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% Check for updates Delamination and cracking of air electrodes are two mechanical causes to the

degradation of high-temperature electrochemical ceramic cells. While com-
positing negative thermal expansion (NTE) materials can tackle delamination
by lowering the thermal expansion coefficient (TEC) of air electrode, it can
exacerbate cracking due to large thermal stress between particles of NTE and
positive thermal expansion perovskites (PTE). Here, we introduce interfacial
oxides to “wedge” the NTE-PTE interface, thereby resisting cracking inside the
bulk of the air electrode through reactive calcination at near-melting tem-
peratures. This concept is demonstrated by compositing negative thermal
expansive HfW,0g with Bag sSro sCog sFep»03-5 (perovskite), forming Co30;,,
Fe;0,4, BaHfO3 and SrsWOg as wedging phases. Enhanced bulk modulus (by
102%), hardness (by 138%), and mitigated TEC (reduced by 35%) are simulta-
neously achieved, which enhances the durability of the air electrode over 40
rigorous thermal cycles between 600 °C and 300 °C, and even with no decay
after two years of exposure to ambient air. This method offers an effective
strategy for developing mechanical-robust electrodes of high-temperature
electrochemical cells.

Although ceramic cells (Solid oxide fuel/electrolysis cells, as SOC) and  Bag 5Sro5C0g sFeo203-5 (BSCF)** and SrNbg ;C0¢.603-5 (SNC)*¥, whose

proton ceramic fuel/electrolysis cells, as PCC) are a highly attractive
energy conversion technology due to their high efficiency, fuel flex-
ibility, and low emissions, their commercialization is still challenged by
the poor mechanical-electrochemical durability of air electrodes. Up to
now, the most active materials for SOC/PCC air electrodes are cobalt-
containing perovskites, e.g. Smg sSrosC00s_g', (La, Sr)(Co, Fe)0s_s>?,

apparent thermal expansion coefficients (TECs) are typically in the
range of 20-25x10°K™. These apparent TECs account for both the
physical thermal expansion and the chemical expansion arising from
high-temperature oxygen release and the associated reduction of
B-site transition metal cations (e.g., Co and Fe)’. This expansion is
significantly larger than the TECs of all common SOC/PCC electrolytes,
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such as Cep.sSmp,019 (SDC), BaZr0.1Ceo,7Y0,1Yb0,103_3 (BZCYYDb), and
yttria-stabilised zirconia (YSZ) (9.6-12.3 x107¢K™)'". This mismatch
of TECs between cobalt-based electrodes and electrolytes and the
associated large interface stress is the major cause of the mechanical
degradation of SOC/PCC. Recently, compositing electrodes with
negative thermal expansion (NTE) materials has been proposed as an
ingenious and facile way to offset the TEC mismatch'> ™. For example,
in our previous work?, compositing negative thermal expansive
Y,W50:2 (YWO) with SrNbg C00.003-s as a novel electrode (c-SYNC)
shows a TEC of 12.9 x10°K™, perfectly matched with that of SDC
(12.3x10°°K™).

However, despite the mitigation of TEC mismatch at the
electrode-electrolyte interface, the NTE compositing method results in
a large TEC difference at the particle level, which exists between the
NTE and perovskite particle, leading to destructive inter-particle stress
during thermal cycling, and thus bulk cracking/pulverization of the
electrode. Consequently, the ORR activity degradation of c-SYNC—an
NTE composited electrode, is still noticeable (8%) after 40 thermal
cycles. Unfortunately, there are few reports in the literature working
on this issue at the particle level.

Therefore, searching for new NTE-perovskite composite systems
with mechanical robustness at the particle interface and high ORR
activity is critical for the successful application of the thermal expan-
sion offset concept in SOC/PCC electrodes. Herein, we propose to
introduce the oxide wedging effect by reactive calcination at a higher
temperature (1100 °C) than general electrode calcination temperature
(-800°C-1000 °C) to strengthen the particle interface between NTE
and perovskite, demonstrated by selecting HfW,05 (HWO) oxide as
the NTE candidate to composite with the benchmarking
Bag 5SrosCop sFep203-s (BSCF)—an ORR-active but highly thermal
expansive perovskite (TEC-24x10°K* from RT to 1000 °C)“",
Specifically, the optimal 20 wt% HWO composited BSCF electrode
(NTE-BSCF) achieves a mitigated TEC of 14.6 x 10 K™, well matching
that of the SDC electrolyte. More importantly, the interfacial phase
reaction between BSCF and HWO is induced by the high calcination
temperature, generating the new oxides, including SrsWO¢ (SWO),
BaHfO3 (BHO), Co50, and Fe304 to “wedge” the HWO and BSCF pha-
ses. Notably, all as-generated oxides possess intermediate TEC values
in between the HWO and BSCF phase, which serves to transitionally
buffer the TEC difference between the HWO and BSCF phases. Addi-
tionally, A-site cation deficiencies are also created in the perovskite
phase (i.e., the formation of A-site deficient Bag sSro35C00.sFe0.503-5)
due to the formation of interfacial oxides, which was found beneficial
to the charge transfer and oxygen incorporation processes for ORR
enhancement’®?, As a result, the newly developed NTE-BSCF
demonstrates outstanding thermal mechanical robustness after the
reactive calcination (modulus enhanced by 102% and hardness
enhanced by 138%), and the area-specific resistance of NTE-BSCF is also
decreased to 0.028 Q cm? at 600 °C, only half of the pristine BSCF
electrode (0.065 Q cm?). The synergetic effects of the TEC offsetting
and interfacial engineering by oxide wedging collaboratively con-
tribute to the excellent electrochemical performance of this SOC/PCC
composite electrode, and this study provides a pathway for therm-
chemo-mechanical optimization for future high-performance SOC/
PCC electrode.

