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Abstract

(Lao.8S10.2)0.98MnO3.5 (LSM)- Z10.92Y0.1602-5(YSZ) has been widely studied as the cathode for solid
oxide fuel cells (SOFCs), but its low activity has been a cell performance limiting factor. Herein,
LSM-YSZ:PrOx composite is developed as an active electrocatalyst for both oxygen reduction and
evolution reactions. A single step PrOx infiltration into LSM-YSZ lowers the polarization
resistance (Rp) 10-20 times depending on the test temperature. Distribution of relaxation times
(DRT) calculation reveals that adding PrOx affects surface exchange between adsorbed/desorbed
oxygen and lattice oxygen, and oxygen dissociative adsorption/desorption. A symmetrical cell
with a thin YSZ electrolyte sandwiched between thick LSM-YSZ:PrOx electrode-supports is
developed and its oxygen generation performance and stability are evaluated under various current
densities and temperatures. Reversible solid oxide cell (ReSOC) performance is also reported for
LSM-YSZ:PrOx supported cells with the oxide fuel electrode Sro.95(Tio.3Feo.63Nio.07)O3-5 (STEN).

Keywords: solid oxide cells; oxygen generators; oxygen electrode; infiltration; LSM-YSZ

© 2022 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0926337322000546

Introduction

Solid oxide cells (SOCs) studied to date have mostly utilized a relatively thick electrolyte
or fuel-electrode as the physical support of the cells. The other option is to use a thick oxygen
electrode as the support, but such cells have not been more widely developed due to the difficulty
of co-firing the electrolyte (typically YSZ) and oxygen electrode; since the temperature required
to densify the electrolyte is relatively high, problems with electrode/electrolyte reactions and over-
densifying the electrode can occur. Nonetheless, a method for achieving high performance
electrodes via co-firing of oxygen electrode supports with a YSZ electrolyte would help enable
new device configurations with unique applications. One such application is the electrochemical
oxygen generator that can produce high-purity pressurized oxygen.[1] By using co-firing, cells
with a thin YSZ electrolyte can be made with symmetric supporting oxygen electrodes, ideal for
extracting pure oxygen from air. An advantage of this device compared to the mixed-conducting
high-temperature membranes, that have been extensively developed for producing pure oxygen
for combustion processes in order to produce sequestration-ready CO»,[2] is that oxygen transport
across the membrane is driven electrochemically, instead of by an applied pressure. Indeed,
electrochemical pressurization of oxygen from ambient air is possible.

Another application is for reversible SOCs. The reversible solid oxide cell (ReSOC) is an
energy conversion device that electrolyzes H>O and COx to produce fuels (e.g., Hz2, CO, CHy) that
can be stored indefinitely, and then generates electricity in fuel cell mode using the stored fuels.[3,
4] Electricity storage via ReSOCs 1is particularly important for application in concert with
intermittent renewable sources (solar and wind); storage capacity must be increased significantly
in order to allow increasing penetration of renewable electrical sources.[5] A key characteristic of

ReSOC:s is the capability to do long-term storage of large amounts of energy when used in a system



with large capacity gas storage. [6] Compared to fuel-electrode- supported ReSOC designs,

oxygen-electrode supported cells have the advantage of a relatively thin fuel electrode that
minimizes the concentration polarization that can arise during electrolysis with low steam content
or fuel cell operation with low hydrogen content. If the fuel electrode is Ni-YSZ, making it thinner
improves the tolerance of the cell to volume change during redox cycles.[7] Since the fuel electrode
can be fired after electrolyte sintering, lower temperatures can be utilized enabling the use of
alternative fuel-electrode materials that cannot be co-fired at electrolyte sintering temperature; this
could be important because the main degradation mechanisms in solid oxide cells (e.g., poor redox
cycling stability,[8] deactivation of Ni by coking when working with hydrocarbon fuels,[9]
coarsening[10] and Ni migration during electrolysis[11]) are associated with the nominal Ni-YSZ
fuel electrode. Although oxygen binary diffusion (in air) in a relatively thick oxygen electrode
support is a disadvantage for conventional solid oxide fuel cells, this problem can be alleviated in
the ReSOC application by feeding the oxygen electrode with pure oxygen, produced during
previous electrolysis operation cycle, during fuel cell operation.[12]

