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A B S T R A C T   

The shuttle effect caused by the dissolution and accumulation of soluble (poly)sulfides seriously affects the re
action process and cycle performance of the lithium sulfur (Li-S) battery. One of the most effective strategies is 
the separator modification. The adsorption and catalytic mechanism of separator modification layer will cause 
discontinuous polysulfide conversion and loss of active substances. Therefore, 2D-bimetallic centered Zn/Co-ZIF 
nanosheets prepared by a novel method are selected to settle this unsolved problem for the first time. By 
regulating the metal center sites, the ability of ZIF nanosheets to transform (poly)sulfides is greatly improved. 
Further, based on the difference in conductivity between the ZIF modification layer and the cathode, the 
continuous efficient conversion and directional deposition of lithium (poly)sulfides to the cathode are realized. 
The battery assembled with the functional separator can deliver an initial capacity of up to 1304 mAh g− 1 at 0.5 
C, and excellent rate performance of 788 mAh g− 1 at 3 C. Even at the current density of 2 C, the capacity 
attenuation rate of 1000 cycles is only 0.025% per cycle. This work will greatly promote the preparation of MOF 
materials and their application in Li-S batteries, and will further provide a new idea for the modification layer 
and cathode design.   

1. Introduction 

Due to the high theoretical capacity (1675 mAh g− 1) and energy 
density (2600 Wh kg− 1), lithium sulfur (Li-S) battery is considered to be 
the most potential next generation energy storage system for developing 
high-performance electric vehicles or even large-scale energy storage 
power stations [1,2]. However, the development of Li-S battery is 
limited by a series of problems, including poor conductivity of sulfur, 
volume expansion and shuttle effect [3,4]. After decades of research, it is 
found that the simple carbon sulfur composite cathode can well solve the 
problems of volume expansion and poor conductivity of sulfur cathode, 
while the shuttle effect can not be effectively suppressed [5,6]. Further 
introducing polar materials into the cathode to chemically adsorb (poly) 

sulfides will inevitably reduce the content of active substances in the 
cathode and lose the advantage of high energy density of Li-S battery 
[7–10]. 

The separator is an important part of the battery, which plays a role 
in blocking electrons and ensuring effective ion transport. At present, 
the most commonly used separator is the commercial polyolefin-based 
separator, which mainly ensures the transmission of lithium ions 
through micro-sized pores. For Li-S battery, the soluble polysulfide 
produced during the charge-discharge processes will inevitably shuttle 
through the pores, resulting in the loss of active substances and adverse 
side reactions, and finally leading to the reduction of Coulombic effi
ciency and the rapid attenuation of capacity. Therefore, the modification 
of the separator is of great significance to improve the cycle stability of 
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the Li-S battery [11,12]. In recent years, since the separator modifica
tion will not affect the sulfur content of the cathode, from the initial 
carbon materials (porous carbon, carbon nanotubes, graphene oxide, 
et al.) to the subsequent polar materials (transition metal compounds, 
metal organic frameworks, et al.), a large number of different materials 
have been used to modify the separator of Li-S battery, and some 
exciting results have been achieved [13–15]. 

At present, in addition to the simplest barrier effect of (poly)sulfides, 
the explanation of the mechanism of separator modification layer 
mainly focuses on adsorption or catalysis [16–18]. Single adsorption or 
catalysis can not effectively inhibit the shuttle effect, because the 
adsorption capacity of the material for (poly)sulfides is limited and 
catalysis also requires adsorption of (poly)sulfides to active sites. In 
detail, if the soluble (poly)sulfides can not be quickly transformed into 
insoluble short chain (poly)sulfides and deposited on the cathode again, 
the active sites on the separator will be occupied, which will also cause 
the loss of active substances and the role of the modification layer will be 
greatly reduced. On the other hand, if the adsorption effect of the ma
terial on (poly)sulfides is weak, the (poly)sulfides cannot be in full 
contact with the catalytic sites, so as to give full play to the catalytic 
effect of the material. If the adsorption effect of the material for (poly) 
sulfides is too strong, the (poly)sulfides will be limited in the modifi
cation layer and reduce the utilization rate of active substances. 
Therefore, how to balance the relationship between adsorption and 
catalysis to realize continuous efficient conversion and directional 
deposition of lithium (poly)sulfides to the cathode is of great signifi
cance. At present, there are some studies on the adsorption and catalytic 
effects of cathode host [19–25], but there is no systematic study on the 
adsorption and catalysis of (poly)sulfides by separator modification 
layer. Sun et al. constructed a CoB2 modified PP separator [26]. Due to 
the high density of adsorption sites and synergistic adsorption, the Li-S 
battery assembled with the modified separator showed good cycle sta
bility and rate performance. Wang et al. employed Co-N-C as the 
modification layer [27]. The composite structure can effectively block 
(poly)sulfides and promote their transformation to short chains. 
Although these works have achieved good results, they have not passed 
relevant tests to prove that the materials do play a catalytic role. 
Therefore, exploring and obtaining the mechanism is of great signifi
cance for the selection of separator modification layer materials. As far 

