Plasma Driven Exsolution for Nanoscale Functionalization of Perovskite Oxides
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Abstract: Perovskite oxides with dispersed nanoparticles on their
surface are considered instrumental in energy conversion and
catalytic processes. Redox exsolution is an alternative method to
the conventional deposition techniques for directly growing well-
dispersed and anchored nanoarchitectures from the oxide
support through thermochemical or electrochemical reduction.
Herein, we show a new method for such nanoparticle nucleation
through the exposure of the host perovskite to plasma. The
applicability of this new method was demonstrated by performing
catalytic tests for CO. hydrogenation over Ni exsolved
nanoparticles prepared by either plasma or conventional H-
reduction. Compared to the conventional thermochemical H;
reduction, there were plasma conditions that led to the exsolution
of more than ten times higher Ni amount from a lanthanum
titanate perovskite, which is similar to the reported values of the
electrochemical method. Unlike the electrochemical method,
however, plasma does not require the integration of the material
in an electrochemical cell, and is thus applicable to a wide range
of microstructures and physical forms. Additionally, when N
plasma was employed, the nitrogen species stripped out oxygen
from the perovskite Ilattice, generating a key chemical
intermediate, such as NO, rendering this technology even more
appealing.
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Introduction

Transition metal oxides with the perovskite structure (ABOs) are
instrumental in several catalytic transformations and energy
conversion applications due to their adjustable composition, as
well as ionic and electronic exchange and transport properties.['-2
Introducing metal nanoparticles (NPs) onto these oxides’ surfaces
has been proven to boost their performance.?-% To plant these
NPs, many efforts that utilize different deposition methods have
been explored in order to fabricate metal NPs- perovskite
supported systems, which are not only efficient in terms of
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preparation but also in applicability and durability.®! Among the
examined preparation routes, infiltration*”® and atomic layer
depositionl®'" are considered very promising for enhancing the
properties and in turn, the performance of the parent oxide.

In the past decade, a new method for the growth of NPs onto
oxide supports has emerged. In this approach, the active metal
phase in its ionic form is embedded into the host oxide crystal
structure under oxidizing conditions at elevated temperatures,
and subsequently, is released upon reduction. When this process
is carried out in a reversible manner, i.e., the active phase can re-
dissolve to the parent oxide, the process is known as solid-state
recrystallization['? or intelligent self-regeneration!'®'4l, The metal
NPs’ nucleation can alternatively be irreversible, a case referred
to as redox exsolution('l. The latter constitutes an extensive and
powerful platform in which the grown NPs are well-confined due
to their partial submersion into the oxide matrix.['>2"l Contrary to
the NPs grown by conventional deposition methods, the nano-
architectures from exsolution are anchored and well-distributed
over the host oxide, offering higher efficiency and versatility to the
system?2. The above assets have rendered exsolution an
exciting platform for many important scientific areas, such as
environmental catalysis,??>%! solid oxide fuel cells['827-2°] and
electrolysers,[6:30-361 gs well as chemical looping!'7-371,

So far, the exsolution of metal NPs has been routinely triggered
by subjecting the perovskite to a reducing agent (fuel), e.g.,
hydrogen, at elevated temperatures (400-900 °C) since exsolution
is dictated by the lattice reduction and defects.['*'8] Apart from
hydrogen, carbon monoxide and methane are other examples of
fuels, which have been utilized with interesting results related to
the physicochemical properties of the exsolved particles.["®
Additionally, the reduction temperature in each case strongly
depends on the reducibility of the host perovskite oxide and the
doped metal precipitating from the lattice. The exsolution process
can be theoretically triggered by all external conditions that drive
the oxygen chemical potential (po2) low enough to sufficiently
reduce the perovskite crystal. Hence, electrochemical poling!'®l
and vacuuml'® have been already shown to force the exsolution
of metal NPs. Most notably, electrochemical poling (switching)
has been demonstrated to need only few minutes in order to yield
arrays of finely dispersed particles at greater population density
than hydrogen.['83%33 This is due to the combined effect of the
electron influx for reducing the B-site of the perovskite lattice
when imposing high voltage and the difference in po, gradient,
which can be by orders of magnitude lower compared to a
gaseous fuel (poz of 10 atm at 2.0 V vs poz of 10'® atm with
H,).['6:38] Despite these advantages, to electrochemically trigger
exsolution, the host perovskite needs to be deposited as an
electrode film, thus limiting this intriguing method to
electrochemical applications.

