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Selective CO2 electroreduction to methanol
via enhanced oxygen bonding

Gong Zhang 1,2,3,5, Tuo Wang 1,2,3,4,5, Mengmeng Zhang1,2,3,5, Lulu Li1,2,3,
Dongfang Cheng 1,2,3, Shiyu Zhen1,2,3, Yongtao Wang1,2,3, Jian Qin1,2,3,
Zhi-Jian Zhao 1,2,3 & Jinlong Gong 1,2,3

The reduction of carbon dioxide using electrochemical cells is an appealing
technology to store renewable electricity in a chemical form. The preferential
adsorption of oxygen over carbon atoms of intermediates could improve the
methanol selectivity due to the retention of C–O bond. However, the
adsorbent-surface interaction is mainly related to the d states of transition
metals in catalysts, thus it is difficult to promote the formation of oxygen-
bound intermediates without affecting the carbon affinity. This paper
describes the construction of amolybdenum-basedmetal carbide catalyst that
promotes the formation and adsorption of oxygen-bound intermediates,
where the sp states in catalyst are enabled to participate in the bonding of
intermediates. A high Faradaic efficiency of 80.4% for methanol is achieved at
−1.1 V vs. the standard hydrogen electrode.

The high selective CO2 reduction reaction (CO2RR) driven by renew-
able electricity is a promising technology to realize carbon neutrality1,2.
To improve the selectivity of CO2RR, it is a particularly effective
method to adjust the adsorption energy and configurations of inter-
mediates (i.e., CxHyOz) on the catalyst surface. Recently, various
effective and enlightening strategies have been demonstrated, such as
regulating catalysts with specific facets or low coordination sites3,4,
alloying catalysts with foreign elements5,6, and modifying catalysts
with organic molecules7,8. Sargent and co-workers. modified copper
(Cu) surface with organic molecules to stabilize the atop-bound CO
(COatop) intermediate with the ratio of COatop to bridge-bound CO
(CObridge) controlled to make the coupling between COatop and
CObridge as the lowest energy pathway, realizing a 72% Faradaic effi-
ciency (FE) of ethylene under neutralmedia9. It is worth noting that the
selective generation of oxygenates such as methanol (CH3OH) parti-
cularly relies on the adsorption energy and configurations of inter-
mediates. This is because the corresponding rate-determining step
(RDS) typically requires the participation of protons10,11. If the inter-
mediate is bonded to the metal surface with its carbon atom, its oxy-
gen atom will be positioned away from the surface, which makes

protons from the electrolyte tend to attack this oxygen atom with a
much higher possibility, resulting in the loss of oxygen atom and the
decrease of oxygenates selectivity12. To promote the selective pro-
ductionof theoxygenate likeCH3OH, the surfaceof the catalyst should
exhibit appropriately oxophilic properties, thereby inducing the
intermediates to be absorbed on the surface partially or totally
through oxygen atoms to reduce the probability of oxygen loss.
However, according to the d-band theory proposed by Nørskov et al.,
the binding of adsorbate on transition metal surface involves the
interaction of both the d states and sp states of the transition metal,
but the latter one barely shows any contribution to the change of
bonding energy13. To some extent, such a scenario leads to the exis-
tence of a positive correlation between the carbon and oxygen
adsorption energies14, which limits the catalyst to exhibit an oxophilic
property while showing little effect on carbon affinity to avoid oxy-
gen loss.

In thiswork,wedescribe a strategy to hybridd states ofmetalwith
the s states of carbon, which promotes a significant change in sp states
of the resulting catalysts during the adsorbate-surface bonding change
process14, making it possible to avoid the interdependence between
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the carbon and oxygen adsorption energies15–17. Molybdenum (Mo)-
based carbides nanoparticles were chosen as the candidate catalysts,
as Mo sites were shown to stabilize CxHyOz intermediates during CO2

hydrogenation18,19. Density functional theory (DFT) calculations and in-
situ infrared spectroscopy areused to confirm thepreferred formation
of intermediates with oxygen-bound configurations. Finally, a new
possible CH3OH formation pathway could be postulated alongside the
traditional CO pathway, characterized by the presence of formyl
(*OCHO*, an oxygen-bound species) as a representative intermediate,
whichcould avoid further lossof oxygen atoms fromthe intermediates
to promote the formation of CH3OH. This work provides an additional
dimension to tune the scaling to design better catalysts.

Results
Characterizations of the Mo-based carbide catalyst
To reduce the agglomeration of particles and increase the number of
active sites, the particles were loaded onto the nitrogen-doped carbon
nanotubes (N-CNT), using the strong metal-support interaction
between Mo and N sites to drive the spatial dispersion of the
particles20. In the synthesis process (Fig. 1a), the N sites were first
introduced into the CNT by heating the mixture of raw CNT and car-
bamide under N2. Subsequently, Mo-based carbide nanoparticles were
anchored on the N-CNT by heating the obtained N-CNT under the N2

