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Perovskite Electrode

Rapid Fabrication of Electrodes for Symmetrical Solid Oxide

Cells by Extreme Heat Treatment

Weiwei Fan*, Zhu Sun*, Manxi Wang, Manxian Li, and Yuming Chen*

Symmetrical solid oxide cells (SSOCs) are very useful for energy generation and
conversion. To fabricate the electrode of SSOG, it is very time-consuming to
use the conventional approach. In this work, we design and develop a novel
method, extreme heat treatment (EHT), to rapidly fabricate electrodes for
SSOC. We show that by using the EHT method, the electrode can be fabricated
in seconds (the fastest method to date), benefiting from enhanced reaction
kinetics. The EHT-fabricated electrode presents a porous structure and good
adhesion with the electrolyte. In contrast, tens of hours are needed to prepare
the electrode by the conventional approach, and the prepared electrode
exhibits a dense structure with a larger particle size due to the lengthy
treatment. The EHT-fabricated electrode shows desirable electrochemical
performance. Moreover, we show that the electrocatalytic activity of the
perovskite electrode can be tuned by the vigorous approach of fast exsolution,
deriving from the increased active sites for enhancing the electrochemical

water!""'*] (Figure 1a). SOC consists of dense
electrolytes that conduct ions (i.e. O~ or HY),
porous anodes and cathodes that conduct both
ions and electrons, and mixed ionic and electro-
nic conductors (MIECs). Different from the tra-
ditional SOCs (anode and cathode are different
materials), symmetrical solid oxide cells
(SSOCs, anode and cathode are the same mate-
rial) not only simplify the fabricating process
but also minimize the compatibility issues com-
ing from the interfaces of electrode/
elecurolyte.[ls*l ] Therefore, in recent years,
SSOCs have attracted broad attention in the all-
solid electrochemical cell field.H'*!¢:17]

Due to the sluggish diffusion of active spe-
cies, it is generally tedious and time-consuming
to prepare SSOC’s electrode by the conventional

reactions. At 900 °C, a promising peak power density of 966 mW cm ™ is
reached. Our work exploits a new territory to fabricate and develop advanced
electrodes for SSOCs in a rapid and high-throughput manner.

1. Introduction

Solid oxide cell (SOC), which can be operated in two modes with high
efficiency, is an important technique for energy generation and
convention.!'™ One mode is the solid oxide fuel cell (SOFC), which
can produce electricity in an environment-friendly manner by oxidiz-
[7-10]

ing fuel gas, and the other mode is the solid oxide electrolysis cell

(SOEC) which can generate hydrogen and oxygen via electrolyzing
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approach.['®* To be more specific, first, the
solid precursors need to be calcined for several
or even tens of hours at high temperature to
acquire the MIEC electrode powders with the
desired phase. It is worth noting that, because
of the low heating rate (Figure S1, Supporting
Information) of the heating facility applied in the conventional
approach, several hours are required to reach the calcining temperature,
which greatly affects the efficiency of the electrode fabrication. Subse-
quently, the as-synthesized electrode powders are dispersed into a dis-
persant to form a slurry, which is then pasted on the airtight
electrolyte. To obtain good contact between the electrode and the elec-
rolyte, the printed ink needs to be sintered at a high temperature for
several hours (Figure 1b). Due to the long-time sintering, the phenom-
enon of particle coarsening is usually severe, resulting in a decrease in
the specific surface area of the working electrode and eventually affect-
ing cell performance. Overall, limited by the heating and cooling ramp,
achievable temperature, and low reaction kinetics, generally tens of
hours are required to prepare the MIEC electrodes for SSOCs by the
conventional approach,!'®!7?*¢] greatly restricting the production
and development of SSOCs.

