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1. Introduction

Multifunctional and self-healable conductive IPN
hydrogels functionalized with reduced magnetite
graphene oxide for an advanced flexible

all in one solid-state supercapacitory

Tanzil ur Rehman, Lugman Ali Shah “2'* and Mansoor Khan

The all in one solid-state (AIOS) stretchable and flexible hydrogel electronic devices play a pivotal role in
the development of elastic supercapacitors for energy storage and fast charging—discharging rates.
However, poor ionic, electrochemical, electronic conductivity, self-healing ability, bioavailability, and
weak mechanical stability have limited the use of such hydrogels in supercapacitors for real applications.
In the present work, we report an interpenetrating network (IPN) of poly(vinyl alcohol) (PVA)-based
green polymeric composite hydrogel, synthesized with a two-pot method. The first polymeric network
consisted of guar gum (GG) which is used as a bio-template for the dispersant for the uniform
distribution of sonicated reduced magnetite graphene oxide (rMGO) to produce rMGO-GG. This was
blended with PVA and then physically crosslinked with borate ions to produce the IPN. The viscoelastic
properties of the hydrogels were tested rheologically, and the storage modulus (G;nax) was found to be
3.86 kPa within the linear viscoelastic region (LVR). The hydrogels exhibited an excellent healing
potential which occurred in 5 to 10 s. The practical and self-assembled AIOS supercapacitor
demonstrated a cyclic voltammetry capacitance of 85 F g%, whereas the galvanostatic charge discharge
(GCD) specific capacitance was 106.66 F g~%. The electrochemical impedance spectroscopy (EIS) of the
materials also found an internal resistance of 1.22 Q. The capacitance retention after 5000 cycles was
94.97%, demonstrating the cyclic stability of the hydrogels. The gauge factor (GF) was 8.25, with a
conductivity of 0.89 S m~* at 200% strain. The material was found to be efficient when applied as a
practical device.

their ability for electrical conduction upon stretching and
elongation. Therefore, to keep the cost low, and to ensure the
recycling, bioavailability, biodegradability, biocompatibility,

Recent developments and progress in the field of hydrogels for
their use in versatile applications in daily life make it more
promising in general, and particularly in replacing traditional
rigid wearable electronic devices." Hydrogels are used in many
electrical devices such as smartphones,” watches,? sensors,*®
and in flexible and healable electronic devices.” Most of the
existing traditional electronic energy storage devices have pro-
blems with mechanical wear and damage, and thus, wearing
the electronic devices during their routine operation and
application is not possible.®® In addition, most of these
materials are environmentally threatening to the flora and
fauna of the planet."* In addition, most of the materials lose
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flexibility, safety, and self-healing abilities,"”>* one should
keep it in mind these requirements before synthesizing electro-
nic devices. Thus, in the recent world of energy harvesting and
storage devices such as batteries and supercapacitors, they
must have properties such as flexibility, stretchability, and a
self-healing capability.'**®

The modern supercapacitor achieves the application regard-
ing their returns such as better and enhanced specific capaci-
tance (Cs), multiple cycling stability, and improved charge-
discharge timing.'” Some other problems faced by traditional
electronic devices are their rigidity, massive weight, prone to
wear and tear, and even non-sustainability due to the presence
of unnecessary fillers."®?° Similarly, most of the traditional
rigid supercapacitors work on a liquid electrolyte system, which
faces problems of leakage and evaporation during their opera-
tion in practical applications. Thus, the need for smart weight,
a self-healing ability, flexibility, and stretchable materials is a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reason to choose hydrogels. Hydrogels can absorb a great
amount of water because of the weak mechanical properties
in their 3D network.?" This makes the use of hydrogels limited
for applications in energy storage devices. Therefore, many
workers in the field have developed hydrogels with mechanical
properties either using chemical, or physical methods, or even
by adding some reinforcing agent or additives and fillers.>” The
physical crosslinking not only improved the mechanical prop-
erty but also enhanced the flexibility and stretchability of the
hydrogel by proper 3D networking.

However, a hydrogel which is crosslinked physically or
chemically still does not meet the needs of the present require-
ments for flexible soft electronic devices.>® A single network
polymeric hydrogel has deprived performance regarding their
strength and strain. To overcome such a limitation of the
hydrogel as a medium for ionic and electronic conductivity,
the approach using an IPN for the development of better
mechanically performing hydrogels was reported. Qui and Park
reported the synthesis of IPNs in the super porous hydrogels to
enhance the mechanical property for drug delivery.>* Healing
ability is another important property after deformation via
stretching for the conducting hydrogels during their operation
in electronic devices. The damage and wear of the traditional
covalent crosslinking, limited the use of hydrogels due to irre-
versible and weak self-recovery as the energy dissipated after
the scarification of the covalent bonds. However, the introduc-
tion of reversible bonds (non-covalent) such H-bonding and
ionic bonding enhanced the process of self-recovery.>® It was
reported that the recovery time of hydrogels was long and time
consuming especially in practical uses within electronic
devices.*® Thus, IPN formation and physical crosslinking made
the hydrogels mechanically more effective and productive for
the self-recovery and healing processes during cutting and
stretching.”” The mechanically developed and self-healing
properties of hydrogel make it a better candidate for energy
harvesting and energy storage in electronic devices such as
supercapacitors.”® Such materials have the capability of excel-
lent and large specific capacitance values, cyclic stability of
many hundreds of life cycles, and enhanced power density.

The dynamic mechanical tests and viscoelastic property
elucidated an important factor regarding the microstructure
of the polymeric and hydrogel materials, specifically their ionic
and electronic conductivity. In this regard rheological charac-
terization is a major tool for the confirmation of a material’s
viscosity and elastic nature. For the elucidation of their non-
Newtonian behaviors the loss (G”) and storage (G') moduli were
measured. For materials with a viscoelastic solid nature the
G' > G", whereas for the materials with a viscoelastic liquid the
G" > G'.*° Therefore, rheological investigation for the flexible
and self-healed hydrogel materials is necessary to understand
its non-Newtonian behavior.

