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A B S T R A C T   

In this study, we report the effect of etheric substituents in imidazolium and ammonium based ionic liquids (IL) 
on the performance of electrochemical double layer capacitors (EDLC) consisted of gel polymer electrolyte (GPE) 
and reduced graphene oxide (RGO) electrode. GPEs contain poly (vinylidene fluoride-hexafluoropropylene) 
(PVDF-HFP) and the ILs. Ammonium and imidazolium based ionic liquids (ILs) differ by their length of ethe-
ric groups and etheric group contents, respectively. According to the cyclic voltammetry, galvanostatic charge- 
discharge and electrochemical impedance spectroscopy measurements, longer etheric group substituted {N- 
methyl-2-(2-methoxyethoxy)-N,N-bis[2- (2-methoxyethoxy)ethyl] ethan-1-aminium bis(tri-
fluoromethanesulfonyl)imide (AMEt-TFSI) and ether substituted {3-allyl-1-[2-(2-methoxyethoxy)ethyl]-1H- 
imidazole-3-ium bis(trifluoromethanesulfonyl)imide (AL3IL-TFSI), tender specific capacitances of 250 Fg-1 and 
238 Fg-1 and energy density values of 61.36 wh kg� 1 and 61.56 wh kg� 1, respectively.   

1. Introduction 

In an electrochemical double layer capacitor (EDLC), capacitive 
behaviour is the result of charging at the interfaces between the elec-
trolyte and electrodes which generally based on high surface area 

carbonaceous materials [1]. In order to obtain high energy density, most 
crucial parameters are the potential window related to the electrolyte 
and the capacitance related to both the electrode and electrolyte. 
Recently, ionic liquids (IL) have gained great interest in the energy 
storage applications due to their wide potential windows. Furthermore, 
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their variety in design, low melting points and high chemical stability 
under ambient conditions make them favorable for EDLC applications. 
However, only a few derivatives of ILs have been used in the electro-
chemical systems because of the physical properties of ILs such as the 
relative size of the ions and viscosity affecting the ionic conductivity 
which is a major element for electrochemical devices. Imidazolium, 
pyrrolidinium, piperidinium, pyrazolium and quaternary ammonium 
based ILs have been employed in EDLCs as electrolyte material. Since 
the low viscosity/high conductivity and ease of functionalization, 1, 
3-dialkyl or 1,2,3-trialkylimidazolium ILs have been investigated in 
the literature extensively [2–4]. Pal et al. reported the ascending of 
specific capacitance values by the descending of cation size for imida-
zolium based ILs (1-butyl-2,3-dimethylimidazolium (BDMIþ), 
1-butyl-3-methylimidazolium (BMIþ) and 1-ethyl-3-methylimidazolium 
(EMIþ) with tetrafluoroborate (BF4

� ) as the anion. It was proposed that 
ILs containing relatively smaller cation (EMIþ) size represent higher 
conductivity and higher accumulation on the electrode surface [5]. In 
another study, Senda and co-workers investigated the performance of 
imidazolium and pyrrolidinium cation based fluorohydrogenete ILs with 
activated carbon electrodes in EDLC applications. It was also determined 
that in the case of imidazolium based ILs, the maximum specific 
capacitance value was obtained with the smallest cation size IL (fluo-
rohydrogenete 1,3-dimethylimidazolium (DMImþ; 178 F g� 1). Howev-
er, introduction of methoxy group in the cation changed this trend 
completely. In spite of the larger size of 1-methoxymethyl-1-methylpyr-
rolidinium (MOMMPyrþ) than that of 1-ethyl-1-methylpyrrolidinium 
(EMPyrþ), the maximum specific capacitance was achieved with the 
MOMMPyrþ (152 F g� 1). It was claimed that the methoxy groups might 
change the charge distribution of the cation causing a relatively higher 
capacitance value [6]. Besides this, physical characterization results 
indicated that the methoxy group decreased the viscosity of the larger 
cation sized MOMMPyrþ than that of EMPyrþ. Introducing 
electron-withdrawing (e.g. ester, cyano) [7,8] or electron-donating (e.g. 
ether) [9] groups on the cation can result in increment in the viscosity 
and melting point of the IL. These phenomena make it possible to design 
various types of low melting point ILs for EDLC applications. In addition 
to these, alkenyl functionalization has also attracted much attention to 
optimize the physical properties of ILs. In recent years, some highly 
conductive and low viscosity allylimidazolium based ILs with various 
anions have been reported [10]. Even though, the effect of the alkenyl 
groups on the physical parameters of the IL has not been clarified 
completely yet, it has been proposed that the π-π interactions between 
the double bonds on the side chains might cause few changes [11]. 

