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Enhancing the energy density of phosphorus doped
mesoporous carbon nitride using redox mediated
gel-polymer electrolyte

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

The practical application of supercapacitors is often limited by their low energy density, which stems from
restricted voltage windows and insufficient redox reactions. Here, a symmetric supercapacitor device
combining phosphorus-doped mesoporous graphitic carbon nitride (P-Mg-CN) electrodes with a redox-
mediated gel polymer electrolyte (R-mgpe) is developed. In a three-electrode configuration, P-Mg-CN
exhibited a specific capacitance of 134 F g~ in 1 M H,SO,, which increased to 398 and 207 F gt in
hydroquinone-based redox electrolytes, respectively, respectively, due to additional faradaic
contributions from the 17/I3~ and hydroquinone/benzoquinone (HQ/BQ) redox couples. The device
exhibits a broad voltage window of 1.4 V and achieves a high specific capacitance of 142 F g~! at
a current density of 2 A g~ It also delivers an energy density of 38.66 Wh kg~ at a power density of 2.8
kW kg~ Furthermore, it retains 95.89% of its initial capacitance after 10 000 cycles. These results
demonstrate that integrating redox-mediated gel electrolytes with heteroatom-doped carbon nitrides

effectively increases the energy density of symmetric supercapacitors while maintaining long-term stability.

1 Introduction

The rapid expansion of the portable electronics and electric
vehicles market, along with the need to integrate renewable
energy sources into the grid, has accelerated the demand for
efficient energy storage systems.' The basic requirements for
the anticipated energy storage system include high energy and
power densities, a long cycle life, and an excellent safety profile.
Although rechargeable batteries, including lithium-ion and
nickel-metal hydride batteries, exhibit high energy densities in
the range of 200 to 300 Wh kg™, these systems are often limited
by inferior power density and cycle stability.*> Conversely,
supercapacitors have received considerable attention, thanks to
their fast charge/discharge capability, ultra-high cycling
stability, and extended working temperature range, among
other reasons.®® However, their practical deployment is often
limited by relatively low energy density, typically in the range of
5-20 Wh kg~ '.° This necessitates the development of rational
strategies in both electrode material design and electrolyte
engineering to achieve balanced device performance.'>"
Among various electrolytes, aqueous electrolytes are considered
promising candidates for supercapacitor applications owing to
their excellent ionic conductivity, low cost and eco-friendliness.
Nevertheless, the narrow working voltage windows, the possi-
bility of leakage, and the low thermal stability are among the
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limitations of this class of electrolyte."” A gel polymer electrolyte
(GPE) is a type of electrolyte which consists of a polymer matrix
combined with a liquid electrolyte.**'* GPEs have emerged as
a promising alternative to pristine liquid electrolytes,
combining the mechanical flexibility of the polymer matrix with
the excellent ionic conductivity of liquid electrolytes.'® In recent
years, the addition of small amounts of redox additives, serving
as redox-active mediators, during the preparation of GPEs has
been shown to improve the charge storage capability of the
GPEs by introducing an additional faradaic charge storage
mechanism.'*"® Therefore, this strategy not only improves the
specific capacitance but also extends the working voltage
window, thereby improving the energy density of the device. For
instance, Ahmad et al. reported the supercapacitive perfor-
mance of GPE derived from pectin and potassium iodide (KI) as
a redox additive."” The supercapacitor device was fabricated
using hierarchical porous activated carbons (ACs) derived from
melon waste, and developed redox additive GPEs delivered an
energy of ~34 Wh kg™ ' at a power density of ~232.5 W kg™ ' and
exhibited decent cycling stability over ~8000 cycles. A solid-
state supercapacitor was assembled using poly(vinyl alcohol)
(PVA)/(KOH)/hydroquinone (HQ) as redox-mediated GPE by
Jinisha et al., which delivered an energy density of 33.15 Wh
kg ' at a power density of 689.58 W kg . A novel GPE
composed of PVA, sodium alginate, K3[Fe(CN)e] and Na,SO, was
prepared by Yang et al.*®* A symmetrical supercapacitor fabri-
cated using the prepared electrolyte and activated carbon elec-
trodes demonstrated an energy density of 6.88 Wh kg ' at
a power density of ~58 W kg~ *. Hyeon et al. developed a dual-
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functional redox-based GPE using ethyl viologen dibromide,
LiCl, and polyzwitterionic polymer. A quasi-solid-state based on
the developed electrolyte delivered an energy density of 542 Wh
kg " at a power density of 2.88 kW kg '.2° A soy protein-based
porous membrane was mixed with Li,SO, and KI to form the
redox mediator GPE by Xun et al., and a supercapacitor based
on SPI-Li,SO,-100 wt% KI exhibited an energy density of 16.02
Wh kg~ at a power density of 573.78 W kg™

