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Atomic perspective elucidates mixed alcohol
synthesis from syngas on bilayered (K)/MoS,
catalysts

Yaru Dang,? Qianji Han, (2 *2 Ruihan Wang, £2 2 Ziyan Wei,? Meng Wang® and Bin Qin*©

Syngas serves as a crucial link between non-petroleum-based carbon resources and commodity chemicals.
Among various conversion routes, the catalytic transformation of syngas into ethanol and other mixed
alcohols represents a highly attractive option. K-modified MoS, systems exhibit notable activity and
selectivity in low-carbon alcohol synthesis. To elucidate the correlation between product selectivity and
catalyst structure, and to design efficient catalysts for the synthesis of specific single products, density
functional theory (DFT) was employed to explore the transition states of elementary steps involved in
syngas conversion to mixed alcohols on bilayer (K)/MoS, catalysts. The results indicate that CO
hydrogenation on the S-edge sites of the MoS,(100) facet mainly yields C; species, whereas ethanol is
primarily produced at the Mo-edge sites. Moreover, K doping enhances CO activation and C-C coupling
at the Mo-edge. The most favorable pathway for ethanol synthesis at the Mo-edge is identified as CO —
HCO — CHOH — CH — CHCO — CH,CO — CH3CO — CH3zCHO — CH3CH,O — CH3CH,OH, with
the key step being the hydrogenation of CHzCO to CH3zCHO, which requires an energy barrier of
0.73 eV. This work offers comprehensive and valuable guidance for the subsequent modification and
design of C—C coupling catalysts.

Introduction

The conversion of syngas to C,, oxygenates has drawn signifi-
cant attention in catalysis, as it provides a promising route for
producing fuels and chemicals from non-petroleum resources
such as coal, natural gas, and biomass.” Ethanol, one of the
most important C,, oxygenates, has been extensively applied in
medical and energy sectors.® Conventionally, ethanol is ob-
tained through grain fermentation, which inevitably competes
with food supply for human consumption.”® Direct ethanol
synthesis from syngas over a single catalyst has been widely
investigated, with studies focusing on rhodium-based catalysts,
molybdenum-based catalysts, bi- or multi-component catalysts,
modified Fischer-Tropsch catalysts, and modified methanol
synthesis catalysts.”"> However, the reported catalysts still
exhibit limited performance in practical applications. The
major challenge lies in achieving high ethanol selectivity, which
requires precise control of C-C coupling between intermediate
CO dissociative and non-dissociative activated species.”*** In
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most cases, several elementary reactions occur simultaneously,
inevitably resulting in multiple parallel pathways and a broad-
ened product distribution.®*® Developing catalytic system that
can steer the reaction toward a single dominant pathway is
therefore essential for selective ethanol production from
syngas.

In recent years, numerous heterogeneous catalysts have been
investigated for the conversion of syngas to mixed alcohols.
Among the five representative catalyst types for producing low-
carbon alcohols from syngas, molybdenum sulfide-based cata-
lysts have received considerable attention owing to their
inherent resistance to carbon and sulfur poisoning. However,
current MoS,-based catalysts suffer from low activity and
limited alcohol selectivity. The selectivity can be shifted from
hydrocarbons toward alcohols by introducing suitable
promoters, such as alkali metals, and by applying alternative
reaction conditions.’*™® Ao M. et al.*® demonstrated that the key
factors influencing MoS,-based catalysts include the role of
alkali metals (e.g., Li, Na, K, and Rb), Fischer-Tropsch elements
(e.g., Fe, Co, and Ni), noble metals (e.g., Rh and Pd), as well as
the nature of the support. A review by Luk H. T. and co-workers
on the status and prospects of advanced alcohol synthesis from
syngas highlighted the ten most effective Mo-based catalysts.®
According to their data, the K- and Ni-modified MoS, systems
exhibit high activity and selectivity for higher alcohols (HA)
synthesis, which is of great significance for research. Zhao
et al.** synthesized KNiMo-based catalysts using four different
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methods, and found that the non-thermal plasma route
produced thinner and shorter MoS, plates, exposed more
unsaturated sites, and increased in the number of active centers
for alcohol formation. Compared with catalysts prepared by
conventional thermal methods, these catalysts displayed higher
dispersion and coordination unsaturation, resulting in superior
catalytic performance. Consistently, Claure et al>* reported
similar findings.

