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Abstract
Plasma catalysis is gaining increasing interest for various environmental applications. Catalytic
material can be inserted in different shapes in the plasma, e.g., as pellets, (coated) beads, but also as
honeycomb monolith and 3DFD structures, also called “structured catalysts”, which have high mass
and heat transfer properties. In this work, we examine the streamer discharge propagation and the
interaction between plasma and catalysts, inside the channels of such structured catalysts, by means of
a two-dimensional particle-in-cell/Monte Carlo collision model. Our results reveal that plasma
streamers behave differently in various structured catalysts. In case of a honeycomb structure, the
streamers are limited to only one channel, with low or high plasma density when the channels are
parallel or perpendicular to the electrodes, respectively. In contrast, in case of a 3DFD structure, the
streamers can 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 broader plasma
distribution. The latter should be beneficial for plasma catalysis applications, as it allows a larger
catalyst surface area to be exposed to the plasma.
Keywords: Plasma catalysis, streamer propagation, 3D structures, PIC/MCC

1. Introduction
Plasma catalysis is of interest for various environmental applications, such as gaseous pollutant
removal and greenhouse gas conversion, as it combines the advantages of high reactivity from plasma
technology with selectivity from catalysis [1-6]. The interactions between plasma and catalytic material
often yield synergetic effects, resulting in enhanced efficiency of chemical processes. Studying plasma
discharges in narrow channels of various supporting dielectric materials and heterogeneous catalysts is
of great importance, as it defines the active surface area of the catalyst exposed to plasma. Many types
of catalytic material and shapes can be applied, including spheres (packed bed), foams, honeycombs,
three dimensional fibre deposition (3DFD) structure, including so-called 1-1, 1-3, and 1-3-5 stacking
architecture [7]. This notation refers to the position of the fibres with respect to each other, as explained
in section 2.
In general, the structure of the supporting/catalytic material is of crucial importance for the chemical
processes [7]. Compared to packed beds with spheres, so-called structured catalysts, like honeycombs
and 3DFD structures, have the advantages of higher mass and heat transfer, and lower pressure drop,
which has been demonstrated to yield a higher conversion rate in converting methanol to olefins under
the same operation conditions in thermal catalysis [7].
Plasma discharges in honeycomb catalysts have already been investigated experimentally, because
these structures allow a large surface area with low pressure drop for improved chemical reactions [812]. However, it is difficult to generate a homogenous and stable electrical discharge inside a
honeycomb structure [13]. Kirkpatrick et al. thus proposed a two-stage reactor that consists of a plasma
reactor with a honeycomb structure catalyst located downstream of the plasma [14]. To allow gas
ionization and plasma formation inside the fine channels of a honeycomb catalyst, Hensel et al.
presented a novel approach of a sliding discharge, which is the superposition of an AC barrier
discharge inside a catalytic pellet bed, coupled in series with a DC powered honeycomb monolith [811]. The discharge starts from the AC packed bed, and then slides into the channels of the honeycomb
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monolith, and generates a homogenous discharge, under the effect of the DC electric field. Furthermore,
instead of using a packed bed discharge, Hensel et al. also introduced a diffuse coplanar surface barrier
discharge as auxiliary discharge [15]. A strong surface discharge takes place on the dielectric barrier,
with high number density of charged particles, which provide a sufficient amount of seeds for initiating
a homogenous honeycomb discharge. Furthermore, Kang et al. applied a plasma discharge in a
honeycomb structured catalyst for automobile exhaust treatment, by a hybrid DBD reactor with a 2 mm
gap between the high voltage electrode and honeycomb catalyst [16]. The plasma is generated in the
gap and then develops into the honeycomb monoliths. The authors verified that an effective synergistic
effect of plasma and catalyst was achieved, and the automobile exhaust gas can be well decomposed.
A few papers have reported the discharge behavior in a dielectric capillary tube, which can mimic a
honeycomb structure, by numerical modeling [17, 18]. By means of a fluid model, Jánsky´ et al.
presented simulations of air discharge propagation at atmospheric pressure initiated by a needle anode
in a dielectric capillary tube [17]. They studied the influence of the radius of the tube and its relative
permittivity on the discharge behavior. For fixed relative permittivity of 1, the discharge was found to
