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We present a detailed electrochemical comparison between cobalt antimony oxide and its
reduced graphene oxide composite, prepared through a combination of hydrothermal and
ultrasonic synthesis. The structural, morphological, and compositional properties of the as-
synthesized material are detailed through comprehensive characterization techniques. In a
three-electrode configuration, the composite CoSb,O¢/rGO exhibited a specific capacitance
value of 1000 F/g at a mass-normalized current of 2 A/g, which is at least 5-fold higher than
that of pristine CoSb,0 (i.e., 195.5 F/g at a mass-normalised current of 2 A/g). It shows high-
capacity retention of 93.18 %, over 3000 cycles. We have also tested a two-electrode symmetric
device, fabricated from CoSb,0¢/rGO composite, that shows a specific capacitance of 227.79
F/g, at a mass-normalised current of 1 A/g. The CoSb,04/rGO composite yields energy and
power densities of 38.28 Wh/kg and 10.08 kW/kg, respectively, and exhibits a cyclic stability
of 98.54% even after 10,000 cycles. Further, we have employed density functional theory
simulations to elucidate the structure and electronic characteristics of pristine CoSb,O4 and
CoSb,0¢/rGO composite systems. The enhancement in the electronic states near the Fermi
level, resulting from the charge transfer from rGO to CoSb,0g, indicates improved conductivity
in the CoSb,0O¢/rGO composite system. The considerably lower diffusion energy barrier and
enhanced quantum capacitance of CoSb,04/rGO compared to CoSb,O¢ contribute to the

superior supercapacitance performance, which supports our experimental findings.

KEYWORDS: Cobalt antimony oxide; reduced graphene oxide; hydrothermal method;

ultrasonic-assisted method; symmetric device.
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1. Introduction DO 10,1039/ DSMACOSSEA
The requirement for efficient, high-performance energy storage devices has become more
important for powering a wide range of applications, including portable gadgets, electric cars,
and smart city infrastructure. Supercapacitors have drawn significant interest because of their
high power density, extended life cycle, and rapid charging time[1]. Nevertheless, conventional
supercapacitors frequently experience bottlenecks in terms of energy density, prompting the
addition of innovative materials to improve their performance[2]. Recently, a growing interest
has been in utilizing hybrid materials to enhance charge storage performance. Despite the
potential shown by these hybrid materials, issues persist in optimizing the energy-power
spectrum for the device[3]. Different types of electrode materials have been investigated for
supercapacitors, e.g., carbonaceous materials, transition metal oxides (TMOs), and transition
metal chalcogenides (TMCs). Transition metal oxides (TMOs) such as V,0s[4], NiO[5],
MoO,[6] and MnO,[7] exhibit rich redox mechanisms, making them suitable for the

fabrication of a pseudocapacitive electrode[8]. Many binary metal oxides or some battery—type

materials like NiC0,04[9], CuFeS,[10], CuFe,04[11], CuC0,04[12], and CuWO,[13] have

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

been reported to show good electrochemical performance of supercapacitors. With the rapid
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development of wearable, portable, and flexible electronic devices, there is a need for high
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performance supercapacitor that combines long cycle stability, high power density, operational
safety, and mechanical flexibility for practical applications. Recent works have shown that
multifunctional electrodes, such as Cu;Mo,09 nanostructures, are used in self-powered
integration systems.[14] So, to improve the electrochemical performance, we need to focus on
key factors like high surface area, pore size distribution, and cyclic stability of the electrode
materials. EDLCs (electric double—layer capacitors that show the surface adsorption between
the electrode and electrolyte interface) typically show high specific power and long cycle life,

while pseudocapacitors (which rely on reversible fast redox reaction) have an improved
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specific energy profile. Combining these two materials will leverage the elecfrochemicals; yoren

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

functionalities in a single system and contribute to the development of more sustainable energy
storage solutions for the future. Then, we will have a very good power-energy (storage
property) balance along with cycle performance (lifetime of the material/device)[15].
Moreover, hydrogel-based electrolytes such as PVA and S-PANa hydrogels have enabled
flexible and safe devices that further expand practical applications[16]. Such reports highlight
the growing importance of a versatile system for integration and next-generation energy

technologies.

