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Metal nanoparticles support materials play a crucial role in many fields, including energy conversion/
storage, catalysis and photochemistry. Here, the exsolution is reported as an in situ method to fabricate
metal nanoparticles supported on perovskite (Lags>Cag28Nig.06Ti0.0403) powder and fiber materials.
Significantly decreased polarisation resistance can be achieved by applying electrochemical switching
within 3 min on the fiber electrode fuel cell to facilitate the exsolution. The fuel cell activated by
electrochemical switching under wet hydrogen shows a promising performance with a maximum output
power density of about 380 mW cm™2 at 900 °C in hydrogen. The phase-field model shows that the
exsolution under extreme low oxygen partial pressure induced by electrochemical switching performs
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DOI: 10.1035/d3ta00535¢ faster nucleation than the chemical-reduced case. This work provides a further understanding of

rsc.li/materials-a electrochemically driven exsolution with fiber structure platform and simulation with phase-field models.
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1 Introduction

Supported nanoparticle materials received much attention over
the last decades due to their prominent roles in many fields of
modern industry." A recently studied cost- and time-efficient
method named exsolution was widely investigated to fabricate
fine and embedded metal nanoparticle decorated materials.*®
The exsolution materials have been utilized in catalysis,”® solid
oxide fuel/electrolysis cells,”'® and membrane reactors.'>*> The
number of applications based on exsolved functional materials
greatly increases across multiple areas due to their composi-
tional, structural and functional tunability.**¢
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The exsolution process can be simplified into three steps:
diffusion, nucleation, and growth.*® The diffusion of cation is
typically determined by the concentration and mobility of
charges, thus could be affected by the crystal structure, geom-
etry (mainly surface) and environment.*"” The nucleation and
growth are tuned by the free energy,' temperature™ and other
parameters.” In general, the exsolution could be driven by the
reduction,* cation deficiency,” strain® and electrochemical
switching.> Among different driving forces, electrochemical
switching by applying bias has been proven as an effective way
to facilitate exsolution, enabling fast exsolution (within
minutes) with homogeneous particle distribution compared
with chemical treatment by hydrogen reduction.’***® However,
the process of electrochemical switching has been employed on
few system and not been fully understood.”

Moreover, systems with high surface may afford larger
interactive surfaces while guaranteeing the supply of cations,
such as ordered microporous frame, thin film and fibers.'*?%*°
The solid-state reaction was widely used to synthesis perovskite
oxides by calcination at high temperature, for examples, above
1400 °C. The bulk or coarse powder displays a pure phase but
low surface area due to the sintering under such a high calci-
nation temperature. Differentiating from bulk samples and
nano-powder, nanofibers offer a continuous structure to
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provide a unique pathway for the diffusion of ions.* The hier-
archical, porous and less tortuous pathway in the fiber electrode
may contribute to a fast mass and charge transport.** Besides,
the nanofiber provides higher surface area which affords more
active sites and resulting in better catalytic activity.*” The one-
dimensional structure may provide a way to understand the
diffusion of cations/vacancies in the support materials
contributing to their unique structure and morphology, for
example the surface effect and the continuity of support
materials.*

Herein, the exsolution process of Ni particles was studied on
both powder and fiber structure with the same composition,
Lay 5,Ca0.28Nig 06Ti0.0403 (LCNT), to illustrate the surface and
structure effects. The 20% A-site defect was designed to achieve
oxygen stoichiometry to understand the influence of exsolution
on the formation of oxygen deficiency.”® The results demon-
strate that the fiber performed a faster exsolution process than
the powder with hydrogen reduction. Furthermore, the elec-
trochemical switching possesses an efficient exsolution process
on the fiber electrode in wet H, solid oxide fuel cell (SOFC) with
the polarization resistance decreased from 6.02 to 0.69 Q cm?.
The phase-field model (thermodynamic function) shows that
the extremely low pO, achieved through electrochemical
switching application provokes instant nucleation, thus facili-
tating particle exsolution.

