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Abstract
Defect engineering techniques have gained significant attention worldwide as a promising strategy to amend the electronic and 
atomic arrangements of nanomaterials. By introducing defects such as dislocations or vacancies in polar materials, it is pos-
sible to create electrophilic adsorption sites that can effectively trap polysulfide species by lowering the energy transfer barrier 
for electrons. In this study, non-stoichiometric antimony selenide (Sb2Se2.2) nanocrystals embedded in a three-dimensional  
hollow microsphere composed of a reduced graphene oxide (rGO) matrix (H-Sb2Se2.2@rGO‒600) were synthesized by 
precisely controlling the heating conditions. Density functional theory (DFT) calculations revealed that thermally induced 
anionic Se-defects caused atomic disorder in the crystal structure, altering the electronic structure and in turn enhancing the 
adsorption strength of polysulfide through improved electrophilic coupling interactions between Sb�+ − S2−

x
 and Li+ − Se

�− . 
Lithium–sulfur (Li–S) batteries incorporating H-Sb2Se2.2@rGO‒600-coated separator and a typical sulfur electrode (≈2.0 mg 
cm–2) exhibited excellent high-rate capability, with a discharge rate of up to 4.0 C, and exceptional cycling stability. After 
1300 continuous charge‒discharge cycles at 4.0 C, the cell showed a capacity retention of 90.4%, with an average capacity 
decay rate of only 0.007% per cycle. The impressive performance was maintained under more demanding cell conditions, 
such as high effective S content (66%), high S loading (6.0 mg cm–2), and a low electrolyte-to-sulfur ratio (4.3 µL mg–1). The 
Li–S cell demonstrates excellent cycling stability (120 cycles at 0.1 C) and maintains feasible rate performance up to 0.3 C.
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1  Introduction

The high theoretical discharge capacity (1675 mA h g–1) and 
exceptional gravimetric energy density (2600 Wh kg–1) have 
positioned lithium‒sulfur (Li–S) batteries as a promising 
alternative to commercially available lithium-ion batteries 
[1–5]. However, the complex solid–liquid–solid phase sepa-
rations involving sulfur (S), intermediate lithium polysulfide 
(LiPS) species, and final Li2S product pose significant chal-
lenges in achieving satisfactory electrochemical perfor-
mance in Li–S cells [6–10]. The presence of intermediate 
LiPS species has both advantageous and detrimental effects. 
While their fast electrocatalytic conversion is desirable for 
high sulfur utilization and improved battery performance, 
their shuttling between the cathode and anode under con-
centration gradient and electric field effects leads to severe 
cell degradation [11–15]. Therefore, efficient electrocatalytic 
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conversion of intermediate LiPS species is a key issue of 
focus in Li–S battery research [16–20].

In addition to localizing sulfur within the porous hosts, 
utilizing functional separators or interlayers in which the 
coated part faced towards the sulfur side is another promis-
ing strategy to restrict the polysulfide migration within the 
cathodic domain. The interlayers acted as a “polysulfide 
barrier” and generally consisted of three parts: a conduc-
tive matrix that supports fast redox kinetics; a porous frame-
work for efficient electrolyte infiltration; and finally, a polar 
material for providing abundant chemisorption sites for 
effective polysulfide anchoring. Numerous transition metal 
compounds (TMCs) have been explored for confining S and 
regulating LiPS species due to their strong chemical inter-
actions with the polysulfide species [21, 22]. TMCs mainly 
constitute transition metal oxides (TMOs), transition metal 
nitrides (TMNs), transition metal sulfides (TMSs), transi-
tion metal carbides (TMCs), transition metal selenides 
(TMSes), and transition metal phosphides (TMPs) [23–28]. 
In particular, TMSes have emerged as promising electro-
catalytic materials owing to their unique structure (sand-
wiched configuration in the form of Y–M–Y, where M is a 
transition metal, and Y is Se). TMSes are also characterized 
by Van der Waals forces, low cost, high electrical conduc-
tivity, narrow-bandgap semiconducting properties, strong 
spin-orbit coupling, and superior electrocatalytic activity 
towards LiPS [29]. The strong interaction between TMSes 
and LiPS reduces the reaction energy barrier for intermedi-
ate polysulfides, leading to a shortened nucleation path for 
Li2S [30]. Additionally, the presence of lithophilic as well 
as sulfiphilic sites in TMSes simultaneously minimizes Li 
dendrite formation or growth by enabling uniform Li+ depo-
sition along with the efficient trapping of LiPS, preventing 
active material loss [21]. However, issues such as poor ion 
diffusion and parasitic interface/surface chemical reactions 
are associated with TMSes [27]. Additionally, chemisorption 
sites are only available on the edge planes of TMSes rather 
than the basal planes due to their limited coordinated active 
sites and low Gibbs free energy [31, 32].

Defect engineering techniques have garnered significant 
attention as a paramount strategy for modifying the elec-
tronic and atomic arrangements of nanomaterials. Intro-
ducing defects, such as dislocations or vacancies, in polar 
materials creates numerous electrophilic adsorption sites 
capable of trapping LiPS species by reducing the energy 
transfer barrier for electrons [6]. In addition, defects also 
cause variations in surface energy among different crystal 
planes, resulting in different chemical trapping and catalytic 
activation abilities. This is primarily due to the interaction or 
transfer of frontier orbital electrons from polysulfide species 
to empty or electron-vacant sites in polar nanomaterials [33]. 
However, research solely focused on enhancing the perfor-
mance of Li–S cells based on selenium (Se) vacancies or 

deficiencies is still in the early stages. Furthermore, studies 
specifically investigating the defect-induced electrocatalytic 
ability of particular crystal planes are scarce. Herein, we 
present a detailed comprehensive analysis based on com-
putational (density functional theory (DFT)) as well as 
experimental analysis demonstrating how the introduction of 
Se-dislocations or Se-defects enhances the LiPS adsorption 
efficiency of particular crystal planes, along with optimal 
microstructure design strategy for Li-S batteries.

In this study, we prepared a non-stoichiometric antimony 
selenide phase by accurately controlling the heating condi-
tions and utilizing it as a coating interlayer at the cathode 
side to enhance the electrochemical performance of Li–S 
cells. Notably, stoichiometric antimony selenide (Sb2Se3) 
exhibits P-type semiconductivity with a narrow bandgap of 
approximately 1.1 eV [34, 35]. Additionally, the absence 
of dangling bonds at the grain boundaries in Sb2Se3 allows 
for heterostructure formation, which facilitates excellent Li-
ion transmission and storage characteristics due to irregular 
charge spreading [34, 36]. Moreover, Se-defects or vacan-
cies can be easily introduced and controlled in Sb2Se3 
owing to the facile evaporation of Se. We employed a scal-
able spray pyrolysis process to initially synthesize hollow 
three-dimensional (3D) microspheres comprising antimony/
antimony oxide (Sb/Sb2O3) nanocrystals embedded in a 
reduced graphene oxide (rGO) framework and then carried 
out a selenization process in a reducing atmosphere (5% H2/
Ar). The selenization temperature was optimized by syn-
thesizing a series of samples at different temperatures. The 
final optimized powder was abbreviated as “H-Sb2Se2.2@
rGO‒600” microspheres. At the optimized temperature (600 
°C), thermally induced Se-vacancies or dislocations were 
introduced to eventually form a non-stoichiometric antimony 
selenide (Sb2Se2.2) phase. Additionally, the self-supporting 
rGO framework provided multiple conductive pathways for 
fast electron transfer during the electrochemical process, 
while stabilizing the 3D hollow nanostructure. The hol-
low structure was formed due to the decomposition of the 
organic units in tartaric acid (C4H6O6), whereas the cavities 
were introduced using a polystyrene (PS)-nanobead-based 
suspension (ϕ = 200 nm). The hollow structure with open 
cavities facilitated smooth diffusion of charged species by 
shortening the effective charge diffusion length, minimizing 
electrolyte volume consumption, and accommodating vol-
ume variations during the lithiation/delithiation processes, 
leading to improved performance.

