomeration,
redox instability due to Ni reoxidation,® and long-term deactivation caused by sulfur poisoning

and coking when used with hydrocarbon fuels.®! Mixed lonic and Electron Conducting



(MIEC) perovskite oxides have been considered as alternatives for Ni-based cermets to mitigate
the aforementioned problems,® but their electrochemical activity is insufficient. It is well known
that cerium, owing to its variable oxidation states (Ce** and Ce**), can contribute to oxygen ion
conductivity and electrocatalytic activity, important for the anodic and cathodic reactions in
SOFCs.}? For instance, substitution of 10 at. % of cerium at the A-site of
Lao.75Sr0.25Cro.5Mno 503 has been shown to enhance SOFC’s anodic performances under Hz and
CH4+.13 Likewise, the Ce-doped anode materials CexLao75xSro25CrosMnos0s,*® CexSri-
«CrosMnos03, (Pr,Ce)Mn03,15 Lao3Ceo.1SrosBag1TiO3 5,1% and Lag23Ceo1Sro67TiO3 517 have
also been reported with enhanced electrooxidation Kinetics in comparison with Ce-free
compositions. Finally, infiltration of samarium-doped ceria (SDC) in combination with NiO
into LaosSr1.4Mn0a.s significantly enhanced the electrochemical activity for H, and CH4 fuels
oxidation.'® These observations underscore the significance of cerium in catalysis and
electrocatalysis.

The double-layered perovskite manganites, such as PrBaMn;Os+s (PBM), have recently
attracted attention as potential anode materials for their robust thermal stability in reducing
atmospheres. However, enhancing their electrocatalytic performance remains a challenge.%?
Although various transition metals, metal alloys, and metal oxides have been incorporated into
PBM to boost its electrochemical capabilities,®?? the potential benefits of cerium inclusion
have not yet been explored. This presents an untapped opportunity to further elevate the
functionality of PBM-based anode materials.

This study seeks to examine the impact of cerium substitution, either alone or in conjunction
with nickel, on PBM anode performance for hydrogen oxidation. Nickel-doping at the B-site
of the layered perovskites enhances electrochemical performance by promoting metal
exsolution, as reported for PBM.?% 2! The combined effects of cerium mixed valence states and

nickel metal exsolution when doping with Ce and Ni influence both ionic and electronic



conductivity. These changes are driven by oxygen vacancy formation, lattice distortion, valence
state alterations, band structure modifications, and defect-induced conductivity. The chemical
reactivity between a Ce-doped PBM anode and 8Y SZ electrolyte was monitored through in situ
neutron diffraction in air up to 950 °C. To prevent chemical reactivity between the electrode
and electrolyte,?® a dense gadolinia-doped ceria (GDC) buffer layer was deposited on
commercial 8YSZ disks via physical vapor deposition (PVD), a process that does not involve
high-temperature sintering. The impact of GDC thickness on the electrochemical performance
and stability in a hydrogen atmosphere (with 3% H.O) was investigated by electrochemical

impedance spectroscopy.

2. Experimental

2.1 Synthesis and characterization
Polycrystalline Pri.xCexBaMn2Os.+5 with x = 0, 5, 10, 15 % (henceforth referred to as PBM,
PrCe5, PrCel0, PrCel5, respectively) and Pro.9sCeo.0sBaMn1.oNio.10s+5 (henceforth referred to
as PrCe5Ni) were prepared by the citric acid sol gel method. Stoichiometric amounts of
Pr(NQOz)2.6H20 (Aldrich, 99.9%), Ce(NOs3)2.6H.0 (Aldrich, 98%), Ba(NO3z)2 (Aldrich, 99%),
Mn(NO3z)2.4H20 (Aldrich, 98%), Ni(NO3)2.6H20 (Aldrich, 98.5 %) were dissolved in distilled
water. Ethylene glycol (EG) and citric acid (CA) were added in the molar ratio to the total metal
ions (M) CA:EG:M of 1.5: 3:1. The pH value was fixed to ~ 8 by adding ammonium hydroxide
to enhance cation binding to the citrate and avoid the precipitation of individual hydroxides.?*
The solution was stirred on the hot plate until a resin formed which was subsequently calcined
at T ~ 550 °C overnight. The solid precursors were ground, pressed in pellets (13 mm diameter,
2-3 mm thickness) and sintered under 1% H2/N2 at 1000 °C for 48 h except PrCe5Ni which was
sintered in air at 950 °C for 24 h to incorporate nickel ions into the oxide lattice. The as-prepared

sample was heated in 5% Hz/Ar at 875 °C for 42 h to exsolve the Ni particles on the oxide



surface resulting in the reduced sample denoted as PrCe5Ni-H. To assess redox stability, the
hydrogen-annealed samples were heated in air at 800°C, resulting in the formation of the
oxidized samples labeled as PrCe5-A, PrCel0-A, and PrCe5Ni-A.

