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Abstract Cellulose/poly(vinyl alcohol) (PVA) com-
posite gels are prepared as separators for quasi-solid-
state electrical double-layer capacitors (EDLCs) by a
simple freeze-thawing method. Fourier-transform
infrared spectroscopy, scanning electron microscopy
and mechanical testing machine are used to charac-
terize the structure and morphology. Compared with
the PVA gel, the as-prepared composite gels show
improved network structure and enhanced mechanical
properties. The cyclic voltammetric curves, galvano-
static charge/discharge curves, electrochemical impe-
dance spectroscopy and cycling performance of
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EDLCs with these composite gels are also evaluated.
It is found that the EDLC with the optimum composite
gel can work in a voltage window of 0-1.8 V and
display a specific capacitance of 125.1 F g~ (based
on active carbon on one electrode) at a current density
of 1 A gfl. Furthermore, it also has an excellent
cycling stability with capacitance retention of ~ 88%
after 1500 cycles. These results suggest that the
composite gels can serve as a class of promising
separators for EDLCs.
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Introduction

Traditional supercapacitors use liquid electrolytes
such as acid or alkali solution, similar to batteries
(Anothumakkool et al. 2014; Li et al. 2014). However,
this configuration impedes further applications for two
reasons: the use of solutions makes the supercapacitor
heavier, which causes difficulties in their integration,
and the possibility of harmful electrolyte leakage
requires that they be safely encapsulated, giving rise to
increased costs (Anothumakkool et al. 2014; Niu et al.
2013). Thus, flexible gel polymer electrolytes have
been developed as substitutes of liquid electrolytes
(Moon et al. 2015).

Flexible devices are a mainstream direction in
modern electronics and related multidisciplinary fields
(Liu et al. 2014; Yang et al. 2013). Electrical double-
layer supercapacitors (EDLCs) with flexible solid gel
polymer electrolytes have emerged as a new class of
energy storage devices and attracted considerable
attention in recent years due to their small size, low
weight, ease of handling, and excellent reliability.

Gel polymer electrolytes still have several defects,
such as poor mechanical strength and low ionic
conductivity. Poly(vinyl alcohol) (PVA) hydrogel is
a widely wused gel polymer electrolyte for
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supercapacitors (Ma et al. 2014; Wang et al. 2012).
However, the PVA-based gel polymer electrolytes
will became brittle and show poor mechanical strength
due to the damage of inorganic ions to the hydrogen
bond between PVA polymer chains and water
molecules when PVA hydrogels are combined with
inorganic salts, acid or alkali dissolved in water.
Cellulose is one of the most abundant biopolymers
on earth, occurring in wood, cotton, hemp and other
plant-based materials and serves as the dominant
reinforcing phase in plant structures. It can also be
adopted in gel polymer electrolytes to provide high
mechanical integrity. Abitbol et al. (2011) and Lu et al.
(2008) incorporate cellulose nanocrystals into poly(-
vinyl alcohol) (PVA) to improve the mechanical
properties,  structural  stabilities and  distinct
microstructures. Chang et al. (2008) dissolved cellu-
lose in a mixed aqueous solution of sodium hydroxide
(NaOH) and urea (H,NCONH),) to uniformly disperse
the cellulose in the solution. In order to solve the
problem of low ionic conductivity of polymer gel
supercapacitors, Zhang et al. (2015) report that Li,SOy4
could be easily added into PVA aqueous solution over
a large amount and the ionic conductivity could be
improved further with a wide operation electrochem-
ical window. Similarly, other lithium salts, including
LICF3SO3, LIN(SOQCF3)2, LIPFG, LIBF4, and LICIO4,
have also been explored as conducting salts in PVA
hydrogel (Huang et al. 2012; Moon et al. 2015; Trapa
et al. 2005; Wang et al. 2012). Furthermore, the
electrochemical windows of EDLCs with such gel
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polymer electrolytes even exceed 2.0 V (Gao et al.
2012; Huang et al. 2015; Luo et al. 2008; Wessells
et al. 2012).

In this work, we developed a novel flexible
cellulose/PVA composite gel by solution freeze-
thawing method. Thereafter, it was doped with
Li,SO,4, which endows the resultant gel polymer
electrolyte with high ionic conductivity and superior
mechanical properties. The optimization of the raw
material ratio between cellulose and PVA, mechanical
properties of these composite gels and electrochemical
performances of EDLCs with the resultant flexible gel
polymer electrolytes were explored and analyzed in
detail.

