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Dielectric Barrier Discharge Reactors for Plasma-Assisted
CO, and CH, Conversion: A Comprehensive Review of
Reactor Design, Performance, and Future Prospects

Md Robayet Ahasan, Md Monir Hossain, and Ruigang Wang*

Dielectric barrier discharge (DBD) plasma is a promising technology for catalysis
due to its low-temperature operation, cost-effectiveness, and silent operation.
This review comprehensively analyzes the design and operational parameters of
DBD plasma reactors for three key catalytic applications: CH, conversion, CO,
splitting, and dry reforming of methane (DRM). While catalyst selection is crucial
for achieving desired product selectivity, reactor design and reaction parameters
such as discharge power, electrode gap, reactor length, frequency, dielectric
material thickness, and feed gas flow rate, significantly influence discharge
characteristics and reaction mechanisms. This review also explores the influence
of less prominent factors, such as electrode shape and applied voltage wave-
forms. Additionally, this review addresses the challenges of DBD plasma
catalysis, including heat loss, temperature effects on discharge characteristics,

reaction technology for the conversion of
greenhouse gases such as CO, and CH,
into fuels and valuable chemicals repre-
sents an appealing solution.! Over the
past decades, based on the research and
development of advanced materials, reactor
design, reaction mechanism studies, and
scale-up technologies (i.e., modular and
intensified conversion), various strategies
and methods have been utilized for CO,/
CH, capturing, storage, and conversion to
produce valuable fuels/chemicals via ther-
mochemical,® electrochemical,’® and pho-
tochemical technology.”) However, these
lab-scale research and/or commercial tech-

and strategies for enhancing overall efficiency.

1. Introduction

Climate change on the earth is now causing huge concerns due
to the increase in the global average temperature. The emission
of greenhouse gases such as carbon dioxide (CO,) and methane
(CH,) from burning fossil fuels is primarily responsible for this
global temperature change.! On the contrary, the global energy
demand is increasing due to population growth, expanding
industrial activities, and ongoing economic growth. Although
there is a high demand for fast-growing renewable energy, con-
ventional fossil fuels still dominate in meeting this demand.
Around 78% of world primary energy demand is provided by
oil, natural gas, and coal,’ where CO, produced from these fuels
is responsible for 71.6% of greenhouse gas emissions in 2022.5
Thus, a unique, sustainable, and long-lasting solution must
address these challenges. The utilization of catalytic chemical
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nologies are still facing challenges for poor

conversion efficiency, high-cost® high

equipment corrosion, and high energy con-

sumption, which often require high temper-
ature, pressure,[9] and complex systems. Therefore, it is imperative
to explore new economically viable ways to harness these green-
house gases into useful chemical products and fuels under low or
mild temperatures and pressure.'***

Recently, nonthermal and/or nonequilibrium processes, such
as nonequilibrium plasma-assisted CO,/CH, catalytic conver-
sion, have emerged as promising alternatives to address the lim-
itations of the previously mentioned thermal/electrochemical/
photoelectrical conversion technology as well as promoting
the conversion efficiency and product selectivity. Plasma catal-
ysis has garnered significant scholarly attention due to its
high impact of ionization avalanches on converting CO, and
CH, gases and NH; synthesis at a cost-effective process.
Additionally, the plasma-assisted system features straightforward
reactor designs, rapid reaction rates, enhanced activity, and effi-
cient reactor and thermal management (i.e., the ability to switch
plasma on and off instantly).*>~*® The rationale behind plasma-
assisted thermal catalysis is that it combines plasma-induced
excited species, ions, and radicals with conventional catalytic
materials. It can drive non-thermodynamically equilibrium reac-
tions into desired products at moderate temperature and pres-
sure. For example, in the plasma-assisted catalytic reaction,
electrons, ions, and radicals are generated at the catalyst region
of the reactor so that plasma and catalyst interact, and this inter-
action enhances the reaction performance. Consequently, the
synergism of plasma and catalyst promotes different reactions,
including ammonia synthesis*>2" and CH, and CO, reforming
reactions!®*?®! with particular products at low temperatures.
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Many plasma generation technologies and reactors have
been developed because of the proper utilization of the synergistic
effect of plasma catalysis. For example, dielectric barrier discharge
(DBD) reactor,””**!  microwave (MW) plasma reactor,**—2
corona discharge (CD) reactor,’*>*! and gliding arc plasma
(GAP) reactor®*>% have been utilized to perform plasma-assisted
catalytic reactions. To optimize the generation of plasma discharge
and plasma-catalysis synergy, researchers have proposed or
executed several modifications of these reactors in different experi-
ments to improve the performance parameters in plasma-assisted
catalytic reactions.

Although many experimental efforts have been reported to
improve the conversion rate and efficiency of plasma-assisted cat-
alytic gas conversion, data remain limited of these heterogeneous
chemistry/processes and the correlation of performance param-
eters with reactor geometry. The fundamental understanding
of plasma-assisted catalytic gas conversion is still limited.
Several approaches and reactor designs have been conducted
to improve selectivity, conversion rate, and efficiency, but a sta-
ble, optimal solution is still being sought. More research on the
plasma-assisted catalytic reactor design is needed to reveal clear
and detailed information on how reactor geometry, catalyst,
and plasma—catalyst interaction influence conversion rate and
efficiency. In addition, analysis techniques for plasma-catalysis
experiment monitoring should also be obtained in situ to better
understand the intermediate species, active sites, and plasma-—
catalyst interaction.***? Thus, further research is required to
understand the underlying causes of the plasma-assisted catalytic
mechanism to improve its performance parameters, such as
product selectivity, conversion rate, and efficiency.

This review aims to provide a detailed overview of the available
information on DBD plasma-assisted catalytic reactors for con-
verting greenhouse gas (CH,, CO,). Here, we primarily focus
on individual or simultaneous CH, and CO, conversion methods
because two reactants negatively impact gas compounds.
Moreover, one of the purposes of this review is to identify the
essential factors of reactor geometry influencing plasma-assisted
catalytic reaction.

