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ABSTRACT: Exsolution has emerged as a promising method for
generating metallic nanoparticles, whose robustness and stability
outperform those of more conventional deposition methods,
such as impregnation. In general, exsolution involves the
migration of transition metal cations, typically perovskites,
under reducing conditions, leading to the nucleation of well-
anchored metallic nanoparticles on the oxide surface with
particular properties. There is growing interest in exploring
alternative methods for exsolution that do not rely on high-
temperature reduction via hydrogen. For example, utilizing
electrochemical potentials or plasma technologies has shown
promising results in terms of faster exsolution, leading to better
dispersion of nanoparticles under milder conditions. To avoid limitations in scaling up exhibited by electrochemical cells and
plasma-generation devices, we proposed a method based on pulsed microwave (MW) radiation to drive the exsolution of
metallic nanoparticles. Here, we demonstrate the H,-free MW-driven exsolution of Ni nanoparticles from lanthanum
strontium titanates, characterizing the mechanism that provides control over nanoparticle size and dispersion and enhanced
catalytic activity and stability for CO, hydrogenation. The presented method will enable the production of metallic
nanoparticles with a high potential for scalability, requiring short exposure times and low temperatures.
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INTRODUCTION them increased resistance to sintering or coke formation,"®

among other advantages, like the possibility of reversible

Nanostructured materials development has been key to 16,20

improving crucial catalytic processes in our society. Due to
their properties, nanocatalysts proved to be useful for

exsolution.
Due to its many benefits, exsolution is widely studied as an

heterogeneous catalysis applications in a wide variety of alternative to other functionalization methods, like impregna-
reactions"” or as electrocatalysts for energy conversion/storage tion. Despite that and following the actual trend, significant
devices.”* Metal oxides, such as perovskites (ABO;), are efforts are being made to improve the efficiency of exsolution.
widely studied and used for those and other reactions due to Especially when referring to the requirements of the treatment:
their excellent chemical and physical properties and functional exsolution usually demands, as stated before, medium-to-high
versatility.”® In this context, significant efforts have been made temperatures (500—1000 °C) but also relatively prolonged
to improve the functionalization of materials with NPs, and operation times (several hours) and the use of a reducing
exsolution emerges as a promising method for this purpose. agent, typically H, flows, constituting the usual thermal

Exsolution provides a one-step in situ pathway to generate well
dispersed, homo§eneously sized metallic NPs over the surface
of metal oxides”’ ™ like cerias'®'' (CeO,), double perov-
skites'””'* (A,B,O¢), or the formerly mentioned perov-
skites.'>~"” This method is based on introducing the catalytic
active metal (or metals) in the lattice of the metal oxide host
when synthesized; these metallic cations will migrate to the
material’s surface when subjected to reducing (physical or
chemical) agents at relatively high temperatures. There, these
metallic cations will form anchored nanoparticles, which give

exsolution. But these strong reducing conditions are
susceptible to be improved. One of the strategies used to
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Figure 1. Schematic of the different exsolution methods. The most commonly used thermal exsolution requires medium-high temperatures
and a reducing agent flow (typically H,) to take place. Recently, two methods have been reported: electrochemical poling and plasma-driven
exsolution. Both methods showed high nucleation ratios (and so high NPs populations) and needed short operation times, with no H,
needed. Nevertheless, the electrochemical method needs the metal oxide deposited as an electrode, limiting its potential uses. On the other
hand, plasma-driven exsolution requires high working vacuums. In this work, we propose an alternative method: MW-driven exsolution. Its
low-time consumption, no need for external heating or reducing agent, and the possibility of up-scaling make it a promising exsolution

alternative.

achieve this relies on the design of the metal oxide material: A-
site deficiency has been proved to be a key factor in the
enhancement of exsolution,”"”” and thus it can positively
impact the exsolution requirements. This has already been
stated by Guo et al. in their work, in which a 350 °C exsolution
is achieved using A-site deficient double perovskites.”' Another
possibility is to find alternative methods to thermal exsolution.
In this context, two main alternatives have been explored: first,
electrochemical poling, developed by Myung et al, which
could trigger short-time exsolution, with high dispersion of the
formed nanoparticles and in the absence of H, atmosphere.””
Despite its many advantages, this method is limited to
electrochemical applications due to the need to have the
metal oxide deposited and consolidated as an electrode, and it
also requires high sintering temperatures. Second, and more
recently, plasma-driven exsolution showed improved exsolu-
tion compared to the thermal one based on shorter times and
lower temperatures required, also with no need for H, supply.
Nevertheless, this method requires very low pressure to
generate the plasmas.B‘24

