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1 Introduction

It is anticipated that renewable energy sources, such
as solar-oriented cells, which convert solar energy
into energy, will be able to provide humanity with
endless energy [1]. In light of these problems, solar
energy is one of the best possibilities because to
its affordability, accessibility, security, and clean-
liness, which enable the era of energy in remote
rural places and promise future energy resources
[2]. Photovoltaic cells are particularly interesting
because they are among the most efficient renew-
able energy sources and are capable of converting
daylight into electricity [3, 4]. They also offer several
advantages over most current electrical control pro-
ducing procedures. Other intriguing characteristics
of the solar energy-oriented cell include its endless
supply, requirement for further natural pollution,
requirement for depletion that emits neonatal gases,
and lack of atomic waste spinoffs [5]. The European
Joint Research Centre projected that by 2050, 20% of
all energy consumed would originate directly from
solar energy, with the possibility of this percentage
rising to above 50%. Generally speaking, a sun-pow-
ered cell is a device that uses the sun’s limitless sup-
ply of pure energy to convert solar light energy into
electrical energy [6]. Moreover, mechanical develop-
ment or mobile components are not needed for elec-
trical speculate cells to generate electricity [7]. The
concept of charge division at a hetero-junction, or
single intersection, between two completely different
types of semiconductors (N and p-type) or semicon-
ductor-metal (Schottky) junctions [8]. Solar energy
based cells will therefore continue to function contin-
uously without assistance and for a longer period of
time than specific control technology progresses [9].

Polymer electrolytes are polymer compositions
combined with salts [10]. When a polymer comes into
contact with charged particles, its main chain’s polar
group can aid in their dissolution. To enable a mate-
rial called a polymer conduct electricity, ions travel
through its gaps. In 1973, researchers found that com-
bining polyethylene oxide (PEO) with Nascent salt
enables effective devices with energy storage, such
solar panels and rechargeable batteries [11]. Other
practical energy storage technologies including super-
capacitors, fuel cells, and electrochromic windows
were developed as a result of this finding. This essay
discusses a 1978 study paper that Armand and asso-
ciates wrote. Classical polymer electrolytes come in
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various varieties, such as ionic rubber, gel, plasticized,
and ion-conducting polymeric materials [12].

Ionic liquids, often known as ILs in simple terms,
are a special kind of liquid substances that are made
completely of ions. Ionic liquids are composed of posi-
tively charged (cations) and negatively charged (ani-
ons) species in contrast to conventional liquids, which
are frequently made of molecules with neutral charges
[13]. Due to the strong electrostatic forces holding
these ions together, a liquid with distinctive properties
and a wide range of uses is generated. Ionic liquids
(ILs) have a fascinating heritage that dates beyond to
over a century ago. The first room-temperature ionic
liquid, ethyl ammonium nitrate, was created in 1914
by German scientist Paul Walden, which is when the
idea of ionic liquids originated. But the phrase "ionic
liquid" had not yet been created at that point. Ionic
liquids can operate at an extensive range of voltages
without experiencing substantial degradation because
they generally have a large electrochemical window
[14]. Particularly in high-voltage applications such as
lithium-ion batteries, this attribute is crucial. Ionic lig-
uids have the capacity to improve the polymer electro-
lyte’s thermal stability, enabling the device to function
at greater temperatures without experiencing a change
in condition. Since ionic liquids are often non-vola-
tile, there is less chance of fire dangers and electrolyte
leaks, especially in high-temperature applications [15].

Ionic liquids (IL), known for their distinctive charac-
teristics such as low volatility, a broad electrochemical
stability window and highly effective thermal stability,
are combined into polymer matrices to form evolved
electrolytes [16]. In polymer electrolytes, ionic liquids
are utilized to increase ionic conductivity and boost
the electrolyte’s overall performance [17]. Ionic salts
and a polymer matrix are incorporated to generate
materials known as polymer electrolytes, which are
solid or gel-like substances that conduct ions [18].
They are utilized in a number of electrochemical sys-
tems, including as fuel cells, supercapacitors, and bat-
teries [19]. There are several benefits of adding ionic
liquids to polymer electrolytes. lonic liquids have the
potential to greatly increase polymer electrolytes’ ionic
conductivity which is already reported in the litera-
ture [20]. This is essential for the effective operation
of electrochemical devices because more rapidly ion
transport and improved device performance are made
attainable by increased conductivity.

