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Abstract: Due to their safety and sustainability, polysaccharides such as cellulose and chitosan
have great potential to be the matrix of gel polymer electrolytes (GPE) for lithium-based batteries.
However, they easily form hydrogels due to the large numbers of hydrophilic hydroxyl or amino
functional groups within their macromolecules. Therefore, a polysaccharide-based amphiphilic gel, or
organogel, is urgently necessary to satisfy the anhydrous requirement of lithium ion batteries. In this
study, a PEGylated chitosan was initially designed using a chemical grafting method to make an GPE
for lithium ion batteries. The significantly improved affinity of PEGylated chitosan to organic liquid
electrolyte makes chitosan as a GPE for lithium ion batteries possible. A reasonable ionic conductivity
(1.12 x 1073 Sem 1) and high lithium ion transport number (0.816) at room temperature were ob-
tained by replacing commercial battery separator with PEG-grafted chitosan gel film. The assembled
Li/GPE/LiFePOy coin cell also displayed a high initial discharge capacity of 150.8 mA h g_l. The
PEGylated chitosan-based GPE exhibits great potential in the field of energy storage.

Keywords: PEGylated chitosan; gel polymer electrolyte; lithium ion batteries

1. Introduction

Lithium ion batteries (LIBs) are considered to be the most promising energy storage
device due to their high energy density, long cycle life and environmental friendliness; they
have been widely used in our daily lives [1-3]. Carbonate ester-based liquid electrolytes are
responsible for the high ionic conductivity and good interfacial compatibility of LIBs [4,5].
However, LIBs are subject to serious safety issues such as leakage of electrolyte, thermal
runaway and explosion, which can be attributed to the use of highly volatile and flammable
liquid electrolytes, and the resulting growth of lithium dendrites [5-7]. In order to solve
the safety problems, much research in recent years has been focused on solid polymer
electrolytes (SPEs) because of their solid state and nonflammability [7-10]. However,
SPEs also suffer from some problems, such as high interfacial resistance and low ionic
conductivity [11]. In contrast, gel polymer electrolytes (GPEs) [12,13], which combine the
advantages of both SPEs and liquid electrolytes, are considered a practical alternative for
improving the safety of LIBs [14].

In GPEs, the high-molecular-weight polymers act as skeletons [14,15], ensuring good
mechanical strength, high thermal stability and excellent electrochemical stability [16];
meanwhile, the liquid electrolytes can plasticize polymers, which endow GPEs with
high ionic conductivity [17]. Over the past few decades, several typical gel polymer ma-
trixes such as polyethylene oxide (PEO) [18,19], polyacrylonitrile (PAN) and poly (methyl
methacrylate) (PMMA) [20-24], have been extensively investigated; among these, PEO
and its derivatives have received a lot of attention due to the presence of ionic transport-
ing groups in them, i.e., ether linkages (—C—O—C—) in their molecules [25]. However,
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on the one hand, conventional GPEs often have relatively lower Li* transference num-
bers at room temperature; on the other hand, the production and use of these synthetic
polymers often has a negative impact on the environment [26], which hinders further
commercial application of GPEs [27]. Therefore, further research is necessary in order
to obtain an environmentally friendly GPE with excellent lithium ion transport proper-
ties through simple and low-cost methods. Most significantly, GPEs that are synthesized
from eco-friendly raw materials and green processes will be helpful to the remission of
environmental problems [28-30].

