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The catalytic hydrogenation of CO2 to methanol offers an attrac-
tive route for converting the greenhouse gas into value-added 
chemicals and mitigating the pressure on climate warming 

and the depletion of fossil fuels1–7. Establishing an energy-efficient 
catalytic process requires the development of high-performance cat-
alysts capable of fulfilling a more energy-saving, low-temperature 
CO2 hydrogenation process8,9. Metal oxide catalysts such as In2O3 and 
ZnO/ZrO2, among others, typically require temperatures higher than 
300 °C to catalyse the hydrogenation of CO2 by a hydrogen-assisted 
dissociation mechanism10–12, leading to high energy consumption. 
Moreover, the reverse water-gas shift (RWGS) side reaction is dif-
ficult to avoid, leading to the formation of CO together with metha-
nol13–16. Introducing transition metal components (for example, Cu, 
Pd and Ni) onto the metal oxides can enhance their activity at rela-
tively low temperatures (<260 °C) by promoting the activation of H2  
(refs. 17–20), but at the same time this leads to a lower methanol selec-
tivity owing to the excessive hydrogenation of CO2 to methane and 
the RWGS reaction is exacerbated21–24. The barely controllable bal-
ance between C–O dissociation and H2 activation severely restricts 
the simultaneous optimization of the catalytic activity and selectiv-
ity of the hydrogenation of CO2 to methanol. Thus, it is a major 
challenge to develop an efficient catalyst for the highly selective 
hydrogenation of CO2 to methanol at low temperature.

Here, we show that an in-plane sulfur vacancy-rich MoS2 
nanosheet catalyst can bypass such a restriction by on the one hand 
facilitating both CO2 dissociation to surface-bound CO and O (CO* 
and O*) and H2 activation on the sulfur vacancies, and on the other 

hand promoting methanol formation over deep hydrogenolysis to 
methane, thereby enabling a highly efficient and selective hydroge-
nation of CO2 to methanol at low temperature. At 180 °C, a metha-
nol selectivity of 94.3% at a CO2 conversion of 12.5% was achieved 
over the MoS2 catalyst, which markedly surpasses those of previ-
ously reported catalysts, including the commercial Cu/ZnO/Al2O3. 
The catalyst showed high durability for over 3,000 hours in a stabil-
ity test, without any decay in its activity and selectivity for metha-
nol, thus exhibiting great potential for application in the large-scale 
synthesis of methanol from CO2 hydrogenation.

Results
Performance of CO2 conversion to methanol on MoS2. CO2 
hydrogenation to methanol over a H2-pretreated few-layered MoS2 
nanosheet (FL-MoS2; Extended Data Fig. 1a–d) could be initi-
ated even at room temperature, although the conversion was low  
(Fig. 1b), as supported by in situ diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) of the surface species show-
ing the appearance of CO*, O* and CH3O* peaks as the mixture  
of CO2 and H2 passed through the catalyst at 25 °C (Fig. 1a). In 
contrast, under an identical gaseous hourly space velocity (GHSV) 
over the commercial Cu/ZnO/Al2O3 catalyst, as the benchmark for 
this reaction, a similar level of methanol production rate could be 
reached only at a temperature above 80 °C (Fig. 1b). As the tem-
perature was increased, the FL-MoS2 always delivered an extraor-
dinary net methanol yield compared with Cu/ZnO/Al2O3 and 
other state-of-the-art catalysts reported in the literature under 
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similar reaction conditions (Fig. 1c, Extended Data Fig. 2a and 
Supplementary Table 1, calculations were based on the amount of 
catalyst). The intrinsic catalytic activity of the FL-MoS2 catalyst was 
evaluated using the forward turnover frequency (TOFfwd) for meth-
anol formation, and compared with the average TOFfwd over the Cu/
ZnO/Al2O3 catalyst at isoconversion levels (Extended Data Fig. 2b, 
TOF calculations were based on the amount of exposed metal atoms 
or S vacancies). Although the high activity of a small fraction of sur-
face synergetic sites may not be captured for the Cu/ZnO/Al2O3 cat-
alyst in such a comparison25–31, the high TOFfwd over FL-MoS2 still 
reveals the excellent activity of the catalyst. Moreover, the FL-MoS2 
catalyst also exhibits a remarkably high net TOF compared with the 
reported values for fixed-bed CO2 hydrogenation (TOF was calcu-
lated based on the amount of exposed metal atoms or S vacancies; 
Extended Data Fig. 2c and Supplementary Table 2).

The FL-MoS2 catalyst showed a high selectivity for CO2 hydroge-
nation to methanol. At 180 °C, a methanol selectivity of 94.3% was 
achieved at a CO2 conversion of 12.5% over the FL-MoS2 catalyst, 
which is considerably higher than the value of 80.9% at 4.2% CO2 
conversion over the Cu/ZnO/Al2O3 catalyst under identical reac-
tion conditions (Extended Data Fig. 2d), and significantly surpasses 
those of previously reported catalysts. In addition, at different CO2 
conversion levels, the methanol selectivity over the FL-MoS2 cata-
lyst was always higher than that over the Cu/ZnO/Al2O3 catalyst 
at the same temperature (Extended Data Fig. 2e). The activity of 
the FL-MoS2 catalyst was well reproduced using seven batches of  

individually synthesized FL-MoS2 catalyst. The fluctuations in 
both CO2 conversion and methanol selectivity were less than 3% 
(Extended Data Fig. 1m).

The long-term stability test of the FL-MoS2 catalyst showed no 
signs of decay in either the activity or methanol selectivity over 
3,000 hours at 180 °C, with a stable conversion of around 12.5%  
(Fig. 1d). In addition, the stability was well maintained for more than 
600 hours even at 260 °C (Extended Data Fig. 1n). Statistical analysis 
of the layer number of the fresh and used FL-MoS2 catalyst, based 
on high-resolution transmission electron microscopy (HRTEM), 
showed a slight increase in the layer thickness after 3,000 hours of 
the durability test, which indicates a small degree of aggregation of 
the MoS2 layers (Extended Data Fig. 1e–j). This may be caused by an 
increase in the surface energy of the basal plane due to the genera-
tion of in-plane sulfur vacancies during the hydrogenation reaction. 
Nevertheless, no visible difference in the crystallographic structure 
of the FL-MoS2 catalyst was observed by powder X-ray diffraction 
(XRD) analysis after 3,000 hours of the durability test compared 
with that of the fresh catalyst (Extended Data Fig. 1k). This indi-
cates that the FL-MoS2 is a robust catalyst for the low-temperature 
hydrogenation of CO2 to methanol, exhibiting great potential for 
application as an energy-saving industrial process.

Identifying the active sites of MoS2. H2 pretreatment increased sub-
stantially the catalytic performance of FL-MoS2, with the forward 
reaction rate (rf) for methanol formation (0.132 gmethanol gcat.
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Fig. 1 | Catalytic properties of different catalysts in CO2 hydrogenation to methanol. a, In situ DRIFT spectra of CO2 hydrogenation over the FL-MoS2 
catalyst at room temperature (25 °C). Mo=O and Mo–O–Mo are O* species. The arrowed CO2/H2 denotes the introduction of the gas mixture into the 
reactor. The vertical black line segments are scale bars for the absorbance. b, Comparison of net space–time–yield of methanol (STYmethanol, calculated 
based on the amount of catalyst) on the Cu/ZnO/Al2O3 (CuZnAl) and FL-MoS2 catalysts from 25 to 120 °C at a GHSV of 1,500 ml gcat.

