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a  b  s  t  r  a  c  t

CH4 dehydrogenation  on  Rh(1  1 1),  Rh(1  1 0) and  Rh(1  0 0)  surfaces  has  been  investigated  by using  density
functional  theory  (DFT)  slab  calculations.  On  the  basis  of  energy  analysis,  the  preferred  adsorption  sites
of CHx (x =  0–4)  and  H  species  on  Rh(1  1 1),  Rh(1  1  0)  and  Rh(1  0  0)  surfaces  are  located,  respectively.  Then,
the  stable  co-adsorption  configurations  of  CHx (x  =  0–3)  and  H  are  obtained.  Further,  the  kinetic  results
of  CH4 dehydrogenation  show  that  on  Rh(1  1  1) and  Rh(1  0 0)  surfaces,  CH is  the  most  abundant  species
for  CH4 dissociation;  on  Rh(1  1  0)  surface,  CH2 is  the  most  abundant  species,  our  results  suggest  that  Rh
catalyst  can  resist  the  carbon  deposition  in  the  CH4 dehydrogenation.  Finally,  results  of  thermodynamic
and  kinetic  show  that  CH4 dehydrogenation  on  Rh(1  0  0)  surface  is  the  most  preferable  reaction  pathway
in  comparison  with  that  on  Rh(1  1 1)  and  Rh(1  1  0)  surfaces.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The dehydrogenation of CH4 is an important part of the mecha-
nism for acetic acid synthesis via a two step-wise CH4–CO2 reaction
[1,2] and CH4–CO2 reforming reaction [3–11] on transition mental
surface, which has been attracting great interest. The adsorption
and dissociation of CHx (x = 0–4) on transition metal surface have
been studied extensively by experimentalists [1,2,12,13] and by
theoreticians [14–27] because of their industrial and commercial
importance. A common feature is that the best catalysts are the
group VIII metals Co, Ni, Ru, Rh, Ir, etc. Among of them, since Rh
can lead to lower carbon deposition in the reaction related to CH4
[11], Rh has been shown to be one of the most effective catalysts
in a variety of industrial catalytic processes. Therefore, a detailed
investigation about the adsorption and dissociation of hydrocar-
bon species on Rh surface will be useful to gain some insights into
understanding the corresponding catalytic processes. For example,
the studies by Choi and Liu [28] have shown that Rh-based catalyst
presented unique efficiency and selectivity in catalyzing ethanol
synthesis from syngas, and Rh(1 1 1) is highly selective to CH4 rather
than ethanol. Horn et al. [29] have studied the Rh and Pt cata-
lysts for the partial oxidation of CH4 to syngas, and found that the
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selectivity and yield of H2 and CO are higher in the oxidation zone
on Rh than that on Pt.

Over the past decades, it has been demonstrated that theoreti-
cal techniques can serve as powerful tools for providing qualitative
and quantitative insights into the structure of active surfaces and
surface interaction [30–33].  Up to now, although several density
functional theory (DFT) studies have been carried out on CH4 dis-
sociation, most of them were focused on metal cluster model, for
example, the extensive studies by Liao and Zhang [22], Au et al.
[23,24] and Kua et al. [34], involved Rh, Ir, Os, Ni, Pd, Pt and Cu
metal cluster surfaces. However, it is generally accepted that clus-
ter model has boundary effect due to dangling bonds. Meanwhile,
Henkelman and Jónsson [35] demonstrated that the relaxations of
metal surface greatly influenced the geometry and energy of transi-
tion state. Thus, the periodic slab models are much better suited for
this type of calculation. Up to now, many theoretical studies have
been carried out to investigate the adsorption of CHx on Ru(1 1 −2 0)
[6], Ru(0 0 0 1) [27], Pd(1 1 1) [10], and CH4 dehydrogenation on
Ru(0 0 0 1) [14,15], Co(1 1 1) [8],  Ni(1 1 1) [3–9,36–40],  Ni(1 0 0)
[8,37,40] and Ir(1 1 1) [13], in which the periodic slab models are
used. For CH4 dehydrogenation on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0)
surfaces, only Bunnik and Kramer [17] investigated the dissociation
of CH4 on Rh(1 1 1) surface by using DFT method together with peri-
odic slab models, which presented the most stable adsorption sites
of CHx, and found that the activation barrier of CH dehydrogenation
is the highest. Kokalj et al. [20,21] studied the first two  dehydro-
genation of CH4 on Rh(1 1 1) and Rh@Cu(1 1 1) surface, respectively.
Above reported studies show that even though Rh is an important
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catalyst candidate, the interaction of CH4 with Rh catalyst is seldom
reported, only with Rh(1 1 1) surface [17,19,28,41–48].

