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Abstract
The lithium-sulfur (Li-S) battery has been attracting much more attention in recent years due to its high theoretical 
capacity and low cost, although various issues, such as the “shuttle effect” and the low use ratio of active materials, 
have been hindering the development and application of Li-S batteries. The separator is an important part of Li-S 
batteries, and its modification is a simple and effective strategy to improve the electrochemical performance of Li-S 
batteries. In this work, we explore separators with different functions on their two sides that have been produced 
by a step-by-step electrospinning method. The multifunctional separator on one side is pure gelatin, and the other 
side is zeolitic imidazolate framework-67 (ZIF-67)-C60-gelatin. The ZIF-67-C60-gelatin layer on the cathode side is 
of great importance. The chemisorption sites on it are provided by ZIF-67, and the transformation sites of lithium 
polysulfide are provided by C60. Gelatin, which is on the anode side, as an admirable separator material, makes the 
lithium flux uniform and thus prevents the generation of lithium dendrites. This type of multifunctional nanofiber 
separator based on double gelatin layers plays an important role in the adsorption and conversion of polysulfides, 
and it improves the overall performance of the Li-S battery. As a result, the Li-S batteries assembled with the 
prepared separator can still maintain the capacity of 888 mAh g-1 after 100 cycles at 0.2 C, and the capacity 
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retention rate of the Li-S batteries is 72.9% after 400 cycles at 2 C. This simple preparation method and high-
performance bilayer membrane structure provide a new route for commercial application.

Keywords: Gelatin-based, electrostatic spinning, modified separator, Li-S battery

INTRODUCTION
Li-S batteries have attracted much more attention recently because of their high theoretical capacity (1675 
mAh g-1) and high energy density (2600 Wh kg-1)[1], although several problems for Li-S batteries still must be 
solved: (1) insulation and volume change of the charging and discharging products of the Li-S battery[2]; (2) 
the “shuttle effect” during charging and discharging processes[3]; and (3) lithium dendrites on the lithium 
anode surface[4]. Among these problems, the “shuttle effect” is the reason for the serious capacity decay of 
Li-S batteries[5].

Many efforts have been made to solve the problems of Li-S batteries. From the aspect of the sulfur cathode, 
a common approach is designing a catalytic carbon material to load sulfur so that it encapsulates and traps 
lithium polysulfide before it dissolves in the electrolyte[6,7]. However, the structural design of cathode 
materials is complicated, the cost is high, the yield is low, and this method is difficult to apply on a large 
scale[8,9]. From the aspect of the lithium anode, the design of multifunctional electrolyte additives can 
effectively prevent the longitudinal growth of lithium dendrites[10]. Nonetheless, the amount of additive is 
necessarily limited. It will be consumed in repeated charge-discharge cycles and cannot guarantee long-term 
effective protection of the lithium anode[11,12]. From the aspect of solid electrolytes, the shuttling of lithium 
polysulfides can be completely suppressed by some solid electrolytes, etc., but their large interfacial 
resistance limits the development of batteries[13]. The separator plays the role of isolating the positive and 
negative electrodes while acting as the channel of lithium-ion transmission[14]. Modification of the separator 
is a simple and effective method to inhibit the “shuttle effect”. Therefore, more and more researchers have 
paid much more attention to modifying the separator in Li-S batteries to inhibit lithium polysulfide 
shuttling to the negative electrode[15]. HY Xiang et al. prepared a nanofiber membrane 3, 4-ethylene 
dioxyethiophene/ F co-doped poly-m-phenyleneisophthalamide (EDOT-5/F-PMIA) by electrospinning 
technology[16]. The pore size of the nanofiber membrane was reduced after the addition of a fluorine-
containing emulsion and the EDOT. The elements S and O in the EDOT can bind to lithium polysulfide, 
inhibiting the “shuttle effect” of lithium polysulfide through physical constraints and chemical binding. As a 
result, Li-S batteries assembled with EDOT/F-PMIA separators exhibited excellent electrochemical 
properties. It is not enough, however, to adsorb lithium polysulfides on the surface of the separator only 
through physical/chemical interactions, so it is necessary to convert long-chain lithium polysulfides to 
prevent the accumulation of lithium polysulfides on the separator. C. Zhou et al. prepared a double-layer 
metal-organic framework - polyacrylonitrile (MOF-PAN)/rGO-PAN multifunctional nanofiber film, where 
rGO is reduced graphene oxide, by electrospinning, from which the MOF particles facing the S cathode 
were tightly adsorbed on the surfaces of PAN nanofibers and captured by chemical adsorption[17]. The rGO-
PAN layer facing the Li anode side can maximize the uniform deposition of lithium ions to control the 
structural changes of the Li anode. The blocking effect alone, however, cannot prevent the consumption of 
the active substance, so adding a conductive component on the positive side will enable the conversion of 
the lithium polysulfide on the positive side, as well as reducing the interface resistance between the 
diaphragm and the positive electrode, and improving the utilization rate of the active material[18-23]. 
Therefore, it will be an effective strategy to design a functional separator with physical adsorption, chemical 
adsorption, and catalytic conversion, where polysulfides are adsorbed on the surface of the material by 
physical/chemical action and then catalytically reduced on the surface of the separetor[24-28]. It is well known 
that gelatin has high ionic conductivity and a high ion migration number, so it can trap lithium polysulfide 
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while stabilizing lithium metal[29,30]. C60 provides the conversion sites for lithium polysulfide, and zeolitic 
imidazolate framework-67 (ZIF-67) provides the chemical adsorption sites[31,32]. The nanofiber membrane 
plays an important role in adsorption, conversion of polysulfides, and inhibition of lithium dendrite growth, 
improving the performance of lithium-sulfur batteries.

