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Here, we explore the potential of symmetric and asymmetric configurations for high-performance
energy storage using Bi,MoOg (BMO) nanoplates synthesized via a microwave-hydrothermal method.
Symmetric devices (BMO//BMO) exhibit a higher specific capacity (~83 mAh g™, but lower retention
(~36% after 1250 cycles), while asymmetric devices (BMO//carbon nanotubes (CNTs)) show superior
retention (~85% after 2500 cycles) with a capacity of ~46.25 mAh g~. The enhanced redox activity
in symmetric format contrasts with the conductive benefits of CNTs in asymmetric systems. This dual
evaluation demonstrates the versatility of BMO for both energy density and long-term stability, making it
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a promising material for high-performance energy storage applications. Furthermore, we provide a
detailed analysis of the charge storage mechanism of BMO, which follows a battery-type process driven
by intercalation and redox reactions, resulting in its high capacity. The practicality of the BMO//BMO
device is demonstrated by lighting red, green, and blue LEDs for 18 minutes, 45 seconds, and
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1. Introduction

Batteries and supercapacitors are well-known energy storage
devices, each with unique advantages and limitations. Batteries
can store a significant amount of energy for long periods.
However, their power density is relatively low, and they charge
and discharge at a slower rate. On the other hand, super-
capacitors offer high power density, enabling rapid charging
and discharging, but they are limited by low energy density,
which restricts their storage capacity. Supercapatteries address
these limitations by achieving an optimal balance: they provide
higher energy density than supercapacitors, ensuring a longer
discharge time, and exhibit a greater power density than
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30 seconds, respectively, using two identical supercapacitor cells connected in series.

batteries, allowing faster energy access when needed. This dual
functionality makes supercapatteries ideal for applications that
demand both quick bursts of power and moderate energy
storage, such as in electric vehicles, renewable energy storage,
and grid stabilization systems. Their ability to offer both rapid
charging and extended operation times highlights their signif-
icance as next-generation energy storage devices that are
designed to meet the growing demands for efficiency and
versatility.'™ Various metal oxides, such as Co03;04,> TiO,,°
Ce0,,” Bi,0;,° CeNiOs,° BiFeOs,'® MnCo0,04," Bi,Ti;01,,"
Bi,WOs,"* and Bi,Mo00Qg,'*'® have been investigated for use in
supercapattery devices. Among these, Aurivillius-type com-
pounds like Bi,TizO0;,, Bi,WOs, and Bi,Mo0Os, have gained
attention as promising candidates due to their distinctive
structural and electrochemical properties. The layered struc-
ture of these materials facilitates ion diffusion and electron
transport — key factors in enhancing electrochemical perfor-
mance. Additionally, their 2D morphology offers a large surface
area, promoting efficient ion adsorption and improving access
to electrochemically active sites. Despite these advantages,
several challenges remain in the use of 2D layered metal oxides
for supercapattery applications. These challenges include struc-
tural instability during prolonged cycling, low intrinsic con-
ductivity in some metal oxides, and limited scalability of the
synthesis methods.*"™'® Compared to Aurivillius-type layered
structure Bi, TizO;, and Bi,WOg, Bi,M00, (BMO) demonstrates

© 2025 The Author(s). Published by the Royal Society of Chemistry
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superior electrochemical performance in supercapattery appli-
cations. This is primarily attributed to its superior intrinsic
faradaic activity and improved cycling stability, making it an
excellent choice for applications demanding both high power
and energy density.'*"*>17:18

BMO is an intriguing compound that belongs to the Auri-
villius family of oxides, known for their layered perovskite
structures. This material has gained attention due to its unique
photocatalytic, dielectric, and electrochemical properties.'®>°
In recent years, BMO has been explored for various energy
storage and conversion applications, including its potential
use in supercapattery devices.'*">*'*® In BMO, bismuth oxide
layers alternate with molybdate octahedra (MoOs).*° This
arrangement creates a natural two-dimensional framework that
facilitates ion diffusion and electron transport, which are
crucial for its electrochemical performance. BMO can partici-
pate in faradaic reactions, enabling the material to act as a
battery-like electrode in supercapatteries.'®>' The layered struc-
ture of BMO offers a high surface area for ion adsorption and
electrostatic charge storage, similar to the behaviour seen in
supercapacitors. This capacitive component enhances the
power density of the material, allowing for rapid charge/dis-
charge cycles. The combination of faradaic and capacitive
behaviours in BMO results in a hybrid energy storage mecha-
nism, which is the hallmark of supercapattery devices. This
hybrid mechanism allows BMO to strike a balance between
energy density, similar to batteries, and power density, like
supercapacitors.