In the present work a novel electrochemical all in one-solid
(AIOS) system was used for a supercapacitor with improved
rheological behavior, better ionic and electronic conductivity,
mechanical enhancement, a large water uptake capability,
a light weight, bio-compatibility, excellent intrinsic self-heal
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ability, and moldable IPN hydrogels were developed via a two-
fold approach.®® The reduced magnetite graphene oxide
(rMGO) was synthesized and introduced as a conducting mate-
rial within the IPN hydrogel. Poly(vinyl alcohol) (PVA) was used
as an IPN agent for mechanical enhancement together with
borate (b) as a physical crosslinker to make PVA-b. Similarly,
guar gum (GG) was used for the formation of stable sheets of
rMGO. The GG works as both stabilizing and template agent
during the formation of rMGO-GG. The rMGO-GG was then
homogenously distributed and incorporated within the PVA,
and then crosslinked by borate to form rMGO-GG/PVA-b IPN
hydrogels having better 3D networking systems."” It was con-
venient that the rMGO sheets work as both fillers to enhance
the mechanical strength and improve the electrical conductiv-
ity of the solid-state electrode system. The rMGO based flexible
and self-healable hydrogels were assembled and integrated by
soaking in a 6 M KOH (electrolyte) solution for the loading
and then sandwiched to make an AIOS system for practical
operation. The electrolyte within the hydrogel network plays a
major role particularly during the charge-discharge process.
The self-healing was found to be very fast when compared to
earlier reported self-healing hydrogels.

2. Experimental

2.1. Materials

The MGO was prepared using a previous method found in the
literature.>"*> The borax, GG, PVA, were obtained from Sigma-
Aldrich, and the KOH was purchased from BDH. Nickel foam,
and Millipore double distilled water were also used. A three
electrode system (Metrohom electric station) was used for the
measurements. All the reagents were of analytical grade, and
used as purchased without further purification.

2.2. Synthesis of rMGO

The magnetite graphene oxide (MGO) was reduced to form
rMGO, as the graphene oxide (GO) itself showed a low con-
ductivity within the materials. For this purpose 500 mg of MGO
was dispersed in 1000 ml of deionized water, and then soni-
cated for 2 h, and next the mixture was stirred on a magnetic
stirrer at 90 °C for 24 h.** When the rMGO had been carefully
dispersed and homogenized and cleaned ultrasonically, it was
used to make sheets of rMGO which were incorporated within
the bio-template for enhancing the conductivity of the sample
in next generation flexible and self-healing supercapacitors.

2.3. Synthesis of hybrid rMGO-GG hydrogels

The hybrid rMGO-GG hydrogels were prepared in deionized
water. Firstly, the GG (2% by weight) was added to the PVA (2 g)
in 8 ml of water and was dispersed via stirring using the GG
as a bio-dispersant. The rMGO was then dispersed in 2 ml of
distilled water with ultrasonication for 2 h, and then added to
the GG solution to complete the stable colloidal formation. The
mass ratio of GG to rMGO was fixed at 1:0.2, 1:0.4 or 1:0.6.
These as-synthesized hybrid materials (hybrid composite) were
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labeled and categorized as rMGO-GG-1 (0.02 g rMGO), rMGO-
GG-2 (0.04 g rMGO), and rMGO-GG-3 (0.06 g rMGO), separately.
A small amount of heat was used to evaporate some of the extra
water content of the suspension, to increase the elastic nature
of the as-synthesized materials.

2.4. Fabrication of the hybrid rMGO-GG/PVB-b hydrogels

PVA fine powder (2 g) was gradually and slowly added to the
rMGO-GG suspension with constant stirring for 40 min, for
the uniform distribution of PVA within the suspension. The
blended suspension was then heated to 85 °C and stirred for 2 h
in a closed flask to stop the evaporation of water from suspen-
sion until the PVA was completely dissolved. After the for-
mation of the homogenized solution of PVA, 0.5 g of sodium
borate (borax) was gently added and slowly dispersed in the
suspension to avoid rapid gelation until the solution started to
show a more viscous flow. This indicated the formation of PVA
based rMGO-GG hybrid IPN hydrogels of rMGO-GG/PVA-b as
shown in Scheme 1. The samples were cooled down to room
temperature and then kept for further use. Three samples with
different percentage contents of rMGO within the matrix were
labelled as rMGO-GG/PVA-b1, rMGO-GG/PVA-b2, and rMGO-
GG/PVA-b3. The percentage of PVA, rMGO, GG, and borax were
2% (solution % of PVA), 2-6%, 0.5%, and 2% to the total weight
of the composite hydrogels, respectively.

3. Results and discussion

The present material was synthesized by incorporating a nano-
hybrid (NH) of GG with rtMGO into the PVA matrix. The GG
served as the bio-template material for uniformly distributed
rMGO nanosheets within, and on the surface of, the naturally
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occurring bio-polymer. This was achieved by constant stirring
for 2 h on a magnetic stirrer in 10 ml of deionized water. The
solution was then heated to evaporate excess water, rendering
the material more viscous and elastic. The PVA polymer was
subsequently added gradually at room temperature, which
allowed it to swell within the solution. The entire solution
was then heated and stirred at 90 °C for 30 min to ensure the
complete dissolution of the PVA. Finally, the physical cross-
linker boric acid (BA) was slowly, and gently, added to
ensure the uniform distribution until the solution reached a
viscous state. This viscous solution was allowed to cool at room
temperature, resulting in the final synthesis of PVA-based IPN
hydrogel samples. The primary role of rMGO within the sample
was to provide conductivity and mechanical strength to the
synthesized hydrogels. To further enhance the 3D networking
of the hydrogel, PVA was introduced as an IPN agent by
dispersing the NH at 90 °C. The synthetic scheme of the IPN-
based hydrogels, designed for a flexible, biodegradable, stretch-
able, and self-healing AIOS electronic device, such as a super-
capacitor, is shown in Fig. 1.

