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Abstract A novel gel electrolyte has been prepared using bacterial cellulose (BC)
coated with chitosan (CTS) and alginate (Alg) layers, which contain 1-ethyl-3-
methylimidazolium tetrafluoroborate (EMImBF,). The gel electrolyte was optimized
for use in solvent-free solid-stage electric double-layer capacitors (EDLCs). The
inoculated BC was oxidized and coated with alternating layers of CTS and Alg via
ionic crosslinking to produce the gel electrolytes. The CTS content of the obtained gel
electrolytes linearly increased with an increase in the number of CTS and Alg layers on
the BC fibers. The results imply that the CTS and Alg layers successfully bound onto
each BC fiber, which was consistent with Fourier transform infrared spectroscopy
measurements. Based on a structural analysis, the fabricated gel electrolytes had a
nanofibrous structure with a fiber diameter range of approximately 78.6-99.0 nm, a
high thermal stability, and a significantly improved tensile strength compared to gel
electrolytes of only CTS or Alg. In addition, EDLCs have been fabricated using the
new gel electrolyte with activated carbon as the active material. The electrochemical
performance of the EDLCs was determined via charge—discharge testing and alter-
nating current impedance measurements. The EDLCs cell with a gel electrolyte of BC
coated with 15 layers of CTS and Alg containing EMImBF, showed a high discharge
capacitance, implying that the high affinity of this gel electrolyte for the activated
carbon electrode leads to reduced electrode/electrolyte interfacial resistance, which
shows the potential of this approach compared with liquid-phase EMImBF, to obtain
high-performance, safety-oriented EDLCs.
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Introduction

With advances in electronic technologies, there is a demand for high-energy power-
storage devices to be manufactured in a compact and handy-to-use way without a
reduction in their performance. Electric double-layer capacitors (EDLCs), also known
as supercapacitors, can be functional and meet the abovementioned requirements. The
energy storage mechanism of EDLCs arises from non-faradic phenomena between
two non-faradic electrodes and an electrolyte at their interfaces [ 1-3]. This can provide
a higher sustained power density and longer charge—discharge cycle (> 100,000
cycles) as compared with rechargeable battery systems [4, 5].

Owing to their excellent properties such as near-zero vapor pressure, high
thermal stability, and non-flammability, ionic liquids (ILs), which have been widely
promoted as green solvents [6-8], are being studied as electrolytes for EDLCs
[9-14]. However, the liquid leakage and lack of safety associated with IL
electrolytes in the EDLCs system must be considered. Hence, non-aqueous
electrolytes are more promising for EDLCs. The various gel electrolytes, including
IL-based electrolytes, have been prepared [15-22].

Considering depletion of nonrenewable resources, sustainable development and
application of biodegradable polymers have attracted significant attention. In recent
years, biomass such as carrageen [23-26], agar [27, 28], starch [29-31], and guar
gum polysaccharide [32] have been developed for gel-polymer electrolytes. In
addition, previous studies have reported successful preparation of gel electrolytes
from chitosan (CTS) [33-35] and alginate (Alg) [35-38], including high-
performance ILs for use in EDLCs. However, the low tensile strength of these
gel electrolytes may be attributed to the properties of the materials used.

Bacterial cellulose (BC), which is natural polymer nanofiber, displays unique
physical and chemical properties such as good biocompatibility, high water
absorption capacity, high crystallinity, highly fibrous networks, and a high tensile
strength and modulus [39, 40]. Therefore, if BC is used as the scaffold for CTS and
Alg as a gel electrolyte, it is possible to efficiently combine both the higher tensile
strength and the electrochemical properties of these materials.

In this work, a novel gel electrolyte was successfully prepared using BC coated
with alternating layers of CTS and Alg including 1-ethyl-3-methylimidazolium
tetrafluoroborate (EMImBE,) for the use in EDLCs. The characterization of the gel
electrolyte and its electrochemical properties are discussed.

