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By means of steady-state experiments and a global model, we studied the effects of plasma-generated reactive
species on the surface chemistry and coking in plasma-catalytic CH4/CO> reforming at reduced pressure (8-40
kPa). We used a hybrid ZDPlasKin-CHEMKIN model to predict the species densities over time. The detailed
plasma-catalytic mechanism consists of the plasma discharge scheme, a gas-phase chemistry set and a surface
mechanism. Our experimental results show that the coupling of Ni/SiO, catalyst with plasma is more effective in
CHy4/CO3 activation and conversion than unpacked DBD plasma, with syngas being the main products. The
highest total conversion of 16 % was achieved at 8000 V and 473 K, with corresponding CO and H; yields of 15 %
and 12 %, respectively. The reactants conversion and product selectivity are well captured by the kinetic model.
Our simulation results suggest that vibrational species and radicals can accelerate the dissociative adsorption and
Eley-Rideal (E-R) reactions. Path flux analysis shows that E-R reactions dominate the surface reaction pathways,
which differs from thermal catalysis, indicating that the coupling of non-equilibrium plasma and catalysis can
effectively shift the formation and consumption pathways of important adsorbates. For instance, our model
suggests that HCOO(s) is primarily generated through the E-R reaction CO2(v) + H(s) —» HCOO(s), while the
hydrogenation reaction HCOO(s) + H - HCOOH(s) is the main source of HCOOH(s). Carbon deposition on the
catalyst surface is primarily formed through the stepwise dehydrogenation of CH4, while the E-R reactions
enhanced by plasma-generated H and O atoms dominate the consumption of carbon deposition. This work
provides new insights into the effects of reactive species on the surface chemistry in plasma-catalytic CH4/CO2
reforming.

1. Introduction CO; and CHy, respectively [4], followed by Fischer-Tropsch synthesis to

obtain liquid oxygenates at high pressure. The transition metal Ni cat-

Methane (CH4) and carbon dioxide (CO3) are the two main green-
house gases, playing a critical role in global warming and climate
change. The chemical transformation of CH4 and CO, into fuels and
high-value oxygenates is one of the most promising ways to reduce CO,
emissions and create a sustainable low-carbon economy [1]. Neverthe-
less, this dry reforming of methane (DRM; CH4 + CO3 = 2CO + 2Hp,
AHO 298 K = 247 kJ/mol) is thermodynamically unfavorable under
mild conditions. Conventionally, the traditional thermal catalytic route
for syngas production relies on high temperature (>700 °C) [2,3] to
activate the C=0 bonds (Egiss = 5.5 €V) and C-H bonds (Egiss = 4.5 eV) in

* Corresponding author.
E-mail address: qchen@bjtu.edu.cn (Q. Chen).
1 ORCID: 0000-0002-9297-1669.

https://doi.org/10.1016/j.cej.2024.155847

alysts are known as the most representative catalysts for DRM, however,
they inevitably leads to catalyst deactivation owing to coke deposition at
high temperature. Therefore, a green alternative for DRM at mild
operating conditions is urgently needed.

Non-thermal plasma (NTP) is a partially ionized gas, which can
generate large amounts of radicals, excited species, photons, ions, and
electrons at ambient environment, offering a potential route to over-
come the thermodynamic and kinetic limitations in the transformation
of reactants into desired products. Moreover, NTP-based processes are
highly adaptable, making them suitable for integration with renewable
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energy sources like wind and solar power, enabling the decentralized
electrification of gas conversion and chemical processes [3]. However,
owing to a diverse mixture of highly reactive species present in NTP, it is
challenging to attain high selectivity and yield for the desired products.
Plasma catalysis, which is the integration of plasma and catalysts,
promises to combine the advantages of both, generating the desired
products at desired rates and efficiencies that are very difficult or
impossible to achieve via conventional catalytic means [5]. Several
papers have reported the good performance of plasma catalysis in terms
of reactants conversion, energy efficiency or product selectivity,
compared to the sum of the individual processes, such as in ammonia
synthesis [6-10], CO hydrogenation [11-13], NO, removal [14], CHy
oxidation [15,16] and DRM [17-19]. However, improvements in plasma
catalysis compared to plasma alone are not always observed, as reported
for DRM in a recent review paper [20]. Therefore, comprehending the
underlying mechanism into the surface reaction under plasma condi-
tions represents a significant breakthrough toward developing a more
efficient plasma-catalytic DRM process. However, plasma catalysis cre-
ates a complex environment, as the plasma can affect the catalyst
behavior, such as electric field effects, surface charging, hot spot for-
mation, morphological changes and changes in work function of the
catalyst, and vice versa, the catalyst can affect the plasma characteris-
tics, potentially leading to plasma-catalyst synergies [21]. Conse-
quently, it is extremely difficult to address the question of how the
plasma interacts with the catalyst, and vice versa [20].

From the viewpoint of chemistry, species in vibrationally excited
states may experience a lower activation barrier for the dissociation at
the surface, while radicals may allow E-R interactions to occur at the
catalyst surface, offering additional possible pathways for the chemical
conversions. Researchers elaborated on kinetic modelling to tackle the
plasma-chemical promotion on catalyst surfaces. Hong et al. [22] first
attempted to explore the chemical kinetic modeling of NH3 synthesis in
atmospheric-pressure plasma catalysis. The detailed kinetic mechanism
integrated plasma chemistry and heterogeneous surface interactions and
was described using the plasma kinetics solver ZDPlasKin [23],
providing an innovative approach for the simulation of plasma catalysis
using a zero-dimensional (0D) kinetics model. van ‘t Veer et al. [24]
developed an improved model, taking into account the filamentary
character of dielectric barrier discharge (DBD) plasmas, and were able to
reveal the mechanisms of NHg formation and loss (in the gas phase and
at the catalytic surface), both during and after the microdischarges.
However, both models typically accounted for the adsorption steps and
E-R interactions through simple sticking coefficients, which introduces
noticeable uncertainty into the rate constants of surface reactions. A
significant improvement to such models was introduced by Engelmann
etal [25,26], Michiels etal. [27], Liu et al. [28] and Loenders et al. [29],
who applied TST for the calculation of rate coefficients for surface re-
actions in plasma catalysis, refining the framework of plasma catalysis
modeling and enhancing the precision of its parameters. With rate co-
efficients obtained from TST, they proposed microkinetic models
(MKMs) [25-30] incorporating plasma-produced species and surface-
adsorbed species to study the mechanisms in plasma catalysis. On top
of this, attempts have been made to use density functional theory (DFT)
calculations [31] to capture specific influences of the plasma on surface
reactions, including surface charging and electric fields at the molecular
scale [32]. However, most MKMs (even if they consider the effect of
plasma species) and DFT calculations only consider surface reactions in
the model and cannot provide a comprehensive description of the
plasma chemistry.

