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Abstract
Atmospheric-pressure plasmas sustained in packed bed reactors (PBRs) are being investigated
for chemical conversion of gases and pollution control. Metallic catalysts added to the surfaces
of the dielectric beads of PBRs can increase the energy efficiency and selectivity of chemical
processes by reducing operating temperature and providing additional reaction pathways. In this
paper, results from a computational investigation of plasma surface interactions between
micron-scale metallic catalysts and humid-air plasmas in PBRs are discussed. We found that
high plasma density regions form in the proximity of the metallic catalysts. These higher-density
plasma regions were confirmed experimentally using ICCD imaging. The intense plasmas result
from geometrical electric field enhancement and redistribution of charges within the conductive
particles, leading to further enhancement. The high electric field at the triple points of the
catalysts can produce electric field emission of electrons, which provides a pre-ionization source
or additional source of electrons. These regions of high electric field and sources of electrons
guide discharges towards the catalysts and increases fluxes of excited species, ions, electrons
and photons to their surfaces. These fluxes are focused primarily at the triple points between the
metal, dielectric and gas. As a result, the catalyst is locally heated, which could lead to further
increased rates of thermocatalytic reactions on the surface. Surface roughness of the metal
inclusions can lead to additional electric field enhancement, which changes the character of the
discharges in the vicinity of the catalysts while reducing breakdown voltage.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Atmospheric pressure plasmas sustained in packed bed react-
ors (PBRs), particularly using catalysts, are being investig-
ated for pollutant abatement and chemical conversion for pro-
duction of value-added products [1, 2]. These efforts include
removal of volatile organic compounds, NOx abatement, CO2
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and CO chemical conversion, energy storage, and production
of hydrogen, syngas, ammonia, and ozone [1–14]. There is a
large variety of plasma catalytic reactors. The common fea-
ture of theses reactors is a non-equilibrium plasma being gen-
erated in near proximity of dielectric beads or granules, as in
PBRs. These dielectrics are often impregnated with micro- to
nanometer-scale metallic catalyst particles.

Catalysis is the process of using a material, substance or
additional chemical compound to enable favorable reaction

1361-6463/21/104001+15$33.00 1 © 2020 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6463/abcc92
https://orcid.org/0000-0003-4596-1780
https://orcid.org/0000-0003-0408-6510
https://orcid.org/0000-0001-8369-1828
https://orcid.org/0000-0001-7437-8573
mailto:mjkush@umich.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/abcc92&domain=pdf&date_stamp=2020-12-22


J. Phys. D: Appl. Phys. 54 (2021) 104001 J Kruszelnicki et al

pathways by decreasing the activation energy. In spite of
its industrial maturity, thermal catalysis is continually being
improved. New catalysts with improved efficiencies, selectiv-
ity and turnover are being investigated experimentally and
computationally [15–24]. Similarly, research is being pur-
sued to investigate the plasma dynamics and kinetics in non-
equilibrium plasma reactors in contact with catalysts, includ-
ing dielectric barrier discharges (DBDs), gliding arcs, and
PBRs [7, 9, 25–30], with support from modeling studies
[31–37].

Plasma interactions with catalysts and their underlying
support structures need better metrics to be able to evaluate
the goodness of plasma catalysis systems and to make com-
parisons between systems [38–40]. Recent experimental res-
ults indicate that coupling between plasma kinetic processes
and thermo-catalytic reactions leads to synergetic increases
in reaction rates [26, 27, 41–44]. For example, Kim et al has
shown a substantial increase in the production of ammonia
over Ru-Mg/γ-Al2O3 catalyst when plasma is present [1].
This increase was greater than the sum of ammonia produc-
tion when separately using plasma or thermal catalysts. Kim
and colleagues also found that additional plasma formed in a
DBD having dielectrics with imbeddedmetallic particles com-
pared to a reactor not having metallic particles [45]. Mehta
et al investigated plasma-catalyst synergy in ammonia syn-
thesis using microkinetics global modeling [39, 46]. They pos-
tulated that the fluxes of vibrational excited nitrogen produced
by the plasma could lead to a decrease in the nitrogen dissoci-
ation barrier on the surface of the catalyst and increased rates
of ammonia production. Other modeling investigations have
primarily focused on interactions between dielectrics and plas-
mas. In particular, Bogaerts et al have modeled several sys-
tems addressing plasma interactions in PBRs and with pores
[47–51]. These studies emphasized the importance of elec-
tric field enhancement and surface charging for propagation
of plasmas through systems having shaped dielectrics.

The interactions between plasma and metallic catalysts
present modeling challenges due to their simultaneous and
mutual impacts. The plasma produces high energy electrons,
ions, excited and radical species, and UV/VUV photons [52].
The fluxes of these species can introduce additional surface
kinetics (e.g. adsorption of intermediaries, UV/VUV activa-
tion), change surface morphology (e.g. sputtering, melting,
self-cleaning) and increase local catalyst temperature. The
electrical triple point is the intersection of a dielectric, metal
and gas. Electric field enhancement occurs at triple points due
to the geometry and discontinuity in permittivity, and as a
response to charge-redistribution upon application of an elec-
tric field. If of sufficient magnitude, the electric field enhance-
ment at the triple points of metallic catalyst sites can produce
electric field emission of electrons, a process that is accelerated
by heating of the catalyst. Electric field emission is particularly
sensitive to the geometry of the metallic particles, polarization
of the underlying dielectric and local plasma conditions, all of
which can intensity the electric field at the surface of the cata-
lyst. These phenomena have been studied in other areas, and
high-voltage electrical systems in particular [53–55]. The elec-
tric field emission in turn affects the local plasma conditions

and can impact the rates of surface reactions [37]. To resolve
these interactions, plasma dynamics and surface interactions
must be simultaneously modeled in a self-consistent fashion.

