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Abstract
This paper presents a systematic comparison study of the surface redox reaction

mechanism for reverse water-gas shift (RWGS) over Ni(111) and Ni(311) surfaces.

Specifically, the most stable surface intermediates and the reaction kinetics

involved in the direct CO2 activation and water formation steps are computed with

density functional theory calculations and compared for the two different Ni sur-

faces. The results show that CO2, CO, O, H, OH, and H2O species adsorb stronger

on Ni(311) than on Ni(111). Compared to Ni(111), the overall barriers for direct

CO2 activation and water formation on Ni(311) are lower by 23 and 17 kJ/mol,

respectively. These observations indicate that the RWGS reaction through the sur-

face redox mechanism should be preferred on Ni(311).
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1 | INTRODUCTION

Due to its potential impact on climate change, CO2 emissions
from burning fossil fuels (coal, natural gas, and oil) have
raised global concern. Fossil fuels are non-renewable sources

of energy that will eventually deplete. Therefore, a significant
amount of attention is geared towards concentrating and
utilizing CO2 as a feedstock for conversion into storage
chemicals and chemical intermediates such as syngas, meth-
ane, methanol, formic acid, and ethylene.[1–8] Among various
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CO2 conversion approaches, the reduction of CO2 with H2

into CO and H2O, which is known as the reverse water-gas
shift (RWGS) reaction, has been considered a critical reaction.
For example, the RWGS reaction is part of the kinetic net-
work in the Sabatier reaction for methane production, metha-
nol production, and the Fischer-Tropsch (FT) synthesis of
liquid hydrocarbons.[9] The endothermic RWGS reaction
requires a catalyst that can be operated at a relatively high
temperature. Noble metal catalysts such as Pt, Rh, and Au
usually have high activity and stability for the RWGS
reaction[10–19]; however, their high cost limits their industrial
application. Ni is a commonly used low-cost transition metal
catalyst for the RWGS reaction.[20]

Many studies in the literature focus on the elucidation of
the kinetic mechanism. Usually, it is assumed that during the
reaction carboxyl (HOCO), formate (HCOO), carbonate (CO3

2

−), and bicarbonate (HCO3
−) intermediates are formed on the

Ni surface. Through a combined experimental and theoretical
study, Vesselli et al[21] reported that on the Ni(110) surface
HOCO is formed as an intermediate that is subsequently
hydrogenated to formic acid (HCOOH).[21] Finally, a HCOO
intermediate is generated. This result is in line with the work
of Vogt et al,[22] who showed that surface CO3

2− can be gener-
ated first, followed by the formation of a HCOO intermediate
during the RWGS reaction over Ni/SiO2 catalysts. In a study
reported by Miyao et al,[23] CO3

2− and HCO3
− species were

detected in the RWGS reaction using a Ni-Al-based catalyst.
In addition to these experimental studies, there are many

theoretical investigations on Ni catalysts used in the RWGS
reaction.[24–26] Two different RWGS reaction mechanisms
have been proposed: (a) the HOCO pathway, in which CO2

hydrogenation occurs prior to C─O bond scission to form
CO and OH, and (b) the surface redox mechanism, involving
direct CO2 activation (C─O bond scission) and subsequent
H2O formation by the hydrogenation of the resulting O atom.
Moreover, it has been reported that the preferred RWGS
pathway depends on the type of metal and the surface termi-
nation. Dietz et al[24] performed a systematic density func-
tional theory (DFT) study of RWGS reaction pathways on
the planar (111) surface of Pt, Rh, Ni, Cu, Ag, and Pd
metals. It was found that the RWGS reaction through the
HOCO route is favoured on Pt, Ag, and Pd catalysts,
whereas the surface redox mechanism is preferred over Rh,
Ni, and Cu catalysts. A DFT study by Fan et al[25] showed
that on Ni(111), Ni(211), and Ni(100), the RWGS reaction
prefers to follow the surface redox mechanism over the
HOCO pathway. Moreover, Lin et al[26] reported that, on
Ni(110), the surface redox mechanism is preferred over the
HOCO pathway. It has also been mentioned that both mech-
anisms benefit from subsurface hydrogen species. The
above-reported DFT results suggest that on most Ni facets
the HOCO pathway is less favourable than the surface redox

mechanism. Accordingly, we focus in this study on the sur-
face redox mechanism.

