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Hydrogel-Based Flexible Energy Storage Using Electrodes
Based on Polypyrrole and Carbon Threads
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Volker Presser,* and Marcio Vidotti*

Developing new flexible and electroactive materials is a significant challenge
to producing safe, reliable, and environmentally friendly energy storage
devices. This study introduces a promising electrolyte system that fulfills
these requirements. First, polypyrrole (PPy) nanotubes are electropolymerized
in graphite-thread electrodes using methyl orange (MO) templates in an
acidic medium. The modification increases the conductivity and does not
compromise the flexibility of the electrodes. Next, flexible supercapacitors are
built using hydrogel prepared from poly(vinyl alcohol) (PVA)/sodium alginate
(SA) obtained by freeze-thawing and swollen with ionic solutions as an
electrolyte. The material exhibits a homogenous and porous hydrogel matrix
allowing a high conductivity of 3.6 mS cm~' as-prepared while displaying
great versatility, changing its electrochemical and mechanical properties
depending on the swollen electrolyte. Therefore, it allows its combination with
modified graphite-thread electrodes into a quasi-solid electrochemical energy
storage device, achieving a specific capacitance (C,) value of 66 F g=' at 0.5 A
g~ . Finally, the flexible device exhibits specific energy and power values of
19.9 W kg=' and 3.0 Wh kg, relying on the liquid phase in the hydrogel
matrix produced from biodegradable polymers. This study shows an
environment friendly, flexible, and tunable quasi-solid electrolyte, depending
on a simple swell experiment to shape its properties according to its
application.

automotive, aerospace, and energy sys-
tems. However, developing energy stor-
age devices capable of powering these
electronics is challenging, as the perfor-
mance of these devices heavily depends
on the properties of electrode materials
and electrolytes. Researchers have been
dedicating considerable attention to de-
veloping high-performance flexible elec-
trodes and electrolyte materials to en-
hance these devices’ energy and power
densities.!] Carbon-based materials, in-
cluding fibers, rods, cloth, and powder,
have been extensively investigated as po-
tential electrodes for electrochemical en-
ergy storage. This is due to their high
electrical conductivity, chemical stability,
exceptional malleability, and large sur-
face area.?] These materials can be mod-
ified using electrochemical or chemical
methods, allowing the combination of
their inherent properties with different
compounds such as transition metal ox-
ides and polymers, as well as their unique
structures such as 2D graphene and 3D
nanotubes, making them highly versa-
tile for use in various electrochemical
technologies.l*! Flexible energy storage

1. Introduction

Flexible and wearable electronics have gained increasing signif-
icance across diverse technology sectors, including healthcare,

devices are an area of active research involving these materials, as
their qualities can be further improved through straightforward
modifications, making them suitable for use in different electro-
chemical energy storage technologies.[*!
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One useful approach for enhancing the performance of flex-
ible energy storage devices is to modify electrode materials, fo-
cusing on the final application in terms of energy delivery. Su-
percapacitors offer a faster charge—discharge rate and long cy-
cle life than batteries. This relates to the rapid charge transfer
of electrosorption (electrical double-layer capacitors) or pseudo-
capacitive redox processes (pseudocapacitors) at the expense of
affording a lower energy density.’] The spectrum of reported su-
percapacitor electrodes is broad and includes nanoporous car-
bons, pseudocapacitive materials (such as layered metal oxides
and MXene), and redox-active polymers.[®) Among the materi-
als used for carbon modifications, aromatic conductive polymers
have been widely used for electrochemical energy storage due
to their excellent physicochemical properties, such as high con-
ductivity and chemical and mechanical stability.”] Amid these
polymers, polypyrrole (PPy) has emerged as a promising can-
didate for electrochemical energy storage due to its high con-
ductivity and electroactivity. However, its practical application
is limited by poor stability during charge-discharge cycling, at-
tributed to the mechanical stress of the polymeric structure dur-
ing operation.®] Therefore, researchers have focused on develop-
ing novel approaches to enhance the stability and performance
of PPy electrode materials for flexible electrode development.

Along with a good electrode material, the choice of electrolyte
is critical in developing high-performance flexible energy stor-
age devices. A suitable electrolyte must possess key proper-
ties such as a large potential stability window, high conductiv-
ity, low viscosity, high electrochemical stability, nonflammabil-
ity, and environmental friendliness.’’ While aqueous, organic,
or ionic liquids are commonly used, they pose risks such as tox-
icity, corrosiveness, and low potential.[') Hydrogels have been
explored as an electrolyte media for quasi-solid-state and solid-
state devices to overcome these limitations. Polyvinyl alcohol
(PVA) is a promising compound precursor for hydrogel synthe-
sis due to its chemical stability, nontoxicity, elevated viscosity, and
biodegradability.'!] The properties of PVA-based hydrogels can
be attributed to the line polymer chains with hydroxyl groups that
allow for hydrogen bonding with water molecules, leading to sig-
nificant swelling of aqueous solutions into the chemical structure
of the hydrogel, resulting in modifications to properties such as
ionic conductivity and mechanical resistance.l'?] Additionally, the
combination of polymer extract from brown algae, sodium algi-
nate (SA) in the synthesis enhances mechanical properties due to
the formation of cross-linking chains in the gel matrix, orientated
by the hydroxyl-carboxyl groups interactions of the polymers.['3]
These interactions allow easy modification of both ionic conduc-
tivity and mechanical aspects of the hydrogel by swelling, reduc-
ing the risks of liquid electrolytes while maintaining high water
content and similar conductivity.('*! Additionally, these hydrogels
also display attractive properties for wearable applications such as
stretchability, self-healing and biocompatibility.[13315]

