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Superior electrochemical performances of highly
porous bismuth oxyhalides decorated lemon peel
derived activated carbon electrode materials for
solid state asymmetric and symmetric
supercapattery devices

Bhuvaneshwari Ramasamy,® Jeya M. Peter Paul, (22 Kannan Raman®
and Rajashabala Sundaram (2 *2

The ever-increasing energy demand and rapid growth of modern industries enforce the scientific
community to search for alternative renewable energy resources. To overcome the energy crisis,
a hybrid electrochemical energy storage device, namely, supercapattery, is considered a promising green
energy source as it combines the merits of supercapacitors and batteries. The present work deals with
the electrochemical performance of bismuth oxyhalide/lemon peel-derived activated carbon (BOX-
LPDAC, X = bromine, chlorine, or iodine) electrode materials for supercapattery applications. The highly
porous sheet-like morphology of the prepared electrode materials promotes more charge storage of
electrolytic ions during the electrochemical reaction. Moreover, the BOB-LPDAC (1575.15 C g™, BOC-
LPDAC (1228 C g™ and BOI-LPDAC (905.37 C g™!) electrodes have high specific capacity than bare
BOB (646.75 C g™1), BOC (530.91 C g™}, BOI (409.57 C g~%) and LPDAC (165.19 C g™}) electrodes due to
the presence of synergistic battery-type faradaic (BOX) and capacitive-type (LPDAC) charge storage
mechanisms. The fabricated solid-state symmetric supercapattery (BOB-LPDAC|BOB-LPDAC) (SSC)
device could deliver an energy density of 172.06 Wh kg™ than the asymmetric supercapattery (BOB-
LPDAC||LPDAC) (ASC) device (47.1 Wh kg™%). Compared to the ASC device, the SSC device could power
a 2 V red LED for 555 s and a 3.7 V electric motor fan for 122 s. Hence, the prepared BOB-LPDAC
nanocomposite may serve as an excellent electrode material for solid-state symmetric supercapattery

rsc.li/rsc-advances applications.

1 Introduction

The burgeoning population and increasing energy demand
have led to a transition from non-renewable energy sources to
environmentally friendly renewable energy sources." The
existing renewable energy sources, such as solar, wind and tidal
energies, have the demerit of weather-dependent energy
supply.>* Therefore, renewable electrochemical energy storage
(EES) systems such as batteries and supercapacitors have
become a hot topic.® So far, neither supercapacitors nor
rechargeable batteries have the ability to revolutionize the
renewable energy industry remarkably. Recently, a hybrid EES
namely supercapattery, has attracted the scientific community
owing to its synergistic characteristics that combine the merits
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of energy density from battery-type electrode materials and
power density from supercapacitor-type electrode materials.*”

A variety of electrode materials, including transition metal
oxides (TMOs), transition metal sulphides (TMSs), transition
metal phosphates (TMPs) and carbon-based materials have
been utilized for supercapattery applications.® Even though
TMO-based supercapattery devices, such as NiCuCo,0,|/luffa
sponge-derived activated carbon [65 Wh kg *; 500 W kg™ '] and
MnCo0,04||AC” [33.8 Wh kg™ '; 318.9 W kg '], deliver high energy
density, their practical applicability is restricted due to low
power density. In the case of TMS-based supercapattery devices,
Mn-CoS||AC [17.94 Wh kg™"; 806 W kg™ ']*® and Zn, 5Coo 5S||AC
[49 Wh kg™ '; 957 W kg ']** deliver high energy density but
suffer from low electrochemical stability.”>** On the contrary,
TMP-based supercapattery devices, such as Cu;(PO,),||AC [65.96
Wh kg% 750 W kg~ ']° and Co3(PO,4),/GO||AC [82.69 Wh kg%
433.33 W kg~ '], offer high cyclic stability but poor rate capa-
bility.">'® Hence, these transition metal-based electrode mate-
rials could not find their place in the realm of supercapattery
applications.

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d6ra02955h&domain=pdf&date_stamp=2026-06-05
http://orcid.org/0009-0007-8057-7051
http://orcid.org/0009-0006-3570-9599
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02955h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016033

Open Access Article. Published on 03 June 2026. Downloaded on 6/21/2026 11:09:47 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Nowadays, bismuth (Bi)-based electrodes bloom the
electrochemical energy storage industries due to their faradaic
redox reactions, tunable morphology, good chemical stability
and environment-friendly nature.'”*® Theoretical studies on Bi-
based compounds reveal that the dendrite-free 3-electron redox
conversion of Bi**/Bi pair offers a high specific capacity of 384
mAh g ' Recently, the bismuth manganese oxide
(BiMnO3)||AC asymmetric supercapacitor device exhibited an
energy density of 14.4 Wh kg™ " and a very low power density of
50 W kg~ at a current density of 0.00025 A cm ™ 2,*° whereas the
bismuth iron manganese oxide (Bi,Fe,Mn,0,,)||AC delivered
a high energy density of 48 Wh kg™ " and a low power density of
480 W kg ' at a current density of 0.6 A g~ '.2 The bismuth oxide
(Bi,O)/ferric sulfide (FeS)||AC asymmetric device delivered an
energy density of 15 Wh kg~ and a low power density of 590 W
kg " ata current density of 1 A g~ .2 The bismuth-copper oxide
(Bi,Cu0O,)||AC solid-state flexible asymmetric device offers an
energy density of 55.3 Wh kg™ ' and a power density of 4570 W
Kg~ ' ata current density of 0.01 A cm™> but retained only 78.2%
of its initial capacity after 5000 cycles.*