Experimental investigations aimed at correlating product
selectivity with catalyst structure in syngas conversion remain
highly challenging.?® Therefore, elucidating the catalytic
mechanism of syngas conversion is essential for the rational
regulation of product selectivity. In recent years, density func-
tional theory (DFT) has been increasingly employed to gain
qualitative insights into catalytic surfaces.” However, the
nature of the active sites and the detailed reaction mechanism
on MoS; catalysts are still under debate. During the conversion
of syngas to ethanol, CO is first hydrogenated to generate formyl
species, followed by further hydrogenation and CO insertion.
Previous studies have demonstrated that CO can be inserted
into CH, species to form CH,CO on MoS, catalysts.>**® Mean-
while, the reaction pathways of ethanol formation from syngas
have also been investigated. It has been reported that OCCHO
species act as key intermediates in ethanol synthesis on the
Cu(211) surface®” and Cu/ZnO catalyst.”® Wang et al.>® reported
that the catalytic effect of Cu-modified MoS, catalyst on the
formation of ethanol is mainly manifested in the fact that Cu
provided undissociated CHO, and the reaction of CH, inserted
into CHO to form CH,CHO also occurred at the boundary of the
Cu, and MoS,. Thus, the synergistic interaction between Cu and
MoS, promotes the incorporation of CHO into CH,. A clearer
understanding of these fundamental aspects will facilitate the
identification of active sites on MoS, catalysts and accelerate the
rational design and development of advanced catalysts for CO
hydrogenation.

The catalytic mechanism of alcohol synthesis from syngas
has been investigated for decades, yet it remains unclear due to
its inherent complexity.*® In this study, Density Functional
Theory (DFT) calculations were employed to examine the
influence of alkali promoters on CO activation, CH, species
formation, C-C coupling, and hydrogenation of C, intermedi-
ates over MoS, catalysts. Although several theoretical studies
have addressed alkali-promoted MoS, catalysts for syngas
conversion, only a few have provided a more comprehensive
reaction network for ethanol synthesis on bilayer molybdenum
sulfide nanosheets. The insights obtained in this study are ex-
pected to contribute to the rational design of future catalysts.

Computational methods

Plane-wave DFT calculations employing the projector-
augmented wave (PAW) method*" were performed using the
Vienna ab initio simulation package (VASP).*>** The generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzer-
hof (PBE) functional®* was adopted for all computations, with
a plane-wave cutoff energy of 400 eV. van der Waals (vdW)

interactions were included using Grimme's DFT-D3 scheme.*
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Geometry optimization was carried out until the residual forces
were smaller than 0.05 eV A" and the total energy difference
was below 10~* eV. A Monkhorst-Pack® k-point mesh of (2 x 1
x 1) was applied for Brillouin zone sampling.

The bulk MoS, structure was obtained through full energy
minimization of both lattice vectors and atomic coordinates.
The Mo0S,(100) surface was modeled as a p(3 x 3) periodic slab
containing 7 atomic layers. Based on these considerations,
a double-layer Mo0S,(100) slab was constructed with a 15 A
vacuum gap along both the b and ¢ directions, which better
represents nanosheet catalysts observed in experiments.

To determine the energy barriers, transition states (TS) were
identified using the nudged elastic band (NEB) method.?” The
TS structures were confirmed by harmonic vibrational
frequency analysis of the adsorbates, where only one imaginary
mode was detected. Charge density difference analysis and
Electron Localization Function (ELF) analysis was performed
using the VESTA program.*® The charge difference before and
after the adsorption of an adsorbate: Ap = p(slab +ads) — p(ads)
— p(slab).

All structures were built and visualized using Materials
Visualizer from Materials Studio. The activation barrier (E,) and
reaction energy (A.E) were evaluated as E, = Erg — Ejgand AE =
Eps — Ejs, where Ejg, Egs, and Eps denote the energies of the
initial state (IS), final state (FS), and transition state (TS),
respectively.

Differential charge density and projected density of states
analyses were performed using the DS-PAW package.*® Ab initio
molecular dynamics (AIMD) simulations were performed using
the VASP code. The NVT ensemble with the Nosé-Hoover ther-
mostat*>*! was employed with a time step of 1 fs at the typical
reaction temperature of 600 K.

