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In the CVD growth of graphene, the reaction barriers of the dehydrogenation for hydrocarbon molecules
directly decide the graphene CVD growth temperature. In this study, density functional theory method
has been employed to comparatively probe into CH, dehydrogenation on four types of Cu(1 1 1) surface,
including the flat Cu(1 1 1) surface (labeled as Cu(1 1 1)) and the Cu(1 1 1) surface with one surface Cuatom
substituted by one Rh atom (labeled as RhCu(1 1 1)), as well as the Cu(1 1 1) surface with one Cu or Rh
adatom (labeled as Cu@Cu(1 1 1) and Rh@Cu(1 1 1), respectively). Our results show that the highest barrier
of the whole CH4 dehydrogenation process is remarkably reduced from 448.7 and 418.4 k] mol~! on the
flat Cu(11 1) and Cu@Cu(1 1 1) surfaces to 258.9 kj mol~! on RhCu(1 1 1) surface, and to 180.0 k] mol~' on
Rh@Cu(11 1)surface, indicating that the adsorbed or substituted Rh atom on Cu catalyst can exhibit better
catalytic activity for CH4 complete dehydrogenation; meanwhile, since the differences for the highest
barrier between Cu@Cu(11 1) and Cu(11 1) surfaces are smaller, the catalytic behaviors of Cu@Cu(111)
surface are very close to the flat Cu(1 1 1) surface, suggesting that the morphology of Cu substrate does not
obviously affect the dehydrogenation of CH4, which accords with the reported experimental observations.
As a result, the adsorbed or substituted Rh atom on Cu catalyst exhibit a better catalytic activity for
CH4 dehydrogenation compared to the pure Cu catalyst, especially on Rh-adsorbed Cu catalyst, we can
conclude that the potential of synthesizing high-quality graphene with the help of Rh on Cu foils may
be carried out at relatively low temperatures. Meanwhile, the adsorbed Rh atom is the reaction active
center, namely, the CVD growth can be controlled by manipulating the graphene nucleation position.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Chemical vapor deposition (CVD) has been widely used in
graphene synthesis with many different metals as the substrate
[1-3]. Among them, Ni has good lattice match with graphene,
while Cu is superior for controllably growing single layer graphene
[2,4]. An isotope-effect study indicates that, during CVD growth of
graphene on Ni substrate, carbon atoms dissolve into the bulk. Con-
trarily, the growth process is limited on the surface in the Cu case
[5], which makes Cu become the most popular CVD substrates for
graphene growth. In the growth process of graphene, the reaction
barriers for the dehydrogenation of hydrocarbon molecules directly
decide the graphene CVD growth temperature, and the dissocia-
tive C atoms tend to accumulate at the dehydrogenation reaction
centers [6]. Accordingly, the sequence of CH4 dehydrogenation
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reactions that transform CH4 into C and H on catalyst surfaces
are also often regarded as the crucial steps for the productions of
graphene, carbon nanotubes and carbon nanofibers by CVD method
[5,7,8]. As a result, the fundamental insight into the CH4 dehy-
drogenation on Cu substrate for the CVD growth of graphene at
the molecular level is essential for understanding and clarifying
the dehydrogenation process. Indeed, complete dehydrogenation
behaviors of CH; on metal Cu substrates have been studied the-
oretically, for example, Zhang et al. [5] have investigated CHy
complete dehydrogenation on Cu(1 00) substrate, suggesting that
carbon atoms are thermodynamically unfavorable on a Cu surface
under typical experimental conditions, and the active species for
graphene growth should thus mainly be CHy instead of atomic
carbon. Wang et al. [6] have investigated CH4 complete dehy-
drogenation on metal Cu(100) and Cu@Cu(100) substrates. In
addition, Wang et al. [9] and Liao et al. [10] have investigated CH,
complete dehydrogenation on Cu(11 1) substrates.

On the other hand, tuning the relative barrier of the differ-
ent steps of CH4 dehydrogenation by doping or adsorbing active
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metallic impurity into the inactive metal would remarkably alter
the catalytic activity. For example, previous studies by Wang et al.
|6] have revealed that the reaction barriers of CH4 dehydrogenation
on a bimetallic Ni/Cu(1 0 0) surface is much lower than those on the
pure Cu(100) surface. Kokalj et al. [11] have found that the com-
bination of a very active reaction centers such as Rh with a more
inactive substrate-such as Cu(1 1 1)-may hinder CH3 dehydrogena-
tion step with respect to CH4 dehydrogenation in comparison with
those on the pure Rh(11 1) surface. Larsen et al. [12] have shown
that Co films deposited on Cu(11 1) are more reactive that the pure
Co itself for CH4 dehydrogenation. An et al. [13] have revealed
that the reaction barriers of CH4 dehydrogenation on a bimetal-
lic Cu/Ni(111) surface are much larger than those on the pure
Ni(111).Zhao et al. [14] have investigated the dissociation of CH,4
and CH on Ni(211) and Pd/Ni(21 1) step surfaces, as well as the
broad Ni(100)and Pd/Ni(100) surfaces, suggesting that Pd-doping
Pd/Ni surfaces raises the activation barriers for CH4 and CH disso-
ciations compared to the pure Ni surface. Thus, on the basis of above
studies, it is concluded that the metallic impurity can greatly alter
the catalytic activity of the substrate [11].

