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Abstract 

Development of efficient catalysts for the direct hydrogenation of CO2 to methanol is 

essential for the valorization of this abundant feedstock. Here we show that a silica-supported 

Cu/Mo2CTx (MXene) catalyst achieves a higher intrinsic methanol formation rate per mass 

Cu than the reference Cu/SiO2 catalyst with a similar Cu loading. The Cu/Mo2CTx interface 

can be engineered owing to the higher affinity of metallic Cu for the partially reduced MXene 

surface (in preference to the SiO2 surface) and the mobility of Cu under H2 at 500 C. 

Increasing the reduction time, the Cu/Mo2CTx interface becomes more Lewis acidic due to 

the higher amount of Cu+ sites dispersed onto the reduced Mo2CTx and this correlates with an 
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increased rate of CO2 hydrogenation to methanol. The critical role of the interface between 

Cu and Mo2CTx is further highlighted by DFT calculations that identify formate and methoxy 

species as stable reaction intermediates. 

 

Introduction 

Carbon dioxide, a major contributor to climate change, is potentially an abundant carbon 

resource for chemicals and fuels. Among the different approaches for CO2 conversion, the 

direct catalytic hydrogenation of CO2 to methanol is an emerging technology for decreasing 

CO2 emissions and storing renewable hydrogen obtained from intermittent solar or wind 

energy, forming thereby the basis of the methanol economy1,2. While the industrial Cu-based 

methanol synthesis catalyst, Cu-ZnO-Al2O3
3,4, is efficient in converting a mixture of H2, CO 

and CO2 (i.e. synthesis gas) to methanol, this catalyst has generally been considered to be less 

efficient with CO2-rich feeds, especially at lower space velocities,3,5–10 although there is some 

counter evidence11. By using specific supports, e.g. Cu/ZrO2
12–14, the catalytic performance 

of Cu-based catalysts for the direct CO2 hydrogenation to methanol can be improved; 

however, the activity and selectivity of these catalysts are currently insufficient for their 

industrial deployment. A complementary counterexample is Cu on reducible supports such as 

TiO2 or CeO2, that mostly leads to the formation of CO via the reverse water-gas shift 

reaction (RWGS) resulting in low production rates of methanol14–16. Overall, the nature of the 

support and the Cu-support interface are essential parameters for controlling the catalyst 

performance17–19. For instance, the introduction of isolated Ti(IV) and Zr(IV) surface sites to 

Cu/SiO2, which itself is a poor methanol synthesis catalyst, significantly improves its activity 

and selectivity, making it on par with Cu/ZrO2
13,15. 

In contrast to reducible oxides that are prone to strong metal-support interaction (SMSI, 

leading to the overcoating of metal particles with a reduced support, i.e. a geometric effect), 
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transition-metal carbides feature electronic metal-support interactions20–24. MXene materials, 

i.e. a family of two-dimensional (2D) carbides, nitrides, and carbonitrides25–27 with the 

general formula of Mn+1XnTx (where M is an early transition metal, n = 1, 2, 3, X is C and/or 

N, and T are surface –O–, –OH, and/or –F groups), are currently emerging in thermocatalytic 

applications as catalysts28–30 or supports with reactive metal-support interactions31–34. 

MXenes without surface termination groups are oxophilic and therefore bind and activate 

CO2 strongly35.  

Here we report that silica-supported, dispersed, reducible nanosheets of a delaminated 

molybdenum MXene, Mo2CTx, can be used to engineer a Cu/Mo2CTx interface that shows a 

ca. six times increased copper-normalized intrinsic formation rate of methanol by the direct 

hydrogenation of CO2 as compared to Cu/SiO2, and a higher selectivity to methanol at higher 

CO2 conversions (ca. 37% at X(CO2) = 3.2% under 25 bar). To develop this silica-supported 

catalyst (Cu/Mo2CTx/SiO2), we rely on surface organometallic chemistry (SOMC),36 to graft 

a copper mesityl precursor onto Mo2CTx/SiO2. Treatment of the grafted material in H2 leads 

to the migration of Cu from the silica surface onto the Mo2CTx nanosheets. Operando diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) and solid-state nuclear 

magnetic resonance (ssNMR) using 13C-labelled CO2 and H2 indicate the presence of surface 

formate and methoxy intermediates at the Cu/Mo2CTx interface in higher abundance as 

compared to the reference Cu/SiO2 interface, correlating directly with the higher catalytic 

activity of Cu/Mo2CTx/SiO2, which is further confirmed by density functional theory (DFT) 

calculations. Finally, Cu L3VV Auger spectra and DRIFTS data using CO as a probe 

molecule indicate that the increased catalytic activity of Cu/Mo2CTx/SiO2 is associated with a 

higher fraction of Lewis acidic Cu+ sites at the Cu/Mo2CTx interface, which is supported by 

DFT calculations. 
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Results 

Synthesis and characterization of Cu/Mo2CTx/SiO2 

Delaminated atomically thin nanosheets of Mo2CTx were dispersed from a colloidal solution 

(Supplementary Figure 1) onto a silica support, using incipient wetness impregnation 

according to a previously reported method developed in our group30. The resulting 

Mo2CTx/SiO2 material (0.3 wt% Mo loading, Fig. 1a and Supplementary Figure 2) was then 

dehydroxylated at 500 C under N2 flow, yielding Mo2CTx/SiO2−500 with 0.47 mmol g−1 of 

SiOH sites according to titration with dibenzyl magnesium. The dehydroxylation of the 

silica surface does not affect the integrity of the supported Mo2CTx nanosheets, at least up to 

800 °C as previously reported30. We then grafted [Cun(Mesityl)n, n = 2, 4, 5, (CuMes)] onto 

Mo2CTx/SiO2−500 in toluene using 0.83 equiv. of Cu per silanol site. The infrared (IR) 

spectrum of the grafted material shows the consumption of the isolated SiOH band at 3745 

cm−1 and the appearance of new C–H bands at 3019, 2925, 2868, and 1597 cm−1 (Fig. 1b), 

indicating the successful grafting of CuMes on SiOH sites15,37. Treatment under H2 at 500 

C for 2 h restored the SiOH groups while C–H stretching bands disappeared (Fig. 1b) due 

to the complete hydrogenolysis of the grafted CuMes precursor in this material, denoted 

Cu/Mo2CTx/SiO2−2h (the time of the H2 treatment is indicated in the subscript notation). 

Increasing the time of the H2 reduction to 6 h gave the Cu/Mo2CTx/SiO2−6h material. We also 

prepared silica-supported Cu nanoparticles via the same approach using CuMes as a 

precursor (i.e. reference Cu/SiO2−2h catalyst), as previously reported17,36,37. In what follows, 

we contrast the nature of the Cu/support interface with the performance of Cu/SiO2−2h, 

Cu/Mo2CTx/SiO2−2h, Cu/Mo2CTx/SiO2−6h as well as the industrial Cu-ZnO-Al2O3 benchmark 

for the hydrogenation of CO2 to methanol.  
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High-angle annular dark-field scanning transmission electron microscopy imaging (HAADF-

STEM) shows small Cu nanoparticles (NPs) with a narrow size distribution (2.9 ± 0.4 nm) on 

the SiO2 surface, for both Cu/Mo2CTx/SiO2 materials and for the Cu/SiO2−2h reference 

material (unless specified otherwise, specimens were exposed to ambient air prior to analysis 

with transmission electron microscopy (TEM), Supplementary Figure 3). The Cu loadings, as 

determined by inductively coupled plasma (ICP) analysis, are similar in the catalysts, i.e. 2.4 

and 2.0 wt% Cu for Cu/Mo2CTx/SiO2−2h and Cu/SiO2−2h, respectively. Energy-dispersive X-

ray spectroscopy (EDX) of two distinct areas in Cu/Mo2CTx/SiO2−2h confirms that Cu is 

dispersed on both SiO2 and Mo2CTx (Regions 1 and 2, respectively, in Fig. 1c). Interestingly, 

the intensity of the Cu signal (normalized by the Si signal) on Mo2CTx (Region 2) is 3.2 times 

higher than that on SiO2 (Region 1), indicating that Cu is enriched on the Mo2CTx phase in 

preference to SiO2. Performing a similar analysis of the intensities of the Cu signal in 

CuMes/Mo2CTx/SiO2 (i.e. the material prior to H2 reduction) shows that Cu is dispersed 

uniformly on Mo2CTx and SiO2 (Supplementary Figure 4). These results indicate the mobility 

of Cu during the H2 treatment at 500 °C and the preferential migration of Cu from SiO2 onto 

Mo2CTx. 

We also characterized Cu/Mo2CTx/SiO2−2h by high-resolution HAADF-STEM without 

exposing this material to air (Fig. 1d−f). Mo2CTx nanosheets are found to cover 

approximately one third of the silica surface. Stacking faults of the Mo2CTx lattice can be 

observed, indicated by the fast Fourier transform (FFT) pattern (Fig. 1d), which suggests the 

presence of Mo vacancies in Mo2CTx that may serve as interaction sites for Cu atoms34,38. 

