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Benefiting from the intriguingly high 
energy density up to 2600 Wh kg−1, 
lithium–sulfur (Li–S) batteries have 
attracted extensive research interest for the 
development of advanced energy storage 
technology that outperforms state-of-the-
art lithium-ion batteries.[1,2] Moreover, the 
natural abundance and nontoxic nature 
of the element sulfur lead to economic 
benefits and environmental benignity, 
which particularly favor large-scale appli-
cations.[3] Despite the convincing merits, 
the practical implementation of Li–S bat-
teries still suffers from several intractable 
technical challenges, such as the electrical 
resistivity of sulfur, the dissolution of 
lithium polysulfides (LiPSs) with a severe 
“shuttle effect,” and the large volume vari-
ation during battery cycling, which seri-
ously hinder this technology from yielding 
practically viable energy density and 
cyclability.[4–7]

In response to these obstructions, the 
development of functional separators has emerged as a prom-
ising strategy to confine the sulfur species within the cathodic 
chamber, thus realizing effective inhibition of polysulfide shut-
tling and enhancement of the battery performance.[8–12] Such 
a barrier against LiPS penetration is also expected to protect 
the lithium anode from detrimental attacks that cause surface 
passivation.[13,14] Previous studies following this concept have 
mainly focused on materials such as porous carbon materials, 
metal oxides/sulfides and their composites, which are uni-
formly coated on the cathodic surface of the separator to physi-
cally and chemically trap LiPSs.[15–19] This combined adsorption 
mechanism has shown considerable capability for stabilizing 
the sulfur electrochemistry and enhancing sulfur utilization in 
Li–S batteries, whereas the LiPS conversion is still restricted 
by its intrinsically sluggish kinetics and the low conductivity 
of oxides/sulfides. Recent studies have revealed the great capa-
bility of defect engineering in tailoring the electronic struc-
tures of these polar inorganics toward enhanced conductive 
features as well as interactive affinity to certain species, which 
offers a promising approach to concurrently realize strong 
sulfur confinement and expedite the LiPS conversion in Li–S 
systems.[20,21] Despite the considerable research efforts on O- 
or S-deficient metal chalcogenides, the studies on Se-deficient  
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selenides are still very limited in Li–S batteries. Generally, 
selenides deliver considerable semiconductivity with higher 
potential for electrochemical applications compared with 
oxides and sulfides. Among them, antimony selenide (Sb2Se3) 
as a low-cost, relatively earth-abundant, and low-bandgap  
(1.0–1.2 eV) semiconductor has been widely studied as a good 
light absorber in solar cells.[22,23] More importantly, the phase 
and defects in Sb2Se3 can easily be controlled to potentially 
meet the specific requirements for the improvement of Li–S 
battery systems.[24,25]

Herein, we developed a hierarchical composite (denoted 
Sb2Se3−x/rGO) with defect-rich Sb2Se3−x nanorods wrapped by 
reduced graphene oxide (rGO) to establish a multifunctional 
LiPS barrier toward improved Li–S battery performance. The 
spray-drying method was employed to construct the hierar-
chical structure with robust integrity and long-range charge 
transfer pathways, while the subsequent chemical reduc-
tion and thermal shock introduced abundant Se vacancies 
(VSe) into the product Sb2Se3−x/rGO composite. The corre-
lation between the defect chemistry and the electrochem-
ical improvements was comprehensively and convincingly 
studied. The defect engineering not only endows Sb2Se3−x 
with enhanced conductivity compared with its parent mate-
rial but also strengthens its chemical adsorption to LiPSs, as 
verified by a series of experimental and computational results. 
In addition, such defect design also significantly promotes the 
LiPS conversion reactions, thus realizing a simultaneously 
conductive, adsorptive and catalytic barrier against polysulfide 
shuttling as well as the resultant fast and durable sulfur elec-
trochemistry. Attributed to these advantageous features, the 
implementation of the Sb2Se3−x/rGO-modified separator in 
Li–S cells enables a superb rate capability up to 8.0 C, excel-
lent cyclic stability with a low capacity fading of 0.027% per 
cycle under 1.0 C, and a high areal capacity of 7.46 mAh cm−2 
under a raised sulfur loading of 8.1 mg cm−2. To the best of 
our knowledge, this is the first report on Se-deficient metal 
selenide for improvement of the Li–S configuration, which 
pioneers a new way for defect engineering in pursuit of high-
efficiency sulfur electrochemistry as well as high-performance 
Li–S batteries.

Sb2Se3−x/rGO hierarchical porous microspheres were fabri-
cated through a facile and scalable spray-drying approach fol-
lowed by chemical reduction to introduce VSe and by thermal 

