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摘要：通过静电纺丝、热亚胺化和碳化过程，将氮化硼纳米片(BNNSs)负载在碳纤维(CFs)表面，组成用于修饰商业聚丙烯(PP)隔
膜的氮化硼纳米片/碳复合纤维(BNNSs/CFs)复合材料。BNNSs和CFs的协同作用为电池提供了额外的导电路径，并将可溶性

多硫化锂固定在正极区域。结果表明，采用 10BNNSs/CFs⁃PP隔膜的电池在 0.05C下的初始放电容量高达 1 295.7 mAh·g-1，当
电流密度增加到 1C时，以 10BNNSs/CFs⁃PP为隔膜的电池也具有良好的长期循环稳定性，在 400次循环后最终容量高达 583.1
mAh·g-1，每次循环容量衰减0.069%。
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Abstract: By electrospinning, thermal imidization, and carbonization processes, boron nitride nanosheets (BNNSs)
were coated on the surface of carbon fibers (CFs). Thus, BNNSs and CFs can constitute the boron nitride nanosheets/
carbon fibers (BNNSs/CFs) composite to modify commercial polypropylene (PP) separators. The synergetic effect of
BNNSs and CFs provides an additional conductive path to cells and serves to localize the soluble polysulfide into
the cathode region. As a result, the cell assembled with the 10BNNSs/CFs ⁃PP separator exhibited an initial dis⁃
charge capacity as high as 1 295.7 mAh·g-1 at 0.05C. Upon increasing the current density to 1C, the cells with
10BNNSs/CFs⁃PP separators also delivered excellent long⁃term cycling stability up to 400 cycles and a high final
capacity of 583.1 mAh·g-1 with a capacity decay of 0.069% per cycle.
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0 Introduction

The lithium⁃sulfur (Li⁃S) batteries have been
regarded as one of the most possible energy storage sys⁃
tems replacing current commercial lithium ⁃ ion batter⁃
ies due to their high theoretical capacity (1 675 mAh·
g-1) and energy density (2 600 Wh·kg-1) [1⁃3]. However,
there are several challenges, such as the poor electrical
conductivity of sulfur and Li2S/Li2S2 producing after
discharging process[4⁃5], the cathode volume expansion
due to the different densities between sulfur and Li2S/
Li2S2[6⁃7], and the“shuttle effect”of the soluble long ⁃
chain lithium polysulfides (LiPSs, Li2Sn, 4 ≤ n ≤ 8) pro⁃
ducing during charge/discharge process[8⁃9], which
impede the practical development of Li ⁃ S batteries.
Particularly, the shuttle effect of LiPSs is the main dis⁃
advantage for damaging the cycle life and reducing the
capacity of a Li⁃S battery.

Thus, many researchers have focused on modifier⁃
modified separators to suppress the shuttle effect of
Li ⁃ S cells. For example, activated carbon[10], reduced
graphene oxide[11], carbon nanotube[12], and carbon
nanofiber paper[13⁃14] are coated onto the separators for
desired improvement of cell performance using their
adsorption action to the LiPSs, due to larger specific
surface area of these carbon⁃based modifiers. However,
the weak interaction between non⁃polar carbon materi⁃
als and the polar LiPSs cannot effectively confine the
LiPSs migration. Thus, several polar materials, such as
boron nitride[15⁃17], Mxene[18], and TiO2[19⁃20], are intro⁃
duced into the separators. Due to the strong interaction
between the LiPSs and these materials, the modified
separators can effectively confine LiPSs to the cathode
region. But this kind of polar material usually exhibits
poor conductivity, which generally influences the elec⁃
trochemical performance of Li⁃S batteries[21]. Thus, the
composites consisting of polar boron nitride and carbon
materials may be a kind of ideal modifiers to improve
the separators, because they would have combined
properties of good conductivity and favorite polar
adsorption sites to the LiPSs.

