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A B S T R A C T

This study presents a novel electrolyte system combining 1-ethyl-3-methylimidazolium dicyanamide (EMIM 
DCA) with 12 m sodium nitrate (NaNO3) to optimize ionic interactions for advanced supercapacitor perfor
mance. Maintaining a constant EMIM DCA concentration, NaNO₃ was varied to yield molar ratios of [EMIM 
DCA]₁[12 m NaNO₃]₁, [EMIM DCA]1[12 m NaNO3]2, and [EMIM DCA]1 [12 m NaNO3]3. The resulting mixtures 
were rigorously characterized for viscosity, density, ionic conductivity, and molecular interactions using Fourier- 
transform infrared (FTIR) and Raman spectroscopy. Electrochemical evaluation in a three-electrode configura
tion at 0.5 A g− 1, employing nitrogen and sulfur co-doped activated carbon (N,S-AC) electrodes, revealed a 
maximum specific capacitance of 257 F g− 1 for the [EMIM DCA]1[12 m NaNO3]1 composition, significantly 
surpassing the performance of pure NaNO3. When implemented in a symmetric supercapacitor operating at 2.3 
V, this electrolyte achieved a specific energy of 50.22 Wh kg− 1 and a power density of 583.97 W kg− 1 at 0.5 A 
g− 1, with 83.33 % capacitance retention after 10,000 charge-discharge cycles. These results underscore the 
[EMIM DCA]1[12 m NaNO3]1 electrolyte as a high-performance, cost-effective solution for durable super
capacitors, offering substantial potential for applications in renewable energy storage and electric vehicle power 
systems with further tuning of water in salt-based electrolytes.

1. Introduction

To address the accelerating global demand for energy, electro
chemical energy storage technologies, particularly supercapacitors, 
have gained prominence due to their exceptional capacity for rapid 
power delivery [1–3]. However, their limited energy density poses a 
critical challenge, restricting their suitability for specific energy storage 
applications. Enhancing energy density while preserving high power 
density and long-term cycle stability is imperative to broaden the 
practical applicability of supercapacitors in advanced energy storage 
technologies [4,5]. The energy density of supercapacitors, governed by 
the equation E = ½ CV2, is predominantly determined by the specific 
capacitance (C) and the operational voltage window (V). The capaci
tance is intricately dependent on the physicochemical properties of both 
electrode and electrolyte materials, whereas the voltage window is 
primarily dictated by the electrolyte's electrochemical stability. Given 
the quadratic relationship between energy density and voltage, 

expanding the voltage window significantly enhances energy storage 
capacity. Consequently, developing electrolytes with a broad electro
chemical stability window is critical for optimizing supercapacitor 
performance and advancing their utility in high-energy-density appli
cations [6]. The electrolyte constitutes a critical element in super
capacitor systems, exerting a profound influence on ionic conductivity, 
electrochemical stability, and energy density efficiency, thereby playing 
a central role in determining the overall performance and efficacy of 
these energy storage devices [7]. Aqueous electrolytes typically exhibit a 
limited electrochemical stability window due to water electrolysis, 
which initiates at 1.23 V, constraining their voltage range in super
capacitor applications [8]. Nevertheless, organic electrolytes are flam
mable, volatile, and poisonous, with high viscosity and low ionic 
conductivity [9]. To overcome the constraints of conventional electro
lytes, water-in-salt electrolytes (WiSE) have emerged as a highly 
promising alternative. Initially reported by Suo et al. in 2015, these 
electrolytes feature a salt concentration exceeding that of the solvent in 
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both mass and volume, significantly expanding the electrochemical 
stability window. This enables supercapacitors to operate at elevated 
voltages, thereby substantially improving energy and power densities 
for advanced energy storage applications [10,11]. Despite their poten
tial, water-in-salt electrolytes encounter significant challenges, 
including reduced ionic conductivity and compromised wettability 
stemming from near-saturated salt concentrations, which restrict the 
electrochemically active surface area. Additionally, the risk of salt pre
cipitation due to solubility variations can impair the rate performance of 
electric double-layer capacitor (EDLC) supercapacitors, limiting their 
overall efficacy in high-performance energy storage applications [12]. 
To enhance supercapacitor performance, further refinement of electro
lyte systems is imperative. To address the limitations of water-in-salt 
electrolytes, researchers have developed hybrid electrolyte systems 
that integrate organic or ionic liquid co-solvents with aqueous water-in- 
salt solutions. For instance, Qingyun Dou et al. explored a hybrid 
organic-water-in-salt electrolyte comprising acetonitrile and a 5 M 
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) aqueous solution. 
Their findings revealed significant enhancements in energy and power 
density compared to the standalone 5 M LiTFSI electrolyte. Specifically, 
the hybrid system achieved a specific capacitance of 108 F g− 1 at a 
current density of 1 A g− 1, underscoring its potential to advance the 
efficiency and applicability of supercapacitors in high-performance en
ergy storage technologies [13]. A parallel investigation by Quindund 
et al. explored a hybrid water-in-salt electrolyte incorporating an ionic 
liquid (LiTFSI-EMIM TFSI), achieving an expanded electrochemical 
stability window of 2.8 V. Their findings, derived from galvanostatic 
charge-discharge (GCD) measurements, revealed a specific capacity of 
38 mA h g− 1, alongside notable energy and power densities metrics of 
51.9 W h kg− 1 at 0.37 kW kg− 1, evaluated at a current density of 0.5 A 
g− 1, highlighting the potential of such hybrid electrolytes for high- 
performance energy storage systems [14]. Schuurman et al. conducted 
a comprehensive study on a hybrid electrolyte system combining an 
ionic liquid with an aqueous component, tailored for supercapacitor 
applications. Their supercapacitor cell exhibited a specific capacitance 
of 136 F g− 1 and a specific energy of 22 Wh kg− 1, highlighting the po
tential of such hybrid systems to enhance electrochemical performance 
in advanced energy storage devices [15]. Despite these improvements, 
the specific capacitance or capacity remained lower than expected for 
high-performance supercapacitors. This study presents an innovative 
strategy that integrates the attributes of a 12 m sodium nitrate (NaNO3) 
water-in-salt electrolyte with the hydrophilic ionic liquid 1-ethyl-3- 
methylimidazolium dicyanamide (EMIM DCA) to advance super
capacitor performance. Both components were selected for their distinct 
electrochemical advantages. The 12 m NaNO3 electrolyte exhibits su
perior ionic conductivity and exceptional electrochemical stability, 
positioning it as a compelling candidate for diverse electrochemical 
energy storage systems. Conversely, EMIM DCA, an imidazolium-based 
ionic liquid, is distinguished by its notably low viscosity relative to 
traditional ionic liquids, enhancing its suitability for efficient ion 
transport in high-performance applications [16,17]. The integration of 
EMIM DCA into water-in-salt (WiSE) electrolyte systems has proven to 
be an effective strategy for enhancing ion transport dynamics and 
extending electrochemical stability. Owing to its favorable physico
chemical characteristics including high ionic conductivity, low vola
tility, and thermal resilience EMIM DCA contributes significantly to 
broadening the electrolyte's operating temperature range and stabilizing 
the overall system. To evaluate the electrochemical performance of this 
hybrid system, a series of ternary mixtures were prepared with varying 
molar ratios: [EMIM DCA]1[12 m NaNO3]1, [EMIM DCA]1[12 m 
NaNO3]2, and [EMIM DCA]1[12 m NaNO3]3. These were characterized 
through viscosity, density, ionic conductivity, Fourier-transform 
infrared spectroscopy (FTIR) and Raman spectroscopy, followed by 
detailed electrochemical testing via cyclic voltammetry (CV), electro
chemical impedance spectroscopy (EIS), and galvanostatic char
ge–discharge (GCD). Spectroscopic analysis revealed that the equimolar 

composition, [EMIM DCA]1[12 m NaNO3]1, promotes stable molecular 
interactions within the electrolyte matrix, resulting in an extended 
electrochemical stability window (ESW) of 2.3 V. Electrochemical 
evaluation of the supercapacitor assembled with this optimal electrolyte 
demonstrated a high specific capacitance of 257 F g− 1. Furthermore, it 
achieved an energy density of 50.2 W h kg− 1 and a power density of 
583.97 W kg− 1 at a current density of 0.5 A g− 1. Long-term cycling tests 
affirmed the system's robustness, with 83.33 % capacitance retention 
after 10,000 cycles at 5 A g− 1 and a high Coulombic efficiency of 99.66 
%. These results confirm the synergistic effect between EMIM DCA and 
highly concentrated NaNO3, where the ionic liquid modulates the sol
vation environment, enhances ionic mobility, and stabilizes the elec
trode–electrolyte interface. The hybrid electrolyte [EMIM DCA]1[12 m 
NaNO3]1 thus emerges as a promising candidate for next-generation 
high-performance supercapacitors, offering a balanced profile of high 
energy, power capability, and cycling durability.