2 Results and discussion

2.1. Characterization of Ni exsolution

The crystal structure evolution for perovskite samples before
and after hydrogen reduction was examined during the exso-
lution. The LCNT powder samples were obtained by grinding
the pellet prepared by solid-state reaction (SSR), while the fiber
samples were prepared by electrospinning to achieve a contin-
uous nano structure. Fig. 1(a) displays the XRD patterns of the
powder and fiber samples, showing a similar perovskite
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structure. The crystal structure of the perovskite was investi-
gated based on Rietveld refinement with GSAS IL** revealing
quite similar unit cell parameters (Fig. S1 and Table S27).
Indexing on a double cubic cell reveals that both (400) and (404)
are single peaks without broadening. Weak reflections at (211)
and (301) indicative of out-of-phase tilting are visualized from
the crystal structure in Fig. 1(a). Thus, the most likely space
group chosen based on the observation is tetragonal I4/mcm (a
= b = 5.4769(0) A, ¢ = 7.7543(8) A). Besides, there are small
peaks (mark with diamond) indicate the presence of NiTiO;
(PDF No. 33-0960, rhombohedral, R3H space group).*® The
formation of NiTiO; phase can be avoid by reducing the doping
amount to 0.03 (Fig. S27).

To trigger the exsolution of Ni nanoparticles, the samples
were reduced in 5% H,/N, at 800 °C for 4 h. There is no obvious
peak shift shown in the XRD pattern before and after reduction
indicates the perovskite structure was well retained. Obvious
reflection around 44.5° show up for the fiber sample reveals the
emergence of metallic Ni species, as shows in Fig. 1(b).
However, the metallic Ni reflection cannot be observed for
powder samples from the XRD pattern. The absence of metallic
Ni reflection from the XRD may contribute to small nano-
particles and low exsolved Ni amount. The powder pieces
exhibit a dense surface prepared by solid-state synthesis, as
shown in Fig. 2(a and c). Sparse nanoparticles with an average
size of about 15.9 nm exsolved from the powder surface reduced
at 800 °C. A more significant number of nanoparticles deco-
rated on the surface can be seen from the sample reduced at
900 °C (Fig. S31).

As the exsolved particles exhibit nano-size, thus, the micro-
structure of the samples was important to evaluate the degree of
exsolution. The fiber calcined at 1100 °C consists of dense
grains of about 200 nm (Fig. S47). The smooth surface of fiber
from high-resolution SEM figures indicates no particles on the
surface before reduction. The fiber morphology was maintained
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Fig.1 Exsolution of Ni nanoparticles from LCNT perovskite materials. (a) XRD pattern of powder and fibers samples before and after reduced in
5% H,/N, at 800 °C for 4 h. (b) The magnified 26 range between 43 to 46° to illustrate the presence of Ni phase.
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Fig.2 Morphology of exsolution of Ni nanoparticles from LCNT perovskite materials. SEM figures of (a and c) powder and (b and d) fiber reduced
in 5% H,/N, at 800 °C for 4 h. The insets show the size distribution of the exsolved nanoparticles.

after reduction, as shown in Fig. 2(b). Many nanoparticles
formed on the surface of the nanofibers with an average size of
about 25.7 nm, as shown in Fig. 2(d). The nanoparticles on fiber
can be categorized into two types based on the location at the
boundaries and on the facets of grains. Most nanoparticles are
located on the grain with some particles on the grain boundary
in which reduced surface energy was achieved.*® The nano-
particles size is larger on fibers than on pellets probably due to
the lower surface energy and the short diffusion distance for the
cations in lattice. The growth of exsolved nanoparticles may also
benefit from the accumulation of cation diffusion through
periphery grains.*”

The Ni exsolution process of the fiber can be demonstrated
from X-ray absorption spectra by the changes in oxidation state.
Fig. 3(a) shows the X-ray absorption near-edge spectrum
(XANES) at Ni K-edge for the reduced fiber samples. Significant
absorption intensity suggests that Ni present in the high-
oxidation state in fibers reduced at 400 and 600 °C, similar to
Ni** in Ni(NO;), standard. XANES of the fiber sample under
reduced below 600 °C almost stayed unchanged, while the
sample reduced at 800 °C shows a decreased intensity for the
absorption edge which reveals the formation of metallic
species. However, the intensity of XANES of fiber reduced at
800 °C is still higher than the Ni foil, indicating mixed oxidation
states with metallic and Ni>".

