Nano Research

https://doi.org/10.1007/s12274-017-1929-0

Research Article

CN 11-5974/04

Functional interlayer of PVDF-HFP and carbon nanofiber
for long-life lithium-sulfur batteries

Anyi Zhang'®, Xin Fang'®, Chenfei Shen', Yihang Liu®, In Gi Seo', Yugiang Ma®, Liang Chen? Patrick
Cottingham®, and Chongwu Zhou? (<)

! Mork Family Department of Chemical Engineering and Materials Science, University of Southern California, Los Angeles, California 90089, USA
2 Ming Hsieh Department of Electrical Engineering, University of Southern California, Los Angeles, California 90089, USA

3 Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089, USA

4 Department of Chemistry, University of Southern California, Los Angeles, California 90089, USA

$ Anyi Zhang and Xin Fang contributed equally in this work

Received: 18 September 2017
Revised: 8 November 2017
Accepted: 20 November 2017

© Tsinghua University Press
and Springer-Verlag GmbH
Germany, part of Springer
Nature 2017

KEYWORDS
lithium-sulfur batteries,
PVDF-HFP,

gel polymer electrolyte,
carbon nanofiber,
conductive network

1 Introduction

ABSTRACT

In the present work, we develop a scalable and inexpensive design for lithium-
sulfur (Li-S) batteries by capping a flexible gel polymer/carbon nanofiber (CNF)
composite membrane onto a free-standing and binder-free CNF + Li,S, cathode,
thus achieving a three-dimensional (3D) structural design. The CNF network is
used as the current collector and S holder to overcome the insulating nature and
volume expansion of S, while the composite membrane comprises a gel polymer
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDE-HFP), and CNF additive
is used as an interlayer to trap polysulfides and recycle the remaining S species,
leading to a high specific capacity and long cycle life. This 3D structure enables
excellent cyclability for 500 cycles at 0.5 ‘C with a small capacity decay of
0.092% per cycle. Furthermore, an outstanding cycle stability was also achieved
at even higher current densities (1.0 to 2.0 °C), indicating its good potential for
practical applications of Li-S batteries.

to its high theoretical specific capacity (1,675 mAh-g™)
and energy density (2,567 Whkg™) [4-6]. In addition,

With the increased popularity of portable electronic
devices and electric vehicles, there is a demand for
enhanced lithium-ion battery (LIB) performance.
However, the theoretical specific capacities of com-
mercial cathode materials, such as LiCoO, (274 mAh-g™)
[1] and LiFePOs (170 mAh-g™) [2, 3], are too low to
satisfy the demands. Recently, lithium-sulfur (Li-S)
battery has become increasingly attractive owing

Address correspondence to chongwuz@usc.edu

{8) TRINGHNA € Springer

the cost can be significantly reduced because of the
relative abundance of S in the Earth’s crust. Never-
theless, the commercialization of Li-S batteries is
limited by several obstacles [7]. First, both S and its
solid reduction products (Li,S and Li,S;) are electrically
insulating, so a significant portion of active materials
cannot be utilized; thus, the overall specific capacity
is reduced. Second, the volumetric expansion of S
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during cycling can be as large as 80% [8], which
decreases the structural integrity of the entire cathode.
Third, high-order polysulfides (S*7, 3 < x < 8) can be
generated during the discharge/charge processes,
and dissolve into the organic electrolyte. During
cycling, these polysulfides shuttle to the surface of Li
metal, and are reduced to insoluble Li,S and Li,S,.
This is the so-called shuttle effect, resulting in extremely
poor cycling performance and low Coulombic
efficiencies [9]. Then, if Li metal is used as the anode
directly, Li dendrites that are formed during cycling
can puncture the separator, leading to a short cycling
life and severe safety issues [10].

In order to overcome the limitations mentioned
above and realize Li-S batteries for practical applications,
many strategies have been explored. For example, a
conductive carbon matrix, which can work as the S
host, has attracted extensive attention [8, 11-17].
Specifically, the free-standing conductive carbon
nanofiber (CNF)/carbon nanotube (CNT) network,
which has also been confirmed to be a promising
candidate in other energy-storage devices [18-23],
shows outstanding potential to overcome the insulating
nature and volumetric expansion of S owing to its
remarkable conductivity, large surface area, and
good mechanical stability [24, 25]. Recently, a poly-
sulfide-containing liquid catholyte has been reported
to achieve a higher utilization of active materials
because it avoids the insulating solid phase of S
[26-28]. In addition, to further improve the performance,
a number of studies focused on the suppression of
the shuttle effect. For instance, a variety of porous
carbon interlayers between the cathode and anode
were used to absorb polysulfides during cycling
[29-33]. However, the bare porous carbon interlayers
did not solve the shuttle effect completely, and based
on a previous report, the cycle life is still not long
enough for practical applications [34, 35]. As a result,
further research is still needed to improve the battery
performance.

