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alt promoter on the CO
methanation reaction over MoS2 catalyst: a density
functional study†

Chunyun Zhang,a Bonan Liu,b Yuxian Wang,a Liang Zhao,*a Jin Zhang,b

Qiuyun Zong,*b Jinsen Gaoa and Chunming Xua

The potential mechanism of sulfur-resistant CO methanation was theoretically investigated via density

functional theory (DFT + D) calculations. Comparisons were made between modified Co–MoS2 and pure

MoS2 catalysts and we highlighted the distinguished CO methanation pathway in the presence of Co-

promoter. Multiple intermediates were formed at different catalytic sites during the reaction, which

further increased the mechanism complexity. The results obtained from Co–MoS2 imply that the CH3OH

species could be formed along the most feasible reaction pathway on Mo catalyst termination; the

subsequent dissociation of CH3OH into CH3 and OH was found to be the rate determining step with

a reaction barrier of 29.35 kcal mol�1 at 750 K. On the S edge of Co–MoS2, the CH2OH intermediate

could be formed as a result of CH2O reacting with adsorbed hydrogen, and subsequent CH2OH

dissociation was noted to release CH2. Afterwards, consecutive hydrogenation of CH2 led to the final

CH4 yield. On S catalyst termination, it was suggested that the CHO intermediate formation played a key

role as the rate-determining step with the reaction barrier of 19.56 kcal mol�1 at 750 K. By comparing

the CO methanation energy profiles over different samples, it was discovered that the Co-promoter did

possess promoting effects at both the Mo edge and the S edge of the catalyst; note that this

enhancement at the Mo edge was superior to that at the S edge, especially for larger scale applications.

Moreover, after doping with Co, the OH species was easier to remove in terms of H2O molecules, which

created enough vacant active sites for a continuous reaction.
1. Introduction

As is well-known, natural gas is an important clean fuel that is
environmentally friendly and convenient to transport. Its main
component is CH4, which has high caloric value and is
a comparably safe and efficient energy carrier. On the other
hand, modern chemistry requires coal cleaning combustion
and upgrade for sustainable development, especially in those
coal rich countries such as China. As an effective method,
methanation of carbon monoxide (CO + 3H2 / CH4 + H2O, D
¼�206.2 kJ mol�1), from syngas generated by coal (CO and H2

are major contents), to produce synthesized natural gas ‘SNG’
(CH4) has attracted signicant attention, particularly for its
low pollutant emissions.1–3
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Numerous metals, such as rhodium, ruthenium, cobalt and
nickel, have been studied as catalysts for the industrial CO
methanation process, and different kinds of metals are found to
have different advantages. For example, rhodium and ruthe-
nium have relatively higher activities, whereas nickel relies on
a much lower cost.4–6 Nickel-based catalysts were once routinely
used in industry, but they are very sensitive to sulfur
compounds and thus there is a very rigorous restriction on
upstream syngas sulfur containing levels;7,8 the relevant syngas
desulfurization remarkably increases the production cost.
Unlike conventional products, molybdenum-based catalysts
have shown excellent CO methanation performance with
desired sulfur-resistance, therefore enabling a so called ‘sulfur-
resistant CO methanation reaction’.9–16 Rather than ‘poisoning
the metal catalytic sites’, the introduction of sulfur plays
a positive and essential role in Mo-based catalyst activation; the
pre-sulfurized active sites (MoS2) are responsible for effective
CO conversion.17 In further research attempts, a second metal
was added to promote the stability and activity of MoS2 cata-
lysts. Among various metal-promoters, Co exhibits a superior
promoting effect on the activity of Mo/Al catalysts, which have
been the most successful catalysts for sulfur-resistant CO
methanation.18,19 Besides, cobalt also enhances the stability of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Crystal structures of T1 (a) and T2 (b) terminations. Mo/S/Co
centers are shown as blue balls, yellow balls, and purple balls,
respectively.
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Mo-based catalysts within CO methanation, especially under
a water-containing atmosphere, where cobalt addition not only
provides extra active sites, but also protects the active MoS2
phase.20