shock to further increase the VSe content (Figure 1). Se2Se3−x 
nanorods were first prepared by a solution-based method as 
previously reported (see details in the Experimental Section).[26] 
Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) images confirm the uniform mor-
phology and size distribution of the obtained Sb2Se3 with a 
diameter of ≈100 nm (Figure 2a,b). In addition, the high-res-
olution TEM (HRTEM) image manifests the highly crystal-
line nature by showing a clear lattice fringe with a d-spacing 
of 0.372 nm, which can be assigned to the (130) plane in the 
orthorhombic Sb2Se3 crystal (inset in Figure 2b). Subsequently, 
spray drying and chemical reduction were performed to yield 
the Sb2Se3/rGO composite, which was further subjected to 
thermal shock to achieve Sb2Se3−x/rGO. Both the as-prepared  
Sb2Se3/rGO and Sb2Se3−x/rGO exhibit uniform microspherical 
primary structures with a diameter of ≈4 µm and a considerable 
number of nanorods wrapped by rGO nanosheets (Figure 2c–e; 
Figure S1, Supporting Information). Elemental mappings 
confirm the uniform distribution of Sb, Se, and C in both the 
Sb2Se3/rGO and Sb2Se3−x/rGO composites. The intimate contact 
between the wrinkled rGO nanosheets and Sb2Se3−x nanorods 
is expected to facilitate Li+ and electron transfer and maintain 
a robust structural integrity, thus favoring fast and stable elec-
trochemical processes. The crystalline feature of Sb2Se3−x was 
investigated by HRTEM and the fast Fourier transform (FFT) 
pattern (Figure 2f and inset), which confirms the well-main-
tained crystallinity of orthorhombic Sb2Se3 as well as the tight 
wrapping by rGO. Notably, relatively disordered lattices can be 
perceived in the inverse FFT (IFFT) image (Figure 2g, yellow 
frame) due to the emergence of low-valence Sb on the surface 
induced by the thermal shock, while the inner Sb2Se3 maintains 
a relatively perfect crystalline structure.[27] These disordered 
structures are expected to provide trapping sites for charge car-
riers and interfere with their rapid recombination to improve 
the electron transfer efficiency.[28] The lattice spacing profile 
comparison between the disordered (Figure 2h, yellow frame) 
and perfect crystalline (pink frame) structures further confirms 
the defective nature of the obtained Sb2Se3−x by showing a 
slightly expanded interplanar spacing on the (130) face. High- 
magnification elemental mapping was also performed at a 
selected area, as shown in Figure 2i–l, which further demon-
strates the homogeneous element distribution as well as the 
wrapping structure of the obtained Sb2Se3−x/rGO composite.
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Figure 1. Schematic illustration of the synthetic procedure for the Sb2Se3−x/rGO microspheres.
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The physiochemical properties of the obtained materials 
were studied and compared to reveal the potential structural 
superiorities of the defective Sb2Se3−x/rGO. The crystalline 
structures of Sb2Se3, Sb2Se3/rGO and Sb2Se3−x/rGO were 
investigated by X-ray diffraction (XRD), as shown in Figure 3a. 
Both Sb2Se3/rGO and Sb2Se3−x/rGO exhibit a group of sharp 
diffraction peaks that well match the orthorhombic Sb2Se3 with 
the space group of Pbnm 62 (JCPDS No. 15-0861), indicating 
that their crystallized structure is consistent with the HRTEM 
results. Meanwhile, a broad peak can be observed at 26.3° corre-
sponding to the (002) plane of rGO.[29,30] Interestingly, the mag-
nified observation of the XRD patterns reveals a peak downshift 
for Sb2Se3−x/rGO, especially in the small angle range (Figure S2,  
Supporting Information). Meanwhile, the Raman spectra 
(Figure 3b) in the low wavenumber range also show a continuous 
upshift of the peaks at ≈189 and 252 cm−1, which are assigned 
to the heteropolar Sb–Se and nonpolar Sb–Sb vibrations, 
respectively, from Sb2Se3 to Sb2Se3/rGO and Sb2Se3−x/rGO.  
These variations originate from the atomic rearrangement and 
reconstruction of Sb2Se3 that partially alters the SeSbSe 
bond length as well as the corresponding crystal lattice para-
meters (Table S1, Supporting Information), signifying the 
formation as well as increase of VSe in the obtained materials 
upon the defect introduction process.[31–33] Further evidence 
can be obtained from the electron paramagnetic response (EPR) 
spectra, as shown in Figure 3c. In contrast to the flat spectrum 

of Sb2Se3, Sb2Se3/rGO exhibits a considerable EPR signal with 
a g-value of 2.00, which corresponds to the unpaired electrons 
induced by the partial removal of Se.[34,35] This signal is further 
intensified in the EPR profile of Sb2Se3−x/rGO, confirming the 
increase of VSe after the thermal shock. The removal of Se is 
expected to induce a redistribution of the excess electrons 
among the nearest neighboring atoms to form shallow donor 
states. These effects are considered favorable for conductivity 
enhancement of the VSe-rich Sb2Se3−x/rGO, which is con-
firmed by the density of states (DOS), as shown in Figure 3d. 
Sb2Se3 and Sb2Se3−x show a clear energy gap for spin-up and 
spin-down channels with a typical semiconducting character, 
while the Fermi level (dashed line) is located at the top of the 
valence band. Importantly, the DOS pattern of Sb2Se3−x reveals 
a considerable state rearrangement from Sb2Se3 along with 
the emergence of a shallow donor level (defect level). Electrons 
below the Fermi level can leap into the defect level, which cre-
ates a hole carrier and lowers the barrier of electron transition 
to the conduction band, thus contributing to the enhanced 
conductivity (Figure S3, Supporting Information).[36] Addition-
ally, the lower ID/IG ratio of Sb2Se3−x/rGO compared with that 
of Sb2Se3/rGO in the Raman spectra (0.88 vs 1.21) suggests a 
higher graphitization of Sb2Se3−x/rGO, which further benefits 
the conductivity of the product composite (Figure 3e). Bene-
fiting from these contributions, the as-developed Sb2Se3−x/rGO  
shows a significantly higher conductivity of 6.25 × 104 S m−1 
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Figure 2. a) SEM, b) TEM and HRTEM (inset) images of Sb2Se3 nanorods; c) SEM image and d) elemental mapping of Sb2Se3−x/rGO microspheres; 
e) TEM image, f) HRTEM image and FFT pattern at the selected area in blue (inset), g) inverse FFT lattice image, h) lattice spacing profiles at selected 
areas in pink and yellow, and i–l) high-magnification elemental mapping of Sb2Se3−x/rGO microspheres.
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than those of Sb2Se3 (6.06 × 10−4 S m−1) and Sb2Se3/rGO  
(1.23 × 103 S m−1) (Figure S4, Supporting Information), holding 
great promise in promoting electrochemical sulfur reactions.