From thermodynamics (K=¢ % ®D) and kinetics (k=A¢
Ba/BDY  points of view,[?”*#]

through the solid-state reaction (Figure S2, Supporting Informa-

to form a new solid phase

tion), high reaction kinetics could be expected at high tempera-
tures, profiting from the lifted driving force to expedite the
solid reaction processes. In other words, if the system could
bypass the low-efficiency reacting region and directly go into
the high-efficiency reacting region, there stands a good chance
to acquire the desired phase rapidly. Conventionally, the hea-
ting/cooling rate is generally less than 100 °Cmin~'. However,
a very high heating/cooling rate of ~10°Ks™' was recently
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Figure 1. a) Schematic of the solid oxide cell (SOC). A solid oxide fuel cell can produce electricity
by oxidizing a fuel. Regarding the solid oxide electrolysis cell, it can electrolyze water to generate
hydrogen and oxygen gases. b) Workflow of the preparation of electrodes for symmetrical solid
oxide cells (SSOC) by the conventional approach. c¢) Workflow of the fabrication of electrodes for
SSOC by the EHT method. d) Comparison of the fabrication parameters between the EHT and the

2. Results and Discussion

2.1. Crystal Structure and
Micromorphology of the EHT-Fabricated
Electrodes

Considering that Ti-based perovskites[35737] are
broadly used in symmetrical solid oxide cells
because of their favorable structure stability, Ti-
based lanthanides with perovskite structures were
selected as model materials in current study. To
demonstrate the feasibility of rapidly fabricating
electrodes for SSOCs by the EHT method, fully
mixed Lag43Cag3;TiO3_s (LCT) precursor ink
was spray-printed on the surface of the electro-
lyte through a customized mask by MASTER air-
brush (Figure 2a). After placing the cell in the
home-made setup, an optimized current of
~19.5 A was supplied to the system via a pre-
cisely programmable power supply. During the
EHT, the temperature rapidly reached ~1600 °C
within ~4 s. Particularly, a rapid heating rate of
~10*°Cmin~" could be attained by the EHT
method, which is much higher than that of the
conventional ~approach (usually less than
10*°Cmin~"). After the EHT for several sec-
onds, a series of characterizations were con-

conventional methods.

reported[zg] when using carbon nanofiber as a heater. Benefiting
from the high temperature, up to octonary high-entropy-alloy
nanoparticles were successfully synthesized. Therefore, we natu-
rally question whether the electrodes of SSOCs could be rapidly
obtained under extreme conditions.

In this work, with the motivation of fabricating electrodes for
SSOCs in a rapid way, we designed and developed a novel recipe
called extreme heat treatment (EHT). Considering that perovskite
electrodest** %] are widely used for SSOCs because of their reasonable
cost, MIEC property, and formidable structural stability,****]
kite electrodes were adopted as model materials. During explorations,
we found that the eventual phase and microstructure of the electrodes
were closely related to the texture of the carbon support applied.

perovs-

Herein, a customized carbon paper was applied as the heating source
and support. Before conducting the EHT, fully mixed precursor ink was
sprayed on the surface of the electrolyte, which was subsequently
placed between the as-tailored carbon papers (Figure 1c and Figure S3,
Supporting Information). We showed that after EHT for ~10s at
~1600 °C, the EHT-fabricated electrode presented a single perovskite
phase with a porous structure and good adhesion with the electrolyte,
indicating that the working electrode could be successfully fabricated in
seconds by the EHT method. However, it took more than 40 h to pre-
pare the electrode using the conventional approach (Figure 1d). Bene-
fiting from the short-time treatment, the EHT-fabricated electrode
showed a smaller particle size as compared to that prepared by the con-
ventional approach. Moreover, the EHT-fabricated electrode showed
promising electrochemical performance, and improved performance
was achieved after post-treatment. This work establishes a new way of
fabricating and screening electrodes for SSOCs.
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ducted on the EHT-fabricated electrodes. Here, it
is worth noting that for fabricating electrodes for
symmetrical solid oxide cells by the EHT
method, the EHT parameters (such as temperature, time, carbon paper
thickness, etc.) relate closely with the crystal structure, microstructure,
and performance of the electrode products. For example, generally,
long treating times can bring about large particles and dense electrodes,
while short treating times can give rise to impurity phases, resulting in
an inferior performance. By tuning EHT parameters, there stands a
good chance to fabricate other types of perovskite electrodes.

