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percapacitors using a highly-
conductive neutral gum electrolyte†

Nengsheng Yu,abc Xiaona Wang,a Silan Zhang,a Sha Zeng,a Yongyi Zhang,ac

Jiangtao Di *ac and Qingwen Liac

Recently, the development of safe, stable, and long-life supercapacitors has attracted considerable interest

driven by the fast-growth of flexible wearable devices. Herein, we report an MnO2-based symmetric all-

solid-state supercapacitor, using a neutral gum electrolyte that was prepared by embedding aqueous

sodium sulfate solution in a biopolymer xanthan gum. Resulting from the high ion conductivity 1.12 S

m�1, good water retention, and high structure adaption of such gum electrolyte, the presently described

supercapacitor showed high electrochemical performance with a specific capacitance of 347 F g�1 at

1 A g�1 and an energy density of 24 mW h cm�2 The flexible supercapacitor possesses excellent reliability

and achieves a retaining capacitance of 82% after 5000 cycles. In addition, the as-prepared

supercapacitor demonstrated outstanding electrochemical stability at temperatures between �15 �C to

100 �C.
1. Introduction

The ever-growing demands for portable and wearable electronic
devices, such as electronic textile, electronic skins, and wear-
able health monitors, have largely stimulated the rapid devel-
opment of exible energy storage devices with excellent
electrochemical performance.1–8 For their practical application,
the intrinsic safety issues of exible and wearable devices
needed to be considered seriously because they would undergo
the greater mechanical deformation and damage in the process
of use. As one of the most popular energy storage devices, in the
past century, exible all-solid-state supercapacitors with a sol–
gel electrolyte have attracted much attention for their advan-
tages such as being green and having high power density, long
life-time, reliable safety, low cost for fabrication, etc.9 For use in
exible all-solid-state supercapacitors, solid-state ion-
conducting composite electrolytes are made of a polymeric
material as a matrix and acid, alkaline or salt to provide mobile
ions.10 However, the acid and alkaline electrolyte systems are
not environmentally friendly and have generally corrosivity to
active materials. Even, it's not safe to the surrounding envi-
ronment and person once leak occurs during daily use.11,12 The
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neutral electrolyte is a superior choose for safety issues of ex-
ible all-solid-state supercapacitor. Among the most neutral
electrolyte for supercapacitors, sulfate solutions possess high
ionic conductivity and larger voltage window.13,14 However, the
traditional polymer matrixes including PVA,15 PEO,16 gelatin,17

agar,18 have lower ionic conductivity and the complicated
producing process when they were dissolved with neutral or
mild salt solutions. Most important, aqueous sulfate ions is
easy to precipitate used in the polymers, leading to inferior
electrochemical performance. We found xanthan gum have
many advantages, including non-toxic,19 safe20 and edible
polymer, and be used as a thickener and stabilizer in many
foods. Moreover, it has high electrical conductivity, electro-
chemical stability, and chemistry academic stability, and as an
electrolyte for wearable equipment, it has good water retention,
exible and easy processing at room temperature.14

We report here the use of a neutral gum electrolyte
prepared by embedding aqueous sodium sulfate solution in
xanthan gum for fabricating exible MnO2-based symmetric
supercapacitors, which possesses good conductivity, electro-
chemical stability, and environmental tolerance. Manganese
dioxide was electrodeposited onto the CNT lms using
different the electrochemical deposition voltage to control the
morphology. Without using a binder, conductive ller, or any
other current collector, the MnO2/CNT lms as positive and
negative electrodes could be directly assembled into exible
symmetric supercapacitors, and the devices showed an area
capacitance of 347 F g�1 at 1 A g�1 and the energy density of 24
mW h cm�2. The all-solid-state supercapacitor has good ex-
ural and rate performance and remains 82% aer 5000 cycles.
Even in extreme environments (�15 �C to 100 �C), the as-
RSC Adv., 2019, 9, 8169–8174 | 8169
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prepared device still maintains excellent electrochemical
performance.