To the best of our knowledge, TST, DFT calculations and MKM have
been primarily employed in plasma catalysis modeling for ammonia
synthesis [25,28], CO2 hydrogenation [27], partial oxidation of
methane [29] as well as non-oxidative coupling of methane [26]. In
contrast, there has been relatively limited effort in kinetic modelling of
plasma-catalytic DRM, due to the complexity of the reaction system. Pan
etal. [33] developed a numerical model that couples plasma kinetics and
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surface kinetics to investigate the inherent mechanisms, while Zhu et al.
[34] developed a 1D plasma fluid model, integrated with 0D surface
kinetics, to reveal how the surface reactions on platinum catalyst in-
fluence the redistribution of gaseous species in plasma-catalytic DRM.
Unfortunately, E-R interactions between surface-adsorbed and gas-
phase species were not considered in the kinetic mechanism, which
might play a crucial role in plasma catalysis [7,25,27,28]. Furthermore,
the rate coefficients for surface reactions were calculated using empir-
ical formulas in the aforementioned works.

Recently, Loenders et al. [20] proposed a coupled plasma-surface
microkinetic model. This model describes the reaction kinetics both in
the plasma and on the catalyst surface simultaneously, providing in-
sights into the effect of transition metal catalysts (i.e., Ru, Cu and Ag) on
plasma-catalytic DRM. Their results revealed some interesting phe-
nomena that the packing of transition metal catalysts in plasma-catalytic
DRM may have a negative rather than positive effect on reactants con-
version and products formation, due to efficient reverse reactions under
typical DBD conditions dominated by radical chemistry. These finding
elucidate that the different physical and chemical interactions are not
only needed to optimally tailor the interplay between these effects, but
also to avoid conditions under which they negatively affect the process.
Finally, the authors provided important recommendations for
improvement in plasma-catalytic DRM, and plasma catalysis in general.
However, the model predictions could not be compared with experi-
ments, due to the lack of data available in literature for such detailed
comparison. Therefore, further investigations are needed to elucidate
the underling mechanisms behind this adverse effect. Furthermore, the
authors pointed out that studying these interactions separately can aid
in disentangling the effects, which may be beneficial for the direct
comparison of experimental results from different studies. While some
works have been dedicated to plasma-catalytic DRM, the fundamental
mechanisms for the kinetics enhancement by plasma-generated reactive
species in surface chemistry are not yet understood. More in-depth
studies are needed to clarify how plasma-excited species can interact
with the catalyst surface.

Furthermore, coke deposition, which can lead to unstable plasma
discharge and Ni-based catalyst deactivation, remains a significant
challenge in optimizing the Ni-based catalyst for desired products in
plasma-catalytic DRM [35]. This challenge may limit the use of plasma-
catalytic DRM on a commercial scale. However, the underlying mech-
anisms for solid carbon deposition in plasma-catalytic DRM are far from
understood, and the related literature is extremely limited.

Based on the above discussion, we elaborate on the effects of plasma-
generated reactive species on the surface chemistry and coking kinetics
in plasma-catalytic DRM in this work. For this purpose, we combine
experimental measurements, catalyst characterization and chemical
kinetics modeling. First, we will present our experimental data in a DBD
reactor packed with and without Ni/SiO; catalyst, to demonstrate that
the combination of plasma and catalyst can effectively improve the
performance in DRM. Second, we will present our OD kinetics model
combined with detailed plasma-catalytic mechanism and validate it
experimentally. Subsequently, we will decouple the surface kinetics
from the plasma chemistry, in order to disentangle the chemical in-
teractions into surface kinetics and plasma chemistry. We will also
illustrate the results of our path flux and sensitivity analysis, to unveil
the underlying promotive mechanism of the plasma-enhanced surface
chemistry for products formation. Finally, we will perform the coking
kinetics analysis from a chemical perspective combined with thermog-
ravimetric analysis (TGA), which has never been explored before.

2. Experimental methods and kinetic modelling
2.1. Experimental setup

As depicted in Fig. 1, we performed experiments for plasma-catalytic
CH4/CO> reforming in a needle-cylinder DBD reactor with 15 mm inner
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Fig. 1. Schematic diagram of the experimental setup.

diameter and a barrier thickness of 2 mm. The DBD reactor consists of a
quartz tube with a built-in coaxial copper electrode connected to the
power supply and a concentric copper electrode with 30 mm length,
attached to the outside wall of the tube, acting as the ground electrode.
The diameter of the high voltage electrode was 3 mm, pre-loaded into
the quartz tube with an inner diameter of 3 mm and an outer diameter of
6 mm. The discharge volume was fully packed with 1.5 g Ni/SiO,
catalyst (see section S.1 and Fig. S1 for the preparation method in the
Supporting Information (SI)). By combining Hy temperature-
programmed reduction (H2-TPR), X-ray diffraction (XRD), and X-ray
photoelectron spectroscopy (XPS) (see section S.1 and Fig. S2 in the SI)
to characterize the crystallite structure, and composition of the catalyst.
The characterization results reveal that the active sites of the prepared
Ni/SiO; catalyst was in the reduced state, aligning with the proposed
surface reaction mechanism (see section 2.2.2 below in detail).

The feed gas (0.15 CH4/0.15 CO»/0.70 He) with a total flow rate of
200 sccm, was controlled by mass flow meters (MC-1600D-PV-4 W,
Warwick Instruments) and mixed well before being introduced into the
reactor. The purities for all gases were greater than 99.999 %. In this
study, the plasma was ignited using a nanosecond pulse power supply
(HVP-15P, Xi’an Smart Maple Electronic Technology Co., Ltd) with a
peak voltage ranging from 4000 to 8000 V, a pulse duration of 200 ns,
and a repetitive frequency of 20 kHz. Although the gas mixture could be
ignited at 3000 V, the conversion was relatively low, so we selected
4000 V as the initial applied voltage in this study. A tube furnace
(Tianjin Zhonghuan Furnace Crop.) was used to control the reaction
temperature at a constant value (50-250 °C at steps of 50 °C). It is worth
noting that the temperature could not be maintained at room tempera-
ture due to the absence of circulating water as the ground electrode, so
we chose 50 °C as the starting point. To highlight the advantages of NTP,
we selected a mild temperature range of 50-250 °C. At the same time, a
type-K thermocouple probe (+1 K) was located at the end of the
discharge region to measure the temperature. The pressure was
controlled by a vacuum pump and needle valve to maintain a constant
value in the range of 8-40 kPa at intervals of 8 kPa. To address the

complexity of the OD model in this work, we adopted reduced pressure,
highly diluted CH4/CO- mixture and a nanosecond pulsed power supply
to make the discharge in packed bed DBDs more uniform [7,36]
compared to the filamentary behavior observed in AC discharges [3,35].
Additionally, the extremely short duration of each pulse results in
nanosecond-scale heating of the discharge channels, thereby leading to
relatively low gas temperature in nanosecond pulsed discharges, which
is beneficial for controlling the reaction temperature. Furthermore, the
nanosecond pulsed discharge is characterized by short durations and
microsecond-scale afterglow periods (reduced electric field = 0 Td),
which simplifies the discharge physical model. All electric characteris-
tics were recorded by a digital oscilloscope (RIGOL DS1104Z, 100 MHz,
1GSa/s) equipped with a high voltage probe (RIGOL RP1018H, 1000:1)
and a current probe (CYBERTEK CP8030B, 100:1). The optical emission
spectroscopy (OES) diagnostics of the plasma were conducted using an
optical fiber connected to an Acton spectrometer (SP-2500i, 1200 g/mm
grating, Princeton Instrument) with a focal length of 500 mm to record
the spectra during the DRM reaction. Gas samples collected by a sample
vessel were analyzed off-line using an Agilent 7890B gas chromatograph
(GC) equipped with a flame ionization detector (FID) and a thermal
conductivity detector (TCD). Each measurement was repeated three
times to ensure that the measurement error was less than 5.0 %. In this
study, the products of plasma-catalytic DRM were dominated by syngas,
so the gas expanded upon reaction. Thus, we corrected the concentration
of products based on the method explained in Ref [37] to compensate for
the influence of the volume change on the conversion and selectivity.
The calculation method for reactant conversion, product selectivity, and
yield can be found in the SI, section S.2.

