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Lithium-sulfur (Li-S) battery is labeled as a promising high-energy-density battery system, but some in-
herent drawbacks of sulfur cathode materials using relatively complicated techniques impair the practi-
cal applications. Herein, an integrated approach is proposed to fabricate the high-performance rGO/VS,4/S
cathode composites through a simple one-step solvothermal method, where nano sulfur and VS, particles
are uniformly distributed on the conductive rGO matrix. rGO and sulfiphilic VS, provide electron trans-
fer skeleton and physical/chemical anchor for soluble lithium polysulfides (LiPS). Meanwhile, VS, could
also act as an electrochemical mediator to efficiently enhance the utilization and reversible conversion of
LiPS. Correspondingly, the rGO/VS4/S composites maintain a high reversible capacity of 969 mAh/g at 0.2
C after 100 cycles, with a capacity retention rate of 82.3%. The capacity fade rate could lower to 0.0374%
per cycle at 1 C. Moreover, capacity still sustains 795 mAh/g after 100 cycles in the relatively high-sulfur-
loading battery (6.5 mg/cm?). Thus, the suggested method in configuring the sulfur-based composites is

demonstrated a simple and efficient strategy to construct the high-performance Li-S batteries.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The rapidly developing society has aroused more demands on
high-energy-density storage systems, especially with the springing
up of smart electronics, electric vehicles, and available clean en-
ergy [1,2]. Traditional secondary batteries, such as lead-acid bat-
tery, nickel-chromium battery and lithium-ion battery, are stuck
in the limited theoretical capacity of electrode materials [3,4].
Lithium-sulfur (Li-S) battery is considered as a powerful competi-
tor by virtue of employing high capacity electrodes (3860 mAh/g;;
and 1675 mAh/gs). The merits of sulfur, including abundant re-
source, economic cost and low toxicity, further guarantee its good
application prospect [5]. However, the practical process of Li-S
battery has been seriously impeded by some existing obstacles.
The inherently insulative property of sulfur and reduced products
(Li»S,/Li,S), the uncontrollable diffusion of soluble lithium polysul-
fides (LiPS), and the distinct volume fluctuation during the mutual
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transformation between S and Li,S are included [6]. These knotty
issues could induce unstable sulfur electrode with underutilized
active materials, low coulombic efficiency and obvious structure
variation, insecure lithium metal anode, and even battery failure
[7.8].

Massive researches have been concentrated on fabricating high-
performance sulfur cathode by introducing different kinds of
functional host materials. Carbonaceous material with flourish-
ing pore structure and good electron conductivity is a common
choice to physically restrict the LiPS and maintain stable elec-
trochemical performance [9-12]. But the weak physical interac-
tion seems insufficient to guarantee electrochemical stability [13].
Thus, heteroatom-doped carbons [14,15] and polar compounds
(e.g., metal oxides [16-18], metal nitrides [19], metal sulfides [20-
22], metal carbides [23], metal-organic frameworks [24], organic
compounds [25]) have been applied to enhance the interaction
with LiPS by chemical adsorption, and improve the reaction kinet-
ics by electrocatalysis [26-29]. However, the limited conductivity
of most polar materials would partly impede the redox reactions
and impair the electrochemical stability of sulfur cathode, espe-
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cially under high current density and sulfur loading. Thus, conduc-
tive carbon skeletons are always synergistically employed with po-
lar materials to ensure the sufficient utilization of sulfur [30-32].
The exploration of high-efficiency host materials and the structural
design of the sulfur cathode are becoming the consensuses on lift-
ing the performance of Li-S battery. Moreover, the benign contact
of sulfur with the host materials is another important factor to
ensure the electrochemical performance of sulfur cathode. How-
ever, sulfur agglomeration and the induced poor contact with host
materials are often occurred in the traditional preparation meth-
ods [33-39], which may be adverse to the utilization of sulfur and
the cyclic performance of Li-S battery. Therefore, preparing sulfur-
based composites by coupling the polar substances with carbon
skeletons and elemental sulfur in a simple and integrated method
is preferable for fabricating the high-performance Li-S battery.