In this work, we present results from a 2D computational
investigation of the interactions between metallic particles
embedded in dielectric beads and atmospheric-pressure plas-
mas in a PBR. The impact of size, location and topology of the
metallic catalysts, as well as electric field enhancement and
surface roughness, on plasma formation were studied, as well
as the heating of catalyst particles by plasma-generated fluxes.
We found that metallic particles embedded in the dielectrics
significantly impacted plasma discharges in a PBR. In addition
to geometrical electric field enhancement, charge redistribu-
tion within the conductive catalysts produced further enhance-
ment of the electric field and higher plasma densities in their
proximity. This electric field enhancement resulted in higher
reactive fluxes to the catalyst, therefore increasing rates of
surface reactions and energy deposition; and preferentially
heating the catalysts. Electric field emission of electrons is
likely to occur withmoderate electric field enhancement due to
roughness.

A review of the model and description of the initial condi-
tions are in section 2. The description of the discharge dynam-
ics in the base-case are in section 3. Sections 4 and 5 describe
the influence of electric field emission and plasma-based heat-
ing of the catalysts. Concluding remarks are in section 6.

2. Description of the model and initial conditions

The modeling platform used in this investigation was the
multi-fluid plasma simulator nonPDPSIM, described in detail
in [56]. Briefly, nonPDPSIM simultaneously integrates Pois-
son’s equation (equation (1)) and continuity equations (equa-
tion (2)) for charged and neutral species over an unstructured
mesh using an implicit Newton’s method. The form of Pois-
son’s equation solved is,

−∇ · ε∇Φ=
∑
i

qini + ρm, (1)

where Φ is electric potential, ε is the permittivity, qi is the
charge of species i having density ni, and ρm is the charge on
surfaces and in materials. The continuity equation for charged
particles is,

∂ni
∂t

=−∇ · Γ⃗i + Si −

[∑
m

∇· Γ⃗mγm +
∑
k

∇· φ⃗kδk

]
, (2)

where Γi is the flux of species i. The source due to collisions
and photoionization is Si. The terms in brackets only apply to
electrons at boundary computational nodes adjacent to solid
surfaces. At these nodes, electrons are produced by secondary
electron emission (first sum) due to fluxes of ions incident onto
the surface and photoemission (second sum) due to UV/VUV
photons. γm is the secondary electron emission coefficient of
species m, and δk is the photoelectron emission coefficient.
φk is the flux of photon k incident onto the surface. Fluxes
of charged particles are given by the Scharfetter and Gummel
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method that automatically provides fluxes as either upwind or
downwind.

Radiation transport is performed by employing a Green’s
function from each node to a set of neighbors within its line-
of-sight. The flux of photons between the emitting and neigh-
boring sites decreases by the isotropic spherical expansion
of the initially emitted photons, by absorption by the inter-
vening species or by obscuration by structures. Photoion-
ization of O2 by photons emitted by excited nitrogen spe-
cies (N2(b1Π) and N2(b1Σ)) was included. The non-ionizing
absorption cross sections were 1 × 10−18 cm2 for O2 and N2,
and 3 × 10−17 cm2 for H2O, while the photo-ionization cross
section was 1 × 10−19 cm2.

The electron temperature is obtained by integrating an elec-
tron energy conservation equation,

∂

∂t

(
3
2
nekBTe

)
= SP (Te)−LP (Te)

−∇ ·
(
5
2
Γ⃗ekBTe −κe (Te)∇Te

)
, (3)

where Te is the electron temperature, ne is the electron dens-
ity, kB is Boltzmann’s constant, κ is the electron thermal con-
ductivity, SP is the source of power, in this case, Joule heating
from the electric field and LP represents collisional losses or
gains in energy. Electron impact rate and transport coefficients
are obtained from stationary solutions of Boltzmann’s equa-
tion for the electron energy distribution. The ion temperatures
were assumed to be equal to the gas temperature due to high
rates of collisions at atmospheric pressure.

The gas temperature is provided by integration of

∂ (ρcpTg)

∂t
=−∇ ·κ∇Tg +

∑
k

3
2
nevk

(
2me

Mk

)
kB(Te −Tk)

−
∑
m

Rm∆Hm, (4)

where ρ is the mass density of the gas and cp is the spe-
cific heat. The terms are for thermal conduction with thermal
conductivity κ; elastic collision between electrons and heavy
species having massMk with collision frequency νk; contribu-
tions from inelastic electron impact and heavy particle reac-
tions occurring at rateRm and having change in enthalpy∆Hm.

With the temperature of catalyst particles being important
to their reactivity, heating of solid materials was included in
themodel. The temperature of plasma facingmaterials is given
by

∂ (ρcpTm)

∂t
=−∇ · (−κm∇Tm + JH) , (5)

where Tm is the material temperature, κm is the material
thermal conductivity and JH is the thermal heat flux (exclusive
of thermal conduction) to the surface from the plasma:

JH = Si + Se + Sn + SUV, (6)

Si =
∑
j

Γj (Φλ +(Hj −Hj0)), (7)

Se = ΓeTe −

∑
j

Γjγj +ΓE

 , (8)

Sn =
∑
j

Γj (Hj −Hjp), (9)

Sp =
∑
j

Γjhνj (1−Rj). (10)

