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ABSTRACT: The combination of catalysis and nonthermal plasma holds promise for enabling difficult
chemical conversions. The possible synergy between both depends strongly on the nature of the reactive
plasma species and the catalyst material. In this paper, we show how vibrationally excited species and
plasma-generated radicals interact with transition metal catalysts and how changing the catalyst material
can improve the conversion rates and product selectivity. We developed a microkinetic model to
investigate the impact of vibrational excitations and plasma-generated radicals on the nonoxidative
coupling of methane over transition metal surfaces. We predict a significant increase in ethylene formation
for vibrationally excited methane. Plasma-generated radicals have a stronger impact on the turnover
frequencies with high selectivity toward ethylene on noble catalysts and mixed selectivity on non-noble
catalysts. In general, we show how the optimal catalyst material depends on the desired products as well as the plasma conditions.
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B INTRODUCTION temperatures above 3000 °C, acetylene becomes the
. . . . thermodynamically preferred product of methane decom-
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improvement and recently discovered natural gas sources.
Methane is often produced at remote sites from where
transportation is difficult. It is therefore desirable to reform
methane to more readily transportable and valuable
products,”™> such as olefins,”® which are today primarily
produced by steam cracking of higher hydrocarbons at elevated
temperatures (~900 °C).

The current routes of methane to olefins include'” (i)
reforming to synthesis gas (syngas) and subsequently syngas to
methanol and methanol to olefin (MTO), (ii) reforming to
syngas and syngas to olefin via Fisher—Tropsch synthesis
(FTO), (iii) oxidative coupling of methane (OCM), and (iv)
nonoxidative coupling of methane (NOCM). MTO and FTO
are indirect and infrastructure-intense processes, and OCM
consumes an oxidant and wastes some methane hydrogen as
water. NOCM is a particularly appealing option as it
potentially yields desired products in one step and avoids the
need for an oxidant. Efficient NOCM to olefins is difficult to
achieve thermally because equilibrium conversions become
appreciable only above about 750 °C, and coking readily
occurs at this and higher temperatures. Between 750 and 1200
°C, benzene is an important equilibrium product,” and
dehydroaromatization over Mo-based catalysts is possible.””

NOCM is highly endothermic and energy-intensive when

by using a thermal plasma to generate the high temperatures
necessary to drive equilibrium toward acetylene and hydrogen.
Energy efficiencies and CH, conversions can reach 40 and
70%, respectively.” To avoid recombination of the products,
the gases must be rapidly quenched before separation, and the
process requires a regeneration step to remove carbon lay
down from the electrodes.

Nonthermal plasmas (NTPs) operate at a much lower bulk
temperature, and NTP-processing of methane has the potential
benefit where thermodynamically unfavorable reactions
become possible at lower temperatures due to the non-
equilibrium nature of the system.'””"> Scapinello et al.’
compared the best energy efficiencies, CH, conversions, and
product selectivities reported in the literature between different
plasma sources for NOCM, including dielectric barrier
discharges (DBDs), gliding arc plasmas, corona discharges,
and microwave plasmas. DBDs are of particular interest
because of their scalability from laboratory to industrial
reactors and their operation at ambient pressures and
temperatures.' NOCM in DBDs however suffers in terms of
energy efficiency and CH, conversion, reaching values of
around 3 and 10%, respectively.” Nozaki et al. predicted from a

driven thermally, and thus, alternative approaches to activating Received:  February 4, 2020 §ﬁ§]§Lgab|§
and converting methane to useful products are in great need. Revised:  March 24, 2020 P
Plasma activation provides one such potential avenue.'’ Published: March 30, 2020 50
Methane is activated in both thermal and nonthermal plasmas b &fkn; ./ ‘
through electron impact processes that could provide va
alternative routes to couple methane nonoxidatively.” At
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numerical model'” that, in a DBD, 36% of the input electrical
energy is lost to vibrational excitations and subsequent
vibrational—translational relaxation. Vibrational excitation of
methane leading to gas-phase dissociation is slow due to the
high energy barrier, while relaxation through gas-phase
collisions happens  significantly faster.'® Several other works
have studied NOCM in DBDs with kinetic models.'*'**° Each
of these works studied the importance of both electron impact
vibrational excitation as well as electron impact dissociation.
Vibrational excitations of methane are found to be relatively
unreactive in DBD plasma, and the most important loss terms
for methane are direct electron impact dissociations. These
works confirm the general trend in plasma-assisted NOCM
and that, for a low specific energy input (SEI), the main
products are ethane and propane, while at higher SEI, ethane is
converted to acetylene. At low SEI, CH; radicals are generated
through electron impact dissociations of methane, which
recombine mostly to ethane. In higher SEI plasmas, ethane is
mostly converted to acetylene because intermediate ethylene is
readily dehydrogenated."* Yang'* concluded that it is
particularly difficult to produce ethylene. They suggested
that, to improve ethylene selectivity, the electron energy
should be carefully controlled to avoid ethane and acetylene
formation, and specific neutral—neutral recombination reac-
tions should be enhanced.

A potential approach to improving the performance of
plasma-activated methane conversions is through coupling
with a heterogeneous catalyst.'”'>*"** Plasma-assisted catal-
ysis has been demonstrated for hydrocarbon reforming,”
waste gas treatment,24 CO, conversion,lo’22 NH, synthesis,1 25
and methane conversions.'”>* Mehta et al. reviewed the impact
of plasma activation on catalytic methane dry reforming.'
They highlighted the potential of plasma catalysis to allow
chemical conversion to happen at lower temperatures where,
thermally, no conversion is expected. At higher temperatures,
plasma-activated species undergo thermal relaxation and the
potential impact of the plasma on the conversion is cancelled.
This trend was shown by Nozaki et al.'” and Kim et al.”*”” in
their studies on methane steam and dry reforming,
respectively. Nozaki et al. examined the influence of a DBD
on the methane steam reforming performance over a Ni/SiO,
catalyst.'” They observed the methane conversion curve to
shift about 200 °C to lower temperature in the presence of
plasma as well as a positive correlation between plasma
discharge power and methane conversion. Kim et al.”®”’
observed methane dry reforming yields over a Ni/Al,O,
catalyst to exceed that of bulk thermal equilibrium at
temperatures of 400 to 600 K. They attributed the enhance-
ments to methane vibrational excitations and their effect on the
dissociation rate at the catalyst surface.