For SSOCs, generally, the electrode’s crystal structure has an intimate
influence on the eventual electrochemical performance. Therefore, the
XRD technique was performed to study the crystal phase of the EHT-
prepared electrodes. Compared to that of the LCT precursor (Figures S4
and S5, Supporting Information), it was found that after ~10s treat-
ment, the main diffraction peak of the EHT-prepared LCT (LCT-EHT)
shifted to a higher 20 angle, accompanied by the formation of new
peaks (Figure S6, Supporting Information). This finding implied that
the solid-state reaction dynamically took place among the precursors
during the EHT (Figure 2b). To acquire more information about the
crystal structure of LCT-EHT, LCT oxide was also prepared by the con-
ventional approach (LCT-Con). It was demonstrated that for obtaining
the desired perovskite phase, two-step calcination of the mixed powders
was needed, 1100 °C 20 h and 1350 °C 20 h, suggesting that the reac-
tion kinetics were very slow. The results showed that the LCT-Con
oxide possessed an orthorhombic structure (Figure 2c and Figure S7,
Supporting Information). For more clarity, the XRD pattern of a fresh
YSZ electrolyte was also measured. To our surprise, it was observed that
apart from the diffraction peaks coming from the YSZ electrolyte, the
rest of the peaks matched well with those of the LCT-Con, indicating
that the electrode with a perovskite structure was successfully acquired
after BHT for ~10s. Moreover, no distinctly additional peaks were
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Figure 2. a) Temperature profile of the EHT method, picture of the spray printing, and the EHT-fabricated SSOC. b) lllustration of the formation of a new
solid product among raw materials. A strong driving force can be supplied to the system by the EHT method, giving rise to a high reaction kinetics. c)
Crystal structure of the LCT-EHT and LCTN-EHT perovskites, which can be represented by a 3D framework of BOg octahedrons filled with A-site cations in
the interstitial space. Blue spheres represent La/Ca, purple spheres represent Ti/Ni, gray spheres represent O. d) XRD profile of the LCTN-EHT electrode. For
comparison, the XRD profiles of LCTN-Con and YSZ are also shown. e) SEM image of the surface view of the LCTN-EHT electrode. The inset shows the
corresponding particle size distribution. f) EDX mapping of the LCTN-EHT electrode. Scale bar is 20 pm. g) SEM image of the cross-section view of the LCTN-
EHT electrode. Scale bar is 10 pm. h) Schematic of the fabrication of electrodes for SSOCs in a high-throughput way by the EHT method.

observed, suggesting that no detectable reaction took place between the
electrode and the electrolyte and that they had good chemical compat-
ibility.

Based on the defect chemistry, the electrocatalytic activity of the
ABO;-type perovskite electrodes can be tuned by doping other transi-
tion metal(s) at the B-site. Benefiting from the good catalytic activity
and reasonable cost of mnickel, Ni-doped perovskite electrodes are
broadly applied in $S0Cs.##3%391 Hence, a Lag.43Cag 37 Tip.94Nig 0603 _5
(LCIN) precursor (Figure S8, Supporting Information) was subse-
quently prepared and sprayed on the surface of the YSZ electrolyte to
further inspect the capabilities of the EHT method. The result showed
that after EHT for ~8s, the measured XRD pattern was a superposition
of the LCTN-Con and YSZ patterns (Figure 2d), indicating that an
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electrode with a perovskite orthorhombic structure was fabricated. Lat-
tice parameters of a=5.4699 A, b=7.7373 A and c¢=5.4637 A were
obtained for LCTN-EHT (Table S1, Supporting Information), which
were similar to those of LCTN-Con (Table S2, Supporting Information),
suggesting EHT is a promising approach to fabricating perovskite oxides.
In principle, for different solid-state reactions, the energy barrier should
be different, resulting in a difference in the treatment time.

