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Dielectric Barrier Plasma Discharge Exsolution of
Nanoparticles at Room Temperature and Atmospheric
Pressure

Atta ul Haq, Fiorenza Fanelli, Leonidas Bekris, Alex Martinez Martin, Steve Lee,
Hessan Khalid, Cristian D. Savaniu, Kalliopi Kousi, Ian S. Metcalfe, John T. S. Irvine,
Paul Maguire, Evangelos I. Papaioannou, and Davide Mariotti*

Exsolution of metal nanoparticles (NPs) on perovskite oxides has been
demonstrated as a reliable strategy for producing catalyst-support systems.
Conventional exsolution requires high temperatures for long periods of time,
limiting the selection of support materials. Plasma direct exsolution is
reported at room temperature and atmospheric pressure of Ni NPs from a
model A-site deficient perovskite oxide (La0.43Ca0.37Ni0.06Ti0.94O2.955). Plasma
exsolution is carried out within minutes (up to 15 min) using a dielectric
barrier discharge configuration both with He-only gas as well as with He/H2

gas mixtures, yielding small NPs (<30 nm diameter). To prove the practical
utility of exsolved NPs, various experiments aimed at assessing their catalytic
performance for methanation from synthesis gas, CO, and CH4 oxidation are
carried out. Low-temperature and atmospheric pressure plasma exsolution are
successfully demonstrated and suggest that this approach could contribute to
the practical deployment of exsolution-based stable catalyst systems.
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1. Introduction

Exsolution has demonstrated exceptional
opportunities to deliver well-dispersed
nanoparticles (NPs) on oxide supports
with unprecedented chemical and me-
chanical stability. Perovskite oxides, with a
unique crystal structure (ABO3), are highly
suitable supports to promote exsolution
where the metal element at the B-site for
instance can exsolve out of the bulk and
form uniformly distributed and socketed
NPs at the surface. The driving force in
exsolution of NPs is generally considered
to be the lattice-reduction which is fur-
ther controlled or facilitated by defects
(e.g., oxygen vacancies) and external con-
ditions (atmosphere, temperature, strain
etc.).[1–6] While exsolution from stoichio-
metric oxides has been demonstrated,[7]

S. Lee
School of Physics and Astronomy
University of St. Andrews
Scotland Fife, St. Andrews KY16 9SS, UK
C. D. Savaniu, J. T. S. Irvine
School of Chemistry
University of St. Andrews
Scotland Fife, St. Andrews KY16 9ST, UK
K. Kousi
School of Chemistry & Chemical Engineering
University of Surrey
Guildford, Surrey GU2 7XH, UK
D. Mariotti
Department of Design
Manufacturing & Engineering Management
University of Strathclyde
Glasgow G1 1XJ, UK
E-mail: davide.mariotti@strath.ac.uk

Adv. Sci. 2024, 2402235 2402235 (1 of 15) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

http://www.advancedscience.com
https://doi.org/10.1002/advs.202402235
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:davide.mariotti@strath.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202402235&domain=pdf&date_stamp=2024-07-04


www.advancedsciencenews.com www.advancedscience.com

non-stoichiometry in perovskite oxides has allowed broadening
the opportunities of exsolution and exsolved NPs.[6,8] For instance
an A-site deficient perovskite (A/B < 1) favors the exsolution of
the element at the B-site. Exsolved NPs have therefore generated
great interest for energy applications where “resilient” NPs are
often required.[1–5,9,10] For instance NPs on the surface of an ox-
ide can be effectively used in electrodes materials for solid oxide
fuel cells and can act as active sites for catalytic reactions with
enhanced activity.[1,4,5,10–13]

Exsolution has been initially achieved through high temper-
ature (>300 °C) and long reducing treatments (e.g., with hy-
drogen for many hours).[2–4,14,15] The use of various chemical
compositions, strain, doping, metal-organic frameworks, phase
transition and defect strategies have also allowed exsolution at
relatively low temperatures, without reducing gases and on bi-
nary oxides.[6,16–20] A range of other exsolution techniques are
now being explored that are both contributing to the under-
standing of the common fundamental exsolution mechanisms
as well as to expanding the application opportunities.[21–23] High
temperature but fast exsolution has been for instance demon-
strated through an applied electrical potential (50% H2O/N2,
<150 s).[1,24] A drastic reduction in the thermal energy required
for exsolution has been achieved through intense pulse light (in
ambient air, <20 ms) or through photo-illumination with the as-
sistance of trialkyl amine (hole donor).[21,25] Recently, the use of
plasmas has been proposed to aid exsolution and for instance a
low-pressure plasma has been used in high temperature exso-
lution (>650 °C), which drastically reduced the treatment time
(≈1 h) and offered the possibility of using different process gases
(e.g., N2, Ar).[26] However, we recently demonstrated the possibil-
ity of low-pressure plasma direct exsolution at room temperature
with an argon gas feed,[27] which provided insights into the role
of plasma species, surface defects and surface charging.

Plasmas are particularly suited for exsolution as they can pro-
duce surface oxygen defects through physical means (i.e., gas-
phase ion bombardment), drive the transport of the metal bulk
oxide ions to the surface and contribute to adatom surface mobil-
ity to complete exsolution with NPs formation.[27] A plasma ex-
solution process therefore requires neither thermal energy nor a
reducing atmosphere, providing great opportunities to work with
a wide range of supports and promote “chemistry at a point.”[28]

Further exceptional benefits such as costs reduction, manufac-
turing scalability and processing times could be achieved if we
could operate plasma exsolution at atmospheric pressure. While
low-temperature low-pressure plasma processing has been well
known for many decades as a cornerstone of the semiconduc-
tor industry, the use of atmospheric pressure plasmas, in par-
ticular for materials processing, has surged only in more recent
times following substantial advances in understanding plasma
phenomena at atmospheric pressure and low-temperature.[29–32]

Here we have employed a plasma-based approach known as
dielectric barrier discharge (DBD), which operates both at atmo-
spheric pressures and room temperature. This represents a sig-
nificant progress with respect to the current state of research as it
marks the first-ever NP exsolution at those conditions. In partic-
ular all the following barriers have been lifted simultaneously:
i) no requirement for a vacuum process (e.g., for plasmas) or
any form of processing chamber (e.g., for thermochemical re-
duction), ii) no need for any form of heating required, iii) very

short time for exsolution and iv) if required, no need for chemi-
cally reducing environments. These breakthroughs are opening
the way for large scale and manufacturing exsolution processes,
including in-situ exsolution while extending exsolution to a much
wider range of materials. We therefore demonstrate, for the first
time, room-temperature rapid (up to 15 min) exsolution by an at-
mospheric pressure plasma in a DBD configuration, where ex-
solution is initiated through physical means (i.e., through ion
flux). This type of atmospheric pressure plasma configuration
is also characterized by very low costs (capital investment and
maintenance), particularly suitable to meet high volume manu-
facturing requirements and with a high degree of versatility (e.g.,
for in situ exsolution). We verify that exsolution can be achieved
successfully with an inert gas (He) on La0.43Ca0.37Ni0.06Ti0.94O2.955
(LCTN) samples and subsequently investigate the impact of us-
ing He/H2 gas mixtures. Finally, we investigate the functionality
of our exsolved Ni NPs with catalytic testing, which demonstrated
much higher activity than the impregnated reference catalysts.
We support our results with an in-depth characterization at differ-
ent stages of the DBD process that corroborates our description
of the exsolution mechanisms at these conditions. In our analysis
we also introduce a new approach to assessing the exsolved NP,
through magnetic measurements. Finally, as not reported before
we address for the first time the impact of hydrogen in a plasma-
based exsolution process.