be homogeneous, and could fill the tube during its propagation, at a tube radius of 0.1 mm. When
increasing the radius to 0.3-0.6 mm, the discharge structure became tubular with peak values of electric
field and electron density close to the dielectric surface. Further enlarging the tube radius (above 0.7
mm) had no influence on the discharge behavior. For fixed tube radius, the discharge structure
gradually became tubular when increasing the relative permittivity from 1 to 10. In addition, the
discharge velocity increased with the decrease in both the tube radius and relative permittivity. In a
follow-up paper, Jánsky´ et al. further indicated, by a combination of experiments and simulations, that
the maximum velocity of the discharge propagation appeared in a tube with radius slightly less than
100 µm, and that the discharge velocity in the tubes increased linearly with the applied voltage [18].
Hence, these authors simulated the discharge dynamics in a honeycomb-like structure by a single
capillary tube, by changing the tube radius and relative permittivity, but the interaction between plasma
and catalyst (or catalyst support), e.g., surface charging, which influences the discharge behavior, was
not examined. In the present work, we simulate the streamer propagation initiated from different
locations inside a honeycomb monolith channel, and we study the interaction between plasma and
catalyst support (i.e. surface charging), by means of a particle-in-cell/Monte Carlo collision (PIC/MCC)
model. This model can explicitly track the charged particles in the discharge and can reveal more
physical details (like streamer branching), compared to a fluid model. In addition, we will compare the
discharge structure for a honeycomb monolith channel with other structured catalysts.
As the diameter of the honeycomb monolith channel is normally small (0.1~2 mm), in all the above
papers, the monolith channels are set perpendicular to the electrodes to allow the discharge to
propagate over a long distance, and thus to obtain sufficient plasma density. Only a few papers [19, 20]
studied honeycomb monolith packed bed discharges (where the honeycomb monolith channels are
parallel to the electrodes), in which the emphasis was not put on the catalyst support structure, but the
influence of the gas flow and electrical parameters on toluene decomposition and carbon dioxide
reforming was investigated. Despite quite some efforts have been devoted to the feasibility of realizing
plasma catalysis in a honeycomb catalyst, the plasma discharge mechanism and interaction between
plasma and catalyst still remain very poorly understood.
In addition, although 3DFD structures were demonstrated to exhibit higher methanol-to-olefin
conversion in thermal catalysis, compared to a packed bed with spheres and a honeycomb type
structure [7], there are no investigations yet on plasma discharge formation in 3DFD structured
catalysts. Especially the streamer propagation mechanism in different structured catalysts is not clear,
which is very important for the optimization of specific plasma catalysis applications.
In the present work, we therefore investigate the streamer discharge propagation in different structured
catalysts, including honeycombs, 3DFD 1-1, 3DFD 1-3 and 3DFD 1-3-5 stacking architecture. For this
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purpose, we use a 2D implicit PIC/MCC model. We will compare the influence of the catalyst (support)
structure on the discharge evolution, and estimate the corresponding performance of plasma catalysis.
Note that when writing “catalyst structure”, we actually refer to the “catalyst support structure”. Indeed,
in the present model, we only account for the support structure, which is in mm scale, and we don’t
consider the characteristic features of the catalyst, typically dispersed as nanoparticles on the support,
such as surface area, porosity, surface conductivity, and the presence of active metals. These features
may also play an important role in the plasma propagation and catalytic performance. However, adding
these characteristics would require multi-scale simulations (ranging from mm for the reactor and
support scale, to nm for the catalytic nanoparticles and pore sizes). Indeed, we would need to use a grid
size in the nm scale, and the latter is not compatible with the mm dimensions of the reactor, as it would
yield ~106 (in one direction) grid points (keeping in mind the uniform mesh structure in our current
model), resulting in excessive computation times and computer memory. In addition, taking into
account the catalytic surface area would require a 3D model, which would again lead to excessive
computation times and computer memory in the PIC/MCC simulations. Hence, accounting for these
catalytic features is beyond the scope of our PIC/MCC model. However, in our previous work, we
investigated plasma streamer propagation in porous catalysts [21, 22], so the combination of both types
of simulations gives a more comprehensive picture of plasma catalysis.

