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a  b  s  t  r  a  c  t

We  investigated  the  plasma-assisted  catalytic  reactions  for  the  production  of  value-added  chemicals
from  Ni-catalyzed  plasma  dry reforming  of  methane  by  means  of  density  functional  theory  (DFT).  We
inspected  many  activation  barriers,  from  the early  stage  of adsorption  of the  major  chemical  fragments
derived  from  CH4 and  CO2 molecules  up to the  formation  of value-added  chemicals  at  the  surface,  focusing
on  the formation  of  methanol,  as well  as the hydrogenation  of  C1 and C2 hydrocarbon  fragments.  The
activation  barrier  calculations  show  that  the  presence  of surface-bound  H atoms  and  in  some  cases  also
remaining  chemical  fragments  at  the  surface  facilitates  the  formation  of products.  This  implies  that  the
hydrogenation  of a chemical  fragment  on the  hydrogenated  crystalline  surface  is energetically  favoured
compared  to  the  simple  hydrogenation  of  the  chemical  fragment  at the  bare  Ni(111)  surface.  Indeed,  the
presence  of hydrogen  modifies  the  electronic  structure  of  the  surface  and  the course  of  the  reactions.
We  therefore  conclude  that  surface-bound  H atoms,  and  to some  extent  also  the  remaining  chemical
fragments  at  the  crystalline  surface,  induce  the following  effects:  they  facilitate  associative  desorption  of
methanol  and  ethane  by  increasing  the  rate  of  H-transfer  to the  adsorbed  fragments  while  they  impede

hydrogenation  of  ethylene  to  ethane,  thus  promoting  again  the desorption  of ethylene.  Overall,  they  thus
facilitate  the catalytic  conversion  of  the formed  fragments  from  CH4 and  CO2, into  value-added  chemicals.
Finally,  we  believe  that the  retention  of  methane  fragments,  especially  CH3, in the  presence  of  surface-
bound  H  atoms  (as observed  here  for Ni)  can  be  regarded  as an  identifier  for  the  proper  choice  of  a  catalyst

e-ad
for  the production  of  valu

. Introduction

Global warming is a consequence of the rise in the concentration
f greenhouse gases in the earth’s atmosphere. This rise started
ince the beginning of the industrial revolution, and resulted in
n increase in the global air and sea surface temperature [1]. The
wo most abundant greenhouse gases are carbon dioxide (CO2) and

ethane (CH4). The atmospheric concentration of CO2 continues to
ncrease by burning fossil fuels and clearing of native forests. Also
he methane concentration has been rising as a consequence of
uman activities such as leakage from natural gas systems and the
aising of livestock.

Dry  reforming of methane (DRM) is a method to convert both
reenhouses gases into syngas [2]. This is desirable for many
ndustrial synthesis processes [3]. DRM proceeds according to the
ollowing reaction:
O2 + CH4 ⇔ 2H2 + 2CO �H◦
298

◦ = 247 kJ/mol

∗ Corresponding author.
E-mail address: mahdi.shirazi@uantwerpen.be (M.  Shirazi).
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926-3373/© 2017 Elsevier B.V. All rights reserved.
ded  chemicals.
©  2017  Elsevier  B.V.  All  rights  reserved.

Both CO2 and CH4 molecules are chemically inert and thermo-
dynamically stable. In conventional methods, the conversion of
these gases into syngas (or other value-added chemicals) occurs
in the presence of a metal-based catalyst at high temperature and
pressure (catalyst-based dry reforming) [2,4]. Alternatively, it can
also take place in a plasma at room temperature and atmospheric
pressure (plasma-based dry reforming) [5]. Both methods face diffi-
culties. Catalyst-based dry reforming is sensitive to coke deposition
[6] and subject to a slow start-up time. Plasma-based dry reforming
shows a lack of selectivity [7–10].

However, it has been shown that combining the catalyst with
a plasma may  result in a synergy between both [9,11]. Such syn-
ergic interaction between reactive species in the plasma and the
catalyst surface may  yield a more favorable process, in terms of
e.g. improved selectivity and energy efficiency. The combination of
plasma and catalyst may  also initiate chemical reactions at lower
temperatures than in the conventional thermo-chemical process
[12,13].

Non-thermal plasmas are highly reactive, due to the presence

of energetic electrons and reactive species (free radicals, excited
molecules, and ions) [9,14,15]. The energetic electrons, with a typ-
ical energy of 1–10 eV, create a distinct non-equilibrium plasma
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ith an overall gas kinetic temperature as low as room tempera-
ure.

Hence, plasma catalysis performs at much lower pressure and
emperature than thermal catalysis. However, the net effect is the
ormation of abundant surface-bound H atoms at the surface. This
ltimately gives rise to the facilitation of hydrogenation reactions

n both processes (i.e., thermal and plasma catalysis), no mat-
er which reaction condition is considered. In this sense, there is
o major difference in the model construction and computational
etails between thermal and plasma catalysis. A difference in reac-
ion chemistry, however, may  arise from the different number of
urface-bound H atoms.

H-adsorption  or H2 dissociation on a Ni(111) surface is an
xothermic reaction up to a certain H-coverage which depends on
he reaction condition. The H-coverage, therefore, modifies the ini-
ial energy of the system. Here, for each chemical reaction the initial
tructure/state is considered as the reference state which makes the
omparison of barriers easier.

To model the atomistic behavior of this system [16,17], the
nteraction of all plasma species with the catalyst surface should
e considered, in principle taking the nanoscale features of the
atalyst into account as well [18,19]. This entails simulating the
nteraction of all reactive species with the various possible sur-
ace configurations, such as terraces, steps, kinks, and clusters.

oreover, the catalyst surface is also subject to modification under
he influence of the plasma [20,21]. Once the overall interactions
nd surface modifications are identified, the gathered information
rom the atomistic model can be used as raw data for the devel-
pment of classical force fields for plasma catalysis [22,23], for a
oarse-grained model [24] or as input for a plasma chemistry model
25–27]. The ultimate goal of this research is to implement the
athered information into a kinetic Monte-Carlo model (KMC) to
nvestigate the dominant products in different reaction conditions.

To investigate the formation of value-added chemicals in plasma
atalysis, we performed detailed DFT calculations as reported in the
resent paper. The main objective is to explain the reaction kinetics
t low temperature, characteristic for a non-thermal plasma. In this
ense, the effect of surface-bound H atoms and remaining chemical
ragments at the surface on the chemical reactions is considered.
his is consistent with earlier work [28], where it was  observed that
he remaining chemical fragments activate the chemical reactions.
hose neighbors do not participate directly (stoichiometrically or
atalytically) in the chemical reaction. However, they do modify
he potential energy surface of the system.

In many studies [29,30], the influence of remaining chemical
ragments on the reaction energetics and reaction kinetics of a
esired reaction is ignored for the sake of simplicity. In this contri-
ution, we will show how remaining chemical species, especially
urface-bound H atoms, modify the potential energy surface (PES)
o facilitate a chemical reaction.