The electrode’s microstructure, relating to gas diffusion, adsorption,
desorption, etc., is also important for the performance of SSOC. There-
fore, SEM was conducted to inspect the micromorphology of the EHT-
prepared electrode. The result showed that the LCTN-EHT electrode
presented a porous structure (Figure 2e), which is beneficial for the
electrochemical reactions occurring on the electrode. The average

© 2024 The Authors. Energy & Environmental Materials published by
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particle size of the LCTN-EHT electrode was 1.6 £ 0.5 pm. This was
primarily due to the rapid treatment, which greatly limited particle
growth. In contrast, the LCTN-Con electrode exhibited a dense micro-
structure, and the average particle size was 19 £ 7 pm (Figure S9, Sup-
porting Information). Moreover, the EDX result verified the
composition and good distribution of La, Ca, Ti, Ni and O elements for
the LCTN-EHT electrode (Figure 2f).

In addition, for SSOCs, a good adhesion between the electrode and
the electrolyte, associating closely with the charge transfer process, is
necessary. Thus, the cross-section view of the EHT-fabricated electrode
was inspected. The SEM result showed that the LCTN-EHT
electrode adhered well to the standard electrolyte and no apparent dela-
mination was detected (Figure 2g). Similarly, the LCT-EHT electrode
also showed desirable microstructure and good adhesion (Figures S10—
S12, Supporting Information), suggesting that the calcination and sin-
tering procedures could be rapidly accomplished in one step by the
EHT method. However, as to the conventional approach, it took more
than 43 h to obtain the working electrode. Moreover, another beauty
of the EHT method is that one can efficiently fabricate numerous cells
through patterning the mask and tailoring the carbon paper (Figure 2h
and Figures S13 and S14, Supporting Information). Overall, to fabricate
electrodes for SSOC, tens of hours are required by the conventional
approach, while only tens of seconds are needed by the EHT method,
demonstrating that EHT is a powerful method to fabricate electrodes in
a high-throughput manner.

2.2. Electrochemical Performance of the EHT-Fabricated
Electrodes

Electrochemical impedance spectra (EIS) were applied to study the elec-
trochemical properties of the EHT-fabricated electrodes. By using the
home-made setup (Figure S15, Supporting Information), the EIS data
were collected in the temperature range of 700-900 °C with an interval
of 50°C under open-circuit voltage (OCV). Regarding the EHT-
fabricated LCT (LCT-EHT), a polarization resistance (R,) of 99 Qcm’
was obtained in humidified (~3% H,O) hydrogen at 700 °C (Figure
3a), suggesting that the electrocatalytic activity of the LCT-EHT elec-
trode was commonplace. With increasing the environmental tempera-
ture to 900 °C, the R, value decreased to 7 Q cm?, which was mainly
ascribed to the thermal activation of the corresponding electrochemical
reactions occurring on the electrode.”*"! To investigate the stability of
LCT-EHT, the R, was monitored under OCV at 900 °C. During the
measurement, no substantial change in the R, value was detected
(Figure 3b), suggesting that the stability of the EHT-fabricated electrode
was desirable. Additionally, the redox-cycling performance of LCT-EHT
was also investigated at 900 °C. For one cycle, ultra-high-purity (UHP)
hydrogen was first introduced into the chamber, and then the hydro-
gen was switched to UHP oxygen after flushing with UHP argon. After
stabilization at each atmosphere, the EIS data was recorded. The results
showed that the R, value varied slightly under different cycles
(Figure 3c), suggesting that the LCT-EHT had good redox stability.
Subsequently, EIS measurements were conducted on the LCTN-EHT.
The results showed that, compared to LCT-EHT, lower R, values were
attained for LCTN-EHT. Across the whole temperature range, the R,
value changed from 8.4 at 700 °C to 0.8 Q am” at 900 °C (Figure 3d),
implying enhanced electrocatalytic activity on hydrogen oxidation. This
was primarily attributed to the additionally formed oxygen vacancies
after nickel doping, resulting from the electrochemical oxidation of

