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Periodic infinite plane wave slab calculations were performed,
in conjunction with density functional theory and ultrasoft pseu-
dopotentials to study the adsorption of CHx (x= 1, 2, 3) species on
the Ni(111) surface. The potential energy diagram is presented for
the overall reaction of surface carbon with dihydrogen to methane
or, equivalently, the conversion of methane to surface carbon, in-
cluding all adsorbed intermediates and transition states. All CHx

intermediates prefer threefold sites. The transition states involve
the formation of C–H bonds on top of a Ni atom, with the reaction
coordinate being primarily a C–H stretch. The calculated activation
energies to form the C–H bond are near 70–85 kJ/mol for different
CHx species. To illustrate the new possibilities offered by detailed
potential energy diagrams, the results from the quantum chemical
calculations are combined with experimental results in the litera-
ture to make initial estimates of kinetic parameters involved in the
methanation of CO over nickel. Sensitivity analyses in this region
of parameter space are used to assess the effects of these kinetic
parameters on the overall rate of methanation. A good description
of the experimental methanation reaction kinetics (D. W. Goodman
et al., J. Catal. 63, 226 (1980)) is achieved by adjusting the sensitive
kinetic parameters within reasonable ranges. The kinetic analyses
shows that adsorbed CO and CH are the most abundant species on
the surface, and the energies of the transition states to form methyl
species from methylene species and to form methane from methyl
species appear to control the rate of the overall reaction. c© 2000

Academic Press
INTRODUCTION

Surface reactions of methane on nickel surfaces have
been studied extensively, since these reactions are involved
in industrially important reactions, such as steam reform-
ing of methane and methanation of carbon monoxide
(2, 3). For example, an important industrial application of
the methanation reaction is the removal of trace amounts
of CO from H2-rich feed gases, while steam reforming is
used to produce synthesis gas from methane.

The sequential dehydrogenation of methane on Ni sur-
face constitutes an important part of the reaction mecha-
nism for the methanation and steam reforming reactions.
Many experimental and theoretical studies have been con-
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ducted of CHx species adsorbed on Ni surfaces (4–11). All
CHx fragments have been observed on Ni(111) using SIMS
(11), while the existence of adsorbed CH3 and CH species
was reported using HREELS (12). Kinetic studies have
shown methanation of CO to be a structure-insensitive re-
action (1, 13). Theoretical studies of methane dissociation
on Ni have been carried out using mainly the cluster ap-
proach to predict the relative stabilities of the various ad-
sorbed CHx species (4, 6, 8, 10).

In the present paper, we describe our theoretical investi-
gations using density functional theory of the stability and
reactivity of CHx species on Ni(111). The following steps
were considered in our work:

C∗ +H∗ = CH∗ + ∗
CH∗ +H∗ = CH∗2 + ∗
CH∗2 +H∗ = CH∗3 + ∗
CH3 +H∗ = CH4 + 2∗.

In contrast to earlier reported theoretical studies on this
system, we have used the slab approach, which rigorously
accounts for the true electronic structure and extended field
effects for a well-defined surface. Periodic infinite plane
wave slab calculations were performed in conjunction with
the ultrasoft pseudopotentials. In addition to calculating the
energetics of stable CHx species on Ni(111), we also have
calculated the activation barriers for C–H bond activation
of these species.

An important application of knowing the energetics of
surface species is formulating a description of reaction
kinetics involving those surface species. We show in the
present paper how the theoretical results from this study
and available experimental data can be consolidated to
form a kinetic model for methanation over nickel, and we
use this model to describe the pressure and temperature
dependence of the methanation rate measured experimen-
tally by Goodman et al. on Ni(100) (1). This reaction anal-
ysis is conducted using De Donder relations (14), by which
the overall rate of the reaction is expressed in terms of
quasi-equilibria between the reactants and/or products of
6
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overall reaction with the transition states and most abun-
dant surface species of the reaction scheme. We first com-
bine the results from our quantum chemical calculations
with experimental results in the literature to make initial
estimates for all kinetic parameters. We subsequently con-
duct sensitivity analyses in this region of parameter space to
assess the effects of these kinetic parameters on the over-
all rate of methanation, and we then adjust the values of
the sensitive kinetic parameters within reasonable ranges
to achieve a description of the experimental methanation
reaction kinetics.

CALCULATIONS

We have primarily used a two-layer slab of Ni(111) peri-
odically repeated in a super cell geometry with four equiv-
alent layers of vacuum between any two successive metal
slabs. We have also used four-layer slabs to investigate
the effect of the slab thickness on the calculated energet-
ics. The calculated equilibrium lattice constant was 3.52 Å.
A 2× 2 unit cell was used to study the adsorption of var-
ious species, corresponding to one-fourth monolayer cov-
erage. Adsorption occurs on one side of the slab to avoid
errors originating from the spurious interactions of adsor-
bates through the slab. Usually, the adsorbate atoms were
allowed to relax, while the surface layer was kept fixed, but
we also investigated the effect of surface atom relaxations
in one case. Ionic cores are described by ultrasoft pseu-
dopotentials (15) and the Kohn–Sham one-electron valence
states are expanded in a basis of plane waves with kinetic
energies below 25 Ry. The surface Brillouin zone is sam-
pled at 18 special k points. The exchange-correlation en-
ergy and potential are described by the generalized gradient
approximation (PW91) (16, 17). The self-consistent PW91
density is determined by iterative diagonalization of the
Kohn–Sham Hamiltonian, Fermi population of the Kohn–
Sham states (kBT= 0.1 eV), and Pulay mixing of the re-
sulting electronic density (18). All total energies have been
extrapolated to kBT= 0 eV. In a previous study, use of a re-
cently developed exchange-correlation energy functional,
denoted as RPBE, was shown to result in better chemisorp-
tion energies of atoms and molecules on transition metal
surfaces (19). Hence, we report non-self-consistently deter-
mined chemisorption energies for this RPBE functional.
These values are used for further analysis of the CO metha-
nation reaction. For comparison, we also report the self-
consistently determined energies for the PW-91 functional,
which generally overpredict the binding energies. We note
that the variational principle of density functional theory
guarantees that the density and the potential output to
the Kohn–Sham Hamiltonian may be varied independently

while giving rise to errors in the total energy that are sec-
ond order in the variations of the density and potential from
their ground state values. We have used the nonspin polar-
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ized version of the exchange-correlation functional. Gener-
ally adsorbates like hydrogen lower the spin of nickel and
thus spin polarization is less important for the adsorbed
phase. The additional (small) stabilization of the clean
nickel surface due to magnetic ordering is not taken into
account and thus we may overestimate the binding energies.

