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ABSTRACT: Lithium−sulfur (Li−S) batteries are regarded as promising
next-generation high energy density storage devices for both portable
electronics and electric vehicles due to their high energy density, low cost,
and environmental friendliness. However, there remain some issues yet to
be fully addressed with the main challenges stemming from the ionically
insulating nature of sulfur and the dissolution of polysulﬁdes in electrolyte
with subsequent parasitic reactions leading to low sulfur utilization and poor
cycle life. The high ﬂammability of sulfur is another serious safety concern
which has hindered its further application. Herein, an aqueous inorganic
polymer, ammonium polyphosphate (APP), has been developed as a novel
multifunctional binder to address the above issues. The strong binding
aﬃnity of the main chain of APP with lithium polysulﬁdes blocks diﬀusion
of polysulﬁde anions and inhibits their shuttling eﬀect. The coupling of APP
with Li ion facilitates ion transfer and promotes the kinetics of the cathode reaction. Moreover, APP can serve as a ﬂame
retardant, thus signiﬁcantly reducing the ﬂammability of the sulfur cathode. In addition, the aqueous characteristic of the binder
avoids the use of toxic organic solvents, thus signiﬁcantly improving safety. As a result, a high rate capacity of 520 mAh g−1 at 4 C
and excellent cycling stability of ∼0.038% capacity decay per cycle at 0.5 C for 400 cycles are achieved based on this binder. This
work oﬀers a feasible and eﬀective strategy for employing APP as an eﬃcient multifunctional binder toward building nextgeneration high energy density Li−S batteries.

■

INTRODUCTION

(LiPSs) and large volume change during charge/discharge
processes.7−9
In the past decade, intense research eﬀorts have focused on
controlling polysulﬁdes by physical conﬁnement of sulfur
within the pores of various carbon materials10−16 or chemical
immobilization of sulfur species through the introduction of
polar hosts such as heteroatom doped carbon materials,17,18
metal oxides,19,20 metal sulﬁdes,21,22 and metal organic
frameworks.23 Signiﬁcant eﬀort has also been applied toward
the development of coatings of organic polymers with LiPS
trapping capability. For example, polyacrylonitrile−sulfur
composites24,25 or polyaniline nanotube or polyvinylpyrrolidone encapsulated sulfur cathodes26,27 have been developed to
reduce the dissolution and shuttle eﬀect of polysulﬁdes.
Modiﬁcation of separators or the introduction of an interlayer

As traditional intercalation transition metal oxide and
phosphate cathode materials approach their theoretical capacity
in lithium ion batteries (LIBs), it becomes challenging for them
to meet the growing requirements for applications such as longdistance driving of electric vehicles.1−3 Lithium−sulfur (Li−S)
battery, one of the most promising next-generation high energy
battery systems, has attracted signiﬁcant attention due to its
high theoretical speciﬁc energy, which is ﬁve times higher than
that of state-of-art LIBs.4,5 Meanwhile, sulfur is one of the most
abundant elements on earth and is a byproduct of fossil fuel
reﬁning and gas desulfurization processes, making it available at
low cost and at large scale.6 Despite showing great promise,
there are several problems which have impeded the practical
application of Li−S batteries including the insulating nature of
sulfur and Li2S, safety issues caused by its high ﬂammability,
and serious side eﬀects caused by soluble lithium polysulﬁdes
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Figure 1. LiPS adsorption and swelling properties. (a) Commercially available APP used as fertilizer. (b) Digital image of the Li2S6 (0.005 M)
captured by PVDF and APP in DOL/DME solution. (c) UV/vis absorption spectra of Li2S6 solution before and after the addition of PVDF and
APP. Chemical structures of (d) APP and (e) PVDF binders. Adsorption conformations and binding strengths for Li2S6 on (f) APP and (g) PVDF
polymers. (h) Binding strengths for APP and PVDF with various Li−S species. (i) Swelling ratios of the APP and PVDF binders.

