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Electrochemical response was measured as a function of oxygen pressure pO2 up to 10 bar for four different mixed-conducting
oxygen electrode materials, the oxygen-vacancy-conducting perovskites (Sm0.5Sr0.5)CoO3 (SSC) and (La0.6Sr0.4)(Co0.2Fe0.8)O3
(LSCF), and the interstitial-oxygen-conducting nickelates Pr2NiO4 (PNO) and Nd2NiO4 (NNO). The impedance spectroscopy (IS)
measurements were done on symmetrical cells with either single-phase or two-phase infiltrated electrode structures. The polarization
resistance decreased with increasing pressure in all cases, but the nickelates decreased more rapidly than the perovskites. It is
proposed that this difference is a direct result of the different pO2 dependences of the defect concentrations – the oxygen vacancy
concentration decreases with increasing pO2, whereas interstitial concentrations increase. In order to test this hypothesis, point defect
concentrations were calculated for LSCF and NNO single-phase electrodes using the Adler-Lane-Steele model from electrochemical
data and electrode microstructural parameters obtained by three-dimensional tomography. The results verified that the observed
changes with increasing pO2 can be explained by reasonable decreases in LSCF vacancy concentration and increases in NNO
interstitial concentration. These results suggest that nickelate electrodes can be advantageous for pressurized devices.
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The pressurized operation of solid oxide cells (SOCs) has been
proposed and investigated as a means to improve cell performance,1-3

to better interface with a downstream process or to alter reaction
products.4,5 For example, solid oxide fuel cell – turbine hybrid systems
are generally designed to operate at elevated pressure.3,6–8 Solid oxide
electrolysis cells can be pressurized so that cell products can be easily
introduced into pressurized catalytic reactors.1,9 Recently, reversible
SOCs have been proposed as the basis for a new electrical energy
storage technology; however, achieving round-trip efficiencies >70%
requires cell operation under pressurized conditions, and preferably
at low temperature (<600◦C).4,5,10,11

There have been a few reports describing the performance of
SOFCs at high pressures,1,3,12–14 but few examples where the pressure
dependent electrochemical characteristics of an individual SOC elec-
trode has been characterized.15 There are no reports, to our knowledge,
showing the effect of pressurization on mixed ionically and electron-
ically conducting (MIEC) electrodes, which are typically used as the
oxygen electrodes in low-temperature SOCs.16 Understanding MIEC
electrochemical characteristics at high pressure is important for pre-
dicting how pressurized SOC stacks will perform. Furthermore, it
is useful to identify specific materials that yield low oxygen elec-
trode resistance under pressurization, especially since oxygen elec-
trodes are typically a primary factor limiting SOC performance, at
low temperature.16

Here we report new results on the electrochemical characteristics
of several promising low temperature MIEC electrode materials under
pressurized conditions: two oxygen-ion vacancy conducting MIECs,
(Sm0.5Sr0.5)CoO3-δ (SSC) and (La0.6Sr0.4)(Co0.2Fe0.8)O3-δ (LSCF), and
two oxygen-interstitial conducting MIECs, Nd2NiO4+δ (NNO), and
Pr2NiO4+δ (PNO). The SSC and PNO electrodes were made by infil-
tration into ionic-conductor scaffolds, whereas the LSCF and NNO
electrodes were made by conventional powder processing methods.
In all cases, the interstitial-conducting MIECs show a larger decrease
in polarization resistance with increasing oxygen pressure pO2 than
the vacancy conductors. It is proposed that increasing pO2 improves
defect transport kinetics in nickelate electrodes due to an increasing in-
terstitial concentration, whereas defect transport kinetics in perovskite
electrodes are degraded by decreasing vacancy concentration. This hy-
pothesis is tested by manipulating the Adler-Lane-Steele (ALS) model
in order to calculate pressure-dependent point defect concentrations
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in LSCF17 and NNO18 electrodes, utilizing measured electrochemical
characteristics and 3D tomographic microstructural data.

