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lithium—sulfur batteries

o A quasi-solid-state electrolyte was developed to enable stable cycling of commercial graphite anodes in lithium—sulfur batteries.
o The quasi-solid-state electrolyte prevents solvent co-intercalation, enhances safety, and delivers ~ 1200 mAh g—1 with > 90% capacity
retention over 200 cycles in pouch cells.

Lithium—sulfur (Li—S) batteries with high energy density are promising for next-generation energy storage but suffer from poor cycle life due to
instability of the lithium anode. Commercial graphite anodes used in lithium-ion batteries could be viable for replacement of lithium metal as
anode in Li-S batteries. However, graphite anodes are incompatible with the commonly used ether-based electrolytes in Li—S batteries due to the
Li* ion and solvent co-intercalation into graphite interlayers, which leads to exfoliation. Here, we report the stabilisation of graphite anode by
in-situformation of quasi-solid-state electrolyte (QSSE) in Li—S batteries. The QSSE is formed by the ring-opening of molecular ethers induced by
metallic molybdenum disulfide sulfur cathode host to produce long-chain polymers. The resulting gel polymer matrix exhibits ionic conductivity
(1.51 mS cm™") comparable to that of liquid electrolyte and provides sufficient redox chemistry for the sulfur cathode without co-intercalation
into the graphite anode. Li—S pouch cells based on in-situ formed QSSE and graphite anode show a specific capacity of ~ 1200 mAh g~! and
90.3% capacity retention after 200 cycles. Our design addresses the electrolyte limitation associated with graphite anode, enabling graphite
to be used in ether-based solvents for safe, cost-effective and stable Li—S batteries.

Keywords 2D materials - energy storage - in situ - polymerization - phase transformation

Discussion
e Can the replacement of lithium metal with graphite anode in lithium—sulfur batteries reduce both cost and safety concerns without

compromising performance?
Is quasi-solid-state electrolyte a transitional intermediate or a long-term solution in the broader shift from liquid to solid-state battery
technologies?

Zhuangnan Li and Manish Chhowalla were editors of this journal during the review and decision stage. For the MRS Advances policy on
review and publication of manuscripts authored by editors, please refer to mrs.org/editor-manuscripts.
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Introduction

The high theoretical capacity (1672 mAh g') and earth
abundance of elemental sulfur make lithium-sulfur (Li-S) bat-
teries attractive alternatives for energy storage.'” However,
the practical cycle life of Li-S batteries needs to be improved
for commercialisation.'? Li-S batteries consist of sulfur as the
cathode and lithium metal as the anode.? The degradation and
dendrite growth on lithium anode during cycling along with
parasitic reactions between migrated polysulfides and lithium
metal limit the battery lifetime.?* Lithium anode protection
strategies such as surface coating, alloying, host design, and
electrolyte additives have been widely studied.® Moreover,
alternative anode materials with better cycling stability have
also been considered.'1%!!

Graphite has been used as the anode in commercial lith-
ium-ion batteries (LIBs) for more than 30 years because it is
stable over many cycles of Li* ion intercalation/deintercala-
tion.'? Graphite electrode production is also well established
at an industrial scale.’® In addition, graphite is less reactive
than metallic lithium and thus mitigates some of the safety
concerns.'?!* However, despite multiple advantages, graph-
ite is found to be unstable in the ether-based electrolyte used
in Li-S batteries due to co-intercalation of solvent molecules
with Li* ions into the graphite lattice.'*!> Such solvent inter-
calation leads to delamination of graphite anode and rapid
cell failure within a few cycles. On the other hand, commer-
cial carbonate electrolytes used in LIBs are not compatible
with sulfur cathode because they cause severe side reactions
with polysulfide intermediates, resulting in permanent loss of
active material.'® For these reasons, various strategies have
been developed to enable the use of graphite anodes in Li-S
batteries, including electrolyte with ultrahigh salt concentra-
tion (solvent-in-salt),'” and separators that allow the use of dif-
ferent types of electrolytes to be used on the cathode and anode
sides.'® These approaches remain at the proof-of-concept stage
with limited scalability.

