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Plasma catalysis is promising for various environmental, energy and chemical synthesis applications, but the
underlying mechanisms are far from understood. Modeling can help to obtain a better insight in these me-
chanisms. Some burning questions relate to the plasma behavior inside packed bed reactors and whether plasma
can penetrate into catalyst pores. In this paper, we try to provide answers to these questions, by means of both
fluid modeling and particle-in-cell/Monte Carlo collision simulations. We present a short overview of recent
findings obtained in our group by means of modeling, i.e., the enhanced electric field near the contact points and
the streamer propagation through the packing in packed bed reactors, as well as the plasma behavior in catalyst

pores, to determine the minimum pore size in which plasma streamers can penetrate.

1. Introduction

In recent years, plasma catalysis is gaining increasing interest for
various environmental, energy and chemical synthesis applications,
such as air pollution control, volatile organic compound (VOC) re-
mediation, CO, and/or CH,4 conversion into value-added chemicals, and
NH; synthesis [1]. However, there are still many unresolved questions
about the underlying mechanisms of plasma catalysis [2,3]. It is known
that the catalyst, and catalytic packing materials, affect the plasma
behavior, and vice versa, the plasma also affects the catalyst. More
specifically, the effects of plasma on the catalyst include:

(i) changes in the physicochemical properties of the catalyst, such as a
higher adsorption probability [4], a higher surface area [5], a
change in the oxidation state [6], reduced coke formation [7], and
a change in the work function due to the presence of a voltage and
current (or charge accumulation) at the catalyst surface [8];

(ii) the formation of hot spots, modifying the local plasma chemistry
o5

(iii) lower activation barriers, due to the existence of short-lived active
species, such as radicals and vibrationally excited species [6].

Vice versa, the catalyst and catalytic packing may affect the plasma
behavior in the following ways:
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(i) enhancement of the local electric field in the plasma, because the
catalyst is mostly present in a structured packing (e.g., pellets,
beads, honeycomb,...; so-called packed bed reactor, typically in a
dielectric barrier discharge, DBD), or simply due to the porosity of
the catalyst surface [9-11];

(ii) change of the discharge type from streamers inside the plasma to
streamers along the catalyst surface, resulting in more intense
plasma around the contact points [12-15];

(iii) formation of microdischarges in the catalyst pores, resulting in
more discharge per volume, increasing the mean energy density of
the plasma [9,16];

(iv) adsorption of plasma species on the catalyst surface, affecting the
residence time and hence the concentration of species in the
plasma [17], while new reactive species might be formed at the
catalyst surface.

In this paper, we will focus on how the catalyst and packing ma-
terials affect the plasma behavior, more specifically, resulting in electric
field enhancement and a change in discharge type in a packed bed DBD
reactor. Furthermore, we will also try to provide an answer to the
burning question of whether plasma (streamers) can penetrate into
catalyst pores and what is the minimum pore size needed for this. For
this purpose, we will present recent results obtained in our group, from
both fluid modeling and particle-in-cell / Monte Carlo collision (PIC/
MCC) simulations, all carried out at atmospheric pressure.
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Fig. 1. 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),
used for the fluid simulations of the packed bed DBD reactor. Reproduced with permission from [29].
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Fig. 2. Schematic illustration of the simulation geometry for modeling the be-
havior of plasma streamers in catalyst pores in a DBD reactor, by 2D PIC/MCC
simulations.

In literature, the plasma behavior in a packed bed DBD reactor has
been studied by a number of groups, both experimentally, e.g., by Kim
et al. [12,18-20] and Tu et al. [21] using an intensified charge coupled
device (ICCD) camera, as well as computationally [22-35]. Because the
packing material (e.g., beads or pellets) is typically dielectric, the ap-
plied electric field between both electrodes of the DBD reactor causes
polarization of the dielectric beads. Hence, opposite charges are present
at the contact points between the beads, which might cause a strong
local electric field enhancement in the plasma.

As experimental measurements in a packed bed DBD reactor are not
straightforward, e.g., due to visual blocking of optical diagnostics by
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the packing beads, computer modeling can give useful additional in-
sights. Chang [22] used a zero-dimensional (0D) plasma chemistry
model for a N,/NF3/05/H, mixture in a BaTiO3; packed bed plasma
reactor, simply assuming an enhancement factor of the electric field in
the voids between the pellets, deduced from the ratio of the dielectric
constant of the pellets and the gas phase. Takaki et al. [23] presented a
simplified time-averaged 1D model for N,, based on solving the trans-
port equations and Poisson’s equation. Kang et al. [24] developed a 2D
fluid model of a DBD reactor with two stacked ferroelectric beads, to
study the propagation of microdischarges during the first 20 ns. Russ
et al. [25] simulated transient microdischarges in a packed bed DBD
reactor filled with dry exhaust gas, by means of a 2D fluid model, fo-
cusing again on a short time-scale (few tens of nanoseconds). Babaeva
et al. showed very interesting modelling results for the effect of di-
electric spheres blocking a plasma streamer, using a 2D fluid model in
humid air [26]. Kruszelnicki et al. [27] applied 2D fluid simulations in
humid air for a packed bed reactor with dielectric rods, studying the
mechanism of discharge propagation. Finally, Kang et al. [28] also
presented a 2D fluid model for studying surface streamer propagation in
a simplified packed bed reactor, and compared the calculation results
with time-resolved ICCD imaging data.