■

RESULTS AND DISCUSSION
APP is commercially used as a food additive, emulsiﬁer, and
fertilizer available at large scale and low cost (Figure 1a). Here
we employ it as a multifunctional binder. The absorptivity of
APP and commonly used PVDF binder toward LiPSs was
quantitatively evaluated by adding diﬀerent masses of binder
with the same total surface area (calculated based on the BET
speciﬁc surface area) into a dioxolane/dimethoxyethane
(DOL/DME, 1:1, v:v) solution containing 0.005 M Li2S6.
After adsorption and rest for 4 h, there is no obvious color
change of the polysulﬁde solution after adsorption by PVDF,
suggesting weak adsorption of polysulﬁde (Figure 1b). In sharp
contrast, APP demonstrates signiﬁcant polysulﬁde adsorption
capability and the color of the polysulﬁde solution changes
from yellow to nearly colorless, indicating strong interaction
between Li2S6 and APP binder. In order to further probe the
polysulﬁde trapping ability of diﬀerent binders, the supernatant
liquid of the three bottles after adsorption was analyzed by
ultraviolet−visible (UV−vis) absorption spectroscopy, and the
concentration variation of Li2S6 solution before and after
adding various binders is shown in Figure 1c. All samples
exhibited a broad absorption region between 250 and 350 nm,
and the characteristic peaks located around 260, 280, 300, and
340 nm can be attributed to S62− species.35−37 Compared with
pristine Li2S6 solution, the peak intensities of the solution
soaked with PVDF decreased slightly, while the absorption
peak intensities of the APP solution decreased much more
sharply. The APP binder adsorbs roughly twice as much
polysulﬁde as the PVDF binder, as indicated by the much lower
concentration of Li2S 6 remaining in the solution and
demonstrating the strong aﬃnity of the S62− species to the
APP binder.
In order to clarify the enhancement of binding strength by
inorganic APP polymer, ﬁrst-principles simulations were carried
out on the adsorption of Li−S species on APP and PVDF. The
binding energies between the LiPS species and two polymers

is another promising route to trap polysulﬁdes and reduce
parasitic reactions.28,29
Another important approach to control polysulﬁdes is
through the polymer binder. Binders play a critical role in
maintaining electrode integrity and ensuring suﬃcient contact
between the cathode material and current collector during
battery cycling. Polyvinylidene ﬂuoride (PVDF) is the most
commonly used binder for electrode preparation in Li−S
batteries, requiring hazardous and expensive organic solvents
such as N-methyl-2-pyrrolidone (NMP) to dissolve the PVDF
as well as high temperature to dry the electrodes.30 Instead, the
use of aqueous binders as part of a green fabrication process is
promising for Li−S battery application. In addition, aqueous
binders are environmentally friendly and have the advantages of
improved safety and low cost.31 Therefore, aqueous binders
such as gelatin, 32 carbonyl-β-cyclodextrin, 33 and poly(vinylpyrrolidone) (PVP)34 have been tested in Li−S batteries.
Thus far, the polymer binders have always been organic in
nature. Herein, we have rationally designed a novel inorganic
binder, ammonium polyphosphate (APP), which combines
several attractive properties for high performance Li−S
batteries including (1) moderate binding strength to maintain
integrity of the electrode material; (2) strong aﬃnity with LiPSs
via chemical interaction to suppress the dissolution of LiPSs as
the main chain of the inorganic polymer binder can be highly
polarized chemical bonds, which can bind LiPSs more
eﬃciently (the carbon−carbon bonds in the main chain of
conventional organic polymer binders cannot bind LiPSs
eﬃciently); (3) ﬂame-retardant property to improve safety, a
property conventional organic polymer binders do not have;
(4) facilitation of Li ion transport to accelerate redox chemistry
and promote the reaction kinetics; and (5) water solubility for
environmentally friendly processing.
B
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Figure 2. Electrochemical performance. (a) Self-discharge behavior of Li−S batteries with APP and PVDF binders. Charge/discharge voltage proﬁles
of the (b) S-APP and (c) S-PVDF electrodes at various rates. (d) Comparison of the potential polarization between the charge and discharge
plateaus at diﬀerent current densities. (e) Nyquist plots of the S-APP and S-PVDF electrodes at open circuit before cycling at room temperature. (f)
Long-term cycling stability and Coulombic eﬃciency of the S-APP and S-PVDF electrodes at 0.5 C for 400 cycles after the rate capability test. (g)
High plateau and (h) low plateau capacity for S-APP and S-PVDF electrodes obtained from panel f.