Results

Concept, fabrication and characterization of interfacial wedged
NTE-BSCF

By high-temperature calcination of electrode composite at 1100 °C",
we expect to see the chemical reaction between NTE and BSCF to
create a strong connection, thus ensuring sound mechanical integrity
as illustrated by Fig. 1a, b, that Sr and Ba are exchanged from BSCF with
the W and Hf in HWO, forming SrsWOg and BaHfOs. Due to the dis-
placement of A-site Ba/Sr, the Co, and Fe were also exsolved from BSCF

to form Co304/Fe;04 to maintain charge neutrality. This reaction
mechanism is supported by the X-ray diffraction (XRD) data presented
in Fig. 1c and Supporting Information Figs. S1 and S2, which include
the patterns of pure BSCF, pure HWO, and the composite of HWO and
BSCF (with 20 wt.% HWO, noted as NTE-BSCF) after thermal calcination
at 1100 °C for 2 h. Specifically, Fig. 1c shows the Rietveld refinement
Synchrotron Radiation XRD (SR-XRD) pattern of NTE-BSCF, which
offers enhanced resolution for distinguishing overlapping peaks from
multiple phases. The improved precision of SR-XRD compared to
conventional XRD (Supporting Information Fig. S2) allows for more
reliable phase identification and supports the proposed in situ reaction
mechanism. The phases of SrsWOg¢ (noted as SWO), BaHfO5 (noted as
BHO), Co50, and Fe3;04 were detected with amounts quantified in
Supporting Information Table S1. Previous studies have shown that the
in situ exsolution phase has the advantage of promoting catalytic
activity, increasing the electrochemical stability, and so on®?*.
Notably, A-site cation deficiencies and stoichiometric deviation
are therefore expected in the bulk perovskite (refined as
Bag sSro35C00 sFep s03-s perovskite, noted as D-BSCF (Fig. 1c and
Supporting Information Section 2). The presence of this new D-BSCF
phase (P4/mmm) after calcination is supported by refinement results
with lattice dimensions as a=b=3.96416 A, c=3.9637 A. In summary,
we conclude that the HWO and BSCF composite becomes a new
composite system after reactive calcination, denoted as NTE-BSCF,
including D-BSCF, HWO, and interfacial exsolved phases (BHO, SWO,
Co50,4 and Fe30,4). The combination of A-site cation deficiency and
stochiometric deviation of BSCF and interfacial phase including the
Cos0,4 and Fe304 (Fig. 1d) are expected to introduce additional oxygen
vacancies and catalytic-active sites, thus benefiting the oxygen
reduction reactivity”. The morphology and phase structure of the NTE-
BSCF composite electrode were also verified by high-resolution
transmission electron microscopy (HRTEM) in Supporting Informa-
tion Figs. S3 and S4. The interfaces of the HWO and BSCF phase can be
observed in the high-resolution image of the NTE-BSCF composite
electrode, with lattice structures of each phase shown in Supporting
Information Fig. S3a, which is in accordance with the XRD refinement
results. The presence of the D-BSCF perovskite phase is well-supported
by the observed d(100)=3.983A and d(110)=2.816 A axis in Sup-
porting Information Figs. S3b and S4.

To verify the formation of secondary interfacial phases, elementary
mapping was performed at the BSCF-HWO interface (Supporting
Information Figs. S5-S7). These mappings clearly reveal the in situ
formation of BHO, SWO, Co30,4 and Fe;0, phases, which are consistent
with the SR-XRD analysis. The exsolved phases are primarily located at
the interface, where the diffusion and segregation of BSCF components
promote phase evolution. These secondary phases effectively bridge
the BSCF and HWO particles, improving interfacial connectivity. In
addition, elementary mapping of Ba, Sr, Fe, Co, W, and Hf further
reveals the intergranular exsolution of Co30, and Fe;0, oxides at the
grain boundaries of D-BSCF in the NTE-BSCF composite (Fig. 1d, e and
Supporting Information Fig. S8). Comparing the SEM images of the
BSCF particles and NTE-BSCF composite (Supporting Information
Fig. S9), it can also be found that the NTE-BSCF particle size is much
smaller than that of BSCF, which yields more ORR-active boundaries.

The geometrical phase analysis (GPA) technique was used to
verify the oxide wedging effect at the interface. Supporting Informa-
tion Fig. S10 depicts HRTEM images and the corresponding IFFT-
filtered images, where dislocations are visible. Supporting Information
Fig. S10b, ¢ show the corresponding atomic strain maps. Lattice strains
are highly concentrated in regions surrounding dislocations, which
present significant lattice resistance to dislocation motion**%. Addi-
tionally, the high density of dislocations within the microbands leads
to a slight increase in the wedging effect at the interfaces of NTE-BSCF.
New dislocations are formed near the microbands as stress con-
centration zones, resulting in an increase in dislocation density with
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Fig. 1| Structural and thermal properties of NTE-BSCF. a Schematic illustration
of the oxides wedging in NTE-BSCF electrode. b Types of wedge oxides at the NTE-
BSCF electrode interface. ¢ Rietveld refinement plot of the reacted NTE-BSCF
composite based on Synchrotron Radiation XRD data, showing the measured
pattern (black dots), calculated profile (red line), and difference curve (blue line).
The use of synchrotron radiation enables enhanced resolution for identifying
minor phases. d, e Lattice view and elemental mapping images of the distribution
of Co, Fe, Sr, and W at the NTE-BSCF composite interface. The HAADF image and

corresponding EDS elemental mapping images further confirm the formation of
interfacial wedging phases in the NTE-BSCF composite. f Thermal expansion curves
from RT to 800 °C in air of dense NTE-BSCF and BSCF bar specimens. g The sig-
nificant effect of thermal expansion offset. h TECs of BSCF, HWO, SWO, BHO,
Co304, Fe304 and BSCF, composition (x =20 wt% HWO). TECs for HWO, SWO,
BHO, C050,, Fe;04 and SDC are cited from literature'>***°, while those for BSCF
and BSCF20 were measured in this work.

increasing strain. Consequently, continuous strain hardening occurs.
Furthermore, the minimal lattice mismatch facilitates the stabilization
of nano-oxides at the NTE-BSCF interface, promoting strong interfacial
bonding between the nano-precipitates, and enhancing dislocation
interactions during deformation. The minimal elastic mismatch strain
around the NTE-BSCF composite interface effectively reduces stress-
strain concentration and suppresses the nucleation of microcracks
during deformation®. Indeed, the incorporation of NTE materials into
BSCF provides effective reinforcement, enhancing the overall strength
and stability of NTE-BSCF.

At operating temperatures (i.e. 600°C), good chemical and
thermo-mechanical durability of electrodes are of great importance to
SOC/PCC durability*’. The chemical stability of NTE-BSCF powder was

therefore examined by in situ XRD characterization from RT to 800 °C
in ambient air (Supporting Information Fig. S11). During both the
heating and cooling process with each temperature held for 5 h, the
phase structure of NTE-BSCF does not change. Thus, once the NTE-
BSCF multi-phase composite is formed at 1100 °C, it ought to remain
stable at temperatures below 800 °C. In addition, the XRD patterns of a
powder mixture of SDC and NTE-BSCF (weight ratio=3:7) treated at
1000 °C for 2 h are also presented in Supporting Information Fig. S12. It
could be found that there are no additional peaks observed. This
supports the compatibility of NTE-BSCF as an electrode material for
SDC-electrolyte-based SOFCs.