Although using ILs in an EDLC device as electrolyte is safer than 
using a liquid electrolyte, cell leakage is still an issue and in order to 
overcome this problem, immobilization of ILs in a polymer matrix is 
usually employed [12]. High viscosity of an IL is not a major disad-
vantage in GPEs, due to the decrement of ion-ion interactions in 
the polymer matrix which increases immobilization of the ions 
throughout GPEs [13]. Within the polar and non-polar polymers to be 
used in gel polymer electrolyte (GPE) systems, poly 
(vinylidene-co-hexafluoropropylene) PVDF-HFP copolymer gained 
attraction due to its high dielectric constant and good mechanical 
strength [5,14,15]. 

In this study, effects of etheric substituents on imidazolium and 
ammonium based cations on the performance of EDLC devices with 
reduced graphene oxide (RGO) electrodes have been investigated. For 
this purpose, three imidazolium based and two ammonium based ILs 
with TFSI anions were synthesized and utilized in PVDF-HFP as GPE 
components. EDLC devices were characterized by using cyclic voltam-
metry (CV), galvanostatic charge-discharge (GCD) and electrochemical 
impedance spectroscopic (EIS) techniques. 

2. Experimental 

2.1. Materials 

All starting materials that were used for the synthesis of ionic liquids 
(ILs) were purchased from either Sigma-Aldrich or TCI (UK) and used 
without further purifications. Hydrazine monohydrate (N2H4.H2O) and 
methanol were purchased from Merck. Carbon Black (CB, 99.9% S.A. 75 
m2/g) was obtained from Alfa Aesar. Poly (vinylidene fluoride- 
hexafluoropropylene) (PVDF-HFP) (average MW is about 400,000 g/ 
mol) used as a binder in the electrode and host polymer of gel polymer 
electrolyte were also purchased from Sigma-Aldrich. Flexible graphite 
sheets with a thickness of 250 μm were used as a current collector and 
were supplied from Nickunj Eximp Enterprises. 

2.2. Methods 

Structural characterization of the ILs were done by using NMR 
spectroscopy, mass spectrometry and elemental analysis. 1H NMR and 
13C NMR spectra were recorded on a Bruker Advance DPX 300 spec-
trometer (300 MHz). ESMS mass spectrometer measurements were 
carried out by using Waters LCT PREMIER Electrospray mass spec-
trometer (Micromass Technologies). Elemental analysis measurements 
were performed using a PerkinElmer Series II CHNS/O 2400 CHN 
Elemental Analyzer, which provided values within 0.3 wt% of error. 
Marvinsketch was used to determine ion sizes (Marvin V199.22, 2019, 
ChemAxon). Structural characterization of RGO and pure PVDF-HFP 
and GPEs films were performed by using Rigaku Ultima IV X-Ray 
Diffractometer (XRD), Thermo Scientific K-Alpha Surface Analysis XPS 
spectrometer and Horiba, XploRA Raman Microscope. A PerkinElmer 
Pyris 6 DSC instrument was used during the calorimetric characteriza-
tion of polymer gel electrolytes. Fourier transform infrared (FT-IR) 
spectra were performed using a PerkinElmer Spectrum BX FTIR. The 
conductivity and electrochemical potential stability window (EPSW) of 
GPEs and the electrochemical behaviour of EDLC cells were analysed by 
using a CH Instrument CHI 660B. 