2. Simulation geometry
In the simulation, the catalysts are put in the gap (4.2 mm) between two electrodes, which are covered
by dielectric plates with thickness of 0.3 mm (bottom) and 0.5 mm (top), and relative permittivity εγ =
4. The bottom electrode is powered by a negative DC voltage, while the top electrode is grounded.

Figure 1. Schematic of the simulation geometry of a plasma reactor with honeycomb monolith (in light grey), with
the channels perpendicular (a) and parallel (b) to the electrodes. The electrodes are at the top and bottom of the
figure, and they are covered by dielectric plates (in dark grey), with thickness of 0.3 mm (bottom) and 0.5 mm
(top).

Since the channel sidewalls in a honeycomb monolith are all closed, we can define a 2D simulated
honeycomb monolith discharge geometry as in figure 1. The channels can be set perpendicular to the
electrodes (figure 1a), or parallel to the electrodes (figure 1b). The discharge develops in the separated
channels, which are rectangular with a size of 0.8 × 0.8 mm. The thickness of the channel sidewalls is
0.32 mm.
The structures of the 3DFD catalysts are constructed by stacking fibres layer by layer, parallel to the
electrodes. Figure 2 presents the top view, side view and simulation geometry of the 3DFD 1-1
stacking structure. In the side view of figure 2(b), the light grey fibres are perpendicular to the plane,
hence parallel to the electrodes. The four grey fibres shown in figure 2(a) correspond to the four grey
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fibres in one plane parallel to the electrodes in figure 2(b,c). This 1-1 stacking architecture has straight
channels in both the vertical direction (i.e., perpendicular to the electrodes), with a size of 0.8 × 0.8 mm
(as seen from the top view in figure 2a), and horizontal direction (i.e., parallel to the electrodes), with a
size of 0.32 × 0.32 mm (as seen from the side view in figure 2b). The thickness of the fibres is again
0.32 mm. As the applied electric field is between the electrodes from the side view (figure 2b), the
plasma streamer will develop in the straight channels perpendicular to the electrodes. We can thus
simulate the plasma discharge by a 2D model in the direction of streamer propagation, i.e. we simulate
a cross section of the structure from the bottom electrode to the top electrode, cutting the cross section
along the dashed line from the top view in figure 2(a) (perpendicular to the plane shown in figure 2a).
Note that this cross section corresponds to the side view in figure 2(b), but in between the blue fibres.
As the latter are thus not involved in the simulated cross section, we can remove them from figure 2(b),
and we achieve the simulation geometry in figure 2(c), with only the grey fibres of figure 2(b).

Figure 2. Top view (a), side view (b) and simulation geometry (c), of the 3DFD 1-1 stacking structure. In (a) the
upper and lower electrode and dielectrics are not drawn for the sake of clarity. The dashed line in (a) indicates the
simulation cross section perpendicular to the plane. The fibres are in blue and light grey colour, and the dielectric
plates covering the electrodes are in dark grey colour. The light grey fibres are perpendicular to the plane in (b,c).