For the above reasons, some researchers have turned their attention to natural poly-
meric materials in recent years [31]. Natural biomass polysaccharides such as cellu-
lose [32,33], chitosan and starch have been reported as matrixes of polymer electrolytes [34].
Among them, chitosan (CS) is a linear polysaccharide that is derived from chitin in crus-
taceans and other animals and plants (e.g., crustacean cells, insect exoskeletons and fungal
cell walls) [35]. Chitosan is well known to be the second most abundant and renewable
biopolymer after cellulose. Heretofore, various advantages of such compounds are known,
such as their biocompatibility, biodegradability, non-toxicity and excellent chemical re-
sistance [36,37]. CS can easily be molded into various forms of substrates, such as films,
porous scaffolds, nanofibers and hydrogels [38—40]. CS has previously been reported as
a gel polymer electrolyte by some researchers, but it is mainly used in aqueous superca-
pacitors [41,42]. The hydrogen bonds of hydrophilic amino and hydroxyl groups in CS
molecules causes poor dissolubility and poor affinity of the chitosan to liquid organic
electrolytes, thus limiting the application of CS in alkali metal batteries [43—45]. In order
to make chitosan as a GPE of lithium ion batteries a possibility, some researchers have
attempted to blend chitosan with PEO or other materials [46]. Ai et al. blended CS with
different mass fractions of PEO, in order to prepare a CS-LiTFSI-PEO composite polymer
electrolyte with a three-dimensional cross-linked network structure [47]. Unfortunately,
the electrolytes that are obtained by this method are hybrid solid polymer electrolytes
based on CS substrates; as a result, they usually do not reach the 1073 S cm~! level of
ionic conductivity [47,48]. Xu et al. hydrolyzed CS with hydrogen peroxide solution to
obtain soluble small molecular chitosan, and then crosslinked it with polyethylene glycol
diglycidyl (PEGGE) ether to obtain CS/PEG-composited GPE with a three-dimensional
(8D) cross-linked network structure [49]. However, the molecular chain of CS breaks during
hydrolysis to reduce the molecular weight, which also leads to a change in mechanical
properties and subsequent electrochemical stability. Thus far, few investigations have been
focused on modification of CS GPE on the basis of molecular structure.

In this study, a PEGylated chitosan was initially designed and prepared using a simple
UV-induced reaction as a GPE polymer matrix for LIBs. PEGylated chitosan maintains good
affinity for organic liquid electrolytes, making the chitosan-based organogel electrolyte
possible and suitable for LIBs. Moreover, the complexation of the ether bond of PEG with
lithium ions endows the chitosan matrix with the ability to rapidly transport lithium ions.
Therefore, chitosan GPE films that are modified by grafting PEG molecules exhibit good
properties, resulting in high ionic conductivity (>1073 S-em™1) and lithium ion transport
numbers (>0.8) at ambient temperature.

2. Experimental
2.1. Materials

Poly (ethylene glycol) methyl ether methacrylate (PEGMA, Mn = 500 g mol ') was
purchased from Sigma-Aldrich, Shanghai, China. Chitosan [(C¢H11NOj)n, deacetylation
degree > 95%], urea, chloropropene, lithium hydroxide, potassium hydroxide, sodium
hydroxide, acetic acid, dimethyl sulfoxide (DMSO), dimethyl carbonate (DMC), ethylene
carbonate (EC), N-methyl-2-pyrrolidone (NMP) and lithium bis (trifluoro-methane sulfonyl)
imide (LiTFSI, 99%) were all purchased from Aladdin reagent company, Shanghai, China.
Initiator 2959 was bought from BASE, Ludwigshafen, Germany. Poly-vinylidene fluoride
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(PVDF) was acquired from Solvay Pharmaceuticals, Shanghai, China, and Ketjen black
carbon (KB) was obtained from Akzo Nobel, Shenzhen, China.

2.2. Preparation of Allyl-Modified Chitosan

The CS solvent was an aqueous solution that contained LiOH/KOH /urea/H,O at
a mass ratio of 4.5:7:8:80.5. Under constant stirring, 9 g of CS powder was slowly added
into 300 g of the above alkaline aqueous solution, and then placed at —40 °C overnight.
Next, the frozen CS solution was thawed and stirred at room temperature until all the CS
was dissolved to yield a clear CS solution. Afterwards, 23 mL of allyl chloride was slowly
added to CS solution, and the solution was continuously stirred for 48 h in the dark. It was
then neutralized with concentrated hydrochloric acid until that pH value reached 7, and
then it was precipitated with acetone to obtain a milky flocculent allyl-modified chitosan.
The resulting product was washed with deionized water, and freeze-dried to obtain the
allyl-modified chitosan.

2.3. Preparation of PEGylated Chitosan (CS-g-PEG)

Firstly, 0.8 g of allyl-chitosan was dissolved in 40 mL of 2% acetic acid solution, and
0.009 g of initiator 12959 was dissolved in 200 pL of DMSO. The initiator 12959 and 1 mL of
PEGMA were added to the allyl-chitosan solution, and after magnetic stirring for 10 min,
the solution was placed into a UV reactor; UV radiation was used while stirring for 120 s,
240 s and 480 s, respectively. After the reaction was finished, the chitosan solution was
neutralized using a sodium hydroxide solution and precipitating the modified chitosan,
before washing and centrifuging the product using deionized water, and freeze-drying it to
obtain the final product, CS-g-PEG. The products obtained after UV irradiation times of
120's, 240 s and 480 s, were labeled as CS-g-PEG-120, CS-g-PEG-240, and CS-g-PEG-480,
respectively.