Therefore, in this study, DFT calculations are performed to sys-
tematically investigate the adsorption of CH4 and its dissociation
products, CHx and H, on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces, to
elucidate the preferred adsorption site and dehydrogenation mech-
anism of CH4, as well as to understand the microscopic reasons
of resisting carbon deposition on Rh catalyst behind the reaction,
which may  be of interest to researchers attempting to illustrate
the catalytic mechanism involving in CH4 reaction on Rh cata-
lyst. This paper is organized as follows: in Section 2, we provide a
detailed calculation models and methods, in Section 3, we  present
our comparative investigations of CHx (x = 0–4) and H adsorption on
Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces; then, the co-adsorption
of CHx (x = 0–3) and H on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces;
finally, we discuss the dehydrogenation mechanism of CH4. The
conclusions are presented in the final section.

2. Computational models and methods

2.1. Surface models

Based on the optimized Rh bulk structure, the four-layered
Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces model were built, and
a p(2 × 2) super-cell is employed (16 Rh atoms in a cell), which
has been widely used in the previous theoretical studies about
molecule interaction with metal surface [41,42,48].  Further, a
p(2 × 3) surface super-cell has also been considered to obtain
the size effect of surface on calculation, which suggest that a
p(2 × 2) super-cell is large enough to neglect the lateral adsorbate
interactions. Therefore, taking the calculation efficiency into con-
sideration, a p(2 × 2) super-cell is employed in our study, as shown
in Fig. 1. For Rh(1 0 0) surface, there are three adsorption sites: top
(T), bridge (B), hollow (H); for Rh(1 1 0) surface: top (T), short bridge
(SB), long bridge (LB), hollow (H); for Rh(1 1 1) surface: top (T),
bridge (B), fcc, hcp. The vacuum space of 10 Å is inserted in the
direction perpendicular to the surface in order to prevent interac-
tions between periodic images. In all calculations, Rh atoms of the
top three layers and adsorbed species are allowed to relax, while
those in other layers are fixed. In addition, in order to differenti-
ate top- and second-layer of the slab, the second-layer have been
marked in dark-orange balls.

2.2. Calculation methods

In this study, DFT has been employed to perform for all cal-
culation with the program Cambridge Sequential Total Energy

Package (CASTEP) [49] in the Materials studio 4.4 of Accelry Inc. The
exchange and correlation energies are employed using the Perdew-
Wang-91 (PW91) functional within the generalized gradient
approximation (GGA) [50,51], combined with Vanderbilt ultra-
soft pseudopotentials [52]. A plane wave cut-off energy of 310 eV
[53,54] is used. The meshes are set to k-points 5 × 5 × 1 for Rh(1 1 1),
3 × 5 × 2 for Rh(1 1 0) and 5 × 5 × 2 for Rh(1 0 0) surface. The
convergence criteria are set to the tolerance for SCF, energy, max-
imum force, and maximum displacement of 2.0 × 10−6 eV/atom,
2.0 × 10−5 eV/atom, 0.05 eV/Å and 2.0 × 10−3 Å, respectively. More-
over, the transition states (TS) are searched by means of complete
LST/QST method for reactions [55], starting from reactants and
products, the LST (Linear Synchronous Transit) method performs a
single interpolation to a maximum energy, and the QST (Quadratic
Synchronous Transit) method alternates searches for an energy
maximum with constrained minimizations in order to refine the
transition state to a high degree. In addition, since CASTEP pro-
gram cannot obtain the frequency information, Dmol3 program is
employed to calculate the frequency of transition state with the
same calculation methods.

