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In-situ polymerized electrolytes significantly enhance the interfacial compatibility of lithium metal batteries (LMBs). Typically,
in-situ polymerized 1,3-dioxolane (PDOL) exhibits low interfacial resistance, yet still suffers from low ionic conductivity and a
narrow electrochemical stability window (ESW). Here, an ultra-stable PDOL-based polymer electrolyte is developed by in-
corporating plasticizers of tetramethylene sulfone (TMS) and fluorinated ethylene carbonate (FEC) into the 3D cross-linked
network, achieving a significant enhancement in the transport capacity and efficiency of Li-ion. The ionic conductivity reaches
3.63x10* S cm ' even at room temperature, and the transference number (¢, ;+) is even higher at 0.85. Furthermore, the ESW of
this electrolyte can be increased to 4.5 V with the addition of TMS, which forms a thin and robust antioxidant cathode-electrolyte
interface (CEI) on the surface of high-voltage LiCoO,. FEC generates an inorganic-rich solid-electrolyte interface (SEI) on the Li
anode, which effectively inhibits the growth of lithium dendrites. Benefiting from the aforementioned advantages, the high-
voltage lithium metal battery demonstrates outstanding long-cycle stability, with 93.2% capacity retention after 200 cycles. This
work offers a straightforward and accessible method for the practical implementation of high energy density in-sifu polymerized

solid-state LMBs.
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1 Introduction

Rapid market expansion of electronics and electric vehicles
is driving the development of higher energy density and safer
flexible electronic devices [1-5]. Routine liquid lithium-ion
batteries (LIBs) have been widely used in electric power
systems. However, there are serious problems with conven-
tional organic liquid electrolytes, such as leakage, volatility,
and flammability, which pose a safety risk to flexible LIBs,
particularly in high-temperature conditions [6]. Replacing
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organic liquid electrolytes with solid polymer electrolytes
(SPEs) can alleviate the safety concerns of LIBs and provide
better processability for electronic devices [7,8]. Un-
fortunately, the complex ex-situ synthesis methods of SPEs
result in poor contact and affinity at the electrolyte/electrode
interface [9,10].

Recently, in-situ polymerization strategies for SPEs have
received much attention [11-13]. The in-situ polymerization
strategy typically involves injecting a low-viscosity pre-
cursor into the battery, followed by free radical poly-
merization or ring-opening polymerization of monomers
using an initiator. As a result, the in-situ polymerization
process can fill all the gaps/voids of the electrodes, thus
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achieving a tight interfacial contact between the SPEs and
the electrodes. Up to now, several SPEs synthesized by in-
situ polymerization methods have been widely reported.
These include poly(vinylidene carbonate) (PVC) [14-16],
poly(trimethylpropane triacrylate) (ETPTA) [17-20], poly
(ethylene glycol diacrylate) (PEGDA) [21-23], poly(vinyl
ethylene carbonate) (PVEC) [24,25], poly(tetrahydrofuran)
(PTHF) [26,27] and poly(1,3-dioxolane) (PDOL) [28-36].

1,3-Dioxolane (DOL) is susceptible to Lewis acid-initiated
ring-opening polymerization and is one of the most com-
monly used monomers for in-situ polymerization. Archer
et al. reported the in-situ curing of PDOL electrolytes in-
itiated with low concentrations of Al(OTf); [29], and the in-
situ curing of SPEs efficiently overcame the problem of high
interfacial resistances. Guo et al. initiated the generation of
quasi-solid SPEs from DOL/DME liquid electrolytes using
LiPF¢ [28]. However, similar to other polyether electrolytes,
the room-temperature (RT) ionic conductivity of PDOL
electrolytes is only about 10°S cm™', which hinders their
application in practical situations [8]. In addition, the poly-
ether electrolyte exhibits poor oxidative stability [37—40] and
undergoes significant decomposition when in contact with
cathode materials (such as LiCoQO,) under high voltage
conditions (>4.2 V). This decomposition ultimately results in
a decline in battery performance.