Although there has been some success in preparing oxygen electrode supported cells, e.g.,
with LSM-YSZ and YSZ electrolyte,[13-15] performance is typically inferior to fuel-electrode
supported cells because of the non-ideal microstructure of the oxygen electrode.[15] One way to
overcome this difficulty is via the use of infiltration, as demonstrated in a recent report where cell
performance was improved via Sr(Ti,Fe.Co)Os infiltration.[16] PrOx infiltrated into various
electrode scaffolds generally yields very low polarization resistance, e.g., PrOx coated Gd-doped
Ceria (GDC),[17] PrBagsSros5Co15Fe0s50545,[18], LaoeSro4Coo2Fe0s0s35 (LSCF)-GDC,[19]
StTio3Fe0.63C00.0703-5,[20] but has not been utilized in oxygen electrode supported cells, to our

knowledge.



Here we report on two types of SOCs based on PrOx-infiltrated LSM-YSZ oxygen-
electrode supports and YSZ electrolytes: LSM-Y SZ:PrOx,0.L0YSZLILSM-YSZ: PrO,,0> oxygen
generators and LSM-Y SZ:PrOx,02L1Y SZ[Sro.95(Tio.3Feo.63Nio.07)O3-5:fuel reversible SOCs. PrOx
infiltration into the LSM-Y SZ substantially decreases the oxygen electrode polarization resistance.
The Sro.95(Ti0.3Fe0.63Ni0.07)O3-5 (STEN) fuel electrodes provide an alternative to Ni-YSZ that has
previously shown promising performance resulting from exsolved Ni-Fe alloy particles.[21] The
symmetrical cells are studied with electrochemical impedance spectroscopy (EIS). EIS fitting
results are obtained using equivalent circuits developed with the aid of distribution of relaxation
times (DRT) analysis combined with microstructural observations. The symmetrical cell results
also provide a means to directly observe the impacts of PrOxon LSM-YSZ performance. Results
of symmetric cell life tests, where the cells operate like oxygen generators, are presented and cell

stability is discussed. ReSOC performance results are also presented.

Experimental

Cell fabrication

Oxygen-electrode-support (OES) symmetrical cells were prepared by tape casting, hot-
press lamination and cofiring. The compositions for OES layer and functional layer are 38.5 wt.%
LSM (Praxair) + 41.5 wt.% YSZ (Tosoh) + 8 wt.% starch (pore former) + 12 wt.% Graphite (pore
former), and 38.5 wt.% LSM + 38.5 wt.% YSZ + 23 wt.% Graphite (pore former), respectively.
The YSZ electrolyte contained 3% mol Fe2O3 as the sintering aid. After lamination, the green
pellets were co-fired at 1250 °C for 4 h to obtain the final symmetrical cells. The active area was
1.75 ¢cm?. The thickness of OES layer, functional layer and electrolyte layer are 400, 10 and 16

Mm, respectively.



For full SOCs, OES half-cells were first prepared, followed by screen printing
Gdo.1Ce0.902-5 (GDC, FuelcellMaterials) buffer layer and firing at 1200 °C for 2h. STFN was then
screen printed on the GDC and fired at 1050 °C for 3 h. STFEN powder was prepared with solid
state reaction using the raw materials SrCO3 (Sigma-Aldrich), TiO> (Alfa Aesar), FeoO3 (Alfa
Aesar,), and Ni(NO3)2[6H,0 (Sigma-Aldrich). Powders were mixed with amounts yielding the
composition Sro.05(Tio3Feo.63Nio.07)O3-5 and ball milled in ethanol for 24 hours, dried, and calcined
at 1100 °C for 10 hours. The resulting powder was ball milled again in ethanol for another 48
hours and dried to obtain the final powder. The inks for screen-printing were prepared by mixing
the powder with vehicle (V-737, Heraeus) with weight ratio of 1:1.2 in a three-roll mill. The
electrode active area was 0.5 cm?. The thickness of OES layer, functional layer, YSZ layer, GDC
layer and STFN layer are 400, 10, 8, 3 and 10 pm, respectively.

