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Concurrent Amorphization and Nanocatalyst Formation in
Cu-Substituted Perovskite Oxide Surface: Effects on Oxygen
Reduction Reaction at Elevated Temperatures

SungHyun Jeon, Wan-Gil Jung, Hohan Bae, Sejong Ahn, Bonjae Koo, WonJeong Yu,
Seunghyun Kim, DongHwan Oh, Uisik Kim, Scott A. Barnett,* Jongsu Seo,*

Bong-Joong Kim,* and WooChul Jung*

The activity and durability of chemical/electrochemical catalysts

are significantly influenced by their surface environments, highlighting

the importance of thoroughly examining the catalyst surface. Here,
Cu-substituted La, ¢Sr, ,Co, ,Fe, 305 5 is selected, a state-of-the-art material
for oxygen reduction reaction (ORR), to explore the real-time evolution of
surface morphology and chemistry under a reducing atmosphere at elevated
temperatures. Remarkably, in a pioneering observation, it is discovered that
the perovskite surface starts to amorphize at an unusually low temperature
of approximately 100 °C and multicomponent metal nanocatalysts
additionally form on the amorphous surface as the temperature raises to 400
°C. Moreover, this investigation into the stability of the resulting amorphous
layer under oxidizing conditions reveals that the amorphous structure

can withstand a high-temperature oxidizing atmosphere (=650 °C) only when
it has undergone sufficient reduction for an extended period. Therefore, the
coexistence of the active nanocatalysts and defective amorphous surface leads
to a nearly 100% enhancement in the electrode resistance for the ORR over
200 h without significant degradation. These observations provide a new cat-
alytic design strategy for using redox-dynamic perovskite oxide host materials.

1. Introduction

The importance of green and sustain-
able energy technologies, such as fuel
cells, continues to grow in response to
global climate change.l!l Accordingly, there
has been a significant focus on explor-
ing fascinating electrocatalytic materials
for developing efficient energy devices.?!
Among these materials, perovskite oxides
(chemical formula: ABO,) exhibit remark-
able structural and chemical flexibility, en-
abling them to accommodate various el-
ements. Hence, certain perovskite oxides
exhibit high electronic and ionic conduc-
tivities, along with excellent catalytic ac-
tivity, making them promising candidates
for oxygen-involved electrochemical reac-
tions such as the oxygen reduction re-
action (ORR) and oxygen evolution reac-
tion (OER).>*) However, despite significant
advancements in perovskite oxide materi-
als as electrocatalysts for energy devices,
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challenges such as surface chemical instability and poor activ-
ity compared with precious metals remain critical obstacles to
achieving widespread commercialization.®]

The surface environment, such as the crystal structure or
chemical composition, is recognized as a key factor that influ-
ences the durability and activity of catalysts.>¢] Over the last
decade, numerous surface-tailoring strategies and their effects
on catalytic durability and activity have been extensively inves-
tigated to design exceptional electrocatalysts. For example, the
introduction of highly active nanocatalysts (NCs) has received
considerable attention as an efficient method for promoting sur-
face chemical or electrochemical reactions using small amounts
of catalyst.”?! In particular, the ex-solution technique, in which
metal NCs spontaneously grow on the host oxide surface via a
reduction heat treatment, has made remarkable achievements in
various chemical and electrochemical fields. Compared with NCs
dispersed using other methods, ex-solved NCs exhibit excellent
thermal/chemical durability at high temperatures because they
are embedded within the host oxide lattice in a socketed struc-
ture during their growth process.'”) This unique structure estab-
lishes a robust bond between the host oxide and NCs, imparting
exceptional durability and unique catalytic properties. Therefore,
a wide range of studies have been actively conducted involving
the decoration of various compositions of NCs and in-depth in-
vestigations to comprehend the mechanism underlying the ex-
solution phenomenon.1-13]

However, the ex-solution process always requires high-
temperature heat treatment under reducing conditions, mak-
ing it challenging to apply this technique to representative cata-
lyst materials such as Co/Fe-based perovskite oxides (La, Sr)(Co.
Fe)O, (LSCF).*16] Although these materials are excellent cata-
lysts, they exhibit poor phase stabilities under reducing condi-
tions, such as in a hydrogen atmosphere, for example. To over-
come this limitation, a compromise approach has been proposed:
reducing the heat treatment under milder conditions for a very
short period of time to produce extruded catalysts.['”1] The key
point is finding the right temperature window that allows for the
extraction of the metal within a very short time without distort-
ing the parent oxide phase. For example, Jung et al. reported the
successful decoration of Ag NCs on Ba 4sAg) (s Coy 9T, ;05 5 us-
ing ex-solution under 4% H, /Ar atmosphere only at 300 °C for
2 h.["%] Similarly, previous literature has reported typical temper-
ature windows and annealing times for ex-solution on air elec-
trodes to be below 450 °C and approximately 3 h, respectively, to
avoid the decomposition of parent oxides.['”2%] However, these
previous studies have primarily focused on only extracting active
NCs without causing bulk-phase decomposition; therefore, in-
vestigations on in-depth surface analysis, which determines reac-
tivity and durability, remain relatively unexplored in comparison
to studies conducted using redox-stable parent materials such as
(La,Sr)MO; (M =Ti, Mn, Cr).