2. Experimental method

2.1. Materials synthesis

The N,S-AC electrode, employed for the fabrication of supercapacitor 
electrodes, was synthesized via a single-step carbonization and activa
tion process, as adapted from the methodology outlined by Kitenge et al. 
[16]. The hydrophilic ionic liquid 1-ethyl-3-methylimidazolium dicya
namide (EMIM DCA, H₂O < 20 ppm, 99.9 % purity) was sourced from 
Solvonic (Toulouse, France). Sodium nitrate (NaNO3) was obtained from 
LABCHEM (South Africa). A 12 molal (m) sodium nitrate (NaNO3) so
lution was prepared using deionized water as the solvent. Binary elec
trolyte mixtures, formulated with a fixed quantity of 1-ethyl-3- 
methylimidazolium dicyanamide (EMIM DCA) and varying molar ra
tios of NaNO3, denoted as [EMIM DCA]1[12 m NaNO3]X (where x rep
resents the molar ratio of NaNO3), were synthesized by magnetic stirring 
at 120 rpm for 1 h. This process was conducted in an inert glovebox 
(Inert Technologies, USA) under a strictly controlled oxygen and water- 
free environment (0.0 % levels) to ensure the purity and stability of the 
electrolyte formulations. Three distinct electrolyte compositions were 
prepared: (1) [EMIM DCA]1[12 m NaNO3]3, (2) [EMIM DCA]1[12 m 
NaNO3]2, and (3) [EMIM DCA]1[12 m NaNO3]1.

2.2. Characterization methods for electrolyte analysis

To establish the physicochemical and structural characteristics of the 
prepared electrolytes, a series of complementary analytical techniques 
were employed. The ionic conductivity of 12 m NaNO3, EMIM DCA, and 
their hybrid mixtures was determined using a Jenco 3020 M conduc
tivity meter (Jenco, USA) with a precision of ±0.5 μS cm− 1. All mea
surements were performed at 22.3 ◦C. The viscosity of the electrolytes 
was evaluated using an NDJ-8S RV digital viscometer (W & J Instrument 
Co., China). Each sample was equilibrated at room temperature before 
testing, and multiple readings were taken to confirm consistency. The 
density was measured with a Sigma 700 densimeter (Attension, KSV 
Instruments, Finland), providing essential information to correlate the 
bulk physicochemical properties with ionic transport behavior. To 
further elucidate molecular interactions within the mixtures, Fourier- 
transform infrared (FTIR) spectroscopy was carried out using a Varian 
680-IR spectrometer (USA) over the range of 400–4000 cm− 1. Each 
spectrum was recorded after background correction, and repeated scans 
were performed to enhance spectral clarity. Complementary vibrational 
analysis was performed by Raman spectroscopy using a WITec Alpha 
300 RAS+ confocal Raman microscope (WITec, Germany) equipped 
with a 523 nm excitation laser operating at 4 mW. Spectra were 
collected with an acquisition time of 120 s to achieve high signal in
tensity and well-resolved peaks.
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2.3. Electrochemical techniques and calculations

The working electrode was fabricated by combining 80 % nitrogen 
and sulfur co-doped activated carbon (N,S-AC) as the active material, 10 
% polyvinylidene fluoride (PVDF) as the binder, and 10 % conductive 
carbon black. The total mass loading of the electrode was 3 mg cm− 2. A 
slurry was prepared by homogenizing the mixture in N-methyl-2-pyr
rolidone (NMP) and uniformly coating it onto both sides of a 1 × 1 cm2 

nickel foam substrate. The coated electrodes were dried in an oven at 
60 ◦C for 12 h to ensure component adhesion. Electrochemical perfor
mance was evaluated using both three and two electrode configurations 
with a Biologic VMP 300 Potentiostat (USA) and analyzed via EC-Lab 
V11.50 software. In the three-electrode setup, a T-cell configuration 
was employed, with the N,S-AC-coated nickel foam as the working 
electrode, a silver (Ag/Ag+) disc as the reference electrode, and 
mangosteen-derived activated carbon as the counter electrode. The 
active material mass was set to 3 mg cm− 2. All T-cells, except those using 
the aqueous 12 m NaNO₃ electrolyte, were assembled in the glovebox to 
maintain an inert environment. Cyclic voltammetry (CV) was conducted 
at scan rates of 5, 10, 20, 30, 40, 50, and 100 mV s− 1 within potential 
windows of − 1.3 to 0.0 V for the negative electrode and 0.0 to 1.0 V for 
the positive electrode, referenced to the Ag/Ag+ electrode. Galvano
static charge-discharge (GCD) tests were performed at specific currents 
of 0.5, 1, 2, 3, 4, 5, and 10 A g− 1 for both electrodes. Electrochemical 
impedance spectroscopy (EIS) was carried out over a frequency range of 
10 mHz to 100 kHz at open-circuit potential. For the symmetric super
capacitor, a T-cell was assembled with two identical N,S-AC electrodes 
separated by a filter paper membrane and soaked in an electrolyte 
mixture of [EMIM DCA]1[12 m NaNO3]1. CV measurements were con
ducted at various scan rates with a voltage window of 0 to 2.3 V, and 
GCD tests were performed at specific currents of 0.5, 1, 2, 3, 4, and 5 A 
g− 1 within the same voltage range. Specific capacitances in the three- 
electrode configuration were calculated from the GCD curves using 
the appropriate equation for discharge characteristics [17]: 

Csp (three) =
IΔt

mΔv
(
F g− 1) (1) 

In this equation, I, Δt, m, and ΔV represent the applied current, 
discharge time, electrode mass, and potential window, during the 
discharge process, respectively.

The single-electrode capacitance (CSP), energy density (ESP), power 
density (PSP), and coulombic efficiency (ŋ) of the two-electrode system 
were calculated from the GCD profiles using the following equations 
[18]: 

CSP single (two)=
4IΔt
MΔV

(
F g− 1) (2) 

E
SP=

CSP single (two)ΔV2

28.8

(
Wh kg− 1) (3) 

P
SP=3600×ESP

Δt

(
Wkg− 1) (4) 

ŋ =
Δtdischarge

Δtcharge
×100(%) (5) 

Here, M represents the total mass of both electrodes, I is the applied 
current, Δt is the discharge time, and ΔV is the voltage of the device.

