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The ground-state potential energy surface (PES) in the gas-phase H2/CO2/Ni(3D) system is investigated at the
CCSD(T)//B3LYP/6-311+G(2d,2p) levels in order to explore the possible reaction mechanism of the reverse
water gas shift reaction catalyzed by Ni(3D). The calculations predict that the C-O bond cleavage of CO2
assisted by co-interacted H2 is prior to the dissociation of the H2, and the most feasible reaction path for
Ni(3D) + H2 + CO2 f Ni(3D) + H2O + CO is endothermic by 12.5 kJ mol-1 with an energy barrier of 103.9
kJ mol-1. The rate-determining step for the overall reaction is predicted to be the hydrogen migration with
water formation. The promotion effect of H2 on the cleavage of C-O bond in CO2 is also discussed and
compared with the analoguous reaction of Ni(3D) + CO2 f NiO + CO, and the difference between triplet
and singlet H2/CO2/Ni systems is also discussed.

1. Introduction

The hydrogenation of CO2 usually reaches the production of
CH4 on transition metal catalysts under fairly mild reaction
conditions,1-3 but its mechanism is still in dispute.4-6 Some
previous experimental studies7-11 supported the mechanism
involving the conversion of CO2 to CO via the reverse water
gas shift (RWGS) reaction followed by CO hydrogenation. On
the other hand, the water gas shift (WGS) reaction and its reverse
reaction are also of considerable industrial importance.12 Since
Ni-based catalysts play a particularly effective role in both
catalytic processes, and it is widely considered that the
coordination of CO2 to metal centers would be the key step for
the activation of CO2, the system of Ni+ CO2 has therefore
become one of the hotly investigated theoretical and experi-
mental topics.13-23

Theoretical investigation aimed at a reaction mechanism in
the gas phase has shown to be a useful tool. Although the real
reaction usually occurs on heterogeneous catalysts, the inves-
tigation on the gas-phase reaction of small molecules as model
catalysts has been considered capable of providing a wealth of
inner insight into the nature of real catalytic reactions.23-29 To
our knowledge, there is no literature based on a quantum
chemistry approach aimed at the mechanism of the RWGS
reaction over Ni catalyst. The theoretical efforts most closely
related to this area are still restricted to metal+ CO2

systems.19-23,30-33 Hannachi et al.22 proposed that the entire
triplet-state Ni + CO2 f NiO + CO reaction involves Ni
insertion into the C-O bond of CO2, and that the oxygen
abstraction and Ni insertion take place simultaneously with
electron transfer from Ni to CO2. Similar reaction mechanisms
in Ti + CO2

34 and Sc+ CO2
35,36systems also revealed that the

metal insertion process may be accompanied by the 3d-π*
orbital interaction between the transition metal and carbon
dioxide. Our recent theoretical investigation on the gas-phase
H2/CO2/Ni(1S) system suggested that the addition of H2

facilitated the insertion of Ni into the C-O bond of CO2 via σ
f π* interaction.23

In the present paper, the ground-state gas-phase H2/CO2/Ni-
(3D) system is studied using CCSD(T)//B3LYP methods to find
the possible reaction mechanism of the RWGS reaction over
the Ni(3D) catalyst, and the promotion effect of H2 on the entire
reaction mechanism is also discussed. The above work is
expected to obtain an essential piece of information for a better
understanding of the reaction mechanism as well as for the
design of new catalysts.

2. Computational Details

The geometries of all stationary points (reactants, products,
intermediates, and transition states) on the triplet-state potential
energy surface (PES) for the H2/CO2/Ni(3D) system are
optimized at the B3LYP/6-311+G(2d,2p) level.37-39 Vibrational
frequencies are calculated at the B3LYP/6-311+G(2d,2p) level
to check whether the obtained stationary point is an intermediate
or first-order transition state and scaled by 0.963 to correct the
overestimation as well as to obtain the zero-point-energy (ZPE)
correlation.40 For each transition state, intrinsic reaction coor-
dinate (IRC)41 calculations were performed in both directions
to connect these corresponding intermediates at the above level.
A step of 0.1 amu1/2 bohr is used in the IRC procedure. The
stability of the wave function was checked for each stationary
point in the RWGS reaction.