Herein, for the first time, rGO/VS4/S composites are successfully
prepared through the one-step solvothermal method. By innova-
tively adding H,0, oxidant, VS4 and S nanoparticles could be in-
situ generated on rGO matrix during the chemical reactions and
self-assembly processes, accompanied by their uniform distribution
and benign contact. The corresponding preparation period and cost
are drastically reduced. rGO with a typical two-dimension struc-
ture and high surface area is selected as a matrix due to the good
electrical conductivity and abundant active sites for electrochem-
ical reactions, as well as the controlled chemical composition or
morphology regulation on the decorated polar materials [40,41].
VS4, as a kind of the polar transitional metal dichalcogenides,
possesses the typical one-dimension chain structure [42,43], and
has been recently applied as electrochemically active materials in
some secondary battery systems [44-48]. The unique interaction
between the adjacent V4+(S,2-), chains with weak van der Waals
forces are expected to facilitate the fast charge transfer and en-
hance the anchoring of LiPS in Li-S battery [49]. The obtained
VS, combined with rGO could provide satisfying conductivity and
sufficient electrocatalytic sites for the electrochemical reaction of
sulfur. Moreover, the adopted one-step synthetic technique con-
tributes to a uniform distribution of sulfur and a commendable
contact between the hosts and sulfur. Thus the corresponding ca-
pacity of the Li-S battery could be 1177 mAh/g at 0.2 C, and main-
tains 969 mAh/g after 100 cycles. The capacity decay rate is as low
as 0.0374% per cycle at 1 C during the 1000 cycles. Meanwhile, the
high sulfur loading electrode (~6.5 mg/cm?) also delivers the en-
hanced cyclic performance and rate capability.

As shown in Fig. 1a, rGO/VS,4/S composites are constructed via
the one-pot hydrothermal method. The well-dispersed GO could
act as the reaction location and morphology mediator for the sul-
fur and VS, along with its reduction in rGO. The soluble CH3CSN,,
Na3VO,4 and H,0, may undergo a series of chemical reactions, as
listed in Fig. 1a. Consequently, VS4 and S are simultaneously in-
situ generated on the lamellar rGO substrates. In general, VS, is
directly synthesized through the reaction between metal V and S
powders, or between CH3CSN, and Na3VO,4 [42,50], then elemen-
tal S or liquid sulfur species are introduced to fabricate the active
materials for Li-S battery through multi-step or complicated pro-
cedures in the published works of literature [42,49]. The method
we proposed employs H,0, as reactant to oxide S?~ and S,27, ac-
companied by the synchronous generation of S and VS4, which
could guarantee the simple preparation process, the uniform dis-
tribution and favorable contact of sulfur and polar hosts. The SEM
image confirms the porous aggregated morphology of rGO/VS,/S
composites (Fig. 1b), combined with the uniform distribution of
elemental S and V on the rGO matrix (Fig. S1 in Supporting infor-
mation). The TEM image in Fig. 1c verifies the decoration of nano-
sized sulfur and VS,4 particles on the rGO nanosheets. The HRTEM
images (Fig. 1d) further affirm the decorated VS, with the typ-
ical lattice fringes of (402) plane. The corresponding interplanar
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spacing is 0.247 nm. Besides, the XRD pattern identifies the for-
mation of orthorhombic «-Sg (JCPDS No. 08-0247) [51] and mon-
oclinic VS (JCPDS No. 21-1434) [52] in the obtained composites
(Fig. 1e). Moreover, the applied XPS test demonstrates the feasibil-
ity of synthesizing rGO/VS4/S composites through this simple and
in-situ method. The V 2p spectrum in the rGO/VS4/S composites
shows the typical peaks of VS, at 517.18 eV (2ps);) and 524.56 eV
(2pqj2) (Fig. 1f) [42]. In the meantime, the characteristic peak of
S,2- (162.74 eV) also validates the existence of VS, (Fig. 1g) [49].
Furthermore, the peaks located at 163.68 eV and 164.74 eV [53] in
S 2p spectrum reveal the simultaneous generation of elemental
sulfur during the hydrothermal reaction process. The rGO/S com-
posites for comparison endow the similar assembled morphology
with the homogeneous distribution of orthorhombic «-Sg in Figs.
S2 and S3a (Supporting information).