The infiltration solution was prepared by adding 1:2 molar ratio Pr(NO3)3-6H20 (Sigma-
Aldrich) and citric acid (Sigma-Aldrich) into de-ionized water. 2 weight percent of Triton X-100
was added as surfactant. Electrodes were infiltrated once with 20 pL solution, dried at 60 °C for
Sh, then fired at 450 °C for 0.5 h. The loading amounts were ca. 1wt% and 2wt% PrO; for 1 M
and 2 M Pr-ion solution, respectively.

Characterization

Current collector grids were screen printed onto the electrodes: silver (Heraeus) on LSM-
YSZ and gold (Heraeus) on STEN. EIS spectra were collected using an IM6 Electrochemical
Workstation (ZAHNER, Germany) with a 20 mV AC signal in the frequency range of from 0.1
Hz to 100 kHz (under OCV condition) in stagnant air. For single cell tests, the cells were sealed
onto alumina tubes with silver paste (DAD-87, Shanghai Research Institute of Synthetic Resins).

An 100 scem flow of humidified H2 (50% H2-50% H20) was supplied to fuel electrode side while



150 sccm air was supplied to the oxygen electrode side. IV curves were measured at 20 mV
increments over the relevant voltage ranges for fuel cell and electrolysis operation. The EIS spectra
were collected under same settings as for symmetrical cells. Galvanostatic life testing was
conducted with a Keithley 2400 source/load measure unit. DRT calculations for EIS spectra were
performed with DRT tools, a GUI implemented in MATLAB[22]. The EIS fittings were conducted
with home-developed Python code. PyEIS was used as a reference during the code
development.[23]

X-ray diffraction (XRD) data were collected on pure CuKal radiation (STOE STADI-P)
at a scan rate of 5°/min. The XRD samples were prepared by mixing LSM, YSZ or Pr(NO3)3-6H20
in a mortar with a weight ratio of 5:5:2, corresponding to 7.95wt% PrOx (calculation basis PrO»).
The higher PrOy concentration in XRD sample than the actual cells are used for two reasons: 1)
the concentration of PrOx phase is for sure above the detection limit of XRD. 2) excessive PrOx
can offer enough reactants for the reactions between LSM-YSZ and PrOy, if any. Cell

microstructures were examined via scanning electron microscopy SEM (Hitachi SU8030).

Results and discussion

Phase compatibility

Figure 1 shows room temperature XRD patterns for LSM-YSZ with or without PrOx, after
annealing in air at 900 °C for 40 h. This test was done at higher temperature than the typical cell
operating temperature (< 800 C) in order to produce any materials interactions that might occur
during the longer operating times typical of SOCs. The expected LSM, YSZ, and PrOx phases are
observed, but no secondary phases. PrOx is present as PrO; (cubic) in this measurement, made after

cooling the cell to room temperature; however, a number of homologous compounds with a general



composition PryO2n-2, €.g., Pr203 and PrO., (corresponding to n=4 and oo, respectively) may have
been present when the cell was still at high temperature.[24] Since PrOx is observed as a separate

phase, there is no evidence of significant reaction between PrOx and LSM-YSZ.
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Figure 1. XRD patterns of LSM-YSZ with or without PrOy after annealing at 900 °C for 40 h. The

PDF* for PrO2, LSM and cubic YSZ are 75-0077, 89-0648 and 30-1468, respectively.

Electrochemical Characteristics — Symmetric Cells
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Figure 2. The EIS spectra and fitting curves for symmetrical cells at (a) (b) 600, (c) (d) 700 and
(e) (f) 800 °C. (a), (c), and (e) are Nyquist plots; (b), (d), and (f) are Bode plots. These results

were all obtained in the early stages (within ~ 0.5 h after initial heating) of cell testing.