Stepped surfaces have attracted widespread attention
because they were found to be essential in many catalytic pro-
cesses involving metal nanoparticles.[27–35] Recently, a Ni(311)
surface, which represents the step-edge interface of (111) and
(100) nanofacets,[36] was found to play an important role in dif-
ferent surfaces reactions. For example, Liu et al[35] reported that
Ni(311) presented the lowest barrier for CO activation among
different Ni facets. Although there are many experimental and
theoretical studies on the surface redox mechanism of the
RWGS reaction over low-index Ni surfaces, the energetics of
the surface redox mechanism over the Ni(311) surface have not
yet been studied. Therefore, we explored this surface redox
mechanism on Ni(311) step edges by determining relevant acti-
vation barriers in comparison to the planar Ni(111) surface. To
the best of our knowledge, this is the first time that the surface
redox pathway of the RWGS reaction is investigated by DFT
on the Ni(311) surface. We present reaction energy diagrams
(RED) for the RWGS reaction to compare the operating mecha-
nism for Ni(311) and Ni(111) surfaces. The results may provide
useful information for further studies on CO2 hydrogenation
over Ni-based catalysts.

2 | COMPUTATIONAL METHODS

All DFT calculations were done using the Vienna ab initio
simulation package (VASP) using the Perdew-Burke-
Ernzerhof exchange-correlation functional.[37–40] The valence
electrons were modelled using a plane-wave basis set with a
cut-off energy of 400 eV (1 eV ≈ 96 kJ/mol). The projector
augmented-wave (PAW) method was used to model the core
electrons.[41,42] The Brillouin zone was sampled using a
Monkhorst-Pack mesh of k-points with a 2 × 2 × 1 grid for
the species in the gas phase and a 3 × 3 × 1 and 3 × 6 × 1
grid for the Ni(111) and Ni(311) slab surfaces, respec-
tively.[43] The k-points selection is based on that the sampling
density in the reciprocal space is approximately similar on
both surfaces. According to our k-point optimization, the dif-
ferences in CO2 adsorption energies on Ni(111) and Ni(311)
are <5 kJ/mol when the k-point grid is refined to 4 × 4 × 1
and 4 × 7 × 1 for Ni(111) and Ni(311), respectively. The
Gaussian smearing of the partial occupancies for each wave
function was set to a width of 0.05 eV. The adsorbate was
placed at the centre of a 1 × 1 × 1 nm3 unit cell for the gas-
phase calculations. We have used a Monkhorst-Pack k-point
grid of 10 × 10 × 10 for the Ni crystal. The optimized bulk
lattice constant for Ni was found to be 0.353 nm, which is in
good agreement with the experimental value of 0.352 nm.[44]

To avoid the spurious interaction of neighbouring super cells,
a vacuum height of 1.5 nm in the direction parallel for the
crystal surface was employed.
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The Ni(111) and Ni(311) surfaces are modelled using a
(4 × 4) and (2 × 2) unit cell with three and eight atomic
layers, respectively. The bottom two and four layers were
frozen at their bulk positions for Ni(111) and Ni(311),
respectively. The remaining Ni layers and surface adsorbates
were allowed to relax until the forces were <0.2 eV/nm. The
optimized Ni(111) and Ni(311) surfaces are shown in
Figure 1. Herein, it can be seen that the Ni(111) surface has
top, bridge, hcp, and fcc sites, whereas the Ni(311) surface
contains top, bridge, 4-fold, hcp, and fcc sites.

The climbing-image nudged elastic band (CI-NEB)
approach and the improved force reversed method were
employed to search for the transition state (TS).[45–47] A fre-
quency analysis was performed to verify that each transition
state corresponds to a first-order saddle point on the potential
energy surface with a single imaginary frequency in the
direction of the reaction coordinate. Herein, the frequencies
were sampled by the construction of a Hessian matrix based
on a finite difference approach wherein the atomic positions
were perturbed in all Cartesian directions by 0.002 nm. The
reaction barriers were obtained by considering Ef = ETS -
Ereactants, where ETS represents the energy of the transition
state. The adsorption energy of surface species was defined
as Eads = E(slab + adsorbate) - E(slab) - E(adsorbate), where the
Eslab + adsorbate represents the total energies of the optimized
adsorbate on the surface, Eslab is the energy of the slab, and
Eadsorbate stands for the energy of the adsorbate in the gas
phase. A more negative value of the adsorption energy repre-
sents a stronger interaction between the adsorbates and the
surface. In a similar fashion, a negative value of the reaction
energy indicates that the reaction is exothermic, whereas a
positive value implies that it is an endothermic reaction.

