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Abstract: Methanol is a very useful platform molecule and
liquid fuel. Electrocatalytic reduction of CO, to methanol is
a promising route, which currently suffers from low efficiency
and poor selectivity. Herein we report the first work to use
a Mo-Bi bimetallic chalcogenide (BMC) as an electrocatalyst
for CO, reduction. By using the Mo-Bi BMC on carbon paper
as the electrode and 1-butyl-3-methylimidazolium tetrafluor-
oborate in MeCN as the electrolyte, the Faradaic efficiency of
methanol could reach 71.2% with a current density of
12.1 mAcem™, which is much higher than the best result
reported to date. The superior performance of the electrode
resulted from the excellent synergistic effect of Mo and Bi for
producing methanol. The reaction mechanism was proposed
and the reason for the synergistic effect of Mo and Bi was
discussed on the basis of some control experiments. This work
opens a way to produce methanol efficiently by electrochemical
reduction of CO,.

COZ is a cheap, abundant, and safe carbon resource, and its
transformation into valuable chemicals and fuel has received
much attention.?) CO, conversion can be achieved by
chemical methods, electrochemical reduction, and photo-
catalytic reduction.”* The electrochemical reaction system is
compact, modular, and the efficiency can be easily controlled
by different parameters, such as electrode materials, electro-
lytes, and applied potentials.”) The electrochemical reduction
of CO, can proceed through two-, four-, six-, and eight-
electron reduction pathways in different electrolytes over
metals, metal complexes, and non-metallic electrodes, and the
major products are CO,'*! formic acid/formate,'*"? oxalic
acid/oxalate,’®! methanol,™¥ CH,,!*% C,H,,*" acetic acid/
acetate,'"™ as well as others.

Methanol is very important platform molecule for pro-
ducing different chemicals and can also be used as fuel.>1*?’]
Some electrocatalysts, such as RuO,-TiO,, Ru/Cu, Cu and
Mo, have proven to be effective for methanol production in
CO, electrochemical reduction under mild conditions. 142!
Pyridinium and its substituted derivatives are also active and
stable homogeneous electrocatalysts to obtain methanol.?**l
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However, because electrochemical reduction of CO, to
methanol deals with slow kinetics of multiple electron
transfer, it is very difficult to achieve a high Faradaic
efficiency of methanol formation, and the Faradaic efficien-
cies of all the routes reported up to date can only reach 40 %
with reasonable current density (Supporting Information,
Table S1). The unsatisfactory selectivity and high cost of
electrodes are the main hindrance towards the industrial
breakthrough of the processes. New heterogeneous catalysts
are needed to advance this field.

Transition-metal  dichalcogenides (TMDCs) have
attracted significant interest owing to their fascinating
mechanical, electrical, and optical properties.’>*) As a repre-
sentative material, MoS, has been widely used as efficient
catalysts for hydrogen evolution, oxygen reduction, and
hydrodesulfurization.®*?! At present, there is a consensus
that the MoS, catalytic activity originates mainly from the
unsaturated S atoms along its edges. Increasing the number of
exposed active sites on the edges and improving the electrical
conduction are effective ways to enhance the electrocatalytic
efficiency of MoS,.*? Introduction of doped atoms into MoS,
may achieve this goal.

Herein we prepared different bimetallic chalcogenides
(BMCs) and the BMCs on carbon paper (CP) were used as
the electrodes for CO, electrochemical reduction to meth-
anol. It was discovered that the Mo-Bi BMC/CP electrode
was the most efficient when ionic liquid (IL), 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim]|BF,) in MeCN
was used as the electrolyte, and methanol was the only liquid
product. The Faradaic efficiency of methanol production
could reach 71.2% with a current density of 12.1 mAcm 2,
which is much higher than those reported in the literature. In
addition, the reaction pathway was studied on the basis of
control experiments.

The electrode materials were prepared via one-pot
solvothermal reaction using ammonium tetrathiomolybdate
and the other salt as precursors. To prepare the electrode, the
BMCs with carbon black were suspended in ethanol with
Nafion D-521 dispersion (5 wt %) to form a homogeneous ink
assisted by ultrasound, which was spread onto carbon paper
(CP) to get the BMC/CP electrodes.