Only a limited number of studies has been reported for
plasma-catalytic NOCM in gliding discharges and in
DBDs.”**" To study the effect of catalyst material on the
plasma, Jo et al.*® examined the effect of electric conductivity
of the catalyst on methane activation in a DBD. Their models
show a lowering of the electric field upon introduction of an
alumina-supported Pt catalyst compared to the electric field in
the presence of bare alumina. The introduction of a conductive
metal in the discharge zone results in higher CH; and lower
CH densities. Consequently, they show higher selectivity to
ethane and lower selectivity toward acetylene compared to the
results on bare alumina. Schmidt-Szalowski*” et al. and Mlotek
et al.*° studied the effects of transition metals in a combination
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of a gliding arc discharge and a mobile catalyst bed. They
concluded that this setup is an effective way to perform
NOCM to C, hydrocarbons. Schmidt-Szalowski attributed the
changes in selectivity to electrical properties of the catalyst
material and their effect on the discharge. Mlotek postulated
that the change in selectivity in favor of ethane and ethylene
was due to two possible reaction pathways: (i) plasma
generation of CH; and CH, radicals that can couple readily
to ethane and ethylene and (ii) hydrogenation of produced
acetylene to ethane and ethylene in the presence of the
catalyst. Spiess et al’' studied the impact of the electrode
material in discharge plasmas on the methane conversion.
Based on mass spectrometry and GC/MS data, they suggested
plasma-catalytic reaction pathways for the different products.
Their suggested pathways start from plasma-activated methane
dissociating on the catalyst surface, initiating the radical
reactions through creation of CH;* and H*. Subsequent
recombination and termination reactions also happen on the
catalyst surface. The highest methane decomposition rates
were observed on noble catalysts. Scapinello et al.*> examined
the impact of a copper rod along the centerline of a pulsed
discharge reactor on the acetylene hydrogenation. They
observed a significantly higher ethylene conversion around
200—400 °C compared to the conversion in the presence of a
stainless steel rod or for homogeneous reactions.

All of these works show that it is important to pick the right
catalyst material for the right plasma. However, a detailed
insight in which reaction mechanisms are at play, how reaction
mechanisms are impacted by the different metals, and how
optimal catalyst materials can be chosen are still lacking. An
impediment to answering these questions is the lack of models
to relate catalyst composition to performance. In a recent
study, Mehta et al.*® reported a microkinetic model for
ammonia synthesis that attempted to capture the potential
influence of plasma excitation of N, vibrations on surface site-
normalized reaction rates. Starting from a conventional,
thermal-only microkinetic model for the rate of ammonia
synthesis versus a catalyst characteristic, in this case, the
binding energy of atomic nitrogen (N*), they augmented this
thermal model with estimates for the extent of nonthermal N,
vibrational excitation based on laboratory observation of the
apparent N, vibrational temperature and an estimate of the
consequences of vibrational excitation on the N, dissociative
sticking coefficient. Ensemble averaging over vibrational states
yielded a predicted plasma-enhanced ammonia synthesis rate.
Model results were consistent with the observed ability of the
plasma—catalyst combination to produce ammonia at con-
ditions that are thermally inaccessible, and they predicted that
the optimal catalytic material (the “peak” in the volcano) is
shifted to lesser absolute N* binding energy. Experimental
observations were consistent with this predicted shift. A follow-
up work® showed the potential to surpass the thermodynamic
conversion limit when coupling the plasma with the right
catalyst. The presence of a nonthermally activated reaction
channel can kinetically trap the produced ammonia at higher
than thermal equilibrium limits. For catalysts with lower N*
binding energy, the beyond equilibrium effect was observed at
lower levels of N, excitation.

Methane is similarly known to become vibrationally
activated in plasmas. Further, vibrational excitations are well
known to influence the rate of methane dissociation on
transition metal catalysts.”> However, to the best of our
knowledge, no research has been done on how these
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vibrational excitations impact NOCM in the context of plasma-
activated catalysis. Additionally, while the above-mentioned
works on plasma-catalytic NOCM highlight the importance of
radical densities in the plasma phase, none of these works
provide direct mechanistic and kinetic insight into the surface
catalytic chemistry. For these reasons, we develop, in this work,
microkinetic models for NOCM on transition metal surfaces,
incorporating (i) the influence of vibrational excitations and
(i) the influence of plasma-generated radicals on methane
dissociation rates. We use DFT results available in the CatApp
database®® to parameterize surface reaction rates. We take
advantage of observed correlations between reaction and
activation energies to relate results to a single descriptor of
surface reactivity.””*® We incorporate the influence of methane
vibrational excitations and plasma-generated radicals on the
reaction mechanisms and rates. We solve the model at 500 K
and 1 bar to simulate the reaction conditions in a DBD packed
with a transition metal catalyst. It is our aim to compare the
impact of vibrational excitations and of plasma-generated
radicals in plasma-catalytic NOCM with thermal catalytic
NOCM. The plasma and catalyst are otherwise decoupled to
focus on the chemistry of the aforementioned plasma species.
This way, we provide essential information for understanding
the specific concepts in plasma-catalytic NOCM and plasma
catalysis in general. Our results encompass a comparison of
methane conversion rates, product selectivity, catalyst cover-
age, and reaction mechanisms.

