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A novel sheet-on-sheet architecture with abundant sulfur vacancies (Vs) is designed by in situ growth of
flake-like ZnInyS4 on the reduced graphene oxide (Vs-ZIS@QRGO) surface, which serves as a functional
layer on the separators for high-performance lithium-sulfur batteries (LSBs). Benefiting from the sheet-
on-sheet architecture, the separators exhibit rapid ionic/electronic transfer, which is capable of
supporting fast redox reactions. The vertically ordered ZnIn,S; shortens the diffusion pathways of
lithium-ions and the irregularly curved nanosheets expose more active sites to effectively anchor lithium
polysulfides (LiPSs). More importantly, the introduction of Vs adjusts the surface or interface electronic
structure of ZnIn,S4, enhancing the chemical affinity to LiPSs while accelerating conversion reaction

kinetics of LiPSs. As expected, the batteries with Vs-ZISQRGO modified separators exhibit an initial
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over 500 cycles) with an ultra-low decay rate of 0.055% per cycle is also attained. This work proposes

DOI: 10.1039/d3ra021509 a strategy of designing the sheet-on-sheet structure with rich sulfur vacancies, which provides a new
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Introduction

Lithium-sulfur batteries (LSBs) are regarded as one of the most
promising energy storage systems due to the high theoretical
energy density and low cost of sulfur.’”® However, the develop-
ment of LSBs still faces three main challenges, namely, the
volume change and the insulation of sulfur, and the shuttle
effects caused by lithium polysulfides (LiPSs).** In particular,
the notorious “shuttle effects” and sluggish reaction kinetics
lead to low sulfur utilization and fast capacity decay, which pose
a great threat to the practical implementations.®’

To address such problems, a simple and effective method is
to modify separators to minimize the shuttle effects of LiPSs.*™*
In recent years, plenty of metal sulfides such as ZnS,"> MoS, (ref.
13 and 14) and In,S; (ref. 15) have received extensive attention
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perspective to rationally devise durable and efficient LSBs.

due to the exposing thiophilic sites that can strongly interact
with LiPSs. Especially, ZnIn,S,, as a typical ternary metal sulfide
semiconductor material, has been applied in LSBs due to its
high chemical stability and remarkable catalytic activity.'®"”
However, due to the microsphere morphology of pure ZnIn,S,,
the electron-hole pairs would recombine rapidly, thus reducing
the activity of ZnIn,S,. At present, most of the studies have
found that the performance of ZnIn,S, can be enhanced by the
incorporation of RGO."*?* The high electrical conductivity and
tunable surface property of RGO are capable of simultaneously
enhancing the interaction in nanocomposites and improving
the electron-transfer efficiency.*>* In addition, to effectively
exert the catalytic activity of functional materials, recent
research has shown that building sulfur vacancies (Vs) in metal
sulfides is a feasible strategy. The introduced Vs is conducive to
regulate the surface or interface electronic structure, thus
improving the ability of rapid capture and catalytic conversion
towards LiPSs.>*?” For instance, Rao's group prepared In,S;/
RGO composites with rich sulfur vacancies, which promoted
the catalytic conversion of intercepted LiPSs. The LSBs with
In,S;_,/RGO offered a reversible capacity of 534 mA h g~ " after
450 cycles at 2C."* Zhang et al. designed MoS, nanosheets
enriched with sulfur vacancies, which exhibited strong chem-
ical affinity fast redox conversion to LiPSs. The batteries
exhibited a high initial capacity of 945 mA h g " at 1C.>®
Herein, a novel sheet-on-sheet architecture of ZnIn,S,@RGO
composite with abundant sulfur vacancies (Vs-ZIS@RGO) was

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra02180g&domain=pdf&date_stamp=2023-05-06
http://orcid.org/0000-0003-2789-7009
http://orcid.org/0000-0001-7765-4027
https://doi.org/10.1039/d3ra02180g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02180g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013020

Open Access Article. Published on 09 May 2023. Downloaded on 2/28/2026 5:08:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

successfully designed and synthesized via a facile solvothermal
and thermal treatment method. The sheet-on-sheet architecture
was easily obtained by in situ growth of flake-like ZnIn,S, on the
reduced graphene oxide surface. And the abundant sulfur
vacancies were achieved during the thermal treatment process,
making it possible for enhancing the reactivity. Based on the
sulfur vacancies design, the modified separators not only
improved the chemical affinity to LiPSs, but also accelerated
conversion reaction kinetics of LiPSs. Benefiting from the sheet-
on-sheet architecture, the ionic/electronic transfer was
enhanced, which was conducive to supporting fast redox reac-
tions. In addition, the vertically ordered flake-like ZnIn,S,
provided a shorter transport path for lithium-ions and the
irregularly curved ZnIn,S, nanosheets exposed more active sites
for effectively anchoring LiPSs. As expected, the batteries with
Vs-ZIS@RGO modified separator exhibited an initial discharge
capacity of 1067 mA h g ' at 0.5C and stable cycling properties
(710 mA h g~ " over 500 cycles at 1C) with a minor capacity decay
of 0.055% per cycle.

