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A highly magnetic stable organogel electrolyte for supercapacitors was
prepared via simple esterification using polyvinyl alcohol as the raw
material. This organogel exhibits excellent mechanical properties:
elongation (~700%) and tensile strength (949.21 kPa), high flexibility,
magnetism, and substantial specific capacitance (164.1 F g~%). At a high
scan rate of 50 mV 2, the CV curve of this organic gel still maintains an
ideal rectangle, showing high speed performance. It has broad pro-
spects in the application of flexible electronic products.

In recent years, the application and development of flexible
electronic materials have greatly improved our lives and society.
With the rapid development of flexible electronic products,
such as electronic watches and electronic skin, there is a need
for miniaturised and flexible energy-storage devices.'™ Never-
theless, the conventional capacitors are usually button cells>®
or have a spiralwound’ configuration, where the electrolyte,
separator, electrode materials and current collector are pack-
aged in stacked and rolled configurations. Such capacitors are
large and heavy and cannot be used as flexible energy-storage
devices. Therefore, the development of ultra-thin and flexible
configurations for energy-storage devices has garnered signifi-
cant attention.®'® Among various energy-storage devices,
supercapacitors possess notable advantages such as long cycle
life, high power density, good flexibility, small size and safety,
making them an optimal choice."'™® The potential applica-
tions of large-scale, transparent and flexible electronic devices
in touch sensors and displays have garnered significant
attention.'®™*® Owing to their inherent flexibility,"® good
mechanical recovery,”® excellent ionic conductivity and good
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biocompatibility,>* conductive gels can be used not only as
suitable electrolytes for flexible supercapacitors but also in
human activity detection, biomedical engineering, artificial
skin and wearable electronic devices, among others. Among
conductive gels, magnetic organogels are considered as promis-
ing and attractive materials because of their unique properties
such as magnetic response and remote-control ability.”> Mag-
netic organogels are composites made of an organogel matrix
and magnetic inclusions.” In addition, the magnetic effect can
be achieved by changing the synthesis process to produce high-
quality electrode materials with specific performance and
improved electrochemical energy-storage capability.>* Metal
oxide is one of the commonly used electrode materials for
preparing electrolytes for supercapacitors,®® and most metal
oxides show magnetism.?® In addition to metal oxides, there are
also many metal-based materials used in supercapacitors, such
as intermetallic compounds,” transition metal disulfides®® and
other carbon-based materials, which can exhibit various mag-
netic properties. A stronger and more ductile gel matrix can be
obtained by adding inorganic nanoparticles to a gel.>® This is
because the nanoparticles, through specific interactions with the
gel polymer chain,***" can effectively enhance the elasticity of the
polymer network, thereby increasing the mechanical strength
of the gel. By adding different nanoparticles, different properties
such as electrical conduction and magnetism can be elicited;
such properties may expand the applications of stimuli-
responsive gels in the future.*® For example, Hu et al. prepared
a magnetic flexible composite hydrogel with a tensile strength of
about 140 kPa and good tensile properties (x170%) using
terpolymer composite.*® Demire et al. a self-healing and stretch-
able PVA-nickel-borax (PNB) material for supercapacitor applica-
tions is presented, specific capacitance up to 88.79 F g .**
However, the preparation of magnetic gels with high mechanical
strength and excellent electrochemical properties using magnetic
materials is still a major challenge. It is possible to change
the electrochemical performance of capacitors using magnetic
materials. Thus far, such strategies have been minimally
explored.
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Fig.1 Schematic diagram of the preparation of the PVA/PS/FezO,
organogel.

This paper proposes a new method for preparing a tough
and adhesive magnetic organogel using polyvinyl alcohol (PVA)
as a packaged system. First, superparamagnetic ferric oxide
nanoparticles (Fe;0, NPs) were synthesised by thermal decom-
position using iron acetylacetone as the raw material (Scheme
S1 and Fig. S1, ESIt).*® Then, crosslinking agent 2,2'-(1H,1
H-[2,2'-double imidazole]-1,1’-2)sodium diacetate (PS) was
synthesized using 2,2’-biimidazole (Scheme S2, ESI{). Finally,
a multi-functional magnetic organogel electrolyte PVA/PS/Fe;0,
was prepared using PVA and PS as the raw materials (Fig. 1).
PVA and PS were crosslinked and esterified at 120 °C in
dimethyl sulfoxide (DMSO). After the addition of Fe;O, NPs,
the mechanical and electrochemical performances of the gel
electrolyte improved. The viscoelastic properties of magnetic
gels can be regulated, which is very useful for the development
of devices with magnetic properties.

