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Influence of water-in-salt electrolytes on the
electrochemical performance of porous N and S
co-doped carbon electrodes in supercapacitors
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This study demonstrates the impact of water-in-salt (WIS) electrolytes on the performance of a
supercapacitor using nitrogen and sulphur co-doped activated carbon as the electrode material,
highlighting its potential for enhanced energy storage capabilities. The electrolyte (WIS) used is 12 m
NaNOsz and the electrode material is a previously reported nitrogen and sulphur co-doped activated
carbon sourced from mangosteen shells (NS-MSAC). Furthermore, the three-electrode test of NS-MSAC
1 at a current density of 0.5 A g~! within a
potential window of 0 to —1.0 V. The symmetric supercapacitor built with NS-MSAC achieved a voltage

demonstrates a high specific capacitance of 206 F g~

range of 0-2.0 V by exploiting the beneficial electrochemical properties of 12 m NaNOs, which include
a higher potential window, low viscosity, high conductivity, and electrochemical stability. The assembled
symmetric device featuring NS-MSAC//NS-MSAC delivered a specific energy of 25 W h kg~* at a power
density of 512 W kg‘l. Additionally, after 8000 charge/discharge cycles, approximately 85% of the capa-
citance was retained. This highly concentrated aqueous electrolyte strategy is promising for achieving

rsc.li/njc

1. Introduction

Supercapacitors have garnered consistent research interest due
to their exceptional features, including rapid charge/discharge
capabilities, high specific power (P, ~ 10° W kg™ %), electro-
chemical stability, and the potential to mitigate the limitations
of batteries, such as low power density.! Supercapacitors are
versatile energy storage devices with diverse applications in
portable electronics, wearable technology, telecommunica-
tions, electric vehicles, and regenerative braking in the auto-
motive industry.” Despite their widespread adoption, super-
capacitors face a significant limitation such as their energy
storage capacity (ED < 10 W h kg™ ") that falls short compared
to Li-ion batteries.> To overcome this constraint, researchers
have been actively exploring innovative electrode materials and
electrolytes, which are key factors for enhancing their specific
energy.” Electrical double layer capacitors (EDLCs) are a class of
supercapacitors in which energy is stored via ion adsorption at
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remarkable supercapacitor performance.

the surface of the electrode-electrolyte interface.”> Carbon
materials such as activated carbons (ACs), graphene, carbon
nanotubes and carbon fibres are the major electrode materials
that constitute EDLCs and are characterised by fascinating
physicochemical properties including high surface area, high
electrical conductivity, environmentally friendly nature, low
cost, and the potential for excellent doping modifications.’
The synthesis of ACs has garnered significant interest recently
due to its potential for recycling biomass waste. These wastes
serve as precursors for producing valuable ACs. Various types of
biomasses have been explored, including banana peels, peanut
shells, mangosteen shells, chicken bones, potato peels, pepper
seeds, cocoa pods, and so on.®™? The pore size, surface area, and
chemical composition of the AC material define its electrochemical
characteristics.

Matching the pore size of activated carbon (AC) with the
electrolyte can significantly influence the specific capacitance
of electric double-layer capacitors (EDLCs)."* Additionally,
incorporating heteroatoms (such as nitrogen, oxygen, sulphur,
and phosphorus) into AC® contributes to pseudo-capacitance,
enhancing the performance by inducing electrical rearrange-
ment in the carbon structures.'® In this case, the carbon-based
material exhibits EDLC behaviour, while the dopant atom leads to
pseudocapacitive behaviour at the interface between the electrode
and electrolyte.”>'® Co-doping carbon with heteroatoms such as
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nitrogen and sulphur produces a variable electron density by
establishing C-N and C-S type bonds. This combination incorpo-
rates active centres that display better hydrophilicity, high con-
ductivity, and polarizability."” Additionally, heterostructure doping
could provide significant contributions to wettability and electro-
nic properties.'®

To enhance the energy density of supercapacitors, both the
capacitance (C) and the voltage (V) are critical factors. As per the
energy density formula:

E=lcr

; 1)

the specific energy of supercapacitors is directly proportional to
the square of the cell voltage. Since the potential window is
directly related to the electrolyte, designing electrolytes that can
achieve a high potential window will significantly increase the
specific energy of SCs.’”'® Among SC electrolytes, ionic liquids
and organic electrolytes offer a large electrochemical stability
window (2.5-4.0 V), boosting the energy density. However, they
are costly, not so conductive, highly viscous, environmentally
polluting, and pose safety risks. Aqueous electrolytes have
several benefits over organic and ionic liquid electrolytes, such
as superior safety operation, low cost, and high ionic conduc-
tivity.”® On the other hand, the narrow potential window of
water at 1.23 V severely limits the specific energy and their
widespread applications.>'* Recently, water-in-salt (WIS) elec-
trolytes have emerged as novel electrolytes for supercapacitors
as they are capable of suppressing water decomposition, while
delivering a high cell voltage and high specific energy. WIS
electrolyte is an aqueous electrolyte with a high concentration
solution where the salt outnumbers the solvent in both mass
and volume.>*?* In the solvation shell of water-in-salt (WIS)
electrolytes, a high degree of electrochemical stability is
achieved when water molecules coordinate with ions, thereby
suppressing water splitting (approximately 1.2 V) at high
potentials.>® This coordination enables the expansion of the
aqueous electrolyte voltage window beyond the water splitting
limit (exceeding 2 V), beneficial to enhance the energy density
in electrochemical energy storage systems. For instance, Hase-
gawa et al. prepared highly porous activated carbon from
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melamine and used an 18.7 m LiTFSI-based WIS electrolyte,
leading to a device that delivered a potential window of 2.4 V
and a specific energy of 24 W h kg ' (ref. 27). David et al.
investigated high-voltage WIS based on an 8 m NaTFSI electro-
Iyte for supercapacitors. At a voltage of 1.8 V, the symmetrical
device fabricated using activated carbon offered an enhanced
specific energy of 14.4 W h kg~*.>®

To demonstrate the contribution of co-doped AC (high
specific capacitance) and WIS (high potential window) in super-
capacitors, this paper investigates the synergistic effects of
utilizing a 12 m (m = mol kg~ ') NaNO; water-in-salt solution
as the electrolyte in supercapacitor electrochemical measure-
ments, with nitrogen and sulphur co-doped activated carbon
serving as both positive and negative electrodes. The 12.0 m
NaNO; electrolyte solution was selected due to its excellent
properties including high solubility, high conductivity, and
environmentally friendly nature. The electrochemical results
show that this electrolyte demonstrated a wide electrochemical
stability window of 2.0 V while benefiting from the high specific
capacitance of the nitrogen and sulphur co-doped AC (NS-co-
doped MS AC). The symmetric device designed by using NS-co-
doped MS AC//NS-co-doped MS AC displays a superior energy
density of 25 W h kg~ " with an equivalent specific power of
0.512 kW kg ' at 0.5 A g~ . Furthermore, the device achieved a
remarkable coulombic efficiency of 99.6% and a capacitance
retention of 85% after 8000 charge-discharge cycles at 5 A g~ .

2. Experimental

The NS-MSAC and MSAC active materials were prepared using a
one-step carbonization activation process, as previously
reported.>*° Activated carbon was produced from mangosteen
shells (M-S) using a one-step carbonization/activation techni-
que (as depicted in Scheme 1).”° For the NS MS AC, the mixture
included 5 g mangosteen shell powder, 5 g K,CO3, and 1.25 g
thiourea. Each mixture was combined with 5 mL deionized
water to form cakes, dried at 60 °C for 12 hours, and then heated
to 700 °C in a tube furnace under argon flow (200 cm® min™)
for 2 hours. The products were separately immersed in 3 M

Potassium carbonate

200 nm

NS-doped MSAC

@ 700 °C under Argon (NS-MSAC)

Scheme 1 Schematic diagram of the synthesis process for MSAC and NS-MSAC.2%-3°
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hydrochloric acid for 5 hours, filtered, rinsed to neutral pH, and
dried again at 60 °C for 12 hours.

The XRD patterns of MSAC and NSMSAC, shown in Fig. 1(a),
exhibit similar patterns with two broad peaks at 26 of 12.02°
and 42.51°, corresponding to the (002) and (100) graphitic
planes, typical of amorphous carbon. The increased peak
widths in NSMSAC are attributed to heteroatom doping. Nitro-
gen and sulphur co-doping via thiourea introduces defects in
the carbon structure, further reducing its crystallinity.® The
Raman spectra that confirmed the degree of disorder in MSAC
and NS-MSAC are illustrated in Fig. 1(b) with typical D (at cm™")
and G (at cm™ ") bands of carbon.

