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ABSTRACT

Lithium-sulfur batteries show great potential in the field of energy storage because of their high-energy
density, but the shuttle effect of lithium polysulfide has seriously hindered their practical process.
Quasisolid-state electrolyte (QPE) is considered to be a promising alternative to traditional liquid
electrolyte, which can improve the safety and cycling performance of lithium-sulfur batteries. Herein,
a novel poly(vinyl carbonate-co-butyl acrylate) QPE with 3D crosslinked network (PEGDA-P(VCA-co-
BA)) is designed to capture lithium polysulfide through a chemical adsorption of abundant ester
groups. The PEGDA-P(VCA-co-BA) QPE exhibits high ionic conductivity of 2.9 mS cm™. In order to
synergize the beneficial effect of the PEGDA-P(VCA-co-BA) QPE, the nitrogen-doped carbon nanotube
film-supported sulfur/Li cells are assembled with the QPE. As-assembled lithium-sulfur batteries show
high initial capacity of 1080 mAh g at 0.1 C, long cycle life (capacity retention of 715 mAh g after 500
cycles) and superior rate performance.

Keywords: Quasi-solid-state polymer electrolytes, cross-linked, flexible cathode, lithium-sulfur
batteries

1. Introduction

With the rapid development of new energy vehicles and consumer electronics, traditional lithium-ion
batteries are difficult to meet the requirements of high-energy density [1,2]. The theoretical energy
density of lithium-sulfur batteries can reach 2600 Wh kg, which is 3—5 times higher than that of
traditional lithium-ion batteries [3,4]. In addition, the positive active substance, sulfur, is cheap and
environmentally friendly [5]. Therefore, Li—S batteries are recognized as the most promising
secondary battery system for the next-generation [6]. However, the low conductivity of elemental
sulfur and lithium sulfide discharged products, serious volume deformation during charging and
discharging, shuttle effect of lithium polysulfides (LiPSs) and lithium dendrites of the anode greatly
reduce the utilization of active materials and cycle life of Li—S batteries, which seriously hinders the
practical process of Li—S batteries [7,8].



Electrolyte is the medium of lithium-ion fast transmission between cathode and anode [9]. Its
properties directly affect the charging and discharging behavior of active substances in batteries [10].
Traditional liquid electrolytes not only accelerate sulfur shuttle, but also have the risk of leakage and
combustion. Quasisolid-state polymer electrolyte (QPE) has the advantages of both liquid electrolyte
and all-solid electrolyte [11]. It can not only physically isolate cathode and anode, but also has high
room temperature ionic conductivity (compared with most all-solid-state polymer electrolytes), low
interface impedance and good mechanical strength [11,12].

There is a lithium bond between electron donor group and LiPSs, so it can provide effective binding
sites for LiPSs, and this binding is independent of surface area, but related with the volume density of
the electron donor group [13,14].Polyvinylidene carbonate (PVCA) contains carbonate bonds with high
spatial density, which can bind lithium polysulfide more effectively [15,16]. However, its intrinsic
brittleness will lead to interface contact problems with lithium metal, which seriously limits its practical
application [17]. Some studies have shown that the rigid-flexible network structure improves the ionic
conductivity of QPE [18]. Therefore, a flexible segment butyl acrylate (BA) can be introduced through
this concept [19,20]. On the one hand, abundant ester groups can capture lithium polysulfide and form
an optimized SEI film on the lithium anode [21,22]. On the other hand, the movement of flexible
segments can accelerate the migration of lithium ions and effectively improve the ionic conductivity
of QPE [23,24].

In addition, because of the insulating property of sulfur, it cannot be used as cathode material alone,
but must be combined with conductive materials [25,26]. At present, various kinds of carbon materials,
such as graphene [27—29], carbon nanotubes [30—32], porous carbon [33—35] and so on, are mainly
used to compound with sulfur. However, the affinity between non-polar carbon surface and polar LiPSs
is very poor [36]. Carbon materials can only play a physical adsorption role, and cannot fundamentally
solve the problem of sulfur shuttle. Some studies have shown that carbon materials doped with
monoatomic nitrogen have strong adsorption on LiPSs [31,34,36,37]. This is attributed to the fact that
N atom with additional electron pairs can act as Lewis sites to form chemical bonds with Li+ in LiPSs,
thus inhibiting the dissolution of LiPSs to a certain extent [38].

