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Dual effects from in-situ polymerized gel electrolyte
and boric acid for ultra-long cycle-life Li metal

batteries
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Hongtao Zhang and Yongsheng Chen

Li metal batteries (LMBs) show great potential in energy
storage because of their high energy density, but their
practical application is hindered by safety issues and poor
cycle life due to the growth of Li dendrites [1,2]. Although
liquid electrolytes (LEs) have remarkable advantages such
as high ionic conductivity and good permeability [3], the
use of LEs has brought risks of leakage and inevitable
lithium dendrite growth. Thus, the inherent safety issues
and inferior cycle performance have severely restrained
the practical applications of LMBs [4-6]. To address these
issues, both inorganic and polymer solid-state electrolytes
have been widely explored [7-9]. Whereas, the brittleness
and interface contact issues of inorganic solid electrolytes
and the low ionic conductivity at room temperature of
polymer solid electrolytes greatly blocked their applica-
tions [10].

Gel polymer electrolytes (GPEs) could essentially
combine the advantages of both solid electrolytes and
LEs, such as satisfactory ionic conductivity (10 °-10
Scm '), good compatibility with electrodes, and reliable
safety [11-13]. In recent years, extensive studies have
been done to apply GPEs in LMBs, showing significant
progress [9]. Unfortunately, the poor cycle life due to the
growth of Li dendrites are still the persistent obstacle to
their practical application [14,15]. Therefore, a gel elec-
trolyte, combining both the advantages of liquid and solid
electrolytes, such as high ionic conductivity, good inter-
face contact with electrodes as well as the function of
suppressing Li dendrite growth, is still highly desired to
meet the requirement for the practical use of LMBs [10].

In this study, with in-situ polymerization and the n-
butylboronic acid (BBA) as a stable solid electrolyte in-
terface (SEI)-forming additive, we have successfully pre-

pared a novel GPE (B-GPE) possessing amounts of
advantages including favorable electrolyte/electrode in-
terface, improved stability of lithium hexafluoropho-
sphate (LiPF), the formation of a stable SEI film on the
lithium metal surface and the inhibited growth of Li
dendrites. As a result, the battery based on the B-GPE
shows an excellent cycling performance with capacity
retention of 87.7% even after 950 cycles at 0.5 C.

The B-GPE was obtained by in-situ polymerization of
triethylene glycol diacrylate (TEGDA, 0.23 mol L ')
thermally initiated with azodihetonitrile (ABVN,
0.0l molL™") in an ordinary LE, which had 1 mol L'
LiPF; salt in a non-aqueous mixture of ethylene carbonate
(EC)/dimethyl carbonate (DMC)/diethyl carbonate
(DEC) (1:1:1 by volume). Before gelation, a small amount
of BBA (0.02 mol L") was also added to the precursor
solution, aimed at forming a boron-based SEI film on the
Li anode surface [16]. The polymerization reaction of
TEGDA can proceed at room temperature and form gel
after 4 h [17]. The ether chains of TEGDA could strongly
interact with lithium ions and electrolyte solvents [11]. In
addition, this polymerization could occur in traditional
LEs, indicating its possible wide applicability. Moreover,
in-situ polymerization in batteries has been proved as an
effective and facile method to prepare GPEs, improving
interface contact and reducing interface impedance for
ionic transport [18-20]. Besides, the BBA additive can
improve the cycling performance by inhibiting lithium
dendrite growth. Thus, this gel electrolyte B-GPE exhibits
not only favorable electrolyte/electrode interface but also
the ultra-long cycle life when used in LMBs (Fig. 1). For
comparison, the common gel electrolyte (GPE) without
the additive BBA was also prepared in the same way.
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Figure 1 Schematic illustration for the assembling procedure and microscopic model of Li metal battery based on B-GPE.

To confirm the polymerization mechanism, polymer in
B-GPE (pTEGDA) extracted from the in-situ polymerized
mixture, was analyzed by the Fourier transform infrared
spectroscopy (FTIR) (Fig. S1). The peak at about
1633 cm ' in the spectrum of TEGDA monomer assigned
to the stretching vibration of C=C bonds, disappears in
the spectrum of the polymer matrix. Also, the corre-
sponding C=0 peak at ~1720 cm ' moves to ~1770 cm '
after polymerization. These results indicate that the
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TEGDA monomers have been in situ polymerized in the
LE successfully (Fig. 2a), leading to the formation of the
self-standing gel electrolyte [11].