atmosphere, in which ammonium molybdate serves as the metal

source. Afterward, in situ surface passivation was performed at room
temperature using 1 vol% O2. According to the relevant literature, low
concentrations of O2 are able to dissociate on the Mo-based carbide
surface at room temperature to form adsorbed oxygen which forms a
passivation layer to avoid bulk oxidation during potential environ-
mental exposure21,22. In addition, inert gas was used for sample pro-
tection during sample transfer and storge (details in “Methods”).
Transmission electron microscopy (TEM) indicates the formation of
uniformly dispersedparticleswith about 5.0 nmdiameter anchored on
N-CNT (Fig. 1b and Supplementary Fig. 1). A high-resolution TEM
(HRTEM) image reveals that the lattice fringes with d-spacing of 0.23
and 0.26 nm, which correspond to the (101) and (100) plane of the
hexagonal Mo2C (β-Mo2C), respectively (Fig. 1c), while no distinct lat-
tice corresponding to the oxides appear (MoO3(100) d =0.39 nm,
MoO2(100) d = 0.48 nm and MoO2(011) d = 0.34 nm). Thus, the
obtained catalyst is referred as to Mo2C/N-CNT. The elemental map-
ping (Fig. 1d) further suggests thewell-defined spatial distribution ofC,
Mo, and N in the Mo2C/N-CNT. The structure of the Mo2C/N-CNT was
also verified by powder X-ray diffraction (XRD). Aside from the peak
from CNT, the obvious diffractions were all corresponded to the β-
Mo2C (PDF#35–0787, P63/mmc, Fig. 1e). The absence of the nitride
peak (PDF#04-003-2158) indicates that theMo precursor did not react
with the previously introduced N sites (Supplementary Fig. 2). Mean-
while, no diffraction peak of obvious oxides was observed in XRD
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(MoO3 PDF#05-0508, MoO2 PDF#32-0671), which is consistent with
the TEM results. Further, Raman spectroscopy (Fig. 1f) using a 532nm
laser (illumination area ~ 7.9 × 10−7mm2) of about 4mWwas repeated in
different atmospheres (N2 or air), which excludes the presence of
oxides in the catalyst (details in “Methods”). In the N2 atmosphere, the
Raman bands of oxides were not observed. In the atmosphere of air,
the bands of oxides were observed, along with the production of Mo4+

and Mo6+ visible in the Mo 3d X-ray photoelectron spectroscopy (XPS)
result (Supplementary Fig. 3). Further, another freshly prepared sam-
ple upon passivation was placed in the air overnight and then tested
under N2, which presented the absence of detectable oxides signal.
This suggests that the catalyst might undergo noticeable bulk oxides
formation when exposed to a high concentration of O2 (e.g., air)
with the presence of an additional energy supply (e.g., laser or high
temperature).

In order to perform a detailed analysis of the catalyst structure
with high surface sensitivity, additional XPS characterizations were
performed. The high-resolution C 1s XPS result (Fig. 1g) of Mo2C/N-
CNT can be deconvoluted into five peaks locating at the binding
energy of 283.2 eV (CCarbidic), 284.5 eV (C–C/C=C bonding), 285.2 eV
(C–N), 286.3 eV (C–O–C bonding). The N 1s XPS result shows the
presence of the pyridinic-N (380.0 eV), pyrrolic-N (399.3 eV) implying
N-doping, and the pyridine N is the main species (Fig. 1h). Besides, the
peaks located at 350.0 eV can be ascribed to the N associated with
metal (N–Mobond) andMo 3p. Particularly, the binding energy of N 1 s
in Mo2C/N-CNT negatively shifted compared with that in the
bare N-CNT (Supplementary Fig. 4). This shift can be rationalized by
the strong electron interactions of N and Mo2C

23, which reveals the
close contact between the N sites and the Mo2C particles. In order to
resolve theoxidation state of the surfaceMo,XPSuponAr+ etchingwas
performed. After the Ar+ etching, the fitting results of XPS signal from
Mo2C/N-CNT reveals contributions from Mo5+ (or Mo6+) and Mo4+,
while the primary component is carbidic Mo. The Mo5+ (or Mo6+) and
Mo4+ species may originate from oxides that have not been etched
(Supplementary Fig. 5)24,25. These oxides could result fromunavoidable
oxidation during sample transfer or from excessive oxidation during
sample passivation. The XPS result of the freshly passivated sample
(without Ar+ etching) exhibits more obvious oxides species (Supple-
mentary Fig. 6). After semi-quantification of O and Mo (using the
Avantage software), the atomic ratio of O to Mo before Ar+ etching
(around 1:1) is found to be much lower than that in the Mo-based
oxides (i.e., MoO2, MoO3), indicating that the passivation operation
was able to keep the surface dominated by Mo2C during subsequent
use. A comparison of Raman and XPS results shows that XPS is more
suitable for detecting trace oxides species on the carbides surface.
These characterization results indicate that a stable Mo-based com-
pound has been formed that can be used in the subsequent CO2

reduction process.

Promoted CH3OH production via Mo-based carbide
The solubility of CO2 in the electrolyte under ambient pressure is
only 0.033M, thus it is difficult to supply sufficient CO2 to the cata-
lyst, which makes it difficult to inhibit the hydrogen evolution reac-
tion (HER). To supply sufficient CO2 in the slightly acidic electrolyte,
a high-pressure continuous bubbling CO2 reduction systemwas used
in this work (Fig. 2a and Supplementary Figs. 7, 8, details in Supple-
mentary Text), which is expected to increase the surface coverage
of CO2 and related intermediates. According to numerical simulation
results (details in Supplementary Text), solubility of CO2 reached
0.95M under 40 atm (4MPa, Fig. 3a). CO2 molecules dissolved
in water will form H2CO3 that can dissociate to obtain protons, thus
an increasing amount of dissolved CO2 will lower the bulk and
local pH of the electrolyte (Fig. 3c, d). For example, the bulk pH
changed from 6.8 at 1 atm CO2 pressure to 5.4 at 40 atm CO2 pres-
sure (Fig. 3c).