In this paper, we show that the surface-bound H atoms play a
ital role in facilitating the hydrogenation of oxygen compounds
nd hydrocarbons into the major products of plasma catalysis
8,12]. Since the reaction kinetics is inspected for a relatively large
-coverage, the surface-bound species first should be involved in
irect interaction with surface-bound H atoms rather than with
he other surface-bound species (adsorbate–adsorbate interaction)
31]. Hence, the lifetime of the surface-bound species is short and
hey would desorb before interacting with the other surface-bound
pecies.

The increase of H-coverage gives rise to weaker adsorption of the
organic” fragments. A relationship between the thermodynam-

cs and the activation barrier often found to hold is the so-called
ronsted-Evans-Polanyi (BEP) relation [32], which states that in a

amily of reactions, the change in reaction energy scales linearly
ith the change in reaction barrier. As we will show below, how-
vironmental 205 (2017) 605–614

ever,  we  observe that while there is indeed a relationship between
the change in activation barrier and change in reaction energy as a
function of H-coverage, the scaling is not linear.

As mentioned above, plasma catalysis may  perform better at
low temperatures than thermal catalysis. The reported activation
barriers [33,34] for dissociative adsorption of neutral molecules in
DRM are relatively large. For instance, the activation energy for
dissociative chemisorption of methane on the crystalline Ni(111)
surface was reported to be 1.17 eV. The reported activation energy
for dissociative adsorption of excited methane is slightly smaller,
0.95 eV [35]. Hence, these chemical reactions are less likely to be
kinetically active at the low temperatures characteristic for plasma
catalysis, which is in contrast to the better performance observed
for plasma catalysis at low temperatures.

The interaction of electronically excited molecules with the
surface cannot be studied by conventional ground state DFT
calculations. This type of interaction can be studied by time-
dependent DFT. However, here we  assumed that upon dissociation
of molecules in the plasma phase, they are mostly formed in their
electronic ground state, and upon interaction with the surface also
adsorb in their electronic ground state. This assumption corre-
sponds to both experimental and modeling results, indicating that
the densities/fluxes of electronically excited species are typically
many orders of magnitude lower than the density of ground state
species. Based on this assumption, we consider the possible forma-
tion of products starting from the main fragments. We  acknowledge
that in certain types of plasma, e.g. in microwave discharges, vibra-
tionally excited states might be of importance [36–38]. However,
plasma dry reforming is mostly performed in dielectric barrier type
discharges, in which the vibrationally excited states are not highly
populated [36–38]. The above references apply to CO2, but vibra-
tional excitation of CH4 is stated to be anyway of lower importance
than vibrational excitation of CO2, in a CO2/CH4 mixture [36].

Here,  we  therefore assume that radical fragments derived from
CH4 and CO2 molecules are already chemically adsorbed. These
adsorbed species may  be incoming free radicals produced in the
plasma [9], or they can be products of chemical reactions. The
adsorption enthalpies for radical fragments derived from CH4 and
CO2 on Ni were extensively studied before [33,39]. Here, we  thus
mainly focus on the reaction kinetics of the associative desorption
of products of these fragments in plasma catalysis.

We mainly focus on the production of methanol and C2 hydro-
carbons that were measured experimentally as two  main added
value products in plasma catalysis of CO2 and CH4. In most cases,
the experiments are carried out under atmospheric pressure and a
moderate temperature and the plasma zone is kept at room tem-
perature. The dielectric barrier discharge reactor is mainly used by
an AC high voltage power supply with a variable voltage of 1–25 kV
and a variable frequency of 20–60 kHz [8,12,40].

In  plasma catalysis, the formation of products occurs through
the Eley-Rideal (ER) and the Langmuir-Hinshelwood (LH) mecha-
nism. This is different from thermal catalysis, where most catalytic
reactions proceed via the LH mechanism [41]. In plasma catalysis,
not all impacts of free radicals necessarily lead to the formation of
a product. If an impingement gives rise to the formation of a closed
shell molecule, it mainly terminates to the associative desorption
of the closed shell molecule. In the context of atomic orbitals, a
closed shell configuration is a valence shell which is completely
filled with electrons. In contrast, an open shell configuration is
not completely filled with electrons. For instance, the interaction
between an incoming CH3 radical from the plasma and an adsorbed
H atom gives rise to the associative desorption of CH4 (ER mecha-

nism). In contrast, if an impingement gives rise to the formation of
an open shell molecule, the formed molecule remains as an adsor-
bate. For instance, the interaction between an incoming CH3 radical
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Scheme 1. Schematics of a typical energy diagram for hydrogenation of chemical
fragments  on Ni(111), starting from the initial state (IS), over the transition state
(TS), and ending in the final state (FS), for different H-coverage and the absence
or  presence of other chemical fragments. The presence of surface-bound H atoms
gives rise to a reduction in both the activation energy and the reaction energy (green
arrow), while the presence of other chemical fragments can result in either a rise or
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 reduction of the activation energy and reaction energy. (For interpretation of the
eferences to colour in this figure legend, the reader is referred to the web version
f this article.)

rom the plasma and an adsorbed O atom gives rise to the formation
f an adsorbed OCH3 molecule.

.  Computational details

To  study the interaction of free radicals with a Ni catalyst,
elf-consistent DFT calculations in the GGA approximation are
mployed. Reaction energies, activation energies and ab initio
olecular dynamics (AIMD) of the system are calculated in a 3D

eriodic model, utilizing VASP [42]. In these calculations, the elec-
ronic energies are approximated using the projector augmented
ave (PAW) [43] description of atomic cores and the functional

f Perdew, Burke, and Ernzerhof (PBE) [44]. The plane wave cut-
ff energy is set to 400 eV (see Supporting information, Fig. S1).
or Ni atoms 3d84s2, O atoms 2s22p4, and C atoms 2s22p2, elec-
rons are included as valence electrons. The self-consistent steps
re converged to an energy difference of at least 10−4 eV.

Geometries are optimized using the conjugate-gradient scheme
ithout symmetry restraints or fixed atoms, to a convergence of

nergy gradients of less than 10−3 eV/Å. Since the magnetic prop-
rties of nickel are essential for an accurate description of the
nergetics and kinetics [45], all calculations are spin-polarized.

Converged values of the surface energies of the (111) surfaces
howed that five layers of Ni are enough to be considered as a
lab. The structure of the assumed Ni(111) is explained in previous
tudies [39]. To avoid slab–slab interaction in the periodic model,

 vacuum region of 10 Å above the surface is imposed. The k-point
ampling in reciprocal space is generated by the Monkhorst-Pack
ethod. 8 × 8 × 8 and 4 × 4 × 1 grid sizes are utilized for bulk and

lab, respectively. For the surface, we use a five-layered 4 × 4 super-
ell and the k-point sampling is reduced to 2 × 2 × 1. Hence, each
ayer of the slab has sixteen Ni atoms.