−1 h−1. The inset shows 
an enlargement of the dashed box area. c, Comparison of the net STYmethanol over the FL-MoS2 and other state-of-the-art catalysts under similar reaction 
conditions (see Supplementary Table 1 for more details; # indicates data from this work). d, Stability test of the FL-MoS2 catalyst in the CO2 hydrogenation 
reaction at 3,000 ml gcat.

−1 h−1, measuring the selectivity (S) and conversion (X) over 3,000 h. The conversion was far below the equilibrium conversion of 
around 40% at 180 °C (Extended Data Fig. 1l). The catalysts were pretreated in situ with H2 at 300 °C for 3 h. The activity tests were performed using a 
tubular fixed-bed reactor at 50 bar and a H2/CO2 ratio of 3:1.
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at 2.5% CO2 conversion over the H2-pretreated FL-MoS2 catalyst 
being almost ten times that over the fresh catalyst (0.016 gmethanol  
gcat.

−1 h−1) at 3.1% CO2 conversion (Fig. 2a). High-sensitivity 
low-energy ion scattering spectroscopy (HS-LEIS) showed the 
disappearance of the O peak and a decrease in the S/Mo peak area 
ratio from 1.64 to 1.13 as the temperature of the quasi in situ H2 
treatment of the FL-MoS2 catalyst increased (Fig. 2b,c). Signals of 
SO2, H2O and H2S were directly detected in the reduction process by 
in situ synchrotron-based VUV photoionization mass spectrometry 
(SVUV-PIMS; Fig. 2d), which indicates the removal of O atoms and 
some S atoms from MoS2 by the H2 pretreatment. The O atoms may 
come from oxidation of the MoS2 during the synthetic process or 
when the material is exposed to the air. X-ray photoelectron spec-
troscopy (XPS) of the as-synthesized FL-MoS2 catalyst showed only 
two S 2p peaks, attributed to intact lattice S and oxidized lattice S 
in MoS2 (Extended Data Fig. 3d), and no excess stoichiometric S 
was observed. Therefore, the removal of S by H2 reduction leads 
to the formation of S vacancies and the exposure of coordinatively 
unsaturated Mo atoms. This was further confirmed by in situ X-ray 
absorption near-edge structure (XANES) characterization showing 
that the absorption edge of the Mo K edge shifts to a lower energy 
level owing to the reduction of FL-MoS2 (Fig. 2e). Furthermore, 
in situ electron paramagnetic resonance (EPR) spectra32,33 displayed 
an obvious increase in the density of S vacancies after H2 reduc-
tion of the FL-MoS2 (Extended Data Fig. 3a). These results indi-

cate that the S vacancies are a key factor in the catalytic activity 
for CO2 hydrogenation to methanol. The reaction itself generated 
more S vacancies over the MoS2 catalyst, as reflected by the in situ 
EPR and XPS characterization of the FL-MoS2 catalyst before and 
after the reaction, with the used catalyst exhibiting increased EPR 
signal intensity and a decreased S/Mo atomic ratio compared with 
the H2-reduced fresh catalyst (Extended Data Fig. 3a,e). This could 
be the reason for the existence of an induction period in the initial 
stage of the reaction process, which shows a gradual improvement 
in the catalytic activity (Fig. 1d).

To further confirm the role of S vacancies as the active sites for 
the catalytic process, MoS2 nanosheet catalysts with different con-
centrations of S vacancies were designed to investigate the relation-
ship between the density of sulfur vacancies and the reaction rate. 
Beside FL-MoS2, multilayered MoS2 (ML-MoS2) and thick-layered 
MoS2 (TL-MoS2) were synthesized using a layer-controlling method, 
and commercial MoS2 was adopted as reference, representing 
bulk MoS2 (Bulk-MoS2; Extended Data Fig. 4a–i). All these MoS2 
catalysts present large lateral sizes and exhibited similar methanol 
selectivity (>80%) in the CO2 hydrogenation reaction (Extended 
Data Fig. 4p). The density of S vacancies in these samples after 
H2 pretreatment were quantified in terms of the density of single 
electrons by in situ EPR spectroscopy and the specific adsorption 
capacity of NO by in situ NO pulse adsorption34,35. Experiments 
exploring the catalytic performances of these catalysts revealed that  
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the rf value for methanol formation is closely related to the density 
of S vacancies in MoS2, with a higher density of S vacancies lead-
ing to a higher production rate of methanol (Fig. 2f and Extended 
Data Fig. 4j,k). No linear relation was found between rf and the 
Brunauer–Emmett–Teller surface area of these samples (Extended 
Data Fig. 4l,m). These results demonstrate that the activity of MoS2 
for CO2 hydrogenation to methanol is derived from the S vacancies.

H2 pretreatment could remove S atoms both from the basal plane 
and edges of the MoS2 lattice and thereby lead to the coexistence 
of in-plane and edge S vacancies. To clarify the effect of in-plane 
and edge S vacancies in catalysing CO2 hydrogenation to methanol, 
we synthesized a nanoporous MoS2 catalyst (NP-MoS2) in which 
the MoS2 nanosheets have small lateral sizes with abundant edges, 

as shown in the HRTEM images as well as in the extended X-ray 
absorption fine structure (EXAFS) spectra, indicating reduced 
Mo–Mo coordination (Fig. 3a–c and Extended Data Fig. 5a–e). The 
density of S vacancies in the NP-MoS2 catalyst was then quantified 
in situ through the specific adsorption capacity of NO34,35, with a 
value of 123.5 μmol gcat.

−1, comparable to that of 112.8 μmol gcat.
−1 

for the FL-MoS2 catalyst (Fig. 3d). O2 adsorption was employed to 
probe the dominating type of S vacancies in the two samples. With 
similar specific adsorption capacities of O2 (Extended Data Fig. 5f), 
the in situ DRIFTS spectra of the NP-MoS2 and FL-MoS2 catalysts 
after O2 adsorption revealed the two samples to have markedly dif-
ferent oxygen adsorption features (Fig. 3f). The absorption peaks at 
900–960 cm−1 and broad band at 700–860 cm−1 have been assigned 
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to the vibrations of Mo=O and Mo–O–Mo species36, respectively. 
Density functional theory (DFT) calculations showed that oxy-
gen adsorbed at the edge and in-plane S vacancies are primarily in 
Mo=O and M–O–Mo configurations, respectively (Fig. 3e). These 
results indicate that the NP-MoS2 catalyst enriched with Mo=O spe-
cies mainly exposes edge S vacancies and that the FL-MoS2 cata-
lyst with apparently increased Mo–O–Mo species possesses more 
in-plane S vacancies. Comparing the catalytic performances of the 
FL-MoS2 and NP-MoS2 catalysts at isoconversion levels, the FL-MoS2 
catalyst always showed a higher methanol selectivity (Fig. 3a,b and 
Extended Data Fig. 5g,h), indicating that the in-plane S vacancies 
are more selective for the CO2 hydrogenation to methanol.