As shown in Fig. 2A, the esterification reaction between PVA
and PS was explained via nuclear magnetic resonance (NMR)
spectroscopy. Compared with the proton signal of PVA, the
partial C-H proton signal of PVA/PS shifted upwards by
0.216 ppm (from 3.831 to 3.775 ppm). This was because the
introduction of electron-withdrawing groups (carbonyl carbon
with sp® hybridisation) in the PVA/PS chain weakened the
electron-shielding effect of C-H. Furthermore, the signal of
O-H protons in PVA split into three peaks at 4.683, 4.490 and
4.248 ppm. However, after adding PS, the splitting peak of the
remaining O-H protons in PVA disappeared. After introducing
the electron-withdrawing group -COOH, the O-H proton signal
of PVA/PS shifted upwards to 4.393 ppm.

To further study the esterification reaction between PVA and
PS, the Fourier transform infrared (FT-IR) spectra of solid PVA
and the PVA/PS organogel were analysed. The FT-IR spectra of
PS show typical peak areas of v(C=0) at 1594.84 cm ™" (Fig. 2B).
The FT-IR spectra of the PVA/PS organogel and PVA showed
that PS was crosslinked with PVA due to esterification as the
absorption band of ¥(C=O0) shifted to a higher wave number of
1708.91 cm™ ' with the introduction of electron-withdrawing
groups. Simultaneously, a typical v(C-O-C) absorption band
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Fig. 2 (A) *H nuclear magnetic resonance (NMR) spectra of the samples.
(B) Fourier transform infrared (FT-IR) spectra of the samples. (C) Scanning
electron microscopy image of the PVA organogel. (D) Scanning electron
microscopy image of the PVA/PS organogel.

appeared in the PVA/PS spectrum at 1011.72 cm™*. The mor-
phology of the samples was studied via scanning electron
microscopy (SEM). The SEM image (Fig. 2C) shows the layered
morphology of the PVA organogel. An appropriate amount of PS
was acidified and injected into PVA, followed by esterification
at 120 °C to form the PVA/PS organogel, with obvious pore
structures formed in its dry form (Fig. 2D). From 'H NMR,
FT-IR, SEM and other data, it is evident that an esterification
reaction occurred between PVA and PS.

Three types of organogels, namely PVA, PVA/PS and PVA/PS/
Fe;0,4, were prepared using the freeze-thaw method. After the
shearing treatment, the mechanical properties of the organo-
gels were tested via tensile tests and under artificial deforma-
tion conditions. As seen in Fig. S2 (ESIt), compared with the
pure PVA organogel, the PVA/PS organogel exhibited much
higher elongation (~800%), which proves that esterification
crosslinking effectively changes the mechanical properties of
the pure PVA organogel. Remarkably, the mechanical proper-
ties were regulated by the addition of Fe;O, NPs. After Fe;0,
NPs were added, PVA/PS/Fe;0, organogels showed significant
elongation (~700%) and tensile strength (949.21 kPa) (Fig. S3,
ESIt). The organogel could withstand a strain of up to 700%
without any visible cracks or damage, and it could recover after
stretching to almost twice its original length. Although the
PVA/PS/Fe;0, organogel exhibited less elongation than the
PVA/PS organogel, the tensile strength of the former was much
higher (322%), which greatly increased its toughness. Com-
pared with the pure PVA organogel, the PVA/PS/Fe;0, organo-
gel had a higher elastic modulus (1.38 kPa), which was also
higher than that of the PVA organogel (0.67 kPa) (Fig. S4, ESIT).
These results indicate that the PVA/PS/Fe;O, organogel has
excellent tensile strength. In the load-bearing experiment, the
PVA/PS/Fe;0, organogel lifted a 2500 g reactor without showing
any signs of fracture, indicating its high toughness and ability
to withstand high tensile stress (Fig. 3B). Compared to other

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) and (B) PVA/PS/FesO4 organogel exhibiting load-bearing capability and stretchability. (C) Magnetic response of the organogel under the action

of magnets. (D) Adhesion of the organogel. (E) Deformation performance of the as-prepared organogel.

