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A B S T R A C T   

Owing to the ultrahigh theoretical energy density and low-cost, lithium-sulfur (Li-S) batteries hold broad 
prospects as one of the promising substitutes for commercial lithium-ion batteries. The polysulfides shuttling 
originated from sulfur cathode and the lithium dendrite growth from lithium anode are the main challenges that 
hinder the commercial survival of Li-S batteries. Herein, thermal stable bacterial cellulose (BC) separator is 
successfully fixed with polyethyleneimine (PEI) by a scalable chemical grafting. The hydroxyl groups and amino 
groups in PEI grafted BC (PEI@BC) separator can participate in the formation of Li2O and Li3N, respectively, 
contributing to robust solid electrolyte interface with high ionic conductivity. Therefore, the lithium deposition is 
well regulated, resulting in a spherical and dendrite-free Li deposit pattern. The Li/Li symmetrical cell assembled 
with PEI@BC separator exhibits excellent cyclic stability, which can continuously plate/stripe for more than 820 
h with an overpotential of ~ 40 mV at 2 mA cm− 2. Meanwhile, the polar amino group can restrain the poly
sulfides migration via chemosorption. As a consequence of these merits, ultrahigh initial capacity (1402 mAh g− 1 

at 0.1C) and excellent rate performance (440.5 mAh g− 1 at 2C) for Li-S full cell are achieved, presenting new 
insights into the fabrication of multifunctional separators for Li-S batteries.   

1. Introduction 

Limited by the theoretical capacities and energy density, commercial 
lithium-ion batteries (LIBs) paired with graphite anode and lithium 
transition metal oxide (such as LiFePO4, LiCoO2, and LiMn2O4) cathodes 
are gradually unsatisfactory for the rapid development for electric ve
hicles and portable electronics [1,2]. Thus, more attention has been 
transferred into lithium-sulfur (Li-S) battery, which is considered as a 
promising replacement for LIBs due to the following advantages: 1) high 
theoretical capacities (1675 mAh g− 1 for sulfur cathode and 3800 mAh 
g− 1 for lithium anode) and energy density (2600 Wh kg− 1); 2) eco- 
friendly and low cost. Nevertheless, some main obstacles, such as fatal 
polysulfide shuttling originated from sulfur cathode and ununiform 
lithium dendritic growth of anode still hinder the commercialization of 

Li-S batteries [3,4]. 
The failure process for a typical Li-S battery assembled with the 

traditional porous polyolefin separator is schematically illustrated in 
Fig. 1a. During battery discharge, soluble intermediate polysulfide 
species reduced from cyclo-S8 molecules can migrate through the sepa
rator to anode and react with lithiummetal. On the one hand, insoluble 
and nonconductive Li2S and Li2S2 generating on the surface of lithium 
leads to surface passivation and corrosion of Li metal anode [5]. On the 
other hand, the polysulfides shuttle also results in the irreversible loss of 
active materials due to the consumption of both polysulfides and lithium 
anode [6]. Meanwhile, dendritic lithium growth arising from uneven Li 
deposition of anode is a typical phenomenon in lithium-metal batteries, 
which can cause a series of adverse effects, such as aggravated side re
actions, evolvement and cumulation of dead Li, increased polarization 
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and infinite volume change [7]. What’s worse, thorns of Li dendrites can 
finally puncture the separator and physically contact with sulfur cath
ode, giving rise to the fatal internal short circuit as well as potential 
safety hazard [8]. 

To obstruct the polysulfide migration, the main strategy is intro
duction of carbon materials (e.g. porous carbon [9,10], carbon nano
tubes [11], carbon nanofibers [12], graphene [13], and graphene oxide 
[14]) into Li-S cells, which can be used as host of sulfur [15,16] or 
coating layers on separators [17,18] for physically immobilizing poly
sulfides. Typically, metastable small sulfur allotropes S2− 4 (S2, S3, and 
S4) were synthesized into the confined pores of a conductive micropores 
carbon (MC) matrix by Guo’s group [19]. First, the S2− 4 molecules can 
avoid the transition from S8 to S4

2− during the initial discharge process. 
In addition, the space confinement of sulfur into carbon micropores (0.5 
nm pores) leads to a high utilization rate of active materials. Thus, Li-S 
batteries with high specific capacity and good cycling stability were 
achieved based on this concept [19]. Moreover, heteroatom-doping 
[20,21] or introducing polar compounds including metallic nano
particles [22], single-atom catalysts [23,24], oxides [25–27], sulfides 
[28–30], nitrides [31,32], carbides [33–35], and phosphides [36] 
endowed hosts or coating layers with chemical adsorption or electro
catalysis toward polysulfides, further improving the sulfur utilization 
and battery performance. To guide the regular lithium growth and 
overcome the dendrite formation of lithium anode, substantial efforts 
have been made including tuning the composition of liquid electrolyte 
[37], introducing functional additives into electrolyte [38–40], con
structing of artificial protective layer [41], using solid/gel electrolytes 
[42,43], and employing three-dimensional current collectors [44] or 
lithium host [45–47]. However, most of the approaches just paid 
attention to either polysulfide or lithium anode, it is still a challenge for 
exploring strategies to simultaneously inhibit lithium dendrites and 
polysulfides diffusion. 

