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Abstract ~

Plasma generation inside catalyst pores is of utmost importance for plasma catalysis, as the
existence of plasma species inside the pores affects the active surface area of the catalyst
available to the plasma species for catalytic reactions. In_this«paper, the electric field
enhancement, and thus the plasma production inside catalyst pores with different pore shapes
is studied with a two-dimensional fluid model. The results ingicate that the electric field will
be significantly enhanced near tip-like structures.”In/a conical pore with small opening, the
strongest electric field appears at the opening and bottom corners of the pore, giving rise to a
prominent ionization rate throughout the pore."For aeylindrical pore, the electric field is only
enhanced at the bottom corners of the pore, with.lower absolute value, and thus the ionization
rate inside the pore is only slightly enhanced. Finally, in a conical pore with large opening, the
electric field is characterized by a maximum at the bottom of the pore, yielding a similar
behavior for the ionization rate. These results demonstrate that the shape of the pore has a
significantly influence on the electric’ field enhancement, and thus modifies the plasma
properties.

* Corresponding author.

E-mail address: yrzhang@dlut.edu.cn
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1. Introduction

Plasma catalysis is gaining increasing interest as an effective method to reduce environmental
pollutants and to produce value-added chemicals, more specifically, for hydrocarbon
production, methane reforming, NOx and SOx removal, CO; conversion and volatile organic
compounds (VOCs) abatement [1-4]. Plasma catalysis refers to the combination of non-
thermal plasma with a material that has catalytic properties. The main goal of.the hybrid
plasma catalysis system is to achieve improved process characteristics, 4.e., higher-energy
efficiency and selectivity, compared to the individual processes, i.e., in the plasmaor catalysis
alone. When this improvement is more than the sum of the individualsprocesses, it is referred
to as the synergistic effect of plasma catalysis. Indeed, the presence of the | plasma affects the
catalyst properties, and vice versa, the dielectric constant and morphology of the catalyst
modify the physicochemical plasma properties [5-20]. These modifications are believed to
underlay the observed synergistic effect [10].

Dielectric barrier discharges (DBDs) are the most often used type of discharge for plasma
catalysis applications. By adding catalysts into @ DBD;.the electric field is significantly
enhanced near the catalyst surface, due to.the high local curvature at the pores, or at the
contact points between the packing beads [21-24]: Takuma et al. investigated the electric field
distribution near and at the contact points for various contact conditions, showing that the
electric field is influenced by many factors, 1.e., contact angle, relative permittivity and
thickness of the dielectric [21].“Chen et al. demonstrated that the void between packing beads
is usually not spherical, and the”maximum electric field is 10-10* times higher than in a
spherical void, due to the comp@ated structure [22]. Fridman demonstrated that in packed
bed DBD reactors, the existence of packing pellets may intensify the electric field by a factor
of up to 250, depending on their shape, porosity, and dielectric constant [23]. In our previous
work, we also observed that, the electric field inside catalyst pores is significantly enhanced
[24]. Besides, Stollenwerk and Wagner et al. reported that microdischarges have the tendency
to start at those'positions-which are covered by a filament in the previous breakdown, because
of the locally enhanced electric field there [25, 26].

In recent years, some theoretical research was performed to investigate the electric field
enhancement and the consequent modification on the plasma properties [27-29]. Wang et al.
presented computed images of the plasma propagation through a porous dielectric sheet,
whichis.an extreme example of a packed-bed reactor, and they indicated that the electric field

enhancement is induced by the porous structure [27]. Using a two-dimensional (2D) fluid
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model, Xiong and Kushner investigated the propagation of an atmospheric pressure ionization
wave in flexible capillary tubes, and they concluded that smaller radii of curvature tend to
support a larger reduced electric field, resulting in a higher electron temperature and an
enhanced ionization rate [28]. Van Laer et al. also employed a 2D axisymmetric fluid'model,
showing that the plasma in packed bed discharges is initiated at the contact points, because
the electric field is strongest there [29].

In addition, also several experimental studies reported on the electric field enhancement
due to the surface topography [30, 31, 11]. Takaki et al. focused on the influence of the ferro-
electric pellet shape on the C2Fg removal. They revealed that by adopting hollow cylindrical-
shaped pellets, the energy efficiency was 1.5 times higher than in the case ef'spherical pellets,
due to the electric field distortion caused by the sharper edge, which gave rise to lower energy
consumption [30]. Yu et al. observed a higher CO, decomposition efficiency in quartz packed
plasmas than in silica gel packed plasmas, due to their different morphologies. Indeed, the
sharp edges of the quartz pellets were beneficial for the localelectric field enhancement,
which was advantageous for the generation of energetic electrons and thus for the high
electron impact dissociation rate of CO [31]. In arder to und?arstand the effect of the support
material on NOy synthesis, Patil et al. performed experiments with various packing materials,
and the higher NOy concentration in the case of quartz wool was attributed to its rigid fibrous
structure, leading to the enhanced electric field.and to high intensity microdischarges [11].