The NOVA touch LX*> Quanta Chrome Analyzer (NOVA Touch
NT 2LX-1, 220 V, USA) was used to examine the specific surface
area and pore size distribution. The adsorption-desorption
isotherms of MSAC and NS-MSAC presented an isotherm type
I featuring a hysteresis loop IV according to the IUPAC classi-
fication, suggesting the presence of micropore and mesopore
structures in the synthesized materials (as displayed in Fig. 2(a)
and (b)). The SEM pictures of NS-MSAC and MSAC (as insets in
Fig. 2(a)) were examined with a Zeiss Ultra plus 55 field
emission scanning electron microscope. As seen in the result,
NS-MSAC and MSAC demonstrate outstanding interconnec-
tions and porous networks. 12 m NaNO; (m: mol kg™ ') was
prepared by dissolving 20.39 g (0.24 mol) of NaNO; in 20 mL of
deionized water. The solution was stirred for 6 hours to ensure
the total dissolution of NaNOj;. The conductivity of 12 m NaNO;
(167 mS cm™') was measured using a Jenco model 3020M
conductivity meter (Jenco, USA) with an accuracy of ~0.5 F S

E —— 0.25 NS Doped MS AC
——MS AC
-~~~
=
N
£
72}
)
= | 002
[
101
L) L) L) L) L L}
10 20 30 40 50 60
2 theta®

Fig. 1 (a) XRD patterns and (b) Raman spectra of MSAC and NS-MSAC.2%-%¢
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at 20.2 °C. The viscosity of 12 m NaNO; (2.69 mPa s) was
determined with an RV model NDJ-8S viscometer (W&] Instru-
ment Co., PRC). The Biologic VMP300 potentiostat (made in the
USA) equipped with the EC-Lab® software V11.50 was used in
three-electrode and two electrode set-ups to evaluate the elec-
trochemical performance of the electrode material using 12 m
NaNO; as the electrolyte. To fabricate the working electrode, a
mixture made of 80% active material (2.4 mg), 10% PVDF
binder (0.3 mg) and 10% carbon black (0.3 mg) was employed.
To make up for the conductivity that was lost when the
nonconductive PVDF was added, carbon black was utilized.
Two drops of N-methyl-2-pyrrolidone (NMP) were added to the
mixture to create a slurry and homogenize it. The resulting
slurry was pasted over the surface of a nickel foam current
collector and left to dry at 60 °C overnight to guarantee that the
binder evaporated entirely. The active material’s mass loading
ranged from 2.0 to 3.0 mg cm > The three-electrode system
consisted of a T-cell comprising the active electrode as the
working electrode, an Ag disc as the reference electrode, and a
glassy carbon disc as the counter electrode. The T-cell was used
to assemble symmetric and asymmetric devices in a two-
electrode arrangement with filter paper separating the electro-
des that were co-doped with N and S and MS-AC. To examine
the electrochemical performances of the working electrode,
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),
and electrochemical impedance spectroscopy (EIS) were utilized.
The CV measurements were conducted at various scan rates
spanning 5 to 100 mV s ', with potential windows of —1 to
0.0 V for the negative electrode and 0.0 to 1 V for the positive
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Fig. 2 MSAC & NS-MSAC (a) N, adsorption—desorption isotherms with SEM images given in the inset and the (b) pore size distribution.

electrode. The galvanostatic charge-discharge measurements
occurred at different specific currents ranging from 0.5 to
10 A g~'. The EIS was measured at various frequencies from
10 MHz to 100 kHz. The EIS data measurements were evaluated
using Nyquist plots. The specific capacitance (Cs,) in a three-
electrode set-up for the EDLC material is calculated using the
slope of GCD curves using the following equation:*

TAt B
Cip(three) = > (Feg) 2)

where I, At, m, and AV indicate the applied current, the discharge
time, the electrode mass, and the potential window, respectively.

The single electrode capacitance Cs, the energy density Eq,
the power density Py and the coulombic efficiency y of the two
electrode system are evaluated from the GCD profile according
to the following formulas:**

_ 4A:

Citwo) == (F ™) 3)

Eq4 :W (Whkg™") (4)
P 3600A Zx Eo (wig ) )
=2 (6)

where I, At, m, AV, tq and t. represent respectively the applied
current density, discharging time, total mass of both electro-
des, voltage, discharging time and charging time.