Most studies in this field have concentrated on the synthesis
and characterization of BMO nanostructures, followed by the
evaluation of their electrochemical performance in a three-
electrode system. Previous studies predominantly relied on
traditional synthesis methods, such as solvothermal techniques,
which often result in longer processing times, lower reproduci-
bility, and limited control over nanostructure morphology. These
limitations present significant challenges, potentially impeding
the full exploitation of BMO’s electrochemical capabilities. Nota-
bly, the adoption of microwave-assisted hydrothermal methods
has emerged as a superior alternative. This innovative technique
offers several advantages, including rapid synthesis, improved
uniformity, and greater control over nanostructure formation.
Microwave-assisted hydrothermal synthesis enables a more effi-
cient and consistent production process, significantly improving
the electrochemical performance of BMO and enhancing its
viability for advanced energy storage applications. In several
studies, BMO has been observed to exhibit battery-like behavior,
characterized by distinct redox peaks when tested in alkaline
electrolytes such as KOH and NaOH. This suggests that the
material behaves more like a battery electrode, with its capacity
governed by redox reactions occurring at the electrode surface.
Despite this, many reports mistakenly calculate the specific
capacitance (F g~ ') instead of the specific capacity (mAh g )
when evaluating its electrochemical performance,'®!>?!28:30:31
This practice can lead to misleading conclusions, as specific
capacitance is more appropriate for materials that store charge
primarily through electrostatic means (as in electrical double-layer
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capacitors), rather than those that involve faradaic processes.
Calculating specific capacitance for BMO, which relies on redox
reactions, fails to capture the true extent of its charge storage
capabilities and may undervalue its performance in applications
where battery-like behavior is desirable. Therefore, a more accu-
rate assessment of BMO’s electrochemical properties should
involve calculating the specific capacity. This reflects its
battery-like behavior and enhances the understanding of its
suitability for energy storage applications. In addition to three-
electrode systems, recent studies have extended the investiga-
tion of BMO’s electrochemical properties to symmetric super-
capacitor configurations."*">'® Samdani et al. (2018) fabricated
a carbon sphere@BMO symmetric supercapattery device using
a thin film of PVA-KOH as both the separator and electrolyte.
This device achieved a specific capacitance of 26.69 F g~ ' at
0.25 Ag~ ', an energy density of 10.8 Wh kg™ " at a power density
of 410 W kg~ ', and maintained 80% of its specific capacitance
after 10 000 cycles."” Likewise, Shinde et al. (2019) developed a
BMO symmetric supercapattery device incorporating a polypro-
pylene separator and a 1 M KOH electrolyte. The device
achieved a specific capacitance of 40.5 F g~' at 1 A ¢” ', and
an energy density of 45.6 Wh kg™' at a power density of
989 W kg™ ', and it retained 78% of its capacitance after
5000 cycles."* Wang et al. (2020) expanded on this research by
fabricating BMO quasi-nanospheres anchored onto activated
carbon cloth for flexible symmetric devices, utilizing a PVA-
KOH gel electrolyte. Their device exhibited a specific capacitance
of 345.0 Fg ' at 1 Ag™ "', an energy density of 110.4 Wh kg " at a
power density of 1429.6 W kg™', and retained 90.2% of its
capacitance after 10 000 cycles."®

While these studies have significantly advanced our under-
standing of BMO as a supercapacitor material, several gaps
remain. Many of these investigations have relied on traditional
synthesis methods, such as solvothermal techniques, which are
often hampered by longer processing times and limited control
over nanostructure morphology. Furthermore, a significant
number of studies are confined to three-electrode systems,
which do not provide a comprehensive view of the material’s
performance in practical applications. Most importantly,
the performance of BMO in asymmetric devices has yet to be
explored, and systematic comparisons between symmetric and
asymmetric configurations are lacking. Addressing these gaps,
the present study aims to advance the understanding and
application of BMO in supercapattery devices by employing a
novel microwave-assisted hydrothermal synthesis method.
Additionally, this research will evaluate the electrochemical
performance of BMO not only in three-electrode systems but
also in both symmetric and asymmetric supercapattery config-
urations. In a departure from previous studies, we calculated
specific capacity (mAh g~') instead of specific capacitance
(F g~ ") for BMO, aligning with its battery-like behavior to yield
a more accurate assessment of its electrochemical perfor-
mance. This approach provides deeper insight into BMO’s
charge storage mechanism, which operates through faradaic
processes, highlighting its potential as a promising battery-type
material for energy storage. Furthermore, by incorporating
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carbon nanotubes (CNTs) as the complementary electrode
material in asymmetric devices, this study aims to enhance
overall device performance and provide a more thorough
evaluation of BMO’s practical potential. Finally, our research
aspires to provide important insights into the development of
high-performance supercapattery device design and optimiza-
tion, assisting in the creation of efficient and adaptable next-
generation energy storage systems.

2. Experimental section

2.1. Materials and chemicals

Bismuth(m) nitrate pentahydrate [Bi(NO3);-5H,0, Aldrich,
>98%] and sodium molybdate, dihydrate [Na,Mo0O,-2H,0,
Aldrich, >99%], concentrated HNO; (Loba, 69%), super-P carbon
black, polyvinylidene fluoride (PVDF), N-methylpyrrolidone
(NMP), and double distilled water (DDW) were used.

