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In situ ring-opening polymerization of ether-based monomers has shown promising application in solid-
state lithium metal batteries owing to their positive lithium compatibility, mild reaction conditions, and
facile preparation. However, typical poly(l,3-dioxolane) (PDOL) based electrolyte still struggles with low
jonic conductivity, narrow electrochemical window, and poor thermal stability, which greatly retard its
further progress. Herein, we constructed a crosslinked PDOL semi-solid electrolyte initiated by a three-
armed crosslinker and high voltage resistant fluorinated solvents, which shows favourable stability
toward lithium metal (lithium plating/stripping stably operating for 2700 h at 0.2 mA cm™2 with no
significant polarization growth) and a high electrochemical oxidation window of up to 4.6 V. A lithium
metal coin cell using this crosslinked semi-solid electrolyte equipped with LFP expresses excellent
cycling stability with a capacity retention of 88% for 1000 cycles at 1C. A 50 mA h pouch cell with an
NCM811 cathode exhibited favourable working ability. Meanwhile,
demonstrated better solid-state characteristics and thermal stability compared with a long-chain
electrolyte. This work provides a prospective reference for the application of ether-based electrolyte in
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Introduction

Lithium-ion batteries have been widely used in various
consumer electronics fields since their creation in the 1990s,
bringing great convenience to our lives. However, with the
increasing demand for energy storage devices, such as electric
vehicles and energy storage power stations, state-of-the-art
lithium-ion Dbatteries encounter increasing difficulty in
meeting the requirements for high energy density. Additionally,
a higher energy density usually comes with a higher security risk
due to unstable liquid electrolytes. Lithium metal is widely
recognized as an ideal candidate for next-generation anode
materials owing to its extremely high theoretical specific
capacity (3860 mA h g ') and low chemical potential (—3.04 V
vs. SHE)."* Unfortunately, lithium metal is incompatible with
the widely used liquid ester electrolytes because of the contin-
uous side reactions between them.* Therefore, replacing liquid
electrolytes with solid electrolytes is considered the ultimate
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high safety and high energy density lithium metal batteries.

solution for lithium metal batteries.*> Among the various solid
electrolytes, organic materials are superior to inorganic mate-
rials in terms of interface contact, processability, and cost.®®
However, all-solid-state organic polymer electrolytes, such as
polyethylene oxide (PEO) and polyvinylidene fluoride (PVDF),
often suffer from poor room-temperature ionic conductivity
(=107° S em '), which limits their further development.**°
Combining polymers and solvent molecules to form semi-solid
gel electrolytes can significantly improve ionic conductivity and
ameliorate interface contact while maintaining solid charac-
teristics and has shown brilliant benefits in lithium metal
batteries.™

The in situ polymerization strategy represents significant
superiority in constructing high-performance lithium metal
batteries in recent years."*** By injecting a precursor composed
of monomers, plasticizers, lithium salts, and initiators into the
batteries, the formed gel electrolyte can sufficiently fill all the
pores in the batteries after solidification. Compared with an ex
situ process, an in situ process has better conformal contact and
a simpler preparation procedure. In situ polymerization of cyclic
ether monomers represented by poly(1,3-dioxolane) (PDOL) has
attracted widespread attention in recent decades due to their
satisfying alkali metal compatibility, mild polymerization
conditions, and moderate ionic conductivity.*>*® However, it is
still confronted with some serious challenges, such as insuffi-
cient room-temperature ionic conductivity, poor oxidation
stability, and low thermal stability."” Numerous strategies have
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been proposed to tackle the issues mentioned above, including
molecular design,”® compounding with inorganic particles,"
and functional initiators.”* Among them, crosslinking copoly-
merization of DOL with a proper crosslinker can significantly
improve ionic conductivity by inhibiting crystallization of the
molecular chain, and the dense network structure is beneficial
for improving the electrochemical stability and thermal
stability.”* That means the selection of and search for appro-
priate crosslinkers are of great significance. Due to the suitable
crosslinking degree, electrolytes with crosslinking polymeriza-
tion based on DOL and three-armed crosslinkers can exhibit
decent ionic conductivity and an improved electrochemical
window, which have exhibited acceptable enhancement effects
in all-solid-state batteries.”>** But, limited by inadequate ionic
conductivity, they still exhibit unsatisfactory electrochemical
performance. Additionally, a crosslinker with more arms may
lead to excessive crosslinking and result in the need to reduce
solid content in the electrolyte to retain electrochemical
performance, which may deviate from the original intention of
solid state to some extent.>*** In addition, extensive studies
have shown that fluorinated solvents generally display excellent
oxidation stability; those represented by hydrofluoroether (HFE)
and fluoroethylene carbonate (FEC) have been widely applied in
the research of high-voltage lithium metal batteries and showed
desirable improvements.**>®