To verify the proposed reaction mechanism at the calcination
temperature (1100 °C), the phase reaction products between the NTE
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material and perovskite need to be evaluated. Supporting Information
Fig. S13a examines the phase change behaviour of the BSCF20 com-
posite (BSCF mixed with 20 wt% HWO) between 800-1100 °C by high-
temperature XRD. The onset of the reaction is observed at 800 °C
according to emerging peaks of SWO and HWO, with subsequent
formation of cubic Co3;0, and Fe;0, above 1000 °C. Supporting
Information Fig. S13b also examines the phase reaction of other par-
allel composites (BSCF,, x =10, 20, 30, and 40, representing the mass
fraction of HWO in the raw composite) calcinated at 1100 °C after 2 h.
The reaction between BSCF and HWO could not be observed obviously
atx <10 wt%, while at x > 30 wt%, the main peak of perovskite seriously
drops, indicating excessive consumption of BSCF, which could lead to
poor ORR activity.

To elucidate the chemical state of transitional metals in NTE-BSCF,
the valence states of Co 2p and Fe 2p in the NTE-BSCF sample were also
studied and compared to the raw HWO/BSCF composite before cal-
cination, noted as BSCF20 (mass fraction of HWO is 20%) by X-ray
photoelectron spectroscopy (XPS) analysis with an error of
+0.1-0.2 eV in Supporting Information Fig. S14”. It is clear that the
average valence of the Fe in HWO/BSCF (~2.8238) is higher than that of
NTE-BSCF (-2.7943), meanwhile, the average valence of Co in HWO/
BSCF (-3.3938) is lower than that of NTE-BSCF (-3.4672). The XPS
results indicate a higher Co valence in NTE-BSCF, which could be
beneficial to ORR activity for the NTE-BSCF electrodes. Besides, sig-
nificant differences in the Sr 3d and Hf 4 f peak profiles are observed
between HWO/BSCF and NTE-BSCF due to phase reaction (Supporting
Information Fig. S15). For instance, the ratio of Sr_surface to Sr_lattice
increases after the calcination, which can be attributed to the forma-
tion of SWO. In Supporting Information Fig. S15, it is also found that the
increased amount of Sr and Hf for the surface of particles, which is
consistent with the formation of BHO and SWO. Thermogravimetric
analysis (TGA) results of BSCF and NTE-BSCF are also compared in
Supporting Information Fig. S16. Interestingly, a substantial decrease
in weight loss is observed for NTE-BSCF compared to pure BSCF, which
appears contradictory given the greater A-site deficiency in the D-BSCF
phase. This can be attributed to SWO, HWO, and BHO phases in the
composite, whose constituent elements, such as W(VIB) and Hf(IVB),
are significantly less reducible than Co and Fe. Although the D-BSCF
phase may exhibit higher reducibility, incorporating these more stable
secondary phases partially offsets the overall weight loss. This reduced
oxygen release also implies suppressed chemical expansion, con-
tributing to the lower apparent TEC observed in NTE-BSCF.

The effects of mitigated TEC

Reducing the TEC mismatch between the electrode and the electrolyte
is critical for the structural integrity of the interface. A mitigated TEC
mismatch reduces the delamination risk of the electrode layer during
fabrication and also upon subsequent cell operation, especially during
thermal cycling. To establish the effectiveness of our approach in
mitigating TEC and thus enhancing the electrochemical durability,
here, we first measure the thermal expansion behaviour of both pure
BSCF and the NTE-BSCF through dilatometry (Fig. 1f, g). The overall
average TEC of NTE-BSCF (14.6 x 10°K™) measured from RT to 800 °C
closely matches the TEC of the SDC electrolyte and is much smaller
than that of pure BSCF (22.4 x10°K™). We can conclude that NTE-
BSCF should therefore be a good candidate for durable SOC/PCC
electrode materials. Interestingly, we noticed that all the newly gen-
erated phases show TEC values in between the BSCF and HWO
(Fig. 1h)?**7¢, e.g,, the SWO, BHO, Co30,, and Fe;0,, that could rein-
force the contact of HWO and BSCF by buffering the inter-particle
thermal stress upon thermal cycling. To unveil the effect of the amount
of those newly generated phases in improving thermal stability, we
varied ratios of HWO in the raw BSCFx composite (x represents the
mass fraction of HWO) to control the extent of phase reaction and
measured the resulting TEC. From Supporting Information Fig. S17,

further increasing the ratio of HWO beyond 20%wt does not further
significantly reduce the TEC of the NTE-BSCF composite, possibly due
to the excessive reaction and consumption of BSCF.

The direct capture of stress distribution in the oxide wedging
electrode during phase reaction is extremely challenging. To assess
the efficacy of interfacial reactive compositing in reducing stress
accumulation in HWO-BSCF, we conducted a comparison of the high-
temperature Raman spectra between the composited electrode and
pristine BSCF in dense bar samples, cooled from 600 °C to room
temperature (RT). The shift in characteristic peaks of BSCF can be
used as an indicator of the average stress state of BSCF particles in a
granular system. As depicted in Fig. 2a, b, the peak at 625-670 cm™ is
attributed to the B-O bond of BSCF due to Jahn-Teller distortion
around the Co* cation with its intermediate spin state as ty’es)”,
and the boarding of this peak at higher temperatures reflects the
transition to a dynamically less distorted local structure of BSCF. The
28.98cm™ blue shifting in BSCF is larger than that of NTE-BSCF
(15.28 cm™), providing direct evidence of the mitigated compressive
stress state of BSCF particles on average, under the assumption that
the Gruneisen parameter of BSCF phase does not change much due
to the A-site deficienc®®. This scenario is illustrated by Fig. 2c. Gen-
erally, with decreasing temperature, the lattice of PTE particles
contracts, and the particle-matrix will also shrink and exert a com-
pressive force on individual particles, as verified by the observed
blue shifting in the Raman specter of pure BSCF and good agreement
with other reports®. In contrast, composited NTE particles act
adversely in lattice volume and thus create a mitigated overall TEC of
the matrix that surrounds any individual BSCF particles. Therefore,
the surface compression of BSCF particles is relieved so that the blue
shifting is reduced. On the other hand, the characteristic peak of
HWO at -809 cm™ represents the asymmetrical stretch of WO
tetrahedra®. The shifting of this peak is also towards higher wave-
numbers by 11.73 cm’, indicating the compressive stress of HWO
surface enveloped by the electrode composite.

