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A high-voltage quasi-solid-state flexible
supercapacitor with a wide operational

temperature range based on a low-cost
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’ '.) Check for updates ‘

Cite this: Nanoscale, 2021, 13, 3010

Yonggi Deng, Hongfei Wang, Kefu Zhang, Jingwen Shao, Jun Qiu, Juan Wu,
Yihan Wu and Lifeng Yan (2 *

Recently, “water-in-salt” electrolytes have provided a huge boost to the realization of high energy density
for water-based supercapacitors by broadening the electrochemical stability window. However, the high
cost and low conductivity of high concentration LiTFSI greatly restrict the possibility of practical appli-
cation. Herein, we adopt a new strategy to develop a low-cost and quasi-solid-state polyelectrolyte
hydrogel accommodating a superhigh concentration of CHzCOOK through in situ polymerization, avoid-
ing the problem that many conventional polymers cannot accommodate ultra-high ion concentration.
The polyelectrolyte hydrogel with 24 M CHsCOOK exhibits a conductivity of up to 35.8 mS cm™ and a
stretchability of 950%. With advanced N-doped graphene hydrogel electrodes, the assembled super-
capacitor yields a voltage window of 2.1 V with an energy density of 33.0 W h kg™ and superior cyclability
with 88.2% capacitance retention at 4 A g~* after 6000 cycles comparable to those supercapacitors using
high-cost LiTFSI salts. Besides, the supercapacitor with excellent temperature stability in the range of —20
to 70 °C can light an LED for more than one minute. The assembled flexible device with the PAAK/
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CMC-24 M gel film sandwiched in between demonstrates excellent bendability from 0° to 180° and
shows great potential for flexible/wearable electronic devices. Our feasible approach provides a new
route for assembling quasi-solid-state flexible high-energy storage devices with “water-in-salt”
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Introduction

Currently, electrochemical energy storage (EES) has been sub-
jected to higher standards and requirements due to the
growing markets of electric vehicles and the rapid develop-
ment of portable/wearable consumer electronics." Therefore,
exploring reliable, practical and high-performance EES has
increasingly become the research focus to meet the needs of
practical application.”> One of the most promising energy
storage devices is carbon-based supercapacitors, attributed to
their low weight and cost, fast charge and discharge ability,
high power density, and remarkable cycling stability.>™
However, the further utility of carbon-based supercapacitors is
commonly restricted by their inherent low energy density,
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which hinders their widespread application in many electrical
devices.®® Energy density, a decisive parameter used to assess
the electrochemical performance of supercapacitors, can be
calculated according to the formula: E = 1/2CV?*, where E, C,
and V represent the energy density, electrode capacity, and
operation voltage window, respectively.” Obviously, increasing
C and V at the same time is a very effective approach to
enhance the energy density. The method of designing
advanced carbon electrodes has shown feasibility and success,
such as heteroatom doping and KOH activation®'° In addition
to electrode design, another option worth noting is the optim-
ization of high-voltage window electrolytes.''> Commonly
used aqueous electrolytes tend to undergo water decompo-
sition beyond 1.23 V, but they possess many merits such as
low cost, non-volatility and high ionic conductivity superior to
that of organic electrolytes and ionic liquids."®> Moreover, com-
plicated and ultra-dry fabrication processes are not required
for water-based supercapacitors, which will further save cost
and expand the industrial production of the supercapacitors.™*
“Water-in-salt” (WIS) electrolytes coincidentally satisfy the
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requirement for high-voltage window and retain the advan-
tages of water-based electrolytes, which are considered as the
best candidate.