Interestingly, while the SiO2 surface that is not covered by MXene nanosheets in 

Cu/Mo2CTx/SiO2−2h contains Cu nanoparticles of ca. 3 nm in diameter, the Cu on the Mo2CTx 

nanosheets has a higher dispersion, including few-atoms-small clusters and single Cu atoms 

(circles, Fig. 1e). It is worth noting that the edges of the Mo2CTx nanosheets are decorated 



 6

with, most probably, Cu atoms, as indicated by arrows in Fig. 1f, which is reminiscent of the 

coordination of transition metals to the edges of MoS2 layers in hydrotreating catalysts39 or 

the decoration of graphene edges by Cu atoms40. This notable difference in the Cu speciation 

between the SiO2 surface and Mo2CTx nanosheets is consistent with the high dispersion of Cu 

on β-Mo2C that has been reported previously23. No diffraction peaks due to Cu or Mo2CTx are 

observed in the X-ray powder diffraction (XRD) pattern of Cu/Mo2CTx/SiO2−2h that shows 

mainly the diffuse scattering of the amorphous SiO2 support (Supplementary Figure 5). 

The amounts of surface Cu0 sites determined by N2O titration41 (denoted Cu0(surf)) are 184.1, 

78.4, and 59.4 mol gcat
−1 in Cu/SiO2−2h, Cu/Mo2CTx/SiO2−2h, and Cu/Mo2CTx/SiO2−6h, 

respectively (Supplementary Table 1). The surface Cu0 sites account for 39% of the total Cu 

(measured by ICP analysis) in Cu/SiO2−2h (Supplementary Table 1). In contrast, surface Cu0 

sites contribute to only 21 and 16% of the total Cu sites in Cu/Mo2CTx/SiO2−2h and 

Cu/Mo2CTx/SiO2−6h, although similar particle size distributions are observed by TEM for Cu 

on the silica surface in Cu/SiO2−2h and Cu/Mo2CTx/SiO2. Note also that, as was discussed 

above, the Cu dispersion on the Mo2CTx nanosheets is notably higher than on the silica 

surface (small clusters and isolated atoms, Fig. 1d−f). Therefore, the lower fraction of surface 

Cu0 sites determined in Cu/Mo2CTx/SiO2 compared to Cu/SiO2−2h suggest the presence of 

surface Cu+ sites in these materials that do not react with N2O (vide infra). 

Catalytic performance of Cu/Mo2CTx/SiO2 

We then evaluated Cu/Mo2CTx/SiO2−6h, Cu/Mo2CTx/SiO2−2h and Cu/SiO2−2h for the 

hydrogenation of CO2 at 230 °C and 25 bar (H2/CO2/N2 = 3/1/1). Compared to the reference 

catalyst Cu/SiO2−2h (also prepared by SOMC), the intrinsic methanol formation rate of 

Cu/Mo2CTx/SiO2−2h is over three times higher (1.51 vs. 0.41 g h−1 gCu
−1, Fig. 1g), while the 

methanol selectivity is moderately higher (54% and 45%, Fig. 1g). Note that Mo2CTx/SiO22h 
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(i.e. the respective material without Cu) exhibits only a low methanol space-time yield (STY) 

and 63% selectivity to CO via RWGS (Supplementary Figures 8 and 9). Using 

Cu/Mo2CTx/SiO2−6h, which was prepared by increasing the duration of the treatment under H2 

to 6 h, leads to a further increase in the intrinsic methanol formation rate by 65% (to 2.49 g 

h−1 gCu
−1 in Cu/Mo2CTx/SiO2−6h) with a similar methanol selectivity of 52%. Contrary to the 

Cu/-Mo2C catalyst, no competing methanation of CO2 was detected with Cu/Mo2CTx/SiO2 

catalysts, which contributes to a higher methanol selectivity on Cu/Mo2CTx/SiO2 catalysts 

relative to Cu/-Mo2C24. In addition, the Cu/Mo2CTx/SiO2 catalysts developed in this study 

were compared to the benchmark Cu-ZnO-Al2O3 catalyst. We note that the amounts of active 

sites in Cu-ZnO-Al2O3 and Cu/Mo2CTx/SiO2 catalysts are unknown. Therefore, we compare 

the intrinsic methanol formation rates in these catalysts after their normalization per Cu 

weight content (Fig. 1g and Supplementary Figures 1012). Cu/Mo2CTx/SiO2−6h exceeds the 

activity of the benchmark Cu-ZnO-Al2O3 catalyst (with high Cu loading) by 3.6 times (see 

Fig. 1g, Supplementary Figures 1015, and Supplementary Table 3 for details). We note that 

the conversion of CO2 is lower in experiments using the Cu/Mo2CTx/SiO2 catalysts relative to 

the industrial Cu-ZnO-Al2O3 catalyst due to the higher loading of Cu in Cu-ZnO-Al2O3 

catalyst, i.e. ca. 2.4 vs. 60 wt% Cu, respectively). At the same CO2 conversion of 1.0%, the 

methanol selectivity increases as follows: Cu/SiO2−2h < Cu/Mo2CTx/SiO2−2h < 

Cu/Mo2CTx/SiO2−6h (33, 42, and 47%, respectively, Fig. 1h). A comparison between the 

Cu/Mo2CTx/SiO2 catalysts reduced at 350 or 500 C for 6 h indicates that reduction at 500 C 

provides a more active catalyst (Supplementary Figure 16). No further notable increase of the 

activity of Cu/Mo2CTx/SiO2 is observed when extending the duration of the treatment under 

H2 at 500 C even further (i.e. > 6 h, Fig. 1i). A control experiment shows that when 

Cu/Mo2CTx/SiO2 was pretreated in H2 at 500 C for 2 h first, followed by an additional 2 h 

pretreatment in N2 at 500 C, the activity did not increase, suggesting that H2 is critical for 
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the activation of the catalyst. A similar influence of a longer H2 pretreatment time on the 

activity of Cu/SiO2 is not observed, indicating that the increase in activity was due to the 

interaction of Cu and Mo2CTx. These results imply that the Cu-Mo2CTx interaction (vide infra 

for the discussion of the nature of this interaction) and the high dispersion of Cu on Mo2CTx 

is critical to obtain an enhanced activity for CO2 hydrogenation to methanol.  

After more than 20 h of time on stream (TOS), the activity and selectivity of both 

Cu/Mo2CTx/SiO2 catalysts remained unchanged, demonstrating a high stability of the 

material (Supplementary Figure 17). An experiment with more than 100 h TOS using 

Cu/Mo2CTx/SiO26h was also performed and showed a stable methanol space time yield 

throughout the entire experiment, i.e. indicating no deactivation with TOS (Supplementary 

Figure 18). According to HAADF-EDX mapping (Supplementary Figure 19), the MXene 

morphology is preserved after 24 h of TOS of CO2 hydrogenation, and the Cu distribution in 

the used Cu/Mo2CTx/SiO2−2h catalyst is similar to that in the fresh material. No sintering of 

the Cu NPs on the SiO2 surface (3.0  0.3 nm) is observed (Supplementary Figure 3). 

To understand how the Cu-Mo2CTx interface in the Cu/Mo2CTx/SiO2 catalysts may influence 

the mechanistic pathways for CO2 hydrogenation, we performed a contact time study by 

changing the flow rates of the reactants. While the intrinsic methanol formation rate is high 

for the Cu/Mo2CTx/SiO2 catalysts, it decreases with increasing contact time and CO2 

conversion, i.e. for Cu/Mo2CTx/SiO2−6h from 2.1 to 1.2 g h−1 gCu
−1 at 0.7% and 3.2% CO2 

conversion, respectively (Supplementary Figure 6). However, the rates of Cu/Mo2CTx/SiO2−6h 

are still 2.5 times higher than for the Cu/SiO2−2h reference catalyst at the same contact time, 

which can be attributed to highly dispersed Cu on Mo2CTx nanosheets in Cu/Mo2CTx/SiO2. A 

similar decrease in the methanol formation rate has been observed for other Cu-based 

catalysts and is explained by the inhibition of methanol formation pathways by reaction 
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products, i.e. water and/or methanol12,13. In contrast, the CO formation rate increases slightly 

at long contact times for the Cu/Mo2CTx/SiO2 catalysts. This result indicates that on 

Cu/Mo2CTx/SiO2, the mechanisms leading to the products methanol and CO are different. In 

addition, the methanol formation rate does not change significantly with contact time for 

Cu/SiO2−2h, implying different active sites in these two catalysts.  