The AIMD calculations are performed within the micro-
anonical ensemble [46]. The Verlet algorithm is used to integrate
ewton’s classical equations of motion for the ions. A time step of

 fs is found to be sufficiently small for all frequencies of oscillation
n the system. The calculations are done for 400 ionic steps. The

nitial temperature for assigning random velocities is varied from
00 to 500 K, according to experiments [12,13].

In  this study, we extensively use the nudged elastic band (NEB)
ethod [47], to calculate the activation energy for reactions under
vironmental 205 (2017) 605–614 607

different  local chemistries [48]. Furthermore, AIMD simulations are
performed to gain insight in the dynamics of the reaction, which
may in some cases deviate from the reaction path predicted by
NEB. For instance, if the surface is covered with a large number of
H atoms, the selection of the transferred H to a chemical fragment
in NEB is based on the shortest distance between the H atom and
the chemical fragment, which is not necessarily true.

However, one is confronted with the obstacle of rare events in
AIMD simulations. This means that the system is trapped in some
local minimum for a long period of time (relative to the AIMD time-
scale) and cannot cross the activation barrier to a new minimum. To
observe the crossing of a barrier, either alternative simulation tech-
niques such as the recently developed collective-variable driven
hyperdynamics method (CVHD) [49] or very long time-scale simu-
lations would be needed. In a AIMD context, however, both would
require very long calculation times.

Since the energy minimum of the system is constantly modi-
fied by adding new atoms to the surface, the underlying reaction
kinetics and reaction energetics of all occurring chemical processes
are constantly modified as well. Indeed, the increase or decrease of
the coverage of a chemical species generally modifies the rates of
the occurring chemical reactions, due to an increase or decrease of
the activation energy, and thus it either inhibits or facilitates these
reactions. We  therefore calculated the plausible crossing of bar-
riers by the NEB method and checked the activation barriers of a
chemical reaction in different local chemistries.

Adsorption of H atoms can occur either through impingement
from the plasma or as a product of chemical surface reactions. In
both cases, H atoms are transferred into a fcc or hcp site at the
crystalline surface. H diffusion is a crucial feature and is ultimately
required for the formation of the desired products. The presence of
H atoms at the surface essentially influences the reaction kinetics of
the chemical reactions. As mentioned above, this may  either inhibit
or facilitate a chemical reaction through the rise or reduction of the
activation barrier.

Occasionally, in the case when the activation energy increases, a
competitive chemical reaction dominates the chemical process and
hinders the chemical reaction of interest. On the other hand, when
the activation energy is decreased sufficiently, it will not remain
a rare event, since the chemical reaction now occurs much faster
(relative to the rare events). This means that the chemical reaction
of interest can be observed in the short time-scale accessible to the
AIMD simulation. Both cases are observed during optimization or
during the AIMD calculations and are included in the supporting
information (SI). This will help to establish the trend of a chemical
reaction in different local chemistries.

The energy barrier of associative desorption of H2 from the
Ni(111) surface does not reduce to below 0.7 eV within the H-
coverage of 0.25–1.0 ML.  Hence, the rate of H2 desorption does
not change with the concentration of adsorbed H-atoms up to a
H-coverage of 1.0 ML.  Desorption of H2 is indeed a competitive reac-
tion that we are currently investigating. As mentioned above, these
competitive reactions with hydrogenation of chemical fragments
should be implemented into KMC  to address the experimental data
more accurately.

The  energy difference between two optimized minima gives the
reaction energy. Often, in a reaction, two molecules are formed
of which one desorbs from the surface while the other remains
adsorbed. This gives rise to the relocation of pre-existing atoms at
the surface (e.g., H atoms). The activation barrier is calculated as
the maximum energy along the reaction coordinate connecting the
two minima.
Once the required minimum energy to cross the barrier is
detected on the association or dissociation channel, this value is
reported as the activation barrier. Occasionally, no activation bar-
rier is detected. In this case, we report the activation barrier as zero
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or an exothermic reaction, and as the reaction energy (�E) for an
ndothermic reaction. In all calculations, all other degrees of free-
om are optimized. The number of images is modified from 10 to
8 for those reaction paths, depending on the distance that atoms
hould travel, including end images.

In several cases, the obtained reaction barriers were larger than
 eV. This is too high for typical process temperatures of plasma
atalysis (i.e., below 500 K). Hence, these reactions are not reported
ere. Indeed, they will not be important for plasma catalysis, where
any other reactions, involving radicals, will occur more easily.

The  vibrational frequencies of the systems are calculated within
he harmonic approximation. The matrix of the second derivatives
f the energy with respect to the atomic positions (Hessian matrix)

s calculated numerically by displacing each atom twice (±0.015 Å)
ndependently from its equilibrium position in the direction of each
artesian coordinate. The adsorbate atoms in a chemical reaction
nd their first metal neighbour atoms are included in the frequency
alculation, and thus adsorbate-metal coupling was considered in
his calculation.

.  Results and discussions

.1.  Formation and desorption of methanol

In this section, we study the possible reaction pathways for the
ormation of methanol at the crystalline Ni(111) surface, which is an
nteresting value-added product [12]. This is initially studied by the
ntroduction of a CH3 radical to a surface-adsorbed CO2 molecule
Fig. S2a). This will not give rise to the dissociation of the C O bond.
ndeed, an activation energy of 1.54 eV for desorption of CH3O is
alculated. Similarly, a CH3 radical is introduced to an adsorbed CO
olecule (Fig. S2b). The calculated activation energy of desorption

f CH3O in this case is also very large (3.09 eV). Furthermore, the
O2CH3 molecule can also be formed in the plasma and directly
dsorb at the Ni(111) surface. However, in all the cases investigated,
issociation of an adsorbed CO2CH3 molecule did not occur.

However, the introduction of a H atom to surface-adsorbed
O2CH3 can cause the formation of methanol and a CO molecule.
his occurs either through H atoms from the plasma or by the trans-
er of a surface-adsorbed H atom, corresponding to the ER and LH

echanisms, respectively.
The  introduction of a H atom from the plasma to an adsorbed

O2CH3 fragment through the O atom which is not bound to the
urface causes the formation of methanol (CH3OH) and a surface-
dsorbed CO molecule (Fig. S3). This reaction is exothermic by
.07 eV. However, if the impinging H atom interacts with the CH3
roup instead of with the O atom, methane is formed rather than
ethanol. Hence, this reaction pathway is not selectively controlled

y the catalyst.
Surface transfer of H to the adsorbed CO2CH3 fragment also leads

o associative desorption of methanol, as shown in Fig. 1a (top
iew). In this reaction pathway, transfer from the hcp site (pink
tom) breaks the bond between C O (Fig. 1b). This causes the for-
ation of methanol and a CO molecule. Methanol desorbs from

he surface while CO is tightly bound to the surface. As a result,
he pre-adsorbed atomic H atoms are relocated (green atoms). The
elocation of H atoms is correlated to the associative desorption of

ethanol and binding of the CO molecule, which is all considered
n the dissociation channel. In the transition state (Fig. 1b), all H
toms involved in the reaction pathway are located at bridge sites.
he H atoms are relocated from the fcc to the hcp sites.
The  activation energy of H-transfer is calculated for different H-
overages, as reported in Table 1 (reactions 1–3). The same H atom
s considered for each coverage. The activation energy is 0.94 eV at

 coverage of 0.50 ML  of H, and increases to 1.47 eV at 0.75 ML  of
vironmental 205 (2017) 605–614

