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Enhancement of Ni—(Y203)0.0s(2r02)o0.0> fuel electrode performance
by infiltration of CeosGdo..02-5s nanoparticles

Beom-Kyeong Park, Roberto Scipioni, Dalton Cox and Scott A. Barnett*

This paper addresses the use of Ceo.sGdo..02-5 (GDC) infiltration into the Ni—(Y203)o0.08(Zr02)o.02 (YSZ) fuel electrode of solid
oxide cells (SOCs) for improving their electrochemical performance in fuel cell and electrolysis operation. Although doped
ceria infiltration into Ni—YSZ has recently been shown to improve the electrode performance and stability, the mechanisms
defining how GDC impacts electrochemical characteristics are not fully delineated. Furthermore, the electrochemical
characteristics have not yet been determined over the full range of conditions normally encountered in fuel cell and
electrolysis operation. Here we present a study of both symmetric and full cells aimed at understanding the electrochemical
mechanisms of GDC-modified Ni-YSZ over a wide range of fuel compositions and temperatures. Single-step GDC infiltration
at an appropriate loading substantially reduced the polarization resistance of Ni-YSZ electrodes in electrolyte-supported
cells, as measured using electrochemical impedance spectroscopy (EIS) at various temperatures (600-800 °C) in a range of
H20—-H, mixtures (3—90 vol.% H»0). Fuel-electrode-supported cells had significant concentration polarization due to the thick
Ni—YSZ supports. A distribution of relaxation times approach is used to develop a physically-based electrochemical model;
the results show that GDC reduces the reaction resistance associated with three-phase boundaries, but also appears to
improve oxygen transport in the electrode. Increasing the H,O fraction in the H>—HO fuel mixture reduced both the three-
phase boundary resistance and the gas diffusion resistance for Ni-YSZ; with GDC infiltration, the electrode resistance
showed less variation with fuel composition. GDC infiltration improved the performance of fuel-electrode-supported full
cells, which yielded a maximum power density of 2.28 W cm=2 in fuel cell mode and an electrolysis current density at 1.3 V

of 2.22 A cm2, both at 800 °C.

1. Introduction

The solid oxide cell (SOC) is an electrochemical device that
efficiently converts between chemical energy (fuels such as H;
and CHy, for example) and electricity.! Solid oxide fuel cells have
been extensively developed for stationary power generation
applications, with early applications such as reliable energy
sources for data centers.2 Solid oxide electrolysis cells are also
being developed for converting excess renewable electricity,
from intermittent sources such as solar and wind power,34 to
fuels. Reversible operation — storing chemical energy in
electrolysis mode and subsequently generating electricity in
fuel cell mode — is being explored as a means to help balance
grid electricity supply/demand in the presence of increasing
levels of intermittent renewable sources.>™”

SOCs typically utilize Ni—YSZ fuel electrodes in both common
designs — electrolyte-supported cells (ESCs) and fuel-electrode-
supported cells (FESCs). FESCs take advantage of the
compatibility between Ni—YSZ and YSZ to allow co-firing at high
temperature and thereby produce thin supported electrolytes.
This has the advantage of providing low ohmic resistances at
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intermediate to low temperatures (< 700 °C) because of the thin
electrolyte and highly conductive Ni-based fuel electrode.8-10
Nonetheless, it is desirable to be able to improve the
electrochemical characteristics of Ni—YSZ FESCs while retaining
the conventional co-firing approach. This can be achieved by
adding a catalyst after high-temperature co-firing. This is
typically done by solution infiltration followed by mild heat-
treatment, but atomic layer deposition and electrodeposition
have also been reported.11-13

