Chapter 4 )
Plasma Catalysis Modeling s

Annemie Bogaerts and Erik Neyts

4.1 Introduction

Plasma catalysis is gaining increasing interest for various applications, as is obvious
from the other chapters in this book. However, the underlying mechanisms are very
complex and not yet fully understood. A better insight in these mechanisms can be
obtained by experiments, but also computer modeling can be very useful for this
purpose. Indeed, a model allows us to unravel the individual processes, before
combining them into the overall picture, which is not always possible in experi-
ments. This should allow us to obtain detailed insight into the underlying
mechanisms.

Although modeling is quite well established for describing the plasma behavior
for various kinds of plasmas and diverse applications and computer simulations are
also extensively used for describing (thermal) catalytic processes, the modeling
attempts reported in literature for describing the combination of both, in plasma
catalysis, are very limited up to now. The reason for this is probably the enormous
degree of complexity of the entire process.

This chapter gives an overview of the modeling work performed already for
plasma catalysis. We start this chapter with a brief overview of plasma-catalyst
interactions, to identify the various aspects that need to be considered by modeling.
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4.2 Plasma-Catalyst Interactions

The major difference between plasma catalysis and thermal catalysis is that the
source gas will already be activated by the plasma, causing among others dissocia-
tion, excitation, and ionization of the molecules. Indeed, plasma does not only
contain molecules but also various radicals, excited species and ions originating
from these molecules, as well as electrons and photons. All these species might
interact with the catalyst surface, in addition to electric fields that are also charac-
teristic of a plasma, all contributing to the complexity of plasma catalysis. Vice
versa, the catalyst will also affect the plasma behavior in various respects. In the
following we will give a brief summary of the effects of plasma on a catalyst, as well
as the effects of a catalyst on the plasma.

4.2.1 Effects of the Plasma on a Catalyst

Plasma may affect the catalyst and catalysis mechanisms in various ways. It may
cause:

(a) Changes in the physicochemical properties of the catalyst, e.g., a higher adsorp-
tion probability [1]; a higher surface area [2, 3]; a change in the oxidation state
[4-9]; reduced coke formation, thus preventing deactivation of the catalyst [5];
and a change in the work function due to the presence of a voltage and current
(or charge accumulation) at the catalyst surface [10, 11], affecting the catalytic
activity [12].

(b) The formation of hot spots [13], possibly modifying the local plasma chemistry
[14]. These hot spots might even thermally activate the catalyst locally [15], or
they can also deactivate the catalyst due to plasma-induced damage [16, 17].

(c) Lower activation barriers, due to the existence of short-lived active species, such
as radicals and vibrationally excited species [4].

(d) Activation by photon irradiation [18, 19], although this effect is still under
debate, because other studies reported no effect [20, 21]. It is indeed claimed
[18, 22, 23] that the UV light originating from the plasma is not intensive
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 pW/cm? [22]. However, it is definitely possible that photocatalysts are
activated by other (energetic) plasma species, like ions, metastables, or electrons
with suitable energy [13, 23, 24].

(e) A change in the reaction pathways, because the plasma contains not only gas
molecules, like in thermal catalysis, but also many more species, such as
radicals, ions, electrons, and vibrationally and electronically excited species,
which can undergo other types of reactions at the catalyst surface. For instance,
besides the more common Langmuir-Hinshelwood mechanism, where two
adsorbed species undergo a chemical reaction, in plasma catalysis the
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Eley-Rideal mechanism, where a plasma-produced radical reacts with an
adsorbed species, can also occur more readily, while this process occurs in
thermal catalysis only at very high temperatures [25].

4.2.2 Effects of the Catalyst on the Plasma

Vice versa, a catalyst may have a profound effect on the plasma. It may cause:

(a) Enhancement of the local electric field in the plasma, because the catalyst is
mostly present in a structured packing (e.g., pellets, beads, honeycomb, etc.,
so-called packed bed reactor), or simply due to the porosity of the catalyst
surface [18, 26-28]. This enhanced electric field consequently results in an
increase of the high energy tail of the electron energy distribution [14, 29, 30].

(b) A change of the discharge type from streamers inside the plasma to streamers
along the catalyst surface [6, 31-37], which might result in more intense plasma
around the contact points [13, 38]. The latter will affect the plasma chemistry.

(c) The formation of microdischarges in the catalyst pores [29, 39—43]. This might
lead to a strong electric field inside the pores, which will also affect the plasma
chemistry.

(d) The adsorption of plasma species on the catalyst surface, affecting the residence
time and hence the concentration of species in the plasma [13], while new
reactive species might be formed at the catalyst surface. The adsorption will
increase with the porosity of the catalyst surface [44].

A schematic overview of some plasma-catalyst interaction processes is presented
in Fig. 4.1. More details on these interaction processes can be found in many
excellent reviews on this topic (e.g., [20, 22, 25, 32, 45-56]) and in Chap. 3 of
this book. In the next section, we will illustrate how computer modeling can
contribute to obtain a better insight in these interaction mechanisms.

4.3 Modeling the Effects of a Plasma on the Catalyst
and on the Catalytic Surface Reactions

Modeling the effects of the plasma on the catalyst is quite a difficult task. This is due
on one hand to the wide variation in time and length scales in plasma-surface
interactions and to the complexity of the interactions on the other hand. While
chemical surface reactions of plasma species at the catalyst surface can nowadays
be accurately simulated (see examples below), modeling plasma effects, such as
plasma-induced morphological changes, surface charging, the effects of photons,
etc., is highly challenging. Likewise, simulating adsorption probabilities and coke
formation may be feasible, while the enlargment of the surface area or (global)
changes in surface oxidation state are much more complicated to simulate.
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Fig. 4.1 Schematic overview of some plasma-catalyst interactions. (Modified from [46])

So far, very little work has been performed in most of these areas. On the other
hand, extensive literature exists on simulations of chemical reactions of a source gas
at a catalyst surface, without plasma effects. Such simulations can be carried out at
the atomistic level, based on either a classical molecular dynamics (MD) or
quantum-mechanical approach (mostly density functional theory or DFT); on a
mesoscale level, based on a kinetic Monte Carlo (kMC) approach; or on a global
level, based on rate equations. Here we give a few examples, being most relevant for
the study of plasma catalysis.

In plasma catalysis, as mentioned above, the plasma activates the source gas,
creating among others radicals (besides electrons, ions, and excited species). At the
molecular level [57], the interaction of radicals with a catalyst surface has been
studied by both classical MD simulations (e.g., [S8—60]) and DFT calculations (e.g.,
[61-63]). Again a few examples will be given in this section. Although the link with
plasma catalysis is still weak in most of these studies as they only consider radicals,
some simulation works recently appeared in which also other plasma effects, like the
effect of electrons [64, 65] and the electric field [66], were addressed.

Some plasma effects, however, were previously considered for another (closely
related) application, i.e., carbon nanotube (CNT) growth. The effect of the electric
field was investigated in [67], while the effect of ion bombardment was investigated
in [68]. The same principle should also apply to plasma catalysis.

The effect of excited species on plasma catalytic processes has also been inves-
tigated, more specifically for vibrationally excited CH, [69]. This, however, is not
straightforward, because of the required highly accurate description of the
interatomic interactions and forces. This will also be explained below.

To the best of our knowledge, the interaction of photons with catalyst surfaces has
not yet been studied in the context of plasma catalysis, and we shall therefore not
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elaborate on this topic. Finally, the future needs to model plasma-induced effects on
a catalyst surface will be discussed.

4.3.1 Changes in the Physicochemical Properties
of the Catalyst

The plasma may modify the physicochemical properties of the catalyst, including a
change in both the morphological surface properties (e.g., surface structure and
surface area) and electronic surface properties (e.g., work function and surface
oxidation state). In Sects. 4.3.3 and 4.3.5 we shall discuss plasma-induced changes
in catalyst surface reactivity.

So far, however, there are no simulations or model results in the literature
available describing the plasma-induced modification of such catalyst physicochem-
ical properties. The effect of such changes, on the other hand, has been described.
For instance, Ni et al. [70] developed a heat balance model accounting for temper-
ature gradients resulting from a change in catalyst oxidation state (see Sect. 4.3.2).
This model, however, does not elucidate how the plasma may have induced this
change in the catalyst oxidation state.

In contrast, there are various reports on models for catalyst restructuring in
thermal catalysis, e.g., based on KMC modeling. One example of such a model
was developed by Zhdanov et al. [71], to simulate the reconstruction of a Pt(100)
surface in the CO-NO reaction. Reconstruction was enabled by considering two
types of Pt atoms, i.e., stable and metastable. Although the site density was kept
constant, the reconstruction could grow by virtue of accounting for the interactions
between the stable and metastable sites. The standard Metropolis algorithm was
employed to switch between both states, while accounting for adsorbate-catalyst
interactions. An example of the resulting catalyst structure is shown in Fig. 4.2,
along with the simulated oscillatory behavior of the reactants.

4.3.2 Hot Spots and Other Thermal Effects

As the plasma contains ions and photons and plasma species which react exo- or
endothermically at the catalyst surface, it is natural to imagine that the plasma will
affect the thermal balance of the surface. An excellent review paper on this topic can
be found in [72]. Several models have been developed to describe the thermal
balance of the catalyst in plasma catalysis.