H coverage, after which it decreases to 0.66 eV at 1 ML  of H cov-
erage. Thus, the activation energy is further reduced upon higher
H-coverage. Likewise, the released chemical energy due to the for-
mation of methanol and the binding of CO molecules is increased
from 0.86 eV at 0.50 ML  of H coverage to 1.26 eV at 0.75 ML  of
H coverage, but it decreases to 0.75 eV at 1 ML  of H coverage.
The high coverage of H atoms (1 ML  of H) seems to prevent CO
molecules binding tight to the surface. Hence, the released chem-
ical energy decreases upon increasing H-coverage. This reaction
pathway should anyway be thermally activated by the proper for-
mation of a CO2CH3 fragment and a high concentration of H atoms
at the crystalline surface. This also implies that the formed open
shell molecule (e.g. CO2CH3) in the plasma can easily adsorb at the
surface and then dissociate to the favoured products in the presence
of surface-bound H atoms.

Another possible reaction pathway for methanol formation is
the interaction between a surface-adsorbed COH  fragment and a
CH3 radical from the plasma. The adsorbed COH can be created by
bonding of H atoms from the plasma to an adsorbed CO molecule.
Upon impingement of a CH3 radical from the plasma to the COH
fragment at the surface, two  different products may be formed,
depending on the direction of the incoming CH3 radical. When the
CH3 radical interacts with the H atom, methane is formed (Fig. S5).
If in contrast the CH3 radical reacts with the O atom, methanol
is formed (Fig. S6). Both reactions are exothermic, by 2.84 eV and
0.29 eV, respectively, following the ER mechanism. Thus, this reac-
tion pathway to the formation of methanol cannot be selectively
controlled by the catalyst, as it depends again on the direction of
the incoming CH3 radical.

So far, the identified reaction pathways leading to the formation
of methanol were not selective or showed a relatively large activa-
tion energy. In the following discussion, those reactions that can
selectively cause methanol formation with low activation energies
are considered.

The interaction of an O atom from the plasma with an adsorbed
fragment of methane leads to the formation of an oxygenated
fragment (Fig. S7). The retention of the methane fragment by the
catalyst and a proper flux of O atoms are the key factors for the
formation of methanol through this reaction pathway. Since hydro-
genation of C and CH fragments readily occurs at high H coverage
(see Section 3.2 below), O atoms less likely react with C and CH frag-
ments at the surface, and thus, the interaction of O atoms with C
and CH fragments is ignored in the following. We  only consider the
interaction of O atom with CH2 and CH3 fragments, as well as the
subsequent hydrogenation of the oxygenated fragments to form
methanol.

The introduction of O atoms to the CH3 group causes the forma-
tion of CH2OH (Fig. S7a and b). This adsorbed molecule is chemically
bound to the top of a Ni atom at the surface. This reaction is a prelim-
inary step to the formation of methanol, and is strongly exothermic
by 4.93 eV (Table 1, reaction 4).

The subsequent hydrogenation of CH2OH to methanol is con-
sidered for different H-coverages, as well as the presence of other
chemical fragments, as reported in Table 1 (reactions 5–10). As
depicted in Fig. 5, the increase of H-coverage from 0.25 to 0.75 ML
causes a reduction in activation energy for hydrogenation from
0.59 eV to 0.14 eV (Table 1, reactions 5–7). Furthermore, the intro-
duction of chemical fragments at neighboring sites also shows a
reduction in activation energy (Table 1, reactions 8–10).

The  side and top view of the reaction pathway is shown in the
insets in Fig. 2. H-transfer from the hcp site (pink atom) to the oxy-
genated species at the top of the Ni site leads to the associative

desorption of methanol from the surface. This associative desorp-
tion occurs at a coverage of 0.75 ML  of H. A H atom at the fcc site
(green atom) is transferred to the previously occupied hcp site. The
relocation of H atoms at the surface can be seen in the top view
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Fig. 1. Top view of H-transfer from the surface to adsorbed CO2CH3. H-transfer is indicated by the pink atom. (a) Initial configuration of the adsorbed CO2CH3 fragment at
a  coverage of 0.50 ML  of H. (b) Transition state. H-transfer to O breaks the bond between C and O. All H atoms are located at the bridging site. (c) Associative desorption of
methanol and an adsorbed CO molecule (See Fig. S4). Transfer of a CO molecule to the surface will relocate the pre-adsorbed atomic H at the surface (green atoms). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Formation of methanol at different local chemistries.

Reaction Coverage Ea (eV) �E (eV)

1. CO2CH3(s) + H(s) → CO(s) + CH3OH 0.50 ML H 0.94 −0.86
2. CO2CH3(s) + H(s) → CO(s) + CH3OH 0.75 ML H 1.47 −1.26
3. CO2CH3(s) + H(s) → CO(s) + CH3OH 1.00 ML H 0.66 −0.75
4. CH3(s) + O(g) → CH2OH(s) – – −4.93
5. CH2OH(s) + H(s) → CH3OH(g) 0.25 ML H 0.59 −0.36
6. CH2OH(s) + H(s) → CH3OH(g) 0.50 ML H 0.56 −0.49
7. CH2OH(s) + H(s) → CH3OH(g) 0.75 ML H 0.14 −1.47
8. CH2OH(s) + H(s) → CH3OH(g)a 0.50 ML H 0.42 −0.89
9. CH2OH(s) + H(s) → CH3OH(g)b 0.50 ML H 0.37 −0.51
10. CH2OH(s) + H(s) → CH3OH(g)a 0.56 ML H 0.25 −0.73
11. CH2(s) + O(g) → COH(s) + H(s) – – −4.68
12. CHOH(s) + H(s) → CH2OH(s) 0.75 ML H 0.39 +0.12
13. OCH3(s) + H(s) → CH3OH(g) 0.50 ML H 0.54 +0.17
14. OCH3(s) + H(fcc)(s) → CH3OH(g) 0.62 ML H 0.35 −1.03
15. OCH3(s) + H(hcp)(s) → CH3OH(g) 0.62 ML H 0.11 −1.38
16. OCH3(s) + H(s) → CH3OH(g)b 0.62 ML H 0.15 −1.04
17. OCH3(s) + H(s) → CH3OH(g)b 0.75 ML H 0.37 −0.60

a In the presence of a neighboring CHCH2 fragment.
b In the presence of a neighboring CCH2 fragment.