Herein, we prepared a new type of QPE, which solved the brittleness of PVCAby free radical
copolymerization of VCA and flexible monomer BA. The addition of macromolecular cross-linked agent
(poly(ethylene glycol) diacrylate, PEGDA) improves the solvent resistance of QPE. In addition, carbon
nanotubes were used as conductive substrates and polypyrrole (PPy) as nitrogen source to realize
pyridine nitrogen and pyrrole nitrogen doping with stronger adsorption effect. The double adsorption
of LiPSs by the QPE with rich ester groups and the nitrogen-doped cathode successfully improved the
rate performance and cycle stability of the Li—S battery. As a result, the initial discharge capacity of
the assembled Li—S battery is 1080 mAh g (675 mAh g of the entire cathode) at 0.1 C. After 500 long
cycles, the specific capacity of the battery is still 715 mAh g, with an average capacity attenuation of
only 0.068% per cycle. Even at a high rate of 2 C, the battery still has a considerable capacity of 628
mAh g2,



2. Experimental section
2.1. Preparation of PEGDA-P(VCA-co-BA)/LiTFSI-DOL/DME quasisolid-state polymer electrolyte

Firstly, vinylene carbonate (VCA) and butyl acrylate (BA) monomers with a certain mole ratio were
added to a 50 mL flask, followed by 5 wt% benzoyl peroxide (BPO) initiator. After stirring at 80° C for a
period of time, the flask was quickly cooled to room temperature. Subsequently, a certain mass of
poly(ethylene glycol) diacrylate (PEGDA) macromolecular cross-linked agent was added. After being
uniformly stirred under 60° C, the viscous liquid was injected into the glass plate mold and the mold
was placed in an oven at 80 ° C for 6 h, and then heated to 100° C for 2 h to obtain PEGDA-P(VCA-co-
BA) copolymer films. The as-prepared PEGDA-P(VCA-co-BA) films were extracted with acetone to
remove unreacted monomers, which were then placed in a vacuum oven and dried at 60° C for 24 h
to constant weight. After that, the films were transferred to a glove box and immersed in 1 M lithium
bis(trifluoromethane) sulfonamide (LiTFSI) in a binary solvent of dimethoxymethane/1,3-dioxolane
(DME/DOL, 1:1 by volume) solution. Finally, the PEGDA-P(VCA-co-BA/LiTFSI—DOL/DME quasisolid-
state polymer electrolytes (QPE) were obtained. The exact amounts of reagents were listed in Tables
S1 and S2.

2.2. Preparation of N(PPy)-CNT@S self-standing cathode

Firstly, carbon nanotube (CNT) films (Suzhou Jedi Nanotechnology Co., Ltd., China) were treated in
ethanol by ultrasound for 10 h at room temperature, and then the expanded carbon nanotube films
were obtained. Using polypyrrole (PPy) as nitrogen source, CNT@PPy was prepared by electro-
polymerization in aqueous solution containing 0.02 M KCl, 0.001 M HCI, and 0.05 M pyrrole. CNTs were
used as the working electrode, Pt was used as the counter electrode, and saturated calomel as the
reference electrode. CNT@PPy composite films with different PPy contents were prepared by
potentiostatic polymerization (0.7 V) with controlled charge amounts of 1.5 C, 3.6 C and 7.2 C,
respectively. Composite films were obtained by freeze-drying (pre-freezing for 2 h and then
sublimation drying for 24 h) after repeated washing with deionized water and ethanol. Nitrogen-doped
CNTs (N(PPy)-CNT) were obtained by carbonizing the product in a tubular furnace at a rate of 2°C min-
1 to 800°C, holding for 2 h and cooling naturally to room temperature.

Subsequently, N(PPy)-CNT was immersed in 0.2 M Na2S solution, platinum sheet was used as reference
electrode and opposite electrode, and sulfur ion was oxidized to sulfur element on N(PPy)-CNT
electrode by potentiostatic method. The potential was 1.25 V and the charge was 15 C. After that, the
residual ions in the solution were removed by repeated washing with deionized water, and N(PPy)-
CNT@S was obtained by freeze-drying. In order to increase the contact between sulfur and CNTs, the
product was treated in a hydrothermal reactor at 155°C for 12 h, and then dried in vacuum at 60°C for
24 h to obtain N(PPy)-CNT@S self-standing cathode.