Energy Environ. Mater. 2024, 7, 12718

hydrogen.[*!) During the following operation, it was found that the Ry
value decreased gradually at first and then reached a plateau
(Figure 3e). At ~20h, the R, value went down to 0.44 Q cm®. The
decrease in R, is mainly derived from the exsolved nanocatalysts after
the chemical gas treatment (Figure S16, Supporting Information),
which could provide more active sites, thus enhancing the electroche-
mical oxidation of hydrogen.[“’“] When the exsolution process
reached equilibrium, the R, value came to a plateau concurrently. For
comparison, a new cell was also prepared using the conventional
approach. Briefly, LCTN precursors were first calcinated to achieve the
target phase. The prepared ink was then printed and sintered on both
sides of the electrolyte. The results showed that the R, value varied
between 51 and 4.4 Q cm? during the measurements (Figure S17, Sup-
porting Information). This inferior catalytic activity was presumably
ascribed to the dense structure and larger particle size of the LCTN-Con
electrode, which were detrimental to gas diffusion and reactant trans-
port. Figure 3f shows the hydrogen partial pressure dependence of R,
of the LCTN-EHT at different temperatures. The R, exhibited a linear
behavior, and the slope changed slightly at the measured temperatures,
suggesting a gas diffusion process, which generally has weak depen-
dence on the thermal activation.'**!

Since the catalysis primarily takes place on the exterior layers of the
catalyst,1***¢) decorating nanoparticles on the support is an efficient
approach to increasing the active sites, eventually enhancing the electro-
catalytic activity of the electrode.”*’ %1 Therefore, to further improve
the electrocatalytic activity of LCTN-EHT, we developed an advanced
approach to prepare the exsolution-based nanoparticle-decorated mate-
rials. Essentially, the exsolution of nanoparticles from the perovskite lat-
tice is a process of phase decomposition, and like the other kind of ion
diffusion-controlled precipitation, thermal potential could be a driving
force to trigger the exsolution/decomposition. A fast exsolution could
be expected at a high temperature due to the strong driving force sup-
plied to the system, which could enhance the exsolution kinetics. Sur-
prisingly, it was found that after treatment for ~10s at ~1400 °C in
5%H,/N, atmosphere, a large number of nanoparticles with good spa-
tial distribution formed on the surface of the LCTN-EHT support
(Figures S18 and S19, Supporting Information). As expected, much
lower R, values were acquired for the treated LCTN-EHT, suggesting
that the electrocatalytic activity of LCTIN-EHT was significantly
improved. As displayed in Figure 3g, with the increase in temperature
from 700 to 900 °C, the R, value went from 0.67 to 0.11 Q cm?. The
cell showed good stability during the operation (Figure S20, Support-
ing Information). To investigate the thermal-cycling performance of
the treated LCTN-EHT, the R, was recorded by cycling the environmen-
tal temperature. For one cycle, the environmental temperature was first
decreased from 900 to 700 °C and then increased from 700 to 900 °C.
During the measurements, a thermocouple was integrated close to the
cell to monitor the real temperature. No remarkable variation of the R,
was observed during the cycling (Figure 3h), implying favorable
thermal-cycling stability.

