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Using the ASED-MO (Atom Superposition and Electron Delocalization-Molecular Orbital) theory, we
investigated carbon formation and carbon hydrogenation for CO» methanation on the Ni (111) surface. For
carbon formation mechanism, we calculated the following activation energies, 1.27 eV for CO» dissociation,
2.97 eV for the CO, 1.93 eV for 2CO dissociation, respectively. For carbon methanation mechanism, we also
calculated the following activation energies, 0.72 eV for methylidyne, 0.52 eV for methylene and 0.50 eV for
methane, respectively. We found that the calculated activation energy of CO dissociation is higher than that of
2CO dissociation on the clean surface and base on these results that the CO dissociation step are the rate-
determining of the process. The C-H bond lengths of CH, the intermediate complex are 1.21 A, 1.31 A for the
C---Hqy, and 2.82 A for the height, with angles of 105° for £ HyCH and 98° for Hq)CHy).
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Introduction

Compared to the methanation of carbon monoxide, little
attention has been paid to the methanation of carbon dioxide.
Carbon dioxide methanation is reported to occur at lower
activation energy and a higher rate than the methanation of
carbon monoxide. Although carbon dioxide has a higher
selectivity for CH4, the same catalysts are active in the
methanation of both CO and CO». While the methanation of
CO is generally agreed to occur via a mechanism involving
adsorbed carbon, C(»),'” two major mechanisms are propos-
ed for CO, methanation. The first mechanism was originally
proposed by Bahr® and involves transformation of CO; to
CO prior to methanation. The other mechanism proposed by
Medford’ involves pathways not requiring the transfor-
mation of CO; to CO, with the possibility that much of the
reaction takes place in the gas phase rather than on the
catalyst surface. Recently, a great deal of support has been
given to the model involving a CO intermediate.>!*"

Zhou et al.'® studied the mechanism of methane dehydro-
genation on metal (Mo or W) oxide using DFT (density-
functional theory). Watwe et al'” examined theoretical
studies of stability and reactivity of CHy species on Ni (111).
Ackermamn et al.'® investigated the production of methane
from a mixture of CO and H,, which was close to
atmospheric pressure using a Ni (111) surface as the model
catalyst. They suggest that there was no significant rearrange-
ment of Ni surface atom, during production of methane
above 350 °C.

There are many computationally and conceptually realistic
means for determining the energy levels of molecules and
solids.”?® Finding structures of larger systems is more
difficult as the variational theorem requires numerous calcu-
lations. Accuracy is a problem for all but the most difficult
extended basis set procedures.?® A theory has been

developed for approximating energy levels and structures for
small and large molecules when self-consistency is relative-
ly unimportant to these properties. However, for some
highly ionic systems, including the transition metal surface
oxide and transition metal, self-consistency is crucial to
obtaining correct properties. Then, we used ASED-MO
(Atom Superposition and Electron Delocalization Molecular
Orbital) theory for the adsorbed carbon atom formation and
CO> methanation on Niys cluster surface. The exact
structural parameters vary slightly, but overall agreement is
good (see Table 1).

The methanation and dissociation of CO; on Ni (100)
surface was studied by Peebles er al'® They measured
activation energies of 0.93 eV and 0.91 eV, respectively.
They proposed that the kinetics for CO, methanation, as for
CO methanation,®?° were controlled by a delicate balance of
the C(,) formation step and its removal by surface hydrogen.

Carbon formation on transition metal catalysts from the
decomposition of carbon monoxide has been studied
extensively for many years and several excellent reviews
have been published.*>** One major reason for this interest
in carbon formations is that it can cause very important
operational problems in a number of industrial catalytic
processes. However, we have only taken an interest in two
mechanisms of CO dissociation reaction steps. Joyner® and
Fithzharris et al.® proposed that the reaction involved the
dissociation of CO into C and O. Martin et al.'’ suggest the
possibility of that the reaction is the disproportion of CO into
C and gaseous COz : 2COgygs —> Cags + CO2 g It is an
interesting question as to which the CO dissociation
mechanism has taken for the adsorbed atom on the Ni (111)
surface.