Within our group PLASMANT, we developed two complementary
2D fluid models, i.e., a so-called “contact point” model and a “channel
of voids” model, to properly account for the characteristics of a 3D
packed bed DBD reactor [29], and we studied the effect of dielectric

(d) Te (eV) Fig. 3. Calculated time-averaged electric field
(Eg a, b) and electron temperature (T,; ¢, d) in a
packed bed DBD reactor in helium, obtained
from two complementary 2D fluid models [29],
7 7 to mimic best the real 3D geometry, i.e., with
two beads in contact with each other (so-called
“contact point” model) (a, c), and with three
6 6 beads, not entirely in contact with each other,
allowing a channel of voids where the gas can
pass through (so-called “channel of voids”
5 15 model) (b, d), at a peak-to-peak voltage of 4 kV
and a frequency of 23.5kHz.
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Fig. 4. Calculated space- and time-averaged electric field strength (a), electron
temperature (b), and electron density (c), as a function of the dielectric constant
of the packing beads (e), obtained with a fluid model in helium, for both a
microgap (500 pm) and a mm-gap (4.5 mm) packed bed DBD reactor, with the
same applied voltage of 7.5kV (peak-to-peak). Reproduced with permission
from [30].

constant, bead size and gap size, on the electric field enhancement,
electron temperature and electron density [30,31]. We also studied
plasma streamer propagation in a packed bed DBD in air, for packing
beads with different dielectric constants [32]. In addition, we applied
2D PIC/MCC simulations to describe the filamentary discharge beha-
vior in a parallel-plate packed bed DBD reactor in air, and compared the
simulation results with an unpacked DBD reactor [33]. The same model
was also used to study the mode transition from volume to surface
discharge upon changing applied voltage and O,/N, mixing ratio [34].
Finally, besides packing beads, more sophisticated structures are also
gaining interest for plasma catalysis, such as honeycomb packing and
three-dimensional fiber deposition (3DFD) structures, so we also ap-
plied PIC/MCC simulations to study the streamer propagation in these
structures [35]. We will show some of these simulation results in Sec-
tions 3.1 and 3.2 below.

Besides the plasma behavior in packed bed reactors (or in reactors
with more sophisticated structures), another burning question is
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Fig. 5. Calculated time-averaged electric field strength for a packed bed DBD
reactor in helium, with 3, 5 and 9 beads, with dielectric constant of 1000 (*
BaTiO3 packing), as obtained with a fluid model [31]. The gap size is 4.5 mm,
and the applied voltage is 7.5 kV (peak-to-peak).
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Fig. 6. Calculated time-averaged electron density profiles for a packed bed DBD
reactor in helium, with 3, 5 and 9 beads, for different dielectric constants, as
obtained with a fluid model [31]. Note that the different geometries have the
same actual gap size (4.5 mm), but it was enlarged for the smaller bead sizes, to
better visualize the behavior.
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Fig. 7. Calculated electron number density evolution as a function of time, as
obtained with a fluid model, for a packed bed DBD reactor in dry air, with two
packing beads of ¢ = 5, and applied voltage of —10kV at the top electrode.
Adopted from [32] with permission.
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Fig. 8. Calculated electron number density evolution as a function of time, as
obtained with a fluid model, for a packed bed DBD reactor in dry air, with two
packing beads of ¢ = 1000, and applied voltage of —10kV at the top electrode,.
Adopted from [32] with permission.

whether plasma can penetrate into catalyst pores, because it defines the
catalyst surface area exposed to the plasma (species), and thus the
surface area available for plasma catalytic reactions. Several re-
searchers have tried to answer this question by experiments. Holzer
et al. reported that short-lived oxidants exist in the interior of porous
catalysts, for typical pore sizes around 10 nm [36,37]. They concluded
that these short-lived species might be formed inside the pores, if the
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electric field there was much stronger than in the bulk plasma. Alter-
natively, these short-lived species might be stabilized by adsorption on
the pore inner surface during their diffusion inside the pores, sig-
nificantly increasing their lifetime in the pores. The same authors also
revealed the formation of strong microdischarges inside intra- and
inter-particle pores (with particle size in the range of 1000-5000 um)
upon introducing ferroelectric pellets inside a plasma [9].

Hensel et al. [38] demonstrated that for a pore size of 0.8 um, the
discharge only developed on the dielectric surface (so-called surface
discharge), while for a pore size of 15um, a transition in discharge
mode was observed above the threshold voltage (i.e., 8.6 kV), and mi-
crodischarges inside the pores were observed. In addition, they studied
the physical properties of microdischarges for various pore sizes, dis-
charge powers, and gas mixtures, and they reported that the onset
voltage of microdischarge formation decreases with increasing pore size
[39]. In a follow-up study, they identified the pore size and the am-
plitude of the applied voltage as the critical parameters for micro-
discharge formation [16].

The above experimental studies are very important, but they cannot
reveal the inherent mechanisms behind the formation of micro-
discharges in catalyst pores. For this purpose, modeling can again
provide suitable answers.

Bhoj and Kushner developed a comprehensive multi-scale 2D fluid -
surface kinetics model to describe the functionalization of rough
polymer surfaces by an atmospheric pressure dielectric barrier — corona
discharge in various gas mixtures [40-42]. Although it was not a cat-
alyst, the surface roughness showed some similarities with catalyst
pores. Furthermore, Wang et al. studied the propagation of an air
plasma through a porous dielectric sheet, with a pore diameter of
100 um, by means of a fluid model [43]. Finally, Cheng et al. applied
fluid modeling to study the intersection of a negative streamer pro-
duced by an air DBD with bacteria biofilm on an apple surface, which is
also characterized by a porous structure with dimensions in the order of
100 um [44]. The authors found that ionization near the biofilm facil-
itates propagation of the streamer when the streamer head is 1 mm
from the biofilm. The plasma could penetrate into the cavity of the
biofilm, resulting in a uniform distribution of reactive oxygen and ni-
trogen species inside the cavity.

Within our group PLASMANT, we also developed a 2D fluid model
for the plasma behavior inside catalyst pores with um dimensions, in a
helium DBD [45], and we studied the effect of different dielectric
constants of the support material [46] and of the pore shape [47]. In
addition, we performed PIC/MCC simulations to investigate plasma
streamer penetration inside catalyst pores of both uym and nm sizes
[48-50], for a DBD operating in dry air in filamentary mode. We will
show results of both models in Section 3.3 below.