Here, we propose microwave radiation (MW) as an
alternative for driving the exsolution of metallic nanocatalysts
(Figure 1). In previous works, it has been observed that MW
radiation can be used to reduce ceramic oxides, as Serra et al.
stated in their work, where they accomplished the production
of H, via MW-driven water splitting redox cycles.”> During
oxide reduction, the material undergoes different processes: As
the material is MW irradiated, the charges within the material
undergo polarization, resulting in an increase in temperature.
Upon absorbing a certain amount of energy, which is indicated
by an induction temperature (T;), the interaction between the
MW and the material induces a nontypical electronic
conductivity, accompanied by a rapid reduction process that
releases molecular oxygen from its ionic lattice. This reduced
state can remain if the electromagnetic fields are maintained;
however, once the MW is discontinued, the material tends to
reoxygenate if exposed to oxygen-bearing atmospheres,
recovering its original conductivity. Here, we selected
Lag 43Cag37Nig g6 Tig9403_5 A-site deficient perovskite
(LCTN) to explore the possible MW-mediated exsolution of
NPs from complex mixed-oxide hosts. This specific composi-
tion can be considered a reference material in this field since it
has been employed to demonstrate thermal-, electrochemical-,
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and plasma-driven exsolution, exhibiting high versatility. This
fact brings the possibility of directly comparing the proposed
exsolution results with other alternative methods. In addition,
the A-site deficiency has been commonly reported as a factor
to enhance exsolution, thus triggering an increase in the
number of exsolved NPs.” Lastly, lanthanum titanates exhibit
high physical and chemical stability.”® All of these reasons
make LCTN an adequate candidate for these experiments.
This work proves that MW reduction indeed triggers
exsolution on LCTN perovskite, with no need for high-
temperature heating or H, atmosphere or vacuum. This
method also demonstrates low time requirements and even the
possibility of controlling specific morphological properties of
the exsolved nanoparticles. An important feature of the MW
setup used for this exsolution process is the capacity to in situ
monitor changes in the electrical conductivity while perform-
ing the exsolution in powder form, which eases the
interpretation of the MW-driven exsolution mechanism.
Additionally, MW-driven exsolution is also an easily up-scaling
method and can be applied to powder or granulated samples
without further oxide manufacturing, bringing the possibility of
applying it to a wide variety of alternative metal oxides. Also,
with the exsolution results exposed in this work, MW-driven
exsolution can be considered to exsolve other metals besides
Ni, such as Co, Fe, or Cu, and even for generating alloyed
metallic nanoparticles, which have been already obtained via
thermal exsolution.'>'*!71%212728 1n addition, the exsolved
nanoparticles showed catalytic activity for the CO, hydro-
genation reaction. The results presented here confirm that MW
irradiation provides a promising alternative to thermal
exsolution, significantly lowering the working conditions
required to functionalize the surface of metal oxides with
metallic nanoparticles via conventional exsolution methods.

RESULTS AND DISCUSSION

Microwave-Driven Exsolution. To test this exsolution
method, Lag43Cag37NigoeTiges05-5 (LCTN, from now on)
was selected to evaluate the effects of MW radiation as a
reducing agent. This material has been proven to be versatile
when subjected to alternative exsolution pathways.”>~** In
addition, the low conductivity of LCTN makes it an excellent
dielectric for MW-driven reduction. This fact and its inherent
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capability to store energy via polarization modes prevent the
appearance of an electric arc between particles. This
phenomenon is often seen when a material possesses high
electronic conductivity interacting with electromagnetic
fields.”

For this purpose, a sample of LCTN was placed within the
quartz reactor and exposed to focused MW radiation (Figure
S1). Simultaneously, the electric conductivity of the sample
was in situ monitored, enabling a comprehensive under-
standing of the morphological changes that took place during
the oxide reduction and their correlation with the electro-
chemical properties of the material.

Building upon the previous findings, MW reduction cycles
(or pulses) were chosen over continuous wave MW radiation
to perform the reductions of the material. Oxygen release
predominantly occurs immediately after reaching the T;.”” This
means that after applying a given MW power (W g™') for an
MW reduction cycle, a few more oxygen vacancies are being
formed, so the reduction during the ongoing time would be
neglectable. Considering this, several successive pulses should
have a higher reductive impact than prolonged exposure times
to MW radiation, a fact explored in this work. The reduction
treatments were performed under constant N, flow and at
room temperature applying between 30 and S0 W g™* of power
per reduction cycle. In the applied cycles, the electric field
magnitude varies from 59 to 8.56 V/mm in the material,
whereas the magnetic field magnitude remains almost constant
at 0.02 A/mm due to the field distribution inside the applicator
and the position of the sample in a minimum of magnetic field
(see details in Figure S2). The magnitude of the electro-
magnetic fields can be modified by changing the power
delivered to the sample.