2. Experimental section
2.1 Materials

Flexible multi-walled carbon nanotube (CNT) lms were
prepared by oating catalytic chemical vapor deposition
method and were provided by Suzhou Creative Nano Carbon
Co., Ltd. Sodium sulfate (Na2SO4), manganese acetate
(Mn(CH3COO)2), polyvinyl alcohol (PVA) were analytical reagent
and purchased from Aladdin Industrial Co., Ltd. (China). The
xanthan gum powder purchased from Aladdin (UPS class).

2.2 Synthesis of MnO2/CNT lm

As-received pristine CNT lms were treated by immersing in
12 M HCl and kept at 60 �C for 4 h to make the CNT surface
hydrophilic. Manganese dioxide was electrodeposited by
a cyclic voltammetry technique in the electrolyte composed of
0.1 M Na2SO4 and 0.1 M Mn(CH3COO)2 at scan rate of 50–
250 mV s�1 within potential window of 0–1.0 V, using a hydro-
philized CNT lm as working electrode, a saturated calomel
electrode (SCE) as a reference electrode, and a Pt sheet as
a counter electrode, respectively. The prepared MnO2/CNT
composite lms were then calcined at 200 �C for 10 hours. The
mass loading of MnO2 was measured using a micro balance
(Mettler Toledo, model: XP2U).

2.3 Preparation of gum electrolytes

We dissolved 5 g of xanthan gum powder in 50 mL aqueous
solution of 1 M Na2SO4 solution at room temperature followed
bymagnetic stirring for 30min. Then put it in the refrigerator to
freeze and keep it crosslinked. The PH of the as-prepared gum
electrolyte is about 6.

2.4 Preparation of exible supercapacitor

Flexible supercapacitors were assembled by using MnO2/CNT
lms as both positive and negative electrodes, and Na2SO4/
xanthan gum was used as both electrolyte and separator. Both
positive and negative electrodes were wired by a nickel strip for
electrochemical testing. Aer that, the supercapacitor was
sealed by hot-pressing two pieces of polyethylene oxide (PEO)
lms for encapsulation. The active area of the tested super-
capacitor was about 2 � 2 cm2. The loading mass density of
MnO2/CNT lms fabricated at different deposition potential is
shown in Table S1.†

2.5 Materials characterization

Morphology characterization of the investigated samples was
performed using a scanned electronic microscope (SEM)
(Quanta 400 FEG, FEI) and transmission electron microscope
(TEM) (Tecnai G2 F20 S-Twin, FEI). The Raman spectrum was
measured by a laser confocal Raman microscopy (Lab RAM HR,
HORIBA Jobin-Yvon). The thermo-gravimetric analysis was
executed by thermogravimetry (TG 209F1, NETZSCH, Germany).
8170 | RSC Adv., 2019, 9, 8169–8174
The XRD data were collected by D8 Advance Powder X-ray
diffractometer (Bruker AXS). The infrared spectrum is
measured by micro-infrared absorption spectrometer (IR Nico-
let iN10).
2.6 Electrochemical measurement

Cyclic voltammetry and electrochemical impedance spectros-
copy were conducted on a CHI 660 C potentiostat. Impedance
measurements were carried out between 10 kHz to 0.01 Hz with
an AC amplitude of 10 mV. A piece of gum was placed between
two stainless sheets of steel having an area of 4 cm2, and then
the gum was uniformly compressed into a 0.21 cm-thick lm.
The real impedances at the highest frequency were taken as the
bulk resistance. The charge/discharge measurements were
carried out on a LANHER battery tester (Wuhan). The capaci-
tance, energy density, and power density were calculated based
on the mass of MnO2. The specic capacitance of super-
capacitor was calculated by

C ¼ IDt

mDV
: (1)