PVDF) are listed. It can be seen that the O atom in APP gains
the largest number of electrons, while the P atom loses the
largest number accordingly, which means that the largest
localized polarization strength can be induced in the P−O
chain, and as a result, strong binding interaction can be formed.
In contrast, the lowest amount of electron transfer occurs on
the C−F bond in PVDF and therefore the smallest polarization
strength results in the weakest interaction strength. Strong
charge transfer and strong polarization inside the P−O chain
can be mainly attributed to the diﬀerent properties of elemental
P and C. According to atomic electronegativity, P atom can lose
a valence electron much more easily than a C atom, and as a
result, the P-based inorganic polymer possesses obvious
advantage over the C-based organic polymer. Furthermore,
Li−S species can concentrate on the P−O main-body chain,
which is diﬀerent from the organic polymer case, in which the
Li−S species are mainly attached to the side chain.34
Important requirements for binders include good swelling in
the electrolyte to maintain electrolyte immersion and high
viscosity to enable good mechanical properties of the electrode.
To determine the electrolyte uptake ability of the two binders,
the swelling ratios of APP and PVDF are tested at diﬀerent
times and shown in Figure 1i. Sodium carboxymethyl cellulose
(CMC) and poly(acrylic acid) (PAA) are selected as aqueous
binders for comparison, and the corresponding swelling
property is shown in Figure S2. APP binder exhibits an
electrolyte uptake of around 40% after 10 min, much higher
than the uptake of CMC, PVDF, and PAA binders with limited
values of ∼28%, 20%, and 4% measured after 30 min. APP
binder’s higher uptake suggests that it can eﬀectively adsorb
and maintain electrolyte in the electrode structure to improve
ion accessibility and reaction kinetics. The viscosity of 5 wt %