Figure 2 shows an example of a S-cycle MW treatment
performed to drive the exsolution of Ni nanoparticles from

0+ T r ‘ : r r T
0 10 20 30 40 50 60 70

t (min)

Figure 2. Variations of the LCTN temperature and conductivity
when applying S consecutive MW reduction cycles, using powers
between 30 and 50 W g,

LCTN, depicting the MW power used for each MW pulse, the
temperature reached during it, and the changes in electric
conductivity experienced in the material. As depicted in Figure
2, upon MW radiation, the temperature of the material
increases, and once the T; is attained (150 °C, approximately),
the material exhibits a fast increase in its electric conductivity.
Subsequently, when the MW radiation ceases (turned off), the
temperature of the material decreases gradually, returning to
room temperature in approximately 12 min. This process and

the changes suffered by LCTN during the MW heating are also
monitored with an inside camera. The recorded videos (Figure
S3) showed homogeneous heating of the material, especially in
the middle regions of the sample. During the process, the
material acquired an unusual shine when the conductivity
increased, probably by the interaction of electrons and
polarons formed in the reduction process with the electro-
magnetic field. Interestingly, despite what was observed in
previous works,”” the material conductivity does not decrease
back to the original values when the MW radiation is turned
off, indicating that the material is evolving due to the MW
radiation influence. To confirm this, the conductivity changes
are studied in a typical Arrhenius plot (Figure 3). When the
material reaches T it presents a visible increase in its
conductivity. It has been reported that this behavior can be
ascribed to the interaction of polarons and free electrons
located in the ionic lattice with the electromagnetic field.””
After a first reduction pulse, once the MW radiation is turned
off, the material exhibits high conductivity values, which
remain steady upon cooling (Figure 3a). Additionally, as
observed in Figure 3b and Figure S4, when several MW cycles
are applied to LCTN, its conductivity continues to rise at the
end of each cycle. This behavior suggests the appearance of Ni
metallic nanoparticles (NPs) on the surface of the material,
visibly increasing its conductivity due to the electronic
contribution of this metal. The following characterization
results will confirm this initial hypothesis, showing the effective
exsolution caused by the MW reduction. Nevertheless, it is
essential to highlight that the most significant enhancement in
conductivity occurs following the initial MW pulse. Con-
sequently, the most crucial alterations in LCTN conductivity
occur during the initial cycle, particularly during the liberation
of molecular oxygen and the subsequent creation of oxygen
vacancies within the perovskite lattice. This exsolution process
has the potential to be regulated by precise control over the
power supply to the sample, thereby influencing the population
and size of surface NPs and, subsequently, altering its catalytic
activity.

X-ray diffraction was used to check crystallographic changes
induced in the material by the MW treatments. Figure 4
depicts the X-ray diffractograms of the material as synthesized
and after 1, 3, and S MW cycles. The main peak of the LCTN
perovskite phase (26 & 32.7°) shifts to lower 20 values after
every treatment, which indicates lattice expansion. These
results suggest an effective reduction of the material when MW
treatments are applied. Similar to the case of conductivity, the
larger expansion occurs after the first cycle, the lattice
expansion being much less marked with successive cycles;
thus, the main reduction happens during the first cycle. In
addition, a metallic Ni signal corresponding to the (111)
reflection became apparent after MW treatments (26 = 44.5°).
This not only confirms the reduction of the material under
MW influence but also sets the stage for possible exsolution of
Ni nanoparticles (NPs), together with the permanent increase
in the conductivity suffered by the material after every reducing
cycle. No further changes in the material can be appreciated,
proving the stability of the LCTN in this MW environment.

