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Density functional theory calculations are presented for adsorption and dissociation of CH4 on clean and
oxygen atom pre-adsorbed metal surfaces (Cu, Ag, Au, Ni, Pd, Pt, Ru, Rh, Os, Ir, and Mo). The total energy
change and the activation barrier have been calculated for the direct and the oxygen-assisted cleavage of
the C–H bonds. Our results indicate that pre-adsorbed oxygen promotes the CH4 dissociation process on
IB group metal surfaces, but inhibits the dissociation process on transition metal surfaces. A good
Brønsted–Evans–Polanyi correlation for CH4 dissociation on clean and atomic oxygen pre-adsorbed metal
surfaces is found, which is helpful to reveal the nature of CH4 dissociation. From the analysis of activation
barrier, we expect our work can provide a clear understanding of the nature of CH4 dissociation.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

CH4 is a low-cost material that could provide energy by hydro-
gen extraction or as a basis species for the synthesis of more
sophisticated molecules [1]. So, the dissociation process has led
to a number of experimental and theoretical studies. For complex
real-world catalytic process, surface modifiers offer an important
and challenging area of research for industry and economy. In re-
cent decades, much work has been performed to investigate the ef-
fect of the pre-adsorbed atomic oxygen on the activity of the metal
surface both experimentally and theoretically [2–15]. It is of con-
siderable interest in connection with a number of crucial techno-
logical processes such as bulk oxidation, corrosion, and
heterogeneous catalysis [16]. For example, oxygen strongly acti-
vates the oxygen–, carbon–, sulfur–, and nitrogen–hydrogen bonds
on noble metal surfaces, but also inhibits their dissociation on
more active metals [4–9]. Wise et al. studied the reaction of CH4

with pre-adsorbed oxygen atom on Ni(1 0 0) and Ni(1 1 1)
[11,12]. They found that the activity for CH4 reaction was signifi-
cantly increased by the presence of oxygen. Alstrup et al. reported
that there is no evidence for oxygen-enhanced dissociation of CH4

on Ni(1 0 0) [13], and they did find a significant increase in reactiv-
ity for CH4 dissociation on O/Cu(1 0 0) [14]. Valden et al. examined
CH4 dissociative chemisorption on Pt(1 1 1), and the results indi-
cated that CH4 dissociation was poisoned by oxygen due to a steric
ll rights reserved.
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hinderance of active adsorption sites [15]. Au et al. reported that
oxygen at hollow sites promoted CH4 dissociation on Pt, Cu, Ag,
and Au, but showed no such effect on the other transition metals
[17]. From the comprehensive reviews on CH4 dissociation [10–
15,17,18], one can infer that, depending on the specific metal sur-
face, this dissociation process can either be promoted or be
deactivated.

In this study, effect of pre-adsorbed atomic oxygen on the activ-
ity of sequential CH4 dissociation steps on different metal surfaces
(Cu, Ag, Au, Ni, Pd, Pt, Rh, Ru, Os, Ir, and Mo) is analyzed. We also
want to answer the following questions: what is the general trend
for the catalytic activity of the sequential CH4 dissociation steps on
these metals? Is the catalyst poisoned and how is the dissociation
process affected by the pre-adsorbed atomic oxygen? Our paper is
organized as follows. In Section 2, we introduce the details of cal-
culation methods and the models. In Section 3, the results and
analysis of energy decomposition are discussed. Then, we conclude
by discussing the effect of oxygen atom on the activation barrier in
Section 4.
2. Calculation methods and models

To study the energy and structure details of CH4 dissociation,
the periodic, self-consistent density functional theory (DFT) calcu-
lation was performed by using the Vienna ab initio simulation
package (VASP) [19–21]. The electronic structures were calculated
using DFT within GGA-PW91 [22–24]. The projector augmented
wave (PAW) [23,24] scheme was used to describe the inner cores,
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and the electronic states were expended in a plane wave basis with
kinetic cutoff energy of 400 eV. The transition state (TS) was lo-
cated by three steps: The general NEB method was employed to
find an approximated TS, then the quasi-Newton algorithm was
used to optimize the likely TS until the force acting on the atom
is smaller than 0.03 eV/Å, and last the frequency analysis was car-
ried out to confirm the TS. Activation energy (Ea) and reaction en-
ergy (DH) were related to the stable molecule in the gas phase.

