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Abstract

lonogels are an attractive class of materials for smart and flexible electronics and are
prepared from the combination of a polymer and ionic liquid which is entrapped in this matrix.
lonogels provide a continuous conductive phase with high thermal, mechanical, and chemical
stability. However, because of the higher percentage of ionic liquids it is difficult to obtain an
ionogel with high ionic conductivity and mechanical stability, which are very important from
an application point of view. In this work, ionogel films with high flexibility, excellent ionic
conductivity, and exceptional stability were prepared using polyvinyl alcohol as the host
polymer matrix and 1-ethyl-3-methylimidazolium hydrogen sulfate as the ionic liquid using
water as the solvent for energy storage application. The prepared ionogel films exhibited
good mechanical stability along with sustaining strain of more than 100% at room
temperature and low temperature, the ability to withstand twisting up to 360° and different
bending conditions, and excellent ionic conductivity of 5.12 x 1072 S/cm. The supercapacitor
cell fabricated using the optimized ionogel film showed a capacitance of 39.9 F/g with an
energy and power densities of 5.5 Wh/kg and 0.3 kW/kg, respectively confirming the
suitability of ionogels for supercapacitor application.

Keywords: lonic liquid; Gel polymer electrolyte; lonic conductivity; 1-Ethyl-3-
methylimidazolium hydrogen sulfate; Supercapacitors
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The urgent need to protect and save the natural resources and regulate the energy usage
encouraged the research community to explore the sustainable materials and renewable
energy storage system (EES). Supercapacitors are one of the representatives of EES systems
that meet these needs, together with the fact that supercapacitors offer exciting features
such as a fast charging-discharging rate, long cycling life, and high power density [1-3]. The
primary challenge is to ensure the safety of any EES device. The organic liquid electrolytes
which are considered as an origin of EES devices (especially traditional supercapacitors) are
highly flammable, leaky, and volatile in nature. Polymer separators which are used to soak;
these liquid electrolytes have poor thermal stability, leading to undesired accidents such as
short circuits, overcharging, and overheating, these are known as thermal runaway. Thermal
runaway occurs when the electrolyte decomposes or the gas is released, causing strong
exothermic reactions that result in the explosion of the EES device. Therefore, the
development of an electrolyte with safety as the top priority has become a major goal, leading
to the safety of all EES device.

One of the possible solutions that the research community has focused on is the development
of solid polymer electrolytes (SPEs), which have been relatively successful in overcoming the
above challenges and drawbacks of liquid electrolytes. However, the problem with SPEs is a
significantly high interfacial impedance and low ionic conductivity at room temperature.
Furthermore, by combining the advantages of liquid electrolytes and SPEs, a gel polymer
electrolyte (GPE) has been investigated as a promising electrolyte material for EES
applications. Advantages of GPE include good electrical conductivity and acceptable
mechanical stability. In GPEs, liquid electrolytes are entrapped in the polymer matrix without
leakage. Here, the replacement of liquid electrolytes with ionic liquids (ILs) can significantly
improve the safety of an EES device because the volatility of ILs is negligible compared to
organic liquid electrolytes, and they have high electrochemical stability [4]. ILs are molten at
room temperature and consist of cations and anions. The nature of the ions present in the ILs
affects the chemical/electrochemical and physical properties [5] such as the electrochemical
stability window, as well as the melting point or viscosity, which in turn affects the ionic
conductivity of the overall system. ILs improve the performance of EES devices, ILs with
imidazolium ions such as 1-butyl-3-methylimidazolium hexafluorophosphate ([BMIm]PFs), 1-
ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide ([EMIm]TFSI) [6,7], 1-ethyl-3-
methylimidazolium hydrogen sulfate ([EMIM]HSO.) have high ionic conductivity. Therefore,
in addition to their hydrophilic nature, they are considered favorable candidates for EES
applications[8,9]. Instead of using them as liquid electrolytes[10], the design of solid
electrolytes with ILs, also called ionogels, is of great interest. The host network can be
polymer-based, silica-based, or hybrid organic-inorganic based. Also, large organic molecules
have been used for the preparation of electrolytes like hexamethylphosphoric triamide
(HMPA) [11], 2, 7-dinitropyrene-4, 5, 9, 10-tetraone (DNPT) [12] and a, a’-dichloro-p-xylene
[13] for energy storage applications.

Along with the above materials, choosing appropriate polymer also plays a major role as it
decides the final results of the film. Various types of polymers have been used and reported
as host polymers for gel electrolytes for use in EES applications. These polymers include
poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), poly(vinyl alcohol) (PVA),



poly(methyl methacrylate) (PMMA), poly(ethylene oxide) (PEO), poly(acrylonitrile) (PAN) and
copolymers of the above mentioned polymers [14-16]. Among all the polymers, PVA is one
of the most studied and promising polymers because of several advantages, like easy
availability, environmentally friendly, cost-effective, and most importantly, it has good
compatibility with various salts and other components. Several research groups have used
PVA to prepare different types of electrolyte materials, for example, Naveen et al.[17]
prepared a biopolymer film using PVA with chitosan by casting method and magnesium
chloride as salt. The maximum room temperature ionic conductivity of this film was
~5.9x 107> S/cm. Similarly, Huang et al.[18] mixed epoxy resin with PVA to coat carbon
nanofibers to prepare an electrolyte material. This approach resulted in an increase in
conductivity to the order of ~3.18 x 1072 S/m. However, Priya et al.[19] prepared a film using
PVA as the polymer and mixed it with starch and a 2.0% solution of ceric ammonium nitrate
to obtain an ionic conductivity of ~1.53 x 10~ S/cm and the electrochemical stability window
in the range of —2.0 V to +2.0 V. The prepared films were used for electrochemical double
layer capacitors.

