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ABSTRACT
Lithium–sulfur batteries have great potential for high-performance energy-storage devices, yet the severe
diffusion of soluble polysulfide to electrolyte greatly limits their practical applications. To address the above
issues, herein we design and synthesize a novel polymer binder with single lithium-ion channels allowing
fast lithium-ion transport while blocking the shuttle of unnecessary polysulfide anions. In situUV–vis
spectroscopy measurements reveal that the prepared polymer binder has effective immobilization to
polysulfide intermediates. As expected, the resultant sulfur cathode achieves an excellent specific capacity of
1310 mAh g−1 at 0.2 C, high Coulombic efficiency of 99.5% at 0.5 C after 100 cycles and stable cycling
performance for 300 cycles at 1 C (1 C= 1675 mA g−1).This study reports a new avenue to assemble a
polymer binder with a single lithium-ion channel for solving the serious problem of energy attenuation of
lithium–sulfur batteries.

Keywords: polymer binders, single lithium-ion channels, polysulfide intermediates, lithium–sulfur
batteries

INTRODUCTION
Thegrowing demands on high-performance energy-
storage systems for emerging technologies such as
electric vehicles and artificial intelligence drive the
development of high-performance batteries [1–3].
As a promising candidate of next-generation batter-
ies, Li–S batteries have drawn much attention with
their high specific capacity (1675 mAh g−1) and
energy density (2600 Wh kg−1) [4,5]. However,
during discharge–charge cycles, the diffusion of
polysulfide in the electrolyte causes changes in the
structure of the sulfur cathode; this greatly limits the
commercial applications of Li–S batteries. Polymer
binders, as an essential component of electrode ma-
terials, act to bond the activematerial and are related
to the performance of batteries. Currently, various
polymer binders have been developed for lithium-
ion (Li-ion) batteries, including polyvinylidene
fluoride (PVDF) [6,7], polytetrafluoroethylene
(PTFE) [8,9] and polyacrylic acid (PAA) [10,11].
Among these, PVDF has been widely used in the
rechargeable battery industry for decades due to its
advantages of flame retardance and electrochemi-
cal stability [12]. Unfortunately, the conventional

binder has failed tomeet the requirements of emerg-
ing batteries, such as lithium–sulfur (Li–S) batteries.
For example, the PVDF binder exhibits low ionic
conductivity of Li ions, poor mechanical stability,
and almost no inhibition on the shuttle of poly-
sulfide; all of these factors limit the applications of
Li–S batteries [13–15]. Therefore, an ideal polymer
binder that overcomes the drawbacks of conven-
tional binders is urgently needed for Li–S batteries.

A polymer with a single ion channel can restrain
the transfer of unnecessary anions. This has drawn
much attention topolymer electrolyte becauseof the
reduction of concentration polarization caused by
transferring anions and lower electrolyte loss [16].
Several strategies have been developed to improve
the properties of the polymer electrolyte, such as
organic polymer [17,18] and organic–inorganic hy-
brid polymers [19]. It is a fact that single Li-ion
channels can efficiently improve Li-ion transfer and
reduce internal polarization [16]. In this regard, it
would be a significant effort to employ polymer
binders with single Li-ion channels in Li–S batter-
ies to inhibit the transport of polysulfide and stabilize
the Li-ion conductivity.
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In this work, we report a novel polymer binder
with a single Li-ion channel via the formation of se-
lective transport channels by aliphatic sulfur to sta-
bilize the cycle performance of sulfur cathode. The
designed polymer contains a hard phase and a soft
phase to obtain excellent fracture strain and promis-
ing tensile stress, which is beneficial to reduce the
volume change of electrode materials [20]. The re-
sultant polymer binder is demonstrated to effec-
tively inhibit the shuttle effect of polysulfide inter-
mediates due to the immobilization of polysulfide
ions by single Li-ion channels. The designed sulfur
cathodes achieve an improved specific capacity of
1310 mAh g−1 at 0.2 C and enhanced cycling per-
formance. Promising physical structure retention of
the prepared sulfur cathode and low consumption of
the Li metal anode are observed.