In this work, we present a flexible electrochemical energy
storage device that utilizes modified graphite electrodes and a
PVA/SA hydrogel electrolyte. The graphite threads were func-
tionalized with PPy nanostructures through electropolymeriza-
tion, resulting in electrodes with increased electrical conductiv-
ity and specific capacitance (C,) while retaining flexibility. These
electrodes were then incorporated into a PVA/SA hydrogel elec-
trolyte, prepared using a simple freeze—thaw method, which
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exhibited high conductivity and tunable properties through
swelling experiments. This combination enabled the facile and
versatile assembly of a flexible energy storage device that dis-
played pseudocapacitive behavior.

2. Results and Discussion
3. Electrode Characterization

The electrodes feature thin graphite threads, as shown in the
scanning electron micrographs in Figure 1. The pristine graphite
threads are about 5 pm in diameter, with high compaction and
uniform morphology, observed in Figure 1A. The electropolymer-
ization yields a PPy nanoparticle decoration of the graphite wires,
as seen in Figure 1B and Figure S1C,D (Supporting Information).
Agglomerates of interconnected structures such as cylinders in-
dicate the deposition of PPy nanotubes, which aim to increase the
surface area and allow more charge transfer, enhancing the con-
ductivity of the electrode.[*! Transmission electron microscopy
(TEM) analysis (Figure 1C,D) confirmed the presence of nanos-
tructures morphology and geometry of the substrate. The depo-
sition of nanotubes occurred parallel to the surface of the wire, as
evidenced by the protuberant structures shown in Figure 1C,D,
along with nanoparticles over the measured surface.””! Figure
S1A (Supporting Information) displays the pristine electrodes,
showing that each graphite thread of the yarn acts as an electrode.
Microscopy analysis suggests that the interconnected structures
were distributed over the surface of each thread, which could en-
hance the conductivity and structure of the electrode, as shown in
Figure S1B-F (Supporting Information) displays. Although the
geometry of the yarn is not ideal, the representative images ex-
hibit the characteristic structure of PPy nanotubes polymerized
over different substrates such as carbonaceous, stainless steel,
composites, and others.[2>2!] Further investigation of the polymer
modification was carried out using spectroscopy techniques.

Fourier transform infrared (FTIR) and Raman were used
to evaluate the structural characterization of the modification.
Figure 2A displays the FTIR spectrum of the electrodes where is
exhibited the characteristic PPy bands: 1543 cm™! C=C stretch-
ing, 780, and 669 cm ™! related to C—H out-of-ring plane deforma-
tion of the pyrrole (Py) ring. Also, we see the influence of methyl
orange (MO) used as a framework molecule. The Raman spec-
trum in Figure 2B displays characteristic bands of PPy nanotubes
986 cm™! ring deformation, 1051 cm™! in plane C—H bending,
1324 cm™! PPy ring stretching, and 1598 cm™! related to the C=C
vibration.??] In addition, the influence of MO is visible with dis-
tinctive bands at 1116 cm™! SO— stretching and 1365 cm™! S-
ring and C—C stretch, indicating the presence of the framework,
which could act on doping the polymer.!?3]

The modified electrode was further examined by X-ray diffrac-
tion (XRD), the diffractograms shown in Figure 2C, after sub-
tracting a straight baseline and approximating the background
contribution, as reported by Ricciardi et al.l'>! The diffrac-
tograms indicate the presence of the characteristic broad peak
centered close to 25°, which is associated with the 7—r interaction
of the polymer chains, suggesting the orientation of the chemi-
cal structure.l?*2! The average dimensions for the PPy nanotubes
are presented in Figure 2D.
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Figure 1. Morphologic characterization of the electrodes. Representative scanning electron micrographs of the electrodes. A,B) Graphite threads mod-
ified with polypyrrole (PPy) nanotubes. C,D) Transmission electron micrographs of modified graphite threads with PPy nanotube electrodes.
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Figure 2. Structural characterization of the polymeric structures. A) FTIR spectra and B) Raman spectra were recorded with a 633 nm laser excitation

line. C) X-ray diffractograms

of modified graphite threads with PPy nanostructures in the presence of MO. D) Average dimensions of PPy nanotubes.
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Figure 3. A) Cyclic voltammograms recorded at 100 mV s~' in 0.5 m Na,SO, of pristine graphite electrodes. B) Cyclic voltammograms recorded at
100 mV s~"in 0.5 m Na,SO, using modified graphite electrodes with PPy nanotubes. C) Galvanostatic charge potentially limited the electrodes and D)
Nyquist impedance spectra of graphite threads pristine and modified with PPy nanotubes.