are computed to evaluate the interaction strength between
them, which can be expressed as Eb= EP + ELiS − EP‑LiS (EP‑LiS,
EP, and ELiS are the total energies for the adsorption system,
isolated polymer, and isolated Li−S species respectively). A
larger Eb indicates stronger interaction. The van der Waals force
is also included in the computation, which we have shown to be
crucial for the cathode material system of Li−S battery.38 The
Li−S species we chose for simulation are Li2S, Li2S2, Li2S4,
Li2S6, and Li2S8, which can cover the whole lithiation process
and represent all of the typical species in the fully lithiated,
middle-lithiated, and under-lithiated stages. The chemical
structures as well as adsorption conformations are illustrated
in Figure 1d−g and Figure S1. The binding strengths of various
LiPS species on two kinds of polymer binders are demonstrated
in Figure 1h and Table S1. It can be clearly seen that APP
polymer can induce binding energies in the region of 2.16−2.30
eV, much higher than those of PVDF (0.58−0.74 eV). Such
interaction strength is also much stronger compared with other
common organic polymer binders, such as PVP, PEDOT,
polyaniline, and so on,34,39 and even comparable with metal
sulﬁdes in our previous study.21
According to the adsorption conformations, chemical bonds
are formed between the positively charged Li+ in the Li−S
species and the negatively charged O2− (in APP) or F− (in
PVDF). It is expected that the distinction in binding strength
can be attributed to diﬀerent bonds inside the polymers: the
P−O bond in APP and the C−F bond in PVDF. Here, to
clarify the diﬀerence between binding strengths, the Bader
charge analysis is applied40,41 to evaluate the real valence charge
state for various atoms and the number of electrons that
transfer between them. In Table S2, the Bader charge variances
on the key atoms (P and O atoms in APP, C and F atoms in
C
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enabled by APP binder. The positively charged lithium ion may
be coupled with the negatively charged side chain of APP,
facilitating fast Li+ transport.
Long-term cycling stability of diﬀerent sulfur electrodes was
tested at a C-rate of 0.5 C for 400 cycles. The S-APP electrode
exhibits an initial reversible capacity of 753 mAh g−1, and the
capacity remains at 640 mAh g−1 after 400 cycles with a
Coulombic eﬃciency above 99% during cycling, corresponding
to a capacity retention of 85.0% and capacity decay of only
0.038% per cycle (Figure 2f). However, the capacity of S-PVDF
electrode rapidly decreases to 329 mAh g−1 after 400 cycles
with a capacity retention of 49.6%, and capacity decay rate as
high as 0.126% per cycle, suggesting that the weak aﬃnity of
PVDF with LiPSs cannot hinder their dissolution into the
electrolyte. The high plateau and low plateau capacity
contributions to the total discharge capacity for S-APP and SPVDF electrodes were further analyzed (Figures 2g and 2h).
The capacity of S-APP electrode, whether at high plateau or
low plateau, is much higher and more stable compared to SPVDF electrode, conﬁrming the suppression of polysulﬁde
dissolution by APP. To further improve the energy density of
Li−S batteries, the active material loading of the electrode is
increased to 5.6 mg cm−2 and the S-APP electrode still exhibits
good cycling performance with reversible discharge capacities
reaching 530 mAh g−1 at 0.5 C rate after 200 cycles (Figure
S6). However, the S-PVDF cathode decays quickly with a
capacity of only 320 mAh g−1 after 200 cycles, demonstrating
its inferior cycling performance. These results demonstrate that
batteries with APP binder exhibit higher sulfur utilization and
better capacity retention upon cycling compared to the
conventional PVDF binder. The remarkably improved performance indicates that APP binder is eﬀective in conﬁning
polysulﬁdes/Li2S within the cathode and inhibiting polysulﬁde
shuttling through strong chemical binding, thereby extending
the cycling life of Li−S batteries. The facilitated ion transport
during the redox of sulfur is responsible for the excellent rate
behavior and decreased polarization of the electrode.
The safety concerns surrounding Li−S batteries originating
from the ﬂammability of lithium, sulfur electrodes, and liquid
electrolytes can be alleviated by engineering of the battery
structure, employing solid-state electrolyte, and optimizing
electrode design.48−50 The APP binder employed here not only
improves the polysulﬁde adsorption capability but also endows
sulfur electrode with ﬂame-retardant properties to eﬀectively
improve the safety of Li−S batteries. To demonstrate the ﬂameretardant property of APP, sulfur cathodes with APP and PVDF
binders were exposed to a direct ﬂame until they were ignited,
after which the direct ﬂame was removed. Sulfur cathode with
traditional PVDF binder was tested using this method as shown
in Figure 3a. Upon exposure to direct ﬂame for ∼1 s, the sulfur
cathode was ignited and the ﬂame burned vigorously and
spread quickly. The speciﬁc burning time, i.e., the burning time
divided by the mass of sulfur, was calculated to be ∼519 s g−1,
reﬂecting the high ﬂammability of sulfur cathode (Figure 3c).
The sulfur cathode with APP binder was tested using the same
method. In contrast, APP binder is eﬃcient in reducing the
burning time of the sulfur cathode. After being ignited, the
ﬂame was suppressed and ﬁnally self-extinguished (Figure
3b,c). The speciﬁc burning time was signiﬁcantly decreased to
∼289 s g−1, indicating the ﬂame-retardant properties of the
APP binder based sulfur cathode. The ﬂame-retardant
mechanism of the APP binder can be supposed as follows:
During the combustion process, APP decomposes and releases