Numerous efforts have been made to study CO methanation
mechanisms on different kinds of Ni-based catalysts;21–25

however, research on methanation mechanisms employing
MoS2-based catalysts are uncommonly seen. Although a series
of intermediates do exist during the reaction, which may
increase the complexity of the mechanism study, methane has
been proved to be the main product for CO methanation over
MoS2 catalysts, as supported by both theoretical and experi-
mental observations.26,27 Unlike the reaction on the pure Mo
metal surface, adsorbed CO on the MoS2 surface is unlikely to
dissociate into C and O atoms before hydrogenation.26 Shi et al.
illustrated the optimal pathway for CO methanation over pure
MoS2 catalysts, in which intermediate CH2OH was formed, and
nally, CH4 was obtained by consecutive CH2 hydrogenation.28

DFT calculations have reported that doping K onto the MoS2
surface managed to enhance the CO adsorption efficiency by
changing the local electronic environment, and reducing the
barrier to C–C species formation; however the complete CO
methanation route has still not been discussed.29 To the best of
our knowledge, there has been no research focusing on the
complete CO methanation mechanism on cobalt doped MoS2
catalysts. Therefore, an investigation on the degree of promo-
tion of cobalt for the CO methanation reaction over molyb-
denum-based catalysts is urgently needed to gain profound
insight into CO methanation mechanisms on Co–MoS2.

Our work addresses the study of the fundamental mecha-
nism of Co–MoS2 promoted CO methanation (sulfur-resistant)
by the DFT + D (dispersion force correction) method. We rstly
investigated the adsorption performance of reactants, inter-
mediates and products. Aerwards, all possible reaction path-
ways were designed and compared to identify the most
favorable route of CO methanation at different surfaces of Co–
MoS2. Energy proles in optimal paths at 750 K were investi-
gated on both edges of pure MoS2 and Co–MoS2 catalysts.
Advances were also achieved by comparing the sulfur-resistant
methanation performance over MoS2 catalysts and Co–MoS2
catalysts.

2. Computational details

Calculations based on density functional theory (DFT) were
performed with the Dmol3 program in the Material Studio
Package.30–32 The generalized gradient approach (GGA)33 and
exchange–correlation potential developed by Perdew, Burke,
and Ernzerhof (PBE),34 with the Grimme method35 for disper-
sion corrections (DFT-D correction) were adopted. Double
numerical basis sets plus polarization functions (DNP) were
used to represent atomic orbitals, and DFT semi-core pseudo-
potentials (DSPPs) were employed for metal core treatment. The
orbital cutoff was 4.9 Å and the Monkhorst–Pack mesh k-point
f(2 � 2 � 1) was adopted. The SCF convergence criterion was
1.0 � 10�6 Ha per atom, and smearing was set as 2.0 � 10�3 Ha
to accelerate the convergence of orbital occupation.
This journal is © The Royal Society of Chemistry 2017
Convergence tolerances of energy, maximum force, and
maximum displacement were set as 1.0 � 10�5 Ha, 2.0 � 10�3

Ha Å�1, and 5.0 � 10�3 Å, respectively. Transition state (TS)
searches were carried out at the same accuracy by complete
linear synchronous transit (LST)/quadratic synchronous transit
(QST) methods.36 The method starts by LST pathway connection
of the reactant and product, aer which the TS approximation
was used to perform QST maximization. Aerwards, another
conjugated gradient minimization was performed, based on the
maximization point and the cycle repeats until the calculation
was converged. Maximum iteration steps were 1000 and DIIS
was used to accelerate the convergence of orbitals. Spin polar-
ization was applied in the calculation process on account of the
magnetic properties of Co. The transition states in this work
have been proved by imaginary frequency.

