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We report a morphology-engineering strategy to enhance supercapacitor performance by transforming
hydrothermally synthesized 1T/2H-MoS, nanosheets into a-MoOs nanoflakes through controlled thermal
annealing. For comparison, a-MoO3z nanoplates and nanofibers were also prepared via calcination and
hydrothermal methods, respectively. Comprehensive structural, morphological, and surface analyses
confirmed the formation of phase-pure orthorhombic a-MoOs with distinct morphologies. Electrochemical
evaluation revealed that the nanoflake morphology exhibited the highest specific capacitance of 755 F g~* at

-1

a scan rate of 5 mV s, along with the lowest charge-transfer resistance of 0.14 Q at a current density of

Received 22nd September 2025, 1 A g?tin 1M HySO, outperforming both the nanoplate and nanofiber counterparts. The superior

Accepted 3rd December 2025 performance is attributed to the high electrochemically active surface area, abundant accessible redox sites,
and efficient ion diffusion pathways provided by the nanoflakes. This work demonstrates a simple, scalable

route for producing high-performance a-MoOsz electrodes, offering valuable insights into morphology—
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1. Introduction

The rapid development of hybrid electric vehicles, power systems,
and portable electronics has increased the demand for efficient
energy storage systems."”” Among them, supercapacitors have
gained significant attention because of their high power and
energy density, long cycle life, environmental stability, and low
maintenance requirements.>* Supercapacitors are classified as
electrochemical double-layer capacitors (EDLCs) or pseudo-
capacitors, depending on their energy storage mechanism.>*
EDLCs store energy by adsorption of ionic charges on porous
carbon-based electrodes, but their capacitance is limited by the
surface area of the electrode material.” In contrast, pseudoca-
pacitors store energy through fast, reversible redox reactions at
the surface of active materials, leading to much higher specific
capacitance.®® This makes pseudocapacitors an excellent
choice for the next generation of energy storage devices with
higher energy and power densities, longer lifetime, and better
sustainability. The overall performance of a supercapacitor
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property relationships for next-generation energy storage devices.

depends strongly on the choice of electrode material. In recent
decades, many new nanostructures have been reported for
supercapacitor applications, including carbon materials, con-
ductive polymers, and transition metal compounds such as
oxides, nitrides, and sulfides, with laser-induced graphene
(LIG) emerging as a particularly promising candidate due to
its high conductivity and porous architecture.'® The search for
optimal electrode materials is still ongoing.""

In this context, the design and fabrication of two-dimensional
(2D) materials for environmental and energy applications has
become an active research area, leading to major advances in the
last decade.'*'* Metal oxides such as MnO,, MoOs, Bi,O;, and
Fe,O; have unique functionalities that make them suitable for
high-performance electrodes and for dye removal."*" Their
ability to undergo fast, reversible redox reactions result in higher
specific capacitance, enhancing energy density, power delivery,
and device efficiency.'® Mo-based oxides are particularly inter-
esting because of their multiple oxidation states and high
electrochemical activity.'”'

Molybdenum disulfide (MoS,), a 2D transition metal dichal-
cogenide (TMD), has high ionic conductivity and abundant
active sites due to its phase- and layer-dependent properties."’
Its layered S-Mo-S structure allows easy cation intercalation/
deintercalation during electrochemical processes, increasing
ion storage capacity.”® For example, Bin Li et al.>" reported
inkjet-printed MoS, micro-supercapacitors with layer-dependent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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capacitive behavior, achieving a maximum areal capacitance of
175 uF ecm ™ for 10-layer coatings, along with energy and power
densities of 0.215 mWh cm™* and 0.079 W cm >, respectively.
Xiumei Geng et al.?* prepared multilayer metallic MoS, (M-MoS,)
nanosheets with water layers, obtaining a specific capacitance of
380 F g ' at 5 mV s~ '. The water layers improved electron
transport and ion diffusion. Moreover, integrating MoS, with
conductive frameworks such as laser-induced graphene (LIG)
has recently emerged as an effective strategy to overcome its
intrinsic limitations. Mensah et al. demonstrated that engineer-
ing a well-defined MoS,/LIG interface significantly enhances
charge transport, electrolyte accessibility, and structural stability,
resulting in markedly improved supercapacitor performance.
Their findings further highlight the potential of MoS,-based
hybrid architectures for next-generation high-energy, flexible
microsupercapacitors.>?

Despite such progress, MoS, suffers from poor rate capability,
volume expansion during cycling, and limited stability. These
drawbacks can be reduced by combining MoS, with metal
oxides, carbon, or polymers.