In addition to thermal conduction from the plasma, heating
of plasma-facing materials occurs by ion impact (Si, equation
(7)); electron impact and (cooling by) emission of electrons
(Se, equation (8)); exothermic and endothermic surface reac-
tions (Sn, equation (9)); and absorption of UV/VUV photon
fluxes (Sp, equation (10)). The heat flux by ions, Si, has contri-
butions from recombination of the ions with incident flux Γ j

on the surface (difference between the enthalpy of the ion Hi

and its neutral counterpart, Hio), and the energy gained by the
ion falling through the sheath potential over its mean free path,
Φλ. The heat flux by electrons, Se, includes the thermal energy
of the incident electrons having flux Γ e and the cooling of the
surface by electrons emitted from the surface by way of elec-
tric field emission Γ E or secondary electron emission by ion j
with probability γj. The secondary electrons leave the surface
with ∆ε = 1 eV of energy. The heat flux due to neutral spe-
cies (including excited states), Sn, having incident flux Γ n is
due to the change in enthalpy of the incident particle and the
products of surface reaction due to, for example, recombina-
tion of atomic or radical species, and de-excitation reactions.
Photon fluxes Γ j with energy hν j incident on the surface con-
tribute heat flux Sp, de-rated by the reflection coefficient Rj.

The base case has initial conditions of 300 K and 760 Torr
(or 1 atm). The gas is humid air (N2/O2/H2O = 78/21/1) with
background ionization of 105 cm−3. The reaction mechanism
contains 88 species, and 1855 reactions. The reaction mechan-
ism is a modified version of that discussed in [57] taking into
account only gas-phase species.

Two geometries were used in this investigation, as shown
in figures 1 and 2. The first geometry, figure 1, is nominally
full scale, and includes seven dielectric rods or disks (diameter
1.8 mm) distributed in a reactor with width of 0.8 cm, height of
1 cm. (In these 2D simulations, the circular dielectric disks are
computationally equivalent to long rods.) The secondary elec-
tron emission coefficient for the dielectric is 0.15. The second
geometry, figure 2, contains two dielectric rods with radii of
0.9 mm inserted into a gas region with width 0.25 cm and
height of 0.29 cm. The latter geometry was used to investig-
ate the impact of several system parameters with greater res-
olution of surface fluxes and of the metallic particles, while
decreasing the computational costs.

In both geometries, metallic catalysts were imbedded into
the surface of the dielectric rods. These catalysts are nominally
electrically floating metals, which are modeled as high-
conductivity dielectrics. The conductivity of the dielectric rep-
resenting the catalyst particle was chosen to be high enough
so that there is essentially no voltage drop across the interior
of the catalyst and the interior electric field is negligible. The
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Figure 1. Geometry of the base case reactor. (a) Schematic of the
entire reactor, (b) computational mesh, (c) enlargement of the
topmost disk and (d) enlargement of numerical mesh.

Figure 2. Geometry of the reduced scale reactor. (a) Schematic of
the entire reactor, (b) computational mesh, (c) enlargement of
inter-disk gap and catalysts and (d) enlargement of numerical mesh.

catalyst particles have the nominal properties of silver (work
function = 5 eV, thermal conductivity = 4.06 W cm−1 K−1,

Figure 3. Reduced electric field (E/N) at t = 0 s for (a) the full-size
base-case geometry and (b) enlargement near the catalysts.

thermal capacity= 0.023 J cm−3 K−1). The relative dielectric
constant (εr = 10) and conductivity (σ= 100Ω−1 cm−1) were
selected so that the dielectric relaxation time, τ = ε0εr/σ≈ 1
fs is smaller than the smallest time-steps taken by the model
(≈10−14 s).

3. Plasma propagation in PBRs with embedded
metallic catalyst particles

To investigate the consequences of embedded metallic cata-
lysts, five metallic particles were inserted flush with the sur-
face of the top-most rod in the full scale geometry. The sizes
of the catalysts varied between 15 and 50 µm. A −30 kV,
25 ns pulse was applied to the top electrode, while the bot-
tom electrode was grounded. The location of catalysts and the
voltage polarity were selected to ensure plasma formation near
the metallic particles, and was based on our previous work
[58, 59].

Polarization of a dielectric in an external electric field can
produce electric field enhancement. A cylindrical dielectric
rod placed in a uniform electric field will produce electric field
enhancement at the poles of the rod aligned with the elec-
tric field and will produce a reduction in electric field at the
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Figure 4. Time evolution of electron density in the full-size base-case reactor. (a) 3.0 ns, (b) 10.8 ns, (c) 12.8 ns, (d) 14.2 ns, (e) 15.4 ns and
(f) 16.5 ns. At each time, images are shown for the (left) full reactor and (right) enlargements in regions of interests. Densities are plotted on
a 4 decade log scale with the maximum value indicated in each frame.

equator [48, 58]. In this geometry, the vacuum electric field is
not strictly vertical, however, the electric field is enhanced near
the vertical poles of the rods, and minimized near their equat-
ors, as shown in figure 3(a). With the catalysts being metal,
they are equipotential and the electric field is zero inside the
catalysts. This produces electric field enhancement near the
triple points between the metal, dielectric and gas, as shown
in figure 3(b). At the onset of voltage, the peak E/N (electric
field divided by number density) due to dielectric polarization
is 245 Td (1 Td = 10−17 V cm2) and occurs near the top of
the top-most rod. Near the catalytic particles, the E/N peaks
at 295 Td. There are several locations at which the E/N is a
minimum with values of approximately 65 Td, and they occur
on the lateral axis between each rod pair.

