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ABSTRACT

Advanced flexible ionotronic devices have found excellent applications in the next generation of electronic skin (e-skin) development for
smart wearables, robotics, and prosthesis. In this work, we developed transparent ionotronic-based flexible electrochemical capacitors using
gel electrolytes and indium tin oxide (ITO) based transparent flexible electrodes. Different gel electrolytes were prepared using various salts,
including NaCl, KCI, and LiCl in a 1:1 ratio with a polyvinyl alcohol (PVA) solution and compared its electrochemical performances. The
interaction between gel electrolytes and ITO electrodes was investigated through the development of transparent electrochemical capacitors
(TEC). The stable and consistent supply of ions was provided by the gel, which is essential for the charge storage and discharge within the
TEC. The total charge contribution of the developed TECs is found from the diffusion-controlled mechanism and is measured to be 4.59
mCcm ™2 for a LiCI/PVA-based gel. The prepared TEC with LiCl/PVA gel electrolyte exhibited a specific capacitance of 6.61 mFcm™ > at 10
#tA cm 2 The prepared electrolyte shows a transparency of 99% at 550 nm and the fabricated TEC using LiCl/PVA gel exhibited a direct
bandgap of 5.34eV. The primary benefits of such ionotronic-based TEC development point to its potential future applications in the
manufacturing of transparent batteries, electrochromic energy storage devices, ionotronic-based sensors, and photoelectrochemical energy
storage devices.
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Transparent, smart, and intelligent flexible ionotronic devices
have gained significant attention in many fields including wearables'
and robotics.” These applications required flexible ionotronic compo-
nents, including ionic skins,” electroluminescence,’ transparent actua-
tors, such as loudspeakers,” and touchpads and displays,”” in which
transparency and electrochemical performances play a key role.
Electrochemical capacitors act as a crucial component for these trans-
parent devices whose function is based on an ionotronics mechanism
where both mobile ions and electrons are involved in reactions. Such
electrochemical capacitors could act as mechanoreceptors such as
capacitive sensors for touch, and temperature monitoring, and will
also function as an energy source.” For the development of such trans-
parent electronic components including sensors and energy storage
devices, the variation of optical and electrochemical properties of
transparent electrodes with a gel polymer electrolyte is highly impor-
tant for its sensing, visual effect, and energy-storing capability. There

are three major mechanisms, including electric double layer (EDL),
electrochemical reaction, and ionic diffusions involved in ionotronic
components.”'” In this context, the interaction of the ionic gel with
conductive or active electrodes is of utmost importance for establishing
the actual mechanism.

The selection of electrolytes presents a critical challenge in the
development of transparent electrochemical devices, as it requires a
delicate balance to simultaneously achieve optimal ion-storing, effi-
ciency, and transparency.’' The electrolyte must remain stable over
extended periods to ensure long-term reliable performance of the devi-
ces. However, some transparent electrolyte materials may be more sus-
ceptible to degradation or have limited stability, posing challenges over
time when attempting to maintain optimal electrochemical perfor-
mance.'” Polymer-based gel electrolytes are essential in the fabrication
of ionotronic devices that have a high water content and can retain a
significant amount of electrolyte solution.* For various types of
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ionotronic devices, different types of polymer gel electrolytes are
implemented which include polyacrylamide (PAAM), polyvinyl alco-
hol (PVA)/tannic acid functionalized nanocellulose (PVA/TA@s-NC)
hydrogels and poly-(acrylamide-co-acrylic acid) p(AM-co-AA) hydro-
gel mixed with zinc ion (Zn*") and aluminum ion (AI*")." The
exceptional physical, mechanical, and chemical properties of the poly-
mers play a pivotal role in influencing ionic conductivity, as the dis-
solved jons within the polymer gel predominantly determine its
contribution to the development of an electrochemical device. In addi-
tion to electrolytes, the interaction of electrolytes with the electrode
surface plays a crucial role in the formation of electrochemical pro-
cesses. The type of electrode, including metal oxides, graphene, con-
ducting polymers, or composites significantly influences the electrode’s
performance."®