The surface was modeled by a periodic slab containing four
atomic layers with full relaxation of the uppermost two layers.
The p(2 � 2) unit cell was used in this study, which means the cov-
erage of adsorbates and pre-adsorbed oxygen atom is 1/4 mono-
layer (ML). The Monkhorst–Pack meshes of 4 � 4 � 1special k-
point sampling in the surface Brillouinzone were used [25]. A large
k-point of 9 � 9 � 1 was chosen during the calculation of electronic
structures for accurate results. The optimized lattice constant of
3.64, 4.18, 4.18, 3.53, 3.96, 3.99, 2.74, 3.82, 2.75, 3.86, and 3.15 Å
is used for these transition metal surfaces (Cu, Ag, Au, Ni, Pd, Pt,
Ru, Rh, Os, Ir, and Mo).

Different calculation parameters such as PBE functional, num-
ber of layers, vacuum size, and k-point sampling were considered
to select the most reasonable ones. The reaction barriers of CH4

dissociation on Ni, Cu, and Au surface have been verified with
PBE functional. The energy difference is 0.09, 0.01, and 0.01 eV
for CH4 dissociation on Ni, Cu, and Au with different functional.
Adsorption system of CH3 on Ni surface is chosen to study the
influence of other parameters (number of layers (4 and 6 layers),
the vacuum size (from 10 to 15 Å), and k-point sampling
(4 � 4 � 1, 5 � 5 � 1 and 6 � 6 � 1)). It is found that the adsorption
energy difference is less than 0.02 eV with different parameters.
3. Results and discussion

3.1. Adsorption properties of possible species

In order to find out how CH4 dissociation is affected by the exis-
tence of an oxygen atom, the sequential change
CH4!

ðOÞ
CH3!

ðOÞ
CH2!

ðOÞ
CH!ðOÞCH, from the free CH4 molecule to ad-

sorbed C atom is considered on all these transition metal surfaces.
The effect of dissociated H atom is not considered in our calcula-
tions, and H adsorption on O/Ni(1 0 0) surface[18] at 1/4 ML oxy-
gen coverage ends in hydroxyl formation, a result which is
introduced in the present work. The reaction mechanism can be
described as CHx ? CHx�1 + H (x = 1–4) and CHx + O ? CHx�1 +
H(O) (x = 1–4).

In order to investigate the energy profile of CH4 dissociation on
different transition metal surfaces, it is necessary to confirm that
adsorption and co-adsorption are favorable at specific site for all
possible species involved. The possible species are CH4, CH3, CH2,
CH, C, H, O, OH and combination of two of these species. Fig. 1a–
d shows the calculated adsorption energies of different species
on different transition metal surfaces with and without pre-ad-
sorbed oxygen (also see the Table S1 in the supporting informa-
tion). For a particular species, all metals in the series seem to
have the same stable adsorb site or of similar nature. For example,
CH4 physically adsorbs at the top site [18], the preferred bonding
sites of CH3 vary among the metals, that is, bridge site or the top
site [17,18].

It is interesting to analyze the relative stability of CHx species on
different metal surfaces. As seen in Fig. 1, it is clear that the adsorp-
tion energies of CHx species tend to increase with decreasing num-
ber of H atom. Being chemically relevant and consistent with the
bond order conservation principle, it is in good agreement with
the linear correlation found by Abild-Pedersen et al. [26] for the
adsorption energies of any CHx (x = 1–4) species with the adsorp-
tion of C atom on transition metal surfaces (‘scaling relationship’).
That is ECHx

ads ¼ cðxÞEC
ads þ n where EC

ads is the adsorption energy of
atomic C, ECHx

ads is the adsorption energy of CHx (x = 1–4) species,
and n and c are the correlation parameters, corresponding to differ-
ent adsorbates. Fig. 1e and f shows adsorption energies of CHx