To balance the charges in a device, the mass balance
equation is necessary due to the differences in the working

2132 | New J. Chem., 2025, 49, 2129-2142
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potential and charge-discharge time between the positive and
negative electrodes. Thus, the following equation was used to
balance the charges:**

nmy _ Csz V_

T 507 - 7
m_ CS+AV+ ( )

3. Electrochemical discussion

3.1. Half-cell (three-electrode) analysis results

The electrochemical performances of MSAC and NS-MSAC
materials in the 12.0 m NaNO; WIS electrolyte were assessed
in a three-electrode set-up using cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) and electrochemical
impedance spectroscopy (EIS). The CV curves at 20 mV s '
and the GCD curves at 0.5 A g~ ', accompanied by their relative
performance capabilities in the negative (—1-0 V vs. Ag) and
positive (0-1 V vs. Ag) potential ranges, and EIS are displayed in
Fig. 3. Fig. 3(a) shows that all CV profiles of the tested electro-
des at a scan rate of 20 mV s ' exhibit rectangular shapes,
indicating electric double-layer capacitor (EDLC) performance.
However, the NS-MSAC (purple curve in the negative and red
curve in the positive) displays a quasi-rectangular shape with
additional broad peaks especially in the positive, suggesting
supplementary redox reactions occurring on the electrode
surface due to N and S dopants. The CV curves reveal that the
current response of the NS-MSAC was larger than that of MSAC
at 20 mV s~ ', showing that the NS-MSAC had a higher specific
capacitance. This is owing to the electrochemical oxidation-
reduction process induced by the presence of the nitrogen and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Fig. 3 (a) CV curves at 20 mV s7%, (b) GCD curves at 0.5 A g~%, (c) specific capacitance vs. specific current, (d) Nyquist plot for MSAC and NS-MSAC

samples.

sulphur functional groups. Additionally, compared to the undoped
activated carbon, NS-MSAC exhibits a broader positive potential
window (1.0 V vs. Ag). This can be explained by the limiting activity
of water in aqueous solutions through the application of the
12.0 m NaNO; water-in-salt electrolyte. The increased ESW of
12 m NaNOj; can be attributed to its distinct water structure
compared to dilute aqueous electrolytes. In aqueous electrolytes,
dissolved ions influence the H-bonding structure of water mole-
cules in the initial hydration shell of each ion (cations and
ions from the salt).*® In 12 m NaNOs, the number of free water
molecules decreases. Many water molecules are confined in a Na*
solvation layer, which disrupts hydrogen bonding between water
molecules, resulting in stronger O-H bonds inside individual
water molecules, inhibiting hydrogen evolution. Oxygen and
hydrogen evolution appeared to be suppressed as the salt concen-
tration increased, which is probably due to the decreased water
activity when sodium ions combine with water molecules at high
concentrations.*®?” Nevertheless, because of the low H' concen-
tration, heteroatom-doped carbon displays a large over-potential in
a neutral electrolyte that demonstrates higher potential for hydro-
gen and oxygen evolution, leading to enhancement in the potential
window.*® The GCD curves, shown in Fig. 3(b), obtained at a
specific current of 0.5 A g~' show triangular linear charge-
discharge profiles for both samples in the negative and positive
potential windows, confirming the EDLC and pseudo behaviours

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

illustrated in Fig. 3(a). The NS-MSAC electrode has a longer
discharge time compared to the undoped MSAC, which correlates
with the present CV profiles and confirms the sample’s enhanced
charge storage capacity. For MSAC and NS-MSAC, the maximum
specific capacitances determined from the discharge curves using
eqn (2) were 172.93 F ¢~ " and 206 F g~ ' at a current density of
0.5 A g ', respectively. The NS-MSAC sample has the highest
specific capacitance, which is in accordance with its largest current
response from the CV curves. Nitrogen functional groups on N
heteroatoms can provide sustained pseudo capacitance through
amine group redox reactions. These amine groups have good
electron-donor properties and better charge mobility and influ-
ence the electron transport through the carbon framework.*® Due
to their electron-rich nature, S heteroatoms can significantly
increase the interlayer distances of NS-MSAC, providing more
polarized surfaces and reversible pseudo sites, and thus produce
extra pseudo capacitance. Furthermore, the inclusion of S atoms
facilitates N functional groups’ redox reactions, which improves
electrochemical performance.

The increased wettability of the electrode material is another
benefit of sulphur doping.?” The insertion of nitrogen and
sulphur into the carbon framework results in better wettability,
higher conductivity and more pseudo capacitance which con-
tribute to the superior specific capacitance performance of the
NS-MSAC material. In other words, N and S co-doping raises the

