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ABSTRACT: We use microkinetic modeling to examine the potential of plasma-catalytic partial Plasma
oxidation (POX) of CH, as a promising new approach to produce oxygenates. We study how
different plasma species affect POX of CH, on the Pt(111) surface, and we discuss the associated
kinetic and mechanistic changes. We discuss the effect of vibrationally excited CH, and O,, as well
as plasma-generated radicals and stable intermediates. Our results show that vibrational excitation DN
enhances the turnover frequency (TOF) of catalytic CH, dissociation and has good potential for O ) CatalystPt(111)
improving the selectivities toward CH;OH, HCOOH, and C, hydrocarbons. Nevertheless, when

also considering plasma-generated radicals, we find that these species mainly govern the surface chemistry. Additionally, we find that
plasma-generated radicals and stable intermediates enhance the TOFs of CO, and oxygenates, increase the selectivity toward
oxygenates, and make the formation of HCOOH more significant on Pt(111). We also briefly illustrate the potential impact of Eley—
Rideal reactions that involve plasma-generated radicals. Finally, we reveal how various radicals affect the catalyst surface chemistry
and we link this to the formation of different products. This allows us to make suggestions on how the plasma composition should be
altered to improve the formation of desired products.

1. INTRODUCTION The POX of CH, has been investigated in a variety of
4,9,14—20 . . .
The remote locations of many natural gas reserves and the plasma reactors. Among these, the dielectric barrier
difficulties associated with transporting methane (CH,) ask for discharge (DBD) reactor is most common, as it can be easily
technologies that convert CH, into liquid chemicals prior to operated at atmospheric pressure and scaled up for industrial
transportation to make its valorization economically attractive. use.”' Some selectivity toward organic oxygenates (CH;OH,
Such technologies would transform an important greenhouse CH,0, HCOOH, etc.) can be achieved by POX of CH, in
gas while simultaneously decreasing the dependency on oil for DBD, but large amounts of CO and CO, are also formed. As a
production of chemicals and fuels.'™ The partial oxidation result, a further increase in oxygenate selectivity is an

(POX) of CH, into liquid oxygenates is therefore a particularly
interesting route for CH, conversion.”” Yet, certain challenges
are associated with this approach, such as breaking the strong
C—H bond in CH, while avoiding deep oxidation of the
oxygenates to CO and CO,.*” In classical thermal catalysis, the
POX of CH, has therefore been mainly investigated for syngas
production at high temperatures with transition-metal

important challenge.* Combination of a DBD plasma with
the correct catalyst might overcome this challenge.

Various experimental works have investigated how the
conversions and selectivities in POX of CH, are altered when
combining a plasma with a wide variety of catalyst materials,
including but not limited to CuO~-based catalysts,”*~**

2526 . 26 . . .
catalysts, like Ru, Rh, Ni and Pt.* Fe,0;, Mn oxides,”™ copper—zinc—alumina doped with
. . 27,28 N1y 2629 £J; 29-31 1y, 2530 1132 13, 32

Nonthermal plasma (NTP) offers a distinct approach for various metals, NiO, Nj, Pt, Pd,”” Fe,” and
easier breaking of the C—H bond in CH, compared to thermal Mo.** While these studies offer useful information, they usually
catalysis. NTP is characterized by highly energetic electrons, provide limited insight due to the complexity of the plasma-
which can provide the energy required to induce chemical catalytic system, resulting from the various interactions at play.
reactions, and thus, the use of high gas temperatures can be As a result, a detailed fundamental understanding of the
avoided. On the other hand, the high reactivity of plasma can plasma-catalytic surface chemistry, for POX of CH, as well as

hamper the selective formation of the desired products.”'® The 11-13
selectivity of NTP can be improved by combining it with a
catalyst, as done in plasma catalysis. The various reactive
species formed in NTP (radials, excited molecules, etc.) can
adsorb onto the catalyst, which directs their further reaction
toward the desired products. Needless to say, good knowledge
of the interaction between the plasma species and the catalyst
is required to select the optimal catalyst material and operating
conditions.'' ™"

other reactions, is still lacking.
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Only a few mechanistic studies are available on the surface
chemistry of the plasma-catalytic oxidation of CH,. Knoll et
al.”’ investigated the POX of CH, by an Ar/O, atmospheric
pressure plasma jet (APPJ) in the presence of Ni on an Al,O/
SiO, support using in situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). The authors found that
CO, formation is enhanced at higher temperatures and that
CO is likely to be converted to CO, on the catalyst surface.
However, they also suggested the presence of carboxylate
groups or COO~, which are likely precursors to CO,.”* Zhang
et al.”* investigated the decomposition and oxidation of CH,
exposed to a Ni catalyst on an Al,O;/SiO, support and an Ar
or Ar/O, APPJ] using time-resolved DRIFTS. The authors
found that treatment with Ar plasma resulted in the formation
of surface-bound CO, which was oxidized to CO, upon
admixing of O, to the plasma. These results indicate that the
CO selectivity can be altered by adjusting the flow of O,.**
Gibson et al.”® investigated CH, oxidation using a Pd/AlL,O,
catalyst in a plasma. From in situ monitoring of the X-ray
absorption fine structure (XAFS), the authors concluded that
the catalyst did not undergo any significant structural changes
during operation. Additionally, the temperature of the Pd
nanoparticles was lower than needed to thermally activate the
catalyst, indicating an alternative pathway for CH, activation.”
Stere et al.* studied the oxidation of CH, in the plasma with a
Pd/ALOj; catalyst using in situ DRIFTS analysis. The authors
observed significant formation of formate species (HCOO) on
the catalyst, which was correlated to CO, formation. They also
suggested that CO and CO, formation occurs via different
routes due to their different formation profiles as a function of
time.*

Besides experimental mechanistic studies, a good insight into
the underlying (plasma and catalytic surface) chemistry for
plasma-catalytic POX of CH, can also be obtained by
numerical modeling. Existing kinetic models on plasma-
induced POX of CH, have been developed for plasma-only
processes, and thus do not incorporate any plasma—catalyst
interactions. Nevertheless, these models still provide useful
insight into the gas-phase chemistry. Nozaki et al.'” stated that
in POX of CH,, CH; mainly forms oxygenates, while other
CH,, results in CO and CO, formation. They also modeled
streamer formation in CH, to study its fragmentation pattern.
Goujard et al.” simulated POX of CH, at S and 300 °C.
Plasma-induced dissociation of CH, in H and CH; was found
to be the main mechanism for CH, activation at 5 °C, while
oxidation reactions became increasingly important at 300 °C,
resulting in more CO, H,, CO,, and H,0.° De Bie et al.*’
simulated POX of CH, in DBD using a 1D fluid model and
identified the dominant reaction pathways. Both De Bie et al.*”
and Goujard et al.” reported that CH; and O, recombine into
CH;00, which was identified as a key species for oxygenate
formation. On the other hand, Qian et al.*® reported that
CH;OH is mainly formed via three-body recombination of
CH; and OH, rather than via CH;OO, based on zero-
dimensional (0D) modeling.”® An important issue for plasma-
induced POX of CH, is deep oxidation to CO and CO,, either
due to oxidation of the oxygenates or dissociation of CH, to
CH,, CH, or C, as discussed in the abovementioned
studies.”' "’

While modeling POX of CH, in a plasma without a catalyst
gives useful insight into the gas-phase chemistry, theoretical
studies from thermal catalysis can provide a better under-
standing of the chemistry on the catalyst surface. Olivera et
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al.*” estimated reaction enthalpies and activation barriers for
POX of CH, on different transition metals (Ni, Pd, Pt, and
Au) using the bond order conservation theory and found that
CH;OH formation is more likely to occur on the most noble
transition metals. A similar conclusion was drawn by Yoo et
al.*” from microkinetic modeling of the thermal-catalytic POX
of CH, on different transition metals. However, at the same
time, activation of CH, is more difficult on the most noble
transition metals.”” Density functional theory (DFT) calcu-
lations by Xing et al.*' showed that surface-bound O* can
facilitate the activation of CH, on group Ib metals but also
lower the barrier of the subsequent dehydrogenation steps and
therefore has both promoting and inhibiting effects on POX of
CH, toward oxygenates."' Baek et al.** performed microkinetic
modeling on thermal POX of CH, to syngas and showed that if
O*-assisted dehydrogenation pathways are considered, an
additional local maximum in the turnover frequency (TOF) for
CO, production can be observed in the region near Ag.
Additionally, the TOFs of CO and H,O were also strongly
increased in this re§ion, yet the authors did not study
oxygenate formation.*