In this research article, an attempt has been tried to
develop a new ionic liquid-doped polymer electrolyte
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system. In our knowledge this particular system is not
existed in literature. A wide variety of characterization
tools discussed to evaluate their structural, electrical
and optical properties in detail.

2 Experiment work
2.1 Electrolyte preparation

In a common preparation for solid polymer elec-
trolyte films (solution casting method), ammonium
iodide (NH,I, Aldrich) and Polyethylene Oxide (PEQO,
Molecular weight = 10°, Aldrich) were dissolved in
acetonitrile and rapidly stirred overnight to create a
homogenous solution of polymer-salt electrolyte. For
IL-doped polymer electrolyte, stoichiometric ratio
of IL (in different wt%) was added in homogenous
solution of polymer-salt electrolyte. These films were
finally casted in polypropylene petri dishes at ambient
temperature to get free standing IL-doped solid poly-
mer electrolyte. Followed by vacuum drying (com-
pletely evaporate of residual solvent) films were then
characterized using various characterization tools.

2.2 Electric double layer capacitor fabrication

1x1 cm? area of graphite sheet is used as the current
collector in the fabrication of an EDLC. Conducting
porous carbon paste made from waste plastic mate-
rial [21] (reported by our group) utilized as the EDLC
symmetrical electrodes. To create a homogenous mix-
ture, thoroughly combine conductive porous activated
carbon with a (PVFF-HFP) binder in a 9:1 using a pes-
tle and mortar and mixed in acetone media. After coat-
ing it onto the graphite sheet surface (current collec-
tor) with a prepared mixture of porous carbon (1 mg/
cm? paste), the sheet was dried overnight at 90 °C in
an oven. In order to fabricate the super capacitor, the
optimized PEO:NH,LIL polymer electrolyte was posi-
tioned between the porous activated carbon electrode
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as shown in Fig. 1. Since polymer electrolyte film itself
sticky in nature we do not taken any extra precautions.

2.3 Dye-sensitized solar cells fabrication

To fabricate a DSSC with area (2.5 x 2.5 cm?), pieces
of conducting FTO (fluorine-doped tin oxide) glass
was thoroughly cleaned with solution of acetone and
distilled water (1:1). The FTO glass is then coated
with a light layer of C;¢H3,O,Ti (titanium diisopro-
poxide bisacetylacetonate), as a blocking layer onto
FTO by spin coating method, and then it is tempered
for 30 min at 500 °C. Using doctor blade technique,
transparent titanium di oxide (TiO,, purchase from
Solaronix, Switzerland) paste was coated over the
blocking layer and annealed at 500 °C for 30 min. This
TiO, coated electrode was then dipped in Nj-dye solu-
tion for over 5-7 h, for successful fabrication of work-
ing electrode [22]. Similarly, the counter electrode
prepared utilizing the cleaned FTO conducting glass
whereby applied platinic acid solution using spin coat-
ing, which is then tempered at 500 °C in furnace for
30 min. In order to the fabricate DSSC, PEO:NH,4I:IL
polymer electrolyte film (maximum conductivity)
between a prepared working electrode and a counter
electrode as shown in Fig. 2.

