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A B S T R A C T   

In order to clarify the active site of Cu4 and MoS2 on the conversion of syngas to ethanol over the Cu4 cluster 
modified MoS2(001) [Cu4/MoS2(001)] surface, we have explored the reaction mechanism of ethanol formation 
by using density functional theory (DFT) method. It is concluded that CO is first hydrogenated to formyl (CHO) 
over the Cu4/MoS2 catalyst. The formed CHO is preferentially dissociated to form CH2 by hydrogenation, which 
is the most favorable CHx monomer. C-C bond is formed by CHO insertion into CH2 leading to the C2 oxygenate 
CH2CHO, which results in the formation of C2H5OH by successive hydrogenation. The microstructure analysis 
shows that the Cu4 cluster provides undissociated CO and CHO, while the interface between Cu4 and MoS2 
promotes the dissociation of CH2O to form CH2 monomer and promotes the formation of ethanol C-C bond. This 
work can provide valuable information for the synergistic effect of Cu4 cluster and MoS2 to improve the selec-
tivity of ethanol synthesis.   

1. Introduction 

Ethanol was an important material for the chemical and pharma-
ceutical industries, which had a wide range of applications as a potential 
fuel additive or hydrogen carrier for clean energy delivery fuel cells [1]. 
The catalysts used for syngas to form ethanol including four types: Cu- 
based catalysts [2–6], Rh-based catalysts [7–10], Mo-based catalysts 
[11–15], and modified Fischer-Tropsch synthesis catalysts [16–20]. 
Although Rh-based catalysts had a high selectivity for ethanol, they 
were not suitable for large-scale industrial applications due to the 
expensive cost [21]. Cu supported on ZnO and Al2O3 catalysts were used 
widely for the alcohol formation from syngas, however, these catalysts 
lose activity rapidly under the action of trace amounts of sulfides 
[22,23]. Therefore, the industry needed extra desulfurize process to 
reduce the sulfur to an extremely low level, which increased the product 
cost. The development of transition metal sulfide catalysts had become 
an effective way to solve this issue. Be distinguish from metal oxide 
catalysts, transition metal sulfide catalysts were not only resistant sulfur 
poison, but they had resistance to carbonization [24,25]. It was well 
known that the main product was hydrocarbon on the MoS2 catalyst, it 
used to product alcohol after modification with alkali metal [26,27]. 
According to previous studies [28–30], the related reactions of syngas 

conversion on MoS2(10–10) [28], MoS2(110) [29], MoS2(010) [29], 
MoS2(100) [30] and MoS2(001) [31] surfaces had been explored. The 
MoS2 catalyst was conducive to the activation of CO, whereas, it was 
able to hydrogenate to form CH4 instead of C2 oxygenates via the C-O 
bond breaking to form CH2 species. Therefore, the MoS2 had the ability 
for activating CO to CHx species, it was necessary to improve the activity 
by reduce the C2 oxygenates formation energy barrier in order to pro-
mote the formation of C2 oxygenates [32]. 

Surisetty et al. [33] have found that transition metal modified MoS2 
catalyst can catalyze the conversion of syngas to ethanol and alkanes. 
When the MoS2 catalyst doped by heteroatoms, not only the in-plane 
inert sulfur was activated, but also adjusted the electronic structure 
and increased the molecular adsorption [34] During the hydrogenation 
of syngas on MoS2 catalysts modified with K and Co, the two sulfur 
compounds Co3S4 and Co9S8 were formed by Co and MoS2 combined. 
Co9S8 leaded to the decrease of catalyst activity, and its content 
increased with the increase of reaction time. On the other hand, Co and 
MoS2 formed the Co-Mo-S structure, and the Mo3.5+ component in the 
structure played a key role in alcohol formation [35–37] Researchers 
studied the hydrogen evolution reaction on Co-modified MoS2 catalysts, 
the active site and effective active surface area were increased after 
adding Co [38]. 
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Among the existing conventional catalysts for ethanol, Cu-based 
catalysts were received extensive attention due to their low price [39]. 
Previous research [40] showed the main product of syngas on Cu cata-
lyst was methanol because the non-dissociative adsorption of CO, the C- 
O bond hard to break, so that the yields of CHx was insufficient on Cu 
(111) [41] , (110) [42] and (100) [43] surfaces. However, CO inserted 
into CHx to form C2 oxygenates easily when CHx species formed [40], 
which requires addition of additives [44] or support [45] to adjust the 
catalyst structure. 

