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Abstract
A mechanically strong binder with polar functional groups could overcome the dilemma of the large volume change during charge/discharge
processes and poor cyclability of lithium-sulfur batteries (LSBs). In this work, for the first time, we report the use of poly(thiourea triethylene
glycol) (PTTG) as a multifunctional binder for sulfur cathodes to enhance the performance of LSBs. As expected, the PTTG binder facilitates the
high performance and stability delivered by the Sulfur-PTTG cathode, including a higher reversible capacity of 825 mAh g�1 at 0.2 C after 80
cycles, a lower capacity fading (0.123% per cycle) over 350 cycles at 0.5 C, a higher areal capacity of 2.5 mAh cm�2 at 0.25 mA cm�2, and
better rate capability of 587 mAh g�1 at 2 C. Such superior electrochemical performances could be attributed to PTTG's strong chemical
adsorption towards polysulfides which may avoid the lithium polysulfide shuttle effect and excellent mechanical characteristics which prevents
electrode collapse during cycling and allows the Sulfur-PTTG electrode to maintain robust electron and ion migration pathways for accelerated
redox reaction kinetics.
© 2021, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Li-ion batteries (LIBs) dominate the portable electronics
market, but the limits of this mature technology are beginning
to become apparent, especially where higher energy densities
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are required, namely for electric vehicle (EV) applications [1].
As such, novel battery chemistries that can deliver increased
energy densities are being explored [2]. One prominent
example is the lithium-sulfur battery (LSB), based on a
metallic lithium anode and a sulfur composite cathode [3]. The
primary appeal of the LSB is its high theoretical capacity and
energy density (ca. 1670 mAh g�1 and 2500 Wh kg�1,
respectively) delivered by electrochemical reduction of
elemental sulfur to Li2S, which dwarfs the energy density
delivered by current generation LIBs [4,5]. An additional
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appeal of the LSB can be attributed to the natural abundance,
low cost, and environmental benignity of sulfur [6].

Despite their appeal, LSBs are plagued with inherent
problems that researchers are working to address. Perhaps the
most severe problem with the LSB is dubbed the lithium
polysulfide (LiPS) shuttle phenomenon, which arises from the
soluble nature of the discharge intermediates and causes loss
of active material, low Coulombic efficiency (CE), capacity
fading, and self-discharge [7]. Additionally, sulfur, along with
its discharge product Li2S, suffer from low electronic con-
ductivity [8] and also undergoes a large volume expansion
upon conversion [9]. Last but not least, the use of a lithium
metal anode causes further technical challenges by way of
dendrite formation during the repeated charge/discharge pro-
cess, leading to an additional reduction in CE along with
safety concerns arising from short circuits [10]. Research into
alleviating the above-mentioned concerns has been multi-
faceted, with the focus typically being directed towards
particular battery components, including the cathode
[5,11,12], interlayer/separator [13], anode [14], liquid elec-
trolytes [15], and even all-solid-state LSBs [16,17]. Moreover,
research into polymeric binders, a critical cathode component,
has also received increased attention [18–25]. The requirement
for advanced binders in LSBs stems from the fact that the most
commonly used binder, polyvinylidene difluoride (PVDF), is
unable to withstand the volume change of the active materials
or prevent the loss of soluble LiPSs during cycling [20].
Therefore, battery researchers have devoted much effort to
developing binders with strong mechanical adhesion to the
electrode components and chemical adsorption to LiPSs for
the development of practical LSBs [19]. Additionally, elec-
tronically conductive binders, ionically conductive binders,
and redox-active binders could also help deliver improved
electrochemical performance and stability of LSBs [23,24].

Inspired by these strategies, we synthesized a novel poly-
mer binder, poly(thiourea triethylene glycol) (PTTG) for the
fabrication of Sulfur-PTTG cathodes. The electrochemical
performance of the resultant LSBs has been significantly
enhanced in accordance with PTTG's multifunctional proper-
ties, i.e., abundant polar functional groups to chemically
hinder LiPS shuttling and excellent mechanical properties to
withstand mechanical damage during the charge/discharge
process while maintaining robust electron and ion migration
pathways to accelerate redox reaction kinetics.