3 Results and discussion
3.1 X-ray diffraction (XRD)

The X-ray patterns of PEO:NH,I complex and
PEO:NH,I doped with 8, 10 wt% ionic liquid are
shown in Fig. 3. PEO:NH,I spectra shows well defined
three semi crystalline peaks at 26, vales of 23.24, 26.15,
26.91, respectively. Adding IL into PEO:NH,I matrix,
it was noticed that peaks intensity goes downs along
with broadening in peaks occur. These observation
clearly confirms that with doping IL crystallinity
reduces the crystalline matrix of polymer electrolyte

Fig. 1 Schematic diagram
for fabrication of EDLC
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Fig. 3 X-ray diffraction patterns of a PEO: NH,I and PEO:NH,I
doped with b 8 wt% and ¢ 10 wt% of ionic liquid

and provide more amorphous nature which is cer-
tainly assist in ion movement within polymer matrix
and hence conductivity enhances.

3.2 Polarizing optical microscopy

Polarized optical micrographic (POM) images of pure
PEO, PEO:NH,], and IL-doped PEO:NH,I polymer
electrolytes are obtained at x10 magnification (Mote

Fig. 4 POM image of
pure PEO (a), PEO doped
with NH,I (b) and ¢

PEO +NH,I+IL polymer
electrolyte films

@ Springer

Model no. 3A310 pol, Carlsbad, CA, USA. It is reveal
that the pure PEO polymer film (Fig. 4a) displays a
pure semi crystalline that is generously sized and
spherical, with firmly packed spherulites while infus-
ing of NH,I into the polymer host (Fig. 4b) resulted
size decreases as well as increase in amorphous region
which appears as black portion in POM. It was also
observed that the amorphous region increases contin-
uously upon adding IL into the polymer-salt complex.
PEO:NH,L:IL polymer electrolyte matrix provides a
further rise in amorphicity, where the blackish, highly
dense region increases vis a vis decrease in spherulites
size significantly observed as shown in (Fig. 4c).

This observation again affirms our phenomenon
which we have already explain in Sect. 3.1.

3.3 Fourier transform infrared spectroscopy
(FTIR)

Complexation (interaction with polymer and ions) and
for composite nature we have examined this phenom-
enon by recording different FTIR spectra using FTIR
spectrometer (CARY 630, AGILENT, California). The
FTIR peaks which recorded in the transmittance mode
and then converted into absorbance mode between
wavenumber 600 and 3500 cm™! at room environment.
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Prior to every sample run’s IR spectrum acquisition,
background spectrum was captured for levelling and
smoothness of spectra’s. The FTIR spectrum of PEO,
NH,I, PEO:NH,I and PEO:NH,L:IL polymer electro-
lyte films are recorded and shown in Fig. 5. All cor-
responding peaks assignments for particular bonding
and their nature are shown in Table 1.

From Table 1 and Fig. 5, it was clear that there is
close interaction between polymer (PEO) and salt
(NH,I) or IL. In case of electrolyte PEO:NH,I as
observed in Table 1(a), (b) and (c) it appears as in the
form of the shifting of FTIR bands. Doping IL into
PEO:NH,], depicts same phenomenon observed as as
obverse in Table 1(d), (c) and (e). Additionally, it has
been found that IL-doped PEO:NH,I system contains
peaks either from Polymer, salt or IL, i.e. no new peaks
appear in ionic liquid-doped polymer electrolyte sys-
tem which confirms composite characteristic of these
IL-doped polymer electrolyte system [18-27].

3.4 Electrical impedance analysis

Complex impedance spectroscopy was used to meas-
ure the ionic conduction of PEO, PEO complexed
with NH, I, and IL (1-Butyl-1-Methylpyrrolidinium
Trifluoromethanesulfonate)-doped PEO:NH,I by
recording the real (Z or Z') and imaginary (Z") to
assessed bulk resistance. The main metric used to eval-
uate the ionic conductivity of the electrolytic system is
bulk resistance, likewise known as electrolyte resist-
ance. One might quickly ascertain the total resistance

(a)

Transmitance (a.u)

(e)
Pure PEO
PEO:NH,IIL
e PEO:NH, |
e lonic Liquid
—

T T T T T T T
1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm™)