Figure 5 shows the SEM micrographs of the material as-
synthesized and after different MW reduction cycles to assess
the possible morphological changes occurring upon MW
exsolution treatment. Exsolution is confirmed as spherical NPs
appear on the perovskite surface after 1, 3, and 5 cycles of MW
but only after applying the treatments. This fact proves the
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Figure 3. Changes in the electric conductivity of Lag 43Caq3,Nig osTig0403_s after applying (a) 1 and (b) 3 MW reduction pulses. After each
cycle, conductivity increases permanently, even after the MW radiation source.
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Figure 4. XRD patterns for La,;Cay3;Nig06Tig940;3_5 before and after MW reduction treatments, including different cycle number
procedures. Ni metallic phase can be appreciated after MW reductions (red triangles).

effective exsolution using MW radiation as a reducing agent.
Although the NPs are well dispersed throughout the sample,
differences in their dispersion are significant when compared to
other alternative exsolution methods (electrochemical, plas-
ma).”>”>* Our results show that nucleation is less favored with
MW reduction, and NPs tend to experience larger growth.
The exsolved nanoparticle size and dispersion were studied
after every microwave cycle. Figure S5 depicts the resulting
histograms, showing a wider distribution after each microwave
treatment. Nevertheless, dispersion does not significantly
change with successive reduction cycles: 29.4 particles ym™>
with 1 MW reduction cycle, 25.1 particles yum™ after 3 MW
cycles, and 25.5 particles um™ after S cycles, but the mean size
of the NPs does, as can be seen in Figure Se (statistical
analyses for both NP size and dispersion, can be seen in Figure
S6). In fact, NPs size grew after each MW cycle, namely, 21.0,
27.8, and 33.0 nm after 1, 3, and 5 MW cycles, respectively.
This progressive growth translates into more Ni atoms
exsolution. Thus, although the main exsolution event happens
during the first MW pulse, applying more cycles entails
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ongoing exsolution and thus a modification of the NP size.
This fact suggests that specific control over the NP size can be
achieved with variation in the MW reduction cycles. However,
at a certain point, further MW pulses will not significantly
affect the exsolution (see Figure S4) since the supply of Ni
atoms is limited by the perovskite lattice stoichiometry.
Consequently, particle growth will stop since newer nucleation
sites are not being formed after the first MW cycle. It is worth
mentioning that although the exsolved nanoparticle dispersion
is not as high as for other methods,”>™>* the low time
consumption of reduction cycles (the most of the time is
needed for cooling to room temperature) and the possibility of
working in the absence of H, (or vacuum) and without
external heating make the MW reduction process a promising
alternative to thermal exsolution. Nevertheless, future studies
need to optimize some parameters to improve the amount of
exsolved nanoparticles. For instance, lowering the applied MW
power could lead to lower growth and higher nucleation ratios,
resulting in larger dispersions.
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Figure 5. HRFESEM micrographs of La 43Ca 3,Nig 0sTig040;3_5 (2) as-synthesized and after (b) 1, (c), 3 and (d) S reduction MW cycles.
Nanoparticles emerge over the surface of the material after the application of MW radiation. (e) Comparison between different MW
reduction cycles applied to LCTN. Although NP populations do not significantly change after successive cycles, Ni continues exsolving. This
fact can be seen in the growing mean sizes of the NPs and the increase in exsolved Ni atoms after different MW exsolution cycles.

Figure 6. Study of the anchoring of the exsolved NPs after S MW reduction cycles applied to La, 43Cag 3,Nij ¢6Tig0403_s. The micrographs
were obtained via (a) HRFESEM and (b) TEM. Lastly, (c) low-magnification HRFESEM micrograph and EDS map analyses were performed
after S cycle MW exsolution. These results confirm that the exsolved NPs are composed of Ni. Adequate distribution of every atom can be

seen along the sample.

Once MW-driven exsolution of NPs is confirmed, TEM
studies were carried out to confirm the anchoring of the
exsolved nanoparticles (socketing). Figure 6 depicts some
isolated exsolved nanoparticles after S MW cycles of exsolution
(which originated the largest NPs), seen by HRFESEM and
TEM. Both Figure 6a and Figure 6b corroborate the anchored
nature of these NPs, which clearly emerges from the perovskite
lattice. This is a key aspect in exsolution since anchoring
provides the nanoparticles with high resistance against
sintering or coking. When measuring the interplanar distances
with the digital diffraction pattern (DDP) image of these
exsolved NPs (Figure S7a), metallic Ni exsolution is
confirmed, as the 0.210 nm d-spacing corresponds to the
(111) plane of the Ni’. This fact is consistent with the metallic
Ni signals observed via XRD. Also, as can be seen in Figure
S7b, the interplanar distances seen in the lattice of the parental
oxide (0.270 nm) are undoubtedly close to the main plane of
similar perovskite oxides (i.e,, 0.270 nm for CaTiO;).

Finally, to confirm the composition of the exsolved NPs,
EDS studies were performed from HRFESEM analyses. Low-
magnification SEM micrograph after S MW cycles can be seen
in Figure 6c¢, together with compositional mappings of the
sample. Some exsolved NPs can be appreciated in this SEM
micrograph. Mapping analyses show a good distribution of the
O, Ti, Ni, Ca, and La along the material lattice. Nevertheless,
Ni appears clearly as the constituent of the exsolved
nanoparticles, which is consistent with the previously analyzed
results.

