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A high-performance catalyst, O-doped Sb,S; nanosheets (SS—O
NSs), is synthesized and introduced into lithium—sulfur batteries.
Owing to their good conductivity, strong adsorbability/catalytic
effect to polysulfides and fast Li* diffusion, the SS—O NSs-modified
cathodes can effectively mitigate the shuttle effect, thus achieving
outstanding electrochemical performance.

Lithium-sulfur (Li-S) batteries are regarded as the most pro-
mising power sources beyond lithium-ion batteries, due to their
ultrahigh theoretical capacity (1675 mA h g™'), low cost and
environmental friendliness.! Nevertheless, the commercializa-
tion of Li-S batteries suffers from low utilization of sulfur,
rapid capacity decay and poor cycling stability, which mainly
stem from the notorious “shuttle effect” between the two
electrodes brought about by the dissolution of intermediate
lithium polysulfides (LiPSs) into the electrolyte.

To overcome the aforementioned issues, great efforts have
been devoted to sulfur cathode modification. In contrast with
apolar carbon materials,’ applying polar materials, such as
metal compounds,”® metals,” and metal organic frameworks
etc.,® to the cathode design is more effective in weakening the
shuttle effect of LiPSs by a strong chemical interaction. Among
these materials, metal sulfides (e.g., MoS,, VS,, C0S,, Ni3S,)
have shown promising applications in the Li-S battery field
owing to their stronger sulfiphilic ability toward LiPSs and low
lithiation voltages vs. Li/Li".” Nonetheless, the areal sulfur
loading, long-term cycle stability and rate capability of the
batteries with metal sulfide-based cathodes are still unsatisfactory
due to their limited conductivity and longer Li" diffusion path on
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bulk metal sulfides.® Therefore, atomic-scale development of new
metal sulfide materials and fundamental understanding of the
sulfur conversion mechanism on metal sulfide surfaces are
urgently required for achieving high energy density and long cycle
life in Li-S batteries.

Antimony sulfide (Sb,S3) exists widely in nature. The vari-
able valence characteristic of a Sb cation can provide the
possibility for a high catalytic effect.® Recently, Sb,S; has been
widely utilized as a potential anode in sodium/lithium-ion
batteries due to its excellent Li*/Na" storage performance.'® It
should also be a promising material applied in other electro-
chemical fields. Moreover, engineering nonmetallic atomic
defects (doping/vacancies) into nanomaterials has been
reported as an effective way to regulate its electronic structure,
relieve polarization and increase the active sites to LiPSs, which
in turn improves the device performance. It is found that an
oxygen (O) atom has a suitable electron-regulating ability,
which is not too strong to hamper Li" diffusion and not too
weak to trap the LiPSs via forming Li-O bonds."" Motivated by
these studies, it is supposed that a high-performance catalyst
for Li-S batteries can be achieved by constructing a hybrid
architecture, O-doped Sb,S;. To our best knowledge, there are
scarcely reported O-doped Sb,S; cathode materials that can be
applied in Li-S batteries.

In this work, the density functional theory (DFT) predictions
of the structures of an O-doped Sb,S; system and its ability to
bind with LiPSs (Li,S,, n = 8, 6, 4, 2, 1) were firstly performed
to verify the role of O-doped Sb,S; in Li-S batteries. Clearly,
O-doped Sb,S; is most inclined to form the substituted Og; on
the surface (Fig. S2d, ESIT). Interestingly, after the S; atom is
replaced by an O atom, the 3d electronic state of the Sb, atom
shifts to lower energy, thus enabling a 0.12 eV reduced band
gap of O-doped Sb,S; than that of the pristine Sb,S; (010)
surface, as shown in Fig. 1a, which implies a higher electrical
conductivity in O-doped Sb,S;. As presented in Fig. 1b and Fig. S3
(ESIf), after doping the surface with O atoms, more stable binding
structures with the adsorption energies of —1.37-—2.96 eV are
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Fig. 1 (a) Electron densities of the state of undoped/O-doped Sb,S3 (010).
All energies are referenced to the Fermi level (Ef). (b) The binding energies
between Li,S, (n = 8, 6, 4, 2, 1) and undoped/O-doped Sb,Sz (010). Top
views of Li migration routes and their relevant energy profiles of Li,S,
decomposition on (c) O-doped Sb,Sz and (d) a perfect Sb,S3 (010) surface.
The blue, yellow, red, and green balls were Sb, S, O, and Li atoms,
respectively.

