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Sluggish CO, reduction reaction (CO,RR) and evolution reaction (CO,ER) kinetics at
cathodes seriously hamper the applications of Li-CO, batteries, which have attracted
vast attention as one kind of promising carbon-neutral technology. Two-dimensional
transition metal dichalcogenides (TMDs) have shown great potential as the bidirec-
tional catalysts for CO, redox, but how to achieve a high exposure of dual active sites
of TMDs with CO,RR/CO,ER activities remains a challenge. Herein, a bidirectional
catalyst that vertically growing MoS, on Co,Sg supported by carbon paper (V-MoS,/
Co,S;@CP) has been designed with abundant edge as active sites for both CO,RR and
CO,ER, improves the interfacial conductivity, and modulates the electron transporta-
tion pathway along the basal planes. As evidenced by the outstanding energy efficiency
of 81.2% and ultra-small voltage gap of 0.68 V at 20 pA cm >, Li-CO, batteries with
V-MoS,/Co0ySs@CP show superior performance compared with horizontally growing
MoS, on Co,Sg (H-MoS,/CoyS;@CP), MoS,@CP, and CoyS;@CP. Density functional
theory calculations help reveal the relationship between performance and structure
and demonstrate the synergistic effect between MoS, edge sites and Co,Sg. This work
provides an avenue to understand and realize rationally designed electronic contact of
TMDs with specified crystal facets, but more importantly, provides a feasible guide for
the design of high-performance cathodic catalyst materials in Li-CO, batteries.
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Rechargeable metal-gas batteries with an energy density of 5 to 10 times beyond that of
traditional lithium-ion batteries have attracted widespread attention (1-5). Among these
advanced metal-gas batteries, Li-CO, battery, based on the reaction of 3CO, (g) + 4Li (s)
+4e” < 2Li,CO; (s) + C (s), is a potential candidate due to high discharge voltages (~2.8
V) and large theoretical specific energy (1,876 Wh kgfl) (6-8). More importantly, Li-CO,
batteries not only act as one kind of promising carbon-neutral technology to provide a method
of CO, fixation for serious global warming, but also offer opportunity for applications such
as Mars exploration or submarine operations with CO,-rich environments (9-11).

Despite the great potential of Li-CO, batteries, there are some thorny problems (12).
One of the challenges is that the sluggish CO, reduction reaction (CO,RR) and evolution
reaction (CO,ER) kinetics at cathodes seriously deteriorate the performance of the Li-CO,
batteries. The CO,RR and CO,ER involve a conversion from gas to two solids in liquid
electrolyte, and the insulating nature of the discharge product lithium carbonate makes
its formation and decomposition exceptionally difficult (13-15). The unexpected irre-
versible conversion reaction leads to poor reversibility and low energy efficiency. Therefore,
the construction of unique electrode structures with efficient bidirectional catalysts to
facilitate the reduction of CO, and the oxidation of the discharge products is of particular
importance.

Two-dimensional transition metal dichalcogenides (TMDs) are an interesting family
of layered materials that have been widely studied in various fields such as electrocatalysis,
metal-sulfur batteries, and Li-O,/-CO, batteries, due to their unique physical and chem-
ical properties (8, 16-17). However, the basal planes of most semiconducting TMDs have
poor intrinsic activity, which is much smaller than that of the edge sites (18-20). To
address this problem, surface engineering, including defect, doping, and single-atom
decoration has been applied to improve electrical conductivity and activate surface activity
(21-25). For example, nucleophilic N dopants and electrophilic S vacancies in the ReS,
plane have been designed to promote the bidirectional activity in Li-CO, batteries (21).
However, for achieving bidirectional catalysis in Li-CO, batteries, the precise synthesis
of dual active centers in the basal plane through surface engineering is still hard to control
(26). In this regard, developing a new strategy to minimally expose the basal plane of
TMDs shows highly desirable for their use in Li-CO, batteries.
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Significance