In this work, we report an ether-based quasi-solid-state
electrolyte (QSSE) that allows the stable operation of graphite
anode in Li-S batteries. Our previous study has demonstrated
that the QSSE can be prepared in-situ by triggering the ring-
opening polymerisation of 1,3-dioxolane (DOL) with the
metallic 1 T phase molybdenum disulfide (1 T MoS,) host."
Herein, we further show that, unlike conventional ethers,
the resultant polymerised DOL (PDOL) enables the revers-
ible intercalation of Li" ions into the graphite anode without
co-intercalation of the solvent (Fig 1a). In addition, the ionic
conductivity of the QSSE is similar to that of the liquid elec-
trolyte. The oxidation stability is also improved, extending
the electrochemical window by > 1 V. Furthermore, the QSSE
exhibits an enhanced flame-retardant property. This design
allows the implementation of well-established graphite anode
in ether-based electrolyte to realise Li-S batteries with high
capacity (~1200 mAh g™') and cycling stability (> 90% reten-
tion after 200 cycles).

Results and discussion

The mechanism of QSSE preparation has been described
in our previous study.'” Briefly, the sulfur host material in the
cathode of our Li-S batteries is the metallic 1 T phase MoS,
nanosheets. The Lewis acidity of 1 T MoS, host initiates the reac-
tion. DOL solvents in the conventional liquid electrolyte (LE)
undergo a cationic ring-opening polymerisation, forming PDOL
and thus the gel polymer QSSE (Figure S1). These structural
changes are confirmed by Raman spectroscopy (Fig 1b), where
QSSE exhibits C-O chain stretching instead of the C-O-C ring
vibration observed in LE. The number average molecular weight
of PDOL is ~3300 g mol™! (DOL monomer is 74 g mol '), sug-
gesting a moderate degree of polymerisation. The as-produced
PDOL within the battery cell possesses a long-chain structure
with a much larger size than the single cyclic ether molecule of
DOL. Therefore, the QSSE solvent is unlikely to co-intercalate
with Li" ions into the graphite interlayer, avoiding the exfolia-
tion of graphite anode. In addition, unlike LE that loses weight
even at room temperature due to the low boiling point of DOL
(~74 °C), QSSEisless volatile and has better thermal stability as
measured by thermogravimetric analyses (Fig 1c).

The stress versus strain curve of the QSSE gel at room tem-
perature shows a typical elastic polymer behaviour of PDOL
(Fig 2a). Such elastomer-like mechanical behaviour and strength
of QSSE are important for the Li-S battery because the sulfur
cathode undergoes ~80% volume expansion during charge-dis-
charge cycles.?! Another crucial feature of QSSE is the flame-
retardant property. As shown in Fig 2b, the conventional LE is
highly flammable and therefore rapidly ignites and burns. In
contrast, QSSE exhibits considerable tolerance to flame expo-
sure and does not catch fire during the combustion test. Both
mechanical and thermal stabilities are promising for the use of
this electrolyte in practical systems.

In addition to the co-intercalation challenge, conventional
DOL-based LE is also not commonly employed in batteries that
use intercalating cathodes due to its poor oxidation stability.?
Linear sweep voltammetry curves in Fig 2¢ show that LE starts
to decompose at potentials above 3.58 V (vs. Li*/Li), which is
incompatible with commercial cathodes (e.g. lithium nickel
manganese cobalt oxides usually operate between 3.0-4.2V). In
contrast, QSSE exhibits much better electrochemical stability
without noticeable oxidation up to 4.5V, an extension of volt-
age window by ~1 V. In addition to a wider operating voltage,
QSSE also possesses ionic conductivity comparable to that of LE.
Figure 2d summarises the temperature-dependent ionic conduc-
tivity. It is noteworthy that the ionic conductivity of QSSE fits
well with Arrhenius or Vogel-Fulcher-Tammann models, sug-
gesting that the temperature range of measurements (5 to 65 °C)
is beyond its glass transition temperature. At room temperature,
QSSE exhibits ionic conductivity of ~ 1.5 mS cm ™!, higher than
typical values reported for gel polymer electrolytes under similar
conditions (<1 mS ecm™).2? We attribute this to the in-sizu for-
mation of QSSE, which leads to superior electrode-electrolyte
interface and thereby low interfacial resistance.
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Figure 1. Comparison of structural and thermal properties between LE and QSSE. (a), Schematic illustrating the intercalation of Li* ions into graphite
interlayers in different electrolytes, showing that the exfoliation caused by solvent co-intercalation occurs in LE but not in QSSE. (b), Raman spectra with
characteristics of ring monomer, chain polymer, and electrolyte salt shaded in blue, yellow, and grey colours, accordingly. (c), Thermogravimetric analyses
of LE and QSSE, suggesting improved thermal stability of QSSE prior to DOL boiling point (74 °C). Note that the second weight loss at ~400 °C is due to the

