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HIGHLIGHTS

® Gel polymer electrolyte of carboxylated chitosan hydrogel is prepared by phase-separation.

® HCl is the key chemical for crosslinking for forming transparent and flexible film.

® Exhibiting electrolyte uptake rate of 742.0 wt% and ionic conductivity of 8.69 x 10" *Scm ™.
® Capacitance of 45.9F g™, energy density of 5.2 Wh kg~ !, and power density of 226.6 W kg ™.

ARTICLE INFO ABSTRACT

Gel polymer electrolyte for flexible energy storage devices such as supercapacitors and rechargeable batteries
attracts widespread attentions. Herein, we fabricate a flexible, transparent, and eco-friendly gel polymer elec-
Film trolyte film based on biodegradable polymer of the carboxylated chitosan via phase separation of carboxylated
Gel polymer electrolyte chitosan hydrogel in hydrochloric acid. HCI is the key chemical for crosslinking of film forming, and the process
ZI;_ISCO;ZT;ZUVHY is simple, rapid and non-polluting. The obtained carboxylated chitosan hydrogel film with excellent flexibility
Supercapacitors exhibits a highest electrolyte uptake rate of 742.0 wt%, and a highest ionic conductivity of 8.69 x 10~ 2Scm ™.

A symmetric all-solid-state supercapacitors using carbon cloth as current collectors, activated carbon film as
electrodes, and carboxylated chitosan hydrogel film as a gel polymer electrolyte shows a high specific capaci-
tance of 45.9Fg~ ! at 0.5A g™ ', and the maximum energy density of 5.2Wh kg™' at a power density of
226.6 Wkg ™. To our knowledge, this is the first time that carboxylated chitosan hydrogel film being used as gel
polymer electrolyte for supercapacitors electrolyte. The good results indicate that the carboxylated chitosan as a
new gel polymer electrolyte material has great potential in practical applications of all-solid-state, flexible, and
portable energy storage devices.
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1. Introduction

In recent years, with the prospering development of portable, flex-
ible, and wearable electronic devices, flexible energy storage devices
have become a research hotspot [1-4]. Among them, it is well known
that supercapacitors have many advantages such as rapid charging/
discharging ability, long cycle life, superior power density, and good
eco-friendliness [5]. In general, the performance of supercapacitors
depends on electrode, electrolyte and device configuration [6,7]. There
have been many works concerning electrode materials, while these
focusing on the electrolytes of supercapacitors are rather limited [8,9].
However, electrolyte is one of the key components, which determines

electrochemical stable potential window, cycle life, and safety of su-
percapacitors [10,11]. In particular, gel polymer electrolytes (GPEs) for
supercapacitors have been developed, for example, a chemically
crosslinked PVA-H,SO, hydrogel film synthesized by adding glutar-
aldehyde that acted as a crosslinking reagent, which showed excellent
elasticity, high mechanical strength, and ionic conductivity after being
constructed as an integrated flexible supercapacitor [12]. When a
zwitterionic gel electrolyte of poly(propylsulfonate dimethylammo-
nium propylmethacrylamide) applied to graphene-based solid-state
supercapacitor, it obtained superior electrochemical performance [13].
Vinyl hybrid silica nanoparticle comprising polyacrylamide backbones
dual cross-linked hydrogel was presented. As a result, supercapacitor
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with this electrolyte can be stretched up to the unprecedented 1000%
strain with enhanced performance, and compressed to 50% strain with
initial performance [14]. Although these GPEs have been applied to
supercapacitors with good performance, the preparation processes are
pretty complex. What's more, all these conventional polymer matrix
materials are generally not biodegradable. The environmental pollution
caused by these synthetic polymers, which are difficult to be decom-
posed, has brought about serious problems. It makes sense to use in-
herent degradable biopolymers instead of non-degradable synthetic
polymers. For example, the chitosan-based hydrogels have been re-
ported as electrolyte materials for supercapacitors [15,16]. Whereas,
pure chitosan film has very low ionic conductivity, and very low proton
conductivity (~10"°Sem ™) in dry chitosan film without any struc-
tural modification [17,18]. So several methods such as combining with
lithium and ammonium salts, adding plasticizers, and blending with
different polymers have been used to enhance its ionic conductivity
[19-23]. Furthermore, chitosan generally dissolves in dilute acid so-
lution, which seems to limit its wider applicability due to its poor so-
lubility in water [24]. Carboxylated chitosan is a derivative of chitosan,
which has many advantages and widely been used. Not only does it has
biocompatibility, biodegradability, nontoxicity, antimicrobial activity,
strong affinity, and film-forming property like chitosan, but also it is a
water-soluble derivative rich in amino group, hydroxyl group, and
carboxyl group increasing the absorption of solution [25-28]. Im-
portantly, carboxylated chitosan is an amphoteric polyelectrolyte with
PH sensitivity [29,30]. It is commonly applied in drug delivery, tissue
engineering, cosmetics, and food industry [31-33]. However, the stu-
dies involving usage of carboxylated chitosan as electrolyte material to
supercapacitors have not been reported.

