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The growing demand for energy worldwide and the extensive use of fossil fuels have

resulted in severe environmental problems such as air pollution and the accumulation

of greenhouse gases in the atmosphere. In this scenario, both new energy sources and

more efficient energy conversion processes have been deeply studied. Heterogeneous

catalysis is currently widely used for hydrogen production due to its higher selectivity and

conversion compared to other processes. Although the use of catalysts is fundamental

for green chemistry, their production through traditional methods is less environmentally

friendly. Nonetheless, in order to obtain more efficient supported metal catalysts, interest

in using non-thermal plasma as a pretreatment or synthesis technique is increasing.

Thus, the present article aims at summarizing and briefly discussing the relevant research

results on this subject, elucidating the advantages and disadvantages of using non-

thermal plasmas in the preparation of supported metal catalysts. Aspects such as

morphology, the chemical composition of the catalytic surface, crystallographic phases,

average size and dispersion of crystallites, specific surface area, and metal–support

interaction have been analyzed. The use of plasma-assisted techniques contributes to

the synthesis of supported metal catalysts with smaller, more dispersed, and strongly

bonded active particles, resulting in higher catalytic activity, conversion rate, selectivity,

and durability. In addition, plasma allows the synthesis of supported metal catalysts to

be enhanced by reducing the process time, the use of hazardous substances, and the

temperature required.

Keywords: non-thermal plasmas, supported metal catalysts, green chemistry, heterogeneous catalysis, energy

conversion

INTRODUCTION

Supported metal catalysts consist of a metal, i.e., the catalytically active phase, dispersed on the
surface of an inert support, usually a metal oxide, or a second active phase. There are several factors
that justify the use of a supported catalyst rather than a “pure” catalyst, such as dispersion and
stabilization of small particles of catalytically active phase and cost reduction (Bailie et al., 2001).
Noble metals such as platinum (Pt) and rhodium (Rh) show remarkable activity in the catalytic
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conversion of methane (CH4), ethanol (C2H6O), propane
(C3H8), and carbon dioxide (CO2) into synthesis gas (H2 and
CO) (Ayabe et al., 2003; Silberova et al., 2005; Corthals et al.,
2011). Other noble metals such as ruthenium (Ru), palladium
(Pd), and silver (Ag) are also active (Fernández et al., 2016;
Rouibah et al., 2017). However, the high cost and restricted
availability of these metals are major barriers to their use, even
in supported metal catalysts. Due to this, significant attention
has been given to the use of supported metal catalysts containing
non-noble transition metals, especially nickel (Ni) and cobalt
(Co) (Corthals et al., 2011; Rouibah et al., 2017). Both noble
and non-noble metals have the ability to break carbon–carbon
bonds, which promotes the conversion of higher hydrocarbons
into H2 (Hou et al., 2015). Also, the chosen support must be
stable and resistant to chemical attack and temperature in order
to present constant properties under the operating conditions.
Highly porous supports are desirable for dispersion of the active
phase, preventing agglomerations of particles responsible for
catalysis and thus enabling catalyst reuse in successive cycles
(Fernández et al., 2016; Aramouni et al., 2018).

Aiming at synthesizing more efficient supported metal
catalysts, plasma technology has been investigated as an
additional step in the conventional preparation methods. Plasma
is basically an ionized gas, i.e., an electrically neutral environment
at the macroscopic level, consisting of ions, electrons, and neutral
atoms (Chapman, 1980). Thereby, a plasma can be considered
thermal or non-thermal, as its temperature is determined by
the average energy of species (Fridman, 2008). Thermal plasma
is in a state of thermodynamic equilibrium, i.e., all species
have the same temperature, which is the gas temperature.
Non-thermal plasma is in a state of thermodynamic non-
equilibrium in which the temperature of electrons is significantly
higher than that of other species present in the plasma
(Bogaerts et al., 2002; Lieberman and Lichtenberg, 2005). As a
result, high concentrations of active and energetic species can
be provided at room temperature, allowing increases in the
efficiency of traditional chemical processes and the occurrence
of reactions impossible to perform with conventional chemistry
(Chen et al., 2017).

Miscellaneous non-thermal plasmas can be generated based
on the system used, pressure, and geometry of the electrodes,
as shown in Figure 1. Glow discharge, illustrated in Figure 1A,
is a low-pressure discharge with negative and positive charges
accelerated by AC, DC, or RF sources toward to the cathode
and anode, respectively, generating many effects in the discharge
volume and walls, such as gas ionization, gas dissociation, charge
recombination, photoexcitation, sputtering, secondary electrons
emission, etc. The corona discharge illustrated in Figure 1B

consists of a non-homogeneous discharge that can be initiated
at atmospheric pressure with a high voltage source and using
non-identical electrode geometries, such as a flat plate and a pin
(Taghvaei et al., 2017). The curvature of the wire tip creates the
high electric field necessary to ionize the neutral species. The
dielectric barrier discharge (DBD) depicted in Figure 1C is a
two-electrode model with dielectric layers, such as quartz plates,
inserted in the discharge gap. In this case, the system is usually
powered by a high-voltage AC source. In DBD discharges, the

dielectric covers at least one of the electrodes in order to limit
the discharge current and prevent the transition of the discharge
from corona to spark. Once the process begins, the charge builds
up on the dielectric and forms an electric field opposite to that
of the electrodes, generating micro-discharges at points where
there is enough charge for a breakdown due to the interruption
of the current flow for some nanoseconds. The duration of these
pulses is related to pressure, gas properties, and applied dielectric
material (Liu et al., 2016).

