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ABSTRACT: Thermal-catalytic gas processing is integral to many current industrial
processes. Ever-increasing demands on conversion and energy efficiencies are a strong
driving force for the development of alternative approaches. Similarly, synthesis of
several functional materials (such as nanowires and nanotubes) demands special
processing conditions. Plasma catalysis provides such an alternative, where the catalytic
process is complemented by the use of plasmas that activate the source gas. This
combination is often observed to result in a synergy between plasma and catalyst. This
Review introduces the current state-of-the-art in plasma catalysis, including numerous
examples where plasma catalysis has demonstrated its benefits or shows future potential,
including CO, conversion, hydrocarbon reforming, synthesis of nanomaterials, ammonia . : B -
production, and abatement of toxic waste gases. The underlying mechanisms governing | Jia JI RN ¥
these applications, as resulting from the interaction between the plasma and the catalyst, J ) j L 4 _) - Al
render the process highly complex, and little is known about the factors leading to the

often-observed synergy. This Review critically examines the catalytic mechanisms relevant to each specific application.
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1. INTRODUCTION

Plasma catalysis is an emerging branch of plasma processing,
at the interface of a variety of disciplines, including physical
chemistry, material science, nanotechnology, plasma physics
and plasma chemistry, catalysis, and others. In short, its
objective is to enhance catalytic reactions by virtue of adding
a plasma to the reaction cycle. As most catalysts are
nanofeatured materials, the specific plasma—nanostructure
interactions may lead to synergistic effects. Until now,
however, very little has been understood in terms of the
basic processes taking place.

1.1. Scope and Structure of the Review

This Review is concerned with gas processing by combining a
plasma (partially) derived from that gas and a catalyst. The
goal of such gas processing is either to convert the gas or gas
mixture into another gas mixture, as, for instance, in dry
reforming of CH,, or to grow some material or structure from
the precursor gas molecules, as, for instance, in plasma-
enhanced catalytic growth of carbon nanotubes (CNTs). This
is the realm of (mostly) low-temperature plasmas in
combination with heterogeneous catalysis. Thus, we shall
not be concerned with high-temperature plasmas, such as
fusion plasmas, nor with homogeneous or enzymatic catalysis.
Within this scope, we aim to review the current understanding
in the field in terms of the basic processes taking place and
provide an explanation of them based on findings in the
literature, rather than collecting a large number of results.

We shall commence by reviewing a few basic general
concepts, which will serve as a basis to discuss the observed
plasma-catalytic processes and indicate how a low-temperature
plasma and nanofeatures of the catalyst affect these concepts.
Where possible, we will mostly focus on molecular-level
phenomena rather than discuss observations at a phenom-
enological basis. Readers already familiar with catalysis
(sections 2.1 and 2.2) or low-temperature plasmas (section
2.3) may skip the concerning sections.

Given the need for fundamental insight in this field, we
shall not be overly concerned with more practical issues, such
as the preparation of (nano)catalysts, reactor design, or
performance. Moreover, as we will focus on nanoscale
phenomena in catalysis, and how these are affected by the
plasma, we will not provide an extensive overview of types of
plasmas, plasma processes, or applications of plasmas.

As will be pointed out in sections 4 and 5, plasma catalysis
is already a highly successful approach for small-scale
fabrication of expensive materials, including, for instance,
CNTs or inorganic nanowires. Indeed, plasma catalysis
currently still is an expensive process, due to the high energy
investment and capital costs involved, currently prohibiting

the large-scale production of basic chemicals such as synthesis
gas (a mixture of CO and H,), ethylene epoxide, or methanol.
However, reducing this energy cost is a very active field of
research within the plasma community, and it is exactly the
combination of plasmas with catalysis that may open
perspectives for better energy efficiency, in combination
with the selective production of targeted compounds. We
shall return to this issue in section 4.2.

1.2. Brief Historic Perspective

Catalysis is already an old and very mature field in chemistry."
The first report came from Johann Wolfgang Dobereiner in
1823, stating that “finely divided platinum powder causes
hydrogen gas to react with oxygen gas by mere contact to
water whereby the platinum itself is not altered”, a process
that in 1835 was termed “catalysis” by Jons Jacob Berzelius.
Around 1900, Wilhelm Ostwald defined catalysis in terms of
chemical kinetics: “A catalyst is a substance which affects the
rate of a chemical reaction without being part of its end
products”. A few years later, in 1909, Ostwald was awarded
the Nobel Prize in Chemistry for his contributions to
catalysis. Some extremely important reactions also date back
to that period. For instance, Fritz Haber realized the nitrogen
fixation reaction N, + 3H, — 2NH; in 1909 on an osmium
catalyst (see also section S5.5), and Fischer and Tropsch
reported on the conversion of synthesis gas (a mixture of CO
and H,, commonly termed syngas) in hydrocarbons in 1924
(see also section 5.4). Nowadays, some 80% of all industrial
processes are based on catalysis, which amounts to a value for
catalysis-produced goods of about $20 trillion yearly world-
wide.”

What was not realized as such in the early days of catalysis
is that a large surface area is crucial. This determines the
number of active catalytic sites and is, thus, crucial for the
overall performance of the catalyst. To quote Ertl," “In fact,
catalysis has been a nanotechnology long before this term was
introduced.” We shall elaborate on the importance of catalyst
nanofeatures in section 2.2.2.

Plasma science is also an old field; the first gas discharge
was created by Francis Hauksbee in 1705, essentially by
charging and discharging an evacuated sphere containing a
small amount of mercury. The first industrial device was a so-
called silent discharge or dielectric barrier discharge used for
producing ozone, in 1857 by Siemens. The term “plasma” for
this kind of gas discharge was coined by Langmuir in 1927.°
Gas discharges or low-temperature plasmas nowadays are used
in a large number of applications.”> Many current plasma
processing and plasma applications rely on a limited number
of fundamental plasma—surface interaction processes, de-
scribed in section 2.3.2.

Whereas catalysis is most often conducted as a thermal
process, plasma-based catalysis is gaining in interest and
popularity. One of the earliest reports on plasma catalysis is
the 1976 U.S. patent by Henis for NO, removal.’ The plasma
adds a number of means to control the process, potentially
allowing a more efficient process. As we will describe in detail
below, the plasma enables one to modify both the feedstock
(section 2.3.1), by virtue of the occurring plasma chemistry in
the gas phase, and the catalyst (section 3.2), by virtue of the
plasma/surface interactions. The catalytic process in plasma
catalysis is thus determined by both the “bare” catalytic
system and the nanofeatures of the catalyst, as well as by the
modification of gas phase and catalyst by the plasma. This
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interaction between the plasma and the nanofeatures of the
catalyst may lead to sometimes unexpected benefits or
synergy. A variety of synergistic effects have been observed,
examples of which will be described in sections 3, 4, and S.

2. GENERAL ASPECTS OF PLASMA CATALYSIS

2.1. Chemical Bonding and Thermal Surface Processes

At the fundamental level, catalysis is determined by the
precise nature of the adsorbate/catalyst interaction." More-
over, on the microscopic level the catalyst is nanofeatured, i.e.,
it is either composed of nanoparticles, or it contains
nanofeatures such as high nanoscale roughness or nanopores.
It is therefore natural to consider the atomic/molecular level
details of catalysis as fundamental to the process. We shall
now first concentrate on these molecular-level details. First,
we shall review the basics of bonding of adsorbates to metal
surfaces at the molecular level (section 2.1.1) and surface
reactions and kinetics (section 2.1.2), to sketch the conceptual
framework relevant for many catalysis processes, followed by a
short discussion on zeolites and metal oxides as used in
plasma catalysis. Subsequently, in section 2.2.1, we describe
basic definitions and concepts in thermal catalysis, and in
section 2.2.2, we continue by reviewing the properties of
nanocatalyst particles and the influence of the nanoscale
features of the nanocatalyst on the catalysis process. As we
will see, these concepts are of major importance for a wide
variety of plasma-catalytic processes, including the growth of
CNTs, graphene, and inorganic nanowires, abatement of toxic
waste, CO, conversion, hydrocarbon reforming, ammonia
production, and more, as will be described in sections 4 and
S.

2.1.1. Molecular Description of Bonding on Catalyst
Surfaces. Transition Metal Surfaces. A large portion of
active catalysts used in plasma catalysis are transition metals.
The adsorbates are very often hydrocarbons or functionalized
hydrocarbons, as, for instance, in CNT or graphene growth
(sections 4.1 and S.1), dry reforming of methane (DRM)
(section 4.2), or volatile organic compound (VOC) abate-
ment (section S5.3). The interaction of hydrocarbons with
transition metals is determined, to a lar_ge extent, by the
position of the metal in the periodic table.”~” In general, less
noble metals interact stronger with the atoms than with
undissociated molecules, which leads to molecular dissocia-
tion. More noble metals, on the other hand, show the
opposite trend, which preserves the molecules intact. These
features are important for catalytic action and are affected by
the plasma—surface interactions. The latter will be discussed
in more details in section 3. Here, we first explain the
microscopic mechanisms of adsorbate—adsorbent interactions.

In the case of an atomic adsorbate, the (vertically oriented)
p. orbital of the carbon (or oxygen or nitrogen) atom
interacts with symmetric surface orbitals like the d orbitals or
symmetric combinations of s orbitals, typically leading to high
coordination. The coupling of the adsorbate to the broad
metal s/p states leads to a shift and broadening of the
adsorbate states, which is essentially the same for all transition
metals.'”"" Additionally, the asymmetric p, and p, orbitals
may interact with asymmetric surface orbitals like the d,, or
asymmetric combinations of s orbitals. This coupling is largely
responsible for the difference between the different transition
metals.

The coupling between the adsorbate states and the metal d
states typically gives rise to bonding and antibonding states,"
as shown in Figure 1. In more noble metals such as Cu, the
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Figure 1. Local density of states projected onto an adsorbate state
interacting with the d bands at a surface. The strength of the
adsorbate—surface coupling matrix element V is kept fixed as the
center of the d bands (g,) is shifted up toward the Fermi energy (&g
= 0) and the width W of the d bands is decreased to keep the
number of electrons in the bands constant. As &, shifts up, the
antibonding states are emptied above &p and the bond becomes
stronger. Reproduced with permission from ref 12. Copyright 1998
The Royal Society of Chemistry.

antibonding states are below the Fermi level and thus are
occupied. This decreases the overall adsorbate—metal bonding
interaction. In contrast, in less noble metals such as Ni or Fe,
these antibonding states are above the Fermi level and thus
are unoccupied. Bonding of adsorbates is stronger, therefore,
at non-noble metals than it is at noble metals."”"® Therefore,
the metal—adsorbate bond becomes stronger when moving to
the left in the periodic table.

When considering molecular adsorbates, there are usually
more adsorbate valence states to consider than in the case of
atomic adsorbates, although the overall picture remains the
same. Consider for instance, CO binding to a transition metal.
The CO valence states to consider are the filled 56 and the
empty double degenerate 27* states, as shown in Figure 2.
The interaction with the metallic s states merely results in a
downshift and broadening of both the So and 2™ states, as
was the case for atomic adsorption. Interaction with the d
states, on the other hand, leads to the formation of bondin
and antibonding states below and above the original states,’
respectively, as indicated in Figure 1.

The emerging picture is that the CO—metal bond consists
of electron donation from the So state to the metal, as well as
back-donation from the metal to the 27* state. The
contribution of the So state—electron donation—to bonding
is negligible or even negative: both the bonding and
antibonding orbitals will be populated, as they lie below the
Fermi level. The contribution of the back-donation, in
contrast, determines the bonding interaction. Before bonding,
the adsorbate 27* states are above the Fermi level. Upon
bonding, they shift partially below the Fermi level, leading to
significant bonding. As we now move toward the left in the
periodic table, starting from noble metals, the d-band center
moves up, and more antibonding states move through the
Fermi level and become empty, thus strengthening the bond.
The effect, however, is weaker for molecules than it is for
atoms.
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Figure 2. (a) Formation of the CO molecular orbitals from the atomic 2s and 2p oxygen and carbon atoms, showing the highest occupied
molecular orbital (HOMO) So and the lowest unoccupied moleculary orbital (LUMO) 2z* orbitals; (b) donation and back-donation in CO

interacting with the metal d orbitals (here shown for copper).

The more noble metals, which show the weakest
interactions, therefore show a stronger bonding to molecules
than to the corresponding atoms (i.e, CO will bind stronger
than the separate C and O atoms, such that molecular
dissociation is not favored), but when moving to the left in
the periodic table, the increase in metal—adsorbate bond
strength is greater in the case of atomic adsorbates than in the
case of molecular adsorbates, such that lesser noble metals
show stronger bonding to atoms than to the corresponding
molecule (ie., separate C and O atoms will bind more
strongly to the metal than the CO molecule, such that
molecular dissociation is favored).

Transition Metal Oxide Surfaces. Oxides of transition
metals are used for both thermal catalysis and plasma
catalysis. The three most widely used metal oxide catalysts
in plasma catalysis are CoO,, MnO,, and TiO,. Metal oxide
nanostructures are characterized by their redox and acid—base
properties."* Some metal oxides, like TiO,, are also widely
used thanks to their photocatalytic activity. Metal oxides show
a variability in both structure and oxidation state, form mixed
valence compounds, and often exist as nonstoichiometric
compounds, which further adds to their catalytic proper-
ties. >~ In plasma catalysis, metal oxides are often used as
support material for active transition metal catalysts, next to
other typical support materials such as carbons, SiO,, and
zeolites."”

The acid—base and redox properties of metal oxides are
determined by their ability to accept electron density and thus
to be reduced, leading to the generation of Brensted acid sites
or stabilizing the cationic transition state.''® Such reduction
processes are favored by low-lying LUMO orbitals, and this
ability is size-dependent. Indeed, the relative acidity and
basicity of a particular surface site is determined by the local
coordination of the site atoms. Hence, factors such as size,
geometry, and defects greatly influence the catalytic and
plasma-catalytic behavior.

Metal oxides show a wide distribution in work function,
from ~2 eV for ZrO, to ~7 eV for V,0;. As will be discussed
in section 3.2.2, the plasma may affect the catalyst work
function. Depending on the position of the Fermi level, and
the alignment with the HOMO—LUMO gap of the adsorbent,
the adsorbing molecule may either remain neutral upon
adsorption or become charged."” Specifically, when the Fermi
level lies within the HOMO-LUMO gap, the neutral

13411

molecule is thermodynamically most stable. When on the
other hand the Fermi energy becomes higher than the
molecules’ ionization energy, the ionized form of the molecule
will be more stable.'” Also, the precise position of the Fermi
level is determined by the presence of oxygen vacancies or
interstitials, in addition to general factors such as strain,
curvature, facetting, etc. affecting their properties. For
instance, as the metal oxide domains become smaller, the
electron density becomes less delocalized and the band gap
increases."”

The essential process in metal oxide redox catalysis is the
donation of surface lattice oxide ions to an adsorbed
reductant, as well as the subsequent uptake of oxygen from
the gas phase to reoxidize the metal oxide. This mechanism is
known as the Mars and Van Krevelen mechanism. In addition
to the direct oxidation by oxygen species originating from the
plasma, the Mars and Van Krevelen mechanism is probably
essential in catalytic oxidative degradation of VOCs.”

Zeolites. Zeolites are often described as solid acids, whose
catalytic function is mainly determined through their surface
acidity and shape selectivity.”*” In the context of plasma
catalysis, zeolites have been used both as catalysts and as
catalyst-support materials.”* >’

A distinguishing feature of zeolites is their unique and
sharply defined geometry. As a result, zeolites often exhibit
shape selectivity, defined as the dependence of the
heterogeneously catalgfzed reaction on the pore size and/or
pore architecture.’”*® In the context of plasma catalysis,
however, the importance of the micro- and nanofeatured
zeolite structure is the possible ability to generate a plasma
near or perhaps even inside the pores.””” Because of the
small dimensions, the electric field near these pores may be
very high, leading to plasma-catalytic mechanisms not
available in thermal catalysis. The effects and importance of
catalyst-induced electric field enhancement will be discussed
in section 3.3.

2.1.2. Surface Reactions and Kinetics. Bond Breaking
and Bond Formation. Activated processes are characterized
by the activation barrier E, separating products from reactants.
In a thermal process, the energy required to overcome this
barrier is supplied by the thermal energy kyT.

In plasma catalysis, the plasma itself may affect the energy
barrier of the process in several ways, e.g., by altering the
reactants either chemically by creating radicals, by providing
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some of the energy required for overcoming the activation
barrier by excitation (see sections 3.2.3 and 3.4.1), or by
modifying the size, structure, and morphology of the catalyst,
thereby also changing its properties and thus its activity.
These factors will be described in more detail in section 3.2.
Note that besides the kinetics of the reaction also the
thermodynamics of the process are modified by both the
nanofeatures of the catalyst and the plasma.’’

Early and Late Barriers. The bond formation and bond
breaking may be understood in generally the same terms as
those used to describe adsorption and desorption.'"*>*?
Conceptually, there are two types of surface reaction barriers
(Figure 3): so-called early-barrier reactions and late-barrier

Reactants

Early bamier

H,-surface separation

w=0CQ0~%

H-H separation

Figure 3. Calculated position of the transition state for H,
dissociation on metallic substrates: (left) early barrier; (right) late
barrier. Reprinted with permission from ref 34. Copyright 2003
Elsevier.

reactions. In early-barrier reactions, the transition state
resembles the initial configuration of the reactants, whereas
in a late-barrier reaction, the transition state resembles the
final configuration, resembling the products.

A typical example of an early-barrier reaction is dissociative
adsorption of H, on transition metal surfaces.’* Early-barrier
reactions are usually enhanced by translational energy instead
of vibrational excitation. In this case, the barrier is
encountered before the bond has noticeably elongated.
Typical examples of late-barrier reactions are the dissociative
adsorption of H, on noble metals or the catalytic dissociation
of CH, on transition metal surfaces.”> >’ The latter process is
of interest in plasma-catalytic dry reforming. In this case, one
of the hydrogen atoms nearly completely separates from the
methane molecule at the transition state, which resembles the
final products in which both the hydrogen atom and the CH;
radical are bonded to the metal surface.

We may now also understand the difference in reactivity
from one metal to another. As described above, the higher the
d-band center (i.e., moving toward the left in the periodic
table), the more bonding orbitals will be below the Fermi
level, the stronger the bonds will be between adsorbate and
the metal, and the more prone the adsorbate will be to
dissociation. Hence, the lesser noble metals show a higher
reactivity and, correspondingly, a lower activation barrier. This
determines the reactivity in early-barrier reactions. In late-
barrier reactions, the transition state resembles the products.
The differences in transition state energies thus also closely
follow the differences in adsorbed products.

2.2. Catalysis
2.2.1. Definitions and Concepts in Catalysis. Catalysis

is defined as the process in which the rate of a reaction is
increased without changing the overall standard Gibbs energy

change. This rate increase is brought about by the use of a
catalyst, which itself is regenerated after each reaction cycle.