Experimental

Four different types of symmetrical cells were prepared and elec-
trochemically tested versus pO2. Two of the cells had infiltrated elec-
trodes, (1) PNO infiltrated into LSGM scaffolds with LSGM elec-
trolyte, and (2) SSC infiltrated into GDC scaffolds with GDC elec-
trolyte. Two of the cells had powder-processed single-phase porous
electrodes, (3) NNO on LSGM electrolyte and (4) LSCF on GDC
electrolyte.

Single phase LSCF symmetric cell fabrication.—The cell fabrica-
tion method is similar to that described in Ref. 19. Briefly, gadolinium
doped ceria (Rhodia) was ball milled in ethanol for 24 hours, dried,
and pressed into 19 mm diameter 0.4 g pellets without binder. These
pellets were fired at 1450◦C for 6 hours and served as the electrolyte
support for symmetric LSCF electrodes. The LSCF (Praxair) was
three-roll milled with Heraeus-V737 organic vehicle in a 1:1.17 mass
ratio to form an LSCF ink. The LSCF ink was screen printed onto the
sintered pellets and fired at 1100◦C for 1 hour resulting in a ∼20 μm
thick electrode. Silver metal grids were applied as current collectors
for electrochemical testing.

Single phase NNO symmetric cell fabrication.—The cell fabrica-
tion method is similar to that described in Ref. 20. Briefly, commercial
LSGM (Fuel Cell Materials) was pressed to 19 mm diameter pellets
and sintered at 1500◦C for 4 hours to form the electrolyte support
for the NNO symmetrical cells. NNO powders were synthesized by a
sol-gel route.21 Nd2O3 and Ni(CH3COO)3 · H2O were dissolved with
acetic acid, hexamethylenetetramine (HMTA) and acetylacetone, us-
ing a ligand to metal molar ratio of 3:1. This solution was heated to
gel and then fired at 400◦C and calcined at 950◦C for 12 hours. The
resultant NNO powder was suspended with polyvinyl butyral (2wt%),
polyethyleneglycol (1 wt%), ethanol (30 wt%) and α-terpineol (27
wt%), which were then deposited onto the LSGM pellets by spin
coating. These electrodes were dried and fired at 1000◦C for 1 hour
resulting in a final thickness of ∼10 μm. Gold metal grids were applied
as current collectors for electrochemical testing.

SSC infiltrated GDC symmetric cell fabrication.—The cell fabri-
cation method is similar to that described in Ref. 22. Briefly, pellets
of GDC were fabricated as above to serve as electrolyte supports.
For the GDC scaffold inks, the GDC (Rhodia) powder was three-roll
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Figure 1. Nyquist and Bode plots as a function of oxygen pressure at 550◦C for (Sm0.5Sr0.5)CoO3 infiltrated into GDC. The resistance values are taken from fits
using a general (L-R-RQ) circuit. Fits are displayed as solid lines on the plots and the maximum frequency is outlined on the Bode plot.

milled with Heraeus-V737 organic vehicle to form a 7.31 vol% GDC
ink. The GDC ink was screen printed onto the sintered pellets and
fired at 1100◦C for 4 hours with a final scaffold thickness of ∼20 μm.
The SSC infiltrate solution was prepared by dissolving Sm(NO3)3 ·
6H2O, Sr(NO3)2, and Co(NO3)2 · 5H2O (Alfa Aesar) in deionized wa-
ter, mixed with citric acid in a 1:1 metal nitrate to citric acid molar
ratio, adjusted to pH 6.5 with ammonium nitrate, and diluted with
deionized water to 1 mol/L. Excess SSC solution was infiltrated into
the scaffolds, and fired at 450◦C for 0.5 hours to decompose the ni-
trates. The cells were infiltrated 8 times to about 20 vol% and finally
fired at 800◦C for 1 hour. A layer of (La0.8Sr0.2)0.98MnO3 (LSM) ink
was then screen printed and fired at 800◦C for 1 hour as a current col-
lector with a thickness of 10 μm. Silver metal grids were then applied
as current collectors for electrochemical testing.