2. Computational details
2.1. Fluid modeling

To describe the plasma behavior in a packed bed DBD reactor, we
first developed a fluid model in helium [29], (i) because of the sim-
plified 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. Later, we also developed a fluid
model in air, to study in more detail the behavior of streamer propa-
gation in the packed bed DBD reactor [32].

These fluid models solve conservation equations for the densities of
the various plasma species. In the helium model, we considered six
different species (i.e., He atoms, He* and He," ions, metastable He*
atoms, He,* dimers and the electrons), while in the air plasma, we took
into account 15 different species (i.e., Ny, O, N, O, N, ™, 0,", O*, four
N, electronically excited states (N, (A%Z), N, (B%), N, (C3IT) and N,
(a’'%)), one excited state of atomic O (O'D), as well as NO, O3 and the
electrons).
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We also solve a conservation equation for the average electron en-
ergy, while 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 conservation equation is needed 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 of the species is de-
scribed by diffusion and by migration in the electric field (for the
charged species). These conservation equations are coupled with
Poisson’s 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. These models were developed with the COMSOL
Multiphysics Simulation Software. More details can be found in
[29,32].

In principle, a packed bed DBD reactor needs to be modeled in three
dimensions (3D), 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,
yielding up to 100,000 mesh elements even in a 2D geometry [29].
Hence, modeling a packed bed DBD reactor in 3D is not yet feasible
within a realistic calculation time. Therefore, we developed two com-
plementary axisymmetric 2D fluid models, in order to approach the 3D
geometry, i.e., a so-called “contact point” model and a “channel of
voids” model; see Fig. 1 [29]. The combination of these two models
allows us to describe the two important features of a packed bed DBD
reactor, i.e., (i) the contact between the beads, which is expected to
enhance the local electric field 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.

To describe the plasma behavior inside catalyst pores, we applied a
similar fluid model in helium, with the same equations as explained
above. For a self-consistent description, we should not only focus on the
pore region, but we must take into account the entire discharge gap.
This causes some challenges in terms of mesh size. Indeed, we assumed
a DBD reactor with gap of 2 mm, while the pores have pm-dimensions.
Therefore, we had to use different mesh sizes: we used a non-uniform
mesh distribution (so-called structured mesh) in the bulk region (with
mesh size of 15 um), which was refined to 2 um near the top and bottom
dielectric plates. In addition, we used a mesh of about 0.5 pm near and
inside the pores, which are assumed to have dimensions of 10 pym and
larger. This mesh distribution allowed to simultaneously resolve both
reactor-scale and surface-scale processes. More details about this model
can be found in [45].
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Fig. 9. Calculated electron number density pro-
file (m~3), illustrating the formation of a plasma
streamer in a DBD reactor in dry air, with hon-
eycomb monolith structure with channels par-
allel (a) and perpendicular (b) to the electrodes,
as obtained from PIC/MCC simulations [35]. The
red spot indicates the location of the seed par-
ticles (i.e., where the streamer is initiated). The
dielectric plates covering the electrodes are de-
picted in dark grey colour, while the honeycomb
structure is in light grey colour (For interpreta-
tion of the references to colour in this figure le-
gend, the reader is referred to the web version of
this article).
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2.2. Particle-in-cell/Monte Carlo collision (PIC-MCC) simulations

PIC/MCC simulations describe the behavior of electrons and ions
(i.e., their trajectory and collisions) during successive time-steps. From
their positions in the discharge region, we obtain the space charge
density, which is used to calculate the electric field distribution from
Poisson’s equation. This electric field is used to calculate the trajectory
of the ions and electrons during the next time-step, and so on. It is not
possible to follow all the individual electrons and ions in PIC/MCC si-
mulations, because of excessive calculation times. Therefore, we follow
a number of super-electrons and super-ions, which represent the real
number of electrons and ions, defined by their weight. We apply here a
2D implicit PIC/MCC model, and a detailed description about this
model can be found in [51,52].

For modeling plasma streamer propagation inside catalyst pores, we
used square cells in the model. The geometry is schematically illu-
strated in Fig. 2. It is 50 um in height, and 37.5 or 90 um in radius
(depending on the pore size under study; see details in [49]). Indeed,
like in the fluid model description above, we had to include the entire
discharge gap between the electrodes, to be able to properly describe
the streamer propagation in the discharge, before it can enter the pore.
The electrodes are covered by dielectric plates. A negative DC voltage is
applied to the bottom electrode, while the top electrode is grounded. As
shown in Fig. 2, a small pore is present in the top dielectric. When
simulating the plasma behavior with a 50 nm diameter pore, we uni-
formly divided the simulation region (of 50pum X 37.5um) into
2049 x 1500 cells, with a mesh size around 25 nm. This number of cells
is limited by the computation time and computer memory (see below).

We applied the model to dry air, with a constant density of back-
ground molecules (O, N5) at 300 K. We trace free electrons, N, *, 0,7,
O, — during the whole simulation. The streamer is initiated by artifi-
cially placing 20 seed electrons, 20 O, ", 20 O,*, and 20 N, * ions right
above the bottom dielectric (see Fig. 2), with initial velocities sampled
from a Maxwellian distribution. Their initial weight is 1 (i.e., 1 super-
particle corresponds to 1 electron or ion), but it automatically increases
with the streamer evolution, by a particle merging algorithm: when the
number of super-electrons or super-ions exceeds 40 in each grid, three
particles are combined into two particles with both conservation of
momentum and energy. Typically, the weights increase up to 10° for
both electrons and ions, when the streamer has arrived at the top di-
electric. When the electrons and ions arrive at the dielectric, they ac-
cumulate on the dielectric surface and contribute to surface charging, as
explained in detail in [49].