A heat balance model for a packed bed dielectric barrier discharge (DBD) under
natural convection was developed by Li et al. [73]. The model was developed in order
to understand and explain the experimental observation that the temperature of the
plasma phase is significantly higher than the temperature of the pellet phase. The model
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Fig. 4.2 (a) Simulated oscillatory surface coverage of CO and NO reactants in their reaction on a Pt
(100) surface. (b) Snapshot of the reconstructed catalyst structure at the end of the KMC simulation,
where the metastable Pt states are shown as black dots. The red, orange, and blue dots denote the
CO, NO, and O adsorbates, respectively. The lattice constant is a. (Reproduced with permission
from [71])
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Fig. 4.3 Comparison between the experimental gas phase (Tg) and pellet phase (Tp) temperature
and the respective simulated temperatures, as function of position along the length of the DBD.
(Reproduced with permission from [73])

assumes that no chemical surface reactions (which may be either endothermic or
exothermic) occur. Another important limiting feature of the model is that forced
convection is not accounted for. Nevertheless, reasonably good agreement with the
experimental data is demonstrated. In particular, it can be seen from Fig. 4.3 that the
model indeed predicts a gas phase temperature exceeding the pellet phase temperature.
Based on the model results, the authors explain that this results from a higher energy
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consumption in the plasma compared to the pellet phase, while at the same time the heat
capacity of the plasma is much less than that of the pellet phase. A second important
conclusion of the model from the plasma catalytic point of view is that as the pellet size
becomes smaller, the temperature difference between plasma and packed bed increases.

In relation to morphological changes in the catalyst, Ni et al. studied oxidative
methane coupling as a function of oxygen concentration [70]. It was experimentally
found that the formation of ethane and ethylene especially was selectively dependent
on the oxygen concentration, which was attributed to temperature inhomogeneities
in the catalyst bed due to the microwave heating. In order to investigate this
temperature inhomogeneity, a heat transfer model was developed. For a thin catalyst
bed of 1 cm length and based on an estimated thermal conductivity of 3 W/m/K, a
temperature difference of 85 K exists between the center of the catalyst and its
periphery when the gas mixture contains 12.5% of oxygen. In the absence of oxygen,
the temperature of the catalyst at the center was calculated to be 168 °C above the
catalyst temperature at its periphery. According to the authors, this difference in
temperature gradient results from a change in the catalyst properties and in particular
a change in catalyst oxidation state from CeO, to Ce,O3. Therefore, the model
succeeds in predicting a temperature gradient as a function of a change in dielectric
loss, in agreement with their experiments.

4.3.3 Modification of Catalyst Reaction Kinetic Parameters

It is well known that the reaction rate of any surface reaction is not only determined
by the catalyst element but also by the precise geometrical and electronic structure of
the active site. Thus, when the plasma modifies, e.g., the catalyst surface morphol-
ogy, kinetic parameters are likely to be modified as well.

Nozaki et al. carried out a numerical integration of the rate equation for methane
steam reforming, in order to obtain the rate coefficient [74]. By calculating the rate
coefficient for a plasma-catalyst system and for a regular catalytic system, it was
found that while the energy barrier is unchanged, the pre-exponential factor is
enhanced by a factor of 50 in the DBD.

Jiang et al. performed a very large number (~18,000) of DFT calculations to
explicitly map out a nine-dimensional potential energy surface for the dissociative
adsorption of CO, on Ni(100) [75]. In particular in relation to plasma catalysis, the
effect of vibrational excitation on the CO, dissociation was investigated. From these
calculations, the authors found that the vibrational efficacity strongly depends on the
translational energy, as can be seen in Fig. 4.4. In particular, below a translational
energy of 0.4 eV, the symmetric and asymmetric stretch vibrations show a vibra-
tional efficacity of only 0.3 and 0.2, respectively. In this regime, a small increase in
translational energy yields a significant change in dissociation probability. For
higher translational energies, however, these efficacities increase to about 2.2,
demonstrating the dominant role of vibration in the dissociative chemisorption at
these higher translational energies.
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Fig. 4.4 Calculated normal incident dissociative sticking probability P, of CO, as function
of translational energy and for several vibrationally excited modes. (Reproduced with permission
from [75])

4.3.4 Reaction Pathways

As the plasma may modify the kinetic parameters, it may of course also affect the
actual reaction pathways. For instance, Neyts et al. employed long time scale
atomistic simulations based on a classical force field to study the methanol-to-
formaldehyde conversion process in the presence and absence of an external electric
field [66]. Although the field was not taken into account self-consistently (i.e., the
charge distribution at the surface was not modified as a function of the E-field),
including the field did demonstrate a significant effect on the surface retention time
of the reactants. Moreover, it was found that this residence time is also a function of
the polarity of the field: the retention time was decreased by 6% if the field was
pointing toward the surface, while it increased by 13% if the field had opposite
polarity. However, the time to first conversion (which is representative for the
surface reaction time at the pristine surface) did not show any dependence on the
electric field polarity nor on its magnitude.

Also employing a classical force field, Somers et al. performed a series of
molecular dynamics simulations to investigate the interaction of CH, radicals with
various Ni surfaces in a wide temperature range, aiming mainly at methane
reforming and H, formation [58—60]. The simulations demonstrate that the consec-
utive impingement of plasma radicals quickly renders the initially crystalline surface
amorphous, altering the surface catalytic properties. This, in turn, is seen to be a
result of C diffusion into the (sub-)surface layers, which can be controlled to a
certain extent by controlling the catalyst temperature. Thus, reducing the tempera-
ture as is typically done in plasma catalysis and allowing the plasma to dissociate
CH, into CH; and lower radicals enable to maintain a well-controlled catalyst
surface and catalyst reactivity.
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Often, the accuracy of such studies depends strongly on the accuracy of the
available force fields. While various rather accurate force fields have been devel-
oped, each new elemental combination requires the fitting of a new parametrization.
In order to overcome this issue, DFT calculations may be employed instead.

As an example, Huygh et al. performed extensive DFT calculations to investigate
how oxygen vacancies affect the reactivity of the TiO, anatase (001) surface toward
CO, dissociation [61]. While CO, was shown not to dissociate at any appreciable
rate on the stoichiometric surface, CO, dissociation does occur on a surface
containing oxygen vacancies (see Fig. 4.5). While these calculations do not simulate
the plasma directly, they demonstrate that if the plasma can create the required
oxygen vacancies, the plasma may indirectly enhance the catalytic CO, dissociation
process.

The same authors also investigated the adsorption of plasma-generated CHy
radicals on the same surface, again in relation to the presence of oxygen vacancies.
From their DFT calculations, it turns out that the precise location of the vacancies
greatly affects the adsorption interaction. This in turn affects the possible surface
reactions [62].

Dry reforming of methane on a Ni(111) surface was studied at low temperature,
relevant for plasma catalysis, by Shirazi et al. [63], as a function of H coverage. It
was found that there is a clear (albeit non-linear) relation between the increase in H
coverage and the decrease in energy barriers for methanol and ethane formation. In
particular, it was found that the increase in H coverage may sufficiently lower the
barriers to make the relevant reactions in the dry reforming process thermally
accessible at the low temperatures relevant for plasma catalysis. This is shown in
Fig. 4.6, schematically representing the decrease in activation barrier as a function of
H coverage for the hydrogenation of CH,OH to methanol.

The importance of surface charging for adsorbate/catalyst interactions was
recently convincingly demonstrated by Bal et al. using DFT calculations
[64, 65]. By adding a fixed proton to the vacuum space above a slab of catalytic
material and enforcing charge neutrality in the simulation cell, a negatively charged
surface is obtained with a surface charge density that can be tuned by the size of the
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Fig. 4.6 Influence of H coverage of the Ni(111) surface on the energy profile for hydrogenation of
CH,OH to methanol, as obtained from DFT calculations. (Reproduced with permission from [63])

simulation cell. Additionally, an electric field arises naturally in this setup. The
positive counter charge in the vacuum space can then be thought of as the positive
space charge in the sheath of the plasma region in contact with the surface.

Using this methodology, Bal et al. investigated the adsorption and splitting of
CO, on charged and neutral surfaces of alumina-supported single atom catalysts (Ti,
Ni, and Cu). It was found that the surface charge significantly enhances the reductive
power of the catalyst, strongly promoting the adsorption and dissociation of CO, to
CO and O as shown in Fig. 4.7. Furthermore, it was also found that the relative
catalytic activity of the investigated materials is modified by the surface charge. The
origin of this effect lies in the increase of the reductive power (or the Lewis basicity)
of the surface by the negative surface charge. Overall, the CO, splitting reaction was
found to become less endothermic, and furthermore, also the splitting barriers were
found to be reduced by the presence of the surface charge. It was therefore concluded
that surface charge might play a highly important role in the possible synergism
observed in plasma catalysis [64, 65].

