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Abstract

Pressurization of solid oxide cells improves performance by reducing electrode
polarization resistance (Rp) and facilitates system integration with balance of plant components
such as pressurized storage tanks. However, there are few reports on pressurization effects for
electrodes designed for low-temperature operation and utilizing infiltrated catalysts. Here we
report an electrochemical impedance spectroscopy study of high performing oxygen electrode
materials, SrTio3Fe0.63C00.0703.56 (STFC) and PrOx infiltrated STFC, for oxygen partial pressures
(po,) from 0.1 to 8 atm and temperatures from 550 to 650 “C. Rp decreases more with

pressurization for STFC:PrOx, fitting well to Rp & py,* with an exponent n~0.3, compared to

n~0.25 for STFC. The combination of PrOx infiltration and pressurization yields a substantial Rp
decrease, e.g., at 600 °C by ~7 times from 0.36 Q cm? at p,, = 0.2 atm for STFC to 0.055 Q cm?
at po, = 4 atm for STFC:PrOx. A transmission-line-based circuit model impedance fit reveals that

the significant oxygen surface reaction (Rsurf) resistance contribution decreases substantially with

PrOx infiltration; and its p,, dependence become more pronounced, with 7 increasing from ~ 0.25
to ~ 0.5. Reur for STFC:PrOx decreases so much at elevated py,that the electrode/electrolyte

interface resistance dominates.
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1. Introduction
Pressurization of solid oxide cells (SOC) has been proposed for a number of applications

such as combined SOC-turbine cycles,! 2

integration of SOC electrolyzers with downstream
catalytic processes,® and reversible SOCs for energy storage.* > Pressurized operation can provide
system-level advantages; for electrolysis and reversible SOC systems, for example, considerable
improvements in process efficiency are expected.®!” For the reversible application, the SOCs
should also have very low ASR in order to achieve high round-trip efficiency, and ideally operate
at relatively low temperature.” % '° Pressurized operation has advantages in this regard because of
improved cell performance compared to ambient pressure operation, a result of reduced electrode
polarization resistance.!'"'* Fundamentally, an increase in O partial pressure increases the extent
of adsorption of O> gas molecules onto the electrode surface. From the linearized form of the
Butler-Volmer equation, this results in an increase in exchange current density, i.e. faster reaction
kinetics and thus a lower charge transfer resistance. Pressurization-induced reduction of cell area-
specific resistance can help compensate for the increase caused by reduced operating temperature,
thereby helping to enable low temperature SOCs (LT-SOCs).!3-17

The oxygen electrode is generally believed to be the main factor limiting LT-SOC
performance because of the high activation energy of the ORR reaction.'> Pressurization has
generally been observed to reduce oxygen electrode polarization resistance Rp, but the amount of
the reduction varies widely.'!"'* While the effect of pressurization has been established for the
standard SOC oxygen electrode LSM-YSZ,3 ! 18 Jess is known about the plethora of mixed ionic

electronic conductor (MIEC) oxygen electrodes that have been developed for LT-SOCs. LSCF, a

widely used MIEC electrode, shows only a minor reduction in Rp with increasing po, up to 10

atm, following Rp o« py"* with a relatively low n value of 0.11,'* explained by a reduction in
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oxygen vacancy concentration with increasing p,,. Other MIEC types such as nickelates, which
conduct via oxygen interstitials, show a stronger improvement with pressurization, with n ~ 0.3.'4
Infiltrated electrodes are an important electrode class that has been shown to achieve low Rp at
low operating temperature. Aside from one previous report,'* however, results on the high
pressure characteristics of infiltrated electrodes are extremely limited. Amongst the various
infiltrants studied, Praseodymium oxide (PrOx) has been shown to provide some of the lowest Rp
values.'?22 PrOy features high electronic and ionic conductivities along with excellent activity for
the oxygen reduction reaction in the temperature range of interest, likely stemming from a high
concentration of oxygen ion vacancies.'”