2.3. Characterizations and instruments

Morphologies of the samples were characterized by field emission scanning electron microscopy (FE-
SEM,Hitachi S-4800). The elemental mapping analysis was carried out by using an energy dispersive
spectrometer (EDS, QUANTAX 400—30). X-ray diffraction (XRD) was conducted using a Rigaku D/Max
2550 VB/PC X equipped with a Cu target X-ray tube between 5° and 75°. Raman spectra were obtained
using a Renishaw Via Reflex Raman scattering microscope with a wavelength of 514 nm.
Thermogravimetric (TG) analysis was measured on a TG instrument (STA409PC) at a heating rate of 10



°C mint under N, atmosphere. Attenuated Total Reflection-Fourier transform infrared spectroscopy
(ATR-FTIR) spectra were collected using a Nicolet 6700 spectrometer equipped with a Smart OMNI
Sampler. X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific) with Al Ka X-ray
source was performed. The mechanical properties of the PEGDA-P(VCA-co-BA) membranes were
measured on a Zwick Roell universal testing machine at a stretching speed of 10 mm min™.

The electrolyte uptake amount of the membrane was tested by immersing the as-prepared membrane
into the liquid electrolyte for a certain time. Subsequently, the excess solution on the surface of the
membrane was slightly absorbed by the filter paper. The electrolyte uptake ratio (EUR) was calculated
by the following equation: EUR (%) = (W, - Wy) x 100/W,, where W, and W, represented the weight of
membrane after and before immersion, respectively.

The ionic conductivity (s) of the polymer electrolytes was measured by AC impedance spectroscopy
using a CHI 760 C electrochemical workstation in the frequency range from 100 kHz to 0.01 Hz with an
AC amplitude of 5 mV. And the value can be estimated by the equation s = I/(Ry, x A), where | is the
thickness (cm) of the membrane, Ry is the bulk resistance (U) obtained from the first intercept on the
c-axis of the impedance figures, and A is the contact area (cm?) of the membrane with the current
collector.

2.4. Cells assemble and electrochemical measurements
The lithium-ion transference number (tu.) of electrolyte was calculated by Bruce-Vincent-Evans
equation [39]:

ks V-LR
Ty V— IRy

Where |, is the initial polarization current, and I is the steady-state current of Li//Li symmetrical
battery under the applied polarization voltage of 10 mV. Roand R are the initial interfacial resistance
and the steady-state interfacial resistance after polarization, respectively.

The 0.05 M Li,Se solution was prepared by dissolving elemental S and Li2S in a molar ratio of 5:1 in
DME/DOL (v/v = 1:1) at 65°C with vigorous stirring for 24 h.

The coin cells were assembled by using N(PPy)-CNT@S as cathode, PEGDA-P(VCA-co-BA) as QPE, and
lithium sheet as anode in Ar-filled glove box. The electrolyte contains 1 M lithium bis(tri-
fluoromethane) sulfonamide (LiTFSI) in a binary solvent of dime-thoxymethane/1,3-dioxolane
(DME/DOL, 1:1 by volume) with 1 wt % LiNO; as additive. For comparison, the N(PPy)-CNT@S/PP/Li
cells were assembled in the same way except using polypropylene (PP) separator (celgard 2400)
instead of QPE. The Galvano static charge/ discharge test was carried out on a LAND CT2001A battery
tester between 1.7 and 3.0 V (versus Li/Li*). The electrochemical impedance spectra (EIS) (frequency
range: 0.01—100 kHz; amplitude: 5 mV) were conducted on a CHI 760E electrochemical workstation.