RESULTS AND DISCUSSION
Figure 1a shows a schematic diagram of polymer
binder (PHHP) prepared by the polymerization of
bis(2-hydroxyethyldisulfide) (HEDS), hexamethy-
lene diisocyanate (HMDI) and polytetramethylene
ether glycol (PTMEG).The synthetic routes for the
PHHP binder are shown in Fig. S1 (online support-
ing information). Further, in order to remain theme-
chanical structure after discharge–charge cycles, the
designed polymer binder consists of stable soft and
hard segments featuring strong bonding interactions
and dynamic aliphatic disulfides. The PTMEG is
used as the soft segment in the polymer, which con-
tributes to the elasticity of the polymer. The HMDI
and HEDS are used as the hard segment, enhanc-
ing the strong interaction of amide groups.The hard
phase of the polymer provides a stable framework
and the soft phase contributes to the elasticity. The
volume changes and cracking of sulfur cathode are
expected to improve by the comprehensive effect of
the hard phase and the soft phase.

Fourier-transform infrared spectra (FTIR) and
Raman spectra of HEDS, HMDI, PTMEG, and
PHHP are shown in Figs 1b and S2, respectively.
The disappearance of the isocyanate group (–CNO)
(2259 cm−1) and hydroxyl group (3345 cm−1) vi-
bration and the appearance of a tertiary amino group
(3320 cm−1) vibration in spectra of PHHP confirm
the polymerization. The peaks of the PHHP binder
skeleton (–S–S–, 510 cm−1; –C–S–, 640 cm−1;
–C–NH–, 1125 cm−1) are also clearly measured
as shown in Fig. S2 [21]. As shown in Fig. 1c, the
Young’s modulus of PHHP film is 250 MPa tested
by atomic force microscopy (AFM) and an image of
the PHHP film is shown in Fig. S3. The inset shows
the uniform and transparent PHHP film prepared

by casting the precursor resins on Teflon plates, re-
vealing the strongmechanical strength and excellent
binding performance of PHHP support for a 500 g
weight (Fig. 1d). The adhesion experiment clearly
demonstrates a promising practical application of
PHHP for a polymer binder.

In order to understand the reaction between the
polymer binder and Li ion, an electrode containing
the PHHP and conductive carbon was prepared for
the discharging–charging tests. During discharging,
the disulfide groups in the polymer fracture, com-
bine with Li ions and assemble into a fast channel
for Li-ion transfer. Figure 1e demonstrates in situ
Raman spectra of the PHHP electrode during the
initial discharging–charging process at 10 μA cm−2

[22]. During the discharging of cells, the Raman
intensities of –S–S– peaks decrease gradually due
to the formation of aliphatic Li sulfide. During the
subsequent charging process, the S–S peak does not
reappear, indicating the irreversible S–S bond cleav-
age reaction, which favors the stability of the binder.
There are no obvious Raman intensity changes of
–C–S– peaks. The discharge–charge curves of the
PHHP electrode are shown in Fig. S4. Further,
X-ray photoelectron spectroscopy (XPS) spectra
of the initial PHHP electrode and the discharged
PHHP electrode are shown in Fig. 1f and 1g, re-
spectively. For the S 2p spectra of the initial sample,
two characteristic peaks of S–S/S–C (164.3 eV and
163 eV) are detected as shown in Fig. 1f. After dis-
charging of the PHHP electrode, S 2p XPS spectra
show that the S–S/C–S peaks disappear while two
other characteristic peaks of C–SLi (163.7 eV and
162.6 eV) are detected as illustrated in Fig. 1g. The
results of S 2p XPS spectra are consistent with in situ
Raman spectroscopy analysis. As shown in Fig. S5,
the C 1s, N 1s, and O 1s XPS spectra are measured
and the C–C, C–O, and C–N groups (284.5, 286.5
and 399 eV) before and after the cycles demonstrate
the stability of the PHHP binder.