We also investigate two modified 3DFD architectures, with the fibres shifted a bit at different layers,
i.e. 3DFD 1-3 stacking and 3DFD 1-3-5 stacking [7]. Figure 3 shows their top views and side views. In
the 1-3 stacking architecture, the fibres of the upper layer are all shifted 1/2 of the ‘gap’ (between two
fibres in the same layer) relative to the fibres in the adjacent layer below, while in the 1-3-5 stacking
architecture, the fibres of the upper layer are all shifted 1/3 of the ‘gap’ relative to the fibres in the
adjacent layer below. Note that here, we only shift the grey fibres for clarity to construct the
architectures, as we only include the grey fibres in our simulation. In practice, the blue fibres can also
be shifted to construct different architectures. Again we simulate a 2D cross section as indicated by the
dashed line in figure 3(a, b), which corresponds to the side views of figure 3(c, d). Again, the blue
fibres will be removed to get the simulation geometries in figure 4.
Figure 4 shows the resulting simulation geometries of the 3DFD 1-3 and 1-3-5 stacking architectures,
with only the grey fibres kept. The simulated architecture now consists of many curved channels,
which may induce significant differences in the streamer propagation.
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Figure 3. Top views (a, b), and side views (c, d), of the 3DFD 1-3 (a,c) and 3DFD 1-3-5 (b,d) stacking structure. In
(a, b) the upper and lower electrode and dielectrics are not drawn for the sake of clarity. The dashed line in (a, b)
indicates the simulation cross section perpendicular to the plane. The fibres are in blue and light grey colour, and
the dielectric plates covering the electrodes are in dark grey colour. The light grey fibres are perpendicular to the
plane in (c,d).

Figure 4. Simulation geometries of the 3DFD 1-3 (a), and 3DFD 1-3-5 (b) stacking structure. The electrodes are at
the top and bottom of the figure, and they are covered by dielectric plates (in dark grey). The light grey fibres are
perpendicular to the plane.

Note that there is a very small gap between the bottom electrode and the structured catalysts in figure
1(a), figure 2(c) and figure 4, which is needed for locating the seed particles in the model, in order to
artificially initiate the discharge. Indeed, in practical plasma catalysis with honeycomb structure
catalysts, the plasma is generally ignited outside of the honeycomb structure, and it will slide into the
structured catalysts, acting as seeds for initiating a discharge inside the structure under the effect of an
applied electric field [8-11, 15, 16]. This corresponds to the seed particles in our model, in which a
negative DC voltage is used to force the seed particles (mainly electrons) into the structured catalysts
and ignite the plasma streamer.
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Note that we only consider a negative DC voltage (i.e., negative streamer) in our simulations, to be
consistent with the experiments of Refs [8-11, 15], and because modelling a positive streamer is more
challenging in terms of computer memory and computation time, due to the development of many
branches.
Note that in each geometry, we only consider the dielectric constant of the catalyst support structure,
assuming it to be a catalytic support with dielectric constant of SiO2 (=4), and we don’t look at
chemical surface effects.

3.

Computational Model

We apply a 2D implicit PIC/MCC model, for which a detailed description can be found in [23, 24]. We
follow the behavior of the following plasma species: electrons, O -2 , O +2 , and N +2 ions. They are
represented by so-called super-particles, which correspond to a certain number of real particles, as
defined by their weight [25]. The streamer is initiated by artificially placing 20 seed super-particles of
each species (electrons, O-2 , O+2 , and N+2 ions) right above the bottom dielectric, with initial weight p
equal to 1 (i.e., 1 super-particle corresponds to 1 electron or ion). The number of real particles will
increase with the streamer discharge evolution, because more ions and electrons are created upon
ionization avalanches in the gas. To account for this, and at the same time to restrict the computation
time, the weight of the super-particles will automatically increase by the particle merging algorithm, i.e.
when the number of each kind of super-particle exceeds 50 in a grid, three particles are combined into
two particles with both conservation of energy and momentum.
Although in reality there will be more than one streamer developed in the discharge, especially in a
configuration with needles-plate electrode with needle gap larger than 1 mm [26], the streamers would
all behave very similarly. This is indeed illustrated in figure A1 in the Appendix, showing a simulation
result for two separate streamers in two adjacent channels. Therefore, and in order to limit the
computation time and to avoid the risk of exceeding the computer memory when simultaneously
simulating multiple streamers, we have only set one bunch of seed particles in the model to simulate
the evolution of a single streamer, following also other PIC/MCC simulations of streamer evolution
[27-30].
The initial velocities of super-particles are sampled from a Maxwellian distribution with average
energy of 2 eV for the electrons and 0.026 eV for the ions. The electrons and ions will accumulate on
the dielectric surface of the catalyst (support) structure and the dielectric plate at the top dielectric, and
thus contribute to surface charging of the adjacent grids on the dielectric surface, when arriving at these
dielectric surfaces. Square simulation cells are used in the model. The simulation region is uniformly
divided into 1024 × 1300 cells, with a mesh size around 5 μm for all the geometries investigated. The
simulation time-step is fixed at 10-12 s. A negative DC voltage of -20 kV is applied at the bottom
electrode, while the top electrode is grounded. Thus, an initial electric field of 4×10 6 V/m is applied
throughout the gap in the DBD.
Dry air at 300 K and 1 atm is considered as the discharge gas, with a constant density of background
molecules (O2, N2). Free electrons, N +2 , O +2 and O -2 are traced during the whole simulation. The
collisions taken into account are elastic, excitation, ionization and attachment collisions of electrons
with O2 and N2 gas molecules, as explained in more detail in [29]. All the collision cross sections are
adopted from the LXcat database [31]. We employ the stochastic version of Zheleznyak’s
photoionization model [27, 28, 30, 32, 33] to account for photoionization, i.e. ionization of O 2
molecules after absorbing photons emitted by excited N2 molecules, with a wavelength between 98 and
102.5 nm. The model directly calculates the number and location of photoionization events, which is
originally built based on experimental measurements. Note that the number and movement of photons
are not explicitly treated in this model. Good agreement has been achieved for this model with
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experimental measurement in [32]. This photoionization model is also widely adopted in other
PIC/MCC simulations [27, 28, 30, 33].

