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a  b  s  t  r  a  c  t

Methane  reforming  by plasma  catalysis  is a complex  process  that  is  far  from  understood.  It requires  a
multidisciplinary  approach  which  ideally  takes  into  account  all  effects  from  the plasma  on the  catalyst,
and  vice  versa.  In this  contribution,  we  focus  on  the interactions  of CHx (x =  {1,2,3})  radicals  that  are
created  in  the plasma  with  several  nickel  catalyst  surfaces.  To  this  end,  we perform  reactive  molecular
dynamics  simulations,  based  on the  ReaxFF  potential,  in a wide  temperature  range  of  400–1600  K.  First,  we
focus  on  the  H2 formation  as  a  function  of  temperature  and surface  structure.  We observe  that  substantial
H2 formation  is  obtained  at 1400  K and  above,  while  the  role  of  the surface  structure  seems  limited.
Indeed,  in  the initial  stage,  the type of  nickel  surface  influences  the  C–H  bond  breaking  efficiency  of
ydrocarbons
ickel  catalyst
lasma catalysis

adsorbed  radicals;  however,  the continuous  carbon  diffusion  into  the surface  gradually  diminishes  the
surface  crystallinity  and  therefore  reduces  the  effect  of surface  structure  on the  H2 formation  probability.
Furthermore,  we have also  investigated  to what  extent  the  species  adsorbed  on  the  catalyst  surface  can
participate  in  surface  reactions  more  in  general,  for the  various  surface  structures  and  as  a  function  of
temperature.  These  results  are  part  of  the  ongoing  research  on  the  methane  reforming  by  plasma  catalysis,
a  highly  interesting  yet  complex  alternative  to conventional  reforming  processes.
. Introduction

The Ni-catalyzed reforming of methane is a commonly used pro-
ess for the production of synthesis gas, a potential clean energy
ource. However, the associated chemical reactions are strongly
ndothermic and thus energy-intensive [1]. Combination of plasma
nd catalysis, so-called plasma catalysis, seems promising. The
lasma can activate inert molecules such as CH4 and induce reac-
ions at reduced temperatures, while the catalyst can increase the
electivity towards specific reaction products. However, plasma
atalysis is a technology which is far from understood due to its
nherent complexity [2,3]. Indeed, in addition to the inherent com-
lexity of catalysis and the plasma processes taking place, the
lasma and catalyst also often demonstrate synergistic effects.

For  instance, the presence of the catalyst in the discharge vol-
me affects the retention times of the plasma species in the reactor.
ndeed, the plasma species adsorb on the catalyst surface and are
herefore longer available to the discharge to interact with other
pecies. This leads to additional reactions and reaction products,
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which changes the reactive species densities [4,5]. The presence
of the catalyst in the discharge volume can also create a so-called
packed bed effect, which enhances the electric field. Such an effect,
which is also created by adding dielectric materials in the plasma
reactor, influences the electron energy distribution function [6,7].
Furthermore, microdischarges may  be formed in catalyst pores. All
these factors lead to a change in the plasma characteristics, and a
concurrent change in the chemistry. In turn, the plasma may  reduce
the catalyst to increase the catalytic activity. This has for instance
been demonstrated for nickel catalysts (with or without a support
material), where NiO is reduced to Ni [8]. The plasma also enhances
the formation of smaller catalyst nanoparticles, which results in a
higher dispersion and thus a larger surface area of the catalyst [9].
Such high catalyst dispersion also reduces coke formation on the
catalyst surface [10]. Furthermore, the reactive plasma species can
induce several reactions at the catalyst surface, and lower the acti-
vation barrier of some reactions. The latter can occur for example in
reactions with vibrationally excited species, since they have more
energy compared to the ground state of the species.
The interactions between plasma and catalyst described above
and their resulting effects demonstrate the complexity of plasma
catalysis, and the necessity of a full understanding of these inter-
actions for improving the applicability of this technology. This can
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nly be accomplished through multidisciplinary research, includ-
ng both experimental and computational studies.