The use of non-thermal plasma in the preparation of
supported metal catalysts is a promising process that provides
greater active phase dispersion, enhanced metal–support
interaction, low-temperature activity, higher coke resistance,
and stability in the reforming reactions (Cheng, 2008; Liu et al.,
2016). In addition, this technique is generally simple and fast,
reducing energy consumption and process costs (Liu et al., 2006,
2016; Cheng, 2008). Plasmas can be used at any stage of the
supported metal catalyst production process or even for catalyst
recovery after use (Wang et al., 2018b). In many cases, it is not
easy to achieve high stability with great activity and selectivity
withal. Thus, several exertions have been made to understand
the fundamental issues in catalysis in order to develop new
catalysts or new preparation methods and technologies that
provide the desired particle size and structure for better catalytic
performance (Liu et al., 2016).

Accordingly, this paper is organized as follows. Section
Synergistic Effects Between Plasma and Heterogeneous Catalysis
describes the pros and cons of the synergistic effects between
plasma and heterogeneous catalysis in terms of reaction
system configuration. Section PreparationMethods of Supported
Metal Catalysts for Fuel Conversion explores and discusses
conventional and alternative methods of supportedmetal catalyst
preparation. Section Using Supported Metal Catalysts Prepared
by Plasma-Assisted Processes in Fuel Conversion elucidates some
of the advantages of using supported metal catalysts prepared
by plasma-assisted processes in fuel conversion. Section Future
Trends and Research Topics looks ahead to future trends
and research topics regarding the supported metal catalyst
production process and its characteristics. Finally, section Final
Remarks consists of a final discussion about the subject matter of
the present article.

SYNERGISTIC EFFECTS BETWEEN
PLASMA AND HETEROGENEOUS
CATALYSIS

Both catalysis and plasma have specific advantages in fuel
conversion. Because of this, coupling plasma reactors, mainly
non-thermal plasma, with heterogeneous catalysis systems is
being explored as an alternative process for fuel reform. These
techniques together can generate a synergistic effect, increasing
hydrocarbon conversion rate and synthesis gas selectivity,
preventing the occurrence of improper byproducts and reducing
energy usage (Liu et al., 2017). The performance accomplished
with “plasma catalysis” is superior to that obtained by the sum of
the isolated use of plasma or catalysis, making this combination
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FIGURE 1 | Simplified illustrative scheme of commonly used plasma discharges based on the voltage source and electrode geometry. (A) Glow discharge; (B) corona

discharge; (C) dielectric barrier discharge (DBD).

a promising process for H2 generation (Chen et al., 2008).
Basically, there are four ways to combine plasma techniques with
catalysis processes, as shown in Figure 2: (A) using non-thermal
plasma for catalyst preparation or treatment, (B) adopting a one-
stage hybrid system, (C) through a two-stage hybrid system with
a plasma reactor located downstream of the catalysis reactor, or
(D) through a two-stage hybrid system with a plasma reactor
located upstream of the catalysis reactor (Chen et al., 2017).

The usage of non-thermal plasmas as a technique for catalyst
preparation, shown in Figure 2A, unlike the other processes
illustrated in Figure 2, is based on the treatment of catalysts
prior to chemical reactions. In this way, the plasma itself
is not involved directly in the fuel conversion. This method
exhibits some interesting advantages compared to other plasma-
catalysis processes, which will be discussed later in this topic.
The one-stage hybrid system shown in Figure 2B consists
of a catalyst immersed in a non-thermal plasma discharge
reactor. In this case, due to the direct and constant interface
between catalyst and plasma, two main types of interaction are
induced. The first is the action of the plasma upon the catalyst,
which decreases the temperature required for its activation
because the temperature of electrons notably exceeds that of
heavier species (gas temperature) and also generates intermediate
species from reactants with greater adsorption potential (Du
et al., 2015). This latter phenomenon is explained by the
fact that plasma modifies the physicochemical characteristics
of the catalyst surface, increasing the adsorption of molecules
onto it due to electrostatic forces over a large surface area
(Chen et al., 2017). As one example of the synergistic effects
between plasma and catalyst, Hammer et al. (2004) reported
that steam reforming of methane can be performed through
plasma-catalysis using Ni-catalyst pellets at temperatures around
200◦C. Huu et al. (2015) observed an improvement in CH4

conversion through plasma-catalyst coupling by a factor of 3
at 300◦C and 1.4 at 350◦C compared to conventional thermal
catalytic experiments.

The second effect is the influence of the catalyst on plasma
configuration, which may consist of changing the electric field
distribution, temperature, and species present in the discharge

(Huu et al., 2015; Chen et al., 2017). Therefore, the use of high-
adsorption catalysts in pollutant abatement systems may increase
retention time by increasing their localized concentration of key
species. Thus, there is a greater probability of collision between
active plasma species and pollutant molecules, increasing waste
removal yield (Chen et al., 2017). It should also be emphasized
that the use of thermal plasma in this system is not suitable,
since the operating temperature (103 − 104◦C) causes catalyst
deactivation (Chung and Chang, 2016).

The plasma-catalyst interactions that occur in the one-stage
hybrid systems are very complex and time-varying, making
it more convenient to apply a two-stage hybrid system. In
these systems, the plasma region is located downstream or
upstream of the catalysis region, as shown in Figures 2C,D,
respectively, and therefore, is responsible for the preprocessing
or post-processing, respectively, of the fuel. In the first case,
which is the most common configuration, plasma provides
chemically reactive species due to the transformation of reactants
into readily convertible intermediates, accelerating the reaction.
Chao et al. (2008) achieved high hydrogen yield (89.9 %) and
methane conversion (90.2%) via partial oxidation of methane by
adding a plasma chamber before the catalysis reactor. On the
other hand, when plasma is applied after catalysis, its function
is to convert residual reactants from catalysis by eliminating
undesired byproducts. Both thermal and non-thermal plasma can
be assumed in the two-stage hybrid system (Huu et al., 2015;
Chung and Chang, 2016).

