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Squeezing Out Nanoparticles from Perovskites: Controlling
Exsolution with Pressure

Andrés López-García, Sonia Remiro-Buenamañana, Dragos Neagu, Alfonso J. Carrillo,*
and José Manuel Serra*

Nanoparticle exsolution has emerged as a versatile method to functionalize
oxides with robust metallic nanoparticles for catalytic and energy applications.
By modifying certain external parameters during thermal reduction
(temperature, time, reducing gas), some morphological and/or compositional
properties of the exsolved nanoparticles can be tuned. Here, it is shown how
the application of high pressure (<100 bar H2) enables the control of the
exsolution of ternary FeCoNi alloyed nanoparticles from a double perovskite.
H2 pressure affects the lattice expansion and the nanoparticle characteristics
(size, population, and composition). The composition of the alloyed
nanoparticles could be controlled, showing a reversal of the expected
thermodynamic trend at 10 and 50 bar, where Fe becomes the main
component instead of Ni. In addition, pressure drastically lowers the
exsolution temperature to 300 °C, resulting in unprecedented highly-dispersed
and small-sized nanoparticles with a similar composition to those obtained at
600 °C and 10 bar. The mechanisms behind the effects of pressure on
exsolution are discussed, involving kinetic, surface thermodynamics, and
lattice-strain factors. A volcano-like trend of the exsolution extent suggests
that competing pressure-dependent mechanisms govern the process.
Pressure emerges as a new design tool for metallic nanoparticle exsolution
enabling novel nanocatalysts and surface-functionalized materials.

1. Introduction

In the past decade, exsolution has gained interest in functional-
izing the surface of mixed-oxide materials, i.e., perovskites, with
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nanoparticles (NPs) over other classic de-
position methods, such as impregnation.[1]

Exsolution is based on the migration of
metal cations across the oxide bulk to form
NPs on the oxide surface. This usually
happens under reducing conditions (gener-
ally, H2 flow), medium-high temperatures
(500–1000 °C), and prolonged treatment
times, typically conducing to the formation
of reduced NPs, e.g., in the metallic state.
Metal cations migrate from the structure of
the material itself into its surface, where
they nucleate, grow, and, finally, constitute
NPs that remain anchored, partially em-
bedded in the surface (“socketed”).[2] This
fact brings several advantages over other
functionalizing methods, i.e., increased re-
sistance to high-temperature sintering or
coke formation,[3] better control over the
size and distribution of the NPs, and the
possibility of reversible exsolution.[4–8] In
addition, morphological characteristics of
the exsolved NPs can be modified, typi-
cally through changes in the external pa-
rameters of the thermal reduction treat-
ment. Currently, the effect of changes in
temperature, time, and even gas flow on

the exsolution process has been previously studied.[9–11] By ad-
justing these parameters, i.e., temperature and time, exsolved
NPs attributes can be tuned, like their dispersion,[12] size, or
shape[13] (Figure 1).

Despite its many advantages, the exsolution process is still
susceptible to being improved and, thereby, reaching higher ver-
satility and efficiency as a surface-functionalization process. Ef-
forts are underway to reduce exsolution requirements by lower-
ing treatment temperature and times and avoiding using H2 as
a reducing agent. In this context, two ways are the most likely to
achieve this goal: i) an optimization in the design of the materi-
als favored to exsolve at lower temperatures and ii) an exploration
of alternative methods to trigger exsolution without needing the
classical reducing conditions. Related to the design strategy, A-
site deficiency has been proved to trigger exsolution[14,15] and thus
increase the number of exsolved NPs. Guo et al. proved bimetal-
lic Ni-Ru exsolution between 350 and 450 °C with an A-site defi-
cient double perovskite, La2-xNiRuO6-𝛿, using 5% H2/Ar flow.[16]

This exsolution at 350 °C is among the lowest exsolving tem-
peratures described using H2 flow as a reducing agent, together
with Chen et al. (300 °C, Ag NPs exsolution from AgNbO3).[17] A
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Figure 1. Schematic representation of the different treatment parameters that can be used to modify morphological and/or compositional properties
of the exsolved NPs. The increasing temperature usually tailors NP growth, but also compositional changes when involving alloyed exsolution. Longer
exposure times to thermal reduction treatment mainly lead to higher NP populations, whereas alternative reducing atmosphere to H2 can trigger NP
shape modifications. In this work, the effect of pressure during the exsolution process is evaluated, and a remarkable impact on alloyed NPs composition
is observed, together with the possibility of lowering exsolution treatment requirements.