Nowadays, the case of Rh-decorated Cu catalyst has attracted a
large number of studies because of its catalytic activity, such as syn-
gas conversion to ethanol [15], the reactions of CHy hydrogenation
and dehydrogenation, CO insertion into CHx [16], NO dissociation
[17], and CH4 conversion to ethane [18], and so on. Among these
reactions, Rh with more reactivity than Cu is served as the reaction
active center on Cu catalyst. Unfortunately, to the best of our knowl-
edge, few studies about CH4 dehydrogenation on Rh-decorated Cu
catalyst at atomic scale have been reported, which might be applied
as a basis for the selective modification of Cu substrate to improve
the performance towards the CVD growth of graphene.

In this study, encouraged by above reported studies, we have
carried out the detailed investigations about CH4 dehydrogenation
by considering a reaction center characterized by a active metal-
lic atom, such as Rh, on a less reactive substrate, such as Cu(111)
involved in the graphene CVD growth. The results are expected
to probe into the effect of active metallic impurity on the catalytic
activity of Cu-based catalyst for CH4 dehydrogenation, in which CHy
dehydrogenation on a pure Cu(11 1) surface and a Rh atom substi-
tutionally embedded into Cu(1 1 1) surface (labeled as RhCu(11 1)),
as well as the Cu(11 1) surface with one Cu or Rh adatom (labeled
as Cu@Cu(111) or Ni@Cu(111), respectively) have been system-
atically and comparatively investigated by the periodic density
functional theory (DFT) method. Such a study is fundamental to
gain a comprehensive understanding of CH, dehydrogenation on
Cu-based substrates, and expected to play an important role to
improve the catalytic performance in practical cases for the CVD
growth of graphene on Cu-based systems.

2. Computational details

2.1. Calculation method

All calculations have been carried out in the framework of DFT
using the Dmol3 program package in Materials Studio 4.4 [19,20],

(a) Cu(111)

(b)RhCu(111)

where the generalized gradient approximation (GGA) corrected
the exchange-correlation functional proposed by Perdew-Wang
91 (PW91) [21] is chosen together with the doubled numerical
basis set plus polarization basis sets (DNP) [22]. The inner elec-
trons of metal atom are kept frozen and replaced by an effective
core potential (ECP) [23,24], and other atoms are treated with an
all-electron basis set. For the geometry optimization, the forces
imposed on each atom are converged to be less than 0.0004 Ha/A
(1Ha=2625.5k] mol~1), the total energy converged to be less than
2.0 x 10~> Ha and the displacement convergence converged to be
less than 5 x 103 A, respectively. Brillouin-zone integrations have
been performed using 2 x 2 x 1 k-point grid, and a Fermi smearing
of 0.005 Ha is used to improve the computational performance.

In order to determine accurate activation barriers of the reac-
tion, we chose Complete LST/QST approach to search for transition
states of the reactions [25]. In this method, the linear synchronous
transit (LST) maximization is performed, followed by an energy
minimization in directions conjugating to the reaction pathway to
obtain the approximated TS, which is used to perform quadratic
synchronous transit (QST) maximization, then, another conjugated
gradient minimization is performed. The cycle is repeated until a
stationary point is located. In addition, frequency analysis has been
used to validate the transition state corresponding to only one
imaginary frequency, and TS confirmation is performed on every
transition state to confirm that they lead to the desired reactants
and products.

2.2. Surface model

In the surface calculation, the face-center-cubic (11 1) surface of
close-packed metal Cu, fcc(11 1), has been employed to investigate
the catalytic activity of CH4 complete dehydrogenation. The choice
of (111) surface is motivated by two factors: (i) experimentally,
both Cu(100) and (11 1) surfaces can promote the CVD growth of
graphene [26,27]; (ii) Cu(11 1) surface is the most thermodynami-
cally stable Cu facet [28,29].

Cu(111) surface is represented by a three-layer slab, peri-
odically repeated in a super cell geometry with a 10A vacuum
slab between any successive metal slabs. To accommodate the
larger coadsorbed species without the significant lateral interac-
tion across the repeated unit cells, we employ a p(4 x 4) unit cell
corresponding to a 1/16 monolayer (ML) coverage for each single
adsorbate. Since surface relaxation effects of Cu system are small
[30-32], the bottom layer is constrained at the bulk position in
order to mimic the presence of a larger number of layers in real
metal particles, whereas the upper two layers together with the
adsorbed species involved in CH4 dehydrogenation are allowed to
relax.

On the other hand, in order to investigate the effect of metal
impurity on the catalytic activity of Cu catalyst for CH4 dehydro-
genation, three types of other Cu surfaces have been constructed;
firstly, one surface Cu atom in Cu(111) is substituted by one Rh
atom, this surface will henceforth be referred to as RhCu(11 1). Sec-
ondly, adsorbing one Cu or Rh atom on the first layer of Cu(111)
surface are considered, which are donated as the Cu@Cu(11 1) and

(€©)M@Cu(111)(M=Cu or Rh)

Fig. 1. The top view of (a) Cu(111), (b) RhCu(111), and (c) M@Cu(11 1)(M=Cu or Rh) surfaces, respectively.
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Rh@Cu(111) surfaces, respectively. All other parameters are the
same with Cu(1 1 1) surface. All parameters defining the numerical
accuracy of the calculations are carefully tested and well converged.
In addition, above three-layer model has been widely used in the
previous studies of ethanol oxidation, decomposition, and synthe-
sis, as well as methanol synthesis [33-37]. As shown in Fig. 1, four
different adsorption sites exist on these surfaces: Top, Bridge, Hcp,
and Fcc.

