
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
ju

lij
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

. 0
2.

 2
02

6 
14

:4
3:

35
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
In situ polymeriz
aCollege of Materials and Chemistry & Chem

Technology, 1#, Dongsanlu, Erxianqiao, C

E-mail: anjunhu@cdut.edu.cn; longjianping
bState Key Laboratory of Electronic Thin Fi

Electronic Science and Technology of China

† Electronic supplementary informa
https://doi.org/10.1039/d4sc02010c

Cite this: Chem. Sci., 2024, 15, 12108

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 26th March 2024
Accepted 2nd July 2024

DOI: 10.1039/d4sc02010c

rsc.li/chemical-science

12108 | Chem. Sci., 2024, 15, 12108–1
ation of 1,3-dioxolane and
formation of fluorine/boron-rich interfaces
enabled by film-forming additives for long-life
lithium metal batteries†

Ting Li,a Kai Chen,a Borui Yang,a Kun Li,a Bin Li,a Miao He,b Liu Yang,a Anjun Hu*a

and Jianping Long *a

In situ polymerized 1,3-dioxolane (PDOL) is widely utilized to construct solid polymer electrolytes because

of its high room-temperature ionic conductivity and good compatibility with lithium metal. However, the

current polymerization additives used in PDOL do not effectively contribute to the formation of a robust

solid electrolyte interphase (SEI), leading to decreased cycle life. Herein, a film-forming Lewis acid,

tris(hexafluoroisopropyl) borate (THB), is demonstrated not only to be a catalyst for the ring-opening

polymerization of DOL, but also an additive for the formation of a stable fluorine- and boron-rich SEI to

improve the interfacial stability and suppress the Li dendrite growth. Moreover, molecular dynamics

simulations and experimental results demonstrate that the introduction of THB can promote the

dissociation of lithium salt and release more Li+ while the boron site can effectively restrict the free

movement of TFSI− anion, thus increasing Li+ transference numbers (0.76) and ensuring the long-term

cycling stability of cells. By using THB-PDOL, a stable cycling of Li‖Li symmetric cell for 600 h at

a capacity of 0.5 mA h cm−2 can be achieved. Furthermore, employing THB-PDOL in Li‖LiFePO4 full cell

enables a capacity retention of 98.64% after 300 cycles at 1C and a capacity retention of 95.39% after

200 cycles at a high temperature (60 °C). At the same time, this electrolyte is also suitable for the

Li‖NCM523 full cell, which also achieves excellent stability of more than 180 cycles. This film-forming

Lewis acid additive provides ideas for designing low-cost, high-performance PDOL-based lithium metal

batteries.
1. Introduction

With the growing demand for energy and the pressing need for
eco-friendly energy solutions, high-energy-density lithium
metal batteries (LMBs) hold signicant potential.1–6 Neverthe-
less, the conventional organic liquid electrolytes (LEs) are prone
to volatilization, leading to continuous reactions with the
lithium metal anode and high-voltage cathode, thereby
depleting the electrolyte.7–9 Additionally, the uneven deposition
of lithium ions in the LEs enhances the likelihood of lithium
dendrites forming dead lithium, ultimately destabilizing the
battery cycling process and impeding the advancement of
LMBs.10–12 In response to these challenges associated with LEs,
researchers have explored various strategies. Signicant efforts
ical Engineering, Chengdu University of
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tion (ESI) available. See DOI:

2117
have been dedicated to optimizing electrolyte formulations,13,14

developing solid-state electrolytes,15–18 and designing
electrolyte/electrode interfaces.3,19 Solid electrolytes encompass
inorganic solid electrolytes (ISEs) and gel polymer electrolytes
(GPEs). While ISEs boast superior mechanical properties, they
exhibit signicant contact resistance with the electrode mate-
rial, leading to heightened internal battery resistance, which
can impact battery output power, as well as charging and dis-
charging efficiency.20,21 On the other hand, GPEs combine the
merits of both LEs and ISEs by featuring a exible polymer
matrix that offers a certain level of mechanical strength to
withstand volume expansion and dendrite growth during
battery operation. Notably, GPEs also address the leakage issue
associated with LEs, positioning them as a promising replace-
ment for conventional liquid electrolytes.22,23