In addition, the single-point energies are also performed at
the CCSD(T)/6-311+G(2d,2p) level at the B3LYP optimized
geometries. This correlation treatment in the coupled cluster
calculations involves all valence electrons and is expected to
obtain more reliable relative energies.42,43 Unless otherwise
specified, the CCSD(T) single-point energies are used in the
following discussions.

All calculations in the present study were performed using
the Gaussian 03 program.44

3. Results and Discussion

The optimized structures of various species on the triplet-
state potential energy curve of the reaction of Ni(3D) + H2 +
CO2 are depicted in Figure 1. The relative energies of various

* Corresponding author. E-mail: gchem@scu.edu.cn, chwehu@
mail.sc.cninfo.net.

6498 J. Phys. Chem. A2005,109,6498-6502

10.1021/jp0506585 CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/01/2005



species in the above reaction calculated at the CCSD(T)//
B3LYP/6-311+G(2d,2p) levels are listed in Table 1. The energy
diagram along the triplet reaction pathway of various species
obtained from CCSD(T)/6-311+G(2d,2p) single-point calcula-
tions is shown in Figure 2.

3.1. Formation of H2NiCO2 Co-complex.It is shown that there
exist two distinct co-complexes H2NiCO2 along the predicted
reaction paths, which are marked as a-H2NiCO2 and b-H2NiCO2,
respectively. It is predicted that the formation of the two co-
complexes is closely dependent on the coordination sequence
of CO2 and H2 to Ni. That is, if H2 interacts first with Ni, and
the resulting system interacts with CO2, a-H2NiCO2 and b-H2-
NiCO2 may form; whereas, if CO2 interacts first with Ni, and

the resulting stable system interacts with H2, only b-H2NiCO2

will be obtained. Although the co-complex b-H2NiCO2 is
identified as a stable species, we have failed to locate any
transition state connecting it with a-H2NiCO2 or other interme-
diates on the reaction path for C-O bond cleavage. Therefore,
according to the data obtained in the present work, the entire
Ni(3D) + H2 + CO2 f Ni(3D) + H2O + CO reaction proceeds
via the formation of the co-complex a-H2NiCO2 instead of b-H2-
NiCO2.

As shown in Figure 1, in the co-complex a-H2NiCO2, two
bonds between Ni and the C and O(2) atoms of the CO2 moiety
form, and the OCO angle has been distorted to 143.5° compared
to the angle in free CO2 molecule. The planar NiCO2 moiety in

Figure 1. Geometries of various species on PES of RWGS reaction in the H2/CO2/Ni(3D) system, optimized at B3LYP/6-311+G(2d,2p) level.
Bond lengths are in angstroms, and angles are in degrees.
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this co-complex is almost the same as that in theη2
C,O-NiCO2

complex. Galan et al.20 and Hannachi et al.22 suggested that
this triplet η2

C,O-NiCO2 complex should be a unstable species
in the triplet-state gas-phase CO2/Ni system. The location of
the triplet-stateη2

C,O-NiCO2 as a stationary structure was also
failed in the present work. Our calculations show that the
addition of H2 molecule can stabilize the triplet-stateη2

C,O-
NiCO2 by the formation of the a-H2NiCO2 co-complex. CCSD-
(T) calculations indicated that the addition of CO2 to the NiH2

species give a stabilization energy of 7.5 kJ mol-1 relative to
the NiH2 + CO2 species.

For the co-complex b-H2NiCO2, two O-ends of the CO2
moiety attach to Ni with the formation of the cyclic four-
membered NiCO2 ring, which is in general similar to the triplet-
stateη2

O,O-NiCO2 complex. Previous theoretical research20-22

identified thisη2
O,O-NiCO2 complex as a stable complex in the

triplet-state gas-phase CO2/Ni system. The calculations in the
present work further indicate that the presence of H2 stabilizes
this co-complex by 72.1 kJ mol-1.