(x = 1–3) plotted against adsorption energies of C for the most sta-
ble adsorption sites on both clean surfaces and oxygen pre-ad-
sorbed surfaces. For CHx (x = 1–3) adsorption on clean surfaces,
the slope of the straight line, c is given to an approximation by
cðxÞ ¼ xmax�x

xmax
. Here, xmax is the number of H atoms that can bond

to C, that is xmax = 4. xmax � x means the valency of CHx molecule,
it can be concluded that the slope only depends on the valency
of CHx molecule. The C atom of CH, CH2, and CH3 species is unsat-
urated, which has a strong tendency to recover its missing bonds.
Via formation of C–M bond with surface metal atoms, each unsat-
urated sp3 hybrid of C atom binds independently to the d-states of
the nearest neighbor metal atoms, that is, CH prefers the hollow
site, CH2 prefers the bridge or hollow site, and CH3 prefers the
top or bridge site. This rule is not suitable for the O/M surface,
though there is a nearly linear relationship between ECHx

ads and EC
ads

(Fig. 1f). The possible reason is that the existence of the oxygen
atom changes the charge distribution of the surface and also affects
the bonding competition between the oxygen atom and CHx group.
Abild-Pedersen et al., who investigated the nature of this interac-
tion, reported to be independent of the metal [26], so it can be ob-
tained from calculations on any metal surface. In this paper, we
analyzed the relationship between adsorption energies of C atom
on Cu in order to obtain the value of n, which is used to estimate
adsorption energies of CHx on other metal surfaces. The value of
n was found to be 0.08, �0.18 and �1.11 for CH3, CH2, and CH,
respectively. Then, we compared the estimated data with the cal-
culated results, which is shown in Fig. 1e (see the dashed line). It
is found that these two linear relationships are almost the same;
thus, this method can be used to correlate the adsorption energies
of CHx on different metal surfaces.

3.2. CH4 dissociation on clean and oxygen pre-adsorbed metal surfaces

The activation of the C–H bond occurs via a similar mechanism
on clean and O/M surfaces. It can occur by stretching it over the top
of metal atom on the surface or through a valley between metal
atoms. CH4 activation occurs over the top of a metal atom. In con-
trast, CH3, CH2, and CH activation processes occur through the val-
ley between metal atoms. The calculated activation (Ea) and
reaction energy (DH) are shown in Fig. 2 as well as Tables S2–6
in the supporting information.

3.2.1. CH4 dissociation on the clean metal surface
In the present work, we first analyze the first dissociation step

of CH4, that is, CH4 ? CH3 + H. CH4 activation requires cleavage
of a r-CH bond only interacting with a single metal atom. The
reaction path does not vary when the surface is altered. From the
total energies shown in Fig. 2, one can see that on the IB group
metals, the dissociation step is rather endothermic. The large posi-
tive reaction heat corresponds to higher activation barrier, which is
at least about 1 eV higher than other transition metal surfaces. On
Ni, Ru, Pt, the dissociation step is nearly thermoneutral; on Pd, Rh,
Os, Ir, it is slightly endothermic or exothermic, and it is exothermic
with a value of �0.45 eV on Mo. The activation barrier on these
transition metal surfaces is not very different from each other,
and it is in the range between 0.39 eV and 0.69 eV. This is in good
agreement with previous results reported by other workers
[17,27–30]. It is noteworthy that the small adsorption energy of
CH4 on metal surface does not affect the calculated activation bar-
rier. It was known that the DFT calculation usually underestimates
the binding energy of weakly adsorbed molecular like methane



Fig. 1. (a–b) Calculated adsorption energies of CHx (x = 1–4) species, oxygen atom and hydrogen atom on M(1 0 0) and O/M(1 0 0) surfaces. (c–d) Calculated co-adsorption
energies of CHx (x = 1–3) + H on M(1 0 0) and O/M(1 0 0) surfaces. Adsorption energies of CHx (x = 1–3) species plotted against adsorption energies of C atom on clean surface
(e) and oxygen covered surface (f). Dash line represents linear correlation according to energy data on Cu, and solid line represents linear correlation about calculated results.
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due to its incorrect treat on long-range interaction (i.e., dispersion
interaction). To explore such effect on the binding energy, the pre-
vious DFT calculation of Henkelman et al. [27] indicated that the
adsorption energy of methane on Ir(1 1 1) increased by less than
0.10 eV after the correction of dispersion effect. Since both the
CH3 and H are chemisorbed on the metal surface in the TS, the dis-
persion effect correction on TS can be ignored. Therefore, one can
expect that the dispersion effect has a little effect on the activation
energy calculation.