Isolated H2 and CH4 Molecules

We have used a large super cell of 10-Å lattice constant
to calculate the energy of isolated H2 molecules. The calcu-
lated bond length is 0.75 Å, which is in agreement with the
experimental value of 0.74 Å. For methane, we have used
a super cell with a lattice constant of 10 Å. The calculated
C–H bond length is 1.10 Å, in agreement with the experi-
mental value of 1.09 Å. The calculated energy to dissociate
CH4 into a carbon atom and two dihydrogen molecules is
833 kJ/mol, which is comparable to the experimental value
of 841 kJ/mol (20). This experimental value does not contain
zero point energy contribution, which makes it a valid com-
parison to the calculated value at 0 K. To test the adequacy
of the super cell and basis set, we have also determined the
properties of methane in the same super cell as used for
the surface calculations. Specifically, we put the methane
molecule at the center of the vacuum region between two
successive nickel slabs. We find that the energy calculated
by this approach is same as that obtained by using a large
super cell.

Hydrogen on Ni(111)

Hydrogen adsorbs on threefold sites on Ni(111). The cal-
culated energy of dissociative adsorption of a dihydrogen
molecule is−86 kJ/mol on a threefold hollow (fcc) site. Ex-
perimentally, H2 dissociation is found to be exothermic by
95 kJ/mol (21). The vertical distance of adsorbed H atom
above the Ni surface is calculated to be 0.91 Å, which is
shorter than the experimental value of 1.15 ± 0.05 Å (22).
Similar findings were reported earlier where the differ-
ence in the bond length was attributed to the neglect of
spin polarization effects in the calculated value. The Ni–H
bond length is 1.70 Å, while the experimental value is
1.84± 0.06 Å (23).

We have also performed calculations on a four-layer Ni
slab. The dissociation of H2 is found to be exothermic by
88 kJ/mol on a four-layer slab, compared to 86 kJ/mol on a
two-layer slab. Hence, we see no significant effect of the slab
thickness on the calculated energy changes for dissociation
of H2. When the H atom is adsorbed on a hcp site on a two-
layer Ni slab, the H2 dissociation is found to be exothermic
by 77 kJ/mol, indicating a slight preference for an fcc site
over a hcp site for H adsorption.

Carbon on Ni(111)
Carbon is found to prefer a threefold site in accord
with earlier reports (24). The calculated binding energy of
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carbon is 613 kJ/mol on a fcc site. The equilibrium distance
between carbon and the Ni surface is 1.02 Å and the Ni–C
bond length is 1.76 Å. There is no difference in the binding
energies for carbon between fcc and hcp sites. Four-layer
slab calculations showed no effect of the slab thickness on
the binding energy and structure of adsorbed carbon. We
have also studied the effect of vertical relaxation of the
surface Ni atoms on the binding energy of carbon. For the
four-layer nickel slab with relaxation allowed for the upper-
most layer, the interplanar distance between the uppermost
layer and the next layer contracted to 2.01 Å from its bulk
value of 2.03 Å. The adsorbed carbon atom pulls out the
three Ni atoms bonded to it while carbon pushes the fourth
atom in the unit cell toward the inner Ni layer. The cor-
responding interplanar distances are 2.11 and 1.99 Å. A
recent theoretical study also showed a slight inward relax-
ation of the topmost Ni layer and an outward relaxation
of the topmost layer upon adsorption of carbon (24). We
find that this relaxation does not change the binding energy
of carbon. We note that an STM study of carbon-induced
structures on Ni(111) showed evidence for a carbidic-phase
clock reconstruction (25), and a separate theoretical study
has shown that a similar carbon-induced clock reconstruc-
tion on Ni(100) stabilizes the adsorbate by approximately
20 kJ/mol.

CH on Ni(111)

We find that the three-fold hollow site is the stable site
for CH (methylidyne) adsorption on Ni(111), in agreement
with experimental observations (12) (Fig. 1). Adsorbed
methylidyne has C3v symmetry. The carbon atom is located
1.14 Å above the Ni surface with the Ni–C bond length be-
ing 1.83 Å. The C–H bond length is 1.10 Å, which is same
as that calculated for isolated CH4 molecules. This obser-
vation suggests that CH is sp3 hybridized on the Ni sur-
face. We have calculated the C–H stretching frequency to
be 3035 cm−1, which is in agreement with the experimental
value of 2970 cm−1 for CH adsorbed on Ni(111) (12). We
find that the reaction CH4=CH(ads)+ 3H(ads) is exother-
mic by 5 kJ/mol.

CH2 on Ni(111)

We have investigated two types of sites for CH2(me-
thylene) adsorption on Ni(111). Figure 2a shows methylene
adsorbed on a bridge site. For the tetravalency of C to be
preserved, CH2 should adsorb on a bridge site; however, we
find that CH2 prefers by 20 kJ/mol a threefold hollow site,
as shown in Fig. 2b. In the bridge site, the Ni–C bond length
is 1.89 Å and C–H bond length is 1.11 Å. In the three-fold
site, the C atom is located nearly symmetrically at the cen-
ter, at a distance of 1.29 Å from the surface. The Ni–C bond

length is approximately 1.93 Å. The two C–H bonds are
unequal in length, with the longer C–H bond being 1.15 Å.
The H atom in this C–H bond lies over a Ni atom, with
ET AL.

FIG. 1. Side and top view of CH (methylidyne) species on Ni(111)
surface. The shaded metal atoms illustrate the unit cell used. Large shaded
circle denotes a Ni atom. Smaller shaded circle denotes a carbon atom
while a dark small circle represents a hydrogen atom.

the Ni–H distance being 1.83 Å. This latter value can be
compared to 1.70 Å for adsorbed H, as described earlier.
This short Ni–H distance indicates a significant Ni–H in-
teraction, which leads to the lengthening of this C–H bond
to 1.15 Å from its normal value of 1.10 Å. The other H
atom points toward a bridge site, and the Ni–H distance is
2.46 Å. Hence there is no Ni–H interaction for this H atom
and the C–H bond length is 1.10 Å. We find that the reaction
CH4=CH2(ads)+ 2H(ads) is endothermic by 38 kJ/mol.

CH3 on Ni(111)

Methyl species (CH3) are found to adsorb on threefold
hollow sites with H atoms pointing toward Ni atoms, as
shown in Fig. 3a. This observation is in agreement with
previous experimental and theoretical studies (9, 12). The
adsorbed methyl species has C3v symmetry. The C atom
is located 1.50 Å above the surface, and the Ni–C bond
length is 2.08 Å. The H–C–H angle is 106◦, compared to
109.5◦ in CH4. The C–H bond length is 1.12 Å, compared
to 1.10 Å in CH . The H atoms are located nearly on top of
4

Ni atoms with the Ni–H distance being 1.97 Å. This fairly
short distance suggests a Ni–H interaction, which results in
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by 41 kJ
adsorpti
STUDIES OF CHx SPECIES ON Ni(111)
FIG. 2. Side and top view of CH2 (methylene) s

elongated C–H bonds. We have calculated the symmetric
C–H stretching frequency to be 2730 cm−1 which is in agree-
ment with the experimental value of 2655 cm−1. We have
performed calculations for CH3 adsorbed on a four-layer
Ni slab and found no difference in the calculated structure
and energetics compared to the two-layer slab.