In gas discharges, the electric field plays a pivotal role in determining the plasma
composition, as it modifies the electron energy distribution function, and this in turn affects
the electron impact reaction rates. Indeed, an enhanced electric field results in a higher
electron temperature, which¢s more:favorable for electron impact collisions, and the latter are
responsible for the production of wvarious reactive species. Therefore, it is of significant
importance to understand:ithe mechanisms of the electric field enhancement due to the catalyst
morphology or the/pore shape, and the consequent influence on the plasma characteristics. In
this work, we employ a 2D fluid model to investigate the plasma generation near and inside
catalyst pores for various pore shapes. In particular, we systematically study the influence of
the pore shape on the electric field distribution, as well as on the electron impact ionization
rate, which is a‘measure for the plasma generation. Indeed, it is important to have a good
insight in therelectric field enhancement, as it affects the plasma composition, and thus the
efficiency of the plasma catalytic processes.
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2. Description of the model

In this work, we employed the Comsol Multiphysics software to perform 2D simulations of a
DBD with various pore shapes. Comsol is implemented on an unstructured mesh, to‘enable
the simultaneous resolution of processes occurring at different spatial scales [32].
The model used in this investigation is the same as described in [24]. Briefly, the
conservation equations solved for multi-fluid charged and neutral species are
on,

=-V-I', +R,,

0
pa(wk)z—v-(pwkvk)Jr R,

~

Here, N,, I', and R, are the electron number density, electron flux and electron source

term, respectively. o refers to the mass density of the gassmixture. W, , V, and R, are the

mass fraction, velocity and source term of the heavy species (k). Note that the drift-diffusion
approximation is applied for electrons and ions, while for.neutral species, only the diffusion

term is included. 4

The electron energy equation is solved to obtain the electron energy density N,

on,
at

——E-T,-V-T,+R,,

where T, is the electron energy flux, and R, is the energy source term, which includes the

energy exchange due to electron impact collisions (i.e., excitation, ionization, etc.). In a DBD,
the gas might locally heat up under certain conditions, i.e., in the vicinity of structures with
high curvature. However, since mostiof the input energy goes to heating of the electrons, the
gas temperature will_not inecrease significantly, also due to cooling by the gas flow [29].
Therefore, we assume a constant gas temperature of 300 K in the model, and no energy
balance equation is needed for the ions and neutral species.

The time-dependent electric potential and electric field distributions are determined by
solving the Poisson equation throughout the entire computational domain.

Vzv —_ pcharge ’
5ogr

where P46 1S the space charge density, which is zero inside dielectric materials, &, is the

vacuum permittivity, and &, is the relative permittivity only used for the dielectric region.
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Although molecular gases, such as air mixtures or CO2/CHas, are typically used in
environmental applications of plasma catalysis, the calculations are performed in a helium
DBD in this work, to keep the chemistry simple. This reduces the computational cost, and we
can focus on the electric field enhancement. The species considered in the model include, He,
HeM, HeoM, He', He," and electrons. The electrons collide with He atoms, generating HeM and
He* upon excitation and ionization. HeM denotes a combined metastable level,awhich consists
of the He(2'S) and He(23S) levels , and HeM represents the molecular metastable Hez(a*zu).
By colliding with electrons, the HeM species either quench to the ground state or produce
electrons during Penning ionization. The recombination loss mechanisms of ions are also
taken into account in the model. The rate coefficients for the/electron impact reactions
mentioned above are calculated by BOLSIG+, based on the .corresponding collision cross
sections [33]. The full chemistry set is listed in Table 1, together with the rate coefficients for
the heavy particle reactions and recombination reactions.

In addition, a simple surface mechanism is considered, in which the He* and He;" ions are
neutralized to ground state helium atoms, with a probability of 1. The sticking coefficients for
HeMand He,Mare set as 1 at the walls. Secondary electron en:ission induced by ion impact is
also considered, with a probability of 0.05 [29]. Sputtering is not included in the present

model.

Table 1. The reactions for the He plasma included in the model. The electron temperature Te
and the gas temperature Tg are in V.

No. Reaction Rate Coefficient Reference
R1 et+He —He+g y From cross-section 34

R2 e + He — He' + 2e From cross-section 34

R3 e+ He & HeM+e From cross-section 34

R4 e+HeM > He+e From cross-section 34

RS e + HeM —He" + 2¢ From cross-section 34

R6 e+ HeM — 2He +e 3.8x10°cm3s? 35

R7 e+ HeoM — Heo' + 2e 9.75 x 1010 T07 g34/Te gmB g1 36

R8 2e + He* - HeM + ¢ 1.5 x 102 (Te/Tg)™* cm® s 35, 37
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R9 e + He," — HeM + He 5.0 x 107° (Te/Tg)* cmi st 38
R10 2e + Heyt — He" + He + e
40X 1020 (Te/Tg)* cmP st 35
— Hex) +e
R11 e + Heyt + He — He™ + 2He
5.0 X 107 (Te/Tg)t cmb st 35
— Hex" + He
R12 He* + 2He — Hey" + He 1.4 x 1073 (T4/0.025)°¢ cmP'st 38
R13 HeM + 2He — HeoM + He 25x103%* cmés?t 39
R14 HeM + HeM — He* + He + e 45x 100 cmés?! -
35
— Hex' +e 1.05 x 10° cm® st
R15 He,M + HeM — He* + 2He + e 50x 10 emést
35
— Hey" +He+e 2.0x10°%cm3s?

R16 He,M + HeoM — Het + 3He + e 3.0x 109 em® st
35
— Hey" + 2He + € 12 x10°%cmd st

3. Results and discussion

In this paper, we study in detail the effect of the pore shape on the electric field enhancement,
and accordingly its influence.on the plasma generation. The investigations are performed for a
DBD configuration. The discharge region is 0.2 mm in width, and 2 mm in height. The top
electrode is powered by an alternating current source V = Vosin(2nft), at a frequency f of 25

kHz, and a voltage Vo 0f 20 kV, and the bottom electrode is grounded. The discharge gap is

bounded by two dielectric layers, with thickness of 1 mm on the top and 0.5 mm at the bottom.