Therefore, in this work, a gelatin-based multifunctional composite separator (CZGNF) was designed and 
prepared by the electrospinning method. The CZGNF separator is a two-layer nanofibrous membrane with 
multiple functions. Gelatin with good ionic conductivity and high lithium-ion mobility is an excellent 
material for a separator. Gelatin can also achieve homogenization of the lithium-ion flux and improve the 
stability of lithium metal. In the CZGNF separator, polysulfides are chemisorbed by ZIF-67, preventing the 
shuttling of lithium polysulfides. C60 provides lithium polysulfide conversion sites and improves the 
conversion efficiency of Li polysulfides. The preparation of the CZGNF separator is simple, and it can 
effectively prevent the “shuttle effect” while improving the stability of the lithium anode. The performance 
of Li-S batteries is significantly improved. This article provides new ideas for the study of multifunctional 
composite nanofiber separators.

EXPERIMENTAL METHODS
Materials
Multi-walled carbon nanotubes (L-MWNT-1020 Shenzhen Nano Port), sublimed sulfur (AR, Aladdin),
Co(NO3)2·6H2O (AR, Shanghai Hushi), 2-methylimidazole (99%, Aladdin), poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP, molecular weight, MW = 400000), 1-methyl-2pyrrolidinone (NMP,
anhydrous, 99.5%, Aladdin), gelatin (Aladdin, Chemical purity (CP), Shanghai Aladdin Biochemical
Technology Co., LTD), acetic acid (Sinopharm Chemical Reagent Co., Ltd.), methyl alcohol (99.8% from
ACP Chemical Inc.), C60 (99.9%, Aladdin). All chemicals were purchased and used directly without further
treatment.

Preparation of ZIF-67
40 mmol 2-methylimidazole and 10 mmol Co (NO3)2·6H2O were separately dissolved in 100 mL of
methanol and magnetically stirred for 0.5 h. Then, the 2-methylimidazole solution was slowly added to the
Co (NO3)2·6H2O solution and magnetically stirred for 6 h. The resulting solution was left at room
temperature for 24 h, and then washed with methanol and centrifuged 3 times. Finally, the precipitate was
dried at 60 °C for 12 h to obtain purple ZIF-67 particles.