The simulation time-step is fixed at 10~ '*s, and the total simulation
time ranges till ca. 20 ps, which is enough to allow the plasma streamer
to arrive at the top dielectric and penetrate till the bottom of the cat-
alyst pore, in our simulated geometry. Note that we simply assumed a
pore in a dielectric material (with varying dielectric constants); hence
not a real catalytic material, but rather a catalytic support material.
Catalytic surface reactions are also not yet included in our model.

We take into account 23 different reactions of the electrons with N,
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Fig. 10. Calculated electron number density profile (m~?), at different times,
illustrating the evolution of a plasma streamer in a DBD reactor in dry air, with
3DFD 1-3-5 stacking architecture, as obtained from PIC/MCC simulations [35].
The red spot indicates the location of the seed particles (i.e., where the streamer
is initiated). The dielectric plates covering the electrodes are depicted in dark
grey color, while the fibers of the 3DFD structure are in light grey color. It is
clear that the streamers can distribute to different channels, yielding a broad
plasma distribution (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

and O, i.e., elastic collisions, 5 electron impact electronic excitation
reactions with O, and 13 electron impact electronic excitation reactions
with N,, as well as electron impact ionization of N5 and O, and elec-
tron attachment with O,, see [48] for more details. Photoionization is
taken into account by a widely used stochastic version of Zhelenyak’s
photoionization model [53,54], which describes ionization of O, mo-
lecules after absorbing photons with a wavelength between 98 and
102.5 nm, which are emitted by excited N, molecules. However, pho-
toionization was found to be negligible in this small discharge gap: the
photoionization rate was much lower than the electron impact ioniza-
tion rate, and the results were nearly the same with and without
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photoionization.

For describing plasma streamer propagation in a packed bed DBD,
we used the same PIC/MCC simulation method. Details are given in
[48]. In addition, we also applied the same model for studying a DBD
with other structured packings, such as honeycomb monoliths and
3DFD structures. As the channel sidewalls in a honeycomb monolith are
all closed, we can define a 2D simulated honeycomb monolith discharge
geometry, either with the channels set perpendicular or parallel to the
electrodes. Modelling a 3DFD structure in a 2D PIC/MCC model is,
however, more complicated. Indeed, the 3DFD structure is constructed
by stacking fibres layer by layer, parallel to the electrodes. We modelled
different stacking architectures, such as 1-1 stacking, with straight
channels in both the vertical and horizontal direction, as well as 1-3
and 1-3-5 stacking, where the fibres are shifted to some extent at dif-
ferent layers. This yields a simulation architecture with many curved
channels, which may induce significant differences in the streamer
propagation, as illustrated in Section 3.2 below. The exact way how we
modelled the various 3DFD structures in a 2D model is explained in
detail in [35].

3. Results and discussion
3.1. Electric field enhancement in packed bed DBD reactors

Fig. 3 shows the calculated time-averaged electric field and electron
temperature distributions, in a helium packed bed DBD, as obtained
from our fluid model, for a peak-to-peak voltage of 4kV and a fre-
quency of 23.5kHz, in the 2D geometries of both the “contact point”
model (a, b) and the “channel of voids” model (c, d), as described in
Section 2.1 above (cf. Fig. 1 above). The local electric field enhance-
ment near the contact points due to polarization of the beads is obvious,
both inside the material and in the gas gap. It is most clearly illustrated
in the “contact point” model (Fig. 3(a)). This enhanced electric field
gives rise to more pronounced electron heating near the contact points,
causing a higher electron temperature, as seen in Fig. 3(c). The same
behavior is also predicted by the “channel of voids” model (Fig. 3(b,
d)), albeit somewhat less pronounced, 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 prop-
erties of a Townsend discharge. Note that in this case, the electric fields
obtained in the voids between the beads are lower than expected for a
typical DBD plasma (hence reflecting the Townsend discharge). Indeed,
an electric field of 3 X 10° V/m corresponds to a reduced electric field
(E/N) of 12 Td (1 Td = 10~ 2! V m?), at atmospheric pressure and room
temperature, while a DBD is typically characterized by reduced electric
fields above 100 Td (corresponding to electric field values around
3 x 10°V/m, as found near the contact points in this case).

At higher applied voltage, the electric fields will be higher, more
typical for a DBD (see also below), and the discharge will spread out
more into the bulk of the reactor, from one void space to the other, as
was illustrated in [29]. This is in qualitative agreement with ICCD
camera experiments from Kim et al. [18,19] and Tu et al. [21], which
also reported that at low applied voltage the discharge stays local at the
contact points, while at higher voltage, it spreads across the surface of
the packing material.

We also varied the dielectric constant (¢) of the packing beads, to
study its effect on the plasma characteristics, for two different gap sizes,
i.e., a mm-gap (4.5 mm) and a microgap (500 um) [30]. We only used
the “channel of voids” model for this study, because it captures both
characteristics of a packed bed DBD, being the enhanced electric field
and electron temperature near the contact points, as well as the
spreading of the discharge between the beads (see Fig. 3 above).”

Fig. 4 illustrates the calculated time- and space-averaged electric
field, electron temperature and electron and ion densities as a function
of ¢, for both gap sizes. The calculations were performed for ¢ = 5, 9,
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25, 100 and 1000, which are representative for silica (SiO,), alumina
(Al,03), zirconia (ZrO,), titania (TiO,) and barium titanate (BaTiO3)
packing materials, respectively.

As appears from Fig. 4(a), the electric field is much more enhanced
(at least a factor 5) in the microgap reactor, because the same voltage
was applied in both cases, and hence it results in a stronger electric field
for the shorter gap. This stronger electric field results in more current
peaks per half cycle, as was illustrated in [30]. Indeed, the required
electric field strength to cause a breakdown is more often reached in
this case.