Experimental

Materials

Gluconacetobacter xylinus ATCC 53582 was purchased from Summit Pharmaceu-
ticals International Corporation (Japan). Chitosan [FL-80, Mw 90,000, degree of

deacetylation (DDA): 89.7%] and sodium Alg (viscosity: 80—120 mPa s for 10 g/L.
at 20 °C) were supplied from Koyo Chemical Co., Ltd. (Japan) and KIMICA
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Corporation (Japan), respectively. 1-ethyl-3-methylimidazolium tetrafluoroborate
(EMImBF,, 99.0%) was purchased from Toyo Gosei Co., Ltd. (Japan). Activated
carbon (YP-50F), acetylene black (HS-100), sodium carboxymethyl cellulose (WS-
C), and styrene-butadiene rubber (TRD2001) were purchased from Kuraray Co.,
Ltd. (Japan), Denka Company Ltd. (Japan), DKS Co., Ltd. (Japan), and JSR
Corporation (Japan), respectively. Other reagents were purchased from Wako Pure
Chemical Company (Japan) and used without further purification.

Preparation of gel electrolytes of BC coated with alternating layers of CTS
and Alg

Preparation of BC gel

The starting culture of Gluconacetobacter xylinus was inoculated at 30 °C for
7 days with 1 mL of Gluconacetobacter xylinus in 200 mL of Hestrin—Schramm
(HS) medium containing 2% p-glucose, 0.5% yeast extract, 0.5% peptone, 0.115%
sodium hydrogen phosphate, and 0.27% citric acid in deionized (DI) water (w/v)
[41, 42]. The HS medium was sterilized at 121 °C for 15 min before use [43]. After
the incubation period, BC was cultured at room temperature for 3 days by adding
1 mL of starter culture in 20 mL of HS medium. Subsequently, the obtained BC gel
was washed with DI water to remove the HS medium and was treated in a 0.5 M
sodium hydroxide (NaOH) solution at 90 °C for 1 h to eliminate bacterial cells [40].
Then, the treated BC gel was washed with DI water until the pH of the filtrate was
neutral before using the gel in future processes.

Preparation of BC coated with alternating layers of CTS and Alg

The BC nanofiber was oxidized with potassium periodate (KIO,) before coating it
with CTS and Alg. The BC was submerged in 400 mL of a 1-mg/mL KIO, solution
and was stirred at 60 °C for 1 h [44]. The oxidized BC was then washed with DI
water several times to remove the KIO,; then, it was soaked in DI water overnight at
room temperature before coating with CTS and Alg in the next step.

The oxidized BC was coated layer by layer with CTS and Alg as follows: The
CTS and Alg solutions were prepared with a concentration of 0.1% (w/v). The CTS
solution was prepared by adding 0.4 g of CTS powder to 2% (v/v) aqueous acetic
acid to a volume of 400 mL and by subsequent stirring at 60 °C for 1 h. Meanwhile,
the Alg solution was prepared by adding 0.4 g of Alg powder to DI water to a
volume of 400 mL and by subsequent stirring at 60 °C for 1 h. Subsequently, the
oxidized BC was submerged in 400 mL of 0.1% (w/v) CTS solution and stirred at
60 °C for 1 h to coat it with a layer of CTS. Then, the CTS-coated oxidized BC was
submerged in 400 mL of 0.1% (w/v) Alg solution and stirred at 60 °C for 1 h to
coat it with a layer of Alg. Accordingly, the sample was coated with additional CTS
layers alternated with Alg layers. The coated sample was washed in 400 mL of DI
water in an ultrasonic machine twice before repeated CTS or Alg coatings. The
number of coating layers of CTS alternated with Alg on the samples were 5, 10, and
15. The corresponding products were labelled as BC/(CTS/Alg)s, BC/(CTS/Alg);0,
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and BC/(CTS/Alg),s, respectively. After coating, the sample thickness was reduced
via pressing with a 2-kg load for 2 h, and the thickness of the obtained samples was
restrained up to approximately 100 um; then, it was soaked in 400 mL of methanol
for 3 days; the methanol bath was changed every day. The sample thus obtained was
used in the subsequent steps.