2.2. Kinetic model

We developed a OD plasma catalysis kinetics model to elucidate the
effects of plasma-generated reactive species on the surface chemistry
and coking kinetics in nanosecond-pulsed DBD plasma-catalytic DRM.
We used a hybrid ZDPlasKin-CHEMKIN model [38], incorporating the
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plasma kinetics solver ZDPlasKin [23] and the chemical kinetics solver
CHEMKIN-II [39], to predict the time evolution of species densities
using a time-splitting method, resulting in the decoupling of plasma
kinetics from low temperature chemistry. The rate coefficients of elec-
tron impact reactions were computed by the Boltzmann equation solver
BOLSIG+ [40], which is incorporated into ZDPlasKin. The reduced
electric field (E/N) was determined by the power density and calculated
at each time step [41].

2.2.1. Plasma-kinetic mechanism

The detailed plasma-kinetic mechanism consists of neutral mole-
cules, radicals, vibrationally and electronically excited species, ions and
surface-adsorbed species, as listed in Table 1. The gas-phase chemistry
set was primarily built upon our previous works, known for its excellent
prediction ability [43-45]. Some reactions from the NIST Chemical Ki-
netics Database were integrated into the chemistry set [46], resulting in
total in 624 chemical reactions (see SI, chemkin.inp). Only 9 asymmetric
vibrational mode levels (CO2(v1)-CO2(v9)) and 4 effective levels of the
symmetric vibrational modes (CO2(va)-CO4(vd)) were considered, with
CO4(v9) being the sum of the higher vibrational states [47], along with
their corresponding cross-sections [48]. This is more than sufficient for
DBD plasma [49]. Regarding the electron impact dissociation of CO,
three channels e + CO3 - e + CO + O, e + CO3 — e + CO + o('D)and e
+COy—e+CO+ 0(18) were considered [50]. Noxon [51] and Slanger
et al. [52] experimentally demonstrated that the dissociation of CO; can
result in the production of O(lD) and O(lS). Most of the cross-sections
for electron impact reactions are available from our previous works
[35,45,53].

We took into account in detail the vibrational kinetics, including
vibrational energy exchange reactions and chemical reactions stimu-
lated by vibrational states. Three main types of vibrational relaxation
reactions, i.e., vibrational-translational (V-T) transitions, vibrational-
vibrational (V-V) exchange among two modes or among two mole-
cules in the same mode were considered. The rate constants of chain
branching reactions accelerated by vibrationally excited molecules were
defined by the Fridman-Macheret a-model [54]. This is an approxima-
tion, but at this stage, no better model is available. Moreover, the

Table 1
Species considered in the model of plasma-catalytic CH4/CO, reforming.
Species Type Symbol Number
Molecules Ha, O,, O3, H,0, H,0,, He, CO, CO,, CHy, 25
CH,0, CH3OH, HCOOH, CH,CO, CH30,H, C,,
CyHj, CoHy, CoHg, CH3CHO, CoHs0H, aC3Hy,
cC3Hy, pC3Hy4, C3Hg, C3Hg
Atoms/Radicals H, O, C, OH, HO,, CH, CH,, CHx(S), CH3, HCO, 35

CH30, CH,0H, CHOH, COOH, HCOO, CH30,,
CoH, H,CC, CoHs, GoHs, G20, HCCO, CH5CO,
CH,CHO, C,Hs0, CH,CH,OH, CH;CHOH,
CH,CHOH, C3Hy, C3Hs, aC3Hs, sCsHs, tCsHs,
iC3Hy, nCsH,

Vibrationally excited H,(v1), Hy(v2), Ha(v3), H,O(v010), H,O 31

species (v001), H,O(v001), CH4(v24), CH4(v13),
CO5(va), CO,(vb), COy(ve), COx(vd), COx(v1)-
CO,(v9), CO(v1)-CO(v10)
Electronically He(2°3), 0('D), O(*S) 3
excited species
Cations He*, H', H3, Hi, 0", O3, OH', H,0*, H30™, 24
CO™, CO3, C*, CH', CH3, CH{, CHJ, CHZ, C3,
CoH', CoH3, CoH3, CoHi, CoHY, CoHg
Anions e, H, O, O3, OH" 5

Surface-adsorbed
species

H(s), O(s), OH(s), H,0(s), C(s), CH(s), CH(s), 22
CHj5(s), CO(s), HCO(s), COH(s), CHOH(s),

CH;0(s), CH,0H(s), CH50(s), COOH(s), HCOO

(s), CH30H(s), HCOOH(s), CoHa(s), CoHy(s), Ni

)

Solid Carbon Csoot [42] 1

Note: CH,(S) is an isomer of the CH, radical; CO(v9) is the sum of higher
vibrational states; X(s) indicates the surface-adsorbed species.
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vibrational kinetics have very limited contribution to the gas phase
chemistry, as we will demonstrate later, so the effect of this approxi-
mation is minimal. A detailed chemistry set involving 0('D) and O('S)
was incorporated to describe the electronic kinetics [35,43]. Further-
more, we incorporated the ion-neutral, electron-ion recombination and
mutual neutralization reactions into the ion chemistry mechanism. In
summary, 124 species (see Table 1, including the phase change of car-
bon, i.e., deposition of Csoor, Which is included as part of the plasma
chemistry) and 1833 elementary reactions (see SI, plasma_kinetics.inp)
were included in the plasma kinetic mechanism.

2.2.2. Plasma-surface interactions

In this section, we considered not only the traditional adsorption,
Langmuir-Hinshelwood (L-H) and desorption reactions, but also the
direct adsorption of radicals on the catalyst surface, the dissociative
adsorption of vibrationally excited molecules, and E-R interactions.

Given an elementary reaction step, A + B — AB* — C + D, with a
transition state (TS) species AB? for example, the forward rate coeffi-
cient kf can be expressed based on the harmonic TST [25,27],

—Eex ——AH# ex A—S# 1)
~ T PR )FPAR

where kg is the Boltzmann constant, h is the Planck constant, R is the
universal gas constant, AH” and AS” are the activation enthalpy and
entropy barriers for the reaction step, respectively.

Accordingly, the backward rate coefficient k, can be derived from the
equilibrium constant Keg,

ks AH" AS"
k—ereqfexp<fﬁ>exp<R) 2

where AH" and AS' are the reaction enthalpy and entropy for the reac-
tion step, respectively.