Rationale for higher activity of Cu/Mo2CTx/SiO2-6h 

One possible reason for the increasing activity of Cu/Mo2CTx/SiO2 catalysts with increasing 

duration of the hydrogen treatment can be a different coverage of the Mo surface by Tx 

groups in the supported MXene nanosheets. We have shown previously that the oxygen 

surface coverage in 2D-Mo2COx/SiO2 influences drastically the catalytic properties of this 

catalyst in the dry reforming of methane30. Therefore, we turned to X-ray photoelectron 

spectroscopy (XPS) analysis and fitted Mo5+, Mo4+, and carbidic Mo states in the Mo 3d XPS 

spectra of the MXene-derived materials (Supplementary Figure 20 and Supplementary Table 

4). Mo is found mainly in the Mo5+ and Mo4+ states (69 and 22% fitted fractions, 

respectively) in CuMes/Mo2CTx/SiO2 (i.e. before the H2 treatment), due to the presence of 

abundant –O–, –OH, and –F groups oxidizing the surface after the synthesis of Mo2CTx 

(etching of the precursor phase Mo2Ga2C with 48% HF at 55C)42. XPS data shows no F 1s 

signal (688 eV) in Cu/Mo2CTx/SiO2−2h, in contrast to CuMes/Mo2CTx/SiO2 (Supplementary 

Figure 21). After the H2 treatment at 500 °C (2 h), the fraction of carbidic Mo increases from 

9 to 54% at the expense of Mo5+ and Mo4+ states that decrease to 41% and 5%, respectively. 

A further reduction of Mo is observed in Cu/Mo2CTx/SiO2−6h (H2 treatment at 500 °C for 6 h) 

as the fraction of Mo5+ in this material is 30%, while the Mo4+ state and carbidic Mo 

constitute 16% and 54%, respectively. After 24 h of TOS, the distribution of Mo states does 

not change notably, implying that surface Mo is not oxidized or reduced under CO2 

hydrogenation conditions (Supplementary Figure 22 and Supplementary Table 4). 
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Likewise, a continuous shift of Mo K-edge to lower energies was observed in an in situ X-ray 

absorption near edge structure (XANES) experiment, in which Cu/Mo2CTx/SiO2−0.5h, exposed 

to ambient air during the transfer of the material to a capillary cell reactor, was heated from 

room temperature to 500 °C in a flow of H2 (Supplementary Figure 23). During this 

temperature-programmed reduction (TPR) experiment, the average oxidization state of Mo, 

estimated from the Mo K-edge position of XANES spectra43, reduced from ca. +4.4 in 

Cu/Mo2CTx/SiO2−0.5h at room temperature (RT) in air, to ca. +0.9 after 6 h under H2 flow 

(500 °C), i.e. close to the Mo oxidation state in β-Mo2C28. The ex situ Mo K-edge XANES 

spectra of CuMes/Mo2CTx/SiO2 and Cu/Mo2CTx/SiO2−6h (reduced in a laboratory reactor and 

handled without exposure to air) showed that the average oxidation state of Mo changed from 

ca. +4.8 to +0.9, corresponding to a shift in the Mo K-edge energy from 20013.5 to 20002.5 

eV (Supplementary Figure 24). Overall, XPS and XANES results indicate a reduction of Mo 

sites in Mo2CTx in both H2 treated materials, owing to a de-functionalization of the Tx groups 

at the MXene surface. 

To investigate if the Mo state changes during the CO2 hydrogenation reaction, we performed 

an operando XANES investigation at the Mo K-edge at 230 C and under 10 bar of reactants, 

with the products measured simultaneously by a gas chromatography (GC). In agreement 

with the XPS results, operando XANES data shows no notable change in the oxidation state 

of Mo and its local environment with TOS (2 h), which is corroborated by a stable methanol 

STY and selectivity (Supplementary Figure 25). Results of the operando XANES experiment 

are consistent with laboratory catalytic tests and the observed stability within 24 h of TOS 

(Supplementary Figure 17). 

The presence of Cu+ is identified in CuMes/Mo2CTx/SiO2 owing to a low-intensity satellite 

feature at 942 eV in the Cu 2p XPS region (Supplementary Figure 26). While the H2 
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treatment leads to the disappearance of this subtle feature, in line with the reduction of Cu+ in 

the grafted species to metallic copper, the Cu L3VV Auger region is more sensitive to Cu+ 

sites identified at 915.2 eV (Fig. 2a and Supplementary Table 5)44. Only a small fraction of 

less than 10% of Cu+ sites is detected in Cu/SiO2−2h, which is likely owing to the interfacial 

Cu–O–Si sites, given the absence of C–H bands from the CuMes precursor in the IR 

spectrum of Cu/SiO2−2h (Fig. 1b). Instead, Cu is mostly present in Cu/SiO2−2h as a Cu0 phase 

identified by a peak centered at 918.4 eV. On the contrary, increasing amounts of Cu+ are 

observed in Cu/Mo2CTx/SiO2−2h and Cu/Mo2CTx/SiO2−6h (ca. 21 and 31%, respectively). 

Interestingly, the Cu+ fraction growths with increasing reduction time (from 2 h to 6 h) and 

this occurs simultaneously with the decrease of Mo5+ states and increase of Mo4+ states. This 

reduction of Mo can be due to the deoxygenation of the surface oxygen in Mo2COx 

oxycarbide 2D nanosheets by H2. However, because the increase in the fraction of Cu+ sites 

(i.e., oxidation of metallic copper) occurs simultaneously with the reduction of molybdenum, 

it is likely that surface -oxo sites (Mo–O–Mo) of Mo2COx interact with Cu0 by forming 

Mo–O–Cu+ linkages and thereby reduce Mo (Fig. 1a). The increase in the fraction of Cu+ 

sites correlates with both the increasing catalytic activity and selectivity of the catalysts for 

CO2 hydrogenation to methanol (i.e. Cu/SiO2−2h < Cu/Mo2CTx/SiO2−2h < 

Cu/Mo2CTx/SiO2−6h). After 24 h of TOS, the amount of Cu+ does not change significantly, 

indicating the stability of the Cu sites under reactive conditions (Supplementary Figures 27 

and 28, Supplementary Table 5). 

In addition to Mo K-edge XANES, Cu K-edge X-ray absorption spectroscopy (XAS) data 

were acquired during the in situ H2 TPR capillary experiment described above, and showed a 

decrease of the edge position and white line intensity with heating; according to the Cu 

K-edge XAS data the formation of metallic Cu occurs at ca. 230 C (Supplementary Figure 

29). There is no significant change of the Cu state after the reduction of Cu/Mo2CTx/SiO2−0.5h 
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(exposed to air and then treated under H2 from RT to 500 C) for 5.5 h at 500 C 

(Supplementary Figure 30). Concerning the Cu K-edge XAS experiments, it is worth noting 

that at this stage we cannot exclude the reduction of Cu+ to metallic copper due to beam 

damage45. Based on the fittings of the extended X-ray absorption fine structure (EXAFS) 

functions of Cu/Mo2CTx/SiO2−6h and Cu/SiO2−2h (Supplementary Figures 31−33), a shorter 

interatomic Cu−Cu distance is observed in Cu/Mo2CTx/SiO2−6h (2.534(5) Å) compared with 

Cu/SiO2−2h (2.519(4) Å) likely due to the small clusters of Cu on Mo2CTx, and thus higher 

dispersion of the Cu phase or due to different particle shapes46 (Supplementary Table 6). 

Importantly, we observe no evidence of alloying of Cu with Mo, in contrast to what has been 

reported for the reduction of Pt on Ti- or Nb-based MXene31,32. During the CO2 

hydrogenation reaction, the operando XAS data collected at the Cu K-edge shows no notable 

changes with TOS, indicating the stability of the Cu phase(s) under reaction conditions 

(Supplementary Figure 25 and Supplementary Table 6). 

Next, to investigate the redox properties of Cu in the prepared materials, we compared the H2 

TPR behaviour of the materials after their oxidation by 5% O2 at room temperature. The total 

amount of H2 consumed to reduce the oxidized Cu/SiO2−2h is consistent with the expected 

amount of H2 based on the Cu loading determined by ICP (96%, Supplementary Table 1), 

indicating that most of the Cu sites in Cu/SiO2−2h were oxidized to CuO and then reduced to 

metallic Cu with a maximum in the H2 TPR profile at 168C (Fig. 2b). However, for 

Cu/Mo2CTx/SiO2−2h oxidized in the same conditions, the H2 consumption constitutes only 

68% of the total Cu measured by ICP while the TPR profile shows a broader, unsymmetrical 

peak compared to that of oxidized Cu/SiO2−2h, centered at a ca. 15C higher reduction 

temperature (Fig. 2b). This phenomenon is more pronounced for Cu/Mo2CTx/SiO2−6h, which 

shows a maximum at a reduction temperature of 201C. In contrast, the reference material 

Mo2CTx/SiO2−2h with the same Mo loading does not show notable H2 consumption peaks in 
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the TPR after it has been oxidized. This data can be rationalized taking into account the 

increasing amount of Cu+ sites in Cu/Mo2CTx/SiO2 that has been exposed to a longer 

reductive pretreatment. It is likely that such Cu+ sites are not oxidized by 5% O2 at room 

temperature, which then accounts for the decreased consumption of H2 in the TPR 

experiment. That being said, two other effects might contribute to the observed TPR results. 