In this work, we developed transparent electrochemical capacitors
(TEC) as an ionotronic device, and their optical and electrochemical
properties were investigated. Here, we developed TECs based on
indium tin oxide (ITO) coated on the top of polyethylene terephthalate
(PET) substrate with NaCl/PVA, KCI/PVA, and LiCl/PVA gel poly-
mer electrolytes, as illustrated in Fig. 1(a) and the fabricated device in
Fig. 1(b). Here, ITO/PET which functions as a current collector/sub-
strate exhibits more than 90% of transparency and extremely low sheet
resistance (0.0001 Qcm ") due to the high bandgap and free career
density.'” The interaction of electrolyte ions with these ITO electrodes
is the key factor in designing the performance of the ionotronic devi-
ces. ITO is used to fabricate flexible electrochemical devices and to fur-
ther enhance the performances of multiple materials that were coated
in previous works.'” In this present work, different polymer gel electro-
Iytes are prepared by use of NaCl, KCl, and LiCl in a 1:1 ratio with a
PVA solution. Polymer gel ensures a stable and consistent supply of
ions, which are essential for the charge storage and discharge processes
within the TEC. The polymer gel layer can serve as an ionic conductive
channel and as a separator between the two electrodes in TECs.

pubs.aip.org/aip/apl

Additionally, polymer gels can retain moisture and prevent evapora-
tion of the electrolyte solution.”'*'” This property ensures the long-
term stability and consistent performance of the TECs. The experi-
mental details of the device fabrication and characterization are given
in the supplementary material. The electrochemical properties of the
TEC could be varied while applying an external force on the top of this
TEC, as shown in Fig. 1(c) due to variations in gel electrolyte
distribution.

A microcrystalline with nano-porous has great advantages in
electrode-gel interaction in TEC development. Figure 1(d) illustrates
the SEM image of the ITO film revealing uniform coated microstruc-
ture films with nano-porous and regularly distributed grains. Contact
angle measurements [Fig. 1(e)] are conducted to evaluate the wettabil-
ity of the ITO film with a mean contact angle of 72.44°. These findings
suggest that the ITO film exhibits enhanced wettability, indicating a
hydrophilic character with a pronounced attraction to water and polar
electrolytes. This attribute facilitates efficient liquid absorption and
concurrently reduces the internal resistance of energy storage devices.

The transparency of the polymer gel electrolyte is measured
through the optical transmittance spectra for NaCl/PVA, KCI/PVA,
and LiCl/PVA in the 300-800 nm range and is shown in Fig. 1(f). A
distinct absorption is evident below the 400 nm region, accompanied
by a rapid reduction as the wavelengths decrease toward the visible
region in all three electrolytes. Following this, LiCl/PVA and KCI/PVA
exhibited transmittance values of approximately 98.32% and 98.08%,
respectively. At the same wavelength (400 nm), NaCl/PVA demon-
strated a transmittance of around 95.26%. Within the wavelength
range of 550 nm, all other polymer gel electrolytes (KCl and LiCl) dis-
played ~100% transmittance, except for NaCl/PVA which achieved a
transmittance of 99%. Subsequently, the transmission levels stayed rel-
atively low. The vibrational modes of molecules in a sample, which
provide information about the chemical composition and interactions
within the sample, are analyzed using Fourier transform infrared
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FIG. 1. (a) Schematic representation of the TEC for transparent ionotronic devices with the ionic distribution shown in the magnified image. (b) Image of the developed TEC.
(c) Schematic representation of TEC under external force. (d) SEM image of the ITO film, (€) contact angle measurement of the ITO with electrolyte, (f) UV-transmittance spec-