In this study, an in-sifu polymerized electrolyte with dual-
reinforced stable interface is synthesized by incorporating
high boiling point and safety plasticizers, tetramethylene
sulfone (TMS), and fluorinated ethylene carbonate (FEC)
into the 3D PDOL cross-linked network. The addition of
plasticizers can disrupt the crystalline chain segments of
PDOL and increase the ionic conductivity of the electrolyte.
In addition, the introduction of TMS can form a thin and
stable cathode-electrolyte interface (CEI) layer on the sur-
face of LiCoO,, which enhances the compatibility of the
electrolyte with the high-voltage LiCoO,. The introduction
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of FEC further generates an inorganic-rich solid electrolyte
interface layer (SEI) on the surface of Li, effectively in-
hibiting the growth of lithium dendrites. The electrolyte
possesses a high ionic conductivity at RT (3.63><104 S cmﬁl),
excellent oxidative stability (4.5V), and a high Li-ion
transference number (z,;+ = 0.85). Benefiting from the
aforementioned advantages, the Li/LiCoQ, battery exhibits
exceptional long cycle stability at 4.3 V, with 93.2% capacity
retention after 200 cycles.

2 Results and discussion

2.1 Electrolyte preparation and characterization

The preparation of TMS/FEC-modified PDOL-based in-situ
polymerized electrolytes is shown in detail in Figure 1.
LiBF, is used as an initiator for the ring-opening poly-
merization of DOL. Trimethylolpropane triglycidyl ether
(TTE) is a cross-linking agent that contains ethylene oxide
groups. The addition of a small amount of TTE leads to a 3D
PDOL cross-linked structure. This structure enhances the
mechanical strength and solvent absorption capacity of
PDOL, allowing for the complete encapsulation of TMS and
FEC within the 3D polymer network. The in-situ poly-
merization mechanism is cationic ring-opening polymeriza-
tion (Figure 1). LiBF, in the precursor solution can
spontaneously decompose into LiF and the Lewis acid BF; at
RT. BF; is then protonated by reacting with trace water in the
precursor solution and triggers the cationic ring-opening
polymerization of DOL monomer and TTE [31].

The original PDOL electrolyte and the electrolytes in-
troduced with different plasticizers are named PDOL,
PDOL-T, and PDOL-T-F, respectively. All three types of
electrolytes are left to cure at RT for 72 h. Based on the
optical photographs of PDOL-T-F before and after poly-
merization (Figure 2a,b), it is evident that there is no liquid
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Preparation and mechanism of in-situ plasticized PDOL electrolyte with 3D cross-linked network induced by LiBF, (color online).
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Figure 2 Digital photo of precursor solutions and SEM image of the LiCoO, electrode (a) before and (b) after in-situ polymerization. (c) 'H NMR spectra
and (d) C NMR spectra of the precursor solution components and the in-situ polymerized electrolyte (color online).

flow in the glass bottle after curing. When the liquid
precursor is injected into the battery, it can easily wet the
separator and penetrate into the voids of the LiCoO, parti-
cles, which significantly reduces the interfacial impedance
and improves the interfacial compatibility (Figure S2, Sup-
porting Information online). As can be seen from the scan-
ning electron microscope (SEM) images (Figure 2b), LiCoO,
particles are completely infiltrated by the precursor, and a
uniform film of a 3D PDOL cross-linked network is gener-
ated on the surface of LiCoO, after 72 h of standing.

The structure of the electrolyte is characterized using nu-
clear magnetic resonance (NMR) 1H and 13C spectra. In the
IH NMR spectra (Figure 2c), the peaks observed at
3.59 ppm and 4.63 ppm for PDOL and PDOL-T-F corre-
spond to the -O—CH,—O— and —CH,—~O—CH,— chains, re-
spectively. Compared to PDOL, the peaks observed at
50.33 ppm in the 13C NMR spectrum of PDOL-T-F (Figure
2d) are attributed to TMS, whereas the peaks at 71.15 ppm,
105.06 ppm, and 107.28 ppm correspond to FEC. The results
successfully demonstrate the generation of the polymer
network of PDOL and the introduction of TMS and FEC.