2. Experimental section
2.1. Materials synthesis
Unless stated otherwise, all chemicals were purchased from
Sigma Aldrich, stored in an Argon filled glovebox (MBraun,
Germany), and used directly with no further purification. The
synthesis of poly(thiourea triethylene glycol) (PTTG) was
carried out following the method reported by Yanagisawa et al.
[26]. Briefly, 1,10-thiocarbonyldiimidazole (5.7 g) was added
to a solution of 4.9 g of 1,2-bis(2-aminoethoxy)ethane and
16 mL DMF and was stirred for 24 h at 24 �C. After stirring,
2

ca. 30 mL of chloroform was added to the reaction vessel
before the solution was poured into cold diethyl ether (ca.
500 mL). The supernatant solution was removed, and the
precipitate was collected before it was redissolved in chloro-
form and added to methanol. The precipitate was collected by
centrifugation, redissolved in chloroform, added to methanol,
and centrifuged again. The product was dried at 80 �C for 48 h
in a vacuum oven to yield the PTTG polymer.
2.2. Materials characterisation
1H and 13C NMR spectra were obtained using a Bruker
400 MHz spectrometer at 400 and 100 MHz, respectively.
Signals are reported in terms of their chemical shift (d in ppm)
relative to the deuterated solvent used to obtain that spectrum.
The 1H and 13C chemical shifts were referenced to the residual
d6-DMSO (Cambridge isotope Laboratory, Inc.) solvent peaks,
dH 2.50 and dC 39.52 respectively, and processed using the
Mnova™ software suite. To observe the LiPS adsorption
ability of the PTTG polymer, 500 mg of PVDF and PTTG
samples were exposed to a ca. 1 M solution of Li2S6 in 1,2-
dimethoxyethane (DME) and allowed to rest for 24 h. Four-
ier transform infrared (FTIR) spectra of the fresh PTTG
polymer and the PTTG polymer after LiPS exposure were
obtained on a Bruker Alpha (Bruker, USA) in transmission
mode. The supernatant solutions from the LiPS adsorption
experiment were diluted 20:1 and UV-Vis spectra were ob-
tained on a Cary Series UV-Vis-NIR Spectrophotometer
(Agilent Technologies, USA). For X-ray photoelectron spec-
troscopic (XPS) analysis, 40 mg of the PTTG polymer was
exposed to 40 mL of 0.1 M solution of Li2S4 in DME for 2 h.
Afterward, the supernatant solution was removed, and the
remaining solid was transferred to a silicon wafer. XPS data
were acquired using a Kratos Axis ULTRA X-ray Photoelec-
tron Spectrometer incorporated with a 165 mm hemispherical
electron energy analyser. The incident radiation was Mono-
chromatic Al Ka X-rays (1486.6 eV) at 225 W (15 kV,
15 mA). Survey (wide) scans were taken at an analyzer pass
energy of 160 eVand multiplex (narrow) high-resolution scans
at 40 eV. Survey scans were carried out over 1200–0 eV
binding energy range with 1.0 eV steps and a dwell time of
100 ms. Narrow high-resolution scans were run with 0.05 eV
steps and 250 ms dwell time. The base pressure in the analysis
chamber was 1.0 � 10�9 torr and 1.0 � 10�8 torr during
sample analysis. Peak fitting of the high-resolution data was
carried out using the CasaXPS software. Scanning electron
microscope (SEM) images were obtained on a JSM-7001F
SEM (JEOL, Japan) and were used to investigate the mor-
phologies of the electrodes before and after cycling. 90� peel-
off tests of electrode films were carried out on a MTS Tytron
microforce tester (MTS, USA) to study the binders’ adhesive
properties. To carry out the peel-off testing, Sulfur-PTTG and
Sulfur-PVDF cathodes were fabricated as per the method
described below, while rectangular sections of the film (ca.
5 cm � 2 cm) were cut and applied to an “L” shape aluminum
alloy workpiece. Scotch tape was applied to the surface of the
electrode film and was peeled perpendicularly to the surface of
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the film at a speed of 0.1 mm s�1 [27]. The experiment was
repeated 7 times for each sample, with each replicate averaged
to give the result.
2.3. Electrochemical characterisation
Sulfur-PTTG electrodes were fabricated for electro-
chemical testing by mixing an electrode slurry consisting of
elemental sulfur as the active material, carbon black as a
conductive additive, and PTTG polymer as a binder in a
weight ratio of 60:30:10 with 1-methyl-2-pyrrolidinone
(NMP) as a solvent and was magnetically stirred until a ho-
mogeneous slurry was obtained. The solid to solvent ratio of
the slurry was 1 mg:5 mL. After stirring, the slurry was cast
onto C-coated Al foil using an adjustable blade with the gap
set to 250 mm and then dried in a vacuum oven at 80 �C for
24 h. After drying, electrodes with a 13 mm ø (1.33 cm2) were
cut using a hole-punch and stored in a glove box. The sulfur
loading of the electrodes was approx. 1 mg cm�2. As a
reference, the above process was repeated, replacing the
binder with poly(vinylidene fluoride) (PVDF) (MW 180,000)
to form the Sulfur-PVDF electrodes. Half-cells were fabri-
cated using either a Sulfur-PTTG or Sulfur-PVDF cathode, a
lithium foil counter electrode, polypropylene (Celgard 2300)
separator, and 1 M lithium bis(trifluoromethane) sulfonimide
(LiTFSI) in 1,3-dioxolane/1,2-dimethoxyethane (1:1, v/v) with
0.2 M LiNO3 as the electrolyte. Sulfur electrodes with an
active material loading of approx. 4 mg cm�2 were also
fabricated for areal capacity testing. The electrolyte/sulfur (E/
S) ratio was held constant at 20 mL of electrolyte per 1 mg of
sulfur for all half-cells.