2.3. Synthesis of ionic liquids 

3-allyl-1-ethyl-1Himidazol- 3-ium bis(trifluoromethanesulfonyl) 
imide (AEI-TFSI) and 3-allyl-1-methyl-1H-imidazole-3-ium bis(tri-
fluoromethanesulfonyl)imide (AMI-TFSI) ILs were synthesized accord-
ing to literature [16,17]. The structures of synthesized ILs are given in 
Fig. 1. Details of the syntheses and characterization data of newly 
synthesized N-methyl-2-(2-methoxyethoxy)-N,N-bis[2- (2-methox-
yethoxy)ethyl] ethan-1-aminium bis(trifluoromethanesulfonyl)imide 
(AMEt-TFSI), N-methyl-N-tris(2- methoxyethyl) ammonium bis(tri-
fluoromethanesulfonyl)imide (MMEt-TFSI), 3-allyl-1-[2-(2-methoxye-
thoxy)ethyl]-1H-imidazole-3-ium bis(trifluoromethanesulfonyl)imide 
(AL3IL-TFSI), (AMI-TFSI) and (AEI-TFSI) are provided in the Supple-
mentary Information (SI) document. Ammonium and imidazolium cat-
ions were combined with bis(trifluoromethanesulfonyl)imide (TFSI� ) 
anion for obtaining ILs which are molten at room temperature. Although 
significant decrements in viscosity values of ILs were observed by the 
increase in temperature from 20 �C to 80 �C, all synthesized ILs were 
viscous liquids at room temperature (Table S1). As a result, addition of 
ethoxy groups increased the fluidity for the ammonium based ILs and all 
synthesized ILs provided low viscosities in the range of 24–62 cP at 20 �C 
[18–20]. 

2.4. Synthesis of RGO 

Graphene oxide (GO), which was synthesized by Hummers’ method 
according to the procedure reported in our previous study [21], was 
used as the raw material for the reduction reaction. RGO sample was 
synthesized as described [22]; 32 mmol (1.55 ml) N2H4.H2O was added 
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to 100 ml GO (1 mg/ml) aqueous dispersion and reduction reaction was 
carried out at 100 �C for 24 h. The reaction solution was filtered by 
washing with distilled water (500 ml) and methanol (500 ml), respec-
tively. This filtered solid material was dried at 60 �C over-night. 

2.5. Preparation of GPEs, electrode and fabrication of EDLC 

GPE compositions of PVDF-HFP:IL with 1:0.5, 1:1, 1:1.5, 1:2, 1: 2.5, 
1:3, 1:4, 1:5 and 1:6 wt ratios were prepared in acetone and magneti-
cally stirred over-night at room temperature. Semi-transparent free- 
standing GPE films with thicknesses between 150 and 200 μm were 
obtained by transferring the solutions into a Petri dish and allowed to 
dry at room temperature. RGO powder, CB and PVDF-HFP in the weight 
ratio of 80:15:5 was grinded in mortar. Then, a small portion of acetone 
was added in the mixture to obtain homogeneous paste. The electrodes 
were prepared via coating the obtained paste on the graphite sheet 
current collector and keeping them in an oven over-night at 100 �C. 

EDLC cells were fabricated by sandwiching the corresponding GPE 
between two symmetrical electrodes. The cells which contain PVDF- 
HFP:AMEt-TFSI, PVDF-HFP:MMEt-TFSI, PVDF-HFP:AL3IL-TFSI, PVDF- 
HFP:AEI-TFSI, PVDF-HFP:AMI-TFSI were named as Cell � 1, � 2, � 3, � 4 
and 5, respectively. The area of the prepared EDLCs were approximately 
1 cm2 whereas, active material mass loading on each current collector 

was between 1 and 1.2 mg/cm2. 

3. Results and discussion 

3.1. Characterization of RGO 

C1s XPS spectrum of the RGO sample is given in Fig. S1a The peak of 
sp2 C¼C bonds (at ~ 284.5 eV) is more dominant than the peaks which 
are related to the oxygenated functional groups (“C-O, ~285.7 eV”; “C 
¼ O, ~286.6 eV”; “O-C ¼ O, 289.5 eV”). The decrements in peak in-
tensities of oxygenated functional groups on the RGO structure 
compared to those of GO reported in our previous study [21] points out 
to the success of reduction reaction (Fig. 2a). Additionally, C:O ratio 
increased approximately 4.1 folds after the reduction i.e.; GO (C:O; 
2.04), rGO (C:O; 8.4). 

The success of reduction is further supported by XRD, TGA and 
Raman measurements. The characteristic peak of GO (~10�) shifted to a 
higher (2θ) value (~25�) for the RGO sample (Fig. 2b) and approached 
to the characteristic (2θ) peak of graphite (~26�) [23]. The sharp mass 
losses of GO at 230 �C was not observed for the RGO as the oxygenated 
functional groups were reduced and GO was consumed at 650 �C 
whereas, ~61% of the mass of RGO was preserved at this temperature 
(Fig. S1b). Additionally, compared to GO (“G: 1588 cm-”1; 

Fig. 1. Molecular structures of the ILs those are used in this study.  