The use of hybrid systems in automotive applications for
onboard fuel conversion still faces technological barriers due
to cost, size, weight, and complexity. So, in this scenario, the
use of non-thermal plasma as a pretreatment or preparation
technique for catalyst production, as shown in Figure 2A, more
specifically supported metal catalysts, has been more intensively
investigated (Lee et al., 2009; Rahemi et al., 2013a,b,c; Wang
et al., 2018b). The development of catalysts with higher catalytic
activity, selectivity, stability, and resistance to deactivation and
sintering should consider the appropriate metal (active phase),
support, promoter (if necessary), structure, and, consequently,
preparation method (Jang et al., 2019). Characteristics such
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FIGURE 2 | Illustrative examples of (A) catalyst preparation or treatment using

non-thermal plasma, (B) a one-stage hybrid system, (C) a two-stage hybrid

system with a downstream plasma reactor, and (D) a two-stage hybrid system

with an upstream plasma reactor.

as metal–support interaction, carbon deposition rate, crystallite
size, metal dispersion, and acid-basic properties are directly
affected by the process used to obtain catalysts (He and Wang,
2015; Das et al., 2017).

PREPARATION METHODS OF SUPPORTED
METAL CATALYSTS FOR FUEL
CONVERSION

The activity of supported metal catalysts in heterogeneous
catalysis is strongly influenced by its chemical composition and
crystalline structure and phases and the specific surface area
of active sites (Liu et al., 2002). Therefore, the importance of
the adopted preparation procedure can be highlighted with the
ultimate goal of delivering catalytically active nanoparticles well-
dispersed on a stable oxide support with strong interaction.
Benrabaa et al. (2013) evaluated catalysts prepared by a sol-
gel procedure, a hydrothermal method, and co-precipitation,
proving that the preparation method strongly influences the
catalytic performance of the catalyst, as very different conversion
results were obtained due to different particle sizes and
distributions. Although an expansion in the catalyst market
is expected due to environmental and energy concerns, some
challenges related to its preparation, such as control of active
site size and structure, are still a major challenge, as traditional
methods are longstanding, complex, and non-environmentally
friendly (Wang et al., 2018b).

Supported metal catalysts are usually prepared by
impregnation or co-precipitation of metal precursors in a
liquid phase into an inert support (Poelman et al., 2007). Such
techniques require a conjunction of many unitary operations,
including the insertion of the metal precursor into the support,

drying after deposition, calcination, and, occasionally, reducing
or activating the final supported catalyst obtained (Liu
et al., 2002). This procedure, however, has some intrinsic
disadvantages. One is that undesired ions or solvents may be
included in the deposition, resulting in contamination (Poelman
et al., 2007). In addition, other disadvantages inherent to the
calcination process can be cited, such as particle agglomeration,
long treatment duration, the high temperature required, high
energy consumption, and lack of process control (Zhang et al.,
2000). Usually, the calcination process causes the oxidation of
the metal particles on the support. However, in most cases, only
free metal particles have catalytic properties, making a further
process of catalyst reduction necessary before use (Cheng, 2008).
Wang and Ruckenstein (2001) reported the effects of calcination
temperature on catalyst production. Adopting 500, 800, and
900◦C as standard calcination temperatures, they found that the
surface area, the exposed metal area, and the degree of reduction
decreased with increasing temperature. Results reported by Palm
et al. (2020) elucidated that, at lower temperatures (between
390 and 440◦C), the surface area of supported metal catalysts
has no significant effect in the ethanol conversion during steam
reforming and partial oxidation reactions. However, as the
temperature increases, the ethanol conversion was directly
influenced by surface morphology, as a higher surface area
provides more active metal sites.

The widespread use of chemical methods in catalyst
preparation is due to their simplicity and low initial costs (Veith
et al., 2006). However, the current status of catalyst preparation
is far from where it should be, as the desired metal-support
interface is not always achieved (Liu et al., 2002). The final
catalytic properties of metal sites are usually defined through
catalyst reduction conditions, which are generally provided by
a stream of hydrogen at a high temperature (Zhu et al., 2006;
Wang et al., 2007). Independent of the process step, plasma
technology arises as an interesting processing solution, creating
a clean, strong, and direct metal–support interface, with no
thermal diffusion of metal particles through the support (Zou
et al., 2006a).

Plasma-Assisted Preparation Processes
The development of new and sustainable methods of catalyst
production is still a major challenge (Brault, 2011). Green
chemistry seeks to avoid the use of hazardous reactants and
solvents in chemical processes, reducing or even eliminating
the generation of waste and harmful substances (Sheldon et al.,
2007). Such principles should be achieved through process routes
that also allow time and cost reductions in catalyst preparation
and, if possible, increase their efficiency (Brault, 2011). Due to
these obstacles, the use of plasma technologies, mainly non-
thermal plasma, in the preparation of supported metal catalysts
has attracted a lot of attention (Liu et al., 2002). It can reduce the
size of catalytic sites, improving dispersion and metal–support
interaction using less or no hazardous chemicals (Du et al.,
2015; Chung and Chang, 2016). Such improvements also lead to
increased catalyst activity and stability. Moreover, its reduction
capacity is not limited to reducing gases. Ar, He, and N2 plasmas
can have a similar reducing effect to H2, generating a simple,
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easy and safe process at room temperature with low energy
requirements (Zhang et al., 2000; Liu et al., 2006). In short,
plasma allows new catalytically active materials to be obtained,
new preparation processes to be developed, used catalysts to be
regenerated, and, mainly, catalyst performance to be improved
simultaneously with its synthesis (Liu et al., 2006).

Non-thermal plasma is a promising technique for the
preparation of supported metal catalysts due to the low energy
requirements and the ability to induce physical and chemical
reactions at relatively low temperatures (Liu et al., 2006; Cheng,
2008). Through the application of plasma discharge in the
catalyst preparation process, structures are obtained that induce
superior performance compared to those obtained by traditional
thermal methods, providing greater reagent conversion and
selectivity (Wang et al., 2018b). For catalysts prepared through
conventional processes, this can only be obtained bymodification
of catalysis parameters, such as increasing the contact time of
reactants with the catalyst or raising the reaction temperature
(Tsipouriari et al., 1998).