We have investigated two other adsorption configura-
tions for methyl species. Figure 3b shows the configuration
where H atoms point toward bridge sites between two Ni
atoms. In this configuration, the C atom is located symmet-
rically in the threefold site at 1.65 Å from the surface. The
Ni–C bond length is 2.19 Å. The C–H bond length is 1.10 Å,
since the H atom is located at a long distance of 2.43 Å from
Ni. This configuration is less stable than that of Fig. 3a by
33 kJ/mol, suggesting a hindered methyl rotation. The other
type of site for methyl adsorption is an atop site, as shown
in Fig. 3c. The C atom is located at 1.96 Å above the Ni
atom. This configuration is less stable than that of Fig. 3a
by 20 kJ/mol.

We note that only the most stable methyl configuration
has an elongated C–H bond, which results in the experi-
mentally observed soft C–H stretching frequency. We find
that the reaction CH =CH (ads)+H(ads) is endothermic
4 3

/mol, for the most stable configuration of methyl
on.
pecies on a (a) bridge site and a (b) threefold site.

Location of Transition States

We have conducted several constrained optimizations of
the adsorbate to map the reaction coordinate. We assume
that the reaction coordinate consists primarily of C–H bond
elongation. We fix the value of the C–H bond length and
optimize the adsorbate on the Ni surface. After a series of
such calculations, we locate an approximate maximum in
the energy versus C–H bond length. We also verify that the
slope of the forces changes its sign at the maximum, verify-
ing that we have located the transition state connecting the
desired reactants and products.

The approximate transition state structure for methane
activation (2∗ +CH4=∗CH3+∗H) is shown in Fig. 4a. A
similar transition state for CH4 dissociating over the top
of a Ni atom has been examined in detail in our earlier
report (7). The C atom is located above the Ni atom at a
distance of 2.07 Å. The Ni–H bond length is 1.54 Å. The
forward activation energy is calculated to be 127 kJ/mol.

The approximate transition state structure is shown in
Fig. 4b for methyl dehydrogenation (∗+ ∗CH3=∗CH2+
∗H). The reaction coordinate is assumed to be primarily
the C–H bond stretch over the top of a Ni atom. The C–H

bond stretches to around 1.77 Å when the bond breaks. The
H atom in this C–H bond is located at 1.44 Å over the Ni
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FIG. 3. Side and top view of (a) most stable configuration of CH3 (methyl) species, (b) methyl species where H atoms point toward bridge sites,
and (c) methyl species on an atop site.



FIG. 4. Side and top view of approximate transition state for the formation of (a) methane from methyl, (b) methyl from methylene, (c) methylene
from methylidyne, and (d) methylidyne from adsorbed carbon.
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surface, and the Ni–H bond distance is 1.50 Å. The C atom
remains in the threefold hollow site during this elementary
step. The products are methylene species adsorbed on a
threefold fcc site and a H atom adsorbed in an adjacent
threefold hcp site. The interaction for this product config-
uration is repulsive by 22 kJ/mol compared to adsorbates
infinitely separated on the surface. The calculated activa-
tion energy for this elementary step in forward direction is
68 kJ/mol.

The approximate transition state structure for methy-
lene dehydrogenation (∗+ ∗CH2=∗CH+∗H) is shown in
Fig. 4c. As noted earlier, an adsorbed CH2 species has two
unequal C–H bond lengths. We have chosen to investigate
the dissociation of the longer C–H bond, since one can ex-
pect this process to be less activated compared to disso-
ciation of the shorter C–H bond. In addition, the longer
C–H bond lies more parallel to the surface than the shorter
one. In the approximate transition state structure, the C–H
bond is stretched to 1.60 Å (Fig. 4c). This H atom is located
at 1.50 Å above the surface, with the Ni–H bond distance
also being 1.50 Å. The products for this elementary step are
methylidyne species adsorbed on threefold fcc site and a H
atom adsorbed in an adjacent hcp site. The interaction for
this product configuration is repulsive by 12 kJ/mol com-
pared to adsorbates infinitely separated on the surface. The
calculated activation energy for this elementary step in the
forward direction is 28 kJ/mol. This step is the least acti-
vated elementary step among the four steps that we have
investigated in this paper.

The approximate transition state structure for methyli-
dyne dehydrogenation (∗+ ∗CH=∗C+∗H) is shown in
Fig. 4d. The C–H bond is oriented perpendicular to the Ni
surface. In the approximate transition state structure, the
C atom is located in the threefold hollow site, the H atom
is located at 1.47 Å above the surface, and the Ni–H bond
distance is 1.49 Å (Fig. 4d). The C–H bond length is 1.77 Å.
The products for this elementary step are C adsorbed on
fcc site and a H atom adsorbed in an adjacent hcp site. The
interaction for this product configuration is repulsive by
21 kJ/mol compared to adsorbates infinitely separated on
the surface. The calculated activation energy for this ele-
mentary step in the forward direction is 139 kJ/mol. This
step has the highest activation barrier of the four elemen-
tary steps. The C–H bond dissociation involves the C–H
bond lying approximately parallel to the surface, which re-
quires the C–H bond to bend from its equilibrium position.
The other two species, namely the methyl and methylene,
have their C–H bonds more parallel to the surface.

KINETICS OF CO METHANATION

Rationale for Kinetic Model
The following reaction scheme was used to construct a
kinetic model for the methanation reaction:
ET AL.

H2 + 2∗ = 2H∗ Step 1

CO+ ∗ = CO∗ Step 2

CO∗ + ∗ = C∗ +O∗ Step 3

C∗ +H∗ = CH∗ + ∗ Step 4

CH∗ +H∗ = CH∗2 + ∗ Step 5

CH∗2 +H∗ = CH∗3 + ∗ Step 6

CH∗3 +H∗ = CH4 + 2∗ Step 7,

where ∗ represents a surface site. This reaction scheme is
based on the scheme used by Alstrup (26). In our kinetic
analyses, we have assumed that steps 1 and 2 for H2 and
CO adsorption are quasi-equilibrated, step 3 for CO dis-
sociation is irreversible owing to rapid removal of surface
O by hydrogenation and desorption of H2O, and step 7 for
desorption of methane is irreversible. These assumptions
are also in accord with the work of Alstrup (26).