Here we report on the low temperature (550-650 “C) impedance characteristics versus p,,

from 0.1 up to 8 atm, for two recently developed oxygen electrodes of interest for LT-SOCs:
StTi0.3Fe0.63C00.0703-6 (STFC) and PrOx-infiltrated STFC (STFC:PrOx). STFC is a perovskite
MIEC that has recently been shown to provide relatively low Rp and good stability,?* and
considerable reduction in Rp when infiltrated with PrOx.??> The present study is done using
electrochemical impedance spectroscopy (EIS) using electrolyte supported symmetric cells in
order to directly probe the oxygen electrode, i.e., to avoid interference from a fuel electrode
response that would be present in a full cell. The electrolyte is Ceo.9Gdo.102-2 (GDC) in order to
avoid any responses associated with the interface between a GDC barrier layer and a YSZ
electrolyte. Different impedance contributions are analyzed by fitting the impedance data to a
transmission-line-based equivalent circuit modified model informed by a distribution of relaxation
times (DRT) analysis. The effect of p,, and temperature on the electrochemical mechanisms with
and without PrOy is discussed. The combination of infiltration and pressurized operation is shown

to achieve desired low-temperature oxygen electrode performance.
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2. Results

Figure 1 shows Nyquist and Bode plots of the impedance responses for un-infiltrated
(STFC electrode) and infiltrated (STFC:PrOx electrode) symmetric cells, measured at 650 °C over
a range of oxygen partial pressures (pp,). Similar plots for data measured at 550 and 600 °C are
provided as Figures S1 and S2, respectively, in the supplement. The magnitude of the impedance
responses decreases with increasing p,, for both electrodes. PrOx infiltration clearly decreases the
polarization resistance at all po, values, with the low frequency (~1 Hz) response that is important
at low pg, for STFC especially decreased in STFC:PrOx.

Figure 2 illustrates the EIS responses of the STFC and STFC:PrOx cells measured at py, =
4 atm and various temperatures. The results show the expected decrease in total polarization
resistance Rp with increasing temperature. The figure also highlights the substantial reduction in
Rp resulting from PrOx infiltration.

Figure 3 shows a plot of the total polarization resistance Rp versus po, for both electrodes
and each temperature. The STFC:PrOx electrode cells consistently show much lower Rp values
compared to the STFC cells, as also seen in Figures 1 and 2. The Rp versus p, data are fitted very
well (R? > 0.95) by straight lines given by Rp o« p;*, as shown in Figure 3. The n values shown
on the plot vary slightly with temperature and are slightly higher for STFC:PrOx (~0.288-0.333)
than for the STFC electrode (~0.234-0.277). Thus, the performance improvements due to PrOx
infiltration are greater at higher pressures. For example, pressurization from p,, = 0.2 atm (1 atm

air) to =4 atm (20 atm air) at 600 “C decreases Rp for STFC by a factor of 2.1 (from 0.36 to
Po,

0.17 Q cm?) whereas the same pressurization at 600 °C decreases Rp for STFC:PrOx by a factor



of 2.6 (from 0.13 to 0.05 Q cm?). Alternatively, PrOy infiltration decreases Rp by a factor of 2.8
at 600 °C for po, = 0.2 atm, but decreases Rp by a factor of 3.4 for p,, = 4 atm.
3. Impedance Modeling

The EIS data is analyzed using an equivalent circuit model (ECM) developed by resolving
individual electrode processes with the help of a Distribution of Relaxation Time (DRT) analysis.

Figure 4a shows an example of the DRT plots obtained for STFC and STFC:PrOx cells at po, = 1

atm and 600 °C. Three distinct peaks along with a possible shoulder peak are resolved. The DRT
results are similar to those reported previously for similar STFC and STFC:PrOx electrode cells at
ambient pressure (pp, = 0.2 atm),”? and so the same ECM (Figure 4b), along with the same
attributions of the three peaks to different electrode processes, are used here. The model includes
an Rin-Qint element that appears as the high frequency peak and represents oxygen ion transport
across the interface between the mixed ionic and electronic conducting (MIEC) electrode and the
electrolyte. In series with this is a transmission-line model (TLM) element that represents the
porous electrode, including the ionic transport resistance R; and MIEC/gas surface processes. Note
that resistors associated with the electrode’s electronic transport are not included in the TLM, as
usual for MIEC oxygen electrodes, because they are negligibly small compared with Ri.?>2?° The
latter includes an element Rxn-Qrxn that appears as the medium frequency response and represents
the oxygen surface exchange reaction, nested with an element Rgurt-Qsurf that represents a surface
process (low frequency response). This combined circuit element was introduced by Meyer et al.>*
to simulate a porous electrode with a surface layer; in the present case this may represent the Sr-