3.1. Characterization

The FTIR spectra of rMGO, rMGO-GG and the rMGO-GG/PVA-b
were obtained and the results are shown in Fig. S1 (ESIT). Broad
bands at 3113 and 3340 cm ™' for rMGO and rMGO-GG/PVA-b,
respectively, indicated the -O-H stretching vibration. The peak
for ~O-H stretching vibration of rMGO appeared at 3113 cm ™
and shifted to 3340 em ™' after incorporation in the hybrid
hydrogel (rMGO-GG) which confirm the interactions due to the
formation of inter- and intra-molecular H-bonding.** This
showed the successful incorporation of rMGO within the GG
bio-templates. The peak at 2927 cm ™" for rMGO-GG and its

| rMGO-GG Network polymer chain |

Addition of PVA

0 ‘
0

Na-borate
addition

Magnetic stirrer plus

IMGO-GG/PVA-b heating at 85 °C for 2 h

Scheme 1 A schematic representation of the fabrication process of all-in-one solid state supercapacitor (DD = deionized water).
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Fig. 1 Schematic representation of synthesis of rMGO-GG/PVA-b IPN composite hydrogel.

hybrid rMGO-GG/PVA-b hydrogel was the -C-H asymmetric
stretching vibration and is common in both, but this peak
was absent in pure rMGO. Similarly, a peak at 1651 cm ' in
rMGO-GG was the -O-H bending vibration which was absent in
rMGO, however, the appearance of the peak in rMGO-GG/PVA-b
at 1735 cm™ ' was the shifting of the peak, due to the interaction
of rMGO with GG and its distribution within rMGO-GG/PVA-
b.> A peak at 1617 cm ™ * was found in rMGO which was due to
-C=C- or -C=C- in conjugation with the -C=O0 stretching
vibration, it disappeared after incorporation in rMGO-GG,
which confirmed the interaction between rMGO with GG.
Two alternate peaks at 1353 and 1408 cm ' in rMGO-GG
showed the establishment of hydrogen bonding by GG with
the tMGO sheets inside the polymeric chain network and
-CH,- group wagging vibration of the carbon chain.*® The
shifting of the peak of rMGO from 1088 to 995 cm™ ' in
rMGO-GG and the rMGO-GG/PVA-b shows the incorporation
of rMGO. The disappearance of the peak at 872 cm™* of pure
rMGO after doping in rMGO-GG, and the dispersion of PVA-b in
rMGO-GG also showed the establishment of H-bonding in the
hydrogel network in the as-synthesized rMGO-GG/PVA-b.

The intense peak at 822 cm™ " and a small peak at 600 cm ™~
in rIMGO-GG/PVA-b was probably an indication of the -B-O-B
stretching as well as the -B-O- bending vibration of the borate
ion which was used as a crosslinker for the IPN formation of the
hybrid rMGO-GG/PVA-b hydrogel.?” It was also noted from the
FTIR spectra that after incorporation and mixing of rMGO-GG
with PVA-b some peaks either disappeared or shifted, e.g,
shifting of the peak at 1735 to 1651 cm " showed the inter-
action (complexation) of PVA-b and rMGO-GG. Similarly, the
appearance of a peak at 1345 cm ' in the rMGO-GG/PVA-b
sample was another confirmation of the incorporation of
rMGO-GG with the PVA.

The XRD patterns of GO, rMGO, GG-PVA-b, and rMGO-GG/
PVA-b are shown in Fig. S2 (ESIt), and in Fig. S2(a) (ESIY)

1

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

20 = 11.34° is the diffraction peak intensity of GO.?® This peak
shows the spacing between the sheets of GO layers. The rMGO
sample shows many peaks at 20 = 2.29°, 15°, 20°, 30.08°, 34.97°,
52.02° and 67° as shown in Fig. S2(b) (ESI). In addition, the
peak of GO had now disappeared (blue circle region in
Fig. S2(b), ESIt), and this shows that the Fe,O; nanoparticles
(NPs) are homogeneously incorporated which in turn enhances
and increases the GO sheet spacing among the interlayers.*
Similarly, the XRD patterns of GG-PVA-b and rMGO-GG/PVA-b
samples are shown in Fig. S2(c) and (d) (ESIt), respectively. The
change in pattern indicated the interaction of rMGO with the
surface functionalities of GG and its distribution within the
PVA-b matrix.

The SEM images of the hybrid rMGO-GG/PVA-b2 hydrogel,
pure GG, and pure rMGO which show the microscopic structure
and 3D networking can be seen in Fig. S3 (ESIt). The porosity
within the composite hydrogels together with their internal
networking in the PVA medium show and support the electro-
chemical and conducting behavior as well as the building-up of
the 3D network. The images of the composites exhibit the
interconnectivity and porosity for the electronic and ionic
mobility. The proper connectivity and porosity provided a 3D
network for the synthesized hydrogels thus showing that a
microstructure was developed for purposes such as the
mechanical property as well as for the conductivity. The PVA
became an IPN and produced entanglement within the rMGO-GG
network which enhanced the mechanical characteristics.”” It was
also found that in the pure GG-PVA hydrogels, the porosity varies
but with a rough and unsmooth surface texture as shown in Fig.
S3(a) and (b) (ESIt). However, after the incorporation of the rMGO
sheets within the hydrogels, the porosity can be visualized in
Fig. S3(c)-(e) (ESIT). The SEM image of pure GO shows its granular
nature (Fig. S3(f), ESIt). Thus, these materials might have
improved electrode surfaces (interface) and electrolytes, making
them appropriate for uses such as flexible electronic devices.

Mater. Adv., 2024, 5, 806-819 | 809
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3.2. Viscoelastic investigation change in percentage strain (see Fig. 2(a)). As the smoothing

A study of the viscoelasticity was conducted by plotting percen- fange for the entire study was 5%, a G, value was found
which indicated the plateau of the synthesized materials.

Deviation from this plateau is shown in Fig. 2(a) and is the
deviation of the materials from the viscoelastic response, which
is known as the critical strain of each sample.*® In the present
work it was found that the material’s strain was linear up to a
both mechanically and dynamically. A strain amplitude critical strain, and after that a deformation occurred due to the
measurement test (strain sweep) was performed to evaluate collapse of microstructure and the viscoelastic response. This
the LVR while keeping the G’ and G” effect independent of the decreasing change in G’ showed the conversion from a semi-

tage strain vs. G’ and G” (kPa) at an angular frequency () of
10 rad s, a tolerance bandwidth of 10%, and a smoothing
range of 5%, which clearly shows the elastic stimuli of the as-
synthesized hydrogels which are one of its intrinsic properties

a | 10 ﬂ
G' max ) e s
\\ /{( =
g
- = = G"MGO-GG!