First, it has been reported that Cu on β-Mo2C exhibits strong electronic metal-support 

interaction that leads to a partial charge transfer from Cu atoms to β-Mo2C, which aids the 

high dispersion of copper23. In addition, Cu might fill positions of Mo vacancies in the 

structure of Mo2CTx, similarly to what was reported for single Pt atoms confined in vacancies 

of Ti3C2Tx
34. At this stage, it is not clear to what extent these two alternatives play a role in 

the oxidation-reduction behaviour of the Cu/Mo2CTx/SiO2 system. 

Additional temperature-programmed desorption (TPD) of H2 experiments allowed us to 

verify the different nature of the Cu sites in the prepared catalysts. While only one H2 

desorption peak is observed for Cu/SiO2−2h at 20C, two peaks are observed for 

Cu/Mo2CTx/SiO2−2h and Cu/Mo2CTx/SiO2−6h at 20 and 40 C (Fig. 2c). This suggests that the 

desorption peaks at 20 and 40C are, respectively, due to Cu on the SiO2 surface and Cu sites 

on Mo2CTx. Analysis of the relative peak areas indicates that the fraction of Cu/Mo2CTx sites 

increased from 44% in Cu/Mo2CTx/SiO2−2h to 55% in Cu/Mo2CTx/SiO2−6h (Supplementary 

Table 7). The H2 capacity of Cu/SiO2, Cu/Mo2CTx/SiO2−2h and Cu/Mo2CTx/SiO2−6h, 

calculated from H2-TPD data, are 35.2, 18.1, and 9.5 mol gcat
−1, respectively 

(Supplementary Table 1). We explain this trend by the increasing fraction of surface Cu+ sites 

with increasing duration of the reductive pretreatment, as was already discussed above. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) using CO as the probe 

molecule was used to evaluate the electronic properties of the copper sites on the surfaces of 
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SiO2 and Mo2CTx. Experiments were performed using a Praying Mantis reaction cell with in 

situ reduced materials (H2, 500 °C) that were then exposed to 10% CO/N2 for 10 min and 

flushed with N2 for 60 min at room temperature. Under these conditions, CO desorbs from 

weakly bound CO– Cu0 adducts37, while stronger bound CO– Cu+ adducts remain present. 

Upon binding of CO, a main peak at 2124 cm−1 and a shoulder at 2112 cm−1 are observed for 

Cu/SiO2−2h (Fig. 2d), consistent with previous studies47. The intensity of the peaks of 

adsorbed CO on Cu/SiO2−2h decreases at 100 °C and the peaks eventually disappear at 200 °C 

in N2 flow due to the desorption of CO. However, in both Cu/Mo2CTx/SiO2 catalysts, there is 

an additional blue-shifted feature at 2134 cm−1 and its intensity is higher for 

Cu/Mo2CTx/SiO2−6h than for Cu/Mo2CTx/SiO2−2h. The peak at 2134 cm−1 is observed even at 

200C, in contrast to the bands at 2124 and 2112 cm−1 attributed to CO–Cu+ adducts on 

Cu/SiO2−2h. Note that without Cu, Mo2CTx/SiO2−2h does not absorb CO at room temperature 

(Supplementary Figure 35). The CO adsorption peak at 2134 cm−1 is ascribed therefore to the 

presence of Cu+ sites on Mo2CTx
48,49. An alternative explanation that, however, appears less 

likely is that highly dispersed metallic Cu (vacancy-confined single Cu atoms in the lattice of 

Mo2CTx or small Cu clusters in the electronic interaction with the support) give more stable 

CO adducts. The higher stability of CO–Cu+ adducts relative to CO–Cu0 is due to the 

stronger -donation from the highest occupied molecular orbital (HOMO) of CO to the more 

Lewis acidic (relative to metallic Cu) Cu+ sites44,50. Depletion of electron density from the 

slightly antibonding HOMO of CO leads to the observed blue shift and strengthens the CO–

Cu+  interaction, while the -backbonding interaction may be only slightly reduced in CO–

Cu+ relative to that in CO–Cu0 adducts44,51. It is likely that the enhanced activity of 

Cu/Mo2CTx/SiO2−6h in CO2 hydrogenation is due to the Cu0/Cu+/Mo2CTx interface, which is 

reminiscent of the Cu0/Cu+/CeO2−x interface reported recently44. Overall, the CO DRIFTS 

results (after the desorption of CO from Cu0 sites in N2 flow) are consistent with the presence 
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of Cu+ sites that bind CO strongly (band at 2134 cm−1) in Cu/Mo2CTx/SiO2 material, assigned 

to Cu+ on Mo2CTx nanosheets. The peak positions of CO adsorbed on Cu+ sites are 

unchanged in Cu/Mo2CTx/SiO2−2h and Cu/Mo2CTx/SiO2−6h. Overall, Cu XPS (Auger peaks), 

H2 TPR, H2 TPD, and CO DRIFTS data suggests that a longer thermal treatment in H2 at 500 

C (6 h vs. 2 h) unexpectedly results in a higher fraction of Cu+ sites on the Mo2CTx phase, 

which proceeds in parallel with the reduction of Mo sites in Mo2CTx. Thus, while the 

atomically thin Mo2CTx nanosheet support is reducible30, it lacks the typical SMSI 

overcoating effect of typical metal oxide supports (bulk or nanoparticles, e.g. TiO2, CeO2, 

…). Therefore, as the Cu0/Cu+ interface appears to be related on CeO2 and on Mo2CTx, it is 

the absence of an encapsulation of the active phase by the reduced support on rigid, thermally 

stable Mo2CTx nanosheets30, which do not change their 2D morphology with TOS (vide 

infra), that is likely responsible for the improved catalytic performance of Cu/Mo2CTx/SiO2.  

Nature of Cu sites from Cu/Mo2COx models 

Periodic density functional theory (DFT) calculations using the BEEF-vdW density 

functional52 were carried out to improve our understanding of the nature of Cu sites in 

Cu/Mo2CTx/SiO2−2h and Cu/Mo2CTx/SiO2−6h catalysts and to refine the possible interaction 

between Cu and Mo2COx nanosheets. A 3×3-unit cell derived from a Mo2C (001) surface slab 

containing two Mo layers, one at the top and one at the bottom of the slab, and one middle 

carbon layer, in agreement with the stoichiometry of the material, was used to model the 

Mo2COx surface. A further description of the methodology and details of the Mo2C model30 as 

well as the reference Cu (111) and Cu2O (111) surfaces can be found in Supplementary Figures 

36 and 37. First, we supported one and four Cu atoms on the 3×3 2D-Mo2C surface to generate 

the respective Cu/2D-Mo2C (Model 1) and Cu4/2D-Mo2C (Model 1b) surface structures. In 

addition, we considered the following oxygen coverages for one supported Cu atom: 2/9, 5/9, 
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6/9 and 7/9 of a full oxygen monolayer (ML), denoted Model 2, 3, 4 and 5, respectively. These 

different oxygen coverages model various oxidation states of the Mo2COx nanosheets of the 

experimental system, as was determined by the XANES and XPS analyses of the 

Cu/Mo2CTx/SiO2−2h and Cu/Mo2CTx/SiO2−6h catalysts discussed above.  

First, we compared energies of hydrogen adsorption on the Cu (111) slab, Cu/2D-Mo2C, 

Cu4/2D-Mo2C and Cu/2D-Mo2C-0.67 O ML (i.e. Model 4) by evaluating the dissociative 

adsorption of H2 forming atomic hydrogen species (H*). On Cu (111), H* adsorbs on the hcp 

hollow site (Supplementary Figure 38), while on Cu/2D-Mo2C, Cu4/2D-Mo2C, and 

Cu/2D-Mo2C-0.67 O ML (Models 1, 1b, and 4), H* adsorbs on the Cu/2D-Mo2C interface with 

the respective electronic binding energies of −0.3, −34, −28, and −27 kJ mol−1 with respect to 

the gas-phase H2 molecule, i.e. a stronger H* adsorption is observed on all evaluated Cu/2D-

Mo2C interfaces in comparison to the Cu (111) slab (Fig. 2eg). These results show that the 

interface in Cu/2D-Mo2C, Cu4/2D-Mo2C or Cu/Mo2COx surfaces can be responsible for the 

stronger hydrogen adsorption, in agreement with the H2 TPD results (Fig. 2c) that revealed a 

higher temperature for H2 desorption for the Cu/Mo2CTx catalysts relative to the Cu/SiO2 

reference catalyst (represented by the Cu (111) slab model in our DFT calculations). Yet, 

Model 4 represents our experimental systems better than Model 1, because Mo is oxidized in 

the Cu/Mo2CTx/SiO2 catalysts according to XANES and XPS results described above. 