In order to study the influence of the pore shape on the plasma characteristics, the bottom
dielectric plateydi.e., Al2Os (er = 9), is porous. Three different pore shapes are considered, i.e.,
a conical pore with small opening, a cylindrical pore and a conical pore with large opening
(seefigure 1). These three pore shapes are not necessarily the same as in actual catalyst
materials, but we think they represent some extreme conditions, which can help us to
understand in general the influence of the pore shape on the plasma generation. Note that the

edge and bottom of the pores are rounded to reduce the computational cost, with the curvature
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fixed at 300 mm™. For the conical pore with small opening (see figure 1(a)), the width of the
pore is 5 um on the top and 50 um at the bottom. For the cylindrical pore shown in figure 1(b),
the width of the pore is fixed at 50 um. In figure 1(c), the top width of the conical pore is
50 um, while the bottom has a width of 5 um. Besides, the depth of all these pores is fixed at
100 um. Although the geometry is symmetric along the center of the pores in this work, we
wanted to build a model that is more generally valid, in order to be able to alse investigate
asymmetric geometries in the future. Therefore, the model is built in Cartesian coordinates,

and we simulate the entire geometry.

3.1. Electron impact ionization rate — a measure for the plasma generation

Figure 1 shows the calculated time-averaged ionization rates near and<nside the pore for
the various pore shapes. For the conical pore with small opening (figure 1(a)), the maximum
ionization rate appears at the opening of the pore, but the'ionization rate at the bottom of the
pore is also high. For the cylindrical pore (figure 1(b)); the maximum ionization rate appears
at the corners of the pore bottom, and it is also quite high at.the center of the pore, although
about a factor of 4 lower than the maximum in figure 1(a). Also above the pore, there is still
some local enhancement (i.e., 1.5X10% m3sY),which is not visible in figures 1(a) and 1(c).
For the conical pore with large opening (figure 1(c)), the maximum ionization rate only
appears at the bottom of the pore, and the maximum value is also somewhat higher than in
figure 1(a).

By integrating the ionization rate inside the pore, we obtained a value of 8.68 X 10 s? for
a conical pore with small openingj6.93 X 10** s** for a cylindrical pore, and 4.1910* s for
a conical pore with large opening. Since a higher ionization rate most probably also
corresponds to a larger'generation of reactive plasma species inside the pores, which will be
available for surface‘reactions.at the catalyst surface, we expect the conical pore with small
opening to perform better under the conditions investigated in this work.

In order tocillustrate the time-dependence of the ionization rate and to gain more insight
into the plasmageneration for various pore shapes, the electron impact ionization rate along
the centerline of.the pore at four different times within one cycle of the applied voltage is
shownsin figure 2 (see the inset in figure 2(a) for the sinusoidal voltage profile). Note that y =
-0.1 mm corresponds to the bottom of the pore. For a conical pore with small opening (Fig.
2(a)), therionization rate is by far the highest at ¢ = 0 (see black solid curve), and it appears at

the opening of the pore. This profile is responsible for the peak value of the time-averaged
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ionization rate in figure 1(a). At the other time phases, the ionization rate is much lower, and
exhibits different shapes. For instance, at ¢ = 0.5, the ionization rate shows a similar profile
as the one at ¢ = 0. Although the absolute value is about two orders of magnitude lower than
at ¢ = 0, it still contributes to some extent to the maximum ionization rate in figurg 1(a). As
the time phase increases to ¢ = m, the maximum shifts from the opening of the“pore to the
bottom. Subsequently, the ionization rate inside the pore increases significantly, but the value
at the opening of the pore is still higher than at the bottom. A similar behavior is observed at
¢ = 1.5x, but the absolute value is again much lower (i.e., it is only abeit 1.7 X20%° m=3s? at
¢ = 1.5x, while it is around 5.4 X10% m3s? at ¢ = 1.1x). The non-negligible time-averaged
ionization rate inside and at the bottom of the pore in figure 1(a) is thu\s attributed to the
ionization rate distributions during this second half period of the applied.voltage.

For a cylindrical pore (Fig. 2(b)), the ionization rates at ¢ =0 and ¢ = = are comparable in

magnitude, but the maximum is reached at different pgsitions;.i.e., it is at the pore opening

and inside the sheath at ¢ = 0, while it is inside the pore and more towards the bottom at ¢ = .

At ¢ = 0.5n and ¢ = 1.5, the ionization rate profiles are similar to those at ¢ = 0 and ¢ = =,
respectively, but the values are a factor 0f/30-100 lower..These distributions are responsible
for the time-averaged ionization rate, which does,.not show a pronounced maximum, but
rather a broad distribution both inside and,above the pore in Fig. 1(b). Note that the maximum
at @ = 7 is slightly higher than that at ¢ =0y but both of them are a factor of 2-2.5 lower than
at @ = 0 in a conical pore with small opening. Therefore, the time-averaged ionization rate
inside the cylindrical pore (see figure 1(b)) is much lower than the peak value at the pore
opening in figure 1(a). In addition, the‘time-averaged ionization rate is slightly enhanced at
the corners of the cylindrical qpore bottom, due to the strong electric field there, as will be
explained below.

