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Abstract. Understanding the mechanism and selectivity of CO2 catalytic conversion by H2 on a speciﬁc
catalyst is of great signiﬁcance in the context of renewable energy storage from a societal and technological
point of view. In this paper, based on the density functional theory calculations, the possible reaction
networks of CO2 hydrogenation on the Ni13 cluster are studied systematically. The adsorption energies of the
reaction intermediates at various possible adsorption sites, the reaction energies and the activation energies of
each elementary reaction are calculated. The results suggest that the adsorption properties of the CO2 and the
intermediates on the Ni13 cluster are different from the speciﬁc crystal plane such as Ni(111) surface, and the
intermediates are highly activated on the Ni13 surface. The most advantageous pathways for the production of
HCOOH, CH3OH, and CH4 are determined, and the activation barrier of the corresponding rate-determining
step is 1.63 eV, 1.55 eV, and 1.55 eV, respectively. This indicates that the Ni13 cluster has higher activity
towards CO2 catalytic conversion compared with other catalysts such as Cu(111), Ni(111), and Pt/Ni(111)
surface. Furthermore, the H3CO* hydrogenation or the dissociation is demonstrated to be the crucial step in
determining the selectivity for CH3OH and CH4.
Keywords. CO2 hydrogenation; Ni13 cluster; adsorption; reaction mechanism; DFT.

1. Introduction
In recent years, with the depletion of fossil energy and
the high cost of other energies, great attention has been
paid to the research of new energy.1 Also, since the
industrial revolution burned fossil fuels, the sharp rise
in the concentration of carbon dioxide caused a series
of problems, such as the global warming, rising sea
levels, and ocean acidiﬁcation.2–4 The use of CO2
hydrogenation to synthesize fuels and useful chemicals can not only effectively alleviate the greenhouse
effect but also solve the energy problems.5–8 In particular, using CO2 hydrogenation to produce formic
acid (HCOOH), methanol (CH3OH), and methane
(CH4) is an effective and feasible solution.9–18
However, CO2 is a kinetically and thermodynamically stable molecule. Generally, the cleavage of the
C–O bond requires a high activation barrier, which
needs to be reduced by an effective catalyst. An
*For correspondence

excellent catalyst should have a good activation ability
during the hydrogenation process, good ability in C–O
bond breakage, and the dissociation of H2.19 The
transitional metal nickel (Ni) has been used in some
hydrogenation reactions such as CO2 hydrogenation to
formic acid, methanol, methane, and so on.20–27
However, the Ni catalysts in these works are mainly
the speciﬁc crystal plane or the nanoparticles. And
their catalytic properties are different from the small
clusters due to different surface atomic arrangement
and electronic characteristics. For example, the Nibased clusters have recently been studied as the
ammonia decomposition reaction catalyst,28 and it
indeed shows different catalytic activity from large
nanoparticles.29,30 Therefore, it will be meaningful to
investigate the detailed mechanism and the selectivity
of the CO2 hydrogenation reaction on the small Ni
cluster. In this paper, the Ni13 cluster is selected as the
catalytic model due to the following two reasons:
(i) Based on the previous researches about the cluster