In parallel, controlling the surface crystallinity has been sug-
gested as a potential method to improve the durability and ac-
tivity of perovskite oxides. Skinner et al. reported that amor-
phous La,Sr,,Co0;; exhibits much higher oxygen diffusivity
(D*) and oxygen exchange kinetics (k*) values than its crystalline
counterpart.?!l They argued that its amorphous nature, with
more defects and open sites than dense crystalline materials, fa-
cilitates the easier accommodation of Sr ions, suppressing their
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surface segregation, which is the primary reason for the perfor-
mance degradation of solid oxide fuel cell (SOFC) electrodes. Fur-
thermore, Shim et al. achieved the high-performance LSCF elec-
trode by depositing partially amorphous La,Sr,,CoO, ; (LSC)
using atomic layer deposition.[??] In this report, density func-
tional theory revealed that amorphous LSC has a significantly in-
creased reactivity for the ORR owing to the low energy required
for oxygen removal. However, because all previous studies have
employed a bottom-up methodology using thin-film techniques,
their applicability to diverse materials and practical applications
is limited.

To address these challenges, in this study, we propose a new
material design strategy that can simultaneously induce nanopar-
ticle formation and surface amorphization through meticulous
surface analysis of Co/Fe-based materials subjected to varying
heat treatment conditions and durations. Using in situ and ex
situ transmission electron microscopy (TEM) analysis, we ex-
plored the evolution of surface morphology of LSCF, a state-of-
the-art SOFC cathode, 2] with Cu dopant, which is an earth-
abundant metal and a good candidate for ORR catalysts.[26-2]
Notably, we observed the disruption of the surface crystallinity
of LSCF during the high-temperature reducing heat treatment
in real time, followed by the formation of NC particles. We also
found that the thicknesses of the amorphous layers increased as
the heat-treatment time increased, thereby enhancing the stabil-
ity of the resulting amorphous layer. In addition, the effects of
the ex-solution and amorphization on the catalytic reaction were
evaluated by analyzing the electrochemical properties via in situ
reduction in the reactor. This reveals that the concurrent forma-
tion of the amorphous layer and NCs successfully enhanced the
ORR activity by nearly 100% and significantly improved the dura-
bility of the host LSCF. To the best of our knowledge, this is the
novel report of a real-time investigation of the surface evolution
of Co/Fe-based perovskite oxides under a reducing atmosphere.
Based on our observations, this study expands the concept of ex-
solutions in terms of phase stability and provides new insights
into material design using redox dynamic host materials.

2. Results and Discussion

2.1. Real-Time Observation of Cu-Doped LSCF: Surface Evolution
Dynamics According to the Reduction Temperature

A series of La, (St ,(Co, ,Fey g)1.,Cu, O (x=10,0.03, 0.1) samples
were prepared using the same conventional sol-gel method, with
Cu substituting the B-site cations. These parent oxide materials
were used to obtain nanoarchitectured ORR catalysts by reduc-
ing heat treatment. High-resolution X-ray diffraction (HR-XRD)
analysis was performed on the synthesized powder mixed with
Si powder as an internal standard, and the results are shown in
Figure 1. We observed that the incorporation of 3 mol% Cu in-
duced a positive peak shift compared with that of undoped LSCF,
and no secondary phase was detected. However, 10 mol% Cu-
doped LSCF showed a secondary phase peak, while the other
peaks remained nearly in the same locations as those of 3 mol%
Cu-doped LSCF, confirming that 3 mol% was within the solubil-
ity limit. The inductively coupled plasma optical emission spec-
troscopy (ICP-OES) results in Table S1 (Supporting Information)

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILIOD 8A1IeRD) 8|l dde 8Ly Ag peusenob ase sajolie YO ‘88N JO Sa|nJ 1oy Akeiqi8UlJUO AB|IA UO (SUO I IPUOD-pUR-SLULBY/WOD A8 |IM" ARe.q)1Bu UO//SAY) SUORIPUOD puUe SWS | 8L} 88S *[7202/2T/TE] uo AriqI8uliuO AB|IM ‘€0TY0YZ0Z BWPe/Z00T OT/10p/LLioo A3 | im Azeiq 1 jpul|uo//sdiy wol papeojumoq ‘Ot ‘¥20e ‘S607TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

+ Si
Cu,0
— | * Fe0, N L“\-r--n__,,_
=) 4 (120) | T
8 ~
(024) 324 3238
% (Ofl) . @02k g { 310) (220) (124
c 1 Ao, LA
[7) 1 LSCF-Cu 10%
E A A A i {
= A LSCF-Cu 3%
A A AL [
LSCF
20 30 40 50 60 70 80
2-theta (degree)

Figure 1. Physical characterization of Cu-doped LSCF system: HR-XRD re-
sults in different Cu amounts.

further demonstrate that 3 mol% Cu has successfully substituted
the B-site in LSCF.