The following three dissociation steps CHx ? CHx�1 + H (x = 3–
1) on the IB group metals are also endothermic process, which cor-
respond to higher activation barrier except the third dissociation
step on Cu surface (only 0.70 eV, much lower than that on Ag
and Au surface). For the remaining transition metals in the series,
the energy profile of CHx (x = 3–1) dissociation is different from
that of CH4 dissociation, with both reaction heat and activation
barrier spanning a wider range. The activation barrier for CH3 dis-
sociation on Ir surface is 0.10 eV, the lowest among all transition
metals being considered. For CH2 dissociation on Ni, Pd, Os, Mo,
the corresponding activation barriers are 0.04, 0.08, 0.10, and
0.20 eV. The activation barrier of CH dissociation on Mo is
0.26 eV, which is lower than on the other transition metals.

3.2.2. CH4 dissociation on the oxygen pre-adsorbed metal surface
We first examine the adsorption of atomic oxygen on these

clean metal surfaces, and then, we investigate the reaction of
CH4 dissociation on O/M surfaces. In previous studies, it is found
that atomic oxygen prefers high coordinated sites on the clean me-



Fig. 2. (a and b) Comparison of CH4 activation barriers on the transition metal
surface with and without pre-adsorbed oxygen atom. (c) Energy change
(EO=M

a � Eclean
a ) of different dissociation steps on different metal surfaces.
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tal surface [3,18,31]. Hence, the hollow site for oxygen atom has
been considered. Results are listed in Table S1, and the order of
adsorption energy of atomic oxygen is Au < Pt < Ag < Pd < Ir < -
Cu < Ru < Rh < Os < Ni < Mo, within a range between �3.36 and
�7.70 eV.

For CH4 dissociation on IB group metal surface, the presence of
pre-adsorbed oxygen dramatically decreases the activation barrier
of all four dissociation steps. The possible reason is that the C–H
bond decomposition mechanism is significantly altered such that
CH4 is activated on IB group metal surfaces, namely the H atom
is abstracted by pre-adsorbed atomic oxygen to form hydroxyl.
Consider the whole dissociation process on IB group metal sur-
faces, the promotion effect of the pre-adsorbed oxygen atom is
Au > Ag > Cu. On the remaining transition metal surfaces, the CH4

dissociation process is deactivated by the presence of pre-adsorbed
oxygen. The presence of pre-adsorbed atomic oxygen reduces the
interaction CHx-surface, thus reducing the catalytic activity with
respect to that of the clean metal surface, particularly, in the CH
dissociation case, where activation energy is higher than that for
the remaining CHx species (see Tables S3–S6), probably, the strong
adsorption of CH, which means its H atom harder to attract by oxy-
gen than on other adsorbed CHx groups.

On the clean metal surface, the Brønsted–Evans–Polanyi (BEP)
relation [32] is shown for each surface in Fig. 3 a, c, g and i), which
is in good agreement with the result calculated by Michaelides
et al. [29]. If the value of proportionality parameter in the BEP rela-
tionship (a) is small, the TS type is identified as an ‘early TS type’,
whereas a � 1 relates to a ‘late TS type’ [33]. For clean metal sur-
faces, it can be seen from Fig. 3a and Table S7 that transition state
energy (ETS) is well correlated with final state energy (EFS) and the
slope of the straight line is close to 1, consistent with a ‘late TS’ for
CH4 activation. For the oxygen pre-covered surface(i.e., O/M sur-
face), the BEP rule failed if the reference system is defined as the
oxygen-contained pure slab and reactant in the gas phase. Interest-
ingly, for the O/M surface, if the reference system is defined as pure
slab, reactant molecule in gas state and atomic oxygen, and the BEP
rule can hold (Fig. 3b, d, f, h and j). This is possibly indication of an
‘early TS type’ [34].