To further confirm the role of the in-plane S vacancies in deter-
mining the methanol selectivity, the S vacancies of the in situ 
H2-reduced MoS2 samples with different layer thicknesses were 
also quantitatively studied by 31P magic-angle-spinning NMR 
(MAS NMR) spectroscopy using trimethylphosphine (TMP) as 
probe adsorbate37, which presented two resonance peaks near −9 
and −22 ppm, implying two different adsorption sites (Extended 
Data Fig. 4n). DFT studies showed that TMP can be adsorbed only 
on S vacancies. The 31P chemical shifts of TMP adsorbed on both 
in-plane and edge S vacancies were calculated by DFT methods after 
the structures were fully optimized; the TMP molecules adsorbed 
on the Mo-edge S vacancies were found to possess a higher chemical 
shift tensor on average than those of TMP at the in-plane S vacan-
cies (Extended Data Fig. 6a,b). We further analysed the number 
of electrons on the P atoms of the TMP adsorbed on the in-plane 
and Mo-edge S vacancies, which were on average 1.60 and 1.70 e−, 
respectively. A higher electron density can lead to a greater shield-
ing tensor for the nuclei, and hence a higher resonance magnetic 
field. Therefore, the downfield (−9 ppm) and upfield (−22 ppm) 
peaks can be assigned to the in-plane and edge S vacancies, respec-
tively. Thus, the density of in-plane and edge S vacancies can be rela-
tively quantified in units of the specific adsorption capacity of TMP 
(Extended Data Fig. 4p). The explicit linear correlation between the 
density of in-plane vacancies and rf for methanol formation demon-
strates that the in-plane S vacancies favour CO2 hydrogenation to 
methanol more than the edge S vacancies (Extended Data Fig. 4o).

The existence of in-plane S vacancies in the FL-MoS2 catalyst was 
confirmed using high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM)32,38. Figure 3g presents a 
wide-field HAADF-STEM view of the FL-MoS2 basal plane, exhibit-
ing a characteristic hexagonal pattern of 2H-MoS2. Intensity profile 
analysis of the HAADF-STEM image along imaginary line demon-
strates the existence of S vacancies (Fig. 3g,h). A typical distribution 
of S vacancies is illustrated in Fig. 3i, showing a cluster of S vacan-
cies in the basal plane of the FL-MoS2 catalyst.

Reaction mechanisms of CO2 hydrogenation. To understand  
the structure-dependent activity of MoS2 in the hydrogenation 
of CO2 to methanol at an atomic level, DFT calculations were 
performed to study the underlying reaction mechanisms at the 
in-plane and edge S vacancies. A periodic trilayer model of MoS2 
and a nanoribbon model of MoS2, with the Mo edge saturated with S 
monomers and the S edge saturated with a combination of S mono-
mers and dimers, were adopted as the initial structures for gen-
erating the in-plane and edge S vacancies, respectively (Extended 
Data Fig. 7a,b)39,40. Models of single S vacancy (single-Sv), double S 
vacancy (double-Sv) and triple S vacancy (triple-Sv) were employed 
to simulate the reaction process for both the in-plane and edge cases 
(Extended Data Fig. 7c).

The single-Sv at the edge or in the basal plane can barely adsorb 
CO2. However, CO2 can be adsorbed on the double-Sv and triple-Sv 
sites, either in the basal plane or at the Mo edge, and readily disso-
ciates to CO* and O* with low barriers of below 0.33 eV (Fig. 4a,b 
and Extended Data Fig. 8a,b). In comparison, the hydrogenation of 

CO2 to COOH* or HCOO* at the in-plane S vacancy (Sv) sites is 
less favourable with clearly higher barriers, which contrasts with the 
dominant mechanisms on metal oxide or metal/metal oxide cata-
lysts8,10,12,22,41,42. This is consistent with the observation of CO* and 
O* signals in the in situ DRIFTS spectrum at room temperature 
(Extended Data Fig. 9a,b) and a slight increase in the Mo oxida-
tion state in the in situ XANES spectrum at 180 °C (Extended Data  
Fig. 9h) when pure CO2 was introduced into the H2-pretreated 
FL-MoS2 and NP-MoS2 catalysts. At the Mo-edge double-Sv site, the 
formation of HCOO* is competitive with the CO2 dissociation step, 
but further hydrogenation or dissociation of HCOO* is relatively 
difficult, with energy barriers of over 1.1 eV, and thus are likely to be 
depressed. In the steps following CO2 dissociation, CO* desorption 
from either the in-plane or Mo-edge Sv sites requires higher activa-
tion energies than CO* hydrogenation to CHO*. Further hydroge-
nation of CHO* to CH3OH via CH2O* and CH3O* intermediates 
all have remarkably lower energy barriers than the corresponding 
C–O bond-breaking steps at both the in-plane and Mo-edge Sv 
sites (Fig. 4a,b and Extended Data Fig. 8a,b). Such reaction paths 
agree well with the high-pressure in situ DRIFTS characterization 
of the hydrogenation process. When the feeding gas was switched 
from pure CO2 to H2 at 180 °C and 30 bar, the CO* peaks from the 
dissociation of CO2 (Extended Data Fig. 9f) gradually disappeared 
with the rise of CH3O* peaks, the intensity of which first increased 
and then decreased as time went on (Extended Data Fig. 9g), 
thereby indicating the hydrogenation of CO* to CH3O* and then 
the formation of CH3OH. The in situ SVUV-PIMS (Extended Data  
Fig. 9i,j) and in situ DRIFTS analyses of the reaction process 
(Extended Data Fig. 9c–e) showed signals of desorbed HCHO and 
CH3O* surface species, respectively, also supporting the proposed 
reaction mechanism.

However, the Mo-edge and in-plane Sv sites exhibit different 
reactivities for the dissociation of the generated CH3OH*. The 
desorption of CH3OH* from the Mo-edge double-Sv and triple-Sv 
sites is less favourable, being endergonic in free energy by around 
0.6 eV, compared with desorption from the in-plane Sv sites, being 
exergonic by more than 0.5 eV (Fig. 4a,b and Extended Data  
Fig. 8a,b). By contrast, the dissociation of CH3OH* to CH3* and OH* 
at the Mo-edge double-Sv and triple-Sv sites is more favourable, 
with notably lower barriers of around 1.1 eV compared with values 
of around 1.8 eV at the in-plane Sv sites (Fig. 4a,b and Extended 
Data Fig. 8a,b). The Sv at the corner (Corner-Sv) of the Mo edge 
also show good activity for the dissociation of methanol, with a bar-
rier of 1.04 eV. These results indicate that the production of CH3OH 
is energetically more favourable at the in-plane Sv sites than at the 
Mo-edge Sv sites, where CH4 formation is more competitive.