All the samples were characterized by powder X-ray diffraction (XRD) using a D8-A25-
Advance (Bruker) diffractometer operating in Bragg-Brentano geometry with a Cu-Kg
radiation equipped with a silicon strip Lynxeye detector. Structural information was obtained
by Rietveld refinements using the FullProf Suite program and its graphical interface
WInPLOTR.?® The surface microstructure was examined by scanning electron microscopy
(SEM) using a JEOL JSM 7100 F EDS EBSD Oxford. Transmission electron microscopy
(TEM) was done using a JEOL JEM-2100 LaBs instrument operated at 200 kV equipped with
energy-dispersive spectroscopy (EDS) (OXFORD). A small amount of powder was added to
ethanol, followed by ultrasonic mixing to achieve a particle dispersion. A few drops of the
suspension were deposited on carbon-coated grids. Micrographs were digitally acquired on a 2

x 2 k charge-coupled device camera using a Gatan Imaging Filter system.

2.2 Chemical reactivity with the YSZ electrolyte monitored by neutron diffraction.
Redox stability and chemical reactivity were monitored by Neutron Powder Diffraction (NPD)
on the high-flux two-axis D20 diffractometer at the Institut Laue-Langevin (ILL, Grenoble,
France)?. The configuration replicates that outlined previously.?® 27-2% We selected a take-off
angle of 90 degrees from the (115) plane of a germanium monochromator, which yielded
2 ~1.54 A and a resolution of Ad/d ~ 2.9 x 1073, This setup maintains a high flux, ~1.6 x 10’
neutrons per square centimeter per second. The sample consists of a 2-gram pellet mixture of
PrCe5:8YSZ in a 50:50 wt. % ratio, which is loaded into an 8 mm quartz cell. A heating and
cooling cycle was performed under synthetic air, spanning a temperature range from 20 to 950

°C at a rate of 10 °C/min. Data were collected at five-minute intervals throughout this thermal



cycle. Additionally, isothermal data sets were recorded over a period of 2 h both at the start and
end of the cycle, as well as at the peak temperature of 950 °C. The Rietveld refinement was
performed using the FullProf Suite software. Background modeling was achieved through a
linear interpolation function, and the profile was fitted using the Thompson-Cox-Hastings
Pseudo-Voigt function.®® The standard deviation values were corrected according to Berar’s

and Lelann’s. description.®

2.3 Symmetrical cell fabrication
Symmetrical cells were fabricated using commercial 230 um-thick 8YSZ disks, each measuring
25 mm in diameter (Tosoh). To prevent ionic interdiffusion and chemical reactions, a
Ce0.9Gdo.101.95 (GDC) buffer layer was deposited on both sides of the electrolyte through
physical vapor deposition.?® 32 The experimental setup comprises a 100-litre Alcatel SCM 650
sputtering chamber, evacuated by an integrated system that includes an XDS35i Dry Pump and
a 5401CP turbo-molecular pump. This chamber is outfitted with a trio of magnetron targets,
each 200 mm in diameter, and a rotating substrate holder of 620 mm diameter, positioned
parallel to the targets at an approximate distance of 110 mm. The separation between the central
axis of the targets and that of the substrate holder is 170 mm. For sputter deposition, we employ
a 10 at. % Gd-Ce target, powered by an Advanced Energy dual generator capable of pulsating
DC. This generator facilitates control over the discharge's current, power, and voltage. The
deposition process is regulated by a Plasma Emission Monitoring system, which operates on a
closed-loop control mechanism and utilizes optical emission spectroscopy to monitor plasma
emissions. For this study, we have set the discharge current at a steady 2.5 A, while maintaining
the total pressure at approximately 0.2 Pa. Additional methodological details have been
documented elsewhere.®® Various thicknesses of the GDC layer, ranging from 1 to 13 pm, were