Graphitic carbon nitride (g-CN) as a semiconducting and
metal-free material has attracted significant attention owing to
its high nitrogen content, layered architecture, excellent
mechanical strength, decent chemical and thermal stability.****
Besides, precursors for the synthesis of g-CN are readily avail-
able at low cost, making it a promising candidate for various
energy storage and conversion applications.**** In general, g-CN
is prepared by facile direct thermal polycondensation of various
nitrogen-rich precursors, including melamine, cyanamide,
urea, etc.”® Nonetheless, g-CN prepared by the above approach is
non-porous with an inherent low specific surface area and thus
exhibits low performance in applications where surface area
plays an essential role, such as adsorption, catalysis, electro-
chemical energy storage and conversion, etc.”””* Furthermore,
owing to the restricted movement of ions and electrons in bulk
g-CN, it displays inferior ionic and electrical conductivities,
thereby resulting in deteriorated rate performance when uti-
lised for energy storage applications.’ These challenges neces-
sitated the adoption of various strategies, such as composite
formation, textural and morphological engineering, surface
functionalisation, doping, etc.>*****3* For instance, Huang
et al., reported the utilization of heterostructured TizC,T,/g-CN
as an electrode for solid-state supercapacitors, which delivered
a specific capacitance of 414 F g ' at a current density of
1 A g '3 Chaluvachar et al., prepared a composite of g-CN with
carbon quantum dot poly(3,4-ethylene dioxythiophene) through
the electrodeposition technique, which exhibited a specific
capacitance of 109.5 F g~ ' at a current density of 0.2 A g~ .35 Of
special interest, heteroatom doping can significantly enhance
the electrochemical activity of g-CN by electronic conductivity
modulation and introduction of surface defect sites.>*3*
Notably, phosphorus doping has been shown to effectively alter
the electronic configuration of g-CN, which in turn creates new
active sites for charge storage and improves electrolyte wetta-
bility.** Indeed, our group has investigated the effect of phos-
phorus doping on the capacitance properties of mesoporous g-
CN (Mg-CN).* The study demonstrated that not only the
amount of the phosphorus doping, but also the type of the
phosphorus functionalities, such as P-O and C-P, dictate the
overall capacitance properties of Mg-CN. Despite advances in
both g-CN and phosphorus-doped (P-Mg-CN) materials, the
energy density of P-doped MGCN-based supercapacitors
remains limited. This limitation could be attributed to the
constraints imposed by the purely double-layer nature and the
limited surface pseudocapacitive contributions from the elec-
trode material. This suggests that there are opportunities to
enhance its energy density. In this work, we report a P-Mg-CN
electrode material coupled with R-mgpe to achieve enhanced
energy storage performance. The device exhibits a broad voltage
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window of 1.4 V and achieves a high specific capacitance of 142
Fg 'at2Ag™ ", delivering an energy density of 38.66 Wh kg™ " at
a power density of 2.8 kW kg™ '. Furthermore, it retains 95.89%
of its initial capacitance after 10 000 cycles.

2 Experimental
2.1 Materials and methods

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

2.2 Synthesis of P-Mg-CN

P-Mg-CN is synthesised using the previously reported method
with little modifications.*® Typically, 0.3075 g of the sodium salt
of carboxymethyl cellulose was dispersed into 20 mL of ethanol,
followed by the addition of 40 mL of deionised water while
stirring was maintained. To this homogenous solution, 4 g of
hexamethylenetetramine and 0.5 mL of phosphoric acid were
added, and the mixture was stirred for 20 minutes at 80 °C.
Afterwards, the mixture was transferred to a Petri dish and dried
overnight at 80 °C. The obtained product was ground into a fine
powder and carbonised at 600 °C for 4 hours. The final black
coloured product was washed with 1 M HCI, rinsed with
deionised water and dried at 80 °C overnight (Scheme 1).