Molybdenum oxide (MoOj3) is another promising 2D mate-
rial because of its rich redox chemistry, high thermal and
chemical stability, and layered crystal structure.”*?**> MoO;
exists mainly in three polymorphs: orthorhombic «-MoOj;
(thermodynamically stable), and metastable B-MoO; and
h-MoO;. The layered «-MoO; has strong anisotropy and can
form low-dimensional structures. However, its low electrical
conductivity and slow reaction kinetics limit its performance.
Nanoscale 1D and 2D MoO; can overcome these problems by
providing a high surface-to-volume ratio and better conduc-
tivity.>® Layered a-MoOj; has been synthesized by hydrothermal
synthesis,”” electrodeposition,*® chemical vapor deposition
(CvD),*® and thermal evaporation.’® Each method has draw-
backs. Hydrothermal synthesis and electrodeposition can have
material limitations and complex reaction conditions, while
CVD and thermal evaporation are costly because they require
vacuum systems and controlled gas flows. For example, Pujari
et al. prepared MoO; microrod thin films by chemical bath
deposition, achieving 194 F g~ specific capacitance, 1200 W kg™"
power density, and 7.33 Wh kg™' energy density. The 2D
layered o-MoOj; structure also offers high surface area for ion
diffusion and charge storage.®" These properties make a-MoO;
a strong candidate for next-generation supercapacitors and
batteries, but a simpler and more scalable synthesis method
is still needed.

In this work, we developed morphology-tuned o-MoO;
nanoflakes by thermal annealing of hydrothermally synthe-
sized 1T/2H-MoS, nanosheets. For comparison, a-MoO3; nano-
plates and nanofibers were synthesized by calcination and
hydrothermal methods. We systematically investigated the
structural, morphological, optical, electrical, and surface
properties of the products, and evaluated their electro-
chemical performance as supercapacitor electrodes. The results
provide new insights into how synthesis methods affect the
morphology and performance of o-MoO; for energy storage
applications.

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

2.1. Materials

Ammonium molybdate ((NH,)sMo0,0,,-4H,0) was purchased
from SUVCHEM, India. Thiourea (CH,N,S) was obtained from
ADVENT, India. Nitric acid (HNO;) and citric acid monohydrate
were purchased from Loba Chemie, India. All chemicals were
used without further purification.

2.2. Synthesis of 1T/2H-MoS, nanosheets by the hydrothermal
method

MoS, nanosheets (S0) were prepared by a hydrothermal
method. In a typical process, 76.5 mL of deionized (DI) water
was used to dissolve 2.47 g of ammonium molybdate and 0.76 g
of Thiourea at a Mo:S molar ratio of 1:5 under continuous
stirring at 400 rpm. The solution was transferred into a 170 mL
Teflon-lined autoclave, filled to 45% of its capacity, and heated
at 200 °C for 24 h. After cooling to room temperature (25 °C),
the black precipitate was collected, centrifuged at 4000 rpm for
40 min, and washed several times with ethanol and DI water.
The product was dried at 80 °C for 12 h, yielding 70% 1T/2H-
MoS, (S0).

2.3. Synthesis of a-M0O; by thermal annealing of 1T/2H-MoS,
nanosheets

2-MoO; nanoflakes (S1) were obtained by thermal annealing of
MoS, nanosheets at 400 °C for 2 h in a muffle furnace under air.
The MoS, was oxidized to a-MoOj3, producing a grey powder.

2.4. Synthesis of a-MoO; by surfactant-free chemical method

a-MoO; nanoplates (S2) were synthesized via a calcination
method. First, 4 g of ammonium molybdate dihydrate was
dissolved in 100 mL of DI water and stirred at 60 °C for
30 min at 700 rpm. The solution was then heated at 120 °C in
an oven to remove water, forming a light green powder. The
powder was calcined at 400 °C for 30 min in air to obtain grey
®-MoO; nanoplates (S2).

2.5. Synthesis of a-MoO; by Teflon-lined autoclave
hydrothermal

®-MoO; nanofibers (S3) were prepared by a hydrothermal method,
as shown in Scheme 1. In this process, 0.618 g of ammonium
molybdate dihydrate was suspended in 120 mL of DI water and
stirred at 60 °C, 400 rpm. Then, 0.315 g of citric acid was added,
followed by 0.5 mL of nitric acid, added dropwise over 30 min
while stirring. The homogeneous solution was transferred to a
Teflon-lined autoclave (filled to 60% capacity) and heated at
180 °C for 12 h. The product was washed with ethanol and water,
dried for 12 h, and collected as a-MoO; nanofibers (S3).

2.6. Materials characterization

The morphology of o-MoO; nanostructures was examined
using a field emission scanning electron microscope (FESEM,
ZEISS Sigma 500 VP) equipped with an energy-dispersive X-ray
(EDX) detector, and transmission electron microscopy (TEM,
JEOL 1200). X-ray diffraction (XRD) patterns were obtained
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Scheme 1 Schematic diagram of fabrication of 1T/2H-MoS; (S0) and a-MoOs (S1, S2, S3) samples.

using Cu Ko radiation (A\lambdak = 1.54056 A) on a PANalytical
Empyrean diffractometer at room temperature. X-ray photo-
electron spectroscopy (XPS) measurements were carried out on
a K-ALPHA instrument (Thermo Fisher Scientific, USA) using
monochromatic Al Ka radiation. Raman spectra were recorded
with a WITec o 300 RA confocal Raman microscope using a
532 nm Nd:YAG laser. Surface area measurements were per-
formed using the Brunauer-Emmett-Teller (BET) method with
N, adsorption-desorption isotherms at 77 K (TriStar system).
UV-Vis spectra were measured using a Cary 60 Agilent spectro-
photometer. Attenuated total reflection infrared (ATR-IR) spec-
tra were obtained for surface functional group analysis. Zeta
potential and particle size distributions were measured using a
Zetasizer Nano (Malvern, UK).