rich layer on the MIEC surface.?? The modified TLM is used instead of a Gerischer element, often

used to model porous MIEC electrodes, because it provides a good fit to both the low- and mid-



frequency responses and because the present electrodes are relatively thin (see Figure S3), such
that the thick-electrode limit epitomized by the Gerischer element may not be satisfied.?> Note that
the high frequency shoulder on the P.x, response (Figure 4a) arises directly from the TLM and so
there is no need for a separate circuit element to model this.??> The GDC electrolyte resistance is
modeled using a resistor Rei and is given approximately by the first x-intercept of the real
impedance response on the Nyquist plot. Finally, an inductor element Linq is included to account
for measurement-circuit inductances that affect the high frequency response.

Figure 5 illustrates representative ECM fits highlighting the contributions of the different
electrode processes in Nyquist plots of EIS data taken at 550 °C with p,, = 0.2 atm and 4 atm from
STFC and STFC:PrOx cells. For the STFC electrode, the reaction contribution represents the
dominant impedance response; the surface layer contribution is smaller, especially at the higher

Po,, and the electrode/electrolyte interface response is relatively small. For STFC:PrOx, the

electrode reaction response is much reduced compared to the STFC case, and the surface response
is essentially eliminated. That is, PrOy infiltration increases the rates of the oxygen transport
processes at the MIEC/gas interface. On the other hand, the high frequency electrode/electrolyte
interface response is little changed, or even slightly increased, by PrOx infiltration, and
pressurization also has little effect. This is not surprising for a solid/solid interface process. Asa

result of these changes, the reaction process that is dominant for py,= 0.2 atm decreases enough
that the interface process is comparable in magnitude at p,, = 4 atm. Indeed, where the reaction

response is at its lowest, for STFC:PrOy under pressure, the interface response is dominant.
4. Discussion

The Rixn, Rint, and Rgurr values obtained from fits such as those shown in Figure 5 are plotted



VETSUS Py, in Figure 6. The results are used here as the basis to discuss the associated mechanisms.
The oxygen reaction resistance Rixn variation with py, (Figure 6a) is fitted reasonably well using

a power law with n ~ —0.19-0.26 for STFC compared to n ~ —0.49-59 for STFC:PrOx. In general,

a power law of ~ 0.25 is often explained as a charge transfer process,?6->°

whereas a power law of
~ 0.5 is usually attributed to a dissociative adsorption process.’* 3! A possible conclusion is that
PrOx nanoparticles on STFC provide an alternative fast pathway for the oxygen surface exchange
reaction that is limited by adsorption rather than charge transfer. Arrhenius plots of R versus
inverse temperature (See Figure S3) were generally quite linear, but the resulting activation
energies are approximate because only three temperatures were measured. The estimated
activation energy for Rum, ~ 1.2 €V, is reduced by ~ 0.1 eV for STFC:PrOx (the values are
essentially independent of pressure). This change, though small, is consistent with the idea that
PrOx provides an alternate reaction pathway scaffold. PrOx has been shown via density functional
theory'® and experiment?? to provide a different path for oxygen adsorption and desorption as a
result of lower surface energies associated with oxygen transfer compared to perovskite oxides
like STFC or LSCF.

The resistance Rint varies little with py, in Figure 6b, supporting its assignment as the
resistance for oxygen transport across the electrode/electrolyte (solid/solid) interface. The reasons
for the slightly higher Riye for STFC:PrOx are not clear. It is possible that significant oxygen
transport across the STFC:PrOx/GDC interface occurs via PrOx, and it may have a higher resistance
than that of STFC alone. Note that the power law values of Rp shown in Figure 3 are consistent

with the results in Figure 6: for STFC:PrOx, both Rin and Rixn contribute significantly to Rp, such

that its py,dependence is intermediate between that of it two components, whereas for STFC,



Rp’s po, dependence is close to that of its dominant Ryxn component.

The resistance Rgur (Figure 6¢) is small compared to the other resistances for STFC.
Indeed, it is so small as to be un-measurable for p,y, > 1 atm for STFC:PrOx. As discussed by Lu
et al.,?? this additional element in the TLM is added to account for the presence of a surface layer
on a porous electrode, in this case presumably the segregated SrO layer.?> 2* The power law
exponent is relatively large, from -0.5-0.8; the physical interpretation of this exponent is unclear
at this point. The substantial reduction of Rsur by PrOx infiltration agrees with a prior report;?? it
1s suggested that PrOx may reduce the SrO surface layer thickness or provide an alternative
pathway for oxygen transport.