Plasma environment, on the other hand, has unique properties
that can be the external stimulus for driving the perovskite
reduction. Plasma constitutes a reactive, partially ionized gas that
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includes atomic radicals, species in an electronically or
vibrationally excited state, electrons and (molecular) ions as in its
composition. Due to the additional internal energy imparted to
atoms and molecules, otherwise inert species (e.g., dinitrogen)
can become highly reactivel®**3 and therefore, plasmas have
been utilized for metal oxide reduction“445], Moreover, the green
character of this technology (electrically driven and so it can be
coupled with renewable sources) provides further motivation to be
explored as an alternative pathway to introduce nanoparticles.
To explore this concept, we subjected a Lag 43Cao.37Nio.0s Tio.9403
(LCTN) perovskite (one of the few materials that has been
successfully employed in both exsolution by gaseous
hydrogen'2° and electrochemical poling?®), capable of Ni
exsolution, in the gas discharge of inert (N2, Ar) gases, resulting
in richer growth of metallic Ni NPs and at higher populations than
under conventional gaseous hydrogen treatment. Interestingly,
when Nz plasma is used, apart from the electrons, the reduced N,
charged species also participate in stripping oxygen from the
perovskite, producing NO during the process. The formation of
NO as the by-product adds value to this technology since it
constitutes a key intermediate for the chemical industry, currently
synthesized from complex and energy intensive processes./*"!
This can be considered as an alternative pathway to the reduction
of metal oxides,“*4% in which nitrogen plasma is used for the
reduction step and water (and/or carbon dioxide) for the oxidation
with the simultaneous production of hydrogen (and/or carbon
monoxide). We further demonstrate the applicability of this
concept by exploiting the superior nanoarchitectures created after
plasma treatment in a critical catalytic reaction for energy
transition, such as the carbon dioxide hydrogenation. Our results
not only prove that plasmas can enable nanostructuring of
instrumental perovskite oxides but can also generate valuable
chemical intermediates along the process as byproducts,
rendering the present approach even more attractive for future
applications.

Results and Discussion
Realization of plasma-driven exsolution concept

To explore the plasma reduction of the perovskite, an in-house
built quartz tubular reactor consisting of an inductive coil linked
with a radio frequency (RF) power source was used (Figure 1). A
part of the quartz tube was enclosed in a furnace of the same
geometry and the LCTN oxide (crystal structure shown in Figure
S1) was placed in the middle of the furnace over a porous quartz
frit. In this reactor different gas reactants can be introduced, either
with or without turning on the plasma source.

Initially, dinitrogen gas was fed to the reactor and the temperature
increased to 650 °C with 5 °C/min. The pressure of the reactor
chamber was kept at 5 mbar, whilst the total flowrate was kept
constant at 100 sccm. To probe the exsolution capabilities of this
material under the conventional hydrogen reduction, we
introduced to the reactor 5%H,/N;, for 2 h. Figure 2a shows a
representative scanning electron microscopy (SEM) image of the
LCTN surface, unveiling that Ni exsolution of finely distributed
nanoparticles occurred during the exposure. The observed
population density was ~80 particles-umicnt? with an average
size of 11+1nm (Figure 2b). To rule out that the reactor’s low

pressure caused exsolution, an identical sample was exposed to
the same conditions of flow, pressure and temperature for 10 h (5
times the H, reduction period), but this time without hydrogen
present in the gas phase. No nanoparticles were observed during
the inspection by SEM (Figure S2), confirming our hypothesis on
the inertness of these operation conditions. Subsequently, a third
LCTN sample was subjected to N2 gas but this time by igniting the
plasma source for 1 h (Figure S3). Figure 2c displays a
representative SEM image of LCTN surface after N, plasma
exposure, which shows that the population density was double
(~170 particles-umicnt?, average size = 18+1) to what observed
with Ha, while obtained in only half the exposure time.

The structure of the nanoparticles grown under H, gas and Nz
plasma was examined with high resolution transmission electron
microscopy (HRTEM) and the results are presented in Figures 2d
and 2e, respectively. For both samples the nanostructures exhibit
a spherical or ellipsoid particle shape, and are socketed on the
LCNT matrix, consistent with previous reports.17 The d-spacing
was calculated from the lattice fringes by applying Inverse Fast
Fourier Transformation (IFFT) image processing. It is clear that
exsolved nanoparticle emerged from LCNT backbone, with 0.195
and 0.194 nm lattice spacing for H, gas and N plasma,
respectively, which is a lattice constant consistent with the
metallic nickel (111) planes (JCPDS 00-004-0850). The interface
between the two phases suggests a strong anchorage of the
exsolved nanoparticles to the matrix of the host perovskite oxide
for both types of treatment as expected for exsolved particles.