3. Results and discussion

In order to verify the reliability of the selected calculation meth-
ods, we first calculate the lattice constant of bulk Cu (3.682A),
which is close to the experimental value of 3.615A [38], as well
as other similar GGA results [28]. Then, the next test is to obtain
the bond length and bond angle of CHy, both are rc—pu)= 1.094A
and O(y-c—)=109.5°, respectively, which agrees with the experi-
mental values of 1.096 A and 109.4° [39]. These test results show
that the calculated method employed in this study is reliable.

3.1. The stability of the different Cu surfaces

The stability of Cu catalyst surface is determined by its formation
energy (E) as follows:

Ef = EM/Cu,slab + ECu,atom - ECu,slab - EM,atom

Where Eyjcysiab and Ecyglap are the total energies of the M/Cu
and pure Cu surface, and Ej atrom and Ecyatom are the single metal
M atom (M=Cu or Rh). A negative value for E; indicates that the
formation of M/Cu surface from the corresponding Cu surface is
exothermic, as a result, the resulting M/Cu surface is relatively
stable.

Our results show that for Cu@Cu(111) and Rh@Cu(111) sur-
faces, the single Cu or Rh atom is stably adsorbed at the three-fold
hollow site (fcc) on Cu(111) surface, the formation of these
two surfaces is exothermic by 264.8 and 1235.2 k] mol-!, respec-
tively; for RhCu(111) surface, the formation is exothermic by
1374.8kJmol~1; in addition, the energy needed for a Cu atom
removed from the pure Cu(111) surface leading to the defec-
tive surface is 366.8 k] mol~1. Thus, Cu@Cu(11 1), Rh@Cu(11 1) and
RhCu(11 1) surfaces are all relatively stable compared to the pure
and defective Cu(11 1) surface.

3.2. The adsorption of CHx(x=0-4) and H species on four
different Cu surfaces

CH4 dehydrogenation on different Cu surfaces leads to the for-
mation of CHx(x=0-3) and H species. The adsorption energies of
these species play an essential role in the CH4 dehydrogenation.
Thus, it is necessary to know the individual bonding natures of
CHx(x=0-4) and H species on these surfaces, in which different
adsorption sites have been considered. In this study, the adsorp-
tion energy (E,4s) is defined as the energy gain upon adsorption
with respect to the substrates and the corresponding species in the
gas phase. Here a negative value indicates that the adsorption is
exothermic.

The most stable configurations for CH4, CH3, CH,, CH, C and
H obtained from our DFT calculations on Cu(111), Cu@Cu(111),
RhCu(11 1), and Rh@Cu(11 1) surfaces are presented in Fig. 2, and
the corresponding adsorption energies are listed in Table 1.

For CH4 adsorption, on the flat Cu(111) or RhCu(111) sur-
faces, it favors to bind to the top Cu or the substituted Rh atoms,
respectively; CH; molecule is 3.659A far away from the flat
Cu(111) surface with only an adsorption of —19.0kJmol~'. On
Cu@Cu(111) or Rh@Cu(111) surfaces, CH4 prefers to bind to the

Cu(111) Cu@Cu(111) RhCu(111)

Rh@Cu(111)

Fig. 2. The most stable configurations of CHy(x=0-4) and H species adsorbed on
Cu(111), Cu@Cu(111), RhCu(111) and Rh@Cu(1 1 1) surfaces, respectively. Bond
lengths are in A. The C, H and Rh atoms are shown in the grey, white, and blue
colors, respectively.

raised Cu or Rh adatom, the values of adsorption energy (—30.6
and —37.4k] mol~!) indicate that CH, adsorption on Cu@Cu(111),
RhCu(111) and Rh@Cu(111) is stronger than that on the pure
Cu(111); moreover, CH4 adsorption is a typical physisorption on
these surfaces, this is because all the atoms in CH,4 are saturated in
their coordinations, and the C — H bond has a low polarity. These
results suggest that CH,4 prefers to adsorb at the raised metal atoms
or the substituted Rh rather than Cu atoms on the flat surface.

For CH3 adsorption, on Cu(111) surface, CH; favors to bind
at the fcc site with an adsorption energy of —186.2kJmol~!; on
RhCu(111) surface, it prefers to adsorb at the surface Rh atom
with the adsorption energy of —226.4 k] mol~!, which agrees with
the studies by Zhao et al. [16]; on Cu@Cu(111) or Rh@Cu(111)
surfaces, CH3 favors to adsorb at the raised Cu or Rh adatom, the cor-
responding adsorption energies are —192.8 and —233.1 k] mol-1,
respectively. Meanwhile, previous studies by Wang et al. [6]
have shown that the adsorption site of CH3 on Cu@Cu(100) or
Ni@Cu(100) is also the raised Cu or Ni adatom. Further, the
adsorption energy of CH3 on Cu@Cu(11 1) is very near to the flat
Cu(11 1) surface, and the differences are only 6.6 k] mol~1, suggest-
ing that the morphology of Cu substrate does not obviously affect
the adsorption of CH3. However, CH3 adsorption on RhCu(111)
and Rh@Cu(111) surfaces are much stronger than those on
Cu(111)and Cu@Cu(11 1) surfaces, indicating that the substituted
or adsorbed Rh atom on RhCu(111) and Rh@Cu(111) surfaces
are more reactive for CH3 than the Cu atoms on Cu(111) and
Cu@Cu(111) surfaces.