Experimental section

Materials

ZnCl, (98%, Macklin, China), InCl;-4H,0 (99.99%, Macklin,
China), C,HsNS (TAA, >98.0%, Macklin, China) and C3HgO3
(>99.5%, Macklin, China). Graphene oxide (GO, The Sixth
Element, China). All the reagents are analytical grade and used
without further purifications.

Preparation of sheet-on-sheet structure of ZnIn,S,@RGO with
abundant sulfur vacancies

Firstly, sheet-on-sheet structure of ZnIn,S,@RGO was prepared
through a solvothermal method: 60 mg of GO were dispersed in
24 mL of distilled water (pH = 2.5) by ultrasonication for 1 h.
Then, 81.60 mg of ZnCl,, 175.8 mg of InCl;-4H,0 and 90 mg of
TAA were mixed with 24 mL of GO aqueous dispersion with
sonicating for 20 min. Next, 6 mL of C3HgO; was added in the
solution under vigorous magnetic stirring. The obtained solu-
tion was poured into a 50 mL autoclave to keep at 80 °C for 12 h.
After cooling to room temperature naturally, the product was
washed with absolute alcohol and distilled water several times
and vacuum dried at 60 °C overnight.

The pristine ZnIn,S,;@RGO was modified by annealing at
600 °C for 1 h in a nitrogen flow at a ramping rate of 10 °C min ™"
to induced sulfur vacancies in ZnIn,S,.

Preparation of modified separators

The Vs-ZIS@RGO (or ZIS@RGO or GO) was mixed with carbon
black and polyvinylidene fluoride at the mass ratio of 8:1:1,
respectively. Then, the N-methyl pyrrolidone was dropped into
the mixture. Afterward, the uniformed slurry under the
continuous ball milling process was coated on the surface of PP
separator using a doctor blade with a coating thickness of 50
pm. Then the coated modified separators were dried at 45 °C
overnight. Finally, the dry modified separators were cut into
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a circle and further to assemble the coin cell in an argon-filled
glove box.

Material characterization

The morphologies and structures of samples were measured via
the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The elemental composition of
samples was analyzed via the energy dispersive X-ray spectros-
copy (EDS) mapping. X-ray diffraction (XRD) diffraction
patterns of all samples were recorded on a Bruker D8 phaser
with Cu K radiation (A = 0.1542 nm). Surface functional groups
were obtained by a Nicolet iS50 FTIR spectrometer over a wave-
number range from 4000 to 400 cm ™" (Thermo Fisher Scientific,
USA). Raman spectra were collected by Witech CRM200 spec-
trometer with 532 nm excitation of Ar' ion laser at room
temperature. paramagnetic (EPR)
measurement was analyzed by using an Endor spectrometer
(BrukerA300). The chemical state and molecular structure were
examined by a THERMO FISHERSICENTIFIC Escalab 250Xi
high resolution X-ray photoelectron spectroscopy (XPS). The
ultraviolet-visible-near-infrared ~ (UV-vis-NIR)  spectrometer
attached to an integrating sphere (Shimadu UV-vis-NIR UV-3600
double beam spectrophotometer) was utilized to test the LiPS
absorption state.

Electron resonance

Electrochemical measurements

The coin cells (CR2016) were assembled in the argon-filled glove
box with the cathode consisted of elemental S, carbon black,
and PVDF (7:2:1 ratio), the modified separators, the anode of
lithium foils and the electrolyte composed of 1,3-dioxolane and
1,2-dimethoxymethane (v/v = 1:1) with 1 mol bis-(trifluoro-
methane) lithium sulfonamide (LiTFSI) and 1 wt% LiNOj;. The
electrolyte used for each cell was about 16.3 pL and the ratio of
electrolyte/sulfur was 9 pL mg " under the sulfur loading of
1.6 mg cm 2. Cycling and rate performance tests were per-
formed via Land battery test system in a voltage between 1.7 and
2.8V (vs. Li'/Li). And the cyclic voltammetry (CV) was performed
on the electrochemical workstation (Shanghai Chenhua Co.
Ltd., chi 760e, China) at a scan rate of 0.1 mV s ' under the
same voltage range. The electrochemical impedance spectros-
copy (EIS) was investigated in the frequency range of 100 kHz to
0.01 Hz. All the electrochemical measurements and assembly
were conducted at room temperature.