The half-cells underwent charge–discharge and rate per-
formance testing on a Neware Battery Testing System (New-
are, China) with a voltage window between 1.7 and 2.7 V in an
oven set to 30 �C. All half-cells for the charge–discharge tests
and rate performance tests were subjected to one activation
cycle at 0.05 C (1 C ¼ 1672 mAh g�1) prior to cycling at the
specified rate, except for the cells subject to areal capacity
testing which were cycled directly at 0.25 mA cm�2. Elec-
trochemical impedance spectroscopy (EIS) was carried out on
a Biologic SP-200 (Biologic, France) with the AC set to 5 mV
and a frequency range of 10 mHz–100 kHz. Cyclic voltam-
metry (CV) was carried out on a CHI660D electrochemical
station (CHI Instruments, USA) at 24 �C with a scan rate of
0.05 mV s�1 and a voltage window of 1.7–2.7 V.
2.4. Computational details
The atomic configurations and adsorption energies between
the polymer (PTTG/PVDF) and the lithium sulfide species
(Li2S/Li2S4) were calculated by using the plane-wave based
density functional theory (DFT) method, as implemented in
the Vienna ab initio Simulation Package (VASP) [28]. The
Perdew-Burke-Ernzerh exchange-correlation functional was
employed using generalized gradient approximation (GGA)
parameterized by Perdew–Burke–Ernzerhof (PBE) [29]. The
interaction potentials of the core electrons were replaced by
3

Projector-augmented-wave (PAW) pseudopotentials [30]. All
calculations employed a cutoff energy of 500 eV for the plane-
wave basis set, while Brillouin-zone integrations were
approximated by using 1 � 1 � 1 gamma-only k-points
sampling. The energy difference and force required for
convergence were set to 10–4 eV and 0.03 eV Å�1,
respectively.

The vacuum between a polymer and its image is 30 Å,
while the distance between the Li2S/Li2S4 and its image is no
less than 25 Å along the periodic directions. These systems
were large enough to avoid any artificial interaction caused by
periodicity. The binding energy, Eb, was defined as the energy
difference between the Li2S/Li2S4 adsorbed system
ðEpolymer�xLi2S=Li2S4Þ and the summation of the pristine polymer
ðEpolymerÞ and isolated Li2S/Li2S4 cluster, as shown in Eq. (1).

Eb¼
�
xELi2S=Li2S4 þEpolymer

��Epolymer�xLi2S=Li2S4 ð1Þ

With this definition, positive binding energy indicated that the
binding interaction was favoured. The three-dimensional
visualization models were constructed using VESTA software.