as we know, consist of metal ions and organic ligands, MOFs possess 
both adsorption and catalytic activities to (poly)sulfides [28–32]. By 
further regulating its structure, such as manufacturing defects, adjust
ment of metal center, the synergistic effect of adsorption and catalysis 
can be effectively changed [33–38]. 

2. Result and discussion 

2.1. DFT calculation and reaction mechanism 

Herein, the two-dimensional bimetallic Zn/Co-ZIF nanosheet is 
selected as the object to systematically study the relationship between 
the adsorption and catalysis of (poly)sulfides in the separator modifi
cation layer. (Fig. 1a). Firstly, the catalytic and adsorption effects of pure 
ZIF-67 (Co) and pure ZIF-8 (Zn) on different kinds of (poly)sulfides and 
S8 (Fig. S1) are verified by DFT calculations. Fig. 1b shows the calculated 
Gibbs free energy required for the conversion of each polysulfide for ZIF- 
8 and ZIF-67, respectively. It can be seen that the Gibbs free energies of 
ZIF-67 are significantly lower than that of ZIF-8. Especially for the 
speed-limiting step (from Li2S4 to Li2S2) of the whole conversion pro
cess, the Gibbs free energy of ZIF-67 is 1.72 eV, which is much lower 
than that of ZIF-8 (3.30 eV). This result shows that ZIF-67 with Co metal 
center possess a better catalytic effect on (poly)sulfides and can promote 
the rapid conversion of (poly)sulfides. Furthermore, the binding en
ergies of ZIF-8 and ZIF-67 for different (poly)sulfides are calculated 
respectively (Fig. 1c, Figs. S2,3). It can be seen that ZIF-8 posscess higher 
binding energy for soluble long-chain (poly)sulfides, indicating that ZIF- 
8 with Zn metal center can adsorb (poly)sulfides more effectively. On 
the one hand, this result shows that Zn and Co metal centers are 
conducive to the adsorption and catalysis of (poly)sulfides respectively, 
and it also shows that ZIF of Zn or Co metal centers alone can not 
effectively limit and convert (poly)sulfides. Therefore, by regulating the 
proportion of Zn and Co metal center sites in Zn/Co-ZIF, it is expected to 
achieve the synergistic effect of adsorption and catalysis for (poly) 
sulfides. 

Compared to rGO host in the cathode, ZIF shows poor conductivity. 
As a result, after the soluble polysulfide is catalyzed at the interface 
between the cathode and the separator modification layer, the short 
chain (poly)sulfides formed will be preferentially deposited on the 

Fig. 1. Reaction mechanism and density functional theory results. (a) Schematic of reaction mechanism of Zn/Co-ZIF nanosheets on polysulfides. (b) Energy profiles 
for the reduction of LiPSs on ZIF-8 and ZIF-67 substrates. (c) Optimized configurations for the binding of Long-chain Li2Sn to ZIF-8 and ZIF-67. 
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conductive cathode host. The directional deposition to the cathode can 
effectively reduce the (poly)sulfides deposited on the separator modifi
cation layer, avoid the loss of active substances, and prevent the active 
sites of adsorption and catalysis from being occupied, so as to ensure the 
continuous and effective adsorption and catalysis of (poly)sulfides. 