To maintain charge balance within the device, a mass balance 
equation is essential, given the differences in working potential and 
charge-discharge time between the positive and negative electrodes. 
Consequently, the following equation was applied to achieve charge 
balance [8,19]. 

m+

m−

=
CS− ΔV−

CS+ΔV+

(6) 

3. Results and discussion

3.1. Electrolyte characterization

This study investigates a series of binary hybrid electrolytes formu
lated by combining 1-ethyl-3-methylimidazolium dicyanamide (EMIM 
DCA) with an aqueous 12 molal (m) sodium nitrate (NaNO3) solution to 
evaluate the effect of salt concentration on their physicochemical and 
electrochemical properties. A constant volume of 10 mL of EMIM DCA 
was used across all formulations, with its molar quantity determined 
from its density and molar mass. The NaNO3 content was varied to 
achieve molar ratios of [EMIM DCA]1[12 m NaNO3]1, [EMIM DCA]1[12 
m NaNO3]2, and [EMIM DCA]1[12 m NaNO3]3. Mole fractions were 
calculated to enable precise comparisons across compositions. Density, 
viscosity, and ionic conductivity were measured using established den
simetric, viscometric, and conductivity techniques to assess the influ
ence of NaNO3 concentration. As expected, the density of the electrolyte 
mixtures increased with higher NaNO₃ content, consistent with the 
higher density of the 12 m NaNO3 solution (~1.29 g cm− 3) compared to 
EMIM DCA (~0.98 g cm− 3), as shown in Fig. 1(a). However, at the 1:3 
molar ratio of EMIM DCA to NaNO3, a slight decrease in density was 
observed. This behavior can be explained by the presence of specific 
ion–solvent interactions that weaken the overall electrostatic forces 
within the system, resembling the effect observed in ionic liquids, where 
tuning the charge distribution results in a reduction in density. In the 
present mixture, EMIM+ and DCA− ions likely perturb the packing of 
Na+–NO₃− hydration shells, slightly expanding the local structure and 
reducing the overall density. This non-ideal mixing reflects the complex 
interplay of solvation, ion pairing, and molecular packing in deter
mining bulk properties of ionic liquid–salt aqueous systems [20]. The 
[EMIM DCA]1[NaNO3]3 mixture exhibited the lowest viscosity at 3.18 
mPa s, followed by 5.51 mPa s for [EMIM DCA]1[12 m NaNO3]2, and 
8.42 mPa s for [EMIM DCA]1[12 m NaNO3]1 as seen in Fig. 1(b). This 

Fig. 1. (a) Conductivity and viscosity and (b) density measurements of 12 m NaNO3, EMIM DCA, and (EMIM DCA: 12 m NaNO3) electrolyte mixture, respectively.
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reduction in viscosity is attributed to the dilution of the viscous ionic 
liquid by the aqueous NaNO3 phase, which weakens coulombic in
teractions and enhances ion mobility [20]. The ionic conductivity of the 
hybrid electrolyte was strongly governed by the amount of NaNO3 
present. The ionic conductivity exhibited a gradual and consistent 
enhancement as the salt concentration increased. Among the different 
formulations, the [EMIM DCA]1[NaNO3]3 mixture exhibited the highest 
value, reaching 109 mS⋅cm− 1, compared with 53.3 mS⋅cm− 1 and 102 
mS⋅cm− 1 for the [EMIM DCA]1[12 m NaNO3]1 and [EMIM DCA]1[12 m 
NaNO3]2 compositions, respectively, as illustrated in Fig. 1(b). This 
steady enhancement in conductivity with greater salt loading can be 
understood in terms of two interrelated factors: Improved dissociation of 
ions and enhanced mobility of charge carriers. At elevated NaNO3 
concentrations, the larger population of Na+ and NO3

− ions more effec
tively disrupt ionic aggregates and breaks down water clusters, thereby 
creating an environment where ions move more freely and transport 
becomes faster. In addition to this concentration effect, the conductivity 
gain also reflects changes in the local solvation structure. At higher salt 
contents, Na+ ions establish compact solvation shells through strong 
coordination with water and favorable pairing with nitrate anions. Such 
interactions weaken the extended hydrogen-bonding network typical of 
bulk water, thereby limiting the formation of larger water clusters that 
would otherwise restrict ion transport. By reorganizing the solvation 
landscape in this way, the concentrated mixtures promote a more dy
namic medium that supports efficient ionic movement.

Raman and FTIR spectroscopy were used to clarify the molecular 
interactions and structural changes that occur when 1-ethyl-3-methyli
midazolium dicyanamide (EMIM DCA) is combined with concentrated 
aqueous sodium nitrate (12 m NaNO3). Measurements were performed 
for the individual components as well as for their mixtures ([EMIM 
DCA]1[12 m NaNO₃]X, x = 1, 2, 3). In the Raman spectrum of pure 
NaNO3 (Fig. 2(a)), a broad feature at ~3335 cm− 1 corresponds to O–H 
stretching vibrations from extended hydrogen-bonded water clusters. 
When EMIM DCA is introduced, this band shifts progressively to higher 
frequencies (3447–3503 cm− 1) and decreases in intensity. The shift to 
higher wavenumbers reflects a weakening of water–water hydrogen 
bonding as Na+ ions form compact hydration shells and compete with 

bulk water for coordination. At the same time, EMIM+ cations interact 
with water through hydrogen bonding, further destabilizing extended 
networks. These changes reduce the amount of free water in the system, 
which directly suppresses hydrogen and oxygen evolution reactions. As 
a result, the electrolyte exhibits improved interfacial stability and an 
expanded electrochemical window compared to conventional aqueous 
systems. Characteristic Raman bands of EMIM DCA appear at 2220 cm− 1 

(C–––N stretching of DCA− ) and 2936 cm− 1 (C–H stretching of EMIM+). 
In the mixed electrolytes, the C–––N vibration downshifts to 2216 cm− 1, 
while the C–H band shifts to ~2989 cm− 1. The downshift of the C–––N 
band indicates stronger coordination between DCA− and solvated cat
ions (Na+ and EMIM+), confirming the formation of compact ion-paired 
structures. Such solvation restructuring reduces the energy required for 
desolvation during charge transfer, thereby accelerating ionic transport. 
The appearance of additional bands at ~1054 and 1386 cm− 1, assigned 
to symmetric (ν₁) and asymmetric (ν₄) stretching of NO3

− , highlights the 
active role of nitrate in the reorganized solvation environment.

FTIR spectroscopy provides further evidence of this reorganization 
(Fig. 2(b)). The O–H band of aqueous NaNO3 at ~3335 cm− 1 shifts to 
higher wavenumbers and broadens in the mixtures, again indicating the 
breakdown of bulk hydrogen-bonded clusters. Pure EMIM DCA exhibits 
distinct peaks at 2127 cm− 1 (C–––N stretching), 1343 cm− 1 (N–C–N 
bending of DCA− ), and several imidazolium ring vibrations at 1573, 
1163, and 620 cm− 1 [21,22]. In the mixed electrolytes, these bands shift 
to 2216 cm− 1 and ~ 2989 cm− 1, respectively. The red-shift of the C–––N 
mode suggests stronger electrostatic interactions between DCA− and 
solvated Na+ species, while the C–H shift indicates altered hydrogen- 
bonding interactions involving EMIM+. These changes confirm that 
both cation-anion and ion-solvent interactions are reorganized in the 
mixed system, giving rise to a more compact and stabilized solvation 
structure. Such structural rearrangements improve interfacial stability 
by minimizing side reactions between water and the electrode surface 
and by facilitating the formation of desolvated or partially solvated ions 
that can more easily penetrate sub-nanometer pores of carbon elec
trodes. Additional new bands observed at 1054 cm− 1 and 1386 cm− 1 

correspond to symmetric (ν₁) and asymmetric (ν₄) NO3
− stretching, 

further confirming the active participation of nitrate anions in the 

Fig. 2. Spectroscopic characterization of EMIM DCA, 12 m NaNO3, and their binary mixtures ([EMIM DCA]1[12 m NaNO3]X, x = 1, 2, 3): (a) Raman spectra and (b) 
FTIR spectra.
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modified solvation structure [23]. The molecular organization within 
the mixed electrolyte can be understood through a series of cooperative 
interactions. Sodium ions (Na+) first coordinate strongly with water 
molecules, forming compact solvation shells that disrupt extended 
hydrogen-bonded water clusters. This effect is reinforced by ion pairing 
between Na+ and NO3

− , which further lowers the fraction of unbound 
water. At the same time, EMIM+ engages in hydrogen bonding with 
water, competing directly with water–water interactions and thereby 
weakening the overall hydrogen-bonding network. The dicyanamide 
anion coordinates simultaneously with both Na+ and EMIM+, modifying 
the local electronic environment, a change reflected in the observed shift 
of the C–––N band. Finally, the participation of NO3

− in hydrogen bonding 
with water introduces additional competition for hydration, which de
stabilizes extended water networks and drives the system toward a more 
compact and reorganized solvation structure [24]. A detailed compila
tion of Raman and FTIR spectral data, including peak positions, shifts, 
and vibrational assignments, is presented in the Supporting information 
(Tables S1 and S2). These findings demonstrate that the [EMIM 
DCA]1[NaNO3]X electrolytes form complex, restructured ion
ic–molecular networks rather than mere physical blends. The interplay 
of hydrogen-bonding and electrostatic interactions among the constit
uent ions fosters enhanced ion mobility, greater stability at the elec
trode–electrolyte interface, and the ability to operate effectively under 
high-voltage conditions.