Although DFT is sufficiently general enough to model essentially any reactive
system relevant in plasma catalysis, it is highly computationally expensive and is
limited to small system sizes. Moreover, if dynamics are required, the accessible
time scale is typically very limited as well (order of pico- or nanoseconds). To
access long time scale dynamics, a novel generic method was recently developed,
termed collective variable-driven hyperdynamics (CVHD) [76]. While CVHD was
shown to allow the extension of the time scale by up to nine orders of magnitude in
classical molecular dynamics, i.e., into the ps-ms-sec region (see, e.g., [66]), it has
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Fig. 4.7 Effect of surface charging on CO, adsorption. (a) and (b) Most favorable adsorption
configuration on the support and supported transition metal atom. (¢) Adsorption energies on all
sites, with and without extra charge. (Reproduced with permission from [64])

not been applied in the context of plasma catalysis except for the CO, splitting
process described above [76].

Therefore, various other types of models have been developed and used, which,
incidentally, allow for including actual plasma effects somewhat easier than atom-
istic models. In microkinetic models, a set of elementary reactions is specified. Each
elementary reaction is characterized by its rate constant, which can be determined
from experiments or from DFT calculations. Solving the set of reactions yields the
time evolution of the concentration of each of the species included. Alternatively,
other models such as KMC (see also above) can be applied. Finally, simplified
kinetic models can be constructed as well, typically to complement
experimental data.

As a very recent example of Monte Carlo simulations, Guerra and Marinov
developed and compared several dynamical Monte Carlo models to investigate
surface reactions [77]. Although it is mentioned that these models were developed
to study plasma-surface interactions, the authors acknowledge that only stable
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neutrals are taken into account, and the surface is considered to be of constant
composition and morphology. Thus, ions, photons, electrons, excited species, and
electromagnetic fields are not yet considered, and thus the link to actual plasma-
surface interactions is still quite weak. Nevertheless, such models hold great prom-
ise, as they are much faster than atomistic simulations (for which the link to actual
plasmas is also weak), they allow you to study long time scale evolution, and they
can be easily coupled with gas phase chemistry. On the other hand, they are strongly
dependent on a complete list of possible surface reactions and appropriate model
parameters such as sticking coefficients and energy barriers. Very recently, the same
authors also provided a description and comparison between KMC models and rate
balance equation models [78].

Microkinetic modeling was performed by Blaylock et al. for steam methane
reforming over multifaceted nickel catalysts [79, 80]. These authors first performed
extensive DFT calculations to determine the kinetic and thermochemistry parameters
for a considerable list of possible reactions. Interestingly, from such models the
change in reaction pathway can be determined as a function of changing conditions.
However, to the best of our knowledge, such models have not yet been performed in
the context of plasma catalysis.

In contrast, simplified kinetic models have been developed for plasma catalysis.
For instance, Tochikubo developed a combined plasma/catalytic rate equation model
to describe the reduction of nitrogen oxides with hydrocarbon admixtures [81]. The
catalyst model consists of a set of mass balanced equations for relevant surface
reactions. The allowed surface reactions are shown in Fig. 4.8. Although the surface
coverage is variable in the model, the number of active sites that are catalytically
active is kept fixed in the model. The model is capable of identifying a number of
important reactions, and the general trends of the dependency of NO, removal on
temperature and hydrocarbon admixture are reproduced. Still, more reliable surface
reaction data is required to allow for a more quantitative understanding of the NO,
reduction chemistry. In particular, it is assumed that each reaction accounted for is
described by the Arrhenius equation and, more importantly, that there are no

Number Reaction €, (eV)

(R1) 25+0,—25-0 0.96

(R2) 25-0=25+0; 266

(R3) S+ NO, —5-NO; 0.50

(R4) $-NO; -5+ NO; 1.16

(RS) $-0 4+ NO—5-NO; 029

(R6) $-NO; —=S-0 +NO 0.70

(R7) §-0+5-NO,—S-NO, +5 0.88

(R8) §-NO; +5—5-0+5-NO, 1.29

(R9) $-0 + HC—S-HC 0.68 E Gas-phase _j
(R10) 2 5-NOj + 3HC = 2 5-HC" + CO + H;0 + 2NO 0.48

(R11) S-HC* +5-0-25+CO+H,;0 184 0, HC NO, N.
(R12) S-HC® + 5-NO; — 5-NO; + 5+ CO + H,0 139 -
(R13) 2 5-HC* + 5-NO3 — 2 5 4+ 5-NCO + C0; + 2H,0 1.45

(R14) $-NCO +5-NOy =2 5-0 +C0; +N; 1.67

(R15) §-NCO +5-NO; —+25-04+CO +N; 1.03

(R16) $-0+4C0—~5+C0; 0.72

(R17) $-NO; + €0 —5-NO; + €0, 0.39

Fig. 4.8 List of surface reactions allowed in the rate equation model of Tochikubo et al.
(Reproduced with permission from [81])
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reactions besides those included in the model. Thus, while atomistic models are
limited due to the required interaction model (classical force fields) and the acces-
sible time and length scales, global models are limited due to their inevitably
incomplete list of reactions and assumed reaction behavior.

Delagrange et al. performed a series of experiments on toluene oxidation in a
plasma reactor containing manganese-based catalysts. It was concluded from these
experiments that ozone is highly important in the oxidation process. This was
confirmed by applying a simplified rate equation model, showing reasonable agree-
ment with the experiments, especially for low amounts of toluene [82]. In particular,
the authors concluded from their combined experimental and model results that the
increase in toluene oxidation in the presence of the catalyst compared to the plasma
alone is probably due to the importance of the surface reactions between plasma-
generated ozone and toluene.

Finally, Kim et al. also studied the decomposition of several volatile organic
compounds (VOCs) in a plasma-driven setup. Except for styrene, zero-order kinetics
was invariably observed. A kinetic model was then constructed to represent these
zero-order kinetics with respect to the specific energy input [83]. In this model, the
plasma enters through the formation of active surface sites, which are assumed to be
proportional to the discharge power density. From the model, a so-called energy
constant for each VOC can be defined, whose value is indicative of the energy required
to decompose each VOC to a certain degree in the plasma-catalyst setup. Overall, the
model results were found to be in good agreement with the experimental results.

4.3.5 Future Needs

From the above, it is quite clear that a lot of work still needs to be done. Currently,
there are no models which are capable of describing the influence of the various
plasma effects on the surface reactions or on the catalyst properties. The develop-
ment of such a model is, naturally, complicated by the inherent wide range in time
and length scale of the processes and phenomena involved. Therefore, a multi-scale
or multi-method approach seems to be most appropriate. In such a multi-method
approach, DFT calculations could for instance be used to calculate either reaction
probabilities of adsorbates on the catalyst, both for neutral, charged, and excited
species, or kinetic parameters for surface reactions including these species. This
information can then be used to construct, e.g., a Monte Carlo model, which is
capable of handling longer time and length scales. The dynamics of the atomistic
processes can be handled through advanced simulation techniques such as collective
variable-driven hyperdynamics [76].
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4.4 Modeling the Effects of a Catalyst on the Plasma

There are also not many attempts yet to model the effects of a catalyst on the plasma
behavior. Here we will discuss the various aspects, more or less following the list
presented in Sect. 4.2.2.

4.4.1 Enhancement of the Local Electric Field and Change
of the Discharge Type

The most prominent effect of the presence of a catalyst on the plasma characteristics
is the change in discharge behavior and the local electric field enhancement. Indeed,
most plasma catalysis experiments are carried out in a dielectric barrier discharge,
where the catalyst is typically present as pellets, or as a coating on (dielectric/
support) beads, in a packed bed DBD reactor. A schematic illustration of such a
packed bed DBD reactor is shown in Fig. 4.9.

The packing beads (or pellets) are typically dielectric materials, and the applied
electric field between both electrodes of the DBD reactor thus causes polarization of
the dielectric beads. At the contact points between the beads, opposite charges are
present, which might cause a strong local electric field enhancement in the plasma.
This behavior has been reported based on experiments, as outlined in Sect. 4.2.2
above, but it has also been the subject of modeling.

Chang [27] applied a zero-dimensional (0D) plasma chemistry model for a
N,/NF3/0,/H, mixture in a BaTiO; packed bed plasma reactor, to predict which
by-products were formed. The enhancement factor of the electric field in the voids
between the ferroelectric pellets was simply deduced from the ratio of the dielectric
constant of the pellets and the gas phase. Takaki et al. [85] developed a simplified
time-averaged 1D numerical plasma model for N5, based on solving the transport
equations as well as the Poisson equation. They reported that all plasma parameters
increased upon increasing the applied potential and dielectric constant of the packing
beads. Kang et al. [26] developed a 2D model of a DBD reactor with two stacked
ferroelectric beads inside, studying the propagation of the microdischarges during
the first 20 ns. The behavior of electrons and ions was described by a set of fluid
equations, but no plasma chemical species were taken into account. It was reported
that the discharges evolve in three phases, avalanche, streamer, and decay, and also
that the streamer discharges tend to be stabilized by the presence of dielectric
materials. Russ et al. [86] applied a 2D fluid model to simulate transient
microdischarges in a packed bed DBD reactor filled with dry exhaust gas, but only
focusing on a short discharge (few tens of nanoseconds). Finally, although not
directly applied to a packed bed reactor, Babaeva et al. also showed very interesting
modeling results for the effect of dielectric spheres (dust particles) blocking a plasma
streamer, using a 2D fluid model in humid air [87]. The effect of particle size, shape,
and material properties of the dust particles on the streamer dynamics was
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Fig. 4.9 Schematic illustration of a packed bed DBD reactor. (Reproduced with permission from

[84])

investigated, and it was revealed that small dielectric particles (< tens of pm) are
enveloped by the streamer, while larger particles can intercept and reinitiate
streamers [87].