Next, we found that CO adsorbs preferentially atop of Cu in Models 1–5 featuring binding 

energies of −62, −77, −70, −89, and −83 kJ mol−1 for Models 1 to 5, respectively (Fig. 2h and 

i). According to the Bader charge analysis, Cu atoms with an adsorbed CO molecule in Models 

4 and 5 have oxidation states of +0.6 and +0.5, i.e. in these models Cu sites have the most 

significant Cu+ character (Supplementary Figure 39), which correlates also with a higher CO 

binding energy and a stronger blue shift of vibrational frequency of CO with respect to 
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Cu/2D-Mo2C (Supplementary Table 9). The Cu+ character becomes more notable upon CO 

adsorption (Supplementary Figure 39). We calculated the stretching frequency of CO on Cu 

(111) and Cu2O (111) reference surfaces and found that CO on the Cu (111) surface is red-

shifted (2020 cm−1) and CO on the Cu2O (111) surface is blue-shifted (2093 cm−1, 

Supplementary Table 9). The latter frequency is comparable to the frequency of adsorbed CO 

in Models 4 and 5. This is consistent with the high Cu+ character found using the Bader charge 

analysis for Cu sites in Models 4 and 5. 

The calculated shift of the CO stretching frequency with respect to gas-phase CO is −38 cm−1 

for Model 4 and −30 cm−1 for Model 5 (BEEF-vdW functional). When evaluated using the 

PBE0 functional, the calculated shift for Model 4 is −18 cm−1, which is close to the 

experimental shift of −9 cm−1 (Supplementary Table 10). Overall, we conclude that Cu sites in 

Models 4 and 5 have a significant Cu+ character, consistent with experimental results. 

Characterization of reaction intermediates 

Two mechanistic pathways for CO2 hydrogenation to methanol were proposed, viz. involving 

CO or formate as intermediates17,53. Our contact time experiments have identified CO and 

methanol as the primary products of CO2 hydrogenation (Supplementary Figures 6 and 7, 

Supplementary Table 2); therefore intermediacy of CO in the formation of methanol is 

unlikely13. To explore the surface intermediates of CO2 hydrogenation over the 

Cu/Mo2CTx/SiO2 catalysts, we relied on an operando DRIFTS study with the simultaneous 

quantification of products by gas chromatography. At 230 C and 25 bar (H2/CO2/N2 = 

3/1/1), formate (2936, 2857, and 2698 cm−1) and methoxy peaks (2996 and 2959 cm−1)13,54 

are identified on Cu/Mo2CTx/SiO2−2h, while carbonate or bicarbonate peaks are not observed 

(Fig. 3a and Supplementary Figure 40). The intensity of the bands owing to surface formate 

groups and the STY of methanol reaches a steady state after ca. 60 min of TOS, whereas the 
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intensity of peaks due to surface methoxy groups continues to increase for a substantially 

longer time, ca. 15 h. The amplitude of the bands due to surface formate and methoxy grows 

faster for Cu/Mo2CTx/SiO2−2h than for Cu/SiO2−2h, which correlates with a higher STY of 

methanol, as quantified by GC (Fig. 3b). 

Note that the formate peaks are more intense on Cu/Mo2CTx/SiO2−2h than on Cu/SiO2−2h at 

lower pressures ( 20 bar), including under atmospheric pressure (Supplementary Figure 41). 

The trend for the formation of a carbonyl band at 2077 cm−1 (i.e. intermediate for CO) at 

different pressures is the opposite to that of formate, indicating the selective formation of 

methanol on the Cu/Mo2CTx/SiO2 catalyst compared to Cu/SiO2 (Supplementary Figure 41). 

To verify that the formate species are intermediates on the methanol synthesis pathway, 

Cu/Mo2CTx/SiO2−2h was exposed to a H2/CO2/N2 (3/1/1) feed for 10 min at atmospheric 

pressure and then the CO2 flow was discontinued. The surface formate bands decreased 

gradually while methanol was detected by GC (Supplementary Figure 42), implying that 

formate species could be hydrogenated by H2 on Cu/Mo2CTx/SiO2−2h to methanol. 

To further explore the nature of the reaction intermediates, we used solid-state 13C NMR 

spectroscopy. This method provides primarily information on adsorbed intermediates on the 

support since intermediates on metallic copper can suffer from signal broadening and Knight 

shifts13. Cu/Mo2CTx/SiO2−2h was kept under 5 bar of 1H2/13CO2 (3/1) at 230 C for 12 h 

followed by outgassing at room temperature and ssNMR analysis. The observed 13C NMR 

chemical shift at 172 ppm is consistent with the presence of formate species (Fig. 3c), which 

is however not observed in 1H NMR, probably due to a too weak or broad signal 

(Supplementary Figure 43). The formate peak is more deshielded on Cu/Mo2CTx/SiO2−2h 

(172 ppm) than on Cu/SiO2 (168 ppm)13. Species with the 13C chemical shift at 49 ppm and 

1H NMR chemical shift at 3.9 ppm are ascribed to surface –OCH3 species (possibly, Cu–
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OCH3). Note that these signals have not been observed on Cu/SiO2 in the absence of 

Mo2CTx
13 after reaction under 5 bar of 1H2/13CO2 (3/1), yet operando DRIFTS at 25 bar 

reveals methoxy bands on Cu/SiO2 (Fig. 3b). No intermediates are observed on 

Mo2CTx/SiO2. Therefore, neither Cu NPs alone nor Mo2CTx alone can generate methoxy 

species from formate species under the conditions used for the 13C NMR experiments (i.e. 

230 C and 5 bar) and it is the Cu dispersed on Mo2CTx nanosheets that yields the surface 

methoxy species. Furthermore, also formate species are not observed on Mo2CTx/SiO2 (Fig. 

3c). 

DFT-computed reaction pathways over single atom Cu/Mo2COx 

We performed DFT calculations using the BEEF-vdW functional52 to obtain atomic-level 

insight into the pathway of CO2 hydrogenation to methanol or CO on the Cu/2D-Mo2C-0.67 O 

ML surface (this model has been described above in Fig. 1g). This particular structure was 

selected as a realistic model for the DFT calculations and used to evaluate the respective energy 

profiles to form methanol or CO (Fig. 4). In what follows, we describe the most probable 

reaction pathways and aim to rationalize the experimental observations. 

As oxygen covers only partially the 2D-Mo2C surface in our model, reactive Mo sites with a 

proximal Cu atom are accessible. The interaction of CO2 and H2 on the model surface is 

exoenergetic by merely 14 kJ mol−1, suggesting that both species are physisorbed, as also 

inferred from the very minor changes of the geometries of CO2 and H2 upon their interaction 

with the surface. These two physisorbed molecules then form formate (HCOO*) and adsorbed 

H*. This step proceeds via a transition state TS1, associated with an energy barrier of 103 kJ 

mol−1, which we interpret as the CO2-assisted heterolytic cleavage of H2. In TS1, CO2 is 

significantly bent (O–C–O is ca. 125°) with one O pointing to Mo. The H2 molecule is 

cleaved in TS1 heterolytically, i.e. forming simultaneously new C–H and Cu–H bonds. Since 
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both CO2 and H2 do not chemisorb on 2D-Mo2C-0.67 O ML for this step, it can be classified 

as Eley-Rideal type55. Note that HCOO* species have been detected by DRFITS and 13C MAS 

NMR spectroscopies (Fig. 3). The resulting formate intermediate (2, Fig. 4) is ƞ2-coordinated 

at the Cu/2D-Mo2C-0.67 O ML interface such that one O of the formate is coordinated to Cu 

and the second O is coordinated to Mo. The H* atom is also adsorbed at the 

Cu/2D-Mo2C-0.67 O ML interface. HCOO* species can re-orient to coordinate both of its 

oxygen atoms to surface Mo in a low energy process via TS2 (52 kJ mol–1), likely due to the 

higher oxophilicity of Mo compared to Cu. This migration of the HCOO* species on the 

2D-Mo2C-0.67 O ML surface allows to stabilize the dioxymethylene species (H2COO*, 5, Fig. 

4), as discussed below. 

Previous DFT pathways of the hydrogenation of CO2 to methanol on Cu or Cu-alloy surfaces 

proposed that the formation of H2COOH* from HCOO* species proceeds through formic acid 

(HCOOH*)3. In contrast, on a Cu/2D-Mo2C-0.67 O ML surface, we have identified a pathway 

leading to the formation of H2COO* from HCOO* species, with similar energetics as in the 

literature3, which includes the H-transfer to the ƞ2-coordinated formate via TS3. In this 

transition state, H2 is cleaved heterolytically yielding H2COO* and H* species, that is forming 

C–H and Cu–H bonds in a pathway similar to TS1 discussed above. TS3 has the highest energy 

barrier (141 kJ mol–1) in the pathway of CO2 hydrogenation to methanol, i.e. it is the rate-

limiting transition state. The most favorable pathway to methanol from the H2COO* and H* 

species proceeds through formaldehyde (H2CO*) and hydroxy (OH*) species (6, Fig. 4). This 

pathway involves both the cleavage of the C–O bond of H2COO* as well as the formation of 

OH* species. It has been postulated that H2 assistance is required for C–O bond cleavage on 

Cu/Mo2C surfaces24. Yet on the Cu/2D-Mo2C-0.67 O ML model surface, the formation of co-

adsorbed H2CO* and OH* proceeds with a very low energy barrier of 16 kJ mol−1 (TS4). In a 

subsequent TS5, with an energy barrier of 37 kJ mol−1, H-transfer from OH* to H2CO* leads 
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to methoxy (CH3O*) and O* (7). The intermediate structure 7 is located at –273 kJ mol–1 and 

this high stability explains the observation of these species in FTIR and NMR experiments as 

described above. The regeneration of the OH* species proceeds by the reaction of H* with the 

O* atom at the interface between Cu and 2D-Mo2C-0.67 O ML. This TS6 has an energy barrier 

of 89 kJ mol–1. The last step generates methanol by proton transfer from the OH* group to 

OCH3* via TS7, requiring 57 kJ mol–1. The resulting CH3OH* species (9) is located at –243 

kJ mol–1 in the energy diagram. Methanol desorption requires 87 kJ mol–1. Finally, the adsorbed 

O* atom leads to the formation of water in a pathway that is shared with the RWGS reaction 

and explained in detail in the following section. 