Characterization of the [EMIM DCA]1[NaNO3]X (x = 1, 2, 3) 

electrolyte mixtures reveal that variations in the molar ratio of 1-ethyl- 
3-methylimidazolium dicyanamide (EMIM DCA) to sodium nitrate 
(NaNO3) significantly alter the solvation environment. These composi
tional changes modulate the strength and nature of ion-solvent in
teractions, thereby affecting ionic mobility, the physicochemical 
properties of water, and the formation of the electric double layer at the 
electrode-electrolyte interface.

3.2. Electrochemistry measurement

3.2.1. Three-electrode analysis
To rigorously assess the electrochemical performance of binary 

electrolyte mixtures, the individual electrochemical stability windows 
(ESWs) of single electrodes in 12 molal (m) sodium nitrate (NaNO3) 
water-in-salt (WIS) electrolyte and 1-ethyl-3-methylimidazolium 
dicyanamide (EMIM DCA) were investigated using cyclic voltammetry 
(CV), galvanostatic charge-discharge (GCD), and electrochemical 
impedance spectroscopy (EIS). All experiments employed nitrogen and 
sulfur co-doped activated carbon (N,S-AC) as the working electrode, as 
detailed in the experimental methodology. Fig. 3(a) and (c) presents the 
CV profiles of 12 m NaNO3 and EMIM DCA, respectively, recorded at a 
scan rate of 20 mV s− 1. The CV curve for 12 m NaNO3 (Fig. 3(a)) exhibits 
a near-rectangular shape, spanning a potential window from +1.0 V 
(positive ESW) to − 1.0 V (negative ESW) versus Ag/Ag+. Within the 
negative potential region, distinct redox humps are observed in both 

Fig. 3. Electrochemical analysis of N,S-AC electrodes in 12 m NaNO3 and pure EMIM DCA: (a, c) CV at 20 mV s− 1, (b, d) GCD at 0.5 A g− 1, and (e) EIS Nyquist plots 
(inset: low-frequency region).
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anodic and cathodic sweeps, indicative of pseudocapacitive contribu
tions arising from nitrogen and sulfur heteroatoms integrated into the N, 
S-AC structure. These redox features are significantly attenuated or ab
sent in the negative potential region, suggesting that interactions be
tween N/S heteroatoms and Na+ ions predominantly favor electric 
double-layer capacitance (EDLC) rather than pronounced pseudocapa
citive behavior. The substantial current response in 12 m NaNO3 un
derscores the high charge storage capacity of the N,S-AC electrode. In 
contrast, the CV curve for EMIM DCA (Fig. 3(c)) displays a distorted 
profile, deviating from the ideal rectangular shape in both positive and 
negative potential regions. This deviation is attributed to increased in
ternal resistance and less efficient capacitive performance, likely due to 
the higher viscosity and larger ionic radii of the EMIM+ cation and DCA−

anion, which impede ion transport. Nevertheless, EMIM DCA demon
strates a broader ESW, extending to − 1.6 V in the negative potential 
region and + 1.0 V in the positive region versus Ag/Ag+. The GCD 
profiles of 12 m NaNO3 at a specific current of 0.5 A g− 1, shown in Fig. 3
(b), exhibit a quasi-symmetric, linear triangular shape, characteristic of 
pseudocapacitive behavior. A minimal voltage drop at the onset of the 
discharge cycle indicates low internal resistance and efficient charge 
transfer at the electrode–electrolyte interface. In the negative potential 
region, the N,S-AC electrode achieves a maximum specific capacitance 
of approximately 207 F g− 1. This elevated capacitance is attributed to 
the synergistic effects of the extended ESW enabled by the concentrated 
12 m NaNO3 WIS electrolyte and faradaic contributions from nitrogen 
and sulfur functional groups on the carbon surface. These active sites 

likely engage in reversible surface redox reactions with protons (H+) 
from the aqueous NaNO3 solution, enhancing overall charge storage 
capacity. [25]. In the positive potential region, the specific capacitance 
of the nitrogen- and sulfur-doped activated carbon (N,S-AC) electrode in 
12 molal (m) sodium nitrate (NaNO3) water-in-salt (WIS) electrolyte 
was determined to be approximately 112 F g− 1. The galvanostatic 
charge-discharge (GCD) profiles for 1-ethyl-3-methylimidazolium 
dicyanamide (EMIM DCA), shown in Fig. 3(d), exhibit a moderately 
quasi-linear triangular shape with a pronounced internal resistance (IR) 
drop. This IR drop is primarily attributed to the elevated viscosity and 
reduced ionic conductivity of EMIM DCA, which hinder efficient ion 
transport within the electrolyte. Specific capacitance values for EMIM 
DCA were calculated as 143 F g− 1 in the negative potential region and 
84 F g− 1 in the positive potential region. These values reflect the distinct 
interactions between EMIM DCA and the N,S-AC electrode, influenced 
by the ionic liquid's physicochemical properties. Fig. 3(e) presents a 
comparative analysis of Nyquist plots derived from electrochemical 
impedance spectroscopy (EIS) for 12 m NaNO3 and EMIM DCA elec
trolytes. The 12 m NaNO3 electrolyte demonstrates an equivalent series 
resistance (ESR) of approximately 1.57 Ω, as illustrated in the inset of 
Fig. 3(e), consistent with its high ionic conductivity and efficient charge 
transport within the water-in-salt electrolyte (WiSE) framework. The 
corresponding Nyquist plot exhibits a small semicircle in the high- 
frequency region, indicative of a low charge transfer resistance (Rct ≈
1.24 Ω) and efficient interfacial ion exchange at the electro
de–electrolyte interface. At lower frequencies, the nearly vertical 

Fig. 4. Electrochemical characterization of N,S-AC electrodes in [EMIM DCA]1[12 m NaNO3]X (x = 1, 2, 3): (a, b) CV at 20 mV s− 1 in positive and negative windows, 
(c, d) GCD at 0.5 A g− 1, and (e) EIS Nyquist plots.
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trajectory reflects dominant capacitive behavior with minimal diffusion 
impedance, suggesting unhindered ion migration through the porous 
electrode structure. In comparison, the pure EMIM DCA electrolyte 
shows a significantly higher ESR of 16.22 Ω and an Rct of 50.62 Ω, 
reflecting limited ionic mobility and elevated internal resistance. The 
enlarged semicircle at high frequencies indicates slower charge transfer 
kinetics, while the less vertical slope in the low-frequency region points 
to restricted ion diffusion and pronounced polarization effects. These 
phenomena are attributed to the intrinsically higher viscosity and larger 
ionic radius of EMIM+ and DCA− , which collectively impede efficient 
mass transport and slow interfacial charge equilibration [26]. This 
impedance analysis clearly demonstrates the critical role of electrolyte 
composition in governing interfacial dynamics and overall electro
chemical performance. The WiSE system promotes rapid ion migration 
and low-resistance charge transfer, whereas the pure ionic liquid expe
riences hindered transport pathways. Such observations emphasize the 
necessity of optimizing the balance between ion mobility and viscosity, 
guiding the rational design of hybrid electrolytes to achieve reduced 
resistance, fast kinetics, and improved electrochemical reversibility in 
high-performance supercapacitor devices.