Extended X-ray absorption fine spectra (EXAFS) at Ni K-edge
were used to confirm the chemical states for Ni in the reduced
fiber samples, as shown in Fig. 3(b). The Fourier transforms

This journal is © The Royal Society of Chemistry 2023

spectra in the R space from the k*-weighted EXAFS of fiber
before reduction exhibits one predominant peak in the region
~1.0-2.0 A, assigned to the Ni-O bond indicating that Ni is in
octahedra environment.*® The monotonous feature of samples
before reduction and reduced at 400 and 600 °C consisted with
Ni(NO3),, indicating samples possessed a single coordination
environment surrounding the Ni atoms. Regarding the sample
reduced at 800 °C, the peak shift to a longer distance (about 2.1
A) contributes to the arising from the Ni-Ni coordination.*® A
small shift distance (about 0.2 A) to the Ni-O bond in Ni(NO,),
revealing some nickel presents in a higher oxidation state.

The nanoparticles embedded in the fiber can be seen from
the TEM image in Fig. 3(c—f). The exsolved particles are spher-
ical, with about 20 nm in diameter, and socketed into the fiber
with various depths as shown in Fig. 3(d-f) and S5.1 The lattice
space for the support is about 0.27 nm corresponding to the
spacings of (200) planes of perovskite. Fig. 3(g) shows the
selected area electron diffraction pattern of areas shown in
Fig. 3(e), indicating the coexistence of the exsolved metallic Ni
and the perovskite support.

2.2. Surface effect on exsolution

In reduction conditions, the oxygen in the perovskite oxide will
be stripped away from the lattice followed with the exsolution of
cations form perovskite:

/ 1
2B; + O —2B; + 502 +Vy 1)
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Fig.3 Characterization and microstructure of reduced LCNT perovskite fibers. (a) Ni K-edge XANES spectra and (b) Fourier-transformed k°x data
for fibers reduced at 400, 600, and 800 °C with standard samples of Ni foil and Ni(NO3),. (c) TEM images of reduced fiber. (d-f) TEM image of

exsolved particle, (g) the corresponding SAED pattern of (c).

where By, O and V; denote lattice cation, lattice oxygen and
oxygen deficiency sites, respectively. The exsolution studied in
this work can be simplified as cations diffusion in the solid
followed by nucleation and growth.*® The diffusion of substi-
tutional cation corresponds to the movement of the oxygen
vacancies in another direction. By studying the formation of
oxygen vacancies, the proceeding of exsolution can be eluci-
dated to some extent. To further understand the influence of the
structure of perovskite samples, the thermos-gravimetric anal-
ysis (TGA) was performed for samples in 5% H,/N,, as shown in
Fig. 4(a) and S6.7 The TGA with temperature curves shows the
onset of weight loss at 670 and 800 °C for fibers and powder,
respectively. The corresponding weight loss before dwelling at
800 °C for fibers is 0.31%, about 4.4 times higher than the
powder with 0.07%. The fast weight loss for the fiber sample
benefits from the present of NiTiO; and also the higher specific
surface due to the small grain size and connection of the indi-
vidual grains. It seems that the higher surface area mainly
contribute to the fast weight loss as the perovskite fiber without
NiTiO; phase displays a fast weight loss under the same

13010 | J Mater. Chem. A, 2023, 11, 13007-13015

reduction process, as shown in Fig. S7.1 Moreover, it seems that
the NiTiO; endures a quick loss weight under 5% H,/N, around
800 °C, as shown in Fig. S8.f