Figure 2 shows the EIS spectra taken at various temperatures from cells without Pr
infiltration (LSM-YSZ.:0), with 1M Pr-ion infiltration (LSM-YSZ:1M), and 2M Pr-ion infiltration
(LSM-YSZ:2M). There are substantial differences in the shape of the EIS arcs, suggesting changes
in relative contributions of various electrode processes. In order to explore this, DRT analysis was
carried out that suggested four main processes in LSM-YSZ:0, denoted as P1, P2, P3 and P4 going
from high to low frequency (Figure 3a). Multiple electrode processes have been identified in

LSM-YSZ electrodes, including from high to low frequency: (1) oxygen species hopping across



the LSM/Y SZ interfaces within the electrode and oxygen ions hopping from the electrode into the
YSZ electrolyte lattice,[25, 26] (2) ionic conduction in YSZ in the electrode,[25, 27] (3) surface
exchange reactions (oxygen dissociative adsorption/desorption and charge transfer)[25, 26, 28],
and (4) gas diffusion[25, 29]. For LSM-YSZ:0, P1 and P2 are presumably associated with
processes (1) and (2), respectively. On the other hand, P3 and P4 are probably associated with
process (3). The dominant process P4 varies strongly with temperature, and hence it is clearly not
gas diffusion.[28, 29] Its frequency at ~ 1 Hz is consistent with the oxygen dissociative
adsorption/desorption process.[30-32]. Hence, P3 is likely the response from the charge transfer
at LSM surface. In previous reports, P3 and P4 have been treated as one integrated process due to
their overlap, modeled either as a resistance and a constant phase element (CPE) in parallel
(RQ)[29, 33] or a transmission line model (Gerischer element)[32, 34]. Adding PrOx is beneficial
for all the processes while the presence of PrOx virtually eliminates P4 and largely reduces the size

of P3, indicating its fast oxygen dissociative adsorption/desorption and charge transfer capabilities.
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Figure 3. (a) DRT plots derived from EIS spectra of symmetrical cells measured in air at 700 °C.

(b) Schematic of equivalent circuit model for EIS spectra fittings.



An equivalent circuit (Figure 3b) including a transmission line model (TLM) was used for
the EIS spectra fittings. The P1 process is simulated with a resistor (Rnop) and constant phase
capacitor Qnopin parallel. The P2, P3 and P4 processes are simulated with the TLM, in which Rgz-,
Ret, and Rags represent oxygen-ion conduction, charge transfer, and oxygen adsorption/desorption
resistances, respectively; Q¢ and Qads are used to simulate the capacitive character of the
corresponding processes. L. denotes the electrode thickness. The fitting curves are shown along
with the EIS spectra in Figure 2 and the fitting resistance values are plotted in Figure 4. The
ohmic resistance (Ronm) exhibits the expected temperature dependence, while the slight differences
between the cells are likely due to slight variations in electrolyte thickness. The infiltration
drastically reduces the total polarization resistance Rp. At 700 °C, for example, R, = 0.057 Q cm?
for LSM-YSZ:2M compared to 0.114 Q cm? for LSM-YSZ:1M and 1.18 Q cm? for LSM-YSZ:0.
Ree and Rags are reduced by a factor of 10 — 1000 for the PrOy-infiltrated electrodes; this is
reasonable since these processes are known to be fast on PrOx,[20, 35] and these processes can
occur over the entire PrOx surface area as opposed to LSM-YSZ, where reactions occur only near
three-phase boundaries. Rnop is ~ 5 times smaller after infiltration, suggesting that PrOx
significantly enhances the oxygen-ion transport beyond that due to the YSZ phase in the electrode.
All of the resistances in Figure 4 exhibit an Arrhenius behavior at lower temperatures. For higher

temperatures, however, Rads and R¢¢ appear to saturate for the infiltrated samples above 650 °C.
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Figure 4. Fitted values of ohmic, total polarization, hopping, charge transfer, and adsorption
resistances plotted versus inverse temperature for symmetric cells with un-infiltrated, 1 M Pr-ion,

and 2 M Pr-ion infiltrated LSM-YSZ electrodes.