Based on the aforementioned nanostructural advantages, 
Li–S cells incorporating the H-Sb2Se2.2@rGO‒600-modified  
separator exhibited remarkable electrochemical perfor-
mance. The Li–S cells with nominal S loading (2.0 mg cm–2) 
and an effective S content of 60.4% demonstrated a high-
rate capability up to 4.0 C and significant cycling stability 
at 4.0 C (until 1300 cycles). Even under more challenging 
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battery parameters (effective S content of 66%, S loading 
of 6.0 mg cm–2, and a low electrolyte-to-sulfur ratio of 
4.3 µL mg−1), Li–S cells utilizing the H-Sb2Se2.2@rGO‒
600-modified separator exhibited excellent rate (up to 0.3 C) 
and cycling performances (120 cycles at 0.1 C). Therefore, 
we anticipate that the structural benefits induced by defects 
will pioneer new insights in pursuit of more durable sulfur 
redox kinetics in various metal–sulfur batteries and other 
applications [37, 38].

2 � Results and discussion

2.1 � Nanostructure optimization for durable  
Li–S batteries

A thorough analysis of the synthesized microspheres was 
carried out to investigate their morphological and crystal 
structure characteristics at each step of the synthesis process. 
Fig. S1 presents the FE-SEM micrographs, XRD pattern, 
and Raman spectrum of the as-sprayed microspheres. The 
FE-SEM micrograph in Fig. S1a demonstrates the forma-
tion of non-aggregated, uniformly dispersed microspheres. 
Furthermore, the microspheres exhibit a nearly even size dis-
tribution with an average diameter of ≈1.5 μm. Upon closer 
inspection of Fig. S1b, a slight convex shape and surface 
roughness are observed, indicating effective confinement of 
the constituents within the prepared microspheres. Besides, 
the decomposition of PS nanobeads resulted in the forma-
tion of hollow cavities. However, in some regions, the PVP-
derived carbonaceous species covers the outer surface of the 
microspheres, thus not exposing the cavities well. The XRD 
pattern (Fig. S1c) displays well-resolved diffraction peaks 
with biphasic characteristics indexed to the Sb and Sb2O3 
phases. Additionally, a distinct hump at 2θ = 22° confirms 
the presence of rGO in the microspheres. Raman spectros-
copy was employed to examine the crystalline properties 
of carbonaceous species. The spectrum (Fig. S1d) reveals 
distinct D- and G-band signatures located at 1351 and 
1575 cm–1, respectively. The relative intensity ratio (RIR) of 
these two bands, denoted as ID/IG, provides a direct measure  
of the carbonaceous species crystallinity [39]. The obtained 
RIR value of 0.8 indicates the highly crystalline nature of the 
rGO framework constituting the microspheres. Furthermore, 
the two low-intensity peaks observed at the lower-wavenumber 
side are attributed to Sb–O bond stretching [40]. Overall, 
the results indicate the formation of biphasic nanostructures 
comprising well-confined Sb and Sb2O3 nanocrystals within 
a crystalline carbon framework derived from rGO.

To optimize the nanostructure in terms of morphology 
and crystal structure, the as-sprayed microspheres were sub-
jected to a selenization process in a reducing atmosphere 
(5% H2/Ar) at varying temperatures ranging from 350 to 

700 °C. The resulting morphological and phase variations in 
the powders as a function of selenization temperature were 
examined, as shown in Fig. 1. Surprisingly, increasing the 
temperature from 350 to 700 °C led to subtle changes in 
microsphere size, while the overall morphological changes 
were not conspicuous, as observed in the FE-SEM micro-
graphs (Fig. 1a–f). All selenized powders exhibited the for-
mation of hollow microspheres with large cavities or voids, 
attributed to the thermal degradation of tartaric acid and 
PS nanobeads (ϕ = 200 nm). However, the XRD patterns 
(Fig. 1g) revealed significant alterations in the crystal envi-
ronment as the temperature increased. The XRD peaks of all 
the powders indexed well with the standard JCPDS file for 
Sb2Se3 (orthorhombic crystal lattice; Pbnm space group). 
Notably, the highest-intensity peak at 2θ = 31.1° corresponds 
to the (221) diffraction plane of the crystal lattice. The sele-
nized powder at 350 °C exhibited a well-matched diffraction 
peak, indicating the presence of the stoichiometric Sb2Se3 
form. However, some additional peaks related to the pure Sb 
phase (marked with an asterisk) were also observed. Interest-
ingly, as the selenization temperature increased from 400 to 
600 °C, the intensity of the (221) plane faded continuously, 
while the intensity of the (120) plane reached a maximum at 
500 °C and then decreased at 600 °C. This intensity transi-
tion from the (221) crystal plane to the (120) plane suggests 
significant changes in the atomic arrangement within the 
nanostructure associated with the specific planes. However, 
at 700 °C, only a broad hump at 2θ = 22° was observed, indi-
cating the absence of sharp diffraction peaks corresponding 
to the selenide phase, leaving behind carbonaceous products 
only. This is due to the complete decomposition of the anti-
mony selenide phase (melting point of ≈610 °C) at 700 °C. 
To gain deeper insight into the atomic environment variation 
of the selenized microspheres, elemental composition analy-
sis was conducted using inductively coupled plasma optical 
emission spectrometry (ICP-OES) of samples prepared at 
different temperatures. The results (Table S1) revealed that 
lower selenization temperatures maintained a near stoichio-
metric composition. However, a selenization temperature 
of 500 °C resulted in a slightly non-stoichiometric atomic 
composition of Sb and Se. Notably, the highest degree of 
non-stoichiometry was observed at a selenization tempera-
ture of 600 °C, which yielded an experimental composition 
of Sb2Se2.2. This non-stoichiometric proportion at higher 
temperatures arose from the removal of Se from the crys-
tal structure, leading to thermally induced Se-vacancies or 
Se-deficiencies. It is surmised that Se-vacancies introduce 
a high degree of atomic disorder and create coordinatively 
unsaturated catalytic sites, consequently enhancing the 
electrophilic coupling interactions between the polar mate-
rial and polysulfide species. Electron probe microanalysis 
(EPMA) revealed the elemental mapping distribution in 
H-Sb2Se2.2@rGO‒600 (Fig. S2), in which C, Se, and Sb 
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were uniformly distributed within the nanostructure. Con-
sequently, increasing the selenization temperature offers the 
possibility of obtaining a non-stoichiometric form of anti-
mony selenide, which could contribute to improving electro-
chemical performance due to the abundance of unsaturated 
electrocatalytic sites in the form of Se-vacancies.

2.2 � Computational insights into the polysulfide 
adsorption capability of the Se‑defect phase

Before conducting preliminary electrochemical tests, a 
computational investigation was undertaken to assess the 
potential use of the Se-deficient or non-stoichiometric form 
of Sb2Se3 towards the chemical adsorption of LiPS species. 
Initially, we designed the geometry of bulk stoichiometric 

Sb2Se3 (Fig. S3a and b) and subsequently optimized the 
(120) and (221) surfaces (Fig. S3c and d). The optimized 
bulk Sb2Se3 structure exhibited lattice parameters of approx-
imately a = 11.43 Å, b = 11.71 Å, and c = 4.02 Å, which 
are consistent with previous studies [41]. Additionally, the 
geometries of different gas-phase sulfur-containing mol-
ecules, including S8, Li2S6, and Li2S4 (Fig. S3e), were also 
optimized along with the corresponding bond lengths and 
bond angles (Table S2), which matches well with previous 
studies [42]. To evaluate the efficiency of the Sb2Se3 (120) 
and (221) surfaces for the LSBs, the adsorption energies 
of different key molecules involved in the shuttle reaction, 
including S8, Li2S6, and Li2S4, were calculated. Notably, 
Li2S6 demonstrated the highest solubility, whereas Li2S4 
was identified as a crucial intermediate determining the 