As the essential component for Li-S cells, separators can not only 
physically isolate the sulfur cathode and lithium anode, but also regulate 
the transport of carrier ions. To this end, by regulating the transport of 
lithium ions and polysulfide ions, it seems that engineering the separator 
is a reliable strategy for achieving high-performance Li-S batteries 
[48,49]. For instance, a metal–organic framework (MOF)-based multi
functional separator was reported and it served as an effective barrier for 
polysulfide shuttling, as well as a guide for uniform lithium-ion flux, due 
to the highly uniform pore size of MOF [50]. Recently, Long’s group 

developed an ammoniated polyacrylonitrile nanofiber separator 
(APANF), the lithiophilic-sulfiphilic amino in which could simulta
neously stabilize the solid electrolyte interface (SEI) and anchor poly
sulfides via chemical adsorption, contributing to the improved 
performance of Li-S full cell [51]. 

Compared with commercial porous polyolefin membranes that 
widely used in lithium second batteries, cellulose materials-based sep
arators simultaneously possess better biodegradability and thermal 
stability, abundant reserves, and additional functionality and recently 
show great potential as substitutes for polyolefin separators [52,53]. In 
addition, numerous hydroxyl groups not only endow cellulose separator 
with excellent wettability against electrolyte, but can also be easily 
imparted barrier performance against polysulfides by facile chemical 
functionalization [54]. Inspired by these results, we herein report a 
polyethyleneimine functionalized-bacterial cellulose (PEI@BC) sepa
rator, which was simply fabricated by solution impregnation due to 
hydrogen-bond interaction. When PEI@BC separator is configured into 
Li-S battery, the polysulfide shuttling suffering from cathode and lithium 
dendrites arising from anode can be simultaneously alleviated (Fig. 1b). 
Owing to cross-linked structure of PEI@BC separator and chemical 
adsorption of polar amino groups toward polysulfide ions, the poly
sulfide shuttle is effectively mitigated. What’s more, the hydroxy and 
amino groups can facilitate the formation of Li2O and Li3N-riched stable 
SEI layer, regulating the Li+ flux and inhibiting the lithium dendrite 
growth. Therefore, stable Li plating/striping up to 820 h is achieved 
with an ultralow overpotential of ~ 40 mV using PEI@BC separator. 
More important, the rate performance and cyclic stability of Li-S full cell 
are enhanced, further demonstrating the potential possibility of PEI@BC 
separator for practical application. 

2. Experimental section 

2.1. Preparation of samples 

Materials and purification for BC separator: BC wet film and PEI 
(MW = 600, 99%) were purchased from Hainan Yeguo Food Co., Ltd. 
and Innochem, respectively. To remove the protein secreted by bacte
rial, BC film was immersed into NaOH solution (wt. 5%) at 80 ◦C for 1 h, 
and then it was immersed into deionized (DI) water for another 5 h at 
room temperature. After washed with DI water to natural pH, the pu
rified BC film was stored in DI water at 4 ◦C for further utilization. 

Fig. 1. Schematic for Li-S cells equipped with traditional porous PP separator (a) and PEI@BC separator (b).  
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Fabrication of PEI@BC membrane: Purified BC film was immersed 
into PEI aqueous solution (6 mg mL− 1) and stirred for 6 h. After washed 
with DI water to remove the residual PEI, the above PEI coated BC was 
immersed into tert-butanol for 2 h. Finally, the film was transfered into a 
culture dish and PEI@BC aerogel membrane was obtained after 12 h 
freeze-drying. For comparison, BC aerogel membrane was prepared 
according to the same procedure as PEI@BC without the immersion 
process into PEI solution. Both BC and PEI@BC aerogels were pressed by 
a hydraulic machine with a pressure of (50 kg cm− 2) before utilization. 

Synthesis of Li2S6 solution: the preparation of Li2S6 was operated in 
an argon filled glovebox (H2O, O2 < 0.1 ppm). Sulfur powder (0.64 g) 
and lithium sulfide (0.184 g) were added into 20 mL redistilled tetra
hydrofuran (THF). After magnetic stirring for 48 h, the powder was fully 
dissolved, and blood red Li2S6 solution (0.2 M) was obtained. 

Preparation of sulfur@carbon (S@C) composite and electrode: Sulfur 
powder and Ketjen black (EC-600JD) with a weight ratio of 7:2 was 
mixed by grading and heated at 155 ◦C for 12 h. To prepare the elec
trode, S@C composite and polyvinyl pyrrolidone/carbon nanotubes 
(PVP/CNTs) slurry (MA-EN-CO-0E01114, CNTs: PVP = 4:1 in DI water) 
were fully mixed using a shaker with a weight ratio of 7:3.8. Then the 
mixture was casted on Al foil by blade-coating method and dried under 
vacuum at 50 ◦C for 24 h. Finally, the electrode slice was punched into 
disks with a diameter of 10 mm and the mass loading of sulfur on the 
electrode was controlled at 1.1–1.3 mg cm− 2. 