Characterization of gel electrolyte
Fourier transform infrared spectroscopy (FTIR)

FTIR (670-IR, VARIAN Inc., USA) was used for identifying the functional groups
in the obtained samples.

Determination of CTS content

The CTS content in the obtained samples was determined via the Kjeldahl method
[45, 46]. The sample was dried at 50 °C overnight; then, it was vacuum-dried at room
temperature overnight before analysis. First, the digestion process was performed as
follows: Approximately 100 mg of the sample was digested with 10 mL of
concentrated sulfuric acid in the presence of 3 g of catalyst (9:1 ratio of potassium
sulfate-to-copper sulfate) and 5 mL of 35% (v/v) hydrogen peroxide in a digestion
tube at 420 °C until the digested solution became transparent. The digested solution
was then cooled to room temperature, and distillation and titration were performed as
follows: The digestion tube with the digestion solution was attached to the distillation
unit and 30% (w/v) of NaOH solution was added to the digestion solution until the
solution turned black. Steam distillation was performed for approximately 15 min.
The distilled ammonia was received into DI water (30 mL) containing 2-4 mL of
0.05 M hydrochloric acid (HCI) in an Erlenmeyer flask. A few drops of the indicator
[a 0.05% (w/v) methyl red-methylene blue ethanol solution] were added to the
solution before titrating the solution with a standardized 0.01 M NaOH solution. The
CTS content (%) was determined using Eqgs. (1) and (2):

DDA 100 — DDA

Mcrs = Mgien 00 + Mgienac BT — (1)

Mcrs(CuciVier — Cnaon VNaon)

CTS content (%) = W

x 100 (2)
where Mcrs is the average molecular weight of a sugar unit of CTS and Mg and
Mgienac are the molecular weights of a glucosamine unit and an N-acetyl-glucosamine

unit, respectively. C (g/1000 mL) and V (mL) denote the concentrations and volumes of
HCI and NaOH, respectively. W (g) is the total weight of the tested sample.

Scanning electron microscopy (SEM)

SEM (JSM6700, JEOL, Japan) was used to analyze the morphology of the obtained
samples at an accelerating voltage of 5 kV with 20-k magnification. The diameter-
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size distribution of the BC nanofibers was analyzed based on the SEM images using
image visualization software.

Porosity

Porosity of the sample was determined using liquid displacement according to previous
literature [47]. Ethanol was used as the displacing liquid. The sample dimensions were
measured using a Vernier caliper, and the volume was calculated. The sample was
freeze-dried and soaked in ethanol for 24 h to allow the ethanol to penetrate into the
pores of the sample. The weight of the sample before and after soaking in ethanol was
measured. The porosity (%) of the sample was determined using Eq. (3)

(Wr — Wi)

Porosity (%) =
Pethanol X 14

x 100 (3)
where W; (g) is the weight of the dry sample, W; (g) is the weight of the wet sample
after soaking in ethanol, peanor (0.789 g/cm3) is the density of ethanol, and V (cm®)
is the volume of the sample.

Thermogravimetric analysis (TGA)

A thermogravimetric/differential thermal analyzer (EXSTAR TG/DTA 6200, SII,
Japan) was used to analyze the thermal properties of the obtained samples. All
samples were vacuum-dried at room temperature for 2 days before analysis. The
samples were measured at a heating rate of 20 °C/min in the range of 25-600 °C in
a nitrogen atmosphere.

Determination of mechanical properties

The mechanical properties of the obtained samples were determined using a
universal testing machine (STA-1150, A&D Company, Ltd., Japan) equipped with a
50-N load cell at a constant speed of 10 mm/min in ambient conditions. The sample
was cut to a size of 30 mm in length and 5 mm in width, was mounted in tensile
grips before the analysis, and was measured more than 10 times. Tensile parameters,
including tensile strength and elongation at break, were determined from the stress—
strain curves obtained from the force—distance data.