Fig. 1   Morphological and crys-
tal structure characterizations of 
the as-sprayed composite micro-
spheres after selenization at 
various temperatures for 3 h in 
a reducing atmosphere (5% H2/
Ar): a–f FE-SEM micrographs, 
and g XRD pattern variations 
as a function of selenization 
temperature
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LSB efficiency [43, 44]. Moreover, a more negative adsorp-
tion energy indicates a lower solubility of LiPS in the elec-
trolyte. The adsorption energy calculation considered sites 
where Li- or S-atoms, as adsorbates, could react with Sb- or 
Se-atoms on the surfaces (Li–Sb, Li–Se, S–Sb, and S–Se 
adsorption models). The results indicated stable adsorption 
of S8, Li2S6, and Li2S4 on the bulk stoichiometric Sb2Se3 
(120) and (221) surfaces, where the Li of LiPSs was strongly 
adsorbed to the Se sites on the Sb2Se3 surfaces. The most 
stable adsorption energies of S8, Li2S6, and Li2S4 on the 
bulk Sb2Se3 (120) surface were −1.07, −1.54, and −1.59 eV, 
respectively, while on the bulk Sb2Se3 (221) surface, they 

were −0.95, −2.08, and −1.80 eV, respectively (Fig. 2a–f). 
The adsorption energies of S8, Li2S6, and Li2S4 on the pris-
tine and defective Sb2Se3 (120) and (221) surfaces are shown 
in Tables S3 and S4. These findings clearly signify that for 
bulk stoichiometric Sb2Se3, the (221) surface is highly 
favorable for polysulfide adsorption compared to the (120) 
surface. Furthermore, defective Sb2Se3 (120) and (221) sur-
faces were also designed by removing the Se-atoms, which 
have a lower boiling point than Sb-atoms. Figure 2g and h 
illustrate Li2S6 adsorption configurations on the bulk Sb2Se3 
(120) surface and non-stoichiometric or defective Sb2Se3−x 
(120) surface, respectively, featuring two Se-atom vacancies. 

Fig. 2   The most stable adsorption configurations of a S8, b Li2S6, 
and c Li2S4 on bulk stoichiometric Sb2Se3 (120) surface and d S8, e 
Li2S4, and f Li2S6 on Sb2Se3 (221) surface; g Li2S6 adsorption con-
figurations on bulk stoichiometric Sb2Se3 (120) surface and h defec-
tive Sb2Se3 (120) surface with two Se-atom vacancy sites;  i adsorp-
tion energy dependence on the number of vacancy sites for Li2S6 and 
Li2S4 on Sb2Se3−x (120) and (221) surfaces;  j charge density differ-
ence (CDD) and k spin density of Sb2Se3 (120) surface upon two Se-

atom vacancy sites (red and blue colors in j represent charge accumu-
lation and depletion upon Se-atom desorption, respectively, whereas 
red color in k is a positive spin density); and l projected density of 
states (PDOS) of bulk stoichiometric (above) and defective (two 
Se-atoms) Sb2Se3−x (120) surface (below). Silver, yellow, brown, 
green, and white spheres represent Li, S, Sb, Se-atoms, and Se-atom 
vacancy site, respectively
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It was observed that Li2S6 interacted more strongly with 
atoms on the defective (120) surface (Eb = −1.70 eV) com-
pared to the pristine Sb2Se3 (120) surface (Eb = −1.17 eV). 
It should be noted that the adsorption strength on the Sb2Se3 
(120) surface depended on the number of Se-atom vacancies. 
Moreover, the adsorption strength of LiPS varied with the 
number of defective sites (Fig. 2i; “0” represents pristine 
surface whereas “1–4” represent a number of defects), indi-
cating that an appropriate number of Se-atom defective sites 
are necessary to enhance the adsorption strength of LiPS. 
Electronic structure analyses demonstrated that the enhanced 
adsorption strength of LiPS resulted from the formation of 
dangling bonds by removing Se-atoms at the defective site. 
Figure 2j displays the charge density difference (CDD) of the 
defective Sb2Se3−x (120) surface, where Li2S6 exhibited the 
most stable adsorption, indicating actively interacting elec-
trons at the Se-atom defect site. Additionally, Fig. 2k depicts 
the positive spin density at the defective site. Importantly, 
the spin density relies on the magnetization induced by the 
electron spin, where a higher positive spin density corre-
sponds to stronger adsorption [45, 46]. The Sb2Se3 (120) 
surface used in this study has a flat arrangement of atoms, 
whereas the atoms on the Sb2Se3 (221) surface exhibit a 
stepped arrangement. Moreover, the stepped arrangement 
can be varied referring to the surface atom termination and 
thus is an important factor that can affect the adsorption 
strength [47]. To confirm this effect, the Sb2Se3 (221) sur-
face (Sb termination) was designed by removing the Se-
atoms exposed on the top of the Sb2Se3 (221) surface (Se 
termination), which was used in the above adsorption energy 
calculations. Further, adsorption energy was calculated on 
the Sb2Se3 (221) surface (Sb termination), in which S-atoms 
of the Li2S6 adsorbate were adsorbed on Sb-atoms. As a 
result, it was confirmed that Li2S6 exhibited weaker adsorp-
tion on the Sb-terminated Sb2Se3 (221) surface (−0.30 eV) 
than on the Se-terminated Sb2Se3 (221) surface (−0.42 eV), 
indicating Se-terminated surfaces exhibited more stable 
adsorption energies. Figure 2l illustrates the projected den-
sity of states (PDOS) when Li2S6 is adsorbed on bulk and 
defective Sb2Se3 (120) surfaces. On the defective surface, 
the electronic state of Se (4p orbitals) was located near the 
Fermi level (below panel). Particularly, the electronic state 
of Sb (5s and 5p orbitals) shifted closer to the Fermi level, 
implying that unlike the bulk surface, Sb-atoms can con-
tribute to stable adsorption on the defective surface. Moreo-
ver, it has been reported that the closer the p-band center is 
to the Fermi level, the stronger the adsorption [48]. Nota-
bly, the p-band is an energy level value of the centroid in 
p-orbitals. In other words, electron donation is promoted, 
and a high strong adsorption strength is induced when more 
electrons are located near the fermi level. The p-band cent-
ers (below the Fermi level) of the Sb- and Se-atoms, where 
Li2S6 is adsorbed on the defective Sb2Se3 (120) surface, 

were −3.83 eV and −2.79 eV, respectively. These energies 
are closer to the Fermi level than the p-band center of the 
pristine Sb2Se3 (120) surface (Sb, −3.93 eV; Se, −2.82 eV). 
Overall, the computational calculations indicate that the 
nanostructure with thermally induced Se-vacancies exhib-
its enhanced adsorption of the polysulfide species due to 
more active bonding sites. These findings demonstrate the 
improved sulfur redox kinetics, which ultimately enhances 
electrochemical performance.

Taking advantage of the high degree of disorder in the 
atomic configuration of the H-Sb2Se2.2@rGO‒600 micro-
spheres, we performed preliminary rate capability tests from 
0.05 to 4.0 C to better understand the effect of thermally 
induced Se-vacancies and validate the computational results. 
The prepared microspheres were utilized as electrocatalytic 
interlayers facing towards the cathode, and the rate capa-
bility results are summarized in Fig. 3. The microspheres 
obtained after selenization at 350 °C exhibited low discharge 
capacities (Fig. 3a), even at low C-rates of 0.05 and 0.1 C. 
Besides, at high C-rates of 2.0 C, the charge–discharge 

Fig. 3   Galvanostatic charge–discharge (GCD) voltage profiles and 
rate capability result at various current rates from 0.05 to 4.0 C for 
different powders prepared at various selenization temperatures: a 
350 °C, b 400 °C, c 450 °C, d 500 °C, e 600 °C, and f rate perfor-
mance of the prepared nanostructures
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voltage plateaus were less pronounced. Furthermore, at 
C-rates higher than 2.0 C, no voltage profiles were obtained, 
implying insignificant discharge capacity values (Fig. 3f) 
owing to the inferior sulfur redox processes within the cell. 
Similar rate capabilities were obtained for microspheres pre-
pared after selenization at 400 °C (Fig. 3b and f), although 
a slight improvement was noticeable. Furthermore, when 
the selenization temperature was further increased to 450 
°C (Fig. 3c and f), the capacities considerably improved, 
particularly at high C-rates of 2.0, 3.0, and 4.0 C, with clear 
charge–discharge voltage plateaus. However, significant 
polarization at high C-rates was also evident, suggesting 
sluggish reaction kinetics. Similar results were observed for 
microspheres prepared at a selenization of 500 °C (Fig. 3d 
and f). However, at a selenization temperature of 600 °C, 
typical charge–discharge voltage plateaus were observed 
not only at low-C-rates but also at high C-rates (Fig. 3e). 
Besides, minimal voltage hysteresis was observed, indicat-
ing kinetically favored redox processes inside the Li–S cell. 
This resulted in high discharge capacity values at all C-rates, 
as shown in Fig. 3f. These preliminary results indicate that 
the atomic disorder in the crystal lattice of Sb2Se3 owing 
to Se-vacancies improved the chemical interaction between 
the polysulfide species and the active sites, consequently 
enhancing the utilization percentage of the active material. 
However, before performing a comprehensive electrochemi-
cal analysis, we inclusively examined the morphology, crys-
tal structure, and crystallinity of the prepared nanostructure, 
as discussed below.