Experimental section
Synthesis of cellulose/PVA composite gel

The cellulose/PVA composite gel was prepared in
solution by freeze-thawing method. Firstly, 6 g PVA
was dissolved in 100 mL distilled water with agitation
at 90 °C for 2 h to form a homogeneous and low-
viscous solution. 4.0 g of cellulose microcrystalline,
7.0 g NaOH and 12.0 g urea were dissolved in
150 mL distilled water to form a homogeneous
opalescent solution after long stirring and three
freeze-thawing cycles. Secondly, 0.6 g above-men-
tioned homogeneous opalescent solution and 5 g PVA
aqueous solution were put into a 20 mL glass bottle at
room temperature under constant stirring for 1 h. Then
the solution was kept at 25 °C for 2 h without stirring
to remove the bubble. Next, the resultant mixture was
poured into rounded glass petri dishes (diame-
ter = 12 cm) and was freeze for over 12 h until a
constant mass was arrived, followed by taking out the
gel and thawing it at room temperature. The cycle was
repeated for three times at least. Finally, the obtained
cellulose/PVA composite gel was immersed into the
deionized water for 5 days to remove the residual
NaOH and urea. The schematic illustration of cellu-
lose/PVA composite gel preparation is given in
Scheme 1.

For comparison, a series of experiments were
carried out by adjusting the weight ratio of cellulose
to PVA. When the ratio of cellulose to PVA is 0, 0.025,
0.05, 0.075, 0.3, 0.5 and 1, the samples were named as

CP-0, CP-2.5, CP-5.0, CP-7.5, CP-30, CP-50 and CP-
100, respectively.

Preparation of carbon electrodes

The uniform slurry was prepared by mixing of
activated carbon (8 mg, 80%), conductive carbon
black (1.5 mg, 15%), and PTFE (0.5 mg, 5%) in
0.4 mL ethanol. Then, the obtained slurry with a
rectangle area of 1.0 x 1.0 cm® was coated and roll-
pressed on stainless steel meshes (0.1 mm thickness
and 99% purity), further vacuum dried at 80 °C
overnight to obtain an activated carbon electrode.

Quasi-solid-state double layer supercapacitors
assembling

The electrochemical performance of EDLC cells was
analyzed using a symmetrical two-electrode capacitor
configuration. Prior to assembly into a supercapacitor,
the gel was soaked in a 1.5 mol L! Li,SO4 solution
for 1 week while changing the solution once a day, a
hydrogel of the cellulose/PVA composite electrolyte
was obtained, and excess electrolyte was removed
from the surface using absorbent tissue paper. The
symmetrical supercapacitor consisted of two facing
carbon electrodes, sandwiching a piece of gel polymer
as electrolyte and separator. The quasi-solid-state
PVA gel-based EDLC was encapsulated using EVA
hot-melted glue under an ambient atmosphere. At last,
quasi-solid-state EDLC can be obtained from two
electrodes and a resultant cellulose/PVA composite
gel.

Characterization
Sample analysis

The surface morphologies of the samples were sput-
tered a layer of platinum with a thickness of several
nanometers and then characterized by a scanning
electron microscope (SEM, JSM-IT300). The Fourier
Transform infrared (FTIR) spectra were recorded
using a Nicolet 6700 FTIR spectrometer. The mechan-
ical stretch measurements of cellulose/PVA gel poly-
mer (rectangular, 0.8 cm x 3.5 cm) were performed
at 20 °C with two-column testing machine Instron
5967 (Instron Co. Ltd).
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Scheme 1 The schematic
preparation process of
cellulose/PVA composite
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Characterization of the electrolyte uptake and leakage
ratios

The electrolyte uptake and leakage ratios of the
composite gels were measured by soaking composite
gels in the electrolyte at room temperature for a week.
The weight (M) of a wet composite gel was measured
after sandwiching it between two pieces of filter
papers and placing a 200 g glass plate on the top filter
paper for 5 min. Mgy, was measured after the gel
freeze drying for 48 h. The electrolyte uptake (W %)
and electrolyte leakage ratios (W %) were calculated
using the following equations:

Moy — My,
W% = A 5 100% (1)
dry
Mwet_Mt
Wi 7% = — x 100 2
L% Mwet _Mdry % % ( )

For each composite gel, three samples were tested and
the average value was taken from the three
measurements.