2.2. Characterizations 

The functional groups on the surface of separators were analyzed 
with a Fourier Transform Infrared Spectrometer (FTIR, Nicolet AVATAR 
370) from 4000 to 400 cm− 1. The morphologies of samples were 
examined using scanning electron microscope (SEM, SU8010, Japan) 
with an energy dispersive X-ray (EDX) detector at an accelerating 
voltage of 20 KV. In particular, to avoid oxidation of the lithium sam
ples, they were washed with 1,3-dioxacyclopentane (DOL) followed by 
natural drying in the glovebox, and then they were transferred into the 
SEM chamber quickly using a sealed container. The wettability between 
separators and water electrolyte was carried out using contact angle 
analyzer (Biolin Theta, Finland), the droplet was 4 μL electrolyte for 
each test. X-ray photoelectron spectroscopy (XPS) was performed using 
an X-ray photoelectron spectrometer (Thermo Fisher Scientific, ESCA
LAB Xi+). Thermal stability of separators was measured by photo
graphing the shrinkage of the separator after heating at 110, 140, 170, 
and 200 ◦C for 1 h, respectively. The porosities of separators were 
confirmed based on the equation: Porosity% = (Ww − Wd)/ρVd*100%, 
in which Ww is the mass of the wet separator after placing it in n-butanol 
for 1 h and wiping off the excess electrolyte on the surface, Wd, and Vd 
are the mass and volume for the dry separator, respectively, and ρ is the 
density of n-butanol [55,56]. The electrolyte uptake of separators was 
calculated according to the equation: C = (Wi − W0)/W0*100%. Where 
C is electrolyte uptake, Wi, and W0 are the weight of separators before 
and after soaking into electrolyte for 6 h. In addition, the weight of the 
separators was recorded every 30 s with total time of 300 s, the elec
trolyte retention of the separators was evaluated by calculating the 
percentage of evaporated electrolyte. To evaluate diffusion of poly
sulfide ions with different separators, the permeation tests of Li2S6 were 
conducted using a H-type electrolytic tank. Briefly, electrolytic H-type 
tanks were assembled with separators fixed in the middle, 35 mL poly
sulfide solution (0.1 M L2S6 in THF solution) was injected into the left 
side, and the same volume of blank THF was added into the right side. 

2.3. Electrochemical test 

The electrolyte used in Li/Cu half cells and Li/Li symmetrical cells 
was 1 M LiTFSI in 1:1 (v/v) 1,2-dimethoxyethane (DME) and 1,3-dioxa
cyclopentane (DOL) for Fig. 4d-f, Fig. 4l, and Fig. S6 or 1 M LiTFSI in 1:1 
(v/v) DME and DOL with 2% LiNO3 as additive for Fig. S5 and Fig. S8. 

For other electrochemical measurements, the electrolyte was 1 M LiTFSI 
in 1:1 (v/v) DME and DOL with 2% LiNO3 as additive. 

To test the ion conductivity of separators, stainless steel (SS) sym
metric cells were assembled and rested for 24 h to fully wet the cells by 
electrolyte. Then AC impendences for the cells were tested using the 
Autolab electrochemical working station (PG 302 N) from 105-10-2 Hz 
with an amplitude of 5 mV. The ion conductivity was obtained using this 
equation: σ = d/(Rb*A), in which σ was the ion conductivity, d was the 
thickness of the separator, A was the active area of stainless-steel elec
trode, and Rb was the bulk resistance for the symmetric cell [57]. The 
electrochemical stability of separators was investigated by line sweep 
voltammetry (LSV) method. Typically, LSV curves of SS/electrolyte- 
soaked separator/Li half-cell was collected from 1 to 6 V using the 
Autolab with a scanning rate of 5 mV s− 1. 

Li/Cu half-cells with different separators were assembled in glovebox 
using Li foil (ɸ 15 mm) as both reference and counter electrode, copper 
foil (ɸ 16 mm) as working electrode, and the amount of electrolyte for 
each cell was controlled at 60 μL. The cycle performance was recorded 
using LAND (Wuhan, China) battery test system. For lithium plating, the 
capacity was 1 mAh cm− 2 (at 1 mA cm− 2) for lithium plating process, 
and the cut off voltage for lithium stripping was 1 V. Li/Li symmetric 
cells were also assembled and tested to further investigate the behavior 
of Li deposition/stripping. 

Li-S full cells were assembled using the sulfur@carbon as working 
electrode, and lithium foil as both reference and counter electrode. The 
amount of electrolyte for the Li-S cell assembled with polypropylene 
(PP) separator was 30 μL. To fully wet the thicker BC and PEI@BC 
separator, 80 μL electrolyte was added into these two types of cells. 
Galvanostatic charge–discharge was also recorded using Land at the 
current density of 0.2C and 1C (1C = 1675 mA g− 1) with a potential 
window of 1.7–2.8 V, and rate performance was collected from 0.1C to 
2C. Cyclic voltammetry (CV) was examined with the same potential 
window at a scanning rate of 0.1 mV s− 1. The specific capacity and 
current density were calculated based on the mass content of sulfur. To 
examine the shuttle current, Li-S cell was first activated at 0.05C for 
three cycles, and then it was tested using potentiostatic polarization 
method at a potential of 2.38 V for 10 h. 