Ri values obtained from the fits (see Figure S5) show no discernable trend with p,, with
considerable scatter in the range from ~1000 to 5500 Q cm; these values are similar to those
reported by Lu et al. for STFC and STFC:PrOx.??> One possible explanation is that these electrodes
are in the thin-electrode limit, i.e., the active depth A of the electrode is larger than its thickness L,
such that the polarization is not significantly limited by ionic transport. This idea is checked by

estimating the active depth,

(Eq. 1)

using values from the EIS fits. This yields values greater than 14 um (see Figure S6), larger than
L ~ 8 - 12 um for the present electrodes, verifying that they are in the thin-electrode limit. The

shape of the EIS arcs, e.g., in Figure 5, i.e., are symmetric rather than Gerischer shaped, also

consistent with the thin-electrode limit.



The present results can be compared with a prior pressurization study'* that included
infiltrated electrodes. Those data are compared with the present data at a common temperature,
550 °C, in Figure S7. Besides having a factor of ~ 10 times lower Rp values than the previous
infiltrated electrodes, the present results show higher n values, ~ 0.25 for STFC and ~ 0.3 for
STFC:PrOx compared to n = 0.24 for a ProNiOs+s infiltrated Lao.g0oSt0.20Ga0.s0Mgo.2003-5 (LSGM)
electrode and n = 0.15 for a (Sm 5Sro5 )CoO3.5 infiltrated GDC electrode.'*

Regarding the application to pressurized low-temperature SOCs, the present oxygen
electrode materials show far better performance under pressurized conditions than the
(Lao.6Sro.4)(Coo.2Feo.8)O3 (LSCF) electrodes that are now widely used in SOCs. Table 1 shows a
comparison of the present polarization resistance values with those previously observed for LSCF
versus pressure.'* The Rp values for STFC and especially STFC:PrOy at atmospheric pressure are
lower than for LSCF, even though the measurement temperature was lower (650 °C versus 700
°C). Note that the improvement with pressurization observed for LSCF is rather small, as its
power-law exponent is only n ~ 0.11. Thus, the values at p,, = 4 atm are much lower (2x better
for STFC and 6x better for STFC:PrOx) compared to LSCF; again, this is despite the lower
temperature.

S. Conclusions

The reduction in polarization resistance by increasing py, from 0.1 — 8 atm follows a power
law dependence with a larger exponent (~0.3) for STFC:PrOy |GDC symmetric cells compared to
STFC |GDC symmetric cells (~0.25). That is, the PrOx-infiltrated electrodes, which yield
substantially better performance in air, realize even higher performance gains with pressurization.
Analysis of electrochemical impedance spectroscopy data shows that PrOx infiltration

substantially reduces both the surface reaction resistance and the resistance attributed to Sr surface
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segregation. Different power law slopes suggest a switch to an adsorption-limited process for
STFC:PrOx compared to a charge-transfer-limited process for STFC. Pressurization of the
STFC:PrOx electrode to > 4 atm results in extremely low polarization resistance values — the
surface process resistances are so small in this case that the electrode/electrolyte interface
resistance becomes the dominant loss. Thus, further improvements in such electrodes may require
a focus on reducing this interfacial resistance.
6. Experimental Procedures
Cell Fabrication

Symmetric cell electrolytes were prepared using 0.5 g of gadolinium doped ceria powder
pressed at 2 metric tons into pellets that were then sintered at 1450 °C for 6 h. Then, two layers of
STFC ink were screen printed on opposite sides of the electrolyte with 0.5 cm? areas, followed by
sintering at 1050 °C for 2 h. For the PrOx solution, a 1 M solution was prepared in a similar fashion
as described previously.?? Briefly, Pr(NO3);.6H>O (Sigma-Aldrich) was dissolved in deionized
water with added surfactant Triton X-100 to achieve a final concentration of 1 M. The mixture was
stirred for 24 hours before 2 uLL was added to the active area in a single step infiltration. Excess
solution was removed using a cotton swab. Silver paste (Heraeus) was screen printed as a grid onto

to each side for current collection.