The MoS2 (10–10) surface was represented as four S–Mo–S
slabs with the bottom two layers constrained to crystal lattice
positions.37–44 The Mo edge and the S edge of pure MoS2 cata-
lysts were reported to exist in realistic conditions, and both
edges achieved stable equilibrium structures by sulfur recon-
struction.45–49 Along with sulfur reconstruction, the S vacancies
created active sites. Co–MoS2 was represented by 25% Co
substitution of Mo on the surface.50 Herein, we dene 100%
sulfur coverage as corresponding to two sulfurs for each Mo
atom on the surface. It is quite controversial to discuss which
edge is more favorable for the location of Co-promoter; some
studies revealed that the S edge was better,47,49 with 50% sulfur
coverage, while some articles supported the Mo edge.51 Besides,
many more models of Co–MoS2 catalysts with various Co
content, including Mo edge and S edge, have been dis-
cussed.52–54 The Mo termination of 25% substituted Co–MoS2
with 25% sulfur coverage, and the S termination with 50%
sulfur coverage were considered to be thermodynamically stable
in industrial reactions,50,55 as shown in Fig. 1(a) and (b). Vacuum
thickness of 15 Å was set in each model to avoid electronic
coupling between adjacent slabs. For simplicity, the Mo termi-
nation of Co–MoS2, and the S termination of Co–MoS2 were
recorded as T1 and T2, respectively. Aer geometry optimization
based on the parameters mentioned above, surface Co was
observed to relax inward by 0.467 Å on the Mo termination and
0.187 Å on the S termination, both of which were in good
accordance with the values reported previously (0.46 Å and
0.17 Å, respectively).50
RSC Adv., 2017, 7, 11862–11871 | 11863
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Fig. 2 Possible pathways for the CO methanation reaction.
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The adsorption energy (Eads) was calculated from the energy
difference between the adsorption state and free states, as
shown in eqn (1). Herein, E(ads+slab) is the energy of the surface
containing the adsorbate, E(slab) is the energy of the clean
surface, and E(ads) is the energy of the adsorbing molecule in the
gas state. Negative Eads value indicates an exothermic adsorp-
tion, and thus the most negative adsorption energy signies the
most stable adsorption conguration. The active energy barrier
(Ea) is calculated according to eqn (2), and reaction energy (Esep)
is calculated by eqn (3).

Eads ¼ E(ads+slab) � E(ads) � E(slab) (1)

Ea ¼ ETS � ER (2)

Esep ¼ EP � ER (3)

Herein, ETS means the energy of the transition state (TS)
system, and ER, EP mean the energy of the reactant system and
product system, respectively. Taking into account all possible
Table 1 Adsorption energies (Eads, in kcal mol�1) and the geometry para

T1

Eads dC–O/Co–C/Co–O/Co–H/Mo–C/Mo–O/M

CO (a) �45.43 1.15/1.77/—/—/—/—/—
CO (b) �26.98 1.16/—/—/—/2.06/—/—
H (a) �55.58 —/—/—/1.48/—/—/—
H (b) �53.04 —/—/—/—/—/—/1.71
CH2O (a) �30.87 1.38/2.02/—/—/—/1.98/—
CH2O (b) �20.37 1.29/—/1.92/—/2.46/—/—
CH3OH (a) �27.99 1.46/—/2.04/—/—/—/—
CH3OH (b) �22.28 1.45/2.57/—/—/—/2.31/—

11864 | RSC Adv., 2017, 7, 11862–11871
pathways via different intermediates, we proposed a detailed
CO methanation reaction network, which is schematically
illustrated in Fig. 2. All the pathways shown in Fig. 2 were
investigated in this study to nd the optimal path for the CO
methanation reaction over Co–MoS2 catalysts.
3. Results and discussions
3.1. Adsorption of reactants, intermediates and products

The adsorption performance of all species involved in the CO
methanation on T1 and T2 terminations has been considered.
Here, we focus on CO, H, CH2O, and CH3OH intermediates; the
other intermediates like CHO, COH, CH3O, H2O and so on are
summarized in the ESI.† Adsorption energies Eads and adsorp-
tion geometry parameters are listed in Table 1. Fig. 3 illustrates
the adsorption congurations of intermediates involved in the
most stable states on T1 and T2, where although many more
adsorption sites and congurations have been considered, only
two stable adsorption congurations with the largest Eads are
described in this paper.

H atoms on T1 termination preferred to adsorb on top of the
bare Co site (�55.58 kcal mol�1, �53.50 kcal mol�1 (ref. 50))
and bare Mo site (�53.04 kcal mol�1, �50.50 kcal mol�1 (ref.
50)) than the S site (�44.51 kcal mol�1, �44.05 kcal mol�1 (ref.
50)), which revealed that the Co-promoter enhanced the
adsorption performance of H atoms by creating new adsorption
sites. Herein, adsorption energy values of the H adatom, ob-
tained from literature,51 are listed as reference values, which
were determined with VASP using the PAW method, PW91. On
T2 termination, however, the interactions between H atoms and
catalysts were relaxed by Co-promoter, since the H atom has
stronger interactions with the bridge Mo–Mo site (�59.27 kcal
mol�1, �57.65 kcal mol�1 (ref. 50)) than the bridge Co–Mo site
(�52.35 kcal mol�1) or S site (�50.50 kcal mol�1). For O and OH
groups, as described in ESI,† the Co site did not show
conspicuous advantages over the Mo site on both terminations,
which was due to the electronegativity of the O atom. CO was
observed to be stabilized on the top of the bare Co site or Mo site
with its carbon atom for both T1 and T2 terminations. For T1,
the Co site (�45.43 kcal mol�1) was more active than theMo site
(�26.98 kcal mol�1). For T2, however, CO adsorbing at the Co
site (�24.91 kcal mol�1) or Mo site (�24.67 kcal mol�1) resulted
in similar adsorption energies. Structurally, the calculated Co–C
meters (in Å) of key intermediates on T1 and T2 terminations