Catalytic additions to Ni—YSZ include metals (e.g., Sn, Ni),
fluorite-type Ce-based oxides, and perovskite-type oxides.14-22
Ce0;-based compounds are promising additives because they
do not react with Ni or interdiffuse with YSZ at normal SOC
operating conditions. Surface modification with doped CeO; has
been suggested to thermally and chemically stabilize the Ni
surface and inhibit the deposition of impurities coming from
chemical fuels and/or gas sealants.1421.22 Chen et. al. reported
enhanced electrochemical performance as well as high
sulfur/carbon tolerance for Mog1Ceos02+5 impregnated Ni—
YSZ.15 More recently, Ovtar et. al. reported that CeosGdo202-5
(GDC) infiltration reduced the polarization resistance and
degradation rate of Ni—YSZ in FESCs during electrolysis.14
However, relatively little is known regarding the mechanisms
whereby ceria-based surface modifiers affect electrochemical
mechanisms in Ni-YSZ. Furthermore, there is a lack of
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information about the ceria-modified Ni—YSZ polarization
behavior in FESCs over the wide range of fuel compositions
encountered during fuel cell and electrolysis operation.

Here we report a detailed investigation of the
electrochemical mechanisms of Ni-YSZ electrodes modified by
GDC infiltration, studied over a wide range of fuel compositions
and temperatures. Ni—-YSZ-supported symmetric cells were
studied to exclude complicating effects from the oxygen
electrode presentin full cell tests. The results are also compared
with those for electrolyte-supported symmetric cells. The
comparison proves useful for defining the effects of gas
diffusion through the thick Ni—YSZ support layer in the FESCs.
The resultant EIS data are analyzed using a distribution of
relaxation times (DRT) approach in order to obtain a physically
based model for the impedance responses that includes gas
diffusion and a transmission line model incorporating surface
reactions and oxygen ion transport. In addition, full FESCs with
and without GDC infiltration are compared to confirm the
efficacy of GDC for enhancing performance under actual fuel
cell and electrolysis operating conditions.

2. Results and discussion
2.1 The effect of GDC concentration

GDC infiltration was done in a single step from aqueous
nitrate solutions of GDC precursors with different
concentrations, 0.1, 0.5, 1, and 2 mol L. These solutions are
referred to as GDC0.1, GDCO0.5, GDC1, and GDC2, respectively.
Fig. 1 shows SEM fracture cross sectional images of Ni-YSZ
functional layers after infiltration with different GDC solution
molarities, heating to temperature, and electrochemical
characterization in 3 vol.% H,0-humidified H, at 600—-800 °C for
~2 h. Note that prior studies have already established that this
infiltration process yields the desired GDC phase, and that they
do not react with Ni or YSZ under the conditions utilized
here.14.21.22 GDC nanoparticles are readily observed on internal
pore surfaces for > 0.5 M GDC solutions, but there are only a
few small GDC nanoparticles apparent for Ni-YSZ:GDCO.1. The
nanoparticle size and coverage generally increased with
increasing GDC solution molarity. Comparison of SEM images
taken at different locations within the electrodes shows that the
GDC particles are uniformly distributed. Images of the Ni—YSZ
support layers (Fig. S1 in the Supporting information) generally
look similar. Thus, the infiltration process was able to produce
GDC nanoparticles throughout the Ni-YSZ support and
functional layer. Note that the morphological features of
electrodes in electrode-supported cells (Fig. S2) are almost
identical to those in Fig. 1, not surprising because they were
prepared from the same slurry and fired under the same
conditions.
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Fig. 1 Cross-sectional SEM images of the surface-modified Ni—
YSZ functional layers (after electrochemical characterization):
pristine; (single-step) infiltration of 0.1 M GDC; infiltration of 0.5
M GDGC; infiltration of 1 M GDC; and infiltration of 2 M GDC.