The adsorption energy is defined as follows:

Eads = Eadsorbate + Eslab − Eadsorbate/slab

where Eadsorbate/slab is the total energy of the slab together with
the adsorbate, Eadsorbate is the total energy of the free adsorbate,
and Eslab is the total energy of the bare slab. With this definition,
positive values of adsorption energy denote that adsorption is more
stable than the corresponding slab and free adsorbate.

3. Results and discussion

3.1. Calculation of CH4 molecule and bulk Rh

The obtained values verify the credibility of the selected
calculation methods: firstly, the bond length and bond angle
of CH4 calculated from our approach are r(C H) = 1.096 Å and
�(H C H) = 109.5◦, respectively, which are in good agreement with
the experimental values of 1.096 Å, 109.4◦ [56], respectively. Then,
the next test is to predict the lattice constant of bulk Rh. The calcu-
lated value for the lattice constant is 3.902 Å, which is close to the
experimental value of 3.803 Å [57], as well as with other similar
GGA results [28,58].  Such results obtained in these tests make us
confident in this study.

To investigate the mechanism of CH4 dehydrogenation on
Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces, we need to know the
individual bonding natures of different species, for example, CHx

Fig. 1. Top view of Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0). Top site – T; bridge site – B; hollow site – H; short bridge – SB; long bridge – LB.
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(x = 0–4) and H species adsorbed on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0)
surfaces, different adsorption sites on Rh(1 1 1), Rh(1 1 0) and
Rh(1 0 0) surfaces are considered. So we will first investigate the
stability of H and CHx (x = 0–4) species at all adsorption sites, then,
we will discuss the co-adsorption of CHx (x = 0–3) and H atom on
Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces. After that, we  probe into
the dehydrogenation mechanism of CH4 to the final products C and
H, in which every elementary reaction will be analyzed.

3.2. Adsorbed CHx (x = 0–4) and H on Rh(1 1 1), Rh(1 1 0) and
Rh(1 0 0) surfaces

3.2.1. Adsorbed CHx and H on Rh(1 1 1) surface
Adsorbed CH4. According to the surface morphology, several ori-

entations of the CH4 molecule are examined at different sites. It is
generally accepted that CH4 orientation with respect to Rh(1 1 1)
surface is not a determinative parameter, so we only study one H
of CH4 point toward the surface before geometrical optimization
[7–9,59]. Four stable structures are found, CH4 (T), CH4 (B), CH4
(fcc) and CH4 (hcp), and the corresponding adsorption energies are
12.1, 9.7, 10.5 and 10.5 kJ mol−1, respectively, which indicate that
CH4 prefers to adsorb at the top site of Rh(1 1 1) surface, as shown
in Fig. 2(a). We  can see that the Rh–H distance is 2.249 Å for the case
of adsorbed CH4 with one H atom pointing down to the surface, and
CH4 molecule is not distorted.

Adsorbed CH3. Four stable structures are also obtained, the
corresponding adsorption energies are 247.8, 250.0, 257.8 and
255.3 kJ mol−1 for CH3 (T), CH3 (B), CH3 (fcc) and CH3 (hcp), respec-
tively, which is consistent with the earlier calculations on Rh(1 1 1)
[41,60,61].  It indicates that CH3 prefers to adsorb at the fcc site (see
Fig. 2(b)), the C Rh bond lengths are 2.277, 2.284 and 2.289 Å, and

one C H bond length is (1.122 Å) is larger than that (1.086 Å) of free
CH3.

Adsorbed CH2. CH2 prefers to adsorb at the hcp site (see
Fig. 2(c)), and the adsorption energy is 473.4 kJ mol−1. At the top
and fcc sites, the corresponding adsorption energies are 397.4 and
469.2 kJ mol−1, respectively. The initial structure at the bridge site
is optimized into that at the hcp site. The C H bond lengths are
1.119 and 1.124 Å, respectively. The angle of H C H is 106.4◦ for
hcp adsorption mode, the C Rh bond lengths are 2.024, 2.152 and
2.164 Å, respectively.

Adsorbed CH.  CH prefers to adsorb at the hcp site (see Fig. 2(d)),
the adsorption energy is 704.0 kJ mol−1. At the fcc site, the adsorp-
tion energy is 683.5 kJ mol−1. The initial structures at the top and
bridge sites are optimized into those at the fcc and hcp sites, respec-
tively. The C H bond length is shorten to 1.103 Å from that of
free CH (1.136 Å), and the C Rh bond lengths are 2.002, 2.005 and
2.006 Å at the hcp site.