T2

o–H Eads dC–O/Co–C/Co–O/Co–H/Mo–C/Mo–O/Mo–H

�24.91 1.16/1.78/—/—/—/—/—
�24.67 1.16/—/—/—/2.05/—/—
�59.27 —/—/—/—/—/—/1.93, 1.81
�52.35 —/—/—/1.78/—/—/1.77
�12.62 1.34/—/—/—/2.21/2.03/—
�11.47 1.23/—/—/—/—/2.39/—
�13.20 1.45/—/—/—/—/2.45/—
�12.15 1.46/—/2.22/—/—/2.58/—

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Adsorption configurations of CO, H, CH2O, and CH3OH in
stable states on T1 and T2 terminations.
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distances were 1.77 Å for T1 termination and 1.78 Å for T2, and
the obtained Mo–C distances were 2.06 Å for T1 and 2.05 Å for
T2. Besides, in spite of distinct energy differences, the four
adsorption structures have equal C–O distances, which were all
activated into about 1.16 Å. CH2O on T1 was prone to adsorbing
at the Co–Mo bridge site, while on T2 it was inclined to interact
with the Mo site via the O atom. For CH3OH, it was found that
except for the Co–Mo bridge site, which is a priority on both T1

and T2, the Co site on T1 and Mo site on T2 take precedence as
well. It was concluded that most C1 intermediates prefer to
adsorb at the Co site or adjoining Mo–Co site, as shown in ESI,†
and it revealed that the Co-promoter provided more active sites
by transforming the structure and altering the electronic
distribution of MoS2, which made it easier for C1 species or H
atoms to be adsorbed.

For a better understanding of the effect of cobalt-promoter
on the electron distribution of MoS2, population analysis was
calculated to study electron transfer. It was found that when
compared with the Mo site, the Co atom obtained more elec-
trons transferred from the carbon atom in the C1 species, which
made the binding interaction between carbon and cobalt
stronger. Taking the CO molecule as an example, in the
adsorption congurations of CO, charge separations were
found as follows: Mo�0.141–C0.309–O�0.118 on the Mo edge of
MoS2, Co�0.469–C0.508–O�0.128 on the Mo edge of Co–MoS2,
Mo�0.085–C0.325–O�0.162 on the S edge of MoS2, and Mo�0.468–

C0.471–O�134 on the S edge of Co–MoS2. This explains why Co or
Co–Mo active sites were more favorable than the Mo site for the
adsorption of most C1 species and why carbon was inclined to
interact with the cobalt atom, while the Mo site was more
favorable than the Co site for oxygen atoms. Moreover, strong
interactions between molecule and catalyst could weaken some
bonds inside the adsorbate, which would decrease the difficulty
of bond breaking in the adsorbate, or attack by other atoms.
3.2. Overview of the CO methanation pathway on Co–MoS2

Calculated reaction barriers and reaction energies of all
possible elementary steps for CO methanation on T1 and T2
This journal is © The Royal Society of Chemistry 2017
termination are separately depicted in Fig. 4 and 5. Congura-
tions of reactants, transition states, and products involved, with
detailed information including bond lengths and angles are
summarized in the ESI.†

3.2.1. CO methanation on T1 termination. COmethanation
starts from the incorporation of adsorbed CO and a nearby
hydrogen atom; COH and CHO are two possible products for the
rst elementary step. Since the formation of CHO is more kinet-
ically favorable than COH (Ea ¼ 25.08 kcal mol�1 vs. 63.07 kcal
mol�1), CHO is supposed to be the rst intermediate from CO
reacting with the hydrogen adatom (Fig. 4). The hydrogenation of
COH was not successfully investigated in this study because the
reaction barrier of the formation of COH was higher than the
reaction barrier of the rate determining step along the most
favorable reaction pathway, which would be determined later.