Besides highly porous carbon interlayers, certain
gel polymers have previously been used as a gel
electrolyte and can trap polysulfides [36—40]. In ad-
dition, the gel polymer can also provide a physical
barrier to inhibit the internal shorting after long
cycles and address the safety issues [41, 42]. In this
£
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way, we believe that the family of gel polymers
provides promising choices for interlayers; however,
the Li-ion conductivity of most gel polymer electrolytes
at room temperature is too low for directly utilization
in Li-S batteries [42, 43]. Poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) is a copolymer
that has been extensively studied as a gel polymer
electrolyte [44-46], and it consists of crystalline poly
(vinylidene difluoride) (PVDEF), which can provide
sufficient mechanical strength to form a free-standing
film, and amorphous hexafluoropropylene (HEFP),
which can absorb large amounts of liquid electrolyte
to improve the ionic conductivity. A phase-inversion
technique [46, 47] was developed to form PVDE-HFP
membranes with relatively high ionic conductivity (1.2 x
10°S-em™ at room temperature), making it an ideal
candidate for polysulfide-trapping interlayers [36, 37,
48].

In the present work, our main goal is to create a
PVDF-HFP+CNF composite interlayer, and to cap it
onto a CNF+Li,Ss composite cathode, thus forming a
three-dimensional (3D) structural design (as illustrated
in Fig. 1(a)) with a multitude of benefits. While CNF
in the CNF+Li,S; cathode provides good electrical
conduction and accommodates the volume expansion
of the embedded sulfur, the PVDF-HFP layer can
block the migration of polysulfides to suppress the
shuttle effect, and our approach of embedding CNF
into the PVDF-HFP layer can extend the electrical
conduction to the polysulfides trapped in the PVDEF-
HEP, thus enabling the polysulfides to participate in
the charging/discharging process [49]. Without PVDE-
HFP in the interlayer, as shown in Fig. 1(b), dissolved
polysulfides can migrate through the large pores of
the CNF network, react with the Li anode, and form
insoluble Li,S/Li,S,, resulting in a rapid decrease in
the capacity. However, when a pristine PVDE-HFP
membrane without embedded CNFs is used as an
interlayer, an increasing number of polysulfides will
be absorbed over time, accumulate in the PVDF-HFP
membrane, and lose electrical contact with the current
collector, leading to a reduction in the total number
of active materials (shown in Fig. 1(c)). Our 3D structural
design results in a cathode showing impressive cycling
performance at a current rate of 0.5°C when the S
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Figurel Schematics of cells with (a) a PVDF-HFP+CNF interlayer,
(b) a pristine CNF interlayer, and (c) a pristine PVDF-HFP interlayer
after discharge processes. The brown particles, blue particles, and
spaghetti-like black lines represent S, Li, and CNF, respectively.
For clarity, the presence of PVDF-HFP can eliminate the shuttle
effect of polysulfides, and the presence of CNF can recycle the S
residues in the interlayer, leading to high specific capacities and
good cyclability.

loading is 1.7 mg-cm™ (small capacity decay of 0.092%
per cycle over 500 cycles). Furthermore, an excellent rate
capability was also achieved up to 2.0°C. A detailed
analysis demonstrates that the PVDF-HFP+CNF
membrane plays an important role in the outstanding
performance, while its excellent flexibility makes it a
promising candidate for use in flexible batteries. The
whole process is scalable and inexpensive, which is
suitable for practical applications of Li-S batteries.

2 Experimental

2.1 Preparation of CNF free-standing networks

The method employed to prepare CNF free-standing
networks is described below. The CNFs that we used

are commercially available PR-24-XT-HHT from Py-
rograf Products, which was fully graphitized using a
3,000 °C procedure for high conductivity, and has a
specific surface area of 34.9 m*g™, which was dete-
rmined by performing Brunauer-Emmett-Teller (BET)
analysis. The CNF free-standing networks were prepared
using a convenient vacuum filtration method [20].
Before filtration, the CNFs were treated by a mixture
of nitric acid (HNO;) and sulfuric acid (H,SO,) to
make them hydrophilic. The volumetric ratio of HNOs
and H,SO, was 3:1. In a typical acid treatment, 200-mg
CNFs were well mixed with 20 mL acid solution and
heated to 90 °C for 10 h. The mixture was then diluted
using 1 L deionized water, and was filtrated to obtain
acid-treated CNFs. To prepare our desired CNF net-
works, 20 mg of acid-treated CNFs were well-dispersed
in 20 mL of ethanol by ultra-sonication and stirring,
followed by a vacuum filtration process. After drying,
a CNF film can be peeled off from the filtration paper
easily, and punched into 1.5 cm? pieces. The total
weight of a single CNF piece is about 2.8 mg.