On the basis of the above reaction mechanisms, reaction micro-
kinetic modelling of the CO2 hydrogenation process at the in-plane 
and Mo-edge Sv sites was conducted using CatMAP43. The results 
show that at the in-plane Sv sites, CH3OH formation is more favour-
able with higher turnover frequencies (TOFs) than the formation 
of CO and CH4 over a wide range of temperatures and pressures. 
However, CH4 formation is facilitated at the Mo-edge Sv sites with 
even higher TOFs than those for CH3OH formation (Fig. 4c,d and 
Extended Data Fig. 8c,d). These results agree well with the experi-
mental observations that the FL-MoS2 catalyst is more selective 
toward CH3OH formation whereas the NP-MoS2 catalyst is more 
selective for CH4 formation.

To verify the theoretical finding that the Mo-edge Sv sites are 
more reactive toward CH3OH dissociation than the in-plane Sv 
sites, CH3OH decomposition in H2 was investigated experimentally 
(Extended Data Fig. 5i); the results showed that the conversion rate 
of CH3OH to CH4 over the NP-MoS2 catalyst is clearly higher than 
that over the FL-MoS2 catalyst. This is in good agreement with the 
theoretical modelling of the CH3OH reduction reaction microkinet-
ics, which showed higher TOFs for CH4 formation on the Mo-edge 
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Sv sites than on the in-plane Sv sites (Extended Data Fig. 10). The 
higher reactivity of the Mo-edge Sv sites toward methanol decom-
position is probably due to the much higher formation energy com-
pared with that of the in-plane Sv site (Fig. 4e). The coordinatively 
unsaturated Mo sites at the Mo-edge S vacancies possess a nota-
bly higher electron density of 4d states near the Fermi level, which 
leads to the overbinding of CH3OH* and thereby a lower barrier for 
CH3OH* dissociation, as discussed above (Fig. 4f).

Conclusions
Edge sites of MoS2 are widely reported to be the dominant active 
centres in many catalytic reactions40,44–47. In this study, however, 
the edge S vacancies led to undesired excessive hydrogenation of 
CO2 to methane. By contrast, we have demonstrated the in-plane 
S vacancies of MoS2 to be ideal active centres for a highly efficient, 
low-temperature CO2 hydrogenation to methanol by facilitating 
the dissociation of CO2 and hydrogenation to methanol in prefer-
ence to hydrogenolysis to methane. An excellent durability of over 
3,000 hours characterizes the single component MoS2 as a simple and 
promising catalyst for industrial applications. The findings in this 
work reveal the potential of in-plane vacancies of two-dimensional 
materials in catalysis, and could inspire the development of new 
catalysts for this reaction beyond metal or metal oxide catalysts, 
such as metal carbides, metal phosphides, metal nitrides and other 
metal sulfides48,49. This work also provides a prototype for obtaining 
targeted catalytic reactivity and selectivity by rationally tailoring the 
structure and atom vacancies.

Methods
Preparation of the FL-MoS2 catalyst. The FL-MoS2 catalyst was synthesized by 
using our previously reported method50. Typically, 900 mg (NH4)6Mo7O24·4H2O 
was dissolved in 20 ml deionized water to form a homogeneous solution. Then, this 
solution and 10 ml CS2 were sealed in a 40 ml stainless-steel autoclave under Ar 
protection and maintained at 400 °C for 4 h. The product was treated with 6 mol l−1 
KOH solution with stirring at 60 °C for 3 h, followed by washing with pure water 
and absolute ethanol several times and then drying at 80 °C.

Evaluation of catalytic performance. The catalytic reactions were performed in 
a high-pressure fixed-bed reactor built by Xiamen Han De Engineering. Typically, 
before the reaction, 200 mg catalyst with grain sizes of 250–600 μm was pretreated 
in situ with 30 ml min−1 H2 at 1 bar and 300 °C for 3 h. After the reduction, the 
reactant was introduced into the reactor. Argon was mixed into the H2/CO2 
mixture as an internal standard to calculate the CO2 conversion. The reactions were 
performed under a pressure of 50 or 60 bar and in a temperature range from 25 to 
280 °C, with a H2/CO2 ratio of 3:1 and GHSVs from 1,500 to 54,000 ml gcat.

−1 h−1.
The methanol decomposition experiments were performed in the same 

reactor with 200 mg catalyst. After the pre-reduction process as described above, 
liquid methanol (0.01 ml min−1) was fed into the reactor using a Series III Pump, 
meanwhile, high purity H2 with 5% Ar was fed into the reactor at a gas flow rate of 
30 ml min−1 at 1 bar and 180 °C.

The products were analysed using an online gas chromatograph equipped with 
a thermal conductivity detector (TCD) and a flame ionization detector (FID). A 
TDX-01 packed column was connected to the TCD and an RT-Q-BOND-PLOT 
capillary column was connected to the FID. Product selectivity was calculated 
on a molar carbon basis. The catalytic performances during the stable phase of 
the reaction were typically used for discussion. For the fresh FL-MoS2 catalyst 
without H2 pretreatment, the data obtained after about 4 h of reaction were used 
for discussion.

The forward reaction rate (rf) was calculated on the basis of the measured net 
reaction rate (rn) and equilibrium factor (η)51:
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rf = rn/ (1 − η) (1)

For the reaction CO2 (g) + 3H2 (g) ⇌ CH3OH (g) + H2O (g), η was calculated 
using

η =
PCH3OH × PH2O
PCO2 × P3H2

×

1
K

(2)

where Px is the partial pressure of species x (in atm) and K is the equilibrium 
constant for the reaction, which is 1.806 × 10−4 atm–2 at 180 °C, 9.598 × 10−5 atm–2 at 
200 °C and 5.329 × 10−5 atm–2 at 220 °C.

Catalyst characterization. Powder X-ray diffraction patterns were recorded on a 
Rigaku Ultima IV diffractometer with Cu Kα radiation (λ = 0.15406 nm) at 40 kV 
and 30 mA. The diffraction angles were scanned from 5 to 85° (2θ) at a speed of 
10° min−1.

EPR spectroscopic measurements were performed on a Bruker A200 EPR 
spectrometer operated at X-band frequency with a microwave frequency of 
9.32 GHz, a microwave power of 10 mW and a modulation frequency of 100 kHz. 
EPR characterization of the S vacancies was conducted using an in situ method, 
in which the samples were reduced and measured in the sample tube inside the 
EPR spectrometer, with no transfer of sample required during the whole process. 
Typically, 30 mg catalyst powder was placed in a quartz EPR sample tube. Before 
measurement, the catalyst, after H2 pretreatment for 3 h at 300 °C, was purged with 
He at 300 °C for 2 h to remove adsorbates. After running the catalytic reaction for 
4 h at 180 °C, the catalyst was first purged with H2 for 2 h and then heated to 300 °C 
and purged with He for a further 2 h. All spectra were measured after cooling 
the samples to 25 °C in a He atmosphere to allow comparison of the spectra. 
The gas flow rate during the EPR experiments was maintained at 30 ml min−1. 
1,1-Diphenyl-2-picrylhydrazyl was used as an external standard to estimate the 
density of sulfur vacancies in the MoS2 catalysts.