For CH, adsorption, on Cu(11 1) surface, CH, prefers to adsorb
at the fcc site with the adsorption energy of —354.1kJmol~!; on
Cu@Cu(111) surface, CH, favors to bind at the three-fold hol-
low sites consisting of two surface Cu atoms and the raised Cu
adatom, the corresponding adsorption energy is —345.0k] mol~1;
on RhCu(111) surface, it favors to bind to the fcc site around
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Table 1

The adsorption energy of CHy(x=0-4) and H species for the most stable configurations adsorbed on Cu(11 1), Cu@Cu(11 1), RhCu(11 1), and Rh@Cu(1 1 1) surfaces, as well

as the corresponding adsorption sites in parentheses.

Adsorbed species Adsorption energy Eqs/k] mol !

Cu(111) Cu@Cu(111) RhCu(111) Rh@Cu(111)
CH4 —19.0 (top) —30.6 (raised Cu) —24.0 (top Rh) —37.4 (raised Rh)
CHs —186.2 (fcc) —192.8 (raised Cu) —226.4 (top Rh) —233.1 (raised Rh)
CH, —354.1 (fcc) —345.0 (3-fold site) —397.7 (fcc) —416.0 (Rh-Cu bridge)
CH —524.6 (fcc) —518.4 (4-fold site) —584.0 (fcc) —611.2 (4-fold site)
C —496.5 (fcc) —534.8 (4-fold site) —599.4 (fcc) —669.4 (4-fold site)
H —273.0 (fcc) —250.2 (fcc) —299.5 (fcc) —290.1(Rh-Cu bridge)

the Rh atom with an adsorption energy of —397.7kJmol~!; on
Rh@Cu(1 1 1) surface, CH; favors to adsorb at the Rh-Cu bridge site
with an adsorption energy of —416.0 k] mol~!; meanwhile, previ-
ous DFT studies have shown that CH, is adsorbed at the Cu-Ni
bridge site on Ni@Cu(100) surface [6]. Similarly, the adsorption
energy on Cu@Cu(111) surface are very near to the flat Cu(111)
surface, and CH, adsorption on RhCu(111) and Rh@Cu(111)
surfaces are stronger than those on Cu(111) and Cu@Cu(111)
surfaces.

For CH adsorption, on Cu(11 1) surface, CH prefers to adsorb
at the fcc site with the adsorption energy of —524.6kJmol-;
on Cu@Cu(111) surface, CH favors to bind at the four-fold hol-
low sites consisting of three surface Cu atoms and one raised Cu
adatom, the corresponding adsorption energy is —518.4k] mol~;
on Rh@Cu(1 1 1) surface, CH favors to adsorb at the four-fold hollow
sites consisting of three surface Cu atoms and one raised Rh adatom
with an adsorption energy of —584.0 k] mol~!, meanwhile, previous
DFT studies have shown that CH is also adsorbed at the same site on
Ni@Cu(100) surface [6]; on RhCu(11 1) surface, CH favors to bind
at the fcc site around the Rh atom with the adsorption energy of
—611.2kJmol-1,

For atomic C adsorption, on Cu(1 1 1) surface, C prefers to adsorb
at the fcc site with the adsorption energy of —496.5k] mol~!; on
Cu@Cu(111), similar to CH, C favors to bind at the four-fold hol-
low sites, the corresponding adsorption energy is —534.8 kfmol~!;
on RhCu(111) surface, it favors to adsorb at the fcc sites with an
adsorption energy of —599.4 k] mol~'; on Rh@Cu(11 1) surface, C
favors to bind at the four-fold hollow sites, which consists of three
surface Cu atoms and one raised Rh adatom with the adsorption
energy of —669.4 k] mol-1.

For atomic H adsorption, on Cu(111), H prefers to adsorb at
the fcc site with the adsorption energy of —273.0 k] mol~!, which is
agreement with the values (—260.5 k] mol~1) obtained by Liao et al.
[10]; on Cu@Cu(11 1), H favors to bind at the fcc site on the flat sur-
face rather than the raised Cu atom, the corresponding adsorption
energy is —250.2 k] mol~!; on RhCu(11 1), H favors to bind at the
fcc site around the Rh atom, which has an adsorption energy of
—299.5k] mol~1; on Rh@Cu(11 1), it favors to adsorb at the Rh-Cu
bridge site with an adsorption energy of —290.1 k] mol~1.