2. Experimental Section

2.1. Preparation of Perovskite Oxides

A-site deficient La0.43Ca0.37Ti0.94Ni0.06O2.955 (LCTN) oxide having
a perovskite structure was synthesized by a standard solid-state
synthesis, using La2O3 (Pi-Kem), CaCO3, TiO2 (Thermo Scien-
tific Chemicals), and Ni(NO3)2x6H2O (Across Organics) as raw
materials. The La, Ca, and Ti precursor powders were thermally
treated in air at 300 °C, with the exception of La2O3, treated at
800 °C instead, prior mixing in stoichiometric amounts, while
warm. The precursors mixture and Ni nitrate were mixed using
acetone and an ultrasonic probe (Hielscher UP200S). The dried
mixture was calcined at 900 °C for 12 h and the resultant mixture
was redispersed in acetone assisted by the ultrasonic probe, then
dried. Pellets of 11 mm in diameter were then pressed from the
powder mixture and they were sintered at 1400 °C for 12 h in air,
with a ramp rate of 5 °C min−1, to form the perovskite phase. Un-
less otherwise stated, pellets were broken into four equal parts
which were then used as separate samples to study the exsolu-
tion under an atmospheric pressure plasma process with a dielec-
tric barrier configuration, hereafter a dielectric barrier discharge
(DBD).

An undoped La0.4Ca0.4TiO3 (LCT) perovskite powder was also
prepared with a modified solid-state method to serve as a non-
exsolved reference material where the Ni metallic phase was
deposited via wet impregnation. The LCT powder was used as
support. Metal loading was selected based on the initial dop-
ing content of Ni in the perovskite samples (2 wt%). The per-
ovskite support was dispersed in a dilute aqueous solution of
Ni(NO3)2×6H2O and the suspension remained under stirring
for one hour, followed by water evaporation and drying at ≈90
°C overnight. The dried materials were calcined in air at 500 °C

Adv. Sci. 2024, 2402235 2402235 (2 of 15) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202402235 by C

ochrane G
reece, W

iley O
nline L

ibrary on [04/07/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

Figure 1. A schematic diagram showing the dielectric barrier discharge reactor used to treat perovskites oxides (La0.43Ca0.37Ni0.06Ti0.94O2.955, LCTN)
to exsolve nanoparticles from the surface; SEM images are of untreated and treated LCTN sample in a He/1% H2-fed DBD plasma for 15 min showing
clearly the exsolution of NPs.

for 4 h. This final temperature was reached with a step of 10 °C
min−1. The phase was obtained by reducing the materials under
5% H2/He at 900 °C for 4 h.

2.2. Plasma Treatment of Perovskites Oxides

The surface treatment of the perovskite oxide samples was car-
ried out with a DBD (Figure 1, see also Section SI-1 of the
Supporting Information).[33] Samples were treated as received to
allow for comparison with other exsolution methodologies re-
ported in the literature. The plasma was generated by applying
a sinusoidal high voltage between two parallel plate electrodes
(50 mm x 50 mm electrode area, 4 mm gas gap), both covered
with a dielectric alumina plate.[33] Plasma processes were car-
ried out at a fixed excitation frequency of 20 kHz and an applied
root mean square voltage of 1.2 kV. The applied voltage and cur-
rent flowing through the circuit were measured with oscilloscope
probes. The DBD electrode system was located into an airtight
Plexiglas chamber, kept at constant pressure (105 Pa) through
gentle pumping with a diaphragm pump. Before DBD ignition,
the chamber was purged with 8 standard litres per minute (sLm)
of He for 15 min to reduce air contaminations. During the plasma
processes, the samples were placed in the middle of the discharge
region, onto the alumina plate covering the lower electrode. DBD
plasmas fed with He and He/H2 mixtures were utilized. Helium
flow rate was kept fixed at 6 sLm, while the H2 concentration [H2]
in the He/H2 mixture was set at 0%, 0.6% and 1%. Process dura-
tion was optimized at 10 min. The power dissipated by the plasma
was calculated as the integral over one cycle of the product of the
applied voltage and the current and divided by the period;[33,34]

this resulted to be about 9.3 ± 0.4 W and 10.5 ± 0.5 W when
helium only or helium/hydrogen mixtures (any concentration)
were used, respectively. The temperature was measured within
the DBD plasma and found that under even the most exacting
conditions, the electrode never reaches a temperature above 50
°C and under most conditions remains much lower, i.e., at room
temperature. The measurement was carried out by placing a re-
versible temperature measuring strip in contact with the Ag/Pd
electrode realized on the dielectric (alumina) plate. Furthermore,
the electrical excitation conditions used in He DBD fall within the

operational window of a homogeneous DBD in He (i.e., DBD in
glow or diffuse regime).[35,36] While in the He/H2 fed DBD, un-
der our selected conditions, the DBD operates in the filamentary
regime.[35,36]

2.3. Characterization of Perovskites Oxides

Samples were analyzed without any further treatment unless oth-
erwise stated. The surface morphology of LCTN samples before
and after DBD treatment were analysed using a Zeiss Supra 40
field-emission scanning electron microscope (FE-SEM) with an
accelerating voltage of 2 kV. The size distribution of the exsolved
NPs was produced using ImageJ software. Particle population
densities were determined by taking the average of at least 4 im-
ages/areas. X-ray photoelectron spectroscopy (XPS) was used to
analyse the chemical composition of LCTN samples before and
after the plasma treatment. A PHI P5000 VersaProbe II scanning
XPS microprobe spectrometer equipped with a monochroma-
tized Al K𝛼 X-ray source operated at a spot size of 100 μm (power
of 14.8 W) was used. The pass energy and energy step size were
respectively 117.4 and 1 eV for survey spectra, while for the high
resolution spectra they were, respectively, 23.5 and 0.1 eV. Surface
charging was compensated using a dual-beam charge neutraliza-
tion and spectra were calibrated with C 1s peak at 284.8 eV. The
percent atomic concentrations were calculated from the high-
resolution spectra using the Scofield sensitivity factors set in the
MultiPak software and a non-linear Shirley background subtrac-
tion algorithm. The best-fitting of the high-resolution spectra was
performed using the Multipak software. TEM analysis was car-
ried out using a 2100F JEOL microscope with an operating volt-
age of 200 kV. The samples for TEM analysis were prepared by
drop casting few drops of ethanol with a pipette, which were
taken by gently scratching the surface of the pellets, onto the TEM
grids. This approach produces a powder sample from the sur-
face, however with limited control over the depth of sampling.
The TEM grids were then allowed to dry in ambient conditions.
High-resolution TEM, selected area diffraction (SAED) patterns
were acquired, and the lattice fringes (interplanar spacing) of
the perovskite oxides and nanoparticles were analysed in Gatan
Digital Micrograph. As the sample preparation can impact the
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morphology, surface area and crystal arrangements at the side of
the pellets, the analysis of the nanoparticles was carried out con-
sidering only the pellets top surface for consistency and to allow
a reliable comparison from sample to sample; consistent exsolu-
tion on the sides of the pellets was not observed.