3.2. H2-Promoted C-O Bond CleaVage of CO2 by Ni
Insertion. From a-H2NiCO2, the reaction proceeds by Ni
insertion into one C-O bond of the CO2 moiety via transition

state TS2. For TS2, as shown in Figure 1, the C-O(2) distance
is remarkably longer than that for a-H2NiCO2. The Ni-O(2)
distance becomes shorter than that for a-H2NiCO2. These results
indicate that the interaction of Ni-O(2) has been enhanced and
the C-O(2) bond has been significantly activated. Thus, this
reaction step involves the cleavage of the C-O(2) bond and
leads to the formation of CO fragment forming H2NiOCO. In
H2NiOCO, as shown in Figure 1, the C-O(2) bond has been
cleaved. As to the H2 moiety, its structure has not been
significantly changed, indicating that the H2 moiety remains
undissociated on interacting with Ni. CCSD(T) calculations give
an endothermicity of about 19.1 kJ mol-1 and an energy barrier
of 83.3 kJ mol-1 for this step.

Hannachi et al.22 proposed that the most feasible reaction of
Ni(3D) + CO2 f NiO + CO involves the Ni insertion process
with energy barriers of 144.6 and 188.1 kJ mol-1 for 3A′′ and
3A′ PESs, respectively. In our present H2/CO2/Ni(3D) system,
only one triplet-state PES is obtained as a result of the
degeneration of orbital symmetry originating from the presence
of H2. We visualize the SOMOs (singly occupied molecular
orbitals) of H2NiOCO in Figure 3. As shown in Figure 3, these
orbitals can be characterized as mostlyπ* NiO orbitals. This
characterizes the electronic configuration of NiO moiety in H2-
NiOCO to be the3Σ (1σ21π42δ42σ22π2) state. Since the reaction
path yielding the3Σ state NiO moiety corresponds to the3A′′
surface in the CO2/Ni(3D) system in Hannachi’s research, the
present triplet RWGS reaction PES is therefore more compatible
with the 3A′′ PES in the CO2/Ni(3D) system.

Comparing the above data with the CO2/Ni(3D) system, it is
found that the most obvious difference is the barrier height for
the Ni insertion process. CCSD(T) calculations give the energy
barrier for Ni insertion in the H2/CO2/Ni(3D) system to be 83.3
kJ mol-1, which is significantly lower than that for the analogous
step on the3A′′ surface in the CO2/Ni(3D) system (144.6 kJ
mol-1). For comparison, we have also reproduced the corre-
sponding transition state TS(3A′′) in the CO2/Ni(3D) system
reported in ref 22 at the B3LYP/6-311+G(2d) level, and
visualized the orbital interaction in the above transition states.
The visualizations of orbital interactions in TS(3A′′) and TS2-
(3A) are plotted in Figure 4.

Hannachi et al.22 also suggested that the process of Ni
insertion with cleavage of the C-O bond involves charge

TABLE 1: Relative Energies (kJ mol-1) in the H2/CO2/
Ni(3D) System Calculated at CCSD(T)//B3LYP/
6-311+G(2d,2p) Levels

species B3LYP CCSD(T)

Ni(3D) + H2 + CO2 0.0 0.0
TS1+ CO2 6.9 11.5
NiH2 + CO2 8.9 10.1
a-H2NiCO2 14.4 2.6
b-TS1 69.4 77.3
NiCO2 68.4 63.7
b-H2NiCO2 17.9 -8.4
TS2 119.5 85.9
H2NiOCO 53.2 21.7
TS3 98.5 75.4
HONiHCO -55.2 -87.1
TS4 39.1 16.8
H2ONiCO -34.7 -81.3
HONiH + CO -9.5 -50.4
c-TS4+ CO 145.4 119.1
H2ONi + CO 39.8 -13.1
NiCO + H2O -4.2 -28.6
Ni(3D) + CO + H2O 56.0 12.5

