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Abstract:

Atmospheric-pressure plasmas sustained in packed bed reactors (PBRs) are being inves-
tigated 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 in PBRs by reducing operating temperature and providing additional reaction
pathways. In this paper, results from a computational investigation of plasma surface interac-
tions 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 field emission of electrons, which provides a pre-ionization
source or additional source of electrons. These regions of high electric field and sources of elec-
trons guide discharges towards the catalysts and increases fluxes of excited species, ions, elec-
trons and photons to their surfaces. These fluxes are focused primarily at the triple points be-
tween the metal, dielectric and gas. As a result, the catalyst is locally heated, which could fur-
ther lead to 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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I. Introduction

Atmospheric pressure plasmas sustained in packed bed reactors (PBRs), particularly us-
ing catalysts, are being investigated for pollutant abatement and chemical conversion for produc-
tion of value-added products [1]. These efforts include removal of volatile organic compounds
(VOCs), NOy abatement, CO, and CO chemical conversion, energy storage, and production of
hydrogen, syngas, ammonia, and ozone [2—14]. There is a large variety of plasma catalytic reac-
tors. The common feature of theses reactors is a non-equilibrium plasma being generated 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 pathways by decreasing the activation energy. In spite of its indus-
trial maturity, thermal catalysis is continually being improved. New catalysts with improved ef-
ficiencies, selectivity and turnover are being investigated experimentally and computationally
[15-24]. Similarly, research is being pursued to investigate the plasma dynamics and kinetics in
non-equilibrium plasma reactors in contact with catalysts, including 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 comparisons
between systems [38—40]. Recent experimental results 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/y-Al,Os catalyst when plasma is present [2]. This increase was greater
than the sum of ammonia production when separately using plasma or thermal catalysts. Kim
and colleagues also found that additional plasma formed in a DBD having dielectrics with im-
bedded metallic particles compared to a reactor not having metallic particles [45]. Mehta et al.
investigated plasma/catalyst synergy in ammonia synthesis using microkinetics global modeling
[39.,46]. They postulated that the fluxes of vibrational excited nitrogen produced by the plasma
could lead to a decrease in the nitrogen dissociation barrier on the surface of the catalyst and in-
creased rates of ammonia production. Other modeling investigations have primarily focused on
interactions between dielectrics and plasmas. In particular, Bogaerts et al have modeled several

systems addressing plasma interactions in PBRs and with pores [47-51]. These studies empha-



sized the importance of electric field enhancement and surface charging for propagation of plas-
mas 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, ex-
cited and radical species, and UV/VUYV photons [52]. The fluxes of these species can introduce
additional surface kinetics (e.g., adsorption of intermediaries, UV/VUYV activation), change sur-
face 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 en-
hancement occurs at triple points due to the geometry and discontinuity in permittivity, and as a
response to charge-redistribution upon application of an electric field. If of sufficient magnitude,
the electric field enhancement 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 un-
derlying dielectric and local plasma conditions, all of which can intensity the electric field at the
surface of the catalyst. These phenomena have been studied in other areas, primarily high-
voltage electrical systems [53—55]. The electric 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 2-dimensional computational investigation of the
interactions between metallic particles embedded in dielectric beads and atmospheric-pressure
plasmas 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 redistribution within the conductive catalysts led
to further enhancement 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 with moderate electric field enhancement due to

roughness.



A review of the model and description of the initial conditions are in Section II. The de-
scription of the discharge dynamics in the base-case are in Section III. Sections IV and V de-
scribe the influence of electric field emission and plasma-based heating of the catalysts. Con-

cluding remarks are in Section VL.