2. Possible Routes of CO, and CH, Conversion

Thermal catalysis has been a longstanding way to convert CO,
and CH, into valuable chemical products. Table 1 lists some
common chemical reactions with corresponding enthalpy and
Gibb’s energy for converting CO, and CH,, where these gases

www.entechnol.de

act as feedstock to produce C,Hs, R—CHO, R—OH, CO, H,,
and H,O

Among the reactions mentioned above, dry reforming of meth-
ane (DRM, Equation (6)) is one of the most appealing processes
for converting two major greenhouse gases: CH, and CO,. One of
the significant challenges for the practical DRM application lies in
its high operating temperature above 850 °C**! under relatively
high pressure of ~#1-20 atm***], which is due to the high binding
energy of C=0 (532kJmol ') and C—H (434kJ mol ') in CO,
and CH,, respectively.*® Therefore, the high bond activation
energy requirements for CO, and CH, dissociation make direct
or indirect thermal conversion methods underprivileged in con-
version rate and efficiency. Overall, thermal catalysis of DRM is
not energy-efficient at low temperatures (<500 °C), and the con-
versions and yields are typically very low (<20%) at lower temper-
atures.*”*® In addition, conventional thermal conversion requires
a high-quality reactor configuration to overcome the thermody-
namic barrier, which makes the conventional reactions economi-
cally unfavorable.*”!

3. Thermal Versus Plasma-Assisted Catalytic
DRM Process

Figure 1a,b shows schematics of pure thermal and plasma-
assisted catalytic reaction mechanisms for DRM reaction
(CH4 + CO, — 2CO + 2H,) in a comparable way. As shown in
Figure 1a, for thermal conversion of CH,, molecular collision
and C—H activation kinematics occur under “extreme environ-
ments” such as high temperatures (i.e., in the range of
850-1000 °C) due to the relatively high dissociation energy of
its C—H bond (434 k] mol™"). The high-temperature thermal cat-
alytic DRM conversion also faces issues, including catalyst
sintering, coking, and low product selectivity.*"!

For plasma-assisted catalytic conversion of DRM shown in
Figure 1b, various radicals, ions, electrons, and excited interme-
diate species are generated through plasma-assisted catalytic
reaction pathways, mainly driven by high-energy electrons and
ionized species.®"! These excited species, normally unavailable
under a thermal reaction process, present a great advantage
of a plasma-assisted catalytic reactor that can operate under
relatively mild conditions. Thus, highly energetic electrons
and abundant radicals/ions in a plasma-assisted catalytic reactor
can replace high temperature and pressurized conditions typi-
cally required in a thermal catalytic reactor.

In DRM application, thermal catalysis is inefficient at low tem-
peratures (<500 °C), whereas plasma catalysis shows excellent

Table 1. Enthalpy and Gibb’s energy for selected conversion reactions of CO, and CH,.

Chemical reaction AH, [k) mol™"] AG, [k) mol™ ] References
CO,(g) + Hy(g) — HCOOH (1) m -31.0 +34.3 [125]
CO,(g) +2H,(g) — HCHO(g) + H,O ()  (2) -1.7 +46.6 125
CO,(g) +3H,(g) — CH3OH () +H,O(l) (3) -137.8 -10.7 [125]
CHy(g) +0.50,(g) — CO(g) +2H,(g) (4 —-36.0 —-173.0 [126]
4(g) +H,0(g) —CO(g)+3H, (g) (5 +206.0 +142.0 n27]
Hy(g) + CO,(g) — 2CO (g) + 2H, (g) (6) +247.0 +171.0 [127]
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Figure 1. Schematic comparison of DRM reactions in a) thermal catalytic
reactor and b) plasma-assisted catalytic reactor.

potential in conversion and efficiency.?*=* In plasma catalysis,

the plasma activation of CH4 and CO, plays a dominant role, with
electron impact dissociation serving as the key mechanism to ini-
tiate the activation of the DRM reaction.*®) The dissociation
energy for CH, and CO, is 4.5eV (434kJ mol™") and 5.5eV
(532 k] mol "), respectively.l*! In plasma catalysis, it has also
been reported that the conversion rate of CH, is higher than that
of CO, in the low-temperature range, due to the low dissociation
energy of CH,*®*”) On the other hand, plasma-only DRM
(without heating) is inefficient due to the high activation energy
needed for the electron impact process.

The synergy effect of plasma catalysis can significantly
enhance the energy efficiency of methane reforming. In compar-
ison, it was reported that the synergy effect in plasma-assited
catalysis resulted in a 50% increase in H, production and an
80% increase in CO production, compared to the same reaction
conducted under thermal catalysis conditions.*® Such plasma-
catalysis synergy is also crucial for enabling low-temperature
DRM or other catalytical reactions. For instance, plasma-assisted
methane reduction using NiO catalyst was performed at 330 °C,
and 37% CH, conversion with 99% H, selectivity was obtained.
Without plasma, only minimal conversion was achieved, how-
ever, plasma alone could not initiate the reduction process.>”

In addition to reforming, plasma catalysis has proven effective
in pollutant reduction, achieving a 65% destruction of toluene at
25 °C. This performance significantly outperforms thermal catal-
ysis alone, which achieves less than 10% destruction.l*”)
Moreover, coke formation due to CH, decomposition in thermal
catalysis can also be mitigated due to the low operating
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temperature of the plasma reactor. The molecular excitation
and bond breakage due to the introduction of plasma can reduce
the coking formed on the catalyst surface from the CH, decom-
position reaction. Additionally, the deposited carbon on the cata-
lyst surface reacts with CO,, making CO, CO, + C = 2C0.1°"
The carbon oxidation reaction, induced by plasma excitation,
occurs at a faster rate compared to that under thermal catalyisis
of DRM. Overall, plasma-catalysis synergy is a very promising
and efficient way for CH, and CO, conversion.

4. Critical Performance Parameters for CO, and
CH, Conversion

For thermal or plasma-assisted catalytic conversion reactions, the
performance is generally defined by the following terms: conver-
sion rate, efficiency, selectivity, and yield. Most reactor and cata-
lyst designs have been performed to improve these parameters.
For a DRM reaction (Equation (6) in Table 1), these terms are
represented by the equations given below.