Li-CO,batteries not only act as
promising carbon-neutral
technology to provide a method
of CO,fixation for serious global
warming, but also offer
opportunity for applications such
as Mars exploration or
submarine operations with
CO,-rich environments. We
design an efficient bifunctional
activity in 2D materials with a
large number of dual active
centers, realizing highly
reversible Li-CO,batteries with an
ultra-small voltage gap of 0.68 V
and an ultra-high energy
efficiency of 81.2%, which is
superior to those of previous
catalysts under similar
conditions. This work not only
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and realize rationally
manipulated electronic contact of
2D materials with specified
crystal facets, but also offers
guidance for designing
high-performance catalysts for
Li-CO,batteries.
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Recently, edge engineering has attracted emerging attention, in
which TMDs grew perpendicular to the substrates, thereby max-
imally exposing the highly active edge sites, and showing excellent
intrinsic activity for catalytic reactions (27). Meanwhile, the inter-
facial interactions between substrate and vertically aligned TMD
nanosheets are strong, leading to a fast electron transport path
from the substrate to edge sites (28). As far as CO,RR and CO,ER
in Li-CO, batteries, the reported edge-terminated films did not
exist, and the fast CO,/electrolyte diffusion, the enough space for
accommodating discharged products, and a large number of active
sites are also important to promote reaction kinetics. In addition,
two kinds of active sites are more favorable to achieving excellent
and stable bidirectional activity, thereby incorporating another
promising active material with vertically aligned TMDs is urgently
needed. The key challenge in producing excellent TMD-based
bidirectional catalysts for reversible Li-CO, batteries is how to
achieve freestanding TMD-based cathode with maximally expos-
ing edge sites, a large number of dual active sites, porous structure,
good electrical conductivity, and strong interfacial interaction.

In this work, we design a freestanding cathode, in which ultra-
small MoS, vertically grows on Co,ySg sheets supported by carbon
paper with a large number of exposed active sites (V-MoS,/Co,Ss@
CP). Notably, the designed freestanding V-MoS,/Co,S;@CP cath-
ode shows all above-mentioned good properties for achieving
excellent bidirectional catalysts (Fig. 14). Moreover, structure—per-
formance relationship, MoS, edge sites and Co,Sg active sites
decrease the energy barriers for different rate-determining steps,
which show the obviously complementary effect to facilitate the
reaction kinetics revealed by density functional theory (DFT) cal-
culations. As a result, the Li-CO, battery assembled with V-MoS,/
Co,Ss@CP delivers superior performances of an ultra-small volta§e
gap (0.68 V) and high energy efficiency (81.2%) at 20 pA cm ™~

Results and Discussion

Synthesis and Characterization of Free-standing Catalysts. The
V-MoS,/Co,Ss@CP is prepared by a two-step procedure, as shown
in SI Appendix, Fig. S1. First, Mo-Co(CO;),sOH0.11H,0
nanosheets vertically anchored on the surface of carbon paper
by hydrothermal method [Mo-Co(CO;),sOH0.11H,0/CP,
SI Appendix, Fig. S2]. Then, the gaseous sulfur reacted with Mo-
Co(CO;)ysOH0.11H,0 nanosheets from surface to interface
to prepare MoS,/Co,Sg heterostructure (V-MoS,/Co,S;@CP),
which keep vertical structure on the surface of CP. During the
sulfurization, because the growth directions of Co,Sq are isotropic,
the Co,ySg inherits the sheet morphology of oxides. For MoS,,
due to the weak Van der Walls interaction between MoS, layers,
the sulfurization direction is parallel to the basal plane (29).
The growth of MoS, nanosheets is along the direction from the
surface to interface (30). Therefore, in the obtained MoS,/CoySg
heterostructure, the MoS, nanosheets vertically grow on the
surface of Co,Sg sheets with an interface along the edge of MoS,.
The structure of V-MoS,/Co,S;@CP was studied by scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM). As shown in Fig. 1B, the surface of CP was fully and
uniformly covered by sheets. The vertical sheets have ultrathin
thickness, and they are cross-linked to form porous structure,
which facilitates the transport of CO, gas and provides a large
specific surface area to accommodate discharge products (31-32).
The TEM image (Fig. 1C) and inserted fast Fourier transform
(FFT) pattern show that MoS, nanosheets with four to eight
layers vertically stand on Co,Sq surface with exposed (01-1) plane.
High-resolution TEM (HRTEM) image reveals that the size of the
vertically aligned MoS, nanosheets is around -5 nm (Fig. 1D).
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Furthermore, the MoS, nanoplate is seamlessly bonded to Co,Sg
surface along the edges and fringes with a lattice spacing of 6.15
A, while that of Co,Sg is 2.98 A, corresponding to the (002)
plane of hexagonal MoS, and (311) of Co,Ss, respectively. The co-
existence of MoS, and Co,S; is further confirmed by selected area
electron diffraction (SAED) patterns (inset image in Fig. 1D). As
illustrated in Fig. 1E, the MoS, with exposed (002) plane vertically
stands on the (01-1) planes of CoySg. Moreover, the X-ray energy-
dispersive spectroscopy (EDS) elemental mapping images show
that the Co, Mo, and S elements are uniformly distributed
through the nanosheet morphology (Fig. 1F). For comparison, the
MoS, nanosheets vertically anchored on CP (MoS,@CP), Co,Sg
nanosheets vertically anchored on CP (CoySg@CP) and MoS,
horizontally lie on Co,Sg heterostructures that anchored on CP
(H-MoS,/CoyS;@CP) were also prepared. Their detailed synthesis
processes are shown in SI Appendix, Supporting Information.
Their microstructures were investigated by SEM images, as shown
in SI Appendix, Figs. S3-S5.