NO chemisorption measurements were performed on a Micromeritics Auto 
Chem II 2920 instrument. Typically, 100 mg sample was pretreated in situ with 
H2 at 300 °C for 3 h and subsequently purged with He at 300 °C for 60 min. NO 
chemisorption experiments were then performed at 40 °C by pulsing 0.5 ml of 
2% NO/He (0.314 µmol O2 per pulse) through the catalyst every 30 min. The NO 
effluent (detected by mass spectrometer) increased to a constant value, signifying 
NO saturation of the catalyst, and then the total uptake of NO was calculated. The 
numbers of sulfur vacancies and exposed Mo atoms were calculated on the basis 
of the total uptake of NO, where one NO molecule corresponds to 0.25 – 0.5 sulfur 
vacancies or 0.5 – 1.5 exposed Mo atoms based on the results of DFT calculations 
(Extended Data Fig. 6c). Thus, the highest and lowest TOFs of the FL-MoS2 catalyst 
were calculated on the basis of the amount of exposed sulfur vacancies or Mo 
atoms. Then, the average value of the highest and lowest TOFs was calculated as 
the TOF of the FL-MoS2 catalyst.

O2 chemisorption measurements were also performed on a Micromeritics 
Auto Chem II 2920 instrument. Typically, 100 mg sample was pretreated in situ 
with H2 at 300 °C for 3 h and subsequently purged with He at 300 °C for 30 min. 
O2 chemisorption experiments were then performed at 40 °C by pulsing 1 ml of 
2.02% O2/Ar (0.635 µmol O2 per pulse) over the catalyst every 15 min. The effluent 
O2 (detected by mass spectrometer) increased to a constant value, signifying O2 
saturation of the catalyst, and the total uptake of O2 was then calculated.

N2O decomposition and H2 temperature-programmed reduction (H2-TPR) 
were also performed on a Micromeritics Auto Chem II 2920 instrument equipped 
with a mass spectrometer and a TCD. Typically, 100 mg Cu/ZnO/Al2O3 was 
pretreated in situ with H2 at 300 °C for 3 h and subsequently purged with He at 
300 °C for 30 min. N2O decomposition was then performed at 60 °C by pulsing 
1 ml N2O over the catalysts every 15 min. The effluent N2O (detected by mass 
spectrometer) increased to a constant value, signifying that surface metallic Cu 
had been converted into Cu2O. The reaction tube was then purged with He, and 
H2-TPR was subsequently performed under a flow of 5% H2/N2 (30 ml min−1) to 
300 °C at a ramp rate of 10 °C min−1. H2 consumption was measured by means of 
the TCD (CuO was used as external standard), and the amount of exposed metallic 
Cu was calculated on the basis of the H2 consumption52.

31P MAS NMR experiments were performed on a Bruker Ascend 400 MHz 
spectrometer at 162 MHz using a 4-mm MAS NMR probe at a spinning rate of 
12 kHz. The 31P MAS NMR spectra were accumulated over 2,048 scans with a π/4 
excitation pulse and a pulse delay of 5 s. The chemical shifts were referenced to 85% 
H3PO4, and 31P NMR signals were calibrated against the signal of a known amount 
of (NH4)2HPO4. For quantitative analysis, 31P MAS NMR spectra were acquired 
under the same conditions. Before measurement, samples were pretreated in situ 
with H2 at 300 °C for 3 h and subsequently purged with He at 300 °C for 30 min. 
Then, samples were transferred into a home-made adsorption device in a glove 
box and evacuated under high vacuum (10−4 Pa) for 30 min at room temperature 
(25 °C). Thereafter, the samples were exposed to 4 kPa TMP, and the adsorption 
process performed for 30 min. Finally, the samples were evacuated at 10−4 Pa for 
30 min to remove any excess and physically adsorbed TMP. The TMP-adsorbed 
samples were packed into the NMR rotor in a glove box to perform the  
NMR experiments.

HRTEM measurements were performed on a Phillips Analytical FEI 
Tecnai20 electron microscope operated at an accelerating voltage of 200 kV. The 
HAADF-STEM images were collected on a JEOL ARM-200F field-emission 
transmission electron microscope operated at an accelerating voltage of 200 kV .

The in situ SVUV-PIMS study was carried out on the mass spectrometry 
endstation of the National Synchrotron Radiation Laboratory at Hefei, China53,54. 
To detect the gas-phase products formed during the H2 pretreatment process, 
50 ml min−1 H2 was fed into the reactor, and the pressure inside the reactor was 
controlled at around 32 torr. Subsequently, the catalyst was heated to 300 °C at a 
heating rate of 5 °C min−1, and the temperature was then held at 300 °C for 90 min. 
The H2 pretreatment products were monitored at an ionization energy of 12.8 eV, 
which allowed the detection of H2S, H2O and SO2; spectra were collected every 30 s. 
To detect the intermediates and products formed during CO2 hydrogenation, the 
reduced FL-MoS2 catalyst was exposed to H2/CO2 (3:1) at a flow rate of 80 ml min−1 
and a pressure of 5 bar at 180 °C; the photoionization efficiency spectra were 
collected for 250 s at ionization energies in the range 10.6−11.6 eV in steps  
of 0.03 eV.

X-ray absorption fine structure (XAFS) spectra were measured at the BL14W1 
beamline of the Shanghai Synchrotron Radiation Facility. For the in situ XAFS 
experiments performed during the H2 pretreatment process, the first XAFS 
spectrum was collected at 30 °C, then the reactor was heated to 180 °C, and three 
spectra were collected during this process. After that, spectra were collected every 
20 °C until 300 °C. For the in situ XAFS experiments performed during the CO2 
hydrogenation process, after recording the spectrum of the fresh FL-MoS2 catalyst, 
the catalyst was treated in situ with H2 at 300 °C for 3 h. Then, the catalyst was 
cooled to 180 °C under a H2 atmosphere, and the second spectrum was recorded. 
Next, the catalyst was exposed to 30 ml min−1 CO2, and the third spectrum was 
measured. Subsequently, the feeding gas was switched to 30 ml min−1 H2/CO2 (3:1), 
and the fourth spectrum was recorded.

XPS measurements were carried out on an Omicron XPS System using Al Kα 
X-rays as the excitation source at a voltage of 15 kV and a power of 300 W.

HS-LEIS spectra were recorded using an Ion-TOF Qtac100 instrument55. To 
minimize the damage to the surface, helium was selected as the ion source with a 
kinetic energy of 3 keV, an ion flux of 6,000 pA m−2 and a spot size of 2 mm × 2 mm. 
After collecting the HS-LEIS spectrum of fresh FL-MoS2, the catalyst was 
transferred to the pretreatment chamber, pretreated with 30 ml min−1 H2 at 1 bar 
and 50, 100, 150, 200 and 250 °C for 1 h and at 300 °C for 3 h, and then transferred 
to the analysis chamber for HS-LEIS measurement without exposing the samples 
to air. We used HS-LEIS to study the S/Mo ratios in the FL-MoS2 samples before 
and after H2 reduction, rather than obtaining the absolute percentages of Mo and S 
atoms. Thus, calibration was not conducted.