Aer the formation of CHO, CHOH (+27.21 kcal mol�1) and
CH2O (+12.77 kcal mol�1) were then obtained by CHO reacting
with adjacent hydrogen adatoms. In this step, the favorable
product depended on which atom, oxygen or carbon in the
CHO, was easier to attack by the independently co-adsorbed
hydrogen. Apparently, CH2O was favored over the CHOH
intermediate. Based on our calculations, neither the dissocia-
tion of CHOH into CH + OH (+43.73 kcal mol�1) nor the
decomposition of CH2O into CH2 and O (+43.99 kcal mol�1)
occur easily. Similarly, the formation of the CH3O intermediate
through CH2O was not available on account of the high reaction
barrier (+38.45 kcal mol�1). Interestingly, although CH2OH can
be produced by either CHOH or CH2O reacting with adjacent
hydrogen adatoms, the CH2O route (+20.50 kcal mol�1) was
easier than the CHOH route (+28.65 kcal mol�1); therefore, the
preceding step is the further hydrogenation of CHO to form
CH2O, followed by CH2O hydrogenated into CH2OH.

With regard to the subsequent reaction of CH2OH, further
hydrogenation of CH2OH into CH3OH was far more advanta-
geous than the decomposition of CH2OH into CH2 and OH (Ea
¼ 10.11 vs. 31.62 kcal mol�1). Moreover, the reaction barrier of
CH3OH dissociation into CH3 and OH (+27.15 kcal mol�1) was
likewise lower than CH2OH dissociation; therefore, CH3OH and
CH3 are both favorable intermediates in the optimal pathway.
Moreover, since the dissociation energy of CH3OH (+27.15 kcal
mol�1) is close to the CH3OH desorption energy of 27.99 kcal
mol�1, there is the possibility of the release of free CH3OH; this
accounts for the fact that CH3OH is a side gas product, which
agrees well with literature.56–58 Eventually, the nal product,
CH4, was attained by CH3 reacting with adsorbed hydrogen with
the reaction barrier of 12.96 kcal mol�1.

Based on our calculations, the most feasible pathway for CO
methanation on T1 termination is CO + 5H / CHO + 4H /

CH2O + 3H/ CH2OH + 2H/ CH3OH + H/ CH3 + OH + H/

CH4 + OH, as illustrated in Fig. 4, in which the dissociation of
CH3OH into CH3 and OH is the rate-determining step.

3.2.2. CO methanation on T2 termination. From Fig. 5, two
possible routes exist for the rst reaction step of CO hydroge-
nation on T2 termination, in which either CHO or COH is
generated. The formation of CHO is more kinetically favorable
than COH (Ea ¼ 16.99 vs. 64.43 kcal mol�1). Although the
reaction barrier of the CHO subsequent reaction with hydrogen
RSC Adv., 2017, 7, 11862–11871 | 11865
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Fig. 5 Energy profiles along different pathways of CO methanation on T2 termination, where the black line represents the most favorable
pathway. Zero energy corresponds to the co-adsorption of CO and H atoms on T2 termination.

Fig. 4 Energy profiles along different pathways of CO methanation on T1 termination, where the black line represents the most favorable
pathway. Zero energy corresponds to the co-adsorption of CO and H atoms on T1 termination.
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to form CHOH is lower than the formation of CH2O (Ea ¼ 5.94
vs. 14.83 kcal mol�1), the next steps to form CH2OH by CHOH
hydrogenation (+32.16 kcal mol�1), or dissociation into CH and
OH (+30.53 kcal mol�1) are both difficult. In contrast, the
formation of CH2OH (+11.11 kcal mol�1) or CH3O (+14.87 kcal
mol�1) via CH2O reacting with nearby H adatoms is easier.
Therefore, the result is the same as with T1 termination, in
which CHO was the rst intermediate by CO reacting with
adsorbed hydrogen, and hence the second intermediate was
CH2O. Besides, desorption of CH2O (+12.62 kcal mol�1) was
able to occur, therefore formaldehyde, CH2O, must exist in the
gas products. Nonetheless, the dissociation of CH2O into CH2

and O adatom ensued with difficulty. In addition, CH3 species
were hard to obtain by CH3O dissociation with the reaction
barrier up to 82.53 kcal mol�1. Accordingly, CH2OH was the
next favored intermediate along the optimal CO methanation
pathway on T2 termination.