The composition, phase, and chemical states of the four samples
were further investigated. The X-ray diffraction (XRD) measure-
ments show the phases of all the obtained samples agree well with
their standard PDF cards (MoS,: 37-1492 and CoySg: 19-0364),
together with the intensive carbon peak at about 26° (87 Appendix,
Fig. S6). As shown in Raman spectra of Fig. 1G, the stretching
vibration bands of MoS, corresponding to E,, (in-plane) and A;,
(out-of-plane) are observed at 373.90 and 401.67 cm™', respec-
tively. The characteristic vibration bands of CoySg are located at
188.30, 467.84, and 512.40 cm™". All these bands corresponding
to CoySg and MoS, can be found in V-MoS,/Co,S;@CP, confirm-
ing the successful fabrication of the MoS,/CoySg heterostructure.
X-ray photoelectron spectroscopy (XPS) was used to analyze the
chemical states (Fig. 1 A and / and S/ Appendix, Figs. S7 and S8)
(33). Fig. 1 H and I show the high-resolution XPS spectra of Mo
3d and Co 2p. For Mo 3d spectra; the peaks of Mo™ 3d*? and Mo**
3d”” are, respectively, located at 232.59 ¢V and 229.21 ¢V for
V-MoS,/Co,Ss@CP, while 232.65 ¢V and 229.53 ¢V for MoS,@
CP. For Co ZZp spectra, they can be deconvoluted into six peaks,
including Co™* (798.58 ¢V and 782.24 ¢V), Co’" (793.93 eV and
778.94 V), and satellite peaks (803.39 eV and 786.21 eV) for
V-MoS,/CoyS;@CP. The peaks of Co** are at 797.38 eV and
781.42 ¢V, and the peaks of Co™* are at 793.29 ¢V and 778.4 eV
in CoyS;@CP. Compared to V-MoS,/Co,S;@CP, Mo undergoes
a negative shift and Co (Co”* and Co’") experiences a positive
shift, suggesting strong electronic interaction between CoySg and
MoS,, as well as the formation of the heterojunction (34, 35).
Moreover, for the S 2p spectra, two eaks at 161.98 and 163.12
eV correspond to S 2p”* and S 2p'"?, respectively (SI Appendix,
Fig. $8). Besides, the Eeak at 164.59 eV confirms the presence of
bridging disulfides S,” in V-MoS,/Co,S;@CP.