On the basis of above results, we can conclude that CH4 adsorbed
at four different Cu surfaces is typical of physisorption. How-
ever, CHx(x=0-3) and H species adsorbed on these surfaces is the
strong chemisorption; moreover, all CHx(x=1-4) species prefers
to bind with the adsorption site around the raised metal atoms
or the substituted Rh rather than the only Cu atoms on the
flat surface, suggesting that the successive dehydrogenation of
CHx(x=1-4) species should have occurred around the raised metal
adatom and the substituted Rh atom. The adsorption energies of
CHx(x=1-4) species tend to increase with decreasing number of
H atom, which was in good agreement with the other DFT stud-
ies [16,39]. Moreover, the adsorption of CHx(x=1-4) and H species
on RhCu(111) and Rh@Cu(11 1) surfaces is much stronger than
those on Cu(11 1)and Cu@Cu(1 1 1) surfaces, which means that the
substituted or adsorbed Rh atom on RhCu(11 1) and Rh@Cu(111)

surfaces are more reactive for CHx(x = 1-4) species than Cuatoms on
Cu(111)and Cu@Cu(11 1) surfaces, the differences in the adsorp-
tion energy of CHx(x =1-4)and H species is because the Rh — CHy(H)
interaction is stronger than Cu — CHx(H) interaction; thus, the sub-
stituted or adsorbed Rh atom may exhibit good catalytic activity
for CHx(x = 1-4) species.

On the other hand, the adsorption energy of CHx(x = 1-4) species
on Cu@Cu(111) surface are very near to the flat Cu(111) sur-
face, this suggests that the morphology of Cu substrate does
not greatly affect the adsorption ability of CHx(x=1-4) species,
which agrees with the previous DFT studies about the adsorp-
tion of CHy(x=1-4) species on Cu(100) and Cu@Cu(11 1) surfaces
[6]; thus, we predicate that the catalytic behavior of CHx(x=1-4)
species on Cu@Cu(1 1 1) surface may be the same with those on the
flat Cu(11 1) surface.

3.3. Minimum energy path for CH, successive dehydrogenation

The reaction pathways and reaction energetic for the succes-
sive dehydrogenation of CH4 to Cand Hon Cu(11 1), Cu@Cu(111),
RhCu(111), and Rh@Cu(11 1) surfaces have been systematically
studied using DFT analysis. Previous studies have shown the
adsorption energy difference of CHy fragment to the substrate
caused by the removal of the dissociated H atom is slight on
Cu(100)surface due to the small diffusion barrier of a single Hatom
[6], which is consistent with our results on Cu(1 1 1) surface, thus,
the dissociated H in the final state of CHx(x=1-4) dehydrogenation
to CH,.1(x=1-4) and H is removed in our study, and the remaining
fragment CH,_1(x=2-4) is considered as the initial state of the next
dehydrogenation step. The activation barrier and reaction energy of
each dehydrogenation steps on different surfaces, the structures of
initial state (IS), final state (FS), and transition state (TS), as well as
the only one imaginary frequency corresponding to the transition
state are presented in Figs. 3—-6. A comparison between the reaction
profiles on different Cu(11 1) surfaces is illustrated in Fig. 7.

For the reaction of CHy— CH,_; +H over different Cu(11 1) sur-
faces, the activation barrier (E;) and reaction energy (AH) are
calculated on the basis of the following formulas:

Ea = Ers — Eis
AH = Eps — Ejs

Where Ejs and Egs are the total energies of different Cu(11 1) sur-
faces together with the adsorbed CHy and the dissociated CH,_; +H
species, respectively; Ets is the total energy of transition states for
the reaction of CHy—CH,_; +H.

3.3.1. CH4 Dehydrogenation

On the flat Cu(111), the first step of CH4 dehydrogenation
leads to the formations of CH3 and H species, the co-adsorbed CH3
fragment and H adatom employed as the FS4-1 configuration are
adsorbed at the bridge and fcc sites, respectively. This FS4-1 con-
figuration is in good agreement with the previous studies [4]. As
shown in Fig. 3, the dissociated H atom directly moves to the fcc
site via a transition state TS4-1; in TS4-1, H adatom is adsorbed at
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Fig. 3. The potential energy diagram for CH4 dehydrogenation to CHs +H species on
different Cu(1 1 1) surfaces together with final states (FSs) and transition states (TSs),
as well as the only one imaginary frequency corresponding to TSs. Bond lengths are
in A. See Fig. 2 for color coding.

the top Cu atom; this elementary reaction has an activation barrier
of 208.1 kJ mol~1, it is endothermic by 81.7 kJ mol 1.

In the case of Cu(1 1 1) surface with a Cu or Rh adatom, the raised
metal atom is acted as the reaction active center, where the disso-
ciated CH3 fragment prefers to chemisorb at the raised Cu or Rh
adatom. This dehydrogenation step involves the transition states
TS4-2 and TS4-4, respectively, in which the dissociated H atom
binds at the raised Cu or Rh adatom. In FS4-2 and FS4-4, H adatom
prefers to chemisorb at the fcc site of the flat surface and the Rh-Cu
bridge site, respectively. The activation barriers of CH4 dehydro-
genation on Cu@Cu(111) and Rh@Cu(1 1 1) surfaces are 167.7 and
64.8 k] mol~1, respectively; the corresponding reaction energy are
70.6 and 12.8 kf mol~1, respectively.

On RhCu(11 1) surface, both the dissociated CH3 fragment and
H adatom prefer to chemisorb at the raised Rh atom and the Rh-Cu
bridge site, respectively, this step goes through the transition state
TS4-3. The activation barrier is 84.0kJmol-! with the reaction
energy of 39.3 k] mol~!.

Above results show that Rh@Cu(11 1) and RhCu(1 1 1) surfaces
with the adsorbed and substituted Rh atom can exhibit good
catalytic activity for CH4 dehydrogenation to CH3 + H species com-
pared to the Cu@Cu(11 1) and the flat Cu(11 1) surfaces.