AFMwas used to investigate the mechanical sta-
bility of sulfur cathodes with PHHP binder before
and after cycling. The topographic images of Fig. 2c
and 2d exhibit uniform surfaces of sulfur cathode
before and after discharge, respectively. Schematic
diagrams of the loading process (1) and the unload-
ing process (2) during the measurement are clearly
shown in Fig. 2a and 2b. Figure 2e and 2f display
the force calculated by subtracting the cantilever
defect distance from the total piezoelectric actuator
as a function of sample deformation and the insets
are schematic diagrams of the measured samples
before and after the cycles [23,24].The intersection
curve and the independent position curve of the
approach to the extrapolation line are set to zero
indented positions. The slope of the loading curve
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Figure 1. Synthesis and characterization of polymer binders. (a) Schematic diagrams of the formation of the polymer with the single ion channels. (b)
The FTIR of HEDS, HDI, PTMEG, and PHHP. (c) The typical force–displacement curve of PHHP film. Inset is the optical image of PHHP film. (d) Adhesion
experiments of the binder. (e) In operando Raman spectroscopy of the PHHP electrode. The S 2p XPS spectra of PHHP electrode (f) before discharge and
(g) after a discharge–charge cycle.
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(1)
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Figure 2. AFM measurements of initial sulfur cathode and discharged sulfur cathode
with PHHP binder. The schematic diagrams of (a) loading process and (b) unloading
process. AFM images for (c) initial PHHP electrode, color scale, 0–200 nm and (d) dis-
charged PHHP electrode, color scale, 0–250 nm. Typical force–displacement curve of
(e) initial sulfur cathode and (f) discharged sulfur cathode with PHHP binder.

of sulfur cathode before discharge is lower than that
after discharge, which demonstrates the excellent
viscoelasticity of the PHHP binder. Accord-
ing to Johnson–Kendall–Roberts (JKR) models,
the increase inmodulus could be estimated by fitting

the unloading curves [25]. From the JKR model fit,
sulfur cathodes before and after discharge (Fig. 2d)
show moduli of 0.7 GPa and 1.0 GPa, respectively.
So, the sulfur cathode with a single ion channel
shows a more stable mechanical property than the
initial sample. The improvement of cathode mod-
ulus is mainly due to the reinforcing effect by the
generation of single Li-ion channels in PHHP, and
those channels are inorganic forged C–SLi groups.
Thus, the cathode modulus is improved after dis-
charge. In contrast, sulfur with PVDF binder was
measured by AFM. Topographic images and typi-
cal force–displacement curves before and after dis-
charge are shown in Fig. S6. After the first discharge,
the surface of the sulfur cathode became more un-
even (Fig. S6c) than the initial images (Fig. S6a),
obviously. Then, the modulus of the sulfur cathode
decreased from 610 MPa (Fig. S6b) to 520 MPa
(Fig. S6d) after discharge, which was due to the
PVDF being unable to retain its mechanical struc-
tural stability during electrode reactions.

The single Li-ion channel of the binder regulates
the polysulfide intermediates and contributes to the
Li-ion conductivity as shown in the schematic dia-
gram (Fig. 3a). According to the Donnan exclusion
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Figure 3. (a) Schematic diagrams of single ion channels regulate the polysulfide and Li–ion hopping. (b) Potentiostatic dis-
charge curves of PDVF and PHHP electrodes with the same weight at 2.08 V for Li2S deposition. (c) The discharge curve of in
situ UV battery. In situ UV–vis spectra of assembly Li–S cells with (d) PVDF binder and (e) PHHP binder as discharge at 0.2 C.
(f) Li2S8 at different potentials in Li–S batteries with PHHP binder (red curve) and PVDF binder (black curve).

principle, a single ion channel can regulate the poly-
sulfide [26]. In order to confirm the barrier effect of
a single Li-ion conducting channel on polysulfide in-
termediates, the kinetics of the Li2S nucleation ex-
periment was measured by monitoring the current
flow caused by polysulfide intermediate deposition
[27–29]. Coin cells (2025)with PHHP- andPVDF-
based electrodes as the cathode and Li metal as
the anode were measured using an electrochemical
workstation (CHI660E). A Li2S8 solution prepared
bydissolving 20mMLi2S8 in 1, 3-dioxolane and1, 2-
dimethoxyethane with equal volume concentration
was used as the catholyte and conventional Li–S bat-
tery electrolyte was used as the anolyte, respectively.
The affinities of PHHP and PVDF to polysulfide are
linked to the current flow under the constant driving
force of sulfur species reduction at 2.08 V. As shown
in Fig. 3b, the drop in current at the beginning cor-
responds to the transport of Li2S to the cathode un-
der 2.08 V. Subsequently, the obvious current peaks
of the PVDF-based electrode were measured; these
are due to Li2S8 in electrolyte deposited on PVDF-
based electrode by large amounts of reduction reac-
tions. Further, the strong adsorption of polysulfide
by PVDF leads to the significant deposition of Li2S.
In contrast, such considerable peak intensity can-
not be obtained in discharged PHHP binder, which
indicates that the PHHP electrode’s weak adsorp-
tion of polysulfide as PVDF avoids the shuttle effect
of polysulfide, thereby contributing to the great re-
tention of capacity for Li–S batteries. Furthermore,
in situ ultraviolet and visible (UV–vis) spectroscopy