4. Results and discussion
4.1 Honeycomb monolith structure

Figure 5. Plasma density distributions 𝑛𝑒 (m-3), at 0.8 ns, illustrating the evolution of a plasma streamer in a
honeycomb monolith structure with the channels parallel to the electrodes. The red spot indicates the location
of the seed particles. Both the dielectric plates covering the electrodes and the support material are in dark
grey colour, and the same applies to the figures below).

Figure 5 illustrates the plasma streamer propagation in a honeycomb monolith structure with the
channels parallel to the electrodes. The red spot in the figure shows the location of the seed particles
(idem in the figures below, i.e. the red spot always shows the location of the seed particles). A certain
distance is needed for the generation of a plasma streamer from the avalanche of the seed particles. The
streamer first arrives at the dielectric, and then 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 plasma density is quite low, i.e. in the order of 1019 m-3. This will give rise to
limited 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 [8-11, 15, 16].

Figure 6. Plasma density distributions 𝑛𝑒 (m-3), at 1.12 ns, illustrating the evolution of a plasma streamer in a
honeycomb monolith structure with the channels perpendicular to the electrodes, for two different locations of
streamer initiation (see red spot): (a) at the centre of the channel, (b) along the dielectric of the honeycomb
structure.
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In figure 6, we show the plasma streamer propagation in a honeycomb monolith structure with the
channels perpendicular to the electrodes. The seed particles are located either in the centre of the
channel (a), or close to the channel sidewall (b). The streamer discharge is obviously limited to a single
channel, indicating that the streamers in different channels of a honeycomb structured catalyst are
completely separated.
Compared to figure 5, the plasma density is an order of magnitude higher in figure 6, as the plasma
streamer can develop over a much longer distance. This qualitatively correlates with experimental
observations [15], where the measured emission intensity (which should roughly be proportional to the
plasma density) gradually increases till a saturation value upon larger distance from the negative DC
biased electrode.
In addition, the discharge is much more enhanced in figure 6(b), i.e., when it is initiated along the
dielectric surface of the honeycomb structure. Indeed, when the plasma streamer develops, the charged
particles (mainly electrons due to their small mass) will charge the dielectric surface. The charging will
be non-uniform as a function of propagation distance. The accumulated electrons on the dielectric
surface will further induce an electric field along the surface. This electric field will further push the
electrons in the direction of steamer propagation, i.e., this induced electric field is in the same direction
as the applied electric field. The total electric field is thus enhanced, yielding a higher plasma density.
We reported a similar enhancement effect due to dielectric surface charging for plasma streamer
propagation inside catalyst pores [22].
We can conclude that the plasma discharge is more pronounced when the honeycomb channels are
perpendicular to the electrodes. In addition, the position of streamer initiation also largely affects the
plasma density. In practical application, the position of streamer initiation can be controlled to some
extent by using a needle electrode (with opposite plane electrode), as demonstrated in the experiments
of [34].
Note that all calculations presented in this paper were performed with dielectric barriers covering both
electrodes, because this yielded more stable calculations. Indeed, when a streamer arrives at the
metallic electrode, the plasma density near the electrode will sharply increase (just like an unstable
localized spark in experiments). This may render the simulations unstable, because the particle
numbers increase rapidly. Thus, to prevent this ‘spark transition’, we assumed dielectric barriers
covering the electrodes. However, it should be noted that the same streamer behavior in the channels is
predicted without dielectric barriers at the electrodes (see figure A2 in the Appendix).
4.2 3DFD 1-1 stacking architecture
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Figure 7. Plasma density distributions 𝑛𝑒 (m-3), at 0.8 ns (a)-(b), 0.96 ns (c)-(d), 1.04 ns (e)-(f) (when the
streamers reach the top dielectric), illustrating the evolution of a plasma streamer in a 3DFD 1-1 stacking
architecture, for two different locations of streamer initiation (see red dot in (a)-(b)): (a), (c), (e) streamer
initiation at the centre of the channel; (b), (d), (f) streamer initiation along the dielectric of the 3DFD structure.