2.2 Preparation of PVDF-HFP+CNF interlayers

The PVDF-HFP+CNF interlayers were prepared using a
modified phase-inversion method [36, 46]. Commercially
available PVDF-HFP was purchased from Sigma-Aldrich
and dissolved in N-methyl pyrrolidone (NMP) solvent
to prepare a 10% PVDF-HFP solution. The solution
was placed in a 60°C oven for one week to ensure
complete dissolution. Afterwards, acid-treated CNFs
were mixed with the PVDF-HFP solution with a mass
ratio of 1:40 (the mass ratio of CNF and pristine
PVDF-HFP was 1:4) and milled into a slurry. The
slurry was spread onto clean glass slides using a doctor
blade, and then dried at 60°C in an oven for 1 h. After
flowing water continuously, free-standing PVDF-HFP+
CNF membranes can be peeled off easily and dried at
60 °C overnight. Finally, the as-prepared PVDF-HFP+
CNF membranes were punched into 2 cm? pieces, which
are slightly larger than the aforementioned CNF pieces.
The total mass of the PVDE-HFP+CNF interlayer is
about 3.1 mg.

2.3 Electrochemical measurements

An Li,S, solution with 4 molar sulfur in dimethoxyethane
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(DME) was prepared using a solid-state stoichiometric
reaction. Typically, 533-mg S powders and 154-mg

Li,S powders were mixed and added to 5-mL of DME.

The mixture was stirred and heated up to 90 °C for
two days to ensure a complete reaction. A specific
amount of Li,S, solution was dropped onto CNF
networks and dried to prepare an S cathode with
various loadings. As the electrolyte, we used 1-M
lithium bis(trifluoromethanesulfonyl)imide (LITFSI)
in 1,2-DME and 1,3-dioxolane (DOL) (volume ratio
1:1) with 0.2 M of lithium nitrate (LiNOj;) additive. A
typical CR2032 coin cell was assembled using a piece
of Li foil as the counter electrode with PVDF-HFP+CNEF,
pristine CNF, or pristine PVDF-HFP membrane as the
interlayer between the S cathode and the separator. A
total of 30 pL of electrolyte was added on both sides
of the interlayer. Cycling tests were carried out using
a Neware battery testing instrument. The discharge/
charge voltage range was 1.7-2.7V, and 1°C was
defined as 1,675 mA-g™. The specific capacities were
calculated based on the total mass of sulfur. The
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed on
a Gamry electrochemical workstation.

2.4 Material characterization

The surface area of the CNF films was measured
using a BET analyzer, and the sheet conductivity was
measured using the four-probe method. The morph-
ology of electrodes was characterized using a JEOL
JSM-7001 scanning electron microscope (SEM) operated
at 15kV, which has analytical detectors for an
energy-dispersive X-ray spectrometer (EDX). Samples
after cycling were washed by DME twice to remove
the electrolyte residue and dried in an argon-filled
glovebox. To examine the absorption capability of
PVDF-HFP, a 20-pL Li,S¢ solution was dropped onto
both CNF and PVDF-HFP+CNF membranes. The
as-prepared samples were dried in an Ar-filled glovebox
and submerged into 2-mL DME for one day. A solution
of 20-uL pristine Li,S; was added to 2-mL DME as a
control sample. The ultraviolet—visible (UV-vis) absorp-
tion spectra were collected using a Perkin-Elmer UV-
vis-NIR spectrometer after diluting with a dilution
factor of 2.

&
o’

3 Results and discussion

Commercially available CNFs were treated using a
strong acid and vacuum filtrated to form free-standing
thin films. The BET surface area was measured as
349 m*>g" (as shown in Fig.S1 in the Electronic
Supplementary Material (ESM)). The sheet resistance
of CNF films was determined to be 11 Q-0 at 25 °C
using the four-probe method, and the conductivity is
calculated to be 9.1 x 102 Sm™. These porous and
conductive CNF films were used as S reservoirs as
well as current collectors. As can be seen from the
SEM image shown in Fig. 2(a), the high porosity of
the CNF network provides a large surface area for
redox reactions, and a sufficient void space for the
volume expansion. In addition, the interconnected
CNFs enable fast electron transfer during cycling.
Furthermore, the CNF network can also absorb and
store liquid electrolytes with high ionic conductivity
for fast Li-ion transfer during cycling. The cross-sectional
SEM image of a pristine CNF S holder is shown in
Fig. S2 (in the ESM), and its thickness is measured to
be around 100 um. A specific amount of Li,Ss was
dissolved in the DME solvent and added to the CNF
network by dropping and evaporation. The total
amount of S in the CNF network can be controlled by
the concentration of the Li,S¢ solution and the added
volume. Typically, an Li,Ss solution containing 4
molar sulfur was used owing to the proper viscosity
for permeation. The SEM image of the as-prepared
CNF+Li,S¢ cathode is shown in Fig. 2(b). Li,Ss fills
part of the void space and disperses uniformly across
the CNF network. In general, the dimension of Li,S;
is of the order of several micrometers, and almost no
aggregated Li,Ss was observed. The PVDF-HFP+CNF
membrane was synthesized using a modified phase-
inversion method, and the morphology is shown in
Fig. 2(c). In a typical synthesis, 10% PVDF-HFP solution
was prepared by dissolving a specific amount of
commercial PVDF-HFP into the DME solvent. Then,