The evolution of electron density, ne, in the base case as a
negative streamer develops and propagates through the lattice

of dielectric rods is shown in figure 4. The electron impact
ionization sources, Se, are shown in figure 5. First, a negative
streamer propagates downward from the cathode (figures 4(a)
and 5(a)). The streamer is directed towards the right by the
polarization of the top dielectric rod which increases the elec-
tric field at the top pole of the rod. The streamer strikes
and quickly charges the top surface of the rod (figure 5(b)),
forming a conductive channel from the cathode to the rod
(figure 4(b)). The conductive channel shorts the potential drop
between the cathode and rod, which increases the polariza-
tion electric field of the adjacent rod, enabling the negative
streamer to propagate in that direction. Photoionization and
diffusion seeds electrons in the polarized electric field at the
top of middle rod, which then enables a positive streamer
to propagate upwards as a restrike (figures 4(c) and 5(c)).
The heads of the restrike streamer are characterized by large
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Figure 5. Time evolution of electron impact source in the full-size base-case reactor. (a) 2.0 ns, (b) 3.5 ns, (c) 11.6 ns, (d) 11.9 ns, (e)
13.9 ns and (f) 15.8 ns. At each time, images are shown for the (left) full reactor and (right) enlargements in regions of interests. Sources are
plotted on a 4 decade log scale with the maximum value indicated in each frame.

positive charge separation (ρ/q ≈ +5 × 1012 cm−3) and elec-
tron density (ne = 5 × 1014 cm−3), and modest electron tem-
peratures (Te ≈ 4 eV). Trailing the head of the ionization wave
(IW) is a largely quasi-neutral plasma column, with low elec-
tron temperature Te ≈ 1 eV (figures 4(c), (d) and 5(c) and
(d)). The propagation of the restrike streamers is dependent
on there being pre-ionization ahead of the streamer head—
characteristic of positive streamers [60].

When the restrike streamers connect two dielectric
rods, microdischarges form (figures 4(e), (f), 5(e) and (f)).
These microdischarges have electron densities of ne ≈
1 × 1013 cm−3. The microdischarges positively charge the
surfaces of the dielectric rods, prompting development of sur-
face ionization waves (SIWs) as shown in figure 5(c). SIWs
propagate towards the cathode, along the surface of the rods,
being led by an ionization front having E/N ≈ 600 Td and

Te ≈ 7 eV. These conditions produce a high electron impact
ionization source of 5× 1023 cm−3s−1 leading to electron and
ion densities of up to ≈3 × 1015 cm−3 along the surface of
the rods.

The impact of the metallic particles on plasma forma-
tion and propagation are shown by the enlarged insets in fig-
ures 4(c), (d), 5(c), (d), and 6. As the external electric field
is applied, the metal catalyst particles polarize, with charge
being driven to the boundaries of the particles, increasing
the geometrical electric field enhancement that occurs near
the metal/dielectric/gas triple points. A small density of elec-
trons is produced by photoionization adjacent to the catalysts,
which then begin to avalanche in the electric field enhanced
regions. As the positive streamer propagates upwards towards
the catalysts, the vacuum electric field enhancement is further
increased by the compression of electric potential due to the
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Figure 6. Plasma properties in the vicinity of the catalyst particles (left to right) electric field, charge density, ionization source term and
electron density at times of (a) 11.7 ns, (b) 11.9 ns, (c) 12.1 ns and (d) 12.3 ns. These images are during streamer propagation toward the
metallic catalysts. Gradients in charge density lead to formation of strong electric fields, and electric field emission of electrons from the
surfaces of metals.

conductive streamer; and due to the gradient in charge dens-
ity between the triple points (ρ/q = −4 × 1015 cm−3) and the
streamer head (ρ/q=+5× 1013 cm−3) as shown in figure 6(b).
Directly before the streamer impacts the surface, the electric
field peaks at 150 kV cm−1 (610 Td) at the edge of the cata-
lyst. This electric field is sufficient to produce electron emis-
sion (figure 6(c)). The additional electrons then serve as seed
ionization for the further propagation of the streamer, and the
plasma is guided toward the catalysts (figures 4(c), (d) and
6(c)). The electric field emission appears to be an external
source of negative charge, which produces a negative space
charge region adjacent to the triple points.

Similar to non-catalytic regions, standing micro-discharges
also form in the vicinity of the catalytic particles (figures 6(c)
and (d)). With increasing conductivity adjacent to the cata-
lysts, the electric field decreases, which in turn decreases the
rate of ionization (figure 6(d)). The end result is standing
microdischarges adjacent to the active catalysts—those cata-
lysts with high enough electric field to produce electron emis-
sion. However, these microdischarges are also in regions with
now low electric fields due to the high conductivity enabled by
the electric field emission.

The propagation of SIWs along the dielectric rods is
also impacted by the catalytic particles. Due to the high
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Figure 7. Electron density in the full-size geometry with catalysts
arranged along the left equator of the topmost particle. (a). Electron
density in entire reactor at 16.3 ns. (b) Surface ionization wave
(SIW) in the vicinity of the catalysts (15.6 ns–16.9 ns) showing
stagnation of SIWs approaching the catalysts and re-ignition on the
other side. (c) SIW for the same location without metallic catalysts.
Densities are plotted on a 4 decade log scale.

conductivity of the catalysts, the electric field does not extend
across the face of the particles. There is electric field enhance-
ment at their edges, however there is no horizontal component
of the electric field parallel to the face of the catalyst. As a
result, propagation of SIWs stalls at the edges of each of the
catalytic particles. There is an insufficient horizontal compon-
ent of the electric field to sustain the SIW across the metal
particle.

The stalling effect is exaggerated in these simulations com-
pared to the smaller metal particles that are often used in con-
ventional catalysts. With this simulation being 2D, the metal
particles appear to be infinite stripes that go into the plane
of the image. In real systems, the particles have finite width
(about a unity aspect ratio) and so the SIWwould likely be able
to propagate around the particles while being slowed or stalled
in crossing the particles. With the particles in some experi-
mental systems approaching the nanoscale and also approach-
ing the mean free path of electrons in the SIW, electrons might
have the ability to scatter over the particle.