Taking inspiration from the above representations, we
prepared a semi-solid electrolyte composed of crosslinked
PDOL initiated by glycerol triglycidyl ether and high voltage
resistance fluorinated solvents. Compared with long-chain
PDOL semi-solid electrolytes, the crosslinked semi-solid elec-
trolyte demonstrates higher ionic conductivity at room
temperature (0.36 mS cm '), a superior oxidation window (4.6
V), and better solid-state characteristic and thermal stability.
The fabricated crosslinked electrolyte exhibits brilliant stability
towards lithium metal with lithium plating/stripping stably
operating for 2700 h at 0.2 mA cm ™ ? with no significant polar-
ization growth, and the batteries using this electrolyte assem-
bled with LFP keep working for 1000 cycles with a capacity
retention of 88% at 1C. Even when assembled with NCM811, the
battery can still exhibit favourable cycling stability. We believe
this work will provide a promising reference for the develop-
ment of ether-based electrolytes in high safety and high energy
density lithium metal batteries.

Experimental

Synthesis of electrolytes

1,3-Dioxolane (DOL, 99.8%, Aladdin), glycerol triglycidyl ether
(GTE, Aladdin), 1,1,2,2-tetrafluoroethyl-2,2,3,3-
tetrafluoropropyl ether (HFE, 99.8%, DoDoChem), fluoro-
ethylene carbonate (FEC, 99.9%, DoDoChem), ethyl methyl
carbonate (EMC, 99.98%, DoDoChem), lithium bis(trifluoro-
methane)sulfonimide (LiTFSI, 99%, Aladdin), lithium tetra-
fluoroborate  (LiBF;, 99.9%, Aladdin), and lithium
difluoro(oxalato)borate (LiDFOB, 99%, Aladdin) were used
without further treatment, except that GTE was dried with 4 A
molecular sieves for one week.
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First, DOL, GTE, HFE, FEC and EMC were mixed at a volume
ratio of 4:1:2:2:1, in which DOL and GTE were used to
synthesize the crosslinked polymer while HFE, FEC and EMC
served as liquid plasticizers. Next, 1 M LiTFSI, 0.5 M LiBF, and
0.1 M LiDFOB were dissolved in the mixture above to form the
electrolyte precursor. In the precursor, LiBF, acted as initiator
to complete the ring-opening polymerization at room temper-
ature while LiDFOB served as an additive to protect the elec-
trode materials. Then, the precursor was injected into coin cells
or pouch cells and the crosslinked poly(1,3-dioxolane) based gel
polymer electrolyte (CPGPE) was obtained in situ after resting
for about 30 h at 30 °C. For comparison, poly(1,3-dioxolane)
based gel polymer electrolyte (PGPE) was prepared by dissolv-
ing the same lithium salts in a mixture of DOL, HFE, FEC, EMC
at avolume ratio of 5: 2 : 2 : 1 with no GTE. The precursor slowly
transformed from liquid to solid after 3 days. All the prepara-
tion processes were performed in an Ar filled glove box with H,O
and O, both below 0.1 ppm.

Characterization

CPGPE and PGPE were cracked and soaked in deionized water
and ethanol sequentially for ultrasonic cleaning several times
and then dried for structural characterization. The obtained
purified polymers were named CPDOL and PDOL, respectively.
DOL and PDOL were dissolved in deuterated DMSO-d, for 'H
NMR and "*C NMR measurements (Bruker 400M). CPDOL was
insoluble in deuterated DMSO-dg, so solid 'H NMR and **C NMR
were conducted after it was ground and crushed (Agilent 600M).
FTIR spectra were measured to investigate the molecular struc-
tures of monomer, crosslinker, and polymers (IRAffinity-1).
Raman spectra were also used to analyze the structural infor-
mation of the molecules above using an excitation wavelength of
785 nm (inVia). Crystallization information of the polymers was
analyzed by XRD characterization (D8 Advance). TG-DSC was
conducted to analyze the thermal stability of the electrolytes from
room temperature to 350 °C (STA409PC). The morphologies of
the separator and cycled electrodes were identified using a field-
emission scanning electron microscope (ZEISS Sigma300).
Surface species of the cycled cathode and anode were detected by
XPS measurement (Thermo Scientific K-Alpha).

