
I
t

R
a

b

a

A
R
R
A
A

K
C
D
P
D

1

u
d
r
w
t
e
y
m
o
i
R
m
h
P
a
f
e
C
p
w

T

(

0
h

Applied Surface Science 258 (2012) 7154– 7160

Contents lists available at SciVerse ScienceDirect

Applied  Surface  Science

jou rn al h om epa g e: www.elsev ier .com/ locate /apsusc

nsight  into  the  adsorption  and  dissociation  of  CH4 on  Pt(h  k  l)  surfaces:  A
heoretical  study

iguang  Zhanga,∗,  Luzhi  Songa,  Yuhan  Wangb

Key Laboratory of Coal Science and Technology of Ministry of Education and Shanxi Province, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China
School of Chemical Engineering and Environment, Beijing Institute of Technology, Beijing 100081, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 16 January 2012
eceived in revised form 3 April 2012
ccepted 3 April 2012

a  b  s  t  r  a  c  t

A  density  functional  theory  slab  calculations  of  CH4 dissociation  on  Pt(h  k l) surfaces  have  been  sys-
tematically  presented.  On  the  basis  of  the  energetic  analysis,  the  favorable  adsorption  sites  and  stable
configurations  of  CHx(x  =  0–4)  and  H  species  on  Pt(1  1  1),  Pt(1  1  0)  and  Pt(1  0  0)  surfaces  are  first  obtained,
respectively.  Afterwards,  the  most  stable  configurations  of  coadsorbed  CHx/H(x  = 0–3)  are  located.  Fur-
vailable online 10 April 2012
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ther,  the  kinetic  and  thermodynamical  results  of  CH4 dissociation  on Pt(h  k  l) surface  suggest  that  CH
is the  most  abundant  CHx species.  Our  results  mean  that  Pt catalyst  can  resist  the  carbon  deposition  in
the  CH4 dissociation,  which  can  give  a microscopic  reason  that  why  Pt catalyst  can  lead  to  lower  carbon
deposition  and  show  a high  activity  in  the  reaction  related  to CH4.

© 2012 Elsevier B.V. All rights reserved.

ensity functional theory

. Introduction

CH4, as one of the most important chemicals, has been widely
sed in chemical synthesis, hydrogen production, and energy pro-
uction [1].  As the principal chemical process such as CH4 CO2
eforming reaction [2–10] and acetic acid synthesis via a two  step-
ise CH4 CO2 reaction [11,12],  the dissociation of CH4 on the

ransition metal surface has attracted great interest from both
xperimental [11–15] and theoretical studies [16–31] in recent
ears. It is generally believed that the rate-determining step for
any of these heterogeneous processes is the dissociation of CH4

n the transition metal surface [14]. For the dissociation of CH4, it
s well known that the best catalysts are the group VIII metals Ru,
h, Pt and Ir etc., especially, the 4d and 5d group VIII metals are the
ost suitable catalysts, such as Pt catalyst. Moussounda et al. [28]

ave studied the adsorption of H, CH3 and CH4 on Pt(1 0 0) surface.
etersen et al. [32] have investigated the adsorption of CH4 dissoci-
tion intermediates, CHx (x = 0–3), on Pt{1 1 0}(1 × 2) using density
unctional theory (DFT) method, and they found that CH3 prefer-
ntially occupies the ridge atop site; CH2 is at the ridge bridge site;

H, is at the 3-fold fcc site on the {1 1 1} microfacet; carbon, the
seudosubsurface 4-fold site at the bottom of the trough. Mean-
hile, for other chemical substances, it has been widely studied

∗ Corresponding author at: No. 79 Yingze West Street, Taiyuan 030024, China.
el.:  +86 351 6018239; fax: +86 351 6041237l.

E-mail addresses: zhangriguang@tyut.edu.cn, zhangriguang1981@163.com
R. Zhang).