2.4. Preparation of CS-g-PEG Gel Polymer Electrolytes

The CS-g-PEG film was obtained by dissolving 0.4 g of CS-g-PEG in 8 mL of DMSO
solution, followed by casting in a mold and drying at 60 °C. The CS-g-PEG film was
then air dried at room temperature. The obtained polymer film (CS-g-PEG) was punched
into a disk (diameter of 14 mm) and immersed in an electrolyte solution (1 M LiTFSI
DMC/EC = 1:1 volume) for 10 min to absorb solution and form the gel. The thickness of
the dry film was 20-30 pm, and the thickness of the gel film was 70-80 pm.

2.5. Characterization of Allyl-Modified Chitosan and CS-g-PEG

The structures and chemical compositions of the allyl-modified chitosans, CS-g-PEG-
120, CS-g-PEG-240 and CS-g-PEG-480, were tested using elemental analysis (Vario EL,
Tokyo, Japan), nuclear magnetic resonance spectrometry, Shanghai, China. (H-NMR,
AVANCE NEO 400, 400 MHz with 2% acetic acid-d4 solution that was prepared by deuterox-
ide), Fourier transform infrared spectroscopy (FTIR, PerkinElmer Spectrum, Tokyo, Japan),
and X-ray diffraction (XRD, Bruker AXS D2PHASER, Shanghai, China, 40 kV, 20 mA), at
diffraction angles ranging from 10° to 80° with an increment of 0.01°.

The thermal stability was evaluated using thermogravimetric analysis (TGA, NET-
ZSCH STA 449 F5/F3 Jupiter, Beijing, China.) under an N, atmosphere, from 25 °C to
500 °C, at a heating rate of 10 °C min~!.

The electrolyte uptakes of AC and AC-PEGs were calculated according to Equation (1):

n= (Wt—Wv(i])(]Xloo/o (1)

where Wy and W; are the weights of the film before and after absorption of the liquid
organic solvent, respectively.
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2.6. Electrochemical Testing

The ionic conductivities of the CS-g-PEG GPEs were measured using electrochemical
impedance spectroscopy (EIS, Biologic, VSP-300, Shanghai, China.), at frequencies from
10° Hz to 10~2 Hz, an amplitude of 5 mV, and temperatures from 25 to 55 °C. The cells were
assembled by sandwiching CS-g-PEG GPE films between two stainless steel (SS) plates.
The ionic conductivity was calculated according to Equation (2):

L
o= m 2)
where ¢ is the ionic conductivity, L represents the thickness of the CS-g-PEG GPEs, and R,
and S are the bulk ohmic resistance and area between CS-g-PEG GPE films and stainless
steel, respectively.

The electrochemical windows of the CS-g-PEG GPEs were evaluated using cyclic
voltammetry (CV) at 25 °C over a voltage range of —0.5 V to 5V (vs. Li*/Li), at a scan
rate of 1 mV s~ 1. The lithium ion transfer number (t;;+) was measured by combining
EIS with chronoamperometry (CA) at room temperature, at an applied voltage of 10 mV.
A symmetric cell was prepared by sandwiching CS-g-PEG GPEs films between two lithium
metal electrodes. Calculation of t;;+ was carried out according to Equation (3):

Is(U — Rolp)

Ip(U — RsIs) )

tLi* =
where U is the applied voltage; Iy and Is are the initial and steady state currents, re-
spectively; Ry and Rg denote the initial and steady state Li/CS-g-PEG GPE interfacial
resistances, respectively.
The dynamic interfacial stability between the GPEs and Li anodes at room temperature
was evaluated via a galvanostatic cycling test of Li/CS-g-PEG/Li symmetric cells on a
LAND CT 2001A battery test system, Shanghai, China. To this end, LiFePO,/GPEs/Li
cells were assembled to measure the rate and long-term cycling performance over the
charge-discharge voltage range of 2.5 V to 4.2 V. All batteries were prepared in an Ar-filled
glove box at less than 0.1 ppm H,O and O,. LiFePO, powders with KB carbon and PVDF
binder solution in a mass ratio of 80:10:10 (wt %) were prepared and coated on Al foils.
LiFePOy cathodes were punched into disks (diameters of 10 mm) and dried in a vacuum at
110 °C for 12 h. The lithium iron phosphate loading was approximately 2.3-2.8 mg cm 2
per cathode.