Kruszelnicki et al. [88] presented 2D fluid model simulations for a packed bed
reactor, constructed out of dielectric rods, in humid air, studying in detail the
mechanism of discharge propagation. They reported that overall, the discharges in
a packed bed reactor can be classified in three modalities: positive restrikes, fila-
mentary microdischarges, and surface ionization waves. Restrikes are formed,
following breakdown in regions of high electric field. When the restrikes are
confined between two dielectrics, they result in the formation of filamentary
microdicharges that bridge the gap between the dielectrics. Eventually, surface
charging near the feet of the microdischarges creates electric field components
parallel to the dielectric surface, leading to the formation of surface ionization
waves. The calculations revealed that the production of reactive species primarily
takes place near the surfaces, as a result of restrikes and surface ionization waves.
Hence, the production of reactants in a packed bed reactor is not a continuous
process, but it rather results from the accumulation of individual, transient events.
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In the same paper, the effect of separation between the dielectric rods and the rod
orientation in the packed bed reactor was investigated, and it was found that the type
of discharge dominating the production of reactive species depends on the dielectric
facilitated electric field enhancement, which is a function of the topography and
orientation of the dielectric lattice [88]. Whereas filamentary microdischarges and
subcritical discharges and their follow-on negative streamers are stable and occupy
relatively large volumes, they do not necessarily contribute to a large extent to the
plasma chemical processes, because of their lower electron densities and tempera-
tures. On the other hand, restrikes and surface ionization waves are characterized by
higher electron densities and temperatures, and thus, in spite of their smaller volume
and lifetime, they often produce larger amounts of reactive species. As the packed
bed geometry affects the type of discharge that is favored, it will thus also affect the
magnitude and reproducibility of reactant production. Finally, the authors also
reported that photoionization plays an important role in discharge propagation
through the dielectric lattice, as it seeds initial charge in regions of high electric
field, which are difficult to access for electrons from the main streamer. This implies
that knowledge of the UV spectral distribution is important for the propagation of
discharges through packed bed reactors [88].

Figure 4.10 illustrates the calculated time-integrated densities of excited N,
species, as well as experimental data, obtained by fast camera imaging of visible
light emission in a packed bed reactor constructed also of dielectric rods, as
considered in the model [88]. The formation of a cathode-seeking filamentary
microdischarge (FM) between the rods is indicated both in the simulated and
experimental results. Lack of plasma near the bottom pole of the top rod is in part
due to the direction of the applied electric field, which points upward, toward the
cathode. In addition to the filamentary discharges, surface discharges also occur, as
is clear from this figure. Ions produced in the positive polarity filamentary
microdischarges are accelerated toward the surface of the central rod, positively
charging its surface. The latter produces an electric field component parallel to the
surface, eventually leading to the development of a surface ionization wave (SIW),
also indicated in the figure. This process takes about 4 ns in the model [88].

Recently, Kang et al. [89] also presented a 2D fluid model to study surface streamer
propagation in a simplified packed bed reactor, in comparison with experimental data,
obtained from time-resolved intensified charge coupled device (ICCD) imaging.

Within our group PLASMANT, we recently also performed a number of different
modeling studies on a packed bed DBD reactor [84, 90-94], and some results of
these models will be illustrated below.

(a) Particle-in-Cell-Monte Carlo Collision (PIC-MCC) Model of a Packed Bed
DBD Reactor

Zhang et al. [90] developed a 2D particle-in-cell-Monte Carlo collision
(PIC-MCC) model to describe the filamentary discharge behavior in a parallel-
plate packed bed DBD reactor in air (N,/O, = 80/20), comparing an unpacked
(i.e., empty) and a packed bed DBD reactor, at an applied voltage of —20 kV. The
simulations predict that the dielectric packing leads to a transition in discharge
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Fig. 4.10 Calculated time-integrated densities of excited N, species in a packed bed reactor in
humid air, at an applied voltage of —30 kV and bead separation of 0.7 mm, as obtained from 2D
fluid simulations by Kushner and coworkers (a), and measured visible light emission, obtained with
an ICCD camera at an observation gate width of 0.5 ps, in the packed bed reactor with similar 2D
geometry, constructed out of dielectric rods (b). (Reproduced with permission from [88])

behavior from a combination of negative streamers and unlimited surface streamers
on the bottom dielectric surface, in case of an empty DBD reactor, to a combination
of predominant positive streamers and limited surface streamers on the dielectric
surfaces of the beads and plates, in the packed bed DBD reactor. The calculated
electron density distribution is plotted in Fig. 4.11, for different moments in time, in
a parallel-plate packed bed DBD reactor with five packing beads, assuming a
dielectric constant (g) of 22 for both the packing beads and the upper and lower
dielectric barriers.

Furthermore, the electric field enhancement inside the dielectric material, as well
as in the plasma near the contact points between the beads and the dielectric plates,
was demonstrated in this study [90]. Calculations were performed for different
dielectric constants of the packing beads and dielectric barriers (i.e., e = 4, 9, and
22), and the corresponding maximum calculated electric field strengths and electron
densities, at different times, for these three different dielectric constants, are listed in
Table 4.1.

It is clear that the strength of the electric field and the maximum electron densities
generally increase as a function of time, as well as with a rising dielectric constant,
because the dielectric materials are more effectively polarized. The electric field
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Fig. 4.11 Electron density (m_s), calculated with the PIC-MCC model, at different times, i.e.,
(a) 0.1 ns, (b) 0.35 ns, (c) 0.5 ns, and (d) 0.75 ns, in a parallel-plate packed bed DBD reactor with
five packing beads, assuming a dielectric constant of the packing beads and the dielectric barriers
equal to 22, for an applied voltage of — 20 kV. (Reproduced with permission from [90])
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Table 4.1 Calculated maximum values of the electric field strength and electron density, at four
different times, for three different dielectric constants (&) of the packing beads and dielectric
barriers, for a parallel-plate packed bed DBD reactor, as obtained from a PIC-MCC model [90]

Max. electric field (V/m) Max. electron density (m™)
Time (ns) |e=4 e=9 =122 e=4 e=9 =122
0.1 19 x 107 |31 x 107 [55%x 10" |[1.1x 10?2 |14 x 102 |3.8 x 10?
0.35 49 x 107 6.0 x 10" |13 x10® |85 % 102 |1.1 x 10® |2.6 x 10%
0.5 60x 107 [14x10® |1.8x10® [22x 102 [52x 102 |14 x 10*
0.75 1.5 x10° |34 x10® [40x10® [25%x10® |56 x 102 |1.1 x 10**

values are also much higher than in an empty DBD reactor, resulting in a stronger
and faster development of the plasma and thus also higher electron densities. More
details about these modeling results can be found in [90].

Gao et al. also applied a PIC-MCC model to study the mode transition from
volume to surface discharge in a packed bed DBD in O,/N, mixtures, upon changing
the applied voltage and O,/N, mixing ratio [91]. A higher voltage yields a mode
transition from combined volume + surface discharge to pure surface discharge,
because the charged species can escape more easily to the beads due to the strong
electric field and thus charge the bead surface. This surface charging will enhance the
tangential component of the electric field along the dielectric bead surface, yielding
SIWs. The latter give rise to a high concentration of reactive species on the surface,
and thus they might enhance the surface activity of the beads, which is of interest for
plasma catalysis. The SIWs were found to propagate more slowly with increasing O,
content in the mixture, due to loss of electrons by attachment to O, molecules.

(b) Fluid Model of a Packed Bed DBD Reactor

Van Laer and Bogaerts developed a 2D fluid model for a packed bed DBD reactor
[84]. In principle, such a reactor needs to be modeled in three dimensions, to fully
account for the packing geometry, as there is no axial symmetry to reduce the
geometry to 2D. However, the mesh size for modeling a packed bed DBD reactor
needs to be very small, to account for the regions near the contact points between the
beads. More specifically, the distance between two mesh points in the gas gap was
around 10 pm, while it was around 1 pm near the contact points and at the material
surfaces, yielding up to 100,000 mesh elements in a 2D geometry [84]. Therefore,
modeling a packed bed DBD reactor in 3D is not yet feasible within a realistic
calculation time. For this reason, Van Laer and Bogaerts have developed two
complementary axisymmetric 2D fluid models, in order to approach the 3D geom-
etry. These models are based on a 3D unit cell of a close-packed DBD reactor, i.e., a
so-called “contact point” model and a “channel of voids” model; see Fig. 4.12
[84]. The combination of both models allows you to describe the two important
features of a packed bed DBD reactor, i.e., (i) the contact between the beads, which
is expected to lead to local electric field enhancement in the discharge due to
polarization effects, and (ii) the fact that the voids between the beads are connected,
allowing the plasma to travel from one side of the discharge gap to the other. The first
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Fig. 4.12 3D unit cell of a packed bed DBD reactor (left) and its 2D representations used in the
“contact point” model (middle) and “channel of voids” model (right). (Reproduced with permission
from [84])

model considers two packing beads, which are slightly larger than in the real
(3D) geometry, to allow them to be in direct contact with each other, while the
second model describes three packing beads, with the same size as in reality, with a
“channel of voids” in between them (see Fig. 4.12).