New J. Chem., 2025, 49, 2129-2142 | 2133
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ion kinetics within the micropores and enhances interactions
between doped sites and electrolyte ions, which increases sur-
face/interface accessibility and significantly raises the electrical
double-layer capacitance.*’*> The correlation between the spe-
cific capacitance and specific current of the active materials
was assessed using GCD measurements, conducted over a
range of 0.5 to 10 A g~ ' in the negative potential region, with
the results illustrated in Fig. 3(c). NS-MSAC had a high specific
capacitance of 117 F g~ " at 10 A g™, but NS-MSAC only had
72 Fg " at 10 A g~ ". The explanation could be that with higher
specific currents, there is not enough time for ions to migrate,
aggregate, and diffuse towards the surface and inner pores of
the active materials, resulting in a drop of capacitance res-
ponse during the quick charge and discharge processes.****
To acquire a thorough comprehension of the charge transfer
and ion diffusion in electrodes, Nyquist plots are employed.
Fig. 3(d) indicates the MSAC and NS-MSAC samples’ Nyquist
plots in the 12.0 m NaNO; electrolyte. The equivalent series
resistance (ESR) is given by the intercept with the x axis at high
frequency ranges. The electrode surface resistance (ESR) is a
crucial characteristic for supercapacitor materials as it reveals
the resistance between the electrode material and the current
collector as well as the resistance between the working elec-
trode and ions from the electrolyte. Because of the higher
potential drop, supercapacitor performance may be adversely
affected by high ESR values. NS-MSAC has the lowest equivalent
series resistance (ESR = 0.81 Q) compared to MSAC (ESR =
1.59 Q). The reduced ESR in NS-MSAC indicates improved
electrical conductivity and less resistance at the interface of
the electrode and electrolyte, and the electrode-current collec-
tor interfaces. Furthermore, the high-frequency semicircle
represents the charge-transfer resistance (R.) generated on
the surface of the active material. The NS-MSAC has a lower
R (0.95 Q) value compared to MSAC (1.50 Q) based on the
semicircle estimation. The NS-MSAC sample has shorter diffu-
sion lengths, showing faster ion diffusion at the electrode/
electrolyte interface compared to the pristine activated carbon
which provides beneficial properties for the capacitive material.
The high conductivity and wettability of the electrode material’s
surface reduce the diffusion resistance between the electrode
and the electrolyte ions. Electrolyte ions can easily access
porous materials as illustrated by the low R, of NS-MSAC.*>"*¢
Furthermore, the NS-MSAC Nyquist plot curve demonstrates
superior EDLC capacitive performance, with a nearly parallel
straight line to the imaginary axis, whereas MSAC has an
almost vertical line. The NS-MSAC’s low resistance is due to
the integration of heteroatom-doped carbon, which induces a
large contact surface and ion transport.

Dunn’s approach was used to investigate the contribution of
all EDLC and pseudocapacitive samples in a 12.0 m NaNO;
water-in-salt electrolyte to acquire an exhaustive understanding
of the capacitive behaviour of the NS-MSAC and MSAC materi-
als as depicted in Fig. 4 and 5. Activated carbon contributed to
the majority of the EDLC behaviour, and heteroatom doping
such as N and S contributed to the greater surface functionality, as
evidenced by the pseudocapacitive features observed. By applying
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Dunn’s method and analyzing the cyclic voltammetry data at
different scan rates, the capacitive contributions were calculated
using eqn (11),"

i=at (8)

where i the measured current density has a power law relation-
ship with the scan rate v. Both a and b are changeable
parameters, in which the b-values can be determined by the
slope of the logi vs. log v plot. Surface capacitance-dominated
systems have b values around 1.0, whereas diffusion -controlled
processes typically have their b values near to 0.5. The MSAC
and the NS-MSAC have a and b values of 0.990 and 0.945,
respectively (as depicted in Fig. 4(a) and (b), indicating an
excellent capacitance-dominated system.

Fig. 4 and 5 present the surface-controlled (cyan colour) and
the diffusion-controlled (magenta colour) contributions and
their contributions at different scan rates. MSAC has a larger
EDLC contribution in capacitance for surface-controlled
(95.2%) than NS-MSAC (74.7%) at 5 mV s ' (as shown in
Fig. 4(c), (d) and 5(a), (d). Increasing the scan rate gradually
enhances the surface-controlled and decreases the diffusion-
controlled effect caused by redox processes. The MSAC has a
diffusion-controlled rate of less than 2% at 50 mV s '. The
EDLC accounts for almost all the capacitances. At high scan
rates, the ions inside the electrode don’t have enough time to
diffuse toward the surface and the inner pores of the active
materials, so it’s evident that the diffusion-controlled is
decreasing. As the results are compared to a low scan rate,
NS-MSAC presents less diffusion-controlled at high scan rates.
NS-MSAC has a surface-controlled rate of 90.3% at 50 mV s~ " as
displayed in Fig. 4(d) and 5(f). The NS-MSAC sample exhibits a
much higher percentage of pseudo capacitance in 12.0 m
NaNO; WIS as compared to the MSAC sample. This is due to
the N and S dopants providing additional pseudo-capacitive
behaviour. Functional groups comprising nitrogen (pyridinic-N
and pyrrolic-N) and sulfur (sulfonyl -C-SO,-C- and thiophene
—-C-S-C-) employed during the doping process improve the
pseudo-capacitive performance of activated carbons used in
supercapacitors. The suggested pseudo-capacitance may have
happened via the reversible faradaic reactions given below:*®