3.3.2. CH3 Dehydrogenation

Onthe flat Cu(11 1),CH3 adsorbed at the fccsite is selected as the
initial state, the co-adsorbed configuration of CH, fragment at the
fcc site and H adatom at the fcc site is employed as the final state
FS3-1, as presented in Fig. 4. CH3 dehydrogenation leads to CH,
and H species via the transition state TS3-1, the dissociated H atom
adsorbs at the top site in TS3-1, then, it moves to the fcc site; this

dehydrogenation step has an activation barrier of 166.0 k] mol~, it
is endothermic by 83.3 kJ mol~1.

On Cu@Cu(11 1) surface, starting from CHs, CH3 dehydrogena-
tion firstly goes through TS3-2 to form an intermediate IM3, in
which the dissociated H atom is adsorbed at the Cu-Cu bridge site of
the tetrahedron; this elementary step has a much higher activation
barrier of 223.9 k] mol~! with the reaction energy of 78.2 kj mol~!.
Subsequently, the dissociated H atom in IM3 migrates from the
Cu-Cu bridge to the fcc site over the flat Cu surface via the transi-
tion state TS3-2’, this elementary step has only an activation barrier
of 23.7 kjmol~1, it is endothermic by 11.1 k] mol~". Since the inter-
action of H adsorbed at the fcc site of the flat surface is relatively
stronger than the interaction of H adsorbed at the Cu-Cu bridge site
of the tetrahedron, H atom always takes the favorable adsorption
site to obtain the most stable adsorption configuration.

On RhCu(11 1) surface, the substituted Rh atom is acted as the
active center; CH3 species adsorbed at the Rh atom is selected as
the initial state, the dissociated H atom directly moves to the fcc
site via TS3-3; the dissociated CH, fragment is chemisorbed at the
fcc site; this step is endothermic by 53.0 k] mol~! with an activation
barrier of 112.6 kj mol~1.

On Rh@Cu(1 1 1) surface, the raised Rh atom is acted as the reac-
tion center; beginning with CH3 species adsorbed at the raised Rh
atom, CH3 can dehydrogenate to CH, +H species via TS3-4, in the
final state FS3-4, the dissociated H atom and CH; fragment are
adsorbed at two adjacent Rh-Cu bridge sties of the tetrahedron;
this elementary step has an activation barrier of 121.6 k] mol~1, it
is endothermic by 41.3 k] mol—1.

Above results show that Rh@Cu(11 1) and RhCu(11 1) surfaces
would be the most active for catalyzing CH3 dehydrogenation, with
Cu@Cu(111)surface the least active; namely, the adsorbed or sub-
stituted Rh atom over the flat Cu(111) surface can still exhibit
good catalytic activity for CH3 dehydrogenation compared to the
Cu@Cu(111)and the flat Cu(11 1) surfaces.

3.3.3. CH, Dehydrogenation

In the case of the flat Cu(11 1), CH, adsorbed at the fcc site is
selected as the initial state, which can dehydrogenate via the transi-
tion state TS2-1 into the final state FS2-1, CH +H species; in TS2-1,
the dissociated H atom is adsorbed at the top Cu atom; in FS2-1,
CH and H species are adsorbed at two adjacent fcc sites; this dehy-
drogenation step has an activation barrier of 125.2kJmol~1, it is
endothermic by 61.5 kj mol-1.

On Cu@Cu(111) surface, CH, favors to bind at the three-fold
hollow sites consisting of two surface Cu atoms and the raised
Cu adatom, CH, dehydrogenation leads to the final state FS2-2
of CH+H species via TS2-2; in TS2-2, the dissociated H atom is
adsorbed at the Cu atom of the flat surface, CH is adsorbed at the
three-fold hollow sites consisting of two surface Cu atoms and one
raised Cu adatom; in FS2-2, CH favors to bind at the four-fold hol-
low sites consisting of three surface Cu atoms and one raised Cu
adatom, the dissociated H atom is adsorbed at the fcc site of the flat
surface; this dehydrogenation step has a higher activation barrier
of 146.9 k] mol~! with the reaction energy of 53.6 k] mol~!.

On RhCu(111) surface, CH, favors to adsorb at the fcc site
around the Rh atom; CH, dehydrogenates into CH+H species via
TS2-3;inFS2-3, both the dissociated CH fragment and H atom prefer
to bind at two adjacent fcc site around Rh atom. Thus, the substi-
tuted Rh atom is acted as the active center; the activation barrier
of this dehydrogenation step is 93.8 k] mol~1, it is endothermic by
22.3kJmol-1.

In the case of Rh@Cu(111) surface, CH, favors to adsorb at
the Rh-Cu bridge site employed as the initial state; in FS2-4, the
dissociated CH fragment prefers to adsorb at the four-fold hol-
low sites consisting of three surface Cu atoms and one raised Rh
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Fig. 4. The potential energy diagram for CH; dehydrogenation to CH; +H species on different Cu(1 1 1) surfaces together with FSs and TSs, as well as the only one imaginary

frequency corresponding to TSs. Bond lengths are in A. See Fig. 2 for color coding.

adatom, and the dissociated H is located at the raised Rh atom. This
dehydrogenation step involves the transition states TS2-4 with the
activation barrier and reaction energy of 125.9 and 4.7 kJmol~!,
respectively; similarly, the raised Rh atom is acted as the active
center.

