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Abstract

Atmospheric-pressure non-equilibrium plasma is emerging as a promising technology for
catalyzing CO, hydrogenation into valuable oxygenated chemicals at ambient temperatures,
making it a focal point under current dual-carbon policies. This paper presents a 2D fluid model
for plasma CO, hydrogenation using coaxial dual-layer dielectric barrier discharge at
atmospheric pressure. This research investigates streamer discharge characteristics induced by
varying feed gas volume ratios, positive and negative nanosecond pulsed excitations, and the
presence or absence of dielectric sphere filling. The results indicate that increasing hydrogen
content in the feed gas under positive nanosecond pulses enhances electron density, local
electric field strength, and electron temperature at the streamer forefront, the streamer
propulsion speed is faster, and the streamer morphology becomes more convergent. Moreover,
higher hydrogen content facilitates methanol synthesis. When the excitation voltage is a
negative nanosecond square wave pulse, the higher electron density, spatial electric field and
electron temperature are primarily concentrated on the inner dielectric surface, and the streamer
is more dispersed, filling the entire gap, exhibiting discharge characteristics distinctly different
from those of the positive pulse streamer.

Keywords: coaxial dual-layer dielectric barrier discharge, CO, hydrogenation, positive and
negative streamers, reaction mechanism
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1. Introduction

CO,, a greenhouse gas, has significantly increased at atmo-
spheric levels due to human activities, thereby exacerbating
the greenhouse effect. By 2023, global CO, emissions from
fossil fuels had resumed an upward trajectory, reaching
record levels of 36.8 billion tones—a 1.1% increase from
2022 [1]. Strategies to mitigate CO, excess include carbon
capture and storage, carbon capture and utilization, and
carbon capture and recovery, highlighting the urgency of
converting CO, into valuable chemicals and fuels as a criti-
cal challenge of the 21st century [2]. A prevalent approach
involves co-oxidizing CO, with hydrogen-source reactants
such as CH,, H, and H,O to produce valuable oxygenated
compounds such as methanol, formaldehyde, dimethyl ether
and formic acid. Methanol is particularly esteemed for its
clean energy attributes, ease of storage and transport, making
CO,-to-methanol synthesis a feasible solution.

Given the robust stability due to strong carbon-oxygen
bonds (283 kJ/mol) and a Gibbs free energy of —394 kJ/mol,
CO, conversion benefits when paired with reactants of
higher Gibbs free energy (less negative). Hydrogen (Gibbs
free energy AG = 0 kJ/mol), for example, contributes its
inherent chemical energy to effectively drive CO, conver-
sion [3]. Splitting CO, molecules necessitates substantial
energy and typically occurs under catalytic reaction condi-
tions with elevated temperatures and pressures, which can
result in significant environmental pollution and adverse
impacts [4]. The considerable mass disparity between elec-
trons and heavy plasma particles ensures minimal energy
loss in elastic collisions, facilitating rapid energy absorption
from electric fields. These electrons act as catalysts within
non-thermal plasmas at atmospheric pressure, generating
highly reactive chemical combinations and energized elec-
trons capable of dissociating CO, molecules at ambient
temperatures [3]. Thus, plasma technology offers a promis-
ing approach for CO, conversion, supported by extensive
research in this field [5, 6]. Various types of plasma devices
utilized for CO, conversion include dielectric barrier
discharge (DBD) [7-9], gliding arc discharge (GA) [10-12],
glow discharge [13—15], corona discharge [16—18] and
microwave discharge (MW) [19, 20]. Among them, atmo-
spheric DBD is a promising reactor due to its strong plasma
chemical activity, low gas temperature, and ability to easily
incorporate various catalytic particles. In addition, it can
effectively balance energy efficiency, conversion rate and
economic benefits.

Previous researchers have conducted significant research
into atmospheric-pressure non-equilibrium plasma CO, split-
ting and catalytic conversion, emphasizing a combined
approach of experimental diagnostics and numerical simula-
tions. Experimental diagnostics encompasses electrical and
optical techniques, such as voltage and current waveforms
measurement, Lissajous graphical power calculations, emis-
sion spectroscopy (OES), ICCD high-speed imaging, and
chemical analysis via gas chromatography/mass spectrome-

