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ARTICLE INFO ABSTRACT

Keywords: Vacancies, typically exist in various types and morphologies on the surfaces of transition metal compound
§ vacancy catalysts, have been shown to play an important role in many catalytic reactions. However, identifying the
MoS,

optimal type and morphology of vacancy and the key factors that control its performance remains a significant
challenge. By density functional theory calculations and microkinetic modeling, we show that compared to
various threefold S vacancy morphologies on the basal plane, the lower coordination number at the bridge S
vacancy of Mo edge on MoS; tunes the relative adsorption strength of key intermediates (such as O relative to
OH). This not only increases COy hydrogenation rate by 7-11 orders of magnitude, but also leads to clearly
distinct mechanism (associative & redox). The large destabilization of O and low H coverage on the Mo edge also
hinder C-O scission and hydrogenation (give CH4 and CH3OH) relative to CO desorption, leading to almost 100%
CO selectivity. The inexpensive MoS; catalyst provides an alternative to the traditional noble metal catalysts for
reverse water gas shift, and the coordination number of vacancy modulated catalytic performance illustrates a
promising way to design transition metal compound catalysts for other important reactions of technological
interest.

CO;, hydrogenation
Reverse water gas shift
DFT calculations

1. Introduction

Vacancy, as one common type of surface defects, has been suggested
to play an important role in many catalytic reactions on the transition
metal compound catalysts [1-11]. A variety of types and morphologies
of vacancies often coexist on the surfaces of these catalysts, and the
identification of the optimal vacancy remains a significant challenge
because of difficulties in controllably creating vacancies with specific
structure experimentally. The combination of DFT calculations and
microkinetic modeling to establish a direct link between the reaction
rate and the type and morphology of vacancy, can not only identify the
optimal vacancy structure but also provide mechanistic insight into the
key factor that govern the catalytic activity at the atomic level. The
fundamental understanding will greatly accelerate the design and
development of transition metal compound catalysts.

* Corresponding authors.
E-mail addresses: kjsun@ysu.edu.cn (K. Sun), wxliZ0@ustc.edu.cn (W.-X. Li).
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A single layer of MoS; (denoted by MoS; hereafter), which typically
contains distinct types and morphologies of sulfur vacancies, is chosen
to illustrate the relation between the vacancy structure and catalytic
performance. The sulfur vacancies on MoS; can generally be divided
into two types: threefold sulfur vacancy on the basal plane and bridge
sulfur vacancy on the edges (Mo edge or S edge) [10-15], in which the
Mo atoms have different coordination number with the adsorbates (CN
= 3vs 2, see Fig. 1). In addition, for a given type of sulfur vacancy, such
as the threefold sulfur vacancy on the basal plane, various morphologies
have been observed by scanning tunneling microscopy/spectroscopy
after high-temperature annealing at about 900 K [13]. Several repre-
sentative morphologies of threefold sulfur vacancies on the MoS;, basal
plane, including two, three, four and six neighboring sulfur vacancies,
are shown in Fig. 1a, c, e-i. Despite the same coordination number with
adsorbates (CN = 3), the favorable threefold sulfur vacancies in these
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morphologies differ in the number of S atoms coordinated to Mo atoms
(Ng, see below for a sample calculation). The variation in CN and Ng,
caused by the distinct types and morphologies of sulfur vacancies on the
MoS; catalyst, may have a significant impact on the adsorption of in-
termediates and catalytic activity.

A few studies have shown that MoS, catalysts are active in CO; hy-
drogenation [16-18], by which COg is transformed into energy-rich
commodities, not only addresses the “3Rs” (reduce, reuse, and
recycle) associated with the increasing CO, emissions, but also provides
a promising way for the sustainable development of long-term fossil-
carbon industries [19-21]. In particular, CO, hydrogenation to CO and
H>0, namely the reverse water gas shift (RWGS) reaction, has recently
attracted much attention as its importance in converting CO5 to chem-
icals or liquid fuels through the industrially developed methanol and
Fischer—Tropsch synthesis [22,23]. Despite the studies, the optimal type
and morphology of sulfur vacancy on MoS; and the key factor control-
ling its activity and selectivity in RWGS remains unclear. In addition, the
inexpensive MoS; catalyst also provides an alternative to the reducible
oxide supported noble metal catalysts that are commonly used in RWGS,
which leave ample room for improvement, particularly in terms of price
[24-28].

By density functional theory (DFT) calculations and microkinetic
modeling, we show that regardless of the morphologies of the threefold
sulfur vacancies on the MoS; basal plane the relatively strong O binding
causes O poisoning and low CO; hydrogenation rate at 580-780 K, 1 bar
and Hy/CO; ratio of 1. With decreasing CN at the bridge sulfur vacancy
of the Mo edge, the O is greatly destabilized, leading to facile O removal
and moderate CO; dissociation activity via both associative and redox
route, thereby increasing the total CO, hydrogenation rate by 7-11 or-
ders of magnitude compared with the MoS, basal plane. At the same
time, the weakened O adsorption and low H coverage on the Mo edge
also suppress C-O scission and hydrogenation for CH4 and CH30H for-
mation, leading to almost 100% CO selectivity. The work opens up a new
avenue for non-precious metal catalyst development in RWGS, and the
insights obtained can be applied to design and develop transition metal
compound catalysts for other important reactions of technological
interest.

2. Methods

Spin-polarized DFT calculations were performed with the VASP [29]
with PBE [30]. The interaction between the ionic cores and electrons
was described by the projector-augmented wave (PAW) method [31],
and the Kohn-Sham valence electronic wavefunction was expanded in a
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plane-wave basis set with a kinetic energy cutoff at 400 eV. The lattice
constants for bulk 2H-MoS, were calculated to be a = b = 3.19 10\, c=
12.43 A, in agreement with the experimental values (a=b = 3.16 A, ¢ =
12.29 &) [32].

The morphologies of the threefold S vacancies on the (001) basal
plane of the S—Mo—S trilayer were modeled using the (5 x 3) unit cells
with two, three, four and six adjacent S vacancies (denoted by
MoS»(001)_2v, MoS3(001)_3v, MoS2(001)_3v;, MoS2(001)_3v,,
MoS2(001)_4v and MoS3(001)_6v), as shown in Fig. 1a, c, e-i. The eight-
layer (4 x 1) MoSy(100) surfaces with 38% and 50% S coverage were
used to model the bridge S vacancies on the Mo edge (Fig. 1b and d) and
S edge. Systematic investigations showed a large reconfiguration at the
transition states (TSs) of elementary reactions in COy hydrogenation,
particularly for the C-O bond scission reactions on the S edge. Thus, we
only employ the Mo edge below to illustrate the bridge S vacancy type.
The surface Brillouin zone was sampled with a (2 x 3 x 1) and (2 x 2 x
1) Monkhorst-Pack k-points grid mesh for MoS3(001) and MoS5(100)
surface, respectively [33]. Neighboring slabs were separated by a vac-
uum of 15 A to avoid the interactions between them. All the atoms in
adsorbates and slabs were relaxed till the residual forces were < 0.03
eV/A. The adsorption energy (AEags) was calculated using the most
stable adsorption configurations (Eia1) relative to the clean surfaces
(Eqap) and the isolated adsorbates (E,q) unless otherwise indicated:

AEprgs = Eotal — Eqab — Eaa (1)

A lower (more negative) AEpgs implies stronger binding, while a
higher (more positive) AEpqs implies weaker binding.