acid-treated CNFs were ground in the PVDF-HFP
solution (the mass ratio of PVDF-HFP and CNF was
4:1), and the slurry was spread onto clean glass slides,
followed by drying at 60 °C for 1 h. Afterwards, the
glass slides were rinsed with water, and free-standing
PVDEF-HFP+CNF membranes could be peeled off easily.

()] rl[;NSWIE}SSI(T}YI'gg gAs @ Springer | www.editorialmanager.com/nare/default.asp



Figure 2 Pre-cycle morphologies: SEM images of (a) the CNF
S holder, (b) the CNF+Li,S¢ cathode, (c) the top view of the
PVDF-HFP+CNF membrane (the inset is a photo to show the
flexibility), and (d) a cross-sectional view of the PVDF- HFP+CNF
membrane. The CNF S holder provides a large surface area,
excellent conductivity, and sufficient mechanical strength to hold
high loading of S, improve the electrical conductivity, and
withstand the volume variation. However, the PVDF-HFP+CNF
membrane works as a functional interlayer to avoid the shuttle
effect and recycle the residue of S species.

Note that we rationally modified the traditional phase-
inversion method. Traditionally, the non-solvent (water)
is usually added to the PVDF-HFP solution before
the solvent (NMP or acetone) was evaporated, resulting
in highly porous membrane morphology [46, 47]. In
our work, we first evaporated the NMP solvent at 60°C
for 1 h, and thus only a trace amount of NMP solvent
existed in the hybrid membrane when exposed to
water. In this way, the hybrid membrane can still be
peeled off easily, and the membrane with less porosity
can provide additional physical barriers to trap
polysulfides. In contrast to a pristine CNF membrane,
the hybrid gel membrane blocks the path for long-
chain polysulfide migration; however, Li-ions can
still move through the gel polymer electrolyte freely,
and shuttle between the cathode and anode. Furth-
ermore, the mechanical strength of the PVDF-HFP+
CNF membrane was improved significantly compared
with the pristine CNF membrane because the crystalline
PVDF regions serve as physical cross-links. A photo-
graph of the PVDF-HFP+CNF membrane is shown in
the inset of Fig. 2(c), and it exhibits excellent flexibility,
which is suitable even for flexible batteries. The cross-
sectional SEM image of the PVDF-HFP+CNF membrane

is shown in Fig. 2(d). The thickness is only around
20 um, which is sufficient to trap polysulfides, but
would not contribute significantly to the total volume.
After assembling a battery, the thickness of the CNF S
holder was around 50 pm, and the thickness of the
interlayer was around 6 pm inside the battery, as
shown in Fig. S3 (in the ESM). The sheet resistance of
the PVDE-HFP+CNF membrane was determined to
be 92 Q-0 at 25°C using the four-probe method,
and the electron conductivity is calculated to be 5.6 x
102 S'‘m™. The ion conductivity of the membrane was
measured by EIS, and the test cell was assembled by
sandwiching a piece of PVDF-HFP+CNF membrane
between two stainless steel blocking electrodes [50].
The impedance spectrum is shown in Fig. S4 (in the
ESM), and its ion conductivity is calculated to be 2.1 x
10*S-cm™.