proper design strategy can also be based on a point-defect intro-
duction, leading to an enhanced exsolution process via oxygen-
vacancy engineering.[18] On the other hand, alternative exsolu-
tion methods avoiding using chemical reducing agents have been
described. Electrochemical reduction[19] showed great exsolution
results for La0.43Ca0.37Ni0.06Ti0.94O3-𝛾 with no H2 involved and
requiring significantly less time (150 s) compared to thermal
exsolution (usually, several hours). Nevertheless, this method
needed high temperatures to be effective, and the material had
to be fabricated as an electrode in a solid-oxide electrochemi-
cal cell. In addition, plasma-driven[20] exsolution proved to be
an alternative path to reduce this same perovskite, also exhibit-
ing good exsolution results with shorter times (1 h) and signif-
icantly lower temperatures[21] than thermal reduction. More re-
cently, microwave-driven processes proved the exsolution of Ni
NPs from A-site deficient perovskites, with no additional heating
or need of reducing gases, involving remarkably shorter treat-
ments (1-min pulses) than thermal exsolution.[22] Last, metal-
lic NP exsolution has also been triggered with ion irradiation,
which allowed the control of morphological properties besides

the composition of the Fe-Ni exsolved alloys.[23] These methods
illustrate alternative exsolution methods circumventing the usual
constraints of thermal reduction.

Despite the promise of new mechanisms to drive exsolution
on mixed-oxide materials, thermal reduction keeps a prominent
place as a way to functionalize materials with in-situ grown NPs.
Besides the modification of exsolved NPs attributes with a treat-
ment parameters adjustment, more efficient thermal exsolution
could also be achieved through a condition-adjustment strategy.
Among all the possible tunable external treatment parameters,
to the best of our knowledge, the effect of pressure as part of the
external treatment modification strategy has not been evaluated
until now.[24] If used as a driving force for exsolution, pressure
could align notably well with specific application processes, e.g.,
those operated at high H2 pressure, such as CO2 hydrogenation
or ammonia synthesis,[25,26] to boost catalyst activity and stability.
High-pressure exsolution can be a valuable tool for catalytic H2
production or utilization processes. In particular, the use of an
electrocatalyst in proton ceramic fuel cells is very promising for
CO2 methanation[27] and pressurized H2 production via steam
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electrolysis[28] or reforming of hydrogen carriers.[29] Therefore,
high-pressure exsolution would be useful for pressure-needing
technologies, but nowadays, the effect of pressure during the re-
duction treatment has never been considered to control or modify
certain properties of the exsolved catalytic NPs.

In this work, we focused on the Sr2Fe1.5Mo0.5O6-𝛿 double per-
ovskite family to explore the effect of high-pressure exsolution.
This kind of materials are widely studied due to their good prop-
erties as electrodes for energy conversion devices and solid-oxide
electrochemical cells[30–38] and the possibility of, easily, intro-
ducing alternative atoms in B-sites. The partial substitution of
Fe with other metallic atoms improves some of the material’s
properties[37,38] and even provides the direct exsolution of alloyed
NPs.[6,39–43] For instance, FeCoNi ternary alloyed NPs were ob-
tained via thermal exsolution of Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿,
the material used in this work. In addition, changing the reduc-
tion temperature made it possible to tune the dispersion and size
of these NPs and their composition.[44] Here, we demonstrate
low-temperature exsolution when pressure is applied during the
treatment. Also, proof of the possibility of deeply tuning NP com-
position with pressure changes is provided. In fact, after testing
different treatment pressures (10, 50, and 100 bar), we stated that
pressure enables the control of the alloy composition of the ex-
solved NPs, especially when compared to atmospheric pressure
exsolution at the same temperature. In addition, these results
also show, for the first time, that exsolved NPs can form and re-
main stable under pressure conditions, even as high as 100 bar
in pure H2.

2. Experimental Section

2.1. Material Synthesis

Single-phase powders of Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿 were syn-
thesized by a modified Pechini sol-gel method, following the
same procedure carried out in our previous work.[44] The final
sintering step (1100 °C, 12 h in air) resulted in a solid powder
ground in an agate mortar with a pestle and finally sieved under
200 μm. These powders were used to perform exsolutions at dif-
ferent temperatures (300 and 600 °C) and pressures (1, 10, 50,
and 100 bar). Each treatment was performed under pure H2 flow
for 2 h in a horizontal tubular stainless-steel furnace. The heating
ramp was conducted under a N2 atmosphere.

2.2. Physicochemical Characterization

Crystal phases before and after exsolution treatments were ana-
lyzed via powder X-ray diffractometry (PXRD). For this, a PANa-
lytical CubiX diffractometer (Cu𝛼1,2 radiation) equipped with an
X’Celerator detector in Bragg–Brentano geometry was used. Ri-
etveld refinements with X’Pert Highscore Plus software (version
3.0.0).

For the study of the morphology, both metal oxide and exsolved
metallic NPs, electron microscopies were carried out. High Res-
olution Field Emission Scanning Electron Microscopy (HRFE-
SEM) with a Zeiss GeminiSEM 500. For Transmission Electron
Microscopy (TEM), a JEM 2100F 200 kV field was employed. Also,

Energy Dispersive X-ray spectroscopy (EDXS) was performed to
study compositions of exsolved NPs with EDXS X-Max 80 Oxford
Instruments. Compositional percentages for every metal form-
ing the alloyed exsolved NPs were average values, calculated via
EDXS point ID analyses from several NPs in each exsolved sam-
ple. To analyze the exsolved NPs dispersion and mean sizes,
HRFESEM and TEM micrographs were processed using ImageJ
(1.52a) software.[45] Gatan DigitalMicrograph (2.31.734.0) soft-
ware was employed to study crystallographic parameters from
TEM micrographs, namely interplanar distances (d-spacings) us-
ing Digital Diffraction Patterns.