Recently, a number of studies on such combined effects of
lasma and catalyst were performed [6,11–16], although most
tudies focus on the aspect of the plasma. Both experimental and
omputational studies on the plasma-based reforming intend to
nd the optimal working conditions, e.g. to determine which type
f discharge is the most advantageous and energy-efficient [17–23].
ainly cold atmospheric plasmas, like dielectric barrier discharges

DBDs), are being studied. However, warm plasmas, such as gliding
rc or microwave discharges, are also investigated in this research
eld [24–26]. From the catalytic point of view, various experi-
ental studies describe the adsorption and decomposition of CH4

n nickel catalysts [27–29]. Furthermore, Density Functional The-
ry (DFT) calculations were performed to further describe these
rocesses [30,31]. In addition to the DFT calculations, classical
olecular dynamics (MD) simulations were done to describe the

issociation of methyl radicals adsorbed on nickel surfaces [32,33].
b initio MD  simulations on the initial stages of the growth of car-
on nanotubes and graphene also investigate the adsorption and
ehydrogenation of CH4 on nickel surfaces, albeit at higher temper-
tures (1500 K) [34]. The studies mentioned above include species
erived from CH4, that are also formed in plasmas, and insight in the

nteractions of these species with catalyst surfaces can contribute to
 more fundamental understanding of methane reforming through
lasma catalysis.

In  our previous work [33], we focused on the interactions of CHx

x = {1,2,3}) radicals with several nickel surfaces at a temperature
f 400 K, i.e. a typical temperature of a DBD. By performing MD sim-
lations, using the Reactive Force Field (ReaxFF) potential [35], we
ound that the surface type influences the C–H bond breaking after
dsorption as well as the reactivity towards formation of CHx and
2Hx species [33]. Little H2 formation was observed at 400 K. Thus,

 temperature study with the emphasis on H2 formation was per-
ormed on Ni(1 1 1), in the temperature range of 400–1600 K [36].
his maximum temperature is for example reached in the transi-
ional regime of a gliding arc discharge. A substantial number of
2 molecules were indeed formed after CHx impacts at 1400 and
600 K. However, these high temperatures also induce the diffusion
f C-atoms into the nickel surface, which is more desired for e.g.
plasma-)growth of carbon nanotubes [37] or graphene [38] than
or a reforming reaction. It would be more interesting to obtain
ignificant H2 formation, with less carbon diffusion. Since the type
f nickel surface influences the reactivity at 400 K, we  should con-
ider the role of the nickel surface on the H2 formation and carbon
iffusion at higher temperatures as well.

In this work, we therefore first investigate the direct H2 forma-
ion on the catalyst surface for five different nickel surfaces, in the
emperature range of 400–1600 K. Subsequently, we  will also try
o obtain a more general insight in the temperature effect on the
eactivity of adsorbed plasma species.

. Computational details

The  reaction behavior of the CHx (x = {1,2,3}) radicals on the
atalyst surface is described with molecular dynamics (MD) simu-
ations, based on the ReaxFF potential [35]. ReaxFF has been applied
o a wide variety of systems, including silicon oxides [39], bio-
hemical systems [40] and hydrocarbons [35]. For this work, we
sed parameters for the Ni/C/H set developed and validated by
ueller and coworkers [32]. Previously, we validated this force field
or our purposes, and successfully applied it in our earlier studies
n plasma catalysis [33,36], carbon nanotube growth [41–43] and
raphene growth [38], demonstrating the wide application range
f the Ni/C/H force field. The computational setup is the same as
Fig. 1. Top view of (a) aNi, (b) pNi, for which the dark blue spheres represent the
(1 1 1) facet and the light blue spheres the (1 0 0) facet, and side view of (c) sNi.

used in our previous studies [33,36]. A detailed description of the
force field can be found in [44].