Regarding the next reaction of adsorbed CH2OH, two routes
were possible, one of which generated CH3OH via the bonding
11866 | RSC Adv., 2017, 7, 11862–11871
of the carbon atom in CH2OH with the nearby adsorbed
hydrogen, and the other one produced CH2 and OH. As can be
seen from Fig. 5, both steps are kinetically favorable (Ea ¼ 21.29
vs. 17.06 kcal mol�1). However, the dissociation of CH3OH into
CH3 and OH was difficult, with the barrier of 35.00 kcal mol�1

being much higher than its desorption energy 13.20 kcal mol�1,
which means that CH3OH was more likely to desorb rather than
react further. Therefore, the next intermediate along the
optimal path was CH2, while CH3OH was a favorable species in
the nal gas products. Subsequently, CH3 was obtained via CH2

interaction with a nearby H adatom (Ea ¼ 11.23 kcal mol�1).
Furthermore, the barrier of further conversion of CH3 into the
nal product CH4 was 15.36 kcal mol�1.

Based on the discussions above, the most favorable pathway
for CO methanation on T2 termination was clear, which was CO
+ 5H/ CHO + 4H/ CH2O + 3H/ CH2OH + 2H/ CH2 + OH
+ H / CH3 + OH + H / CH4 + OH, and the dissociation of
CH2OH into CH2 and OH groups was the rate-determining step
at 0 K.
This journal is © The Royal Society of Chemistry 2017
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3.3. Comparison of the CO methanation mechanism of pure
MoS2 and Co–MoS2

For simplicity, theMo and S terminations of pure MoS2 catalysts
were named T3 and T4, respectively. As reported earlier, the CO
methanation reaction route over pure MoS2 catalyst (both T3

and T4) is CO + 5H / CHO + 4H / CH2O + 3H / CH2OH +
2H/ CH2 + OH + H/ CH3 + OH + H/ CH4 + OH.28 Reaction
barriers and energies of the COmethanation reaction on T3 and
T4 terminations were recalculated by the DFT + D method with
the computational accuracy as mentioned above in this paper.
Recalculated reaction energies and previously announced
energy values along the most favorable pathway on T3 and T4

terminations are summarized in Table 2, in which Esep and Ea
are dened as reaction energies and reaction barriers, respec-
tively. As can be seen, part of the calculated energies were a bit
different from previously reported values,28 since we considered
dispersion force correction and we consider more adsorption
congurations based on literature.28 Congurations of reac-
tants, transition states, and products on both T3 and T4 edges,
with detailed information including bond lengths and angles
are summarized in the ESI.†

Considering realistic temperature conditions for industrial
CO methanation, free energy changes of all reactants, inter-
mediates, and products at 750 K were calculated, and energy
proles along the optimal paths on four edges at 750 K were
calculated and are depicted in Fig. 6 and 7. Fig. 6 summarizes
the most feasible CO methanation reaction routines on T1 and
T3, and Fig. 7 depicts the most favorable pathways on T2 and T4

terminations; in both gures, all the congurations of reac-
tants, transition states and products involved in the optimal
pathways are given. The congurations of species involved in
other feasible routes on T1 and T2 terminations are given in the
ESI.† As seen in Fig. 6, except for the last two steps, it was found
that the reaction barriers on T1 termination were smaller than
on T3 termination, in general. The rate determining step on T3

was the only endothermic elementary step, CO + H/ CHO, the
reaction barrier of which was up to 40.41 kcal mol�1. However,
aer doping Co-promoter into MoS2, the reaction barrier of CO
hydrogenation into CHO was decreased to 20.64 kcal mol�1. For
T1 termination, as mentioned above, CH3OH was a favorable
intermediate with low formation barrier and cleavage of the
Table 2 Esep and Ea (both in kcal mol�1) of elementary steps along the m

Elementary steps

T3

Esep Ea

Calc. Ref.a Calc

1 CO + H / CHO 8.60 8.30 39.7
2 CHO + H / CH2O �4.61 �11.07 18.0
3 CH2O + H / CH2OH �4.67 �11.99 17.0
4 CH2OH / CH2 + OH �10.85 �6.69 23.5
5 CH2 + H / CH3 �6.89 �4.61 15.4
6 CH3 + H / CH4 �26.21 �29.06 3.3

a Corresponds to ref. 28, where the calculations were performed with the
maximum displacement set as 5.0 � 10�3 Å.