tra of the polymer gel electrolyte (g), and FTIR spectra of the polymer gel electrolyte.
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spectroscopy (FTIR). The results of FTIR analysis on different polymer
gel electrolytes composed of PVA and various salts (NaCl, KCl, LiCl).
The FTIR spectra [Fig. 1(g)] for these compositions show certain char-
acteristic absorption peaks, which reveal important information about
the interactions occurring within the gel electrolyte. At 3330cm ™', an
absorption peak is observed in all the gel electrolytes and corresponds
to the —~OH stretching vibrational band of alcohols. This observation
indicates hydrogen-bond associations within the PVA molecules in the
gel. Hydrogen bonding is a common interaction in polymer systems,
and its presence suggests that the PVA chains are similarly interacting
with each other in all the gel compositions. A small peak at 2880 cm ™
is specifically observed in the FTIR spectra of gel electrolytes contain-
ing LiCl. It arises from the stretching vibrations of the —-CHj groups,
which are likely present in these specific salts or result from their inter-
action with the PVA matrix. The peak is seen at 1638cm ™" in the
FTIR spectra of all gel electrolytes, indicating the presence of a car-
boxyl group within the system. This group is likely part of the PVA or
may arise from the interaction of PVA with different salts used in the
compositions.

The ionic conductivity of polymer gel electrolytes plays a pivotal
role in determining the electrochemical properties of ionotronic devi-
ces. Here, polymer gel electrolytes characterized by heightened ionic
conductivity possess an expanded electrochemical window, conse-
quently enhancing TEC efficiency. It is worth noting that polymer gel
electrolytes with elevated ionic conductivity demonstrate commend-
able performance even in low-temperature environments. Figure 2(a)
shows a comparative view of the ionic conductivity across NaCl, KCl,
and LiCl-based polymer gel electrolytes. The analysis revealed that

pubs.aip.org/aip/apl

PVA/KCI gel demonstrates exceptional ionic conductivity, measuring
approximately 98.8 mScm™'. Electrochemical impedance spectros-
copy (EIS) analysis was carried out to analyze electrode—electrolyte
interaction in TEC. In Figs. 2(b)-2(d), the Nyquist plot illustrates the
response of the ITO electrode to NaCl, KCl, and LiCl based gel electro-
lytes. In the EIS profile of the LiCl polymer gel electrolyte, an evident
pattern emerges as a semicircle indicating a reduced capacitance is
noticeable in the high-frequency domain, complemented by a linear
trend at lower frequencies, as can be observed in this plot. These semi-
circular patterns signify the presence of an interfacial charge transfer
resistance between the electrode and electrolyte systems, regardless of
the specific electrolyte employed. This charge transfer resistance could
be due to the ITO electrode resistance and its contact resistance to the
gel electrolyte. This represents pseudocapacitance of the material due
to the faradaic reactions.”’

Furthermore, the EIS profiles illustrated in Figs. 2(b)-2(d) exhibit
substantial deviations from the imaginary axis across all electrolytes.
This divergence is indicative of ionic diffusion into the electrode’s
pores, reinforcing the suggestion of the electrode’s capacitive nature
within these electrolytes. The high-frequency region within the spectra
provides valuable information about the solution resistance (R;). The
R values observed for NaCl, KCl, and LiCl-based polymer gel were
12.17, 258, and 15.72Qcm 2, respectively. PVA/NaCl with ITO
exhibits greater conductivity than PVA/KCI and PVA/LICl with ITO
due to its lower solution resistance. The magnitude of impedance vari-
ation with frequency for TECs with various gel electrolytes is repre-
sented through the Bode impedance plot as shown in Fig. 2(e). It was
observed that when subjected to such high frequencies, the device
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FIG. 2. (a) lonic conductivity of electrolytes and (b)—(d) Nyquist plot for the TECs based on NaCl, KCI, and LiCl, respectively. (¢) Bode impedance plot for the TECs with various

gel electrolytes and (f) capacitance variation found through EIS analysis for TECs.

