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Understanding the charge-storage mechanism and
interfacial kinetics of graphitic carbon nitride
electrodes in redox-additive electrolytes for
supercapacitors

Mustapha Balarabe Idris, (2* Bhekie B. Mamba and Fuku Xolile

The addition of a redox additive to an aqueous electrolyte is one of the facile methods to enhance the
electrochemical performance of carbon-based electrode materials. Furthermore, understanding the
mechanisms and charge-transfer kinetics at electrode/electrolyte interfaces provides invaluable
information, which enables the rational design of interfaces between the electrode and the electrolyte,
thereby achieving optimal performance. Herein, we report the role of redox additives, namely, H,SO4 +
KsFe(CN)g and H,SO4 + Kl, in enhancing the capacitance performance of carbon-rich graphitic carbon
nitride (CR-gCN). The cyclic voltammetry and galvanostatic charge—discharge revealed that CR-gCN
exhibited superior charge storage in H,SO4 + Kl, which is ~3.5-fold higher than in pristine H,SO4
electrolyte. Although charge storage mechanism studies revealed that a diffusion-controlled process
dominates the capacitance contribution in both electrolytes at lower scan rates, the H,SO4, + Ki
electrolyte shows a greater diffusive contribution at higher scan rates, indicating faster ion transport from
the bulk to the electrode interfacial region. The charge transfer kinetics of CR-gCN in redox additive
electrolytes investigated using modified Nicholson's method reveal that H,SO4 + Kl electrolyte exhibits
a heterogeneous charge transfer constant (k%) of 0.453 cm s, which is approximately 1.6 times higher
than that of H,SO, + KsFe(CN)g, suggesting faster interfacial electron transfer. A symmetric device
fabricated using H,SO4 + Kl electrolyte exhibits a stable working voltage of 1.4 V and delivers an energy
density of 37.65 Wh kg™t at a power density of 3279 W kg™ . Furthermore, the device retains decent
cycling stability over 10 000 cycles.

1 Introduction

Over the past few decades, supercapacitors (SCs) have received
a large amount of attention mainly owing to their higher energy
density compared to conventional capacitors and superior
power density compared to batteries."* Besides, SC exhibits
other attributes, including long cycling stability, a wider
working temperature, and impressive safety, which make them
an energy storage device of choice for various applications.*”
Based on the charge storage mechanism, SC are typically clas-
sified into electric double layer capacitors (EDLCs), pseudo-
capacitors and hybrid capacitors.*” EDLCs, which are based on
carbonaceous materials, store charge through the accumulation
of charge at the electrode/electrolyte interfaces via a non-
faradaic reaction, whereas pseudocapacitors store charges
through the charge transfer process between the electrode and
electrolyte via a fast faradaic reaction.®® Pseudocapacitors are
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commonly fabricated using transition metals and conducting
polymers. On the other hand, hybrid SCs exhibit the charge
storage mechanism of both EDLCs and pseudocapacitors.
Although pseudocapacitors deliver higher specific capacitance
and thus superior energy density, the inferior rate performance
and limited cycling stability remain major drawbacks.'®™
Conversely, EDLCs that exhibit excellent rate capability and
almost-infinite cycle life suffer from low energy density, which is
mainly attributed to their surface-dependent charge storage.'>**
It is worth noting that the energy density of SC is related to the
capacitance of the electrode materials and the stable working
voltage of the electrolyte. Although various attempts have been
made to tune the properties of the electrode materials, the
approach to improving the stable working voltage of aqueous
electrolyte-based SCs is limited."* Of special attention, redox
additive electrolyte, which contains species capable of under-
going redox reactions, has emerged as a promising electrolyte
for enhancing the supercapacitive performance of carbona-
ceous SCs."™'® This class of electrolyte is typically prepared by
adding a small amount of redox-active species, such as ferricy-
anide, hydroquinone, or transition metal ions, to the
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conventional electrolyte.””'* Besides reducing the solution
resistance of the conventional electrolyte, the presence of redox
species enhances the charge transfer rate by lowering the charge
transfer resistance. Furthermore, the rapid and reversible
shuttling of redox pairs between the electrode and the electro-
Iyte interfaces results in pseudocapacitance, which enhances
the overall performance of SC."*° Indeed, various researchers
have reported enhancements in the supercapacitive perfor-
mance of several carbon-based materials, including reduced
graphene oxides,""* carbon fibres,'® functionalized carbon
nanotubes,”” and honeycomb-like carbon,'” as well as porous
carbon,'® using various redox additive couples. Beyond super-
capacitors, KI and other iodide-based redox mediators have
been widely employed in diverse electrochemical systems,
including Li-O, batteries and aqueous metal-ion batteries.****
For instance, Lei et al.,”” reported the use of KI as a mediator to
facilitate the dissolution of MnO, and recover ‘lost’ capacity
from exfoliated MnO,, thereby improving cycling stability. The
zinc-manganese battery exhibits improved cycling stability over
400 cycles at 2.5 mA h cm ™2 in the presence of iodide mediator.
It is worth noting that the KI system exhibits higher intrinsic
reaction kinetics and stronger pseudocapacitive enhancement
than other redox additives.”® Nonetheless, it is susceptible to
diffusion-related limitations at elevated operating rates.*