This fluid model was developed in helium, (i) because of the simplified plasma
chemistry, thus reducing the calculation time, and (ii) because helium yields a
homogeneous discharge in a DBD, which is easier to describe with a fluid model.
The model solves conservation equations for the densities of the various plasma
species (i.e., He atoms, He* and He," ions, metastable He* atoms, He,* dimers, and
the electrons) and for the average electron energy. The other plasma species, i.e., the
so-called heavy particles, are assumed to be in thermal equilibrium with the gas, so
that no extra energy equation needs to be solved for them. The conservation
equations for the species densities are based on source and loss terms, defined by
the chemical reactions, while the source of the electron energy is due to heating by
the electric field, and the energy loss is again dictated by collisions. In addition,
transport is included in the conservation equations, defined by diffusion and by
migration in the electric field (for the charged species). These conservation equations
are coupled with the Poisson equation for a self-consistent calculation of the electric
field distribution from the charged species densities. The packing beads are treated as
solid objects in the model, with zero space charge and certain dielectric properties
inside the beads, as well as charge accumulation on their surface. The model was
developed with the COMSOL Multiphysics Simulation Software. More details can
be found in [84].
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Fig. 4.13 Calculated time-averaged 2D profiles of the electric field (Ef) and electron temperature
(T.) in a packed bed DBD reactor, as obtained from a 2D fluid model for two complementary 2D
geometries, reflecting the specific features of a packed bed DBD reactor, i.e., a “contact point”
geometry (a, b) and a “channel of voids” geometry (¢, d), at a peak-to-peak voltage of 4 kV and a
frequency of 23.5 kHz
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Figure 4.13 illustrates the calculated time-averaged electric field and electron
temperature distributions, for a peak-to-peak voltage of 4 kV and a frequency of
23.5 kHz, in the 2D geometries of both the “contact point” model (a, b) and the
“channel of voids” model (c, d). The “contact point” model clearly illustrates the
local electric field enhancement near the contact points, due to polarization of the
beads, both inside the material and in the gas gap (see Fig. 4.13a). The latter gives
rise to more electron heating near the contact points, which is reflected by the higher
electron temperature in Fig. 4.13b. The same behavior is also predicted by the
“channel of voids” model (see Fig. 4.13c, d), although it is somewhat less pro-
nounced, because the beads are not in direct contact with each other.

At this relatively low applied voltage of 4 kV, the plasma is initiated at the contact
points and remains in this region, reflecting the properties of a Townsend discharge.
At higher applied voltage, the discharge will spread out more into the bulk of the
reactor, from one void space to the other. This is illustrated in Fig. 4.14 for the
electron density, which is plotted at four consecutive moments of gas breakdown, at
an applied voltage of 7.5 kV (peak-to-peak). The corresponding electrical current
profile during one cycle of the applied voltage is plotted in Fig. 4.15. Four current
peaks are observed in the first half cycle, which correspond to the electron density
profiles illustrated in Fig. 4.14. The first three current peaks correspond to local
glow-like discharges, taking place separately and consecutively, and they depend on
the time needed for the electric field to reach high enough values to create a
breakdown in the gas. The first peak corresponds to a local discharge between the
two beads on the left (Fig. 4.14a), the second peak reflects the discharge between the
upper left bead and the dielectric layer (Fig. 4.14b), and the third peak represents the
simultaneous discharge between the dielectric layer and the top of the right bead and
between the bottom of the right bead and the grounded electrode (Fig. 4.14c).
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Fig. 4.14 Calculated 2D electron density profiles in the “channel of voids” geometry, at four
consecutive moments of gas breakdown, i.e., (a) first, (b) second, (c) third, and (d) fourth break-
down, corresponding to the current peaks of Fig. 4.15, at a peak-to-peak voltage of 7.5 kV and a
frequency of 23.5 kHz
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Fig. 4.15 Calculated electrical current profile (solid line, left y-axis) during one cycle of the
applied voltage (dashed line, right y-axis), for a peak-to-peak voltage of 7.5 kV and a frequency
of 23.5 kHz. The current peaks labeled with (a—d) in the first half cycle correspond to the electron
density profiles (a—d) in Fig. 4.14. The inset shows where the discharge takes place during peaks
(@), (b), and (c)

Subsequently, a discharge is formed over the whole gas gap, with plasma traveling
through the “channel of voids,” from one wall to the other (see Fig. 4.14d and the
fourth peak in Fig. 4.15, which is most intense). A similar behavior occurs during the
next half cycle, although the timing of the peaks relative to each other can change.
Nevertheless, the strongest current peak always corresponds to the discharge trav-
elling through the entire gas gap.
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Hence, this example illustrates that modeling can reveal where exactly the
discharge is created and how it expands inside the voids between the packing.
This gives some idea on the discharge evolution (along the surface of the beads),
but the actual change of discharge type (from streamers inside the plasma to
streamers along the catalyst surface) is difficult to capture with this fluid model.
More details of the discharge evolution, and how the discharge can travel through the
gap, can also be found in [84].

Experimental measurements in a packed bed DBD reactor are not straightfor-
ward, among others, due to visual blocking of optical diagnostics by the packing
beads. However, Kim and coworkers did measurements in a packed bed DBD
reactor, using an ICCD camera [31-34], and they also observed that at low applied
potential the discharge stays local at the contact points, while at higher potential, it
spreads across the surface of the packing material [32, 33], in good agreement with
the model results of Van Laer and Bogaerts [84]. Similar observations were also
made by Tu et al. [35].

Van Laer and Bogaerts also studied the influence of the dielectric constant (¢) of
the packing material on the plasma characteristics, for two different gap sizes, i.e., a
mm-gap (4.5 mm) and a microgap (0.5 mm) [92]. The calculated time- and space-
averaged electric field, electron temperature, and electron and ion densities are
plotted as a function of € in Fig. 4.16, for both gap sizes. Calculations were
performed for e = 5, 9, 25, 100, and 1000, which are representative for silica
(S8i0,), alumina (Al,O3), zirconia (ZrQO,), titania (TiO,), and barium titanate
(BaTiO5) materials, respectively.

The plasma behavior was found to be significantly different in both cases, even
when applying the same voltage. Indeed, the electric field was found to be more
enhanced in the microgap reactor, as is obvious from Fig. 4.16a, because the same
voltage is applied over a shorter gap. When comparing both y-axes, it is clear that the
electric field in the microgap reactor is at least a factor of 5 larger than in the mm-gap
reactor, for the same applied voltage and dielectric constant. This stronger electric
field results in more current peaks per half cycle, as was illustrated in [91], because
the required electric field strength to cause a breakdown is more often reached.

In both the microgap and mm-gap reactor, the calculated electric field increases
upon higher dielectric constant of the packing beads, but only up to a certain extent,
according to the model. In the mm-gap reactor, the electric field does not increase
anymore above € = 100, while in the microgap reactor, the electric field only
increases when € rises from 5 to 9, but then it stays constant. The reason is that at
higher dielectric constants, the model reveals that the electric field enhancement only
takes place at the top part of the reactor, where the packing beads are in contact with
the dielectric covering the powered electrode, while the electric field near the bottom
(grounded) electrode is rather weak, due to less polarization between the lower beads
and the grounded electrode. In the mm-gap reactor, this phenomenon only comes
into play above ¢ = 100.

The calculated electron temperature shows a quite similar trend as the electric
field strength upon rising dielectric constant; see Fig. 4.16b. In the mm-gap reactor,
the electron temperature rises gradually with the dielectric constant, due to the
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Fig. 4.16 Space- and time-averaged electric field strength (a), electron temperature (b), and
electron and ion density (c), as a function of the dielectric constant of the packing beads, for both
a microgap and a mm-gap packed bed DBD reactor

enhanced electric field. In the microgap reactor, the electron temperature only rises
from e = 5 to e = 9, followed by a slight drop, which is attributed to the fact that the
electric field enhancement mainly takes place at the top part of the reactor (see
above).

Finally, the calculated electron and ion densities follow more or less the opposite
trend as the electric field strength (see Fig. 4.16c). The ion density drops almost one
order of magnitude, while the electron density drops by three orders of magnitude
between ¢ = 5 and 9 in the microgap reactor, whereas a more gradual drop is
observed between &€ = 25 and 1000 for the mm-gap reactor, being again more
pronounced for the electrons than for the ions. This drop is attributed to a change
in discharge mechanism. For the mm-gap reactor, the plasma loses its ability to
travel through the channels between the voids when e rises from 25 to 1000,
resulting in an overall lower electron and ion density. In the microgap reactor, our
calculations reveal that the plasma can only travel through the channel between the
voids when € = 5. This was illustrated in detail in [92]. At higher dielectric
constants, the electrons and ions get more easily absorbed on the walls and surfaces
of the packing beads, due to the small dimensions and enhanced electric field, so the
plasma loses its ability to travel through these small channels. This explains the
much lower overall electron (and ion) density. The effect is more pronounced for the
electrons, because of their smaller mass and thus their higher mobility. Hence, as is
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clear from Fig. 4.16c, the electron density is much lower than the ion density in the
microgap reactor (except for € = 5), and the same behavior becomes apparent for
€ > 100 in the mm-gap reactor, thus resulting in a non-quasineutral plasma at these
conditions.