“Water-in-salt” (WIS) electrolytes are constructed by dissol-
ving a large amount of salt in water so that the mass or
volume ratio of salt to the water exceeds." A superhigh concen-
tration salt can effectively suppress the activity of water and
widen the electrochemical stability window beyond 3.0 V.
Wang and his co-workers first began to dissolve 21 mol LiTFSI,
producing an ultra-high concentration aqueous electrolyte for
3.0 V Li-ion batteries successfully."”” High concentration Li-
ions completely bind free water to form solvent sheath struc-
tures so that the water molecules are no longer “free”, result-
ing in the oxygen evolution reaction (OER) and the hydrogen
evolution reaction (HER) pushed beyond their thermodynamic
potential.’® Xiao et al. utilized the LiTFSI WIS electrolyte to
construct 2.2 V symmetric supercapacitors with a maximum
energy density of 29.6 W h kg™'."” Nevertheless, the 21 mol
LiTFSI electrolyte loses the advantages of high ionic conduc-
tivity of water-based electrolytes and incurs high costs and vis-
cosity, which is not realistic in practical application."* More
recently, Yan’s group introduced acetonitrile into LiTFSI WIS
to reduce its viscosity and achieved a 2.2 V high voltage
carbon-based supercapacitor with markedly improved rate per-
formance.'® However, the high cost remains to be addressed,
and using a low-cost salt is a viable option. Low-cost and fluo-
rine-free  water-in-salt electrolytes such as NaClOg,"
CH;COOK, "' NaNO; ** have also been reported and electro-
chemical storage devices using these low-cost salts exhibit
unexpected electrochemical performance.

Embedding a WIS electrolyte into a suitable hydrogel sub-
strate can not only maintain its broadened voltage window but
also avoid potential leakage demerit, thus reducing packaging
complexity and cost.>>>® Dai et al. immersed a three-dimen-
sional CS/PAAm composite hydrogel in 10 M LiTFSI solution,
and the ionic conductivity of the hydrogel electrolyte was
increased by 5 times compared with the bulk solution, and the
electrochemical stability window was widened to 2.6 V.>> The
hydrophilic groups in the polymer can also bind to water mole-
cules, and play a synergistic effect with the LiTFSI to further
inhibit free water activity.?” But, to make electrolyte fully pene-
trate the three-dimensional network in a short time, a more
feasible approach is worth uncovering. However, ordinary poly-
mers cannot hold ultra-high concentrations of salt, resulting
in the inability to form the polymer hydrogel, or the perform-
ance of the obtained hydrogel is not up to the qualified level.”®
Therefore, multifunctional polymer substrates that can accom-
modate high concentrations of salt are worthy of exploration.

Herein, we designed a novel PAAK/CMC-based interpene-
trating polymer network (IPN) polyelectrolyte hydrogel syn-
thesized in situ by free radical polymerization. AAK monomer
in a CMC (carboxymethyl cellulose) substrate solution was
crosslinked by the initiator ammonium persulfate and cross-
linker N,N'-methylene bisacrylamide. To form hydrogel electro-
lyte PAAK/CMC-x (x represents the concentration of CH;COOK)
in only one step, the double salt of AAK and CH;COOK should
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exist in the solution at the same time before polymerization.
Then AAK can be polymerized to form a polymer substrate at
70 °C, accommodating ultrahigh CH;COOK in the solid-state
form. Meanwhile, the K* in both CH;COOK water-in-salt elec-
trolyte and PAAK chains can collectively form solvent-sheath
structures with free water and inhibit water activity, thus
endowing the PAAK with a dual function. The proposed PAAK/
CMC-24 M hydrogel electrolyte exhibits excellent flexibility and
a high ionic conductivity of 35.8 mS ecm™'. Combined with
advanced N-doped graphene hydrogel electrodes, an NG/NG
all-solid-state water-based supercapacitor using PAAK/CMC-24
M yields a working voltage window of 2.1 V and an unexpected
energy density of 33.0 W h kg™' with 88.2% of capacitance
retention after 6000 cycles. A wide temperature operation
range of —20-70 °C was also tested, demonstrating excellent
working performance. The assembled flexible device shows
fantastic bendability at 0-180°. Such a simple and feasible
approach provides a new strategy for preparing WIS hydrogel
electrolytes and paves the way for high-performance electro-
chemical energy storage devices.