Due to the high difficulty in analyzing the small exsolved NPs
at 300 °C, X-ray photoelectron spectroscopy (XPS) was used to
study their composition. These analyses were performed with a
SPECs spectrometer, using an Al-K𝛼 monochromatic source and
an MCD-9 detector. It was also employed to analyze the remain-
ing materials.

3. Results

3.1. Effect of Pressure on the Host Perovskite Lattice

For these exsolution experiments, Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿
(named as DP, double perovskite, from now on) material w as
employed. A single-phased cubic double perovskite was obtained,
with no impurities present in the PXRD diffractogram (Figure
S1, Supporting Information). Several reduction treatments were
performed at 600 °C and 2 h, under pure H2 flow, varying the ab-
solute pressure in the reactor (1, 10, 50, and 100 bar). Figure 2a
presents the diffraction patterns of the pristine and treated sam-
ples. The reduced samples show a lattice expansion, as mani-
fested by the shift in the main diffraction peak (2𝜃 between 32
and 33°) toward lower 2𝜃 values. This is a sign of the effective
material reduction due to the formation of oxygen vacancies and
the higher ionic radii of the reduced metallic cations. The cal-
culated cell volumes (Table S1a, Supporting Information) reveal
that pressure affects the reduction of the oxide lattice, reaching
the highest cell volume after treatment at 50 bar and exhibiting
a volcano-like trend (Figure 5a). On the other hand, it is worth
mentioning the formation of a separate phase after 10 and 50 bar
treatments: Ruddlesden-Popper (RP) Sr3FeMoO7 phase can be
appreciated, whose main peaks appear at 31.3 and 32.2° (the latter
one overlapping with the main signal of the synthesized double
perovskite). This tetragonal (I4/mmm) crystal structure was ob-
served previously after reduction at 800 °C in 5% H2/Ar at atmo-
spheric pressure but not after treatment at 600 °C.[44] Even if, in
the present work, pure H2 is used as a chemical-reducing agent,
no RP phase formation can be seen after the 1 bar treatment.
This fact can be explained by the pressure increase (and not the
higher concentration of H2) in the treatment, which may facilitate
the reduction of the material, allowing the RP phase formation
at lower temperatures (600 °C). This is consistent with the larger
lattice expansion after reducing treatments at 10 and 50 bar com-
pared to atmospheric pressure. Interestingly, as shown in Table
S1 (Supporting Information), the RP phase appearance is much
more noticeable after reduction at 10 bar, surpassing the origi-
nal double perovskite (62.4% RP phase). Surprisingly, after the
50-bar treatment, the RP phase appears at a much lower percent-
age (18.1%), and remarkably, no RP phase forms after the 100-bar
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Figure 2. Powder X-ray diffraction patterns for Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿 before and after reduction treatments at 600 °C, 2 h under H2 flow.
Different treatment pressures were tested (1, 10, 50, and 100 bar). An additional phase is formed at 10 and 50 bar, and the Sr3FeMoO7 Ruddlesden-
Popper phase shows up (red dots). a) Some metallic-phase signals can be appreciated after treatment at 10 bar (green triangles). HRFESEM micrographs
of Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿 after exsolution treatments at 600 °C, 2 h under H2 flow and different pressures: b) 1, c) 10, d) 50, and e) 100 bar.
f) NPs size and populations change with different pressure treatments.

treatment. In addition, this highest-pressure treatment shows
the slightest lattice expansion. It can be inferred from these re-
sults that increasing pressures enhance the reduction of the ma-
terial until reaching a maximum at 50 bar and, at higher pres-
sure, i.e., 100 bar, the perovskite reduction is limited, showing
similar cell volumes as the one treated at atmospheric pressure.
Furthermore, the enhanced material reduction is accompanied
by the formation of the RP phase, namely, after treatment at 10
and 50 bar, while the RP phase is not detected after the treatment
at 100 bar. In addition, some metallic-phase signals can be appre-
ciated in the diffractogram of the material treated at 10 bar and
600 °C, overlapping with some peaks of the RP phase, and are a
first indication of the exsolution of metallic NPs (see Figure 2a).