The electrochemical properties of the polymerization were in-
vestigated. Cyclic voltammograms of the 25 cycles of pristine
graphite thread modified with PPy are shown in Figure 3A,B.
The modified electrode displayed a distortion in the shape of the
curve and an increased specific Cj, both associated with the poly-
mer faradaic behavior, which facilitates ionic diffusion during
the charge transfer. This can be explained by the polymer 3D in-
terconnected structure, which enables the counterions to access
more internal redox-active sites, favored by the charge delocaliza-
tion on the polymer chains.[?!¢233] Moreover, GCPL curves pre-
sented in Figure 3C display a similar distortion of the triangular
shape from the pristine thread to a Faradaic due to polymeriza-
tion, indicating the effect of the doping molecule (MO) on the
conductivity.[2024

The impedance spectra were analyzed according to the equiva-
lent circuit, both displayed in Figure 3D. The circuit is set by a se-
rial resistance (R,) associated with the resistance of the solution,
intrinsic resistance of the electrode, and connection resistance
to the measuring equipment. In series to R, is a charge-transfer
resistance (R,) element that is related to a charge-transfer pro-
cess, followed by a constant phase element (Cp,;) correlated to
the electric double-layer C..[°! In the modified electrode equiv-
alent circuit, we applied a constant phase element (C, ;) related
to the low-frequency C, to account for charge intercalation.[23326]
The calculated parameters are shown in Table 1.

The difference in R, can be attributed to the intrinsic resistance
of the material related to the electrode, considering that elec-

Adv. Mater. Interfaces 2023, 10, 2300373 2300373 (4 of 11)

Table 1. Calculated parameters of equivalent circuit components.

Sample R [Q] R.[Q CoFs"'gl nmp  CrelFs"'g 'l np
PG 36.1 43882.0 0.000379 0.796 - -
G@nPPy 15.1 41.6 0.000739 0.599 0.01045 0.612

PG: Pristine graphite thread; G@nPPy: graphite threads modified with PPy nanos-
tructures.

trolyte, electrical connections, and distance between electrodes
were the same for all analyses. The modification with PPy nan-
otubes lowered the value of R, favoring electronic transfer onto
the electrode. Additionally, the decrease of R, value after the
modification indicates facilitation of charge transfer, therefore
benefitting Faradaic reactions,?’! as can be seen in the voltam-
mogram in Figure 3A as a high increase of the current intensity,
and in Figure 3B as a shift in the redox potentials.

The constant phase element in the high-frequency Cp; is
related to the electric double-layer C, of the electrodes, which is
associated with changes in the morphology with the electrodepo-
sition of PPy nanotubes structures shown in scanning electron
micrograph (Figure 1). Therefore, the nanotubes increased the
surface area of the electrode and allowed the adsorption of ions
in the double layer, increasing its value. As for the low-frequency
region of the Nyquist plot, a constant phase element Cp is
applied to the modified electrode and is related to the charge
intercalation process inside the 3D interconnected nanotubes,
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Figure 4. A,B) Representative scanning electron micrographs of as-prepared and freeze-dried hydrogel, respectively. C) X-ray diffractograms of hydrogel

samples dry and swollen with H,O. D) Swelling experiments of dry and we

t hydrogel samples with solutions HNO;3, Na,SOy,, and distilled water. D)

Cyclic voltammograms at 50 mV s~" with hydrogel samples swollen in three different solutions.

therefore, indicating a facilitation counter ion intercalation on
the redox process by allowing more electroactive sites of the
polymer on reaction.®] The factors ny; and n;y are associated
with the flatness (homogeneity) of the electrode’s surface, where
one means a perfectly flat surface. The charge intercalation does
not occur on the surface of the pure graphite electrode once its
surface is very homogeneous and flat, as shown in the scanning
electron micrographs. Accordingly, the higher value of ny;, when
compared with the modified electrode.

The modified electrode holds a smaller value of ny,; and an
Nisg, from one, indicating a very rough surface due to the de-
position of the nanotubes. This aligns with the morphological
observations from the scanning electron micrographs shown in
Figure 1B-D. Electropolymerization of PPy creates nanotubes
and, thereby, increases the electroactive surface area of the elec-
trode. This increased specific C;, exhibiting Faradaic behavior
due to the active participation of the polymer in charge-transfer
reactions, thereby enhancing its conductivity.

4. PVA-SA Hydrogel Characterization

The quasi-solid pristine hydrogel was stable and conductive in
room temperature, maintaining its stability and flexibility even
while swelled with different solutions in sequence, as shown
in Figure S2 (Supporting Information). Scanning electron mi-
croscopy (SEM) images of the cross-section morphology of hy-
drogel structures: as-prepared and freeze-dried, are presented in
Figure 4A B, respectively. As displayed, the as-prepared sample
(Figure 4A) indicates a homogeneous material with amorphous
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and rough morphology, with pores associated with SA presence.
The freeze-dried (Figure 4B) sample presented a different mor-
phology, nonporous, and with fibrous-like structures due to the
polymeric network’s shrinkage during the freeze-thawing and
drying cycles, suggesting high crosslink of PVA chains.!1#162]
Higher magnification images are presented in Figure S3A,B
(Supporting Information) of as-prepared, displaying agglomerate
structures of PVA formed during freeze-thaw cycles, also pre-
senting the dimensions of the pores.?!] Different cross-section
images of the dried sample are shown in Figure S3C-F (Sup-
porting Information), highlighting the material’'s high porosity,
along with the previously mentioned shrinkage of the polymeric
chains.