Characterization of the gel ionic conductivity

The ionic conductivity (o) values of the gel samples
were determined by alternating current (AC) impe-
dance spectroscopy (electrochemical workstation
model: CHI 660E, Shanghai Chen Hua Co., Ltd),
which was performed in the frequency range of
100 kHz-1 Hz. The impedance data were obtained
by sandwiching the gel with electrolyte between two
parallel Pt electrodes at room temperature. The ¢ was
calculated using the following equation:
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where Ry (ohm) is the resistance of the bulk
electrolyte, L (cm) is the thickness of the gel
membrane, and S (cm?) is the effective area between
the gel and the Pt electrodes. For each membrane
sample, the average of three measurements was taken.

Electrochemical measurements

The electrochemical performance of the as-assembled
solid-state flexible EDLC was evaluated with an
electrochemical workstation (CHI 660E, Shanghai
Chen Hua Co., Ltd). The specific capacitance of the
single electrode was calculated from the galvanostatic
charge/discharge data by using the equation of
C = 4IAt/(mAV), where 1 is the constant current (A),
m is the total mass of AC for both electrodes (g), At is
the discharge time (s), and AV is the voltage range
after the IR drop during the discharge process (V).

Results and discussion

The FTIR spectra of PVA gel, cellulose/PVA com-
posite gels and cellulose gel are shown in Fig. 1. For
cellulose sample, several characteristic absorption
peaks are observed at 3320, 2896, 1649 and
894 cmfl, which could be attributed to the O-H
stretching vibrations, C-H stretching vibrations,
deformation vibrations of the absorbed water mole-
cules and —CH bending vibrations, respectively (Hai
and Sugimoto 2018; He et al. 2018; Liang et al. 2018).
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Fig. 1 FTIR spectra of PVA gel, cellulose/PVA composite gels
and cellulose gel

The characteristic cellulose signals of C—O-C glyco-
sidic ring vibration at 1057 and 1020 cm ™' (indicated
by the dotted circle) is observed in the spectrum
(Castro et al. 2014). For PVA sample, the character-
istic peaks centered at 3264 cm™' and range from
2908 to 2940 cm ™' were assigned to the stretching
vibrations of —OH groups and the —CH,— stretching
vibrations, respectively. It is also visible at peaks of
1087 and 831 cmfl, which could be associated with
the stretching of C-O groups and rocking of —CH,
respectively (Liu et al. 2013; Wu et al. 2010). For
cellulose/PVA composite gels, characteristic peaks of
cellulose and PVA were observed, but some of them
were overlapped. Furthermore, the peaks correspond-
ing to —OH groups were broadened and strengthened
with increasing the content of cellulose, which could
be ascribed to the overlapping effect and increased
intermolecular hydrogen bonds between cellulose and
PVA (Wang et al. 2018).

Figure 2 shows the SEM images of freeze-thawing
cellulose/PVA composite gels at high and low mag-
nification. The cellulose/PVA gel sample was frozen
for over 12 h, and then put into the lyophilizer for 48 h
to sublimate the water from the solid to gaseous
without change the original morphology. All of them
showed a mixture of micro-sized fibers with mainly a
web-like structure. Figure 2a presented the typical
SEM images of the CP-0, where it could be seen that
the distribution of the gel surface morphology vary
approximately circular. Many pores exhibited a
diameter higher than 1 pm, which was faverable for
electrolyte diffusion, but unfaveralbe for the

enhancement of mechanical property. Figure 2b also
displayed network structure, but the pore size and
porosity were greatly decreased compared to the CP-0,
which might be due to increased intermolecular
hydrogen bonds with the incorporation of the cellu-
lose. The network structure might not only maintain
the electrolyte diffusion, but also enhance the mechan-
ical property. Figure 2c suggested that the CP-5.0
sample exhibited homogeneous porous architecture,
indicating good or certain miscibility between cellu-
lose and PVA. At the same time, the micron-sized
pores are in the range of a few hundred nanometers to
up to several micrometers. The web-like morphology
was also observed at low magnification. From Fig. 2d,
e, it could be seen that the interconnection between the
holes led to the serious destruction of the mesh
structure in CP-7.5 and CP-50 samples because of
excessive cellulose, which was disadvantageous for
electrolyte diffusion. As shown in Fig. 2f, the pure
cellulose (CP-100) gel had nearly no pore structure.