Fig. 5 FTIR spectrum of (a) PEO film, (b) PEO:NH,I:IL matrix,
(c) PEO:NH,I, (d) IL (e)NH,I
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of an ionic conducting system by applying Ohm’s law.
However, ion conducting systems are more difficult to
compute since ions deposited at the interface between
the electrode and the electrolyte increase their resist-
ance when exposed to DC potential. Between 10° and
10% Hz, a high-frequency alternating current was run
between the electrodes. The bulk resistance is deter-
mine using the Nyquist graph shown in Fig. 6. The
ionic conductivity of the solid polymer electrolyte
films is evaluated by Eq. (1).

o
°= Rva (1)

where “A” is the area that comes in contact with the
polymer electrolyte, “I” is the thickness of the electro-
lytic layer, and “Rb” is the bulk resistance.

We have evaluated the conductivity value using
Eq. 1 and values are given in table while graphical
presentation of conductivity vs composition of IL is
shown in Fig. 7. In PEO complexed with NH,I (80:20
wt%) shows conductivity maxima with conductivity
value 3.34 x 10 S/cm. This value is cross verified with
data reported in literature [37-39]. From Fig. 7 and
Table 2, it is clear that the doping ionic liquid in poly-
mer electrolyte increases ionic conductivity sharply
attain maxima and then decreases. In present system
we attain maxima at 8wt% ionic liquid concentration
where conductivity value reaches up to 4.15x 10~ S/
cm. and subsequently goes down. It is in literature that
single or double maxima in these polymer electrolytes
could be explain in term of enhancement in number of
mobile charge carriers (n) or mobility of ions within
polymer matrix or ease/fast movement of ions in less
crystalline (more viscous) polymer electrolyte matrix
as govern by Eq. 2 given below

o = ni @

where ¢ is columbic charge, n is the number of mobile
charge carriers, y is mobility of charge carriers. Fur-
thermore o decrease is also cited in literature as charge
carriers ion pair formation or hinders of mobile charge
carriers [40].

3.4.1 Ionic transference number t,
3.4.1.1 Wagner’s polarization method The ionic transfer-
ence number (t,,,) is calculated to ascertain whether

the IL-doped polymer electrolyte is ionic or electronic.
Wagner’s polarization technique is used to compute

@ Springer
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Table 1 FTIR peak

. Component Wavenumber Peak assignment Class Ref.
assignments for Pure PEO, (em™)
NH,I, PEO:NH,I and
PEO:NH,I:IL polymer PEO 3391 Stretching O—H asymmetric Alcohol [23]
electrolyte films (a) N-H Stretching Secondary Amine
2879 Stretching C-H Alkane [24]
1466 Stretching C-H Alkane [25]
1338 C-H Bending Alkane
1276 C-O0 Stretching Aromatic ester [26]
C-N Stretching Aromatic amine
1098 Stretching C-O Secondary alcohol [24]
960 C=C Bending Alkene [27]
841 Stretching C-Cl Halo Compound [26]
NH,I 2880 O-H Stretch Carboxylic acid [28]
(b) O-H Stretch Alcohol
N-H Stretch Amine
C-H Stretch Alkane
1469 bending C-H Alkane [29]
1346 Bending O-H Alcohol [30]
1104 C-O Symmetric stretching Secondary alcohol [31]
1083 stretching C-O Primary Alcohol [32]
842 stretching C—Cl Hola Compound [24]
ITonic Liquid 2965 Stretching O—H Carboxylic acid [24]
(d) Stretching N-H Amine Salt
2880 Stretching C-H Alkane [24]
1466 Stretching C-H Alkane [24]
1256 Stretching C-F Fluoro compound [24]
Stretching C-O Alkyl aryl ether
1151 Stretching C-O Tertiary Alcohol [24]
1028 Stretching C-F Fluoro compound [24]
775 Stretching C-H Halo compound [24]
Bending C-H 1,2, Disubstituted
PEO:NH,I 2877 Stretching O-H Alcohol [33]
(© 1466 Stretching C-H Alkane [24]
1341 Bending C-H alcohol [24]
1279 Stretching C-F Fluoro compound [24]
Stretching C-N Aromatic Amine
1099 Stretching C-F Fluoro compound [31]
Stretching C-O Secondary alcohol
959 C-C, C-0O deoxyribose [34]
847 Stretching CH Halo Compound [35]
PEO:NH,I:IL 2884 Stretching C-H - [28]
(e) 1469 PO~, asymmetric - [32]
1346 CH, wagging - [30]
1280 Symmetric stretching P-O-C - [31]
1099 PO™, asymmetric - [32]
842 C—Cl stretching Halo Compound [35]
983 OCHj; (polysaccharides-cellulose) - [36]
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Fig. 6 Impedance plots of composition of IL in PEO:NH,I poly-
mer electrolyte matrix
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Fig. 7 Ionic liquid concentration vs conductivity plot in IL-
doped PEO:NH,I polymer electrolyte system