In this paper, we introduce the idea of activation strain model
[35,36], which is helpful for understanding the chemical reactivity
of the metal. The activation barriers can be decomposed into the
activation strain (DEstrain, the deformation energy of reactant and
substrate) plus the interaction between methane molecule and
metal surface (DEint). The results for first dissociation step of CH4

are listed in Table S8. It is found that the activation barrier is deter-
mined by the activation strain of CH4, where the activation strain
of substrate is so small that can be neglected and the interaction
energy is not large enough to modulate the reactivity trend. On
IB group metal surfaces, the strain energy of CH4 molecule is larger
than that on other metal surfaces, which is consistent with higher
activation barrier. The dissociation of CH4 on Ir has the lowest acti-
vation barrier of 0.39 eV associated with the smallest deformation
energy of CH4. For the remaining transition metal surfaces, the
strain energy basically follows the trend of activation barrier.
3.2.3. Comparison with experimental results
According to the calculated activation barriers on the clean me-

tal surfaces, the most efficient catalyst for CH4 dissociation is Rh
and Ir; Ni, Pd, Pt, Ru, Os, and Mo shows approximately the same
catalytic activity; CH4 dissociation on IB group metals is not favor-
able. Table S9 listed experimental results about CH4 activation over
different catalyst surfaces. Under different experimental condi-
tions, the conversion rate of CH4 or the activity of different transi-
tion metal both indicate that Ru, Rh, and Ir is better catalyst for CH4

activation than that on Ni, Pd, and Pt [37–39]. For the IB group me-
tal, activation of CH4 has a higher activation barrier, 1.04 eV on
Cu(1 1 1) [40,41] and 2.54eV on Au cation [42] compared with
0.61 eV on Ni(1 1 1) [40] and Ni(1 0 0) [43]. Many experiments
have been performed on the effect of oxygen or the metal in the
oxide form on the reactivity of CH4. From Table S9, it can be found
that on Cu(1 0 0) surface, the pre-adsorbed oxygen represents pro-
motion effect [14]. On other transition metal surfaces (Ni, Pd, Ru,
and Rh), the metallic site is the active site for CH4 dissociation
[10,40,41,44–46]. Our calculated results is in good agreement with
experimental results, that is, the pre-adsorbed atomic oxygen en-
hanced reactivity of CH4 on IB group metal surface but inhibits
CH4 dissociation probability on other transition metal surfaces.



Fig. 3. (a and b) Plots of ETS against EFS for all dissociation steps of CH4 on M(1 0 0) and O/M(1 0 0) surfaces. (c–j) Plots of ETS against EFS for four individual dissociation steps of
CH4 on M(1 0 0) and O/M(1 0 0) surfaces. ETS and EFS are related to the energy of pure slab, reactant molecule in gas state and atomic oxygen (on O/M(1 0 0) surface).
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3.3. Analysis of role of pre-adsorbed oxygen atom in the CH4

dissociation process

From the calculated results, we find a general rule: The more
strongly bound the oxygen atom on the metal surface is, the less
the promoting effect or the stronger the inhibiting effect for CH4

dissociation is. Indeed, a good linear relationship between the
atomic oxygen adsorption energy and the activation energy differ-
ence (DE ¼ EO=M

TS � Eclean
TS ) for CH4 dissociation is found (Fig. 4a–d).

This point is close to our previous work about water dissociation
on metals [2]. In the following study, we try to gain understanding
of the possible reasons behind this phenomenon from both the
electronic structure and transition state structures. From the 11
metals studied here, we choose a small subset, namely metallic
Au (a less active metal), Cu (a moderate active metal), and Ni (a
more active metal).