The CO2RR was then performed using a three-electrode config-
uration with 40 atmCO2 pressure (details in “Methods”, some typical
gas chromatography, and 1H-NMR spectra are shown in Supplemen-
tary Figs. 9–11). CH3OH is the dominant liquid product under all
potentials (Fig. 2b, typical calculations of 1H-NMR quantification
are provided in Supplementary Text). As the potential decreases to
−1.1 V vs. the standard hydrogen electrode (SHE, corresponding to
−0.8 V vs. the reversible hydrogen electrode (RHE)), the selectivity of
CH3OH reaches 80.4% (corresponding to a turnover frequency of
2.2 × 10−2 s−1 and a turnover number of 238.6, assuming all the sup-
ported Mo2C particles as active sites). At high overpotentials, the
selectivity of CH4 gradually increased, indicating that it is easier to
generate CH3OH than CH4 on the Mo2C/N-CNT surface under high
CO2 pressure conditions (vide infra). Such a catalyst exhibits a high
selectivity for CH3OH together with a reasonably large current den-
sity (>4mA/cm2), which is an improved performance compared with
previously reported systems for CH3OH production at ambient
temperature and pressure (Supplementary Table 1). Compared with
other well-designed Mo-based catalysts26–28, the catalyst synthesized
in this work is a heterogeneous catalyst, which can provide abundant
non-isolated sites for intermediates adsorption. At the same time,
an aqueous electrolyte was used to maximize the availability of
protons needed for the continuous hydrogenation of intermediates
to CH3OH.

However, the selectivity of CH3OH decreases significantly at
ambient pressure (Fig. 3a), which may be due to the decrease of local
concentration (surface coverage) of active carbon species (i.e., CO2,
CO) at ambient pressure (Supplementary Figs. 12, 13). According to the
DFT calculations (vide infra), the Mo2C/N-CNT surface exhibits a low
*CO desorption free energy (Supplementary Table 2). When the reac-
tion pressure decreases, *CO desorbs easily, leading to an increase in
the selectivity of CO. During the 800min test under 40 atm pressure,
the current density of Mo2C/N-CNT remained almost unchanged but
was accompanied by a gradual increase in H2 selectivity (Fig. 2c). In
addition, the average CH3OH production rate corresponding to dif-
ferent reaction timeswasgradually decreasing (Supplementary Fig. 14)
with the final CH3OH FE (68.5%) being nevertheless higher than 80% of
theoptimal value (80.4%).TheTEMresults (SupplementaryFigs. 15, 16)
show that the crystal structure of the used Mo2C/N-CNT catalysts
remains unchanged, but the content of the Mo element is reduced.
Such results indicate that the decrease in stability mainly originates
from the exfoliation of the particles. Enhancing the binding between
the particles and CNT substrate is needed to improve the catalytic
stability in the future.

Control experiments were further performed to ascertain that
CH3OH was electrochemically formed on Mo2C sites through CO2

reduction. Firstly, N-CNT supported metallic Mo particles were pre-
pared (referred to asMo/N-CNT, details in “Methods”). The TEM image
shows the existence of uniformly dispersed Mo particles with a d-
spacing of 0.22 nm, corresponding to the Mo(110) plane (Supple-
mentary Fig. 17). Catalytic performance tests using pure CO2 at 40 atm
show that the high CH3OH selectivity could not be obtained without
Mo2C as themain product ofMo/N-CNT is hydrogen (Fig. 2d). Besides,
the contribution of the N sites to CH3OH formation could be elimi-
nated based on the fact that bare N-CNT only produces CO as the
carbonaceous product (Supplementary Fig. 18), which is consistent
with previous reports29. At the same time, the extremely high HER
performance of raw CNT prevents it from producing CH3OH (Sup-
plementary Fig. 19). However, once the Mo2C particles are loaded on
the raw CNT (details in “Methods”), the CH3OH selectivity of this
combination (referred to as Mo2C/raw-CNT) will increase as expected
(Fig. 2e), even though the selectivity is limited by the agglomeration of
Mo2C particles on the raw CNT due to the lack of N sites (Supple-
mentary Fig. 20). The reduction of 13CO2 was also carried out using the
Mo2C/N-CNT catalyst. The results of 1H-NMRand 13C-NMR showed that
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only 13CH3OH was produced (Supplementary Figs. 21, 22), ruling out
the contribution from impurities. In addition, no carbonaceous pro-
ducts were detected in control experiments where Ar was introduced
as the only gas supply (Supplementary Fig. 23). These results suggest
that CH3OH is mainly produced on theMo2C sites in theMo2C/N-CNT,
whileN sites promote dispersion and control the particle size ofMo2C.
Notably, it is temporarily unable to provide clear evidence to deter-
mine whether the Mo–N interface acts as the active site for CO2

reduction to CH3OH in this study. Considering that the samplewithout
N species still showed the ability to produce CH3OH, while the Mo2C
sites are more abundant than Mo–N sites, it is speculated that the
catalytic role of Mo2C might be greater than that of Mo–N. Mo–N

models need to be constructed for theoretical calculations in the
future work to predict the catalytic effect of the interface.

Orbital hybridization assisted pathway control
To explore the possible reaction pathways on the Mo2C/N-CNT sur-
face, the CO reduction reaction (CORR) was first performed under
40 atmCO,whichwouldbring ahigher *COcoverage compared to that
in CO2 reduction. However, the selectivity of CH3OH under CO
reduction conditions is much lower than that in CO2RR (Fig. 4a).
Meanwhile, the results of 13CO reduction verify that CH3OH is indeed
derived from CO reduction (Supplementary Fig. 24). Such a phenom-
enonmay result from the weak adsorption of *CO on theMo2C/N-CNT
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surface and the low solubility of CO in electrolyte (ca. 1mM at ambient
pressure)30. For this reason, the desorption-free energy of *CO was
calculated (Supplementary Table 2, the selection of the computational
model is shown in the analysis below). It is found that the desorption-
free energy of *CO on the surface of Mo2C/N-CNT is significantly
reduced, which not favors the subsequent conversion of *CO on the
Mo2C/N-CNT surface. Thus, it is possible that intermediates with
stronger binding than *CO may indeed exist, which would potentially
induce a new reaction pathway for CH3OH generation. According to
the literatures, CH2O is another key intermediate for obtainingCH3OH.
Next, a small amount (about 100mM) of CH2O (CH3OH-free) was fed
into the electrolyte to perform the CO2RR under high-pressure
conditions31. Due to the presence of both Mo-based sites and N sites
in the Mo2C/N-CNT sample, the interference of N sites on CH2O
reduction was avoided by using raw CNT to support Mo2C