Polysulfide permeation measurements

The Li,S¢ was chosen as a representative of the polysulfides.
Li,S and sulfur (molar ratio of 1:5) were dispersed in 1,3-
dioxolane (DOL) and 1,2-dimethoxyethane (DME) (the corre-
sponding volume ratio is 1: 1) solution. After vigorous stirring
for 24 h at 80 °C, 0.1 M Li,S¢ solution was prepared. Permeation
measurements were performed using a H-shaped quartz tubes,
which consisted of two identical glass containers and clamp-
connected with an aperture of 15 mm in the middles. In
a typical test, the separators were placed to fully cover the
aperture, respectively. Then 25 mL of 10 mM Li,Se solution was
added into the left H-shape quartz tubes, and 25 mL of DME/

RSC Adv, 2023, 13, 13892-13901 | 13893
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DOL (v/v =1:1) solution was added into the right. Lastly, the H-
shaped quartz tubes was placed on a horizontal surface and
observed for 24 h and recorded the process of color change via
a mobile phone camera. The whole preparation of Li2S6 solu-
tion and permeation tests were carried out in an argon-filled
glove box. The quantitative determinations of LiPSs flux
through the separators were conducted by UV-vis test. And the
permeate solutions on the right needed to be diluted for 10
times so that the acquired signals were in the reliable absor-
bance range of the UV-vis spectrophotometer.

Computational method

The DFT calculations were performed by vienna ab initio
simulation package (VASP). The generalized gradient approxi-
mation (GGA) of Perdew-Burke-Ernzerhof (PBE) was used to
describe the exchange-correlation functional. The cut-off energy
for the plane wave basis was set to 400 eV and a 2 X 2 x 1
Monkhorst-Pack mesh was employed. All the structures were
fully relaxed (atomic position) up to 10™* eV A™" force mini-
mization and max force of 0.01 eV A~*. Moreover, the binding
energy (E.qs) between the Li,Ss and substrate was calculated by
the equation:

Eadgs = Erotal —

ELiZS() — Eaup (1)

where the Eioal, Evis, and Egyp, were for total energy of Li,Sg and
substrate, Li,Ss and substrate, respectively.

Results and discussion
Structural characterization of Vs-ZIS@RGO

The schematic diagram of the synthesis process of sheet-on-
sheet structure of ZIS@RGO with abundant sulfur vacancies
was shown in Fig. 1. The ZIS@RGO was firstly prepared via
a typical hydrothermal method and the pristine ZIS@RGO was
subsequently modified by annealing at high temperature to
induce sulfur vacancies. It could be clearly observed that the
pure ZnlIn,S, was self-organized into a hierarchical peony-like
microsphere (Fig. S1at). With the introduction of GO, the ZIS
nanosheets firstly in situ grew on the GO surface. Due to the
large size in two dimensions of GO, the steric hindrance pre-
vented further self-assembling process of ZIS nanosheets and
finally a sheet-on-sheet structure of ZIS@RGO was formed
(Fig. 2a and S1b). It should be noted that Vs-ZIS@RGO still
maintained the morphology of stable sheet-on-sheet structure
even at a high annealing temperature, which played an
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Fig. 1 Schematic illustration of the synthesis route of Vs-ZIS@QRGO.
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important role in improving the long cycle performance (Fig. 2b
and c). The TEM image of Vs-ZIS@RGO was also depicted in
Fig. 2d, further manifesting the sheet-on-sheet structure was
successfully prepared. Meanwhile, the HRTEM image of Vs-
ZIS@RGO in Fig. 2e exhibited the lattice spacings of 0.411
and 0.321 nm corresponding to the (006) and (102) crystal
planes of ZIS and 0.216 nm assigned to RGO. In addition, the
selected area electron diffraction (SAED) pattern (Fig. 2f)
showed well-defined diffraction rings corresponding to (116),
(111), (108) and (102) planes of Vs-ZIS@RGO, which was
consistent with the following XRD analysis. According to the
EDS elemental mapping images of Vs-ZIS@RGO in Fig. S2a-e,
Zn, In, S and C elements were uniformly distributed in Vs-
ZIS@RGO. To comprehensively investigate the crystal struc-
ture, the XRD patterns of ZIS@RGO and Vs-ZIS@RGO were
conducted (Fig. 2g). The clear diffraction peaks of ZIS@RGO
were excellent assigned to the (006), (102), (104), (111), and (116)
crystal planes of hexagonal phase of ZnIn,S, (JCPDS 89-3963),
respectively. And the XRD peaks of Vs-ZIS@RGO were similar to
that of ZIS@RGO, indicating the crystal structure of Vs-
ZIS@RGO was maintained after the thermal treatment. In
addition, Raman spectroscopy was used to confirm the exis-
tence of RGO in the nanocomposite. As depicted in Fig. 2h, the
characteristic peaks at 1346 and 1596 cm ™' corresponded to the
D and G bands of GO, respectively. Obviously, the ratios of I/l
in the ZIS@RGO and Vs-ZIS@RGO were much higher than that
of the original GO, indicating a successful reduction of GO to
RGO in the nanocomposites. Additionally, the enhanced D
band in the ZIS@RGO suggested interaction between the metal
nanoparticles and GO, which further verified the successful
synthesis of ZIS@RGO.****