169-4332/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsusc.2012.04.020
and applied on Pt catalyst. Medlin and Allendorf [33] have studied
the adsorption of acetylene and hydrogen on the (1 1 1) surface of
Pd, Pt, Ni, and Rh. Anghel et al. [34,35] have studied the sequen-
tial dissociation of ethane or C2Hx on Pt(1 1 0) surface using DFT
method.

Nowadays, experimental researchers have investigated the dis-
sociative sticking coefficient for CH4 on Pt(1 1 1) surface as a
function of both gas temperature (Tg) and surface temperature
(Ts) using effusive molecular beam and angle-integrated ambient
gas dosing methods [15]. Ukraintsev and Harrison [13] have stud-
ied the statistical model of activated dissociative adsorption using
microcanonical, unimolecular rate theory. Luntz and Bethune [14]
have detailed molecular beam measurements of the dissociative
chemisorption probability for CH4 on Pt(1 1 1) surface. On the other
hand, theoretical calculations about CH4 dissociation on group VIII
metal surface have been extensively investigated by using DFT
method. However, most of them are focused on the Co [7,24,31],
Ni [2–6,8,20], Ru [16,17,25,26],  Rh [19,21–23],  Pd [9,18] and Ir [36]
surface. For the CH4 dissociation on Pt(h k l) surface, only Petersen
et al. [27,32] studied the dissociation of CH4 on Pt{1 1 0}(1 × 2) sur-
face using DFT methods. Meanwhile, other studies only involves
the adsorption of CHx on Pt surface [28,37–42] and the dissociation
of CH4 on Pt(1 1 1) surface [29,30]. To the best of our knowledge,
it is a pity that few theoretical studies are systematically carried
out to investigate and compare the dissociation of CH4 on Pt(1 1 1),

Pt(1 1 0) and Pt(1 0 0) surfaces, respectively. Recently, theoretical
computation methods have become a powerful research tool for
understanding the chemical reactions in the microscopic view. For
example, methods based on quantum chemical theory can well

dx.doi.org/10.1016/j.apsusc.2012.04.020
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
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rovide information at atomic/molecular level. In particular, DFT
ethod can provide the accurate energetic, geometries and reac-

ion barriers [31].
Therefore, in this study, we present a systematic study about

he successive dissociation of CH4 on Pt(1 1 1), Pt(1 1 0) and Pt(1 0 0)
urfaces using DFT method, which may  be of interest to researchers
ttempting to illustrate the catalytic mechanism involving in CH4
eaction on Pt catalyst. This paper is organized as follows: in Section
, we provide the detailed models and computational methods, in
ection 3, we present the relative investigations of CHx(x = 0–4) and

 adsorption on Pt(h k l) surface; then, the coadsorbed configura-
ions of CHx/H(x = 0–3) on Pt(h k l) surface; finally, we discuss the
issociation mechanism of CH4 on Pt(h k l) surface.

. Methods and models

Density functional theory (DFT) periodic calculations are carried
ut with the Cambridge Sequential Total Energy Package (CASTEP)
43,44]. In this code, the Kohn–Sham equations are solved using
he generalized gradient approximation (GGA) as proposed by
erdew–Wang-91 (PW91) [45,46] to describe all exchange and
orrelation effects. We  use the Vanderbilt-type ultrasoft pseudopo-
entials [47], with plane wave basis sets with a cutoff energy of
80 eV [33,48].  Meanwhile, our test results with a cutoff energy of
40 eV indicate that the error between 280 eV and 340 eV is negli-
ible. The k-points meshes are set to 4 × 4 × 1 for Pt(1 1 1), 2 × 4 × 1
or Pt(1 1 0) and 4 × 4 × 1 for Pt(1 0 0) surface. The convergence cri-
eria for structure optimization and energy calculation are set to
.0 × 10−6 eV/atom, 2.0 × 10−5 eV/atom, 0.05 eV/Å and 2.0 × 10−3 Å
or the tolerance of SCF, energy, maximum force, and maximum dis-
lacement, respectively. Since metal Pt is not a magnetic material,
pin polarization on Pt has not been considered. Transition states
TS) are located by using the complete LST/QST method [49], the lin-
ar synchronous transit (LST) maximization is performed followed
y an energy minimization in directions conjugate to the reaction
athway. The TS approximation obtained in that way  is used to
erform quadratic synchronous transit (QST) maximization. From
hat point, another conjugate gradient minimization is performed.
he cycle is repeated until a stationary point is located. In addition,
or the validation of transition state involving the reaction, since
ASTEP program cannot obtain the frequency information, Dmol3

rogram is employed to calculate the frequency of transition state
ith the same calculation methods, and TS confirmation is per-

ormed on every transition state to confirm that they lead to the
esired reactants and products.

