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ABSTRACT: LiMn,O,-based batteries exhibit severe capacity fading

during cycling or storage in LiPFg-based liquid electrolytes, especially at
elevated temperatures. Herein, a novel rigid—flexible gel polymer electrolyte

Cellulose
is introduced to enhance the cyclability of LiMn,O,/graphite battery at
elevated temperature. The polymer electrolyte consists of a robust natural
cellulose skeletal incorporated with soft segment poly(ethyl a-cyanoacry-
late). The introduction of the cellulose effectively overcomes the drawback '
of poor mechanical integrity of the gel polymer electrolyte. Density H.C=¢ i il FECR
functional theory (DFT) calculation demonstrates that the poly(ethyl a- COOC,H;

cyanoacrylate) matrices effectively dissociate the lithium salt to facilitate a o 3
ionic transport and thus has a higher ionic conductivity at room ‘v%%' i: .
temperature. Ionic conductivity of the gel polymer electrolyte is 3.3 X :"t e
107 S cm™ at room temperature. The gel polymer electrolyte remarkably

improves the cycling performance of LiMn,0,-based batteries, especially at elevated temperatures. The capacity retention after
the 100th cycle is 82% at 55 °C, which is much higher than that of liquid electrolyte (1 M LiPF in carbonate solvents). The
polymer electrolyte can significantly suppress the dissolution of Mn>* from surface of LiMn,0, because of strong interaction
energy of Mn>* with PECA, which was investigated by DFT calculation.
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B INTRODUCTION

Lithium ion batteries (LIBs) have been widely used as power
sources for portable devices due to their high energy density,
long cycle life, and minimal memory effects. Large-capacity
LIBs are also promising power sources for electric vehicles and
large-scale energy storage systems. Improved safety combined

subsequently catalyzes the decomposition of electrolyte, which
degenerates the solid electrolyte interface (SEI) layer formed
on anode surface.”® Thus, a dramatic capacity fading often
occurs in LMO/G batteries, especially at elevated temperature,
where the Mn?* dissolution and interfacial side reaction
become amplified. To date, several kinds of strategies, such as

with longer cycle life is very crucial for large-scale LIB
applications. Compared to other commercial cathode materials
(layered LiCoO,, LiNiO,, LiNianyCol_x_yOz), spinel
LiMn,0, is one of the most promising cathode materials for
large-formate LIB applications because of their special 3D
tunnel crystalline structure and excellent electrochemical
performance.>* However, LiMn,O,-based batteries exhibit
severe capacity fading during cycling or storage in the LiPF,-
based liquid electrolytes, especially at elevated temperatures,
resulting from manganese (Mn?>") dissolution and interfacial
side reaction between the electrolyte and the surface of the
electrode.”® In a typical LiMn,0,/graphite (LMO/G) full-cell,
the dissolved manganese is reduced to metallic Mn and
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cationic doping and/or surface coating of LiMn,O,, functional
additives in the electrolyte,' and surface modification'®'! have
been taken to improve cycling ability of LiMn,O,-based
batteries. However, the long-term stable battery of LMO/G is
still one of the main challenges for the practical application.
Compared with liquid electrolytes, the safety and stability of
batteries can be significantly improved in systems using
polymer electrolyte because of their good electrochemical and
thermal stability. Gel polymer electrolyte (GPE) is regarded as
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an effective solution to the above-mentioned issues of
LiMn,O,-based batteries by suppressing the Mn>* dissolution
and interfacial side reaction between the electrode and
electrolyte.'"® In our previous study,'*'® a class of single-ion
GPE that exhibits good thermal stability and high ionic
conductivity was explored for improving cycle performance of
LiMn,O,4/Li batteries at elevated temperatures. Recently,
efforts have been devoted to explore several matrix of polymer
electrolytes, including poly(ethylene oxide)'® (PEO), poly-
(vinylidene fluoride)'” (PVDF), poly(acrylonitrile)18 (PAN),
poly(vinyl chloride),"” and poly(methyl methacrylate).*°
However, from a practical point of view, ionic conductivity
and mechanical properties of most of those polymer matrix
materials cannot fully match the requirements of LIBs.