2.2. Materials characterization 

A novel simple method for the preparation of Zn/Co-ZIF nanosheets 
in large quantities is developed, and the yield per unit volume is 
significantly higher than that of the existing methods (about 200 mg 
nanosheets can be synthesized in a 50 ml reactor). The Zn/Co-ZIF 
nanosheets were simply synthesized by a two-step method (Fig. 2a). 
By pre synthesizing Zn/Co-ZIF nanoparticles (Fig. S4), the ratio of Zn/Co 
in the subsequent prepared nanosheets can be controlled by adjusting 
the amount of raw materials. As shown in Fig. 2b, after the hydrothermal 
reaction and ultrasound treatment, Zn/Co-ZIF nanoparticles were 
completely exfoliated into Zn/Co-ZIF nanosheets with uniform thickness 

and size. Compared with the low yield traditional synthesis method, this 
method can easily realize the preparation of nanosheets in the order of 
grams. The complete lamellar structure was further confirmed by 
transmission electron microscope (TEM) image (Fig. 2c) and the single 
crystal structure of the nanosheet was proved by selected area electron 
diffraction (SEAD)(Fig. 2d). Through the element mapping of Zn/Co-ZIF 
nanosheets (Fig. 2e-g) and the spectrum of corresponding elements 
(Fig. S5), it can be seen that the elements Zn, Co are uniformly distrib
uted, which proves the uniform structure of the nanosheets. In order to 
further accurately characterize the structural characteristics of the 
nanosheets, the thickness of the nanosheets was characterized by atomic 
force microscopy (AFM) (Fig. 3a). The test results show that the thick
ness of the nanosheets is about 5 nm, and the surface is smooth (Fig. 3b). 

The ratios of Zn and Co elements in different ZIF nanosheets are 
shown in Table S1 and named as ZIF-A, B and C, respectively. By 
changing the proportion of Zn and Co, there is no obvious difference in 
the morphology and thickness of the nanosheets (Fig. S6), which can 
avoid the influence of material morphology and size on its adsorption 

Fig. 2. Schematic of the fabrication of Zn/Co-ZIF nanosheets and the corresponding morphological and structural characterization. (a) Schematic of the fabrication 
of Zn/Co-ZIF nanosheets. The morphological characterization of Zn/Co-ZIF nanosheets. (b) SEM image. (c) TEM image; (d) SAED pattern and (e-g) TEM elemental 
mapping images. 
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and catalysis properties. However, from the optical pictures of the 
different samples, it can be seen that with the increase of the proportion 
of Zn, the color of the samples gradually changes from light brown 
yellow to dark brown yellow (Fig. S7). The X-ray diffractometer (XRD) 
pattern of the three kinds of nanosheets with different Zn/Co ratios show 
obvious characteristic peaks of ZIF (Fig. 3c). 

2.3. Separator characterization 

The prepared nanosheets were redispersed in anhydrous ethanol by 
ultrasound to form a uniform dispersion. The PP separator was used as a 
filter membrane, and the nanosheets were modified on the PP separator 
by vacuum filtration to form Zn/Co-ZIF@PP separator (Fig. 3d). As 
shown in Fig. 3e, the nanosheets form a very uniform and flat coating 
layer on the surface of the PP separator. Further, from the higher 
magnification SEM image (Fig. 3f), it can be seen that the nanosheets are 
arranged closely and densely. Compared with PP separator, the micro 
sized pores are completely covered. It also can be seen from the cross- 
sectional SEM image of the Zn/Co-ZIF@PP separator that a uniform 

modified layer with a thickness of about 2 µm was formed in the sepa
rator (Fig. 3g). The corresponding areal loading of the modification 
layer is only 0.1 mg cm− 2, which is only about one tenth of that of PP 
separator (1.4 mg cm− 2), so it has little influence on the overall area 
mass of the whole separator. At the same time, compared with the 
existing work about MOF applied in the separator of Li-S battery, it 
shows significant advantages in thickness and loadings (Fig. S8). From 
the optical pictures of Zn/Co-ZIF@PP separator, it can be seen that the 
surface of the modification separator is light yellow (Fig. S9a). In order 
to verify the structural stability of the modification layer, we folded and 
curled the Zn/Co-ZIF@PP separator for many times, and found that the 
modification layer did not break or fall off from the surface of the PP 
separator (Fig. S9b-d), which also proved that the modification layer 
was in close contact with the PP separator, and the structure was very 
stable. The mechanical properties of Zn/Co-ZIF@PP separator were 
further confirmed by tensile test. As show in Fig. S10, the maximum load 
of the Zn/Co-ZIF@PP separator is up to 99.6 MPa, while that of the PP 
separator is only 24.1 MPa. As a result, the Zn/Co-ZIF@PP separator 
shows better tensile resistance, which also proves that the mechanical 