It is also clear from Fig. 4(a) that the calculated electric field in-
creases upon higher dielectric constant of the packing beads in both gap
sizes, but only up to a certain point. Indeed, our model predicts that for
the higher dielectric constants, the electric field enhancement only
occurs 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 polarisation between the lower beads and the grounded
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Fig. 11. Calculated distributions of the total
ion density (a), electron density (b), electric

(c) Electric field

[V’! m) field (c), electron temperature (d), electron
impact ionization rate (e) and electron impact
2r A 1X10% excitation rate, averaged over one period, as
= obtained from fluid modeling for a helium DBD
1X108 with applied voltage of 20kV, and with a
16 100 um pore at the bottom dielectric (with di-
L electric constant of 9) [45]. Note that in (a) and
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> the color scale indicate the maximum and
i 6X10 minimum densities in each case, illustrating
0.8F that the electron density is much lower inside
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electrode. This makes that the space- and time-averaged electric field
does not continue to rise upon higher dielectric constant of the packing
beads.

The calculated electron temperature (Fig. 4(b)) follows a similar
trend as the electric field, which is logical, as the electrons are heated
by the electric field. In the mm-gap reactor, the electron temperature
rises gradually upon rising dielectric constant, but in the microgap re-
actor, the rise is only visible from ¢ = 5 to ¢ = 9, followed by a slight
drop, attributed to the fact that the electric field enhancement mainly
takes place at the top part of the reactor, as discussed above.

Finally, the calculated electron density (Fig. 4(c)) more or less fol-
lows the opposite trend as the electric field strength: it drops by three
orders of magnitude between ¢ =5 and 9 in the microgap reactor,
while for the mm-gap reactor a more gradual drop is observed between
e = 25 and 1000. This drop is attributed to a change in discharge be-
havior. Indeed, upon rising dielectric constant, the plasma cannot travel
anymore through the channels between the voids. In the mm-gap re-
actor, this change in discharge behavior occurs gradually for & rising
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Fig. 12. Calculated electron density profiles, in (m~2), near and inside a pore, with diameter of (a) 3 um, (b) 1 um, (c) 800 nm, (d) 700 nm, (e) 600 nm, (f) 400 nm, as
obtained from PIC/MCC simulations in dry air, for an applied DC voltage of —8kV [49].
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Fig. 13. Calculated electron density profile, in m ™3, near and inside a pore with diameter of 600 nm, 800 nm, 1 um, and 2 um, for ¢ = 25 (a), and & = 200 (b), as
obtained from PIC/MCC simulations in dry air, for an applied DC voltage of —8kV [50].

from 25 to 1000, resulting in an overall lower electron density upon
rising dielectric constant. In the microgap reactor, our model predicts
that the plasma can only travel through the channels between the
packing beads when ¢ = 5. This was illustrated in detail in [30]. Indeed,
at higher dielectric constants, the electrons (and ions) get more easily
absorbed at the walls and at the surface of the packing beads, due to the
small dimensions and enhanced electric field. Hence, the plasma cannot
travel anymore through the small channels between the packing beads,
explaining the much lower averaged electron (and ion) density. The
effect is more pronounced for the electrons, due to their smaller mass
and thus higher mobility. This results in a non-quasineutral plasma.
We did not only vary the dielectric constant of the packing beads,
but also the bead size, for a fixed interelectrode gap in a helium packed
bed DBD. Fig. 5 illustrates that the electric field enhancement is more
pronounced for smaller beads, which have more contact points. Note
that the electric fields in the voids are now in the order of 2 x 10° V/m
for the larger beads, rising to 10”7 V/m for the smaller beads, which
corresponds to reduced electric field (E/N) values around 80-400 Td.
As illustrated in Fig. 4(a) above, the electric field enhancement in
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the mm-gap reactor is in general more pronounced for packing beads
with larger dielectric constant. As a result, at low dielectric constant,
the plasma is more spread out over the full discharge gap, with a sig-
nificant density in the voids, as well as in the connecting void channels.
Upon rising dielectric constant, the plasma becomes more localized in
the voids, as is clear from Fig. 6. In addition, Fig. 6 clearly illustrates
that for the larger beads, the shift from full gap discharge to localized
discharges occurs at a higher dielectric constant than for the smaller
beads. Finally, at ¢ = 5, the packed bed reactor with the smallest beads
does not enable plasma formation at the applied voltage of 7.5kV, as
appears from Fig. 6(c). Indeed, a higher breakdown voltage is required
to cause plasma formation, in case of small beads with low dielectric
constant. Note that in general, the electron density is quite low, which
is attributed to the large probability of electron losses at the surface of
the beads, and the fact that these calculations were performed for he-
lium, characterized by a uniform discharge. In air discharges, char-
acterized by filaments, the electron density is typically higher inside the
filaments, as illustrated below. More details about the plasma behavior
in packed bed DBDs for different bead sizes and dielectric constants can
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be found in [31].

Although these models are developed for helium, we expect a si-
milar behavior in reactive gases, which are typically used in plasma
catalysis applications. The electric field enhancement, and the resulting
higher electron temperature, will affect the type of collisions in the
plasma. Indeed, at higher electron temperature, more collision channels
can come into play, when the electron energy is higher than the
threshold energy for these collisions. For instance, electron impact io-
nization typically requires a higher threshold, and the maximum in the
ionization cross section typically lies at higher electron energy, com-
pared to electron impact excitation. Compared to a non-packed DBD,
the same applied power thus yields a higher electron temperature, al-
lowing a wider variety of electron impact collisions, which can activate
the gas molecules (by excitation, ionization and dissociation). This
might explain why a packed bed DBD reactor typically yields higher
pollutant decomposition or CO, conversion than a non-packed reactor,
at least at the same gas residence time [55,56]. When comparing at the
same flow rate, however, the gas residence time in a packed bed reactor
is considerably reduced compared to a non-packed reactor, and hence,
the enhanced electric field might not always be sufficient to compensate
for the shorter residence time, sometimes causing a drop in CO, con-
version compared to a non-packed reactor [55,56].

3.2. Plasma streamer propagation in packed bed DBD reactors

To study the behavior of streamer propagation in a packed bed DBD
reactor, we developed a 2D fluid model for a packed bed DBD in air
[32]. Depending on the dielectric constant of the packing beads, our
model either predicts more filamentary microdischarges or more sur-
face discharges.