Results and discussion

The preparation of NG hydrogels was based on a simple hydro-
thermal reaction of GO and urea as shown in Fig. 1a.*° XPS
spectra in Fig. Slat confirm that N atoms were successfully
doped into graphene nanosheets, accounting for nearly 4.6%
of atom contents. The high-resolution spectra of N 1s were
also analyzed as shown in Fig. S1b,T where three peaks at
398.6, 399.9, and 401.5 eV were assigned to the pyridine-N
(N-6), pyrrolic-N (N-5), and quaternary-N (N-Q), respectively.
Fig. S21 shows the contact behavior between the NG electrode
and high concentration electrolyte. This contact angle (31°) of
the NG electrode was much smaller than that of the activated
carbon electrode (40°). Compared with commonly used acti-
vated carbon electrodes, the N atom-doped graphene electro-
des have better wettability to a high concentration electrolyte.
Besides, heteroatom-doped carbon materials can also facilitate
fast charge transfer and generate extra pseudo capacitance,’
achieving the effective enhancement of charge storage abil-
ities. Fig. S31 shows the SEM image of NG aerogels, revealing
the interconnected porous network with the existence of
micropores, mesopores, and macropores. Porous structures
provide an accessible pathway and shorten the path for ion
transfer, thereby improving charge and discharge efficiency
and specific capacitance.

A schematic diagram of the PAAK/CMC-24 M polyelectrolyte
hydrogel preparation is shown in Fig. 1b. Firstly, KOH was
added in the CMC solution containing an appropriate amount
of AA monomer to consume carboxyl groups, to verify the
transformation of AA to AAK. Fourier transform infrared spec-
troscopy (FTIR) was performed to compare the pure PAA,
PAAK, and PAAK/CMC hydrogel in the absence of CH3;COOK
salt as shown in Fig. 2a. It can be seen that the band of
-COOH disappeared at 1720 cm™" and 3500 cm ™", instead, the
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Fig. 1 The method of NG hydrogel synthesis (a), the schematic diagram of the PAAK/CMC-x polyelectrolyte hydrogel preparation (b).

band appeared at 1431 cm ™" and 1563 cm™" for the PAAK poly-
electrolyte hydrogel. This change was attributed to the appear-
ance of carboxylate and the complete transformation of AA to
AAK. Moreover, in the PAAK/CMC hydrogel, carboxylate was
also present in CMC, and the —~OH stretching vibration peak at
3500 cm™" was exactly due to the addition of CMC. Meanwhile,
in the PAAK/CMC polyelectrolyte hydrogel, the band of carbox-
ylate underwent a blue shift to 1425 cm™" and 1560 cm™" com-
pared to pure PAAK. These shifts indicated the formation of
the interpenetrating polymer network (IPN) polyelectrolyte
hydrogel between PAAK and CMC chains. To in situ form
water-in-salt polyelectrolyte hydrogels, a lot of CH;COOK was
added into the as-prepared precursor solution before polymer-
ization of AAK. The obtained PAAK/CMC-24 M hydrogel exhi-
bits a strain of 950%, and the maximum tensile strength is 40
kPa as shown in Fig. 2b. The introduction of CMC significantly
enhanced the tensile strength and strain of the polyelectrolyte
hydrogel. Digital photos and SEM images of the hydrogel elec-
trolyte are shown in Fig. S4.1 It can be seen that the hydrogel
can withstand compression and stretching without splintering
as shown in Fig. S4a, b and c.f The morphology of the three-
dimensional porous network of the PAAK/CMC-water hydrogel
was also confirmed as shown in Fig. S4d.T However, the mor-
phological feature of the PAAK/CMC-24 M hydrogel was
different because a large amount of salt remained in the three-
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dimensional network structure as shown in Fig. S4e.} Fig. S5
further exhibited the stretched state of the polyelectrolyte
hydrogel with excellent tensile performance in the universal
tensile testing machine.