Mesoporous graphitic carbon nitride (CR-gCN), exhibiting high
nitrogen content, superb thermal and mechanical stability, and
excellent textural properties, among others, has emerged as
a promising electrode material for SCs."**** Besides the utilisation
of pristine graphitic carbon as a standalone electrode material for
SC, various composites containing metal oxides and conducting
polymers were reported. For instance, Jiang et al*® reported
a specific capacitance of 668 F g at a current density of 2 A g™ " for
cobalt sulfide/GCN nanosheet hybrid composite in 3 M KOH."”
Chen et al” reported a specific capacitance of 264 F g~ at
a current density of 0.4 A g~ for an asymmetric capacitor con-
structed using three-dimensional graphitic carbon nitride func-
tionalized graphene composites. Nanostructured needles like
NiCo,0, on GCN exhibited a capacitance of 253 F g~ * at a current
density of 2 A ¢! in 6 M KOH.?® While previous studies have
investigated redox-additive electrolytes in carbon-based systems,
as highlighted above, the performance of the CR-gCN electrode in
redox additive electrolytes has not yet been reported. Furthermore,
understanding the charge transfer kinetics at electrode/electrolyte
interfaces provides invaluable information, which enables the
rational design of various interfaces between the electrode and the
electrolyte, thereby achieving optimal performance.

In this work, the capacitance properties of CR-gCN in H,SO,
and H,S0,-based redox electrolytes containing K;Fe(CN)s and KI
are reported. The cyclic voltammetry technique is employed to
understand the mechanism and kinetics of charge transfer in
H,S0,-based redox electrolytes.

2 Experimental
2.1 Materials and methods

All chemicals used in the present study were of analytical grade
and used as received from Sigma-Aldrich.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis of CR-gCN

In a typical synthesis, 0.3 g of carboxymethylcellulose (CMC)
with an average molecular weight of =700 000 was dissolved in
1:2 ethanol:water mixture under constant stirring. To this
mixture, 1.6 g of melamine and 5 g of 50% glutaraldehyde were
added, and the stirring was maintained for 10 minutes.
Subsequently, the pre-condensation of melamine and glutaral-
dehyde was initiated by raising the reaction temperature to 70 ©
C for 4 hours. The obtained CMC/melamine/glutaraldehyde pre-
condensed composite was dried at 80 °C followed by crushing
into a fine powder. The fine powder thus obtained was trans-
ferred into a crucible with a lid, covered with aluminium foil,
and finally carbonised at 600 °C for 4 hours. The product ob-
tained was washed with 1.0 M HCI, rinsed with distilled water
and finally with ethanol.

2.3 Preparation of redox-additive electrolyte

In a typical synthesis, either 0.823 g of potassium ferricyanide
(K3Fe(CN)e) or 0.415 g of potassium iodide (KI) was added to
a 50 mL capacity volumetric flask. Subsequently, 1 M H,SO,
solution was added to the above flask and made up to the 50 mL
mark to obtain either 1 M H,SO, + 0.05 M K;3;Fe(CN)g or 1 M
H,SO, + 0.05 M KI electrolyte. Although (K; [Fe(CN)e]) is
generally stable in neutral and alkaline solutions, it may release
hydrogen cyanide (HCN) under strongly acidic conditions or
upon heating; therefore, acidic ferricyanide solutions must be
prepared and handled with care.