The prediction of reaction kinetics from a reaction
scheme requires estimates of kinetic parameters for all
of the reaction steps; however, it is typically found that a
limited number of these kinetic parameters are kinetically
significant. Thus, the kinetic analysis begins by making es-
timates of all kinetic parameters, and then conducting sen-
sitivity analyses of the effects on the reaction kinetics of
changing individual kinetic parameters. Importantly, the
rate expression typically involves products of individual ki-
netic parameters, and a combined kinetic parameter com-
posed of a product of individual kinetic parameters pro-
vides a better basis for sensitivity analyses, compared to
sensitivity analyses of the effects of the individual kinetic
parameters. In this respect, it is necessary to identify ap-
propriate combinations of individual kinetic parameters to
simplify sensitivity analyses.

Another situation where combination of kinetic param-
eters is appropriate involves the reference state for the def-
inition of activation energies for surface reactions. For ex-
ample, we may define the energy of the surface activated
complex for a particular step relative to the adsorbed reac-
tants of that step. In this case, however, the kinetic model
may become sensitive to the energy of the activated com-
plex and to the energy of the adsorbed reactants, and we
have a situation where it is appropriate to combine these
effects by defining the energy of the activated complex rel-
ative to the reactants in the gas phase.

It has been shown elsewhere that a convenient means of
achieving effective combinations of kinetic parameters is
provided by using De Donder relations to derive the rate
expression from a reaction scheme of elementary steps (14).
In short, De Donder relations are used to express the over-
all rate of the reaction in terms of quasi-equilibria between

the reactants and/or products of overall reaction with the
transition states of the elementary steps, and the fraction
of the surface that is available for reaction is expressed by
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equilibria between the reactants and/or of overall reaction
with the abundant surface adsorbed species. This formal-
ism for kinetic analyses is particularly well suited for cases
where the properties of the activated complexes and surface
adsorbed species have been estimated by quantum chemi-
cal calculations.

In the following section, we use De Donder relations to
derive the rate expression for the methanation reaction in
terms of combined, quasi-equilibria with gaseous H2 and
CO. We then combine the results from our quantum chem-
ical calculations with experimental results in the literature
to make initial estimates for all of the combined kinetic
parameters. This initial estimation of kinetic parameters
is critical, since it is important to start kinetic analyses in
a reasonable region of parameter space. We next conduct
sensitivity analyses in this region of parameter space to as-
sess the effects of these combined kinetic parameters on the
overall rate of methanation. Finally, we adjust the values of
the sensitive kinetic parameters within reasonable ranges
to achieve a description of the experimental methanation
reaction kinetics reported by Goodman et al. (1).

Derivation of Methanation Rate Expression Using
De Donder Relations

According to De Donder (27–29), we write the net rate
for elementary step i in terms of the forward rate of the
step, ri , and the affinity for the step, Ai,

ri = ri

[
1− exp

(−Ai

RT

)]
, [1]

where the affinity is equal to minus the change in the Gibbs
free energy with respect to the extent of reaction. The affin-
ity, Ai, is expressed in terms of the standard state Gibbs free
energies, Go

j , and the activities, aj , of the j reactants and
products of the step,

Ai = −
∑

j

υi j G j = −
∑

j

υi j
[
Go

j + RT ln(aj )
]
, [2]

where υi j are the stoichiometric coefficients for the j reac-
tants and products of step i. This expression can be written
in terms of the equilibrium constant for the step, Kieq,

exp
(−Ai

RT

)
=
∏

j a
υi j

j

Ki eq
, [3]

since the equilibrium constant is determined by the change
in the standard state Gibbs free energies:∑
Ki eq = exp
[− j υi j Go

j

RT

]
. [4]
ECIES ON Ni(111) 23

For convenience, we may define a dimensionless variable,
zi, equal to the exponential of −Ai /RT:

zi = exp
(−Ai

RT

)
=
∏

j a
υi j

j

Ki eq
. [5]

The value of zi approaches zero as step i becomes irre-
versible, and as zi approaches unity as step i becomes quasi-
equilibrated. Therefore this value of zi may be termed as
the reversibility of step i.

For quasi-equilibrated steps 1 and 2 we can write

θH =
√

K1 PH2θ∗ [6]

θCO = K2 PCOθ∗. [7]

Note that the values of z1 and z2 are equal to unity for these
quasi-equilibrated steps.

For nonequilibrated steps 4, 5, and 6 we write

θCH = K4z4
√

K1 PH2θC [8]

θCH2 = K4K5z4z5
(
K1 PH2

)
θc [9]

θCH3 = K4K5K6z4z5z6
(
K1 PH2

)3/2
θc. [10]

And the net rates for steps 3–7 can be written as

r3 = K2k3 PCOθ
2
∗ [11]

r4 =
(√

K1k4
)√

PH2θcθ∗(1− z4) [12]

r5 = (K1K4k5)z4 PH2θcθ∗(1− z5) [13]

r6 =
(
K 3/2

1 K4K5k6
)
z4z5 P3/2

H2
θcθ∗(1− z6) [14]

r7 =
(
K 2

1 K4K5K6k7
)
z4z5z6 P2

H2
θcθ∗. [15]

We have set the value of z7 to zero, since this step has been
assumed to be irreversible. We now use transition state the-
ory to express each rate constant ki as

ki = ν‡K ‡i , [16]

where Ki is the equilibrium constant for the formation of
the activated complex from the reactants of step i, v‡ is a fre-
quency factor equal to kBT/h, kB is the Boltzmann constant,
and h is Planck’s constant. We note that since conventional
transition-state theory assumes quasi-equilibrium between
the reactants and the activated complex, this approach fails
when the activation barrier is typically lower than 5 RT (30,
31). In addition, this approach is not valid for situations
where multiple crossings through the transition state take
Now we define combined, quasi-equilibrium parameters
Kact, i as follows:
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Kact3 = ν‡K2K ‡3 [17]

Kact4 = ν‡K 0.5
1 K ‡4 [18]

Kact5 = ν‡K1K4K ‡5 [19]

Kact6 = ν‡K 1.5
1 K4K5K ‡6 [20]

Kact7 = ν‡K 2
1 K4K5K6K ‡7 . [21]

We note that a product of equilibrium constants for steps
i can be expressed by a single equilibrium constant for an
overall reaction that is a linear combination of these indi-
vidual steps i. Therefore, it is apparent that kinetic param-
eters Kact3 through Kact7 are controlled by the following
combined quasi-equilibria:

Kact3: CO+ 2∗ = Act‡3

Kact4: ∗ + 0.5 H2 + C∗ = Act‡4

Kact5: ∗ +H2 + C∗ = Act‡5

Kact6: ∗ + 1.5 H2 + C∗ = Act‡6

Kact7: ∗ + 2 H2 + C∗ = Act‡7,

where Act‡i is the activated complex involved in step i.
Next, to determine the fraction of the surface that is avail-

able for the catalytic reaction, θ∗, we write a site balance,

1 = θ∗ + θH + θCO + θc + θCH + θCH2 + θCH3 , [22]

which can be written as

1 = θ∗
(
1+√K1 PH2 + K2 PCO

)+ θc
(
1+

√
K1K4 P1/2

H2
z4

+ K1K4K5 PH2 z4z5 + K 3/2
1 K4K5K6 P3/2

H2
z4z5z6

)
. [23]

It is apparent that the fractional coverage θ∗ is controlled by
equilibrium constants K1 and K2 for adsorption of H∗,CO∗,
and the following combined equilibrium constants for ad-
sorption of CH∗,CH∗2, and CH∗3:

KCH =
√

K1K4 0.5 H2 + C∗ = CH∗ [24]

KCH2 = K1K4K5 H2 + C∗ = CH∗2 [25]

KCH3 = K 3/2
1 K4K5K6 1.5 H2 + C∗ = CH∗3. [26]

We may now determine the overall rate of the methana-
tion reaction by solving five equations (namely, r3= r4=
r5= r6= r7 and site balance) to determine the five unknown
values of z4, z5, z6, θ∗, and θc.

Parameterization of Kinetic Model

The equilibrium constants (K1, K2, KCH, KCH2 , KCH3 )
required to describe coverages of stable surface species
are expressed in terms of the appropriate standard en-

tropy changes (1So

1 ,1So
2 ,1So

CH,1So
CH2

,1So
CH3

) and en-
thalpy changes (1H1,1H2,1HCH,1HCH2 ,1HCH3 ). The
ET AL.

reference pressure for the standard state of gaseous
species is 1 atm. The standard entropy changes can be
expressed in terms of known gaseous entropies and en-
tropies of appropriate surface species. The combined, quasi-
equilibrium constants for the formation of activated com-
plexes (Kact3−Kact7) can also be expressed in terms of
standard entropy changes (1So

act3−1So
act7) and enthalpy

changes (1Hact3−1Hact7).
Results from calorimetric studies and sticking coefficient

data for H2 adsorption on Ni(100) indicate that the values of
1H1 and1So

1 should be near−95 kJ/mol and−86 J/mol/K,
respectively (23). Similarly, results for CO adsorption indi-
cate that values of1H2 and1So

2 should be near−115 kJ/mol
and −95 J/mol/K, respectively (32). The activation barrier
for CO dissociation has been measured to be approximately
100 kJ/mol on Ni(111) (1, 13); and the entropy change for
dissociation can be estimated to be near −38 J/mol/K, cor-
responding to a preexponential factor of 1011/s. The re-
sults from our quantum chemical calculations are used to
provide estimates for the remaining enthalpy changes re-
quired in the kinetic model, i.e.,1HCH,1HCH2 ,1HCH3 , and
1Hact3−1Hact7. Finally, to obtain initial estimates for the
remaining entropy changes of the kinetic model, we assume
that each adsorbed species loses 3 degrees of translation
upon adsorption and is immobile on the surface; therefore,
we initially assume that the entropy of each surface species,
including each activated complex, is equal to its local value,
Sloc (= Sgas− S3D translation). Table 1 shows the initial values
of all kinetic parameters.

Description of Methanation Kinetic Data

We now attempt to use our parameterized kinetic model
to describe the methanation kinetic data collected by Good-
man et al. over Ni(100) (1). These experimental data were

TABLE 1

Comparison of Initial Parameters Obtained from Theoretical
Studies and Experimental Data and Fitted Parameters Describing
the Kinetic Data of CO Methanation

Initial parameters Fitted parameters

1H 1S◦ 1H 1S◦

Reaction (kJ/mol) (J/mol/K) (kJ/mol) (J/mol/K)

H2+ 2∗ = 2H∗ −95 −86 −95 −86
CO+∗=CO∗ −115 −95 −114a −86a

0.5 H2+C∗ =CH∗ −96 −37 −37a 14a

H2+C∗ =CH∗2 −96 −91 −96 −91
1.5 H2+C∗ =CH∗3 −137 −150 −137 −150
C∗ +O∗ =CO∗‡ 100 −38 84a −22a

0.5 H2+C∗ =CH∗‡ 43 −29 43 −29
H2+C∗ =CH∗‡2 −68 −91 −68 −91
1.5 H2+C∗ =CH∗‡3 −66 −150 −41a −141a
2 H2+C∗ =CH∗‡4 −93 −234 −91a −185a

a Sensitive parameters.
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=

and quantum chemical value is associated with methyli-
FIG. 5. Arrhenius plot of CO methanation rates on Ni(100), H2 : CO
calculated using the kinetic model.

obtained for a wide temperature range (450–800 K) at total
pressures of 1, 10, and 120 Torr, for a fixed CO : H2 ra-
tio equal to 4 : 1. Methanation is generally regarded as a
structure insensitive reaction, and our calculations for the
Ni(111) surface should be appropriate to describe the ki-
netic behavior of the Ni(100) surface studied by Goodman
et al.

The aim of our kinetic analysis was to assess by how much
the kinetic parameters of our model need be changed from
their theoretically predicted values to obtain a reasonable
fit of the experimental kinetic data. Our fit of the data is
shown in Fig. 5, and the values of the fitted kinetic parame-
ters used in our model are presented in Table 1. Importantly,
we find in our predicted range of parameter space that there
are only five kinetically significant parameters, namely K2,
k3, Kact6, Kact7, and KCH. The insensitive parameters (K1,
KCH2 , KCH3 , Kact4, and Kact5) are arbitrarily fixed at their
initial values, as can be seen from Table 1. Because of the
compensation effect, a considerable uncertainty exists in
the estimation of both enthalpy and entropy changes for
each sensitive kinetic parameter. Therefore, we simply re-
port here the 95% confidence limits for the standard Gibbs
free energy changes associated with each of the sensitive pa-
rameters. In particular, the confidence limits for the Gibbs
free energy changes corresponding to K2, k3, Kact6, and Kact7

are±5 kJ/mol, while the confidence limit for the Gibbs free
energy change corresponding to KCH is ±10 kJ/mol.