We conducted real-time observations of the surface morphol-
ogy evolution of 3 mol% Cu-doped LSCF (hereafter referred
to as LSCF-Cu) depending on the temperature using in situ
high-resolution transmission electron microscopy (HR-TEM).
To monitor the surface evolution under reducing atmosphere,
LSCF-Cu particles were exposed to a 4% H,/Ar gas environ-
ment at varying temperatures ranging from room temperature
to 500 °C. Each temperature was maintained for 20 minutes.
Representative TEM bright-field (BF) images, obtained at in-
creased temperatures during the in situ reduction process, are
presented in Figure 2a—f. Initially, an amorphous layer formed at
100 °C (Figure 2b), followed by a gradual increase in thickness
(Figure 2c,d). Subsequently, the ex-solution of NCs became ap-
parent at 400 °C (Figure 2e) as they penetrated the amorphous
layer, and the NCs slightly grew further at 500 °C (Figure 2f).
To confirm the presence of an amorphous layer on the sur-
face, the fast Fourier transform (FFT) patterns of the interior re-
gion (red box in Figure S1b, Supporting Information) and the
surface regions (blue box in Figure Slc, Supporting Informa-
tion) were compared. The former exhibits a clear diffracted spot
pattern of single crystalline while the latter shows a diffused
ring associated with the amorphous surface layer, alongside the
crystalline pattern.%?] The schematics in Figure 2j summarize
the change in surface structure and morphology. Furthermore,
energy-dispersive X-ray spectroscopy (EDS) analyses were per-
formed with the same LSCF-Cu particle (Figure 2g). The scan-
ning spectra in Line 1 (yellow arrow, Figure 2h) confirm that the
ex-solved NCs mainly consist of Cu, while those along Line 2
(green arrow, Figure 2i) indicate that the surface amorphous layer
is not a secondary phase or by-product but rather an amorphous
LSCF layer with a cationic ratio similar to that of the bulk crystal.

It is noteworthy that the surface amorphization of LSCF-Cu
occurs at a remarkably low temperature of approximately 100
°C. This phenomenon was attributed to the rapid release of lat-
tice oxygen atoms near the LSCF surface, rather than the mi-
gration of heavier cations, as shown in previous studies.*% This
observation aligns with prior literatures, suggesting that oxygen
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liberation from oxides can occur at temperatures as low as 200
°C, even under a relatively moderate reducing atmosphere.31:32]
This trend was also consistent with the H,-temperature pro-
grammed reduction (TPR) analysis (Figures S2, S3, Supporting
Information) and thermogravimetric analysis (TGA)-differential
scanning calorimetry (DSC) analysis (Figure S4, Supporting In-
formation), despite the environmental differences compared to
the in situ TEM analysis. Reports showing that LSCFs are un-
stable in reducing environments also support the facile release
of these lattice oxygen ions, indicating that they exhibit dynamic
oxygen nonstoichiometric behaviors.*¥] Detailed examinations
are discussed below, combining TPR and EDS mapping and the
in situ X-ray photoelectron spectroscopy (XPS) results of LSCF
and LSCF-Cu.

2.2. Investigation of Surface Nanoarchitecture Evolution and
Oxygen Atmosphere Stability with Reduction Time

Considering the results discussed earlier, we verified that the ex-
solution of metal NCs and the amorphization of the oxide surface
occurs simultaneously during reduction in a 4% H, environment
in LSCF-Cu. However, since the LSCF cathode operates under
high-temperature oxidizing conditions, i.e., ORR in SOFCs, it is
crucial for the amorphous layer and ex-solved NCs, formed in a
reducing atmosphere, to withstand the opposing oxidizing envi-
ronment and effectively fulfill their purpose.

To explore the survivability of the amorphous layer, we hy-
pothesized that the duration of the reduction process played a
critical role. Initially, we focused on the impact of the reduction
time, while keeping the reduction temperature constant. The ex
situ HR-XRD analysis (Figure S5, Supporting Information) and
phase decomposition expectation results (Figure S6, Supporting
Information) show no significant secondary phases formed up
to 500 °C under 4% H,/Ar, but, a small secondary phase peak
emerged at 600 °C, indicating the bulk phase separation of the
LSCF.3%35] Thus, 450 °C was selected as the reduction tempera-
ture and surface morphology evolution was observed by varying
the retention time.