try. Numerical simulations utilize fluid models, hybrid
models, etc, as a tool to support experimental diagnostics for
mechanistic studies. Douat ef a/ experimentally investigated
the dissociation of CO, in symmetric point-to-point DBDs
[21]. The results indicated that the CO, conversion rate is
primarily dependent on the specific energy input rather than
the geometric configuration of the DBD. Barkhordari et a/
designed a DC shunt operation for an atmospheric-pressure
A1/CO, mixed gas plasma jet [22]. They demonstrated that
increasing the input current results in higher electron number
density and improved efficiency in decomposing CO, into
CO, O, and O. Wang et al designed four coaxial cylindrical
dielectric barrier discharge micro-plasma reactors, aimed at
the non-catalytic decomposition of pure CO, into CO and O,
under conditions of low temperature and atmospheric pres-
sure [23]. The study concluded that incorporating segmented
outer electrodes enhances CO, decomposition, leading to
higher CO, conversion rates and energy efficiencies in
segmented outer-electrode micro-plasma reactors. Navascués
et al attempted to enhance conversion and energy efficiency
in a parallel plate packed-bed plasma reactor by utilizing
lead titanate as the ferroelectric material, aiming to avoid
generating harmful NyOy by-products [24]. CO, hydrogena-
tion for the synthesis of high-value oxygen-containing
compounds has also been a hot topic in recent years [25, 26].
Wang et al suggested that employing bimetallic Ni-Co cata-
lysts in synergistic plasma-catalyzed CO, hydrogenation to
methanol significantly enhances methanol selectivity and
CO, conversion [25]. Zhang et al designed a dielectric
barrier discharge reactor to study the electron-induced and
thermochemical effects on CO, hydrogenation [27]. The
findings indicated that CO, conversion depended on
discharge mode and electron density, rather than electron
energy. Zeng et al explored plasma-catalyzed CO, hydro-
genation using various catalysts at different temperatures [28].
The study revealed that plasma catalysis greatly enhances
CO, conversion, with SiO, demonstrating stronger catalytic
activity compared to an Al,Os-supported catalyst. Cui et al
conducted experimental research on plasma co-catalyst
catalyzed CO, hydrogenation to methanol, demonstrating
that this approach can enhance CO, conversion by 10% and
increase CH;0H selectivity to 65% [29]. Sun et al investi-
gated the CO, hydrogenation process using Pd/ZnO and ZnO
in a tubular DBD reactor under atmospheric pressure [30].
The study revealed that DBD combined with Pd/ZnO cata-
lysts nearly doubled both CO, conversion (36.7%) and CO,
yield (35.5%). Fuente et al explored surface wave plasma
hydrogenation of CO, in order to produce high-value chemi-
cals [26]. They examined how gas volume ratio, gas flow
rate and specific energy input affect reaction performance.
Experimental findings indicated that increasing the initial
hydrogen content in the reaction gas raised electronic excita-
tion temperature and electron density. Wang et a/ achieved
atmospheric-pressure room-temperature DBD synergistic
catalyst CO, hydrogenation to synthesize high-value
methanol [31]. They primarily investigated the effects of
different electrode structures in reactors, catalytic synergy,
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and gas volume ratios on methanol synthesis. The results
indicated that the unique water-grounded electrode exhib-
ited optimal reaction performance. With increasing initial
hydrogen content in the reaction gas, the methanol content in
the products also increased.

In atmospheric-pressure non-equilibrium plasmas, the
short electron mean free path and the high electron collision
frequency led to inadequate experimental diagnostic meth-
ods to accurately determine the core discharge parameters,
especially for the carbon dioxide or carbon dioxide-rich
plasma discharges. The main reasons are as follows. First,
the atmospheric DBD in carbon dioxide or carbon dioxide-
rich mixture is not spatially homogeneous but consists of
numerous filamentary microdischarges (FMs) that occur
randomly in both time and space along the axial and radial
directions, making experimental optical diagnostics difficult
to conduct. Second, there is no efficient photoionization in
carbon dioxide or carbon dioxide-rich gas plasma since
photons in the relevant energy range are rapidly absorbed,
causing there to be two to three orders of magnitude lower
than that in air. Specifically, the photon absorption length in
carbon dioxide is only 6.1-40 pum at standard temperature
and pressure, while in air it is much longer, ranging from
33 pym to 1.9 mm [32, 33]. Thus, the streamers propagate
more stochastically, and they could eventually branch further
presenting challenges for experimental diagnostics. Finally,
when catalyst beads are filled in the DBD reaction chamber
(Packed-Bed Dielectric Barrier Discharge, PBDBD), experi-
mental optical diagnostics becomes more difficult to
perform. Therefore, it is highly necessary to develop specific
plasma discharge models related to CO, dissociation and
hydrogenation, as well as conduct numerical simulations to
advance research in this critical area. Kolev et al studied
CO, decomposition efficiency in pulsed atmospheric gas
discharge between positive and negative electrodes using a
zero-dimensional (0D) plasma model [34]. This study
revealed that varying pulse length and power density can
enhance CO, dissociation and energy efficiency. Wang et al
systematically examined the characteristics of pulsed CO,
discharges, including product distribution and reaction path-
ways, within the Martian atmosphere [35]. Simulation results
indicated that primary charged particles consist of electrons
and COj ions. Electron collisional dissociation and electron
dissociative collisional adsorption reactions primarily gener-
ate CO and O. The characteristics of discharge and plasma
chemistry are influenced by the pulsed voltage waveform
and species densities rise with both the voltage rising and
duration time. Kourtzanidis et al/ simulated a 2D coaxial
PBDBD CO, plasma and determined that streamer discharge
arises from a blend of glow and volumetric/surface stream-
ers, occurring alternately and irregularly throughout the gas
volume [36]. Cheng et al employed a 2D plasma model to
study the electrodynamics, conversion rate and energy effi-
ciency of dry reforming of methane in a nanosecond pulsed
PBDBD plasma [37]. Numerical results demonstrated that
plasma propagated through surface ionization waves and
filamentary micro-discharges within the enclosed space

between dielectric spheres. Du et a/ utilized pulsed DBD
plasma to catalyze CO, hydrogenation and conducted
numerical simulations to examine how nickel and copper
catalysts affect methanol and methane selectivity [38]. The
study revealed the underlying production pathways for CHy,
CH;0 and CH;0H for each catalyst. De Bie ef a/ examined
the reaction mechanism of CO, hydrogenation in DBD
plasma using a 1D fluid model, identifying primary path-
ways for generating CO, CH,;, CH,O and CH;OH under
varying reaction gas ratios [39]. Liu et a/ compiled and
summarized advancements in plasma CO, hydrogenation
synthesis of valuable compounds, highlighting future
research avenues [40]. Ponduri et al conducted numerical
simulations to investigate how applied voltage affects CO,
dissociation via DBD plasma [41]. In earlier studies, we
developed 0D and 2D pin-plate models for atmospheric-
pressure non-equilibrium plasma CO, hydrogenation, focus-
ing on how CO,/H, volume ratios affect plasma discharge
characteristics [42, 43].