In order to enhance the electrode–electrolyte contact in
LMBs, in situ polymerized GPEs have been developed, with
polymerized 1,3-dioxolane (PDOL) being a notable example,
showing superior cycling stability when compared to conven-
tional LEs.24,25 PDOL-based GPEs exhibit exceptional lithium
ion conductivity and impressive cycling stability when coupled
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustrations of the design principles of THB enhancing the performance of PDOL-based GPEs: The Lewis acid THB promotes
the polymerization of DOL monomers to improve its electrochemical stability, and generates LiF LiBxOy rich ion conductive layer on the surface
of lithium metal, which guides the uniform deposition of lithium ions and inhibits dendrite growth.
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with low-voltage cathode materials like LiFePO4.26,27 The ring-
opening polymerization of DOL can be initiated by the cata-
lytic activity of Lewis acids such as LiPF6, BF3 or Al(OTf)3.28,29

However, existing research on PDOL has revealed certain limi-
tations, including the inability of some DOL initiators to form
a robust SEI and their potential to compromise the performance
of the polymer matrix. To address this, additional lm-forming
additives are incorporated to ensure SEI stability. For instance,
Li et al. utilized SnF2 as an effective DOL polymerization cata-
lyst, resulting in the formation of composite SEIs containing
LiF/LixSn, which enhanced the wetting properties at the elec-
trode–electrolyte interface and inhibited the growth of lithium
dendrites.30 Despite these benets, the presence of SnF2 has
been found to be susceptible to chain breaking within these
poly-ethers, which can undermine interface stabilization.31 In
a different approach, Wang et al. employed Mg(OTf)2 as an
initiator and introduced uoroethylene carbonate as a lm-
forming additive to further enhance the interfacial stability of
the battery cells.32 Ciucci et al. used LiPF6 to initiate the ring-
opening polymerization of DOL and incorporated a nitrate-
based additive to promote the formation of Li3N/LixNy-con-
taining SEIs, thereby inhibiting the parasitic reaction and
improving the coulombic efficiency (CE).33 Consequently, there
is a need to develop and identify additives that can dual-
© 2024 The Author(s). Published by the Royal Society of Chemistry
function as in situ polymerization initiators and maintain
stable SEI interfaces, which presents a signicant challenge in
current research efforts.

In this study, we present a method to in situ polymerize DOL
and improve the stability of SEI by using a lm-forming Lewis
acid additive – tris(hexauoroisopropyl) borate (THB). Due to
the presence of sp2 hybridized boron atoms in THB, as electron-
decient atoms, they can accept the electrons provided by DOL,
thus inducing the ring-opening polymerization of DOL. More-
over, the THB additive promotes the formation of a robust LiF-
and LiBxOy-rich SEI to improve the interfacial stability and
suppress the Li dendrite growth. At the same time, theoretical
and experimental results show that the introduction of THB
promotes the dissociation of LiTFSI, while the electron-
decient boron center effectively anchors the TFSI− anion,
thereby increasing the Li+ transfer number (0.76). These unique
structural features enabled stable cycling for 600 hours in Li‖Li
symmetric cell at a current density of 0.5 mA cm−2. Additionally,
the Li‖THB-PDOL‖LFP full cell achieved a capacity retention
rate of 98.64% aer 300 cycles at 1C. The cell also exhibits stable
cycling performance at a high temperature of 60 °C. Moreover,
when paired with an NCM523 cathode, the capacity retention of
the cell remains at 80.19% over 180 cycles at 0.5C. This work
emphasizes the importance of using a lm-forming agents to
Chem. Sci., 2024, 15, 12108–12117 | 12109
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improve the interfacial stability of in situ polymerized gel elec-
trolytes (Fig. 1).
2. Experimental section
2.1 Materials

Tris(hexauoroisopropyl) borate (THB, >95.0% (GC)) was
purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Lithium bis(triuoromethanesulphonyl)imide (LiTFSI,
99.9%), 1,3-dioxolane (DOL, 99.9%), lithium foil (15.66 mm ×

0.45 mm), and PP separator (25 mm thick) were acquired from
DoDoChem Technology Co., Ltd. LiFePO4 (LFP), conductive
graphite, N-methylpyrrolidone (NMP) and poly(vinylidene uo-
ride (PVDF)) were purchased from Shenzhen Battery New
Material Group Co., Ltd. LiNi0.5Co0.2Mn0.3O2 (NCM523) was
purchased from Guangdong Canrd New Energy Technology Co.,
Ltd. All reagents were not treated in any way prior to use and
were used as received.
2.2 Polymer electrolytes and cathode preparation