The Gibbs free energy of adsorption, ΔG, is given by the
following equation:

ΔG=ΔH – TΔS ð1Þ
where ΔH is the enthalpic change from the gas-phase state
to the adsorbed state (ie, the adsorption energy) and TΔS
denotes the entropy contribution from the change of entropy
(ΔS) at temperature T.

A molecule made of N atoms has in total 3N degrees of
freedom. A linear molecule has 3N −5 vibrational, three
translational and two rotational degrees of freedom in the
gas-phase state. In contrast, a nonlinear molecule in the gas
phase has 3N−6 vibrational, three translational and three
rotational degrees of freedom. The transitional and rotational
degrees of freedom will be replaced by the vibrational
degrees of freedom for the adsorbed molecule on the surface.
Therefore, there are 3N vibrational modes in the adsorbed
state. The entropy of the transition state has 3N−1 vibra-
tional modes. The vibrational entropy contribution to the
free energy of association is given by the following:

TSvib =
X3N
i= 1

hvi

e
hvi
kBT−1

−
hvi
2

−kBTln 1−e−
hvi
kBT

� � !
ð2Þ

where kB is the Boltzmann constant; h is the Planck constant;
and vi is the vibrational frequency for the ith normal mode.

3 | RESULTS AND DISCUSSION

3.1 | Adsorbate stability on Ni(111) and
Ni(311) surfaces

The most stable adsorption configurations and the corresponding
adsorption energies of the surface species involved in the RWGS
reaction on Ni(111) and Ni(311) surfaces are shown in Figure 2.
From this figure, it can be clearly seen that the CO2 adsorption is

FIGURE 1 Top view and side view
of the optimized Ni(111) surface (left) and
Ni(311) surface (right). Important
adsorption sites have been highlighted.
The coordination numbers (CN) for the
surface atoms of each row are labelled
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significantly stronger on the Ni(311) surface. This result is
expected from the bond order conservation principle as the coor-
dination number of the surface atoms in Ni(111) is nine, while
the Ni(311) surface contains a surface atom with a coordination
number of seven (Figure 1).[48]

For the atomic species (ie, O and H), it can be seen that
the preferred adsorption mode is similar for the Ni(111) and
Ni(311) surfaces. The O atom prefers to occupy the 3-fold
site on both Ni(111) (Eads = −507 kJ/mol) and Ni(311)
(Eads = −518 kJ/mol). A similar result is found for H, which
also has a preferential 3-fold adsorption mode with energy
differences of −46 and − 51 kJ/mol on the Ni(111) and
Ni(311) surfaces, respectively, with respect to the gas phase.
For the hydroxyl moiety (OH), the preferred adsorption
mode is the fcc site on Ni(111) with Eads = −305 kJ/mol. In
contrast, OH adsorbs much stronger, by 50 kJ/mol, on the
Ni(311) in a bridge mode. The CO molecule prefers to
adsorb in a 3-fold coordination mode on Ni(111) and
Ni(311) with comparable respective adsorption energies of
−172 and − 180 kJ/mol. Again, these results are in agree-
ment with previous DFT calculations.[35,49] H2O binds
weakly on a top site on both Ni(111) and Ni(311) with
adsorption energies of −26 and − 47 kJ/mol, respectively.
Herein, the Ni-O bond length between the Ni atom and the
O atom of adsorbed H2O molecule is 0.22 nm for the
Ni(111) surface, which is in good agreement with previous
results from the literature.[50] In comparison, the Ni-O bond
length for the Ni(311) is 0.21 nm, consistent with the stron-
ger adsorption. Interestingly, whereas CO2 can only be

physisorbed on the flat Ni(111) surface with an adsorption
energy of −2 kJ/mol, in line with previous findings,[49,51] it
was found to strongly adsorb in a bidentate fashion on the
Ni(311) surface with an adsorption energy of −46 kJ/mol.
From the C─O bond lengths (0.13 nm) in CO2, it can be
seen that the CO2 molecule is already pre-activated upon
adsorption on the Ni(311) surface, whereas the C─O bond
lengths are both 0.12 nm for adsorption on Ni(111), almost
unchanged with regard to the gas-phase values.