The Pt(h k l) surface are modeled using a four layers Pt slab with
he bottom one layer fixed at their positions in the bulk and the
ppermost three layers relax. Periodic boundary conditions are
sed to model an extended surface. The vacuum region separat-

ng the slabs in the direction perpendicular to the surface is set to
0 Å. A p(2 × 2) supercell is used in the calculation, as shown in
ig. 1. For Pt(1 1 1) surface, there are four adsorption sites: top (T),
ridge (B), fcc, hcp; for Pt(1 1 0) surface, top (T), short bridge (SB),

ong bridge (LB), hollow (H); for Pt(1 0 0) surface, top (T), bridge (B),
ollow (H). In addition, a p(2 × 3) surface supercell has also been
onsidered to obtain the size effect of surface on calculation results,
hich suggest that a p(2 × 2) supercell is large enough to neglect

he lateral interactions of the adsorbate.
The adsorption energy is defined as follows:

ads = Eadsorbate + Eslab − Eadsorbate+slab
here Eadsorbate+slab is the total energy of the slab together with
he adsorbate, Eadsorbate is the total energy of the free adsorbate,
nd Eslab is the total energy of the bare slab. According to this
ence 258 (2012) 7154– 7160 7155

definition, positive energy values correspond to an energetically
favorable adsorption.

3. Results and discussion

3.1. Calculation of bulk Pt and CH4 molecule

In order to verify the reliability of the selected calculation meth-
ods, we  first calculated the lattice constant of bulk Pt (4.008 Å),
which is close to the experimental value of 3.924 Å [50], as well
as with other similar GGA results [28,41]. Then, the next test
is to obtain the bond length and bond angle of CH4, both are
r(C H) = 1.096 Å and �(H C H) = 109.5◦, respectively, which agrees
with the experimental values of 1.096 Å and 109.4◦ [51]. Such
results obtained in these tests are in agreement with the experi-
mental values.

3.2. Single adsorption of CHx(x = 0–4) and H species on Pt(h k l)
surface

Before we investigate the mechanism of CH4 dissociation on
Pt(h k l) surface, it is necessary to know the individual bonding
natures of different species adsorbed on Pt(h k l) surface. Thus,
we  first investigate the most stable configurations of H and
CHx(x = 0–4) species on Pt(h k l) surface, in which different adsorp-
tion sites on Pt(h k l) surface are considered. Then, we can obtain the
most stable configurations of coadsorbed CHx/H(x = 0–3) on Pt(h k l)
surface. Further, we  discuss the mechanism of CH4 dissociation to
the final products C and H, in which every elementary reaction has
been analyzed in detailed.

3.2.1. CHx and H adsorbed on Pt(1 1 1)
For CH4, the adsorption on transition metal surfaces is generally

classified as a process of physisorption where the attractive interac-
tion arises from the van der Waals force. Four stable structures are
found, CH4(T), CH4(B), CH4(fcc) and CH4(hcp), the corresponding
adsorption energies are 3.8, 3.0, 3.5 and 3.4 kJ mol−1, respectively.
The most stable configuration is adsorption at the top site, as
shown in Fig. 2(a). We  can see that the Pt H distance is 2.229 Å,
and one C H bond length is (1.114 Å) larger than that (1.096 Å) of
free CH4. Meanwhile, our calculated adsorption energy is close to
that obtained in previous theoretical studies of CH4 adsorption on
Pt(1 1 1) surface [29,30]. Dianat et al. [52] obtained an adsorption
energy of 7.7 kJ mol−1 for CH4 adsorption on pure metallic Pt(1 1 1)
surface from their DFT slab calculations.