Figure 1 shows the characterization results of the Mo-Bi
BMC with Mo:Bi molar ratio of 1:1. Figure 1 A gives the
scanning electron microscopy (SEM) image of the Mo-Bi
BMC. The material has the sheet structure with an average
lateral size of about 300 nm as determined by dynamic light
scattering (DLS) method (Figure 1B). The corresponding
high-resolution transmission electron microscopy (HR-TEM)
image (Figure 1C) confirmed that both MoS, and Bi,S;
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Figure 1. Structural and elemental analysis of the Mo-Bi BMC nanosheets with Mo:Bi molar ratio
of 1:1. A) SEM image of the Mo-Bi BMC nanosheets. B) Size distribution (d =diameter) of the
Mo-Bi BMC nanosheets in MeCN determined by dynamic light scattering (DLS). C) HR-TEM
image of the nanosheets (scale bar: 2 nm). The white arrows show the crystal lattices of MoS,
and Bi,S;. Inset of (C) and D) corresponding elemental mappings of the Mo-Bi BMC nanosheets
(Inset of C: merged). The scale bar is 100 nm. E) and F) XPS spectra of Mo 3d;, (a), Mo 3d;,

2 (b), S 2s (c), Bi 4f;, (d), Bi 4f;, (e), and S 2p (f) orbits of the Mo-Bi BMC nanosheets.

crystal lattices existed in the nanosheets, where 0.34 nm and
0.27 nm belong to the (130) plane of Bi,S; and the (101) plane
of MoS,, respectively.’**! Elemental distribution mappings
further illustrate the co-existence of Mo and Bi elements
(Figure 1 D). X-ray photoelectron spectroscopy (XPS) spec-
tra (Figures 1 E and F) show the chemical nature of the Mo-Bi
BMC nanosheets, including the peaks belonging to Mo*"

(Mo 3ds,: 235.3 and 232.9 eV; Mo 3ds;,: 231.8 and
228.6 eV), Bi*" (Bi 4f5,: 164.2 and 159.4 eV; Bi 4f;,:
163.7 and 1583 eV), and S (S 2s: 225.6eV; S 2p:
161.6 eV).*%] The results provide direct evidence
that the nanosheets are composed of MoS, and Bi,S;.
The Mo 3d peaks also exhibit shifts compared to the
pure MoS, nanosheet, providing further evidence for
the strong interaction between MoS, and Bi,S;.

The present synthetic route could be extended to
the preparation of other BMC nanosheets. By
changing the guest metals Ag or Cu or without
guest metal, Mo-Ag BMC or Mo-Cu BMC or MoS,
nanosheets were prepared and the detailed charac-
terizations are given in the Supporting Information,
Figures S1-S3. The Mo-Ag BMC and Mo-Cu BMC
nanosheets had similar structures to that of the Mo-
Bi BMC.

The CO, reduction ability of the Mo-Bi BMCs
was first examined by performing cyclic voltammetry
(CV) measurements. The applied potential was
swept between + 0.8 and —1.4 V vs. standard hydro-
gen electrode (SHE) with a scan rate of 20 mVs™.
The experiments were conducted in a typical three-
electrode electrochemical H-cell using N, or CO,-
saturated MeCN containing 0.5M [Bmim]|BF, as an
electrolyte at ambient temperature, which is a com-
monly used electrolyte.” As shown in Supporting
Information, Figure S4, clear reduction peaks are
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observed for Mo-Bi BMC/CP (Mo:Bi
molar ratio 1:1), Mo-Ag BMC/CP
(Mo: Ag molar ratio 1:1), and Mo-Cu
BMC/CP (Mo:Cu molar ratio 1:1)
electrodes under CO, atmosphere,
whereas no reduction peak appears in
the absence of CO,, indicating electro-
chemical reduction of CO, on the
BMC/CP electrodes. The much
higher current density of the CO,-
saturated system than the N,-saturated
indicates the reduction of CO.,.
Controlled potential electrolysis of
CO, was performed at different
applied potentials between —0.5V
and —1.1V (vs. SHE) in CO,-satu-
rated MeCN containing 0.5M
[Bmim]BF, using a typical H-type
cell (Supporting Information, Fig-
ure S5), which was similar to that
used by other researchers.">"”! Under
the reported reaction conditions,
methanol was the only liquid product
as detected by nuclear magnetic reso-

nance (NMR) spectroscopy, and CO, CH,, and H, were the
gaseous products determined by gas chromatography (GC).
We also carried out experiment using labeled “CO,. The
NMR spectra of the product (Figure S6) indicated that only
BCH,0OH was produced, confirming that methanol was
derived from CO,. Figures 2 A-C show the current density
and Faradaic efficiency for methanol, CO, CH,, and H,
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Figure 2. The current density and Faradaic efficiency of the products at different
applied potentials over A) Mo-Bi BMC/CP electrode with Mo:Bi molar ratio 1:1,
B) Mo-Ag BMC/CP electrode with Mo:Ag molar ratio of 1:1, and C) Mo-Cu BMC/
CP electrode with Mo:Cu molar ratio of 1:1 in 0.5m [Bmim]|BF, MeCN solution
saturated with 1 atm CO, at ambient temperature with 5 h electrolysis. Curve (a)
is the current density; curves (b)—(e) are Faradaic efficiency of b) methanol,

c) CH,, d) CO, e) H,, production. D) The Faradaic efficiency of methanol produc-
tion and current density at —0.7 V (vs. SHE) as a function of [Bmim]BF, molar
concentration in MeCN (M: moleL™) over Mo-Bi BMC/CP electrode (Mo:Bi
molar ratio of 1:1) with electrolysis time of 5 h.
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production over the Mo-Bi BMC/CP, Mo-Ag BMC/CP, and
Mo-Cu BMC/CP electrodes at different applied potentials.