Pressurized testing and electrochemical impedance spectroscopy (EIS)
A custom pressurized furnace system (Deltech Furnaces Inc, Denver, CO) described in
more detail elsewhere!!> '* was used for measurements at temperatures of 550, 600 and 650°C and

oxygen partial pressures pp, of 0.1 to 8 atm. This would correspond to air at pressures from 0.5

atm to 40 atm. p,, values from 1 to 8 atm were obtained by pressurizing pure O: (g), whereas
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values between 0.1 and 1 atm were obtained with O>-N> mixtures at a total pressure of 1 atm. Total
flow rate was kept at 200 standard cubic centimeters per minute (sccm) for every pressure tested.
Electrochemical impedance spectroscopy data was obtained using a SquidStat Plus (Admiral
Instruments) unit in a frequency range from 0.1 — 10° Hz and an excitation amplitude of 20 mV in
a 4-point setup.

Distribution of relaxation times analysis was performed using a MATLAB script developed
by Wan et al.*?. Also, for DRT, a regularization parameter factor of 10 was chosen. The
equivalent circuit model shown in Figure 4 has been used for similar symmetric cells in previous
work.?? Equivalent circuit modeling was done using custom Python scripts and a complex
nonlinear least square solver.

Total polarization resistance values are calculated from the ECM fit. This is done to
provide a more accurate value than simply taking the real-axis intercepts which would require
extrapolation since the very low frequency impedances often do not reach the real axis. This is
evident, for example, in Figure 1a where the low frequency responses for the lowest oxygen partial
pressures remain above the x-axis.

Microstructural Imaging

For analysis purposes, the electrode thickness was verified using a JEOL 9700 SEM and

thicknesses of 12 um and 8 um were used while modeling for the pristine (a) and infiltrated cells

(b) respectively. Figure S4 shows the SEM micrographs.
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Figure 1. Nyquist plots for for a) GDC|STFC and b) GDC|STFC:PrO; cells at 650°C for oxygen

partial pressures from 0.1 atm to 8 atm.
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Figure 2. Nyquist plots for STFC and STFC:PrOx electrode cells showing the response for
different temperatures at an oxygen partial pressure of 4 atm. The inset at the top left provides a
magnified view of the responses near the origin. The fitted curves shown are from the equivalent

circuit model (ECM) discussed in section 3.
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Figure 3. Log-Log plot of total polarization resistances Rp versus oxygen partial pressure at
various temperatures for GDC|STFC and GDC|STFC:PrO; cells. The Rp values are obtained from
equivalent circuit model fits of the EIS data, as discussed in section 3. A power law equation of

the form Rp X po." is fit to the data and the exponent n is shown for each case.
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600 °C. The low frequency peaks are attributed to a surface layer on the electrode, the medium
frequency peaks to the reaction at the electrode/gas interface, and the high frequency peaks to ion

transport across the electrode/electrolyte interface. B) The equivalent circuit model used for fitting

the EIS data.
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Figure 5. Nyquist (a-d) plots of equivalent circuit model fits to EIS data taken at 550 °C for oxygen

partial pressures of 0.2 atm (the partial pressure of O in air) and 4 atm (corresponding to an air

pressure of 20 atm), for STFC and STFC:PrOx electrode cells. The individual components of the

fits, including the interface, reaction and surface contributions, are shown as dashed lines. The

surface layer response is found to be negligible within the margin of error in ECM fitting for po,

2> 1 atm at all temperatures, such that the (Rsu, Osuy) component is set to zero for these fits.

Deconvolution of the TLM contributions is done as follows:

the TLM response with just the

reaction element Ryxn-Qpn, i.e., With no RsurQsur element, was plotted using the R, and Qpn

values from the overall ECM fit, and the R r-QOsurr element response shown is just the difference

between this and that of the overall modified TLM.
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Figure 6. Log-Log plots of reaction resistance (a), interface resistance (b), and adsorption
resistance (c) versus oxygen pressure for STFC and STFC: PrOx at different temperatures, derived

from ECM fits to the EIS data. Fits to the data of the form R X py" are shown and the n values

are given.

Table 1. Polarization resistance values for various electrodes versus pressure

Pressure Polarization Resistance Rp (Q-cm?)

STFC (650 °C)  STFC:PrO, (650 °C)  LSCF (700 °C)™

Po, = 0.2 atm (1 atm air) 0.163 0.063 0.19
Po, = 4 atm (20 atm air) 0.075 0.023 0.14

LSCF data from Railsback et al.'4
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