B MICROKINETIC MODEL CONSTRUCTION AND
SOLUTION

We developed a mean-field microkinetic mode to simulate
thermal NOCM as well as NOCM with vibrationally excited
methane and NOCM with plasma-generated radicals. We
constructed a set of rate equations to compute the reaction
kinetics on transition metal catalysts in contact with methane.
These rate equations are differential equations for the time
derivative of the surface coverages

0,
T Z
j (1)

where 0, is the surface coverage of adsorbate i (defined as the
total number of adsorbed species divided by the total number
of adsorption sites), c; is the stoichiometric coefficient for the
adsorbate in surface reaction j, and r; is the rate (in coverage-

j
s corresponding to this reaction, which is defined as

— Cif Cr
1= kg H ait =k, H a;’
s s (2)

with k;¢ and k;, being the forward and reverse reaction rate
coefficients, respectively, a, is the activity of species s (equal to
the coverage in case of adsorbates and to the pressure in bar in
case of gas-phase species), and e and ¢, are the
stoichiometric coefficients of the reactants of the forward
and the reverse reactions, respectively. The reaction rate
coefficients k;¢ and k;, are calculated with harmonic transition
state theory using the Eyring—Polanyi equation

kyT

h 3)

Here, kg is the Boltzmann constant, / is Planck’s constant,
and AS* and AH" are the entropy and enthalpy barriers to the
transition state, respectively.

33,39
1 9

_ AS*/R_—AH*/RT
krer = e e

6045

To incorporate the influence of plasma-induced vibrational
excitations on CH, dissociation rates, we assign a vibrational
temperature ranging from 500 to 3000 K, distinct from the
bulk temperature, and assume the vibrational states follow a
Boltzmann distribution.*® Activation barriers, AH?, are
decreased proportional to the excitation energy (E,)
formulated by the following equations

_ kg T AS*/R —(AH*-aE,)/RT
TST,w = e e

krgr = P(V)kTST,v
B kT

p(v) = Ze_EL/kBT

4)
where a is a function of the forward activation barrier, Eaf, and
the backward activation barrier, E., as defined by the
Fridman—Macheret equation”'

a

Ef

a=—2
E +E (s)

We chose to neglect the impact of the 2, 4 bending modes of
methane because no alpha parameter is known for the
excitation of these modes. On the one hand, the efficacy of
these modes is generally lower than that of the stretch
modes,” but the spacing between the energy levels is also
much lower, resulting in higher populations of the higher
energy levels. Juurlink et al.”> reported high energy efficacies
toward methane dissociation for the vibrational excitation of
the v, symmetric stretch and the v; asymmetric stretches. They
noted that the excitation of the v, , bending modes can aid in a
better access of the transition state but that their efficacies are
typically lower. In any case, the aim of our work is to study the
impact of vibrational excitations in a qualitative way.
Depending on the exact vibrational distribution function and
on how the efficacies change over the different levels of
excitation and catalyst materials, the maximum turnover rates
might be shifted to higher/lower temperatures or to higher/
lower binding energies, but the general trends remain
unchanged. In the Supporting Information (Figures SI and
S$2), we compare the effect of the bending modes, assuming
alpha parameters equal to 0.1 and 0.5.

We solved the ordinary differential rate equations on the
most noble catalyst (E, = 1 eV) until the surface coverage
reached a steady state (06,/0t = 0 for all species i). In
subsequent steps, Ey is decreased in increments of —0.01 eV
until E, = —1 eV. During each iteration, new reaction barriers
and the corresponding reaction rate coefficients are calculated,
and the steady state of the previous step is used as a guess to
solve for an algebraic solution. This solution is inserted back
into the rate equations to obtain steady-state turnover
frequencies (TOFs).

B RESULTS AND DISCUSSION

Reactions and Reaction Parameters. We seek to build
the simplest possible microkinetic model for C—C coupling
starting from methane at a transition metal surface. We choose
transition metals both because plasma-promoted NOCM is
observed over transition metal catalysts’® and because
parameters for microkinetic models are available from
literature tabulations. We assume CH, as a reactant, C,
hydrocarbon species as products, and adsorption/desorption,

https://dx.doi.org/10.1021/acssuschemeng.0c00906
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Table 1. Surface Reaction Steps and Associated Microkinetic Parameters on the (211) Steps

reaction step e &
adsorption/desorption
Hy + * = H* 0.73 ~2.49
Hy + 2% = 2H* 146 -0.45
Ce +* = C* 3.0 -5.03
CHgy + * = CH* 2.59 —4.66
CH, + * = CHy* 1.82 -3.15
CHy + * = CHy* 1.00 -1.52
CHy + 2% = CHy* + H¥ 173 0.55
CHg + * = CH* 2.98 -275
CHyg + * = CHy* 2.52 —0.10
CH, + * = CH,* 093 —146
CHy + * = CH* 0.80 0.04
CHy + * = CH* 1.30 -135
(de)hydrogenation
C* + H* = CH* + * —-1.19 —0.67
CH* + H* = CH,* + * -1.50 —0.39
CH,* + H* = CH3* + * —1.55 —0.69
C,H* + H¥ = CH,* + * ~1.19 —0.67
CHy* + H¥ = CH* + * 232 —0.39
C,H;* + H* = C,H* + * —0.86 —0.84
C,H* + HF = CHg* + * —0.24 —0.46
CH(* + H* = CHgy + 2% —2.03 —0.55
carbon coupling
2CH* = C,H,* + * —2.66 —0.78
2CH,* = CH* + * —2.83 —1.24
2CHy* = C,Hgy + 2% ~2.00 —0.87

MAE Ya £, MAE
0.10 0.00 0.00 0.00
0.20 0.86 0.49 0.15
027 0.00 0.00 0.00
0.18 0.00 0.00 0.00
0.19 0.00 0.00 0.00
0.00 0.00 0.00 0.00
0.10 141 1.29 0.13
0.24 0.00 0.00 0.00
0.20 1.08 0.46 0.25
022 0.00 0.00 0.00
0.17 0.34 0.17 0.06
0.12 0.00 0.00 0.00
0.20 —0.35 0.99 0.16
0.20 —0.40 0.97 0.29
0.27 —0.15 0.47 0.08
0.20 -0.35 0.99 0.16
0.29 —-0.40 0.97 0.29
0.11 —0.15 047 0.08
0.12 —-0.02 0.74 0.09
0.05 —-0.29 0.67 0.02
0.32 —0.98 128 025
0.52 —0.94 0.65 0.31
0.00 —0.44 2.08 0.18