3. Results and Discussion

As shown in Scheme 1, the PEGylation of chitosan was achieved using a simple two-
step reaction. The allyl functional group was initially attached to the chitosan backbone
via a substitution reaction in an alkaline solution to obtain allyl-modified chitosan. Next,
the PEGMA soft chain was grafted onto allyl chitosan using free radical polymerization
under UV radiation and photoinitiator 12959 to obtain PEGylated chitosan. The chemical
compositions and structures of chitosan, allyl-modified chitosan and CS-g-PEGs were
characterized by XRD, FTIR and 'H-NMR. Firstly, the chitosan before and after modification
was characterized via XRD to test the change in crystallinity. As shown in Figure 1a, the
XRD pattern of the chitosan powder before modification shows sharp diffraction peaks
at about 11.8° and 20.3°, indicating the existence of a crystalline region in chitosan. This
was also verified and reported in many other studies [50,51]. After allyl modification, the
crystallization peak at 20.3° decreased rapidly and the peak at 11.8° disappeared completely,
which means that the crystallinity of allyl-modified CS decreased, and the intermolecular
forces were weakened by chemical modification. Meanwhile, the introduction of PEG
further resulted in a decrease in the crystallinity in CS. The reduced crystallinity thereby
improved the flexibility of the molecular chain, which was favorable for transporting
lithium ions. As displayed in Figure 1b, the IR spectrum of allyl-modified chitosan showed
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a characteristic peak at 1625 cm ! which corresponded to a stretching mode of the C=C
bond of allyl groups. Further absorption peaks also appeared at 1108 cm ™! and 2895 cm ™!,
and were assigned to the C-O-C and C-H vibrations of chitosan, respectively. The spectrum
of CS-g-PEG showed a new characteristic peak at 1750 cm ! that was attributed to the C=0
vibration obtained from PEGMA after the grafting reaction. Meanwhile, the characteristic
peak of CS-g-PEG is located at 1625 cm ™!, which is connected with the vibration mode
of C=C bond; however, its intensity is weaker than that of allyl modified chitosan. This
indicates that the C=C bond in allyl-modified CS was gradually consumed after reaction
with PEGMA with different reaction times. Thus, FTIR analysis confirmed the successful
PEGylation of chitosan. These results were also confirmed by 'H-NMR spectra. As shown
in Figure 2, the peak at 3.52 ppm was assigned to the proton peak of -CH,—CH,-O-, and
the peak at 3.25 ppm was assigned to the proton peak of -O-CHjz within the PEGMA chains.
These new peaks were both detected after grafting the PEGMA fragment onto chitosan. In
addition, the proton peak intensity increased with increasing UV irradiation time.

RO.
HO (e} o
o
o 20°C,48h OH
o + A > NHR | + ﬂ O/\,]rn\o/
OH Ny [ " KOH/LiOH/Urea aq. OVS%H
2
chitosan allyl-chloride allyl-chitosan PEG
(R=-CH,-CH=CH, )
RO.
UV, 365 nm, 120 /240 s/480 s e} o
o OH
2059 NHR Jn
oy osfoAtnor
h
Cs-g-PEG
Scheme 1. Reaction mechanism of allyl-modified chitosan and CS-g-PEG.
(2) (b)
"“‘“"”/’\_N_ CS-g-PEG 480
o -~
:' ,_,_.af’/ \N_‘ CS—g—PEG 240 g
= g
N’
B ____/\\_; CS-g-PEG 120 ,E‘
=
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Figure 1. (a) X-ray diffraction (XRD) patterns of chitosan, allyl-chitosan and CS-g-PEG 120, 240 and
480, and (b) Fourier-transform infrared (FTIR) spectra of chitosan, allyl-chitosan and CS-g-PEG.
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Figure 2. '"H-NMR spectra of chitosan, allyl-chitosan and CS-g-PEG 120, 240 and 480 in 2% acetic
acid-dy4 solution that was prepared using deuteroxide at 400 MHz.