C=N+H"+e « C-NH 9)

C-S0,-C +2e~ < C-SO-C (10)

(11)

Furthermore, surface-controlled contributions outperformed
the diffusion-controlled redox contributions when charge storage
contributions were determined at low and high scan rates,
confirming that EDLC storage mechanisms are dominant in
both MSAC and NS-MSA.

C-SO-C + e < C-SOH-C

3.2. Full cell (two-electrode system measurement)

To assess the practical viability of carbon electrodes in highly
concentrated aqueous electrolytes, we assembled three
supercapacitor devices - symmetric NS-MSAC//NS-MSAC and

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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MSAC//MSAC, and asymmetric NS-MSAC//MSAC using 12.0 m were balanced to attain equal charge contribution by using

NaNO; as the electrolyte. The masses of the electrode materials

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

eqn (7). This was done according to the variations in the
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potential windows and charge/discharge rates in the three
electrode measurement for NS-MSAC and MSAC. The operative
areal mass of the assembled devices, including both the
positive and negative electrodes (NS-MSAC or MSAC), was
approximately 4.3 mg cm > per device. Fig. 6(a) displays
the CV curves for devices using the 12.0 m NaNO; electrolyte
at a scan rate of 20 mV s '
All devices exhibit an electrochemical cell voltage of 2.0 V, as

in two-electrode measurements.

determined from the positive and negative potential limits. The
water-in-salt electrolyte causes the high cell voltage by delaying
the kinetics of hydrogen and oxygen synthesis on the anode
and cathode, respectively. This is advantageous for the high
specific energy of supercapacitors. The NS-MSAC//NS-MSAC has
the highest current response, which suggests that the device’s
ionic conductivity has improved. The GCD curves for all the
assembled devices were obtained as illustrated in Fig. 6(b). The
figure shows the EDLCs’ characteristic behaviour, exhibiting
symmetrical charge-discharge paths with all the devices, indi-
cating ideal capacitive performance. A prolonged discharge
time is exhibited by the NS-MSAC//NS-MSAC. The specific
capacitance derived from the GCD curves at 0.5 A g ' using
eqn (3) reveals that NS-MSAC//NS-MSAC maintains the highest
specific capacitance (Cy, = 180 F g~ ') compared to NS-MSAC//
MSAC (Cq, = 148 F g ') and MSAC//MSAC (Cy, = 128 F g™ '). The
rate capabilities of all the devices illustrating a comparison
of their specific capacitances at various specific currents are

2136 | New J. Chem., 2025, 49, 2129-2142

illustrated in Fig. 6(c). All devices show reduced capacitances
with increasing current densities. This can be explained by the
fact that the controlled diffusion effect gradually decreases at a
high current density, as shown by the Dunn method, due to the
presence of doping heteroatoms. Additionally, the electrolyte
ions do not have enough time to reach the pores in the carbon
material indicating that only a portion of the electrolyte ions
may enter the electrode pores at a high current density. To gain
a deeper comprehension of the supercapacitor’s performance,
EIS was used to analyse the electrochemical behaviour of the
supercapacitors. Fig. 6(d) depicts the Nyquist plots for NS-
MSAC//NS-MSAC, NS-MSAC//MSAC, and MSAC//MSAC devices
in 12 m NaNO; electrolytes. All the devices have a Nyquist plot
consisting of a semi-circle at high frequencies and a linear
slope at low frequencies. A semicircle with a little curvature, a
short diffusion path and slope at the y-axis, and an equivalent
series resistance (ESR) on the x-axis (Z-axis) that approaches
zero are the characteristics of EDLC materials.*® The charge
transfer resistance (R.) which is the point of intersection on the
right-hand side of the semicircle provides further details
related to the reactions that take place at the interface between
the electrode and electrolyte. R, values of 0.17, 1.64 and 3.44 Q
were obtained for the NS-MSAC//NS-MSAC, NS-MSAC//MSAC,
and MSAC//MSAC devices, respectively. The equivalent series
resistance values, determined by the intersection of the diffu-
sion path with the x-axis, were 1.61 Q for NS-MSAC//NS-MSAC,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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2.14 Q for NS-MSAC//MSAC, and 7.89 Q for MSAC//MSAC,
respectively. These features demonstrate that NS-MSAC//NS-
MSAC has the highest ion mobility rate out of the three devices
tested. These results confirm that N and S doping heteroatoms
significantly improve the mobility of ions in highly concen-
trated WIS electrolytes.