2.2 Characterization and electrochemical performance
of electrolytes

The oxidative stability of the electrolyte is evaluated based
on the electrochemical stability window (ESW). A wider
ESW can better match high-voltage cathode materials,
thereby improving the energy density of the battery. Linear
scanning voltammetry (LSV) testing is performed by as-

sembling a coin cell with Li and stainless steel (SS) (Figure
3a). The ESW of PDOL is 4.3 V, which is higher than the
value reported in the literature (4.1 V) [30]. This difference
may be attributed to the presence of a small percentage of
TTE, which promotes the conversion of the DOL monomer
to PDOL. As a result, the oxidative decomposition of the
DOL monomer is reduced [32]. By adding TMS plasticizer,
the ESW can be increased to 4.5 V. It is mainly attributed to
the low energy level of highest occupied molecular orbital
(HOMO) of TMS [41]. For PDOL-T-F, the ESW is 4.5V,
indicating that the introduction of FEC does not influence the
oxidative stability of the electrolyte. The addition of plasti-
cizers achieves compatibility between the electrolyte and the
high-voltage cathode.

Ionic conductivity is a crucial performance parameter for
SPEs. In general, the RT ionic conductivity of SPEs needs to
be greater than 10 *Scm ' in order to ensure the proper
functioning of the battery [8]. The ionic conductivities of the
three types of electrolytes are evaluated using electro-
chemical impedance spectroscopy (EIS) of SS/SS symmetric
cells at 30 °C (Figure 3b). The RT ionic conductivity of
PDOL is only 5.08x10°S cm ', indicating that the cell is
challenging to operate effectively at RT. In comparison,
PDOL-T-F has the highest ionic conductivity at RT with a
value of 3.63x10 * S cm '. The Arrhenius curve describes
the relationship between temperature and ionic conductivity
(Figure S1 and Figure 3c¢), followed by further calculations of
the ionic activation energy (£,) of the SPEs. The calculated
values for PDOL, PDOL-T, and PDOL-T-F are 0.355,0.088,
and 0.071 eV, respectively. Therefore, the ionic conductivity
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Figure 3 (a) LSV curves of various in-situ polymerization samples. (b) The EIS curves of SS/SS symmetric cells at RT (30 °C). (c¢) Temperature
dependence of Li-ion conductivity in in-situ polymerization electrolytes. (d—f) Steady-state polarization curves of Li/Li symmetric cells assembled with
various electrolytes (inset: EIS curves before and after polarization) (color online).

of PDOL-T-F exhibits minimal temperature dependence.

t;+ 1s a crucial parameter for evaluating the efficiency of
Li-ion transport. High ¢+ can effectively reduce con-
centration polarization and the growth of lithium dendrites
during charge/discharge. This leads to uniform deposition/
stripping behavior of Li and ultimately improves battery
cycle stability [42]. The ¢+ is measured by using the steady-
state polarization curves of Li/Li symmetric cells (Figure
3d-f). The ¢,;+ of PDOL-T-F (0.85) is higher than that of
PDOL (0.55) and PDOL-T (0.84), which promotes faster
charge/discharge rates and longer battery cycle life.