To get direct evidence for defective structure of ZIS, EPR
analysis was firstly executed. As displayed in Fig. 3a, a strong
EPR signal with a g-value of 2.00 was observed in Vs-ZIS@RGO
while almost no obvious sign was appeared in ZIS@RGO,
illustrating that abundant Vs were induced successfully in ZIS
after the annealing treatment in N,. To further analyze the
surface chemical composition of the samples, the chemical
states of S, In and Zn in ZIS@RGO and Vs-ZIS@RGO were
analyzed using XPS measurements. As shown in Fig. 3b, the
spectrum of S 2p of ZIS @RGO could be fitted to two peaks (at
162.4 and 163.7 eV), which were assigned to S 2p;/, and S 2py,.
After the annealing, the peaks of S 2p shifted negatively and the
intensity of peaks was decreased as well. Likewise, this
phenomenon was observed in the In 3d and Zn 2p spectra
(Fig. 3c and d). The binding energies of In 3ds/, and In 3ds,, of
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Fig. 2 (a) SEM image of GO. (b), (c) SEM images of Vs-ZIS@QRGO. (d) TEM, (e) HRTEM images and (f) SAED pattern of Vs-ZIS@QRGO. (g) XRD

patterns of ZISQRGO and Vs-ZIS@QRGO. (h) Raman spectra of GO, ZIS@RGO and Vs-ZIS@RGO.

ZIS@RGO were 445.5 and 453.1 eV, which were much higher
than those of Vs-ZIS@RGO. The Zn 2p spectrum of ZIS@RGO at
around 1022.6 eV and 1045.6 eV corresponded to Zn 2p;/, and
2p1/2. Compared to ZIS@RGO, the two peaks are slightly shifted
to lower binding energy in Vs-ZIS@RGO. All the XPS results fully
demonstrated that the formation of Vs in ZIS@RGO after
thermal treatment.>*°

Structural characterization of Vs-ZIS@QRGO//PP

The SEM images of Vs-ZIS@RGO//PP and PP were depicted in
Fig. 4a and b. Clearly, the Vs-ZIS@RGO were uniformly coated
on the surface of the PP separator and covered the original
pores of PP as well. The cross-sectional SEM image of Vs-
ZIS@RGO//PP in Fig. 4c presented that the thickness of the
Vs-ZIS@RGO layer was about 3.87 pm. As shown in Fig. S3, the
weight of Vs-ZIS@RGO//PP was slightly increased to 5.2 mg
compared with PP (4.0 mg). In addition, the digital photos of PP
and Vs-ZIS@RGO//PP were shown in Fig. 4d, the diameter of Vs-
ZIS@RGO//PP was about 19 mm. And it can be clearly seen that
the Vs-ZIS@RGO layer was smooth and flat. The wettability and
the contact angle of Vs-ZIS@RGO//PP and PP with the electro-
lyte were tested in Fig. 4e and f. Notably, the Vs-ZIS@RGO//PP

© 2023 The Author(s). Published by the Royal Society of Chemistry

exhibited the better electrolyte affinity and the smaller contact
angle of 6.1° compared with PP of 40.8°. Moreover, the Vs-
ZIS@RGO//PP could be recovered by a bending process
without Vs-ZIS@RGO exfoliation, further demonstrating its
excellent mechanical toughness (Fig. 4g). These results fully
demonstrated the superiority and potential of Vs-ZIS@RGO as
a modified separator material for LSBs.