For this study, we constructed five different nickel surfaces,
namely: Ni(1 1 1), Ni(1 0 0), a step-edged Ni(1 1 1) surface (denoted
as sNi), an amorphous surface (aNi) and a polycrystalline surface
(pNi). The first three surfaces were already used in our previous
work to study the influence of surface energy and step-edges in
the surface on the adsorption probability of the radicals and the
reactions after adsorption [33]. However, the crystallinity of the
surface might change due to the interactions with the plasma.
Consequently, this can alter the reactivity of the catalyst. For this
reason, aNi and pNi are included in this study, to elucidate this effect
of change in crystallinity. The flat surfaces, i.e. Ni(1 1 1), Ni(1 0 0)
and pNi, each consist of 300 Ni-atoms, equally divided over 6 atomic
layers. The pNi structure shows a (1 1 1) facet and a (1 0 0) facet.
The amorphous surface also has 300 atoms, randomly distributed
in the cell volume such that separate layers are difficult to distin-
guish. Finally, the sNi surface is created with 255 atoms, divided
over 6 layers in a manner that step-edges are present in the sur-
face. The structure of this surface is shown in Fig. 1, together with
those of aNi and pNi. The full structures of Ni(1 1 1) and Ni(1 0 0)
can be found in our previous work [33], while the (1 1 1) and (1 0 0)
facet can also be seen in Fig. 1b.
Prior to the impacts, all the surfaces were equilibrated to the
desired temperature, in the range of 400–1600 K, employing the
Bussi thermostat with a coupling constant of 100 ps [45]. Subse-
quently, both single and consecutive impacts of CHx radicals on



s B: Environmental 154–155 (2014) 1–8 3

t
m
C
m
d
b
t
t
r
a
{

t
a
a
i
t
w

f
a
fi
n
o
a
p
f
a
t
e
o
t
s
C
a
s

3

3
f

a
n
o
h
4
t
d
h
m

s
a
i
C
s
i
o
F
t
a
a
m

Fig. 2. Average number of broken C–H bonds after adsorption of a single (a) CH3,
W.  Somers et al. / Applied Catalysi

he nickel surfaces were performed, again applying the Bussi ther-
ostat. The single impacts provide information concerning the

–H bond breaking after adsorption, while the consecutive impacts
imic  a continuous hydrocarbon flux towards the surface, and

escribe the formation of new species as a consequence of bond
reaking and recombination reactions. For both types of impacts,
he radicals are added to the system at a z-position of 10 Å above the
op-layer of the nickel surface, while the initial {x,y} coordinates are
andomized. The initial velocity vector of the impinging particle is
lso randomized. Periodic boundary conditions are applied in the
x,y} directions, to simulate a semi-infinite surface.

Each single impact is performed on a pristine nickel surface, for a
otal simulation time of 5 ps, at temperatures of 400 K, 800 K, 1200 K
nd 1600 K. Within this time, the radical is reflected or adsorbed,
nd after the latter case C–H bond breaking can occur. The single
mpact of each type of radical on each of the five surfaces at each of
he four different temperatures, i.e. a total of 60 simulations cases,
as repeated 500 times, to obtain statistically reasonable results.

In the case of the consecutive impacts, each impact is followed
or 6.25 ps, at temperatures of 400 K, 800 K, 1000 K, 1200 K, 1400 K
nd 1600 K. The resulting surface is subsequently used as input con-
guration for the next impact. Therefore, the impacting radicals are
ot only adsorbed or reflected, but they can also react with previ-
usly adsorbed radicals. As a result, new species are formed, which
re removed from the system if they desorb from the surface. This
rocedure is repeated 150 times for the CH3 impacts, and 250 times
or the CH2 and CH impacts. The higher number of simulated CH2
nd CH impacts is required due their higher reactivity after adsorp-
ion, so that more impacts are needed to obtain clear trends. For
ach case, i.e., for each sequence of impacts of each type of radical
n each of the five surfaces at each of the six different temperatures,
hree simulations were performed, leading to a total of 270 con-
ecutive impacts simulations (each consisting of 150 impacts for
H3 and 250 impacts for CH2 and CH). The reported results are the
verages over the three simulations per case, with the associated
tandard deviations.

.  Results and discussion

.1.  Effect of temperature and nickel surface structure on H2
ormation

In our previous work, we illustrated that hardly any H2 is formed
fter CHx impacts at a temperature of 400 K, regardless the type of
ickel surface on which the radicals impinge [33]. Further studies
n Ni(1 1 1) showed that a temperature increase towards 1400 K or
igher is required for substantial formation of H2 [36]. However, at
00 K, the surface type does influence the C–H bond breaking and
he reactivity towards formation of CHx and C2Hx species. If this
ependency between reactivity and surface type is maintained at
igh temperatures, this might influence the number of formed H2
olecules after impacts on the different nickel surfaces.
The  influence of both the temperature and the specific nickel