Fig. 2. (a) the peak intensity graphs of oxygenated functional groups on the GO and RGO structures that are extracted from O1s binding energy spectrum. (b) XRD 
patterns of GO and RGO (Characterization results of GO are from our previous study [21]). 
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“ID/IG:0.98”), the slight redshift at the G band RAMAN peak (1585,6 
cm� 1), and increment in ID/IG (1.06) ratio were considered as other 
pieces of evidence of the effective reduction of the RGO (Fig. S1c) [24, 
25]. 

The Brunauer-Emmett-Teller (BET) analysis was used to determine 
the porosity character of RGO. N2 adsorption–desorption isotherms 
exhibited type-IV characteristics with the given hysteresis in the 0.4–1.0 
of relative pressure range, indicated the presence of mesoporosity 
(Fig. S2a). Cumulative pore volume and differential pore volume curves 
for N2 absorption demonstrated that the size of well-defined mesopores 
was less than 8 nm and the average diameter of pores was 4.7 nm 
(Fig. S2b). Additionally, the specific surface area of RGO was obtained as 
413.44 � 2.72 m2/g which is quite sufficient for EDLC applications 
according to literature studies [26]. 

3.2. Physicochemical characterization of GPEs 

Ionic conductivity (δ) of each GPE were calculated with the data 
obtained through electrochemical impedance spectroscopy (EIS) in the 
frequency range of 10 mHz–100 KHz and via using the below equation 
[27]. 

δ¼
l

Rb S  

where l is the distance between the two electrodes (thickness of GPE), S 
is cross sectional area of electrode and Rb is bulk resistance [28]. The 
conductivity of composite electrolyte increased gradually by the 
increasing amount of IL until the PVDF HFP:IL weight ratio of 1:5 
(Fig. 3) is reached. Calculated maximum ionic conductivity values are 
summarized in Table 1. Despite relatively higher cationic size (CS) and 
viscosity (η) of ether functionalized ammonium based ILs, δ values of the 
GPEs owing these ILs were higher than those of the GPEs with imida-
zolium based ILs. Two reasons can be proposed for this situation both of 
which serve lowered physical interaction between the polymer matrix 
and the IL; (i) the hydrophobic character of PVDF-HFP, may have 
allowed mobilization of cationic etheric groups, which have relatively 
higher hydrophilic character and (ii) the 3D structure of ammonium 
based cations prevented stacking probability which might have occurred 
in the π-system of imidazolium cations [13]. Similar etheric group effect 
was also observed between the ether functionalized [AL3IL (CS: 0.71 
nm, η: 41 mPa)] and the alkyl functionalized [AEI (CS: 0.44 nm, η: 20 
mPa) and AMI (CS: 0.41 nm, η: 24 mPa)] imidazolium based ILs. Even 
the cationic size and viscosity of AL3I-TFSI are very high compared to 
those of AEI-TFSI and AMI-TFSI, the conductivities of GPEs owing these 
imidazolium based ILs were in the same range. 

In addition to the ionic conductivity, liner sweep voltammetry 
measurements were carried out for the determination of the 

electrochemical stability window (ESW) of the GPEs (Fig. 4). Obtained 
results indicate that GPEs owing the ammonium based ILs [AMEt-GPE-1 
(� 2.9–2.6 V), MMEt-GPE-2 (� 2.9–2.5 V)] have higher ESWs than those 
of GPEs owing imidazolium based ILs [AL3IL-GPE-3 (� 2.9–2.0 V), AEI- 
GPE-4 (� 2.8–2.0 V), AMI-GPE-5 (� 2.6–2.0 V)] (Table 1). In an ionic 
liquid based GPE, oxidation and reduction processes are related to the 
anion and the cation of the IL, respectively and quaternary ammonium 
salts are known to exhibit higher ESWs than those of imidazolium salts 
with their relatively lower LUMO energy levels [29]. All ILs used in GPEs 
have the same anion, and as expected TFSI� exhibited oxidation po-
tentials higher than 2.0 V [30,31]. However, the oxidation potentials 
recorded with imidazolium based GPEs were lower than those of 
ammonium based ones. This is attributed to the relatively high HOMO 
energy level of imidazolium and its potential to effect on both the 
oxidation and the reduction processes [18,32]. The higher reduction 
potential measured for GPE owing AL3IL-TFSI than those of AMI-TFSI 
and AEI-TFSI are attributed to the electron donating behaviour of 
etheric side chain on AL3IL cation. 