Figure 2. Potential energy profile for RWGS reaction in triplet (t) and singlet (s)23 state H2/CO2/Ni systems calculated at CCSD(T)//B3LYP/6-
311+G(2d,2p) levels. The CCSD(T) single-point relative energies (kJ mol-1) are listed in parentheses.
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transfer from Ni to theπ* orbital of CO2. For TS(3A′′), as shown
in the left of Figure 4, the 3d orbital of Ni interacts with theπ*
molecular orbital (MO) of CO2, and the charge transfer from
Ni to theπ* MO of CO2 may take place by means of this 3d-
π* orbital interaction. In the case of TS2(3A), this 3d-π* orbital
interaction also exists in the NiCO2 moiety, and theσ orbital
of the H2 part simultaneously interacts with the 3d orbital of
Ni. Consequently, there may exist a hyperconjunctive interaction
between the H2 moiety and the Ni center (natural bond orbital
analysis performed gives a large stabilization energy of 106.6
kJ mol-1 for BD(σ)H5-H6 f LP*(4)Ni, confirming this point
of view). Hence, with such a hyperconjunctive orbital interac-
tion, the H2 moiety may also reinforce the 3d-π* orbital
interaction and be advantageous to the charge transfer from Ni
to the π* MO of CO2. The enhanced charge-transfer process
therefore facilitates the cleavage of C-O and makes the energy
barrier height lower for this reaction step, as compared to the
analogous step in the CO2/Ni(3D) system.

3.3. Formation of H2O + CO.After Ni insertion, the reaction
proceeds via transition state TS3 to produce HONiHCO. For
TS3, as shown in Figure 1, the H(5)-H(6) distance becomes
longer than that for H2NiOCO, indicating that the H(5)-H(6)
bond becomes weakened. As a result, this reaction step involves
the cleavage of the H(5)-H(6) bond of this H2 moiety, which
leads to the migration of H(6) from the H2 moiety to the O(2)
atom. For HONiHCO, the H(5)-H(6) distance is obviously
longer than that for TS3. The above results indicate that the H2

fragment has been remarkably activated in this structure. CCSD-
(T) calculations give an exothermicity of about 108.8 kJ mol-1

and an energy barrier of 53.7 kJ mol-1 for this step.
From HONiHCO, the reaction proceeds via transition state

TS4 to produce the final intermediate H2ONiCO. For TS4, the
Ni-H(5) bond becomes longer, indicating that the Ni-H(5)
bond is remarkably activated in TS4. Therefore, this reaction
step involves the migration of the H(5) atom from Ni and leads
to the formation of water. CCSD(T) calculations give an
endothermicity of 5.8 kJ mol-1 and an energy barrier of 103.9

kJ mol-1 for this step. The intermediate H2ONiCO can release
a water molecule and leave NiCO behind at an energy cost of
52.7 kJ mol-1 without any energy barrier. Our calculations also
indicate that the NiCO can further decompose to Ni(3D) + CO
products at an energy cost of 41.1 kJ mol-1 without any energy
barrier.

As shown in Figure 2, from HONiHCO, the reaction can
proceed via an alternative reaction path by the decomposition
of HONiHCO, forming CO and HONiH. The calculations
predict that this step requires 36.7 kJ mol-1 without any energy
barrier. Then, the reaction can proceed by the migration of H
atom from the Ni center to the O atom via transition state c-TS4.
This reaction step leads to the formation of H2ONi. CCSD(T)
calculations give an endothermicity of 37.3 kJ mol-1 and a rather
large energy barrier of 169.5 kJ mol-1 for this step. Next,
H2ONi can further release a water molecule and leave the triple-
state Ni(3D) atom behind at an energy cost of 25.6 kJ mol-1

without any energy barrier. The largest energy barrier for this
reaction path is predicted to be 169.5 kJ mol-1, which is
significantly larger than that for the competitive reaction path
mentioned above. Thus this reaction path is harder to occur,
when the competitive reaction path is considered.