32. Even
though Mo2C particles may agglomerate on the raw CNT surface, this
catalyst is still able to reduce CH2O to generate CH3OH as the main
carbonaceous product (Fig. 4b). Considering that the selectivity of
formate did not increase significantly, it indicates that the increased
CH3OH selectivity indeed originates from the catalytic reduction
reaction instead of the Cannizzaro disproportionation of CH2O

33. The
above results suggest that CH2O* may be an intermediate in the gen-
eration ofCH3OHon the surfaceofMo2C/N-CNT,whichmaypresent in

bothCO2 reduction andCO reductionprocesses.However, as themain
competing product of CH3OH, the selectivity of CH4 showed a differ-
ent trend as compared to that of CH3OH. Under the conditions of CO
reduction, no significant loss of CH4 selectivitywasobserved,while the
selectivity of CH4 was not promoted by the addition of CH2O. There-
fore, in the process of CO2 reduction, the formation of CH4 on the
surface of Mo2C/N-CNT may mainly undergo the CO pathway.

To explore the potential reaction intermediates on the Mo2C/N-
CNT surface, in situ attenuated total reflectance-surface enhanced
infrared absorption spectroscopy (ATR-SEIRAS) was further applied
(details in “Methods”). In order to simulate the electrolyte pH under
high pressure as much as possible, 0.1M potassium phosphate buffer
wasused as the electrolyte (pH~5.9). The phosphate species are proven
to not exhibit characteristic adsorption on the catalyst surface under
reaction conditions and will not affect the pathway of CH3OH
formation34. No obvious absorption peak of *CO stretching vibration is
detected between 1800 and 2100 cm−1 on the Mo2C/N-CNT surface
(Fig. 4d, left column), implying that the *CO binding on the Mo2C/N-
CNT surface is not strong, which is consistent with the DFT calculation
(Supplementary Table 2). However, three main peaks can be observed
between 1300 and 1600 cm−1 (Fig. 4d, right column) on the Mo2C/N-
CNT surface. The band at about 1437 cm–1 may be due to the asym-
metric O–C–O stretching (νas(OCO)) mode of bridge-bonded
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formate35,36, which is close to that predictedbyour calculations (details
in Supplementary Table 2), suggesting the presence of an *OCHO*
intermediate on the Mo2C/N-CNT surface. The band at around
1377 cm–1 is assigned to the C–Hbending (δ(CH)) vibration of the same
species35. The broad peak locates around 1653–1640 cm–1 belongs to
the bending mode of interfacial water. The infrared spectra of Mo/N-
CNT are quite different from that of Mo2C/N-CNT. An obvious peak
around 2051 cm–1 appears at −0.75 V vs. SHE (Fig. 4e, left column),
which is assigned to the atop-bonded CO (COL) on the Mo/N-CNT
surface37 and the redshift of this band with the potential negatively
shifting from −0.5 to −1.5 V vs. SHE is ascribed to the Stark tuning
effect38. A single peak near 1361 cm–1 (Fig. 4e, right column) may cor-
respond to the vibration of a species that rarely exists on the surfaceof
Mo2C/N-CNT. According to the previous researchers, it is most likely
derived from the symmetric O–C–O stretching (νs(OCO)) mode of

absorbed *COOH intermediate35,39, (details in Supplementary Table 3),
which can selectively produce CO after the further proton-coupled
electron transfer process. Further measurements at atmospheric
pressure also show similar results, i.e., a decrease in *CO coverage and
an increase in *OCHO* coverage on the Mo2C/N-CNT surface (Sup-
plementary Figs. 26, 27). Thus, the IR spectral results illustrate that
formyl might exhibit a higher coverage on the Mo2C/N-CNT surface
than on the Mo surface, suggesting that CO2 could obtain CH3OH via
the formyl intermediate (referred as formyl pathway), which can be
attributed to the possible oxophilic nature of the catalyst introduced
by the formation of Mo-based carbides.

Theoretical calculations were further performed to accurately
obtain the adsorption energies and adsorption configurations of the
intermediates. According to previous studies, oxides do not possess
CO2 reduction activities, thus the oxides present on the surface are
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Fig. 4 | Mechanism exploration of the reaction of CO2 reduction to CH3OH.
a Product distributions of Mo2C/N-CNT after 1 h CORR under 40 atmCO at various
potentials (potassiumphosphate buffer, pH ~ 5.4).b Product distributions ofMo2C/
raw-CNT after 1 h CH2O reduction with 0.1M potassium phosphate buffer (con-
taining 100mM CH3OH-free CH2O) as electrolyte under 40 atm Ar at various
potentials. c Product distributions of Mo2C/N-CNT after 1 h HCOOH reduction
under 40 atmAr at various potentials. In-situ ATR-SEIRAS spectra ofdMo2C/N-CNT