Results and discussion
Bulk and surface structures

MoS, belongs to a class of materials known as layered
compounds and exists in three polymorphic modifications: 1T,
3R, and 2H, with the latter being the most stable.”” In bulk
MoS,, each Mo atom is coordinated by six S atoms in a trigonal
prismatic arrangement (Fig. 1). For the optimized bulk model,
a stable 2H-MoS,, primitive cell belonging to the P6;/mmc space
group was employed. The calculated lattice constants of bulk
MoS, are a = b = 3.18 A and ¢ = 13.39 A, which are consistent
with the experimental value of 3.20 A.** The S-Mo-S bond angle
is 80.95°, and the Mo-S bond length is 2.41 A. The optimized
bilayer MoS, structure is presented in Fig. 1, with an interlayer
spacing of 6.71 A.

For the MoS, surface model, two types of bilayer-stacked
(100) planes were conducted, resulting in a Mo-terminated
edge and an S-terminated edge, in accordance with the widely
accepted “Rim-Edge” model.* On the Mo,-S;, surface, half of
the surface S atoms from the S-terminated edge were trans-
ferred to the Mo-terminated edge, producing a configuration
with 50% S concentration at both edges, defined as the Mos,-
Sso surface. Previous DFT calculations demonstrated that the
Mos5o-Sso surface exhibits the highest energetic stability under

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The optimized bulk crystal structure of 2H-MoS;: (a) top-view;
(b) side-view; (c) the constructing unit of 2H-MoS; (bond lengths in A);
(d) the corresponding polyhedron of 2H-MoS,. The cyan and yellow
spheres represent the Mo and S atom, respectively.

hydrodesulfurization (HDS) conditions.** Under the sulfo-
reductive atmosphere used for CO hydrogenation, the cata-
lytic system is exposed to a relatively low sulfur chemical
potential. According to earlier DFT studies, this environment
stabilizes a sulfur coverage of 37.5% at the Mo-edge of MoS,,
corresponding to 3 S atoms per 4 Mo-edge atoms in the super-
cell.* By removing one S atom from the Mo-edge of the Moso—
Sso surface, a model with 37.5% sulfur coverage at the Mo-edge

(@) (b)

Fig. 2
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Table 1 Calculated Bader charge for MoS,(100) and K/MoS,(100)
surfaces

Element symbol Label MoS,(100) K/Mo0S,(100)
Mo 63 1.24 1.17
Mo 66 1.25 1.16
Mo 69 1.14 1.17
Mo 72 1.15 1.20
Mo 51 1.02 1.02
Mo 54 1.03 1.03
Mo 57 1.02 1.03
Mo 60 1.02 1.03
S 3 —0.51 —0.65
S 12 —0.50 —0.64
S 15 —0.48 —0.53
S 24 —0.49 —0.54
S 6 —0.61 —0.63
S 9 —0.60 —0.74
S 18 —-0.61 —0.63
S 21 —0.60 —0.60
K 73 — 0.87

and 50% sulfur coverage at the S-edge was obtained, hereafter
denoted as the Mojs; 5-Sso surface (Fig. 2a). Furthermore, to
clarify the role of the K promoter in syngas conversion to
ethanol, a K-doped structure was also considered, referred to as
K/M037.5-S50.

The electronic distribution of the Mos,5-S5o model was
visualized using the Electron Localization Function (ELF): in the
2D cross-sectional heat map (Fig. 2b), the color scale from red to
blue represents the variation of electron localization from
strong to weak. Combined with its layered crystal structure, the
green isosurfaces correspond to highly localized electron
regions (such as strong intralayer covalent Mo-S bonds or lone
pairs). This electronic distribution directly determines its
catalytic properties: the edge sites of MoS, layers, due to
unsaturated coordination, exhibit tuned electron localization

(a) The optimized structure of reaction sites: (1) Mo@K/MoS,(100); (2) S@K/MoS,(100); (3) Mo@MoS,(100); (4) S@MoS,(100); (b) top view

and side view of the electron localization function (ELF) for Mos;.5—Sso model; (c) differential charge density of K/Mos75—-Sso model (yellow

represents electron accumulation; equivalence plane: 0.03 e bohr—3).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic structure of the CO activation process on the
Mo@MoS,(100) site and S@MoS,(100) site.

CO* + H* —» HCO*
CO* + H* — COH*
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Energy(eV)
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Fig. 4 Schematic structure of the CO activation process on the
Mo@K/MoS,(100) site and S@K/MoS,(100) site.

and serve as the primary active centers for hydrogenation
reactions. Defects such as sulfur vacancies can reconstruct the
local electronic structure to enhance intermediate adsorption.
Regions with low electron localization facilitate electron trans-
fer during catalytic reactions. Notably, at the S vacancies on the
Mo-edge of this model, a significant accumulation of Mo d,
electrons can be observed, making this site more receptive to
reactants from both directions. However, due to the limited
interlayer distance, reactants are more likely to approach this

View Article Online
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site from the outer side, thereby enhancing the activation
capability of the edge and corner sites.