2.4 Physiochemical characterisation

The Powdered X-ray Diffraction (PXRD) pattern of CR-gCN was
recorded using a Rigaku Smart Lab X-ray diffractometer
equipped with Cu Ka as the radiation source. The bulk chemical
composition of the CR-gCN sample was recorded using a 400
series Spotlight PerkinElmer Fourier transform infrared (FTIR)
spectrophotometer using the KBr pellet technique. The micro-
structures in CR-gCN were studied using FEI Teiknnai F30-S
TWIN high-resolution transmission electron microscope (HR-
TEM) and ZEISS field-emission scanning electron microscope
(FE-SEM). The surface area analysis of the as-prepared sample
was investigated using a Micromeritics TriStar II 3020 3.02
surface area analyser. Before the sorption study, the sample was
degassed at 150 °C for 4 hours under vacuum and nitrogen was
used as the adsorptive gas.

2.5 Electrochemical characterisation

The capacitance properties of CR-gCN were firstly evaluated
under a three-electrode system using CR-gCN coated onto
a stainless steel foil, Pt foil and Ag/AgCl as working, counter and
reference electrodes, respectively. The CR-gCN working elec-
trode was fabricated by mixing 80% of the active material, 10%
of Super P carbon black and 10% of polyvinylidene difluoride
binder. After the above mixture was manually ground, a few
drops of N-methylpyrrolidone solvent were added to form
a slurry, which was then coated onto a pretreated stainless steel
foil and finally dried overnight at 80 °C. The capacitance
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properties of CR-gCN were recorded in both pristine (1 H,SO,)
and redox-additive electrolytes (1 M H,SO, + 0.05 M K;Fe(CN),
and 1 M H,SO, + 0.05 M KI) using a BioLogic VMP-3e Multi-
channel Potentiostat.

3 Results and discussion
3.1 Physicochemical characterisation of CR-gCN

The powder X-ray diffraction is utilised to study structural
characteristics of the CR-gCN, and the result is depicted in
Fig. 1a. The PXRD peaks witnessed at 20 = 13.57°, 26.24° and
43.01° (101), corresponding to the graphite-like stacked struc-
tures in g-CN and amorphous carbon correspond to the (100),
(002) and (101) planes respectively, found in GCN.>***** While
the (100) reflections arise from in-plane structural packing of
tri-s-triazine units, the (002) peak corresponds to the interlayer
stacking found in conjugated aromatic systems.***> The
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broadness of the (002) peak indicates poor crystallinity in CR-
¢CN domains. Besides, the interplanar space of 0.3392 is
higher than the value reported for CR-gCN prepared using the
hard template method, which could be attributed to the pres-
ence of in-plane residual carbon resulting from the decompo-
sition of the precursor and biotemplate during the high-
temperature carbonisation.***® The presence of residual
carbon domains is expected to facilitate electronic conductivity
and enhance charge transfer kinetics during electrochemical
processes.>”~*° The functional groups and bonding environment
in CR-gCN were investigated using FTIR spectroscopy, and the
result is presented in Fig. 1b. The broad absorption at
~3400 cm ' is assigned to N-H and/or O-H stretching found in
amine groups and/or surface hydroxyls.*” The weak peak seen at
around 2090 cm ' corresponds to C=0, whereas the stretching
vibrations of C=N and C-N heterocycles were observed at
a wavenumber of ~1630 and 1240 cm ', respectively.***? The
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Fig. 1 (a) PXRD pattern, (b) FTIR and (c) EDX spectra of CR-gCN.
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Fig. 2 (a) Low and (b) high magnification FE-SEM images of CR-gCN.

band at ~810 cm™" corresponds to the breathing mode of s-
triazine units found in the polymeric heptazine framework. The
peak observed at around 606 cm ™" is attributed to the presence
of sp®> domains in amorphous carbon, further suggesting the
presence of amorphous carbon domains.* The energy disper-
sive X-ray (EDX) spectrum presented in Fig. 1c reveals the
presence of peaks corresponding to carbon, nitrogen and
oxygen, with a relative atomic weight of 63.70, 23.90 and 10.90%
respectively. The minor peak, which corresponds to sodium
with a relative atomic weight of 1.5% could have arisen from the
sodium CMC template used during the synthesis. The higher
relative atomic weight of carbon further confirms the incorpo-
ration of residual carbon originating from the thermal decom-
position of precursors and template.*>**

400inm

Fig. 3 (a) Low and (b) HR-TEM images of CR-gCN.