(de)hydrogenation, and carbon coupling reactions as summar-
ized in Table 1. Jo et al.”® reported that C, hydrocarbons were
produced with ~70% selectivity, depending on the discharge
power, in DBDs packed with alumina-supported Pt. The given
chemistry set is a subset of a large amount of species and
reactions occurring in plasma-catalytic NOCM, but it allows
studying the specific role of plasma-generated species including
vibrationally excited CH, and plasma-generated radicals. We
referred to the CatApp database®® of the DFT-computed
reaction and activation energies to parameterize microkinetic
models. We built scaling relations for the reactions in Table 1
based on the reaction and activation energies computed using
the RPBE functional on the (211) steps of Ru, Rh, Pt, Cu, Au,
and Ag. In the Supporting Information, Figures S3 to S8, we
plotted the reaction and activation energies against the binding
energy of CH; (E,) for all the reactions in Table 1 for the
(211) steps and the (111) terraces, respectively. Consistent
with the literature, we find approximately linear correlations
between all steps. The linear fit parameters, y and &, for the
forward reaction energy, E; and the activation barrier, E,, are
listed in Table 1 for each reaction along with the mean
absolute error (MAE) following the equations

E; = yE, + & (6)
E, =y-E, + & (7)
S, — yl
MAE = ——— =%
n (8)

With x; being the literature value of the energy on transition
metal i and y; being the energy obtained when inserting E; of
metal i in the linear fit. In the table, the asterisk (*) symbolizes
an adsorption site on the catalyst, and A* is an adsorbate

attached to one of these sites. The MAE is for all reactions
similar to MAEs reported in the previous work on scaling
relations.”® Only the coupling reaction of 2 CH,* to C,H,*
has a higher MAE. Because binding energies on a given metal
are taken to be linearly correlated, the underlying scaling
relations are insensitive to the choice of binding energy.
Meanwhile, for the thermal case, CH* is the more important
species, but it is not for the other cases. CH;* was chosen as it
is the product of the first dehydrogenation of methane.

Throughout the paper, plasma—catalyst interactions other
than the chemical behavior of specific plasma species on the
catalyst surface are beyond the scope of this work. In reality,
introducing different transition metals in the plasma zone will
impact the plasma characteristics, while at the same time, the
plasma will change catalyst surface characteristics, as explained
in the Introduction and the references therein.

The entropy of the gas-phase species is calculated with the
formula

S(T) = SOZ9SK - Strans(298 K) + Strans(T) (9)

where the standard gas-phase entropy, S5y, can be found in
the database of the National Institute of Standards and
Technology (https://webbook.nist.gov/chemistry/), and
szns(T) is the translational part of the entropy at temperature

kyT (2mmkyT) V2 5/2
—_— e

Strans(T) =R ln
p K (10)

The rotational, vibrational, and electronic parts are assumed
to stay constant in the temperature range. We note that the
entropies of the stable molecules (i.e, H,, CH,, C,H,, C,H,,
and C,H,) are known, but not of all the radicals in the model

https://dx.doi.org/10.1021/acssuschemeng.0c00906
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Figure 1. Steady-state (a, b) TOFs and (¢, d) coverages vs descriptor (E;) of NOCM in (a, c) thermal catalysis and with vibrationally excited CH,

following a (b, d) Boltzmann distribution at Ty, = 1500 K.

(at a given temperature). For the sake of internal consistency,
all the entropies were calculated with the formula above. To
check the validity of this approach, we compared the calculated
entropies for these stable molecules with the experimental
values from literature, and we found an MAE at 500 K of 14 ]
mol™" K™ (Table S2 in the Supporting Information), which
corresponds to a maximum error on the free energy barriers of
0.07 eV. We assumed that the entropy of the transition state is
the entropy of a 2D gas for the case of radical adsorption/
desorption (X(g) + * = X*) and equal to the surface entropy
in the case of all other reactions.*” Entropies of the surface
species are varied linearly from a 0D gas for the strongly
binding catalysts up till the entropy of a 2D gas for the weakly
binding catalysts. Indeed, when the species are more strongly
bound, they have more difficulty overcoming diffusion barriers,
while less strongly bound species can move around more freely
on the surface, behaving like a 2D gas.*” The entropy of a 2D
gas is equal to two-thirds of the entropy of a 3D gas, Sns(T).
The linear scaling correlates the surface entropy to our
independent descriptor, the binding energy of CHj, so that all
rate coefficients can still be calculated as function of a single
parameter.

We solved for steady-state reaction rates at 1 bar CH,, 500
K, and zero conversion, as described in the Microkinetic Model
Construction and Solution. The reported rates can be
interpreted as the rates at the front of a PFR or in a CSTR
where the residence time is vanishingly small or the volume is
much greater than the amount of the catalyst. Because we
assume zero conversion, the system is necessarily away from
equilibrium and the rates correspond to the initial forward
rates toward said equilibrium. We find that rates on the
stepped surfaces are several orders of magnitude greater than
on the terraces, but otherwise, follow similar trends. We report
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the stepped surface results here in the main article and include
the results on the metal terraces in the Supporting Information
(Figures S9 to S11).

Thermal Nonoxidative Coupling. The left side plots in
Figure 1 show the computed steady-state TOFs (top) and
coverages (bottom) for thermal catalytic NOCM at 500 K with
a gas-phase composition equal to 1 bar of methane at 0%
conversion. The TOF is defined as

1 number of produced molecules
TOF (s7) =

(11)

number of sites-second

The results are shown as a function of the binding energy of
CH, (ranging from strongly binding catalysts on the left to
weakly binding catalysts on the right). Species that are
produced are displayed with a full line, while consumed species
(in this case, methane) are displayed in a dotted line.