3. Results and discussion

The reaction scheme and chemical structure of the PTTG
polymer is provided in Scheme 1. To confirm that the syn-
thesis yielded the desired product, 1H and 13C NMR spectra
were obtained (Figs. S1 and S2), which match well with the
previous report [26], suggesting that the PTTG polymer was
successfully synthesised. By comparing the ratio of the inte-
grated area of the primary end group amine hydrogen
(2.76 ppm) and the thiourea hydrogen (7.51 ppm) within the
polymer chain on the 1H NMR spectrum (Fig. S1), the mo-
lecular weight of the PTTG polymer was approximated, and
found to be roughly 8800 a.m.u. The NMR characterization
highlights the polymers abundant functional groups, including
lone pair rich thiourea and ether groups, which have been
shown to reduce LiPS shuttling [31–33].

To experimentally verify whether or not the PTTG polymer
could indeed interact with soluble LiPS, a simple adsorption
test was carried out. A ca. 1 M solution of Li2S6 was exposed
to 500 mg of PTTG and PVDF in separate vials and allowed to
rest for 24 h, as shown in Fig. S3. After exposure, it can be
observed that the supernatant solution in the PTTG vial
experienced a drastic colour change, unlike the solution
exposed to PVDF. UV-Vis spectra were obtained from the
supernatant solution (Fig. 1), which corroborate the reduced
concentration of LiPS present in the solution after PTTG
exposure [34,35]. Additionally, a milky white precipitate
formed at the interface between the PTTG polymer and the
LiPS solution. These preliminary results suggest that the
PTTG polymer can chemically interact with soluble poly-
sulfide species.

To further investigate the chemical adsorption of LiPS on
PTTG polymer, Fourier transform infrared (FTIR) investiga-
tion was carried out on both the fresh PTTG polymer as well
as the sample of PTTG after LiPS exposure. The FTIR spectra



Scheme 1. The synthesis scheme and chemical structure of the PTTG polymer.

Fig. 1. UV-Vis spectra of the supernatant lithium polysulfide (LiPS) solution

after adsorption experiment.
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are displayed in Fig. 2, with the important peaks highlighted.
The peaks at approx. 3290 and 1660 cm�1 correspond to the
NH stretching and bending vibration, respectively. The peaks
at 3060 and 1545 cm�1 can be assigned to the thiourea moiety
[26,36], while the broad doublet peak at around 1090 cm�1

peak is assigned to the ether groups in the PTTG polymer.
After exposure to the LiPS solution, the peak relating to NH
stretching increased and broadened, whereas the NH bending
peak sharply declined. The peaks assigned to both the thiourea
Fig. 2. FTIR spectra of the PTTG polymer and the PTTG sample after LiPS

exposure.

4

and ether groups also declined after LiPS exposure. The
changes in the peaks associated with electron-rich functional
groups are attributed to the formation of coordinated bonds
formed between the PTTG and the LiPS [37].

Additionally, the peak located at around 3060 cm�1 is of
further interest in this work. This peak corresponds to the NH
deformation vibration of non-linearly H-bonded thiourea units,
and does not appear in semi-crystalline H-bonded urea con-
taining materials [26,38]. This is particularly relevant in the
LSB system because when employed as a binder, the H-
bonding ability of the PTTG polymer could provide interfacial
forces that could tightly adhere the electrode components
[19,20] without suffering the drawbacks of a crystalline and
brittle H-bonded network inherent to common binders such as
carboxymethyl cellulose (CMC) [39].