Fig. 2 shows Nyquist plots of the EIS spectra (after inductance
subtraction) for the FESCs and ESCs with different
concentrations of GDC solutions infiltrated, including best fits to
the data using the equivalent circuit model (ECM) discussed
later (Fig. 5). The measurements were carried out in 3 vol.%
H,0O-humidified H, at 600-800 °C. Fig. 3 summarizes the
polarization resistance (R,) taken from the Nyquist plot high and
low frequency intercepts, for the FESCs and ESCs. Across all
temperatures, the R, values were decreased by infiltration of
GDC into Ni-YSZ; 0.1 M GDC produced a substantial decrease,
with the minimum value at 0.5 M GDC for the FESC, but slight
increases for further increases in molarity. Similarly to the FESC,
the Ry values in the ESC were found to decrease by addition of
GDC with minimum values found at 1 M GDC. In general, the R,
values were much lower for the ESCs than the FESCs. The
reduction in R, becomes more significant with decreasing
temperature, i.e., GDC infiltration is especially effective at
reduced temperatures.
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Fig. 2 Nyquist plots of the impedance spectra measured for the
FESCs with different concentrations of GDC solutions infiltrated
at (a) 800, (b) 700, and (c) 600 °C, and for the ESCs at (d) 800,
(e) 700, and (f) 600 °C. All the spectra include the best fits (solid
lines) to the data using the equivalent circuit later described in
Fig. 5. The number labels (-1 £ n < 5) above each impedance
spectrum give the frequency in 1x10"” Hz. The measurement was
carried out in a 3 vol.% H,0-humidified H,.
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Fig. 3 Temperature-dependences of the polarization resistance
(Rp) determined from the impedance data for the (a) FESCs and
(b) ESCs with different concentrations of GDC solutions
infiltrated.

Since SOC electrode polarization processes (Px) are often
overlapped in EIS spectra, DRT analysis is used to help separate
and understand the electrochemical mechanisms. EIS data such
as that shown in Fig. 2 were utilized for the DRT calculation. The
DRT results for FESCs are compared with those for ESCs in Fig.
4, The present DRT analysis coupled with data reported in
previous literature suggests the following four distinct
processes observed in all FESC and ESC spectra:23 (i) Pgs (~ 104
Hz), associated with the grain boundary resistance in the YSZ
phase of the Ni-YSZ electrode; (ii) Pgz- (~ 10>-103 Hz),
correlated to oxygen vacancy transport within the YSZ phase of
the Ni-YSZ electrode; (iii) Pexn (~ 101-102 Hz), representing the
electrode/gas interfacial reaction; and (iv) Pgs (~ 1-3 Hz),
representing gas diffusion in the fuel-electrode support layer
(FESL) and in the stagnant gas layer (SGL) above the electrode.??

The GDC infiltration decreases responses in the mid-
frequency range, namely Pgg, Pg2-, and Puy, for both types of
symmetric cells. The decrease in P, is expected based on prior
work,141520 and is explained by additional TPB length or
reaction area provided by the GDC nanoparticles. GDC also
decreases Pgy2-; apparently it enhances the ionic conductivity
normally associated with YSZ, perhaps via surface conductivity
amongst infiltrated particles. The process at high frequency Pgs
decreases slightly with increasing GDC content; while the
infiltration is not expected to directly impact a grain boundary
process, it may indirectly decrease Pgg if the GDC conduction
short-circuits the ionic conduction through YSZ. The small
additional response in the frequency range of Py, for Ni—
YSZ:GDC1.0 is probably associated with diffusion limitations in
the porous fuel-electrode, since it becomes visible at a higher
frequency than gas diffusion in the support.23 For the ESCs, Pgas
is almost negligible and remains constant, regardless of
temperature. In contrast, the FESCs show relatively large Pgas
resistances. The observed temperature dependence of Pgs is
not normally expected, but could be explained by an
overlapping of the gas conversion and gas diffusion processes
at low frequency (~ 1 Hz).2*
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Fig. 4 Distribution of Relaxation Times (DRT) of the EIS spectra
obtained from FESCs with (a) pristine Ni=YSZ, (b) Ni-
YSZ:GDCO0.5, and (c) Ni-YSZ:GDC1. DRT of the EIS spectra
obtained from ESCs with (d) pristine Ni—-YSZ, (e) Ni-YSZ:GDCO.5,
and (f) Ni-YSZ:GDC1.