2.2. Preparation of BMO

Specifically, 0.05 M of Bi(NO3);-5H,0 was dissolved in 10 ml of
glacial acetic acid to obtain a clear and transparent solution, to
which 0.025 M of Na,Mo0O,-2H,0 was added and stirred
thoroughly. The volume of the resulting solution was adjusted
to 50 mL using DDW, and a few drops of NH; were added to
reach a final pH of approximately 8.0. The solution was then
subjected to MW treatment at 180 °C for 30 minutes in an 80
mL glass vial, filled to 60% capacity. Following MW treatment,
pale yellow precipitates formed and were subsequently washed
with DDW and ethanol through centrifugation. The washed
precipitates were dried at 60 °C for 24 hours in a vacuum oven
and subjected to further characterizations. Fig. 1 showcases
a pictorial diagram illustrating the synthesis process of BMO
NPs. The following reactions (1)-(3) are proposed based on

Bi(NO,); . 5H,0

,\ m glacial {\
acetic acid

N 32M004. 2H 20
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the adopted synthesis conditions, and can be divided into
the following main stages: (a) dissolution and hydrolysis,
(b) nucleation, (c) aggregation, and (d) crystallization:'*>>

Bi(NO;);-5H,0 + 3CH;COOH — Bi(CH;COO); + 3HNO; + 5H,0

1)
Na,Mo00,-2H,0 — 2Na' + M0O,*>~ + 2H,0 (2)

2Bi*" + M0o0O,*” + 40H  — Bi,M0Os + 2H,0  (3)

2.3. Material characterizations

X-ray diffraction (XRD) was used to examine the materials’ purity
and the phase structure of the materials. A NEXSA surface
analysis XPS spectrometer from thermo scientific was used to
perform X-ray photoelectron spectroscopy (XPS). The Raman
spectra were obtained at room temperature using a Horiba Lab
RAM HR evolution mode Raman spectrometer. An FESEM,
6 Merlin compact 6073, and Carl Zeiss were used to charac-
terize the surface morphology. An energy-dispersive X-ray ana-
lyzer (EDX) in conjunction with the FESEM device verified
the elemental makeup of the produced samples. A Bruker
Tensor 27 FTIR spectrometer was used to record the trans-
mission spectrum of Fourier-transform infrared spectroscopy
(FTIR) in the 600-4000 cm ' range. Nitrogen adsorption-
desorption isotherms were obtained using a nitrogen adsorp-
tion instrument (ASAP 2020, USA) following a 12-hour degas-
sing process. The specific surface area was calculated using
the Brunauer-Emmett-Teller (BET) method. The electroche-
mical characteristics were assessed with an (CHI 760E, USA)
electrochemical analyzer in both three-electrode and two-
electrode setups.

MW heating
180°C
for30

minutes

Precipitates
dried at 60 °C
for 24 hours

Wo- 620

Fig. 1 Pictorial diagram showing the synthesis of Bi,MoOg (BMO) NPs.
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2.4. Electrochemical measurements

The CHI-760E workstation was used to evaluate the electro-
chemical properties of the synthesized samples in a three-
electrode configuration using a 6 M KOH aqueous electrolyte
at room temperature. The working electrodes were made by
combining the active material (BMO), super-P carbon black,
and PVDF in an 8:1:1 weight ratio. The mixture was then
ultrasonically dispersed in NMP solvent to create a homoge-
nous slurry, which was then continuously stirred for 12 hours.*?
A certain weight of the slurry was then coated onto a Ni foam
substrate (10 x 10 mm, 1 mm thickness), resulting in an active
material loading of roughly 0.7 mg cm™>. The substrate was
then allowed to dry overnight at 70 °C in a hot air oven. In the
three-electrode setup, the electrochemical performance of the
working electrode materials was characterized using KCI-
saturated Ag/AgCl reference electrode and a platinum wire
as the counter electrode. Cyclic voltammetry (CV) tests were
conducted at various scan rates of 10, 20, 30, 40, 60, 80, and
100 mV s~ within a potential range of 0 to 0.5 V. Additionally,
galvanostatic charge/discharge (GCD) tests were performed to
evaluate the charge and discharge times of all samples across
different current densities. Electrochemical impedance spectro-
scopy (EIS) measurements were conducted over a frequency
range of 0.01 Hz to 100 kHz, with a perturbation potential
of 5 mV.

The specific capacity of both the single electrode and the
device was determined from the CV and GCD curves using the

following eqn (4) and (5):'*3%3*
. [1dv
Cn = o xm (4)
2x I x j;lf vdr
" mx AV (5)

where C,, represents the gravimetric specific capacity (C g™ 7),
I/m denotes the current density (A g '), AV is the voltage (V),
vis the scan rate (mV s~ %), and ¢ and ¢ are the initial and final
discharge times, respectively.

For the asymmetric BMO//CNT, the charge balance between
the positive and negative electrodes was achieved by adjusting
the mass loading of the active materials in each electrode based
on the following eqn (6) and (7):**

Q+=0- (6)
m, Cyn XAV
m Co XAV, ?)

Here, m, refers to the mass of the active material, and C,
signifies the specific capacity.

The Coulomb efficiency (Cg) was calculated by using the
following formula as given in eqn (8):

Ce = 2 5 100% (8)
Ic

where ¢y, is the discharge time, and ¢ is the charge time.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.5. Fabrication of the supercapattery device

We constructed two types of supercapattery devices: (i) a sym-
metric supercapattery (SSC) with BMO as both the positive and
negative electrode (BMO//BMO) and (ii) an asymmetric super-
capattery (ASC) with BMO as the positive electrode and carbon
nanotubes (CNTs) as the negative electrode (BMO//CNT). The
utilization of CNTs as the negative electrode in an asymmetric
supercapacitor device offers numerous advantages, such as
high surface area, fast ion diffusion, superior electrical con-
ductivity, electrochemical stability, flexibility, and environmen-
tal friendliness. These characteristics make CNTs an attractive
choice for enhancing the energy storage capacity, power output,
and overall performance of asymmetric supercapacitors.*>>® In
both configurations, a piece of Whatman paper soaked in 6 M
KOH electrolyte was used as the separator. Electrochemical
analyses were performed within an optimized potential range
for both the SSC and ASC setups.