In this section, the data for L-H, molecule adsorption and desorption
mechanisms were derived from DFT calculations [55]. Given the weak
physisorption of CH4 and CO; with a low adsorption energy of —0.02 eV
[56,57], their adsorption and dissociation on Ni catalyst surface can be
effectively combined into one step for each molecule: CH4 + 2Ni(s) —
CHs(s) + H(s) and CO5 + 2Ni(s) — CO(s) + O(s) [57]. The combination
of two chemisorbed H to Hy(s) and the desorption of Hy(s) were also
represented in one step for the same reason.

Direct chemical adsorption of radicals is strongly exothermic. We
assume it can happen quickly without an enthalpy barrier and the rate
constants for radical adsorption assume the complete loss of trans-
lational entropy associated with moving from the gas phase to the
adsorbed state [25,27,28], simplified as follows:

ke T AS*
o =5 o0 () @

ky

Further, plasma-induced vibrational excitation can elevate the
enthalpy of reactant molecules, thereby lowering the activation barrier
for their dissociation on the catalyst surface. The rate coefficient for
plasma-enhanced dissociative adsorption is assumed to follow an «
model [30]:

kT (AS* AH* — qE,
Kadsy = T SXP (T) exp( - T) @

here, E, represents the energy for a reactant in the vth vibrational level,
and « is the efficiency factor to describe the utilization of the vibrational
energy to lower the dissociative adsorption barrier. The @ model is only a
rough approximation to account for the dissociative adsorption
enhanced by vibrationally excited molecules, which has to be kept in
mind when analyzing the results. However, to date, no exact expressions
for the efficiency of utilizing the vibrational energy to lower the disso-
ciative adsorption barrier have been determined in plasma catalysis.
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In contrast to thermal catalysis, the E-R reactions are potentially
important in plasma-catalytic processes due to the elevated radical
concentrations. E-R reactions involving free radicals do not require the
breaking of initial chemical bonds before the formation of adsorbate-
—adsorbate bonds. Consequently, E-R reactions are considered to be
enthalpy barrierless and limited by entropy loss going from a gas phase
state to a surface state [25,27,28]. Furthermore, T.W. Liu et al. [58]
comprehensively examined the energetics of 51 reactions on various
metal surface via DFT, finding that enthalpic barriers for E-R reactions
involving N and H radicals were negligible, thereby providing sub-
stantial support for this assumption. The rate coefficients for E-R in-
teractions are calculated using Eq. (5)

ke T AS*
ko= e () ©

It is worth to mention that rate coefficients calculated using Eq. (5)
for E-R reactions may overestimate the rates of some reactions, intro-
ducing uncertainties in our results. Unfortunately, obtaining accurate
parameters from experimental fits or DFT/AIMD simulations to deter-
mine E-R reaction rate coefficients is often difficult or computationally
very expensive. To address this challenge, we performed a sensitivity
analysis where we varied the rate coefficients to evaluate the importance
of E-R reactions in this work.

Additionally, we considered E-R reactions involving gas-phase mol-
ecules like CO5 (CO2 + H(s) — COOH(s), CO5 + H(s) — HCOO(s)) and
CO (CO+H(s) — HCO(s), CO+H(s) — COH(s)). Contrary to E-R reactions
involving radicals, these reactions have enthalpy barriers, like the E-R
reactions involving CHy4 considered by Loenders et al [29]. The activa-
tion barriers were estimated based on the potential energy surfaces of
the corresponding L-H reactions involving CO2(s) and CO(s), along with
the desorption energy of COx(s) and CO(s). Consequently, vibrationally
excited molecules can stimulate the E-R reactions, and we calculated the
rate coefficients using the same @ model mentioned above, keeping in
mind it is only an approximation, but no better estimation is available in
literature. In all cases, the surface temperature was assumed to be equal
to the gas temperature. This is reasonable because the characteristics of
nanosecond pulsed discharge and the endothermic nature of the DRM
reaction result in a much lower temperature rise during discharge, and
the long afterglow periods between pulses allow for effective heat
transfer between the gas and surface, leading to temperature equilib-
rium. Additionally, the temperature measured by thermocouple probe
and tube furnace are almost the same in this study. The proposed
plasma-enhanced catalytic mechanism includes 22 adsorbed species (see
Table 1) and 219 surface reaction steps (see SI, chemkin.inp).

2.2.3. Entropy values

The activation entropy is calculated as the difference in entropy
between TS and initial state (IS), while the reaction entropy is calculated
as the difference in entropy between final state (FS) and IS. For adsor-
bates tightly bound on the surface, the entropy of these species is
assumed equal to zero, since they have lost most of their translational
and rotational modes [27]. However, the TS for reactions involving gas
phase species is commonly treated as a two-dimensional (2D) ideal gas
in the xy plane and as a harmonic oscillator in the z direction. In this
case, only one degree of translational motion is replaced by one vibra-
tional mode in z. Thus, the entropy for the TS can be written as

1

Srs(T) =82, —=S°

gas 37 gas trans

+Saaviba Q)

They exhibit a nearly negligible contribution to the vibrational en-
tropy due to a very restricted center-of-mass motion in z [59,60]. The
value for Syans can be calculated using the Sackur-Tetrode equation.

(2amksT/2)* €512

Strans(T) = RIn (NA/VgaS>

@)
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SYustrans = Seaom & RIn [ (m/ma)* (T/298K)* | ®
where, m and my; are the molar mass of the gas and argon, respectively,
N, is the Avogadro constant, VO gas is the molar volume of the gas at its
standard state, and SO Ar,298 K is the entropy of Ar at 298 K and 1 atm.

It is worth noting that dissociative adsorption is an exception: we
assumed that the TS is tightly located at the surface, resulting in zero
entropy. This assumption is based on the strong interaction with the
catalyst, which is necessary for dissociation.

3. Results and discussion
3.1. Model validation

We performed steady-state measurements of the products and re-
actants to investigate the enhancing effects of the combination of Ni/
SiOg catalyst with nanosecond-pulsed discharge-activated DBD plasma
on DRM. Fig. 2 presents a comparison between the experimental and
simulation results for CH4 and CO; conversion under varying conditions
of applied voltage (a) and temperature (b), at a discharge frequency of
20 kHz and total gas pressure of 16 kPa. As depicted in Fig. 2(a), there is
a clear upward trend in conversion from 9 % to 20 % and from 3 % to 11
% for CH4 and COg, respectively, attributed to more energy deposited
into the discharge mixture with increasing voltage. Fig. 2(b) illustrates
that the conversion increases from 9 % to 17 % for CH4 and from 5 % to
11 % for CO5 upon rising temperature, owing to the enhancement of the
reduced electric field E/N with increasing temperature. It is worth
noting the highest total conversion of 16 % was achieved at 8000 V and
473 K (see Fig. S3 in the SI). The calculated conversions are in excellent
agreement with the measured data, both in absolute values and in trends
as a function of applied voltage and temperature. To highlight the pro-
motive effect of combining plasma and catalyst on the reforming of CH4
and CO», we also performed experiments for an unpacked DBD plasma
and for thermo-catalytic reforming. No conversion was detected for the
thermo-catalytic CH4/CO5 reforming, and in the unpacked DBD, the
conversions were significantly lower (see Fig. 2, empty bars), illustrating
the enhancement in the plasma catalysis system.