Fabrication of EDLC cells

The BC, BC/(CTS/Alg)s, BC/(CTS/Alg),p, and BC/(CTS/Alg)s samples were cut
into 16-mm diameter disks and immersed in EMImBF,. The immersed samples
were then vacuumed under 0.3 Pa at room temperature for 48 h to remove
impurities such as methanol and moisture. The thicknesses of the obtained gel
electrolytes were approximately 100 pm.

An activated carbon composite electrode for a test cell was prepared via the
following process. Activated carbon, acetylene black (as a conductive additive),
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1.2% (w/w) sodium carboxymethyl cellulose (as a dispersant), and 48% (w/w)
styrene-butadiene rubber (as a binder) were homogeneously dispersed in DI water
with a weight ratio of 90:5:3:2. The obtained electrode slurry was cast onto an
etched aluminum current collector and dried, and the obtained composite electrode
sheet was cut into 12-mm diameter disks.

A pair of activated carbon electrodes was immersed in EMImBF, for 10 min
under a vacuum before assembling the test cells. Two-electrode coin cells were
assembled using this pair of electrodes and a gel electrolyte (one of the samples
described previously) for electrochemical measurements. A test cell containing
EMImBF, as a liquid electrolyte with a cellulose separator (TF4035, Nippon
Kodoshi Corporation, Japan) was also fabricated for comparison. All assembly
procedures were conducted in an argon-filled glove box.

Electrochemical measurement

The performances of these EDLC test cells were measured using a battery charge—
discharge apparatus (HJ1001 SM8, Hokuto Denko Corporation, Japan). The charge—
discharge tests were conducted with a voltage range of 0-2.5 V at several current
densities in the range of 2.5-100 mA/cm?. The discharge rate performance of the
EDLCs at various discharge current densities was also estimated after applying a
constant current charge up to 2.5 V. The discharge capacitance of a single electrode
in the present EDLC symmetrical cells was determined using Eq. (4):

Ixt

€= (V/2) x W “
where C (F/g) is the discharge capacitance, I (A) is the discharge current, 7 (s) is the
discharge time, V (V) is the operating voltage, and W (g) is the mass loading of
activated carbon at a single electrode [35-38]. Alternating current (AC) impedance of
the test cells was measured using a potentiogalvanostat (SI 1287 type, Solartron
Analytical, UK) and frequency response analyzer (SI 1260 type, Solartron Analytical,
UK). The AC amplitude was 10 mV, and the frequency range was 500 kHz-
10 mHz. All of the electrochemical measurements were carried out at 25 °C.

Results and discussion

Characterization of gel electrolyte

Determination of CTS content

The CTS content (%) in the BC of several samples after coating with alternating
layers of CTS and Alg is shown in Fig. 1. The results show that the CTS content
linearly increased (R* = 0.999) when the number of CTS layers on the BC

increased, implying that the layers of CTS and Alg bound to each BC fiber. A
schematic of the coating process is shown in Fig. 2.
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FTIR

The FTIR spectra of BC and BC coated with alternating layers of CTS and Alg are
shown in Fig. 3. All samples showed absorption peaks in the region
3600-3000 cm™'; these correspond to the stretching vibrations of O-H groups
and peaks at approximately 2900 cm™', which are induced by the stretching
vibration of CH,. The various peaks in the 1450—1200-cm ™" region are due to the
stretching of C—H, and the peaks at about 1060 and 1035 cm™' are due to the
stretching of C—O-C. These absorption peaks are characteristic of BC, while the
absorption peak at 1640 cm ™' is related to the H-O-H bending vibration of water
absorbed in the material [48, 49].