2.3 � Physical analysis of the prepared nanostructure

As depicted in Fig. S1, the as-sprayed composite micro-
spheres were subjected to a selenization process at 600 
°C in a reducing atmosphere to obtain Se-deficient phase, 
namely H-Sb2Se2.2@rGO‒600. The FE-SEM micrographs 
in Fig. 4a reveal that the spherical-type morphology was 
maintained even after selenization, with an average diam-
eter of ≈1.5 μm. Besides, the microspheres contain hollow 
cavities (Fig. 4b), primarily due to the emission of large 
amounts of gases formed as a result of the thermal decom-
position of tartaric acid and organic materials. Furthermore, 
these cavities were formed all over the microsphere owing 
to the complete thermal breakdown of the PS nanobeads 
(ϕ = 200 nm). The hollow structure with large open cavities 
offers smooth diffusion of charged species by shortening the 
effective charge diffusion length, lowering the overall elec-
trolyte volume consumption inside the cell, and channelizing 
the severe volume variations during the lithiation/delithia-
tion processes. The TEM image in Fig. 4c is in accordance 
with the FE-SEM results, confirming the synthesis of hollow 
microspheres with open cavities surrounded by a 43-nm-
thick shell of the carbonaceous species primarily formed 

by rGO. The presence of rGO nanosheets is apparent in the 
high-magnification TEM image (Fig. 4d). Notably, besides 
stabilizing the 3D hollow nanostructure, the self-supporting 
rGO framework provides numerous conductive pathways for 
fast electron transfer during the electrochemical process. 
Furthermore, well-confined Se-deficient nanocrystals are 
also evident. The high-resolution TEM (HR-TEM) image 
in Figs. 4e and S4 also reveals well-resolved lattice fringes 
separated by a distance of 0.29 nm, which correspond to the 
(211) diffraction plane of Sb2Se2.2 nanocrystals surrounded 
by the rGO framework. It should be noted that both the bulk 
and Se-deficient antimony selenide phases have the same 
crystal structure with identical 2θ peak positions, as evi-
dent from the XRD pattern in Fig. 1g. The crystallite size of 
the Se-deficient Sb2Se2.2 nanocrystals was determined to be 
≈41 nm by applying the Scherrer equation to the (221) dif-
fraction peak in Fig. 1g. Furthermore, the HR-TEM image in 
Fig. S4 was investigated by fast Fourier transform (FFT) pat-
tern, which indicates recognizable atomic point Se-defects, 
as highlighted by yellow circles in Fig. 4f. Furthermore, 
disordered lattice and edge dislocations are also observed 
in the inverse FFT (IFFT) image (Fig. 4g, purple frame) 
alongside the perfect crystalline structure (red frame). The 
expanded interplanar spacing for disordered lattice (Fig. 4h, 
purple frame) compared to the perfect crystalline structure 
(Fig. 4h, red frame) clearly validated the defective nature of 
the H-Sb2Se2.2@rGO–600 sample. These lattice defect sites 
behave as trapping centers for charge species and enhance 
their electron transfer efficacy. The selected-area electron 
diffraction (SAED) pattern shown in Fig. 4i reveals well-
distinguished diffraction rings corresponding to bulk stoichi-
ometric Sb2Se3. In addition, a diffraction ring corresponding 
to the rGO-derived carbonaceous species, i.e., (002), is also 
evident. The elemental dot mapping images in Fig. 4j reveal 
the formation of hollow microspheres with large open cavi-
ties along with the uniform dispersion of Sb, Se, C, and N 
elements. The existence of N in the prepared nanostructure 
is due to the presence of the N-vinylpyrrolidone monomer in 
polyvinylpyrrolidone (PVP). Overall, the morphological and 
crystal structure analyses confirm the formation of 3D hol-
low microspheres with large open cavities enveloped within 
a self-supported rGO framework along with well-trapped, 
thermally derived Se-deficient antimony selenide nanocrys-
tals within the structure.

Based on the above discussion, we summarize the 
detailed formation mechanism of H-Sb2Se2.2@rGO‒600 
microspheres in Scheme 1. Scheme 1a-① implies that the 
aqueous droplets formed by the atomic nebulizer consist 
of a uniformly distributed Sb tartrate complex, GO, PVP 
as a carbon source, and a PS suspension (ϕ = 200 nm). 
Subsequently, the droplets passed through a vertically 
placed quartz tube that had been preheated to 500 °C, with 
flowing N2 as the carrier gas. This process resulted in the 
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drying of the droplets and their transformation into a more 
compact form (Scheme 1a-②). Furthermore, the organic 
units present in tartaric acid decompose completely into 
gaseous products, thus forming a hollow structure within 
the microspheres. The PS nanobeads underwent a com-
plete thermal breakdown, leading to the formation of 
large, open cavities (Scheme 1a-③). Moreover, the Sb2O3 
nanocrystals were partially reduced to metalloid Sb dur-
ing spray pyrolysis. Likewise, the PVP polymer and GO 
nanosheets gradually reduced to the N-doped C matrix 
and rGO nanosheets, respectively. The rGO framework 
not only served as a conductive pathway for electron trans-
mission but also enhanced the structural integrity of the 
microspheres. The as-sprayed powders then underwent a 
selenization process at 600 °C for 3 h, with a ramp rate 
of 5 °C min–1, under a reducing atmosphere (5% H2/Ar). 

The selenium powder was used to generate H2Se gas. 
During the selenization process, the mixed Sb/Sb2O3 
phase was initially converted to a stoichiometric Sb2Se3 
phase (Scheme  1a-④). However, continued heating at 
high temperature during the selenization process resulted 
in the evaporation of Se from the crystal structure. This 
resulted in the formation of a Se-deficient selenide phase 
(Scheme 1a-⑤). As clearly shown in Scheme 1b, seleniza-
tion at low temperature resulted in a typical selenide phase 
with an almost stoichiometric composition (Scheme 1b-
①), whereas selenization at high temperature resulted in 
a high degree of atomic disorder owing to the formation 
of Se-defects or vacancies (Scheme 1b-②). This subse-
quently resulted in the formation of a non-stoichiometric 
composition. The functional interlayer obtained after coat-
ing the as-prepared nanostructures acted as a polysulfide 

Fig. 4   Morphological and crys-
tal structure characterizations 
of the H-Sb2Se2.2@rGO–600 
microspheres obtained after 
selenization at 600 °C in reduc-
ing atmosphere: a, b FE-SEM 
micrographs, c, d TEM images, 
e HR-TEM image, f, g inverse 
FFT image (yellow circles in f 
mark defects), h lattice spacing 
profiles at selected areas (red 
and purple), i SAED pattern, 
and j elemental dot mapping 
images
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storehouse to facilitate catalytic conversion of the trapped 
species, thus ensuring high active material utilization and 
an overall enhanced electrochemical performance.