X-ray diffractograms of dry and wet samples are presented
in Figure 4C. The dry samples display the distinct PVA peak at
21° (26) associated with its reflection planes (101) and (101), the
semicrystalline nature of SA was observed by the broad peak at
41° 20 1122291 However, the sample swollen with distilled H,0
diffractogram indicates broadening and shift of the peaks from
both polymers, suggesting a loss in crystallinity due to interac-
tion between the polymeric chains and the water molecules. This
also shows cross-link behavior in the hydrogel matrix, as hydro-
gen bonding occurs between the hydroxyl groups of PVA and car-
boxyl and hydroxyl groups of SA.[12¢30]

To better understand the electrochemical behavior of the hy-
drogel, the samples dry and wet (with distilled water from syn-
thesis inside the matrix) were immersed in solutions of distilled
water, 0.1 m HNOj;, and 0.5 M Na, SO, for 1 h for swelling, con-
trolling the mass variation, and the curves of swelling are present
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in Figure S4A,B (Supporting Information). In the dry sample, the
electrolytic solution uptake is optimal, easily inserting ionic solu-
tions by a simple soaking process. However, the wet sample in-
dicated a different behavior when soaked into a Na, SO, solution.
Due to the significant difference in the concentration of sodium
ions between the solution and hydrogel, the liquid phase was ex-
pelled from the porous matrix. This process resulted in a more
compact and rigid material, as indicated by stiffness analysis in
Figure S4E,F (Supporting Information).[*4)

After the thawing process, we also determined the conductiv-
ity of the synthesized PVA:SA hydrogel, swollen with pure wa-
ter and at room temperature. Using electrochemical impedance
spectroscopy (EIS) in a two-electrode configuration, the hydro-
gel was pressed between two stainless steel mesh (with delim-
ited areas (A = 0.785 cm?) and separated by 1 cm (thickness of
the hydrogel). The Nyquist plot presented in Figure S4C (Sup-
porting Information), shows the EIS data of the pure hydrogel
measured in different periods to evaluate the influence of liquid
phase evaporation on the ionic conductivity. The data indicate a
very porous gelatinous matrix of the hydrogel affected by the dif-
fusion inside the polymeric structure of the hydrogel, visualized
within the lower frequency region. The model circuit of the sys-
tem shown in the spectrum presents a solution resistance com-
ponent (R,) in series with a Warburg element (W,) related to the
influence of the mass transport of electroactive species inside the
gel matrix and a constant phase element (Cp,; ) in parallel related
to the formation of the electric double layer.['72]

The obtained R, value was 359.0 + 1.3 Q cm2 in the high
frequencies, denoted by the imaginary and real axis intersec-
tion. From Equation (1), the ionic conductivity obtained in the
hydrogel was 3.6 + 0.0 mS cm™!, higher than the 3 mS cm™!
reported by Jiang et al.’'! This value is superior and com-
parable to other types of hydrogels previously reported, such
as PVA/potassium borate/KClI/H,0 1.0 mS cm~1,321 CS-TF-
10%LiBF, 2.7 mS cm™!,[173l H,PO, /PVA (1:1.5) 3.4 mS cm 1,33
and PAA-PAH (1 m LiCl) 50 mS cm~1.13%]

To further explore the electrochemical stability of the hydrogel,
the material was analyzed with two different electrolyte solutions
(acidic 0.1 m HNO;, pH 2.4, and neutral 0.5 M Na,SO, pH 7.1).
After the swelling process, the samples were submitted to cyclic
voltammetry (CV) in a three-electrode electrode system using two
stainless steel meshes as working and counter electrodes and an
Ag/AgCl as a reference. The introduction of ionic solutions in-
creased the conductivity of the hydrogel, as shown in Figure 4D.
Furthermore, using electroactive solutions to introduce charge
carriers in the matrix of hydrogels shapes its properties, making
it more conductive and flexible.’*%5] Along with the change in
specific current, the peaks shift, suggesting the charge carriers
from the electrolytic solutions adsorb at the interface with the
electrode. The peak associated with the oxidation of PVA is less
intense and shifted to 0.2 V, indicating a diminishment in the ox-
idation of the polymer.3%8] Furthermore, the interaction between
charge carriers and the eggshell polymer chain of the alginate
is favored, indicated by the increase of intensity on the peak at
—350 mV, suggesting that ionic media directly interacts with the
carboxylic groups of the polymer chains.3*»3¢] Also, the voltam-
mogram indicates a shift toward behavior slightly pseudocapac-
itive, as seen from an increase of charges in the system and the
more distinctive redox peaks, reinforcing the indication of a sta-
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ble electrochemical material. Moreover, the increment in the cur-
rent density is associated with the ionic mobility inside the gel. In
contrast, the acidic media was more conductive due to the smaller
ionic radius with higher mobility.[115¢]

The voltammograms are presented in Figure S4D (Support-
ing Information) of the hydrogel pure after thawing presented
to be very stable when evaluated in different scan rates ranging
from 10 to 100 mV s~!, with no indication of an irreversible re-
dox process. The specific current increases along with the scan
rate range, suggesting a shift in the oxidation peak potential at
—500 mV versus Ag/AgCl, related to the reversible redox process
with PVA macromolecules at the interface with the electrode.3%
Also, the small alginate reduction peak at —150 mV versus
Ag/AgCl, is caused by the interaction of the carboxylic groups of
the eggshell polymeric structure with ions during polarization,
which directly affects the diffusion behavior while maintaining
chemical stability.[>36:37]

Furthermore, the electrolyte material also displayed to interest-
ing highlights such as the ability to recover its conductivity after
being fully dried and swelled, and self-healing ability, displayed
in Figures S5 and S6 (Supporting Information), respectively.