We calculated the projected density of states (PDOS) localized
on O-site at the Fermi level of the pre-adsorbed oxygen system
in the IS, in order to explore the reactivity of oxygen atom [47]
on Au, Cu, and Ni, previous to studying CH4 dissociation. Good lin-
ear relationships between all possible activation barriers and the
Fermi energy PDOS of oxygen 2p orbitals are obtained, which are
shown in Fig. 5a. It can be seen that a large Fermi energy PDOS cor-
responds to the promotion of CH4 dissociation on metal surfaces by
oxygen atom. Since adsorption energy of CH4 and energy difference
for different surfaces are both small, the PDOS onto the CH4 mole-
cule cannot properly reflect the reactivity change of metal surface
with pre-adsorbed atomic oxygen. So, we calculated PDOS onto the
CH3 molecule in the FS for Au, Cu, and Ni (Fig. 5b). It is found that
the effect of adsorbed atomic oxygen on PDOS of CH3 molecule is to
Fig. 4. (a–d) Relationship between activation barrier change of different dissociation step
(The points with large deviation (Ag, Au in Figs. 4c and 3d) are not included in linear re
shift the HOMO peak closer to the Fermi level on Cu and Au sur-
face, but represents an opposite effect on Ni surface. This is consis-
tent with the promotion effect of pre-adsorbed atomic oxygen for
CH4 dissociation on Cu and Au surface and inhibition effect on Ni
surface. The relationship between HOMO energy change of CH3

molecule and activation energy change is shown in Fig. 5c.
Since the dissociation of CH4 could produce adsorbed atomic H,

it is worth discussing the concept of acid–base pairs in conjunction
with our data [34]. In fact, a good linear relationship was found be-
tween activation barrier and the adsorption energies of H on these
surfaces with pre-adsorbed oxygen atom. As seen in Fig. 5d, one
can see that the larger the adsorption energy of H, the weaker
the acid is, so the smaller the activation barrier of CH4 dissociation
will be, i.e., the presence of pre-adsorbed oxygen will activates CH4

dissociation.
The d-band model developed by Hammer and Nørskov [48] was

utilized to further explore the role of oxygen atom in the activation
of C–H bond. In this paper, we consider the occupied d-band cen-

ter, which is calculated by the formula: ed ¼
R Ef
�1

EqdðEÞdE
R Ef
�1

qdðEÞdE
, where qd

represents the density of states projected onto metal atom’s d-
band and Ef is the Fermi energy. In general, the closer to the Fermi
energy level of the d-band center, the higher the activity. Fig. 6a
displays the PDOS plot of metal atom’s d-band for Au, Cu, and Ni
surfaces with and without pre-adsorbed oxygen. As seen from
Fig. 6, the d-band centers are �3.12, �2.80, �2.40, �2.41, �1.72,
and �2.09 eV. This is in good agreement with the activation barrier
change, that is, the presence of oxygen promotes the dissociation
process on Au, slightly promotes that on Cu, and inhibits that on
Ni except the second dissociation step, which is also promoted
s after oxygen adsorbed on the metal surface and adsorption energy of oxygen atom.
gression.)



Fig. 5. (a) Relationship between activation barrier and Fermi level PDOS of oxygen. (b) PDOS onto CH4 molecule in the IS on Au, Cu, and Ni with and without pre-adsorbed
oxygen atom. (c) Relationship between energy change and the HOMO energy level change. (d) Plots of ETS against adsorption energies of H atom on O/M surfaces (M = Cu, Au,
Ni).

Fig. 6. (a) Projected density of state (PDOS) onto d-band of metal atoms. (b) Relationship between activation barrier change and d-band center change with and without pre-
adsorbed oxygen for three dissociation step on Au, Cu, and Ni surfaces.
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by the presence of oxygen. Good relationships between the d-band
center change and activation barrier change are found for these
dissociation steps (shown in Fig. 6). The stabilization energy (Ed)
of the metal d-states due to the presence of the TS complex is an-
other method to analyse the reactivity of CH4 dissociation on dif-
ferent metal surfaces quantitatively [49]. It can be calculated by



Table 1
Energy decomposition of the calculated activation barrier for the first dissociation step of CH4 on Au(1 0 0), Cu(1 0 0), Ni(1 0 0) with and without pre-adsorbed oxygen atom.