Pr2NiO4 infiltrated LSGM symmetric cell fabrication.—The cell
fabrication method is similar to that described in Ref. 23. For the
LSGM electrolyte, LSGM was first synthesized via solid state reac-
tion. LSGM powder was synthesized from stoichiometric amounts of
SrCO3 (Sigma), La2O3 (Sigma), Ga2O3 (Sigma), and MgO (Alfa Ae-
sar), which were ball milled for 24 hours in ethanol, dried, and then
reacted at 1250◦C for 12 hours. This LSGM powder was then ball
milled in ethanol and 2 wt% polyvinyl butyral (Aldrich) binder, dried,
and pressed into 0.5 g 19 mm diameter pellets. The green bodies were
then sintered at 1450◦C for 4 hours. LSGM scaffolds were screen
printed onto the electrolyte pellets using an ink composed of commer-
cially available LSGM (Praxair), Heraeus 737 vehicle, and 30 wt%
of KS4 graphite flakes (Timrex) as pore former. Four screen printed
layers were applied to each side, then heated to 600◦C for one hour
to burn away the pore former, and then fired at 1200◦C for 4 hours
to form a porous scaffold layer with interconnected LSGM particles
1–3 μm in size. A current collector was then applied on each scaffold
by screen printing one layer of an (La0.6Sr0.4)(Co0.8Fe0.2)O3-δ ink con-
sisting of the same vehicle, pore former, and LSCF powder (Praxair).
The entire assembly was then fired at 1100◦C for one hour to produce
a suitably porous current collector that was also well bonded to the
scaffold. The resulting scaffold thickness was ∼ 40 μm and the LSCF
layer was ∼ 10 μm thick with an area of 0.5 cm2. The cathode infiltrate
was a 2 mol/L nitrate solution prepared by dissolving stoichiometric
amounts of Pr(NO2)3•6H2O (Aldrich) and Ni(NO2)3•3H2O (Fischer)
in water and subsequently adding 0.06 mol of Triton X-100 (VWR).
This solution was stirred for 24 hours to ensure good mixing. Each
scaffold was infiltrated with this solution using excess fluid (∼6 μL)

and removing the excess after allowing solution to infiltrate the porous
scaffold for 5 minutes. The infiltrate was decomposed by heating to
450◦C for 0.5 hours, leaving oxides of the respective metal ions. After
12 infiltrations, the symmetric cells were fired at 1000◦C for 4 hours
to form Pr2NiO4. Silver metal grids current collectors were applied
for electrochemical testing.

Pressurized electrochemical impedance spectroscopy (EIS) and
analysis.—A custom designed pressure system (Deltech Furnaces
Inc, Denver, CO) was used to collect EIS data. The system is capable
of reaching pressures up to 11 atmospheres, and temperatures up to
850◦C. Details of the system geometry and controls are described
elsewhere.24 The single-phases NNO/LSGM and LSCF/GDC sym-
metric cells were operated at 700◦C and the two-phases infiltrated
PNO-LSGM and SSC-GDC symmetric cells were operated at 550◦C
for the entire measured pressure range. EIS data was collected for a
range of oxygen pressures for all cells from 0.2 bar to 10 bar. Below
1 bar oxygen, the total pressure in the system remains at 1 bar and
is balanced with nitrogen with a total flow rate of 40 sccm. EIS data
was collected in the frequency range 0.1–106 Hz using a Zahner IM6
impedance spectrometer.

Equivalent circuit model fitting was performed using Matlab and
Excel software25 in order to obtain the most accurate possible Rp val-
ues from the data. The circuit models used for the infiltrated electrodes
were either (L-R-RQ) or (L-R-RQ-RQ), where L is an inductance, R is
a resistance, and RQ represents a constant phase element. The circuit
model used for powder electrodes cells was (L-R-G in Boukamp nota-
tion), where G represents a modified Gerischer element that accounts
for the distribution of relaxation times.26 The inductor accounts for in-
ductance in the wire leads through the system, the resistor represents
the electrolyte resistance, and the Gerischer element represents the
impedance associated with the co-limiting oxygen surface exchange
and diffusion processes in the porous MIEC electrode, as described
in the ALS model.27 Other contributions to the polarization resistance
(such as gas diffusion) were found to be negligible.