3.2. Effect of Pressure on Exsolved Particle Size and Population

HRFESEM analyses of the treated DP samples (Figure 2b–e) re-
veal the formation of exsolved spherical-shaped NPs along the

surface regardless of the applied pressure. As shown in Figure 2f,
remarkable differences in NP dispersion can be appreciated. The
fact that the 10 and 50-bar treatments showed larger lattice ex-
pansion after reduction than the 1 and 100-bar has a direct conse-
quence in the amount of exsolved NPs: higher populations are ob-
tained with the 10 (735 μm−2) and 50-bar (795 μm−2) treatments.
On the other hand, the samples treated at 1 and 100 bar showed
lower and very similar NP populations (325 and 314 μm−2), which
are consistent with the previously analyzed lattice expansions.
The increase in pressure is, thereby, triggering NP exsolution
till reaching an optimal value at 50 bar (same as lattice expan-
sion); after this, a remarkable drop occurs when reaching higher
pressures (100 bar). Thus, exsolution dispersion follows a trend
similar to that described for lattice expansions. Regarding ex-
solved NP mean sizes, a slight diameter growth happens when
pressure increases from 1 bar (13.6 nm) to 10 bar (15.3 nm).
After this point, increasing the pressure leads to smaller NPs:
12.4 and 11.4 nm for 50 and 100-bar treatments, respectively.
Despite this, size changes with pressure are not as notable as
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Figure 3. HAADF-STEM and map images of Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿 after 600 °C, 2 h exsolution treatments at a) 1 and b) 10 bar. Both treatments
led to the exsolution of ternary alloyed FeCoNi NPs. c) Elemental composition of the exsolved NPs at different treatment pressures. HRTEM micrographs
after exsolving 2 h at 600 °C for d) 1 bar, e) 10 bar, f) 50 bar, and g) 100 bar treatments and their corresponding digital diffraction patterns (DDP), showing
interplanar distances corresponding to (111) planes.

surface population ones and remain almost constant. His-
tograms showing size distributions (Figure S2, Supporting In-
formation) indicate that, as temperature and time, pressure can
be a parameter to control morphological properties of the ex-
solved NPs (especially dispersion). A change in pressure (from 1
to 10 bar) greatly affects the population of exsolved NPs, namely,
a two-fold increase. These tests also provided evidence, for the
first time to our knowledge, that NPs can be exsolved under pres-
sure, even as high as 100 bar, proving their stability beyond atmo-
spheric pressure-reducing conditions. Finally, it is worth men-
tioning that some minor morphology changes can be appreci-
ated, affecting the grain boundaries of the metal oxide after the
10 and 50-bar treatments. Those can be ascribed to the forma-
tion of the RP phase since it cannot be seen after treatment at
100 bar. This RP phase partial transformation is not expected to
influence the morphological properties of the exsolved NPs since,
upon reduction, the nucleation of exsolved NPs occurs before the
RP phase appearance, and the NP growth is mainly associated
with the increase in temperature.[44]

3.3. Effect of Pressure on Particle Composition

The NP composition was characterized to unravel the pressure
impact during exsolution. Due to the remarkable differences be-
tween 1 and 10 bar exsolutions, a first comparison between them
was performed. Figure 3a,b depict HAADF (High-angle annu-
lar dark-field)-STEM images and EDXS maps for 1 and 10-bar

treatments, respectively. In both cases, ternary alloyed FeCoNi
NPs are obtained. No other elements can be appreciated forming
these NPs, except some amount of O, indicating certain surface
passivation (Figures S3 and S4, Supporting Information). Inter-
estingly, there is a Ni depletion at the outer surface layers. This
surface deficiency of exsolved atoms has already been studied
by Wang et al. with Fe exsolution[46] and observed in our pre-
vious work with this particular material[44] for Ni and Co. This
ternary alloy exsolution was also confirmed after treatment at 50
and 100 bar (Figures S5 and S6, Supporting Information, respec-
tively). Elemental analyses of the NPs are shown in Figure 3c and,
as expected, when exsolving at 1 bar, Ni is the main component
of the exsolved NPs, representing almost 53% of the atomic frac-
tion, followed by Fe (25%) and Co (22%). According to thermo-
dynamic calculations,[47] Ni is the most reducible atom -and thus
exsolvable- of the three studied cations here. Co and Fe show sim-
ilar Gibbs free-energy values, which explains their almost equal
presence in the exsolved NP. Knowing this, the compositional
change observed after exsolving at 10 bar was remarkable since
Fe becomes the main component of the alloyed NP (54%), show-
ing a considerable growth in the atomic fraction. Ni content nar-
rows (30%), and Co does not experience large changes (16%).
This major presence of Fe remains after treatment at 50 bar (47%)
but slightly decreases in favor of Ni (34%). After treatment at
100 bar, Ni is, again, the main atom forming the alloy (50 %), fol-
lowed by Fe (30%) and Co (20%), being the composition of the ex-
solved NPs very similar to the 1 bar treatment ones. Thus, the two
treatments exhibiting larger lattice expansion and exsolved NP
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Figure 4. a) Powder diffraction patterns for Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿 before and after reduction treatments at 300 °C, 2 h under H2 flow. Different
treatment pressures were tested (1, 10, 50 and 100 bar). HRFESEM micrographs after reduction treatments at 300 °C, 2 h at b) 1 and c) 10 bar of
pressure. No exsolved NPs can be seen at atmospheric pressure, but remarkable exsolution occurs by applying 10 bar. d) HRTEM micrograph of an NP
after exsolving 2 h at 300 °C and 10 bar and e) the corresponding digital diffraction pattern (DDP). HRFESEM micrographs after reduction treatments
at f) 300 °C, 2 h at 50, and g) 100 bar.

dispersion (10 and 50 bar) share the predominance of Fe in their
exsolved NPs. Therefore, our results demonstrate a shifting in
the equilibrium of Fe exsolution at certain pressures, inverting
the expected compositional results for atmospheric pressure.