I1. 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 Ref. [56]. Briefly, nonPDPSIM simultaneously integrates
Poisson’s equation (Eq.1) and continuity equations (Eq. 2) for charged and neutral species over
an unstructured mesh using an implicit Newton’s method. The form of Poisson’s equation

solved is,

~V-VO =3 gn +p, (1)

where @ is electric potential, ¢ is the permittivity, g; is the charge of species i having density #;,
and py is the charge on surfaces and in materials. The continuity equation for charged particles
18,
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where 77 is the flux of species i. The source due to collisions is S;. 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. j;, is the secondary
electron emission coefficient of species m, and J, is the photoelectron emission coefficient. ¢,
is the flux of photon m incident onto the surface. Fluxes of charged particles are given by the
Scharfetter and Gummel method that automatically provides fluxes as either upwind or down-
wind.

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 neighbor-
ing sites decreases by the isotropic spherical expansion of the initially emitted photons, by ab-

sorption by the intervening species or by obscuration by structures. Photoionization of O, by



photons emitted by excited nitrogen species (Na(b'II) and Ny(b'Z)) was included. The non-
ionizing absorption cross sections were 1 X 107'* cm? for O, and N, and 3 X 1077 cm? for H,O0,
while the photo-ionization cross section was 1 x 107" cm?.

The electron temperature is obtained by integrating an electron energy conservation equa-
tion,

%(%nLkBTej:SP (TL)_LP(TQ)_V[gf‘LkBTL_KL (Te)v];) (3)

where 7, is the electron temperature, n, is the electron density, kz is Boltzmann’s constant, « is
the electron thermal conductivity, 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 equation for the
electron energy distribution. The ion temperatures were assumed to be equal to the gas tempera-
ture due to high rates of collisions at atmospheric pressure.
With the temperature of catalyst particles being important to their reactivity, heating of
solid materials was included in the model. The gas temperature is provided by integration of
%}V%W&Zk:%nm (%]kb@—n)—;femmm, @
where ,, is the mass density of the gas and ¢, 1s the specific heat. The terms are for thermal con-
duction with thermal conductivity x; elastic collision between electrons and heavy species hav-
ing mass M with collision frequency v4; contributions from inelastic electron impact and heavy
particle reactions occurring at rate Ry, and having change in enthalpy AHy,.
The temperature of plasma facing materials is given by
M =V (-«x,VT,+J,), (5)
ot
where T, is the material temperature, x;, is the material thermal conductivity and Jy is the ther-

mal heat flux (exclusive of thermal conduction) to the surface from the plasma:

Jy; =8 +5,+S, +S,, (6)
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In addition to thermal conduction from the plasma, heating of plasma-facing materials occurs by
ion impact (S;, Eq. 7); electron impact and (cooling by) emission of electrons (S,, Eq. 8); exo-
thermic and endothermic surface reactions (S,, Eq. 9); and absorption of UV/VUYV photon fluxes
(Sp, Eq. 10). The heat flux by ions, S;, has contributions from recombination of the ions with in-
cident flux /; on the surface (difference between the enthalpy of the ion H; and its neutral coun-
terpart, H,,), and the energy gained by the ion falling through the sheath potential over its mean
free path, @ The heat flux by electrons, S, includes the thermal energy of the incident electrons
having flux 7/, and the cooling of the surface by electrons emitted from the surface by way of
electric field emission /% or secondary electron emission by ion i with probability 5. The sec-
ondary electrons leave the surface with Ae= 1 eV of energy. The heat flux due to neutral species
(including excited states), S,, having incident flux 7, is due to the change in enthalpy of the inci-
dent particle and the products of surface reaction due to, for example, recombination of atomic or
radical species, and de-excitation reactions. Photon fluxes /; with energy hv; incident on the sur-
face contribute heat flux S,, de-rated by the reflection coefficient R;.

The base case has initial conditions of 300 K and 760 Torr (or 1 atm). The gas is humid
air (N,/O»/H,0=78/21/1) with background ionization of 10°> cm™. The reaction mechanism con-
taining 88 species, and 1855 reactions. The reaction mechanism is a modified version of that
discussed in Ref. [57] taking into account only gas-phase species.

