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Polymer electrolytes are essential for next-generation lithium batteries because of their excellent safety
record. However, low ionic conductivity is the main obstacle restricting their commercial application.
Composites with nanoparticles are a promising route to overcome this obstacle. In this work, lithium
polystyrene sulfonate brushes (LiPSS) is anchored to silicon dioxide nanoparticles with chemical bonding
using atom transfer radial polymerization (SI-ATRP). The composite polymer electrolytes are made by
mixing vinylene carbonate and nanoparticles via a facile in situ polymerization process. The ionic
conductivity of composite polymer electrolytes is improved to 7.2 x 10~% S/cm at room temperature,
which is attributed to the low degree of crystallinity of polymer electrolyte and the fast ion transport on
the surfaces of polymer brush layers that act as a conductive network. The composite polymer
electrolytes show a wide electrochemical window of approximately 4.5 V vs. Li*/Li and excellent cycling
performance retention of approximately 95% after 100 cycles at ambient temperature. The results also
prove that surface groups of ceramic nanoparticles are an important way to increase the electrochemical
properties of composite polymer electrolytes.
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Lithium-ion batteries have been used in many areas in recent
years, including portable, vehicle and consumable electronic
products [1]. However, due to the use of a large amount of organic
electrolyte and the presence of flammable carbonated solvents,
conventional liquid lithium batteries have the potential to catch on
fire or explode at high temperatures. These defects are the main
obstacles restricting their application [2,3]. Recently, considerable
effort has been dedicated to improving the performance of current
rechargeable lithium batteries due to the increasing demand of
safe lithium batteries [3,4]. It is urgent to produce very safe lithium
batteries to satisfy these demands.

An interesting research direction is solid lithium batteries. A
solid-state ion battery is a new way to avoid the use of organic
electrolytes and obtain an acceptable safety and a high energy
density [5-7]. In addition, solid electrolytes also have the potential
to suppress lithium metal dendrites because of their high
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mechanical strength and large electrochemical stability windows.
All these advantages suggest that solid batteries have a bright
future in practice. However, the low ionic conductivity compared
with liquid lithium batteries is the main obstacle for solid
electrolytes. Although researchers are indeed making a consider-
able effort, this defect is still the main material challenge in solid
batteries [8].

Two general strategies are adopted to produce solid electro-
lytes, including inorganic materials and organic polymer materials
[9-11]. However, the low compatibility between inorganic
materials and the electrode, which causes a high interfacial
resistance, restricts its practical application [12]. In contrast,
polymer electrolytes possess flexibility, light weight and good
compatibility with electrodes and have attracted increasing
attention in recent years [5,13,14]. Several types of solid polymer
electrolytes such as poly(ethylene oxide) (PEO), polyacrylonitrile
(PAN), poly(vinylidene fluoride) and polyester, have been exten-
sively studied [15-18]. However, the low ionic conductivity, poor
electrochemical stability, and low mechanical strength, which may
form a short circuit during long cycling because of lithium
dendrites, restrict their application in commercial lithium batter-
ies. In order to solve these problems, a variety of approaches,

1001-8417/© 2019 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



832 B. Zhao et al./ Chinese Chemical Letters 31 (2020) 831-835

including crosslinking between different polymer chains, or
synthesis of new block polymers [19], have been developed.
Although these strategies increase the mechanical strength of
polymer electrolytes, these methods deteriorate the compatibility
with electrodes and decrease the ionic conductivity. In contrast,
adding ceramic nanoparticles can simultaneously increase the
ionic conductivity and mechanical strength, which improves the
ability to suppress lithium dendrites [20,21]. Since the first
publication about dispersing ceramic particles into a polymer
electrolyte by Weston [22], researchers have reached a consensus
about ceramic nanoparticles increasing the ionic conductivity.
Dispersing ceramic nanoparticles hinders polymer crystallization
and provides a highly conductive interface between the nano-
particles and polymer electrolyte [18,23-25]. However, nano-
particles have the potential to aggregate in the polymer electrolyte,
damaging the performance of lithium batteries. To solve this
problem, surface groups are grafted to the nanoparticles to
improve their dispersing performance, further increasing the
electrochemical properties of composite polymer electrolytes. This
phenomenon is ascribed to the fast throughput of the conducting
pathways at the surface layers [23]. However, all these publications
are concern about small molecules anchored to the nanoparticles.
Few researchers pay attention to the nanoparticles which are
modified by the long charged polymer chains, which have the
ability to dissociate the free ions. Charged anion monomers can
increase the lithium-ion transference number and elevate the ionic
conductivity of the polymer composite [26-28]. The work by Lee
has proved that core-shell structure is useful in gel polymer
electrolyte battery. If this strategy is a promising way in solid
lithium battery, it still requires us to explore.