The liquid electrolyte (LE) was prepared by the dissolution of
2 M lithium bis(triuoromethylsulfonyl)imide (LiTFSI) in DOL.
1 wt% of THB was added to the LE, and under stirring, the THB
is fully mixed and dissolved with the LE, 6 hours of resting time
and the LE with THB is converted into a polymer electrolyte
spontaneously. The entire preparation was carried out in an Ar-
lled glove box (O2 < 0.01 ppm, H2O < 0.01 ppm). The LFP/
NCM523 cathode consisted of LFP/NCM523, PVDF, and
graphite in a ratio of 8 : 1 : 1 by mass, which was blended into
NMP and stirred, and aer the powder was fully dispersed, it
was manually coated on the surface of the aluminum foil with
an applicator, and then dried at 80 °C to remove the NMP
solvent, and then cut into round electrode sheets. The loading
of LFP cathode was approximately 1 mg cm−2, and the NCM523
was loaded with approximately 1.7 mg cm−2.
2.3 Cell assembly and electrochemical measurements

Li‖Li and Li‖Cu symmetric cells were assembled for observing
the stability of the electrolyte to lithium metal anode plating/
stripping and the CE, respectively. The charge/discharge long
cycle experiments were performed on a Neware electrochemical
test system. The linear sweep voltammetry (LSV) measurements
were performed on an electro chemical workstation (BioLogic
SP-150) with a Li‖stain steel cell.

Electrochemical impedance spectroscopy (EIS) measure-
ments are performed on the as-prepared electrolyte with Bio-
Logic SP-150 electrochemical workstation. The ionic
conductivity of the electrolyte is evaluated over the frequency
range at 0.1–106 Hz from 25–70 °C. The ionic conductivity was
calculated using eqn (1):

s ¼ L

RbS
(1)

where s is the ionic conductivity, L and S are the thickness and
area of the THB-PDOL, respectively, Rb is the bulk impedance.
12110 | Chem. Sci., 2024, 15, 12108–12117
The activation energies of THB-PDOL could be obtained
using the Arrhenius eqn (2):

sðTÞ ¼ s0 exp

�
� Ea

RT

�
(2)

s is the ionic conductivity corresponding to different tempera-
tures, s0 is known as the pre-exponential factor (same magni-
tude as s), Ea represents the activation energy, T denotes the
absolute temperature, and R (8.314 J mol−1 K−1) is the universal
gas constant.

In order to calculate the lithium ion transference number
(tLi+) of the cell, a Li‖Li symmetric cell was assembled, where
a constant polarization voltage (DV = 10 mV) was applied to the
cell by the chronoamperometry method, and the initial current
(I0) and steady-state current (IS) before and aer polarization
were measured, and the lithium ion transference number of the
electrolyte at room temperature was calculated through eqn (3).

tLiþ ¼ IsðDV � I0R0Þ
I0ðDV � ISRSÞ (3)

where R0 and Rs are the interfacial resistances before and aer
polarization, respectively.
2.4 Material characterizations

The 1H NMR and 13C NMR spectra of the electrolytes were
analyzed by Bruker 400 MHz NMR spectrometer aer dissolu-
tion of the electrolytes with a deuterated solvent (DMSO-d6). The
morphology of the lithium metal anode was observed on the
Scanning Electron Microscope (SEM, ZEISS GeminiSEM 300).
The FTIR spectra of the electrolytes were tested by Thermo
Scientic Nicolet iS5 FTIR spectrometer. DSC measurements of
the electrolyte were performed using a TA Q2000 with
a temperature range of −80–60 °C under N2 atmosphere at
a heating rate of 10 °C min−1. Raman spectra was analyzed
using an i Horiba LabRAMHR Evolution at a laser wavelength of
633 nm/17.5 mW. SEI compositional information was analyzed
by X-ray photoelectron spectroscopy (XPS; Thermo Scientic K-
Alpha).
2.5 Molecular dynamics simulations

The GRMOACS 2020.6 package was utilized for conducting
molecular dynamics simulations. Visualizing structures was
achieved through the VMD soware. Use the PACKMOL
package to blend molecules in a square box that has periodical
boundary conditions.
3. Results and discussion
3.1 Fabrication and properties of THB-PDOL