In order to demonstrate the advantages of our
proposed design, a series of electrochemical measur-
ements were carried out. CNF+Li,S, films with various
loading values of S were tested as the cathode, and Li
metal foils were used as the anode. Additional pristi-
ne CNF membranes, pristine PVDF-HFP membranes,
and the aforementioned PVDF-HFP+CNF membranes
were used as interlayers for the control samples and
experimental samples. To confirm the advantages of
the PVDE-HFP+CNF membrane, the cyclability of the
batteries was examined with different loading values
of S at various current densities. The long-cycle stability
of our proposed design with 1.7-mg-cm™ S is illustra-
ted in Fig. 3(a). The cell with a PVDF-HFP+CNF inte-
rlayer exhibited stable discharge/charge capacities up
to 500 cycles with a small degrading rate of 0.092% per
cycle, which is much lower than the cell with a CNF
interlayer (0.360% per cycle) and the cell with a PVDE-
HFP interlayer (0.319% per cycle). Furthermore, the
average Coulombic efficiency is calculated to be 98.3%,
indicating high reversibility and excellent electroch-
emical stability. The rate capability of the experimental
sample with 1.7-mg-cm™ S is shown in Fig.3(b). The
current rates were increased from 0.2 to 0.5, 1.0, 1.5,
and 2.0 °C, and were finally kept at 1.0°C. The battery
with a PVDE-HFP+CNF interlayer exhibits high specific
capacities and excellent capacity reversibility at all the
discharge/charge rates. When the current rate was reset
to 1.0°C, there was no significant degradation up to

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 Electrochemical characterizations: (a) long-cycle performance of batteries with a pristine CNF interlayer, a pristine
PVDE-HFP interlayer and a PVDF-HFP+CNF interlayer when the loading is 1.7 mg-cm > S, and the current rate is 0.5 °C, together with
the Coulombic efficiencies of the battery with a PVDF-HFP+CNF interlayer; (b) rate capability of a battery with a PVDF-HFP+CNF
interlayer when the S loading is 1.7 mg-em % (c) discharge/charge curves at various current densities for a battery with a PVDE-
HFP+CNF interlayer; (d) Nyquist plots of batteries with a CNF interlayer, a PVDF-HFP interlayer, and a PVDF-HFP+CNF interlayer
after the 10th discharge process, together with the corresponding equivalent circuit. All of the specific capacities were calculated based
on the total mass of S.

400 cycles, and the degrading rate is only as small as  of our design remained intact after going through
0.066% per cycle, suggesting that the whole structure ~ high current densities. In order to satisfy the demand
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for practical applications, we increased the S loading
to 3.4 mg-cm™? (as shown in Fig. S5 in the ESM). The
cell with a PVDF-HFP+CNF interlayer still showed
impressive retention of capacity over 300 cycles (small
capacity decay of 0.125% per cycle). Figure S5 in the
ESM shows the comparison of the cycling performance
for three kinds of batteries: batteries with PVDE-HFP+
CNF interlayer, batteries with only a CNF interlayer
(i.e,, no PVDF-HFP), and batteries with only a PVDF-
HFP interlayer (i.e,, no CNF). The data clearly show
that batteries with a PVDF-HFP+CNF interlayer give
the best performance. We compared the areal discharge
specific capacities of our design after 100 cycles and
300 cycles with other recently published results that
used the inexpensive CNF as the conductive matrix
for Li-S, as shown in Table S1 in the ESM [17, 51-55].
Note that our 3D structural design enables outstanding
performance in terms of both the areal specific capacity
and cyclability. Figure 3(c) depicts the corresponding
discharge/charge curves for the experimental samples
at various current rates. The batteries were cycled
between 1.7 and 2.7 V, and two flat voltage plateaus
are observed at 0.2 °C during the discharge process.
The higher discharge plateau around 2.3 V corresponds
to the electrochemical transformation of solid sulfur
(Ss) to soluble long-chain polysulfides (Li,S,, 3 < x <
8), and the lower discharge plateau close to 2.1V is
known to indicate the formation of insoluble Li,S,
and Li,S. Continuous charge plateaus from 2.2 to
2.4 V were also observed, and can be attributed to the
successive conversion of Li,S to Sg. When the current
rates increased to 0.5, 1.0, 1.5, and 2.0 °C, obvious
plateaus can still be observed within the same voltage
window, confirming the excellent electrical conductivity
of the cathode and good ionic conductivity of the gel
interlayer. The CV profiles of batteries with PVDF-
HFP+CNF collected at a scan rate of 0.1 mV-s™ are
presented in Fig. S6 (in the ESM). Two separate reduction
peaks and overlapped oxidation peaks were detected,
which are typical in Li-S batteries, and are consistent
with the discharge/charge plateaus. In addition, there
was no significant difference between the CV curves
of the 2nd cycle, the 5th cycle, the 10th cycle, and the
20th cycle, revealing the outstanding reversibility of
batteries with a PVDF-HFP+CNF interlayer.