2.3 Synthesis of redox-mediated gel-polymer electrolyte

Typically, 1 g of PVA with an average molecular weight of 146
000-186 000 was added to 10 mL of deionised water under
vigorous conditions at 95 °C for 2 h, followed by the addition of
10 mL of 1 M H,SO,. Afterwards, 10 mL of 0.05 M KI was added,
and stirring was maintained for another 1 hour. The obtained
gel was transferred into a Petri dish and frozen at —16 °C for 12
hours, then thawed at room temperature for 12 hours and
labelled as H,SO, + PVA + KI (Scheme 2).

2.4 Physiochemical characterisation

The Powdered X-Ray Diffraction (PXRD) pattern of P-Mg-CN was
analysed using a Rigaku Smart Lab X-ray diffractometer,
whereas the chemical composition in the P-Mg-CN sample was
evaluated using a 400 series Spotlight PerkinElmer Fourier
transform infrared (FTIR) spectrophotometer and X-ray photo-
electron spectroscopy (Thermo ESCA lab 250Xi, equipped with
Monochromatic Al ka). The surface morphology and micro-
structures in P-Mg-CN were studied using FEI Tennai F30-S
TWIN high-resolution transmission electron microscope (HR-
TEM) and ZEISS field-emission scanning electron microscope
(FE-SEM). The thermal stability of analysis of both PVA and PVA
+ KI (R-mgpe) was assessed by recording thermogravimetry
analysis using METTLER TGA 2 LF/1100/1283 from 25 to 900 °C
under a nitrogen flow rate of 10 mL min~'. The chemical
bonding environment in both PVA and R-mgpe was evaluated
using a 400 series Spotlight PerkinElmer FTIR spectrophotom-
eter under ATR mode.
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Scheme 1 Preparation of phosphoric doped mesoporous carbon nitride (P-Mg-CN).

Sulphuric acid N Kl solution

Scheme 2 Preparation of redox-mediated gel-polymer electrolyte
(R-mgpe).

2.5 Electrochemical characterisation of P-Mg-CN electrode
under three-electrode configuration

The capacitance properties of P-Mg-CN were firstly evaluated
under a three-electrode system using Pt foil and Ag/AgCl as
counter and reference electrodes, respectively. The P-Mg-CN
working electrode was fabricated by mixing 80% of the active
material, 10% of Super P carbon black and 10% of poly-
vinylidene 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 properties of P-Mg-CN were recorded in both
pristine (1 H,SO,) and redox-additive electrolytes (1 M H,SO, +
0.05 M KI and 1 M H,S0, + 0.05 M HQ) using a BioLogic VMP-3e
Multichannel Potentiostat. The specific capacitance is calcu-
lated by integrating the area under the CV curve of the electrode
using eqn (1).**
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Specific capacitance = (1)

v XAV xm

where I is the current, v is the scan rate, m refers to the mass
loading, and V is the potential window.

2.6 Fabrication and evaluation of a symmetrical
supercapacitor

The working electrodes were prepared by casting a homoge-
neous slurry of P-Mg-CN onto one side of pretreated stainless
steel foil current collectors with dimensions of 4 x 4 cm. The
mass loading of the electrode material is maintained at 3.6 mg,
equivalent to 0.225 mg cm 2. Afterwards, the coated electrodes
were dried at 80 °C and then assembled using a face-to-face
configuration, with either H,SO, + PVA or H,SO, + PVA + KI
gel serving as both separator and electrolyte. The sandwiched
electrode and gel were wrapped using parafilm tape (Scheme 3).
For comparison, a symmetrical supercapacitor is fabricated
with pristine Mg-CN electrodes and R-mgpe as the electrolyte.
The electrochemical performance of the fabricated devices was
evaluated systematically using cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD), and electrochemical imped-
ance spectroscopy (EIS). The specific capacitance (C, F g™ %),
energy density (E, Wh kg™ ') and power density (P, W kg™ ") of the
device were calculated using eqn (2)-(4), respectively.*

Idt

—o 9L 2

¢ mAV [ )
cr? 1000

E= =" 3600 (3)

p= g % 3600 (4)

where I is the current in A, m is the mass of the material in the
single electrode, AV is the voltage window of the device, C is the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Fabrication and testing of a symmetric supercapacitor device.

specific capacitance, Vis the voltage, E is the energy density, Pis

the power density, and ¢ is the discharge time.