2.4. Density functional theory (DFT) simulations 

DFT simulations were performed to explain the interactions and 
calculate the binding energy between separators and Li2S4 using Vienna 
Ab initio Simulation Package (VASP). In this study, C15H28, C12H22O11, 
C22H58N12, and C34H78O11N12 were employed as the model structures of 
PP, BC, PEI, and PEI@BC, respectively. The selection of model structures 
took account of both reliability and time consumption for calculation. In 
order to cover all amino groups, the structural formula of branched-PEI 
monomer shown in Fig. 3c was used, which was big enough to construct 
adsorption with polysulfides. The cutoff energy was set to 500 eV, and 
the convergence criterion of force was set to 0.01 eV Å− 1 with the 
convergence accuracy of 1x10-5 eV. In order to avoid the interaction 
between the unit cells in the space, the vacuum layer was set to 15 Å, the 
k point was set to 2 × 2 × 1 based on Monkhorst-Pack method, and the 
binding energy was calculated according to the equation: ΔE =

Etotal − Epolymer − ELi2S4, in which Etotal represented for the energy of the 
model compounds of polymers with Li2S4, Epolymer was the energy of PP, 
BC, PEI or PEI-BC model compound, and ELi2S4 was the energy of Li2S4. 

3. Results and discussion 

The surface and cross-section SEM images of the three separators are 
shown in the Fig. 2a-f and Fig. S1. Both the surface and cross-section 
SEM images of traditional PP separator (Celgard 2400) exhibit uni
form porous structure with the pore size of ~ 400–500 nm (Fig. 2a, d), 
and its thickness is ~ 25 μm (Fig. 2d). BC separator is composed of 
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Fig. 2. (a), (b), and (c) are surface SEM images for PP, BC, and PEI@BC separators, respectively. (d), (e), and (f) are cross-section SEM images for PP, BC, and 
PEI@BC separators, respectively. (g), (h), (i), and (j) are images for the three separators after heat-treatment at 110 ℃, 140 ℃, 170 ℃, and 200 ℃, respectively. 

Fig. 3. (a) The contact angles of PP, BC, and PEI@BC separators toward electrolyte. (b) Visualized polysulfide diffusion test of these three separators using the H- 
shaped cell. (c) Optimized molecular models showing the interactions between PP, BC, PEI, PEI@BC, and Li2S4 by DFT simulations. 
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crosslinked nanofibers, the diameter of which is from tens of nanometers 
to one hundred nanometers (Fig. 2b). High porosity with a pore size 
from hundreds of nanometers to micrometers can be seen from both 
surface and cross-section SEM images (Fig. 2b and Fig. S1a), and the 
thickness was confirmed to be ~ 100 μm (Fig. 2e). The uniform and 
highly cross-linked network structures endow the BC-based separator 
with good mechanical strength, flexibility, and abundant porous chan
nel, which is favorable for maintaining stability and promoting mass 
transportation during battery operation [58]. After polyethyleneimine 
grafting, the nanofibers became thicker and compact, leading to the 

smaller pore size for the separator (Fig. 2c and Fig. S1b). It should be 
pointed out that compared with previous thick carbon coatings on 
separators, [59] the grafting process inherited the structure of BC 
without changing the thickness (Fig. 2f), which is beneficial for trans
portation of lithium ions. EDX mapping shows that nitrogen element is 
uniformly distributed on the fibers of the PEI@BC separator (Fig. S2), 
further proving the successful grafting with polyethyleneimine. As 
indicated in Fig. S3, the functional groups on the surface of the BC 
separator and PEI@BC separator were characterized by FTIR spec
trometer. The FTIR absorption peak at 3346 cm− 1 is attributed to the 

Fig. 4. (a) Shuttle current of Li-S batteries assembled with PP, BC, and PEI@BC separators. (b) Linear sweep voltammetry (LSV) curves of the cells (SS/separator/Li) 
with liquid electrolyte-soaked separators showing the electrochemical stability tests. (c) Nyquist plots of the cells (SS/separator/SS) for liquid electrolyte-soaked 
separators to calculate the li-ion conductivity of the three separators. (d) Coulombic efficiencies of Li/Cu half cells assembled with different separators. (e) and 
(f) are charge/discharge profiles of Li/Cu half cells assembled with PP, and PEI@BC separators, respectively. (g), (h), and (i) are SEM images of cycled (after 100 
cycles) lithium anodes for Li/Cu cells assembled with PP, BC, and PEI@BC separators, respectively. (j) and (k) are O 1 s and N 1 s high-resolution XPS spectrum of SEI 
layer after 250 s etching, respectively. (l) Galvanostatic cycling voltage profiles of Li/Li symmetrical cells assembled with different separators with a capacity of 1 
mAh cm− 2. 
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stretching vibration of O-H group from BC substrate, while the peak at 
1562 cm− 1 is due to the bending vibration of N-H group from grafted PEI 
branch. To ensure the safe working for batteries, good thermal stability 
is crucial for the separator. All the three separators maintained stable at 
110 ◦C (Fig. 2g), but as the temperature increased, the PP separator 
shrunk significantly at 140 ◦C with transparent edges and remained a 
half area compared with the original one ((Fig. 2h). When the temper
ature was raised to 170 ◦C, the PP separator gradually melted into a 
small piece with irregular shape (Fig. 2i), and finally it disappeared 
completely at 200 ◦C (Fig. 2j). By contract, BC and PEI@BC separators 
kept integrity without any deformation (Fig. 2g–j), showing excellent 
thermal stability with great potential to avoid the risk of battery ex
plosion caused by shrinkage of separator and local overheating. 