Two geometries were used in this investigation, as shown in Figs. 1 and 2. The first ge-
ometry, Fig. 1, is nominally full scale, and includes 7 dielectric rods or disks (diameter 1.8 mm)
distributed in a reactor with width of 0.8 cm, height of 1 cm. (In these 2-dimensional simula-
tions, the circular dielectric disks are computationally equivalent to long rods.) The secondary
electron emission coefficient for the dielectric is 0.15. The second geometry, Fig. 2, contains 2
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 investigate the impact of several system parameters
with greater resolution of surface fluxes and of the metallic particles, while decreasing the com-

putational 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 representing the catalyst particle is
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 catalyst particles have the nominal prop-
erties of silver (work function = 5 eV, thermal conductivity = 4.06 W-cm™'-K™!, thermal capacity

=0.023 J-cm™-K™"). The relative dielectric constant (g, = 10) and conductivity (6=100 Q'-cm™)

were selected so that the dielectric relaxation time, 7 =¢&,&, / o = 1 {5 is smaller than the smallest

time-steps taken by the model (= 10 s).

I11. Plasma Propagation in PBRs with Embedded Metallic Catalyst Particles

To investigate the consequences of embedded metallic catalysts, five metallic particles
were inserted flush with the surface of the top-most rod in the full scale geometry. The sizes of
the catalysts varied between 15 and 50 um. A -30 kV, 25-ns pulse was applied to the top elec-
trode, while the bottom electrode was grounded. The location of catalysts and the voltage polari-
ty 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 en-
hancement. A cylindrical dielectric rod placed in a uniform electric field will produce electric
field enhancement at the poles of the rod aligned with the electric field and will produce a reduc-
tion in electric field at the 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 equators, as shown in Fig. 3a. With the catalysts being metal, they are
equipotential and the electric field is zero inside the catalysts. This produces electric field en-
hancement near the triple points between the metal, dielectric and gas, as shown in Fig. 3b. At
the onset of voltage, the peak E/N (electric field divided by number density) due to dielectric po-
larization is 245 Td (1 Td = 10" V-cm,) 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, n., in the base case as a negative streamer develops and
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propagates through the lattice of dielectric rods is shown in Fig. 4. The electron impact ioniza-
tion sources, S., are shown in Fig. 5. First, a negative streamer propagates downward from the
cathode (Fig. 4a and Fig. 5a). The streamer is directed towards the right by the polarization of
the top dielectric rod which increases the electric field at the top pole of the rod. The streamer
strikes and quickly charges the top surface of the rod (Fig. 5b), forming a conductive channel
from the cathode to the rod (Fig. 4b). The conductive channel shorts the potential drop between
the cathode and rod, which increases the polarization electric field of the adjacent rod, enabling
the negative streamer to propagate in that direction. Photoionization and diffusion seeds elec-
trons in the polarized electric field at the top of middle rod, which then enables a positive
streamer to propagate upwards as a restrike (Fig. 4c and Fig. 5¢). The heads of the restrike
streamer are characterized by large positive charge separation (p/q = +5 X 10'?cm™) and electron
density (ne=5 x 10'* cm™), and modest electron temperatures (T ~ 4 V). Trailing the head of
the ionization wave (IW) is a largely quasi-neutral plasma column, with low electron temperature
Te = 1 eV (Figs. 4c,d; and Figs. 5c,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 (Figs.
4e.f; and Figs Se,f). These microdischarges have electron densities of n. = 1x 10" cm™. The mi-
crodischarges positively charge the surfaces of the dielectric rods, prompting development of
surface ionization waves (SIWs) as shown in Fig. 5c. SIWs propagate towards the cathode,
along the surface of the rods, being led by an ionization front having E/N = 600 Td and T.~= 7
eV. These conditions produce a high electron impact ionization source of 5x10* cm™s™ leading
to electron and ion densities of up to ~ 3 x 10" cm™ along the surface of the rods.