decomposition of LiTFSI.2

The stability of graphite anode in different electrolytes was
studied by galvanostatic charge-discharge (GCD) measure-
ments of Li| | graphite cells (Fig 3). GCD profiles indicate that
graphite in LE-based cells exhibits a specific capacity of 353 mAh
g ! after 1st cycle initialisation (Fig 3a)—close to its theoretical
capacity (372 mAh g !).!2 However, the subsequent cycles show
severe capacity decay with a retention of only 26 mAh g™! after
10 cycles. This is consistent with the literature and is attributed
to the exfoliation of graphite as a consequence of solvent co-
intercalation. In contrast, while delivering comparable capac-
ity (355 mAh g! at 2nd cycle) to the cells using LE, graphite
in QSSE shows much better reversibility (340 mAh g ™! at 10th
cycle) (Fig 3b). It can also be seen that both specific capacity
and charge-discharge behaviours of graphite in QSSE are simi-
lar to those of typical carbonate-based electrolyte (1 M LiPF in

EC/DEC, Fig 3c), suggesting sufficient compatibility of QSSE
with graphite. The stable operation of graphite anode in QSSE
has been further confirmed over long-term cycling. As shown in
Fig 3d, rapid failure of the cell with conventional LE is observed
within 10 cycles, whereas the cell using QSSE remains functional
for more than 150 cycles.

To investigate the structure of graphite anode and provide
understanding of its stability in QSSE, X-ray diffraction (XRD)
was used to characterise the electrodes after cycling. For pristine
electrode without cycling, an intense peak at 26.5° is observed
on the XRD pattern, corresponding to the (002) plane of graph-
ite (Fig 4a). For the graphite cycled in conventional LE, this
sharp peak disappeared, indicating that the original graphite
lattice is destroyed by the co-intercalation of DOL solvents. In
comparison, such a signature peak is still present after GCD
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Figure 2. Characterizations of mechanical, safety, and electrochemical properties for QSSE. (a), Uniaxial tensile stress—strain curve of QSSE describing
an elastic behaviour. (b), Photographs of LE and QSSE under the combustion test, showing the flame-retardant properties of QSSE. (c), Linear sweep
voltammetry of LE and QSSE at a sweep rate of 1 mV s™L, demonstrating a better oxidation stability of QSSE. (d), Comparison of ionic conductivity between LE

and QSSE under various temperatures.

cycles in QSSE, suggesting that the graphite is well maintained
without exfoliation, in good agreement with its cycling stability
(Fig 3d). Raman spectra also confirm that the graphitic struc-
ture (as indicated by G band) is retained after cycling in QSSE,
whereas considerable defects and disorder (as indicated by the
appearance of prominent D band) are observed for the graphite
anode cycled in LE (Fig 4b).