It has been reported that the use of boron moieties
could improve the electrochemical window of electrolytes
[21,22]. In Fig. 2b, linear sweep voltammetry (LSV) in-
dicates that the electrochemical window of B-GPE with a
small amount of additive has been extended to 4.15V
versus Li'/Li from the value of 4.03 V versus Li'/Li for the

b

I~ 0.3

o
N
h

Current (mA cm2)
o

o
o
1

T T T T T T
25 3.0 35 40 45 50
Potential (V vs. Li*/Li)

-2.0

Cc 120 e
oBGPE | 9 1801 wSteady

99 o GPE %0 eInitial %

1354 E 3

o 2.4 5 60 2

e < r

G S 90 30 g

L -26- = =

° @

< 454~ % w1 £
-3.0 —— 7 . : : T . T T r

28 29 30 31 32 33 34 35 0 1000 2000 3000 4000 150 200 250 300 350

10007 (K™")

t(s)

Temperature (°C)

Figure 2 (a) The polymerization reaction of TEGDA with ABVN initiator; (b) LSV of B-GPE; (c) the ionic conductivities of B-GPE and GPE at
different temperatures; (d) current variation with the polarization of a Li|B-GPE|Li symmetric cell with an applied potential of 30 mV and EIS before
and after polarization; (e) DSC of B-GPE, GPE, pure BBA, pTEGDA and LiPF,.
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GPE (Fig. S2).

Alternative current impedance techniques were used to
assess the ion-conducting properties of electrolytes [14].
The ijonic conductivities of the B-GPE and GPE at
30-80°C are shown in Fig. 2c. In the temperature range of
30-80°C, the ionic  conductivity of B-GPE
(2.4x10 °Scm ' at 30°C) is slightly higher than that of
GPE (2.1x10 S em ' at 30°C), which is also comparable
to that of typical LEs [11]. The boron moieties in B-GPE
can be regarded as Lewis acid and complex with PFy due
to the Lewis acid-base combination, which can promote
the dissociation of lithium salts and increase the Li
concentration. As a result, the conductivity of Li" in the
B-GPE is enhanced compared with that in GPE [23,24].
And the lithium transference number (f;;") could also be
improved due to the Lewis acidity of boron moieties
[23,25,26]. The t;;" of B-GPE (0.48) is far higher than that
of GPE (0.33) and conventional LEs (0.3~0.4) [15], as
shown in Fig. 2d and Fig. S3. The improved t;;" for B-
GPE is contributed by the restraining movement of PF,
after combining with the boron moieties. The high #;;" is
favorable to stabilize the deposition current of Li" and
retard the dendrite growth at the surface of Li metal
anode [27].

In conventional electrolytes, undissociated LiPF; is ea-
sily decomposed into LiF and PF; at room temperature

and the latter would induce side reactions due to its high
reactivity, causing the degradation of battery performance
(Equations (S1-S5)) [28]. After dissociation, the chemical
stability of PF; could be enhanced by the combination of
BBA [29], confirmed by differential scanning calorimetry
(DSC) (Fig. 2e). For the green curve, there is an exo-
thermic peak at about 227°C, corresponding to the de-
composition of LiPFg [29]. The exothermic peak of LiPF,
can be found in the DSC curve of GPE but not in that of
B-GPE, illustrating that the decomposition of LiPFg is
restrained by BBA because of the Lewis acid-base com-
bination between boric center and PF, [23,28,30]. As a
result, the cycling performance of batteries with B-GPE
can be improved.