THB induces the ring-opening polymerization of DOL by
accepting the electrons provided by DOL, thanks to the pres-
ence of electron-decient sp2-hybridized boron atoms in THB,
as illustrated in Fig. 2a. The LE composition involved dissolving
2 M LiTFSI in DOL. Upon adding 1 wt% THB to the LE and
thorough mixing, a spontaneous transformation of the LE with
THB into a polymer electrolyte occurs aer a period of standing.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Fabrication and properties of THB-PDOL. (a) Schematic diagram of THB-initiated in situ polymerization of DOL. (b) Digital photos before
and after in situ polymerization. (c) 1H and 13C NMR spectra of LE and THB-PDOL. (d) DSC curve of THB-PDOL. (e) Arrhenius plots of ionic
conductivity of THB-PDOL.
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This transition from a owable liquid to a non-owable polymer
electrolyte is visually depicted in Fig. 2b. The hypothesis of THB-
induced ring opening polymerization of DOL was corroborated
through Fourier-transform infrared (FTIR). As shown in
Fig. S1,† The FTIR spectrum of pure DOL shows an absorption
region of C–H out-of-plane bending vibrations at 914 cm−1 and
a band of C–O–C vibrations at 1030 cm−1. In comparison, THB-
PDOL shows a characteristic peak of poly DOL, a characteristic
band of long-chain vibration at 845 cm−1, a greatly weakened
intensity of the C–H out-of-plane bending vibrational peak, and
a shi of the C–O–C vibration.34,35 Moreover, nuclear magnetic
resonance (NMR) was employed to identify the structure of
polymer electrolytes. Divergent 1H and 13C NMR peaks were
identied in THB-PDOL (Fig. 2c). The 1H NMR peaks at 3.61 and
4.64 ppm are attributed to H on the groups –O–CH2–CH2– and –

O–CH2–O–, respectively, which corresponds to the structural
unit (–CH2–O–CH2–CH2–O–) in poly DOL. The main chain
carbons changed in chemical shis from 64.27 ppm and
94.54 ppm to 66.92 ppm and 95.24 ppm, according to –O–CH2–

CH2–O– and –O–CH2–O–, respectively.36,37 1H NMR and 13C
NMR results conrmed the successful polymerization of DOL,
© 2024 The Author(s). Published by the Royal Society of Chemistry
with chemical shis reecting structural changes consistent
with literature and theoretical expectations.

Ion transport in polymer electrolytes is inuenced by the
movement of the chain segments of the polymer, with research
indicating that this transport primarily occurs in the amor-
phous region above the glass transition peak (Tg). Differential
scanning calorimetry (DSC) was used to analyze the heat ow
variations of THB-PDOL, revealing that no signicant phase
transition was observed below 60 °C. The Tg of THB-PDOL was
determined to be −62.5 °C (Fig. 2d), indicating its amorphous
structure at room temperature. Consequently, accelerated
segmental motion is facilitated under ambient conditions,
leading to enhanced ion transport performance. This behavior
is further supported by the XRD spectra of THB-PDOL, which
exhibited typical amorphous peak diffraction (Fig. S2†),
conducive to improving ion conductivity and reducing the
activation energy of ion transport through the promotion of
segmental vibration of polymer chains.38 Additionally, the
thermogravimetric analysis (TG) results displayed in Fig. S3†
depicted a signicant enhancement in the thermal stability of
THB-PDOL compared to LE, with minimal mass loss occurring
Chem. Sci., 2024, 15, 12108–12117 | 12111
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before 166.42 °C. This increase in thermal stability may be
attributed to the long chain segment structure of PDOL, as
a high molecular weight polymer, which hinders decomposi-
tion.39 Moreover, the presence of C–F bonds in THB contributes
to its enhanced thermal stability, as these bonds are less prone
to breakage, thereby reducing the risk of unexpected thermal
hazards. Collectively, these characteristics indicate the poten-
tial of THB-PDOL to operate effectively in high-temperature
environments.