In this work, the carbon fibers (CFs) were uniform⁃
ly coated by boron nitride nanosheets (BNNSs) by com⁃
bining electrospinning technology, thermal imidization,

and carbonization processes, by using a spinnable
liquid of polyamide acid (PAA) mixed with highly⁃
functionalized BNNSs. Due to the formed CFs with
highly polar surfaces made of the exposed BNNSs, the
final modified layer of BNNSs/CFs composite coating
not only has good conductive networks of CFs fibers
but also shows a nice adsorption function of the LiPSs.
Thus, this structure consisting of conductive fibers with
polar surfaces can efficiently block the“shuttle effect”
of the LiPSs. In addition, BNNSs/CFs can significantly
promote the transport of lithium ions based on reducing
the internal resistance of Li ⁃ S batteries. Therefore,
BNNSs/CFs as the separation coating of Li ⁃ S battery
significantly improves the rate performance and cycle
performance of the battery. This study provides a rea⁃
sonable design route to overcome the challenges of
Li⁃S batteries in terms of shuttle effect and ion migra⁃
tion blockage, to promote the practical application of
Li⁃S batteries.
1 Experimental

1.1 Materials
The materials contained the commercial bulk hex⁃

agonal boron nitride (h ⁃BN) power with lateral size of
ca. 10 µm, boric acid, 1,2,4,5⁃benzenetetracarboxylic
anhydride (PMDA, 99.0%), 4, 4′⁃diaminodiphenyl
ether (4, 4′⁃ODA, 98.0%), N, N⁃dimthylacetamide
(DMAc, 99.0%), N⁃methyl⁃2⁃pyrrolidone (NMP, 99.0%),
polyvinylidene fluoride (PVDF, 99.5%), carbon black,
lithium sulfide (Li2S), tetrahydrofuran (THF), and abso⁃
lute alcohol. The electrolyte composed of 1 mol·L-1 bis
(trifluoromethane) sulfonamide lithium salt (LiTFSI) in
a mixed solvent of 1,3⁃dioxolane (DOL) and 1,2⁃dime⁃
thoxyethane (DME) (volume ratio of 1∶1) with mass
fraction of 1.0% LiNO3. These chemical reagents were
used as received without any purification.
1.2 Preparation of BNNSs

BNNSs were prepared by using our previous meth⁃
od[22]. Typically, the commercial h⁃BN was corroded by
boric acid by thoroughly mixing with the weight ratio of
1∶8 and heating at 200 ℃ for 24 h in an autoclave.
Then, the obtained white block solid was ground into
powder and put into ball ⁃ milling agate tanks for the
mechanical ⁃ ball ⁃milling exfoliation and functionaliza⁃
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tion of h⁃BN with a planetary ball ⁃milling machine at
580 r·min-1 for 48 h, to obtain ultrafine mixed pow⁃
ders. Then, the BNNSs product was gained after sever⁃
al deionized water scrubbing and centrifugation treat⁃
ments, to completely remove the boric acid. Finally, a
freeze⁃drying treatment was carried out to produce the
pure BNNSs powder.
1.3 Synthesis of BNNSs/CFs

Firstly, 3.5 g of BNNSs powder was dispersed in
93 g of DMAc by stirring for 24 h to obtain the DMAc
dispersion of BNNSs. After that, 15 g of 4,4′⁃ODA was
completely dissolved into this dispersion by stirring for
30 min. Subsequently, 16.5 g PMDA was equally divid⁃
ed into four parts and added into it for four times with 1
h as an interval time after each addition. After stirring
for 12 h, a viscous BNNSs/PAA solution with different
addition of BNNSs was achieved. All the stirring pro⁃
cesses were in a dry three ⁃ neck round ⁃ bottom flask
with continuous N2 and ice bath by magnetic stirring.
Due to the highly improving viscosity of the solution,
the revolving speed was around 300 r·min-1 before and
100 r·min-1 after adding all the PMDA. 10 mL of
BNNSs/PAA solution was added into the syringe with a
20# gauge needle hole and installed in electrostatic
spinning apparatus. The aluminum ⁃ foil ⁃ coated roller
was the receiver and the distance between the needle
and acceptant roller was 15 cm while opening the injec⁃
tion pump to inject. The spinning voltage was set at 18
kV and the spinning speed was 0.8 mL·h-1. Due to the
poor stability of PAA[23], the sprayed fiber film was
respectively heated at 80, 150, and 300 ℃ for 1, 2, and
2 h under a N2 gas atmosphere, to obtain boron nitride
nanosheets/polyimide (BNNSs/PI) fiber film when it
cooled naturally to room temperature. BNNSs/CFs were
obtained after heating at 1 500 ℃ for 2 h under a N2
atmosphere. According to the different BNNSs contents
in the BNNSs/PAA solution, BNNSs/CFs were named
CFs (without any BNNSs), 5BNNSs/CFs (adding 5%
BNNSs into the solution), 10BNNSs/CFs (adding 10%
BNNSs into the solution), and 15BNNSs/CFs (adding
15% BNNSs into the solution), respectively.
1.4 Fabrication of BNNSs/CFs⁃PP, CFs⁃PP, and