Based on the above DRT observations, the physically
meaningful ECM represented in Fig. 5 was developed, where
Rohm is associated with the ionic resistance of the electrolyte
and RQgs (RQ: a resistance R in parallel with a constant phase
element Q) is associated with Pgg?> The processes Pyz- /P,
which can be regarded as the main factors limiting the hydrogen
oxidation reaction (HOR) and steam reduction reaction (SRR),
were included in a simplified transmission line model (TLM)
based on a simplified electrode structure consisting of
cylindrical pores with length L (the electrode thickness)
together with percolated networks of ionically conducting (YSZ)
and electronically conducting (Ni) particles.23.25-27 Given that
the electrode’s electronic resistance (R,-) is much lower than
the oxygen ionic resistance (Rgz-), the impedance of simplified
TLM can be described:

ZTLM = }\Roz— COth(L/}\); A= \[(;/Roz— (1)
where  represents the RQ element modeling the electrode/gas
interface. Lastly, the low frequency (gas diffusion) region is
modeled by a generalized finite length Warburg element W
having the following impedance:28

tanh[(jwTy)™W]
(Jwtw)™w

Zw = Ry (2)

where, Rw is the dc diffusion resistance, ny, is an exponent (0 <
nw< 0.5) implying the degree of non-uniform diffusion, and the
diffusion coefficient D of the species is calculated from the time
constant ty, as:

LZ
tw=7 (3)

For the FESCs, L is the thickness of the fuel-electrode support
layer and the effective diffusion coefficient in the porous
structure is given by

D= DHZ/HZO = (4)

T
where Dy, /u,0 is the diffusivity of the Hy/H,0 mixture, € is the

porosity of the FESL, and t is its pore tortuosity. € and t of the
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FESL were determined to be ~0.35 and ~1.52, respectively, by a
stereological analysis of electrode images (presented in Fig. S3).
For the ESCs, diffusion through the thin Ni—YSZ layer is fast such
that mass transport is limited instead by the stagnant gas layer
above the electrode, with diffusion coefficient D = Dy, /y,0

and unknown thickness L.

Ni-YSZ SGL

Fig. 5 A diagram illustrating the idealized electrode structure
and the associated equivalent circuit model (ECM).

The above model was used to fit the impedance spectra
employing a complex nonlinear least squares (CNLS) fitting
method. The resultant fits to the EIS spectra are presented in
Fig. 2. Fig. 6 illustrates the three components in the fits for the
example of cells infiltrated with 0.5 M GDC measured at 600 °C
in 3 vol.% H,0-humidified H,. The RQes element is small but
clearly discernable in both the FESC and ESC. The TLM-derived
spectrum at intermediate frequencies exhibits a semicircle
coupled with a 45° line in the Nyquist plot that implies the
combination of hydrogen/steam surface reaction at the
electrode/gas interface and the charge (02?") transport. The
most noticeable difference between FESC and ESC in Fig. 6 is the
much smaller Warburg gas diffusion resistance Ry for the ESC.
Although this makes sense given that the electrode is much
thinner (20 um vs. 350 um) for the ESC, a calculation using eqns
(2)—(4) with £=0.2 and 7= 1.89 for the ESC fuel electrode yields
Rw much smaller than measured (Fig. 6b).2° Thus, we suggest
that the Warburg response in the ESC arises mainly from
diffusion through a stagnant gas layer over the fuel electrode.?3
Using the Dy, /y,0 value obtained from fitting the FESC results,
the stagnant gas layer thickness on the ESC is estimated to be
~500 um. Additionally, a quantitative test to determine the TPB
line-specific resistance Ris for the YSZ phase was performed
using the data extracted from the TLM and from 3D
tomography. Ris showed good agreement with the values found
in literature when calculated by EIS analysis (see Fig. S4).30
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Fig. 6 Nyquist plots of EIS data measured at 600 °C in 3 vol.%
H,0-humidified H, from the (a) FESC and (b) ESC with Ni—
YSZ:GDCO0.5s. Bode plots of EIS data from the (c) FESC and (d)
ESC with Ni—YSZ:GDCO.5s. The yellow solid line and the blue/red
dashed lines represent RQgss, TLM, and gas diffusion,
respectively, and the black solid line represents the overall
fitting.