Recent experiments showed SiO2-supported Cu catalyst had good 
selectivity of ethanol [3], CoCu [44–46], RhCu [4,47], and MnCu [48] 
catalysts increase the selectivity of C2 oxygenates. Previous studies 
presented the activity of metal-supported catalysts were related closely 
to the structure [49,50]. There were many experimental [51–55] and 
theoretical studies [56–58] carried out on supported catalysts. For 
example, ZnO and ZrO2 [52], TiC [53], MgO [54,55,57,58] and Al2O3 
[59] catalysts studied extensively. The Al2O3-supported Cu4 cluster 
catalyst was used for the CO2 hydrogenate to methanol formation. 
Compared with Cu/ZnO/Al2O3 catalyst, the Cu4 cluster was supported 
to reduce the reaction energy barrier and improve the turnover rate of 
methanol formation [51]. Rh4 cluster supported by Al2O3 showed 
excellent catalytic performance for the conversion of syngas to C2 oxy-
genates, the hydroxyl group provides by the Al2O3 carrier which im-
proves the selectivity for C2 oxygenates [59]. When Cu deposited on the 
χ-Fe5C2(510) surface, which had good selectivity for the formation of 
alcohols in syngas conversion at the interface between Cu and Fe5C2 
[60]. As well as Co/CoOx surface was favorable for the formation of 
alcohols, the CoOx provided undissociated CO, the CHx species was 
formed on the interface between Co and CoOx [61]. Similar results were 
happened on the interface between Co and Co2C, the undissociated CO 
preferred to be located in Co2C, and Co promoted the CO to form CHx 
species [17]. 

During the conversion of syngas to ethanol, CO hydrogenated to form 
formyl species, followed by hydrogenation and CO insertion. Previous 
studies had found that CO was inserted into CHx to form CHxCO on MoS2 
catalysts [7,62,63]. At the same time, researchers had investigated the 
reaction mechanisms for ethanol formation from syngas. It was reported 
that the OCCHO species was an important reaction intermediate in the 
formation of ethanol on Cu(211) surface [2]. In addition, several re-
searchers had experimental investigated that OCCOH formed by CO 
coupling and hydrogenation, which had the potential to form C2 oxy-
genates [64,65]. Based on the above analysis, a large number of studies 
proved that CHx is an important reaction intermediates in the process of 
ethanol synthesis, which is coupled with CO or CHO to form C2 oxy-
genates. Despite the recent research has reviewed in the progress of 
syngas to form ethanol directly, there is no generally accepted theory 
about the mechanism. 

In this work, we studied the mechanism of ethanol synthesis on Cu4/ 
MoS2 catalyst compared with pure Cu and MoS2 catalysts. Meanwhile, 
the role of Cu4 cluster and MoS2 in the reaction process were discussed. 
The reaction mechanism of syngas conversion to ethanol was system-
atically studied on Cu4/MoS2 catalyst. We listed the research contents: 
illustrated the initial activation of CO, described the generation of CHx 
(x = 1–3) species, discussed the new path of C2 oxygenates formation 
and surveys of microstructure analysis. Furthermore, the synergistic 
effect between Cu and MoS2 was determined by comparison with Cu and 
MoS2 catalysts. 

2. Calculation details 

2.1. Calculation methods 

The Vienna Ab Initio Simulation Package (VASP) [66–68] was 
employed for all calculations. The generalized gradient approximation 
(GGA) with Perdew-Burke-Ernzerhof (PBE) was used for the exchan-
ge–correlation functional [69]. The Brillouin zone was sampled using a 

2 × 2 × 1 Monkhorst-Pack k-point grid with the Methfessel-Paxton 
smearing of 0.2 eV [31,70]. The plane-wave cut off energy was set 
with 400 eV to describe the electronic wave functions. The geometry 
optimization was allowed to converge when the energy difference be-
tween two consecutive steps was less than 1 × 10-5 eV, and the forces on 
each atom was lower than 0.03 eV⋅Å− 1. 

Transition states were located by combining the Climbing Image 
Nudged Elastic Band method (CI-NEB) and Dimer method [71–74]. In 
this study, the forces for all the atoms of the optimized transition state 
structure using the dimer method were less than 0.05 eV⋅Å− 1. The 
transition states were further confirmed by a vibrational frequency 
calculation, in which only one imaginary frequency was obtained at the 
saddle points. 

The binding energy value Eb is defined as, 

Eb = ECu4 − MoS2 − ECu4 − EMoS2 (1)  

where E(Cu4/MoS2), E(Cu4) and E(MoS2) are the total energies for the 
Cu4/MoS2(001), the Cu4 cluster, and the MoS2 with vacancy, 
respectively. 

For the reaction molecules adsorbed on the catalyst, the adsorption 
energy (Eads) is determined by, 

Eads = EA/slab − EA − Eslab (2)  

where E(A/slab), E(A) and E(slab) are total energies of the molecules/ 
catalyst, the reaction molecule, and the isolate catalyst. 

The reaction energy (ΔE) and activation energy (Ea) are defined as 

Ea = ETS − EIS (3)  

ΔE = EFS − EIS (4)  

where E(IS), E(TS), and E(FS) are the total energies of the reactant, 
transition state and product, respectively. 

The activation barrier with the zero-point correction is calculated on 
the basis of the equations (5) and (6), 

ΔEa = (ETS − EIS)+ΔZPEbarrier (5)  

ΔZPEbarrier =

(
∑Vibration

i=1

hfi
2

)

TS

−

(
∑Vibration

i=1

hfi
2

)

IS

(6)  

where ΔZPEbarrier refers to the zero-point energy correction for the re-
action barrier, h and fi refer to Planck’s constant and vibration 
frequency. 