The energy density (E) of supercapacitor was calculated by

E ¼ CV 2

2
; (2)

and the power density (P) was calculated by

P ¼ E

t
: (3)

where t (s) is the discharge time, m (g) is the mass of the active
materials in the electrodes, DV (V) is the range of potential, I (A)
is the discharge current.
3. Results and discussion
3.1 Basic properties of xanthan gum electrolyte

Xanthan gum is an important commercial polysaccharide,
which is non-toxic, low-cost and widely used as food additives.21

It has very high salt tolerance. As shown in Fig. S1,† the gum
electrolyte containing 20 wt% of xanthan gum remained highly
stable even aer adding 3 M of Na2SO4. In contrast, aqueous
polyvinyl alcohol solution was salted out aer adding 0.1 M of
Na2SO4. Fig. 1a shows some hand-made shapes of xanthan gum.
It can also be wound around a thin steel bar. These observations
indicated that the prepared gum electrolyte was highly sticky,
shapeable and stable, which could facilitate the utilization of
such electrolyte for preparing exible supercapacitors.

Fig. S2† shows the Nyquist plots obtained from gum elec-
trolytes that were prepared by dissolving xanthan in Na2SO4

solutions with concentrations of 0.1 M, 0.5 M, 1M, 2 M and 3M,
and the extracted ionic resistance as a function of Na2SO4

concentration was plotted in Fig. 1b. It indicates that the ionic
conductivity of the gum electrolytes increased with the Na2SO4

concentration and reached the maximum of 1.36 S cm�1 at 3 M.
The conductivity of supercapacitor electrolyte with 1 M sodium
sulfate concentration reached 1.12 S m�1, the resulted
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Photographs of hand-made various shapes of xanthan gum
electrolytes; (b) ionic conductivity of different concentrations of
Na2SO4/xanthan gum electrolytes; (c) TGA curves of different gel
electrolytes; (d) SEM image of the xanthan gum.

Fig. 2 (a) SEM image of the MnO2-3a synthesized by CV electrode-
position; (MnO2-3a: 0.3–1.0 V 250 mV s�1) (b) The HRTEM images of
MnO2; (c) XRD spectra of MnO2-3a/CNT films; (d) Raman spectra of
MnO2-3a/CNT films.
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conductivity is much higher than the results for commonly used
aqueous gel electrolytes such as KOH/PVA, LiCl/PVA.22–24

To understand the water retention ability of such electro-
lytes, we performed thermogravimetric analysis on three solu-
tions that were PVA gel, xanthan gum and Na2SO4/xanthan gum
electrolytes, respectively. The results are shown in Fig. 1c. The
initial water content of the three gel electrolytes is 90%, 90%,
and 65%, respectively. At temperatures above 100 �C, water
weight percentages were almost zero for the PVA gel but about
6.5% and 12% for the pristine xanthan gum and the Na2SO4/
xanthan gum electrolyte, respectively. These comparisons
indicate that the xanthan gum has very strong water retention.
Importantly, the water retention of the Na2SO4/xanthan gum
electrolyte was higher than that of pure xanthan gum. There are
probably two main reasons: rst, aer adding salt, more water
can be locked in the molecular transition which can be
conrmed by the infrared spectra shown in Fig. S3.†25–28 The
characteristic peaks of hydroxyl groups on carboxyl groups
become wider, illustrating that metal cations in salts replace
hydrogen ions in carboxylic acids of xanthan gum to maintain
a more stable conformation of xanthan gum.29 Then, the water
in the electrolyte can be converted to the bound water in the salt
with temperature increase. Scanning electron microscopy
indicates that the gum electrolyte has a porous structure
(Fig. 1d). This structure can facilitate the transport of electrolyte
and reservation of aqueous electrolyte.
3.2 Basic properties of MnO2/CNT lm