The cycling stability of the P-Mg-CN device is assessed by
subjecting it to 10000 charge/discharge cycles at a current
density of 7 A g7, followed by disassembly of the device.
Subsequently, the electroactive material was carefully scraped
from the SS foil and subjected to SEM analysis, whereas the R-

mgpe gel was analysed by ex situ FTIR spectroscopy.
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3 Results and discussion
3.1 Physicochemical characterisation of P-Mg-CN

The chemical structure and bonding environment of the P-Mg-
CN is investigated using FT-IR spectroscopy and X-ray photo-
electron spectroscopy (XPS). As seen in the FT-IR spectrum

presented in Fig. 1a, the broad peak centred around 3435 cm

-1

is assigned to the stretching vibrations of terminal amines and/
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Fig. 1 (a) FT-IR, (b) XPS survey, (c) deconvoluted P 2p, core level spectra and (d) powered X-ray diffraction pattern of P-Mg-CN.
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Fig. 2

or hydroxyl moieties.*® While the peaks at 1630, 1232 and
1227 cm™ " are assigned to C=N stretching, the peaks at bands
at 1380 and 1051 cm ™" are attributed to the characteristic of C-P
and P-N bonds, respectively.”> The hump-like peak at around
807 cm ™' corresponds to the tri-s-triazine units.**** The low
intensity of this peak suggests a slight distortion in the frame-
work of g-CN after phosphorus incorporation. The shoulder-like
peak witnessed at around 610 cm ™" is assigned to sp*> domains
found in amorphous carbon.**** The XPS survey spectrum
shown in Fig. 1b reveals the presence of carbon (C 1s), nitrogen
(N 1s), oxygen (O 1s), and phosphorus (P 2p).** While C and N
arise from the elemental building block of g-CN, O and P peaks
indicate the successful doping of phosphorus (relative atomic
weight of 5.79%) and partial surface oxidation, respectively.** To
investigate the type of P doped into the frameworks of Mg-CN,
the high-resolution P 2p spectrum is deconvoluted (Fig. 1c).
The peaks centred at around 134.10, 133.40, and 132.60 eV are
assigned to P-O, P-N and P-C, respectively.*>*® The presence of
P-N and P-C bonds indicates that phosphorus atoms are
incorporated into g-CN frameworks by replacing nitrogen sites
(P-N) and forming P-C bonds, respectively. On the other hand,
the P-O bond suggests surface oxidation leads to P-O linkages.
Fig. 1d presents the powder XRD (PXRD) patterns of P-Mg-CN.

48766 | RSC Adv, 2025, 15, 48762-48774
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(a and b) High-resolution TEM images, and (c) SAED image of P-Mg-CN.

The diffraction peaks witnessed at 26 ~ 13.907 and 25.36°
correspond to the (100) and (002) planes in g-CN.** A slight
reduction in the (002) peak intensity and a marginal shift
toward a lower diffraction angle compared to the previously
reported values for pristine g-CN indicate partial lattice distor-
tion and expanded interlayer spacing caused by phosphorus
incorporation.*”*® The low intensity peak witnessed at around
43.28° corresponds to the (101) plane, which further suggests
the presence of amorphous carbon.**°

The morphological and microstructural features in P-Mg-CN
were investigated by high-resolution TEM and FE-SEM, and the
results are presented in Fig. 2. The TEM images shown in Fig. 2a
and b, reveal the presence of a loosely stacked nanosheet-like
morphology with abundant mesopores. The absence of well-
defined lattice fringes in the high-resolution TEM image of P-
Mg-CN confirms the amorphous nature of the sample and is
consistent with the PXRD result. The selected area electron
diffraction (SAED) image presented in Fig. 2c shows two diffuse
concentric rings with no discrete reflections, a characteristic
feature of partially amorphous g-CN domains, which is consis-
tent with the PXRD results.