In view of the above results and analyses, B-GPE is
expected to demonstrate an ultra-long cycle-life perfor-
mance if used as the electrolyte for LMBs. Symmetric Li||
Li cells with B-GPE, GPE, pristine LE and that with BBA
additive (B-LE) were first assembled to investigate and
compare their cycling performances. Note the cells based
on B-LE have just a little better performance than that
based on LE (Fig. S4), so further comparison of such
batteries based on B-LE will not be further discussed. All
Li||Li cells were charged and discharged under a current
density of 0.5mAcm ~ with the area capacity of
0.5mA h cm . As shown in Fig. 3a, the Li|B-GPE|Li cell
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Figure 3 (a) Polarization test by using Li||Li symmetric cells with different electrolytes under a current density of 0.5 mA cm ~ for the area capacity of
0.5 mA h cm % (b) rate capability of LiFePO,|B-GPE|Li, LiFePO,|GPE|Li and LiFePO,|LE|Li batteries, respectively; (c) rate capability of LiFePO,|B-
GPE|Li batteries; (d) cycling performance of Li||LiFePO, batteries with different electrolytes at 0.5 C at 30°C.

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 3



LETTERS

SCIENCE CHINA Materials

reveals a steady overpotential around 40 mV during the
deposition and dissolution processes of Li which lasts
more than 1600 h. As comparison, the Li|LE|Li cell shows
a rapidly growing overpotential after 400 h, and the Lij
GPE|Li cell without the BBA additive displays enhanced
cycle stability but still fails after 920 h due to dendrite-
induced short circuits.

To further estimate the electrochemical performance of
B-GPE, LMBs of LiFePO,|B-GPE|Li, LiFePO,|GPE|Li and
LiFePO,|LE|Li were assembled and further compared.
Fig. 3b and Figs S5, S6 show that the batteries of LiFePO,|
B-GPE|Li, LiFePO,|GPE|Li and LiFePO,|LE|Li display
almost similar rate performance. The charge-discharge
curves of LiFePO,|B-GPE|Li are displayed in Fig. 3c,
which deliver reversible capacities of 157.6, 157.0, 152.1,
144.8, 134.8, 112.4 and 89.7 mA h g71 at 0.1, 0.2, 0.5, 1, 2,
5 and 10 C, respectively. The acceptable rate perfor-
mances of the batteries using B-GPE are attributed to the
high ionic conductivity and the good electrochemical
interfacial stability between B-GPE and the Li metal an-
ode [14].

The cycling performances of these batteries are pre-
sented in Fig. 3d. The LiFePO,|B-GPE|Li battery delivers
an ultra-long cycle life with a discharge capacity of
151 mA hg ' at the first cycle and a capacity retention of
87.7% after 950 cycles at 0.5 C. The Coulombic efficiency
(CE) is higher than 99.3% at all cycle process. While the
LiFePO,|GPE|Li battery shows capacity retention of
70.7% after 700 cycles, and the LiFePO,|LE|Li battery
apparently fails to work due to a short circuit at the 690th
cycle. Moreover, when the current density increases to
5 C (Fig. S7), the LiFePO4|B-GPE|Li battery still shows
great cycling stability for over 350 cycles with a quite
stable CE than that of other two batteries. Moreover,
when the mass load of LiFePO, is up to 12 mg cm >, the
LiFePO,|B-GPE|Li battery still reveals stable cycle per-
formance (Fig. S8). To the best of our knowledge, the
cycle performance of LiFePO,|B-GPE|Li battery in this
work is the best among similar reported studies and also
far superior to the performance of some reported solid
electrolytes for LMBs (Table S1).

Scanning electron microscopy (SEM) analysis was
performed to observe the surface morphology of the li-
thium metal anodes with different electrolytes after 100
cycles at 0.5 C. As shown in Fig. 4a and Figs S9, S10, a
smooth morphology can be achieved by using the B-GPE.
In contrast, some dendrites could be easily observed at
the lithium metal anode with GPE (Fig. S11), and massive
sharp dendrites are at the lithium metal anode with LE
(Fig. 4b).