5. Quasi-Solid-State Assembly and Electrochemical
Characterization

With the results of the characterization of the electrodes and hy-
drogel, a device was assembled with two sets of strings of graphite
wires modified with PPy nanotubes introduced parallelly into the
hydrogel and sealed into a pouch cell. The potential window of
0V to +0.6 V was surveyed at 2 mV s~ with 0.5 M Na,SO, as
electrolyte swollen into the hydrogel matrix. Also, the device was
electrochemically characterized while submitted to constant me-
chanical stress, bent at a 90° angle during experiments and after
to evaluate the properties recovery. The selection of a neutral elec-
trolyte was motivated by the objective of enhancing environmen-
tal sustainability for the final device. Nevertheless, an additional
investigation was conducted using an acidic electrolytic media of
0.1 M HNO; to assess the impact over the device performance.
The corresponding data can be found in Figure S7 (Supporting
Information) of this work. Moreover, photographs of the elec-
trode and electrolyte are presented in Figure S8 (Supporting In-
formation) illustrating the interface between the materials.

The cyclic voltammograms in Figure 5A indicate that the de-
vice presented a capacitive behavior with a quasi-rectangular
shape as the potential window increased to 0.6 V, with no irre-
versible redox reaction. This behavior can be associated with the
liquid phase, which allows more charge carriers to interact on the
surface of the electrodes, suggesting that the electrolyte balances
the charge neutrality in the matrix hydrating counteranions.['*?]
The electrochemical results of the device, as shown in Figure 5B,
when bent at a 90° angle, revealed a significant decrease in C,
and a distorted quasi-rectangular voltammogram, suggesting the
occurrence of redox reactions. Upon restoration to its original
configuration, the overall shape of the cyclic voltammogram was
retained. However, the specific C; further decreased, indicating
degradation or loss of the polymer during the charge—discharge
cycles.

The Nyquist plots presented in Figure 5C indicate ion diffu-
sion kinetic, observed by the inclination on the low-frequency
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Figure 5. Cyclic voltammograms at 2 mV s~! with A) different maximum cell voltage and B) with different mechanical conditions. C) Nyquist plots of
the device in different mechanical stress conditions. Inset: enlargement of the high-frequency region of the plots. D) Galvanostatic charge potentially

limits the device in different mechanical stress conditions.

range, elucidating that the conductivity of the hydrogel is related
to the aqueous electrolyte swollen into the solid phase.3®! The
spectra also suggest a change in the kinetic behavior of the sys-
tem when inflected with a constant load, which was investigated
using the equivalent circuit displayed within the spectra. The
calculated parameters are shown in Table 2. Ry is the intrin-
sic resistance associated with the electrode and the quasi-solid
electrolyte. Bending the device to a 90° angle reduces the Ry
value due to a compression of the solid phase. The mechani-
cal stress enables a better interface of the liquid phase with the
electrodes. Once the mechanical load is removed, the Ry¢; in-
creases to a value higher than initially, suggesting a negative im-
pact on both the electrode-electrolyte interface and conductivity
of the system as the ions of the liquid phase are no longer evenly
distributed in the solid phase of the hydrogel. This aligns with a
reduction of the R values, indicating that more charge transfer
processes occur at the electrode surface.*”! The decreased val-
ues of such parameters show the effect of the mechanical load

on the displacement of the liquid phase, which allows the charge
carriers to reach more intern regions of the nanostructures of
PPy .

Parallel to the Ry, a constant phase element (Qp,) is asso-
ciated with forming an electrical double-layer, representing the
charges adsorbed on the electrode surface and located at the
interface between the electrode and electrolyte. Along with the
element, the factor np,; represents the interface’s homogeneity,
where values near 1 suggest a homogenous and planar interface
between electrode and electrolyte. During mechanical stress, Qp;
analysis indicates that fewer charges compose the EDL. However
more organized as the np; values increase. Upon removal of me-
chanical stress, the charge carriers are occluded on the 3D struc-
ture of PPy nanotubes and more distributed, increasing the value
of Qp,, corroborating with the increase in the diffusion resis-
tance, indicated by the rise in W values. This observation was pre-
viously observed in PPy films and nanostructures electrochemi-
cal systems interpreted as equilibrium insertion C,.[2440]

Table 2. Calculated parameters of equivalent circuit components for the device swollen with 0.5 m Na,SO,.

Sample Rs Q] Rt [ Co [Fs™] NpL Zy Q] Qe [Fs™] nie ky ka

Initial 57.78 54.26 6.73 x 107 0.119 51.7 9.38 x 1073 0.513 0.37 0.48
90°-bent 28.30 33.55 1.56 x 1073 0.255 139.5 1.68 x 1073 0.835 0.05 0.23
Return 62.88 73.20 2.135x 107 0.583 140.3 1.26 x 1074 0.735 0.001 0.02
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Table 3. Literature reports on other hydrogel energy storage devices compared to the present work.