We observe a maximum methane conversion rate at —0.1
eV, close to the Pd catalyst. The TOF of NOCM follows a
volcano-like behavior. On the right side of the plot, where the
catalysts bind weaker, the dissociation of CH, to CH; and H is
the rate-limiting step because the TOF is equal to the methane
dissociation rate. The linear scaling relations that were
constructed for the reaction barriers result in an exponential
increase of the reaction rate coefficients. On a logarithmic
scale, this results in a linear increase as the catalysts bind
species more strongly. On the left flank of the volcano,
methane conversion is rate limited by product formation. In
the range of —0.1 to —0.7 eV, the TOF is equal to the reaction
rate coefficient of acetylene desorption (C,H,* — CZHZ(g)))
being the rate-limiting step in this region. At —0.7 eV, the
volcano shows a discontinuity in the slope. For more strongly
binding catalysts, the rate-limiting step is no longer the
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desorption of C,H,* but the formation of C,H,* through
coupling of 2 CH*.

C, species can be formed along (i) the carbon coupling
pathway, where CH, (de)hydrogenation precedes C—C
coupling and (i) the (de)hydrogenation pathway, where
coupling precedes dehydrogenation of C,H, species to the final
product. For ethylene and ethane, the combination of these
two pathways leads to “dual volcanos”. In the case of ethylene,
the summit of the highest volcano can be found around 0 eV.
This volcano corresponds to the coupling of CH,* radicals.
The second summit occurs at —0.7 eV where the dominant
pathway is C,H,* hydrogenation to C,H,*. Similarly, the dual
volcano behavior can also be observed for ethane. On the more
weakly binding catalysts (from 0 to 1 eV), a volcano trend
occurs from the coupling of CH;* radicals, while around —0.1
eV, a higher volcano occurs for the hydrogenation of C,H,* to
C,Hg. The individual rate of each elementary reaction in the
model is reported in the Supporting Information (Figure S12).
From these plots, it can be determined which are the dominant
reactions for gain and loss terms of the species. Volcano
behavior of methane conversion was reported before in
methane steam reforming.43 To the best of our knowledge,
these are the first reports of volcano plots for NOCM.

On the bottom left plot, we can see that, for all catalysts with
a binding energy greater than Pd, the active sites remain empty
as all the CH;* radicals get dehydrogenated to CH,*, which
couple to form C,H, before a new CH, molecule can
dissociate. On more strongly binding catalysts, the most stable
adsorbates are CH* (and to some extent, C*). The same
discontinuity as mentioned above, arising from a change in the
rate-limiting step, can be observed in the steady-state coverage
of CH* as well. Since it becomes more difficult for CH* to
couple to C,H,*, there is a temporary increase of the steady-
state coverage in the interval from —0.5 to —0.9 eV.

The net steady-state rates along the different reaction
pathways in NOCM are shown in Figure 2 for rhodium (E, =

Figure 2. Relative weights of reaction pathways in thermal catalytic
NOCM using a flow diagram representation.”* Blue flow lines
represent dehydrogenation, while red, yellow, and purple flow lines
represent the formation of ethane, ethylene, and acetylene,
respectively.

—0.24 eV) and silver (E, = 0.65 eV). The intermediate species
C,H*, C,H;*, and C,H* are left out for the sake of clarity.
The width of the flow lines corresponds to the relative weights,
but as the latter can vary up to 10 orders of magnitude, the
widths are not drawn to scale. However, they still show a good
overview of the dominant pathways. For the exact values of the
net rates of each reaction, we refer to Figures S12 to S14 in the
Supporting Information. The diagrams confirm that, on the
more strongly binding catalyst (Rh), the (blue) dehydrogen-
ation flow lines are more important up to CH* and push the
conversion toward acetylene, while on the more noble catalyst
(Ag), the largest flow ends in ethylene in agreement with the
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volcano plot in Figure 1 (top left plot). Furthermore, CH;
coupling is more important than the C,H, hydrogenation
pathway for the formation of C,H¢ on Ag (red flow lines),
while the opposite holds for Rh. The shift from one dominant
pathway to the other translates in the dual volcano behavior
explained above. A small part of C,H, is dehydrogenated to
C,H, on Ag (purple flow line between both), while on Rh, the
direction of the pathway is inverted and C,H, is formed from
C,H, hydrogenation (yellow flow line between both). This
result, showing that C,H, (de)hydrogenation acts as an
important branching mechanism in the catalytic conversion,
was also suggested by Indarto et al.'’ for plasma-based
conversion based on a microkinetic model for NOCM in a
DBD (without a catalyst).

Effect of Methane Vibrational Excitation. We next
incorporate the influence of CH, vibrational excitation on rates
and selectivities. Vibrational excitations are expected not only
to be prominent in microwave and gliding arc plasmas' "> but
also they can be important in dielectric barrier discharges
(DBDs),"” depending on the power distribution over the
microdischarge filaments. In addition, vibrational excitation
can also be realized, e.g., by lasers,* making it of broader
fundamental interest.

The right-hand side of Figure 1 reports turnover frequencies
and steady-state coverages obtained from methane vibrational
excitation. The vibrationally excited methane follows here a
Boltzmann distribution at a vibrational temperature of 1500 K.
This temperature was found to give the highest TOF, as shown
in Figure 4 and explained below.

In the bottom right graph, a notable difference can be seen
in the steady-state coverage of CH;* on the more noble
catalysts. The reactive methane molecules dissociate much
faster than in the thermal case due to the vibrational excitation.
Therefore, these catalysts, which are not capable of
dehydrogenating CH;* to CH,*, are completely covered
with CH;* radicals. Around Pd and Rh, the steady-state
coverage shifts in favor of CH*.