BNNSs⁃PP separators
BNNSs/CFs ink was prepared by mixing BNNSs/

CFs material and PVDF binder with a weight ratio of 9∶
1 and dispersing it into NMP solvent. Then, BNNSs/
CFs ink was coated on a commercial polypropylene
(PP) separator of model Celgard 2325 by using a doctor
blade with an average thickness of 200 µm, to get a
wet BNNSs/CFs ⁃ PP film. After a treatment dried at
50 ℃ under a vacuum overnight, the final BNNSs/CFs⁃
PP film was formed, which was then cut into discs with
a diameter of 19 mm as BNNSs/CFs⁃PP separators. By
using the same method, the CFs ⁃ PP and BNNSs ⁃ PP
separators were comparatively prepared.
1.5 Preparation of Li2S6 solution

According to the previous study[24⁃25], Li2S6 solution
was prepared by dissolving Li2S and S8 into THF sol⁃
vent with a molar ratio of 1∶5 and stirred at 60 ℃ for
12 h. According to the different concentration requests
of adsorption and diffusion tests, some 2 and 5 mmol·
L-1 Li2S6 solutions were separately made. These above
experiments were carried out in an Ar⁃filled glove box.
1.6 Preparation of sulfur⁃containing cathode

To improve the conductivity of the cathode and
avoid the break of the conductive matrix, the sulfur ⁃
containing cathode was prepared by mixing sulfur, car⁃
bon black, and PVDF binder in NMP solvent with a
weight ratio of 6∶3∶1. The slurry was uniformly coated
on an aluminum foil, then dried at 60 ℃ under a vacu⁃
um for 12 h, which was then cut into discs with a diam⁃
eter of 12 mm as cathodes. The areal densities of sulfur
in the electrodes were 1.2⁃1.6 mg·cm-2.
1.7 Electrochemical measurements

The electrochemical properties of cells were test⁃
ed by building the typical Li ⁃ S battery system. As
shown in Fig.S1 (Supporting information), Li foils were
used as the counter electrode towards the uncoated
side of the separators and assembled into CR2032 coin
cells with electrolyte. The cells were assembled in an
Ar⁃ filled glove box with moisture and oxygen contents
less than 0.000 1%. Then, the galvanostatic charge ⁃
discharge measurements were conducted at a voltage
interval of 1.7⁃2.8 V using a battery testing system
(Land CT2001A). Especially, in the rate capability and
cycling performance tests, cells needed to be pre⁃
cycled for three cycles at 0.05C (1C=1 675 mA·g-1) as
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activation. Cyclic voltammetry (CV) characterizations
were performed on a CHI 760E electrochemical work⁃
station at scanning rates of 0.2⁃0.5 mV·s-1 from 1.5 to
2.8 V. Electrochemistry impedance spectra (EIS) were
carried out in the frequency range of 0.01⁃105 Hz.
1.8 Characteristics

The phases of materials were characterized by an
X⁃ray diffractometer (XRD) (D8 Discover, Bruker,
Germany) with the Cu Kα radiation (λ=0.154 nm). The
working current was 20 mA and the working voltage
was 36 kV with a 2θ range of 10°⁃80°. The structures
and morphologies of samples were analyzed by scan⁃
ning electron microscopy (SEM, Quanta 450 FEG, FEI,
USA) at 3⁃20 kV, with an energy⁃dispersive X⁃ray spec⁃
trometer (EDS). The structures and morphologies of
BNNSs were analyzed by a transmission electron
microscopy (TEM, JEOL JEM 2100F, Japan) and a high⁃
resolution TEM (HRTEM, JEOL JEM 2100F, Japan)
with a resolution ratio of 0.2 nm. The BNNSs content of
the sample was measured by a differential thermal and
thermogravimetric analyzer (DT/TGA) (SDT Q⁃600, TA
Instruments, USA) at a heating rate of 10 ℃ ·min-1
under air. And the chemical bonding and states of ele⁃
ments in materials were characterized by a Fourier
transform infrared (FT ⁃ IR) (TENSOR 27, Bruker,