Building on the compatibility of graphite with QSSE, we
fabricated Li-S batteries with graphite anodes. It is worth not-
ing that the use of graphite as an anode can cause the cells to
lack lithium; therefore, a pre-lithiation step is needed. Various
methods have been reported, such as the spontaneous lithia-
tion by attaching a thin lithium foil to the surface of graphite
anode or sulfur cathode during the cell assembly.?*-*> Here, in
order to characterise the graphite anode in a better manner,
we adopted the cathode pre-lithiation approach by fabricating
lithium sulfide (Li,S, the final discharge product of Li-S batter-
ies) into the cathode (see Methods). Accordingly, the cells need
to be charged first following their assembly. During this process,

the Li" ions are released from the cathode and transported to
the anode, where they can intercalate into graphite. This step is
observed in the GCD curves in Fig 5a, where the charge profile
for the 1 st cycle exhibits a considerable overpotential and also
additional capacity due to irreversible side reactions. Thereafter,
the Li-S cells using graphite anode operate stably with a specific
capacity of 1063 mAh g 1 at 0.1 C (1 C=1672 mAh g™!), compa-
rable to that of 1146 mAh g™! achieved by the cells with metal-
lic lithium anode. A closer observation of the GCD and cyclic
voltammetry (CV, Figure S2) profiles shows that the second dis-
charge plateau is slightly below 2.0 V, which is lower than the
typical value of ~2.1V commonly seen in the Li-S batteries. This
isin agreement with the standard electrode potential of graphite
(~0.1 Vvs. Li*/Li), resulting in a reduction in the overall nomi-
nal voltage of the cells.

Our previous study reported that by using QSSE in Li-S bat-
teries (lithium foil as anode), it is possible to achieve~80%
capacity retention after 200 cycles.'” To evaluate the potential
real-world feasibility of the Li-S batteries with graphite anode,
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Figure 3. Electrochemical characterizations of Lillgraphite cells in different electrolytes. (a-c), Galvanostatic charge—discharge curves at a current density

of 0.1C for Lillgraphite cells in LE (a), QSSE (b), and carbonate-based electrolyte (c). (d) Cycling stability of Lillgraphite cells in different electrolytes,
showing that graphite operates stably in QSSE.
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Figure 4. Post-cycling structural characterizations of graphite anodes in different electrolytes. (a, b), XRD patterns (a) and Raman spectra (b) of graphite
anode before and after cycling in different electrolytes, demonstrating that the lattice structure is destroyed in LE whereas maintained in QSSE.
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Figure 5. Fabrication of QSSE-based Li-S batteries with graphite anode. (a), Galvanostatic charge— discharge curves of Li—S batteries with graphite anode
at 0.1 C, showing the stable operation after the initialising 1st cycle. (b, c,) Specific capacities different current densities (b) and cycling stability at a

current density of 1 C (c) for Li—S batteries with graphite anode.

rate capability and cycling stability were measured. As shown
in Fig 5b, even at the relative high C-rates of 1 C and 2 C, the
Li-S batteries retain 57% (604 mAh g’l) and 44% (469 mAh gfl)
of the initial capacity, respectively. At 1C, the batteries retain
90.3% of original capacity after 200 cycles with Coulombic
efficiency>98% (Fig 5c¢). Such a cycle life, together with the
improved safety and reduced cost, provides great potential for
QSSE in practical Li-S batteries.

Conclusions

In summary, we describe QSSE to address the long-standing
challenge of using graphite anode in Li-S batteries with ether-
based electrolytes, achieving notable improvements in cycling
stability and safety. Through ir-situ polymerisation of DOL
with metallic 1 T MoS, sulfur host material, the formed QSSE
mitigates the problem of solvent co-intercalation with Li* ions,
which typically destroys the graphite structure during opera-
tion. The QSSE possesses ionic conductivity comparable to
conventional LEs. Therefore, the resultant Li-S batteries deliver
high capacity (~ 1200 mAh g!) and superior cycling stability,

demonstrating> 90% capacity retention after 200 cycles. Fur-
thermore, the QSSE is capable of extending the electrochemi-
cal window by over 1 V and is also flame retarding, making it
a promising electrolyte for safer and long-lasting Li-S battery
applications. Our design enables the stable operation of graphite
in ether-based systems, thereby establishing it as a robust anode
material for next-generation Li-S batteries.