3. Results and discussion

In order to improve the solvent resistance of P(VCA-co-BA) copolymers, we introduced the
macromolecular cross-linked agent PEGDA. Fig. S1 illustrated the necessity of introducing PEGDA. The
3D crosslinked PEGDA-P(VCA-co-BA) QPE were synthesized by radical polymerization as shown in Fig.
1a. VCA and BA monomers were polymerized under BPO initiator, and the addition of macromolecular



cross-linked agent (PEGDA) formed a 3D cross-linked structure. As shown Fig. 1b, the FTIR spectra
exhibit the absorption peaks at 1635 ¢cm-1,1637 cm-1 and 1630 cm™ corresponding to the C=C
stretching vibration of VCA, BA and PEGDA, respectively. It is noteworthy that in the PEGDA-P(VCA-co-
BA) copolymer, the C=C characteristic peak disappeared, which proved the polymerization of above
monomers. In addition, the absorption peaks at 1825 cm™ and 1725 cm™ of the PEGDA-P(VCA-co-BA)
are attributed to the carbonate groups of VCA and the ester group of BA, respectively.
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Fig. 1. (a) Synthesis route of PEGDA-P(VCA-co-BA). (b) FTIR spectra of VAC, BA, PEGDA and PEGDA-P(VCA-co-BA). (c) Storage
modulus and (d) tan d of PEGDA-P(VCA-co-BA) with different PEGDA contents. (e) Stress-strain curves and (Inset) Tensile
strength/elongation at break of PEGDA-P(VCA-co-BA) with various VCA/BA ratios. (f) lonic conductivity/ saturated
electrolyte uptake ratio and (Inset) Electrolyte uptake ratio -time relationship curves of PEGDA-P(VCA-co-BA) with various
VCA/BA ratios.

In order to determine the optimum content of PEGDA, the effects of the PEGDA content of on the
crosslinking density, mechanical properties, electrolyte uptake ratio and ionic conductivity of the
products were investigated when BA:VCA was 3:4. Firstly, based on elasticity theory of rubber [40] and
dynamic thermomechanical analysis (DMA), the crosslinking density of polymer was evaluated by
storage modulus higher than Tg, and calculated by formula Ve = E/3RT. Where Ve is the crosslinking
density, E is the storage modulus higher than Tg (usually T is Tg+40°C) and R is the ideal gas constant.
The corresponding parameters were listed in Table S3. From Fig. 1c and d, it can be found that with



the increase of PEGDA content, Ve increased. When the contents of PEGDA were 8% and 12%, the
crosslinking densities reached 0.0123 and 0.0144 respectively, which were an order of magnitude
higher than that of 3% and 5%. In addition, Fig. S2 showed the mechanical properties of different
PEGDA contents. It was noteworthy that when the PEGDA content was 8%, the maximum tensile
strength (Fig. S2b) reached 17.9 MPa. With the continuous addition of cross-linked agent (12%), the
excess PEGDA molecules cross-linked with each other, resulting in defects in the polymer, which is
manifested in the stress-strain curve, that is, the tensile strength and elongation at break decrease at
the same time. Similarly, from gel content, saturated electrolyte uptake ratio (SEUR) and ionic
conductivity (Fig. $3), as the PEGDA content increases, the gel content increases, which is beneficial to
improving the solvent resistance of P(VCA-co-BA). However, the SEUR and conductivity decrease
gradually. Therefore, as a compromise between mechanical properties and ionic conductivity, 8 wt%
of the PEGDA mass fraction was considered to be an ideal value.

Besides the influence of cross-linked agent, the ratio of rigid segment VCA to flexible monomer BA is
also directly related to whether the copolymer can be used as QPE. The effects of different monomer
ratios (BA/VCA: 1/2, 3/4, 1/1, 2/1) on the properties of polymers were studied by using crosslinking
agent PEGDA content of 8 wt%. From the stress-strain curves of Fig. 1e, it can be seen that with the
increase of BA monomer, the tensile strength of the polymer decreases and the elongation at break
increases. Moreover, unlike the small elongation at 1/2, 3/4 and the low tensile strength at 2/1, the
difference between the tensile strength and the elongation at break is the smallest when BA/VCA ratio
is 1/1. These results are attributed to the increase of BA component, which reduces the steric
hindrance of single bond spin.