In order to exploring the temperature effect during syngas conver-
sion, the rate constant was investigated by Transition State Theory 
(TST), the equation can be expressed as following, 

k = viexp
(
− ΔEa
RT

)

(7)  

vi =
kBT
h

∏3N

i=1

[

1 − exp
(

−
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)]

∏3N− 1

i=1

[

1 − exp
(

−
hf TSi
kBT

)] (8)  

where R is the gas constant. kB is the Boltzmann’s constant and the T 
refers to the reaction temperature under experimental conditions. 

2.2. Surface model 

For the MoS2 catalyst, the trigonal antiprismatic phase (1 T-MoS2), 
hexagonal prismatic phase (2H-MoS2) and rhombohedral phase (3R- 
MoS2) has exist. Reshmi et al. [75] experimentally found that 2H-MoS2 
had the best stability. Moreover, the research on 2H-MoS2 phase mainly 
focused on MoS2(010), (001) and (110) surfaces, the (001) surface 
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was the most stable, having a relative abundance (total facet area 
fraction) of 99% [29]. The studies by Wang and Zhang focused on the 
several reactions on MoS2(001) including the hydrodesulfurization of 
gasoline [76]. and HER reaction [77]. Among these studies, the (001) 
surface was given special attention as it was the lowest energy surface of 
MoS2. Further, Zhang et al. [31] theoretically investigated syngas con-
version to methane over the MoS2(001) surface, suggested that the S- 
terminated MoS2(001) may be easily dissociated CH2OH to form CH2. 

As a common metal, Cu has a low price and a high activity for syngas 
conversion reaction. After modified by Cu4, the original structure of 
MoS2 was changed to improve the catalytic activity. One Mo atom and 
three S atoms in the single layer MoS2 can be replaced by Cu4 clusters to 
form a stable Cu4 modified MoS2 catalyst. Therefore, the model was built 
to size of p(3 × 3) and a vacuum layer of 15 Å for MoS2(001) surface 
with one bottom monolayer relaxed. Cu4 cluster was substituted for the 
three S on the surface and Mo connected to the subsurface layer to 
obtain stable Cu4 embedded in an inverted triangular pyramid, the 
model on the MoS2(001) surface was denoted as: Cu4/MoS2(001) 
structure, this stable model had been used for the study of CO oxidation. 

The structure of Cu4/MoS2 is shown in Fig. 1. There are nine sites on 
the Cu4/MoS2(001) surface, One Cu atom taking the place of the Mo 
atom is named as Cu1, and the other three Cu atoms substituting three S 
atoms on the surface of monolayer MoS2 are called Cu3. T, B and Hol 
represent the Top, Bridge and Hollow sites on Cu4 cluster; TS present the 
top site of S atom; B1, B2, Hol1 and Hol2 represent the Bridge and Hollow 
sites at the interface, respectively. B1 represents Bridge site composed of 
one surface Cu atom and one surface S atom; B2 represents another 
Bridge site composed of one surface Cu atom and one subsurface Mo 
atom; Hol1 presents the 3-fold hollow site which formed by two S atoms 
and one Mo atom; Hol2 means a different 3-fold hollow site consist one S 
atom and two Mo atoms. In order to gain a deeper understanding of the 
single-layer MoS2 modified with Cu4 cluster, the binding energy (Eb) 

EfEf is calculated, as shown in Eq. (1). The energy is − 7.89 eV, which 
indicated that there is a strong interaction between Cu4 clusters and 
single-layer MoS2. 

3. Results and discussion 

In general, the process of ethanol formation involves two key steps, 
namely, CO activation and carbon chain growth, as shown in Scheme 1. 
We also consider other possible reaction paths on the Cu4/MoS2(001) 
surface via syngas conversion, which helps us to understand the catalytic 
performance of Cu4/MoS2 catalyst. 

3.1. CO hydrogenation and dissociation 

Previous research [78] shows that the unique triangular active site is 
the significant site where the CO adsorbed, and it is identified as a 
crucial role for CO activation [81]. We investigate all possible reaction 
sites of CO adsorption and we find that CO is stably adsorbs at the Top 
site of Cu3 triangular active site, Chen’s results [79] show that CO can be 
stably adsorbed on the top sites of Cu4 clusters on MoS2 catalyst doped 
with Cu4 clusters, and the adsorption energy is 1.095 eV, which is 
similar to our results. 

In Fig. 2, the initial activation of CO involves direct dissociation, 
formation of CHO or COH species under H-assisted. Starting from the 
adsorbed CO and H, the CO + H adsorb at T1 and H1 site, respectively, 
the distance between C and H atoms reduce to 1.119 Å in CHO from 
2.737 Å in initial state via 1.274 Å in TS 1. This path needs to overcome 
the reaction barrier of 111.0 kJ⋅mol− 1, and is lower than that of the 
reaction pathways of CO + H → COH (268.0 kJ⋅mol− 1) and CO → C + O 
(496.1 kJ⋅mol− 1). We obtain the information that CO + H → CHO is the 
main pathway for CO activation, which agrees well with the investiga-
tion on Cu(111), MoS2(010), and MoS2(001) surfaces [41,29,70]. The 

weiVediSweiVpoT

Hol 

Cu1

Cu3 B1

TS

B
Hol1

Hol2

B2

Interface 

Fig. 1. The top and side views of Cu4/ 
MoS2(001) surface; the orange, yellow 
and cyan spheres represent Cu, S and Mo 
atom, respectively. One Cu atom taking 
the place of the Mo atom is named as 
Cu1, and the other three Cu atoms 
substituting three S atoms on the surface 
of monolayer MoS2 are called Cu3. H, B 
and T represent the Hcp, Bridge and Top 
site, respectively. TS, B1, B2, Hol1 and 
Hol2 represent the Top, Bridge and Hol 
site of the interface, respectively. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the web version of this 
article.)   