The oxygen deficiency formed in each sample can be calcu-
lated based on the weight loss. When increase the temperature,
marginally oxygen was expelled from the bulk of the sample.
Oxygen deficiency for the reduced samples can be calculated for
the samples according to eqn (2):

5= M apo, o MABO; — MABO,

Mo

)

MABO,

After being reduced at 800 °C for 10 h, the weight change
reaches a plateau indicating a sufficient reduction (Fig. S57).
The weight loss is 0.45% and 0.27% for fiber and powder
samples corresponding to oxygen deficiencies of 0.05 and 0.03.

The TGA results can be used to fit the particle growth model
to understand the determining factors for the exsolution on
materials. The fitting result is depicted in Fig. S97 and suggests
that the reactant concentration limits the rate of reduction of

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Exsolution process of LCNT perovskite materials under chemical
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reduction. (a) Weight loss of LCNT samples reduced in 5% H,/N, from

100 to 800 °C, (b) N, adsorption—desorption isotherms and BET surface area of samples.

the fibers. The powder reduction is too slow during the ramping
step that none of the factors seems to fit the corresponding
results well. When the reduction dwelled at 800 °C (shown in
the range between 250-800 min), the reduction matched the
diffusion-limited model. The reduction of fibers is well matched
with the reactant limited model revealing that the exsolution in
fibers was determined mainly by the concentration of Ni.

The difference in rate-limiting factors may due to the
morphology variation of samples, such as surface area, grain
size and continuity. The N, adsorption-desorption isotherms
data for LCNT powder and fibers show that specific surface
areas (Sggr) for samples are 0.6458 m” g ' and 2.5627 m*> g,
respectively, as shown in Fig. 4b. The higher Sggr comes from
the nano-grain size of fiber indicating more exposed surface
areas, as shown in the SEM figures of the powder and fibers
(Fig. 2). Besides, the reduction of NiTiO; may also contribute to
this difference.

2.3. Electrochemically driven exsolution on fiber cells

Above discussions show that the fiber sample exhibits a fast
exsolution, thus fiber fuel cells was built to further explored
their electrochemical properties. The fiber was prepared in
slurry and painted on both sides of the YSZ electrolyte to
fabricate symmetric cells (LCNT fiber/YSZ/LCNT fiber). The
symmetric cells were then loaded in a sealed quartz tube filled
with 5% H,/N, to simulate in situ reduction. The electrodes
bond well with the electrolyte after calcined at 1100 °C on the
YSZ electrolyte with an optimized thickness of about 20 um. The
woven structure was maintained and built up a rough and
porous surface indicating the perovskite fibers were resistant to
sintering with weaker contact between each other (Fig. S10t). A
well-distributed interface was formed based on intimate contact
between the electrolyte and electrode.

The impedance spectra of the symmetric cell are shown in
Fig. 5. The arc at high frequency is associated with the charge-
transfer process and the interface. The low-frequency arc can
be assigned to the gas adsorption and dissociation at the
surface of the electrode. The offset resistance (R) represents the

This journal is © The Royal Society of Chemistry 2023

ohmic resistance that is contributed to the ionic and electronic
conduction. The Ry is related to the electrode ohmic resistance,
the contact resistance between electrode and electrolyte. The
electronic resistance of both the YSZ electrolyte (which is
generally stable in a wide range of hydrogen partial pressures)
and electrodes. R, for fiber-based symmetric cells decreased
from 0.57 to 0.32 Q cm? after being reduced for 2 h indicating an
improved electronic conductivity due to the increased electron
carriers.*