As shown in Fig. 3a, the first three gel samples have
close ionic conductivities because all of them have
similar network structures. It is worth noting that the
ionic  conductivity of CP-50 is wup to
1.85 x 1072 S cm™ ' when the ratio of cellulose to
PVA reaches 0.05. But the ionic conductivity of gel
samples displayed obvious reduction with further
increase of cellulose content to 7.5% due to the
destroyed porous structures. Furthermore, as shown in
Fig. 2, the damage becomes more and more serious
with the increase of the cellulose content. In order to
study the influence of the different electrolyte con-
centration in the gel on the ionic conductivity, the CP-
5.0 gel was soaked in Li,SO, solution with different
concentrations, and then the ionic conductivity was
measured. The results show that the ionic conductivity
will no longer increase when the Li,SO4 concentration
exceeds 1.0 mol L™! (Fig. 3b).

Figure 4a, b shows the cellulose/PVA composite
gel (CP-5.0) tested on a universal testing systems,
suggesting its good toughness. The stress—strain
behaviors of CP-0, CP-2.5, CP-5.0 and CP-7.5 com-
posite gels are shown in Fig. 4c. It could be observed
that the cellulose/PVA composite gels were easily
elongated without fracture. With the increase of
cellulose content, the tensile stress and the elongation
at break of the cellulose/PVA composite gels were
improved, indicating that the cellulose/PVA compos-
ite gel became tougher. When the ratio of cellulose to

@ Springer
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Fig. 2 SEM images of the cellulose/PVA composite gels of a CP-0, b CP-2.5, ¢ CP-5.0, d CP-7.5, e CP-50 and f CP-100. The insets in
a—f are the low magnification images
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Fig. 3 The ionic conductivity analysis, a CP-0, CP-2.5, CP-5.0, CP-7.5 and CP-50 after immersed in 1.5 M Li,SO, solution, b CP-5.0

was immersed in different concentrations of Li,SO,4 solution

PVA reaches 0.05, the cellulose/PVA composite gel
could be stretched more than 2.0 times compared to
the original length. The results clearly demonstrated
that this flexible electrolyte was mechanically robust.
The flexibility of CP-5.0 composite gel was shown in
Fig. 4d by rolling around a glass rod. The CP-5.0 gel
electrolyte uptake (W%) and electrolyte leakage ratios
(W %) were also calculated using the Egs. (1) and (2),
and the values of the W% and W % were 839.04% and
7.66%, respectively, which indicated the CP-5.0
composite gel showed a potential to provide high
ionic conductivity.

The charge—discharge curves of quasi-solid-state
EDLCs with CP-5.0 composite gel at different current
densities were presented in Fig. 5a. Within a voltage
window of 0—1.8 V, the charge—discharge plots were
very symmetrical, confirming a reversible ion adsorp-
tion/desorption process at the surface of porous-
activated carbon (Yang et al. 2014). The specific
capacitance with respect to the mass of the active
material on one electrode was calculated. The specific
capacitance of the quasi-solid-state supercapacitor at
1.5 A g ' was 114.5 F g~', which was over 91% of
the value at 0.25 A g~', suggesting the high stability
and the high rate capability. For comparison, the
specific capacitances of the previously reported
EDLCs using gel separators are summarized in
Table 1. The specific capacitance of the quasi-solid-
state EDLC with CP-5.0 gel is comparable to or higher
than those values in literatures at a relatively large
discharge current, which is perhaps due to the

hierarchical and porous structure of the cellulose/
PVA gel.

Cyclic voltammetries (CVs) for the quasi-solid-
state EDLC fabricated with CP-5.0 composite gel and
activated carbon at the scan rate from 1 to 100 mV s~
were shown in Fig. 5b. The voltage window of the
EDLC was 0-1.8 V because Li,SO, could enhance the
electrochemical window of aqueous system from 0.8
to 1.8 V (Gao et al. 2012; Huang et al. 2015; Luo et al.
2008; Wessells et al. 2012). The resultant superca-
pacitor with CP-5.0 composite gel exhibited nearly
rectangular CV responses. It indicated that the charge—
discharge process was highly reversible and kineti-
cally facile. The capacitance was stored by an
accumulation of ions between the interfaces of elec-
trolyte and electrode which was known as electric
double-layer capacitance.