Fig. 2. Reduction in activation energy for associative desorption of methanol due
to an increase of the H-coverage. Side view and top view of H-transfer (pink atom)
to previously formed CH2OH fragments are shown in the insets for a coverage of
0.75 ML of H. The associative desorption of methanol (side view) will cause the
a
e
a

i
c

C
m
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ssociated H diffusion at the surface (green atoms). (For interpretation of the refer-
nces to colour in this figure legend, the reader is referred to the web  version of this
rticle.)

nsets. This transition is considered in the associative desorption
hannel of methanol.
The  introduction of an O atom from the plasma to an adsorbed
H2 group is another preliminary step for the formation of
ethanol, as shown in Fig. S7c and d. This leads to the formation

f a CHOH fragment at the surface, which is a strongly exothermic
reaction  by 4.68 eV (Table 1, reaction 11). An activation energy of
0.39 eV (Table 1, reaction 12) is calculated for H-transfer from a hcp
site to CHOH at 0.75 ML  of H-coverage, forming CH2OH, which can
then further be converted into methanol as discussed above. Fig. S8
shows a side view of this hydrogenation.

So far, the interaction of O atoms from the plasma with pre-
viously adsorbed chemical fragments derived from methane is
investigated, followed by hydrogenation of the oxygenated frag-
ments. In the following, the opposite process, i.e., the introduction
of CH3 fragments from the plasma to adsorbed O atoms will be
discussed.

The introduction of a CH3 radical to an adsorbed O atom will
cause the formation of a surface-adsorbed OCH3 fragment. The
activation energy for H-transfer to this OCH3 fragment, into the
formation of methanol, at different H coverages is calculated. At
low H-coverage, OCH3 is located at a hcp site. In this circumstance,
the O atom is three-coordinated. An activation energy of 0.54 eV
is calculated at a coverage of 0.50 ML  of H for H-transfer from a
hcp site to an OCH3 fragment (Fig. 3 and Table 1, reaction 13). This
reaction is endothermic by 0.17 eV.

The  introduction of more H atoms to the surface gives rise to
relocation of OCH3 to a bridging site. For instance, at 0.62 ML  of H
coverage, the OCH3 fragment is transferred to a bridging site at the
surface, as shown in the insets of Fig. 3. This means that the OCH3

fragment is less tightly bound to the Ni surface and a lower activa-
tion energy for H-transfer to the fragment is expected. Indeed, an
activation energy of 0.35 eV and 0.11 eV is calculated for H-transfer
from a fcc and hcp site, respectively, to an OCH3 fragment at the
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Fig. 3. Reduction in activation energy for associative desorption of methanol from
an OCH3 fragment upon higher H-coverage. An increase of the atomic H coverage
facilitates the H-transfer (pink atom) from a hcp site to O of the OCH3 fragment
at  the bridging site. The presence of remaining chemical fragments (green atoms)
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lightly increases the activation energy. The insets correspond to the red line. (For
nterpretation of the references to colour in this figure legend, the reader is referred
o the web version of this article.)

ridging site. Both reactions are exothermic by 1.03 eV and 1.38 eV,
espectively (Table 1, reaction 14 and 15). A similar relocation of

 atoms at the surface, due to H-transfer to the OCH3 fragment, is
bserved, as illustrated in Fig. 3. This relocation has been taken into
ccount in the transfer channel.

To investigate the effect of remaining chemical fragments on
he associative desorption of methanol from OCH3, the activation
nergy of H-transfer is calculated for different local chemistries.
here is no shared Ni atom between two chemical fragments. For

nstance, a CCH2 fragment is considered at the Ni surface at a cov-
rage of 0.62 ML  of H (green atoms in the insets of Fig. 3). The
ctivation energy is slightly increased from 0.11 eV to 0.15 eV for
-transfer (pink atom) to an OCH3 fragment due to the presence of

his CCH2 fragment (Table 1, reactions 15 and 16). The H-transfer
ccurs from a hcp site to O of OCH3 at the bridging site, which

eads to associative desorption of methanol from the surface (see
he insets in Fig. 3). An increase of the H-coverage from 0.62 to
.75 ML  gives rise to an increase in activation energy from 0.15 eV
o 0.37 eV (Table 1, reaction 17). Hence, the introduction of chem-
cal fragments at neighboring sites does not show a reduction in
ctivation energy in this case (Table 1, reactions 16 and 17).

In  plasma catalysis, fragments of oxygen compounds can be
ither formed in the plasma and then directly adsorb at the sur-
ace of the catalyst or formed by interaction between adsorbed and
ncoming fragments of CH4 and CO2. In both cases, facilitated asso-
iative desorption of methanol in the presence of surface-bound

 atoms is observed. Hence, the low temperature production of
ethanol by plasma catalysis on a Ni catalyst is expected, as was

ndeed observed experimentally on different catalysts [12]. In this
tudy, the experiments were carried out under atmospheric pres-
ure and the catalyst bed was heated to a moderate temperature
<250 ◦C) and the plasma zone was kept at room temperature.

.2. Hydrogenation of C1-hydrocarbon fragments

Since the retention of fragments of methane by the metal is
ssential to enhance the formation of the desired products, hydro-
enation of C1-hydrocarbon fragments is discussed here. Indeed, a
etter retention of adsorbed hydrocarbon fragments increases the
hance of forming value-added chemicals either through the ER

r LH mechanism. The adsorbed chemical fragments derived from
ethane can be the product of dissociative adsorption of methane

t the surface or they can directly be adsorbed as free radicals
rom the plasma. As shown above, the adsorption of plasma-created
vironmental 205 (2017) 605–614

species  at the surface is invariably exothermic. This means that the
possibility of interaction between C1-hydrocarbons or between a
C1-hydrocarbon and an O atom will be enhanced.

Initially, a C atom is considered at a hcp site at a coverage of
0.37 ML  of H (Fig. S9). H-transfer from an fcc site to the C atom
is exothermic by 0.55 eV, showing an activation barrier of 0.52 eV
(Table 2, reaction 1). The surface H atoms at a higher coverage are
found to be highly mobile. This makes the calculation of the acti-
vation energy for the same H atom at different coverage difficult,
since this H atom was  relocated to a hcp site. An activation energy
of 0.25 eV and 0.34 eV is calculated for H diffusion to the bare C
at 0.62 and 0.75 ML  of H, respectively (Table 2, reactions 2 and 3).
Since the transfer channel is defined to pass over the Ni atom, a
larger activation energy is obtained. However, one should keep in
mind that the concentration of C atoms in the plasma is very low
and adsorbed bare C atoms at the Ni surface can readily become
hydrogenated.

Next, hydrogenation of CH to CH2 is investigated. A top view
of hydrogenation of CH to CH2 is shown in Fig. S10. An activation
energy of 0.13 eV is calculated for H atoms at the fcc site to a CH
fragment at the hcp site at a coverage of 0.37 ML  of H. This reaction
becomes barrier-less at a higher coverage of 0.5 ML  of H (Table 2,
reactions 4 and 5).