The SEM micrographs presented in Fig. 3a and b show that
the P-Mg-CN electrode consists of loosely aggregated flakes and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

interparticle voids, which indicate the presence of mesopores.
This architecture is expected to facilitate rapid ion diffusion and
providing abundant electroactive sites for the I /I; -mediated
pseudocapacitive processes occurring in the redox gel electro-
lyte. The high-magnification FE-SEM image (Fig. 3c) reveals an
interconnected porous surface.

Fig. Sla shows the FTIR spectra of pristine PVA and KI-
incorporated PVA (PVA + KI). The broad peak observed around
3390 cm ' in the FTIR spectrum of PVA is assigned to O-H
stretching vibrations arising from extensive inter- and intra-
molecular hydrogen bonding within the PVA framework.*>* Upon
the incorporation of KI, a noticeable reduction in the O-H peak
intensity and a marginal shift toward lower wavenumbers are
observed in the FTIR spectrum of PVA + KI, which suggests that
hydrogen-bond disruption caused by the dative bond interac-
tion between K" ions and the hydroxyl groups.® The peaks
observed in the FTIR spectra of both PVA and PVA + KI at
around 2930 and 1430 cm ™" are assigned to C-H stretching and
CH, bending, respectively. The peaks at around 1080 and
1140 cm ™' are assigned to C-O-C and C-O stretching vibra-
tions, respectively. The intensities of these peaks decrease
slightly and broaden in the Kl-containing gel, attributed to
coordination between the PVA chains and iodide species.* The
thermograms of both PVA and PVA + KI are shown in Fig. S1b
and exhibit the characteristic two-step degradation pattern. The
initial mass loss below 150 °C corresponds to the removal of
adsorbed water and loosely bound hydroxyl groups.* It can be
observed that the PVA + KI shows slightly lower mass loss in this

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a—c) SEM images of P-Mg-CN recorded at various magnifications.

region, suggesting decreased water retention within the poly-
mer network. The second weight loss observed in the thermo-
grams of both samples, beyond 200 °C, is due to the thermal
decomposition of the PVA matrix. The PVA + KI shows slightly
lower mass loss in this region, indicating that KI enhances the
thermal stability of the PVA frameworks.

3.2 Electrochemical characterisation of P-Mg-CN electrode
under three configurations in pristine and redox additive
electrolytes

The electrochemical performance of P-Mg-CN electrode is
investigated under three electrolyte configurations using
both pristine and redox additive electrolytes. Fig. 4a shows
the cyclic voltammograms (CVs) recorded at a scan rate of
10 mV s ' of P-Mg-CN electrode in both pristine and redox
additive electrolytes. The CV profile of P-Mg-CN electrode in
pristine electrolyte exhibits a nearly rectangular shape with
humps-like features, an indication of charge storage by both
mechanisms, namely, electrostatic adsorption/desorption at
the electrode/electrolyte interfaces and surface faradaic
contributions.**** In contrast, the CVs of both H,SO, + KI and
H,SO, + HQ present a broad profile with pronounced redox
peaks. The I /I;~ and HQ/BQ redox couples are responsible
for the observed increases in the area under the CV and
presence of well-defined redox peaks in the CV profile of P-
Mg-CN in redox additive electrolytes. Indeed, the signifi-
cantly enlarged integrated area of the KI and HQ-based

RSC Adv, 2025, 15, 48762-48774 | 48767
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Fig.4 (a) CV of P-Mg-CN recorded at a scan rate of 10 mV st in M H,SO,, Kl and HQ-based electrolytes. CVs of P-Mg-CN recorded at various
scan rates in H,SO4 (b), H,SO4 + Kl (), and H,SO4 + HQ electrolyte (d).