Figure 7 presents the plasma density distributions for two different locations of the seed particles in a
3DFD 1-1 stacking architecture. While the maximum plasma density is comparable to the results for
the honeycomb structure (figure 6), the plasma distribution becomes much broader. Indeed, the plasma
can spread into other channels through the gap between the dielectric layers, which gives rise to a
streamer with many small branches, whereas in the honeycomb structure the plasma was limited to one
channel. Moreover, photoionization can happen directly in the other channels, and contribute to further
streamer enhancement.
4.3 3DFD 1-3 stacking architecture
Figure 8 presents the plasma density distributions for two different locations of the seed particles in a
3DFD 1-3 stacking architecture. When the streamer initiates at the centre of the channel (figure 8a), the
middle dielectric splits the streamer into two streamers. Since the new streamers further develop toward
the top electrode under a certain angle, they are further split into more streamers when they arrive at the
other dielectric walls of the 3DFD structure. In contrast, when the streamer starts along the dielectric
(figure 8b), it can get in touch with the dielectric at both the left and right sides of its path, resulting in
some enhancement due to surface charging. The enhanced streamer gradually becomes wider and is
further split into more streamers by the dielectric walls of the 3DFD structure closer to the top
electrode.
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Figure 8. Plasma density distributions 𝑛𝑒 (m-3), at 0.8 ns (a)-(b), 0.96 ns (c)-(d), 1.12 ns (e) and 1.04 ns (f)
(when the streamers reach the top dielectric), illustrating the evolution of a plasma streamer in a 3DFD 1-3
stacking architecture, for two different locations of streamer initiation (see red dot in (a)-(b)): (a), (c), (e) at
the centre of the channel; (b), (d), (f) along the dielectric of the 3DFD structure.

4.4 3DFD 1-3-5 stacking architecture
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Figure 9. Plasma density distributions 𝑛𝑒 (m-3), at 0.8 ns (a)-(b), 0.96 ns (c)-(d), 1.12 ns (e) and 1.2 ns (f)
(when the streamers reach the top dielectric), illustrating the evolution of a plasma streamer in a 3DFD 1-3-5
stacking architecture, for three different locations of streamer initiation (see red dot in (a)-(b)): (a), (c), (e) at
the centre of the channel; (b), (d), (f) at 1/4 of the channel gap.