The energy density (E4) and power density (P4) of the devices
were calculated using the following eqn (9) and (10):

- I % j;f Vdt
—_ 4 9
d - )
3600 x E,
py =20 X (10)
Ip

where C. represents the specific capacity of the device,
AV is the operating potential, and ¢, is the discharge time.

3. Results and discussion

3.1. XRD analysis

Fig. 2 presents the XRD pattern of BMO, displaying sharp and
well-defined diffraction peaks consistent with the reported
literature™***3” and JCPDS card no. 01-076-2388, which con-
firms the successful formation of pure orthorhombic Bi,M0Og
with the Cmca space group. The peak positions and corres-
ponding planes are well indexed. An additional peak at 17.96°
belongs to the presence of minor secondary phase Bi,M0,0,.>
The crystallite size (D) was determined using Scherrer’s equation,*
yielding an estimated size of approximately 33 nm. The calculated

Intensity (a.u.)

(| 11 | I
10 20 30 40 50 60 70 80 90
20 (degree)

Fig. 2 XRD pattern of Bi;MoOQe.
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lattice parameters a, b, and ¢ are 5.51 A, 16.25 A, and 5.47 A,
respectively, and are close to the reported literature,'*'>>*?”

3.2. XPS analysis

Fig. S1 (ESIY) displays the full XPS survey spectrum of BMO,
confirming the presence of Bi, Mo, O, C, and Na. In the
magnified XPS spectra (Fig. 3(a)), peaks at 164.5 eV and
159.2 eV correspond to Bi 4f;, and Bi 4f;,, respectively,
indicating the presence of Bi**. Similarly, two peaks at
235.6 eV and 232.4 eV (Fig. 3(b)) are attributed to Mo 3dj/,
and Mo 3dsj,, confirming the presence of Mo®". The O 1s
spectrum (Fig. 3(c)) shows two deconvoluted peaks at 530.2 eV
and 532.4 eV, corresponding to Bi-O and Mo-O bonds,
respectively.'*>"*> The presence of these characteristic XPS
peaks for Bi, Mo, and O confirms the formation of the
Bi,Mo0Og phase. Fig. 3(d) presents the C 1s spectrum, where
deconvoluted peaks at 284.9 eV, 286.8 eV, and 288.8 eV
correspond to C=C, C-0, and C=O0 bonds, respectively.">">
The detected carbon signal originates from the glacial acetic
acid used during BMO synthesis. In addition, the Na 1s peak
at 1072 eV (Fig. S2, ESIt) is attributed to the use of sodium
molybdate as the Mo precursor.

3.3. Raman analysis

The Raman vibrational modes appear as bands at approximately
1047, 841, 795, 716, 400, 353, 325, 282, 200, 140, 94, and 59 cm ™"

View Article Online
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(Fig. 4(a)). The band at 1047 cm™" corresponds to the sym-
metric stretching modes of the NO;~ anion.”” The band at
841 cm ! is attributed to the A,, vibrational mode, indicating
orthorhombic distortion in the MoOg octahedra, a charac-
teristic feature of the Aurivillius Bi,MoOg structure. The pro-
minent signal at 795 em ™' is associated with the A;; mode,
representing the symmetrical stretching of MoOg octa-
hedra.***! The peak at 716 cm ™ * corresponds to the E;, mode,
linked to the asymmetric stretching of MoO, octahedra, invol-
ving the movement of equatorial oxygen atoms within the
layers.*>** The modes at 400, 353, and 325 cm™ ' correspond
to E;, bending vibrations, while the mode at 282 cm™' is
attributed to the Eo bending vibration of the MoOg octa-
hedra.**"**> The lower-frequency modes at 200, 140, 94, and
59 cm ' are associated with the translational movements of
molybdenum and bismuth atoms. These results further con-
firm the successful synthesis of the Bi,MoOg phase.**™*’

3.4. FTIR analysis

The infrared spectrum of BMO is shown in Fig. 4(b). The vibra-
tional band at approximately 582 cm ™' corresponds to the
bending vibration of Mo-O, associated with the movement
of equatorial oxygen atoms within the MoOs octahedra.*®
The absorption bands at 725 cm™*, 793 cm ™, and 840 cm ™"
correspond to the asymmetric stretching vibration of equatorial
oxygen atoms in MoOg octahedra, as well as the symmetric and

Bi 4f;,
(a) Bi 4fy,
;:“ 164.5 eV 3
] .
~ ©
2 2
21 Bidf ]
QL c
- 7]
£ c
175 170 165 160 155 150  us  oa0 235 230 235 230
Binding energy (eV) Binding energy (eV)
Bi-O c=C
(C) 2530.2 eV (d)
3 5
s s
2 =
0 n
c c
2 2
£ £

540 535 530
Binding energy (eV)

545

Fig. 3 XPS spectra of Bi;MoOg: (a) Bi 4f, (b) Mo 3d, (c) O 1s, and (d) C 1s.
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asymmetric stretching vibrations of apical oxygen atoms in the
MoO structure, respectively.*"***° These characteristic bands
confirm the successful formation of the Bi,MoO¢ phase.