Table 2 Ionic conductivity of IL-doped PEO:NH,I polymer
electrolyte system

Ionic liquid concentration (Wt%) Ionic con-
ductivity (S/
cm)

0% 3.34x107

2% 8.70x 1077

4% 438%107°

6% 8.79%107°

8% 4.15%x10°°

10% 3.09%x107°

Conductivity maxima is given in bold
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Fig. 8 Time vs current curve to evaluate #,, in maximum con-
ducting IL-doped polymer electrolyte

the ionic transference number where current flow
causes the electrode potential to deviate from its equi-
librium condition, this is referred to as polarization in
electrochemical systems. The measurement of a sys-
tem’s resistance to this variance may be used to infer
the electrochemical behaviour of the system from the
polarization resistance. The Wagner’s Polarization
technique involves applying a small DC voltage to
the electrochemical system and measuring the current
response that results. Typically, a short amount of
voltage supply is used to allow the current to stabilize.
The voltage and current parameters are then used to
calculate the polarization resistance using Eq. 3

b= Initial Current — Final Current )
fon = Initial Current

The initial current in the current vs. time plot is
the entire current contributed by both electrons and
ions, while the continuous residual current is solely
the result of electronic current. It is in literature
that salt-doped polymer system shows nearby 0.9
to 0.98 value which depicts that these systems are
predominantly govern by ions only. For IL-doped
polymer electrolyte system we have chosen a typi-
cal maximum ionic conducting system. Time vs Cur-
rent plot is shown as Fig. 8, we have evaluated f;,
value which comes to 0.98 which clearly affirm that
IL-doped polymer electrolyte system are due to ions
only.

@ Springer
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3.5 Linear sweep voltammetry

Using a linear sweep voltammeter, the voltage win-
dow for electrochemical stability is assessed. The high-
est conductive polymer electrolyte, which is placed
between two stainless steel electrodes, undergoes
exposure to a voltage between -3 and 3 V in order
to detect the voltage. Figure 9 shows that the sys-
tem started oxidizing at —0.77 V and reduced at 2.25 V
when 10 mV/s is applied across the polymer electro-
lyte layer, in accordance with the literature. Further-
more, the IL-doped polymer electrolyte has an ESW
value of 3.32 V, which qualifies it suitability for use in
the development of electrochemical devices [41].

3.6 EDLC performance
3.6.1 Cyclic voltammetry

Sandwiched structure EDLCs have been fabricated
using symmetric electrodes coated with carbon and
maximum conducting IL-doped polymer electrolyte.
To evaluate specific capacitance the cyclic voltamme-
try (CV) of the fabricated EDLC was measured at two
scan rates of 50 mV/s and 5 mV/s for more accuracy on
-1to 1 Voltage. The hysteresis curve of a cyclic voltam-
metry shows the standard behaviour of super capaci-
tor. The super capacitor cell’s specific capacitance has
been measured quantitatively using Eq. 4

8.0x107™* -

Current (A)