In summary, previous studies predominantly focused on
optimizing power supply parameters, catalyst types and elec-
trode configurations to enhance CO, dissociation and energy
efficiency. Research on the physical mechanisms underlying
plasma discharge remains relatively insufficient and scarce
and requires further development. Our previous numerical
simulation results indicated that the successive amount of
added highly reducing H, can significantly alter the CO,
plasma discharge characteristics and products. Therefore, the
CO,/H, molar ratio in the initial feed gas is a critical parame-
ter that influences the discharge of products. Furthermore,
there is a limited body of literature on plasma CO, dissocia-
tion or hydrogenation under positive and negative pulsed
excitations. In this context, the present study develops a
coaxial dual-layer DBD plasma fluid model for carbon diox-
ide hydrogenation, based on PASSKEy. This model investi-
gates the effects of positive and negative pulsed excitation,
as well as the CO,/H, molar ratio, on streamer propagation,
energy deposition, dielectric surface charge distribution, and
discharge products. In addition, the effect of dielectric beads
packing in the PBDBD reactor on plasma CO, hydrogena-
tion, particularly methanol synthesis, has also been studied.
The coaxial dual-layer DBD electrode structure is adopted
because it can generate a stable and uniform streamer
discharge with high plasma chemical activity. Moreover, the
dual-layer dielectric can also protect the two metal elec-
trodes from plasma particle erosion [44].

2. Simulation mode

2.1. Simulation configuration

This study develops a coaxial dual-layer DBD 2D fluid
model using the PASSKEy (Parallel Streamer Solver with
Kinetics) code. The accuracy and reliability of the numeri-
cal simulations are substantiated with relevant experimental
diagnostic data, making it suitable for simulating complex
reactive systems in non-thermal equilibrium plasmas [45, 46].
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Figure 1(a) shows the schematic diagram of the plasma
simulation’s geometric structure, covering a computational
area of 5x5 mm? As shown in figure 1(a), the central red
area represents a metal high-voltage electrode (0.1 mm
radius), surrounded by a tightly wrapped inner dielectric
layer (& =4) with a thickness of 0.2 mm. The thickness of
the outer dielectric layer (g, =4) is 0.3 mm (2.2 < R < 2.5),
and the outermost layer with a thickness of 0.01 mm serves
as the grounded electrode. The blue area denotes the plasma
discharge region, and the discharge gap is 1.9 mm. This elec-
trode configuration is referred to as dual-layer DBD struc-
ture. One single positive or negative square pulsed wave-
form is applied to the central red electrode, as can be seen in
figure 1(b). The waveform features rising and falling edges
lasting 5 ns each, a peak duration of 10 ns, that is, a pulse
period of 20 ns, and a peak pulse voltage of 12 kV. A numer-
ical simulation study of the plasma CO, hydrogenation in
PBDBD for methanol synthesis is presented in section 3.2.
Specifically, the discharge gap is filled with two layers of
dielectric spheres, comprising a total of 12 spheres with a
radius of 0.42 mm (&, =4). The first layer consists of six
spheres arranged in a regular hexagon with a side length of
1.0 mm, and the second layer also consists of six spheres
arranged in a regular hexagon with a side length of 1.73 mm.

The streamer inception and propagation in the DBD at
atmospheric pressure are characterized by steep gradients of
electric field and charged particles. Thus, a uniform square
mesh with a size of 2.5 um is adopted in the entire domain.
Meshes are accordingly ranged up to 2000%2000 grid cells,
resulting in a large computational cost, which is one of the
reasons a short pulsed-dc voltage with a period of 20 ns is
adopted in our model. For instance, it takes 4-7 days to
complete various simulations on a DELL T7920 tower work-
station, which consists of dual Intel Xeon Gold 6136 CPUs
with 12 cores and 24 threads each.

2.2. Governing equations

This study employs the classical fluid model, incorporating
the drift-diffusion two-term approximation of species conti-
nuity equation, the electron energy conservation equation

Ground (=0)|

(a)

5 mm

Voltage U(t) (V)

.0lmm
Dielectric ===

T
0.3mm

5 mm

12000 4
8000 4
4000 4

0+

-4000 +

-8000 4

120004,

and the Poisson equation of the electrostatic field, expressed
as follows:

%+V'F,~=Si+5phy,~,i=1,2,---,Nwtal, )
I'i=unE—-DVn,, 2)

M) 9 L=l BT Pe), )
I'.,=-D.V(n, &,)—nenuE. 4

Equation (1) defines n; as the number density of each ith
species, with §; and S, representing chemical reaction and
photoionization terms, y; and D; denoting the mobility and
diffusion coefficients of charged species, respectively. E
signifies the electric field, while I'; stands for the flux of
species (equation (2)). Our model excludes the photoioniza-
tion effect of CO, because no efficient photoionization
mechanism is known for gases with a large CO, fraction
since photons in the relevant energy range are quickly
absorbed [46]. Equations (3) and (4) define variables n., &y,
r., E, q., D,, u, and P(g,) as electron number density,
mean electron energy, electron energy flux, electric field,
elementary charge, electron energy diffusion coefficient,
mobility, and electron collision power lost, respectively [47].
In equation (3), the first and second terms on the right-hand
side represent the energy gained by the accelerated electrons
in response to the electric field and the energy consumed by
the electron collision reactions, respectively. Local Mean
Energy Approximation (LMEA) and Local Field Approxi-
mation (LFA), which are commonly used for transport, rate
coefficients and other electronic properties, are included in
the hydrodynamic description of gas discharge plasma.
Research indicates that LMEA is more accurate and reliable
when the steamer contacts the dielectric surface at both the
head and bottom [48, 49]. Therefore, in this study, electron
swarm parameters including electron transport coefficients,
reaction rates and electron collision power lost are calcu-

(b)

—— Positive
Negative

Time (ns)

Figure 1. (a) Simulation configuration and (b) positive and negative nanosecond pulsed voltage waveforms.
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lated by Bolsig+ using the LMEA method [50].
The Poisson equation takes into account the surface
charge density over the dielectric:

V(Soé‘rv‘ﬁ) =—p—-0, (5)
oo
= = Zq,-(—v T, (6)

where p is the space charge density, o is the surface charge
density on the dielectric and ¢ is the electric potential. &,
and &, are the dielectric constant in vacuum and the relative
dielectric constant of dielectric material (& =4), respec-
tively. To facilitate calculations, a simplified CO,/H, chemi-
cal reaction fluid model is used. The CO,/H, kinetic scheme
includes 22 species and 52 chemical reactions, as shown in
tables 1 and 2, respectively. Detailed plasma chemical reac-
tions include 12 electron collision reactions and 40 reactions
involving heavy particles.