Due to the uneven wedging filling of various oxide particles at the
composite interface, micro-scale lattice mismatches can affect an
internal strain in polycrystalline materials, thus influencing macro-
scopic residual strain***. Measuring the in-plane residual strain of
NTE-BSCF thin films in different depth ranges using grazing incidence
X-ray diffraction, we studied the variation of residual strain in the
presence of oxide wedging. As shown in Fig. 2g, we fixed two 0 values
and varied the instrument’s tilt angle { to obtain the corresponding
X-ray diffraction patterns, as shown in Fig. 2d, e. The X-ray diffraction
peaks (20) of BSCF and NTE-BSCF are located around 31.6°, corre-
sponding to the (110) crystal plane. Due to its high diffraction angle
and multiplicative factor, it can provide the most reliable structural
symmetry information. Sin*} and 26 follow a linear relationship, and
the slope of the fitted line represents the magnitude of residual
strain**. As shown in Fig. 2f, the slopes of all fitted lines are positive,
indicating that the entire sample is affected by compressive strain*’
Since the samples are prepared at high temperatures of 1000 °C,
compared to BSCF, NTE-BSCF has a smaller slope, indicating that NTE-
BSCF undergoes less compressive strain internally during annealing.
This could be due to the filling of voids by oxide wedging and the offset
of thermal expansion during annealing, thereby mitigating the effects
of BSCF particle shrinkage, providing some evidence to support the
reduction in overall TEC and stability of NTE-BSCF. In contrast, for pure
BSCF, the lack of oxide wedging and thermal expansion results in
significant shrinkage during annealing, leading to large compressive
strain on the particles.

Improved electrochemical performance

To fully evaluate the activity and durability of NTE-BSCF composite as
an ORR electrode, electrochemical impedance spectroscopy (EIS)
measurements of NTE-BSCF | SDC | NTE-BSCF symmetrical cells were
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schematic illustration of the residual strain distribution measurement. The corre-
sponding XRD patterns and lattice structure strain information can be obtained by

adjusting the instrument tilt angle g, where N is the sample normal direction and
N, is the diffraction vector.

conducted under different conditions. Firstly, Supporting Information
Fig. S18 summarizes the Arrhenius plots of area-specific polarization
resistance (R,) for NTE-BSCF electrodes calcinated at 800-1000 °C.
The electrode calcinated at 800 °C demonstrates much lower R, than
the others due to less electrode coarsening and phase transformations.
Therefore, the optimized 800 °C calcinating temperature was used for
subsequent investigations of NTE-BSCF and BSCF electrodes. For the
BSCF/HWO composites investigated in this study, we examined both
the BSCF20 composite (BSCF mixed with 20 wt% HWO) sintered at
temperatures from 800 °C to 1100 °C, and other BSCFx composites,
where x =10, 20, and 30 indicate the weight percentage of HWO in the
raw composite, all calcined at 1100 °C. The impedance data for these
composites are presented in Supporting Information Fig. S19, which
shows the R, values. For composites with the same HWO content,
higher sintering temperatures result in lower R, values, indicating
improved electrochemical performance. Moreover, when the sintering
temperature is fixed, Ry, tends to decrease with increasing HWO con-
tent. However, when the HWO content reaches 30 wt%, R, increases
again, possibly because excessive HWO disrupts the structure of the
main BSCF phase. These rules can correspond to the chemical reac-
tions in XRD results (Supporting Information Fig. S13).

After the optimization efforts above, the NTE-BSCF powder (cal-
cined at 1100 °C with 20 wt% HWO), identified as the optimal compo-
sition and synthesis condition, was successfully fabricated as the
electrode for SOC/PCC, demonstrating a superior ORR activity than
pristine BSCF and many other outstanding perovskite-based electrode
materials at 600 °C as compared in Fig. 3a and Supporting Information
Fig. S20 (See Supporting Information Section 4 for references) with
corresponding EIS curves shown in Supporting Information Fig. S21.
Specifically, R, of the NTE-BSCF electrode is only 0.028 Qcm?* at
600 °C, which is much lower than that of BSCF (0.65 Q cm? at 600 °C).
Also, NTE-BSCF demonstrates excellent performance on the

BaZro1Ceo7Y01Ybo105-5 (BZCYYD) electrolyte as well. As shown in
Fig. 3b, at 550 °C, the R,, of the NTE-BSCF electrode is only 0.46 Q cm?,
which is significantly lower than that of BSCF (0.92 Q cm?). This indi-
cates that the strategies of NTE compositing and oxide wedging are
also universally valid in both oxygen ion conduction and proton
conduction.

Then, the R, of the NTE-BSCF electrode was also measured as a
function of oxygen partial pressure (py,) at 600 °C, as shown in Sup-
porting Information Fig. S22a. The resulting power law dependence
plots of R, on p,, are provided in Supporting Information Fig. S22b,
from which the exponent n value for NTE-BSCF is 0.343, which is
slightly smaller than SNC at 0.367". These results suggest that both
electrodes are possibly rate-determined by the oxygen incorporation
process followed by a charge transfer (n - 3/8)*.

To elucidate the enhancement mechanism, the rate-determining
steps of ORR in NTE-BSCF and BSCF were analyzed using distribution
of relaxation time (DRT) from EIS results***’. As shown in Fig. 3¢, the
DRT profiles of both symmetrical cells at 600 °C (550 °C in BZCYYb)
display three obvious peaks corresponding to high-frequency (HF),
intermediate-frequency (IF), and low-frequency (LF) processes. These
peaks can be attributed to charge-transfer reactions, oxygen incor-
poration, and oxygen transport, respectively. Both HF and IF peaks of
NTE-BSCF are reduced, suggesting facilitated charge transfer and
oxygen incorporation, likely arising from interfacial exsolution of
Co304/Fe304 and A-site cation-deficient BSCF phase formed in the
NTE-BSCF composite. Given that the composite contains a substantial
fraction of HWO, BHO, and SWO with limited oxygen vacancies, as
revealed by TG and XPS analyses, the high ORR activity of NTE-BSCF is
likely linked to the A-site cation deficiency and high oxygen vacancy
concentration present in the D-BSCF phase and Co30, and Fe;0,4 oxide
exsolution, which results in good charge transfer and oxygen incor-
poration processes.
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Fig. 3 | Electrochemical performance and durability of NTE-BSCF electrodes.
Arrhenius plots of polarization resistance for NTE-BSCF and BSCF electrodes in
aSDC electrolyte from 550 to 700 °C and b BZCYYb electrolyte from 500 to 650 °C.
¢ DRT analysis curves for NTE-BSCF and BSCF electrode. d R,, of NTE-BSCF and BSCF

symmetric cells measured for 600 h in air at 550 °C (including the curve of NTE-
BSCF working again after being exposed to air for 2 years). EIS plots of e BSCF,
f NTE-BSCF, and g NTE-BSCF (2 years later) before and after the durability test.