Additionally, XPS analysis (Figure S8) was utilized to
investigate the surface composition and nature of the exsolved
nanoparticles. However, a challenge arises as the primary La 3d
and Ni 2p lines overlap, hindering direct confirmation of the
Ni oxidation state. Following MW treatment, all of the signals
exhibit a shift in their binding energy. This shift has also been
linked to the enrichment of A-site cations, leading to an
increased A/B ratio (as evidenced by XPS data), gradual filling
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Figure 7. Schematic representation of the mechanism of microwave-driven nanoparticle exsolution. First, LCTN interacts with MW
radiation, and the acquired energy is dispelled, leading to an increase in the temperature of the material. When T; is reached, an increase in
the electronic conductivity can be appreciated in a second step. At this point, MW-induced reduction occurs, leading to the formation of
oxygen vacancies and electronic charge carriers. In the final step, these oxygen vacancies are key nucleation sites for metallic NPs that are
formed after the migration of Ni cations from the lattice of LCTN to its surface.

of A-site vacancies, and potentially contributing to stabilizing
the exsolved particle exsolution.**

Moreover, within the orbital 1s region of O, two distinct
signals are observed at 351.5 and 529.6 eV, corresponding to
water adsorbed on the surface and oxygen present in the jonic
lattice, respectively.”* In the La region, two signals are detected
at 834.7 and 851.5 eV, attributed to the 3d;/, and 3d;, orbitals
of La*, accompanied by additional satellites at 838.5 and
855.30 eV.”" The Ca region exhibits two signals at 346.8 and
350.4 eV, corresponding to the 2p;/, and 2p,,, orbitals of
Ca?"*' Lastly, in the Ti region, two signals representing Ti**
emerge at 458.3 and 464.0 eV, corresponding to the 2p;,, and
2p,, orbitals, respectively.’>**

Based on all of the obtained results, the mechanism for the
microwave-driven exsolution process is ascribed to an
electronic-level interaction of the microwaves with the
perovskite oxide (Figure 7). First, when the material is
exposed to the electromagnetic field, it absorbs microwave
radiation and experiences an increase in temperature, resulting
from the storage and release of acquired energy. Upon reaching
the critical temperature (T;), the material undergoes micro-
wave-induced reduction, leading to the formation of an oxygen
vacancy and two localized electronic charge carriers (known as
polarons) for each reduced nickel atom (Ni** — Ni°). At this
point, the homologous growth of the electronic-carrier
population results in a substantial increase in electronic
conductivity (as already seen in Figure 2), owing to the
interaction of these charge carriers with the electromagnetic
field. Figure S3 illustrates this interaction, explaining the
anomalous brightness observed during the acquisition of
electronic conductivity to this phenomenon. Consequently,
nickel migrates to the material’s surface, capturing the charge
carriers generated during the formation of oxygen vacancies
and thus transitioning into the metallic state. Upon removing
the electromagnetic field, the material gradually returns to
room temperature, exhibiting a significantly enhanced overall
conductivity compared to its initial state, possibly due to the
Ni metallic nanoparticles formed on its surface.”

With all this in mind, as oxygen vacancies (V') are
preferential nucleation sites for nanoparticle exsolution,
formation of these vacancies is key to increasing nucleation
rates.”” So then, the growth in the number of V&' shall increase
exsolved NP populations.”® Knowing this, it is worth
mentioning that pO, during the exsolution process is a
relevant factor to be taken into account. This pO, will
determine the observed variation in NP dispersion between
MW-driven exsolution and other alternative methods, like
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electrochemical poling. The notable nucleation differences can
be, thereby, ascribed mainly to the lower pO, estimated in
Myung et al. work (107> bar) during electrochemical
exsolution.”” When compared to the pO, during MW
exsolution (estimated in 107° bar), the V& formation shall
be increased with lower pO, and thus nucleation sites. This
fact may explain the population differences observed between
both methods.

CO, Hydrogenation Reaction Tests. Once MW-driven
exsolution was confirmed, the catalytic activity of the exsolved
Ni NPs was evaluated. For this purpose, CO, hydrogenation
tests were carried out; namely, the reverse water gas shift
(RWGS) reaction was selected for characterizing the catalytic
nature of the Ni NPs. This moderately endothermic chemical
reaction faces competition with the highly exothermic CO,
methanation reaction, particularly at low temperatures.
Consequently, enhancing the performance and selectivity of
the RWGS reaction at lower temperatures is a key challenge for
catalyst design.”