Here, a flexible GPE film with high conductivity based on green
biopolymer-carboxylated chitosan was developed via the solution
coating and crosslinking by hydrochloric acid. The film preparation
process was simple, quick, and environmentally friendly compared to
the multi-step synthesis and purification process [34,35]. All-solid-state
electronic double layer capacitor (EDLC) was assembled with car-
boxylated chitosan film as the polymer electrolyte, activated carbon
film as the electrodes, and carbon cloth as collectors. The device
showed an outstanding electrochemical performance with high specific
capacitance and energy density. It is believed that GPE based on car-
boxylated chitosan would have a broad prospect in the applications in
energy storage devices.

2. Experimental
2.1. Chemicals

Carboxylated chitosan was purchased from Aladdin. Polyether sul-
fone (PES, Ultrason E6020P) was obtained from BASF, Germany.
Activated carbon was provided by Shenyang Kejing Auto-instrument Co.
Ltd. Carbon cloth was bought from Hubei rocktech instrument Co. Ltd,
China. All other chemical reagents such as hydrochloric acid (HCl) and
dimethylacetamide (DMAC) were obtained from Sinopharm Chemical
Reagents Co. Ltd, China, and used without further purification.

2.2. Preparation of CCH film

1.0 g of carboxylated chitosan power was dissolved in 10 ml deio-
nized water at room temperature under magnetic stirring to form car-
boxylated chitosan casting solution. Afterwards, it made the casting
solution stand for a while to remove air bubbles and then coat casting to
the glass plate. The casting solution was prepared as film by spin
coating and the film thickness was controlled by spin coating (Spin
Coater, KW-4A) at a rotating speed of 500 rpm/min for 6 s. Finally, the
glass plate with casting solution was subjected to crosslinking through
immersion in hydrochloric acid solution for 6 h. The thickness of CCH
film was 0.532 mm.
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2.3. Determination of isoelectric point of carboxylated chitosan

Turbidity experiments were used to determine IEP (isoelectric
point) of carboxylated chitosan. The carboxylated chitosan solution
with a concentration of 0.1 g/ml was configured. Aqueous solutions
with various pHs was prepared by 0.01 mol/l1 HCl and 0.01 mol/1
NaOH, respectively. PerkinElmer Lambda 25 UV-visible spectrometer
was used to determine the transmittance of the carboxylated chitosan
solution in aqueous solutions with various pHs, and then IEP was ob-
tained.

2.4. Characterizations of CCH film

The morphologies of sample were observed by field emission
scanning electron microscope (SEM, JSM-6701F, JEOL, Japan). The
crystal structure was analyzed by X-ray diffraction (XRD Bruker, D8
Advance, Germany). Fourier transform infrared spectroscopy (FTIR)
spectra of KBr tablet were measured with FTIR Nexus 670 instrument.
The thermal stability of the prepared film was determined using ther-
mogravimetric analysis (TGA/DSC, Mettler Toledo) under nitrogen at-
mosphere from room temperature to 800 °C at 10 °C/min heating rate.
The sample of CCH film for these characterizations dealt with freeze-
drying method.