4.1. Conversion Rate

The conversion rate defines the molar ratio of how much the
reactant is converted according to the input. The conversion
rate of CH, and CO, in the above equation can be calculated
as follows

Moles of CH, Converted
C = 1009
CH, Moles of CH,4 Input X % )
Moles of CO, Converted
= 1009
Ceo, Moles of CO, Input x 100% ®)
4.2. Yield

The yield of a reaction is the ratio of the desired product formed
(in moles) to the total amount that could have been made (if the
conversion of limiting reactant is 100% and no side reaction
occurs). The yield of H, and CO of DRM reaction given in
Equation (9) and (10) are represented by the following equations

Moles of H, Produced

Y, (%) = 1009 9
, (%) 2 x Moles of CH, Input X % ©)
Moles of CO Produced
Yen (%) = 1009
co(%) Moles of CH, Input + Moles of CO, Input x %
(10)
4.3. Selectivity

The selectivity of a reaction is the ratio of the desired product
formed (in moles) to the undesired product formed (in moles).
The equation represents the selectivity of H, and CO of DRM
reaction

Moles of H, P
Se1 (%) = oles of H, Produced « 100% 11)

" 2 x Moles of CH, Converted
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Moles of CO Produced
Moles of CH,Converted + Moles of CO, Converted (12)

x 100%

Sco(%)=

4.4. Efficiency

The energy efficiency of a plasma-assisted catalytic reactor is
defined by the conversion of gas (in moles) per unit of plasma
power.

Moles of (CH, Converted + CO, Converted)

x 100%
Power

(13)

E(mol] 1) =

Besides, another energy efficiency formula can also be used in
plasma conversion experiments based on specific energy input
(SEI) and reaction enthalpy by the following equation

AH?° (ev. molecule™)
SEI (ev. molecule™1)

nco, = Cco, % (14)

Here, SEI is the ratio of plasma power and total flow rate, Ccq,
is the CO, conversion, and AH®
is the reaction enthalpy.

www.entechnol.de

5. Nonthermal Plasma Reactors for CO, and CH,
Conversion

Plasma technology has triggered a vast amount of innovative sci-
entific research focused on the nonoxidative conversion of CH,
and CO, to overcome some of the thermal catalytic conversion’s
thermodynamic and kinetic limitations.®” A key aspect of
plasma technology compared to others is that it can activate
and/or dissociate gas molecules at low temperatures by elec-
tronic excitation rather than heat'®! or chemical techniques, as
shown in Figure 2a. Besides, plasma is very flexible, which
can be controlled by switching the electricity ON or OFF, and
is easy to generate with low maintenance cost.[*"

For non-thermal plasma (NTP) generation in plasma-assisted
catalytic reactors, primary considerations in reactor design and
configuration include electrode configuration for the electric
field, the dielectric barrier to limit discharge current, avoiding
thermalization using AC power supply, and gas flow rate to
improve convective heat transfer. The efficacy of gas conversion
processes, particularly for specific gaseous species, can strongly
depend on the reactor type/configuration, as listed in Figure 2b.
For instance, the performance of CH,4 conversion into higher
hydrocarbons using different plasma sources (DBD, MW,
GAP) was studied by Heijkers et al.® via a chemical kinetics
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Figure 2. a) Multiple methods of catalytic reaction mechanism. Reproduced with permission.'*!l Copyright 2017, Wiley. b) common plasma-assisted
catalytic reactors for CH, and CO, reforming; c) pictorial representation of a plasma-assisted catalytic operation; and d) comparison of CH, and CO,
conversion rate of thermal and plasma-assisted catalysis. Reproduced with permission.®¥l Copyright 2017, Royal Society of Chemistry.
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model. The simulation results were in reasonably good agree-
ment with the experimental data. They reported 20% CH,4 con-
version for the DBD reactor, 80% for the pulsed MW plasma
reactor, and 50% for the GAP reactor. In their report, atmo-
spheric pressure MW plasma and GAP result in significantly
higher CH,4 conversion than DBD. Also, GAP operates at high
flow rates, which is beneficial for higher and more energy-
efficient CH,4 conversion. Besides, it has superior selective pro-
duction because it can operate at a much lower SEI than the
other plasma sources (GAP: 1.3kJL™%, MW: 24-240kJ L7},
and DBD: 9-54kJ L™'). Also, they found negligible vibrational
translational nonequilibrium in all CH, plasma-assisted catalytic
reactors.

In a separate study, Moss et al.l*®! reported the chemical split-
ting of CO, in a pulsed CD from the experimental and numerical
simulation. According to their report, for high voltage nanosec-
ond pulses with the mixture of CO, and Ar as the feed gases, they
found that the shape of pulses leads to two phases of CO, split-
ting. The first phase is dominated by ionization, which promotes
a high electron density, and the second phase contributes to a
large portion of CO production by direct electron impact disso-
ciation of CO,. They reported a conversion rate of ~#14% as the
best result, which was achieved in a gas mixture of 10% CO, —
90% Ar. Compared to other plasma-assisted catalytic reactors,
like DBD and MW, they observed that the best energy efficiency
(~80%) was achieved for CO, and Ar in the ratio of 1:1 due to the
specific form of the applied voltage waveform and its short dura-
tion. Besides, the generated energy with plasma was delivered in
high-intensity bursts of nanosecond duration in a pulsed CD,
thus avoiding the need for long residence times to achieve simi-
lar conversion.

The above studies show that the GAP configuration excels in
converting CH, to higher hydrocarbons, and the CD configura-
tion is best for CO, splitting. In contrast, the DBD configuration
performs better in the DRM reaction, converting both CH, and
CO, simultaneously. Several studies have investigated optimiz-
ing DBD configurations to achieve higher conversion rates
and efficiency. Various reactor parameters affecting DBD reactor
performance are discussed in detail later. However, the most
critical step of DBD plasma-assisted catalytic conversion is gas
molecule breakdown, which requires a suitable electrode config-
uration, power source, and operational gas.'*”) Different electrode
configurations lead to various types of DBD reactors, with the
efficiency of a particular reaction being directly linked to the spe-
cific configuration chosen. For instance, adding BaTiO; packing
material shifted discharge characteristics from filamentary to
surface discharge for CO, conversion reaction.[®®® This transi-
tion led to doubling the average electric field and mean electron
energy within the CO, discharge, significantly enhancing the
process’s overall performance. Overall, the synergistic configura-
tion of plasma assistance with a catalyst offers a unique approach
to enhancing performance. Figure 2c illustrates the plasma-
assisted catalytic reaction methodology, depicting the reaction
steps and process.

This review will only focus on DBD reactor parameter influ-
ences on overall plasma catalytic performance, particularly for
CH, conversion, CO, splitting, and DRM reactions. Based on
several literatures,”®”* plasma and catalytic synergism play a
crucial role, making the plasma-assisted catalytic route more
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competitive than the thermal conversion of CH4 and CO,. A rel-
ative comparison of the plasma—catalyst synergy effect is shown
in Figure 2d. Table 2 summarizes the conversions of synergistic
plasma catalysis for CO, and CH, capture reactions considering
the effect of different reaction factors.