In  Fig. S11, hydrogenation of a CH2 fragment at a hcp site to
CH3 is illustrated. The activation energy for H-transfer (pink atom)
from a fcc site is reduced from 0.63 eV at a coverage of 0.25 ML
of H to 0.02 eV at a coverage of 0.5 ML  of H (Table 2, reactions 6
and 7). The activation energy is also calculated in the presence of
a CH2 fragment (indicated by green atoms in Fig. S11). There is no
shared Ni atom between the two fragments. In this circumstance,
the activation energy is increased to 0.07 eV (Table 2, reaction 8).
Hydrogenation of the chemical fragment will give rise to relocation
of the CH2 group from the hcp site to the CH3 group at the bridging
site. At higher H coverage, this relocation occurs from a hcp to a top
site.

So far, the calculated activation energy for hydrogenation of CHx

(x = 0, 1, 2) fragments was low. Hence, the rate of these hydro-
genation reactions is expected to be high. This implies that these
reactions occur readily at relatively low H coverage and typical
plasma catalysis temperatures. Hydrogenation of CH2 to a CH3 frag-
ment detaches the CH3 group from three Ni atoms at the hcp site
and transfers it to a bridging or top site. Hence, in this situation,
the H atoms should travel a larger distance to give rise to the asso-
ciative desorption of methane. This results in a higher activation
energy for hydrogenation of CH3 followed by associative desorption
of methane than for hydrogenation of CHx (x = 0, 1, 2) fragments.

H-transfer from a hcp site to a CH3 group at a top site is calcu-
lated for different H-coverages and in the presence of a neighboring
CH3 fragment, as depicted in Fig. 4. An activation energy of 0.66 eV
is calculated for this transfer at a coverage of 0.50 ML of H (Table 2,
reaction 9). To investigate the effect of remaining chemical frag-
ments on the associative desorption of methane, another CH3
fragment is introduced at a bridging site (green atoms in the insets
of Fig. 4) and the same calculation is repeated. There is no shared
Ni atom between the chemical fragments. The activation energy
of associative desorption of methane is now reduced to 0.59 eV
(Table 2, reaction 10). Moreover, the reaction also becomes more
exothermic, i.e., from 0.21 to 0.62 eV.

The  effect of increasing the atomic H coverage on the associative
desorption of methane is also clear from Fig. 4. By increasing the
atomic H coverage from 0.50 to 0.62 ML  of H, the activation energy
of the reaction is reduced from 0.66 eV to 0.35 eV and the reaction

becomes more exothermic, i.e., from 0.21 eV to 0.89 eV (Table 2,
reaction 11). The introduction of more H atoms will give rise to a
further reduction in activation energy (i.e., to 0.18 eV at a coverage
of 0.75 ML  of H) and the reaction becomes even more exothermic
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Table  2
Hydrogenation of C1-hydrocarbon fragments at different local chemistries.

Reaction Coverage Ea (eV) �E (eV)

1. C(s) + H(s) → CH(s) 0.37 ML  H 0.52 −0.55
2.  C(s) + H(s) → CH(s) 0.62 ML  H 0.25  −0.92
3.  C(s) + H(s) → CH(s) 0.75 ML  H 0.34 −0.96
4.  CH(s) + H(s) → CH2(s) 0.37 ML  H 0.13 −0.03
5.  CH(s) + H(s) → CH2(s) 0.50 ML H 0.00 −0.29
6.  CH2(s) + H(s) → CH3(s) 0.25 ML  H 0.63 +0.15
7.  CH2(s) + H(s) → CH3(s) 0.50 ML H 0.02 −0.42
8.  CH2(s) + H(s) → CH3(s)a 0.50 ML H 0.07 −0.43
9.  CH3(s) + H(s) → CH4(g) 0.50  ML H 0.66  −0.21
10.  CH3(s) + H(s) → CH4(g)b 0.50 ML H 0.59 −0.62
11.  CH3(s) + H(s) → CH4(g) 0.62 ML  H 0.35 −0.89
12.  CH3(s) + H(s) → CH4(g) 0.75 ML  H 0.18 −1.93

a In the presence of a neighboring CH2 fragment.
b In the presence of a neighboring CH3 fragment.

Fig. 4. Associative desorption of methane through the hydrogenation of CH3 frag-
ments. The presence of remaining chemical fragments (CH3; green atoms) and the
increase of the atomic H coverage facilitate the H-transfer (pink atom) from a hcp
site to a CH3 fragment at the top site. This can be seen through the reduction of the
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ctivation energy. Furthermore, the reaction also becomes more exothermic. The
nsets correspond to the blue line. (For interpretation of the references to colour in
his figure legend, the reader is referred to the web  version of this article.)

i.e., by 1.93 eV) (Table 2, reaction 12). At a coverage of 0.62 ML  of
, the Ni atom is elevated by 0.54 Å. This means that the Ni atom

s situated at a higher position on the surface (green atom in Fig.
12). This value increases further to 0.56 Å at a higher coverage of
.75 ML  of H.

So far, the hydrogenation of C1-hydrocarbon fragments was
ollowing the LH mechanism. H atoms from the plasma can also
nteract directly with an adsorbed C1-hydrocarbon, which gives rise
o the hydrogenation of chemical fragments or the associative des-
rption of methane. Moreover, this process can also happen in the
pposite way, by introducing chemical fragments of methane (i.e.,
Hx radicals from the plasma) to H atoms at the surface. Both reac-
ions are exothermic. However, since both reactions follow the ER

echanism and cannot be selectively controlled by catalysis, they
re not reported here.

.3.  Hydrogenation of C2-hydrocarbon fragments

The  formation of C2-hydrocarbons can proceed either through
he ER or LH mechanism. The introduction of CHx (x = 0–3) as free
adicals to an adsorbed CHx (x = 0–3) fragment may  give rise to
ither the formation of a closed shell molecule or the formation of
n adsorbed chemical fragment.
In the former case, this may  cause desorption of the formed
olecule (ER mechanism). For instance, the introduction of a CH3

ragment from the plasma to an adsorbed CH3 group gives rise
o associative desorption of ethane from the surface, since ethane
adsorbs  only weakly on the Ni surface. Hence, a proper flux of CH3
fragments from the plasma and the retention of CH3 fragments
at the surface by the catalyst are key to the formation of ethane
through this reaction pathway.

In  the latter case, the formed chemical fragment at the surface
remains adsorbed, since the open shell molecule is tightly bound
to the surface. For instance, the introduction of CH3 radicals from
the plasma to an adsorbed CH2 fragment gives rise to the formation
of a CH2CH3 fragment. The C2-hydrocarbon fragments may  also be
formed in the plasma and then become adsorbed as free radicals to
the surface. When the adsorbed fragments at the surface recombine
with a H atom at the surface, this gives rise to associative desorption
of a formed (closed shell) molecule. This process thus follows the
LH mechanism, which can be selectively controlled by choosing a
proper catalyst. Hydrogenation of C2-hydrocarbon fragments is the
main subject of this section, as it can be selectively controlled by
the catalyst.