It can be seen from Figure?2 that for all the three
electrodes, the competitive hydrogen-evolution reaction
(HER) is weak at low potentials and CO, reduction is
prone to occur with the increasing applied potential. The
maximum Faradaic efficiency of methanol occurred at —0.7 V
(vs. SHE), but the performance of the Mo-Bi BMC/CP was
clearly better than that of the Mo-Ag BMC/CP and Mo-Cu
BMC/CP electrodes. The Faradaic efficiency of methanol
production could reach 71.2% over Mo-Bi BMC/CP elec-
trode with a current density of 12.1 mAcm 2 The highest
Faradaic efficiency of methanol reported in the literature was
55%, and the current density was only 0.05 mA cm~2! The
reported Faradaic efficiency of methanol of the electrode/
electrolyte systems with appreciable current density was
much lower (Supporting Information, Table S1). We also used
some other common supporting electrolytes in MeCN to
perform the CO, electrochemical reduction, but their per-
formances were not as good as [Bmim|BF, (Table S2).

The stability of the electrodes was tested with an
electrolysis time of 5 h, and current density did not change
obviously with time (Supporting Information, Figure S7). The
long-term stability of the Mo-Bi BMC/CP electrode was also
confirmed by XPS analysis before and after electrolysis
(Supporting Information, Figure S8). The difference of the
XPS spectra of the electrode before and after electrolysis
process was not notable. All the results above indicate that
Mo-Bi BMC/CP electrode and the IL-based electrolyte are
excellent combination for electrochemical reduction of CO,
to methanol.

At —0.7V (vs. SHE), Mo-Bi BMC/CP is an effective
electrode for the reduction of CO, to both methanol and CH,.
The change in Faradaic efficiency of methanol and CH,
production with the applied potential originates from the
differences in the CO, reduction mechanisms for generating
the two chemicals. In principle, methanol and CH, may share
some common intermediates. To produce methanol, a catalyst
needs to break just one C—O bond in CO,, while to produce
CH,, both of C—O bonds must be broken.* As Mo-Bi BMC
could catalyze the formation of methanol effectively at lower
potentials, the second C—O bond cleavage step to form CH,
could occur at higher potential (Supporting Information,
Figure S9). Figure 2 also shows that H, becomes the main
product at much higher (that is, more negative) applied
potential. The main reason may be that the rate of mass
transport of H' is much faster than that of CO, in the
electrolyte at high potential.

We investigated the effect of [Bmim]BF, concentration in
the electrolyte on the electrolysis using Mo-Bi BMC/CP
electrode (Figure 2D). The Faradaic efficiency of methanol
decreased continuously with the increase of [Bmim]BF,
concentration. The current density increased dramatically
with increasing [Bmim]|BF, concentration at the beginning,
but decreased after the concentration exceeded 0.5 M. It is
known that the conductivity of the electrolyte influences the
current density of electrolysis significantly. Therefore, the
effect of the IL on the current density can be explained
roughly according to the influence of the IL on the
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conductivity. IL affects the electrolysis in two opposite
ways.”®! The number of ionic species in the electrolyte
increases with increasing IL concentration, which enhances
the conductivity of the electrolyte. On the other hand, the
viscosity of the electrolyte also increases with the addition of
IL, which reduces the conductivity. In addition, IL can play
a catalytic role on the CO, reduction with the stabilization of
radical species including the CO,"~, which can be recognized
as a homogeneous electrocatalyst,” and the catalytic effect
also depends on the concentration. The competition of these
factors results in the maximum current density at 0.5 M.

Additionally, we also prepared a series of Mo-Bi BMC
electrodes with different Mo:Bi molar ratios for CO, electro-
chemical reduction in 0.5M [Bmim]BF, MeCN solution at
—0.7 V (vs. SHE). As can be seen from Supporting Informa-
tion, Figure S10, the molar ratio affected the Faradaic
efficiency significantly, and the highest methanol Faradaic
efficiency of methanol was obtained as the molar ratio of
Mo:Bi was 1:1. Methanol was not generated when bulk MoS,/
CP or Bi,S;/CP electrode was used. H, was the major product
over bulk MoS,/CP electrode. CO and CH, became dominant
products at higher Bi content. Mo-Ag/CP and Mo-Cu BMC/
CP catalysts also showed the highest Faradaic efficiency of
methanol when the molar ratio of the two metals was 1:1
(Figures S11,S12).