151

Page 2 of 11

size effect,31–33 the cluster composed by 13 atoms
possesses the most suitable size that may lead to
properly combine with the CO2 molecule and available locations for co-adsorption of multiple adsorbents; 33 (ii) Ni13 cluster is also demonstrated to have
excellent stability among different Nin clusters.34
Therefore, we speculated that the Ni13 cluster could
effectively catalyze the CO2 hydrogenation reaction.
In order to explore the CO2 hydrogenation mechanism and the selectivity of a speciﬁc catalyst, screening the possible reaction pathways and identifying the
key elementary steps are critical. In this work, the
reaction networks for hydrogenation of CO2 on the
Ni13 cluster are studied in detail by density functional
theory (DFT) method. The adsorption of the reaction
intermediates, as well as the activation barrier and the
reaction energy of each elementary step involved in
the CO2 hydrogenation, are considered. By comparing
the activation barriers of each elementary step, the
most favourable pathways for the production of
HCOOH, CH3OH, and CH4 are obtained. Furthermore, the key elementary steps that control the activity
and selectivity of CO2 hydrogenation on the Ni13
cluster are identiﬁed.
2. Computational details
All calculations were implemented in Materials Studio
with the DMol3 code.35,36 The Perdew–Burke–Ernzerhof (PBE) functional of the generalized gradient
approximation (GGA) was used to calculate the
exchange–correlation energy.37 The double numerical
plus polarization (DNP) and DFT semi-core pseudopotential were chosen during the geometry optimization. The convergence tolerances of energy
change, maximum force, and maximum displacement
were set as 2 9 10-5 Ha, 0.004 Ha/Å, and 0.005 Å,
respectively. All the transition states of the elementary
steps were identiﬁed by a complete LST/QST
approach and a mode-eigenvector following
method.38,39 Frequency calculations were applied to
all transition states and the corresponding vibration
modes were veriﬁed to link reactants and products.
The adsorption energy (Eads) on the Ni13 cluster was
calculated as Eads = Esystem - (Eintermediate ? Ecatalyst), where Esystem, Eintermediate, and Ecatalyst are the
total energies of the catalyst with the adsorbed intermediates, the isolated intermediates, and the catalyst,
respectively. The reaction energy (DE) and the activation barrier (Ea) was calculated as DE = EFS - EIS
and Ea = ETS - EIS, respectively, where EIS, ETS, and
EFS represent the total energies of the initial state (IS),
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the transition state (TS), and the ﬁnal state (FS),
respectively.

3. Results and Discussions
Based on the experimental and calculation results in
previous literature,19,40–43 we investigated possible
reaction networks for the hydrogenation of CO2 to
HCOOH, CH3OH, and CH4 on the Ni13 cluster, as
shown in Figure 1. After the geometry optimization,
we found that the Ni13 cluster has a stable icosahedral
conﬁguration. The optimized structure together with
the adsorption sites (including top, bridge, and hollow)
are shown in Figure 2.

3.1 Adsorption conﬁgurations and energies
of the intermediates on the Ni13 cluster
Based on the reaction networks on the Ni13 cluster, we
optimized the adsorption structure of all the possible
intermediates. The most stable adsorption geometries
are shown in Figure 3, and the important bond
parameters and adsorption energies are shown in
Table 1.
The most stable adsorption sites for H*, C*, and O*
are all hollow sites on the Ni13 cluster, as shown in
Figure 3a-c. The corresponding adsorption energies
are - 3.08 eV, - 7.09 eV, and - 6.10 eV, respectively. They are stronger than the corresponding
adsorption energies on the Ni(111) surface,42 which
are - 2.81 eV, - 6.78 eV, and - 5.67 eV, respectively. And CO* is adsorbed on the hollow site
through the C–Ni bond with an optimized bond length
of 1.954 Å. The adsorption energy is - 2.48 eV,
which is also stronger than that on the Pt/Ni(111)
Ga3Ni5(111)
surface
surface
(- 1.83 eV),19
(- 2.37 eV),20 and Ni(111) surface (- 1.92 eV).42
These results indicate that the catalytic property of
Ni13 cluster is expected different from the speciﬁc
crystal plane, and all the above intermediates are
highly activated on the Ni13 cluster.
As shown in Figure 3g, CO2* is adsorbed at the
bridge site. It can be seen that the conﬁguration of the
CO2 molecule no longer maintains the original linear
shape. The two C–O bonds are stretched from 1.179 Å
(gas phase) to 1.250 Å and 1.264 Å, respectively. And
the bond angle is changed to 137.2°. The adsorption
energy is - 1.25 eV, which is stronger than that on the
Pt/Ni(111) (- 0.15 eV) surface,19 Ga3Ni5(111) surface (- 0.52 eV),20 and the Mg/Cu(111) surface
(- 1.15 eV).44 Since the CO2 adsorption is the ﬁrst
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Figure 1. Possible reaction networks of CO2 hydrogenation on the Ni13 cluster.

step of the CO2 hydrogenation, the highly activated
CO2 molecule may indicate that the Ni13 cluster has a
higher activity towards CO2 hydrogenation.
The OH* is adsorbed at the bridge site through the
O atom with an adsorption energy of - 3.90 eV. The
adsorption site for H2* is the top site with an
adsorption energy of - 0.80 eV. Previous experiments
and theoretical studies have shown that HCOO* is an
important intermediate for CO2 hydrogenation.45–47
Two O atoms of HCOO* are respectively adsorbed on
the top site with an adsorption energy of - 4.43 eV.