Although the aforementioned theoretical studies provide
useful knowledge on either plasma or catalyst surface
chemistry, they are developed to simulate plasma-only or
thermal-catalytic POX of CH,, respectively. As a result, these
studies do not incorporate any effects of plasma species on
surface chemistry. In this paper, we introduce a microkinetic
model for POX of CH, by plasma catalysis that incorporates
the effects of plasma species, such as vibrationally excited
molecules, radicals, and stable intermediates, on catalyst
surface chemistry. Recently, similar models have provided
valuable new insight into plasma-catalytic synthesis of
NH,,"** nonoxidative coupling of CH,,*> and CO, hydro-
genation.46

Transition metals of group VIIIb are known to be good
catalysts for thermal POX of CH, to syngas at high
temperatures.””’” We here investigate whether such transition
metals would be suitable catalysts for oxygenate production via
low-temperature POX of CH, in the presence of reactive
plasma species. From these catalysts, we choose Pt(111) as this
is among the most noble transition metals in group VIIIb and
can thus be expected to be the more suitable catalyst for
oxygenate formation.”> Note that it is described in the
literature that plasma methods for catalyst preparation, e.g,
catalyst reduction by plasma, can easily generate the (111)
facet.* Additionally, Pt has been fairly well studied in thermal
catalysis for syngas formation through POX of CH, at high
temperatures by both microkinetic modeling’”~>* and DFT
studies.””* Thus, the DFT data required by the model is
accessible in the literature and the availability of other
microkinetic modeling studies allows us to compare our
results to those of existing studies.

2. METHODS

We constructed a mean-field microkinetic model to simulate
POX of CH, on Pt(111).* For every surface species, the time
evolution of the fractional coverage is described with a balance
equation, based on the different gain and loss terms
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Figure 1. Most important reaction pathways at steady state for thermal-catalytic POX of CH, on Pt(111) using a CH,/O, (70/30) gas mixture at
500 K and 1 bar. The values of the reaction TOFs in (s™') are displayed next to the arrows. The arrow thickness indicates the relative importance of
a reaction within each separate scheme. A dotted arrow indicates the species is used as a second reactant in another reaction.

where 6, is the fractional coverage of species x, c,; is the
stoichiometric coeflicient for species x in the gain and loss
reactions i, and r; are the rates of the said reactions. These rates
are calculated as the difference between the rates of the
forward and reverse reactions

ri = ki,fH (axf)cval_ki,rH (axr)cxn1
X¢ x,

)

where k;; and k;, are the rate constants of the forward and
reverse reactions, respectively, and a, and a, are the activities

of the reactant species x; and the product species «x,
respectively. The activities are assumed equal to the fractional
coverages for surface species and to the partial pressures (in
bar) for gas-phase species. The rate constants are calculated
using the transition state theory

AS*
exp —_—
R

AHF

RT

L ke, T AGY) kT
= —exp|l—|= — ¢
P T RT n OF

()

where ky, is the Boltzmann constant; T is the temperature; h is
the Planck constant; R is the ideal gas constant; and AG*, AHY,
and AS* are the Gibbs free energy, enthalpy, and entropy of
activation, respectively. We calculate the entropy differences
based on the translational entropy, as this typically has the
largest contribution to the total entropy > The translational
entropy of a gas species is calculated as’

ka (Zﬂmka)3/2 5/2
— ¢

trans(T) =RIn h3

(4)

ref
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where S, is the translational entropy, m is the mass of the gas
species, and p, is the reference pressure (10° Pa). Gas-phase
species are assumed to lose all their translational entropy upon
adsorption onto the surface. Thus, the reaction entropy AS is
equal to —S,,,, for adsorption processes and Eley—Rideal
reactions. For dissociative adsorption and Eley—Rideal
reactions, the transition state is assumed to have lost all its
translational entropy; hence, AS,’ is equal to —S,,. For
molecular and radical adsorption, on the other hand, the
transition state is considered a two-dimensional (2D) gas and
AS,4* is considered equal to —1/3S,,,, for these processes.”
For the corresponding molecular and radical desorption
processes, the Gibbs free energy of activation can become
negative at higher temperatures due to higher entropy in the
transition state. In such a case, the Gibbs free energy of
activation AGy,F is set to zero, and the rate constants are
calculated as

kT
kdes = 2=
h (s)
k
kads = e
I<eq,des (6)
where K, is the equilibrium constant
© ( AG) ( AH ) (AS)
= ¢ —_ | = e —— |e J—
= P\ TRy PR SR (7)

where AG is the Gibbs free energy of the reaction, AH is the
reaction enthalpy, and AS is the reaction entropy. Finally, AS
and AS* are considered equal to zero for Langmuir—
Hinshelwood reactions.

https://dx.doi.org/10.1021/acs.jpcc.0c09849
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A full list of all reactions included in the model alongside the
thermodynamic data can be found in Table S1 of the
Supporting Information (SI). The effect of vibrationally
excited CH, and O, is implemented by lowering the enthalpy
barriers of their respective dissociative adsorption reactions
and the Eley—Rideal reactions between gaseous CH, and
surface-bound OH* or O* (see Table S1 in the SI, reactions
14 and 15).*" For a detailed description of how vibrational
excitation is implemented in our model, we refer to Section 2
of the SL

We obtain steady-state coverages by solving the differential

. 6,
equations to (E

K, a total pressure of 1 bar, and zero conversion, unless noted
otherwise. These steady-state coverages can be inserted back
into the rate equations to obtain steady-state reaction rates. To
compare the product formation and product distributions
between different conditions, we calculate the steady-state
turnover frequencies (TOFs) and selectivities from the steady-
state reaction rates, as described in Section 3 of the SI.

= 0) for all species, at a temperature of 500

3. RESULTS AND DISCUSSION

In the following sections, we solve the model for various cases.
We start by solving the model for the thermal case, without
including any plasma effects. These results will serve as the
benchmark to evaluate the plasma effects. Subsequently, we
modify the model to include either vibrational excitation or
plasma-generated radicals and stable intermediates and we
compare these results to the thermal case. To make this
comparison possible, all simulations are performed at a
temperature of 500 K and a total pressure of 1 bar, unless
noted otherwise. We choose these conditions as they are
representative of a DBD plasma. In our simulations, we use a
reactant gas mixture of CH,/O, (70/30), as the radical partial
pressures used in our model are based on radical densities
calculated by De Bie et al,,”” for this gas mixture. This CH,/O,
ratio is close to the stoichiometric ratio of 2:1 for POX to
CH;OH. Note that this work focuses on the effect of the
plasma species on surface chemistry. In reality, molecules and
radicals formed on the catalyst surface can desorb back to the
gas phase and in turn influence the plasma chemistry. The
influence of the surface reactions on the plasma composition is
beyond the scope of this study but would be interesting follow-
up work.

3.1. Thermal Catalysis. As discussed in the Introduction
section, the thermal-catalytic POX of CH, on Pt has been
mainly investigated for the production of syngas at high
temperatures (800—1300 K).*~>>°”°% Only a few studies have
investigated potential pathways for oxygenate formation via
POX of CH, on Pt.*>**** We start by solving the model for
the thermal case to reveal the most important reaction
pathways for POX of CH, on the Pt(111) surface at steady
state. The overall pathways for the main products are shown in
Figure la. Gaseous CH, dissociatively adsorbs on the surface,
forming CH;* and H*. CH;* is further dehydrogenated to
CH,*, which in turn forms CH*. We find that the breaking of
the C—H bonds in all three steps occurs through interaction
with empty surface sites, rather than with OH* or O*. Most of
the CH* (90.5%) is oxidized to CHO* and subsequently
decomposes to form CO*, which desorbs from the surface. A
smaller fraction of CH* (9.4%) first undergoes dehydrogen-
ation, after which the formed C* is oxidized into CO* as well.
Dissociative adsorption of O, results in formation of surface
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O*. Most of the O* (79.0%) forms OH* through reaction
with H* that originates from the dehydrogenation of CH, and
CHO#*, while the oxidation of CH* to CHO* is responsible
for 18.0% of the total O* consumption. OH* reacts to form
H,O%* through reaction 20H* — H,0%* + O¥, after which the
formed H,O* desorbs as a side product.