and e Mo/N-CNT. f The Gibbs free-energy diagrams of CO2 to CH3OH on the
hydroxyl modified Mo2C/N-CNT surface at 0 V vs. RHE. g The favorable reaction
intermediate configurations on the hydroxyl modifiedMo2C/N-CNT surface, where
the adsorbed hydroxyl is removed to clarify the adsorbate configurations. Error
bars represent the standard deviation from at least three independent measure-
ments. The a.u. stands for arbitrary units.
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spectators40. In addition, considering that oxides are rarely present on
the surface, they are unlikely to be the main active center. Since the
Mo2C/N-CNT surface features surface adsorbed oxygen after passiva-
tion, hydroxyl (*OH) might be present on the Mo2C/N-CNT surface
under the reaction conditions of aqueous solution41, despite the
absence of oxides. According to our calculations, we found that under
the reaction conditions (−0.1 V vs. SHE), the most stable hydroxyl
coverage of the surface is 1/8ML (Supplementary Fig. 28, detailed
analysis can be found below). It is noteworthy that the calculated
hydroxyl coverage is lower than that measured by XPS (the atomic
ratio of O to Mo is around 1:1), probably due to the unavoidable oxi-
dation during sample transfer and oxygen loss under reduction con-
ditions, thus in-situ (operando) characterizations are highly required in
the future. Therefore, bare Mo2C(101), hydroxyl modified Mo2C(101),
and bare Mo(110) were used as model structures for calculation (the
extendedMo2C slab model can be found in Supplementary Fig. 29). In
terms of thermodynamics (Fig. 4f, g and Supplementary Figs. 30, 31),
the hydroxyl modified Mo2C surface (related to Mo2C/N-CNT) prefers
to absorb *OCHO* intermediate (bidentate adsorption configuration
with two oxygen atoms bound on the surface) rather than the *COOH
intermediate (atop adsorption configuration with only one carbon
atombound on the surface), thus CO2 prefers to convert to *OCHO* at
beginningof the reaction. In addition, according to the results of in situ
ATR-SEIRAS and DFT calculations, *CO may easily desorb from the
Mo2C/N-CNT surface (i.e., the hydroxyl-modified Mo2C(101)), which is
not favorable for subsequent conversions. After the *OCHO* forma-
tion, it can be reduced to obtain the H2C*O*OH intermediate, which
undergoes further reaction to yield CH2O* andCH3OH

33. In this regard,
the reduction of HCOOH was carried out in the Ar atmosphere at
40 atm to explore the presence of H2C*O*OH (potassium phosphate
buffer with 100mMHCOOH, pH~5.4)42. AlthoughCH3OHwas obtained
(Supplementary Fig. 32), the selectivity of CH3OH was rather low
(Fig. 4c), probably due to the low concentration of free HCOOH
molecules in the electrolyte at such pH conditions.13C-labeled HCOOH
reduction verified that the detected trace amounts of CH3OH were
indeed from *HCOOH reduction (Supplementary Fig. 33). Further
calculations also confirm that HCOOH molecules can be adsorbed on
the surface and converted to H2C*O*OH (Supplementary Table 4).
However, the high thermodynamic potential for CO2 reduction to
HCOOH hinders the production of HCOOH during CO2 reduction
(Supplementary Fig. 34). Thus, H2C*O*OH should be an intermediate
for CO2 reduction and is mainly obtained from the stepwise hydro-
genation of *OCHO*. Considering that CH4 is the most important
competing product of CH3OH, the free energies to obtain CH4 and
CH3OH were also compared (Fig. 4f and Supplementary Figs. 30, 34).
According to previous reports, CH4 obtained via the CO pathway may
involve intermediates such as *CHO, *CH, and *CH2

10. Our calculations
show that the predicted limiting potentials (UL, the onset potential) of
CH4 is higher (UL = −1.04 V vs. RHE) than the hydrogenation of CH2O*
to obtain CH2*OH (UL = −0.73 V vs. RHE), explaining the experimental
phenomenon that CH4 is less selective than CH3OH. The higher free
energy to CH3OH production on the bare Mo2C surface (Supplemen-
tary Figure 35) compared to the hydroxyl modified Mo2C, along with
its lowerUL for CH4 production (UL = −0.90V vs. RHE) than for CH3OH
production (UL = −1.21 V vs. RHE), confirms our hypothesis that the
active phase is the hydroxyl-terminated surface. This could be due to
the transfer of electrons fromMo sites to hydroxyl groups, resulting in
a lower electron density at the Mo site. Specifically, Bader charge cal-
culations suggesting a 0.65 e transfer of Mo site to hydroxyl. Mo sites
with decreased electron density weaken the adsorption to key inter-
mediates, thus tunes the thermodynamic potential of the elementary
reaction step (Supplementary Table 5). However, on the bare Mo
surface, due to the high free energy for H2C*O*O formation (Supple-
mentary Fig. 36), it is difficult for Mo to generate CH3OH from CO2RR
through the formyl pathway. However, it is worth noting that although

the current calculations have provided much valuable information,
more precise electrolyte–electrode interface models still need to be
developed to gain deeper insights.

Further, the enhancement of oxygenbondingon theMo2C/N-CNT
surface was also emphasized by using single atom oxygen adsorbents
(*O) as the probe for calculation. As would be expected, the oxygen
bonding strength (Supplementary Fig. 27) on the Mo2C surface is sig-
nificantly improved upon the hybridization between Mo and carbon
atoms, which is favorable to enhance the adsorption energy of inter-
mediates bound by oxygen atoms, therefore promoting the formation
of such intermediates, avoiding the loss of oxygen atoms and elevating
the selectivity of oxygenates (e.g., CH3OH). Moreover, to verify the
possibility of *OH presence under the reaction conditions, we have
calculated the free energy of *O to *OH and *OH to H2O, respectively,
which indicates that *OH could be readily generated under electro-
chemical conditions (Supplementary Fig. 27).