In the present work, the ionogel films with excellent electrochemical conductivity (~5.12 x10~
3S/cm) and superior mechanical properties were optimized and prepared by solution casting
technique using PVA as the host polymer and 1-ethyl-3-methylimidazolium hydrogen sulfate
as the ionic liquid, which is very compatible with PVA, resulting in the increased mobility of the
polymer chain. The films were tested electrochemically and mechanically for energy storage
application, specifically supercapacitors. For application testing, multiwalled carbon
nanotubes (MWCNT) were used as the electrode material and a two-electrode cell was
fabricated and characterized by electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and galvanostatic charge-discharge test (GCD) with cyclic testing. To the
best of our knowledge, the ionogels with the proposed composition are used for the first time
with MWCNT-based electrodes. It was also expected from the studies that the prepared
ionogel has wide possibilities in flexible and smart EES devices.

Experimental section
Materials

Poly (vinyl alcohol) (PVA) with molecular weight, M, = 146,000-186,000, 87%—89%
hydrolyzed, ionic liquid; 1-Ethyl-3-methylimidazolium hydrogen sulfate [EMIM]HSO, were
purchased from Sigma Aldrich. Double-distilled water was obtained using the HydrolLab
purification system (Germany). Multiwalled carbon nanotubes (MWCNT =98% carbon basis)
were obtained from Sigma-Aldrich. The materials were used as received. Carbon cloth was
purchased from AVCarb (USA).

lonogel: preparation and characterization

The ionogel film was prepared using the standard solution casting technique. 0.3 g of PVA was
dissolved in 30 mL of double-distilled water with a magnetic stirrer at 90 °C overnight and
after dissolution it was gradually cooled down to room temperature. Meanwhile, 2.7 g of
[EMIM]HSOs was homogeneously dissolved in 5 mL of double-distilled water in a separate
beaker, for ~1 h at room temperature. The IL solution was then poured into the PVA solution



and stirred continuously for ~ 12 h. This solution was later poured into glass petri dishes and
the common solvent (double-distilled water) was gradually allowed to evaporate slowly at
room temperature. Free-standing and flexible ionogels were obtained after complete
evaporation. Fig. 1 shows a schematic diagram of how ionogels were prepared. After this, the
films were kept in a desiccator with desiccant to control the moisture content. Polymer films
were obtained with different weight ratios of ionic liquid and [EMIM]HSO4 polymer (95:5,
90:10, 85:15, 80:20, 75:25, 70:30, 60:40 and 50:50). The resulting ionogels were free-standing
and mechanically stable films as shown in the schematic diagram (Fig. 1). The composition of
optimized ionogel was used in the supercapacitor with MWCNT as the electrode material.

Fig. 1. Preparation scheme of the ionogel synthesis

The shear and oscillatory rheology measurements were carried out via a stress-controlled
rheometer (MCR 302, Anton Paar) fitted with double gap, concentric cylinder geometry
(CC27-SN12793). Controlled shear stress tests were conducted by varying the shear rate.
Rheological studies were conducted at a constant temperature (25 °C) and atmospheric
pressure. After loading, the samples were held for 5 min at the test temperature before
measurements to allow stress relaxation and temperature equilibration. During the rotational
tests, a range of shear rate from 1 to 1,000 s~ was applied, while shear stresses were recorded
at different shear rate values. Data were collected using Anton Paar RheoCompass software.
Morphological studies of the ionogels were performed by field emission scanning electron
microscopy (FESEM) using SEM/FIB-Zeiss Crossbeam 350 and energy dispersive spectroscopy.
To improve the conductivity of the surface, a thin layer of gold was deposited on the sample.
EDS mapping and analysis were carried out using an Ametek EDAX, Octane Elite. Fourier
transform infrared (FT-IR) study (Thermo Scientific Nicolet iS10 FTIR Spectrometer) was used
to analyze the prepared films in the range of 500 to 4,000 cm™ with a resolution of 2 cm™
using the Attenuated Total Reflectance (ATR) mode with the Smart iTX attachment. A sample
was placed on the diamond measuring window on the ATR attachment where the spectrum
was collected. Each spectrum consisted of at least 64 scans lasting for ~ 1 s. Before each
measurement, the background was collected to eliminate apparatus and environmental
effects. Each sample spectrum is rationed. X-ray diffraction (XRD) analysis was performed by
a Philips PW1830 diffractometer operating with an X-ray tube emitting Cu Ka radiation, with
40 kV acceleration voltage at 30 mA current. The diffraction data were collected with a count
time of 0.5 s per step and a sampling width of 0.04°. Cu plates were used as sample holders.
PVA and the ionogel samples were cut into rectangular cuboid shapes and positioned onto
the groove of the sample holder to align to the center of the goniometer circle. Samples were
measured at approximately 28 °C and low humidity level (about 30%). Differential scanning
calorimetry, (DSC-TG) was performed on TG/DSC SDT 650 simultaneous thermal analyzer, TA
Instruments, to observe the possible phase transition due to the temperature change under
the Ar atmosphere from room temperature to 400 °C at a heating rate of 5 °C/min.
Thermogravimetric analysis (TGA) was performed using a Perkin-ElImer model TGA 8000
thermogravimeter (Shelton, USA) to obtain knowledge about the thermostability of the