3.2 | CO2 activation

In Figure 3, the initial, transition, and final states for direct
CO2 dissociation are depicted. The corresponding barriers
are given in Table 1. By using CI-NEB calculations, we
identified a two-step direct CO2 dissociation pathway over
Ni(111): initially, physisorbed CO2 migrates towards the
surface to form a metastable state wherein one of the oxygen
atoms of CO2 is bound to a top site (Figure 3A). This meta-
stable state is 25 kJ/mol less stable than physisorbed CO2 on
Ni(111). The C─O bond lengths of this metastable state are
0.13 and 0.12 nm, indicating that this state leads to activa-
tion of the CO molecule. The reaction barrier from
physisorbed CO2 to the metastable state is 39 kJ/mol. The
C─O bond lengths at the TS1 are both 0.12 nm. The second
step is the dissociation of the metastable state into CO
and O, which has an activation barrier of 49 kJ/mol and is
exothermic by 95 kJ/mol. In the TS2, the CO molecule
migrates over a Ni atom towards a 3-fold site, whereas the O

FIGURE 2 Top view and side view (inset) of the most stable configurations and the corresponding adsorption energies (kJ/mol) of the
adsorbates involved in the RWGS reaction on the Ni(111) surface (top) and the Ni(311) surface (bottom). Blue, gray, red, and white spheres
represent Ni, C, O, and H atoms, respectively
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atom migrates to a 3-fold site via a bridge site. The C─O
bond distance of the dissociating O atom is 0.18 nm in the
TS2. The two-step CO2 dissociation reaction has, thus, an
overall activation energy of 74 kJ/mol and is exothermic by
70 kJ/mol.

Direct CO2 dissociation over Ni(311) proceeds in a single
step. It has a reaction barrier of 78 kJ/mol and a reaction
energy of −45 kJ/mol. We choose CO2 adsorbed in its most

stable adsorption mode as the initial state (IS). In the TS5,
the CO moves to the 3-fold coordinated site through the
bridge site on the terrace, while the O atom migrates to the
neighbouring bridge site. The C─O bond distance is
increased to 0.18 nm. Finally, in the final state (FS) the CO
molecule is adsorbed at the 3-fold site and the O atom is
bound to the bridge site at the step edge. The distance
between CO and atomic O in the FS is 0.36 nm.

Furthermore, we studied the energetics of the HOCO
pathway on Ni(311). As the first reaction step, ie, CO2

hydrogenation to the HOCO intermediate, is usually consid-
ered as the rate-determining step in the HOCO
pathway,[25,26] only the energy barrier of CO2 hydrogenation
reaction was calculated. It was found that this reaction step
has an energy barrier of 132 kJ/mol, which is much higher
than that of direct CO2 activation on Ni(311) (78 kJ/mol).
Therefore, our assumption to focus on the surface redox
mechanism on Ni(311) and Ni(111) surfaces is warranted.

3.3 | H2O formation

The resulting oxygen of the CO2 dissociation can be
removed from the surface as H2O by two-step hydrogenation
of the O atom. The corresponding IS, TS, and FS configura-
tions for the formation of OH and H2O are shown in Fig-
ures 4 and 5, respectively. The corresponding reaction
energies are listed in Table 2. From this Table, it can be seen
that O hydrogenation towards OH over Ni(111) has an acti-
vation energy of 106 kJ/mol and is mildly endothermic by
11 kJ/mol. Initially, the O and H atoms are adsorbed in a
3-fold coordination and separated by 0.27 nm. In the TS3,
the hydrogen atom moves towards the adsorbed oxygen spe-
cies by which the O─H bond length is decreased to 0.14 nm.
In the final state, hydroxyl is formed and is adsorbed in a
3-fold coordination with an O─H bond length of 0.10 nm.
These values agree with the previous results.[52] Subse-
quently, the hydroxyl species can be further hydrogenated to
form surface H2O. This reaction has a barrier of 117 kJ/mol
and is endothermic by 25 kJ/mol. In the IS, both the OH
molecule and H atom are adsorbed in two adjacent fcc sites
wherein a single metal atom is shared. In the TS4, both the
OH molecule and the H atom move towards the shared metal
atom. Herein, the corresponding O─H bond is shortened to
0.16 nm. In the FS, the H2O molecule is adsorbed on a
top site.

