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High-performance perovskite oxides are instrumental in catalytic processes and energy conversion. The
exsolution of metallic nanoparticles from perovskite oxide hosts to form metal/oxide heterogeneous cat-
alysts provides unprecedented opportunities for manipulating the catalytic activity of perovskites. Herein,
we design and demonstrate a new approach to rapidly trigger exsolution and tune the electrochemical
performance of perovskites. We show that by applying pulsed thermal shock several times (~50 ms pulse
width) and voltage shock for ~40 s, exsolution-based products can be prepared on a timescale of
seconds. With an increase in the number of pulses, the particle density increases first due to an increase
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in the concentration of oxygen vacancies that can serve as nucleation sites and then reaches a threshold
governed primarily by the content of exsolvable metal atoms in the host lattice. Owing to the additionally
generated active sites and conducting paths for active species, perovskite activity is significantly improved,
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Introduction

ABO; perovskite, a class of materials that share a particular
crystal structure similar to that of the naturally existing mineral
perovskite CaTiOs, is a good candidate for energy conversion,
energy storage and catalysis."™ In an ideal cubic perovskite struc-
ture, the larger A cation (A™") coordinated by 12 oxygen anions is
located at the corners of the cube, the smaller B cation (B"") octa-
hedrally coordinated by six oxygen anions is at the center of the
cube, and the oxygen anions (O°7) are located at the center of
each cube face. By changing the environmental conditions or
doping,®® the perfect cubic structure undergoes various distor-
tions, such as rotation (lowering the symmetry of the crystal from
cubic to other phases, like orthorhombic or rhombohedral, and
allowing for flexibility to accommodate various-sized cations),
octahedral tilting, A- and B-site ordering (A or B sites can have an
ordered arrangement of different cations), cation off-centering,
and oxygen vacancies (affecting surface chemistry, catalytic
activity and conductivity), eventually endowing a wide range of
functional properties.®’™">

Owing to these characteristics, perovskite oxides are widely
used as electrodes for solid oxide fuel cells (SOFCs), which can
convert chemical energy to electrical energy in an environmen-
tally friendly manner.'®'*™"” Since catalysis primarily takes
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thus eventually yielding a prominent enhancement in electrochemical performance.

place on the surface of the electrode catalyst during cell
operation,'®° it is of great significance to modify the surface
of the perovskite oxide to offer more active sites,”**> thus
improving the eventual catalytic activity. Conventionally, infil-
tration or deposition (like chemical vapor deposition and
atomic layer deposition) methods are broadly applied to
deposit nanoparticles on the surface of target perovskites for
fabricating a heterogeneous catalyst with a nanoparticle/
support structure.”>>” However, the troublesome issues of
high cost, interminable procedures, long preparation cycle and
inferior stability of the product make it urgent to develop
alternative techniques. As an emerging approach, exsolution
has been built and rapidly developed in the past few years.*®™*
Different from conventional methods that prepare nano-
particle/support products in an ex situ way, nanoparticles can
be produced on the surface of perovskite supports in situ by
applying the exsolution method.>” Briefly, by providing a
driving force, exsolvable metal atoms with high catalytic
activity can be drained out of the host lattice during exsolu-
tion. Moreover, nanoparticle/support products prepared by
applying the exsolution method usually show good stability
and distribution due to their anchored property.**~®

In principle, the exsolution of particles from a perovskite
support is a type of phase segregation that is generally induced
by chemical gas reduction.’**® Due to the weak driving force
(chemical potential, 4 = u° + RTIn(P/P°)) provided to the
system and low kinetics of cation diffusion, it usually takes
tens of hours to acquire nanoparticle-modified perovskite
using traditional methods. Moreover, the particle density is
generally low because of the fallow surface of the host for par-
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ticle nucleation, severely underestimating the effectiveness of
exsolution in boosting the activity of the perovskite oxide.
Given that the exsolution characteristics have a close relation-
ship with the local environment of active transition metal
atoms in the perovskite host, there stands a good chance to
tune the exsolution kinetics by releasing lattice oxygen since it
can make the metal cation nearby more exsolvable. Moreover,
after the oxygen release, the introduced point defect of the
oxygen vacancy could potentially serve as a nucleation site and
hence accelerate the exsolution process as well as manipulate
the particle density, eventually producing an exsolution-based
perovskite with high catalytic activity.