Within this expanding materials landscape, metal antimonates have emerged as a new
class of promising electrode materials due to their stable crystal structure and strong faradic
redox activity. Here, we have synthesized cobalt antimony oxide, a pseudocapacitive material,
and prepared its composite with reduced graphene oxide, aiming to improve the charge storage
performance of the supercapacitor. We systematically optimize the weight percentage of
reduced graphene oxide (i.e., variation within 5 % to 20 % by weight of cobalt antimony oxide)
and observe the change in electrochemical performance, depending on the variation of the rGO
content[17]. According to the reported literature, CoO[18], Co3;0419] [20], Sb—doped
Co0304[21], and Sb,0;[22] show potential applications in various fields like energy storage,
catalysis, and gas sensing applications[23]. Co3;04, with multiple morphologies, has been
widely used in supercapacitor applications. Using the successive ionic layer adsorption and
reaction (SILAR) method on a copper substrate, a thin cobalt oxide film shows a specific
capacitance of 165 F/g[18]. In another work, porous Co;04 nano-cubes were synthesized by a
hydrothermal method, yielding a specific capacitance of 430.6 F/g[19]. Furthermore,
electrodeposited cobalt oxide on a copper substrate exhibits a specific capacitance of 235
F/g[20]. Co?" induced deposition in Sb,Os/rGO composite showing enhanced interfacial

interactions, promising the high-performance Li-ions/Na-ions storage application[24]. The
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insertion of antimony enhances the electrochemical performance of the electrode. $b can fotiis oomen
binary and ternary alloys with metals like cobalt, as in CoSb,0¢, which enhances both structural
integrity and conductivity, leading to improved electrochemical performance It has been
observed that Sb can act as an essential dopant species, which can tune the electrochemical
properties of an electrode material[21]. The cobalt antimony oxide (CoSb,0g), which has a
rutile—type structure[23], presents intriguing applications in both sodium- and lithium-ion
batteries as an anode active material[25], in catalysis, and the detection of various types of
gases in sensors[26]. However, the inclusion of antimony enhances the surface area, generates
an increased number of redox-active sites, and improves the stability of the electrode,
significantly strengthening the electrochemical performances. One of the strategic steps to
further enhance the cycle life of CoSb,0O¢ (a pseudocapacitive material) is by combining it with
a carbonaceous material like reduced graphene oxide (because of its high electrical
conductivity, large surface area, and chemical stability)[27], to form a composite/hybrid
system. Several reports have observed that pristine metal oxides perform poorly when

compared with their rGO composites, indicating the significance of rGO in a composite/hybrid

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

system. Despite these promising features, reports on the systematic optimization of CoSb,Og-
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rGO composite electrodes for supercapacitor application remain rare. Combining cobalt
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antimony oxide nanoparticles with the reduced graphene oxide substrate creates a three-
dimensional conductive structure with improved mechanical and electrochemical stability,
which has not been thoroughly explored. Addressing these gaps is critical for identifying the
optimal composite structure and maximizing the redox activity of CoSb,O¢ while benefiting
from the excellent conductivity of rGO. Further, the collective effect of rGO and cobalt
antimony oxide, in the as-obtained composite, resulted in high electrochemical performance.
In this work, we compare the electrochemical performances of pristine cobalt antimony

oxide with its rGO composite by implementing state-of-the-art analytical methods. First, we
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discuss the detailed synthesis method for preparing the composite, which, comBites; qomon
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hydrothermal reaction and ultrasonic treatment. In the next step, we perform detailed structural
and morphological analyses on the samples to check their dimensionality, crystal structure, and
purity. Afterwards, we carry out detailed electrochemical analyses to know the charge storage
properties of the material in both three- and two—electrode configurations in an aqueous
electrolytic medium[28]. To validate our experimental findings and gain insight into the
electronic properties and the interaction between CoSb,0¢ and rGO, we implemented the first-

principles calculations based on density functional theory (DFT).