H e G IMGO-GGPYADI
= &} =G IMGO-GGPYVABI
-9 =03 - G'GG-FVAD
= 14 & =G GG-PVAD
- LVR z

reoaomoeeensm 2
¢ z
e GG-PVAD <
e PMGO-GGPYAD-1 &1
s IMGO-GG/PYAD-2 e
e tMGO-GGPYAD-3 "
o ¥ o = 0 40 60 80 100
Strain (%) Angular frequency (rad/s)
h 0
j
10

-
£
=z 0
<
*
F001{  —e—q*rMGO-GGPYA-H2
e PMGO-GGIPYA-D3
e MGO-GGPYA-b1

0.001
et GG-PYADL

1E4 T T
0.1 1 10 100

Angular frequency (rad/s)

304 Pure

f=o— rMGO-GG/PVA-bI
fte rIMGO-GG/PVA-D2
v rMGO-GG/PVA-b3

Damping factor

0.0+ o v v v v
0 200 400 600 s00 1000

Strain (%)

Fig. 2  Viscoelastic and dynamic mechanical analysis of samples at room temperature, (a) elastic (G’) study of gels as a function of percentage strain
ranging from 0.1% to 100%. (b) Loss (G”) and storage (G') moduli with respect to angular frequency (0.1 to 100 rad s™2). (c) Viscoelasticity of the
synthesized samples by plotting complex viscosity against angular frequency (ranging between 0.1 to 100 rad s™%). (d) Photographs showing the
stretching mode of rMGO-GG/PVA-b2 from the 300% strain returning to its original (initial) value (200%, 300%). (e) Damping factor elucidation as a
function of percentage strain of all of the as-synthesized samples in the viscoelastic study.
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solid to semi-liquid state. It was found that the LVR was low for
the pure sample whereas it was maximum for rMGO-GG/PVA-
b2. Furthermore, it was also observed that increasing the wt%
of the rMGO within the hydrogel network decreased the LVR as
well as the crossover point (Fig. 2(a)). The amplitude sweep test
was also helpful in determining the self-healing ability of the
samples.*! Similarly, the G,,,, was found to be 3.86, 2.71, 1.98,
and 1.80 kPa for rMGO-GG/PVA-b2, rMGO-GG/PVA-b3, rMGO-
GG/PVA-b1, and GG/PVA-b (pure without rMGO), respectively.
This confirmed that the introduction of rMGO to the gel net-
work greatly improved the elastic and viscous properties of the
hydrogels. It was further found that all the samples that had
rMGO had a higher G’ than the GG-PVA-b hydrogel composite.
Such a finding supported the enhancement in the toughness
and mechanical character of the synthesized hydrogel in the
present work. The highest value of 3.86 kPa (G,,,) was for
rMGO-GG/PVA-b2 out of all the samples compared to the value
of 1.80 kPa for the pure composite hydrogel was almost
2.1 times tougher than the GG-PVA-b.

The viscous (G”) and elastic (G') nature of as-synthesized
samples was determined as a function of angular frequency ()
within limits from 0.1 to 100 rad s, at a strain y of 1.0% in the
LVER as shown in Fig. 2(b). The behavior of G’ and G” of all the
samples were identical to each other but with different values.
It was noted that both G’ and G” increased with an increase in

’

w. However, it would decrease until the microstructure was no
longer stable above 100 due to the collapse of the 3D network
of the hydrogels. The balanced network, microstructure, and
higher G’ value of rMGO-GG/PVA-b2 when compared to the
other samples were due to the presence and homogenized
dispersion of rMGO within the hybrid hydrogel matrix. The
lower the G’ value of the sample rMGO-GG/PVA-b3 was due to
the higher wt% of rMGO with reference to the bio-template GG
used as a dispersant as well as agglomeration of rMGO, whereas
a lower G’ of rMGO-GG/PVA-b1 might show less wt% which
created fewer crosslinking points. The sample of rMGO-GG/
PVA-b2 exhibited the highest value of viscoelasticity (a G’ of
5.11 kPa) and it was 0.67 kPa for GG-PVA/b which was
many times less. Another viscoelastic enhancement character-
istic of rIMGO-GG/PVA-b2 was found from the complex viscosity
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(7*) vs. o plot. In the entire range of w values, the viscoelastic
property of rMGO-GG/PVA-b2 was higher although the complex
viscosity decreased with an increase in the w as shown in
Fig. 2(c). A photographic representation of the as-synthesized
hydrogels with different percentage strains is shown in Fig. 2(d)
which shows the higher flexibility, viscoelastic nature, and self-
healing ability. All of these properties of the sample rMGO-GG/
PVA-b2 make it a better candidate for applications such
as flexible electronic devices. The viscoelastic nature of the
samples was further confirmed using the damping factor vs.
percentage strain over a very long range (0% to 1000%). From
the G’ and G”, it was revealed that at the end of the LVR, the
materials exhibit viscous behaviour starting from the elasticity.
Similarly, all the samples at a higher deformation percentage
strain range converted to a quasi-liquid state with higher
damping values as shown in Fig. 2(e). With an increase in the
percentage strain, the damping factor was linear which confirmed
the collapse and damage of the microstructure at high deforma-
tion forces.*>** However, it was also found that the damping factor
of the rIMGO-GG/PVA-b2 showed more resistance to deformation
of the microstructure due to the better crosslinking points of the
3D network of the sample. The damping factor for all the samples
followed the order: rMGO-GG/PVA-b2 > rMGO-GG/PVA-b3 >
rMGO-GG/PVA-b1 > GG-PVA/b.

3.3. Effect of rMGO on conductivity

The effect of rMGO concentration on the conductivity of
composite tMGO-GG/PVA-b hydrogels was studied. The con-
ductivity of the synthesized samples was increased from 2.66 to
8.196 S m~ ' with the addition of rMGO (0.4%), but further
increases in rMGO within the hydrogel IPN network caused a
decrease of conductivity to 2.46 S m~" (Fig. 3(a)). The 0.2% in
the pure PVA hydrogel increased the conductivity from 0 to
2.66 S m ™' in the IMGO-GG/PVA-b1, but there was an abrupt
increase in the conductivity from 2.66 to 8.196 S m™* for the
rMGO-GG/PVA-b2 with 0.4% of rMGO. The low conductivity was
probably due to the incomplete occupation of the rMGO within
the in-built hydrogel IPN. On the other hand, the increase in
the conductivity with an increase in the percentage of rMGO
from 0.2% to 0.4% increased the conductivity to 8.196 S m™*

(a) Effect of percentage content of rMGO on the electrical conductivity of the as-synthesized hydrogel composites of rMGO-GG/PVA-b.