As mentioned before, we performed these calculations at
500 K to provide a benchmark for plasma-catalytic POX of
CH,, which typically occurs at such temperature in DBD
plasma, although we admit that this temperature is too low for
thermal-catalytic POX of CH,. Therefore, in the SI (Section
4), we compared the reaction pathways at 500 K from Figure
la with the pathways calculated at 1000 K (as more common
in thermal-catalytic POX of CH,) and results predicted by
earlier microkinetic studies.””>

Figure 1b represents the pathways for the formation of CO,
and HCOOH, as well as concurrent reactions. A relatively
small amount (1.8%) of the CHO* formed in the main
pathway is oxidized to HCOO* as a side reaction. Only a
minor amount (0.003%) of this HCOO* undergoes hydro-
genation to HCOOH, while the majority is dehydrogenated to
CO,*, either by interaction with an empty surface site (99.1%)
or O* (0.9%). Another important route for the formation of
CO,* is through oxidation of CO* that is formed in the main
pathway. Still, about 71.0% of CO,* formation occurs via
dehydrogenation of HCOO* by empty sites, compared to
28.4% from oxidation of CO*. The rate of HCOOH formation
in Figure 1 is about 6 orders of magnitude lower compared to
that of CO desorption, which indicates that the formation of
HCOOH in practice does not occur. The rate of CO,
desorption in Figure 1 is roughly a factor 40 lower than that
of CO. However, experimental and DFT results by Chin et
al.* indicate that CO oxidation to CO, is much faster than
CH, dissociation on Pt clusters, and because of this, only trace
amounts of CO can be present in the gas phase prior to O,
depletion. Additionally, thermal equilibrium calculations show
that CO, and H,O are the thermodynamically favored
products at 500 K.** The reason that the rate for desorption
of CO in Figure 1 is higher than that of CO, can, however, be
attributed to the zero conversion conditions. Indeed, we find
that the addition of even small amounts of CO (0.1—0.001%)
to the gas mixture results in CO, becoming the main product,
as CO is adsorbed and oxidized. A more in-depth discussion is
provided in Section S of the SL

The pathways leading to the formation of CH;OH and
CH,O are displayed in Figure lc. These pathways branch off
from the main reaction pathway at the CH;* species, which
can be oxidized by O* to form CH;O%*. The latter serves as a
precursor for both CH;OH and CH,0O. However, dehydrogen-
ation of CH;* by an empty surface site or a surface-bound O*
is strongly favored over CH;O%* formation, as indicated in
Figure Ic. Indeed, the TOFs of dehydrogenation by empty
sites or hydrogen abstraction by O* are 7 and 4 orders of
magnitude higher, respectively, than that of CH;O* formation.
The CH;0* species can either be hydrogenated to CH;0OH or
dehydrogenated to form CH,O, the latter being strongly
favored (i.e., its rate is 10 orders of magnitude higher).
However, neither of these products are expected to be formed
in significant amounts under these conditions, as their TOFs
are several orders of magnitude lower than those of the main
products, i.e., CO, CO,, and H,O. As mentioned earlier, this is
also the case for HCOOH.

https://dx.doi.org/10.1021/acs.jpcc.0c09849
J. Phys. Chem. C 2021, 125, 2966—2983
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3.2. Plasma Catalysis: Effect of Vibrational Excitation.
As discussed in the Introduction section, one of the challenges
associated with POX of CH, is the activation of the strong C—
H bond in CH,.” Indeed, activation of the C—H bond has
been identified as the sole kinetically relevant step for POX of
CH, on Pt clusters, except for conditions close to O, depletion,
where O, activation becomes rate—limiting.60 Vibrational
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excitation of CH, is known to enhance its dissociative
adsorption onto transition-metal surfaces.”’ Thus, plasma-
induced vibrational excitation can be expected to facilitate
POX of CH, on these surfaces. In the following sections, we
investigate the impact of vibrational excitation on the TOFs
and product selectivities of POX of CH, on Pt(111), and we
discuss the associated kinetic and mechanistic changes. We
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implement the effect of plasma-induced vibrational excitation
by lowering the barriers of CH, and O, activation, as discussed
in Section 2 of the SI. We simultaneously vary the vibrational
temperatures of CH, and O, between 500 and 1500 K and
assume both vibrational temperatures to have the same value.
Chen et al.%> measured the vibrational temperature in a CH,/
N,/He DBD plasma at 60 Torr based on the v = 1 peak of N,
and observed a maximal vibrational temperature of 1350 K. We
here choose an upper limit of 1500 K, which is still in the
uncertainty range of the results from Chen et al.”> We choose
this value to be an upper limit since the vibrational
temperature measured by Chen et al. was based on the v =
1 peak of N, and the vibrational temperature of CH, is likely to
be lower. As a comparison, Butterworth et al.”® studied the
vibrational excitation of CH, in low-pressure pulsed microwave
plasma and found that the vibrational and gas temperatures
equilibrate around 900 K. In any case, varying the vibrational
temperature in this wide range is interesting from a theoretical
point of view as well.

3.2.1. Effect of Vibrational Excitation on TOFs. Figure 2
illustrates the influence of vibrational excitation on the total
TOF of CH, dissociation for a variable O, content (1—99%),
as well as on the separate TOFs of the two main CH,
dissociation reactions. As can be seen in the right panel of
Figure 2, the TOF of CH, dissociation increases by several
orders of magnitude, i.e., about 4 orders of magnitude at 30%
O,, upon an increase in vibrational temperature from 500 to
1500 K. Additionally, the CH, dissociation TOF also rises
upon lower O, content due to the corresponding increase in
the partial pressure of CH,. Below the vibrational temperature
of 1000 K, the highest CH, dissociation TOFs are restricted to
low O, contents. Yet, above 1000 K, the highest TOFs can be
found in a region that is more spread over the different O,
fractions. This can be linked to a change in the main
mechanism of CH,, dissociation around 1000 K. The TOFs of
the main mechanisms of CH, dissociation can be seen in the
left panels of Figure 2. At vibrational temperatures below 1000
K, the main mechanism for CH, dissociation is the dissociative
adsorption on empty surface sites, while above 1000 K, the
dissociation of CH, occurs mostly through an Eley—Rideal
reaction with preadsorbed O* (CH,(g) + O* — CH;* +
OH*). The change in the mechanism follows from a stronger
rise in the rate constant of the O*-assisted CH, dissociation,
compared to dissociative adsorption on empty sites. This is a
direct result of the higher reaction barrier and Fridman—
Macheret @ parameter (see SI, Section 2) of the O*-assisted
reaction (1.28 eV and 0.48, respectively) compared to that on
empty sites (0.63 eV and 0.41, respectively). When comparing
the TOFs of both reactions, we find that the O%*-assisted
mechanism depends less on the O, content in the gas mixture.
This is because the O* coverage varies very little with O,
content or vibrational temperature and remains above 99.5% in
the investigated range, while the fraction of free sites mainly
changes with O, content and drops from 5.3 X 107° to 3.7 X
107°, as the O, content rises from 1 to 99%. As the O*-assisted
mechanism depends less on the fraction of free sites, ie., it
requires only one free site per molecule of CH,, it also varies
less with the O, content. The fractional coverages of the 14
most abundant surface species, as well as the fraction of free
sites, can be found in Figure S3 in the SL

Our results indicate that plasma-induced vibrational
excitation shows good potential for improving the TOFs of
POX of CH, at low temperatures (500 K). The effect of
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vibrational excitation on the product selectivities is discussed in
the next section. Additionally, our results suggest that
vibrational excitation can decrease the dependency of the
TOFs on the O, content in the gas phase for relevant O,
fractions (1—99%) by facilitating the O*-assisted dissociation
of CH,. As a result, high TOFs becomes feasible even at higher
O, fractions.

3.2.2. Effect of Vibrational Excitation on the Selectivities.
In the previous section, we showed that vibrational excitation
can enhance the TOF of CH, dissociation. In this section, we
investigate whether vibrational excitation can affect the
selectivities of the products. In Figure 3, we illustrate how
the selectivities of the oxygenates, CO,, and ethane (CH,CH;)
change when varying the vibrational temperature from 500 to
1500 K for a gas mixture with variable O, content, i.e., 1—99%
O,. Figure 3a—c displays the selectivities of CH;OH,
HCOOH, and CH;CHj;, respectively, which show a similar
trend. The selectivities of these products increase strongly
when increasing the vibrational temperature from 500 to 1500
K, ie, by a factor 10*~10° at 33% O, However, these
selectivities are less dependent on the O, content in most of
the investigated range and only show a strong decrease at high
O, fractions. Figure 3d,e displays the selectivities of CH,O and
CO,, respectively. The selectivities of both products increase
only slightly with increasing vibrational temperature and
instead depend stronger on the O, content in the gas mixture,
with a higher fraction of O, resulting in higher selectivities
toward these products. The selectivity of CO, shown in Figure
3f, changes little under the investigated conditions but
decreases slightly with increasing O, fraction or vibrational
temperature. As a result, CO remains the main product under
the investigated conditions.