Furthermore, the R of the fiber-based symmetric cell can be
further decreased by reducing in pure hydrogen (Fig. S117). The
spectra arc at low frequency reflects the total polarization
resistance (R,,) of the electrode, including fuel adsorption and
decomposition. The total polarization resistance R, (at 0 h)
decreased from 300 Q cm’® to 150 Q cm” at 800 °C after
a reduction in 5% H,/N, (R, after 2 h) indicating the improve-
ment of the electrochemical kinetics of the electrode surface.*®
The summit frequency increased from 0.6 Hz to 1.6 Hz indicates
the dominated process still at low-frequency which assign to the
gas conversion and/or diffusion at the surface of the electrode.**
The resistance for powder based symmetric cell is comparable
with fiber based electrode but slow reduction, as shown in
Fig. S12.1

The activity of the electrode can be further improved by
anodic polarization (refer as ‘switching’ later in this work)
which facilitates exsolution in the steam.®** Electrochemically
switching significantly decreases polarization resistance when
applied potential from 1.8 V to 2.1 V, as shown in Fig. 5(b) and
Table S3f. The R, decreased from 6.02 to 1.10 Q cm? after
switching at 1.8 V for 3 min which was further reduced to 0.69 Q
cm” after switching at 2.1 V. As measured in an LSM half-cell
measurement at OCV in air, it can be seen that the total
polarisation resistance negligible contribution from the air
electrode, as shown in Fig. S13.7 The dramatic enhancement in
cell performance was mainly due to the activation of fuel elec-
trode. Moreover, the summit frequency for LCNT fiber based
cell gradually increased from 200 Hz to 1262 Hz indicates the
dominated reaction are mainly charge transfer process after
switching.

J. Mater. Chem. A, 2023, 11, 13007-13015 | 13011
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Fig. 5 Performance and short-term stability of fiber electrode-based fuel cells. (a) Impedance spectra of the symmetric cells reduced at 800 °C
in 5% H,/N, for 0 and 2 h. (b) Impedance spectra after switching for 180 s at 900 °C at OCV in ~3% H,O/97%H,, (c) current—voltage—power
curves of the cell at different temperatures after switching in wet H,. (d) Short term stability in wet H, for 20 h. SEM figure of (e) fiber electrode
surface in symmetric cell after reduction, (f) fiber electrode in cell after stability test.

The cell reaches a maximum output power density of about
380 mW cm™?, as shown in the IV curve in Fig. 5(c), which is
compatible with the cell based on superior Zr, goSc 1C€.0102
(SSZ) electrolyte supported cell.* The switched fiber cell
demonstrates good short-term stability by operating in wet
hydrogen at 800 °C for 20 h, as shown in Fig. 5(d). The current
density decreased from 142 mA cm™ > to 120 mA cm > after the
stability test. The surface and cross-section morphology of the
symmetric cell and whole fiber cell were examined after
measurement. A number of nanoparticles emerged on the
surface and the cross-section of the electrodes, seen from the
SEM images of cells switching in wet H, (Fig. S147). A careful

13012 | J Mater. Chem. A, 2023, 11, 13007-13015

inspection reveals a uniform distribution of nanoparticles
decorating on the surface of the fiber electrode across the whole
electrode, as fine nanoparticles are readily seen on the interface
area and the surface. The small and uniform nanoparticle can
be seen from both the surface of the electrode and the interface
close to the electrolyte after reduction, as shown in Fig. 5(e) and
S14(a).t The exsolved particles are uniform with slightly
increased size after stability test, as shown in Fig. 5(f). A careful
inspection reveals a uniform distribution of nanoparticles
decorating on the surface of the fiber electrode across the whole
electrode, as fine nanoparticles are readily seen on the interface
area, as shown in Fig. S14(b).t The emergence of nanoparticles

This journal is © The Royal Society of Chemistry 2023
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may contribute to the significantly reduced polarization
resistance.