© 2026 The Author(s). Published by the Royal Society of Chemistry

The microstructures in CR-gCN were studied using FE-SEM
and TEM. As seen in Fig. 2a, the SEM image of CR-gCN reveals
the presence of micron-scale platelet-like structures stacked
together to form a loosely packed, three-dimensional network. It
can be observed that the surface of the FE-SEM image of CR-gCN
at high magnification is composed of rough surfaces, implying
the presence of pores (Fig. 2b). The observed surface roughness
in the FE-SEM image of CR-gCN is believed to originate from the
thermal decomposition of the pre-mounted biotemplate during
carbonisation, which is expected to facilitate the surface acces-
sibility of ions and improve mass transport diffusion.

The low-resolution TEM image of CR-gCN reveals a stacked
and partially transparent flake-like nanostructure (Fig. 3a). The
inability of the electron beam to transmit through the stacked

RSC Adv, 2026, 16, 246-260 | 249
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6
. (a)
< 34
= e
& 0
~ 1 ~— 77 )
2 e
()
c -3
g ——H,S0,
- 5/ ——H,S0,+K,;Fe(CN),
g ——H,S0,+KI
=
= 9+
(&)
12+
-0.2 0.0 0.2 0.4 0.6 0.8
Potential (V) vs Ag/AgCl
——5mVs"’
—10mvs’ H,SO,+K.Fe(CN
— 244 —2 :v :-‘ (C) 2SO0 +K;Fe(CN)g
[ 30mvs"’
o ——40 mV s
<L 164 —s0mvs’
~ —60mvs"
3 ——70mV s
CT) 80mvs"'
c 89 —smvs
Q 100 mv s
e >
c 01
o
=
S 84
o 8
-16

-0.2 0.0 0.2 0.4 0.6

Potential (V) vs Ag/AgClI

0.8

View Article Online

Paper

layers of CR-gCN resulted in the presence of dark spots in the
low-resolution TEM image. The observed improvement in
transparency along the edges of the high-resolution TEM image
of CR-gCN (Fig. 3b) is attributed to the reduced degree of
stacking and partial exfoliation at the sheet edges.

The textural properties of CR-gCN were analysed using
nitrogen adsorption-desorption isotherms, and the results are
presented in Fig. 4. The nitrogen isotherm of CR-gCN exhibits
a type IV hysteresis loop in the relative pressure range of 0.49-
0.98 (Fig. 4), a typical property of mesoporous material.*®
Furthermore, the presence of Hj; loops suggests that the
mesopore originated from the aggregation of plate-like parti-
cles.* The multi-point Brunauer-Emmett-Teller (BET) surface
area is 85.48 m” g, and the pore volume is 0.275 cm® g~ *. The
surface area and pore volume obtained in the present study are
significantly higher than those obtained for GCN prepared by
direct thermal carbonisation of the precursor, a clear indication
of the role of the biotemplate in enhancing the textural prop-
erties of GCN."**® As witnessed in Fig. 4a (in set), the Barrett-
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Fig.5 (a) Combined CVs of the CR-gCN electrode in pristine and redox-additive electrolytes recorded at a scan rate of 5 mV s~*. CVs recorded
at various scan rate ranges from 5 to 100 mV s~ tin (b) 1 M H,SOy, (c) H,SO4 + KsFe(CN)g and (d) HoSO4 + Kl electrolytes.
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Joyner-Halenda (BJH) pore size distribution indicated that the
average pore size is centred around 7.7 nm.