In a previous study,’! we have observed the adsorption and
dissociation reaction mechanism of carbon dioxide on Ni
(111) surface.
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The purpose of this paper is to present the results of a
theoretical investigation into the question of the adsorbed
carbon atom formation and the carbon hydrogenation for
CO; methanation on the Ni (111) surface. We have calculat-
ed the structures of the reaction intermediate complex,
activation energies, and the binding energies of the adsorbates.

Theoretical Method

In the present study, we used the atom superposition and
electron delocalization molecular orbital (ASED-MO)
theory.”'* This technique has been used in previous studies
of carbon monoxide adsorption and configurations on W
((111),2 (110y**® and (100)**®), and carbon dioxide on
surfaces (Ni (111),2' Fe (111),%*® Pt (111)*®). The ASED-
MO theory is a semi-empirical approach for determining
approximate molecular structures, force constants, bond
strengths, electron spectra, reaction energy surfaces, and
orbital starting with experimental atomic valence ionization
potentials as well as the corresponding Slater orbital. This
theory identifies two energy terms for the chemical bond
formation. One is a pair-wise atom-atom repulsion energy
called Er. The other is attraction energy due to electron
delocalization by the one-electron molecular orbital theory,
Emo, which is obtained by diagonalizing a Hamiltonian
similar to the extended Hiickel Hamiltonian:

E = Er + Emo (1)

For calculations on the metal surface we have used the metal
cluster, which we modeled on our previous study.' The
decision to choose this model was presented in the previous
study.”!

All of the angles of adsorbates were optimized to the
nearest full degree and the distances to the nearest 0.01 A.
We did not consider the structural relaxation of the surface
layer. We were interested in the adsorbed carbon atom
formation and the carbon hydrogenation for CO, metha-
nation. Theory parameters used the values of the previous
study.”!

Results and Discussions

We observed fast convergence of bond lengths, bond

angles and binding energies of the adsorbate with respect to
the increase in cluster size and layer thickness in previous
study.”! We found from a test calculation that on going from
the 5-atom(simple two layer) to 25-atom(two-layer) Ni(111)
cluster in cluster size, CO bond length decreased to 0.1A,
bond angle increased 4°, and binding energy in this case was
increased.”’ Discussed our choice of the Ni (111) cluster
modeled by 25-atom for the CO, dissociation reaction in the
previous study,”' the binding energy at the CO, di-o of Nis
cluster is very close to experimental value.” In addition to,
we considered lateral interaction of adsorbed species and
edge effects® 9 for the reactants and the products. Then we
also used Niys cluster for this study. Table 1 shows the
calculated results of adsorbed molecules on the Ni (111),
which are need to investigate methanation. Carbon mon-
oxide was adsorbed on the 3-fold site by a binding energy of
2.83 eV. This binding energy is 1.0 eV more than experi-
mental value. The bond distance and height of CO molecule
are 1.12 A and 1.42 A, respectively. These results are in
good agreement with the reference.®® Structural details for
the adsorbed molecules show in Figure 1.

To investigate adsorbed carbon formation and carbon
hydrogenation for CO» methanation on the Ni (111) surface,
we considered the dissociation reaction of carbon dioxide
and of carbon monoxide. We calculated the adsorption and
the dissociation reactions of carbon dioxide on the Ni (111)
surface in the previous study.”’ The calculated activation
energy of dissociation reaction, in which was COzgs —
COudgs = Oags, was 1.27 eV on the Ni (111) surface.

The formation of adsorbed carbon atom (C,gs). There
are two mechanisms, which are proposed for the dissociation
reaction of carbon monoxide. One was proposed by Joyner’
and Fitzharris et al.® and involved the dissociation of CO
into C and O.

COads —> Cads + Oads (2)

The other was proposed by Martin'® and involved the
following reaction.