The chemical states of Sb2Se3, Sb2Se3/rGO and Sb2Se3−x/rGO  
were further analyzed by X-ray photoelectron spectroscopy 
(XPS). The atomic compositions of different samples are sum-
marized in Table S2 (Supporting Information). A continuous 
decrease in the Se to Sb atomic ratio can be perceived from 
Sb2Se3 to Se2Se3/rGO and Se2Se3−x/rGO, which confirms the 
increase in Se deficiency upon defect introduction. Figure 3f 
shows the high-resolution XPS spectra for the Sb 3d core levels 
of Sb2Se3, Sb2Se3/rGO and Sb2Se3−x/rGO. Two typical peaks 
can be observed in the Sb2Se3 Sb 3d spectrum at 539.1 and 
529.8 eV, corresponding to the 3d3/2 and 3d5/2 levels of Sb3+, 
respectively.[37] In comparison, Sb2Se3/rGO shows a pair of new 
peaks at 538.0 and 528.7 eV, corresponding to the 3d3/2 and 
3d5/2 levels of Sb0, while these peaks shift to a lower binding 
energy (BE) range in the spectrum of Sb2Se3−x/rGO. Addition-
ally, a new small peak arises at 532.8 eV in the Sb2Se3/rGO com-
posite, which can be assigned to the SbOC bonding origi-
nating from the interaction between Sb2Se3 and the residual 
oxygen-containing functional groups in rGO. After subsequent 
thermal shock, this peak disappears in Sb2Se3−x/rGO, which 
is consistent with the further reduction of the composite.  
These variations strongly indicate increasingly higher elec-
tron cloud densities as well as lower valence states for Sb from 
Sb2Se3 to Sb2Se3/rGO and Sb2Se3−x/rGO in accordance with the 
increase of VSe.[34,38] Moreover, the Se 3d XPS spectra of Sb2Se3, 
Sb2Se3/rGO and Sb2Se3−x/rGO are also presented in Figure S5 
(Supporting Information). The two typical peaks at 55.18 and 

54.3 eV are ascribed to the 3d3/2 and 3d5/2 levels of Se2−, respec-
tively.[39] In contrast, a new Se0 peak emerges at 56.4 eV for 
Sb2Se3/rGO, which shifts to a higher BE range (56.6 eV) in 
Sb2Se3−x/rGO. This result confirms the introduction and 
increase of Se defects with the chemical reduction and thermal 
shock processes, which is consistent with the above results.

Given these results, Sb2Se3−x/rGO with different defect 
levels was prepared by varying the thermal shock time (denoted 
0-Sb2Se3−x/rGO, 2-Sb2Se3−x/rGO, 5-Sb2Se3−x/rGO, 7-Sb2Se3−x/
rGO and 10-Sb2Se3−x/rGO, see details in the Experimental  
Section) to investigate the influence of VSe on the crystalline 
and compositional properties of the products. The XRD results 
show a phase transition from orthorhombic to amorphous with 
increasing thermal shock time, suggesting continuous destruc-
tion of the crystallographic integrity of Sb2Se3 and an increase of 
VSe, which could finally result in structural collapse (Figure S6a,  
Supporting Information). The conductivities of this series 
of Sb2Se3−x/rGO were compared, as shown in Figure S6b  
(Supporting Information). The results show a significantly 
enhanced conductivity from 0-Sb2Se3−x/rGO (1.23 × 103 S m−1)  
to 5-Sb2Se3−x/rGO (6.25 × 104 S m−1) attributed to the increase 
of VSe that favors the motion of free electrons, whereas 7- 
and 10-Sb2Se3−x/rGO exhibit drastic conductivity declines to  
1.98 × 102 and 1.67 × 102 S m−1, respectively, ascribed to struc-
tural collapse. Moreover, the continuous decrease in the peak 
area ratio of Sb3+ to Sb0 also consistently confirms the raised 
defect level with the extension of the thermal shock treatment 
time (Figure S6c, Supporting Information). Thus, we employed 
5-Sb2Se3−x/rGO as the optimally defective sample for further 
investigations.

Adv. Mater. 2019, 1904876

Figure 3. a) XRD patterns, b,e) Raman spectra, and c) EPR spectra of Sb2Se3, Sb2Se3/rGO and Sb2Se3−x/rGO; d) DOS of Sb2Se3 and Sb2Se3−x; f) Sb 3d 
high-resolution XPS spectra of Sb2Se3, Sb2Se3/rGO, and Sb2Se3−x/rGO.
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These unique features introduced by defect engineering 
are expected to deliver strong interactions with LiPS species, 
which favors strong sulfur confinement when these materials 
are implemented as a functional barrier in Li–S battery configu-
rations. The adsorptive effect was first investigated via optical 
observation by immersing the same amount of rGO, Sb2Se3/
rGO and Sb2Se3−x/rGO into a 10 × 10−3 m Li2S6 solution and let-
ting it rest for 24 h. As shown in Figure 4a, in the static adsorp-
tion comparison, the solution with Sb2Se3−x/rGO exhibits 
the most transparent color, intuitively indicating its strongest 
adsorption capability for the LiPS. This character is further 
confirmed by the UV–vis spectra, which show the lowest LiPS-
related absorbance peaks in the Sb2Se3−x/rGO spectrum,[40] 
indicating the least amount of LiPS residue in the superna-
tant and the greatest adsorbability of Sb2Se3−x/rGO. Addition-
ally, XPS analysis was also performed to reveal the underlying 
chemical interactions between the LiPS and the adsorbents. As 
shown in Figure 4b, pristine Li2S6 exhibits two pairs of peaks 
located at 161.3 and 163.8 eV, ascribed to the terminal (ST