In situ DRIFTS measurements were performed using a Fourier transform 
infrared (FTIR) spectrometer (Nicolet 6700 for atmospheric pressure tests and 
Vertex 70v for high-pressure tests) equipped with a mercury cadmium telluride 
detector. The in situ DRIFT spectra were recorded by collecting 64 scans at a 
resolution of 4 cm−1. Before measurement, the catalysts were pretreated in situ 
with 30 ml min−1 H2 at 1 bar and 300 °C for 3 h. For the atmospheric pressure 
experiments, background spectra were recorded at 25 °C in a flow of H2. Then, the 
catalysts were exposed to O2 (after purging with He), CO2, H2/CO2 (3:1) or H2 in 
a gas flow of 30 ml min−1 at a pressure of 1 bar. For the high-pressure experiments, 
background spectra were recorded at 180 °C under vacuum. Then, the catalysts 
were exposed to CO2, H2 or H2/CO2 (3:1) in a gas flow of 30 ml min−1 at a pressure 
of 30 bar. Spectra were recorded during the whole of the in situ DRIFT experiment.

Brunauer–Emmett–Teller surface area measurements were performed on a 
Micromeritics Tristar 3020 Surface Area Analyzer. Prior to N2 adsorption, the 
samples were degassed under vacuum at 120 °C for 6 h.

Computational details. DFT calculations were performed using the Vienna 
Ab initio Simulation Package (VASP)56–59. The projector augmented-wave 
pseudopotential method with the Perdew–Burke–Ernzerhof (PBE) 
exchange-correlation functional and a plane-wave cut-off energy of 400 eV was 
adopted60–63. Grimme’s zero-damping DFT-D3 method was used to calculate 
the van der Waals correction64,65. A trilayer model of MoS2 was built in a 6 × 6 
supercell (Extended Data Fig. 7b), and a nanoribbon model of MoS2 with six 
repeating units along the ribbon direction was built to simulate the edges, 
with the Mo edge saturated with S monomers and the S edge saturated with a 
combination of S monomers and dimers (Extended Data Fig. 7a)39,40. The vacuum 
thicknesses were set larger than 15 Å. A Monkhorst–Pack k-point sampling of 
1 × 1 × 1 was selected66. The fixed-bond-length method, as implemented in the 
Atomic Simulation Environment, was used to search for transition states67. In 
structural optimizations, the residual forces between atoms were converged 
to below 0.02 eV Å−1. The free energies of the reaction intermediates and 
transition states on the surface were calculated as Etotal + ZPE + Hvib − TSvib, where 
Etotal is the DFT-calculated total energy, ZPE is the zero-point energy, T is the 
temperature and Hvib and Svib are the enthalpy and entropy parts of non-imaginary 
vibrations derived from the harmonic approximation to the potential at the 
temperature T. The free energies of gas-phase molecules were calculated as 
Etotal + ZPE + H – TS + RTln(P/P0), where H is the enthalpy and S is the entropy 
at the temperature T obtained using the ideal gas approximation, R is the gas 
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constant, which is 8.314 J mol–1 K–1, P is the partial pressure of the gas-phase 
component, which is 1.25 MPa for CO2 and 3.75 MPa for H2, and P0 is the standard 
pressure. A free-energy correction of 0.44 eV was added for the gas-phase CO2 
molecule as described in ref. 68.

The formation energies of MoS2 edges and S vacancies were calculated using 
the energies of H2, H2S and intact MoS2 as references. S-edge S vacancies generated 
by removing one S from terminal S dimers are not active toward the adsorption of 
CO2 and H2 molecules, and removal of a terminal S monomer costs significantly 
more energy than removal from the Mo edge (Extended Data Fig. 7d). Thus, the 
S-edge vacancies were not considered in the calculation of the reaction mechanism. 
Brim S vacancies are less stable and can be facilely transformed into edge S 
vacancies with an energy gain of around 0.9 eV per Sv, and thus they were not 
considered further (Extended Data Fig. 7f). The dissociative adsorption energy 
(Ea) of H2 on the in-plane S atoms is around 3.1 eV, indicating that in-plane S–H 
species can barely be formed. The dissociative adsorption of H2 on the S sites of 
the Mo edge is relatively easy, with a dissociative Ea of 0.34 eV (Extended Data Fig. 
7e). However, they are both less favourable than the adsorption of H2 on the Mo 
sites of the Mo-edge S vacancies, with a dissociative Ea of, for example, −0.25 eV 
on the double-Sv. In addition, the reductive abilities of the Mo–H and S–H species 
were also compared by using the CO* hydrogenation step as a probe reaction. The 
hydrogenation of CO* by the S–H species needs to overcome a higher barrier of 
1.34 eV compared with the hydrogenation by the Mo–H species, with a barrier 
of 0.34 eV on the double-Sv and 1.24 eV on the triple-Sv sites. Thus, these results 
show that the Mo–H species is more easily formed and is more reductive than the 
S–H species at the Mo edge, and therefore we only considered the Mo–H species as 
the reductant in the study of the reaction mechanism.

The reaction microkinetics were simulated using the CatMAP software43. The 
steady-state approximation was adopted for solving the reaction rate equations. 
The microkinetic reaction models used in this study are listed in Supplementary 
Table 3. The compensation effect was considered to obtain the prefactors for the 
rate-determining steps based on the experimental reaction kinetics69–71.

The chemical shifts of TMP adsorbed at the S vacancies were calculated with 
VASP using the linear response method72,73. A high cut-off energy of 600 eV and 
a convergence criterion of 10−8 were adopted for the electronic iteration steps. 
The chemical shift of H3PO4 as reference was obtained by using the calculated 
chemical shift of the (NH4)2HPO4 crystal structure minus 1.13 ppm, which is the 
experimental chemical shift of H3PO4 relative to that of (NH4)2HPO4. The supercell 
of the (NH4)2HPO4 crystal structure was obtained from the Crystallography Open 
Database. Chemical shifts were calculated after fully optimizing the adsorption 
structures, as shown in Extended Data Fig. 6a. Three and four TMP molecules can 
be stably adsorbed on the double-Sv and triple-Sv sites at the Mo edge, respectively, 
whereas only one TMP can be stably adsorbed on the in-plane double-Sv and 
triple-Sv sites owing to steric hindrance effects.

Data availability
The data supporting the findings of this study are available within the article and its 
Supplementary Information or from the corresponding authors upon reasonable 
request. The atomic positions of the reaction intermediates are available in the 
figshare repository (https://doi.org/10.6084/m9.figshare.13498254.v1).
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Extended Data Fig. 1 | Structural stability, reproducibility and durability of the FL-MoS2 catalyst. a–h, TEM images of the fresh (a–c) and used FL-MoS2 
(after 3000 hours of durability test, e–g). HAADF-STEM images of the fresh FL-MoS2 (d) and the used FL-MoS2 (h) with the corresponding FFT patterns 
(inside). Both the fresh and the used FL-MoS2 exhibit highly crystallized 2H-MoS2 structures as reflected by the FFT patterns. i,j, Layer number statistics 
for at least 100 of MoS2 layers of the fresh FL-MoS2 (i) and the used FL-MoS2 after 3000 hours of durability test (j) based on TEM results. k, XRD pattern 
of the fresh and used FL-MoS2. l, Equilibrium conversion of CO2 as a function of temperature in the hydrogenation of CO2 to methanol. Total pressure is 
50 bar with H2/CO2 ratio of 3. m, Reproducibility test of individually synthesized FL-MoS2 catalysts. Catalysts were pretreated in-situ by H2 at 300 °C 
for 3 hours. Reaction activity tests were performed at 3000 mL gcat.