optimized ionogel film. The measurement was carried out from 35 °C to 400 °C in a nitrogen
atmosphere (AIR LIQUIDE POLSKA Sp. z o0.0. - Krakdéw, Poland) with a temperature rate of 10
°C and a balance purge flow 40 mL/min. The mechanical properties of the prepared ionogels
were examined using stress-strain curves obtained using the Kammrath-Weiss module with a
highly sensitive 50N load cell and a maximum displacement rate equal to 20 um/s. The in-situ
tensile tests and ionic conductivity measurements were performed on Zwick ProlLine Z050
universal testing machine in combination with SP-50e, Biologic Instruments. Torsional
strength was also investigated on Zwick Z050 by manually rotating the holders mounted on
the machine. For both tests, 8 mm x 30 mm strips were cut from the manufactured films. XPS
measurements were performed with a Scienta R4000 hemispherical analyzer (pass energy
200 eV) and monochromatic Al Ka (1,486.7 eV) excitation (Scienta MX-650) working with a
power of 150 W. The full width at half maximum (FWHM) of the 4f7/2 Au line measured under
the same experimental conditions was 0.64 eV. The sample was measured “as received”. The
energy scale was calibrated, setting the C—C bond at 285 eV. The spectra were analyzed using
the commercial CASA XPS software package (Casa Software Ltd., version 2.3.17) with the
Shirley background. The Gaussian-Lorentzian functional - GL(30) was applied during the
simulations.

The ionic conductivity of the ionogels was measured by electrochemical impedance
spectroscopy technique (EIS) using a BioLogic VMP3 instrument in the frequency range of 1
Hz to 100 kHz with a signal range of 10 mV. To record this data, an electrochemical cell:
stainless steel|lonogel|stainless steel was used. The ionic conductivity of the ionogels was
calculated using the equation:

o= — (2)

where, | is the thickness of the ionogel film, Ry is the bulk resistance of the cell, and A is the
cross-sectional area of the stainless steel electrode.

The variation in ionic conductivity with temperature was measured using an in-situ
experimental set-up. The potentiostat SP-50e, BiolLogic instrument was connected with an
atmospheric chamber (CTS climate temperature system, type C-20/350, CTS Germany, series
number 107073), the temperature varied from 25 °Cto 100 °C at a rate of 5 °C. Three readings
were recorded at each temperature and the average was used for analysis. The optimized
ionogel film was cut into 1 cm? and sandwiched between stainless steel electrodes and the
ionic conductivity was measured. The ionic conductivity of the ionogel film was calculated
using equation 1 at each temperature. From the temperature dependence data, the dielectric
constant (¢°) and modulus (M*) were obtained and the equations used are given in the
Supplementary Information (Equations S1-54).

Fabrication of electrodes and supercapacitor cell

The commercial MWCNT material was used to prepare the electrodes for supercapacitor
cells. To prepare the electrode materials, MWCNT and polyvinylidene fluoride (PVDF) as a
binder were mixed using agate mortar in a ratio of 90%:10% (in mass) for ~30 min. Later,
acetone was used as a common solvent to make a slurry of the mixture, which was finely



spread over the carbon cloth. The electrodes were left to dry for ~5—6 h at 40 °C which allowed
the common solvent to evaporate. The average weight of the electroactive material was ~2.5
mg and the area of the electrodes was fixed to 1 cm?. To fabricate the two-electrode
supercapacitor cells, two symmetrical electrodes were placed on top of each other with the
optimized ionogel film sandwiched in between. The configuration of the prepared cell was as
follows:

Cell A: MWCNT | lonogel (PVA:[EMIM]HSO4) | MWCNT

The electrochemical performance of the prepared supercapacitor cell was evaluated using
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and galvanostatic
charge-discharge (GCD) cycles with repeated cycling stability. The measurements were
carried out using the BiolLogic VMP3 instrument. The formulas used to calculate the
capacitance values, energy, and power density of the prepared cell are provided in the
Supplementary Information (equations $6-S10).

Results and Discussion

A well-mixed and homogeneous solution of PVA and [EMIM]HSO4 was prepared using double-
distilled water as the co-solvent, and after complete evaporation of the water, free-standing
films were obtained. The composition of the ionogel was varied with respect to the
percentage of the host polymer matrix, PVA (5%-50%, in mass) and the rest of the amount
was ionic liquid. The as-prepared ionogels were named according to the percentage of the
ionic liquid used (IL:X; X = 95%, 90%, 85%, 80%, 75%, 70%, 60% and 50%). All prepared films
were mechanically stable (except 95:5) with no signs of liquid leakage. However, to achieve
the best performing ionogel, thermal stability, ionic conductivity, and mechanical stability at
room temperature were selected as the main parameters. The ionic conductivity of the 85:15
film was also tested at —20 °C.

Dynamic viscosity measurements

To obtain information on the rheological behavior of ionic liquid/water mixtures, the
rheological curves were recorded using a rotational viscometer. Based on the trends shown
in Fig. 2a, it can be concluded that for all systems in the investigated [EMIM]HSO4/water
volume ratio range, the viscosity curves are flat except for the first few points so that the
mixtures can be considered as Newtonian fluids. However, the rheological properties depend
on the chemical composition of the IL (chain length, type of anion/cation), and no shear
thickening or shear thinning effect was observed as reported elsewhere[20]. It should be
noted that the first few points deviate from the trend; this corresponds to the error of the
method. It is more relevant at lower IL/water ratios since lower measured viscosity values
have a higher relative error because the sensitivity of the method significantly decreases
around the lower threshold of the measurement range. When the structural features are
correlated with the data presented, it is suggested that no structure formation has developed
due to the effect of shear forces in the investigated IL/water volume regime, which confirms
the suitability of the ionic liquid for ionogel preparation.