In the present study, a rigid—flexible coupling composite
membrane that exhibits high ionic conductivity and excellent
mechanical property was developed as a polymer electrolyte to
achieve better cyclability of LMO/G batteries. The composite
membrane, based on a soft segment poly(ethyl a-cyanoacry-
late) (PECA) and a robust natural cellulose skeleton, was
prepared using an in situ polymerization method. The in situ
polymerization is beneficial for the interfacial contact between
PECA and cellulose, which contributes to high ionic
conductivity as well as favorable mechanical properties and
interfacial compatibility of electrodes. The obtained GPE
exhibits good interfacial stability between electrode and
electrolyte, thus improving the overall electrochemical perform-
ance of LiMn,0,-based batteries, especially at elevated
temperatures.

B EXPERIMENTAL SECTION

Ethyl a-cyanoacrylate was first diluted by anhydrous acetone (volume
ratio: 1/3) to obtain a transparent solution. Then the cellulose
membrane was fixed on a polytetrafluoroethylene (PTFE) plate, and
the ethyl a-cyanoacrylate solution was cast-coated. The composite
membrane could be prepared due to rapid polymerization of ethyl a-
cyanoacrylate in the cellulose skeleton in air. After drying, the obtained
composite membranes (d = 1.65cm) were saturated in a common
electrolyte (1 M LiPFg solution in EC/DMC, 1/1, w/w,) in an argon-
filled glovebox to obtain the GPEs.

The LiMn,0, electrode was made by mixing 90 wt % LiMn,0O,, 5
wt % PVDF, and 5 wt % carbon black onto an Al current collector.
The anode electrode was made by mixing graphite/Super-p/CMC
(carboxymethyl cellulose)/SBR (styrene butadiene rubber) with the
mass ratio of 95.5/1.0/1.5/2.0). All cells were assembled in an argon-
filled glovebox. The charge/discharge behavior of cells were tested on
a LAND battery test system at the potential range of 3.0—4.3 V.

The AC impedance was analyzed over a frequency range of 0.1—10°
Hz with a perturbation amplitude by a Zahner Zennium electro-
chemical working station of 5 mV. The variation in electrode
polarization during cycling was measured using cyclic voltammetry
(CV). The surface morphology of the graphite anode and the
LiMn,O, cathodes after 100 cycles was observed by field emission
scanning electron microscopy (FE-SEM, Hitachi S-4800). The
element compositions were examined by energy dispersive X-ray
spectroscopy (EDX, HoRiBA 7593-H) at a magnification of S000X
and an accelerating voltage of 15.0 kV.

B COMPUTATION METHODS

All the calculations were implemented at the B3LYP/6-31G*
level with the Gaussian 09 program. The hexameroligomer was
chosen as the model to mimic the polymer. The structure of
the oligomer was first optimized. Then we added the ions and
optimized the whole system with constraining the skeleton of
the oligomer. At the optimized structures, the frequency

4721

calculations were used to predict the Raman spectrum. The
density functional theory (DFT) method could cause over-
estimation of the fundamental modes; therefore, a scaling factor
(0.9614) was used in order to get a better match of the
experimental data.

B RESULTS AND DISCUSSION

In the ethyl a-cyanoacrylate molecules, two electron with-
drawing groups, cyan group and ester group, are linked to the
same carbon atom, which makes them easy for polymerization.
The polymerization reaction could be easily initiated even if
there is a trace amount of weak bases, such as water, but chain
termination only happens when there is some strong acid.
Therefore, a rigid—flexible coupling composite membrane
could be simply and rapidly obtained by in situ polymerization,
when a robust natural cellulose membrane as a skeleton was
soaked into the ethyl a-cyanoacrylate monomer.