A number of measures are used to determine the catalyst
performance and activity. The overall catalyst activity is
measured by the conversion, which is the number of moles of
reactant converted into products divided by the number of
moles of reactant fed. The selectivity for a given product is
defined as the conversion of the reactant(s) into the desired
product divided by the total conversion of the reactant(s). It
is thus roughly equal to the ratio of the reaction rate forming
that product over the total rate. Also, for a given set of
reaction conditions, the selectivity is often found to be
dependent on the conversion.”*™*" The selectivity is
determined by the mechanisms of the competing reactions
and by the surface state of the catalyst, as will be explained
later. The vyield is defined as the number of moles of product
divided by the number of moles of reactant fed, or,
equivalently, the product of the total conversion and the
average selectivity. Finally, another measure for the activity is
the turnaround frequency, or TOF, and is defined as the
number of times that the overall catalytic reaction takes place
per catalytic site and per unit of time for a fixed set of
reaction conditions.

A central concept in catalysis is the Sabatier principle,
which states that optimum activity is obtained for an optimum
interaction energy between the adsorbates and the catalyst.
When the reactants reach the surface, they need to adsorb
and bind sufficiently strongly to the catalyst such that they do
not immediately desorb into the gas phase again. Their
probability to react is related to their lifetime. After all
required elementary reactions have taken place, the formed
products need to desorb from the surface. Thus, these
products may not be bound too strongly to the surface, as this
would prevent them from desorbing. The optimum reactant
adsorption is reflected by so-called volcano plots, an example
of which is shown in Figure 4.*'

Consider, for instance, the adsorption of CO on three
typical metal surfaces: Co, Ni, and Cu. This is a critical step
in, e.g,, plasma DRM. The largest heat of adsorption for CO
is found on Co, i.e, 110 kJ/mol. Of these three metals, Cu
has the lowest d-band center, and Co has the highest. Thus,
Co is most reactive and shows the strongest binding, both
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Figure 4. Typical volcano plot, here shown for formic acid
formation. Reproduced with permission from ref 41. Copyright
2014 The Royal Society of Chemistry.
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toward the molecule and toward the separate atoms (see
section 2.1). As the molecular binding energy of CO on Cu is
less than the CO bond energy, CO will not dissociate on Cu.
The heat of adsorption of CO on Ni is ~95 kJ/mol, and on
Cu it is 80 kJ/mol. This small difference in adsorption energy
between Ni and Cu is magnified when the molecule
dissociates, because after dissociation the valence electrons
of the CO molecule are no longer tied to molecular orbitals
but are freely available. Consequently, the dissociation process
is exothermic on Co, thermoneutral on Ni, and endothermic
on Cu. Such simple arguments explain, for instance, the
difference in selectivity between these metals for the
conversion of synthesis gas: while Cu is an active component
for methanol synthesis catalysts, Co is a Fischer—Tropsch
catalyst producing higher hydrocarbons.

The Sabatier principle and the typical volcano curves are a
direct result of the above."' Indeed, moving toward the left in
the periodic table gives a lower activation barrier and higher
reactivity but also stronger bonding to the surface and, thus,
less free active surface and less desorption. What is less clearly
emphasized in the literature is that volcano plots are also
dependent on the catalyst size, as adsorbate—catalyst
interactions are indeed size-dependent. Therefore, we shall
now briefly review nanocatalyst properties.

2.2.2. Properties of Nanocatalysts. The nanoscale
feature dimensions of catalysts are responsible for the very
different properties of nanocatalysts compared to their bulk
counterparts and, in fact, for their actual use as catalysts. Let
us discuss the properties of nanocatalysts that are most
relevant to plasma nanocatalysis. A nanoparticle is defined as a
particle containing fewer than ~10° atoms, as above this
number the properties resemble those of the bulk. This
number corresponds to a diameter of less than ~100 nm.*>*

The activity of nanoparticles is determined, to a large
extent, by their size, composition, morphology, and interaction
with the support. The origin of this dependence resides in the
size-dependence of their geometrical and electronic struc-
ture.** Given that the surface-to-volume ratio increases with
decreasing particle size, and that the chemical reactivity of a
heterogeneous catalyst is proportional to this ratio, small
nanoparticles are generally the more-efficient catalysts.”
Detailed investigations have revealed, however, that the
relationship between size and reactivity is not always
monotonic. A clear example is the size-dependence of
adsorption energies on nanoparticles. This size-dependence
of the nanocatalyst chemical reactivity has been demonstrated
experimentally by Campbell et al. (as shown in Figure 5a)***’
and theoretically by Yudanov et al. (Figure 5b).* It was
shown by density functional theory (DFT) calculations that
the CO adsorption on Pd-nanoclusters is weakest (lowest
adsorption energy) for clusters containing 30—S0 atoms.
Below and above this size range, the CO adsorption is
stronger. Below this size range, the interaction is stronger
because of the decreasing energy gap between the 27 lowest
unoccupied molecular orbital (LUMO) of the CO molecule
and the energies of the d levels of the metal. Above this size,
on the other hand, the interaction energy increases due to a
decrease in lattice contraction with increasing particle size. As
a result of these size-dependent interactions, volcano plots are
also size-dependent.

The electronic structure of nanoparticles is not composed
of complete bands as in the case of macroscale solids but is
intermediate between atoms and molecules on the one hand
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Figure S. (a) Size dependence of the heat of adsorption of Ag on
Ag. Reprinted with permission from ref 47. Copyright 2013
American Chemical Society. (b) Size dependenceof the heat of
adsorption of CO on Pd. Reprinted with permission from ref 48.
Copyright 2011 American Chemical Society.

and solids on the other hand. Schematically, this may be
represented as shown in Figure 6." Indeed, for nanoparticles
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Figure 6. Electron levels of atom, cluster, nanoparticle, and bulk
metal. Reproduced with permission from ref 49. Copyright 2013
John Wiley and Sons.
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smaller than ~10 nm, the electronic, optical, and magnetic
properties of the material change due to quantum mechanical
effects. Specifically, when the de Broglie wavelength of the
electrons becomes comparable to the system size, the particles
electronically behave as zero-dimensional.* The de Broglie
wavelength of a 1 eV electron with rest mass energy of 0.511
MeV is 1.23 nm, which is a typical nanocatalyst particle size.

Nanofeatures of catalysts typically show a wide variety of
surface structures, possibly containing various crystal facets,
amorphous local surfaces, and defects. This is especially
important because both the interaction energy and the
reaction mechanism are determined by the coordination
number of the atoms involved. Generally, lower-coordinated
surfaces are more reactive than densely packed surfaces, and
hence catalysts usually come in the form of nanoparticles.

The melting point of nanoparticles is another well-known
size-dependent property of nanocatalysts, affecting their
catalytic behavior. Melting of nanoparticles is described by
the Gibbs—Thomson equation,

AT = 2Ty,

psAHr (1)
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expressing the depression of the melting temperature of small
particles relative to the bulk material, where Ty, is the bulk
melting temperature, o is the solid—liquid interfacial energy,
ps is the density of the solid, AH is the melting enthalpy, and
r is the radius of the particle. A variety of experimental®®>>
and theoretical works® ™" have indeed demonstrated this
melting-point depression. This is especially important for
processes taking place at elevated temperatures close to the
size-dependent melting temperature, as is the case in CNT
growth, for instance. Depending on the exact process
conditions, the nanocatalyst may exist in either the solid or
the liquid state, and consequently, a small change in
temperature may induce a change in process mechanism.
This has been observed in metal-catalyzed CNT growth,
where carbon transport may occur either by surface diffusion
at low temperature (solid nanocatalyst) or by bulk diffusion at
higher temperature (liquid nanocatalyst).

The most important effect on the catalytic behavior of a
material seems to be the occurrence and availability of
undercoordinated surface atoms, including face atoms (terrace
atoms), corner atoms, edge atoms, and kink atoms.>®? Other
effects, including the interaction with the support and charge
transfer, also contribute but to a lesser extent. DFT
calculations point out that changes in metal coordination
lead to significant changes in catalytic behavior.”’

To summarize, the catalytic activity of nanoparticles is
determined by their size, facetting, presence of steps, defects
and other “special sites”, strain, oxidation state, and support
material used. In plasma catalysis, all of these factors are
influenced by the plasma, thus affecting the catalytic process.”!

2.3. Low-Temperature Plasmas

2.3.1. Basic Properties. A plasma or gas discharge is a
partially ionized gas, consisting of electrons, various ions, and
neutral species (molecules, radicals, and excited species),
which can all interact with each other, giving rise to a “rich”
and reactive plasma environment. A key characteristic of such
plasmas is their far-from-equilibrium state at relatively low
temperatures, typically in the range 300—1000 K. This
combination of reactivity, far-from-equilibrium state, and
low-temperature operation enables plasmas to be used for
many complex applications, including catalysis. Plasma
reactivity in turn increases reactivity at surfaces in contact
with the plasma. As a result, low-temperature plasmas show
superior characteristics that allow the production of structures
and induce processes at surfaces more efficiently and with
more control than is possible with traditional thermal
methods. Here we introduce the various aspects of low-
temperature plasmas and plasma—surface interactions of
particular relevance to plasma nanocatalysis.

Low-temperature plasmas used in plasma catalysis are
characterized by the occurrence of various temperature scales
and energy distributions for neutrals, ions, and electrons, a
high chemical reactivity, and their lack of selectivity in terms
of product formation. Depending on how the power is
coupled into the plasma, a variety of different plasmas may be
obtained, including direct current (dc), capacitively coupled
radio frequency (RF), and inductively coupled RF sources,
microwave discharges, dielectric barrier discharges, gliding
arcs, plasma jets and plasma torches, etc.”’

Structure of the Plasma. When an electric field of
sufficient magnitude is applied to a gas, the gas will (partially)

break down in ions and electrons. Because of the much higher

mobility of electrons compared to the ions, all exposed
surfaces will attain a negative charge, which sets up an electric
field, slowing down the electrons and accelerating the positive
ions. This in turn establishes a dynamic equilibrium, with
equal fluxes of electrons and ions. As a result, a region in
front of the surface develops that is characterized by an excess
positive charge. This region is called the sheath. The sheath is
extremely important in plasma-processing applications, as it
determines the fluxes and energies of the (charged) species
reaching the surface. Also the neutral gas is affected in the
sheath, as the modified energy distributions of the electrons
and ions influence the reactions taking place. Thus, the
plasma—surface interactions are determined, to a large extent,
by the electric-field distribution in the plasma and especially in
the sheath, as well as to closely related plasma characteristics
such as the power coupled into the plasma, the gas pressure,
and the chemical composition of the plasma.

Energy Distributions in Plasmas and Reactivity. The
chemical composition of the plasma is determined by the
occurring reactions, which are in turn determined to a large
extent by the energies of the electrons, ions, and neutrals. The
electron energy distribution function (EEDF) is strongly
dependent on the precise electric field distribution and gas
composition, as well as on the discharge type.

The EEDF might be a simple Maxwellian distribution or
might show a more complex behavior such as the bi-
Maxwellian distribution or Druyvenstein distribution. The ion
energy distribution function (IEDF) is typically not far from
Maxwellian,” as the ions are typically too heavy to be strongly
accelerated by the electric field. The neutral species are
typically showing a simple Maxwellian distribution, as they are
not (directly) influenced by the electric field. Gas heating,
however, may occur through collisions with (mainly) the
energetic ions.

Vibrationally excited species are of special importance in
plasma catalysis, because they may strongly influence the
occurring plasma—surface interactions (see section 3.4.1).
Moreover, the energetic electrons induce reactions creating
highly reactive radicals, which can react further into new
molecules. Hence, even reactions that are strongly endother-
mic and that require high temperatures to proceed under
thermal reaction conditions can occur in a plasma at
sufficiently high rates at room temperature.

2.3.2. Plasma—Surface Interactions. Because of their
peculiar properties, plasmas interact with surfaces differently
from neutral gases. These interactions are determined by the
fluxes and energies of all species involved, and they induce
processes such as sputtering, etching, heating and formation of
hot spots, charging, deposition, implantation, and photon
irradiation.”’ These processes affect the plasma-catalytic
process and are briefly discussed here.

Etching and Sputtering. Etching is the chemical removal
of surface material by formation of volatile compounds upon
impinging particles reacting at the surface. A typical example
in plasma catalysis is etching of amorphous carbon with
hydrogen in plasma-catalytic growth of carbon nanotubes and
other nanocarbons.**~%*

Sputtering is the physical removal of surface material by
impact of energetic particles, typically ions. The impact of the
ion on the surface results in a collision cascade in the top
surface layers, leading to the ejection of material. It has been

shown both theoretically®® and experimentally® =" that
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sputtering can be a crucial factor in plasma-catalytic growth of
CNTs.

Heating. Plasmas can heat up surfaces they are in contact
with by the impact of charge carriers, photons, metastable and
excited neutrals, and fast ground-state neutrals, as well as
through exothermic surface reactions. Locally intense electric
fields induced by the strong local curvature of the nano-
particles contribute to the heating. The heating effect depends
on the power coupled into the plasma and may lead to the
formation of so-called “hot spots” that influence catalytic
processes.”' ~’* Plasma heating may reduce or even eliminate
the required external heating. When catalyst nanoparticles or
nanofeatures are subjected to this heating, they can melt
because of the Gibbs—Thomson effect (see section 2.2.2),
resulting in, e.g, a different solubility.56’75’76 Moreover, the
plasma heating is a localized effect where energy is
predominantly delivered to the topmost atomic layers of
catalyst nanoparticles (CNPs), where nanoscale plasma—
surface interactions are most intense. This effect is of great
importance for, e.g., plasma-enhanced metal-catalyzed CNT
growth, where ion bombardment stimulates the nanotube
nucleation process.”*® This will be further elaborated in
section 4.1.3.

Charging and Charge Transfer. Continuous electron and
ion deposition leads to surface charging, which affects the
catalytic function, especially in the case of nanocatalysts.
Indeed, charging is a size-dependent effect, and single-
electron-transfer and charge fluctuations come into play at
small nanoparticle sizes. Therefore, charge transfer to and
from the plasma affects the charge on catalyst nanoparticle
surfaces, which is determined by the dynamic balance between
the electron and ion currents onto the surface. The
dynamically varying electric charge in turn affects the catalytic
function of nanocatalysts. An example of charge transfer in
plasma-catalytic growth of CNTs is provided in section 4.1.3.

Deposition and Implantation. Plasmas are typically very
reactive, due to the effective creation of radicals that
effectively stick to the surface, thus making plasmas
particularly suitable for deposition of nanomaterials such as
graphene, CNTs, or inorganic metal oxide nanowires as
discussed later (see sections 5.1, 4.1, and 5.2, respectively).
Neutral nonradical molecules created in the plasma also
contribute to the deposition process. However, the sticking
coefficients that quantify their attachment to the surface are
typically lower compared to the radical species.

Ions with sufficient energies may penetrate the surface of
the substrate and become implanted. This effect may change
the surface condition and electronic structure of the catalyst,
thereby affecting its catalytic performance. For instance,
atomic-scale simulations predict that the CNT growth mode
may be modified by allowing energetic ions to impinge on the
growing structure.”””® On the other hand, experiments show
that ion bombardment modifies the catalyst dispersion.””

Photon Irradiation. Gas discharges create a significant
number of electronically excited species, which may decay to a
lower-energy state by emitting photons. These photons may
be advantageous in plasma catalysis, as they may activate
photocatalysts, such as anatase TiO, (see section S.3).

However, the photon flux generated by low-temperature
plasmas should be sufficiently high to play a significant role in
photocatalytic processes.””®" The arising opportunities are
presently underexplored, and we will return to this issue in
section 3.4.

3. PLASMA—CATALYST INTERACTIONS AND
SYNERGIES AT THE NANOSCALE

When the effects of nanoscale features described above are
combined with the presence of a plasma, interesting
interactions appear, yielding improved process results in
terms of efficiency, rate, yield, or selectivity. This phenom-
enon is often termed synergy. We shall now describe the
origins of this synergistic effect.

3.1. What is Synergy?

In the context of plasma catalysis, we can define synergy as
the surplus effect of combining the plasma with a catalyst, i.e.,
the effect of combining the plasma with the catalyst is greater
than the sum of their individual effects. Synergism in plasma
catalysis is a complex phenomenon, originating from the
interplay between the various plasma—catalyst interaction
processes.”**7®  Conceptually, we can break down the
interaction in two parts. First, both the plasma and the
catalyst, independent from each other, affect the surface
processes. The plasma does so by establishing an electric field
and by modifying the gas composition, resulting in the
delivery of a variety of reactive species, ions, electrons, and
photons to the surface where the plasma—catalyst interactions
take place. The catalyst will also affect the surface reactions,
by lowering the activation barrier for certain reactions.
Second, the plasma and catalyst show some interdependence,
as the plasma affects the catalyst properties and the catalyst
affects the plasma properties. For instance, the plasma can
modify the catalyst morphology or work function, modifying
the catalyst operation. Vice versa, catalyst properties such as
the dielectric constant or its morphology affect plasma
properties near the surface such as the electric-field
distribution and the electron-energy distribution. This
complex interdependence is graphically represented in Figure
7.
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Figure 7. Complex interdependence of effects of plasma on catalyst
and catalyst on plasma. Reprinted with permission from ref 85.
Copyright 2011 Elsevier.

An important parameter in plasma catalysis, often differ-
entiating the operating conditions from thermal catalysis, is
the system pressure. Thermal catalysis operates in a wide
range of pressures, including reduced pressures for, e.g., the
growth of nanomaterials such as CNTs or graphene and high
pressures, as in the case of, e.g., ammonia production. The
current tendency in plasma catalysis, in contrast, is to work at
atmospheric pressure. Relative to a low-pressure setup, this
eliminates the requirement of using expensive vacuum
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equipment and it reduces the influence of damaging ion
bombardment. High pressures (i.e., above atmospheric
pressure) at near-room temperature, on the other hand, are
not feasible in plasma catalysis, because the high-frequency
gas-phase collisions would thermalize all species, extinguishing
the plasma.

3.2. Plasma—Catalyst Interactions and Synergy 1: Effects
of the Plasma on the Catalyst

A significant number of effects of the plasma on the catalyst
have been reported and are discussed in this section.
Importantly, these effects and induced changes are closely
related. For instance, a change in morphological properties
typically leads to a modification of the electronic properties of
the catalyst, which in turn leads to a change in its chemical
properties. The division among the various listed effects is,
therefore, somewhat arbitrary.

3.2.1. Plasma-Induced Morphological Changes in the
Catalyst. The application of plasma has been observed to
lead to a higher catalyst dispersion and, hence, to a larger
active surface area.””® This can be attributed in part to the
lower process temperatures that can be employed in plasma-
catalysis systems, leading to less agglomeration and sintering
of catalyst particles and, hence, to a higher dispersion.
Moreover, bombardment of the catalyst surface by charged
particles may contribute to an enhanced dispersion. Shang et
al,, for instance, demonstrated that the dispersion of the Ni/y-
Al,O; catalyst more than doubled from 14.7% when prepared
thermally to 30.6% when prepared by a plasma-enhanced
method.”