Electrochemical Performance in Li-CO, Batteries. To testify
the electrochemical performance of four free-standing cathodes,
corresponding  Li-CO, batteries were assembled. The cyclic
voltammetry (CV) tests were firstly conducted in the range between
2.2 and 4.5 V under CO, atmosphere (Fig. 24). Furthermore, the
CO,RR and CO,ER kinetics were evaluated by the onset potentials
corresponding to 40 pA cm ™ in Fig. 2B. V-MoS,/Co,S;@CP shows
a cathodic onset potential of 2.92 V, which is higher than CoySy@
CP (2.76 V), MoS$,@CP (2.77 V) and H-MoS,/Co,S;@CP (2.82
V). The anodic onset potentials of V-MoS,/Co0yS3@CP, Co,S;@CP,
MoS,@CP, and H-MoS,/Co,Sg@CP are 3.50, 3.94, 3.44, and 3.80
V, respectively. The anodic initial potential of V-MoS,/Co,S;@
CP is similar to that of MoS,@CP, but it is significantly smaller
than that of the other two catalysts. The above results suggest
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Fig. 1. (A) lllustration of V-MoS,/Co,Sg@CP in Li-CO, batteries. (B) SEM, (C) TEM, (D) HRTEM images of V-MoS,/Co,Sg@CP. () lllustration of the V-C0sSg/MoS,@
CP with MoS, vertically grows on Co,Sg with an interface along the edge. (F) EDS-mapping images of V-MoS,/Co,Ss@CP. (G) Raman spectra and (H and /) XPS fine
spectra of V-CoSg/MoS,@CP, Co,S;@CP, and MoS,@CP. The inserted images in Cand D are FFT pattern and SAED image of Co,Sg and V-MoS,/Co,Sg, respectively.

that V-MoS,/Co,Ss@CP cathode has better CO,RR and CO,ER
kinetics than the other three cathodes. Full discharge profiles are
displayed in Fig. 2C. V-MoS,/Co,S;@CP cathode delivers a full
discharge capacity of 3,954 pA h cm™ with a discharge plateau
at ~2.80 V. They are both higher than those of Co,S;@CP (1039
pA h ecm™ and 2.78 V), MoS,@CP (548 pA h cm™ and 2.53
V) and H-MoS,/Co,Sg@CP (885 pA h cm ™ and 2.61 V). The
V-MoS,/Co,S3@CP cathode retains a high Coulombic efficiency
of 71% after charging (SI Appendix, Fig. S9), suggesting a high
bidirectional activity in Li-CO, batteries. Therefore, the V-MoS,/
Co,Ss@CP cathode shows the best catalytic kinetics and the largest

number of available active sites among all the catalysts.

PNAS 2023 Vol.120 No.6 e2216933120

The rate capabilities and cycling stability of the Li-CO, batteries
with the four as-obtained cathodes were tested with a limited
capacity of 100 pAh cm ™. For the galvanostatic discharge—charge
(GDCQ) profiles at different current densities, as shown in Fig. 2
D-F and SI Appendix, Figs. S10-S12, the V-MoS,/Co,S;@CP
cathode shows superior rate performance, with voltage gaps of
0.68, 0.86, 1.07, and 1.33 V and energy efficiencies of 81.2, 77.0,
72.2, and 66.7% at 20, 40, 70, and 100 pA cm >, respectively.
The V-MoS,/Co,S;@CP cathode shows higher median discharge
voltages, smaller voltage gaps, and higher energy efficiencies than
those of the Co,S;@CP, MoS,@CP, and H-MoS,/Co,S;@CP at
the same condition (87 Appendix, Table S1). When the current
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Fig. 2. (A) CV curves at a scanning rate of 0.2 mV s~
four cathodes at 40 pA cm™

', (B) corresponding onset potentials during discharging and charging, and (C) fully discharging curves of
. (D) GDC profiles with a limited capacity of 100 uA h cm™ at different current densities for V-MoS,/Co,S;@CP. (£) Voltage gaps and

(F) energy efficiencies at different current densities for four cathodes. (G) Performance comparison chart, voltage gaps and energy efficiencies for rechargeable
Li-CO, batteries with V-Mo0S,/C0,S;@CP and other reported catalysts. (H) Cycling performance of four cathodes at 20 pA cm™.

density recovers back to the initial value, the median discharge
voltage and median charge voltage are almost the same as the
initial constant, demonstrating that the V-MoS,/Co,S;@CP has
excellent reversibility. Moreover, compared with cathode catalysts
previously reported (the discharge time 25 h), V-MoS,/CoyS;@
CP cathode also exhibits superior performance regarding with
voltage gap and energy efficiency under similar conditions (Fig. 2G
and S Appendix, Table S2). Moreover, the V-MoS,/Co,S;@CP
cathode shows stable long-term cychng stability at different cur-
rent densities (20 and 40 pA cm™) (Fig. 2H and SI Appendix, Figs.