This stalling of SIW by catalytic particles was further
investigated by re-locating the catalysts to the left equator of
the dielectric rod. The electron density in the entire reactor at
the end of the discharge pulse for this configuration is shown
in figure 7(a). Propagation of the SIW across the catalysts
is shown in figure 7(b). The propagation of the SIW in the
absence of catalysts is shown in figure 7(c). In the absence
of the metal particles, an SIW smoothly propagates upwards
along the surface of the rod with a maximum electron dens-
ity of nearly 1016 cm−3. As the SIW propagates along the
surface of the rod having catalyst particles and the ionization
front comes in contact with the edge of a particle, the SIW
stalls. The SIW is then re-initiated at the opposite edge of the
particle. The re-ignition occurs due to the availability of seed
electrons from photoionization resulting from VUV photons

Figure 8. Experimental and computational comparison. (a)
Schematic of the experimental setup of a 2D packed bed reactor
with silver film placed on top right dielectric disk. (b) ICCD image
of plasma emission near the silver film. (c) Computed densities of
light-emitting species in a similar system.

emitted on the stalled side of the catalyst and by simply diffu-
sion of electrons across the catalyst particles. These seed elec-
trons arrive into the high electric field region at the triple point
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at the opposite side of the particle where E/N reaches up to
≈1000 Td. Avalanche quickly occurs which restarts the SIW.

Formation of additional or higher density plasma regions
near metallic catalysts has been experimentally observed by
Kim et al [45]. The authors found that the addition of sil-
ver catalysts to a zeolite PBR increased the light emission
near the surfaces of the support dielectric in spots associated
with the catalysts. We obtained similar results by modifying a
2D PBR previously used in experimental studies described in
[58] and [59] and shown in figure 8(a). Here, seven dielectric
disks (or rods) were inserted between electrodes in a pin-to-
plane configuration. Two glass plates enclosed top and bot-
tom sides of the reactor, while ambient air flowed through the
sides. A fast ICCD (intensified charge-coupled device) cam-
era was employed to image the plasma dynamics. Silver film
was applied to three locations on one of the zirconia dielectric
rods, as is shown in figure 8(a) to emulate catalysts. All other
experimental parameters were the same as those in discussed
in [59].

A pulsed high voltage power supply was used to gener-
ate 120 ns, 20 kV pulses applied to the anode in an ambient
air atmosphere. Plasma propagated from the needle electrode
and through the dielectric lattice. The ICCD imaging revealed
regions of intense light emission adjacent to the silver films,
as shown in figure 8(b). These brighter regions did not occur
in absence of the silver films. Results from the simulation for
similar conditions, shown in figure 8(c), have high densities
of light emitting excited states of N2 adjacent to the catalysts,
concurring with the experimental imaging.

4. Influence of electric field emission

The reduced geometry (figure 2) was used to further investig-
ate the impact of electric field enhancement and electric field
emission due to the metallic catalytic particles. Electric field
emission from surfaces in the model is given by the Fowler–
Nordheim expression for thermionically enhanced emission
[55],

jE = AT2 exp

(
−
(
ΦW −

√
q3E

/
ε0

)
/(kBT)

)
, (11)

where A is the Richardson–Dushman constant
(120.13 A cm−2 K−2), T is the temperature of the surface,
ΦW is the work function of the metal, kB is Boltzmann’s con-
stant, q is the elementary charge, and E is the electric field at
the surface of the metal.

Two electric field enhancement mechanisms were
investigated—geometry and surface roughness. The former
naturally occurs as part of the simulation. The latter was
included to account for surface structures which were too
small to be resolved by the numerical mesh. Surface rough-
ness was accounted for by including a multiplicative factor to
increase the electric field at the surface of the metal in equation
(11). The electric field enhancement factor, β, has been widely
used for similar purposes in other studies, particularly in the
field of high voltage pulsed power [61, 62]. For roughness on
a metal surface, β can be estimated by

Figure 9. Plasma properties in the vicinity of protruding catalytic
particles (left to right) electric field, electron impact ionization
source and electron density at times of (a) 0.4 ns, (b) 0.6 ns, (c)
0.8 ns and (d) 0.9 ns. Electron density and source are plotted on a 3
decade log-scale unless indicated otherwise. The maximum value or
range of values plotted in the image are indicated in the frame.

β =
2
(
h/r

)
ln
(
4h/r

)
− 2d

1
d
, (12)

where h is the height of the roughness, r is the radius of
curvature of its tip, and d is the distance between roughness
maxima. This electric field enhancement does not penetrate
into the plasma far beyond a distance equal to a few radii of
curvature of the tip. As a result, β has little effect on rates of
ionization in the bulk plasma further than a few microns of the
surface. Electric field enhancement due to macroscopic rough-
ness (having dimensions of hundreds of microns) would be
proportionately smaller but would also penetrate further into
the plasma and likely affect rates of ionization. The value of β
in this investigation was varied between 1 (no enhancement)
and 150 andwas applied to only themetal surfaces in the initial
cases discussed.

9



J. Phys. D: Appl. Phys. 54 (2021) 104001 J Kruszelnicki et al

First, to investigate the impact of the geometric field
enhancement, the catalysts were made to protrude from the
dielectric rod, as shown in figure 9. The electric field, ioniz-
ation source and electron density are shown as the positive
IW approaches the catalysts. Here, a −10 kV, 5 ns pulse was
applied to the top electrode. The change in geometry (flat to
protruding particles) had two primary impacts. The first was
to increase the initial local electric field at the surface of the
particles from 120 kV cm−1 to 170 kV cm−1. The second was
an apparent decrease in the importance of themetal/dielectric/-
gas triple point. The latter was due to the location of surface
charge accumulation. Charge redistribution at the surface of
the metal results from the applied field magnitude and direc-
tion. The topology of the surface, therefore, will impact the
location of regions with highest surface charge density corres-
ponding to the largest normal component of the electric field.