All transition states (TSs) were located by the climbing-image
nudged elastic band method (CI-NEB) [34] and force reversed method
[35]. The relaxation will stop until the residual forces in each atom were
smaller than 0.03 eV/A. The elementary activation barrier (AEx.¢) and
reaction energy (AH) were calculated with respect to the separate
adsorption state of adsorbates on the surfaces.

Microkinetic simulations are performed by the MKMCXX program
[36]. Zero-point energy (ZPE) corrections are included in the micro-
kinetic simulations. We mostly focus on RWGS, and the typical RWGS
reaction conditions of 580-780 K, 1 bar and Hy/CO, = 1 are employed in
the microkinetic simulations. A detailed description of the microkinetic
simulation is shown in Supporting Information.

Fig. 1. Top view of (a) MoS»(001)_2v and (b) Mo edge, side view of (c) M0S»(001)_2v and (d) Mo edge, and top view of (e) M0S,(001)_3v, (f) MoS(001)_3v;, (g)
MoS2(001)_3v,, (h) MoS3(001)_4v and (i) MoS2(001)_6v. The blue and yellow balls and black circles represent Mo and S atoms and S vacancies, respectively. The

number of S atoms coordinated to Mo atoms at the S vacancies are denoted.
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3. Results and discussion
3.1. Structures of sulfur vacancies on single layer MoS, Surface.

A single layer MoS; consists of an S-Mo-S sandwich, where the Mo
atoms are arranged in a hexagonal lattice with a trigonal prismatic co-
ordination with respect to the two S layers. The perfect MoS; basal
plane, with each Mo atom coordinated to six S atoms, is always cata-
lytically inert. Many studies have been devoted to create the threefold
sulfur vacancies through low-energy argon sputtering, electron irradi-
ation or pretreatment at high-temperature or reductive atmosphere in
order to enhance the catalytic activity of MoS, basal plane [12-15]. For
instance, the scanning tunneling microscopy/spectroscopy study show
that the vacancy chains, with number of S vacancies ranging from 2 to 4,
can be generated on monolayer MoS; as-grown on Au foils by thermal
annealing at high temperature (=~ 900 K) [13]. Furthermore, the struc-
tures of the sulfur vacancies have also been shown to be stable after CO5
hydrogenation at 453 K, 50 bar and a Hy/COs ratio of 3 by high-angle
annular dark field scanning transmission electron microscopy mea-
surements [14]. Based on the experimental findings, we simulate several
representative arrangement of threefold S vacancies, including two,
three, four or six adjacent S vacancies on the MoS; basal plane, denoted
by MoS2(001)_2v, Mo0S2(001)_3v, M0S2(001)_3v;, Mo0S2(001)_3vs,
MoS,(001)_4v and MoS,(001)_6v, respectively, as shown in Fig. 1a, c, e-
i (see Method Section for more details). We also calculate the formation
free energies of vacancies (/\Gyac) for various structures studied at 573
K in the presence of Ho/H5S (1 bar/10~8 bar). As listed in Table S1, the
average /\Gyac on MoS2(001)_2v is calculated to be 0.99 eV. With
increasing vacancy concentration, the average /AGy,c gradually in-
creases, with the maximum of 1.23 eV on MoS5(001)_6v. These results
indicate that the formation of S vacancy on the basal plane is quite
difficult, which can rationalize well with the rigorous experimental
conditions for its creation [12-15]. Moreover, as the concentration of
vacancy increases, its formation becomes more difficult. Although the
favorable threefold sulfur vacancies on the MoS»(00 1) surfaces have the
same coordination number with adsorbates (CN = 3), they differ in the
number of S atoms coordinated to Mo atoms (Ng), as we will show
below.

Besides the threefold S vacancies (CN = 3) on the basal plane, the
bridge S vacancies (CN = 2) can expose on the low-Miller index edges of
MoS,, which have been identified as the active sites for many catalytic
reactions, such as hydrodesulfurization and CO hydrogenation
[10,11,37]. The Mo-edge site with 42%-50% S coverage has been used
to simulate hydrodesulfurization and CO hydrogenation under the
reductive atmosphere. Since CO hydrogenation has similar reaction
conditions and intermediates as COy hydrogenation reaction, the se-
lection of its model can be used as a reference for the present system. In a
previous work, a (7 x 1) MoS2(1 00) surface with a 42% S coverage has
been used to simulate the Mo edge for CO hydrogenation [37]. To reduce
the cost of computation, a (4 x 1) MoSy(100) surface with 38% S
coverage is employed to model the bridge S vacancy on the Mo edge in
the present work (Fig. 1b and d). The differential /\ Gy, on this surface
is calculated to be —0.46 eV, suggesting that the formation of S vacancy
on the Mo edge is more facile than on the basal plane. In the next sec-
tions, we will first address the effect of S vacancy types, namely the
threefold S vacancy on the MoS; basal surface and the bridge S vacancy
on the Mo edge (characterized by CN) on CO, hydrogenation, and then
reveal the effect of the morphologies of threefold S vacancies on the
MoS; basal surface (characterized by Ng).