Battery assembly and testing

CR2025 type coin cells were assembled to evaluate the main
electrochemical performances. Celgard 2500 separator was
used as the supporting skeleton for CPGPE and PGPE. For the
measurement of ionic conductivity, different electrolytes were
sandwiched between two stainless steel electrodes
(SS|electrolyte|SS), and the electrochemical impedance spectra
(EIS) of SS|electrolyte|SS cells were measured on a Solartron
1260A workstation with a bias voltage of 5 mV in the range from
10° to 1 Hz. Ionic conductivity (o) was obtained from eqn (1),

o =LIR x S), (1)
where L is the thickness of the electrolyte, R represents the value

from the EIS measurement above, and S stands for the effective

This journal is © The Royal Society of Chemistry 2024
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contact area between the electrolyte and SS electrode. From the
values of ionic conductivity at different temperatures, we can
deduce the activation energies of different electrolytes based on

eqn (2),
0 = A exp(—E,/RT), (2)

where A is the pre-exponential factor, E, represents the activa-
tion energy of Li" migration and R is the ideal gas constant. To
evaluate the electrochemical stability, the electrolytes were
sandwiched between lithium metal and SS electrode
(Li|electrolyte|SS), and linear sweep voltammetry was conducted
to measure the electrochemical oxide stability at a voltage range
from OCV to 6 V with a scan rate of 0.2 mV s~ " on an EC Lab
workstation. The Li* transfer number was measured based on
the cells of electrolytes sandwiched between two lithium metals
(Lijelectrolyte|Li), and EIS combined with constant voltage
technique was applied to the cells on an EC lab workstation.
The Li" transfer number (¢.;+) was calculated based on eqn (3),

tii = (DY = LR)UI(AV — IsRy), (3)

where AV is the polarization voltage of 5 mV, I, and I represent
the initial and steady state currents, respectively, and R, and Rgs
stand for the initial and steady state resistances, respectively.

LFP or NCMS811, SP and PVDF were mixed in NMP at a mass
ratio of 8: 1: 1. The mixture was scraped onto 16 um aluminum
foil and dried at 80 °C for 2 h in air. The LFP cathode (2 or 5 mg
ecm~?) or NCM811 cathode (2.5 mg cm™?) was obtained after
further drying of 12 h at 80 °C in a vacuum oven. To assemble
the semi-solid lithium metal batteries, the LFP or NCM811
cathode, lithium metal, and Celgard 2500 separator were inte-
grated into coin cells, the CPGPE or PGPE electrolyte precursor
was injected into the cells, and the sealed cells were kept at 30 °©
C for 30 h or 3 days to form semi-solid lithium metal batteries.
Also, Li|electrolyte|Li and Li|electrolyte|Cu cells were assembled
to evaluate their stability with lithium metal using the same
curing process mentioned above. In addition, commercial
liquid electrolyte composed of 1 M LiPFg in EC : DMC : DEC (1:
1:1, vol%) was used for comparison. To evaluate the perfor-
mance of batteries using CPGPE under extremely harsh condi-
tions, 5 x 4 cm lithium metal pouch cells with NCM811 cathode
were assembled for shearing and bending tests. Finally, a 50
mA h lithium metal pouch cell using NCM811 cathode with
high loading of 8 mg cm ™ was prepared to check the potential
for practical application.

Calculations

Molecular orbital calculations. Density functional theory
(DFT) calculations were performed using the Gaussian 16 soft-
ware package.” The model structure was optimized, and the
distributions and energy levels of the involved molecular orbitals
were evaluated at the B3LYP/6-31G** level of theory. A frequency
calculation was carried out to ensure that the optimized structure
is the local minimum without an imaginary frequency. The
molecular orbits (HOMO and LUMO) were analyzed using the
Multiwfn package®® and visualized with VMD.*

This journal is © The Royal Society of Chemistry 2024
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Binding energy calculations. Density functional theory (DFT)
calculations were performed at the B3LYP level using the
framework of the Gaussian16 program package.*® The struc-
tures of Li*, TFSI~, GTE, PDOL, Li'-GTE, Li*-PDOL, TFSI -GTE,
and TFSI -PDOL were first optimized at the B3LYP-D3(B])/6-
31+Gd level of theory. Single-point calculations were performed
at the B3LYP-D3(B])/6-311+G(d,p) level of theory to calculate the
binding energies. The binding energy (E},) can be given as Ej, =
Eeotal — (Etarget molecule T Ecation/anion); where Eotal is the total
energy of the combination system (Li'-GTE, Li'~PDOL, TFSI -
GTE, and TFSI" -PDOL), Earget molecule iS the energy of the initial
target molecule (GTE or PDOL), and Ecation/anion 1S the energy of
the single cation/anion (Li* or TFSI").