For a conical pore with, large opening (Fig. 2(c)), the ionization mainly takes place at the
pore opening and inside the sheath at ¢ = 0, with a broad maximum of about 4.1 X 10% m3s,
but it decreases significantly as a function of time and becomes negligible at ¢ = 0.5%, with a
maximumsof only.about 5.2X10%® m3st. However, a pronounced peak is observed at the
bottom of the pore at ¢ = &, with values much higher than those at the other time phases, i.e.,
arolnd 5 10%° m3s1. This gives rise to the time-averaged ionization rate distribution in Fig.

1(c), with.a pronounced maximum at the bottom of the pore. Besides, the higher absolute
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value of the ionization rate at ¢ = min figure 2(c) also leads to the more substantial time-

averaged ionization rate in figure 1(c) compared to those in figures 1(a) and 1(b).

3.2. Elucidating the plasma behavior — Electric field and plasma density distributions
The evolution of the ionization rate with time can be understood by examining‘the electric
field distributions combined with the electron density distributions. Theselectric: field
distributions for the three different pore shapes are plotted in figures 3, 5'and 7,"while the
corresponding electron density distributions are presented in figures 4, 6:and 8. Note that in

figures 3, 5 and 7, we plot the absolute values of the total electric field, which is calculated as

JEZ+ E,? . The vectors indicate the direction of the electric field, based on the x and y

components (Ex and Ey). These vectors are plotted with constant length,.as they only indicate
the direction, while the electric field magnitude is indicated by the color scale. Likewise, in
figures 4, 6 and 8, besides the electron density profiles, illustrated by the color scale, both the
direction and the absolute value of the electron flux can be deduced from the vectors, whose

lengths are proportional to the flux magnitudes. I

(a) Conical pore with small opening

For a conical pore with small opening (figure.3), the potential at the top dielectric layer is
positive at ¢ = 0, whereas it is negative, at the bottom dielectric layer due to the charge
accumulation. Therefore, the eleetric field induced by this potential difference is directed
downwards, as can be seen from the vectors in figure 3(a). Besides, due to the small size of
the pore opening, the electric ijId is very strong there. It is indeed well known that the
electric field is enhanced near tip-like structures, and the enhancement can be up to 1000 or
more for high aspect‘ratio structures [40]. The electrons are heated by the strong electric field
at the opening of thespore and they ionize the gas significantly, leading to the high ionization
rate at the pore opening at ¢ = 0 (cf. figure 2(a)). Note that for the same curvature, the
ionization rate‘at the opening of the conical pore would be significantly reduced if the size of
the opening increases. This is because for smaller opening, the electric potential decreases
rapidly over a shorter distance, leading to a stronger electric field.

At.@,=0.57 (figure 3(b)), the applied voltage at the top electrode is 20 kV (see inset in
figure 2(a)). Although most of the potential drops in the dielectric, the larger potential
difference‘gives rise to the stronger axial electric field Ey. Besides, the lateral electric field Ex

also becomes stronger, resulting in a higher total electric field than at ¢ = 0 (cf. figures 3(b)
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and 3(a)). Note that although the electrons thus gain more energy at the pore opening at ¢ =
0.57, the maximum ionization rate is about two orders of magnitude lower than at ¢ = 0, due
to the significantly lower electron density, as will be discussed in detail below.

At ¢ = m, although the applied voltage at the top electrode is 0 V, the positive charge
accumulates at the bottom of the pore, leading to an upward electric field, as indicated by the
vectors in figure 3(c), and it is the strongest at the bottom corners of the pore: The electric
field distribution explains why the ionization rate is higher at the bottom of the pore:than at
the opening at ¢ = &, because the stronger electric field gives more electron heating, and thus
more electrons can contribute to the ionization.

At ¢ = 1.5 (figure 3(d)), the electric field is again characterized by @ maximum at the
bottom corners of the pore, but the maximum value is somewhat lower. Moreover, the electric
field in the sheath near the bottom dielectric plate is very weak, and it'is directed downwards
due to the negative charge accumulation. Note that although the-electric field at the pore
opening is slightly lower than at the bottom corners (i.e., 3.6 X10° V/m vs. 6.5X10° VV/m),
the maximum ionization rate takes place at the/pore opening, due to the higher electron
density there, as will be shown below.

The electron density distributions, together with.the electron flux indicated by vectors, near
and inside the conical pore with small.opening are shown in figure 4. Note that different color
scales are used to clearly see the profiles. By comparing the electron density at these four
different times, it is clear that although all of the maxima appear in the sheath above the pore,
the distributions are strikingly different, both in shape and in absolute value. At ¢ = 0, the
plasma generation, visualized byt\he electron impact ionization rate (figure 2(a)), mainly takes
place at the pore opening, (due to the high electron temperature caused by the strong electric
field. However, the electrons are-accelerated out of the pore due to the downward electric
field (cf. figure 3(a))yespeciallyat the pore opening, which is clear from the longer vectors in
figure 4(a), leading to a higher electron density above the pore.

From figure 4(b), 1tiisclear that the maximum electron density at ¢ = 0.5x is about two
orders of magnitude lower than at ¢ = 0, which can be attributed to the strong electric field
near the/bottom dielectric plate. Indeed, the electrons are accelerated towards the bulk plasma,
leavingra region with low electron density here. Although the electron heating is more
effective due to the stronger electric field, the plasma generation process is limited because

fewer electrons are available to ionize the gas. Therefore, the ionization rate is characterized

Page 10 of 37



Page 11 of 37

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-102125.R1

by a peak at the pore opening, but with a much lower value than at ¢ = 0, as shown in figure
2(a) above.