Activation energy (E,) related to the electrochemical reaction
mechanism is generally calculated from the following equation:

E

logR, = logRg— ————
O8% = 18R S 3 03RT

)

An E, value of 1.28 eV was attained for the LCT-EHT. As to the
LCTN-EHT, an E, value of 1.16 eV was achieved, while it reached

4 of 8 © 2024 The Authors. Energy & Environmental Materials published by

John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85U801 SUOLILLOD 3A 18810 Bdeal (dde 8y Aq peusenob e sejoile VO ‘8sn Jo S8|nu o} Akeld ] 8uluO A8]IA UO (SUORIPUOD-pUR-SLUBIALIO" A3 1M Ae.q) BUl UO//SdNY) SUORIPUOD PUe SWiB | 8U1 88S *[7202/60/6T] U0 Areiqiauluo A8|im ‘AseAIUN IXUeYS AQ 8T/ZT ZUWe/Z00T 0T/I0p/Wod A8 Im Aleiqpul|uoy/Sdny Woij papeojumod ‘G ‘vZ0Z ‘9SE05.52



Energy &
Environmental Materials

@ 12 (b) 15 © 1
s 700°C a 750°C LCT-EHT
90 4 800°C a 850°C
4 900°C
Ee o~ 104 “— Gas reforming
g 60 Y g g
é LBl L é A—A-A A A-AA A 4 A AA 4 a-a é 54 H’ 0o,
Ry 30 pasah a5 e
' ;‘\c‘: “\ = - Gas reforming
04
T T T T 0 T T T T T T T T 0 T T T T T T T
0 30 60 90 120 0 10 20 30 40 50 60 70 0 5 10 15 20 25 30
Z (Qem’) Time (h) Cycle
(d) (e) )
10 1.0 15
A 700°C 4 750°C LCTN-EHT
84 a4 800°C & 850°C ; o0-C
A 900°C =~ 1.0 00°C v A ;.
64 o N g 750°C A . X
g g N\ s 1 ke Aoa
é N LCTN-EHT é 05 N S 0.5{800°C ae .
= ~ T ” 850 °C Ao T A
N ™ %0 e .
Y29 Mg & 0.04900°C A
. T
0 .
T T T T T T v 00 T T T T T T T -05 T T T T T
0 2 4 6 8 10 0 10 20 30 40 50 60 70 08 06 -04 -02 00
Z(Q cmz) Time (h) log(pH, (atm))
(C) Iy (h) 55 (U
700°C 4 750°C —e— 1st A LCT-EHT
800°C & 850°C LCTN-EHT E =1.28eV
0.6 A 900 °C 0.6+ A Treated LCTN-EHT ‘
" R
504 Treated LCTN-EHT § o4l -
) c T
S N P E =092¢eV
&I] 2 ot AA‘“\ %Q‘ 0.24 //JA
ol AR\
T T T T 0.0 : . . . , T T r T T T
00 02 04 06 08 700 750 800 850 900 0.84 088 092 0-961 1.00  1.04
2 (Q em?) T (°C) 1000/7 (K™

Figure 3. a) Nyquist plots of the EHT-fabricated LCT measured from 700 to 900 °C in wet (~3% H,O) H, under OCV conditions. b) Time dependence of
the R, of LCT-EHT at 900 °C under OCV conditions. c) R, of LCT-EHT collected under different redox cycles at 900 °C. d) Nyquist plots of the EHT-
fabricated LCTN measured from 700 to 900 °C in wet (~3% H,O) H, under OCV conditions. e) Time dependence of the R, of LCTN-EHT at 900 °C under
OCV conditions. f) Hydrogen partial pressure (pH,) dependence of R, for LCTN-EHT at different temperatures. g) Nyquist plots of the treated LCTN-EHT
measured from 700 to 900 °C in wet (~3% H,0) H, under OCV conditions. h) R, of the treated LCTN-EHT collected under different thermal cycles in wet

H,. i) Arrhenius plots of R, for the corresponding electrodes.

0.92 eV for the treated LCTN-EHT (Figure 3i), further demonstrat-
ing the enhancement of the electrochemical kinetics.