−1 h−1, 180 °C, 50 bar and H2/CO2 ratio of 3:1. n, Durability test of the FL-MoS2 for CO2 
hydrogenation at 260 °C. Catalyst was pretreated in-situ by H2 at 300 °C for 3 hours. Reaction activity test was performed at 15000 mL gcat.

−1 h−1, 260 °C, 
50 bar and H2/CO2 ratio of 3:1.
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Extended Data Fig. 2 | Comparison in catalytic performances of the FL-MoS2 and the Cu/ZnO/Al2O3 (CuZnAl) and other catalysts. a, Comparison 
in net STYmethanol over the Cu/ZnO/Al2O3 (CuZnAl) and the FL-MoS2 at 60 bar (Supplementary Table 1 for more details, # represents data of this work). 
b, Comparison in the forward TOF for methanol formation (calculated on the basis of the amount of exposed Cu, Mo or Sv sites) over the Cu/ZnO/
Al2O3 (CuZnAl) and the FL-MoS2 at 50 bar and iso-conversion levels. It was reported that for the Cu/ZnO/Al2O3 catalyst only small fractions of surface 
synergetic sites are considered to be highly active for the CO2 conversion.25–30 However, the real high-active sites can hardly be precisely quantified in 
the actual systems owing to the difficulty in identifying them based on the currently reported characterization techniques. Thus, in the calculation of the 
TOF, all surface Cu atoms are included in the amount of the active sites, as typically done in previous works74–78. The TOF on the Cu/ZnO/Al2O3 catalyst 
calculated in this way should represent an average activity level of the active sites31,79. c, Comparison in the net TOF for methanol formation over the 
FL-MoS2 and other state-of-the-art catalysts calculated on the basis of the amount of exposed metal (Supplementary Table 2 for more details, the order 
of catalysts in (c) corresponding to that in Supplementary Table 2). Reaction activity tests of the FL-MoS2 were performed at 50 bar with a GHSV of 
36000 mL gcat.

−1 h−1. d, The catalytic performances of the Cu/ZnO/Al2O3 (CuZnAl) and the FL-MoS2 under identical reaction conditions, which were tested 
at 180 °C, 50 bar and 3000 mL gcat.

−1 h−1. e, Selectivity to methanol as a function of CO2 conversion over the FL-MoS2 and the Cu/ZnO/Al2O3 (CuZnAl) 
obtained by varying the GHSV in the range of 3000 to 36000 mL gcat.

−1 h−1 at 50 bar and different temperatures. Catalysts were pretreated in-situ by H2 at 
300 °C for 3 hours. Reaction activity tests were performed using a tubular fixed-bed reactor with a H2/CO2 ratio of 3. TOFs of the FL-MoS2 were calculated 
on the basis of NO adsorption capacities.
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Extended Data Fig. 3 | Characterizations of the FL-MoS2 at different reaction stages. a, In-situ EPR spectra of the fresh, in-situ reduced FL-MoS2 and 
the FL-MoS2 after in-situ reaction for 4 hours, respectively. Before measurements, the FL-MoS2 was treated in-situ by H2 (denoted as FL-MoS2-reduced), 
reaction gas (H2/CO2 = 3/1, denoted as FL-MoS2-used) and purged with He without exposure to the air (see Methods for more details). b, Variation 
of the Mo-S coordination numbers of the FL-MoS2 depending on the temperature during the H2 pretreatment process. Debye-Waller factor 
(σ2) = 0.0041 ± 0.0002 Å2, inner potential correction (∆E0) = 2.7 ± 0.2 eV. Results show that the Mo-S coordination number decreases as the reduction 
temperature increases, which may be caused by the loss of sulphur atoms during H2 treatment. c, d, XPS spectra of the fresh, reduced and used FL-MoS2, 
respectively. e, S/Mo atomic ratios in the fresh, reduced and used FL-MoS2, which were calculated based on the sensitivity factor and the peak area of the 
Mo 3d and S 2p, showing a decreasing trend.
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Extended Data Fig. 4 | Structure-activity relationship of different MoS2 catalysts. a–d, HRTEM images of the FL-MoS2 (a), ML-MoS2 (b), TL-MoS2 
(c) and Bulk-MoS2 (d), respectively. e–g, Layer number statistics for at least 100 of MoS2 layers of the FL-MoS2 (e), ML-MoS2 (f) and TL-MoS2 (g), 
respectively, based on the HRTEM images. h, XRD patterns of different MoS2 catalysts. These MoS2 catalysts exhibit a typical hexagonal 2H-MoS2 crystal, 
corresponding to PDF #37-1492. i, Correlations between the intensity ratio of the XRD (002) and (100) peaks (I(002)/(100)) and the layer thicknesses of 
different MoS2 catalysts. Error bars represent the standard deviation for statistical layer numbers of different MoS2 catalysts, respectively. The I(002)/(100) of 
MoS2 had been reported to assess the variation of layer numbers in a series of MoS2 materials80. The increasing trend of I(002)/(100) values of the FL-MoS2 
(0.78), ML-MoS2 (1.12), TL-MoS2 (1.76) and Bulk-MoS2 (8.77) indicate the increasing layer numbers of these MoS2 catalysts. j, In-situ EPR spectra of 
H2-pretreated MoS2 samples (see Methods for more details). k, The correlation between the rf for methanol formation and the density of single electron 
for the MoS2 catalysts. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) was used as an external standard to estimate the density of sulphur vacancies. l, BET surface 
area of different MoS2 samples. m, The correlation between the rf for methanol formation and the BET surface area of the MoS2 catalysts. n, The 31P MAS 
NMR spectra of in-situ H2-pretreated MoS2 samples after full adsorption of TMP. The black lines are raw data and red lines are fitting results. o, The 
correlation between the rf for methanol formation and the specific adsorption capacity of TMP for the MoS2 catalysts. p, CO2 hydrogenation performances 
and TMP adsorption capacities of different MoS2 catalysts. Catalysts were pretreated in-situ by H2 at 300 °C for 3 hours. Reaction activity tests were 
performed at 3000 mL gcat.