Figures 3d–g present high-resolution TEM images proving the
anchored nature of the exsolved NPs after pressurized reduc-
tion treatments. The interplanar distances were measured us-
ing the corresponding Digital Diffraction Patterns (DDP), which
exhibited a similar trend to that seen for atomic composition.
After 1 and 100-bar treatments, the measured interplanar dis-
tances (0.194 and 0.210 nm, respectively) can be associated with
the (111) planes of metallic phases (i.e., FeNi3 = 0.207 nm).
Nevertheless, after reduction at 10 and 50 bar, the d-spacings
become larger than expected when compared to other metallic
phases, both alloys and single metals, showing values of 0.219
and 0.217 nm, respectively. So then, NPs with higher content
in Fe exhibit higher lattice parameters, as shown in Figure 5a.

The observed differences in the d-spacings between treatments
can be related to the compositional variations of the exsolved al-
loys, but it cannot fully explain these crystallographic disparities.
These effects will be discussed in the following sections of this
work.

3.4. Lowering the Exsolution Temperature

To evaluate the influence of pressure over thermal exsolution
requirements, reductions at 300 °C were carried out under the
same conditions as for 600 °C treatments. A softer material’s re-
duction is evidenced by the slighter lattice expansions (Figure 4;
Table S1, Supporting Information) and the absence of RP phase
formation. Slight differences in the lattice volume are observed
among isothermal reduction treatments. Similarly to 600 °C ex-
solutions, a volcano-like trend can be appreciated when referring
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Figure 5. a) Variation of crystallographic parameters of the double perovskite and the exsolved NPs at different pressures for 600 °C treatments.
b) Observed trend for DP lattice parameter when exsolving at 600 and 300 °C. c) Theoretical nucleation rate variation with pressure at the studied
exsolution temperatures (300 and 600 °C).

to lattice expansions: the highest cell volumes are reached af-
ter treatment at 10 (483.4 Å3) and 50 bar (483.5 Å3), but in-
creasing the pressure to 100 bar narrows the lattice expansion
(Figure 5b). In addition, no impurities can be seen after any re-
duction, which confirms the stability of the material under pres-
surized conditions at 300 °C. Nevertheless, as shown in the fol-
lowing characterizations, some segregation of Sr occurs, form-
ing amorphous oxides, which explains that no additional peaks
appear in the PXRD analyses after reduction treatments. The Sr-
surface segregation is ascribed to the exsolution process itself.
B-site cationic deficiency after the generation of exsolved NPs oc-
curs. Since the starting perovskite composition is A-site stoichio-
metric, SrO segregation happens, with the consequent charge
balancing:

Sr2FeNi0.2Co0.2Mn0.1Mo0.5O6−𝛿 + 𝛾H2

(
g
)
→

Sr2−𝛼Fe1−xNi0.2−yCo0.2−zMn0.1Mo0.5O6−𝛿−𝛼−𝛾 + 𝛼SrO

+NiyCozFex + 𝛾H2O
(
g
)

(1)

HRFESEM micrographs of the DP material after 1 and 10-bar
exsolutions can be seen in Figure 4b,c. As expected, there is no
exsolution after 1 bar reduction treatment. Nevertheless, by in-
creasing the pressure to 10 bar, highly dispersed exsolved NPs
emerge, with a mean size of 3.5 nm. In addition, other interest-
ing facts can be analyzed here when compared to the exsolution at
600 °C and 10 bar. First, the size distribution of the exsolved NPs
drastically narrows (histogram in Figure S7, Supporting Infor-
mation). Second, as expected and depicted in Figure S8 (Support-
ing Information), notably smaller NPs (3.5 nm at 300 °C against
15.3 nm at 600 °C) are exsolved due to the lower temperature
of the treatment (at higher temperatures, the growth rate of the
NPs increases). Also, remarkably high surface populations are
achieved, reaching 7072 μm−2, almost ten times greater than at
600 °C (735 μm−2). The NP population increase at lower temper-
atures was also predictable, as the nucleation rate increases when
the exsolution temperature decreases. It is worth noting that

after 50 and 100-bar treatments, small NPs are spread all over
the material in both cases, appearing almost as a textural change,
especially in the case of 100-bar exsolution (Figure 4f,g).