solutions of APP and PVDF binders was measured (Figure S3)
to demonstrate the mechanical binding strength of each
polymer. The viscosity of APP binder solution is similar to
the commonly used PVDF solution, suggesting that its
moderate bonding strength is capable of sustaining the
structural stability of electrode materials during discharge/
charge processes. The adhesion strength of the S-APP electrode
material to the current collector is also measured and
demonstrates suﬃcient binding to adhere the active materials
together (Figure S4).
Severe self-discharge behavior, caused by the shuttle eﬀect, is
one of the main drawbacks of Li−S batteries leading to voltage
drop and capacity decay.42 The variation of the open circuit
voltage (OCV) during rest was monitored to show the selfdischarge of sulfur cathodes with diﬀerent binders (Figure 2a).
It was observed that the OCV of the S-PVDF electrode drops
drastically from 2.42 to 2.29 V after 30 days, indicating the
transformation from sulfur and high order polysulﬁde to low
order polysulﬁde during the self-discharge process.43 In sharp
contrast, the S-APP electrode shows almost no voltage drop
during the 30 day rest, demonstrating that self-discharge was
signiﬁcantly inhibited. This can be explained by the reduction
in dissolution and diﬀusion of sulfur/high-order polysulﬁdes
through the strong binding of the main chain of APP. Figures
2b and 2c show the galvanostatic charge/discharge proﬁles of SAPP and S-PVDF electrodes within the voltage window of 1.5−
2.8 V vs Li+/Li0. The S-APP electrode exhibited typical twoplateau discharge curves from 0.2 C to a high rate of 4 C, which
corresponds to the reduction of elemental sulfur (S8) to longchain LiPSs (Li2Sx, 4 ≤ x ≤ 8) at high voltages and the
formation of short-chain Li2S2/Li2S at lower voltages.44,45
When scanning in the reverse direction, there are two oxidation
plateaus representing the transformation of Li2S/Li2S2 to longchain Li2Sx and sulfur. All the plateaus are ﬂat and stable with
low polarization, suggesting a kinetically eﬃcient reaction
process with a small barrier.45,46 However, the overpotential
grows larger when the current density is increased and the
charge/discharge plateaus obviously shift or even disappear at
high current rates for S-PVDF electrode, which indicate high
polarization and slow redox reaction kinetics with low S
utilization (Figures 2c and 2d). A highly reversible average
capacity of 1035 mAh g−1 is obtained at 0.2 C, and 520 mAh
g−1 is still achieved when the C-rate was increased to as high as
4 C, indicating fast reaction kinetics in the S-APP electrode.
These capacities are much higher than those for the sulfur
cathode with PVDF binder tested under the same conditions
(Figures 2b and 2c).
Electrochemical impedance spectroscopy (EIS) measurements were performed to determine the Li ion conductivity of
cells with APP and PVDF binders (Figure 2e). Nyquist plots
for the cells demonstrate a suppressed semicircle in the high/
medium frequency regions followed by an inclined line in the
low frequency region, which corresponds to the charge transfer
resistance (Rct) and a mass-transfer process.47 The lower Rct of
S-APP cathode compared to S-PVDF cathode indicates that
APP helps to reduce the charge transfer resistance and thus
contributes to the reduction in polarization. It was also
observed that the slope of the inclined line in the low
frequency region for the APP binder-based sulfur electrode is
larger than for the S-PVDF electrode, implying favorable Li ion
transfer, which is in agreement with the charge/discharge
proﬁles. A schematic diagram is depicted in Figure S5 to
represent the mechanism of the improved Li ion transportation
D
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ﬁre was self-extinguished, X-ray photoelectron spectroscopy
(XPS) and scanning electron microscopy (SEM) were used to
understand the mechanism. XPS analysis clearly shows the
presence of nitrogen, sulfur, and phosphorus elements in the SAPP electrode from the survey spectrum (Figure 4b). After
burning, the intensity of the N 1s signal signiﬁcantly decreases,
while the intensity of the phosphorus signal is almost the same,
indicating decomposition and release of NH3, as well as
generating a cross-linked polymer, as proposed in Figure 4a. It
should be noted that the sulfur signal only slightly decreases,
suggesting that the APP binder protects the underlying sulfur
from burning and halts the further spread of the ﬁre. This is
quite diﬀerent for the S-PVDF electrode based on the S 2p XPS
spectrum analysis, in which the intensity of the sulfur signal
obviously decreases, suggesting that most of the sulfur materials
are burned away (Figure 4c). X-ray diﬀraction (XRD)
measurements were also carried out for APP and its ignition
products as shown in Figure S7. Many strong APP crystal peaks
appear between 5 and 55 degrees, whereas all of the peaks
disappear after ignition, suggesting its formation into an
amorphous cross-linked polymer. This is evidence for the
existence of a protective layer after ignition of APP and is
consistent with the XPS analysis. Further evidence can be
obtained from the SEM post-mortem analysis of the electrodes
after burning. The overall morphology and structure were well
preserved for S-APP electrode (Figure 4d and Figure S8a,b),
demonstrating that the protective layer produced by APP
decomposition helps prevent further combustion of sulfur.
However, due to the weak protection oﬀered by PVDF binder,
a large quantity of sulfur is evaporated from the sulfur cathode,
leaving many holes in the electrode after burning (Figure 4h
and Figure S8c,d) which is in agreement with the previous
analysis. The corresponding sulfur and phosphorus elemental
maps of the S-APP electrode after burning indicate that sulfur is