At ¢ = 7, the ionization rate exhibits a pronounced peak in the sheath near the top dielectric
plate due to the strong electric field (not shown here). As a consequence, the electrons,are
accelerated away from the top dielectric plate, and the maximum electron density:appears in
the bulk region. Since the electric field near the bottom dielectric is directed-upwards (see
figure 3(c)), the electrons flow downwards due to migration, as is obvious from figure 4(c).
Moreover, the low electron density inside the pore is responsible forithe weak plasma
production process. However, the ionization rate inside the pore, especially atthe bottom of
the pore, is still higher than above the pore, which can again be explained by the higher
electron temperature resulting from the enhanced electric field.

Compared to the result shown at ¢ = =, the electron density in the sheath above the bottom
dielectric at ¢ = 1.57 is much lower, due to the downwardelectric field, as illustrated in figure
3(d) above, accelerating the electrons towards the bulk. Because of the upward electric field
in the sheath near the top dielectric layer and in the bullg region (not shown here), the
electrons are also accelerated downwards from“the top dielectric, and this results in a
pronounced peak in the electron density above the pore, as is obvious from figure 4(d). The
electrons thus flow into the pore through the pere opening, under the influence of diffusion
and migration, which can be clearly deduced from the direction of the vectors in figure 4(d).
As a consequence, the electronsdensity inside the pore is quite high (not so clearly visible in
figure 4(d), but note the different-calor scale in figure 4(d) compared to the other figures),
together with the rather strong electric field (see figure 3(d)), and this results in a considerable

L N
ionization rate throughout the pore.

(b) Cylindrical pore

For a cylindrical pore, the electric field exhibits quite different distributions from the
conical pore withrsmall opening, as shown in figure 5. At ¢ = 0 (see figure 5(a)), the electric
field at the pore ©pening isynot as strong as that observed in figure 3(a), because the larger
pore opening limits'the electric field enhancement. In addition, the electric field throughout
the poreis.quite strong, which efficiently heats the electrons. Since the electric field inside the
pore is directed downwards, the energetic electrons are accelerated upwards, which is clear

from the higher electron flux indicated by the longer vectors in figure 6(a). Therefore, the
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ionization rate is characterized by a dominant peak at the opening of the pore (see figure 2(b)
above).

The electric field at ¢ = 0.5n reaches a similar maximum value at the corners of the pore
opening, but the value inside the pore is slightly lower than at ¢ = 0 (see figure 5(b)). Again,
the electrons near the bottom dielectric are significantly influenced by this strong: downward
electric field, accelerating the electrons upward, leading to a much lower electron density
inside and above the pore, and thus the ionization rate is negligible (see figure 2(b)).

At ¢ = =, the electric field at the bottom corners of the pore is very'strong. and points
upwards, thus attracting the electrons towards the bottom (see figures 5(c) and 6(c)). These
electrons are heated inside the pore, especially at the bottom /corners, which leads to a
pronounced ionization rate there, i.e., slightly higher than at ¢“=.0 (see figure 2(b)). At ¢ =
1.5x, although the maximum value of the electric field at the.bottom carners is slightly higher
than at ¢ = m, the electric field at the center of the pore is.somewhat weaker. This weak
electric field and the corresponding low electron density are responsible for the very low

ionization rate profile, which is about more than one order of magnitude lower than at ¢ = .

(c) Conical pore with large opening

Figure 7 shows the electric field distributions at four different times within one cycle for a
conical pore with large opening. At ¢ = 0 (see figure 7(a)), the electric field increases
monotonously from the top of the pore to the bottom. However, as the electric field at the
bottom of the pore is only a factor of 2-3 higher than at the opening, whereas the electron
density is about two orders of mmznitude lower (see figure 8(a)), the ionization rate exhibits a
maximum at the pore opening.and inside the sheath, as shown in figure 2(c) above. At ¢ =
0.5w, although the electric field-exhibits a similar behavior (see figure 7(b)), the electron
density is two orders of magnitude lower than at ¢ = 0 (cf. figure 8(b)), explaining the
negligible ionization rate (cf. figure 2(c)). Note that the electric field distribution is strikingly
different from'those in a conical pore with small opening and in a cylindrical pore, indicating
the significant influence of the pore shape on the electric field distribution. For instance, for a
conical pore with.small opening (see figure 3(a)), the electric field reaches its maximum at the
pore<opening, and it decreases monotonously towards the bottom of the pore, while for a
cylindrical ‘pore (see figure 5(a)), the electric field enhancement is more limited due to the

larger ‘pore opening, and in a conical pore with large opening, the electric field is most
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pronounced in the narrow bottom. Indeed, the electric field is typically stronger at a tip-like
structure.

At ¢ = m, the electric field in the top half of the pore is lower than at ¢ = 0 and ¢ =0.57,
but it increases rapidly near the bottom of the pore, where the absolute value is about three
times higher. This is again different from the behavior observed in a conical porewith small
opening. Indeed, although in figure 3(c), the electric field also reaches its maximum-at the
bottom corners of the pore at ¢ = «, the value in the center of the pore is.much higher here
than in figure 7(c). In case of the conical pore with large opening, abundant electrons are
attracted by this strong electric field towards the bottom and heated there, thus causing
pronounced ionization at the bottom, as is clear from figure 2(c) above. At =1.5x (cf. figure
7(d)), the electric field at the bottom is even stronger, but the value in the top half of the pore
is somewhat lower than at ¢ = n. Besides, the electron density insidesthe pore is somewhat
lower in figure 8(d), so the ionization rate distribution inside the pore at ¢ = 1.5x is about one
order of magnitude lower.