In addition, the content of elemental V in the rGO/VS4/S com-
posites is confirmed by the ICP test, which is 2.05 wt%. Accord-
ingly, the mass ratio of VS, is calculated to be 7.2 wt%. TG results
reveal the weight loss of rGO/VS4/S composites below 300 °C is
83.2 wt% (Fig. S3b in Supporting information), including the evap-
oration of S and the transformation from VS to VSx (2 < x < 3)
[54]. The corresponding S content is calculated to 81.2 wt% by de-
ducting the mass decrement of VS, and then 11.6 wt% rGO is in-
cluded in the as-prepared rGO/VS4/S composites. While the con-
trast sample of rGO/S composites consists of 78.7 wt% S and 21.3
wt% rGO. The above results illustrate that VS, and S nanoparti-
cles could be simultaneously formed on the rGO matrix with be-
nign contact and homogeneous distribution, which may avail to
enhance the interaction between host materials and LiPS, and the
utilization of active materials. The proposed method is proved to
be an available strategy to fabricate the integrated cathode materi-
als for Li-S battery during the in-situ self-assembled process.

The practical effect of the host materials on the soluble LiPS is
firstly examined by soaking rGO/VS, and rGO in the Li,S4, LipSg
and Li,Sg solution, respectively. The relevant results after 1 h ad-
sorption demonstrate the outstanding LiPS adsorptivity of rGO/VS4
in contrast to rGO hosts, accompanied by the rapid and distinct
color fading (Fig. 2a). Moreover, the theoretical calculation based
on DFT is carried out to evaluate the adsorption behavior of VS4 on
LiPS. (110) plane of VS, is selected to interact with different LiPS
species. The optimizedadsorption structure and calculated bind-
ing energies corresponding to VS, and Li,S4, Li,Sg and Li;Sg are
—23 eV, —15 eV and —1.8 eV, respectively (Figs. 2b and c). These
values are much larger than that of carbon hosts (0.39~0.61 eV)
[55], and nearly equivalent to the values of other polar metal com-
pounds [56]. The increased binding energy indicates the enhanced
adsorption capability on LiPS owing to the structural characters of
VS,4. Thus the prepared rGO/VS, host materials are proved to ef-
fectively anchor the LiPS by introducing VS, nanoparticles, which
may exert a positive effect on the following conversion processes.

Subsequently, symmetric cells including two rGO or rGO/VS,
identical electrodes, and Li,Sg-free or Li,Sg-containing solution
(0.5 mol/L) as electrolyte are configured to investigate the catalytic
effect on LiPS. CV technique is applied to test the redox conver-
sion of LiPS. The cells without Li,Sg display an ignorable current
both in rGO and rGO/VS, systems (Figs. 2d and e), indicating a
minor contribution by the capacitive current. Then the peak cur-
rents of Li,Sg-containing cells are closely related to the redox pro-
cess of Li;Sg. The peak in the cathodic process reflects the reduc-
tion reaction from Li,Sg to Li,S, and the anodic peak is associated
with the reversible conversion from Li,S to Li,Sg, even to sulfur
[57]. The symmetric cell using rGO/VS, electrode exhibits more
distinct peaks and higher peak currents compared with the cell
solely adopting rGO electrode. In detail, the rGO materials induce
to the broadened peaks with the enlarged peak separation, cor-
responding to the poor electrochemical kinetics and reversibility.
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Fig. 1. (a) Schematic illustration of one-pot, in-situ synthesis of rGO/VS,/S composites via hydrothermal reactions. (b) SEM, (c, d) TEM, (e) XRD and (f, g) XPS spectra of the

as-prepared rGO/VS,/S composites.

Instead, rGO/VS, facilitates the occurrence of the sharp and adja-
cent peaks, indicating the enhanced catalysis on LiPS. Meanwhile,
almost the same CV curves are obtained in the continuous test for
rGO/VS, cells, demonstrating the boosted electrochemical stability
during the redox reactions. Furthermore, the Li* diffusion coeffi-
cient (Dy;*) could be calculated by the Randles-Sevick equation ac-
cording to the CV results at 5, 10 and 20 mV/s, and the relevant
fitting results (Fig. S4 in Supporting information) [36]. The values
of D;;* in the cathodic and anodic processes are 1.59 x 10-8 cm™2
s7! and 1.93 x 108 cm™2 s71, respectively. These values are much
higher than that of the reference Li-S cells (~10~2 cm2 s71) [58].
The increased Lit diffusion coefficient corresponds to the facili-
tated charge-transfer behavior during the electrochemical conver-
sion. The above theoretical and experimental results validate that
the prepared rGO/VS,; hosts endow the enhanced adsorptivity on
LiPS and the improved redox kinetics, which could contribute to
the electrochemical performance of Li-S battery.