The impact of the metallic particles on plasma formation and propagation are shown by
the enlarged insets in Figs. 4c,d, Figs. 5c,d, and in Fig. 6. As the external electric field is ap-
plied, the metal catalyst particles polarize, with charge being driven to the boundaries of the par-
ticles, increasing the geometrical electric field enhancement that occurs near the met-
al/dielectric/gas triple points. A small density of electrons is produced by photoionization adja-
cent 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 enhance-
ment is further increased by the compression of electric potential due to the conductive streamer;

and due to the gradient in charge density between the triple points (p/q = -4x10" cm™) and the



streamer head (p/q = +5%10"° cm™) as shown in Figs. 6b. Directly before the streamer impacts
the surface, the electric field peaks at 150 kV-cm™ (610 Td) at the edge of the catalyst. This
electric field is sufficient to produce electron emission (Fig. 6¢). The additional electrons then
serve as seed ionization for the further propagation of the streamer, and the plasma is “directed”
toward the catalysts (Fig. 4c,d; Fig. 6¢). 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 (Figs. 6¢,d). With increasing conductivity adjacent to the catalysts, the
electric field decreases, which in turn decreases the rate of ionization (Fig. 6d). The end result is
standing microdischarges adjacent to the active catalysts — those catalysts with high enough elec-
tric field to produce electron emission. 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 surface ionization waves SIWs along the dielectric rods is also im-
pacted by the catalytic particles. Due to the high conductivity of the catalysts, the electric field
does not extend across the face of the particles. There is electric field enhancement at their edg-
es, however there is no horizontal component of the electric field parallel to the face of the cata-
lyst. As a result, propagation of SIWs stalls at the edges of each of the catalytic particles. There
is insufficient horizontal component of the electric field to sustain the SIW across the metal par-
ticle.

The stalling effect is exaggerated in these simulations compared to the smaller metal par-
ticles that are used in conventional 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 SIW would likely be able to propagate
around the particles while being slowed or stalled in crossing the particles. With the particles in
some experimental systems approaching the nanoscale and also approaching 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 Fig. 7a. Propagation of the SIW

across the catalysts is shown in Fig. 7b. The propagation of the SIW in the absence of catalysts



is shown in Fig. 7c. In the absence of the particles, a SIW smoothly propagates upwards along
the surface of the rod with a maximum electron density of nearly 10'® cm™. As the SIW propa-
gates along the surface of the rod having catalyst particles and the ionization front comes in con-
tact 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 photoioniza-
tion resulting from VUV photons emission on the stalled side of the catalyst and by simply diffu-
sion of electrons across the catalyst particles. These seed electrons arrive into the high electric
field region at the triple point at the opposite side of the particle where E/N reaches up to = 1,000
Td. Avalanche quickly occurs which restarts the STW.

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 silver cata-
lysts to a zeolite packed bed reactor increased the light emission near the surfaces of the support
dielectric in spots associated with the catalysts. We obtained similar results by modifying a 2-
dimensional PBR previously used in experimental studies described in Refs. [58] and [59] and
shown in Fig. 8a. Here, seven dielectric disks (or rods) were inserted between electrodes in a
pin-to-plane configuration. Two glass plates enclosed top and bottom sides of the reactor, while
ambient air flowed through the sides. A fast ICCD camera 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 Fig. 8a to emulate catalysts. All other experimental parameters were the same as those
in discussed in Ref. [59].

A pulsed high voltage power supply was used to generate 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 adja-
cent to the silver films, as shown in Fig. 8b. These brighter regions did not occur in absence of
the silver films. Results from the simulation for similar conditions, shown in Fig. 8c, have high
densities of light emitting excited states of N, adjacent to the catalysts, concurring with the ex-

perimental imaging.

IV. Influence of Electric Field Emission
The reduced geometry (Fig 2) was used to further investigate the impact of electric field

enhancement and electric field emission due to the metallic catalytic particles. Electric field
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emission from surfaces in the model is given by the Fowler-Nordheim expression for thermion-

ically enhanced emission [55],

jo = AT? exp(—((I)W _J7E, )/(kBT)) , (11)

where 4 is the Richardson-Dushman constant (120.13 A/cm?-K?), T is the temperature of the sur-
face, @y is the work function of the metal, kz is Boltzmann’s constant, g is the elementary
charge, and £ 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 ac-
count for surface structures which were too small to be resolved by the numerical mesh. Surface
roughness was accounted for by including a multiplicative factor to increase the electric field at
the surface of the metal in Eq. 11. The electric field enhancement factor, £, 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, S can be estimated by

. (") 1
In(44/)-2d d

where / is the height of the roughness, 7 is the radius of curvature of its tip, and d is the distance

(12)

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, # 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 roughness (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 f in this investigation was varied between 1 (no enhancement) and
150 and was applied to only the metal surfaces.