Fig. 3 shows the comparison between steady-state measurements and
model predictions for product selectivity at the same conditions as in
Fig. 2. The experiments indicate that the primary products include
syngas (CO/Hz) and ethane (CpHg). CO and Hy reach the highest
selectivity of 78 % and 75 %, respectively, at a voltage of 8000 V and
temperature of 473 K. The corresponding CO and H> yields are 15 % and
12 %, respectively (see Fig. S4 in the SI). Regarding the formation of
minor species, several hundred ppm of CyHy, CoHy4 and C3Hg were
detected in the experiments. Due to the absence of a cooling trap [3,35]
to condense the liquid products before the samples were injected into
the column from the reactor’s outlet, the oxygenates were characterized
employing a DB-WAX GC column (123-7032, 30 m x 0.320 mm). Due to
the characteristics of the DB-WAX GC column, only formaldehyde and
methanol could be detected. A maximum selectivity of 11 % for total
oxygenates was achieved in the experiments at 4000 V and 473 K, while
the highest oxygenates yield of 0.9 % was obtained at 5000 V and 473 K
(see Fig. S4 in the SI). We can conclude that lower voltage and tem-
perature are beneficial for the formation of oxygenates, which is
consistent with our previous work [35]. Notably, the selectivity for
syngas increases with increasing voltage and temperature, whereas the
selectivity for hydrocarbons and oxygenates decreases with increasing
voltage and temperature. From a thermodynamic perspective, as con-
version increases, the equilibrium for DRM shifts toward the final
products (CO, Hp), resulting in decreased selectivity for hydrocarbons
and oxygenates. At the same time, the analysis of the chemical reaction
mechanism also confirms this conclusion (see section S.5 in the SI).
Moreover, to illustrate the enhancing effect of plasma catalysis on the
product selectivity, we compare with plasma-only. Evidently, plasma
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catalysis can enhance the selectivity towards syngas and oxygenates,
highlighting the promotive effect of combined Ni/SiOy catalyst and
plasma on reforming of CH4 and COs.

As mentioned above, we compared the predicted reactants conver-
sion and products selectivity with the experimental measurements to
validate our kinetic model. As depicted in Figs. 2-3, the model pre-
dictions agree well with the steady-state measurements, with a relative
deviation less than 10 % for most species. Additionally, emission spectra
were recorded to characterize the reactive intermediates formed during
the plasma-assisted DRM process. Fig. S5 in the SI shows a typical
emission spectrum measurement of a 0.70 He/0.15 CH4/0.15 CO,
plasma with and without packing of Ni/SiO, catalyst. The detailed
emission lines of the main species detected are listed in Table S1. Hy, O,
and He atomic lines, and CO4, CO3, CO, CO™, CH, and C; bands were
identified, confirming the presence of a variety of reactive in-
termediates, such as H, O, CO3, CO, CO", CH, and C,. In summary, the
steady-state measurements and OES characterization indicate that our
detailed kinetic model can present a realistic picture of the underlying
chemical mechanisms. Motivated by the aim of this work, we will
conduct a kinetic analysis based on the simulation results. The experi-
mental condition at 473 K and 6000 V, which enables the simultaneous
generation of syngas, hydrocarbons, and oxygenates, while effectively
incorporating the specific investigated temperature and voltage points,
was selected for analysis.

3.2. Kinetics of excited species and adsorbed species

The reduced electric field, E/N, is one of the most crucial parameters
in controlling the distribution of electron energy deposition to various
excitation modes and the formation of active species in a non-
equilibrium plasma. Fig. 4 shows the fraction of electron energy
deposited into different excitation channels as a function of E/N for a
0.15 CH4/0.15 CO2/0.70 He mixture. The blue region indicates the
range of E/N values for the discharge conditions described in our ki-
netics model. As shown in Fig. 4, the most efficient mechanism for
electron energy loss is the vibrational excitation of CO, and CH4 at a
relatively low reduced electric field (<50 Td), facilitating the dissocia-
tive adsorption of reactant molecules on the surface. In our studied E/N
range (50 Td ~ 200 Td), the electron energy is primarily transferred to
the dissociation and ionization modes of CH4 and CO», as well as the CO,
vibrational excitation channel, which benefits the surface reactions via
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direct adsorption of radicals and E-R reactions.

Fig. 5 shows the time-dependent evolution of the surface coverage
for the primary adsorbed species in plasma-catalytic CH4/CO reform-
ing. As seen in Fig. 5(a), the rapidly increasing surface coverages of
CHs(s), H(s), CO(s) and O(s) result in a sharp drop in the density of free
sites (Ni(s)) in the early afterglow stage of the first pulse. This is mainly
because the reactions on the catalyst surface are dominated by the
dissociative adsorption of CH4 and CO», resulting in the catalyst surface
being almost fully covered with adsorbed species. A lower CHy4 activa-
tion energy on the Ni surface leads to dominant CH3(s) and H(s) cov-
erages over CO(s) and O(s). The surface coverage of H(s) shows a
decreasing trend due to the recombination reaction H(s) + H(s) - Ha +
2Ni(s), yielding the production of H,. After about 0.3 ms, the vibra-
tionally excited CO2(v) take part in E-R reactions with H(s): CO2(v) + H
(s) -» HCOO(s), leading to a sharp increase in the surface coverage of
HCOOC(s). The surface coverage of CO(s) gradually increases at a later
stage of the process, as HCO(s) undergoes dehydrogenation: HCO(s) +
Ni(s) — CO(s) + H(s) on the free sites on the catalyst surface.

As observed from Fig. 5(b), the surface coverage of CH(s), CHx(s) and
OH(s) is higher in the afterglow stage of the first pulse. CHa(s) and CH(s)
are formed via stepwise dehydrogenation of CHj3(s) on the catalyst
surface (see Fig. 10 below in detail). OH(s) is primarily generated
through the L-H reaction: CH(s) + O(s) — C(s) + OH(s) during this
period, resulting in a higher coverage. In the final stage, high concen-
trations of reactive H atoms lead to the rapid formation of OH(s) through
the E-R hydrogenation reaction: O(s) + H — OH(s). The increased
coverage of OH(s) accelerates the primary CHy(s) consumption reaction:
CHay(s) + OH(s) — CHs(s) + O(s), resulting in a rapid decrease in the
CHj(s) coverage.

CH30(s) is primarily formed through the oxidation reaction: CHs(s)
+ O — CH30(s), resulting in a rapid increase in the CH30(s) coverage.
With the gradual formation of CO in the gas phase, the vibrational
excitation of CO becomes important. Consequently, the generated
vibrational states CO(v) further enhance the HCO(s) formation via the E-
R reaction: CO(v) + H(s) — HCO(s). Additionally, the hydrogenation of
HCO(s) through the E-R process: HCO(s) + H — CH30(s), is also accel-
erated, facilitating the generation of CH,O(s). Therefore, the coverage of
HCO(s) and CH»0(s) increases rapidly with increasing reaction time and
exhibits a periodical tendency. CHOH(s) is mostly generated through the
hydrogeneration reaction: COH(s) + H — CHOH(s). Thus, the coverage
of CHOH(s) increases upon increased COH(s) coverage. It is worth
noting that the adsorbed species were not detected in this work due to
the absence of an in situ characterization technique. However, Kosari et
al. [61] and Shi et al. [62] have identified several surface species, such as
CO(s), OH(s), CH3(s), HCOO(s), HCO(s) on the Ni/SiO; catalyst surface
in DRM process using in situ DRIFTS, providing additional validation for
the simulation results.