Adsorbed C. Three stable structures are obtained for C. C prefers
to adsorb at the hcp site (see Fig. 2(e)), and the adsorption energy
is 825.0 kJ mol−1, C interacts with three Rh atoms leading to the
formation of three Rh C bonds, all C Rh bond lengths are 1.929 Å.
At the top and fcc sites, the corresponding adsorption energy are
631.6 and 800.9 kJ mol−1, respectively. The initial structure at the
bridge site is optimized into that at the hcp site.

Adsorbed H. H adsorbs on Rh(1 1 1) surface have three stable
structures, the initial structure at the bridge site is optimized into
that at the fcc site. The corresponding adsorption energies are 352.7,
393.6 and 388.1 kJ mol−1 at the top, fcc and hcp sites, respectively,
which suggests that H prefers to adsorb at the fcc site, as shown in
Fig. 2(f), the C Rh bond lengths are 1.881, 1.881 and 1.883 Å.

On the basis of above results, we  can see that CH4 adsorbed at
four sites of Rh(1 1 1) surface is typical of physisorption. However,

Fig. 2. Top and side view of the most stable configurations of CHx and H adsorbed on Rh(1 1 1) surface. White balls: H, gray balls: C, green balls: Rh, dark-orange balls: Rh.
Bond  length unit is in Å. (For interpretation of the references to color in this figure legend and in text, the reader is referred to the web version of this article.)
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CHx (x = 0–3) and H species adsorbed on Rh(1 1 1) surface is strong
chemisorption, in which CH3 and H prefer to adsorb at the fcc sites,
CH2, CH and C prefer to adsorb at the hcp sites. Zuo et al. [8] reported
that on Co(1 1 1) surface, CH3 and H prefer to adsorb at the 3-fold
hollow hcp and fcc sites, and CH2, CH and C prefer to adsorb at the
hcp sites. The studies by Wang et al. [9] showed that on Ni(1 1 1)
surface, CH3, CH2 and H prefer to adsorb at the 3-fold hollow hcp
and fcc sites, at the same time, hcp site is the most stable one for C
and CH.

3.2.2. Adsorbed CHx and H on Rh(1 1 0) surface
The most stable adsorption configuration of CHx and H species

on Rh(1 1 0) surface with the key geometrical parameters are pre-
sented in Fig. 3. As shown in Fig. 3, for CH4 adsorption, CH4
adsorbed at the top site is the most stable configuration (see
Fig. 3(a)), in which CH4 molecule is not distorted. The Rh–H dis-
tance is 2.173 Å, and the adsorption energy is 60.4 kJ mol−1. CH3
prefers to the SB site, as shown in Fig. 3(b), and the adsorption
energy is 321.6 kJ mol−1. The C Rh bond lengths are 2.101 and
2.297 Å, respectively. For CH2 adsorption, CH2 adsorbs at the LB
site (see Fig. 3(c)), in which the C Rh bond lengths are 2.035 and
2.036 Å, respectively, and the adsorption energy is 538.1 kJ mol−1.
CH prefers to the LB site, as presented in Fig. 3(d), the adsorption
energy is 733.5 kJ mol−1, and the C Rh bond lengths are 2.080 and
2.082 Å. For C atom adsorption, C also prefers to adsorb at the LB
site (see Fig. 3(e)), the adsorption energy is 912.1 kJ mol−1, and the
C Rh bond lengths are 1.980 and 1.983 Å, respectively. Finally, H
adsorbed at the SB site is the most stable configuration, as shown
in Fig. 3(f), the corresponding adsorption energy is 420.9 kJ mol−1,
and both H Rh bond lengths are 1.764 Å.