Fig. 3. (a) The AFM image of Zn/Co-ZIF nanosheets and (b) the corresponding thickness variation curve. (c) The XRD patterns of Zn/Co-ZIF nanosheets. (d) 
Schematic of the preparation of the Zn/Co-ZIF@PP separator. (e,f) SEM image of the surface and (g) the cross-sectional SEM image of Zn/Co-ZIF@PP separator. 
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properties of the modified separator are significantly improved. As we 
know, the wettability of the separator to the electrolyte affects the ion 
transfer efficiency, while the traditional PP separator possesses poor 
wettability to the electrolyte. The dynamic contact angle test shows that 
Zn/Co-ZIF@PP separator possess excellent wettability for electrolyte. 
The electrolyte can be completely spread on the surface as soon as it 
drips down (Fig. S11a), while the electrolyte keeps a certain contact 
angle on the surface of PP separator, and no diffusion occurred in 30 s 
(Fig. S11b). The battery will inevitably generate heat during the cycling, 
so the heat resistance of the separator is also a key factor. The thermal 
resistance of the separator is observed by recording the temperature 
change of the separator surface when heated on a heater to 120 ℃ with a 
thermal imaging camera. As shown in Fig. S12, compared with PP 
separator, the surface temperature of Zn/Co-ZIF separator is signifi
cantly lower, and it is more obvious at higher temperatures. This result 
also shows that the surface heat conduction of Zn/Co-ZIF separator is 
slower, so it possesses better heat resistance. The physical and chemical 
trapping effect of ZIF nanosheets modificaiton layer on polysulfide was 
also confirmed by permeation test with a double-L device. As shown in 
Fig. S13, the Li2S6 solution and blank electrolyte were separated by the 
different separators. For the device with PP separator, serious 

infiltration of Li2S6 solution has occurred in about 6 h and almost 
completely after 48 h. In contrast, the device with Zn/Co-ZIF@PP 
separator shows only a small amount of polysulfide penetration even 
after 48 h, which also proves the compactness of ZIF nanosheets modi
fication layer and strong physical and chemical restriction on 
polysulfide. 

2.4. Electrochemical performance 

In order to explore the role of Zn and Co metal center sites in the 
nanosheets for (poly)sulfides, the three kinds of nanosheets with 
different Zn and Co contents were applied for separator modification, 
and assembled batteries with the freestanding S/rGO composite cathode 
to test the relevant electrochemical performance. The areal sulfur 
loading of the cathode for routine electrochemical performance test is 
2.1 mg cm− 2. Fig. 4a were the typical cyclic voltammetry (CV) profiles 
for the Li-S battery assembled with different separators. With the ZIF-B 
modified separator, the two cathodic peaks at 2.30 V and 2.06 V are 
attributed to the reduction of soluble (poly)sulfides (Li2Sx, 3 < x ≤ 8) 
and the formation of solid Li2S2 and Li2S, respectively. The Li-S battery 
also shows an obvious anodic peak at 2.36 V, which is lower than that of 