urface structure on the average number of broken C–H bonds after
dsorption of a CHx radical is shown in Fig. 2. The temperature
nfluence on the C–H bond breaking is the highest for adsorbed
H3 radicals. At 400 K, adsorbed CH3 radicals remain kinetically
table and only rarely a C–H bond is broken. As the temperature
ncreases towards 800 K, the bond breaking starts to occur more
ften. Further heating has even a greater effect, as illustrated in
ig. 2a. However, the reactivity is still low, since at the highest

emperature of 1600 K, at maximum 1.14 out of three C–H bonds
re broken after adsorption. For the CH2 and CH radicals, there is
lready sufficient bond breaking at 400 K and 800 K. This is still pro-
oted by increasing the temperature, but not to the same extent
(b) CH2 and (c) CH radical (i.e., after non-consecutive impacts) as a function of tem-
perature and for various surface structures. The error bars represent the standard
deviation  of the average, calculated over 500 simulations.

as for the CH3 radicals. The highest reactivity is obtained for the CH
radicals, since about 75% of the adsorptions are followed by break-
ing of the one C–H bond. The reactivity of the CH2 radicals lies
between that of CH and CH3, with a maximum number of broken
C–H bonds varying from about 0.75–1.00 at 400 K to around 1.25
out of 2 C–H bonds at 1600 K.

If we  now consider the role of the nickel surface, clear differ-
ences between the five surfaces are observed. The Ni(1 1 1) surface,
which is the most stable Ni-surface, has the lowest reactivity over

the investigated temperature range for each type of radical. In con-
trast, the higher energy Ni(1 0 0) surface clearly promotes C–H bond
breaking. Furthermore, the results for the polycrystalline structure
are as expected, namely between those of Ni(1 0 0) and Ni(1 1 1),
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Fig. 3. Average number of formed H2 molecules, and associated standard deviations
 W.  Somers et al. / Applied Catalysi

ince pNi contains both structures. As discussed in our previous
ork, the presence of step-edges on Ni(1 1 1) improved the reac-

ivity at 400 K; the same is now observed at higher temperatures,
or which sNi is amongst the most reactive surfaces. Finally, the
umber of broken C–H bonds on aNi is mostly located between
he results of the other surfaces. This implies that the loss of crys-
allinity does not immediately lead to lowering of the reactivity.
verall, the influence of the surface on the C–H bond breaking is

he most significant for the CH3 radicals, where the number of bro-
en C–H bonds per impact rises from 0.67 on Ni(1 1 1) to 1.14 on
i(1 0 0) at 1600 K, hence a difference of 0.47 broken C–H bonds
er impact. For the same temperature, this difference is 0.36 and
.12 broken C–H bonds for the CH2 and CH radicals, respectively.
lthough the influence of temperature and surface structure is the
ighest for the CH3 radicals, the reactivity is still the lowest com-
ared to the other radicals.

These  results indicate the role of the surface structure in creating
-atoms bound to the nickel surface. During consecutive impacts,

hese H-atoms can react with other incoming radicals or recombine
ith each other into H2. Since most C–H bond breaking occurs on
i(1 0 0), we would expect that more H2 is formed after impacts
n this surface. However, the expected trend is not observed in
he results of the consecutive impacts, as shown in Fig. 3. In case
f the CH3 radicals (see Fig. 3a), roughly two H2 molecules are
ormed after 150 impacts on Ni(1 0 0), with hardly any tempera-
ure dependency. Furthermore, the difference between the surfaces
emains small, at least at temperatures up to 1200 K. The first signif-
cant difference between the surfaces is obtained at 1400 K, while
t 1600 K, a clear separation between the values is obtained. For
his latter temperature, sNi has the highest selectivity towards H2
nd Ni(1 0 0) the lowest selectivity. While the stepped Ni(1 1 1) sur-
ace yields a similar number of broken C–H bonds after adsorption
f a CH3 radical as the Ni(1 0 0) surface (see Fig. 2a), five times
ore H2 molecules are formed on the sNi surface. Therefore, there
ust be other factors that affect the H2 formation. Indeed, besides

ecombining to H2, the adsorbed H-atoms can also react with the
ncoming CH3 radicals, or diffuse into the surface. The interaction