3.2 Electrochemical characterisation of C-gCN electrode
under three configurations

The electrochemical performance of CR-gCN electrode is eval-
uated in both pristine and redox-active electrolytes using cyclic
voltammetry (CV). As shown in Fig. 5a, the CV profile of CR-gCN
in 1 M H,SO, exhibits a pseudo-rectangular shape, character-
istic of electric double-layer capacitive and surface faradaic
redox behaviour.**** While the double-layer capacitance is
ascribed to the adsorption/desorption of ions on/from the
surface of the electrode materials, the faradaic reactions of
nitrogen and oxygen functionalities contribute to the pseudo-
capacitance.* Upon the introduction of either K;Fe(CN)g or KI
into the pristine electrolyte, distinct redox peaks were wit-
nessed, which correspond to a reversible reaction involving
electron transfer in the redox systems. The redox shuttling
operating in the redox additive-based electrolytes results in the
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enhancement in the area under the CV curve of the CR-gCN
electrode in both 1 M H,SO, + 0.05 M K;Fe(CN)¢ (H,SO, +
K;Fe(CN)g), and 1 M H,SO, + 0.05 M KI (H,SO, + KI) electrolyte.
Furthermore, it can be observed that the area under the CV
profile of the H,SO, + KI system is significantly higher than that
of H,S0, + K3Fe(CN)s system, an indication that CR-gCN stores
a higher number of charges in the H,SO, + KI electrolyte. It is
noteworthy that the Kl-containing electrolyte exhibits asym-
metric anodic/cathodic currents, which is characteristic of
iodide-polyiodide electrolytes.®* This behaviour arises from the
tendency of triiodide species to interact strongly with carbo-
naceous surfaces, and their partial retention, which can lead to
disproportionate current densities during forward and reverse
scans.”® The redox reaction operating in H,SO, + K3Fe(CN)e and
H,SO, + KI is presented in eqn (1)-(4), respectively.*"*
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Fig. 6 Randles—Sevcik plot (i, vs. v'/?) and percentage capacitance contributions of CR-gCN in (a and c) H,SO, + KzFe(CN)g and (b and d)

H,SO4 + Kl electrolytes.
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Table 1 Kinetic parameters obtained from redox-additive electrolytes

Electrolyte D (ecm?s™ ) K (ems™) b
H,S0, + K;Fe(CN)g 8.43 x 107° 0.284 0.6460
H,SO0, + KI 4.0 x 1074 0.453 0.6399

217 o L+ 2 E°= =+0.424 V vs. Ag/AgCl (3)

2I; o 3L+ 2 E° = =+0.592 V vs. Ag/AgCl (4)

The higher charge storage capability of CR-gCN in H,SO,4 +
KI compared to H,SO, + K3Fe(CN); is attributed to the ability of
KI to undergo fast transformation into the I /I3~ redox couple.*®
The formed iodide readily forms polyiodide species that can be
weakly adsorbed to the CR-gCN surface, enabling rapid,
reversible electron transfer at the electrode interface. Fig. 5b—
d present the scan rate-dependent CV responses of CR-gCN in
pristine, H,SO, + K3Fe(CN)s and H,SO, + KI systems, respec-
tively. Evidently, the CV curves in pristine electrolyte maintain
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their quasi-rectangular shape even at a high scan rate of 100 mv
s~', demonstrating good reversibility and capacitive behaviour.
In contrast, both K;Fe(CN)s and KI electrolytes display
progressive shifts in the anodic and cathodic peak potentials
with increasing scan rate, a characteristic of quasi-reversible
electron-transfer kinetics. In general, driving interfacial
charge transfer at higher scan rates leads to the formation of
thinner diffusion layers, which, in turn, introduce mass-
transport limitations that require larger overpotentials to
drive the reaction.***

To understand the mechanism of charge storage and mass-
transport limitations in the redox additive electrolytes, a Ran-
dles-Sevcik equation is utilised (eqn (5)).

3
I, =2.69 x 10° x A x C x 2 x D' x y'/? (5)

where I, is the peak current density, A is the area of the elec-
trode, D is the diffusion coefficient, # is the number of electron
transfers, C is the concentration of the electroactive species and
v is the scan rate. As presented in Fig. 6a and b, the linear
variation of anodic and cathodic I, with the square root of scan
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electrolytes.
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rate (»*/?) in both electrolytes suggests that charge storage in
both redox additive electrolytes is diffusion-controlled.
Furthermore, it can be inferred from Table 1 that the diffu-
sion coefficient of 4.0 x 107" em® s™* for the KI electrolyte is
~4.7 times higher than that of K;Fe(CN), electrolyte, suggesting
faster, higher conversion of iodide ions into triiodide ions and
their subsequent transport from the bulk to the electrode
interface. The lower diffusion coefficient of the Kz;Fe(CN)g
electrolyte can be attributed to the larger ionic size of the
solvated [Fe(CN)¢]>~, leading to slower translational diffusion.*
To further understand the charge storage mechanisms and
quantify the capacitance contribution of CR-gCN in redox
additive electrolyte, the Dunn method is employed.*”