X-ray photoelectron spectroscopy (XPS) was utilized to 
investigate the chemical state and bonding environment of 
the elements in the H-Sb2Se2.2@rGO‒600 nanostructure. 
The XPS survey spectrum in Fig. 5a confirms the presence 
of Sb 3d, Se 3d, C 1s, and N 1s orbitals. The high-resolution 
Sb 3d and O 1s XPS spectra in Fig. 5b exhibit the Sb 3d5/2 
and Sb 3d3/2 doublet states resulting from spin-orbit coupling 
[49, 50]. The additional O 1s peak at 532.4 eV indicates 
surface oxidation during the measurement [51]. Deconvo-
lution of the Sb 3d5/2 and Sb 3d3/2 peaks reveals two main 
peaks at 528.5 and 537.8 eV, respectively, which are attrib-
uted to the Sb–Se bond in the Sb3+ environment [52]. The 
shoulder peaks at 529.7 and 538.7 eV are associated with 

surface oxidation and are assigned to Sb–O species [53, 54]. 
The high-resolution Se 3d XPS spectrum in Fig. 5c reveals 
two distinct peaks at 53.1 and 53.8 eV, corresponding to 
Se 3d5/2 and Se 3d3/2 electronic states, which are associ-
ated with Se–Sb bonding species [6]. Likewise, the fitted 
peaks at 55.2 and 55.9 eV are attributed to Se infiltration 
within the structure during selenization [55]. Additionally, 
the fitted, depressed peak centered at 57.9 eV corresponds to 
the Se–O species resulting from surface oxidation [56, 57]. 
Notably, the higher binding energy for the Se 3d5/2 and Se 
3d3/2 electronic orbitals in H-Sb2Se2.2@rGO‒600 compared 
to that of the Se 3d5/2 (52.6 eV) and Se 3d3/2 (53.6 eV) elec-
tronic orbitals for the selenized powder at 400 °C (Fig. S5a) 
can be attributed to the stronger Sb–Se bonds due to the 
absence of Se. The Sb 3d XPS spectrum in Fig. S5b also 
displays synchronized results. The deconvoluted C 1s 

Scheme 1   a Schematic illustra-
tion of the formation mecha-
nism of H-Sb2Se2.2@rGO–600 
microspheres via facile spray 
pyrolysis technique (①–③) 
followed by selenization (④ 
and ⑤) at 600 °C for 3 h, and 
b illustration of temperature 
induced Se-defects to form non-
stoichiometric Sb2Se2.2
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XPS spectrum (Fig. 5d) reveals three fitted photoelectron 
peaks at 283.9, 285.2, and 287.7 eV, corresponding to the 
–C=C–, –C–C/C–N–, and –O–C=O– bonding species, 
respectively [58–63]. Notably, the –C=C– peak exhibits the 
highest intensity, indicating the presence of the carbona-
ceous species in the nanostructure [64, 65]. Similarly, the 
–C–C/C–N– peak suggests the existence of doped N in the 
carbonaceous products, which is consistent with the elemen-
tal dot mapping results in Fig. 4j [66, 67]. The deconvo-
luted N 1s XPS spectrum shown in Fig. 5e displays three 
well-separated peaks at 397.7, 400.1, and 403.4 eV, which 
are attributed to pyridinic N, pyrrolic N, and graphitic N, 
respectively [5, 57, 68]. These results strongly validate the 
N-doping of the carbon framework. Notably, N-doping also 
contributes to enhancing the overall electronic conductivity 
of the nanostructure due to the higher electronegativity of N 
compared to that of C [56, 69]. The N 1s XPS results were 
further authenticated using elemental analysis (EA) results 
shown in Table S5, which indicate an N-content of ~1.0 
wt% in H-Sb2Se2.2@rGO‒600. To quantify the Sb2Se2.2 pro-
portions in the prepared microspheres, a TG curve (Fig. 5f) 
was obtained. To reveal the phase of the sample after TG 

analysis, the H-Sb2Se2.2@rGO‒600 sample was heated to 
800 °C in an air atmosphere, and the leftover sample was 
analyzed (Fig. S6). The XRD pattern (Fig. S6b) shows that 
the carbon species completely decomposed in air, while the 
selenide phase converted to a residual oxide phase. Based 
on the EA, TG, and XRD results, the Sb2Se2.2 amount was 
ca. 74 wt%. Notably, the remaining 25 wt% of mass within 
the nanostructure consists of mainly C (19.7 wt%) and a 
negligible amount of moisture, organic elements in the form 
of hydrogen and sulfur impurities, and infiltrated Se into 
the carbon matrix. Furthermore, N2 adsorption/desorption 
isotherms were obtained to analyze the specific surface area 
and pore-size distribution in the prepared nanostructure, as 
shown in Fig. S7. A BET surface area (Fig. S7a) of 21 m2 
g–1 was obtained for H-Sb2Se2.2@rGO‒600. The BJH pore-
size distribution curve in Fig. S7b features a maximum at 
≈67 nm, which corresponds to the presence of large, open 
cavities within the nanostructure. Additionally, the sharp 
peak at 3.8 nm corresponds to the N2 desorption tensile 
effect [17]. The porous structure facilitates electrolyte pen-
etration and enables smooth diffusion of charge species, 
enhancing the redox processes.

The effect of the morphological and crystallographic 
characteristics of H-Sb2Se2.2@rGO‒600 microspheres on 
enhancing the electrochemical performance of the Li–S cell 
was verified by testing stoichiometric antimony selenide 
(Sb2Se3) samples. The as-sprayed composite microspheres 
shown in Fig. S1 were sintered at a lower selenization tem-
perature of 350 °C and subsequently examined using various 
physical characterization techniques, as shown in Fig. S8 
(refer to the Supporting Information for a detailed discus-
sion). Furthermore, another sample without the rGO and PS 
nanobead suspension was prepared as a standard reference. 
The physical characterization results of the as-sprayed and 
post-selenized sample (referred to as H-Sb2Se2.1‒600 micro-
spheres) are presented in Figs. S9 and S10, respectively.

2.4 � Electrochemical performance of the prepared 
microspheres

The as-prepared hollow microspheres were employed as 
electrocatalytic interlayers by coating them onto a commer-
cial separator to enhance the overall sulfur redox kinetics 
within the Li‒S cells. The physical features of the separa-
tor coated with the H-Sb2Se2.2@rGO‒600 microspheres are 
depicted in Fig. S11. The cross-sectional image in Fig. S11a 
demonstrates a uniform coating of the nanostructure on 
the separator, with a thickness of ≈3 μm. Additionally, a 
magnified FE-SEM image of the cross-section in Fig. S11b 
reveals a uniform coating of the H-Sb2Se2.2@rGO‒600 
microspheres and super-P on the surface of the separator. 
The FE-SEM micrograph of the pristine Celgard separator 
in Fig. S11c indicates numerous submicron openings, which 

Fig. 5   a Survey spectrum, b Sb 3d XPS spectrum, c Se 3d XPS spec-
trum, d C 1s XPS spectrum, e N 1s XPS spectrum, and f TGA curve 
of H-Sb2Se2.2@rGO–600 microspheres in an air atmosphere
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ensure efficient electrolyte penetration and smooth diffusion 
of charged species during the electrochemical process. To 
evaluate the overall improvement in the electrochemical per-
formance, coin cells (CR2032-type) were assembled using 
conventional S electrodes, a Li anode, and coated separators 
as multifunctional electrocatalytic interlayers. Notably, con-
sidering the separator loading, the effective sulfur content in 
the cathode region was ca. 60.4%. CV tests were conducted 
on Li‒S cells featuring the H-Sb2Se2.2@rGO‒600, H-Sb/
Sb2Se3@rGO‒350, and H-Sb2Se2.1‒600 microspheres as 
coated separators, as depicted in Fig. 6a. During the ini-
tial cathodic scan at 0.2 mV s–1, all cells exhibited a typi-
cal two-step sulfur reduction process. The reduction peak 
labeled R1 corresponds to the reduction of elemental sulfur 
to highly soluble LiPSs (Li2Sx, 4 ≤ x ≤ 8), while reduction 
peak R2 indicates further reduction to the insoluble solid 
Li2S2/Li2S state [70]. The anodic scan features an oxidation 
peak labeled O, indicating the single-step oxidation of Li2S2/