Application of the plasma may also lead to significant
changes in surface structure and morphology, due to the fact
that the catalyst surface is subject to large fluxes of plasma
species, including energetic ions, radicals, and electrons, which
may induce a change in surface facetting and oxidation state
and, hence, stability and structure of the surface. For instance,
Guo et al. demonstrated a change in morphology of their
manganese oxide catalyst when exposed to a dielectric barrier
discharge (DBD) plasma.®” It was found that the granularity
of the catalyst features decreased upon plasma exposure, along
with an increase in catalyst dispersion. Hence, the specific area
of the catalyst was enlarged and the number of special sites
(such as vacancies, corner atoms, edges, etc.) at the catalyst
surface increased, leading to a plasma-enhanced reactivity.”’

3.2.2. Chemical and Electronic Changes in the
Catalyst. Change in Oxidation State. Upon exposure of
the catalyst to the plasma, the oxidation state of the catalyst
may change. For instance, the change in catalyst morphology
observed by Guo et al, as described earlier,’” was
accompanied by a decrease in oxidation state of the
manganese from Mn(III) to Mn(ILIII). Similarly, the
reduction of NiO to metallic Ni was observed by Gallon et
al,” Tu et al,”" and others”””* upon plasma exposure, in the
context of plasma DRM.

In contrast, an increase in the oxidation state of a
manganese oxide catalyst from Mn(IV) to Mn(V) was
found by Demidyuk and Whitehead, during plasma-catalytic
decomposition of toluene.” This increase in oxidation state
was attributed to the interaction with plasma-generated O
atoms.

Change in Catalyst Work Function. The work function of
a catalyst is highly sensitive to its precise surface condition,
including, for instance, its morphology, the occurrence of

contaminations, and surface reactions. Because the plasma
strongly affects the catalyst surface condition, it is clear that
the catalyst work function will be influenced. Additionally, the
presence of a voltage or current may alter the work function.
Hence, the catalytic activity and selectivity is governed in part
by the plasma-induced modification of the catalyst work
function.

3.2.3. Changes in Surface Processes. Reduced Coke
Formation and Poisoning. An important issue in catalysis is
preventing or limiting catalyst poisoning and coke formation.
This may be achieved by combining the catalyst with a
plasma. An interesting example of such a plasma/catalyst
synergism is the NH; decomposition for fuel cell
applications.” Whereas NH; conversion was only 7.4% and
7.8% in the case of Fe-catalyst alone and DBD plasma alone,
respectively, a conversion of 99.9% was obtained when
combining both. This spectacular conversion increase was
attributed to plasma-induced prevention of nitrogen poison-
ing, by N, desorption initiated by surface-adsorbed N atoms
recombining with activated plasma species such as metastable
NH; molecules and NH radicals. However, we note that the
reactor was operated using an excessive input power of about
3600 J/L, which would cause too high an energy cost from
the practical point of view.

Modification of the Reaction Pathways. Besides prevent-
ing catalyst poisoning and coke formation, the application of
the plasma also entails a modification of the reaction
pathways. As is clear from the above, the interaction between
plasmas and. In the thermal process, Wang et al. found that
desorbing N, molecules are formed by surface recombination
of two N atoms, ie., following a Langmuir—Hinshelwood
mechanism.”* This process thus inevitably leads to significant
surface coverage by N atoms. In the plasma-catalytic setup, on
the other hand, surface-adsorbed N atoms react with excited
NH;* molecules and with NH- radicals, thereby forming N,,
which can desorb from the surface. In the plasma-catalytic
process, the reaction thus proceeds through an Eley—Rideal
mechanism.”*

Lower Activation Barriers and Higher Pre-exponential
Factors. Further, the modification of the reaction pathways
may also lead to a change in activation barrier and pre-
exponential factor. Nozaki and Okazaki investigated steam
reforming of methane and found through Arrhenius-plot
analysis an activation barrier of ~100 kJ/mol in the reaction-
limited regime, for a setup combining both plasma and
catalyst and catalyst alone.”” The pre-exponential factor,
however, was found to increase by a factor of 50 in the case
of plasma catalysis. The same observation was made in the
diffusion-limited regime, albeit in this case the increase in pre-
exponential factor was only a factor 7. The increase in pre-
exponential factor can be ascribed to the significantly
increased dissociative adsorption of vibrationally excited CH,
at the catalyst surface compared to vibrationally ground-state
CH,. This conclusion quantifies the contribution of the
vibrationally excited plasma species in the plasma-enhanced
catalytic processes, which proceed quite differently compared
to common thermally activated processes.

Next to increasing the pre-exponential factor, igniting a
plasma in contact with the catalyst may also lower the
activation barrier. A convincing example was shown for
destruction of toluene on AgZO/A1203.93 Through Arrhenius-
plot analysis, a drop in overall activation energy from 63.2 to
49 kJ/mol, ie, by >20%, was observed. This drop was
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attributed to the generation of surface oxygen radicals. In
contrast, no such change in activation energy was observed in
the case of a MnO,/Al,O; catalyst. Instead, an increase in
pre-exponential factor was found, signifying an increase in
active catalytic centers, which was related to a change in
oxidation state of the Mn-oxide, as described above. Note,
however, that the use of the Arrhenius equation is limited, in
principle, to thermal processes, and its application is not
straightforward for plasma processes. Hence, while the synergy
demonstrated in these experiments is clear, the quantitative
values should be treated with care.

3.3. Plasma—Catalyst Interactions and Synergy 2: Effects
of the Catalyst on the Plasma

Some effects of the catalyst on the plasma have been reported
as well: an enhancement of the electric field due to catalyst
nanofeatures, formation of microdischarges in porous catalysts,
and changes in discharge type, all of which are closely related.

Probably the most often described effect of the catalyst on
the plasma is the enhancement of the electric field near the
catalyst surface. This enhancement may occur both in the case
of a nanostructured catalyst film and for catalyst-coated
dielectric packing in the form of pellets, granulates, or fibers.
The field enhancement results from the high local curvature
of the surface, in addition to the possible accumulation of
charges and polarization effects in the case of dielectric
materials. While the field enhancement does not directly
modify the chemical properties of the catalyst material, it does
modify the electron energy distribution—which in turn
determines the plasma composition and, hence, the relative
fluxes of plasma species reaching the catalyst. For instance, Tu
et al. demonstrated a clear increase in the high-energy tail of
the electron energy distribution upon packing their DBD with
TiO, pellets. Especially zeolites and certain ferromagnetic
materials with a high dielectric constant such as BaTiO; have
often been demonstrated to be effective materials in plasma-
catalytic destruction of VOCs.”*™* Although not specified in
the original works, the strong field enhancement may be
related to the strong nonuniformity of the electric field lines
near the nanopore openings in zeolites and microscopic-scale
polarizability of BaTiOs.

Upon partially filling the plasma reactor with packing
material, e.g., dielectric beads or catalyst-coated pellets, the
typical discharge mode is the formation of filamentary
microdischarges.'”’ However, when fully packing the reactor,
the discharge volume is strongly reduced, leading to a
modification of discharge mode from filamentary discharges to
predominantly surface discharges,'”" which in turn may lead
to a decrease in CH, and CO, conversion in plasma-catalytic
DRM.

Moreover, partially or completely filling the discharge
volume will also locally modify the electric field. The
strongest manifestation of this is seen when using zeolites
or ceramic foams. Indeed, in this case, the electric field inside
the pores is very strong, which modifies the discharge
characteristics. Hensel et al. demonstrated the effect of the
pore sizes on the discharge formation and its characteristics.
When pores with a size beyond 15 um were used, a stable
discharge could be maintained inside the pores.””'% Tt is
possible that, below this size, the surface recombination rates
exceed the rates of plasma species generation, thus causing the
discharge to become unstable or even extinguish.

3.4. What Possible Synergies Are Currently Unexplored?

As is clear from the above, the interaction between plasmas
and catalyst is complex, and often the net result of combining
both cannot be attributed to a specific single process. Whereas
some factors may prevail, such as the influence of the packing
in DBDs on the resulting electric-field distribution and the
resulting net effect on the plasma-catalytic process, other
factors have not been considered in much detail yet. We
describe here a number of such factors that may have a
significant effect on the process.

3.4.1. Vibrationally Excited Species. As discussed in
section 2.1.2, the Polanyi rules state that translational energy
is more efficient than vibrational energy in activating early
activation barriers whereas the reverse is true for late
activation barriers. Vibrational excitation is particularly
important in some plasmas, such as microwave discharges
and gliding arcs. In these plasmas, the amount of energy that
is deposited in vibrational excitations can be tuned to some
extent. As far as the kinetics of plasma—surface reactions is
concerned, this has two important consequences, as shown in
Figure 8.°>°° First, some of the vibrational energy may be
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Figure 8. Effect of vibrational excitation of CH, on the activation
barrier for adsorption on methane. Vibrational excitation may
decrease the effective activation barrier by increasing the energy of
the reactants by an amount E,;, (a) but also by allowing access to an
otherwise inaccessible part of phase space, thus lowering the
activation barrier further by an amount AE*. Reprinted with
permission from ref 35. Copyright 2004 AAAS.

used to decrease the energy barrier to be surmounted, by
increasing the reactant energy by an amount E, as shown in
Figure 8a. In this case, the barrier for the back reaction
remains unaltered. Note that not all vibrational energy
contributes to this, as the vibrational coordinate in general
does not fully map onto the reaction coordinate. Second,
vibrationally excited species may also experience a lower
activation barrier than ground-state species, as ground-state
species may not have access to the portion of phase space
containing the lowest transition barrier. This is shown in
Figure 8b, where the amount of lowering of the activation
barrier due to this second effect is denoted by AE*. In this
case, the activation barrier for the back reaction is decreased
as well. The resulting energy barrier due the combination of
both effects is E.’, which is lower by an amount E + AE*
relative to the energy barrier E,~ ° experienced by ground-
state species.

Clearly, the interplay between catalyst and vibrationally
excited species is very complex. To the best of our knowledge,
only a few studies have focused on this interaction in the
context of plasma catalysis, and especially in the field of
DRM.”® We expect to see an increased research focus on the
effects associated with vibrationally excited species in plasma
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catalysis in the near future, and we shall return to this issue in
section S.4.

3.4.2. Plasma Photocatalysis. A plasma is generally a
source of both photons and electrons, both of which may
induce electronic excitations, which in turn may initiate
catalytic surface reactions. In the cases of metal and metal
oxide catalysts, irradiation of the catalyst surface by photons
may enhance the catalytic activity.

While the lifetime of electronic excitations at metal surfaces
is very short (in fact, much shorter than the time scale for
nuclear motion),'*® this is (in part) compensated by the high
photon absorption probability in the near-surface region of
the metal. The photon absorption leads to photoexcitation of
the electrons. These electrons then relax through scattering
events, which in turn leads to a time-dependent electron
energy distribution (see left-hand side of Figure 9). These so-
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Figure 9. Energy diagram for an adsorbate-covered metal surface
under the influence of light absorption. Ey and Ep denote the
vacuum level and the Fermi level, respectively. Reprinted with
permission from ref 103. Copyright 2000 Elsevier.

called hot electrons may attach to empty adsorbate states,
thus leading to the formation of an excited adsorbate complex
(see right-hand side of Figure 9, showing the transition from
the ground-state potential to an excited state). If this excited
state is repulsive, the adsorbate may accumulate sufficient
kinetic energy to induce bond breaking while returning to the
ground state.

In the context of plasma catalysis, however, the possibility
for plasma-induced catalytic reactions has been considered
mostly for metal oxides such as TiO,—a well-known
photocatalyst. It has been proposed that intense irradiation
of the catalyst by plasma-generated photons may be
responsible for the TiO, catalytic activity in VOC abate-
ment.”"%%'% In this case, a photon energy of minimum 3.2
eV is required to excite an electron from the anatase TiO,
valence band to the conduction band. In contrast to metals,
the recombination of these charge carriers is relatively slow.
The electron in the conduction band can reduce an acceptor
molecule, while the photoinduced hole in the valence band
can oxidize a donor molecule. This donor molecule may be,
for instance, water or O,, leading to the formation of an OH
radical and the superoxide O, anion. Both species are highly
reactive and able to oxidize VOCs. However, some reports
indicated that the flux of (plasma-generated) photons in a
typical discharge is insufficient to induce an appreciable
photocatalytic effect.*”*"'°>'°” In contrast, photocatalyst
activation was only found to occur under additional UV-
irradiation. Therefore, unambiguous proof of plasma-induced
photocatalysis has not been reported as yet, and it is clear that
substantial research is needed in this area.

3.4.3. Collision-Induced Surface Chemistry. The
energy required to overcome the surface reaction barrier
typically comes from the adsorbate and/or adsorbent thermal
fluctuations. As discussed above, this energy or part of this
energy may be delivered through vibrational excitation, or by
impinging photons or electrons. Yet another energy delivery
channel is through the kinetic energy of impinging inert
atoms and/or ions. The first observations of this process were
on Ar-impact induced CH, dissociation on a Ni(111)
surface.l()3,108,109

This process may be resolved in two steps. First, the
impinging atom transfers a fraction of its energy to the
adsorbed CH, molecule. The amount of energy transferred
depends on the position and direction of the impact. The
transferred energy may then be used to dissociate the
molecule in the second step. Thus, the adsorbed molecule
is accelerated toward the surface, which may or may not lead
to dissociation, depending on the precise geometry of the
adsorbate/adsorbent system. If the molecule does not
dissociate, it may desorb from the surface. In fact, it was
found that the probability of collision-induced desorption is
significantly higher than that of collision-induced dissocia-
tion.'*®

In the context of plasma catalysis, this principle has been
proposed as the mechanism underlying ion-induced network
healing in plasma-catalytic growth of carbon nanotubes.” It
was found that, in a narrow energy window of 15-25 eV,
impinging Ar ions transfer sufficient energy to the growing
network to reorganize itself, leading to the formation of a
more crystalline and less amorphous structure, but they do
not transfer enough energy to break up the network and
destroy the structure. Hence, by fine-tuning the surface bias
and, hence, the ion kinetic energy, specific processes requiring
well-defined energies may be promoted through this
mechanism.

4. CONTRASTING CATALYTIC, PLASMA, AND
PLASMA-CATALYTIC PROCESSING: CNT GROWTH
AND CO, CONVERSION

4.1. Carbon Nanotube Growth

The first case study to illustrate synergy in plasma catalysis is
the growth of one-dimensional (1D) carbon nanostructures
on solid surfaces exposed to either a hydrocarbon source gas
or a low-temperature nonequilibrium plasma. These examples
include single- and multiwalled carbon nanotubes (SWCNTs
and MWCNTs, respectively) and carbon nanofibers (CNFs).

Although the SWCNT thickness may vary from 0.5 to 10
nm or even more, the most typical thickness is of the order of
1-2 nm. MWCNTs and CNFs broadly vary in size, and their
typical thickness is of the order of tens of nm. The thickness
of these structures is usually limited by the -catalyst
nanoparticles (CNPs) or catalyst-surface features (CSFs),
which support nucleation and growth of the nanostructures.' "’
In the case of SWCNTSs, however, there is no unique
correlation between the CNP diameter and the tube diameter.
Indeed, two distinctive tangential and Iperpendicular nuclea-
tion and growth modes are possible.'' In the tangential
mode the tube diameter is close to the CNP diameter,
whereas in the perpendicular mode the tube diameter is
smaller than the CNP diameter. Both modes were shown to
occur independently of CNP size.'"!
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The growth requires a source of carbon atoms, which can
be delivered to the CNP or CSF surfaces by the chemical
vapor deposition of hydrocarbon precursor gases such as
methane (CH,), acetylene (C,H,), ethylene (C,H,), and
others.'">~"'* Most often, a hydrogen-based etching carrier
gas, such as H, or NH;, is added to remove amorphous
carbon deposit. The precursors need to be decomposed
(dissociated) to release carbon atoms that can then nucleate
and give rise to the initial nuclei that eventually develop into
the 1D nanostructures. Dissociation of hydrocarbon pre-
cursors has a specific energy barrier that needs to be
overcome, which depends on the geometrical and electronic
properties of the nanostructure (see section 2.2.2). Apart from
heating the precursor gas flow in the reaction chamber, the
common means of supplying energy required for the
nucleation and growth is by heating the deposition substrate.
The exact amount of energy required is determined by the
surface material and topography. Moreover, besides determin-
ing the specific mechanisms and activation energy of
hydrocarbon precursor dissociation, they also govern the
capturing and directing of carbon atoms into the sites of
nucleation and incorporation into the developing nanostruc-
tures.

The pressure in both thermal-catalytic and plasma-based
CNT growth can vary from the sub-Torr range up to
atmospheric pressure.”’> Traditionally, plasma processing
makes use of reduced pressures, allowing easy plasma ignition
and the formation of a homogeneous discharge. Atmospheric
pressure setups, however, do not require expensive vacuum
pumps, which is advantageous in an industrial setting.
Moreover, ion bombardment at reduced pressure may damage
the growing structure. In contrast, because of the much higher
collision rates, ion-induced damage is strongly reduced in
atmospheric pressure growth systems. Hence, we envisage
atmospheric pressure sources as the current and future
systems of choice for CNT growth.

The outcomes in terms of nanostructure growth are the
results of interaction of the neutral precursor gases in thermal
chemical vapor deposition (CVD) or partially ionized gases in
plasma-enhanced CVD (PECVD) with the surfaces. They also
depend on the way the surface texture is formed.

The two most common ways to form such features is by
either depositing (or forming otherwise) nanoparticles or
surface texturing. The particles and the textures made of
different materials exhibit very different solubilities of carbon
atoms. Generally, nanometer-sized CNPs or CSFs catalytically
facilitate precursor gas dissociation and help capture the as-
produced carbon atoms to direct them to the nanostructure
nucleation sites. These nucleation sites are random and,
hence, poorly controllable on smooth surfaces. Importantly,
nanostructure nucleation on smooth surfaces may not even be
possible. In this case the CNPs or CSFs are the decisive
enabling factors in 1D nanostructure nucleation and growth.

Let us now consider the difference between metal-catalyzed
CVD, PECVD without catalyst, and metal-catalyzed PECVD,
focusing specifically on the synergistic plasma-specific effects
that arise.

4.1.1. Thermal Growth with a Catalyst. CNTs are most
often grown by thermal metal-catalyzed CVD. The growth
process is commonly accepted to follow the vapor—liquid—
solig (VLS) mechanism, as shown schematically in Figure
10.”7
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Figure 10. VLS model applied to CNT growth. (a) Adsorption of
gas-phase hydrocarbon species on the nanocatalyst particle; (b)
catalytic decomposition into carbon atoms and dissolution in the
liquid bulk; (c) surface carbon segregation with the formation of a
solid precipitate; (d) formation of a solid crystalline structure.
Reprinted with permission from ref 63. Copyright 2012 American
Vacuum Society.

In this mechanism, originally proposed in 1964 for the
growth of Si-whiskers''> and subsequently applied to the
growth of carbon nanofibers,"'® the gas-phase hydrocarbon
precursor molecules are catalytically decomposed on the
surface of the catalyst nanoparticle. The catalyst is assumed to
be liquid, allowing the carbon to easily diffuse through the
bulk of the particle. After supersaturation, carbon starts to
segregate in order to form a bent graphene patch partially
covering the nanoparticle. By continuous addition of carbon
from the bulk of the particle, which is delivered through a
continuous influx of hydrocarbon precursor molecules, a solid
CNT eventually emerges.