investigated. The anode slurry, consisting of 50 wt. % electrode powder and 50 wt. % organic



binder (\V-006, Heraeus), was screen-printed on both sides of the GDC/8YSZ/GDC electrolyte
and calcined in air for 2 hours at T = 1100 °C, a condition under which no reaction occurred
with GDC. However, increasing the temperature to 1200 °C could potentially trigger a reaction
between YSZ and GDC, potentially leading to the formation of (Zr,Ce)O; solid solutions,?3 3*
which display reduced ionic conductivity. The electrode had an effective area of 1.3 cm? and
an approximate thickness of 20 um. Gold paste (C5756, Heraeus) was applied atop each
electrode to improve the contact between the electrode and the current collectors by filling in
any microscale gaps or irregularities on the surface, which might otherwise increase contact
resistance. Silver mesh and silver wire served as the current collectors. Subsequently, the
components were heated in air at 700 °C for 2h to ensure proper attaching.

Prior to and following the EIS tests, the interfaces between the electrode, GDC, and YSZ were
examined using a Scanning Transmission Electron Microscope (STEM, Hitachi HD-2000) and
energy dispersive X-ray spectroscopy (EDS SDD, X-Max 80 mm? Oxford Instruments
AZtecEnergy, England) to evaluate the microstructural integrity and detect any changes at the
nanoscale level. Occasionally, the surface of the electrodes underwent XRD analysis (Rigaku
MiniFlex II device, utilizing Cu Ko radiation) before and after conducting the electrochemical
tests. This analysis is aimed to identify any crystalline phase changes or reactions that may have
occurred during electrode processing or testing. The XRD patterns were acquired over a 20

range of 10- 80°, with a step size of 0.02 ° and a scanning rate of 2 ° min™.

2.4 Electrochemical Measurements
The EIS spectra were recorded using a Solartron 1470/1455B multi-channel electrochemical
station, with frequency range of 10° Hz-10 mHz and an AC signal amplitude of 10 mV under

open-circuit voltage (OCV) conditions. These spectra were analyzed using the Zview software.



All impedance data were normalized to the electrode area (1.3 cm?) and were fitted using an
equivalent circuit that included inductance to account for the electrical lead effects and a series
resistance (Rs), primarily attributed to the electrolyte conductivity. For better comparison of the
electrode polarization resistances, all EIS data were plotted in the quadrant of positive -Z’/Z’
values. The measurements were conducted in temperature range of 750-450 °C in a wet H2-3%
H.0 environment, with a flow rate of 100 mL min?. The measurements started once the system

achieved stability at 750 °C.

3. Results and discussion

3.1 Structural analysis
Figure 1 shows X-ray diffraction patterns from as-prepared PBM, PrCe5, PrCel0, and PrCel5.
The main diffraction peaks corresponded closely with the predicted patterns for PrBaMn2Oe
(JCPDS # 01-076-6163). In PrCel5, the presence of a peak at approximately 26 = 28°, which
can be attributed to the (111) plane of CeO, (JCPDS # 34.0394) indicates that the solubility
limit has likely been surpassed by the 15 mol % concentration of Ce. The increase in lattice
parameters, as evidenced by Figure S1 & Table S1, suggests that Ce** ions have substituted Pr**
ions. This assertion is corroborated by the ionic radii of the involved ions: Ce** has a larger
ionic radius (~1.143 A) in an eight-fold coordination than Pr** (1.126 A), whereas the ionic

radius of Ce** is smaller (0.97 A).%
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Figure 1. XRD patterns of as-prepared layered double perovskites. The peak from CeO; (e) in PrCel5-
H is highlighted.

From the multiphase Rietveld analysis, the CeO: phase in PrCel5 was estimated at 2.4 (2) wt.%,
signifying a solubility limit of 8.6 cerium at. %. Given that concentration falls short of the
intended 10 at. % in the PrCel0 composition, our investigation will be more effectively
concentrated on the PrCe5 and PrCe5Ni compositions, compared with the Ce-free PBM one.