First, to investigate the impact of the geometric field enhancement, the catalysts were
made to protrude from the dielectric rod, as shown in Fig. 9. The electric field, ionization source
and electron density are shown as the positive ionization wave 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 from
120 kV-cm™ to 170 kV-cm™. The second was an apparent decrease in the importance of the

metal/dielectric/gas triple point. The latter was due to the location of surface charge accumula-
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tion. Charge redistribution at the surface of the metal results from the applied field magnitude
and direction. The topology of the surface, therefore, will impact the location of regions with
highest surface charge density corresponding 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 positive ionization wave approached the dielectric rod having the catalysts,
a high conductivity plasma column was formed. The electric field in the plasma column de-
creased, compressing electric potential ahead of the IW. This resulted in additional electric 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 density 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 a SIW. The
SIW then stalled at the next catalyst. The positive streamer propagation was focused toward the
regions of negative surface charge, as was the case with flat catalysts. Photoionization and elec-
tron drift are responsible 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 plas-
ma at the tip of the protrusion.

Surface electric field enhancement factors, S, were then used to investigate the impact of
enhancement produced by roughness that cannot be resolved in the numerical mesh. The geome-
try used was the same as that shown in Fig. 2. Electron densities for § values between 25 and
150 are shown in Fig. 10. For g < 10-20, there were not significant departures from the previ-
ously described discharge dynamics. For example, for =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 catalyst
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 approximately 25 pm of
the surface, the electric field at the triple point increased to =530 kV/cm, which triggered electric
field emission. As shown in Fig. 10a, this produced a filament of electron density that bridged
the gap between the IW and the catalyst.

With larger values of f, the plasma became more strongly supported by surface process-

es. For progressively larger values of £ (50 < < 75), the electric fields adjacent to the catalysts
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required to overcome the work function of the metal were produced earlier. The catalysts be-
came active when the IW was further from the catalysts. Electric field emission transitioned
from being only from the triple points of the center catalyst particle to covering the surface of the
catalyst. For > 75, electric field emission begins to occur at the triple points of the neighboring
catalysts. Due to seed electrons from field emission at earlier stages of the discharge, the
streamers became more directed toward the catalysts and the streamer propagation velocity in-
creased (1x10’ cm-s™ to 3x10° cm-s'l).

At high values of £ (>100), the discharge is initially fully sustained by surface electric
field emission, as in Fig. 10d. The emitted electrons initially follow the electric field lines, pro-
ducing a negative, Townsend-like discharge propagating downwards. The direction of plasma
propagation depends on the type of discharge formed. With low values of £, 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 posi-
tive streamer. With high values of f, electrons emission occurs at lower 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 (electri-
cally 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 avalanche when electric fields are expected to be the highest. To demonstrate these prin-
ciples, the reduced geometry (Fig. 2) was used to compare otherwise identical discharges but
with opposite polarities. The surface roughness factor was f = 10. The electron density and
charge density are shown in Fig. 11a 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 ap-
proaches the metal particles the electric field intensifies, leading to electric field emission of
electrons.