2.4. Magnetic Measurements

Magnetic measurements were made on samples following
plasma treatment using a Quantum Design MPMS3 operating
in dc mode. All samples were mounted on the flat surface of a
high purity quartz rod using a thin layer of vacuum grease. Sam-
ples were measured either as pieces of pellet, adhered to the rod
on the underside of the pellet, or as thin layers on the surface of a
layer of adhesive tape following exfoliation. The latter was carried
out in order to greatly improve the visibility of the nanoparticle
magnetic fraction above the ionic Ni2+ signal from the perovskite
host. Control and background experiments on tape and on mate-
rial exfoliated from the lower pellet surface were also undertaken.

2.5. Catalytic Testing

For catalytic testing, full pellets of 11 mm diameter (i.e., these
were not broken down in four parts) were used to ensure a more
rigorous and reliable catalytic characterization. The weight of the
pellets was approximately 0.55 g. These were treated with the
DBD plasma fed with He/H2 mixtures ([H2] = 0–1%) for 15 min.
The particle size and population densities are shown in the Sec-
tion SI-2 (Supporting Information), (Figures S9–S14, Supporting
Information), and Section SI-4 (Supporting Information). A con-
tinuous flow single chamber reactor was used for the catalytic
activity testing of the pellets. A k-type thermocouple was placed
in the proximity of the pellet catalyst samples and was used to
measure the temperature during the experiment. All the experi-
ments were carried out at atmospheric pressure. A fixed-bed re-
actor filled by Al2O3 powder was placed upstream to the single
chamber reactor and was used to decompose any carbonyl species
from the CO-containing gas cylinder during the CO oxidation
experiments. For the CO oxidation, CO hydrogenation and the
CH4 oxidation experiments 20% CO/He, 20% O2/He, 5% H2/He
and 5% CH4/He and CP grade He cylinders were used, all pro-
vided by BOC. The He gas cylinder served as the balance gas to
achieve the desired concentrations. A flow rate of 1 × 10−4 mol
s−1 (150 mL min−1) was used throughout the experiments, using
mass flow controllers supplied by BROOKS Instruments. In or-
der to study the effect of temperature, the LCTN pellet catalyst
samples were heated in the following inlet gas mixtures: a) 1% of
O2 and 0.6% of CO from 200 °C up to 510 °C for the CO oxidation
experiment, b) 3% of H2 and 1% of CO from 200 °C to 500 °C for
the methanation from synthesis gas experiment and c) 0.5% of
O2 and 1% of CH4 from 500 °C to 800 °C for the methane oxi-
dation experiment. The temperature was held during the heating
of the sample after each step of 20 °C. The holding time varied
based on the time the reaction rate becomes steady meaning the
rate of production does not change by more than ±5% over 1 h.
The reaction rates were measured under gradient less conditions
with the reactor operated under conditions of differential con-
version (i.e., conversions below 20%). The CO2 mole fraction in

the product stream was analysed with an XTREAM-CO2 analyser
from Rosemount. The minimum measurable CO2 mole fraction
was 1 ppm which corresponds to a minimum measurable CO2
production rate of 1 × 10−10 mol s−1. The flow rates were also
measured at the outlet using a Varian digital flow meter (1000
series). Reaction rates (rCO2

) in terms of CO2 production are cal-
culated as shown in Equation 1:

rCO2

(
mol(CO2) s−1

)
= yCO2

⋅ ṅ (1)

where (yCO2
) is the measured CO2 mole fraction at the gas outlet

(measured by the XTREAM-CO2 analyzer) and n˙ is the molar
flow.

The CO and CH4 mole fractions in the product stream were
analyzed with a Hiden QGA (HAS-301-1291) mass spectrome-
ter (at m/z = 28 (CO) and 15 (CH4)) through a heated capillary
line. Equation 1 was used to calculate the corresponding reaction
rates where the measured CO mole fraction (yCO) and CH4 mole
fraction (yCH4

) where used instead, respectively.
Nominal turnover frequency (nTOF) is calculated as the num-

ber of molecules reacted per second, per exposed metal atom
site at the surface of particles. To calculate nominal turnover fre-
quency (number of molecules reacted per second, per expose
metal atom site as the surface of the particles, nTOFs) for the
catalyst systems, Equation 2 is used:

nTOF
(
s−1

)
= 10−20 ⋅ NA ⋅ rCO2

⋅ a2∕
(
Ae ⋅ Ap ⋅ k

)
(2)

where: rCO2
: is the reaction rate (mol s−1); NA: is the Avogadro’s

number (mol−1); Ae: is the surface area of the pellet decorated
with particles per total pellet surface area (μm2 μm−2); Ap: is the
exposed particle area per total surface area (cm2); a: is the unit cell
parameter of the crystal lattice of the particles; k: is the average
number of metal sites per unit cell face (the faces were considered
to be in a (100) termination, thus, for the NiO rock-salt structure
k = 1).

Note that the product (Ae · A)/a2 · k gives the corresponding
number of active sites. Equation (2) was used to calculate the cor-
responding nTOF values for CO and CH4, where the measured
CO reaction rates (rCO) and CH4 reaction rates (rCH4

) where used
instead, respectively.

For the catalytic experiments with the powders, similar condi-
tions were used but a fix packed-bed reactor was used instead.
The catalyst bed was made by using a total weight of 5 mg of 2%
Ni-LCT powder. This was chosen as such to model the approxi-
mate amount of Ni in the newly prepared perovskite samples and
still be within the accuracy of the scale when making the catalyst
bed.

3. Results and Discussion

3.1. Materials Characterization before and after Plasma
Exsolution

Figure 1 represents a schematic diagram depicting the DBD pro-
cess and reactor with representative SEM images of the sample
surface before and after plasma exsolution. The LCTN samples
are placed in the plasma region where they are exposed to the
plasma.
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Figure 2. a–c) Field-emission scanning secondary electron (topographic) micrographs of La0.43Ca0.37Ni0.06Ti0.94O2.955 (LCTN) treated in DBDs fed with
He, He/0.6% H2, He/1% H2, respectively; d) a plot showing the changes in the diameter of DBD exsolved NPs and population densities with changing
hydrogen concentrations from 0% to 1% (the shaded areas are drawn on the basis of the standard deviations).