As shown in Fig. 5, RhCu(1 1 1) surface would be the most active
for catalyzing CH, dehydrogenation, with Cu@Cu(1 1 1) surface the
least active; namely, the substituted Rh atom over the flat Cu(111)
surface can exhibit good catalytic activity for CH, dehydrogenation
compared to another three Cu(11 1) surfaces.

3.3.4. CH dehydrogenation
On the flat Cu(11 1), CH adsorbed at the fcc site is selected as the

initial state, the co-adsorbed configuration of C at the fcc site and H
adatom at the hcp site is employed as the final state FS1-1, as seen
in Fig. 6. CH dehydrogenation leads to C and H species via TS1-1,
this step has a much higher activation barrier of 222.2 k] mol-1, it
is strongly endothermic by 137.3 k] mol~1.

On Cu@Cu(11 1) surface, CH adsorbed at the four-fold hollow
sites consisting of three surface Cu atoms and one raised Cu adatom
is selected as the initial state, CH dehydrogenates via TS1-2 to
FS1-2, in which the dissociated H atom is still adsorbed at the
four-fold hollow sites and H atom is located at the fcc site on the
flat surface; this elementary step has a higher activation barrier of
204.9 k] mol~! with the reaction energy of 105.1 k] mol-1.

On RhCu(11 1) surface, CH adsorbed at the fcc site around the
Rh atom can dehydrogenate into C+H species via TS1-3; the dis-
sociated C and H adatom are chemisorbed at the fcc and hcp sites,
respectively. This step has an activation barrier of 144.3 kj mol~1, it

is endothermic by 70.0 kj mol~1.
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On Rh@Cu(11 1) surface, CH prefers to adsorb at the four-fold
hollow sites consisting of three surface Cu atoms and one raised Rh
adatom; CH can dehydrogenate to C+H species via TS1-4; in FS1-4,
the dissociated H and C atoms are adsorbed at the four-fold hollow
sites and the raised Rh atom, respectively; This dehydrogenation
step has an activation barrier of 105.1 kjmol~!, it is endothermic
by 41.0kJ mol~1.

Above results show that Rh@Cu(1 1 1) surface would be the most
active for catalyzing CH dehydrogenation, in which the adsorbed
Rh atom over the flat Cu(11 1) surface can exhibit good catalytic
activity.

3.4. General discussions

Aiming at illustrating the similarities and differences of CHy
complete dehydrogenation among four types of Cu(11 1) surfaces,

the potential energy profiles in Fig. 7 presents all the elementary
steps involved in CHx(x=1-4) dehydrogenation on different types
of Cu(11 1) surfaces.

As shown in Fig. 7, the reaction energies of CH4 complete dehy-
drogenation are 363.8, 318.6, 184.6 and 99.8 kfmol~! on Cu(11 1),
Cu@Cu(111),RhCu(111)and Rh@Cu(11 1) surfaces, respectively;
meanwhile, all dehydrogenation steps on four different surfaces
are endothermic. However, in gas phase, previous studies [40]
have shown that CH,4 sequential dehydrogenation is endothermic,
and the computed reaction energies are 457.3, 479.5, 479.5 and
350.2 k] mol~! for each dehydrogenation step, which means that
a total of 1766.5kjmol~! is needed for CH; complete dehydro-
genation. Comparatively, CH4 complete dehydrogenation on four
different Cu(1 1 1) surfaces is much more favorable thermodynami-
cally. On the basis of reaction energies, we can obtain that the
reaction energy of CH4 complete dehydrogenation on Rh@Cu(111)
surface is remarkably reduced to 99.8 kjmol~!; namely, in view
of the thermodynamics, Rh@Cu(111) is the most favorable sur-
face for CH4 complete dehydrogenation, followed by RhCu(11 1),
Cu@Cu(111),and Cu(111)surfaces.

On Cu(11 1) surface, the last step CH—C+H is the rate-limiting
step for CH4; complete dehydrogenation with an activation bar-
rier of 222.2kJmol~!; On Cu@Cu(11 1) surface, the second step
CH3—CH, +H turns out to be the rate-limiting step with an
activation barrier of 223.9k] mol~!; However, on RhCu(11 1) sur-
face, the rate-limiting step becomes the last step CH—C+H,
and the corresponding activation barrier is obviously reduced to
144.3 k] mol~1; onRh@Cu(1 1 1) surface, the third step CH, ~CH+H
is the rate-limiting step, the activation barrier is strongly reduced
to 125.9kJmol~!; On the other hand, as shown in Fig. 7, with
respect to CHy adsorption on different Cu(11 1) surfaces, we can
see that the highest barrier and reaction energy are 448.7 and
363.8kJmol~! on Cu(11 1) surface, respectively; on Cu@Cu(111)
surface, the highest barrier and reaction energy are 418.4 and
318.6kJmol~!, respectively; on RhCu(111) surface, the high-
est barrier and reaction energy are 258.9 and 184.6kJmol!,
respectively; whereas, on Rh@Cu(11 1) surface, the highest bar-
rier and reaction energy are remarkably reduced to 180.0 and
99.8 k] mol~1, respectively; Therefore, above thermodynamic and
kinetic results suggest that CH,4 dissociation on Rh@Cu(11 1) sur-
face is the most favorable both thermodynamically and kinetically
in comparison to those on Cu(111), Cu@Cu(111)and RhCu(111)
surfaces, namely, Rh@Cu(1 1 1) is the most favorable surface for CH,4
dehydrogenation.