In order to verify the existence of hybridization and to rationalize
the oxophilic property due to hybridization, the electronic structure
(density of states, DOS) of Mo2C was also calculated. Unlike the simi-
larity of the metal projected d states betweenMo2C andMo, the metal
projected sp states of the Mo2C undergo a significant transition from
the parent Mo (Supplementary Fig. 37), i.e., the appearance of a
dominant splitting of the Mo2C sp states into bonding states around
−10 eV. Thus, the splitting of Mo2C sp states suggests the existence of
hybridization between Mo d and carbon s states14, making possible a
significant contribution of Mo2C sp states in the change of adsorbate-
surface binding energy, which explains the enhanced oxygen bonding
of Mo2C, consistent with the previous findings14.

Discussion
In summary, this work proposes a strategy to control the adsorption
energy of CO2 reduction intermediates using metal-carbon hybridiza-
tion, which facilitates the formation and conversion of oxygen-bound
intermediates by enhancing the adsorption energy of oxygen atoms.
According to the calculation of electronic structure, the hybridization
between the metal (Mo) d states and the carbon s states is supported
by the sp states splitting of the resulting catalysts (Mo2C). This hybri-
dization allows the sp states to work with d states in the control of the
adsorption of intermediates. In situ ATR-SEIRAS combined with theo-
retical calculations suggest the potential existence of a new CH3OH
formation pathway, i.e., CH3OH may be obtained via the formyl path-
way (determined by oxygen-bound intermediates) alongside the CO
pathway (determined by oxygen-bound intermediates), thus facilitat-
ing the conversion of CO2 to CH3OH. Finally, following the optimiza-
tion of the adsorption configurations of the intermediates, the FE of
CH3OHreached80.4%. Froma thermodynamic point of view, thiswork
presents a new approach to activate the sp states of catalysts via the
hybridization of different electron states, which could realize tunable
control of the adsorption mode of intermediates to inhibit extra oxy-
gen loss for enhanced oxygenates generation. In addition, through
increasing the reaction pressure, the coverage of CO2 and *CO on the
catalyst surface was elevated to facilitate the reaction efficiency.
However, it is worth clarifying that the strong oxygen binding
leads to high thermodynamic barrier in some reaction steps
(CH2O*→CH2*OH), thus a more negative applied potential is required.
Future optimization of intermediate adsorption through element
doping may be needed. Since the formyl pathway is an effective
pathway that may inhibit CH4 production, the conversion of CO2 to
formyl would be hindered if *CO occupies excessive sites. Therefore,
the reaction pressure also deserves further optimization. It is parti-
cularly noteworthy that the formyl pathway still requires more
experimental and computational evidence than the currently well-
accepted CO pathway. For example, future kinetic isotope effects
could be explored, time-resolved vibrational spectroscopy should be
used, more accurate electrode–electrolyte interfaces need to be
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established, and reaction kinetic barriers should be calculated. In
conclusion, this paper provides an initial result that exhibits a key step
to overcome the bottleneck in the electrical production of oxygenated
products.

Methods
Sample preparation
Activation of the raw carbon nanotube (CNT): 2 g CNT was firstly dis-
persed in 200mL of 60 wt.% HNO3 solution under ultrasonication for
60min. Then, the refluxing was carried out in an oil bath at 120 °C for
9 h. Finally, the turbid liquid was centrifuged, washed with ultra-purity
water to neutral pH, and dried at 60 °C.

Synthesis of the N doped CNT (N-CNT): The treated CNT was
mixed with urea with a mass ratio of 1:10, and then heated up in a tube
furnace to 800 °C under a gas flow of 80 standard cubic centimeters
perminute (sccm)N2 andmaintained for 1 h, obtaining thefinalN-CNT.

Synthesis of the Mo2C anchored N-CNT (Mo2C/N-CNT): In a typi-
cal synthetic process, N-CNT suspension was prepared by adding 0.1 g
N-CNT to 100mLdeionizedwaterwith the aid of sonication for 1 h, and
then 10mL ammonium molybdate aqueous solution (2.5mg/mL) was
added dropwise into N-CNT suspension under the vigorous stirring
overnight and then centrifuged to collect the products and dried at
60 °C. The as-prepared powder was further calcined at 600 °C for 2 h
under a gasflowof80 sccmN2. Theobtainedblack powerwasMo2C/N-
CNT. After cooling down, the sample was in-situ passivated at room
temperature in a flow of 1 vol % O2 in N2 for 0.5 h (250mL/
(min·gcat))

22,43. After synthesis, the sample was transferred within 30 s
to an Ar-filled sample tube, which was then transferred to an Ar-filled
self-sealing bag and sequentially wrapped into four additional Ar-filled
self-sealing bags (each step was completed within 30 s). The above
wrapped samples were then quickly transferred to the glove box. The
samples were stored in a glove box. The Mo2C/raw-CNT was obtained
using the same synthesis method except replacing N-CNT with CNT.

Synthesis of Mo anchored N-CNT (Mo/N-CNT):20 In a typical syn-
thetic process, N-CNT suspensionwas prepared by adding 0.1 g N-CNT
to 100mL deionized water with the aid of sonication for 1 h, and then
10mL ammonium molybdate aqueous solution (2.5mg/mL) was
added dropwise into N-CNT suspension under the vigorous stirring
overnight and then centrifuged to collect the products and dried at
60 °C. The as-prepared powder was further calcined at 800 °C for 8 h
under a gas flow of 100 sccmH2. The obtained black power wasMo/N-
CNT. The samples were then quickly transferred to a glove box for
storage according to the transfer method described above.

Preparation of the catalysts ink: Typically, 10mg of sample and
40μL of Nafion solution (5wt%, Dupont) are dispersed in 5mL of
ethanol solution in a glove box. Then it is rapidly transferred to the
Ultrabath Sonicator (LTB-500), and the well-dispersed ink is obtained
by sonication for 1 h.