The electrochemical impedance spectroscopy (EIS) re-
sults are shown in Fig. 4c, d and Figs S12, S13 to explore
the change of resistance. The intersection of the diagram
with the axis refers to a bulk resistance (Ry), reflecting the
resistance of electrolyte. The depressed semicircle at high
frequency can be attributed to the interface resistance
(R)). The slope line in the low frequency region corre-
sponds to the Li" diffusion impedance. In the first few
cycles, the internal resistance of LiFePO,|B-GPE|Li keeps
decreasing because of the improved interface between the
electrolyte and electrodes during charging and dischar-
ging [31]. Based on the average values for the three cells,
with the increase of the cycle numbers, the change slopes
of internal resistance of the three batteries are different,
0.08 Q per cycle of LiFePO,|B-GPE|Li battery, 0.14 Q per
cycle of LiFePO,|GPE|Li battery and 0.37 Q per cycle of
LiFePO,|LE|Li battery (Fig. 4d). It is apparent that the
LiFePO,|B-GPE|Li displays an internal resistance with
negligible change after 150 cycles, while that of LiFePO,|
LE|Li increases drastically. The EIS results are consistent
with the SEM results, indicating that the growth of den-
drite is the origin of the increased internal resistance and
the inferior cycling performance of LiFePO,|GPE|Li and
LiFePO,|LE|Li. Moreover, X-ray diffraction (XRD) spec-
tra are shown in the Fig. 5a and Fig. S14, and there is no
peak of LiOH found at the surface of Li anode using B-
GPE electrolyte. Since LiOH is the product of side reac-
tions between Li and organic electrolytes, it can be con-
cluded that the B-GPE is beneficial for protecting the Li
metal anode by constructing a stable SEI film [16].

Furthermore, X-ray photoelectron spectroscopy (XPS)
(Fig. S15) and FTIR spectra were used to characterize the
composition of the SEI films obtained from the LMBs
after 100 cycles at 0.5 C using B-GPE, GPE and LE
electrolytes. The extra B-O peaks can be observed in the
B 1s spectrum (Fig. 5b), suggesting that BBA additive
could contribute to the construction of the SEI film [24].
This result also can be confirmed by FTIR spectra
(Fig. 5¢). In the reflection FTIR spectrum of the SEI in
batteries using B-GPE, some new peaks appear at 1060
and 1384 cm ' [24,32], which are assigned to the B-O
vibrations, same as that from the control experiment
based on pure BBA. The XPS results confirm that the
BBA additive in B-GPE could play an important role in
forming a boron-based SEI film, which agrees with the
XRD results. Therefore, the in-situ polymerization en-
sures the good interfacial compatibility between the li-
thium anode and electrolyte. And the B-GPE could
promote the dissociation of LiPF,, reducing the side re-
actions in gel electrolyte. Simultaneously it constructs a

4 © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020
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Figure 4 SEM morphology of the Li anode surface obtained from Li|LiFePO, battery using (a) B-GPE and (b) LE after 100 cycles at 0.5 C. (c)
Impedance response with cycling evolution of the LiFePO,|B-GPE|Li at 0.5 C, 30°C; (d) the resistances evolution of Li|LiFePO, batteries using

different electrolytes after 50 cycles at 0.5 C, 30°C.
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Figure 5 (a) XRD patterns; (b) XPS spectra and ¢) FTIR absorbance spectra of the SEI film on the Li anodes surface based on different electrolytes.

boron-based SEI film, which is favorable for the inhibi-
tion of dendrites and ultra-long cycling.

Taking the dual effects of in-situ polymerization in LE
and boric acid additive, a novel gel-like electrolyte B-GPE
was prepared and demonstrated an ultra-long cycle-life

performance for LMBs. The in-situ polymerization en-
sures the good interface contact between the electrodes
and electrolytes. Furthermore, the additive BBA enhances
the stability of LiPFy in the gel electrolyte, reducing the
side reactions with electrolyte solvents, and it could
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contribute to the construction of the SEI film, effectively
preventing Li dendrite growth. Together with the above
features, the LMB using such a gel electrolyte B-GPE
possesses ultra-long cycle-life performance, 87.7% capa-
city retention after cycling for 950 cycles, much better
than that of the batteries based on conventional LE and
the gel electrolyte without the BBA additive. Thus, our
approach with a dual effect from both in-situ electrolyte
polymerization and the BBA additive could make it one
promising method for the next generation LMBs with
both high ionic conductivity and ultra-long cycle-life
performance.
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