The lifespan of the electrode material is a critical factor in
the performance of a supercapacitor. Fig. 7(a) shows the cycling
performance of NS-MSAC//NS-MSAC, NS-MSAC//MSAC, and
MSAC//MSAC at 5 A g~ '. Within 8000 cycles, the NS-MSAC/
NS-MSAC device exhibits exceptional cyclability. It retains 85%
of its initial capacitance, whereas NS-MSAC//MSAC and MSAC//
MSAC retain 77% and 70% of their original capacitance,
respectively. Fig. 7(b) plots the coulombic efficiency vs. cycle
number for the devices at 5 A g~ . The stability was verified over
8000 charge-discharge cycles. The device’s coulombic effi-
ciency (Cg) was estimated using the following equation:*’

11
n=-2x100

. (12)

where ¢. and t4 denote the charging and discharging times at
the same specific current, respectively. NS-MSAC//NS-MSAC
demonstrated a coulombic efficiency of 99.6%, while NS-
MSAC//NS-MSAC and MSAC//MSAC had 99.46% and 99.22%,
respectively. Fig. 7(c) depicts a Bode plot of the various devices
built in a 12 m NaNO; water-in-salt electrolyte. The NS-MSAC//
NS-MSAC cell exhibits superior supercapacitive behaviour, with
a phase angle of —84° at lower frequencies, which is closer to
the ideal supercapacitive phase angle of —90° making it ideal

View Article Online
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for capacitive applications. NS-MSAC//MSAC and MSAC//MSAC
have a phase angle of —80, also indicating good capacitive
properties.

Fig. 8(a) displays the CV curves of the device NS-MSAC//NS-
MSAC measured at scan rates ranging from 5 to 100 mV s~ .
The CV curves show a quasi-rectangular form, indicating EDLC
behaviour. The capacitive response remained stable with an
increase in the scan rate while maintaining a rectangular
shape. The symmetric device NS-MSAC//NS-MSAC exhibits
excellent ion diffusion and rapid ion transport between the
active materials and current collector. This reveals that the
device’s material has a low contact resistance, resulting in
increased electrical conductivity due to the presence of doping
heteroatoms. The device operated at a voltage of 2.0 V, con-
firming the distinctive behaviour of the 12 m NaNO; water-in-
salt electrolyte that limits the water activity with lower free
water in 12 m NaNO; compared to the salt in water electrolytes.
WIS can lead to an increase in the potential of hydrogen and
oxygen evolution. Fig. 8(b) illustrates the GCD curves of the
symmetric device NS-MSAC//NS-MSAC for various current densi-
ties ranging from 0.5 to 10 A g~ . The triangular pattern depicts a
double layer capacitor. It could operate in the same voltage win-
dow of 2.0 V with a minimal IR drop. The NS-MSAC//NS-MSAC
capacitance vs. specific current was determined from GCD curves
using eqn (2), as shown in Fig. 8(c). The symmetric device achieved
a maximum specific capacitance of 180 F ¢~ at 0.5 A g ' and
maintained 92 F g~ " even at a high specific current of 10 A g%,
After 8000 cycles, NS-MSAC//NS-MSAC demonstrated a superior
coulombic efficiency of 99.6%, near to 100% at 5 A g~'. The EIS
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(a) Capacitance retention against cycle number, (b) coulombic efficiency vs. cycle number and (c) Bode plots for all devices.
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Nyquist plot (with the inset showing the equivalent circuit diagram used for the fitting of data).

plot for the NS-MSAC//NS-MSAC cell was fitted, as shown in
Fig. 8(d), using the Z-Afit from the software @EC lab V11.50, with
the corresponding electrical circuit displayed as an inset to the
figure. The equivalent electrical circuit shows that R; represents
the equivalent series resistance (ESR), while C; and C, represent
the double layer capacitance interface and the pseudo capacitance
resulting from ion charge transfer. The constant phase element Q,
and the Warburg diffusion element W are connected in series with
R4, which symbolizes the R.. Because the divergence from the y
axis is not considerable, the leakage resistance (Ry,) represented by
R; in the circuit is responsible for the Nyquist plot’s deviance from
the imaginary axis. In this situation, R;, is tiny. The ESR and
R, values obtained from the fitting EIS were 1.412 and 0.878 Q,
which are comparable to the experimental values of 1.61 and
0.17 Q suggesting a good match between the Nyquist plot and the
Z fit EIS.