Preparation of the working electrode: 500 µL of the ink was then
drop casted onto a 1.5 × 1 cm2 polytetrafluoroethylene-treated carbon
paper (TorayTGP-H-060, ~190μm, Fuel Cell Store) to cover an area of 1
× 1 cm2 (catalyst mass loading, 0.5mgcm−2). The prepared electrodes
were fully dried using an infrared lamp. The above steps are all per-
formed in the glove box. Finally, the prepared electrodes were quickly
assembled into the reactor.

Preparation of the 0.1M KHCO3 electrolyte: For the CO2 reduc-
tion, a 0.05M K2CO3 solution was firstly prepared using 18.2MΩ ultra-
purity water and K2CO3 powder. Metallic impurities in the as-prepared
solution were then removed by chelating the solution with Chelex®
100. Finally, this solution was bubbled with pure CO2 at a rate of
10 sccm for at least 30min to obtain the final 0.1M KHCO3 electrolyte.

For the Ar reduction, a 0.1M KHCO3 solution was prepared using
18.2 MΩ ultra-purity water and KHCO3 powder. Metallic impurities in
the as-prepared solution were then removed by chelating the solution
with Chelex® 100.

For the 13CO2 reduction, 0.05M
13C-labeled K2CO3 was used as the

electrolyte. This solution was bubbled with pure 13CO2 at a rate of
10 sccm for at least 30min to obtain the final 0.1M 13C-labeled KHCO3

electrolyte.

Characterizations
TEM, High-resolution TEM (HRTEM) images were obtained at 200 kV
(JEOL JEM-2100F). The crystal structure was determined by X-ray
Diffractometer (XRD, Bruker D8 Focus) with Cu Kα radiation
(λ = 1.54056Å) at 40 kV and 40mA. XRD spectra were collected over a
2θ range of 10–80° at a scanning speed of 8°/min XPS analyses of
precatalystswere carried out on aThermoScientific™K-Alpha+ system
with an Al Kα X-ray source (1486.6 eV). For the XPS test, a vacuum
transfer module (Thermo Scientific™) was used for moving air-
sensitive samples from a glove box to the system. The binding
energy was calibrated using the C 1s photoelectron peak at 284.8 eV as
the reference. Raman spectroscopy was performed with a confocal
Ramanmicroscopy system (LabRAMHR Evolution, Horiba Jobin Yvon)
with a Linkam’s CCR1000 stage. A 532 nm laser served as the excitation
source. An air objective (Olympus MPlan N, 50×, numerical aperture =
0.75) was used for measurements. The laser power was about 4mW.
Each presented spectrum is an average of 6 continuously acquired
spectra with a collection time of 10 s each.

In-situ ATR-SEIRAS measurements: In-situ ATR-SEIRAS was per-
formed with an ATR configuration. Au nanofilms were deposited
directly on the reflecting plane of a Si prism using a modified elec-
troless chemical depositionmethodoutlinedbyXuet al.44. The catalyst
was sprayed onto the surface of Au nanofilms. The spectro-
electrochemical cell was home designed to suit an elevated reaction
pressure (around 3 atm). Although the reaction pressure has deviated
from the most suitable value for CH3OH formation, resulting in a
decreased CH3OH product selectivity (the Mo2C/N-CNT still shows
enhanced CH3OH production performance than the Mo/N-CNT), the
adsorption of critical intermediates on the catalysts surface is still
present, thus the ATR-SEIRAS could still be used to detect inter-
mediates on different surfaces. The counter electrode (a graphite rod)
was separated from the working and reference electrodes, i.e., the
catalyst film and a home-designed saturated Ag/AgCl electrode with a
salt bridge (saturated KCl solution, Supplementary Fig. 38, customer
designed), respectively, with a piece of a bipolar membrane (Fumasep
FBM, Fumatech). The stirring effect within the cell is from the rotation
of a magnetic stirring bar. This cell is integrated into the FTIR (is10,
Nicolet) spectrometer with a modified accessory at a 60° incident
angle (VeeMax III, PIKE Technology). All spectra were collected with a
4 cm−1 resolution. Spectra are presented in absorbance, with positive
and negative peaks showing an increase and decrease in signal,
respectively. The background was taken at open circuit potential in Ar
saturated electrolyte for each electrode. Electrochemical measure-
ments are carried out with a potentiostat (VERTEX. ONE. EIS, IVIUM).

Analysis of Ar/CO2/CORR products
For the CO2RR, gas products were quantified using an online gas
chromatography system (GC7890B, Agilent Technologies, Inc.). The
thermal conductivity detector (TCD) connected to a MolSieve 5A
packed column (Agilent Technologies, Inc.) to detect H2 and a flame
ionization detector (FID, referred as to FID 1) connected to a PorapakQ
packed column (Agilent Technologies, Inc.) to detect CO. A methani-
zer was installed to enable FID 1 to detect CO with 1000 times higher
sensitivity. Another FID (referred as to FID 2) connected to anHP-PLOT
Al2O3 capillary column (Agilent Technologies, Inc.) to detect hydro-
carbons (C2H4 and C2H6). Ar was used as the carrier gas.

For theCORR, the sameGC (GC7890B, Agilent Technologies, Inc.)
is used, but the valve switching time and the temperature of the
methanizer need to be optimized. In order to avoid the poisoning of
the MolSieve 5A column and to avoid the coke formation in the
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methanizer, the methanizer temperature should be lowered to room
temperature and the valve should be switched in advance for back-
flushing before the CO enters the MolSieve 5A column, thus enabling
the detection of H2 using TCD and the detection of hydrocarbon
products using the FID 2 (such an operation can make the FID 1 with
almost no signal). The measurements were made over the course of
sevenGC injections (intervals of 720 s between adjacent injections). To
ensure that the reported data is from a system under equilibrium
conditions, onlymeasurements obtained from the 4th to 7th injections
were used for analyses.