MnO2 nanostructure was deposited on the CNT lm under
different potential windows using a cyclic voltammetry method.
The morphologies of MnO2 deposited in the different condi-
tions are shown in Fig. 2a and S4.† We tested the electro-
chemical performance of these electrodes. Fig. S5a–d† shows
the electrochemical results of MnO2/CNT lms obtained in 1 M
Na2SO4 electrolyte using investigated samples as the working
This journal is © The Royal Society of Chemistry 2019
electrode, SCE as the reference electrode and a Pt wire as the
counter electrode, respectively. Fig. S5a† shows the CV curves of
MnO2 under different deposition potential window at a scan
rate of 5 mV s�1, MnO2-3 possess the largest specic capaci-
tance, illustrating it has better electrochemical properties than
other samples. Fig. S5b† shows that CV curves of MnO2-3 at
a different scan speed of 50 mV s�1, 100 mV s�1 and 250 mV s�1.
The largest specic capacity can be obtained whenMnO2-3a was
implemented at the scan rates of 250mV s�1. The GCD curves of
MnO2-3a in Fig. S5c† exhibits that discharge curves were almost
symmetrical to the corresponding charge curves, indicating
good capacitive behavior of the MnO2-3a/CNTs. The specic
capacitances in Fig. S5d†were calculated based on Fig. S5c† and
eqn (1) at different current density. The MnO2-3a/CNT electrode
maintained a capacitance of 71.1% of original capacitance at
a current density of 10 A g�1, illustrating that MnO2-3a has good
rate performance. Detailed microstructural of MnO2-3a was
investigated by SEM and is shown in Fig. 2a, exhibiting
a multistage structure consisting of nanosheets and nanopores.
This structure is benecial to the diffusion of electrolyte ion
during the charge and discharge process. In addition, this
structure has a larger specic surface area, which enables
adsorb and store more ions and enhance the ion transport, thus
improving the capacitance of capacitors. The internal lattice of
manganese oxide synthesized in liquid state contains a large
amount of crystalline water and there's also some water in the
multistage porous structures lost at 200 �C (Fig. S6†). The mass
of MnO2 decreases between 300 �C and 400 �C due to the
transformation of g-MnO2 to b-MnO2. Mass degradation at
more than 400 �C is mainly due to oxidation etching of carbon
lms in air and partial decomposition of manganese oxide at
high temperatures. Based on the results of TG, the annealed
MnO2 was characterized by high resolution TEM (HRTEM). As
shown in Fig. 2b, the lattice fringes of MnO2 were clear, indi-
cating that the crystallinity of MnO2 was good. The lattice
spacing is 0.2 nm, which can be deduced that the correspond-
ing crystal plane is (002). The MnO2/CNT before and aer
RSC Adv., 2019, 9, 8169–8174 | 8171
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annealing were characterized by XRD as shown in Fig. 2c. The
diffraction peaks of the MnO2/CNT before annealing at 2q of
38�, 44�, 68�, and 78� is corresponding to (230), (002), (421), and
(081) planar reections of g-MnO2 standard pattern, respec-
tively, which is consistent with the characterization results of
HRTEM. But, aer annealing, the strength of characteristic
peaks increases obviously, and the width of half height becomes
narrower, which indicates that annealing treatment improves
the crystallinity. Raman spectroscopic results shown in Fig. 2d
and S7† reveals that Mn–O resonance peaks in [MnO6] octahe-
dron at 641 cm�1.
3.3 Electrochemical test of all-solid-state supercapacitors

To evaluate the electrochemical properties of all-solid-state
supercapacitors, CV and GCD tests were carried out using
a two-electrode system in 1 M Na2SO4/xanthan gum. A
symmetrical exible all-solid-state supercapacitor was assem-
bled using a pair of MnO2-3a/CNT lms as positive and negative
electrodes (shown in Fig. 3a). Fig. 3b displays the CV curves of
exible all-solid-state supercapacitor at different scan rates
from 1 to 100 mV s�1 in a potential window of 0–1 V. The
symmetrical quasi-rectangular shape of CV curves disclose the
ideal capacitive behaviours of the all-solid-state super-
capacitors. Moreover, such a quasi-rectangular shape is well
retained even at the scan rate up to 100 mV s�1, indicating good
Fig. 3 (a) The scheme of subsequent preparation of all-solid-state
supercapacitors; (b) CV curves of all-solid-state supercapacitor at
different scan rates; (c) GCD curves of all-solid-state supercapacitors
at different current density; (d) rate performance of all-solid-state
supercapacitor at different current density; (e) cycle performance of
all-solid-state supercapacitors.