In the current work, we synthesized spherical polymer brushes
containing core-shell structures. Polymer brushes [29], consisting
of polymers chains dense grafted onto interfaces by chemical
bonding, have the ability to combine the properties of charged
polymer chains and substrates. Through facile in situ polymeriza-
tion, poly(vinylene carbonate) (PVC) and a spherical SiO, polymer
brush electrolyte (SSP) are generated. The sulfonate group is
chemically anchored to the polymer chains and has the high ability
to dissociate mobile cations [30]. Owing to the charged polymer
brushes outside the ceramic particles, SSP polymer electrolytes
have a higher ionic conductivity than that of the SiO, polymer
electrolytes and ceramic free PVC polymer electrolytes. This
modified composite polymer electrolyte also maintains a high
lithium ion transference number and excellent cycling perfor-
mance, which may be a promising strategy to produce high-
performance polymer electrolytes for commercial lithium batter-
ies.

In order to acquire the composite polymer electrolyte, sphere
polymer brushes are synthesized [31]. The size of pure SiO; is
about 100 nm and more details are supplied in the Supporting
information.

Si0,-LiPSS particles (1 g) were ultrasonically dispersed in 2 mL
ethanol. A total of 270 L SiO,-LiPSS particles (10 wt%) solution
and 1 mg of AIBN were added to 1 mL of vinylene carbonate and
dried under vacuum at 50°C for 24 h to remove ethanol. Then,
287 mg LiTFSI (1 mol/L LiTFSI in VC) was added. The solution was
mixed thoroughly and 35 pL of the solution was injected into a
2032 lithium battery, where a 30 wm cellulose separator,
purchased from NKK company, was adopted as a supporting layer
for the polymer electrolyte, and separated the cathode and anode.
Later, the 2032 batteries were stored at 65 °C for 24 h. Pure VC
solution and SiO, nanoparticles added into the VC solutions were
used for comparation.

The ionic conductivities of polymer electrolyte were deter-
mined using AC impedance. Linear sweep voltammetry of polymer
electrolyte was tested on a Li/polymer electrolyte/stainless steel

cells at a scanning rate of 1mV/s and the lithium ion transfer
number of polymer electrolyte was calculated using equation:

- Iss(V — IpRo)
L Io(V — IssRss)

where V was the applied voltage, I and Ry were initial current and
resistance before polarization respectively. Iss and Rss were state
current and resistance after polarization respectively.

For cell performance measurement, the LiFePO, cathode was
used by mixing 80 wt% LiFePO,4, 10 wt% acetylene black and 10 wt%
PVDF coated on an aluminum foil. The cycling performance of
LiFePOy4/polymer electrolyte/Li were measured using the Land
battery test system between 2.5V and 4.0V at 25°C.

In our experiment, the SiO, nanoparticles are immersed in
ethanol solution with an initiator, and the FTIR spectra are used to
confirm the structure of the SiO, nanoparticles. The data are shown
in Fig. S2 (Supporting information). The characteristic absorption
peaks at 2920 cm~! and 2845 cm ™! are attributed to the stretching
vibration of bromine atoms, proving that the initiators have been
successfully anchored to the surface of the SiO,. Because the
absorption peak between the sulfonate group and the Si-O bond
have overlapped, thermogravimetric analysis (TGA) are used to
determine whether chains have been anchored to the nano-
particles. The polymer chains grafted to the nanoparticles could be
distinguished from the difference in weight loss between the
original silica particles and the charge polymer brushes grafted to
the silica particles. The difference shown in Fig. 1 demonstrates
that the polymer chains exist on the surface of the SiO,. The weight
loss is small even if the temperature increases to 500°C,
demonstrating that these charged polymer chains have the
capacity to resist high temperatures, which may be useful in high
temperature batteries. The mass of polymer chains anchored to the
nanoparticles are measured by TGA and data are showed in Fig. S3
(Supporting information).