To visualize the structure of the polymer matrix in GPEs,
SEM images of the surface and cross section of cellulose and
composite membrane were collected. An obviously porous
network of pristine cellulose membrane was observed, as shown
in Figure 1a. The pore shape of the pristine cellulose membrane

Figure 1. Typical SEM images of surface (a) (inset shows the
photograph of cellulose membrane) and cross section (b) of cellulose
membrane; SEM images of surface (c) (inset shows the photograph of
composite membrane), and cross section (d) of composite membrane
(inset shows the magnified patterns).

is irregular, and the size distribution is unequal (about 1-$
um). This pore size is much larger than that of commercial
separators. Generally speaking, cellulose matrix with large pore
size is not favorable to be used as separators of LIBs directly. So
here after compositing with PECA by in situ polymerization,
the pores of the cellulose were covered with PECA polymer,
thus a dense and uniform layer was formed on the surface of
the membrane (Figure 1c). Inset of Figure lc shows the
photograph of the PECA—cellulose composite membrane,
which is flexible and transparent. From the cross section of the
micrographs (Figure 1d), the inner space of the cellulose
skeleton was also filled with the polymer matrix. The thickness
of the composite membrane is about 57 ym, which is slightly
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Figure 2. (a) IR spectra of composite membrane, cellulose and PECA (inset shows the magnified patterns); (b) stress—strain curves of composite
membrane and cellulose; (c) ionic conductivities of the GPE at different temperatures (inset is the Nyquist impedance data); (d) Raman spectra of

the PECA and the GPE.
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Figure 3. Schematic illustration of main interaction forms between the Li* and the polymer in the GPE. (a) Li* contacts with one N atom only
(denoted as I); (b) Li* contacts with one N atom and one O atom (denoted as II); (c) Li* contacts with two N atoms and one O atom (denoted as
III); the corresponding binding energy of these three forms are 1.60, 1.97, and 1.86 kcal/mol, respectively. (d) One Li* and one PF,~ were put on
both sides of the polymer, respectively (up), and then the optimized structure (down) was obtained.

thicker than that of pristine cellulose membrane. Figure 2a
compares the IR spectra of pristine cellulose, PECA, and the
PECA~—cellulose composite. The red line in Figure 2a shows
the spectra of pristine cellulose. The position around 3360,
1060, and 895 cm™! are attributed to —O—H stretching, —C—
O stretching, and cyclic C—O—C asymmetric stretching
vibration. In the PECA—cellulose composite membrane, peaks
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at about 3000—2800 cm™' (C—H stretching in —CH, and
—CH,), 2249 cm™ (—CN stretching), 1745 cm™' (—-C=0
stretching), and 1250 cm™ (C—O—C symmetric) could be
attributed to the absorption peaks of PECA. The spectra of the
PECA—cellulose composite membrane contain all the peaks of
cellulose and PECA, indicating the composite membrane is
successfully prepared.
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Figure 4. Cycle performance of LMO/G full battery at ambient temperature (a) and high temperature of 5§ °C (b); charge—discharge curves of

batteries cycling in liquid electrolyte (c) and GPE (d) at S5 °C.

As is well-known, commercially available GPE has some
limitations for the further application in LIBs because its
mechanical property is generally poor. Natural cellulose, the
important structural component in green plants, is the most
abundant raw material in nature. Cellulose-based nonwoven
fabrics, as the skeletal component in GPE, could serve as a free-
standing thin film to avoid the tedious processing for gel
polymer electrolyte, and increase mechanical properties enough
for large-scale applications. As depicted in Figure 2, the
maximum stress of the composite membrane reached 33 MPa,
much higher than that of the cellulose separator (20 MPa),
which indicates the enhancement of mechanical strength by a
synergetic effect of the cellulose skeletal and compositing
polymer. The tensile strength of composite membrane was
definitely higher than the transverse strength of the commercial
PP separator (14 MPa) and lower than that of PP separator at
the machine direction (120 MPa),*" as the obtained mechanical
strength is acceptable for polymer electrolyte to remain
mechanical integrity and prevent the membrane falling apart
in Li-ion battery system. Interestingly, the composite
membrane presents a substantially higher Young’s modulus
(1640 MPa), which is much higher than the value of commonly
used PP membrane (240 MPa).The enhancement of
mechanical property is attributed to its integrated structure in
which porous network cellulose acts as an efficient skeletal
component filled entirely with polymer in its space.