We note that starting from the H2COO* species, three alternative reaction pathways to form 

methanol are possible, which are however energetically less favorable than the pathway 

presented in Fig. 4. Two pathways involve the formation of H2COOH* as a reaction 

intermediate, while the third pathway features the direct C–O cleavage of H2COO*, forming 

formaldehyde (H2CO*) and O* in a single step. These pathways are discussed in 

Supplementary Figures 4548. 

We have also evaluated the energy profile of the competitive reverse water–gas shift reaction 

using the Cu/2D-Mo2C-0.67 O ML model (Fig. 4). The adsorption of CO2 (in the absence of 

H2) on the surface is exoenergetic by 18 kJ mol−1 (11) and leads to a bent CO2 (12, O–C–O 

is ca. 136°) at the interface of the Cu atom and the 2D-Mo2C-0.67 O ML surface via TS8 with 

an energy barrier of 35 kJ mol−1. From intermediate 12, C–O bond cleavage has a very low 

energy barrier of 3 kJ mol−1 (TS9). Thus, CO* is readily formed by the direct activation of CO2 

adsorbed at the Cu/2D-Mo2C-0.67 O ML interface yielding CO* and O* species. CO* 

adsorbed on a Cu atom (13) is located at –109 kJ mol–1 and desorption of CO from Cu in 

intermediate 13 requires 80 kJ mol−1. This pathway to CO features relatively low activation 
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barriers compared to the methanol formation route, and is consistent with the experimentally 

observed formation of CO, along with methanol, in our catalytic tests. Following the desorption 

of CO, H2 is adsorbed on the Cu atom, which is energetically favorable by 13 kJ mol−1 (15). In 

this intermediate 15, H2 is coordinated to Cu in a ƞ2 mode with a H–H distance of 0.759 Å, and 

with respective Cu–H distances of 1.95 Å and 1.97 Å. In the next step, the heterolytic cleavage 

of H2 yields simultaneously O–H and Cu–H bonds, forming intermediate 16. This step is 

endoenergetic by 29 kJ mol–1 with an energy barrier in TS10 of 73 kJ mol–1. Finally, H2O* 

forms by the subsequent reaction of OH* with H* on the Cu/2D-Mo2C-0.67 O ML interface 

with an energy barrier of 100 kJ mol–1 (in TS11), i.e. the rate-limiting step of the RWGS 

pathway. The resulted intermediate 17 is located 3 kJ mol–1 higher than the initial reactants. 

The final step i.e. the desorption of water is endoenergetic and requires 65 kJ mol–1. 

We have also evaluated an alternative RWGS mechanism involving the activation of H2 to 

form 2H* on the Cu/2D-Mo2C-0.67 O ML interface. This process, however, involves a high 

energy barrier of 144 kJ mol–1 and is endoenergetic by 72 kJ mol–1 (Supplementary Figure 49), 

which makes it energetically less favorable compared to the route described above. Overall, 

the presented RWGS mechanism (Fig. 4), including the heterolytic cleavage of H2, proceeds 

via the chemisorption of each reactive species and therefore follows a Langmuir-Hinshelwood 

type manifold56 on our Cu/2D-Mo2C-0.67 O ML model, in contrast to the CO2 hydrogenation 

pathway discussed above. 

To summarize, DFT calculations highlight the likely intermediates and transition states and 

allow to propose a feasible energy profile for the pathways of CO2 hydrogenation to 

methanol and CO on a Cu/2D-Mo2C-0.67 O ML model. The interface between a Cu atom 

and the 2D-Mo2C-0.67 O ML surface plays a crucial role in the CO2 hydrogenation reactions. 

The Cu atom and the support both participate in the reaction mechanism by reducing the 
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energy barriers for successive heterolytic cleavages of H2 that are required to form HCOO*, 

H2COO*, and H2COOH* species, simultaneously with adsorbed H*. The most energy-

demanding step in the methanol production pathway is the formation of the H2COO* species. 

The Cu/2D-Mo2C-0.67 O ML interface also provides a low energy route for CO2 adsorption, 

followed by its direct cleavage into CO* and O*. Hence, on the Cu/2D-Mo2C-0.67 O ML 

model, both CH3OH and CO are easily obtained under CO2 hydrogenation conditions, 

providing an explanation for the experimental observation of both products. Finally, the most 

strongly adsorbed reaction intermediates determined by our DFT calculations are HCOO* 

and CH3O*, that is the same intermediates that are observed in our operando DRIFTS and 

NMR experiments. 

CONCLUSIONS  

In conclusion, our work demonstrates that highly dispersed Cu species, including single Cu 

atoms, can be enriched selectively on the Mo2CTx phase by migration from SiO2 under 

reductive pretreatment. Consequently, the Cu/Mo2CTx/SiO2 catalysts show two different Cu 

sites: Cu/Mo2CTx and Cu/SiO2. The Cu/Mo2CTx interface, with Lewis acidic Cu+ sites, is 

responsible for the observed increased methanol formation rate and selectivity. These 

findings, complemented by DFT calculations, show the prospects of copper single atom 

catalysis for CO2 hydrogenation exploiting metal-support interactions in general and 

Cu/MXenes interfaces in particular. 

Methods 

Catalyst preparation 

SiO2 (Aerosil 300) was compacted, sieved (180300 µm), and calcined in static air (500 °C, 

3 h). The calcined material had a surface area of 374 m2 g−1 and a pore volume of 2.0 mL g−1. 
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Mo2Ga2C was synthesized as reported previously28 and treated in a 14 M HF solution at 

55 C for 7 days in a sealed Teflon-lined autoclave42. This gave a mixture of Mo2CTx and 

Mo2Ga2C phases that was washed and dried (Supplementary Figure 50). Ca. 2 g of this 

material was dispersed in 30 mL of 40% tetrabutylammonium hydroxide (TBAOH) and 10 

mL of water and stirred at room temperature for 12 h. The solid was then separated via 

centrifugation (6000 rpm, 5 min) and washed with ethanol (2  40 mL) and water (3  40 

mL), followed by sonication (40 min) and centrifugation (3500 rpm, 30 min). The 

supernatant containing colloidal solution of delaminated 2D-Mo2CTx nanosheets was 

collected (Supplementary Figure 1). Ca. 150 mL of this 2D-Mo2CTx solution was 

impregnated onto 5 g SiO2 using incipient wetness impregnation (15 cycles of impregnation 

and drying under vacuum at 50 C for 4 h). No Ga signal was observed in the X-ray 

photoelectron spectroscopy (XPS) of Mo2CTx/SiO2 (Supplementary Figure 51), indicating 

that 2D-Mo2CTx was separated from the bulk Mo2Ga2C during centrifugation. 

Mo2CTx/SiO2 was dehydroxylated under a N2 flow (20 mL min−1, with O2 and moisture 

traps) at 500 °C for 12 h with a heating rate of 1 °C min−1. The sample was then cooled down 

under high vacuum (10−5 mbar) for 1 h and handled in a glovebox (material referred to as 

Mo2CTx/SiO2−500). The surface density of hydroxyl groups of the support was determined by 

chemical titration using an excess of [Mg(CH2Ph)2(THF)2] as a reactant, while monitoring 

the extent of the reaction by 1H NMR (d1 = 60s) using ferrocene as an internal standard36. 

Cu/Mo2CTx/SiO2 was prepared via a surface organometallic chemistry approach using 

[Cu5(Mesityl)5] (Strem Chemicals)12,37. In a glovebox, Mo2CTx/SiO2−500 (1 g, 0.47 mmol of 

SiOH sites) was dispersed in 5 mL of dry toluene and contacted with a solution of 

[Cu5(Mesityl)5] (72 mg, 0.39 mmol of Cu) in 5 mL of toluene. The reaction mixture was 

stirred at 100 rpm for 3 h at room temperature. After the grafting, the solid was washed with 



 25 

toluene (3  5 mL) and dried (10−5 mbar) at room temperature for 3 h. Before catalytic tests, 

the grafted material was reduced under H2 (50 mL min−1) at 500 C for 2 h or 6 h 

(Cu/Mo2CTx/SiO2−2h and Cu/Mo2CTx/SiO2−6h, respectively). A reference Cu/SiO2−2h catalyst 

was prepared by the same procedure. 