The thermal stability of PBM and PrCe5 was studied in air at 800 °C to check if they can
withstand typical SOFC operation environments. As shown in Figure S2, the XRDs of the
oxidized samples, referred to as PrCe5-A and PBM-A, are inherent to single-phase materials
that share the same P4/mmm structure of the as-prepared compositions validating their potential
for long-term use in SOFC applications. Both a and c lattice parameters have decreased (Table
S2) due to the change in manganese oxidation state from Mn*?® to Mn*3® as a consequence of
oxygen ion incorporation into the (Pr/Ce)O layer.® 3" Indeed, the substantial capability for
oxygen intercalation and release in layered perovskites has been confirmed through

thermogravimetric analysis,* 3 neutron diffraction studies,*® and coulometric titration,** with



PrBaMn.Os.s particularly exhibiting a remarkable capacity for extensive variations in oxygen

stoichiometry42 highlighting its potential for applications in SOFCs.*

3.2 PrCe5Ni sample

To synthesize the ProoCeoosBaMnioNio10s+5 composition (referred to as PrCe5Ni) and to
ensure the incorporation of nickel ions into the oxide lattice, the powder mixture was annealed
in air at 950 °C for 12 hours. The XRD pattern presented in Figure S3 indicates the presence of
both orthorhombic and hexagonal perovskite phases, which agrees with previous reports on
related compositions.?°

To exsolve the nickel particles, the PrCe5Ni sample underwent a heat treatment in a 5% H2/N2
atmosphere at T ~ 850 °C. This elevated temperature removed oxygen from the PrOx layer
resulting in a structural reconstruction to a layered double perovskite (a = 3.9748 (1) A, ¢ =
7.7651 (2) A) coupled with the complete exsolution of nickel (~1.3 wt.%), as confirmed by
Rietveld analysis. The XRD pattern in Figure S4 revealed trace amounts of Pr.Oz and PrMnOs,
each less than 1 wt.%, were detected.

To evaluate the reversibility of nickel exsolution and dissolution, the PrCe5Ni sample was
heated in air at a temperature of ~ 800 °C overnight. The XRD pattern in Figure S5 indicates
that the Pr.Oz and PrMnOs impurity phases as well as most of the nickel dissolve into the
layered perovskite structure. Nevertheless, small amounts of NiO (~ 0.30 wt.%, representing ~
20 % of the Ni content) and CeO: (~ 0.22 wt.%) remained, which may further dissolve into the
structure at higher temperatures. Given the difficulties associated with nickel insertion in
layered double perovskites,?° this significant reversibility could be advantageous for catalyst
regeneration, potentially enhancing the anode longevity. Following oxidation, the cell
experienced a contraction with parameters a = 3.90150 (5) A and ¢ = 7.7490 (1) A, leading to

a volume decrease of approximately 1.3%. While this volumetric change remains high, it is
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markedly less than the ~ 40% expansion of nickel when it is oxidized within a Ni-YSZ cermet.**
The addition of a ceramic phase, such as GDC, to the electrode material could lead to a more
uniform distribution of mechanical stress, thus mitigating the effects of this expansion.

Analysis of the surface of the as-prepared sample by scanning electron microscopy (SEM)
reveals particles with irregular, rounded, granular morphology, as shown in Figure 2a. These
particles exhibit some aggregation and display variable size, but predominantly fall within the
nanometer scale. The surface of the reduced sample in Figure 5b has a rough texture showing
a multitude of spherical or near-spherical particles uniformly distributed. Additionally, the
crystal reconstruction upon reduction seems to have increased the grain size of the support.
Interestingly, on the surface of the reoxidized sample in Figure 5c, the exsolved particles are

no longer observed, and the grain size of the support remained consistent following oxidation.

Figure 2. SEM images of (a) as prepared, (b) reduced where the exsolved Ni particles appear as white
spheres, and (c) oxidized PrCe5Ni samples.

A further detailed investigation was carried out using Transmission Electron Microscopy
(TEM). This advanced technique revealed that the exsolved particles in PrCe5Ni are ~ 40 nm

in diameter, as depicted in Figure 3.
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Figure 3. TEM bright field image of reduced PrCe5Ni, with corresponding EDS metal composition in at.%o.
Points labeled 1" and 3" indicate nickel particles, detailed in Table 1.