In addition to mechanical properties, as an electrolyte, another factor to be considered is ionic
conductivity. All PEGDA-P(VCA-co-BA) copolymers with various BA/VCA ratios can reach saturation in
about 10 min (Fig. 1f inset). As can be seen in Fig. 1f, with the increase of SEUR, the ionic conductivity
(s) increases simultaneously. When the ratio of BA/VCA is 1/1, the ionic conductivity increases greatly
(2.9 mS cm), which is more than 60% higher than that of 0.7 mS cm-1 and 1.1 mS cm™* with lower BA
contents (1/2 and 3/4). However, when BA continues to increase to 2/1, the increase rate of ionic
conductivity is significantly slowed down, which is only 9.38% (3.2 mS cm™) higher than that of 1/1.
Therefore, when the ratio of BA/VCA is 1:1, the mechanical properties are not sacrificed, and the ionic
conductivity can reach a higher value.

As a prerequisite parameter of electrolyte, lithium-ion transference number (t..) is an indispensable
factor to realize high power output capability and another important way to evaluate electrochemical
capability of electrolyte (Fig. 2a and b). The relevant parameters in Bruce-Vincent-Evans formula were
listed in Table S4. It can be found that compared with Li/LE/Li cell assembled by commercial PP
sperator (0.33) [41], the ty. using QPE reached 0.63. High tu. is beneficial to reduce the concentration
gradient on the electrode surface and achieve high power density [42].In order to further explain the
dynamic stability between electrolyte and lithium sheet, the impedance curves (Fig. 2c and d) of the
cells with 110 cycles under a current density of 0.1 mA cm2 were tested, and the corresponding bulk
resistance and interfacial resistance were compared in Fig. 2e and f. It was found that the resistances
of LE and QPE increased significantly in the first 10 cycles, which was due to the formation of passive
films on lithium electrodes during the first 10 cycles, namely the so-called "solid electrolyte interface”
(SEI) [43—45]. In addition, it is noteworthy that the bulk resistance of Li/ LE/Li keeps floating and the
interfacial resistance of Li/LE/Li is much higher than that of Li/QPE/Li, which is disadvantageous to form
a stable interface with lithium. On the contrary, for Li/QPE/Li cell, both bulk resistance (Rb) and
interfacial resistance (Ri) almost no longer change and tend to be stable after 10 cycles, which proves
the stability interface between QPE and Li.



In addition to using carbon nanotubes as conductive skeleton to provide conductivity, nitrogen doping
was introduced into the cathode, which was accomplished by electro-polymerization and calcination.
The FTIR spectrum of CNT@PPy shows the characteristic peaks of PPy at 1558 and 1472 cm
corresponding to the C=C stretching and C—N stretching in the pyrrole ring, respectively, which proves
that the PPy is successfully deposited onto the surface of CNT (Fig. 3a). Fig. S4 are the FE-SEM images
of N(PPy)-CNT at different charge levels (1.5 C, 3.6 C, 7.4 C). The nitrogen content measured by EDS
and corresponding conductivity of the product were listed in Table S5. Considering both nitrogen
content and conductivity, the optimum charge of electro-polymerization is 3.6 C.

After simple electrochemical oxidation and melting treatment, it can be seen that sulfur is uniformly
distributed on the outer wall of N(PPy)-CNT (Fig. 3b) and the sulfur content is 62.5 wt% from TG (Fig.
S5). By calculation, the sulfur loading in N(PPy)-CNT@S composite is as high as 4.53 mg cm™. From XRD
Fig. 3¢, it can be seen that the N(PPy)-CNT has a wide diffraction peak in the range of 20° — 30°, which
corresponds to the (002) crystal plane of carbon material. In addition, the N(PPy)-CNT@S possesses
two sharp peaks at 23° and 28°, and the strength of these two peaks is weaker than that of elemental
sulfur, indicating that the sulfur existed mainly in low crystalline state. Similarly, in Raman results (Fig.
3d), the characteristic peaks of N(PPy)-CNT at 1347 and 1578 cm™ correspond to the D and G bands of
carbon materials, and ID/IG is 0.68. The three weak sulfur peaks of N(PPy)-CNT@S at 150, 218 and 470
cm? further prove the loading of sulfur.