Figure 2a shows the SEM image of an LCTN sample treated
in pure He plasma (0% H2) revealing the extent of exsolution
of well-dispersed NPs. Figure 2b,c shows SEM images of LCTN
samples treated under helium/hydrogen plasma with 0.6% H2
and 1% H2 respectively. The exsolved NPs are homogeneously
distributed throughout the surface of the treated samples. A sum-
mary of the size distribution and population density deduced
from analyzing various SEM images (Figures S2–S8 in the Sup-
porting Information) is displayed in Figure 2d. However, we
should stress that statistical analysis is impacted by the limits of
the SEM resolution and that a number of small particles may
have escaped from the statistics because of the difficulties in
imaging very small particles (< 4 nm) on this perovskite oxide.
These could be observed during TEM analysis (“from TEM” in
Figure 2d, see also Figures S18 and S19, Supporting Informa-
tion), however TEM does not provide the opportunity to carry out
a meaningful macroscopic statistical evaluation. Hence, we ex-
pect the population densities reported in Figure 2d to represent a
lower bound, while a higher bound for the diameters. We should
also note that the size/distribution analysis does not distinguish

particles of different phases, e.g., metallic Ni or oxidized. With
this premise, the average diameter of NPs was found to be around
27 nm when exsolved without hydrogen while the size of NPs is
reduced to around 18 nm when H2 was included (for both 0.6%
and 1% H2). The population density was 175 μm−2 without hy-
drogen, which increased to 233 μm−2 and 319 μm−2 for 0.6% and
1% H2 respectively as shown in Figure 2d. We have observed con-
sistent exsolution throughout the surface of all the samples we
have analyzed (Figures S2–S14 in the Supporting Information).
This is probably further facilitated by the non-conductive nature
of the samples, which prevent consecutive microdischarges to re-
form close to each other due to charge accumulation on the sur-
face. However, on a scale larger than the micrometer, the popu-
lation density varied quite dramatically depending on the areas
on the sample (Figure S8b, Supporting Information), leading to
relatively large standard deviations (Figure 2d) in particular when
1% hydrogen was used.

Ni exsolution by various methods has been tested on LCTN
(same composition as our samples), which allows for a good com-
parison. The diameter of exsolved Ni particles has varied from
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Figure 3. X-ray diffraction of LCTN untreated and DBD treated samples. The peaks are well matched with perovskites oxides orthorhombic crystal
structure.

1 nm to 45 nm,[1,15,26,27,37,38] hence our findings here are gen-
erally consistent with the literature results. Exsolution without
hydrogen produces relatively large particles, similarly to high-
temperature reduction[39] while the introduction of hydrogen ap-
pears to produce smaller particles with diameters closer to low-
pressure plasma-thermal exsolution[26] or direct low-pressure
plasma exsolution.[27] However, as many factors contribute to ex-
solution and each method present different conditions, it would
be difficult to link directly the particle size to the exsolution
method. As for particle densities from LCTN, these have shown
a much wider variability with values ranging from 7 μm−2 to 900
μm−2.[1,15,26,27,37,38] The population densities reported by Myung
et. al from the LCTN samples were around 400 μm−2 achieved
through electrochemical switching (i.e., voltage-reduction at high
temperature), which was compared to the exsolution at high tem-
peratures with hydrogen gas (≈90 μm−2).[1] With thermal-shock
induced exsolution, a particle density of around 61 μm−2 can be
achieved within few seconds; also in this case, the results were
compared to conventional chemical gas induced exsolution at
high temperatures resulting in very low population densities (≈7
μm−2).[38] Exsolution of Ni nanoparticles at 10% H2/N2 (900 °C
for 10 h) resulted in a much lower population densities (50–60
μm−2) with an average diameter of around 40 nm.[15] Thermal
exsolution assisted by plasma reported a maximum population
density (≈900 μm−2) of Ni nanoparticles in Ar-plasma with an
average diameter of around 8 nm.[26] The population density of
nanoparticles was lower (≈500 μm−2) when N2 was used instead
of Ar for the plasma gas.[26] Recently, we demonstrated direct
plasma exsolution at low temperature that resulted in the par-
ticle size of around 20 nm with a maximum population density
of around 550 μm−2.[27] While exsolution density produced with
our He-only DBD aligns with the low densities observed in the lit-
erature, the introduction of hydrogen has a considerable impact

to improve the number densities and produce values comparable
with the highest densities measured with LCTN.

Figure 3 shows the XRD spectra of LCTN samples before and
after plasma treatments. The main peaks in the XRD are match-
ing with the perovskite oxide crystal lattice (i.e., orthorhombic,
reference pattern number: 04-014-7115). Ni peaks are not clearly
visible from XRD (expected at 44.5°, 51.86°, 76.39°). Further-
more, the changes in the lattice parameters and cell volumes be-
fore and after plasma treatment can be seen in Section SI-8 (Sup-
porting Information). We observe some impurities in the pristine
samples that vary from batch to batch that result in peaks such
as those at ≈29°, ≈36°, ≈43° and ≈48°. However, these cannot be
directly related to the plasma process as we observe them also in
pristine samples and have no impact on the nanoparticles exso-
lution.

XPS analysis has revealed the presence of metallic Ni in the
high-resolution spectra of Ni 3p in Figure 4 where the Ti 3s core
level is also included. It can be seen that the metallic peak of
Ni appears with the plasma treatment as shown in Figure 4 and
summarized in Table 1. In addition to Ni0, the peak of Ti3+ also
increases, which suggests an increasing density in oxygen vacan-
cies at the surface with increasing hydrogen concentration in the
plasma feed mixture; this appears to be supported by the XPS
analysis of the O 1s signal (Figure S17 in the Supporting Infor-
mation), however we should note that the oxygen defect density
at the surface is impacted by simultaneous processes (i.e., for-
mation by ion bombardment, passivation by Ni ion reaching the
surface etc., see further below). This is shown in Figure 4, cor-
roborated by the analysis of the Ti 2p peak (Figure S16 in the
Supporting Information) and summarized in Table 1.

According to XPS analysis, the fraction of Ni0 (expressed as
percentage of the total Ni) in pristine LCTN, LCTN treated with
pure He DBD, 0.6% H2 in He DBD and 1% H2 in He DBD
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Figure 4. High resolution X-ray photoelectron spectroscopy (XPS) of Ni
3p and Ti 3s core level regions revealing the appearance of metallic Ni
(Ni0) after plasma treatment. The Ti3+ peak is also enhanced with plasma
treatment.

are 0%, 12%, 18% and 27% respectively. Similarly, the Ti3+ frac-
tion (expressed as percentage of the total Ti) is also increased
in LCTN samples from 2% to 7% with increasing the concen-
tration of hydrogen in the He DBD as summarized in Table 1.
Hence, the presence of the Ni° component confirms the metal-
lic nature of exsolved NPs while the Ni2+ comes mainly from the
LCTN matrix which is consistent with the reported results from
the literature.[40] Furthermore, the XPS percent atomic concen-
trations of all the elements present in the LCTN samples before
and after plasma treatments are summarized in Table S1 (Sup-
porting Information).