6. DBD Reactor

The DBD reactor is a promising plasma-assisted catalytic
reactor due to its simple design, low input power, nonequilib-
rium thermal properties, and the capability to induce physical
and chemical reactions within gases at a relatively low gas
temperature.”>~7) Tt typically operates with input AC 1-30kV
voltage and a frequency range of 20-500kHz. This frequency
range is suitable for different power supplies, and ~20kHz is
favorable because of the higher frequency blockage of current
transfer.”®”?) Another approach to generating DBD plasma is
using pulse power. Pulsed power can enhance ionization effi-
ciency and plasma stability in some applications by delivering
energy in short bursts, which allows for more control over elec-
tron density, energy distribution, and discharge uniformity.#%%2
In some gas configurations, this method enables a more efficient
transfer of energy to the plasma, often leading to higher conver-
sion rates and selectivity. Figure 3 illustrates the discharge
characteristics, including voltage and current waveforms, for
improving indoor air quality using AC-DBD and nanopulsed
DBD techniques.’®” This review primarily focuses on analyzing
AC-DBD, with additional mentions of differences observed in
pulse-DBD for the same application.

The plasma generation depends on the applied voltage that
must overcome the breakdown voltage of gases to lose their
dielectric properties and act as a conductor. Figure 4 illustrates
a standard DBD reactor design consisting of a power supply
(source), a reactor chamber where a dielectric barrier separates
both electrodes, and an input-output system for reactant and
product gases. Based on the product kinds, an oscilloscope,
gas analyzer, and other monitoring and analyzing devices are
also included.

In a DBD rector, the dielectric barrier limits the current for
microdischarges, and most of the charge deposition occurs on
the surface of dielectric materials. The gas breakdown condition
is represented by Equation (15), which must be satisfied because
plasma generation depends upon the applied voltage. When the
applied voltage overcomes the breakdown voltage of the gases,
the gases turn into conductors from losing dielectric behavior.®*!

1+y(e?—-1)=0 (15)

ad _ _ l)
¢ (1 ” (16)

where a is the Townsend coefficient, d is the gap distance, and y
is the secondary electron emission coefficient (Equation (15)
and (16)).

From Equation (17), the breakdown voltage can be represented
by Paschen derivation
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Table 2. Plasma-assisted catalytic performance of CO, and CH, conversion from literature.

Main Additional Product Reactor Condition Temperature Catalyst Conversion References
reactant reactant type [°C] [%]
CHy4 CO, C,Hs, CO, CH30H, DBD Power: 8 W, flow rate: 40 mLmin~", 100-300 CaO CO,: 14-45 [128]
CH3;COOH He: 75%, CHy4: 20
CO, CH2n 1-OH, DBD P: 6 W, CH,4/CO,: 2.3, frequency: 5 kHz, 46-50 GW-P-0.00 H,O CHy: 22.83 [129]
H,0 C,H,1-COOH flow Rate: 40 mLmin~"' (75% of He) CO,: 15.81
co, H,, CO DBD Power: 45 W, voltage: 30 kV, 270 Nic7%° CHy: 65.7 [130]
frequency: 5-12 kHz, COy: 64.6
flow rate: 50 mL min~"
CO, CH3;, CH3;0H, DBD Voltage: 5.5 kV, frequency: 3 kHz, 55-65 CO/SiO, CO,: 37 [131]
CH5;COOH flow rate: 30 mL min~" CH,4/CO;: 2, CHy: 49
Fe/SiO, CO,: 40
CHy: 46
CO, 0,, CO DBD Voltage: 10kV, frequency: 50 Hz, <150 BaTiO3 383 [132]
flow rate: 15-60 mL min~"
0,, CO DBD Power: 100 W, frequency: 23.5 kHz, 146 BaTiO; (bead) 25 [102]
flow rate: 50mL min~"'
0, CO DBD Flow- rate: 50 mL min ™", BaTiO3 (bead) 28.5 [133]
frequency: 9 kHz, SED: 24-60kJ L' SED: 24-60k) "
0,, CO DBD Voltage: 30 kV, frequency: 5-20 kHz, Modified electrode 27.2 [92]
flow- rate: 25-125 mL min™"
H, CHy DBD Voltage: 9.4 kV, frequency: 1kHz 260 10wt% Ni/zeolite 96 [134]
H, CH,, CO DBD Voltage: 13-18 kV, 120-170 Pre-plasma- 80 [135]
frequency: 40-42.8 kHz, treated,
flow rate: 200mL min~" H,/CO,: 4:1 Ceo58Zr0.4202
H, CH,4, CO DBD Voltage:10-15 kV, frequency: 40— 80-450 CeZr_,O, 85 [136]
41 kHz,

flow rate: 200 mL min~", H,/CO,: 411,
GHSV: 50000 mLh™"
H, H,0, CO DBD Power: 30 W, flow rate: 36 mL min~', 80-240 Pd/ZnO 32.5 [137]
H,/CO5: 3:1, GHSV: 2200mLh~"
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Figure 3. Plasma discharge image of empty (top) and packed bed (bottom) electrode gap a) AC-DBD and b) pulse-DBD; voltage and discharge current of
power supply c) AC-DBD and d) pulse-DBD [air quality improvement, gas flow: N, + Oa]. Reproduced with permission.®? Copyright 2016, Springer Nature.
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Figure 4. Schematic of a DBD reactor.

B
V= pd (17)

[In{pd — In(1n(1+1))]

where A and B are the constants calculated by the following
formula

On

A=LT

(18)

n

where , 6, means electron—neutral collisional cross section, T, is
the neural atom temperature, and k is the Boltzmann constant.

B = AV,, where V; is the ionization potential.

DBD reactor configuration varies according to discharge types,
such as planar, cylindrical, and surface discharges. Besides, it can
generate many microdischarges at atmospheric pressure, which
is considered a substantial property (“low” pressure). The micro-
discharge property depends on the gas mixture, pressure, and
electrode configuration. Table 3 shows the characteristics of
the microdischarge properties for a 1 mm air gap at 1bar.®*

In addition to traditional DBD configurations, several innova-
tive structures such as water-electrode DBD, multielectrode
DBD, water-cooled electrode DBD, and dual DBD (DDBD) reac-
tors have been developed to enhance plasma—catalyst interactions
and improve conversion efficiencies.®>®? Water-electrode
DBDs, for example, use water as one of the electrodes, which
aids in cooling and stabilizes plasma at higher power levels.
This setup reduces electrode erosion, allows for longer operating

Energy Technol. 2025, 13, 2401177
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Table 3. Microdischarge characteristics. Reproduced with permission.’®4

Copyright 1997, HAL Open Science.