The physical behaviour of interactions between the polymer matrix 
and ILs and the proposed impact on conductivity were supported by XRD 
and DSC measurements. The four characteristic semi-crystalline peaks of 
host polymer PVDF-HFP at 2θ � 18�, 19.8�, 26.5� and 38.8�, which 
correspond to (100), (110), (022) and (211) crystalline planes, respec-
tively [15,33] were present in the XRD spectrum (Fig. 5). Although no 
diffraction angle shifts were detected, diffraction peak at 26.5� dis-
appeared completely in all patterns of GPEs and the intensity descending 

Fig. 3. Ionic conductivity of GPE with various PVDF-HFP:IL ratios.  

Table 1 
Cationic size (CS) and viscosity (η) of ILs together with the maximum ionic 
conductivity (δ) and electrochemical stability windows (ESW) of GPEs.  

Electrolyte CS of IL 
(nm)a 

η of IL mPa 
(@25 �C) 

Maximum δb (S/ 
cm) 

ESW (V) 

AMEt-GPE- 
1 

0.95 50 1.30� 10� 4  � 2.9 to 
2.5 

MMEt-GPE- 
2 

0.64 44 1.45� 10� 4  � 2.9 to 
2.5 

AL3IL-GPE- 
3 

0.71 41 3.90� 10� 5  � 2.9 to 
2.1 

AEI-GPE-4 0.44 28 5.20� 10� 5  � 2.8 to 
2.0 

AMI-GPE-5 0.43 24 2.90� 10� 5  � 2.6 to 
2.0  

a Calculated by Marvinsketch (Marvin V199.22,2019, ChemAxon). 
b For PVDF-HFP:IL weight ratio of 1:5. 

Fig. 4. Liner sweep voltammograms of GPEs in weight ratio of 1:5 (PVDF HFP: 
IL) [Bare PVDF-HFP presents neither oxidation nor reduction in the range of -6 
V to þ6 V (Fig. S3) confirming the electrochemical stability of the polymer 
matrix in the determined working potential windows of all GPEs.]. 
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and full width of half maximum (FWHM) ascending at 18� and 38.8� in 
patterns of GPEs were determined. These results indicated that addition 
of ILs into the polymer matrix decreased the crystallinity of polymer in 
the GPEs. However, for the GPEs owing ammonium and etheric side 
chain containing imidazolium based ILs, the intensity decrements and 
FWHM increments at 18� and 38.8�, respectively, were lower than those 
of the others. This situation suggests that, to some extent, the 
semi-crystalline structure of PVDF-HFP was prevented in these GPEs as a 
result of hydrophobicity and hydrophilicity mismatch between the 
polymer and ILs. 

DSC analyses were carried out to determine the fraction of amor-
phous phase in the GPEs (Fig. S4a). DSC measurement of pure PVDF- 
HFP and GPE films were recorded at a heating rate of 10 �C min� 1 

under nitrogen environment. The weights of the GPE samples were 
maintained in the range of 5–6 mg. The melting point of pure host 
polymer PVDF-HFP film was observed at around 140 �C as a sharp 
endothermic peak. The melting points of the GPEs were shifted to lower 
temperatures with more asymmetrical and wider shapes due to the 
descending of the crystallinity by the insertion of ILs into the host 
polymer matrix [27]. The degree of crystalline fraction (XC) for each 
GPE were calculated by using following equation [34]; 

XC ¼
ΔHm

ΔH�m
� 100%  

where ΔH0
m~104.7 J g� 1 is the melting enthalpy for 100% crystalline 

PVDF-HFP polymer matrix and ΔHm is melting enthalpy of ionic liquid 
doped gel electrolytes, which was obtained by calculating the area under 
the melting point peaks. Obtained Tm and calculated, ΔHm and Xc values 
are summarized in Table 2. Obtained results illustrate that ammonium 
based GPEs have slightly lower melting enthalpy. It may be suggested 
that 3D structured ammonium based cations increase the distance 

between the polymer chains and decrease the degree of crystallization 
more than the imidazolium based cations. Further support on the 
decreasing crystallinity was obtained from FTIR measurements (Fig. S4 
(b), (c)). These findings support the reasons proposed above on the 
lower degree of physical interaction and increasing conductivity as a 
result of easier ion transport in the polymer matrix [5]. 