Next, the XPS characterizations were conducted to confirm
the chemical interaction between the PTTG polymer and
soluble LiPS. 40 mg of the PTTG polymer was exposed to
40 mL 0.1 M Li2S4 solution for 2 h under magnetic stirring
before the supernatant solution was removed, and the
remaining solid was subjected to XPS analysis. As a reference,
XPS spectra were also obtained from the pure PTTG polymer.
The resulting XPS survey spectra are shown in Fig. S4, with
the corresponding high-resolution (HR) spectra shown in
Fig. 3. The HR spectra of the O 1s region for the PTTG
polymer (Fig. 3a–i) displays a characteristic peak at 530.8 eV,
typical for the ether group of polyethylene oxide [40]. After
exposure to the Li2S4 solution, the O 1s signal shifts to a lower
binding energy and can be expressed as two peaks relating to
uncoordinated ether oxygen (530.4 eV) and the newly formed
Li–O coordinate bond (529.6 eV), respectively (Fig. 3a–ii)
[31]. Similarly, the N 1s peak at 399.1 eV displayed in
Fig. 3b–i, which can be ascribed to the secondary amine
within the thiourea moiety of the PTTG polymer [41], shifts to
a lower binding energy of 398.2 eV with a new peak appearing
at 397.5 eV due to the formation of the Li–N bond after Li2S4
exposure (Fig. 3b–ii) [42]. For the HR S 2p spectra, all signals
were assigned as a doublet with a 2:1 area ratio and 1.18 eV
peak separation, in accordance with the S 2p3/2/S 2p1/2 spin
doublet convention [43], with the S 2p3/2 portion represented
by a solid line and the S 2p1/2 represented by a dashed line,
with the quoted binding energies referencing the S2p3/2 sec-
tion of the doublet. The thioketone group in the PTTG poly-
mer is assigned to the major peak at 162.8 eV in Fig. 3c–i [44],
with the minor satellite peaks assigned to SO3

2� and S2� [45].
After exposure to Li2S4 a downshift of the thioketone peak to
161.6 eV is observed, with an additional peak appearing at
160.9 eV due to the formation of the coordinated Li–S bond
between the thioketone group and the lithium atom of the
soluble LiPS. The reduction in the binding energies and the



Fig. 3. High-resolution XPS spectra of the (a) O 1s, (b) N 1s, and (c) S 2p

regions for the PTTG polymer before (i) and after (ii) Li2S4 exposure.
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formation of new peaks attributed to coordinated Li bonds in
the HR XPS spectra provides further evidence of PTTG's
chemical interaction with soluble LiPSs.

Following the LiPS adsorption experiments, DFT calcula-
tions were employed to provide a computational explanation
of the obtained LiPS adsorption results. The calculation results
are displayed in Fig. 4 and Fig. S5. Fig. 4a shows the relaxed
PTTG structure used for calculations. It was found that Li2S
preferentially binds in one of two sites on the PTTG polymer
structure, the thiourea site (Fig. 4b–i and ii) and the oxygen
site (Fig. 4c–i and ii). The thiourea site can accommodate two
Li2S molecules at the sulfur and nitrogen atoms, respectively,
providing a combined binding energy of 1.477 eV, while the
oxygen site accommodates one Li2S molecule with a binding
energy of 0.821 eV, which is much higher than binding en-
ergies calculated between Li2S and PVDF (0.324 eV), as
shown in Fig. S5a. To further confirm the formation of coor-
dinated bonds between the PTTG polymer and soluble LiPSs,
the binding energies of Li2S4 and PTTG were calculated. As
shown in Figs. S5c and d, the sulfur and oxygen site of the
PTTG polymer coordinates with Li2S4 at a binding energy of
0.660 eV and 0.613 eV, respectively, again much higher than
the binding energy calculated between PVDF and Li2S4
(0.256 eV). These DFT calculations support the earlier results
obtained in the LiPS adsorption experiments [31,46], all of
which indicate a stronger adsorption ability of PTTG towards
LiPS, which means the LiPS shuttle phenomenon could be
effectively inhibited when applied in LSBs.

To determine whether the proposed benefits of the PTTG
polymer enhance the performance of LSBs in practice, a
thorough electrochemical investigation was carried out. The
cells were subject to charge–discharge testing at a rate of 0.2 C
(1 C ¼ 1672 mAh g�1), with the voltage/capacity profile of the
first cycle displayed in Fig. 5a. It is well-established that the
discharge profile of the LSB can be separated into two distinct
plateaus, with the first relating to the dissolution of solid sulfur
to soluble LiPS intermediates and the second corresponding to
the precipitation of the soluble species to form Li2S2/Li2S,
after which the discharge process is complete [5]. It can be
observed that in both cells, during the first discharge step, a
capacity of ca. 285 mAh g�1 is obtained, suggesting that in
both cases, a roughly equivalent amount of solid sulfur has
dissolved into soluble LiPS. However, upon complete
discharge, the Sulfur-PTTG cell delivers a capacity of
981 mAh g�1 compared with 889 mAh g�1 in the Sulfur-
PVDF cell, suggesting that the PTTG binder enables more
of the dissolved LiPSs to be completely reduced to Li2S.
Additionally, the discharge plateaus in the Sulfur-PTTG cell
display a higher reduction potential compared with the Sulfur-
PVDF cell. In contrast, upon charging, the Sulfur-PTTG cell
has a lower oxidation voltage than the Sulfur-PVDF cell,
resulting in a smaller degree of polarization when PTTG is
used as the binder. The discharge capacity and Coulombic