To obtain the concentration dependence of the viscosity of [EMIM]HSO4/water mixtures, the
measured shear stress-shear rate values were fitted by the Bingham and also by the Casson
models (discussed in the Supplementary Information). Both models gave very similar dynamic
viscosity values, as shown in Fig. 2b. As stated in the literature, the viscosity of ionic liquid-
water mixtures is affected by the chemical composition of the IL (i.e. hydrophilicity of the ionic
groups, chain length etc.). Changes in viscosity ultimately depend on the separation distance
of the IL chains and their interaction with each other[21]. The viscosity increases gradually
with the IL content, but in the higher IL content regime it rises by one order of magnitude.
This may be due to the IL-IL electrostatic interactions dominating in the bulk and the decrease
in the separation of the ionic charges. As the water content decreases, the separation of the
ion pairs abruptly decreases, leading to a sharp increase in viscosity[22]. Theoretically, it can
also be directly related to the average number of hydrogen bonds per ionic group, which
increases significantly with increasing IL content, as found in the literature[23]. Eventually,
the viscosity reaches ca. 310-320 mPa s for the [EMIM]HSO./water mixture with 5% water
content. We also associate this viscosity with that of the ionogels. The reason is that the
nominal water content of the IL is about 5% as reported by the manufacturer, and we
assumed that the PVA-containing ionogels, which are equilibrated with ambient humidity,
have the same water content of about 5%. We also assumed that the water content of the
ionogels is independent of the PVA content. This is rationalized by the assumption that the
more hygroscopic component (i.e., the ionic liquid) determines the adsorbed humidity level
of a composite ionogel sample.

Fig.2. Flow curve of the [EMIM]HSO4/water mixture (a) and semilogarithmic plot of the
dynamic viscosities of [EMIM]HSO4/water in different percentages of volume of I L at 25 °C

(b)

Morphological and structural studies

The morphological studies were performed using SEM and are shown in Fig. 3a—3b. As can be
seen from the SEM image, when the polymer content is relatively higher, the granular
structures were observed in the films confirming the crystal phase in the films. However, the
film consisting of 50% (in mass) of PVA shows not only grains, but also similar needle
structures, which is typical for the structure of PVA and is consistent with the
literature[24,25]. Furthermore, the needle structures disappear with increasing of
[EMIM]HSO4 content which confirms the amorphous phase of the prepared films. Fig. 3c-3d
shows the EDX spectra of the prepared films and confirms the presence of elements used to
prepare the films.

Fig. 3. SEM images of (a) 50:50, (b) 85:15, and EDX spectra of (c) 50:50, (d) 85:15 ionogel films
(IL:PVA)



To understand the structure of the prepared ionogels in detail, various spectroscopic and
thermal analyses were performed, as shown in Fig. 4a—4e.

Fig. 4: (a) FTIR full scale spectra, (b) FTIR expanded spectra, (c) XRD diffractogram, and (d) DSC
of ionogels ([EMIM]HSO4:PVA) at 50:50, 75:25, 85:15, 95:5 ratio; e) TGA curve of ionogel with
85:15 ratio

To confirm the chemical composition of the prepared ionogels and to understand the possible
ion-solvent-polymer interactions, FT-IR spectroscopy was performed and is shown in Fig. 4a
in the range from 4,000 cm™ to 500 cm™ while the extended spectrum from 1,600 cm™ to
400 cm™ is shown in Fig. 4b. The important peak assighments are presented in Table 1.

The broad band at 3,421 cm™ is due to the limited intermolecular stretching of the alcohol
O-H group. This band decreases with an increasing amount of ionic liquid. The doublet of
peaks (marked “**” in Fig. 4a) at 3,158 cm™ and 3,110 cm~ originates from vibration of the
imidazole ring. In the range of 3,000-2,800 cm™ the peaks originate from stretching of the
alkil group. However, at 1,456 cm™ asymmetric bending of the CH, vibration occurs, but at
1,340 cm™ symmetric bending was recorded. According to this, the peak at 1,635 cm™ can
be attributed to C=C vibration, and the asymmetric N-O group vibration. In addition, the band
at 1,575 cm™ comes from N-H group bending as well as C=N group vibration, or possibly from
aromatic C=C bond vibrations. This band is remarkable at higher ionic liquid concentrations.
At 85% ionic liquid concentration, the band at 1,390 cm™ begins to appear, which can be
attributed to the stretching of the C—N group in aromatic compounds. The doublet of peaks
(marked “*”in Fig. 4b) at 1,224 cm™tand 1,174 cm~ represents a symmetric and “free” triflate
ion band of SOs vibrations[26]. The signhal located at 1,097 cm™ is related to the stretching of
C-0 in the crystal sequence of PVA. However, the band at 1,045 cm™ increases with
increasing IL concentration and represents the stretching C—C group. The band at 870 cm™ is
related to C—H bending in the aromatic ring. Furthermore, the peak located at 590 cm™ can
be attributed to asymmetric deformation of SO3[27-29]. There is also evidence of a small
amount of water in the samples, which gives rise to some IR—absorption at about 1,600 cm™
(bending vibration of H,0). However, it is not possible to quantify the water content of the
samples by IR spectroscopy.

Table 1 Assignment of important FTIR peaks of PVA and [EMIM]HSOa.

Wavenumbers corresponding to functional

Assignment
groups (cm™)
3,421 O—H group vibration from PVA
3,158; 3,110 Vibration of imidazolium ring

3,000-2,800 Stretching of alkil group




Asymmetric stretching of N-O group, C=C

1,635

vibration
1,575 N—H bending, C=N vibration
1,456 Asymmetric bending CH;
1,390 C—N group vibration
1,340 Symmetric bending vibration CH;

Asymmetric stretching vibration of SOz and
“free” triflate ion band of SO3

1,224;1,174

1,097 C-0 stretching
1,045 C—C stretching
870 C-H bending
590 Symmetric stretching vibration of SO3