The assumption that the catalytic particle is liquid is indeed
justified by the typically used growth temperatures, in the
order of 1000 K, in combination with the Gibbs—Thomson
effect, as discussed in section 2.2.2. Indeed, often used metals
such as Fe, Co, and Ni show melting temperatures in the
order of or slightly below that value.>>™>” Moreover, atomistic
simulations pointed out that the activation energy for metal—
metal and metal—carbon bond switching decreases with
increasing carbon concentration in the nanoparticles. This
leads, in turn, to an increasing amorphization of the
nanoparticles, thus rendering them liquid at an even lower
temperature than would be expected based solely on the
Gibbs—Thomson effect for the pure metallic nanoparticles.'"”

The catalyst nanoparticle may be located both at the top or
the bottom of the 1D nanostructure as shown in Figure 11.""*
The first case is more common for MWCNTs and CNFs
whereas the second case is more relevant to SWCNTSs. The
interface between the CNP and the nanostructure is accepted
as the point of incorporation of carbon atoms into the
developing structure. The only significant difference between
the CNT and CNF cases is the wall shape resembling straight
coaxial cylindrical walls for CNTs and a bamboo-like structure
for CNFs.

4.1.2. Plasma Growth without a Catalyst. Although
CNT growth usually requires a catalyst, both SWCNTSs and
MWCNTSs can also be grown without a catalyst, provided
some other curved seed particle is available allowing for cap
formation and continued grow‘ch.lw_121 In this case, the
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Figure 11. Two common locations of metal catalyst nanoparticles in
the growth of MWCNT (left) and SWCNT (right) nanostructures.
Reprinted with permission from ref 118. Copyright 2008 John Wiley
and Sons.

plasma may facilitate the growth process. One possibility is to
grow MWCNTs directly on an oxide-free Si surface in
methane-based microwave plasmas without any external
heating, as shown in Figure 2.1

SIAVAfer
Figure 12. Schematic of the microwave plasma CVD system (a);
melting of the topmost part of the Si nanofeature (NF) and
formation of a solid SiC hemispherical tip (b); elementary surface
processes involved in the heating of the Si NF and generation of C
atoms (c); formation of the graphene cap (d); and growth of the
vertically aligned nanotubes (e). The important surface processes
sketched in (c) are ion-induced dissociation (IID), ion decom-
position (ID), nitrogen ion heating (NH), and thermal dissociation
of hydrocarbon radicals (TD). Reproduced with permission from ref
122. Copyright 2013 John Wiley and Sons.

According to the Si/C phase diagram,'*® bulk Si has only a
limited maximum carbon solubility of 9 X 107* at% at 1674 K
due to the formation of B-SiC precipitates and, hence, does
not catalyze CNT growth in the way that is common for
metal CNPs discussed earlier. In this case, the extent of
contact of the plasma with the surface plays the key role.'*”
When the Si surface was smooth, both CVD and PECVD
failed to produce CNTs. When arbitrary small scratches and
dots were made on the Si surface, only direct plasma contact
with the surface produced the nanotubes. Importantly, both
thermal CVD and remote plasmas failed to produce the
MWCNTs.

Surface microscopy revealed that microscopic Si nano-
features with tip sizes of the order of 10 nm were produced

upon scratching. As mentioned in section 2.3.2, the plasma
can provide heating necessary for the nucleation and growth
of carbon nanotubes or nanofibers. The surface temperature
at the discharge power that produced the nanotubes matched
the melting temperature of a Si nanoparticle of a ~10 nm
size."”” Once molten, Si easily forms a carbide phase when
exposed to a flux of carbon atoms. SiC particles are known to
catalyze CNT growth,"**'** and this was a likely reason for
the formation of MWCNTSs only on Si NFs and only upon
direct contact with the plasma.

This manifests a synergistic effect: the process only works
when both the Si nanofeatures and the plasma are present.
Exposing a smooth Si surface to a plasma or Si nanofeatures
to a neutral gas of the equivalent CVD process both did not
work.'**

4.1.3. Plasma-Catalytic Growth. Plasma-catalytic growth
is rather common for SWCNTs, MWCNTs, and CNFs, and
many works reported on the beneficial effects of combining
the catalyst with the plasma.®'~**'*® Compared to thermal
growth, a large variety of active species may contribute to the
growth process, including atoms, molecules, excited meta-
stable species and radicals, ions and electrons, and photons, as
shown in Figure 13. Typically, electric fields are also present,
further modifying the §rowth conditions relative to thermal
metal-catalyzed growth.®"**

cathode dopostn,  sécooddyy
| sootienng.  elocton
C=2 efching emisson
Figure 13. Factors affecting the growth of CNTs in a PECVD
process. Electromagnetic fields are not shown. Reprinted with
permission from ref 63. Copyright 2012 American Vacuum Society.

In a plasma-catalytic process, the nonequilibrium reactive
plasma chemistry leads to the effective precursor conversion
in the gas phase, as described in section 2.3.1, and also to an
accelerated carbon species production at the catalyst surface.
Moreover, these carbon species can be delivered to the
growth surface faster in the plasma, for example, through the
ion fluxes. The contributions of these fluxes can be very
significant, even in comparison to the contributions of neutral
radical species due to their typically high sticking coefficients.
This will lead to larger amounts of carbon atoms on the
surface or dissolved within CNPs, which may on the one
hand lead to lower diffusion barriers and higher bond
switching rates.”'” On the other hand, CNP supersaturation
may occur faster, thereby shortening the lead time before the
nucleation (incubation time).'”” However, increased C-fluxes
may also cause CNP poisoning or even complete
encapsulation of the catalyst by amorphous carbon.
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Ion bombardment may play an important role in plasma-
enhanced catalytic CNT growth. During the SWCNT cap
nucleation in particular, ion bombardment leads to the top-
down energy transfer from the plasma to the C-network. This
makes it possible first to improve the structural quality of the
C-network,®® as shown in Figure 14. Moreover, the ion
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Figure 14. Ion-induced improvement of structural quality of a
SWCNT cap on a Ni CNP in the ion energy range of 15—25 eV.
Reprinted with permission from ref 65. Copyright 2013 American
Physical Society.
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Figure 16. Range of plasma-affected elementary processes on the
surface and bulk of a Ni CNP in PECVD of carbon nanofibers. The
following processes are sketched: AD = adsorption of C,H,, DS =
desorption of C,H,, DIS = dissociation, EV = evaporation, SD =
surface diffusion, INC = incorporation into a graphene sheet, BD =
bulk diffusion, ADH = adsorption of H atoms, DSH = desorption of
H atoms, LAP = loss of adsorbed particles at interaction with atomic
hydrogen, IID = ion-induced dissociation of C,H,, and ID = ion
decomposition. Reprinted with permission from ref 134. Copyright
2007 AIP Publishing LLC.

bombardment may also provide the additional “bending
energy” (see Figure 15) to lift up the initial as-nucleated
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Figure 15. Bending energy AE as a function of the substrate holder
temperature Ty for PECVD and thermal CVD processes. Reprinted
with permission from ref 128. Copyright 2011 American Chemical
Society.

graphene monolayer off the CNP surface to form a SWCNT
cap."”® Ton bombardment may change the growth mechanism,
as has recently been shown by atomic-scale simulations.”””®
However, ion bombardment may be detrimental for CNT
growth, leading to etching and sputtering.”” /"> A
discussion of the beneficial and detrimental effects of ion
bombardment during CNT growth can be found elsewhere.'*’

The local temperature of the CNPs can also increase due to
the effects of ions and other plasma species (see section
2.2.2). In the case of plasma-catalytic CNT growth, this effect
may lead to nanostructure nucleation using reduced substrate
heating."”" In this way, the nanostructure growth rates can be
substantially increased.'>

The importance of both ion bombardment and plasma-
induced heating is highlighted by numerical simulations on
CNF growth. Figure 16 shows a range of reactions that take
place on the surface of a Ni CNP located on top of a CNF,
exposed to low-temperature nonequilibrium plasma.

Most of these processes and factors (e.g, adsorption,
desorption, activation energies, etc.) are similar for both CVD
and PECVD. However, the presence of ion-induced reactions
and localized plasma heating makes a major difference
between these two processes, including the rates of similar
processes. Indeed, the relative importance of carbon atoms
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diffusing over the surface or through the bulk of the CNP
(termed surface (SD) and bulk (BD) diffusion in Figure 16,
respectively) is very different between CVD and PECVD and
in different temperature ranges.

Both experiments'*’ and numerical modeling'** of CNF
growth in the plasma suggest that surface diffusion dominates
in low-temperature growth of CNFs in the plasma whereas
bulk diffusion is the main mechanism in thermal CVD of
CNFs at higher temperatures. This is shown in Figure 17.
Indeed, Figure 17 shows the growth rates, H, and H,,
corresponding to the surface diffusion and bulk diffusion
channels, respectively, taken separately. In Figure 17b, the
blue curve corresponding to the surface diffusion channel fits
to the experimental curve.'”> This fit is particularly clear in
the lower temperature range where the purely thermal CVD
growth is not even possible (1000/T, > 1.4, where T is the
surface temperature). On the other hand, the bulk diffusion
mechanism quantifies the thermal CVD growth in the higher
temperature range where 1000/T, < 14. We find this
numerical result to be in good quantitative agreement with
the available experimental data.'*

Therefore, one of the synergistic effects of the plasma and
the Ni CNPs where purely thermal CVD growth is in
redirecting carbon atoms to the nanofiber incorporation sites
through the catalyst surface at lower temperatures when their
diffusion through the bulk becomes ineffective. This leads to
the growth of CNFs in the temperature range below 714 K
(yet above 400 K) where purely thermal CVD growth is
impossible.

When only plasmas are used without catalyst nanoparticles,
1D nanostructures do not nucleate on smooth surfaces with
low carbon solubility, as described above. When CNPs are
exposed to the plasma, the growth rates are usually higher at
the same external heating temperatures compared to thermal
CVD using the same precursor gas under the same
conditions. Alternatively, the same growth rates can be
achieved in PECVD at much lower external heating
temperatures than in CVD.

We emphasize that in several cases reported in the
literature the external heating may even become completely
redundant as was the case for the MWCNT growth described
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Reprinted with permission from ref 134. Copyright 2007 AIP Publishing LLC.

in section 4.1.2. This indicates the constructive, synergistic
interaction between the plasma and the CNPs, which leads to
the reduced amounts of external heating required to nucleate
and grow the nanostructures and to increase the nanostruc-
ture growth rates.

Another clearly synergistic effect of the plasma and CNPs is
vertical alignment along the direction of the applied electric
field in the plasma sheath near the substrate surface. Whereas
thermal CVD processes usually produce tangled, twisted
CNTs with random orientations and growth directions unless
dense crowding effects guide CNTs growth vertically, PECVD
produces vertically aligned, free-standing single-walled
CNTs, 137140

This common observation clearly shows the synergistic
effect defined in section 3. Indeed, just using plasmas and very
smooth surfaces usually produces (e.g, amorphous) carbon
films rather than localized CNTs. Therefore, plasma requires
surface features or catalyst to produce CNTs. When catalyst
particles are used in conjunction with thermally dissociated
flow of gas precursor (thermal CVD), the nucleation/growth
temperatures are notably higher (at least a couple of hundred
degrees Celsius) than when the plasma is used. In this case
the nanotubes are thicker, the chirality distribution is broader,
and the orientation is random. When both plasma and catalyst
are used, the growth temperatures are notably lower,
alignment is vertical, the tubes are thinner, and the chirality
distribution can also be narrower.'*""'** This observation may
in part be attributed to the combination of the electric field
and ion bombardment, allowing for nucleation at lower
external heating, with smaller radii, and with predetermined
vertical orientation.

It is thus quite clear that the various plasma-specific factors
may enhance the growth, also in the case of catalyst materials
with low solubility of carbon atoms, such as Au. This suggests
that if plasma enables growth of 1D (and 2D as we will see in
section S.1) nanostructures at low temperatures and surface
diffusion is the dominant mechanism, then there is no real
need to use catalysts with high carbon solubility in this low-
temperature range. Because plasmas also increase the rates of
generation and delivery of precursor species to the growth
surfaces, the nanotubes can be grown very quickly. A striking
example is the possibility to grow short single-walled
nanotubes using Au catalyst nanoparticles, as demonstrated
by both experiments and simulations.”*"*"'** Specifically,
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SWCNTs (an example is shown in Figure 18) were detected
even after only 2—15 s of the plasma-discharge operation.

Figure 18. Single-walled carbon nanotubes grown using Au catalyst
nanoparticles. Plasma-assisted CVD enables very fast growth at
significantly reduced temperatures. Reprinted with permission from
ref 143. Copyright 2010 American Chemical Society.

Thin SWCNTs with a relatively narrow chirality distribution
were produced at temperatures 580—640 °C, inaccessible by
thermal CVD for the given catalyst nanoparticle size range.
For SWCNTs with (8,6) chirality, the difference between the
nucleation temperatures in thermal and plasma CVD is ~200
degrees.

In addition to the previously mentioned vertical-alignment
effect, the electric field generated in the plasma sheath (see
section 2.3.1) also plays a major role at the nucleation stage of
CNTs. As shown by atomic-scale numerical simulations,"*®
the electric field should be sufficiently strong to play a
significant role in the nanotube growth. First, these electric
fields ensure the vertical growth direction and SWCNT
alignment, in agreement with experimental results.””” Second,
the graphitic network shows a better ordering compared to
the cases when there is no electric field or when the electric
field is weak. Third, similar to the CNF and MWCNT cases
(as well as other nanostructures such as Si nanowires), the
growth rates of SWCNTs are increased by the application of
the electric field.

The electric field increases the degree of directionality of
carbon atom movement along the CNP surfaces as opposed
to the completely random motions in all directions without
the electric field. Because the direction of the electric field in
the plasma is normal to the surface, it guides polarized (see
explanation below) carbon atoms upward, toward the top of
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Figure 19. (a) Charge transfer in the nucleation of SWCNT cap on a Ni CNP; (b) effect of the electric field on the continued CNT growth,
leading to vertical alignment. (a) Reproduced with permission from ref 138. Copyright 2012 American Chemical Society.

the CNPs, eventually giving rise to the nucleation of SWCNT
caps at the summit of the catalyst nanoparticle. This is very
different from common thermal CVD cases where nucleation
of CNT caps occurs randomly, leading to disordered,
misaligned growth, which is often referred to as a
“spaghetti-type” growth,'*'*’

Importantly, this phenomenon arises through the combined
effects of the plasma and the catalyst nanoparticle. Without
CNP, the carbon atoms are charge-neutral. However, direct
contact with a Ni nanoparticle during the SWCNT cap
nucleation stage leads to charge transfer in the C—Ni system,
as shown in Figure 19."*® Carbon atoms acquire a small
negative charge while Ni atoms become slightly positively
charged. The plasma electric field can then act on this
polarization to induce directed growth. Note that polarization
of carbon atoms on noncatalytic surfaces is weaker or absent
compared to the case of the Ni—C system. This demonstrates
synergistic effects of the plasma-produced electric field and Ni
catalyst nanoparticles, which then lead to better growth
directionality with higher rates and improved quality of the
graphitic network.

In combination with other plasma effects (higher super-
saturation of carbon within CNPs and higher local temper-
atures on their surfaces, in addition to nonthermal surface
activation), the synergistic effects of the CNPs and electric
field are further amplified by allowing for the nucleation of
thinner nanotubes at lower temperatures of external heating
with predetermined base positions (at the CNP summits),
and also possibly with narrower chirality distributions, in
addition to the common vertically oriented growth. This
shows clear synergistic effects in plasma-catalytic nucleation
and growth of CNTs. We emphasize that quite similar
synergistic effects may be applicable to other related 1D
nanostructures. This opens an interesting opportunity for
future research.

4.2. CO, Conversion

The second case study to illustrate the synergy of plasma
catalysis is for gas conversion. This includes air pollution
control (e.g, destruction of volatile organic compounds,
VOCs), CO, conversion into value-added chemicals, hydro-
carbon reforming, ammonia production, etc. Several examples
will be given in section 6. Here, we describe greenhouse gas
(i.e., CO, and CH,) conversion into value-added chemicals or
new fuels, such as syngas (a mixture of CO and H,),
methanol, formaldehyde, and other hydrocarbons or oxygen-
ates. This process is gaining increasing interest worldwide,
because of the global climate change and the increasing
energy consumption. Indeed, these greenhouse gases could
constitute an alternative for petroleum, which will become less
available and therefore more expensive in the future. The
conversion of these greenhouse gases is therefore considered

as one of the main challenges for the 21st century.'*>'*

Moreover, as this process aims to convert waste (ie.,
greenhouse gases) into a new feedstock (raw materials for
the chemical industry), it can be considered to fit the “cradle-
to-cradle” concept."*® However, the conversion process of
CO, and CH, is not straightforward, because both molecules
are thermodynamically stable, and their dissociation requires
significant amounts of energy. Here, we will critically examine
the state of the art and current challenges for the conversion
of CO, (and CH,), based on thermal-catalytic processing,
plasma conversion without catalyst, and plasma catalysis.
4.2.1. Thermal-Catalytic Conversion. Splitting CO, into
CO and O, is an endothermic process with a reaction
enthalpy of 283 kJ/mol or 2.9 eV per molecule, at 298 K:'*’

CO, — CO + 1/20, @)

The equilibrium of this reaction lies strongly to the left,"*’
such that the equilibrium yield of CO and O, varies from
about (or less than) 1% at T < 2000 K up to ~60% at
temperatures between 3000 and 3500 K."*° The equilibrium
constant as a function of temperature can be found in the
work of Wagman et al."*’

Active removal of one (or both) products increases the
conversion, following Le Chatelier’s principle. This may be
accomplished by the use of zirconia membranes, as
demonstrated by Nigara and Cales'®' and Itoh et al.'** By
using a calcia-stabilized zirconia membrane and CO as sweep
gas, Nigara and Cales reached conversions of 21.5% at 1954 K
in the most reducing conditions, to be compared to a
conversion of CO, of no more than 1.2% at this temperature
in thermal splitting. The overall conversion, however, was
much lower and in line with the overall thermodynamic
equilibrium conversion, due to permeation of O, through the
membrane reacting with the CO sweep gas, thereby forming
CO,. 150151

Approximately 92 kJ/mol is needed to heat 1 mol of CO,
from 300 to 2000 K, while the reaction enthalpy is equal to
245 kJ/mol at 2000 K. On the basis of a conversion of 1.2%,
the energy cost for total conversion is ~7.9 MJ/mol, yielding
an energy efficiency of 3.6% with respect to the reaction
enthalpy of 283 kJ/mol at 300 K. To heat 1 mol of CO, to
3500 K, on the other hand, ~184 kJ/mol is needed, while at
this temperature the reaction enthalpy is equal to 206 kJ/mol.
On the basis of a conversion of 60%, the energy cost of total
conversion is then only ~513 kJ/mol, yielding an energy
efficiency of 55% with respect to the reaction enthalpy of 283
kJ/mol at 300 K.