Owing to the small percentage of CTS and Alg on the BC fiber, the FTIR
spectrum of BC coated with alternating layers of CTS and Alg is very similar to that
of the BC. However, the most obvious difference between their FTIR spectra is the
slight shift of the broad peak for the O-H and N-H groups of BC/(CTS/Alg)s, BC/
(CTS/Alg),p, and BC/(CTS/Alg),s compared with the peaks seen in normal BC in
the ranges of 3370-3400 and 3430-3457 cm™ ', respectively. The increase in the
CTS content on the BC fiber after coating with alternating layers of CTS and Alg
indicates that an increased amount of amine groups or nitrogen atoms from the CTS
layer were incorporated into the BC matrix and they interacted with the O-H group
in the BC fiber [50]. Moreover, the peak at approximately 1420 cm ™' in the coated
BC was stronger with a higher intensity than the same peak seen in BC because of
the additional vibration from the NH;" group of CTS interacting with the COO™
group of Alg [51]. Further, the peak at 1736 cm ™" was not found in the spectrum of
the coated BC because there were no non-ionized COOH groups. These spectra
confirmed that the carboxylate groups of sodium Alg were dissociated to COO™,
which formed complexes with the protonated amino groups of CTS via electrostatic

14

p—
N~
!

_
=
'

CTS content (%)

0 5 10 15
Number of CTS layer coated on oxidized BC fiber

Fig. 1 CTS content in the BC coated with alternating layers of CTS and Alg

@ Springer



4978 D. Kotatha et al.

OH
O
(a) (ﬁﬁg%
NH3 /n

Chitosan (CTS)

OH 3 ].(IO“ ; OH OH
o Oxidation reaction o o
(©) HO o) HC\_07{HO o
HC 1
OH /n I o X OH /Jy
Cellulose (BC) Oxidized cellulose unit
OH OH
Q Q
CTS coating process HCH%A’O HO 0
. / o /x OH Jy
OH
N
HO 0
d ©THo 0
oH /m NH3 /n-m

Oxidized bacterial
(d) cellulose fiber

Fig. 2 Schematic of the process for coating CTS and Alg layers on BC: a CTS structure, b Alg structure,
¢ cellulose oxidation reaction and CTS coating process on BC, and d layer-by-layer coating process with

CTS and Alg

%T (a.u.)

1420 cm™

800 400

3370 cm’

T T T T T
4000 3600 3200 2800 2400 2000 1600 1200
Wave number (cm'l)

Fig. 3 Fourier transform infrared spectroscopy spectra of a BC, b BC/(CTS/Alg)s, ¢ BC/(CTS/Alg)o,
and d BC/(CTS/Alg)s
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interactions [52]. This result supports the measured CTS content results, which
showed that CTS and Alg layers successfully bound on the BC fiber.

SEM

SEM images and the measured diameter-size distribution from the SEM images of
BC and coated BC are shown in Fig. 4. SEM images of BC (Fig. 4a) revealed a
nanofibrous structure with an average fiber diameter of 76.8 nm, which is similar to
the diameter reported in previous studies of BC [53, 54]. The diameter sizes of
coated BC samples, BC/(CTS/Alg)s, BC/(CTS/Alg),o9, and BC/(CTS/Alg),s were
78.1, 96.3, and 99.0 nm, respectively. The diameter size increased with an increase
in the number of coating layers of CTS and Alg bound on each fiber of BC, which is
consistent with the results of the CTS content and FTIR characterization.

Porosity

The porosities at the swelling stage of BC, BC/(CTS/Alg)s, BC/(CTS/Alg),o, and
BC/(CTS/Alg),s were 93.5, 89.9, 88.1, and 83.3%, respectively. The porosity of the
obtained samples decreased with an increase in the number of CTS and Alg layers
coated onto the BC fiber. This result suggests that the porosity of the BC gel
decreased with the increase of the diameters of BC fibers, as indicated by the SEM
images.