The overall evolution of the microdischarges was largely
unchanged by the protrusion of the catalysts. As the posit-
ive IW approached the dielectric rod having the catalysts, a
high conductivity plasma column was formed. The electric
field in the plasma column decreased, compressing electric
potential ahead of the IW. This resulted in additional elec-
tric field enhancement at the tip of the protrusions. When the
IW wave entered into this region of high electric field, the
IW focused onto the protrusion, increasing the plasma dens-
ity and ultimately reducing the electric field. The reduction in
electric field adjacent to the protrusion increased the electric
field along the neighboring surface, which enabled spread of
the plasma by an SIW. The SIW then stalled at the next cata-
lyst. The positive streamer propagation was focused toward
the regions of negative surface charge, as was the case with
flat catalysts. Photoionization and electron drift are respons-
ible for seeding electrons ahead of the protruding catalysts and
restarting the SIWs. The final product was a microdischarge
between the rods, with an intense region of plasma at the tip
of the protrusion.

Surface electric field enhancement factors, β, were then
used to investigate the impact of enhancement produced by
roughness that cannot be resolved in the numerical mesh. The
geometry used was the same as that shown in figure 2. Elec-
tron densities for β values between 25 and 150 are shown in
figure 10. For β < 10–20, there were not significant depar-
tures from the previously described discharge dynamics. For
example, for β = 25, electric field emission was induced from
the triple-point of the middle catalyst particle. (The location
of the middle catalyst particle is where the vacuum electric
field is the largest due to polarization of the rods.) This cata-
lyst became electric field-emission active as the positive IW
approached the catalysts and increased the electric field in
front of the IW. When the IW approached within approxim-
ately 25 µm of the surface, the electric field at the triple point
increased to ≈530 kV cm−1, which triggered electric field
emission. As shown in figure 10(a), this produced a filament
of electron density that bridged the gap between the IW and
the catalyst.

With larger values of β, the plasma became more strongly
supported by surface processes. For progressively larger
values of β (50 < β < 75), the electric fields adjacent to the

Figure 10. Electron densities at the end of the voltage pulse for
different values of the electric field enhancement factor, β, in the
reduced geometry at different times (left to right). β = (a) 25, (b)
50, (c) 75 and (d) 150. Densities are plotted on a 4 decade log-scale
with maximum values noted in each frame. The mechanism of
plasma formation changes from being volume to surface dominated
with increasing β.

catalysts required to overcome the work function of the metal
were produced earlier. The catalysts became active when the
IW was further from the catalysts. Electric field emission
transitioned from being only from the triple points of the cen-
ter catalyst particle to covering the surface of the catalyst.
For β > 75, electric field emission begins to occur at the
triple points of the neighboring catalysts. Due to seed elec-
trons from field emission at earlier stages of the discharge,
the streamers became more directed toward the catalysts and
the streamer propagation velocity increased (1× 107 cm s−1–
3 × 108 cm s−1).

At high values of β (>100), the discharge is initially fully
sustained by surface electric field emission, as in figure 10(d).
The emitted electrons initially follow the electric field lines,
producing a negative, Townsend-like discharge propagating
downwards. The direction of plasma propagation depends
on the type of discharge formed. With low values of β,
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positive streamers propagate upwards between the dielectric
rods. Upon approach of the positive streamer to the metal
catalyst particles, which intensifies the electric field, electron
emission occurs. At this point, a negative streamer may be
launched but it will be weak compared to the incoming posit-
ive streamer. With high values of β, electron emission occurs
at lower bulk electric field, which seeds a negative streamer
propagating downwards. The three negative streamers are all
focused towards the maximum in electric field at the pole of
the lower rod where they converge.

Electric field emission requires that the metal emitting the
electrons be cathodic (electrically negative) with respect to the
local plasma potential. Given this requirement, the placement
of the metal inclusions in this investigation was based on the
particles being cathodic during the initial avalanchewhen elec-
tric fields are expected to be the highest. To demonstrate these
principles, the reduced geometry (figure 2) was used to com-
pare otherwise identical discharges but with opposite polar-
ities. The surface roughness factor was β = 10. The elec-
tron density and charge density are shown in figure 11(a) with
+10 kV applied to the bottom electrode with the top electrode
being grounded. The metal inclusions are on the bottom of the
top dielectric rod. The relative direction and magnitude of the
electric field is the same as that in the−10 kV base case. In this
configuration, the metal inclusions have a cathodic role. As the
positive streamer approaches the metal particles the electric
field intensifies, leading to electric field emission of electrons.

When placing +10 kV on the top electrode, the orienta-
tion of the field is reversed and the initial streamer travels in
the opposite direction—as shown in figure 11(b). (Microdis-
charges in these systems tend to be initiated by positive stream-
ers.) The metal inclusions in this configuration have an anodic
role with respect to the local plasma potential, polarizing
charge to be positive along the surface of the particle. As
plasma forms, the high current of electrons to those surfaces
neutralizes and then charges them negatively. As the streamer
approaches the lower dielectric rod, compression of the poten-
tial intensifies the electric field at the surface, directly ana-
logous to the opposite polarity near the metal inclusions. Had
metal inclusions been placed on the plasma facing surface of
the bottom rod, electric field emission would have occurred in
the same manner as the opposite polarity on the top dielectric
rod.