Indeed, at low dielectric constants (e.g., € = 5), plasma ignition
between the beads occurs as surface discharges or surface ionization
waves, created due to electric field components parallel to the dielectric
surfaces, resulting from surface charging. These surface ionization
waves can connect with the surface of the adjacent beads, as illustrated
in Fig. 7. On the other hand, at high dielectric constants (e.g.,
e = 1000), our model predicts filamentary microdischarges that are
constrained between the contact points of the beads, as shown in Fig. 8.
Note that the electron density inside the microdischarge filaments is
now much higher than obtained in Fig. 6 above, for a helium discharge,
which does not exhibit a filamentary character. At intermediate di-
electric constants, a mixed mode of surface discharges and local dis-
charges was observed, as illustrated in [32]. The calculation results
were in good qualitative agreement with experiments, as detailed in
[32].

To summarize, the locally constrained filamentary microdischarges
between the beads may limit the catalyst activation due to the limited
catalyst surface area in contact with the plasma. Hence, it might have
implications for the efficiency of plasma catalysis. Indeed, although the
local electric field enhancement is typically most pronounced at high
dielectric constants (see Fig. 4 above), the catalyst surface area in
contact with the plasma is limited at these high dielectric constants, due
to the localized discharges. Both effects will compete each other in
terms of efficiency for the plasma and/or catalytic reactions, so de-
pending on the relative importance of both effects, packing materials
with a high or low or intermediate dielectric constant will perform the
best, as indeed demonstrated in experiments (e.g., [55,561).

Again, we only used the “channel of voids” model to study the
streamer propagation, because it captures both characteristics of a
packed bed DBD, being the enhanced electric field and electron tem-
perature near the contact points, as well as the streamer propagation
through the reactor. However, it means that there are no contact points
between the beads in this model (as is indeed obvious from Figs. 7 and
8), while in reality, the streamers will “feel” the contact points between
the beads as a physical barrier. Nevertheless, they will anyway find
their way through the channels in between the beads, so the absence of
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contact points in the model will not affect the general trends predicted
by the model, being the transition from surface discharges to local fi-
lamentary discharges upon rising dielectric constant.

Besides fluid modelling, we also applied PIC/MCC simulations to
describe plasma streamer propagation through packed bed reactors in
dry air, revealing similar trends [33,34]. In addition, we also studied
plasma streamer propagation through DBD reactors with other struc-
tured packings, such as a honeycomb packing and three-dimensional
fiber deposition (3DFD) structures, which might be very promising for
plasma catalysis.

Fig. 9 illustrates the calculated plasma streamer propagation in a
honeycomb monolith structure with the channels parallel (a) and per-
pendicular (b) to the electrodes, as obtained from PIC/MCC simula-
tions. The red spot in the figure shows the location of the seed particles.
In Fig. 9(a), the streamer first arrives at the dielectric of the monolith,
and develops along the dielectric surface, yielding a surface discharge.
The local maxima at the surface indicate discharge enhancements,
caused by photoionization. However, as the plasma streamer can only
develop within the short diameter (0.8 mm) of one channel, the elec-
tron density is quite low, i.e. in the order of 10" m ™3,

In Fig. 9(b), the honeycomb channels are perpendicular to the
electrodes. The calculated plasma streamer is obviously limited to one
channel, indicating that the streamers in different channels of a hon-
eycomb structured catalyst will be completely separated. However,
compared to Fig. 9(a), the electron density is an order of magnitude
higher, as the plasma streamer can develop over a much longer dis-
tance. This will yield a larger production of reactive plasma species
upon electron impact reactions, and it may explain why in practice the
channels are mostly perpendicular to the electrodes in plasma catalysis
applications with honeycomb structured catalysts [16,57].

Finally, Fig. 10 shows the calculated plasma streamer propagation
for a 3DFD structure with so-called 1-3-5 stacking architecture. In
contrast to the separate channels of a honeycomb structured catalyst
(Fig. 9), the streamers can now distribute to different channels, causing
discharge enhancement due to surface charging on the dielectric walls
of the structured catalyst, and especially giving rise to a broad plasma
distribution, i.e., not limited to one channel as for the honeycomb
structure. This broader plasma distribution should be beneficial for
plasma catalysis, as it allows a larger catalyst surface area to be exposed
to the plasma. More results about the streamer propagation in different
3DFD stacking architectures, including the effect of different positions
of the seed particles (for streamer initiation), can be found in [35].

3.3. Plasma streamer penetration in catalyst pores

First we present some results of the fluid model in helium, for the
plasma behavior in catalyst pores with pm sizes. Subsequently, we will
show that plasma streamers can also penetrate in smaller pores, in fi-
lamentary discharges operating in air.

Fig. 11 illustrates the fluid calculation results. As explained in
Section 2.1 above, the model is applied to the entire DBD gap of 2 mm,
for self-consistent results. This puts constraints to the size of the pores
that can be modeled. In addition, a fluid model cannot be applied to
pores with nm dimensions, because the mesh size would be too small
for a fluid description. Therefore, we focus here on a pore of 100 pm,
but it should be noted that we applied the model to pores down to 10
um diameter [45]. Smaller dimensions did not allow plasma formation
inside the pores.

The total ion density (Fig. 11(a)) rises drastically inside the pore,
reaching a maximum value 7 times higher than in the center of the
discharge. The electron density exhibits a slight increase near the pore,
but it drops to low values inside the pore (Fig. 11(b)), because the
electrons are more easily lost at the walls due to their small mass, and
also because the electric field pushes them back to the bulk region (see
below).