Hydrogel Liquid phase electrolyte

Electrode Specific capacitance (C;) Reference

PVA: Alg Freeze—thawed (10:1) 0.5 M Na,SO, (swollen)

PVA-TA 2.8 M H3;PO, (swollen)

PVA-potassium Borate 30 x 1073 m KCl (in situ)

PVA/Gly 2.4 M CH;COONa (in situ)
PVA-MBAA EMimBF,
Alg/EMImBF, EMimBF,
PAA-D-S 2 m H,S0O, (in situ)

Graphite threads modified with PPy

66Fg ' @0.5Ag™" Present work

nanotubes
PANI@CNT 58Fg ' @03Ag™! [47]
AC 38Fg ' @05Ag™] [47)
AC 26Fg ' @03Ag™! [47)
rGO 31Fg ' @0.1A g™ [48]
Alg/ACFC 88Fg' @ 10 mA cm™ [49]
PANI@CNTs 39Fg' @ 0.2mAcm™2 [47]

Additionally, the spectra suggest an ejection of the ionic aque-
ous solution from the hydrogel, reflected as a rise in the ionic dif-
fusion resistance values, represented by the W on the equivalent
circuit.!l As shown in Figure 4C, the osmotic pressure removes
water from the hydrogel and modifies its mechanical and electro-
chemical properties.[*?] Therefore, along with the increased con-
centration of sodium ions, compaction of free vacancies occurs
inside the polymeric structure, increasing its stiffness and min-
imizing the diffusion pathway of the hydrogel.'#?] The stiff-
ness behavior of the hydrogel displayed in Figure S4E,F (Support-
ing Information) changes when different electrolytic solutions
are swollen, demonstrating the change in stiffness behavior of
the quasi-solid material swollen with different electrolytic solu-
tions, displaying the influence of the liquid phase over the mate-
rial properties.[**] In parallel to the W element, a constant phase
element associated with the low-frequency region (Q,y) repre-
sents the charges reaching more internal regions of the three-
dimensional PPy nanostructures. The n; increase with the me-
chanical stress, indicating a more homogenous contact surface
between the electrode and liquid phase. This can also be ob-
served by the rise of the values of k,, presented in Table 2, cor-
roborating with the indication of liquid phase enclosed to inner
regions of the 3D structure of PPy after the removal of mechani-
cal stress.[8* Figure S9A (Supporting Information) presents the
Bode-plot analysis of the impedance spectra and the ratio k, /k,,
respectively.

Furthermore, the data shown in Figure S9B and Table S1 (Sup-
porting Information) show a different behavior: pristine (H,0O)
and 0.1 M HNO; as the liquid phase, displaying slight change on
the behavior and increased values of specific C,. Moreover, the
device swollen with a smaller ionic radius electrolyte displayed
higher values of specific C,, even while submitted to a mechan-
ical stress, as shown in Figure S9C,D (Supporting Information).
As for the impedance spectra presented in Figure S9E (Support-
ing Information), the Ryq returns to a value close to the initial
upon removal of the mechanical load, as the liquid phase more
easily diffuses through the hydrogel matrix not heavily affected
by the osmotic pressure and salting-out effect. Consequently, the
stiffness of the quasi-solid electrolyte diminishes.*!l In addition,
the Rr values increase as the smaller charge carriers reach the
internal regions of the PPy nanostructures. Moreover, with me-
chanical stress, the values on the parameters do not vary as much,
suggesting that diffusion is not heavily affected by the displace-
ment of the liquid phase, maintaining the material’s conductivity
during the stress period.

Adv. Mater. Interfaces 2023, 10, 2300373 2300373 (8 of 11)

To further explore the electrochemical performance, GCPL
data were evaluated and are shown in Figure 5D. Differently from
the CV analysis, the as-prepared device charge—discharge curves
suggest a pseudocapacitive behavior at 0.5 A g~!, with a slight
distortion due to internal resistance polarization. In addition, the
device displayed a specific C, of 66 F g~1, akin to other hydrogel-
based electrolytes, as presented in Table 3. Finally, adding to suit-
able C;, the device showed values of specific energy and potency
of 3.0 Whkg™' and 19.9 W kg1, respectively, while holding a neu-
tral pH, suggesting an environmentally friendly device. However,
upon the addition of heavy mechanical stress, the C, was signif-
icantly reduced to 11 F g~! and distorted to a more triangular
aspect, in alignment with an apparent capacitor-like behavior dis-
played by galvanostatic curves, indicating fast electrostatic inter-
actions, as previously indicated by the cyclic voltammograms.[*’!
Such a drastic behavior change can be associated with the expul-
sion of the liquid phase, significantly diminishing the pathway
for ionic diffusion and favoring fast ionic interactions to charges
confined near the electrode surface.[**] Upon removal of the me-
chanical stress, the C; fell to 7 F g™!, which the precipitation of
sodium sulfate crystals could explain due to the salting-out ef-
fect. The hydrogel properties are highly dependent on parame-
ters such as the type of cross-link between polymeric chains and
the composition of the phases (solid-liquid), which will dictate
the diffusion and mass-transfer behavior inside the gel, allowing
tuning its properties based on pH, concentration, and charge, as
previously presented in this work.[*46]

To contrast to the effect of the liquid phase, characteriza-
tion was performed using an acidic solution and is presented
in the supplementary information of the present work (Figure
S9C-F, Supporting Information). At acidic pH and when using
smaller ionic species, the device’s electrochemical performance
was enhanced, displaying a pseudocapacitive behavior with slight
changes in C, values when submitted to mechanical stress, al-
though minimizing the environment friendliness of the device.
These results corroborate the previously presented work and
highlight tunning of the system by simply swelling with differ-
ent electrolytic solutions to shape the system properties.