Results

Figure 1 shows the Nyquist and Bode plots of the EIS spectra
taken at 550◦C from infiltrated SSC-GDC electrode cells at selected
pO2 values. Figure 2 shows the same for infiltrated PNO-LSGM
electrode cells. Both electrodes have relatively low polarization re-
sistance RP, given the relatively low operating temperature, that is

Figure 2. Nyquist and Bode plots as a function of oxygen pressure at 550◦C for Pr2NiO4 infiltrated into LSGM. The resistance values are taken from fits using a
general (L-R-RQ-RQ) circuit. Fits are displayed as solid lines on the plots and the maximum frequency is outlined on the Bode plot.
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Figure 3. a) Polarization resistance as a function of oxygen pressure at 550◦C for PNO-LSGM and SSC-GDC. The resistance values are taken from fits in Figures
1 and 2. b) Time constants as a function of oxygen pressure at 550◦C for PNO-LSGM and SSC-GDC. The time constants are the inverse of the peak frequency.

Figure 4. Bode and Nyquist plots of an NNO symmetric cell at 700◦C in the pressure range from 0.2 to 10 bar pO2. Solid lines are (L-R-G) equivalent circuit fits.

further decreased with increasing pO2. The arcs are depressed and
reasonably symmetric. The PNO-LSGM electrode arcs had peak fre-
quencies that increased with increasing pO2, i.e., with decreasing RP, -
the normal dependence observed if the electrode capacitance remains
approximately constant. The SSC-GDC electrode showed the reverse
trend of peak frequency with pO2, suggesting a substantial increase
in capacitance with increasing pO2.

Figure 3a shows the polarization resistance RP of infiltrated SSC-
GDC and PNO-LSGM electrode cells, derived best fits to EIS data
such as that shown in Figures 1 and 2, as a function of oxygen pressure.
RP for the PNO infiltrated electrode has a stronger power-law depen-
dence, pO2

−0.24, than that for the SSC infiltrated electrode, pO2
−0.15.

Figure 3b shows the dependences of the time constant (taken as the
inverse of the peak frequency) for the two electrodes. The time con-
stants show opposite trends with pO2: increasing slightly in SSC-GDC
as pO2

0.11 and decreasing as pO2
−0.37 in PNO-LSGM.

Figure 4 shows EIS data at selected pO2 values for a Nd2NiO4-
electrode symmetric cell. Figure 5 shows EIS data at selected pO2

values for an LSCF symmetric cell. For both cells, the characteristic
frequency of the dominant process shifts to higher frequencies with

increasing pO2, as RP decreases, but the shift is greater for LSCF.
Fitting was done using a single Gerischer element, where the complex
resistance (ZG) is defined:

ZG = RG

√
1

1 + jωtG
[1]

where RG and tG are measured from the EIS fit, ω is angular frequency,
and j is the imaginary number. The fits are reasonably good for most
pO2 values, suggesting that the ALS model, where the electrode pro-
cess is co-limited by surface exchange and diffusion processes, should
provide a reasonable representation. This agrees with previous stud-
ies performed in the low pO2 range below 1 atm.20,27 The deviations
from a perfect Gerischer shape may indicate slight deviations from the
ALS model, perhaps due to the electrode utilization length becoming
either too large (comparable to the electrode thickness) or too small
(comparable to the electrode feature size).20,27 Since there is only one
element fitting the electrode polarization response (the response at
>104 Hz is attributed to the electrolyte), the fitted Gerischer resis-
tance gives the total electrode polarization resistance, i.e., RP = RG.

Figure 5. Bode and Nyquist plots of an LSCF symmetric cell at 700◦C in the pressure range from 0.2 to 10 bar pO2. Solid lines are (L-R-G) equivalent circuit fits.
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Figure 6. a) Polarization resistance versus pO2 for LSCF and NNO at 700◦C. Data points are taken from L-R-G circuit models fits to the EIS data, and solid lines
indicate power law fits. b) tG values obtained from the fits versus pO2 for LSCF and NNO at 700◦C.