Electrochemical characterization

To demonstrate the excellent performance of Vs-ZIS@RGO//PP
in LSBs, a series of electrochemical characterizations for
different modified separators were tested. First, the different
thickness of Vs-ZIS@RGO layer was measured to determine the
optimum coating thickness. As shown in Fig. S6,T it could be
clearly seen that the Vs-ZIS@RGO layer with 50 um coating
thickness (corresponding to 4 pm Vs-ZIS@RGO layer thickness)
exhibited more excellent specific capacities and cyclic stability,
indicating the 50 um coating thickness was the most suitable
thickness for Li-S battery compared with the two others. And
the following electrochemical performance were performed
with the 4 pm thickness of Vs-ZIS@RGO modified separators.
The CV curves of cells with the modified separators were

RSC Adv, 2023, 13, 13892-13901 | 13895
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Fig. 4 Surface SEM images of (a) PP and (b) Vs-ZIS@RGO//PP. (c) Cross-sectional SEM image of Vs-ZIS@RGO//PP. (d) Digital photos of PP and
Vs-ZIS@QRGO//PP. (e) Wettability test for PP and Vs-ZIS@QRGO//PP by using electrolyte. (f) Contact angle of PP and Vs-ZIS@QRGO//PP with
electrolyte. (g) Photos of the Vs-ZIS@RGO//PP under different stresses.

13896 | RSC Adv,, 2023, 13, 13892-13901 © 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra02180g

Open Access Article. Published on 09 May 2023. Downloaded on 2/28/2026 5:08:46 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper RSC Advances
oD 2.6
al.O' Vs-ZIS@GO//PF Peakc bA F 1 Vs-ZIS@RGO//PP c as Rt w
205 - /\,{ T i . . GoPP ch;;,—
/ S0 = 2308 ~
500. 5 -{/J L — p! E Vs ZIS@GO//PP
s e X £2.21 & [— LinearFit
£ 0.5, \/ Peak A =2 £ T
57 3 2041 i 7 A\
© i ~2.01 P £ X
1 .. . ‘ f/**%\ J
-1.5 v v v v v T 1.8 - -
1.6 1.8 20 22 24 26 28 Peak A Peak B Peak C 0 20 40 60 80 100
Voltage (V) 7' (ohm)
do.0o - €00 f1o —
oS | gw g 3
-0.08 1 0.815534 /;\\\ ‘ &
o “ ~ £ e + asc® S
< Al -~ S 3 ELE I\ i ot S
= R 248 “ < 231 456 2
£ .0.16; A5 Fe. c £0.6]2 = g
- ] ) £ g = g ;
= Ha40 2y o ~ 3 2 £228 i
=024 € | &\ | £ £0.4{%
s & I )':/I a £ \TA 'Téw, P\ 5 2 10 s o5 oa
O 0.321 é r/(:j-/ 5 L4 g . ”?‘:'x Q 0.2 Log (Current) (mA)
' 2-3‘.'13 15 12 09 -1.2 G ra—— .0.6 04 ' 0 3
ogolPeakA_ 77 i Peak B Log (Current) @na) 0.0 Peak € S
2.36 2.40 2.44 2.48 2.04 206 208 210 212 214 2.0 2.1 22 23
Potential (Vvs.Li/Li") Potential (Vvs.Li/Li") Potential (Vvs.Li/Li")
g0.8 = Vs ZIS@GO//PP h2'0 = VsZIS@GO/PP i20 = Vs ZIS@GO//PP
e  GO//PE e  GO//PP ' e  GO/PP
20'6'— Linear Fit d 21‘5 J— Linear Fit —— Linear Fit
= Peak A g Peak B ;{1,5 { Peak C
20.4 210 .- €
£ 3 £ £1.0- —r
E] 5 g y
Co.2 o Oo5- B 5 s o
— ——————— QO —
0.51
0.0 r r v 0.0 T - -
0.008 0.012 0.016 0.020 0.024 0.008 0.012 0.016 0.020 0.024 0.008 0.012 0.016 0.020 0.024
VOS5 (95505 VOS (y05505) VoS (VO5g05)

View Article Online

Fig. 5

(a) CV curves, (b) Corresponding peak voltages and (c) EIS of GO//PP, ZIS@RGO//PP and Vs-ZIS@RGO//PP. Potentiostatic polarization

curves of GO//PP, ZIS@QRGO//PP and Vs-ZIS@RGO//PP at a scan rate of 0.1 mV s for the (d) Peak A, (e) Peak B and (f) Peak C. The inset shows

the corresponding Tafel plots derived from the potentiostatic polarizati

on curves. Plots of CV peak current for the (g) Peak A, (h) Peak B and (i)

Peak C versus the square root of the scan rates for the batteries of GO//PP, ZIS@RGO//PP and Vs-ZIS@RGO//PP.