Duration 1-10ns
Filament radius About 0.1 mm
Peak current 0.1A
Current density 100-1000 A cm 2
Total charges 0.1-10 nC

10"-10"" em™

1-10eV

Electron density
Electron energy

Gas temperature Close to average gas temperature

times, facilitates the removal of reaction by-products, and enables
temperature control within the reaction zone, which is particu-
larly advantageous for sensitive catalytic processes.[%] However,
the application of water—electrode DBD in CH,4 or CO, conver-
sion has been limited.

Water-cooled electrodes offer another means to maintain sta-
ble discharge at a consistent initial applied voltage, especially in
N, environment.®”! Additionally, using multiple electrodes is an
approach to control product selectivity and discharge distribu-
tion.® DDBD reactors, which feature two dielectric barriers
between electrodes, produce a more uniform electric field, mini-
mizing the risk of arcing. This uniformity enhances plasma sta-
bility and allows for more controlled catalyst interactions.
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However, the performance depends on the setup configuration
and type of dielectric barrier. Mei et al.®¥ compared single and
dual DBD (SDBD and DDBD) reactors, finding that the SDBD
reactor exhibited a higher electron density and generated more
reactive species, resulting in greater CO, (24.1%) and CH,
(49.2%) conversions. However, DDBD achieved higher gaseous
product selectivity, while SDBD favored liquid product selectivity.

6.1. Key Design and Operational Parameters

The experimental procedure, target, and characterization param-
eters are vital in designing a DBD reactor. Mostly two concentric
cylindrical electrodes are most often used for gas conversion
applications in typical DBD reactor.”®°! Critical reaction param-
eters, such as discharge length, discharge gap, discharge power,
discharge frequency, dielectric material thickness, and feed flow
rate, have been meticulously investigated to fine-tune perfor-
mance. For instance, Mei et al.®? developed a regression model
to determine the effectivity of each reactor parameter in the CO,
decomposition/splitting conversion within a cylindrical DBD
reactor given in Equation (19)

CO,(g) — CO(g) +0.50, (19)

According to their report, the significance of processing param-
eters for conversion and efficiency follows the order: g (feed flow
rate) P (discharge power)>d, (discharge gap)> L (discharge
length) > dr (thickness of dielectric material) > f (discharge fre-
quency) and P> g > dg > dr > L> f, respectively. Several groups
also investigated the effect of power and frequency in a plasma-
assisted catalytic gas conversion. According to their findings, it
was clear that increasing plasma power increases the electric
field, electron density, and electron temperature and increases
conversion *2~4

Liu et al.® conducted a comprehensive investigation into the
intricate impact of discharge power, feed flow rate, and frequency
on the conversion of CH, into H, and higher hydrocarbons. They
performed the experiment in a coaxial DBD reactor at atmo-
spheric pressure and low temperatures. They also developed a
three-layer back-propagation artificial neural network (ANN) sim-
ulation model and predicted the selectivity and yield of gas prod-
ucts and the energy efficiency for this complex reaction. Their
model predicted that discharge frequency is the least essential
parameter for CH, conversion in the DBD reactor. Based on their
ANN model, Figure 5 shows the effect of discharge power, feed
flow rate, and frequency on the performance parameters (conver-
sion rate, selectivity, and yield) for nonoxidative conversion of
CH,. Figure 5a shows that discharge power plays the most piv-
otal role in all the performance parameters. For example, a max-
imum of 36% CH, conversion was found for 75 W discharge
power. Similarly, H, selectivity and yield increase to 44.7%
and 40%, respectively. However, C,H, and C,H, selectivity
was limited to 30%, while the enhancement of saturated hydro-
carbons such as C,Hg and C3Hg was acheived. The yield of sat-
urated hydrocarbons also increased with the discharge power.
Thus, the findings indicate that increasing discharge power pro-
motes the formation of saturated hydrocarbons in the reaction.

In DRM applications, the performance trends observed for
changes in plasma power and frequency closely resemble those
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seen in CH, conversion and CO, splitting reactions. Snoeckx
et al.®® performed a numerical simulation in a DBD reactor
for DRM reaction and concluded that their simulated results
agreed with several experimental results. The results revealed
the upward conversion trend with increasing plasma power.
On the other hand, the frequency was counted as a less critical
parameter unless it is a product of resident time (t-f) and fre-
quency. Zhang’s!®”! results showed that CH, and CO, conversion
increased with plasma power. They found a 23% increase in CH,4
conversion (17-40%) and a 15% increase in CO, conversion
(12-27%), respectively, with the increasing power from 25 to
75 W. A similar trend was observed by the experimental obser-
vation of Mei et al.”® for plasma power, but the energy is more
related to the feed gas flow rate. In terms of product formation,
an increase in H, yield and selectivity was also observed with
increasing discharge power, leading to higher H, production
but lower CO production up to a certain threshold.’® At very
high discharge levels, the presence of O’ radicals from CO, alters
the reaction characteristics of the DRM reaction. Increasing
plasma power consistently enhances conversion across all
three applications (CH4 conversion, CO, splitting, and DRM).
However, feed gas flow and catalyst selection significantly influ-
ence the desired product formation.

In contrast, frequency plays a critical role in DRM perfor-
mance within a pulse-DBD reactor, as it increases discharge over
the residence time. Wang et al.’” studied the DRM reaction at
room temperature with a total gas flow rate of 50 sccm, finding
that conversions increased with higher pulse repetition fre-
quency (PRF). Maximum conversion rates of 39.6% for CH,
and 22.9% for CO, were achieved at a pulse frequency of
10 kHz with a discharge power of 55.7 W. Additionally, shorter
rise and fall times enhanced energy conversion due to the
rapid acceleration of electrons within the shortened discharge
time. From a kinetic perspective, the increased conversion with
PRF, resulting in CO and H, generation, is attributed to the elec-
tron impact dissociation of CO, and CH,."*”

In the feed gas effect, the CH, conversion decreased with the
increasing flow rate up to 300 mL min~" with a minimum value
of 8% due to the low residence time, as shown in Figure 5b. The
yield of H, followed a similar trend to the CH, conversion, which
decreased from 8.9% to 1.6% for the flow rate from 50 to
300 mLmin " ". Besides, the C; and C, (hydrocarbon) selectivity
decreased by three times with the upward flow rate. However, the
selectivity of C, hydrocarbons showed a notable rising trend.
Conversely, in DRM reactions, a higher feed gas flow rate hin-
ders CH, and CO, conversion while increasing CO selectivity
and decreasing H, selectivity.®® The presence of CO, in the
DRM environment may accelerate the reverse water gas shift
reaction process.