(b) The electrical conductivity stability of rMGO-GG/PVA-b IPN based composites undergoing the 180° twisting test.
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which was about six times higher than the conductivity rise.
This indicated the efficient tunneling of electrons and ions
within the hydrogel network in the form of electric current.**
This procedure enabled the conductivity improvement of the
hydrogel and it was possible to achieve the conductive current
tunneling from 0.2% to 0.4%. However, the situation was not
gradual and the rMGO behave dual nature in the present study.
First, these are better conductive materials than their precursor
GO. Secondly, the rtMGO also acts as a crosslinker which
enhances the mechanical properties of the hydrogel.*> The
conductivity of the hydrogel network was lost when the percen-
tage content of rMGO was increased from 0.4 to 0.6 wt% and
this may be due to the crossing over of the optimized and
threshold percentage content value of rMGO (0.4%). Another
reason for the lower conductivity in the rMGO-GG/PVA-b3 was
the involvement of the extra rMGO content in the crosslinking,
which reduced the conductivity of the current tunneling and
thus, caused resistance to the flow of the electrons and ions
within the hydrogel network.’® The presence of aqueous med-
ium within the gel network provide a platform for a conduction
and mobility of ions and electrons. Therefore, the better
response of the present sample, regarding its capacitance in
the cyclic voltammetry (CV) cycles, the galvanostatic charge

View Article Online
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discharge (GCD), and EIS, indicates that there was a good
micropore size and surface suitability.*”

The hydrogel samples with the rMGO content were tested
by twisting the sample while connecting it to an LED lamp as
shown in Fig. 3(b). It was observed that the lighting of the
sample was not affected even when completely twisted (Video 1,
ESIt). This showed that in electronic devices, molding the
shape whilst exerting some physical pressure did not affect
the conductivity of the hydrogel as the IPN retained the con-
ductivity tunneling current and pathways for the diffusion of
ions and transport of electrons inside the gel matrix.

3.4. Self-healing ability and conductivity test

The self-healing ability and complete rebuilding of the damaged
hydrogel network are of prime importance during the operation of
the supercapacitors.*® The synthesis of PVA and GG-rMGO based
hybrid hydrogels provided the interaction in reverse due to the
presence of the physical crosslinking of the borate ion which gave
an excellent self-healing property.***® The dynamic process of the
hydrogel was checked while’ testing the measurement of current
passing through the hydrogel after repeatedly cutting and stretch-
ing, and the subsequent healing steps as shown in Fig. 4(a). As the
conductivity of the material was sustained and better, the sample

Ez's- 7‘01" nd cut
2.0 4
=
E
= . prd| | 4 sth 6th cut
s cut | | cut | |cut
: 1.0 4
S
0.5
0.0 4 L L L - -
(') II.)O 2(')0 3(.)0 41‘}0 54.)0 660
Time (s)

g

Hydrogels after healing

_Hydrogels before healing

Fig. 4

rMGO-GGIIVA-b2 GG-PVA/b |

Recovery stage
(Self- healed)

(@) The change in current of the rMGO-GG/PVA-b2 during many times of cutting and re-healing steps (Ist to the 6th cut). (b) The LED bulb

illumination demonstration during cutting and re-healing. (c) The diagrammatic representation of the as-synthesized hydrogels self-healing mechanism.

(d) Images of hydrogel healing which takes 5-10 s (self-healed).
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rMGO-GG/PVA-b2 showed a glowing LED bulb consistently allow-
ing the current within the closed loop circuit system. The hydrogel
was cut into segments and combined through self-healing six
times, it was observed that the cutting causes off the light due to
the opening of the loop circuit while on again after reconnecting
the two surfaces quickly (self-healing) and the current flowed
again. This practical demonstration indicated the re-building and
self-healing process of the synthesized material as shown in
Fig. 4(b). Furthermore, the as-synthesized 3D hydrogel sustained
its conductivity well after every cut (six cutting cycles) with respect
to time. This was because of the reversible self-healing generation
of the physically crosslinking borate ion, which showed complexa-
tion with the polymeric chains of the network.”®>' The mechan-
ical and conducting properties of IMGO-GG/PVA-b2 after each cut
and healing cycle made the gel material fit for use as a flexible and
self-healable electrode and separator system for practical appli-
cations. This property of the rMGO-GG with a PVA borax-based
matrix as a passage for transporting electrons with minimum
resistance, homogenized porosity (micropores) establishment
inside the network, intrinsic observable healing due to rever-
sible interaction, enhanced conductivity, and excellent visco-
elastic flexibility is shown in Fig. 4(c) and (d).

3.5. Electro-mechanical response of hydrogels

It was found that the flexible conductive hydrogel on deforma-
tion by stretching changed the current response and this was
observed by an LED bulb demonstration (Fig. 5(a) and (b) and
Video 2, ESIf). The hydrogels showed better stretchability,
conductivity, and additional stability which in turn enhanced
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its suitability for use as a soft electronic material in electronic
devices. In addition to the previously mentioned function, the
materials have a sensing response, which was measured by the
change in the relative resistance using the equation AR/R, =
R — R,/R,, where R is resistance during stretching deformation,
and R, is the initial state (without stretching). The graph of
AR/R, vs. applied strain was plotted. It was found that the
rMGO-GG/PVA-b2 hydrogel used as a sensor could be deformed
up to 250% of strain, and the resistance was raised with respect
to an increase in the strain value. As the stretching occurs from
0% to 300%, the conductivity was observed by the illumination
of the LED bulb dimming and brightening demonstration
(Fig. 5(a) and (b)). However, a further increase in stretching
enhanced the resistance which darkened the LED bulb due
to the loss of the rMGO active materials and hindered the
electronic flow. This process basically increased the spacing
within the 3D network for electron transport as well as length-
ening the tunneling to provide a current barrier against losing
the conductivity ability of the as-synthesized materials.”