2. Experimental section

2.1 Chemicals

Cobalt(ous) chloride Hexahydrate [CoCl,.6H,0, 99 %], antimony trichloride [SbCls, 99 %],
were procured from the Central Drug House private limited (India), ammonia solution [NHj,
25 %] and N — Methyl — 2 — pyrrolidone [CsHgNO, 99.7 %, were procured from Molychem,
India, Graphene Oxide [15-20 sheets] was purchased from Sigma Aldrich, Poly (vinylidene
fluoride) powder (PVDF) [(- CH,CF; —) ,, and conductive carbon black [99+ %, C], were
procured from Alfa Aesar, India. All the chemicals were of analytical grade and used without

any further purification/modification.

2.2 Synthesis of cobalt antimony oxide (CoSb,0¢)

A hydrothermal approach was used to synthesize cobalt antimony oxide[29]. In the first step,
a solution of 0.1 M cobalt chloride (dissolved in 20 ml of distilled water) and 0.1 M antimony
trichloride (dissolved in 40 ml of distilled water) was combined and mixed in a total amount
of 100 ml of distilled water, followed by ultrasonication for 10 minutes. Subsequently, the
beaker was placed on a magnetic stirrer, and ammonia solution was gradually added until the
pH level reached approximately 9. The obtained solution was transferred to a Teflon-lined
stainless-steel autoclave and placed in a digital hot-air oven for 16 hours at a temperature of

6
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160 °C. Further, the product was centrifuged with ethanol and water repeatedly until the phT  oosen
value became neutral. Once all these procedures were completed, the sample was dehydrated
inside an oven for 8 hours at a temperature of 80 °C. Lastly, the product was calcinated in the
furnace for 5 hours at 500 °C. The final product was acquired through calcination, ensuring that

any volatile substance was removed and leaving a stable product.

2.3 Synthesis of cobalt antimony oxide/ reduced graphene oxide (CoSb,0¢rGO)
composite

The cobalt antimony oxide/reduced graphene oxide composite is prepared using the ultra-
sonication-assisted physical mixture method.[30]. Here, we synthesize the different weight
percentage ratios of cobalt antimony oxide/ reduced graphene oxide composite (CoSb,Og — 5
% 1rGO, CoSb,06— 10 % rGO, CoSb,06— 15 % rGO, CoSb,06— 20 % rGO). Firstly, different
weight percentages (i.e., 5 %, 10 %, 15 %, and 20 %) of graphene oxide powder and prepared
cobalt antimony oxide nanoparticles were dispersed in ethanol by ultrasonication for 30

minutes (in 10 — 10 min gaps), which promotes exfoliation of rGO sheets and helps the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

CoSb,0g particles to anchor uniformly onto the surface of rGO. Then the mixture was ground

for 2 hours at room temperature to ensure uniform dispersion of CoSb,Og particles onto rGO
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sheets, and the reduction process of the graphene oxide was done by calcinating the composite
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mixture for 1 hr at 200 °C. We obtained the final product of cobalt antimony oxide/reduced
graphene oxide composite from the above methodology. The schematic diagram of the

synthesis of cobalt antimony oxide and its rGO composite is shown in Figure 1.
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Figure 1. Schematic representation of the preparation process for nanostructured CoSb,0O4 and

CoSb,0¢—reduced graphene oxide composite materials, along with their future application.

2.4 Physical characterization

All the XRD analyses were done, using a Bruker D8 Advance X-Ray diffractometer instrument
(operating at 40 kV and 40 mA, with Ni — filtered Cu — K, radiation). Surface morphology was
studied by field emission scanning electron microscopy (Merlin Compact with Germini 1
electron column). Oxford Instruments analyzed energy dispersive X-ray spectroscopy (EDX).