Svmmetric cell life test results and analysis

Two different types of life test results are described here: testing at high temperature
without current to probe the stability of infiltrated nano-scale PrOx, and testing over a range of

current densities to test for possible degradation caused by high current.
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High temperature life test without current

Figure S shows the life test results for symmetric cells with LSM-YSZ:0, LSM-YSZ:1M,
and LSM-YSZ:2M electrodes without current at 800 °C. As seen in Figure 5a, Ronm increases
during the first ~ 100 h for all three samples, presumably initial electrode conditioning, but
stabilizes after that. The rapid increase of R, for LSM-YSZ:0 during the first ~ 100 h is primarily
due to an increase in Rags, as Ruop and Re are quite stable (Figure Sb-e). Hence, the fast initial
conditioning is likely a result of the surface property variation, such as oxygen vacancy quantity
or segregated surface species considering their important roles in the surface exchange process of
LSM.[36, 37] The gradual degradation in the later period may be a result of reduced three-phase
boundary length caused by particle coarsening.[38, 39] For both infiltrated samples, increasing
the amount of PrOy yields lower initial R, values, and while R, increases throughout the test, the
values remain substantially lower than for LSM-YSZ:0, e.g., 3 times lower for LSM-YSZ:2M.
Much of the infiltrated electrode degradation results from a rapid increase in Re, which approaches
the value for LSM-YSZ:0 after 1000 h at 800 °C. Rpop and Rags also both increase with time, but
remain lower than that of LSM-YSZ:0.

The SEM images in Figure 6 suggest a morphology transition of PrOx from initially
discrete surface nanoparticles on LSM-YSZ surfaces to flatter surfaces with barely discernable
surface particles. The morphology evolution might be driven by good wettability between PrOx
and the LSM-YSZ substrate, causing the PrOx particles to spread out over the electrode surfaces,
yielding a smoother surface with substantially lower surface area. Also, a small fraction of the Pr
may diffuse into LSM and/or YSZ during the life test. The morphology changes of PrOx particles
largely reduce the effective electrode surface area, which inevitably causes the increase of Rags and

Rc since they are area-specific processes. The observation that the 2M Pr-ion infiltrated electrode

12



degrades less shows that a higher initial density of nanoparticles helps to preserve electrode

activity.
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Figure 5. Time-dependent (a) Ronm, (b) Rp, (€) Rhop, (d) Ret and (€) Rads at 800 °C for LSM-YSZ:0,

LSM-YSZ:1M and LSM-YSZ:2M symmetrical cells.

Figure 6. SEM images of LSM-YSZ:2M symmetrical cell electrode after (a) annealing for 0.5 h

and (b) the 1000 h life test at 800 °C.
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The present results can be compared with prior life tests of PrOx-infiltrated electrodes,
although these were done with different electrodes — LSCF and STFC - and at lower temperatures
of 550 - 650 °C.[35] These showed a slight degradation of the electrode performance along with
coarsening of PrOx nanoparticles over 1000 h. The present life tests show a much larger loss of
electrode performance and a bigger change in the PrOx surface morphology; although the different
electrode materials in those tests may have had an impact on the results, it seems likely that the

accelerated performance degradation in the present results was a result of the higher temperature.
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Figure 7 shows the life test result for a symmetric cell with LSM-YSZ:2M carried out at
different current densities for 1569 h at 600 °C. In this case, the cell is operating effectively as an
oxygen pump. During the initial period at zero current, R;, varies rapidly before stabilizing. The
initial drop might arise from the better current collection or surface conditioning after temperature
ramping, while the gradual increase after that might be caused by the interactions between different
phases or particles coarsening. Then, after this initial conditioning period, operation with
increasing current density causes a decrease in R,. LSM-based electrodes are known for their
current activation behavior, resulting from the increase of oxygen vacancy concentration and/or
the decrease of segregated passivation species at the electrode surface.[40-43] After R, appears to
become fairly stable at 750 mA cm, increasing the current to 1000 mA cm™ causes a resistance
increase. However, R, decreases again when the current is later decreased back to 750 mA c¢cm?,
indicating that there is no permanent damage, e.g., electrode delamination, to the cell. The fitted
resistance values for the last EIS spectra at each current density are plotted in Figure 8. The fitting
results indeed show that the decrease of Rp during 0-750 mA cm is mainly a result of improved
charge transfer and oxygen adsorption/desorption, consistent with the current activation behavior
of LSM.[40, 41] Stable R, is obtained during the later stage at 750 mA cm™ with a value of 0.64
Q cm?. The total cell ASR is as low as 1.49 Q cm? after nearly 1200 h at 600 °C. The reversibility
of Rpon going from 750 to 1000 and back to 750 mA cm also comes from the surface exchange
process, as seen from the reversibility of Rec and Rags in Figure 8. The regeneration of LSM-YSZ
electrode activity has been reported previously after switching the current direction (anodic-to-
cathodic) because of the incorporation of the passivating SrO at LSM surface,[40] or improved
contact at LSM/YSZ interfaces,[41] which might also occur when the DC current dropping from