obtained, where the S and Li atoms of LiPSs tend to chemically
bond with the Sb and O atoms on O-doped Sb,S; surfaces,
respectively. These findings indicate that O-doped Sb,S; could
more effectively immobilize and convert LiPSs by creating more
active sites, ie., S-Sb (S-metal) and Li-O (Li-nonmetal) coordina-
tions, in agreement with the previous reports.”*°

The Li" migration pathways and the corresponding energy
profiles of the Li,S, decomposition on pristine Sb,S; (010) and
O-doped Sb,S; (010) surfaces were investigated by a climbing-
image nudged elastic band (CI-NEB) method. As shown in
Fig. 1c and d, the energy barriers for Li" diffusion along with
bond breaking/forming on O-doped Sb,S; surfaces (0.66 eV) are
lower than the energy barriers on pristine Sb,S; (0.78 eV) with
the aid of the S-Sb and Li-O bonds. The results confirm that
the deintercalation of Li" from Li,S, to its adjacent location
(i.e., Li* transportation) on O-doped Sb,S; surfaces becomes
easier due to the presence of O, which contributes to the easier
formation of abundant Li,S on the concave surface of O-doped
Sb,S;.

Inspired by the exciting computational predictions, we developed
a method of exfoliating pristine Sb,S; in N,N-dimethylformamide
(DMEF) to obtain O-doped Sb,S; nanosheets (SS-O NSs), as shown in
Fig. 2a (details are in the ESIf). Fig. 2b gives the UV-visible
absorption spectra of the pristine Sb,S; dispersed in 1-methyl-2-
pyrrolidone (NMP) before and after exfoliation. Two distinct peaks at
276.5 and 344.6 nm are found in the spectrum after exfoliation. The
former one is assigned to the excitonic absorption of the exfoliated
Sb,S;, which exhibits a blue-shift compared to the peak of pristine
Sb,S; (at 283.9 nm) due to the quantum confinement effect. The
latter peak, which is not obvious in that of pristine Sb,S;, might
come from more defects generated during sonication."

Furthermore, transmission electron microscopy (TEM) mea-
surements were carried out. The low-resolution TEM images of
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Fig. 2 (a) Synthetic scheme for SS—O NSs. (b) UV-visible absorption
spectra of pristine Sb,Sz and SS-O NSs. (c) TEM, (d) HRTEM and (e)
HAADF-STEM images of SS—O NSs. Inset: SAED pattern of SS—O NSs.
The high-resolution (f) Sb 3d and (g) S 2p XPS spectra of pristine Sb,S3 and
SS—0O NSs. (h) Raman spectra of pristine Sb,S3 and SS—O NSs. (i) HAADF-
STEM image and elemental mapping images of O, Sb and S for SS—O NSs.
() Selected area HAADF-STEM image of SS—O NSs, and (k) the corres-
ponding cross-sectional intensity of the atom contrast along with the
structural model of SS—O NSs.

the exfoliated Sb,S; (Fig. 2c and Fig. S4, ESIt) demonstrate well-
defined shuttle-shape nanosheets with a lateral size average of
200 nm and normal distribution, quite different from the
morphology of pristine Sb,S; (Fig. S5, ESIf). In the high-
resolution TEM (HRTEM) (Fig. 2d) and the high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) images (Fig. 2e), it is exciting to find that the exfoliated
Sb,S; surface is composed of randomly oriented amorphous
textures at the edge and polycrystalline Sb,S; features in the
center. The distinct lattice fringes in Fig. 2d and e are slightly
broader than those of pristine Sb,S; (Fig. S6, ESIT),"* which
might be caused by the changes of the perfect lattices to
accommodate the curvature for the doping introduction into
the crystallization domain. The selected area electron diffrac-
tion (SAED) pattern of the exfoliated Sb,S; (inset of Fig. 2d) also
validates that the nanosheets lose their single-crystal nature.
The typical thickness of the Sb,S; nanosheets was measured to
be 1.5-3.0 nm by atomic force microscope (AFM) (Fig. S7, ESIT),
equivalent to 1-2 Sb,S; monolayers.™*

Fig. 2f and g show the Sb 3d and S 2p X-ray photoelectron
spectroscopy (XPS) analysis of the Sb,S;. For pristine Sb,S;, all
the binding energies coincide with the reported values of
Sb,S;."” While the exfoliated Sb,S; appears markedly different.
New peaks at 531.7 eV and 168.9 eV are observed, indicating the
formation of Sb-O and $-O bonds.*® The results prove that O is
implanted into the Sb,S; nanosheets during exfoliation. The
observed defect peak at 344.6 nm in the UV-visible absorption
spectrum of the exfoliated Sb,S; (Fig. 2b) thereby could be
attributed to the introduction of O.