The chemical composition of the pristine CoSb,0O4 and CoSb,O4— 15 % rGO composite was
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analyzed using X-ray photoelectron spectroscopy (XPS), using the Thermo Fishgr, Sciertftfi¢s;qomen
ESCALAB instrument. The surface area and pore volume for cobalt antimony oxide and its
reduced graphene oxide composites (CoSb,O¢— 5 % rGO, CoSb,06— 10 % rGO, CoSb,O4— 15
% 1GO, and CoSb,0¢— 20 % rGO) were determined using Brunauer—Emmett-Teller (BET)
analysis, explicitly using the Quantachrome Novae 2200 instrument. Additionally, high-
resolution morphological, elemental, and compositional information was obtained using high-
resolution transmission electron microscopy (HR — TEM, JEOL JEM 2100 PLUS). Room
temperature Raman spectra were recorded by a RENISHAW InVia Raman Microscope with

an excitation of 532 nm laser light.

2.5 Electrochemical characterization

All the electrochemical characterizations (cyclic voltammetry, galvanostatic charge-discharge
cycle, and electrochemical impedance spectroscopy) were done using a multi-channel
BioLogic electrochemical workstation (BioLogic electrochemical workstation, VSP — 300).

Here, nickel foam is used as the substrate for all the as-synthesized materials. Initially, nickel

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

foam is cleaned with diluted hydrochloric acid in a volume ratio of 1:3, and then gently washed

with deionized water. After that, it is dried for 6 hours at 80 °C. For the electrode coating, a

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

slurry is prepared in the weight ratio of 80:15:5. This includes an 80 % weight ratio of active

(cc)

material, 15 % weight ratio of carbon black as the conductive material, also to reduce the effect
of the binder, 5 % weight ratio of PVDF as the binding materials, and the mixture is
homogenously dispersed by using N-Methyl-2-Pyrrolidone (NMP). The slurry is mixed until a
homogeneous mixture is obtained. Then, a slurry coating method (using the brush-paint
technique) is employed to coat the nickel form, followed by drying overnight at 80 °C. The
mass loading for cobalt antimony oxide and its reduced graphene oxide composites is ~1 mg.

These steps are consistently applied to all the rGO composites.
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Three—electrode measurements are performed on the cobalt antimony oxide apd 8 qoeen
reduced graphene oxide composites. The working electrode is coated on the nickel foam, with
Ag/AgCl as the reference electrode and a platinum mesh electrode as the counter electrode. A
IM aqueous sodium sulphate is used as the electrolyte for all the electrochemical
measurements. A two-electrode (symmetric) configuration was employed to evaluate the
charge storage performance of the CoSb,O¢— 15 % rGO composite, where a glass fiber
membrane/ pre-filter (purchased from Merck Millipore Ltd.) is used as the separator to isolate
the electrodes. The specific capacitance (Csp) values of cobalt antimony oxide and its reduced
graphene oxide composite electrodes were calculated from the cyclic voltammetry profiles and
galvanometric charge-discharge cycles by Equations 1 and 2, respectively.[31];

Csp = (J(1dV)/2(s X m X AV) . (D)

Cy=( X A)/(AV X m) .. (2)

The specific energy density (E4) and the specific power density (Pg4) for the CoSb,Og — 15 %

rGO symmetric device are calculated by the respective Equations 3 and 4[32];
Eq=(1/2 X Cg X (AV)"2)/3.6 .3
Pq=E4/At X 3600 .. (4

where the Cy, is the specific capacitance (F/g), I is the current (mA), s is the scan rate (mV/s),
and m is the mass loaded on the working electrodes (g). AV is the active potential window (V).
At is the discharge time (s), Eq is the specific energy density (Wh/kg), and Py is the particular

power density (W/kg).