Linear sweep voltammetry (LSV) tests were performed to
measure the electrochemical stability window (ESW) of 24 M
CH;COOK, 30 M CH;COOK, and PAAK/CMC-24 as shown in
Fig. 2c. The electrolyte was employed between two platinum
electrodes at a sweep rate of 10 mV s~ for electrochemical
measurements at room temperature. The 24 M CH;COOK, 30
M CH;COOK, and PAAK/CMC-24 M exhibited potential
windows of 2.5, 2.7, and 3.1 V, respectively.*’ The highly hydro-
philic polymer network can inhibit the activity of water and
reduce the dynamic decomposition of water molecules, further
extending a wider thermodynamic stability window relative to
that of an aqueous electrolyte containing 24 M CH;COOK and
30 M CH;COOK. Besides, the K' carried by the PAAK/CMC
polyelectrolyte hydrogel also played an indispensable role in
increasing the electrochemical stability window.

The ionic conductivity of the hydrogel electrolyte was
measured by AC impedance in Fig. S6.1 The PAAK/CMC-24 M
hydrogel exhibited an unexpectedly high ionic conductivity of
35.8 mS ecm™', which was comparable to the ionic conductivity
of 30 M aqueous CH;COOK (31.2 mS cm™") and higher than
that of 21 M aqueous LiTFSI (8.2 mS cm™')."> Compared to the

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0nr08437a

Published on 07 Qunxa Garablu 2021. Downloaded on 29/10/2025 10:29:41 AM.

View Article Online

Nanoscale Paper
0.8
a b Ll C
——PAAK-24M ~ 0.7} ——24M CH,COOK
° ——PAAK/CMC-24M “-'E ———30M CH.COOK
\/ 0.6} 3
g . E\ ol 9 e PAAK/CMC-24M
s - - < 05}
= - £
Dt -
£ ” = 04}
2 : g 20} E
W St
= b S 02t KRRY
—— PAAK/CMC ' 10} Q 25V 27V
= PAAK HOOC- ! i 0.1F
— PAA I (I - i (I S e vy
L L L -CooMm 0.0 L
3500 3000 2500 2000 1500 1000 0 200 400 600 800 1000 0 1 2 3 4
Wavenumber (cm™) Strain (%) Potential (V)
0.5
d e —— PAAK/CMC-24M

-1.0F —— PAAK/CMC-16M
= PAAK/CMC-8M

= PAAK/CMC-IM

¥ S———
A |

] T |

2
\o\°
\°\o

s 2
£ 20} <
2,5 E’
25k Z
g g
3.0f =

Heat flow (W g") ~

—— PAAK/CMC-water
~———PAAK/CMC-24 M

2.8 3.0 3:2 3:4 3:6 3.8 4.0
1000/T (K1)

2800 3200

Raman shift (cm™)

3600 2000 20 0 20 40 60
Temperature (°C)

Fig. 2 FTIR spectra of pure PAA, PAAK and PAAK/CMC hydrogel (a), stress—strain curves of PAAK-24 M and PAAK/CMC-24 M (b), LSV curves at a
scan rate of 10 mV s™* (c), ionic conductivity of the PAAK/CMC-24 M at a temperature from —20 to 70 °C (d), Raman spectra of PAAK/CMC-x (e).
DSC thermograms of pure water and 24 M CH3COOK in the PAAK/CMC hydrogel (f).