i(V) = lcap + igier = kv + S (6)

where V is the potential, k; and k, are constants, and k;v and
k,w"? are the current contributions from the surface capacitive
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and the diffusion-controlled processes, respectively. k; and k,
are obtained from the slope and intercept of plot of i(V)/v"/* vs.
v*2, Although the diffusion-controlled mechanism dominates
the capacitance contribution in both electrolytes at lower scan
rates (Fig. 6¢ and d), the H,SO, + KI electrolyte exhibits a higher
diffusive contribution at higher scan rates, indicating a rapid
charge storage kinetics.

To evaluate the charge storage mechanism of CR-gCN elec-
trode in redox additive electrolytes further, the power law,
which expresses the relationship between I, vs. v is used.>®

ip=ar (7)

where i}, is a peak current density, v represents the scan rate,
and a and b are constants. In principle, if » = 0.5, it corresponds
to the diffusion-controlled charge storage mechanism, whereas
if b = 1, it corresponds to the surface-dominated capacitive
process. Conversely, ab value in the range of 0.5 to 1 is
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Fig. 8 (a) GCD curves recorded at a current density of 3 A g~%, (b) rate performance and (c) Nyquist plot of CR-gCN in pristine and redox-
additives based electrolytes.
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considered a mixed process. The estimated b values for the CR-
gCN in H,S0, + K3Fe(CN)s and H,SO, + KI obtained from the
plot of log (i) vs. log (v) (Fig. 7 and Table 1) are 0.6460 and
0.6399. The slightly lower b value in H,SO, + KI suggests
a higher diffusion-controlled process, which is consistent with
higher diffusive contributions at higher scan rate.

The charge transfer kinetics of CR-gCN in redox additive
electrolytes are investigated using modified Nicholson's
method.”*®*® The heterogeneous charge transfer constant
(k2) values were calculated using eqn (8).

DnF
mDnky,,

kgff = RT

(8)

where D is the diffusion coefficient of redox mediator, n is the
number of electrons participating in the redox reaction, F is
Faraday's constant, » is the scan rate, R is the gas constant, T'is the
temperature (K), and y is the kinetic parameter calculated differ-
ence between the anodic and cathodic peaks (AE, = |Epa — Epc|). It
can be inferred from Fig. 7c, d and Table 1 that the k% of 0.453 cm
s~ ! for H,SO4 + KI is ~1.6 times higher than that of H,SO, +
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K;Fe(CN)g, indicating faster interfacial electron transfer in the
iodide system. This result is consistent with the charge storage
mechanism above.

The specific capacitance in both pristine and redox additive
electrolytes is calculated using a galvanostatic charge-discharge
(GCD) profile. While the GCD curve of CR-gCN in H,SO,
assumed a triangular shape, typical of electric double-layer
capacitive behaviour with minor pseudocapacitance, the non-
linear discharge profiles in the redox electrolytes indicate fara-
daic processes (Fig. 8a). The asymmetric GCD profile of CR-gCN
in redox additive electrolytes is attributed to the faradaic reac-
tion involving the redox couples. Considering that the redox
involves a sequence of electron-transfer and chemical associa-
tion reactions at different time scales, the potential of the
systems changes nonlinearly over time, resulting in a nonlinear
GCD profile. It can be observed that the KI system exhibits
greater deviation from linearity, which could be attributed to
strong adsorption of triiodide species on carbonaceous
surfaces.®® Owing to the capacitance contribution from the
faradaic redox reactions, the CR-gCN electrode delivers
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Fig. 9 (a) Voltage optimisation recorded at a scan rate of 5 mV s, (b) CVs recorded at various scan rates, (c) GCD curves recorded at various

current densities and (d) rate performance of the device in H,SO4 + Kl electrolyte.
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Fig. 10 (a) Ragone plot, (b) cycling stability, (c) Nyquist plot and (d) Bode plot, (e) equivalent circuit used for fitting the EIS spectra and (f) self

charge of the device in H,SO4 + Kl electrolyte.