Even though a variety of electrode materials have been
utilized, none of them are better electrochemical materials for
EES applications. The electrochemical performance of the
prepared electrodes mainly relies on energy density, power
density, electrical conductivity and cyclic stability. Bismuth
oxyhalides (BOX) are considered effective battery-grade elec-
trode materials owing to their layered structure and multi-
electron transfer nature.”*** BOX are V-VI-VII group ternary
materials that consist of alternatively arranged tetragonal mat-
lockite-type [Bi,0,]*" layers stacked between two slabs of
halogen (X™) ions.>*** In addition, the presence of corridors in
the interlayer acts as active sites for the electrolyte ions to
intercalate/deintercalate, facilitating the electrolyte ions to
participate in the faradaic reaction at the Bi sites.”*®

Carbonaceous materials (graphene oxide (GO), reduced
graphene oxide (rGO), graphitic carbon nitride (g-C;N,) and
activated carbon (AC)) are believed to be the power source in
supercapattery applications due to their electric double layer
capacitor (EDLC)-type charge storage mechanism.**** In
particular, biomass-derived activated carbon (BAC) from plants
and animals is considered a promising electrode material
because of its high surface area (>1000 m* g~ "), high conduc-
tivity, excellent chemical stability, high porosity (>0.5 cm® g™ ),
low cost, earth abundance and ease of production.”””** These
properties of BAC favour high power density and more capacity
retention rate for supercapattery applications.***

The present workt deals with a systematic investigation on
the electrochemical performance of three different electrode
materials, namely, bismuth oxybromide/lemon peel derived
activated carbon (BOB-LPDAC), bismuth oxychloride/lemon
peel derived activated carbon (BOC-LPDAC) and bismuth
oxyiodide/lemon peel derived activated carbon (BOI-LPDAC),
towards high performance solid-state supercapattery

+ This is the republication of an article previously retracted

[https://pubs.rsc.org/en/content/articlelanding/2026/ra/d6ra90026g] when

published by the incorrect authors.
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applications. A facile ultrasonication method was adopted for
the preparation of the BOB-LPDAC, BOC-LPDAC and BOI-
LPDAC nanocomposite electrode materials. The prepared
supercapattery electrode materials were subjected to cyclic vol-
tammetry and galvanostatic charge-discharge studies for the
confirmation of battery-type charge storage mechanism of BOX
and capacitive-type behaviour of LPDAC. Supreme solid-state
asymmetric and symmetric supercapattery devices using BOB-
LPDAC and LPDAC electrodes will be fabricated to achieve the
United Nations sustainable development goal (SDG) 2030.
Moreover, the practical applicability of the fabricated solid-state
asymmetric and symmetric supercapattery devices will be tested
to power a commercial red light-emitting diode (LED) and an
electric motor fan.

2 Experimental methods

2.1 Synthesis of bismuth oxyhalides (BOX (X = bromine,
chlorine, and iodine))

A co-precipitation method was adopted for the synthesis of BOX
nanomaterials (see SI 1.2), and the schematic representation for
the preparation of BOX is provided in Fig. S1.

2.2 Preparation of the biomass-derived activated carbon
from lemon peel (LPDAC)

A chemical activation method followed by pyrolysis was used to
prepare LPDAC (see SI 1.3 and Fig. S2).

2.3 Synthesis of bismuth oxyhalide-lemon peel derived
activated carbon (BOX-LPDAC) nanocomposites as electrode
materials

The BOX-LPDAC nanocomposites were prepared using a facile
ultrasonication method (see SI 1.4 and Fig. S3).

2.4 Preparation of PVA/KOH solid-state electrolyte

In order to fabricate the solid-state supercapattery device, the
PVA/KOH solid-state electrolyte was prepared using the solution
casting method (see SI 1.5).