On the Mos;5-S5, surface, the most stable site for K
adsorption is an interstitial position coordinated with three S
atoms, as shown in Fig. 2c. In this configuration, K forms
threefold coordination with two surface S atoms at the Mo-edge
and one surface S atom at the S-edge. The differential charge
analysis indicates that the K atom donates electrons to both the
Mo-edge and the S-edge. Consequently, the adsorbed K atom
alters the interstitial region of the (100) edge surface. As a result,
four distinct types of reaction sites can be distinguished, as
illustrated in Fig. 2a. The first site corresponds to an unsatu-
rated coordination site (CUS) at the Mo-edge of the K/M037.5-Ss0
model, designated as the Mo@K/MoS,(100) site. The second
site is a Mo-Mo bridge located at the S-edge of the K/Mo3; 5-Ss
model, denoted as the S@K/MoS,(100) site. The third site is
another CUS, but located at the Mo-edge of the Mo, 5—Ss
model, referred to as the Mo@MoS,(100) site. Finally, the fourth
site corresponds to a Mo-Mo bridge on the S-edge of the Mos 5-
Sso model, named the S@Mo08S,(100) site.

Additionally, Bader charge analysis was performed on the
MoS,(100) and K/MoS,(100) surfaces, with all results tabulated
in Table 1. As presented in Table 1, the charge of distinct Mo
sites on the Mo0S,(100) surface falls within the range of +1.02 to
+1.25e|, while that of S sites ranges from —0.48 to —0.61|e|.
After K atoms are loaded onto the MoS,(100) surface, the
negative charge of S sites adjacent to K increases to varying
degrees due to the acceptance of additional electrons. In
particular, the S3, S12, and S9 sites directly bonded to K exhibit
a more pronounced charge shift. Based on the charge variation,
it can be inferred that approximately 0.87|e| of charge is trans-
ferred from K to the adjacent S sites. Moreover, the introduction
of K induces a perturbation in the charge distribution of surface
Mo sites. In comparison with Mo sites at the S edge, those
located at the Mo edge experience a significant increase in
charge following K loading.

CO activation

In CO hydrogenation with syngas, CO molecules first adsorb on
the MoS, surface and then proceed through elementary steps,
including direct dissociation or H-assisted activation, to
generate various products. Therefore, elucidation the energetic,
structural, and electronic characteristics of CO adsorbed on
MoS, is essential for advancing the understanding of CO
hydrogenation on MoS, catalysts and for facilitating the
discovery of more efficient catalytic systems. A comprehensive

Table 2 Energy barriers and reaction energies of CO activation at different sites (E; and AE, eV)

K-doped model Pure model

Mo-edge S-edge Mo-edge S-edge
Label Surface elementary steps E, AE E, AE E, AE E, AE
R1 CO +H — HCO 0.53 0.51 0.39 —0.44 1.19 0.03 0.52 —0.36
R2 CO +H — COH 0.80 0.77 1.67 —0.16 1.02 0.58 2.38 0.93
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Fig. 5 Potential energy diagram of syngas conversion to C; products on Mo@MoS,(100) site (left) and S@MoS,(100) site (right).

investigation of all potential CO adsorption sites revealed that
CO preferentially binds to the top site of the Mo atom with an
adsorption energy of —2.68 eV. The adsorption energies at
different sites are presented in Fig. S1 and S2. Notably, although
the adsorption energy on the K atom is relatively weak
(—0.58 eV, Fig. S3), CO can still adsorb at this site, suggesting
that K doping structurally introduces additional sites for CO
adsorption. The initial activation of CO may proceed via direct
dissociation or through H-assisted formation of CHO or COH
intermediates. Starting from adsorbed CO and H, all possible
CO activation pathways were systematically explored at each
site.