As mentioned above, for CH4 complete dehydrogenation on the
pure Cu catalyst, the catalytic activity of Cu@Cu(11 1) surface are
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Fig. 7. The potential energy profiles of CH4 complete dehydrogenation on Cu(11 1), Cu@Cu(11 1), RhCu(11 1), and Rh@Cu(1 1 1) surfaces.
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very similar to the flat Cu(1 1 1) surface; the differences of the high-
est barriers and reaction energy are smaller than 46.0k] mol~;
our results are in agreement with the previous studies about CHy
complete dehydrogenation on Cu@Cu(100) and the flat Cu(100)
surfaces, in which the corresponding highest barriers and reaction
energy are smaller than 29.0kJmol-! [6]. These results indicate
that the morphology of the pure Cu catalyst does not remarkably
affect the catalytic activity of CH4 complete dehydrogenation and
the nucleation position of grapheme growth; moreover, the exper-
imental observations using scanning tunneling microscopy have
revealed that the growth of macroscopic pristine graphene is not
limited by the underlying copper structure including the atomically
flat planes, monatomic steps, edges, and vertices of the copper sur-
face [41]. As a result, taking the previous studies about Cu(100)
into consideration, we can obtain that the Cu adatom is just like
the other Cu atoms in the flat Cu(111) and (1 00) surfaces, which
is not served as the specific active center; thus, Cu@Cu(111) and
Cu@Cu(100) surfaces exhibit the same catalytic activity as the cor-
responding flat Cu(11 1) and Cu(1 00) surfaces, which agrees with
the experimental facts that both Cu(100) and (11 1) surfaces can
promote the CVD growth of graphene [26,27].

On the basis of above analysis, compared to the flat Cu surface,
Rh@Cu(11 1) surface greatly reduces the highest barriers by about
60% for CH4 complete dehydrogenation, all the CH, dehydrogena-
tion stepson Rh@Cu(1 1 1) are modestly endothermic, which means
that Rh@Cu(1 1 1) exhibits a high catalytic activity toward CH4 com-
plete dehydrogenation, further the graphene growth. Moreover,
the adsorbed Rh atom is the active reaction center, namely, the
adsorbed Rh atom is the graphene nucleation position, thus, by
manipulating the graphene nucleation position, the CVD growth
of graphene may be controlled; Further, Sinfelt et al. have exper-
imentally obtained the Rh-Cu bimetallic samples by the extended
X-ray absorption fine structure (EXAFS) technique, and presented
an apparent enrichment of copper on the surface but little misci-
bility in the bulk of Rh-Cu clusters [42], then, the Rh-Cu catalyst
has been reported as an efficient system for NO reduction by CO,
the conversion of methane to ethane, and some dehydrogenation
reactions [18,43,44], suggesting that the synthesis for the dilute-Rh
adsorbed Cu alloy foils is possible, which may be employed as the
excellent catalyst to control the CVD growth of graphene.

Finally, our present studies suggest that the promoter Rh-
decorated Cu catalyst can greatly improve the catalytic activity
toward CH4 complete dehydrogenation, further the CVD growth
of graphene from CHy, namely, promoter Rh is a promising candi-
date for an improved catalyst of the graphene CVD growth. More
importantly, the understanding about the effect of promoter Rh on
the catalytic activity of CH4 dehydrogenation over Cu-based cata-
lyst at the atomic level, which can potentially be applied to develop
and design the more superior Cu-based catalysts for the graphene
CVD growth from CH4 by probing into more effective other pro-
moter metals, this is beyond the scope of the present study, which
will be discussed in our next work.

4. Conclusions

In this study, aiming at illustrating the effects of Cu mor-
phology and promoters on the catalytic activity of the graphene
CVD growth from CHy4, four types of Cu(111) surfaces, the flat
Cu(111), RhCu(111), Cu@Cu(111) and Rh@Cu(11 1), have been
employed to investigated CH; complete dehydrogenation at the
atomic level by using density functional theory method. Our results
show that compared to the pure Cu catalyst, the promoter Rh-
decorated Cu catalyst, especially Rh-adsorbed Cu catalyst, can
greatly improve the catalytic activity toward CH4 dehydrogena-
tion; the highest barrier and reaction energy on Rh-adsorbed Cu

catalyst are remarkably reduced to 180.0 and 99.8 kjmol~! from
448.7 and 363.8kJmol~! on Cu(111) surface, as well as 418.4
and 318.6kJmol~! Cu@Cu(111) surface, respectively; namely,
Rh@Cu(111) is the most favorable surface both thermodynami-
cally and kinetically for CH4 complete dehydrogenation. Moreover,
the adsorbed Rh atom is the active reaction center and the graphene
nucleation position, as a result, by manipulating activation reaction
center, the CVD growth of graphene may be controlled. Further,
our calculations show that active promoter atom into inactive Cu
substrate can exhibit good catalytic activity and is a promising can-
didate for an improved catalyst of the graphene CVD growth, which
may be make the graphene CVD growth occur at relatively low
temperature.
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