@
(d) Time-averaged profiles: comparison between the different pore shapes

The time-averaged electric field distributions for the three different pore shapes are
compared in figure 9. This comparison allows us to obtain more insight in the influence of the
pore shape on the electric field enhancement."For a conical pore with small opening, the
electric field is the strongest both. at the opening and bottom corners of the pore, as shown in
figure 9(a), and the power consumption,per unit depth is about 2.12 <X 10" W/m. In the sheath
above the pore, the electric fie@ is directed downwards, as expected, and it reaches its
maximum value at the pore opening« Inside the pore, the absolute value of the y component of
the electric field decreases first.and then it increases, with a minimum at about y = -0.07 mm,
and thus the total eleetric field is here aligned along the x axis. At the bottom of the pore, the
electric field is directed upwards, which can be attributed to the higher potential resulting
from the positive charge.accumulation there.

For a cylindrical pore, as' shown in figure 9(b), the time-averaged electric field is much
weaker, which is.only enhanced at the bottom corners of the pore, and the power consumption
per unit depth is about 1.53X 10 W/m. In addition, the electric field is always directed
downwards as expected, even at the bottom of pore, indicating that the effect of the pore

shape onithe electrical structure of the discharge is limited due to the large pore opening.
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From figure 9(c), it is clear that the absolute value of the electric field inside a conical pore
with large opening increases monotonously from the opening till the bottom. The maximum
indeed appears at the bottom of the pore, and its value is even somewhat higher than:at the
pore opening in figure 9(a). Although the electric field at the center of the pore issstronger
than in a cylindrical pore, the enhancement is not as obvious as in a conical poreswith small
opening, and the power consumption per unit depth is about 8.36 X 102 W/m inithis case: The
different influences of the pore shape on the electric field distribution affect the transient
behavior of electrodynamics, and thus modify the plasma generation, as.explained.in previous
sections.

The electron temperature distributions are largely determined by the-electric field, as the
electrons can gain more energy from the stronger electric field, and this gives rise to the

higher electron temperature. Therefore, for a conical pore with small epening, the maximum

electron temperature appears both at the opening and bottem,corners.of the pore (figure 10(a)).

Besides, the electron temperature is around 10 eV threughout the pore, leading to the higher
ionization rate (see figure 1(a) above). For a cylindrical po.re, the weaker electric field is
responsible for the lower electron temperature (figure 10(b)), and so is the ionization rate
(figure 1(b) above). In figure 10(c), the electron temperature reaches its maximum at the
bottom of the pore, and the value is even higher. than'the maximum in figure 10(a), due to the
strong electric field at the bottom. However, atithe pore opening, the electron temperature is
only about 5 eV, thus the ionization rate is mare than one order of magnitude lower than at the
bottom. Because electron impact ionization and Penning ionization contribute significantly to
the ion formation, the total ion'density profile (not shown here) also depends on the electron
temperature distribution. For a conical pore with small opening, the total ion density is high
both inside the pore and.at the'pore opening, whereas for the other two cases, the maximum is
observed at the center‘of the pore.

Figure 11 illustrates the time-averaged electron density profiles for the three different pore
shapes. It is clear.that the maximum electron density appears above the pore in all cases, and
the absolute valug for@ conical pore with small opening is somewhat lower than in the other
two cases:"Besides;the electron density inside the pore is very low. Indeed, although the
plasma ‘generation is enhanced inside the pore (see figure 1 above), the electrons are
accelerated out of the pore due to the downward electric field (see figure 9). Especially in
figure 11 (a), the electron density is even lower than in the other two cases. However, the
ionization rate is obviously enhanced in figure 1(a), due to the strong electric field at the small

pore opening, as shown in figure 9(a). Vice versa, although the electron density inside a
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cylindrical pore is slightly higher, the ionization rate enhancement is limited because of the
weaker electric field. The difference between the spatial profiles of ionization rate and
electron density is because although the ionization mainly takes place inside the pore; after
these electrons are generated, they move due to diffusion and migration. Therefore, therhigher
electron density appears at the bulk region (not shown here), and this leads to a difference
between the distributions of the electron density and the ionization rate near the bottom
dielectric.

Indeed, a fluid model might be at the limit of accuracy, especially when the characteristic
dimension is too small, or the particle density is too low. However, in this paper, the fluid
model is applied for the whole discharge region of 2 mm in height. In-thesbulk region, the
electron density is in the order of 10*” m=, and the mesh size isiabout 15 um, which is much
larger than the electron mean free path (i.e., about 0.5 um). Only for.the conical pore with
small opening, the mesh is locally refined at the pore opening, with.aresolution of about 1 um.
Therefore, we believe there are in general enough collisions in therwhole discharge region for
the electrons to reach thermal equilibrium, and the fluid moolel should be valid, as was also
demonstrated by Kushner and coworkers, for pores of several um, with similar electron
density near the pore as in our case [41-43].