Results and discussion
Preparation and characterization

Density functional theory (DFT) calculations were conducted to
provide guidelines for electrolyte design. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of several molecules are listed in Fig. 1a and
divided by HFE, which is known to be inert in ion transport. On
the left side are ether molecules with generally higher LUMO
energies than the ester molecules in the right area, which shows
the better stability to lithium metal of ethers. On the right side
are ester molecules, usually with lower HOMO energies than
ether molecules, which shows better resistance to oxidation of
esters. It is worth noting that the highly fluorinated hydro-
fluoroether (HFE) has the lowest HOMO energy of —9.119 eV,
showing excellent oxidation stability. In addition, DOL and
PDOL (dimers) both display a slightly high HOMO energy,
indicating poor oxidation stability. GTE exhibits a lower HOMO
energy (—6.899 eV) than DOL (—6.692 eV) and PDOL (—6.827
eV), indicating that crosslinking polymerization of DOL and
GTE may help improve the oxidation stability of PDOL-based
electrolyte. Based on the above analysis, we designed a semi-
solid gel polymer electrolyte consisting of crosslinked PDOL
and fluorinated solvents with the expectation of simultaneously
achieving favourable stability to high voltage and lithium metal.
Due to the weakness to lithium salt dissociation of the fluori-
nated solvents, a small amount of EMC was added to promote
the dissolution of lithium salts and improve ionic conductivity.
In general, the volume ratio of monomers and solvents is
controlled to be 1:1 in the precursor solution, which is
commonly seen in previous reports.**~** The effect of the ratio of
DOL and GTE on the curing state was studied. In the set
gradient, complete solidification can only be achieved in an
appropriate time when the volume ratio of GTE to DOL is no
less than 1:4. However, more crosslinkers reduce the ionic
conductivity due to excessive crosslinking (Fig. S1%). In addi-
tion, it is found that the crosslinked polymerization of DOL and
GTE expresses strong selectivity towards initiators, and the
widely used long-chain polymerization initiators, such as LiPFg
(ref. 16) and LiFSI,* have difficulty triggering this reaction even
at high concentrations for a long time (Fig. S21). Based on the
optimized formula composition, DOL and GTE form a cross-
linked network structure via in situ polymerization, and the
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Fig. 1

(a) The calculated HOMO and LUMO energies of DOL, PDOL, GTE, HFE, FEC, and EMC. (b) A schematic diagram of the formation process

of crosslinked gel polymer electrolyte. (c) Crosslinking polymerization mechanism between DOL and GTE. (d) FTIR spectra of DOL, GTE, PDOL,
and CPDOL. (e) *H NMR spectra and (f) ¥*C NMR spectra of DOL, PDOL, CPDOL elution, and CPDOL.

network adsorbed the other solvents and converted to solid
state (Fig. 1b).

The mechanism of crosslinked polymerization is shown in
Fig. 1c. LiBF, partially decomposes and produces Lewis acidic
BF;. After being protonated by trace amounts of water,
H'(BF;0H)™ triggers the ring-opening crosslinked polymeriza-
tion between DOL and GTE.*> Due to the randomness of the
crosslinking reaction, it is difficult to define a specific molecular
structure after the reaction, and it may even form an extremely
irregular network structure (Fig. S31). To explore the structures
of the polymerization products, CPGPE and PGPE were carefully
washed to remove the influences of lithium salts and solvents
(Fig. S471). FTIR, Raman, NMR and XRD were used to analyze the
structural changes before and after polymerization. As shown in
the FTIR spectra (Fig. 1d), the long-chain vibrational peak at
847 cm™ ! was observed for both PDOL and CPDOL, indicating
the successful occurrence of ring-opening polymerization. The
C-O-C vibrational peak slightly red shifts from 1118 cm ™" for

27046 | J Mater. Chem. A, 2024, 12, 27043-27052

PDOL to 1102 cm ' for CPDOL, implying a special chain
structure in the crosslinked network.”»* In the Raman spectra
(Fig. S5t), CPDOL exhibits characteristic peaks of both PDOL
and GTE, suggesting the occurrence of copolymerization
between DOL and GTE. Further, liquid and solid NMR were
measured to determine the changes in the chemical environ-
ments of elements before and after reaction (Fig. 1e and f). Two
'H spectral characteristic peaks at 4.78 ppm and 3.77 ppm
assigned to the H in O-CH,-O and O-CH,-CH,-O are observed
in DOL, and they shift to 4.63 ppm and 3.59 ppm in PDOL,
which suggests the occurrence of ring-opening polymeriza-
tion.***® However, CPDOL was found difficult to be dissolved in
DMSO-dg like DOL or PDOL (Fig. S61), and no PDOL signal was
detected in the DMSO-dg elution immersed with CPDOL for
a long time, which indirectly indicates the difference between
PDOL and CPDOL. CPDOL was crushed for solid NMR
measurement, and the characteristic peaks at 4.63 ppm and
3.59 ppm assigned to the H in O-CH,-O and O-CH,-CH,-O