Since the hydrogenation of adsorbed C and CH readily occurs at
low atomic H coverage and the concentration of C and CH radicals in
the plasma is low, the formation of adsorbed C2, C2H2, CCH, CCH2
and CCH3 fragments at the surface is less likely to occur. Hence,
hydrogenation of these species will not be reported here. How-
ever, it is worth to mention that the hydrogenation of these species
will again be facilitated upon increasing atomic H coverage and the
presence of other chemical fragments, similar to what is reported
before.

First, an adsorbed CHCH3 group is considered at the surface.
This chemical fragment can be formed as reaction product or it can
be directly adsorbed from the plasma to the surface. As shown in
Fig. 5, CHCH3 is located at a bridging site. The activation energy for
hydrogenation of CHCH3 to CH2CH3 is depicted in Fig. 5 for different
H-coverage. The activation energy for H-transfer (pink atom) from a
hcp site to CHCH3 is reduced from 0.32 eV at 0.62 ML  of H to 0.06 eV
at 0.87 ML  of H (see also Table 3, reactions 1–3). Along with the
reduction in activation barrier, this reaction also becomes more
exothermic, i.e., from 0.05 eV to 1.08 eV.

The activation energy is also calculated for H-transfer from a
fcc site to the CHCH3 group at the bridging site (Table 3, reactions
4–6). The activation energy is calculated to be 0.43 eV at a coverage
of 0.75 ML  of H in the absence of any other surface species (reaction
4 in Table 3). When two  additional fragments of C2-hydrocarbons
(i.e., CCH2 and CHCH2) are located at the hcp site (green atoms in
Fig. S13), the activation energy is increased to 0.50 eV (reaction 5
in Table 3). An increase of atomic H coverage from 0.75 to 0.81 ML
of H in the presence of the same chemical fragments gives rise to a

reduction in activation energy to 0.41 eV (reaction 6 in Table 3).

The next step, i.e., transfer of another H atom to the CH2CH3 frag-
ment, leading to the associative desorption of ethane, is depicted
in Fig. 6, for different atomic H coverages. The activation energy
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Table  3
Hydrogenation of C2-hydrocarbon fragments at different local chemistries.

Reaction Coverage Ea (eV) �E (eV)

1. CHCH3(s) + H(hcp)(s) → CH2CH3(s) 0.62 ML H 0.32 −0.05
2. CHCH3(s) + H(hcp)(s) → CH2CH3(s) 0.75 ML H 0.32  −0.33
3. CHCH3(s) + H(hcp)(s) → CH2CH3(s) 0.87 ML H 0.06 −1.08
4. CHCH3(s) + H(fcc)(s) → CH2CH3(s) 0.75 ML H 0.43 +0.16
5. CHCH3(s) + H(fcc)(s) → CH2CH3(s)a 0.75 ML H 0.50 +0.02
6. CHCH3(s) + H(fcc)(s) → CH2CH3(s)a 0.81 ML H 0.41 +0.13
7. CH2CH3(s) + H(s) → CH3CH3(g) 0.37 ML H 0.65 −0.28
8. CH2CH3(s) + H(s) → CH3CH3(g) 0.62 ML H 0.24 −0.52
9. CH2CH3(s) + H(s) → CH3CH3(g) 0.75 ML H 0.00  −1.46
10. CHCH2(s) + H(s) → CH2CH2(s)b 0.37 ML H 0.45 −0.16
11. CH2CH2(s) → CH2CH2(g) – 0.68 +0.67
12. CH2CH2(s) → CH2CH2(g)b 0.31 ML H 0.32 +0.05
13. CH2CH2(s) + H(s) → CH2CH3(s) 0.25 ML H 0.29 +0.24
14. CH2CH2(s) + H(s) → CH2CH3(s)c 0.37 ML H 0.40 +0.18
15. CH2CH2(s) + H(s) → CH2CH3(s) 0.37 ML H 0.33 +0.25
16. CH2CH2(s) + H(s) → CH2CH3(s) 0.62 ML H 0.34 +0.19

a In the presence of CCH2 and CHCH2 fragments at the surface.
b In the presence of CCH2 and CCH3 fragments at the surface.
c In the presence of CCH2 and CCH2CH3 fragments at the surface.

Fig. 5. Reduction in the activation energy for hydrogenation of CHCH3. An increasing
atomic  H coverage facilitates the hydrogenation of CHCH3. The H atom is transferred
from  a hcp site to the CHCH3 group at a bridging site (insets). The insets correspond
to  the red line. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web  version of this article.)

Fig. 6. Associative desorption of ethane, by recombination of a H atom from a hcp
site (pink atom) and a CH2CH3 group at the top site. The increase in atomic H cov-
erage  reduces the activation energy and makes the reaction more exothermic. The
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Since  the activation energy for ethylene desorption is relatively
nsets correspond to the red line. (For interpretation of the references to colour in
his figure legend, the reader is referred to the web version of this article.)
f H-transfer from a hcp site is reduced from 0.65 eV at a cov-
rage of 0.37 ML  of H to 0.00 eV at a coverage of 0.75 ML  of H
Table 3, reactions 7–9). Thus, a higher atomic H coverage will facili-
tate  the associative desorption of ethane. Furthermore, the reaction
becomes more exothermic, from 0.28 eV to 1.46 eV.

To firmly establish a link between the reduction in activation
energy and the presence of surface-bound H atoms or remaining
chemical fragments at the surface, AIMD simulations are per-
formed. Due to this reduction in activation energy, the associative
desorption of ethane is no longer a rare event and the reaction
should occur in a relatively short simulation time.

Three different initial configurations are considered. All config-
urations are initially optimized to the minimum energy (see SI:
Movies 1–3). The first configuration is a CH2CH3 group at a top
site for a coverage of 0.75 ML  of H. In the second configuration,
two chemical groups (CCH2 and CHCH2) are added to the first
configuration. For the third one, the atomic H-coverage of the sec-
ond configuration is increased to 0.87 ML  of H. AIMD simulations
are performed for 0.25 ps for all three configurations. Only in the
third configuration, associative desorption of ethane is observed.
This trend is consistent with the general reduction in activation
energy due to the higher H-coverage and the presence of chemi-
cal fragments at the surface. Hence, the available thermal energy
is sufficient to cross the lower activation energy and associative
desorption of ethane occurs in the short period of simulation time
accessible in the AIMD. Ethane production over a Ni catalyst is
indeed observed in plasma catalysis at low temperature [50].

We  have also studied the hydrogenation of CHCH2 to CH2CH2.
The activation energy of H transfer from a hcp site to CHCH2 is cal-
culated to be 0.45 eV, at a coverage of 0.37 ML  of H and the presence
of two  C2-hydrocarbon fragments (CCH2 and CCH3), located at hcp
sites (see Fig. S14 and Table 3, reaction 10). Due to hydrogenation of
the chemical fragment, it relocates from the fcc to the bridging site.
In contrast to the associative desorption of ethane, hydrogenation
of CHCH2 will not directly lead to desorption of ethylene, since it
strongly adsorbs on the bare Ni(111) surface.