Fig. 7 summarizes how the key electrode processes are
affected by different infiltrated GDC solution concentrations.
The Rgp2- and Rixn values were noticeably reduced by the GDC
infiltration. This might be explained as follows.1423.31.32 For Ni—
YSZ, the electrochemically active regions are typically restricted
to TPBs (Ni|YSZ|gas). The presence of mixed-conducting GDC
nanoparticles on the Ni-YSZ surface may enlarge the HOR/SRR
active site area, reducing Rin. The high oxygen ion conductivity
of GDC may also provide a parallel pathway for oxygen ion
transport in addition to the YSZ, reducing Rgz-. The increase in
Rin seen at high GDC solution molarity suggests that the
excessive GDC nanoparticles could reduce the GDC surface area
or cover key surface sites such as Ni—YSZ TPBs. The gas diffusion
resistance gradually increases with increasing the GDC
concentration; this is expected because the effective gas
diffusivity is proportional to the electrode pore volume fraction,
which decreases as the pores become increasingly filled with
GDC.
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Fig. 7 (a,b) Rgz- and (c,d) Rxn values as a function of GDC
concentration at different temperatures for the fuel-electrode-
supported (a,c) and electrolyte supported cells (b,d). (€) Dgas
values as a function of GDC concentration at different
temperatures for the fuel-electrode-supported cell. Rgyz- is
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normalized to the geometrical electrode area and divided by
the electrode thickness L (~20 um).

2.2 The effect of steam content on FESCs

The fuel composition in a SOC stack typically varies over a
wide range.3334 Thus, it is important to know the fuel electrode
characteristics at different H,/H,0 ratios. Here we describe EIS
measurements on FESCs with Ni—-YSZ and Ni-YSZ:GDCO0.5
electrodes for a range of H,O/H; ratios from 10%/90% to
90%/10% and temperatures from 600—800 °C. Fig. 8 shows
Nyquist plots of selected EIS data measured at 600 °C (see Fig.
S5 for the EIS data at 700 and 800 °C), including best fits to the
data using the ECM in Fig. 5. Fig. 9 summarizes R, values of both
electrodes at different fuel compositions as a function of
temperature. Similarly to the data reported in previous
literature concerning the steam effect on Ni—YSZ electrode
performance,?33132 3|l R, values decreased with increasing the
steam content at each temperature. The Ni-YSZ:GDCO.5 yields
lower Ry in all cases, but especially at lower temperature.
Although the overall trend is for R, to decrease with increasing
steam content, the high-frequency response for 600 and 700 °C
actually increases for Ni-YSZ:GDCO.5 when the steam content is
increased above 10 vol.%; this is offset by a substantial decrease
in the low frequency response.
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Fig. 8 Nyquist and Bode plots comparing selected impedance
spectra for FESCs with (a,b) Ni-YSZ and (c,d) Ni-YSZ:GDCO.5,
measured at 600 °C with steam content in H; varied from 10 to
90 %. All the spectra include the best fits (solid lines) to the data
using the equivalent circuit described in Fig. 5.
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Fig. 9 Polarization resistance (Rp) vs. steam content at different