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta04857a

Open Access Article. Published on 09 September 2024. Downloaded on 1/20/2026 4:28:14 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

further shift to lower values of 4.16 ppm and 3.14 ppm, which
directly confirms the formation of a crosslinked network. Also,
some other weak characteristic peaks (4.30 ppm, 3.28 ppm, and
2.78 ppm) were also observed, which may be contributed by
various H from GTE. The same results also appear in the **C
spectra. Two “>C spectral characteristic peaks assigned to the C
in O-CH,-O and O-CH,-CH,-O shift from 94.54 ppm and
64.29 ppm for DOL to 95.18 ppm and 66.86 ppm for PDOL, and
they further shift to 98.36 ppm and 69.88 ppm for CPDOL. The
XRD patterns of different polymers are displayed in Fig. S7;T the
pure PDOL shows an obvious crystallization peak like poly-
ethylene oxide (PEO),*”*® which is well-known to be detrimental
to ion transport. In comparison, the pure CPDOL shows
a completely amorphous structure. Although PDOL or PEO
exhibits amorphous characteristics after being composited with
lithium salt, it should be believed that an intrinsic polymer with
an amorphous state will be more conducive to ion transport.

Intrinsic chemical and electrochemical properties of CPGPE
and PGPE

The ability to fully infiltrate pores inside a battery is the innate
advantage of in situ polymerization over an ex situ solution. The
morphology of a Celgard 2500 separator before and after infil-
tration of CPGPE is shown in Fig. 2a. The average pore diameter
of the Celgard 2500 separator is at the level of 0.1 um. After the
precursor infiltrates and solidifies, the pores of the separator
are fully filled, suggesting intimate interfacial contact can be
formed readily. Thermal stability is crucial for the safety of

View Article Online

Journal of Materials Chemistry A

batteries. As the TG-DSC curve shows in Fig. 2b, CPGPE exhibits
better thermal stability than PGPE and can maintain intact
solid-state characteristics for 5 minutes at 110 °C while PGPE
changes from solid to liquid under the same conditions
(Fig. S8at). CPGPE supported by a crosslinked network exhibits
the solid-state characteristic of hard elasticity, while PGPE
supported by a long chain is a highly viscous fluid (Fig. S8bt). It
is the dense network structure that endows CPGPE with better
thermal stability.

Ionic conductivity is the most critical index to support the
electrochemical performance of electrolytes. After being left for
about 30 h at 30 °C, the ionic conductivity of CPGPE is relatively
stable at 0.36 mS cm ' (based on Celgard 2500 separator, 25
um) (Fig. 2c and S9f). In comparison, it takes three days to
finish the transition from liquid state to solid state at 30 °C for
PGPE. Because GTE, with large volume and high viscosity,
shows weaker dissociation and solvation ability towards lithium
salts than DOL, the ionic conductivity of the initial precursor for
CPGPE is lower than that of CGPE. However, after the same
curing time of three days, CPGPE exhibits a higher ionic
conductivity of 0.33 mS cm ™' compared to that of PGPE of 0.15
mS cm " (Fig. 2d and S107), suggesting the amorphous network
structure is more beneficial to Li" transport. DFT calculations
were also used to analyse the mechanism behind the enhanced
ionic conductivity of CPGPE. It can be affirmed that the biggest
difference between CPDOL and PDOL is the additional three-
dimensional nodes brought by GTE in CPDOL. As shown in
Fig. S11,} the binding energy of Li'~-GTE (—4.239 eV) is higher
than that of Li*~PDOL (—2.653 eV), which demonstrates that the
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Fig. 2 (a) SEM images of the separator before and after infiltration
conductivity with curing time for CPGPE. (d) Comparison of changes in

of CPGPE. (b) TG-DSC curves of CPGPE and PGPE. (c) Plot of ionic
ionic conductivity after three days for CPGPE and PGPE. (e) LSV curves of

Li|CPGPE|SS and Li|PGPE|SS cells. (f) Temperature dependent ionic conductivity curve. Constant voltage polarization curves of (g) CPGPE and (h)

PGPE.
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three-dimensional structure is more conducive to the dissocia-
tion of lithium salts and generates more active Li', resulting in
higher ionic conductivity.**