Germany) at 4 000 to 400 cm-1 with the resolution ratio
of 1 cm-1, and an X⁃ray Photoelectron spectroscopy
analysis (XPS, ESCALAB 250Xi, Thermo Fisher Scien⁃
tific, USA).
2 Results and discussion

The synthetic route of BNNSs/CFs and the prepa⁃
ration process of BNNSs/CFs ⁃ PP films are shown in
Fig. 1. Due to the advantages of uniform lateral size,
super⁃thin few⁃layer thickness, and rich⁃function level
for as ⁃ exfoliated BNNSs, this BNNSs could be well ⁃
acted with PAA molecules in the DMAc solution,
which can be easy to control to form a class of BNNSs/
PAA liquid with a spinnable viscosity (Fig.1a). So, the
BNNSs/PAA was well electrospun into fibrous morphol⁃
ogy, to form the BNNSs/PAA fibers. After a thermal
imidization performed on the BNNSs/PAA fibers at the
final 300 ℃ , the stable BNNSs/PI fibers with slightly
shrunken diameters were produced, resulting in some
BNNSs exposed to the fiber′s surfaces. After further
carbonization process, the diameter of fibers decreased
again, leading to much more BNNSs being exposed.
Meanwhile, the final mass ratio of BNNSs in the
10BNNSs/CFs was determined to be 37.59% by calcu⁃
lating from the TGA data (Fig.S2), which indicated lots

Fig.1 (a) Synthetic route to BNNSs/CFs; (b) Schematic diagram of the preparation of BNNSs/CFs⁃PP films
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of mass loss occurred in thermal imidization and car⁃
bonization processes from the initial BNNSs/PAA con⁃
verted to the final BNNSs/CFs products. Based on the
natural properties of intercrossing stacking networks
formed easily by fiber⁃like morphology, the fibrous
BNNSs/CFs assisted with PVDF binder would be prop⁃
erly and compactly coated onto commercial PP film, to
make a kind of BNNSs/CFs ⁃ PP composite film with
favorite flexibility and strong inter⁃adhesion (Fig.1b).

The detailed characteristics of the BNNSs,
BNNSs/CFs, and CFs materials were carried out using
TEM, SEM, XRD, FT⁃IR, and XPS technologies (Fig.2

and Fig.S3⁃S5). By using the boric acid⁃assisted chemo
⁃mechanical exfoliation, the obtained BNNSs powders
have a decreased lateral size of ca. 1 000 nm (Fig.2a)
but possess an ultra⁃thin thickness of few⁃layer stack⁃
ing (0002) planes of h ⁃ BN (several layers planes fre⁃
quently observed in HRTEM, Fig.2b). Benefitting from
the especial morphology and structure of BNNSs pow⁃
ders, the fibrous morphology of BNNSs/CFs could be
well maintained after the thermal imidization and high⁃
temperature carbonization (Fig.2c, 2d). It is found that
lots of BNNSs were exposed on the fiber′s surfaces
(Fig.2d). Due to the addition of BNNSs, the larger diam⁃

Fig.2 Characteristics of the materials: (a, b) TEM and HRTEM images of BNNSs; (c, d) SEM images of 10BNNSs/CFs;
(e) XRD patterns and the corresponding enlarged patterns of CFs, 5BNNSs/CFs, 10BNNSs/CFs, 15BNNSs/CFs, and
BNNSs; (f) FT⁃IR spectra of CFs, 5BNNSs/CFs, 10BNNSs/CFs, 15BNNSs/CFs, and BNNSs and the corresponding
enlarged spectra from 1 200 to 975 cm-1; (g) C1s, (h) N1s, and (i) B1s XPS spectra of 10BNNSs/CFs and the
corresponding enlarged spectra
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eter and more uniform distribution of 10BNNSs/CFs
was created in the well ⁃ hybridized BNNSs/CFs fibers
(Fig. S3). In the XRD patterns, except for the typical
(0002) (at ca. 26.8° ), (1010) (located at 41.7° ) plane
diffractions of the BNNSs, an emerged broad peak at
around 26° was attributed to the (0002) diffraction pat⁃
tern of carbon from CFs (Fig. 2e). Such fact combined
with a slightly decreased intensity of the diffraction at
41.7° with a decrease in BNNSs contents suggests a
well intrinsic h ⁃ BN nature of BNNSs maintained into
BNNSs/CFs. Due to the existence of BNNSs in the car⁃
bonization process, several extra FT⁃IR peaks at 1 166,
1 111, and 1 035 cm-1 corresponded to the B—C, CO,
and B—O—C vibrations for 5 BNNSs/CFs, 10 BNNSs/
CFs, and 15BNNSs/CFs, indicating a formation of
strongly covalent ⁃ bonding interaction between BNNSs
and CFs (Fig. 2f) [26⁃27]. Also, the high ⁃ resolution C1s,
N1s, and B1s XPS spectra with the coexistence of the
nicely fitted C—C, C—N, C—O, C=O, N—B, N—H,
N—C, B—C, B—N, and B—O chemical bonding