Preparation of gelatin nanofiber and C60/ZIF-67-GNF separator
Preparation of the gelatin nanofiber (GNF) separator: 1.8 g of gelatin was added to 8 g acetic acid and 2 g
distilled water and stirred for 12 h to obtain solution A. Electrospinning was performed with 10 mL of
solution A at a high voltage of 16.5 kV at a rate of 0.09 mL h-1. The distance between the needle tip and the
collector was set to 17 cm. The product was dried at 60 °C for 12 h and separated from Al foil to obtain the
electrospun separator (GNF).

Preparation of the C60/ZIF-67-GNF (CZGNF) separator: 0.1 g of ZIF-67, 0.1 g of C60, and 1.8 g of gelatin
were added to 8 g acetic acid and 2 g distilled water, followed by stirring for 12 h to obtain solution B. First,
the electrospinning of solution A was conducted in a 4 mL injection pump. After that, the electrospinning
of solution B was carried out in a 4 mL injection pump. Thus, fibrous separators of different compositions
on both sides were obtained. Finally, the electrospun separator was treated in a drying oven at 60 °C for 12 h
and separated from its Al foil to obtain the CZGNF composite separator. The electrospinning process
parameters were the same as above.
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Preparation of positive electrode
Sublimated sulfur and multi-walled carbon nanotubes (MWCNTs) were ball-milled at a ratio of 4:1 for 12 h 
to obtain evenly mixed S/MWCNT materials. The S/MWCNT materials were kept in a reaction vessel at 
155 °C for 12 h to obtain the S/MWCNT composite material. As shown in Supplementary Figure 1, the 
sulfur ratio in S/MWCNT composite is 78.9%. The S/MWCNT composite material, Super P, and PVDF 
dissolved in NMP in a mass ratio of 7:2:1 to obtain the sulfur cathode slurry. Therefore, the content of sulfur 
in the cathode is 78.9% × 70% = 55.2%. The obtained slurry was evenly coated on Al foil with a scraper and 
baked at 60 °C for 12 h. The mass loading of S in the electrode was about 1.2 mg cm-2.

Material characterization
The phase analysis of the material was performed with a D/MAX2500V rotating target X-ray diffractometer 
(XRD) at an angle of 10°-40°. Each material phase could then be determined by the position and intensity of 
the different characteristic peaks corresponding to the standard Powder Diffraction File (PDF). The surface 
morphology of the prepared materials was analyzed by using a Zeiss Gemini 500 thermal field emission 
scanning electron microscope. The corresponding X-ray energy dispersive spectrometer (EDS) was used for 
plane scanning to determine the type and distribution of elements. The morphology of the material was 
characterized by scanning electron microscopy (SEM). Gold spraying was carried out before SEM 
observations, and the spray time was set to 60 s.

Battery assembly and measurements
The batteries were assembled with a CR2032 battery shell. The S/MWCNT composite material was used as 
the positive electrode and lithium metal as the negative electrode. Three different batteries were assembled 
with a polypropylene (PP) separator, a GNF separator, and a CZGNF separator, respectively. In the case of 
the CZGNF separator, the side containing ZIF-67 and C60 faced the positive electrode. The Li-S batteries 
employed 1.0 M lithium bis(fluoromethanesulfonyl)imide (LiTFSI) in dimethoxy ethane: dioxolane (DME: 
DOL, 1:1 v/v) with 2.0 % LiNO3 as the electrolyte additive. The electrolyte was 50 μL and the 
electrolyte/sulfur ratio (E/S ratio) was 27 μL mg-1 at the time of cell assembly. All the above operations were 
carried out in a glove box filled with Ar. Electrochemical tests of the assembled batteries were carried out, 
such as charging and discharge performance testing, cyclic performance testing, electrochemical impedance 
spectroscopy (EIS), cyclic voltammetry (CV), etc.