Appl. Phys. Lett. 124, 111603 (2024); doi: 10.1063/5.0190801
Published under an exclusive license by AIP Publishing

124, 111603-3

8¥:SEv L ¥20T Udten L2


pubs.aip.org/aip/apl

Applied Physics Letters

exhibits a behavior like that of a basic resistor. However, in low-
frequency regions, the diffusion of electrolyte ions (Li", K*, or Na*)
into the active ITO electrode leads to impedance characteristics.”’ The
PVA/LiCl-based TEC shows a lower resistance value in a lower fre-
quency range and it confirms the Bode impedance plot in Fig. 2(e).
These ionic movements and the lower resistance of the electrodes
reveal its high capacitance in the low-frequency range, which is given
in Fig. 2(f). The capacitance value demonstrates that in the lower fre-
quency region, the device exhibited a maximum value of capacitance
and decreased with an increasing frequency, and in the high frequency
range, it shows a constant value that reveals the porous nature of the
film.

The ionic interaction of the electrode with the electrolyte was
investigated using cyclic voltammetry (CV) analysis. CV analysis pre-
dicts the stability of the complexed transition metal oxidation state,
reversibility of electron transfer processes, total charge storage, and its
contribution and reactivity of the polymer gel electrolytes with ITO
electrodes. The CV analysis shows that depending on the type of elec-
trolyte, the electrode—electrolyte interaction varies, and it leads to the
formation of pseudocapacitive behavior of the CV curve. Figure 3(a)
shows the CV curves for TEC developed using LiCl-based polymer gel
electrolytes in a scan rate of 5-1000mV s ', The CV curve for NaCl
and KCl based TECs given in Figs. S1(a) and S1(b) in the supplemen-
tary material. The CV curve shows a quasi-rectangular shape, and
such shape is normal in pseudocapacitance due to the redox reaction
of the material.”*** The specific capacitance of the TECs are measured
from the CV analysis using the expression reported in previous
works.”” The measured value of specific capacitance for the TECs is

ARTICLE pubs.aip.org/aip/apl

given in Fig. 3(b). The measurement shows LiClI/PVA gel-based TEC
exhibit high specific capacitance 2.17 mFcm™ > at 5mVs ' and the
capacitance decrease exponentially with increasing scan rate. This
observation highlights the LiCl gel electrolyte as a promising candidate
for enhancing the charge storage capabilities of ITO-coated electrodes
in electrochemical applications. Notably, the TEC integrated with the
LiCl polymer gel electrolyte achieved 254.21 uF cm ™2 specific capaci-
tance is three times higher than for KCl-based polymer gel electrolytes
and is 87.37 uFcm * at 100mV's™ . The high capacitance value of
LiCl-based TEC in the range of uFcm ™2 at high scan rates (1Vs ")
[from Fig. 3(b)] and in high frequency (1 kHz) [Fig. 2(f)] shows that it
is 1000 times higher than that of parallel-plate capacitive sensors
(which is in the range of pFcm™?), indicating the high sensitivity
implication of TEC for a electromechanical sensors.” The high capaci-
tance value is due to the charge storage properties of the polymer gel
electrolyte—electrode interaction. Furthermore, the CV analysis was
also used for measuring the charge contribution. The plot in Fig. 3(c)
for logarithmic scan vs logarithmic current for a TEC in LiCl shows a
slope of 0.44 for a low scan rate (5-100mVs™") (R*>=0.999), and it
predicts that charge storage contribution is mainly due to the
diffusion-controlled reaction. It was reported that for slope of 1,
the device will exhibit capacitive contribution, for slope of 0.5 or below
the device will be diffusion-controlled mechanism and slope between 1
and 0.5 is combined diffusion-controlled contribution and capacitive
contribution.”* Hence, the total charge contribution (Q,) will be here
from diffusion-controlled mechanism and is measured for LiCl/PVA
as shown in Fig. 3(d) using expression S3 given in the supplementary
material.
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FIG. 3. (a) CV curves for LiCl-based TEC in different scan rates. (b) Specific capacitance variation with a scan rate of TECs in different electrolytes. (c) Plot for log(current) vs
log scant rate for LiCl/PVA-based TEC to find the charging storing mechanism. (d) The total charge contribution of the TEC-based LiCI/PVA in different scan rates (e). The
GCD curves for LiCl-based TEC (f) show the specific capacitance variation of LiCl/PVA-based TECs and the inset shows the energy density variation of the same device at dif-