Physical deposition techniques are rarely adopted as a
preparation method of supported catalysts. However, they offer
some advantages in comparison to classical chemical routes,
such as greater process control, high reproducibility, and good
adhesion of the active phase on the support (Zou et al., 2006b;
Poelman et al., 2007). In addition, compared to conventional
preparation routes of supported metal catalysts, the use of
plasma-assisted processes enables (1) higher dispersion of active
species, (2) greater activation, selectivity, and lifetime (durability)
of the obtained catalyst, and (3) shorter preparation time (Liu
et al., 2002). In this context, sputtering deposition emerges
as a potential alternative to traditional methods of obtaining
supported catalysts (Wang et al., 2018b). Inoue et al. (2020)
have prepared Ru-based catalysts supported in TiO2 with an
anatase structure by RF sputtering (13.56 MHz ± 5 kHz) at
room temperature in an Ar atmosphere at a pressure of 0.8 Pa
and evaluated the effects of physical plasma deposition on the
catalytic activity for CO2 methanation. Small Ru sites, i.e.,
lower than 5 nm, were formed on the TiO2 surface even when
the sputtering time was increased from 4 to 12 h, proving
that the plasma technique does not induce particle growth.
Hence, lower reaction temperatures could be adopted owing to
improved catalytic activity due to reduced Ru particle size and the
higher amount of Ru deposited with increasing sputtering time.
Furthermore, the small size of Ru particles was preserved for
reaction temperatures up to 360◦C. In another recent study, Fu
et al. (2020) revealed that a Pt/C catalyst prepared by magnetron
sputtering deposition has some advantages when compared to
one prepared with conventional chemical methods, such as
easier operation, higher Pt deposition, and less pollution, thus
having a wide range of possible applications in commercial
fuel cells.

Also, during sputtering, the catalyst structure can be modified
by reduction, oxidation, network restructuring, and formation
of oxygen vacancies due to inelastic particle–catalyst collisions
(Chung and Chang, 2016). Vacancies and defects created in
the support structure during sputtering influence the size and
shape of metal particles, inducing a greater number of active

FIGURE 3 | Illustrative representation of the most common carbon deposit

types observed in supported metal catalysts after use.

sites, and contribute toward the interface energy, i.e., metal–
support interaction due to electron donor/acceptor mechanisms
(Mahmood and Woo, 2013; Cao et al., 2018). Moreover,
structural defects are beneficial for catalyst reduction (Liu
et al., 2002). The occurrence of such phenomena depends on
parameters like reactor geometry, gas composition, treatment
temperature, applied pressure, and catalyst geometry (Chung
and Chang, 2016). Cao et al. (2018) reported that the H2/CO
ratios obtained with supported Ni catalysts with high vacancy
defects are slightly higher than the predicted thermodynamic
equilibrium of 0.92, reaching values higher than 1 during 120 h
of reaction, whereas the conventional supported Ni catalyst
ratio decreased significantly from 0.97 (at the beginning of the
catalytic test) to 0.90 (after 20 h) due to carbon deposition. This
coke formation may cover the active sites, resulting in lower
stability. Two different types of carbon deposits, as shown in
Figure 3, are usually observed in supported metal catalysts after
use (Zhu et al., 2008). The first is filamentous carbon, which
induces the separation between the active phase and the support,
making it more prone to pullout during reaction due to weaker
interactions. Another common morphology is the encapsulating
carbon, which covers the active site and prevents its contact with
the reactants.

Due to the complexity of plasma physics and its
multidisciplinary characteristics, the interaction mechanism
between species from plasma and the catalyst precursor is still
not thoroughly understood (Du et al., 2015; Liu et al., 2016).
So far, the most accepted explanation of the beneficial results
provided by plasma in systems similar to that illustrated in
Figure 2A, mainly in terms of metal particle size, is related to
the fact that the metal particles deposited in the support are
able to trap thousands of electrons due to plasma exposure,
creating plasma sheaths around each active site, as shown
in Figure 4. These plasma sheaths exhibit strong Coulombic
repulsion with the electrons in plasma (Figure 4A), inducing
stretching and easy splitting of clusters if impacted by electrons
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FIGURE 4 | Mechanism for obtaining a supported metal catalyst with smaller and highly dispersed active sites: (A) catalyst surface bombardment by energetic

species and accumulation of electrons on metallic particles; (B) sheath formation and elongation of metallic particles due to repulsive forces; (C) fragmentation of

metallic particles, resulting in smaller and more dispersed active sites.

or other energetic species from plasma (Liu et al., 2006). Trapped
electrons, as shown in Figure 4B, also generate repulsion
forces between electrons trapped in the same particle as well as
adjacent particles, affecting the kinetics of metal site nucleation
and growth due to interaction with the support surface and
creation of defects favorable to the formation of new nuclei
instead of coalescence of previously formed sites, as exposed
in Figure 4C (Du et al., 2015). As a result, fast nucleation and
slow crystal growth in a room-temperature plasma process can
reduce the size of active sites (Liu et al., 2006; Peng et al., 2015).
Furthermore, during plasma treatment, the catalyst is normally
reduced, since electrons can be a reducing agent (Taghvaei et al.,
2017).