TGA

The TGA and differential TGA (DTGA) curves of BC, coated BC, CTS powder,
and sodium Alg powder are shown in Fig. 5. The CTS and sodium Alg powder had
degradation temperatures at 305 and 240 °C due to the decomposition of CTS [55]
and sodium Alg [56], respectively. BC and coated BC demonstrated a weight loss
due to evaporation of the volatile content between 30 and 130 °C; the amount of this
evaporated volatile content increased in the coated BC compared to BC. The BC
sample showed merely one step of degradation at approximately 360 °C owing to
the dehydration and the decomposition of cellulose molecules [57, 58]. The coated
BC showed two steps of degradation; the first degradation step occurred in the range
of 180-270 °C, which is in the same range as that of the degradation of sodium Alg
and CTS, and it is therefore possible that this observation is due to the complex
degradation process of Alg and CTS; the second step of degradation occurred in the
range of 360-380 °C, which is similar to the degradation observed in BC due to
dehydration and decomposition of cellulose molecules. Therefore, the results further
demonstrated that the process of coating layers of CTS and Alg on the BC fiber was
successful.

In addition, all obtained samples of coated BC showed high thermal stability;
therefore, this material has potential to be used as gel electrolyte in EDLCs at high
operating temperatures.
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Fig. 4 Scanning electron microscopy images and the measured diameter-size distribution of a BC, b BC/
(CTS/Alg)s, ¢ BC/(CTS/Alg)yo, and d BC/(CTS/Alg);s
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Fig. 5 a TGA and b DTGA curves of BC, BC coated with alternating layers of CTS and Alg, CTS
powder, and sodium Alg powder

Mechanical properties

The mechanical properties of BC and coated BC are shown in Table 1. The CTS
and Alg gel electrolytes for EDLCs were prepared for comparison of their
mechanical properties [33—38]. The mechanical properties of all samples were
measured at the water swelling stage. Results showed that the BC had tensile
strength as high as 5.4 N, and its tensile strength increased with an increase in the
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Table 1 Tensile strength and

elongation at break of various Sample Tensile strength (N) Elongation at break (%)
samples BC 538 + 1.09 4221 +£5.92
BC(CTS/Alg)s 4.48 £+ 0.40 52.85 £ 8.07
BC(CTS/Alg);p  5.52 £ 0.86 33.38 £ 4.75
BC(CTS/Alg);s 896 £ 2.28 39.47 £ 543
CTS gel 0.47 £+ 0.06 72.05 £+ 8.70
Alg gel 0.01 £ 0.00 38.63 £+ 5.67

number of CTS/Alg coating layers, which was possibly caused by the increasing
fiber—fiber interaction within the sample. Considering the increase in fiber size that
was observed with the increase in the number of CTS/Alg layers as seen in the SEM
images, a decrease in the distance between fibers in a sample may cause the
observed increase in the fiber—fiber interactions. Moreover, the tensile strengths of
all gel electrolyte samples made with BC and coated BC were significantly higher
than those of the gel electrolyte made with CTS/Alg. It should be noted that BC is
used as a scaffold for the CTS and the Alg layers to improve the tensile strength of
the resulting gel electrolyte.

On the contrary, the elongation at break was consistent in both the BC and the
coated BC with an average elongation of approximately 42%, which is lower than
that of the gel electrolyte made from CTS and Alg and which likely arises from the
fibrous structure of the material.

Electrochemical results

The charge—discharge curves of the EDLC test cells assembled with either the
liquid-phase EMImBF, or the BC gel electrolyte with EMImBF, (BC/EMImBE,)
collected at current densities of 2.5 and 50 mA/cm? are shown in Fig. 6a, b,
respectively. During the 2.5-mA/cm? charge—discharge cycle, both cells showed
ideal triangular charge—discharge voltage profiles, like those of typical EDLCs. On
the contrary, in the charge—discharge curves measured at 50 mA/cm?, the test cell
with the BC/EMImBF, gel electrolyte showed an IR drop twice as large as the test
cell with liquid-phase EMImBEF, . This result indicates that the BC/EMImBF, gel
electrolyte had a higher resistance than that of the EMImBE,.