The reduction of HCOOH/CH2O was carried out under Ar atmo-
sphere. The highly volatile CH2O was cooled to 6 °C in a refrigerator,
together with a pipettor. Then CH2Owas added to the electrolyte with
the cold pipettor of the same low temperature (~ 6 °C). The transfer of
CH2O sample from the ampoule to the reactor waswithin 30 s to avoid
the oxidization and polymerization of CH2O.

The quantitative analysis was conducted using calibration curves
obtained by a series of standard gas mixtures (Messer Group). The
standard gas uses CO2 as a balanced component. Themixture includes
H2 (299.1 ppm, 1047 ppm, 18376.3 ppm, 2.01%), CO (103 ppm, 199.5
ppm, 994.9 ppm, 998.6 ppm), CH4 (20 ppm, 198.1 ppm, 500.4 ppm,
9917.4 ppm), C2H4 (20 ppm, 99.4 ppm, 487.5 ppm, 1001.6 ppm) and
C2H6 (19.9 ppm, 99.0 ppm, 521.2 ppm, 968.2 ppm). The peak areas of
the gas phase products were converted to mole concentration using
calibration curves.

The liquid products were collected from the cathode and anode
chambers after electrolysis and analyzed by headspace gas chroma-
tography (HS-GC) and 1H-NMR. HS-GCmeasurements were carried out
using a BCHP HS-2 Headspace Sampler with GC2060 gas chromato-
graphy (Shanghai Ruimin Instrument Co., Ltd.). Typically, 10mL vials
were filledwith 3mLof the liquid sample and sealed. Theywere heated
to 70 °C over 20min in the headspace sampler and 1mL of the head-
space gas composition was automatically injected into the GC. The
sample loop (110 °C) and transfer line (110 °C) were both heated to
avoid condensation. N2 was used as the carrier gas. An HP-INNOWax
capillary column (Length: 60m; ID: 0.32mm; Film: 0.5 μm, Agilent)
was used to separate the compounds in the sample. The peak area of
methanol was converted to mole concentration using calibration
curves that were obtained using methanol standard solution (10mg/
mL, purchased from Beijing Yihuatongbiao Tech. Co., Ltd., and has
been certified by the China National Institute of Metrology) diluted
withH2O to different concentrations (0.1, 1, 5, 10, 20mM). 1H-NMRwas
performed using AVANCE IIITM HD 400MHz NanoBAY with solvent
(H2O) suppression. Inverse gated decoupling technology is used
unless otherwise stated. 400μL of electrolyte was mixed with 100μL
of a solution of 10mM dimethyl sulfoxide (DMSO) and 50mM phenol
in D2O as internal standards for the 1H-NMR analysis. The internal
standards, phenol and DMSO, were chosen because they did not
interfere with peaks arising from CO2 reduction products and because
of their non-volatility which allowed for use and storage of the same
internal standards solution for all of the product measurements
without appreciable change in concentration. The area of product
peaks to the right of thewater peakwas compared to the area ofDMSO
(at a chemical shift of 2.6 ppm), and the area of product peaks to the
left of the water peak was compared to the area of phenol (at a che-
mical shift of 7.2 ppm)45. To avoid the loss of highly volatile species
(e.g., CH3OH), all electrolytes containing liquid products are stored in a
refrigerator (2–8 °C).

An uncompensated resistance (Ru) was determined by poten-
tiostatic electrochemical impedance spectroscopy (EIS) and was
compensated to 85% using the potentiostat. The EIS was operated
under open-circuit voltage with a frequency ranging from 105 to
0.01 Hz. All the reported cell voltages were corrected by the mea-
sured internal resistance loss under each specific test unless other-
wise stated.

Computational methods
Geometry optimization andDFT calculations were carried out with the
Vienna Ab initio Simulation Package (VASP)46. The calculations
employed the generalized-gradient approximation (GGA) in the form
of the Bayesian error estimation functional with van der Waals
corrections47. The cut-off energy is 400 eV. The interactions between
the atomic cores and electrons were described by the projector aug-
mented wave method48. Optimized geometries were found when the
force on each relaxed atom was less than 0.02 eV·Å–1.

In our work, we used the β-hexagonal Mo2C phase, consistent
with our XRD results (Fig. 1e). Considering that no uniformmodel for
β-hexagonal Mo2C is available, we employed the structure which Jiao
et al. proposed49. (3 × 3 × 1) Monkhorst-Pack grid K-points were used
for (1 × 2) of Mo2C (101) with 4 layers and (4 × 4)-Mo (110) with 4
layers. Optimized geometries were found when the force on each
relaxed atom was less than 0.02 eV·Å–1 (details in Supplementary
Table 6). The free energy for intermediate was calculated as ΔG =
ΔE +ΔZPE – TΔS, where ΔE is the reaction energy change from DFT
calculations, ΔZPE is the change of zero-point energies (ZPE) which
is calculated with the vibrational frequencies of absorbates and
molecules (details in Supplementary Table 7), and ΔS is the entropy
change in the reaction12. T is temperature and is set to 298 K. For
adsorbates, the entropy was calculated with Harmonic oscillator
approximation (details in Supplementary Table 7)12. The computa-
tional hydrogen electrode (CHE) model was employed to determine
free energies of intermediates. Solvation corrections are conducted
according to the work of Calle-Vallejo and co-workers (details in
Supplementary Table 8)50.

Data availability
The data generated in this study are provided in Supplementary
Information and Source Data file. Source data are provided with
this paper.

Code availability
All codes are available upon reasonable request.
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