Finally, the plasma density distribution for the 3DFD 1-3-5 stacking architecture are plotted in figure 9.
When the streamer initiates from the centre of the channel (figure 9a), as the distance between
subsequent layers in the 3DFD structure is quite small, the streamer can charge the dielectric walls of
the structure at different layers, and contribute to significant discharge enhancement.
When the streamer initiates from 1/4 of the channel gap (figure 9b), i.e. right below the second layer
dielectric, the streamer is first split into two streamers, and when it arrives at the next dielectric layer, it
will charge the bottom of that dielectric layer, which generates a horizontal surface electric field and
promotes the streamer development in the lateral direction. In combination with the effect of the
vertical applied electric field, the streamers develop a parabolic path. The streamers will arrive at the
dielectrics in the next layer, and this behavior is repeated layer by layer. The same actually happens in
figure 9 (a, c, e), when the streamer becomes wide enough to be split by the dielectric structures closer
to the top electrode. During this parabolic path, the streamer induces many small discharge
enhancements on the further dielectric surfaces of the 3DFD structure, yielding many small streamers,
which result in a much broader discharge area. This will improve the discharge homogeneity, and give
rise to a larger catalyst surface area exposed to plasma, which is expected to enhance the utilization of
the catalytic material.
Again, we believe that the position of streamer initiation, and thus corresponding discharge
distributions and enhancements, can be somewhat controlled by applying a needle electrode, but this
should be further investigated experimentally.
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From the time evolution of the streamer presented in figures 7-9 above, we roughly estimate the
average streamer propagation speed to be about 3-4×106 m/s, depending on the catalyst support
structure and the position of streamer initiation. These propagation speeds are comparable to the
experimental values for gas-phase streamers, reported by Briels et al. in air discharge [35], with
comparable electric field intensity, i.e. in the order of 10 6 V/m. Indeed, these authors reported a
streamer propagation speed around 4×106 m/s for 100 kV applied voltage over a 4 cm gap. These
propagation speeds are a bit higher than in a typical packed-bed DBD [36, 37], where values around
5×105 m/s were calculated for a comparable electric field in the order of 106 V/m. This can be
explained by the fact that the packing beads/pellets distort the propagation paths of the streamers, while
the structured catalyst supports in this work have a large free volume to allow fast streamer propagation,
just like for gas-phase streamers without packing. We can also see from figures 7-9 that the streamer
propagation speed increases with time, from around 2.0×106 m/s at 0.8 ns to around 6.0×106 m/s at
0.96 ns This agrees well with the calculation results in [37], where the streamer speed was around
2.3×105 m/s before reaching the central discharge region, and it became 5×10 5 m/s before reaching the
top discharge region. Besides, as indicated in the experiments of [36], there are normally many
streamer branches in a packed-bed DBD along the gap between the beads/pellets (for small dielectric
constant of 5). However, as seen from figures 7, 8, and 9, the branching of plasma streamers in this
work largely depends on the catalyst support structure and the position of streamer initiation. The
branches in the gas-phase plasma streamers in [35] are somewhat random, hence similar to the
honeycomb monolith (as seen in figure 6(a-b)). In addition, the calculated electron density and the
electric field in the structured catalyst supports studied in this work are all in the same order as in
typical packed-bed DBD [36, 37], i.e. 1020 m-3 and 106 V/m, respectively.
It is worth to mention that although photoionization is less important for negative streamer propagation
than for positive streamer propagation, it still has some effect in the case of negative streamer
propagation as well, i.e., it broadens the plasma distribution and accelerates the streamer propagation a
bit. This can be seen by comparing figures 6(a) and 9(e) (obtained with photoionization) with figures
A3(a,b) in the Appendix, showing the calculated electron density profiles in the case of streamer
propagation in a honeycomb structure and a 3DFD 1-3-5 stacking architecture without photoionization.
Nevertheless, the photoionization rate is much lower than the electron impact ionization rate, as also
indicated in [29, 37]. Since the photoionization does not really change the character of the streamer
propagation, we do not go in further detail on the photoionization effect in this work.