2.7. Electrochemical characterization

Electrochemical tests were performed using a CHI 660 work-
station in a three-electrode configuration. A slurry was prepared
by mixing MoO; powder, carbon black, and polyvinylidene
fluoride (PVDF) in a mass ratio of 80:10:10 with N-methyl-2-
pyrrolidone (NMP) as the solvent, followed by sonication for
1 h. The slurry was coated on graphite foil (1 cm?), dried at
120 °C for 11 h in a vacuum oven, and used as the working
electrode. An Ag/AgCl electrode and platinum foil served as the
reference and counter electrodes, respectively. The electrolyte
was 1 M H,S0O,.

Cyclic voltammetry (CV) was performed at scan rates from
5 to 100 mV s ' in the 0-1 V range. Galvanostatic charge-
discharge (GCD) measurements were carried out at current
densities from 1 to 5 A g~ . Electrochemical impedance spectro-
scopy (EIS) was performed in the frequency range 10°-10 > Hz.
The specific capacitance Cs; was calculated from the CV and
GCD data using the following equations:

B [1dv
T ymAV

1)

S
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= e)
where 7 is the current density (A g ), v is the scan rate (mV s~ %),
At is the discharge time (s), m is the mass of the electrode
material (g), and AV is the potential window (V). The energy
density (Eq, in Wh kg™") and power density (Pg, in W kg™)
of the supercapacitor devices were rigorously calculated from
the galvanostatic charge-discharge (GCD) measurements,
providing a quantitative evaluation of their electrochemical
performance.

3. Results and discussion

3.1. Structural and morphological characterization

The FE-SEM images of the SO and S1 were analyzed at lower and
higher magnification, and the findings are illustrated in Fig. 1.
The images displayed in Fig. 1a-c show that SO is composed of
homogeneous spherical nanoflowers with an average lateral
dimension of 250 nm, and nanosheets dispersed randomly in
the sample. These nanosheets are approximately 150 nm in
size. Fig. 1d-f shows the morphology of S1. It is observed that
the morphology changes from a flower-like structure to a
nanoflakes structure, demonstrating a complete conversion to
molybdenum trioxide. Based on the FE-SEM micrograph, the
flake thickness is estimated to be around 30 nm. Each flake is
around 200 x 300 nm in size, arranged one layer over the other.
This nanoflake-like structure may also contain narrow sub-
flakes interspersed within it. Thermal annealing at 400 °C is
likely responsible for the one-directional elongation. FE-SEM
micrographs show that these elongated stacked layers are
weakly connected. The sample length extends from 0.8 pm to
1 pm, with a thickness of 200-300 nm. The morphology of the
as-obtained a-MoO; sample synthesized by the surfactant-free
chemical method (S2) and hydrothermal method (S3) is
depicted in the FE-SEM images shown in Fig. 2, which display

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FE-SEM micrographs of (a) SO with flower-like morphology, (b) S1 with plate-like morphology.

nanoplates®® and a fiber-like structure, respectively. Fig. 2a—c
shows the FE-SEM micrographs of S2 at different resolutions.
It clearly reveals a compact a-MoO; agglomerated hierarchical
nanoplate structure. Fig. 2d-f shows typical high and low
magnification FE-SEM micrographs of S3. These images show
a uniform and smooth surface with fiber-like morphology. The
sample consists of nearly 100% fibers, with lengths in the
micrometer range. The fibers have a thickness of approximately
200 nm and possess a rectangular cross-section.

Fig. 3a shows the XRD patterns of the prepared samples
using Cu Ko radiation at a wavelength of 1.54 A to assess their
crystal structure features. SO has unique diffraction peaks
closely matching those of JCPDS Card no. 37-1492. Peaks for
the (002), (100), and (110) planes appear at angles of 13.2°,
32.7°, and 58.3°, respectively. Interestingly, the primary peak
appears at a lower angle than the hexagonal molybdenum
sulfide JCPDS Card no. 01-075-1539, indicating that the dis-
tance between the MoS, basal planes has increased.*> The
presence of broad peaks in the sample’s XRD pattern suggests
that the material possesses a nanostructured nature. After the
thermal annealing process for the 1T/2H-MoS, sample (S1),
new peaks at 12.7°, 23.3° 25.7°, 27.3° 33.8° and 55.3° are
observed, representing the (020), (110), (040), (021), (111), (060),
and (002) reflections with d-spacings of 6.9, 3.8, 3.4, 3.2,
2.65, 2.3, and 1.65 A, which match JCPDS Card no. 21-0569
for MoO; orthorhombic crystal, confirming that MoS, has been

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

completely converted into MoO3.** The orthorhombic crystal-
line structure of MoO; is confirmed to be present in the
synthesized material by the XRD pattern of S2, which shows
large sharp peaks that closely resemble those of the converted
1T/2H-MoS,. Other smaller peaks also show good matching.
Importantly, no peaks matching other MoO; phases were
found, suggesting that the sample did not include any addi-
tional crystalline phases. The XRD patterns of a-MoO; fibers
(S3) show characteristic diffraction peaks matching for orthor-
hombic MoOj;, with major peaks at 12.74°, 25.88°, and 39.09°,
with higher intensities than those corresponding to the (020),
(040), and (060) planes, respectively. This might be due to the
presence of a layered crystalline structure or anisotropic growth
of the oxide.