similar gels (Table 1), this organogel has excellent ensile
strength and elongation. This mechanical strength is crucial
for supercapacitors as they must endure internal and external
stresses during repeated operations while maintaining their
structure and performance. This organogel has excellent prop-
erties as an electrolyte for energy storage devices. Furthermore,
Fig. 3C shows that because of the addition of Fe;O,, the
organogel shows good magnetism, and under the action of
magnetic field, it can significantly change its shape and not
break. This organogel is sensitive to external magnetic fields;
hence, the mechanical behaviour of the gel can be controlled
through external magnetic fields.*® This possibility lays the
foundation for the wide applicability of the organogel. The
organogel exhibited excellent adhesion ability towards various
objects. As shown in Fig. 3D and Fig. S5(A) (ESIY), the organogel
can be attached to various materials, such as iron, glass, wood,
stone, plastic and agate. Therefore, the PVA/PS/Fe;0, organogel
electrolyte can be directly adhered to the surface of the

Table 1 Comparison of mechanical properties of organogel

Organogel Tensile strength Elongation (%) Ref.

DN PVA-P(NaSS)-P(AEMA) 64 kPa 340 38
PS-p(AAm-co-MBAA) DN 0.43 MPa 590 39
PMAD/PVA/ANF 352.64 kPa 142.8 40
Fe;0,4/PPy/PVA 575.03 kPa — 41
PVA/PS/Fe;04 949.21 kPa 691 This work

© 2024 The Author(s). Published by the Royal Society of Chemistry

activated carbon (AC) electrode without auxiliary materials
such as adhesive tape or packaging. In real-world applications,
this substantially reduces the shedding and movement between
the electrode and electrolyte layer during physical deforma-
tion, enhancing the electrochemical stability of flexible super-
capacitors.’” Fig. S5(B) (ESIt) shows that the PVA/PS/Fe;0, organo-
gel can be formed into various shapes and twisted arbitrarily
(e.g into shapes such as ‘2024’ and ‘snowflake’). Further, after the
external force is removed, it can be promptly returned to almost its
original shape. (Fig. 3E). Even under such large compression
deformation, the gel did not crack and there was no liquid overflow,
demonstrating its strong pressure resistance and water retention.
Fig. S5(C) (ESIt) shows the excellent puncture resistance of the
organogel. These results demonstrate the outstanding mechanical
properties of the PVA/PS/Fe;0, organogel, which are important for
its practical applications as an electrolyte in advanced flexible
energy-storage devices.

Finally, to assess the electrochemical properties of the
PVA/PS/Fe;0, organogel, a prototype flexible supercapacitor
was fabricated using commercial AC electrodes. The electrode
consisted of AC, conductive graphite and polyvinylidene fluor-
ide (vinylidene fluoride) with a mass ratio of 8:1:1. This
material was applied onto a stainless steel mesh (4 mg). Finally,
the supercapacitor was assembled with a sandwich structure
(Fig. S6, ESIf). Its electrochemical performance was eval-
uated via cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and constant-current charge-discharge

Energy Adv., 2024, 3,1905-1910 | 1907
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Fig. 4 (A) Cyclic voltammetry (CV) curves (30 mV s~ and (B) galvanostatic charge—discharge (GCD) curves (0.3 A g~ of the PVA, PVA/PS and PVA/PS/
FesO4 organogels. (C) Electrochemical impedance spectroscopy (EIS) results of the organogel-based supercapacitor with diverse chemical compounds.
(D) Relationship between the electrode specific capacitance and current density of the PVA and PVA/PS/FezO,4 organogels. (E) and (F) CV and GCD curves
of the PVA/PS/FezO,4 organogel with a mass ratio of 3:1. (G) and (H) GCD curve and electrode specific capacitance of the organogels under different

mass ratios at 0.3 A g~%.