3.2. Effect of sulfur vacancy types on RWGS.

In this section, the threefold S vacancy on MoS(001)_2v and the
bridge S vacancy on the Mo edge are chosen to illustrate the effect of S
vacancy types. We mainly focus on RWGS, and the other CO, hydro-
genation reactions including methane and methanol synthesis are also
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addressed to complete the picture. We first study the adsorption of
various intermediates involved in CO, hydrogenation on MoS3(001)_2v
and Mo edge, and the adsorption energies AExqs and favorable adsorp-
tion structures are shown in Table S2, Fig. 2 and our previous work [38].
The intermediates can be divided into two groups: (1) In Group I, the
adsorption of the intermediates, such as CH,O (x = 1-3), OH, CO, (x =1,
2), HCOO and CHjg, do not exhibit a strong dependence on the type of S
vacancy, as shown in Fig. 3a. Note that a higher bar in Fig. 3 corresponds
a weaker adsorption, whereas a lower bar corresponds a stronger
adsorption. The variation in the AEpqs of the intermediates (see AE in
Fig. 3a) between MoS3(001)_2v and Mo edge falls in the region of
—0.02-0.39 eV. This can be well understood because many adsorbates in
this group bind to the surfaces by single-bond (CH30, OH and CHjy),
where the variation in CN of S vacancies has only a slight effect on their
AEpgs. (2) The intermediates (Group II), such as O, CH, COH, CH; and
CHOH, have more unpaired electrons to bind with the surfaces, and their
adsorption are highly sensitive to the CN of S vacancies. As shown in
Fig. 3b, these intermediates bind significantly weaker with decreasing
CN of S vacancies from Mo0S2(001)_2v (CN = 3) to Mo edge (CN = 2). O
and CH show the largest increase in AEpgs, by 1.73 and 1.02 eV,
respectively. The Bader charge analysis show that the Mo atoms transfer
more electrons to O (0.89¢) at the threefold S vacancy on MoS3(001)_2v
than at the bridge S vacancy on Mo edge (0.82¢). These results corre-
spond well to the projected density of states (PDOS) analysis in Fig. 4a,
where no states are available at the Fermi level of the Mo atoms upon O
adsorption on MoS3(001)_2v, in contrast with Mo edge. The variation of
AEpgs as CN of S vacancies reflects the double or triple bond nature
induced by more unpaired electrons in the adsorbates, leading to their
preference to bond with more surface Mo atoms. In addition, the AEpqs
of H,0, COOH and CH>OH decreases as the CN of S vacancies decrease.
For instance, Hy0 has a AEagqs of —0.84 eV at the S vacancy of the Mo
edge, substantially lower than that on MoS2(001)_2v by 0.73 eV. These
results can be rationalized well with the more significant electron
donation from the lone pair electrons of O (2p,) in HyO to the empty 4d-
states at the Mo atom on the Mo edge than on MoS2(001)_2v, as seen
from the deep-lying orbital hybridization at the energy window: [—-8 eV
to —6 eV] in Fig. 4b. This may be due to the fact that the Mo atom at the
Mo edge coordinates with fewer S atoms, leading to more empty 4d-
states available to accept the lone pair electrons of O in H»0.

The AEags of intermediates are closely related to the reaction en-
ergies AH of the involving elementary reaction steps. For an elementary
reaction A*+*—B*+C*, the AH is given by Eq. (2):

AH = Eg- + EC* — Ey- — E-
= (Epr — Eg — Ex)+(Ec» — Ec — Ex)—(Ep« — Ey — E<) + (Eg + Ec — Ey)
= AEng(B) + AExqs(C) — AErqs(A) +R

(2

where Eg+, Ec+, Ep+ and E+ are the total energy of adsorbed B, C and A and
clean surface, and Eg, Ec and E, are the total energy of B, C and A in gas
phase. R = Eg + E¢ — E4 is independent of the surfaces. Thus, the vari-
ation of AH between different surfaces is determined by the variation of
AEpgs (AE) of intermediates.

By calculating the AE of the various intermediates between
MoS2(001)_2v and Mo edge (see Fig. 3), we find that the AH of C-O
scission in CO,, CH,O (x = 1, 2) and HCOO, and OH, (x = 0, 1) hy-
drogenation, which are crucial in determining the activity and selec-
tivity for CO5 hydrogenation, can be significantly tuned by the CN of S
vacancies on the MoS; catalyst. The C-O scission reactions have very
large AE for the products such as O and CH, (x = 1, 2), as shown in
Fig. 3b, while maintain a relatively small AE for the reactants (Fig. 3a) as
the CN of S vacancies decrease from MoS3(001)_2v (CN = 3) to Mo edge
(CN = 2). As a result, these reactions on the Mo edge become more
endothermic than on MoS3(001)_2v by 1.81-3.03 eV (Fig. 5a). The less
favorable thermodynamics on the Mo edge also results in more difficult
C-O scission kinetics. For instance, the activation energies AEs.t of CHO
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Fig. 2. Optimized configurations for (a) CO, (b) HCOO (c) COOH (d) CO (e) CHO (f) COH (g) CH,0 (h) CHOH (i) CH30 (j) CH>OH (k) CH» (1) CH3 (m) H,0 (n)
CH30H adsorption on MoS,(001)_2v (I), Mo edge (II) and MoS5(001)_3v (#). The blue, yellow, grey, red and white balls represent Mo, S, C, O and H atoms,

respectively.
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Fig. 3. The adsorption energies AExq;s of species (bar) and their difference AE (line + symbol) between MoS5(001)_2v and Mo edge in (a) Group I and (b) Group II.

Black circle and cube represent AE in Group I and Group II, respectively.

and CO;, dissociation on the Mo edge are 1.08 and 0.94 eV (see Fig. 5b),
much higher than the corresponding values (0.40 and 0.47 eV) on
Mo0S5(001)_2v. On the other hand, when the adsorption of reactant
rather than product is sensitive to CN of S vacancies (large AE as CN),
such as O hydrogenation reaction, the AH and AEx.; show the reverse
trend with CN as the C-O scission reactions. As shown in Fig. 5¢ and 5d,
not only is O hydrogenation more exothermic on the Mo edge compared
with M0S3(001)_2v, but the AE, is also lower on the Mo edge (0.36 vs
1.78 eV). In addition, for the OH hydrogenation reaction, with OH
binding slightly depended on CN, the stronger binding of H2O on the Mo

edge results in smaller AH and AE¢ (by 1.07 and 0.92 eV) than on
MoS2(001)_2v, as shown in Fig. 5¢c and 5d. According to the analysis, the
elementary pathways in the redox mechanism, such as OH, (x = 0, 1)
hydrogenation and CO» decomposition to CO, have modest AEp. on the
Mo edge, and thus an improved RWGS activity compared to MoS2(001)
_2v can be expected.

To achieve a complete catalytic cycle for COy hydrogenation reac-
tion, we also investigate other elementary reactions on MoS,(001)_2v
and Mo edge. The energetics and structures at the TSs are shown in
Table 1 and 2 and Figure S1, S2, 6a and 6b. Two possible mechanisms,
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Fig. 5. The reaction energies AH and activation energies AEx. for C-O scission in CO,, CHO, CH>O and HCOO (a, b) and OH,. (x = 0, 1) hydrogenation (c, d) on

MoS,(001)_2v and Mo edge.

namely redox mechanism and associative mechanism, for RWGS have
been proposed [39,40], and they differ with each other in CO4 activation
by direct or hydrogen-assisted pathway via the intermediates such as
formate (HCOO) or carboxyl (COOH). The redox mechanism involves
the direct CO, decomposition into CO and O, with the AE. of 0.47 and
0.94 eV on MoS3(001)_2v and Mo edge, as shown above. The atomic O
can be removed through H,0 either by two successive H addition steps
or by one H addition followed by disproportionation of two OH species.
The above discussions have shown that O removal by the former
pathway is quite facile on the Mo edge, while has very high AEa.; on
MoS3(001)_2v. In contrast, OH disproportionation has a lower AEx¢
than its hydrogenation by 0.47 eV on MoS2(001)_2v, suggesting that the
latter pathway is preferred on this surface.