The X-ray photoelectron spectroscopy (XPS) analysis did not
reveal significant changes to the atomic ratio of La/Ca/Ti between
the as-prepared and exposed samples (Figure S4, Table S1).
However, an interesting observation is that during the reduction
treatment performed in N, plasma some nitrogen was
incorporated to the surface (3.2 at. %) in the form of oxynitride
species, also corroborating to the change in N2 gas reactivity upon
plasma ignition.
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Figure 1. Schematic of the apparatus employed for realizing the
plasma-triggered exsolution.
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Figure 2. Characterization and possible pathways of nanoparticle exsolution. SEM and HRTEM images of the Ni nanoparticles grown
on the Lag43Cap.7NioosTio.9403.4 perovskite surface after exposure to a,d. H, gas for 2 h (grey) c,e. N2 plasma (orange) for 1 h at 650
°C. b. Analysis of the nanoparticle characteristics for these two cases. Pathways for Ni exsolution from LCTN during f. hydrogen gas

reduction and g. nitrogen plasma exposure.

Pathways to exsolution

The quantitative analysis of the total Ni exsolved ions in Figure 2b
demonstrated that N, plasma had a stronger effect on Ni
nanoparticle nucleation than the gaseous reducing agent. As is
well known from basic plasma physics,“® since the LCTN
samples treated by the plasma are electrically floating, i.e., no
current can be collected by the samples, the electron and ion flux
striking the LCTN surface must balance each other. Due to the
difference in mobility of electrons and ions this will lead to a
surface charging of the LCTN samples, repelling a part of the
Maxwellian flux of the electrons and attract the ions, which in turn
forms a plasma sheath. This is schematically shown in Figure 2
where the accumulated electrons on the surface of LCTN are
shown. Note that this also leads to an electric field, the plasma
sheath field because the plasma becomes positively charged. Of
importance for the discussion of the plasma exsolution
mechanism is the fact that both an electron and ion flux strike the
LCTN surface where the fluxes recombine which each other,
either on the surface or very close to it. This results in a stationary
but dynamic electron layer on the LCTN surface, creating a
negatively charged layer at the surface and thus promoting metal

nucleation at more points across the surface than gas reduction,
which accounts for the higher particle population observed. The
flux of ions, equal to the electron flux, is given by the so-called
Bohm flux (see equation S1 in Sl) leading to typical fluxes of ~104
species cmgeo2's™ for Ny plasma (see SI). It is instructive to
compare this with the rate of Ni atoms exsolved, using the particle
properties of Figure 2b and assuming a constant exsolution rate,
which is ~10'2 Ni atoms.cm_cnr2.s™". This clearly shows that the
Ni exsolution flux is much smaller than the ion or electron flux
striking the perovskite surface. It should be noted that in one case
the flux corresponds to geometrical area while in the other to
perovskite area, thus a strict comparison cannot be made.
Nevertheless, the effectiveness of the charged process can be
approximated as ~1 in every 100 ions leads to Ni atom release.

To estimate the magnitude of the electron accumulation on the
perovskite surface, we used an electrochemical sensor3 in the
floating mode with respect to plasma (Figure S5). Table S2
presents the open-circuit voltage (OCV) attained by exposing one
side to air and the second side to the operation conditions (plasma
compartment). A strong effect of the plasma was observed since
the voltage increased from 0.385 to 1.093 V with plasma ignition
(Figure S6). In the absence of plasma, the OCV reflects the
oxygen activity difference between the two compartments and it
can be used to determine the levels of oxygen in the nitrogen
compartment since the level in air compartment is known (here
were calculated at 34 ppm). Under plasma exposure, the OCV
increase is attributed to a net negative charge from the plasma
being deposited on the plasma-facing sensor electrode since the
levels of oxygen in the air compartment remain the same. The
OCV values observed upon plasma conditions correspond to an
equivalent oxygen partial pressure of ~102% atm (7 orders of
magnitude lower than the typical 5% H./N, gas atmosphere used
for exsolution’, hence significant more reducing), providing
further indication for the validity of tour hypothesis.