Figure 6a plots the pO2–dependence of the Gerischer resistance RG

for the NNO and LSCF symmetric cells, obtained by fitting the EIS
data at 700◦C as shown in Figs. 4 and 5. The data are fit reasonably
well by a pO2

−0.30 dependence for NNO and pO2
−0.11 for LSCF, as

shown. Figure 6b shows the tG values obtained from the fits; the time
constant values, the inverse of the peak frequencies discussed above,
decrease with increasing pO2.

Discussion

The above results show a significant difference in the pO2 de-
pendences of electrode polarization resistance for nickelate versus
perovskite electrodes. The difference is observed for two different
nickelate and perovskite compositions, and for different electrode
structures – single phase porous electrodes and electrodes formed by
infiltration of the MIEC into a porous ion conducting scaffold. This
suggests that the different pO2 dependence arise from an inherent
difference between perovskite and nickelate MIECs. We propose that
this is related to the different dominant ionic-charge carrier types –
oxygen vacancies in perovskites and oxygen interstitials in nicke-
lates. In particular, oxygen pressurization is expected to reduce the
oxygen vacancy concentration, which are the O-ion charge carriers
in a perovskite, degrading its ability to transport oxygen ions, and
mitigating the performance improvement expected because of the in-
creased pO2. On the other hand, pressurization is expected to increase
the oxygen interstitial concentration, responsible of the O-ion trans-
port at the nickelates, improving oxygen ion transport and leading to
a larger performance improvement. The differences between the pO2

dependences are less for the infiltrated electrodes, perhaps because
the ionically-conducting scaffold has a constant oxygen vacancy con-
centration that provides fast oxygen transport regardless of the pO2.
In this case, the changes in MIEC defect concentration with pressure
affect only the surface exchange process.

In the following, the ALS model20,27 is applied in an attempt to test
the above hypothesis and quantify the defect concentration variations
with pO2. As noted above, the ALS model used here requires that the
utilization length be much smaller than the electrode thickness and
much larger than the electrode feature size;20,27,28 this criterion will
be checked below. The ALS model predicts the Gerischer response
shown in Eq. 1 with tG given by:

tG = (1 − ε) cox0
δ

4a R0 A0
[2]

and RG given by

RG = RT

4F2

√
τ

4a (1 − ε) Roc0x0
δ D

[3]

Where ε is the electrode porosity, a is the internal specific surface
area of the solid phase, τ is the tortuosity of the solid phase, c0 is the
concentration of oxygen sites involved in diffusion, xδ

0 is the molar
fraction of interstitial or vacancy defects at equilibrium, A0 is the
thermodynamic factor, D is the oxygen diffusivity, and R0 is the molar
surface exchange rate defined as:

Ro = kchem

A0
(pO2)0.5c0 [4]

Here, kchem is the surface exchange coefficient and relates to kδ and k∗

as:

kδ = k∗

x0
δ

= kchem

A0
[5]

Where kδ and k∗ refer to the normalized and isotope exchange derived
surface exchange values.20

Similarly,

Dδ = D∗

x0
δ

= Dchem

A0
[6]

Where Dδ and D∗ refer to the normalized and isotope exchange derived
oxygen diffusion coefficients.

Substitution of Eq. 4 into Eq. 3 yields

RG = RT

4F2

√
τA2

0

4a (1 − ε) kchemc2
0x0

δ Dchem
(pO2)−0.25 [7]

Note that if all the terms in Eq. 7 were independent of pO2, then RG ∝
pO2

−0.25, as compared to the fits at pO2
−0.11 for LSCF and pO2

−0.30 for
NNO shown in Figure 6. The thermodynamic factor A0 is a function
of oxygen chemical potential,

A0 = ± 1

2RT

(
∂μO2

∂ln
(
x0

δ

)
)

= ±1

2

(
∂ln(pO2)

∂ln
(
x0

δ

)
)

[8]

the (−) sign corresponds to O-vacancies and (+) to O-interstitials.
A0 can often be assumed constant with reasonable accuracy over the
measured pO2 range at low non-stoichiometric values.17 Furthermore,
kchem and Dchem should be independent of pO2.20,29 The only other term
in Eq. 7 that might be expected to vary with pO2 is the oxygen non-
stoichiometry x0