3.2.3. Adsorbed CHx and H on Rh(1 0 0) surface
The most stable adsorption configuration of CHx and H species

on Rh(1 0 0) surface with the key geometrical parameters are pre-
sented in Fig. 4. As shown in Fig. 4, for CH4 adsorption, the initial
structure at the hollow site is optimized into that at the bridge
site. CH4 adsorbed at the top site (see Fig. 4(a)) is the most stable
configuration with the adsorption energy of 15.9 kJ mol−1, and CH4
molecule is still not distorted. CH3 prefers to adsorb at the bridge
site, as shown in Fig. 4(b), the corresponding adsorption energy
is 265.4 kJ mol−1, the C Rh bond lengths are 2.194 and 2.200 Å,
respectively. For CH2 adsorption, CH2 prefers to adsorb at the hol-
low site (see Fig. 4(c)), the adsorption energy is 514.7 kJ mol−1. The
C H bond lengths are 1.105 and 1.260 Å, respectively, and H C H
bond angle is 109.1◦ at the hollow site. CH also prefers to adsorb
the hollow site, as presented in Fig. 4(d), the adsorption energy is
755.6 kJ mol−1. The C H bond length is 1.112 Å, and all the C Rh
bond lengths are 2.119 Å at the hollow site. C adsorbed at the hol-
low site is the most stable configuration (see Fig. 4(e)), the initial
structure at the bridge site is optimized into that at the hollow
site, and the adsorption energy is 924.4 kJ mol−1, all the C Rh bond
length are 2.014 Å at the hollow site. For H adsorption, H adsorbed
at the bridge site is the most stable configuration with the adsorp-
tion energy of 393.3 kJ mol−1, as shown in Fig. 4(f), the H Rh bond
lengths are 1.768 and 1.768 Å.

Therefore, above results about CHx (x = 0–4) and H adsorbed on
Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces show that despite of the
discrepancies among the various studies in the precise values for
the adsorption energies, these investigations can conclude the gen-
eral trend in the adsorption energies: CH4 < CH3 < H < CH2 < CH < C.
Our calculated results are in agreement with the reported results
[8,10,14,18,27,42].

Fig. 3. Top and side view of the most stable configurations of CHx and H adsorbed on Rh(1 1 0) surface.
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Fig. 4. Top and side view of the most stable configurations of CHx and H adsorbed on Rh(1 0 0) surface.

3.3. The co-adsorption of CHx (x = 0–3) and H on Rh(1 1 1),
Rh(1 1 0) and Rh(1 0 0) surfaces

The co-adsorption energy of CHx and H on Rh(1 1 1), Rh(1 1 0)
and Rh(1 0 0) surfaces can be defined as follows:

Eco-ads = E(A) + E(B) + E(slab) − E((A + B)/slab)

where E(A), E(B), E(slab) and E((A + B)/slab) are the total energy for
the free molecule A and B, the slab with a (2 × 2) supercell and the
co-adsorbed (A + B)/slab systems, respectively.

In all calculations, for the most stable co-adsorption configu-
ration of CHx (x = 0–3) and H on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0)
surfaces, we consider that CHx (x = 0–3) and H are respectively

Fig. 5. Top and side view of the optimized structures of the co-adsorbed CHx + H on Rh(1 1 1).
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Table  1
The co-adsorption energies (kJ mol−1) and the adsorption sites in the stable co-adsorption configuration of CHx and H on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces.

Surface CH3/H CH2/H CH/H C/H

Model Eco-ads Model Eco-ads Model Eco-ads Model Eco-ads

Rh(1 1 1) fcc–fcc 627.3 B–fcc 860.5 hcp–hcp 1077.8 hcp–hcp 1186.9
Rh(1  1 0) SB–SB 694.9 SB–SB 925.4 LB–SB 1104.0 LB–SB 1286.0
Rh(1  0 0) B–Ba 652.6 B–B 871.9 H–H 1141.5 H–H 1303.7

a B–B denotes that on Rh(1 0 0) surface, CH3 and H are adsorbed at the adjacent bridge site in the optimized stable co-adsorption configuration of CH3 and H. Other models
are  the same meanings.