-4 -3 -2 -1 1 =3 4
Potential (V)
-2.0%107* A

Fig. 9 Linear sweep voltammeter (LSV) plot between potential
Vs current of one typical maximum conducting IL-doped poly-
mer electrolyte
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1 02
Cp=——"—/ Iwd 4

P mxsxAv/vz(v)v @
where m is the mass of active material at a single
electrode, Av is the potential difference between the
initial (v1) and final (v2) voltage range, s is scan rate,
and integral part is the area enclosed in CV from
Fig. 10. Evaluation of the specific capacitance values
found 16.5 F/gm at 50 mV/s and 87.8 F/gm at 5 mV/S,
respectively.

3.7 DSSC performance
3.7.1 J-V characterization

Using maximum conducting ionic liquid-doped poly-
mer electrolyte and FTO coated electrodes we have fab-
ricated dye-sensitized solar cells (DSSC) with active area
0.95 cm?. For DSSC efficiency, we have used solar simu-
lator (model no-SS-F5-3A, company- Enlitech, Taiwan)
situated in our laboratory. Different parameters of DSSC
was carried out using following equations

FF — Vmax X]max (5)
Voc X ]
_ Voc X ]sc
"= P XFF ©)

where FF is represented by fill factor, V., is maxi-
mum voltage, /..., is maximum current, # is efficiency

of the solar cell by conversion of photon into electrical

] SIS R
1.0x10 =50 mV/s Scan Rate
r===brmV/s Scan Rale;
5.0x107*
< 0.0
=
e
:3) -5.0%107 -
-1.0x107% 4
-1.5%x1073 -
T T T T !
-1.0 -05 0.0 05 1.0
Voltage (V)

Fig. 10 Cyclic voltammetry curve of fabricated sandwich EDLC
at 5 mV and 50 mV scan rate
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Table 3 DSSC parameters of developed dye-sensitized solar cell
at 1 sun condition

Name [ (mA) V.. (V) Efficiency Fill factor J (mA/
(%) (%) cm?)
Celll 051 0.46 1.30 54.14 5.18
Cell2 0.40 0.41 1.19 71.96 4.00
20 ~
g Cell 1
< —Cell2
£
= 104

-0.6

Potential (V)

-20

Fig. 11 J-V characteristics recorded at 1 sun condition for fabri-
cated DSSCs (cell 1, 2)

energy. The recorded -V curve for sandwich DSSC
using maximum conducting IL-doped solid polymer
electrolyte is shown in Fig. 9. Using Egs. (5) and (6)
we have calculated parameters and parameters are
listed in Table 3. The fabricated solar cell shows stable
efficiency of 1.30% at 1 sun condition. Furthermore, to
check cell life we have placed our cell in room envi-
ronment condition. Our solar cells are alive till more
than 6 months with reasonable deterioration in Jsc and
Voc (Fig. 11).

4 Conclusion

In this paper, Polyethylene oxide (PEO)-doped ammo-
nium iodide (NH,I) has been prepared. To achieve fur-
ther enhancement in conductivity an ionic liquid has
been doped and a high conducting IL-doped solid pol-
ymer electrolyte has been synthesized and character-
ized using various experimental tools like XRD, POM,
FTIR and complex impedance spectroscopy. XRD and
POM suggest reduction in crystallinity by IL doping
while FTIR confirm good complexation and composite
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nature. Impedance spectroscopy affirm that doping of
IL provide more amorphous matrix/more free ions. In
amorphous matrix it is documented that ion move-
ment is easy and fast and hence conductivity increases
by IL doping. The voltage window for electrochemical
stability is calculated by LSV is 3.32 V which affirm its
suitability towards electrochemical application. Using
maximum conducting IL-doped polymer electrolyte
we have designed sandwich-structured EDLC and
DSSC. The fabricated EDLC shows specific capaci-
tance of 87.8 F/gm at 5 mV/S while developed DSSC
shows stable 1.30% efficiency at 1 sun conduction.
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