1000 to 750 mA cm™.
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Figure 8. The fitted polarization resistance values for the last EIS spectra at each current density.

When LSM-YSZ is operated as an electrolysis anode at high current density, it can degrade
via delamination, it can degrade due to a relatively high electrode overpotential (1); higher N means
higher effective oxygen pressure at the electrode/electrolyte interface. [44, 45] The DRT plots for
the EIS at various current densities in Figure 9a show that the electrode process is mainly limited
by charge transfer (P3). In this case, N can be estimated using an approximate form of the Butler-

Volmer equation [45]:

— 2RT cimh~1(
n =——sinh (2]_0) (D)

where R is gas constant, F is the Faraday constant, and z is the charge transferred in the relevant

reaction. The exchange current density jo in eq. 1 can be related to the measured R, value using:

RT
" ZFR, @)

Jo
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The last measured R value at each current density is used for calculation, yielding Nm= 192.1 and
238.1 mV at 750 and 1000 mA c¢m?, respectively (Figure 9b). A threshold n for void formation
is 222 mV at 600 °C for YSZ electrolyte.[45] The post-test SEM in Figure 10 shows that more
voids are present at the oxygen evolution reaction (OER) side than the oxygen reduction reaction

(ORR) side, which will lead to delamination if continuing the current test at 1000 mA cm™.
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Figure 9. (a) The DRT plots for the last EIS spectra at each current density and (b) calculated n

values with eqs.1.

Figure 10. The cross-section SEM after life test for LSM-YSZ:2M symmetrical cell at 600 °C.
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Note that LSM-YSZ electrolysis anodes normally degrade by delamination at a current
density of 1 A c¢cm? at 800 °C, due to a too-high electrode overpotential. The calculated
overpotential under the same condition for the LSM-YSZ:2M electrode here is only 33.4 mV,
which is significantly lower than the threshold for degradation. The PrOx infiltration yields a
remarkable improvement in electrode stability, keeping the overpotential low enough to avoid

serious degradation at 600 °C — a full 200 °C lower temperature!

Reversible SOC performance

Figure 11a shows the current-voltage curves for full cells with the LSM-YSZ:0 or LSM-
YSZ:2M oxygen-electrode and STFN fuel-electrode at 700 and 750 °C. The peak power density
at 700 °C in fuel cell mode increases from 0.15 to 0.39 W cm with 97%H>-3%H-0 as fuel after
infiltration. Although this power density is not as high as some fuel-electrode-supported cells, the
cell with infiltrated electrode is amongst the best reported oxygen-electrode-supported cells under
these conditions (see Table 1). The ReSOC performance was also tested for the infiltrated cell with
50%H>-50%H,0 as fuel. The electrolysis current reaches 0.59 A cm at a thermal neutral voltage

of 1.3 V at 750 °C (Figure 11b).
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Figure 11. IV curves for oxygen-electrode supported full cells with LSM-YSZ or LSM-Y SZ:PrOx

oxygen electrodes tested in (a) 97%H2-3%H>0 or (b) 50%H2-50%H-0 fuel.

Table 1. Peak power densities (PPDs) for oxygen-electrode supported fuel cells with thin
electrolyte membrane reported in the literature at 700 °C under 97%H>-3%H:>0 and air (unless

otherwise noted).