The XPS spectra of N(PPy)-CNT and N(PPy)-CNT@S were shown in Fig. 3e. It is found that the N(PPy)-
CNT shows the peaks corresponding to C 1s, O 1s and N 1s at 285 eV, 400 eV and 532 eV, respectively.
The presence of N and O is beneficial to the adsorption of lithium polysulfide. In addition, the two
peaks at 164.3 and 229 eV in N(PPy)-CNT@S belong to the binding energy of S 2p and S 2s levels,
respectively. After the peak separation treatment of N 1s (Fig. 3f), a variety of nitrogen was found,
including pyridine nitrogen (398.1 eV), pyrrolidine nitrogen (400.7 eV) and graphite nitrogen (404.1
eV).

In order to evaluate the electrochemical performances of the designed QPE, two different Li—S
batteries were assembled with N(PPy)-CNT@S composite as cathode and lithium sheet as anode using
PEGDA-P(VCA-co-BA)-QPE and commercial PP seperator, respectively. Fig. 4a shows that the cathodic
peak between 2.2—2.4 V corresponds to the conversion from sulfur to higher-order Li,S, (4 < n < 8),
and the cathodic peak between 1.9—2.1 V corresponds to the continuous transition to lower-order
Li>S,/Li2S. The anodic peak represents the reversible change of discharge product LiS,/Li,S to LiPSs
and eventually to S8. Compared with Li| PP|S battery, QPE has higher peak current of cathodic and
anodic, which means that more substances participate in the reaction, in other words, it has stronger
electrochemical reaction kinetics [46].

Moreover, the cathodic peak moves to the positive potential direction and the anodic peak moves to
the negative potential direction, which represents a higher reversibility of redox reaction. Similarly,
the charge-discharge curves at 0.1C (Fig. 4b) also validate this conclusion. All cells present a charge
platform at -2.3 V, and two discharge platforms at -2.3 and -2.0 V, representing the typical redox
reaction of sulfide oxidation and two-step sulfur reduction. In addition, it is noteworthy that the
charge/discharge potential gap of Li—S batteries using QPE is only 0.13 V, which is much smaller than
that of Li| PP|S batteries (0.316 V). The reduced potential gap indicates that the QPE can eliminate the
effect of polysulfides accumulation by increasing ionic conductivity and absorbing dissolved
polysulfides, thus significantly reducing the polarization of Li—S batteries.
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Fig. 2. (a) Polarization curves obtained by chronoamperometry for the Li/LE/Li symmetrical cell. (Inset) The corresponding
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co-BA)/Li with various cycles. The changes of body resistance Rb (e) and interfacial resistance Ri (f) with different cycles.

The rate performance of different cells was further tested as additional evidence for the superior
electrochemical performance of QPE. As shown in Fig. 4c, the cells were evaluated by increasing C-rate
from 0.1 C to 2 C and returning to 0.2 C. For cells using QPE, the specific capacities of 1080,947,835,
752 and 628 mA hgtlat0.1C, 0.2 C,0.5C, 1C and 2 C are much higher than that of PP (999, 792, 690,
598 and 518 mA h g). After 50 cycles, QPE exhibits a high reversible capacity of 900 mAh g with a
capacity retention rate of 95% when the rate returns to 0.2 C. These results indicate that the QPE is
more effective in accelerating the rate of redox reaction in Li—S batteries because the rate capability
is related to the dynamics of batteries. Fig. 4d compares the 500 cycles performance of two different
cells at 0.1 C to further verify this advantage. The initial specific capacity of PP battery reaches 999
mAh g, which is 59.6% of the theoretical value. Compared with the reported literature [12], the
traditional S|PP|Liis only about 40% of the theoretical value.



a s C
5 N(PPy)-CNT@S
] CNT 1
s ] = N(PPy)-CNT@S
® «
(2]
: -~
£ 2
£ CNT@PPy 5 N(PPy)-CNT
£ c
= 2
= £
S
2100 1800 1500 1200 900 S 10 20 30 40 50 60 70
Wave number / cm-* 20 / degree
d e f
. | nPPy)-cNT@S \ 3 N(PPy)-CNT@S
g © s & |® & 2 5
- = w o \S 2 el ©
2 AN 2 e
@ | N(PPy)-CNT @ 2
$ 2 2 & e g
£ £ o 2 © '_3
is N(PPy)-CNT
500 1000 1500 2000 2500 100 200 300 400 500 600 700 392 396 400 404 408
Raman shift / cm™ Binding energy / eV Binding energy / eV

Fig. 3. (a) FTIR spectra of CNT and CNT@PPy. (b) FESEM image of N(PPy)-CNT@S. (c) XRD patterns, (d) Raman spectra of
sulfur, N(PPy)-CNT, and N(PPy)-CNT@S. (e)XPS spectra with survey scan of N(PPy)-CNT and N(PPy)-CNT@S. (f) N 1s core
level XPS spectra of N(PPy)-CNT@S.