According to the associative mechanism, atomic H addition to CO,
leads to the formation of HCOO or COOH intermediate, which then
undergoes the C-O bond scission to produce CHO or COH/CO. Subse-
quently, the H abstraction from CHO or COH leads to CO formation.
Both the formation and decomposition of HCOO/COOH have fairly high
barriers (1.03-1.47 eV) on Mo0S2(001)_2v, indicating that the associa-
tive mechanism is less favorable than the redox mechanism. On the Mo
edge, although HCOO and COOH formation are quite facile (0.92 and
0.44 eV), the high AEa; (3.19 and 2.75 eV) for their decomposition to
CHO and COH hinder the H-assisted CO, activation pathways. However,
COOH decomposition to CO has a small AE; of 0.65 eV, which domi-
nates the associative mechanism. The minimum energy pathways for
RWGS on MoS3(001)_2v and Mo edge are shown in Fig. 6a, 6b and
Scheme 1. Remarkably, the redox mechanism is predominant on
MoS5(001)_2v, whereas both redox and associative (CO, + H — COOH
— CO) mechanism may contribute to RWGS on the Mo edge.

We now turn to the methane and methanol formation pathways.
According to the above discussions, adsorbed CO is a key intermediate
for RWGS on MoS5(001)_2v and Mo edge. The adsorbed CO can either
desorb or react further, leading to the formation of methane and
methanol. The possible pathways we considered for methane or meth-
anol formation are listed in Table 1 and 2, and the minimum energy
pathways on MoS5(001)_2v and Mo edge are shown in Fig. 6a, 6b and
Scheme 1. The methane formation proceeds via same pathways on the
two surfaces. Namely, H addition to CO leads to the formation of CHO,
which then goes through C-O scission followed by three successive H
addition steps. The methanol formation pathways on the two surfaces
are slightly different. CHO prefers a hydrogen addition at the O end,
followed by two successive H addition at the C end on MoS3(001)_2v,
whereas the reverse is found on the Mo edge. It can be seen from Table 1
and 2 that the hydrogenation reactions generally have lower AEp¢; on
Mo edge than on MoS3(001)_2v. This can be well understood because
the H adsorbs at the S site on the Mo edge, which has a 0.34 eV higher
AEpgs than on MoS»(001)_2v with H adsorption at the S vacancy.

Based on the DFT calculated energetics, a microkinetic simulation is
conducted at typical RWGS conditions (580-780 K, 1 bar, Hy/CO3 = 1).
A detailed description of the microkinetic model is given in Supporting
Information. Regardless of temperatures, the direct CO, dissociation is
at least 3 orders of magnitude faster than the H-assist CO, dissociation
via HCOO or COOH on Mo0S5(001)_2v (see Table 1), which is due to the
low CO; dissociation barrier (0.47 eV). Once CO is produced, it prefers
to desorb instead of react further to yield methane or methanol. The
former is substantially faster than the latter two pathways, leading to
almost 100% CO selectivity at the temperatures considered, as shown in
Figure S3a. On the Mo edge, the CO, dissociation pathways are
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Table 1
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Activation Energies (AExy, in €V) and Reaction Energies (AH, in eV) of Various Elementary Reactions in CO, Hydrogenation on MoS»(001)_2v and MoS»(001)_3v. *
and X* Denote the Vacant S Vacancy and Adsorbed X Species at the S Vacancy, Respectively. The Calculated Rates (r, in s 'site 1) of the Elementary Steps in the
Microkinetic Study at 720 K, 1 bar and H,/CO, Ratio of 1 Are Listed. The gaseous and adsorbed H>O/CH3OH are used for M0S,(001)_2v and MoS,(001)_3v,

respectively.

Elementary reactions MoS,(001)_2v

MoS,(001)_3v

AEpq AH r DRC AEpq AH r DRC
COy*+*=CO*+0* 0.47 -1.52 6.54 x 1071 -1.36 0.27 —2.28 1.10 x 1077 —0.84
O*+H*=0H*+* 1.78 0.74 1.31 x 1071 1.96 0.86 2.21 x 107° 0.69
OH*+H*=H,0 + 2*/Hy0*+* 1.73 1.28 1.00 x 10713 1.69 0.68 1.87 x 10714 1.17
20H*=H,0 + O*+*/H,0%+0* 1.26 0.53 6.54 x 1071 1.36 1.03 -0.18 1.10 x 107°
COy*+H*=HCOO*+* 1.47 —-0.17 <107 1.00
CO,*+H*=COOH*+* 1.35 0.31 <1074
HCOO*+*=CHO*+0* 1.18 —0.93 <1071
COOH*+*=CO*+OH* 1.14 —-1.08 <107
COOH*+*=COH*+0* 1.03 -1.97 <1074
CHO*+*=CH*+0* 0.40 —2.58 <1074 0.17 0.56 —2.52 <1074 0.40
CH,0*+*=CH,*+0* 0.65 —2.61 <1071 0.70 -1.97 <1074
CHOH*+*=CH*+OH* 0.97 -1.55 <1074 0.43 -1.55 <1074 0.27
CH30*+*=CH3*+0* 0.98 —0.61 <1074 0.97 —-1.08 <1074
CH,OH*+*=CH,*+OH* 0.63 -2.73 <1071 0.49 —2.34 <1074
CH*++H*=CH,*+* 0.22 —0.25 <1074 0.37 -0.21 <1074
CHo*+H*=CHg*+* 1.05 0.82 <1074 1.08 0.64 <1074
CH3*+H*=CH, + 2* 0.83 —0.74 <1071 0.72 0.59 —0.16 <1074
CO*4+H*=CHO*+* 0.81 0.42 <1071 -0.88 1.54 1.05 <1074 0.13
CO*4+H*=COH*+* 1.03 —0.15 <1074 1.43 0.62 <1074
CHO*+H*=CH,0%+* 0.79 —0.22 <1071 0.50 —0.76 <1074 0.08
CHO*+H*=CHOH*+* 1.07 —-0.28 <1071 0.58 —-0.10 <1074
COH*+H*=CHOH*+* 0.48 0.29 <1074 0.80 0.33 <1074 0.10
CH,0*+H*=CH30*+* 0.66 -1.19 <1074 0.65 —0.24 <1074
CH,0*+H*=CH,0H*+* 1.54 0.87 <1071
CHOH*+H*=CH,0H*+* 1.34 0.93 <1071 1.35 0.57 <1071
CH30*+H*=CH3O0H + 2*/CH3OH*+* 1.72 1.26 <1074 1.73 0.78 <1074
CH,OH*+H*=CH30H + 2*/CH3OH*+* 0.74 —-0.79 <1071 0.90 —0.70 <1014
CO*=CO+* 1.10 x 107 -1.00