For CH3, the initial structure at the bridge, fcc and hcp site are
all optimized into that at the top site. Thus, only one stable struc-
ture at the top site can been obtained, the adsorption energy is
264.3 kJ mol−1 for CH3 (T), as shown in Fig. 2(b), which is consis-
tent with the earlier calculations on Pt(1 1 1) [53]. The C Pt bond
lengths are 2.077 Å, and all C H bond lengths are 1.096 Å.

For CH2, at the top, fcc and hcp sites, the corresponding adsorp-
tion energies are 376.6, 439.9 and 425.7 kJ mol−1, respectively. The
most stable adsorption site is bridge site (see Fig. 2(c)), and the
adsorption energy is 465.3 kJ mol−1. The C H bond lengths are
1.097 and 1.099 Å, respectively, the angle of H C H is 112.7◦ for
the bridge adsorption mode, the C Pt bond lengths are 2.068 and
2.069 Å, respectively.

For CH, the initial structures at the top and bridge sites are all
optimized into that at the fcc site, respectively. CH interacts with

three Pt atoms forming three Pt C bonds at the fcc site, which is
the most stable configuration (see Fig. 2(d)). The C H bond length is
shorten to 1.096 Å from that of free CH (1.136 Å), and the C Pt bond
lengths are 2.020, 2.023 and 2.021 Å at the fcc site, the adsorption
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Fig. 1. Top view of Pt(h k l) surface. Top site-T; bridg

nergy is 697.3 kJ mol−1. At the hcp site, the adsorption energy is
90.2 kJ mol−1.

For C, four stable structures are obtained. At the fcc site, C
nteracting with three Pt atoms is the most stable configuration
see Fig. 2(e)). The adsorption energy is 791.9 kJ mol−1. C Pt bond
engths are 1.943, 1.945 and 1.946 Å. At the top, bridge and hcp
ites, the corresponding adsorption energies are 575.9, 712.3 and
85.2 kJ mol−1, respectively.

For H, three stable structures are found; the initial structure at
he bridge site is converted into that at the fcc site. At the top, fcc and
cp sites, the corresponding adsorption energies are 373.7, 380.3
nd 380.1 kJ mol−1, respectively, which suggests that H prefers to
dsorb at the three-fold site, as shown in Fig. 2(f), the C Pt bond
engths are 1.875, 1.878 and 1.878 Å.

Based on the above results, we can conclude that CH4 adsorbed
t four sites of Pt(1 1 1) surface is typical of physisorption. However,
Hx(x = 0–3) and H species adsorbed on Pt(1 1 1) surface is a strong
hemisorption, in which CH3 prefers to adsorb at the top site, CH2
refers to adsorb at the bridge site, CH, C and H prefer to adsorb at
he fcc sites. A similar structure was also obtained by Zhu et al. [41]
or CHx adsorption on Pt(1 1 1) surface, and a related structure was
etermined by Chen and Vlachos [29], as well as Viñes et al. [30] in
heir calculations of CHx adsorption on Pt(1 1 1) surface.

.2.2. CHx and H adsorbed on Pt(1 1 0)
The most stable adsorption configuration of CHx(x = 0–3) and H

pecies on Pt(1 1 0) surface with the key geometrical parameters

re presented in Fig. 3.

For CH4, CH4 adsorbed at the top site is the most stable config-
ration (see Fig. 3(a)), in which CH4 molecule is not distorted. The
t H distance is 2.090 Å, and the adsorption energy is 44.5 kJ mol−1.

ig. 2. The most stable configuration of CHx and H adsorb on Pt(1 1 1) surface (unit: bon
olors, respectively. (For interpretation of the references to color in this figure legend, the
-B; hollow site-H; short bridge-SB; long bridge-LB.