ZCOads — COZgas + Cads (3)

To investigate the CO dissociation mechanism, we calcu-
lated the reaction intermediate complex structure for the CO
dissociation reaction. We considered first the reaction

Table 1. Calculated Binding Energies (BE), Bond Length (R), Height (h), Charge (q), Mullikan overlap population for Adsorbed Molecules

on Ni25(1 1 1)
Adsorbed e Geometries Overlap
Binding Sites . q
Molecules R (A) h (A BE (eV) Populations
CO; di-o 1.14 1.94 2.31(2.34) 1.41 0.99
CO 3-fold 1.12 (1.19) 1.42 (1.43) 2.83 (1.82)° 1.51 0.20
C 3-fold - 1.24 4.60 (4.8-7.0Y 1.80 0.23
(0] 3-fold - 0.50 5.71 (6.07)° 2.03 0.72
H 1-fold - 1.58 (1.48)° 4.04 0.72 -0.51
CH 3-fold 1.14 (1.14)* 1.33 6.12 (521 0.85 0.10
CH, 2-fold 1.16 (1.15)* 1.61 3.80 (3.81Y 0.86 -0.03

abSee Figure 1, ‘Ref. 25, 9Ref. 26, °Ref. 27, /Ref. 28, #Ref. 17
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Figure 1. Structural details for adsorbed molecules on the Ni(111) surface: (a) side views; (b) top views. Large circles indicate nickel atom,
the middle black circles indicate carbon atom, the middle white circles are oxygen, and the small circles are hydrogen.

intermediate base on the equation (2).

Table 2, which shows the calculated results of the reaction
intermediate for the dissociation reaction of equation (2) and
(3), summarizes the properties of calculated the reaction
intermediate. The calculated activation energy is 2.97 eV in
equation (2). It is an interesting value. Langeveld et al.’!
reported that the activation energy for CO dissociation on
Ni(111) was equal to the adsorption heat of CO. As you can
see the calculated binding energy is 2.83 eV for CO
adsorption in Table 1, this activation energy is in reasonable
agreement with that suggested by of Langeveld.’! For CO
reaction intermediate complex, the reduced overlap popu-
lations of Ni-C, Ni-O, and C---O are 1.32, 0.97, and 0.31
respectively as shown in Table 2. CO reaction intermediate
complex structure is shown in Figure 2. The angle for NiCO,
is 83 degrees. The distance is 1.34 A from the surface.
Comparing the reduced overlap population (ROP) of the
reactant CO to that of the reaction intermediate complex,
shows that, going from the adsorbed reactants (adsorbed CO
molecule) to the [C-*O] complex, the C:--O reduced
overlap population decreases as shown in Table 2.

For the dissociation of equation (3), the calculated
activation energy is 1.93 eV as shown in Table 2. 2CO
reaction intermediate complex structure is shown in Figure
2. The large circles indicate the nickel atom, middle black
circles indicate the carbon atoms, the middle white circles
are oxygen, and the small circles are hydrogen atoms.

For 2CO reaction intermediate complex, reduced overlap

Table 2. Calculated Results of the Reaction Intermediate Complex
Structures for the CO Dissociation Reaction on a Ni(111) Surface

Dissociation Reactions

Coads — Cads + Oads 2C0ads i Cads + COZgas
Activation Energy Activation Energy
(V) 2.97 eV) 1.93
Ni-Coverlap 1.32 Ni-C' overlap -0.35
Ni-Oovertap 0.97 Ni-C2 overiap 0.21
C-*~Ooverlap 0.31 (1.51) 0@ " C overlap 1.49
q 0.57 Oy " C" overlap 1.28 (0)
ZNiCO“ 83 O( n""" C2 overlap 1.27
h(A)* 1.34 q 2.16
Z0)C'Owy” 148
Z£C'O 2 166
h(A)® 1.94

“See Figure 2. ’h (A) is the distance between carbon of the reaction
intermediate complex structure and the suface. ‘Reduced overlap
population of reactant CO. “Ogry***C'overtap to before form reaction
intermediate complex.

population of Ni-C', Ni-C?, O --C', O¢)--C', Oy~ C? are
—-0.35, 0.21, 1.49, 1.28, and 1.27 respectively. The angles of
0@ C'Oy and C'OC? are 148 degree and 166 degree
respectively, and the height of carbon (C') is 1.94 A from the
surface. Comparing the ROP of adsorbed 2CO reactants to
the ROP of reaction intermediate complex, shows that,
going from the adsorbed reactants (adsorbed 2CO) to the
[O@)-C'-+-Oqy-+-C?]" complex, the C--O reduced overlap
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Figure 2. Structural details for reaction intermediate complex on the Ni(111) surface. (a) side views; (b) top views. Large circles indicate
nickel atom, the middle black circles indicate carbon atom, the middle white circles are oxygen, and the small circles are hydrogen.

population increase as shown in Table 2. It is very inter-
esting result to form the 2CO intermediate complex.