As shown in Fig. 3, the cyan curve corresponds to the
hydrogenation of CO to form HCO, while the orange curve
represents the hydrogenation step leading to COH formation on
the Mo@MoS5,(100) site (solid line) and S@MoS,(100) site
(dashed line). At the Mo@MoS,(100) site (solid line), CO
adsorbed on the Mo atom can interact with H located on the
adjacent S atom, with a C-H distance of 2.70 A, thereby yielding
HCO. In HCO structure, the C-H bond length is 1.11 A. In the
corresponding transition state, the C-H bond is elongated to
1.28 A, with an energy barrier of 1.19 eV and an endothermicity
of 0.03 eV. Alternatively, CO may react with the H atom

1.82
2 i H
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1 . | &eh +on
. 0.80 COH:Z—:" . 3 7 (+Ol /)7
> : 3 Bl = —
2 {053 HCO i o
> B CHOH& S 3
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i el
-1 s
- UM
=G =g 1 s
24
@

adsorbed on the adjacent Mo-S to form COH, where the O-H
bond decreases sequentially from 1.84 A to 1.16 A and finally to
0.99 A. This step proceeds with an energy barrier of 1.02 eV and
requires an endothermic input of 0.58 eV. Since the energy
barrier for CO hydrogenation to COH (1.02 eV) is lower than that
to HCO (1.19 eV), CO activation at this site predominantly yields
COH species. At the S@Mo0S,(100) site (dashed line), it is
apparent that CO adsorbed on top of a Mo atom can couple with
H co-adsorbed on the same Mo atom, with a C-H distance of
1.60 A, leading to the formation of HCO. The C-H bond length
in HCO is 0.98 A. In the transition state, the C-H bond extends
to 1.29 A, with an associated energy barrier of 0.52 eV and an
exothermicity of —0.36 eV. Alternatively, CO can react with H
adsorbed on neighboring S atoms to generate COH, where the
O-H bond distance decreases from 2.82 A to 1.29 A and finally to
1.11 A. This pathway exhibits a much higher energy barrier of
2.38 eV and requires an endothermic input of 0.93 eV. Since the
barrier for HCO formation (0.52 €V) is substantially lower, CO
activation at this site is dominated by hydrogenation toward
HCO species.

Similarly, a comprehensive transition state search was per-
formed for the CO activation process on the K-doped MoS,(100)
surface model. The relevant results are summarized in Fig. 4. As

2q
1.67
11 CH,(+0)
147
0+— 33 s %
E CO(+H) 0.65%
3 HCO } i
5 14 038 %
S HCco 7
CH,0H :__: ~ i
: —2 H,CC CH,0 P
H (] “H;OH " cH,(+0H)CH,

CH,

Fig. 6 Potential energy diagram of syngas conversion to C; products on Mo@K/MoS,(100) site (left) and S@K/MoS,(100) site (right).
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Fig. 7 Schematic diagram of the reaction behavior of CH species on the Mo@K/MoS,(100) site (top) and Mo@MoS,(100) site (bottom).

shown in Fig. 4, the blue pathway corresponds to the hydroge-
nation of CO to HCO, whereas the red pathway represents the
hydrogenation of CO to COH at the same site. At the Mo@K/
MoS,(100) site (solid line), CO adsorbed on the Mo atom can
interact with a neighboring H atom located on the S site,
leading to the formation of a C-H bond. The bond distance
decreases from the initial 1.67 A to 0.98 A in the final HCO
product, with the transition state exhibiting a C-H bond length
of 1.20 A, an activation barrier of 0.53 eV, and an endothermic
energy of 0.51 eV. Alternatively, CO may react with an H atom
adsorbed on the adjacent Mo-S site to form COH. In this case,
the O-H bond distance evolves from 2.66 A to 1.14 A and
stabilizes at 1.12 A, with a higher activation barrier of 0.80 eV
and an endothermic energy of 0.77 eV. Importantly, the energy
barrier for CO hydrogenation to COH (0.80 eV) exceeds that for
CO hydrogenation to HCO (0.53 eV), suggesting that CO acti-
vation at this site preferentially proceeds through the formation
of HCO species. At the S@K/Mo8S,(100) site (dashed line), it is
evident that CO adsorbed on a Mo atom can combine with an H
atom, forming HCO with a C-H distance of 1.44 A. The C-H
bond length in the resulting HCO is 1.10 A, and in the transition
state extends to 1.16 A, with an energy barrier of 0.39 eV and an
exothermic release of —0.44 eV. Alternatively, CO can react with
an H atom adsorbed on a neighboring S atom to produce COH,
with the O-H bond distance transitioning from 2.68 A to 1.64 A
and finally to 0.98 A. This alternative process exhibits an energy

6 | RSC Adv, 2026, 16, 1-10

barrier of 1.67 eV and an exothermic release of —0.16 eV.
Notably, the significantly lower energy barrier for the hydroge-
nation of CO to HCO (0.39 eV) suggests that CO activation at this
site primarily favors the formation of HCO species through
hydrogenation.