A similar trend for the selectivities of CH;OH, HCOOH,
and CH;CH;, which strongly increase with increasing
vibrational temperature, can be explained by the enhanced
dissociation of CH,. Vibrational excitation facilitates CH,
dissociation, which enhances the formation of CH,* and H*.
Therefore, as the vibrational temperature increases from 500 to
1500 K, the fractional coverages of these species increase, by
about a factor of 10°—10° at 30% O, (see Figure S3 in the SI).
Higher H* coverages enhance the hydrogenation of CH;0*
and HCOO* to CH;0H and HCOOH, respectively, resulting
in higher selectivities toward these products at higher
vibrational temperatures. Similarly, higher surface coverages
of CH,* enhance their coupling to form C, hydrocarbons. In
Figure 3, we only show the selectivity of CH;CHj, but the
selectivities of CH,CH, and CHCH show a similar trend and
can be found in Figure S4 in the SI. While the formation of
CH,* and H* is also enhanced at high CH, contents and thus
low O, fractions in the gas mixture, the increase with
decreasing O, fraction is not observed as strongly in the
selectivities of CH;OH, HCOOH, and C, hydrocarbons. This
is because lower O, fractions also result in higher fractions of
free sites, which promote the dehydrogenation of CH,* and
CO formation according to the pathways in Figure la. While
vibrational excitation shows potential for improving the
selectivities toward CH;OH, HCOOH, and C, hydrocarbons,
these selectivities remain low under the investigated con-
ditions, i.e., below 1.8 X 107, 9.4 X 107%, 3.7 X 107*, and 6.8
x 107'? for CH,OH, CH,CH,; CH,CH,, and CHCH,
respectively. This indicates that the effect of vibrational
excitation alone is not enough to make the formation of
CH,O0H or C, hydrocarbons feasible on Pt(111). On the other
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hand, the selectivity toward HCOOH reaches a maximum of
0.77%, indicating that the formation of detectable amounts of
HCOOH might be possible at high vibrational temperatures.

As shown in Figure 3, the selectivities of CH,O and CO, are
not affected much by vibrational excitation and are instead
more strongly dependent on the O, content in the gas mixture.
Both products show increased selectivities at higher O,
contents, which is a result of the lower availability of free
surface sites. As fewer free sites are available, a slightly lower
fraction of CH;* and CHO* can be dehydrogenated by empty
sites. Instead, relatively more CH;* and CHO* will bind to
O%*, forming CH;0* and HCOO¥, respectively. As can be
seen from the pathways displayed in Figure 1, the latter two
species are precursors to CH,0O and CO,, respectively. While
the selectivities toward both products thus increase at higher
O, fractions, they vary relatively little under the investigated
conditions, i.e., from 1.2 X 107¥ to 1.7 X 1077 and from 0.89 to
5.1% for CH,0 and CO,, respectively. Consequently, the
selectivity toward CH,O remains too low for its formation to
become feasible on Pt(111), when only considering vibrational
excitation. We found that the coupling of CH;* and O* to
CH;0* is a bottleneck for the formation of CH,O and
CH;OH, as CH;0* is a precursor to both these products. This
reaction is strongly disfavored on Pt(111) due to its high
activation barrier (2.04 eV), while the barriers for CH,*
dehydrogenation by either an empty surface site or O* are
lower (0.83 and 1.62 eV, respectively).”

In summary, our results show that plasma-induced vibra-
tional excitation increases the CH, dissociation TOF in its
POX. This supports the possibility of plasma catalysis to
facilitate POX of CH, on transition metals, like Pt, at lower
temperatures than those required in traditional thermal
catalysis. Additionally, we find that vibrational excitation
increases the selectivities of CH;OH, HCOOH, and C,
hydrocarbons. The lower activation barrier of CH, dissociation
improves the formation of H* and CH,* species on the
catalyst surface, which enhances hydrogenation of CH;O0* and
HCOO* and coupling of CH,. However, we find that the
selectivities toward oxygenates and C, hydrocarbons remain
low on Pt(111), as C—H bond breaking of the surface-bound
intermediates is too strongly favored on this catalyst and the
effect of vibrational excitation alone cannot counteract this.

3.3. Plasma Catalysis: Effect of Radicals and Stable
Intermediates. Radicals and stable intermediates formed in
the plasma are implemented in the model by setting a nonzero
partial pressure for these species. The base case assumes partial
pressures based on species densities calculated by De Bie et
al,”” for a DBD plasma in a CH,/O, (70/30) inlet gas
mixture. These species densities are converted to partial
pressures using the ideal gas law and normalized to a total
pressure of 1 bar. The resulting partial pressures are listed in
Table 1. To study the impact of different species on surface
chemistry, their partial pressures are varied in a wide range.
Ions are not considered in our model as they generally have
lower densities compared to the radicals, indicating that they
play only a minor role in plasma chemistry of POX of CH,.*’
Moreover, thermodynamic data for adsorption of ions from the
gas phase is not readily available. However, in practice, ions
can also adsorb and react on the surface. For example, O, can
be transformed into O, by electron attachment in plasma.
Following adsorption, O, * can react with H,O* to form
OOH* and OH™*.°* While this reaction is thus not considered
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Table 1. Partial Pressures Implemented in the Model for the
Base Case, i.e., CH,/O, (70/30) Inlet Gas Mixture”

partial pressure partial pressure

reactants (bar) radicals (bar)
0, 0.3 C 1.54 x 107!
CH, 0.7 CH 1.02 x 1078
stable partial pressure CH, 232 x 107!
intermediates (bar)

CcoO 691 x 1077 CH, 3.17 x 107!
CH,O0H 225 X 1077 ) 2.09 X 1077
H, 325 x 107¢ H 272 x 10710
CH,CH, 2.34 x 1077 OH 8.96 X 1077
CH,CH, 5.07 x 1077 OOH 2.62 X 107¢
CHCH 7.90 x 107° CHO 462 x 1071
H,0 1.30 X 107° CH,00 325 x 107¢
CO, 5.85 x 1077 CH,0 9.17 x 107%
CH,0 1.98 x 107°

HCOOH* 1.98 X 107°

“This partial pressure was set equal to that of CH,0, as HCOOH was
not included by De Bie et al. “Based on species densities from De Bie
et al.’’

in our model, we do account for the formation of OOH*
through adsorption from the plasma.

We study the effect of the plasma species listed in Table 1, in
the absence of any vibrationally excited species, to examine
both effects separately. Furthermore, we find that if both effects
are included in the model, the impact of vibrational excitation
on the product TOFs is negligible. This is illustrated in Figure
SS of the SL This indicates that for plasma catalysis with DBD
plasmas, the surface chemistry is mainly governed by plasma
radicals. Similar conclusions were drawn by Engelmann et al.**
for plasma-catalytic nonoxidative coupling of CH,.

3.3.1. Most Important Reaction Pathways in the Presence
of Plasma Species. Figure 4 illustrates the most important
steady-state reaction pathways on the Pt(111) surface exposed
to a CH,/0, (70/30) plasma, i.e., including plasma-generated
radicals and intermediates. The most important surface
reactions, in terms of reaction rate, are adsorption of O
radicals and subsequent associative desorption of the surface-
bound O* to form O,. Approximately 96.7% of O* is formed
via adsorption of O radicals from the plasma and 85.6% of O*
desorbs as O, into the gas phase, while the rest is used in
oxidation processes on the surface.