−1 h−1, 180 °C, 50 bar and H2/CO2 ratio of 3:1.
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Extended Data Fig. 5 | Characterizations of the structures and catalytic performances of the FL-MoS2 and the NP-MoS2. a,b, TEM images of the fresh 
FL-MoS2. c,d, TEM images of the fresh NP-MoS2. e, XRD patterns of the fresh FL-MoS2 and NP-MoS2. These MoS2 catalysts exhibit a typical hexagonal 
2H-MoS2 crystal, corresponding to PDF #37-1492. f, Adsorption capacity of O2 over the reduced FL-MoS2 and NP-MoS2. g,h, Selectivity of methanol 
and methane as a function of CO2 conversion over the FL-MoS2 and the NP-MoS2 obtained by varying the GHSV at different temperatures. Catalysts 
were pretreated in-situ by H2 at 300 °C for 3 hours. Reaction activity tests were performed using a tubular fixed-bed reactor at 50 bar and H2/CO2 of 3. 
i, Formation rate of CH4 from methanol decomposition over the FL-MoS2 and NP-MoS2 after H2-pretreatment. Liquid methanol (0.01 mL min−1) and high 
purity H2 with 5% Ar with a gas flow rate of 30 mL min−1 were simultaneously fed into the tubular fixed-bed reactor loaded with 200 mg catalyst  
at 1 bar and 180 °C.
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 Extended Data Fig. 6 | Optimized structures of adsorbed TMP and NO, and the chemical shifts of 31P of TMP molecules at the edge and basal plane. 
a, Optimized structures of adsorbed TMP at the edge and basal plane, respectively. The edge double-Sv and triple-Sv sites are fully covered by three and 
four TMP molecules, respectively, with differential adsorption free energies (Gads) of −0.39 and −0.38 eV at 100% coverage. The in-plane double-Sv and 
triple-Sv sites can adsorb only one TMP molecule with Gads of −0.29 and −0.18 eV, respectively. b, DFT-calculated chemical shifts of 31P of TMP molecules 
adsorbed at the double-Sv and triple-Sv sites of MoS2 edges and basal plane. The chemical shift of H3PO4 was used as the reference, and the calculated 
chemical shift of (NH4)2HPO4 was corrected by subtracting 1.13 ppm (the experimental chemical shift of (NH4)2HPO4 is 1.13 ppm relative to that of H3PO4). 
c, DFT-calculated adsorption structures of NO at the in-plane and Mo-edge S vacancies.
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Extended Data Fig. 7 | DFT calculation models and optimized structures. a, b, A nanoribbon (a) and a tri-layer (b) model of MoS2 for simulating the 
edge and in-plane S vacancies. The dotted red circles denote the S atoms to be removed for creating the vacancies. c, Models of single, double and triple S 
vacancies at the edge and basal plane of MoS2, denoted as single-Sv, double-Sv, and triple-Sv, respectively. The dotted red circles denote the S vacancies. 
d, Comparison between the formation energies of Mo-edge and S-edge S vacancies. For the S-edge, the first stage denotes removal of one S atom from the 
terminating S dimer. e, f, Optimized structures of the in-plane and Mo-edge S-H species (e) and the S vacancies (Sv) at the brim, Mo-edge, and corner (f).
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Extended Data Fig. 8 | DFT studies of the reaction mechanisms of CO2 hydrogenation over the triple-Sv of MoS2. a, b, Free energy diagram of the CO2 
hydrogenation reaction pathways on the in-plane and Mo-edge triple-Sv, respectively. Insets show the atomic structures of the S vacancies and the 
reaction intermediates. The red dotted circles in structures 1 denote the positions of S vacancies. c, d, Turnover frequencies (TOFs) for the generation of 
CH3OH, CO and CH4 from the micro-kinetics modelling of the reaction mechanisms at the in-plane (c) and Mo-edge (d) triple-Sv, respectively.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Identification of the CO2 hydrogenation mechanism. a, b, In-situ DRIFT spectra of CO2 dissociation over the FL-MoS2 (a) and the 
NP-MoS2 (b) at 25 °C. As H2 was switched to CO2, the linearly absorbed CO species (~2078 cm−1, a, b)81,82, the Mo=O species (peaks at 900 ~ 960 cm−1, 
a, b) and the Mo-O-Mo species (broad band at around 700 ~ 860 cm−1, a)36 were observed, indicating that the coordinatively unsaturated Mo can easily 
dissociate CO2 to *CO and *O at 25 °C. c, In-situ DRIFTS of the CO2 hydrogenation and then H2 reduction process at 25 °C. The reduced FL-MoS2 catalyst 
was exposed to CO2/H2 (1/3) reaction gas in a gas flow of 30 mL min−1. The formation of *CO and O* species36,81,82 were observed. With the increase of 
reaction time, the peaks in the range from 2800-3000 cm−1 grew up, which were attributed to the CH3O* species83. When switching gas flow from the 
reaction gas to pure H2, the CO* disappeared and the CH3O* and O* decreased gradually. d, In-situ DRIFTS of the H2 reduction process with increasing 
temperatures. As the temperature increases from 25 to 300 °C, the O* species can be gradually removed by the H2. e, In-situ DRIFT spectra of CO2 
hydrogenation over the FL-MoS2 catalyst at 30 bar and 180 °C with a CO2/H2 ratio of 1/3. f, In-situ DRIFT spectra of CO2 dissociation over the FL-MoS2 
at 180 °C and 30 bar. g, In-situ DRIFT spectra of the FL-MoS2 after switching the feed gas from CO2 to H2 at 180 °C and 30 bar. The line segments denote 
the scale bars of the absorbance. h, In-situ Mo K-edge XANES of the FL-MoS2. After the first spectrum of the fresh FL-MoS2 catalyst was obtained, the 
catalyst was treated in-situ by H2 at 300 °C for 3 hours. Then, the catalyst was cooled down to 180 °C under H2 atmosphere, and the second spectrum 
was obtained. After that, the catalyst was exposed to CO2 in a gas flow of 30 mL min−1, and the third spectrum was obtained. Subsequently, the feeding 
gas was switched to the reaction gas (H2/CO2 = 3/1) with a gas flow of 30 mL min−1, and the fourth spectrum was obtained. i, In-situ SVUV-PIMS 
detection of gas-phase products during the CO2 hydrogenation process. j, Photoionization efficiency spectra of the signals of m/z 30 and 32 during 
the CO2 hydrogenation process. The FL-MoS2 catalyst was pretreated in-situ by H2 at 300 °C for 1 hour. After that, CO2/H2 (1/3) was led through the 
reduced FL-MoS2 catalyst at 180 °C and 5 bar. The signals of m/z 30 and 32 give ionization thresholds of 10.87 and 10.85 eV that agree well with the 
ionization thresholds of formaldehyde (HCHO) and methanol (CH3OH)84,85, respectively, demonstrating the existence of HCHO species during the CO2 
hydrogenation reaction.
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Extended Data Fig. 10 | DFT studies of the dissociation of methanol in H2 on the S vacancies of MoS2. a, c, The dissociation reaction mechanisms of 
methanol in H2 on the in-plane and Mo-edge double-Sv (a) and triple-Sv (c), respectively. Insets show the structures of the reaction intermediates. Dotted 
red circles denote the S vacancies. b, d, Turnover frequencies (TOFs) for the generation of methane from the micro-kinetics modelling of the reaction 
mechanisms at the double-Sv (b) and triple-Sv (d), respectively.
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