Figure 3. Flame-retardant properties. The speciﬁc burning time test of
sulfur electrodes with (a) S-PVDF electrode and (b) S-APP electrode.
The times indicated in the pictures are counted as soon as the
electrodes are exposed to the direct ﬂame from a lighter (indicated by
the white arrow in panel a). (c) The speciﬁc burning time of the sulfur
cathodes with APP and PVDF binders. (d) Schematic showing the
ﬂame-retardant mechanism of the APP binder based sulfur electrode.

ammonia/water gas, and cross-links to form an insulating
polymer layer (Figure 3d and Figure 4a). This insulating
polymer layer acts as a physical barrier to heat, fuel, and oxygen
transfer, thus building up an isolation layer between the
condensed and gas phases and eﬀectively protecting the
underlying sulfur from catching ﬁre (Figure 3d).
To conﬁrm the proposed ﬂame-retardant mechanism, we did
a burning test on S-APP and S-PVDF electrodes and, after the

Figure 4. Flame-retardant mechanism and post-mortem analysis of the electrodes after burning. (a) Chemical reaction for ﬂame-retardant
mechanism. (b) XPS spectra of the surface chemical composition of the S-APP electrode before and after burning. (c) S 2p XPS spectra of the SPVDF electrode before and after burning. (d) SEM image and the corresponding (e) sulfur and (f) phosphorus elemental maps of the S-APP
electrode after burning. (g) EDS of the S-APP electrode after burning. (h) SEM image and the corresponding (i) sulfur and (j) ﬂuorine elemental
maps of the S-PVDF electrode after burning. (k) EDS of the S-PVDF electrode after burning.
E

DOI: 10.1021/acscentsci.7b00569
ACS Cent. Sci. XXXX, XXX, XXX−XXX

Research Article

ACS Central Science

min as the force was monitored. Three samples were measured
for each binding condition.
Materials Characterization. The morphology and microstructure of the samples was investigated by an FEI XL30 Sirion
SEM operated at an accelerating voltage of 5 kV. UV−visible
absorption spectra were collected with an Agilent Cary 6000i
UV−visible−NIR spectrometer with baseline correction. XRD
was performed on a PANalyticalX’Pert with Ni-ﬁltered Cu Kα
radiation. The speciﬁc surface area was tested by nitrogen
adsorption−desorption measurement at 77 K (Micromeritics,
ASAP 2020). Binder viscosity was measured by TA Instruments
ARES-G2 rotational rheometer.
Electrochemical Measurements. Electrochemical experiments were performed using CR2032 coin cells assembled in
an argon-ﬁlled glovebox with lithium metal as the counter and
reference electrodes. Sulfur was ground and mixed with
conductive carbon black and either PVDF binder in Nmethyl-2-pyrrolidinone or APP binder in water (60:20:20 by
weight) to form a slurry that was coated onto carbon-coated
aluminum foil. The electrode was dried at 60 °C under vacuum
for 12 h. The high mass loading of the sulfur electrodes was 5.6
mg cm−2, and the other cases were 2−3 mg cm−2. The
corresponding speciﬁc capacities were calculated based on the
mass of sulfur in the cathodes. Electrolyte was prepared by
dissolving an appropriate amount of lithium bis(triﬂuoromethanesulfonyl)imide (LiTFSI) (1 M) in 1:1 v/v
DME and DOL containing LiNO3 (0.1 M). 20 μL of the
electrolyte was added to wet the sulfur cathode. A Celgard 2400
separator was then placed over the electrode, and an additional
20 μL of blank electrolyte was added to the cell. The lithium−
metal foil anode was placed on top of the separator.
Galvanostatic charge−discharge cycles were performed on a
CT2001A cell test instrument (LAND Electronic Co.). The
sulfur cathode based cells were measured with the potential
range of 1.5−2.8 V (vs Li/Li+). The C-rate for tests was
referred to the mass of sulfur in the cathode and was varied
from 0.2 C to 4 C rate. Electrochemical impedance spectroscopy (EIS) data was obtained with a VMP3 potentiostat
(Biologic) from 200 kHz to 100 mHz with an ac voltage
amplitude of 10 mV at the open-circuit potential.
Simulation Methods. First-principles simulations were
applied using the Vienna Ab initio Simulation Package (VASP)
in the framework of density functional theory.51−53 The
projector augmented-wave pseudopotential was used while
the generalized gradient approximation exchange-correlation
function was described by Perdew−Burke−Ernzerhof
scheme.54 The plane-wave basis is adopted, and 600 eV was
chosen as the cutoﬀ energy to ensure the precision of
calculations. The vacuum between polymer and its image is
larger than 20 Å, while the distance between Li−S species and
its image is no less than 15 Å along the periodic direction.
These systems are large enough to avoid artiﬁcial interaction
caused by periodicity. The vdW-DF2 functional is added in
computation,55,56 in order to include the van der Waals
interaction. The 3D atomic visualization models were plotted
using VESTA-3.0 software.57