reported literature about hydrogel electrolytes®®***® in

Table S1,T the PAAK/CMC-24 M hydrogel still showed superior
conductivity performance. Fig. 2d presented the temperature-
dependent ionic conductivity of the PAAK/CMC-24 M, and
logo increased with temperature, following the Arrhenius
formula from —20 °C to 70 °C. Even in the environment of
—20 °C in an ice salt bath and 70 °C in the heating plate, the
polyelectrolyte hydrogel still showed an excellent ionic conduc-
tivity of 15.4 and 70.8 mS cm™" respectively, indicating appreci-
able conductivity in harsh environments. It was worth noting
that under the approximately same concentration of potassium
ions for PAAK/CMC-24 M and 30 M CH;COOK, there was
almost no obvious loss of ion conductivity of the solid electro-
lyte compared to the aqueous electrolyte. It was most probably
bound up with the “jump” mechanism mentioned in the lit-
erature where K’ cations can move along the charged groups
on the polymer backbone.** Both polymers of PAAK and CMC
in our PAAK/CMC hydrogel network possessed this structure.
PAAK/CMC polyelectrolyte hydrogels with different concen-
trations of CH;COOK have also been prepared and also exhibi-
ted high ionic conductivity as shown in Fig. S7.}

Raman spectroscopy shown in Fig. 2e showed that the
addition of the water-in-salt electrolyte greatly reduced the
activity of free water in the hydrogel. In PAAK/CMC-1 M, most
of the water molecules were still in a free state, where O-H
stretching vibration gave rise to a broad Raman band, attribu-

This journal is © The Royal Society of Chemistry 2021

ted to various hydrogen-bonding environments in water clus-
ters. However, the peak intensity remarkably reduced in PAAK/
CMC-8 M, 16 M, and 24 M due to the formation of water-in-
salt electrolytes. DSC experiments were further conducted to
investigate the thermal properties of the PAAK/CMC-24 M and
PAAK/CMC-water from —20 °C to 70 °C as shown in Fig. 2f. An
obvious thermodynamic transition was observed at —5.5 °C in
PAAK/CMC-water, which deviated greatly from 0 °C. Since in
the PAAK/CMC-water hydrogel, the water molecule was almost
in a free state, the appearance of the thermodynamic tran-
sition peak was inevitable. And the peak shifting to a sub-zero
temperature was due to the ionic behavior of the polyelectro-
Iyte hydrogel intrinsically. In contrast, the thermodynamic
transition of water molecule in the PAAK/CMC-24 M dis-
appeared, and no obvious corresponding peak appeared near
0 °C. The elimination of the thermodynamic transformation
indicated that the existence of the water-in-salt electrolyte can
reduce and suppress the mobility and activity of free water in
the polyelectrolyte hydrogel.

Fig. S81 shows that the assembled NG//NG aqueous super-
capacitor with the 24 M CH3COOK electrolyte achieved an
energy density of up to 23.9 W h kg™' and a high operating
voltage of 1.9 V. The excellent performance of the device far
exceeded the previously reported supercapacitor with an
energy density of 16.8 W h kg™' using AC electrodes and
the 30 M CH;COOK electrolyte.”® Taking into account the
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packaging cost and leakage of the electrolyte during practical
applications, it is a feasible strategy to in situ embed the
water-in-salt electrolyte in an appropriate hydrogel. Herein, we
further used the N-doped graphene hydrogel as the symmetric
electrode and the PAAK/CMC-x polyelectrolyte hydrogel as the
solid electrolyte to construct a water-based solid-state hydrogel
supercapacitor. As presented in Fig. 3a, the CV curves of
PAAK/CMC= at 5 mV s~ ' were obtained. With the increase of
the CH3COOK concentration in the hydrogel, the operating
voltage window also increased, reaching a maximum voltage
of 2.1 V when the PAAK/CMC-24 M hydrogel used as the elec-
trolyte. The shape of CV curves of PAAK/CMC-24 M always
retained a quasi-rectangle-like geometry until 2.1 V as shown
in Fig. S9,t which exceeded 0.2 V for the water-based super-
capacitor using 24 M aqueous CH3;COOK as the electrolyte.
Fig. 3b shows that those CV curves maintained approximate
rectangular shapes as the scan rate increased from 5 mV s™*
to 100 mV s~! in the range of 0-2.1 V. When the scan rate
reached 200 mV s, excellent symmetry still remained. As
expected, GCD profiles also exhibited a typical triangular
shape from 0.3 A g7 to 5 A g~* as shown in Fig. 3¢, demon-
strating the ideal EDLC behavior. The solid-state device
yielded a high specific capacitance of 55.1 F g~ at 0.3 A g~*
and 34.3 F g”' at 10 A g™' calculated from the GCD profiles,
revealing excellent rate capacity. In addition, there was an
extremely low IR drop at the initial stage of the discharge
curves which indicate its low resistance. Electrochemical
impedance spectroscopy shown in Fig. 3d further demon-
strated the equivalent series resistance of 6.84 Q and the ion
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transport resistance of 17.28 Q. Low resistance meant fast ion
transfer in the hydrogel electrolyte and was conducive to high-
rate charge and discharge.