a specific capacitance of 843 and 440 F g~ " at the current density
of 3 A g7 in H,S0, + KI and H,SO, + K;Fe(CN)s electrolyte,
respectively, which is 3.48 and 1.82 times higher than the value
obtained in the pristine electrolyte. As shown in Fig. 8b, with
increasing current density, all systems exhibit a decline in
capacitance due to reduced ion diffusion. Among all the elec-
trolytes, H,SO, + KI exhibits the lowest capacitance retention,

© 2026 The Author(s). Published by the Royal Society of Chemistry

which could be attributed to the slower replenishment of redox
species near the electrode surface at high discharge rates. In
other words, at a higher GCD rate, the electrode rapidly
consumes iodide species at the interface, and transport within
the porous electrode becomes the rate-limiting step. This is
expected to reduce the effective utilisation of the I"/I;~ redox
couple, leading to the observed drop in capacitance retention.
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This behaviour has been reported in iodide-based systems.*
Electrochemical impedance spectroscopy is employed to
understand the influence of the redox additive on the solution
and charge resistance, which invariably affects the kinetics of
charge transport across the electrode interface. Although there
is no significant difference in the values of the solution resis-
tance (Fig. 8c) (Rs, HySO4: 0.65 Q, H,SO, + K3Fe(CN)g: 0.701,
H,S0, + KI: 0.649 Q), a marked differences were observed in the
charge-transfer resistance (R.), which followed the order H,SO,
(1.782 Q) > H,S0, + K3Fe(CN)g (1.011 Q) > H,SO, + KI (0.701 Q).
The lower R value for H,SO, + KI demonstrates the facile
nature of I /I3~ redox couple shuttling, which facilitates rapid
interfacial electron transfer. This result agrees well with both
k% and diffusion coefficient values.

3.3 Fabrication and evaluation of a symmetrical SC using
H,SO, + KI electrolyte

A symmetric SC device was fabricated using CR-gCN and H,SO, +
KI electrolyte as the electrode and electrolyte, respectively. The
working electrodes were prepared by casting a homogeneous
slurry of CR-gCN onto one side of pretreated stainless steel (SS)
foil, serving as the current collector. After drying, the two elec-
trodes were assembled using a face-to-face configuration with
a Whatman filter paper serving as the separator. Prior to the
assembly, both the electrode and the separator were thoroughly
soaked in H,SO, + KI electrolyte to ensure complete wetting.
During assembly, only the coated side of the CR-gCN electrodes
was exposed to the electrolyte, while the uncoated side of the SS
foil was insulated using Teflon tape. The electrochemical
performance of the fabricated device is evaluated systematically
using CV, GCD, cycling stability, and impedance spectroscopy.
The specific capacitance (Cp, F g '), energy density (E, Wh kg™ ')
and power density (P, W kg™") of the SC device were calculated
using eqn (9)-(11), respectively.**

2 [ Vdt

Cp=—2——
P 2| Vf
V2

9
where i, = I/m is the constant current density in A g~ ", m is the
mass of the material in the electrode, [Vd¢ is the integral
current area, where V is the time-dependent voltage, and V; and
V¢ are the initial and final voltages.

IJ Vdt
E= p. (10)
P= g x 3600 (11)

where I is the current in A, V is the voltage, [Vd¢ is the area
under the discharge curve, and m is the total mass of the two
electrodes and ¢ is the discharge time (s).

Fig. 9a depicts the CV curves recorded at a scan rate of 5 mV s™
with varying upper and lower voltage windows. It can be observed
that the device exhibits an electrochemically stable voltage in the
range of 0.1 to 1.4 V. Below and beyond these limits, a slight
distortion in the CV profile was observed. The hump-like redox

1
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peaks observed in the CV of the device are assigned to a reversible
iodide redox shuttle. Although water decomposes thermodynam-
ically at 1.23 V, it can be seen that the devices maintain stable
operation up to 1.40 V. The presence of the iodide redox couple in
the electrolyte participating in the charge storage could have
competed with the hydrogen evolution and oxygen evolution
reactions, thereby suppressing the water decomposition.®>** The
CV curves recorded at various scan rates in the range of 5-100 mV
s are shown in Fig. 9b. It can be seen that the quasi-rectangular
shapes of CV are maintained over the range of the scan rate,
indicating good reversibility of charge storage processes and rapid
charge kinetics at the electrode/electrolyte interface. Furthermore,
the monotonic increase in current response with increasing scan
rate further suggests a surface and diffusion-controlled
mechanism.