The main carbon pathway starts from adsorption and
subsequent dissociation of CHCH to CH*. The latter
preferentially (74.2%) undergoes oxidation to CHO%*, which
in turn binds with O* to form HCOO¥*. Most of the HCOO*
(92.4%) undergoes hydrogen abstraction by O* to form CO,*
and OH*, while 6.8% is hydrogenated to HCOOH. About
50.6% of the surface-bound OH* is formed from a reaction
between HCOO* and O%*, while the remaining 49.4% is
adsorbed from the plasma. Most of the OH* (80.0%) forms
H,0* and O* via a disproportionation reaction, while 19.1%
reacts with CH* to form H,0* and C*. H,0* desorbs from
the surface as a product. Surface-bound C* can either be
oxidized to CO* (65.5%), can undergo hydrogenation to again
form CH* (19.3%), can react with CO,* to form two CO*
molecules (11.6%), or can bind to OH* to form COH*
(3.6%). The latter decomposes into CO* and H*, forming
about 9.2% of the surface-bound H¥*, although most H*
(82.7%) is formed by direct adsorption from the plasma. H* is
mainly consumed in the hydrogenation of C* (49.8%) or the
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formation of HCOOH (49.7%). As discussed above, various
routes lead to the formation of CO*. Most of the CO*
(80.9%) desorbs from the surface as a product, while a smaller
amount is oxidized to CO,* (19.1%). Thus, our results show
that any CO* that reacts further is not hydrogenated to
oxygenates but instead further oxidized to CO,. The formation
of oxygenates therefore occurs via another route than that of
CO. While our results show that some CO, is formed via
oxidation of CO*, we do not find this to be the main pathway
for CO, formation. Instead, we find that CO, is mainly formed
from HCOO* in a separate pathway. Interestingly, DRIFTS
results by Stere et al.’® indicate that in the plasma-catalytic
oxidation of CH, on a Pd/Al,O; catalyst, CO, formation also
occurs via HCOO¥*. As Pt and Pd are part of the same group in
the periodic table, similarities in their surface chemistry can
indeed be expected.

Note that H,O is formed as a major product. This might be
troublesome, as the presence of H,O vapor in a DBD plasma
can alter the discharge behavior, resulting in more, but less
intense, microdischarges.65 H,0 addition can also cause
destablization of the discharge, and plasma chemistry
calculations revealed a decrease of approximately 40% in the
maximum electron density upon increasing the water content
from 0 to 8% in the DBD plasma.®® Additionally, a higher H,0
concentration results in a loss of electron energy due to H,O
rotational and vibrational excitation, as discussed in the
literature for He/H,O and Ar/H,0O plasmas.és’67 The presence
of H,O in plasma also causes quenching of the vibrational
levels of CO,, which results in less CO, dissociation.”® This
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might lead to a higher net production of CO,. Moreover, the
presence of H,O might also result in additional CO, formation
in the plasma through the water—gas shift.”” This is in line with
plasma chemical kinetics simulations and experiments, which
revealed that H,O addition to a CO, DBD plasma causes a
decrease in CO, conversion, and the detailed chemical kinetics
scheme explaining this behavior is presented in ref 66.
Furthermore, this paper also explained the underlying
chemistry why oxygenates formation was prohibited in this
case. Therefore, it can be beneficial to remove H,O from the
gas phase through condensation by cooling the reactor wall. In
addition, this also removes condensable oxygenates from the
gas phase and limits their further oxidation.”””°

Figure 4b represents the main reaction pathways for the
formation of CH;OH and CH,O. As in the thermal case (see
Figure 1), CH;O* is a key species in the formation of both
CH,;0H and CH,O0. Yet, in the thermal case, the formation of
this species occurs on the catalyst surface, via O* addition to
CH;*, while Pt strongly favors CH;* dehydrogenation instead.
In the plasma case, on the other hand, CH;O is formed in the
plasma and subsequently adsorbs on the catalyst surface. As
illustrated in Figure 4b for the plasma case, CH;O% is either
directly adsorbed from the gas phase (97.0%) or formed from
adsorption of CH;00 radicals and subsequent cleavage of the
O—0O bond (3.0%). The formed CH;O* preferentially
undergoes dehydrogenation to CH,O (>99.9%), while only a
minor fraction is hydrogenated to form CH;OH (0.007%).

In the presence of radicals, the reaction rates have generally
increased compared to the thermal case. The TOFs of CO and
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CO, have increased by about 3 and S orders in magnitude,
respectively, compared to the thermal case. We find that CO,,
species are still the main products for the plasma case, with
selectivities of 20.5 and 74.4% for CO and CO,, respectively.
However, the selectivities and TOFs of the oxygenates have
strongly improved compared to the thermal case. The
calculated selectivities of CH;OH, CH,0, and HCOOH
now reach 5.9 X 1075, 0.084%, and 5.3%, respectively, which
corresponds to increases by about 10, 4, and S orders of
magnitude, respectively. Although CH;OH formation still does
not seem to be feasible on Pt under these conditions, a
reasonable amount of HCOOH is now formed on the surface.
The combination of a catalyst with plasma radicals thus shows
potential for enhanced oxygenate selectivities. Additionally,
tuning the partial pressures of the radicals in the plasma might
further improve the formation of oxygenates. In the next
section, we therefore show how different radicals affect the
surface chemistry, fractional coverages, and product TOFs.

3.3.2. Role of Plasma Species in the Surface Chemistry. As
mentioned before, the reaction pathways discussed in the
previous section are based on species densities calculated by
De Bie et al.”’ (see Table 1), which are specific for the selected
reaction conditions. In this section, we aim to gain an
additional understanding of how variations in the plasma
composition might alter the surface chemistry by examining
the influence of various plasma species on the product TOFs
and surface coverages. For this purpose, we vary the partial
pressures of either individual species or groups of species by a
scaling factor while keeping the partial pressures of the other
species constant on the values reported in Table 1. The species
HCOO and COOH are not included in the model by De Bie
et al.”’ and are therefore not included in the simulations
discussed below. However, a discussion of the effect of these
species is included in the SI (see further).

3.3.2.1. Oxidizing Species. Figure S illustrates how the
TOFs of CO,, oxygenates, and CH;CH; are affected by a
variation of the O partial pressure over 6 orders of magnitude.
Next to the TOFs, the surface coverages of the most abundant
surface species are also displayed. A decrease in the partial
pressure of O radicals results in a sudden decline of the
product TOFs, combined with a strong increase in the surface
C* coverage. Although our model does not contain a
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mechanism for coke formation, i.e., clustering of carbonaceous
species, e.g., C*, CH*, CHCH?¥, the high surface coverage of
these species indicates that coking is likely to occur. Coking
reduces the number of available catalytic sites on the surface
and thus lowers the product TOFs. Most of the TOFs in
Figure S eventually stabilize upon further lowering of the O
partial pressure, as OH* becomes the main oxidizing species
on the surface. On the other hand, the high partial pressure of
O is also disadvantageous, as O* competes with other species
for free sites. If the O partial pressure is too high, O* will
poison the surface, causing the TOFs to decline as well.

As can be seen in Figure S, the O partial pressure can be
used to tune the product selectivity between CO and CO,.
Low partial pressures of O radicals, which can be expected for
plasmas with a high CH,/O, ratio, favor the formation of CO.
On the other hand, high O partial pressures, associated with
low CH,/ O, ratios, give CO, as the main product. If the partial
pressure of O is increased by about a factor 10, the faster
oxidation of CO* results in net CO consumption, as plasma-
produced CO adsorbs onto the surface and is oxidized to CO,.
Indeed, various experimental studies on plasma-catalytic POX
of CH, report that transition metals (Ni,zg"”l Fe,** Pd,** and
Pt’°) can catalyze the oxidation of CO to CO,. Additionally,
DRIFTS and Fourier transform infrared (FTIR) results by
Zhang et al.’* for plasma-catalytic CH, oxidation on Ni
indicate that the selectivity of CO vs CO, can be tailored by
adjusting the introduction of O, to a plasma.

Next to O, we also examine the influence of the OH and
OOH radicals as oxidizing species (see Section 9 and Figure S6
in the SI). Increasing the partial pressures of these species
enhances the formation of OH* on the surface. The formed
OH* promotes dehydrogenation of CH,, which leads to more
C* and thus favors CO formation. However, a further increase
in the OH and OOH partial pressures results in a higher O*
coverage due to hydrogen abstraction from OH* by another
OH*. This causes a drop in the surface coverage of most of the
other surface species, which results in a decline of the product
TOFs. Likewise, we present the effect of the HCOO and
COOH radicals on the product TOFs and surface coverages in
Section 10 of the SI (Figures S7 and S8). We conclude that
HCOO and COOH mainly result in additional formation of
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and surface coverages (right). The simulations were performed for a

surface temperature of 500 K and a total pressure of 1 bar. The species partial pressures used in the simulations are shown in Table 1, but the partial
pressures of CH; and CH, are simultaneously varied by the indicated scaling factor.

unwanted CO, and CO, and their formation in the plasma
should therefore be limited.