Fig. 4. Catalytic performance of the Li-S cell with different ZIF nanosheets modified separator. (a) CV curves; (b,c) Tafel slopes from the cathodic peaks of the CV 
curves. (d) CV curves of symmetric cells at 30 mV S− 1. The GITT plots of Li-S batteries with (e) ZIF-B@PP separator and (f) PP separator in the first discharge/charge 
process under the current density of 0.05 C. Chronoamperometric curves of nucleation tests using (g) ZIF-A, (h) ZIF-B and (i) ZIF-C. 
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the Li-S battery assembled with ZIF-A (2.38 V) and ZIF-C (2.39 V). The 
Tafel slopes of the Li-S battery assembled with three different separators 
derived from the two cathodic peaks are shown in Fig. 4b,c. By fitting 
the cathodic peak corresponding to the transformation of long-chain 
(poly)sulfides, the ZIF-B and ZIF-C modified separators show the lower 
Tafel slope. As for the cathodic peak corresponding to the trans
formation of Li2S2 and Li2S, the Tafel slope of ZIF-B (36 mV/dec) 
modified separator is significantly lower than that of the ZIF-A (89 mV/ 
dec) and ZIF-C (60 mV/dec) modified separators, which is due to the 
synergistic effect of Zn and Co metal center. This difference is more 
obvious at higher scan rate, which also proves the fast reaction kinetics 
in the cell assembled with ZIF-B modified separator. In order to further 
prove the effectiveness of different nanosheets in catalyzing the con
version of (poly)sulfides, we assembled the symmetrical battery with 
Li2S6. As shown in Fig. 4d, the current responses of Zn/Co-ZIF@PP 
symmetrical cells are much higher than that of PP separator, espe
cially the ZIF-B. The Galvanostatic intermittent titration technique 
(GITT) measurements were employed to study the nucleation and acti
vation process of Li2S. Obviously, the ZIF-B@PP separator (Fig. 4e) 
delivered lower discharge/charge polarization voltage plateaus when 
compared with the PP cell (Fig. 4f). It is further proved that ZIF-B@PP 
separator facilitates the redox reaction of (poly)sulfides. In the same 

voltage range, more cycles can be carried out with ZIF-B@PP separator 
assembled, which also proves that it can effectively inhibit the self- 
discharge effect of Li-S battery. The electrochemical impedance spec
troscopic (EIS) tests of Li-S battery with different separators are shown 
in Fig. S14. The EIS curves show that the ZIF-B exhibits the smallest 
charge transfer resistance, implying its fast charge transfer kinetics at 
the interface. In order to further verify the effect of different ZIFs on the 
precipitation of Li2S. Fig. 4g-i show the current curves corresponding to 
the reduction of Li2S8/Li2S6 and the precipitation of Li2S for different 
ZIFs [39,40]. Rapid current changes were shown with ZIF-B (604 s) and 
ZIF-C (1000 s), which is attributed to the catalytic effect of Co cites on 
(poly)sulfides. More importantly, the precipitation capacity of Li2S with 
ZIF-B based battery is 212.3 mAh g− 1, which is higher than that of ZIF-A 
(165.1 mAh g− 1) and ZIF-C (185.2 mAh g− 1) based batteries.This result 
is due to the continuous balanced adsorption and catalysis of Zn and Co 
centers on (poly)sulfides, which well verifies the calculation results. 

The electrochemical performances of Li-S batteries with different 
separators at 0.5 C are shown in Fig. 5a. Thanks to the high catalytic 
activity of Co metal cites, the ZIF-C possess faster reaction kinetics than 
ZIF-A, so it shows higher capacity in the initial stage. After several cycles 
of activation, the ZIF-A shows a more stable cycle, which is mainly 
because Zn metal center has better adsorption effect on (poly)sulfides. 