2.3 Performances of solid-state lithium battery

Figure 4a demonstrates the cycling performance of Li/Li-
Co0, batteries assembled with different electrolytes. The
charging cutoff voltage is fixed at 4.3 V, and the temperature
is at RT (60 °C for PDOL battery). Batteries are initially
activated at a rate of 0.2 C for the first two cycles and then
operated at 1 C for the subsequent cycles. Due to the low
ionic conductivity and narrow ESW of the PDOL, the initial
discharge specific capacity of the PDOL battery is 95.6 mAh
g ', and only 23 mAh g ' is retained after 100 cycles. The
initial specific capacity of the PDOL-T battery can be up to
145.2 mAh gfl. Unfortunately, the specific capacity decays
even faster. The capacity retention after 50 cycles of the
battery is only 12.5%. This may be attributed to the fact that
TMS reacts violently with lithium metal during battery op-
eration [43]. The deposition/stripping behavior of Li is un-
stable, ultimately resulting in significant capacity
degradation of the battery. It can also be verified by the low
average coulombic efficiency of the PDOL-T battery (Figure

4b). For the PDOL-T-F battery, FEC contributes to the for-
mation of a stable SEI. It realizes the highest initial specific
capacity of 146.7 mAh g_1 and a capacity retention of 93.2%
after 200 cycles. TMS and FEC enable the Li/PDOL-T-F/
LiCoO, battery to achieve a combination of high oxidative
stability and long cycle life. In order to demonstrate the
universality of PDOL-T-F when paired with high-voltage
cathodes, a Li/PDOL-T-F/Li,Nij;gCoq;Mn,;0, battery is
assembled for validation (Figure S3). The battery still
maintains a high capacity retention rate of 86.3% after 300
cycles.

The charge/discharge voltage curves of the Li/LiCoO,
batteries are shown in Figure 4d—f. The polarization voltages
of the PDOL and PDOL-T batteries increase rapidly as the
batteries begin to run, while the polarization voltage of the
PDOL-T-F battery remains almost constant during the 1st
and 200th cycles, which can be attributed to the high ¢+ in
the PDOL-T-F. The rapid charge/discharge performance of
the battery is also affected by #,;+. The Figure 4c shows the
rate capacity of batteries assembled with different electro-
lytes. It is evident that at 3C, the PDOL-T-F battery exhibits
the highest discharge specific capacity (113 mAh gfl), which
is consistent with the performance of ¢ ;-

To further investigate the effect of different electrolytes on
Li deposition/stripping behavior, Li/Li symmetric cells are
assembled for cycling tests (Figure 4g). The current density
and specific capacity are fixed at 0.2 mA cm ” and 0.2 mAh
cm >, and the temperature is at RT (60 °C for PDOL cell).
The polarization voltage of the PDOL cell initially reaches
140 mV, and after 100 h of operation, it increases to about
230 mV and continues to rise gradually. After the addition of
TMS, the initial polarization voltage is increased to 600mV,
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Figure 4 (a) Cycling performance, (b) coulomb efficiency and (c) rate capability of Li/LiCoO, batteries with PDOL, PDOL-T and PDOL-T-F at 4.3V. (d—f)
The charge/discharge voltage curve of Li/LiCoO, batteries during 200 cycles (from left to right: PDOL, PDOL-T, and PDOL-T-F). (g) Plating and stripping
behaviors of Li symmetric cells with various electrolytes at a current density of 0.2 mA cm anda specific capacity of 0.2 mAh cm” (PDOL is tested under

60 °C, other electrolytes are tested at RT) (color online).

which exceeds 1V after 50 h and causes a short circuit. After
adding FEC, the initial polarization voltage of the battery is
only about 16 mV. With the increase in cycle time, the po-
larization voltage essentially stabilizes and remains at only
20mV after 700 h. Changing the current density and specific
capacity to 0.1 mA cm ~ and 0.1 mAh cm ~ (Figure S4), the
polarization voltage of the PDOL-T-F cell cycling for 1800 h
is even lower at 11 mV, which is significantly better than that
of the PDOL and PDOL-T. Even at a high current density of
1 mAcm” (Figure S5), the Li/PDOL-T-F/Li cell can main-
tain stable operation for 160 h. Thanks to the excellent ionic
conductivity and ¢+, the Li/PDOL-T-F/Li cell exhibits ex-
cellent Li deposition/stripping stability and inhibition of li-
thium dendrite growth.