Scheme 1. The possible paths for syngas conversion on the Cu4/MoS2(001) surface.  
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energy barrier of forming CHO on Cu4/MoS2(001) is 110.0 kJ⋅mol− 1 

which is similar to that on the Cu(111) surface with 105.8 kJ⋅mol− 1 

[41], it is greatly lower than that on the MoS2 (010) and (100) surfaces 
with 166.9 and 165.0 kJ⋅mol− 1, respectively [29,30]. 

3.2. CHx formation and related reactions 

Starting from CHO, the formation of CHx (x = 1–3) includes two 
pathways: CHxO direct or H-assisted dissociation, and CHxOH (x = 1–2) 
dissociation. 

3.2.1. CHx(x = 1–3) and methanol formation 
This section contains a discussion about the formation of CH, CH2, 

CH3 and methanol, the detail potential energy profile is presented in 
Figs. 3–6. The following is the pathways for the formation of CHx (x =
1–3) species and methanol. 

The process of CH formation includes two paths, one is CHO hy-
drogenates to form CHOH with the reaction barrier of 51.4 kJ⋅mol− 1, 
and then CHOH dissociates to form CH and OH, which needs overcome a 
reaction barrier of 137.3 kJ⋅mol− 1 with a reaction heat of 43.3 kJ⋅mol− 1. 
The other is the direct dissociation of CHO to CH and O, a very great 
energy barrier is needed to be overcome with 286.7 kJ⋅mol− 1. 

As depicted to form CH2 species, the progress contains three types, 
namely, CHO hydrogenates to form CH2O and then dissociate under H- 

assisted to form CH2 and OH. In this path, CH2O is at Hol site and H atom 
adsorbs in TS site, the distance between H and O atom is 3.942 Å in 
original state. Then, O atom in CH2O moves toward H atom, the distance 
between O and H atoms decrease to 1.006 Å in final state via 2.137 Å in 
TS 9, with a higher barrier of 77.4 kJ⋅mol− 1, accompanied by reaction 
heat of 34.1 kJ⋅mol− 1. The activation barrier of CH2 formation is 
remarkably lower than a previously reported corresponding barrier via 
CH2OH dissociation to form CH2 and OH [80] and the direct dissociation 
of CH2O. 

For CH3 formation, CH3O is formed by continuous hydrogenation of 
CHO and it dissociates to form CH3 and OH under H-assisted dissocia-
tion. The path of CH3O dissociation needs to conquer the higher reaction 
barrier of 194.6 kJ⋅mol− 1. For the formation of methanol, the preferred 
route is CHO continuously hydrogenated to form methanol, with the 
activation barrier and reaction energy of 137.1 and − 144.0 kJ⋅mol− 1, 
respectively. The reaction barrier of the methanol formation on Cu4/ 
MoS2 is higher than that of Co-modified MoS2 catalysts, simultaneously, 
both reactions release plentiful heat [81]. 

It can be seen that CH2 is the most important CHx(x = 1–3) monomer, 
and the key step of CH2 formation is CH2O + H → CH2 + OH, with an 
energy barrier of 77.4 kJ⋅mol− 1. The key step of methanol formation is 
CH2O + H → CH2OH, with an energy barrier of 137.1 kJ⋅mol− 1. The 
formation of CH2 monomer was more favorable than methanol 
generation. 

Fig. 2. The potential energy profile for CO activation with the structures of the initial states (IS), transition states (TS), and final states (FS). The unit of bond length 
in all structure diagrams is Å. 
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3.2.2. CH2 related reactions 
In this section, we focus on the related reactions of CHx. The above 

research shows that CH2 is the most favorable CHx monomer on Cu4/ 
MoS2(001) surface. The related reactions of CH2 includes three 
elementary reactions are shown in Fig. 7. CH2 hydrogenates to CH3 has 
an activation energy of 104.1 kJ⋅mol− 1. The C2 oxygenates formation 
includes two paths, namely CHO or CO insertion into CH2. For the prior, 
the co-adsorption configuration of CHO and CH2 coupling through C-C 
via TS 18 to form a stable intermediate CH2CHO at Hol site on the Cu4/ 
MoS2(001) facet, the distance between two C atoms reduce to 1.380 Å at 
final state from 3.627 Å in original state, which needs to overcome a 
barrier of 66.0 kJ⋅mol− 1, and the reaction heat is − 278.9 kJ⋅mol− 1. For 
the later, starting from co-adsorbed CH2 and CO, CH2 at Hol1 and CO 
adsorbs in T site, the distance between two C atoms is 2.889 Å in original 
state. Then, CO moves toward CH2, and CO stays at Hol site, the length 
of C-C band decreases to 1.384 Å in CH2CO via 2.045 Å in TS 19, whose 
activation barrier is 49.2 kJ⋅mol− 1, with the reaction heat is − 80.5 
kJ⋅mol− 1. Above results show that among all reactions related to CH2, 
the formation of CH3 is more difficult than that of CH2CHO and CH2CO, 
and the reactions of CH2CHO and CH2CO formation are competitive 
reaction, the reaction barriers of CH2CHO and CH2CO formation (66.0 
and 49.2 kJ⋅mol− 1) are lower than that of CH2CO formation on Mo20S43 
cluster (212.3 kJ⋅mol− 1) [32], and lower than that of CH3CO formation 
on MoRh(111) surface (101.3 kJ⋅mol− 1) [82]. 