The excitation frequency was found to be the least essential
parameter described previously for AC-DBD. In Figure 5¢, a
change in frequency from 20 to 70kHz resulted in a slight
6% decrease in CH, conversion. Similar results were also noticed
for H, yield and selectivity, while hydrocarbons’ selectivity and
yield (C,~C4) were almost independent of frequency.”™ In
another study, Mei et al.’ found almost a 5% decrease in
the conversion of CO, and energy efficiency when increasing
the discharge frequency from 8 to 11kHz at a constant SEI of
96kJ L', A similar trend was observed in the CO, splitting
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Figure 5. Effect of a) discharge power; b) feed flow rate; and c) frequency on the conversion rate, selectivity, and yield of nonoxidative conversion of CH,
and energy efficiency. Reproduced with permission.l® Copyright 2014, American Chemical Society.

reaction, with conversion decreasing from 22.0% to 17.5% and
energy efficiency decreasing from 15.3% to 12.5% as the fre-
quency increased from 16.2 to 28.6 kHz. This decrease is attrib-
uted to a drop in gas voltage at higher frequencies.”*! Similar
results were also predicted by Snoeckx et al.”® for DRM applica-
tion, where the model found the exact maximum conversions
and energy efficiencies for all gas mixtures, either for the resi-
dence time () of 100s and a frequency (f) of 10kHz, or the
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residence time of 10s and a frequency of 100 kHz. They also
reported a sharp decrease in the conversion rate and energy effi-
ciencies for the frequency of 100 kHz and a residence time of
100s. Thus, they concluded that the product of both frequency
and residence time (t-f), which was the total number of microdi-
scharge filaments experienced by gas molecules in the reactor ves-
sel, was more important rather than the frequency and residence
time individually. The feed gas mixture ratio significantly affects
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performance in DRM applications. Our previous experimental
study®®® found that a higher CO, proportion in the feed gas mix-
ture enhances conversion and efficiency. This was corroborated by
another experiment and simulation model,*® which reported
excellent agreement on the influence of the CO, and CH,4 gas mix-
ture ratio. The model showed that a higher CO, concentration sub-
stantially improves both the conversion rate and efficiency.
However, the trends in product formation become more complex
when the feed gas mixture ratio is varied.>***!

The discussion on discharge power, feed gas flow rate, and
discharge frequency concludes that discharge power increases
conversion across all reaction types, including CH, conversion,
CO, splitting, and DRM reaction. Higher feed gas flow rates
decrease conversion in all cases, while discharge frequency
has minimal impact on reactions, particularly for DRM.

Another crucial factor in plasma catalysis is the bed material,
which serves as a dielectric material and influences the reaction
through microdischarges. The effect of these microdischarges
varies depending on the specific reaction. Michielsen et al.!'*
investigated the effect of bed material on the CO, dissociation
reaction. Their experimental results showed a positive impact
on conversion rate and energy efficiency (25% and 4.5%, respec-
tively) when BaTiO3 was used as the bed material in the reactor.
Mei et all®) found a similar trend of 29% conversion and
0.25 mmol k] ! energy efficiency for similar bed materials and
applications. According to their theory, this was due to the higher
dielectric constant of BaTiO; (e~ 4000), which results in an
enhanced electric field and lower breakdown voltages. Besides
space and increasing contact points, it also supports electric field
enhancement. Another study of dielectric materials was per-
formed by Li et al."® for plasma-assisted catalytic CO, decom-
position with three different dielectric materials as barrier
Cag7S1r03TiO3, alumina, and silica. They reported a higher con-
version rate of 15.6% for Cag 7St 3TiO5 with 0.5 wt% Li,Si,Os.
However, in the case of DRM reactions, BaTiO; negatively
affected conversion due to the presence of CH,. In a separate
study on the impact of bed material on DRM, Michielsen
et al.'® found that BaTiO; led to increased production of oxy-
genated products, which adversely affected the selectivity of
desired products. In contrast, a-Al,O3 with a particle size of
2.0-2.24 mm yielded the highest conversions, achieving 33%
for CH, and 23% for CO,. It is known that the polarity of the
electrodes changes for AC voltage, which generates microdi-
scharges of nanosecond duration. These microdischarges ran-
domly appear at every half-cycle and reform at the breakdown
voltage, and then reach the next half-cycle of voltage. Thus, con-
tinuous microdischarges formed twice the applied frequency and
appeared as spikes. Although it looks like microdischarges are
distributed randomly on the dielectric surface, the actual position
depends on residual distribution on the dielectric surface and the
dielectric constant of the barrier.

The influence of the discharge gap/dielectric barrier thickness
(the distance between the high-voltage and grounded electrodes)
has also been extensively studied. Notably, the optimal discharge
gap is linked to the choice of catalysts, packing material, feed
gas composition, and applied voltage. Kostov et al.’®! explored
the impact of the discharge gap on plasma performance. In their
study, where electrodes were covered by two glass slabs, they iden-
tified an optimal discharge gap of 1.5 mm of air for maximizing
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discharge power, reaching up to 3 W at 20kV. This finding was
further validated and supported through the analysis of
Lissajous figures. Ozkan et al.'°® investigated dielectric barrier
thickness for CO, splitting reaction and reported higher CO, con-
version of up to 50% for large dielectric barrier thicknesses, rang-
ing from 2.0 to 2.8 mm. The best results were obtained at an
absorbed power of 70 W (corresponding to an SEI of 5.75eV
per molecule), the largest dielectric thickness (2.8 mm), 17% con-
version, and 9% energy efficiency. It is also reported that smaller
space or discharge gaps promote more vital electric fields
and achieve greater conversion rate and selectivity.'9%'%7~110
Delikonstantis et al.l"'" reported that selectivity decreased with
increasing discharge gap and concluded that maximum energy
input into the discharge is reached with an optimum discharge
gap. In his report, the 2.5-3.5 mm discharge gap achieved higher
selectivity of C,H, for CH, conversion. A similar conversion
and discharge gap relation was also reported by Uytdenouwen
et al.l''? where CO, dissociation increases from 10% to 30%
by decreasing the gap size from 4.7 to 1.2 mm. Therefore, deter-
mining the optimal discharge gap/thickness is not straightfor-
ward, as it is heavily influenced by other reaction parameters.
However, generally speaking, a smaller gap tends to increase
conversion.