The industrial methanol synthesis catalyst (Alfa Aesar) contains 63.5 wt% CuO, 25 wt% 

ZnO, 10 wt% Al2O3, and 1.5 wt% MgO fume. In addition, a Cu-ZnO-Al2O3 catalyst with 2.5 

wt% Cu, 12.5 wt% ZnO, and 85.0 wt% Al2O3 was synthesized by a conventional co-

precipitation route5,7. More specifically, Cu(NO3)22.5H2O (183 mg, 0.8 mmol), 

Zn(NO3)26H2O (910 mg, 3.0 mmol), and Al(NO3)39H2O (6259 mg, 16.7 mmol) were 

dissolved in deionized water to make a 1 M solution. The solution was then titrated with 1 M 

Na2CO3 to reach the pH of 8.0. The precipitate was filtered and washed with deionized water 

until pH 7.0 was reached. Subsequently, the precipitate was dried at 90 C overnight and 

calcined at 350 C for 12 h. The Cu-ZnO-Al2O3 catalysts were reduced under H2 at 250 C 

for 3.5 h according to the published protocols3,5 (denoted Cu-ZnO-Al2O3com250 and Cu-

ZnO-Al2O3syn250) or at 500 C for 6 h, according to the protocol for the synthesis of 

Cu/Mo2CTx/SiO26h in this study (denoted Cu-ZnO-Al2O3com250 and Cu-ZnO-Al2O3syn250). 

The characterization of these catalysts is shown in Supplementary Figures 5257. 

Catalyst characterization 

The surface area and pore volume of the materials were determined by N2 physisorption 

(Quantachrome NOVA 4000e) with the Brunauer-Emmet-Teller (BET) model (using the 

adsorption data) and Barrett-Joyner-Halenda (BJH) model (using the desorption data), 

respectively. Prior to the measurement, the samples were outgassed at 250 °C for 2.5 h. The 

Mo and Cu loadings of the catalysts were determined by inductively coupled plasma optical 
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emission spectroscopy (ICP-OES) using an Agilent 5100 VDV after digestion in aqua regia. 

Fourier-Transform Infrared (FTIR) spectroscopy experiments were performed on self-

supporting wafers using a Bruker Alpha spectrometer in transmission mode (24 scans, 4 cm−1 

resolution) under a N2 atmosphere. Intensities were normalized to the Si-O-Si overtones of 

the silica support. Powder X-ray diffraction (XRD) data were collected on a PANalytical 

Empyrean X-ray diffractometer equipped with a Bragg-Brentano HD mirror operated at 45 

kV and 40 mA using Cu Kα radiation (λ = 1.5418 Å). The materials were examined within 

the 2θ range of 5-90° using a step size of 0.0167°. The scan time per step was 3 s. X-ray 

photoelectron spectroscopy (XPS) measurements were conducted on a Sigma 2 instrument 

(Thermo Fisher Scientific) equipped with a UHV chamber (nonmonochromatic 200 W Al Kα 

source, a hemispherical analyzer, and a seven-channel electron multiplier). The analyzer-to-

source angle was 50°, whereas the emission angle was 0°. A pass energy of 50 and 25 eV was 

set for the survey and the narrow scans, respectively, and the C 1s peak of adventitious 

carbon was set at 284.8 eV to compensate for any charge-induced shift. An air-tight cell 

allowing to transfer specimens between the glovebox and the XPS instrument was used57. 

X-ray absorption spectra at the Cu and Mo K-edge were measured at the SuperXAS beamline 

at the Swiss Light Source (SLS), operating in top-up mode at a 2.4-GeV electron energy and 

a current of 400 mA. Cu XAS spectra were collected at the K-edge using a Si (111) 

monochromator in transmission mode with continuous scanning between 8760 and 10290 eV 

with a step size of 0.1 eV. Mo XAS spectra were collected at the K-edge in fluorescence 

mode (Si drift detector) with continuous scanning between 19800 and 21150 eV with a step 

size of 0.25 eV. Calibration of the monochromator energy position was performed by setting 

the inflection point of a Cu or Mo foil spectrum recorded simultaneously with the sample to 

8979 or 20000 eV for Cu or Mo K-edges, respectively. In a typical operando experiment, 4  

0.05 mg of the sample (Cu/Mo2CTx/SiO2−0.5h) was packed into a quartz capillary reactor cell 
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(1.5 mm outer diameter, 0.02 mm wall thickness), which was connected with a pressurizable 

gas flow system. The catalysts went through the following steps: (i) heating to 500 C under 

H2 (1 bar, 10 mL min−1, 10 C min−1) and holding for 5.5 h, (ii) cooling down to reaction 

temperature (230 C) and pressurizing to 10 bar N2, and (iii) switching to a CO2 

hydrogenation atmosphere (H2/CO2/N2 = 3/1/1, 10 mL min−1, 10 bar, space velocity = 

150000 L kg−1 h−1) and holding for 2 h. The outlet of the capillary reactor was kept at 150 C 

and fed into a GC (CompactGC, Global Analyser Solutions, equipped with thermal 

conductivity and flame ionization detectors) with a data sampling interval of 7 min. The ex 

situ samples of air-sensitive CuMes/Mo2CTx/SiO2 and Cu/Mo2CTx/SiO2−6h were sealed in the 

capillary in the glovebox and analyzed without exposure to air. Non-air-sensitive references 

were pressed into wafers with an optimized amount of sample mixed with cellulose and 

sealed in Kapton tape. The processing of the XAS data was performed with ProQEXAFS and 

the Athena software58,59, and the EXAFS fittings were conducted with the Artemis 

software59.  

Transmission electron microscopy (TEM), scanning transmission electron microscopy 

(STEM) with a high-angle annular dark-field (HAADF) detection, and energy-dispersive X-

ray (EDX) spectroscopy were carried out on an FEI Talos F200X transmission electron 

microscope. An aberration-corrected JEOL JEM-ARM300F Grand ARM scanning 

transmission electron microscope operated at 300 kV was also used with an air-tight sample 

holder. The microscope was equipped with the Dual EDS system (two large area SDD EDX 

detectors with 100 mm2 active area; total solid angle: 1.6 sr). Gold grids were used. Scanning 

electron microscopy (SEM) measurements were performed on an FEI Magellan 400 FEG 

microscope. Prior to imaging, the samples were sputter-coated with a ca. 5 nm thick layer of 

PtPd (CCU-010 Metal Sputter Coater Safematic). 
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H2 TPD and TPR experiments were performed using an AutoChem (Micromeritics) system 

with a thermal conductivity detector (TCD). In a typical H2 TPD experiment, ca. 50 mg of the 

as-prepared material was loaded in air and reduced at 500 °C under H2 flow (50 mL min−1) 

for the specified time. Subsequently, the sample was purged with Ar for 30 min at 500 C 

and cooled down to −50 C under Ar. The sample was then saturated in 5% H2/Ar flow for 

30 min and purged with Ar for another 30 min. Finally, the sample was heated to 500 C at 

10 C min−1 under Ar flow and the desorbed H2 was monitored with the TCD detector. For 

N2O titration measurements, specimens were first pretreated under H2 at 500 C, followed by 

purging and cooling down to 50 C under Ar. The gas was then switched to 5% N2O/Ar for 

60 min to oxidize the surface Cu0 sites to Cu+ and then reduced with 5% H2/Ar from room 

temperature to 500 C (10 C min−1). Similarly, the TPR experiments were carried out under 

5% H2/Ar from room temperature to 500 C after the sample was oxidized by 5% O2/He at 

room temperature. 

DRIFTS measurements were performed using a Nicolet 6700 FTIR with a Praying Mantis 

(Harrick) high-pressure reaction chamber. A mercury cadmium telluride (MCT) detector was 

used. Catalysts were pelletized before the measurements and the spectra were recorded in the 

range of 4000-600 cm−1 by averaging 64 scans with the resolution of 4 cm−1. For CO 

adsorption and desorption, the sample was loaded in air and pretreated with pure H2 at 500 

C (50 mL min−1) for a specified period of time. After cooling down to room temperature, the 

specimen was exposed to 10% CO/N2 flow (50 mL min−1) for 10 min, with spectra collected 

every two minutes. Then the CO flow was stopped and spectra were collected under flowing 

N2 for 60 min. The temperature was then increased to 100 C and 200 C at a heating rate of 

10 C min−1. The background spectra were collected under N2 at the corresponding 

temperatures. DRIFTS coupled with a GC-based gas analysis (CompactGC, Global Analyser 
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Solutions, equipped with thermal conductivity and flame ionization detectors) was used for 

the CO2 hydrogenation reactions (i.e. in operando mode). After pretreatment with H2 at 500 

C, the sample was cooled to 230 C under N2. The DRIFT spectrum recorded under N2 flow 

at 230 C and 25 bar was used as the background spectrum. CO2 hydrogenation was carried 

out at 230 C and 25 bar using a gas mixture of H2/CO2/N2 = 3/1/1 and the spectra were 

recorded every 2 min. The product was analyzed by the GC every 7 min. The transfer line 

was kept at 150 C to prevent product condensation. The DRIFT spectra were also collected 

at different reaction pressures (1, 2, 3, 5, 10, 15, 20, and 25 bar) following a similar 

procedure. 