3.3. C2 oxygenates formation via CO/CHO-CHO coupling path 

Based on previous research [64,65,83], the important reaction for C2 
oxygenates formation includes the hydrogenation of CO to CHO, then 
CHO coupling with CO or CHO on Cu-based catalyst. As presented in 
Fig. 8, the CHO adsorbs at Hol site, which overcomes the barrier of 32.8 
kJ⋅mol− 1 to attack the another to form OHCCHO, the distance between 
the two C atoms decreased to 1.435 Å in final state from 2.507 Å in the 
initial state. This step is obviously easier on Cu4/MoS2(001) than that 
on the Cu/γ-AlOOH(001) surface, the latter needs to overcome the re-
action barrier of 103.2 kJ⋅mol− 1 [83]. Alternatively, C2 oxygenates 
formation via the coupling reaction between CHO and CO is also 
considered. The formation of OCCHO is exothermic by 5.1 kJ⋅mol− 1, 
with the activation barrier of 93.9 kJ⋅mol− 1. Then, OCCHO hydroge-
nates to form OHCCHO, this step needs to conquer the activation barrier 
of 20.1 kJ⋅mol− 1. Starting with OHCCHO, the generated CHCHO resides 
in the Hol and O atom remains at TS site, the distance between C and O 
atoms increases to 3.070 Å, whose activation barrier is 225.6 kJ⋅mol− 1, 
accompanied with the endothermic by 84.9 kJ⋅mol− 1. 

Therefore, on the Cu4/MoS2(001) surface, the C2 oxygenates for-
mation mainly depends on the CO or CHO inserts into CH2 to form 
CH2CO or CH2CHO due to the lower activation barrier, rather than 
OHCCHO dissociates to form CHCHO. 

3.4. Hydrogenation of C2 oxygenates to form ethanol 

In this part, we present the ethanol generates from C2 oxygenates in 

Fig. 3. The potential energy profile for CH formation with the structures of the initial states (IS), transition states (TS), and final states (FS) on Cu4/ 
MoS2(001) surface. 
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the Fig. 9, it shows the reaction path for the ethanol formation. Starting 
from CH2 species, the activation energy barrier of CH2 combined with 
CHO to form CH2CHO reaction is 66.0 kJ⋅mol− 1. Meanwhile, CH2 inserts 
into CO to form CH2CO is also considered here, the formation of CH2CO 
is exothermic by 80.5 kJ⋅mol− 1, with an activation barrier of 49.2 
kJ⋅mol− 1. Furthermore, our calculation shows that CH2CO prefers to be 
hydrogenated to CH2CHO, this route has the reaction barrier of 154.9 
kJ⋅mol− 1, which needs to be exothermic by 212.5 kJ⋅mol− 1. Besides, 
CH2CO hydrogenates to form CH3CO, which needs to overcome a barrier 
of 155.8 kJ⋅mol− 1, the reaction heat is − 175.1 kJ⋅mol− 1. The rate- 
limiting step barrier of CH2CO hydrogenates to form CH3CO or 
CH2CHO are 155.8 or 154.9 kJ⋅mol− 1, respectively. The rate-limiting 
reaction barrier of CH2CO relevant reactions is higher than that of the 
CH2 directly insertion CHO, we can conclude that the CH2CHO is the 
most favorable C2 oxygenates. Above results show that the CHO reaction 
with CHx is a more favorable route for C2 oxygenates formation rather 
than the CO insert into CHx, which is consistent with that over the Rh 
(111) [7] and (211) [84] surfaces. In contrast, our results on Cu4/MoS2 

catalyst show that CH3CHO formation via TS 26 with a very small 
activation barrier of 57.9 kJ⋅mol− 1, which is lower than that of on Cu 
(111) [41] surface (72.6 kJ⋅mol− 1). Subsequently, CH3CHO hydroge-
nation to CH3CH2O via TS 27, this reaction energy barrier is 58.2 
kJ⋅mol− 1 with reaction energy of − 273.7 kJ⋅mol− 1. Finally, the 
CH3CH2O hydrogenation to form ethanol needs to overcome the acti-
vation energy barrier of 82.3 kJ⋅mol− 1, accompanied a reaction energy 
by − 42.9 kJ⋅mol− 1. 

3.5. Selectivity of syngas to ethanol on Cu4/MoS2 catalyst 

3.5.1. Selectivity of ethanol on Cu4/MoS2 catalyst 
On the Cu4/MoS2, CO is activated by hydrogenation to form CHO, 

which is consistent with that on MoS2(100) [30] and (001) [31] sur-
faces. It has a similar reaction barrier (109.0 and 105.8 kJ⋅mol− 1) with 
CO activation on MoS2(100) [30] and Cu(111) [41] surfaces, but lower 
than that on MoS2(010) [29] surface. 