We then investigated the effect of duration on the initial
surface morphology and survivability of the amorphous layer
(Figure 3a). Specifically, we compared samples subjected to 2 h,
which is a commonly employed short duration for Co/Fe-based
perovskite ex-solutions,['”!°l and 10 h; a significantly increased
duration was devised in this study at a fixed temperature of 450
°C under 4% H, /Ar. Figure 3b,c displays the TEM BF images of
an ex-solved NC with a LSCF-Cu support, taken after reduction at
450 °C for the durations of 2 and 10 h, respectively. It is observed
that the amorphous layer thickens from 1.5 to 2.7 nm, as the du-
ration increases. Subsequently, these samples were exposed to a
synthetic air atmosphere at 650 °C for 30 h (Figure 3d,e). The ex-
solved NCs remained without redissolving into their matrix, rep-
resenting stability. However, the amorphous layer of the samples
subjected to 2 h reduction completely disappeared (Figure 3d)
whereas that of the sample subjected to 10 h reduction remained
the same thickness (Figure 3e). These results highlight that an
appropriate duration of reduction is essential for ensuring the
stability of the surface amorphous layer. Figure S7 (Support-
ing Information) further confirms that the size and distribution
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Figure 2. In situ TEM observation of both amorphization and ex-solution during the reduction process: TEM images at a) room temperature, b) 100 °C,
¢) 200 °C, d) 300 °C, e) 400 °C, and f) 500 °C. g) Magnified TEM images and h,i) corresponding EDS line scan results of LSCF-Cu particle. Finally j) a

schematic illustration summarizes this observation.

of the NCs remained nearly unchanged after re-oxidation treat-
ment, indicating the excellent thermal stability of the ex-solved
NCs.[17-193637] These findings highlight the importance of achiev-
ing the formation of nanoparticles and amorphous layers and en-
suring their stability by employing an appropriate reduction pro-
cess duration. This discovery is supported by previous literature,
illuminating the diverse stability levels associated with varying
degrees of amorphization in thin-film LSC.[*®]
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2.3. Impacts of Cu-Doping on Ex-Solution and Amorphization
Behaviors

The effect of Cu-doping on the behavior of the ex-solution and
amorphization must be discussed before evaluating the electro-
chemical properties. We observe that the distribution density of
NCs in LSCF-Cu is much higher than that in pristine LSCF
after the reducing heat treatment (Figure 4a,d). Furthermore,
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Figure 3. a) Schematic illustration of change of crystallinity according to the reduction time. TEM image of thickness and stability of amorphous layer
in LSCF-Cu according to the reduction time. b) as-reduced for 2 h, c) 10 h, d) after reoxidation of 2 h reduction sample, and e) after reoxidation of 10 h
reduction sample. The reduction and re-oxidation was conducted in a condition of [4% H,, 450 °C] and [Air, 650 °C, 30 h], respectively.

HAADF-STEM images and their corresponding EDS mapping
results of the two samples, shown in Figure 4b,e, indicate the
difference in the composition of ex-solved NCs in LSCF-Cu and
LSCF. Specifically, the NCs in LSCF-Cu predominantly consist
of a copper-dominated Cu—Co-Fe alloy, whereas those in LSCF
comprise a cobalt-iron (Co—Fe) alloy. The TEM BF images de-
picted in Figure 4c,f reveal that the formation of the amorphous
layer occurred with a similar thickness, irrespective of the pres-
ence of Cu doping. This suggests that the strategy for amorphiza-
tion remains effective regardless of Cu doping, as implied by
forthcoming results.

Taken together, we performed a fitting of the H,-TPR pro-
file, identifying peaks and assigning their origins (Figure S2 and
Table S2, Supporting Information). This analysis reveals that Cu-
doping decreases the main reduction temperature for the ex-
solution by approximately 50 °C (from 358.7 to 298.9 °C), which
indicates a decrease in the bonding energy between transition
metals and oxygen atoms. Thus, the incorporation of Cu signif-
icantly boosts the ex-solution, simultaneously leading to a mod-
ification in the composition of NCs. This observation is in line
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with previous literature, where changes in the bonding energy,
chemical states, and bond lengths of elements occur upon dop-
ing with heterogeneous elements, leading to modifications in the
ex-solution behavior.[3%-*]

In situ XPS analysis results, as depicted in Figure S8 (Support-
ing Information), support these findings by revealing the sur-
face chemical environment. Both the LSCF-Cu and LSCF sam-
ples were subjected to heating up to 500 °C within an XPS cham-
ber under ultra-high vacuum conditions for analysis. The O 1s
peak indicates a higher presence of defective O species, known
to correlate strongly with surface oxygen vacancies, in LSCF-Cu
compared to LSCF.[*>~*4] This also implies the inclusion of Cu in
LSCF prompted the formation of additional oxygen vacancies in
a reducing environment, suggesting a potential acceleration in
the ex-solution process of nanoparticles.