With the aim of rapidly triggering exsolution and tailoring
the electrochemical activity of the perovskite electrode for
SOFC, in this study, we propose a novel technique of pulsed
thermal shock and voltage shock (Fig. 1), named the P-V
shock technique for Briefly,
Lag.3,Ca0.45Tip.04Nig.0603_5 (LCTN) perovskite was applied as
the model material. It was found that after pulsed thermal
shock at ~1600 °C for several numbers (~50 ms in pulse
width) and voltage shock at 2 V for ~40 s, exsolution could be
successfully triggered in a timescale of seconds. Moreover, the
oxygen vacancy concentration and particle density can be well
manipulated by altering the pulse number of the thermal
shock. Consequently, the electrochemical activity of the LCTN
perovskite electrode was effectively improved at the working
temperatures.

convenience.

View Article Online

Nanoscale

Exsolution triggered by P-V shock

Considering that Ti-based oxides generally show good structural
stability within a wide oxygen partial pressure (pO,) window, and
the introduction of other elements with a lower valence state can
the  perovskite’s properties," in  this  work,
Lay 3Cag.45Ti0.04Nig 06035 (LCTN) oxide was synthesized using
the solid-state reaction method. Meanwhile, the design and intro-
duction of an A-site deficiency into the host lattice is mainly
because it can generally endow dynamical exsolution when treat-
ing the host oxide. This is primarily because the concentration of
BO Schottky defects (Fig. S1) can be well tuned by introducing an
A-site deficiency, accelerating the migration of lattice oxygen and
generating metallic nanoparticles (eqn (1) and (2)). A home-made
setup was designed and built to conduct the P-V shock. During
the pulsed thermal shock, carbon paper (60 x 10 x 1 mm) was
selected and applied as the heating source, and ~20 A current
was supplied to the system to provide a temperature of ~1600 °C
in a N, atmosphere. The pulse width was set to 50 ms.
Subsequently, voltage shock was carried out at 2 V for ~40 s at
800 °C in N,.

alter

By + O} «» BO+ Vg + Vg

(1)
1
BO «~ B +EOZ

(2)

The P-V shock was conducted by gradually increasing the
pulse number (PN) of the pulsed thermal shock. When the PD

a Gas inlet b ¢
Gas outlet Thermal shock
=8 t —7 ton
- —— + =
=1 T’ —I‘ P~ Carbon heater
<
Power supply ™~ Perovskite
Logy d
e ——===mg
t (ms) B
e f
Anode
S
= Across the cell
Cathode
t(s)
g Before treatment After treatment
P-V shock
— (e Seconds scale
Support Nanoparticle/Support

Fig. 1

(a) Schematic of the pulsed thermal shock setup. (b) Current profile as a function of time for pulsed thermal shock. (c) Schematic of the

pulsed thermal shock treatment. (d) Captured picture of the pulsed thermal shock during the treatment. (e) Schematic of the voltage shock treat-
ment. (f) Voltage profile as a function of time for the voltage shock. (g) Illustration of perovskite before and after the P-V shock treatment.
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was 3, surprisingly, it was found that a small number of nano-
particles with an average particle size of 14 + 3 nm (Fig. S1)
appeared on the surface of the LCTN host (Fig. 2a), indicating
that exsolution was successfully triggered by applying the P-V
shock technique. As a reference, the LCTN was treated indivi-
dually using voltage shock. However, the results showed that
no observable particles were detected (Fig. S2), suggesting that
the exsolution phenomenon was a result of the synergistic
effect of the pulsed thermal shock and voltage shock.

In general, the eventual catalytic activity of a perovskite
oxide has an intimate relationship with the number of
exsolved particles (particle density), so we naturally consider
whether the particle density could be tuned by altering the
pulse number. Then, a P-V shock was carried out by gradually
increasing the PN at an interval of 3. Interestingly, when PN
was increased from 3 to 6, the particle density varied from 4 to
29 pm? after the P-V shock (Fig. 2a and Fig. S1). Moreover,
when PN increased to 9, the particle density prominently
increased to 86 particles pm?, suggesting that one could pro-
spectively manipulate the exsolution degree by altering PN
(Fig. 2b). Here, it should be noted that when PN was further
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increased to 12, the particle density (83 particles pm?) did not
change significantly, implying that there was a threshold for
exsolving nanoparticles from the host. In principle, for a
certain perovskite solid solution, there should exist a solubility
window [cy, ¢,] for the active dopant. For example, when the
doping level is in [cy, c,], a solid solution with a single phase
can be successfully obtained. However, when the doping level
exceeds the [c;, ¢,] window, impurity phases are generated
during solid solution formation. Therefore, it is probably
rational to attribute the threshold phenomenon of the particle
density during exsolution to the limited concentration of the
active dopant (Fig. 2d). In other words, as the exsolution pro-
ceeds, the surface becomes barren of exsolvable atoms, which
in turn limits the exsolution degree during the P-V shock. In
addition, the exsolution depth was roughly estimated, and the
results showed that with an increase in pulsed thermal shock
numbers, the exsolution depth increased from ~2 to 43 nm
(Fig. 2e), further suggesting that the exsolution degree can be
effectively tuned by applying the P-V shock.