The different electron and ion densities inside the pore result in a
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significant space charge, which causes electric field enhancement inside
the pore (Fig. 11(c)), yielding a pronounced rise in electron tempera-
ture as well (Fig. 11(d)). As a result, the electron impact ionization rate
is also greatly enhanced inside the pore (Fig. 11(e)), which explains in
turn the high ion density inside the pore. Note that the electrons are
also formed inside the pore, but they are more easily lost at the walls,
and pushed out of the pore due to the electric field, as mentioned above,
explaining their much lower density. Finally, also the electron impact
excitation rate in the pore is enhanced (Fig. 11(f)), yielding more ex-
cited species. Likewise, for a reactive gas, also the rate of electron im-
pact dissociation will be enhanced, thus creating more radicals. Hence,
our model predicts that for a pore size of 100 um, the plasma species are
effectively generated inside the pore. In addition, the ions will also
migrate into the pore due to the strong electric field.

Our model predicts that plasma formation inside the pores occurs
more easily at larger pore size and applied voltage [45], which was also
observed by Hensel et al. [16,38]. A pore size of around 20 ym was
predicted as the lower limit for plasma species formation inside the
pore, at least for a helium plasma. The latter can be correlated with the
Debye length, which is in the order of 40 pm for the typical conditions
under study here (i.e., helium plasma with electron temperature and
density of 3eV and 10" m~3). In air filamentary discharges, char-
acterized with higher electron density inside the streamers, and thus
smaller Debye lengths, plasma streamers can penetrate into smaller
pores, as will be shown below.

We also studied the plasma behavior for catalyst support materials
with various dielectric constants [46]. We found that for a pore of
100 um diameter, the ionization clearly takes place inside the pore for
e < 200, with a maximum reached at ¢ = 50. At ¢ > 300, the ioniza-
tion does not occur inside the pore, but only in the sheath in front of the
pore. The reason is that at these large dielectric constants, the polar-
ization of the left sidewall counteracts that of the right sidewall, re-
ducing the net electric field, and thus the electron temperature and
electron impact ionization inside the pore. Furthermore, our model
reveals that the ionization enhancement inside smaller pores than
100 pm only occurs for materials with smaller dielectric constants. For
pore sizes of 50 um, 30 um and 10 um, only materials with dielectric
constants below 200, 150 and 50, respectively, seem to yield enhanced
ionization inside the pores. Note that ¢ = 300 is a typical value for
SrTiO3, € = 200 corresponds to CaTiOs, and € = 50 is a typical value for
TiO, [58].

To our knowledge, no experiments are available for the plasma
behavior inside catalyst pores with different dielectric constants.
Hence, our model predictions still have to be validated by experiments,
but they suggest that the most common catalyst supports, i.e., Al,O3
and SiO,, with dielectric constants around 8-11 and 4, respectively, can
more easily promote plasma formation inside catalyst pores than e.g.,
ferroelectric materials with dielectric constants above 300.

Finally, we also applied this model to study the plasma behavior
inside catalyst pores with different pore shapes, and we found that the
electric field is significantly enhanced near tip-like structures [47]. In
general, the pore shape seems to greatly affect the electric field en-
hancement, and thus the plasma properties. More details about these
simulations can be found in [47].

To summarize, our fluid model reveals that plasma species can only
be created inside catalyst pores with dimensions above 10pum, 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 plasma
formation inside pores, according to our fluid model predictions.
However, the above studies were applied to a helium plasma, which
yields a homogeneous discharge. For plasma catalysis applications,
reactive gases are more relevant, and they exhibit streamer formation,
which are characterized by much higher electron densities, and thus
smaller Debye lengths. Hence, it is well possible that in this case,
plasma streamers can penetrate in nm-sized catalyst pores. This is too
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small to be treated by fluid simulations, so we developed a PIC/MCC
model for an air plasma, accounting for streamer formation.

Fig. 12 shows the calculated electron number density profile inside
pores with different diameters, as obtained from our PIC/MCC simu-
lations, for an applied voltage of —8 kV. The electron density reaches a
maximum inside the pores for pore diameters of 600 nm and above,
while the electron density is negligible for the pore diameter of 400 nm.
This indicates that, at the conditions under study here, plasma streamer
formation occurs in pores with diameter of 600 nm and above, but not
for smaller pores. This behavior can be explained by the Debye length.

Indeed, our PIC/MCC model reveals that the Debye length is an
important criterion for plasma streamer penetration into catalyst pores,
i.e., plasma streamers can only penetrate into pores with diameter
larger than the Debye length. At the conditions shown in Fig. 12, the
Debye length was calculated to be 415 nm, which explains why plasma
streamers cannot penetrate into pores of 400 nm diameter, while they
can penetrate into larger pores. In general, the Debye length depends on
the electron density and temperature in the plasma streamer, but is in
the order of a few 100 nm up to 1 um at typical DBD conditions in air.
Hence, this is the typical range of pore sizes in which plasma streamers
can still penetrate, as indeed illustrated in Fig. 12. Note that for higher
applied voltages, plasma streamers will be able to penetrate into
smaller pores, due to the higher plasma density and thus shorter Debye
length. This has consequences for plasma catalysis, as it determines the
catalyst surface area exposed to plasma, and thus the plasma catalytic
performance.

For pores in the range of "50 nm, our simulations predict that
plasma can only penetrate to some extent and only at early stages,
before the actual plasma streamer reaches the catalyst surface and a
sheath is formed [49].

Our model reveals that surface charging (both of the dielectric
surface and the catalyst pore sidewalls) plays a crucial role in the
plasma distribution along the dielectric surface, as well as in streamer
penetration and discharge enhancement inside catalyst pores. The im-
portance depends on the dielectric constant of the material. This is il-
lustrated in Fig. 13. At low dielectric constant (e.g., e = 25; Fig. 13(a)),
surface charging causes the plasma to spread along the dielectric sur-
face and inside the pores, leading to somewhat deeper plasma streamer
penetration, while for larger dielectric constants (or for metallic coat-
ings), the discharge appears to be more localized, due to very weak
surface charging (see e.g., for ¢ = 200 in Fig. 13(b)). More details on
the effect of surface charging on plasma streamer penetration in cata-
lyst pores can be found in [50].