RESULTS AND DISCUSSION
Figure 1 shows the synthesis and functional structure of the CZGNF nanofiber separator. The separator is a
two-layer structure, the first layer of pure gelatin-based nanofiber film is prepared by the electrospinning
method, and then on the basis of this layer, the ZIF-67-C60-gelatin-based nanofiber separator is prepared by
electrospinning method. Finally, the nanofiber separator is placed in an oven for drying to obtain the
CZGNF separators with different functions on both sides. The CZGNF diaphragm facing the positive side
can chemically adsorb polysulfides and provide conversion sites for lithium polysulfide, while the negative
side can improve the amount of lithium-ion migration and prevent lithium dendrites from being generated.

In this work, gelatin was used as the separator substrate. Fourier transform infrared (FTIR) analysis of GNF
separator was performed to verify its gelatin groups. Figure 2A shows that the characteristic peaks of gelatin
groups are located around 1200-1650 cm-1 and 2900-3100 cm-1[29]. Among them, the amine groups and
carboxyl groups of gelatins are hydrophilic groups, so that gelatin has a good liquid absorption rate and the
ionic conductivity of the gelatin substrate is improved. The XRD patterns of ZIF-67, GNF, and CZGNF
[Figure 2B] reflect the phase structures of the three separators. The XRD pattern of CZGNF separator did
not show strong reflections due to the low doping content of ZIF-67 particles, although the presence of
cobalt element could be proved in EDS analysis. In addition, the main peak in the XRD pattern for the
CZGNF separator corresponds to that of C60 (PDF#47-0787), which proves the successful doping of C60.

5380-SupplementaryMaterials.pdf
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Figure 1. Schematic diagram of the synthesis and functional structure of the CZGNF separator.

Figure 2. (A) FTIR spectrum of GNF; (B) XRD patterns of ZIF-67, GNF, and CZGNF.

Figure 3 displays the microstructure and fiber diameter distribution of the PP separator, GNF separator, and
CZGNF separator. The surface of the PP separator presents irregular large pores with a width of about 600
nm-1 μm [Figure 3A]. These large pores can pass not only lithium ions but also macromolecular lithium
polysulfides, thus causing a serious “shuttle effect”. The GNF separator and CZGNF separator prepared by
electrospinning exhibited the phenomenon of random intertwining of the, thus forming a three-
dimensional (3D) fiber network structure [Figure 3B and C]. This fibrous mesh structure can effectively trap
lithium polysulfide and prevent its diffusion to the lithium anode. After the addition of C60 and ZIF-67
particles, the separator facing cathode surface appeared light purple [Figure 3C]. The successful doping of
C60 can be further proved by XRD pattern. In addition, there is no washing, pickling, etc. in the dissolution
process. After the dissolution process, the solution is sprayed directly by electrospinning, so C60 and ZIF-67
were in the film certainly. Moreover, the color of ZIF-67 is purple, and the color of the prepared film facing
the cathode is also light purple. Therefore, it can be determined that C60 and ZIF-67 have been successfully
added. The CZGNF separator is white on one side and gray-purple on the other due to different spinning
solutions. The thickness of the CZGNF separator is about 72 μm [Figure 3D]. The main reason for the
different morphology of GNF and CZGNF is the addition of C60 and ZIF-67, which leads to the increased
electrical conductivity of the co-spun polymer nanofibers. Moreover, when the nanofibers are prepared by
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Figure 3. SEM images and photograph of the (A) PP separator; (B) GNF separator; and (C) the cathode side and (D) cross-section of 
CZGNF; diameter distributions of (E) GNF and (F) CZGNF.

electrospinning, the stretching effect of the electrostatic field on the solution will make the material exist 
mainly on the fiber surface and inside the fiber, which can significantly enhance the electrical conductivity 
and mechanical properties of the co-spun fiber film. There was no obvious delamination between the two 
separators after continuous electrospinning. Furthermore, the fibers on the cathode side of the CZGNF 
separator were rough, which proves the presence of functional particles on the cathode side. The fiber 
diameter of the GNF separator was 144 nm [Figure 3E]. The fiber diameter of CZGNF separator was 249 
nm [Figure 3F]. The results indicated that C60 and ZIF-67 particles were successfully formed on the cathode 
side surface of the CZGNF separator. The CZGNF separator obtained by two consecutive electrospinnings 
avoids the method of adding two functional layers to the traditional separator to increase the ion transport 
resistance. Therefore, the CZGNF separator can effectively reduce the interfacial resistance. At the same 
time, the addition of C60 and ZIF-67 endows the two sides of the separator with different functions. Because 
the cathode side of the CZGNF separator converts lithium polysulfides by adsorption, the anode side 
enables uniform deposition of lithium ions.