When placing +10 kV on the top electrode, the orientation of the field is reversed and the

initial streamer travels in the opposite direction — as shown in Fig. 11b. (Microdischarges in
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these systems tend to be initiated by positive streamers.) The metal inclusions in this configura-
tion have an anodic role with respect to the local plasma potential, polarizing charge to be posi-
tive along the surface of the particle. As plasma forms, the high current of electrons to those sur-
faces neutralizes and then charges them negatively. As the streamer approaches the lower die-
lectric rod, compression of the potential intensifies the electric field at the surface, directly anal-
ogous 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 emission will occur in PBRs independ-
ent of the applied polarity as long as the metal inclusions have a geometrical orientation 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 several. Polarization of metallic parti-
cles result in guiding of streamers towards the catalysts, leading to preferential rates of interac-
tion between catalysts and plasma products. The resulting electric-field emission of electrons
can lead to 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 instan-
taneous electric fields and cooling electrons near the catalyst surfaces. Variation in electron
temperature can, then, affect the local gas kinetics, and provide an additional pathway to catalyt-
ic 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, which
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 ex-
ample, an electrode connected to a power supply, 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 supply may itself have a finite capacitance but, in principle,

14



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 parti-
cle and the conductivity of the plasma by the particle.

V. 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 some thermostatic reac-
tions. Fluxes of energetic UV photons, electrons and ions can clean contaminants from surface
sites; and high applied electric fields can decrease potential energy barriers of surface reactions.
Only a subset of these phenomena could be investigated in this work — fluences of reactive spe-
cies and the heating rates.

The fluences of selected plasma produced species and photons to the surfaces of the cata-
lysts in the reduced geometry as a function of § are shown in Fig. 12. These fluxes are integrated
over the surface of the center catalytic particle. As f increased, the fluences of all ions, radical,
photons and electrons decreased. This result, while counter-intuitive, is explained by the short-
ing of the electric field in the gas gap by the conductive plasma enabled by high . In the instant
that electric emission begins, there is an increase in production of all ions, radicals, photons and
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 surfaces increases, the electric
field in the plasma decreases and the local electron temperature decreases, causing the rates of
electron-impact reactions to also decrease. The relative rates of reactions having higher thresh-
old energies decreased more quickly with increasing . For example, the electron impact disso-
ciation of N has a higher threshold energy (= 12 eV) than that for O, (= 5 eV). As a result, the
fluence of atomic nitrogen onto the catalysts decreases more rapidly 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 de-

scribed in Section II. The power deposition onto the surface of the catalyst and the fractional
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contribution to heating the catalyst due to electrons, ions, and neutrals are shown in Fig. 13 for g
=10. The contribution from UV photons is small. At the beginning of the discharge (t < 1.5 ns),
the majority of heating is by electrons, though the absolute magnitude 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 deposition by ions which carry with them their ioniza-
tion potential as well as kinetic energy due to the local electric field. With increasing dissocia-
tion of the gas adjacent to the particle, neutral reactions on the surface of the particles also begin
to heat the particles. The heating of the particles, up to 60 kW/cmZ, occurs over about 1 ns, dom-
inated 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 surface reactions of the neutral spe-
cies. Heating of the particles by surface reactions will continue as long as there are radicals dif-
fusing 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 pJ/cm®. The
heating of the particle is then determined by the repetition rate of the discharge and the thermal
conductivity of the dielectric in which the particle is embedded. To model the heating of the cat-
alyst, the temperature equation was integrated while providing impulsive increments of surface
energy (as would be delivered by the discharge). The energy source terms as a function of posi-
tion on the catalyst from the first pulse were recorded and inserted as a delta function at a fre-
quency of 10 kHz. Heat conduction and convection equations were solved throughout the re-
duced computational domain while having a constant temperature (300 K) boundary condition
on the walls of the reactor. Over the equivalent of 150,000 pulses (15 seconds at 10 kHz), the
temperature of the catalyst increased to =500 K before reaching a quasi-equilibrium. This in-
crease of 200 K is high enough to impact rates of thermocatalytic 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 locations. Thermal conduction then spread the

higher temperature throughout the rest of the solid — metal and dielectric alike.