δ . Thus, the observed deviations of measured RG from
the pO2

−0.25 dependence can be explained by variations in x0
δ .
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An expression for x0
δ can be obtained by rearranging Eq. 7:

x0
δ = R2T 2τA2

0

64F4 R2
Ga (1 − ε) c2

0kchem Dchem
(pO2)−0.5 [9]

That is, the non-stoichiometry can be obtained from the RG data, if
the electrode material parameters A0, c0, kchem , and Dchem are known
along with the microstructural parameters a, ε, and τ. Alternatively,
plugging Eq. 4 into Eq. 2 and re-arranging yields:

x0
δ = 4atGkchem(pO2)0.5

1 − ε
[10]

Thus, the non-stoichiometry can also be determined from tG data if
select materials and microstructural parameters are known. Using Eq.
9 with the measured RG values yields x0

δ values for each pO2, but
substitution in Eq. 2 yields poor agreement with measured tG values.
Similarly, using Eq. 10 with the measured tG values yields a set of x0

δ

values, but substitution in Eq. 7 yields poor agreement with measured
RG values. These disagreements could arise in part from the wide
variations in literature kchem . In order to obtain a set of x0

δ values that
provide a good match to both the RG and tG values versus pO2, a
combined expression, obtained by multiplying Equations 9 and 10,
was used:

x0
δ = RT A0

4F2 RG (1 − ε) c0

√
tGτ

Dchem
[11]

Note that both RG and tG appear in Eq. 11, and the terms a, kchem , and
(pO2)0.5 are eliminated in the combined expression.

The molar fraction of vacancies or interstitials is obtained from Eq.
11 for each pO2 using the measured tG and RG values, τ and ε measured
for each particular electrode microstructure,19,20 and literature values
of Dchem = 6.0 × 10−6 cm2/s for LSCF30 and 2.9 × 10−7 cm2/s
for NNO.20 The NNO oxygen interstitial concentration in Figure 7a
increases slowly with increasing pO2, and is fit reasonably well by
the power law pO2

0.03. This slope appears to be in good agreement
with changes in x0

δ with pO2 measured at ≤ 1 atm, also shown in
the figure. The LSCF oxygen vacancy concentration x0

δ in Figure 7b
decreases with increasing pO2, fitting to the power law pO2

−0.35. This
slope is in fair agreement with the variation in vacancy concentrations,
for ≤ 1 atm, from Ref. 27. As shown in Table I, there are different
reported Dchem values, but their spread is relatively small. We have
simply chosen the value that provides a better match to literature x0

δ

values. Note that the calculated x0
δ values will shift slightly with the

Dchem value chosen, but the slope with pO2 will not. That is, the trends
shown in Figures 7a and 7b are valid, even if the absolute values may
have some error. Note that the A0 values used in Eq. 11 are obtained
directly from the slopes in these figures, as per Eq. 8, yielding 1.417
for LSCF and 14.47 for NNO.

Table I. Oxygen diffusion and surface exchange coefficients for
LSCF and NNO.

LSCF D at 700◦C (cm2/s) NNO D at 700◦C (cm2/s)

Dchem
34 2.04 × 10−6 D∗35 3.0 × 10−8

Dchem
30 6.03 × 10−6 Dδ

20 2.0 × 10−8

D∗19 5.27 × 10−10

LSCF k at 700◦C (cm/s) NNO k at 700◦C (cm/s)
kchem

19 9.56 × 10−5 kchem
20 1.82 × 10−4

kchem
28 1.05 × 10−5 kchem

35 8.00 × 10−5

kchem
36 1.04 × 10−6 kchem (this work) 1.21 × 10−4

kchem (this work) 3.83 × 10−6

The match between the measured and calculated RG and tG values,
based on the above x0

δ dependences, is shown for NNO in Figure 8, and
for LSCF in Figure 9. Note that calculation of these values using Eqs.
7 and 2, respectively, requires values of kchem. However, as mentioned
earlier, there is a wide variation in reported kchem values, making
it difficult to choose a representative value. Thus, kchem is used as a
constant fitting parameter here to match the RG and tG data in Figures 8
and 9. Table I shows that the kchem values obtained – 3.83 × 10−6 (cm/s)
for LSCF and 1.21 × 10−4 (cm/s) for NNO – are well within the range
of values reported in the literature. There is generally good agreement
with the experimental data shown in the figures (the only significant
deviation is at 0.1 atm), verifying that Eq. 11 yields x0