−1) 
and bridging (SB

0) sulfur, respectively. After interacting with 
Sb2Se3/rGO, a significant shift of these peaks toward a higher 
BE range can be perceived, suggesting a reduction in the elec-
tron cloud density of sulfur atoms attributed to the chemical 
adsorption by Sb2Se3/rGO. Meanwhile, two new broad peaks 
appear in the high BE region, which can be assigned to the 
formation of sulfate (169.1 eV) and thiosulfate (167.4 eV).[41] In 
addition, the interaction between the LiPS and Sb2Se3−x/rGO 
leads to a more significant peak shift compared with that for 
Sb2Se3/rGO, indicating its higher chemical affinity to the LiPS 
that favors stronger sulfur confinement in the corresponding 
Li–S batteries. In addition, the interactive chemistry can  
also be supported by the Li 1s spectra, as shown in Figure S7 

(Supporting Information). The pristine Li2S6 displays a typical 
peak at 55.3 eV, corresponding to the LiS bond. However, a 
new peak emerges at 54.5 eV after adsorption by Sb2Se3/rGO, 
which further shifts to a lower BE for the Sb2Se3−x/rGO-Li2S6 
composite, suggesting the formation of a “lithium-bond”-
like configuration that bridges the adsorber and LiPS as well 
as an enhanced adsorbability due to the increase of VSe in 
Sb2Se3−x.[42] Furthermore, the interactive chemistry between the 
as-developed materials and LiPS was verified by density func-
tional theory (DFT) calculations. The geometrically stable con-
figurations of Li2S6–Sb2Se3 and Li2S6–Sb2Se3−x are illustrated in 
Figure 4c. The results reveal that the S and Li atoms in Li2S6 
prefer to bond with the Sb and Se atoms on the Sb2Se3−x (130) 
surface, respectively, which is consistent with the XPS analysis. 
The shorter bond length of S–Sb (2.71 vs 2.89 Å) and Li–Se 
(2.49 vs 2.60 Å) in the Li2S6–Sb2Se3−x couple compared with 
those in Li2S6–Sb2Se3 confirms the higher chemical affinity 
of VSe-rich Sb2Se3−x to the LiPS. As a result, a significantly 
higher BE of −2.33 eV is achieved for Li2S6–Sb2Se3−x than for  
Li2S6–Sb2Se3 (−0.49 eV). Furthermore, computational simu-
lations of the interactions between Sb2Se3−x (or Sb2Se3) and 
the LiPS covering the full range of sulfur chemical states 
upon battery operation are depicted in Figure S8 (Supporting 
Information). The S–Sb and Li–Se attractions can be con-
firmed and are maintained in all the LiPS-adsorbent couples, 
while Sb2Se3−x exhibits stronger adsorbability for the LiPS 
by showing a constantly higher BE (Figure 4d) and a shorter 
bond length for both the SSb and LiSe bonds (Figure 4e). 
In addition, we further performed calculations on a model in 
which three Se sites in the bulk layer were also removed (Bulk-
Sb2Se3−x). As shown in Figure S9 (Supporting Information), 
this modification leads to even higher BEs between Sb2Se3−x 
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Figure 4. a) Optical observation of LiPS adsorption by rGO, Sb2Se3/rGO, and Sb2Se3−x/rGO after 24 h and the corresponding UV–vis spectra of the 
supernatants; b) S 2p high-resolution XPS spectra of Li2S6, Sb2Se3/rGO–Li2S6 and Sb2Se3−x/rGO–Li2S6 composites; c–e) DFT calculation results of 
optimized geometrical configurations of Li2S6  (c), BEs (d), and LiSe and SSb bond distances of various LiPS (e) on Sb2Se3 and Sb2Se3−x (130) 
surfaces; f) LiPS diffusion in H-type cells with Sb2Se3−x/rGO-modified and routine separators.
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and polysulfides, further confirming the great capability of 
defect engineering in strengthening the polysulfide adsorption 
for sulfur electrochemistry.

In view of this, the obtained LiPS adsorbers were employed 
for the construction of a functional interlayer on a routine 
porous polypropylene membrane to evaluate their practical 
effect on polysulfide regulation. Figure S10 shows the basic 
information of the Sb2Se3−x/rGO-modified separators. A dis-
tinct morphology difference can be observed between the rou-
tine and Sb2Se3−x/rGO-modified separators, demonstrating the 
uniform coating of Sb2Se3−x/rGO, which is also confirmed by 
the homogeneous elemental mapping of C, Sb, and Se on the 
separator surface. The thickness of the Sb2Se3−x/rGO coating 
was determined by cross-sectional SEM to be ≈32 µm. The flexi-
bility of the obtained Sb2Se3−x/rGO-modified separator was also 
explored by a dynamic mechanical analysis (Q800, TA Instru-
ments), as shown in Figure S11 (Supporting Information). 
The results show a well-maintained structural integrity upon 
repeated deformation with no fractures or peel-off, indicating 
the decent flexibility and considerable application potential of 
this separator in flexible devices.[43] The LiPS diffusion behavior 
was investigated in an H-type cell configuration, where 0.1 m 
Li2S6 solution and a bare tetrahydrofuran (THF) solvent were 
separated by different separators, i.e., routine or that modi-
fied by rGO, Sb2Se3/rGO, or Sb2Se3−x/rGO. As contrastively 
shown in Figure 4f, the cell based on Sb2Se3−x/rGO maintains 
a clear and transparent color in the opposite chamber, while 
the cell with the routine separator undergoes severe LiPS pen-
etration that renders a dark brown color after 48 h. The LiPS 
diffusion based on the rGO- and Sb2Se3/rGO-modified sepa-
rators is also demonstrated in Figure S12 (Supporting Infor-
mation), revealing a clear LiPS blocking strength order of  

Sb2Se3−x/rGO > Sb2Se3/rGO > rGO > routine separator, ben-
efiting from the strongest LiPS adsorption capability of  
Sb2Se3−x/rGO, consistent with the above results. The potent 
obstruction of LiPS diffusion by Sb2Se3−x/rGO is expected to 
effectively suppress the shuttling behavior in the corresponding 
Li–S cells toward a stabilized sulfur electrochemistry.