Desorption of ethylene from the bare Ni(111) surface is shown
in Fig. S15. A relatively large activation energy of 0.68 eV is cal-
culated (Table 3, reaction 11). However, the presence of chemical
fragments and a higher atomic H coverage at the surface will facil-
itate the desorption of ethylene. This is illustrated in Fig. S16, for a
H-coverage of 0.31 ML  of H and the presence of a CCH2 and a CCH3
fragment, yielding a reduction in activation energy to 0.32 eV (see
reaction 12 in Table 3).
high, hydrogenation of CH2CH2 at different atomic H coverages is
also studied (Fig. S17). The activation energy for H-transfer from
a hcp site to ethylene is calculated for atomic H coverages of
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.25–0.62 ML  of H (Table 3, reactions 13–16). An increase of atomic
 coverage from 0.25 to 0.37 ML  results in a slight increase in the
ctivation energy (reaction 15 in Table 3), and a further increases
f atomic H coverage to 0.62 ML  (reaction 16) does not affect the
ctivation energy, while the presence of other chemical fragments
reaction 14) resulted in even a higher activation energy, in contrast
o what was calculated so far. Since ethylene is loosely adsorbed to
he surface at high atomic H coverage, H-transfer to the adsorbate
s hindered. This is in good agreement with experiments where the
thylene interaction with surface-bound H atoms did not result in
ydrogenation [51].

.  Conclusions

In this paper, we employed atomistic simulation at the DFT level
o investigate the formation of value-added chemicals in plasma
atalysis from CO2 and CH4 over a crystalline Ni(111) surface. We
nclude the early stage of adsorption of free radicals of each species
p to the formation of value-added chemicals. The resulting reac-
ions, which explain the fundamental chemistry of plasma catalysis
t low temperature (below 500 K), are summarized below.

.1. Formation and desorption of methanol

The dissociation of adsorbed molecules at the surface (e.g.
O2CH3) to methanol and a CO molecule is facilitated by the

ncrease of surface-bound H atoms at the crystalline Ni(111) sur-
ace. The rate of formation of methanol through this reaction
athway is likely to be accelerated by a proper choice of the cat-
lyst. Hydrogenation of CH3O and CH2OH fragments leads to the
ormation of methanol, which is readily desorbed from the Ni(111)
urface. This hydrogenation occurs by transfer of a H atom from
he surface to the fragment, which can be selectively controlled by
he catalyst, through the LH mechanism. The activation energy for
he required H-transfer is reduced by an increase in H-coverage
nd other pre-adsorbed chemical fragments, and is energetically
ccessible at low temperature, so it should be feasible in plasma
atalysis. Associated diffusion of H atoms is also observed during
he course of these reactions.

.2.  Hydrogenation of C1-hydrocarbon fragments

The  retention of CHx fragments (x = 0–3) will enhance the
robability of formation of C2-hydrocarbons and alcohols through
oth the LH and ER mechanisms. Hydrogenation of adsorbed CHx

x = 0–2) fragments readily occurs at the surface. The hydrogena-
ion of the CH2 fragment at the surface detaches the CH3 fragment
rom the three Ni atoms, and transfers it from a hcp or fcc site
o a bridging or top site, depending on the H-coverage. The next
ydrogenation, i.e., of CH3, shows a larger activation energy, since
he H atom must move a larger distance to lead to the associative
esorption of methane. This hydrogenation is again facilitated by

ncreasing H-coverage and the presence of neighboring chemical
ragments. Hence, the aptness of a catalyst for the production of
alue-added chemicals in plasma catalysis can be defined as a cat-
lyst that extends the retention of CHx fragments in the presence
f surface-bound H atoms.

.3.  Hydrogenation of C2-hydrocarbon fragments

A  higher H-coverage and the presence of chemical fragments
educe the activation energy for hydrogenation of ethane fragments

nd the associative desorption of ethane, so that this activation
nergy becomes thermally accessible at low temperature, typi-
al for plasma catalysis. AIMD simulations firmly establish a link
etween the reduction in activation barrier and the probability of
vironmental 205 (2017) 605–614 613

actually crossing this barrier. In contrast to the other hydrogenation
reactions, where a reduction in activation energy was  calculated
upon increasing H-coverage, the opposite was shown for hydro-
genation of ethylene. Hence, the surface-bound H atoms assist in
desorption of a closed shell molecule from the crystalline surface
rather than hydrogenation of a closed shell molecule.

In summary, we conclude that the reaction kinetics and reac-
tion energetics of the catalytic reactions depend on the presence
of surface-bound H atoms, which facilitate the catalytic reactions,
and more specifically the catalytic conversion into methanol and
ethane. In this circumstance, the adsorbed fragments are more
loosely bound to the surface and they more easily undergo a
bimolecular reaction. The same effect is also predicted in some
cases when other chemical fragments are present at the surface,
but sometimes also the opposite effect is observed. Finally, similar
trends are observed for the formation of formaldehyde and formic
acid (not presented). A summarizing, schematic diagram for the
hydrogenation of an adsorbed fragment is provided in Scheme 1.

Finally, we  can conclude that a wide variety of reactions can
simultaneously take place at the surface during plasma catalysis.
There will be a competition between the catalytic reactions at dif-
ferent operating temperatures and for different concentrations of
plasma species, and thus fluxes to the surface, which is translated
into a different elemental coverage at the surface. Their influence
on the electronic structure and conformality of the catalyst surface,
as well as on the eventual occurrence of the various processes, are
interesting issues that we are currently investigating by incorpo-
rating the currently obtained DFT data into kinetic Monte Carlo
modeling.
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31] N. İnoğlu, J.R. Kitchin, Simple model explaining and predicting
coverage-dependent atomic adsorption energies on transition metal surfaces,
Phys. Rev. B 82 (2010) 045414.

32] T. Bligaard, J.K. Nørskov, S. Dahl, J. Matthiesen, C.H. Christensen, J. Sehested,
The Brønsted–Evans–Polanyi relation and the volcano curve in heterogeneous
catalysis, J. Catal. 224 (2004) 206–217.

33] Y.-A. Zhu, D. Chen, X.-G. Zhou, W.-K. Yuan, DFT studies of dry reforming of
methane on Ni catalyst, Catal. Today 148 (2009) 260–267.

34] S.-G. Wang, X.-Y. Liao, J. Hu,  D.-B. Cao, Y.-W. Li, J. Wang, H. Jiao, Kinetic aspect
of CO2 reforming of CH4 on Ni(111): a density functional theory calculation,
Surf. Sci. 601 (2007) 1271–1284.

35] K.G. Prasanna, R.A. Olsen, A. Valdes, G.-J. Kroes, Towards an understanding of
the vibrational mode specificity for dissociative chemisorption of CH4  on
Ni(111): a 15 dimensional study, Phys. Chem. Chem. Phys. 12 (2010)
7654–7661.

36] A. Fridman, Plasma Chemistry, Cambridge University Press, 2008.
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