In addition, it was confirmed through elemental analysis (Table 1) that the grafting
degree of PEG can be controlled by UV irradiation time. The degree of grafting herein was
defined by the molar ratio of grafted PEG to chitosan monomer. In our experiment, the
grafting ratio of allyl was 35.17%, and the grafting degree of PEG increased from 7.26% to
20.46% when the reaction time increased from 120 s to 480 s. As shown in Figure 3a, the
chitosan powder and the PEGylated CS-g-PEG sample were dissolved in DMSO solution,
respectively, to test their affinity to organic solvents. It can be seen that the unmodified
chitosan was completely insoluble in DMSO, and showed a phase separation state, while
the PEGylated CS was easy to dissolve in DMSO solution as a nearly clear solution. This
indicated that CS-g-PEG possesses superior affinity to organic solvent, which is beneficial
to converting it into a gel polymer electrolyte for LIBs. In addition, the wettability of
chitosan, allyl-modified chitosan and CS-g-PEG films to liquid electrolyte was evaluated
via contact angle measurements. The results are shown in Figure 3b. The contact angle
between the pure chitosan film and the liquid electrolyte was 76.86°, indicating that the
affinity of the pure chitosan film to the liquid electrolyte was very poor. The contact angle
of allyl-modified chitosan film was 55.06°, which was lower than that of chitosan film; this
indicated that the affinity of the allyl-modified chitosan film to the liquid electrolyte is
better than that of chitosan film. Fortunately, the contact angles of CS-g-PEG-120, 240 and
480 films were 43.22°, 33.98° and 24.71°, respectively, which indicated that the affinity of
CS-g-PEG films to liquid electrolyte became better with an increase in UV irradiation time.

Table 1. Elemental analysis of allyl-chitosan and CS-g-PEG 120, 240 and 480.

Name Weight(mg) N% C% H% Grafting Rate
Allyl-chitosan 1.97 6.87 37.89 6.125 35.17%
CS-g-PEG (120 s) 2.33 6.63 41.57 6.674 7.26%
CS-g-PEG (240 s) 1.829 6.2 42.72 6.64 10.26%
CS-g-PEG (480 s) 2.083 5.06 42.45 6.738 20.46%
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(b)

76.86°

Chitosan Allyl-modified chitosan

CS-g-PEG 120s CS-g-PEG 240s CS-g-PEG 480s

Figure 3. (a) Photographs of chitosan and CS-g-PEG dissolved in DMSO. (b) Contact angle mea-
surements between liquid electrolyte and chitosan, allyl-chitosan and CS-g-PEG 120, 240 and
480 films.

As shown in Figure 4a, all of the films were immersed in the liquid electrolyte for
24 h, and then the weight change of the films was measured using a microbalance to test
the swelling property of the films at room temperature. It was found that the swelling
equilibrium of chitosan, allyl-chitosan and CS-g-PEG films could be reached within 24 h;
however, the equilibrium swelling ratios were quite different. Among them, the chitosan
film had the lowest electrolyte absorption, corresponding to a weight gain of 106.67%;
since a large number of polar functional groups and hydrogen bonds exist in the chitosan
molecule, this resulted in poor compatibility with carbonate ester electrolyte solutions. The
electrolyte absorption of allyl-chitosan film was 169.49%, which is slightly higher than that
of chitosan film, because a part of hydrogen bonds in the molecule were broken as a result
of the grafting of C=C bonds. In contrast, the electrolyte absorption of CS-g-PEG-480 was
629.95%, with increasing grafting degree, indicating that the grafting degree of PEG had a
significant effect on the affinity of the film to liquid electrolyte. As shown in Figure 4b, we
took images of the films before and after swelling in liquid silicate electrolyte for 24 h; after
swelling equilibrium which reached, the integrity of the film remained good, and the size
became slightly larger. In addition, as shown in Figure 4, the film had good flexibility and
bendability after swelling.