Our data provide evidence that electrons reaching to and residing
on the perovskite surface will boost the reduction of Ni* to Ni°. In
order to compensate the charge imbalance, oxygen is driven out
from the lattice to react with positively charged nitrogen species
(as well as vibrationally excited or atomic nitrogen) from the
plasma, further creating oxygen vacancies that may also
contribute toward Ni nucleation (Figure 2g). To support this
assumption, we also monitored the gaseous products released
during N2 plasma ignition by means of mass-spectrometry. The
only product detected during the process was NO (Figure S7) as
expected for the proposed pathway.

Opening new routes for nanocatalysts preparation

As one way of demonstrating the capabilities of this new route for
developing nanostructured metal-oxide heterostructures, we
compared the catalytic performance of LCTN samples treated
with inert N2, fuel H, and N, plasma in a challenging catalytic
process of great interest for the energy transition, namely the CO,
hydrogenation. Figures 3a-3c contain SEM images of the catalyst
surface after the three different pretreatment conditions. As
expected, no Ni particles were observed after the inert N,
exposure for 10 h. However, upon Hz and N, plasma treatment,
numerous uniformly dispersed Ni nanoparticles were found at the
surface of LCTN. For the catalytic testing, the samples were
placed in the plasma reactor of Figure 1. The catalysts were then
heated under N up to 650 °C in order to carry out the different
catalyst pretreatments (N2 plasma, H, and inert N;). Subsequently,
the reactor pressure increased to 1 atm and the temperature
decreased to 550 °C to initiate the catalytic experiments. The pcoz

was kept constant at 10 kPa (~10% CO- concentration at reactor’s
feed), whereas the pw, was varied from 5-80 kPa (~5-80%
concentration) depending on the desired puo/pcoz ratio. In all
cases, gaseous N; was employed to balance the reactor inlet.
Figures 3d and 3e display the dependence of the CO;
consumption rate on temperature and reactant ratio, respectively.
The sample exposed to N2 plasma exhibited by far the best
performance, reaching up to ~140 mmol-h-'-gcat™ at 550 oC with
feed ratio of pro/pcoz = 2. On the other hand, the maximum rate
observed with the H, reduced sample was considerably lower and
did not exceed the ~45 mmol-h"'-gcat™ at the same conditions. In
all cases examined, the major carbonaceous product (> 98%
selectivity) was CO due to high temperatures required for
activating CO- in the present system.

The differences shown in Figure 3 reveal a dependence of the
catalytic activity on the amount of Ni exsolution. This is further
confirmed by observing that the LCTN perovskite without Ni
nanoparticles was practically inactive for the reaction, exhibiting
detectable CO; reduction rate towards CO only at 550 °C. Since
the activity seems to be somewhat correlated with the amount of
Ni exsolution from the perovskite backbone, we tried to identify
the relative surface areas of Ni nanoparticles with the N, plasma
and Hz samples. The analysis of Figure 3f reveal that indeed the
N2 plasma exposure produced a sixfold increased Ni surface area
(0.086 to 0.015 umy2-umicnt2) over the parent oxide compared
to the conventional reduction by H2. Nevertheless, an analogous
increase in the reaction rate was only observed at lower
temperatures, whereas at 550 °C a threefold increase was found.
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Effect of plasma conditions on exsolution

To identify other factors that could affect the extent of plasma
exsolution, we varied the plasma power by concurrently keeping
the sample at the middle of the heating mantle, i.e., at constant
distance from the coil center. In this way, the sample was located
closer or farther from the plasma active zone (Figure S3). Figures
4a-c display the effect of power modification from 50-200 W on
the surface morphology of the LCTN perovskite. For comparison,
Figure 4b shows an SEM image of the 125 W N, plasma sample
used in the cases described so far. By decreasing the plasma
power in 50 W and thus the length of the plasma flame, the
amount of the exsolved Ni nanoparticles declined to 25 from 170
particles-umictn?. The amounts of Ni precipitated at 50 W are
slightly lower to the corresponding from H, exposure (Figure 2),
revealing a threshold in which plasma is better than the
conventional thermochemical reduction. Nonetheless, by
exposing the sample closer to the plasma active zone through a
power rise to 200 W, a threefold increase of Ni nanoparticles to
550 particles-ym ctn? was observed. By taking into account the
particle diameter, we calculated the amount of Ni atoms exsolved
in each case. As expected, the sample exposed closer to the
center of the active plasma zone released the highest amount of
Ni, i.e., 1.2 x 108 Ni atoms-um_cn?, which is ~3 and ~30 times
higher than what was obtained with 125 and 50 W, respectively
(Figure 4d).