The ionic conductivity of the film was calculated by the equation of
o= L/(RyA), where L was the thickness (cm) of the CCH film, A was the
effective contact area (cm?) of the film with the steel electrodes, and R,
was the bulk resistance (Q2) obtained from the first intercept on the x-
axis of the impedance figure [36]. R, was measured by sandwiching the
CCH film with two stainless steel sheets of 1.3 x 1.3 cm? on a CHI660E
electrochemical workstation. The electrolyte uptake rate of the film (W)
was estimated using the following equation:
W% = Miyer — Mary/Mar, X 100%, where My, was the dry weight of film
after being dried in an oven at 50 °C, and M, was the wet weight of
film after soaking in HCI electrolyte at room temperature for 6 h.

2.5. Electrode preparation

The flexible film electrode was fabricated based on the liquid-liquid
phase-separation technique of polyethersulfone according to our pre-
vious report [37]. For the preparation of activated carbon (AC) film
electrode, a thin film of about 1.2 x 1.2cm? was cut from the mem-
brane. The capacitance value was calculated based on the electro-active
material used in the film.

2.6. Assembly of all-solid-state EDLC

All-solid-state EDLC was assembled with the CCH film, symmetric
activated carbon film electrodes, and carbon cloths (used as the current
collectors). The CCH film was sandwiched between two activated
carbon films and pressed carbon cloths on them together under a
pressure.

2.7. Electrochemical performance

The electrochemical performance of the all-solid-state EDLC was
examined by cyclic voltammetry (CV) measurement, galvonostatic
charging-discharging (GCD) measurement, and electrochemical im-
pedance spectroscopy (EIS) test on a CHI660E (Shanghai, China) elec-
trochemical workstation in a two-electrode mode. The cycle stability
test was measured on a land cell tester.

For the all-solid-state EDLC, the specific capacitance of device were

calculated by the following equation (1):
C=Ixt/(AVxm) @

where C (F g~ 1) was the specific capacitance, I (A) was discharging
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Fig. 1. a) Digital photos of carboxylated chitosan solution, b) crosslinked CCH film, and (c and d) schematic illustration of internal crosslinking for CCH film.

current, t (s) was the discharging time, /\V (V) was the potential drop
during discharging process, and m (g) was the mass of active materials.

The energy and power density of device were calculated from the
discharging curves at different current densities according to equations
(2) and (3):

E=Cx V/(2 x 3.6) 2

3)

where E (Wh kg~ 1) was the energy density of device, C (F g~ 1) was the
specific capacitance, V (V) was the potential drop during discharging
process, P (W kg’l) was the power density of device, and At (s) was
the discharging time, respectively.

P = E x 3600/(At)

3. Results and discussion

Gel polymer electrolyte (GPE) film was prepared based on the bio-
degradable polymer of the carboxylated chitosan via phase separation

49

method of CCH in hydrochloric acid (HCl). In a nutshell, commercial
carboxylated chitosan power was dissolved in deionized water at room
temperature under magnetic stirring to form carboxylated chitosan
casting solution (see Fig. 1a). One can see that the casting solution
formed of 1 g carboxylated chitosan dissolved in 10 ml distilled water
was transparent, uniform, and flowing. The glass plate with casting
solution was subjected to crosslinking through immersion of it in hy-
drochloric acid solution for 6 h. During this process, when the cross-
linking happened and the casting solution transferred into CCH film, it
cannot dissolve in 1 mol/l hydrochloric acid solution as shown in
Fig. 1b. It should be noted that the crosslinking process and the film
preparation process was very rapid within two minutes.

For the film fabrication, HCl was the key chemical crosslinking
agent, and we vividly described the internal crosslinking mechanism as
shown in Fig. 1c. In fact, the polymer chains were perfectly crosslinked
forming an interconnected bulk through both electrostatic attraction
and hydrogen bonds interaction. The macromolecular structure evolu-
tion and the functional groups forming for crosslinking are further
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Fig. 2. FTIR spectra of pristine carboxylated chitosan powders and CCH film.

illustrated in Fig. 1d. As one can see that the carboxylated chitosan
polymer chains would possess high electrolyte absorption ability due to
the large number of hydrophilic groups such as -NH,, -OH, -COOH, and
-NHCO-. Interestingly, under the circumstance of HCl solution, -NH, on
carboxylated chitosan chains was protonized into -NHs " [38]. In this
case, a large number of -COOH and a small number of COO ™ existed in
acidic condition, and two kind of non-covalent bonds formed including
the ionic bond between NH;* and COO ™, and hydrogen bond between
-COOH and -NHCOCHS;, Finally, carboxylated chitosan chains were
cross-linked and achieved high film properties.