3 Results and discussions
3.1 XRD analysis

The crystallinity and grain size of the prepared BOB, BOC, BOI,
LPDAC, BOB-LPDAC, BOC-LPDAC and BOI-LPDAC nano-
materials were analyzed using XRD analysis. Fig. S4(a) shows
the diffraction peaks of BOB at 10.57°, 21.39°, 24.91°, 31.39°,
31.90°, 39.02°, 46.02°, 50.39°, 53.23° and 56.91°, which corre-
spond to the (001), (002), (101), (102), (110), (112), (200), (104),
(211) and (212) planes, respectively.**** All these peaks were well
matched with the JCPDS card no. 09-0393 and exhibits the
tetragonal phase of BOB with lattice constants of a, b = 3.91 A
and ¢ = 8.14 A%

The prepared BOC has the diffraction peaks at 26 = 11.80°,
24.08°, 25.98°, 32.79°, 33.47°, 40.82°, 46.86°, 49.70°, 54.49° and
58.77°, which correspond to the Akl planes of (001), (002), (101),
(110), (102), (112), (200), (113), (211) and (212), respectively.
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These peaks coincide well with the JCPDS card no. 06-0249 and
reveal the tetragonal phase of BOC (a, b = 3.87 A and ¢ = 7.38 A)
(see Fig. S4(b)).*® BOI has the prominent diffraction peaks at 26
= 9.47°, 29.29°, 31.78°, 45.59° and 55.23°, which denote the
crystal planes of (001), (102), (110), (200) and (212), respectively
(see Fig. S4(c)). These characteristic peaks well match with the
JCPDS card no. 10-0445 and indicate the tetragonal phase of
BOI with g, b = 3.98 A and ¢ = 9.11 A.*** In the case of LPDAC,
two broad peaks appeared at 25.32° and 43.42° indexed to the
(002) and (101) kil planes, respectively, and agree well with the
JCPDS card no. 41-1487 (see Fig. S4(d)).**> Moreover, these
broad diffraction peaks of LPDAC confirm its amorphous
nature.*

All the diffraction peaks of BOB, BOC and BOI were also
observed in the prepared BOB-LPDAC, BOC-LPDAC and BOI-
LPDAC nanocomposites, respectively (see Fig. 1(a-c)). It is
clear that the tetragonal crystal phase is maintained for BOB,
BOC and BOI even after the addition of LPDAC in the prepared
nanocomposites.* In addition, no characteristic diffraction
peaks of LPDAC were present in these nanocomposites, which
may due to the weak diffraction intensity of the activated
carbon.”® The reduction in peak intensity at 31.90° of BOB,
33.47° of BOC and 31.78° of BOI due to the addition of LPDAC
confirms the presence of LPDAC at the surface of BOB, BOC and
BOI, respectively.*>**

The grain size (GS) and crystallinity (%) of the prepared BOB,
BOC, BOI, BOB-LPDAC, BOC-LPDAC and BOI-LPDAC electrode
materials are calculated using the following formulae, respec-
tively (see Table S1).***

CBOI (¢)
C

LT ¢

—— BOI-LPDAC

C

C

#: BOC (b) ¥ -#-4—— BOC-LPDAC

Intensity (a.u.)

% BOB(a) 4 yXx —— BOB-LPDAC

* * * *

\ - i j * *k
10 20 30 40 50 60
20 (Degree)

Fig.1 XRD patterns of the prepared (a) BOB-LPDAC, (b) BOC-LPDAC
and (c) BOI-LPDAC electrode materials.
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Grain size(GS) = 53(')79;26)@111), (1)
..o |crystalline area

Crystallinity (%) = [—overall area x 100, (2)

where 1 is the wavelength of the X-ray, 8 is the fullwidth at half
maximum (FWHM) and 4 is the diffraction angle.

The reduction in the grain size and crystallinity of the
prepared BOB-LPDAC, BOC-LPDAC and BOI-LPDAC nano-
composites is due to the addition of amorphous LPDAC into
crystalline BOB, BOC and BOI, respectively.*®* From the XRD
results, it is observed that among the prepared nano-
composites, BOB-LPDAC has the least crystallite size of
11.03 nm and high crystallinity of 77.38%. The high crystallinity
of the BOB-LPDAC electrode material promotes efficient fara-
daic redox reactions and facilitates easy ion transport owing to
its shorter diffusion path length.*® These outcomes suggest that
the prepared BOB-LPDAC nanocomposite may serve as a better
electrode material compared to the BOC-LPDAC and BOI-
LPDAC nanocomposites for supercapattery applications.

3.2 FESEM analysis

The surface morphology of the prepared BOB, BOC, BOI,
LPDAC, BOB-LPDAC, BOC-LPDAC and BOI-LPDAC electrode
materials are shown in Fig. S6 and 2. In the present work,
a nanosheet-like morphology for BOB, an irregular nanosheet-
like morphology for BOC, a nanoflake-like morphology for
BOI and a sheet-like morphology with high degree of porosity
for LPDAC were observed (see Fig. S6(a-d)).**** The presence of
more pores in the prepared LPDAC due to chemical activation
by KOH may enhance the specific surface area and provide
efficient pathways for ion insertion and exertion.*** The
ultrasonically derived BOB-LPDAC nanocomposite reveals that
the highly porous nature of LPDAC may accommodate more
BOB nanosheets (see Fig. 2(a)). In the case of the BOC-LPDAC
nanocomposite, the BOC nanosheets are decorated at the
surface of LPDAC (see Fig. 2(b)), whereas in BOI-LPDAC, the BOI
nanoflakes are decorated at the surface of LPDAC (see Fig. 2(c)).
Among all the three nanocomposites, BOB-LPDAC has the
highly porous LPDAC nanosheets, which can enhance electro-
Iyte ion storage and facilitate more charge transfer during the
electrochemical reaction.?”*