3.3. Enhancement effect of plasma species on surface reactions

As mentioned above, vibrationally excited species or plasma radicals
may facilitate certain reactions at the catalyst surface, allowing catalysts
to perform better in the overall catalytic process. In this section, we will
demonstrate the importance of surface reactions involving plasma spe-
cies by comparing their rate coefficients and reaction rates with those of
surface dissociation and L-H steps, which dominate in thermal catalysis.

In order to evaluate the effect of plasma-induced vibrational exci-
tation on the catalyst surface chemistry, we plot in Fig. 6 the rate co-
efficients as a function of temperature of various dissociative adsorption
reactions (a), and of E-R reactions (b) from ground state CO2 and CHy, as
well as from the vibrationally excited molecules. As shown in Fig. 6(a),
the rate coefficients for dissociative adsorption of vibrational states
CH4(v) and CO4(v) are higher than those for ground-state CH4 and CO5,
by 1 ~ 2 orders of magnitude. The rate coefficients for surface dissoci-
ation increase with increasing vibrational energy levels. In addition,
from Fig. 6(b), it is evident that vibrationally excited COx(v) can
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accelerates the E-R processes, CO5 + H(s) » COOH(s) and CO5 + H(s) — reactions with the corresponding L-H reactions as a function of tem-
HCOOC(s) as well. perature. Since the entropy value of the species increases with temper-
In addition, in Fig. 6(c), we compare the rate coefficients of some E-R ature, the rate coefficients for E-R reactions exhibit a monotonically
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decreasing trend with increasing temperature, while the L-H reactions
behave in the opposite manner. It is clear that the rate coefficients for E-
R reactions are significantly higher than those for L-H reactions in the
low-temperature range. Therefore, it is easy to overcome the thermo-
dynamic disadvantages of DRM, facilitating the catalytic activation and
conversion of CH4 and CO» at low temperatures.

As shown in Fig. 7(a), the reaction rates of dissociative adsorption of
ground state molecules CH4 and CO,, as well as vibrationally excited
CHy4(v) and CO5(v) decrease as a function of time, which is due to the
decreasing surface sites density. Fig. 7(a) shows that the rates of the
reactions CHy + 2Ni(s) - CH3(s) + H(s) and CO; + 2Ni(s) - CO(s) + O
(s) are 1 ~ 2 orders of magnitude higher than those of the corresponding
reactions involving vibrationally excited molecules. This results from
the combination of the higher ground state densities (3 orders of
magnitude higher) vs lower rate coefficients (1 ~ 2 orders of magnitude
lower, cf Fig. 6(a)).

In Fig. 7(b), the reaction rates for E-R reactions involving vibra-
tionally excited CO2(v) are several orders of magnitude higher than
those of the corresponding E-R reactions involving ground-state CO».
Note that this is true during the pulses and early afterglow stages,
because the vibrationally excited CO5(V) rise rapidly in the pulses, while
they are lower in the later afterglow stages. However, overall they are
higher, as follows also from our later (path flux) analysis (see below).
This indicates that vibrationally excited COx(v) can also significantly
accelerate the E-R reactions, facilitating the formation of COOH(s) and
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HCOOC(s), and further promoting the generation of CO(s) and HCOOH(s)
through the L-H reaction COOH(s) + Ni(s) — CO(s) + OH(s), and E-R
reaction HCOO(s) + H — HCOOH(s), respectively.

Furthermore, Fig. 7(c) shows that the reaction rates of plasma-
enhanced E-R reactions CH3(s) + O — CH30(s) and HCOO(s) + H —
HCOOH(s) are approximately three and four orders of magnitude higher
than those of the corresponding L-H reactions CH3(s) + O(s) —» CH30(s)
+ Ni(s) and HCOO(s) + H(s) — HCOOH(s) + Ni(s), respectively,
underscoring the high reactivity for E-R reactions involving radicals in
plasma catalysis, effectively promoting and altering the surface reaction
pathways. Note however, that our model may also overestimate the
importance of E-R reactions, as it assumes that the E-R reaction rate
coefficients are calculated using a 0 eV enthalpy barrier, and this
assumption is subject to some uncertainties. Michiels et al. [63] pro-
posed introducing a sticking coefficient that accounts for the fact that
the exothermicity of the E-R reaction can lead to breaking of the formed
bond.

3.4. Reaction pathway analysis and sensitivity analysis

In order to elucidate the effects of plasma-generated species on the
surface chemistry, we carried out a path flux analysis, as presented in the
SI (Fig. S6) and the overall picture is summarized in Fig. 8. Indeed, Fig. 8
presents the network of surface reaction pathways for plasma-catalytic
CH4/CO> reforming. The thickest arrows represent the contribution of
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reactions to species formation with time-integrated rates in the order of
107 mol cm™3, while the thinnest arrows represent the contribution of
reactions with time-integrated rates in the order of 10™° mol em ™3

Dashed lines indicate the contribution of reactions with time-integrated
rates less than 10™° mol em 3

As shown in Fig. 8, CHy is first dissociated on the catalyst surface to
produce CHs(s). The C-H bond rupture on the Ni surface is promoted by
exciting the vibrational state of CH4, which has been verified by state-
resolved molecular-beam experiments [64]. In this study, vibrationally
excited CH4(v) contributes for only 1.2 % to CHs(s) formation via the
dissociative adsorption reaction: CH4(v) + 2Ni(s) — CHs(s) + H(s).
CHs(s) is primarily consumed through the E-R reaction: CHs(s) + H —
CHj4 + Ni(s), and the surface dehydrogenation (L-H) reaction: CHs(s) +
Ni(s) — CHa(s) + H(s), accounting for 36 % and 56 % of CHs(s) con-
sumption, respectively. The remaining CHs(s) mainly forms CH30(s) via
the plasma-enhanced E-R reaction: CHs(s) + O — CH30(s), which is the
predominant formation pathway for CH3O(s) with a 99.5 % contribu-
tion. CH30(s) further converts to CH3OH(s) via the hydrogenation re-
action CH30(s) + H — CH3OH(s). Finally, CH3OH(s) desorbs from the
surface to produce methanol (one of the major oxygenates measured in
the experiments; see section 3.1 above), which is the prevalent pathway
for CH3OH formation, as shown in Fig. S6 in the SI.