The structure of the [EMIM]HSO4-PVA ionogels was characterized by X-ray diffraction. Fig. 4c
compares the X-ray diffractograms of several ionogels with a high (> 50%) | L content with
that of a pure polyvinyl alcohol sample. PVA is generally considered to be a semicrystalline
neutral (uncharged) polymer. The pristine PVA used in this study also shows a crystalline
order, as shown by its Bragg-reflection at 26 = 19.5°. This diffraction peak is moderately wide
and intense. However, compared to a melt-crystallized, compression-molded PVA film
studied by Ricciardi et al.[30], this sample does not have a very strong and sharp reflection,
indicating a lower degree of crystallinity. On the other hand, the microcrystalline domains are
characterized for both PVA samples by an X-ray diffraction maximum at d = 4.55 A, referring
to polymer chains in a trans-planar conformation, packed in a monoclinic unit cell[31]. In the
ionic liquid-swollen PVA ionogels of different compositions, the Bragg peak of PVA appears at
exactly the same diffraction angles. This indicates that during the solvation of the polymers
with the ionic liquid, the crystalline regions do not undergo structural changes, except for a
possible partial “dissolution” to an amorphous swollen state. However, a complete swelling
and full dissolution of the total amount of the crystalline PVA do not occur even at the highest
IL contents of >90%, as indicated by the small shoulder at d = 4.55 A. For the latter,
[EMIM]HSO4™ rich samples, another Bragg reflection becomes dominant, centered at 26 =
22.8°. Since its intensity, relative to that of the PVA peak, gradually increases with the
[EMIM]HSO4 content, we assign this reflection to a periodic structure of 3.90 A repeat
distances within the ionic liquid. We are not aware of any other studies in the literature that
provide deeper insight into the interpretation of this d-spacing, but general considerations
suggest that it simply originates from an internal, dynamic short-range ordering or beyond



(over the first few solvation shells)[32]. Finally, it should be noted that none of the samples
exhibited any other X-ray reflections at high diffraction angles (26 > 30°), indicating the
absence of any crystalline impurities (such as precipitated salts or other contaminants) in the
ionogels.

In addition, to understand the thermal stability of the films, differential scanning calorimetry
(DSC) measurements of the ionogels were performed from room temperature to 400 °C. From
the measurements, the glass transition temperature (T) and melting temperature (Tm) of the
films were evaluated. The values are listed in Table 2.

Fig. 4d shows the heating curves of the ionogel films. As can be seen from the curve of 50:50,
the Tg was found to be at 38 °C, which is the lowest compared to other films, and as the
percentage of the ionic liquid is increased, the T; gradually moves to higher values. For the
composition 95:5, the Tg is 43 °C which can be attributed to the reinforcement of PVA and
[EMIM]HSO4 by crosslinking. However, for the 75:25 film, the T value decreases subtly to 34
°C, which can be caused by the dehydration of PVA in the structure[33]. Then, in the range
Tg—144 °C, there is a loss of solvent (water) for all samples (marked with a yellow color).
Furthermore, the third downward peak in the curves can be attributed to the melting
temperature (Tm). The Tm, value increases with an increase in the percentage of [EMIM]HSO4
in the films. However, the 75:25 composition has the highest T, (181 °C), which can be
attributed to a substantial amount of non-associated [EMIM]HSO4 in the film. Moreover, it
was also noticed that around 268 °C, a peak was observed in 50:50 film which could be due
to the melting of the PVA crystal domains[34]. The ionogel films above 300 °C tend to degrade
due to the pyrolysis effect (marked with a purple color).

To prove the phase changes in ionogel film, TGA measurement was performed for an
optimized composition of ionogel (85:15). Fig. 4e shows the loss of ionogel mass during the
heat process (red curve) and the derivative (blue curve). The first phase change can be clearly
seen in the range from 35 °C to 135 °C, which can be related to the evaporation of the water
from the sample. The second region (135-280 °C) of the curve with decreasing slope can be
attributed to the slowly decreasing water from the polymer matrix [35], and melting of PVA
crystal domains. The mass of the film above 282 °C precipitously decreases, which is
appropriate for the pyrolysis effect. The results of the TGA analysis (water loss and pyrolysis
temperature) are in agreement with the DSC measurements.

From the DSC and TGA measurements (Fig. 4d—4e), it was observed that the ionogel film
consisting of 85:15 ratio contains a successful cross-linking between the polymer (PVA in the
present case) and the ionic liquid ([EMIM]HSO4 in the present case) as indicated by the fact
that no other phases were detected in this film, and the glass transition temperature was
increased as compared to the other films. Therefore, the structural and thermal studies
confirm that the 85:15 ionogel film is suitable for energy storage device applications.

Table 2. DSC results of PVA: [EMIM]HSO4 ionogels

Content (PVA:EMIM

HSO.) Te(°C) T (C) AH ()/g)

50:50 38 174 377.85




75:25 34 181 393.82

85:15 43 168 107.60

95:5 43 170 115.43

The XPS measurements were performed on the 85:15 ionogel film. The elemental
composition was found to be approximately 50.8% of C, 28.1% of O, 12.1% of N and 9.0% of
S atoms which is (within error) in agreement with the EDX results.

In the C 1s spectrum (Fig. 5a) three components were distinguished at 285, 286.2 eV, and
286.7 eV, which can be attributed to the C—C, C—N and C—0O/C-S bonds, respectively[36,37].
The S 2p line (Fig. 5d) consists of the 2p32 and 2pY/?2 components with an energy separation
of 1.2 eV. The energy position at 180.0 eV corresponds to sulphide oxides C—SO«[37,38]. Sulfur
in other forms was not detected. In the O 1s line (Fig. 5b) two components can be found, C—
O at 531.6 eV and SOy at 532.9 eV which is consistent with the analysis of the C 1s and S 2p
spectra. The N 1s spectrum (Fig. 5¢) was deconvoluted into 2 peaks at the energy of 400.0 eV
and 401.7 eV, which were assigned to the C—NH and C=NH groups, respectively[39].