The Raman spectra of S0, S1, S2, and S3 samples are
presented in Fig. 3b. The Raman spectrum of SO exhibits six
distinctive peaks at 147, 197, 283, 336, 377, and 404 cm .
Among them, peaks at 149, 197, and 336 cm ™' may be identi-
fied as the Mo-Mo stretching vibration and the phonon mode
typical of 1T-MoS,. However, sample S1 shows only peaks
corresponding to pure MoOs. The peak at 219 cm ™' represents
the translation mode of rigid chains. The (B,g, B;g) modes at
283.7 ecm~ ' (O=Mo=0) are the wagging modes of vibrations
caused by the presence of terminal oxygen atoms. The vibra-
tional mode at 665.8 cm ™' (B,g, B;g) indicates the asymmetric
stretching of triply coordinated (Mo;-O) edge-sharing oxygen

Mater. Adv., 2026, 7,1018-1033 | 1021
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(a) XRD pattern of SO and a-MoOsz nanostructures, and (b) Raman spectra of SO and a-MoO3 nanostructures.
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atoms. O-Mo-O has a bending mode at 337 cm ™", and a peak at
819.1 cm ' (Mo,-0O) and 993 cm ™' (Mo®*=O0) indicate sym-
metric and asymmetric stretching of terminal oxygen atoms,
respectively. Alternatively, S2 and S3 have roughly matching
vibrational peak locations, emphasizing their structural simila-
rities. Three distinct peaks are seen at 995, 822, and 666 cm ™.
The 995 cm™" peak represents the vibration of asymmetric
terminal O atoms. The 822 cm ™' peak corresponds to the Mo-
O-Mo vibration. Furthermore, the 666 cm™" peak represents
the stretching vibration of triply coordinated O atoms. The
detected 288 cm ™! peak is indicative of the Mo-O-Mo wagging
vibrations.?> Moreover, the existence of small peaks in the
obtained spectra indicates that the produced ®-MoO; nano-
structures possess a high degree of crystallinity and exhibit
excellent structural order. These characteristics can be attrib-
uted to the well-defined vibrational bands observed. The clear
presence of these vibrational bands provides strong confirma-
tion of phase-pure 0-Mo00;.** Moreover, no 1T/2H-MoS, bands
were identified after the complete oxidation process (S1),
which is consistent with the XRD results. As a result, the
Raman spectrum data demonstrate that the synthesized
a-MoO; by thermal annealing of SO is highly pure, as is
a-MoO; produced by the surfactant-free chemical and hydro-
thermal approaches.

The UV-Vis spectra of the samples are shown in Fig. 4a. SO
showed no obvious optical absorption peak in the UV-Vis
absorption spectra, except for shoulder peaks at about 200 nm,
which can be attributed to the 1T metallic phase. The results also
showed a maximum absorbance at 227 nm, which confirms
the formation of MoO; due to the d-d transition in MoO;.%’
Using Tauc’s equation (Fig. 4b), the direct optical band gap
of the synthesized SO and MoO; samples was calculated. The
band gap of SO was measured to be 1.3 eV, consistent with
the 1T metallic phase. The calculated optical band gaps for the
S1, S2, and S3 samples were 2.49 eV, 3.4 eV, and 3.2 eV,
respectively. The observed increase in the band gap after
thermal annealing of MoS, is mainly due to the hybridization
of the Mo and O atoms’ d orbitals in MoOj; (S1). The variation in
band gap for the MoO; samples is mostly due to differences in
crystallite size or a reduction in crystal defects. According to
Mott and Davis’ density of states model, a reduction in defects
corresponds to a lower density of localized states, which

View Article Online
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narrows the energy width of the band tails associated with
these localized states.

Fig. 4c shows the particle size distribution of the synthesized
S0 and MoO; aqueous samples. The SO nanosheets have a
smaller average particle size (71 nm) compared to the MoO;
samples: 103 nm for S1, 413 nm for S2, and 191 nm for S3. This
size difference is mainly due to the distinct crystal structures
and atomic coordination geometries. MoS, has a layered struc-
ture in which each Mo atom is bonded to two S atoms in a
trigonal prismatic geometry, with the layers held together by
weak van der Waals forces. This layered arrangement results in
smaller particle size. From Fig. S1, the zeta potential peak of the
synthesized SO is found at —40.3 mV, while the MoO; samples
(S1, S2, S3) have peaks at —51.1 mV, —42 mV, and —46.1 mV
at pH = 7, indicating that both SO and MoO; samples carry a
negative surface charge.*®