ith incoming CH3 is found to be very similar on all investigated
urfaces. The diffusion of H-atoms, on the other hand, turns out to
e surface dependent. The H-diffusivity is the highest for Ni(1 0 0),
nd hence less H-atoms remain available on this surface to form
2. Since both Ni(1 1 1) and sNi have the same orientation, they
lso have a similar H-diffusivity. These observations are consistent
ith the more open surface packing of the Ni(1 0 0) surface in com-
arison with the close-packed Ni(1 1 1) surface structure (cf. Fig. 1),
endering H-diffusion into Ni(1 0 0) kinetically more favorable. The
ifference in H2 formation on the Ni(1 1 1) and sNi surfaces is there-
ore determined by the C–H bond breaking probability, which is
ndeed higher on sNi, as illustrated in Fig. 2a. The H-diffusion on
Ni and aNi, as well as the number of broken C–H bonds after
dsorption, is a little higher than on Ni(1 1 1) at 1600 K. Hence,
he combination of these two opposite factors results in a similar
umber of H2 molecules formed on pNi, aNi and Ni(1 1 1).

In case of the CH2 and CH impacts, the difference in H2 for-
ation between the surfaces is again observed mainly at higher

emperatures, i.e. starting from 1400 K for CH2, or 1200 K for CH.
emarkably, sNi is the surface with the lowest selectivity towards
2 formation after 250 impacts under these conditions (see Fig. 3b
nd c), although it still has a relatively high number of broken C–H
onds and the lowest H-diffusivity. Apparently, these two  factors
re not sufficient to explain the observed differences, and other
spects need to be taken into account. One of these aspects is

he formation of other CHx and C2Hx species, which also reduces
he number of H-atoms on the surface available for H2 formation.
owever, there is no clear dependency between this aspect and

he H2 formation. For instance, both Ni(1 1 1) and sNi show the
over  the three simulations, after consecutive impacts of (a) 150 CH3, (b) 250 CH2 and
(c) 250 CH radicals as a function of temperature and for various surface structures.

most abundant CHx formation and a similar H-diffusivity during
the consecutive CH2 impacts, but the H2 formation seems more
probable on Ni(1 1 1) than on sNi, in spite of the lower C–H bond
breaking probability on Ni(1 1 1). Another factor that was  taken into
account is the diffusion rate of the H-atoms over the surface. If
the diffusion rate is indeed dependent on the surface structure, the

H-atoms will cover different distances over the different surfaces
within the same simulation time. The longer the distance travelled
by the H-atoms, the higher the probability of encountering another
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breaking, since it further changes the crystallinity. Therefore, the
ig. 4. Average number of formed H2 molecules as a function of the number of CH2

mpacts on the different surfaces at 1400 K.

-atom and recombining to H2. Comparison of the diffusion rate
ver the entire temperature range, however, shows that the dif-
erences between Ni(1 1 1) and Ni(1 0 0) are too small to explain
he dissimilarities in H2 selectivity between both surfaces. Finally,
he role of the number of adsorbed C-atoms was  considered. Each
dsorbed C-atom can undergo C–H bond breaking; therefore, more
dsorptions can lead to more H-atoms on the surface. After 250 con-
ecutive CH2 and CH impacts, no correlation between H2 formation
nd the number of adsorbed C-atoms is found for most cases. How-
ver, the low H2 selectivity of sNi during the CH2 and CH impacts
see Fig. 3b and c) can be a consequence of the much lower number
f adsorbed C-atoms on this surface compared to the other sur-
aces. Indeed, there are about 7 and 14 adsorbed C-atoms less on
Ni, after the CH2 and CH impacts, respectively. Furthermore, the
nfluence of steps in the surface on the C–H bond breaking is the
ighest for the adsorbed CH3 radicals, while the difference with
he other surfaces is much smaller for the CH2 and CH radicals, as
hown in Fig. 2. This decrease in difference between the surfaces of
he C–H bond breaking probability, together with the decrease in
he number of adsorbed C-atoms leads to the lower H2 formation.
his correlation between H2 formation and the number of adsorbed
-atoms, however, is only observed for sNi.