In summary, both Mo-edge and S-edge sites are identified in
this model. For CO activation on the K-doped MoS,(100)
surface, the reaction predominantly proceeds via hydrogen
addition to the C atom, forming HCO species, regardless of the
site type. In contrast, on the undoped MoS,(100) surface, CO
activation at the S-edge site mainly occurs through H to C
forming HCO, whereas at the Mo-edge site it proceeds primarily
through H addition to O, generating COH species. The differ-
ences in CO activation between the K-doped and undoped
models are summarized in Table 2. The results show that on the
K-doped MoS,(100) surface, CO activation mainly follows the
hydrogenation pathway leading to HCO formation. Comparison
of the energy barriers at the two edge sites indicates that the S-
edge exhibits higher activity. At the Mo-edge, the two activation
pathways have comparable barriers, while at the S-edge the
barrier for HCO formation is substantially lower than that for
COH formation. A similar trend is observed for the undoped
MoS,(100) model. Furthermore, comparison of the same acti-
vation pathway between the two models reveals that K doping
significantly reduces the CO activation barriers at each sites,
independent of the reaction pathway. These results suggest that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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species on the Mo@MoS,(100) (top) and Mo@K/MoS,(100) (bottom).

K doping not only provides additional adsorption sites to
facilitate CO adsorption but also renders CO activation more
favorable.

Reaction pathways of C, intermediates formation

On the pure M0S,(100) model, the conversion of syngas to C;
products was systematically investigated at the Mo-edge site
(left) and the S-edge site (right) in Fig. 5. At the Mo-edge site, the
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preferred pathway for methanol formation is CO — COH —
CHOH — CH,OH — CH;OH, whereas methane formation
proceeds through CO dissociation following the route CO —
COH — CHOH — CH — CH, — CH; — CH,. The energy
barrier for CO activation at this site is 1.02 eV, representing the
rate-limiting step of the overall process. Apart from this initial
step, the CH, species are mainly produced through stepwise
hydrogenation of CH derived from CHOH cleavage. The energy
barrier for CHOH cleavage is relatively low (0.60 eV), and
subsequent hydrogenation of CH also proceeds with low
barriers, enabling progressive hydrogenation to methane. In
contrast, the final hydrogenation of CH,OH in methanol
formation exhibits a higher barrier of 0.82 eV, indicating that
this site is more favorable for methane production. At the S-
edge site, the optimal pathway for methanol formation is CO
— HCO — H,CO — H3CO — CH3;O0H, while the optimal
pathway for methane formation is CO — HCO — H,CO —
CH,0H — CH, — CH; — CH,. In the methanol pathway, the
most energy-demanding step is the hydrogenation of HCO to
H,CO, with a barrier of 0.53 eV. In the methane pathway, the
cleavage of the C-O bond in CH,OH to form CH, requires the
highest barrier of 1.11 eV. These results suggest that methane is
not the dominant product at this site, and only limited CH,
species are formed, with C; alcohols being the main products.

At the same time, the reaction pathways for syngas conver-
sion to C; products on Mo-edge (left) and S-edge (right) sites of
the K/MoS,(100) model were also calculated, as shown in Fig. 6.
On the Mo-edge site, the most favorable route for methanol
formation is CO - HCO — CHOH — CH,OH — CH;OH,
whereas that for methane formation is CO - HCO — CHOH
— CH — CH, — CH; — CH,. According to the data in Fig. 6,
the highest energy barrier in the methanation pathway occurs
in the final hydrogenation step (0.88 eV), while the highest
barrier in methanol formation is also located at the last
hydrogenation step (0.72 eV), which is lower than that of
methanation. This indicates that methanol formation is more
favorable at this site. Moreover, compared with the Mo-edge site
of the Mo0S,(100) surface, K doping significantly reduces the
energy barrier for CO activation (0.53 eV), thereby enhancing
the site reactivity. In addition, CH, species are generated

CH,CH,0

CH,CH,OH

9:)

Fig. 9 Schematic diagram of the hydrogenation of CHCO species to ethanol on the Mo@MoS,(100) (left) and Mo@K/MoS,(100) (right).
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Fig. 10 Reaction network diagram of CO hydrogenation to ethanol on Mo@K/MoS,(100) (left) and Mo@MoS,(100) (right).