8172 | RSC Adv., 2019, 9, 8169–8174
high-rate performance. As a comparison, symmetrical super-
capacitors assembled using pristine lms as electrodes showed
much lower capacitance than the MnO2/CNT-based super-
capacitor. This indicate that the capacitance was mainly
contributed by the deposited MnO2 layer (Fig. S8 in the ESI†).
During the charge and discharge process, redox reaction of
MnO2 + Na+ + e� ¼ MnOONa was favorable in a voltage range
from 0 V to 1 V. Also, for the MnO2-3a/CNT lm, the shape
encased by a redox curve at a high scan rate, indicating the good
reversibility of MnO2/MnOONa reaction occurred on CNT
lm.30,31 The MnO2 electrode in mild aqueous electrolyte, fast
surface redox reactions dene the behaviour of the voltammo-
gram, whose shape is close to that of the EDLC. So it is hard to
observe the evident redox peak on the CV curves.32 Except for CV
measurement, the charge–discharge curves exhibit the nearly
symmetric feature with small IR drop (Fig. 3c), also suggesting
excellent electrochemical capacitive characteristics and revers-
ible faradaic reaction between Na+ andMnO2-3a/CNT lms. The
near-ideal triangular shape of the GCD curves suggests a fast
charge–discharge process, which is in good agreement with the
results of the CV tests. The as-prepared device possesses a high
capacitance of 347 F g�1 at a small current density 1 A g�1 and
128.8 F g�1 at a large current density of 10 A g�1 (Fig. 3d). In
addition, we can see that the coulombic efficiency is poor in the
rst 10 cycles at current density of 1 A g�1, but it gets better at
last 10 cycles. It may be because the internal ion transport
channel of the MnO2-3a/CNT lms is incomplete in the rst 10
cycles, andMnO2 is activated aer charging and discharging for
many times, thus making its coulombic efficiency higher. Such
a high special capacitance of the MnO2-3a/CNT lm electrode
should be attributed to the large surface area of active materials
and high ion conductivity of the electrolyte, which endow more
active sites for electrochemical reaction and fast electron
transport. The Ragone plots of the exible supercapacitors
calculated from charge/discharge curves are shown in Fig. S9.†
The device composed MnO2/CNT shows highest energy densi-
ties (around 24–46 mW h cm�2) with the increase of power
densities from 0.1 to 2.3 mW cm�2, which is higher than the
values reported for exible supercapacitors based on other
MnO2 composite electrodes.32,35–37 Also, long cycling test and
electrochemical impedance spectroscopy (EIS) measurement
are performed to explore the electrochemical stability of the all-
solid-state supercapacitors. Fig. 3e shows that coulombic effi-
ciency remain around 100% throughout 10 000 charging/
discharging cycles, indicating a very good cyclic stability for
our supercapacitors. In initial 2000 cycles, capacitance gradu-
ally drops from 100% (347 F g�1) to 94.3% (327.3 F g�1) which
keep capacity about 82% of original capacity in 5000 cycles, was
superior than most of the MnO2 based exible electrodes.33,34

Then, that the specic capacitance of device aer 10 000 cycles
is kept to 67.1% at charge/discharge current density of 1 mA
cm�2. This capacity fading should be attributed to the dissolv-
ing of MnO2 into soluble Mn2+ ions. According to Nyquist plots
of the capacitor aer 10 000 cycles, the charge-transfer resis-
tance increases from 4 U to 8 U, leading to decline in electrolyte
conductivity (Fig. S10†). This may be because electrolyte was
drying during electrochemical reaction process.
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Optical image of flexible as-assembled symmetric super-
capacitor power an electric time meter; (b) optical images of all-solid-
state supercapacitors at different bent state; (c) GCD curves of all-
solid-state supercapacitors at different bent state; (d) specific capac-
itances (right axis) and capacity retention (left axis) as a function of
bending cycles for the supercapacitors.
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3.4 Electrochemical performance of all-solid-state
supercapacitors at different temperatures