Plasma reactions are much more dynamic than those
that occur in conventional thermal preparation, inducing fast
crystal nucleation on the support (Liu et al., 2016). As non-
thermal plasma is operated at low temperatures, including room
temperature, crystal growth is slow, making it possible to obtain
more active sites due to greater refining of supported metal
particles (Das et al., 2017). Reducing the size of metallic particles
present on the surface also favors the occurrence of more intense
interactions between the metal and the support, contributing to
greater sintering and coke deposition resistance during reactions.
Therefore, supported metal catalysts prepared through plasma-
assisted processes may present greater stability and durability
even under more severe reaction conditions (Lee et al., 2009;
Rahemi et al., 2013b; Wang et al., 2013). In the following
sections, results reported in the literature about the pros and cons
of introducing plasma techniques in supported metal catalyst
preparation will be presented and discussed.

Plasma Treatment Prior to Thermal Calcination of

Supported Metal Catalysts
Even when plasma is applied before the calcination process,
smaller and more dispersed metal particles can be obtained
(Taghvaei et al., 2017). Rahemi et al. (2013a) evaluated the

morphology of Ni/Al2O3 and Ni/Al2O3-ZrO2 catalysts exposed
to three treatment cycles of 15min each in Ar plasma produced
by DC glow discharge (with a current of 100mA and pressure
range of 100 to 200 Pa) prior to calcination and compared
the results with samples prepared by a conventional process.
The researchers found that, without plasma treatment, Ni
metal particles are arranged in large clusters with irregular
shapes. On the other hand, plasma-treated samples presented
a more homogeneous distribution of metallic sites that were
significantly smaller, resulting in larger contact interfaces and
a more homogeneous morphology. In another paper, Rahemi
et al. (2013b) performed the same comparative study (with the
same process parameters) for Ni/Al2O3 and Ni/Al2O3-CeO2 and
observed similar results. In addition, through XRD analyzes, the
occurrence of slightly wider NiO and NiAl2O4 peaks in plasma-
treated samples compared to conventional process samples was
observed, indicating the presence of smaller and more dispersed
particles. Furthermore, an increase in NiAl2O4 peaks and a
decrease in NiO peaks compared to untreated samples were
verified, which is evidence that plasma improves the interaction
between Ni particles and Al2O3 support.

Wang et al. (2013), through XPS analysis, verified that
Ni surface coverage, determined by the Ni/Si atomic ratio
on the surface of supported Ni/SiO2-Mg catalysts, was 0.054
and 0.043 for samples with and without, respectively, N2

glow discharge plasma treatment before thermal calcination.
The plasma discharge was driven for 2 h under the following
parameters: frequency of 13.56 MHz, voltage of 100V, anodic
current of 100mA, and initial gas pressure of 50 Pa. Considering
that the total amount of Ni present in samples was the same
(6 wt%), it proves that plasma causes a higher dispersion of Ni
particles, preventing cluster formation and growth. This result is
in accordance with the study performed by Zhu et al. (2008), who
acknowledged that Ar glow discharge plasma treatment before
thermal calcination improved Ni distribution on the surface of
supported Ni/Al2O3 catalysts. In this case, a voltage of 900V was
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supplied by a high voltage amplifier through a function/arbitrary
waveform generator with a 100Hz square wave at a pressure
range of 100 to 200 Pa, and the samples were treated five times
for 10 min.

Yan et al. (2013) compared the stability and activity of Ni/SiO2

catalysts prepared by a conventional method with and without
a DBD process before calcination using an air plasma with
an average voltage of 14 kV with a sinusoidal waveform at
a frequency of about 22 kHz. Plasma samples were treated 15
times for 4min in each cycle. The catalyst treated by plasma
presented mainly Ni particles with the (111) plane in the surface,
resulting in high dispersion, enhanced interaction between Ni
and SiO2 support, improvedNi sintering resistance, and excellent
coke resistance. On the other hand, the thermally calcinated
catalyst without plasma pretreatment presented Ni particles of
the (111), (200), and (220) planes. These two latter planes exhibit
a strong tendency for coke formation, compromising the catalyst
performance (Taghvaei et al., 2017). Similarly, Shi and Liu (2009)
also reported that Ni/SiO2 catalyst with a 1 h Ar glow discharge
plasma pretreatment exhibits improved activity. Unlike DBD
plasma, glow discharge does not decompose the nickel precursor,
but a specific hydrate is formed. So, in this case, a subsequent
thermal process must always be performed before the use of the
catalyst in reactions. The Ar glow discharge plasmawas generated
by applying 900V at 100 Pa through a high voltage amplifier with
signal input supplied by a function/arbitrary waveform generator
with a 100Hz square wave.

Recently, Chen et al. (2020) prepared vanadium-based
supported catalysts by non-thermal plasma deposition in a glow
discharge reactor with a power output of 120W and an internal
pressure between 15 and 60 Pa prior to thermal calcination at
500◦C for 5 h and compared it with conventionally prepared
supported catalyst. The results obtained demonstrated that the
plasma-treated catalysts exhibited smaller particle size, greater
metal dispersion, and a more uniform distribution of active
sites, as well as higher specific surface area. Also, non-thermal
plasma treatment generated more oxygen vacancies on the
catalyst surface, enhancing the catalytic activity of the catalysts
at temperatures below 260◦C. These outcomes agree with the
study performed by Zhao et al. (2019), in which Ni/SiO2 catalysts
were prepared with and without DBD plasma treatment prior
to thermal calcination at 500◦C for 4 h. Plasma was generated
and sustained with an average voltage of 14 kV at a frequency of
22 kHz using air as the plasma-forming gas. The plasma process
prevented the formation of NiO species and suppressed Ni
sintering, providing higher surface area, enhanced Ni dispersion,
and greater metal–support interaction, which increased the
activity and stability of catalysts in syngas methanation. The
plasma-prepared Ni/SiO2 catalyst showed a CO conversion of
79% at 340◦C, compared to 32.5% for conventionally prepared
catalysts, both with 10 wt% Ni. Equal propensities were also
observed for H2 conversion and CH4 yield.