Improved mechanical-electrochemical durability

Next, we assess the mechanical-electrochemical durability of the NTE-
BSCF electrode under operating temperature, which ought to out-
perform the single-phase BSCF electrode due to the matched TEC with
the SDC electrolyte. As expected, we observed the remarkable stability
for the NTE-BSCF electrode during a 600 h test of R, at 550 °C in
Fig. 3d. After the long-term test, the R,, of the NTE-BSCF electrode only
slightly increased from 0.0845 to 0.0876 Q cm?, equivalent to 3.7%
degradation, while the R,, of the BSCF electrode increased more sig-
nificantly from 0.187 to 0.242Qcm? (23% degradation). The
delamination-related ohmic impedance (R,nm) for BSCF also increased
significantly but it can be kept well for NTE-BSCF ((Fig. 3e, f). After
being exposed to ambient air at room temperature for two years, the
symmetrical cell of NTE-BSCF was heated again to 550 °C for operation.
Initially, there was a slight increase inimpedance. However, after 100 h,
it gradually returned to its original level and remained stable for 300 h.
Figure 3g illustrates the R, before and after testing, which

demonstrates the outstanding operational stability of NTE-BSCF.
Additionally, the mechanical-electrochemical durability of the NTE-
BSCF electrode was evaluated at operating temperature in BZCYYb-
based symmetric cells. As shown in Supporting Information Fig. S23,
while BSCF undergoes rapid performance degradation, NTE-BSCF
exhibits outstanding stability over approximately 260h, with a
degradation rate less than one-thirtieth that of BSCF. This result fur-
ther highlights the strong potential of the NTE-BSCF composite for
practical applications across different electrolyte systems.

To further evaluate the enhanced thermo-mechanical compat-
ibility, the EIS of symmetrical cells was measured when subjected to
harsh thermal cycling (Fig. 4a). The heating process was controlled at a
high rate of 30 °C min™ from 300 to 600 °C, with passive cooling back
down to 300 °C at ~7.5 °C min™ (average). After 40 cycles, the R, of the
NTE-BSCF electrode only slightly decreased from 0.045 to 0.035 Q cm?
(22% enhancement), while the R, of the BSCF electrode increased
more significantly from 0.088 to 0.13Qcm’ (47% degradation).
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Fig. 4 | Thermo-mechanical stability and interfacial integrity of NTE-BSCF
electrodes. a The ASR (R,,) response of BSCF and NTE-BSCF based symmetric cell
electrodes during 40 temperature cycles between 600 °C and 300 °C (110 h total
cumulative testing); Representative EIS Nyquist plots for the b BSCF and ¢ NTE-
BSCF symmetric cell electrodes after cycles. d Cross-sectional figures of electrodes
after cycling: (d;) BSCF and (d,) NTE-BSCF electrode. SEM image of the cross-

BSCF Electrode

section of e BSCF and f NTE-BSCF. g Proposed mechanism for thermo-mechanical
enhancement by TEC offset in NTE-BSCF composite electrode with zoomed view of
particle interaction and analysis of forces, contrasting the behaviour of BSCF vs.
NTE-BSCF. h SEM image of NTE-BSCF electrode with EMPA scanning, where (i)
represents Co element, (i,) represents Fe element, and (i;) represents W element.

The corresponding EIS curves are shown in Fig. 4b, c. Again, in addition
to the increase in Ry, the area-specific ohmic resistance (Ronm) also
increases significantly for the BSCF electrode, which may be a sign of
the onset of delamination at the electrode/electrolyte interface due to
the thermal cycling. We observed post-mortem cross-sectional
micrographs of the two electrodes before and after the thermal
cycling, as shown in Fig. 4d-f and Supporting Information
Figs. S24 and S25. The BSCF electrode has developed obvious cracks
both at the electrode/electrolyte interface and across the electrode
(Fig. 4e), while no cracks are observed in the NTE-BSCF electrode
(Fig. 4f). Moreover, the agglomeration of the electrode is observed to
be severe in BSCF (Fig. 4d;), but very slight in NTE-BSCF (Fig. 4d,). The
maintained surface area in the NTE-BSCF electrode microstructure
may contribute to higher triple-phase boundary density and enhanced
mechanical stability. Figure 4g illustrates a schematic diagram
depicting the reinforced composite interface’s role in enhancing
connectivity and thermodynamic performance within the electrode.
To further validate the bonding effect of the microscale composite
particles within the electrode, we conducted electron probe micro-
analysis (EPMA) mapping scans on the electrode surfaces of NTE-BSCF
and BSCF, as shown in Fig. 4h, 1 and Supporting Information
Figs. S26 and S27. Unlike the uniform distribution of elements in BSCF,
in NTE-BSCF, microscale particles resulting from in-situ phase reac-
tions are distributed within microcracks on the electrode surface,
which is consistent with the results of XRD and XPS. This clearly con-
solidates the NTE-BSCF electrode into a cohesive whole. It effectively
enhances the connectivity between particles in the NTE-BSCF elec-
trode, ensures the connection between the electrode and electrolyte,
and strengthens the stability of thermal cycling.