imply a strongly interconnected interface between
BNNSs and CFs (Fig.2g⁃2i)[19,23,28⁃31].

Due to the well⁃hybridized combination of BNNSs
and CFs within BNNSs/CFs, the Li ⁃S cells assembled
with the 10BNNSs/CFs ⁃ PP separators could exhibit a
more excellent electrochemical performance than that
encapsulated with single BNNSs⁃ or CFs⁃modified PP
separators and the blank PP separator (Fig. 3). The
diameter of the medium ⁃ to ⁃ high frequency semicircle
of Nyquist plots represented the charge transfer resis⁃
tance (Rct) (Fig.3a)[32]. The Nyquist plot of the uncycled
Li ⁃ S cell assembled with 10BNNSs/CFs ⁃PP separator
had a resistance value, estimated to be ca. 25 Ω, only
slightly larger than that with the CFs⁃PP separator (ca.
10 Ω). This is because there has a strongly hybridized
combination between CFs and BNNSs in 10BNNSs/
CFs, in which, the BNNSs parts have a relatively lower
conductivity. The Rct value for the 10BNNSs/CFs ⁃ PP
cell was much lower than that of the pristine PP cell
(ca. 80 Ω) and BNNSs⁃PP cell (ca. 60 Ω). This is due

Fig.3 Electrochemical performances of Li⁃S batteries assembled with different separators of 10BNNSs/CFs⁃PP,
CFs⁃PP, BNNSs⁃PP, and blank PP: (a) Nyquist plots of the as⁃formed Li⁃S batteries; (b) initial galvanostatic
charge⁃discharge profiles of these batteries operated with an identical current density of 0.05C;
(c) rate capability of these cells; (d) relative galvanostatic charge⁃discharge curves of the cell with the
10BNNSs/CFs⁃PP separator at different densities from the corresponding data in (c)
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to that the main CFs parts within BNNSs/CFs fibers
enable a highly efficient conductive pathway for elec⁃
trons and Li+ ions, which could provide transfer chan⁃
nels for electrons and Li+ ions[33⁃35], and electrons are
from the cathode closely contacting to the 10BNNSs/
CFs coating layer in the cell.

The capacity performances of these Li⁃S cells
assembled with different separators were measured by
the galvanostatic charge ⁃discharge tests in the voltage
range from 1.7 to 2.8 V at 0.05C (Fig.3b). The higher
plateau at around 2.35 V in the discharge profile was
associated with a soluble long ⁃ chain LiPSs formation,
and another discharge plateau near 2.1 V was associat⁃
ed with further conversion of the LiPSs to the insoluble
Li2S2/Li2S[36]. Besides, the two charge plateaus near
2.35 and 2.40 V corresponded to the oxidization reac⁃
tions of Li2S2/Li2S to the LiPSs and the LiPSs to S8,
respectively[37]. Assembled with the 10BNNSs/CFs ⁃ PP
separator, the initial discharge capacity of the cell was
shown as 1 295.7 mAh·g-1, which was much larger
than that with the CFs⁃PP (1 244.4 mAh·g-1), BNNSs⁃
PP (934.1 mAh·g-1), and PP (651.2 mAh·g-1) separa⁃
tors. In addition, the increased capacity of the
10BNNSs/CFs⁃PP⁃made cell mainly came from the sec⁃
ond discharge plateau, which indicated that 10BNNSs/
CFs could effectively promote the reduction capacity of
the solid⁃phase reaction of the LiPSs to Li2S. This high⁃
er capacity was attributed to the high polarity located
on the BNNSs⁃exposed surfaces of BNNSs/CFs, which
can restrict the shuttle effect of soluble LiPSs towards
the Li anode.