Figure 2. Optimized structure and possible adsorption
sites of Ni13 cluster.

For H2COO*, it is widely regarded as the intermediate
of CO2 hydrogenation via HCOO pathway.32,47,48 The
two O of H2COO* atoms are adsorbed at the bridge
site and top site, respectively, and the corresponding
bond lengths are 1.968 Å, 1.977 Å, and 1.818 Å,
respectively. The adsorption energy is - 4.70 eV,
which is stronger than that on the Pt/Ni(111)
(- 3.86 eV) surface.19 The COOH* is adsorbed at the
bridge site with an adsorption energy of - 3.41 eV.
For HCOOH* and COHOH*, the top site is the most
favourable adsorption site and their adsorption energies are - 1.23 eV and - 2.80 eV, respectively. For
H2COOH*, two O atoms are adsorbed at the bridge
site and the top site respectively, and the adsorption
energy is - 3.52 eV.
Figure 3m-p show the adsorption of CHx (x = 1–4)
species. The adsorption site for CH* is the hollow site
with an adsorption energy of - 6.69 eV, which is
close to the value of - 6.64 eV19 and - 6.63 eV49
over the Pt/Ni(111) surface. The adsorption sites for
CH2* and CH3* are all bridge site and their adsorption
energies are - 4.63 eV and - 2.64 eV, respectively.
The adsorption site for CH4* is the top site with an
adsorption energy of - 0.42 eV.
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Figure 3. Stable adsorption conﬁgurations of all possible intermediates in the hydrogenation of CO2 on the Ni13 cluster.
The blue, gray, white, and red balls represent Ni, C, H, and O atom, respectively.

For HxCO (x = 1–3) species (Figure 3q-s), it can be
observed that both HCO* and H2CO* are interacted
with the Ni13 cluster through their C and O atoms. The
interaction mode of HCO* is the same as it is on the
Mg/Cu(111) catalyst studied by Santiago-Rodrı́guez
et al. 44 Furthermore, the H3CO* is adsorbed at the top
site of Ni13 cluster via O atom and the bond length of
O–Ni is 1.787 Å.
For HxCOH (x = 0–3) species (Figure 3t-w), the
most stable adsorption site for COH* is the hollow site
with an adsorption energy of - 4.80 eV, which is the
same as the value over the Pt/Ni(111) surface.19 The
HCOH* and H2COH* are stably adsorbed at the
bridge site via their C atoms with the adsorption

energy of - 3.65 eV and - 2.56 eV, respectively.
The most stable adsorption site of CH3OH* is the top
site with an adsorption energy of - 0.81 eV.

3.2 Reaction pathways on the Ni13 cluster
After determining the most stable adsorption structure,
the feasible reaction pathways for the hydrogenation
of CO2 to HCOOH, CH3OH, and CH4 on the Ni13
cluster are therefore be calculated. The transition state
of each elementary step has been searched and determined. The activation barrier (Ea) and the reaction
energy (DE) have been obtained, as clearly shown in
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Table 1. The most stable adsorption site, bond parameters, and the adsorption energies (Eads)
in CO2 hydrogenation on the Ni13 cluster.
Species
H
C
O
OH
H2
CO
CO2
HCOO
COOH
H2COO
HCOOH
H2COOH
COHOH
CH
CH2
CH3
CH4
HCO
H2CO
H3CO
COH
HCOH
H2COH
CH3OH