In order to further clarify the function of the PVDEF-

HFP+CNF membrane, EIS was conducted after the
10th discharge process, as shown in Fig. 3(d). The
Nyquist plots are composed of two depressed semicircles
in the high-to-medium-frequency region and a straight
line in the low-frequency region, which are typical
for Li-S batteries, and which can be attributed to the
solid-electrolyte interface (SEI) resistance (Rsg), the
charge-transfer resistance (Rcr), and the Warburg
impedance. The intercept of the first semicircle at the
Z’ axis usually reflects the electrolyte resistance (Rq).
After fitting the spectra with a suitable equivalent
circuit model (the equivalent circuit is shown in the
inset of Fig. 3(d), the fitted values are shown in Table
S2 (in the ESM), and the fitting curves are shown in
Fig. S7 in the ESM), the cell with a PVDF-HFP+CNF
interlayer showed a much lower Rgy and Rer (Rsgr =
2.482 Q), Rer = 6.737 )) compared with the cell with a
pristine CNF interlayer (Rgg; = 5.269 Q, Rer =19.57 Q).
The reduction in the resistance after introducing
PVDE-HFP indicates that this gel polymer electrolyte
can limit the shuttling of polysulfides and effectively
suppress the accumulation of electrically inert Li,S/Li,S,
on electrodes. The cell with a pristine PVDF-HFP me-
mbrane has a similar Rer as the cell with a PVDF-
HFP+CNF membrane; however, its R (13.19) and Reg
(143.0 Q) are much larger, indicating that the presence
of CNF additives reduces the electrolyte resistance
and shortens the ion-transfer distance effectively.

In order to understand the mechanism of the impr-
ovement from the PVDF-HFP+CNF membrane, post-
cycle SEM images were taken. The cells with and
without a PVDF-HFP+CNF interlayer were disassem-
bled, and the PVDF-HFP+CNF interlayer and CNF S
holders were washed by DME twice and dried in an
Ar-filled glovebox before taking SEM images. Both
sides of the PVDF-HFP+CNF interlayer were investigated
after cycling for 20 cycles. The SEM image and the
corresponding EDX spectrum of the side facing the Li
metal anode are shown in Figs. 4(a) and 4(b), respectively.
The surface of this side was very flat, and almost no
deposited S species can be observed. Based on the
EDX spectrum of this area, the atomic composition of
S was as low as 0.22%. In comparison, the SEM image
and the corresponding EDX spectrum of the side
facing the CNF S holder are shown in Figs. 4(c) and
4(d), respectively. A large number of deposited S
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species can be observed on the surface. The existence
of a large amount of S can be further confirmed by
the EDX spectrum in Fig. 4(d), and the atomic composition
of S on this side was 6.29%, which was much larger
than on the other side. The significant difference in
the S composition on both sides confirms that the
PVDF-HFP+CNF interlayer works as an effective
physical barrier to hinder polysulfide migration, and
only trace amounts of the S species can move through it
[56]. Figure 4(e) shows an SEM image of a cathode
from a cell without a PVDE-HFP+CNF interlayer
after the 10th discharge process. A large number of
solid residue accumulated on the surface of the CNFs,
which was also reported in other conductive carbon
matrices [57]. EDX was conducted, and the spectrum
is shown in Fig. S8(a) (in the ESM). Only peaks for C,
O, and S were present, which confirms the complete
removal of electrolyte as no peak for F or N was
observed. We believe that the residue was mainly
composed of the insoluble and electrically insulating
Li,S/Li,S,0r S, which does not participate in the charge/
discharge processes, leading to a rapid degradation
of the capacity. In addition, the undesired residue
blocked the pores of the CNF network, hindered the
Li-ion and electron transport, and resulted in high
resistances, as shown by the EIS data. After longer
cycles, an increasing amount of residue aggregated,
and the pores would eventually be completely blocked,
leading to the failure of the cell. In comparison, the
SEM images of the CNF S holder from cells with
PVDF-HFP+CNF after the 10th discharge process is
shown in Fig. 4(f). Only micron-sized S species were
deposited inside the CNF network (confirmed by the
EDX spectrum in Fig. S8(b) in the ESM). Theoretically,
Li,S, is reduced to Li,S/Li,S, after discharging, and
oxidized to elemental sulfur after charging, which is
consistent with our observation. The small particles
were trapped by the conductive CNF, and kept active
during the discharge/charge processes. Similar
morphology differences were also noticed after the
10th charge process, as shown in Fig. S9 (in the ESM),
confirming the effectiveness of PVDF-HFP+CNEF. The-
refore, we believe that the PVDF-HFP gel polymer
electrolyte suppressed the unreactive residue aggregation
by covering the cathode surface closely, leading to a

high utilization rate of S species, and thus a long
cycle life.