was measured to investigate the component conver-
sion in the electrolyte of Li–S batteries according
to the principle of Beer–Lambert’s law [30,31]. As
the polysulfide dissolves during the discharge and
then enters the electrolyte, theUV–vis reflection sig-
nal will get weaken. The same weight sulfur cathode
with PVDFbinder andPHHPbinderwas assembled
intowell designed cells for in situUVmeasurements.
The discharge curve is shown in Fig. 3c. In Fig. 3d,
the measured UV–vis spectra of the sulfur cathode
with PVDF shows a continuous decrease of reflec-
tion in the range of 350–600 nm, linked to the con-
centration changes of polysulfide.Theconcentration
change of polysulfide in the electrolyte was derived
from the diffusion of polysulfide through the glass
fiber separator in the voltage range from 2.7–1.7 V.
A slight decrease of reflection compared to sulfur
cathode with PVDF in sulfur cathode with PHHP
was observed (Fig. 3e). The concentration values of
different polysulfides can be calculated via the rela-
tionship between the concentration and actual UV
intensity, according to the previous report on differ-
ent wavelengths for polysulfides (λ= 450 nm corre-
sponding toLi2S2,λ= 505nm toLi2S4,λ= 530nm
to Li2S6 and λ = 560 nm to Li2S8) [32]. Figure 3f
shows that the concentration of Li2S8 in both cells
increases with discharge. However, the concentra-
tion of Li2S8 in sulfur cathode with PVDF reached a
high level. As a comparison, a low level was observed
in sulfur cathode with PHHP. Figure S7 displays the
dissolution of polysulfide in conventional Li–S elec-
trolyte at a discharging current density of 0.5 C in
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Figure 4. Electrochemical performance of cells with PHHP binder. (a) Representative voltammograms of the sulfur cathode with PHHP binder obtained
at different scan rates. (b) Linear relationship of Ip and v0.5. (c) Discharge–charge curves at the different current density of Li–S cells with PHHP. (d)
Nyquist plots of Li–S cells with PHHP before and after 50 cycles and with PVDF before and after 50 cycles. (e) Cycling performance and Coulombic
efficiency of Li–S cells at 1 C for 100 cycles. (f) Cycling performance of high loading sulfur cathode with PHHP of 5.8 mg cm−2 and 9.9 mg cm−2 at the
current density of 0.5 mA cm−2. (g) Discharge capacity and Coulomic efficiency of Li–S cells with PHHP at 1 C for 300 cycles.

Li–S cells with PVDF binder and PHHP binder, re-
spectively. During the discharge, the electrolyte in
Li–S cells with PVDF changes from colorless to yel-
low over 3 h, due to the dissolution of polysulfide.
Conversely, the electrolyte in Li–S cells with PHHP
binder remains colorless in the sameconditions.This
apparent contrast reveals that the PHHP binder has
a great effect on the cycle stability of Li–S batteries.
Thus, the single Li-ion conducting channel formed
by PHHP in sulfur cathode has a considerable inhi-
bition on the shuttle effect of polysulfide.

To demonstrate the performance of the poly-
mer binder in the transportation of lithium ions,
the Li-ion diffusion coefficients (DLi) of sulfur cath-
ode with PHHP binder and PVDF binder after
10 cycles of activation treatment were evaluated
using the Randles–Sevcik equation, as below:

Ip = 2.69 × 105n1.5AD0.5
Li v0.5CLi (1)