3.3 HRTEM analysis

The crystalline nature and morphology of the prepared BOB,
BOC, BOI, LPDAC, BOB-LPDAC, BOC-LPDAC and BOI-LPDAC
electrode materials were confirmed from HRTEM character-
ization.”* Fig. S9(a and b) reveals the sheet-like morphology of
the prepared BOB and BOC, whereas BOI exhibits a flake-like
morphology with sharp edges (see Fig. S9(c)). In addition,
BOB, BOC and BOI have an interplanar lattice spacing of
0.28 nm, 0.27 nm and 0.28 nm, corresponding to the d;;, plane,
respectively.”>” From Fig. S9(d), it is evident that the prepared
LPDAC is highly porous in nature.”® Furthermore, the absence
of lattice spacing in LPDAC authenticates its amorphous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FESEM images of the (a) BOB-LPDAC, (b) BOC-LPDAC and (c) BOI-LPDAC electrode materials.

Table 1 Anodic and cathodic peaks of the prepared BOB, BOC and
BOI electrodes

Anodic peaks (V) Cathodic peak (V)

Electrodes o1 02 R1

BOB —0.52 —0.31 —0.76
BOC —0.48 —0.27 —0.79
BOI —0.59 —0.39 —0.89

nature.” In the case of the BOB-LPDAC and BOC-LPDAC
nanocomposites, butterfly-shaped BOB/BOC nanosheets were
embedded at the surface of the amorphous LPDAC (see Fig. S9(e
and f)),”” where the BOI-LPDAC nanocomposite indicates that
the BOI nanoflake was decorated at the surface of LPDAC (see
Fig. S9(g)). These findings well supported the results obtained
from the XRD and FESEM studies.

3.4 BET analysis

The specific surface area of the prepared BOB, BOC, BOI,
LPDAC, BOB-LPDAC, BOC-LPDAC and BOI-LPDAC electrode
materials was analysed using a Brunauer-Emmett-Teller (BET)
study (see Fig. S10 and Table S3).?® The addition of LPDAC (1610
m?> g ') to BOB, BOC and BOI greatly increases the specific
surface area from 18.19 m* g ', 16.12 m* g~ and 11.80 m* g *
to 981 m> g ', 783 m> g ! and 610 m” g~ for the prepared
nanocomposites of BOB-LPDAC, BOC-LPDAC and BOI-LPDAC,
respectively.®® The increase in specific surface area ensures
the decoration of BOB/BOC/BOI at the surface of the highly

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

porous LPDAC.** The calculated pore size of 2.98 nm, 3.32 nm,
2.94 nm, 2.52 nm, 2.38 nm, 2.70 nm and 2.74 nm, respectively,
for the prepared BOB, BOC, BOI, LPDAC, BOB-LPDAC, BOC-
LPDAC and BOI-LPDAC electrode materials using Barrett-Joy-
ner-Halenda (BJH) ensures that all the prepared electrode
materials are mesoporous nature.** Among all the prepared
nanocomposites, the BOB-LPDAC has favourable properties of
high specific surface area (981 m”> g '), large pore volume (0.583
nm) and less pore size (2.38 nm) and thereby it can offer more
adsorption sites to store more electrolyte ions for the enhanced
electrochemical energy storage performance.*>*

3.5 TGA study

The thermal stability and humidity of the prepared BOB, BOC,
BOI, LPDAC, BOB-LPDAC, BOC-LPDAC and BOI-LPDAC elec-
trode materials were investigated using thermogravimetric
analysis under an N, atmosphere (see Fig. S11).°* The TGA curve
of BOB shows three stages of weight loss, whereas the BOC and
BOI exhibit significant weight loss in four stages (see
Fig. S11(a)).** In addition, LPDAC undergoes a two-stage weight
loss, while the BOB-LPDAC, BOC-LPDAC and BOI-LPDAC
nanocomposites indicate a three-stage weight loss (see
Fig. S11(b)). The first weight loss around 200 °C is due to the
evaporation of water molecules in the prepared BOB, BOC, BOI,
BOB-LPDAC, BOC-LPDAC and BOI-LPDAC electrode materials.>®
From Table S4, it is evident that the thermal decomposition of
BOX into bismuth monoxide (BiO) and X, occurs at 667 °C
(BOB), 562 °C (BOC) and 448 °C (BOI), respectively (see eqn

(3)) 62,63

2BOX — 2BiO + X, 3)

RSC Adv, 2026, 16, 29918-29931 | 29921
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Fig. 3 CV curves at different scan rates for the (a) BOB-LPDAC, (b) BOC-LPDAC and (c) BOI-LPDAC electrodes.