It is worth noting that QPE batteries exhibit a higher initial specific capacity of 1080 mAh g (675 mAh
g of the entire cathode) at 0.1C, reaching 64.5% of the theoretical value. The N(PPy)-CNT@S cathode’s
initial loading is 4.89 mAh cm™ and Li anode’s loading is 3.99 mAh cm™ at a current density of 0.76 mA
cm-2 with sulfur areal loading of 4.53 mg cm™, and the corresponding calculation parameters are listed
in Table S6. In addition, the volumetric energy density is calculated according to the formulas [47]:

E,_cathode = P—cathodeQU

Eu device :fu Eu cathode

Where Ey-cathode aNd Ey-gevice (Wh/L) are the volumetric energy density based on cathode and device,
respectively. p-athode is the cathode density, g cm™; Q is the discharge capacity of the entire cathode,
mAh g1; U is the discharge plateau 2.05 V; fv is the volume fraction of the cathode in the device,
including anode, cathode, and QPE. The caculation shows that the Ey.cathode reaches 1522 Wh L2, and
the Ey.device is 184 Wh L2, The lower energy density value of the device is attributed to the excess of the
lithium and electrolyte. The weight ratios between electrodes and the electrolyte system are listed in
Table S7. After 500 cycles, the capacity was maintained at 715 mAh g%, the capacity retention rate was
66.2%, and the average attenuation per cycle was only 0.068%. While the capacity of PP battery was
only 248 mAh g, and the capacity retention rate was 24.8%. The average attenuation rate per cycle is
as high as 0.15%, which is 2.2 times faster than that of QPE battery. These are attributed to the co-
chemical anchoring and physical barrier effects of nitrogen-doped cathode and QPE.



In order to evaluate the interfacial resistance and reversibility of Li—S batteries before and after
cycling, electrochemical impedance spectroscopy (EIS) were carried out for different cells. In the
Nyquist plots, the diameter of the semicircle in the middle and high frequency region corresponds to
the charge transfer resistance (Rct) [48,49] generated by the electrochemical reaction between the
electrodes and electrolytes, while the inclined line in the low frequency region is assigned to Warburg
impedance (Wo), which reflects the diffusion process of polysulfides in the sulfur cathode [50,51].
After 500 cycles, the impedance of PP battery increases significantly compared with the initial state
(Fig. 4e). In contrast, the impedance of QPE batteries has not changed significantly (Fig. 4f).
Photographs of the recycled batteries are shown in the inset of Fig. 4e and f. It was found that the
cathode and the PP seperator were separated, but closely adhered to the QPE film. Moreover, QPE
film adapts to the volume deformation of the sulfur cathode during the cycling process due to its
flexibility, which ensures the integrity of the cathode structure (Fig. S6). This further proves that the
PEGDA-P(VCA-co-BA) QPE can protect the electrodes, thus forming a more stable electrode/electrolyte
interface.