In summary, oxidative species can reduce the coverage of
carbonaceous species that could cause catalyst deactivation by
coking. Yet, if the partial pressures of oxidative species are too
high, the surface is poisoned with O* species instead.
However, due to their reactive nature, plasma radicals might
be able to react with surface-bound species, such as O*, via
Eley—Rideal reactions with low to zero enthalpy barriers. In
such a case, high TOFs might be achieved even at high O*
coverages. While our model does contain Eley—Rideal
reactions, namely, CH,(g) + OH* — CH,;* + H,0* and
CH,(g) + O* — CHj* + OH¥*, these reactions have higher
enthalpy barriers (0.50 eV’' and 1.28 eV, respectively) than
what can be expected for similar reactions involving highly
reactive radicals, rather than stable CH,. In Section 3.3.3, we
therefore briefly illustrate the potential impact of Eley—Rideal
reactions with plasma radicals for a range of enthalpy barriers.
Further, our results show that tuning the amount of O radicals
against the amount of C-containing species can be used to
favor the production of CO over that of CO,.
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3.3.2.2. Carbonaceous Species. The influence of the
strongly dehydrogenated carbonaceous species (C, CH, and
CHCH) on the TOFs and surface coverages is shown in Figure
6. We include CHCH as well, as this is the most important
species at the surface and the main source of surface carbon
under the base conditions. As is shown in Figure 6, high partial
pressures of these species lead to strong surface poisoning by
CHCH?* and thus a drop in the product TOFs. As mentioned
before, these species can act as precursors for coking of the
catalyst surface. We find that limiting the partial pressures of
these carbonaceous species in the plasma has a beneficial effect
on the TOFs of most products. However, low partial pressures
of these species lead to adsorption and oxidation of plasma-
produced CO to CO,, as can be seen in Figure 6. Because
fewer carbonaceous species are available for reaction with O%,
more O* reacts with surface-bound CO*. Simultaneously, less
CO* can be formed through the pathways in Figure 4, as these
pathways go via C¥, leading to net adsorption of plasma-
produced CO. Furthermore, the simultaneous decrease in the
C, CH, and CHCH partial pressures initially shows a beneficial
effect on HCOOH formation, but scaling the partial pressures

https://dx.doi.org/10.1021/acs.jpcc.0c09849
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pressures of species used in the simulations are shown in Table 1, but the partial pressure of H is varied by the indicated scaling factor.

with a factor below 107! causes the TOF of HCOOH to
decline. This results from the lower availability of CH* on the
catalyst surface, as this species is required for HCOOH
formation, according to the reaction pathways shown in Figure
4. At low partial pressures of the strongly dehydrogenated
carbonaceous species, the HCOOH TOF in Figure 6
eventually stabilizes, as CH; and CH, radicals become the
main precursor species for the formation of CH* and
HCOOH. In this regime, CH,0 becomes the most important
oxygenate as its formation does not occur via CH* but through
CH;0%* and CH;00%* instead.

Figure 7 displays the change in TOFs and fractional surface
coverages when increasing the partial pressures of CH; and
CH, up to a factor 10* Higher partial pressure of these more
hydrogenated carbonaceous species positively affects the
TOFs, especially those of CH;CH;, HCOOH, and CH;OH.
The effect on the TOF of CH;CH; is straightforward, as
higher partial pressure of CH; improves the CH;* coverages
and its coupling toward CH;CH;. CH;0H and HCOOH, on
the other hand, benefit from the improved hydrogenation of
CH;0* and HCOO%*, respectively, because CH; and CH,
provide the surface with more H* (due to catalytic
dehydrogenation). Moreover, the formation of H* through
dehydrogenation of CH,* also forms CH¥, which is an
intermediate in the formation of HCOOH (see Figure 4). As
can be seen in Figure 7, this results in HCOOH becoming the
main carbon product (even slightly above CO,) at around a
scaling factor of 10°. This shows that Pt is potentially a good
catalyst for the plasma-catalytic HCOOH synthesis under
plasma conditions with abundant CH; and CH, radicals
(hence high CH,/O, ratios), as it can readily dehydrogenate
adsorbed CH,* radicals to form CHY, while simultaneously
forming the H* required in the hydrogenation of HCOO¥,
later on in the reaction path. However, as can be seen in Figure
7, enhancing the partial pressures of CH; and CH, by more
than a factor of 10° is no longer beneficial. The surface
coverages indicate strong cokes formation past this point,
resulting in a decline of most of the TOFs. Note that CH; and
CH, themselves bind less strongly to the surface compared to
CH and C”' and are less likely to act as coking precursors.

In summary, strongly dehydrogenated carbonaceous species
are mainly precursors for coke formation, and their partial
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pressures in the gas phase should ideally be kept low. These
species also show some beneficial effects on HCOOH and CO
formation at lower partial pressures. The more hydrogenated
CH, and CH; generally show a more beneficial effect,
enhancing the TOFs of CH;CH;, HCOOH, and CH;0H at
higher partial pressures, but also cause coking at very high
partial pressures. The partial pressures of carbonaceous species
can be expected to be higher for gas mixtures with high CH,
contents, but the ratio of less vs more hydrogenated CH,
species might be influenced by the CH, fragmentation pattern
through electron impact dissociation in the plasma. Nozaki et
al."” simulated streamer formation in CH, without a catalyst
and showed that the fragmentation pattern depends on the
reduced electric field, with stronger reduced electric fields
resulting in a larger fraction of more dehydrogenated CH,
species. Therefore, plasma characterized by weaker reduced
electric fields can be expected to give less coke formation. As
discussed in the previous section, coking can also be
counteracted by high partial pressures of oxidizing radicals,
e.g, O, OH, and OOH, and by tuning the partial pressures of
oxidizing species against those of carbonaceous species, the
formation of either CO or CO, can be favored. Moreover, the
choice of the catalyst material can also be expected to play an
important role in mitigating both coking and excessive
oxidation, as different transition metals have different binding
strengths for O and C. It is therefore essential in plasma
catalysis to carefully tune the CH,/O, ratio as a function of the
plasma conditions and the catalyst material.

3.3.2.3. Hydrogen radicals. Figure 8 illustrates the influence
of the H radical partial pressure on the TOFs of CO,, the
oxygenates, and CH;CHj;, as well as the surface coverages of
the most abundant surface species. Higher partial pressure of H
strongly enhances HCOOH and CH;OH formation. This is
caused by the higher availability of H* on the catalyst surface,
which improves the hydrogenation of CH;0* and HCOO* to
CH;0OH and HCOOH, respectively. Upon increasing the H
partial pressure by about a factor 400, a strong increase in the
TOFs of CH;OH, CH,O, and CO, is observed. This is
attributed to the improved hydrogenation of O* to H,0%,
which readily desorbs to make more free sites available. The
fraction of free sites on the surface increases from about 107
to 107° in this region. This improves the adsorption of CH;O,

https://dx.doi.org/10.1021/acs.jpcc.0c09849
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and stable intermediates on TOFs (left) and surface coverages (right).
indicate production. The simulations were performed for a surface

temperature of 500 K and a total pressure of 1 bar. The default values of the species partial pressures used in the simulations are shown in Table 1,
but the partial pressures of all species, except for CH, and O,, are simultaneously varied.

which can form both CH;0H and CH,O (see Figure 4b), and
the adsorption of CO, which is oxidized to CO,. At low H
partial pressures, the TOFs in Figure 8 stabilize, as OH* now
becomes the main source of H*. This results from coupling
between OH* and C* followed by decomposition of the
formed COH* to CO* and H*.

Given the favorable effect of the H radical on the formation
of oxygenates, and especially CH;OH, it is of interest to find a
way to increase the partial pressure of H in the plasma. For its
POX, CH, serves as the source of H in the plasma and
increasing the CH, fraction in the feed gas might thus increase
the partial pressure of H radicals. As discussed above, however,
high CH,/O, ratios might induce coking due to the limited
availability of oxidizing species. Adding a H-containing
coreactant, such as H, or H,O, might allow for more flexibility
in maximizing the TOF of oxygenates, and especially CH;OH.