2.6 Computational details

All simulations were conducted using Density Functional Theory (DFT) within the context of

the projector-augmented wave (PAW) method[33], employing the Vienna Ab initio Simulation

10
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Package (VASP)[34]. The generalized gradient approximation (GGA) method[35].5%a8;oomen
employed to describe the exchange-correlation function, which accounts for ion-electron
interactions. The structures were optimized until the force and energy convergence thresholds
reached 0.01 eV/A and 1075 eV, respectively. The cut-off energy for the plane wave basis set
expansion was set to 500 eV. A gamma-centred K-point mesh, with grids of 4x5x1, was used
to sample the reciprocal space. To eliminate periodic interactions, a vacuum spacing of 30 A
was introduced above the surface of the monolayer in the supercell. Moreover, Grimme’s DFT-
D2 dispersion correction method[36] was applied to account for van der Waals (vdW)

interactions effectively.

3. Results and discussion

3.1 Structural, morphological, and elemental analysis

From now onwards, CoSb,0¢/rGO composites containing 5 %, 10 %, 15 %, and 20 % of rGO
are considered as CoSb,O¢/rGO 5, CoSb,0¢/rGO 10, CoSb,0¢/rGO 15, and

CoSb,0¢/rGO 20 for convenience. X-ray diffraction analyzes the material's crystal structure,

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

phase, space group, and crystalline size. Figure 2(a) compares CoSb,0¢ and CoSb,0¢/rGO

composites, which perfectly match the JCPDS (reference) file no. 01-084-2062[37]. All the

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

peaks correspond to the Bragg’s angle at 19.12°, 21.36°, 27.101°, 33.380°, 34.817°, 38.701°,
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39.336°, 43.51°, 53.030°, 55.886°, 59.767°, 63.189°, 66.813°, 67.554°, 73.505°, 80.664°,
83.260°, 86.310°, and 89.566° can be assigned to (002), (101), (110), (112), (103), (004), (113),
(210), (211), (213), (220), (006), (310), (116), (30223), (206), (323), (008), (226), and (118)
showing the crystal system of tetragonal structured CoSb,0O¢ and CoSb,04/rGO composites. It
shows a highly crystalline structure with the growth oriented along the (110) lattice plane and
the space group of P42/mnm. To validate the lattice parameters a, b, and ¢, we have calculated

d-spacing by using Bragg’s law by equation 5;

nA = 2d sin©®

11


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00956a

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Page 12 of 48

View Article Online

or

nA
d=-2— .. (5)

Where A is 1.5406 A, © is the peak position (in radian), n is 1 (order of diffraction), and d is
the interplanar spacing (A). And to calculate the lattice constant, we have used equation 6, i.e.,

for the tetragonal phase (a = b # ¢);

=Ll e

From this, we have calculated the d-spacing and the lattice constant, that all values presented
in the supplementary information in Tables S1 and S2. From this, we can observe that the
calculated values of a, b, and ¢ are approximately equal to the JCPDS (standard value). The
XRD of CoSb,0¢/rGO composites shows that all the peaks are perfectly matched with the
pristine CoSb,0¢ and JCPDS file, and an additional peak of reduced graphene oxide is noticed
at the angle of 26.77°, confirming the formation of CoSb,04/rGO composites. The enlarged
picture of comparison XRD with the JCPDS file for pristine CoSb,0¢, CoSb,0¢/rGO 5,
CoSb,0¢/rGO 10, CoSb,04/rGO_15, and CoSb,O¢/rGO 20 is shown in Figure S2,
respectively. All the XRD patterns are perfectly matched with the JCPDS file. As the ratio of
rGO is increased in CoSb,0Og, the broadening of the peak (at an angle of 27.10°) also increases.
The XRD of reduced graphene oxide is shown in the supplementary data in Figure S1. The
crystalline size of the cobalt antimony oxide is determined by using Equation 7 (i.e., Scherrer

equation)[38]:
D= (kA)/(B Cosb) .. (7

where D is the crystalline size, 4 is the XRD wavelength (i.e., 0.15 nm for CuKa radiation),
is the peak width at half maximum intensity, and 8 is the peak position or Bragg angle. The

crystalline size is found to be 21.42 nm by using the Scherrer equation.

12
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Figure 2. (a) Comparison of X-ray diffraction (XRD) pattern for CoSb,O¢ and all
CoSb,0¢/rGO composite, (b) Raman spectra of GO, CoSb,04 and its rGO composites.