6. Conclusions

This study presents a flexible, low-cost, quasi-solid electrochem-
ical system with shapeable properties tuned through a simple
swelling mechanism. As electrodes, graphite threads were mod-
ified with PPy nanostructures, increasing their electrochemical
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properties due to the presence of polymer without affecting its
flexibility or chemical stability. For electrolytes, PVA/SA hydro-
gel as an electrolyte prepared by the straightforward freeze—thaw
method was used, where physical cross-linking occurs between
the polymeric chains, producing a homogenous and porous
quasi-solid material. The influence of semicrystallinity was ob-
served in the hydrogel in diffractograms due to the presence of
PVA and SA peaks at 21° 260 and 41° 26, respectively. Further-
more, Nyquist spectra indicated a porous solid phase that allows
the diffusion of the liquid phase of the as-prepared material,
displaying ionic conductivity of 3.6 mS cm™!, superior to simi-
lar hydrogels reported in the literature. Diffusional behavior was
also observed through swelling experiments in as-prepared and
dry conditions of the hydrogel, stabilizing after 1 h of soaking
in electrolytic solutions with different pH, tunning its electro-
chemical and mechanical properties. Acidic pH indicated better
electrochemical performance, while neutral pH suggested bet-
ter mechanical performance, highlighting the versatility of this
material.

The excellent performance of both materials allowed the struc-
turation of a quasi-solid electrochemical energy storage sys-
tem, displaying capacitive behavior in voltammetric experiments,
varying accordingly to the liquid electrolyte swollen into the sys-
tem. GPCL experiments exhibit a specific C, of 66 F g~! at 0.5 A
g~!. The device is comparable to similar devices reported in the
literature, with a specific energy and specific power of 19.9 W
kg~ and 3.0 Wh kg™, respectively. However, its performance was
significantly hindered when submitted to heavy loads of mechan-
ical flexibility, decreasing its specific C, by 88% and distorting the
voltammogram.

The results obtained in this work can help improve studies
on environment-friendly electrolyte quasi-solid materials. We ex-
plored different hydrogel properties, such as swell, conductivity,
and tunning properties, allowing other applications ranging from
sensors to energy storage systems. In addition, new functional
and environmentally friendly materials are critical in developing
new devices. Therefore, we present a low-cost and versatile ma-
terial combining biodegradable PVA with naturally occurring SA
to pair this point of importance.

7. Experimental Section

Chemicals:  PVA (Mw 146 000-186 000, 99+% hydrolyzed, Sigma-—
Aldrich), SA (medium viscosity > 2000 cP, Sigma-Aldrich), nitric acid
(HNO3, 68%, Sigma—Aldrich), MO (85%, ACS), potassium nitrate (KNO3,
99% A.C.S, Sigma-Aldrich), sodium sulfate (Na,SO,, 99% P.A, Sigma—
Aldrich), and conductive carbon-graphite cloth (CarbonScout) were used
as received. Py monomer (98%, Sigma—Aldrich) was redistilled before use,
and all solutions were prepared using ultrapure water (Elga system).

Electrode Modification and Characterization: PPy nanotubes were syn-
thesized using chronoamperometry, applying MO as a template frame-
work for forming nanotubes. The solution was prepared by adding 100 x
1073 m of Py monomer into a solution containing 5 x 107 m of MO and
8 x 1073 M of KNO;, which was then sonicated for 5 min at room tempera-
ture. Finally, 650 uL of HNOj3 solution 1 m was added to reach the pH of 2,
which was reported as the most suitable media for electrode modification
toward supercapacitor appliances.[%2]

Graphite wire electrodes were used for the potentiostatic polymeriza-
tion at —0.8 V versus Ag/AgCl (3 m) for 5 min. The modified electrodes
were then cleaned with deionized water and dried in an oven at 60 °C for
4 h. After drying, the electrodes were ready for characterization.
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Before characterization experiments, the samples were washed
three times with distilled water and ethanol (50% by volume) and dried
in the oven at 60 °C for 4 h. After drying, TEM samples were dispersed in
ethanol and dropped in a copper sample holder. For FTIR analysis, sam-
ples were dried and grounded, and mixed with KBr to prepare pellets. The
mass of electrodeposition was measured through gravimetric difference
using a microbalance Metter-Toledo XSE205DU.

The surface modification and deposition of PPy nanotubes on the elec-
trodes were investigated by SEM using a TESCAN VEGA3 LMU in High
Vacuum Mode with a resolution of 3 nm at 30 kV. In addition, TEM was
performed with a 2100F system (JEOL) at a voltage of 200 kV. To prepare
the samples, a copper grid coated with lacey carbon was used as the sam-
ple holder, and the modified graphite threads were cut and dispersed in
ethanol via ultrasonic bath and then dried on the copper grid drop by drop.
FTIR spectra were obtained on a Bruker Vertex 70 BRUKER using an atten-
uated total reflectance method.