Table 2 temperature dependent. The H-assisted CO, dissociation pathway via
able

Activation Energies (AEx, in eV) and Reaction Energies (AH, in eV) of Various
Elementary Reactions in CO, Hydrogenation on the Mo Edge. *, #, X* and H*
Denote the Vacant S Vacancy and S Site, Adsorbed X Species at the S Vacancy
and Adsorbed H at the S Site, Respectively. The Calculated Rates of the
Elementary Steps in the Microkinetic Study at 720 K (r, in s 'site 1), 1 bar and
H,/CO, Ratio of 1 Are Listed.

Reactions AEp¢t AH r DRC
COy*+*=CO*+0* 0.94 0.31 1.99 x 1072 0.79
Hy*+#=H*4+H* 0.43 0.07 2.50 x 1072
H*+*=*4H* 0.66 0.34 2.50 x 1072
O*+H"=0H*+" 0.36 -1.37 2.04 x 1072
OH*+H*=H,0*+* 0.81 0.10 2.50 x 1072
COy*+H*=HCOO0*+* 0.92 —0.59 <1074
CO,*+H*=COOH*+* 0.44 -0.37 5.08 x 1072 0.13
HCOO*+*=CHO*+0%* 3.19 0.88 <107
COOH*+*=CO*+OH* 0.65 —0.68 5.08 x 1072 0.07
COOH*+*=COH*+0* 2.75 1.35 <107
CHO*+*=CH*+0* 1.08 0.45 6.74 x 10713 0.99
CH,0*4*=CHy*+O* 1.37 0.26 <1071
CHOH*+*=CH*+OH* 0.56 —0.98 <107
CH,OH*+*=CH,*+OH* 0.79 —-0.56 <107
CH*+H"=CHy*+" 0.73 —0.68 6.77 x 10713
CH,*+H*=CHz*+* 0.36 —0.88 6.79 x 10713
CHs*+H*=CH +*+% 0.61 -0.72 6.79 x 10713
CO*+H*=CHO*+* 0.50 —0.02 6.79 x 10713
CO*+H*=COH*+* 1.24 0.67 <107
CHO*+H*=CH,0*+* 0.83 —0.49 <107
CHO*+H"=CHOH*+* 0.82 0.06 <107
CH,0*+H*=CH,0H*+* 0.37 —0.55 <107
CHOH*+H*=CH,0H*+* 0.41 -1.10 <107
CH,0*+H*=CH30%+* 0.75 -1.38 <1074
CH30*+H*=CH;0H*+"* 0.90 —0.04 <107
CH,OH*+H*=CH;0H*+* 0.88 —0.87 <107

CO*=CO+* 2.50 x 1072 -1.00

COOH is faster than the direct CO5 dissociation pathway by 1.2-2.5
times at temperatures below 620 K. At higher temperatures, the direct
CO4, dissociation pathway is more favorable (Table 2). Correspondingly,
both associative and redox mechanism contribute to RWGS on the Mo
edge. In both mechanisms, CO is a key intermediate via which methane
and methanol are produced. Similarly to MoS3(001)_2v, the CO on the
Mo edge prefers to desorb instead of react further to yield methane and
methanol. The rate of CO formation is 10 orders of magnitude higher
than that of CH4 formation, which is much faster than CH30H formation
at the temperatures studied, leading to almost complete CO, conversion
to CO on the Mo edge, as shown in Figure S3b. According to the
microkinetic modeling, the CO, hydrogenation rate on the Mo edge is
7-11 orders of magnitude faster than that on MoS2(001)_2v (see Fig. 7a,
Table 1 and 2), and CO is the predominant product on both MoS2(001)
_2v and Mo edge regardless of temperatures. The simulated selectivity is
in excellent with the experimental findings on MoS; catalysts, where the
selectivity to CO is more than 99.5% in the total flow rate of 10-80 ml.
min~?! at 773 K and Ha/CO ratio of 1 [16].

The steady-state surface coverages on MoS2(001)_2v and Mo edge
are given in Fig. 8. Regardless of temperatures the MoS2(001)_2v sur-
face is dominantly covered with O (Fig. 8a) owing to the strong O
adsorption. The O poisoning also results in the low activity of RWGS on
this surface. The Mo edge is mainly covered with the vacant S sites (#)
and S vacancies (*) and H*, as shown in Fig. 8b. As the temperatures
increase, the concentration of the vacant S vacancies (*) gradually in-
crease at the expense of H* concentration. This can be well understood
since the high temperatures facilitated the diffusion of H* to H”. It is
interesting to compare the coverage of * and H?, which largely deter-
mine the selectivity of methane and methanol on the Mo edge. As shown
in Fig. 6b, the CHO intermediate, produced by CO hydrogenation, either
decomposes into CH (leads to CHy) or hydrogenates to CH2O (leads to
CH30H) as following:
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Fig. 6. Schematic of the optimal reaction pathways for CO, hydrogenation on (a) MoS2(001)_2v, (b) Mo edge and (c) MoS»(001)_3v. A/B represents activation
energy/reaction energy in the unit of eV. The transition state structure of each elementary reaction is also shown.
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We estimate the selectivity (S) of CH4 and CH3OH by the ratio of C-O
scission rate r; and the hydrogenation rate ry of CHO:
r _ kl 0*

g —'_
r koOys Az Oy

A1 (AEACW AEAqu 0-

()

where AEp is the activation energy, A is the pre-exponential factor,
which is assumed to be the same on both the sites, and 6 is the coverage.
Although the CHO hydrogenation barrier is lower than its C-O scission
barrier by 0.25 eV, the substantially higher concentration of * compared
with H” (by 4 orders of magnitude) results in more favorable CH, for-
mation than CH3OH formation on the Mo edge.