To improve the poor rate of performance of the BC gel electrolyte system, the 5-,
10-, and 15-layer CTS- and Alg-coated BC gel electrolytes, including EMImBF,
[BC/(CTS/Alg)s/EMImBF,, BC/(CTS/Alg),(/EMImBF,, and BC/(CTS/Alg);s/
EMImBF,, respectively] were prepared as gel electrolytes, which had ionic
functional groups with a good affinity for ILs. The electrochemical performance of
the electrolytes was investigated. The charge—discharge curves of the EDLC test
cells assembled with the liquid-phase EMImBF,, BC/EMImBF,, BC/(CTS/Alg)s/
EMImBF,, BC/(CTS/Alg);(/EMImBF,, or BC/(CTS/Alg),s/EMImBF, collected at
high current densities of 100 mA/cm? are shown in Fig. 6¢c. The results showed that
the EDLC test cells containing BC gel electrolytes with smaller numbers of CTS/
Alg layers exhibited poor electrochemical performance. The test cell with BC/
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Fig. 6 Charge—discharge curves of the EDLC test cells assembled with the liquid-phase EMImBF, or the
obtained gel electrolytes, collected at current densities of a 2.5, b 50, and ¢ 100 mA/cm?

EMImBEF,, BC/(CTS/Alg)s/EMImBF,, and BC/(CTS/Alg);(/EMImBF, gel elec-
trolyte systems showed a larger IR drop than the liquid-phase EMImBF, system,
while the test cells with the BC/(CTS/Alg),s/EMImBFE, gel electrolyte showed an
improved small IR drop, similar to that observed in the liquid-phase EMImBF,
system.

In addition, the discharge capacitances of the test cells assembled with the liquid-
phase EMImBF, and various gel electrolytes as a function of the applied current
density (2.5-100 mA/cm?) are shown in Fig. 7. The test cells with BC/EMImBF,,
BC/(CTS/Alg)s/EMImBEF,, and BC/(CTS/Alg),o/EMImBE, gel electrolyte showed
lower discharge capacitance retention than the liquid-phase EMImBE, system, and
their difference became more significant with an increase in current density, while
the test cells with the BC/(CTS/Alg),s/EMImBF, gel electrolyte showed a relatively
higher discharge capacitance than the test cells with the liquid-phase EMImBE,
system across the entire current density range. The calculated capacitance retentions
from the initial current density of 2.5-100 mA/cm? of the test cells with the liquid-
phase EMImBF,, BC/EMImBF,, BC/(CTS/Alg)s/EMImBF,, BC/(CTS/Alg),¢/
EMImBF,, and BC/(CTS/Alg),s/EMImBF, gel electrolyte were 59.6, 45.4, 51.2,
55.7, and 60.7%, respectively. The results showed that the calculated capacitance
retentions of the test cell with the BC/(CTS/Alg),s/EMImBE, system were slightly
higher than liquid-phase EMImBF, system and were also comparable with the test
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Fig. 7 Discharge capacitances of the EDLC test cells assembled with the liquid-phase EMImBF, or the
obtained gel electrolytes

cell using gel electrolyte from CTS or Alg, as shown in a previous report [34, 38],
which significantly improved the tensile strength. As a result, it should be noted that
the BC/(CTS/Alg),;s/EMImBF, was suitable and necessary to guarantee excellent
electrochemical performance of the EDLC cells.