Site

Bond parameters (Å)

hollow
hollow
hollow
bridge
top
hollow
bridge
top-top
bridge
bridge-top
top
bridge-top
top
hollow
bridge
bridge
top
bridge-top
bridge-top
top
hollow
bridge
bridge-top
top

dH-Ni = 1.767, 1.767, 1.777
dC-Ni = 1.778, 1.779, 1.779
dO-Ni = 1.882, 1.892, 1.892
dO-Ni = 1.970, 1.970
dH-Ni = 1.571
dC-Ni = 1.954, 1.954, 1.954
dC-Ni = 1.856, 2.287
dO-Ni = 1.935, 1.935
dC-Ni = 1.861, 2.523
dO-Ni = 1.968, 1.977, 1.818
dO-Ni = 1.946
dO-Ni = 2.018, 2.039, 2.097
dC-Ni = 1.794
dC-Ni = 1.867, 1.869, 1.870
dC-Ni = 1.907, 1.910
dC-Ni = 2.024, 2.107
dC-Ni = 2.449
dC-Ni = 1.939, 1.951, dO-Ni = 1.923
dC-Ni = 2.047, 2.065, dO-Ni = 1.873
dO-Ni = 1.787
dC-Ni = 1.871, 1.879, 1.896
dC-Ni = 1.926, 1.931
dC-Ni = 1.991, 2.105, dO-Ni = 2.102
dO-Ni = 2.082

Table 2. The initial state (IS), transition state (TS), and
the ﬁnal state (FS) of each elementary step in Table 2
are shown in Figure 4.
H2 dissociation. The dissociation of H2* into H*
(R1) atoms is a key step in the hydrogenation of CO2.
As shown in Figure 4, the H2* is adsorbed at the top
site of one Ni atom at the initial state and then be
cleaved. This reaction is exothermic (DE = - 0.72 eV)
with a small activation barrier of 0.21 eV, indicating it
is thermodynamically and kinetically favourable.
CO2 hydrogenation. After the CO2* and the H* are
co-adsorbed on the Ni13 cluster, the following reaction
between them involves two competitive pathways: one
is the adsorbed H* attacks the C atom of CO2* to form
HCOO* (R2), and the other is the H* combines the O
atom to form COOH* (R3). The Ea of R2 is 0.88 eV
and the DE is - 0.39 eV, which is 0.99 eV and
0.96 eV lower than the corresponding value of R3.
Therefore, the formation of HCOO* is both thermodynamically and kinetically favourable.
HCOO hydrogenation. The product of HCOO*
hydrogenation is HCOOH* or H2COO*. When the H*
is combined with the O atom of HCOO* (R4), the
HCOOH* is formed. The calculated activation barrier
is 1.63 eV and the reaction energy is 1.56 eV. On the

Eads (eV)
-

3.08
7.09
6.10
3.90
0.80
2.48
1.25
4.43
3.41
4.70
1.23
3.52
2.80
6.69
4.63
2.64
0.42
3.26
1.83
2.97
4.80
3.65
2.56
0.81

contrary, the H2COO* is formed when the C atom of
HCOO* is attacked by the H* to generate a C–H bond
(R5). This reaction is endothermic (1.02 eV) with an
activation barrier of 1.55 eV. Therefore, HCOO*
hydrogenation to form the H2COO* is thermodynamically and kinetically more favourable. For
H2COO, there are two competitive pathways for the
further reaction of H2COO*. One is the direct
decomposition of H2COO* to generate the H2CO* and
O* (R6), the other is the further hydrogenation to form
the H2COOH* (R7). The R6 needs to overcome a
small activation barrier (0.63 eV) when compared
with R7 (1.37 eV), indicating the H2COO* is prone to
be decomposed.
COOH dissociation or hydrogenation. The
COOH* can be decomposed into CO* and OH*
(R9). It is an exothermic reaction (- 1.24 eV) with
an activation barrier of 0.99 eV. Also, COOH* can
also be hydrogenated to form COHOH* (R10). The
reaction has a higher activation barrier of 1.73 eV,
with reaction energy of 1.09 eV. The dissociation of
COOH* is more likely to occur on the Ni13 cluster.
CO dissociation or hydrogenation. The direct dissociation of CO* is slightly endothermic (R12,
DE = 0.39 eV). This step has a higher activation
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Table 2. Activation barriers (Ea, eV) and reaction energies (DE, eV) of each elementary step.