S13 and S14). The V-MoS,/Co,S;@CP cathode maintains a high
discharge voltage of 2.81 V and a low charge voltage of 3.85 V
after 630 h at 20 pA cm ™. Attractively, the V-MoS,/Co,S;@CP
cathode can be reversibly charged and discharged for 140 h at 40
pA-cm ™ with a relatively stable discharge and charge plateau
(SI Appendix, Fig. S14), demonstrating good cycling stability. In
addition, V-MoS,/Co,S;@CP cathode exhibits the smallest volt-
age gaps and the largest energy efficiencies in the overall cycling
life among all cathodes, which are consistent with the results of
rate performance. The above results show that the V-MoS,/
Co,Sg@CP  exhibits excellent bidirectional catalytic activity
towards CO,RR and CO,ER processes, resulting in reversible
conversion reactions and high energy efliciencies in Li-CO,
batteries.
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High Reversibility and Stability of V-MoS,/C0,S;@CP Cathode. To
uncover the conversion reaction mechanism of V-MoS,/Co,S;@CP
cathode in Li-CO, batteries, ex situ XRD and SEM measurements
at different working states in the first cycle were conducted (Fig. 3
A-E and SI Appendix, Figs. S15-S19). As shown in Fig. 3C, the
granular Li,COj is readily observed during discharge, and in the
following charge process, which is almost no residue on the surface
of V-MoS,/CoySs@CP cathode after the first cycle. It is in sharp
contrast to the cases containing H-MoS,/Co,Sg@CP, Co,S;@CP
and MoS,@CP, for which there still exist many particle residues
(Fig. 3D and SI Appendix, Figs. S16 and S17). Ex situ XRD patterns
show that the Li,COj signal emerges and was easily observed from
XRD patterns during discharge. During the subsequent charging
process, the signal in V-MoS,/CoySg@CP cathode is gradually
weakened and has disappeared in the final state, while the obvious
signal of Li,COj; can still be detected in H-MoS,/CoyS;@CP,
Co,Sg@CP and MoS,@CP cathodes (Fig. 3E and ST Appendix,
Figs. S15, S16 B, S17 B, and S19). This suggests that the V-MoS,/
Co,Sg@CP has an excellent bidirectional activity for both CO,RR
and CO,ER. Moreover, TEM and XPS were used to investigate the
stability of V-MoS,/Co,S;@CP after repeated cycles at 20 pA cm™

(Fig. 3 Fand G, and SI Appendix, Figs. S20 and S21). As revealed,
the V-MoS,/Co,S;@CP remains in its sheet structure, in which
MoS§, nanosheets vertically stand on the surface of Co,Sg sheets and
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Fig. 3. (4) GDC profiles of V-M0S,/Co,S;@CP cathode at 20 pA cm™ with a capacity limit of 200 pA h cm™. The labels 1 to 5, respectively, represent the
electrochemical states of pristine, discharging with 100, 200, and charging with 100, 200 pA h cm™. (B) Schematic illustration of the morphological changes. (C and
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the Co, Mo, and S elements are uniformly distributed in the sheet
structure after 10 cycles. Furthermore, the chemical states of Mo
3d and Co 2p spectra in V-MoS,/Co,S;@CP after 10 cycles show a
little change when compared with those in pristine V-MoS,/Co,Ss@
CP suggesting high chemical stability during repeated CO,RR and
CO,ER. These results verify that V-MoS,/Co,S;@CP possesses
excellent bidirectional activity, robust structure, and high stability
for its full play as the catalyst for CO, redox.