Recently, Van Laer and Bogaerts also applied the above fluid models to study the
effect of different bead sizes and dielectric constants of the packing beads, while
keeping the interelectrode spacing constant [93]. They demonstrated that the dis-
charge behavior changes considerably as a function of bead size and dielectric
constant. At low dielectric constant, the plasma is spread out over the full discharge
gap, with a significant density in the voids as well as in the connecting void channels.
The electric current profile shows a strong peak during each half cycle. Upon
increasing dielectric constant, the plasma becomes localized in the voids, and the
current profile consists of many smaller peaks during each half cycle. For large bead
sizes, the shift from full gap discharge to localized discharges was found to take
place at a higher dielectric constant than for smaller beads. In addition, a higher
breakdown voltage seems to be required to cause plasma formation for smaller beads
or beads with a lower dielectric constant [93].

Although the above models are developed for helium, we expect a similar
behavior in reactive gases that are typically used for environmental applications of
plasma catalysis, except that streamer formation will occur in the latter cases. The
higher electron temperature will result in more electron impact ionization, excitation,
and dissociation of the gas molecules, for the same applied power, and this can
explain why a packed bed DBD reactor gives higher pollutant decomposition or CO,
conversion and higher energy efficiencies than an empty reactor, although it is
suggested in [92] that this effect might also be (partially) compensated by the
lower electron density.

To study in more detail the behavior of streamer propagation in a packed bed
DBD, Wang et al. [94] recently developed a 2D fluid model for a packed bed DBD in
air, and they investigated the behavior of positive restrikes, filamentary
microdischarges, and surface discharges, as well as the transition in discharge
modes upon changing the dielectric constant of the packing beads.

Positive restrikes between the dielectrics result in the formation of filamentary
microdischarges. Surface charging creates electric field components parallel to the
dielectric surface, leading to surface ionization waves. At a low dielectric constant
of the packing (e.g., &, = 5), plasma ignition between the beads occurs directly as
surface discharges or surface ionization waves, which can connect with the surface
of the adjacent bead, as illustrated in Fig. 4.17. On the other hand, at high dielectric
constants (e.g., &, = 1000), no surface streamer jumping toward the adjacent bead
surface takes place and spatially limited filamentary microdischarges are generated
between the beads, as shown in Fig. 4.18. At intermediate dielectric constants, a
mixed mode of surface discharges and local discharges is observed [94]. The
calculation results were in good qualitative agreement with experiments, as
detailed in [94].
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Fig. 4.17 Calculated electron number density distribution as a function of time, for a packed bed
DBD reactor in dry air, with packing beads of ¢, = 5. (Adapted from [94] with permission)
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Due to the enhanced electric field, energetic electrons are mainly created in the
positive restrikes, local discharges, and surface discharges, causing the production of
many reactive species. Our results indicate that a higher dielectric constant con-
strains the discharge to the contact points of the beads, which may limit the catalyst
activation due to the limited catalyst surface area in contact with the discharge. This
may have implications for the efficiency of plasma catalysis. Indeed, the best
performance is not always reached for packing material with the highest dielectric
constant [95, 96].
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Fig. 4.18 Calculated electron number density distribution as a function of time, for a packed bed
DBD reactor in dry air, with packing beads of ¢, = 1000. (Adapted from [94] with permission)

4.4.2 Formation of Microdischarges in the Catalyst Pores

It is important for plasma catalysis applications to obtain more insight in the
occurrence and/or mechanism of microdischarge formation inside catalyst pores,
as the presence of plasma species inside catalyst pores might affect the physical and
chemical properties of the catalyst, and more importantly, it will increase the active
surface area of the catalyst that is available for surface reactions. The formation of
microdischarges inside catalyst pores was investigated experimentally by Holzer,
Roland, and Kopinke [29, 39, 40], as well as by Hensel et al. [41-43], but again, the
modeling attempts are more limited.

Bhoj and Kushner have developed a comprehensive multi-scale 2D fluid-surface
kinetics model to describe the functionalization of rough polymer (polypropylene)
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surfaces by an atmospheric pressure dielectric barrier-corona discharge in a He/O,/
H,0 mixture [97], in humid air [98], and in He/NH5/H,O and He/O,/H,O mixtures
[99]. Although it was not a catalyst surface, the study is still relevant for this
application, due to the similarities. The multi-scale model accounts for two different
spatial scales, i.e., (i) a macroscopic scale (~ mm), defined by the spacing of the
corona streamers, and (ii) a microscopic scale (~ pm), defined by the surface
roughness, to investigate whether plasma species can penetrate into the microstruc-
ture of the surface. It was reported that electrons and ions produced during the
corona pulses can only penetrate to a limited extent into the rough surface features
for pore sizes of about 1 pm, comparable to the Debye length. Furthermore, the
penetration depends on the discharge polarity: in negative discharges, there is
limited penetration of electrons, which locally produce reactive species by electron
impact, while in positive discharges, a sheath-like region near the surface prevents
electrons from penetrating into the surface features, and hence, there is less local
producton of radicals.

Figure 4.19 illustrates the calculated density profiles of O, OH, and O; in the bulk
plasma at 50 ps, i.e., halfway during the first interpulse period of a negative corona
discharge, as well as the densities of O, OH, O3, and HO, in the vicinity of the
surface at 100 ps, i.e., at the end of the interpulse period. It is clear that the densities
of the longer-lived species, which react slowly with the surface, are quite uniform
over the scale of the roughness, due to diffusion, and these species are able to
penetrate into all surface features over time scales of hundreds of microseconds,
while more reactive radicals, such as OH, are more depleted near the surface,
because they are consumed before they can diffuse deeper into the surface features.
In [99] the treatment of inside surfaces of porous polypropylene microbeads, placed
on an electrode, was simulated, and it was revealed that this treatment was sensitive
to the view angles to the discharge and the pore size and is controlled by the relative
rates of radical transport and surface reactions deep into the pores.

Furthermore, Wang et al. have also studied the propagation of an air plasma
through a porous dielectric sheet, with a pore diameter of 100 pm, by means of a
fluid model [100]. The model also includes radiation transport and photoionization
of O, by VUV radiation. Figure 4.20 illustrates the electron density inside the pores,
at successive times, assuming a photoionization cross section of 10~'° cm?. The
maximum values of the electron density are indicated under each frame. The model
reveals that less than 1 ns is required for the plasma to penetrate through the porous
sheet of 600 pm thickness and that the plasma propagation is controlled by a balance
between retarding, due to charging of the internal surfaces of the pores, and
photoionization that extends the plasma around corners [100].

Recently, within our group PLASMANT, we also developed some models to
study the behavior of plasma species inside catalyst pores, and some results will be
illustrated below.

(a) Fluid Model for the Formation of Microdischarges in Catalyst Pores

Zhang et al. developed a 2D fluid model to answer the question whether plasma
can be formed inside catalyst pores with pm dimensions in a helium DBD
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Fig. 4.19 Density profiles Density (cm-3)
of O, OH, and Oj; in the bulk

plasma at 50 ps, i.e., [OH] [O3]
halfway during the first
interpulse period of a
negative corona discharge
(a), and density profiles

of O, OH, O3, and HO, in
the vicinity of the surface at
100 ps, i.e., at the end of the
interpulse period (b), as
calculated with a multi-scale
fluid-surface kinetics model
for an atmospheric pressure
dielectric barrier-corona
discharge in humid air. The
contour labels are fractions
of the maximum density
noted in each figure.
(Reproduced with
permission from [98])

(b)

Min THN BT B vax

[101]. Figure 4.21 illustrates the calculation results for a pore size of 100 pm, at an
applied voltage of 20 kV. The total ion density (Fig. 4.21a) increases significantly
inside the pore, with a maximum value 7 times higher than in the center of the
discharge. The electron density shows a slight increase near the pore, but inside the
pore it drops to low values (see Fig. 4.21b). The latter can be explained because the
electrons are more easily lost at the walls and also because the electric field pushes
the electrons back to the bulk region.

The electric field inside the pore (Fig. 4.21c) is greatly enhanced, yielding a
significant rise in electron temperature as well (Fig. 4.21d). As a result, the electron
impact ionization is also greatly enhanced inside the pore, as is clear from Fig. 4.21e,
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Fig. 4.20 Calculated electron density at three moments in time, illustrating plasma propagation

through a porous dielectric sheet, assuming a photoionization cross section of 107'° cm?