The absorption bands at 1632 cm™* and 3448 cm ™! are attri-
buted to the symmetric bending vibrations (in-plane scissoring)
of the H-O-H bond and the O-H stretching vibration,
respectively.’® The peak at 2411 cm ™" is associated with CO,,
likely introduced from the atmosphere during sample pre-
paration or handling.”* Additionally, the absorption peak at
1389 cm™ ' corresponds to the symmetric stretching vibration
of the COO~ group, while the peak around 1766 cm ' is
attributed to the stretching vibration of the carbonyl group
(C=0).">*> These peaks arise from the use of glacial acetic acid
to dissolve bismuth nitrate during BMO synthesis, as further
confirmed by the XPS results.

3.5. FESEM, EDS and elemental mapping analysis

Fig. 5(a) demonstrates the FESEM image of BMO, indicating the
formation of a large number of random shaped nanoplates
having the largest edge length between 200-700 nm and thick-
ness 60-110 nm. The surfaces of these nanoplates are smooth.
A similar kind of morphology was also reported previously for
BMO.>** Fig. 5(b) shows the EDS spectra of BMO and the inset
highlights the experimentally determined atomic and weight
percentages of each element present. The EDS spectra show
prominent peaks for Bi, Mo, and O, along with traces of Na and

h q Weight% Atomic%
‘ S8 6.65 25.67
T2 1813 5252
INak  [RE 1.46
[T 14.65 7.08
I 59.84 13.27
0 100.00
0 A
0
0
T T T T T T T T T T
0 1 2 3 4 S 6 7é 8 9 10
Full Scale 1122 cts Cursor: 0.000 ke

Fig. 5
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(a) FESEM image, (b) EDS elemental composition, and (c)-(h) elemental mapping of BMO.
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C, which are due to the precursor used during the synthesis of
BMO. This result is consistent with XPS, and Raman results.
The ratio of atomic percentage of Bi to Mo is approximately
1.87:1, which is close to the expected theoretical Bi to Mo
atomic ratio 2:1. This indicates that the sample is prepared
with the desired stoichiometry. Fig. 5(c) shows the mapping
spectra for BMO. The mapping spectra (Fig. 5(d-h)) indicate
that the elements are uniformly distributed throughout the
sample.

3.6. BET analysis

The nitrogen adsorption-desorption isotherm of BMO is shown
in Fig. 6. The sample exhibits a BET surface area of approxi-
mately 50 m”> g~ '. Additionally, the total pore volume of the
BMO sample is 0.7567 cm® g~ !, with an estimated average pore
diameter of around 60.5 nm.

3.7. Electrochemical analysis

3.7.1. Three-electrode system. To evaluate the electro-
chemical performance of the BMO electrode, cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) were conducted in a three-electrode
setup using a 6 M KOH electrolyte.

Fig. 7(a) illustrates the CV curves of BMO at scan rates
ranging from 10 to 100 mV s~ ' in the potential range of —0.3
to 0.5 V (vs. Ag/AgCl). The CV profiles exhibit a pair of well-
defined, quasi-reversible redox peaks, characteristic of typical
battery-like (non-capacitive) behavior. These redox peaks indi-
cate the electrochemical activity of the electrode, with the
oxidation peak corresponding to the conversion of Bi metal to
Bi(m), while the reduction peak represents the reverse process,
where Bi(m) is reduced back to Bi metal. The redox reactions
occurring during the electrochemical process can be repre-
sented by the following eqn (11)—(15):'%13:13,18,21,26,55,56

Reduction:
BiO,” + e~ — BiO,>~ (11)
600
- Adsorption
2500 - = —e=— Desorption
€ Es - I
24004 s
° o ¢
2 1] : I
= 3004 = I
g 1%/
©2004 X, ,[
£ T d
= 32 &«
—0100' 0 30 60 90 120 150 180 &
> Pore size (nm) v
00 02 04 06 08 1.0

Relative pressure (p/p,)

Fig. 6 N, adsorption—desorption isotherm of BMO (inset shows the BJH
pore size distribution).
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2H,0 + 3Bi0,> «» 2BiO,” +40H +Bi’®  (12)
Bi® - Bi (13)
Oxidation:
Bi —» Bi' +e” (14)
3Bi" < Bi*" + 2Bi (15)

The BMO exhibits excellent rate capability as an electrode
material, as evidenced by the retention of its redox peaks
even at a high scan rate of 100 mV s~ . The specific capacity
(C g ") is calculated at different scan rates (10-100 mV s~ '), as
shown in Fig. 7(b). The BMO electrode exhibits the highest
specific capacity of ~229.18 mAh g~ at 10 mV s~ . Bi,Mo0Qq
(BMO) demonstrates a high specific capacity primarily due to
its unique electrochemical properties and structure, even
though its surface area is moderate (~50 m”> g ') and the
particle size is relatively large.