temperatures for the FESCs with (a) pristine and (b) 0.5 M GDC-
infiltrated Ni—YSZs.
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The effect of the H,O—H, mixture on the electrochemical
mechanisms were analyzed using the ECM described in Fig. 5.
The fits are shown in Fig. 8 for the FESC with Ni—-YSZ and Ni-
YSZ:GDCO0.5 at 600 °C, and for the other temperatures in Fig. S5.
The electrical parameters from the fitting are compared at 600
°C in Fig. 10 and for the other temperatures in Fig. S6. The
infiltrated cell exhibits much lower values of Ryz- and Rixa at
low steam content (consistent with the data taken at 3 vol.%
H,0 in Fig. 7) and low temperature, but the difference narrows
at higher steam contents and temperatures. Starting with Ni—
YSZ, Rp2- and Rixn both decrease with increasing steam content.
This can be explained by the H,O—Ni interaction accelerating
atomic hydrogen diffusion as well as hydrogen dissociative
adsorption on the Ni surface.?33132 Furthermore, the
dissociative adsorption of H,O on YSZ near TPBs can help
decrease Rin.3! For Ni-YSZ:GDCO0.5, Ryz- remains constant
regardless of the steam content; however, R, increases with
increasing steam content and the values are similar for the
infiltrated and non-infiltrated electrodes at 90 vol.% H,O.
Noting that the catalytic effect of GDC arises from its mixed
conductivity in a reducing atmosphere, the increase in Rixn may
reflect that GDC becomes less electronically conductive under
high steam, and thereby its catalytic activity decreases. The gas
diffusivity increases rapidly with increasing steam content for
Ni—YSZ, as expected because higher steam contents are
required for effective mass transport given the lower inherent
diffusivity of H,O compared to H,. A similar trend is observed
for Ni-YSZ:GDCO0.5, but diffusivity values are lower. This
presumably reflects the fact that GDC infiltration reduces the
pore volume available for gas diffusion.
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Fig. 10 (a) Rg2-, (b) Rixn, and (c) Dgas values as a function of H,0
fraction for the FESCs with Ni—-YSZ and Ni-YSZ:GDCO0.5
electrodes measured at 600 °C.

2.3 Full cell results
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Sr(Tio.3Fe0.63C00.07)03 (STFC) was selected as the oxygen
electrode because of its improved electrochemical performance
and stability compared with the commonly used
(Lao.6Sro.4)(Coo.2Feo.8)03 (LSCF) electrode.3> Full FESCs with STFC
oxygen electrodes were constructed to evaluate the effect of
GDC infiltration under practical operating conditions. Some of
these cells had fuel electrode supports similar to those in the
above-described symmetrical cells, with € = ~0.35 (see Fig. S7).
Given the significant resistance introduced by gas diffusion in
those cells, modified cells with increased support-layer porosity
(e = ~0.55; see Fig. S3(b)) were also prepared and tested. Figs.
11(a) and (b) present the current-voltage results for the Ni—
YSZ:GDCO.5 electrode cell with € = ~0.55 — the fuel cell
characteristics were measured in 3 vol.% H,0-humidified H, and
air (Fig. 11(a)) and the steam electrolysis characteristics in 50

vol.% H,0-humidified H, and air (Fig. 11(b)). For comparison, Fig.

S7 shows the corresponding results for the cells with pristine
Ni—YSZ and Ni-YSZ:GDCO.5 (¢ = ~0.35). The open-circuit voltage
(OCV) ranged from ~1.06 at 800 °Cto ~1.10 V at 600 °Cin 3 vol.%
H,0, and ~0.95 V to ~1.03 V in 50 vol.% H,0. The GDC-infiltrated
cell with € = ~0.55 vyielded fuel cell maximum power density
from 0.61 at 600 °Cto 2.25 W cm~2at 800 °C. The current density
at 1.3 Vin electrolysis mode ranged from 0.38 at 600 °C to 2.22
A cm=2 at 800 °C. These values are higher than for the
corresponding cells with ¢ = ~0.35 (Fig. S7); Fig. 11(c)
summarizes the performance enhancements due to GDC
infiltration, showing a larger percentage power density increase
at lower temperature. The comparison of relevant impedance
spectra for both cells, presented in Figs. S8 and S9, clearly
indicates the R, reductions arising due to both GDC infiltration
and increased support porosity.