Plasma Calcination and Reduction of Supported

Metal Catalysts
In general, low-temperature plasma calcination and reduction
are quite distinct from traditional thermal methods in terms

of nucleation and crystal growth, making it possible to
obtain supported metal catalysts of controllable particle size
and improved activity and stability (Taghvaei et al., 2017).
Glow discharge plasmas can be applied as a green reduction
method in supported metal catalyst preparation, as electrons
are incredible reducing agents (Liu et al., 2014). However, some
metal precursors cannot be reduced by this procedure. For
example, plasma calcination of supported Ni(NO3)2, Fe(NO3)3,
and Co(NO3)2 precursors in Ar glow discharge causes only
decomposition, so metal oxides are normally obtained (Cheng,
2008; Wang et al., 2018b). The propensity of metal ions
for reduction by non-hydrogen plasma can be assessed by a
basic concept of electrochemistry known as standard electrode
potential (Wang et al., 2007). Metal ions with positive standard
electrode potential (adopting a standard hydrogen electrode as
the reference electrode), such as Pt, Pd, Au, Ag, and Rh, can be
readily reduced by non-hydrogen plasma at room temperature
due to its ability to adsorb electrons by the mechanism illustrated
in Figure 4 (Liu et al., 2014). Zou et al. (2006b) reported
that Ar glow discharge plasma created using a DC high-
voltage generator with a voltage between 0.9 and 1.2 kV and
current in the range of 1 to 2mA at a pressure of 100 Pa,
can be successfully applied for plasma reduction of noble
metals supported on non-porous TiO2 and porous γ-Al2O3,
providing metal nanoparticles homogeneously distributed and
with enhanced interaction with both supports after 60min
of treatment.

Electron-assisted reduction via room-temperature discharges
is extraordinarily effective for size control of metallic sites. It is
an effortless, cheap, and fast way to reduce metal sites, providing
an environmentally friendly process as an alternative to hydrogen
reduction at elevated temperature (Zhang et al., 2000; Liu et al.,
2006, 2014). Zhu et al. (2006) applied Ar glow discharge plasma
for calcination and reduction of Pt/Al2O3 catalysts, obtaining Pt
particles with irregular shape but uniform distribution on the
Al2O3 support after 5 plasma treatments of 10min each at a
voltage of 900V and in a pressure range of 100 to 200 Pa. Plasma-
reduced Pt/Al2O3 showed activity comparable to a hydrogen-
reduced sample for partial oxidation of methane, but greater
stability and anti-coke resistance were observed. Similar results
were noticed by Wang et al. (2007) in the reduction of Rh/Al2O3

catalyst by argon glow discharge plasma using the same process
parameters as Zhu et al. (2006). The average particle size obtained
for Rh was 1.2 nm.

On the other hand, for metal ions with negative standard
electrode potential in comparison to a standard hydrogen
electrode (reference), a combination of plasmas and/or an
external heating source can be applied. Moreover, hydrogen
plasma can also be applied directly in this case, if preferred (Liu
et al., 2014). Kim et al. (2004) reported that supported Co and Pt
catalysts can be reduced byH2 atmospheric DBD plasma using an
AC source. Hu et al. (2011) reported that a cold plasma jet cannot
be used to reduce NiO/Al2O3 catalysts in an Ar atmosphere
below 467◦C but that it is promptly reduced in a 10%H2/Ar
atmosphere. In general, characterization techniques like XRD
and XPS can confirm the existence of metallic active phase sites
after plasma treatment (Cheng, 2008).
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Zhang et al. (2000) reported that Ar plasma RF discharge
at 650 Pa for 25min for calcination followed by an H2 plasma
under the same conditions for 65min for reduction provides
beneficial results when used in place of conventional thermal
processes for Ni/Al2O3 catalyst preparation. Plasma-treated
catalyst demonstrated greater activity and stability in comparison
to a conventionally prepared one, inducing an increase in CH4

conversion during natural gas partial oxidation reaction of 3
to 5%. In addition, the total preparation time of the supported
metal catalyst was significantly shorter (from 11 to 1.5 h). Similar
results were found by Jin et al. (2014) when comparing Ni/Al2O3

catalysts calcined and reduced through a traditional method
at 700◦C for 8 h in a 20%H2/N2 atmosphere and by an H2

DBD plasma technique at atmospheric pressure for 20min.
The authors observed higher activity, stability, and resistance
to carbon deposition in plasma-treated samples, which were
attributed to the greater dispersion of undersized Ni particles,
generating more active sites. In other research conducted by
Foix et al. (2010), calcination of a Pd/Al2O3 catalyst through
Ar RF plasma discharge at 500 Pa for 30min gave rise to Pd2+

sites on the surface surrounded by oxygen species, while thermal
calcination of a sample in air at 500◦C for 2 h resulted in
the predominant formation of PdO species. This difference is
related to the higher catalytic activity observed for plasma-
treated catalysts in the conversion of NOx to N2 at low
temperature. Another interesting point reported by the authors
is the reduction in process duration by at least half, making it
possible to achieve a drop in energy consumption of up to 87.5%.