Fig. 6. Top and side view of the optimized structures of the co-adsorbed CHx + H on Rh(1 1 0).

placed at the adjacent and the most stable adsorption sites. For
example, for the most stable co-adsorption configuration of CH3
and H on Rh(1 1 1) surface, it has been pointed out that the CH3 and
H placed at the fcc sites is the most stable configuration. Hence,
in the initial co-adsorption configuration of CH3 and H, CH3 and
H are placed at the adjacent fcc site on Rh(1 1 1) surface, the opti-
mized co-adsorption configuration is shown in Fig. 5(a), and the
co-adsorption energy is 627.3 kJ mol−1, in which the distance of H
and CH3 is 2.884 Å. Then, the stable co-adsorption configuration
of CH2 and H are presented in Fig. 5(b), in which CH2 and H are
located at the adjacent bridge and fcc site, respectively, and the
co-adsorption energy is 860.5 kJ mol−1, the distance of H CH2 is
2.816 Å. Afterwards, Fig. 5(c) gives the stable co-adsorption con-
figuration of CH and H, in which CH and H site are located at the
adjacent hcp sites, and the co-adsorption energy is 1077.8 kJ mol−1,
the distance of H CH is 2.771 Å. Finally, the stable co-adsorption
configuration of C and H are shown in Fig. 5(d), in which C and H

are adsorbed at the adjacent hcp sites, and the co-adsorption energy
is 1186.9 kJ mol−1, the distance of H C is 2.763 Å. As a result, the
co-adsorption energies and the adsorption sites in the stable co-
adsorption configuration of CHx and H on Rh(1 1 1), Rh(1 1 0) and
Rh(1 0 0) surfaces are listed in Table 1, and the stable configura-
tions of CHx and H with key structural parameters are presented in
Figs. 5–7.

3.4. CH4 dehydrogenation on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0)
surfaces

After obtaining the most stable co-adsorption configuration of
CHx (x = 0–3) and H species, CH3/H, CH2/H, CH/H, C/H, we can cal-
culate the elementary step of CH4 sequence dehydrogenation on
Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces. For CH4 dehydrogena-
tion on transition metal surfaces, the first step is dehydrogenation
of CH4 to CH3. Hence, the most stable CH4 configuration is

Fig. 7. Top and side view of the optimized structures of the co-adsorbed CHx + H on Rh(1 0 0).
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Fig. 8. Top and side view of the TS structures for CH4 dehydrogenation on Rh(1 1 1).

Fig. 9. Top and side view of the TS structures for CH4 dehydrogenation on Rh(1 1 0).

Fig. 10. Top and side view of the TS structures for CH4 dehydrogenation on Rh(1 0 0).

chosen to be the initial state, and the final state consists of the stable
co-adsorption configuration of CH3 and H. The activation barriers
and reaction energies of the most favored step are given out in
this study, and the energy profile for the dehydrogenation of CH4
on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces is shown in Fig. 11,
which illustrates the energy change for the whole process of CH4
dehydrogenation from CH4 to C.

In order to validate the structure of the transition state, the fre-
quency analysis of transition state (TS) for CH4 dehydrogenation
on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces have been examined,
as listed in Table 2, the corresponding TS structures are shown in
Figs. 8–10.  It is noted that TS1 in Table 2 is the transition state of

Table 2
The imaginary frequency of transition states for CH4 dehydrogenation on Rh(1 1 1),
Rh(1 1 0) and Rh(1 0 0) surfaces.

Surface Imaginary frequency (cm−1)

TS1 TS2 TS3 TS4

Rh(1 1 1) −908.2 −897.1 −764.9 −892.8
Rh(1 1 0) −891.8 −480.6 −849.9 −969.4
Rh(1 0 0) −507.3 −706.9 −421.6 −832.5
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Fig. 11. The energy profiles of the CH4 dehydrogenation to C on Rh(1 1 1), Rh(1 1 0)
and Rh(1 0 0) surfaces.

CH4 dehydrogenation into CH3 and H, TS2 is the transition state of
CH3 dehydrogenation into CH2 and H, TS3 is that of CH2 dehydro-
genation into CH and H, TS4 is that of CH dehydrogenates into C
and H. We  can see from Table 2 that every transition state has only
one imaginary frequency. In addition, TS confirmation is performed
on every transition state structure to confirm that they lead to the
desired reactants and products.