electrolytes suggests enhanced charge-storage capability
arising from electrostatic adsorption/desorption at the
electrode/electrolyte interfaces and faradaic reactions of
redox couples.®® Furthermore, the higher current response
observed in the KI-electrolyte as compared to the HQ system
can be rationalised by ionic transport and interfacial
kinetics. Iodide ions, being smaller, are expected to exhibit
a faster diffusion rate and electron-transfer kinetics, leading
to a higher current response. Fig. 4b-d show the CV curves
recorded at various scan rates, ranging from 10 to 100 mV' s,
in both pristine and redox-additive electrolytes. As shown in
Fig. 4b-d, the CV curves of the P-Mg-CN electrode exhibit an
increase in current with increasing scan rate in all the elec-
trolytes, suggesting good electrochemical reversibility. It can
be inferred that the CV curves of the P-Mg-CN electrode in the
pristine electrolyte retain their shape even at higher scan
rates, an indication that charges are predominantly stored
through the adsorption/desorption of electrolyte ions at the
electrode/electrolyte interface. On the other hand, the CV
curves of P-Mg-CN in redox additives electrolyte deviate
significantly from the quasi-rectangular shape (Fig. 4c and d),
which is ascribed to the inherent sluggish reaction kinetics of

48768 | RSC Adv, 2025, 15, 48762-48774

redox couple transformation.*®*” It is worth noting that the
CV of P-Mg-CN in the H,SO, + KI electrolyte exhibits two
distinct anodic oxidation peaks but only a single cathodic
reduction peak. The multi-step electrochemical process of
iodide oxidation could be responsible for the observed
asymmetric feature.’®**° The oxidation of iodide in acidic
media proceeds with the formation of molecular iodine, fol-
lowed by a rapid chemical equilibrium that forms polyiodide
species.®® Considering that these species have different
formation kinetics and formal potentials, it's plausible to
speculate that the first anodic peak at a lower potential
corresponds to the diffusion-controlled oxidation of free
iodide to polyiodide, whereas the second, higher-potential
anodic peak is attributed to the oxidation of surface-
adsorbed or confined iodide/polyiodide species. On the
other hand, the rapid equilibration and subsequent reduc-
tion of the formed oxidised species result in a single merged
cathodic peak. While the enhanced charge storage capability
of P-Mg-CN in HQ is attributed to proton-coupled electron
transfer at the electrode/electrolyte interface (eqn (5)),
reversible electron shuttling is responsible for enhancing the
charge storage in the KI-based electrolyte (eqn (6)).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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OH 0
— +2H* + 2e° (5)

OH o
3o I+ 2 (6)

To quantitatively determine the value of the specific capaci-
tance and variation of specific capacitance with scan rate of P-Mg-
CN in both pristine and redox additive electrolyte, the CV curves
were integrated and the results are presented in Fig. 5a. While P-
Mg-CN electrode delivers a specific capacitance of 134 F g™ * at
scan rate of 10 mV s~ ' in pristine electrolyte, a specific capaci-
tance of 398 and 207 F g~ were obtained in KI and HQ based
electrolyte respectively, at the same scan rates. This enhancement
can be attributed to the additional faradaic reactions of I"/I;~
and HQ/BQ species. Although redox-based electrolytes exhibit
higher specific capacitance at low scan rates, a significant decline
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in capacitance is observed with increasing scan rate, which is
attributed to the decrease in capacitance contribution from the
faradaic reaction at higher scan rates. To further investigate the
charge-storage mechanism and separate the capacitive and
diffusive contributions from the overall capacitance, Dunn's
power-law relationship is employed.®

i(v) = kyv + kpv'? (7)

i(v)
o = k' ke (8)
where v and i denote the scan rate (mV s~ ') and current density

(mA g "), k; and k, are the slope and intercept of the linear fit of

i(v) 1/2
m vs. v

intercept, the percentage capacitive and diffusive contributions
are calculated using eqn (9) and (10).

, respectively. After determining the slope and

k]V

Percentage capacitive contribution = ————
g p k1 v+ kzvl/z

x 100% (9)

Percentage diffusive contribution = 100
— capacitive contribution (10)
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As shown in Fig. 5b, for P-Mg-CN in an H,SO, electrolyte,
the capacitive charge storage mechanism contributes to
73.36% at a scan rate of 10 mV s,* which increases to 89.70%
when the scan rate is increased to 100 mV s~ ', indicating
a surface-controlled process as the predominant charge
storage mechanism. In contrast, both KI and HQ-based elec-
trolytes demonstrate 88.31 and 82.66% of diffusive contribu-
tion at a scan rate of 10 mV s,* respectively, suggesting that the
charge storage is governed by a diffusion-controlled process.