In addition to sulfur confinement, the as-developed VSe-
rich Sb2Se3−x/rGO could also serve as a promising electrocat-
alyst for the promotion of sulfur conversion due to its strong 
interaction with LiPSs as well as good charge transfer prop-
erties (Figure 5a). As proof of concept, symmetric cells were 
assembled using Sb2Se3−x/rGO, Sb2Se3/rGO and rGO as iden-
tical electrodes and 0.2 m Li2S6 solution as the electrolyte to 
investigate the LiPS conversion kinetics on different surfaces. 
Figure 5b shows the electrochemical impedance spectroscopy 
(EIS) spectra of different symmetric cells. The Sb2Se3−x/rGO  
symmetric cell clearly exhibits the lowest charge transfer 
resistance, suggesting its fast charge/mass transfer and 
facilitated sulfur redox reactions. Moreover, the cyclic voltam-
metry (CV) curves at a scanning rate of 10 mV s−1 of the dif-
ferent symmetric cells as well as those without the Li2S6 elec-
trolyte are presented in Figure 5c. Two distinct pairs of redox 
peaks can be observed at −0.18/0.18 and −0.69/0.69 V for the  
Sb2Se3−x/rGO cell, attributed to the multistep LiPS conversion 
reactions. In comparison, the CV curve of the Sb2Se3/rGO cell 
exhibits a larger potential hysteresis with two broader redox 
peaks at −0.58/0.58 and −1.07/1.07 V, while the cell based on 
rGO suffers from even more severe polarization with only one 
pair of broad redox peaks at −1.11/1.11 V. This comparison 
strongly validates the smallest overpotential and fastest reaction 
kinetics for the LiPS conversion on the Sb2Se3−x/rGO surface. 
Additionally, Sb2Se3−x/rGO also exhibits the largest peak area 
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Figure 5. a) Schematic illustration of the LiPS conversion on the Sb2Se3−x surface; b) EIS spectra and c) CV curves of symmetric cells with Sb2Se3−x/
rGO, Sb2Se3/rGO and rGO electrodes; d) LSV curves and e) Tafel plots of Li2S oxidization on Sb2Se3−x/rGO, Sb2Se3/rGO and rGO.
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in the CV profile, further demonstrating its great capability for 
catalyzing the LiPS conversion and enhancing the sulfur utili-
zation.[44] Such a favorable catalytic effect also delivers decent 
durability, as confirmed by the well-overlapping CV profiles 
for several cycles (Figure S13, Supporting Information). In 
addition, the electrocatalytic activity of Sb2Se3−x/rGO toward 
Li2S oxidation was also evaluated in comparison with those of 
glass carbon, rGO, and Sb2Se3/rGO through linear sweep vol-
tammetry (LSV) measurements. The LSV was performed in a 
three-electrode configuration with 0.1 m Li2S/methanol solu-
tion as the electrolyte, platinum sheet as the counter electrode 
and Ag/AgCl as the reference electrode. As shown in Figure 5d, 
Sb2Se3−x/rGO delivers the lowest onset potential of −0.58 V (vs 
−0.53 and −0.50 V for Sb2Se3/rGO and rGO, respectively) at a 
scanning rate of 10 mV s−1 and the highest current response 
among these modified separators, implying the lowest energy 
barrier to the Li2S oxidization conversion and confirming the 
superior catalytic activity of the VSe-rich Sb2Se3−x/rGO.[45] This 
statement can be further supported by Tafel plot analysis of 
the Li2S oxidization, which reveals a much smaller Tafel slope 
of 101 mV per decade for Sb2Se3−x/rGO compared with those 
for Sb2Se3/rGO (132 mV per decade) and rGO (167 mV per 
decade), confirming the significant kinetic enhancement due 
to the defect-rich design (Figure 5e). In addition, the climbing-
image nudged elastic band (CI-NEB) method was applied to 
study the kinetic process of Li2S decomposition. The initial 
structure (IS), transition structure (TS), and final structure 
(FS) are given in Figure S14 (Supporting Information). The 
Li2S decomposition has a much lower energy barrier of 0.46 eV 
on the VSe-rich Sb2Se3−x surface than that on pristine Sb2Se3 
(0.91 eV), indicating the facilitated Li2S transformation kinetics 
due to the existence of VSe. All these results strongly demon-
strate the superior catalytic activity of the VSe-rich Sb2Se3−x/rGO 
toward expedited LiPS conversion.