Fig. 5. High-resolution XPS scans of: (a) C 1s, (b) O 1s, (c) N 1s, and (d) S 2ps,2 of the 85:15
ionogel film

lonic conductivity and electrochemical studies

The electrochemical properties of the prepared ionogels were evaluated by measuring the
ionic conductivity at room temperature (RT) and also by varying the temperature (from room
temperature to 100 °C), the electrochemical potential/stability window, and finally studying
the dielectric and modulus loss to understand the ion transport efficiency. The composition
of 85:15 ([EMIM]HSO4:PVA) was optimized to provide good mechanical stability and ionic
conductivity for its application in energy storage devices. The room temperature ionic
conductivity of the optimized film was found to be of the order of 5.12 x 1073 S/cm. The
conductivity of the pure PVA film was found to be of the order of ~1.63 x 1072 S/cm [40]. This
clearly confirms that the addition of an ionic liquid not only increases the conductivity but
also enhances the flexibility of the film. The ionic conductivity of all prepared films (95:5,
90:10, 85:15, 80:20, 75:25, 70:30, 60:40, and 50:50) is shown in Fig. 6a. It is evident from the
graph that the ionic conductivity of films with 90% and 95% (in mass) of ionic liquid is high
due to the high content of ionic liquid present in the film. However, the films were not
mechanically stable (as shown in Fig. S1 in the Supplementary Information), especially the
film with 95% (in mass) of ionic liquid was too fragile. Since it was not even possible to obtain
a sample for mechanical testing, the film with 85% (in mass) of the ionic liquid was chosen
and considered as the optimized composition of the ionogel in the present work. For the
optimized composition, the ionic conductivity at —20°C was also recorded and it was found to
be of the order of ~1.76 x 103 S/cm, reflecting that the conductivity was not affected by



lowering the temperature. Moreover, to understand the temperature dependence of the
conductivity behavior, the optimized film (85:15) was also studied in the temperature range
from 25 °C to 100 °C and is shown in Fig. 6b. As can be seen from the Fig., the temperature
dependence plot can be clearly divided into two linear regions, the first between 25-70°C,
where the conductivity gradually increases due to the change in dielectric constant, and the
second between 85-100°C, where the ionic conductivity values abruptly decrease due to the
dielectric loss[41]. Furthermore, the polymer film obtained has both crystalline and
amorphous phases. The temperature dependence plot of the optimized ionogel follows the
Arrhenius model[42] using the equation:

sae(T) = cyexp Fa 2)
where: g is pre-exponential factor, kg is Boltzmann constant (1.38 x 10723 J/K), E, is activation
energy (J/K).

The Arrhenius model assumes that the movement of cations within the polymer does not
originate from the polymer host side and that the increase in the conductivity is due to cation
transport, where the ions seek out immediately vacant sites [43]. The correlation coefficient
for the linear range 30-70 °C is 0.99208 and for 85-100 °C, R? is approximately 0.95318. The
activation energy (Ea) can be estimated from the slope of the curves and is assumed to be
0.23 eV for the first region and 1.58 eV for the second region. The lower value of E; is related
to fast charge transport and dissociation of crystalline forms present in the polymer film.
Similar kind of results are reported in the literature [43—46].

The electrochemical stability window (ESW) is the most important parameter for the polymer
matrix in energy storage devices. The concept of ESW defines an interval between the
cathodic and anodic potential limits that characterize the suitability of the electrolyte material
in EES devices[47]. Fig. 6¢c shows the ESW, which was determined using linear sweep
voltamperometry (LSV), where the potential step was 5.0 mV between the applied voltage
from —4.0 V to +4.0 V with stainless steel as the working electrode and the counter electrode
at room temperature. It can be clearly seen that the part of the curve from —2.40 V to +2.41
V is linear (total potential window ~4.81 V), with no obvious significant oxidation and
reduction, confirming the electrochemical stability of the ionogel film in this range. After
~2.41 V, oxidation of the ionogel film was observed. This wide electrochemical stability
window confirms that the potential of the prepared film is sufficient for electrochemical
double layer capacitors (EDLC).

Fig. 6. (a) lonic conductivity of prepared ionogels as a function of the percentage of ionic liquid
(inset shows the original photo of ionogel 85:15); (b) Temperature dependence of ionic
conductivity of optimized ionogel (85:15) from room temperature to 100 °C and also at —20
°C and (c) Electrochemical stability window of optimized ionogel film

The real (&;) part and imaginary (&;) part of the dielectric permittivity (¢*) for the optimized
ionogel system at different temperatures (RT to 100 °C) with respect to frequencies are shown
in Fig. 7a=7b. The equations used to calculate the dielectric parameters are provided in



Supplementary Information (equation S1-54). As can be seen from the Fig.7a the value
corresponding to the real part of the dielectric permittivity decreases with the increase of the
frequency, which could be due to the dispersive behavior at the lower frequencies. On the
other hand, the higher values of & at lower frequency values are attributed to the gathering
of charges at the interface of sample and electrodes, which is known as space charge
polarization. However, both the real and imaginary parts (Fig. 7a—7b) increase with increasing
temperature. This behavior can be explained by the fact that with the increase in the charge
carrier density, the increase in the dissociation of aggregates in the ions is possible.
Furthermore, a weak or rather poor relaxation was observed in the real part of the constant,
which could be due to the segmental type of motion of the polymer chain. However, as the
temperature increases, the relaxation frequency shifts to the higher side of the frequency,
showing that with an increase in temperature, the polymer segment relaxes much faster than
at a lower temperature, resulting in an increase in the conductivity of the whole system[48].