The application in button cells and large-sized cells

The electrochemical performance of NTE-BSCF electrodes was fur-
ther evaluated in NiO-YSZ fuel electrode-supported single cells
(button cells) with a YSZ (-10 pm) electrolyte. The results of mea-
surements in both fuel cell mode and electrolysis mode are shown in
Fig. 5a, b and Supporting Information Fig. S28 (the SEM image in
Supporting Information Fig. S29). In the fuel cell mode of the button
cell, the NTE-BSCF electrode exhibited outstanding performance,
with a peak power density of 2016 mW cm™ at 750 °C, surpassing
BSCF’s 1270 mW cm 2, which well exceeds the results reported in the
literature (Supporting Information Fig. S30). In the electrolysis mode
with 40 vol% H,0, a current density of 750 mA cm™ was achieved at
1.2V for a single cell with NTE-BSCF, which is markedly higher than
that of the cell with BSCF under the same conditions. To thoroughly
validate the stability of NTE-BSCF electrodes in both oxygen/proton-
conducting single cells, we conducted long-term constant tempera-
ture stability tests and temperature cycling stability tests on
single cells with a YSZ-based electrolyte. The results are depicted in
Fig. 5c, d. The NTE-BSCF electrode exhibited robust stability over
400 h of operation without obvious attenuation. In multiple rapid
temperature cycles (750°C and 700 °C), a single cell employing
NTE-BSCF electrode maintained good stability within 400h of
operation in the fuel cell mode.

The NTE-BSCF and BSCF were also evaluated in Ni-BZCYYb fuel
electrode-supported single cells (big-size cells with an effective area of
12.5cm?), as illustrated in Fig. Se. When utilized in proton-conducting
large cells, the peak power reached 5860 mW at 650 °C in the fuel cell
mode (Fig. 5f), while in the electrolysis mode (3 vol% H,0), the current
reached about 6.6 A at 1.3 V (Fig. 5g). The corresponding performance
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Fig. 5 | Application of NTE-BSCF electrodes in single cells. The performance of
NTE-BSCF on YSZ-based single cells: ain fuel cell mode and b in electrolysis mode at
temperatures ranging from 750 °C to 550 °C. ¢ The stability of YSZ-based single cell
utilizing NTE-BSCF electrodes at 700 °C within 400 h. d The temperature cycling
stability of NTE-BSCF in fuel cell mode at 750 °C and 700 °C. e Large-size proton-
conducting ceramic cell and test diagram. The performance of NTE-BSCF on large-

area single cells based on BZCYYb in f fuel cell mode and g electrolysis mode,
ranging from 650 °C to 450 °C. h SEM image of the large-size ceramic cell after
stability testing in electrolysis mode. i The stability of large-sized single cell based
on BZCYYb utilizing NTE-BSCF electrode under varying currents in electro-

lysis mode.

of BSCF, along with the post-mortem microstructural analysis after the
test, is provided in Supporting Information Figs. S31 and S32. In both
YSZ-based and BZCYYb-based single cells, BSCF showed clear inter-
facial cracking, while NTE-BSCF maintained strong interfacial bonding.
These pieces of evidence indicate that NTE-BSCF demonstrates
exceptional performance in both oxygen ion-conducting and proton-
conducting single cells. To verify the electrolysis stability of NTE-BSCF
in wet air (3 vol% H,0), strict cycling stability tests were conducted

under varying currents (from 0.5 A to 4.5 A), as shown in Fig. 5i. In the
electrolysis mode, NTE-BSCF underwent multiple electrolysis cycles at
different currents within 50 h, demonstrating remarkable stability
throughout. After stability testing, the microstructure remains intact
without electrode cracking or interfacial delamination, indicating
robust bonding and compatible thermal expansion (Fig. 5h). All these
rigorous stability test results underscore NTE-BSCF as a durable elec-
trode material.
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Discussions

Besides the mechanical stress state of individual particles analysis
by Raman, the as-resulted bulk mechanical characteristics of the
electrode are also key factors that determine the overall thermal-
mechanical durability, considering that the electrode is subject to
multiple mechanical contact issues, such as electrode-electrolyte
interface, interconnector-electrode interface, etc that could
be dynamical changing boundaries to the electrode due to, e.g.
the bending of cell support upon H, reduction and external bolt
force in stack. Therefore, the bulk Hardness and Elastic modulus
were measured through Nanoindentation techniques on dense bar

samples of electrode materials (see Fig. 6a, b). A 102% enhance-
ment ratio is observed for the Er value, and a tremendous 138% rise
in H (hardness value). Such enhancement indicates the stronger
grain boundary, as the Elastic modulus is a direct measure of the
energy required for cracking at boundaries. We suppose that
interfacially generated new phases, such as nano Co;0,4 and Fe;0,
oxides, SWO, and BHO, might create an adhesive effect on
the boundary between the main HWO and BSCF phases and
serve as additional obstacles to dislocation movement so that the
elastic modulus is enhanced according to classic Hall-Petch
principle*®*’.

a az b
o y 240 15
P L2 {3 BscF [1BsCF
200 4 NTE-BSCF NTE-BSCF [ .,
160 5
T A Fe &
& 120 2
| = i -6 8
* g0 4 E
H= % 40 _- r3
Electrode 1
0 0
C1 Sample diameter (2R) C2 d 45 120
< » ] BSCF [1BscF L
l Load " |=——nNTE-BSCE - CANTEBSCF L 100 &
Contact ) | %
Diameter Sample = o7 4 -8 =
(22) Thickness (t) < e
v 3 r60 o
S 18 4 r @«
40 2
3 B
97 20 £
(O o i S B 0
» 0 20 40 60 80 100
Displacement (um
Circular hole diameter (2a) * (k)
e
I\/lax dlsplac_e(;n(;e;sts Max displacement
ai-upcormer: U. nm atupcorner: 0.1007 mm
BSCF ' A NTE-BSCF
f o, Von Mises stress distribution at 273K (GPa)
10 =
Air electrode i * BSCF H9 E
0.4 GPa Air electrode * NTEBSCF | £
T [0}
0.3 NTE-BSCF BSCF 17 ~‘c%
46 2
0.2 15 o
04  0=0.154 GPa ' 0=0.199 GPa 18 %
- 43 £
0.0 3 Y 17 §
Delamination GGG N, me .y g 5
T T T

Electrolyte(SDC)

Fig. 6 | Mechanical properties and modeling. Testing the elastic modulus and

hardness of both BSCF and NTE-BSCF using the nanoindentation technique, with a;
representing the schematic diagram and a, showing the actual test. b Comparison
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curves of both specimens until fracture and the fracture strength. e The simulated
deformation of button cells when cooled down to 273K (not to scale) and the
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contours of Von Mises stress at 273 K for NTE-BSCF(left), BSCF(mid), and the stress
profiles (right) probed at the side edge.
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On a macroscopic scale, to confirm the beneficial impact of
composite interface enhancement on overall fracture strength, we
assessed the fracture strength of dense BSCF and NTE-BSCF pellets
using a ball-on-ring fixture’>”". This method, depicted in Fig. éc, is
considered more reliable for testing the strength of flat brittle speci-
mens compared to traditional 3-point bending tests. As shown in
Fig. 6d, the load vs. displacement curves of both specimens until
fracture indicate that NTE-BSCF possesses significantly higher fracture
toughness, approximately 2.3 times greater than that of BSCF. This
enhancement in fracture strength can be attributed to the presence of
various hybrid connections and compression within the electrode
interface, as inferred from the EPMA analysis, which enhances the
overall bonding of NTE-BSCF at a macroscopic level.