Pristine carboxylated chitosan powder (CCP) and the crosslinking
CCH were characterized by FTIR as shown in Fig. 2. For CCP, the strong
characteristic absorption of the peak between 3300cm™' and
3500 cm ™! was observed in the spectrum, which was attributed to the
stretching vibration of N-H (primary amine) and O-H groups displayed
strong hydrogen bond interactions [39]. After being crosslinked by HCI,
this band became narrow and shifted to the higher wavenumber region,
ascribing to the protonation of NH, group, which changed original
hydrogen bond structure. Meanwhile, in the spectrum of pristine CCP,
there were two peaks appeared at 1728 cm ™, belonging to the C=0
stretching vibration in -COOH, and one at 1641 cm ™! corresponding to
the C= 0 stretching vibration in -NHCOCHj3 The deformation vibration
of N-H in -NH, appeared at 1599 cm~'. After crosslinking, the ap-
pearance of two new peaks at 1563 cm ™ * and 1383 cm ™! were assigned
to the deformation vibration of NH;* and C=O stretching vibration in
-COO’, respectively. It illustrated the existence of ion interaction be-
tween the positively charged NH;* and negatively charged -COO™ in
carboxylated chitosan chain. In addition, the absorption peak at
1641 cm ™" shifted to 1639 cm ™!, which revealed hydrogen bonding
between -NHCOCH; and -COOH.

Isoelectric point (IEP) is one of the important parameters for esti-
mating the application of amphoteric polyelectrolytes. Under certain
pH condition, if the average charge on the chain of amphoteric poly-
electrolyte macromolecule were zero, this pH value would be the IEP
(isoelectric point) of this amphoteric polyelectrolyte. In the range of
IEP, groups with opposite charges attracted to each other, resulting in
decrease of the solubility of molecular chains in the solution [40]. The
IEP of carboxylated chitosan solution was determined by turbidity
measurements [41,42], and the results are shown in Fig. 3. As can be
seen from the diagram, the range of IEP for carboxylated chitosan was
less than 2. It is proved that the carboxylated chitosan solution would
be insoluble in a solution with any pH values less than 2. So the illus-
tration shows that the carboxylated chitosan solution forming gel would
lead to reduction of transmittance; while when external solution with a
pH value higher than 2, carboxylated chitosan could dissolve in the
solution. Based on the experiments, one can see that both solutions of
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Fig. 3. IEP determination of carboxylated chitosan solution by turbidity mea-
surement.

carboxylated chitosan at the values of 6 and 12 were transparent, while
that at the value of 1 was murky. These results further explain that the
state of carboxylated chitosan solution could be used to realize the
crosslinking of the polymer macromolecules in strong acidic solution.

The formation of crosslinking bonds among carboxylated chitosan
chains through HCI was confirmed by indissolubility of film immersed
in water for different time, and XRD and TGA-DSC characterizations as
shown in Fig. 4 As can be seen from Fig. 4a, CCH film remained intact
and did not dissolve after being soaked in water for even one week.
These results exhibited that the prepared film had good stability in
water. The CCH film before being freeze-dried could be bent for any
angles (see Fig. 4b). After freeze-drying, the film with thickness of
33um was completely transparent as presented in Fig. 4c. It is im-
portant that the thickness of the film could be mediated from 10 to
several hundreds um just by varying the fabrication conditions during
the phase separation process. The surface and cross-sectional
morphologies of CCH film are shown in Fig. 4(d-f). One can see that
CCH film showed a homogeneous, dense, and smooth surface without
obvious separation of compositions indicating good compatibility be-
tween CCH and HCI. The cross-section was also compact and non-
porous structure. This characteristic of the film would benefit for
loading and maintaining of electrolyte ions via the free volume of
flexible polymer chains, especially in swollen film [43].