Fig. 11(b) shows the expected decrease in cell resistance with
increasing temperature in both fuel cell and electrolysis modes.
The j-V curves show no obvious indication of limiting current
behavior, in contrast with the low-support-porosity cells (g =
~0.35) shown in Figs. S7(b) and (d), which shows pronounced
concentration polarization especially in electrolysis mode. Fig.
11(d) compares the electrolysis current density measured at 1.3
V vs. temperature for the Ni—YSZ and Ni—YSZ:GDCO.5 electrode
cells with different support porosity. For low porosity, GDC
provides a substantial enhancement at low temperature, but
lesser enhancement at higher temperature where the
performance is mainly limited by gas diffusion. With the
additional support porosity eliminating the gas diffusion
limitation, the GDC infiltration provides a continuous increase
in current density with increasing temperature. Clearly, the cell
performance was improved substantially by increasing the Ni—
YSZ support porosity, especially given that GDC infiltration
reduces the available pore volume. In summary, these results
verify the efficacy of GDC for enhancing the electrochemical
performance of Ni-YSZ in full cells. Ni-YSZ fuel electrode
degradation was not a focus of this study, but initial full-cell life
test results (Fig. S10) show that GDC infiltration improves
stability during electrolysis, consistent with prior reports.14.22
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Fig. 11 Electrochemical characteristics of the Ni—-YSZ-supported
SOC with Ni-YSZ:GDCO.5 (e = ~0.55) under the (a) typical fuel
cell operating condition (3 vol.% H,O-humidified H, and air) and
(b) steam electrolysis condition (50 vol.% H,0O-humidified H,
and air). Comparison of the maximum power densities in (c) fuel
cell mode and (d) current densities at 1.3 V in electrolysis mode
for the fuel electrode-supported SOCs with Ni—-YSZ (¢ = ~0.35)
and Ni—YSZ:GDCO0.5 (e = ~0.35 and ~0.55).

3. Conclusions

The present results provide insights into how GDC infiltration
affects the electrochemical characteristics of Ni-YSZ fuel
electrodes. GDC introduced at an appropriate infiltrate solution
concentration substantially reduces the polarization resistance
of Ni-YSZ electrodes in both electrolyte-supported and fuel-
electrode-supported cells. Analysis of electrochemical
impedance spectroscopy data allowed development of a model
of the porous electrode, vyielding insights the
electrochemical processes:

1) GDCinfiltration reduces the reaction resistance associated
with three-phase boundaries. This is in accord with prior
studies,’* and has generally been explained by an
expansion of the TPB density of the electrode;

2) In addition, GDC infiltration appears to improve oxygen
transport in the electrode. The latter suggest that oxygen
ion transport, occurring in or on the surface of the
infiltrated GDC phase, can augment than in the YSZ phase;

3) The GDC effect is less pronounced in the fuel-electrode-
supported cell geometry because the thicker Ni—-YSZ layers
yielded significant concentration polarization. Indeed,
achieving high current density electrolysis operation
requires fuel-electrode supports with relatively high
porosity;

4) Too-large infiltrated GDC amounts exacerbate
concentration losses by reducing electrode porosity;

into
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5) The effect of GDC was less pronounced at high steam
concentrations, probably because GDC tends to lose its
electronic conductivity, and hence its catalytic activity,

under high steam conditions;

6) The gas diffusion resistance decreases with increasing
steam content, by allowing relatively faster transport of the
relatively slow diffusing H,0;

7) Increasing the H,O fraction in the H,—H,O fuel mixture

reduced both the three-phase boundary resistance and the
gas diffusion resistance for Ni—YSZ; however, with GDC
infiltration, the electrode resistance showed less variation
with fuel composition.

4. Experimental
4.1 Cell fabrication

Two different symmetric cell types were prepared: (i)
electrolyte-supported (ESCs) and (ii) Ni—-YSZ fuel-electrode-
supported symmetric cells (FESCs). Both cell types were
produced by tape casting and lamination. The electrode
functional layer was cast from a slurry containing 50 wt.% NiO—
50 wt.% YSZ. The YSZ electrolyte layer was cast from a slurry
with YSZ (Tosoh) mixed with 1 mol.% Fe,0j3 sintering aid. For the
ESCs, the final fired thicknesses were ~400 um for the YSZ
electrolyte and ~20 um for the Ni-YSZ functional layers. The
support layer for the FESCs was cast from a slurry containing 45
wt.% NiO—45 wt.% YSZ-10 wt.% starch. In some cases, the
porosity of the support layer was increased by adding additional
graphite pore former, with the composition 39 wt.% NiO—-39 wt.%
YSZ-10 wt.% starch—12 wt.% graphite. For the FESCs, the final
fired thicknesses for the YSZ electrolyte, Ni—YSZ functional
layers, and Ni—-YSZ support layers were ~8, ~20, and ~350 um,
respectively. The tape lamination was carried out at 70 °C for 5
minutes under a pressure of ~22 atm. The resultant laminates
were co-sintered at 1250 °C for 4 h.