In Fig. 2h, the Raman spectrum of the exfoliated Sb,S;
reflects a dominant peak at 302 cm™* whereas the absence of
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other peaks for the well crystalline Sb,S;."” Compared to
pristine Sb,S;, the weaker and the broader peaks for the
exfoliated Sb,S; might be ascribed to the weaker interaction
between the layers in the thinner layered-Sb,S;. A new peak at
434 cm™' emerged and is assigned to a Sb-O bond further
confirming the existence of O in the Sb,S; nanosheets."®

From energy dispersive X-ray spectroscopy (EDX) mapping
results (Fig. 2i and Fig. S8a, ESIf), the O element is homoge-
neously dispersed in the product, further verifying the successful
formation of SS-O NSs, while no O signal can be found in
pristine Sb,S; (Fig. S8b-e, ESIt). In the HAADF-STEM image
(Fig. 2j), the darker spots (marked by yellow and green arrows)
are distributed in the brighter atomic columns. The brighter
spots (marked by blue arrows) can be assigned as Sb sites
because of the higher atomic number of Sb than those of
S and O. The corresponding cross-sectional intensity of the atom
contrast in Fig. 2k shows the Sb/S/O intensity ratio of about
6:2:1, in accordance with the atomic numbers of Sb (Z = 51),
S (Z = 16) and O (Z = 8). Obviously, O atoms locate at the lattice
sites, implying the successful substitution of S atoms with
O atoms in Sb,S; nanosheets, in agreement with the calculations
(Fig. S2d, ESIY).

Subsequently, the electrochemical performance of the SS-O
NSs/carbon nanotubes (CNTs)-sulfur (S) cathode was evaluated
in Li-S batteries. As found in the cyclic voltammograms (CVs)
(Fig. 3a and Fig. S9, ESIt), the redox peaks of the SS-O NSs/
CNTs-S cathode remain almost constant after activation
(Fig. 3a), suggesting an excellent electrochemical reversibility.
Compared with the pristine Sb,S;/CNTs-S and CNTs-S cathodes,
the SS-O NSs/CNTs-S cathode exhibits a stronger current density
along with a positive/negative shift in the onset potentials of the
reduction/oxidation peaks (Fig. 3b) and prominent rate capability
(Fig. 3c), indicating that SS-O NSs can reduce the electrode
polarization, inhibit the shuttle effect and accelerate the LiPS
redox kinetics in Li-S batteries.’® In Fig. 3d, the galvanostatic
charge/discharge profiles of the SS-O NSs/CNTs-S cathode at 0.2 C
show two longer and flatter discharge platforms, which is con-
sistent with the multistep reduction reaction of sulfur. The
potential difference (AE;) between the charge and discharge
platforms in SS-O NSs/CNTs-S is much smaller than those in
the other two cathodes (AE, and AE;), reconfirming a lower
polarization of the SS-O NSs/CNTs-S cathode.?® The fast reaction
kinetics, including faster interfacial electron transfer and Li"
diffusion, for the SS-O NSs/CNTs-S cathode can be further con-
firmed by electrochemical impedance spectroscopy (EIS) experi-
ments (Fig. S10 and Table S1, ESIt). In addition, the SS-O NSs/
CNTs-S cathode is demonstrated to retain a good cycling stability
upon long-term cycling. As illustrated in Fig. 3e, after 300 cycles at
2 G, the specific capacity of the SS-O NSs/CNTs-S cathode is still
maintained at above 500 mA h g™, corresponding to a capacity
fading rate of as low as 0.11% per cycle. Even with the high sulfur
loading of 4.0 mg ecm 2, it can still hold a capacity of 657 mAh g ™"
at the 120th cycle (Fig. S11, ESI¥).

To fully understand the origin of the electrochemical
improvements of the Li-S battery using the SS-O NSs/CNTs-S
cathode, various (semi-)in situ spectroscopies were employed to
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Fig. 3 (a) The initial four CVs of the SS—O NSs/CNTs-S cathode at 0.1 mV s~
(b) The second CVs of SS—O NSs/CNTs-S, pristine Sb,S3/CNTs-S and CNTs-S
cathodes at 0.1 mV s, (c) Rate capabilities, (d) galvanostatic charge/discharge
profiles for the second cycles at 0.2 C, and (e) cycling performance at 2 C
(sulfur loading = 0.8 mg cm2) of $5—O NSs/CNTs-S, pristine Sb,Sz/CNTs-S
and CNTs-S cathodes.