2.4 Characterization of CEI and Li surface

In order to investigate the factors responsible for the stable
cycling of PDOL-T-F battery at high voltage, Li/LiCoO,
batteries are disassembled after 200 cycles using three dif-

ferent electrolytes. Subsequently, morphological observa-
tions and elemental analyses are conducted on the surface of
LiCoO, particles. SEM images (Figure S6,S7) of LiCoO2
particles after cycling of the three electrolytes are not sig-
nificantly different. The CEI of the LiCoO, surface is de-
termined using transmission electron microscopy (TEM)
(Figure 5a). We can clearly observe that the LiCoO, elec-
trode develops an uneven thickness of the CEI layer after
cycling in PDOL. The thickest CEI layer reaches 40 nm,
which significantly impedes the transport of Li-ions at the
interface. Moreover, a partial surface of LiCoO, receives no
CEI, which means that the electrolyte is not protected from
oxidative decomposition under high-voltage conditions. For
both PDOL-T and PDOL-T-F, a thin and uniform layer of
CEI can be formed on the surface of LiCoO,, which effec-
tively prevents the decomposition of the electrolyte at the
cathode side.

X-ray photoelectron spectroscopy (XPS) is chosen to
further analyze the elemental composition of CEI. From the
O Is spectra (Figure 5b), it can be observed that the C-O
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(a) CEI images and (b) O 1s XPS images of LiCoO, cathodes disassembled from Li/LiCoO, batteries after 200 cycles (from left to right: PDOL,

PDOL-T, and PDOL-T-F). (¢) HOMO levels of LiTFSI, LiBF,, TMS, FEC, DOL, and PDOL. (d) S 2p XPS images of LiCoO, cathodes disassembled from

Li/LiCo0, batteries with PDOL-T-F after 200 cycles (color online).

signals on the LiCoO, surface of PDOL battery after cycling
are more pronounced compared to PDOL-T and PDOL-T-F.
It is speculated that the continuous decomposition of the
electrolyte on the cathode surface generates more organic
species. Furthermore, signals of lattice oxygen are observed,
which again suggest the absence of CEI formation on parts of
the LiCoO, surface. LiF and Li;N are observed in the F 1s
spectra (Figure S8) and N 1s spectra (Figure S9) of the Li-
Co0, after cycling in PDOL-T-F, which results from the
decomposition of LiTFSI [44]. In addition, the more polar
LiSO,F and SO,F components [41] also appear in the S 2p
spectra (Figure 5d), which effectively reduces the interfacial
impedance and enables rapid conduction of Li-ion.

Figure 5c displays the highest occupied molecular orbital
(HOMO) energies of commonly used battery materials ob-
tained by quantum chemical calculations. The high HOMO
values of both DOL (—6.85 e¢V) and PDOL (—6.83 eV) in-
dicate that oxidative decomposition occurs at high voltages.
PDOL electrolytes can generate a fragile layer of CEI on the
surface of LiCoO,. However, the degradation of PDOL on
the cathode side cannot be effectively prevented. Both TMS
(=7.53 eV) and FEC (—8.44 eV) have lower HOMO energies
than PDOL, which further enhances the ESW of the elec-
trolyte. Moreover, due to the higher adsorption energy of
TMS with the cathode material, it can preferentially form a
stable CEI on the cathode surface [41].