Methylidyne formation (CH). It seems most likely that
the adsorbed carbon atom (C.gs) hydrogenation generally
occurs by the mechanism studied here, the surface metal
hydride H transfer to adsorbed active surface carbon to form
adsorbed methylidyne.

Cads + I_Iads - CHads (4)

Table 1 shows the calculated binding energies, bond lengths,
heights, charges, and the mullikan overlap population for
adsorbed molecules on the Ni»s(111). The hydrogen atom
adsorbs on the one-fold site, and the calculated binding
energy is 4.04 ¢V. The vertical distance of adsorbed H atom
is calculated to be 1.58 A, which is longer than the
experimental value of the Ni-H bond length?’ of 1.48 A. The
carbon absorbs on a three fold site, with a calculated binding
energy of 4.60 eV. The adsorbed binding energy is in
reasonable agreement with the reference value?® The
equilibrium distance between the carbon and Ni (111)
surface is 1.24 A. The three-fold site is a stable site for CH

(methylidyne) adsorption on the Ni (111) surface. CH bond
length is 1.14 A on the surface with the height, and the
carbon is located 1.33 A from the nickel surface. Reference
values'” are 1.14 A and 1.15 A, respectively. The calculated
binding energy of CH is 6.12 eV, and is in reasonable
agreement with reference.?® Structural details for the results
on the Ni (111) surface are shown in Figure 1. The large
circles indicate nickel atom, the middle black circles indicate
carbon atom, the middle white circles are oxygen, and the
small circles are hydrogen atom.

Table 3 shows the calculated results of the reaction
intermediate complex for the hydrogenation, Cags + Hags —
CHugs, on the Ni(111) surface, which methylidyne(CH)
adsorbed on the three fold site. The reduced overlap
populations of N-C, Ni-H, and C---H are 1.46, 0.24, 0.23,
and 0.45, respectively. The angle of NiCH is 106 degree,
with a height (h (A)) of 1.31 A, and an activation energy of
0.72 eV. Structural details are show in Figure 2.

Methylene (CH;) formation. Adsorbed methylidyne
(CHags) hydrogenation occurs according to the following
mechanism, where the surface metal hydride H transfers to
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Table 4. Calculated Activation Energies for the Methanation of
Carbon Dioxide on the Ni»s Cluster Surface

Hydrogenation Reactions

Activation Energies (Ea (eV))

Cads + Hads - CHads CI‘Iads + I‘Iads il CHZads CHZads+ 2I—I&d5 d CH4gas

Activation Activation Activation
Energy 0.72  Energy (eV) 0.52 Energy (eV) 0.50
(eV) 146 Ni-Coverlap 0.76  Ni-Covertp ~ —0.07

Ni-Coverlip 0.23  Ni-Hoverlap ~ —=0.19  H:**Covertap 0.73
Ni-Hoverlap  0.45  H-Coverlap 0.85  C--*Himoverlap  0.66
C- 'Hovcrlap 0.27 C- .H(I)ovcrlap 0.46 q -0.04

q 106 q 0.18 ZHCH* 150

ZNiCH* 131 ZHCHqy 104 Z Hn)CH 105
h(A)? ZNiCH* 157 ZNiCHgy 49
ZNiCHgy 99 h (A 228
h (A 1.43
*bSee Figure 2
the adsorbed methylidyne
CHads + Hads —_— CHZads (5)

The two-fold site is a stable site for CH» (methylene)
adsorption on Ni (111) surface. The calculated bond distance
of the gas-phase free CH molecule is 1.19 A, which is about
3% longer than the reference value (1.15 A)."7 On the
surface the calculated CH» bond length is 1.16 A. The
calculated binding energy is 3.80 eV, which is a good
agreement with reference.”® Structure details are shown in
Figure 1.