R1
R2
R3
R4
R5
R6
R7
R8
R9
R10
R11
R12
R13
R14
R15
R16
R17
R18
R19
R20
R21
R22
R23
R24
R25
R26
R27
R28
R29
R30

Step

Ea

DE

H2 ? 2* ? H* ? H*
CO2* ? H* ? HCOO* ? *
CO2* ? H* ? COOH* ? *
HCOO* ? H* ? HCOOH* ? *
HCOO* ? H* ? H2COO* ? *
H2COO* ? * ? H2CO* ? O*
H2COO* ? H* ? H2COOH* ? *
H2COOH* ? H2CO* ? OH*
COOH* ? * ? CO* ? OH*
COOH* ? H* ? COHOH* ? *
COHOH* ? * ? COH* ? OH*
CO* ? * ? C* ? O*
CO* ? H* ? HCO* ? *
CO* ? H* ? COH* ? *
HCO* ? H* ? H2CO* ? *
H2CO* ? * ? CH2* ? O*
H2CO* ? H* ? H3CO* ? *
H2CO* ? H* ? H2COH* ? *
H3CO* ? * ? CH3* ? O*
H3CO* ? H* ? CH3OH* ? *
COH* ? * ? C* ? OH*
COH* ? H* ? HCOH* ? *
HCOH* ? * ? CH* ? OH*
HCOH* ? H* ? H2COH* ? *
H2COH* ? * ? CH2* ? OH*
H2COH* ? H* ? CH3OH* ? *
C* ? H* ? CH* ? *
CH* ? H* ? CH2* ? *
CH2* ? H* ? CH3 ? *
CH3* ? H* ? CH4* ? *

0.21
0.88
1.87
1.63
1.55
0.63
1.37
0.69
0.99
1.73
0.91
2.92
1.45
2.53
0.66
1.45
0.85
1.26
0.85
0.79
0.96
0.74
0.52
0.83
0.23
0.92
0.65
0.67
0.66
0.86

- 0.72
- 0.39
0.57
1.56
1.02
- 0.36
0.83
- 0.64
- 1.24
1.09
- 0.96
0.39
1.05
1.50
0.39
- 0.75
0.22
0.52
- 1.15
0.73
- 0.57
0.44
- 1.12
0.27
- 1.40
0.30
- 0.38
0.57
0.01
0.29

barrier (2.92 eV), which is higher than that on the
Ni(111) surface (2.46 eV) 22 and the Ce–Ni(111)
surface (1.66 eV).50 Therefore, the Ni13 cluster has an
excellent ability to suppress carbon deposition compared with pure Ni and Ni alloys. For CO* hydrogenation, the hydrogenation product is HCO* or
COH*, which depends on whether H* attacks the C or
O atom of CO* (R13 or R14). The activation barrier
of the R14 (2.53 eV) is signiﬁcantly higher than that
of the R13 (1.45 eV). Therefore, from the kinetics
point of view, HCO* formation is easy to occur on
the Ni13 cluster.
HCO hydrogenation. HCO* can be hydrogenated to
form H2CO* (R15). This reaction needs to overcome a
small activation barrier (0.66 eV) and it is endothermic (0.39 eV). The generated H2CO* is more likely to
be further hydrogenated rather than to be decomposed
(R16, Ea = 1.45 eV). The hydrogenation of H2CO*
involves two competitive pathways: one is the adsorbed H* attacks the C atom of H2CO* to form H3CO*
(R17), and the other is the H* combines the O atom to
form H2COH* (R18). The activation barrier of R17 is
0.85 eV, which is 0.41 eV lower than that of R18.
Hence, the formation of H3CO* is more favourable in