2.3. Initial and boundary conditions

For the initial conditions, all the simulations are carried out
in the homogeneous CO,/H, mixtures (4:1, 2:1 and 1:1) at
300 K and atmospheric pressure. The initial seed electron
density is 10" m™ uniformly distributed in the plasma
domain, and the same initial ion density is obtained based on
quasi-neutrality. For the Poisson equation, classical Dirich-
let boundary conditions are applied on metal surfaces,
including the central metal electrode ¢ = +U(f) and outer-
most grounded electrode ¢ =0, while Neumann boundary
conditions are used on the non-metal boundary: d¢/dn = 0.
For the transport equation, simple flux continuity boundary
conditions are taken into account. A zero-flux boundary
condition is applied at plasma-surface interfaces for neutral
species. For charged species, incoming electrons at the
boundary are represented as dI'./dn = 0, and outgoing elec-
trons as I'.= —vyIl';. Incoming ions at the boundary are
represented as I';/dn = 0, and outgoing ions as I'; = 0. The
model assumes a secondary emission coefficient of y = 0.01
for dielectric. It is worth noting that the use of plasma
boundary conditions in this way has defects, and is therefore
not suitable for accurately calculating the plasma sheath at
the boundary. Typically, the Neumann boundary condition is
a simpler solution. However, due to the fact that determin-
ing the electric field at the model boundary and specifying
plasma density values at virtual grid points are inconsistent
with the model algorithm (explicit, operator splitting), earlier
studies have adopted a compromise flux continuity bound-
ary [32, 57]. Although this boundary is not perfect, it is

Table 1. Overview of particles included in the model.

Item Particle

Molecule CO,, Hy, H,0, CO, O,, CH;0H

Ion CO;, H;, CO*, 07, H,0", 0

Radical C, H, OH, CH, CH,, CH;, CHO, CH;0, CH,0H

adequate for the purpose of the streamer propagation simula-
tion in this study. The comparisons between earlier papers
and experimental results also confirm this point [32].

3. Results and discussion

3.1. Coaxial dual-layer DBD plasma propagation stage

Figures 2(a)—(c) show the spatiotemporal distributions of
electron density in positive pulsed streamer with CO,/H,
volume ratios of 4:1, 2:1 and 1:1, respectively. Figure 2(d)
shows the spatiotemporal distribution of electron density in
negative pulsed streamer with a CO,/H, volume ratio of 2:1.
Obviously, the positive pulse excitation produces a cathode-
directed positive streamer, which glows at the surface of the
inner dielectric layer at about 4 ns, and the streamer channel
spreads to the outer grounded dielectric layer as the voltage
increases. The PASSKEy software employs a uniform
square grid to discretize the circular dielectric layers, which
results in small protrusions at four symmetric directions on
the dielectric sphere surface, leading to geometric curvature
discontinuity. These protrusion regions induce the local elec-
tric field enhancements. When the applied voltage reaches
the breakdown threshold, the streamer preferentially initi-
ates and propagates from these micro-protrusions, resulting
in the formation of these branching streamers. It is notewor-
thy that when the grid cell size is reduced from 4.0 ym to
2.5 pm, the grid division at these micro-protrusion locations
becomes smoother, which largely suppresses the extent of
streamer branching (data not shown). However, even with
finer grid division, this branching phenomenon cannot be
eliminated, at the cost of significantly increased computa-
tional burden. Therefore, based on the inherent limitations of
the model grid division and the trade-off in computational
efficiency, the grid size in this study is set to a moderate
4.0 pym. However, as the dielectric spheres are filled in
PBDBD, it seems that the positive streamer propagates
through the gaps between the adjacent inner dielectric
spheres. In addition, positive streamers also exhibit multi-
directional propagation rather than uniform expansion in
PBDBD. It is noteworthy that the morphology of streamer
propagation exhibits substantial variation depending on the
initial hydrogen concentration increase from 20% to 50%.
The streamer discharge channels tend to shrink more and to
propagate faster, which is consistent with experimental
observations in Liu et al [58]. This phenomenon may be
attributed to the fact that the ionization rates are elevated due
to the increasing energy deposition with high initial H,
content. Unlike positive streamer, the discharge channel of
negative streamer is more uniformly dispersed, with no
distinct streamer head. The discharge channel fills the entire
discharge space, which is consistent with the basic character-
istics of negative streamer, as shown in figure 2(d).

As shown in figures 2(e) and (f), the spatiotemporal
distributions of electron density in the PBDBD positive
streamer are shown with CO,/H, volume ratios of 2:1 and
1:1, respectively. It can be observed that the positive
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Table 2. Chemical reactions included in our model (molecules-meters-Kelvin).