where Ip is the peak current, n indicates the number
of electrons in the reaction (n= 2 in Li–S batteries),
A is the effective electrode area (A = 1.13 cm2),
v is the voltage scanning rate and CLi corresponds
to the Li-ion concentration in the electrolyte
(CLi = 1.16 × 10−3 mol cm−3) [33,34]. As shown
in Fig. 4a, representative voltammograms of the
sulfur cathode with PHHP binder are obtained
from 0.1–0.5 mV s−1. The linear relationships of
Ip and v0.5 (IpA, cathodic peak at ∼2.40 V; IpB,
cathodic peak at ∼2.05 V and IpC, cathodic peak
at ∼2.30 V) are shown in Fig. 4b. For the sulfur
cathode with PHHP binder, DLiA = 7.49 × 10−8,
DLiB = 1.20 × 10−8, DLiC = 3.30 × 10−8 are
confirmed. As a comparison, the representative
voltammograms of the sulfur cathode with PVDF
binder from 0.1–0.5 mV s−1 and its linear relation-
ship of Ip and v0.5 are shown in Fig. S8. For the sulfur
cathode with PHHP binder, DLiA = 4.36 × 10−8,
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Figure 5. (a) The optical images and (b) SEM image of Li metal in PVDF binder cell after 50 cycles at 0.5 C. (c) The optical
images and (d) SEM image of Li metal in PHHP binder cell after 50 cycles at 0.5 C. (e) The XPS spectrum and (f) S 2p spectra
of crack Li metal and smooth Li metal. (g) The SEM image of sulfur cathode in PVDF binder cell and (h) SEM image of sulfur
cathode in PHHP binder cell after 50 cycles at 0.5 C.

DLiB = 1.04 × 10−8, DLiC = 2.09 × 10−8 are
confirmed. The improved DLi of sulfur cathode is
due to the fast Li-ion transport in PHHP binder.
This suggests that the polymer binder with a single
Li-ion channel allows fast Li-ion transport. The
electrochemical performance of resultant sulfur
cathode was also assessed. As shown in Fig. S9a, the
typical CV profiles for sulfur cathode with PHHP
were measured in the range of 1.7 V and 2.8 V at
a scan rate of 0.1 mV s−1. Two reduction peaks
(2.29 V, 2.02 V) were detected, corresponding to
the conversion from sulfur to long-chain lithium
polysulfide (Li2Sx, 4 ≤ x ≤ 8) and further con-
version to short-chain lithium polysulfide (Li2Sx,
1 ≤ x ≤ 4), respectively. Relatively, two oxidation
peaks correspond to the transition from Li2S/Li2S2
to Li2S3/Li2S4 and then oxidation to sulfur. In the
initial cycles, the oxidation peaks display an obvious
overpotential of cathodic peaks and the reason for
this is that the sulfur rearranges itself and transfers
to electrochemically favorable positions [35,36]. In
Fig. S9a, the overpotential of oxidation peaks grad-
ually disappears, as the number of discharge–charge
cycles increases.Thepositive shiftof reductionpeaks

in CV profiles after the first sweep demonstrates the
enhanced kinetics of polysulfide intermediate redox.
The stable CV profiles reveal highly reversible redox
reactions and cycling stability in Li–S batteries. As
shown in Fig. S9b, the rate discharge capacities of
sulfur cathode with PHHP are 1310 (0.2 C), 1020
(0.5 C), 950 (1 C), 750 (2 C) and 650 mAh g−1

(4 C), which are all higher than the discharge ca-
pacities of sulfur cathode with PVDF, respectively.
Stable discharge–charge curves of different current
densities for sulfur cathode with PHHP are shown
in Fig. 4c. Discharge and charge plateaus are clearly
observed, which are consistent with the CV curves.
The formation of a stable single Li-ion conducting
channel contributes to Li-ion conductivity and
avoids the shuttle effect of polysulfide.

Electrochemical impedance spectroscopy (EIS)
tests of sulfur cathode with PHHP and sulfur
cathode with PVDF before and after 50 cycles
were measured as shown in Fig. 4d. The interface
resistance of the batteries links to the radius value
of a semicircle in the high-frequency region. The
interface resistance of the initial sulfur cathode
with PHHP (about 25 �) is obviously lower than



RESEARCH ARTICLE Niu et al. 321

the resistance of the initial sulfur cathode with
PVDF (about 70 �), which indicates the excellent
interface property of sulfur cathode with PHHP.
After 50 cycles, the sulfur cathode with PHHP cells
exhibits a much lower interface resistance value in
the high-frequency region (20 �) than the sulfur
cathode with PVDF cells (65 �). This is attributed
to the stable PHHP/electrolyte interface and the
inhibitory deposition of Li2S/Li2S2 on the Li metal
surface. A comparison of cycling performance be-
tween the sulfur cathodewith PHHP cells and sulfur
cathodewithPVDFcells at a current density of 0.5C
for 100 cycles is shown in Fig. 4e.The sulfur cathode
with PHHP cells exhibits a high initial discharge
capacity of 950mAh g−1, and the discharge capacity
retention after 100 cycles was 98%. In contrast,
the sulfur cathode with PVDF cells delivers a low
initial discharge capacity (800 mAh g−1) and a fast
decline of capacity, decreasing from 800 mAh g−1