obtained (Fig. 5a). The two cathodic peaks were related to the
transformation of Sg to Li,S, (4 = x =< 8) and finally to insoluble
sulfur species (Li,S and Li,S,), and the anodic peak was related
to the reversible transition from Li,S,/Li,S to Sg. Notably,
compared with GO//PP and ZIS@RGO//PP cells, the cathode/
anode peaks of Vs-ZIS@RGO//PP cells exhibited a clear
positive/negative shift and achieved the largest responding peak
current. And the cells with Vs-ZIS@QRGO//PP achieved the
highest cathode potentials (2.343 and 2.041 V) and the lowest
anode potential (2.349 V) compared to the others (Fig. 5b). The
smallest polarization promoted the conversion of polysulfides,
which were attributed to the introduction of abundant sulfur
vacancies in ZIS@RGO. The EIS curves of the three modified
separators were depicted in Fig. 5¢c. According to the fitted data,
the Vs-ZIS@RGO//PP battery had the lowest charge transfer
resistance (36.77 Q), indicating that the abundant Vs enhanced
the ionic/electronic transfer, which in turn improved the elec-
trochemical performance. In addition, to precisely analyze the
effect of Vs on enhancing electrochemical kinetics of LiPSs, the
Tafel curves of the corresponding redox peaks were showed in
Fig. 5d-f. Clearly, the Vs-ZIS@QRGO//PP cells presented

© 2023 The Author(s). Published by the Royal Society of Chemistry

remarkably reduced Tafel slope values of both reduction and
oxidation reactions, which further verified the best catalytic
performance of Vs-ZIS@RGO//PP.*'*> The above results strongly
confirmed that the formation of Vs played an essential role in
elevating the redox kinetics for LSBs.

Furthermore, the diffusion rate of lithium-ions, which could
reflect the LiPSs diffusion to some extent, was studied by CV
curves at different scan rates in Fig. S4a-c.f And the corre-
sponding linear relationship between the square root of the
scan rate and the cell peak current was investigated in Fig. 5g-i.
Then, the diffusion coefficients of lithium-ions (Dy;-) could be
analyzed with Randles-Sevcik equation:****

I, = 2.69 x 10°2"2SDy+"Cyyv'? (2)

In which I, was the peak current, n referred to the number of
charge transfer involved in the battery reaction (n = 2 in LSBs), S
was the area of the electrode, D ;+ was the diffusion coefficient of
lithium-ions (cm? s %), Cy;- stood for the lithium-ions concen-
tration in the electrolyte (mol mL™") and v represented the
scanning rate (V s~ ). Since, the Dy ;- values corresponded to the
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slope of the curve (Ip/vl/ %) in the case of constant value of n, S
and Cp. Apparently, the slopes of all fitted lines for the Vs-
ZIS@RGO Dbattery were higher than those for the other
batteries, indicating the fastest lithium-ions diffusion. These
results confirmed that Vs-ZIS@RGO//PP could effectively
accelerate the redox reaction of LiPSs, thereby improving the
utilization of sulfur.”** According to the CV curves at different
scan rates, the peak voltage separations (between the Peak B
and Peak C) of the Vs-ZIS@RGO//PP and ZIS@RGO//PP cells
were depicted in Fig. S5.f It could be seen that the Vs-
ZIS@RGO//PP cells displayed a smaller change in the peak
voltage separations, indicating that Vs-ZIS@RGO reduced the
voltage polarization and delivered a better polysulfide reaction
kinetics.