The fitted values for the standard entropy and enthalpy

changes for CO adsorption and CO dissociation (steps 2 and
3) are very close to the experimental values that we used
4 : 1, Ptotal= 1 Torr (j), 10 Torr (m), and 120 Torr (d). The curves are

in the initial parameterization of the model. Our initial es-
timate for 1Hact6 from quantum chemical calculations was
−66 kJ/mol, while the fitted value for this parameter was
equal to −41 kJ/mol, indicating that the activated complex
for step 6 was slightly less stable than estimated from our
quantum chemical calculations. Our initial estimate for the
standard entropy change 1Sact6 was −150 J/mol/K, while
the fitted value was equal to −141 J/mol/K, indicating that
the activated complex for step 6 possessed some surface
mobility. The theoretically predicted value for 1HCH was
−96 kJ/mol, while the fitted value is−37 kJ/mol, indicating
that CH∗ species were less stable than estimated from our
quantum chemical calculations. Also, the standard entropy
change 1So

CH was initially estimated to be −37 J/mol/K,
while the fitted value is 14 J/mol/K, indicating that CH∗

species possessed some surface mobility.
The aforementioned adjustments we made in the en-

thalpy changes associated with Kact6 and KCH to fit the ex-
perimental reaction kinetics data were also found to be ap-
propriate for the value of Kact7. In particular, the activated
complex for step 7 was found to be less stable than estimated
from our quantum chemical calculations. Figure 6 shows
the quantum chemical and fitted values of electronic ener-
gies associated with each stable CHx species and the corre-
sponding activated complexes. The electronic energies for
the kinetically insensitive species are fixed at their quantum
chemical values. The largest difference between the fitted
dyne species. The surface species were found to possess
some surface mobility. We note that the two-dimensional
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FIG. 6. Electronic energy plot for CHx species on Ni(111), quantum
chemical values (r) and fitted values (d).

translational entropy for CHx species, S2D, is near 60 J/
mol/K, and the increases in surface entropies from the initial
value of Sloc suggested by fitting the experimental reaction
kinetics data are well within this limiting value of S2D.

The most abundant surface species predicted by the ki-
netic model are CO∗ and CH∗, for the reaction conditions
employed by Goodman et al., and Fig. 7 shows the CO∗ and
CH∗ coverages versus temperature at 120 and 10 Torr to-
tal pressure. These predictions of the kinetic model are in
agreement with a recent mechanistic study of CO metha-
nation on Ni/SiO2 at atmospheric pressure for a H2 : CO

ratio equal to 2 (33), which indicated that the CO cover- nificant. This figure shows the Gibbs free energy barriers,

age on nickel was high (0.88 ML) at 500 K, decreasing to
0.6 ML at 623 K. In addition, the coverage by adsorbed

1‡Gi , associated with the formation of each of the four acti-
vated complexes Act‡i . Gas phase dihydrogen and adsorbed
FIG. 7. Coverages of CO and CH predicted by the kinetic model for CO
ET AL.

CHx species was shown to increase with increasing temper-
ature, reaching a value of 0.4 ML at 623 K from 0.08 ML
at 500 K. We predict that the methylidyne species (CH∗)
is the most abundant hydrocarbon species on the surface,
in agreement with previous experimental studies (34, 35).
Methylene species (CH∗2) are also present in small quanti-
ties (approximately 0.04). We predict that the surface cov-
erages by other species (C∗,CH∗3, and H∗) are negligible
under the methanation reaction conditions employed by
Goodman et al.

The results of our kinetic analyses indicate that the value
of z5 is essentially equal to unity under the reaction con-
ditions of Goodman et al., indicating that step 5 is quasi-
equilibrated. Accordingly, the rate of the overall reaction
is not sensitive to the value of Kact5. The value of z4 is typi-
cally equal to 0.1 at lower temperatures, and the value of z4

approaches unity with increasing temperature. Therefore,
step 4 is highly reversible, but not strictly quasi-equilibrated
at the reaction conditions considered here. The high re-
versibility of step 4 is the origin for the low sensitivity of
the overall rate with respect to Kact4. The value of z6 is sig-
nificantly lower than unity under most reaction conditions,
indicating that formation of methyl species from methylene
species is rather irreversible. We note that we have assumed
step 7 to be irreversible. Indeed, if we include the value of z7

in our analysis, then this value is predicted to be very small.
Figure 8 illustrates the role of different transition states

in determining the overall rate of the methanation reaction,
as well as in the determining which steps are kinetically sig-
methanation. Dashed lines, Ptotal= 120 Torr; solid lines, Ptotal= 10 Torr.
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FIG. 8. Gibbs free energy plot for stable species and activated com

carbon (2H2+C∗) form the reference for this plot, with an
assigned value of zero Gibbs free energy. Table 2 shows the
values of 1Go

act,i used to construct the plot in Fig. 8, and it
shows the values of zi, the Gibbs free energy barriers,1‡Gi ,
and the Gibbs free energy changes for steps 4–7 determined
from the experimental data of Goodman et al. at 600 K and
10 Torr total pressure.

To construct the plot in Fig. 8 of Gibbs free energy, we
first determine the change in standard Gibbs free energies
for each of the combined, quasi-equilibria that describe the
formation of activated complexes from C∗ and gaseous H2.
For example, the value of 1Go

act5 is given by

1Go
act5 = Go

act5 − Go
C∗ − Go

H2
. [27]

We then note that the rate of step 5 is given by

r5 = Kact5 PH2 z4θcθ∗(1− z5), [28]

which can be written as

r5 = ν‡e−1
RT (1Go

act5−RT ln(PH2)−RT ln z4)θcθ∗(1− z5). [29]

TABLE 2

Values of Gibbs Free Energies of Activated Complexes and
Reactive Intermediates for CO Methanation at 600 K and 10 Torr
Total Pressure

Step zi 1Gi (kJ/mol) 1Go
act,i (kJ/mol) 1‡Gact,i (kJ/mol)

4 0.546 −3 60 72
5 0.999 ∼0 −13 13
0.087 −12 44 81
∼0 Large 20 81
plexes on Ni(111) for CO methanation at Ptotal= 10 Torr and 600 K.

The value [1Go
act5− RT ln(PH2)− RT ln z4] corresponds to

a Gibbs free energy barrier, and it is equal to the change in
Gibbs free energy for the formation of the activated com-
plex for the fifth step in its standard state, from the reac-
tant C∗ in its standard state, and from gaseous H2 at its
temperature and partial pressure in the methanation reac-
tor. Since the Gibbs free energy decreases by RT ln(z4)
after step 5, we note that the position of the maximum
in the plot of Gibbs free energy versus reaction coordi-
nate for step 5 is located at 1Go

act5− RT ln(PH2). After
conducting similar analyses for the other steps in Fig. 8,
we find that the maxima for steps 4, 6, and 7 in the plot
of Gibbs free energy versus reaction coordinate are lo-
cated at1Go

act4− 1/2 RT ln(PH2),1Go
act6− 3/2 RT ln(PH2),

and 1Go
act7− 2 RT ln(PH2), respectively.