HRTEM characterization was carried out to understand the
properties of the exsolved NPs more deeply. Again, focusing on
the 300 °C and 10 bar treatment (Figure 4d), a proper anchor-
ing of the NPs is confirmed. Also, the interplanar distances from
the exsolved NPs were measured using DDP (Figure 4e), and
the (111) plane of the metallic phase, presenting a 0.221 nm d-
spacing, could be identified. This value is close to the interplanar
distance shown by NPs exsolved at 600 °C and 10 bar (0.219 nm),
suggesting a similar crystallographic structure and composition
of the NPs after exsolution at both temperatures. HRTEM charac-
terization was also employed to confirm the emergence of small-
sized, highly dispersed, spherical-shaped NPs after 50 and 100-
bar reduction treatments (Figure S9, Supporting Information).
These results show, for the first time, the possibility of function-
alizing double perovskite materials with exsolved NPs at remark-
ably high pressures and low temperatures.

XPS analyses (Figure S10, Supporting Information) of Fe, Co,
and Ni were performed to evaluate the possible formation of a
ternary alloy in the NPs exsolved at 300 °C and 10 bar. Metallic
Ni seems to be the main component of the exsolved alloys. Re-
ferring to Fe and Co, metallic phases can also be seen after the
treatment but in lower amounts when compared to Ni. These
results are consistent with the interplanar distances measured
in these exsolved NPs, which suggested that the composition of
exsolved NPs at 600 °C and 300 °C are similar when applying
10 bar.

In summary, the results in this section confirm the success
of lowering the temperature requirements of thermal exsolution
for this kind of double perovskites. When applying an increased
pressure of 10 bar, highly dispersed, small, and homogeneously
sized metallic NPs can be achieved at just 300 °C, being this
temperature, to our knowledge, the lowest reported for thermal
exsolution. This breakthrough improves thermal exsolution effi-
ciency and enables in situ functionalization of materials at lower
temperatures, expanding the range of processes where NPs exso-
lution can be leveraged.
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3.5. Discussing the Effects of Pressure During Thermal
Exsolution

It is experimentally established that an increase in the treatment
pressure has a remarkable impact on the morphological and com-
positional properties of the alloyed exsolved NPs. The morpho-
logical effects of pressure on NP exsolution -focusing on 600 °C
treatments- are mainly related to their dispersion (Figure 2), see-
ing that size is not remarkably affected. The increase in NP ex-
solution extent after 10 and, especially, 50-bar treatments, com-
pared to the atmospheric pressure, may stem from i) the higher
ratio of reducing gas (H2) collisions with the material’s sur-
face and ii) the compressive strain that pressure unleashes on
the oxide. First, an increased H2 pressure favors the exsolution
process due to a kinetic effect, mainly due to a higher rate of
oxygen-vacancy formation, which is preferential nucleation sites
for metal NP growth (and so, exsolution),[18] according to:[19,48]

OX
O = V ⋅⋅

O + 2e− + 1
2

O2 (2)

In addition, the increased H2 pressure leads to higher reduc-
tion rates,[49] which should also be considered in the favored exso-
lution at higher pressures. This fact not only explains the larger
lattice parameters seen when increasing pressure (except after
100 bar treatment, see Figure 5a) but also the formation of RP
phase at 10 and 50 bar, which is not seen after atmospheric pres-
sure treatment. Nevertheless, this statement could seem contra-
dictory with the lower presence of the RP phase when increasing
pressure treatment. At this point, competitive influence between
two different pressure effects must be considered: favored chem-
ical reduction and compressive strain due to the increased pres-
sure. It is worth mentioning that, due to the mechanical prop-
erties of perovskite materials, which exhibit considerable Young
modulus,[50,51] compressive strain effects shall be minor at these
pressures when compared to chemical reduction. Nonetheless,
increasing pressure, e.g., at 100 bar, would have non-neglectable
effects regarding qualitative behavior concerning exsolution. Sev-
eral works dealt with the influence of both tensile and compres-
sive strain over exsolution in metal-oxide thin films. Han et al.
observed an increased exsolution extent when applying compres-
sive strain in La0.2Sr0.7Ti0.9Ni0.1O3-𝛿 (LSTN) thin films, showing a
larger number of NPs and smaller particle sizes.[48] This may fit
our observations in the slight drop in exsolved NPs size exhibited
when increasing the treatment pressure from 10 to 50 to 100 bar
(15.3, 12.4, and 11.4 nm, respectively). The higher mean sizes ex-
hibited with 10-bar compared to 1-bar reduction (13.6 nm) may
respond to the increased exsolution rate; a remarkably larger
number of metallic atoms are exsolving, affecting mainly the
dispersion but also the mean sizes. However, Wang et al. stud-
ies explained differences between enhanced exsolution with ten-
sile and compressive strains. They observed increased exsolution
rates in La0.6Sr0.4FeO3-𝛿 (LSF) with tensile strain but suggested
an explanation for Han et al. results. To sum up, they expected
enhanced exsolution with compressive strain if the oxide lattice
compresses after exsolution treatment, and vice versa,[18] which
fits with Han et al. results but not ours (double perovskite ex-
hibits lattice expansion after exsolution at 1, 10, and 50 bar). We
hypothesize that, until reaching a certain pressure, exsolution is