Hence, it is clear that thermal CO, splitting is
thermodynamically and energetically only favorable at very
high temperatures,'*”"*" while alternative approaches at lower
temperatures have not yet realized comparable conversions
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and energy efliciencies. Because thermal-catalytic CO,

splitting is very energy consuming, the only practical way of
thermal CO, conversion is dry reforming of methane, i.e., the
simultaneous conversion of CO, with CH,, yielding the
production of syngas:

CH,(g) + CO,(g) = 2CO(g) + 2H,(g) 3)

Following Le Chatelier’s principle, increasing the pressure
of the reactants will drive the reaction backward, and hence
the reaction is commonly carried out at atmospheric pressure.
Just like direct CO, splitting, this is also an endothermic
reaction, with a standard reaction enthalpy of 247.3 kJ/mol or
2.56 eV per converted molecule. Therefore, it needs to be
carried out at high temperatures (600—900 °C), by means of
a catalyst, typically containing Ni, Co, precious metals, or
Mo,C as the active phase. Substantial research efforts are
devoted to the search of the optimum catalyst materials,">*">*
as the process suffers from significant carbon deposition at the
catalyst material, giving rise to catalyst poisoning.">> On the
industrial scale, the process is most efficient at 700 °C,
reaching thermodynamic equilibrium conversions of CH, and
CO, of 72% and 82%, respectively. As the reaction between 1
kmol of CH, and 1 kmol of CO, at 700 °C requires 260 M]
energy, and at least an additional 70 MJ is required to bring
the gas flow to this temperature, at least about 330 MJ energy
is required for this process, resulting in an energy input of at
least ca. 3.42 eV per molecule and a corresponding maximum
theoretical energy efficiency of 58%. It is crucial to realize that
this is the theoretical energy efliciency. We emphasize that, to
estimate the overall energy efliciency, one also has to account
for the thermal efficiency of the heaters, which depends on
the type of heater, the type of fuel, and the use of heat-
recovery systems.

4.2.2. Plasma Conversion without a Catalyst. In recent
years, there has been an increasing interest in the use of
plasma technology for CO, conversion. Experiments are
carried out in several types of plasmas. The most common

es reported in the literature are DBDs,"**™"*® micro-
wave,'*”'®" and gliding arc discharges.'®"'®* The first type is a
nonequilibrium or cold plasma, where the gas is more or less
at room temperature, and the electrons are heated to
temperatures of 2—3 eV by the strong electric field in the
plasma. The microwave and gliding arc plasmas are
considered to represent the so-called warm plasmas, an
intermediate case between thermal and nonthermal (cold)
plasmas. The gas can reach temperatures up to 1000 K and
more, and the electron temperature is typically ~1 eV. This
temperature is ideal for populating the vibrational levels of
CO,, and because the CO, splitting is most energy—eﬁicient
when it proceeds through the vibrational levels,'®® warm
plasmas are more advantageous in terms of energy efficiency
of the process. Indeed, the highest energy efficiency for pure
CO, splitting reported for a microwave reactor is 90%.”
However, we emphasize that this result was obtained at
reduced pressure (~100—200 Torr), and increasing the
process pressure to atmospheric pressure, desirable for
industrial applications, dramatically reduces the energy
efficiency. The highest energy efliciency for CO, splitting in
a gliding arc plasma, operating at atmospheric pressure, is
reported to be 43%, at a conversion of 18%.'! For DRM, a
conversion of 8—16% was reported, with a corresponding
energy efficiency of 60%.'®

While the energy efficiency reached with DBDs is
considerably lower, ie., in the order of 4—8% for both pure
CO, splitting and for DRM,'**'** a DBD reactor has a very
simple design, which is beneficial for upscaling, and operates
at atmospheric pressure, making it suitable for practical
applications. It can also easily be combined with a (catalytic)
packing, as will be elaborated in the next section, which is
important for the selective production of targeted compounds.

The important point, which to some extent has been
overlooked in the literature, is the substantial lack of
selectivity when plasmas are used. Indeed, the reactive species,
created by the electrons, easily recombine, and a large number
of different products can be formed. In pure CO, splitting,
this is not an issue, as CO and O, are the main
components.'®® However, in DRM, typical products formed
are syngas, higher hydrocarbons (C,Hy C,H,, C,H, C,;Hj,
..), as well as oxygenates, such as methanol, ethanol,
formaldehyde, acetaldehyde, and carboxylic acids.'®"'®
Combination with catalysis will then be highly desirable, if
some specific compounds are targeted.

4.2.3. Plasma-Catalytic Conversion. The selectivity and
energy efficiency of plasma-based CO, conversion can be
improved by combining the plasma with a catalyst. Plasma-
catalytic CO, conversion usually takes place in a DBD reactor,
which typically operates at atmospheric pressure. It is
important to distinguish between the physical and chemical
effects of introducing a catalyst in the plasma. In simple terms,
the chemical effects are the basis for the improved selectivity
toward the targeted products, while the physical effects are
mainly responsible for the better energy efficiency. In the case
of pure CO, splitting, mainly CO and O, are formed, so the
primary added value of the catalyst is to increase the energy
efficiency, although the conversion can also be improved by
chemical effects such as enhanced dissociative chemisorption
due to catalyst acid/basic sites. In the case of DRM, or other
reactions involving CO, and a coreactant (e.g, H,O, H,), the
selectivity toward targeted products can be tuned (see below).
We will first elaborate on the physical effects, before showing
some examples of the chemical effects, although it needs to be
realized that both effects are interrelated and cannot always be
separated.

The local electric field in the plasma can be enhanced due
to sharp edges of the nanostructured catalyst (see section
3.3), or simply at the contact points of the catalyst pellets. It
should be stressed that this effect also occurs when
introducing a simple dielectric packing in the plasma, because
of polarization of the dielectric beads. This enhanced electric
field, for the same applied power, yields higher electron
energies, increasing the ionization and dissocation efficiency of
the gas molecules, leading to more energy-efficient conversion.

The packing or catalyst loading in the reactor is of prime
importance in plasma catalysis for CO, conversion. For
instance, DRM was investigated in a single-stage reactor
system comprising a coaxial dielectric barrier discharge (DBD)
reactor combined with Ni/y-Al,O; catalysts as a function of
the packing method.'” Three packing methods were
employed: full packing, partial packing (axial), and partial
packing (radial). Unlike the full packing method where the
gas discharge is limited due to the suppression of the
filamentary microdischarges as a result of low discharge
volume, the partial packing method (radial or axial) shows a
strong filamentary discharge due to the large void fraction in
the discharge gap. This improves the physicochemical
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Figure 20. Selectivity for the formation of formic acid (C1), acetic acid (C2), propionic acid (C3), and butyric + 2-methylpropionic acid (C4), in
the case of DRM in a DBD plasma, using nickel, stainless steel, or copper electrodes. Reproduced with permission from ref 170. Copyright 2014

John Wiley and Sons.

interactions between the plasma and the catalyst, leading to
high methane conversion (56.4%) and significant hydrogen
yield (17.5%).

The use of ceramic foams may yield higher conversion
efficiencies, as demonstrated, e.g,, by Kraus et al. in a DBD
used for DRM.'” This conversion improvement was
explained by the higher electron energies, arising from the
smaller discharge volumes in the pores of the ceramic foams.
Tu and colleagues demonstrated a change in the discharge
behavior (ie., less filaments and more surface discharges) in
the case of a TiO, packing (see section 3.3)."°" 1t was noted
that this change affects the electron energy distribution
function (EEDF), yielding more electrons in the high-energy
tail. Similar results were also obtained for nonconductive
(AL O, zeolite 3A, NiO/ALO;) and conductive (reduced Ni/
ALO;) packings. However, strong filaments were still
observed for porous quartz wool or small catalyst flakes,
where the effect is quite similar to nonpacked DBD,
presumably due to the high porosity of the material. Thus,
one can conclude that the relative contributions of filamentary
versus surface discharges depends on the particle size, shape,
packing location, and, hence, the void fraction.'”’ The same
group reported a higher CH, conversion and H, yield for
quartz wool in the case of DRM, due to changes in the
physical properties (i.e, more intense filaments), whereas in
the case of y-Al,O; and zeolite 3A, a lower discharge intensity
was obtained, yielding lower CH, and CO, conversions.'®®

Importantly, these results indicate that a catalyst does not
always lead to better performance of the plasma conversion.
Nevertheless, the zeolite 3A catalyst still yielded a better
selectivity toward H, and light hydrocarbons, while the
formation of liquid hydrocarbons was inhibited, due to the
shape-selectivity determined by the zeolite pore diameter.

Dielectric materials such as glass and ferroelectric materials
such as BaTiO; may induce a shift in discharge mode.
Recently, Mei et al. demonstrated that, in plasma-assisted
conversion of CO,, the typical filamentary discharge changes

into a combination of filamentary discharge and surface
discharge, upon adding the packing. The added packing in
turn gives rise to an enhanced average electric field and mean
electron energy due to polarization effects (ie., by a factor 2
for BaTiO;), resulting in a higher CO, conversion, CO yield,
and energy efficiency.'® It is obvious that the plasma is
modified significantly by the catalyst. However, it presently
remains unclear how the modified plasma properties affect the
catalytic process.

Even when the discharge mode is not altered by the
packing, the packing material still has a profound impact on
the overall plasma characteristics and on the CO,
decomposition. Yu et al. studied how different packings (ie.,
silica gel, quartz, y-ALO;, @-ALO; and CaTiO;), with
different dielectric constants, pore sizes, and therefore BET
surface areas,'” affect the EEDF in a packed-bed DBD for
CO, conversion (see section 2.3.1). The CO, decomposition
in the case of quartz was higher than that for silica gel,
although both materials are chemically inert and have the
same dielectric constant. This different performance could be
attributed to the different pellet morphology, ie., the quartz
pellets had rigid edges whereas the silica gel pellets were
spherical. The sharp edges lead to an electric field
enhancement near the contact points and hence to more
high-energy electrons. Besides the physical properties, the
acid—base properties of the packing material also were
reported to affect the reaction, through chemisorption of
CO, on the basic sites. Indeed, CO, will preferentially
chemisorb on y-Al,O;, which is an amphoteric oxide, and will
almost not adsorb on a-Al,0;, which is chemically inert.'®

Whereas the physical effects of introducing a catalyst in the
plasma seem to be quite straightfoward, ie, change in
discharge behavior, local electric field enhancement, effect on
the EEDF, and yielding higher energy efficiencies, the
chemical effects of plasma catalysis are clearly less understood.
One of the reasons is that the physical and chemical effects
are often correlated, as the catalysts are mostly introduced in
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a packed bed, so it is not easy to distinguish between the two
effects.

An enhanced selectivity toward desired products can in part
be obtained by judiciously selecting the catalyst material.
Scapinello et al. demonstrated an improved selectivity toward
the production of carboxylic acids in the case of DRM, when
using copper or nickel electrodes instead of stainless steel.'”’
This effect may be attributed to a pure chemical catalytic
effect of these metals, as no packing was involved. This is
illustrated in Figure 20 for the formation of formic acid (C1),
acetic acid (C2), propionic acid (C3), and butyric + 2-
methylpropionic acid (C4). The effect is most pronounced for
formic acid, where the selectivity in the case of nickel is four
times higher than when using stainless steel. These results
taken together indicate that, besides gas-phase reactions,
surface reactions, and more specifically hydrogenation of
chemisorbed CO,, play a key role in the synthesis of these
carboxylic acids.

Another reason why the chemical effects of plasma catalysis
for CO, conversion are not yet fully understood is that a wide
variety of catalyst materials are being explored, including
metals (Au, Pd, Pt, Rh, Cu),'”" zeolites (NaY, NaOH-treated
Y, HY, Na, NaX, Na-ZSM-5, and Linde-type 5A zeolite),””'”
La,0,/7-ALO;, CeO,/y-ALO,,'"" n-type oxide semiconduc-
tors (ZnO, CuO), and ALO,; foams with Ni, Rh, or Ca
catalysts.'”* Commercial Ni/AlLO; catalysts, which are also
used in thermal catalysis, are probably the most popular
catalysts for DRM, but they are not necessarily the most
suitable ones under plasma conditions.

These discussions suggest that there is still a lack of insight
into which catalysts should perform best in a plasma
environment, and more systematic studies on both the
physical effects (of the structural packing and the support
materials, including, e.g, their dielectric constant, acid/base
properties, and porosity) and the chemical effects of the
catalyst material (including type and coordination of the
active element) are highly needed.

A highly important synergistic effect of plasma catalysis is
promotion of catalyst activity at reduced temperatures and,
hence, a significant reduction in the energy cost for activating
the catalyst. Wang et al,'”>'® for instance, illustrated such
synergy for the single-stage plasma catalysis of DRM with Ni/
AlO; catalyst but did not observe this synergy in two-stage
plasma catalysis or when the catalyst was only placed at the
end of the plasma zone. Moreover, the synergy was a bit more
pronounced in a fluidized bed than a packed bed, because the
fluidized bed reactor favors the interaction between the
plasma and the catalyst material. Typical synergistic effect
factors of 1.25—1.5 were obtained, i.e., the conversion in the
plasma-catalysis system was up to 50% higher than the sum of
the conversions in the pure plasma and thermal-catalysis cases.
A maximum in the synergistic effect factor was obtained at
~700 K, because at higher temperatures thermal catalysis
becomes gradually equally efficient. It was thus concluded that
the plasma promotes the catalyst activity at lower temper-
ature. We stress that the above conclusion is very similar to
the case of plasma-based SWCNT nucleation and growth on
metal catalyst nanoparticles, as discussed in section 4.1,
indicating the closely related nature of these catalytic
processes.

Similar observations as earlier mentioned were also made
by Eliasson et al.'"”” Figure 21 shows the methanol yield as a
function of temperature in the range from 50 to 250 °C at a
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Figure 21. Methanol yield as a function of catalyst/wall temperature,
in the case of plasma (DBD discharge) only, catalyst only, and
plasma catalysis, at a pressure of 8 bar, a plasma power of S00 W (no
power in the case of catalyst only), a flow rate of 0.5 L/min, and a
H,/CO, gas mixing ratio of 3:1. Reprinted with permission from ref
177. Copyright 1998 American Chemical Society.

pressure of 8 bar for the hydrogenation of CO, to methanol
in the case of pure thermal catalysis, plasma (DBD) only, and
plasma catalysis, using CuO/ZnO/Al,O; catalytic pellets.
Note that the high pressure was needed to favor methanol
formation against methanation, which is the main competitive
reaction. The methanol yield was only ~0.1% in the plasma-
only case, as well as in the catalysis case at low temperature
(~100 °C). A maximum methanol yield of 2% was obtained
in the case of thermal catalysis at a temperature of 220 °C. In
the case of plasma catalysis, a maximum methanol yield of 1%
was reached at a temperature of 100 °C. This means that the
plasma can shift the region of maximum catalyst activity to
lower temperatures by >100 °C, which corresponds to a
significant reduction in the energy cost for activating the
catalyst.

Very convincing results on the plasma/catalyst synergy in
the case of DRM were presented by Zhang et al, using
different Cu—Ni/y-Al,O; catalysts (see Figure 22)."”® The
CH, conversion in the case of plasma-only and thermal
catalysis was 13% and 10%, respectively, whereas the
maximum conversion in the case of plasma catalysis was
69%. Similarly, the CO, conversions in the cases of plasma,
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Figure 22. Maximum CH, and CO, conversion in the case of
plasma-only, thermal catalysis, and plasma catalysis, clearly illustrating
the synergy of plasma catalysis, in the case of DRM. Reprinted with
permission from ref 178. Copyright 2010 Elsevier.
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Figure 23. Interaction of the plasma and Ni catalyst during the direct conversion of a Ni nanobar to a graphene nanoribbon. Reprinted with

permission from ref 185. Copyright 2012 Macmillan Publishers Ltd.

thermal catalysis, and plasma catalysis amounted to 2.5%,
13%, and 75%, respectively. Furthermore, the selectivities
toward H, and CO were much better in the plasma-catalysis
case. A reaction mechanism was put forward, based on the
adsorption of reactive plasma species (CH,, radicals, O and H
atoms) on the catalyst surface, followed by recombination of
the adsorbed species. Furthermore, it was suggested that the
plasma will heat the catalyst surface and, therefore, enhance
the desorption of the surface species. The proposed
mechanisms align well with the discussions of relevant
processes in the previous sections of this review.

Note, however, that synergy in plasma catalysis is not
always observed for CO, conversion or DRM. For instance,
Tu et al.'"”” showed a conversion of CH, and CO, with a Ni/
AlO; catalyst slightly lower than that without a packing.
Similar trends were observed by Sentek et al.'® for the
conversion of CH, with a Pd/AlL,O; catalyst. The changes in
the product selectivities, on the other hand, were considerable,
pointing out at least some chemical effects of the catalyst.

In general, the enhanced performance of plasma catalysis
can in part be attributed to (vibrational) excitation of CO,
(and the coreactants CH, and H,) in the plasma, which
enables easier dissociation at low temperature on the catalyst.
This was also suggested by Amouroux et al,'”* who claimed
that another effect is the expelling of water from the catalyst
surface by supplying electrons from the plasma (so-called
electropolarization). This gives a higher methanol yield in
plasma catalysis. Indeed, the plasma electrons affect the
catalyst properties (chemical composition or catalytic
structure). Furthermore, it was stated that short-lived plasma
species (e.g., excited O atoms) are formed inside the catalyst
pores. Thus, a catalyst with high dielectric constant should be
desirable, as this gives more pronounced polarization of the
pellets and thus higher electric fields, favoring the dissociation
of species inside the catalyst. It was indeed demonstrated that
CaSrTi oxides, which are characterized by high permittivities,
give much better CO, conversion than Al,O; and $i0,.'"*
These conclusions are consistent with our discussion of the
electric field and polarization effects of zeolite and BaTiO,
catalysts in section 4.2.3.

It is worth mentioning that all these examples are based on
a DBD plasma. Up to now, there are indeed only a limited
number of efforts for combining a catalyst with a micro-
wave'®! or gliding arc plasma,'®~"** with the latter example
being for CH, reforming. The reason might be that it is less
straightforward to introduce a catalyst material in these
plasma types, to ensure enough contact time between gas and
catalyst, and to avoid too much unused volume, as well as to
guarantee that the catalyst remains stable under higher
temperatures. It is our opinion that catalysis with warm

plasmas could be very promising, as the catalyst surface can
be activated by the somewhat elevated temperature, character-
istic for warm plasmas (see earlier), possibly leading to extra

synergies.

5. OTHER CURRENT AND FUTURE APPLICATIONS OF
NANOCATALYST-BASED PLASMA CATALYSIS

Besides plasma-enhanced nanoparticle catalyzed CNT growth
and CO, conversion, a variety of other processes also show
synergistic effects when the plasma and catalytic effects are
combined. Below we critically discuss nonexhaustive examples
of some of the most interesting effects.

5.1. Catalytic Synthesis of Graphene and Related
Nanostructures

In this section we again consider low and high solubilities of
carbon atoms in catalyst materials, similar to the CNT growth
of section 4.1. We will also consider an interesting case when
plasma-assisted dissolution and diffusion through a nano-
catalyst helps to form graphene films on silica surfaces.