(GCD) tests. The CV curve of the organogel was approximately
rectangular, and the GCD curve was a symmetric triangle
(Fig. 4A and B), indicating typical double-layer capacitance
behaviour. In addition, under identical conditions, compared
with the CV curve of a capacitor with the pure PVA organogel
electrolyte, that of the capacitor with the PVA/PS/Fe;0, organo-
gel electrolyte had a larger sealing area. Fig. 4C shows that in
the Nyquist diagram of the organogel-based supercapacitor,
there is a smaller decrease in ohmic resistance (R) because the
PVA organogel slows down ion migration (6.78 Q). However, the
supercapacitors prepared with the PVA/PS/Fe;O, organogel
have lower ohmic resistance (2.75 Q), possibly because xelec-
tron transfer between Fe®* and Fe®" effectively increases the
efficiency of ion migration. The ionic conductivities of the PVA
and PVA/PS/Fe;O, organogels were measured to be 7 and
18 mS cm ', respectively, indicating good ion transport char-
acteristics. At the same current density, the specific capacitance
of the PVA/PS organogel was significantly higher than that of
the PVA organogel, and the specific capacitance improved
further after Fe;O, NPs addition with a mass ratio of 3:1.
When the current density was 0.1 A g, its specific capacitance
reached 164.1 F g~'. When the current density increased to
0.5 A g~ ', the specific capacitance of the PVA/PS/Fe;0, organo-
gel electrolyte reached 135.1 F g~ ', showing high-speed perfor-
mance (Fig. 4D). The CV curve of the supercapacitor with the
crosslinking agent PS exhibited a typical rectangular shape
when scanned at rates of 10-50 mV~* (Fig. S7, ESIt). Similarly,
the CV curve of the supercapacitor based on the PVA/PS/Fe;0,
organogel followed a standard rectangular curve with clear
symmetry and exhibited double-layer behaviour (Fig. 4E).
Furthermore, the GCD curves for supercapacitors prepared
using the PVA/PS organogel (Fig. S8, ESIT) and those prepared
using the PVA/PS/Fe;0, organogel (Fig. 4F) show the typical

1908 | Energy Adv., 2024, 3,1905-1910

triangular double-layer capacitance behaviour in the current
density range of 0.1-0.5 A g ~', which indicates that the
organogel electrolyte has good electrochemical stability. The
GCD curves and electrode specific capacitances at different
mass ratios of Fe;O, NPs in the supercapacitor are shown in
Fig. 4G and H corresponding to operation under a current
density of 0.3 A g ~'. The gradual increase in specific capaci-
tance may be attributed to a decrease in the content of Fe;0,
NPs. Agglomeration of Fe;O, NPs in the gel is reduced, and the
ohmic resistance is reduced, thereby improving the charge
storage capacity. We maintained the PVA/PS/Fe;0, organogel
at room temperature (23 °C) for 5 days to explore its weight
retention. As shown in Fig. S9 (ESIt), the PVA/PS/Fe;0, orga-
nogel can retain 96% of its initial weight after being kept at
23 °C for 5 days. Notably, the CV and GCD curves of super-
capacitors prepared with the PVA/PS/Fe;0, organogel stored for
5 days at indoor temperatures still overlap greatly with those
based on the original organogel (Fig. S10 and S11, ESIt). The
comparison of electrochemical properties of PVA/PS/Fe;O,
organogel electrolyte with those reported in other literatures
is shown in Table 2.

In summary, we report a new synthesis strategy for a
tough magnetic organogel electrolyte by a simple esterifica-
tion reaction and addition of Fe;O, NPs. This electrolyte
showed excellent tensile properties, high toughness, high
magnetism and large specific capacitance. The constructed
carbon-based supercapacitor achieved a high specific capa-
citance of 164.1 F g ~" at a current density of 0.1 A g ~".
Meanwhile, the CV curve retained its perfect rectangular
shape at a high scan rate of 50 mV ~'. This preparation
approach provides new ideas for designing highly mag-
netic organogel electrolytes with excellent electrochemical
properties.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of electrochemical properties of supercapacitors

Specific Ohmic
Working capacitance resistance

Electrolyte potential (V) (Fg™) @ Ref.
PVA/glycerol/Na,SO, 0-2.0 54.7 (@0.5A¢g ") 4.9 42
B-PVA/KCI/GO 0-1.0 140 (@1Ag ) — 43
HSS-S-F/PVA 0-1.0 147 (@0.5A¢g 1) — 44
GPE-3/K3[Fe(CN)s] 0-2.0 327 (@5Ag ") 1.92 45
PVA/PS/Fe;0, 0-1.4 164.1 (@0.1Ag ") 2.75 This

work
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