As an important parameter of gel polymer electrolytes, thermal stability has great
influence on the safety of lithium batteries. Figure 5a shows the weight losses of films,
the differential thermogravimetry (TG) curves and the differential scanning calorimetry
(DSC) curves at temperatures from 25 to 600 °C. Chitosan had a weight loss phase in
the temperature range of 25-500 °C, at about 300 °C, corresponding to the breakdown of
chitosan molecules. However, a new weight loss phase appeared in CS-g-PEG at around
400 °C, which corresponds to the decomposition of the PEG grafted onto the main chain
of chitosan, and the weight loss increased with an increase in grafting. In CS-g-PEG, the
weight loss phase resulting from the decomposition of chitosan reduced from around
300 °C to around 240 °C, probably due to the disruption of hydrogen bonds in the chitosan
molecule caused by grafting. In addition, we measured differential scanning calorimetry
(DSC) curves of chitosan and CS-g-PEG over the temperature range of 25-500 °C to further
reveal the thermodynamic changes that occurred during the heating experiments. The two
main heat absorption peaks in the graph occur at around 300 °C and 400 °C, caused by the
breakdown of the chitosan and PEG chains, respectively, which are consistent with the TG
curves. Although the decomposition temperature of chitosan decreased to some extent
with the grafting of PEG, it still had a significant advantage in terms of thermal stability
compared to current commercial battery separators, which have a dissolution temperature
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of approximately 165 °C [52,53]. A more intuitive heating experiment was also carried
out, in which the commercial Celgard 2500 separator, Shanghai, China and the CS-g-PEG
films were each heat-treated at 150 °C for 1 h. In Figure 5b, we can see that after 1 h at
150 °C, the CS-g-PEG film remained intact in size and shape, with no significant changes.
In contrast, the commercial Celgard 2500 separator showed shrinkage, and a change in
color from opaque to transparent. All of the above thermal data show that the CS-g-PEG
film has good thermal stability, and its excellent thermal stability contributes to the safety
of lithium ion batteries.

(a) (b)
700
600 |- 629.95
—A— CS-g-PEG 4805
500 | —e— CS-g-PEG 240s
$ —8— CS-gPEG 1205
= 400 | —&— Allyl-chitosan
> —v—CS
T 312.15
R 300 |- PS o
= b
200 e M 'w;aﬂu' i
= TS i
100 - :
106.67
0 1
0 5 10 15 20 25
Time/h
Figure 4. (a) Swelling properties of chitosan, allyl-chitosan and CS-g-PEG 120, 240 and 480 films
after 24 h immersion in electrolytes. (b) Photographs of the films before and after swelling in
liquid electrolyte.
(2)

—— Chitosan
——CS g PEG 1205
——CS g PEG 4805

(b)

— -Chitosan
— -CS g PEG 1205
— -CS.g PEG 480s

: ..
» s = e e TR :

—— Chitosan
—— CS g PEG 1205
— S g PEG 480s

" "
50 100 150

2?&) 2;0 3('” 350 4:1) 4\;0 500
Temperature(°C)

Figure 5. (a) Weight losses of films, the differential thermogravimetry (TG) curves and the differential

scanning calorimetry (DSC) curves at temperatures from 25 to 600 °C. (b) Images of commercial

separator Celgard 2500 and CS-g-PEG that were kept at 150 °C for 2 h.

When polymers are used as GPE for LIBs, their ionic conductivity at room temper-
ature is critical to the performance of LIBs [54]. Here, the temperature-dependent ionic
conductivities of CS-g-PEG films with different illumination times were measured using
AC impedance spectroscopy in the range of 25 °C to 55 °C, in order to evaluate the effect of
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PEG grafting degree on the electrochemical performance of assembled lithium ion batteries.
The results are shown in Figure 6. It is worth noting that we did not provide electrochemical
data for chitosan and allyl-modified chitosan films here because their poor affinity to liquid
electrolyte makes them difficult to form a gel state, which prevents the ionic conductivity
tests from being carried out. It can be seen from Figure 6 and Table 2 that the ionic conductiv-
ity of the CS-g-PEG films at 25 °C increases from 0.65 x 1073-S.cm™!t0 1.12 x 1073 Scm™!
with an increase in the amount of PEG. Moreover, as the temperature increased from 25 °C
to 55 °C, the ionic conductivity of all CS-g-PEG films increased, showing typical Arrhenius
behavior. The activation energy of the CS-g-PEG films with different grafting degrees can
be calculated and fitted using the Arrhenius formula, ¢ = gpexp (— I%)' where E, is the
activation energy, 0y is the pre-exponential factor, k denotes the Boltzmann constant, and T
is the experiment temperature. The activation energies for CS-g-PEG-120-, CS-g-PEG-240-
and CS-g-PEG-480-based GPEs obtained by calculation and fitting were 12.33, 10.63, and
9.85 kJ-mol !, respectively. This suggests that the introduction of PEG segments probably
plays a key role in enhancing lithium ion conduction, and the ether bonds of PEG can
coordinate and dissociate with lithium ions to facilitate the transport of lithium ions in
the gel films. The higher grafting degree of CS-g-PEG-480 has more PEG segments, which
makes transport of lithium ions in the gel films more efficient.