Exsolved nanoparticles were also examined under the TEM.
Figure 5a–c shows high-resolution TEM images of exsolved
NPs under the three different plasma treatment conditions.
Our TEM analysis confirms typical characteristics observed after
exsolution of nanoparticles, such as their socketed nature and
crystallographic alignment with the hosting perovskite lattice.
The individual nanoparticles are highlighted in each of the
samples as shown in Figure 5a–c. The formation of the faceted
nature of the exsolved NPs can be seen in all the samples but are
more pronounced in the case of 1% H2 as shown in Figure 5c.
However, we have been able to identify some differences due
to the presence of hydrogen as a process gas. For this reason,
we have carried out more in-depth analyses comparing the
samples treated with He-only and those with 1% hydrogen
(see Section 3.2).

In order to provide a more macroscopic assessment of the
exsolved nanoparticles, we have explored the possibility of
extracting useful information from magnetic measurements.
Magnetic measurements were performed on samples following
exsolution with He-only or He/1% H2 DBD. Prior to exsolution
the LCTN samples have a magnetic signature that is dominated
by the Ni2+ ions within the perovskite host, though there is
also a small diamagnetic contribution to the signal from the
lattice. As the dilute Ni2+ ions are non-interacting, the signal is
very well described by a Brillouin function. At all but the lowest
temperatures the measured field dependence of the magnetic
moment 𝜇 can be modeled as 𝜇 = HV 𝜒p, where V is the
sample volume, H is the applied magnetic field and 𝜒p is the
paramagnetic Curie susceptibility 𝜒p = C

T
. At room temperature,

the Curie constant C is well described by the S = 1 ground state
for Ni2+. Following exsolution there are two main contributions
to the signal from the sample. As only a small fraction of the
Ni2+ ions in the sample exsolve to form nanoparticles on the
upper pellet surface, the magnetic signal from Ni2+ ions remains
as the dominant one (typically linear with field). The signal from
the exsolved metallic nickel nanoparticles has the characteristic
“S”-shaped field dependence (Langevin function) of superpara-
magnetic particles. In actuality many of the particles are large
enough to be fully ‘blocked’ at room temperature (not subject to
superparamagnetic-like fluctuations), so that the signature is es-
sentially that of a very soft ferromagnet. In principle this is easily
distinguished from the linear Ni2+ paramagnetic signal, except
that the fraction from the nanoparticles is so small that this can
be difficult to isolate with good precision (Section SI-6, Support-
ing Information). Moreover, due to the Curie susceptibility of
the paramagnetic signal, at low temperature the nanoparticle
Ni° fraction is completely buried within the paramagnetic Ni2+

signal.
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Table 1. Fraction of metallic Ni and Ti3+ (as compared to the total Ni and total Ti, respectively), in pristine and plasma treated samples, as deduced from
the deconvolution of the high-resolution XPS spectra of Ni 3p, Ti 3s and Ti 2p. Full details of the positions of the curve-fitting components of the Ni 3p,
Ti 3s and Ti 2p signals that were used to obtain the results shown in this table are reported in Table S2, and Section SI-3, Supporting Information).

Peak-fit Pristine 0% H2 0.6% H2 1% H2

Ni 3p Ni0/(Ni0 + Ni2+) 0% 12% 18% 27%

Ti 2p Ti3+/(Ti3++ Ti4+) 1% 1% 2% 7%

Ti 3s Ti3+/(Ti3++ Ti4+) 2% 2% 2% 7%

To produce clearer signatures of the nanoparticle metallic Ni0

signal, the upper layer of the LCTN pellet was exfoliated using
clear adhesive tape, so that the adhered material gives a signal
dominated by the nanoparticle fraction at the surface. This has
the disadvantage that the amount of measured material cannot
be quantified but carries the advantage that the signature of
the nanoparticles is clearly resolved. The linear diamagnetic
contribution to the signal from the quartz sample holder and
tape are easily corrected for. Exfoliation from the underside of
the samples was also carried out together with the correspond-
ing measurements for comparison (Section SI-6, Supporting
Information).

Figure 6a shows the signal for a sample of material exfoliated
from the upper surface of a sample plasma treated using He-DBD
with 1% H2, which now effectively consists of signal originating
entirely from the exsolved Ni particles that have adhered to the
tape. The data have been corrected for a small residual diamag-
netic contribution that derives from a combination of the adhe-
sive tape and the quartz sample rod, which becomes noticeable
due to the tiny amount of magnetic material that is now being
measured. By contrast to measurements on the piece of broken
pellet, cooling the exfoliated sample to 2 K reveals an enhanced
ferromagnetic signal, as shown in Figure 6a. Interestingly there
is even an increase in the saturated moment of around 33% be-
tween 300 and 2 K in this sample. For a given nanoparticle size
the saturating field should capture the maximum magnetic sig-
nal even at 300 K (it is essentially described by a Langevin func-
tion for a superparamagnetic moment), which implies that at
the lowest temperature of 2 K a larger number of nanoparticles
are contributing to this component of the signal. This is consis-
tent with a significant tail of much smaller nanoparticles that
at high temperature effectively contribute to the paramagnetic
background due to very fast superparamagnetic fluctuations of
the smaller super-moments. The size of this increase with tem-

perature varies according to the exfoliated sample but is typically
at least 10% of the 300 K moment. This variability requires fur-
ther systematic investigation but is consistent with the variability
and tails of size distributions observed via SEM measurements
(Figure S8 in Supporting Information). There is also, as might be
expected, an increase in the coercive width of the curves at low
temperatures due to reduced thermal assistance of the magnetic
reversal process.

Measurements were also made on a sample subject to He-DBD
with 0% H2, shown in Figure 6b. The results are generally simi-
lar to those measured on the 1% H2 sample, though some differ-
ences are worth highlighting. The increase in saturated moment
on cooling from 300 to 2 K is less marked, suggesting a lesser in-
fluence from very small nanoparticles whose fluctuations freeze
out at low temperature. This is reflected in the statistics from the
SEM measurements (Figure 2d), where the average particle size
tends to be larger for the He-DBD 0% H2 samples. This is also
evident in how the magnetization curves approach saturation, as
illustrated in Figure 6c,d for measurements taken at both 300 and
at 2 K. The He-DBD 0% H2 reaches saturation with applied field
more rapidly than the He-DBD 1% H2, which is consistent with
larger average particle sizes in the former. The behavior is essen-
tially described by the Langevin function, the sharpness of which
depends upon the size of the particle moment (and hence on the
particle volume assuming similar composition). For this partic-
ular sample the He-DBD 1% H2 exhibits a greater hysteresis at
low temperature, but the coercivity shows some variability across
samples even when taken from the sample pellet, so more sys-
tematic work is required to comment on this further. While ex-
amining exfoliated samples reveals the presence, location (i.e.,
surfaces vs bulk) and many finer details of the nanoparticle be-
havior, this comes at the expense of a more quantitative analysis
of overall nanoparticle yield and density. Future studies will pur-
sue routes to a more quantitative analysis.