We determined the electrokinetic data in order to study
the mechanism of the CO, reduction. The Tafel plots in
Figure 3 A shows the variation of overpotential with partial
current density for methanol production over Mo-Bi BMC/
CP electrode. The plot is linear in the overpotential range
from 0.16 to 0.26 V with a slope of 124.4 mV dec™". This slope
is consistent with a rate-determining initial electron transfer
to CO, to form a surface-adsorbed CO,"~ intermediate, which
is a commonly accepted mechanism over metal electrodes.””!
Figure 3B shows IR spectra of the electrolyte phase after
different electrolysis times over the Mo-Bi BMC/CP elec-
trode in 0.5m [Bmim]|BF, MeCN solution at —0.7 V (vs.
SHE). The signal of the original CO,-saturated electrolyte is
used as the background. Thus, absorption from the groups in
the electrolyte was eliminated.'"® As expected, there is no
peak from the IR spectra before the electrolysis. Some
characteristic absorption bands can be observed during the
process of electrolysis. The bands related to C=H and C-O
appear at 1140 cm™' and 1085 cm™, respectively, and the
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Figure 3. A) Tafel plot for methanol production over the Mo-Bi BMC/
CP electrode with a Mo:Bi molar ratio of 1:1 in 0.5m [Bmim]BF,
MeCN electrolyte. B) IR spectra of the electrolyte phase in above
electrode/electrolyte system at different electrolysis times and —0.7 V
vs. SHE. (a: C—O, b: C—H, c: CH,)
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intensity increases with increasing electrolysis time. The
appearance of the CH; peak at 1420 cm 2 indicates formation
of methanol.

The high electrocatalytic selectivity of the Mo-Bi BMC/
CP electrode can be attributed to the synergistic effect
between Mo and Bi for producing methanol. Supporting
Information, Figure S10B shows that the Bi-based electrode
has high efficiency for conversion of CO, to CO, which is
consistent with the conclusion reported by other authors.” In
other words, Bi sites can efficiently drive CO generation in
the presence of an IL. On the other hand, the Mo-based
electrode is favorable for producing H,, as can be seen from
Supporting Information, Figure S10C. In addition, Mo sites
can bind with CO,? which favors the further reduction of CO
to methanol. Therefore, it can be deduced that Mo and Bi in
the Mo-Bi BMC/CP electrode work synergistically for
producing methanol because CO and H, can be produced
on the electrode, the CO is bound and can be further
hydrogenated to methanol. In addition, the better perfor-
mance of Mo-Bi BMC than Mo-Ag and Mo-Cu BMC can be
attributed to the ability of Bi sites for stabilizing CO,~
intermediates in the presence of IL.”

On the basis of the experimental results and the related
knowledge in the literature, we propose a speculative mech-
anism for the electrochemical reduction of CO, to methanol
over the Mo-Bi BMC/CP electrode, which is shown schemati-
cally in Supporting Information, Figure S13. In the first step,
a complex [Bmim-CO,]" can form quickly through the
hydrogen bonding interaction between CO, and [Bmim]*
cation.” This process may reduce the reaction barrier for
electron transfer to CO,, which plays a crucial role for
reducing the overpotential of the reaction.’”’ The complex
can be adsorbed on the electrode surface and the CO,
molecule is reduced to CO,,P**! which can be inferred
from the Tafel plot. The free-energy pathway becomes
thermodynamically downhill to transfer the second electron
to form adsorbed CO (CO,4). Then, the CO,4 can be
converted into CHO, after accepting an electron and proton.
The protonation of CHO, leads to the formation of CH;0 4
by capturing another two electrons. Finally, the downstream
step is the transformation of CH;0O,, to methanol after
accepting the last electron and proton.

In summary, Mo-Bi BMC/CP with a Mo:Bi molar ratio of
1:1 is a very efficient and stable electrode for the electro-
chemical reduction of CO, to methanol. When 0.5M
[Bmim|BF, in MeCN is used as the electrolyte, the Faradaic
efficiency for CO, electrochemical reduction to methanol can
be as high as 71.2% with a current density of 12.1 mAcm 2,
which is much higher than the values reported up to now. The
high electrocatalytic selectivity of the Mo-Bi BMC/CP
electrode can be attributed to the synergistic effect between
Mo and Bi for producing methanol. The Bi enhances the
transformation of CO, to CO, and the Mo favors the
generation of H, and can bind CO. Thus, the CO is bound
and can be further hydrogenated to obtain methanol. It may
proceed with the pathway of CO,—CO,” —CO,—
CHO,4—CH;0,4,—methanol. This work provides a new
and efficient route to produce methanol from CO.,.
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