The distributions of the HeM density and ‘He,™ density obtained for the different pore
shapes are shown in figures 12 and 13, respectively. In this work, the simulation runs till 10~
s, which is longer than the decay.time of metastables (i.e., about 6.7x10* s), to make sure that
they reach steady state values. Note that the influence of the pore shape on the HeM density
profile is more obvious than that on the He, density. This is because electron impact
excitation is an important generaﬁon mechanism of HeM species, so the HeM density profile is
more sensitive to the glectrontemperature distribution. From figure 12, it is clear that the HeM
density is very high throughout.the conical pore with small opening, whereas for the conical
pore with large opening, the maximum only appears at the bottom of the pore. For a
cylindrical poresthe HeM density reaches its maximum at the center of the pore, but the value
is much lower than in thesother two cases. As the Hex™ species are formed through the
recombination and:collisions between HeM and He atoms, the maximum He,™ density appears
above the pore in all cases, as shown in figure 13.

In addition, near the bottom dielectric, the HeM density and He2™ density are much higher
than'the electron density, which is different from experimental results from literature [39, 44].
This is because the electron temperature is much higher near the two dielectric layers than in
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the bulk region due to the strong electric field in the sheath, and this gives rise to the higher
electron impact excitation rate, and consequently the higher HeM density and He,™ density.
Although the ionization also mainly takes place near the dielectrics, the electrons:move
towards the bulk region due to migration, and this leads to the lower electron density-near. the
dielectrics, as shown in figure 11. However, the opposite trend is observed in the bulk region,
with a higher electron density than HeM density and He,™ density (see figure 14, the negative
y-values indicate the bottom of the pore and y = 2 mm indicates the top dielectric plate).
Finally, the surface charge density at the bottom dielectric and at the pore,walls is presented
in figure 15. It is clear that a positive charge is accumulated on the dielectric surface outside
the pore in all cases, due to the electric field there, which accelerates.the positive ions
downwards (see figure 9). The charge density reaches its maximum at the edge of the pore
opening, and then it drops to negative values. Inside the pore, thessurface charge density
behaves differently for the various pore shapes. At the_sidewalls of the conical pore with
small opening (black solid line), the charge density increases at the pore bottom, and two
peaks are observed at normalized positions of 0.45 and 0.55: This is because the positive ions
are accelerated by the strong electric field towards the sidewaﬁs and the bottom corners of the
pore (see figure 9(a)). The dominant influence of migration due to the electric field on the
surface charge density can also be illustrated by the. pronounced peak at the bottom of the
conical pore with large opening (blue dotted:ling); where the charge density is about 1.2x1073
C/m2. For a cylindrical pore (red dashed line), the charge density at the sidewalls decreases
when moving from the top of the pore to the bottom, indicating that the thermal motion of the
electrons has a more important effect on the surface charge density. Besides, the charge
density becomes slightly higher again’ at the bottom corner, because the electric field is

enhanced there.

4. Conclusion

In this paper/we studied.the influence of the pore shape on the electric field enhancement,
and thus on the transient behavior of electrodynamics and plasma generation, which is of
great interest for\plasma catalysis. Three different pore shapes are considered, i.e., a conical
pore-with maximum diameter of 50 pm and small opening of 5 um, a cylindrical pore with
constant diameter of 50 um, and a conical pore with large opening of 50 um and narrow

bottom diameter of 5 um. In all cases, the pore depth is kept constant at 100 pum.
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The results indicate that for a conical pore with small opening at time phase ¢ = 0 and ¢ =
0.5m, the electric field near and inside the pore is directed downwards, and it is significantly
enhanced at the pore opening, due to the small size there. Therefore, the ionization mainly
takes place at the pore opening. However, the ionization rate at ¢ = 0.5x is much lower than at
¢ = 0, due to the lower electron density near the bottom dielectric at this condition. As the
time phase increases to = and 1.5, the electric field at the bottom of the pore is‘enhanced, and
it is directed upwards, attracting the electrons towards the bottom. Thus, theslonization'mainly
takes place near the bottom of the pore, but the absolute value is lower, because the pore
opening is too small, limiting the electron flow into the pore.

For a cylindrical pore, the electrical behavior and the corresponding.ionization rate profiles
are clearly different. At ¢ = 0, the electric field is not only enhanced at.the corners near the
opening but also at the bottom of the pore, and the value inside the pore'is only slightly lower.
The ionization rate is thus characterized by a prominent/peak.at the pore opening, due to the
strong electric field inside the pore and the high electron density above the pore. At ¢ = 0.57,
the weaker electric field and the lower electron/density are responsible for the negligible
ionization rate. At a later time, i.e., ¢ = mathe electric field is significantly enhanced at the
bottom of the pore, and it is directed upwards, effectively heating the electrons and attracting
them towards the bottom. This givessrise to a pronounced ionization inside the pore. At ¢ =
1.5m, the electric field distribution looks the same, but the electron density is lower, so the
ionization rate exhibits a similar profile, but the absolute value is more than one order of
magnitude lower.

Finally, in a conical pore with:large opening, the electric field reaches its maximum at the
bottom of the pore, throughout'the entire cycle of the applied voltage. However, the electric
field increases gradually fromthestop of the pore to the bottom at ¢ =0 and ¢ = 0.57, whereas
an abrupt increase near the pore bottom is observed at ¢ = wand ¢ = 1.5%. Therefore, a broad
maximum of the“ionization rate is observed inside and above the pore at ¢ = 0, while it is
characterized'by asharp peak at the bottom of the pore at ¢ = . At ¢ =0.5m and ¢ = 1.57, the
ionization.rate is again very low, due to the low electron density in these cases.