The oxidation of LPDAC occurs at 495 °C and results in
a weight loss of 89.79%.%* In the case of the prepared nano-
composites, a substantial weight loss of 51.50% for BOB-LPDAC
at 442 °C, 55.77% for BOC-LPDAC at 436 °C and 58.94% for BOI-
LPDAC at 413 °C were noticed. A minimum weight loss of
51.50% and the supreme thermal stability of 442 °C suggest that
BOB-LPDAC may act as a better electrode material than the
other prepared bismuth oxyhalide electrodes for supercapattery
energy storage applications.®® The above findings can also be
authenticated from electrochemical characterizations such as
CV, GCD and EIS.

3.6 CV analysis

The charge storage mechanism of the prepared BOB, BOC, BOI,
LPDAC, BOB-LPDAC, BOC-LPDAC and BOI-LPDAC electrodes
was investigated using the cyclic voltammetry (CV) analysis.
Where a three-electrode configuration was adopted. The
potential window (AV) for BOB, BOC and BOI was in the range of
—0.95 Vto —0.2 V. For LPDAC, AV lies in the range of —0.5 V to
0.1V, and for BOB-LPDAC, BOC-LPDAC and BOI-LPDAC, AV is
in the range of —0.95 V to 0.1 V. In addition, the scan rate was in
the range of 10-50 mV s~ " for all the cases.

The CV profiles of the BOB, BOC and BOI electrodes exhibit
redox peaks due to faradaic reactions, which confirm the
battery-type charge storage mechanism (see Fig. S12(a—c)).***”
Moreover, the existence of two anodic peaks, O1 and O2,

29922 | RSC Adv, 2026, 16, 29918-29931

authenticate the oxidation of Bi® into Bi* and Bi" into Bi®**,
respectively (see Table 1).°** Furthermore, the presence of the
cathodic peak (R1) is due to the reduction of Bi*" to Bi®.®® When
the scan rate increases, the oxidation peak may shift towards
a positive potential and the reduction peak may shift towards
a negative potential, resulting in an internal resistance drop in
the prepared electrodes.” Also, at high scan rates, remarkable
increments in both anodic and cathodic current densities were
observed, which may due to the occurrence of (i) rapid inter-
facial faradaic redox reactions and (ii) fast electronic as well as
ionic transport in the electrode.®””*7>

Fig. S12(d) shows the symmetrical and quasi-rectangular
potential windows with no redox peaks, revealing the electric
double layer capacitor (EDLC) behaviour of LPDAC.”* Moreover,
the EDLC nature of LPDAC confirms its porous nature that
facilitates the efficient transport of electrolyte ions.”* From
Fig. 3(a—c), it is evident that the BOB-LPDAC, BOC-LPDAC and
BOI-LPDAC electrodes have a more CV loop area and wider
potential window than the bare BOB, BOC, BOI and LPDAC
electrodes, respectively, owing to the synergistic effect of the
battery- and capacitive-type charge storage mechanisms.

Among all the electrodes, the BOB-LPDAC electrode exhibits
the maximum current response of 93 mA due to its sheet-like
morphology and higher surface area of 981 m* g ' than BOC-
LPDAC (82 mA) and BOI-LPDAC (65 mA) at 10 mV s .
Furthermore, transportation of more ions from LPDAC to BOB

66,75

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a—g) GCD profiles at different current densities and (h) specific capacity as a function of current density for the BOB, BOC, BOI, LPDAC,

BOB-LPDAC, BOC-LPDAC and BOI-LPDAC electrodes.

is feasible.” The less current response in BOC-LPDAC and BOI-
LPDAC may be attributed to their smaller surface area (783 m>
g ' and 610 m* g ') and irregular (nanosheet and nanoflake)
morphology, respectively.” Hence, from the present CV anal-
ysis, it is clear that the prepared BOB-LPDAC nanocomposite

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

may act as a better supercapattery electrode material than BOC-
LPDAC and BOI-LPDAC.