(b)
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o— 35°C 60000 o— 35°C
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| ‘ / /
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\ | / I
! + 1 ‘\
B2 u % i - 14 1 16 1 1
0 L 0 2
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7'/
c d
40000( ) »6.2( ) PR
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N w -10F
1 N’
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1
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Figure 6. Impedance plots of ACMC GPE membranes at different temperatures: (a) CS-g-PEG-120,
(b) CS-g-PEG-240, (c) CS-g-PEG-480 and (d) Arrhenius plots of CS-g-PEG films.

Table 2. Lithium ion transport numbers and ionic conductivities of CS-g-PEG.

Name ; 8§ x 103 8§ x 103 8§ x 103 8§ x 103
Li* (Secm—1)/25°C (Scm—1)/35°C (Secm—1)/45°C (Secm—1)/55°C
CS-g-PEG (120 s) 0.58 0.65 0.83 0.95 1.03
CS-g-PEG (240 s) 0. 60 0.88 0.93 0.97 1.07
CS-g-PEG (480 s) 0.816 112 1.51 1.55 1.76
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The interfacial resistance (R;) between the gel polymer electrolyte and the electrode
has a significant effect on the performance of the lithium ion battery [55]. Li/GPEs/Li
symmetric cells were assembled at 25 °C to test the interfacial compatibility of CS-g-
PEG film with electrodes, and its change in 14 days. As shown in Figure 7, that cell
impedance plot shows two semicircles at high and medium frequency, which correspond
to the passivation layer resistance (Ry) and the charge transfer resistance (R.¢), respectively.
The high frequency intercept of the real axis corresponds to the bulk resistance (Ry). It
can be seen from the figures that all of the CS-g-PEG films with different grafting times
have very low interfacial resistance, and the interfacial resistance of CS-g-PEG-480 is about
100 ), which is the lowest recorded value among the products. It was found that the
interfacial resistance decreased with an increase in the PEG content. It can be concluded
that the higher the amount of PEG grafted, the better the absorbency of the gel film for
liquid electrolyte, which leads to better interfacial compatibility between the film and the
electrode. At the same time, the assembled cells were placed at room temperature for
14 days, and the change of interfacial resistance was measured. It was found that the
interfacial resistance increased gradually with an increase in time, and the cell assembled
by CS-g-PEG-480 reached a relatively stable state in about 7 days. This demonstrated the
stable interface that formed between GPE film and lithium electrodes.
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Figure 7. Nyquist plots of Li/GPE/Li cells with GPEs of (a) CS-g-PEG-120, (b) CS-g-PEG-240,
(c) CS-g-PEG-480, on days 1, 3, 5, 7 and 14.

For GPE, the lithium ion transport number (t;;+) is very important to represent the
transport properties of lithium ions in the electrolyte. High ¢;;+ values can effectively lead
to a reduction in the polarization effect and an inhibition of lithium dendrite growth during
charge/discharge cycles of a lithium ion battery; it can result in improved energy output of
the cell. Figure 8 and Table 2 present the Li* transport numbers based on CS-g-PEG films
that were obtained by combining the EIS technique with the chronoamperometry (CA)
technique at room temperature. The optimum Li* transport number of CS-g-PEG-480 at
room temperature is 0.816, which is much higher than that of liquid electrolyte. The Li*
transfer number increased from 0.58 to 0.816 with an increase in PEG grafting degree, which
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was consistent with the change in ionic conductivity; this indicates that the introduction of
PEG segments was beneficial to the transport property of lithium ions in the battery. The
excellent Li* transfer ability of CS-g-PEG is firstly due to the introduction of PEG chain
segments. Secondly, the introduction of PEG chains breaks the hydrogen bonds originally
formed in chitosan molecules, resulting in residual amino and hydroxyl groups on the
chitosan main chain that can interact with the anions of lithium salt to fix the movement
of some anions (Scheme 2). In addition, as shown in Scheme 2, more PEG chain segments
are available on CS-g-PEG-480 with a higher grafting degree, so that more Li* can be
transported in the GPE films, and more Li* to Li* transport bridges can be constructed [33].
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Figure 8. Current-time curves of DC polarization and Nyquist plots before and after polarization in
different GPEs. (a) CS-g-PEG-120, (b) CS-g-PEG-240, (c) CS-g-PEG-480.
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Scheme 2. The transport process of lithium ions in CS-g-PEG molecules.
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Figure 9a Evaluation of the electrochemical stability of CS-g-PEG-based GPE using
linear sweep voltammograms (LSV) of Li/GPE/SS cells. The electrolyte with CS-g-PEG-120
and CS-g-PEG-240 decomposes at about 4.9 V, while the electrolyte with CS-g-PEG-480
decomposes at about 4.75 V and has a higher oxidation peak, which may be a result of
the higher reactivity of CS-g-PEG-480 due to the more PEG segments on it [25]. The result
indicates that CS-g-PEG can maintain excellent anodic stability at high voltages, and is a
very promising GPE material for application.
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Figure 9. Electrochemical performance of CS-g-PEG GPEs. (a) CV curves of stainless steel (SS)/CS-
g-PEG GPEs/Li cells. (b) Voltage profiles of Li/CS-g-PEG-480/Li cells at transfer charges of
0.2 mA-h cm—2,0.05 mA cm~2 and (c) 0.1 mA cm~2 current densities. (d) Charge—discharge profiles
of LiFePO,4/Li battery using CS-g-PEG-480 at 0.2 C for different cycles. (e) The initial discharge
profiles of LiFePOy /Li battery using CS-g-PEG-120, 240 and 480.