Fig. 4. The DFT calculation of the binding energy between Li2S and thiourea and ether sites (a) The relaxed structure of the PTTG polymer. (b-i and ii) The binding

sites and binding energy between the thiourea sites and Li2S. (c-i and ii) The binding site and binding energy between the ether sites and Li2S. Yellow atom: sulfur,

blue atom: nitrogen, red atom: oxygen, green atom: lithium, brown atom: carbon, pink atom: hydrogen.
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efficiency (CE) over 80 cycles is displayed in Fig. 5b. The
discharge capacity of the Sulfur-PTTG cell steadily decays to
825 mAh g�1 after 80 cycles, corresponding to a capacity loss
of 0.198% per cycle over the tested range. On the other hand,
the Sulfur-PVDF cell suffers from a more pronounced ca-
pacity fading of 0.426% per cycle, resulting in a discharge
capacity of 586 mAh g�1 at the 80th cycle highlighting the
ability of PTTG to reduce the capacity fading in LSBs. What's
more, the CE of the Sulfur-PTTG cell is higher over the 80
cycles than that of the Sulfur-PVDF cell.

In order to investigate the performance of the PTTG binder
under different charge–discharge currents, rate performance
testing was carried out, as shown in Fig. 5c. The cells were
subjected to charge/discharge cycles at increasing C-rates
before returning to the original current density. The Sulfur-
PTTG cell delivered capacities of 985, 826, 717, and
587 mAh g�1 at 0.2, 0.5, 1, and 2 C, respectively, whereas the
Sulfur-PVDF cell delivered capacities of 840, 681, 595, and
426 mAh g�1 at the same current densities. These results
6

clearly demonstrate PTTG's ability to deliver a higher
discharge capacity under increased charge/discharge rates,
especially when cycled at 2 C. Additionally, upon returning to
the original discharge rate of 0.2 C, the Sulfur-PTTG cell
provides a higher discharge capacity from the 21st cycle on-
wards and suffers from a smaller capacity decay per cycle
compared with the Sulfur-PVDF cell. Like before, the Sulfur-
PTTG cell displayed a higher CE over the tested cycles and a
much lower drop in efficiency when switching between
discharge currents when compared with the Sulfur-PVDF cell
(Fig. S6). The long term cycle performance was also examined
in both the PTTG and PVDF-based cells, with the results
shown in Fig. 5d. An activation process can be observed in the
first few cycles for the PTTG-Sulfur cell, which is a common
phenomenon [47]. After 350 cycles at 0.5 C the PTTG-based
cell delivers a discharge capacity of 529 mAh g�1 compared
with only 264 mAh g�1 in the PVDF-based cell, corre-
sponding to a capacity fading of 0.123 and 0.198% per cycle
for each cell, respectively, which again highlights the superior



Fig. 5. Electrochemical data of the Sulfur-PTTG (red) and Sulfur-PVDF (black) cells, including (a) first–discharge profile at 0.2 C (1 C ¼ 1672 mAh g�1), (b)

charge–discharge capacity and coulombic efficiency at 0.2 C, (c) rate performance, and (d) charge–discharge capacity and coulombic efficiency at 0.5 C.
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capacity retention displayed by the PTTG polymer. The areal
capacity of the LSB is another critical parameter which must
be improved before commercialisation [48]; thus the areal
capacity obtained at 0.2 C with a sulfur loading of
1.0 mg cm�2 is displayed in Fig. S7a. Following this, high
loading cathodes (z4 mg cm�2) were fabricated and cycled at
0.25 mA cm�2 to investigate the areal performance of the
PTTG binder. As shown in Fig. S7b, the Sulfur-PTTG elec-
trode delivers an areal capacity of about 2.5 mAh cm�2 in the
5th cycle, much higher than the capacity of around
1.5 mAh cm�2 delivered by the Sulfur-PVDF cathode at the
same sulfur loading, which shows PTTG's ability to deliver
better electrochemical performance, even at higher sulfur
loading.