As shown in Fig. 2e the activation energies of LE and THB-
PDOL were calculated to be 0.113 eV and 0.071 eV, respec-
tively, which suggests that the energy barrier for transferring Li+

in THB-PDOL is relatively low. The corresponding ionic
conductivity results in Fig. S6 and S7† indicate that THB-PDOL
achieves an ionic conductivity of 5.074 × 10−4 S cm−1 at room
temperature, which is comparable to that of LE, thereby
meeting the operational requirements of LMBs. An essential
aspect for enhancing the energy density of polymer-based LMBs
involves expanding the electrochemical window of the electro-
lyte to delay the high oxidation potential decomposition of the
electrolyte when integrated with high-voltage cathode mate-
rials. To evaluate the electrochemical stability window of THB-
PDOL, Linear Sweep Voltammetry (LSV) was performed. The
in situ polymerized crosslinked electrolyte substantially broad-
ened the primary oxidative stability of THB-PDOL to 4.2 V, as
demonstrated in Fig. S8,†which is signicantly higher than that
of LE. The increase in oxidative stability can be attributed to the
ring-opening polymerization of DOL and the formation of linear
long chains.40,41
3.2 Structure-dependent ion transport properties

Chronoamperometry was used to measure the Li-ion trans-
ference numbers (tLi+) of LE and THB-PDOL. An important
factor to consider is that low tLi+ can lead to the creation of
concentrated polarization during the battery's charging and
discharging processes, particularly at high rates. Initial anal-
ysis, depicted in Fig. 3a and b, showcases the variation in
current values and impedance values before and aer polari-
zation of Li‖THB-PDOL‖Li and Li‖LE‖Li symmetrical cells
under a constant bias voltage. Utilizing the Bruce–Vincent–
Evans equation, it was determined that the tLi+ of THB-PDOL is
0.76, a signicantly higher value compared to LE's tLi+ of 0.4.
This disparity suggests that the transport of bulk anions in
THB-PDOL was restricted due to the presence of a rapid Li+

transport channel, consequently reducing polarization during
charging and discharging.42 Furthermore, Raman spectra
analysis revealed the existence of Li+-TFSI− ion clusters and
dissociated ions within the 730–760 cm−1 range (Fig. 3c).43,44

Specically, the peak at 748 cm−1 signies dissociated ions,
while the one at 760 cm−1 indicates ion pairs. The differentia-
tion in vibration modes by TFSI− in distinct molecular envi-
ronments is believed to be responsible for the appearance of
these two distinct peaks. Upon quantifying the ratio of ion pairs
to dissociated ions, a noticeable increase in dissociated ions
was observed in THB-PDOL, providing insight into the
augmented tLi+ observed in this material.
12112 | Chem. Sci., 2024, 15, 12108–12117
Molecular dynamics (MD) simulations were conducted to
analyze the solvation structure of LE and THB-PDOL systems. A
snapshot of the simulated electrolytes can be observed in
Fig. 3d–h. The radial distribution functions of Li+ with TFSI−

and the electrolyte matrix were computed for both systems, as
depicted in Fig. 3f and i. In the case of LE, the peaks at 2.05 Å for
the Li–O (DOL) pair and 2.10 Å for the Li–O (TFSI) pair suggest
that a signicant portion of Li+ is directly coordinated to TFSI−.
Contrasting these ndings, observed shis in the positions and
intensities of peaks related to the Li–O (PDOL) pair and Li–O
(TFSI) pair in THB-PDOL indicate a decrease in the coordination
strength of Li+ with TFSI−. This shi leads to an increased
number of Li+ in direct contact with the PDOL skeleton in the
THB-PDOL system. This observation supports the conclusion
that LiTFSI exhibits better dissociation in THB-PDOL, allowing
for more Li+ to be released, consistent with Raman's ndings.
Furthermore, g(r) shown in Fig. S9† reveals that the dissociated
TFSI− preferentially interacts with B+. This preferential inter-
action structure restricts the free movement of the anion, hence
facilitating the transport of Li+ and ensuring the long-term
stability of the cell.
3.3 Interfacial stability and electrochemical performances

As shown in Fig. S10,† Li‖Cu asymmetric cells were assembled
to evaluate the reversibility of lithium plating/stripping effi-
ciency at a current density of 0.5 mA cm−2. The initial CE of
THB-PDOL (70.24%) is slightly higher than that of LE (69.09%).
This improvement may be attributed to the interactions
between B+ serving as anchors for the anions within the THB-
PDOL system, thereby limiting their mobility. Additionally,
the presence of high tLi

+ effectively mitigates detrimental
polarization effects, resulting in a more uniform lithium
deposition and a superior CE performance.45,46 The CE of the LE
cell exhibited uctuations and gradual decline post 50 cycles,
highlighting the inferior reversibility of its plating/stripping
process. In contrast, THB-PDOL demonstrated consistent and
stable CE with minimal decay over 120 cycles, showcasing its
superior plating/stripping reversibility. This distinction is
attributed to the formation of an unstable SEI in LE, leading to
electrolyte side reactions with the lithium negative electrode
that produce dead lithium. In contrast, the SEI of THB-PDOL
offers greater resistance to lithium dendrite growth, facilitates
ion transport, regulates lithium plating/stripping behavior, and
enhances battery cycling stability through synergistic promo-
tion of these functionalities.