(Reproduced with permission from [100])
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Fig. 4.21 Calculated distributions of the total ion density (a), electron density (b), electric field (c),
electron temperature (d), and electron impact ionization rate (e), averaged over one period, for a
helium discharge with applied potential of 20 kV, with a 100-pm pore. Note that in (a) and (b) the
same color scale is used, to allow comparison, but the values above and below the color scale
indicate the maximum and minimum densities in each case

giving rise to the formation of the ions and electrons. The same applies to electron
impact excitation and the formation of excited plasma species [101]. Hence, the
model predicts that for a pore size of 100 pm, the plasma species are effectively
generated inside the pore, and in addition, the ions might also migrate into the pore
due to the strong electric field.

When investigating the effect of various pore sizes and applied voltages, the
modeling results indicate that the microdischarge formation inside the pore occurs
more easily at larger pore size and applied voltage [101], which was also observed
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by Hensel et al. [41, 43]. At a fixed pore size of 30 pm, the presence of the pore
seems to have no effect on the plasma properties for an applied voltage of only 2 kV,
but above 10 kV, the ionization is significantly enhanced due to the strong electric
field and high electron temperature, and the ion density shows a remarkable increase
near and in the pore.

Furthermore, at a fixed applied voltage of 20 kV, the model predicts that plasma
species can only be created inside catalyst pores with dimensions above 10 pm.
Furthermore, while the resulting ion density inside the pores is indeed enhanced for
pore sizes of 10 pm and more, the electron density only exhibits a significant
increase near and inside the pore for pore sizes above 200 pm, as the electric field
pushes the electrons back to the bulk region (see above). Finally, the electric
potential shows a strikingly different distribution, depending on the pore size, as
illustrated in Fig. 4.22. Inside a 10-pm pore, the potential reaches its maximum at the
bottom of the pore, as is clear from Fig. 4.22a. For pore sizes of 20 pm and above, the
potential drops gradually from the top of the pore to the bottom; see Fig. 4.22b.
Finally, for a 400-um pore (which may occur in structured catalysts), a clear
potential drop in both the vertical and the horizontal direction is predicted,
corresponding to the presence of a sheath near the bottom of the pore and the side
walls. This is a strong evidence for the presence of a microdischarge inside the pore.
The latter is as expected, because the theoretical Debye length is in the order of
40 pm for the typical conditions under study here (i.e., helium plasma with electron
temperature and density of 3 eV and 10'7 m™>).

In plasma catalysis, various catalytic support materials can be used, with various
dielectric constants. Zhang et al. therefore also investigated the effect of the dielec-
tric constant of the material on the plasma behavior inside the catalyst pores, as well
as in the sheath in front of the pores [102]. Figure 4.23 illustrates the calculated
electron impact ionization rate, which is characteristic for the plasma generation as

(a) 10 um (b} 20 pm (c) 400 pum
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Fig. 4.22 Calculated electric potential distribution inside catalyst pores of 10 pm (a), 20 pm (b),
and 400 pm (c), for a helium discharge with applied potential of 20 kV
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Fig. 4.23 Calculated electron impact ionization rate profiles above and inside a pore of 100 pm
diameter, averaged over time in 1 AC cycle, for a helium discharge sustained at 20 kV, and for
different dielectric constants: (a) € = 9, (b) € = 50, (¢) ¢ = 200, (d) € = 300, (e) ¢ = 400,
) e = 1000

explained above, inside and above a pore of 100 pm diameter, for different dielectric
constants of the material. At ¢ < 200, the ionization clearly takes place inside the
pore (see Fig. 4.23a—c). The absolute value of the ionization rate depends on the
dielectric constant and reaches a maximum at € = 50 (see Fig. 4.23b). At ¢ = 300,
the ionization still partially takes place inside the pore, but the maximum has shifted
to a position in front of the pore (see Fig. 4.23d). At larger dielectric constants, the
ionization does not occur inside the pore anymore, but only in the sheath in front of
the pore, as illustrated in Fig. 4.23e for ¢ = 400. At ¢ = 1000, the ionization is very
pronounced in the sheath near the dielectric, but in front of the pore the ionization is
reduced (see Fig. 4.23f). The strong ionization in the sheath in front of the dielectric
can be explained because the dielectric material is more effectively polarized for
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larger dielectric constants, and this gives rise to a stronger local electric field in the
sheath near the dielectric. The latter yields significant electron heating and thus also
enhanced ionization in the sheath. Inside the pore, the electric field is slightly
enhanced when ¢ increases from 4 to 25, but for larger dielectric constants, the
polarization of the left sidewall counteracts that of the right sidewall, and as a
consequence, the net electric field inside the pore is reduced. Especially for
e = 1000, the electric field inside the pore is very weak, resulting in a low electron
temperature, and this significantly limits the plasma generation inside the pore for
very high dielectric constants, as is indeed obvious from Fig. 4.23.

The model calculations reveal that the ionization enhancement inside pores
smaller than 100 pm only occurs for materials with smaller dielectric constants,
for the same reason as explained above (i.e., the polarization of the left sidewall
counteracts that of the right sidewall). More specifically, for pore sizes of 50 pm,
30 pm, and 10 pm, only materials with dielectric constants below 200, 150, and
50, respectively, seem to yield enhanced ionization inside the pores. Note that
e = 300 is a typical value for SrTiO;, € = 200 corresponds to CaTiOs3, and & = 50
is a typical value for TiO, [55].

Although some experiments are performed in discharges with different ferroelec-
tric packed bed materials, to our knowledge, no experiments are available for the
different plasma behavior inside catalyst pores with different dielectric constants.
This behavior is probably different from the behavior in between the beads of packed
bed discharges, due to the different dimensions. Hence, the model predictions still
have to be validated by experiments, but they suggest that the most common catalyst
supports, i.e., Al;03 and SiO,, with dielectric constants around € = 8-11 and 4.2,
respectively, should allow more easily that microdischarges can be formed inside
catalyst pores, while for ferroelectric materials with dielectric constants above 300, it
seems much more unlikely that plasma enhancement inside the pores occurs, even
not for 100 pm pore sizes.

Finally, Zhang et al. also studied the plasma production inside catalyst pores with
different pore shapes and reported that the electric field is significantly enhanced
near tip-like structures [103]. A conical pore with small opening yields the strongest
electric field at the opening and bottom corners of the pore, causing significant
ionization throughout the pore. A cylindrical pore only yields electric field enhance-
ment at the bottom corners, causing only slight enhancement of the ionization rate
inside the pore. Finally, a conical pore with large opening yields a maximum electric
field at the bottom. In conclusion, the pore shape seems to greatly affect the electric
field enhancement and thus the plasma properties [103].

To summarize, this fluid model reveals that plasma species can only be created
inside catalyst pores with dimensions above 10 pm, for materials with dielectric
constants below 50. These pore sizes are of interest for structured catalysts, but
catalytic supports typically have pores in the nm range, and the latter might thus be
too small for microdischarge formation inside the pores, according to the fluid model
predictions. However, the above studies were applied to a helium plasma, which
yields a homogeneous discharge. In contrast, reactive gases, which are more relevant
for plasma catalysis applications, exhibit streamer formation, and the latter might be
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characterized by much higher electron densities. Hence, it is well possible that in this
case, the plasma can even be created in nm-sized catalyst pores. This is too small for
fluid simulations, so we developed a PIC-MCC model for an air plasma, accounting
for streamer formation, and this will be illustrated in the next section.

(b) PIC-MCC Model for the Formation of Microdischarges in Catalyst Pores

In [104] the formation of microdischarges inside both pm- and nm-sized catalyst
pores was investigated by a 2D PIC-MCC model, for a DBD operating in dry air in
filamentary mode. The calculations reveal that the streamers can penetrate into the
surface features of a porous catalyst, and microdischarges can be formed inside both
pm- and nm-sized pores. For the pm-sized pores, the ionization mainly occurs inside
the pore, in agreement with the fluid model results presented in previous section,
while for the nm-sized pores, the ionization is strongest either inside or just above the
pores, depending on the pore size. The smaller pores (~ 4—-10 nm) are characterized
by a more pronounced surface discharge along the dielectric surface, due to the
relatively large surface area, while in the larger pores (~ 100 nm or pm-sized) the
ionization rate is more pronounced, due to the larger effective ionization region. This
is illustrated in Fig. 4.24 for pore sizes of 4, 10, and 100 nm. In the 4-nm pore, the
ionization is located above the pore, while in the 10-nm pore, it is both inside and
above the pore, and in the 100-nm pore, the maximum ionization rate is clearly
inside the pore. The reason why it is mainly in the upper part of the pore is because
the electric field, due to space charge separation inside the pore, pushes the electrons
out of the pore, inducing many ionization collisions in the upper part of the pore. It is
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Fig. 4.24 Calculated electron impact ionization rate (m~3s7Y) for pore sizes of 4 (a), 10 (b), and
100 nm (c), at a time of 1.2 ps. (Reproduced with permission from [104])
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also clear from Fig. 4.24 that the maximum ionization rate drastically increases with
pore size. Indeed, although the maximum local electric field decreases for increasing
pore sizes between 10 and 100 nm, leading to a lower electron density, the effective
ionization region increases with pore size, so there are more electrons available to
generate ionization, resulting in an overall higher ionization rate [104].