Moreover, after ten cycles of charging and discharging
with different current densities, the supercapacitor still
exhibited excellent rate performance and capacitance reversi-
bility as shown in Fig. 4a. The capacitance of 55 F g~ " at 0.3
A ¢! was retained after subjecting to 0.3 A g' to 10 A g~*
over tens of cycles. According to the used electrode area, the
areal capacitance of 154.2 mF cm™> at 0.84 mA cm > was
achieved as shown in Fig. 4b. Noticeably, superior cyclability
with 88.2% capacitance retention at 4 A g~ and almost 100%
coulombic efficiency was maintained during 6000 cycles as
shown in Fig. 4c. The Ragone plot shown in Fig. 4d and
Table S21 manifested a gravimetric energy density of up to
33.0 W h kg™" at a power density of 311.4 W kg™ comparable
to the supercapacitor using LiTFSL,>>***® and superior to
those using 17 M NaClO4, 30 M CH;COOK-based aqueous
supercapacitors.'>?° Benefiting from the high voltage window
brought by the water-in-salt electrolyte and the ultra-thin gel
electrolyte membrane, high volumetric energy density based
on the whole device has been also achieved as shown in
Fig. 4e which was higher than that of the reported flexible
quasi-solid-state supercapacitor with the low voltage of 0.8
V.*” The self-discharge curves (SDC) process can be controlled
by potential driving at the beginning and 50% voltage drop
was governed by the diffusion control.*® Fig. 4f shows the
slower self-discharge rate of PAAK/CMC-24 M than 24 M
aqueous CH;COOK electrolyte.
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Fig. 3 Voltage windows of PAAK/CMC-1, 8, 16, 24 M at 5 mV s~ (a), CV curves from 5 mV s to 200 mV s™* (b), GCD profiles from 0.3A g to 5 A
g7* (c) and EIS (d) of the NG//NG quasi-solid-state supercapacitor with the PAAK/CMC-24 M polyelectrolyte hydrogel.
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Fig. 4 Electrochemical performances of the NG//NG quasi-solid-state supercapacitor with the PAAK/CMC-24 M polyelectrolyte hydrogel at a
voltage of 2.1 V: rate capacity and cycling performance (a), areal capacitance (b), capacitance retention and Coulomb efficiency after 6000 cycles at
4 A g7* (c), Ragone plot based on electrode active material (d) and the whole device (e). The self-discharge curves of the NG//NG aqueous 24 M
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This journal is © The Royal Society of Chemistry 2021 Nanoscale, 2021,13, 3010-3018 | 3015


https://doi.org/10.1039/d0nr08437a

Published on 07 Qunxa Garablu 2021. Downloaded on 29/10/2025 10:29:41 AM.