To explore the important roles of the functionalized sepa-
rators in the electrochemical improvement of Li–S batteries, 
CR2032-type coin cells with different separators were assem-
bled and evaluated. A S/CNT composite was prepared as the 
cathode material with a sulfur content of ≈71 wt%, as deter-
mined by thermogravimetric analysis (TGA; Figure S15, Sup-
porting Information). Figure 6a shows the initial CV curves 
of the cell with the Sb2Se3−x/rGO-modified separator, which 
illustrates a typical two-step sulfur reduction upon cathodic 
scanning. The reduction peak at 2.31 V (vs Li/Li+, hereinafter 
inclusive) is associated with the reduction of S8 to soluble 
long-chain LiPSs (Li2Sn, 4 ≤ n ≤ 8), while the peak at 2.10 V is 
assigned to the further reduction to insoluble Li2S2/Li2S.[46,47] 
The anodic scanning presents one oxidation peak at 2.34 V, cor-
responding to the conversion of Li2S/Li2S2 back to Li2Sn and 
S8.[48,49] Such CV profiles overlap well during the initial several 
cycles, implying good cyclic stability and high reversibility of 
the sulfur redox reactions. Moreover, the CV curves of the cells 
with routine and rGO-, Sb2Se3/rGO- and Sb2Se3−x/rGO-mod-
ified separators are also compared in Figure S16 (Supporting 
Information). Clearly, the Sb2Se3−x/rGO-modified separator 
enables the smallest electrochemical polarization and highest 
redox peak intensity among the different cells, indicating 
facilitated redox reactions and enhanced sulfur utilization.[50] 
The galvanostatic charge–discharge profile at 0.1 C shows two 

discharge plateaus and a charging slope in Figure 6b, which is 
consistent with the CV results according to the multistep sulfur 
reaction mechanism. Notably, the Sb2Se3−x/rGO cell maintains 
the voltage profile well, with a small potential hysteresis over 
100 cycles, suggesting inhibited LiPS shuttling and stabilized 
sulfur electrochemistry.

The galvanostatic cycling performances of the cells with 
different separators are presented in Figure 6c. The Sb2Se3−x/
rGO-modified separator enables a remarkable initial capacity of 
1387 mAh g−1 at 0.1 C (1 C = 1675 mA g−1), which is much 
higher than those based on the other separators (1249, 1187, 
and 1053 mAh g−1 for the Sb2Se3/rGO, rGO and routine sepa-
rators, respectively), indicating significantly enhanced sulfur 
utilization. Additionally, a high capacity retention of 81.1% and 
a coulombic efficiency close to 100% over 100 cycles can also 
be obtained for the Sb2Se3−x/rGO cell, strongly demonstrating 
its superior cycling stability over those of the other separator 
designs. The significant improvement in battery cyclability is 
attributed to the strong chemical interaction of the VSe-rich 
Sb2Se3−x/rGO, as verified above, which establishes a powerful 
barrier against LiPS diffusion across the separator, resulting 
in efficient inhibition of LiPS shuttling. Figure 6d compares 
the rate performances of the different cells from 0.2 C to  
8.0 C. The Sb2Se3−x/rGO cell exhibits the best rate capability 
with a high capacity of 1249 mAh g−1 at 0.2 C and 787 mAh g−1  
at 8.0 C. When switched back to 0.2 C, the capacity recovers to 
1168 mAh g−1, corresponding to 93.5% of its initial value. In com-
parison, the cells with the routine, rGO-modified and Sb2Se3/
rGO-modified separators undergo rapid capacity fading to low 
capacities of 56, 161 and 377 mAh g−1, respectively, at 8.0 C.  
The corresponding charge–discharge curves under different 
current densities are presented in Figure S17 (Supporting 
Information). The cell based on the Sb2Se3−x/rGO-modified 
separator maintains the typical voltage profile even at a high 
rate up to 8.0 C, while the other separators, particularly the 
rGO and routine ones, suffer severe profile deformation 
upon an increase in the current rate. This electrochemical 
polarization behavior can also be perceived from the poten-
tial gap variation with the current rate for the different cells  
(Figure S18, Supporting Information). The superb rate capa-
bility benefits from the high conductivity and great catalytic 
activity of Sb2Se3−x/rGO toward LiPS conversion, which signifi-
cantly lowers the electrochemical resistance and improves the 
overall sulfur redox reaction kinetics. Additionally, Nyquist plots 
of the cells with different separators were also collected to study 
the enhancement of the kinetic reaction (Figure S19, Supporting 
Information). The plots consist of a semicircle and an inclined 
straight line corresponding to the charge transfer resistance 
(Rct) and Warburg impedance, respectively. The cell with the 
Sb2Se3−x/rGO-modified separator delivers the smallest ohmic 
resistance and charge transfer resistance as well as the steepest 
Warburg slope, indicating the beneficial enhancement of the 
electron/ion conductivity and ion diffusion due to the VSe-rich  
Sb2Se3−x/rGO design.

In view of the above results, the prolonged cycling 
behavior was further explored, as depicted in Figure 6e. The 
highly defective Sb2Se3−x/rGO shows an excellent cyclability, 
retaining a high reversible capacity of 847 mAh g−1 after 500 
cycles at 1.0 C, which corresponds to a minimum capacity 
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fading rate of 0.027% per cycle. In contrast, the cells with 
the routine, rGO-modified and Sb2Se3/rGO-modified separa-
tors suffer from poorer capacity retention, with 104, 326, and  
565 mAh g−1 capacities, respectively, after 500 cycles. These 
performances achieved by Sb2Se3−x/rGO also reveal great 
competitiveness with the recently reported works based on 
functional interlayer design (Table S3, Supporting Informa-
tion), which further demonstrates the great superiority of such 
defect engineering for battery improvement. These enhance-
ments in the capacity, rate capability and cyclability are attrib-
uted to the highly conductive nature, rapid ion/mass transfer, 
and good LiPS affinity of the as-developed Sb2Se3−x/rGO, 
which immobilizes LiPS species and effectively catalyzes their 
electrochemical conversion, leading to active suppression of 
the shuttle effect and the resultant improvement in the battery 
performance. Additionally, the cycling performances based on 
Sb2Se3−x/rGO with different defect levels were also compared, 
as shown in Figure S20 (Supporting Information). 5-Sb2Se3−x/
rGO enables the highest capacity and best cyclability, attributed  

to its well-balanced VSe content, structural integrity and 
conductivity.