This journal is © The Royal Society of Chemistry 2017
C–O bond of CH3OH was the rate determining step for CO
methanation on T1 termination with the reaction barrier of
29.35 kcal mol�1. Obviously, the Co-promoter lowered the
reaction barrier by about 11 kcal mol�1 and thus, accelerated
the reaction kinetically on Mo termination.

For S termination (Fig. 7), it was found that the reaction
barriers on T2 termination were obviously smaller than the
reaction barriers on T4 terminations, except for the third step.
The formation of CHO (Ea ¼ 19.56 kcal mol�1) was the rate
determining step for T2, while for T4, not only the formation of
CHO (Ea¼ 21.46 kcal mol�1), but also the formation of CH2O (Ea
¼ 20.05 kcal mol�1), the dissociation of CH2OH (Ea ¼ 20.03 kcal
mol�1) and the formation of CH4 (Ea ¼ 21.29 kcal mol�1) had
higher reaction barriers. It can be likewise deduced that the CO
methanation reaction occurred with kinetically less effort on T2

than on T4 termination, and Co lowered the reaction barriers of
the rate-determining step by 2 kcal mol�1 on S termination.

On the basis of comparison, the Co-promoter plays
a promoting role in the CO methanation reaction both on S and
Mo terminations to different degrees, which is in good agree-
ment with experimental studies.59–63 Except for the last step,
CH3 + H/ CH4, which occurred more easily on T3 termination
than on T4 termination, S termination showed the superiority of
the other CO methanation steps to Mo termination over pure
MoS2 catalysts. However, from Fig. 6 and 7, it is apparent that S
termination did not precede Mo termination over Co–MoS2
catalysts as signicantly as over unsupported MoS2 catalysts for
the COmethanation reaction, since the overall reaction barriers
on S termination were closer to the Mo edge aer doping
Co-promoter.

3.4. Formation of H2O

Formation of H2O via OH reacting with a H adatom on four
terminations was calculated and energy proles are depicted in
Fig. 8. On T1, T2, T3, and T4 terminations, formation barriers
were 7.45 kcal mol�1, 15.08 kcal mol�1, 20.89 kcal mol�1, and
12.15 kcal mol�1, respectively. Based on adsorption energies,
which were described in ESI† in the adsorption performance
section, desorption barriers of H2O on T1 were 25.50 kcal mol�1,
12.57 kcal mol�1 for T2 termination, 21.68 kcal mol�1 for T3

termination, and 14.30 kcal mol�1 for T4 termination.
ost favorable pathway on T3 and T4 terminations at 0 K

T4

Esep Ea

. Ref.a Calc. Ref.a Calc. Ref.a

3 33.44 1.02 5.30 16.51 18.68
6 18.22 �1.49 1.38 17.56 28.37
0 20.29 �0.57 �2.31 10.71 14.53
5 21.91 �20.09 �12.91 18.37 21.91
4 22.37 �14.79 �13.14 9.07 18.22
5 12.22 �15.39 �22.60 20.56 25.14

DMol3 program, DNP, ECP, and PW91, with convergence tolerances of

RSC Adv., 2017, 7, 11862–11871 | 11867
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Fig. 6 Energy profiles and configurations along the most favorable COmethanation reaction routes on T1 and T3 terminations at 750 K, in which
the black lines and structures in black frames represent T1 termination, while red lines and structures in red frames represent T3 termination. Zero
energy corresponds to the adsorption of the final product CH4 on T1 or T3 terminations.