Shang et al. (2009) applied 20%H2/Ar plasma jet calcination
and reduction to prepare Ni/γ-Al2O3 catalyst, reducing process
duration from 7 h (5 h of calcination at 550◦C and 2 h of
reduction at 750◦C) to 10min. Due to the 20 kHz AC voltage
applied, the temperature of the catalyst bed during the plasma
treatment was 527◦C. The average pore size of the catalyst
decreased from 9.8 to 6.9 nm, and Ni nanoparticles as small
as 5 nm were obtained, providing higher nickel dispersion,
improved anti-coke performance, and higher conversion of
CH4 (from 80.3 to 94.2%) and CO2 (from 64.4 to 73.8%)
in dry reforming of methane. A similar correlation between
average pore size and reactant conversion was noticed by Huang
et al. (2011) and Tang et al. (2015). Karuppiah and Mok
(2014) applied an AC DBD plasma of 11–12.5 kV (operating
frequency: 1 kHz) in a 20%H2/Ar atmosphere to reduce Ni/γ-
Al2O3 catalyst, obtaining highly active ultrafine Ni nanoparticles
with uniform dispersion after 4 h of reduction. Furthermore,
Benrabbah et al. (2017) noticed that Ni/Ce0.58Zr0.42O2 catalyst
reduced by H2 DBD plasma through a high-voltage AC source
of 15 kV (42.5 kHz) at atmospheric pressure presented enhanced
metal–support interaction compared to the same catalyst
conventionally treated, which slightly improves its activity for
CO2 hydrogenation at low temperature. In a detailed study,
Wu et al. (2015) applied atmospheric-pressure H2 DBD plasma
to Ni/γ-Al2O3 catalyst after a calcination process to reduce
NiO/Ni2+ phase to Ni0. As explained by the authors, during
plasma treatment, H2 is dissociated by energetic electrons and
forms H atoms responsible for catalyst reduction sputtering. As
a result, smaller metal clusters (from 11.2 nm for NiO particles

to 9.4 nm for Ni0) are formed, contributing to more uniform
dispersal over the surface. Moreover, the authors reported
that plasma discharge enhanced the catalytic activity and coke
formation resistance for steam reforming of ethanol. The ethanol
conversion and the hydrogen yield obtained at 437◦C with the
plasma-treated catalyst were 20.6 and 10% higher, respectively,
than those achieved by an untreated catalyst.

Plasma Modification of Supported Metal Catalysts

After Preparation
Plasma can be used not only during the preparation of
supported metal catalysts but also as a post treatment after
conventional methods. Although this alternative does not allow
energy consumption and processing duration to be reduced,
it enables enhanced catalytic properties like those described
previously to be obtained. Wang et al. (2018a) applied an O2/N2

(20/80) DBD plasma through a high-voltage AC source with a
frequency of 1.8 kHz for 30min in Pt/CeO2 catalyst prepared
by a conventional method prior to use. Characterization and
catalytic tests revealed that the plasma modified the catalyst
structure and enhanced the metal–support interaction. Higher
catalytic performance and lower activation temperature for
toluene oxidation were observed compared to a non-treated
sample due to there being smaller, highly dispersed Pt sites, as
well as a higher concentration of oxygen vacancies and Ce3+

sites. Also, toluene conversion through catalytic oxidation was
conducted with no significant decrease in activity for at least
50 h of use. Di et al. (2019) reported that the atmospheric-
pressure DBD plasma treatment of Pd/C-supported catalyst after
a calcination process at 300◦C for 2 h in an H2-rich atmosphere
led to an increase of 12% in the production of H2 and CO2

through formic acid dehydrogenation. Also, greater catalytic
stability was observed, as, with plasma treatment, the sample’s
catalytic activity decreased to 59.6% in a second reaction cycle
in comparison with the first cycle, while the commercial sample
presented a decrease to 16.3%. The main reason for these
results was the small size of Pd nanoparticles and the strong
metal–support interaction induced by cold plasma, even after
calcination. The plasma treatment was performed through 3
cycles of 2min each with a discharge voltage of 36.0 kV at a
frequency of 13.6 kHz under a high-purity H2 atmosphere.

Plasma post treatment can also be applied for recovering used
supported metal catalysts in order to eliminate carbon species
deposited during the reaction, but this approach is still poorly
explored in the literature. The regeneration effectiveness can be
attributed to chemical and thermal effects of plasma such as the
formation of reactive intermediates and cost-effective catalyst
heat-up due to low-temperature activation (Lee et al., 2019). Zhu
et al. (2015) reported that Au/TiO2 catalysts deactivated through
CO oxidation were effectively regenerated by atmospheric-
pressure air DBD plasma initiated through a high-voltage AC
source with a frequency of 1.8 kHz and an input power of 3W.
In contrast, Lokteva et al. (2011) applied a glow-discharge O2

plasma treatment for the recovery of Pd/TiO2 catalyst deactivated
due to carbonaceous deposits. A sputtering reactor operated at an
AC voltage frequency of 50Hz, amplitude of 1,500V, and current
of 150mA was used for discharge maintenance for 20min at low
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pressure (120 Pa). Deep oxidation of Pd particles was observed
due to the removal of carbonaceous deposits. Thus, PdO sites
had to be subsequently reduced by H2 for complete catalyst
renewal. It must be highlighted that sintered particles cannot be
recovered, but heavy hydrocarbons can be detached via oxidation
(Lee et al., 2019).

USING SUPPORTED METAL CATALYSTS
PREPARED BY PLASMA-ASSISTED
PROCESSES IN FUEL CONVERSION

High activity, selectivity, and long-term stability are primary
properties required for a supported metal catalyst that is
effective for fuel conversion. As discussed in previous sections,
catalytic reactions are influenced by various factors, including
active particle size and shape, phase structure, metal–support
interaction, surface properties, reaction conditions, among
others. In this scenario, non-thermal plasma preparation
provides supported metal catalysts with greater dispersion, better
metal-support interaction, and improved resistance to carbon
deposition and deactivation in fuel conversion reactions (Liu
et al., 2016). Fuel reforming consists of chemical extraction of
hydrogen from hydrocarbons such as diesel, gasoline, liquefied
petroleum gas (LPG), and natural gas (Kang et al., 2008). This
catalytic process is commonly conducted at high temperature
(up to 1,000◦C) and pressure (>10 atm) (Chen et al., 2008; Xu
and Tu, 2013). The most reported catalysts for fuel conversion
were Ni, Fe, Co, Pt, and Pd, supported on a wide variety of
oxide materials, due to their great chemical stability even at
higher temperatures.