For the Ni(311) model, the formation of OH has a lower
activation energy (81 kJ/mol) with respect to the Ni(111)
surface (106 kJ/mol). The corresponding reaction energy is
−22 kJ/mol. In the IS, the O atom is located at the bridge site
and the H atom at the fcc site. The O─H bond length in TS6
is 0.15 nm. The FS includes the OH species at the bridge
site. Subsequently, the OH species can be hydrogenated to

FIGURE 3 Top view and side view (inset) of initial state (IS),
transition state (TS), and final state (FS) involved in the direct CO2

dissociation on the Ni(111) surface (top and middle) and the Ni(311)
surface (bottom). Blue, gray, and red spheres represent Ni, C, and O
atoms, respectively

TABLE 1 The forward (Ef) and backward (Eb) activation energies
(kJ/mol) for the direct CO2 activation on the Ni(111) and Ni(311)
surfaces

Ni(111) Ni(311)

Reaction Ef Eb Ef Eb

CO2*phys > CO2* 39 14 … …

CO2* + * > CO* + O* 49 144 78 123
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yield adsorbed H2O. This process is endothermic by 58 kJ/
mol and has a reaction barrier of 111 kJ/mol. For the IS, we
selected a co-adsorption state with the H occupying a 3-fold
site and the OH staying in the bridge site. In the TS7, the OH

molecule is bound to the bridge site by slightly migrating to
the quasi-4-fold coordination, whereas the H atom moves
towards the O atom of OH. The corresponding O─H bond
length is reduced to 0.14 nm. The FS involves the H2O mol-
ecule at the top site.

3.4 | Reaction energy diagram

In Figure 6, the RED for the RWGS reaction over Ni(111)
and Ni(311) is given. From this Figure, it can be seen that
the barrier of direct CO2 activation over Ni(111) is 74 kJ/
mol, similar to the barrier of 78 kJ/mol over Ni(311). In a

FIGURE 4 Top view and side view (inset) of the optimized
structures of IS, TS, and FS in the OH formation on the Ni(111)
surface (top) and the Ni(311) surface (bottom). Blue, white, and red
spheres represent Ni, H, and O atoms, respectively

FIGURE 5 Top view and side view (inset) of optimized
configurations of IS, TS, and FS in the H2O formation on the Ni(111)
surface (top) and the Ni(311) surface (bottom). Blue, white, and red
spheres represent Ni, H, and O atoms, respectively

TABLE 2 The forward (Ef) and backward (Eb) activation energies
(kJ/mol) for the H2O formation on the Ni(111) and Ni(311) surfaces

Ni(111) Ni(311)

Reaction Ef Eb Ef Eb

O* + H* > OH* + * 106 95 81 103

OH* + H* > H2O* + * 117 92 111 53

FIGURE 6 Reaction energy diagram of the RWGS reaction on
the Ni(111) and Ni(311) surfaces. All values are labelled in kJ/mol

FIGURE 7 Gibbs free energy diagram of CO2 dissociation on
the Ni(111) and Ni(311) surfaces at 500 K. All values are labelled in
kJ/mol
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previous DFT study by Fan et al,[25] it was found that the
planar Ni(111) surface and the stepped Ni(211) surface have
similar barriers for direct CO2 activation (65 vs 71 kJ/mol).
This suggests that the stepped Ni(311) surface exhibits a
similar catalytic activity with the Ni(211) surface towards
direct CO2 activation. Furthermore, their work revealed that
compared with Ni(111) and Ni(211), the open Ni(100)
surface has the lowest barrier (35 kJ/mol) for direct CO2