Normally, polymer electrolytes need to reach a high ionic
conductivity (1072=107> S cm™) to ensure low Ohmic drops.
As shown in Figure 2c, the ionic conductivity of the GPE based
on PECA—cellulose membranes reaches 3.3 X 107> S cm™ at
ambient temperature, which is comparable to the commercial
liquid electrolyte in previous reports.”** It is known that the
high ionic conductivity results from the dissociation of salt in
the host polymer matrix and ion mobility. Both ester and cyan
groups with strong electron withdrawing capability on the side
chains of PECA can favorably facilitates the dissociate of the
electrolytic salt, leading to a enhanced ionic conductivity of
GPE. Theory calculation illustrates that the Li* can interact
with the polymer in the GPE in three forms, as shown in Figure
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3, the strong interaction with N in cyano group, and with O in
the ester group. Figure 2d shows the Raman spectroscopy of
the PECA and the GPE electrolyte. It is clearly shown that the
intensities of the peaks of PECA at 2246, 1700, and 1100 cm™),
which belongs to the C=N stretching vibration, free
carbonylis, and the C—O—C stretching vibration, are slower
than that in GPE, indicating the strong interaction between Li*
and the group in GPE. These results are well in agreement with
the theoretical calculation Raman spectroscopy (Figure S2,
Supporting Information). It can be clearly seen that cyano
group stretching vibration is greatly reduced in experimental
spectra because three interactions that form (I, II, and III in
Figure 3) between polymer and Li* are related to the N atom in
the cyano group. These binding sites interacting with Li* in
polymer are beneficial to the separation of ion pairs in
electrolyte and thus increase the dissociation of the electrolytic
lithium salt.*® Therefore, the PECA-based GPE shows higher
Li" conductivity, which stems from the easier dissociation of
LiPF4 by PECA. Because PF4™ is a big anion group, theoretic
calculation cannot obtain any optimized stable forms for PF,~
combined with polymer. It is suggested that interacting with Li*
and/or the anion in polymer is beneficial to the separation of
ion pairs in electrolyte and thus increases the dissociation of the
electrolytic lithium salt. Figure 3d illustrates that cyano and
ester groups can separate the Li* and anions on two sides of the
polymer because of the strong interaction and steric hindrance,
which prevent the reconnection between Li* and anions, thus
rendering the GPE a higher ionic conductivity.

To investigate the GPE influence on the cycling performance
of the batteries at ambient conditions and elevated temperature,
full-cells (LMO/G) were tested at a charge/discharge rate of
0.5C in the potential range of 3.0—4.3 V. At ambient
temperature, the cycling performance of the battery employing
GPE was slightly improved compared to that of conventional
liquid electrolyte (Figure 4a). The GPE cell maintained 90% of
the initial discharge capacity after 100 cycles, while the cell-
based liquid electrolyte retained a lower portion of 71% (73
mAh g™') of the initial discharge capacity after the same cycles.

However, the difference of capacity retention of the two cells
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Figure S. EIS of batteries at the charged state after 2 and100 cycles: (a) GPE (inset shows equivalent circuit) and (b) liquid electrolyte.
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Figure 6. (a) XRD patterns of the LiMn,O, electrodes before and after 100 cycles at 55 °C in LE and GPE; (b) magnified patterns.

became more pronounced at an elevated temperature of 55 °C.
As shown in Figure 4b, the capacity retention after the 100th
cycle is much higher for the GPE-based battery than that of
liquid electrolyte, demonstrating that the cycling performance
of the battery could be significantly improved in using GPE as
the electrolyte at the elevated temperature. It is obviously
shown in the charge/discharge profiles (Figure 4c) that shorter
plateaus and larger potential separation between charge and
discharge are present in a battery of liquid electrolyte than
those in GPE. GPE-based batteries exhibits little variation in
potential gap with the increasing of cycling number, indicating
that batteries with GPE suppress the deterioration of the
polarization at higher temperature. It is generally accepted that
the polarization of the batteries is caused by mass and charge
transfer at the interface of electrolyte and electrodes.””**
Therefore, it could be deduced that gradual deterioration of
interfacial layer of batteries while cycling in liquid electrolyte-
based system hinders the mass and charge transfer at the
interface of electrolyte and electrodes.