To obtain more information about the exsolution triggered
by the P-V shock, the concentration of oxygen vacancy Vg was
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(a) SEM images of the LCTN perovskite after P—V shock. (b) lllustration of the effect of the pulse number on the particle density. (c)

Illustration of the effect of the pulse number on the concentration of oxygen vacancy (as depicted by the green rectangle); PN represents the pulse
number. (d) Diagram of the relationship between particle density and pulse number. (e) Variation of oxygen vacancy concentration, particle density

and exsolution depth as a function of the pulse number.
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investigated by applying the iodometric titration method. For
credibility, three parallel experiments were conducted, and the
average value was adopted for the analysis. For the sake of
clarity, we refer to the as-synthesized LCTN as pristine LCTN
and the LCTN treated by 3 pulse numbers, 6 pulse numbers, 9
pulse numbers and 12 pulse numbers as PN3, PN6, PN9 and
PN12, respectively. The results showed that for the pristine
LCTN, an oxygen vacancy concentration Cy of 0.12 + 0.03 was
obtained. Interestingly, as the pulse number increased, the Cy
first increased and then varied slightly, showing a variation
trend similar to that of the particle density (Fig. 2b and c). For
example, Cy values of 0.15 + 0.02, 0.19 + 0.03, 0.24 + 0.02 and
0.23 + 0.02 were acquired for PN3, PN6, PN9 and PN12
samples, respectively. From the viewpoint of defect chemistry,
point defects, such as oxygen vacancies, generated on the
surface of the perovskite host can provide sites for nucleation
due to the decreased barrier energy, as shown in the latter
section, facilitating the formation of nanoparticles. Actually, it
has been demonstrated that the nucleation of Au nanoclusters
preferably takes place at the oxygen vacancies of the TiO, sub-
strate.”> Thus, by changing the pulse number, the population
of exsolved particles can be effectively tuned. In addition, it
was found that for all cases, the average particle size was
similar. In principle, the thermodynamically equilibrating size
of a particle is closely associated with the kinetics of the par-
ticle growth. Therefore, according to the experimental results,
it might be reasonable to deduce that all the samples exhibited
a similar growth behavior during the P-V shock. For compari-
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son, LCTN was also treated by applying a conventional gas
reduction method (900 °C 20 h in H,), and the results showed
that only a few particles with large sizes were generated
(Fig. S3), suggesting slow exsolution kinetics, which might be
ascribed to the intrinsically inert surface. In other words, the
P-V shock technique could trigger an exsolution of higher

quality.
Crystal structure of the LCTN

To verify the crystal structure of the as-synthesized LCTN, XRD
was conducted on LCTN powders; then, Rietveld refinement
was carried out based on the collected profile. It was found
that the recorded XRD pattern could be well indexed according
to an orthodromic structure (Fig. S4) with lattice parameters of
a=5.4723 (3) A, b = 7.7275 (2) A and ¢ = 5.4698 (3) A, which
belonged to the space group of Pbnm (62) (Fig. 3a).
Microstructurally, the B-site transition metals Ti/Ni with
smaller ionic radius (rrs = 74.5 pm and ryp: = 69 pm) sit at
the centers of octahedrons that are surrounded by oxygen
atoms, and these BOg octahedrons are periodically arranged
along the a, b and ¢ axes, while the A-site metals La/Ca with
larger ionic radius (rp,s = 106 pm and rcge- = 114 pm) are filled
in the space among the octahedrons (Fig. 3b). Overall, the
LCTN perovskite solid solution with a single phase was suc-
cessfully prepared in this study.