5. Conclusions
In this work, we studied the plasma streamer propagation mechanism in different structured catalysts
by means of a PIC-MCC model in dry air. Our simulation results reveal that in case of a honeycomb
structure, the plasma discharge is limited in a single channel, and that the discharge is quite weak when
the honeycomb channels are parallel to the electrodes, because the streamer can develop only over a
short distance. In contrast, when the honeycomb channels are perpendicular to the electrodes, the
plasma density is an order of magnitude higher, as the streamer can develop over a much longer
distance within the channels. Especially when the streamer is initiated along the dielectric surface, the
discharge will be further enhanced due to surface charging along the dielectric surface.
In a 3DFD structure, the streamers can develop into other channels, through the gaps between the
different dielectric layers of the 3DFD structure. Surface charging of the dielectrics enhances the
discharge. Furthermore, the location of streamer initiation also induces significant differences in the
streamer distributions.
A 3DFD structure with 1-3-5 architecture has curved channels, and exhibits either more enhanced
plasma streamers or a much broader discharge area, depending on the location of streamer initiation.
This broader discharge area allows a larger catalyst surface area to be exposed to the plasma, which
will improve the performance of plasma catalysis.
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These results are highly interesting for practical applications. We believe that the position of streamer
initiation can be controlled by a needle electrode, generating the desired plasma streamer distribution as
predicted by our model, but this will need to be investigated experimentally.
In real experiments, the catalyst support structures can be further improved by optimizing the fibre
thickness and the spacing between the fibres/sidewalls, to reach a higher performance in plasma
catalysis. Besides, as the evolution mechanisms of positive plasma streamers are very different from
negative streamers, it is also interesting to investigate the interaction between positive plasma
streamers and catalyst supports. We thus plan to investigate the geometry (thickness and spacing)
optimization of catalyst support structures, as well as the propagation of positive streamers in
structured catalysts in our future work. Finally, our current simulations only consider the catalyst
support structure, and not the catalyst itself, which is typically dispersed as (transition metal or metal
oxide) nanoparticles on the support. The characteristic features of this catalyst, such as surface area,
porosity and surface conductivity, might also affect the streamer propagation. Taking this into account
in our PIC/MCC simulations is very challenging, as it requires a 3D model (to account for the surface
area) and multi-scale simulations (ranging from mm for the reactor and support structures to nm for the
catalyst nanoparticles and pores). Nevertheless, in our future work we would like to investigate these
effects, to bring the simulations closer to the application.
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Appendix
Separate plasma streamers develop in two channels at the same time

Figure A1. Plasma density distributions, at 0.8 ns, illustrating the evolution of a plasma streamer in a honeycomb
monolith structure with channels parallel to the electrodes. Two separate bunches of seed particles are placed in
the first and second channel, respectively.
Figure A1 shows the calculation results for separate streamers in separate channels of the honeycomb structure, by
setting two separate bunches of seed particles. As can be seen, the streamers develop separately from each bunch
of seed particles, and behave very similarly.
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Plasma streamer propagation without dielectric barriers near the electrodes

Figure A2. Plasma density distributions, illustrating the evolution of a plasma streamer in a honeycomb monolith
structure, without dielectric barriers near the electrodes.
As can be seen by comparing figure A2 and figure 6(a), when the dielectrics are removed, the streamers behave
very similarly in the channel (before arriving at the electrode). As the effective voltage applied on the catalyst is
increased due to removing the dielectrics, the plasma density increases a bit in figure A2.

Photoionization effect in negative streamer propagation

Figure A3. Plasma density distributions ne (m-3), illustrating the evolution of a plasma streamer in (a) a honeycomb
monolith structure at 1.28 ns, and (b) a 3DFD 1-3-5 stacking architecture at 1.28 ns, without photoionization.

Figure A3 shows the plasma streamer propagation without photoionization. By comparing figure 6(a)
and figure 9(e) (obtained with photoionization) with figures A3(a, b), we can easily see that the
photoionization broadens the plasma distribution and accelerates the streamer propagation a bit.
However, since the maximum plasma density remains almost the same when including the
photoionization, we can conclude that the photoionization rate is much lower than the electron impact
ionization rate, as also indicated in [29, 37].
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