The wettability of the separator with the electrolyte is another 
essential property. The contact angles with lithium-sulfur electrolyte 
were tested to detect the affinities between separators and electrolyte. 
As presented in Fig. 3a, the contact angles of PP, BC, and PEI@BC with 
the electrolyte are 24.1◦, 6.9◦, and 0◦, respectively. The affinity of the BC 
separator with the electrolyte is better than that of the PP separator, 
mainly due to the polar hydroxyl groups on the surface. The surface 
polarity of the PEI@BC separator is further enhanced after modification 
with amino groups, and it is completely infiltrated with the electrolyte. 
In addition, the absorptive capacity and retention capacity toward the 
electrolyte for the three separators were also compared. The maximum 
electrolyte uptake for PP, BC, PEI@BC separators is 130%, 450%, and 
425%, respectively. The electrolyte uptake for BC-based separators is 
about 3.5 times higher than that of PP. The electrolyte retention of the 
separators is shown in Fig. S4, PP separator shows the lowest retention 
with only ~ 74% remaining after 300 s. In comparison, the BC-based 
separators have much better retention ability with electrolyte (90% 
for BC and 96% for PEI@BC). On the one hand, three-dimensional 
structure that consists of interwoven fibers inside the BC-based separa
tors provides higher porosity (52% for BC and 50% PEI@BC) than PP 
separator (32%), which enables the storage of adequate electrolyte. 
Furthermore, the polar hydroxyl groups on BC and amino groups from 
grafting can enhance the interfacial affinity between separators and 
electrolyte, leading to better combability. The much-enhanced wetta
bility and retention capacity of the PEI@BC separator with electrolyte 
are expected to promote the transportation of Li ions and thus improve 
the rate performance for Li-S batteries. 

As an ideal separator in Li-S battery, the permeation resistance to
ward soluble polysulfides is an indispensable factor. H-type cells sepa
rated by PP and BC-based separators were compared to simulate the 
visible diffusion of polysulfides (Fig. 3b). The color of the right tanks 
assembled with PP, BC, and PEI- BC separators became brown, dark 
yellow and light yellow after 12 h, respectively, the lighter color means 
the slower diffusion of polysulfides. These results demonstrate that the 
intertwined structure of BC and the further introduction of polar groups 
are effective for inhibiting the polysulfide migration. To verify the in
teractions between PEI@BC and polysulfide, DFT simulations were 
carried out. The binding energies of Li2S4 against PP, BC, pure PEI, and 
PEI@BC were calculated to be − 0.19 eV, − 0.82 eV, − 0.89 eV and − 1.75 
eV, respectively (Fig. 3c). The much-increased binding energy with Li2S4 
for PEI@BC separator is due to the introduction of amino-rich PEI. 
Therefore, it is reasonable that the strong chemisorption for PEI@BC 
could anchor polysulfide and effectively mitigate the diffusion, which is 
consistent with above results of visualized penetration test. 

To directly characterize the suppression of shuttle effect, shuttle 
current is tested using potentiostatic polarization method. The test po
tential is set at 2.38 V, at which the polysulfide concentration is highest 
[60]. As shown in Fig. 4a, the initial transient of current is due to sud
denly decreased voltage from open-circuit potential (~3 V) to the test 
potential (2.38 V). Then, the current gradually stabilizes at the steady 
oxidation rate of polysulfide required to maintain the concentration in 
the cathode at the set potential. Compared with the cells assembled with 
PP separator (2.69 μA) and BC separator (0.63 μA), the steady-state 

shuttle current (0.22 μA) of PEI@BC-based cell was significantly alle
viated, indicating the reduced diffusion rate for polysulfide. The elec
trochemical stability of the separator is very important for the battery, 
which can be characterized by LSV. No electrochemical reaction was 
detected for all SS/Li cells assembled with the three separators below 
4.7 V (Vs. Li+/Li) in Fig. 4b, demonstrating all the separators have high 
electrochemical stability up to at least 4.7 V, which is sufficient for the 
normal operation for Li-S battery (1.7–2.8 V). Next, Nyquist plots of SS/ 
SS symmetric cells was collected to evaluate the ion conductivity of 
separators. Based on the above equation in Experimental Section, ion 
conductivity of PP, BC, and PEI@BC separator was calculated to be 0.7 
mS cm− 1 and 1.3 mS cm− 1, 1.5 mS cm− 1, respectively. Higher porosity 
and the presence of polar groups of the PEI@BC endow separator with 
better wettability and combability against electrolyte, which can be the 
reason for its high ion conductivity. 