The degree of rate control (DRC) of step (i) Xgc,;, which can quali-
tatively determine the significance of single step (i) in the overall re-
action, is defined as

ki [ or dlnr
Xpei =~ (= =
Rei = (ak,-)w (aznk,-)k#“,q ©®

where k;, K; and r are the forward rate constant, the equilibrium constant
for elementary step i and the reaction rate, respectively [41]. A positive
value of DRC for a particular step means that this step is a rate limiting
step, and the decrease in the AEp, would increase the overall rate. A
negative value indicates the opposite, and such steps are termed inhi-
bition steps. Lowering the barriers of such steps decreases the overall

rate. The steps with absolute DRC values larger than 0.01 are shown.
Fig. 7b shows that regardless of temperatures the CO, consumption rate
on MoS2(001)_2v is mostly determined by HpO removal through OH
disproportionation. This can be assigned to the high AEs.; for OH for-
mation (AExc; = 1.78 €V), leading to its low coverage on MoSz(001)_2v.
In addition, HCOO formation, C-O scission in CHO and CHj3 hydroge-
nation are also important to control CO2 consumption rate. It can be
seen that these steps are related to the H-assisted COy dissociation
mechanism. The decrease in the AE. of these steps can suppress the
direct CO2 dissociation mechanism and the causing O poisoning prob-
lem. Rate-inhibiting reactions also occur. For instance, the direct COy
dissociation inhibits the reaction rate, because lowering the barrier of
this step leads to more severe O poisoning. On the Mo edge, the C-O
scission in CHO mainly determines the reaction rate at the temperatures
considered (Fig. 7c), owing to its high AEx. of 1.08 eV. In addition,
direct CO; dissociation, COOH formation and decomposition are also
important to control the reaction rate, which correspond to two COy
activation mechanisms (redox vs associative) on the surface. At tem-
peratures below 620 K, COOH formation has a larger DRC value than
direct CO, dissociation, whereas the opposite order is found at higher
temperatures. This rationalizes well with the dominant associative and
redox mechanism at the temperatures below and above 620 K. On the
other hand, the DRC analysis also indicates that the increased CO
coverage will suppress the CO, consumption rate. The C-O scission as
rate-controlling steps on the Mo edge agree well with previous steady-
state kinetics studies on MoS; catalysts [17].

Based on DFT calculations and microkinetic modeling, we show that
the enhanced RWGS activity is achieved by modulating the CN of S
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Scheme 1. The optimal reaction pathways for RWGS (green) and CH,4 (blue) and CH30H (yellow) synthesis from CO, hydrogenation on (a) MoS»(001)_2v, (b) Mo
edge and (c) MoS5(001)_3v.
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Fig. 7. (a) The reaction rate of CO, hydrogenation and the degree of rate control (DRC) of the elementary steps for CO, hydrogenation on (b) MoS2(001)_2v, (c) Mo
edge and (d) MoS»(001)_3v as a function of temperature via microkinetic modeling. ZPE corrections are included.
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Fig. 8. The coverage of intermediates as a function of temperature on (a) MoS2(001)_2v, (b) Mo edge and (c) MoS(001)_3v. # and * represent the S sites and S

vacancies, respectively.

vacancies on the MoS; catalyst. This bridge S vacancy (CN = 2) on the
Mo edge significantly destabilizes O, leading to a lower O saturation
coverage than on MoS,(001)_2v with the threefold S vacancy (CN = 3),
thereby providing more adsorbate free active sites where reactants can
be activated. At the same time, this decrease in CN of S vacancy greatly
accelerates the O removal and CO2 hydrogenation reaction through a
substantial destabilization of the adsorbed O. The weakened O adsorp-
tion and low H coverage on the Mo edge also suppress the C-O scission
and hydrogenation that favor CH4 and CH30H formation, leading to
high selectivity of CO.

3.3. Effect of sulfur vacancy morphologies on RWGS.

Having studied the effect of S vacancy types on CO, hydrogenation,
we now turn our attention to that of S vacancy morphologies. We pri-
marily focus on the different morphologies of the threefold S vacancies
on MoS5(001)_2v, MoS2(001)_3v, MoS3(001)_3v;, MoS2(001)_3v,,
MoS2(001)_4v and MoS»(001)_6v (see Fig. 1a, 1c, 1le-i). The number of
S atoms coordinated to Mo atoms (Ng) at the favorable threefold S va-
cancies on the MoS,(001) surfaces vary from each other, which may
affect the intermediates adsorption and elementary reaction steps.

Compared to MoS3(001)_2v, the variation in the magnitude of AExg;
of the intermediates at the favorable sites (Figure S4) on MoS2(001)_3v;
and MoS2(001)_3v, is rather small, i.e., not greater than 0.29 eV for all
the fifteen adsorbates, as listed in Table 3 and S2. However, on
MoS2(001)_3v, the AEpgs of some adsorbates are noticeably different
from those on MoS5(001)_2v. For instance, MoS5(001)_3v binds CO,
H»0, CH,OH (x = 2, 3) and CH3O considerably stronger than
MoS,(001)_2v by 0.69-1.08 €V (see Fig. 2 for the adsorption configu-
rations). This may be attributed to the less coordination with S atoms at
the Mo atom on MoS3(001)_3v, resulting in the more empty 4d-states
available to accept the electrons from these adsorbates, as seen from the
more significant orbitals hybridization (-7 eV to —6 eV) between O 2p,

10

and Mo 4d in the PDOS analysis for H>O adsorption in Fig. 4b.

The energetics and structures at the TSs of the various elementary
reaction steps in CO3 hydrogenation on MoS2(001)_3v;, M0S2(001)_3v,
and MoS3(001)_3v are shown in Table 1 and S3 and Fig. 6¢, S5 and S6.
Similarly to MoS,(001)_2v, the direct CO5 decomposition to CO and O
on the three surfaces are very facile, with small AEp. of 0.23-0.34 eV;
the O and OH removal on the three surfaces are very difficult, and the
AEa fall in the range of 1.03-2.04 eV. These results suggest that the
redox mechanism will be preferred, and the rate of RWGS will be very
low on the three surfaces, which are similar to MoS5(001)_2v. Besides
the CO5 dissociation and O and OH removal reactions, the other
elementary reaction steps on MoS2(001)_3v; and MoS3(001)_3vs have
comparable AEp as those on MoS3(001)_2v, with the greatest variation
in AEp. by 0.36 eV (see Table 1 and S3). Therefore, it can be speculated
that the selectivity on MoS2(001)_3v; and MoS(001)_3vy are very
similar to that on MoS3(001)_2v, that is, CO would be the dominant
product on the two surfaces. However, some elementary steps such as
CH,O (x = 0, 1) hydrogenation and CHOH decomposition have large
variation in the AEa¢ (by at most 0.73 eV) between MoS2(001)_3v and
MoS5(001)_2v, which make us to recall the large variation in the AEpqg
of some adsorbates between the two surfaces as shown above. Taken
together, the MoS,(001)_3v surface might deserve a thorough study.