To further analyze the charge storage dynamics, the relation-
ship between the peak current (i) and the scan rate (v) is
examined, with the b-value being calculated using eqn (16)

57

and (17) as shown in Fig. 7(c):

i=a’ (16)

log(i) = log(a) + blog(v) (17)

Typically, charge storage in electrode materials involves two
reaction mechanisms: capacitive (surface-controlled) and
diffusion-controlled processes. A b value close to 1 indicates a
capacitive surface-controlled process, whereas a b value near
0.5 suggests a diffusion-controlled charge storage process. The
estimated b value for BMO is approximately 0.53, indicating
that diffusion-controlled charge storage dominates over the
surface-controlled process. This dominance can be attributed
to the intrinsic properties of BMO, where ion intercalation
occurs within the bulk structure rather than being confined
to surface adsorption. Consequently, this behavior classifies
BMO as a battery-type material, where charge storage primarily
depends on ion diffusion within its structure. The contribution
percentages of both diffusion-controlled and capacitive surface-
controlled reaction processes in the overall charge storage
processes at different scan rates (10-100 mV s~ ') are shown
in Fig. 7(d). They are calculated using the Dunn method®® using
eqn (18):

.. . _ 1/2
L= lcapacitive * ldiffusive = klv + k211 [18)

Here, v is the scan rate (mV s~ '), and k; and k, are arbitrary
constants. It is observed that the capacitive controlled contri-
bution increases with increase in the scan rate. This is due to
the fact that at higher scan rate, the electrolytic ions do not get
sufficient time to interact deep within the electrode material.
They are able to interact with the electrode material at the
surface only and hence, contribute to the charge storage via the
formation of an electric double layer of charges at the interface
of the electrode and electrolyte. This leads to increased capa-
citive controlled contribution at higher scan rates.>” However,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) CV curves at various scan rates, (b) specific capacity versus scan rate, (c) log(i) versus log(v), (d) capacitive and diffusion charge contribution at

different scan rates, (e) CV curve demonstrating the capacitive and diffusive contribution at 10 mV s

~1 (f) GCD curves at different current densities,

(9) specific capacity versus current densities, (h) durability test, and (i) EIS plots before and after the durability test of the BMO electrode.

as the scan rate is decreased, the electrolytic ions get sufficient
time to penetrate deep inside the electrode material and
participate significantly in the faradaic redox reactions with
the electrode material. Thus, the diffusive controlled contribu-
tion of charges increases at lower scan rate. The dominance of
the diffusion-controlled reaction process at lower scan rate
indicates the battery-kind charge storage mechanism in the
BMO sample and signifies BMO as a battery-kind material.
Fig. 7(e) shows the CV curve of the BMO electrode at a scan
rate of 10 mV s, further illustrating the contributions of
both capacitive and diffusive processes. Thus, BMO operates
through a faradaic process involving redox reactions and ion
intercalation and the high faradaic redox activity of bismuth
(Bi**/Bi’) in combination with molybdate ions contributes to a
diffusion-controlled charge storage process, enabling a greater
specific capacity and higher charge retention over time. The
layered structure of BMO facilitates efficient ion diffusion and
electron transport and this structural feature compensates for
the moderate surface area and larger particle size by enabl-
ing deep penetration of ions into the BMO, enhancing its
electrochemical performance. In addition, BMO combines both

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

battery-like faradaic and supercapacitor-like capacitive charge
storage (hybrid mechanism), allowing it to deliver a balance of
high energy and power density, as both the bulk and surface
contribute to the overall charge storage process.

Fig. 7(f) presents the typical GCD curves of the BMO elec-
trode at various current densities ranging from 14.28 to
71.43 A g~ ' within a voltage window of —0.3 to 0.5 V. The
discharge voltage plateaus observed in the GCD curves align
well with the CV curves. The specific capacity (Cy,) is deter-
mined from the discharge curves at different current densities,
as shown in Fig. 7(g). The highest capacity of approximately
82 mAh ¢! is achieved at a current density of 14.28 A g *,
retaining 16.22 mAh g~ " even at 71.43 A g~ ', demonstrating the
BMO electrode’s substantial capacity retention with increasing
current density.

Fig. 7(h) illustrates the cycling stability of BMO electrodes at
a high current density of 85 A g~ * over 4000 cycles for real-time
applications. Notably, the BMO electrode exhibits excellent long-
term stability, maintaining approximately 77% of its initial
capacity (coulombic efficiency ~58%) at the end of the durability
test, attributed to its robust structural integrity. However, the
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slight decline in capacity over 4000 cycles may be linked to
structural strain induced by repeated charge/discharge cycles,
which can affect the integrity of the active material. In order to
investigate the effect of repeated charging and discharging on
the structure of BMO, the XRD of the BMO electrode after the
cyclic stability test for 4000 charge/discharge cycles has been
carried out and is provided in Fig. S5 in the ESLf After the
stability test, the XRD pattern of BMO shows a few additional
peaks at (002) and (222), marked with # in Fig. S5 (ESIY)
corresponding to the bismuth oxide phase, along with the
characteristic peaks of BMO."* During long-term electrochemi-
cal cycling, the repeated faradaic redox reactions (Bi** = Bi°)
can lead to structural strain and localized breakdown of the
BMO lattice. This mechanical and chemical stress may disrupt
the original Bi,M0Os framework, causing bismuth to segregate
or re-oxidize, resulting in the formation of secondary bismuth
oxide phases.'>'®*® In addition, the alkaline environment
(6 M KOH) used as the electrolyte can enhance surface dissolu-
tion or leaching of Mo species, destabilizing the MoOg layers
and promoting the formation of Bi-rich oxide phases like
Bi,05."®*® Compared to previous studies on BMO-based super-
capacitor devices,>****”>%7°* these results highlight enhanced
stability and high-rate performance.