Index Reaction formula® Rate constant” Threshold (eV) Reference
R1 e+H,=>c+2H f(Em) 8.9 [51]
R2 e+H,=>2e+H; Sfem) 15.4 [51]
R3 e+CO,=>2e+CO; f(em) 13.8 [52]
R4 e+C0O,=>CO+0" fEm) [52]
R5 e+CO,=>2e+CO"+0 fEm) 19.5 [53]
R6 e+CO=>2e+CO" f(em) 14 [51]
R7 e+CO=>C+CO" Sflem) [51]
RS e+0,=>0+0" SfEm) [51]
R9 e+0,=>2e+0} fen) 12.06 [51]
R10 e+H,0=>H,+0" Sf(em) [52]
R11 e+H,0=>¢e+H+OH flem) 7 [52]
RI12 e+ H,0=>2¢e+H,0" f(Em) 13 [52]
R13 e+H; =>2H 1.6x1071 [56]
R14 e+CO;=>C+0, 3.94x10737,704 [54]
R15 e+C0O;=>C0+0 2x1071 7,03 [54]
R16 e+CO" =C+0 3.68x107147, 0% [54]
R17 e+0;=>0+0 6x107837, 037,705 [54]
RIS ¢+H,0" =>H+OH 5.1x107 147,03 53]
R19 H+H+M=>H,+M 6x107% [56]
R20 H+CO+M=>CHO+M 1.54x1074 [56]
R21 H+OH+M=>H,0+M 433x107% [56]
R22 0+CO+M=>CO,+M 1.11x107¥ [56]
R23 O+ CHO=>H+CO, 5x107"7 [56]
R24 0+ CHO=>CO + OH 5x107"7 [56]
R25 CH,0 + H => CH;0H 3.39x10'%(T,/29)° [55]
R26 0+0+M=>0,+M 7.19x107% [56]
R27 H+ CH;0H => CH,0 +H, 3.18x1072 [56]
R28 CH; + OH+M=>CH;OH+M 2.3x107% [56]
R29 H,O + CH;0 => CH;OH + OH 1.67x107% [56]
R30 CHO + CH;0 => CH,0H +CO 1.5x1071¢ [56]
R31 H, + CH,0H => CH;O0H + H 1.89x107% [56]
R32 H + CH,OH + M => CH;OH+M 1.18x107! [56]
R33 O + CH;0H = > OH + CH,0H 1.12x1072° [56]
R34 0+ CH;0H => OH + CH;0 1.68x1072! [56]
R35 OH + CH;0H => H,0 + CH,0H 7.67x107" [56]
R36 OH + CH;0H => H,0 + CH;0 1.35x107" [56]
R37 CHO + CH,OH => CH;0H + CO 2x1071 [56]
R38 C+H,=>CH+H 1.5x1071¢ [56]
R39 CH+H,=>CH,+H 6.8x107" [56]
R40 CH+CO,=>2CO+H 9.68x107" [56]
R41 CH+CO,=>2CO0+H 9.68x107" [56]
R42 CH+0=>CO+H 6.6x107"7 [56]
R43 CH,+H,=>CH;+H 5x1072! [56]
R44 CH+0,=>CHO+0 8x1071® [56]
R45 C+0,=>CO+0 2.45%x107"° [56]
R46 O +H,=>H,0+e 7x1071 [56]
R47 O +CO=>CO0, +e 6.5x10716 [56]
R48 O +0=>0,+e 2.3x107' [56]
R49 O +H=>O0H+e¢ 5x10716 [56]
R50 H,0" + 0, =>0} + H,0 4.6x1071° [56]
R51 CO*+0,=>C0+0; 1.2x10716 [56]
R52 CO* +C0,=>CO; + CO 1x107%% [56]

M represents the background gases CO, and H, molecule.
“Rate coefficients of two- and three-body reactions have units of m*/s and m%s, respectively. T, (electron temperature) has the unit of eV and 7, ¢ has the unit
of K. f(e,) represents the rate constant as a function of mean electron energy &,,.

streamer begins to glow in the inner dielectric layer at 3 ns, becomes primarily concentrated in the gaps between the
and as the voltage increases, the streamer propagation dielectric spheres. This phenomenon mainly results from the
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Figure 2. (a)—(c) Spatiotemporal distributions of electron density for positive streamers with CO,/H, volume ratios of 4:1, 2:1 and 1:1,
(d) negative streamers with CO,/H, volume ratio of 2:1, (¢) and (f) PBDBD positive streamer for CO,:H, = 2:1 and CO,:H, = 1:1, respec-

tively.
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polarization of dielectric spheres in the electric field, which
leads to the accumulation of bound charges within the
dielectric and the formation of localized strong electric fields
near the surface. Although the enhanced surface electric field
promotes charge accumulation, it simultaneously restricts the
lateral propagation of streamer along the dielectric surface
[59]. When the voltage reaches its peak value, FMs start to
form within the gaps. As the electron density continues to
rise at 15 ns, surface ionization waves (SIWs) appear on the
surface of the inner dielectric spheres, forming the SIWs and
FMs structure (figures 2(e3) and (f3)). This delayed appear-
ance occurs because the initial strong polarization confines
the plasma to the gas gaps, while the subsequent voltage
reduction allows residual charges to redistribute along the
dielectric surface, thereby enabling SIW formation. Obvi-
ously, due to the filling of the dielectric spheres, the stream-
ers only advance to the region between the inner and outer
dielectric spheres. This also indicates that the propagation
speed of streamers in the PBDBD is slower than that in the
DBD (shown in figure 2).

As shown in figures 3(a)-(c), during the propagation
stage of the positive streamer, the electric field distribution is
extremely non-uniform. A reduced electric field of hundreds
of Td is formed at the streamer head due to the accumula-
tion of a large amount of positive charge at the streamer
head. This induces a strong local electric field, and the
spatial electric field distribution of the streamer body is rela-
tively uniform, which is a typical characteristic of positive
streamer [49]. Furthermore, with an increase in initial hydro-
gen content, the reduced electric field also shows a more

| H

600 900

1200

(b) g

1500 Td

01 2 3 4 5§
X (mm)

Figure 3. (a)—(c) Spatial distributions of reduced electric field for
positive pulsed streamers with COy/H, = 4:1, 2:1 and 1:1, and (d)
negative pulsed streamers with CO,/H, = 2:1 at 10 ns.

constrained and contracted spatial distribution, and the head
of the streamer propagates faster. The spatial distributions of
the reduced electric field are in good agreement with the
electron density distributions shown in figure 2. As shown in
figure 3(d), the spatial reduced electric field distribution of
the negative pulsed streamer is relatively uniform, resulting
in the discharge streamer dispersing uniformly throughout
the entire space without a distinct bright head feature.
Furthermore, compared to positive streamer, a locally strong
reduced electric field forms near the surface of the inner
dielectric layer, due to the accumulation of numerous posi-
tive charges on the surface of the inner dielectric layer.