We then systematically investigate the elementary reaction steps
involved in CO43 hydrogenation on MoS2(001)_3v, and use the DFT re-
sults (Table 1, Fig. 6¢c and Scheme 1) to perform the microkinetic
modeling. The calculated rates of the elementary steps in the micro-
kinetic study at 720 K, 1 bar and Hy/CO3 ratio of 1 are listed in Table 1. It
can be seen that the rate of RWGS on M0S,(001)_3v is about 3-17 times
faster than that on MoS3(001)_2v, which mainly originate from its lower
OH disproportionation barrier (1.03 vs 1.26 eV). The rate of RWGS is at
least 5 orders of magnitude higher than that of methane and methanol
formation on MoS3(001)_3v, suggesting that CO formation is favored
over CH4 and CH3OH formation, as shown in Figure S3c. Compared with
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MoS2(001)_2v, the selectivity on MoS2(001)_3v remains unchanged.
This may be due to that not only CO desorption (leads to RWGS) but also
CO hydrogenation to CHO (leads to CH4 and CH30H) becomes more
difficult on MoS3(001)_3v than on MoS3(001)_2v, as seen from the
AEpgs of CO (-1.86 vs —0.89 eV) and the AEa of CHO formation (1.54 vs
0.81 eV) on the two surfaces. It can be seen from Fig. 8c that irrespective
of temperatures the MoS3(001)_3v surface is predominantly covered
with O, which can be attributed to its strong O adsorption. Likewise, the
O poisoning also causes the low activity of RWGS on MoS2(001)_3v as
on MoS5(001)_2v.

Fig. 7d shows that the CO, consumption rate on MoS3(001)_3v is
mostly determined by O hydrogenation at temperatures below 680 K
owing to its high AEa of 1.96 eV. With increasing temperatures
(700-780 K), OH disproportionation becomes more important in con-
trolling CO, consumption rate. In contrast, the direct CO5 dissociation
inhibits the reaction rate, because lowering the barrier of this step leads
to more severe O poisoning. Additionally, the increased CO coverage
will also inhibit the CO, consumption rate.

Compared to MoS3(001)_3v, the AEays of the intermediates pro-
gressively decrease (with the exception of H,O and CHOH) with
increasing vacancy content on MoS3(001)_4v and MoS3(001)_6v (see
Table 3 and Figure S7). Since the O removal limits the CO, hydroge-
nation rate on MoS,(001)_2v and MoS2(001)_3v, we will only summa-
rize the adsorption of intermediates associated with O removal reactions
on MoS5(001)_4v and MoS5(001)_6v below. As listed in Table 3, atomic
hydrogen has an AEpgs of —0.73 and —0.84 eV with respect to 1/2Hj; in
gas phase on MoS3(001)_4v and Mo0S3(001)_6v, much lower than the
AEpgs on MoS3(001)_3v by 0.30 and 0.41 eV. Compared to atomic
hydrogen, the decrease of the AEpgs of O and OH with the vacancy
content are smaller, by 0.09-0.21 eV and 0.16-0.27 eV, respectively, as
seen from the corresponding values on MoS3(001)_4v, MoS2(001)_6v
and MoS2(001)_3v in Table 3. Binding of HyO on MoS2(001)_4v (AEags
= -0.87 eV), MoS3(001)_6v (AEpgs = -0.85 eV) and MoS,(001)_3v
(AEpgs = -0.90 eV) is quasidegenerate.

The stronger intermediates binding on MoS2(001) 4v and
MoS,(001)_6v also lead to more difficult O removal. As listed in Table 4,
not only are O + H reactions more endothermic on MoS2(001)_4v and
MoS,(001)_6v compared with MoS3(001)_3v, but the AEp are also
increased by 0.08 and 0.29 eV on MoS2(001)_4v and MoS»(001)_6v (see
Figure S8 for the TSs structures). Likewise, the AEx¢ of OH hydroge-
nation and disproportionation on MoS3(001)_4v and MoS2(001)_6v are
0.26-0.63 eV and 0.10-0.19 eV higher than on MoS3(001)_3v. In
addition, we note that the direct CO5 decomposition to CO and O has

Table 3

Calculated Adsorption Energies (AEaqs, in eV) and Favorable Adsorption Sites of Various Intermediates
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Table 4

Activation Energies (AEx, in V) and Reaction Energies (AH, in eV) of Various
Elementary Reactions in CO, Hydrogenation on M0S,(001)_4v and MoS»(001)
_6v. * and X* Denote the Vacant S Vacancy and Adsorbed X Species at the S
Vacancy, Respectively.

Elementary reactions MoS,(001)_4v MoS,(001)_6v

ABpct AH AEnct AH

COy*+*=CO*+0* 0.28 -2.10 0.34 ~2.02

O*+H*=OH*+* 2.04 0.93 2.25 1.22

OH*+H*=H,0%+* 1.95 1.02 2.32 1.42

20H*=H,0%+0* 1.22 0.09 1.13 0.20

CHO*+*=CH*+0* 0.32 ~2.06 0.48 —-2.09

CH,0*+*=CHy*+0* 0.70 —2.04 0.79 —2.17
0.60 -1.96

CH30*+*=CH3*+0* 1.04 ~1.47 1.12 -1.73

CH,OH*+*=CH,*+OH* 0.88 —2.54

CH*++H*=CHyp*+* 0.55 ~0.03 0.90 0.30

CH,*+H*=CHg*+* 0.66 0.40 0.94 0.56

CHy*+H*=CH, + 2* 1.11 0.47 1.59 1.01

CO*+H*=CHO*+* 1.28 0.63 1.01 0.70

CO*+H*=COH*+* 1.53 0.82

CHO*+H*=CH,0*+* 0.94 —0.06 0.89 0.38

CHO*+H*=CHOH*+* 1.37 0.83

COH*+H*=CHOH*+* 0.70 0.63

CH,O*+H*=CH30%+* 0.73 -0.17 0.95 0.12

CHOH*+H*=CH,OH*+* 0.93 0.54

CH30*+H*=CH3OH*+* 2.04 1.05 2.21 1.45

CH,OH*+H*=CH;OH*-+* 0.98 -0.55

rather small AEp¢; (0.28 vs 0.34 eV) on MoS5(001)_4v and MoS2(001)
_6v, which is slightly higher than the value of 0.27 eV on MoS2(001)_3v.
These results indicate that the redox mechanism may also be dominant
for RWGS on MoS3(001)_4v and MoS,(001)_6v, and the strong O and
OH adsorption largely lower the CO hydrogenation rate on the two
surfaces.