The rate capability of the batteries assembled with
different separators evaluated at different current densi⁃
ties from 0.1C, 0.2C, 0.5C, 1C to 2C and returning to
0.1C was tested (Fig. 3c). The cell assembled with the
10BNNSs/CFs⁃PP separator expressed excellent specif⁃
ic capacities higher than the CFs⁃PP, BNNSs⁃PP, and
PP separators at various current densities. At a high cy⁃
cling rate of 2C, the first capacity of the 10BNNSs/CFs⁃
PP cell was about 629.7 mAh·g-1, which could keep it
much more stable for five cycles. In contrast, the PP,
BNNSs⁃PP, and CFs⁃PP separators cases only reached
162.2, 204.1, and 546.5 mAh·g-1 at 2C, respectively.

When the current density returned to 0.1C, the capaci⁃
ty of 10BNNSs/CFs ⁃ PP cell could back to the 982.6
mAh·g-1, which was much higher than that with CFs ⁃
PP (918 mAh·g-1), BNNSs ⁃ PP (651.3 mAh·g-1), and
PP (627.7 mAh·g-1) separators.

The initial charge ⁃ discharge curves at different
current densities also confirmed the stable electro⁃
chemical performance of 10BNNSs/CFs ⁃ PP cells
(Fig. 3d and Fig. S6). The 10BNNSs/CFs ⁃ PP cell had
the smallest separations between its second discharge
platform and charge platform (Fig. 3d), compared with
the CFs⁃PP, BNNSs⁃PP, and PP separator⁃made cells
(Fig.S6). At 0.1C, the separation value of the cell with
the 10BNNSs/CFs ⁃ PP separator was 147.9 mV, lower
than the CFs⁃PP (163.7 mV), BNNSs⁃PP (184.1 mV),
and PP (156.0 mV) separators. Especially at a high cur⁃
rent density of 1C, the separation value with the
10BNNSs/CFs⁃PP separator (314.6 mV) was much low⁃
er than the CFs ⁃ PP (344.2 mV), BNNSs ⁃ PP (420.3
mV), and PP (414.6 mV) separators. These results sug⁃
gested the smallest loss of active substance during the
charge ⁃ discharge conversion, using BNNSs/CFs coat⁃
ing modification onto the PP separator within the Li⁃S
cells.

A series of CV curves at the scanning rates of 0.2
to 0.5 mV·s-1 and the corresponding fitted linear rela⁃
tionship of their peak current densities vs square root
of scanning rate used were plotted to further demon⁃
strate the influence of the 10BNNSs/CFs⁃PP separator
on the dynamically electrochemical performance the
cells (Fig.4 and 5). There were several redox peaks in
the CV curves of cells assembled with 10BNNSs/CFs⁃
PP, CFs⁃PP, BNNSs⁃PP, and PP separators. The reduc⁃
tion peak A ranging from 2.2 to 2.3 V was connected
with the higher discharge plateau, and the reduction
peak B inhabited from 1.8 to 2.0 V was associated with
the lower discharge plateau (Fig.3b). Besides, the oxi⁃
dation peak C located between 2.4 to 2.6 V was attrib⁃
uted to the reverse reactions of Li2S2/Li2S to the final S8.
Particularly, there were two much more obvious oxida⁃
tion peaks in the curves of the cell assembled with the
10BNNSs/CFs ⁃ PP separator compared with the cases
of the CFs ⁃ PP, BNNSs ⁃ PP, and the blank PP, which
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were generated from the two charge plateaus of the oxi⁃
dization reactions of Li2S2/Li2S to the LiPSs and the
LiPSs to S8 (Fig.4). Due to that the restriction action of
the LiPSs“shuttle effect”on the 10BNNSs/CFs ⁃ PP
separator is more efficient than that on the CFs⁃PP and
BNNSs ⁃PP separators, the oxidization peak located at
higher voltage was enhanced, which indicate more
LiPSs⁃to⁃S8 reaction emerged during cells′ cycles.