To summarize the results obtained so far, as the temperature
increased in a reducing atmosphere, an amorphous layer formed
(100-200 °C) and nanoparticle ex-solution progressed (~400 °C).
Subsequently, at 450 °C, the thickness of the amorphous layer
increased over time, enhancing the stability in an oxidizing
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Figure 4. Comparison of ex-solution behavior according to Cu doping: a) SEM, b) HAADF-STEM & EDS, and c) TEM results of LSCF-Cu. d) SEM,

e) HAADF-STEM & EDS, and f) TEM results of undoped LSCF.

atmosphere. Additionally, Cu doping altered the composition and
distribution of the ex-solved nanoparticles.

2.4. Electrochemical Performance of LSCF-Based Cathode:
Correlation with Ex-Solution and Surface Amorphization

To investigate the impact of the ex-solution and amorphization on
the oxygen reduction reaction, electrochemical impedance spec-
troscopy (EIS) was conducted on the LSCF-Cu and LSCF cath-
odes under open-circuit voltage (OCV) conditions with symmet-
ric cell configurations. To directly compare the results before and
after reduction on a single sample, we devised a temperature and
gas flow program for in situ reduction during the EIS measure-
ments (Figure S9, Supporting Information). This design aims to
eliminate ambiguity owing to errors in sample fabrication and
clarify the observed effects. The measurements were performed
on unreduced samples in air at temperatures ranging from 650 to
500 °C. Subsequently, the temperature was decreased to 450 °C,
and the gas was changed to a mixture of 4% H, and 96% Ar for
reduction. To prevent the reaction between O, and H,, Ar gas was
purged immediately before and after the reduction process. Addi-
tionally, measurements were performed on the reduced samples
at temperatures ranging from 650 to 500 °C in air. Consequently,
a direct comparison of the electrochemical performances at each
temperature with and without the reduction process is possible.

Figure 5a—c displays a typical Nyquist plot at 500 °C, where
the diameter of the impedance arc indicates the electrode resis-
tance. To investigate the effects of ex-solution and amorphiza-
tion on electrochemical performance, we prepared three LSCF-
Cu samples and applied different reduction conditions to each
sample, enabling a direct comparison before and after the reduc-
tion process. In Figure 5a, the impedance arc shows before and
after reduction at 200 °C for 2 h, a temperature associated solely
with surface amorphization according to in situ TEM and H,-
TPR findings. The absence of a noticeable disparity in the initial
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electrode resistance before and after the reduction suggests that
the formation of an amorphous layer does not significantly affect
the electrode resistance. Figure 5b,c shows the results before and
after reduction, at 450 °C for 2 and 10 h, respectively; reduction
conditions at which ex-solution and surface amorphization occur.
Despite the differences in the stability of the amorphous layer un-
der high-temperature oxidizing conditions, both samples exhib-
ited similar decreases in electrode resistance after the reduction
process. In summary, these findings indicate that the ex-solution
of NCs, and not the amorphous layer, plays a significant role
in improving the initial electrode performance. The Arrhenius
plot presented in Figure 5d, distribution of relaxation time (DRT)
analysis presented in Figure S10 (Supporting Information), and
fitted impedance arc (Figure S11 and Table S3, Supporting Infor-
mation) reveal that the ex-solved Cu—Co-Fe NCs predominantly
enhance the surface oxygen exchange reaction, which is the main
obstacle of LSCF, thereby slightly decreasing the activation bar-
rier from 1.47 to 1.31 eV.**¢ It is believed that the enhanced
performance is due to the composition of nanocatalyst, which im-
proves the surface oxygen adsorption/incorporation step through
the redox flexibility of CuO,.

A 100 h operation test was conducted to assess the impact
of the amorphous layer, as depicted in Figure 5Se,f. Figure 5f
presents the results of converting the y-axis in Figure 5e into the
degree of degradation (R, /R, iia)- Four samples were prepared
for the stability comparison: unreduced LSCF-Cu, LSCF-Cu re-
duced at 200 °C for 2 h, LSCF-Cu reduced at 450 °C for 2 h, and
LSCF-Cu reduced at 450 °C for 10 h. The electrode resistance in-
creased by approximately 27% over 90 h for unreduced LSCF-Cu,
which is consistent with the deterioration attributed to the Sr seg-
regation of LSCF in the OCV reported in the literature.[247#]
The XPS analysis of Sr 3d spectra of LSCF-Cu after annealing
in air at 650 °C presented in Figure S12a (Supporting Informa-
tion) shows the formation of large amount of Sr .. peak. Simi-
larly, LSCF-Cu reduced at 200 °C for 2 h and LSCF-Cu reduced at
450 °C for 2 h exhibited comparable degradation rates. Although
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Figure 5. Electrochemical impedance spectra of LSCF-Cu according to reduction condition: Initial Nyquist plot measured at 500 °C before and after
reduction at a) 200 °C for 2 h, b) 450 °C for 2 h, and c) 450 °C for 10 h. d) Arrhenius plot for LSCF-Cu with and without reduction. e) The long-term
stability test at 650 °C. Graph f) presents the degree of degradation by changing the y-axis of €) as Rp/Rp initial-