Figure 5. a–c) Representative high-resolution TEM images of LCTN samples treated in He-DBD with 0% H2, 0.6% H2 and 1% H2 respectively.
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Figure 6. a) Magnetic moment as a function of applied field for an exfoliated sample after plasma treatment in He-DBD with 1% H2. Measurements were
made at temperatures of 300, 10, and 2 K (mass = 163.7 mg). b) Magnetic moment as a function of applied field for an exfoliated sample after plasma
treatment in He-DBD with 0% H2. Measurements were made at temperatures of 30 and 2 K (mass = 163.7 mg). c,d) Comparison of magnetic moment
as a function of applied field for samples exfoliated from samples treated in He-DBD with 0% H2 and 0% H2 The moments have been normalised to
allow easy comparison. c) Measurements at 300 K. d) Measurements at 2 K. The paramagnetic signal dominates, which over this field range remains
approximately linear.

3.2. Discussion and In-Depth Analysis on the Impact of
Hydrogen

The samples exsolved without hydrogen addition in the DBD feed
mixture are characterized by larger NPs with a lower density com-
pared to the NPs produced with 0.6% and 1% H2 (Figure 2d).
The metallic phase of Ni is also in general lower when hydrogen
was not used compared to plasma treatment with H2 (Table 1).
In our TEM analysis, we have been able to observe metallic Ni
NPs with relative ease for the sample treated with 1% H2. For ex-
ample, Figure 7a shows the HR-TEM of a 1% H2 LCTN sample.
The exsolution of the NPs from the LCTN with a strongly faceted
nature can be clearly seen, similar to previous reports.[26,37] The
lattice fringes of exsolved NPs resembles very closely the planes
of Ni NPs. The detailed HR-TEM analysis of both the LCTN and

Ni NPs lattices were performed by taking FFTs and line profiles
from the lattice fringes of inverse-FFTs as shown in Figure 7b–h.
The FFTs spots in Figure 7b corresponds to the (200) plane (spot
1) and (111) planes (spot 2-3) of Ni NPs. Similarly, the FFTs spots
in Figure 7c corresponds to lattices spacing of 0.3739, 0.2746, and
0.2329 nm matching closely with the lattice planes of orthorhom-
bic perovskite crystal. The lattice spacing obtained by taking the
average value of the line profiles, in Figure 7f–h, were generated
from the corresponding inverse-FFTs as shown in Figure 7d,e.
The average lattice spacing for the Ni NPs was found to be around
0.2018 nm (Figure 7d,f) matching with the standard (111) planes
of Ni (0.2024 nm). Similarly, the lattice spacings for the LCTN
resulted from line profiles are around 0.3705 nm and 0.2708 nm
corresponding to the lattice planes of orthorhombic crystal sys-
tem in perovskites as shown in Figure 7e,g,h. The exsolved NPs
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Figure 7. a) High resolution transmission electron microscopy (HR-TEM) image of LCTN sample showing the morphology and faceted nature of exsolved
Ni nanoparticle (NP), b,c) Fast Fourier transform (FFT) images taken from the highlighted red boxes on the Ni NP and LCTN lattice respectively. The
spot numbers in (b) represent the Ni planes with spacing of 0.1772, 0.2042, 0.2014 nm, respectively. Similarly, the spot numbers in (c) correspond to
the planes in LCTN with lattices spacing of 0.3739, 0.2746, and 0.2329 nm, respectively. d,e) The inverse FFTs of (c) and (d) clearly showing the lattices
fringes of Ni and LCTN. f) The line profiles of the lattice fringes taken from the selected area in (d). f,g) The line profiles taken from the elected areas in
(e). The average lattices fringes from the line profiles (as shown) are very close to the one taken from FFTs.

can be in the form of faceted or elliptical shapes as can be seen
from the other TEM images shown in Figure S18 (Supporting
Information).

The analysis of samples treated with He-only plasma presented
slightly different features, whereby together with metallic Ni NPs
(Figure 8a–c), we observed also oxidized NPs (Figure 8d) more of-
ten than for samples treated with hydrogen-containing plasma.
Figure 8c represents TEM images for 0% H2 treated LCTN sam-
ples showing the metallic nature of small Ni NPs. Larger NPs
(around 20 nm) were also observed, which resulted to be oxidized
to NiO as can be seen in Figure 8d, suggesting that the larger size
may be due in part to oxidation.

These results indicate that a higher degree of process control
is required through further understanding and optimization of
plasma exsolution. However they also show that, within 10 min-
utes, NPs exsolution on the LCTN surface can be seen both in He-
DBD and He/H2-DBD, demonstrating the potential of a low-cost,
fast and scalable atmospheric pressure exsolution process based
on a DBD plasma, which is also particularly suitable to “promote
chemistry at a point.”[41]

The fundamental mechanisms leading to exsolution in this at-
mospheric pressure plasma treatment is initiated by ion bom-
bardment, which is responsible for the formation of oxygen va-
cancies and defects and creates the thermodynamic conditions
for fast and low-temperature exsolution.[27] Surface charging also
plays a key role in neutralizing Ni ions reaching the surface
and enhancing surface diffusion.[27,42,43] Overall, plasma exsolu-
tion is a surface process where endo-particles have not been ob-
served, hence differentiating in this respect from thermal exso-

lution where exsolved NPs have been observed within the bulk
of the perovskite oxide.[44,45] Also, the existence of bulk particles
is not only based on reduction conditions (i.e., plasma, hydro-
gen, bias) but also on material design.[45–48] One of these design
principles is the doping level of the exsolvable ions, which in our
case, is not such to allow for bulk exsolution. Having said that,
even if bulk particles were present, they could not be responsible
for the activity demonstrated, since there is a requirement of a
driving force to access their capabilities which is not present in
traditional catalytic processes (like the ones demonstrated here).

While exhibiting considerable similarities, there are however
a number of important differences between low-pressure and
atmospheric pressure plasmas and between DBDs operated in
the filamentary regime (e.g., with H2) compared to homogenous
glow-like or diffuse regime operation (e.g., He-only). The fila-
mentary regime also brings about spatial inhomogeneities at the
surface on the μm to nm scale. Finally, the introduction of hydro-
gen also plays a role in differentiating these plasma processes. We
believe that these differences are likely responsible for the differ-
ent exsolution features observed, namely the creation of surface
defects which vary in terms of both surface defect density as well
as their nature (e.g., vacancies, dislocations with different ener-
gies etc.) and these have determined the NP size distribution,
density and chemical composition/oxidation state.