In addition to the advantage in ionic conductivity, CPGPE
also shows a higher electrochemical window of 4.6 V than that
of 4.4 V for PGPE (Fig. 2e), which is consistent with results of the
electrochemical floating test (Fig. S12%). This could be partly
contributed by the stable crosslinked network structure that
possesses the higher HOMO energy of GTE than PDOL and
fewer terminal hydroxyl groups (Fig. S13t)*” and partly to the
high oxidation resistance from fluorinated solvents (Fig. 1a).
Activation energy is calculated from the fitting curve of the
conductivity-temperature relationship (Fig. 2f and S14f%).
CPGPE exhibits a lower activation energy than PGPE, which
means the crosslinked network structure can promote des-
olvation of Li* and homogenize lithium plating.?* In addition,
CPGPE shows a higher Li* transfer number compared to PGPE,
and this contributes to both reduction of polarization and
uniform lithium plating (Fig. 2g and h). LiTFSI, which is easy to
dissociate, is the dominating lithium salt in the semi-solid
electrolyte, ensuring high ionic conductivity. The binding
energy between TFSI™ and GTE (—1.201 eV) is higher than that
between TFSI™ and PDOL (—1.152 eV) (Fig. S15), which means
the three-dimensional structure can more effectively restrict the
movement of anions and further confirms the higher Li"
transfer number of CPGPE.* These results discussed above fully
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demonstrate that CPGPE has significant advantages over PGPE
in Li" transport, oxidation resistance, thermal stability, etc.,
which provide favorable support for the construction of high-
performance and safe lithium metal batteries.

Evaluation of stability to lithium anode by lithium
symmetrical cells

Lithium symmetric cells were assembled to evaluate the
stability of electrolytes to lithium metal. The cell with CPGPE
can stably operate for 2700 h at a current density of 0.2 mA cm >
with no significant polarization growth, while the PGPE system
shows obvious polarization growth (Fig. 3a-c). Additionally,
CPGPE and PGPE both show clear advantages over commercial
ester-based liquid electrolyte (LE) in terms of stability to lithium
metal. EIS measurements were conducted on the initial and
cycled Li||Li cells (Fig. S161). Compared to the initial state, the
cycled cells all show decreased impedance values and another
semicircle (R,,) appears in the mid-frequency region because of
the reaction activation.* It can be seen that CPGPE shows the
smallest impedance value after cycling. In addition, the later
semicircle (R,,) in the mid-frequency region after cycling is
often defined as interface impedance,*** which is closely
related to interface reactions. The ratio of R,, in the total
impedance of the mid-frequency region for the three systems is
compared, and the result shows that CPGPE displays the

(a)
0.1
2
o 0.0
o
£
o
>
-0.1 2 2
0.2 mA/cm”, 0.2 mAh/cm
I T I T l T l L} I T l L} l L} I L) I L)
0 300 600 900 1200 1500 1800 2100 2400 2700
Time (h)
(b)0.04 —— CPGPE (C) 0.04 — CPGPE (d);\? 00
—PGPE —PGPE > 90
_ 0.02 _ 0.02 g
2 2 2 80
@ 0.00 @ 0.00 E
g g = 70
S -0.02 S -0.02 g e
> > g 60 ° (P:Z:EPE Li-Cu
-0.04 -0.04 3 solelE 0.5 mAre’, 0.6 mAom*
“1500 1502 1504 1506 1508 1510 2100 2102 2104 2106 2108 2110 © 0 20 40 60 80 100
Time (h) Cycle number

Time (h)

Fig. 3 (a—c) Cycling performances of lithium symmetrical cells assembled with CPGPE, PGPE, and LE cycled at 0.2 mA cm™2. (d) Cycling
performances of Li||Cu cells assembled with different electrolytes. SEM images of the cycled lithium metal for (e) CPGPE, (f) PGPE, and (g) LE.
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smallest ratio of interface impedance, which corresponds well
to its smallest polarization voltage and most uniform lithium
anode after cycling.

Also, Li||Cu cells were assembled to further evaluate the
stability to lithium metal of different electrolytes. As shown in
Fig. 3d and S17,} the Li|CPGPE|Cu cell exhibits excellent cycling
stability at 0.5 mA cm 2, and a high coulombic efficiency of
94.7% remains after 100 cycles. The Li|PGPE|Cu cell shows
a decreased cycling stability at the same current density and
obvious fluctuations in Coulomb efficiency can be seen after 60
cycles. The Li|LE|Cu cell expresses a continuously declining
coulombic efficiency, with a poor value of only 53.9% left after
100 cycles, which may be caused by the serious interface side
reactions.