To evaluate the Li,S oxidation activation barrier, the charge
voltage profiles of three cells were performed in Fig. 6a. The Vs-
ZIS@RGO//PP cells presented the lowest potential barrier (2.34
V) compared to the ZIS@RGO//PP (2.36 V) and GO//PP (2.42 V).
The lowest potential barrier of the Vs-ZIS@RGO material indi-
cated an enhanced redox reaction rate, which was in agreement
with the previous results obtained in Tafel curves.***® The
cycling performance of cells with various separators was firstly
measured to reveal the enhanced performance contributed by
Vs. As showed in Fig. 6b, the initial discharge capacity of the Vs-
ZIS@RGO//PP battery was close to the high value of
1067 mA h g~' at 0.5C, and the high discharge capacity of
878 mA h g~ was maintained after 200 cycles with a capacity
retention rate of 82.3%. Whereas, the ZIS@QRGO//PP, GO//PP
and PP cells showed much lower capacity retention rates of
70.1%, 46.6%, and 30.4%, respectively. The rate capability of
LSBs was performed at various current densities. As shown in
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Fig. 6¢, the Vs-ZIS@RGO//PP cells exhibited excellent specific
capacities of 1209, 1046, 960, 828 and 701 mAh g ' at 0.1, 0.5, 1,
2 and 5C, respectively, which were higher than the other two
batteries. When the rate was switched back to 0.1C, the
discharge capacity remained at around 1047 mA h g™, showing
excellent responsiveness and rate performance. Such excellent
rate performance and cycling stability of Vs-ZIS@RGO//PP cells
further led us to conclude that the existence of Vs enhanced the
chemisorption of LiPSs and accelerates the kinetics of LiPSs
conversion. Meanwhile, the charge/discharge curves of the Vs-
ZIS@RGO//PP battery at various current rates were showed in
Fig. 6d. Notably, the Vs-ZIS@RGO//PP battery existed two
distinct discharge plateaus at all different current rates, corre-
sponding to two typical reduction stages. These plateaus are flat
and stable, which suggested a kinetically efficient reaction
process. Furthermore, the Vs-ZIS@RGO//PP cells were further
tested at high current density for more than 500 cycles (Fig. 6e).
It could be seen that the cells depicted high reversible capacities
of 710, 522 and 401 mA h g~ " at 1, 2 and 5C, respectively. Even at
1C, the Vs-ZIS@RGO//PP battery showed a satisfactory 72.2%
capacity retention with a minor capacity fade of 0.055% per
cycle. Furthermore, the cycling performance of the Vs-
ZIS@RGO//PP batteries under a higher sulfur loading was also
investigated at 0.2C in Fig. S7.f When the sulfur loadings
increased to 2.0 and 3.0 mg cm % the batteries with Vs-
ZIS@RGO//PP still delivered a high reversible capacity of 774
and 587 mA h g after 100 cycles with a capacity retention of
80.8 and 78.3%, respectively. These results fully indicated that
the high electrochemical reversibility undeniably benefited
from the Vs-ZIS@RGO layer that effective promoted the reuse of
the trapped LiPSs.
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(a) Charge voltage profile of GO//PP, ZIS@RGO//PP and Vs-ZIS@RGO//PP at 0.2C. (b) Cycling performance and coulombic efficiency of

PP, GO//PP, ZISQRGO//PP and Vs-ZIS@QRGO//PP at 0.5C for the 200 cycles. (c) Rate capability of GO//PP, ZISQRGO//PP and Vs-ZIS@QRGO//PP
at various current densities from 0.1 to 5C. (d) Charge/discharge profiles of Vs-ZIS@RGO//PP at different rates. (e) Long-term cycling perfor-

mance at different rate of Vs-ZIS@RGO//PP for the 500 cycles.
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To intuitively evaluate the blocking effect of Vs-ZIS@RGO//
PP on LiPSs, the permeation experiments using a visualized
H-type glass device were designed in Fig. 7a and b. In the H-type
device with the PP separator, the yellow-brown LiPSs gradually
passed through PP from the left tube to the right tube with
increasing time and reached a high level after 12 h, indicating
that the PP hardly prevented the shuttle of LiPSs. In contrast, no
obvious diffusion phenomenon of LiPSs was observed for Vs-
ZIS@RGO//PP even after 24 h, demonstrating the superior
ability for suppressing the LiPSs shuttle. Furthermore, after the
permeation experiment, UV-vis was used to quantitatively
determine the LiPSs flux (Fig. 7c). The noticeable characteristic
absorption peaks of LiPSs were observed in the range of 400-
450 nm for PP while no obvious LiPSs absorption peak for Vs-
ZIS@RGO//PP appeared in the same range.”” Such a clear
comparison indicated that Vs-ZIS@RGO//PP had better LiPSs
adsorption capacity, which was beneficial to improve the rate
and cycling performance of LSBs. In addition, the strong
chemical interaction between ZnIn,S, and LiPSs was further

Vs- ZIS@RGO//PP
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evaluated by XPS analysis after. As depicted in Fig. 7e and S8,}
comparing to that of the pristine Vs-ZIS@RGO sample, the
characteristic peaks of In 2p and Zn 2p spectra were shifted to
lower binding energies after contacting with LiPSs, which were
attributed to the electron transfer from LiPSs to In/Zn atoms.
The negative shifts of In 2p and Zn 2p spectra demonstrated the
strong chemical affinity towards LiPSs.*