The first example shows the possibility to grow thin
graphene nanoribbons under reduced pressure using nickel
nanobars as growth catalysts, connected to transistor
terminals.'® The thickness of the Ni nanobars was in the
~23—10S nm range, height 35—85 nm, and length 200 nm—35
um (see Figure 23). RF plasmas of methane and hydrogen
mixtures were used during the rapid (5—60 s) plasma
exposure of preheated Ni nanobars. During this exposure the
Ni nanobars only melted partially and plasma-produced
species were dissolved in Ni. During rapid cooling, graphene
nanoribbons nucleated and eventually covered the nanobars as
shown in Figure 23. The Ni nanobars nearly completely
evaporated, leaving graphene nanoribbons connecting the Ni
terminals. For sufficiently high Ni nanobars (e.g, >60 nm),
interesting graphene nanobridge structures formed while the
Ni beneath them evaporated.

Rapid heating, delivery of species to Ni nanobars, and then
rapid cooling appear to be critical. The nanobars themselves
are also essential because they provide spatial localization for
carbon deposition and nanoribbon formation. Purely thermal
processes at similar conditions failed, mostly because Ni
nanobars evaporated faster than graphene nanoribbons were
able to connect the Ni transistor terminals.

This example suggests that both nanobar-shaped catalysts
and plasma were essential to enable these unique graphene
nanoribbon structures. The graphene could be grown directly
in the device location, without damaging the electrode
structure, which is a common problem in nanoelectronics.
Importantly, the nanoribbons showed excellent performance,
such as the clear transport gap (present in nanoribbons and
absent in large-area graphene) of 58.5 meV and high on/off
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ratio (>10%) of transistor devices. This process is scalable and
is promising for integration with Si micro/nanofabrication
technology.

Synergistic interactions between the plasma and carbon-
dissolving Ni catalyst also lead to other interesting effects,
such as the possibility to grow graphene films on SiO, surface,
which is quite challenging by using thermal CVD or other
methods. Figure 24 shows that it is possible to accomplish
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Figure 24. Mechanisms of graphene growth on top of Ni catalyst
and at the interface between the Ni catalyst and SiO, substrate.
Reprinted with permission from ref 186. Copyright 2012 American
Chemical Society.

that by depositing a Ni nanofilm (~5$ nm) on SiO, and then
using plasma exposure to “push” carbon atoms through the Ni
film to enable nucleation of graphene films at the interface
between the Ni film and the SiO, substrate.'*® Thermal CVD
under similar conditions fails, leading to fast evaporation of Ni
films. The interlayer growth of graphene films only occurs
when the fluxes of delivered hydrocarbon precursors are low
and the energy of the plasma ions is relatively high.

Under plasma CVD conditions, using a low flux of carbon
species, and high ion energy, carbon species are able to diffuse
through the Ni layer much faster and reach the Ni—SiO,
interface well before the Ni film evaporates, as sketched in
Figure 24. Next to the thermodynamics, pertinent to the
nucleation in both the thermal-catalytic and the plasma-
catalytic growth processes,®” it was suggested that the
selectivity of nucleation of graphene at different surfaces/
interfaces (or both) also critically depends on the diffusion
length of carbon ions (I in Figure 24). When the ion energy
is higher, I. is larger, and when it becomes larger than
approximately half of the thickness of the Ni film (Ty; in
Figure 24), nucleation of carbon atoms at the bottom
interface becomes possible. The mechanisms of these plasma—
catalyst interactions still need to be understood and
quantified. For example, the qualitative criterion that
compares the diffusion length with the film thickness needs

to be refined to account for the variation of I, with the plasma
process (e.g., operating pressure) conditions. Nonetheless, it is
clear that both Ni film and plasma exposure are essential to
enable nucleation of graphene at the interface between Ni and
SiO,, thus evidencing the plasma—catalyst synergistic effect.

Graphene growth is possible in another extreme case when
carbon atoms are not or are hardly dissolved in the catalyst.
The most typical example is growth of graphene on Cu films.
This method has become very popular because of the
possibility to grow high-quality, large-area graphene films,"**
and also because of its scalability to roll-to-roll production and
transfer to other substrates for the envisaged applica-
tions."*”'* In thermal CVD, such growth typically requires
very high temperatures of at least 800—900 °C or even
higher'®" and the growth process typically lasts at least a few
tens of minutes. Furthermore, preheating and postprocess
cooling are required, costing additional process time and
energy. When the thermal CVD process is carried out in
common thermal furnaces, the combined pressure of the
carbon source and carrier gases is maintained close to
atmospheric pressure. Plasma-based methods have emerged as
a viable alternative because they allow for the growth at
substantially lower temperatures, while the working pressure is
typically in the order of a few tens to a few hundred
mTorr.'””~"** Moreover, common CVD processes usually
require postgrowth etching of the Cu catalyst to enable
graphene transfer, which leads not only to the loss of catalyst
but also to the need of hazardous chemicals, which raises
further environmental issues upon disposal.

Lower growth temperatures and faster growth processes can
be regarded as manifestations of synergistic effects of the
plasma and the Cu catalyst. When the rates of delivery of
carbon species are low, the density of the nucleation centers
can be reduced, eventually leading to larger graphene grain
sizes. It is noteworthy that this is quite difficult to control in
the plasma because plasmas typically provide high rates of
material delivery to the surface, as is presently well
acknowledged in the literature. To avoid this, it was recently
proposed to use very low amounts of carbon atoms contained
as impurities in Cu foils (and elsewhere in the growth
reactor) as carbon source for the graphene growth.'”

Another interesting example of synergistic interaction of Cu
catalyst and plasmas is in the enabling water-based transfer of
graphene microwell (GMW) structures."”* The GMWs are
hybrid structures made of interconnected layers of horizontal
and vertical graphenes, as sketched in Figure 25a. A relatively
short treatment of polycrystalline Cu foil with H,/Ar plasmas
at a very low temperature of 190 °C has led to significant
modifications of the crystal expression on the Cu surface—
such as the appearance of (101) and (111) domains in
addition to the (100) domain, which was prevailing before the
plasma treatment.

This plasma-induced modification of the catalyst not only
enables the growth (because higher-index (101) and (111)
facets are believed to favor graphene nucleation because of
better lattice matching) but also changes the contrast in
surface energies and consequently water contact angles of the
bottom surface of the GMWs and the top surface of the
catalyst. After the plasma treatment, the Cu foil is hydrophilic,
while the graphene surface is hydrophobic (see Figure 25b).
This allows intercalating water molecules to adhere to the Cu
catalyst and repel the GMW, leading to the observed
interesting effect of water-based GMW film separation.
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Figure 25. Growth process of graphene microwells in the plasma.
Modification of facet expression on the catalyst surface enables not
only the growth (a) but also water-based film transfer (b).
Reproduced with permission from ref 194. Copyright 2014 John
Wiley and Sons.

The discussed examples of synergistic interactions of the
plasma and catalysts are representative and nonexhaustive.
The interesting manifestations of their positive practical effects
suggest that this area should definitely be explored further in
both breadth and depth.

5.2. Catalytic Growth of Inorganic Nanowires

Metal nanocatalysts are used not only to grow CNTs but also
for growth of other inorganic one-dimensional materials both
at micrometer and nanoscales. In this case, the growth is
typically enabled by the vapor—liquid—solid mechanism.""®
The synthesis is typically performed well above the eutectic
temperatures to enable rapid mixing and diffusion through the
molten catalyst. Various catalytic materials have been
successfully used, including A, Ni 2 Fe Cu”
Ag’®" and Co.”” The typical catalytic metals and synthesis
temperatures for VLS growth of inorganic nanowires (NWs)
are summarized in Table 1. The pressure may range from very
low pressures up to atmospheric pressure.

As shown in Figure 26, Si nanowires are grown by allowing
SiCl, and H, precursor gases to react on the gold

SiCl, + 2H, = Si + 4HCI
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Figure 26. Schematic of silicon nanowire growth using catalyst metal
clusters and vapor-phase source for precursors and transmission
electron microscopy (TEM) image of silicon nanowire grown using
gold clusters through the vapor—liquid—solid (VLS) mechanism.
TEM image reprinted with permission from ref 115. Copyright 1964
AIP Publishing LLC.

nanoparticle, leading to selective dissolution of silicon into
the molten gold nanoparticle. The alloying of silicon with
gold leads to gold—silicon alloys whose melting point
(eutectic temperature) is much less than those of both silicon
and gold. The subsequent precipitation from the gold—silicon
alloy leads to one-dimensional growth of silicon NWs.
Typically, the synthesis temperature for crystalline silicon
nanowires on Au tends to be in the range from 550 to 900
°C, well above its eutectic temperature.

The use of plasma activation of gas phase over traditional
catalytic metal nanoparticles reduces the synthesis temper-
atures,zo6_209 often to near the eutectic temgerature. For
example, this was demonstrated for Au catalyst,”'" where the
synthesis temperature has been reduced to 380 °C by using
PECVD. We emphasize that, similar to one-dimensional
carbon nanotubes described in section 4.1, plasma-catalytic
growth significantly increases the growth rates of inorganic
nanowires.”''

An interesting feature of the plasma-assisted processes is
that the temperature of the metallic nanoparticle alloy during
growth can be much higher than that of the substrate holder
due to heating by radical recombination and ion impact
dissociation reactions.”'” Such effects allow for growth at

Table 1. State-of-the-art Catalytic Metals and Synthesis Temperatures for VLS-Grown Inorganic Nanowires; Ty is the

Eutectic Temperature, T, .q is the Temperature in Traditional Synthesis, and T,

Based Synthesis

material system  metallic catalyst reactor class

Si Au PECVD

GaN Au DBD,**?%® hot filament PECVD>"’
In,Ga,_ N Au PECVD

SiO,N, Ni RF-plasma

GaN Ni plasma-assisted molecular beam epitaxy
Si Fe arc plasma

GaN Co

Si Ag

ynthplasma 1 the Temperature in Plasma-

T; (°C) Tynthrad (°C) fi— )
363 550—1000'7%1? 380%'°
461.3," 55% at. Ga 960 900,20020% 850207
700-7501°
963,% Si—Ni eutectic 300%"7
895, Ni—Ga liquid phase 900! 730°%
1200° 1000>%*
~910 800—1050°%°
8362% 490—-500>"*

“Elliott, R. P.; Shunk, F. A. The Au—Ga (Gold—Gallium) System. Bull. Alloy Phase Diagrams 1981, 2, 356—358. bMurray, J.; Massalski, T. In Binary
alloy phase diagrams; American Society for Metals: Metals Park, OH, 1986; p 173. “Wang, Z. L.; Liu, Y.; Zhang, Z. In Handbook of Nanophase and
Nanostructured Materials: Synthesis/Characterization/Materials Systems and Applications I/Materials Systems and Applications II; Springer: New York,

2003; Vol. 3.
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much lower substrate temperatures. In addition, plasma
activation enables the growth of thinner nanowires than in
thermal CVD (Figure 27).
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Figure 27. Critical diameter of catalyst nanoparticle as a function of
the substrate holder temperature for CVD (solid and dashed curves)
and PECVD (dotted and dash—dotted curves) for a pressure p = SO
mTorr and a gas composition Ar/SiH,/H, = 70:20:10. Reproduced
with permission from ref 212. Copyright 2011 IOP Publishing. All
rights reserved.

Importantly, under plasma exposure the supersaturation can
be higher at much lower temperatures owing to the Gibbs—
Thomson effect discussed in section 2.2.2. This allows one to
produce nanowires at temperatures below 600 °C and reduce
their lowest possible thickness (size limit), in part due to the
enhanced flux of vapor-phase spec1es through the plasma
sheath and more effective dissolution.”'” Figure 27 shows that
the critical diameters of Si nanowires for thermal CVD are

larger than those for PECVD. Similar observations have been
made by other research groups.”'**"

The key attributes for plasma activation of nanowire
synthesis include effective dissociation of the precursor gas
phase to produce radicals and local heating temperature via
radical recombination, which makes the catalyst temperature
higher than the average substrate temperature.”'* It has been
proposed that electron—ion recombination and other surface
chemical reactions may lead to considerable nanoparticle
heating.”’® The combined use of gold nanocatalyst and
plasmas for the growth of silicon nanowires results in the
growth of 1D nanostructures at lower temperatures and
higher growth rates than in conventional neutral gas-based
processes.”"’

For the plasma-catalytic growth of GaN nanowires, nitrogen
can be used as a precursor instead of ammonia, which is
traditionally used in thermal catalysis. This is mainly due to
the fact that the active nitrogen species created by the plasma
allow the growth to happen.””® Indeed, effective dissociation
of nitrogen molecules requires energies that are much higher
than typical energies of thermal activation; this becomes
possible to achieve in plasmas through electron-impact
reactions. The resulting GaN nanowires are single-crystalline
and of high quality.

Furthermore, the combined use of Au NPs and plasmas has
been shown to result in high-quality single-crystal InGaN
nanowires.”'® Plasma activation of the gas phase has been
shown to be critical for producing SiO,N, compound
nanowires. In the absence of plasma, one can only synthesize
a-SiO,H NWs, regardless of the type of catalyst used.”'” The

Table 2. Summary Listing Nontraditional Catalysts and the Synthesis Temperatures Used for Nanowire Growth under
Plasma Activation; No Nanowire Growth Is Observed without Using Plasma Activation

material metallic metal vapor pressure range (bar), minimum synthesis temperature eutectic eutectic solubility

system catalyst 100—800 °C reported (°C) temperature (°C) (at. %) ref
Si In ~1 X 107%-1 x 10°° 240 156 1x 107 a

Si In 500 b

Si In 400 c

GaN In 730 217

Si Sn ~1 X 107%6-1 x 107° 240 232 1x 1077 a

Si Sn 380 d

Si Ga ~1 x 107%°- x 1078 400 219

Ge Ga; In 300 30; 156.6 5%1075%; 7x1073 219,220
Ga,0, Ga 450 3x1075 @230C 221
SiO, Ga 450 e
SiNH -~ Ga 450 e
SiGe,_, Ga 500 f

Si Ga 220 30 5x 1078 219,224
Si Ga; Au-Ga 200 g

Si Ga 500 h

“Yu, L.; O’'Donnell, B.; Alet, P.-J.; Conesa-Boj, S.; Peiro, F.; Arbiol, J.; Roca i Cabarrocas, P. Plasma-Enhanced Low Temperature Growth of Silicon
Nanowires and Hierarchical Structures by Using Tin and Indium Catalysts. Nanotechnology 2009, 20, 225604. bZardo, 1; Conesa-Boj, S.; Estradé, S.;
Yu, L.; Peiro, F ; Roca i Cabarrocas, P.; Morante, J.; Arbiol, J.; Fontcuberta i Morral, A. Growth Study of Indium-Catalyzed Silicon Nanowires by
Plasma Enhanced Chemical Vapor Deposition. Appl. Phys. A 2010, 100, 287—296. “Xie, X,; Zeng, X.; Yang, P.; Wang, C.; Wang, Q. In Situ
Formation of Indium Catalysts To Synthesize Crystalline Silicon Nanowires on Flexible Stamless Steel Substrates by PECVD. J. Cryst. Growth 2012,
347,7—10. “Ball, J.; Bowen, L.; Mendis, B. G.; Reehal, H. Low Pressure Plasma Assisted Silicon Nanowire Growth from Self Organized Tin Catalyst
Particles. CrystEngComm 2013, 15, 3808—381S. “Sunkara, Z. K.; Sharma, S.; Chandrasekaran, H.; Talbott M.; Krogman, K.; Bhimarasetti, G. Bulk
Synthesis of a-Si,N,H and a-5i,0, Straight and Coiled Nanowires. J. Mater. Chem 2004, 14, 590—594."Meduri, P.; Sumanasekera, G.U.; Chen, Z.;
Sunkara, M. K. Composmon controlled synthesis and Raman analysis of Ge-rich Si,Ge,_, alloy nanowires. J. Nanosci. and Nanotech 2008, 8, 3153—
3157. #Carreon. M. Plasma-Catalysis Using Low-Melting Metals. Ph.D Dissertation, University of Louisville, December 2015. Zardo, L; Yu, L;
Conesa-Boj, S.; Estradé, S.; Alet, P. J.; Rssler, J.; Frimmer, M.; i Cabarrocas, P. R.; Peiro, F.; Arbiol, J. Gallium Assisted Plasma Enhanced Chemlcal
Vapor Deposition Of Silicon Nanowires. Nanotechnology 2009, 20, 155602.1
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radical species such as hydrogen and nitrogen are essential for
the synthesis of a-SiO,N, nanowires. In this process, hydrogen
radicals keep the catalyst in the reduced form (avoiding
excessive oxidation) while the nitrogen radicals allow for
nitrogen incorporation into the synthesized nanowires.

In the case of traditional catalyst metals, the use of plasma
activation has been mainly to enhance the growth process in
terms of growth kinetics, lowering the growth temperature,
reducing the size limit, and using different precursors. The use
of plasmas has been shown to be critical for growth of one-
dimensional materials using nontraditional catalytic metals and
systems. Specifically, metals such as Ga, In, and Sn work
effectively as catalysts for the synthesis of silicon,”'**"
germanium,””” and other compound nanowires”' through the
vapor—liquid—solid mechanism under the plasma activation.
This is particularly important as many of these metals form
eutectic alloys with Si and/or Ge at much lower temperatures
than catalytic metals such as Au and Fe. Specifically, Ga forms
the eutectic alloy with Si at ~30 °C, and it has a very low
solubility (~1 X 107% at %) in Si at the eutectic temperature.
A peculiarity of these metals is that they are noncatalytic by
nature and do not facilitate the growth of 1D materials at any
temperature and pressure. Importantly, several groups have
observed (without specific mention) the synergistic effects
between plasma and normally noncatalytic metals in inorganic
nanowire growth. Table 2 summarizes various experiments
involving both nontraditional catalysts and plasmas.

For the case of GaN nanowire growth with indium catalyst
and plasmas, it has been observed that the much-enhanced Ga
diffusion suppresses the formation of the undesired GaN 2D
layer and dramatically reduces surface contamination.**”
Diffusion studies on the growth of GaN nanowires using
Au catalyst and plasmas have shown an interesting interaction
between Ga and hydrogen plasmas.””® It has been observed
that, when hydrogen is introduced in the chamber, Ga
desorbs easily from the surface by reactin% with hydrogen.
While not acknowledged by the authors,”™ this interaction
limits Ga precipitation on the surface (e.g, prevents the
formation of the undesired 2D layers mentioned above), in a
manner quite similar to hydrogen etching of amorphous
carbon in the CNT/graphene growth examined in sections 4.1
and S.1.

Of all low-melting-point metals, Ga has the lowest eutectic
temperature with many materials, including Si, and also has
the lowest vapor pressure. However, low-melting-point metals
such as Ga, In, and Sn do not allow molecular adsorption for
selective dissolution.”’” It has been shown that silicon
nanowire growth using gallium can be realized in the presence
of a high density of hydrogen radicals.””® The selective
dissolution of Si derived from the vapor-phase precursors
through the plasma activation can be understood by
considering the various possible surface reactions. The
plasma-generated silyl and hydrogen radicals were found to
effectively interact with molten metal nanoparticles of
traditionally noncatalytic metals such as Ga.