activation.
Although the enthalpic barriers of direct CO2 activation

on Ni(111) and Ni(311) are similar, the effect of entropy on
the energetics is significant. This can be further demonstrated
in the Gibbs free energy diagram, as shown in Figure 7. In
the analysis of Gibbs free energy, the temperature in Equa-
tions (1) and (2) was set at 500 K as a representative reaction
temperature. At 500 K, the contribution of the entropic term
of the CO2 molecule to the Gibbs free energy is 107 kJ/mol.
Based on Equation (2) and the frequency data of CO2 in
Table 3, an entropic contribution of 11 kJ/mol is associated
with the vibrational degrees of freedom of adsorbed CO2 on
Ni(311), indicating that 96 kJ/mol is lost during the adsorp-
tion step. According to Equation (1), the Gibbs free energy
for CO2 adsorption is 50 kJ/mol. Combining this value with
the enthalpic CO2 dissociation barrier results in an overall
CO2 dissociation barrier of 128 kJ/mol on Ni(311). In a simi-
lar manner, the vibrational entropy for adsorbed CO2 in the
metastable state (Eads = +23 kJ/mol) on Ni(111) was calcu-
lated to be 28 kJ/mol, which indicates that the total entropy
loss is 79 kJ/mol for CO2 adsorption. Therefore, the Gibbs
free energy for CO2 adsorption is 102 kJ/mol, which leads to
an overall CO2 dissociation barrier of 151 kJ/mol on Ni(111).
Obviously, these values will be affected by the accuracy of
the parameters, for which a future sensitivity analysis in
combination with microkinetic modelling would be most
informative.[53–56]

The rate of CO2 desorption is expected to be much higher
than that of C─O bond dissociation on Ni(111). This is due
to the weak adsorption of CO2 over Ni(111) and will result
in a very low coverage of adsorbed CO2. For Ni(311), we
expect a low coverage as well, although CO2 adsorbs stron-
ger by 44 kJ/mol and the overall Gibbs free energy for CO2

dissociation is 23 kJ/mol lower than on Ni(111). Therefore,
it is clear that the overall rate of CO2 activation will be sig-
nificantly higher on Ni(311) than on Ni(111). The RED also
shows that H2O formation from the subsequent oxygen
hydrogenation has an overall activation barrier of 128 kJ/

mol on Ni(111) and 111 kJ/mol on Ni(311). Therefore, H2O
formation is also preferred on Ni(311). These findings indi-
cate that CO2 dissociation will preferentially occur on the
stepped Ni(311) surface and CO2 adsorption, CO2 dissocia-
tion, and H2O formation will be potential rate-controlling
steps.

The surface energy of Ni(311) was calculated to be
14 300 meV/nm2 (1 meV = 1.6 × 10 −13 J), which is much
lower than that of Ni(1010̄)B surface (16 000 meV/nm2).[35]

The latter has the highest surface energy among all Ni facets.
Therefore, it may be expected that the Ni(311) configuration
appears at the surface of the metal nanoparticles. In the
literature, various methods have been developed to expose
(311) facets under appropriate conditions.[57,58] For example,
Wang et al[57] developed a cation exchanging reaction to
synthesize FePt nano-dendrites with large surface areas and
exposure of (311) facets. Find et al[58] revealed that aniso-
tropic recrystallization of Pt black favoured the exposure of
(220) and (311) planes under hydrogen-induced conditions.
Furthermore, the doubling of step heights of a single crystal
when heating it in hydrogen can preferentially expose (311)
facets. Therefore, these methods might be applied in prepar-
ing Ni catalysts to preferentially expose (311) facets to pro-
mote the catalytic activity of the RWGS reaction.

4 | CONCLUSIONS

In this work, the energetics of the RWGS reaction on
Ni(111) and Ni(311) surfaces following the surface redox
mechanism were systematically investigated using DFT.
CO2, CO, O, H, OH, and H2O surface species adsorb
stronger on Ni(311) than on Ni(111). The overall barrier
for C─O bond breaking in CO2 activation on Ni(111) is
higher by 23 kJ/mol than the barrier found on Ni(311).
H2O formation on Ni(311) has an activation energy of
111 kJ/mol, which is lower by 17 kJ/mol than the overall
barrier on Ni(111). By comparing the reaction pathways of
the RWGS reaction on the two Ni facets, it is suggested
that Ni(311) is more active than Ni(111) for the surface
redox mechanism.
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