Table 1 presents the EDS quantification of five different points. Points 1 and 3 are dominated
by Ni, and contain only trace amounts of Mn, Ba, Pr and Ce, suggesting that they are nickel
particles. Points 2, 4, and 5 show a similar composition with a high presence of Mn, Ba, and Pr,
and an exceptionally low presence of Ni and Ce suggesting that these points are in the
perovskite phase. The slight composition variations between these points could be due to slight
changes in composition or measurement inaccuracy. The significant difference in composition
between points 1 and 3 versus points 2, 4, and 5 indicates that the sample is a composite material
corresponding to Ni catalyst nanoparticles and a perovskite ceramic anode material. It should
be emphasized that EDS offers a semi-quantitative evaluation, frequently supplemented by
other methods for more accurate quantification. Typically, EDS can achieve an accuracy within
a few percent for elements that are abundant in a sample. However, for elements present in
smaller quantities, such as cerium with a nominal concentration of 1.25 at. % in the PrCe5Ni
sample, the relative error could approach 10-20%. Therefore, the possibility that cerium

12



underwent an exsolution process as observed in Ni/Ce co-doped titanates resulting in nickel

particles enveloped by a CeO2 shell cannot be definitively ruled out.*®

Table 1: Quantitative EDS Analysis for Locations 1 to 5 as presented in Figure 3.

Mn Ni Ba Ce Pr
1 0,73 98,79 0,39 0,02 0,06
2 44,93 0,08 27,01 1,46 26,52
3 0,96 97,67 0,57 0,12 0,68
4 43,18 | 0,11 27,97 1,26 27,48
5 43,31 0,04 28,10 1,84 26,71

3.3 Chemical Reactivity with the Electrolytes
Understanding the chemical compatibility between potential electrode and electrolyte materials
is crucial in crafting advanced ceramics with superior properties. To this end, the PrCe5/GDC
powder mixture underwent a heat treatment at 1200 °C for 3h. Comparative analysis of
diffraction patterns, presented in Figure S6, before and after this thermal exposure reveals
exclusive peaks corresponding to PrCe5 and GDC. This observation strongly indicates
favorable chemical compatibility between the materials, reinforcing their potential to synergize
effectively in high-temperature ceramic applications. Conversely, after firing the PrCe5/YSZ
mixture at 1200 °C for 3 hours, new diffraction peaks at 20 = 30° and 33° attributed to BaZrOs
(JCPDS# 06-0399) were observed in the diffraction patterns as illustrated in Figure S7. The
undesirable chemical interaction between PrCe5 and YSZ leads to the formation of additional

phases that could undermine the material’s performance and stability.
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To have deeper insight into the reactivity of the PrCe5 electrode material with 8YSZ, neutron
patterns were collected on a PrCe5/YSZ pellet on heating in air up to 950 °C. The structure of
PrCe5 was refined in the S.G. P4/mmm consistent with the absence of Mn®*/Mn?* charge
ordering®® and the structure of 8YSZ was refined in the S.G. Fm-3m. The pattern obtained at T
=20 °C is displayed in Figure S8 and the structural parameters are listed in Table S3.

Upon heating, oxidation of PrCe5 proceeds in the temperature range T ~ 260-315 °C as shown
on Figure S9. A two-phase model related to the reduced and oxidized phases was needed to fit
representative data displayed in Figure 10. This is indicative of a heterogeneous reaction front
within the sample, with oxidation initiating at the grain boundaries and progressing inwards.
As the temperature increases, the peak intensities for the reduced phase diminish, while those
corresponding to the oxidized phase become more pronounced, suggesting the conversion of
Mn ions from a lower to a higher oxidation state. The reversible oxygen intercalation in PBM
suggests that this electrode can repeatedly absorb and release oxygen without significant
degradation. This property is highly beneficial for SOFCs as it can potentially improve their
efficiency and lifespan. In addition, reversible oxygen can directly affect the oxygen ion
conductivity and the overall electrochemical performance particularly during cycling
conditions where oxygen levels fluctuate.

Rietveld analyses of the PrCe5/8YSZ composite neutron pattern recorded at the highest
temperature reached in the neutron experiment, T = 950 °C, Figure S11, and after the thermal
cycle in air, Figure 4, reveal the dominant peaks of BaZrOsz. These observations not only
confirm the chemical reactivity between PrCe5 and 8YSZ at elevated temperatures but also
parallel the reactivity with YSZ of other barium-rich electrode compositions, such as
Bao5SrosCoosFeo 2035 (BSCF), occurring at T = 900 °C,*” and even reported at

temperatures as low as 800 °C.*8
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Figure 4. Neutron pattern for PrCe5/8YSZ collected at the end of the cycle in air using a wavelength of 1.54
A. Few peaks from BaZrOs (4™ row) are highlighted. The tick marks for PrCe5 (1% row), 8YSZ (2" row),
and the thermocouple material (3™ row) are delineated.