The maximum allowable current density of a cell is dened
as critical current density (CCD), and it is associated with the
capacity density of the battery.47 To avoid the impact of the
initial interfacial evolution, the Li‖Li symmetric cell was
initially tested at a low current density of 0.05 mA cm−2 for 20 h
and then performed at a current density of 0.1–5 mA cm−2. The
obtained test results depicted in Fig. 4a reveal that beyond
a current density of 4 mA cm−2, spikes are observed in the
polarization voltage plateau of the THB-PDOL, indicating its
ability to function effectively up to 4 mA cm−2. Notably, this
performance aligns with the industry standard for power battery
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Structure-dependent ion transport properties. Polarization curves and initial and steady state impedance plots of (a) LE and (b) THB-PDOL
at room temperature. (c) Raman spectrum of LE and THB-PDOL. Snapshots of (d) LE and (g) THB-PDOL obtained from MD simulations at 25 °C.
Li+ coordination structures of (e) LE and (h) THB-PDOL. The radial distribution function (g(r), solid line) and the number of collocations (n(r),
dashed line) for (f) LE and (i) THB-PDOL.
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operating current as stipulated in GB/T-31467.2-2015, thereby
underscoring the robustness and functionality of the THB-
PDOL in practical battery applications.

In order to assess the inuence of electrolyte on lithium
plating/stripping on the anode side of Li metal, Li‖Li symmet-
rical cells were assembled and subjected to long cycling tests at
a current density of 0.5 mA cm−2 with a specic capacity of
0.5 mA h cm−2. At the commencement of the cycling process,
both LE and THB-PDOL exhibited smooth and low over-
potentials. However, aer 400 hours of cycling, the over-
potential of LE experienced a gradual increase, in contrast to
THB-PDOL, which maintained a stable overpotential (Fig. 4b).
The escalation in the overpotential of LE can be attributed to the
formation of lithium dendrites resulting from non-uniform
lithium deposition during cycling, coupled with the accumu-
lation of dead lithium at the electrolyte/electrode interface. This
phenomenon destabilizes the interface and leads to an increase
in overpotential. Conversely, THB-PDOL displayed signicant
© 2024 The Author(s). Published by the Royal Society of Chemistry
stability in lithium plating/stripping, indicating that the SEI of
THB-PDOL offers enhanced resistance to lithium dendrite
growth. Upon reduction of the current density to 0.1 mA cm−2

(Fig. S11†), the THB-PDOL-based LMBs demonstrated an ability
to cycle for over 4000 hours at an extremely low polarization
potential of 20 mV. The characterization of the lithium metal
anode post-cycling using scanning electron microscopy (SEM)
revealed the presence of lithium dendrites on the surface of the
lithium anode cycled in LE, while the surface cycled in THB-
PDOL appeared relatively at, and the lithium dendrites on
the surface of the lithium anode deteriorated slightly with the
cycling process (Fig. S12 and S13†). Specically, the lithium
anode interface in LE exhibited a porous lithium deposit
measuring 93.99 mm in thickness, whereas THB-PDOL show-
cased a compact lithium deposit with a thickness of merely
21.95 mm (Fig. 4c and g).

X-ray photoelectron spectroscopy (XPS) was utilized to
analyze the Li metal anode SEI aer subjecting it to 20 and 50
Chem. Sci., 2024, 15, 12108–12117 | 12113
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Fig. 4 Interfacial stability and electrochemical performances. (a) The critical current density of THB-PDOL was tested by constant-current
charge/discharge tests at a current density of 0.1–5mA cm−2, and each cycle consisted of half an hour of plating and half an hour of stripping. (b)
Constant-current cycling and corresponding voltage distributions (inset) of Li‖Li symmetric cells at 0.5 mA cm−2 with a capacity of
0.5 mA h cm−2 for LE and THB-PDOL. SEM image of Li metal cross-section after 50 cycles at 0.5 mA cm−2 with a capacity of 0.5 mA h cm−2 in (c)
LE and (g) THB-PDOL, Scale bar: 50 mm. XPS spectra corresponding to C 1s, F 1s, B 1s of Li metal after cycling of Li‖Li symmetrical cells at 0.5 mA
cm−2 with a capacity of 0.5 mA h cm−2 in (d–f) LE and (h–j) THB-PDOL.
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cycles of electroplating/stripping at 0.5 mA h cm−2 in different
electrolytes to investigate its chemical state. The composition of
the SEI changed as the number of electrochemical cycles
increased. As shown in Fig. 4d and h, the C 1s spectra of the
lithium anode of LE exhibited organic components at 286.3 eV
(C–O), 288.8 eV (O–C–O), and 289.7 eV (–CO3