The solid-state NMR experiments on 1H and 13C were recorded on a Bruker 400 MHz 

AVANCE III HD spectrometer with a 4 mm MAS triple resonance probe operating in double 

resonance mode with a magic angle spinning frequency of 10 kHz. The 35 kHz SPINAL64 

decoupling was applied on the 13C-channel during acquisition60. The chemical shift scale was 

calibrated using adamantane as an external secondary reference. Before the measurements, 

the catalysts were exposed to 5 bar 1H2/13CO2 (3/1) at 230 C for 12 h in a batch reactor, 

followed by the evacuation of the gas phase at room temperature under high vacuum (10−5 

mbar). 

CO2 hydrogenation reactions 

The CO2 hydrogenation reactions were performed in a fixed-bed, tubular reactor (304.8 mm 

total length, 9.1 mm internal diameter, Hastelloy X, Microactivity Effi, PID Eng&Tech)61. In 

a typical experiment, the catalyst (100 mg) was first pretreated under H2 at 500 C for a 

specific time. The reaction was performed at 230 C under 25 bar. The gas flow of 

H2/CO2/N2 (3/1/1) (N2 as internal standard) was passed through the catalyst bed and the 
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products were analyzed online by a GC (PerkinElmer Clarus 580) equipped with thermal 

conductivity and flame ionization detectors, and a methanizer. Different contact times (space 

velocities) were probed by changing the gas flow rate from 100 to 15 NmL min−1. Finally, 

activity data were collected at the initial flow rate of 100 NmL min−1 to check for potential 

deactivation of the catalyst. The formation rate, CO2 conversion, and methanol selectivity 

were calculated using the following equations: 
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where Fx,out is the outlet flow rate of methanol or CO [mol h−1]; Cx,out is the outlet gas fraction 

of species x; Fx,in is the inlet flow rate of species x [mol h−1]; rx is the formation rate of 

methanol or CO [g h−1 gCu
−1]; mCu is the mass of Cu used in the reaction [g]; MWx is the 

molecular weight of methanol or CO [g mol−1]; XCO2 is the conversion of CO2; SMeOH is the 

selectivity to methanol. Intrinsic formation rates and selectivities were extrapolated using a 

second-order polynomial fit of the experimental data. At least three experimental data points 

were averaged for each presented data point. 

Computational Details 

The periodic density functional theory (DFT) calculations were carried out with the Vienna Ab 

Initio Simulation Package (VASP) code62–64. Projector-augmented-wave (PAW) 

pseudopotentials were used to describe the interactions between valence electrons and ion 

cores, while a discrete plane wave (PW) basis set with a cutoff of 500 eV was used to treat 
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valence electrons65. All geometries, adsorption energies, vibrational frequencies and Bader 

charges were calculated via the Generalized Gradient Approximation (GGA) including 

dispersion corrections by means of the BEEF-vdW density functional52. A 3 × 3 unit cell was 

used to construct a Mo2C (001) surface slab using two Mo layers, with one at the top and one 

at the bottom of the slab, and one middle carbon layer. The Cu (111) surface model comprising 

a periodic 3 × 3 seven-layer slab and a Cu2O (111) surface comprising a periodic 3 × 3 five-

layer slab were constructed. 15 Å of vacuum was added in the direction perpendicular to the 

surface for all the models. Dipole correction was considered in all the calculations in order to 

correct the errors introduced by the periodic boundary conditions. Self-Consistent Field (SCF) 

calculations of the electronic structure were considered converged when the electronic energy 

change between two steps was below 10−5 eV. All minima geometries were optimized using 

an energy-based conjugate gradient algorithm until the forces acting on each atom were 

converged below 0.01 eV/Å. The energy of isolated molecules was determined by a single-

point calculation placing each species in a box with dimensions 15 A × 15 A × 15 A. The 

Nudge Elastic Band (NEB) method66 with 8 intermediate images was used to locate transition 

states (TS). The transition-state structures were further refined using a Newton-based algorithm 

using the same convergence criteria as for the minima. All reported energy values in the text 

correspond to electronic energies. In all the profiles, the values have been calculated with 

respect to the energy of the initial reactants (in kJ mol−1).  

DATA AVAILABILITY  All data is available from the authors upon reasonable request. 
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Figure Legends/Captions 

Fig. 1. Synthesis, characterization, and activity of Cu/Mo2CTx/SiO2. a, Schematic of the 

synthesis of Cu/Mo2CTx/SiO2−500 with highly dispersed Cu sites in interaction with partially 

reduced Mo2CTx nanosheets. b, IR spectra of Mo2CTx/SiO2−500 before (black) and after 

grafting of CuMes (red), and after treatment in H2 at 500 °C for 2 h (blue). c, HAADF-EDX 

of Cu/Mo2CTx/SiO2−2h (scale bar is 50 nm). d−f, High-resolution HAADF-STEM of 

Cu/Mo2CTx/SiO2−2h recorded without exposure of the specimen to air (arrows in d indicate 

Mo vacancies in Mo2CTx; circles in e point at few-atoms-small clusters and single Cu atoms; 

arrows in f indicate the edges of Mo2CTx nanosheets decorated with Cu atoms). g, 

Comparison of intrinsic formation rates of CH3OH and CO of the catalysts tested (230 °C, 25 

bar, H2/CO2/N2 = 3/1/1) obtained by extrapolation to zero conversion (zero contact time, see 

Supplementary Figures 6 and 12) together with the selectivities for CH3OH and CO, 

specified above the respective bars. The Cu-ZnO-Al2O3com denotes the commercial Cu-ZnO-

Al2O3 catalyst (pre-treated in H2 at 250 C for 3.5 h before the catalytic test). h, Dependence 

of CH3OH selectivity on CO2 conversion by varying the contact time (see Supplementary 

Figure 6). i, Formation rates of CH3OH and CO with a contact time of 0.06 s g mL−1 on 

Cu/Mo2CTx/SiO2 pretreated in H2 for varying reduction times (212 h) at 500 °C. The dashed 

lines correspond to the catalyst pretreated in H2 for 2 h followed by treatment in N2 for an 

additional 2 h at 500 C. 

Fig. 2. Characterization and DFT models of the catalysts. a, Cu L3VV Auger spectra (see 

Supplementary Table 5 for details). b, Temperature-programmed reduction under 5% H2/Ar 

after oxidation of the specimen by 5% O2/He at room temperature. c, H2 temperature-

programmed hydrogen desorption after saturation in 5% H2/Ar. d, DRIFTS spectra after 
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desorption of CO at different temperatures (see Supplementary Figure 34 for the spectra in 

Kubelka-Munk units). e–g, Optimized structures for the H adsorption on Cu/2D-Mo2C (e), 

Cu4/2D-Mo2C (f), and Cu/2D-Mo2C-0.67 O ML (g), respectively. h–i, Optimized structures 

for the CO adsorbed on Models 4 (h) and 5 (i) with respective C–O bond distances and CO 

adsorption energies (Eads). The interpolated oxidation states are shown for the Cu atoms 

(Supplementary Figure 39). 

Fig. 3. Characterization and evolution of reactive intermediates. a, Evolution of the 

DRIFTS spectra over Cu/Mo2CTx/SiO2−2h (230 C, 25 bar, H2/CO2/N2 = 3/1/1) with TOS. b, 

Operando DRIFTS GC data of CO2 hydrogenation over Cu/SiO2−2h and Cu/Mo2CTx/SiO2−2h 

and corresponding evolution of the reaction rate. Peaks at 2857 and 2959 cm−1 were used to 

assess the intensity of formate and methoxy species, respectively. c, Solid-state cross-

polarization magic angle spinning (CP-MAS) 13C NMR spectra of Cu/Mo2CTx/SiO2−2h and 

Mo2CTx/SiO2−2h after exposure of H2/13CO2 (ca. 3/1) for 12 h at 230 °C and 5 bar. 

Fig. 4. DFT-computed energy profiles. Considered reactions are CO2 and 2H2, or CO2 and 

1H2, to form methanol and O* (blue trace), or CO and H2O (magenta trace, RWGS reaction), 

respectively. Energies are shown with respect to the initial reactants in kJ mol−1 (Erel). Only 

selected intermediates and transition states (TS) are presented with their respective energies 

shown in parenthesis. See Supplementary Figure 44 for the structures of other intermediates 

and transition states and for their energies. 
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