The capacitor retained 85% of its specific capacitance even
after 8000 cycles (Fig. 9(a)). The reported 85% capacitance
retention can be attributed to the ease of passage of the
electrolyte ions owing to the improved electrical conductivity,
providing for several charge/discharge cycles. A gradual reduc-
tion is noticeable at about 500 cycles due to the partial collapse
of some pores in the active material, resulting in a drop for the
specific capacitance. Fig. 9(b) shows the frequency-dependent
real (C'(w)) and imaginary (C"(w)) capacitances obtained

2138 | New J. Chem., 2025, 49, 2129-2142

from eqn (14) and (15), where Z(w) is the impedance Z(w) with
o = 2nf>°

Ay o) (9)
Clo s (15)
2e) = Z(F + Z(f (16)

The graph reveals a real accessible capacitance (C'(w)) of 0.12 F
and an imaginary capacitance C”(w) resulting in a relaxation
time (tr = 1/2nf, where f is the peak frequency) of 0.23 s at
0.636 Hz, signifying that the device can quickly and effectively
charge and discharge in a short time Fig. 9(c) illustrates the
relationship between the phase angle and frequency. The phase
angle is approximately 84 (the ideal value is 90), indicating that
the functioning of the cell is nearly identical to that of an ideal
capacitor. Ragone’s plot [Fig. 9(d)] depicts the correlation
between the specific energy and specific power of the sym-
metrical NS-MSAC//NS-MSAC supercapacitor cell at various

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025
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Table 1 Water-in-salt electrolyte symmetric devices’ performance comparison

Material Electrolyte Csingle F g1 Cell voltage (V) ES (W h kg™ P, (Wkeg™) Ref.
AC//AC 5 m LiTFSI 143 2.5 24 480 52
N/SCSAC//N/SCSAC 25 m KAC — 2.94 48.86 — 53
AC//AC 17 m NaClO, — 2.3 23.7 — 54
AC//AC 31.3m — 2.4 30 228 55
AC//AC 8 m NaTFSI 170 1.8 14.4 56
AC//AC 12 m NaNO; — 2.1 20.5 — 57
NSMSAC//NSMSAC 12 NaNO; 206 2.0 25 512 This work

current densities. The NS-MSAC//NS-MSAC symmetrical cell
delivered an energy density of 25 W h kg™ " with a power density
of 512 W kg " at a specific current of 0.5 A g, which is higher
than those obtained with the two additional devices, which
displayed maximum energy specific values of 21.1 W h kg™ for the
asymmetrical device of NS-MSAC//MSAC and 18.01 W h kg™ " for
MSAC//MSAC at 0.5 A g~ . The NS-MSAC//NS-MSAC device using
12 m NaNO; exceeds or matches the similar previously reported
devices. The results were largely attributed to the beneficial proper-
ties of 12 m NaNO; WIS, which include the smaller ion size of
NO;~ (179 pm), as well as the better conductivity and adequate
viscosity of NaNOj, which increase ion accessibility at the electro-
lyte/electrode interphase.’” In addition, the application of 12 m
NaNO; substantially increases the cell voltage while decreasing
water activity. In addition, co-doping N and S not only enhances

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2025

conductivity and wettability, but also adds capacitance through
redox processes, which enhanced the total capacitance (Table 1).

4. Conclusion

In conclusion, we have demonstrated the complementary
effects of applying N and S co-doped activated carbon when
combined with a high concentration aqueous salt (12 m
NaNO;) on electrochemical energy storage performance. With
nitrogen and sulphur functionalities, the carbon material could
exhibit a capacitance of 206 F ¢!, demonstrating exceptional
cycle stability (85% after 8000 cycles) making it a great electrode
material for energy storage. As result the NS-MSAC//NS-MSAC
supercapacitor showed outstanding performances. The devices
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have a specific capacitance of 180 F ¢~ with specific energy and
specific power values of 25 W h kg™" and 512 W kg™ ' at
0.5 A g%, respectively. The specific energy and power at 10 A g *
were determined to be 12.94 W h kg™ * and 10 kW kg™, respectively.
The high coulombic efficiency of 99.6% and capacitance retention
of 85% after 8000 cycles demonstrate exceptional stability.
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