At lower frequencies, the electrode interface polarization is so strong that it suppresses the
other types of relaxation processes[49], and thus an urge arises to further interpret the
dielectric behavior by using modulus spectroscopy which to some extent cancels out the
electrode polarization. This technique is basically used to understand the electrical relaxation
data, charge transport processes such as conductivity relaxation mechanism, ion dynamics
etc. with respect to frequency at different temperatures. Fig.7c—7d shows the real (M;) and
imaginary (M) parts of the complex modulus spectra, the formulas used to calculate the real
and imaginary parts of the complex modulus spectra are given in Supplementary Information
(equation S5). As can be seen from Fig. 7c, the real part of the modulus spectra (M) shows
the dispersion with the increase in the value of frequency which saturates with the increase
of the frequency value. The small values of M in the lower frequency region allow the easy
and facile motion of the ions, the similar kind of pattern was observed in Fig. 7d, where there
are relaxation peaks in the imaginary part which are centered in the dispersion region of the
real part of the modulus spectra. It was also observed that as the temperature increases, the
charge carrier's motion becomes faster, which results in a decrease in the relaxation time,
and consequently shifts the peaks to the higher side of the frequency. This type of mechanism
clearly confirms that the relaxation is thermally activated and the jumping and hopping of the
charge carriers occurs. This finding supports the suitability of ionogels for energy storage
application[50]. This type of behavior was also confirmed by plotting the loss tangent & curve
shown in Fig. 7e which clearly demonstrates that the intensity of the peaks of tan & increases
with the increase in conductivity at higher temperature, again confirming that the charge
carriers of the ions are thermally activated via hopping mechanism[51].

Fig. 7. Frequency dependence of (a) real part (&), (b) imaginary part (&) of dielectric
permittivity, (c) real part (M), (d) imaginary part (Mi) of modulus spectra at different
temperatures for optimized ionogel system, and (e) Loss tangent spectra of optimized film



Mechanical properties

As mentioned in the previous sections, the ionogel films were prepared by combining
different ratios of the host polymer (in this case PVA) and the ionic liquid (EMIM-HSQ4). All of
the prepared films were self-supporting, free-standing, and flexible in nature, which was
visually confirmed. The aim of this work was to select a film with balanced electrochemical
and mechanical properties. lonogels with ratios of 85:15, 90:10, and 95:5 ratios exhibited
excellent ionic conductivity at room temperature, which was supported by the
electrochemical results. However, the ionogel with 95% (in mass) ionic liquid was
mechanically unstable, making it impossible to carry out the mechanical test, which was
apparently caused by the high concentration of ionic liquid. In view of the above, it was
decided to limit the mechanical tests to only two ionic liquid compositions, namely 85:15 and
90:10. This decision was justified for two reasons: the lower ionic liquid content promotes
mechanical strength, but the electrochemical properties quickly become less interesting for
applications. Both films were particularly sensitive during handling and mounting into devices
as a result of their low relative strength. However, it was possible to perform repeatable tests
on both materials close to 100% of the total strain. Fig. 8a shows the stress-strain curves of
the investigated specimens. It is clear that the mechanical properties decrease rapidly as the
ionic liquid content increases. The difference in maximum strength exceeds 400%, indicating
that the 85:15 composition has significantly better application properties. Furthermore, after
100% total elongation during loading, the plastic deformation of 85:15 was 35%, and that of
90:10 was 55%. Fig. 8b shows the 85:15 ionogel film during the tensile test on the Kammrath-
Weiss module. The mechanical tests clearly demonstrate higher mechanical strength of the
selected 85:15 composition.

Fig. 8. (a) Stress-strain curves for PVA:ionic liquid ionogel films with a ratio of 85:15, 90:10
and (b) Kammrath-Weiss tensile-compression module with the 85:15 film specimen mounted

Fig. 9. Images of ionic liquid films during strain level of 50% for (a) 85:15 and (b) 90:10;
Torsional strength of the material performed by rotation of holders around the axis on Zwick
7050 UTM; (c) 85:15 film after 360° rotation (maximum angle reach approx. 375°); (d) 90:10
after 45° rotation, where maximum angle has barely surpassed 50°.

Due to the limited displacement rate of the KW module, further tests were performed on the
Zwick Z050 Universal testing machine. Here, the films were stretched up to 50 and 100% of
the initial length, and the ionic conductivity was measured after stretching. Naturally, a new
specimen was used for each level of deformation. Fig. 9a shows 85:15 specimens at 50%
strain. The material is opaque, but no defects or voids are visible to the naked eye. The 90:10
film at 50% of strain (Fig. 9b) is more transparent, but some defects are visible, and changes
in the structure of material can also be observed during deformation.



Torsional tests of the materials around the axis also showed a higher strength of the 85:15
composition. The 90:10 film was damaged after more than 45°of rotation (Fig. 9d). For the
85:15, it was possible to rotate the specimen more than 360° (Fig. 9c).

Supercapacitor performance: application testing

Finally, the optimized ionogel was incorporated with a MWCNT electrode in a two-electrode
setup as a complete cell to evaluate its performance as a supercapacitor. Fig. 10a—10d shows
the performance characteristics of Cell A using different techniques such as EIS, CV, GCD and
cyclic stability. The EIS as shown in Fig. 10a was performed in the frequency range from 100
mHz to 200 kHz. At higher frequencies, a small semicircular spur (extended version shown in
the inset) was observed at the intercept on the X-axis (real part of the complex impedance,
Z') showing the bulk and interfacial properties of the capacitor cell. In this semi-circular spur,
two intercepts were observed. The first intercept represents the bulk resistance called as Rp
(also marked in the inset), while the second intercept is called the charge transfer resistance
Rct (as marked in the inset). These resistances exist at the electrode/electrolyte interface. As
can be seen from Fig. 10a, the semicircular spur is also followed by a steep rising pattern
(almost ~ 90 °) which is parallel to the Y-axis (impedance part). This confirms the perfect
supercapacitive characteristics of the ionogel-MWCNT cell and the suitability of the prepared
ionogel for energy storage application. In the present case, the values of total resistance R, Ry
and R were found to be of the order of ~ 105.8, 12.3 Q-cm? and 45.9 Q-cm?, respectively.
The capacitance values from the EIS technique were calculated using equation S6 in the
Supplementary Information and were found to be of the order of ~ 38.1 F/g. The high value
of capacitance and low values of resistance clearly indicate the proper double layer formation
and the easy and flawless movement of EMIM* and HSO4~ ions through the pores of MWCNT
electrodes.