In order to further confirm the reversibility of the
polysulfide trapping process in the interlayer, the
cross-sectional morphologies of the 3D structures
consisting of a PVDF-HFP+CNF interlayer and a CNF S
holder after 10 cycles are shown in Fig. 5, together
with the corresponding EDX mapping images of C, O,
F, and S. The whole 3D structures were washed with
DME three times to remove the electrolyte completely.
In order to verify the successful removal of the electrolyte,
a pristine PVDF-HFP+CNF membrane was soaked in
the electrolyte and washed using the same method as
a control experiment. The corresponding cross-
sectional SEM and EDX mapping images are shown
in Fig. S10 (in the ESM). Because there is almost no S
signal in Fig. S10(e) (in the ESM), we can conclude
that the electrolyte residue was removed completely
with this method, and all the S signals in Fig. 5 came
from the S species. Figures 5(a)-5(e) show the cross-
sectional SEM and EDX mapping images at the
interface of the CNF S holder and PVDF-HFP+CNF
interlayer after the 10th discharge process. During
the discharge process, a long-chain S species would
be reduced to a short-chain S species and migrate
towards the anode part. Based on the cross-sectional
images and the corresponding EDX mapping images,
more S species are dispersed in the PVDE-HFP+CNF
interlayer than in the CNF S holder, indicating that
the PVDF-HFP+CNF interlayer has a stronger trapping
effect than the pristine CNF network. After the 10th
charging process, the cross-sectional SEM and EDX
mapping images at the interface are shown in Figs.
5(f)-5(j). It is clear that most of the S was dispersed in
the CNF S holder, and almost no S signal can be detected
in the PVDF-HPF+CNF interlayer. This demonstrates
that the S species can move back to the CNF S holder
during the charging process, and that the trapping
process of the interlayer is highly reversible, which is
confirmed by the excellent cyclic performance. In
principle, much higher loadings of S can be achieved
by stacking more layers of CNF S holders or
PVDEF-HFP+CNF interlayers, leading to a competitive
areal energy density for practical applications.
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Figure 4 Post-cycle surface morphology study: the SEM image (a) and EDX spectrum (b) of the side of the PVDF-HFP+CNF
interlayer facing the Li metal anode (the inset of (b) shows the corresponding elemental composition) after 20 cycles; the SEM image (c)
and EDX spectrum (d) of the side of the PVDF-HFP+CNF interlayer facing the CNF+Li,Ss cathode (the inset of (d) shows
the corresponding elemental composition) after 20 cycles; surface morphologies of CNF S holders from cells without (e) and with (f) a
PVDF-HFP+CNF interlayer after the 10th discharge process. Here, the current density that we used was 0.2 °C. Compared with the side
of the PVDF-HFP+CNF interlayer facing the CNF+Li,S¢ cathode, there is almost no sulfur deposition on the side facing the Li metal
anode, demonstrating the effectiveness of the polysulfide trapping layer. Without PVDF-HFP, a large number of dead solid residue of S
species accumulated on the surface of the CNF S holder and blocked the pores, resulting in a fast fading rate and short cycle life.
However, with the protection by PVDF-HFP, only micron-sized particles were observed inside the CNF S holder, leading to a high

utilization ratio and fast Li-ion/electron transport.

To verify the polysulfide-trapping capability of the
PVDF-HFP+CNF interlayer, we performed an abso-
rption test, as described below. 20 uL of 4-M Li,S4 sol-
ution (based on the S mass) was placed onto both CNF

(B TRNGHYA € Springer

and PVDF-HFP+CNF interlayers. The two pieces of
interlayers were dried in an Ar-filled glovebox and
immersed in 2-mL DME solvent separately. After
soaking for one day, a significant color difference was



Figure 5 Post-cycle cross-sectional SEM images and EDX mappings at the interface of the CNF S holder and PVDF-HFP+CNF
interlayer: (a) cross-sectional morphologies after the 10th discharging process; EDX mapping of (b) C, (c) O, (d) F, and (e) S for the area in (a);
(f) cross-sectional morphologies after the 10th charging process; EDX mapping of (g) C, (h) O, (i) F, and (j) S for the area in (f). Based
on the cross-sectional and EDX mapping images, S species were trapped by the PVDF-HFP+CNF interlayer after the discharging
process, and returned to the CNF S holder after the charging process, indicating the reversibility of the polysulfide trapping process.

observed, as shown in Fig. S11(a) (in the ESM). The
sample with the CNF interlayer became dark brown,
which is similar to the pristine Li,S, solution. However,
the sample with the PVDF-HFP+CNF interlayer is
relatively transparent with a slight yellow color,
indicating that most of the Li>S¢ was still preserved in
the PVDF-HFP copolymer. To analyze the S concentration
quantitatively, a series of UV-vis spectra were taken
from the diluted samples, as shown in Fig. S11(b) (in
the ESM). Compared with CNF+Li,S,, a weaker band
close to 300 nm, which corresponds to Se* [58], was
shown in the PVDF-HFP+CNF+Li,S¢ sample. This
indicates that less Li,S; was present in the solution,
and thus more Li,S, remained in PVDF-HFP. This
strongly supports our analysis that PVDF-HFP can
suppress the migration of polysulfides to the anode,
thus alleviating the shuttle effect.