To get deep insight into the effect of V-MoS,/Co,S;@CP cath-
ode in the Li-CO, battery, in situ differential electrochemical mass
spectrometry (DEMS) was applied to investigate the gas evolution
during discharge—charge process at a high current of 150 pA (36—
39). The V-MoS,/CoyS;@CP cathode shows a higher discharge
voltage and a lower charge voltage, which is in sharp contrast to
the other cathode materials (Fig. 4 A-H). In the discharge process,

PNAS 2023 Vol.120 No.6 e2216933120

the molar amount of charge lost is 5.60 x 10™ mol. According to
the typical CO,RR: 3CO, + 4e¢” + 4Li" — 2Li,CO; + C, the
theoretical CO, mass-to-charge ratio is 0.75, so the theoretical
mole number of CO, is 4.19 x 10™ mol. The moles of CO, con-
sumed by V-MoS,/Co,S3@CP, H-MoS,/Co,S;@CP, Co,S;@CP,
and MoS,@CP in the discharge process can be calculated by area
integral, and they are 3.99 x 107, 2.16 x 107, 1.38 x 10, and
3.64 x 10°° mol, respectively. The efficiency of CO, reduction of
V-MoS,/Co,S;@CP, H-MoS,/CoyS3@CP, CoyS;@CP and MoS,@
CP cathodes are 95.2%, 51.6%, 33.0%, and 86.9%, respectively.
Moreover, no CO was traced during CO,RR. In the charge pro-
cess, the amount of CO, evolution in the V-MoS,/Co,S;@CP
cathode is much higher than that of the others. Meanwhile, no
0,, NO, NO,, and SO were detected (Fig. 4 B, D, F and H),
which ruled out the self-decomposition of Li,CO; and the
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Fig. 4. DEMS profiles with discharge-charge curves at a current of 150 pA for (A and B) V-MoS,/CoSg@CP, (C and D) H-MoS,/Co,S;@CP, (£ and F) MoS,@CP, and

(G and H) Co,S;@CP cathodes.

occurrence of side reactions. The above results clearly suggest that
V-MoS,/CoySg@CP has excellent catalytic activity, which was
consistent with the results of electrochemical performance test.

The Origin of the Excellent Bifunctional Activity from DFT
Calculations. DFT calculations were further used to explore the
origin of catalytic activity of CO,RR and CO,ER of the V-MoS,/
CoySg@CP cathode. Three models, including Co,Sg, MoS, basal
plane, and MoS, edge, were constructed (20). It is found that the
bonding strength of MoS, plane and edge with Co,Sq (01-1) plane
is —0.23 and -0.05 eV/A?%, respectively. Meanwhile, according
to the corresponding differential charge density (SI Appendix,
Fig. §22), it can be found that the bonding number of Co,Sq
(01-1) planes and MoS, edges are more than that of MoS, basal
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planes. These results suggest that (01-1) planes of CooSy are
selective for vertically growing MoS,. We first investigated the
adsorption configurations of CO,, Li, and Li,COj, and resulting
charge density differences on three models (Fig. 5 A and B and
SI Appendix, Figs. S23-528). For CO,RR, the strong adsorption
ability for CO, and Li is a crucial role in the activation stage
of reactants. As shown in Fig. 5C, MoS, edge reveals higher
adsorption energy for CO, and Li in contrast to the MoS, basal
plane and Co,S;. Therefore, the fully exposed MoS, edge endows
the V-MoS,/Co,S;@CP with stronger adsorption energy toward
CO, and Li, so as to achieve better catalytic performance for the
CO,RR. Meanwhile, the intrinsic activities of MoS, edge, MoS,
basal plane and Co,Sg were studied. We calculated the Gibbs free
energy (AG;) for eight possible reaction pathways, which can be
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divided into two reaction stages (40). As shown in ST Appendix,
Fig. §29, in the first stage, *Li,CO; and *CO (* represents the
catalytic surface) were formed through five possible reaction paths,
and finally Li,CO, and C were formed after the second stage. The
AGgatboth U = 0V (open-circuit potentials) and U = U, =2.85V
(equilibrium potentials) were calculated for five possible pathways
(SI Appendix, Figs. S30-S32 and Tables S3-S5) (41). MoS, basal
plane, MoS, edge and Co,Sg show different reaction paths, and
the most favorable paths for three materials are I, IV and II,
respectively (Fig. 5D and ST Appendix, Fig. S33). In the first stage,
Gibbs free energy changes at the rate-determining step [AGHr)]
of MoS, base plane, MoS, edge, and Co,Sg are 2.67, 1.70, and
0.93 eV, respectively. Obviously, CoySg shows the smallest value,
which means that it exhibits the best thermodynamics during
the formation of Li,COj and *CO. In the second stage, MoS,
edge displays the smallest AG(r) (2.87 €V), followed by Co,Sq
and MoS, basal plane, which were 5.2 and 6.09 eV, respectively
(Fig. 5E and SI Appendix, Table S6). The fully exposed MoS,
edges and CoySg in the V-MoS,/Co,S;@CP show complementary
effects, leading to significantly reduced energy barriers of the rate-
determining steps. The complementary effect of the two kinds of