3.7 GCD analysis

The electrochemical performance of the prepared BOB, BOC,
BOI, LPDAC, BOB-LPDAC, BOC-LPDAC, and BOI-LPDAC
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Fig. 5 Nyquist plots of BOB-LPDAC, BOC-LPDAC and BOI-LPDAC,
along with the equivalent circuit model (inset).

electrodes was further studied by galvanostatic charge-
discharge (GCD) analysis. The GCD profile of the BOB, BOC and
BOI electrodes was attained in the potential window of —0.95 V
to —0.2 V at different current densities of 1-5 A g~ " (see Fig. 4(a-
¢)). In addition, the discharge curve of the prepared BOB, BOC
and BOI electrodes reveals an asymmetric shape with a two-step
voltage disparity,”® where the presence of a steep voltage drop
(IR drop) is due to the internal resistance of the considered
electrode materials and a prolonged plateau of voltage is owing
to the reduction of Bi** into Bi (metal).”>”® These properties
indicate the battery-type charge storage mechanism in BOB,
BOC and BOI due to their non-capacitive faradaic behaviour,
which are consistent with the redox peaks in CV curves.”””®

In the case of LPDAC, the potential window is in the range of
—0.5 V to 0.1 V. Moreover, it exhibits a triangular-shaped
charge-discharge profile, which confirms the electric double
layer capacitor-type charge storage mechanism (see Fig. 4(d)).”
From Fig. 4(e-g), it is evident that the addition of LPDAC in
BOB, BOC and BOI could extend the potential window in the
range of —0.95 V to 0.1 V and greatly reduce the IR drop.* The
decrement in the IR drop is due to the good electrical conduc-
tivity and high porous nature of LPDAC and thereby enhance-
ments in the ion diffusion and electron transportation.®
Fig. 4(h) shows the specific capacity (Qs) of the prepared elec-
trodes at various current densities (1-5 A g~ '). The calculated
specific capacity of the prepared BOB, BOC, BOI, LPDAC, BOB-
LPDAC, BOC-LPDAC, and BOI-LPDAC electrodes was found to
be 646.75 C g, 530.91 C g, 409.57 C g, 165.19 C g ',
1575.15Cg ',1228 Cg ' and 905.37 C g " at a current density
of 1 A g, respectively. Furthermore, it is noticed that the
specific capacity decreases with an increase in current density,
which may due to the fast electrolytic ion transportation that
restricts intercalation/deintercalation at the active sites of the
electrodes during the electrochemical process.®”*

Compared to bare electrodes, the prepared BOB-LPDAC,
BOC-LPDAC, and BOI-LPDAC nanocomposites exhibit high
specific capacity and wider potential window due to their
combined battery (BOX) and capacitive (LPDAC) type charge
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storage behaviour.®®* Among the prepared nanocomposites,
BOB-LPDAC offers the maximum specific capacity of 1575.15 C
g " due to its high surface area (981 m”> g~'), more pore volume
(0.583 nm) and high porosity.” Moreover, these characteristics
could offer more active sites for the electrolyte ions, which
facilitate the abundant storage of charge in the prepared BOB-
LPDAC.*** Hence, from the present investigation, it is evident
that the prepared BOB-LPDAC may serve as a better electrode
material for supercapattery applications.

3.8 EIS analysis

The ion-transfer ability of the prepared BOB, BOC, BOI, LPDAC,
BOB-LPDAC, BOC-LPDAC, and BOI-LPDAC electrodes was
examined in the frequency range of 100 kHz-100 Hz at room
temperature using the electrochemical impedance spectroscopy
(EIS) analysis.® Fig. S13 and Fig. 5 illustrate the Nyquist plots of
the electrodes, and the inset images depict the equivalent
circuit model.

The calculated solution resistance (R;) of the BOB, BOC, BOI,
LPDAC, BOB-LPDAC, BOC-LPDAC, and BOI-LPDAC electrodes
are 1.27 Q, 1.37 Q, 1.50 Q, 1.01 Q, 0.63 Q, 0.72 Q and 0.87 Q,
respectively (see Table S5). It authenticates that the reduction in
Ry is due to addition of LPDAC in BOB/BOC/BOI, which further
decreases the intrinsic resistance of the electrode materials and
increases the electrical contact between the electrode material
and the electrolyte ions.**® Compared to all the prepared
electrode materials, BOB-LPDAC exhibited the lowest R of 2.12
Q, which resulted in a rapid electrolyte ion transport at the
electrode/electrolyte interface.®”® The low resistivity of BOB-
LPDAC may be ascribed to its sheet-like morphology and large
surface area (981 m”> g '), providing shorter diffusion
lengths.**®® In addition, the presence of more mesopores in
BOB-LPDAC may act as ion reservoir channels, thereby
promoting more intercalation and deintercalation of the elec-
trolyte ions into the electrode.®”*® Furthermore, it is observed
that in the high to low frequency region of BOB-LPDAC, the
imaginary part of impedance was almost linear, and this
authenticates the coexistence of battery- and capacitive-type
behaviours in the prepared BOB-LPDAC.*”

4 Fabrication of the solid-state
asymmetric (BOB-LPDAC||LPDAC) and
symmetric (BOB-LPDAC| BOB-LPDAC)
supercapattery devices

Based on the electrochemical performances obtained from the
three-electrode cell configuration, BOB-LPDAC was further
considered for the two-electrode cell configuration due to its
maximum current response of 93 mA, supreme specific capacity
of 1575.15 C g * and lower resistivity than the BOC-LPDAC and
BOI-LPDAC electrodes. In the present work, the fabricated solid-
state asymmetric (BOB-LPDAC||LPDAC) and symmetric (BOB-
LPDAC||BOB-LPDAC) supercapattery devices were labelled as ASC
and SSC, respectively. In both cases, the prepared PVA/KOH was
utilised as the solid-state electrolyte. From the CV curves (see

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (aand b) CV curves at different scan rates (10-50 mV s3), (c and d) GCD curves at different current densities (1-5 A g™4), (e and f) cyclic
stability (inset image shows the first ten charge—discharge cycles), (g) Nyquist plots and (h) Ragone plots of the ASC and SSC devices.