Methods

Preparation of electrodes

The cathodes consist of 1 T MoS, host and Li,S active mate-
rial. 1 T MoS, was synthesised by chemical exfoliation of 2H
MoS, powder with organolithium as previously reported.?®->8
Briefly, bulk 2H MoS, (0.3 g) was immersed in hexane (15 mL),
followed by adding n-butyllithium solution (1.6 M in hexane,
3 mL) and refluxing for 2 days under argon protection. Then,
the product was washed with hexane (50 mL) for 3 times and
dispersed in deionised water with the aid of ultrasonication

(20 min). After centrifugation to remove the unreacted parts
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and residues, the resultant powder was freeze-dried toyield 1 T
MoS,. Li,S composites were prepared inside an argon-fill glove-
box by mixing 1 T MoS, host material (40 mg) and Li,S powder
(100 mg) through a ball milling process. The mixture was next
ground with poly (vinylidene fluoride) binder at a mass ratio of
9:1 in N-methyl-2-pyrrolidone to form a homogeneous slurry.
The slurry was then coated onto carbon-coated Al foils using
a doctor blade and dried at 60 °C for 12 h under vacuum. The
anode slurry was prepared by mixing graphite, Super P carbon
and poly(vinylidene fluoride) binder at a mass ratio of 8:1:1 in
N-methyl-2-pyrrolidone, followed by coating it onto Cu foils with
adoctor blade and drying at 120 °C for 12 h.

Preparation of electrolytes

All electrolytes were prepared in an argon-filled glovebox. A
LiTFSI slat (1.0 M) was first dissolved in mixed DOL and DME
(1:1 by volume) solvents to produce a liquid precursor. The LE
was prepared by dissolving LiNOj (0.2 M) in the precursor.?%-3!
The QSSE was formed in situ by dropping the liquid precursor
onto 1 T MoS,-based cathodes during cell assembly. Note that
the QSSE without integration into cells can also be obtained
by adding 1 T MoS, powder (~ 0.5 mg) to the liquid precursor
(2 mL). Commercial carbonate electrolyte LiPF¢ (1.0 M in EC/
DEC) was used as purchased without further modification.

Materials characterisations

Mechanical properties and structural information of materi-
als were measured by universal tensile testing machine (Instron
Corporation), thermogravimetric analyses (Setaram Setsys
Evolution 18) under an argon atmosphere, Raman spectroscopy
(Renishaw InVia with a 514 nm laser beam) and XRD (Bruker
D8 using Cu Karadiation). Combustion test was carried out by
igniting the electrolytes with a flame.

Electrochemical characterisations

Electrochemical performance was characterised in coin cells
(CR2032) and pouch cells (6 cm x 4.5 cm in dimension). Coin
cells were fabricated in an argon-filled glovebox. Li-S coin cells
were assembled with the Li,S cathode, the graphite anode, Cel-
gard separator and the electrolyte. Li| | graphite coin cells were
assembled with similar components but with changing the elec-
trodes to lithium foil and graphite. Pouch cells were fabricated in
a dry room (relative humidity <0.1%) with the Li,S cathode (Al
current collector), the graphite anode (Cu current collector), Cel-
gard separator and the electrolyte. The Al and Ni tabs were welded
together with the cathodes and anodes, respectively. The entire
cell core was encapsulated in the Al-laminated films. A detailed
weight breakdown of the pouch cells is provided in Table S1. An
external pressure of 130 kPawas applied to the pouch cells during
measurements using a uniaxial pressure setup.

GCD tests were carried out on a battery cycler (LAN-
HECT3002A) in the voltage range of 1.6 to 2.8 V at various
C-rates for Li-S cells and 0 to 2.5 V for Li| | graphite cells. The

initial cycle of Li-S cells was charged to 3.5 V to fully active the
cathode. CV and LSV tests were conducted with an electrochemi-
cal workstation (BioLogic VSP-300) at a scan rate of 0.1 mV sL
Electrochemical impedance spectroscopy was measured at open
circuit under a sinusoidal signal over the frequency range from
100 kHz to 100 mHz with an amplitude of 10 mV. An oven and a
fridge were coupled to the battery cycler to control the tempera-
ture during the measurements.
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