It is reported that the interfacial layer is growing with
increasing cycling due to the unfavorable reaction at the surface
of materials of cathode and anode, especially at higher
temperature, which accelerates the capacity fading. To better
understand the different behaviors in terms of electrochemical
property and polarization with GPE and liquid electrolyte,
electrochemical impedance spectroscopy (EIS) of the batteries
was measured after cycling at an elevated temperature of 55 °C.
The EIS spectra are compared in Figure 5. Each spectrum
contains two depressed semicircles at high frequency and a
sloping line in the low frequency. According to the reaction
mechanism of the LMO/G battery proposed by previous
studies,25’26 the first semicircle can be ascribed to Li* diffusion
through SEI film on the electrode (denoted as Ry), and the
second semicircle is assigned to charge transfer resistance
(denoted as R), and the followed sloping line can be ascribed
to Li* diffusion in the bulk material. To simulate the results of
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the obtained EIS, typical equivalent circuit (inset of Figure Sa)
was used. The results of the simulation are shown in the
Supporting Information. It turned out that the Ry and R, of the
liquid electrolyte are 26.3 and 200.7 Q in the 100th cycle,
respectively, which are significantly higher than the values in the
2nd cycle. The results suggest that the severe capacity fading of
the batteries based on liquid electrolyte could be due to the
increasing of R; and R, which may be caused by the further
deteriorative solid-electrolyte interphase (SEI) layer on the
anode because of an unstable interface between the electrolyte
and electrode. By contrast, although the R, in the cell with the
GPE was slightly higher than that of the liquid electrolyte, the
increase of the values of both R; (from 12.3 to 18.8 ) and R,
(from 26.1 to 44.9 Q) are remarkably suppressed from the 2nd
to 100th cycle. This demonstrated that the GPE-based batteries
may have a stable interface between electrolyte and electrode,
which results in much less decomposition of the liquid
electrolyte, providing better cyclability at elevated temperatures.

Figure 6 presents the XRD patterns of the LiMn,O,
electrodes before and after cycling in GPE and LE at 55 °C.
All diffraction peaks of the LiMn,0, electrodes before cycling
matched well with cubic spinel except the peak at 26.6°, which
is ascribed to the conductive carbon. After 100 cycles, the
diffraction peaks of carbon remained; however, the peaks of
LiMn, O, shift to a higher angle after cycling in LE, as shown in
the magnified patterns (Figure 6b). This results from the
shrinkage of crystal lattice due to the dissolution of Mn" ions
from the spinel structure during cycling at the elevated
temperature.”” And the positions of XRD peaks for LMO
after cycling in GPE shift much less significantly than those of
LMO cycled in LE, indicating that GPE can inhibit manganese
dissolution from LiMn,0,.

Figure 7 presents the XPS spectra of Fj; and Mn ,p of the
LiMn, O, cathodes after in LE and GPE at S5 °C, respectively.
The Fy spectra (in Figure 7a) contain two main peaks: LiF
(685.0 eV) and PVdF (687.6 eV).*® Note that the relative
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Figure 7. F 1s (a) and Mn 2p (b) XPS spectra of LiMn,O, cathodes
after 100 cycles at 55 °C in LE and GPE, respectively.

intensity of PVdF is similar after cycling in GPE and LE, while
the relative intensity of LiF increased obviously after cycling in
LE, indicating the decomposition products of the electrolyte in
LE is more severe than GPE at the surface of the LiMn,O,
electrode. It is depicted in Figure 7b that Mn,, peaks after 100
cycles of electrode materials in LE shift to a higher binding
energy than that in GPE, indicating higher valence of
manganese on the surface of electrode cycling in LE. Based
on the position as well as the integrated area of Mn,, peaks, the
average oxidation state of Mn is calculated to be 3.55 and 3.45
in the surface of electrodes cycling in LE and GPE, respectively.
It is well-known that Mn* of LiMn,0, undergoes a

disproportion reaction generating Mn** and soluble
M2+ 1272931

2Mn’**(s) = Mn>*(aq) + Mn**(s) (1)