EIS
CH4

(eV) ETS
CH3

(eV) ETS
H (eV)

P
E Eint (eV) Ea (eV)

Au(1 0 0) �0.02 �2.07 �1.47 �3.54 0.55 1.87
Cu(1 0 0) 0.03 �2.34 �1.43 �3.77 0.59 1.63
Ni(1 0 0) 0.10 �2.64 �2.03 �4.67 0.53 0.60
O/Au(1 0 0) �0.02 (0.00) �2.41 (�0.34) �0.58 (0.89) �2.99 (0.55) �0.96 (�1.51) 0.91
O/Cu(1 0 0) �0.01 (�0.04) �2.25 (0.09) �0.61 (0.82) �2.86 (0.91) �0.45 (�1.04) 1.54
O/Ni(1 0 0) 0.03 (�0.07) �1.81 (0.83) �1.52 (0.51) �3.33 (1.34) �0.03 (�0.56) 1.45

Note:
P

E ¼ ETS
CH3
þ ETS

H . Here, the C–H bonding energy of CH4 (Egas
bond) is calculated to be 4.84 eV. The data in the parentheses indicate the different component’s contribution

(increase or decrease) to the activation barrier compared with the clean metal surface.
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the formula: Ed ¼
R EF
�1 �ðnTS

d � npure
d Þd�, where nd is the normalized

DOS of metal atom with and without the TS complex and e is the
energy level. The calculated Ed is �2.62, �1.71, and �0.03 eV for
Au, Cu, and Ni surface, which is consistent with the activation bar-
rier (1.87, 1.63, and 0.60 eV). For O/Au(Cu/Ni) surface, the Ed is
�0.41, �2.10, and �1.40 eV corresponding to the activation barrier
of 0.91, 1.54, and 1.45 eV. The change of Ed is consistent with the
effect of pre-adsorbed atomic oxygen on the CH4 dissociation, that
is, promotion effect for Au and Cu surface and inhibition effect on
for Ni surface.

Except for the discussion of the electronic structure effect of the
reactant and transition state, it is important to analyze the TS by
the energetic decomposition method. The energy decomposition
scheme developed by Hammer [50] is a very useful tool to explore
the physical nature of energy barrier. The formula is:
Ea ¼ Egas

bond � EIS
CH4
þ ETS

CH3
þ ETS

H þ Eint [51], where Egas
bond is the bonding

energy of CH4 in the gas phase, EIS
CH4

is the adsorption energy of CH4

in the IS configuration, ETS
CH3

(EHTS ) is the adsorption energies of
CH3(H) in the TS without H(CH3), Eint is the interaction energy be-
tween CH3 and H in the TS, including the Pauli repulsion [52] be-
tween CH3 and H, which is dependent on the distance between
them, and the bonding competition effect [53], which is caused
by the nearby atoms. From the energy decomposition results listed
in Table 1, it can be found that Eint on O/M (here, M = Au, Cu, Ni)
surfaces is smaller than that of clean M surfaces. Oxygen is able
to reduce the bonding competition between CH3 and H in the TS
via the formation of an O–H bond, and this helps in lower the bar-
rier. On the other hand, pre-adsorbed oxygen weakens the adsorp-
tion of CH3 and H in the TS (except for CH3 on Au). This is not
beneficial for the CH4 activation, which increases the barrier. The
overall result is that the existence of atomic oxygen promotes
the dissociation of CH4 on Au and Cu (the promotion effect is more
obvious on Au) but inhibits that on Ni.
4. Conclusions

In this work, CH4 dissociation on metal surfaces with and with-
out pre-adsorbed oxygen atom is investigated by DFT calculation.
From calculated results, it is clearly found that adsorption energies
of CHx groups and co-adsorption energies of CHx + H increase along
with the decrease of the number of H atom in CHx. The order of cat-
alytic activity of different transition metals for CH4 dissociation is
Ir > Rh > Pt > Os > Ni > Ru > Mo > Pd > Cu > Au > Ag. The presence
of pre-adsorbed oxygen promotes CH4 dissociation on IB group
metals (Cu, Ag, Au), but shows the opposite effect to that on tran-
sition metals (Ir–Pd). A good BEP relationship for CH4 dissociation
on clean and O/M surfaces is found, which provides a reasonable
understanding of the nature of CH4 dissociation process on differ-
ent transition metal surfaces. The energy of TS related to gas-phase
reactant and activation barrier change is well correlated with the
adsorption and local electronic structure properties at the oxygen
atom. Moreover, the energy decomposition results explain how
the presence of pre-adsorbed atomic oxygen affects the barrier.
These findings suggest that the pre-adsorbed oxygen plays an
important role in industrial reactions on metal catalysts.
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