Moreover, the XRD profile of the LCTN perovskite after P-V
shock was collected (Fig. 3c). In comparison, it can be found
that in addition to the primary diffraction peaks of the LCTN
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(a) Rietveld refinement XRD profile of the as-synthesized LCTN. (b) Crystal structure of the LCTN, where pink spheres denote La/Ca, blue

spheres denote Ti/Ni, and green spheres denote O. (c) XRD profiles of LCTN before and after the P-V shock. (d) Normalized Ni K-edge XANES for
PNO9. (e) Gibbs free energy values of reducing the corresponding oxides to metals at 800 °C. (f) Comparison of exsolution properties between the

P-V shock technique and the conventional method.
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phase, an extra diffraction peak appeared at the 260 of ~44° for
the P-V shocked LCTN, which could be most probably attribu-
ted to the Ni phase, as indicated in the Ni PDF (#65-0380),
suggesting that exsolution of Ni nanoparticles occurred during
the P-V shock (eqn (1)). Actually, a similar phenomenon was
also observed by other researchers.*® Furthermore, XANES was
conducted on the LCTN after P-V shock. As expected, the col-
lected results further confirmed the generation of Ni° (Fig. 3d).
After a quantitative analysis by a linear combination fitting, it
was found that 26% Ni° was produced, and an average oxi-
dation state of +1.48 was acquired. In fact, a negative Gibbs
free energy value of —46.47 k] mol™"* can be obtained for the
reduction of NiO to Ni (Fig. 3e). In other words, in comparison
with other metal oxides, NiO is more prone to be reduced
during treatment. In sum, the formation of abundant zero-
valent nanoparticles can be rapidly (second-level scale) rea-
lized by applying the P-V shock technique. Additionally, com-
pared to those of the conventional method, the P-V shock
technique shows faster exsolution kinetics, higher particle
density and smaller particle size. For example, a higher exsolu-
tion quality can be obtained by applying the P-V shock tech-
nique (Fig. 3f).

Lag 3,Ca0.48Tig.04Nig 06035 —
LaO.SZCaO,48TiO.94NiO,06—xOS—6—y + Ni, +y/202

Mechanism of exsolution triggered by pulsed thermal shock
and voltage shock

In view of the validity of the P-V shock technique to trigger the
exsolution of nanoparticles from the perovskite host and com-
bined with the experimental results, a possible mechanism is
proposed. As demonstrated by previous studies,**** an oxygen
vacancy plays a key role in mediating exsolution. Given the
underlying thermodynamic principles, the creation of an
oxygen vacancy in a certain oxide involves breaking chemical
bonds and removing an atom from its lattice site. This requires
a certain amount of energy, known as oxygen vacancy for-
mation energy (E¢). The concentration of an oxygen vacancy
(Cy) in a crystal at a given temperature (7) can generally be
described using the following Arrhenius equation:
—E

Cy = N x kT (4)
where N is the number of potential oxygen sites in the crystal,
kg is the Boltzmann constant, and 7 is the absolute tempera-
ture in Kelvin.

Therefore, the relationship between oxygen vacancy concen-
tration and temperature is direct and exponential. As the temp-
erature of the system increases, the equilibrium concentration
of the oxygen vacancies also increases exponentially. This is
because the formation of a vacancy is an endothermic process
that becomes more thermodynamically favorable at increased
temperatures. This is different from the conventional way in
which lattice oxygen is removed using a furnace to provide a
driving force. Restricted by the related heating elements, the
heating rate and heating temperature provided are generally

This journal is © The Royal Society of Chemistry 2026
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low, resulting in long-term treatment and weak kinetics of
oxygen vacancy formation. In this study, we proposed to apply
carbon paper to provide a driving force; only ~1 s was needed
so that the system could be rapidly increased up to ~1600 °C.
At this high-level temperature, thermal energy overcomes the
vacancy formation energy, which causes a rapid release of
oxygen atoms from their lattice positions, thus increasing the
total concentration of vacancies that can preferentially serve as
nucleation sites during exsolution. Hence, owing to the strong
driving force, removal of oxygen in the LCTN perovskite lattice
and generation of oxygen vacancy (eqn (5)) took place dynami-
cally during pulsed thermal shock until reaching a new
thermodynamic equilibrium state (Fig. 4a and b), conse-
quently giving rise to the pre-activation of LCTN. Actually,
experimental results showed that compared to that of pristine
LCTN, a 2 times enhancement of oxygen vacancy concen-
tration was achieved for LCTN after pulsed thermal shock for 9
times.