they initially had an amorphous layer, they vanished upon re-
crystallization in an oxidizing atmosphere, rendering them in-
capable of inhibiting Sr segregation. Conversely, LSCF-Cu re-
duced at 450 °C for 10 h demonstrated stable electrode perfor-
mance for the entire 100 h of duration, unlike the aforemen-
tioned three samples. This is supported by the HR-TEM analysis
results after the stability test, shown in Figures S13, S14 (Support-
ing Information), which verifies the survivability of amorphous
layer, unlike the previously mentioned three samples. The XPS
Sr 3d spectra of 450 °C 10 h reduced LSCF-Cu after annealing
in the air also support this stability result, showing much less
Stouace PE2K (Figure S12b, Supporting Information). This can be
attributed to the amorphous layer having numerous open sites,
allowing it to effectively accommodate the Sr ions that migrate
near the surface.’*°!l Consequently, the formation of a Sr-rich

Adv. Mater. 2024, 36, 2404103 2404103 (7 of 11)

second phase on the electrode surface and an Sr-deficient layer
near the surface may not occur, thus suppressing the associated
deterioration.[3847]

To confirm the application versatility of this strategy, we inves-
tigated the difference in electrochemical properties of both un-
doped and Cu-doped LSCF by applying the best reduction con-
dition of 450 °C for 10 h. Figure 6 illustrates the changes in
electrode resistance for the initial and long-term operations be-
fore and after the reduction of LSCF and LSCF-Cu. Figure 6a
shows that there was almost no decrease in the initial electrode
resistance in LSCF, in contrast to that in LSCF-Cu. This dis-
parity is attributed to the different distribution densities and
compositions of the NCs according to Cu-doping. However, the
long-term stability test shown in Figure 6b shows that the for-
mation of an amorphous layer on the electrode surface can
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Figure 6. Evaluation the effect of ex-solution and the amorphization of LSCF-based cathode according to Cu-doping: a) Nyquist plot at 650 °C. b) The
long-term stability test at 650 °C of LSCF and LSCF-Cu before and after reduction.

approximately 0.18 Q cm? over 200 h and significantly alleviated
degradation.

Figure 7 shows a demonstration of the impact and the feasi-
bility of the concurrent ex- solution and amorphization in single-
cell test. The detailed configuration of single cell is shown in
cross-SEM image in Figure S15 (Supporting Information) and

prevent the degradation of LSCF-based electrodes to a similar
level irrespective of Cu-doping. These findings reaffirm the con-
tribution of Cu ex-solution to initial ORR activity, while demon-
strating that the amorphization of the LSCF surface enhances
stability. Using this approach, we were able to demonstrate an
LSCF-Cu electrode with a sustained low electrode resistance of
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Figure 7. Application of in situ ex-solution and amorphization strategies to single-cell measurement: a) Nyquist plot with/without reduction of Ni-
YSZ|YSZ|GDC|LSCF-Cu single-cell. I-V—P curve b) in comparison of with/without reduction and c) in different temperature. d) Stability test under
constant 0.65 V at 650 °C, ) a schematic diagram summarizing the effect of ex-solution and amorphization.
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the temperature and gas-flow during in situ reduction and cell ac-
tivation were conducted through the protocol depicted in Figure
S16 (Supporting Information). Figure 7a presents the EIS spec-
tra of Ni-YSZ|YSZ|GDC|LSCF-Cu single cell at 700 °C with and
without 4% H,-450 °C-10 h of reduction. The ex-solution reduces
the polarization resistance from 0.27 to 0.12 Q cm?, which is at-
tributed through the decrease of impedance arc in cathode side
located in relatively low frequency region. The peak power den-
sity (PPD) in [-V curve is corresponding with the EIS results
(Figure 7b). The ex-solution improved the actual ORR of LSCF-
Cu, promoting the PPD at 700 °C from 0.66 to 1.08 W cm~2,
which is an almost 64% enhancement. The PPD of ex-solved fuel
cell at different operating temperature was depicted in Figure 7c,
showing around 1.08, 0.76, 0.46 W cm~ of peak power density
(PPD) at 700-600 °C, respectively. The stability test at 650 °C un-
der constant potential of 0.65 V presented in Figure 7d demon-
strates the effect of amorphization on fuel cell. The stable amor-
phous layer induced through 4% H,-450 °C-10 h of reduction re-
alizes the stable performance over 120 h without any significant
degradation, even using ambient air at cathode side.