Raman analysis was carried out using a Renishaw InVia microscope
with an excitation laser of 633 nm excitation wavelength with a power of
87 uW at the focal point of the sample with a numeric aperture of 0.75.
For each sample, spectra from 10 points were recorded with 20 s expo-
sure time and accumulated five times. The samples were placed on a glass
slide, and the system was calibrated with a silicon single crystal.

X-ray diffraction was carried out with a D8 Advance system (Bruker)
with wide-angle analysis at room temperature, with a copper source
(Cu-Ka, 40 kV, 40 mA). The 20 range of 10-50° was scanned at a
rate of 0.005 s~'. The samples were mounted on a glass slide for
the measurement, and the system was calibrated using a corundum
standard.

The electrochemical measurements were done using an AUTOLAB
PSTAT204 and Gamry Reference 3000 potentiostats, used as working elec-
trode graphite wires (pure and modified) normalized by weight, a plat-
inum mesh (1 cm?) as counter-electrode and Ag/AgCl (3 m) reference
electrode. To evaluate the electrochemical influence and stability of the
electrode modification, the cells were initially analyzed by CV in a po-
tential window ranging from —1.0 to +0.5 V at different scan rates (20—
100 mV s~} in an aqueous electrolyte solution of 0.5 M Na,SO,. Next,
EIS was performed from 100 kHz to 10 mHz at an open circuit po-
tential (OCP) of 0.06 V versus Ag/AgCl, measured for 1 h before the
experiment.

Hydrogel Preparation and Characterization: The PVA-based hydrogel
preparation occurred by the freezing—thawing method.[12< 18] The ratio be-
tween PVA:SA used was (10:1). For preparing 20 mL of hydrogel, 1 g of PVA
and 0.1 g of SA were thoroughly mixed and solubilized in 20 mL of deion-
ized water. The dispersion was then heated to 85 °C and stirred for 3 h
until reaching a glue-like dense solution. Next, the solution was cooled to
room temperature and frozen for 20 h. The quasi-solid hydrogel was then
thawed and allowed to reach room temperature to be frozen and thawed
again. After 20 h of freezing, the hydrogel was thawed and dried at room
temperature for 5 h. Then it was ready to be swollen in different electrolytic
solutions and submitted for electrochemical evaluation.

The morphology was characterized using as-prepared and freeze-dried
samples by SEM using a ZEISS GEMINI 500 microscope coupled with an
Xmax detector from Oxford instruments employing an acceleration volt-
age of 0.5-5 kV for imaging. The samples were mounted on an aluminum
stub fixed with copper tape with an extra conductive sputter of a 6 nm thick
coating of platinum.

The hydrogel was electrochemically characterized after being swollen
with solutions of distilled water, 0.5 m Na,SO,, and 0.1 M HNO3, where
the mass variation was measured to investigate the uptake of electrolyte
solution. CV experiments allowed the investigation of chemical stability in
a potential window of —0.8 to +0.8 V, using a classic three-cell electrode
system with two stainless steel mesh as counter and the working electrode
(with an area of 0.785 cm?) at different scan rates (10-100 mV s™7).

EIS experiments were performed in a two-electrode configuration using
a Metrohm Autolab PGSTAT208 and BioLogic VMP-300 potentiostats, with
frequencies ranging from 100 kHz to 100 mHz versus OCP to investigate
the ionic conductivity (o) of the hydrogel at room temperature. The EIS
spectra were recorded, and the ionic conductivity was determined using
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Equation (1), indicated below.l'’]

T 1
o= X& M
where T is the gel thickness (1cm), R, is the hydrogel bulk resistance, and
A is the area of the hydrogel exposed to the electrodes (0.785 cm?).

The swelling degree (SD) of the hydrogel was investigated in samples
prepared (wet) and dried (dry) in an oven for 3 h at 40°. In addition, a
different set of samples were soaked for 1 h in distilled water and in so-
lutions of KCL 10% (mass/volume; pH 7.48), 0.5 m Na,SO, (pH 7.15),
0.1 M H3PO, (pH 4.22) and 0.1 M HNO; (pH 2.37). During the soaking
period, the mass of the samples was measured in intervals of 5 min, and
the SD was determined using Equation (2).13]

W, — W,
SD = —4—— % 100% @

i

where W, is the mass of the sample at a time ¢, and W, is the mass of the
initial sample.

The influence of the freeze-thaw method over the interaction between
the polymeric chains of PVA and SA was investigated. XRD was performed
on samples dried in the oven at 40 °C for 3 h and samples swollen with
distilled water. The XRD experiments were carried out at room tempera-
ture using a D8 Advance (BRUKER) with a copper source (Cu-Ka, 40 kV,
40 mA). The 26 angle range from 10° to 60° was scanned at a rate of
0.005°s7".

Quasi-Solid-State Device Assembly:  Two modified electrodes were par-
allelly placed in the hydrogel before the first freezing step during the hydro-
gel synthesis. After that, the system followed the hydrogel synthesis pro-
cedure. The raw prototype was ready upon reaching room temperature at
the final thawing, followed by an evaporation period of 2 h at room temper-
ature. Then, the prototype was inserted into a pouch bag containing 2 mL
of 0.5 M Na, SOy solution and sealed. Finally, the supercapacitor prototype
was ready to undergo electrochemical characterization. A schematic dia-
gram of this process is presented in Figure S7 (Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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