On the turnover frequency plots, we observe important
changes in the selectivity of the C, hydrocarbons. The major
product formed from vibrationally activated NOCM is
ethylene for most of the catalysts (Pt, Rh, Pd, Cu, and Au)
with the exception of Ag, which mainly produces ethane, and
Ru, for which acetylene is predicted to be the major product.
From this perspective, combining vibrational excitations of
methane with the appropriate catalyst is a promising way to
favor ethylene production, which is of particular interest for the
chemical industry. Increased methane conversion rates are
found for those catalysts where CH, dissociation was rate-
limiting (Pd, Cu, Au, and Ag) and on Pt and Rh where the
rate-limiting step has shifted from CH* to CH,* coupling. On
Ag, the rate-limiting step is now the coupling of CH;* to
ethane. We can see that the maximum ethane formation has
increased and shifted to the more noble catalysts, while the
volcano for ethylene formation finds its maximum between Rh
and Pd, similar to the thermal maximum. We observe a rate of
ethylene formation that is a factor 10° higher around platinum,
rhodium, and palladium. This increase is however not as high
as for ethane (factor 10'?) since the conversion still depends
on the ability of the catalyst to dehydrogenate CH;*. The
maximum TOF of acetylene does not change much, but the
entire volcano lies slightly lower because of the lowered
coverage of CH* around Pd and Rh.
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As mentioned before, the ethane formation rate is the sum of
two rates corresponding to two different pathways for product
formation: one for the carbon coupling reaction (2 CH;* to
C,H¢) and one for the two-step hydrogenation reaction
(C,Hy* and 2H* to C,Hy). The top of the carbon coupling
volcano has shifted from 0.4 eV (close to Au) in thermal
NOCM to beyond 1 eV. Thus, catalysts that were inactive in
thermal NOCM are now capable of reforming methane
because they are no longer limited by low methane dissociation
rates. The local maximum from the C,H,* hydrogenation
pathway is still visible around —0.2 eV. On all catalysts, the
ethylene conversion is now dominated by the CH,* coupling
mechanism, and the local maximum at —0.7 eV from the
hydrogenation pathway, observed in thermal NOCM, is now
lower than the local coupling rate of CH,*. The individual rate
of each elementary reaction in the model is reported in the
Supporting Information (Figure S13).

The flow diagrams for NOCM with vibrationally excited
methane are shown in Figure 3 for the Rh and Ag catalysts.

e
TS CHy

Figure 3. Relative weights of reaction pathways in NOCM with
vibrationally excited methane using a flow diagram representation.”*
Blue flow lines represent dehydrogenation, while red, yellow, and
purple flow lines represent the formation of ethane, ethylene, and
acetylene, respectively.

The main difference between the thermal case and the case of
vibrationally excited methane is the increased ethane TOF on
noble catalysts (like Ag) due to the high amounts of CH;* (see
the right side plots of Figure 1). On Ag, the ethane TOF is
higher than the TOF of ethylene, which is the second main
product. The top of the volcano plot can be found on Rh
where the main reaction path is CH, dissociation to CH;*,
CH;* dehydrogenation to CH,*, and subsequent CH,*
coupling toward ethylene. The primary pathway for ethane
formation is C,H,* hydrogenation, instead of CH;* coupling,
which translates in the dual volcano behavior described above.

Figure 4 shows the maximum TOFs of methane, ethane,
ethylene, and acetylene as a function of the vibrational
temperature and the CHj; binding energy. On the methane
map, the summit is located at 1500 K around the —0.1 eV
catalyst (close to Rh and Pd) where the main product is
ethylene. The volcano plots corresponding to this vibrational
temperature are the ones shown in the right-hand plots of
Figure 1. At higher vibrational temperatures, the higher
dissociation rate of methane results in a higher coverage of
the catalyst. The lack of free sites obstructs the further
dehydrogenation of CHj radicals to CH,, thereby inhibiting
the formation of ethylene and acetylene. These trends can also
be verified on the ethylene map and even stronger on the
acetylene map, which hardly benefits from vibrational
excitations of the reactant. Figure S15 of the Supporting
Information shows the same plots for the metal (111) terraces.

Effect of Reactive Plasma Species. The vibrational
temperature used above was below the threshold for significant
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gas-phase CH, dissociations.”> However, in practice, radicals
are formed in DBD plasma by other processes, such as electron
impact dissociation. We therefore now consider the potential
effect of ground-state intermediate plasma species (radicals)
and methane conversion products by modifying the gas-phase
composition to the calculated pressures, characteristic for an
atmospheric DBD at a temperature of 500 K*. While the exact
partial pressures depend on the type of plasma, the qualitative
trends and concepts described below are more generally valid.

The partial pressures of the relevant plasma species
considered in the model are shown in Table 2. We neglect
vibrational excitations here to focus on the contrast between
plasma-accelerated surface reactions and plasma-generated
species. It is indeed an advantage of computer modeling to
be able to distinguish between separate effects, which is much
more difficult in experiments. The reactions and the treatment
of these extra species are outlined in the first paragraph of the
section Results and Discussion. The only difference with the
previous sections is that other species than methane can now
also adsorb on the surface. Subsequent elementary reactions
are identical as before.

In Figure 5, we show the steady-state turnover frequencies
and coverages at 500 K for a gas mixture of methane, ethane,
ethylene, and acetylene as well as the corresponding radicals
based on their partial pressures (number densities) calculated
for a DBD plasma (cf. Table 2 above).

On the right-hand side, we can see that the steady-state
coverages are completely changed. In the thermal case, CH*
(and to some extent C*) covered the surface of catalyst
materials that bind more strongly than Pd. In the present case,
where much more reactive carbon species are present in the
gas phase, the more weakly binding catalysts (i.e., Cu, Au, and
Ag) are covered with C,H;*, while the intermediate catalysts
(including Pt, Rh, and Pd) are covered with C,H;*, C,H,*,
and CH*, and the strongest catalysts (Ru and stronger) are
covered with CH* and C,H,*. Indeed, the high amount of H
and H, in the gas phase (see Table 2) hydrogenates the surface
species, giving rise to more volatile species at the surface as
compared to C* and CH* in the case of pure methane (either
thermal or with vibrational excitation; cf. Figure 1). C,H¢* and
C,H;* are the dominant adsorbates because of their high
densities in the plasma phase. Around Ru, a spike of adsorbed
C,H,* can be observed. As mentioned above for thermal
NOCM, in this regime, acetylene desorption becomes more
difficult, resulting in a higher coverage of the species. On even
stronger catalysts, acetylene breaks up in 2 CH* radicals. The
interaction of plasma-generated radicals with the -catalyst
causes more saturated (and volatile) species to cover the
surface, thus limiting the carbon laydown. The model captures
the initial formation of carbonaceous species as chemisorbed
C* and CH¥, species expected to be precursors to coke. The
model does not capture the further nucleation and growth of
coke, which leads both to catalyst deactivation and non-
productive methane consumption. Robust models for the rate
of coke formation versus metal are not available. While carbon
deposition is a major practical limitation in thermal NOCM, a
potential advantage of plasma-enhanced methane conversion is
the ability to operate at lower temperatures at which coke
production rates are lower.