To verify the functionality of PEI@BC for protecting lithium metal 
anode, lithium deposition behavior is investigated using Li/Cu cell with 
a capacity of 1.0 mAh cm− 2 under 1.0 mA cm− 2. In a control experiment, 
the PP and BC separators were also investigated. As Fig. 4a illustrates, 
the initial Coulombic efficiency (CE) for PP, BC, and PEI-BC assembled 
cells is 67.2%, 36.6%, and 48.7%, respectively. The relatively lower 
initial CE for BC-cell and PEI-BC cell compared with PP-cell may be due 
to the additional formation of SEI for the first cycle, which will be 
explained in the following paragraph. The CE of PP-cell approaches ~ 
90% after 20 cycles plating/stripping, and then continuously decays to 
about 65% after 90 cycles, which indicates constant breakage and 
reformation of SEI layer. Pure BC separator helps the cell achieve rela
tively stable CE of 80–90%, but tends to decay after 70th cycle. The CE of 
PEI@BC-cell basically maintains the efficiency of more than 90% in the 
first 85th cycle, and drops to 75% for 100th cycle. The reason that the 
Coulombic efficiencies are not close to 100% is that the electrolyte for 
Li-Cu half-cells in our experiments was 1 M LiTFSI in 1:1 (v/v) DME and 
DOL without LiNO3 additive. The additive LiNO3 can react with metallic 
lithium anode to form a passivation layer and suppress the formation of 
lithium dendrites. We tested the Li-Cu half-cells assembled with 2% 
LiNO3-added electrolyte at 1 mA cm− 2. The Coulombic efficiencies for 
the three separators-assembled Li-Cu cells were improved after the 
addition of 2% LiNO3 (Fig. S5) and PEI@BC assembled one exhibited the 
best stability. The charge/discharge profiles of Li/Cu cells were recorded 
to compare the difficulty level for lithium deposition/ exfoliation. As 
illustrated in Fig. 4e, PP-cell exhibits large nucleation overpotentials 
(62 mV) and the much-increased voltage hysteresis (97 mV) after 100 
cycles. In the cases of BC (Fig. S6) and PEI@BC-cell (Fig. 4f), the voltage 
hysteresis is much stable (<50 mV) during the whole plating/stripping 
process, further proving the smaller energy barrier for mass transfer and 
lithium nucleation/deposition. To confirm the degree of homogeneity 
and distribution of deposited lithium, the cells were disassembled after 
100 cycles and the lithium anodes were examined with SEM. The lithium 
foil cycled with PP separator exhibits the uneven surface and loose 
structure with tortuous lithium dendrites, indicating the irregular Li 
deposition/stripping (Fig. 4g and Fig. S7a). BC separator induces lithium 
deposits to form a relatively flat surface compared with that of PP 
separator, demonstrating smaller lithium nanoparticles with a uniform 
distribution (Fig. 4h and Fig. S7b). By contrast, the PEI@BC separator 
leads to a smooth and compact morphology, which is composed of 
uniformly distributed mellow lithium nanospheres without the presence 
of dendrites (Fig. 4i and Fig. S7c). 

To further explore the underlying mechanism, the disassembled 
lithium anodes were also analyzed with XPS. Comparing the high- 
resolution O 1 s spectra (Fig. 4j) for PEI@BC cycled anode with that of 
PP separator, Li2O was detected in the SEI layer, which is due to the 
reaction between hydroxyl groups on the surface of the BC separator and 
lithium anode [61]. Moreover, the high-resolution N1s spectra (Fig. 4k) 
reveal that lithium nitride is only present in PEI@BC cycled anode. Li3N 
is among one of the fastest Li-ion conductors with an ionic conductivity 
on the order of 10− 3 ~ 10− 4 S cm− 1 at room temperature [62], the 
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formation of which should be contributed by the active amino group 
from PEI. Both Li2O and Li3N can act the effective electronic insulator 
while the Li ion conductor, which can contribute to formation of robust 
SEI layer, then effectively mediate the growth path of Li deposits, and 
finally inhibit the growth of lithium dendrites [51,63]. 

Li/Li symmetrical cells are further assembled and tested with a ca
pacity fixed at 1 mAh cm− 2 to inspect the cycling stability. The cells 
were activated at a current density of 0.5 mA cm− 2 for the first 20 cycles, 
and then cycled for the following cycles (Fig. 4l). For the initial cycles, 
PP shows low polarization of ~ 20 mV, due to its low impedance of 
nucleation. The overpotential increases to 120 mV after 250 h stable 
cycling, and finally increases dramatically to ~ 1.9 V after 380 cycles, 

indicating the pierced PP separator by lithium dendrites and short- 
circuited battery. Compared with PP-cell, the polarization voltage of 
the BC-cell remains at ~ 170 mV after 400 h, which is much smaller than 
the 1.9 V of PP. Excellent stability with a low overpotential of ~ 16 mV is 
achieved with PEI@BC equipped symmetric cell after 400 h. More 
significantly, when the current was increased into 2 mA cm− 2, long 
lifespan over 820 h is realized for PEI@BC cell (Fig. S8), further 
emphasizing the advantages of PEI@BC separator in regulating the 
lithium plating/stripping and stabilizing the anode for lithium-metal 
batteries. 