Compared with the irregular lithium deposition of liquid electrolyte, QPE with 3D cross-linking network
benefits from its compactness to ensure the uniform deposition of lithium ions. Thus, the growth of
lithium dendrites is inhibited and the contact problem between lithium anode and electrolyte is
improved (Fig. 5a). The surface morphology changes of lithium anode before and after 500 cycles at
0.1 C were observed by FE-SEM (Fig. S7). Compared with fresh lithium anode and lithium anode after
cycling using liquid electrolyte and QPE, it is obvious that QPE has successfully inhibited the shuttle of
lithium polysulfide. In order to investigate the adsorption capacity and chemical interaction of QPE on
lithium polysulfide, static adsorption experiments were carried out. As shown in Fig. 5b, the same size
of PP seperator and PEGDA-P(VCA-co-BA) were put into 0.05 M Li,Se solution. After 24 h, the color of
Li2S6 solution mixed with PEGDA-P(VCA-co-BA) obviously faded, while the color of Li,Se¢ solution mixed
with PP only slightly degraded. What’s more, after adsorption test, PP and PEGDA-P(VCA-co-BA) were
taken out and washed repeatedly. The digital photos after drying were shown in Fig. 5c and d. It is
obvious that the adsorption of lithium polysulfide by PEGDA-P(VCA-co-BA) is a strong chemical action,
so the electrolyte film turns yellow. These show that PEGDA-P(VCA-co-BA) has good capture
performance and strong chemical adsorption capacity for lithium polysulfide.
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Fig. 4. (a) CV curves, (b) Charge-discharge curves, (c) Rate performance, and (d) Cyclic stability of N(Ppy)-CNT@S/PEGDA-
P(VCA-co-BA)/Li cell and N(Ppy)-CNT@S/PP/Li cell. Nyquist spectra of (e) N(Ppy)-CNT@S/PP/Li before and after cycled and
(f) N(Ppy)-CNT@S/PEGDA-P(VCA-co-BA)/Li. (Inset) Contact between seperator and cathode in cycled cells.

In order to further reveal the mechanism between the polysulfide and the QPE, the cycled cells were
transferred to glove box, and the dismantled QPE was washed repeatedly with DOL/DME. After drying,
the QPE before and after 500 cycles was characterized by XPS and ATR-FTIR. As shown in Fig. 5e, O 1s
spectra are used to characterize the surface composition of QPE. It is found that the original QPE is
assigned to C—0—C and C=0 peaks at 531.8 eV and 530.8 eV, respectively, which are typical
components of ester functional groups [52]. After 500 cycles, the peak of C=0 in QPE disappeared
completely because LiPSs were adsorbed on ester functional groups and covered the surface signals.
Above results indicate that the ester groups of the PEGDA-P(VCA-co-BA) QPE play a crucial role in the
chemical interaction with LiPSs. Furthermore, Fig. 5f compares the ATR-FTIR spectra of QPE before and
after cycling. Obviously, for the carbonyl peak of VCA (ca.1825 cm™), after cycling the peak position
red-shifts and the peak intensity decreases significantly. It is also found that the intensity of the



carbonyl peak in BA (ca.1725 cm™) weakens after cycling. The ATR-FTIR results also support the above
viewpoints. From the crosssectional FE-SEM images of the lithium anode after cycling (Fig. S8), it can
be seen that Li anode in QPE batteries shows a smaller corrosion depth of only 37 pm. These results
further prove that the intermediate lithium polysulfide is firmly anchored on the QPE, thus slowing
down the diffusion rate of polysulfide. Moreover, the introduction of ester groups with high spatial
density is more conducive to the interaction with lithium polysulfide.
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Fig. 5. (a) Schematic of QPE-based Li—S batteries for inhibiting shuttle effect. (b) Photographs of the sealed vials of a
Li2S6/DOL/DME solution after contacting with PP and PEGDA-P(VCA-co-BA) for 24 h. Photographs of (c) PP and (d) PEGDA-
P(VCA-co-BA) original form and after 24 h. (e)O1s core level XPS spectra and (f) ATR-FTIR spectra of QPE before cycling and

after cycling.

4. Conclusions

In conclusion, we have successfully prepared a rigid-flexible quasi-solid-state electrolyte with three-
dimensional cross-linked network structure, in which the VCA segments provide high spatial density
carbonate bonds to achieve strong capture of LiPSs. On the one hand, the introduction of flexible BA
segments overcomes the fragility of VCA, on the other hand, the movement of segment can effectively
increase the lithium-ion transference number (tu. = 0.63). The Nyquist plots of Li//Li symmetrical
batteries at different cycles show that there is a stable interface between QPE and electrodes.
Therefore, the stability of lithium-sulfur batteries under long cycle was improved successfully. After
500 cycles at 0.1 C, the capacity of lithium-sulfur batteries is still 715 mAh g?, and the average
attenuation is only 0.068% per cycle. Moreover, the assembled Li—S battery has good rate
performance and nearly 100% Coulomb efficiency. These results indicate that the PEGDA-P(VCA-co-



BA) QPE provides an effective solution for the next generation of high-performance lithium-sulfur
batteries.
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