ferent current densities.
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The energy-storing ability of such TEC was investigated through
the galvanostatic charge-discharge (GCD) analysis of the fabricated
TECs and is given in Fig. 3(e) (for LiCl), Figs. S2(a) (NaCl) and S2(b)
(for KCI). The GCD curves for the TEC with NaCl electrolyte were
observed without any potential drift. However, the charge storing abil-
ity of this device is low and it discharges quickly. The rapid charge and
discharge process is made possible by the electro-chemisorption of
Na™ cations at the negative electrode and Cl~ anions at the positive
electrode. During the analysis of the GCD behavior of KCl in the gel
electrolyte, a consistent pattern was observed across all current densi-
ties. Notably, at a current density of 80 A, a higher voltage drop was
observed in Fig. S2(b). Conversely, as the current density was reduced,
the charging time of the device increased, and it was evident that the
voltage drop decreased accordingly. In Fig. 3(f), the charge-discharge
performance of a TEC utilizing PVA/LICI electrolyte is depicted. At
lower current densities, the device exhibited minimal voltage drop dur-
ing the discharge process. The inclusion of LiCl in the electrolyte facili-
tated linear charging and discharging behavior, indicating a stable and
predictable operation for the device. Table S1 in the supplementary
material presents the results obtained by calculating the specific capaci-
tance, energy density, and power density using GCD measurements
for the TECs. Upon a thorough analysis of the data presented in Table
S1, a noticeable trend emerges: the specific capacitance and energy
density both display a decline in response to the magnitude of the
applied current. At lower current density, the TECs obtained maxi-
mum capacitance and energy density. In contrast to this behavior, the
power density showcases a distinct and recognizable pattern of revers-
ibility. This suggests that the power output of the TECs exhibits a con-
sistent and reversible variation in relation to the changing current
conditions, a phenomenon that underscores the dynamic nature of the
power delivery capability of this gel based TECs. In comparison to gel
electrolytes containing NaCl and KCl, the usage of LiCl gel electrolytes
in TECs revealed superior performance. The specific capacitance mea-
surements obtained under a constant current density of 10 uA cm >
reveal the performances 46.11 uF cm™ for NaCl/PVA, 1.61 mFcm >
for KCI/PVA, and 6.61 mFcm 2 for LiCI/PVA based TECs, and it
clearly shows this noticeable difference in performance. The applica-
tion of LiCl-based gel as electrolytes significantly enhanced the overall
performance of the TECs utilizing ITO electrodes. This enhancement
resulted in a substantially higher specific capacitance value, reaching
approximately 6.605 mFcm ™2 at 40 uA (10 uA cm™2). The variation
of the specific capacitance and energy density with current density for
the TEC based on LiCl/PVA is shown in Fig. 3(f). We also measured
the energy and power density for the TECs at 10 uA cm 2. TEC with
NaCl/PVA exhibited 3.08 nWhcem > and 3.47 uW cm™? of energy
and power density. For instance, the TEC with NaCl/PVA exhibited
.08 uWhem ™ and 3.01 uW cm™> of energy and power density. By
comparing the two TECs, we noticed that TEC-based LiCl/PVA exhib-
ited high energy and power densities of 0.504 pWhcm ™2 and
3.71 uW cm ™, respectively. This result demonstrates the significant
potential of LiCl gel as an efficient electrolyte for enhancing the energy
storage capacities of these electrochemical capacitor systems. The
repeatability in performance is checked for the TEC with a LiCl/PVA
electrolyte-based device and carried out using CV, which is given in
Fig. S3. It was noticed that there are significant challenges in the
repeatability performance of devices, which strongly depend on the
amount of electrolyte and the packaging method.