2− and –COOR)
arising from the DOL decomposition, which are deemed resis-
tive. The SEI of THB-PDOL, on the other hand, primarily con-
tained organic substances from the polymer chain at 285.9 eV.
Analysis of the F 1s spectra (Fig. 4e and i) of LE and THB-PDOL
revealed a higher LiF concentration in the SEI of THB-PDOL,
attributing to the inclusion of THB that facilitates LiTFSI
dissociation, leading to increased LiF formation. LiF, known as
a vital component of stable SEIs, enhances Li deposition
uniformity and cycling stability of LMBs.48,49 Additionally, the
SEI of THB-PDOL displayed a peak of BxOy (Fig. 4f and j),
indicating the involvement of THB in generating LiBxOy inor-
ganic compounds that establish a cross-linked covalent back-
bone, ensuring the formation of stable and robust SEIs.43,50

Elemental analyses revealed that the THB was involved in the
formation of SEIs enriched in B and F (Fig. S15 and Table S1†).
12114 | Chem. Sci., 2024, 15, 12108–12117
The THB-PDOL forms polymer–inorganic composite SEIs,
where the long-chain composition of polymer component
enhanced exibility to the SEI, enabling it to adapt to rapid
changes in electrode volume during lithium plating/strip-
ping.40,50 Additionally, the abundant inorganic component
ensures the uniformity of lithium ion transport within the SEI,
which is essential for preventing the formation of lithium
dendrites on lithium metal anodes.

3.4 Electrochemical performances of THB-PDOL based
batteries

To evaluate the feasibility of utilizing THB-PDOL in practical
batteries, LiFePO4 (LFP) and LiNi0.5Co0.2Mn0.3O2 (NCM523)
were selected as positive electrodes due to the exceptional
electrode compatibility and electrochemical stability of in situ
polymerized THB-PDOL. The electrochemical performance of
full cells based on lithium electrode (LE) and THB-PDOL was
assessed. Initially, the energy storage capabilities of THB-PDOL
were examined by constructing Li‖LFP full cells with a gradual
increase in current density from 0.1C to 3C. At a current density
of 0.1C, the battery exhibited a discharge specic capacity of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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163 mA h g−1 in the initial stages, which gradually decreased
with rising current densities, maintaining a discharge specic
capacity of 119 mA h g−1 at 3C. The reversible capacity of the
battery was signicantly recovered upon reducing the current
density. Conversely, the LE-based full cell showcased compar-
atively poor rate performance, with a discharge specic capacity
of 160 mA h g−1 at 0.1C and only 113 mA h g−1 at 3C. Subse-
quent reduction in the current density revealed a notably lower
reversible capacity in the LE-based full cell compared to the
THB-PDOL-based full cell. Evidently, the THB-PDOL-based full
cell demonstrated superior rate performance as delineated by
the negligible increase in overpotential with escalating current
density, highlighted in Fig. 5b. This enhanced rate capability
can be ascribed to the exceptional tLi+ behavior and uniform
lithium deposition in the THB-PDOL-based full cell.

The electrochemical impedance spectra (EIS) of Li‖THB-
PDOL‖Li full cell before and aer cycling at 1C are shown in
Fig. 5c. The ohmic resistance (Rs) and charge transfer resistance
(Rct) of Li‖THB-PDOL‖Li full cell are both small, indicating
Fig. 5 Electrochemical performances of batteries based on THB-PDOL.
The tests were conducted within a cutoff voltage of 2.5–3.8 V. (b) Corresp
of Li‖THB-PDOL‖LFP at 1C. (d) Effect of LE and THB-PDOL on the cyclin
discharge voltage curve of Li‖THB-PDOL‖LFP full cell during 200 cycles.
performance of the Li‖NCM523 full cell using THB-PDOL and LE. (h) Sch