The electrochemical stability of the hybrid electrolytes was exam
ined through linear sweep voltammetry (LSV), and the corresponding 
curves are presented in the Supporting information (Fig. S1). The results 
reveal a clear dependence of the electrochemical stability window 
(ESW) on the electrolyte composition. Among the investigated systems, 
the equimolar mixture [EMIM DCA]1[12 m NaNO3]1 exhibits the widest 
ESW, extending from approximately − 1.5 V to 1.3 V. This broad po
tential range suggests a synergistic effect between the ionic liquid and 
the concentrated aqueous phase, which effectively mitigates water 
decomposition by reducing the activity of free water molecules and 
stabilizing the interfacial structure. Increasing the NaNO₃ fraction (ra
tios 1:2 and 1:3) results in a gradual narrowing of the ESW and a 
decrease in current response, indicating stronger ionic association and 
limited charge mobility [27]. These observations highlight the impor
tance of composition tuning, as the 1:1 system provides an optimal 
balance between ionic conductivity and electrochemical stability. 
Overall, these findings confirm that careful control of the EMIM 
DCA–NaNO3 ratio is essential for achieving enhanced voltage stability 
and reliable performance in aqueous-based hybrid supercapacitors. The 
electrochemical properties of the binary electrolytes [EMIM DCA]1 [12 
m NaNO3]X (x = 1, 2, 3) were further examined. Cyclic voltammetry 
(CV) profiles recorded at 20 mV s− 1 (Fig. 4(a) and (b)) display nearly 
rectangular shapes for all mixtures, confirming capacitive charge stor
age with additional pseudocapacitive contributions from the hetero
atoms in the electrode material. A clear difference is observed in the 
accessible electrochemical stability window (ESW). The equimolar 
mixture [EMIM DCA]1[NaNO3]1 offers the broadest ESW, extending 
from − 1.3 V in the negative region to +1.0 V in the positive region 
versus Ag/Ag+, corresponding to a total window of 2.3 V. In compari
son, the [EMIM DCA]1[12 m NaNO3]2 and [EMIM DCA]1[12 m NaNO3]3 
systems reach − 1.2 V at the negative limit, with the positive limit still 
extending to +1.0 V, yielding slightly narrower windows of 2.2 V. The 
wider ESW of the 1:1 system reflects its enhanced suppression of 
hydrogen evolution, most likely a consequence of reduced free water 
content and improved ionic coordination. Interestingly, the best elec
trochemical response does not coincide with the lowest viscosity. The 
[EMIM DCA]1[12 m NaNO3]3 mixture exhibits the lowest viscosity 
(3.18 mPa⋅s) but underperforms compared to the more viscous [EMIM 
DCA]1[12 m NaNO3]1 electrolyte (8.42 mPa⋅s). This highlights that 
viscosity alone is not the governing parameter for performance. Instead, 
the coordination structure of the ions and the stability of the solvation 
network play decisive roles. In the 1:1 mixture, Na+ ions form compact 
solvation shells with nitrate, EMIM+ interacts through hydrogen 
bonding, and DCA− provides additional coordination. This cooperative 
arrangement creates a highly ordered ionic environment that minimizes 
free water, stabilizes the electrode–electrolyte interface, and ensures 

efficient ion accessibility. FTIR and Raman analyses support this, with 
O–H and C–––N peak shifts indicating reinforced ion–solvent in
teractions. By contrast, in the 1:2 and 1:3 systems, excess nitrate disrupts 
this balance, weakens interactions with EMIM+, and encourages partial 
ionic aggregation. Although this lowers bulk viscosity, it compromises 
solvation stability and leads to poorer electrochemical performance 
[28]. Galvanostatic charge–discharge (GCD) measurements (Fig. 4(c) 
and (d)) further emphasize these trends. The [EMIM DCA]1[12 m 
NaNO3]1 mixture achieves the highest capacitances, reaching 112 F g− 1 

at the positive electrode (0 to +1.0 V) and 257 F g− 1 at the negative 
electrode (− 1.3 to 0 V). In contrast, the 1:2 and 1:3 mixtures display 
lower capacitances in both regions, confirming that the equimolar 
composition offers the most favorable balance of ionic interactions. The 
synergistic role of mixed electrolytes arises from the complementary 
behaviors of Na+/NO3

− and EMIM+/DCA− ions within the pore network 
of N,S-AC. In concentrated water in salt electrolyte (12 m NaNO3), the 
small Na+ ions with compact hydration shells penetrate narrow micro
pores and efficiently contribute to double-layer formation, while dis
rupting extended water–water clusters. Conversely, the bulkier EMIM+

and DCA− ions are less hydrated and preferentially occupy mesopores 
and interact with surface functionalities. This coexistence enables a 
more effective utilization of pores across different scales. The dynamics 
of adsorption and desorption also vary between the two electrolytes. 
Na+/NO3

− exhibits rapid transport and reversible confinement in small 
pores, whereas EMIM+/DCA− shows slower diffusion due to its larger 
size but stabilizes the interfacial structure over wider potential ranges. 
Their combined presence provides a balance between fast ion kinetics 
and extended voltage stability [29]. Furthermore, the pseudocapacitive 
activity of N and S heteroatom sites is influenced by the mixed medium. 
In 12 m NaNO3, the redox response of pyridinic-N and thiophenic-S sites 
is facilitated by proton/electron exchange. When EMIM+/DCA− is 
introduced, the reduced water activity and modified local polarity alter 
the electronic environment around these doped centers, improving re
action reversibility and enhancing their contribution within the acces
sible voltage window. In this way, the mixed electrolyte simultaneously 
optimizes double-layer storage and strengthens faradaic interactions at 
heteroatom sites [30]. Electrochemical impedance spectroscopy (EIS), 
Fig. 4(e) provides further insight. The 1:1 mixture demonstrates the 
lowest equivalent series resistance (ESR = 1.67 Ω) and charge-transfer 
resistance (Rct = 1.04 Ω), confirming efficient ion mobility and fast 
charge-transfer kinetics. In contrast, the 1:2 and 1:3 mixtures exhibit 
significantly higher ESR values (4.307 Ω and 3.298 Ω) and larger Rct 
values (25.325 Ω and 5.772 Ω, respectively), reflecting hindered ion 
transport and interfacial charge transfer. Taken together, these results 
demonstrate that the superior performance of the [EMIM DCA]1[12 m 
NaNO3]1 mixture electrolyte from its well-structured ionic coordination, 
which enhances interfacial stability and minimizes parasitic reactions. 
Although the 1:3 electrolyte benefits from lower viscosity, its disrupted 
solvation structure and partial ion aggregation hinder charge transfer, 
resulting in reduced capacitance and stability. Thus, the equimolar 
composition provides the most effective synergy between ionic liquid 
and salt, achieving the widest ESW, the lowest resistances, and the 
highest capacitance values.