In conclusion; for a conical pore with small opening, the time-averaged electric field is
remarkably enhanced at the opening and the bottom corners of the pore, due to the tip-like
structure there. Besides, the electric field inside the pore is still significant, giving rise to
prominent ionization throughout the pore. For a cylindrical pore, the time-averaged electric

field is only enhanced at the bottom of the pore, with a much lower value, and hence this
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limits the plasma generation inside the pore. Finally, for a conical pore with large opening, the
ionization rate exhibits a significant peak at the bottom of the pore, due to the strongest
electric field there. It would be good to validate our simulations with experiments, but:to our
knowledge, no experimental data are available to be compared with these calculationresults.
However, in view of the increasing interest in plasma catalysis, we hope:that such
experiments can be performed in the future.

Overall, the electric field enhancement, and consequently also the ionization rate,.and thus
the plasma generation, is most pronounced for the conical pores with_either small or large
opening. The results obtained in this work help us to obtain more insight in the electric field
enhancement, and thus the modified plasma generation, caused by various-pore shapes, which
is of utmost importance for plasma catalysis. Considering the geometry, the discharge inside
catalyst pores is similar to micro hollow cathode discharges. The electrons are accelerated by
the strong electric field inside the pore or cathode, and they collide/with the gas, leading to
plasma generation. Therefore, the obtained results might alsonbe very interesting for the

investigation of micro-discharges, micro hollow cathode.discharges, etc.
@
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Figure Captions

Figure 1 Time-averaged ionization rate profiles for threedifferent pore shapes. The maximum
pore diameter (i.e., at the bottom in (a), constant in (b)-and at the opening in (c)) is fixed at 50
um, while the minimum pore diameter (i.e., at the ©Opening.n4a) and at the bottom in (c)) is 5
pm. The pore depth is 100 um in all cases. Note that the same color scale is used for the three
pore shapes, to allow easy comparison, but the minimum and maximum values of the

ionization rate are in each case indicated above and below the color legend.

Figure 2 lonization rate along‘the centerline of the pore (indicated by a vertical line in the
inset illustrations), inside and above the pore, at four different times within one cycle of the

applied voltage (see inset in (a)),@r three different pore shapes, as in figure 1.

Figure 3 Electric fieldprofiles at four different times within one cycle of the applied voltage,
for a conical pore with.small opening. The normalized vectors indicate the direction of the
electric field. Note that the same color scale is used for the four time phases, to allow easy
comparison, but the minimum and maximum values of the electric field are in each case

indicated above and below the color legend.

Figure 4 Electron density profiles at four different times within one cycle of the applied
voltage, for.a conical pore with small opening. The vectors indicate the direction and
magnitude<of the electron flux. Note that a different color scale is used for the four time
phases, to clearly see the electron density profiles in each case.
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Figure 5 Electric field profiles at four different times within one cycle of the applied voltage,
for a cylindrical pore. The normalized vectors indicate the direction of the electric field:'Note
that the same color scale is used for the four time phases, to allow easy comparison;but the
minimum and maximum values of the electric field are in each case indicatedsabove and

below the color legend.

Figure 6 Electron density profiles at four different times within one eyele of the applied
voltage, for a cylindrical pore. The vectors indicate the direction and magnitude of the
electron flux. Note that a different color scale is used for the four/ime phases, to clearly see
the electron density profiles in each case.

Figure 7 Electric field profiles at four different times within onecycle of the applied voltage,
for a conical pore with large opening. The normalized vectors indicate the direction of the
electric field. Note that the same color scale is used for the four time phases, to allow easy
comparison, but the minimum and maximum values of the.electric field are in each case

indicated above and below the color legend.

Figure 8 Electron density profiles at fourtdifferent times within one cycle of the applied
voltage, for a conical pore with large opening. The vectors indicate the direction and
magnitude of the electron flux. Note that a different color scale is used for the four time
phases, to clearly see the electron density profiles in each case.
N

Figure 9 Time-averaged electric field profiles for three different pore shapes, as in figure 1.
The normalized vectors indicate the direction of the electric field. Note that the same color
scale is used for the three pore shapes, to allow easy comparison, but the minimum and
maximum values of.the electric field are in each case indicated above and below the color

legend.

Figure 10 Time-averaged electron temperature profiles for three different pore shapes, as in
figure 1. Note'that the same color scale is used for the three pore shapes, to allow easy
comparison, but the minimum and maximum values of the electron temperature are in each

case indicated above and below the color legend.
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Figure 11 Time-averaged electron density profiles for three different pore shapes, as in figure
1. The vectors indicate the direction and magnitude of the electron flux. Note that the same
color scale is used for the three pore shapes, to allow easy comparison, but the minimum and
maximum values of the electron density are in each case indicated above and below thecolor

legend.

Figure 12 Time-averaged HeM density profiles for three different pore shapes, as infigure 1.
Note that the same color scale is used for the three pore shapes, to allow easy comparison, but
the minimum and maximum values of the HeM density are in each case indicated above and

below the color legend. ~

Figure 13 Time-averaged He,™ density profiles for three different pore shapes, as in figure 1.
Note that the same color scale is used for the three pore shapes, to.allow easy comparison, but
the minimum and maximum values of the He,M density are in €ach case indicated above and
below the color legend.

@
Figure 14 Time-averaged electron density, HeM densitysand He,™ density, along the vertical

centerline for a cylindrical pore.

Figure 15 Time-averaged surface charge density at the dielectric surface for three different

pore shapes, as in figure 1.
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