4. Conclusion

In this paper, we gave a brief overview of recent results obtained in
our group, from fluid modeling and PIC/MCC simulations, to provide
answers to some burning questions in plasma catalysis, i.e., on how
plasma behaves inside packed bed DBD reactors, and whether plasma
can penetrate into catalyst pores, and what is the determining factor for
this.

We showed that the electric field is enhanced near the contact
points of the beads in a packed bed DBD reactor, due to polarization of
the beads. The effect is more pronounced at higher dielectric constants,
and for smaller discharge gaps, albeit only to a certain point, after
which the electric field and electron temperature stay constant (or
drop) upon rising dielectric constant. In addition, higher dielectric
constants cause a more pronounced drop in overall electron density,
and the plasma streamers behave as local filamentary discharges be-
tween the beads, while they behave as surface discharges around the
packing beads at low dielectric constants. This will have consequences
for plasma catalysis. Indeed, although the local electric field is typically
more enhanced at high dielectric constants, the catalyst surface area
exposed to the plasma is more limited, due to the localized discharges.
Depending on the relative importance of these competing effects in
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terms of efficiency for the plasma and/or catalytic reactions, packing
materials with a high or low (or intermediate) dielectric constant will
perform the best, as indeed demonstrated in experiments (e.g.,
[55,561).

We also showed calculation results for plasma streamer propagation
in more sophisticated packing geometries, like honeycomb and 3DFD
structures. Our model predicts that plasma streamers are limited to one
channel in a honeycomb packing, while in 3DFD structures, they can
distribute to different channels, yielding a broad plasma distribution.
This should be beneficial for plasma catalysis, as it allows a larger
catalyst surface area to be exposed to the plasma.

To answer the burning question whether plasma can be formed in
catalyst pores, our calculations reveal that plasma streamers can pe-
netrate into catalyst pores when the pore diameter is larger than the
Debye length. Filamentary discharges (e.g. in air) can have a very high
electron density in the streamers (in comparison to homogeneous dis-
charges, e.g. in helium), yielding a small Debye length, i.e., in the order
of a 400 nm-1 um, depending on local electron temperature and den-
sity. This means that plasma streamers can penetrate into catalyst pores
of several 100 nm diameter. Smaller pores (with nm dimensions) might,
however, still be reached by plasma species created above the pores,
due to diffusion. Finally, our models reveal that materials with low
dielectric constant allow plasma to penetrate into smaller pores than
materials with higher dielectric constants. This also has consequences
for plasma catalysis, as it determines the catalyst surface area exposed
to plasma, and thus the plasma catalytic performance.

These examples illustrate how plasma modeling can be useful for a
better understanding of the underlying mechanisms of plasma catalysis.
It should be noted that we only focused in this paper on dielectric
support materials. In the future, we want to incorporate metallic cata-
lyst activation on the support materials. Indeed, our models predict that
surface charging is a determining factor for streamer propagation and
plasma enhancement, so the metallic catalyst activation will also affect
the plasma behavior. Incorporating these metallic catalysts is, however,
quite challenging, as they typically have nm-dimensions, making it
quite demanding for the mesh size (in combination with the reactor
dimensions) and thus for the calculation time.

In addition, we would also like to include catalytic surface reactions
in our plasma models (see e.g., [59,60]). Incorporating a detailed
chemistry in 2D fluid models is quite challenging in terms of calculation
time, and this is even more the case for PIC/MCC simulations. Hence,
we will first have to define the most important reactions. OD plasma
chemistry modeling can be very useful for this purpose. It can describe
a detailed plasma and surface chemistry without too much computa-
tional cost, based on which reduced sets can be defined, as input for 2D
fluid or PIC/MCC models. Although 0D models in principle do not take
into account spatial variations, they can incorporate surface chemistry
for plasma catalysis, as illustrated e.g., in [59,60]. The surface reaction
rate coefficients can be obtained from atomic scale classical molecular
dynamics simulations or density functional theory. This yields an ap-
proach very similar to so-called microkinetics modeling, which is quite
common in thermal catalysis.

Our final aim is to incorporate such surface reactions in our 2D fluid
and PIC/MCC models as well. Due to the extensive computation time of
PIC/MCC models, we believe it will be very challenging to include a
detailed surface chemistry for plasma catalysis modeling at the reactor
scale (e.g., streamer propagation through packed bed DBD reactors), so
we believe fluid models might be more appropriate for this purpose.
However, when studying plasma streamer penetration into catalyst
pores, we believe that PIC/MCC models are more appropriate, due to
the small pore dimensions, easily reaching the limits of fluid modeling.
Moreover, due to the small dimensions of such catalyst pores (e.g., up to
1 um to be practically relevant), PIC/MCC simulations with surface
chemistry should be feasible. Furthermore, to study the diffusion of
plasma species into even smaller catalyst pores, MC simulations
(without electric field) in the pore, coupled to detailed surface
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chemistry, could be applied.

In conclusion, we believe that various models should be combined:
(i) OD plasma chemistry models with incorporated catalytic surface
chemistry, to gain detailed insight in the plasma + surface chemistry,
and to produce reduced chemistry sets for higher-dimensional models,
(ii) 2D (or even 3D, if the computation time would allow for it) fluid
models for reactor scale modeling (e.g., plasma streamer propagation in
packed bed DBD reactors), (iii) 2D or 3D PIC/MCC simulations for
plasma streamer penetration into catalyst pores with dimensions of a
few 100 nm (that allow plasma streamer penetration), (iv) 3D MC si-
mulations for describing diffusion of plasma species in even smaller
catalyst pores, and (v) atomic scale simulations for the chemical reac-
tions of plasma species at a catalyst surface, providing surface reaction
coefficients for the above models. Such a multi-level computational
approach should allow us to obtain an overall picture of plasma cata-
lysis.
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