Importantly, effective generation of atomic hydrogen in the
plasma enables the synergistic interaction between the
normally noncatalytic Ga nanoparticles and plasmas in the
Si nanowire growth. Specifically, in the presence of plasmas,
otherwise noncatalytic Ga behaves as a hydrogen sink, leading
to the formation of Ga—H species that mediate the
dissolution of the precursors,””* as shown in Figure 28. It
needs to be articulated that the mild plasma exposure leads to
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Figure 28. Synergistic interactions between plasma and Ga catalyst
in the growth of silicon nanowires. Reproduced with permission

from ref 224. Copyright IOP Publishing. All rights reserved.

the activation of the vapor—liquid—solid mechanism of
inorganic nanowire growth and enables the otherwise
ineffective catalytic effects in Ga nanoparticles. This is another
clear example of synergistic effects in plasma nanocatalysis.
The synergistic effect of plasma activation can also be
observed in nitrogen dissolution into low-melting metals.
Molecular nitrogen is usually a nonreactive gas under mild
temperature and pressure conditions in neutral gas processes.
Typically, one requires a pressure of ~20 atm and a
temperature of ~2000 K for dissolving nitrogen into Ga
melts using molecular nitrogen according to reaction 4. Using
plasma activation of nitrogen, the dissolution into Ga melts is
favored at subatmospheric pressures and temperatures as low

as 850 °C according to reaction 5.2
Ga(l) + 1/2N,(g) = GaN(s) (4)
Ga(l) + N(g) = GaN(s) (s5)

It was concluded that the recombination of N to form N, is
sufficiently slow to allow the formation of GaN.”*> Such
interactions have been exploited to grow GaN nanowires
under self-catalyzed conditions using plasmas of nitrogen or
nitrogen and hydrogen mixtures.

As discussed above, the hydrogen radicals resulting from
the plasma can interact with and dissolve into molten metals.
Similarly, plasma activation of the gas phase enables
dissolution of both oxygen and nitrogen radicals into molten
metals. In this case, the direct exposure of molten metals to
the plasma-excited gas can result in oxide, nitride, and
oxynitride nanowires. The role of plasma activation here is to
enable rapid dissolution of solutes such as oxygen and
nitrogen and keeping the surface of molten metals clean. This
concept has been successfully exploited for synthesizing oxide
nanowires of zinc, gallium, indium, aluminum, and nitrides of
gallium, indium, etc.”?°

In addition to oxidation or nitridation of low-melting
metals, it is also possible to use plasmas for producing oxide
nanowires from surfaces of high-melting-temperature met-
als.””” This method is based on exposing a thin metal foil to
reactive oxygen plasmas.””* >’ In this case, plasma—surface
interaction is the critical step that enables the nanowire
growth without any external (e.g., through gas feed) supply of
precursor material. The role of plasmas in this synthesis is to
generate oxygen atoms in the gas phase mostly through
electron impact, and to provide localized surface heating
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through recombination of the dissociated oxygen atoms, as
well as ion bombardment and neutralization.

Another method involving plasma oxidation of metals or
metal oxides in the presence of alkali salts results in nanowires
even after a very short exposure of <1 min.”>' A schematic of
plasma oxidation of metals in the presence of alkali salts for
nanowire growth is shown in Figure 29. The resulting alloys

Figure 29. Rapid plasma oxidation of metals in the presence of alkali
salts for producing nanowires. Reprinted with permission from ref
231. Copyright 2011 American Chemical Society.

melt at Jower temperatures and enable nucleation and growth
of high-density nanowires. This technique is similar to
hydrothermal growth except that the use of plasmas reduces
the time scales from several days to several minutes or even
shorter. An overview of the time scales involved is shown in
Figure 30, indicating that plasma-based techniques feature
short reaction times, making them potentially amenable for
high-yield, industrial-scale production.”*”

| Solgel mediated P;;‘_m
thru
Hydrothermal | Sohothermal
—l L bt wtoa R b
1day 12h 1h 1min 1s

Figure 30. Time scales for the plasma-based techniques for scalable
production of inorganic nanowires. Reproduced with permission
from ref 232. Copyright IOP Publishing. All rights reserved.

5.3. Abatement of Toxic Waste and Air Pollution Control

The synergy of plasma and catalyst in toxic waste abatement
is clearly demonstrated in Figure 31. This figure shows the
destruction efficiency of 500 ppm toluene in air, by means of
plasma, thermal catalysis (using a Ag/ALO; catalyst), and the
sum of both individual processes, as well as plasma
catalysis.”>»*** The sum of the two separate processes is
only 20%, whereas the plasma-catalytic destruction efliciency
is 65%, hence indicating a synergistic gain of more than a
factor of 3.

Many other papers have shown such a synergy for plasma
catalysis in air pollution control, and several review papers
overview the type of catalysts used, the pollutant treated, the
discharge conditions used, etc. 808385235236 Given the nature
of the problem, the pressure in these experiments is invariably
atmospheric pressure. The most widely used catalyst supports
are TiO, and y-Al,O;. Moreover, a variety of other metal
oxides (e.g, MnOx, V,0;, Fe,0;,Cu0, WO, ...) as well as
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Figure 31. Destruction efficiency of 500 ppm toluene in air at 25 °C,
by means of DBD plasma (P), thermal catalysis with Ag/ALO,
catalyst (C), and the sum of both individual processes (P+C), as well
as plasma catalysis (PC), illustrating the synergistic effect of the
plasma catalysis. Data adopted from ref 233.

metals (e.g, Ag, Ni, Pt, Cu, ..) have been loaded as active
elements on these supports.*>**® It is difficult or impossible to
draw a definite conclusion on the most suitable catalyst, based
on all the studies available in literature. Likewise, the
underlying reasons for the synergistic effects are not yet
completely understood. Several review papers try to explain
the performance enhancement of plasma catalysis, based on
the effects of the plasma on the catalyst, and vice versa,
summarizing the many studies presented in litera-
ture.*”*¥¥>*°% Similar explanations, but more from a
fundamental perspective, were also given in sections 3 and 4.
For photocatalysts, like TiO,, some papers state that UV
light from the plasma can create electron—hole pairs.*"**
Sano et al. demonstrated that, while UV light was produced in
the absence of TiO,, no emission was detected when TiO,
was present, suggesting that the UV light is effectively
absorbed by the catalyst." On the other hand, several other
papers claim that the intensity of UV light from the plasma is
not high enough.*>***** Indeed, the UV dose in typical
photocatalytic processes should be in the order of several
mW/cm?, whereas in typical (air) plasmas it is only in the
order of uW/cm>.*® However, it is very possible that
photocatalysts are activated by other (energetic) plasma
species, like ions, metastables, or electrons with suitable
energy. Indeed, TiO, photocatalysts have a typical bandgap of
3.2 eV; hence, electrons in the plasma with energies of ~3—4
eV should be able to excite electrons to the conduction band
and to create electron—hole pairs in a similar way as produced
by UV light* The same mechanism was also recently
suggested for BaTiO; photocatalysts.'®® Similarly, Van Durme
et al. explained the activation of a TiO, catalyst surface by the
adsorption of metastable N, having an energy of 6.17 eV.*’
Hence, we may conclude that the plasma might directly affect
carrier generation in (photo)catalysts, and this might explain
the synergy in plasma catalysis when using photocatalysts.
Finally, as mentioned in section 4.2.3, it is important to
make a distinction between the physical and chemical effects
in plasma catalysis. The physical effects even can be due to
nonreactive materials packed in the plasma reactor to support
the catalyst. For example, it has been demonstrated that a
packed-bed DBD, even with noncatalytic dielectric beads, can
increase the energy efficiency up to a factor of 12, depending
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on the type of pollutant being treated, the reactor geometry,
and the packing pellets, compared to a nonpacked DBD
reactor.”*> Moreover, the shape of nanosized particles can
enhance the plasma catalysis (see sections 2.2.2 and 3.3). Kim
and co-workers have demonstrated the physical role of nm-
sized metal particles (Ag, Zr, Cu) for discharge generation
over the surface of zeolites.”*” The plasma expansion occurred
over a wide surface area, whereas with bare zeolites the
plasma generation was limited to the edges of the zeolites.
This enhanced plasma expansion was correlated to a better
VOC decomposition.”*’

5.4. Hydrocarbon Reforming

Hydrocarbon reforming has been receiving immense attention
globally because it is poised to become a major source of
hydrogen, a product that has the potential of emission-free
alternative fuel. Currently, almost 90% of the H, is produced
via high-temperature steam reforming of natural gas or the
light oil fraction.”*' Although not widely used today as a
transportation fuel, researchers are working toward the goal of
clean, economical, and safe hydrogen production and fuel-cell
electric vehicles.

Even though catalytic hydrocarbon reforming has about
seven decades of history, there are still some inherent
challenges such as moderate thermodynamic efficiency;
fouling/coking on catalyst surface and eventual deactivation;
poisoning of a certain catalyst as a result of sulfur impurities
in hydrocarbon feedstock; and high temperature requirements
of the reforming reaction (a condition that reduces the energy
efficiency of the process). The reaction pathways in the
reforming process generally depend on the oxidant used. For
the wet reforming process, steam oxidizes CH, to CO (eq 6).
Equation 7 is the water gas shift (WGS) reaction, oxidizing
CO further to CO,. The overall reaction is represented by eq
8. Clearly, the energy requirement (endothermic, 165 kJ/mol)
of the overall process is high, which makes the wet reforming
a less favorable route.

CH, + H,0 = CO + 3H,, AH,5 = 206 kJ-mol™"  (6)
CO + H,0 = CO, + H,, AH,yo = —41K-mol”" (7

CH, + 2H,0 = CO, + 4H,, AH,y; = 165kJ-mol™’

(8)

Plasma reforming has a number of advantages over
traditional reforming,”** viz. (1) compactness, (2) high
conversion efficiency, (3) reasonable cost, (4) short residence
time, and (5) suitability for a broad range of hydrocarbons,
including heavy oil, raw biofuel, and other difficult-to-use
fuels. Most often, a DBD reactor at atmospheric pressure is
used, as was the case in plasma-catalytic DRM (see section
4.2.3). Plasma reforming of methane is an energy-efficient
process with significant potential for industrial applications.
Bromberg et al. reported a hydrogen vyield of 100%
corresponding to a methane conversion of 80%.”* This
result was achieved through heat regeneration and eflicient
use of heat exchangers and further optimization.

The effect of initial water content on steam reforming of
aliphatic hydrocarbons with nonthermal plasma was analyzed
in terms of hydrocarbon conversion, carbon recovery, and
product selectivity.”"’ It was found that water addition
increased the CO, yield, despite a decrease in hydrocarbon
conversion. The number of carbon atoms in the hydrocarbon

affected the effect of water addition due to the insufficient
supply of oxygen atoms from water.

Futamura et al. used a ferroelectric packed-bed reactor as a
standard reactor in the plasma reforming of methane,
propane, and neopentane with both H,O and CO,***
Methane and propane were found to be more suitable for
reforming. Achieving a constant composition of syngas by
controlling the ratio of initial concentrations of hydrocarbon
and oxidant is possible. We stress that in this case the plasma-
catalytic effect is predominantly physical because no clear
chemical pathways have been activated through the plasma
exposure.

Nozaki et al. clearly demonstrated a synergistic effect for
plasma-catalytic CH, steam reforming with a Ni/SiO, catalyst,
as shown in Figure 32.”*° The conversion in the DBD plasma
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Figure 32. CH, conversion in a DBD (blue solid line), Ni/SiO,
catalyst (green line), and combined DBD with Ni/SiO, catalyst (red
line); the blue dashed line indicates the equilibrium conversion at the
given temperature. Reprinted with permission from ref 245.
Copyright 2004 Elsevier.

without catalyst (blue solid line) was ~22% independent of
temperature, but above 400 °C, solid carbon (or soot) was
gradually accumulated and a stable plasma could not be
maintained. The catalytic conversion without plasma (green
line) was negligible at temperatures below 400 °C but
increased at higher temperatures, especially above 600 °C.
Finally, the conversion in the plasma-catalysis setup (red line)
was already near 25% at 200 °C and increased to almost 90%
at 700 °C.

Note that the plasma-catalytic CH, conversion largely
exceeds the equilibrium conversion (indicated by the blue
dashed line). The most pronounced synergistic effects
between plasma and Ni/SiO, catalyst take place between
400 and 600 °C. Furthermore, the CH, conversion curve
shifts to a lower temperature by ~200 °C in the plasma-
catalytic setup compared to the thermal-catalysis case (cf. red
and green curves). Hence, the plasma significantly reduces the
activation temperature of the catalyst, which is beneficial in
terms of energy efficiency. Indeed, the energy efficiency
claimed in this process was 69%.”*

This synergy may be attributed to the presence of
vibrationally excited CH, molecules (see section 3.4),
produced in the plasma.”””® In plasmas without catalyst,
these vibrationally excited CH, molecules are ineffective in
hydrocarbon reforming, because of their short lifetimes (order
of ns) and low threshold energy (below 2 eV, whereas the
bonding energy for most hydrocarbons is between 3 and 6
eV). Hence, the energy residing in the vibrationally excited
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Table 3. Performance of Selected Plasma and Plasma + Catalyst Reforming Processes

hydrocarbon reforming type reactor
CH, steam plasma only
CH,C(CH,),CH, CcO, plasma only
CH, 0, plasma only
iso-octane 0, plasma only
C,H;OH steam plasma only
CH, (biogas) CO, plasma/catalyst (NiO/ALOj;)
C,H,OH steam plasma/catalyst (Pt/TiO,)
CH, 0, plasma/catalyst
CH, 0, plasma/catalyst (NiO/a-ALO;)
CH, Cco, plasma/catalyst (Ni/y-ALO;)
iso-octane 0, plasma/catalyst

H, yield (%) T (°C) plasma power (kW) ref
44 20 0.025 244
17 20 0.025 244
32 400 0.033 248
0 400 0.008 a
63.9 350 0.009 b
59 700 2.4 c
73.5 300 0.009 b
89.9 750 0.0324 250
72 400 0.033 248
9.6 230 0.06 100
9 800 0.0038 a

“Sobacchi, M. G.; Saveliev, A. V.; Fridman, A. A; Kennedy, L. A.; Ahmed, S.; Krause, T. Experimental Assessment of a Combined Plasma/Catalytic
System for Hydrogen Production via Partial Oxidation of Hydrocarbon Fuels. Int. J. Hydrogen Energy 2002, 27, 635—642. bZhu, X; Hoang, T,;
Lobban, L. L.; Mallinson, R. G. Low CO Content Hydrogen Production from Bio-Ethanol Using a Combined Plasma Reforming—Catalytic Water
Gas Shift Reactor. Appl. Catal, B 2010, 94, 311—317. “Chun, Y.N,; Yang, Y. C.; Yoshikawa, K. Hydrogen Generation From Biogas Reforming Using
A Gliding Arc Plasma-Catalyst Reformer. Catal. Today 2009, 148, 283—289.

states is not efficiently used in this case; it was claimed that
40% of the plasma power is wasted in this way.”>”>

Although the vibrationally excited CH, molecules are not
reactive in the plasma, they appear to be much more reactive
at a Ni surface than ground-state CH, molecules.”*® For
instance, eigenstate-resolved measurements demonstrated that
the antisymmetric v; C—H stretch vibration yields a CH,
reactivity on a clean Ni(100) surface 1600 times higher
compared to the molecule in the ground vibrational state.”**’”
Indeed, in the case of plasma catalysis, vibrational excitation
improves dissociative chemisorption of CH, molecules on a
catalyst surface at low temperatures (see Figure 8),% leading
to a significant process enhancement. In other words, the CH,
conversion largely exceeds the equilibrium conversion at the
given temperature. Note, however, that the subsequent
chemical reactions occur at the catalyst surface, independent
of the plasma; hence, the product selectivity does follow
chemical equilibrium.” Finally, physical effects of the plasma,
i.e,, streamer impact, are claimed to be beneficial, as they may
heat the catalyst bed.”

A similar synergy also holds for CH, steam reforming with
commercial 12 wt % Ni/y-Al,O; catalyst in a packed-bed
DBD.”>** Besides the vibrationally excited CH, molecules
(see above), the heat produced by the DBD plasma enhances
the catalytic conversion of CH,. Furthermore, kinetic analysis
revealed that the rate-determining step of the process is the
dissociative adsorption of methane (see section 2.1.1).
Arrhenius plots for the catalytic reaction with and without
DBD suggest that the activation energy is very similar in both
cases. The pre-exponential factor, however, indicative for the
collision frequency (or number of active sites available), was
50 times higher (in the reaction-limited regime) in the case of
the plasma-catalytic conversion. Indeed, to maximize the CH,
conversion in steam reforming, dehydrogenation of CH, and
chemisorption of H,O molecules should be promoted
simultaneously. In this way, one can oxidize C intermediates
and thus prevent blocking of the catalytically active sites.
Hence, the excited H,O molecules play a vital role, as they
increase the concentration of chemisorbed O and OH
radicals. These radicals are needed for oxidation (and
desorption) of the chemisorbed C intermediates, thereby
Ieavin§5 2s41;ﬂicient active sites available for CH, dehydrogen-
ation.”™
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Some other examples suggest synergistic enhancement of
hydrocarbon reforming by a factor 1.1-2.4 through plasma
catalysis.”> This enhancement is likely to be related to
vibrational excitation of CH, molecules in the case of plasma-
catalytic hydrocarbon reforming. Indeed, pure plasma-based
hydrocarbon reforming, without catalysis, is energy-intensive,
as the conversion needs to proceed through dissociation and
ionization of the molecules. As discussed earlier, vibrationally
excited molecules have a low energy and short lifetime to play
any significant role in the gas-phase conversion. The
minimum threshold for dissociation and ionization of CH,
is ~9 eV. Therefore, the energy cost for plasma-based (steam)
CH, reforming is ~10—100 eV.¥ This is much higher than
what is needed for thermal catalysis, i.e., the energy needed to
increase the CH, gas temperature from 25 °C to the typical
working temperature of 700—900 °C is ~0.38—0.53 eV.

However, in plasma catalysis the energy can be channeled
into vibrationally excited molecules, thereby enhancing their
reactivity and the overall catalytic effects. While it was
concluded that hydrocarbon reforming in plasma is predom-
inantly thermal catalysis, the plasma assists in providing the
internal energy of the reactants (i.e., so-called “plasma-assisted
catalysis” instead of “catalysis-assisted plasma conversion”).*”
It should be realized, however, that the efliciency of
vibrational excitation in enhancing the dissociation is not
independent of the catalyst, and this division is probably not a
correct assumption.