In addition, the values of the diffusion coefficient
of the Li+ ions can be calculated using the Randles ⁃
Sevcik equation: Ip = (2.69×105)n1.5ADLi0.5cLiv0.5, where Ip
is the peak current density, n is the number of elec⁃
trons transferred in the charging process, A is the sur⁃
face area of the active electrode, DLi is the values of the
diffusion coefficient of the Li+ ions, cLi is the concentra⁃
tion of Li+ in the electrolyte, and v is the scan rate.
Thus, the slope of the linear plot of Ip versus the square
root of the scan rate (v0.5) could reflect the diffusion
coefficient of the Li+ ion (Fig.5). The slopes of the cell
assembled with the 10BNNSs/CFs ⁃ PP separator were
0.154, 0.266, and 0.394 for peaks A, B, and C, respec⁃
tively. These values were much higher than those with

PP (0.097, 0.029, and 0.256), BNNSs ⁃ PP (0.110,
0.094, and 0.270), and CFs ⁃ PP (0.154, 0.195 and
0.317) separators, respectively. In addition, the areas
of CV curves of cells with 10BNNSs/CFs⁃PP separators
were higher than that of the cells with PP, BNNSs⁃PP,
and CFs ⁃ PP separators, meaning the highest charge ⁃
discharge capacity as well as its cycle stability (Fig.
S7) [38]. Thus, these 10BNNSs/CFs ⁃ modified PP films
would be used as a kind of ideal separator material for
Li⁃S cells.

The cells assembled with 10BNNSs/CFs⁃PP, CFs⁃
PP, BNNSs ⁃PP, and PP separators exhibited different
cycling performances at current densities of 0.2C,
0.5C, and 1C (Fig. 6), which displays that the cells
assembled with the 10BNNSs/CFs ⁃ PP separator
showed the highest discharge capacities and favorable
cycling stabilities. These cells could deliver an initial
discharge capacity of 1 080.8 mAh·g-1 under 0.2C, and
stably retain the discharge capacity of 914.7 mAh·g-1
after 100 cycles. In contrast, the cells assembled with
CFs ⁃PP, BNNSs ⁃PP, and PP separators could merely
deliver 707.8, 515.6, and 445.4 mAh·g-1 after 100

Fig.4 CV curves at 0.2, 0.3, 0.4, and 0.5 mV·s-1 of cells assembled with 10BNNSs/CFs⁃PP (a), CFs⁃PP (b),
BNNSs⁃PP (c), and PP (d) separators
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Fig.5 Corresponding Ip vs v0.5 plots of the cells assembled with 10BNNSs/CFs⁃PP (a), CFs⁃PP (b),
BNNSs⁃PP (c), and PP (d) separators

Fig.6 (a) Cycling performance of the cells assembled with 10BNNSs/CFs⁃PP, CFs⁃PP, BNNSs⁃PP, and PP separators at 0.2C
and 0.5C; (b) Long⁃cycling performance of the cells assembled with above four separators at 1C
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cycles under the same current density, respectively. At
the rate of 0.5C, the cell assembled with the 10BNNSs/
CFs⁃PP separator still showed outstanding cycle stabili⁃
ty with a capacity decay of only 0.16% per cycle and a
capacity of 813.1 mAh·g-1 was well retained after 100
cycles. Such capacity was also higher than those assem⁃
bled with CFs ⁃ PP, BNNSs ⁃ PP, and PP separators,
which were 576.2, 379.4, and 285.3 mAh·g-1, respec⁃
tively. These results were caused by the well ⁃ hybrid⁃
ized BNNS⁃CFs⁃bonded structures that led to their bet⁃
ter adsorption of the LiPSs and inhibition of the“shut⁃
tle effect”, which could significantly change the mor⁃
phology of separators after cycling (Fig.S8).

Furthermore, the cell assembled with the
10BNNSs/CFs⁃PP separator also showed excellent
cycling stability at 1C, which attained a discharge
capacity of 583.1 mAh·g-1 after 400 cycles with a
capacity decay of 0.069% per cycle (Fig.6b). As a con⁃
trast, there was only 159.5 mAh·g-1 with a higher
capacity decay of 0.181% per cycle after 400 cycles for
the cell assembled with the CFs ⁃ PP separator. The
cells assembled with BNNSs⁃PP and PP separators had
bad performances at a high current density of 1C,
which had only about 150 mAh·g-1 for all 400 cycles.
The excellent long⁃cycle stability of Li⁃S cells assem⁃
bled with the 10BNNSs/CFs ⁃ PP separator should be
attributed to the excellent conductive network of CFs
parts and the powerful polar absorption ability to the
LiPSs and confined them in the cathode region due to
the BNNSs parts.