4 Conclusions

In summary, we developed a feasible and low-cost
3D structure for Li-S batteries by capping a flexible
PVDF-HFP+CNF gel membrane onto a free-standing

{8) TRINGHNA € Springer

and binder-free CNF+Li,Ss composite cathode. While
the CNF network provides excellent conductivity for
electron transport, a large surface area to hold active
materials, and strong mechanical stability to endure
volume expansion, the functional PVDF-HFP+CNF
interlayer is permeable to Li-ions, while it hinders the
shuttling of polysulfides and extends the electrical
conduction of the CNF current collector to help with
the recycling of active materials. As a result, high and
reversible capacities up to 500 cycles were achieved
with an S loading of 1.7 mg-cm™ (a small capacity
decay of 0.092% per cycle). In addition, the proposed
3D structure enables stable cycling at even higher
current rates (1.0 to 2.0 °C). The whole production
process is inexpensive, scalable, and environmentally
friendly, making it a practical candidate for various
commercial applications.
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Table S1 Detailed comparison of this work with other Li-S battery works that utilized the inexpensive carbon nanofiber as conductive
matrix. [1-6]

Work S Loading  Rate Discharge Capacity after  Areal Capacity after Discharge Capacity after Areal Capacity after
(mg/em?) (©) 100 cycles (mAh/g) 100 cycles (mAh/ecm?) 300 cycles (mAh/g) 300 cycles (mAh/cm?)
17 0.5 868 1.48 671 1.14
This Work 1 729 1.24 595 1.01
34 0.5 647 2.29 524 1.78
Ref.1 1 0.5 700 0.7 - -
Ref2 0.95 0.5 820 0.779 - -
1 700 0.665 - -
Ref.3 1.5 1 600 0.9 - -
Ref.4 1.5 0.5 790 1.185 620 0.93
Ref.5 0.8 0.5 700 0.56 - -
Ref.6 0.99 1 370 0.366 340 0.337

Table S2 Comparison of Ry, Rgg; and Rer for batteries with CNF, PVDF-HFP and PVDF-HFP+CNF interlayers after the 10th discharge
process. Rn, Rsgr, and Ret represents the electrolyte resistance, the SEI resistance and the charge-transfer resistance, respectively.

Rq () Rsgr (©2) Rer ()
With CNF 4.751 5.269 19.57
With PVDF-HFP 13.19 143.0 6.537
With PVDF-HFP+CNF 3.686 2.482 6.737
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FigureS1 Nitrogen sorption isotherm of CNF.

Figure S3 The cross-sectional SEM image of a CNF+Li,S4 cathode capped by a PVDF-HFP+CNF interlayer from a disassembled
coin cell.
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Figure A Impedance spectrum of a PVDF-HFP+CNF membrane at 25 °C, recorded between stainless steel blocking electrodes.
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Figure S5 The cycling stability of batteries with a PVDF-HFP+CNF interlayer, a PVDF-HFP interlayer and a CNF interlayer when
the S loading is 3.4 mg cm™.
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Figure S6 The 2nd, 5th, 10th and 20th cycle CV curves of a battery with a PVDF-HFP+CNF interlayer.
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Figure S7 Nyquist plots together with fitting curves of batteries with (a) a pristine CNF interlayer, (b) a pristine PVDF-HFP interlayer
and (c) a PVDF-HFP+CNF interlayer after the 10th discharge process.
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Figure S8 EDX spectra on the surface of CNF S holder from batteries with (a) a pristine CNF interlayer and (b) a PVDF-HFP+CNF

interlayer after the 10th discharge process.

Figure S9 SEM images on the surface of CNF S holder from cells with (a) a pristine CNF interlayer and (b) a PVDF-HFP+CNF

interlayer after the 10th charge process.

Figure S10 (a) The cross-sectional SEM image and the corresponding EDX mapping images of (b) C, (c) O, (d) F and (e) S of a
PVDF-HFP+CNF membrane after soaking in electrolyte and washing with DME twice.
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Figure S11 A CNF and PVDF-HFP+CNF interlayers were dropped by Li,S4 solution and submerged into DME to examine their
absorption capability. (a) A photo and (b) UV-vis spectra were used to show the color difference qualitatively and quantitatively. The
sample with PVDF-HFP absorbed more polysulfides and less Li,S¢ was detected in the DME solution, confirming the outstanding
absorption capability.
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