The interfacial compatibility of CS-g-PEG with lithium anode in symmetric Li/GPE/Li
batteries at different current densities and cycles was also measured via the galvanostatic
charge/discharge method. As shown in Figure 9b, the Li/CS-g-PEG-480/Li cell exhibited
an initial overpotential of 0.01 V at a current density of 0.05 mA cm ™2, followed by a slow
polarization; finally, the overpotential stabilized below 0.1 V within 600 h. At a current
density of 0.1 mA cm~2, the overpotential of the Li/CS-g-PEG-480/Li cell remained at
around 0.05 V for 600 h, and showed a more stable state, as shown in Figure 9c. These data
indicate that CS-g-PEG-480 has good cycling stability with a lithium anode.

Finally, a coin cell Li/GPE/LiFePO,4 was assembled to test the cycling performance
of the cell. Figure 9d shows the charge-discharge curve for the CS-g-PEG-480-based
coin cell at 0.2 C. The initial discharge capacity of the Li/CS-g-PEG-480/LiFePOy battery
was 158 mA h g~!, and it still had a discharge capacity of 155 mA h g~ after five cy-
cles. Figure 9e shows the discharge curves of Li/CS-g-PEG/LiFePOy cells with different
PEG grafting degrees. The data selected are the initial discharge capacity of each cell at
0.2C/0.5C/1C. It can be seen that the initial discharge capacity of the CS-g-PEG-480-based
cell was 142 mA h g~! at 0.5 C and 108 mA h g~! at 1 C, which may be due to the more
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severe polarization occurring inside the electrolyte at higher current densities. In addition,
the initial discharge capacity of the CS-g-PEG-240-based battery was 85 mA h g~!, and
the initial discharge capacity of the CS-g-PEG-120-based battery was 78 mA h g~!. The
lower specific discharge capacity of the Li/CS-g-PEG/LiFePOy battery with lower grafting
degree may be due to its relatively low lithium ion transfer number and ionic conduc-
tivity. However, in general, CS-g-PEG-480 still exhibits great application potential for
GPE-based LIBs.

4. Conclusions

Using cheap and sustainable chitosan as a raw material, a PEGylated chitosan gel
electrolyte was successfully designed and synthesized using a simple and low-cost grafting
reaction. The UV irradiation time was used as a control variable to obtain PEGylated
chitosan gel electrolytes with different PEG grafting degrees. The affinity of PEGylated
chitosan to liquid electrolyte significantly improved, and the application requirement of
the lithium ion battery was met. The complexation of the ether bond of PEG with lithium
ions provided the chitosan matrix with the ability to transport lithium ions rapidly; thus,
the button cell that was assembled with CS-g-PEG gel film achieved an ionic conductivity
of 1.12 x 1073 Sem ™!, and a lithium ion transport number of 0.816, at room temperature.
In addjition, the initial discharge capacity of the coin cell that was assembled with CS-g-
PEG-480 at room temperature was able to reach 158 mA h g~1; its long cycle performance
is worth further exploration. In summary, the designed chitosan-based GPE has great
prospects in the field of energy storage, and is expected to further replace the use of liquid
electrolytes and solve the safety problem that is associated with them.
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