Finally, Li/Li symmetric cells cycled for 500 h with dif-

ferent electrolytes are disassembled, and the Li metal surface
is characterized using SEM and XPS. From the SEM images
of the Li surface cycled in PDOL (Figure 6a), we can clearly
observe numerous irregular lithium dendrites, which can lead
to battery failure. For PDOL-T, after cycling, Li anode not
only generates lithium dendrites but also a significant
amount of dead lithium and cracks. The PDOL-T-F exhibits
excellent stability and resistance to lithium dendrite growth.
The Li cycled in PDOL-T-F has the cleanest and glossiest
surface. It also exhibits a compact and dendrite-free Li de-
position layer, which can be observed from its SEM image
and consists of chunky metallic Li. For the demand of li-
thium metal anode, achieving a more uniform and compact
lithium deposition is crucial for better cycle performance.
This requirement is also supported by the actual test results
of batteries with PDOL-T-F. There are two main factors
contributing to the superior lithium compatibility of PDOL-
T-F. Firstly, it has the highest RT ionic conductivity and ¢+,
which promotes uniform lithium deposition. Secondly, the
addition of FEC enhances the stability of the electrolyte on
the Li anode. This reduces the negative effects of electrolyte
decomposition on ion-transport performance and minimizes
the impact of decomposition by-products on lithium de-
position.

The elemental composition of the Li surface is tested using
XPS. The results of the F 1s spectrum (Figure 6b) and N 1s
spectrum (Figure S10) show that the Li surface after PDOL
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cycling contained the lowest amount of LiF and Li;N, which
mainly originated from the decomposition of LiTFSI [44].
The signals of LiF and Li;N are significantly enhanced after
the introduction of TMS and FEC. In addition to the two
components, the generation of Li,CO; and other organic
species (Figure S11) occurs as a result of the reduction of
organic solvents [45]. Previous studies [46—48] have shown
that the inorganic components (LiF, Li;N, Li,CO;, efc.) tend
to exhibit better comprehensive performance compared to
the organic components in SEI. LiF possesses excellent
electronic insulating properties, high surface energy, and
mechanical strength, while Li;N exhibits excellent ionic
conductivity in the room temperature [46]. Compared with
the SEI in PDOL (Figure 6d), the inorganic-rich SEI in
PDOL-T-F (Figure 6¢) can effectively promote the uniform
deposition of lithium and inhibit the growth of lithium den-
drites.

LiTFSI and LiBF, can selectively react with lithium metal
to produce a SEI due to their low LUMO energy levels
(Figure 6¢). However, this SEI layer is relatively delicate and
incapable of effectively preventing the continuous decom-
position of TMS on the Li surface, resulting in the faster
capacity degradation of the PDOL-T battery. Since the
LUMO energy level of FEC is lower than that of TMS and
the adsorption energy with lithium metal is stronger, an in-
organic (LiF, Li;N, etc.)-rich SEI is formed on the Li surface,
which realizes the stable lithium deposition/stripping.

3 Conclusions

In summary, an in-situ polymerized electrolyte with dual-
reinforced stable interface is synthesized by incorporating
high boiling point and safety plasticizers, tetramethylene
sulfone (TMS), and fluorinated ethylene carbonate (FEC)
into the 3D PDOL cross-linked network. Compared to the
original PDOL electrolyte, the PDOL-T-F assembled Li/Li-
Co0, battery achieves stable long cycling at 4.3 V. The ex-
cellent performance of the Li/PDOL-T-F/LiCo0O, battery can
be attributed to the following factors: (1) The introduction of
the plasticizer disrupts the crystallinity of the polymer mo-
lecular chain and facilitates the dissociation of the lithium
salts, greatly improving the Li-ion transport capacity and
efficiency (RT ionic conductivity is 3.63x10 * Sem ™', 7+ =
0.85). (2) By adding TMS, the ESW can be increased from
the original 4.3 V to 4.5V, demonstrating remarkable oxi-
dative stability. A thin and tough CEI is formed on the Li-
Co0, surface, which enhances compatibility with the high-
voltage cathode. (3) Furthermore, by introducing FEC,
PDOL-T-F can generate an inorganic-rich SEI on the surface
of Li, effectively preventing the growth of lithium dendrites
and promoting uniform deposition and stripping of Li. Based
on the aforementioned advantages, the Li/PDOL-T-F/Li-
Co0, battery demonstrates exceptional long cycle stability at
4.3V, with a capacity retention of 93.2% after 200 cycles.
This work offers a straightforward and accessible method for



Wu et al.

the practical implementation of high-voltage in-situ poly-
merized solid-state LMBs.
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