The XRD patterns of pristine CCP and the crosslinked CCH film are
shown in Fig. 4g. Pristine CCP exhibited semi-crystalline structure and
had a distinct diffraction peak at the 26 angle of 26.3° and a broad peak
at about 20°, demonstrating that pristine CCP contained both crystalline
and amorphous regions. After crosslinking, the peak at about 20° turned
wider and its intensity became weaker. In addition, some of the weak
peaks decreased or vanished. This was because the destruction of
crystalline structure of carboxylated chitosan, or the reduction of
crystallinity degree due to crosslinking. The characteristic of higher
ratio of amorphous structure would be beneficial to obtaining high
ionic conductivity for a gel polymer electrolyte. On the basis of Ratner
and Shriver [44], the more flexible polymer chain, the better the ion
mobility could be obtained, because that the ionic conductance of the
gel polymer electrolyte occurs in amorphous phases. In this case,
polymer chains would form a network structure through crosslinking,
which inhibited the crystallization of the polymer so increased the
absorption capacity of electrolyte in the polymer matrix, and finally
improve the ionic conductivity.

The thermal decomposition of pristine CCP was divided into two
stages. The first weight loss within 60-160 °C was attributed to the loss
of moisture in the sample corresponding to the heat absorption peak of
about 80 °C on the DSC curve. While the second stage weight loss in the



H. Yang, et al.

Journal of Power Sources 426 (2019) 47-54

Oh 6h 12h

2 one week

?"

'

]

N’
=3

e’

2 theta (degree)

Temperature (°C)

— Pristine 100 - —TGA -20 100+ — TGA
—Crosslinking ——DSC —DSC 112
{25 -
D L oL
;f § i § » 116
3 = 130> = -
iy K = 8 oop 120"
.E = 60 | 435 2 E E
2 i) =gl -
= < lio 5 ; 4-2.4 =
40} i ] o
z k| E
443 20F 4-2.8
. . " R . " p 20
0 10 20 30 40 50 60 0 100 zoo 300 400 ﬂm 600 700 soo 900 0 wo 200 sno 400 soo 500 700 soo 900

Temperature (°C)

Fig. 4. a) Digital photos of CCH film immersed in water for different time, b) before and c) after freeze-drying, SEM images of the CCH film after freeze-drying: d)
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atmosphere.

range of 250-500 °C was considered to the degradation of carboxylated
chitosan skeleton. The temperature of exothermic peak corresponded to
the degradation temperature of amino groups on the carboxylated
chitosan chain (314°C). Meanwhile, there was no glass transition
temperature for carboxylated chitosan (Fig. 4h). Obviously, thermal
stability of the CCH film decreased from the beginning without no-
ticeable step, and two distinct endothermic peaks corresponded to the
volatilization of water (107 °C) and the decomposition temperature of
polymer chains (220 °C). It indicates that the thermal stability of the
film was high, and it did not decompose within 100 °C. Besides, exo-
thermic peak did not appear, indicating that the amino group was
protonated, which is consistent with the previous results (Fig. 4i). The
decomposition temperature of the CCH film decreased due to the fact
that crosslinking process maybe destroy the crystallization of car-
boxylated chitosan, which is also consistent with the XRD results.

The ionic conductivity of the CCH film was calculated by the
equation of o= L/(R,A) according to Nyquist plot. As shown in Fig. 5a,
the values of Ry, L, and A were 0.3622Q, 0.532mm, and 1.69 cm?,
respectively, so the ionic conductivity was calculated to be
8.69 x 107?Scm ™. In general, ionic conductivity of GPE was ap-
proximately 10 3Scm ™! at ambient temperature. Interestingly, the
ionic conductivity of the prepared CCH film in this work was much
higher than the values reported in literature. Meanwhile, the electrolyte
uptake rate of the film (W%) was also calculated by the equation of
W% = Miyer — Mary/Mar, X 100%. The absorption rate of the CCH film
attained 742%, higher than the other GPE films reported in the litera-
ture such as VSNPs-PAA [45], CS-MSA-15 [46], MPEs [47], mCel-
membrane [7], and KCI-Fe>* /PAA [36], as shown in Fig. 5b. The good
electrolyte-absorption ability of CCH film attributed to the carboxylated
chitosan chains containing a variety of hydrophilic groups and high
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compatibility with HCl electrolyte, which in turn benefited to im-
proving the ionic conductivity.