To investigate the electrochemical behavior of a mixed electrolyte 
system comprising 1-ethyl-3-methylimidazolium dicyanamide (EMIM 
DCA) and 12 m NaNO3 in a three-electrode configuration, the pivotal 
role of the electrolyte's ionic interactions was examined, supported by 
the properties of the nitrogen- and sulfur-doped activated carbon (N,S- 
AC) electrode. Cyclic voltammetry (CV) analysis revealed a power-law 
relationship between the current response (i, in mA) and scan rate (ν), 
described by the equation, highlighting the dominant influence of the 
EMIM DCA and NaNO3 electrolyte's unique ionic interactions, enhanced 
by the N,S-AC electrode's surface chemistry [28,29]: 

i = a⋅vb (7) 
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where (a) and (b) are constants reflecting the electrochemical kinetics 
and capacitive behavior of the system. The exponent (b) in the power- 
law relationship (i = a νb) serves as a critical parameter for eluci
dating the electrochemical kinetic behavior of the nitrogen and sulfur 
co-doped activated carbon (N,S-AC) electrode in the mixed electrolyte. 
A b value of 0.5 indicates that the current response is predominantly 
governed by diffusion-limited processes, where the transport of ions or 
molecules through the electrolyte dictates the reaction kinetics. 
Conversely, a b value of 1.0 signifies a surface-controlled, capacitive 
mechanism, characterized by rapid reactions at the electrode surface 
with minimal dependence on ion diffusion. Intermediate b values be
tween 0.5 and 1.0 reflect a hybrid regime, where both diffusion- 
controlled and surface capacitive processes contribute to the overall 
current response [31]. The electrochemical behavior of the [EMIM 
DCA]1[12 m NaNO3]X (x = 1, 2, 3) electrolyte system, paired in nitro
gen- and sulfur-doped activated carbon (N,S-AC) electrode, was 
analyzed to assess the influence of this mixed electrolyte on charge 
storage mechanisms. As shown in Fig. 5(a), the [EMIM DCA]1[12 m 
NaNO3]1 electrolyte displays a b-value of 0.5 in the power-law relation 
(i = a νb), signifying that the charge storage process is predominantly 
governed by ion diffusion. This characteristic can be linked to the strong 
ionic interactions present in the mixed system, which likely hinder ion 
transport and promote diffusion-limited kinetics. Conversely, the [EMIM 
DCA]1[12 m NaNO3]2 and [EMIM DCA]1[12 m NaNO3]3 systems, 
illustrated in Fig. 5(b) and (c), exhibit b-values of 0.75 and 0.81, 
respectively, reflecting a transition toward a mixed charge storage 
mechanism that involves both capacitive surface reactions and 
diffusion-controlled processes. These higher b values reflect the 
enhanced contribution of capacitive mechanisms, driven by variations 
in the molar ratio of 1-ethyl-3-methylimidazolium dicyanamide (EMIM 
DCA) to 12 molal (m) sodium nitrate (NaNO3). The power-law analysis 
highlights the tunability of the system's electrochemical kinetics through 
compositional adjustments, with the NaNO3:EMIM DCA ratio signifi
cantly influencing charge storage dynamics. To quantify the relative 
contributions of capacitive and diffusion-controlled processes to the 

total charge storage, the Dunn method was employed. This approach, 
based on a modified power-law relationship, deconvolutes the total 
current (i) at specific potentials, particularly near peak regions in cyclic 
voltammetry (CV) curves, into two components: A capacitive contribu
tion proportional to the scan rate (k1ν) and a diffusion-controlled 
contribution proportional to the square root of the scan rate (k2 ν1/2). 
The governing equation is expressed as: 

i = k1ν+ k2ν1/2 (8) 

Rearranging this equation yields: 

i
ν1/2 = k1 ν1/2 + k2 (9) 

A linear plot of i/ν1/2 versus ν1/2, commonly referred to as a Dunn 
plot, allows for the extraction of the constants k1 or k2 from the slope and 
intercept, respectively [32]. This method enables precise differentiation 
of surface and diffusion limited charge storage mechanisms, providing 
deeper insight into the electrochemical performance of the electrolyte 
mixtures.

The contributions of surface-controlled and diffusion-controlled 
capacitance for the nitrogen- and sulfur-doped activated carbon (N,S- 
AC) electrode in the hybrid electrolyte mixtures [EMIM DCA]1[12 m 
NaNO3]X (x = 1, 2, 3) are presented in Fig. 6(a)-(d). At a scan rate of 5 
mV s− 1, the surface-controlled capacitance contributions were approx
imately 29 %, 3 %, and 1 % for the [EMIM DCA]1[12 m NaNO3]3, [EMIM 
DCA]1[12 m NaNO3]2, and [EMIM DCA]1[12 m NaNO3]1 mixture, 
respectively. These results indicate that the charge storage mechanism is 
predominantly diffusion-controlled across all electrolyte compositions.

This diffusion-dominated behavior arises from the reversible inter
calation and deintercalation of Na+ ions within the porous, heteroatom- 
enriched N,S-AC framework. The corresponding electrochemical re
actions can be represented as follows:

During Discharge (sodiation/Na + insertion): 

N, S − AC+ xNa+ + xe− →NaxN, S − AC (10) 

Fig. 5. Logarithmic plots of peak current density versus scan rate for N,S-AC electrodes in binary electrolyte mixtures: (a) [EMIM DCA]1[12 m NaNO3]1, (b) [EMIM 
DCA]1[12 m NaNO3]2, and (c) [EMIM DCA]1[12 m NaNO3]3.
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During Charge (Desodiation/Na + extraction): 

NaxN, S − AC→N, S − AC+ xNa+ + xe− (11) 

During charging in the [EMIM DCA]1[12 m NaNO3]X system, Na+

ions diffuse into the porous N,S-AC electrode and preferentially occupy 
defect-rich or heteroatom-doped sites, enhancing electrochemical ac
tivity. This ion intercalation is coupled with electron transfer through 
the external circuit, maintaining charge neutrality and enabling efficient 
charge storage within the electrode's porous architecture [31]. The 
larger 1-ethyl-3-methylimidazolium (EMIM+) cations are sterically 
hindered from entering the N,S-AC lattice. Instead, EMIM+ ions adsorb 
onto the electrode surface, contributing primarily to electric double 
layer (EDL) formation rather than intercalation processes. During 

discharge, the previously intercalated Na+ ions are released back into 
the electrolyte, accompanied by electron flow in the external circuit, 
generating the discharge current. These reversible ion dynamics occur 
without significant structural degradation of the electrode, ensuring 
stable cycling performance and long-term durability. The enhanced 
diffusion-controlled charge storage observed in the [EMIM DCA]1[12 m 
NaNO3]1 mixture is closely related to the prevalence of desolvated ions, 
as summarized in Table 1. Incorporation of nitrogen and sulfur hetero
atoms into the NS-A,C framework introduces polar functional groups, 
such as pyridinic-N and thiophenic-S, which modify the surface chem
istry and electronic structure of the carbon material. These dopant- 
induced functionalities enhance surface polarity and electron distribu
tion, facilitating stronger Na+ adsorption and promoting efficient 
intercalation. Consequently, the N,S-SAC electrode in the [EMIM 
DCA]1[12 m NaNO3]1 electrolyte demonstrates enhanced ion–electrode 
interactions, supporting predominantly diffusion-controlled charge 
storage and positioning it as a promising candidate for high- 
performance supercapacitor applications [8,33].

The superior electrochemical performance of the [EMIM DCA]1[12 
m NaNO3]1 electrolyte mixture, when paired with nitrogen and sulfur 
co-doped activated carbon (N,S-AC) electrodes, is primarily driven by 
the prevalence of desolvated ions, as confirmed by Fourier-transform 
infrared (FTIR) spectroscopy. The FTIR analysis reveals a significant 
reduction in free water molecules available for ion solvation in the 1:1 

Fig. 6. CV responses of N,S-AC electrodes in [EMIM DCA]1[12 m NaNO3]X (x = 1–3), highlighting the dominance of diffusion-controlled charge storage and the 
distribution of surface- versus diffusion-controlled contributions.

Table 1 
Summary of desolvated and solvated ion of the 12 m NaNO3 and EMIM DCA 
electrolyte.