Similar to other reactor parameters, the shape and size of the
electrode also play a significant role in influencing the discharge
pattern and, consequently, the reaction process in some cases.
A study by Mei et al.®? has shown that the modified electrode
positively impacts CO, conversion. Their results showed that
the maximum energy efficiency of 10.4% and CO, conversion
of 20.0% were achieved with a combination of Al foil outer
electrode and stainless steel (SS) screw-type inner electrode when
plasma power was 10 W, and the CO, flow rate was 50 mL min™".
They maintained that the sharp edge of the SS screw-type elec-
trode distorts the electric field in the discharge region, i.e.,
enhancing the local electric field near the inner electrode and
generating more intensified filaments near the sharp edge of
the screw electrode. Thus, more reaction channels could be gen-
erated, significantly contributing to enhanced performance. The
contribution was evidenced by the increase in the number and
amplitude of the current pulses.

6.2. Minor Reaction Variables

Adjusting other electrical properties in the DBD plasma process
slightly alters the discharge pattern but does not significantly
impact the reaction process. For instance, electric pulse polarity
and pulse power were analyzed by Lee et al.l'® for DRM reac-
tion, and bipolar pulse power was more effective than the unipo-
lar pulse. However, the selectivity of the product was not affected
by the pulse polarity. The effect of the waveform shape is con-
sidered less important in plasma-assisted catalytic gas conversion
and efficiency, as reported by Brock."**! Because the waveform
shape effect can only control the percentage of plasma time in the
reactor, plasma will go through the typical glow region after
attaining the breakdown voltage. However, they mentioned
square > sine > triangular, an order based on attaining faster
breakdown voltage, resulting in a larger relative percentage of
time per cycle, i.e., a more extended plasma environment.
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However, high efficiency followed the order of triangular > sine >
square. Song et al.''* also reported a similar result, where pulsed
plasma enhanced the conversion rate in a cylindrical DBD reactor
for DRM reaction. The influence of diluent gases on plasma-
assisted catalytic conversion of CO, and CH, also showed positive
results in conversion and efficiency. Ray et al.***! tested three dil-
uent gases, nitrogen (N,), helium (He), and argon (Ar), for CO,
decomposition. They reported that Ar played a significant role with
a maximum CO, conversion of 19.5% in a packed DBD reactor
with a CO,:Ar ratio of 1:2. The best CO yield (16.8%) was also
obtained under the same conditions and the highest energy effi-
ciency at 0.945 mmol kJ %, A similar observation was reported by
Nguyen et al.'® and Brock et al.'”! where they assume diluent
gas affects facile energy transfer from metastable species to CO,
molecules. Adding He as a diluent gas affects the CO, dissocia-
tion. The following electron impact and dissociation may be

responsible for adding He.['®
He +e~ — He" +e™ (20)
He* + CO, — He+CO+ O (21)

The aforementioned reaction parameters have a relatively
minor influence on catalysis reactions.

6.3. Surface Reaction Role in Product Selectivity

In addition to plasma reactor parameters, the interaction of plasma
with the catalyst surface controls reaction pathways through sur-
face reaction toward desired product formation. For instance,

www.entechnol.de

Vakili R et al.*? studied the DRM reaction with and without cata-
lysts, revealing through in situ analysis how surface reactions can
alter selectivity. Figure 6 represents an in situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) characteriza-
tion to understand the gas—solid surface interaction when the feed
gas was exposed to the as-prepared Pt nanoparticle on UiO-67
metal-organic framework (PtINP@ UiO-67) catalyst to perform a
DRM reaction in a DBD reactor. In Figure 6a, the CH4and
CO, adsorption peaks can be seen at the 3015 and 2360 cm™!
band, respectively, during the plasma-OFF condition. During
the plasma-ON condition, various surface species, including
monodentate and bidentate carbonates at 1515 and 1550 cm™",
were observed for the adsorption of CO, on the UiO-67 surface.
In Figure 6b, with time, CO adsorption on the metallic catalyst was
noticed from a broad peak ranging from 1900 to 2100 cm™?, as
well as other CO adsorption peaks were also noticed, such as at
2115 and 2150 cm ™. These peaks represent the DRM reaction
progress. New vibrational bands at 1590 and 1550 cm™" were
observed after 1 min of the plasma ignition, indicating formates
and carbonates, respectively, shown in Figure 6¢. This is because
of adsorbed CO, on the surface undergoes a series of transforma-
tions, forming carbonates (CO3”"), which then convert to formates
(HCO, ") and ultimately to CO and OH on Pt NPs. After 5 min,
the formates, carbonates, and CO concentrations stabilized, indi-
cating that the DRM reaction reached a steady state. The decom-
position of formates on metallic Pt NPs subsequently leads to
C,H, through the dehydrogenation of C,H,, as evidenced by
peaks at 1415 and 1610 cm ™" in the spectral analysis. These results
underscore the dynamic interplay between plasma and catalyst
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Figure 6. In situ DRIFTS spectra to show surface interaction of absorbed and formation of carbon species in DBD plasma reactor. a) whole adsorbed
species, b) CO adsorbed, and c) carbonates and formates adsorbed on PEINP@UiO-67 catalyst during plasma-assisted DRM. Reproduced with permis-

sion.”Zl Copyright 2020, Elsevier.
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surface reactions in influencing product selectivity. This type of
reaction, such as C,H, formation on the catalyst surface, was
not observed in the absence of a catalyst in their study, highlight-
ing the synergistic effect of plasma and catalyst interaction with
the influence of surface reactions.

The DBD reactor exhibits potential as a plasma-assisted catalytic
reactor due to its straightforward design, low input power require-
ments, and capacity to facilitate physical and chemical reactions at
comparatively low gas temperatures. The reactor operates with
input AC voltage and frequency, and the breakdown voltage of
gases must be overcome for plasma generation. Various reactor
parameters such as discharge power, feed flow rate, discharge
gap, and frequency influence DRM, CH, conversion, and CO,
splitting conversion and efficiency. The choice of dielectric mate-
rial and electrode configuration can also impact reactor perfor-
mance. Diluent gases, waveform shape, and electrode polarity
are additional factors affecting the conversion and efficiency of
plasma-assisted catalytic reactions. Understanding these parame-
ters and their interactions can lead to the rational engineering
of DBD reactors for more efficient and sustainable chemical
conversions.