Furthermore, the cycled Li||Li cells were disassembled to
observe the surface morphology of lithium metal by SEM
(Fig. 3e-g). The surface of the lithium metal is relatively flat and
dense for CPGPE and shows obvious cracks and by-products for
PGPE. In contrast, the surface of the lithium metal appears to
have significant loose side reaction products and cracks with
a tendency to fall off.***> The results above sufficiently illustrate
that the ether-based crosslinked network polymer can effec-
tively guide uniform deposition of Li* and reduce interface side
effects.

Performance of lithium metal batteries

Lithium metal batteries were assembled to evaluate the prac-
tical electrochemical performances of CPGPE and PGPE. As
shown in Fig. 4a and b, the LFP||Li battery assembled with
CPGPE exhibits an initial discharge capacity of 132.2 mAh g™*
and decays to 117 mA h g~ after 1000 cycles at 1C with
a capacity retention of 88% and a high coulombic efficiency of
over 99.9%, while the LFP||Li battery assembled with PGPE
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exhibits an initial capacity of 124.6 mA h g " and decays to
100.6 mA h g~ " after 600 cycles with a lower capacity retention of
81%. The LFP||Li battery assembled with LE shows a sudden
collapse after 150 cycles accompanied by abnormal fluctuation
of coulombic efficiency, which is a common phenomenon in
ester liquid lithium metal batteries. Even at a higher rate of 2C,
the LFP||Li battery assembled with CPGPE still exhibits a satis-
factory capacity retention of 91.7% and a coulombic efficiency
of over 99.9% after 500 cycles (Fig. S18f). Also, the
LFP|CPGPE|Li semi-solid battery with higher active materials
loading of 5 mg cm ™2 exhibits a favourable capacity retention of
97.7% after 150 cycles at 1C, which shows promisingly practical
application prospects (Fig. S191). The results also show clear
advantages over the widely studied PDOL based lithium metal
batteries in recent years (Table S17).

NCMS811||Li batteries were assembled to evaluate the high
voltage stabilities of CPGPE and PGPE (Fig. 4c). The
NCMS811|CPGPE|Li battery has an initial capacity of
167 mA h g~ " at 0.5C and a capacity retention of 80.2% after 165
cycles, while the battery assembled with PGPE shows a lower
capacity retention of 71.7% in the same conditions. The
advantage of CPGPE over PGPE is more apparent at 0.2C
because it experiences a longer time in the high voltage region
at a smaller cycling rate (Fig. S201). To study the mechanism of
improvement in the performance of batteries from CPGPE, XPS
measurements were conducted to detect the chemical compo-
sitions of the cycled NCMS811 cathode. The NCMS811||Li
batteries using PGPE and CPGPE were disassembled after 120
cycles at 0.5C. In the C 1s spectra of the washed NCM811
cathode (Fig. 4d), the O-C-O peak and C-O peak correspond to
the O-CH,-O-CH,-CH, unit in PDOL or CPDOL.* The larger
proportion of peaks representing the polymer in the CPGPE
system may be due to the CPDOL inside the cathode being more
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(a) Cycling performances of the LFPJ|Li batteries assembled with CPGPE, PGPE, and LE at 1C. (b) Charge/discharge curves of the

LFP|CPGPE|Li battery at different cycles. (c) Cycling performances of the NCM811||Li batteries assembled with CPGPE and PGPE. XPS (d) C 1s
spectra, (e) F 1s spectra, and (f) B 1s spectra of the washed cathodes from the cycled NCM811||Li batteries assembled with CPGPE and PGPE.
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difficult to wash away compared to the PDOL. An obvious CO3>~
peak was observed in the PGPE system which represents the
decomposition of solvents and PDOL, while there was no
obvious CO;>” peak in the CPGPE system, indicating sup-
pressed decomposition reactions.>*** Similarly, in the F 1s
spectra (Fig. 4e), the CPGPE system exhibits a smaller propor-
tion of C-F and B-F peaks compared to the PGPE system,
indicating the weaker decomposition of fluorinated solvents
and borates. It must be said that reasonable decomposition of
borates will help form a stable CEI on the cathode and protect it
from continuous side reactions.*>*® The same situation was also
observed in the B 1s spectra (Fig. 4f).