Fig. 5. Electrochemical performance of the Li-S cell with different ZIF nanosheets modified separator. (a) Cycling test at 0.5 C. (b) Rate performance. (c) Galva
nostatic charge-discharge profiles at 0.5 C in potential window from 1.7 V to 2.8 V. (d) The over potential at different rates. (e) Galvanostatic charge-discharge 
profiles of the Li-S cell with ZIF-B@PP separator at different rates. (f) The QL ratio at different rates. (g) Long-term performance of ZIF-B@PP separator at a cur
rent density of 2 C. (h) Cycling stability under high sulfur loading. 
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Due to the synergistic effects of Zn and Co in adsorption and catalysis of 
(poly)sulfides, the ZIF-B@PP separator delivers the highest initial ca
pacity of 1304 mAh g− 1 and maintained at 1141 mAh g− 1 after 100 
cycles. The rate performance of the battery assembled with different 
separators was also studied (Fig. 5b). Similarly, the ZIF-B@PP separator 
shows the highest discharge capacity of 1300, 1024, 912 and 788 mAh 
g− 1 at 0.5, 1, 2 and 3 C, respectively. Since faster polysulfide oxidation 
and reduction are required at high rate, the ZIF-C with higher Co content 
possesses higher reversible capacity than ZIF-A at high current density of 
3 C. In addition, the ZIF-B@PP separator also exhibit the lowest polar
ization potential at 0.5 C (Fig. 5c). However, with the increase of current 
density, the polarization voltages of ZIF-C@PP and ZIF-A@PP separator 
increase significantly. At a high rate of 3 C, the polarization voltages of 
ZIF-C@PP (0.70 V) and ZIF-A@PP (0.73 V) separators are much higher 
than that of ZIF-B@PP separator (0.42 V) (Fig. 5d). As we know, the 
discharge plateau around 2.1 V is corresponding to the transformation 
of Li2S4 to Li2S, so the theoretical capacity (QL) is 75% of the total ca
pacity (Fig. 5e). For comparison, the constant current charge/discharge 
voltage curves of different rate for Li-S batteries assembled with 
different separators are shown Fig. S15. As for the ZIF-C@PP and ZIF- 
A@PP separator, the QL ratio decreases severely from 0.5 C to 3 C, 
showing lower ratios of 61% and 56% at 3 C, respectively (Fig. 5 f). On 
the other hand, the ZIF-B@PP separator exhibit a high QL ratio of 74% at 
0.5 C, even at 3 C, the QL ratio can be maintained at 67%. The results 
also indicate that the ZIF-B is more conducive to promote the conversion 
reaction of soluble Li2SX species to solid Li2S than ZIF-C and ZIF-A. 
Fig. 5 g is the long-term cycle performance of Li-S battery assembled 
with ZIF-B@PP separator at 2 C. The battery shows a high initial ca
pacity of 848 mAh g− 1. After 1000 cycles, the capacity is maintained 
about 630 mAh g− 1, and the corresponding fading rate is only 0.025% 
per cycle. As we know, the areal loading of sulfur in the cathode affects 
the commercial application of the Li-S battery. Therefore, it is of great 
significance to test the performance of the separator under high sulfur 
loadings. As shown in Fig. 5 h, even with a high sulfur loading of 
5.3 mg cm− 2, the Li-S cell assembled with ZIF-B@PP separator shows a 
high initial capacity of 1227 mAh g− 1 (6.5 mAh cm− 2) at 0.2 C, and 
maintained at 1007 mAh g− 1 (5.3 mAh cm− 2) after 60 cycles. As shown 
in Fig. S16, the structure of the separator modification layer can still 
remain intact, which also proves that the modification layer can provide 
continuous conversion of polysulfides. In summary, owing to the syn
ergistic effect of Zn and Co metal cites, the Li-S cell assembled with ZIF-B 
shows the best electrochemical performance under different test con
ditions. And compared with other work based on MOF separator in Li-S 
battery (Table S2), this work possceses great advantages in the loading 
of modification layer, rate performance and cycle stability. 

3. Conclusion 

In conclusion, we systematically investigated the effects of adsorp
tion and catalysis of (poly)sulfides with the separator modification layer 
on the performance of Li-S battery. The 2D-Zn/Co-ZIF nanosheets with 
different Zn/Co ratio prepared by a novel method were used as the 
research object. Combined with a variety of tests, the different adsorp
tion or catalysis effects of Zn/Co metal centers on (poly)sulfides were 
verified. Based on the difference in conductivity of the ZIF modification 
layer and the cathode, a continuous adsorption and catalysis of (poly) 
sulfides were realized between the cathode electrolyte interface by the 
separator modification layer. The final results show that the Li-S battery 
assembled with the ZIF-B@PP separator possess better electrochemical 
properties. With this functional separator, the Li-S battery can deliver a 
high initial capacity of 1304 mAh g− 1 at 0.5 C and achieve a reversible 
capacity of 788 mAh g− 1 at 3 C. The battery also show a lower capacity 
fading rate of 0.025% at 2 C over 1000 cycles. Even with a high sulfur 
loading of 5.3 mg cm− 2, the Li-S battery provide a high initial areal 
capacity of 6.5 mAh cm− 2. Therefore, this work will provide a new way 
for the preparation of 2D-ZIF nanosheets in large-scale, and has 

important guiding significance for exploring the adsorption and catal
ysis effect of MOF metal centers for (poly)sulfides. 
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