3.3. Electrochemical performance of supercapacitor cells 

3.3.1. Electrochemical impedance spectroscopy (EIS) 
EIS was used to understand the electrical behaviour of the bulk 

materials in the devices and their interfacial resistance. As demonstrated 
in Fig. 6, Nyquist plots for the frequency window of 10 mHz–100 kHz, 
exhibit a straight line at the low frequency region and a semicircle at the 
high frequency region. As discussed above in section 3.2, the existence of 
etheric bonds in both ammonium and imidazolium based ionic liquids 
provided a significant positive contribution to the conductivity of gel 
electrolytes and its consecutive effects on EIS parameters are noticeable. 
In ammonium based cells the bulk resistance of MMEt-cell-2 (7.0 Ω cm2) 
was lower than that of AMEt-cell-1(10.0 Ω cm2) which can be attributed 
to bigger CS of AMEt than that of MMEt (Table 2). However, the trend of 
obtained bulk resistance in imidazolium based cells is AL3IL-cell-3 (8.0 
Ω cm2) > AEI-cell-4 (13.0 Ω cm2) > AMI-cell-5 (22.0 Ω cm2). Unlike the 
ammonium based cells, the bulk resistance of AL3IL-Cell-3 with the 
largest CS had the lower Rb than the purely allyl counterparts. The same 
trends were observed also in Rct value of both ammonium and imida-
zolium based cells. It can be proposed that relatively planar structure of 
purely allyl functionalized imidazolium cations (AEI and AMI) might 
form aggregates via π-π stacking [10]. These aggregates cannot travel 
easily to the electrode surface under AC signal. Besides this, steric effect 
of ether chain on the imidazolium (AL3IL) decreases the aggregation 
ratio of the cations [35]. The overall capacitance of EDLC cell is calcu-
lated from 

C¼ �
1

2πf :Z}

where Z00 is the imaginary part of impedance and f is the frequency of the 
applied AC signal in Hz [36]. The specific capacitance values of 
ammonium based cells is in the order of AMEt-Cell-1 (208 F g� 1) >
MMEt-Cell-2 (154 F g� 1) and for the case of imidazolium based elec-
trolytes, the trend is AL3IL-Cell-3 (170 F g� 1) > AEI-Cell-4 (164 F g� 1) >
AMI-Cell-5 (122 F g� 1) (Table 3). It is observed that the value of the 
specific capacitance of the EDLCs obtained from EIS increases by 
increasing the length of the ether chain in ammonium based cell. 
However, in the imidazolium based cells, the highest specific capaci-
tance value was achieved by the cell using AL3IL-GPE-3 in comparison 
to those of using purely allyl counterparts. It can be proposed that 
increased flexibility by etheric bond on the cations might ease the 
movement of them in the pores of electrode material, resulting a per-
formance improvement. In addition to this, a weak negative region oc-
curs on the etheric chains of the cations. This region allows cations to 
approach each other easily and place in the pore denser [9]. Therefore, 
by introducing etheric side groups to the cations, even though the IL 
become more viscous and less conductive, greater amount of charge can 
be stored in the device via more suitable physical properties. 

3.3.2. Cyclic voltammetry 
Charge storage properties of the electrode-electrolyte interfaces can 

be determined by cyclic voltammetry (CV) studies of EDLCs. Fig. S5 
exhibits the cyclic voltammograms of AMEt-Cell-1, MMEt-Cell-2, AL3IL- 
Cell-3, AEI-Cell-4 and AMI-Cell-5 at different scan rates in the voltage 
range of � 1.0 V to þ1.0 V at room temperature. It is observed that all 
cells present a reversible capacitive characteristic of a double layer at 
the electrode-electrolyte interface [15]. Fig. 7a and b shows the com-
parison of the CV of the supercapacitor cells at 50 mV s� 1 scan rate in the 

Fig. 5. XRD patterns of Pure PVDF-HFP and GPEs.  

Table 2 
Tm, ΔHm and Xc values of pure polymer and GPEs.  