Oxygen-electrode Electrolyte Fuel-electrode PPDs (W cm?) Refs
LSM-YSZ YSZ(15 pm) Ni-YSZ 0.36(850 °C) [46]
LSM-SDC SDC/YSZ(20 pum) Ni-SDC 0.58(850 °C, pure O2) [47]
LSM-SDC SSZ(30 pum) Ni-SDC 0.23(800 °C) [48]

LSM-YSZ:GDC YSZ(10 pm) Ni-YSZ 0.22(750 °C) [13]
YSZ:LSFSc YSZ(20 pum) Ni-SDC 0.57(750 °C) [49]
LSM-SSZ SSZ(15 pm) Ni-SSZ 0.33(750 °C) [50]
LSM-YSZ YSZ(27 um) LSCM 0.18 (750 °C) [51]
LSM-YSZ YSZ(27 um) Ni-YSZ 0.06 [14]
LCCMNCr:SDC SCSZ(60 pm) Ni-SCSZ 0.18 [52]
LSC-GDC LSGM/SDC Ni-GDC 0.22 [53]
PNSM-SDC SDC(10 um)/YSZ(5 pm) Ni-SDC 0.29 [54]
LSM-YSZ:SDC YSZ(13 pm) Ni-YSZ 0.29 [15]
LSM-YSZ:STFC YSZ(10 pm)/GDC(3pm) STFN 0.31 [16]
LSM-YSZ:STFC YSZ(10 pm)/GDC(3pm) STFR 0.40 [16]
YSZ:LSF YSZ(15 pm) Cu-SDC:CeO2 0.33 [55]
LSM-YSZ:PrOx YSZ(8 um)/GDC(3um) STEN 0.39 This work

Note: SDC: Ceo0sSmo.202-5; SSZ: Zro.9Sco.102-5; LSFSc: Lao.sSr0.4Fe0.9Sco.103.5; LSCM: Lao.75S1r0.25Cro.sMno503-5; LCCMNCr:
Lao.cCao3Ceo.1MnixyNixCryOs-5 (x +y < 0.01);  SCSZ:  Sco.1Ce0.01Zr08902-5; LSGM:  LaooSro.1GaosMgo203-5; PNSM:
Pro35Ndo35S103MnOs-5; STEC: SrTio.3Fe0.6C00.103-5; STFR: SrTio3Feo.63Ru0.0703-5, LSF: Lao.sSo0.2FeO3-5.

Conclusions

Single step PrOy infiltration is shown to substantially reduce the polarization resistance of
LSM-YSZ oxygen electrodes, e.g., by more than 20 times at 700 °C with 2 M Pr-ion solution
infiltration. Analysis of impedance spectroscopy results indicates that adding PrOx improves the

surface exchange between the adsorbed/desorbed oxygen and lattice oxygen, along with the
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oxygen dissociative adsorption/desorption rates. An LSM-YSZ:PrOx supported solid oxide cell
with thin YSZ electrolyte and STEN fuel electrode yields state-of-the-art fuel cell performance.
For the LSM-YSZ:PrOx supported symmetrical cells with thin YSZ electrolyte, the R,
value of the 2 M Pr-ion infiltrated sample degrades slower than the 1 M Pr-ion infiltrated cell at
800 °C, maintaining an R, value ~ 3 times lower than that of LSM-YSZ over 1000 h. The
degradation of LSM-YSZ:PrOx mainly comes from the charge transfer and oxygen dissociative
adsorption/desorption processes, indicating a diminished activity of infiltrated PrOx particles over
time. A more stable R, value is obtained during extended cell operation at a lower temperature,
even under high current density. During cell operation at 600 °C, gradually increasing the current
density yields a decrease in Ry, reaching a value of 0.64 Q cm? at 750 mA cm? after 1000 h
operation. Degradation occurs only when the current density reaches 1000 mA c¢m, where the
anode overpotential exceeds a critical value for electrode fracture. Compared to LSM-YSZ alone,
where the overpotential is large enough to cause degradation even at 800 °C, PrOy yields a
remarkable improvement in the range of stable operation. The symmetric cells could be promising

for application in oxygen generation devices.
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