Compared with those of the separators modified
by other materials (Table S1), the electrochemical

properties of the Li ⁃ S cells made by 10BNNSs/CFs ⁃
modified ⁃PP separators were very superior. For exam⁃
ple, the performance of 10BNNSs/CFs ⁃ PP ⁃ assembled
cells was very close to that of the current advanced
Li ⁃S batteries assembled with RGA⁃ZnS/PP separator
produced by Liu et al.[39], which could deliver an initial
capacity of 800 mAh·g-1 and a capacity of 407 mAh·
g-1 after 500 cycles under 1C with a sulfur loading of
ca. 1.5 mg·cm-2. In addition, the cells assembled with
MPF13 ⁃ 550/PP separator produced by Lin et al. [40]
could attain an initial charge capacity of 781 and 445
mAh·g-1 after 200 cycles under 1C with a sulfur load⁃
ing of 1.2 ⁃ 1.6 mg·cm-2, which was lower than that of
the cells made by this work.

The excellent electrochemical properties of the
cells with the 10BNNSs/CFs⁃PP separator were attrib⁃
uted to the dominant LiPSs adsorption function of
10BNNSs/CFs, which can efficiently restrict the shuttle
effect of the LiPSs during the cell′s charge/discharge
process (Fig.7, S9). Due to the adsorption of 10BNNSs/
CFs to Li2S6, the coating of BNNSs/CFs onto the PP to
form the composite film also exhibited excellent restric⁃
tion action of permeability of Li2S6 (Fig.7). To demon⁃
strate the restriction action of the LiPSs shuttle effect
of the 10BNNSs/CFs ⁃ PP separator, the LiPSs perme⁃
ation tests were achieved via special diffusion bottles.
The internal container was packed with 2 mL of Li2S6
in THF (5 mmol·L-1), and the external container was
packed with 10 mL of pure THF. These two containers
were separated by 10BNNSs/CFs⁃PP, CFs⁃PP, and PP
separators in the white cap, having a hole, in the inter⁃
nal container, respectively. Thus, this hole covered by

Fig.7 (a) Schematic diagram and (b) pictures of the diffusion experiments with the 10BNNSs/CFs⁃PP, CFs⁃PP, and PP separators
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the different separators was the only passway between
the inner and outer containers. The color change of the
solution in the external container indicates the diffu⁃
sion behavior of Li2S6. The final result is shown in
Fig. 7, the external container gradually turns yellow ⁃
brown after 20 h in the case of the PP separator. There
was also a significant color change after 45 h in the
case of the CFs ⁃PP separator. In addition, no obvious
color change was observable by using the 10BNNSs/
CFs ⁃ PP separator after 45 h, although the electrolyte
wettability for the BNNSs/CFs coating was better than
that of the CFs coating, BNNSs coating, and the blank
PP (Fig.S9b⁃S9e). Thus, the two series of experimental
results indirectly suggested that the BNNSs/CFs⁃
modified separators fulfilled a key role in mitigating
the LiPSs shuttle effect within Li⁃S cells.
3 Conclusions

In summary, we prepared a functional separator
for Li⁃S batteries by simply coating a thin film of com⁃
posite fibers, which were the carbon fibers combined
with boron nitride nanosheets, on the separator. Cycled
at 0.05C, the cell with a 10BNNSs/CFs separator exhib⁃
ited a high initial capacity of 1 295.7 mAh·g-1. Cycled
at 1C, the cells still maintained a reversible capacity of
583.1 mAh·g-1 after 400 cycles with a capacity decay
of 0.069% per cycle. While BNNSs sufficiently provid⁃
ed to trap the LiPSs, the network of CFs provided a con⁃
ductive path for the charge ⁃ discharge process. Thus,
the well ⁃ hybridized combination of 10BNNSs/CFs
could significantly mitigate the shuttle effect by localiz⁃
ing the soluble LiPSs within the cathode region,
leading to low active sulfur loss and enhanced cycle
stability. The facile strategies of this modified separa⁃
tor can be conducive to the large⁃scale commercializa⁃
tion of Li⁃S batteries.

Supporting information is available at http://www.wjhxxb.cn
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