Liquid VC had been proved that these monomers could be
polymerized into PVC by an initialized radical initiator for 24 h
[32]. Fourier transform infrared spectroscopy is used to analyze the
structure of the PVC as shown in Fig. S4 (Supporting information),
which shows that a new peak appeared at 2976 cm ™!, which could
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Fig. 1. TGA curves for the SiO,, initiator-functionalized silica particles, lithium
polystyrene sulfonate brushes grafted silica particles.
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Fig. 2. Temperature dependent ionic conductivity of SiO,-LiPSS composite polymer
electrolyte, SiO, composite polymer electrolyte and PVC polymer electrolyte.

be ascribed to the change from a C=C bond to a C—C bond. Owing
to the oxygen atom on the polymer chains, the lithium salt, LiTFSI,
could be dissolved in the polymer electrolyte.

To explore the properties of the SSP composite polymer
electrolyte, PVC polymer electrolyte and pure SiO, composite
polymer electrolyte are included for comparison. Fig. 2 shows the
ionic conductivity of these three polymer electrolytes. The ionic
conductivity of the pure PVC polymer electrolyte is approximately
5 x 107> S/cm at 25 °C. Adding SiO, nanoparticles increase the ionic
conductivity drastically to 5 x 107%S/cm at 25 °C. Ceramic nano-
particles decrease the ordered structure of the polymer electrolyte
and provide fast movement throughout the conductive pathways
at the ceramic extended surface for lithium ion [22,33]. Compared
with that of the pure SiO, particles, the SiO, particles with polymer
brushes on the outside further increase the ionic conductivity at
ambient temperature. Nanoparticles assembled with charged
polymer chains are proved to increase the ionic conductivity
when coated on the polyethylene separator and lithium ionic
battery [28,34]. In a polymer electrolyte system, charged chains
anchored to the nanoparticles could be thought of as single ion
conductors, and charged monomers could decrease the movement
of anions and suppress the concentration gradients [27,35]. Beside,
Croce [23] explore the effect of different surface interaction and
found that acidic monomers increase the free Li* inducing fast
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throughout the conducting pathways at the ceramic extendend
surface. The specific interactions exist between the anion and Li".
In addition, due to their high dissociation ability to yield mobile
cations of charged polymer chains [26,30], lithium ions transfer
faster through the polymer layers and induce a high ionic
conductivity compared with that of pure SiO, particles. The ionic
conductivity of the SSP composite polymer electrolyte reaches
7.3 x 10 S/cm at 25 °C and reaches 10> S/cm at 60 °C, which is
close to the performance of a liquid lithium ion battery, meaning
composites with modified nanoparticles might be a practical route

for solid commercial batteries.

In lithium ion batteries, only lithium ions participate in the
chemical reaction and the lithium ion transference number (t;;") is
an essential factor for the enhanced performance of lithium
batteries. The lithium ion transference number is calculated by the
Bruce-Vincent-Evans equation. The dates are showed in Fig. 3. The
PVC polymer electrolyte have a low glass transition temperature,
the lithium ions shuttle easily between the cathode and anode. The
equivalent circuit of AC impedance behavior is inserted in the
graph. The t;* calculated from the equation is 0.53 and the data are
shown in Fig. 3a. When SiO, particles are added, the lithium
transference number improves due to surface interaction between
the nanoparticles and polymer electrolyte [24]. The pure SiO,
particles increase the t;;* to 0.62. When exchanged with SiO,-LiPSS
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Fig. 4. Galvanostatic cycling curve of PVC, SiO,-PVC and SiO,-PVC-LiPSS composite
polymer electrolyte at 0.10 mA/cm?.
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Fig. 3. Current-time curve obtained from chronoamperometry at a DC polarization of 10 mV, inset: ESI response of Li/polymer electrolyte/Li cell before and after polarization.



834 B. Zhao et al./ Chinese Chemical Letters 31 (2020) 831-835
(a) 160 (b) T T T T T (0)40 T T T T T T T ]
160 B ’
T 140 |
= % 120 3.6 _
< : : = —~
E 120F oic 02C | 05C c 4 < 2 3ol |
2 : | E s0p 187 m
5 : S c 8 1
m PVC! £ m PV = o
§100F| o pvessio, i 1 8 40f e pvcssio, 1 2 28t 307 .
A PVCHSIO LIPS} 1 3 A PVCHSIO,+LiPSS —— 100
80 1. 1 : 1 i 1 0 1 1 1 1 1 4 1 1 1 1 1 1 1
0 5 10 15 20 0 20 40 60 80 100 20 40 60 80 100 120 140 160

Cycle number

Cycle number

Specific capacity (mAh/g)

Fig. 5. Electrochemical performance of LiFePO,4/polymer electrolyte/Li cells at 25 °C. (a) Rate capability at different capacity; (b) Cycling performance at 1C; (c) Charge/

discharge curves of SSP composite polymer electrolyte at 1C.

particles, the t;;* continues to increase to 0.68. In addition to the
ceramic nanoparticles promoting the relaxation of the polymer
chains, which enhanced the mobility of the lithium ions, the
charged polymer chains contain a large number of mobile lithium
ions, and the cations hop easily on the surface of the polymer
layers. In this way, the lithium ion transference number is higher
than that of the SiO, composite polymer electrolyte.