The extent of vibrational excitation also varies among the
gas discharges. As was mentioned in section 4.2.2, DBD
plasmas produce only limited vibrational excitation. Note that
in warm (i.e, microwave or gliding arc) plasmas vibrational
excitation is more prominent, but the combination with
catalysis is still rather unexplored. However, vibrational
excitation in DBDs can be promoted by using alternating
high-voltage and dc pulses.”” Furthermore, as the lifetime of
the vibrationally excited molecules is only in the order of ns,
these excited molecules must be delivered to the surface as
quickly as possible. An improved design of the plasma-
catalytic DBD reactor based on perforated electrodes coated
with catalysts improves the interaction of the gas flow with
the catalyst by both increasing the surface contact areas and
aligning the catalyst surface perpendicular to the direction of
the gas flow.”
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Another example was presented by Pietruszka and
Heintze,”*® where the DBD reactor was employed for the
steam reforming of methane at temperatures below 400 °C.
When the discharge was used solely, only methane and
oxygen were converted. However, by combining the DBD and
a Ni catalyst, the conversion of methane was not improved
but complete oxygen conversion was achieved. At a sufficient
temperature to maintain the Ni catalytically active, the
product selectivity changed significantly. The effect of the
steam led to enhanced hydrogen yield, provided that oxygen
was fully converted. A selectivity for H, production of ~70%
over NiO/AL,O; was achieved. It was found that plasma only
activates the reagents and thus accelerates the adsorption—
desorption processes, whereas the oxidation state of the
catalyst is responsible for the surface reactions. The
performance of more combined plasma/catalyst reforming
systems is summarized in Table 3.

Partial oxidation of methane

CH, + 0.50, = CO, + 2H,, AH,o; = —35.7 kJ-mol ™’

©)
is suggested as a suitable alternative to alleviate the energy
cost.” Chao et al. reported hydrogen production through
partial oxidation of methane by combining the arc plasma
with catalysts.”>” Because the partial oxidation reaction is
highly exothermic, no additional energy was needed to
maintain the temperature of the catalyst bed. Therefore, the
energy of the exothermic reforming combined with the energy
from the hot thermal plasma is sufficient to sustain the
process, leading to a remarkable energy efficiency of 1.21 MJ/
kg of hydrogen, a hydrogen yield of 89.9%, and a methane
conversion in excess of 90%.

Rico et al. presented convincing results on the performance
enhancement due to the plasma, in plasma-catalytic methanol
reforming,”>" The authors used a BaTiO; ferroelectric packing
and a Cu/Mn oxide catalyst (mainly consisting of
Cu, sMn, O, spinel structure with cubic symmetry and a
minority phase of Mn,0;), which was mixed with the BaTiO,
packing for a uniform distribution. The temperature was kept
between 115 and 180 °C to avoid condensation of methanol
(or H,0, in the case of steam reforming). An ac voltage of
800 V was applied, yielding a power of 4—12 W in the
packed-bed DBD. Note that, without packing, an applied
voltage of 3 kV was needed, yielding 60 W power,
demonstrating again that a packing can reduce the voltage
to sustain the plasma and, hence, yield better energy
efficiency. As illustrated in Figure 33, no methanol conversion
was detected in the case of the BaTiO; packing without
plasma. Likewise, the BaTiO; packing with Cu/Mn oxide
catalyst, but without plasma, yielded a conversion of only 2%.
The formed products were formic acid, formaldehyde, and
water.”!

However, after plasma addition, the methanol conversion
increased drastically. A maximum conversion of 92% was
obtained in the case of the BaTiO; packing with plasma,
producing only syngas (CO + H,). This clearly indicates that
the methanol conversion at a temperature of 115 °C is purely
plasma-induced. The intended application of this process is
H, production for fuel cell applications.

As the CO can poison the Pt electrode, it should be
avoided, and this could be realized by adding the Cu/Mn
oxide catalyst for the selective oxidation of CO into CO,. In
the combined plasma-catalysis system with BaTiO; packing,

A)
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Figure 33. Schematic of the methanol conversion by BaTiO; packing
without plasma (A), BaTiO; + Cu/Mn oxide without plasma (B),
BaTiOj; packing with plasma (C), and BaTiO; + Cu/Mn oxide with
plasma (D). The obtained conversions and products formed are also
illustrated. Adopted with permission from ref 251. Copyright 2009
The Royal Society of Chemistry.

2% conversion 92% conversion 97% conversion

Cu/Mn oxide catalyst, and DBD plasma, a maximum
conversion of 97% could be reached, producing CO, H,,
CO,, and H,0 (see Figure 33). The CO selectivity was
reduced to 36%, while a H, selectivity as high as 80% was
achieved. At higher flow rates, the conversion decreases while
the selectivity remains unchanged.251

5.5. Ammonia Production

The current industrial ammonia synthesis uses the thermal
Haber-Bosh technology developed over 100 years ago.””* This
process (eq 10) takes place at temperatures around 500 °C
and pressures of 300 bar. Nitrogen is drawn from the
atmosphere by using cryogenic air separation while hydrogen
is mostly sourced from natural gas.

3H, + N, = 2NH,, AH,o = —92.22 kJ-mol ™},
AS,g5 = —198.76 J-K"mol ™" (10)

Since the reaction is exothermic, eq 10 shows that, due to
the entropy change, the reaction will only proceed
spontaneously at sufficiently low temperatures. However, the
nitrogen dissociative adsorption presents a high activation
barrier (dissociation energy of 911 kJ/mol of the triple
nitrogen bond). On the other hand, the rates of ammonia
synthesis increase with increasing temperature until a
maximum is reached. A further temperature increase results
in the ammonia decomposition, lowering the equilibrium
concentration of ammonia.”>? Hence, the process temperature
and pressure can be balanced to maximize the ammonia yield.
In a practical process, multiple reduced Fe;O, catalyst beds
are placed in series, leading to an energy consumption of
9500 kWh per ton of NHj; if H, is generated from steam
reforming of methane.

At the molecular level, the ammonia synthesis follows a
Langmuir—Hinshelwood mechanism (briefly discussed in
section 3.2.3), where the reactants undergo a dissociative
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adsorption on the catalyst surface before any reaction between

them. The various elemental reactions and the corresponding

energy diagram are presented in Figure 34.”%*
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Figure 34. Reaction steps of the catalytic ammonia synthesis and
calculated reaction pathways for ammonia synthesis over flat (dashed
line) and stepped (solid line) Ru surfaces. Empty catalyst surface
sites are represented as *, and X* is the X species adsorbed.
Reprinted with permission from ref 254. Copyright 2006 American
Chemical Society.

Plasma-catalytic methods are pursued as promising
techniques for ammonia synthesis because they provide active
nitrogen species at relatively low temperatures. A summary of
recent results is given in Table 4. Note that, in contrast to the
high pressures used in traditional thermal ammonia
production, plasma-catalytic studies have employed pressures
in the range from 20 Pa to 1 atm.

The active nitrogen species may interact on the catalyst
surface, overcoming the energy barrier associated with
nitrogen dissociative adsorption.”>>**® Nonequilibrium plasma
is capable of generating NH radicals from a N,—H, mixture in
order to obtain ammonia. Besides, the metals placed in the
plasma region enhance the ammonia yield, clearly indicating a
synergistic effect of the plasma and the catalyst.”*®

Mindong et al. reported the use of a microgap dielectric
discharge operating at ambient pressure for ammonia
synthesis.””” The maximum vyield of ammonia reported
reached 12 500 ppm (1.25%). A later study showed that
the ammonia production can be maximized by optimizing the
composition of gas mixtures and sequential inlet of specific

gases into the reactor chamber directly into the reaction zone
of discharge afterglow.”*

Species formation in an electron cyclotron resonance
(ECR) plasma and at a catalyst surface was also
investigated.”” The nature of the catalytic surface affected
the production and surface adsorption of the plasma-activated
species of diatomic nitrogen, ionized diatomic nitrogen, and
NH,. Once the species are adsorbed on the catalyst, hydrogen
reacts with them to form NH,, which leads to ammonia
desorption.”®” Uyama et al. have demonstrated a synergistic
enhancement in ammonia synthesis when Fe wires are used as
catalyst in the presence of plasma. Ammonia production with
plasma catalysis is doubled over a period of 3 h under S Torr
of pressure and 620 + 50 K. The plasma catalysis results in 2
orders of magnitude higher yields than the process without
the discharge.”*

When the plasma is rich in radicals, especially NH (e.g,
under microwave excitation), NH; is predominantly formed.
This can be explained by noting that mostly nitrogen atom
and/or metal—nitrogen bonds are formed on the catalyst
surface. When ionic species are abundant (e.g, by RF
excitation), both ammonia and hydrazine are formed. This
can be explained by the fact that in this case hydrogenated
nitrogen species are detected more abundantly on the catalyst
surface than nitrogen atoms and/or metal—nitrogen bonds. >

Van Helden et al. demonstrated a strong correlation
between ammonia formation and the fluxes of atomic N
2 Moreover, catalyst played
little effect under strong radical flux conditions, which further
supports the importance of radical generation in the gas phase
of the plasma.

Using a membrane-like catalyst reactor, Mizushima et al.
studied the effects of input voltage, hydrogen-to-nitrogen
molar ratio, plasma composition, and metal loading on an
alumina support.263 The latter consisted of Ru, Pt, Ni, and Fe,
and among these tested metals, Ru showed the highest
activity in the plasma-catalytic synthesis of ammonia. Figure
35 illustrates the synergistic effects of plasma catalysis
reported by Mizushima et al.”’

From their findings, they suggest that the nitrogen is
adsorbed onto the alumina surface by dissociative adsorption
or diatomic plasma excited diatomic molecules attaching to
the alumina surface. Meanwhile, plasma-generated H atoms
and diatomic excited hydrogen can react directly with
nitrogen atoms that are adsorbed on an alumina surface or

and H radicals to the surface.

Table 4. Reports on Plasma-Activated Catalysis for Ammonia Synthesis; RT Stands for Room Temperature

reactor T (K)

microwave discharge/Fe wires — Mo wires 620 K
ECR plasma/steel RT

RF discharge/Fe wires 620 K
RF discharge — microwave discharge/Fe wires — Mo wires 620 K
expanding thermal plasma/stainless steel—SiN,

thermal plasma/stainless steel 600 K
electric field discharge/MgO ambient

DBD/alumina (Ru) RT

DBD/alumina (Ru, Pt, Ni, Fe) ambient

P N,/H, production ref
650 Pa a
600 Pa 1:3 259
S Torr 1:4 260
S Torr 1:4 261
20 Pa 11% of outlet 262
20 Pa 2% of outlet b
10° Pa 1:4 5000 ppm c
1 atm 1:3 1.6 X 107 mol'min™" (2.4% conversion) 256
ambient 1:3 3 X 10~ mol-min~! 263

“Matsumoto, O. Plasma Catalytic Reaction in Ammonia Synthesis in the Microwave Discharge. J. Phys. IV France 1998, 08, Pr7—411 and Pr417—
420. YVankan, P.; Rutten, T.; Mazouffre, S.; Schram, D. C,; Engeln, R. Absolute Density Measurements of Ammonia Produced via Plasma-Activated
Catalysis. Appl. Phys. Lett. 2002, 81, 418. “Mingdong, B.; Xiyao, B.; Zhitao, Z.; Mindi, B. Synthesis of Ammonia in a Strong Electric Field Discharge

at Ambient Pressure. Plasma Chem. Plasma Process. 2000, 20, 511—520.
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Figure 35. NH; formation pathway on Ru-membrane alumina in
N,/H, plasma. Reproduced with permission from ref 263. Copyright
2007 Springer Science and Business Media.

go through an absorption step first and then react. As for the
role of Ru atoms, Mizushima et al. propose that hydrogen is
absorbed on these active sites and the Ru—H species react
relatively faster with adsorbed nitrogen on alumina, and
therefore, a higher ammonia yield is obtained, again
demonstrating the plasma-catalytic effect.”*®

6. CONCLUSIONS AND OUTLOOK

The recent advances in the areas discussed in this review
suggest that plasma catalysis is a rapidly developing research
field, which promises not only many exciting scientific
discoveries but also the development of new technologies
and industrial applications. Chemical catalysis that relies on
catalytic effects of nanoparticles and other nanomaterials has
many established applications, ranging from natural gas
reforming into syngas, the growth of inorganic nanowires
and nanotubes, and ammonia production, to name but a few.

As many examples in this review suggest, the interaction
between catalysts and low-temperature nonequilibrium plasma
may lead to synergistic effects. These effects may improve the
process outcomes, for example, in the conversion and energy
efficiency and selectivity of the process, and may potentially
lead to outcomes that are normally not achievable using
traditional catalytic or plasma-only approaches separately.

The outcomes may improve existing catalytic processes of
technological importance and are subject to further explora-
tion, and may potentially lead to novel catalytic processes that
capitalize on the unique outcomes of the synergistic plasma-
catalyst effects. In spite of the demonstrated advantages,
however, plasma catalysis also faces several challenges, both
scientific and technological, on the way to widespread
practical adaptation of these unconventional catalytic
approaches. On the other hand, these challenges create
exciting opportunities to further improve our scientific
understanding of the fundamental phenomena involved and
eventually translate the new knowledge into viable processes
and products.

Below we briefly discuss the arising challenges and
opportunities for the plasma-catalysis field in the coming
years. Without trying to be exhaustive, we will follow the
selected areas of this review where the synergistic effects of
the plasma and catalytic materials are particularly clear. These
areas include (i) plasma-assisted catalytic reforming of natural
gas into syngas; (i) plasma-based large-area graphene
synthesis; and (jii) large-scale production of multipurpose
inorganic nanowires.

In any area of applications, including the ones mentioned
above, using plasmas necessarily implies additional costs due
to specialized equipment and energy needed to generate and
maintain the plasma. This creates a perception that plasma-

based applications are energy-intense and costly, especially
upon industry-scale operation.

However, the overwhelming success of the multibillion-
dollar semiconductor industry, where capital-intense, low-
pressure plasma nanofabrication facilities are used, suggests
that the benefits of the creation of value-added products that
otherwise are difficult or even impossible to achieve may
outweigh the need for the major capital investments in
equipment and infrastructure and the associated energy costs.

Let us discuss this issue for the selected focused examples
of plasma-assisted catalysis. Generally speaking, these
examples show value-added outcomes by using similar or
simpler equipment and processes than those in the semi-
conductor industry. Moreover, additional energy costs
associated with the plasma generation may be offset by the
benefits offered by the synergistic plasma-catalytic processes.
These benefits are expected to be retained at large-scale
operation, which, however, introduces specific challenges.

Specifically, in the first example related to plasma-assisted
catalytic reforming of natural gas, possible important benefits
include operation at reduced temperature, selectivity toward
the formation of value-added products, and an extremely fast
switch-on time. Operation at reduced temperature leads to
reduced coke formation and catalyst poisoning and, therefore,
to increased catalyst lifetime. This is a critical parameter in
any industrial setting, in part offsetting the capital costs.

Although much research is still needed, plasma-catalytic
reforming of natural gas may allow the selective production of
syngas, but possibly also other value-added products such as
methanol or formaldehyde. This is due to the very nature of
the plasma, which in part decomposes and activates the
precursor gases, while the catalyst allows for the selective
formation of desired products.

The fast plasma switch-on time finally may allow to
(partially) cover the imbalance between supply and demand
of energy and, hence, the use of intermittent excess energy,
e.g, from renewable energy sources, in order to store this
excess electrical energy in the form of liquid fuels. There are
also many challenges associated with this application. Clearly,
large-scale gas conversion requires significant energy input,
and hence, the energy efliciency of the process is critical. The
major challenge, therefore, is to improve this energy efficiency
and reduce the energy cost as much as possible.

A possible way to overcome this challenge is to deposit the
appropriate amount of plasma energy in the required energy
modes. Specifically, plasma-induced selective pumping of the
molecular vibrational levels may provide a means to allow for
increased decomposition at the catalyst surface, without
wasting energy on heating the process gas.

Achieving this, however, requires a thorough understanding
of how the plasma power is coupled into these modes and
how these modes in turn give rise to the product
intermediates, which are favorable for generating the desired
end-product molecules. The advent of combined high-level
simulations and dedicated experiments will be of paramount
importance in this field.

In the second example related to plasma-based, large-area
graphene synthesis, the growth of graphene films is presently
possible on much larger substrates than those discussed in
section 5.1. For example, few- and single-layer graphene films
have recently been synthesized on large-area Cu foil substrates
using microwave plasmas.'””** The obvious benefits of these
processes include amenability for scaled roll-to-roll processing,
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substantially reduced (compared to conventional thermal
CVD) substrate and gas temperatures, and the possibility to
produce good-quality graphene films using low amounts of
carbon precursor or even without using carbon-containing
gases.

The remaining challenges include the need to further
improve graphene film quality and to increase the size of
domains with single-layer structure from typically presently
achievable ~100 nm in plasma-based processes to micro-
meters and beyond, reported in conventional thermal CVD
yet at much higher temperatures. Important issues including
catalyst reuse and reducing the energy consumption needed to
maintain plasmas and vacuum operation should also be
addressed.

These issues can be overcome by more precise control of
the growth and separation of graphene from the metal
substrates, which should ideally be reused without losing their
catalytic and growth-support functions. The energy efficiency
of the plasma-based processes could be improved by more
efficient precursor gas handling (e.g, dosing and recycling),
using cheap, minimally processed precursors, minimizing the
amounts of carbon-bearing and other process gases, and
generating plasma discharges featuring time-programmed (e.g.,
pulsed) energy-delivery functions.

A better understanding of the fundamental mechanisms of
the interaction of plasmas with graphene-supporting catalysts
is therefore needed, for example, to increase the graphene
domain sizes well beyond what is presently possible at low
temperatures typical for plasma-based processes. Separation of
graphene films from the catalyst in water without etching or
damaging the catalyst still remains poorly understood.”®

A clear explanation of the microscopic effects of the plasma
treatment on the catalyst that enables this separation will
make it possible to develop reliable strategies for the scaled
production of graphene films on reusable metal catalysts. As
was explained in section 5.1, synergistic plasma and catalyst
effects enable microscopic surface modifications that not only
are beneficial for graphene growth but also enable the film
separation in water. The obvious challenge is to demonstrate
the feasibility of this process at large (e.g, roll-to-roll)
processing scale. Combined experimental and numerical
modeling efforts are expected to shed more light on these
interesting synergistic plasma-catalytic effects.

In the third and final example of large-scale production of
multipurpose inorganic nanowires, the benefits of using
plasma catalysis include a short reaction time scale, which
allows for the large-scale production of nanowires as powders,
and similarly short reaction time scales and lower temper-
atures for growing inorganic nanowire arrays on large areas
and substrates such as thin metal foils, flexible plastic, and
paper substrates, which moreover are also amenable for large-
scale processing.

While the scaling-up is already in progress, various
challenges remain. On a practical level, there are still many
unknown aspects about equipment design for scale-up. The
required design studies, however, are both costly and time-
consuming. Similar to plasma-catalytic gas reforming, the
capital costs are likely to be significant. On a more
fundamental level, the structure, properties, and functionality
of catalysts used under plasma activation need to be
understood for specific materials of interest. This, in turn,
requires better understanding of the elementary processes
involved in plasma—catalyst interactions.
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In terms of nanowire powder production, the required
capital cost may be offset by the possible lowering of the
actual production cost, which may be achieved through
increasing throughput, potentially by using fluidized-bed
reactors and atmospheric plasmas. In the case of nanowire
array or film production, the methods need to be optimized
for large-scale (e.g, roll-to-roll) processing.

As we have seen from these examples, a substantial research
effort is needed to improve both the fundamental under-
standing of the numerous physicochemical effects involved
and the means of translating these effects into practical
outcomes. This makes the plasma-catalysis field both exciting
and challenging, especially for multidisciplinary collaborations.
Finally, we expect more enthusiastic researchers to engage in
the coming years and welcome any critical discussions and
collaborations.
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