Table 3 shows calculated results of the reaction inter-
mediate complex for the hydrogenation reaction of methyli-
dyne as shown in equation (5). The calculated activation
energy is 0.52 eV, while the reduced overlap populations of
Ni-C, Ni-H, H-C, C---H () are 0.76, —0.19, 0.85, 0.46, and
the charge is 0.18. The angles of HCH(y and NiCH() are
104° and 99°, respectively, and the height is 1.43 A, where
the carbon atom is located on the surface. The distance
between H(jy and the surface is 1.67 A. The structural details
of the reaction intermediate complex are shown in Figure 2.
Figure 2(a) and Figure 2(b) show the side views and top
views, respectively.

Methanation of the methylene. Adsorbed methylene
(CHazags) methanation occurs according to the following
equation, where the surface metal two hydrides (2H) transfer
to the adsorbed methylene molecule.

CHZads + 2I_Iads —_— CH4ads (6)

Table 3 shows the calculated reaction intermediate
complex structure and activation energy, the calculated
activation energy is 0.50 eV. The reduced overlap popu-
lations (ROPs) of Ni-C, H-*C, and C ---Hjyare —0.07, 0.73
and 0.66, respectively. The calculated ROPs of C-H are 0.75
for gas-phase free and 0.86 for the adsorbed methylene as
shown in Table 1. Going from the reactants (CHzags + 2Hads)
to the reaction intermediate complex, the ROPs of H-C
decrease, while those of C---H() increase from zero. The
angles of HCH are 150 degree and 105 for HCH(;). These

COZads - Coads+ Oads Step 1 1.27 eV*

COugs—> Cagst+ Ougs Step 2 2.97eV

2CO4ds — Cadgs+ COngas Step 3 1.93 eV

Cads T Hads— CHags Step 4 0.72 eV

CHads + Hags = CHaags Step 5 0.52 eV

CHaads + 2Hads —> CHagas Step 6 0.50eV
“Ref. 21

results mean that the metal hydride H transfers to the
adsorbed methylene, and the methanation reaction occurs.
Comparing Figure 1 to Figure 2, it is interesting that the
angle of HCH in the reaction intermediate complex is
released from that of the adsorbed methylene. The structural
details of the CHs4 reaction intermediate complex are shown
in Figure 2. The reaction intermediate complex (2) is rotated
90 degrees from the X-axis of CH4 reaction intermediate
complex (1). The carbon of the reaction intermediate
complex is located on the 2-fold site. The height, where the
carbon is, is 2.28 A from the surface, while the angle of
NiCH(]) is 49°.

Activation energies for CO; methanation. The
elementary reaction steps considered are

COzads —> COugs * Ougs Step 1
COuds — Cags + Ougs Step 2
2C04gs —> Cags + COngas Step 3
Cads + Hags —> CHaus Step 4
CHags + Hags — CHoags Step 5
CHaags + 2Hags — CHagas Step 6

Table 4 shows the calculated activation energies and the
reaction scheme to construct a kinetic model for matha-
nation. This reaction scheme of hydrogenation is based on
the scheme used by Fizharris® and Martin.!” In our kinetic
analyses, we assumed that the methanation of CO, proceeds
via a CO intermediate on the surface as shown in step 1.

Step 2 for the CO dissociation is irreversible owing to
rapid removal of surface O by hydrogenation, while step 3
for CO dissociation is attributed to the disproportion, and
lastly step 6 for desorption of methane is irreversible. Step 4
and step 5 are steps occurring after the rate-determining
steps.

These assumptions are in accord with the work of
Fizharris® and Martin.'® Prediction of reaction kinetics from
a reaction scheme requires the activation energies for all of
the reaction step. We calculated the activation energies for
all reaction steps.

The dissociation reactions of carbon dioxide and carbon
monoxide shown in step 1, step 2, and step 3, and calculated
activation energies are 1.27 eV, 2.97, eV and 1.93 eV,
respectively. The calculated carbon hydrogenation is shown
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in step 4, step 5, and step 6, with activated energies of 0.72
eV, 0.52 eV, 0.50 eV, respectively. Steps occurring after the
rate-determining step are not kinetically important. We can
see that the activation energy of adsorbed carbon formation
(step 2 and Step 3) is higher than that of other elementary
steps. We were interested in step 2 and step 3. CO»
methanation proceeds via a CO intermediate on the surface
as shown in step 1.