In this context, Ni has been traditionally associated with
methanation. Nevertheless, it has been suggested that its
behavior differs depending on whether it is present as an
impregnated species or as a metallic state incorporated within
the material. Several studies have revealed an interesting
distinction in this matter, particularly concerning methanation
reactions. In this regard, the oxygen vacancies that arise during
exsolution seem to play a critical role, significantly favoring the
RWGS reaction over methanation.>® In addition, the exsolved
metallic Ni over the LCTN surface serves as a catalyst for the
desired shift in selectivity toward carbon monoxide production.

In Figure 8, the CO, consumption is evaluated using LCTN
as a catalyst but functionalized in two different ways.
Specifically, LCTN after thermal exsolution (400 °C, 1 h
under 5% H,/Ar flow) and LCTN after MW-driven exsolution.
For these catalytic tests, LTCN functionalized via 1 and §
MW-reducing cycles were chosen to observe better the
catalytic performance differences between distinct MW
exsolution treatments. In addition, nonexsolved LCTN was
used as a benchmark. Interestingly, it is observed that the
material itself exhibits some catalytic activity, even without
exsolution. This activity can be attributed to the presence of Ni
in the bulk of the material. After 1 h of thermal exsolution,
some scarce NPs (almost negligible number) can be seen over
the surface of LCTN (Figure S9), which would explain the
slight improvement in CO, consumption observed. In contrast,
a notable change in this consumption can be observed with
MW-driven exsolution, even after just 1 MW cycle, reaching
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Figure 8. CO, consumption for Lag 43Cag3,Ni ¢6Tig040;_5 before
and after MW reduction treatments, namely, 1 and S exsolution
cycles. Those two treatments were also compared to an in situ
thermal exsolution (400 °C, 1 h under 5% H,/Ar flow) and with
nonexsolved LCTN. All tests were carried out at 400 °C and
GHSV = 13971 h™".

values around 8 mmol h™' g™' for the 4 h test. This
improvement in the catalytic activity becomes even more
pronounced after S cycles (around 12 mmol h™' g™') and can
be related to the higher exsolution rates of Ni atoms compared
to 1 MW cycle reduction, seeing that NP populations are very
close between MW treatments. The CO, conversions (Figure
S10a) are directly proportional to these consumption patterns,
with the highest conversion values obtained after multiple
exsolution cycles, namely, after 1 MW cycle (9% CO,
conversion) and, especially, after S MW exsolution pulses
(~14%), that outperforms every other tested material (2% and
4% for as-synthesized and thermally exsolved LCTN,
respectively). The higher catalytic activity of MW exsolved
materials compared to thermally exsolved LCTN shall be
ascribed to the larger amounts of Ni functionalized as metallic
Ni in the NPs. Namely, seen is the scarce amount of exsolved
NPs after thermal exsolution for 4 h, which are, in addition, at
the early stages of their formation, and thereby, the exposed
surface of these NPs is lower than the MW exsolved ones.
Additionally, the selectivity of the reaction toward CO is
consistently above 90% in all cases (Figure S10b).

It is worth mentioning that the thermal exsolution tests were
also performed pursuing another goal: stating the differences
with the MW exsolution process, which also reached around
400 °C at the end of every reducing cycle. The NP mean sizes
obtained with thermal exsolution (around 10 nm, even after 24
h of treatment, Figure S9) are substantially smaller than the
ones reached with MW exsolution. This fact states that the
observed growth with MW reduction cycles cannot be
associated with thermal growth but with an MW radiation
effect.

Finally, long-term CO, consumption was studied to evaluate
the stability of the S-cycle exsolved LCTN. Figure S11 shows
that CO, consumption remains constant (consistently above
10 mmol h™' g™") even after 60 h of operation except for an
initial drop in consumption during the first 10 h. Figure S12a
shows the SEM micrographs for the S-cycle MW-exsolved
LCTN after 4 h under the stream, indicating the presence of
exsolved NPs on the material’s surface. Exsolved NPs also
remain after 60 h tests (Figure S12b), but in addition, some
smaller NPs emerge during the reaction due to the presence of
H, flow as a reactant. Nevertheless, the larger-sized NPs
observed in both micrographs suggest the stability of the MW

exsolved Ni NPs during these reaction tests. Also, these
experiments revealed the better catalytic performance achieved
with MW-driven exsolution compared to a thermal one.