In atmospheric pressure plasmas, the ion energy distribution
supplies ions to a surface with energies that can reach high
values.[49–53] For instance a detailed simulation study on fila-
mentary regimes (corresponding to our He-H2 conditions), has
shown that ions can reach energies above 100 eV for plasmas
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Figure 8. a) Transmission electron microscopy (TEM) of exsolved Ni NPs on the LCTN surface, treated in 0% H2 DBD. b) FFT of the highlighted region
of the NPs shown in (c). c) Lattice fringes of the NP embedded in perovskite oxide taken from the highlighted region in (a) showing lattice spacing
corresponding to both the perovskites oxide and metallic Ni. d) HR-TEM representing larger NP exsolved from the perovskite matrix representing
fringes closely matching with NiO.

in contact with high relative permittivity (𝜖r = 16) dielectric sub-
strates (𝜖r = 18 for our LCTN).[27,49] While these very high en-
ergy values may be representative of extreme conditions, the en-
ergy distribution also shows that a large fraction of ions have en-
ergies above that required to produce defects at the LCTN sur-
face (> ≈6 eV).[27,49] In order to produce sufficient defect den-
sities to promote exsolution at the LCTN surface, the ion flux
should also be sufficiently high. At atmospheric pressure con-
ditions and with plasma densities typical of DBD operation in
the diffuse regime, the ion flux to the substrate (He-only DBD)
is at least equal to or greater than that produced in low-pressure
plasmas.[27] Hence, ion bombardment has the same features re-
quired to produce surface defects and initiate exsolution in a DBD
glow regime, as found at low pressure. Ions also carry potential
energy and their recombination at the surface can also release
substantial energy to produce defects.[35] When hydrogen is in-
troduced, and filamentation is observed, ion bombardment be-
comes modulated in time and restricted spatially due to the tran-
sient and localized nature of the filaments. We should therefore
expect a reduction of the average ion flux, while the ion energy
distribution remains favourable to defect creation.[49] Although
full simulations to produce accurate values for ion fluxes and en-
ergy distributions would be required at our specific conditions,
our semi-quantitative analysis suggests more defects and more
effective exsolution can be achieved under a He-only plasma. In
part this is verified when, assuming the exsolved nanoparticles
are metallic Ni (Section SI-5 in Supporting Information), the ex-
solution depth and number of exsolved Ni atoms are calculated
and show higher values of exsolution depth when samples were

treated with the He-only plasma. Atmospheric pressure plasmas
may also contain a significant concentration of excited neutral
species, e.g., He metastable atoms with long lifetime due to for-
bidden radiative transitions and have energies of 19.8 eV and
20.6 eV.[54–56] These can release substantial energy on impact with
the surface and also promote the formation of defects.

Due to a range of mechanisms of defect formation, we should
expect also that the nature of defects varies. In particular, ion
bombardment also creates oxygen radicals at the surface and pro-
mote higher surface mobility, enhancing oxidation reactions of
the growing Ni nuclei and nanoparticles. This could explain a
possible more extensive presence of oxidized nanoparticles in
the samples treated with He-only plasma. The presence of hydro-
gen can limit the oxidation, either by removing oxygen radicals
at the surface as well as by reducing oxide nanoparticles through
heterogeneous processes, in which the reduction reactions occur
at the interface between the plasma and the solid oxide.[57] Re-
duction of metal oxides by hydrogen plasmas is known to take
place, where both thermodynamic as well as kinetic conditions
favour the reduction even at room temperature.[49,57,58] Hydrogen
plasma contain very active species such as H, H+ and H2

* which
show highly favourable reduction power.[58]

The role of hydrogen is therefore twofold as it impacts the state
and regime of the plasma as well as the chemistry at the surface
of the sample. For this reason, the changes in particle density and
size distribution (Figure 2d) cannot be directly attributed to the
chemical role of hydrogen at the surface as changes in the He
ion flux and He metastable densities can have a drastic impact in
the defect formation and exsolution process. In order to discern
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the contribution of each phenomenon, a range of plasma diag-
nostics (and/or simulations) will be required to be implemented
and for instance to determine the ion-flux at the surface. Overall,
we can state that exsolution in atmospheric pressure plasma is
driven by similar principles and physical phenomena as in low-
pressure plasma, while the contribution of additional gas species
(e.g., metastables) is also possible. The plasma regime has also
an impact on the exsolution outcome due to differences in ion
energy densities and fluxes and hydrogen can be used effectively
to tune the chemistry of the exsolving particles. This suggests
that by adjusting the plasma chemistry using other precursor
gases, nanoparticles with different chemical compositions (e.g.,
sulphides, nitrides etc.) may be produced.

3.3. Catalytic Performance of LCTN Samples

To study the catalytic performance of the atmospheric pressure
and low temperature plasma exsolved nanoparticles and compare
their performance with their high-temperature analogues we em-
ployed full dense LCTN pellets that had been treated with the
He-only DBD (LCTN-He) or with the DBD with 1% H2 (LCTN-
1%/H2) and used them as model systems. We should emphasize
that we carry out this work to show that plasma exsolved NPs are
capable of a high standard of catalytic performance, on par with
NPs exsolved with other approaches; we do not claim here that
plasma exsolution leads to NPs with superior properties, rather
that plasma exsolution offer new opportunities as an exsolution
process.[59]

The application performance was investigated in a number
of important environmental and energy applications: a) metha-
nation from synthesis gas (mixture of CO and H2) which is a
key reaction in the so-called coal-to-SNG (synthetic natural gas)
process,[60] b) CO oxidation reaction which is applied in automo-
tive exhaust pollution control and air purification[12] and c) CH4
oxidation which is an emerging technology for treating residual
emissions from natural gas power plants.[61] Furthermore, to il-
lustrate the practical value of our results, we synthesized an un-
doped LCT perovskite powder to serve as a reference of a non-
exsolved sample where Ni nanoparticles were deposited via im-
pregnation and compared it against the LCNT-He and LCNT-
1%/H2 catalysts.