View Article Online

Nanoscale

flat
—0°
— 180°

Paper
a 2.0
1.5} falt b 201
~ %
b 1.0 — o~
o 2 15}
< ost =
£ £
o 0.0 S 1.0}
St D
5 .05t s
o R
-1.0} 0.5F
15}
0.0 05 1.0 15 20 25 I

Potential (V)

100 150 200 250 300
Time (s)

Fig. 6 CV curves at 10 mV s~* (a) and GCD profiles at 1 A g~* (b) of the assembled flexible device at 0-180°. Optical images of the flexible device

under different bending conditions (c).

The temperature adaptability tests of the NG/NG quasi-solid-
state supercapacitor with the PAAK/CMC-24 M polyelectrolyte
hydrogel were conducted from —20 °C to 70 °C. Both CV curves
and GCD profiles exhibited typical approximate rectangular and
triangular shapes as shown in Fig. 5a and b. As the temperature
gradually increased from —20 °C to 70 °C, the enclosed area at
70 °C became larger according to CV curves and GCD profiles,
and the capacitance was enhanced by 31% at 70 °C compared to
—20 °C. At high temperatures, due to the increase of liquid fluid-
ity in the hydrogel, the efficiency of ion migration was improved,
thus the electric double layer on the electrode surface enriching
more charges. In addition, the equivalent series resistance and
the ion transport resistance significantly reduced with the
increase of temperature as shown in Fig. 5c and Fig. S11,f
which also demonstrates that the diffusion and transport of
electrolyte ions were promoted. The working status of the device
is shown intuitively at different temperatures in Fig. 5d, and an
LED could emit light for more than one minute. Benefiting
from the excellent mechanical properties of the hydrogel, the CV
curves and GCD profiles of the assembled flexible device did not
deform and polarise under the different bending conditions as
shown in Fig. 6. This indicated the great application potential
for flexible and wearable electronic devices.

Experimental
Materials

Graphite powder, natural briquetting grade, ~100 meshes,
99.9995% (metal basis) was purchased from Alfa Aesar.
Analytical grade KMnO,, 98% H,SO,, 30% H,0,, and 30% HCI
were purchased from Shanghai Chemical Reagents Company.
Analytical grade potassium acetate, acrylic acid, potassium
hydroxide, N,N-methylene bisacrylamide, and ammonium per-
sulfate were purchased from Sinopharm Group Reagents
Company.

Synthesis of NG hydrogels

Graphene oxide (GO) was prepared according to the modified
Hummers’ method described in our previous work. Synthesis
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of NG hydrogels was achieved by a typical hydrothermal way.
In detail, 100 mg of GO in 30 ml of deionized water was dis-
persed with the aid of mild sonication for 30 min. Next, 1 g of
urea was added to the above GO solution and stirred vigorously
for 20 min. Finally, the mixed solution of GO and urea was
poured in the Teflon-lined stainless steel autoclave at 180 °C
for 12 h. Subsequently, the obtained cylindrical NG hydrogel
was dialysed against deionized water for 1 day and soaked in
anhydrous ethanol over 24 h for use.

In situ formation of “water-in-salt”-based polyelectrolyte
hydrogels

First, 60 mg of CMC was dissolved in 3.8 mL of deionized
water under constant stirring at 80 °C until the solution
became clear. Next, 1.6 g of AA monomer, 1.34 g of KOH, and
0.016 g of N,N-methylene bisacrylamide were added to the
above solution at room temperature. After about 30 minutes of
full reaction, 9.6 g of potassium acetate was added. Then, pot-
assium acetate was assisted by ultrasound and stirred until the
salt was completely dissolved, forming a water-in-salt solution.
After that, initiator APS with 1 wt% of AA was added into the
solution and stirred for 10 min. Finally, the above solution was
transferred to a specific mold and reacted at 60 °C for 3 hours.
The obtained hydrogel was denoted as PAAK/CMC-x according
to the concentration of CH;COOK. We also prepared the same
gel without CMC, denoted as PAAK-x.