7. DBD Plasma Process Inefficiency and
Challenges in Catalysis

In any catalysis research work, energy efficiency is always the
primary concern. The loss of energy must be minimized to
improve efficiency. In plasma-assisted catalytic reactions, power
loss as heat during high voltage transformation is a significant
issue for plasma-catalysis energy efficiency. Sadat et al.l'**! devel-
oped a model for calculating the heat loss of a DBD reactor based
on which they reported that heat is generated in a DBD reactor by
elastic collisions and lost by conduction across the gas layer and
the composite envelope of the reactor. They used electrode tem-
perature measurements and found 86% input power dissipation
to the environment by convection and radiative heat transfer for
He and 42% for air as flowing gas. This power dissipation can be
attributed to the gas’s nature, which can be decreased with
increasing input power.

Table 4 represents the energy balance over a steam-reforming
DBD reactor by Kappes et al.'**! They summarize that more than
60% of the electrical energy input is spent on heating the dielec-
tric barrier because most plasma energy spent on dissociating
CH, is re-emitted as heat during the recombination of the inter-
mediate species. On the other hand, more than 50% of the

www.entechnol.de

plasma energy is absorbed by the vibrational excitation of
H,0 and CH, and does not contribute substantially to forming
the desired reaction products. Thus, it requires higher mean elec-
tron energy than it is obtained in DBD. Increasing the ratio of
dissociative collisions to vibrational excitation was suggested to
be efficient activation.

Besides power loss during electrode heating, temperature
could affect the discharge properties in plasma-assisted catalytic
reactions, as illustrated in Figure 7a,b. Zhang et al."*! reported
the discharge properties of the DBD reactor by V-I waveform
and Lissajous diagrams with fixed discharge power Pgs =10 W
and Upeax = 10kV for five different temperatures: 297, 473, 673,
773, and 873 K. According to his report, the discharge properties
showed the increased intensity of filamentary microdischarge
with increased temperature up to 673 K. Figure 7a shows that
the Lissajous diagram maintains a smooth parallelogram up
to temperature T =773 K. However, at T= 873 K, the Lissajous
diagram lost shape and concluded the absence of typical micro-
discharge. The voltage—current waveform or V-I waveform also
represented a similar conclusion. For T=773 K, the discharge
intensity decreased significantly compared to T=673K, as
shown in Figure 7b. The electrical properties are also enhanced
by increasing the duty cycle,’** as demonstrated in Figure 7c. It
is clear from Figure 7c that the number of pulses and amplitude
for voltage and current improved at positive and negative cycles,
increasing the duty cycle from 10% to 40%. These V-I profiles
later demonstrated the microdischarge properties in plasma-
assisted catalytic reactions.

Low-temperature operation is a key advantage of plasma-
assisted catalytic reactors, but maintaining room temperature
with a suitable plasma—catalyst combination remains a signifi-
cant challenge. Extensive research is underway to identify cata-
lysts compatible with various plasma-catalysis applications, as
resolving this challenge would dramatically boost reactor effi-
ciency. A clear understanding of the interactions between differ-
ent excited states, such as electronic or vibrational excitation of
particles with a plasma source, and their impact on product for-
mation is also crucial. Understanding the specific plasma mech-
anisms for different gas species and catalysts is an ongoing area
of research. Additionally, maximizing energy efficiency and min-
imizing energy loss are crucial objectives in catalysis research, as
they directly contribute to improved overall productivity.

To optimize and control DBD plasma for catalytic reactions, it
is crucial to diagnose and understand key plasma parameters
such as electron energy, electron density, and gas temperature.
These parameters are pivotal in defining reaction pathways

Table 4. Energy balance over a steam-reforming DBD reactor. Reproduced with permission.'*”! Copyright 2002, IAEA Scientific.

Energy sources Energy sinks
The heat of the incoming gas 30w The heat of outgoing gas —-17W
Plasma power 180 W Reaction enthalpy —5W
Electrical heating 30w Heating of the barrier 113 W
- - Heat loss to the environment -93W
- - Rest (such as heating of caps and electrodes) —62W
- 290 W - —290 W
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Figure 7. a) Typical V-Q Lissajous diagrams with various temperatures: 297, 473, 673, 773, and 873 K. Reproduced with permission."" Copyright 2013,

Institute of Physics. b) typical voltage and current waveforms at 673 and 773

K. Reproduced with permission.['>l Copyright 2013, Institute of Physics, and

c) voltage and current waveforms under various duty cycles. Reproduced with permission.['??l Copyright 2020, Elsevier.

and selectivity for products in plasma—catalytic reactions.
Electron energy distribution affects the ionization potential
and the energy available for bond dissociation, thus influencing
reaction rates and selectivity. For instance, higher electron
energy can favor CH, dissociation and subsequent formation
of C, hydrocarbons, while moderate energies are often preferable
for selective CO, splitting. Electron density, which impacts
the concentration of reactive species, can be measured using
techniques like Langmuir probes and MW interferometry.'*’!
Additionally, gas temperature, typically evaluated through optical
emission spectroscopy, plays a critical role in stabilizing plasma
and minimizing thermal effects that might deactivate the cata-
lyst. Controlled manipulation of these plasma parameters has
been shown to optimize conversion efficiency and improve
the selectivity of products in plasma-assisted catalysis.

In conclusion, the mechanism of plasma catalysis is influ-
enced by a multitude of factors, including reactor type, size,
design, input species, temperature, and catalyst morphology.
Further research is necessary to fully elucidate the intricacies
of plasma-assisted thermal catalysis across various reactor
configurations.

8. Summary

This review comprehensively analyzes the design parameters of
DBD plasma-assisted catalytic reactors for CH, and CO, conver-
sion. The DBD reactor is preferred for plasma catalysis due to
its simple configuration, cost-effectiveness, and superior perfor-
mance. DBD plasma generates various ionized particles with the
reactants during the reaction, leading to numerous intermediate
reactions and product formation. However, the underlying
mechanism remains unclear and requires further investigation
to establish a comprehensive theory. The catalyst and reactor

Energy Technol. 2025, 13, 2401177
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design parameters such as voltage, frequency, dielectric material,
electrode gap size, and gas flow influence the reaction mecha-
nism and performance. Specific reactor designs are necessary
to achieve the desired selectivity for particular reactions, includ-
ing CH,4 conversion, CO, splitting, and DRM reaction.
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