2.4. The phase-filed model on the exsolution under different
driven cases

The electrochemical reduction creates a low oxygen partial
pressure (estimated to be about 107* atm from the Nernst
equation) which is much higher than chemical reduction-
induced exsolution. The electrochemical switching provides
an swift driving force for the formation of oxygen deficiency
which significantly improves the exsolution, and simulta-
neously promoting the electrode performance compared with
hydrogen reduction.” However, it is not clear why the electrode
display fast exsolution under electrochemical switching. Thus,
we proposed that the applied bias provides an additional
driving force for the creation of defective sites which serve as
nucleation sites.** To understand the exsolution process under
different treatment condition, the phase-field model was used
to simulate the emergence of nanoparticles under both chem-
ical reduction and electrochemical switching (see ESI Section
1.4} for model details). The model results consist with classical
development of phase transformation stages, as shown in the
contour plots of xg (molar ratio of exsolved metal) under the
reference condition in the inset pictures in Fig. 6(a), which
describe the microstructure evolution at 0, 1 x 10* steps and 1
x 10° steps. The implicit relationship between pO, and inter-
action energies between components was represented by
Lij(pO,). The implicit relationship between interaction param-
eter and pO, of L;j(pO,) simulates the thermodynamic basis of
the exsolution. Noted that, herein the speculated constant
values were employed in this work to simplify the model. More
experimental and theoretical works are needed to provide the L
for perovskite oxides.

The value of L;; was set as 4.5 to achieve an oxygen partial
pressure in chemical reduction situation (about 10~'% atm the
5% H,/N,). The nucleation rate reaches a plateau at 5 x 10*
steps, as shown in Fig. 6(a), which consistent to our experi-
mental observation (Fig. 4(a)). The systems experienced

This journal is © The Royal Society of Chemistry 2023

different incubation states in which a metastable phase was
initially reached and eventually stable (not revert to matrix)
nuclei appeared. This quasi-steady state is followed by the
continuous production of stable nuclei (state II in Fig. S15%).

The case with high L;; (5.4) represents an electrochemical
switching system in which the number of stable particles
rapidly increased. The high L; was assigned to a fast trans-
formation of metastable regions corresponding to fast oxygen
extracting from the host by electrochemical switching. The
number of particles for the electrochemical switching (Lj = 5.4)
system is more than chemical reduced system (L;; = 4.5). Similar
tendency can be seen from the area of emergent particles, as
shown in Fig. 6(b). It is not surprising that the first incubation
period is long for the system with a small interaction factor L;; =
3.4, which indicates a higher barrier under oxidation conditions
(Fig. S16t). The model results indicate a rapid nucleation of
metal occurred under electrochemical switching which offers
a quickly activated exsolution process. The fast nucleation was
consistent with the observation at high temperatures and under
high vacuum.”® Besides, the nucleation in the high specific
surface area fiber may be more important than ion diffusion in
the bulk since the ions travel in short distances and faster in the
continuous pathway.***

In the exsolution in perovskite, the formation of oxygen
vacancies induces the subsequent ion diffusion and precipi-
tating as well as the particle growth in the exsolution process.
Our experimental and model results summarize that bias-
driven exsolution was induced by the large pO, gradient
between the host lattice and the external environment. The
oxygen stoichiometry variation via bias potential may also
induce the generation of chemical strain and interfacial stress,
followed by facilitation on nanoparticle exsolution. The bias to
control the oxygen stoichiometry and induce the exsolution
should be further investigated with quantitative techniques.**¢

3 Conclusion

This work developed a perovskite fiber catalyst as the fuel
electrode of SOFC. The high surface fibers provide a special
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platform for investigating the surface/morphology effect on the
exsolution of nanoparticles. The weight loss of the perovskite
fiber under hydrogen reduction exhibits faster exsolution than
powder, an indication corresponding to the formation of more
oxygen deficiencies. Moreover, the exsolution on the fiber
electrode was quick triggered by electrochemically switching.
The electrolyte-supported solid oxide fuel cell based on fiber
electrodes shows promising performance with the maximum
power density reaching 380 mW cm > at 900 °C in hydrogen
fuel after the electrochemically switching. Combined with the
phase-field model simulation, we proposed that fast nucleation
during electrochemical switching may contribute to extraordi-
nary exsolution performance.
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