As shown in Fig. 11,  on Rh(1 1 1) surface, CH4 dehydrogenates
into CH3 and H, which needs to overcome an activation barrier of
79.4 kJ mol−1, and that of back reaction is 68.1 kJ mol−1. The activa-
tion barrier of CH3 dehydrogenation into CH2 and H is 52.7 kJ mol−1,
and that of its back reaction barrier is 62.9 kJ mol−1. CH2 dehydro-
genation into CH and H needs to overcome an activation barrier of
6.3 kJ mol−1, and that of its back reaction barrier is 56.3 kJ mol−1,
which suggest that when CH2 dissociates into CH and H, CH and H
is very hard to form CH2. Further, dehydrogenation of CH to C and H
needs to overcome a very large activation barrier of 108.1 kJ mol−1,
and its back reaction barrier is 54.5 kJ mol−1, which show that CH
dissociating into C and H is a strong endothermic process. The high
barriers and the strong endothermicity indicate that CH dehydro-
genation on Rh(1 1 1) surface is unfavorable both kinetically and
thermodynamically. The activation barrier is consistent with the
results by Bunnik and Kramer [17] and Kokalj et al. [21]. Therefore,
CH is the most abundant species on Rh(1 1 1) surface, which means
that CH4 dehydrogenation on Rh(1 1 1) surface can resist carbon
deposition.

On Rh(1 1 0) surface, CH4 dehydrogenates into CH3 and H, which
needs to overcome an activation barrier of 67.3 kJ mol−1, and that

of back reaction is 80.4 kJ mol−1. Subsequently, the activation bar-
rier of CH3 dehydrogenation into CH2 and H is 30.4 kJ mol−1, and
that of its back reaction is 41.6 kJ mol−1. Compared to CH4 dehy-
drogenation, CH3 dehydrogenation into CH2 and H is much easier.
Then, the dehydrogenation of CH2 to CH and H needs to overcome
an activation barriers of 111.1 kJ mol−1, and that of CH2 hydrogena-
tion to CH3 is 123.3 kJ mol−1. Further, dehydrogenation of CH to C
and H needs to overcome an activation barrier of 49.5 kJ mol−1, and
its back reaction barrier is 66.7 kJ mol−1. Above results show that
CH2 is very difficult to dissociate into CH and H, while CH3 dehy-
drogenation into CH2 and H is a kinetically favored step. Thus, we
think that CH2 is the most abundant species on Rh(1 1 0) surface,
which suggest that CH4 dehydrogenation on Rh(1 1 0) surface can
also resist carbon deposition.

On Rh(1 0 0) surface, CH4 dehydrogenates into CH3 and H, which
needs to overcome an activation barrier of 62.4 kJ mol−1, and that
of back reaction is 75.2 kJ mol−1. Then, the activation barrier of CH3
dehydrogenation into CH2 and H is 32.4 kJ mol−1, and that of its
back reaction barrier is 41.9 kJ mol−1. Further, the dehydrogena-
tion of CH2 to CH and H needs to overcome an activation barrier of
3.4 kJ mol−1, and that of CH2 hydrogenation to CH3 is 63.2 kJ mol−1.
Finally, dehydrogenation of CH to C and H needs to overcome a bar-
rier of 67.9 kJ mol−1, and its back reaction barrier is 90.2 kJ mol−1,
suggesting that it is very difficult for CH dehydrogenation into C and
H, while CH2 dehydrogenation into CH and H is the most kinetically
favored step. Hence, CH is the most abundant species on Rh(1 0 0)
surface, and CH4 dehydrogenation on Rh(1 0 0) surface can still
resist carbon deposition.

Koster and Santen [62] have studied the dissociation of CO on
the (1 1 1), stepped (1 1 1), (1 1 0), (1 0 0) surfaces of Rh, it is found
that the activation barriers are lowest for Rh(1 0 0), and higher for
Rh(1 1 0) and Rh(1 1 1). In addition, Hopstaken and Niemantsver-
driet [63] have investigated the dissociation and desorption of NO
on the (1 0 0) surface of Rh, it appears that the dissociation of NO
proceeds faster on the more open Rh(1 0 0) surface, compared with
earlier studies on Rh(1 1 1). Therefore, we think that CH4 dehydro-
genation on Rh(1 0 0) surface should be the most probable reaction
pathway on the basis of its lowest activation energy in comparison
with those on Rh(1 1 0) and Rh(1 1 1) surfaces.