Our calculations have shown that regardless of the morphologies of
sulfur vacancies studied on the MoS3(001) surfaces the binding of O
(-7.27 ~ -7.73 eV) is so strong that it would poison CO5 hydrogenation
reaction. To identify the key factors that control the O adsorption, we
employ the number of S atoms coordinated to Mo atoms (Ng) at the
threefold S vacancies on the MoS»(001) surfaces, as in our previous
work for OH/MnO, systems [42]. We take MoS2(001)_2v as a sample to
illustrate how to calculate Ng at the preferred S vacancies for O
adsorption. The three surface Mo atoms at the favorable S vacancis bind
with five, five and four S atoms (as denoted in Fig. 1a), respectively, and
each S atom binds with three Mo atoms. Thereafter, Ng is calculated as:

on MoS3(001)_3v;, MoS3(001)_3v,, MoS3(001)_3v,

MoS5(001)_4v and MoS,(001)_6v. The AEaq4s of H Is Calculated with Respect to 1/2H, in Gas Phase.

Species MoS,(001)_3w; MoS2(001)_3v, MoS2(001)_3v MoS,(001)_4v MoS,(001)_6v

AEpgs Site AEpgs Site AEpgs Site AEpds Site AEpds Site
H —0.32 hep —0.40 hep —0.43 hep —0.73 fee —0.84 fee
CO, —0.44 Obri-Crop —0.86 Ctop-Obri -1.15 Otop-Otop
co —-0.90 Chep -1.10 Chep -1.86 Crop —2.00 Crop —2.09 Ciop
o -7.27 hep -7.29 hep —7.52 hep -7.61 hep -7.73 hep
OH —4.36 Ohep —4.48 Ohep —4.46 Ohep —4.62 Ohep —4.73 Ohep
H,0 —0.90 Orop —0.87 Orop —0.85 Orop
CHO —1.89 Cori-Otop —2.17 Ctop=Obri —2.32 Ciop-Obri —3.03 Chri-Obri -3.32 Ctop-Obri
COH —4.30 Chep —4.31 Chep —4.59 Chep —4.66 Chep —4.68 Chep
CH,0 -0.88 Ciop-Obri -1.84 Ciop-Onep -1.98 Ctop-Ohep -2.11 Ciop-Onep
CHOH -3.12 Chep -3.12 Chep —3.49 Chep-Otop -3.39 Chri —4.02 Chep
CH30 —3.44 Onep —3.56 Onep —3.76 Ohep —3.87 Ohep
CH,OH —0.99 Crop-Obri ~1.14 Crop-Obri ~1.70 Crop-Obri -1.77 Ctop-Obri -2.26 Cbri-Otop
CH30H —0.82 Otop —0.88 Otop —0.87 Otop
HCOO —-2.91 Onep —3.03 Onep —2.83 Obri-Ctop-Otop —3.56 Otop-Obri
COOH —2.00 Chri-Obri —2.02 Crop-Obri —2.52 Crop-Obri —2.65 Ctop-Obri
CH —6.68 Chep —6.70 Chep —6.81 Chep —6.97 Chep -7.17 Chep
CH, —4.57 Chep —4.60 Chep —4.79 Chep —4.90 Chep —5.04 Chep
CHj; —1.49 Chep —1.66 Chep —1.87 Chep —2.36 Chep —2.62 Chep
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Fig. 9. (a) The adsorption energies AEx4s of O (circle) and OH (square) and (b) the excess Bader charge of O (circle) and OH (square) plot against the number of S
atoms coordinated to Mo atoms (Ng) at the favorable S vacancies of the MoS,(001) surfaces.

5x%x1/3+5x1/3+4 x 1/3 =14/3. Fig. 9a shows the AEpq4s of O and
OH as a function of Ng on the MoS5(001) surfaces studied. It is found
that the adsorption of O and OH is progressively weakened with
increasing Ng from MoS2(001)_6v to MoS2(001)_2v. This can be well
explained because Mo atoms transfer more electrons to S atoms at higher
N, leading to fewer electrons donation to the adsorbates and weaker
binding at the S vacancies, as shown in Fig. 9b.

The linear relation between AEpq4s and Ng in Fig. 9a indicates that an
increase in Ng can weaken O adsorption at the S vacancies on the
MoS>(001) surfaces. However, finding a S vacancy configuration with
higher Ng than on MoS3(001)_2v is difficult. Only the MoS2(001) sur-
face with a single S vacancy can fulfill the requirement, but this
configuration can not catalyze C-O scission reactions that typically de-
mand two S vacancies for the adsorption of dissociated fragments. These
results suggest that irrespective of the morphologies and arrangement of
sulfur vacancies the MoS; basal plane will not have high activity for the
formation of CO, CH4 and CH3OH from CO; hydrogenation.

The commonly used catalysts for RWGS are the reducible oxide
supported noble metal nanoparticles such as Ru, Ir and Pd, which always
result in the byproducts of methane [24-28]. Although the selectivity of
CO can be improved by reducing the size of metal nanoparticles, the
resulting single-atom catalysts have been found to agglomerate into
large nanoparticles under reaction conditions (350C°, 1 bar and Ho/CO»
= 3), leading to dramatic increase in methane selectivity [24].
Furthermore, these catalysts are still based on noble metals, which are
more scarce and expensive than the MoS, catalyst. Thus, the MoS,
catalyst can be a potential candidate for RWGS in terms of catalytic
performance and price. The monodisperse SiO, nanospheres template,
which can convert the Mo precursors (such as (NH4)gMo07024) into small
MoS, domains, has be used to prepare the uniform mesoporous MoS;
foam with plenty of edge sites [43]. By tuning the morphology of MoS,
catalyst to expose more Mo edge sites, the activity of RWGS can be ex-
pected to be further improved.

4. Conclusions

Density functional theory calculations and microkinetic modeling
have been used to identify the optimal type and morphology of S va-
cancy on MoS; catalyst for CO5 hydrogenation and the key factors that
control its performance. It is found that regardless of the morphologies
of threefold sulfur vacancies on MoS; basal plane the relatively strong O
binding causes O poisoning and low CO, hydrogenation activity at
580-780 K, 1 bar and H2/CO ratio of 1. The bridge S vacancy of the Mo
edge, however, tunes the relative adsorption strength of key in-
termediates (such as O relative to OH) owing to its lower coordination
number. This not only increases CO5 hydrogenation rate by 7-11 orders
of magnitude, but leads to noticeably different mechanism (associative

12

& redox). The large destabilization of O and low H coverage on the Mo
edge also hinder C-O scission and hydrogenation (give CH4 and CH30H)
relative to CO desorption, leading to almost 100% CO selectivity. The
work provides a mechanistic understanding into CO, hydrogenation on
the inexpensive MoS, catalyst, and the coordination number of va-
cancies modulated catalytic performance can be applied to design and
develop transition metal compound catalysts for other important re-
actions of technological interest.
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