The outcome of these studies is that electric field emis-
sion will occur in PBRs independent of the applied polarity
as long as the metal inclusions have a geometrical orienta-
tion that places them in a cathodic role when the local electric
field intensifies to sufficient magnitude. Metal inclusions on
the bottom side of a dielectric rod serving in an anodic role will
not produce electric emission. Inclusions on the opposite side
of the rod which are geometrically positioned in a cathodic
role may produce electric field emission even if the applied
polarity is positive.

The practical implications of these phenomena are sev-
eral. Polarization of metallic particles results in guiding
of streamers towards the catalysts, leading to preferential
rates of interaction between catalysts and plasma products.
The resulting electric-field emission of electrons can lead to

Figure 11. Electron density and charge density in positive-voltage
cases where (a) the top electrode is powered and (b) the bottom
electrode is powered. Both densities are plotted on a 4 decade
log-scale. The charge density shows both negative and positive
values. The discharge properties and effects of the catalysts are
dependent on whether the metal inclusions serve in a cathodic role
and not necessarily on the polarity of the pulse.

increased plasma volumes and plasma-catalyst interactions,
and potentially explains additional plasma formation observed
in experiments. Simultaneously, the increases in electric
field emission can serve to decrease local, transient charge
gradients, therefore reducing instantaneous electric fields and
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cooling electrons near the catalyst surfaces. Variation in elec-
tron temperature can, then, affect the local gas kinetics, and
provide an additional pathway to catalytic selectivity.

The electric field at the surface of the catalyst determines
the onset of the field emission. Sustaining that field emission
depends on being able to sustain this critical electric field. Sus-
taining the critical electric field becomes progressively more
difficult as conductive plasma forms in front of the catalyst
particle. Even if this electric field could be sustained, the total
amount of electric field emission would ultimately be limited
by the capacitance of the particle. In electric field emission
from, for example, an electrode connected to a power sup-
ply, there is a nearly unlimited amount of current that can be
emitted. Electrons emitted from the surface of the metal are
replaced by electrons from the power supply. The power sup-
ply may itself have a finite capacitance but, in principle, the
electron source is not limited. In a PBR, the catalyst particles
are electrically floating bodies whose ability to deliver charge
is limited by their capacitance—the catalyst will stop emitting
when its capacitance has been charged to the degree that the
electric field at its surface decreases. This charging process is
influenced by the displacement current that can be delivered
to the back side of the catalyst through the dielectric in which
the catalyst is embedded, the size of the particle and the con-
ductivity of the plasma adjacent to the particle.

5. Fluences of reactive species and impact on
catalyst temperature

While the catalysts can have a large impact on the dynamics
of the discharge, the reverse is also true. The plasma can heat
the catalysts, increasing the rates of thermally limited reac-
tions. Fluxes of energetic UV photons, electrons and ions can
clean contaminants from surface sites; and high applied elec-
tric fields can decrease potential energy barriers of surface
reactions. Only a subset of these phenomena could be invest-
igated in this work—fluences of reactive species and the res-
ulting heating rates.

The fluences of selected plasma produced species and
photons to the surfaces of the catalysts in the reduced geometry
as a function of β are shown in figure 12 (fluence is time integ-
rated flux). These fluences were integrated over the surface
of the center catalytic particle. As β increased, the fluences
of all ions, radical, photons and electrons decreased. This res-
ult, while counter-intuitive, is explained by the shorting of the
electric field in the gas gap by the conductive plasma enabled
by high β. In the instant that electric emission begins, there
is an increase in production of all ions, radicals, photons and
electrons, and a momentary increase in fluxes to the particle
(other than electrons). The electric field is large and so electron
impact rate coefficients are also large. However, as the number
of electric field emitted electrons near the surface increases,
the electric field in the plasma decreases and the local electron
temperature decreases, causing the rates of electron-impact
reactions to also decrease. Integrating over the discharge pulse,
this produced a decrease in fluence to the particles. The relative
rates of reactions having higher threshold energies decreased

Figure 12. Fluences of selected species to the surfaces of the
middle catalyst particle as a function of electric field enhancement
factor for the reduced-scale geometry. (a) O, OH, H, N and (b) N2

+,
O2

+, UV photons and electrons. Values are nomalized by the
fluence for β=10. With the increase in conductivity due to electric
field emission of electrons, the electric field in the adjacent plasma
decreases, leading to a colder plasma and decreased fluences to the
surface.

more quickly with increasing β producing a larger decrease
in fluence. For example, the electron impact dissociation of
N2 has a higher threshold energy (≈12 eV) than that for O2

(≈5 eV). As a result, the fluence of atomic nitrogen onto the
catalysts decreases more rapidly with increasing β than the
fluence of atomic oxygen. This effect could be used to tune
the species that adsorb onto and react with catalysts.

Power deposition onto the surface of the catalyst results
from reactions of neutral species, UV fluxes, kinetic energy
of charged species, and the ionization potential of incident
ions, as described in section 2. The power deposition onto the
surface of the catalyst and the fractional contribution to heat-
ing the catalyst due to electrons, ions, and neutrals are shown
in figure 13 for β = 10. The contribution from UV photons
is small. At the beginning of the discharge (t < 1.5 ns), the
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Figure 13. Total and fractional power deposition to the surface of
catalyst as a function of time for the reduced scale geometry base
case. Power deposition by ions dominates during the discharge
pulse, with neutral chemical reactions dominating in the afterglow.

majority of heating is by electrons, though the absolute mag-
nitude of that heating is small. Once a streamer forms and
makes contact with the surface, the total energy deposition
increases by two orders of magnitude due to power depos-
ition by ions which carry with them their ionization potential
as well as kinetic energy due to the local electric field. With
increasing dissociation of the gas adjacent to the particle, neut-
ral reactions on the surface of the particles also begin to heat
the particles. The heating of the particles, up to 60 kW cm−2,
occurs over about 1 ns, dominated by ion impact. In the post-
pulse period (t > 3 ns), the heating by ions decreases as the
plasma dissipates while power deposition continues due to sur-
face reactions of the neutral species. Heating of the particles
by surface reactions will continue as long as there are radicals
diffusing to the particle.