VI. Concluding Remarks
Interactions between atmospheric-pressure plasmas and metallic catalysts in a packed-

bed reactor were computationally investigated. In addition to geometrical electric field en-
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hancement, the metallic particles produced further local electric field enhancement due to redis-
tribution 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 ad-
ditional plasma near the catalysts therefore led to higher fluxes of reactive species to their sur-
faces 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, £, was used as a proxy for enhancement that occurs
due to surface roughness that could not be resolved in the numerical mesh. Increasing f and in-
creasing the local electric field produced rapid increase in electric field emission. This field
emission enabled formation of plasma in regions where discharges would not otherwise occur,
leading to larger total plasma volume. However, higher f 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 preferentially focused onto the
surface in the vicinity of the catalyst, resulting in preferential heating of the particles that would
directly affect thermally sensitive chemical processes.

During review of this paper, a referee asked about electric field emission that might occur
from the dielectric support due to surface roughness represented by a £ factor. Dielectrics do
emit electrons following ion bombardment with secondary emission coefficients, y, as large as
0.15 [63]. Dielectrics undergo photo-electron emission [64], though the emission may be transi-
ent due to the resulting positive charging of the surface. Dielectrics have work functions. As a
result there will be some form electric field emission, which will be very sensitive to the result-
ing positive charging of the surface [65] In metals, this positive charging is neutralized by elec-
tron current from within the metal. Thin films of dielectrics over metals are able to continuously
emit electrons as the metal injects electrons into the dielectric, which then traverse the thin insu-
lator. Thick dielectrics only transiently emit due to this surface charging. Simulations of our
PBR reactor were performed for the base case while applying the expression for metal electric

field emission (Eq. 11) to the surface of the dielectric rods (£ = 100). This expression likely
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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, the fact that dielectrics in these systems are typically not in
electrical contact with metals except at isolated points, and the unrealistically large values £ that
would likely be required, we do not expect that electric field emission from dielectrics of the
type found in PBRs will be important.

Different metal catalysts produce significant differences in chemical processing. Howev-
er, the electrical processes discussed here will apply to all types of metal particles. For example,
the tendency for metal inclusions to block propagation of surface ionization waves 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 4-5 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 occur-
ring at lower electric fields. Inclusions with component metals having exposed crystallographic
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.
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Figure Captions:

1.

10.

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.

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.

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

Time evolution of electron density in the full-size base-case. a) 3.0 ns, b) 10.8 ns, ¢) 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.

Time evolution of electron impact source time in the full-size base-case. 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.

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, ¢) 12.1
ns and d) 12.3 ns. These images are during streamer propagation toward the metallic cata-
lysts. Gradients in charge density lead to formation of strong electric fields, and electric field
emission of electrons from the surfaces of metals.

Electron density in the full-size geometry with catalysts arranged along the left pole 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 to 16.9 ns) showing stagnation of SIWs ap-
proaching the catalysts and re-ignition on the other side. c) SIW for the same location with-
out metallic catalysts. Densities are plotted on a 4-decade log scale.

. Experimental and computational comparison. a) Schematic experimental set-up of 2-

dimensional packed bed reactor with silver film placed on top right dielectric disk. b) ICCD
image of plasma emission near silver film. ¢) Computed densities of light-emitting species in
a similar system.

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, ¢) 0.8
ns and d) 0.8 ns. Electron density and source are plotted on a 3 decade log scale unless indi-
cated otherwise. The maximum values or range of values plotted in each are indicated in
each frame.

Electron densities at the end of the voltage pulse for different values of the electric field en-
hancement factor, f, in the reduced geometry at different times (left to right). f = a) 25, b)
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11.

12.

13.

50, ¢) 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 J,

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 prop-
erties and effects of the catalysts are dependent on whether the metal inclusions serve in a ca-
thodic role and not necessarily on the polarity of the pulse.

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) N, ",
0,", UV photons and electrons. With the increase in conductivity due to electric field emis-
sion of electrons, the electric field in the adjacent plasma decreases, leading to a colder plas-
ma and decreased fluences to the surface.

Total and fractional power deposition to surface of catalyst as a function of time for the re-
duced scale geometry base case. Power deposition by ions dominates, with neutral chemical
reactions dominating in the afterglow.
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