2.3. Full Cell Performance of the EHT-Fabricated Electrodes

In order to investigate the full cell performance of the EHT-fabricated
electrodes, new cells were prepared in a high-throughput way. Subse-
quently, the cell was mounted on the home-made setup, coupled with
gold meshes as the current collectors (Figure 4a). During the measure-
ment, the anode chamber was filled with wet (~3% H,0) hydrogen.

Energy Environ. Mater. 2024, 7, 12718
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As shown in Figure 4b, an open-circuit voltage of ~1.1V was
achieved, indicating good sealing of the cell. At 700 °C, the EHT-
fabricated LCT showed a low peak power density (PPD) of
1.4mW cm™*, implying that the electrochemical reactions occurring
on the electrode were very sluggish. Due to the enhanced electrochemi-
cal kinetics, higher PPD values were attained at higher temperatures. At
900 °C, the PPD reached 22 mW cm ™ ”. During the following opera-
tion, the cell exhibited good stability, and the output varied slightly
(Figure S21, Supporting Information).

As to the EHT-fabricated LCIN, the performance showed a med-
iocre improvement at the working temperatures. PPD values of 22,

© 2024 The Authors. Energy & Environmental Materials published by
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45, 69, 93, and 116 mW cm ™% were acquired at 700, 750, 800,
850, and 900 °C (Figure 4c), respectively. At 900 °C, similarly, the
PPD value increased gradually at the beginning, which was mainly
atributed to the exsolved nanocatalysts with good catalytic activity.
After operating ~20h, a plateau appeared and the PPD value reached
~220mW cm* (Figure S22, Supporting Information). With respect
to the treated LCTN-EHT, a remarkable enhancement of the electro-
chemical performance was obtained in the temperature range of
700-900 °C (Figure 4d). A promising PPD value of 966 mW cm™
was attained at 900 °C. Compared to the fresh LCTN-EHT, almost a
9-fold enhancement was attained (Figure 4e). Concurrently, the
polarization resistance decreased prominently from 1.7 to 0.2 Qcm’
(Figure 4f,g, Figures S23 and S24, Supporting Information). Consid-
ering the other components of the cell were similar, the variation in
electrochemical performance was most probably derived from the
fuel electrode. In fact, the impressively exsolved nanocatalysts

contributed to the hydrogen oxidation. By comparison, it can be
found that the cell performance acquired in this work is very compe-
titive compared to that of the other cells (Figure S25, Supporting
Information), suggesting that the fast exsolution is a fascinating way
to tune the electrocatalytic activity of the perovskite materials. Besides,
no obvious variation in cell performance was observed during the
operation (Figure 4h).

For the electrochemical oxidation of hydrogen as a whole,
it can be expressed by Equation (2). Benefiting from the exsolved
nanocatalysts with outstanding catalytic activity, the adsorption of
hydrogen molecular (H, <> 2H,4) and dissociaion of hydrogen
(HoHY+¢7) can dynamically take place. In other words, the
kinetics of dissociative adsorption of hydrogen can be prominently
improved by the fast exsolution. Subsequently, the spillover of
hydrogen atoms to the interface of the nanoparticle/support will

[51-53]

proceed around the exsolved nanoparticles. In the meantime, the
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Figure 4. a) Schematic of the setup for the full cell performance test. -V(P) curves of the EHT-fabricated b) LCT and c) LCTN. d) I-V(P) curves of the
treated LCTN-EHT. e) Enhancement of peak power density of the treated LCTN-EHT compared to that of the fresh one. Nyquist plots of f) LCTN-EHT and
g) the treated LCTN-EHT. h) Galvanostatic measurement of the treated LCTN-EHT under an applied current of 0.46 A cm ™2 at 700 °C.
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oxygen anions traverse from the other side to the fuel electrode
through vacancy hopping and react with the hydrogen to form
water (2H" 4+ 0O”” < H,0). Actually, the exsolved nanoparticles can
expand the reacting zone where the ions, electrons, and reactants
meet together, synergistically facilitating the hydrogen oxidation
reaction. Moreover, additional oxygen vacancies (Equation 3) will
be generated during the exsolution to obey the rule of charge neu-
trality, which is also beneficial to the migration of oxygen anions.
In a nutshell, EHT is a vigorous method to efficiently fabricate elec-
trodes for SSOCs, enabling the development of all-solid electroche-
mical cells.