Figure S12 delineates the relationship between temperature and the refined lattice
parameters for PrCe5 and 8YSZ upon cooling in air. With PrCe5 crystallizing in a
tetragonal lattice, two distinct linear thermal expansion coefficients, namely aa. for the
basal plane and oc for the c-axis, were obtained. Assuming an even distribution of grain
orientation post-electrode manufacturing, the calculated average linear thermal expansion
coefficient (TEC) for 8YSZ is estimated at ~ 10.7(1) x 10® K in consistency with
published values of 10-11x10% K145 The TEC value for PrCe5 of ~ 13.8(1) x 10% K1,
lower than the previously reported value of 16.8(2) x 10 K for the Ce-free composition,*®
places PrCe5 even more closely within the range of common electrolytes such as lanthanum
gallate magnesium strontium oxide (LSGM) with TEC of ~11-12 x 105 K252 and GDC with

TEC of ~ 12-13 x 10 K'1,53.%4

4. Electrochemical performance
The EIS measurements aim to identify the apparent rate-limiting step(s) for hydrogen oxidation,

to optimize the operating conditions.® The measurements were collected in wet hydrogen
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atmosphere for electrolyte-supported symmetrical cells on a 250 um-thick 8YSZ electrolyte.
The 8YSZ discs were coated with a dense GDC layer to prevent reaction with Ba-based
electrodes. The buffer layer thickness plays a crucial role in electrode performance. A thin GDC
layer may fall short in preventing cation diffusion between the electrode and electrolyte, causing
stability issues and degradation over time. Conversely, a thick layer provides a superior
diffusion barrier, but might impede the flow of ions and electrons, thereby limiting the overall
electrode performance. Therefore, we examined the effects of GDC thicknesses on electrode
performance.

4.1 Impact of the GDC thickness on the electrochemical performance
Figure 5 shows Nyquist plots from electrochemical impedance spectroscopy at 750 °C under
H>-3% H.0, for the PBM, PrCe5, and PrCe5Ni electrodes on different GDC buffer layer
thicknesses of 1 um, 3 um, and 8 pm.
Focusing specifically on the 1 um-GDC buffer layer, we examined two samples: PBM and
PrCe5. The PrCe5 sample exhibits a slightly smaller impedance, approximately 1.2 Q cm?,
compared to the PBM sample, which shows around 1.4 Q cmz2. This indicates that there is no
noticeable impact of Ce-doping on these samples. Indeed, Ce doping at the A site of perovskites
may not significantly enhance electrocatalytic properties due to limited redox activity, minimal
impact on the electronic structure, and doping concentration limits. The B site, typically hosting
metals active in redox reactions, plays a more crucial role in determining the electrocatalytic
performance of perovskites. The ASR values change over time, as suggested from the slight
prolonged "tail" seen in the last data points, which stabilizes around 10 minutes.
Shifting to the 3.5 um-GDC buffer layer, the three samples, PBM, PrCe5, and PrCe5Ni,
revealed interesting trends. The impedance of PBM is reduced, ASR ~ 0.7 Q cm?, in comparison
with the 1 um-GDC case. PrCe5 has a similar impedance to the 1 um-GDC situation, with an

ASR ~ 0.9 Q cm?. The addition of nickel to the PrCe5 composition has markedly enhanced its
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electrical characteristics, reducing the impedance by approximately half when compared to
PrCeb. The area-specific resistance (ASR) of PrCe5Ni is ~ 0.5 Q cm?, notably lower than the
0.9 Q cm? measured in PrCe5. The small semicircle at high frequencies for the PrCe5Ni
electrode is derived from the charge transfer process. Its low impedance suggests that the charge
transfer process is efficient, likely due to a combined effect of the improved electrode surface
properties by Ce-doping (see paragraph 4.2) and catalytic effect provided by nickel dopant. The
larger low frequency semicircle might be associated with surface adsorption/dissociation of H»
process. Clearly, the presence of Ni (e.g., 3.5 um-GDC case), which is known to be a good