Since there are no clear explanations for the different H2 selec-
ivities at temperatures of 1400 K and higher in the case of CH2 and
H impacts, we need to consider whether it is still correct to dis-
inguish the surfaces from each other at these temperatures. In our
revious work, we already illustrated that at such temperatures,
he carbon diffusion in Ni(1 1 1) becomes a dominant process, with
iffusion into the lower-lying Ni-layers [36]. The same is observed
or the other surfaces, especially after the CH2 and CH impacts.
his diffusion eventually leads to a loss of the crystallinity in the
op-layers of the surface, since more and more C-atoms are pos-
tioned between the Ni-atoms. At this point, the formation of new

2 molecules cannot be fully allocated to the initial surface struc-
ure, since the latter is not maintained anymore.

In Fig. 4, the H2 formation at 1400 K is followed on the different
urfaces as a function of the number of CH2 impacts. As illustrated
lready in Fig. 3b, there is a considerable difference in the number
f H2 molecules formed after 250 impacts. However, after approx-
mately 100–125 impacts, the maximum difference is only 5 H2

olecules. Note that these impacts are followed by C-diffusion,
ut certain regions of the top-layer still maintain their crystallinity.
his is illustrated for Ni(1 1 1) in Fig. 5, for which the top-layer exists

ostly out of the (1 1 1) facet after 50 CH2 impacts. This crystallinity

radually decreases during the following impacts, resulting in only
 small (1 1 1) facet after 125 impacts. However, up to this point,
Fig. 5. Top view of the Ni(1 1 1) surface after (a) 50 and (b) 125 consecutive CH2

impacts at 1400 K. The dark blue spheres represent the (1 1 1) facet in the top-layer.

the observed differences in H2 formation can still be explained
by the C–H bond breaking probability and the H-diffusivity, com-
bined with the total number of adsorbed C-atoms and the loss of
H-atoms in reactions (excluding H2 formation). While these last
two factors did not show an obvious dependency with the H2 for-
mation after 250 impacts, except for the adsorbed C-atoms on sNi,
their role is more clear for the first 125 impacts. After 125 CH2
impacts, both Ni(1 0 0) and aNi have the same number of adsorbed
C-atoms, and the same loss of H-atoms due to diffusion or reac-
tions. However, the C–H bond breaking after adsorption is slightly
higher for Ni(1 0 0), hence the slightly higher H2 formation for the
first 100–125 impacts. For pNi, both the total number of adsorbed
C-atoms as the C–H bond breaking probability are lower than for
Ni(1 0 0) and aNi, while the same number of H-atoms are lost. This
results in the lower number of formed H2 molecules. The Ni(1 1 1)
surface has the lowest C–H bond breaking probability, and the low-
est number of adsorbed C-atoms, hence this explains its low H2
selectivity after 125 impacts. The only difference between Ni(1 1 1)
and sNi at this point is the higher C–H bond breaking for sNi, there-
fore, more H2 is formed on this surface than on Ni(1 1 1).

However, during the next 125 impacts more carbon is added to
the surface, and the continued diffusion of C-atoms into the sub-
surface and bulk reduces the crystallinity in the top-layers. As a
consequence, the correlation between H2 formation and the type
of nickel surface becomes unclear, since the trends of the first
125 impacts are not maintained anymore. Gradually, aNi becomes
the most H2 selective surface, and the reactivity of Ni(1 1 1) starts
to increase more rapidly. Especially the latter case is curious,
since less C-atoms are adsorbed on Ni(1 1 1) than on aNi, and the
C–H bond breaking after adsorption is the lowest for Ni(1 1 1).
However, this C–H bond breaking was  determined with single,
non-consecutive impacts on a pristine nickel surface. During the
consecutive impacts, the bond breaking occurs on a less crystalline
surface with adsorbed C- and H-atoms on it, which will influence
the initial bond breaking probability. Additionally, the increased
diffusion during the last 125 impacts also influences the C–H bond
C–H bond breaking probability might alter during the impacts,
dependent of surface structure and C-diffusion. This makes it diffi-
cult to estimate which surface has the highest C–H bond breaking
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ig. 6. Average number of surface-bound H-atoms as a function of the number of
H2 impacts for Ni(1 1 1) and Ni(1 0 0) at 400 and 800 K.

robability. Furthermore, the alteration in C–H bond breaking prob-
bility and surface structure is different for each simulation, hence
iving rise to deviations between the simulations, which are diffi-
ult to define. This implies that, despite the fact that all surfaces
re amorphous after 250 impacts, each surface still has a par-
icular (amorphous) structure, different from the other surfaces.
herefore, each of these amorphous surfaces has its own  reactivity,
hich results in different hydrogen formation rates for the vari-

us surfaces. We  conclude that the nickel surface structure initially
strongly) influences the reactivity after adsorption, but that the
ffect on the long-term reactivity is limited, due to loss of the crys-
allinity and change of the C–H bond breaking probability.