H,(g) + 03 = H,0(g) + V5 + 2¢~ (2)

05 — V5 +2e +1/20:(g) (3)

3. Conclusion

In this work, we developed a new method (EHT) to rapidly fabricate
electrodes for symmetrical solid oxide cells (SSOCs). We showed that,
benefiting from the strong driving force provided by the EHT method,
electrodes could be prepared in seconds, the fastest method to date. The
EHT-fabricated electrode showed a porous structure and good contact
with the electrolyte. On the contrary, it required tens of hours to pre-
pare the electrode by the conventional approach, and the electrode
presented a dense structure with a larger particle size due to the lengthy
treatment. We also reported that after the fast exsolution, the electroca-
talytic activity of the perovskite electrode was remarkably improved,
attributed to the additionally formed active sites. A PPD value of
966 mW cm ™ > was achieved at 900 °C, almost 9 times higher than that
of the fresh electrode. This study paves a new avenue to prepare and
develop electrodes for SSOCs and other all-solid cells in a rapid mode.

4. Experimental Section

Ink fabrication: For LagCags;TiOs_s (LCT) and Lag43CagssTiogsNioosOs_s
(LCTN) precursors, raw materials of La,O; (Sigma Aldrich), CaCO; (Sigma
Aldrich), TiO, (Sigma Aldrich) and NiO (Sigma Aldrich) were carefully weighed
by a high-precision electronic balance (Mettler Toledo). After ball milling in etha-
nol, the fully mixed precursor powders were dried on a hot plate at 80 °C. Subse-
quently, the as-prepared precursors and polyvinyl pyrrolidone (PVP) were mixed
in ethanol by a Thinky stirrer. For the conventional approach, the mixed LCT and
LCTN precursor powders were calcined in two steps (1100 °C 20 h and 1350 °C
20 h) in a tube furnace to obtain the target phase.

Cell fabrication: Before spraying the precursor ink, a polymer-based mask was
manufactured into the desired shape and size and then covered on the standard
YSZ electrolyte. The precursor ink was filled into a Master Airbrush Kit and
sprayed on the surface of the electrolyte using Ar as the carrier gas. The gap
between the nozzle and the electrolyte was about 1.5 cm. Carbon paper pur-
chased from the Fuel Cell Store was fixed to the home-made setup and used as
the heater. The as-sprayed cell was sandwiched between two carbon papers, which
were connected to a remotely controllable power supply. A high current was sup-
plied across the carbon papers to generate the Joule heating during the EHT.

Characterization: An X-ray diffractometer was applied to investigate the crys-
tal phase of the EHT-fabricated electrodes as well as the materials prepared by
the conventional approach. FEI Quanta 600F scanning electron microscopy was
employed to study the micromorphology. For the fast exsolution, before intro-
ducing the nitrogen-balanced hydrogen, an integrated chamber coupled with the
gas line and circuit was vacuumed by a pump; subsequently, the fast exsolution
was conducted. An ultraviolet—visible spectrum collecting system was applied to

Energy Environ. Mater. 2024, 7, 12718 7 of 8

estimate the temperature. Electrochemical impedance spectroscopy (EIS) was col-
lected (10°~10~" Hz) by Solartron 1260/1287, and the measured data were ana-
lyzed using the commercial software ZView. For the full cell performance
measurements, the cells were carefully sealed on the top of the home-made setup
with the high-temperature sealant.

Statistical analysis: The particle size distribution was acquired by measuring
each particle on the SEM image using Nano Measure 1.2. The unit of the average
particle size is mean + SD.
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