Electrolyte Tm (�C) ΔHm (Jg� 1) Xc (%) 

Pure PVDF-HFP 140.97 41.60 39.7 
AMEt-GPE-1 89.28 4.20 4.0 
MMEt-GPE-2 91.11 3.90 3.7 
AL3IL-GPE-3 94.94 5.80 5.5 
AEI-GPE-4 90.95 5.89 5.6 
AMI-GPE-5 91.44 6.59 6.2  
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voltage range of � 2.0 V to þ2.0 V. The capacitance values from CV were 
evaluated using the below equation 

C¼
i

ms  

where i is the average current, m is the average mass of electrode ma-
terials (including binder and additive) and s is the scan rate (ΔV/Δt). 
The variation of specific capacitance values calculated from CV curves 
by different scan rates for both ammonium and imidazolium based cells 
are presented in Fig. 7c. While the scan rate increases, specific capaci-
tance decreases significantly for all cells. The reason for that is, at lower 
scan rates, ions contributing to the capacitance can arrive to the pores 
and accumulate on the surface of the electrodes easily. However, those 
charge carriers have not enough time to penetrate and assemble into the 
pores regularly at higher scan rates [37]. It was also observed that the 
value of specific capacitance at scan rate of 50 mV s� 1 is in the order of 
AMEt-Cell-1 (192 F g� 1) > MMEt-Cell-2 (170 F g� 1) for ammonium 

Fig. 6. Impedance plots for (a) ammonium based cells (b) imidazolium based cells. The inset shows the magnified view of the complex impedance plots in the high 
frequency region. 

Table 3 
Bulk resistance (Rb), charge transfer resistance (Rct), specific capacitance 
calculated from CV at range of � 2 V to þ2 V and specific capacitance calculated 
from EIS.  

Device Rb 

(Ωcm2) 
Rct (Ω 
cm2) 

Capacitance (F g� 1) 
CV 

Capacitance (F g� 1) 
EIS 

AMEt- 
Cell-1 

10 5.0 192 208 

MMEt- 
Cell-2 

7.0 1.0 170 154 

AL3IL- 
Cell-3 

8.0 4.0 190 170 

AEI-Cell-4 13 5.0 160 164 
AMI-Cell- 

5 
22 6.0 120 122  

Fig. 7. Comparison of Cyclic Voltammetry for (a) ammonium based cells, (b) imidazolium based cells at a scan rate of 50 mV s� 1 (c) Variation of specific capacitance 
obtained from CV with scan rate for different cells (data extracted from Fig. S5). 
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based cells (Fig. 7a) and AL3IL-Cell-3(190 F g� 1) > AEI-Cell-4(160 F 
g� 1) > AMI-Cell-5(120 F g� 1) for imidazolium based cells (Fig. 7b) 
which is in good agreement with the EIS data. The AMEt-Cell-1 (with 
larger CS and higher η) showed higher specific capacitance than the 
MMEt-Cell-2. Above mentioned formation of weak negative region ef-
fect is more dominant in AMEt-Cell-1 than in MMEt-Cell-2 due to the 
longer ether chains. Furthermore, CV measurements for different 
voltage ranges at a fixed scan rate of 50 mV s� 1 were carried out to 
determine the electrochemical potential window of gel electrolytes. It 
can be observed that voltammograms remain in almost rectangular-like 
shape with gradual increase of voltage range for all devices (Fig. S6). 
These results are consistent with the wide range ESWs of GPEs shown 
earlier in Fig. 5. 

3.3.3. Galvanostatic charge-discharge (GCD) characteristics 
The GCD technique was used to determine the gravimetric capaci-

tance and equivalent series resistance (ESR) of prepared EDLC cells. A 
comparative representation of charge-discharge responses of ammo-
nium and imidazolium based cells can be seen in Fig. 8a and b at a 
constant current rate of 1.0 mA cm� 2. All charge-discharge curves have a 
barely linear characteristics indicating that all of the fabricated devices 
represent a general double-layer capacitive behaviour [38]. In addition, 
overall internal resistance for each electrochemical cell was calculated 
from the sudden voltage drop in the corresponded charge-discharge 
curve. It can be noted that the resistance values obtained by EIS are 
related to the material properties such as electrolyte and 
electrolyte-electrode interface etc., while the ESR is the overall cell 
resistance, when cell is under operation. In other words, ESR is a prac-
tical working resistance of the cell [39]. Therefore, evaluated ESR from 
GCD analyses is slightly higher than those of obtained resistance values 
from EIS measurement. The specific capacitance values calculated at 1.0 
mA cm� 2 discharge current for each cell (Table 4) were found to be 
comparable with the values obtained from the impedance and cyclic 
voltammetry studies. Besides these, all devices were charged and dis-
charged at various current rates from 0 to 2.0 V at room temperature 