Figure 4 shows SEM and EDS images of the cathode side and cross-section of CZGNF. We mainly studied 
the doping of Co element. The CZGNF separator presented a fibrous structure and an even distribution of 
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Figure 4. SEM images and corresponding EDS maps of (A) the side facing cathode and (B) a cross-section of the CZGNF separator.

Figure 5. (A) Bulk impedance plots of PP separator, GNF separator, and CZGNF separator with enlargement in the inset; (B) lithium-ion 
transference number test of GNF separator.

Co element [Figure 4A], which proved the successful doping of ZIF-67 on the cathode side during 
electrospinning. The cross-section of the CZGNF separator exhibits a small amount of carbon accumulation 
in EDS analysis due to the change in the spinning solution during electrospinning [Figure 4B]. It can be 
seen from the EDS map that the Co element is mainly distributed in the fibers facing the cathode, indicating 
that the two sides of the CZGNF separator are composed of different components and have different 
functions. On the CZGNF separator, the lithium polysulfides are diffused to the positive electrode side, and 
the Co element chemically adsorbs the lithium polysulfides, so that the separator on the positive electrode 
side can effectively chemically adsorb the lithium polysulfides. The Co element chemisorbs lithium 
polysulfide in ZIF-67. The C60 can provide the transformation sites for lithium polysulfide. The lithium 
polysulfide adsorbed on ZIF-67 was rapidly converted, and the nucleation overpotential of lithium 
polysulfide was thereby reduced. The pure gelatin-based side of the CZGNF separator has good ionic 
conductivity and a high Li ion transfer number, which contributes to the uniformity of the Li flux.
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Figure 6. (A) The galvanostatic cycling performance of Li||Li symmetric batteries at 0.5 mA cm-2, 0.5 mAh cm-2, and expanded views of 
(B) 30-34 h and (C) 500-504 h.

Figure 5 shows the bulk impedance curves of the three separators and the lithium-ion transfer number of 
the GNF separator. Ionic conductivity is an important parameter for separators. In order to test the 
separator body impedance (R), the separator is sandwiched between stainless steel sheets (SS) and fully 
saturated with electrolyte to assemble the SS | separator | SS cell and perform the body impedance test. 
Separator ionic conductivity (σ) can be calculated by the following equation [Equation 1]:

where A is separator thickness; R is bulk impedance; S is separator area. The bulk impedance of the PP 
separator is 4.72 Ω. The bulk impedance of both the GNF separator and the CZGNF separator is about 1 Ω 
[Figure 5A]. The ionic conductivity of PP separator, GNF separator, and CZGNF separator with the 
electrolyte of 1.0 M LiTFSI in DME: DOL (1:1 v/v) with 2.0 % LiNO3, were 2.63 × 10-4 S cm-1, 3.08 × 10-3 S 
cm-1, and 3.58 × 10-3 S cm-1, respectively. Therefore, the gelatin-based separator can greatly improve the ionic 
conductivity of the original PP separator and accelerate the electrochemical reaction speed of the battery. 
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The conductivity of the separator is composed of the migration rates of cations and anions. Relatively 
speaking, the migration rate of lithium ions is more important. Hence, it is necessary to increase the 
mobility of lithium ions while increasing the ionic conductivity of the separator. The characterization of 
lithium-ion migration number was achieved by applying a 10 mV initial voltage and dc polarization for 
measuring Li | separator | Li battery, and the separator was soaked with electrolyte before testing. The 
calculation for the lithium-ion migration number can be expressed as follows [Equation 2]:

where Is is the steady-state current, Io is the initial current, and TLi+ is the ion migration number. The TLi+ of 
the GNF separator is higher than that of the PP separator. The TLi+ of the GNF separator is 0.79 [Figure 5B]. 
The amino acids with negative charges were used as coordination sites for attracting anions (TFSI-). The 
main chain oxygen in the gelatin polypeptide chain also has a strong affinity towards lithium ions. The 
result is that lithium ions can jump quickly between oxygen atoms. In consequence, the gelatin-based 
separator has higher lithium-ion transport efficiency than the ordinary PP separator, which can effectively 
avoid uniform lithium flux.

At the higher current density of 0.5 mA cm-2 and an areal capacity of 0.5 mAh cm-2, the lithium ions cannot 
be deposited on the surface of the lithium metal thanks to the low ionic conductivity of the PP separator 
[Figure 6A]. The overpotential of the symmetric battery with PP separator increased rapidly after 400 h of 
cycling. In contrast, the symmetrical batteries with the GNF separator and CZGNF separator had good 
cycling stability. The polarization of symmetric batteries with CZGNF separator is lower than that of 
symmetric batteries with PP separator for cycling beyond 400 h. The polarization voltage of symmetrical 
batteries with PP separator and GNF separator is about 85 mV with cycling for 30-34 h. The polarization 
voltage of the symmetric battery with PP separator and GNF separator is larger than that of the symmetric 
battery with CZGNF separator [Figure 6B]. The reason is that the pore size of the GNF separator is too large 
and not fully activated in the previous cycles. As the cycling progresses, however, the overpotential of the 
symmetrical battery with GNF separator gradually decreases and tends to be stable. The polarization voltage 
of symmetric batteries with GNF or CZGNF separators is about 29 mV over 500-504 h of cycling 
[Figure 6C]. The polarization voltage of the symmetric batteries with the GNF separator and the CZGNF 
separator is lower than that of the symmetric battery with PP separator. The impedance plots of Li||Li 
symmetric batteries with PP, GNF and CZGNF separators after cycling for 100 h are also provided in 
Supplementary Figure 2. In conclusion, gelatin rapidly and steadily deposits lithium ions during the battery 
cycle and contributes to lithium nucleation.

Figure 7 displays the electrochemical performances of batteries assembled with different separators. The Li-
S batteries with CZGNF separator have the highest initial discharge specific capacity of 1358 mAh g-1. The 
initial discharge capacity of Li-S battery with GNF separator is 1334 mAh g-1. The initial discharge capacity 
of Li-S battery with PP separator is the lowest [Figure 7A]. In short, the Li-S batteries with CZGNF 
separator had the highest utilization rate of sulfur active materials. The utilization rate of sulfur active 
material was 81.1%. Therefore, the use of gelatin as the separator substrate can effectively reduce the loss of 
sulfur in the active material. The conversion of soluble lithium polysulfide lithium was promoted by C60 and 
ZIF-67 to form insoluble Li2S2/Li2S. Figure 7B shows the second plateau of the discharge curves of Li-S 
batteries with three separators. The overpotential was 20 mV for the GNF separator, 18 mV for the PP 

5380-SupplementaryMaterials.pdf
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Figure 7. (A) The 1st cycle charge-discharge curves; (B) magnified discharge curves; (C) 100th cycle charge-discharge curves; and (D) 
cycling performances of the Li-S batteries with different separators at 0.2 C.