catalyst to H-spillover, helps reduce the impedance of this low-frequency process.
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Figure 5. Nyquist plots for electrodes on GDC buffer layer with different thicknesses.
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When examining the 8 um-GDC buffer layers, where the PBM and PrCe5 samples were
studied, a different behavior is observed. The PrCe5 sample shows a significantly broadened
arc than in the 1 um and 3 pum scenarios. The ASR for PBM is ~ 1.6 Q cm?, while PrCe5 has a
remarkably higher value, ASR ~ 3.5 Q cm? This indicates a substantial variation in
electrochemical performance with increased GDC buffer layer thickness, underscoring the
complex interplay between material composition and structural dimensions in these systems.
The variations in electrochemical performance observed with the 8 um-GDC buffer layers,
particularly the high ASR values for the PrCe5 sample, prompt further investigation into the
structural integrity of the cell components. The SEM analysis shown in Figure S13 reveals that
the 8 um-GDC buffer layers, initially well-bonded and uniformly covering the YSZ substrate,
experienced peeling, and flaking. This delamination, likely attributable to the thermal
expansion coefficient mismatch between GDC and YSZ,> *° evidently impacts the stability of
the cell and contributes to the observed decrease in electrochemical performance in the thicker

GDC buffer layer samples.

4.2 Microstructure analysis for the PBM and PrCe5 electrodes on 3.5 um-GDC
Figure 6 shows microstructure images of PBM and PrCe5 anodes sintered 3.5 um-GDC before
and after hydrogen testing for 200 h. After testing the PBM electrode exhibits a rougher surface
with significant grain growth, increased agglomeration, and reduced porosity, suggesting
extensive sintering or material consolidation. In contrast, while the PrCe5 anode also shows
grain enlargement and smoothing of particle edges, it maintains more distinct grain boundaries,
and appears to experience less agglomeration and reduction in porosity. These morphological
alterations indicate that PrCe5 exhibits a more favorable response than PBM to hydrogen
environments, particularly in terms of microstructural evolution and coarsening. This disparity,

attributable to cerium doping, may substantially influence the performance of the anodes.
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Figure 6. SEM of the PBM and PrCe5 electrodes surfaces (a) before and (b) after 200 h-hydrogen tests.

Figures 7a & b and S14 showcase SEM images alongside EDS barium mapping of the PBM
electrode's cross-section, taken before and after hydrogen exposure. These images reveal a
modest diffusion of barium cations through the GDC buffer layer. It is well-established that in
electrode materials rich in barium, such as in BaosSrosCoo.sFe020s-3, the diffusion of Ba?* ions
typically takes place within a temperature spectrum of 850 to 900 ° C.#"%¢ This ion diffusion,
while observed to a minor extent in the PBM electrode, did not immediately impact its
performance during a 200-hour hydrogen test. However, the potential for affecting long-term
stability is a concern due to this diffusion.

On the other hand, no signs of cation diffusion were observed in the PrCe5 electrode, as
demonstrated in Figures 7c and d. This lack of diffusion implies enhanced long-term stability
of the electrode under test conditions. The introduction of cerium into PrBaMn,Os enhances its
microstructural stability, a phenomenon attributed to the interplay between defect chemistry
and changes in the crystal structure. This is further supported by Malavasi's research on

perovskite manganites, which highlights the significant role of defect chemistry in such
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materials.>’ The ability of cerium to alternate between the Ce3* and Ce** oxidation states leads
to the creation of point defects, such as oxygen vacancies. These defects serve as "pinning”
centers that restrict grain growth, thus improving the microstructural stability at high
temperatures. Regarding the crystal structure, the incorporation of cerium introduces a nuanced
disparity in ionic radii compared to Pr3* (Ce3* at 1.14 A and Ce** at 0.97 A vs. Pr¥*at 1.13 A),®
fostering local lattice distortions. These distortions impede the diffusion of atoms and defects,
thereby inhibiting grain growth and microstructural alterations and elevate the activation energy
required for such processes, enhancing material stability. Cerium doping also changes the
chemical and local electronic structures within PrBaMn2Os, potentially enhancing the stability
of its grain boundaries. The contrast between the stability of the PrCe5 and PBM electrodes
underscores the critical role of selective elemental doping, defect chemistry and crystal

structure modifications in optimizing the performance and longevity of electrode materials.