active sites promotes the reaction kinetics, leading to excellent
catalytic activity. Compared with the edge of MoS, and Co,Sg, the
MoS, basal plane has bigger AG{r) in both stages, which is not
conducive to the progress of CO,RR. The calculated results of AG
are consistent with the experimental results, which to a certain
extent indicates the effective design of the dual-active sites catalyst.

In terms of CO,ER, the crucial step is the decomposition of
Li,CO;, which can be reflected by the bond type of adsorbing
Li,CO; (42, 43). In the MoS, basal plane, the Li,COj is adsorbed
through the Li-S bonds while MoS, edges and CoySg through Li-S
bonds and Mo-O or Co-O bonds. The addition of Mo-O or Co-O
bonds can further weaken the interaction between Li-O bonds,
thereby achieving a favorable decomposition of Li,CO;
(SI Appendix, Fig. S25). Furthermore, the sequentially increased
electron depletion of Li-O bonds also verifies that the bond
strength of Li-O bonds weakened. As a result, the V-MoS,/
Co,ySg@CP exhibit the highest catalytic ability for the decompo-
sition of Li,COj, followed by CoyS;@CP, and MoS,@CP is the
weakest as depicted in Fig. 5 Fand G and ST Appendix, Fig. S34.
These results further support the effective design of V-MoS,/
CoySg@CP catalyst for Li-CO, batteries.
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According to the above experimental and theoretical analysis, the
synergistic effect of fully exposed MoS, edge sites and Co,Sg endow
V-MoS,/Co,Sq@CP with excellent bidirectional catalytic activity.
The MoS, edge showed high adsorption energies to CO, and Liand
proper adsorption energies to CO and COj; intermediates, while
Co,Sg plane shows appropriate adsorption energy to LiCO; and
Li,CO; intermediates. According to Gibbs free energy analysis of
the reaction process, it can be seen that Co,Sg displays the smallest
reaction energy barrier in the first stage of the reaction, and the Mo§,
edge presents the smallest reaction energy barrier in the second stage,
leading to good reaction kinetics during CO,RR. During CO,ER,
MoS, edge and Co,Sg further weaken the interaction between Li-O
bond through Li-S bonds and Mo-O or Co-O bonds, to achieve
favorable decomposition of Li,COj5. The co-existence of MoS, edges
and Co,Sg in V-MoS,/Co,S;@CP gives it bidirectional activities and
electrochemical performance in Li-CO, batteries.

Conclusion

In summary, we have designed and synthesized a V-MoS,/Co,Sg
heterostructure vertically anchored on CB in which MoS, with fully
exposed edge sites grows vertically on Co,Sg. The porous lamellar
V-MoS,/Co,Sg nanosheets not only facilitate the diffusion of CO,
and electrolyte, but also provide a large number of active sites and
ample space to accommodate discharge products of Li,CO; and
carbon. More importantly, the fully exposed MoS, edge and CoySg
have a good synergistic effect on CO,RR and CO,ER processes,
leading to excellent intrinsic activity, which is demonstrated by both
experimental and theoretical results. As a result, the V-MoS,/
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Co,S@CP cathode exhibits an excellent energy efficiency of 81.2%
and an ultra-small voltage gap of 0.68 V at 20 pA cm . This work
not only contributes excellent bidirectional catalysts for high-per-
formance Li-CO, batteries, but also provides a viable guidance for
further developing bidirectional catalysts toward CO, electrochem-
ical redox in rechargeable energy storage systems.

Experimental Section

Experimental details and characterizations are included in

SI Appendix.
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