To investigate the role of the Alg and CTS coating on BC fiber, the test cells were
measured for AC impedance. The Nyquist plots of the test cells assembled with the
liquid-phase EMImBEF,, BC/EMImBF,, and BC/(CTS/Alg),s/EMImBFE, gel elec-
trolytes are shown in Fig. 8. The thicknesses of all gel electrolytes were larger than
those of the separator in the liquid-phase EMImBF, system. Nevertheless, the
resistances of the electrolyte bulk, which correspond to the distance from the origin
to the first intercept on the real axis, were similar for all the tested electrolyte
systems (~ 1 Q cmz). Therefore, it can be concluded that the differences in rate
performance do not arise from the bulk properties or thickness of the gel
electrolytes. Conversely, there are considerable differences in the magnitudes of the
semicircular components, which represent the contact resistance between an
electrode and electrolyte [38, 59]; the observed semicircle of the test cell with BC/
EMImBF, was about two times larger than that of the test cell with liquid-phase
EMImBF, . This proves the BC fiber was in poor contact with the activated carbon,
which lead to a large IR drop, as shown in charge—discharge measurements. In
contrast, the BC/(CTS/Alg),s/EMImBE, gel electrolyte system showed a slightly
smaller semicircle than that of the liquid-phase EMImBF, system due to the surface
modification of the BC fibers, which was achieved by coating with CTS and Alg
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Fig. 8 Nyquist plots obtained using AC impedance measurements of the EDLC test cells assembled with
liquid-phase EMImBF,, BC/EMImBFE,, or BC/(CTS/Alg),s/EMImBF, gel electrolyte

layers that would facilitate better contact at the gel electrolyte/electrode interface
and would accelerate ion transfer between them.

Conclusion

In this study, a novel gel electrolyte was successfully prepared using BC coated with
alternating layers of CTS and Alg for employing it as both an electrolyte and a
separator in solid-state EDLCs. These gel electrolytes were produced via
inoculation of the BC, oxidation in a KIO, solution, and coating with CTS layers
alternated with Alg layers. As shown through analysis and characterization of the
gel electrolytes, the CTS content linearly increased (R* = 0.999) when the number
of CTS layers on the BC increased, suggesting that the layers of CTS and Alg
successfully bound onto each BC fiber. The FTIR spectra of the coated BC showed a
stronger peak at 1420 cm™' than unmodified BC due to the vibration of NH;"
groups from CTS interacting with the COO™ groups of Alg. Morphological analysis
based on SEM images of the obtained gel electrolyte revealed a nanofibrous
structure with diameter sizes of 76.8, 78.1, 96.3, and 99.0 nm, and porosities of
93.5, 89.9, 88.1, and 83.3% for the BC, BC/(CTS/Alg)s, BC/(CTS/Alg),o, and BC/
(CTS/Alg),5 samples, respectively. The TGA and DTGA results revealed that all
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obtained gel electrolytes had high thermal stabilities; the tensile measurement result
showed very high tensile strengths in the coated BC samples as compared with the
gel electrolytes made from raw CTS or Alg.

The electrochemical properties of EDLC test cells, which were assembled from
the obtained gel electrolytes and carbon electrodes, were measured in terms of their
charge—discharge characteristics, discharge capacitances, and AC impedance. The
test cell with the BC/(CTS/Alg);s/EMImBF, gel electrolyte showed an IR drop
comparable to the test cell with liquid-EMImBEFE, at the point of switching from
charge to discharge when tested at a high current density, and a discharge
capacitance higher than the test cell with liquid-phase EMImBF, across the current
density range. This indicates the internal resistance of the test cell decreases when
the coated BC was used as the gel electrolyte. Likewise, the AC impedance results
seen in the Nyquist plot of the test cell with BC/(CTS/Alg),s represent a decrease in
resistance compared with the resistance of the test cell with liquid-phase EMImBF,;
this verifies that the high affinity of the proposed gel electrolyte for activated carbon
electrodes can reduce the charge-transfer resistance at the electrode—electrolyte
interface. The performances of the devices demonstrate that it is possible to design
simple high-operating-voltage EDLCs that can replace liquid-based electrolyte
systems, and thus improve the safety of such devices.
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