As the improved ability both for adsorbing polysulfide and regu
lating lithium deposition of PEI@BC separator, good electrochemical 

Fig. 5. Electrochemical performance of Li-S full cells assembled with different separators. (a), (b) and (c) are CV curves of Li-S batteries assembled with PP, BC, and 
PEI@BC separators, respectively. (d), (e), and (f) are charge/discharge curves of Li-S batteries at different current densities configurated with PP, BC, and PEI@BC 
separators, respectively. (g), (h), (i) are rate performance, cyclic performance (0.2C), and EIS spectrum (inset is the equivalent circuit) with fitted results of different 
Li-S batteries, respectively. (j) Relationship between real impedance (Z’) and reciprocal square root of angular frequency (ω-1/2) in the low frequency region. (k) 
Long-term cyclic performance of Li-S cells at 1C. 
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performance of Li-S full cell is expected. CV curves (Fig. 5a-c) were 
recorded firstly to investigate the electrochemical behaviors of the Li-S 
batteries comprising different separators. Two typical characteristic 
cathodic peaks were observed at ~ 2.3 V and ~ 2.0 V, which correspond 
to electrochemical reduction of sulfur to long-chain polysulfides, and 
then short-chain sulfides (Li2S2 and Li2S), respectively. In anodic sweep, 
the broad oxidation peaks at around 2.38–2.42 V can be ascribed to the 
oxidation of Li2S/Li2S2 to long-chain polysulfides and ultimately to 
sulfur. In addition, the peak widths are narrow for PEI@BC assembled 
cell than that of PP and BC over the initial five cycles, indicating faster 
electrochemical kinetics for PEI@BC separator. The galvanostatic 
charge–discharge profiles (Fig. 5d-e) were collected from 0.1C to 2C 
with the same voltage window (1.7–2.8 V) for CV measurements. 
Similar to CV curves, two plateaus that are at 2.4–2.1 V and 2.1–1.8 V 
were detected during the discharge process, corresponding to the con
version from cyclic octa-atomic sulfur (S8) to long-chain polysulfide 
anions and finally lithium sulfide, while the platform at 2.3–2.5 V from 
charge curves is attributed to the oxidation of lithium sulfide to sulfur. 
With increasing the current density, the discharge platforms shift to 
lower voltage while the charge plateaus shift to higher voltage, indi
cating more serious polarizations at high current density. However, the 
polarizations are affected more slightly for BC and PEI@BC than those of 
PP, especially when increasing the current density from 1C to 2C, 
demonstrating faster transportation for Li ions in BC-based separators. 
Then, rate performance for Li-S cells assembled with the three separators 
were compared (Fig. 5g). At 0.1C, both BC and PEI@BC assembled cells 
exhibit high initial discharge capacities (1476.1 mAh g− 1 for BC and 
1402 mAh g− 1 for PEI@BC), much higher than that of PP (900.9 mAh 
g− 1). With the increasement of current density, the discharge capacity of 
PEI@BC cell decreases and stabilizes at around 708.1, 595.4, 524.7, 
474.3, and 440.5 mAh g− 1 at 0.2, 0.5, 1, 1.5, and 2C, respectively. When 
the current density returns to 0.2C, the discharge capacity recovers well 
at 616 mAh g− 1. By contrast, the BC-cell exhibits relative inferior rate 
performance (423 mAh g− 1 at 1.5C and 312.2 mAh g− 1 at 2C) and the 
PP-cell delivers lowest at all current densities. Next, cycling stability of 
the batteries are tested at 0.2C (Fig. 5h). To achieve full activation of 
sulfur cathode, PP assembled cell was activated for three cycles at 0.05C. 
The corresponding charge–discharge curves for different cycles (up to 
200th cycle) are exhibited in Fig. S9, demonstrating that all Li-S batte
ries remain good charge/discharge platforms during cycling at low 
current density of 0.2C. However, as expected, PEI@BC-cell shows su
perior cycling stability compared to those for BC and PP assembled cells 
due to the strong chemisorption of amino groups against polysulfides 
thus retarded polysulfides dissolution. PEI@BC-cell delivered ultrahigh 
discharge capacity of 1257.7 mAh g− 1 for second cycle, corresponding 
the high utilization rate of 75.1% for active material. After 200 cycles, 
high reversible capacity of 472.1 mAh g− 1 was achieved. In comparison, 
PP-cell and BC-cell delivered lower capacity after 200 cycles (413.2 mAh 
g− 1 for PP and 412.2 mAh g− 1 for BC). To further evaluate the stability of 
separators, long-term cyclic performance of Li-S cells was also collected 
at a higher of 1C (Fig. 5k). The capacities of three Li-S batteries decrease 
obviously for the initial 3 cycles, one reason is the discharge–charge 
process is very slow at ultralow current density, therefore the generated 
intermediate polysulfide ions have enough time to dissolve into elec
trolyte and migrate to the anodes, leading to fast capacity decay. 
Another reason for the capacity fading in initial cycles can be connected 
with local amount of electrolyte since due to higher pore volume and 
thicker PEI@BC separator has high local amount of electrolyte, which 
enables high absolute quantity of soluble sulfur species (elemental sulfur 
or polysulfides) [63]. Then, Li-S cells gradually become stable at 1C and 
all can operate up to 500 cycles, indicating all the separators are stable 
for long-term working. Consistent with the cyclic performance at 0.2C, 
highest capacity of 717.3 mAh g− 1 for the fourth cycle and highest ca
pacity retention of 52% were achieved with the PEI@BC-assembled Li-S 
cell at 1C, corresponding the decay rate of 0.088% per cycle. It should be 
pointed that CNTs/PVP slurry (dispersed in DI water) was used as both 

conductive agent and dispersion agent for the preparation of cathode, 
which is beneficial to environment. Compared to other water-soluble 
binders-assembled Li-S cells, CNTs/PVP slurry combined with PEI@BC 
separator is a promising integration for long-lifespan Li-S batteries with 
high utilization and cyclic stability (Table S1). 