δ values that
are consistent with the measured data. That is, the change in the
concentration of these defects can explain the different dependences
of the measured RG and tG on pO2, for both NNO and LSCF. For NNO,
RG decreases slightly faster than the pO2

−0.25 dependence shown in
Eq. 7, because the interstitial content increases modestly. For LSCF,
RG decreases much slower than pO2

−0.25 because the vacancy content
decreases substantially.

As noted earlier, the ALS model is only valid for reasonable utiliza-
tion lengths, i.e., the electrode lengths over which significant oxygen
exchange and diffusion occurs, which can be calculated using:

lδ =
√

(1 − ε) Dδc0x0
δ

4aτR0
[12]

Using the above values, the utilization length for LSCF is found to
range from 15.4 to 2.1 microns over the 0.1 to 10 atm pressure range.
Utilization lengths in NNO were smaller, varying from 396 nm to 134
nm over the same range. The utilization lengths being smaller than the
electrode thickness ∼20 microns indicates that the electrodes satisfy
the thick electrode assumption to be analyzed by the ALS model.

Figure 7. Oxygen non-stoichiometry δ versus oxygen pressure for Nd2NiO4+δ (a) and La0.6Sr0.4Co0.2F0.8O3-δ (b) at 700◦C. Literature values for oxygen
non-stoichiometry values are displayed in black.18,27
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Figure 8. a) Measured polarization resistance versus pO2 for Nd2NiO4 compared to values calculated from derived x0
δ b) Measured and calculated time constants

versus pO2.

Figure 9. a) Measured polarization resistance versus pO2 for LSCF compared to values calculated from derived x0
δ b) Measured and calculated time constants

versus pO2.

However, the NNO electrode utilization length is comparable to the
electrode particle size.

The above analysis using the ALS model is applicable to the porous
single-phase electrodes. Although a defect concentration analysis was
not done for the more complicated infiltrated composite SSC and
PNO electrodes in this study, similar trends with pO2 are observed.
In analyzing the infiltrated composites, it should be considered that
they contain ionic conductors (GDC or LSGM) with oxygen defect
concentrations that, unlike the MIECs, do not vary with pO2. This
probably explains why the difference in the pO2 dependences for SSC
and PNO is smaller than for the single-phase electrodes.

While there is little other data available for MIEC electrodes un-
der pressurized conditions, data for pO2 ≤ 1 atm generally supports
the present trends. That is, the perovskites show weaker x0

δ depen-
dences on pO2, e.g., m ∼ −0.13 for LSCF at 750◦C31 and m ∼
−0.17–0.22 for LSC at various temperatures,29 whereas nickelates
show stronger pO2 dependence, e.g., m ∼ 0.25–0.5 for NNO at vari-
ous temperatures.20,32,33 The unique feature of the present results is to
demonstrate that these trends continue to pO2 values up to 10 atm.

Conclusions

The polarization resistances of nickelate (NNO and PNO) elec-
trodes were found to decrease more rapidly with increasing oxygen
partial pressure up to 10 atm, than perovskite (LSCF and SSC) elec-
trodes. The differences were explained based on the different oxygen
defect types – the oxygen interstitial concentration in the nickelate
electrodes increased with increasing pO2, whereas the oxygen va-

cancy concentration in the perovskites decreased. The different de-
pendencies of RP on pO2 for single-phase porous NNO and LSCF
electrodes were explained quantitatively by the ALS model for rea-
sonable variations of interstitial and vacancy concentrations. The in-
filtrated composite nickelate (PNO) and perovskite (SSC) electrodes
showed a similar effect, although there was less difference between
their RP dependences. Thus, if nickelate and perovskite electrodes
shown similar RP under ambient air, the nickelate electrode can be
expected to provide lower RP under pressurized conditions.
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