3.3.2.4. CH;0 and CH;00 Radicals. Modeling results by
De Bie et al.”” for plasma-only POX of CH, indicate that the
CH;0 and CH;00 radicals are important intermediates in the
pathways leading to CH;OH production in plasma. Our results
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show that for plasma catalysis these species also play an
important role in the formation of CH;OH and CH,O on the
catalyst surface, as indicated by the pathways in Figure 4b. We
are therefore interested in the influence of these species on the
catalyst surface chemistry and thus examine how a variation in
their partial pressures affects the TOFs and fractional
coverages on the catalyst surface. The results are shown in
Figure 9.

As CH;0 and CH;00 are precursors to both CH;OH and
CH,O0, the TOFs of these products strongly depend on the
partial pressures of CH;O and CH;0O0, while the TOFs of the
other products are largely unaltered. Only at high partial
pressures, where the adsorption and subsequent decomposi-
tion of CH;0 become important, the TOFs of the other
products are also influenced, as can be seen in Figure 9. The
decomposition of CH;O* not only leads to the formation of
CH,O* but also provides H*. The higher availability of H*
improves HCOO* hydrogenation so that CH,0 and HCOOH
eventually become the main products (even above CO and
CO,). Moreover, the increase of the TOF of CH;0H also

https://dx.doi.org/10.1021/acs.jpcc.0c09849
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becomes much steeper in this region, illustrating the strong
beneficial effect of both CH;0* and H* on the CH;0H
formation. We also observe a shift in the surface coverages in
Figure 9, as more C* is converted to CH*. The lower surface
coverage of C* and preferred conversion of HCOO* to
HCOOH at high CH;0 and CH;0O partial pressures limit
the formation of undesired CO and CO,. We therefore find
that CH;0 and CH3;00 can play an important role in
enhancing the formation of oxygenates. Additionally, our
results show that Pt is potentially a good catalyst for CH,O
synthesis, as CH;O selectively decomposes to CH,O on this
catalyst. Moreover, it might be possible to vary the selectivity
between CH;OH or CH,O by changing the catalyst material,
as more noble transition metals have lower barriers for CH;0
hydrogenation and higher barriers for its dehydrogenation.””

3.3.2.5. Plasma-Generated Radicals and Stable Inter-
mediates in General. In Figure 10, we illustrate how the TOFs
and fractional coverages are affected by simultaneously
lowering the partial pressures of all plasma-produced radicals
and stable intermediates by a factor of 107% The product
TOFs, especially those of CH,O and CH;OH], initially increase
upon lowering the partial pressures of these plasma species,
and CH,0 becomes the main product (clearly above CO and
CO,) below a scaling factor of 1072 Its TOF keeps rising upon
lowering the partial pressures by a factor of 107°—107* after
which all TOFs decline. The initial rise in the TOFs of CH,O
and CH;O0H results from improved adsorption of CH;O and
CH;00. Indeed, at high partial pressures of plasma species,
the adsorption of CH;O and CH;0O is hindered by surface
poisoning by stronger binding species, such as O* and coking
species. By lowering the partial pressures of all plasma species,
more free sites become available, ie. the fraction of free
surface sites increases from 107'° to 10™° when lowering the
partial pressures by a factor of 107%. Moreover, the right panel
of Figure 10 illustrates that the fractional coverages of coking
precursors strongly decline as the partial pressures are lowered.
The enhanced availability of free sites initially improves the
adsorption of CH3;0 and CH;00, even though their partial
pressures are lower. As these species are precursors to CH,0O
and CH;0H, the TOFs of these products are higher. Upon
further lowering the partial pressures of the plasma species, the
TOFs eventually decrease due to the lower availability of
reactive plasma species in the gas phase.

Our results thus show that lowering the radical densities in
the plasma, up to a certain limit, is beneficial for oxygenate
production, as this limits surface poisoning by strongly binding
plasma species. This might be achieved using a lower plasma
power or placing a catalyst in the afterglow of the plasma.
However, this might also change the radical distribution (in
the plasma or afterglow). On the other hand, modeling of POX
of CH, in a DBD shows that the densities of CH;0 and
CH,00 vary little between the pulses.’” Therefore, these
species are expected to remain among the most important
radicals even in the afterglow.

Figure 11 summarizes how the different plasma species
discussed in this section affect the formation of CO, and
oxygenates. Strongly dehydrogenated carbonaceous species,
e.g, CHCH, CH, and C, cause coke formation on the catalyst
surface and favor the production of CO over that of CO,. O
radicals, on the other hand, reduce coking but result in
overoxidation to CO,. The less strongly dehydrogenated
carbonaceous species, ie, CH; and CH, mainly favor
HCOOH but also to a lesser extent coke formation. H
enhances the formation of HCOOH and CH;OH by
improving the hydrogenation of their respective precursor
species, HCOO* and CH;0%, and it also enhances the
formation of CH,0, by the higher adsorption of CH;0, which
can form both CH;OH and CH,0O. The CH;0 and CH;00
radicals are the precursors to both CH;OH and CH,O and
thus also favor the formation of these products.

It should be noted that the present model focuses on the
surface reactions, and plasma chemistry is only taken as input.
In the future work, we plan to combine both the plasma
chemistry and catalyst surface chemistry into one model, so
that the effect of the surface reactions on the gas-phase
composition is self-consistently accounted for.

3.3.3. Eley—Rideal Reactions Involving Radicals. Due to
their highly reactive nature, radicals generally form strong
bonds when adsorbing onto a catalyst surface. Together with
the abundance of radicals in the plasma, this can induce strong
poisoning of the catalyst surface, as illustrated above. However,
the high reactivity of plasma-generated radicals might also
enable them to react with the surface species via Eley—Rideal
(ER) reactions with low to zero enthalpy barriers. Therefore,
we briefly illustrate the potential effect of these ER reactions by
including the following three reactions in the chemistry set:
CH,(g) + O* — CH,;0%*, H(g) + O* — OH*, and O(g) + C*
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— CO*. We choose these reactions as CH;, H, and O are the
main products of electron impact dissociation of CH, and O,,
respectively, and because O* and C* are abundant and simple
surface species. To the best of our knowledge, no activation
barriers have been reported for these ER reactions. We
therefore simultaneously vary the enthalpy barriers of these
reactions between 0.0 and 0.75 eV. Higher enthalpy barriers
show no further effect on the TOFs. For comparison, the ER
reactions that involve CH, (CH,(g) + OH* — CH,* + H,O0*
and CH,(g) + O* — CH;* + OH*) have enthalpy barriers of
0.50 eV’! and 1.28 eV”', respectively. We would also like to
emphasize that all ER reactions, including those with radicals,
have an entropy barrier that corresponds to the loss of all
translational entropy of the corresponding radical or gas
molecule, as explained in the model description.

In Figure 12, we illustrate the influence of these ER reactions
on the TOFs and surface coverages for the indicated range of
enthalpy barriers. All of the TOFs in Figure 12 increase upon
lowering the enthalpy barriers and thus enhancing the
importance of the ER reactions. For low barriers, CO becomes
the main product due to the reactions of O radicals with
surface C*. The TOFs of CH,0 and CH;OH also increase
strongly upon lowering the barriers, as a result of the enhanced
formation of their precursor species, CH;0%, through a
reaction between CH;(g) and O*. Note that the net rate of
CH;0 and CH;00 adsorption/desorption is set to zero if
desorption of these species occurs, thus assuming that an
equilibrium is reached due to accumulation of these radicals
near the surface. For the lower barriers (<0.09 eV), CH,O
becomes the second most important product, after CO. The
decomposition of CH;0* to CH,0* also forms H*, which
enhances the formation of HCOOH and CH;OH. Addition-
ally, a decrease in C* coverage and an increase in CH*
coverage can be observed as a result of improved H*
formation.

In summary, our results show that ER reactions involving
radicals have a potentially strong contribution to the TOFs in
plasma catalysis. Additionally, these ER reactions might be
responsible for a significant part of the oxygenate formation in
plasma-catalytic POX of CH,. We note that other ER reactions
might also be important; however, the lack of reported
activation energies currently limits the construction of
extended chemistry set with these reactions. The three ER
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reactions that we considered are aimed at illustrating the
potential impact of these reactions.