Many previously reported BMO materials show lower reten-
tion at high current densities due to more rapid degradation
of their crystal structure. This work thus highlights the advan-
tage of our synthesis approach, yielding a BMO structure that
maintains a commendable balance between energy and power
density under demanding cycling conditions, advancing its
applicability in high-performance energy storage solutions.
Fig. 7(i) illustrates the EIS curves obtained for the BMO
electrode before and after conducting the stability test. The R
and R values are 0.94 and 0.84 Q, respectively, for the EIS curve
before the durability test. Similarly, the Ry and R values are
1.5 and 1.55 Q, respectively, for the EIS curve obtained after the
durability test. The small increase in resistance values indicates
that the BMO electrode experiences minimal degradation in
terms of charge-transfer resistance, further supporting its
excellent long-term electrochemical performance.

3.7.2. Two-electrode system. To evaluate the capacitive
performance of the BMO electrode for practical applications,
it was tested separately in symmetric (BMO//BMO) and asym-
metric (BMO//CNTs) supercapattery configurations. The potential
windows were optimized for both setups, as shown in Fig. S3
(ESIt). In the ASC (BMO//CNT) configuration, where BMO serves
as the positive electrode and CNT as the negative electrode,
individual CV curves for both electrodes were obtained from a
three-electrode measurement system. The optimized working
potential windows were 0 to 0.5 V for the BMO electrode
and —1 to 0 V for the CNT electrode, measured at a scan rate of
10 mV s~ (Fig. S4, ESI{).

Fig. 8(a and b) presents the CV curves of the BMO//BMO and
BMO//CNT devices at different scan rates (10-100 mV s %)
within their optimized stable voltage windows of 1.5 V and
1.4 V, respectively. Both configurations exhibit distinct redox
peaks corresponding to the Bi** = Bi’ redox transition, even at
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a high scan rate of 100 mV s~ ', indicating a strong rate
capability, consistent with the single-electrode testing results.
The specific capacity (mAh g ") for both devices, calculated
from their CV curves at different scan rates, is shown in
Fig. 8(c). The highest specific capacity values recorded were
~70.56 mAh g~ for the BMO//BMO device and 58.06 mAh g~ *
for the BMO//CNT device at 10 mV s~ .

Notably, the BMO electrode exhibits a higher specific capa-
city in the symmetric configuration compared to the asym-
metric one. This enhancement in the BMO//BMO device is
attributed to the presence of redox-active BMO as both the
anode and cathode material, facilitating a symmetrical charge
storage mechanism where similar intercalation and redox
processes occur at both electrodes. The full utilization of redox
activity, deeper ion penetration, and balanced faradaic contri-
butions contribute to the higher capacity in the symmetric
configuration. In the asymmetric BMO//CNT setup, the BMO
electrode functions as the positive electrode, while the CNT
electrode primarily stores charge through non-faradaic capaci-
tive processes. Since the CNT electrode does not participate in
redox reactions, the total charge storage primarily relies on the
BMO electrode, limiting the overall capacity compared to the
symmetric configuration. While the CNT electrode enhances
conductivity and reduces ion diffusion resistance, it does not
directly contribute to increased specific capacity, as charge
storage is mainly determined by the redox-active BMO electrode
in the asymmetric setup. Furthermore, GCD tests for both
BMO//BMO and BMO//CNT devices were conducted within an
optimized voltage window of 1.4 V across a range of current
densities (0.71-5.0 A g~ '), as shown in Fig. 8(d and e). The IR
drop (~0.4 V) observed in the GCD plot of Bi,Mo0Os is due to
its low electronic conductivity and the internal resistance
of the active electrode material, which hinders the efficient
transport of electrons during charge transfer. In addition, the
presence of resistive interfaces between the Bi,M0O, material
and the current collector, or within the material itself, can also
contribute to the observed IR drop.'>?*?*3! The specific capa-
city values, calculated from the GCD curves at different current
densities, are summarized in Fig. 8(f). The specific capacity
of BMO//BMO is higher compared to BMO//CNT at current
densities ranging from 0.71-2.86 A g ', while the value of
specific capacity is almost equal at higher current densities
(3.57-5.0 Ag™1).

The highest specific capacity for the BMO//BMO and BMO//
CNT devices is ~83 mAh g~ " and ~46.25 mAh g ', respectively
at 0.71 A g~ ', which is decreased to ~27.15 mAh g™, and
~28.60 mAh g ' at 5.0 A g ', which shows better capacity
retention with an increase in current density in BMO//CNT
(~62%) compared to the BMO//BMO (~32.65%) device
configuration. The observed differences in rate capability arise
from distinct characteristics in each configuration. In the
BMO//CNT device, the CNT electrode’s high conductivity pro-
motes efficient charge transport, minimizing ion diffusion
and charge transfer resistance. This results in a more stable
performance and greater capacity retention across various
current densities. Conversely, the BMO//BMO device shows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of electrochemical performance of Aurivillius electrode materials for supercapattery device design