Fig. 6(a and b)), the ASC operates in the potential window of 0-
2V, and for SSC, the potential window was in the range of 0-2.6 V,
respectively, where the scan rate varies from 10-50 mV s .
Compared to the ASC, the SSC has an enhanced CV loop area and
high operating voltage.

The GCD profile of the ASC and SSC reveals triangular-
shaped charge-discharge curves at a current density of 1-

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

5 A g ' (see Fig. 6(c and d)). The specific capacity (Qs), energy
density (Ep) and power density (Pp) of the prepared super-
capattery devices are calculated using the following
equations:***°

I x At
m

Os(C g) =

(4)
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_ 0.5 x AV x

Ep(Wh kg™') = #QS (5)
_ 3600 x E

Pp(W kg') = TD (6)

where I is the applied current (A), At is the discharge time (s), m
is the mass of the active material (g) and AV is the potential
window (V). Eqn (4) is applicable only when the discharge curve
is non-linear. Further, it assumes that the current is constant
throughout the measurement, and mass is limited to only the
active material on the electrode. Eqn (5) assumes a linear
discharge and constant capacity throughout AV. It is applicable
for a full supercapattery cell assembly. Its limitation is the
assumption of linearity and dependence on discharge rates.
However, eqn (6) determines stored energy over the discharge
time and its limitation is in averaging performance.*®

The calculated specific capacity for the ASC and SSC at
a current density of 1 A ¢~ was found to be 169.57 C g ' and
476.46 C g~ ', respectively. In addition, the ASC has an energy
density of 47.1 Wh kg™ ' and a power density of 1 kW kg™ " at
1 A g ', while it delivers 14.32 Wh kg of energy density and 5
kW kg " of power density at 5 A g " (see Table 2). But in the case
of SSC, 172.06 Wh kg™ " of energy density and 1.3 kW kg™ " of
power density were attained at 1 A g~ '. As the current density
increases to 5 A g ', the power density increases (6.5 kW kg™ )
and energy density (62.13 Wh kg ') decreases. From the ob-
tained Ep and Pp, values, it is confirmed that the utilization of
PVA/KOH as the solid-state electrolyte delivers superior
electrochemical performances, and the fabricated ASC and SSC
belong to a category between supercapacitor and battery in the
Ragone plot (see Fig. 6(h)).

The cyclic stability of the ASC and SSC devices was tested for
2000 cycles at a current density of 2 A g~* (see Fig. 6(e and f)),
where the inset image represents the first ten consecutive
charging and discharging cycles. Both the ASC and SSC devices
could retain 94.01% and 98.10% capacity, respectively, even
after 2000 cycles and resulted in excellent electrochemical
robustness.”® The Nyquist plot illustrates that the SSC has
a lower charge transfer resistance (R.) of 3.96 Q than that of ASC
(4.53 Q) which facilitates the fast transfer of ions in the SSC
device (see Fig. 6(g)).*

Compared to the ASC, the SSC has a high specific capacity
(476.46 C g ), wide potential window (0-2.6 V), more CV loop
area, an outstanding energy density (172.06 Wh kg™ '), excellent
power density (6.5 kW kg™"), a less charge transfer resistance
(3.96 Q) and supreme capacity retention (98.10%). These
remarkable properties of the SSC device, along with the highly
porous nature of both the positive and negative electrodes
(BOB-LPDAC), offer more diffusion and storage of ions during
its electrochemical performance.

Table 2 summarises the comparison of the electrochemical
performance of the fabricated ASC and SSC with previously re-
ported bismuth- and carbon-based electrodes. When the posi-
tive electrode is either a metal (Fe) or non-metal (S) composite
with bismuth oxide (Bi,O3) or Bi,O3 with a Bi atom replaced by
a manganese (Mn) atom and the negative electrode is activated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(b) After 90 s

(d)After 270 s
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Fig.7 Photographs of (a—f) two serially connected solid-state ASC devices lighting up a red LED for 435 s. (For the interpretation of the colours in
this figure, the reader is suggested to refer to the web version of this article).

carbon (AC), both Ep, and Pp, decrease and the chemical stability
of the devices is enhanced. In contrast, when bismuth oxide is
doped with two or more transition metals (Mo, Fe and Mn), then
Ep, is greatly increased and Py, is reduced.