2.5. Further Discussion

Lastly, we extended this strategy to various materials to provide
broader applicability guidelines. First, we explored expanding the
range of electrode materials for the amorphization strategy. We
predicted that the reducibility of B-site cations would facilitate the
formation of an amorphous layer. To test this, we performed HR-
TEM analysis on three electrode materials with different B-site
cations: PrBaCo,Os,,; (PBC) with Co, La,;5S1,,5CrysMny 0,
(LSCrM) with Cr/Mn, and SrTiO, ; (STO) with Ti, after they were
reduced in 4% H, at 450 °C for 10 h, as shown in Figure S17 (Sup-
porting Information). The analysis revealed that PBC, containing
Co at the B-site, developed a distinct amorphous layer similar
to LSCF after reduction. In contrast, the LSCrM and STO elec-
trodes, which feature less reducible B-site cations (Cr/Mn and
Ti, respectively), did not form any visible amorphous layers even
after undergoing the same reduction process. This underscores
the crucial role of B-site cation reducibility in the amorphization
strategy; without reducible B-site cations, forming an amorphous
layer is challenging.

Second, we explored expanding dopant selection for the ex-
solution strategy by testing Ru, a known ORR/OER catalyst suit-
able for doping at the B-site. We fabricated an electrode by substi-
tuting 3% Ru at the B-site of LSCF. Following the same reduction
treatment, the LSCF-Ru electrode showed improvements in both
initial performance and stability (Figure S18, Supporting Infor-
mation), attributed to the ORR catalytic properties of Ru nanopar-
ticles and the formation of an amorphous layer.

In summary, if the B-site ion of perovskite oxide is highly re-
ducible (e.g., Co or Fe) and the dopant has catalytic properties
for the target reaction, the performance and durability improve-
ment strategy through concurrent amorphization and ex-solution
can be extended to various materials and applications. This may
include other solid oxide and protonic ceramic electrochemi-
cal cell electrode materials such as Ba, ,Sr,Co; ,Fe O, ; (BSCF),
Sm,Sr, ,CoO,, (SSC), BaCo,,Ta,O,, (BCT), PrNi, Co,O;,
(PNC), and others.I>]
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Nowadays, the amorphous nature has received great attention
owing to its unique chemical/electrochemical properties result-
ing from its abundant defect concentration.’-3 We induced
this amorphization simultaneously with nanoparticle ex-solution
by selecting suitable materials and using a straightforward re-
duction process. This approach is economically viable within an
industrial context for several reasons. First, in contrast to pre-
vailing amorphization studies confined to bottom-up fabrication
solely in thin-film formats, 212238 our methodology employs a
top-down approach to generate an amorphous layer on the sur-
face of a bulk porous electrode, which is deemed a more realis-
tic and scalable approach. Second, within a practical SOFC sys-
tems, merely introducing a reduction treatment during the hy-
drogen preannealing step after all manufacturing stages, includ-
ing stacking and sealing, can significantly enhance both perfor-
mance and durability. Third, this strategy is versatile, extending
beyond specific materials or applications, and can be adapted by
carefully selecting various reducible B-site cations and catalytic
dopants. We are confident that this strategy will not only activate
a range of high-temperature catalytic reactions but also facilitate
their practical implementation in industry.

3. Conclusion

In this study, a comprehensive observation of the surface mor-
phology evolution of a Co/Fe-based perovskite oxide under a re-
ducing atmosphere was performed by combining in situ and ex
situ TEM analyses. We succeeded in fabricating a novel nanoar-
chitecture comprising of NCs and an amorphous surface layer.
Our observations demonstrated that the surface undergoes pref-
erential amorphization starting from a low temperature of 100°C,
and subsequently the formation of a metal NCs occurs on the
amorphous layer. Moreover, an investigation was performed on
the behavior of NC formation and development of an amor-
phous layer at 450 °C depending on the duration. Remarkably,
our findings revealed that subjecting the material to a reduction
treatment at 450 °C for a duration of 10 h preserved the NCs
and amorphous layer structures, even when exposed to a high-
temperature oxidizing atmosphere. Finally, we evaluated the elec-
trochemical properties of the fabricated electrode and remark-
able improvements in activity and durability were observed. We
believe that this study can open up a new strategy for expand-
ing material candidates from redox-stable materials such as Mn-,
Cr-, and Ti-based perovskite oxides to redox-dynamic materials
such as Ni-, Co-, and Fe-based perovskite oxides for developing
novel nanoarchitecture catalysts using ex-solution techniques.

4. Experimental Section

Sample Preparation: The LSCF and LSCF-Cu powder was synthesized
through a conventional sol-gel method. First, metal (La, Sr, Co, Fe) ni-
trate precursors were dissolved in deionized water in a ratio of 6:4:2:8,
followed by adding proper amounts of ethylene-diamine-tetraacetic acid
(EDTA) and citric acid to the deionized water as a chelating agent in a
ratio of metal:citric acid:EDTA = 2:3:1. Ammonium hydroxide (NH,OH)
was used to adjust the pH of the solution to 9, also creating a soluble
environment for the EDTA. The mixed solution was stirred overnight at
170 °C for gelation and was then fired at 450 °C for 3 h in a heating man-
tle. Finally, calcination was carried out in a furnace at 900 °C for 8 h. An
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LSCF-Cu powder was synthesized by substitutional doping of 3% and 10%
of B-site cation with Cu using cooper nitrate precursor under the same
conditions.