the competitive reaction based on the reaction kinetics.
The activation barrier of H3CO* dissociate to
CH3*? O* (R19) is calculated to be 0.85 eV, which is
similar to that of H3CO* ? CH3OH* (R20,
Ea = 0.79 eV). The further hydrogenation of CH3* to
CH4* also has a similar activation barrier of 0.86 eV.
Therefore, these competitive pathways determine
whether the product is CH4 or CH3OH.
COH dissociation or hydrogenation. COH* can be
decomposed into C* and OH* (R21). Although the
reaction is exothermic (- 0.57 eV), it needs to overcome
an activation barrier of 0.96 eV. Also, COH* can also be
hydrogenated to form HCOH* (R22), with a lower
activation barrier of 0.74 eV. It is clear that the R22 is
more likely to occur from the kinetics. And HCOH* can
be decomposed into CH* and OH* (R23). The process is
exothermic (- 1.12 eV) with a lower activation barrier
of 0.52 eV. The HCOH* can also be hydrogenated to
form H2COH* (R24), which has an activation barrier of
0.83 eV with reaction energy of 0.27 eV. It can be seen
from both kinetics and thermodynamics that HCOH* is
more easily dissociated. For H2COH* dissociation (R25),
this step needs to overcome a small activation barrier
(0.23 eV) and it is exothermic (- 1.40 eV), indicating
that the reaction is prone to occur.
CHx (x = 0–3) hydrogenation. The activation barrier is 0.65 eV for C* ? CH* (R27), 0.67 eV for
CH* ? CH2* (R28), 0.66 eV for CH2* ? CH3*
(R29), and 0.86 eV for CH3* ? CH4* (R30),
respectively. The corresponding reaction energies are
- 0.38 eV, 0.57 eV, 0.01 eV, and 0.29 eV, respectively. The calculation results show that all the steps of
CHx hydrogenation are feasible.

3.3 General discussions
The possible reaction networks of CO2 hydrogenation
on the Ni13 cluster have been studied, and the activation barriers and reaction energies of all the elementary steps have been obtained and compared. The
optimized pathways for the production of HCOOH,
CH3OH, and CH4 are determined. The HCOOH is
mainly produced by the steps of CO2* ?
HCOO* ? HCOOH*. The rate-determining step is
recognized as HCOO* ? HCOOH*, with an activation barrier of 1.63 eV. The CH3OH is determined to
be formed by the reactions of CO2* ? HCOO*
? H2COO* ? H2CO* ? H3CO* ? CH3OH*. The
rate-determining step is HCOO* ? H2COO*, which
has an activation barrier of 1.55 eV. The rate-determining step of the production of CH4 is also this step,
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Figure 4. The initial state (IS), transition state (TS), and the ﬁnal state (FS) of each elementary step.
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Figure 4. continued

as clearly shown in Figure 5. Notably, the hydrogenation of H3CO* and its dissociation into CH3* are
competitive, which determines the selectivity for
CH3OH and CH4. Also, the 1.55 eV activation barrier
of the rate-determining step on the Ni13 cluster is
lower than that on many other catalysts such as the
Cu(111) surface (1.60 eV),18 Pt/Ni(111) surface
(2.07 eV),19 the Ni(111) (2.46 eV) surface,22 and the
Cu13 cluster (1.60 eV).51

4. Conclusions
In this work, the possible reaction networks for CO2
hydrogenation on the Ni13 cluster are studied in detail
based on the DFT method. The most stable adsorption
structures of all the possible intermediates, as well as the
activation barriers and reaction energies of each elementary reaction, are calculated. The results uncover that the
adsorption properties of the intermediates are different
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Figure 5. The optimized pathways for the production of
HCOOH, CH3OH, and CH4 on the Ni13 cluster.

from the speciﬁc crystal plane such as Ni(111) surface,
and the intermediates are highly activated on the Ni13
cluster based on the calculated adsorption energies. In
particular, the CO2 no longer maintains the original linear
structure and is strongly adsorbed on the surface through
chemical adsorption. By comparing the activation barriers
of each elementary step, the optimized pathways for the
production of HCOOH, CH3OH, and CH4 are determined, which are CO2* ? HCOO* ? HCOOH*,
CO2* ? HCOO* ? H2COO* ? H2CO* ? H3CO*
? CH3OH*, and CO2* ? HCOO* ? H2COO* ?
H2CO* ? H3CO* ? CH3* ? CH4*, respectively.
The 1.55 eV activation barrier of the rate-determining
step for the production of CH3OH or CH4 is lower than
that on many other catalysts such as the Pt/Ni(111) and
the Ni(111) surface. Moreover, we demonstrate that the
H3CO* hydrogenation or the dissociation determines
the selectivity for CH3OH and CH4, which provides a
guideline for designing high selective catalyst for CO2
hydrogenation. In general, based on the calculated
activation barriers, it can be found that the Ni13 cluster
not only has excellent ability to suppress carbon deposition but also has high CO2 hydrogenation activity.
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