3.3 Electrochemical characterisation of a symmetrical
supercapacitor in R-mgpe

A symmetric supercapacitor device was fabricated using the P-
Mg-CN electrode and R-mgpe as both the separator and elec-
trolyte. For comparison, a symmetrical supercapacitor is fabri-
cated with pristine Mg-CN electrodes and R-mgpe as the
electrolyte and results are presented in Fig. S2. While the use of
PVA is expected to extend the working voltage of the device, the
inclusion of KI in the gel electrolyte aims to introduce reversible
redox reactions that can further enhance the pseudocapacitive
contribution and overall energy density of the device. Fig. 6a
presents the CV profiles recorded at scan rates ranging from 10

Table 1 Comparative energy and power density obtained in the present study with other carbonaceous materials in the redox additive

electrolyte
Energy density Power density
Material Electrolyte (Wh kg™ (Wkg™) Reference
P-Mg-CN PVA + H,S0, + KI 38.66 2800 Present study
Date stone-derived activated carbon (AC) PVA-H,SO,-anthraquinone 17.50 250 72
Active carbon cloth Chitason-based hydrogels + Na,MoO, 34 1800 73
Reduced graphene oxide K,S0, + K3Fe(CN)s 36.8 1200 74
S-Doped graphene H,SO, + hydroquinone 27.00 810 74
Porous AC Pectin-based polymer + LiCl + KI 34 232.5 17
AC PVA-Li,SO, + 1-butyl-3-methylimidazolium iodide  29.3 — 75
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Fig. 7 (a) Nyquist plot, (b) Bode plot of EIS spectra of the device in R-mgpe, (c) equivalent circuit used for fitting the EIS spectra. (d) Cycling

stability and coulombic efficiency of the device in R-mgpe recorded at the current density of 7 A g%,

to 100 mV s~ . The nearly rectangular shape of the CV curves,
coupled with the appearance of subtle redox humps, reveals
a combination of electric double-layer capacitance (EDLC) and
pseudocapacitive behaviour.'** The pseudocapacitive contri-
bution arises from the reversible redox transitions of I" /I3~ in
the electrolyte. Furthermore, the good retention of CV shape at
higher scan rates suggests efficient ion diffusion and charge
propagation within the P-Mg-CN electrode, which is attributed
to its mesoporous architecture and the improved conductivity
induced by the polymer moieties.'>** Additionally, the device
maintains a stable operating potential window of 1.4 V,
demonstrating the excellent electrochemical stability of R-
mgpe. On the other hand, the area under the CV curve of the
device fabricated with undoped Mg-CN is lower than that of the
P-Mg-CN device at all scan rates (Fig. S2a), suggesting that the
phosphorus dopant contributes to the overall capacitance. The
enhancement in capacitance for the device is attributed to the
synergistic electronic and ionic effects. The phosphorus doping
introduces electron-rich P-N and P-C sites, which enhance
conductivity and create surface defects that serve as active sites
for redox reactions. On the other hand, the presence of I /I3~
couple in the electrolyte is expected to act as an electron shuttle,
enabling fast charge transfer between electrodes and supple-
menting  electric-double-layer  storage  with  faradaic
processes.'”*® Fig. 6b and S2b show the GCD of the P-Mg-CN

© 2025 The Author(s). Published by the Royal Society of Chemistry

and undoped Mg-CN-based device recorded at various current
densities. It can be inferred that the GCD curves exhibit nearly
symmetric triangular shapes with minor nonlinearity, further
confirming the contributions of EDLC and pseudocapacitance
in both materials. Besides, it was found that the discharge time
of the device decreases with increasing current density, which is
consistent with reduced ion diffusion time at higher current
rates. The device fabricated with P-Mg-CN electrodes delivers
a specific capacitance of 142 F g~ " at a current density of 2 A g™,
which is almost twice that of undoped Mg-CN (71.4 F g~ "). The
variation in specific capacitance with current density is shown
in Fig. 6¢c. The capacitance gradually decreases with increasing
current density, retaining approximately 53.36% of its initial
value at 10 A g, indicating decent rate capability. Fig. 6d
presents the Ragone plot of the device, which reveals that the
device delivers an energy density of 38.66 Wh kg™~ ' at a power
density of 2.8 kW kg™ ', and maintains 20.83 Wh kg~ even at
12.61 kW kg™ . It is worth mentioning that the energy density
obtained in the present study surpasses the values reported in
the literature (Table 1).