From the plot, it is clear that TOFs of the C, hydrocarbons
have strongly increased compared to thermal NOCM with
TOFs in the range of 107 around Pt and 10° around Ag.
Hence, while for all catalysts investigated, the catalyst is almost
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Table 2. Calculated Partial Pressures (bar) in a Methane DBD Plasma at 500 K, Adopted from De Bie et al.*’

H H,
1.06 x 1078 435 x 107!
C CH CH, CH, CH,
472 x 1071 1.34 x 1072 4.56 x 107° 2.01 x 107% 472 x 107!
C,H C,H, C,H, C,H, C,H; C,Hy
1.04 x 107! 3.75 X 1072 2.02 X 1073 1.05 X 1072 3.03 X 107° 442 x 1072
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Figure S. Steady-state (a) TOFs and (b) coverages vs descriptor (E,) in NOCM with reactive plasma species, characteristic for a DBD plasma at

500 K.

completely covered with carbon species, and this only seems to
inhibit the conversion process significantly on catalysts
stronger than Rh. Most of the surface species on the more
noble catalysts are C,Hs* and C,H;* which hydrogenate
relatively easily toward ethane and ethylene. Because CH, CH,,
C,H, and C,H; are now present in the initial gas mixture
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(produced in the plasma), strongly binding catalysts are now
no longer a requirement for their formation. On the weakly
binding catalysts, C,H* and C,H;* need H* atoms on the
catalyst surface for contributing to the total C,H, and C,H,
production, but the high densities of H atoms in the plasma
phase can provide for these. C,H; and CH, have considerably
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higher densities than C,H and CH (cf. Table 2 above) and,
therefore, ethylene is the dominant product over acetylene for
the more noble catalysts (Pd, Cu, Au, and Ag). Furthermore,
as the CH, density is similar to the CH; density (and likewise
for C,H; and C,Hy), ethylene is also preferred over ethane due
to its lower formation barrier. Considering the added value of
olefins, our results suggest that the more noble catalysts,
maximizing ethylene TOF and selectivity, are most appropriate
for NOCM in plasma with high densities of reactive radicals.

On the left side of the plot, reaction mechanisms are
different, and ethane, ethylene, and acetylene have similar/
identical TOFs. Indeed, around Pt and Rh, ethylene is formed
through the hydrogenation of C,H;*. The H atoms necessary
for this reaction are provided by the dehydrogenation of
another C,H;* radical, resulting in a net reaction of 2C,H;*
radicals into C,H, and C,H, and an overlap of the TOFs of
ethylene and acetylene in this region. Similarly, around Ru,
C,H;* provides the hydrogen for the hydrogenation of C,H;*,
yielding a net reaction of C,H;* + C,H;* into C,H, and C,H.
The individual rate of each elementary reaction in the model is
reported in the Supporting Information (Figure S14).

In general, the TOFs are dominated by the reactions of the
plasma-produced radicals. The catalytic dissociation of
methane is negligible, and the reverse reaction, which converts
plasma-generated CH; back to methane, is faster on each
catalyst material.

In Figure 6, we show the reaction pathways and their
corresponding weights on Rh and Ag. The biggest difference

Plasm:

Ag

Figure 6. Relative weights of reaction pathways in plasma-catalytic
NOCM using a flow diagram representation.** Green flow lines
represent hydrogenation, red, yellow, and purple flow lines represent
the formation of ethane, ethylene and acetylene, respectively, while
light blue flow lines represent adsorption from species provided by the
plasma. All reactions flow from left to right with the exception of the
green flowlines, which represent rehydrogenation of the surface
species.

with Figures 2 and 3 is the presence of the light blue flow lines
that represent the radicals provided by the plasma. On the
noble catalyst (Ag), we can see that the primary source for
ethane production is now C,H;* hydrogenation, as opposed to
CH;* coupling in thermal NOCM (see Figure 2) and in
NOCM through vibrational excitation of methane (see Figure
3). Also, C,H;* and CH,* are hydrogenated to ethylene and
methane, respectively. This indeed shows that, for more noble
catalysts, high coverages do not stop the conversion process as
hydrogenation reactions occur easily due to the significant
densities of the H atoms in the plasma. CH,* coupling barriers
are lower than CH;* coupling barriers, and thus, for ethylene
formation, this pathway has a higher relative weight than the
C,H;* hydrogenation pathway, in contrast with the analogous
reactions for ethane. In general, the blue flow lines
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corresponding to dehydrogenation processes (see Figures 2
and 3) are now replaced by hydrogenation reactions (green
flow lines), both on Ag and on Rh. The only exception is the
dehydrogenation of plasma-produced C,H; on Rh, which is
the primary source for hydrogen for this type of catalysts. The
relative thickness of the product lines shows the selectivity on
both catalysts: C,H, > CH, > C,Hy > C,H, on Ag and C,H, ~
C,H, > C,H; > CH, on Rh.

Future Work. Relative thermal NOCM rates across metals
have not been reported as these materials are not common
NOCM catalysts, and the reaction is severely equilibrium-
limited at the temperatures considered here. The primary aim
of this work is to establish the potential for plasma species to
promote NOCM across a series of metal catalysts. For this
comparison, we assume the plasma species concentrations to
be insensitive to the catalyst itself, neglecting, e.g., electrical
effects of the catalyst material or the impact of the produced
and consumed species on the plasma composition. Such
insight cannot as easily be gathered through experimental
means because experimental measurements fail to isolate the
different aspects of the plasma—catalyst coupling.