In addition, the structural stability of the VSe-rich Sb2Se3−x/
rGO design upon the charge–discharge process was further 
investigated by postmortem studies. The XRD patterns of 
Sb2Se3−x/rGO before and after 100 cycles clearly illustrate the 
well-retained crystalline footprint (Figure S21, Supporting 
Information), manifesting its good structural stability during 
cell operation. Moreover, Se 3d XPS spectra of Sb2Se3−x/rGO 
before and after 100 cycles were also recorded and compared 
with that of pristine Sb2Se3, as presented in Figure S22 (Sup-
porting Information). After 100 cycles, a new peak emerges at 
53.1 eV, ascribed to the chemical bonding between Se and Li, 
which is consistent with the DFT calculation result.[51] More-
over, the Se0 peak of Sb2Se3−x/rGO is retained, with a shift to a 
higher BE of 57.5 eV, indicating the well-maintained VSe during 
the interaction with LiPSs during cell cycling.[52] Therefore, 
the defective nature of Sb2Se3−x/rGO can be well maintained 
upon battery operation, which constantly suppresses the shuttle 

Adv. Mater. 2019, 1904876

Figure 6. a) CV curves and b) charge–discharge profiles of the cell with the Sb2Se3−x/rGO-modified separator; c) cycling performances at 0.1 C, d) rate 
performances, and e) prolonged cycling behavior at 1.0 C of cells with Sb2Se3−x/rGO-, Sb2Se3/rGO- and rGO-modified and routine separators with a 
sulfur loading of 1.8 mg cm−2.
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effect and promotes the sulfur redox reactions for fast and 
durable sulfur electrochemistry.

Considering the potential application of Li–S batteries, stud-
ying the electrochemical performances under high areal sulfur 
loading to pursue a higher energy density beyond the material 
level is significant. Therefore, the as-developed Sb2Se3−x/rGO-
modified separator was implemented with raised sulfur load-
ings of 3.0, 5.8, and 8.1 mg cm−2 for further electrochemical 
evaluations. As shown in Figure 7a, a distinct two-plateau 
voltage profile is still achievable under high sulfur loading up 
to 8.1 mg cm−2, with a high areal capacity of 7.46 mAh cm−2. 
Additionally, the rate performances of Sb2Se3−x/rGO-based cells 
under raised sulfur loadings are also depicted in Figure 7b. 
Decent areal capacities of 2.64, 4.43, and 5.39 mAh cm−2 can 
be retained under sulfur loadings of 3.0, 5.8, and 8.1 mg cm−2, 
respectively, at a raised rate of 0.5 C, demonstrating the good 
capability of this VSe-rich Sb2Se3−x/rGO design in realizing 
low polarization and fast sulfur reaction kinetics under high-
loading configurations. Furthermore, the cycling performances 
of the high-loading cells were evaluated, as shown in Figure 7c. 
Stable cycling behavior can be achieved based on the Sb2Se3−x/
rGO-modified separator, with high capacity retention values of 
3.02, 5.16, and 6.66 mAh cm−2 at sulfur loadings of 3.0, 5.8, 
and 8.1 mg cm−2, respectively, after 100 cycles. The good cycla-
bility is attributed to the favorable adsorptive and catalytic supe-
riorities of the as-developed hierarchical, porous and defective 
Sb2Se3−x/rGO microspheres, which establish a highly effective 
functional layer that obstructs LiPS diffusion and promotes the 
sulfur redox kinetics, enabling strong inhibition of LiPS shut-
tling and a prolonged battery lifespan. Notably, the obtained 
high-loading performance is also highly competitive with the 

recent publications based on functional interlayers when taking 
the critical parameters of the interlayer thickness, mass loading 
and electrode sulfur loading into account (Figure 7d; Table S4, 
Supporting Information). This comparison further validates 
the great superiority of the Sb2Se3−x/rGO design in pursuing 
high-performance Li–S batteries. As a demonstration, cells with 
Sb2Se3−x/rGO were capable of powering an electric fan with 
a light pattern of “HEBUT” (Figure 7e), suggesting a decent 
energy storage capability as well as great promise in promoting 
the practical application of Li–S batteries.

In summary, we developed exquisite defect-rich Sb2Se3−x/
rGO microspheres through a facile spray-drying method, which 
were designed for the construction of an efficient multifunc-
tional LiPS barrier toward superior Li/S performance. The hier-
archical architecture establishes a conductive framework for 
electron/ion transfer, while the highly porous structure exposes 
abundant active interfaces for LiPS confinement and conver-
sion. Moreover, defect engineering endows the as-developed 
Sb2Se3−x/rGO with enhanced conductivity, LiPS adsorbability, 
and catalytic activity, thus establishing a highly effective func-
tional layer that effectively suppresses polysulfide shuttling and 
promotes the sulfur redox kinetics in Li/S batteries. Attributed 
to these beneficial features, the implementation of the Sb2Se3−x/
rGO-modified separator delivers an excellent long-term cycling 
stability with a low capacity fading of 0.027% per cycle over 500 
cycles, a remarkable rate capability up to 8.0 C, and a high areal 
capacity of 7.46 mAh cm−2 under raised sulfur loading. This 
work provides a new perspective on defect engineering toward 
the concurrent realization of adsorptive and catalytic function-
alities in separators, holding great promise in the development 
of high-performance Li/S batteries.