Figure 9a shows the CH4 production rate from the CO metha-
nation reaction as a function of temperature (left y axis) for all
catalysts and the corresponding nTOF values as a function of
temperature (right y axis) for the LCNT-He and LCNT-1%/H2
catalysts. The nTOF values of the LCT catalyst were not possi-
ble to calculate as the sample was in a powder form which made
the quantification of the surface nickel via SEM not possible. The
rate on the left y axis is not normalized. The minimum tempera-
ture for any measurable CH4 reaction rate was approximately 300
°C for all catalysts (there was no measurable CO2 throughout the
experiment). For all three catalysts, the rate of reaction increased
upon increasing temperature. Across the entire examined tem-
perature range, the CH4 production rate of the LCNT-1%/H2 cat-
alyst is higher than the corresponding rate of the LCNT-He cata-
lyst, due to the higher amount of total Ni metal exsolved (1.21 ×
10−3 mg versus 1.11 × 10−4 mg, respectively). The non-exsolved
reference LCT catalyst showed slightly higher CH4 production

Figure 9. Catalytic activity high pressure-low temperature plasma exsolved
Ni nanoparticles using model (pellet) catalysts and of an undoped refer-
ence non-exsolved catalyst. The reaction rates on the left y axis are not nor-
malized. a) CH4 production rate from the CO methanation reaction, for all
catalysts (left y axis) and nTOF values for the LCNT-He and LCNT-1%/H2
catalysts (right y axis) as a function of temperature, b) CO2 production rate
from the CO oxidation reaction, for all catalysts (left y axis) and nTOF val-
ues for the LCNT-He and LCNT-1%/H2 catalysts (right y axis) as a function
of temperature c) CO and CO2 production rates from the CH4 oxidation
reaction for all catalysts (left y axis) and nTOF values for the LCNT-He and
LCNT-1%/H2 catalysts (right y axis) as a function of temperature. The total
gas flow rate for all experiments was 150 cm3 min−1.
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rates up until approximately 350 °C compared to the exsolved cat-
alysts but at higher temperatures that pattern was reversed. How-
ever, it should be noted that the LCT catalyst exhibits at least two
orders of magnitude higher Ni content as opposed to the other
two catalysts (1 × 10−1 mg as opposed to 1.11 × 10−4 mg and 1.21
× 10−3 mg of Ni exsolved on the surface of the pellets for the
LCNT-He and LCNT-1%/H2 catalysts, respectively).

In order to better compare the site activities between the ex-
solved catalysts and to the literature data for base-metal cata-
lyst systems where the active phase is deposited via widely used
top-down techniques, we calculate their respective nTOF values
for the CO methanation reaction. For this calculation, we as-
sume that each surface metal atom serves as an active site for
the methanation reaction and that the nanoparticles have hemi-
spheric shape, consistent with analysis obtained from SEM im-
ages from Figure 2. For the exsolved LCNT-He and LCNT-1%/H2
catalysts the corresponding nTOF values are plotted against tem-
perature on the right y-axis in Figure 9a (green axis for LCNT-He
and blue axis for LCNT-1%/H2; note the nTOF values for the LCT
reference catalyst are not shown). The nTOF values for the LCNT-
He and LCNT-1%/H2 plasma exsolved catalysts are of the order
of 101–102 s−1. The nTOF values for the LCNT-He catalyst are
slightly higher than the LCNT-1%/H2 catalyst across the entire
examined temperature range. This difference largely originates
from the fact that the particle population of the LCNT-He sample
is approximately 40% lower than that of the LCNT-1%/H2 sam-
ple. Under similar reaction conditions, the nTOF values of the
plasma exsolved catalysts are a few orders of magnitude higher
than values reported in the literature for base metal oxide parti-
cles deposited using common top-down deposition techniques,
such as chemical impregnation.[62]

Figure 9b shows the CO2 production rate from the CO oxida-
tion reaction as a function of temperature for all catalysts (left y
axis) and the corresponding nTOF values as a function of temper-
ature (right y axis) for the LCNT-He and LCNT-1%H2 catalysts.
Similarly to the CO methanation reaction, for all three catalysts,
the activity increased upon increasing temperature and the CO2
production rate of the LCNT-1%/H2 catalyst was higher than the
corresponding rate of the LCNT-He catalyst. The catalytic perfor-
mance of the reference LCT catalyst in terms of CO2 production
rate was of the same order of magnitude as compared to the ex-
solved analogues even though its Ni content was at least two or-
ders of magnitude higher. The nTOF values of the LCNT-He and
LCNT-1%/H2 plasma exsolved catalysts are again of the order of
101–102 s−1 which is of the same order of magnitude as for ther-
mally exsolved nanoparticles or similar nanoparticles exsolved by
plasma at low pressure.[27,28,63] For the CO oxidation reaction, the
nTOF values of the LCNT-1%/H2 catalyst are higher than the
those of the LCNT-He catalyst across the entire examined temper-
ature range. This is probably due to the higher content of metallic
Ni particles over the oxidized Ni particles observed in the LCNT-
H2 catalysts. Furthermore, the reported nTOF values of this study
exceed the values reported in literature under similar experimen-
tal conditions for base metal oxide nanoparticles deposited using
common deposition techniques (such as chemical impregnation)
by a few orders of magnitudes.[28]

Figure 9c demonstrates the performance of the catalysts in
terms of CO and CO2 production rates during the methane oxida-
tion reaction for all catalysts and the corresponding nTOF values

as a function of temperature (right y axis) for the LCNT-He and
LCNT-1%H2 catalysts. The production rate of the LCNT-1%/H2
catalyst was higher than the corresponding rate of the LCNT-He
catalyst and could also be attributed to the higher concentration
of metallic Ni nanoparticles on the former as compared to the
oxidized ones in the latter as well as the higher total amount of
Ni exsolved. Production rates of CO were relatively similar. Over-
all both exsolved catalysts presented much higher activity than
the impregnated reference catalyst across the entire temperature
range. The catalytic performance of the reference LCT catalyst
was of the same order of magnitude as compared to the exsolved
analogues even though its Ni content is at least two orders of mag-
nitude higher. This is likely due to the much larger size of the Ni
particles (in the order of 70 nm) within the impregnated sam-
ples. It is also worth noting that plasma exsolved nanoparticles
do not only demonstrate high catalytic performance as their ther-
mally exsolved counterparts but are also capable of maintaining
that performance during long-term operation. To demonstrate
that we show that the catalytic activity of the LCNT-He catalyst
towards the methane oxidation reaction at 800 °C is maintained
for over 120 h of continuous testing, consistent with the well-
anchored nature of these particles, as opposed to the impreg-
nated LCT catalyst where severe deactivation occurred within 1 h
(Figure S25 in the Supporting Information).

4. Conclusion

This work has demonstrated for the first time how a DBD at at-
mospheric pressure can be used for exsolution of NPs from per-
ovskite oxides at room temperature both with inert gases as well
as with hydrogen-containing mixtures. Similar to other recent de-
velopments in exsolution, DBDs resulted in a low-temperature
and very fast and higher growth rate of NPs than more conven-
tional hydrogen thermochemical reduction. These exsolved NPs
have also shown competitive performance results for various cat-
alytic processes. DBD processing at atmospheric pressure also of-
fer opportunities for scalability and a versatile approach for future
manufacturing of exsolved NPs. In addition, the possibility of us-
ing a range of gas mixtures with highly reactive plasma species
will allow exploring a very wide range of chemical reactions to
transform their composition, structure and functionality.
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