Peebe et al.’ assumed that CO, reduction step (step 1) is
not rate determining and CO, methanation depends on the
CO partial pressure of H,/CO/CO; mixtures. These assump-
tions are in accord with our calculated results as shown in
step 1-3. They assumed that the activation energy is lower
for CO, methanation and the selectivity to methanation is
greater than that of CO methanation. However, they reported
that the activation energies of CO» methanation and CO were
very close. If a CO intermediate is assumed, the methanation
of CO; then most likely proceeds via C), as in CO
methanation. However, this raises the questions as to why
the selectivity to CHy is greater and why the activation
energy is generally lower for methanation of CO,. These
effects have been attributed to a lower coverage of Cygs for
CO,, when compared to CO methanation.”**° Comparing
our calculation to the experimental reaction condition,
quantitative assessment is difficult for our model calculation.
However, we found that the rate-limiting step is the CO
dissociation elementary step, for which the calculated
activation energy is 2.97 eV. This means that the activation
energy of CO dissociation for CO, methanation is equal to
that for CO methanation on a clean surface. This value
deviates from the experimental value of CO, methanation,

(a)

Figure 3. (a) Side view of 2CO reaction intermediated complex on
Nizs cluster. (b) Top view of 2CO reaction intermediate on Nias
cluster.

which is 0.93 eV; however, when the surface is saturated
with H»/CO mixtures in experimental condition for CO
methanation, high coverage of H will favor CO, methana-
tion on the surface. The process is then clearly highly
activated and the inaccuracy can be attributed to the
approximation of theory.

There is controversy about the mechanism, and Fitzharris
et al.® proposed the CO dissociation for methanation is like
step 2. Alternatively, Martin er al.'" proposed that the
reaction was the disproportion of CO into C and gaseous
CO; as in step 3. For this mechanism, the structure of the
reaction intermediate complex on the Niys cluster is shown
in Figure 3. It is clearly seen that the calculated activation
energy of step 2 is higher than that of step 3 in our
calculation. This result is in reasonable agreement with the
discussion of Martin."’

The electronic aspects of the activation for 2CO
dissociation may be understood by using the energy level
correlation diagram in Figure 4. The energy levels for the
adsorbed 2CO molecules are in the first column and those
for 2CO reaction intermediate complex state are in the third
column. The second column of levels was calculated for the
free 2CO reaction intermediate complex structure. Com-
pared with the equilibrium structure, the adsorbed reactants

o 2
281 0(2)‘ Om @ w " ---C ’H’
el e I
' H 1
; y ) Cc 5
-30|— NI Ni Free 2CO reaction Q——~0. C
,H, intermediate complex @ T
I NiNi NN
-32 Reactants - On Surface

2co 7H

Figure 4. Orbital correlation diagram for 2CO reaction intermedi-
ated complex on the nickel surface. The second column of levels
was calculated for the free 2CO reaction intermediate complex
structure. On the surface this orbital is stabilized (third column) by
mixing with Ni s-d band orbital. The free 2CO intermediate
complex column of level is surface removed.
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2CO molecules increase by 0.97 eV, largely the results of
destabilization of CO orbital are caused by increasing the
CO distance by 0.44 A. On the surface this orbital is
stabilized (third column) by mixing with Ni s-d band orbital.
There is a limitation to present calculation. We did not
account for CO dimmer interaction, which may play an
important in adsorption involving CO-CO intermolecular
coupling. More extensive theoretical calculations have to be
performed to investigate vibrational analysis.***

Conclusions

In the present study we reached the following results by
using the ASED-MO theory

1) The adsorbed carbon formation mechanism for metha-
nation from CO, and CO has same pathway on the Ni(111)
surface.

2) There are two pathways in CO dissociation reaction.
One is found in step 2 which is COysq —> Cadgs T Ougs, While
the other is in step 3 and is the disproportion of CO into C
and gaseous CO; as step 3 (2COys — Cugs + CO2). The
calculated activation energy of step 2 at 2.97 eV is higher
than that of step 3 at 1.93 eV.

3) CO> for methanation is converted to CO and then to
Cags before hydrogenation
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