The hydrogels due to the presence of electrolytes and con-
ducting materials were tested using chrono amperometry to
determine the current response and conductive properties at
different strains ranging from 25% to 300% deformation.
A decrease in current with an increase in strain and time was
observed (Fig. 5(c)). This electro-mechanical performance of the
hydrogels was due to the IPN pattern of the polymeric compo-
site network. However, the electrically conductive nature was
due to the presence of K* and OH™ ions working as an
electrolyte within the hydrogels as well as the presence of
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(a) and (b) The changing luminescence of the LED bulb and resistance during stretching (percentage relative resistance) at different strain values

for rIMGO-GG/PVA-b2. (c) The response at different deformation currents vs. time. (d) Current vs. time for multiple cycle stabilities of the hydrogel. (e) and

(f) Determination of the GF of the hydrogel at strains up to 300%.
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rMGO embedded in the matrix. The conductivity response of
the hydrogels was basically the presence of pore channels
inside the matrix together with a huge amount of water having
the capability of creating the network which provides the path
for transmission of ions and electrons. Due to the stretching,
these transmission lines become narrow which slows down the
transmission of ions and electrons, and as a consequence the
current flow inside the hydrogels was disturbed, and the net-
work responded to the applied strain. The cyclic stability of the
materials was also tested at strains of up to 200% for up to 180
cycles as shown in Fig. 5(d). It was found that on gradual
stretching and relaxation (release) the current was stable,
indicating the better cyclic stability of the hydrogel which
is one of the intrinsic characteristics of the as-synthesized
materials. Mostly the term gauge factor (GF) has been used to
elaborate the sensitivity of the strain sensors. The rMGO-GG/
PVA-b2 was used to determine the strain sensitivity of the IPN
network hydrogel according to a previously reported method in
the literature.®® The GF was calculated by using the equation
GF = (AR/R,)/e, where (AR/R,) is the relative resistance of the
hydrogels and ¢ is the applied strain. Similarly, the GF was
determined using the equation AR/R, = 0.739¢ + 0.00513¢> that
was obtained from the polynomial fitting of relative resistance
vs. applied strain (Fig. 5(e)). The calculated GF value was 8.25 at
200% strain (Fig. 5(f)) which was better than that found in most
of the previously reported research. These results clearly
demonstrated that the prepared IPN hydrogels had an excellent
response to large strain, with high stability, high sensitivity,
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and could be utilized as soft flexible electronic device for
wearable electronics, flexible supercapacitors, and so on.

3.6. Electrochemical response of the hydrogels

The synthesized hydrogels with different wt% of the active
material, rIMGO were tested using CV, GCD, and EIS using a
three electrode system with an electrochemical work station.
The CV profile of rMGO-GG/PVA-bl, rMGO-GG/PVA-b2,
and rMGO-GG/PVA-b3 was measured at different scan rates
(5 mV s to 100 mV s~ ). However, the material was properly
kept for a CV profile at a scan rate of 50 mV s~ . Fig. 6(a) shows
that the CV curves obtained in the present study approached
a symmetrical rectangular steady shape, which indicated
the characteristic of a typical electric double-layer capacitor
(EDLC). The area enclosed by the CV curve provided the
highest specific capacitance of the synthesized hydrogels.”*
The rMGO-GG/PVA-b2 showed the highest current peak and
enclosed area compared to the other samples. Furthermore,
the CV profile was also more symmetrical in shape as well as
rectangular with a better stability within the given potential
window. Therefore, the rMGO-GG/PVA-b2 had the highest value
of specific capacitance together with the higher performance of
the capacitance property. The specific capacitance was calcu-
lated from the loop area of the CV curve and from the weight of
materials using the equation Cs = A/m-k-AV, where C; is the
specific capacitance, A is integrated area of the loop of CV
curve, m is the mass (g) of the electrode material, k is the
scanning rate (mV s~ '), and AV is the potential window (V).
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Fig. 6 (a) The CV of the rIMGO-GG/PVA-b IPN hydrogels at a scan rate of 50

mV s~ (b) The GCD of the hydrogels at a current density of 0.4 A g~*. The

GCD electrochemical study (voltage vs. time) for (c) rMGO-GG/PVA-bl, (d) rMGO-GG/PVA-b2, and (e) rMGO-GG/PVA-b3 respectively, at charge

densities of 0.3, 0.5, 0.7, 0.8 and 1.0 A g%,
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Table 1 Comparison of the performance parameters of the present all-in-one solid-state supercapacitor with previously reported ones

Hydrogel Current density Specific capacitance Ref.

PVA-PAx hydrogels 1Ag ! 64.8Fg " 57

Poly(vinyl alcohol)/gelatin hydrogel electrolyte (PGN) 1Ag! 83.6Fg ' 58
Montmorillonite@graphene-like carbon nanosheets (P-MMT®@C) 10Ag" 100F g ! 59
(rGO)/Polypyrrole nanotube (PPy NT) 01Acm™? 59.9 Fem™ 60

Magnetite and pyrrole treated magnetite film electrodes 0.1Ag" 106 Fg ' 56
Methacrylated graphene oxide (MGO-PAA),, 0.1Ag" 63.6 Fg ! 61
rMGO-GG/PVA-b 03Ag" 108.33 F g " Current study

The Cg values for rMGO-GG/PVA-b2, rMGO-GG/PVA-b3, and
rMGO-GG/PVA-b1 were: 85 F g ', 41.83 F ¢~ ', and 8.5 F g,
respectively, with the scan rate of 50 mV s~ .

Similarly, in the GCD study there were symmetrical trian-
gular curves for rMGO-GG/PVA-bl and rMGO-GG/PVA-b3,
whereas for rMGO-GG/PVA-b2 a slight asymmetrical triangle
curve was obtained (Fig. 6(b)). This shows that rMGO-GG/PVA-
b2 had a better capacitive performance.’® The C; values for the
hydrogels from the GCD curves were calculated from equation:
Cs = I At/m-AV, where I/m is the current density (A g~ ') and AV is
potential window (V). The C; values obtained for rMGO-GG/
PVA-b2, 'MGO-GG/PVA-b3 and tMGO-GG/PVA-b1 were 108.33 Fg ™/,
54.16 F ¢~ ', and 37.5 F g, respectively. The specific capaci-
tance of rGO-based hydrogel electrodes was much better than
that of other materials with Fe;O,-based electrode.’® The
comparative key performance parameters for the present work
are shown in Table 1.