Figure 4 shows the spatial distributions of the electron
temperature at 10 ns. As can be seen, high-energy electrons
are mainly concentrated at the head of the streamer, while
the electron temperature of the streamer body is relatively
low, generally 1-2 eV. In contrast, for the negative streamer,
high-energy electrons are mainly concentrated near the
surface of the inner dielectric layer, as shown in figure 4(d).
Figure 5 shows the temporal evolutions of the peak electron
density and temperature at the head of the streamer. The
observed trend is that with an increase in the initial hydro-
gen content, the

peak values of electron density and electron temperature
at the streamer head are higher. This is consistent with our
previous zero-dimensional fluid model results and related
microwave plasma emission spectroscopy diagnostic data [26,
42]. In fact, as the initial hydrogen content increases, the
density of H atoms generated by electron collision dissocia-
tion is higher. On one hand, H atoms (13.6 eV) have a lower
ionization threshold energy compared to CO, molecules. On
the other hand, H atoms do not have vibrational and rota-
tional states, leading to higher electron energy and ioniza-
tion rates. Consequently, the spatial charge density accumu-

| [ |
01 2 3 4 5 6 7 8 9 10 eV

Y (mm)
N W &

=2

Y (mm)
R W &

(=

Figure 4. (a)—(c) Spatial distributions of electron temperature for
positive pulsed streamers with CO,/H, = 4:1, 2:1 and 1:1, and (d)
negative pulsed streamers with CO,/H, 2:1 at 10 ns.
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lated at the streamer head is higher, the head of the streamer
propagates faster (as shown in figure 6), and the peak values
of electron temperature and electron density are also higher.
Figure 6 shows the variations of the streamer propaga-
tion distance and velocity over time. It is evident that for
positive streamers, the propagation velocity increases with
higher hydrogen content. It is commonly accepted that the
propagation speed of the streamer correlates with the accu-
mulated space charge at its head and the charge deposition
on the dielectric surface. It is worth mentioning that the
propagation speed of the negative streamer is slightly higher
than that of the positive streamer in atmospheric CO,/H,
plasma, as shown in figure 6. In contrast, for the streamer
dynamic in atmospheric air, positive streamer propagates
significantly faster than negative streamer [51]. However, in
CO, plasma at ambient temperature in the pressure range of
0.05-0.5 MPa, experimental results demonstrated that nega-
tive streamer is faster than positive streamer [60], which is
generally consistent with simulation results in our model.

3.2. The spatiotemporal development of major radicals and
ions

Figure 7 shows the spatial density distributions of the main
radicals CO, O and H in the positive and negative streamers
with CO,/H, = 2:1 at 10 ns, respectively. The peak densities

1022
] @
s 10774
‘; i 1 -a— Positive 4:1
] 1071 —e— Positive 2:1
CE |6'| —4— Positive 1:1
% 1071 —v— Negative 2:1
S )
§ 10 1
§ 102
S
100 e T T T y
0 5 10 15 20
Time (ns)

of three radicals produced by the positive streamer are 1.67%
1022 m>, 1.65x10” m™ and 1.73x10?2 m™, respectively,
whereas those produced by the negative streamer are
8.87x10*' m, 8.80x10?! m™ and 5.13x10*' m, differing
by nearly an order of magnitude. Furthermore, as shown in
figures 7(a)—(c), the spatial distributions of radical densities
produced by positive streamers show a non-uniform pattern,
with higher densities at the streamer head, while the radical
density distributions for negative streamers are more
uniform, which is also due to the characteristics between
positive and negative streamers. Comparing figures 2 and 7,
it is evident that the spatial density distributions of the three
main radicals are similar to the electron density distributions,
indicating that the three main radicals produced by the posi-
tive and negative streamer discharges are generated by elec-
tron collision ionization/dissociation of feed gas molecules,
which is consistent with our previous numerical simulation
results [42].

Figure 8 shows the spatial density distributions of domi-
nant cations CO;, H} and CO" in the positive and negative
streamers with CO,/H, = 2:1 at 10 ns, respectively. For the
positive streamer discharge, the peak densities of CO;, H}
and CO" ions are 2.76x10?' m3,2.58x10*' m > and 1.25x10%°
m3, respectively, whereas for negative streamers, they are
2.4x10*" m3, 1.58x10*' m™ and 1.09x10*° m™, respec-
tively. It is evident that CO; and Hj exhibit a non-uniform
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Figure 5. Temporal evolutions of (a) the peak electron density and (b) electron temperature at the head of the streamer.
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Figure 7. (a)—(c) Spatial density distributions of the main radicals CO, O and H in the positive and (d)—(f) negative streamers with

CO,/H, =2:1 at 10 ns.
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Figure 8. (a)—(c) Spatial density distributions of dominant cations CO;

CO,/H, =2:1 at 10 ns.

spatial density distribution similar to that of electron density,
while CO™ is only concentrated at the streamer head or the
surface of the inner layer with a lower density, as shown in
figure 8. This is primarily due to the production reactions of
these cations and the characteristics of positive and negative
streamer discharges. The main reaction pathways to produce
CO" are e+CO, =>0+CO*+e+e and e+CO=>CO"+
e+ e, with ionization threshold energies of 19.1 eV and 14.01
eV, respectively. These are much higher than the ionization
threshold energies for collisions between electrons and
carbon dioxide (13.7 e¢V) or hydrogen molecules (15.4 e¢V)
This means that only high-energy electrons in the localized

10

5, H; and CO" in the positive and (d)—(f) negative streamers with

strong electric field regions at the streamer head or the front
of the ionization wave can ionize CO molecules to form
CO". In addition, the main cations produced by positive
streamer discharge also exhibit a non-uniform spatial distri-
bution, while the cations produced by negative streamer are
more uniformly dispersed. This is consistent with the spatial
distributions of electron density in positive and negative
streamers, as shown in figure 2, and suggests that these
dominant cations are mainly generated by direct electron-
impact ionization reactions of CO,/H, molecules.