To further investigate the synergistic mechanism of immo-
bilizing LiPSs at the molecular lever, the DFT calculations were
performed in Fig. 8a and b. Obviously, the neighboring sulfur
and metal atoms of Vs-ZIS moved toward the Vs to equilibrate
the uneven electron cloud density on the surface (presented on
the left).* The generation of Vs increased the Vs-ZIS polarity,
which was conducive to capturing LiPSs. The binding energy of
Vs-ZIS to Li,Se was as high as —4.581 eV, while the interaction
energy of Li,Se on ZIS (—4.247 eV) was relatively lower, implying
that Vs-ZIS was more favorable for adsorbing Li,Ss. And the
bond lengths between Li,Ss and Vs-ZIS were shorter than that of
Z1S, which further demonstrated that Vs were effective for the

s\ Z1S@RGO/PP
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Fig. 7 Photographs of the permeation experiments of (a) Vs-ZIS@QRGO//PP and (b) PP in 15 mM Li,Sg solution. (Schematic illustration of Vs-
ZIS@RGO//PP to restrict polysulfide diffusion on the right side). (c) UV-vis spectra of LiPSs solutions after the permeation experiments with PP
and Vs-ZIS@QRGO//PP. (d) In 3d spectra of Vs-ZIS@QRGO//PP before and after the permeation experiments.
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Fig. 8 Schematic diagram for optimized configurations of Li,Sg on (a) ZIS and (b) Vs-ZIS (102) surface. (c) Synergistic mechanism based on

chemisorption and catalytic conversion of the Vs-ZIS on LiPSs.

chemical fixation of LiPSs on ZIS (presented on the right).**** In
addition, the bond lengths of Li-S and S-S bonding in Li,Ss on
Vs-ZIS were much longer that on ZIS (Table S1+), indicating that
Vs-ZIS could weaken the S-S bonding of Li,S¢ and thus
promoted the conversion of LiPSs.**** Moreover, the
adsorption-catalysis mechanism of Vs-ZIS@RGO towards LiPSs
was intuitively described in Fig. 8c. As a promising separator
modification material for LSBs, Vs-ZIS@RGO could enhance
chemical affinity to LiPSs while accelerate conversion reaction
kinetics of LiPSs.

Meanwhile, the surface morphology of Li anode and sepa-
rators after 200 cycles was measured to demonstrate the excel-
lence of Vs-ZIS@RGO//PP. From the SEM image of Li anode
(Fig. S9at), it could be seen that the surface of the lithium anode
in contact with PP was rough and showed a large number of
cracks, indicating the severe formation of lithium dendrites. In
contrast, Fig. S9b7 presented the smooth surface of the Li anode
in the Vs-ZIS@RGO//PP battery, confirming the powerful ability
of Vs-ZIS@RGO//PP to effectively anchor LiPSs. Moreover, the
morphological difference of the side facing the Li anode for the
PP and Vs-ZIS@RGO//PP were systematically illustrated in
Fig. S10a and b.f The pores of PP were covered with many
blocky-shaped species, which were probably the deposits of
insoluble sulfides (Li,S and Li,S,). And for the Vs-ZIS@RGO//
PP, the pores still remained almost intact, ensuring the free
migrating of lithium-ions. Additionally, the corresponding
digital images were also showed (Fig. S11a and bt). The obvious
yellow species were observed on the surface of PP compared to
Vs-ZIS@RGO//PP, further illustrating the severe sulfides
deposits on the PP surface. The results above further confirmed
that Vs-ZIS@RGO could effectively trap LiPSs as well as promote
LiPSs conversion, thus enhancing the electrochemical proper-
ties of LSBs.

Conclusions

In summary, a novel sheet-on-sheet architecture with abundant
sulfur vacancies was designed by in situ growth of flake-like

13900 | RSC Adv, 2023, 13, 13892-13901

ZnlIn,S, on the RGO surface. Benefiting from the abundant Vs
achieved in the thermal treatment process, the modified sepa-
rators not only improved the chemical affinity to LiPSs, but also
accelerated conversion reaction kinetics of LiPSs. And due to
the sheet-on-sheet architecture, the ionic/electronic transfer
was enhanced, which was conducive to supporting fast redox
reactions. In addition, the vertically ordered flake-like ZnIn,S,
provided a shorter transport path for lithium-ions and the
irregularly curved ZnIn,S, nanosheets exposed more active sites
for effectively anchoring LiPSs. Consequently, the batteries with
Vs-ZIS@RGO modified separator showed a high initial
discharge capacity of 1067 at 0.5C and outstanding long cycle
stability with a minor capacity decay of 0.055% each cycle at 1C.
Overall, this work proposes a strategy of designing the sheet-on-
sheet structure with rich sulfur vacancies, which provides a new
perspective to rationally devise durable and efficient LSBs.
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