Fig. 9c depicts the GCD profile of the device recorded at
various current densities ranging from 2 to 10 A g~ '. Owing to
the combination of both diffusion-controlled and surface-
controlled charge storage mechanisms, the GCD profiles of
the device display pseudo-symmetric triangular shapes. At
a current density of 2 A g7, the device delivers a specific
capacitance of 154 F g~ '. On increasing the current density, the
specific capacitance decreases (Fig. 9d), which is ascribed to
reduced ion diffusion at higher charge/discharge rates.
Evidently, the device retained 50.65% of its initial specific
capacitance when the current density increased from 1 to
10 A g~ !, demonstrating decent rate capability. The calculated
energy and power densities of the device are presented as
a Ragone plot (Fig. 10a). It can be inferred that the device
delivers an energy density of 37.65 Wh kg™ " at a power density
of 3279 W kg~ '. When the high power density is increased to
9,980 W kg, the device still delivers an energy density above
24.46 Wh kg '. Cycling stability is a crucial parameter for
evaluating the durability of the electrolyte in the device. As
shown in Fig. 10b, although the device exhibits decent cycling
stability over 10 000 cycles (82.20%), it exhibits a coulombic
efficiency which is substantially below unity (85.1%). To
understand the reason for the loss in specific capacitance when
the device is subjected to continuous charge/discharge cycles,
electrochemical impedance spectroscopy (EIS) is used. The
equivalent circuit used for fitting the EIS spectra is presented in
Fig. 10e. The Nyquist plots presented in Fig. 10c reveal that the
Rs decreases marginally after 10 000 cycles, which could be
attributed to the improved wettability of the electrode by the
electrolyte. On the other hand, the R of 2.764 Q before cycling
stability increased to 6.572 Q, which represents more than
a two-fold increment. Therefore, it's reasonable to attribute the
loss in the specific capacitance to the increase in the R, caused
by surface passivation. Furthermore, the increment in the value
of the phase angle after the cycling stability suggests that the
capacitance contribution from the diffusion-controlled process
diminishes over time. Additionally, the increase in the magni-
tude of |Z] after cycling stability further suggest the decrease in
capacitance contribution from the redox process, which might
be due to pore blockage and surface passivation.**

The self-discharge behaviour of the device is investigated by
using the open-circuit voltage (OCV) technique. As shown in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10f, the device shows a rapid initial drop followed by
a slower decay/relaxation toward a lower quasi-steady potential.
In general, the rapid self-discharge of the device in the KI-based
redox electrolytes is attributed to the migration/diffusion of the
electroactive species.® Therefore, both the sub-unity coulombic
efficiency and the two-stage OCV decay could be attributed to
the diffusion of polyiodide species formed during oxidation
away from the charged electrode and their subsequent reduc-
tion at the opposite electrode or current collector, producing
a continuous internal leakage.®®

4 Conclusion

In summary, the enhancement in the capacitance properties of
CR-gCN using a redox additive electrolyte, as well as insights
into the mechanism and charge-transfer kinetics at the
electrode/electrolyte interfaces, are investigated. The electro-
chemical studies revealed that the CR-gCN electrode delivers
a specific capacitance of 843 F ¢! at 3 A g~ ' in a Kl-based
electrolyte, which is ~3.5-fold higher than in the pristine
H,SO, electrolyte, whereas the charge storage mechanism
studies indicated that a diffusion-controlled process dominates
the capacitance contribution in the redox additive electrolyte.
The charge transfer kinetics of CR-gCN in redox additive elec-
trolyte reveals that H,SO, + KI electrolyte exhibits a heteroge-
neous charge transfer constant (k) of 0.453 cm s~ ' which is
~1.6 times higher than that of H,SO, + K3Fe(CN)s, indicating
faster interfacial electron transfer in the iodide system. A
symmetric device fabricated with H,SO, + KI sustained a stable
operating voltage of 1.4 V, beyond the theoretical limit of water
and energy density of 37.65 Wh kg™ ' at a power density of
3279 W kg ". Furthermore, the device retained decent cycling
stability over 10 000 cycles.
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