protected and phosphorus is retained in the electrode (Figure
4e,f), which is consistent with the EDS results that the intensity
of the sulfur signal is much higher compared with the carbon
signal from the electrode (Figure 4g). In contrast, holes are
found on the sulfur cathode with PVDF binder (Figure 4h,j),
and the sulfur signal is missing in these areas (Figure 4i),
indicating poor protection of sulfur combustion by PVDF. In
addition, the sulfur signal is much lower than the carbon signal
after burning (Figure 4k), conﬁrming the evaporation of sulfur
from sulfur cathode during the burning process.

■

SUMMARY
In summary, an aqueous inorganic polymer has been developed
as a novel multifunctional binder for high performance Li−S
batteries. This aqueous binder, APP, enables a green fabrication
procedure which does not employ toxic organic solvents such
as NMP. APP performs as a strong polysulﬁde-trapping agent
which blocks the out-diﬀusion of polysulﬁde anions and
suppresses the shuttling eﬀect, meanwhile promoting the
hopping of Li+ on the APP which is favorable for ion transfer
with improved cathode reaction kinetics. Moreover, APP
bestows the sulfur cathode with signiﬁcantly improved ﬂameretardant property, thus improving the safety of Li−S batteries.
Based on this multifunctional binder, the resulting S-APP
cathode delivers signiﬁcantly improved battery performance
with high initial speciﬁc capacity, good rate performance, and
excellent cycling stability for 400 cycles with ∼0.038% capacity
decay per cycle. The ﬁndings of this work shed light on the
design of multifunctional binders for building high-performance
Li−S batteries.

■

EXPERIMENTAL SECTION

Preparation of Binders and Sulfur Cathodes. APP (Mw
= 2400) and PVDF (Mw = 455,000) were purchased and used
directly. APP was dissolved in deionized water and magnetically
stirred to obtain the APP binder. The sulfur electrode was
prepared by mixing sulfur powder (60 wt %), carbon black (20
wt %), and APP or PVDF binders (20 wt %).
Adsorption of Lithium Polysulﬁde. The binders were
dried under vacuum at 60 °C overnight before the adsorption
test. Li2S6 was prepared by chemically reacting sublimed sulfur
and an appropriate amount of Li2S in DOL/DME solution (1:1
by volume). The solution was then stirred at 70 °C in an Arﬁlled glovebox overnight to produce a brownish-red Li2S6
catholyte solution (1.0 M). The Li2S6 solution was then diluted
to 0.005 M for the polysulﬁde adsorption test.
Flame-Retardant Properties. The speciﬁc burning time
was used to quantitatively estimate the ﬂame-retardant
properties of the binders. It was obtained by igniting
preweighed sulfur electrodes with APP and PVDF binders.
The sulfur electrodes were exposed to a direct ﬂame from a
lighter. After the sulfur was ignited, the lighter was removed.
Then the time for the ﬂame to self-extinguish was recorded and
normalized by the sulfur electrode mass with the same area,
obtaining the speciﬁc burning time of the sulfur electrodes with
various binders.
Adhesion Force Test. Adhesion experiments were
performed on an Instron 5565 testing station with a 100 N
load cell. Samples approximately 4 cm long by 1 cm wide were
cut from calendared electrode sheets. Scotch Magic tape was
aﬃxed to the surface and was peeled oﬀ at a rate of 500 mm/
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