© 2024 The Author(s). Published by the Royal Society of Chemistry
stable and fast charge transfer during cycling. Moreover, the Rct

aer cycling is slightly smaller than that before cycling, sug-
gesting improved compatibility between the electrolyte and
electrodes in the rst 10 cycles. As the number of cycles
increases, there is a negligible change in total impedance,
suggesting that the stabilized SEI formed during cycling effec-
tively ensures the efficient operation of the cell. In contrast, the
resistance of the Li‖LE‖LFP full cell gradually increases
(Fig. S16†), indicating that the interfacial side reactions are
continuously occurring during the cycling process. The cells
underwent long cycling at a 1C current density, and their
charge/discharge performances are depicted in Fig. 5d. All cells
were electrochemically activated for two cycles at a low current
of 0.1C, resulting in a stable and reinforced SEI. The LE based
full cell exhibited an initial discharge capacity of 160.4 mA h g−1

at 1C current density, which decreased to 103.3 mA h g−1 aer
300 cycles, retaining 65.14% of its capacity. This capacity decay
is attributed to an uneven SEI causing increased overpotential,
thereby impeding Li-ion transport kinetics and accelerating
(a) Rate performance of the Li‖LFP full cells using THB-PDOL and LE.
onding charge–discharge voltage profiles at various rates. (c) EIS curve
g performance and CE of Li‖LFP (1 mg) full cell at 1C. (e) The charge–
(f) Cycling performance of Li‖THB-PDOL‖LFP full cell at 60 °C. (g) Rate
ematic of THB-PDOL in situ polymerization at the cathode structure.
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capacity loss. Conversely, the THB-PDOL-based full cell, post in
situ polymerization, showed an initial discharge capacity of
160.7 mA h g−1, maintaining 158.24 mA h g−1 aer 300 cycles,
with an impressive capacity retention rate of 98.64% and stable
CE of 99.98%. The charge/discharge platform curves of THB-
PDOL under different cycles can be seen in Fig. 5e, compa-
rable to the cells utilizing the LE (Fig. S17†). This similarity
indicates that THB-PDOL exhibits minimal polarization,
underscoring its superior ionic conductivity and low interfacial
impedance. Furthermore, the charge–discharge curve of THB-
PDOL remains stable, signifying its excellent oxidative
stability. The thermal stability of THB-PDOL also allows the
batteries to operate at temperatures as high as 60 °C. As shown
in Fig. 5f and S18,† the capacity of the LE based full cell decayed
rapidly due to the volatilization of the LE. In contrast, the THB-
PDOL based full cell exhibited stable cycling at 1C, maintaining
a reversible capacity of 136 mA h g−1 even aer 200 cycles, and
the polymerized electrolyte inhibited the degradation of the
ether chain more effectively due to its conversion of the volatile
liquid electrolyte into a crosslinked structure, which improved
the performance of the cell at high-temperature conditions.

Except for LiFePO4 cathode, THB-PDOL can also be used for
high potential NCM523 cathode materials (Fig. 5g and S19†). It
was observed that for the NCM523 system, the initial discharge
capacity of the THB-PDOL-based full cell aer in situ polymeriza-
tion was 153.1 mA h g−1, with a capacity retention rate of 80.19%
aer 180 cycles, a CE of 99.45%. In contrast, the initial discharge
capacity of the LE-based cell was 144.9 mA h g−1, and its capacity
retention decreased to less than 80% aer only 33 cycles. These
results suggest that THB-PDOL exhibits excellent ionic transport
and good interfacial compatibility with electrodes, leading to
outstanding rate performance and favorable cycling stability.
Therefore, THB-PDOL emerges as a promising candidate for
polymeric LMBs due to its superior performance characteristics.

4. Conclusions

In this work, a lm-forming Lewis acid additive (THB) is
demonstrated not only to catalyze the polymerization of DOL,
but also promote the formation of a stable uorine- and boron-
rich SEI to improve the interfacial stability and suppress the Li
dendrite growth. Moreover, the THB additive promotes the
dissociation of LiTFSI and release more Li+ while the electron-
decient boron center effectively anchors the TFSI− anion,
thereby increasing the Li+ transfer number. These benecial
effects enhance the stability of the Li metal interface as well as
the battery's long cycle life and high temperature performance.
Overall, this strategy of incorporating small amounts of addi-
tives that serve as initiators and lm-forming agents not only
demonstrates good compatibility with lithium-metal batteries
but also offers a promising approach for the widespread
application of PDOL-based LMBs.
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