The most common experimental techniques available to
clarify reaction pathways in plasma catalysis are (i) studying
the apparent energy barrier to identify the rate-limiting steps,
(ii) isotope experiments to trace back the atomic composition
of the products, and (iii) X-ray photoelectron spectroscopy
and in situ operando FTIR to study the coverage of the catalyst
surface. These techniques can give specific kinetic and
mechanistic information, and it would be highly interesting
to compare our modeling results and insights with such
experimental data, if they become available for NOCM. In
addition, our reported model and results allow future work that
couples this model to a plasma model, which can calculate
actual conversions, yields, and selectivities.””

The sections above discuss the plasma—catalyst interactions
from a chemical perspective, studying the reactions of plasma
species on transition metals. The densities of plasma species
are herein assumed unaffected by the presence of the catalyst.
For a future more quantitative study on plasma-catalytic
NOCM in DBDs, one has to consider the changes in the
plasma due to the catalyst material. The introduction of a
packing in a DBD can cause an electric field enhancement,
depending on the dielectric constant of the material.2846,"
This results in higher electron temperatures and more effective
electron impact reactions (i.e. excitation, dissociation, and
ionization of methane). Nozaki et al.*® calculated how the
electric field impacts the fragmentation pattern of methane for
reduced electric fields (E/N) ranging from 80 to 500 Td. They
showed that 60% of the dissociated methane ends in CHj
radicals and 10% in CH radicals at low E/N, while the fractions
at high E/N are 25 and 20%, respectively. The fraction of CH,
radicals remains unchanged at around 20% for all E/N. The
discussions in the sections above demonstrate the importance
of the individual densities of each radical species on the
selectivity of the C, hydrocarbons, and it is to be expected that,
for lower electric fields, more ethane is formed due to the
higher density of CHj radicals, while higher electric fields
would benefit the production of acetylene due to higher
densities of CH radicals.

For low weight percentages of the metal catalyst on the
support, the electrical changes are presumably mostly
determined by the support and unaffected by the catalyst
material, and the effect of the support could in principle be
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incorporated in the same modeling framework. Higher weight
percentages would require studying the effects of the individual
metals. As explained in the Introduction, Jo et al.”® studied the
effects of an electrically conductive Pt catalyst on the methane
reforming inside a DBD. The higher ethane and lower
acetylene yields upon introduction of a Pt catalyst compared
to bare Al,O; were explained by a lowering of the E/N, causing
a higher fraction of CH; and a lower fraction of CH radicals.

Additionally, the presence of a packing material in the
discharge zone also causes lower electron densities due to
neutralization at the bead surface™ and could change the
discharge type from filamentary to surface discharges.” It
would depend on the plasma and catalyst nature on how these
different effects impact the densities of the reactive plasma
species.

B CONCLUSIONS

Model results show that both vibrational excitations and
plasma-generated radicals can impact the rates and selectivity
of NOCM on transition metal catalysts. The central concepts
of the traditional volcano behavior remain valid when
including (plasma-induced) vibrational excitations, but both
vertical shifts (higher rates) and horizontal shifts (other
catalyst binding strength) can be observed. Plasma-generated
radicals affect the turnover frequencies in a different way with
mixed selectivity and a limited increase in TOF on more
strongly binding catalysts and high selectivity toward ethylene
and a much greater increase in TOF on the more noble
catalysts. Optimal catalyst materials for thermal catalytic
conversion and even for vibrationally excited methane act
very differently when put in contact with methane plasmas
containing high concentrations of radicals.

The more noble catalysts (e.g, Ag) remain relatively inactive
when combined with plasma that is dominated by vibrational
excitation, yielding low TOFs and highest selectivity toward
ethane. Conversely, when many radicals are present in the
plasma, these catalysts benefit maximally from the available
radicals and the catalyst efficiently recombines species toward
ethylene. Intermediate catalysts (such as Pt, Rh, and Pd)
benefit most from vibrationally excited methane, converting
the increased amount of CH;* radicals to ethylene. In the
presence of plasma radicals, the production rate of acetylene
increases due to the dehydrogenation of C, hydrocarbon
radicals. The more strongly binding catalysts (like Ru) are less
impacted by changes in the gas-phase species. Product
formation rates remain low due to poisoning of the surface
and low desorption rates and because plasma effects assist
nonrate-limiting steps.

Additionally, depending on the desired product, an optimal
vibrational temperature can be found for which the TOF is
maximal. Lower vibrational temperatures suffer from high
dissociation barriers, while higher vibrational temperatures
would poison the catalyst and inhibit the further dehydrogen-
ation processes. Because ethane production directly depends
on the dissociation rate of methane and does not require
further dehydrogenation, it will always benefit from a higher
degree of excitation of the reactant. Ethylene production does
require another dehydrogenation step, and the optimal
vibrational temperature can be found at 1500 K for Pt, Rh,
and Pd. For acetylene, this trend is even stronger and
excitations do not significantly improve the production rate,
regardless of the catalyst. Limiting the vibrational temperature
of the plasma to the optimal temperature, depending on the
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desired product, can reduce the specific energy input and
optimize the energy efliciency.

The increased ethylene TOF and selectivity (on noble
catalysts for high radical density plasmas and on intermediate
catalysts for high vibrational excitation plasmas) is of particular
promise for industrial applications, efficiently converting cheap
methane to value-added ethylene. In general, it is clear that
catalyst and plasma greatly depend on one another and that the
choice of catalyst should not only depend on the desired
product but also on the type of plasma and its characteristics
(i.e, degree of vibrational excitation and reactivity in terms of
radical densities). Choosing the appropriate catalyst can
increase the production rate (higher TOF), reduce coke
formation (increased coverage of volatile species), optimize the
energy efficiency (higher TOF for the same degree of
vibrational excitation or gas-phase composition), and decide
the selectivity of the reaction products.
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