3.4. Additional Remarks and Suggestions. 3.4.1. Pos-
sible Effect of C—C Coupling Reactions. As shown in Figures
5—7, carbon-containing radicals can be present on the surface
in high coverages. While high coverages of carbonaceous
species like C*, CH*, and CHCH* indicate that coking is
likely to occur, our model does not explicitly capture the
mechanism for coking. Additionally, C—C coupling to higher
hydrocarbons might also become important under these
conditions. While our model does contain some C—C coupling
reactions to form C2 hydrocarbons, C—C coupling to higher
hydrocarbons is not included, mainly due to the lack of
availability of the required thermodynamic input data in the
literature. Therefore, we should remain careful with the
interpretation of our results under conditions where carbona-
ceous species appear to poison the surface. If C—C coupling to
higher hydrocarbons would be favored over coke formation,
then formation and desorption of these higher hydrocarbons
might result in improved availability of free sites and higher
TOFs. However, this also depends on the barrier for
desorption of the formed product. Nevertheless, we would
like to emphasize that the main focus of this study is on the
formation of oxygenates under partial oxidation conditions,
where oxidation reactions are the dominant mechanism.

3.4.2. Other Catalyst Materials. Our model is applied to
Pt(111), but we provide here some information on how (or
whether) our results might be translated to other catalyst
materials based on insights obtained from our work and the
literature. Microkinetic modeling of the thermal-catalytic POX
of CH, by Yoo et al.*’ shows that for Pt-group metals the
selectivity of CH,O increases when going toward metals that
bind O* more strongly. This was attributed to the higher O*
coverages, which promote the coupling between CH;* and O*
to form CH;O* and the subsequent O*-assisted dehydrogen-
ation of CH;0* to CH,0*.** While for plasma conditions
where CH;O* can be formed in the plasma itself, we can
expect that metals with a higher O*-binding strength, such as
Pd and Rh, improve the adsorption of CH;0* and CH;00*
onto the surface, thus also enhancing CH,O and possibly
CH,0H formation. Yoo et al.*’ also found that coinage metals,
such as Cu, Ag, and Au, are the most suitable catalysts for
CH,0O and CH;0H synthesis. The authors determined that
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the selectivity of CH,O vs CH;OH on these catalysts was
determined by competition between two reaction paths: CH;3*
+ O* > CH;0* (following dehydrogenation to CH,0*) and
CH,* + OH* — CH;OH*." For plasma catalysis, we might
thus also expect a change in the mechanism of CH;OH*
formation, where CH; and OH radicals become the main
precursors for CH;OH on the most noble transition metals. In
this case, it might be possible to steer the selectivity of CH,O
vs CH;OH by changing the densities of O vs OH radicals in
the plasma.

Using DFT and microkinetic modeling, Studt et a
illustrated the effect of alloying Cu with ZnO on thermal-
catalytic hydrogenation of CO and CO,. Zn results in stronger
O-binding and weaker C-binding. The former enhances CO,
hydrogenation by stabilizing the O*-bound intermediates, such
as HCOO*, while the latter results in more difficult adsorption
and hydrogenation of CO.”> Applied to our results, this
catalyst might also be beneficial for plasma catalysis because
stronger O-binding might result in less desorption and
formation of CO, and more facile hydrogenation of HCOO*
to HCOOH or other oxygenates and weaker C-binding is
expected to result in less adsorption and oxidation of plasma-
produced CO.

Certain metal oxides, such as MoQOj; and V,0g, may also be
suitable catalysts for the production of CH,0 and CH;OH by
plasma-catalytic POX. CH; radicals can react with reducible
metal oxides to form methoxide anions (CH;07) on the
surface, as shown by Tong et al.”> (Note the similarities with
the Eley—Rideal reaction CH; + O* — CH;0%, discussed in
Section 3.3.3.) The reactivity of the metal oxide in this reaction
depends on its reducibility, with more reducible metal oxides
being more reactive. On CeO,, the formed CH;O~ anion
converts into a formate anion (HCOO™), which produces CO
and CO,.”” However, on MoOj; and V,0s, the CH;0™ anion
can react to produce CH,O or, in case H,O is present,
CH,O0H.”*”® Additionally, MoO; and V,0; are known
catalysts for the selective O-insertion into CHj in thermal-
catalytic POX of CH, to CH,0O and CH;OH. In this reaction,
NO is typically added as a radical initiator.”® As high densities
of radicals, such as CHj, can easily be achieved in plasma, the
combination of a MoO; or V,0; catalyst with plasma also
seems promising for plasma-catalytic POX of CH,.
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4. CONCLUSIONS

We used microkinetic modeling to investigate the influence of
various plasma species on the catalyst surface chemistry for
plasma-catalytic POX of CH, on the Pt(111) surface. We
evaluated the effect of vibrationally excited CH, and O,, as well
as, radicals and stable intermediates, and compared the results
to those of thermal catalysis at the same reaction conditions.

Plasma-induced vibrational excitation of CH, and O,
increases the TOF of CH, dissociation. Furthermore, it also
shows potential for enhancing the selectivities of CH;OH,
HCOOH, and C, hydrocarbons but has little effect on the
selectivities of CH,0, CO, and CO,. Nevertheless, the
selectivities of CH;OH, CH,0, and C, hydrocarbons remain
too low for their production to be feasible on Pt(111) at
conditions when only vibrational excitation is considered as a
plasma effect. However, we find that for plasma-catalytic POX
of CH, the surface chemistry is mainly governed by radicals,
rather than vibrationally excited molecules.

The presence of plasma-produced radicals and stable
intermediates greatly increases the TOFs of CO, and the

oxygenates, compared to thermal catalysis. Interestingly, this
also enhances the selectivities of the oxygenates and we find
that the production of HCOOH becomes non-negligible.
Further, we examine the role of various radicals in the surface
processes:

e O radicals counteract coking but also promote deep
oxidation to CO,, and their partial pressures should be
tuned against that of carbonaceous radicals.

e Strongly dehydrogenated carbonaceous species (CHCH,
CH, C) are found to strongly induce coking, and their
formation should be avoided.

e The more hydrogenated carbonaceous radicals (CHs,,
CH,) show in general a beneficial effect, as they bind
less strongly to the catalyst and lead to H* formation on
the surface, yet also cause coking at high partial
pressures.

e H radicals appear beneficial by promoting the hydro-
genation of CH;O0* and HCOO* to CH;OH and
HCOOH, respectively. Moreover, high partial pressures
of H radicals can potentially form more free surface sites
by removing excess O* via H,O formation.

e CH;0 and CH;00 radicals are important precursors to
both CH;OH and CH,O. Increasing their partial
pressures thus also strongly enhances CH,OH and
CH,O formation.

e Lowering the radical partial pressures in general
decreases surface poisoning and allows for more facile
adsorption of weak-binding radicals (e.g, CH;O and
CH,;00), which is beneficial for oxygenate formation.

Based on the effects of these radicals, we make the following
suggestions on which reaction conditions should be used to
favor the formation of certain products:

e The formation of undesired CO, is favored at low CH,/
O, ratios, for which high partial pressures of O radicals
are expected. While such conditions should generally be
avoided to limit deep oxidation, these can also be
beneficial to some extent by avoiding coke formation.

e The formation of CO is favored at high CH,/O, ratios
and might to some extent also benefit from a higher
plasma power, which yields stronger CH, dissociation,
although caution must be taken to avoid excessive
carbon deposition on the surface.

e HCOOH formation benefits from the presence of CH;
and CH, radicals, which are expected to be abundant in
plasmas with a high CH,/O, ratio and lower plasma
power, avoiding complete CH, dissociation. An addi-
tional H source, such as H,, might also be beneficial by
improving HCOO* hydrogenation.

e The formation of CH;OH might also benefit from a
lower plasma power, resulting in lower radical densities
(especially of strong binding carbonaceous species) and
more free sites, which enhances CH;0 and CH;00
adsorption. Additionally, CH3;O hydrogenation is
expected to improve from using H, as an additional H
source in the plasma or a more noble catalyst.

o The formation of CH,O is also expected to benefit from
lower plasma power, for the same reason as CH;OH.
Moreover, an additional H source can also partially
enhance CH,O formation, as it can help to clear the
surface from excessive O*.

Finally, we briefly illustrate the potential impact of Eley—
Rideal reactions that involve radicals. We find that these
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reactions allow us to reach high TOFs, even at high surface
coverages that are relevant for plasma catalysis. Additionally,
these reactions might lead to significant oxygenate production
in the plasma-catalytic POX of CH, due to reactions such as
CH,(g) + O* — CH,;0* that result in more direct routes
toward oxygenates.
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