CH3 prefers to the top site with the C Pt bond length of 2.062 Å,
as shown in Fig. 3(b), and the adsorption energy is 322.0 kJ mol−1.
CH2 adsorbs at the SB site with the C Pt bond lengths of 2.050
and 2.051 Å, respectively, as seen in Fig. 3(c). The corresponding
adsorption energy is 560.5 kJ mol−1. CH prefers to the three-hold
hollow site with the C Pt bond lengths of 2.072, 1.996 and 1.996 Å,
as presented in Fig. 3(d), the adsorption energy is 736.8 kJ mol−1.
For C atom, C prefers to adsorb at the LB site with the C Pt bond
lengths of 1.965 and 1.967 Å, respectively, (see Fig. 3(e)), the corre-
sponding adsorption energy is 873.0 kJ mol−1. Finally, H adsorbed
at the SB site is the most stable configuration with H Pt bond
lengths of 1.767 and 1.768 Å, respectively, as shown in Fig. 3(f), the
corresponding adsorption energy is 426.3 kJ mol−1. Our calculated
results about the adsorption of CHx on Pt(1 1 0) surface are in good
agreement with the studies by Moussounda et al. [28], which show
the chemisorption of CHx on Pt{1 1 0}(1 × 2) surface.

3.2.3. CHx and H adsorbed on Pt(1 0 0)
CH4 adsorbed at the top site (see Fig. 4(a)) is the most stable

configuration with the adsorption energy of 3.8 kJ mol−1, and CH4
molecule is still not distorted. CH3 prefers to adsorb at the top site
with the C Pt bond length of 2.074 Å, as shown in Fig. 4(b), the
corresponding adsorption energy is 266.9 kJ mol−1. CH2 prefers to
adsorb at the bridge site with the C H bond lengths of 1.098 and
1.099 Å, respectively, as well as the angle of H C H of 113.6◦, as
seen in Fig. 4(c), the adsorption energy is 507.0 kJ mol−1. CH prefers
to adsorb at the hollow site, as presented in Fig. 4(d), the adsorp-

tion energy is 716.4 kJ mol−1. The C H bond length is 1.104 Å, and
all C Pt bond lengths are 2.156 Å. C adsorbed at the hollow site
is the most stable configuration with the adsorption energy of
864.2 kJ mol−1 (see Fig. 4(e)), all the C Pt bond lengths are 2.052 Å.

d length in Å). The C, H and Pt atoms are shown in the grey, white, and dark-blue
 reader is referred to the web version of the article.)
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Fig. 3. The most stable configuration

or H atom, H adsorbed at the bridge site is the most stable config-
ration with the adsorption energy of 391.6 kJ mol−1, as shown in
ig. 4(f), all H Pt bond lengths are 1.767 Å.

Above results about the single adsorption of CHx(x = 0–4) and
 species on Pt(h k l) surface show that although the discrepancies
mong the various studies exist in the precise values for the adsorp-
ion energies, all these studies can conclude the general trend in the
dsorption energies: CH4 < CH3 < H < CH2 < CH < C. Our calculated
esults agree with the previous reported results [29,30,32,38,41].

.3. The coadsorbed CHx/H(x = 0–3) on Pt(h k l) surface

In order to map  out the reaction mechanism of CH4 sequential
issociation on Pd(1 1 1) surface, we need to establish the coad-
orbed configurations of CHx(x = 0–3) and H on Pd(1 1 1) surface.

The coadsorbed energy of CHx/H on Pt(h k l) surface can be
efined as follows:

coads = E(CHx) + E(H) + E(Pt slab) − E((CHx/H) + Pt slab)
here E(CHx), E(H), E(Pt slab) and E((CHx/H) + Pt slab) are the total
nergy for the free CHx species and hydrogen atom, Pt slab with

 (2 × 2) supercell and the coadsorbed (CHx/H) + Pt slab systems,
espectively.

Fig. 4. The most stable configuration of CH
x and H adsorb on Pt(1 1 0) surface.