to 530 mAh g−1. The average Coulombic efficiency
of sulfur cathode with PHHP (99.5%) is higher
than that of the sulfur cathode with PVDF (95.2%).
Note that the high Coulombic efficiency was due to
the immobilized shuttle effect of polysulfide and the
excellent Li-ion conductivity in PHHP binder. The
high loading of active materials is an important issue
to be considered in actual production. Also, the
sulfur cathode with PHHP cells retains a promising
cycling performance after 50 cycles even with the
loading of 5.8 mg cm−2 and 9.9 mg cm−2 as shown
in Fig. 4f. To measure the long cycling stability, the
long-term cycling performance of sulfur cathode
with PHHP at a current rate of 1 C is presented
in Fig. 4g. The capacity retention of 85% after
300 cycles and the Coulombic efficiency can remain
above 98.5% after discharge–charge cycling. The
electrochemical performance reveals the single
Li-ion conducting channel formed by the PHHP
binder contribution to the stable discharge–charge
cycling performance and high capacity retention.

During cycling of Li–S batteries, the dissolved
polysulfide from sulfur cathode can deposit on the
Li metal. The deposited sulfide can accelerate the
lithium dendrite growth and reduce the Coulombic
efficiencyof the lithiummetal. To analyze the shuttle
effect of polysulfide, optical scanning electron mi-
croscopy (SEM) images andXPS spectra of Limetal
after 50 cycles at 0.5 C in different polymer binder
cells were measured. Figure 5a shows that the mid-
dle of the Limetal is black and surrounded by yellow
in PVDF binder cells, due to the severe polysulfide
shuttling effect and Li dendrite growth accelerated
by polysulfide deposition, and the SEM image in
Fig. 5b shows the violent destructionof Limetal.The
effective inhibition of the polysulfide shuttling effect
reduces the deposition of polysulfide, thus slowing

down the loss of active Li metal. As an obvious com-
parison, themetallic surface of the Li sheet in PHHP
binder cells is shown in Fig. 5c. Figure 5d shows a
smooth Li surface. The XPS spectra of cracked Li
and smooth Li were measured to confirm the depo-
sition of sulfide. As shown in Fig. 5e, the S 2p, F 1s,N
1s, F 1s, C 1s and O 1s peaks were all observed from
the XPS spectrum of cracked and smooth Li metal.
The S 2p spectra are shown in Fig. 5f. From the spec-
tra of cracked Li metal, the main components are
the sulfate (169.6 and 168.4 eV doublet), thiosulfate
(167.2 and 166.0 eV doublet), Li2S2 (163.0 and
161.8 eV doublet) and Li2S (160.6 and 159.4 eV
doublet), which are from the decomposition of the
electrolyte and the reaction between soluble poly-
sulfide and Li metal. The S 2p spectra of smooth Li
metal do not observe the obvious peaks of Li2S2 and
Li2S, which demonstrate that almost no polysulfide
is deposited on the Li metal. The SEM image of the
sulfur cathodewithPVDFbinder after 50discharge–
charge cycles at 0.5 C was measured to evaluate the
damage to the cathode piece. Figures 5g and S10a
shows severe cracks observed on the surface of sulfur
cathode with PVDF binder, which are responsible
for capacity loss and the low Coulomb efficiency of
Li–S batteries. As an obvious comparison, Figs 5h
and S10b show sulfur cathodes with PHHP binder
showing surface uniform structure. The slight dam-
age to the sulfur cathode is due to themechanical sta-
bility of PHHP binder. In discharge–charge cycling,
the sulfur and polysulfide intermediates are trapped
inside the single Li-ion conducting channels. The
effectively shuttle of Li-ions can greatly protect
the stability of the cycle and the integrity of the
sulfur electrode. All of the above research data show
that the Li–S battery with PHHP binder exhibits
excellent cycle performance and the formed single
Li-ion conducting channel of PHHP binder is an
effective strategy to inhibit the shuttle effect of poly-
sulfide intermediates for improved performance of
Li–S batteries.