Electrolyte ions Bare/desolvated ion (nm) Solvated ion (nm)

EMIM+ ~0.34 ~0.60/(− )
DCA− ~0.26 ~0.40/(− )
Na+ ~0.095 ~0.36
NO−

3 ~0.179 ~0.335
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molar ratio, resulting in an optimized water-to-salt balance. This con
dition promotes a higher concentration of unsolvated Na+ ions, which 
can more effectively intercalate into the porous N,S-AC matrix, thereby 
enhancing specific capacitance and broadening the electrochemical 
stability window (ESW). In contrast, increasing the NaNO3 proportion in 
the [EMIM DCA]1[12 m NaNO3]2 and [EMIM DCA]1[12 m NaNO3]3 
mixtures elevates the water content, leading to greater ion solvation. 
This increased solvation results in a higher population of hydrated ions 
with larger ionic radii, which impede intercalation into the carbon 
matrix and shift the charge storage mechanism toward surface- 
controlled (capacitive) behavior. These trends are substantiated by 
power-law analysis (Fig. 5), which highlights the influence of molar 
ratio on charge storage kinetics and further corroborated by the Dunn 
method (Fig. 6), which quantifies the relative contributions of diffusion- 
controlled and surface-controlled processes.

3.2.2. Two-electrode (full-cell) analysis
To evaluate the performance of the binary electrolyte system, a 

symmetric supercapacitor (SC) was fabricated using nitrogen and sulfur 
co-doped activated carbon (N,S-AC) electrodes, selected for their supe
rior electrochemical properties. Despite using the same electrode ma
terial on both sides, differing operating voltage windows and specific 
capacitances were observed: the negative electrode exhibited a potential 
window of − 1.3 V with a capacitance of 257 F g− 1, while the positive 
electrode operated at 1.0 V with a capacitance of 112 F g− 1. To ensure 
charge balance within the device, electrode masses were adjusted ac
cording to these parameters using the mass balance equation (Eq. (6)). 
For a total active material mass of 4.7 mg, the calculated electrode 
masses were approximately 1.18 mg for the negative electrode and 3.52 
mg for the positive electrode. This mass balancing approach was critical 
to optimize the electrochemical performance and energy storage effi
ciency of the device. The electrolyte consisted of a 1:1 molar ratio 
mixture of 1-ethyl-3-methylimidazolium dicyanamide (EMIM DCA) and 
12 m NaNO3, denoted as [EMIM DCA]1[12 m NaNO3]1. Cyclic voltam
metry (CV) profiles of the SC employing the [EMIM DCA]1[12 m 
NaNO3]1 electrolyte were evaluated across a range of scan rates (5, 10, 

20, 30, 40, 50, and 100 mV s− 1) at an operating voltage of 2.3 V, as 
shown in Fig. 7(a). At lower scan rates (5–50 mV s− 1), the CV curves 
exhibit a near-ideal rectangular shape, indicative of efficient ion trans
port and characteristic of pseudocapacitive behavior. However, at 
higher scan rates beyond 50 mV s− 1, deviations from the rectangular 
profile become evident, suggesting limitations in ion diffusion under 
rapid scan rate conditions [34]. The observed deviations in the cyclic 
voltammetry (CV) profiles of the symmetric supercapacitor at higher 
scan rates are likely due to the predominance of micropores within the 
nitrogen- and sulfur-co-doped activated carbon (N,S-AC) electrodes. 
These micropores restrict the efficient infiltration of the relatively large 
dicyanamide (DCA− ) anions from the [EMIM DCA]1[12 m NaNO3]1 
electrolyte, limiting ion diffusion and impacting charge storage perfor
mance under high-rate conditions [35]. The restricted accessibility of 
the relatively large dicyanamide (DCA− ) anions to the microporous 
structure of the nitrogen- and sulfur-co-doped activated carbon (N,S-AC) 
electrodes in the [EMIM DCA]1[12 m NaNO3]1 electrolyte system limits 
efficient ion infiltration, particularly under rapid electrochemical 
cycling conditions. This constraint hampers the formation of the electric 
double layer, resulting in reduced capacitance due to diminished ion 
accessibility to the internal pore surfaces of the electrode. Fig. 7(b) 
presents the galvanostatic charge–discharge (GCD) profiles of the sym
metric supercapacitor using the [EMIM DCA]1[12 m NaNO3]1 electro
lyte at current densities of 0.5, 1, 2, 3, 4, and 5 A g− 1. The nearly 
symmetric triangular shapes of the GCD curves are consistent with the 
pseudocapacitive behavior observed in the cyclic voltammetry (CV) 
profiles shown in Fig. 7(a). Specific capacitance values (Cs), derived 
from the GCD data using Eq. (2), are plotted against current density in 
Fig. 7(c). In this symmetric device, the nitrogen and sulfur co-doped 
activated carbon (N,S-AC) electrodes paired with the optimized elec
trolyte exhibited a notable single-electrode specific capacitance of 
273.41 F g− 1 at 0.5 A g− 1. This performance reflects the combined effect 
of the heteroatom-enriched porous carbon framework and the carefully 
engineered ionic environment of the hybrid electrolyte, which together 
facilitate efficient ion transport and surface redox reactions. As the 
current density increased, a decline in capacitance was observed, which 

Fig. 7. Electrochemical characterization of a symmetric supercapacitor (N,S-AC//N,S-AC) in [EMIM DCA]1[12 m NaNO3]1 electrolyte: (a) (CV) profiles at various 
scan rates, (b) (GCD) curves at different specific currents, (c) specific capacitance as a function of specific current, and (d) Nyquist plot with an inset showing the 
equivalent circuit model used for data fitting.
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is commonly attributed to limited ion diffusion and reduced time for ion 
adsorption at higher rates. Despite this decrease, the electrode main
tained a capacitance of 123.76 F g− 1 at 5 A g− 1, retaining approximately 
45.3 % of its initial capacitance. Such retention demonstrates strong rate 
capability and suggests effective interfacial compatibility and ion 
mobility within the electrode–electrolyte system. Notably, the specific 
capacitance tends to stabilize at higher current densities, indicating that 
the device can sustain robust performance even under rapid cycling 
conditions. These findings underscore the potential of combining func
tionalized carbon materials with mixed ionic liquid–water-in-salt elec
trolytes to develop supercapacitors that are both durable and capable of 
delivering high energy densities [36]. Electrochemical impedance 
spectroscopy (EIS) results, shown in Fig. 7(d), display experimental and 
fitted Nyquist plots for the supercapacitor. The low-frequency region 
exhibits a near-vertical line along the negative imaginary axis (− Z″), 
characteristic of capacitive behavior. The EIS data were analyzed using 
the Z Fit module in EC-Lab® software (version 11.50), employing an 
equivalent circuit model comprising R₁ (solution resistance), R₂ (charge 
transfer resistance), Q₂ (constant phase element modelling non-ideal 
double-layer capacitance), W₂ (Warburg element representing ion 
diffusion), and C₃ (combined real and mass capacitance). The fitted 
resistance values were 4.37 Ω for R1 and 5.19 Ω for R2, closely aligning 
with the experimental values of 4.68 Ω and 5.26 Ω, respectively, vali
dating the accuracy of the proposed model. These resistance values ac
count for contributions from the ionic resistance of the electrolyte, the 
intrinsic resistance of the N,S-AC electrode, and contact resistances at 
the electrode/current collector and electrode/electrolyte interfaces.