For the most stable coadsorbed configurations of CHx/H species
on Pt(h k l) surface, we  consider that CHx(x = 0–3) and H are placed at
their adjacent and the most stable adsorption sites. For example, for
the most stable coadsorbed configuration of CH3/H on Pt(1 1 1) sur-
face, it has been pointed out that the CH3 at the top site is the most
stable configuration, and H placed at the fcc site is the most stable
configuration. As a result, in the initial coadsorbed configuration
of CH3/H on Pt(1 1 1) surface, CH3 and H are placed at the adja-
cent top and fcc site, respectively. The optimized stable coadsorbed
configuration is shown in Fig. 5(a), and the coadsorbed energy is
635.9 kJ mol−1, in which the distance of H CH3 is 3.595 Å. After-
wards, Fig. 5(b) gives the stable coadsorbed configuration of CH2/H
on Pt(1 1 1) surface, in which CH2 and H are located at the adja-
cent bridge and fcc sites, respectively, and the coadsorbed energy is
832.4 kJ mol−1, the distance of H CH2 is 3.034 Å. Further, the stable
coadsorbed configuration of CH/H is presented in Fig. 5(c), in which
CH and H site are located at the adjacent fcc and top sites, respec-
tively, and the coadsorbed energy is 1054.8 kJ mol−1, the distance
of H CH is 3.223 Å. Finally, the stable coadsorbed configuration of
C/H are shown in Fig. 5(d), in which C and H are adsorbed at the
adjacent fcc and fcc sites, respectively, and the coadsorbed energy

is 1147.8 kJ mol−1, the distance between H and C is 2.840 Å. As a
result, the optimized stable configurations of coadsorbed CHx/H
system with key structural parameters on Pt(h k l) surface are pre-
sented in Figs. 5–7,  they are denoted as CHx/H, the corresponding

x and H adsorb on Pt(1 0 0) surface.
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Fig. 5. The optimized stable coadsorbed configurations of CHx/H on Pt(1 1 1) surface.

Fig. 6. The optimized stable coadsorbed configurations of CHx/H on Pt(1 1 0) surface.
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Fig. 7. The optimized stable coadsorbed

oadsorbed energies and the adsorption sites are listed in
able 1.

.4. CH4 sequential dissociation on Pt(h k l) surface

In Section 3.3,  we have obtained the most stable coadsorbed
onfiguration of CHx/H(x = 0–3) species: CH3/H, CH2/H, CH/H, C/H,
hen the elementary step of CH4 sequential dissociation on Pt(h k l)
urface can been discussed. CH4 dissociation on metal surfaces has
our steps as follows: the first step is CH4 dissociation into CH3/H
ith the transition state TS1, the second step is CH3 dissociation

nto CH2/H with TS2, the third step is CH2 dissociation into CH/H
ith TS3, and the fourth step is CH dissociation into C/H with TS4. As

 result, for the first step of CH4 dissociation into CH3/H, the most

table configuration of CH4 is chosen to be the initial state, and
he final state consists of the stable coadsorbed CH3/H configura-
ion. The dissociation of other CHx(x = 1–3) species is similar to that
f CH4 dissociation. The corresponding transition state structures

able 1
he coadsorbed energies (kJ mol−1) and the adsorption sites in the stable coadsorbed con

CH3/H CH2/H 

Model Ecoads Model Ecoads

Pt(1 1 1) T-fcca 635.9 B-fcc 832.4 

Pt(1  1 0) T-T 706.4 SB-LB 934.4 

Pt(1  0 0) T-T 636.3 B-B 879.7 

a T-fcc denotes that on Pt(1 1 1) surface, CH3 and H are adsorbed at the adjacent top site
ame  meanings.
gurations of CHx/H on Pt(1 0 0) surface.

for CH4 dissociation on Pt(1 1 1), Pt(1 1 0) and Pt(1 0 0) surfaces are
shown in Fig. 8(a)–(c), respectively.

In this study, the dissociation energy barriers and reaction ener-
gies of the most favorable step for CH4 dissociation on Pt(1 1 1),
Pt(1 1 0) and Pt(1 0 0) surfaces are obtained, and the corresponding
thermodynamic and kinetic schemes of CH4 dissociation on Pt(h k l)
surface are given in Fig. 9, which illustrates the energy change for
the whole process of CH4 dissociation from CH4 to C.