0 = V5 +2¢ +1/20,(g) (5)

During the following voltage shock (~40 s) to the pre-acti-
vated perovskite (Fig. 4c and d), numerous electrons (e”) were
injected into the system, leading to a dynamical reduction in
the transition metal with high reducibility; for example, the
Gibbs free energy for reducing NiO to metallic Ni at 800 °C is
about —46.47 k] mol™". In virtue of the pre-generated oxygen
vacancies, the kinetics of the reduction process would be
enhanced, due to which the escape of lattice oxygen could
bring about the isolation of the transition metal to maintain
the primitive structure. At the initial stage, the nickel cations
Ni** existing in the first few layers of the LCTN surface diffuse
to the top surface driven by the electrical potential built
between them. Then, the nickel cations are dynamically
reduced to zero-valent metal atoms Ni’ (Ni** + 2e” — Ni°).
Subsequently, the nucleation that preferentially occurs at the
place where surface point defects, like oxygen vacancy, exist to
minimize the total surface free energy. Then, the generated Ni
atoms as a feeding source move to the clusters nearby, result-
ing in particle growth until reaching the thermodynamically
equilibrium size. As the voltage shock proceeds, the nickel
cations existing in the deeper area are drained out and then
undergo similar procedures, as described previously. Based on
the experimental results, for a certain perovskite oxide, there
exists a threshold depth for exsolving the active metal cations
from the lattice. In other words, a barrier zone of exsolvable
metal cations is formed after voltage shock (Fig. 4e), leading to
a threshold of particle density. To acquire a higher particle
density, more driving force should be supplied to the system
to drain out the active metal cations existing beyond the
barren zone.

In general, exsolution can produce additional active sites,
thus lowering the barrier energy of the dissociative adsorption
of gas molecules. Moreover, during the formation of metallic
nanoparticles, oxygen vacancies are generated to follow the
rule of charge neutrality. In principle, the chemical potential
that can serve as a driving force to modulate the migration of

Nanoscale, 2026, 18, 3387-3398 | 3391


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr05033b

Open Access Article. Published on 02 January 2026. Downloaded on 6/22/2026 7:39:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a b Pulsed thermal shock
[ T
| N D, 1
0000 Oun (000000
vacancy °
-®8©8©8®8®8m formation , Q-0 *Q o0
88 99039
‘ ‘Ds@g@o@g@am 20000000
|°Q00°Q00”0 °000°0c0°0x
QLa/Ca @TiINi OO
d Voltage shock e
@0“’0@00008@
2000000
$3338
Q0”000
f 2.1 g
& 184 ' ..............
E \,ow e
g 1.5 "' éﬁ‘
12{ | &
g
0 10 20 30 40
Voltage shock time (s)
Fig. 4 (a) Crystal structure of LCTN perovskite. Purple spheres represent

Sub-surface 4

View Article Online

Nanoscale

¢ Voltage shock
® Reduction Nn'lljofjjof,‘f,i,icg) Nucleation
#000°00°0 o
mO‘DOcDg‘DOmOG’
Q0”000
mg“’o«)o@omo@
a)g@o‘DOGJg‘ng

High

POZ

itas

Low

@ Diffusion 'z

Exsolution
depth

Bulk

Perovskite
01 &, No surface oxygen vacancy
B —
g, ——
o 3
8 :
o
3 5
2 2
o N
2 With surface oxygen vacancy
= =34 i
=
o .,
-
4l
1 2 3 4

Nickel position (layer)

La/Ca, green spheres represent Ti/Ni and grey spheres represent O. (b)

Illustration of oxygen vacancy formation during pulsed thermal shock. (c and d) Illustration of exsolution processes during voltage shock. (e)
Schematic of exsolution limited by the exsolvable metal cation in the sub-surface. (f) Cell current as a function of time during voltage shock. (g)
Energy difference with respect to nickel position and surface oxygen vacancy availability.

oxygen anions has an intimate connection with the oxygen
vacancies, generally following uo = ud + (RT/2)In pO,. Thus, the
additionally formed oxygen vacancies can provide more path-
ways for oxygen anion migration, which further influences the
0° flux and the consumption amount of O, reactant in unit
time. Synergistically, the exsolved active metal nanoparticles
and the concurrently formed oxygen vacancies can enhance
the kinetics of relative electrochemical reactions. Furthermore,
since the surface generally possesses a large free volume,
which is beneficial for the steps of nucleation and growth, it
shows faster kinetics of particle generation (Fig. 4f). In prin-
ciple, atom stability can be estimated by segregation energy.
Thus, the energy difference between nickel with a surface
oxygen vacancy and without a surface oxygen vacancy was esti-
mated by a pair potential-based simulation. It was found that
reduced nickel energy could be obtained by introducing an
oxygen vacancy (Fig. 4g), resulting in enhanced stability.
Actually, similar behavior was also observed by other research-

ers.*

Thus, owing to the additional generated oxygen
vacancies during the pulsed thermal shock, enhanced exsolu-

tion can be expected. In a word, exsolution kinetics can be

3392 | Nanoscale, 2026, 18, 3387-3398

efficiently tuned by oxygen releasing, and the nanoparticle-
decorated material can be obtained in a timescale of seconds
by applying the P-V shock technique.