PrCe5 electrode: c d
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Figure 7. Cross-section SEM images and EDS element mapping of PBM and PrCe5 electrodes deposited on
3.5 um-GDC: Panels (a) and (c) depict the pre-test baseline, whereas panels (b) and (d) show the state
following 200 h of H2 exposure.
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4.3 Time evolution of the impedance spectra

Nyquist plots for the PrCe5 1 um-GDC cell, illustrated in Figure S15, demonstrate a progressive
increase in polarization resistance over time, suggesting potential electrochemical stability
issues. Comparison of X-ray diffraction patterns of the electrode surface, before and after
hydrogen exposure (Figure S16), reveals chemical degradation and the formation of new
phases. This degradation cannot be attributed to the electrode material's exposure to high
temperatures in a hydrogen environment. Interestingly, electrodes integrated on an 8 um-thick
GDC buffer layer also show instability issues (Figure S17), yet without any signs of chemical
degradation after identical prolonged hydrogen exposure, as evidenced in Figure S18. The
degradation seen with the 1 pm buffer layer mainly stems from the migration of Ba?* ions from
the electrode towards the YSZ electrolyte, a phenomenon observed to a much lesser extent in
PBM electrodes with a 3.5 um-GDC buffer (Figure 7b). This migration significantly
compromises the electrode/electrolyte interface's integrity.

For cells with an 8 um-GDC buffer, SEM images of the electrode cross-section before and after
electrochemical testing in hydrogen, presented in Figure S19, reveal clear signs of partial
delamination between the electrode and the GDC layer. This delamination contributes to the
observed increase in ASR over time (Figure S17).

Figure 8 summarizes the ASR evolution over time for PBM, PrCe5, and PrCeNi electrodes
under Hz at 750 °C, across GDC buffer layers of 1 um, 3.5 um, and 8 um. With 1 um-GDC,
PBM and PrCe5 experience a rapid R, increase, estimated at 0.15-0.2 Q cm? h. At 3.5 um, all

electrodes maintain stable R, values, with an estimated increase of ~ 0.002 Q ¢cm? h™t. With 8
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pum, PBM shows moderate ASR increases, while PrCe5 remains stable. Those results suggest a
3.5 um-GDC layer as optimal for praseodymium barium double perovskite manganite
electrodes in SOFC anodes, differing from previous studies of Briois et al. recommending ~
0.57 um- GDC layer.*?> The 3.5 um-GDC layer thickness achieves the lowest ASR after 220
hours at T = 750 °C for our Ba-rich double layered perovskite anodes in a hydrogen
environment, supporting the effectiveness of 2-4 um GDC layers for SOFC anode performance

and mass production, reported previouly.>®
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Figure 8. Impact of GDC buffer layer thickness on ASR performance over time for PBM, PrCe5 and
PrCe5Ni anodes.

5. Conclusion
Our investigation into the effects of cerium doping on the PrBaMn,Os.s (PBM) structure, both
in the absence and presence of nickel, for SOFC anodes has shown promising enhancements in
performance and stability. The introduction of cerium, particularly at a concentration of 5 at.

%, markedly improves the electrochemical efficiency and microstructural integrity of the
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anode. This improvement is evidenced by a decrease in ASR, better thermal expansion
coefficient, prevention of Ba?" cation diffusion-especially across the optimally 3.5 pm thick
GDC buffer layer- and reduced agglomeration and porosity after 200 h exposure to hydrogen.
Additionally, the inclusion of nickel results in a 50% reduction in ASR. The combined effect
of cerium and nickel co-doping, which is deeply rooted in the essential roles of defect chemistry
and crystal structure, underscores the importance of these domains in the development of

advanced materials for energy applications.

Supporting Information
e Variations in lattice parameters with cerium content and detailed lattice parameters of
as-prepared and oxidized layered perovskites.
e Rietveld refinements of PrCe5Ni before and after hydrogen reduction and after
reoxidation
o XRD for thermal treatments of PrCe5/GDC and PrCe5/YSZ composites
o Temperature-dependent Neutron Powder Diffraction and TEC for PrCe5/YSZ
e Scanning Electron Microscopy and Energy Dispersive Spectroscopy mapping after
hydrogen testing.
e XRD before and after 100 hours of hydrogen testing.
o Electrochemical performance using Nyquist plots.
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