Figure 9 shows spatial distributions of energy density for
positive and negative streamers with CO,/H, = 4:1, 2:1 and
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1:1 at 20 ns. It is evident that the spatial distribution of
energy density exhibits a pattern similar to that of electron
density, as depicted in figure 2. Specifically, as the H,
content in the reactant gas increases, the energy density
distribution of the positive streamer becomes more concen-
trated, while the energy density in the negative streamer is
more uniformly dispersed throughout the discharge gap. By
calculating the product of energy density and volume per cell
unit and summing over the plasma discharge region, the total
energy deposition can be obtained, as shown in figure 10.
The primary sources of energy deposition in both positive
and negative streamers are electrons. As the initial hydrogen
content increases, the energy deposition by electrons and
CO; ions in the positive streamer slightly decreases, while
the energy deposition by H; ions slightly increases.
However, the total energy deposition is not very sensitive to
the variation of initial hydrogen content. It is worth noting
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Figure 9. Spatial distributions of energy density for positive
streamer with CO,/H, = (a) 4:1, (b) 2:1, (c¢) 1:1 and (d) negative

streamer with CO,/H, =2:1 at 20 ns.
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Figure 10. Proportion of total energy deposited in positive and
negative streamers related to electrons, CO; and Hj for three
volume ratios of CO,/H,.
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that the energy deposition by electrons, CO; and Hj in the
negative streamer is significantly higher than that in the posi-
tive streamer. The difference in energy deposition between
the positive and negative streamers may be due to two
factors. First, pre-ionized seed electrons instead of photoion-
ization are used in our model, without considering the effects
of photoionization. Generally, positive streamer requires
photoionization effect to generate seed electrons to compen-
sate for the rapid loss of electrons, while the photoionization
effect is negligible in negative streamer [61].

Although reference [46] emphasized that no efficient
photoionization mechanism is known for gases with a large
CO, fraction, it is undeniable that photoionization is crucial
for positive streamer in CO,, which may contribute to the
lower energy deposition calculated for positive streamer.
Second, compared to the contraction and concentration of
the discharge channel in positive streamer, the negative
streamer discharge channel is more uniformly dispersed
throughout the entire discharge gap, leading to higher energy
deposition in negative streamer.

Figure 11 shows the spatial density distributions of
methanol generated by positive streamer DBDs with three
volume ratios of CO,/H, (figures 11(a)—(c)), negative
streamer DBD with volume ratio of CO,/H, = 2:1 (figure
11(d)) and positive streamer PBDBDs with two volume
ratios COy/H, = 2:1 and 1:1 (figures 11(e) and (f)), at the end
of the voltage pulse (20 ns), respectively. Clearly, as the
initial hydrogen content increases, the methanol density in
the positive streamer discharge becomes higher and more
diffuse. Generally, this is consistent with the chemical gas
chromatography diagnostic data from Wang et al [31], indi-
cating that an increase in the initial hydrogen content is
beneficial for the synthesis of methanol molecules. As
shown in table 2, methanol generation reactions include R25,
R28-R32, and R36, with the main pathway being R25:
CH;0+H=>CH;0H [43]. As the initial H, content
increases, the densities of intermediate species such as H
atoms, CHO, CH,O and CH;0 involved in methanol synthe-
sis also rise, and the reaction rates for methanol synthesis
from these intermediate species increase rapidly. In contrast,
the methanol produced by negative streamer discharge is
primarily concentrated on the surface of the inner dielectric
layer. Furthermore, the propagation speed of streamer in
PBDBD is significantly slowed down, and methanol is
primarily concentrated inside the inner dielectric spheres at
the end of the voltage pulse (20 ns), as shown in figures
11(e) and (f). Figure 12(a) displays the 1D density distribu-
tion of methanol at y =2.5 mm in the positive DBD, nega-
tive DBD, and positive PBDBD streamer discharges with
three volume ratios of CO,/H,. It is worth noting that due to
the filling of the dielectric spheres, the 1D radial distribution
of methanol in the PBDBD extends only up to x = 3.7 mm.
Obviously, methanol molecules generated by positive
streamer discharges are primarily concentrated near the outer
dielectric layer (close to the streamer head), especially for
the low hydrogen content. However, methanol molecules
generated by negative streamer discharge are mainly concen-
trated near the surface of the inner dielectric layer. Due to
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Figure 11. Spatial density distributions of CH;0H for DBD positive streamers with CO,/H, = (a) 4:1, (b) 2:1, (c) 1:1, (d) negative stream-
ers with CO,/H, = 2:1 at 20 ns, PBDBD positive streamers with CO,/H, = (e) 2:1 and (f) 1:1 at the end of the voltage pulse (20 ns).
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Figure 12. (a) 1D spatial density distributions of methanol along the discharge gap for y = 2.5 mm and (b) the variation of space-averaged

densities of methanol with time.