3.5. The rate constants for CH4 dehydrogenation

To further understand the reaction mechanism of CH4 dehydro-
genation on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces at different
temperature from the kinetic point of view, we  calculated the rate
constants in the temperature range of 298.15–1000 K, as listed in
Table 3. The rate constants for these reaction pathways have been
obtained using Eyring’s transition state theory (TST) [64].

Table 3
The rate constant k (s−1) for CH4 dehydrogenation at different temperature on Rh(1 1 1), Rh(1 1 0) and Rh(1 0 0) surfaces.

Surface Temperature (K) Rate constant k (s−1)

CH4 CH3 + H CH3 CH2 + H CH2 CH + H CH C + H

Rh(1 1 1) 298.15 6.73 × 10−1 1.45 × 106 5.15 × 1011 5.08 × 10−5

500 2.01 × 105 1.17 × 109 9.45 × 1011 5.33 × 102

700 6.13 × 107 2.14 × 1010 1.38 × 1012 4.67 × 105

1000 6.47 × 109 2.02 × 1011 2.1 × 1012 7.04 × 107

Rh(1 1 0) 298.15 2.77 × 103 7.53 × 108 1.07 × 10−4 2.87 × 106

500 3.26 × 107 1.39 × 1010 2.85 × 102 3.99 × 109

700 2.15 × 109 5.28 × 1010 1.23 × 105 9.92 × 1010

1000 6.04 × 1010 1.56 × 1011 1.02 × 107 1.28 × 1012

Rh(1 0 0) 298.15 1.00 × 104 1.12 × 108 1.93 × 1015 2.99 × 102

500 9.23 × 106 1.07 × 1010 1.01 × 1014 5.34 × 106

700 6.26 × 108 8.97 × 1010 2.47 × 1013 4.04 × 108

1000 2.17 × 1010 5.23 × 1011 6.98 × 1012 1.23 × 1010
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From Table 3, we can see that the rate constant k increases
rapidly with the temperature increasing, but the increasing extent
becomes small when the temperature is higher. At the same tem-
perature, on Rh(1 1 1) and Rh(1 0 0) surfaces, the rate constant of
CH dehydrogenation into C and H is the smallest than that of other
pathways, and this sequence does not change with the tempera-
ture change, which implies that CH dehydrogenation into C and H
is the rate-determining step. On Rh(1 1 0), the rate constant of CH2
dehydrogenation into CH and H is the smallest, which implies that
CH2 dehydrogenation into CH and H is the rate-determining step.

On the basis of the above analysis of activation barriers and rate
constants, we can obtain that, on Rh(1 1 1) and Rh(1 0 0) surfaces,
CH dehydrogenation is the rate-determining step; on Rh(1 1 0) sur-
face, CH2 dehydrogenation is the rate-determining step of CH4
dissociation. That is to say, CH and CH2 is the most abundant CHx

species of CH4 dehydrogenation on Rh catalyst. Therefore, Rh cat-
alyst can lead to lower carbon deposition in the reaction related
to CH4 reaction. In addition, the results of thermodynamic and
kinetic also show that CH4 dehydrogenation on Rh(1 0 0) surface
is the most preferable reaction pathway in comparison with those
on Rh(1 1 0) and Rh(1 1 1) surfaces.

4. Conclusions

The dehydrogenation of CHx (x = 1–4) on Rh(1 1 1), Rh(1 1 0) and
Rh(1 0 0) surfaces have been systematically investigated by using
density functional theory together with periodic slab model. The
preferred sites of the adsorbed species are located on the basis of
the adsorption energies. On Rh(1 1 1) surface, CHx (x = 0–3) species
and H prefer to adsorb at the three-fold sites. On Rh(1 0 0) surface,
the hollow site is preferred for the hydrocarbon groups except CH3
and H, which prefers to adsorb at the bridge site. On Rh(1 1 0) sur-
face, the preferred sites are different, short-bridge site for CH3, CH2
and H, long-bridge site for CH and C. The kinetic results show that
on Rh(1 1 1) and Rh(1 0 0) surfaces, CH is the most abundant CHx

species for CH4 dissociation. On Rh(1 1 0) surface, CH2 is the most
abundant CHx species. Therefore, our results can give a microscopic
reason that why Rh catalyst can lead to lower carbon deposition in
the reaction related to CH4.
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