For a particular set of reaction conditions, the values of
z4, z5, and z6 are determined by solving the steady state
relations (r3= r4= r5= r6= r7) and the site balance. We then
determine the change in Gibbs free energy, 1Gi for each
step 4, 5, and 6 by the relation

1Gi = RT ln(zi ). [30]

We note that this change in Gibbs free energy, 1Gi, for a
particular reaction step corresponds to the formation the
products of that step from the reactants of that step at
the temperature, partial pressures, and surface coverages of
the reaction conditions. Thus, we plot in Fig. 8 the values of
RT ln(z4), RT ln(z5), and RT ln(z6) for methanation reac-
tion at 10 Torr total pressure and at 600 K.

The rates of elementary steps are controlled by their re-

spective Gibbs free energy barriers. As indicated above, the
rate of step 5 is controlled by a Gibbs free energy barrier,
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1‡G5, equal to 1Go
act5− RT ln(PH2)− RT ln(z4). We note

that the term θcθ∗ is present in all of the rate expressions
for steps 4 through 7; therefore, we need not consider this
term in Fig. 8. Also, we note that the (1−zi) terms in the
rate expressions adjust the rates of the steps such that the
net rates are equal at steady state. Thus, a step with a low
Gibbs free energy barrier has a value of zi that is near unity.

Figure 8 shows that the highest Gibbs free energy barriers
are involved in the formation of activated complexes 6 and
7, leading to high sensitivities of the overall rate on the
kinetic parameters Kact6 and Kact7. While the Gibbs free
energy barrier for step 4 is significant, its value is lower
than for steps 6 and 7; therefore, the overall rate is not
very sensitive to the value of Kact4. Finally, the Gibbs free
energy barrier for step 5 is very low, and the overall rate is
not sensitive to the kinetic parameters Kact5.

DISCUSSION

As mentioned earlier we have reported the energy values
for various species obtained by using the RPBE functional.
Table 3 compares these values with those obtained by us-
ing the PW-91 functional. We find that the PW-91 functional
overpredicts the binding energies for surface species in ac-
cord with an earlier report (19). The comparison between
the energetics obtained from the two functionals may be an
indictor of the uncertainty in the theoretical predictions.

We compare in Table 4 our energetics with some repre-
sentative theoretical studies in the literature. Au et al. have
conducted DFT calculations on a 7-atom Ni cluster (4), van
Santen and coworkers have carried out DFT calculations on
a 13-atom cluster (6), Yang and Whitten have used an em-
bedded cluster approach on a three-layer 62-atom cluster
(10), while Panas and Siegbahn have used a “bond prepa-
ration” method on a 10- and 25-atom cluster (8). Au et al.
have used a bond-order conservation Morse potential ap-
proach to evaluate the activation energies. There is fairly
good agreement between our results and those of Au et al.
in terms of the energetics for all steps, except the last step
which is the associative desorption of methane. However,
Au et al. predict an atop site to be favored by adsorbed

TABLE 3

Effect of the Density Functional (RPBE versus PW-91) on the
Calculated Electronic Energies of Elementary Steps

RPBE energy PW-91 energy
Reaction (kJ/mol) (kJ/mol)

H2+ 2∗ = 2H∗ −86 −123
C+∗=C∗ −613 −662
C∗ +H∗ =CH∗ + ∗ −53 −43
CH∗ +H∗ =CH∗2 +∗ 43 52

CH∗2 +H∗ =CH∗3 +∗ 3 12
CH∗3 +H∗ =CH4+ 2∗ −41 18
ET AL.

TABLE 4

Comparison of the Electronic Energies in the Present Work
with Previously Reported Theoretical Calculations

Energy (kJ/mol)

Reaction Present study (4) (6) (10) (8)

C∗ +H∗ =CH∗‡ 86 93
C∗ +H∗ =CH∗ −53 −23 −27 50
CH∗ +H∗ =CH∗‡2 71 136
CH∗ +H∗ =CH∗2 43 68 27 −140 −29
CH∗2 +H∗ =CH∗‡3 71 96
CH∗2 +H∗ =CH∗3 3 19 −24 −55 −58
CH∗3 +H∗ =CH∗‡4 86 73
CH∗3 +H∗ =CH4 −41 23 −30 −4 48
(g)

methyl group, as found by Burghgraef et al. (6). Our re-
sults show that the methyl group has a strong preference
for the threefold site, in agreement with spectroscopic data
and other theoretical studies (9, 12).

From the calculations presented here we conclude that
the activation barrier for methane dissociation on Ni(111)
surface is 127 kJ/mol. In an earlier theoretical study from
our group, we found an activation barrier of 109 kJ/mol
(7). However, the former study used the PW-91 GGA
exchange-correlation functional, while in the present pa-
per we have used the RPBE functional. Furthermore, the
former study used a calculated LDA equilibrium lattice
constant that is 0.05 Å shorter than the lattice constant
used in the present work. Also, the former study used a
self-consistently calculated LDA density as input into the
GGA functional, which can lead to errors in the non-self-
consistent energy. The calculated barrier of the present
study agrees with results of molecular beam studies (36) but
appears to be somewhat higher than reported from stick-
ing coefficient experiments (37, 38). One possibility is that
the latter experiments are dominated by adsorption at steps
and other defects. Ongoing calculations in our group for the
barrier for CH4 dissociation at a step on Ni(211) give a bar-
rier much closer to the experimentally determined value.

Ceyer and coworkers have identified a loss feature at
485 cm−1 to be the torsional mode for adsorbed CH3 on
Ni(111) (12). Our calculations show a barrier of 33 kJ/mol
for the torsional motion of methyl species. This high bar-
rier is in agreement with the high frequency of this torsional
motion. The methyl dissociation product produced by rais-
ing the temperature of the Ni surface from 80 to 220 K was
found to be adsorbed CH species and adsorbed H atoms.
The onset of this conversion is reported to be at 150 K.
No CH2 species were observed during the reaction. Ceyer
and coworkers have attributed the absence of CH2 species
to the inability to trap these species at the temperatures

required to dissociate CH3 (12). Our calculations are in
agreement with this explanation. The activation energy to
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form CH2 from CH3 is higher than the activation energy to
form CH from CH2. In experimental studies, the reaction
CH3(ads)=CH(ads)+ 2H(ads) is found to be exothermic,
and we find this reaction to be exothermic by 46 kJ/mol.

Methane formation was not observed from low cover-
ages (ca. 0.05 ML) of methyl groups on Ni(111), even in the
presence of considerable coadsorbed hydrogen (39). On
the other hand, at higher coverages (0.3 ML) methane is
formed at 235 K by the reaction of surface hydrogen atoms
with methyl groups on Ni(111) (40, 41). Our reaction en-
ergy diagram is in good agreement with this observation.
The activation barriers to form methane or methylene from
methyl group are similar (86 and 68 kJ/mol, respectively).
Hence, adsorbed methyl groups may form methane at high
coverage or dissociate to methylene (and further to methyli-
dyne) at low coverage when empty sites are available to
accommodate hydrogen.