.2. Effect of temperature and nickel surface structure on the
eactivity  of adsorbed H-atoms

In the previous section, we focused on the influence of the nickel
urface structure on the H2 formation. As shown in Fig. 3, and as
escribed in our previous work [36], substantial H2 formation is
btained at temperatures of 1400 K and above at all Ni surfaces.
or processes focusing on the catalytic synthesis of H2, our simula-
ions predict that this is the required temperature regime. However,
n plasma systems, H2 is also formed through several reactions
n the gas (plasma) phase, involving radicals, electrons and ions.
his includes the three-body recombination reaction among two
-atoms, with a gas molecule as third body, as well as several
ther chemical reactions of H-atoms with hydrocarbons [22]. More-
ver, besides the formation of H2, the reactions between H-atoms
nd hydrocarbons can also form other hydrocarbon species [22].
n plasma catalysis, H-atoms are not only present in the gas phase,
ut they are also adsorbed on the catalyst surface. Therefore, it is

mportant to know in general to what extent adsorbed H-atoms can
articipate in reactions with incoming radicals or other adsorbed
pecies and subsequently desorb from the catalyst surface.

Previously, we demonstrated that at a temperature of 400 K, the
-atoms adsorbed on Ni(1 1 1) after CH2 impacts rarely react with

ncoming radicals, while this reaction does occur on the other sur-
aces [33]. As shown in Fig. 6, a temperature increase to 800 K is
lready sufficient to activate the adsorbed H-atoms on Ni(1 1 1) to
eact with incoming radicals and form new molecules (i.e. mostly
ydrocarbons and little H2, as was demonstrated in [36]). Indeed, at

rst, the impacts lead to adsorption and dissociation of CH2, which
enerates adsorbed H-atoms, but the number of adsorbed H-atoms
ubsequently decreases as they react with the incoming radicals.
his is in contrast to the behavior at 400 K for Ni(1 1 1), where
Fig. 7. Side view of Ni(1 0 0) after 250 (a) CH2 and (b) CH impacts at 800 K.

the number of surface-bound H-atoms remains constant, indicat-
ing that the H-atoms do not react with incoming radicals to form
new products (such as hydrocarbons or H2 molecules). However,
the incoming radicals do react with other species adsorbed on the
Ni(1 1 1) surface, such as CH2 and CH, which leads to the formation
of hydrocarbons. For the other surfaces investigated, the surface
bound H-atoms already participate in recombination reactions at
400 K, and a temperature increase has less effect, as illustrated for
Ni(1 0 0) in Fig. 6.

Furthermore, performing the impacts at a temperature of 800 K
instead of 400 K hardly influences the total number of adsorbed
C-atoms after the CHx impacts, and the diffusion of C-atoms into
the nickel surface remains low, as illustrated in Fig. 7. Therefore,
we expect a similar (limited) amount of coke formation at 400
and 800 K. Further increasing the temperature leads to additional
adsorption of C-atoms, as shown for Ni(1 0 0) in Fig. 8. This is due
to the promoted diffusion of C-atoms into the surface at such high
temperatures (cf. previous section), which regenerates areas for
adsorption in the top-layer.

As  discussed earlier, carbon deposition can reduce the perfor-
mance of the catalyst in the reforming process [36]. If the focus lies
on the catalytic synthesis of H2 or the growth of carbon nanotubes,
temperatures of 1400 K and above are appropriate. However, for
optimizing the reforming process, and more specifically the catalyst
lifetime, lower temperatures are preferred to avoid catalyst deac-
tivation by coke deposition and sintering [46]. At temperatures of
1200 K and above, a large number of adsorbed C-atoms diffuse into

the nickel surfaces. Within the current timescale, no accumulation
of the C-atoms or polymerization of CnHm radicals on the surface is
observed. Such processes deactivate the catalyst and are most likely
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ig. 8. Average number of adsorbed C-atoms on Ni(1 0 0) after consecutive impacts
f the three radicals as a function of temperature.