According to eq 1, the Mn®" ions of the LMO cathode
gradually dissolved into liquid electrolyte during the cycling and
got a higher ratio of Mn*/Mn3*". The higher average oxidation
of Mn in LE than that in GPE can be ascribed to larger amount
dissolution of Mn** on the surface in liquid electrolyte. Due to
the metatheses reaction of Mn**, the dissolution of Mn>" leads

to the loss of active Mn®* in LMO and thus cause the severe
capacity fading.>” It is to say that the obtained rigid—flexible
coupling high ionic conductivity GPE can significantly suppress
the dissolution of Mn** and benefit for the cycling performance
at elevated temperatures.

To confirm the corrosion of the electrodes, SEM imaging
was carried out to obtain the surface morphology of graphite
anode after the battery was cycled 100 times at S5 °C. As
shown in Figure 8, the SEM images of the graphite electrode
cycling in GPE showed a smooth surface similar to the pristine
electrode before cycling, as shown in Figure 8a. By contrast, the
graphite electrode shows some deposits on the surface after
cycling in liquid electrolyte, which can be regarded as the
formation of SEI and deposition of manganese according to
previous literature.%**** EDS detection confirms that these
deposites are consisted of a relatively higher concentration of
Mn element on the surface of graphite (Figure S2, Supporting
Information), which demonstrates that the dissolved Mn>* in
electrolyte solution was deposited on the anode surface during
the cycling process at high temperatures. The similar
phenomenon is found in the battery electrode cycled at
ambient temperature, as shown in Figure S3 (Supporting
Information). However, the variation of surface morphology of
the graphite anode is not clear for electrodes cycled in GPE and
LE at ambient temperature, which indicated that manganese
reduction is less significant than that at elevated temperatures.

It is reported that capacity fading of LMO/G batteries is not
only due to the loss of active compound (Mn**) caused by the
dissolution of Mn, but more often due to the fact that the
migration of the dissolved Mn deposits on to the surface of the
anode, which destroyed the fine structure the SEI layer.'>*?
According to Zhan’s work,> it is found such deposites on
anode are compounds of Mn**, which could have some
complicated reaction with species on SEI layer. Therefore, the
continuous dissolution of Mn in LMO cathode will ceaselessly
damage the SEI film on the surface of graphite. It is suggested
that effective prevention of the migration and deposition of
dissolvedMn is critical to the performance of LMO/G battery.
In the present study, theoretical calculation shown that the
binding energy of Mn?* with PECA is much higher than that of
Li* (Figure S4, Supporting Information), indicating that
dissolved Mn*" from cathodes is hard to diffuse in GPE.
Thus, contents of Mn element on the surface of the anode for a
GPE-based battery is much less than that for a LE-based
battery, confirming that GPE can inhibit manganese deposition.
These findings demonstrated that the GPE is a very promising
electrolyte candidate for the LMO/G battery to tackle their
challenges of storage and cycling characteristic at the elevated
temperatures.

Figure 8. Typical SEM images of graphite anode before cycling (a) and after 100 cycles at 55 °C in GPE (b) and in LE (c), respectively.
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B CONCLUSIONS

A rigid—flexible composite membrane based on soft segment
PECA and a robust natural cellulose skeleton has been
prepared by an in situ polymerization process. The composite
membrane shows enhanced mechanical strength compared
with that of a pure cellulose membrane. After gelation in a
solution of electrolyte, it a exhibits excellent ionic conductivity
(33 x 10° S cm™) at room temperature. The high
conductivity could be ascribed to easier dissociation of LiPFq
by PECA. The obtained GPE remarkably improves the cycling
performance of LiMn,O, electrodes compared to the conven-
tional liquid electrolyte, especially at the elevated temperature,
because of the superior interfacial stability.
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Theoretic analysis of main interaction forms between the Li
and the polymer in the GPE, SEM graphs and corresponding
EDS spectra of electrode after 100 cycles in GPE and in LE at
55 °C, SEM graphs and corresponding EDS spectra of
electrode after 100 cycles in GPE and in LE at room
temperature, schematic illustration of main interaction forms
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