To explore the kinetic process mechanism of the modified separator 
in the working process of the lithium-sulfur battery, the alternating- 
current impedance spectra (Fig. 5i) of fresh Li-S batteries assembled 
with the three separators were compared. All the EIS spectrum are 
composed of a depressed semicircle in high frequency region followed 
with a sloping line in low frequency region that are related to the charge 
transfer resistance and mass transfer resistance, respectively. According 
to the fitted results (Table S2) through the equivalent circuit (Inset in 
Fig. 5i), the Rct of PP assembled cell was simulated to be 146.1 Ohm, 
much higher than those of BC (36.4 Ohm) and PEI@BC (28.1 Ohm) 
equipped cells. Moreover, the Li+ ion diffusion coefficients (D) in 
different separators assembled Li-S batteries can be estimated using the 
following equation [64]: 

D =
R2T2

2A2n4F4C2σ2  

where R is the gas constant (8.314 J mol− 1 K− 1), T is the absolute 
temperature (298.15 K), A is the geometrical area of the electrode sur
face, n is the number of electrons involved in the redox reaction between 
sulfur and lithium sulfide (n = 2), F is the Faraday’s constant 
(96485.33C mol− 1), C is the concentration of lithium ion in the solid 
[65], and σ is the Warburg factor. And σ can be determined based on the 
linear relationship between σ and Z’ (the real component of the 
impedance) through the following formula [66]: 

Z’ = Rs +Rct + σω− 1/2  

in which ω is the angular frequency (ω = 2πf). As can be observed from 
Fig. 5j, PP based cells has much higher σ (61.49) than those of BC based 
cells (18.26 for BC, 11.22 for PEI@BC), reflecting highest diffusion 
resistance. Combined with the above two equations and fitted σ value, 
the diffusivity of PEI@BC assembled cells was calculated to 7.83 × 10− 13 

cm2 s− 1, which is about 2.6 times and 30 times higher than those of BC 
(2.96 × 10− 13 cm2 s− 1), and PP (2.61 × 10− 14 cm2 s− 1) based cells, 
respectively. The reduced charge transfer resistance and enhanced 
diffusion coefficient indicate that polar surface coupled with highly 
porous structure of BC-based separators is beneficial for improving the 
interfacial compatibility between electrolyte and electrodes, and the 
introduction of polar amino groups into BC skeleton can further promote 
the diffusion and transportation of lithium ions, leading to lowest Rct 
and highest diffusivity of PEI@BC equipped Li-S battery. As a result, the 
PEI@BC separator could enable both efficient electron transport and 
mass transfer during battery operation process, which contributes to 
improved electrochemical performance. 

To evaluate the chemical stability and structural integrity of sepa
rators. We disassembled the Li-S cells after 500 cycles (at 1C) and did 
some characterizations for the cycled separators. Fig. S10a-c are photos 
for cycled separates, demonstrating all the separators have good me
chanical stability and maintained good structural integrity even after 
500 cycles. The surfaces of cycled separators are yellow, on which are 
coated with sulfur species after long-term cycle. Furthermore, the 
PEI@BC separator was rested for 12 h to evaporate the electrolyte and 
sulfur species, and then it was measured with FTIR spectrometer. As 
shown in Fig. S10d, O-H (3346 cm− 1), N-H (1562 cm− 1), and C-N (1336 
cm− 1) groups were still detected in the cycled PEI@BC separator, which 
is similar to fresh PEI@BC separator and demonstrates its good chemical 
stability during battery cycling. The surface structure of cycled PEI@BC 
was further characterized using SEM and the SEM image (Fig. S10e) still 
shows interconnected fabric structure, but smaller pore size than the 
fresh one due to the evaporation of electrolyte. These results confirm the 
excellent mechanical stability and chemical stability of PEI@BC 
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separator and further demonstrate its great potential in second battery 
application. 

4. Conclusion 

In summary, a multifunctional separator PEI@BC separator with 
excellent electrolyte wettability, good thermal stability, and electro
chemical stability has been rationally designed and fabricated by inte
grating polar PEI branches into thermal stable and robust BC skeleton. 

The PEI@BC separator is proved to play a significant role in 
improving the performance of Li-S battery, which can simultaneously 
lead to regular lithium plating on anode and retarded dissolution of 
polysulfides in sulfur cathode. On the one hand, the hydroxyl groups 
from BC substrate and amino groups from PEI branches can participate 
into the formation of stable and high-ionic conductive SEI, leading to 
uniform lithium deposition in both Li/Cu half-cell and Li/Li symmetric 
cell. Long lifespan over 820 h is achieved with the PEI@BC equipped Li/ 
Li symmetric cell. On the other hand, the grafted polar amino groups 
exhibit strong interaction toward polysulfides and can effectively miti
gate the diffusion of polysulfides, which was confirmed by DFT simu
lations, the penetration experiments as well as the tests of shuttle 
current. Configured with PEI@BC separator, the positive effects from 
both anode and cathode are integrated, providing improved electro
chemical performance of Li-S full cell, which may be extended to other 
advanced battery systems, such as sodium-sulfur batteries. 
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