Electrocatalytic activity of the P-V shocked LCTN

In order to investigate the electrocatalytic activity of the LCTN
perovskite before and after the P-V shock, electrochemical
impedance spectroscopy (EIS) was collected in a frequency
range of 10°-10™" Hz at different temperatures under open-
circuit voltage (OCV) conditions after stabilization. The results
showed that, similar to the pristine LCTN (Fig. S5), a polariz-
ation resistance (R,) of 49.4 Q cm” was obtained at 650 °C,
while it decreased to 6.4 Q cm? at 800 °C. This reduction of R,,
was mainly due to the enhanced kinetics of the electrode reac-
tion at elevated temperatures, namely thermal activation
enhanced electrochemical performance. These high polariz-
ation resistances indicate the low activity of the pristine LCTN
on electrochemically oxidizing hydrogen.

Interestingly, similar to PN3, lower R, values were acquired
during the operation, and the R, value varied from 21.3 Q cm?
at 650 °C to 3.3 Q cm® at 800 °C (Fig. 5a), suggesting an

This journal is © The Royal Society of Chemistry 2026
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Thermal cycling performance of PN9. (f) Profile of R, as a function of time at 800 °C for PN9. (g) Electrical conductivity of PN3, PN6 and PN9 at

different temperatures in hydrogen.

improvement in electrochemical activity. This
primarily attributed to the P-V shock treatment since the
exsolved Ni nanoparticles with high activity could accelerate
the reaction of hydrogen oxidation. As expected, a further
decrease in R,, value took place for both PN6 and PN9 (Fig. 5b
and c). For example, the R, rapidly decreased to 0.1 Q cm” for
PN9 at 800 °C, deriving from the numerously generated active
sites that were beneficial for the corresponding electro-
chemical reaction. Generally, the electrochemical reaction
takes place at the triple-phase boundary (TPB) where the
gas reactant, electrons and active ions concurrently meet. By
applying P-V shock, the additionally generated pathways for
the migration of these species can extend the TPB length,
thus decreasing the polarization resistance and enhancing
the electrochemical activity. Overall, P-V shock is an effective
technique tuning the electrochemical activity of
perovskites.

In order to obtain more information about the electro-
chemical performance of the pristine and P-V shocked LCTN,
activation energy (E,), relating to the processes of diffusion,

was

for

This journal is © The Royal Society of Chemistry 2026

adsorption, dissociation, and charge transfer, was calculated
using the following equation:

R,=A exp<f ki;") (6)
where A is the pre-exponential factor, kg is the Boltzmann con-
stant and T is the absolute temperature. E, can be acquired by
calculating the slope of the plot depicted by logR, vs. 1/T.
After a careful calculation, it was found that the E, value was
1.16 + 0.03 eV for the pristine LCTN (Fig. S6), while it
decreased to 1.07 = 0.01, 1.01 = 0.02, and 0.93 + 0.02 eV for
PN3, PN6 and PN9 (Fig. 5d), respectively, further verifying the
enhanced kinetics of hydrogen oxidation reaction after the P-V
shock.

In real applications, the thermal cycling stability of the per-
ovskite electrode is an important parameter for solid oxide
fuel cells. Hence, to investigate the thermal cycling stability of
the treated LCTN, the system temperature monitored by a
thermocouple was first increased from 650 to 800 °C and then

Nanoscale, 2026, 18, 3387-3398 | 3393


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr05033b

Open Access Article. Published on 02 January 2026. Downloaded on 6/22/2026 7:39:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

decreased to 650 °C (following the pattern of 650-800-650 °C)
with an interval of 50 °C, and the R, was collected at each
temperature after stabilization. The results demonstrated that
the polarization resistance changed slightly during the cycling
measurement (Fig. 5e), suggesting the favorable thermal
cycling stability of the treated LCTN. Moreover, no significant
change in R, was observed during the subsequent isothermal
measurement (Fig. 5f).