through stepwise hydrogenation after CHOH cleavage to CH.
The energy barrier for CH formation is markedly lower than that
at other sites, while subsequent hydrogenation of CH exhibits
a considerably higher barrier. Consequently, CH is more likely
to undergo coupling instead of methanation, suggesting that
this site promotes chain growth toward higher alcohols. On the
S-edge site, the methanol formation pathway is CO — HCO —
H,CO — CH,OH — CH;3;O0H. The step with the highest barrier
is the hydrogenation of HCO to H,CO, with an energy barrier of
0.66 eV. Comparison with reported data indicates that meth-
anol formation at this site is relatively feasible. The methane
formation pathway is CO — HCO — H,CO — CH,0OH — CH,
— CHj; — CH,, where the rate-limiting step is the C-O bond
cleavage of CH,OH to form CH,, with a barrier of 1.34 eV. These
results suggest that methanol production is favored at this site,
while methane is not the dominant product and CH, interme-
diates are relatively scarce, making C; alcohol the main
products.

C-C coupling

The formation of C, species proceeds via carbon-carbon
coupling reactions. Previous density functional theory studies
have shown that C-O bonds are readily cleaved at Mo-edge sites
but remain stable at S-edge sites. Consequently, CH, species are
more likely to form at Mo-edge sites, with CH being the
predominant intermediate. Since C-C coupling is a key step in
ethanol formation, the reaction behavior of CH species at Mo-
edge sites was examined for two models, including hydroge-
nation to form CH, and coupling with CO or HCO, as shown in
Fig. 7. At the Mo@Mo08S,(100) site, the energy barrier for CH
hydrogenation to CH, is 0.60 eV with a reaction exotherm of
—0.51 eV. The coupling of CH with CO to form CHCO has
a barrier of 0.53 eV and an exotherm of —0.85 eV, whereas the
coupling of CH with CHO to form CHCHO shows a barrier of
0.62 eV and an exotherm of —0.88 eV. Comparison of these

8 | RSC Adv, 2026, 16, 1-10

pathways indicates that CH-CO coupling exhibits the lowest
barrier at this site. At the Mo@K/Mo08S,(100) site, the barrier for
CH hydrogenation to CH, increases to 0.77 eV with an exotherm
of —0.96 eV. In contrast, CH-CO coupling proceeds with a much
lower barrier of 0.35 eV and an exotherm of —0.83 eV, while CH-
CHO coupling requires 0.70 eV with an exotherm of —1.01 eV.
Again, CH-CO coupling is the most favorable pathway. These
results suggest that, regardless of K doping, C-C bond forma-
tion predominantly occurs through CH-CO coupling to yield
CHCO species. Moreover, K doping substantially lowers the
barrier for CH-CO coupling (0.35 eV compared with 0.53 eV
without doping). This reduction is considered the primary
reason for the enhanced alcohol selectivity observed upon K
doping. To verify the stability of CHCO species adsorbed on the
Mo@K/Mo8S,(100) site under the typical 600 K reaction condi-
tion, additional ab initio molecular dynamics (AIMD) simula-
tions were performed. As shown in Fig. S5, the adsorption
configuration of CHCO exhibited almost no structural variation
during the simulation process, demonstrating the high stability
of this critical reaction intermediate at the experimental reac-
tion temperature.

In addition, the projected density of states (PDOS) of the
adsorption structures of C-C coupling products was calculated
for both the K/Mo0S,(100) site and the pristine MoS,(100)
surface. The PDOS diagram provides a means to determine
whether two spatially adjacent atoms are bonded. As depicted in
top of Fig. 8, the black curve represents the total DOS of the
system, the red curve corresponds to the Mo_d orbital, and the
blue curve corresponds to the C_p orbital. The Mo_d and C_p
orbitals are spatially close, and the overlap between the red and
blue curves at both adsorption sites confirms the presence of
bonding between the C, species and the Mo atom. Meanwhile,
as displayed in the bottom panel of Fig. 8, the red curve denotes
the Mo_d orbital, while the blue curve represents the K _p
orbital. The Mo d- and K p-orbitals are also spatially proximal,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and the distinct overlap of the two curves at the two adsorption
sites verifies the formation of bonding interactions between K
and Mo atoms.

Furthermore, PDOS analysis can be applied to the d-band
center theory. This theory states that for transition-metal-
based catalysts, the energy band associated with the d orbital
is defined as the d-band, and the position of its center relative to
the Fermi level predicts catalytic reactivity. A d-band center
closer to the Fermi level indicates enhanced catalytic activity. As
illustrated in Fig. 8, after K doping, the d-band center of Mo
shifts significantly toward the Fermi level, suggesting that the
electronic states of the MoS,-based catalyst exhibit higher
chemical activity, thereby strengthening the interaction
between reactants and the catalyst and accelerating the reaction
process.