To estimate the benefits of the enhanced grain interface and bulk
mechanical characteristics on the stress mitigation at the cell level, we
employed the numerical modeling of fuel electrode-support full cells
(See Supporting Information section 7 for details) based on the Finite
Element Method to probe the stress building up and deformation
during cooling to 273 K. The modelled cell is assumed to be point-fixed
at the centre of the fuel electrode surface, with other edges/surfaces
set as free boundary conditions. It should be noted that the referenced
stress-free temperature is set as the co-calcinating temperature (i.e.,
800 °C) for the electrode and electrode-electrolyte interface and cal-
cinating temperature (1400 °C) for the fuel electrode and electrolyte.
As shown in Fig. 6e, it can be clearly seen that both the BSCF cell and
NTE-BSCF will bend upwards as the Ni-SDC support is less thermally
expansive than the electrolyte. The displacement from the original
position, as an indicator of the cell deformation, is observed to be
maximum at the edge of the electrolyte surface. It should be noted that
a 5.36% reduction of the maximum edge displacement is achieved by
the NTE-BSCF as compared to the BSCF cell. Regarding the stress, the
sectional views of the Von Mises stress distribution near the margin of
the electrode-electrolyte interface are compared in Fig. 6f with its
vertical distribution of stress at the cylindrical side face of the elec-
trode profiled on the right side. It is clear that a ca. 22.6% reduction of
the Von Mises stress can be achieved at the sampled point, which is one
micrometre distant from the interface, when using the NTE-BSCF
electrode (0.154GPa vs. the pristine 0.199GPa). The reduced Von Mises
stress verifies that the cell is at a state of tension due to the smaller
shrinking of electrolyte than electrode, and more importantly, the
reduced TEC of NTE-BSCF results in mitigated stress and thus lower
risk of delamination.

This study demonstrates that oxide wedging, which utilizes the
thermal expansion offset provided by a NTE component to greatly
enhance interface multiphase binding, can effectively reduce the TEC
while significantly increasing the elastic modulus, hardness, thermal-
mechanical stability, and ORR activity. As a proof of concept, we fab-
ricated a composite electrode by combining high-TEC BSCF with NTE
oxide HWO. Calcination at 1100 °C generated uniformly distributed
NTE-BSCF particles with fine size and high ORR activity, reinforcing
interfacial wedging and ensuring thermo-mechanical stability. The
resulting NTE-BSCF composite (TEC 14.6 x10°K™) exhibits close
thermal expansion matching to the electrolyte, in sharp contrast to the
much higher TEC of BSCF (22.4x10°K™). We find evidence for a
beneficial partial phase reaction at -1100 °C between the BSCF and
HWO components in the NTE-BSCF composite, resulting in the exso-
lution of Ba/Sr to form a partially surface-covering phase, Co304 and
Fe;0, oxide exsolution between the interphase of lattice and the
creation of an A-site deficient BSCF phase, which enhances the charge
transfer and oxygen incorporation processes of the electrode. The
NTE-BSCF composite electrode demonstrates promising ORR activity
with an ASR value of 0.028 Qcm? almost half lower than BSCF
(0.065 Q cm?) at 600 °C; the peak power density from an SOFC button
cell employing the NTE-BSCF electrode reaches 2016 mW cm™ at
750°C. In summary, the proposed strategy of reactive thermal

expansion compensation to promote the oxide wedging effect has
been demonstrated to be an effective approach for developing durable
and high-performance SOCs/PCCs.

Methods

Synthesis of powders

BSCF was synthesized by a combined EDTA-citrate complexing pro-
cess. The appropriate stoichiometric Ba(NO3)»-99.5%, Sr(NO3),-99.5%,
Fe(NO3),'6H,0-99.9%, Co(NO3),'6H,0-99.9% precursors (all from
Sinopharm Chemical Reagent Co., Ltd., analytical grade) in aqueous
solutions were mixed in a beaker. After stirring for 20 min, the calcu-
lated amounts of citrate and EDTA were added, and the pH value was
adjusted to ~8 by ammonia. The molar ratio of total metal ions: EDTA:
citric acid: ammonium ion was 1: 1: 2: 10. Then the solution was con-
tinuously stirred and heated at 80 °C until the water evaporated and a
gel was formed. The gel was pretreated in a furnace at 180 °C for 8 h to
form a solid precursor. The solid precursor was then calcined at
1000°C for 5h in air to obtain BSCF powder. The electrolytes
Smo.z(:EQ.gOLg (SDC) and BaZro_1Ceo_7Y0_1Yb0_103_,5 (BZCYYb) were
synthesized using a similar process, with both materials calcined in
ambient air for 5h at sintering temperatures of 1000 °C and 800 °C,
respectively®.

Analytically pure Hf0,(99.9%) and W03(99.8%) powders were
used as raw materials to prepare HWO ceramics. All the raw materials
were weighed by the target stoichiometry. The powder mixtures were
co-milled (Fritsch, Pulverisette 6) at 400 rpm for 1h in alcohol and
dried. Subsequently, the mixtures were calcined at 1200 °C for 5 h and
quenched into liquid nitrogen to obtain HWO powders. The NTE-BSCF
composites were prepared by mixing appropriate weight fractions of
the BSCF and HWO powders mechanically by using a ball mill for
30 min in ethanol followed by drying. The NTE-BSCF powders were
then calcined at 1100 °C for 2 h in air to form the hybrid materials.
Unless otherwise stated, all heat treatments were performed in
static air.