CONCLUSIONS

In this work, we demonstrate the MW-driven exsolution of Ni
nanoparticles in the absence of a H, atmosphere or vacuum.
This technique enabled us to exsolve Ni NPs from a perovskite
host with very short exposure times and no external heating.
For these studies, Lag43Cag3,NigosTip9405_5 A-site deficient
perovskite was employed due to its exsolving versatility with
alternative exsolution methods (thermal, electrochemical
poling, or plasma-driven processes). The reduction was carried
out with successive MW pulses (1, 3, and S MW cycles), and it
translated into an effective exsolution of Ni metallic nano-
particles. The presence of well-dispersed nanoparticles was
observed even after a single cycle of MW irradiation,
highlighting the short duration required for this exsolution
method to take effect. Although the main reduction happens
with the first cycle, NPs growth occurred after applying several
successive reduction pulses. This fact showed an ongoing
exsolution of metallic Ni atoms after several cycles. Never-
theless, populations do not significantly change, suggesting that
growth rates are favored over nucleation processes. The
exsolved materials were tested as catalysts for RWGS reaction,
exhibiting increased catalytic activity after MW-driven
exsolution, even outperforming the thermally exsolved LCTN
and showing notable stability of the NPs after 60 h of reaction.
In summary, this work presents an exsolution method, with
low energy and time requirements, with the possibility of easy
up-scaling employing powder materials. MW-driven exsolution
will facilitate overcoming some disadvantages of classic thermal
exsolution, expanding the realm of exsolution methods with
high versatility in energy applications for green fuel production.

EXPERIMENTAL METHODS

Materials Synthesis. Powders of La, 43Ca; 3;Nig o6 Tig04O3_5 Were
synthesized via the solid-state reaction (SSR) method. Appropriate
amounts of the metal precursors were mixed and milled for 24 h in
acetone, namely, La,0; (99.99%, Aldrich), CaCO; (99%, Aldrich),
TiO, (99.8%, Aldrich), and Ni(NO,)-6H,O (98%, Alfa-Aesar).
Before weighing, both La,O; and TiO, were dried for 1 h at 250
°C. After this initial milling, mixed powders were ground in an agate
mortar and sieved below 200 ym. These fine powders were subjected
to an initial sintering, 1000 °C for 12 h. The resulting powders were
ground again and pressed into a pellet under 30 kN for 3 min. Then,
the pellet was sintered for 24 h at 1400 °C. Finally, the obtained solid
was milled for 72 h in acetone and sieved below 200 ym.

Microwave-Driven Reduction. The reduction of ceramic
materials was carried out within a tubular volume with a diameter
of 9.8 mm and a height of 15 mm inside a quartz reactor equipped
with a quartz frit in a 150 mL min™" dry N, flow. This was achieved
by inserting the quartz reactor in an MW cylindrical cavity operating
in the TE111 transverse electric mode, specifically around the ISM
(industrial, scientific, and medical) frequency of 2 GHz. The MW
cavity was designed with open apertures in the top, bottom, and side
walls to facilitate the introduction of the tubular quartz reactor
containing the sample, as well as the positioning of antennas for MW
power coupling and process monitoring.

The MW irradiation setup made use of a 120 W solid-state MW
amplifier (RCA2026US50, RFcoreLtd. from 2.2 to 2.6 GHz), which
was driven by the oscillator and receiver of a network analyzer (Rohde
& Schwarz ZVRE), along with a sophisticated MW control system to
ensure a precise level of MW radiation delivered to the material. The
MW control system employed a variable coupling device (coextensive
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request with variable penetration) and a dual directional coupler
(Meca Electronics, model 722-40 1950 W) to measure and adjust the
reflected signals of the MW cavity as a function of frequency and
temperature. To determine the volumetric temperature of the
material, the surface temperature of the quartz reactor was measured
using an IR pyrometer (Optris CT-Laser LT) according to the
procedure described in ref 27.

A mass spectrometer (Omnistar Balzers) was connected to the side
of the tubular quartz reactor to measure the exhaust gas composition
during the experiments. To quantify the released gas species from the
material, the gases in the mass spectrometer were calibrated (O, H,,
CH,, CO, and CO,). Calibration gas bottles (purity 5.0) were
purchased from Linde.

Additionally, the MW cavity perturbation technique (MCPT) was
used to measure in situ the material’s dielectric properties, providing
valuable insights into the reduction process. The method involved
introducing a weak frequency sweep signal into a resonant cavity for
MW radiation and carefully monitoring alterations in the resonance
characteristics and MW losses. These variations yielded the
parameters required for both the real and imaginary components of
permittivity determination, which are directly associated with AC
conductivity. By analyzing these parameters, a comprehensive
understanding of the reduction process and the material’s
conductivity could be attained, contributing to a more profound
knowledge of its behavior under MW irradiation. Crucially, the
MCPT setup was designed to minimize any interference with the MW
electromagnetic fields encompassing the specimen, thereby facilitating
precise measurements of the conductivity and permittivity.