separator, and 11 mV for the CZGNF separator, so the Li-S battery with CZGNF separator had the smallest 
overpotential. Thus, the CZGNF separator improved the liquid-solid conversion kinetics of lithium 
polysulfide. Three quarters of the theoretical capacity of the sulfur cathodes came from the deposition of 
soluble lithium sulfide to be converted to insoluble Li2S, so it is important for rapid polysulfide transition 
kinetics and abundant deposition sites, which facilitate the cycling performance of Li-S batteries [33]. For the 
Li-S battery with CZGNF separator after 100 cycles, the specific discharge capacity remained at 888 mAh 
g-1, and the capacity retention rate was 65.4%. The discharge specific capacities of Li-S batteries with GNF 
and PP separators after 100 cycles were 750 mAh g-1 and 539 mAh g-1, respectively, and their capacity 
retention rates were 56.2% and 44.1%, respectively [Figure 7C and D]. The presence of a slight shuttle effect 
may lead to unstable and excessive discharge/charge efficiency of lithium-sulfur batteries [34]. Therefore, the 
Coulombic efficiency of Li-S batteries with CZGNF separator is higher than those of Li-S batteries with 
GNF separator and PP separator. The Li-S battery with CZGNF separator had the highest initial capacity, 
the highest capacity retention rate, and the highest Coulombic efficiency due to fast ion/electron diffusion 
and high lithium polysulfide conversion efficiency.

Figure 8 shows the electrochemical impedance spectra (EIS) of the Li-S batteries with three separators 
before and after cycling. The Li-S battery with CZGNF separator has the lowest impedance value because of 
the high ionic conductivity of the CZGNF separator, which accelerates electron transfer inside the battery 
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Figure 8. EIS spectra of Li-S batteries containing the different separators (A) before and (B) after cycling, with enlargement in the inset; 
(C) long cycle life tests of Li-S batteries based on CZGNF separator under 2 C.

Figure 9. CV curves of Li-S batteries with different separators: (A) PP separator; (B) GNF separator; (C) CZGNF separator.

and accelerates the oxidation reaction kinetics [Figure 8A]. The battery impedance decreases slightly after 
cycling due to the gradual penetration of the electrolyte into the electrode and the re-diffusion of sulfur on 
the electrode surface [Figure 8B]. The Li-S battery with CZGNF separator yielded a capacity retention rate 
of 72.9% after 400 cycles at 2 C [Figure 8C]. The excellent performance of Li-S batteries with CZGNF 
separators is owing to the gelatin matrix of the separator with its high ion migration number and the fast 
transport of lithium ions, as well as the strong capture and catalysis of lithium polysulfides by ZIF-67 
particles and C60, improving the redox kinetics of the bulk sulfur.
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Figure 9 displays the cyclic voltammetry curves (CV) of Li-S batteries with the three different separators. All 
the batteries with the three kinds of separators showed two reduction peaks and one oxidation peak. The 
CZGNF separator provided the highest reduction peak and the lowest oxidation peak, which proved that 
the ZIF-67 particles and C60 in the CZGNF separator accelerated the conversion of lithium polysulfides and 
reduced the difficulty of liquid/solid conversion of lithium sulfide batteries. The Li-S battery with CZGNF 
separator had the sharpest CV curve peak, which further proves its rapid redox reaction kinetics.

CONCLUSION
In conclusion, a gelatin-based nanofiber separator doped with C60 and ZIF-67 was constructed by 
electrostatic spinning of two different solutions. It can be used as a multifunctional separator for Li-S 
batteries. The CZGNF separator provides not only adsorption sites for lithium polysulfide, but also 
conversion sites for lithium polysulfide, leading to improved conversion efficiency. Gelatin was used as the 
separator substrate, not merely because it has very high ionic conductivity, but also because it has a high 
lithium-ion transfer number, which improved the stability of the symmetric battery and kept the lithium 
metal stable. The Li-S batteries with CZGNF separator were more stable than Li-S batteries with PP 
separator. Li||Li symmetric batteries with CZGNF separator remained stable for more than 600 h at 0.5 mA 
cm-2. In particular, after 100 cycles at a current density of 0.2 C, the discharge specific capacity of an Li-S 
battery with CZGNF separator was maintained at 888 mAh g-1, and the capacity retention rate of Li-S 
batteries was 72.9% after 400 cycles at 2 C, which means that there is good capacity retention rate and that 
the batteries have better application prospects in future battery development.
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