Capacitive performance was further evaluated by CV measurements at different scan rates:
5, 10, 20, 50 mV/s and 100 mV/s and is shown in Fig. 10b. As can be seen from the Fig., the
CV curves of cell A show a symmetrical and rectangular shape confirming the lower charge
transfer resistance, and almost ideal capacitance behavior, which could be due to the higher
ionic conductivity. In addition, no redox peaks were observed in the CV curves of cell A, which
ensures that the cell has typical double layer electrochemical characteristics. Although a slight
deviation was observed at higher scan rates, the overall CV studies confirmed the good
compatibility of the interface between electrode and electrolyte. The capacitance value at a
scan rate of 5 mV s was calculated using Equation S7 in Supplementary Information and is
found to be of the order of ~ 39.9 F/g. Fig. S2 in Supplementary Information shows the
variation of the specific capacitance with respect to the given scan rates. As can be seen in
the Fig., the specific capacitance decreases with increasing scan rates, indicating the easy
switching of electrolyte ions within the ions of the electrode material (MWCNT in this case).

The galvanostatic charge-discharge (GCD) measurement was also conducted at a current
density of 1.2 A/g to confirm the performance characteristics of Cell A. The GCD curve shown
in Fig. 10c is almost linear, which is attributed to the double layer capacitor with a minimal
internal resistance (IR) drop of ~ 31.6 Q-cm?. This clearly demonstrates the low impedance of
the device and the excellent contact between the electrode and the electrolyte. Similar



observations were also made from the EIS and CV measurements. The specific capacitance
values, energy density, and power density values from the GCD measurement were evaluated
using equations S7-S9 in the Supplementary Information, and were found to be of the order
of ~39.4 F/g, 5.5 Wh/kg and 0.3 kW/kg, respectively. These results are in good agreement
with the EIS and CV studies.

Fig. 10. (a) EIS plot of cell A at a frequency of 10 mHz; (b) CV curves of cell A at different scan
rates; (c) GCD curve of cell A at a current density of ~ 1.2 A/g and (d) variation of specific
capacitance of cell A with respect to cycle numbers (the inset shows some GCD cycles during
cyclic test measurements.)

Finally, cell A was subjected to prolonged cyclic testing using the GCD technique at a constant
current density of ~0.2 A/g and a voltage range of 0 V to 1.0 V. Fig. 10d shows the variation
of the discharge capacitance with respect to the number of cycles. As can be seen, there is a
slight loss of capacitance values in the first few cycles, which could be caused by the slow
kinetics at the electrode-electrolyte interface. Due to irreversible electrochemical reactions,
the capacitance values remain constant throughout the cycles, and after ~ 2,000 cycles, 96.8%
of the capacitance was retained, demonstrating the durability and excellent performance of
the electrolyte material. The inset of Fig. 10d shows the first few GCD cycles during the cyclic
test measurement. Fig. S3a—3b in the Supplementary Information shows the comparison of
the EIS (at a frequency of 10 mHz) and the CV curves (at a scan rate of 10 mV/s) of cell A
before and after the cycling test. As can be seen from the Fig.s, there is almost no change in
the performance of the cell. This can be interpreted as evidence of the stability of the
supercapacitor cell and the suitability of the prepared ionogel for energy storage applications.
Table 3 shows a comparison of the literature results regarding the properties of ionic liquid
based electrolytes used for different energy storage applications with the results obtained in
this work.



Table 3. Comparison of electrolytes films obtained by using different polymer matrices and ionic liquid
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Conclusions

In this paper, a successful preparation of an ionogel using PVA as a polymer and [EMIM]HSO4
as an ionic liquid for the supercapacitor application was discussed. The structural and
morphological results confirmed that the ionic liquid was well entrapped in the host matrix.
The ionic conductivity of the optimized ionogel was found to be of the order of ~5.12 x 1073
S/cm, and due to the strong solvation of EMIM™* and HSO4 ions, the electrochemical potential
window of the ionogels was significantly wide (~4.8 V). Further dielectric and modulus
analysis showed that the framework of the host polymer of the ionogel helped in increasing
the dielectric constant. This, in turn, helped to increase the energy storage and minimize the
dielectric loss, which means that the energy loss due to the dissociation of ion pairs and the
presence of segmental motion for the transport of ions is less. The ionogel films were also
mechanically stable and easily twisted up to 360° with 100% total elongation under loading.
The plastic deformation of the 85:15 film was ~35%, which confirms that the prepared films
are also well suited for flexible devices. The applicability of the ionogel in supercapacitor
application was tested using MWCNT as electrode materials. The fabricated cell provided a
capacitance of ~39.4 F/g with an energy density of 5.5 Wh/kg and a power density of 0.3
kW/kg. All results confirm that the prepared ionogels have potential for use in EES devices.
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Highlights

High performance and flexible ionogels (PVA:[EMIM]HSO4) is designed for energy storage
application.

lonogel exhibits room temperature ionic conductivity of ~5.12 x1073 S/cm with a wide potential
window of ~4.81 V.

Films shows excellent tensile and twisting properties even up to 360°.

The films were tested for supercapacitor application with MWCNT electrodes.
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