After the formation of the common intermediate CHO, the process of 

Fig. 4. The potential energy profile for CH2 formation with the structures of the initial states (IS), transition states (TS), and final states (FS) on Cu4/ 
MoS2(001) surface. 
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forming the possible products ethanol and methanol are studied. The 
optimal path to form ethanol is CHO + H → CH2O; CH2O + H → CH2 +

OH; CH2 + CHO → CH2CHO; CH2CHO + H → CH3CHO; CH3CHO + H → 
CH3CH2O; CH3CH2O + H → C2H5OH. In the process, the maximum 
activation energy required for the hydrogenation of CH3CH2O to form 
ethanol is 82.3 kJ⋅mol− 1. 

Different from Cu-based catalysts, the optimal path for ethanol for-
mation on the Cu(111) [41] surface by our previous study is CHO hy-
drogenation to form CH2OH, subsequently, CH2 prefers to be formed by 
CH2OH dissociation. Since CH2 inserted into CO to form CH2CO, which 
was the main C2 oxygenates on Cu(111) [41] surface, but CH2CHO is 
the main C2 oxygenates on Cu4/MoS2(001). However, starting from 
CHO, the maximum energy barrier for the formation of ethanol is the 
same as that for the hydrogenation of CH3CH2O to form ethanol. On the 
Cu4-MoS (001) and Cu(111) [41] surfaces, the reaction energy barriers 
in this step is 82.3 and 124.3 kJ⋅mol− 1, respectively. 

For methanol generation, the most favorable reaction path is CHO +
H → CH2O; CH2O + H → CH2OH; CH2OH + H → CH3OH. In this path, 
the CH2O + H → CH2OH requires the maximum activation energy which 
is 137.1 kJ⋅mol− 1. By comparing the energy barrier generated by 
ethanol and methanol (Fig. 10), the activation energy required for the 

Fig. 5. The potential energy profile for CH3 and CH3OH formation with the structures on Cu4/MoS2(001) surface.  

Fig. 6. The potential energy profile for CHx and methanol formation with the 
structures of the initial states (IS), transition states (TS), and final states (FS). 
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formation of ethanol is the minimum. Therefore, ethanol is the main 
product on the Cu4/MoS2(001) surface. 

3.5.2. Rate constants analyzation 
In order to further explore the selectivity of syngas conversion 

products on Cu4/MoS2(001) catalyst, MoS2 catalyst showed good cat-
alytic activity in the temperature’s range of 673–923 K, and the reaction 
rate constants of key elementary reactions at different temperatures 
were calculated (Table 1). 

As depicted in Table 1, the rate constants (s− 1) in the range of 
673–923 K are listed. As the initial intermediate involved in syngas 
conversion into the possible liquid products C2H5OH and CH3OH, the 
rate constants of CHO species formation are in the range from 3.64 × 10- 

1 to 7.82 × 101 along with the temperature range of 673–923 K. In 
addition, the relationship between stabilization of the product and re-
action turnover has been analyzed to illustrate the selectivity of prod-
ucts. We investigate the relationship between the activation energies 
and adsorption energies (Table 2) of different products produced by the 
same intermediate through different elementary reactions. Through 
optimal path analysis, it can be found that with the same intermediate 
CH2O as the demarcation point, methanol and ethanol are generated 
through different elementary reactions. The adsorption energy of 
CH2OH produced by the hydrogenation of CH2O is − 205.6 kJ⋅mol− 1, 

which is a key intermediate for the formation of CH3OH, while the 
adsorption energy of CH2 formed by the dissociation of CH2O is − 345.6 
kJ⋅mol− 1, which shows that the adsorption of CH2 on the catalyst is 
more greater than CH2OH. Moreover, the activation energy required for 
the formation of CH2 is 77.4 kJ⋅mol− 1, and the corresponding rate 
constant at 673 K is 1.69 × 103. While the energy barrier for the hy-
drogenation of CH2O to form CH2OH is 137.1 kJ⋅mol− 1 with a rate 
constant of 2.23 × 100 at 673 K. In the subsequent reaction, from the 
common intermediate CH2, CH2CHO is formed via CHO inserting into 
CH2, which will lead to the formation of ethanol. The adsorption energy 
of CH2CHO is − 262.8 kJ⋅mol− 1 with an activation energy of 66.0 
kJ⋅mol− 1 for this insertion reaction forming CH2CHO, and the corre-
sponding rate constant at 673 K is 7.52 × 102. And the adsorption energy 
of CH3 formed by the hydrogenation of CH2 is − 218.9 kJ⋅mol− 1. The 
activation energy of this step is 104.1 kJ⋅mol− 1, and the rate constant is 
3.34 × 100 at 673 K. It can be seen that CH2CHO formation is more 
favorable than the formation of CH2OH and CH3 according to activation 
energies and rate constants, which will lead to the higher selectivity to 
C2H5OH than CH3OH and the related products of CH3 for syngas con-
version. Thus, it can be seen that the stronger stabilization of the reac-
tion product which has greater the absolute value of adsorption energy, 
the smaller the activation energy is required to form the product, and the 
higher reaction turnover of the elementary reaction. This is consistent 

Fig. 7. The potential energy profile for CH2 and CH3 relate reactions with the structures of the initial states (IS), transition states (TS), and final states (FS).  
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with the results of Noskov et al. [85], they found that the adsorption 
energy of N atom has a strong relationship related to the activation 
energy of direct dissociation of N2, the greater the adsorption energy of 
N atoms was, the lower the activation energy of direct dissociation of N2 
was, and the higher the reaction rate of N2 dissociation was. 