As shown in Fig. 9, the reaction energies of CH4 complete
dissociation are 93.9, −28.4 and 9.0 kJ mol−1 on Pt(1 1 1), Pt(1 1 0)
and Pt(1 0 0) surfaces, respectively. In gas phase, CH4 sequential
dissociation is endothermic, and the computed reaction energies
are 457.3, 479.5, 479.5 and 350.2 kJ mol−1 for each step, which
means that a total of 1766.5 kJ mol−1 is needed for the complete
dissociation [20]. Comparatively, the reaction is advantaged on Pt

surface thermodynamically.

On the basis of thermodynamic reaction energies, we  can see
that on Pt(1 1 1) surface, CH is the most abundant CHx species, fol-
lowed by CH3 and CH2. However, only very small quantity of surface

figuration of CHx/H on Pt(h k l) surface.

CH/H C/H

Model Ecoads Model Ecoads

fcc-T 1054.8 fcc-fcc 1147.8
H-SB 1116.7 H-SB 1260.8
H-T 1095.2 H-B 1237.9

 and fcc site in the stable coadsorbed configuration of CH3/H. Other models are the
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Fig. 8. The transition state structures for CH4 dissoci

arbon exists because of its high energy. In general, CH4 dissocia-
ion on Pt(1 1 1) is endothermic. On Pt(1 1 0) surface, both CH2 and
H are the most abundant CHx species, and the other species are
igher in energy, and this agrees with the CHx stability sequence
btained by Petersen et al. [32]. On the whole, the dissociation of
H4 on Pt(1 1 0) surface is exothermic, indicating the preference of
issociation process on Pt(1 1 0) surface. On Pt(1 0 0) surface, CH is
he most abundant CHx species for CH4 dissociation, followed by
H2 and CH3. Therefore, CH4 dissociation on Pt(1 0 0) and Pt(1 1 1)
urfaces is endothermic, indicating that this process on Pt(1 0 0)

nd Pt(1 1 1) surfaces is relatively unfavorable in comparison with
hat on Pt(1 1 0) surface.
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ig. 9. The energy profiles of the dissociation from CH4 to C on Pt(h k l) surface.
on (a) Pt(1 1 1), (b) Pt(1 1 0) and (c) Pt(1 0 0) surfaces.

On the other hand, it is to note that the conclusions in above
results are only based on thermodynamics, and they are limited
regarding kinetics. As a result, we analyze the CH4 dissociation
based on kinetics. Similarly, as shown in Fig. 9, on Pt(1 1 1) sur-
face, the first step, CH4 dissociates into CH3/H, needs to overcome
an activation barrier of 73.9 kJ mol−1, and that of back reaction is
67.3 kJ mol−1. In the second step, the activation barrier of CH3 dis-
sociates into CH2/H is 105.1 kJ mol−1, and that of its back reaction
barrier is 75.0 kJ mol−1. In the third step, CH2 dissociates into CH/H
needs to overcome an activation barrier of 38.2 kJ mol−1, and that of
its back reaction barrier is 74.1 kJ mol−1. In the last step, CH disso-
ciates into C/H needs to overcome a very large activation barrier of
144.8 kJ mol−1, and its back reaction barrier is 51.7 kJ mol−1, which
show that the last step of CH4 dissociation is a strong endothermic
process. Meanwhile, CH2 can be easily dissociated into CH with
a low barriers 38.2 kJ mol−1, and CH can be hydrogenated to CH3
with a relatively high barriers of 75.0 kJ mol−1, which indicates that
among all the dissociation products (CH3, CH2, CH and C), CH2 is
expected to be the least stable. Consequently, the lifetime of CH2 is
likely to be short and its concentration must be quite low under real
conditions. Further, the high barrier and the strong endothermicity
of CH dissociation on Pt(1 1 1) surface indicate that this reaction is
unfavorable both kinetically and thermodynamically. Our results
are in good agreement with those obtained by Chen and Vlachos
[29] and Viñes et al. [30]. Therefore, CH is the most abundant species
on Pt(1 1 1) surface.