Li2S back to elemental sulfur via Li2Sx. Among the assem-
bled cells, the Li‒S cell containing the H-Sb2Se2.2@rGO‒
600-coated separator displayed sharp and high-intensity  
reduction peaks, suggesting improved redox kinetics and 
enhanced utilization of the active material. This observa-
tion was supported by the individual redox peak voltages 
and the corresponding voltage polarization (voltage differ-
ence between R1 and O), as shown in Fig. 6b. The Li‒S 
cell paired with the H-Sb2Se2.2@rGO‒600-coated separator 
exhibited the lowest polarization potential (ΔV = 330 mV) 
compared with the H-Sb/Sb2Se3@rGO‒350 (ΔV = 420 mV) 
and H-Sb2Se2.1‒600 (ΔV = 580 mV) coated separators. The 
five initial CV profiles in Fig. S12 feature well-overlapped 
curves, indicating highly reversible and kinetically favored 
redox processes within the cells. To further demonstrate 
the superior redox kinetics of the Li‒S cells featuring 
H-Sb2Se2.2@rGO‒600-coated separator, CV curves at dif-
ferent voltage scan rates ranging from 0.1 to 0.5 mV s–1 were 

Fig. 6   a CV profiles of Li–S 
cells featuring different coated 
separator arrangements at 0.2 
mV s−1, b redox peak voltage 
comparison obtained from CV 
graphs, c CV profile at various 
voltage scan rates, d–f peak cur-
rent vs. square root of the volt-
age scan rate plots for reduction 
and oxidation peaks, g lithium-
ion diffusion coefficient (DLi

+) 
values comparison, h compari-
son of electrocatalytic activity 
of as-prepared nanostructures 
using CV profiles from sym-
metric cells at a scan rate of 1.0 
mV s−1, i GCD voltage profiles 
of different coated separator 
arrangements at 0.05 C, j ΔE 
and Q2/Q1 comparison for 
different coated separators, and 
k capacity utilization at various 
C-rates
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obtained and analyzed (Fig. 6c). The shape of the CV curves 
clearly indicates that the redox processes involved only S 
and Li2S and have typical redox signatures, even at a high 
voltage scan rate of 0.5 mV s–1. However, at high scan rates, 
the current intensity increased, and greater voltage hysteresis 
occurred. The CV curves for the Li‒S cells incorporating 
the H-Sb/Sb2Se3@rGO‒350 and H-Sb2Se2.1‒600-coated 
separators (Fig. S13) exhibit similar redox characteristics, 
but the current intensity and voltage hysteresis varied, sug-
gesting different extents of the redox reactions. The diffusion 
kinetics within the assembled cells were evaluated using the 
well-known Randles–Sevcik equation [7]:

where Ip is the redox current intensity, n is the quantity of 
electrons participating in redox reactions, A is the surface 
area of electrode (in cm2), CLi is the concentration of Li-ions 
(in mol L−1), whereas v represents the scan rate (in V s−1). 
The Li-ion diffusion coefficient (DLi

+) was calculated for 
all Li‒S cells using the slope obtained from the Ip vs. v0.5 
curves for three redox peaks (i.e., R1, R2, and O), as shown 
in Fig. 6d–f. The obtained DLi

+ values are summarized in 
Fig. 6g. The Li‒S cell featuring the H-Sb2Se2.2@rGO‒600 
displayed higher DLi

+ values than the cells containing the 
H-Sb/Sb2Se3@rGO‒350 and H-Sb2Se2.1‒600-coated 
separators, indicating its improved reaction kinetics. This 
improvement is primarily attributed to the robust nanostruc-
ture engineering strategy, which ensured structural integ-
rity and promoted synergetic effects. For instance, the high 
degree of atomic disorder in non-stoichiometric Sb2Se2.2 
induced by Se-vacancies or defects enhances the polar elec-
trophilic coupling interactions of Sb�+ − S2−

x
 and Li+ − Se

�− , 
as validated by the DFT results in Fig. 2. Additionally, the 
N-doped carbonaceous species in the form of the self- 
supporting rGO framework guarantee fast electron transport 
during the electrochemical process. The enhanced coupling 
interactions were further verified via theoretically (DFT cal-
culations) as well as experimentally (i.e., by conducting the 
static polysulfide adsorption tests). The DFT calculations in 
Fig. S14 clearly revealed that the charge accumulation for 
2 Se-atom defective Sb2Se3-x (120) surface (Fig. S14b) is 
more active compared to the pristine Sb2Se3 (120) surface 
(Fig. S14a), when Li2S6 was adsorbed. Likewise, the Li‒Se 
and Sb‒S bond length values in Table S6 are far less for 
the defective Sb2Se3-x (120) surface, indicating enhanced 
coupling interaction between the polysulfide species and 
the defective surface. These theoretical results match well 
with the static polysulfide adsorption tests for various as-
prepared microspheres, as shown in Fig. S15. The Li2S6 
polysulfide solution was prepared according to our previous 
report [5]. As observed, the polysulfide solution contain-
ing microspheres with Se-induced defects (marked as “2” 

(1)I
p
= 2.69 × 10

5
n
1.5
A D

0.5

Li
+ C

Li
�
0.5

and “4”) displays a more transparent solution compared to 
the solution containing stoichiometric powder (marked as 
“3”). These results again authenticate that the atomic dis-
order in the form of Se-defects provides additional sites for 
efficient anchoring of polysulfide species. These results are 
further supported by examining symmetric cell configura-
tions to explore the electrocatalytic conversion effect of all 
the prepared nanostructures. The initial CV curve within 
the voltage window of ‒1.5 to 1.5 V (Fig. 6h) clearly indi-
cates that the symmetric cell featuring the H-Sb2Se2.2@
rGO‒600 microspheres as both the counter and work-
ing electrode exhibits the highest current intensity, which 
explains its effective electrocatalysis towards LiPSs. By 
contrast, the symmetric cells containing H-Sb/Sb2Se3@
rGO‒350 and H-Sb2Se2.1‒600 display weak electrocatalysis 
towards LiPSs. This is primarily due to the presence of well-
entangled Sb2Se2.2 nanocrystals, which act as active chem-
isorption sites for efficient anchoring and electrocatalytic 
conversion of the trapped polysulfide species, thus ensur-
ing high utilization of the active material. Overall, these 
results indicate the better electrochemical performance of 
the cells containing the H-Sb2Se2.2@rGO–600 microspheres 
compared to those containing H-Sb/Sb2Se3@rGO‒350 and 
H-Sb2Se2.1‒600. This is attributed to its nanostructural 
advantages, such as the defect-engineered nanostructure, 
porous framework, highly conductive skeleton, and the pres-
ence of polar chemisorption sites.