Moreover, the utilization of BiOCl as both the positive and
negative electrodes and KOH as an electrolyte exhibits a high
energy density and power density than AC and MXene-based
devices. When a BiOCl/multi-walled carbon nanotube
(MWCNT) served as both the positive and negative electrode

and PVA/H,SO, served as a gel electrolyte, the prepared device
has more Pp, and chemical stability and low Ep, (14.62 Wh kg ™)
compared to bare BiOCl electrodes. Furthermore, there is
a drastic decrease in Ep and Pp when single-walled carbon
nanotube (SWCNT) is used as the positive electrode and
bismuth phosphate (BiPO,) is used as the negative electrode.
Also, the fabrication of a supercapacitor device with a metal
oxide-based material (NiO/CeO,) as the positive electrode and
a bismuth-based material (Bi;.4;Nig53011.73) as the negative

Fig. 8 Photographs of (a—d) two serially connected solid-state ASC devices powering an electrical motor fan (3.7 V) for 90 s.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(b) After 110 s

(d) After 330 s

(f) After 550 s

Fig.9 Photographs of (a—f) two serially connected solid-state SSC devices lighting up a red LED for 550 s. (For the interpretation of the colours in
this figure legend, the reader is suggested to refer to the web version of this article).

electrode yields a high Ep, (78 Wh kg ') and moderate Py, (0.201
kW kg™).

From Table 2, it is clear that all the reported electrode
materials exhibit either a low energy density or power density.
But, the prepared SSC device delivers an ultrahigh energy
density of 172.06 Wh kg™, a maximum power density of 6.5 kW
kg, high cell voltage of 2.6 V and cyclic stability of 98.10%
compared with the other electrode materials. The remarkable

(a) Initial

(c) After 80 s

electrochemical energy storage performance of the SSC is due to
the utilization of PVA/KOH as the solid-state electrolyte and also
the synergistic effects of battery-type faradaic and capacitive
reaction provided by BOB and LPDAC, respectively.®® Hence, the
prepared BOB-LPDAC may serve as a prominent electrode
material for the fabrication of advanced SSC devices in the
realm of electrochemical energy storage applications in the near
future.

e

(b) After 40 s

(d) After 120 s

Fig. 10 Photographs of (a—d) two serially connected solid-state SSC devices powering an electrical motor fan (3.7 V) for 120 s.
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5 Powering of a red LED and an
electrical motor fan using the solid-
state ASC and SSC devices

To examine the prepared ASC and SSC devices for practical
applications, both the devices were charged for 1 min. The
solid-state ASC device could light up a commercial red LED for
7 min 18 s (438 s) (see Fig. 7(a-f)), and the same device could
power an electric motor fan for 1 min 31 s (91 s) (see Fig. 8(a-d)).
The solid-state SSC device could light up a commercial red LED
for 9 min 15 s (555 s) (see Fig. 9(a-f)) and an electric motor fan
for 2 min 2 s (122 s) (see Fig. 10(a-d)).

From these results, it is observed that the prepared SSC
device offers superior electrochemical performance than the
ASC device. Hence, the prepared SSC device with a high oper-
ating potential (2.6 V), an outstanding energy density (172.06
Wh kg™ ') and excellent power density (6.5 kW kg~ ') may act as
a potential power source in the near future.

6 Conclusions

In summary, three nanocomposites, namely, BOB-LPDAC, BOC-
LPDAC and BOI-LPDAC, were successfully synthesized, and
their applicability as electrode materials were tested using an
electrochemical analysis. Among all, BOB-LPDAC exhibited
a superior specific surface area of 981 m”> g~ * than BOC-LPDAC
(783 m”> g7') and BOI-LPDAC (610 m” g~ '), thereby offering
more adsorption sites to store more electrolyte ions. The
enhanced electrochemical performance of these three elec-
trodes than bare electrodes (BOB, BOC and BOI, respectively)
may due to the presence of more CV loop area, a wider potential
window and the synergistic effect (battery-type faradaic and
capacitive reaction) offered by BOX and LPDAC in the nano-
composites. Based on the superior electrochemical perfor-
mance, the BOB-LPDAC and LPDAC electrodes were alone
utilized for the construction of supercapattery devices. The
fabricated solid-state SSC device could deliver a high specific
capacity of 476.46 C g~ " and an excellent power density of 6.5
kW kg than the solid-state ASC device (169.57 C g~ ' and 5 kW
kg™ ™). In addition, the fabricated ASC and SSC devices offered
94.01% and 98.10% capacity retention even after 2000 charge-
discharge cycles. An outstanding specific capacity (476.46 C
g™ 1), cell voltage (2.6 V), energy density (172.06 Wh kg™ '), power
density (6.5 kW kg~ ") and capacity retention (98.10%) suggested
that the prepared BOB-LPDAC nanocomposite may serve as an
efficient electrode material in the realm of solid-state symmetric
supercapattery energy storage applications.
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