Electrochemical impedance spectroscopy (EIS)
was carried out to understand the complex impedance
and ion diffusion process of the quasi-solid-state
EDLCs with cellulose/PVA composite gels in a
frequency range from 0.01 Hz to 0.1 MHz. The
Nyquist plot was shown in Fig. 5c. The quasi-solid-
state EDLCs with different cellulose/PVA composite
gels showed a line close to 90° at low frequency,
indicating a good capacitive behavior (Lee et al. 2006)
and it was typical for an EDLC (Gamby et al. 2001). At
high frequency, the intercept point on the real axis
represented the resistance of the electrolyte and the
internal resistance of the electrodes, which was also
called bulk resistance of the EDLCs, and the diameter
of compressed semicircle was attributed to the charge

@ Springer
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Fig. 4 Digital photos of CP-5.0 a before tensile test and b under tensile test, ¢ the stress—strain behavior of cellulose/PVA composite

gels, and d the digital photo of the CP-0.5 wrapping on a glass rod

transfer resistance (Di Fabio et al. 2001). The Nyquist
plots for the EDLCs with cellulose/PVA composite
gels showed arcs in the high frequency region. The
optimum content of cellulose in cellulose/PVA com-
posite gel would lead to a reduced series resistance
which included contact resistance, ion resistance and
charge transfer resistance in the electrodes (Zheng
1999). As a consequence, the quasi-solid-state EDLC
with the CP-5.0 composite gel exhibited the smallest
semi-circle, which suggested the lowest charge trans-
fer resistance of the flexible EDLC. Furthermore, both
the bulk resistance and charge transfer resistance of

@ Springer

the EDLC were the lowest, which was agreed well
with the results from CVs. Long term cycling stability
had been studied for assessing the reliability of a
system to be further implemented in a commercial
device. In this sense, Fig. 5d displayed the cycling
stability of EDLCs with CP-0, CP-2.5, CP-5.0 and CP-
7.5. The EDLCs with CP-2.5, CP-5.0 and CP-7.5
presented an excellent cycling stability at 1.8 V under
a relatively high current density of 1.0 A g~'. Com-
pared to the EDLC with CP-0, the EDLC with CP-5.0
indicated an increased original specific capacitance,
which was enhanced by ~ 11.2%. For the EDLC with
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Fig. 5 a Galvanostatic charge—discharge (GCD) curves of the
EDLC with CP-5.0 composite gel at various current densities.
b CV curves for the EDLC with CP-5.0 composite gel at
different scan rates from 1 to 100 mV s™'. ¢ EIS of EDLCs with
different components of cellulose/PVA composite gels. The

CP-5.0, after equilibration of the system within the
first 400 cycles, the capacitance retention ratio after
1500 cycles was as high as 98.52%, which suggested

embedded figure is the close-up view of the left plot in high-
frequency region. d Specific capacitance evolution during
cycling test with cellulose/PVA gels at current density is
1.0 A ¢!, in which the voltage range is 0-1.8 V. e A LED
powered by two EDLCs with CP-5.0 composite gel in series

the high stability of the supercapacitor device and the
feasibility of improving PVA gel by cellulose. The
capacitance loss of them might be ascribed to the
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Table 1 Comparison of specific capacitance of different materials at different current densities and voltage ranges

Specific capacitance (F g~')  Current rate (A g')

Separator/electrolyte

Voltage range (V) References

65.9 1.0 PVAPB gel/0.9 M KCl 0-1 Jiang et al. (2016)
63.7 1.0 PVA/H;PO4-soaked cotton 0-1 Zhou et al. (2018)
118.63 1.0 PAEK/PAEK-g-PEG/LiClO4 Gel 0-1.5 Na et al. (2016)
125.1 1.0 Cellulose/PVA 0-1.8 Our work

mechanical degradation of activated carbon electrodes
during the cycle process (Liu et al. 2018). But the
EDLC with CP-0 had the lowest cycling stability due
to the inferior mechanical properties and mechanical
degradation of activated carbon electrodes. Two
quasi-solid-state EDLC with CP-5.0 composite gel
in series could light up a green LED after charging as
shown in Fig. 4e, indicating the potential application
of the device.

Conclusions

Composite gels based on cellulose and PVA were
successfully fabricated by a freeze-thawing method,
and they were used as separators for quasi-solid-state
EDLCs. FTIR analysis indicated the presence of
interactions between cellulose and PVA chains. The
as-prepared sample consisted of 5% cellulose and 95%
PVA showed relatively balanced performance due to
the reinforcement effect of cellulose for composite
gels. The quasi-solid-state EDLC with the optimum
cellulose/PVA composite gel exhibited a voltage
window of 0-1.8 V and had a specific capacitance of
125.1 F g~ (based on one electrode) at a current
density of 1 A g~'. Moreover, it also demonstrated
excellent cycling stability with capacitance retention
of 88% after 1500 cycles at a current density of
1 A g ' These results meant that cellulose/PVA
composite gel could serve as promising separators
for quasi-solid-state EDLCs.
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