The functional groups of the prepared samples were exam-
ined by ATR-IR spectroscopy (Fig. S2). The ATR-IR spectrum
of SO shows distinct peaks at 639 cm !, 896.39 cm !,
1402.99 cm™', and 1622.8 cm™!, which are characteristic of
MoS,. The 3183.23 cm™ ' peak is associated with an S-S bond,
while the 931.39 cm ™" peak corresponds to another S-S bond.
The presence of peaks at 3182 cm™ " also indicates the O-H
stretching vibration.*” MoO; samples show significant peaks
below 1000 cm ™', notably at 981 cm™", corresponding to the
terminal Mo—O0 double bond and layered a-Mo0Oj3. The peak at
861 cm ™' is assigned to Mo-O-Mo bending vibrational modes,
while the 560 cm ™' peak corresponds to Mo-O-Mo stretching
modes. Additionally, the peak at 473 em™" is attributed to the
terminal Mo-O bond stretching vibration.>®

The BET surface areas of the synthesized samples were
evaluated by nitrogen adsorption-desorption isotherm mea-
surements (Fig. 5). Summarizes the results of N, sorption
measurements. The obtained BET surface areas for S0, S1, S2,
and S3 were found to be 10.44, 14.39, 3.23, and 12.34 m* g},
respectively (Table S1). Among the MoO; samples, S1 shows the
highest surface area due to its thin nanoflake morphology,
while S2 has the lowest due to its dense nanoplate structure.
S3, with its fiber-like morphology, shows an intermediate sur-
face area. The pore size distribution curves indicate that all
samples possess mesoporous structures, with pore sizes ran-
ging between 2 and 50 nm.>**°
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Fig. 4 UV-vis spectra of (a) and (b) corresponding direct band gap of SO, S1, S2, and S3; (c) particle size distribution of SO, S1, S2 and S3 aqueous

dispersions.
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The surface elemental composition and chemical states of
the synthesized samples were examined by XPS analysis. The
XPS survey spectrum of S1 (Fig. 6a) confirms the presence of Mo
and O as the main elements, without any detectable impurities.
The high-resolution Mo 3d XPS spectrum (Fig. 6b) revealed two

Relative Pressure ( P/P,)

robust peaks associated with Mo®". The doublet at 235.53 and
232.38 eV corresponds to Mo 3d;, and Mo 3ds;, of Mo®,
respectively. Additionally, the core-level O 1s spectrum was
deconvoluted into three peaks (529.90, 530.48, and 531.5 €V)
as illustrated in Fig. 6c. Lattice O is responsible for the
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Fig. 7

529.90 eV peak, Mo-O for the 530.48 eV peak, and oxygen
vacancies in S1 for the 531.5 eV peak. These XPS results confirm
the successful transformation of MoS, into phase-pure a-
MoO; after thermal annealing, as no sulfur-related peaks are
detected in S1.

The TEM image in Fig. 7a illustrates the bulk of oa-MoOj;
nanoflakes (S1) have a quadrilateral flask-like structure, with
dimensions of around 1000 nm x 600 nm. The thickness of
these nanoflakes is exceedingly thin, measuring just a few
nanometers, which is aligned with the FE-SEM micrographs
shown in Fig. 1d-f. Fig. 7(a) and (b) show HRTEM images of
the edge of an o-MoO; nanoflakes. The image shows two-
dimensional lattice stripes, indicating that the «-MoO; nano-
flakes is a single crystal. Furthermore, in Fig. 3d, the lattice
spacing of around 0.2 nm corresponds to the (002) crystalline
planes of MoOj;. Fig. 8 shows that the components Mo and O
are evenly distributed throughout the MoO; nanoflakes. This
demonstrates the successful calcination of 70% 1T/2H MoS, at
400 °C. The atomic percentages of oxygen and molybdenum
were calculated using EDS data to be 76.1% 0.202 and 23.91%
0.202, respectively. As a result, the ratio of O to Mo atoms is
three, yielding the typical chemical formula MoO;.

3.2. Electrochemical analysis

A comprehensive electrochemical characterization was con-
ducted on a series of molybdenum-based nanostructures
through cyclic voltammetry (CV). The investigation focused

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) TEM image of S1; (b) and (c) an HRTEM image of nanoflakes; (d) an SAED pattern.

on hydrothermally synthesized 1T/2H-MoS, nanosheets (S0)
and the o-MoO; nanoflakes (S1) derived from them via a
meticulously controlled thermal annealing process. To estab-
lish a robust comparative framework, «-MoO; nanoplates (52),
prepared through calcination, and nanofibers (S3), synthesized
via a separate hydrothermal route, were also included. All
electrodes were tested in 1 M H,SO, within a potential range
of 0-1 V at scan rates from 5 to 100 mV s ', enabling a
systematic evaluation of their kinetic behavior and charge-
storage mechanisms. The CV profiles presented in Fig. 9(a)-(d)
reveal distinct electrochemical responses: SO displays quasi-
rectangular curves, characteristic of capacitive surface-domi-
nated processes, while S1-S3 exhibit well-defined redox peaks
corresponding to reversible proton intercalation (MoO; + xH" +
xe~ 2 H,MoO;). Notably, S1 demonstrates the highest peak
currents with minimal polarization, signifying superior capaci-
tance and fast charge-transfer kinetics. This outstanding per-
formance is attributed to its novel flake-like morphology, which
provides abundant edge sites, high surface area, and short ion
diffusion lengths, while controlled annealing introduces oxy-
gen vacancies and mixed-valence Mo centers that enhance
conductivity and redox activity. Such a synergistic structure-
defect interplay is rarely achieved in conventional MoO; elec-
trodes and marks a clear novelty of this work. For instance,
Saifullah et al. reported ~671 F g~ for hierarchical MoO3/CdO
composites, but their bulkier nanobelt-particle morphology
limited ion accessibility compared to the defect-rich flakes