There are two types of catalytic reactions involving COy: the disso-
ciative adsorption of CO; on the catalyst surface, as well as the E-R re-
actions: CO5 + H(s) — COOH(s) and CO; + H(s) — HCOO(s). The results
show that vibrationally excited COy(v) significantly accelerates the
above E-R reactions, effectively stimulating the formation of COOH(s)
and HCOO(s). Almost all of COOH(s) undergoes bond-breaking: COOH
(s) + Ni(s) — CO(s) + OH(s), to promote the formation of CO(s). As seen
in Fig. 8, the desorption reaction: CO(s) - CO+Ni(s), is the dominant
pathway for CO(s) consumption, accounting for 97 % of the total CO(s)
consumption, and thus for CO production, which is one of the major
products formed (see Fig. 3 above). A small proportion of CO(s) par-
ticipates in the E-R reaction, CO(s) + H — HCO(s), providing only 1.5 %
of the total HCO(s) formation. Fig. 8 shows that 99 % of HCO(s) is

10

formed through the E-R interaction: COy(v) + H(s) - HCO(s) stimulated
by vibrationally excited CO5(v), highlighting the strong enhancement of
vibrationally excited molecules in the surface chemistry. Again, this
conclusion is based on certain assumptions in the model, i.e., the so-
called a-approximation, namely that the activation barrier is reduced
by the value of vibrational energy taken with efficiency a. However, this
approximation is subject to uncertainties. Therefore, our conclusion
should be considered with caution, and keeping in mind the above
model assumptions.

The results show that 99.9 % of HCO(s) are dehydrogenated on the
catalyst surface, facilitating the formation of CO(s). However, there is an
alternative route to consume the remaining HCO(s) with OH(s), via HCO
(s) + OH(s) -» HCOOH(s) + Ni(s), to generate HCOOH(s). Our model
predicts that the E-R hydrogenation reaction HCOO(s) + H — HCOOH(s)
is by far the dominant formation pathway of HCOOH(s). The desorption
of HCOOH(s) from the catalyst surface leads to the formation of HCOOH,
which is indeed expected to be one of the major oxygenates formed.
Note that we could not measure it in this work, due to limitations of the
DB-WAX GC column, as mentioned above; but it was one of the major
oxygenates detected in our previous study, where we reached good
agreement for the HCOOH selectivity between our model and experi-
ments [35]. Furthermore, a very small amount of HCO(s) reacts with H
atoms through the E-R reaction, HCO(s) + H — CH30(s), to generate
CH0(s), which is an important formation pathway (38 %) for CH20(s).
The majority of CH20(s) desorbs from the catalyst surface leading to
CH50 formation, which is one of the major oxygenates detected in our
experiments (see section 3.1 above). As we also focus on coking kinetics
in this study, the reaction pathways for carbon deposition C(s) on the
catalyst surface are depicted in Fig. 10, as well as the catalytic Hy for-
mation pathways.

To summarize, the path flux analysis shows that E-R reactions
dominate the surface reaction pathways in plasma-catalytic DRM, at
least based on the assumptions made in the model, which is very
different from thermal catalysis, where L-H reactions dominate. In other
words, our model indicates that the coupling of catalyst with non-
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equilibrium plasma can effectively shift the formation and consumption
pathways of important adsorbates, highlighting the important role of
plasma-generated radicals and vibrationally excited molecules in the
surface chemistry, if the assumptions made are indeed valid.

To account for the effect of these assumptions, and to study the ki-
netic limitations of E-R reactions on the product formation in plasma-
catalytic DRM, we also performed a sensitivity analysis, as presented
in the SI, section S.6. Fig. S7 demonstrates that the sensitivity co-
efficients for Hy, CoHg, CoHy4 formation are noticeably smaller compared
to those of CO, CH3OH, and HCOOH. This deviation in the sensitivity
coefficients suggests that the influence of E-R reactions on the genera-
tion of CO, CH3OH, and HCOOH is greater than their promotive effects
on the production of Hy, CoHg, and CoHy, which is verified by the re-
action path flux analysis for the aforementioned products in Fig. S6 in
the SL.

3.5. Coking kinetics analysis

Experimentally, a considerable amount of carbon was deposited on
the reactor tube wall and catalyst surface, which might result in unstable
plasma discharge and catalyst deactivation. Therefore, we also used our
model to perform a kinetic analysis for carbon deposition in plasma-
catalytic DRM.

Fig. 9 illustrates the time evolution of the key carbon formation and
elimination reaction rates in plasma-catalytic DRM. After the first pulse
of the nanosecond-pulsed discharge, the rate of the oxidative dehydro-
genation reaction (R1) CH(s) + O(s) — C(s) + OH(s), is approximately
3-4 orders of magnitude higher than that of the carbon elimination re-
action (R5) C(s) + H(s) — CH(s) + Ni(s). As the reaction proceeds,
plasma-enhanced E-R reactions (R3) C(s) + H — CH(s) and (R4) C(s) + O
— CO(s) become the primary carbon elimination reactions. However,
the rates of these two reactions are still lower than the rate of the carbon
deposition reaction (R1) CH(s) + O(s) — C(s) + OH(s), resulting in a
rapid increase in carbon deposition coverage, as indicated by the black
curve in Fig. 9. As the coverage of CH(s) decreases, its oxidative dehy-
drogenation rate decreases as well. Fig. 9 clearly shows that the reaction
rate of C(s) + H — CH(s) (R3) becomes higher than that of CH(s) + O(s)
— C(s) + OH(s) (R1) after 0.02 s, after which the coverage of carbon
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gradually decreases again. Thermogravimetric analysis (TGA) was used
to determine deposited carbon during plasma-catalytic DRM (cf. SI,
Fig. §8). As shown in Fig. S9 in the SI, our kinetic model predicts the
trend of selectivity toward carbon deposition as a function of applied
voltage and reaction temperature. However, some discrepancies exist
between our simulation and experimental results. Given the multiphase
nature of the products, accurate quantification of carbon deposition
indeed presents significant challenges. While differences in calculated
and measured carbon deposition selectivity are not unexpected due to
the large number of chemical reactions and uncertainties in rate co-
efficients, we prefer not to “tune” our model without a real scientific
basis. Indeed, all assumptions made in our model are based on logical
and plausible physics. Overall, we believe that our model is sufficiently
realistic to capture the underlying mechanism of carbon deposition in
plasma-catalytic DRM reaction.

Comparing the rates of the main carbon elimination reactions, we
can see that the rates of the plasma-enhanced E-R reactions, C(s) + H —
CH(s) (R3) and C(s) + O — CO(s) (R4), are several orders of magnitude
higher than those of the corresponding L-H reactions, C(s) + H(s) —» CH
(s) + Ni(s) (R5) and C(s) + O(s) — CO(s) + Ni(s) (R8) after 107 s. This
indicates that the plasma-generated H and O atoms are indeed able to
eliminate carbon deposition in plasma catalysis, as predicted by our
model, again under the condition that the assumptions made in the
model about the role of E-R reactions hold true (see discussion in section
2.2.2 above). Note that we measured no conversion for the thermal
catalytic CH4/CO4 reforming due to the low temperature (see section
3.1). While this limits the validation by experimental data in this study,
it aligns with findings reported in the literature by Vakili et al. [65] and
Shi et al. [66].

We also analyzed the carbon formation and consumption in the gas
phase, as shown in Fig. S10 and Fig. S11 in the SI. Our model shows that
the electron impact dissociation reactions, e + CH4 — e + C + 2Hy and e
+ CO - e + C + O, dominate the carbon formation, which is then
deposited, C — Cgpot, and this process contributes for about 18 % to the C
(s) formation.