For the fabrication of fuel electrode-supported full cell, NiO—
YSZ supported half-cells were first prepared through tape
casting, lamination, and pre-sintering (at 1150 °C for 2 h). The 3
mol.% Fe,0s3-doped GDC layers were formed on the YSZ
surfaces of half-cells via dip-coating process, followed by co-
sintering at 1250 °C for 4 h. Note that the desirable amounts of
Fe,0s3 (Alfa Aesar, 99.8 %) were added into the YSZ and GDC to
obtain a sufficiently high density at the 1250 °C firing
temperature.?® The final fired thicknesses of support, functional
layer, YSZ electrolyte, and GDC layer were approximately 350,
20, 8, and 1 um, respectively. The 8-um thick STFC layers (active
area: 0.5 cm?) were screen-printed onto the GDC electrolyte
layers of the half-cells and then sintered at 1050 °C at 3 h (See
Fig. S11).

4.2 GDC infiltration

The GDC solutions were prepared by dissolving desired
amounts of Gd(NOs)3-6H,0 and Ce(NOs);3:6H,0 in distilled water.
Triton X-100 and citric acid were additionally added into the
GDC precursor solution as a surfactant and a chelating agent,
respectively. The cells were pre-reduced with 3 vol.% H,O0-

This journal is © The Royal Society of Chemistry 20xx

humidified H, at 700 °C for 5 h to obtain sufficiently porous Ni—
YSZ structure for the penetration of GDC precursor solution.
Symmetric cells were pre-reduced in a furnace, whereas the full
cells were reduced in the cell test setup in which the cell could
be removed for infiltration followed by re-sealing into the
testing rig. The cell microstructure after reduction is similar to
that reported previously, and is shown in Fig. S12. Infiltration of
10 pl of GDC solution into the porous scaffold was then carried
out followed by in situ thermal conversion during the SOFC
startup, i.e., by heating in 3 vol.% H,0O-humidified H, at 5 °C/min
to 600 °C. It appears that the nitrate and organic components
of the infiltrate were effectively removed by this procedure
prior to cell testing, which is similar to that employed
previously.14.21,22

4.3 Electrochemical characterization

For the symmetric cell testing, Ni-meshes adhered to both Ni—
YSZ support by using Ag paste (DAD-87, Shanghai Research
Institute of Synthetic Resins) for current collection. The
electrochemical impedance spectroscopy (EIS) was carried out
at 600-800 °C in various H,O—H; mixtures with steam content
from 3 vol. % to 90 vol.%. The EIS data were collected under
open circuit conditions with an M6 Electrochemical
Workstation (ZAHNER) by using a 20 mV ac signal in the
frequency range of from 0.1 Hz to 100 kHz. The complex
nonlinear least squares fitting of the EIS data and simulations of
the individual circuit elements were performed using software
programmed in Python that relies on the scientific Python
stack.36-38

For the full cell testing, the gold grids (Heraeus) were screen-
printed on the STFC oxygen electrodes for current collection.
The cells were mounted/sealed on alumina tubes using silver
paste. During the electrolysis testing (or fuel cell testing), 50 vol.%
H,0 (or 3 vol.% H,0) humidified hydrogen and air were supplied
into the fuel and oxygen electrodes, respectively. The
polarization (current vs. voltage) curves and the impedance
spectra of the cells were obtained at 600—-800 °C.

4.4 Materials characterization

The microstructural observation was performed on the post-
test cells through scanning electron microscopy (SEM, Hitachi S-
4800).
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