Further electrochemical characterizations were conducted 
to confirm the enhancement in redox processes result-
ing from the atomic irregularities in the crystal structure. 
Figure 6i reveals the initial galvanostatic charge–discharge 
(GCD) voltage profile at 0.05 C for different coated separator 
arrangements. The profiles exhibited two discharge voltage 
plateaus and a sloppy charging profile, indicating multistep 
sulfur redox processes that aligned with the CV curves in 
Fig. 6a. However, the lengths of the redox voltage plateaus 
varied among the different arrangements, suggesting uneven 
redox kinetics inside the cells. Among all the assembled 
Li‒S cells, the cell incorporating the H-Sb2Se2.2@rGO‒
600-coated separator exhibited the longest redox voltage 
plateau length and lowest voltage polarization (denoted as 
ΔE), measured between the second reduction and oxidation 
voltage plateau. The calculated ΔE values are summarized 
in Fig. 6j, revealing that the H-Sb2Se2.2@rGO‒600-coated 
separator exhibited a lower polarization (ΔE = 192 mV) 
than the H-Sb/Sb2Se3@rGO‒350 (ΔE = 232 mV) and 
H-Sb2Se2.1‒600 (ΔE = 286 mV) coated separators. Fur-
thermore, two independent variables, Q1 and Q2, and their 
relative ratio (Q2/Q1) were measured. Q1, the discharge 
capacity (theoretical value = 419 mA h g−1) associated with 
the first discharge plateau and sloppy region, is related to 
the amount of LiPS formed and its diffusion towards the 
anode. Similarly, Q2, the discharge capacity (theoretical 
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value = 1256 mA h g−1) associated with the second discharge 
plateau and subsequent sloppy region, indicates the efficient 
conversion of LiPS to Li2S. Therefore, the Q2/Q1 ratio 
(theoretical value = 3) represents the electrocatalytic con-
version capability of the prepared nanostructure. A higher 
Q2/Q1 guarantees better catalytic conversion of the trapped 
polysulfide species. The cell containing the H-Sb2Se2.2@
rGO‒600-coated separator exhibited the highest Q2/Q1 
ratio (3.44) compared with those containing the H-Sb/
Sb2Se3@rGO‒350 (Q2/Q1 = 2.42) and H-Sb2Se2.1‒600 
(Q2/Q1 = 2.24) separators. This suggests that the cell con-
taining the H-Sb2Se2.2@rGO‒600 microspheres has a bet-
ter electrocatalytic activity towards the lithium polysulfide 
species than the other two cells. However, the values were 
slightly higher than the theoretical analogs due to excess 
capacity (Q2) from the LiNO3 reduction below 1.7 V dur-
ing the initial cycle. Correspondingly, the cells incorporat-
ing the H-Sb2Se2.2@rGO‒600-, H-Sb/Sb2Se3@rGO‒350-, 
and H-Sb2Se2.1‒600-coated separators showed an initial 
discharge capacity of 1460 mA h g−1 (87.2% of the the-
oretical value), 1097 mA h g−1 (65.5% of the theoretical 
value), and 1041 mA h g−1 (62.1% of the theoretical value), 
respectively. The superior discharge capacity of the cell 
incorporating the H-Sb2Se2.2@rGO‒600-coated separator 
was clear evidence of kinetically favored reactions derived 
from the thermally induced Se-vacancies, which eventually 
resulted in enhanced polar electrophilic coupling interac-
tions between non-stoichiometric Sb2Se2.2 and polysulfide 
species and thus high active material utilization. Besides, 
the highly conductive and porous framework supported fast 
redox kinetics via rapid charge transfer and smooth diffusion 
of charged species.

The rate performance of Li‒S cells containing 
H-Sb2Se2.2@rGO‒600, H-Sb/Sb2Se3@rGO‒350, and 
H-Sb2Se2.1‒600 coating arrangements at various C-rates 
ranging from 0.05 to 4.0 C is presented in Figs. 3f and 
S16. The cell containing the H-Sb2Se2.2@rGO‒600-coated 
separator (Fig.  3e) exhibits well-distinguished charge‒
discharge voltage plateaus, even at a high C-rate of 4.0 C, 
which resulted in high discharge capacities at all C-rates, 
as shown in Fig. 3f. For instance, initial discharge capaci-
ties of 1460, 1112, 952, 865, 799, 761, 722, 622, 515, and 
408 mA h g−1 were obtained at 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 
1.0, 2.0, 3.0, and 4.0 C, respectively, for the H-Sb2Se2.2@
rGO‒600-coated separator cell, while initial discharge 
capacities of 1097/1041, 943/917, 765/736, 692/610, 
631/451, 564/355, 475/276, 282/149, 20/42, and 12/19 mA 
h g−1, respectively, were obtained at identical C-rates for 
the H-Sb/Sb2Se3@rGO‒350- and H-Sb2Se2.1‒600-coated 
separator cells, respectively. When the current was reversed 
to 0.1 C, the recovered specific discharge capacity for the 
H-Sb2Se2.2@rGO‒600-coated separator (960 mA h g−1) was 
higher than those of the H-Sb/Sb2Se3@rGO‒350 (770 mA 

h g−1) and H-Sb2Se2.1‒600 (799 mA h g−1) coated sepa-
rator interlayers, indicating high reversibility of the redox 
processes. Furthermore, the capacity utilization values were 
calculated at different C-rates for various coated separator 
arrangements and are summarized in Fig. 6k. Generally, 
capacity utilization is a direct measurement of the amount 
of active material consumed during the redox reaction. As 
predicted, the H-Sb2Se2.2@rGO‒600-coated separator cell 
exhibited the highest capacity utilization values among all 
the cells. The high active material utilization is consistent 
with the CV results, which predicted the lowest voltage hys-
teresis and superior electrocatalytic conversion capability.

The cycling performances of the assembled cells were 
assessed at low (0.1 C and 0.5 C) and high (1.0 and 4.0 C) 
C-rates. Figure 7a shows the cycling performances of the 
assembled cells with different coating separator arrange-
ments at 0.1  C for 200 cycles. The cell containing the 
H-Sb2Se2.2@rGO‒600-coated separator exhibited a higher 
initial discharge capacity (1225 mA h g−1) than the cells 
containing the H-Sb/Sb2Se3@rGO‒350 (977 mA h g−1) 
and H-Sb2Se2.1‒600 (1003 mA h g−1) coated separators. 
However, after 200 cycles, 74.5% of the initial capacity 
was retained for the H-Sb2Se2.2@rGO‒600-coated sepa-
rator (912  mA h g−1). By contrast, the H-Sb/Sb2Se3@
rGO‒350- and H-Sb2Se2.1‒600-coated separators retained 
41.8% (409 mA h g−1) and 59.7% (599 mA h g−1), respec-
tively, of their initial capacities. In addition, the average 
capacity decay rate per cycle of the H-Sb2Se2.2@rGO‒
600-coated separator (0.10%) was lower than those of the 
H-Sb/Sb2Se3@rGO‒350 (0.29%) and H-Sb2Se2.1‒600 
(0.20%) coated separators. The low-capacity decay rate for 
the H-Sb2Se2.2@rGO‒600-coated separator was due to the 
availability of higher surface chemisorption sites generated 
due to a higher degree of atomic disorder in the form of 
Se-vacancies compared with H-Sb/Sb2Se3@rGO‒350 and 
H-Sb2Se2.1‒600. Moreover, the high Coulombic efficien-
cies throughout cycling suggest highly reversible redox pro-
cesses inside the cell. The high-capacity retention values 
for the H-Sb2Se2.2@rGO‒600 microspheres confirm the 
efficient LiPS anchoring within the cathodic domain, thus 
minimizing active material loss during prolonged cycling. 
Similar trends were observed for the Li‒S cell featuring the 
H-Sb2Se2.2@rGO‒600-coated separator cycled at 0.5 and 
1.0 C, as shown in Fig. 7b and c, respectively. For instance, 
the cell featuring the H-Sb2Se2.2@rGO‒600-coated separa-
tor exhibited an initial discharge capacity of 1030 mA h g–1 
at 0.5 C (Fig. 7b) and maintained almost 64% (655 mA h 
g−1) of its capacity after 220 cycles, with an average capacity 
decay rate of 0.16% per cycle. Similarly, at 1.0 C (Fig. 7c), 
the cell delivered an initial capacity of 707 mA h g–1, which 
stabilized to 486 mA h g–1 (68.7% retention) after 200 
continuous cycles (average decay rate of 0.15%). By con-
trast, the cell containing the H-Sb/Sb2Se3@rGO‒350- and 
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H-Sb2Se2.1‒600-coated separators displayed inferior cycling 
performances at 0.5 and 1.0 C, suggesting continuous loss of 
the active material. The structural merits of the H-Sb2Se2.2@
rGO‒600 microspheres were further tested via prolonged 
cycling at a high C-rate of 4.0 C, as shown in Fig. 7d. The 
cell demonstrated an overwhelming cycling stability, with 
a capacity retention of 90.4% (an average capacity decay 
rate of just 0.007% per cycle), even after 1300 continuous 
charge‒discharge cycles. The prolonged cycling stability 
result is consistent with the inference that the Se-vacancies 
induced nanostructural advantages in the H-Sb2Se2.2@
rGO‒600 microspheres, facilitated an effective polysulfide 
species capture, and suppressed active material loss. The 
improved redox kinetics owing to the highly conductive rGO 
framework facilitated smooth diffusion of charged species, 
whereas the porous skeleton ensured effective absorption of 
undesired volume fluctuations during the electrochemical 
processes.