The long-term cycling stability of the N,S-AC//N,S-AC symmetric 
device operating in the [EMIM DCA]1[12 m NaNO3]1 electrolyte is 
presented in Fig. 8(a). The capacitance evolution initially rises due to 
progressive activation of the N,S-co-doped carbon surface, where 
improved electrolyte infiltration and ion accessibility enhance charge 
accumulation. The heteroatom functionalities (N and S) provide addi
tional redox-active sites that become increasingly accessible during 
cycling, contributing to pseudocapacitive enhancement. A gradual 
decline in capacitance, observed between approximately 3000 to 4000 
cycles, is attributed to minor structural rearrangements of the electrode 

and the formation of a thin solid electrolyte interface (SEI) as layer that 
stabilizes the electrode–electrolyte interface. Partial aggregation of 
EMIM DCA species may further limit ionic mobility, a transient behavior 
typical of hybrid ionic liquid–salt systems. However, the well-organized 
solvation network within the [EMIM DCA]1[12 m NaNO3]1 electrolyte 
where Na+ forms compact coordination shells, NO₃− interacts strongly 
with Na+, and EMIM+ engages in hydrogen bonding promotes stable ion 
transport and suppresses parasitic reactions, as evidenced by FTIR and 
Raman analyses. After the initial adjustment period, the capacitance 
becomes stable, reflecting the durable molecular organization of the 
electrolyte that supports sustained performance. This stabilization, 
observed after roughly 4000 cycles, suggests that the structured solva
tion environment efficiently maintains interfacial integrity and mini
mizes degradation over prolonged cycling. The device retains about 
83.33 % of its initial capacitance after 10,000 cycles with a high 
coulombic efficiency of 99.66 %,indicating reversible charge storage 
and excellent interfacial compatibility between the N,S-AC electrode 
and the mixture electrolyte [37]. To gain deeper insight into the rate- 
dependent behavior of the device, galvanostatic cycling was conduct
ed across a broad range of current densities (1–10 A g− 1), as presented in 
the Supporting information (Fig. S2). At a low current density of 1 A g− 1, 
the device exhibits a gradual decrease in capacitance, characteristic of 
diffusion-limited charge storage. In this regime, Na+ ions penetrate 
deeper into the microporous structure of the N,S-AC electrode, 
encountering higher ionic resistance and slower transport pathways, 
which result in partial ion confinement. This observation aligns with the 
power-law fitting (b ≈ 0.5), confirming that the dominant contribution 
to charge storage arises from diffusion-controlled intercalation pro
cesses rather than purely surface adsorption. At elevated current den
sities (≥5 A g− 1), the device maintains over 90 % of its initial 
capacitance, demonstrating remarkable rate stability. This behavior 
highlights the synergistic effect between the porous carbon framework 
and the well-organized solvation network of the [EMIM DCA]1[NaNO3]1 
electrolyte. Within this hybrid medium, compact Na+ coordination and 
strong Na+–NO3

− associations facilitate rapid ion transport, while 
hydrogen bonding between EMIM+ cations and surrounding species 
stabilizes the interfacial environment. These cooperative interactions 

Fig. 8. Electrochemical performance of the [EMIM DCA]1[12 m NaNO3]1 electrolyte in a symmetric N,S-AC//N,S-AC supercapacitor: (a) cycling stability and 
coulombic efficiency, (b) real and imaginary capacitance vs. frequency, (c) Ragone plot comparing energy and power densities, and (d) photograph of the device 
powering four LEDs.
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effectively suppress concentration polarization and structural fatigue, 
allowing the electrode to retain high reversibility even under acceler
ated charge–discharge conditions. Fig. 8(b) depicts the real (C′) and 
imaginary (C″) components of capacitance as functions of frequency, 
revealing a relaxation time of less than 4.68 s for the symmetric SC. This 
rapid relaxation time indicates the device's capability for fast char
ge–discharge processes, enhancing its suitability for high-rate applica
tions. The electrochemical performance of the assembled symmetric 
supercapacitor was evaluated in terms of energy and power densities, as 
illustrated in the Ragone plot (Fig. 8(c)). At a current density of 0.5 A 
g− 1, the device delivered a specific energy of 50.22 W h kg− 1 with a 
corresponding specific power of 583.97 W kg− 1, indicating efficient 
energy storage at moderate operating conditions. When tested at a 
higher current density of 5 A g− 1, the specific energy decreased to 22.73 
W h kg− 1, reflecting the expected inverse relationship between energy 
and power under fast charge–discharge cycles. Notably, even at this 
elevated current, the device achieved a maximum specific power of 
4599 W kg− 1, highlighting its excellent ability to deliver energy rapidly. 
Table 2 includes key metrics such as specific energy (ES), specific power 
(PS), operating voltage, and capacitance, allowing a clear evaluation of 
the advantages offered by the [EMIM DCA]1[12 m NaNO3]1-based sys
tem. The results demonstrate that the current device not only competes 
with but in many cases outperforms other reported systems, particularly 
in terms of energy–power balance. Fig. 8(d) presents a photograph of the 
device powering four light-emitting diodes (LEDs). The device sustained 
illumination for approximately 64 s, highlighting its practical utility and 
potential for real-world energy storage applications. This reinforces the 
practical applicability of the proposed electrolyte–electrode combina
tion in high-performance energy storage technologies.

4. Conclusion

This study introduces a cost-effective and scalable electrolyte engi
neering strategy aimed at enhancing the electrochemical performance of 
supercapacitors. By incorporating 1-ethyl-3-methylimidazolium dicya
namide (EMIM DCA) into a highly concentrated aqueous solution of 
sodium nitrate (12 m NaNO3), a hybrid electrolyte system was devel
oped that effectively balances ionic conductivity, stability, and elec
trochemical activity. The integration of EMIM DCA significantly 
broadened the electrochemical stability window by suppressing water 
activity and mitigating parasitic reactions at the electrode interface key 
limitations in conventional aqueous electrolytes. Electrochemical eval
uation of nitrogen- and sulfur-co-doped activated carbon (N,S-AC) 
electrodes in this electrolyte revealed a high specific capacitance of 257 
F g− 1 in a three-electrode setup, demonstrating the synergistic effect of 
electrolyte–electrode compatibility. When implemented in a symmetric 
device (N,S-AC//N,S-AC) with a 1:1 molar ratio of [EMIM DCA]1[12 m 
NaNO3]1, the system delivered an extended operating voltage of 2.3 V. 
This enabled a specific energy of 50.22 W h kg− 1 and a maximum spe
cific power of 4555 W kg− 1 at 5 A g− 1, positioning the device among the 

top performers in its class, as highlighted in the Ragone plot (Fig. 8c) and 
benchmarked in Table 2 against literature-reported systems. Beyond 
energy and power metrics, the device exhibited outstanding durability, 
retaining 83.33 % of its original capacitance over 10,000 char
ge–discharge cycles, confirming the long-term operational stability of 
the hybrid system. These findings underscore the practical promise of 
ionic liquid/water-in-salt mixtures as next-generation electrolytes for 
high-voltage, high-performance supercapacitors. The optimized [EMIM 
DCA]1[12 m NaNO3]1 formulation offers a compelling route toward 
environmentally benign, high-efficiency energy storage devices suited 
for renewable energy integration, electric mobility, and other emerging 
applications demanding both power and longevity.
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Table 2 
Mixture electrolyte-aqueous electrolyte carbon-based symmetric devices performances comparison.

Material Electrolyte Csingle (F g− 1) Cell voltage (V) ES (Wh kg− 1) Pmax (W kg− 1) Ref

AC//AC SDS WPHE 120 2.3 18 43 [38]
AC//AC DES-W (1)-AN (1) 186.4 2.2 28.6 – [39]
AC//AC LiTFSI (H2O)2.6(CH3CN)3.7 108 2.2 – – [13]
AC//AC HE-NaClO4 154.8 2.71 39.2 – [40]
AC//AC Propionitrile (PN) + AN 94.8 2.7 25.1 6870 [34]
AC//AC 3 m NaClO4-25 %H2O-75 % PEGDME 112.8 2.4 22.6 12,000 [41]
AC//AC 1 M[TMPA]0.5[Pyr14]0.5[TFSI]/ACN 100 3.1 28.30 26,950 [42]
AC//AC [EmimTFO]0.8[2.5MKNO3]0.2 138.6 2.1 24.5 4000 [18]
RGO//RGO 2 M EMIMBF4/AN 158.3 3.4 62.6 16,400 [6]
AC//AC 17 m NaClO4 236 2.4 28.1 5109 [41]
AC//AC 1.0MLiTFSI(aq.)/MPPyrroTFSI 131 2.2 22 – [15]
N,S-AC//N,S-AC 12 m NaNO3 180 2 25 10,000 [8]
N,S-AC//N,S-AC [12mNaNO3]1[EMIM DCA]1 273.41 2.3 50.22 4599 This work
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