On Pt(1 1 0) surface, in the first step, CH4 dissociates into CH3/H,
which needs to overcome an activation barrier of 37.2 kJ mol−1,
and that of back reaction is 74.7 kJ mol−1. In the second step, the

activation barrier of CH3 dissociates into CH2/H is 15.5 kJ mol−1,
and that of its back reaction is 43.8 kJ mol−1. In the third step, CH2
dissociates into CH/H needs to overcome an activation barriers
of 138.9 kJ mol−1, and that of hydrogenation of CH2 to CH3 is
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39.7 kJ mol−1. In the fourth step, CH dissociates into C/H needs
o overcome an activation barrier of 127.0 kJ mol−1, and its back
eaction barrier is 88.8 kJ mol−1. Above results show that CH3 dis-
ociates into CH2/H is the most favored step kinetically, followed
y CH4, CH and CH2, however, the differences of activation barrier
or CH2 and CH dissociation are small, CH dissociation is a strong
ndothermic process, and CH2 dissociation is a slightly exothermic
rocess. Thus, we think that CH is the most abundant species on
t(1 1 0) surface, these results are similar with those obtained by
etersen et al. [32].

On Pt(1 0 0) surface, CH4 dissociating into CH3/H needs to over-
ome an activation barrier of 28.5 kJ mol−1, and that of back reaction
s 37.4 kJ mol−1. Then, the activation barrier of CH3 dissociating
nto CH2/H is 74.9 kJ mol−1, and that of its back reaction barrier is
5.5 kJ mol−1. In the third step, CH2 dissociates into CH/H needs to
vercome an activation barrier of 114.9 kJ mol−1, and that of hydro-
enation of CH2 to CH3 is 124.0 kJ mol−1. In the fourth step, CH
issociates into C/H needs to overcome a barrier of 123.3 kJ mol−1,
nd its back reaction barrier is 75.7 kJ mol−1, indicating that CH
issociation is a strong endothermic process. Therefore, the high
arriers and the strong endothermicity of CH dissociation mean
hat CH dissociation on Pt(1 0 0) surface is also unfavorable both
inetically and thermodynamically, as a result, CH is also the most
bundant species on Pt(1 0 0) surface.

According to above thermodynamical and kinetic results, we
an obtain that on Pt(1 1 1), Pt(1 1 0) and Pt(1 0 0) surfaces, CH is
he most abundant CHx species of CH4 dissociation on Pt cata-
yst. Therefore, surface carbon is hard to form on Pt catalyst, which

eans the decrease possibility for the formation of carbon monox-
de and carbon deposition in CH4 reforming systems. Further, above
esults also show that in the reaction related to CH4 reaction, Pt
atalyst can well resist carbon deposition.

. Conclusions

The dissociation of CH4 on Pt(h k l) surface has been investi-
ated by using density functional theory slab calculation. On the
asis of energetic analysis, CH4 is favored to dissociate into CH3,
hen transformed to CH2 and CH by sequential dissociation. On
t(1 1 1) surface, CH3 prefer to adsorb at the top sites, other CHx

pecies and H prefer to adsorb at the three-fold sites. On Pt(1 1 0)
urface, the preferred sites are different, short bridge site for CH2
nd H, long bridge site for C, top site for CH3, hollow site for H. On
t(1 0 0) surface, the hollow site is preferred for CH and C, bridge
ite for CH2 and H, CH3 prefers to adsorb at the top site. The adsorp-
ion energies of CHx(x = 0–4) and H adsorption show the order:
H4 < CH3 < H < CH2 < CH < C. Meanwhile, the kinetic and thermo-
ynamic results of CH4 dissociation show that on Pt(1 1 1), Pt(1 1 0)
nd Pt(1 0 0) surfaces, CH is the most abundant CHx species. There-
ore, our results can give a microscopic understanding that why
t catalyst can lead to lower carbon deposition and show a high
ctivity in the reaction related to CH4.
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