(Fig. S7). In order to understand the ion transport dynamics in the de-
vices, GCD curves were recorded under different discharge currents (1.0 
mAcm� 2, 1.5 mAcm� 2, 2.0 mAcm� 2, 2.5 mAcm� 2, 3.0 mAcm� 2, 3.5 
mAcm� 2, 4.0 mAcm� 2) and specific capacitance as a function of 
discharge current plots for each cell were obtained (Fig. 8c). As it can be 
clearly seen that even a descending occurs under high discharge cur-
rents, the cells keep their capacitive behaviour. However, highest 
capacitance loss rate was monitored during GCD analysis of AMEt-Cell-1 
containing the largest cation. 

Energy and power densities were calculated from the GCD mea-
surements. The semi solid-state supercapacitors containing AMEt-GPE-1 
and AL3IL-GPE-3 electrolyte achieved relatively higher energy density 
due to their high capacitance and electrochemical stability window. The 
energy and power density values of all cells at various current densities 
were presented as Ragone Plot (Fig. 8d) indicating the relation between 
them. The energy density of cells linearly decreases by the increasing of 
power density for all cells, which means that less energy is released at 
higher power outputs and higher discharge currents [15]. However, this 
energy loss is more significant for AMEt-Cell-1 and AL3IL-Cell-3 that 

Fig. 8. Comparison of galvanostatic charge-discharge of (a) ammonium based cells (b) imidazolium based at constant current of 1.0 mA cm� 2. (c) Variation of 
specific capacitances obtained from galvanostatic charge-discharge (data extracted from Fig. S7) with different discharge currents for all EDL capacitor cells. (d) 
Ragone plots (gravimetric specific energy versus specific power) for all EDL capacitor cells. 

Table 4 
Values of ESR, gravimetric specific capacitance, energy density and power 
density at a constant current 1.0 mA cm� 2 obtained from charge-discharge 
characteristics for different cells.  

Device ESR 
(Ωcm2) 

Capacitance GCD 
(F/g) 

Energy density 
(wh kg� 1) 

Power density 
(kw kg� 1) 

AMEt- 
Cell-1 

50 250 61.36 0.940 

MMEt- 
Cell-2 

15 160 43.21 0.972 

AL3IL- 
Cell-3 

27.5 238 61.56 0.962 

AEI-Cell- 
4 

31.5 176 40.86 0.961 

AMI- 
Cell-5 

26.0 146 37.37 0.960  
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have larger cation sizes. 

4. Conclusion 

In summary, imidazolium and ammonium based GPEs were prepared 
and EDLC devices were fabricated. Effects of the presence and the length 
of etheric groups in the IL on supercapacitor performance were inves-
tigated. The conductivity of GPEs based on AMI-TFSI (2.90� 10� 5 S 
cm� 1), AEI-TFSI (5.20� 10� 5 S cm� 1), AL3IL-TFSI (3.90� 10� 5 S 
cm� 1), MMEt-TFSI (1.45� 10� 4 S cm� 1) and AMEt-TFSI (1.30� 10� 4 S 
cm� 1) were determined. Obtained results demonstrated that the pres-
ence of ether groups on the ions might change the inverse proportion 
between the ion size/viscosity and conductivity of an ionic liquid in the 
GPE application due to the interaction between the ions and polymer 
chains. In addition to this, the capacitance values of fabricated EDLC by 
using GPEs were calculated by CV, EIS and GCD techniques. AMEt-TFSI 
containing longer ether chains than that of MMEt-TFSI represented the 
highest capacitance performance, while ether group functionalized 
imidazolium based AL3IL-TFSI represented the best performance among 
imidazolium based ILs. Results indicated that the presence of etheric 
groups in imidazolium based ILs and the longer etheric groups in 
ammonium based ILs, could increase the capacitance due to the denser 
packaging of ions on the electrode surface. Besides this, highest energy 
density values were also obtained with the supercapacitors based on 
AMEt-TFSI (61.36 wh kg� 1) and AL3IL-TFSI (61.56 wh kg� 1) which 
have larger working voltage windows. 
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