Assembly of quasi-solid-state supercapacitors and the flexible
device

Symmetrical split test cell supercapacitors were assembled
with two identical NG hydrogel electrodes using PAAK/CMC-x
electrolytes. Two NG hydrogel electrodes pressed into a circular
shape (a diameter of 1.2 cm) were fabricated face-to-face with
the hydrogel sandwiched between the membrane and electro-
Iyte. The flexible device was constructed by the same method
with titanium mesh as a current collector.

Electrochemical measurements

All electrochemical performance tests were conducted on a
CHI660D electrochemical workstation. The ionic conductivity
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of electrolytes was conducted using AC impedance tests over a
frequency range from 0.1 Hz to 100 k Hz and a voltage ampli-
tude of 5 mV. Two pieces of stainless-steel mesh were placed
parallel to each other with the hydrogel sandwiched between
them. The electrical conductivity (¢) was calculated using the
following equation:

L
o =
S X Ry

(1)

where L is the thickness of the hydrogel electrolyte, S is the
contact area of the hydrogel between the electrolyte and elec-
trode, Ry, is the electrical resistance determined by the first
point of intersection with the real axis.

Linear sweep voltammetry (LSV) tests were carried out in a
two-electrode system to measure the electrochemical stability
window (ESW) limits at a scan rate of 10 mV s™'. To evaluate
the performance of the supercapacitor, cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrical
impedance spectroscopy (EIS) were also carried out.
Accordingly, the gravimetric capacitance (Cg), areal capacitance
(Cs), gravimetric energy density (E,), areal energy density (Ej),
volumetric energy density (E,), and power density (P) based on
the GCD curves were calculated from the following equations:

C. — IxXV (2)
& tp X M
Cs =Cy X — (3)
C,V?
Eg = gT (4)
Cc,V?
Es = VZ (5)
E
E, = Es (6)
E x 3600
P=—— (7)
tp

where I is the discharge current, V is the potential window
during the discharge process after the IR drop, ¢, is the dis-
charge time, s is the working area of the electrode and d is the
thickness of the whole device.

Characterization

To investigate the chemical composition and valence states of
NG samples, X-ray photoelectron spectroscopy (XPS) was per-
formed in a Thermo VG Scientific MultiLab ESCA2000 system.
The FTIR spectra and Raman spectra were obtained using a
Bruker EQUINOX 55 Fourier transform-infrared spectrometer
with the KBr disk method and a RAMAMLOG 6 (Spex, USA)
with an excitation wavelength of 532 nm. The morphology of
freeze-dried products was measured using a field emission
scanning electron microscope (FESEM, GeminiSEM 500). The
wetting behavior and contact angles of aqueous electrolytes
were measured employing the Young-Laplace method and a
contact angle goniometer VCA2000 (AST Inc.). DSC experi-
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ments were performed through TA Instruments Q2000 scan-
ning calorimeter at a heating rate of 5 °C min~". Tensile tests
and viscosity tests were performed using a universal testing
machine (UTM2502) and Ubbelohde viscometer.

Conclusions

In summary, the proposed polyelectrolyte hydrogel can accom-
modate a high concentration of CH;COOK and exhibit high
ionic conductivity (33.2 mS em™") with excellent stretchability.
The assembled NG/NG quasi-solid-state supercapacitor with
PAAK/CMC-24 M achieved a voltage of 2.1 V with an energy
density of 33.0 W h kg™' and superior cyclability with 88.2%
capacitance retention at 4 A g~ after 6000 cycles. In addition,
the device can power an LED in the temperature range of —20
to 70 °C, indicating excellent environmental adaptability. The
assembled flexible supercapacitor can work at 0-180° without
sacrificing capacitance. Such an excellent performance exhibi-
ted a considerable level with the reported supercapacitors with
high-cost LiTFSI salt. The method of using a polyelectrolyte
hydrogel to accommodate high concentration ions demon-
strated practical feasibility and opens a new avenue to achieve
high energy density for electrochemical energy storage with
“water-in-salt” electrolytes in the solid-state.
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