The materials were reduced through a series of measurements
involving varying numbers of reduction cycles. Initially, the materials
were subjected to MW radiation to heat them until they reached a
(certain) T;. Once the desired temperature was attained, the power
supplied was adjusted to approximately 40 W g™'. Subsequently, as
the material reached a temperature of 400 °C, the MW radiation was
turned off, followed by a gradual decrease in temperature. The next
reduction cycle was initiated after the material had cooled down to
room temperature.

Physicochemical Characterization. X-ray diffractometry
(XRD) was employed to study the crystal phases before and after
the reduction treatments. For that purpose, a fast diffractometer from
PANalytical CubiX was used, with Cu Ka, , radiation source. For this
work, morphological characterization was key, and to unveil changes
suffered by the perovskite after applying MW, electron microscopies
were performed, concretely, high-resolution field emission scanning
electron microscopy (HRFESEM) and transmission electron
microscopy (TEM). SEM studies were carried out using a Zeiss
GeminiSEM 500. The obtained micrographs were useful for acquiring
dispersion and size of the obtained nanoparticles, both analyzed with
Image] software® (1.52a). To calculate the exsolved Ni atoms,
calculations were done as follows:

4 (dY
Vip = —a| =
NP 3”(2) (1)
VipPr:
NiathP= NPle
Ani ()

where Vyp is the volume of the exsolved nanoparticle, based in its
calculated mean diameter (d); Ni,p the exsolved Ni atoms in a
nanoparticle; py; the Ni density (8900 kg m™); and Ay; the atomic
mass of Ni (58.693 u) in kg. Using the exsolved NPs populations, Ni
atoms um™2 can be finally calculated.

On the other hand, compositional and crystallographic parameters
of the nanoparticles (or the perovskite backbone) were explored using
high-resolution TEM instrument, specifically with a JEM 2100F 200
kV field microscope. To calculate interplanar distances out of TEM
micrographs, Image] software was also employed in order to obtain
FFT and inverse FFT images. Energy dispersive X-ray spectroscopy
(EDS) was also helpful, and these analyses were done with an Oxford
Instruments EDS X-Max 80.
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Finally, X-ray photoelectron spectroscopy (XPS) was also
performed to analyze the materials before and after MW exposure.
These analyses used a SPECS spectrometer with a monochromatic Al
Ka source and an MCD-9 detector.

CO, Hydrogenation Reaction Tests. The CO, hydrogenation
(CO, + H, » CO + H,0) activity of the prepared materials was
investigated by using a fixed-bed quartz reactor with an inner diameter
of 10 mm. The materials were prepared with particle sizes ranging
between 200 and 400 um. A total of 500 mg of fresh material, mixed
with 1.1 g of SiC, was vertically loaded onto the quartz frit in the
reactor. SiC was incorporated to enhance heat transfer and improve
flow rates within the system. This improvement of heat distribution is
key in exothermal reactions and avoids the appearance of hot spots.
Due to its thermal stability and inertness, no side effects during the
catalytic test are expected due to the presence of SiC.

In a typical run, the temperature was raised to the reaction
temperature, 400°C, in an inert atmosphere of argon (Ar).
Subsequently, the CO, (Corgon 15) and H, reaction gases, along
with an internal standard, were introduced into the system in a ratio
of 5:20:1:33 (CO,:H,:N,:Ar). The time—space velocity (GHSV) was
set at 13971 h™". Time on stream is typically 4.5 h, and long-term
operation was evaluated during 60 h.

To ensure real-time monitoring of the flue gas composition, a gas
chromatograph (Bruker 450GC) was employed. The CO, conversion,
CO selectivity, and CO yield were calculated by

FCOZ in B FCOZ out

conversion CO, (%) = X 100
Feo,,, (3)
. Feo
selectivity CO (%) = ———— X 100
to + Fen, (4)

yield CO (%) = conversion CO, X selectivity CO (5)

n -n

. - €Oy, co

CO, consumption (mmol-h '.g™") = —2n 2o
mass_y,

(6)

where F is the volumetric flow rate of CO, or CH, (mL/min), n is the
molar flow rate of CO, (mmol-h™), and the mass,,, is the mass of the
catalyst loaded into the reactor expressed in grams.
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