The electrochemical stability window of the polymer electro-
lytes is essential for their applications in commercial lithium
batteries. Fig. S5 (Supporting information) shows the results of
linear sweep voltammetry of the polymer electrolyte when
scanning from 0 to 5.5V (vs. Li/Li). The results show that the
PVC electrolyte is stable before the potential reached 4.5V.
Compared with that of the SiO,-PVC composite polymer electro-
lyte and the SSP composite polymer electrolyte, the electrochemi-
cal stability window increase, and the current density begin to
increase at 5V for the SSP composite polymer electrolyte. The
current density changes implied the oxidative decomposition of
the composite polymer electrolyte. This voltage also confirms that
the SSP composite polymer electrolyte may be a candidate material
for high voltage lithium batteries.

The compatibility between the electrolyte and electrode is
essential for the long cycling performance. Li/polymer electrolyte/
Li batteries are assembled in the glove box filled with an Ar
atmosphere. The long-term lithium deposition/striping cycles are
measured at a current density of 0.1 mA/cm.

Fig. 4 shows that there are no obvious short circuits and the
voltages are stable for 200 h. The results prove that the interface
between the polymer electrolyte and electrode is stable. The over-
potential of the SSP composite polymer electrolyte (20 mV) is
smaller than that of the others. This could be ascribed to the low
resistance of the batteries. The stability of the voltage during the
long cycling reveals that the composite polymer electrolytes have
sufficient rigidity to suppress lithium dendrites.

The electrochemical performance of these three different cells
are compared to demonstrate the effectiveness of the core-shell
structures of the nanoparticles dispersed in the polymer electro-
lytes. Adding SiO, nanoparticles also improve the performance of
cells compared to that of the pure PVC polymer electrolyte.
Nanoparticles could decrease the crystallinity of the polymer
electrolyte [36], so the amount of amorphous structure increase,
increasing the paths for the transfer of lithium ions. Compared
with that of the pure SiO, particles, the polymer chains anchored to
the surface of the nanoparticles provide a rapid transport for
lithium ions at the interface. For these reasons, the rate capacity
and cycling performance of the SSP composite polymer electrolyte
at different current densities are improved and the dates are
shown in Figs. 5a and b. The current density increases gradually
from 0.1C to 1C for 5 cycles. The SSP composite polymer electrolyte
has a better discharge capacity and retains 95% at 1 C after 100
cycles, corresponding to 70% of the PVC polymer electrolyte system

compared with the discharge capacity of the first cycle at 1C. The
pure PVC polymer composite retains stability of approximately
only 60 cycles, and the discharge capacity of the cells decreases
rapidly. Fig. 5c shows the charge/discharge curves of the SSP
composite polymer electrolyte for the 1°¢, 50" and 100" cycles.
The curves demonstrate that the plateaus of charge/discharge are
the same and that the capacity is nearly equal. The interface
between cathode and polymer electrolyte are investigated after
100 cycles. SEM images (Fig. S6 in Supporting information) show
that polymer electrolyte adhere to the cathode. These data prove
that the SSP composite polymer electrolyte is stable without an
increasing polarization. The cycle performance also proves that
nanoparticles anchored charged polymer chains, have a positive
effect on increasing the performance of cells. All these results
demonstrate that the SSP composite polymer electrolytes have a
better electrochemical performance including the rate and cycling
performance, than the SiO, composite polymer electrolytes and
PVC polymer electrolytes.

In our experiments, composite SSP polymer electrodes are
synthesized and compare with composite SiO, polymer electro-
lytes and PVC electrolytes. Charged polymer chains anchored to the
nanoparticles show an excellent ionic conductivity and long
cycling performance. The ionic conductivity can be improved to
5% 104 S/cm at 25 °C, and 90% long cycling retention is achieved.
Owing to the polymer chains that grafted to the SiO, particles, the
lithium ions can transport very quickly in the brush layers at the
interface and increase the lithium-ion transference number. These
results demonstrate that the development of composite modified
nanoparticles may be a promising way to facilitate the composite
polymer electrolyte.
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