3.6. Microstructure analysis 

3.6.1. Influence of loaded Cu4 clusters on adsorption of key intermediates 
The adsorption energies of the key intermediates on the surfaces of 

Cu4/MoS2(001) and MoS2(10–10) [28] surface during the ethanol 
synthesis reaction were analyzed, as shown in Table 3. 

The adsorption energy of CHO, COH, CH3CO and other substances on 
the Cu4/MoS2(001) surface is higher than that on the MoS2(10–10) 
[28]. Therefore, Cu loading on the surface of MoS2 catalyst could in-
crease the adsorption energy of key species. The reaction energy barrier 
of CHO formed by initial CO activation on Cu4/MoS2(001) is lower than 
that of MoS2(10–10) [28]. On these surfaces, the reaction energy bar-
riers of CO activation are 111.0 and 139.9 kJ⋅mol− 1, which can be seen 
that the load of Cu promotes the activation of CO. 

3.6.2. Charge analysis of Cu4/MoS2(001) surface 
Furthermore, the catalytic performance of Cu4 modified MoS2 cata-

lyst was illustrated from the microscopic perspective, and the Bader 
charge and differential charge on Cu4/MoS2(001) surface were 

calculated (Fig. 11). 
In order to understand the electronic properties of Cu4/MoS2(001) 

catalyst, we analyzed the difference of charge density on the surface of 
Cu4/MoS2(001), the corresponding parameter is set to 0.005 e/Å3 as 
shown in Fig. 11. The results showed that electron transfer occurred 
between Cu and MoS2, and the charge gathered at the interface. Bader 
charge analysis shows that the total charge transfer from Cu4 to MoS2 is 
0.43 e. Therefore, the analysis of electronic and structural properties 
shows that there is moderate charge transfer between Cu and MoS2, and 
a charge region is formed at the interface of Cu4/MoS2(001) catalyst, 
which improves the catalytic performance of syngas to ethanol. 

3.6.3. The role of metal clusters and interfacial effects in ethanol synthesis 
In the process of syngas conversion on Cu4/MoS2(001) catalyst, CO 

is firstly adsorbed at the T position, and then CO is hydrogenated to form 
CHO, which is adsorbed at the Hol site of the Cu4 cluster. It can be seen 
that the metal cluster is the active site of CO hydrogenation to form 
CHO. Subsequently, CH2O is formed by CHO hydrogenation, which 
adsorbs at the Hol site of the Cu4 cluster. The C-O bond in CH2O is 
broken at the interface between Cu4 metal cluster and MoS2 to form CH2 
species after CH2O reacted with the active H atom. In the subsequent 
reaction, CHO is adsorbed at the B site of the Cu4 cluster, and CH2 is 
adsorbed at the Hol1 site between Cu and MoS2. Finally, CHO is inserted 
into CH2 to form CH2CHO species. The results show that the interface 
between Cu4 and MoS2 promotes the H-assisted dissociation of CH2O to 

Fig. 8. The potential energy profile for CHCHO formation with the structures of the initial states (IS), transition states (TS), and final states (FS).  
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form CH2, and provides the active site for CH2CHO formation. 

3.7. General discussion 

In general, according to our calculation on the surface of Cu4/ 
MoS2(001), we can conclude that the formation of CH2 is more favor-
able than the CH3OH formation. Therefore, it can be obtained that CH2 
species participates in the insertion of CHO to form CH2CHO, and then 
hydrogenation to ethanol continuously. At the same time, CH3 gener-
ated by CH2 hydrogenation is restrained on Cu4/MoS2(001) surface due 
to the high activation barrier. The results show that Cu4 clusters modi-
fied MoS2(001) surface can improve the selectivity of ethanol synthesis 
from syngas, facilitate the generation of CH2 and insert into CHO, also 
reduce CH3OH and CH3 generation. Then, this work analyzes the reac-
tion between the MoS2(001)[31] and Cu4/MoS2(001) surfaces, the 
results show that the Cu4 clusters modified MoS2 not only provides a 
new adsorption sites for the adsorption species, and apparently stable 
transition state of the product, the interface between Cu and MoS2 

reduces the activation barrier of CH2 formation step, the Cu4 clusters can 
promote the formation of CH2 and CHO insertion, and restrain the CH3 
formation. Thus, the selectivity of synthesis ethanol from syngas are 
improved. 