In order to deeply understand the mechanisms by which the
PTTG binder enhances the electrochemical performance of
LSBs, cyclic voltammetry testing was first carried out between
the voltage window of 1.7–2.7 Vat a scan rate of 0.05 mV s�1.
As shown in Fig. 6a, the voltammogram of Sulfur-PTTG cell
shows only a minor difference in the peak height and position
between the first and second cycle, with almost no change
between the second and third cycle. When compared with the
CV curve for the Sulfur-PVDF battery (Fig. 6b) a less stable
first cycle can be observed, with overlap between the first and
second discharge peak. Additional differences in electro-
chemical performance between the cells can be noted by
7

observing the peak current during discharge. The first
discharge peak current in both the Sulfur-PTTG and Sulfur-
PVDF cell is roughly equivalent (approx. �0.28 mA), how-
ever the peak current associated with soluble LiPS precipita-
tion is higher in the Sulfur-PTTG cell compared with the
Sulfur-PVDF cell (approx. �0.75 vs. �0.60 mA, respec-
tively) highlighting the superior reaction kinetics of the cell
when PTTG is used as a binder. These CV results indicate that
the PTTG binder could effectively reduce the polarization of
the sulfur cathode and accelerate the redox kinetics.

EIS was carried out on both the Sulfur-PTTG and Sulfur-
PVDF cathodes before and after 50 cycles at 0.5 C. The
resulting spectra were fit to an equivalent circuit, with the
experimental and theoretical results displayed in Fig. 6c and d,
and Table S1 and the equivalent circuits displayed in Fig. S8.
Prior to cycling, the spectra can be modeled by the circuit
displayed in Fig. S8a [49], with the impedance contributions
attributed to the ohmic resistance (Re), charge transfer resis-
tance (Rct), and Warburg impedance (Wo) in the cells,
respectively. In the Sulfur-PTTG cell, an Rct value of 212 U is
obtained, which is smaller than that of the Sulfur-PVDF cell
(430 U) (Table S1). After cycling, the cells can be modeled by
the equivalent circuit shown in Fig. S8b, with the additional
contribution to the impedance stemming from the interphase
contact resistance in the electrode bulk, which is labeled Rint

[50]. When the EIS results for the Sulfur-PTTG cell are fit to



Fig. 6. Cyclic voltammogram of the (a) Sulfur-PTTG and (b) Sulfur-PVDF cell for 3 cycles at 0.05 mV s�1. EIS spectra of the Sulfur-PTTG and Sulfur-PVDF

cathode (c) before and (d) after 50 cycles at 0.5C.
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the equivalent circuit the values of 31.6 U and 14.3 U that are
obtained for Rct, and Rint, respectively, which are much lower
than those in the Sulfur-PVDF cell (63.1 and 69.3 U) (Table
S1). The lower Rct and Rint values in the Sulfur-PTTG cell
suggest quicker electron transportation, leading to lower po-
larization and faster redox kinetics.

DLi¼ R2T2

2A2n4F4C2sw
2

ð2Þ

DLif
1

s 2
w

ð3Þ

Qualitative lithium ion diffusion information can also be
obtained from the low-frequency region of the EIS results,
which is attributed toWo [51]. By graphing the real component
of the complex impedance (Z’) vs. the angular frequency
(u�1/2) in the low-frequency region of the EIS results after
cycling, as shown in Fig. S9, a value for the Warburg factor
(sw) can be obtained [52]. The trend in the lithium diffusion
kinetics in both electrodes can be obtained through the
inversely proportional relationship between the lithium ion
diffusion coefficient (DLi) and sw, as shown in Eqs. (2) and (3)
[53]. Thus, as the Sulfur-PTTG cell displays a smaller sw

compared with the Sulfur-PVDF cell (3.9691 vs. 13.651,
8

respectively), improved lithium ion diffusion kinetics can be
inferred.