Figure 7. a) Charge–discharge profiles, b) rate performances, and c) cycling performances at 0.1 C of cells with Sb2Se3−x/rGO-modified separators 
under raised sulfur loadings; d) performance comparison between cells with different separators; e) photograph of an electric fan with an “HEBUT” 
pattern powered by cells with the Sb2Se3−x/rGO-modified separator.
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Experimental Section
Preparation of Sb2Se3−x/rGO: First, 0.23 g antimony trichloride (SbCl3, 

99.9%, Aladdin) was dissolved into 100 mL triethylene glycol (TEG, 
99%, Aladdin), while 0.24 g selenium powder (Se, 99%, Aladdin) was 
dissolved into a mixture of 10 mL thioglycolic acid (TGA, 80%, Aladdin) 
and 90 mL monoethanolamine (MEA, 99%, Aladdin). The two obtained 
solutions were poured into a three-necked flask with 0.2 g PVP and 
heated at 190 °C for 20 min under a nitrogen atmosphere. After cooling, 
the precipitate was washed and centrifuged to obtain Sb2Se3 nanorods. 
Second, 0.42 g Sb2Se3 and 105 mL GO (2 mg mL−1) were mixed under 
vigorous stirring, spray-dried, and chemically reduced by hydrazine 
through a steam bath process at 100 °C for 12 h to obtain Sb2Se3/
rGO composites. Finally, the defect-rich Sb2Se3−x/rGO was obtained by 
subjecting Sb2Se3/rGO to a thermal shock at 600 °C in a tube furnace for 
5 min under an Ar atmosphere.

Physical Characterization: The crystalline structures of materials 
were analyzed by an XRD diffractometer (D/Max 2500 V/pc, Rigaku) 
with Cu Kα radiation. The Raman spectra were collected using a 
Raman microscope (Thermo Scientific, Waltham) system. The EPR 
measurement of vacancies was conducted with an Endor spectrometer 
(Bruker A300) at 77 K. XPS spectra were obtained using a PHI  
5000 Versa Probe system. The morphological and structural information 
was collected by SEM (JSM-7100F, JEOL) and TEM (JEM-2100F, JEOL).

Electrochemical Characterization: The sulfur/carbon nanotube  
(S/CNT) composite was prepared by the melt-impregnation method. 
Typically, CNT and sulfur powder were well ground in a weight ratio 
of 3:7 and heated at 155 °C for 12 h to obtain the S/CNT composite. 
Then, the sulfur composite was homogeneously mixed with Super P and 
polyvinylidene fluoride (PVDF) at a mass ratio of 8:1:1 in 1-methyl-2-
pyrrolidinone (NMP) solution. The slurry was coated on aluminum foil 
and dried at 60 °C for 12 h to obtain the sulfur electrode. The sulfur 
loading for regular electrodes was 1.8 mg cm−2, while higher loadings 
up to 8.0 mg cm−2 were also prepared. The modified separator was 
prepared by a simple surface coating method, in which 90 wt% Sb2Se3−x/
rGO microsphere composites and 10 wt% PVDF were mixed together 
in NMP and coated on the routine separator. The mass loading of the 
interlayer materials was controlled at 0.5 mg cm−2. Separators modified 
by Sb2Se3/rGO and bare rGO were also prepared for comparison. 
CR2032-type coin cells were assembled in an Ar-filled glove box with 
the S/CNT cathode, modified separator, and lithium anode for the 
electrochemical evaluations. The electrolyte consisted of 1.0 m lithium 
bis(trifluoromethane sulfonyl) dissolved in 1,3-dioxolane (DOL) and 
1,2-dimethoxyethane (DME) (1:1; v:v) with 1 wt% LiNO3. The electrolyte 
additions were 15 and 10 µL mg−1

S for regular and high-loading cells, 
respectively. An electrochemical workstation (Princeton, VersaSTAT 
4) was adopted to collect CV curves at operating potentials of 1.7 to 
2.8 V with a scanning rate of 0.1 mV s−1 and EIS plots in the frequency 
range of 0.01 Hz to 100 kHz. Galvanostatic charge–discharge and rate 
capability tests were carried out on a Neware battery test station. The 
current and capacity were calculated based on the mass of sulfur.

Theoretical Calculation: The DFT calculation was carried out using 
the VASP package with the generalized gradient approximation (GGA) 
and the Perdew–Burke–Ernzerhof (PBE) exchange and correlation 
functional.[53–55] A plane-wave cutoff of 400 eV was used. The Brillouin 
zone was integrated using Monkhorst–Pack sets of a 2 × 2 × 1 k-point 
mesh. The Sb2Se3 (130) surface was modeled using a (2 × 3) unit 
cell. The vacuum height was set to 15 Å. During the calculations, the 
bottom two atomic layers were fixed, whereas the remaining layers 
and the adsorbents were allowed to relax. Structures were fully relaxed 
until the forces acting on the atoms were less than 0.03 eV Å−1. The 
Sb2Se3−x (130) surface (containing selenium vacancies) was constructed 
by placing three selenium vacancies on the bridging selenium rows 
in the Sb2Se3 surface.[56,57] The Sb2Se3−x (130) surface was built by 
removing three selenium sites on the topmost layer. The Li2Sn (n = 1, 
2, 4, 6, 8) adhesion bonding energy (Eb) was calculated as follows: Eb = 
ELi2Sn/Sb2Se3−x – ELi2Sn – ESb2Se3−x, where ELi2Sn/Sb2Se3−x, ELi2Sn, and ESb2Se3−x 
represent the total energy of the system, isolated Li2Sn polysulfide and 
Sb2Se3−x, respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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