o occur at high temperatures. However, the fact that these pro-
esses are not observed is most probably related to the short time
cales of the simulations. As stated before, the carbon diffusion into
he surface is low in the range of 400–800 K, so a limited amount
f coke formation is expected. Furthermore, the results discussed
bove indicate that a temperature of 800 K is sufficient to induce
nteractions between plasma species and H-atoms adsorbed on the
arious nickel surfaces studied in this work. Even at 400 K, these
nteractions already occur, although less frequently on Ni(1 1 1). In
iew of this observation, and keeping in mind the multiplicity of
eactions in the plasma, the combination of plasma technology and
atalysis for methane reforming seems already promising in the
emperature range of 400–800 K. The carbon diffusion, and possible
oke formation, remains low in this temperature range, while all the
dsorbed species interact with the incoming radicals. Obviously, in

 plasma system, additional species besides the studied CHx radi-
als are present (e.g. other radicals, excited species, . . .),  which can
urther enhance the reactivity in this temperature range.

.  Summary and conclusions

Reactive  molecular dynamics simulations, using the ReaxFF
otential, were carried out to investigate the interactions of impact-

ng CHx (x = {1,2,3}) radicals on nickel catalyst surfaces as a function
f temperature and surface structure.

After adsorption of a single CHx radical, the subsequent C–H
ond breaking depends on both the temperature and exact sur-
ace structure. At higher temperature, more C–H bonds get broken
pon impact of CHx radicals. The temperature influence on the bond
reaking process after adsorption is the highest for CH3, which is
inetically stable at low temperatures (i.e. 400 K), followed by CH2
nd CH. Furthermore, there is an increased C–H bond breaking for
ach type of radical on Ni(1 0 0) and sNi, compared to Ni(1 1 1).
hese two surfaces have a higher surface energy or step-edges in
he structure compared to the stable Ni(1 1 1) surface. The results
or pNi, which is partially (1 1 1) and (1 0 0) oriented, are between
hose of Ni(1 1 1) and Ni(1 0 0), as expected. More importantly, an
morphous structure does not lead to lowering of the reactivity,
ince the reactivity on aNi appears to be located between those of
he other surfaces.

Remarkably, the surfaces which promote the C–H bond break-

ng are not necessarily the most selective towards H2 formation
fter consecutive impacts of the radicals at high temperatures,
.e., 1400 K and above. For the CH3 impacts, the observed differ-
nces can be attributed to the H-diffusivity into the surface. This

[

[
[

vironmental 154–155 (2014) 1–8 7

diffusivity  is highest for Ni(1 0 0), and hence less H-atoms are avail-
able to recombine into H2. However, for the CH2 and CH radicals,
for which the reactivity after adsorption is much higher, no clear
correlation between surface structure and H2 formation is found.
This is attributed to a loss of crystallinity induced by the diffusion
of multiple C-atoms into the surface. The top-layer of the differ-
ent surfaces loses its initial structure; hence a proper distinction
between the surfaces cannot be made anymore. We  therefore con-
clude that the nickel surface structure initially influences the C–H
bond breaking, and therefore the H2 formation, but as the carbon
diffusion in the surface increases, the role of the surface structure
seems to become limited.

It  is demonstrated that the H2 formation at the catalyst surface
requires temperatures in the order of 1400 K. However, in plasma
catalysis, the plasma also contributes to the H2 (and hydrocarbon)
formation, by reactions involving radicals, electrons and ions. Since
reactions with H-atoms in the plasma can lead to the formation of
H2 or hydrocarbons, the extent to which adsorbed H-atoms at the
catalyst surface desorb and further react in the plasma can also
be of importance. Only on Ni(1 1 1), the adsorbed H-atoms rarely
react with incoming radicals at a temperature of 400 K. Increasing
the temperature to 800 K overcomes this limitation. At the other
surfaces, the adsorbed H-atoms can already react with incoming
radicals at 400 K as well. Furthermore, the total number of adsorbed
C-atoms remains almost the same at 400 and 800 K for all surfaces.
We conclude that methane reforming by plasma catalysis seems
promising in this temperature range, since the reactivity of the
adsorbed species is already fairly high, and the diffusion of C-atoms
into the surface remains low.
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