the filling of dielectric spheres, although the methanol
produced by PBDBD is confined to inner dielectric spheres
(x = 2.8-3.7 mm), its density is much higher than that of the
DBD without dielectric sphere filling. This may be attributed
to local electric field enhancement induced by the polariza-
tion of the dielectric spheres. Furthermore, as the initial
hydrogen content increases from CO,/H, = 2:1 to 1:1, the
methanol density along the 1D radial distribution in PBDBD
is also higher, which is consistent with the situation in DBD.
Figure 12(b) presents the variation of integrated space-aver-
aged density of methanol with time, further illustrating that
an increase in hydrogen content favors the synthesis of
methanol molecules. The total energy deposited in negative
streamers is larger than that in positive streamers (shown in
figure 10), which is responsible for the higher space-aver-
aged density of methanol in negative streamer discharge
compared to positive streamer discharges. In addition, when
the excitation voltage is a short pulse (i.e. 20 ns in our

12

model), since the streamer in PBDBD is confined to inner
dielectric spheres and has not bridged the discharge gap at
the end of the voltage pulse (20 ns), the space-averaged
density of methanol produced by PBDBD is significantly
higher than that by DBD, except when the streamer head of
DBD gradually approaches the grounded dielectric later
(shown in figure 12(b)). However, when the voltage pulse
period is increased to 30 ns, the streamer bridges the entire
discharge gap, and the space-averaged density of methanol
produced by PBDBD increases significantly (data not
shown). It should be pointed out that the catalyst dielectric
bead in PBDBD is only considered as a dielectric, and the
surface reactions on the catalyst are not taken into account in
our model, which may be far from the actual catalytic reaction.

In atmospheric-pressure DBD discharge, the surface
charge deposited on the dielectric surface plays a crucial role
in the discharge evolution. For example, the endogenous
electric field can oppose the applied electric field, prevent-
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ing the rapid increase in current. Figure 13(a) shows the
polar coordinates with the center of the high-voltage elec-
trode as the origin, where the top, middle and bottom of the
inner dielectric layer are represented by polar angles 8 = 90°,
0° and —90°, respectively. The 2D spatiotemporal distribu-
tions of charge deposited on the dielectric surface during
positive streamer discharge for three different volume ratios
are shown in figures 13(b)—(d). It can be seen that the polar-
ity of the charge deposited on the inner dielectric surface is
opposite to the polarity of the voltage applied to the central
metal electrode, that is, during positive streamer discharge,
negative surface charge is deposited, while during negative
streamer discharge, positive surface charge is deposited (see
figure 13(e)). During positive streamer discharge, within the
first 3 ns, the voltage is insufficient to cause breakdown, and
the negative charge deposited on the dielectric surface is also
low (below 107! C/m?). As the applied voltage increases
further and reaches the breakdown voltage, the electron
avalanche generates numerous positive and negative space
charges. As the space charges rapidly respond to the electric
field and continuously accumulate on the surface of the
dielectric, the resulting endogenous electric field strength-
ens, thereby counteracting the applied electric field. Then,
the surface charge density remains roughly constant at its
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peak value until the secondary reverse discharge occurs. As
shown in figures 13(b)—(d), as the initial hydrogen content
increases from 20% to 50%, the surface charge density
reaches a higher peak at an earlier stage, from —1.1x107% C/m?
to —1.24x10* C/m?. This indicates that higher initial hydro-
gen contents lead to higher discharge ionization rates and
faster streamer propagation. Notably, the 2D spatiotemporal
distribution of positive charge deposited on the inner dielec-
tric surface during negative streamer discharge exhibits
distinct patterns correlated with discharge development
stages. Figure 13(e) shows a peak density of surface charge
as high as 1.9x10* C/m?, which is higher than that during
positive streamer discharge. A comprehensive comparison of
positive and negative streamer propagation speed (figure 6),
total energy deposition (figure 10) and surface charge
density distribution (figure 13) leads to the conclusion that
the total energy deposited during negative streamer
discharge is higher, causing the surface charge density to
also be higher, and the streamer is faster. The negative
streamer discharge is more diffuse and uniform, which
results in more uniform spatial distributions of reduced elec-
tric field and generated active particles. In contrast, positive
streamer discharge is more concentrated, with a local high
electric field at the streamer head, leading to a steeper spatial
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Figure 13. (a) Polar coordinates of the inner dielectric, (b) and (c) spatiotemporal distribution of surface charges on the inner dielectric for
positive streamers with CO,/H, volume ratios of 4:1, 2:1 and 1:1, and (e) distribution for negative streamers with a CO,/H, volume ratio of

2:1.
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electric field and particle density gradient. In addition,
compared to positive streamer discharge, the surface charge
density during negative streamer discharge exhibits a non-
uniform distribution, as shown in figure 13(e). This may be
related to the non-uniform distribution of electrons on the
inner dielectric surface, as depicted in figure 2(d4).

4. Conclusion

This study establishes a 2D fluid model for atmospheric-
pressure coaxial double-layer DBD plasma CO, hydrogena-
tion based on PASSKEYy, focusing on the discharge charac-
teristics of streamer discharge under CO,/H, volume ratio,
positive and negative nanosecond pulse excitations, and the
presence or absence of dielectric sphere filling. Numerical
simulation results indicate that, in the positive streamer
discharge, as the hydrogen content increases, the discharge
channel becomes more confined, with the local electric field
strength at the streamer head increasing, leading to faster
propagation and a higher surface charge density on the inner
dielectric layer. In contrast, the negative streamer discharge
shows a more diffuse and uniform discharge channel that
nearly fills the entire discharge gap. The model replaces
photoionization with seed electron pre-ionization, leading to
a higher energy deposited in negative streamer compared to
positive streamer, which is responsible for the faster propa-
gation speed, higher space-averaged densities of methanol,
and larger accumulated surface charge density in negative
streamer discharge. Due to the filling of dielectric spheres,
although the methanol produced by PBDBD is confined to
inner dielectric spheres, its density is much higher than that
of the DBD without dielectric sphere filling, which may be
attributed to local electric field enhancement induced by the
polarization of the dielectric spheres.
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