The CCH film showed both high ions conductivity and high elec-
trolyte uptake rate, so it could be used to fabricate the all-solid-state
component and device for energy storage and conversions. In this work,
all-solid-state EDLC was assembled and the electrochemical perfor-
mance is shown in Fig. 6. Fig. 6a exhibits the schematic diagram of the
assembled all-solid-state EDLC, which has three layers of components:
activated carbon film, CCH film, and activated carbon film. Activated
carbon film electrodes were prepared according to our previous report
[37]. The carbon cloth was selected as the current collector, and the
CCH film was sandwiched between the two symmetrical activated
carbon electrodes. Giving some pressure to ensure the close contact
between the current collectors, electrodes, and GPE during the testing
process.

The electrochemical performance of all-solid-state EDLC was mea-
sured. The CV curves with a potential window of 0-0.9V of EDLC at
different scan rates showed quasi-rectangular shapes, indicating low
charge transfer resistance and relatively ideal capacitance character-
istics. As the scan rate increasing (up to 100 mVs™1), the rectangular
CV curve became leaf-like, showing that the charge transfer resistance
became the dominant factor in the supercapacitor (Fig. 6b). The GCD
curves measured within a potential window of 0-0.9 V at various cur-
rent densities are displayed in Fig. 6¢. As one can see, all the curves
exhibited typical symmetric triangular shapes with a small internal
resistance (IR) drop, further proving the ideal reversible capacitance
characteristic of electric double layer capacitor. For the Nyquist plots
(Fig. 6d), the plot consisted of a semicircle in the high frequency region
and an inclined line in the low frequency region, showing its double
layer capacitive behavior. The intercept in the high frequency region
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was the bulk resistance (R;), which was influenced by the bulk re-
sistance of GPE film and internal resistance of the electrode. The
semicircle represented the charge transfer resistance (R..), which was
associated with the electrode-electrolyte interface, bringing mainly
about the ionic resistance. By fitting the equivalent circuit, the bulk
resistance (R;) was 1.229 Q and the charge transfer resistance (R.) was
1.208 Q, reflecting that the EDLC had low ion transport restriction at
electrode-electrolyte interface and thus had a small interface resistance.
In addition, it was proved that AC film electrode had a good compat-
ibility with the CCH film. The linear region of slope was the Warburg
impedance element (W) related to the ion diffusion resistance deriving
from ions diffusion through porous electrodes. Moreover, the specific
capacitances at different current densities are presented in Fig. 6e. The
specific capacitances of device were 45.9, 41.9, 33.1, 26.7, 21.3, and
17.2F g~ ! measured at a current density from 0.5 to 5A g™, respec-
tively. They gradually decreased with the increase of current density,
owing to a reduction in the diffusion of ions into the electric double
layer electrode and the increase of electrical resistance of the material.
Energy density and power density were important indexes for evalu-
ating the electrochemical properties of supercapacitors. In Fig. 6f, the
energy density of the device reached 5.2 Wh kg~ * at a power density of
226.6 Wkg™!, and remained 1.9Wh kg~! at a power density of
2206.5 Wkg .

4. Conclusions

In summary, we have successfully developed a novel GPE film by
non-covalently crosslinking carboxylated chitosan polymer chains. The
flexible and transparent CCH film possessed several advantages such as
high flexibility, high electrolyte absorption capacity, and high ionic
conductivity. Symmetric all-solid-state EDLC combining CCH film with
activated carbon electrode exhibited high electrochemical performance.
The maximum energy density of all-solid-state EDLC reached 5.2 Wh
kg~ ! at a power density of 226.6 Wkg ™!, and a high power density of
2206.5Wkg ™! at 1.9 Wh kg~ ! within 0-0.9 V potential window. Our
research provides a promising and new direction for developing flexible
energy storage devices in a rapid, easy, and low-cost way.
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