pubs.aip.org/aip/apl

In the analysis of energy storage systems to assess their efficiency
and overall performance, one crucial and fundamental factor that
requires examination is the bandgap energy of gel electrolytes. This
parameter plays a pivotal role in understanding how effectively the
energy storage system can operate, as it impacts the behavior of the elec-
trolyte material, influencing its conductivity and charge transport proper-
ties. The findings regarding the energy bandgap associated with direct
electronic transitions (x = 2) are presented graphically in Fig. 4(a). This
figure illustrates the relationship between (hv)* and photon energy (hv)
to extract the direct bandgap values. In the context of this current
research study, we have ascertained the direct bandgap values for differ-
ent gel electrolytes. For the LiCl-based gel electrolyte, our analysis has
yielded a bandgap value of 5.37 eV. Subsequently, we found that the KCl-
based gel electrolyte possesses a direct bandgap of 5.35 €V, and the NaCl-
based gel electrolyte exhibits a direct bandgap of 5.34eV. It was found
that the TEC with further modification using conjugated polymers or
other metal oxides, will be an excellent candidate for electrochromic
energy storage devices.””® For such an energy storage device the
bandgap could control the electrochromic and optical properties. The
influence of polymeric material and n-type or p-type semiconductors
influences the variation of the bandgap.”””” Here, we used a similar active
electrode and PVA polymer and noticed that salts within the gel in this
work are not strongly influencing the variation of the bandgap.

Finally, we tested the variation of electrochemical properties
through the CV analysis (100 mV s~ ') under an external force on the top
of the TEC, which was fabricated using LiCI/PVA as shown in Fig. 4(b).
We applied static force to the top of the TEC, and it was noticed that
with increasing the applied force, the peak current of the device
enhanced. This variation in peak current in the CV curve could be due to
the changing gel electrolyte distribution under the device due to the
external force, which varies the ionic distribution. The capacitance of this
TEC was measured using the area under the CV curve, and it was
noticed that as the applied force increased, the capacitance of the TEC
increased. The relative change in capacitance of the TEC under different
applied forces is given in Fig. 4(c). This will lead to implementing the
TEC with a gel electrolyte for ionotronic based pressure monitoring sen-
sors, and further studies are required on this aspect. The leakage of the
gel with external force will influence the performance, and to overcome
this, appropriate packaging and TEC with a solid electrolyte is necessary.

In summary, here we focused on the electrochemical and optical
characteristics of diverse gel electrolytes applied to ITO films. Three
distinct polymer gel electrolytes, involving PVA in conjunction with
NaCl, KCl, and LiCl, were meticulously prepared at a 1:1 ratio. By
employing these electrolytes, symmetrical TECs were fabricated, using
ITO films measuring 4 cm? in the surface area. Among these configu-
rations, the PVA/LiCl-based TEC exhibited superior electrochemical
performance and optical transparency when compared to the other
electrolytes (NaCl and KCl). This specific configuration showcased a
remarkable specific area capacitance of 6.61 mFcm™ > at 10 uA cm ™2,
underscoring the remarkable potential of LiCl gel as an efficient elec-
trolyte capable of amplifying the energy storage capabilities of electro-
chemical capacitor systems. However, it is essential to acknowledge the
limitations and challenges that surfaced during this exploration.
Despite the electrolyte’s gel-based nature, issues such as leakage during
device fabrication were encountered. Addressing these challenges is
imperative to develop a promising TEC design. The high capacitance
value of LiCl gel-based TEC in the range of uF cm ™2 in high scan rate
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FIG. 4. (a) Bandgap energy measurement for TEC based on different polymer gels. (b) CV curve of TEC under various forces. (c) The relative change in capacitance of the

TEC with applied force.

(1Vs ') and in high frequency (1 kHz) predicts its excellent perform-
ances for ionotronic based sensors and energy storage devices. The
major advantages of such ionotronic based TEC development is its
implementation in the fabrication of future transparent energy storage
devices such as batteries, electrochromic energy storage and photoelec-
trochemical energy storage device and also various types of sensors.

See the supplementary material for the experimental details and
figures related to results and discussion of NaCl and KCl based TECs.
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