Mater. Adv,, 2026, 7,1018-1033 | 1025
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Fig. 8 EDS mapping of S1.
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Fig. 9 Electrochemical performances of MoS, and MoO- based electrodes in a three-electrode cell: CV of (a) MoS,, (b) MoOs (S1), (c) MoOs (S2), and

MoQs3 (S3).
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observed here.*' Similarly, recent studies demonstrated that
microstructural optimization and oxygen vacancy engineering
are essential to maximize o-MoO; performance in acidic
electrolytes.*” Compared to S2 and S3, which suffer from less
favorable morphologies that restrict charge mobility and ion
transport, S1 emerges as a structurally and functionally opti-
mized electrode. Thus, the integrated electrochemical analysis
not only underscores the superior performance of S1 but also
establishes a novel synthesis-structure-property relationship,
positioning defect-engineered MoO; nanoflakes as a promising
candidate for next-generation energy storage applications.
The galvanostatic charge-discharge (GCD) analysis pre-
sented in Fig. 10 clearly demonstrates the profound impact of
synthesis method and resulting morphology on the electro-
chemical behavior of MoS,- and MoO;-based electrodes.
Among the four investigated samples, the a-MoO; nanoflakes
obtained from the thermal annealing of 1T/2H-MoS, nano-
sheets (S1) exhibit the highest electrochemical performance,
delivering the longest discharge times, which directly reflect
superior specific capacitance and energy storage capability.
This outstanding behavior can be attributed to the unique
two-dimensional flake-like architecture of S1, which combines
a high surface-to-volume ratio with short diffusion paths for
proton transport, while the moderate crystallinity introduced
by annealing improves electrical conductivity without eliminat-
ing structural defects that act as active sites. The interconnected
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nanoflake domains thus create a synergistic balance between ion
accessibility and electron mobility, leading to fast redox reac-
tions and high charge-storage efficiency. In contrast, the hydro-
thermally synthesized o-MoO; nanofibers (S3) also display
remarkable performance, ranking second, owing to their one-
dimensional architecture, which promotes continuous ion/elec-
tron pathways and large accessible surface areas; however, the
relatively thicker fiber diameters compared to the ultrathin
flakes result in longer transport distances and partial diffusion
limitations that slightly reduce capacitance relative to S1. The
calcined o-MoO; nanoplates (S2) achieve a more moderate
electrochemical activity: while improved crystallinity from calci-
nation enhances conductivity and stability, the dense and rela-
tively stacked plate-like morphology lowers porosity and restricts
electrolyte penetration, leading to inferior capacitance compared
to S1 and S3. Finally, the flower-like 1T/2H-MoS, nanosheets (S0)
perform the weakest, which can be linked to the coexistence of
semiconducting 2H and metallic 1T phases where restacking
diminishes effective surface exposure, thereby limiting pseudo-
capacitive activity despite the inherent conductivity of the 1T
phase. These trends strongly emphasize the morphological-
electrochemical relationship, which has also been confirmed
in recent reports. For instance, Roy et al.*> demonstrated that
tailoring MoO; morphology in MoO3/CdO heterostructures
significantly enhanced capacitance (671 F g~ ') and reduced
charge-transfer resistance, highlighting the role of structural
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Fig. 10 Electrochemical performances of MoS, and MoOs based electrodes in a three-electrode cell: GCD of (a) MoS,, (b) MoOs (S1), (c) MoOs (S2), and

MoQOs (S3).
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engineering in boosting supercapacitor efficiency. Likewise,
Ponelakkia et al. (2025)** reported that transition-metal-
doped MoO; nanorods exhibit enhanced pseudocapacitive
behavior with improved charge transfer and active-site avail-
ability. Their study showed that Ni-doped MoO; nanorods can
achieve a high specific capacitance of 167.95F g ' at 0.5 Ag ™"
with 99.79% retention over 15000 cycles, demonstrating
excellent electrochemical stability. In addition, optimized
MoO; nanorods synthesized in 2024 were reported to reach
~244 F g " with excellent cycling stability,*> again under-
scoring the positive influence of high-surface-area, defect-rich
morphologies in supporting pseudocapacitive activity. Com-
parative studies on MoS, electrodes further corroborate our
observations: while MoS, nanosheets can offer moderate
capacitive contributions, they are often surpassed by oxide-
based systems such as MoOj; due to the latter’s richer redox
chemistry and higher intrinsic pseudocapacitance.*® Collec-
tively, the present findings and the cited works reinforce the
principle that nanostructural control—especially ultrathin 2D
nanoflakes as in S1—remains the most decisive factor in
optimizing the electrochemical storage properties of MoOs3,
since they simultaneously maximize the density of active sites,
minimize transport barriers, and balance crystallinity with
defect-driven reactivity. These insights strongly suggest that
the development of next-generation MoOj-based electrodes
should prioritize flake- and fiber-type morphologies over
denser plate-like or aggregated structures to achieve practical,
high-performance supercapacitor devices.
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Fig. 11a-d provide a detailed comparison of the electroche-
mical performance of MoS, nanosheets and three distinct
MoO; morphologies: thermally annealed MoO; nanoflakes,
MoO; fibers, and MoO; nanoplates. The cyclic voltammetry
(CV) curves at 5 mV s ' (Fig. 11a) clearly show that the
thermally annealed MoO; nanoflakes exhibit the largest inte-
grated area, corresponding to the highest specific capacitance
of 755 F g~ *. This superior performance reflects their optimized
balance of accessible redox sites, ion diffusion pathways, and
electrical conductivity. In contrast, MoO; fibers occupy a strong
second position, delivering 455 F g~', as their elongated
structure facilitates relatively efficient charge transport but
provides fewer surface-active sites compared to the nanoflakes.
MoO; nanoplates show much lower capacitance (175 F g~ ),
penalized by diffusion and porosity limitations that restrict ion
accessibility. Finally, MoS, nanosheets deliver a moderate
specific capacitance of 250 F g™, reflecting their layered archi-
tecture that supports pseudocapacitive charge storage but is
intrinsically constrained by slower ion intercalation kinetics.