Fig. 10 depicts the predicted surface reaction pathways for carbon
deposition and elimination based on our simulation results. The first
point to stress is that the E-R reactions, CH3(s) + H — CHy4 + Ni(s) and
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Fig. 9. Time evolution of reaction rates of carbon formation (R1, R2) and elimination (R3-R8) reactions, as well as carbon coverage (C(s)) (CH4:CO5:He = 15:15:70;
flow rate: 200 sccm; pressure: 16 kPa; reaction temperature: 473 K; applied voltage: 6000 V; discharge frequency: 20 kHz; pulse duration: 200 ns).
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Fig. 10. Network of surface reaction pathways for carbon deposition C(s), and elimination, for plasma-catalytic CH4/CO, reforming over Ni-based catalyst (CH4:COx:
He = 15:15:70; flow rate: 200 sccm; pressure: 16 kPa; reaction temperature: 473 K; applied voltage: 6000 V; discharge frequency: 20 kHz; pulse duration: 200 ns).

CHj3(s) + O —» CH30(s), provide additional routes for CH3(s) consump-
tion to inhibit its complete dehydrogenation to carbon. Continuing from
Fig. 8, 63 % of CHa(s) is consumed via the L-H reaction, CHa(s) + OH(s)
— CHs(s) + O(s), while 36 % of CHy(s) undergoes dehydrogenation,
CHjy(s) + Ni(s) — CH(s) + H(s), yielding CH(s) on the catalyst surface. A
significant amount of CH(s) is dehydrogenated via CH(s) + O(s) — C(s)
+ OH(s), resulting in the deposition of carbon C(s), which accounts for
94 % of its overall consumption. In summary, the carbon deposition on
the catalyst surface is primarily formed through the successive dehy-
drogenation of CHy4. Note that the nature of the active sites, metal-
support interactions, and catalyst morphology all play significant roles
in determining the rates and types of carbon deposition. The rational
design and screening of catalysts are helpful for controlling carbon
deposition during the plasma-catalytic DRM process. Meanwhile, H(s)
generated during dehydrogenation further interact with each other
through the L-H reaction H(s) + H(s) — Hy + 2Ni(s), resulting in the
formation of Hy, a major product, as shown in Fig. 3. In traditional
thermal catalytic DRM, the main consumption pathways of carbon
deposition C(s) involve oxidative processes: C(s) + O(s) — CO(s) + Ni(s),
C(s) + OH(s) — CO(s) + H(s), and C(s) + OH(s) — COH(s) + Ni(s) [67].
However, the consumption pathways are shifted in plasma-catalytic
DRM. Plasma-enhanced E-R reactions C(s) + H — CH(s) and C(s) + O
— CO(s) dominate the consumption of carbon deposition C(s), ac-
counting for 80 % and 16 % of the overall consumption of C(s),
respectively.

4. Conclusions and outlook for future work

We studied the plasma-catalytic reforming of CH4 and CO; over a
SiOg-supported Ni catalyst at reduced pressure (8-40 kPa), both
experimentally and by chemical kinetics simulations to elucidate the
underlying mechanisms, with a particular emphasis on the effects of
reactive species on the surface chemistry and coking kinetics. Compared
to the plasma reforming without catalyst, plasma catalysis significantly
enhances the reactants conversion and products selectivity, demon-
strating that the combination of plasma and catalyst enhances the DRM
performance. The experimental measurements show a peak CH4 and
CO conversion of 20 % and 11 %, respectively. Additionally, we ach-
ieved a maximum selectivity of 78 % for CO and 75 % for Hy, in plasma-
catalytic DRM.

Furthermore, our chemical kinetic calculation suggests that vibra-
tionally excited molecules as well as radicals produced in the plasma can
accelerate the dissociative adsorption and E-R interactions, promoting
the generation of adsorbed species. A path flux analysis shows that E-R
reactions dominate the surface reaction pathways in plasma-catalytic
DRM, indicating that the coupling of non-equilibrium plasma and
catalyst can effectively shift the formation and consumption pathways of
important adsorbates. For example, CH30(s) and HCOO(s) are mainly
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generated through the E-R reactions, CHs(s) + O — CH30(s) and CO(v)
+ H(s) - HCOO(s). Additionally, the hydrogenation reactions CH30(s)
+ H — CH30H(s) and HCOO(s) + H — HCOOH(s) are the main sources
of CH30H(s) and HCOOH(s), respectively. As the assumptions made in
our model on E-R reactions are subject to uncertainties, we also per-
formed a sensitivity analysis, which demonstrates that uncertainties in
the rate coefficients of E-R reactions have a more significant influence on
the generation of CO, CH3OH, and HCOOH compared to the formation
of Hz, C2H6, and C2H4.

Further, our model reveals that carbon deposition on the catalyst
surface is primarily formed via the oxidative reaction CH(s) + O(s) — C
(s) + OH(s), while CH(s) is mainly formed through the stepwise dehy-
drogenation of CH,4. The consumption pathways seem to be the E-R re-
actions, C(s) + H — CH(s) and C(s) + O — CO(s), enhanced by plasma-
generated H and O atoms, which play a dominant role (ca. 80 and 16 %,
respectively) in the consumption of carbon deposition C(s), respectively.
It is worth noting that compared to thermal catalysis, the E-R reactions,
CH3(s) + H - CHy4 + Ni(s) and CH3(s) + O - CH30(s), provide addi-
tional routes for CHs(s) consumption to inhibit its complete dehydro-
genation to carbon.

To summarize, E-R reactions seem to dominate the surface reaction
pathways in plasma-catalytic DRM, if the E-R reactions are indeed
correctly described in our model, which is in stark contrast to thermal
catalysis, where L-H reactions typically prevail. This finding indicates
that the coupling of catalyst with non-equilibrium plasma can effectively
shift the formation and consumption pathways of important surface
adsorbates, highlighting the effect of plasma-generated radicals and
vibrationally excited molecules in the catalytic surface chemistry.

However, there is still room for improvement in this study. We
summarize the shortcomings and outline future directions below.

Firstly, while this study focused on the effects of plasma-generated
reactive species on the surface chemistry, catalyst design and
screening were not emphasized. Future work will delve into catalyst
development and operating parameters optimization, particularly at
atmospheric pressure, to improve reaction performance in terms of
reactant conversion, high-value products selectivity, and energy
efficiency.

Secondly, the absence of online or in situ measurements hindered the
model validation for intermediates and surface species. We will incor-
porate in situ characterization like Fourier transform infrared spectros-
copy (FTIR), Laser induced fluorescence (LIF), and online gas
chromatography-mass spectrometry (GC-MS), to gain a deeper under-
standing of the underlying promotive mechanism for plasma-catalyst
interactions. Additionally, Transmission electron microscopy (TEM)
and other techniques will be combined to characterize the surface
alteration of the catalyst during the reaction. Furthermore, TEM and
Raman spectroscopy will be employed to characterize the carbon
deposition to enhance our understanding of coke formation.
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Finally, the developed plasma-enhanced surface mechanism relied
on some assumptions, including the @ model for plasma-enhanced
dissociative adsorption and a zero eV enthalpy barrier for E-R re-
actions involving radicals/atoms. Although widely accepted, these as-
sumptions may introduce uncertainties in our results. In future work, we
will combine DFT or AIMD calculations to provide values for key reac-
tion steps to improve the accuracy of the kinetic model.
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