Secondly, the electrode morphological characterizations
and peel tests were also carried out to explain the excellent
mechanical properties that contribute to the improved elec-
trochemical performance. To this end, SEM images were taken
of the Sulfur-PTTG and Sulfur-PVDF cathodes before cycling
and after 100 cycles at 0.5 C (Fig. 7). Fig. 7a and c show the
surface of a pristine Sulfur-PTTG and Sulfur-PVDF cathode,
respectively. The surface of the Sulfur-PTTG electrode shows
good homogeneity with minimal pits and cracks in the elec-
trode surface. In contrast, the surface of the Sulfur-PVDF
electrode shows large surface cracks and deep pits, while
also displaying a reduced degree of homogeneity. These im-
ages suggest that the PTTG binder can help to disperse the
sulfur and carbon black throughout the electrode resulting in
an even electrode surface, which supports the smaller Rct

obtained during EIS testing. Upon observing the SEM images
of the electrodes after cycling, the differences between the
electrodes using two different binders become even more
pronounced. Although the Sulfur-PTTG electrode does display
some small pits (Fig. 7b), the surface remains relatively
smooth, homogeneous, and free from large cracks. In sharp
contrast, the Sulfur-PVDF cathode's surface (Fig. 7d) shows



Fig. 7. SEM images of the Sulfur-PTTG cathode (a) before cycling and (b) after 100 cycles with cross-section image inset, and the Sulfur-PVDF cathode (c) before

cycling and (d) after 100 cycles with cross-section image inset.

Fig. 8. Mechanical peel tests of the Sulfur-PTTG (red) and the Sulfur-PVDF

(black) cathodes.
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large pits with an extremely rough surface, which could
explain the higher Rint value obtained in the analysis of the
Sulfur-PVDF cell. Additional morphological differences can
be observed in the cross-sectional SEM images of the elec-
trodes shown in the inset of Fig. 7b and d. Even after 100
cycles, the Sulfur-PTTG electrode film maintains tight
adherence to the current collector, in contrast to the Sulfur-
PVDF electrode film which has detached from the current
collector. The void between the electrode film and the current
collector, as well as the cracked surface of the electrode, could
result in regions of the Sulfur-PVDF cathode becoming inac-
cessible to the migrating electrons during charge/discharge,
thereby reducing the electrochemical performance of the cell
[49,54]. As the Sulfur-PTTG cathode maintained its integrity
during cycling, the electronic pathways throughout the elec-
trode could have been preserved, which may contribute to the
improved electrochemical performance and smaller Rct

mentioned earlier.
90� peel-off testing was carried out to further examine the

mechanical adhesion of the PTTG and PVDF. According to
the results shown in Fig. 8, the steep initial region of the line is
larger for the Sulfur-PTTG cathode, suggesting it requires
more force to remove the Sulfur-PTTG film from the current
collector compared to the Sulfur-PVDF film. Also, in the
flatter horizontal region of the peel-off data, it can be observed
that the line for the sulfur-PVDF cathode is far more erratic
compared with the Sulfur-PTTG cathode line, suggesting that
9

Sulfur-PTTG cathode has a more consistent and even adhesion
to both the current collector and the components within the
electrode film [35,55,56]. The higher adhesion and greater
degree of consistency within the Sulfur-PTTG cathode can
suggest why the morphology of Sulfur-PTTG cathode main-
tains its integrity and provides better electrochemical perfor-
mance than the Sulfur-PVDF electrode.
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4. Conclusion

PTTG was successfully synthesized and applied as a
multifunctional binder for the sulfur cathode in LSBs. Elec-
trochemical investigation revealed that the Sulfur-PTTG
cathode delivers a reduced capacity fading of 0.123% per
cycle at 0.5 C, a higher discharge capacity of 587 mAh g�1 at
2 C, and a higher areal capacity of 2.5 mAh cm�2 at
0.25 mA cm�2 compared to the Sulfur-PVDF cathode. Such
excellent electrochemical performances obtained could be
attributed to the multifunctional properties of PTTG: i) strong
chemical adsorption of LiPS verified by both theoretical cal-
culations and experiments; ii) good ionic/electronic conduc-
tivity of the Sulfur-PTTG electrode; iii) tight adherence to the
current collector after cycling and iv) superior ability on the
homogenizing electrode surface. This work not only proves
PTTG is a promising binder for LSBs but also provides
guidance to synthesize a kind of binder for high-performance
LSBs.
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