Galvanostatic charge-discharge (GCD) curves at 1 A g '
(Fig. 11c) further reinforce these observations. The MoOj;
nanoflakes again show the longest discharge time (325 F g™ 1),
highlighting their ability to sustain higher charge storage.
MoO; fibers (230 F g ) follow, while MoS, nanosheets (145 F g %)
provide intermediate performance, and MoO; nanoplates
remain the poorest performer (105 F g~ '). The rate-capability
plots (Fig. 11b and d) confirm these trends, as MoO; nano-
flakes maintain a high capacitance retention even under fast
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Fig. 11 Electrochemical comparison of MoS, and MoOs for (a) CV at 5 mV s, (b) GCD at 1 A g, (c) CV-specific capacitance, and (d) GCD-specific

capacitance.
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charge-discharge conditions, whereas the nanoplates suffer
from rapid performance decay.

Overall, thermally annealed MoO; nanoflakes optimize the
balance of accessible redox-active sites, ion pathways, and
conductivity to deliver the best performance. MoO; fibers
provide a strong kinetic second due to their elongated chan-
nels, MoO; nanoplates are penalized by diffusion and porosity
limitations, and MoS, nanosheets remain constrained by
intrinsically weaker charge transport and ion storage proper-
ties. These results are fully consistent with recent reports
emphasizing the morphology-performance relationship in
MoO; and MoS,-based electrodes.*”*8

The electrochemical impedance spectroscopy (EIS) results
for the four samples (Fig. 12a) reveal precise information on
their electrochemical characteristics, with an emphasis on
charge transfer resistance (R.) and equivalent series resistance
(Resr)- The MoS, sample, with a R, of 0.34 Q and Rggy of 4.6 Q,
has a modest charge transfer efficiency but greater internal
resistance, which affects its conductivity. Among the MoO;
samples, the MoO;-S1 stands out with the lowest R, (0.14 Q)
and Rggg (0.7 Q), indicating highly efficient charge transfer and
minimal internal resistance, making it the most promising for
energy storage applications. The MoO;-S2 shows higher values
with an R of 0.39 Q and Rggg of 7.6 Q, suggesting less effective
charge transfer and higher internal resistance. The hydrother-
mal MoO;-S3 has intermediate performance with an R, of
0.21 Q and Rggy of 1.18 Q, reflecting a balance between charge
transfer capability and internal resistance. These findings
underscore the critical influence of preparation methods and
morphologies on the electrochemical performance of MoS, and
MoOj;, with the thermally calcined MoO; exhibiting the best
properties, followed by the hydrothermal and precipitated
MoO; samples. Understanding these variations helps in opti-
mizing the materials for advanced energy storage applications.
Additionally, Fig. 12b shows that the MoO; (S1) electrode has a
trustworthy life cycle, with an amazing capacity retention rate
of 100% after 1000 cycles of cyclic stability testing. This high-
lights the excellent durability and long-term performance of the
MoO; electrode, making it highly suitable for practical energy
storage applications. The electrochemical performance of
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Fig. 12 (a) EIS comparison and (b) capacity retention of S1.
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Table 1 The electrochemical performance of the a-MoO3 2D nanoflakes
electrode to those reported in the literature

Materials Specific capacitance Current density Ref.
MoO;_, nanosheets 80 1 49
o-MoO; nanorods 176 0.001 50
o-MoO; nanobelts 251 1 51
MoS, nanosheets 129.2 1 52
MosS, 3D flowers 207.14 1 53
MoO3;-ZnO 280 1 54
Ag@MoO0; 225 1 55
MoO;@rGO 281.95 1 56
WS2/MoO;/MXene  1241F g71 1 57
o-MoO; 325 1 This work

orthorhombic MoO; with 2D nanoflakes was compared to other
literature in Table 1.