record the LiPS conversion during discharge and charge. In
Fig. 4a, the semi-in situ XPS spectrum of the SS-O NSs/CNTs-S
cathode shows the stronger signals of Li,S/Li,S,, along with
smaller proportions of Li,S, (4 < n < 8) at the end of discharge
(1.6 V), in comparison to the pristine Sb,S;/CNTs-S cathode
(Fig. 4b), indicating that the SS-O NSs are very efficient in
adsorption and fast conversion of long-chain polysulfides to
short-chain polysulfides and improving the sulfur utilization.
In situ UV-visible absorption spectra (Fig. S12, ESIt) during
discharge also reveal that the SS-O NSs/CNTs-S cathode can
accelerate the conversion of LiPSs. Furthermore, the prominent
Li 1s peaks on the SS-O NSs/CNTs-S cathodes at different
discharge states are shifted to a higher energy field (Fig. 4c)
in contrast to the pristine Sb,S;/CNTs-S cathode (Fig. 4d),
indicating that the introduction of O into the Sb,S; nanosheets
could change the electronic interaction between Li" (or LiPSs)
and SS-O NSs and promote the Li" transport for fast liquid-
solid sulfur conversion kinetics.

In situ Raman results are shown in Fig. 4e, f and Fig. S13
(ESIT). The Li-O signal at 495 cm ™' is observed on the SS-O
NSs/CNTs-S cathode during cycling (Fig. 4e and f). As the
discharging proceeds, the S;*~ peak gradually disappears at
2.1 V (Fig. 4e) and reforms upon charging to 2.1 V (Fig. 4f).
Interestingly, a new peak at 254 cm™"' due to S;*~ starts to
emerge at 2.3 V and grows during discharge (Fig. 4e),*! and
then the intensity of the S;*>~ peak decreases and disappears
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Fig. 4 Semi-in situ S 2p and Li 1s XPS spectra of (a and c¢) SS-O NSs/
CNTs-S and (b and d) the pristine Sb,S3z/CNTs-S cathode after discharge to
specific states. In situ Raman spectra of (e) discharge and (f) charge
processes of the SS—O NSs/CNTs-S cathode. (g) The proposed sulfur
reduction reaction pathways on the SS—O NSs/CNTs-S cathode.
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completely at 2.3 V with further charge (Fig. 4f). This manifests
that the S3*~ is reversibly turned to S;*> and reformed during
cycling on the SS-O NSs/CNTs-S cathode. Such a result is also
suggested by in situ UV-visible results (Fig. S12, ESIt), where
the normalized absorbance for S;*~ decreases with discharging,
implying a consumption of S;*". In contrast, for the pristine
Sb,S3/CNTs-S cathode (Fig. S13c, ESIf), Raman signals for
S;> and Li-O are not observed, confirming the importance of
SS-O NSs in suppressing shuttle effects and realizing a smooth
solid-liquid-solid sulfur conversion reaction. With the observed
improvement in electrochemical performance brought by O
doping, it can be inferred that the introduction of O atoms into
the system is likely to change the sulfur reduction reaction
pathways on the cathode surface, where the observed new
S;>~ species, as an important intermediate for promoting
liquid-solid sulfur conversion, might be the result of the
reactions®® as shown in Fig. 4g. Such a new reaction pathway
on the SS-O NS surface probably needs less energy than on
pristine Sb,Ss;, which is favorable for proceeding fast liquid-solid
sulfur conversion reaction.

In conclusion, we successfully developed an efficient SS-O
NS catalyst through a tip-sonication of pristine Sb,S; in DMF.
The O doping and nanostructural engineering in Sb,S;
improves its electrical conductivity, sulfiphilic/catalytic char-
acters with LiPSs through S-Sb and Li-O bonds, and accelerates
the Li" diffusion. As a result, the SS-O NSs/CNTs-S cathode
demonstrates high efficiency in suppressing polysulfide shut-
tling and promoting sulfur redox kinetics in terms of specific
capacity, rate capability and long-term cycling performance.

3258 | Chem. Commun., 2021, 57, 3255-3258

View Article Online

ChemComm

The (semi-)in situ spectroscopic studies and DFT calculations
further confirm the structure-reactivity correlation at the cath-
ode surface, and a new sulfur reduction reaction mechanism is
also proposed. This study will offer guidance on doping engi-
neering for the simultaneous realization of good electrical/ionic
conductivity, high adsorbability/catalytic activity and fast Li"
diffusion in Li-S cathodes.
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