Moreover, it was found that with increasing temperature,
the electrical conductivity of all samples monotonously
increased (Fig. 5g) and showed good cycling stability (Fig. S7).
This was mainly associated with the generation of thermally
activated charge carriers, resulting in an increase in carrier
concentration. Furthermore, the order of electrical conduc-
tivity followed PN9 > PN6 > PN3 > pristine one. Compared to
that of the pristine LCTN, the increased conductivity of PN3
was presumably because after the P-V shock, the exsolved
metallic nickel nanoparticles possessing excellent conductivity
could provide additional paths for electron conduction.
Moreover, with an increase in the pulse number, more and
more zero-valent nanoparticles were formed on the surface of
the LCTN. For example, more paths could be built for electron
conduction, resulting in an enhanced mobility of charge car-
riers and eventually yielding a more conductive LCTN. In
addition, it could be expected that by generating zero-valent
metal, the O 2p and T 3d (T signifies transition metals) orbits
become more hybrid,*® leading to an enhanced kinetics of
electron transfer between T-O-T. Meanwhile, the additionally
produced oxygen vacancies and the manipulated concen-
tration of the TO Schottky defect due to the introduced A-site
deficiency (Fig. S8) could accelerate the migration of oxygen
anions. Synergistically, total conductivity was prominently
enhanced after the P-V shock.

Additionally, the activation energy of conductivity was eval-
uated using the following equation:

_Aep(-E )
O\ Tkr )

where A is the pre-exponential factor relating to the concen-
tration and mobility of charge carriers, 7T is the temperature, E,
is the activation energy associated with the conducting
process, and k is the Boltzmann constant. It was found that
the pristine LCTN showed an activation energy of 1.02 + 0.05
eV in the measured temperature range (Fig. S9), while lower E,
values of 0.93 + 0.04, 0.82 + 0.03 and 0.62 + 0.03 eV were
obtained for PN3, PN6 and PN9Y, respectively, further implying
an enhanced kinetics of carrier mobility after P-V shock.

Cell performance of the P-V shocked LCTN

Cell performance was evaluated in a customized testing system
consisting of a cell-supporting component, thermal couple,
temperature remote controller and electrochemical worksta-
tion (Fig. S10). With respect to the pristine LCTN, it was found
that the peak power density (PPD) changed between 0.01 and
0.06 W cm™ in the temperature range of 650-800 °C
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(Fig. S11), suggesting an inferior electrochemical activity on
oxidizing hydrogen molecules. In comparison with the pristine
LCTN, it can be found that PN3 exhibited higher PPD values
(0.12-0.32 W cm™?) during the measurement (Fig. 6a), imply-
ing an enhanced kinetics of hydrogen oxidation reaction. This
was mainly attributed to the generated metallic nickel nano-
particles that can dynamically break the H-H bond, thus facili-
tating the consumption of H, reactant.

Similarly, the PPD value increased prominently for PN6 and
PN9 (Fig. 6b and c). For example, a promising PPD value of
1.11 W cm™ was obtained for PN9 at 800 °C, which was
improved by about 18.5 times compared to that of LCTN
before P-V shock (Fig. 6e). Here, it is worth noting that lantha-
num titanate-based perovskite usually shows unsatisfactory
performance because of its intrinsically low activity. In other
words, it has been experimentally demonstrated that P-V
shock is an effective way to rapidly tailor the electrochemical
performance of perovskites. In consideration of that, for an
electrochemical reaction, electrons and ions are indispensable
species; the enhancement of cell performance was presumably
attributed to the increased oxygen vacancy concentration and
the improved conducting ability, synergistically bringing about
favorable activity. For example, in a unit time, more hydrogen
molecules can be utilized for the P-V shocked LCTN, hence
giving rise to a higher faradaic current density and power
density during the operation. Moreover, during the subsequent
100 h test, there was no severe change in cell performance
(Fig. 6d), suggesting a favorable stability of the treated
perovskite.

In principle, the hydrogen oxidation reaction involves a
series of procedures, such as gas diffusion, dissociative adsorp-
tion and charge transfer. To be more specific, driven by the
gas concentration gradient (Ac) built between the environment
and the fuel electrode, hydrogen molecules diffuse to the elec-
trode surface; then, they are converted into adsorbed hydrogen
(Hy,aas), realizing the procedure of gas-solid mass transfer.
Through this step, the mass of the gas-phase reactant is trans-
ferred to the solid-phase electrode, which is important for a
gas reaction that occurs on a solid’s surface. Afterwards, cata-
lyzed by the electrode catalyst, the H-H bond is dynamically
broken to form H atoms (dissociation process). In fact, owing
to the exsolved metallic Ni nanoparticles having good activity,
the dissociative adsorption process can be efficiently
improved. Subsequently, the generated H atoms spill over the
nickel particle and migrate to the reacting zone (triple-phase
boundary, Fig. S12) to react with the oxygen anion hopping
from the counter side (Fig. 6f). By applying this step, the
charge transfer is realized. After the P-V shock, the formed
oxygen vacancies can offer more paths for oxygen anion
hopping. Meanwhile, the formed charge carrier of e~ can
efficiently flow away because of the generated metallic phase.
Synergistically, in comparison with the LCTN before treatment,
an enhanced kinetics of hydrogen oxidation reaction can be
obtained for the treated LCTN, resulting in a lifted faradaic
current. Finally, the formed water vapor leaves the electrode
surface to reduce the system energy (Fig. S13).
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Conclusions