The total amount of energy deposited onto the surface of
the catalyst per pulse is not large, however the particles are
small. The energy deposition per pulse is about 10 µJ cm−2.
The heating of the particle is then determined by the repetition
rate of the discharge and the thermal conductivity of the dielec-
tric in which the particle is embedded. To model the heat-
ing of the catalyst, the temperature equation was integrated
while providing impulsive increments of surface energy (as
would be delivered by the repetitively pulsed discharge). The
energy source terms as a function of position on the catalyst
from the first pulse were recorded and inserted as a delta func-
tion at a frequency of 10 kHz. Heat conduction and convection
equations were solved throughout the reduced computational
domain while having a constant temperature (300 K) bound-
ary condition on the walls of the reactor. Over the equivalent of
150 000 pulses (15 s at 10 kHz), the temperature of the catalyst
increased to≈500K before reaching a quasi-equilibrium. This
increase of 200K is high enough to impact rates of thermocata-
lytic reactions. Since the streamers were focused on the triple
points, energy deposition and temperature increases were not

uniform. Rather, the temperatures first increased at those loca-
tions. Thermal conduction then spread the higher temperature
throughout the rest of the solid—metal and dielectric alike.

6. Concluding remarks

Interactions between atmospheric-pressure plasmas and
metallic catalysts in a packed-bed reactor were computa-
tionally investigated. In addition to geometrical electric field
enhancement, the metallic particles produced further local
electric field enhancement due to redistribution of charges in
the particles. As a result, discharges were guided towards the
metallic particles, and higher density plasma formed in the
proximity of their surfaces. Formation of additional plasma
near the catalysts therefore led to higher fluxes of reactive spe-
cies to their surfaces which could, in part, produce an increase
the efficiency of atmospheric pressure plasma based catalysis.
The geometrical electric field enhancement was intensified
by the space-charge gradient between streamer heads and
the particles, leading to electric-field emission of electrons.
These effects then led to a decrease in the voltage required to
reach breakdown when compared to the same reactor without
metallic particles.

An electric field enhancement factor, β, was used as a proxy
for enhancement that occurs due to surface roughness that
could not be resolved in the numerical mesh. Increasing β
and increasing surface electric field produced rapid increase
in electric field emission. This field emission enabled forma-
tion of plasma in regions where discharges would not other-
wise occur, leading to larger total plasma volume. However,
higher β also resulted in a decrease in local electric fields
once plasma formed due to the additional source of electrons
near the surface. This change in electric field in the plasma
changed the selectivity of plasma produced reactive species
formed near the catalysts. Plasma-produced species were pref-
erentially focused onto the surface in the vicinity of the cata-
lyst, resulting in preferential heating of the particles that would
directly affect thermally sensitive chemical processes.

During review of this paper, a referee asked about elec-
tric field emission that might occur from the dielectric support
due to surface roughness represented by a β factor. Dielectrics
do emit electrons following ion bombardment with secondary
emission coefficients, γ, as large as 0.15 [63]. Dielectrics
undergo photo-electron emission [64], though the emission
may be transient due to the resulting positive charging of the
surface. Dielectrics have work functions. As a result there
will be some form of electric field emission, which will be
very sensitive to the resulting positive charging of the sur-
face [65] In metals, this positive charging is neutralized by
electron current from within the metal. Thin films of dielec-
trics over metals are able to continuously emit electrons as
the metal injects electrons into the dielectric, which then tra-
verse the thin insulator and neutralize the positive charge.
Thick dielectrics only transiently emit due to this positive
surface charging. Simulations of our PBR reactor were per-
formed for the base case while applying the expression for
metal electric field emission (equation (11)) to the surface of
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the dielectric rods (β = 100). This expression likely greatly
over-estimates the emitted current. Electric field emission did
occur from the dielectric only near the metal inclusions where
there was already physical electric field enhancement, while
surface charging eventually diminished the emission. Due to
the thickness dependence of electron emission from dielectrics
and the fact that dielectrics in these PBR systems are typically
not in electrical contact with metals except at isolated points,
we do not expect that electric field emission from dielectrics
of the type found in PBRs will be important. This expectation
is reinforced by the unrealistically large values of β that would
be required to produce emission.

Different metal catalysts produce significant differences in
chemical processing. However, the electrical processes dis-
cussed here will apply to all types of metal particles. For
example, the tendency for metal inclusions to block propaga-
tion of SIWs will depend only weakly on the type of metal as
the conductivity of all metals is large enough to produce the
blockage. The greatest sensitivity to the type of metal will be
through the work function of the metal. Larger work functions
will require larger electric fields to produce significant electric
field emission. The work functions of most metals are between
4 and 5 eV [66]. Inclusions with component metals having
lower work functions, for example Ce [2.9 eV], Ba [2.52 eV]
or Mg [3.66 eV], would be more sensitive to electric emission
due to the onset of their emission occurring at lower electric
fields. Inclusions with component metals having exposed crys-
tallographic planes with higher work functions, for example
Co [5.0 eV], W [5.22 eV] or Pt [5.2–5.9 eV], would be less
sensitive to electric field emission.

Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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