For half-cell, a single-crystal Y,0O;-stabilized ZrO, substrate (YSZ,
Y0.08Zr0.9201.06.5) Was used as a solid electrolyte. Gd-doped CeO,
(CeggGdy 10,.4, GDC) was deposited onto both sides of the YSZ to a
thickness of 100 nm through a pulsed laser deposition (PLD) to pre-
vent an undesired reaction between LSCF and YSZ electrolyte. The syn-
thesized LSCF and LSCF-Cu powder were mixed with ink vehicle and
ethanol by ball milling overnight to form a slurry. The LSCF and LSCF-
Cu ink slurry were tape-casted onto both sides of a GDC-deposited YSZ
electrolyte, followed by sintering at 950 °C for 1 h to form a porous
structure.

The comprehensive process for single-cell fabrication is outlined in
more detail elsewhere.[>>] In brief summary, slurries were formed us-
ing a combination of NiO powder (Fuel cell materials) and YSZ-8 pow-
der (Tosoh) in a ratio of 39 wt% NiO to 39 wt% YSZ, supplemented
with 9% starch (except in the case of the functional layer) to introduce
porosity in the support layer. For the electrolyte tapes, Fe,0; (Alfa Ae-
sar) was included as a sintering aid at a concentration of 1 wt%. The
anode support layer (ASL), anode functional layer (AFL), and electrolyte
layer were co-sintered at 1290 °C for 4 h. A GDC buffer layer was ap-
plied onto the electrolyte layer and sintered at 1100 °C for 1 h. Subse-
quently, an LSCF-Cu cathode with an area of 0.5 cm? was sintered at 950 °C
for 1h.

Physical Characterization: X-ray diffraction (XRD, Rigaku RU300,
Tokyo, Japan, Cu K @ wavelength (1 = 1.541A)) analysis of the synthesized
and reduced powder was conducted. The H,-temperature programmed re-
duction (TPR) analysis was conducted by flowing 10%H,-90%Ar gas and
detecting the gas concentration changes with a quadrupole mass spec-
trometer (Autochem I, Micromeritics). The pre-heat treatment at 300 °C
for 1 h flowing 5% O, gas was conducted in advance to TPR analysis.
The morphology of ex-solved nanoparticles was examined by scanning
electron microscopy (SEM, Hitachi S-4800). An ex situ transmission elec-
tron microscopy (TEM, Talos F200X) was employed at 200 kV to con-
firm the ex-solution and amorphization. By using the high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) mode, the sample morphol-
ogy and composition were analyzed. For real-time observation, an in situ
gas flow holder (Hummingbird Scientific) and transmission electron mi-
croscopy (TEM, Tecnai G2, F30 S-Twin, operating at 300 keV, FEI) were uti-
lized to observe the ex-solution of nanoparticles and the amorphization of
LSCF crystals at different temperatures (RT-500 °C) under 4% H, /Ar gas
flow.

Electrochemical Measurement:  The electrochemical properties of sym-
metrical cells, consisting of screen-printed cathodes on both sides of
the electrolyte, were investigated with electrochemical impedance spec-
troscopy (EIS, VSP-300, Biologic) under a synthetic air atmosphere in a
temperature range of 650-500 °C in an open-circuit voltage (OCV) con-
dition. Before measurement, a reduction in diluted hydrogen (4% H,
and 96%Ar) atmosphere was conducted for simultaneous ex-solution and
amorphization. A perturbation voltage amplitude (V,) of 40 mV and a fre-
quency range of 1 MHz—10 mHz was selected. The synthetic air (21% of O,
and 79% of Ar) was delivered in a controlled manner by digital mass flow
controllers with a total flow rate of 100 sccm under standard temperature
and pressure levels. The symmetrical cell measurements were conducted
with the silver paste as a current collector using a mesh-type alumina reac-
tor. DRT analyses were conducted with DRT tools and software obtained
from Ciucci’s group.[6] Single-cell measurement was conducted with a
configuration of Ni-YSZ (ASL & AFL)|YSZ|GDC|LSCF-Cu. The temperature
& gas flow change during in situ reduction and increasing temperature
were conducted as depicted in Figure S16 (Supporting Information). For
the measurement, a 100 standard cubic centimeters per minute (sccm)
flow of humidified H, (97% H,-3% H,0) was supplied to anode side
while 150 sccm air was supplied to the cathode side. Ambient air was uti-
lized instead of laboratory air to replicate conditions more akin to the real
environment. |-V curves were measured at 20 mV increments over the rel-
evant voltage ranges for fuel cell operation. A constant potential of 0.65 V
was consistently induced during the stability test.
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