Furthermore, the response of the electrode materials in all
the samples were sharp during the charging-discharging pro-
cess which was due to small internal resistance (IR) drop.
A smaller drop in IR indicates that the electrode materials have
a better capacitive performance. The capacitive performance of
the materials is important especially for energy storage systems
and devices due to low amount of energy wasted in the form of
heat.®* Thus, it is one of the important findings that doping of
Fe,0; within the GO, and then its reduction and incorporation
inside the hydrogel, enhanced the conductive and electroche-
mical behavior of hydrogel assembled electrode in the three
electrode system. However, the lower specific capacitance of
rMGO-GG/PVA-b3 when compared to rMGO-GG/PVA-b2 was
due to the constant wt% of GG (bio-template dispersant). Because
of the increase in the wt% of rMGO, there was not enough GG
for complete dispersion and most of the rMGO remained. This
caused the aggregation of rMGO, and in turn the loss of the
non-stop conductivity of rMGO within the hydrogel matrix. The
GCD curves for the hydrogels at various current densities
ranging from 0.3 Ag ', 0.5A¢g 1, 07A¢g ',and 1.0 Ag " are
shown in Fig. 6(c)-(e).

The electrochemical impedance study was performed and
the Nyquist plot is shown in Fig. 7(a), and a two-frequency
profile was found. At first the higher frequency of all the samples
gave semi-circles which shows the electron transfer procedure
between the electrode, and secondly, the electrolyte interface
which was the IR, which shows the electrolyte resistance, and
the material that has been used as an electrode. In addition, the
inclined line at the low frequency range was the Warburg constant

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

impedance which indicated the charge diffusion of the active
electrode materials. Such phenomena indicate a better perfor-
mance of the substance. The IR values (from the semi-circle
intercept on the horizontal axis) were: 1.22 Q, 3.75 Q, and 4.01 Q
for rIMGO-GG/PVA-b2, rMGO-GG/PVA-b1, and rMGO-GG/PVA-b3,
respectively, at a high frequency range (f). Similarly, the charge
transfer resistance (R.,) was found from the diameter of the entire
semi-circle of the Nyquist plot. The R, values for IMGO-GG/PVA-
b2, tMGO-GG/PVA-b1, and rMGO-GG/PVA-b3 were: 3.416, 4.25,
and 6.09 Q, respectively. In the present case, 5 mV was chosen to
avoid damaging the samples, because the voltage was the external
force for the determination of the electrochemical properties on
the electrode surface. Furthermore, the low voltage selection was
mostly chosen to keep the signals linear within the given range.
As EIS is a non-destructive method, the low voltage selection was
used to improve the safety range of the samples and to ensure
accurate measurements.****

The previously mentioned value of resistance for rMGO-GG/
PVA-b2 showed the least resistance among the as-synthesized
samples of the hydrogel materials. This was perhaps due to the
better porosity with an excellent 3D network, which in turn
decreased the resistance of electrolytes used during the study,
and this porous structure provided a low resistance pathway for
the electrolytes with a better capacitive performance. The
straight line in the low frequency range showed the unadulterated
capacitance performance of the material. Such phenomena sup-
port the uninterrupted ionic diffusion of the electrolytes within
the porous path. The R, value decreased from rMGO-GG/PVA-b1
(Fig. 7(b)) to tMGO-GG/PVA-b2 (Fig. 7(c)) which was due to the
uniform dispersion of the rMGO within the hydrogel network.
However, it was found from the results that by increasing the
amount of rMGO in the rMGO-GG/PVA-b3 (Fig. 7(d)), the R value
abruptly increased which was due to the disappearance of
the active sites available for the attachment of rMGO in the bio-
template GG, as well as the agglomeration of rMGO and this
disturbed the homogenized dispersion. Furthermore, this
agglomeration also blocked the pores for ionic diffusion, there-
fore, the Ry increases for IMGO-GG/PVA-b3.%°

The impedance effect (EIS) with the concentration of rMGO
was also studied using a Bode plot as shown in Fig. 7(e). The
incorporation of the rMGO-GG within the network first showed
decreases in the impedance from rMGO-GG/PVA-b1 to tMGO-
GG/PVA-b2, and then an abrupt increase for rMGO-GG/PVA-b3.
The rMGO-GG/PVA-b2 showed a better result in both the high
and low frequency ranges. The stability of the as-synthesized
samples was determined from the cyclic stability of multiple
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Fig. 7

(a) The EIS at a higher frequency range, the inset shows both experimental and fitted data. A Nyquist plot including both measured and calculated

values of (b) rMGO-GG/PVA-b1, (c) rMGO-GG/PVA-b2, and (d) rMGO-GG/PVA-b3. (e) The Bode plot of logZ (Ohm) vs. logf (Hz) at 0.2 V. (f) Specific
capacitance as a function of cycle numbers using GCD cycles (potential vs. time). (g) capacitance retention (%) as a function of the number of cycles, and
the inset shows the cyclic stability of rMGO-GG/PVA-b2 hydrogel at 0.4 A g%,

cycles. The GCD testing of multiple cycles was carried out
between the specific capacitance of the electrode vs. number
of cycles at a current density of 0.3 A g~ ' and the results are
shown in Fig. 7(f). It was found that the specific capacitance of
rMGO-GG/PVA-b1l, rMGO-GG/PVA-b2, and rMGO-GG/PVA-b3
were stable with little fluctuation in the capacitance value after
1200 cycles. Furthermore, the capacitance percentage retention
was found to be 91.39%, 94.97%, and 92.32% for rMGO-GG/
PVA-b2, rMGO-GG/PVA-b3 and rMGO-GG/PVA-b1, respectively,
after 1200 cycles.