Potential Energy Power Capacity
Specific window density density retention %
Electrode Electrolyte capacity of GCD (V) (Wh kg™) (W kg™ (cycles) Ref.
AU@Bi,0;/Bi,WOg// 6 M KOH 5.05 F g * —0.3 t0 0.9 3.636 521.66 — 13
Au@Bi,0;/Bi,WOq at0.2Ag"!
Bi,Tiz0,,@CNF// 6 M KOH 25.85 mAh g71 0-1.4 18.09 325.39 66% (7000) 12
Bi,Ti;0,,@CNF at0.5Ag "
CNF-carbon nanofiber
Bi,Tiz0,,@CNF//CNF 6 M KOH 20.38 InAhlg71 0-1.4 15.29 403.74 63% (3500) 12
at0.5Ag"
(MBiN/ACC)//(MBiN/ACC) PVA-KOH gel 3450 F gt 0-0.8 110.4 1429.6 90.2% 18
mesoporous electrolyte at1Ag ' (10000)
Bi,M0O¢-MBIN activated
carbon cloth-ACC
Bi,M00Og//Bi,M0Og 1 M KOH 405F g ! 0-1.5 45.6 989 78% 5000 14
polypropylene at1Ag!
separator
CS@ Bi,M00¢//CS@Bi,M00s  PVA-KOH 26.69 F g 0-0.9 10.8 410 78.90% 15
carbon spheres-CS thin film at0.25 Ag ™’ (10000)
Bi,M0O¢//CNT 6 M KOH 46.25 mAh1g71 0-1.4 32.38 410.62 85% (2500) This work
at0.7 Ag~
Bi,M0Og//Bi;M00g 6 M KOH 83.12 mAhlg71 0-1.4 58.19 439.18 36% (1250) This work
at 0.7 A g

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9
the supercapattery tested by energizing red, green, and blue LEDs.

high initial capacity at low current densities, as charge carriers
penetrate deeply into the bulk of the BMO, fully engaging its
redox-active sites. However, as current density increases, the
BMO//BMO configuration becomes surface-limited, with the
ions primarily interacting at the surface rather than within
the bulk.*®® This surface-restricted charge storage at high
currents, combined with the absence of a conductive additive
CNT, limits the BMO//BMO device’s rate capability compared to
BMO//CNT. The EIS study of both device configurations has
been undertaken, and the corresponding Nyquist plots are
shown in Fig. 8(g). The R, value for BMO//BMO and BMO//
CNT is 0.56 and 0.6 Q, respectively, while the charge transfer
and ion diffusion resistance are lower in BMO//CNT than in the
BMO//BMO device configuration. This enhanced conductivity
in the BMO//CNT device facilitates more efficient charge trans-
port, contributing to better rate capability, as observed in the
GCD tests. The energy and power densities for both device
configurations were calculated and plotted in the Ragone plot
(Fig. 8(h)) and compared with the results from other recently
reported Aurivillius compounds, as summarized in Table 1.
The highest energy density of BMO//BMO is 58.19 Wh kg™ !
(with a power density of 439.18 W kg™ '), which decreases to
19 Wh kg™ (with a power density of 3485 W kg™ ). In comparison,
BMOJ/CNT shows the highest energy density of 32.38 Wh kg™"

5320 | Mater. Adv, 2025, 6, 5310-5323
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(with a power density of 410.62 W kg™ '), which decreases to
20 Wh kg~ " (with a power density of 3009 W kg™ '). Further-
more, a charge/discharge cycling test was carried out to evalu-
ate the cycling stability of both the fabricated devices, as shown
in Fig. 8(i). The capacity retention is 36% for BMO//BMO after
1250 cycles, while BMO//CNT shows better capacity retention of
85% after 2500 cycles. The higher capacity retention in the
asymmetric BMO//CNT configuration can be attributed to the
fact that CNTs can provide good electrical conductivity and
mechanical stability to the device, which can prevent the
degradation of the active material BMO on the anode side
during cycling.®* Furthermore, to assess the practicality of the
device, LED tests are conducted after connecting two identical
SC cells in series. The resulting device is capable of illuminat-
ing red, green and blue LEDs for ~18 minutes, 45 s, and 30 s,
respectively (see Fig. 9).

4. Conclusion

This study demonstrates that Bi,MoOs synthesized via a micro-
wave-assisted hydrothermal methods excels in both symmetric
(BMO//BMO) and asymmetric (BMO/CNT) supercapattery
configurations. The symmetric device delivers higher specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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capacity, while the asymmetric configuration offers enhanced
retention and rate capability. The higher specific capacity of
the BMO//BMO device is due to the redox-active BMO at both
electrodes, enabling symmetrical intercalation and redox pro-
cesses with deeper ion penetration and balanced faradaic
contribution. In contrast, the BMO//CNT device relies mainly
on the BMO electrode for charge storage, as the CNT electrode
only provides non-faradaic capacitance. Although CNT enhances
conductivity and reduces ion diffusion resistance, it does not
increase specific capacity since the redox activity is limited to the
BMO electrode. However, the conductive properties of the CNT
electrode facilitate more efficient charge transport and enhance
the rate capability in the asymmetric device. Additionally, the
symmetric supercapattery device is able to successfully illuminate
different colored LEDs for varying durations. Compared to pre-
viously reported BMO-based materials, the results from this study
represent a significant improvement in both electrochemical
performance and stability, making BMO a promising candidate
for high-performance next-generation energy storage devices.
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