Then the electrochemical performance of Li-S cells utilizing
rGO/S and rGO/VS,4/S cathodes is detailedly studied. First, the em-
ployed CV tests show similar redox characteristics in 1.5~2.8 V (vs.
Li/Li*), which are the same as the conventional Li-S cell, except for
the potential difference (Fig. 3a). The Li-S cell with rGO/VS4/S has
a relatively small potential difference during the cathodic/anodic
processes, indicating the enhanced kinetics and the reduced po-
larization. The small reduction peak at ~1.8 V (vs. Li/Lit) may
be ascribed to the transformation from VS, to LixVS,; [54]. The
discharge-charge curves (Figs. 3b and c) further reveal the im-
proved reaction kinetics of rGO/VS,/S cathode with the smaller
potential difference (118 mV vs. 157 mV), larger capacity (1362
mAh/g vs. 1276 mAh/g) and better stability at 0.1 C. Second, the
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cycle performance at 0.2 C occurs the obvious difference (Fig. 3d).
The cell with rGO/S cathode endows the inferior capacity and fast
capacity fade. The capacity decreases from 1045 mAh/g to 409
mAh/g with a retention rate of 39.1% after 100 cycles. As con-
trast, the rGO/VS,4/S-containing cell delivers a high capacity (1362
mAh/g in the first cycle) and the enhanced cycle stability. The ca-
pacity retention rate could sustain 82.3% with a capacity of 969
mAh/g after 100 cycles. The related discharge-charge curves af-
ter certain cycles (Figs. 3e and f) also demonstrate the improved
electrochemical performance by adopting rGO/VS4/S, with well-
maintained plateaus, reduced polarization, and relatively stable ca-
pacity. These results imply that simple physical confinement by
rGO is seemingly insufficient to restrict the LiPS and ameliorate
their electrochemical conversion. The effective entrapment and ad-
equate utilization of LiPS could be simultaneously achieved in the
cell with rGO/VS4/S. Third, the superiority of rGO/VS4/S electrode
is also reflected in the long-term cycling at 1 C. As shown in
Fig. 3g, the capacity reaches 880 mAh/g, and maintains 548 mAh/g
after 1000 cycles with a capacity retention rate of 62.6%. The fade
rate could lower to 0.0374% per cycle, which is smaller than that
of some reported works [36].

Redox plateaus are well retained with the nearly unchanged po-
larization potential (Fig. S5a in Supporting information), exhibiting
the outstanding ability of rGO/VS, in preserving the cyclic stabi-
lization of Li-S battery. Forth, rate capability is another evidence
to prove the advantage of rGO/VS,/S from 0.1 C to 5 C (Fig. 3h).
The average capacity of rGO/VS4/S could reach 1338 mAh/g, 1163
mAh/g, 996 mAh/g, 869 mAh/g, 730 mAh/g and 507 mAh/g, re-
spectively, at 0.1 C, 02 C, 05 C, 1 C 2 C and 5 C. In compari-
son, the corresponding capacity value of rGO/S at the same rate
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Fig. 2. (a) Adsorption test of LiPS (LiSy4, Li>Se, LizSg) on rGO and rGO/VS,. (b, c) The optimized adsorption structure and calculated binding energies between LiPS and (110)
plane of VS, (S atom in yellow, V atom in red and Li atom in green). CV curves of (d) rGO/VS, and (e) rGO symmetric cells with and without Li,Se.

is small. The related discharge-charge profiles further illustrate the
enhancement of rGO/VS4/S on charge transfer and redox reactions
with the enlarged plateau area and the reduced polarization (Figs.
S5b and c in Supporting information).