In order to estimate the electrochemical properties of all-solid-
state supercapacitors in server environment, we put all-solid-
state supercapacitors into a thermostat to simulate the
external temperature. As shown in Fig. 4a, the CV curves of all-
solid-state supercapacitors in a two-electrode system at
different temperatures at the scan rate of 2 mV s�1 maintain
similar shapes, illustrating that supercapacitors have good
environmental tolerance. However, we can nd that current
density is higher at high temperature than that at low temper-
ature, which may be due to the fact that redox reaction is easier
to carry out at a high temperature. Also, the CV curves display
that capacitance at high temperatures is higher than that at low
temperatures. According to the Brownian motion law, the rate
of ion transport at high temperature is more active than that at
low temperature, making the electrochemical reaction is easier.
Fig. 4b shows Nyquist plots of the capacitor at a different
temperature, hydraulic resistance at high temperatures is
smaller than that at low temperatures, demonstrating the
capacitance at high temperatures is higher than that at low
temperatures. It can't be salted out even at low temperatures or
dissolve at high temperatures, making the devices work nor-
mally at different temperatures. These results also demon-
strated that xanthan gum possesses the stable physical
properties that can resist high and low temperatures.
3.5 Electrochemical performance of all-solid-state
supercapacitors at different bent state

We further demonstrated the practical application of as-
prepared all-solid-state supercapacitors. Fig. 5a displays the
utilization of the as-prepared exible supercapacitor to power
an electric time meter. As shown in Fig. 5b, to examine the
exibility and mechanical stability of all-solid-state super-
capacitors, GCD curves of all-solid-state supercapacitors was
carried out at 1 mA cm�2 under different bending states. The
corresponding GCD curves keep almost no change under
bending states, revealing excellent bendability and mechanical
stability. Moreover, aer bending for 100 cycles at state 2, the
specic capacity of all-solid-state supercapacitor remained 93%
of the initial value. Such ndings suggest that the high exi-
bility of our exible all-solid-state supercapacitors, which is of
Fig. 4 Electrochemical test of all-solid-state supercapacitors in
a two-electrode system at different temperatures. (a) CV curves at the
scan rate of 2 mV s�1; (b) Nyquist plots with a frequency range of 100
kHz to 0.01 Hz.

This journal is © The Royal Society of Chemistry 2019
great importance for the applications of such supercapacitors in
wearable devices.
4. Conclusions

In summary, we use MnO2/CNT as positive and negative elec-
trodes and Na2SO4/xanthan gum as a solid electrolyte to
assemble all-solid-state supercapacitor. Xanthan gum has
better electrochemical properties and environmental tempera-
ture tolerance than ordinary electrolyte used in exible energy
storage devices. The Na2SO4/xanthan gum electrolyte has good
exibility, mechanical strength, high conductivity, good water
retention and can be prepared easily at room temperature. All-
solid-state supercapacitor has a superior specic capacitance
of 347 F g�1 at 1 A g�1 and energy density of 24 mW h cm�2 even
when the power density was increased to 2.3 mW cm�2. The
exible supercapacitor possesses excellent reliability and ach-
ieves a retaining capacitance of 82% aer 5000 cycles. In addi-
tion, it shows stable electrochemical performance in both
planar and bent status. Meanwhile, all-solid-state super-
capacitors also exhibit excellent electrochemical stability at
temperatures between �15 �C to 100 �C. Such, lighten, exible
and high ionic conductive xanthan gum electrolyte boosts the
practical application for next-generation exible wearable
energy storage devices in the future.
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