CONCLUSIONS
In summary, we have successfully prepared a novel
polymer binder with a single Li-ion channel to de-
velop high-performance sulfur cathodes. The in situ
Raman measurements demonstrate the formation
of the single Li-ion channel, which regulates the
transfer of unnecessary polysulfide anions and con-
tributes to Li-ion hopping. The polymer binder is
confirmed to effectively immobilize the shuttle effect
of polysulfide intermediates by the in situ UV–vis
measurement.The resultant sulfur cathode achieves
an excellent specific capacity of 1310 mAh g−1 at
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0.2 C, high Coulombic efficiency (99.5% at 0.5 C
after 100 cycles) and stable cycling performance
(capacity retention of 85% after 300 cycles at 1 C).
Moreover, the excellent adhesion and mechanical
stability of PHHP binder maintain the structural in-
tegrity of sulfur cathode after discharge–charge cy-
cles. These results demonstrate the promising im-
provement of Li–S batteries by the PHHP binder
and we believe that the reported polymer binder
with single Li–ion channels is one of the most effec-
tive strategies for high-energy Li–S batteries.

METHODS
Preparation of polymer binder
Polytetramethylene ether glycol (PTMEG)was first
heated at 110◦C under vacuum for 3 h to remove
the moisture and then mixed evenly with bis(2-
hydroxyethyldisulfide) (HEDS)andhexamethylene
diisocyanate (HMDI) with a molar ratio of 1:1:2.
Next, dibutyltin dilaurate (DL) as a catalyst was
added to the precursor solution to complete the
polymerization at 70◦C for 12 h. Then the polymer
binder by the polymerization of HEDS, HMDI and
PTMEG (PHHP) was prepared and all reaction
processes were evenly stirred.

Material characterization
To confirm the occurrence of polymerization,
the PTMEG, HEDS, HDMI, and PHHP were
characterized using a Fourier-transform infrared
spectrometer (FTIR, Bruker) in the range 4000–
400cm−1, aRaman spectrometer (HREvolution) in
the range 3300–400 cm−1 and X-ray photoelectron
spectroscopy (XPS).Themorphology was observed
by field emission scanning electronmicroscopy (FE-
SEM, SU8010, Japan). Atomic force microscopy
(AFM) measurements were taken using a Bruker
Dimension Icon with a Nanoscope V controller.

Electrochemical measurement
The sulfur/carbon nanotube (S/C) active materials
were prepared bymixing sulfur (Alfa Aesar, AR) and
highly purified single-walled carbon nanotube with
special surface area in the range 500–700 m2 g−1

(Nanjing Xianfeng Nano Material Technology Co.,
Ltd, purity >95%, diameter in the range 1–2 nm)
(7:3 in mass), and then ball milled for 10 h. The
mixture was heated at 160◦C under argon gas
atmosphere. Then active materials (90 wt%) and
PHHP (10 wt%) were fully dispersed in NMP to
form a homogeneous slurry. The mixed slurry was

uniformly coated on an Al-foil current collector
using a doctor blade method and dried at 60◦C for
24 h under vacuum to remove the solvent and then
punched into 1.13 cm2 discs. The sulfur cathodes
were prepared with a mass loading of 2.0 mg cm−2

and the sulfur contentwas about 63wt%.ThePHHP
binder-based Li–S batteries performed in 2025 coin
cells with 25μL conventional Li–S liquid electrolyte
(1 M lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) in 1,3-dioxolane/1,2-dimethoxyethane
(DOL/DME), DodoChem).The discharge–charge
property and cyclic voltammetry test were mea-
sured using aCT2001A cell test instrument (Wuhan
LAND Electronic Co. Ltd) and CHI660E (Shang-
hai Chenhua Instrument Co. Ltd) electrochemical
workstation, respectively.

To investigate the shuttle effect of Li2Sx
(2 ≤ x ≤ 8) in Li–S batteries, a special battery
was assembled using a tailor-made coin cell case
with a glass window for UV–vis spectroscopy (UV
Lambda 750S). To ensure that the electrolyte could
be exposed in UV light, the Li anode shell needed
to be punched before assembly. The galvanostatic
discharge–charge cycling was carried out with a
CHI660E (Shanghai Chenhua Instrument Co. Ltd)
electrochemical workstation at a current density of
0.8375mA cm−2 (mass loading of sulfur≈ 1.0 mg).
The UV–vis spectra were measured at different po-
tentials of coin cells in the range 800 nm—300 nm
with a sampling interval of 0.5 nm.
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