3.2. Two-electrode electrochemical analysis of M0O5-S1

To assess the practical device-level performance, a symmetric
supercapacitor (MoO3-S1//M00;-S1) was fabricated and tested
using a two-electrode configuration. The cyclic voltammetry
(CV) curves recorded at scan rates from 5 to 100 mV s '
(Fig. 13a) indicate dominant capacitive behavior, with a gradual
decrease in current response at higher scan rates due to kinetic
limitations in ion transport. The specific capacitance calculated
from CV reached 382 F g ' at 5 mV s ', demonstrating
excellent charge storage capability under slow scan conditions.
Galvanostatic charge-discharge (GCD) measurements at cur-
rent densities from 1 to 5 A g~ " (Fig. 13c) show nearly linear
charge-discharge profiles, indicative of stable capacitive beha-
vior. The maximum specific capacitance of 206 Fg " at 1 Ag ™"
gradually decreases at higher current densities due to limited
ion diffusion and internal resistance effects. The Ragone plot
for M00O;-S1 (Fig. S4) further demonstrates a power density of
512 W kg~ " and an energy density of 28.47 Wh kg " at a current
density of 1 A g . Even at a higher current density of 5 A g™,
the Mo0O;-S1 supercapacitor maintains an energy density of
14.17 Wh kg™ '. These results confirm that MoO;-S1 exhibits
high capacitance, good rate capability, and competitive energy-
power performance in a practical two-electrode configuration,
highlighting its potential for supercapacitor applications.
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capacitance of MoOz-S1//MoO3-S1.

3.3. Charge storage mechanism

Scheme 2 illustrates the proposed charge-storage mechanism
for the Mo-based electrodes in 1 M H,SO,. In S1 (thermally
annealed MoOj; nanoflakes), the porous, interconnected archi-
tecture facilitates rapid diffusion of protons and redox-active
species, which initially occupy confined states before transi-
tioning to adsorbed or surface redox-active states where

MoO; +zH" +ze — H,MoO;y

. ,CHARGING

) o

DISCHARGING

H,MoO3; — MoO3;+zH" + ze

Scheme 2 Schematic illustration of the proposed mechanism of electro-
chemical interactions.
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electron transfer occurs. The high density of oxygen vacancies
further enhances electrokinetics by improving electronic con-
ductivity, accelerating proton insertion/extraction, and provid-
ing additional active sites that strengthen surface redox
reactions, resulting in the highest capacitance (755 F g~ from
CV, 325 F g~ ' from GCD), in agreement with previous reports
highlighting the benefits of defect-rich, porous morphologies
for supercapacitor performance.’®>’

S2 (MoO; fibers) shows moderate capacitance (455 F g~ ' CV,
230 F g ' GCD); although the elongated fiber morphology
provides relatively efficient ion and electron pathways, the
lower defect density and fewer accessible redox sites limit both
surface-controlled and diffusion-controlled kinetics, consistent
with prior observations on morphology-dependent charge sto-
rage (Liu et al, 2024). S3 (MoS, nanosheets) stores charge
primarily via proton intercalation into the S-Mo-S layers
(MoS, + xH" + xe~ < H,MoS,). However, reduced intrinsic
conductivity and slower proton transport result in moderate
capacitance (250 F g~' CV, 145 F g~ ' GCD), highlighting the
critical role of intrinsic electronic properties and ion-transport
kinetics.®” S4 (MoO; nanoplates) exhibits the lowest capaci-
tance (175 F ¢* CV, 105 F ¢! GCD) due to compact morphol-
ogy, which restricts ion access, limits interfacial contact, and
slows both ionic and electronic transport, in line with previous
studies emphasizing the importance of accessible surface area
and porosity for fast charge storage (Simsek et al., 2026).

Overall, the trend S1 > S2 > S3 > S4 highlights that
electrode morphology, oxygen-vacancy-driven defect chemistry,
and the density of accessible redox sites collectively govern
capacitive behavior and charge-transfer kinetics. Fast electro-
kinetic processes—such as surface redox reactions, confined-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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state transitions, and rapid proton migration—are most effec-
tively promoted in the highly porous, defect-rich S1 electrode,
corroborating literature reports on the critical influence of
structural porosity, defect engineering, and morphology opti-
mization on supercapacitor performance.®'

4. Conclusions

Thermal annealing of hydrothermally developed 1T/2H MosS,
results in a novel nanoflakes-like structure of a-MoO;. The
flower-like MoS, sample was synthesized at 200 °C and
annealed at 400 °C for 30 minutes. After annealing at 400 °C,
the sample converted into orthorhombic MoO; with 2D plates.
The formation of the hybrid nanostructure and the temperature
progression of MoS, have been confirmed by XRD, Raman,
FESEM, EDX, BET, and XPS. The increased surface area of the
nanoflakes-like structure is due to the presence of interstitial
and lattice oxygen species. The samples’ electrochemical per-
formance was tested using cyclic voltammetry, galvanostatic
charging-discharging, and electrochemical impedance analy-
sis, with considerably improved findings compared to earlier o-
MoO;-based research. The electrochemical performance of an
a-MoO; nanoparticles as the active electrode material was fully
examined. The supercapacitor performance of the samples was
compared in 1 M H,SO, with a mass loading of 1 mg. The
flakes-like structure had a specific conductance of 325 F g™,
which was twice as high as the other structures.
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