The production of syngas (H2 + CO) is a relevant process
for natural gas conversion into valuable liquid products of high-
quality (Alvarez-Galvan et al., 2019). Dry reforming of methane
(DRM) is a renowned process for syngas production from two
greenhouse gases (CH4 and CO2) (Taghvaei et al., 2017). Syngas
can be used as fuel or feedstock for the Fischer–Tropsch process
to produce hydrocarbons (Chung and Chang, 2016), as will be
discussed in the next paragraphs. Ni-based supported catalysts
are considered proper catalysts for this type of reaction due to
their high activity and economic feasibility, as the stability issue
is overcome by the introduction of plasma discharge methods
into the preparation process. Rahemi et al. (2013a,b,c, 2014)
conducted many studies into the influence of Ar glow discharge
plasma calcination and reduction in Ni-based supported catalysts
for dry reforming of methane, obtaining positive results such as
an increase of 62% and 33% inH2 selectivity and CH4 conversion,
respectively, due to plasma effects.

Partial oxidation of methane is another promising process
with which to obtain syngas. In this context, Xi-zhen et al. (2003)
obtained Ni-Fe/Al2O3 catalyst with higher methane conversion,
as well as greater CO and H2 selectivity, by a glow discharge
plasma calcination and reduction method. In contrast to partial
oxidation, the Fischer-Tropsch reaction converts syngas to liquid
hydrocarbons such as methanol, an alternative clean biofuel that
is less expensive than ethanol. Jiang et al. (2013) reported that the

replacement of thermal calcination for DBD plasma calcination
in Co/SiO2 catalyst preparation induces higher CO conversion
and hydrocarbon chain growth. Moreover, the treatment time
was reduced from 5 h to 30min. Nevertheless, not only fuel
conversion processes but also other feasible chemical routes with
potential application for onboard energy conversion in vehicles
could take advantage of the beneficial effects of plasma-prepared
supported metal catalysts, such as photocatalytic water splitting
(Matsubara et al., 2019) and hydrogen evolution reaction (Nam
et al., 2020).

FUTURE TRENDS AND RESEARCH
TOPICS

The use of a catalyst in chemical processes such as fuel conversion
is one of the 12 principles of green chemistry. Thus, new
catalysts are increasingly desired, and non-thermal plasma-
based processes are very promising since less hazardous or
less expensive chemicals are used (Liu et al., 2016). However,
commonly used supports are porous materials, which presents a
physical barrier not yet overcome by plasma preparationmethods
of supported metal catalysts. Moreover, research in this area is
still scarce. A study developed by Zhang et al. (2016) suggests
that plasma species may be formed within pores whose size is >

10µm. In order to investigate the influence of porous supports in
the plasma preparation of supported metal catalysts, a previous
study conducted by the authors of this paper (Santos et al., 2018)
presented a sputtering deposition of Fe onto fragments of Al2O3

foams with 26 pores/cm and an average pore size of 300µm in
a plasma reactor using 43.4 sccm of Ar for 2 h at a temperature
of 450◦C, a pressure of 130 Pa and a voltage of 650 ± 12V.
Despite the large pore size, it was observed that Fe deposition
occurred only in the outermost pores. However, this fact does not
indicate that the plasma was not able to penetrate the innermost
pores, but rather that Fe particles bombarding the support did
not have access to internal zones due to collisions and consequent
deposition in more external pores. Anyway, it is undeniable that
there is great academic and industrial interest regarding the study
and development of supported metal catalysts, especially those
obtained from transition metals, due to their lower cost and
high availability.

On the other hand, the correlations between process
parameters and catalyst modifications still need to be better
understood, which requires more fundamental studies on cold
plasma mechanisms and effects. Full control of the surface
characteristics of these catalysts, such as the size and dispersion
of metallic particles and their interaction with the support, pore
size and morphology, and the presence of structural defects,
among others, must be achieved. These aspects are crucial for
obtaining properties such as high catalytic activity, selectivity,
and durability. Minimizing this knowledge gap will enable major
breakthroughs in the production of high-performance catalysts.
The introduction of plasma-assisted processes as pretreatment
or activation methods of supported metal catalysts has great
potential, since it allows all of the aforementioned characteristics
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to be modified. However, most papers reporting plasma-treated
catalysts only compare their catalytic properties and performance
with conventionally prepared samples, i.e., almost no attention
has been given to opposing plasma procedures (Taghvaei et al.,
2017). Depending on the electrode arrangement and operational
conditions, non-thermal plasma characteristics can change a lot.

FINAL REMARKS

Both catalysis and plasma are effective techniques for generating
cleaner and better fuels, although both also exhibit complex
reaction mechanisms. Hence, due to room temperature
operation, low power requirements, and non-equilibrium
properties, plasma preparation or pretreatment of supported
metal catalysts can be a very advantageous process. The
nucleation and growth promoted by non-thermal plasmas are
very different from those observed in conventional thermal
processes due to the presence of energetic species. In general,
plasma can enhance the dispersion of metallic nanoparticles
present in the catalyst surface, causing stronger interaction
between active phase and support. Thus, higher activity,
selectivity, and stability, as well as lower activation temperature,
are observed. This can be attributed to the splitting of metal
particles induced by sputtering of the catalyst surface. Glow
discharge and dielectric barrier discharge are the most used
non-thermal plasma configurations for this purpose because of
their simplicity.

Plasma preparation of supported metal catalysts can be
performed as a green process, since in most cases, no hazardous

chemicals are required. Moreover, a shortened process time is
achieved when plasma is applied, and some peculiar problems
of high-temperature calcination/reduction like the coalescence of
metal sites or active phase oxidation are overcome. Therefore,
supported metal catalysts based on transition metals such as
Ni and prepared by plasma can provide better fuel conversion
performance than supported metal catalysts with noble metals
as the active phase prepared by conventional processes, which
implies reduced obtention costs. However, more fundamental
studies are necessary in order to develop this technology toward
industrial application.
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