The overall endothermicity of the Ni(3D) + H2 + CO2 f
Ni(3D) + CO + H2O reaction is predicted to be about 12.5 kJ
mol-1 at the CCSD(T)/6-311+G(2d,2p) level. Because the
calculated energy between HONiHCO and TS4 is 103.9 kJ
mol-1, which is the largest energy barrier along the most feasible
reaction coordinate predicted in the present system, this step
can be considered the rate-determining step (RDS) for the entire
reaction, which corresponds to hydrogen migration with the
formation of water.

3.4. Comparison with Singlet PES.Quantum chemistry
CCSD(T)//B3LYP/6-311+G(2d,2p) calculations have been per-
formed recently for the singlet-state PES for the RWGS reaction
in the gas-phase H2/CO2/Ni(1S) system.23 Compared with the
energy of singlet-state Ni(1S) from ref 23, CCSD(T) calculations
predict the energy gap for the Ni atom (between the3D and1S

Figure 3. Visualization of SOMOs in H2NiOCO.

Figure 4. Visualization of orbital interaction of comparable transition states in CO2/Ni(3D) and H2/CO2/Ni(3D) systems, respectively.
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states) to be 169.4 kJ mol-1, close to the experimental value of
167.0 kJ mol-1,45 indicating the reasonableness of the theoretical
level chosen. The entire pathway for the CO2 + H2 + Ni(1S)
reaction can be summarized by the following stages: (1) the
formation of the H2NiCO2 complex; (2) the insertion of Ni into
the C-O bond; (3) the cleavage of H-H bond and the formation
of water. Although the above singlet-state PES is to some extent
similar to the present triplet-state PES, it is obvious that the
reaction mechanisms are rather different from each other. First,
the reaction paths leading to the formation of H2NiCO2

co-complex are distinguished. There exists only one H2NiCO2

co-complex in the singlet-state PES, and the reaction pathway
leads to its formation from reactants without any transition state.
Second, the RDS for the two reaction systems are also different.
The Ni insertion was predicted to be the RDS for the H2/CO2/
Ni(1S) system,23 while the hydrogen migration is the RDS for
the H2/CO2/Ni(3D) system.

As shown in Figure 2, the singlet and triplet PESs may
encounter two spin crossings (S1 and S2) near the exit channel
of the RWGS reactions, which correspond to the formation of
products of HONiH+ CO and Ni+ CO + H2O. Since the
energies of the triplet-state products are lower than those of the
corresponding singlet-state products, the reaction is more liable
to yield triplet-state products. Therefore, although most of the
singlet-state intermediates and transition states are predicted to
be at lower energy levels than the corresponding triplet-state
structures, the feasible reaction may proceed along the triplet-
state PES.

4. Conclusion
The detailed triplet potential energy surface of the reaction

of Ni(3D) + H2 + CO2 f Ni(3D) + H2O + CO is carried out
at the CCSD(T)//B3LYP/6-311+G(2d,2p) levels. The main
conclusions can be summarized as follows:

1. H2 molecule and CO2 can co-attach to one Ni atom with
the formation of two different stable H2NiCO2 co-complexes
(a-H2NiCO2 and b- H2NiCO2) in the predicted reaction coor-
dinate, and only via the a-H2NiCO2 co-complex can the Ni
insertion into the C-O bond of CO2 proceed.

2. It is predicted that the dissociation of coordinated CO2

molecule is prior to the dissociation of co-attached H2 molecule.
The H2 moiety may promote the charge transfer in the Ni
insertion process and facilitate the cleavage of C-O bond of
CO2 by reducing the energy barrier height.

3. The overall RWGS reaction over Ni catalyst is predicted
to be endothermic by 12.5 kJ mol-1 with an energy barrier of
103.9 kJ mol-1. The rate-determining step (RDS) for the entire
reaction is predicted to be the hydrogen migration with water
formation, which is remarkably different from that of the Ni
insertion step for the H2/CO2/Ni(1S) system.
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