The electrochemical impedance spectroscopy (EIS) is utilised
to further understand the solution resistance (Rg) and charge
transfer resistance (R.) of the device. The Nyquist spectrum
(Fig. 7a) is fitted using an equivalent-circuit model (Fig. 7c)
comprising the solution resistance (R;), charge-transfer

RSC Adv, 2025, 15, 48762-48774 | 48771
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resistance (R.), constant circuit element (CPE) to account for
the non-ideal double-layer response of the porous P-Mg-CN,
Warburg element (W) to account for ion diffusion and C,
which accounts for an outer interface/geometric capaci-
tance.®*** The obtained fitting parameters yielded a chi-square
(x?) value of 0.0133. The equivalent circuit used for fitting the
spectrum is shown in Fig. 7c. The small R, value of 7.032
indicates facile charge transfer at the electrode/electrolyte
interface. The steep line in the low-frequency region suggests
that the surface-controlled process is the predominant charge
storage mechanism.® The Bode plot (Fig. 7b) shows a phase
angle approaching —70°, which further confirms near-ideal
capacitive behaviour. The characteristic frequency at —45°
phase angle is used to calculate the relaxation time constant ()
of the device.®® Although a 7 of 1.106 seconds obtained in the
present study is lower than the values reported for redox addi-
tive systems, indicating a fast charge/discharge response, it is
comparably higher than the value obtained for carbon-based
materials in aqueous electrolyte.”* The cycling stability of
the device is evaluated by recording GCD cycles at a current
density of 7 A g~ over 10 000 cycles.

As shown in Fig. 7d, the symmetric device exhibits excellent
cycling stability and retains 95.89% of its initial capacitance
after 10 000 GCD cycles. This excellent durability is attributed to
the stable framework of P-Mg-CN, which effectively resists
volume and structural changes during repeated cycling.*®”® As
seen in Fig. 7d, the device demonstrates an appreciable
coulombic efficiency (97.29%), which suggests good revers-
ibility of the KI couple. It is well established that the decrease in
the specific capacitance of a supercapacitor when subjected to
long-term charge/discharge is mainly caused by (i) an increase
in the value of Rs and/or R of the device, (ii) a change in the
structural/morphology of the electrode materials and (iii)
dissolution of the electroactive material into the electrolyte.”**”*
As shown in Fig. S3a, both Rg and R, increase from 1.80 and
7.032 to 4.85 and 90.40 Q, respectively, before and after 10 000
cycles, an indication of an increase in the overall internal
resistance of the device. Additionally, the FTIR spectra pre-
sented in Fig. S3b suggest that the PVA + KI gel did not undergo
any significant chemical changes after the 10000 charge-
discharge cycle. Although minor surface smoothing and partial
collapse of smaller flakes are observed in the SEM images of the
P-Mg-CN electrode after cycling stability (Fig. S4), it is evident
that it retains its overall structural integrity, an indication that
the mechanical stresses imposed during continuous cycling do
not induce significant structural degradation. Therefore, the
4.11% loss in specific capacitance could be attributed to the
increase in R and R;.

Conclusion

In summary, a high-energy density symmetric supercapacitor
was successfully fabricated using P-Mg-CN as electrode material
and a PVA-H,SO,-KI gel as both separator and electrolyte. The
incorporation of KI and PVA introduced reversible I"/I;~ redox
couples, which enhanced the pseudocapacitive contribution
and expanded the voltage window to 1.4 V, respectively. The
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device achieved a specific capacitance of 142 F g~ ' at a current
density of 2 A g™, an energy density of 38.66 Wh kg™ " at 2.8 kW
kg~ ', and excellent cycling stability with 95.89% retention over
10000 cycles. The superior performance is attributed to the
synergistic effects of phosphorus-induced conductivity
improvement, mesoporous architecture enabling rapid ion
diffusion, and redox-mediated electrolyte providing additional
faradaic charge storage. This study demonstrates that utiliza-
tion of R-mgpe represents an effective approach to overcome the
inherent energy density limitation of supercapacitors.
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