Zhang and Bogaerts [105] applied a PIC-MCC model to study the mechanism of
streamer propagation in catalyst pores, for various pore diameters in the nm to pm
range. They concluded that the Debye length is an important criterion for plasma
penetration into catalyst pores, i.e., plasma streamers can only penetrate into pores
with diameter larger than the Debye length. The latter depends on the electron
density and temperature in the plasma streamer, but is in the order of a few
100 nm up to 1 pm at typical DBD conditions in air. For pores in the range of ~
50 nm, the calculations revealed that plasma can only penetrate to some extent and
only at the beginning of a microdischarge, before the actual plasma streamer reaches
the catalyst surface and a sheath is formed. Upon increasing applied voltage, plasma
streamers can penetrate into smaller pores, due to the higher plasma density and thus
shorter Debye length.

In [106] it was demonstrated with the same model that surface charging (of the
dielectric surface or the catalyst pore sidewalls) plays a crucial role in the plasma
distribution along the dielectric surface, as well as in the streamer propagation and
discharge enhancement inside catalyst pores. The importance greatly depends on the
dielectric constant of the material. At e, < 50, surface charging causes the plasma to
spread along the dielectric surface and inside the pores, leading to deeper plasma
streamer penetration, while for &, > 50 or for metallic coatings, the discharge was
found to be more localized, due to very weak surface charging.

Finally, it is worth to stress again that the PIC-MCC simulations reveal that
microdischarges can be formed inside nm-sized pores, while the fluid model in
previous section predicted that this was only possible for pm-sized pores. The reason
is that the fluid model results were obtained for a helium discharge, operating in glow
mode, as explained above, while the results presented here are for an air discharge,
operating in filamentary mode, which is characterized by much higher electron
densities in the streamers, and in this case, the plasma can thus be created even in
nm-sized catalyst pores, as long as they are larger than the Debye length at these
conditions.

4.4.3 Adsorption of Plasma Species on the Catalyst Surface,
and Desorption of Newly Formed Species, that Might
Affect the Plasma Chemistry

Plasma species that adsorb on the catalyst surface can give rise to the formation of
new species upon reaction at the surface. When these new species desorb from the
catalyst surface, they arrive back in the plasma. Hence, when modeling the plasma
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chemistry for plasma catalysis application, the desorbed species need to be included
in the model as well. There exist several models for describing the plasma chemistry
for various environmental applications relevant for plasma catalysis, e.g., NOy
destruction [107-111], SO, removal [112, 113], the oxidation of carbon soot
[108, 110, 114], VOC remediation [115-119], and hydrocarbon reforming and/or
CO; conversion [120-133], but they are mostly applied to plasma without catalysis,
and thus, the effect of desorbed species from a catalyst surface was typically not yet
taken into account. Indeed, most often, OD chemical kinetics models are used for this
purpose, so that surface effects are typically not included at all. There exist also some
(1D or 2D) fluid models for this application (e.g., [120, 125, 132, 133]), but they
typically consider only simplified boundary conditions, based on sticking coeffi-
cients at the walls, thus not accounting for possible chemical reactions at a catalyst
surface either.

A few papers, however, report on the plasma chemistry, accounting also for the
effect of a catalyst. Kim et al. developed a simple kinetic model for the plasma
catalytic decomposition of VOCs, predicting zero-order kinetics with respect to the
specific energy input, in good agreement with their experimental observations
[83]. Tochikubo simulated NO, removal by plasma catalysis, based on a fluid
model for a filamentary DBD, dealing with the plasma chemistry and a limited set
of 17 surface reactions [81]. However, the synergy expected for plasma catalysis
could not be observed, as the plasma simulations were not directly coupled to the
surface reaction modeling. Moreover, the authors stated that the input data (activa-
tion barriers, rate constants) will need to be improved for better correspondence with
experiments. Istadi and Amin developed an artifical neural network for a catalytic
DBD reactor for dry reforming of methane, suggesting some synergism between the
plasma and the CaO-MnO/CeO, catalyst, which affects the selectivity toward
hydrocarbons with two or more C atoms [134]. Finally, Jiwu and Lei modeled the
flue gas desulfurization process by a corona discharge combined with Mn>"* catalysis
[135]. The Mn** catalyst was however in liquid phase, and thus no surface reactions
were included.

There is still a lot of work to be performed in this field, but the latter can only be
done when the surface reaction probabilities are known, pointing out the need of
more atomic-scale simulations to obtain information on the surface reactions in case
of plasma catalysis (see Sect. 4.3 above). When such reaction coefficients become
available, the above plasma chemistry models could be upgraded by including the
effects of a catalyst surface, through appropriate boundary conditions for the species
continuity equations, so that these models, preferably in 2D, become effectively
applicable to plasma catalysis.
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4.5 Conclusion and Outlook: Ultimate Goal for Modeling
Plasma Catalysis

The ultimate goal for modeling plasma catalysis will be to include all the above
effects into one comprehensive, multi-level model. This includes describing the
dynamic behavior at the atomic and molecular level, which takes place at very
short time scales (order of nanoseconds), up to the slower bulk kinetic behavior, as
well as mass and heat transfer, taking place at macroscopic time scales. It is clear that
such a model has not yet been realized.

In other application fields, however, like for plasma etching and deposition,
surface effects have been incorporated already. More specifically, the effect of
surface reactions has been accounted for by updating the plasma chemistry with
new species formed at the walls (e.g., [136-141]). Also the effect of surface
temperature on the temperature in the plasma, which could also be relevant for
plasma catalysis in case of hot spots (see Sect. 4.3.2 above), has been described
already [142]. Typical codes which account for such effects are 2D hybrid models,
like the Hybrid Plasma Equipment Model (HPEM) [141] and non-PDPSIM (e.g.,
[97-99]), both developed by Kushner and coworkers. The non-PDPSIM code has
already been applied for multi-scale fluid-surface kinetics modeling of plasma
treatment of rough polymer surfaces, which can be considered comparable to a
porous catalyst surface (see Sect. 4.4.2 above). Furthermore, the HPEM code also
allows to calculate the formation and evolution of trench profiles due to etching and
the behavior of plasma species inside trenches, by means of a Monte Carlo simula-
tion [143]. Such features would also be of great value for the simulation of plasma
species inside catalyst pores.

It is thus clear that such a hybrid model would also be of great value for plasma
catalysis applications. This concept is illustrated in Fig. 4.25. As plasma catalysis
applications typically entail a comprehensive plasma chemistry, the most suitable
type of model for this purpose is a OD (or global) model, because of its reasonable
computational cost, even when including a large number of species and chemical
reactions. However, such a model does not account for geometrical (reactor) effects.
Therefore, once the plasma chemistry is built up, it should be transferred to 2D or 3D
fluid models, which account for geometrical effects, like in a packed bed DBD
reactor, or surface effects, to allow updating the plasma chemistry by new species
formed at the catalyst surface. Because such a model is computationally very
expensive, the plasma chemistry will have to be based on a reduced chemistry set,
which can be developed within the 0D chemical kinetics model, by comparing and
benchmarking with the full chemistry model. Such a 2D or 3D model also calculates
the electric field, which might affect the plasma-catalyst interactions. Furthermore, it
provides the fluxes of the various plasma species arriving at the catalyst surface,
which can subsequently be used to describe the behavior of plasma species inside a
catalyst pore, e.g., by another fluid model or a Monte Carlo model (cf. Sect. 4.4.2
above). Ideally, the latter should also be able to account for changes in the pore
shape, similar to what has been developed already for plasma etching applications
(see above).
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Fig. 4.25 Concept of an integrated model, which would be the ultimate goal for modeling plasma
catalysis

This combined, hybrid model should furthermore be combined with atomic-scale
simulations for the interaction of the plasma species with the catalyst surface.
Indeed, the fluxes of the various plasma species, as well as the electric field near
the catalyst surface, calculated by the plasma model, are useful input for atomic-
scale simulations. Combining macro-scale plasma models and micro-scale models
inside catalyst pores with atomic-scale simulations for the plasma-catalyst interac-
tions is very challenging, due to the small time and length scales of the atomistic
simulations, i.e., typically in the order of nanoseconds and nanometers, respectively
[46]. Therefore, it is more realistic to use such simulations as a kind of off-line
module to the plasma model, providing rate coefficients for the various surface
reactions. The latter can then be used as boundary conditions for the plasma species
continuity equations in the plasma model, to update the plasma chemistry. This will
also allow adding new (desorbed) species from a catalyst surface to the plasma
chemistry. In this way, the atomistic simulations can be integrated in a plasma
model, yielding a multi-level model for plasma catalysis (see Fig. 4.25).

It is clear that developing such an integrated model will require a lot of efforts,
especially because of the large number of plasma-catalyst interactions that need to be
accounted for. Hence, it cannot be realized on a short time scale. Nevertheless, we
should aim for such a model, which would certainly contribute to a better under-
standing of plasma catalysis and can help to improve this highly important and
rapidly evolving application field. In the meantime, until such a comprehensive
model is being developed, the individual modeling approaches, as described in Sect.
4.3 and 4.4 above, can also contribute already to a better understanding of plasma
catalysis.
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