In this study, we designed and demonstrated an approach to
rapidly tailor the electrochemical activity of perovskites. We
showed that by applying the P-V shock in a timescale of
seconds, exsolution could be successfully triggered, and metal-
lic Ni nanoparticles were formed on the surface of the perovs-
kite support. With an increase in pulse number, the oxygen
vacancy concentration increased first and then saturated after
pulsing 9 times. Meanwhile, the particle density showed a
similar variation trend with increasing pulse numbers. This
was mainly because as the exsolution proceeded, the exsolva-
ble transition metal atom in the perovskite lattice became less
and less, resulting in a threshold of particle density. Moreover,
owing to the additionally formed active sites for gas molecular
adsorption and desorption and the channels for active species
(such as oxygen anions and electrons) migration, improved
electrochemical activity and enhanced kinetics of the hydrogen

This journal is © The Royal Society of Chemistry 2026

oxidation reaction were obtained. Consequently, a promising
peak power density of 1.11 W ¢cm™ was obtained for PN9 at
800 °C. Compared to that of the pristine LCTN, the peak power
density increased by ~18.5 times.

Methods

Material synthesis

Lag 3,Ca0.45Tig.04Nip.0603_5 perovskite was synthesized by
applying a modified solid state reaction approach. High-purity
lanthanum oxide, calcium carbonate, titanium dioxide, and
nickel nitrate were used as raw materials. According to the stoi-
chiometry, raw materials were carefully weighed by applying a
high-precision balance, and the significant figures are read to
four decimal places. After a pre-mixing of the weighed
materials using an ultrasonic cell disruptor, the mixture was
further mixed by a high-energy ball milling machine for 24 h
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to ensure that the raw materials were fully in contact with each
other, facilitating the following solid state reaction among the
raw materials. Subsequently, two-step calcination (1100 °C
20 h and 1350 °C 20 h) was conducted on the precursor in an
as-cleaned crucible.

Cell fabrication

To prepare the electrode ink, the as-synthesized LCTN powders
were dispersed into a terpineol-based ink vehicle (fuel cell
materials). The acquired slurry with proper viscosity was
screen-printed (325 mesh) on one side of the Zry.9,Y0.0802-5
(8YSZ) electrolyte, followed by sintering at 1200 °C for 2 h.
Then, (Lay.gSr.2)0.0sMnO5-YSZ in a weight ratio of 1:1 ink was
screen-printed on the opposite side of the electrolyte, which
was then sintered at 1100 °C for 2 h. The fabricated cell was
mounted on a customized ceramic tube using a high-tempera-
ture ceramic paste (Ceramabond 552). To avoid the influence
of the current collector, gold mesh (Fiaxell) was applied as the
current collector during the cell performance tests. For real-
time temperature monitoring, a K-type thermocouple was fixed
in the setup. After passing a water bubbler, the wet hydrogen
with a flow rate of 50 mL min~! was fed to the fuel side, and
the other side was exposed to ambient air.

Characterization

The crystal structure of the as-prepared LCTN was investigated
by applying an X-ray diffractometer of PANalytical X'Pert.
Rietveld refinement was conducted using the HighScore Plus
software  package. High-resolution scanning electron
microscopy (Zeiss Merlin) was used to collect information on
the surface morphology. X-ray absorption near edge structure
(XANES) was investigated in the Brookhaven National
Laboratory (QAS beamline (7-BM) of the National Synchrotron
Light Source II). Particle statistics were conducted using the
commercial software Nano Measurer. The conductivity was
measured by applying a four-probe method. Thermo Scientific
iCAP 7000 was used to evaluate the composition of the as-pre-
pared material. A high-speed camera (Miro M110) was applied
to estimate the temperature of the thermal shock by fitting the
ultraviolet-visible spectra. Simulations were carried out based
on density functional theory and the Buckingham pair poten-
tial. For the ionic cycle, the convergence criterion was —0.03 eV
A™', while it was 107 eV for the electronic cycle. The iodo-
metric titration approach was used to evaluate oxygen nonstoi-
chiometry. A PARSTAT 4000 electrochemical workstation was
employed to collect electrochemical impedance spectroscopy
(10°-107" Hz, 10 mV amplitude). To collect the I-V curves, the
voltage was linearly swept from the OCV to 0 V.
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