4. Conclusion 

In this study, the reaction mechanism of synthesis of ethanol from 
syngas is calculated over the Cu4/MoS2(001) surface by density func-
tional theory. Our detailed results show that CO is initially activated to 
CHO, and the reaction barrier is 111.0 kJ⋅mol− 1. The formed CHO is 
preferentially dissociated by hydrogen to form CH2, which is the major 
CHx species. The rate-determining step of forming CH2 species is CH2O 
+ H → CH2 + OH, with the reaction energy barrier of 77.4 kJ⋅mol− 1. In 
the related reaction of CH2, the reactions of CH2CHO and CH2CO for-
mation by the CHO and CO insert into CH2 are more favorable than CH3 
formation by the CH2 hydrogenation. Therefore, the formation of 
CH2CHO and CH2CO is promoted by Cu4 metal cluster on Cu4/MoS2 

Fig. 9. The potential energy profile for ethanol formation from CH2 species with the structures of the initial states (IS), transition states (TS), and final states (FS).  
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catalyst. The optimal reaction path to form ethanol is: CHO + H → 
CH2O; CH2O + H → CH2 + OH; CH2 + CHO → CH2CHO; CH2CHO + H 
→ CH3CHO; CH3CHO + H → CH3CH2O; CH3CH2O + H → C2H5OH. The 
rate-determining step is CH3CH2O + H → C2H5OH among all elementary 
reactions, with the reaction barrier of 82.3 kJ⋅mol− 1. For the methanol 
formation, the step with the highest energy barrier is CH2O + H → 
CH2OH, which needs to overcome the energy barrier of 137.1 kJ⋅mol− 1. 

The catalytic effect of Cu-modified MoS2 catalyst on the formation of 
ethanol is mainly manifested in the fact that Cu provided undissociated 
CHO, and the reaction of CH2 inserted into CHO to form CH2CHO also 
occurred at the boundary of the Cu4 and MoS2. Namely, the synergistic 
effect of Cu and MoS2 promotes the insertion of CHO into CH2. The 
electron structure analysis shows that there is a strong electron transfer 
between Cu4 and MoS2, which increases the interaction between Cu4 
and MoS2(001) and improves the adsorption energy of the reaction 
species on the catalyst surface. At the same time, there is a charge 
accumulation region between the Cu4 cluster and MoS2, and the selec-
tivity of C2 oxygenates can be improved at this interface. 
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Fig. 10. The possible reaction pathways and related barriers (kJ⋅mol− 1) for syngas conversion on the Cu4/MoS2(001) surface.  

Table 1 
Rate constants (s− 1) of key primitive reactions at different temperatures (K).  

Reaction 673 723 773 823 873 923 

CO + H → CHO 3.64 ×
10-1 

1.43 ×
100 

4.73 ×
100 

1.35 ×
101 

3.42 ×
101 

7.82 ×
101 

CHO + H → 
CH2O 

1.78 ×
103 

3.80 ×
103 

7.35 ×
103 

1.31 ×
104 

2.20 ×
104 

3.48 ×
104 

CH2O + H → 
CH2 + OH 

1.69 ×
103 

3.89 ×
103 

4.86 ×
103 

1.52 ×
104 

2.68 ×
104 

4.43 ×
104 

CH2 + CHO → 
CH2CHO 

7.52 ×
102 

1.59 ×
103 

3.05 ×
103 

5.39 ×
103 

8.95 ×
103 

1.40 ×
104 

CH2CHO + H → 
CH3CHO 

5.21 ×
103 

9.95 ×
103 

1.75 ×
104 

2.86 ×
104 

4.44 ×
104 

6.56 ×
104 

CH3CHO + H → 
CH3CH2O 

3.05 ×
103 

5.87 ×
103 

1.04 ×
104 

1.71 ×
104 

2.67 ×
104 

3.96 ×
104 

CH3CH2O + H 
→ C2H5OH 

4.10 ×
102 

8.81 ×
102 

1.71 ×
103 

3.08 ×
103 

5.17 ×
103 

8.21 ×
103 

CH2O + H → 
CH2OH 

2.23 ×
100 

9.85 ×
100 

3.59 ×
101 

1.12 ×
102 

3.06 ×
102 

7.49 ×
102 

CH2OH + H → 
CH3OH 

3.59 ×
104 

6.01 ×
104 

9.41 ×
104 

1.40 ×
105 

1.98 ×
105 

2.70 ×
105 

CH2 + H → CH3 3.34 ×
100 

1.10 ×
101 

3.09 ×
101 

7.66 ×
101 

1.71 ×
101 

3.51 ×
102  

Table 3 
The adsorption energy (Eads/kJ⋅mol− 1) of partially reactive species on 
MoS2(10–10) [28] and Cu4/MoS2(001) surfaces.  

Species MoS2(10–10) Cu4/MoS2(001) 

CHO − 193.9 − 306.8 
COH − 261.5 − 271.0 
CHOH − 250.9 − 324.2 
CH2O − 48.2 − 71.4 
CH2OH − 192.0 − 205.6 
CH3CO − 191.0 − 200.3 
CH3CHO − 38.6 − 61.8  

Table 2 
The adsorption energy of key species on Cu4/MoS2(001) surfaces.  

Species Adsorption energy (Eads/kJ⋅mol− 1) 

CH2OH − 205.6 
CH2 − 346.5 
CH3 − 218.9 
CH2CHO − 262.8  
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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