The performance of the hydrogels was more stable and
better than that reported previously in the literature. The
capacitance retention (%) of Fe,O; and Fe,O3/RGO was 69.2%
and 86.9% after 1000 cycles,” respectively, and for Fe,05/CNT-
rMGO was it was reported to be 82.5% for 1000 cycles.*® The
stability of the hydrogel electrode showed the synergistic beha-
vior for rMGO-GG, and its stable conductivity in the paths

816 | Mater. Adv, 2024, 5, 806-819

within the hydrogel network. Such structural configuration
provided a better stability by preventing the agglomeration of
rMGO, minimized the resistance, changed the IPN structure,
and possibly the crosslinking. Thus, this may lead to the
enhanced mechanical property, with less resistive ion paths
for diffusion, a porous surface with a higher surface-active area,
and give the material excellent electrochemical conductivity
and stability even after many hundreds of cyclic operations.

3.7. Device fabrication and its electrochemical performance
as a supercapacitor

The function, diagrammatic representation, and electrochemi-
cal properties of the symmetrically stretchable and flexible
AIOS device are shown in Fig. 8. The practical device was
devised just like a sandwich having a solid electrolyte of GG-
PVA-b in between two layers of rMGO-GG/PVA-b2. In these
sandwiches, the GG-PVA-b which had been kept in 6 M KOH

© 2024 The Author(s). Published by the Royal Society of Chemistry
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densities. (c) The percentage capacitance retention of a rMGO-GG/PVA-b based practical device as a function of number of cycles.
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Fig. 9 A schematic of the fabrication process, of the all-in-one solid-state

solution for overnight and was loaded with ions. The rMGO-
GG/PVA-b2 hydrogel behaved as a current collector as well as a
working electrode. The electrolyte and composite had con-
nected with each other due to better adhesion of the surface
functionalities without any need for binders. The materials
were amalgamated tightly with each other, thus working as a
single AIOS device in a two electrode system. The counter and
working electrodes were united and acted as a single electrode.
Similarly, the electrochemical tests were performed to deter-
mine the capacitive action of the practical supercapacitor using
CV at different scan rates ranging from 30 mvVs~ ' to 100 mv s~ *
as shown in Fig. 8(a), and GCD with various current densities
ranging from 0.1 to 0.9 A g~ '. The results indicated that the
CV exhibited its rectangular shape at all scan rates (30 to

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

supercapacitor. (Twisting test and press together casting).

100 mV s~ '), which confirmed the better current flow and
excellent voltage. Such behavior indicated the uninterrupted
ionic mobility within the hydrogels’ networks to maintain the
conductivity of the synthesized materials. Similarly, Fig. 8(b)
shows the symmetrical shape (triangular type) of GCD, which
shows the first-rate capacitive characteristics required during
practical processing and operation. The GCD specific capaci-
tance data was calculated as 106.66, 91.2, 86.33, 85 and
53.33 F g ! at a current densities of 0.3, 0.5, 0.7, 0.9, and
1.0 A g ', respectively. Similarly, the assembled device used for
multiple cycles retained a percentage capacitance of 86.48%
even after 5020 cycles at 1.0 A g~ " of current density as shown in
Fig. 8(c). Thus, it confirms the cyclic stability of the assembled
supercapacitor after practical operation. Such electrochemical
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properties of the hydrogels were due to the IPN and porosity
in the structure enhancing the conductivity. The present
supercapacitor can replace the traditional capacitor which
had liquid electrolytes which had limitations such as leakages,
evaporation, less flexibility, and wearability during their routine
operation.

Similarly, a schematic of the fabrication process, and photo-
graphs of it are shown in Fig. 9. The pure hydrogel GG-PVA/b
was kept in 6 M KOH electrolyte solution for 8 h, and then
sandwiched between two layers of rMGO-GG/PVA-b2 hydrogel,
and the layers were pressed together for 30 min. Both the rMGO
hydrogels were connected separately by the nickel foam, and
this was for the electrical connection for the illumination of the
LED bulb. Then the AIOS supercapacitor sandwich was placed
in an oven at 40 °C to evaporate the excess water to complete
the assembly.

4. Conclusion

In summary, a multi-functional interpenetrating network (IPN)
hydrogel has been successfully synthesized. This process involved
the homogeneous dispersion and incorporation of reduced mag-
netite graphene oxide (rMGO) sheets into a GG matrix, followed by
the dispersion of PVA hydrogel into the rMGO and GG solution,
and subsequent physical crosslinking with boric acid (BA). The
GG acted as a bio-template, ensuring the uniform dispersion and
stability of the tMGO sheets, so that a stable colloidal system was
formed. Borate ions served as physical crosslinkers, facilitating
the possible interactions. The presence of rMGO improved the
mechanical properties and conductivity of the hydrogels, whereas
PVA and GG enhanced flexibility and stretchability within the
network. The borax ions, as physical crosslinkers, enhanced the
bonding during the self-healing process. The storage modulus
was observed to be 3.86 kPa and 5.11 kPa as a function of
percentage strain and angular frequency (rad s~ '), respectively,
in the LVR. The hydrogels displayed an outstanding self-healing
ability, recovering within 5-10 s. This combination of flexibility
and self-healing makes them highly suitable for practical use in
electronic devices.

The all-in-one solid-state supercapacitor exhibited superior
conductivity responses in both CV and GCD. A capacitance of
85 F g~ ' was recorded with CV, while the specific capacitance
was 106.66 F g~ ' with GCD for the self-assembled practical
device. The internal resistance was measured at 1.22 Q, 3.75 Q,
and 4.01 Q for rMGO-GG/PVA-b2, rMGO-GG/PVA-b1, and
rMGO-GG/PVA-b3, respectively. The Bode and Nyquist plots
were employed to correlate the experimental and theoretical
data. The hydrogel demonstrated a gauge factor of 8.25 and
ionic conductivity of 0.89 S m™" at 200% strain. Furthermore,
the specific capacitance showed a retention of 94.97% after
1200 cycles, which confirming its enhanced stability. The
practical device showed a retention of 86% after 5000 cycles.
The material also responded to various physical deformations,
particularly the illumination of an LED bulb. It was observed
that LED illumination remained unaffected even when the
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conducting hydrogel was twisted by 180°. Hence, these hydro-
gels show great potential as candidates for soft electronic
devices, and in green chemistry, given their electrochemical
and biopotentials, particularly in environmental applications.
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