Furthermore, the electrochemical performance of rGO/VS,/S-
containing cells with different sulfur loadings (~3.0 mg/cm? and
~6.5 mg/cm?2) is also evaluated. Although the redox potential dif-
ference is slightly aggrandized from 136 mV to 176 mV with the
increase of sulfur loading, the cells show the same discharge-
charge characteristics (Fig. 3i). The reversible capacity at 0.1 C
could be 1274 mAh/g and 1174 mAh/g, respectively, indicating a
relatively sufficient utilization of sulfur even under high sulfur
loading. The cells deliver the initial capacity of 1099 mAh/g and
987 mAh/g at 0.2 C, respectively. The corresponding capacity reten-
tion rate could be 79.6% and 81.5%, respectively, with the reversible
capacity of 875 mAh/g and 803 mAh/g after 100 cycles (Fig. 3j).
Meanwhile, the cells display superior rate capability from 0.1 C to
2 Cin Fig. 3k and Fig. S5d (Supporting information). Typically, the
capacity of the cell with a sulfur loading of 6.5 mg/cm? reaches
457 mAh/g at 2 C. Thus the positive effect of rGO/VS,4 could also
extend to the high-loading Li-S cells, which may promote the pro-
cess of Li-S cells in the practical application level [59-61].

The above results show the positive role of the synthesized host
materials in enhancing the electrochemical availability and stabil-
ity of Li-S cells, and the relevant mechanism could be properly
clarified through the following characterizations. The as-prepared
rGO and rGO/VS, could deliver certain capacity contributions, es-
pecially rGO/VS, in the given potential range in Fig. S6a (Sup-
porting information), which is similar to the previous reports
[58,62]. The capacity could stabilize at ~300 mAh/g, which con-
tributes ~70 mAh/g to the capacity of the rGO/VS4/S. The pris-
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tine VS; in the rGO/VS4/S could convert into Li,VS; (PDF#34-
0790) or Liz, VS, (0 < x) [51] during the discharged process (Fig.
S6b in Supporting information), and exerts the relatively enhanced
interaction with LiPS, and the recover after recharging. The dis-
charged rGO/VS, electrode in the adsorption experiment (Fig. S6¢
in Supporting information) exerts the relatively enhanced interac-
tion with LiPS, and corresponding characteristic diffraction peaks
occur obvious shifts to high angle (Fig. S6d in Supporting informa-
tion), which may signify the Li* transfer from the lithiated hosts
to LiPS, as demonstrated in the reported Nb;gWig093 [29] and
MogSg [63] hosts. Thus, VS, combined with its lithiated intermedi-
ates could act as a chemical anchor and Li*/electrons mediator for
LiPS conversion, and the rGO matrix assists the chemical/catalytic
interaction with benign conductivity and mechanical property
[11,64].

Additionally, the corresponding EIS curves of the cycled Li-S
cells at 0.2 C (Fig. 4a) imply why the rGO/VS4/S cell endows such
excellent electrochemical performance. The obtained curves are fit-
ted by using the given equivalent circuit in Fig. S7 (Supporting in-
formation), and the relevant results are exhibited in Table S1 (Sup-
porting information). The corresponding surficial layer resistance
(Rs in the high-frequency area, 53.6 2), charge-transfer resistance
(Ret in the medium-frequency region, 49.2 ©2) and semi-infinite dif-
fusion impedance (W, in the low-frequency interval, 67.2 2) of the
rGO/VS,/S cell with small values demonstrate the facilitated charge
transfer during the repeated redox conversions. In the meantime,
analysis of the disassembled cells after 100 cycles at 0.2 C pro-
vides more information. SEM and EDS images on the cycled rGO/S
electrode show the excessive aggregation of active materials on the
outside of rGO hosts in Fig. 4b and Fig. S8a (Supporting informa-
tion), leading to the architecture failure or even invalidation of the
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Fig. 3. Comparison of electrochemical properties for the rGO/S and rGO/VS,4/S composites: (a) CV curves. (b, ¢) The initial two charge/discharge curves at 0.1 C. (d-g) cycling
life at 0.2 C and 1 C. (h) Comparison of rate performance for the rGO/S and rGO/VS,/S composites. (i-k) The electrochemical properties for the rGO/VS,/S composites with

varied S loadings.