We find that the work function of Ni decreases upon ad-
sorption of CHx species. Experimentally, chemisorption of
organic molecules on transition metals usually decrease the
work function. In particular, adsorption of methane, ethane,
propane, ethylene on polycrystalline Pt (42), ethylene ad-
sorption on thin films of Ni, Pd, and Pt (43), and adsorption
of methane and ethane on Pt foil (44) have been studied by
changes in work function. The decrease in the work function
indicates that electrons are transferred from the adsorbed
hydrocarbon species toward the metal, and the adsorbed
species assumes a positive charge. In contrast to these re-
sults, previous cluster calculations of CH4 dissociation on Ni
have shown that the adsorbed CH3 species have a net neg-
ative charge. In particular, Yang and Whitten report a net
negative charge of 0.4 e on methyl species and a work func-
tion increase of 0.26 eV upon adsorption of methyl species
(9). A recent cluster calculation of adsorbed CH3 on Ni also
predicts electron transfer from the metal to the CH3 group
(4). A DFT study of acetylene and ethylene adsorption on
Ni(111) also predicts that adsorbed species have a net nega-
tive charge (45). These analyses are based on Mulliken pop-
ulations, where it is assumed that the overlap population
can be equipartitioned between the two contributing basis
functions. In general, cluster calculations do not predict the
experimentally observed direction of charge transfer upon
adsorption of hydrocarbons on metal surfaces. Agreement
with the experimental work function measurements seems
to be an important strength of the slab approach over the
cluster approach.

We have shown how De Donder relations can be used to
express the overall rate of the reaction in terms of quasi-
equilibria between the reactants and/or products of over-
all reaction with the transition states of the elementary
steps, and the fraction of the surface that is available for

reaction is expressed by equilibria between the reactants
and/or of overall reaction with the abundant surface ad-
sorbed species. The combined kinetic parameters that are
PECIES ON Ni(111) 29

identified in this manner are convenient for assessing the
sensitivities of the factors that control the rate of the over-
all reaction. The results of our analyses for methanation
over nickel suggest that CO∗ and CH∗ are the most abun-
dant surface species for the reaction conditions employed
by Goodman et al. Therefore, the kinetic parameters con-
trolling the coverages of these species (namely K2 and KCH)
are sensitive for prediction of the overall rate of methana-
tion. We find that the fitted value of the enthalpy change
for KCH is more endothermic than the theoretically pre-
dicted value. We note that we have not taken into account
the stabilization of surface carbon caused by surface re-
construction, which was calculated to be near 20 kJ/mol
in a separate theoretical study. Also the binding energy
of CH∗ is expected to be lower at higher coverages. Both
these factors can explain the more endothermic values ob-
tained from the fit to the kinetic data. We also note that
the energies obtained from quantum chemical calculations
do not include zero point energy and thermal corrections.
We find that all surface species have some fraction of two-
dimensional translational entropy.

Our kinetic analyses indicate that the energies of the tran-
sition states to form methyl species from methylene species
(Act‡6) and to form methane from methyl species (Act‡7) are
critical to predict the rate of the overall reaction. The re-
maining two transition states described in this paper (Act‡4
and Act‡5) do not appear to affect the rate of methanation at
the reaction conditions employed by Goodman et al. This
conclusion can be seen from Fig. 8. We note that Kact3, which
is equal to K2k3, has a negative temperature dependence,
since 1H2=−114 kJ/mol and 1‡H3= 84 kJ/mol. This neg-
ative temperature dependence results in the rate curves
bending down at higher temperature, in agreement with
experimental data. This reaction scheme does not have a
single rate limiting step. As shown by Boudart (29), the ex-
istence of a rate limiting step requires that one and only one
value of zi should be small, with all other values of zi equal
to unity.

We note that it is difficult to describe reaction kinetics
data collected over a wide range of temperatures and pres-
sures using a single set of kinetic parameters. For exam-
ple, Langmuirian kinetics may not be appropriate when the
surface coverages change significantly. In addition, the cal-
culated energy changes do not include lateral interactions
and the parameters obtained may depend on the cover-
age. Thus, the aim of this study is not to achieve a detailed
description of the kinetic data, but rather to show how the-
oretical results can be combined with De Donder analysis
to obtain a reasonable description of the catalytic system.
Importantly, this approach presents a means to identify nat-
ural groups of parameters that allow the reaction kinetics to

be described in terms of combined, quasi-equilibria involv-
ing activated complexes, abundant surface species, and the
gaseous reactants and/or products of the overall reaction.
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We note that even though methanation is generally re-
garded as a structure-insensitive reaction, its rate has been
shown to depend on the particle size much more than can
be explained by the change in surface area on supported Ni
catalysts (2). Hence the present analysis may not be valid
for all reaction conditions.

CONCLUSIONS

We have used a plane wave slab approach in conjunction
with density functional theory to investigate the energetics
of surface reactions of methane on Ni(111). The predicted
structures of various surface CHx species (x= 1, 2, 3) are in
good agreement with available spectroscopic data. For ex-
ample, the methyl group is shown to prefer a threefold site.
In fact, all CHx species prefer threefold sites on Ni(111).
The predicted relative energies are also in agreement with
experimental observations. We report the activation barri-
ers obtained from first principles for C–H bond activation
of these species. We demonstrate the good agreement of
our theoretical results with work function measurements.

We have consolidated our theoretical results and avail-
able experimental data to formulate a kinetic model to
explain CO methanation kinetics on the Ni(100) surface.
The energetics from the quantum chemical treatment of
the system provide an initial estimate of all kinetic param-
eters. Sensitivity analyses were conducted to determine the
effects of these parameters on the overall rate of metha-
nation. The sensitive parameters were then systematically
adjusted to describe the experimental data, namely the ki-
netics and the experimental observations of the abundant
surface species.

We have shown that De Donder relations provide a sim-
ple means to determine the number of kinetic parameters
required to calculate the overall reaction rate from a reac-
tion scheme. These parameters may be termed as ‘natural’
parameters, since they contain a systematic combination
of various equilibrium constants. We illustrate how these
natural parameters are controlled by quasi-equilibria be-
tween the reactants and/or products of the overall reaction
with the transition states of elementary steps, and they are
not determined by the properties of stable reaction inter-
mediates. The rate also depends on the coverages of the
abundant, stable surface species, which are predicted to be
adsorbed CO and CH. We find that there is no single rate
limiting step for the reaction scheme.
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