Fig. 7 Energy profiles and configurations along the most favorable COmethanation reaction routes on T2 and T4 terminations at 750 K, in which
the black lines and structures in black frames represent T2 termination while red lines and structures in red frames represent T4 termination. Zero
energy corresponds to the adsorption of the final product CH4 on T2 or T4 terminations.
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Compared to the reaction of C1 species discussed above, the OH
species was not difficult to remove because of relatively low
reaction barriers. Moreover, the OH species was found to be
more easily removed as H2O on S terminations for both MoS2
and for Co–MoS2 catalysts, and Co-promoter also facilitated the
removal of OH species to guarantee enough vacant active sites
for C1 hydrogenation on both S termination and Mo
termination.
4. BEP relationship

The Brønsted–Evans–Polanyi (BEP) linear relationship64 between
ETS (transition state energy) and EFS (product state energy) of the
11868 | RSC Adv., 2017, 7, 11862–11871
dissociation of CHO (C–H), CH2O (C–H), CH2OH (O–H), CH3OH
(C–O), CH4 (C–H) on the Mo edge and the dissociation of CHO
(C–H), CH2O (C–H), CH2OH (O–H), CH3 (C–H), CH4 (C–H) on the
S edge of the Co–MoS2 catalyst was investigated, in which
dissociation reactions were seen as being in the reverse direction
of corresponding formation reactions. The congurations of all
reactants, transition states, and products for the above reaction
steps can be seen in Fig. 6 and 7, respectively. ETS is calculated
from eqn (4), and EFS is calculated from eqn (5), in which E(TS/
slab) means the total energy of the transition state with the
catalyst slab, E(FS/slab) is the total energy of adsorbed product
with catalyst slab, E(slab) is the energy of the clean surface, and
E(gas) is the energy of the reactant molecule in the free state.
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Energy profiles of H2O formation by OH reaction with H adatom, in which T1, T2, T3, and T4 terminations are represented by the blue line,
green line, red line, and orange line, respectively. Zero energy corresponds to the co-adsorption of OH species and H adatom.

Fig. 9 BEP relationship between the transition-state energy (ETS) and product-state energy (EFS) over Co–MoS2 catalyst for the COmethanation
reaction, in which (a) corresponds to the Mo edge, and (b) to the S edge. The energies of free reactant in the gas and clean catalyst slab (Egas +
Eslab) were taken as energy references.
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ETS ¼ E(TS/slab) � E(gas) � E(slab) (4)

EFS ¼ E(FS/slab) � E(gas) � E(slab) (5)

Fig. 9(a) represents the Mo edge of the Co–MoS2 catalyst, and
Fig. 9(b) is the S edge of Co–MoS2. As seen, the slopes for ETS as
a function of EFS are 0.84 for the Mo edge and 0.89 for the S
edge, within the range (0 < slope <1) expected. Both slope values
were close to 1, indicating the similarity between the congu-
rations of transition states and the corresponding nal states,
which agreed well with our calculation results, as can be seen in
Fig. 6 and 7.
5. Conclusion

The DFT + D method was applied to investigate the CO
methanation mechanism on Co–MoS2 catalysts and to deter-
mine the effect of Co. Adsorption calculations indicated that
aer Co doping, more active sites were created and the Co site
and adjoining Mo–Co site were preferable for the adsorption of
most C1 intermediates involved. Aer doping Co-promoter, the
This journal is © The Royal Society of Chemistry 2017
reaction mechanism on Mo termination was changed, along
which the CH3OH intermediate was formed by CH2OH hydro-
genation, and it showed that CH3OH was one kind of side gas
product, which accounted for some experimental results in
which CH3OH was detected as a gas product of CO methana-
tion.56,57 However, the most favorable route on S termination of
Co–MoS2 catalysts stayed the same as that on pure MoS2; the
CH2OH species was formed in both and then dissociated into
CH2 and OH. The dissociation of CH3OH was found to be the
rate determining step for Mo termination of Co–MoS2 catalysts
at 750 K, and the formation of CHO was the rate-determining
step for S termination at 750 K. Furthermore, for pure MoS2
catalysts, the CO methanation reaction was favored on S
termination instead of Mo termination, while aer Co-promoter
doping, the priority difference between Mo termination and S
termination for CO methanation was reduced. Moreover, the
reaction enhancement of Co-promoter was more signicant on
Mo termination than on S termination, since the overall reac-
tion barrier was lowered by 11 kcal mol�1 for the Mo edge, and
by only 2 kcal mol�1 on the S edge. OH species were found to be
removed more easily as H2O aer Co-promoter doping on both
RSC Adv., 2017, 7, 11862–11871 | 11869
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the Mo edge and S edge, and the timely removal of OH ensured
that active sites were vacant for the adsorption and further
reaction of C1 species to producemethane. In addition, the data
obtained in this paper were found to agree well with the BEP
relationship.
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