We employed electrochemical impedance spectroscopy 
(EIS) to better understand the enhancement in the electro-
chemical performance and redox kinetics within the pre-
pared nanostructures. Figure 7e shows the Nyquist plots 

obtained at different cycle numbers during cycling at a 
C-rate of 1.0 C in the charge state. The EIS spectra of the 
fresh cells exhibited a depressed semicircle in the high-
frequency region. The first intercept of the semicircle on 
the x-axis corresponds to the solution or electrolyte resist-
ance (Re). By contrast, the second intercept represents the 
charge transfer resistance (Rct), and the inclined line in the 
low-frequency region is associated with Li+-ion diffusion. 
The cell with the H-Sb2Se2.2@rGO‒600-coated separator 
exhibited a lower Rct (≈43 Ω) than the cells containing 
the H-Sb/Sb2Se3@rGO‒350 (≈75 Ω) and H-Sb2Se2.1‒600 
(≈54 Ω) coated separators. Even during cycling (after the 
50th and 200th cycle), the Rct values remained the low-
est for the H-Sb2Se2.2@rGO‒600-coated separator cell, 
mainly due to better electrolyte penetration and its highly 
conductive framework, which resulted in smooth diffu-
sion of charged species. For instance, at the end of the 
100th cycle, the H-Sb2Se2.2@rGO‒600-coated separator 
still exhibited a lower Rct (≈17 Ω) than the H-Sb/Sb2Se3@
rGO‒350 (≈30 Ω) and H-Sb2Se2.1‒600 (≈21 Ω) coated 
separators. The lower Rct values strongly indicate favora-
ble redox kinetics that promoted faster electrocatalytic 

Fig. 7   Cycling performance of 
Li–S cells featuring different 
coated separators at a 0.1 C, 
b 0.5 C, c 1.0 C, d long-
term cycling performance of 
H-Sb2Se2.2@rGO‒600 at 4.0 C, 
and e Nyquist plots at different 
cycle numbers during cycling 
at 1.0 C
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conversion of polysulfides during the electrochemical 
processes.

As a multifunctional cathodic interlayer, the H-Sb2Se2.2@
rGO‒600-coated separator was further evaluated with more 
practical cell parameters, i.e., extremely high effective S 
content (65 and 66%), high active material loading (4.5 and 
6.0 mg cm–2), and lean E/S ratio (5.7 and 4.3 µL mg−1). 
The obtained electrochemical results are presented in Fig. 8. 
The Li‒S cell with a high-loaded S-electrode (4.5 mg cm−2) 
displayed considerable rate capability performance (Fig. 8a). 
The cell exhibited a discharge capacity of 1076, 901, 738, 
662, 598, and 583 mA h g−1 at C-rates of 0.05, 0.1, 0.15. 
0.2, 0.25, and 0.3 C, respectively. When the current was 
reversed, the cell recovered the initial capacity values at 
0.1 C. The GCD voltage profiles in Fig. 8b indicate that 
the typical voltage plateaus involving two-step sulfur redox 
reactions remained intact. The cells were further subjected 
to the cycling performance at 0.1 C, as shown in Fig. 8c. 
For an active material loading and E/S of 4.5 mg cm−2 and 
5.7 µL mg−1, respectively, the cell exhibited a first discharge 
capacity of 908 mA h g−1 at 0.1 C. After 120 continuous 

cycles, a discharge capacity of 815 mA h g−1 (89% reten-
tion) was still obtained, with an average capacity decay rate 
of just 0.08%. Similar trends were observed when the sulfur 
loading and E/S were changed to 4.3 mg cm−2 and 6.0 µL 
mg−1, respectively. The cell exhibited a discharge capacity 
of 872 mA h g−1 after 120 continuous cycles, indicating an 
average capacity decay rate of 0.05%. The above electro-
chemical results suggest that even with more feasible param-
eters, the Li‒S cells exhibited extremely stable sulfur redox 
processes, primarily owing to the robust nanostructures 
and favorable electrophilic adsorption sites in the form of 
Se-vacancies in the H-Sb2Se2.2@rGO‒600 microspheres. 
Figure 8d and Table S7 summarize previously reported 
electrochemical performances based on various practical 
parameters and compare them with the present work. As 
observed in Fig. 8d, the cell performance was superior or 
comparable to those obtained in previous studies, particu-
larly considering the high effective S content and low E/S 
ratio. To validate these findings, the cycled cells (Fig. 8c) 
were used to power a light-emitting diode (10 mW, 5 V) 
patterned with “CBNU,” as illustrated in Fig. 8e. The series 

Fig. 8   a Rate capability results 
of Li‒S featuring high-loading 
electrodes and H-Sb2Se2.2@
rGO‒600-coated separator, b 
respective GCD voltage profiles 
at various C-rates ranging 
from 0.05 to 0.3 C, c cycling 
performance with different cell 
parameters at 0.1 C, d compari-
son of the electrochemical per-
formance obtained in this work 
to the previous reports, and e 
digital image of a light-emitting 
diode (5 V, 10 mW) powered by 
two cells utilized after cycling 
performance tests at 0.1 C
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cell combination delivered uninterrupted power to the load 
for 0.5 h, confirming its suitability for practical applications. 
This again proved that the disordered structural advantages 
in the H-Sb2Se2.2@rGO‒600 microspheres enhanced the 
efficient immobilization of active material in the cathodic 
region and promoted an efficient electrocatalytic conver-
sion. To verify the stability of highly disordered atomic and 
unsaturated catalytic sites caused by Se-vacancies during 
cycling, the Li–S cell was disassembled after 200 cycles at 
1.0 C and the H-Sb2Se2.2@rGO–600 material was charac-
terized using HR-TEM, as shown in Fig. S17. The HR-TEM 
image (Fig. S17a) and FFT pattern (inset) demonstrate that 
the orthorhombic crystal structure remains intact. Besides, 
the IFFT image (Fig. S17b and c) and lattice spacing profile 
(Fig. S17d) confirm that atomic defects and edge disloca-
tions are sustained even after the cycling, revealing that 
improved redox kinetics inside the Li–S cells are mainly 
defects administered. Therefore, our results demonstrate 
that the rational defect engineering strategy presented in 
this study could be adopted for more practical applications 
of LSBs, even under severe battery parameters.

3 � Conclusions

In summary, we synthesized non-stoichiometric antimony 
selenide nanocrystals well-embedded in an rGO matrix con-
stituting 3D hollow microspheres (H-Sb2Se2.2@rGO–600). 
We accurately controlled the heating conditions and used 
this material as a coating interlayer at the cathode side of 
Li–S cells, which enhanced the overall electrochemical 
performance. DFT calculations clearly indicated that the 
thermally induced crystal disorder in the form of Se-defects 
enhances the polar electrophilic coupling interactions of 
Sb

�+
− S2−

x
  and Li+ − Se

�− , thus lowering the shuttling 
process and allowing kinetically favored redox processes. 
In addition, the self-supporting rGO framework provides 
numerous conductive pathways for fast electron transfer 
during the electrochemical process besides stabilizing the 
3D hollow nanostructure. The decomposition of tartaric acid 
resulted in the formation of a hollow structure, whereas cavi-
ties were introduced using a PS-nanobead-based suspension. 
The hollow structure with open cavities offers smooth diffu-
sion of charged species by shortening the effective charge-
diffusion length, lowering the overall electrolyte volume 
consumption inside the cell, and channelizing the severe vol-
ume variations during the lithiation/delithiation processes. 
Correspondingly, the Li–S batteries incorporating the regu-
lar sulfur electrode and H-Sb2Se2.2@rGO‒600-coated sepa-
rator demonstrated excellent rate capabilities (up to 4.0 C) 
and remarkable cycling stability, that is, a capacity retention 
of 90.4% with an average capacity decay rate of just 0.007% 
per cycle, even after 1300 continuous charge‒discharge 

cycles at 4.0 C. Even under more demanding cell condi-
tions, such as high effective sulfur content (66%), high sulfur 
loading (6.0 mg cm–2), and a low E/S ratio (4.3 µL mg–1), the 
cell exhibited an impressive cycling stability of 120 cycles 
at 0.1 C, along with a feasible rate performance up to 0.3 C. 
Overall, the structural and electrochemical advancements 
demonstrated in this study will provide valuable insights for 
the synthesis of defect-engineered, stable nanostructures for 
efficient catalysis and adsorption in highly durable LSBs.
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