Based on the N, plasma afterglow model,*’48 the density of
electrons, ions and electronically excited N is expected to more
than double near the sample as power is increasing from 50 W to
200 W. The density of atomic N, a long-lived species in the
afterglow, is slightly increased (see Sl discussion on plasma
properties). These observations point to charged species from the
plasma playing a vital role in accelerating the rate of exsolution.
Nonetheless, with atomic N being, by far, the most dominant
species in the plasma afterglow, its relevance to exsolution cannot
be excluded. The chemical pathway opened for the removal of
oxygen species on or near the surface by the presence of atomic
N (forming NO) may be a prerequisite for accelerating exsolution.

Besides the oxygen gradient, temperature rise is also known to
enhance exsolution due to the higher reducibility of these
perovskites. Therefore, we monitored the temperature at the
sample surface during the various N, plasma treatments (Figure
S8) while keeping the furnace temperature constant at 650 °C.
Indeed, the increase in power caused the temperature at the
sample to increase by ~3, 10 and 22 degrees at 50, 125 and 200
W, respectively. Since these temperature increases are rather
small, they may have a minor influence on the exsolution process.
The origin of the observed significant variations in exsolved Ni
nanoparticles should therefore be sought in the modification of the
N2 plasma properties and the location of the active zone with
power.

To probe whether other plasmas would trigger Ni nucleation, we
exposed an identical LCTN sample to Ar plasma of 30 W. This
power value was selected in order to create a similar active zone
tail to the case of 125 W N, plasma used in the characterization
studies (Figure S3). Figure 4d displays representative SEM

images of the surface after exposing the sample for 1 h at 650 °C
(sample temperature 654.6 °C, see also Figures S5-S7). The Ar
plasma produced with significantly less energy an extraordinary
number of ~900 Ni particles pm-2 with an average diameter of 8+1
nm. The Ni NP density is probably even underestimated because
their size is very small for SEM detection. Ar plasma is likely to
possess a ~100 times higher electron and ion density near the
sample surface compared to N that also leads to a ~100 times
larger electron and cation flux to the sample surface (see Sl).
Once again, this points to the relative importance of charged
species from the plasma in the exsolution process: with Ar lacking
a chemical pathway for enhancing exsolution as is the case for N,
via atomic N species, a reasonable exsolution rate can still be
achieved through a large charged particle flux to the surface.

Since several plasma technologies have been developed for
surface modification or functionalization,“64%1 we also explored
whether one plasma that works closer to ambient pressure
(rendering its applicability simpler) would also lead to exsolution.
For this, we constructed a second reactor of similar geometry to
Figure 1, but this time with a microwave plasma jet source
operating at ~350 mbar. Again, N2 gas discharge was employed
to investigate exsolution from LCTN.
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Figure 4. Effect of plasma source on exsolution. SEM images at
different magnification of LCTN following treatment with a. 50 W,
b. 125 W, c. 200 W powered N, and d. 30 W powered Ar plasma
for 60 min at 650 °C. e. Population, average diameter and Ni
exsolved atoms in the particles produced at different conditions of
the plasma source.
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Figure 5. Demonstration of exsolution with the N, microwave
plasma. a-c. SEM images of LCTN at different magnifications and
the corresponding Ni particle analysis following the plasma
treatment.

Figure 5 displays representative SEM images from LCTN surface
after flowing N, plasma of 150 W for 1 h at 650 °C (furnace set
point). Under these conditions, an impressive and dense Ni
decoration of the host surface was achieved. The particle
population was ~600 um_cnt? of a median diameter 24 1.0 nm.
The amount of Ni atoms formed at the surface in this case were
4.2 x 108 Ni atoms-um_cnt?, which are up to ~3.5 times more than
those obtained with the highest power of RF N, plasma. These
results exemplify the flexibility of the plasma driven exsolution in
terms of the utilized technology, suggesting that in future
exsolution-related processes, different plasma conditions can be
selected in order to fit better to the scaling up requirements.

Conclusions

We have demonstrated how plasma can be an alternative
triggering agent for exsolving well-distributed and stable metal-
oxide heterostructures. Similar to electrochemical switching in
solid oxide cells, above certain power levels the charged species
in the plasma resulted in a much faster and higher growth rate of
the socketed nanoparticles than the conventional hydrogen
thermochemical reduction. As opposed to the electrochemical
route, however, plasmas under specific conditions are able to
introduce these partly immersed and well-distributed
nanostructures over high surface area functional oxides at higher
rates than hydrogen thermochemical treatment, thus, enabling
their use in applications beyond electrocatalysis.
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