In terms of lithium anodes, the cycled lithium anode from
the NCM811|CPGPE|Li battery exhibits a flat and dense surface,
while that from the NCMS811|PGPE|Li battery shows more
cracks (Fig. S217), which is consistent with the results in the Li
symmetric batteries. XPS depth profiling was applied to analyse
the surface composition of the cycled lithium anodes (Fig. 5a
and b). In the C 1s spectra of different depths of etching, the
lithium anode from the NCMS811|CPGPE|Li battery exhibits
lower O-C-O, C=0, and C-O peak proportions than that the
lithium anode from the NCM811|PGPE|Li battery, suggesting
a weaker decomposition of polymers in the CPGPE system than
in the PGPE system.” In the F 1s spectra, the cycled lithium
anode from the NCM811|PGPE|Li battery shows a continuously
enhanced LiF peak with increasing etching depth, indicating
excessive consumption of fluorinated solvents and lithium
salts.””*® In comparison, the CPGPE system shows relatively
stable LiF content at different depths, suggesting that the
crosslinked polymer effectively alleviated the fluorinated
solvent and anion involved side reactions in lithium anode.
Also, the O 1s and B 1s spectra in Fig. S22} show a similar trend
to the results above. As shown in the O 1s spectra, the propor-
tion of C-O and O-C=O0O peaks corresponding to organic
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components for the cycled CPGPE system are significantly less
than those for the cycled PGPE system at different depths,
indicating the suppressed decomposition reactions between
organic molecules and the lithium anode due to the better
compatibility to lithium metal of CPGPE.*”* In the B 1s spectra,
the cycled PGPE system shows a continuously increasing signal
strength of B-F/B-O with increasing etching depth, indicating
excessive lithium salt decomposition. In contrast, the cycled
CPGPE system exhibits a relatively stable signal strength of B-F/
B-O at different etching depths, suggesting the formation of
a stable SEI film. In regard to the better electrochemical
performance of a crosslinked network polymer than a long-
chain polymer, a reasonable explanation can be provided by
the following points: (i) the completely amorphous network
structure with a larger free volume is more beneficial to the
desolvation and transport of Li", (ii) a more stable molecular
structure and fewer terminal hydroxyl groups enhance high
voltage stability, and (iii) a crosslinked polymer limits the
movement of anions to some extent (higher migration
numbers), promoting uniform deposition of Li" on the lithium
anode.

Safety and work tolerance under harsh conditions

High safety is crucial for the application of lithium metal
batteries. NCM811||Li pouch cells with CPGPE and LE were
assembled to evaluate the operational reliability under bending
and shearing conditions. The NCM811||Li pouch cell assembled
with CPGPE can still maintain normal operation even after
complete bending and multiple shearings (Fig. 6a-c). This
ability of CPGPE can be attributed to the internal integration
resulting from in situ solidification which prevents the interface
from losing contact due to external deformation, and the hard
elastic crosslinked electrolyte can effectively provide support to
prevent hard short circuits between the cathode and anode. In
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Fig.5 XPS (a) C 1s spectra and (b) F 1s spectra of the washed lithium anodes from the cycled NCM811||Li batteries assembled with CPGPE and

PGPE.
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comparison, the lamp bulb lighted by the NCM811||Li pouch
cell with LE shows a weakened brightness after bending and
stops working after shearing (Fig. 6d—f), which may be caused by
local contact loss and hard short circuits, respectively. Finally,
a 50 mA h NCM811|CPGPE|Li battery with an active material
loading of 8 mg cm ™ was fabricated to evaluate the practical
working potential. As shown in Fig. 6g and h, the lithium metal
battery can stably operate for 10 cycles at 0.1C, and it exhibits
a capacity retention of 88% even in a highly bent state of over
90°, demonstrating its promising application prospects.

Conclusion

In summary, an in situ fabricated semi-solid electrolyte
composed of crosslinked polymer (copolymerization of DOL
and GTE) and high voltage resistance fluorinated solvents was
proposed. The totally amorphous crosslinked network structure
endows CPGPE with high ionic conductivity and low activation
energy. This electrolyte also exhibits high electrochemical
stability due to the stable structure and fewer terminal hydroxyl
groups of the crosslinked network. Fluorinated solvents (HFE
and FEC) with low HOMO energy further enhance the oxide
stability. In addition, it also exhibits favourable Li* transfer
number and thermal stability. The lithium symmetric battery
assembled with CPGPE stably operates for 2700 h with no
significant polarization growth at 0.2 mA cm™>. The LFP||Li
battery exhibits satisfactory capacity retentions of 88% after
1000 cycles at 1C and 91.7% after 500 cycles at 2C. Further, the
NCM811||Li battery assembled with CPGPE also exhibits stable
cycling, and the XPS results reveal the mechanism of stabilizing
the NCM811 cathode and lithium anode by the CPDOL cross-
linked polymer. A 50 mA h semi-solid NCM811||Li pouch cell

This journal is © The Royal Society of Chemistry 2024

with a NCM811 loading of 8 mg cm > can also work stably,
demonstrating its potential for practical applications. It is
believed that this semi-solid electrolyte supported by all the
results above will provide a prospective reference for develop-
ment of ether-based electrolytes in high safety and high energy
density lithium metal batteries in the future.
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