Pressure (bar)

devlosxE
P

N
noitalupop

(μ
m

-2
)

Optimal
exsolution

Figure 6. Schematic explanation of pressurized-reduction effects over
exsolution and crystal phase impact on Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿 .
Volcano-plot-like influence of pressure is considered, based on the experi-
mental results presented here, which indicate two main competing effects:
enhanced chemical reduction due to higher H2 collisions, thus more oxy-
gen vacancies are created; and compressive strain. Due to visual reasons,
the volcano-like plot is represented symmetrically. Nevertheless, our ex-
perimental results (see Figure 3e) show that the exsolution extent may
reach an optimal value between 10 and 50 bar treatments, so the volcano-
like trend would be asymmetric. A-site atoms (Sr) are represented in green;
B-site atoms (Fe, Co, Ni, Mn) in brown; B-site Mo in purple; and O atoms
in red in the crystal structures. Compressive strain is represented with red
arrows, free space for cation diffusion reduction, with black arrows.

mainly controlled by chemical reduction, which is, in turn, ki-
netically enhanced by the increased pressure. Here, the increase
in NP exsolution dispersion is due to two effects: i) the higher
rate of reduction and oxygen-vacancy formation and ii) the com-
pressive strain, which also influences the mean size drop and
hinders the appearance of the RP phase (Figure 6). After reach-
ing a certain pressure, exsolution rates start lowering, mean sizes
keep dropping, and so does RP phase formation, meaning that
compressive strain overcomes the kinetic effects of the higher
H2 collisions. Thereby, the lattice parameter (and cell volume)
decreases beyond this point, hindering cation diffusion and, in
turn, slowing down the exsolution process, thus directly affect-
ing the dispersion of NPs (Figure 5a). To sustain exsolution, oxide
ions and cations have to migrate to the surface. Transport of both
species generally depends on free-space availability in the unit
cell,[52] which hinders beyond certain pressure. This statement
goes along with the lower lattice volume observed after 100-bar
treatment compared to 10 and 50-bar exsolutions (see Table S1,
Supporting Information) and the decrease in NP populations. In-
terestingly, the exsolved material at 600 °C and 100 bar shows
(Figure S11, Supporting Information), at certain regions, some
holes formerly occupied by exsolved NPs. A similar phenomenon
was observed after acid-etching exsolved NPs.

[48] Thus, reaching
certain pressure values may cause a loss of exsolved NPs.

These explanations are also compatible with 300 °C exsolu-
tions (Figure 5b), where compressive strain at 100 bar even
overcomes the predictable lattice expansion due to chemical
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reduction, and the lattice parameter is slightly lower than the
one reached under atmospheric pressure. Regarding the exsolu-
tion results at 300 °C, pressure is key in triggering the nucleation
process (Figure 4b,c). This fact can also be supported by the ki-
netic effect of increased pressure. It is worth noting that lowering
the exsolution temperature increases the nucleation rate while in-
creasing temperature favors NPs growth. So then, a lower exso-
lution temperature, together with the kinetic effect of increased
collisions, shall explain the remarkable difference in NP popula-
tions when comparing 10-bar exsolution at 300 °C and 600 °C. In
addition, the exsolved NPs seen after 50 and 100-bar exsolution
are smaller than the ones exsolved at 10 bar, which also fits with
the compressive strain effect over NP size explained for 600 °C
exsolutions.

The classical nucleation theory[53–55] can also be considered to
qualitatively explain the influence of applied pressure over nucle-
ation rates, which can be expressed as:

J = Aexp
(−ΔG∗

kT

)
(3)

where J is the nucleation rate of NPs, A a pre-exponential factor, k
the Boltzmann constant, T the temperature and ΔG* the critical
free energy for nucleation. This ΔG* is given by:

ΔG∗ =

(
16𝜋𝛾3V2

m

3ΔG2
v

)
(4)

Being 𝛾 the surface energy, Vm the molar volume of the nucle-
ating phase and ΔGv the driving force for exsolution. Referring
to the latter, if it is, indeed, influenced by the applied pressure,
and assuming ideal gas behavior, ΔGv can be expressed as:

ΔGv (P) = ΔGv

(
P0

)
− RTln

(
P
P0

)
(5)

considering ΔGv(P0) the driving force at the reference pressure.
In addition, the effect of pressure over 𝛾 shall also be consid-
ered and, according to Gibbs adsorption isotherm, the change of
𝛾 with pressure (P)(
𝜕𝛾

𝛿P

)
T

= −Γ (6)

where Γ is the surface excess concentration of the adsorbed gas
species (H2). This negative Γ means a decrease in surface energy
with increasing pressure. Combining both effects:

J (P) = Aexp

⎛⎜⎜⎜⎜⎝
−16𝜋V2

m
[𝛾 (P)]3[

3kT
(
ΔGv

(
P0

)
− RTln

(
P
P0

))2
]
⎞⎟⎟⎟⎟⎠

(7)

This suggests that J can be increased with applied pressure by
reducing the surface energy and increasing the driving force for
exsolution. For these calculations, several assumptions and typ-
ical values were considered (Appendix S1, Supporting Informa-
tion). The calculated J variation with pressure can be observed
in Figure 5c for both 300 and 600 °C. The theoretical trends are

consistent with the experimental exsolution extent dependence
with pressure observed at 600 °C and suggest a similar behavior
for 300 °C. These theoretical calculations also suggest an opti-
mal nucleation rate (volcano-like trend) for applied pressures be-
tween 10 and 50 bar, which correlates well with the experimental
values. This model is valid if the surface energy has a small yet
negative correlation coefficient with pressure (c parameter in Ap-
pendix S1, Supporting Information). It is worth mentioning that
higher temperatures theoretically lead to higher nucleation rates,
as seen in Figure 5c. However, this model only considers the en-
ergy for the nuclei formation process. So, this does not apply to
the global exsolution phenomena since temperature increase also
implies the growth of the formed NPs, leading lower exsolution
temperatures to higher NP populations. Nevertheless, the theo-
retical model presented here is a good descriptor of the influence
of pressure on the nucleation rate of the exsolved NPs, and it is co-
herent with the experimental observations assessed in this work.

Last, pressure also proved to have a remarkable impact on the
composition of exsolved alloys. As expected at atmospheric pres-
sure, Ni is the main component of the alloy, as it is the most fa-
vored metal to reduce, compared to Fe and Co.[47] The fact that Ni
is more likely to exsolve has also been seen computationally.[56,57]

Nevertheless, when applying 10 and 50-bar treatments, Fe be-
comes the main component of the alloy (see Figure 3c). As in-
creasing pressure to specific values kinetically favors the mate-
rial reduction (chemical reduction control), the reducibility of the
three exsolvable cations may become more similar. Nevertheless,
Fe represents a larger phase fraction in the metal oxide matrix,
which explains that Fe is statistically more likely to exsolve un-
der these conditions. At 100 bar, as exsolution is hindered by
compressive strain, Ni becomes again the main component of
the alloy. These compositional changes may also explain the ob-
served differences in the d-spacings of (111) planes in the ex-
solved NPs since the interplanar distance trend is similar to the
compositional rate: richer Fe NPs exhibit higher d-spacings. This
observed trend may originate from electronic and nano-size mor-
phologic effects. First, the lattice parameter (a) of Fe and Ni com-
bined is higher than the single metals separately. This would ex-
plain the higher a values calculated when Fe content increases
NPs exsolved at 10 and 50 bar (Figure 5a, Table S2, Support-
ing Information) and the unusually high d-spacings measured
by HRTEM. Second, the higher a values may also be associated
with abnormally stretched NPs. Due to the epitaxy relation be-
tween exsolved NPs and the metal oxide matrix, these NPs can be
subjected to tensile strain from the matrix, as its lattice volume
expands after reduction (see the similar trend in a values for ex-
solved NPs and the metal oxide matrix in Table S2, Supporting
Information).

4. Conclusion

The effect of high pressure on ternary alloyed NP exsolution
from Sr2FeCo0.2Ni0.2Mn0.1Mo0.5O6-𝛿 was assessed here for the
first time. Our results show that applying pressure has profound
implications for the alloy composition. Namely, by increasing the
pressures to 10 and 50 bar, Fe became the element with the high-
est concentration in the NPs, whereas, at atmospheric pressure,
it is commonly Ni. Interestingly, by increasing the pressure to
100 bar, this trend was reverted again, Ni again being the element
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with a higher presence in the FeCoNi alloyed NPs. Concurrently,
it was observed that 10 and 50 bar total pressure led to the greatest
extent of reduction at 600 °C, which, for the case of 10 bar, led to
a crystallographic transformation toward a Ruddlesden–Popper
phase. This implies that the maximum number of oxygen vacan-
cies is obtained at 10 and 50 bar, thus leading to a higher NP ex-
solution extent. We also show that pressure can drastically lower
the exsolution temperature to 300 °C, leading to a NP dispersion
of one order of magnitude higher than at 600 °C. Overall, the
results presented here demonstrate that pressure accelerates the
kinetics of cation migration of elements commonly exsolved at a
slower pace than Ni. However, this effect reaches its maximum at
10–50 bar, leading to a volcano-plot-like tendency, confirmed with
theoretical calculations based on classical nucleation theory, of
pressure and extent of exsolution, which might indicate that two
competing mechanisms exist at higher pressures, e.g., 100 bar.
These findings shed light on the effects of pressure in metallic
NP exsolution, which might help in the design of exsolved al-
loys with adjustable composition, size, and dispersion, aiding in
lowering exsolution requirements, with potential application in
catalytic processes occurring at high pressures.
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