physical entrapment. While rGO/VS,4/S could restrain the surface
deposition and sustain the configuration (Fig. 4c and Fig. S8b in
Supporting information), which may guarantee the electrochemi-
cal stabilization. As expected, the cycled rGO/VS,/S electrode has
fewer free LiPS compared to the cycled rGO/S electrode, accompa-
nied by the light-colored soaking solution and negligible character-
istic peaks of LiPS (Fig. 4d). The strong adsorption peak located at
~280 nm corresponds to the long-chain soluble LiPS (Sg2-) from
the reduction reaction of Sg [29,65]. The reduction of dissociative
LiPS in the rGO/VS,/S electrode reflects their effective confinement
and sufficient conversion. The tested XPS spectra further validate
the existence of elemental sulfur in the cycled rGO/VS,4/S electrode
with the obvious characteristic peaks at 163.46 eV and 164.72 eV
(Fig. 4f). Clearly, rGO/VS,4/S electrode possesses more elemental S
in contrast with the rGO/S electrode (Fig. 4e), indicating the en-
hanced electrochemical reversibility by employing the in-situ self-
assembled rGO/VS,/S composites. The NS*O,CF3 bond may be as-
cribed to the residual of Li salts, while the -SO4 and -SO3 may be
related to the products from the reaction between LiPS and LiNOj
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[66], and the momentary air contact during the samples preparing
and transferring process [67].

Therefore, the relevant results from the structure and elec-
trochemical performance analysis jointly demonstrate that the
rGO/VS4/S composites via one-step hydrothermal treatment are
contributed to enhance the reliability and stability of Li-S battery
by effectively trapping the soluble LiPS and catalyzing their re-
versible conversion. As shown in Fig. 5, the proposed method is
easy to construct the rGO/VS4/S configuration with the uniform
distribution and well mutual contact of sulfur and VS, nanopar-
ticles on rGO matrix. rGO and VS4 could provide a benign conduc-
tive network to achieve fast electron transfer in the Li-S battery.
Meanwhile, rGO supplies favorable physical restriction, and VS4 of-
fers strong chemical adsorption and catalysis on LiPS. Thus, the ef-
ficient and reversible conversion involving solid sulfur, soluble LiPS,
and solid Li,S could be fluently occurred, accompanied by the im-
proved electrochemical reversibility and stability.

In summary, rGO/VS4/S composites are simultaneously prepared
during the in-situ assembling process in the one-step hydrother-
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Fig. 4. (a) EIS and (b, c) SEM images of the charged rGO/S and rGO/VS,/S electrodes after 100 cycles at 0.2 C. (d) UV-vis curves of solution adding the discharged rGO/S and
rGO/VS,/S electrodes after 100 cycles at 0.2 C, the inset image corresponds the soaking solution in DOL/DME. (e, f) XPS for the charged rGO/S and rGO/VS,/S electrodes after

100 cycles at 0.2 C.

Fig. 5. Schematic illustration of promoted adsorption and the redox reactions of
LiPS by rGO/VS,4 hosts.

mal method. Nanosized sulfur and VS, particles are uniformly dis-
tributed on the rGO matrix with benign contact. This obtained hy-
brid structure endows the merits of conductive rGO with physi-
cal anchoring effect and polar VS, with chemical adsorption and
catalysis. Thus, the utilization of sulfur species and the electro-
chemical stability could be largely enhanced during the redox con-
version. Typically, the potential difference at 0.1 C is decreased
to 118 mV with a capacity of 1362 mAh/g. The capacity could
maintain 82.3% from 1177 mAh/g to 969 mAh/g after 100 cycles
at 0.2 C. The battery after long-term cycling (1000 cycles) de-
livers a reversible capacity of 548 mAh/g at 1 C with a capac-
ity retention rate of 62.6%. The capacity fade rate is reduced to
0.0374% per cycle. Similarly, high-sulfur-loading Li-S battery with
rGO/VS,/S also exhibits favorable cycle stability and rate capability.
This proposed one-step strategy to synthesize sulfur-based com-
posites with multi-functional hosts could also be extended to pre-
pare the active materials containing other sulfur hosts, which may
provide a new and economical way to fabricate cathode materials
for high-performance Li-S battery.
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