Post C-C coupling steps leading to C, oxygenates

Based on the previous calculations, the subsequent hydroge-
nation of CHCO species leading to ethanol formation was
further examined, as shown in Fig. 9. On the Mo-edge site of the
K/MoS,(100) model (right), the optimal pathway proceeds as
CHCO — CH,CO — CH;CO — CH3;CHO — CH3;CH,O —
CH;CH,0OH. The data indicate that the hydrogenation of
CH,;CO to CH3;CHO, with an energy barrier of 0.73 eV, is the
most energy-demanding step. This step is therefore identified
as the rate-determining step on this site. For comparison, the
hydrogenation of CHCO species on the Mo-edge site of the
undoped MoS,(100) model (left) was also calculated, and the
results are shown in Fig. 9 (left). In this case, the preferred
pathway is CHCO — CH,CO — CH,CO — CH3;COH — CHj-
CHOH — CH3;CH,OH. The highest energy barrier in this
sequence corresponds to the hydrogenation of CH3;COH to
CH;CHOH, with a value of 0.86 eV. Considering the preceding
CH species formation process, the most feasible overall
pathway for syngas conversion to ethanol on this surface is CO
— COH — CHOH — CH — CHCO — CH,CO — CH3;CO —
CH;CHO — CH3;CH,0 — CH3;CH,OH. Among these steps, the
activation of CO to COH, with an energy barrier of 1.02 €V, is the
most difficult and serves as the rate-determining step. Notably,
this barrier is much higher than that of the rate-determining
step on the K-doped model, which accounts for the experi-
mentally observed significant enhancement in alcohol selec-
tivity after K doping.

Reaction network

Based on the above discussion, a relatively complete reaction
network for the conversion of syngas to C, species on the
MoS,(100) surface was established, as shown in Fig. 10. The
calculations reveal that CO hydrogenation to mixed alcohols on
MoS,(100) surface is a highly complex process that can yield
multiple products, with all hydrogenation products competing
through different formation pathways. Consequently, clarifying
the reaction network of syngas conversion is essential for eval-
uating product selectivity and yield. The results further indicate
that CO conversion proceeds differently at different reaction
sites. On MoS,(100) surface, CH is the key intermediate, and its

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reaction behavior determines whether alcohols are produced. K
doping promotes both CO activation and C-C coupling. The
optimal pathway for ethanol formation changes upon K doping.
For the K-doped catalyst, the pathway shown on the left side of
Fig. 10 proceeds through the hydrogenation of CH;CO to
CH;CHO as the key step. In contrast, for the undoped catalyst,
the pathway depicted on the right side of Fig. 10 proceeds with
CO activation as the critical step.

Conclusions

We systematically investigated the catalytic mechanism of CO
hydrogenation to ethanol on MoS,(100) surfaces before and
after K-doping using density functional theory, providing
a comprehensive evaluation of the promoter effect. The main
results are summarized as follows:

(1) On the Mo-edge of pristine MoS,(100), methane forma-
tion is favored, whereas the Mo-edge of K/Mo0S,(100) promotes
methanol production. The high energy barrier for CO activation
on the Mo-edge of pristine Mo0S,(100) leads to low activity,
which is markedly enhanced upon K-doping.

(2) Both pristine and K-doped K/MoS,(100) S-edges favor
methanol generation. However, the cleavage of the C-O bond to
form CH, species involves high barriers at these sites, resulting
in C, alcohols as the dominant products.

(3) Ethanol formation proceeds through the coupling of CH,
and CH,0O intermediates. CH, species, mainly CH, are readily
produced at Mo-edge sites. CH faces three options: hydroge-
nation to form CH,, coupling with CO or CHO, with the last
pathway being more favorable due to a lower energy barrier. K-
doping substantially reduces this barrier, thereby facilitating
ethanol synthesis.

(4) On the Mo-edge of K/MoS,(100), the most favorable
pathway for ethanol formation from syngas is: CO — HCO —
CHOH — CH — CHCO — CH,CO — CH3CO — CH3CHO —
CH3;CH,0 — CH3;CH,OH. The rate-determining step is the
hydrogenation of CH;CO to CH;CHO, with a barrier of 0.73 eV.

(5) For pristine MoS,(100) on the Mo-edge, a similar route is
observed, but the highest barrier corresponds to CO activation
to COH (1.02 eV).
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