Fabrication of the symmetrical and single cells

SDC and BZCYYb were dry-pressed into 0.4 g substrates and sintered
at 1400 °C and 1450 °C, respectively, in ambient air to form dense
bases. The electrode powders were then ball-milled with isopropanol,
ethylene glycol, and glycerol for 30 min to create a uniform slurry. The
electrode powder was ball-milled for 30 min with isopropanol, glycol,
and glycerol to form a slurry. The slurry was sprayed onto both sides of
an SDC (BZCYYb) compact disc (sintering at 1350 °C (1450 °C) for 5 hin
air, with 12 mm diameter) followed by heating at 800, 900 and 1000 °C
for 2 h, respectively. Symmetrical cells of electrodelelectrolytelelec-
trode for the impedance studies were prepared.

The single cells with the fuel electrode (Ni+electrolyte)lelectro-
lytelelectrode configuration were prepared using the dry-pressed co-
sintering method. For example, NiO, electrolyte, and soluble starch
were weighed in a mass ratio of 6:4:1 (6 g:4 g:1g), thoroughly mixed,
and 0.4 g of the mixture was uniaxially pressed under 4 MPa to form a
fuel electrode-supported pellet. Then, 0.018 g of electrolyte was uni-
formly coated on the fuel electrode’s surface, and both powders were
co-pressed at 8 MPa to create a two-layered substrate. Afterward, the
BZCYYb-based cells were sintered at 1450 °C in ambient air for 5 h (for
YSZ-based cells, sintering was at 1350 °C for 5 h). Finally, the electrode
slurry was spray-coated on the center surface (circular area of
0.28 cm?), and the complete single cell was obtained after sintering at
800 °C in ambient air for 2 h. Specifically, for the large-area single cell
with an air electrode area of 12.5 cm?, the fuel electrode (green body,
NiO: BZCYYb = 6:4) was prepared via a casting process. The electrolyte
layer (BZCYYb) was then spin-coated onto the hot-pressed fuel elec-
trode and co-sintered at 1450 °C to obtain the half-cell. The air elec-
trode was applied by spraying onto the electrolyte surface and
subsequently calcined at 800 °C for 2 h to complete the fabrication of
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the full cell. Unless otherwise specified, all sintering steps were con-
ducted in static air. The YSZ-based single cell consisted of a 400 pm
NiO-YSZ fuel electrode, 20 pm YSZ electrolyte, and a 6 pm
GDC barrier layer. The BZCYYb-based cell comprised a
500 pm NiO-BZCYYb fuel electrode and 15 pm BZCYYb electrolyte.
All symmetric and single cells had air electrodes with a thickness of
10-12 pm.

Basic characterizations

Room temperature powder X-ray diffraction was performed to deter-
mine the crystal structure of the powders (XRD, Bruker D8 Advance,
Germany) by step scanning over the range of 26 = 10-90° using filtered
Cu-Ka radiation operated at 40 kV and 40 mA with a receiving slit
width of approximately 0.2-0.4 mm and a 10° min™ scan rate. The in-
situ high-temperature X-ray diffraction (HTXRD, Rigaku D/max
2500 V) investigations were performed on a powder diffractometer
equipped with a high-temperature attachment and with air flowing
during the test. The heating rate was 10 K min™, and the temperature
was held for 60 min at each temperature step. The morphologies of
composite powders and cells were examined using spherical
aberration-corrected transmission electron microscopy, (STEM-
HAADF, FEI, Titan Cubed Themis G201), high-resolution transmission
electron microscopy (HR-TEM, JEOL JEM-2100F) and a scanning elec-
tron microscope (SEM, FEI QUANTA-2000 and SEM, Hitachi S4800)
under an acceleration voltage of 20 kV. The TG analysis was performed
on a thermobalance (STA 449 F3 Jupiter, NETZSCH). For each mea-
surement, a 10 mg sample was placed in an alumina crucible inside the
furnace of the TG-DTA at room temperature and then heated to 900 °C
at a rate of 10 °C min™ under airflow. Thermal expansion data were
collected with a Netzsch DIL 402 C/3/G dilatometer in the air from
room temperature to 800 °C with a heating rate of 5°C min™ in static
air. Dilatometry measurements were conducted on dense column-
shaped samples fabricated via a spark-plasma sintering system (SPS,
LABOX-110H, Sinter Land) at 600 °C under 50 MPa with a holding rate
0f 100 °C min™ in a ¢ = 10 mm graphite mold in an argon atmosphere.
The X-ray photoelectron spectroscopy (XPS) data were collected by a
Physical Electronics PHI 5600 multi-technique system using Al
monochromatic X-ray at a power of 350 W.

Electrochemical testing

The EIS of the symmetrical cells and single cells were acquired using a
Princeton electrochemical workstation (auto calibration). Measure-
ments were performed under open-circuit voltage conditions after
20 min of stabilization to ensure a quasi-steady state. The applied
frequency range was from 0.01Hz to 100 kHz, and the signal ampli-
tude was 100 mV in a potentiostatic mode. The SDC-based symme-
trical cells were tested in air between 500-700 °C, while the BZCYYb-
based symmetrical cells were tested in wet air under the same tem-
perature range. The DRT analysis was performed using a MATLAB GUI
developed by Wan et al.*.

The I-V and I-P polarization curves were collected using a Keithley
2420 source meter (ITECH load and power instrumentation) based on
the four-terminal configuration. The single-cell test was conducted
over an in-lab constructed fuel cell test station within the temperature
range of 450-750 °C. During the test, dry (wet) H, was fed into the fuel
electrode side as fuel at a flow rate of 80 mL min™ (STP), while the
electrode side was fed with ambient (wet) air at a flow rate of
100 mL min™ (STP).

Reproducibility and Replicates: Electrochemical measurements
for symmetric cells were performed three times under identical con-
ditions, with minimal variation between repeated tests, demonstrating
good reproducibility. For button single cells, each experiment was
repeated at least three times. The data presented in the main text
correspond to the best-performing result from a specific selected cell
among the top three consistent measurements. For large-area single

cells based on both BSCF and NTE-BSCF electrodes, three repeated
measurements were also conducted under the same conditions. The
main text highlights the best-performing result from these tests, again
from a specific selected cell, to demonstrate the maximum achievable
performance of the materials in the given cell architecture, which we
believe is representative of their intrinsic potential. For transparency,
the electrochemical data from tested cells are provided in Supporting
Information Section 6.

Numerical simulations

The Finite Element simulation for the thermal stress in the button cell
is developed using the commercial platform of COMSOL v5.21. The
dimensions of the simulated button cell are determined according to
the experimentally fabricated cell. The detailed process is presented in
the SI-7.

Data availability

The data that support the findings of this study are available from the
corresponding author upon request. Source data are provided with
this paper.
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