To explore more destructive information, Raman spectroscopy was further employed.
It is an essential tool for confirming the CoSb,04/rGO composite phase, providing information
on the lattice defects. Raman spectra of rGO, CoSb,0Og, and its rGO composites are shown in
Figure 2(b). In Figure S3, the Raman spectra for GO and rGO are shown. The graphitic
materials exhibit a first-order band at 1347 cm™! and 1343 cm™! (D), 1570 cm! and 1571 cm™!
(G) for GO and rGO, respectively. rGO shows a moderate defect intensity (Ip/1), i.e., 0.47,
and corresponding plane crystalline size L, ~ 40.9 nm (calculated by Tuinstra-Koenig relation
using equation 8), considering partial restoration of the sp> domain after reduction[39]. In
Figure 2(b), CoSb,04 displays three distant phonon peaks at 514, 678, and 716 cm™!, which
correspond to the vibrational modes of the cobalt antimony oxide lattice and confirm the
formation of the oxide phase. All these oxide modes are present in all composites, indicating
that the oxide phase is preserved upon composite with rGO. In CoSb,0¢/rGO composites, the
Raman features of both CoSb,Og4 and rGO are present and show systematic change in different
rGO percentage loadings (10 — 15 %) (present in Table S3). The D and G positions for all the
composites are nearly constant, but the Ip/1; ratio and calculated L, values are changed with

the different compositions. From this, we measured I /I ratio (Table S3), and using the
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Tuinstra-Koenig relation (i.e., equation 8)[40] (at 532 nm excitation), the calculated crystallités;omen
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sizes L, are 36.26 (GO), 40.89 (rGO), 33.72 (5 %), 30.51 (10 %), and 26.94 (15 %). This trend
indicates the introduction of additional defects and distortion in the sp? lattice, arising from
strong interfacial interactions and nucleation of CoSb,0O4 and rGO. The CoSb,0¢/rGO 15
composite exhibits the highest defect density, providing abundant anchoring sites for
nanoparticles, increasing the redox activity due to its accessible surface area, and enabling

faster electron transfer.

2.4x10710 24
W ...... (8)

Lo(nm) =
The increasing defect density in the CoSb,04/rGO 15 composite sample led to an improved
electrochemical performance, consistent with the lower charge transfer resistance and higher
specific capacity observed in the electrochemical measurements.

XPS is performed to examine the chemical composition and electronic state of CoSb,0¢
and CoSb,0¢/rGO _15. The high-resolution spectra of Co 2p, Sb 3d, O 1s, and C 1s are shown
in Figure 3(a-d). The complete XPS survey of CoSb,0O4 and CoSb,0¢/rGO 15 is shown in
Figure 2(a). The XPS spectra were deconvoluted using Fityk software, resulting in perfect
curve fitting. Figure 2(b) shows the high-resolution Co 2p spectra of both CoSb,O¢ and
CoSb,04— 15 % rGO, which were fitted using a Voigt profile (G: L = 70:30) and a Shirley-
type background with the two doublet peaks that are observed at 796.4 — 796.5 eV and 780.7
eV, corresponding to 2p;,; and 2p;,, respectively. In addition to these prominent peaks, two
satellite peaks are absorbed at 802.6 eV and 785.95 eV. These satellite peaks are observed at
about 5 — 6 eV higher binding energy than the prominent peaks, indicating that the electronic
state of Co is approaching the +2 oxidation state, which is in good agreement with previously
reported literature[41]. The interaction with rGO modifies the electronic structure but does not

alter the dominant oxidation state. Comparing the two samples, the Co 2p peaks in the

CoSb,04/rGO 15 composite show a slight binding energy shift, i.e., ~ 0.1 to 0.7 eV. This shift
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indicates an increase in partial electron density around Co?*. In addition, the Co?* peaks. i thé s qoeen
composite become noticeably sharper and more intense, reflecting a reduced surface defect due
to rGO addition, which enhances charge-transfer capability through the conductive rGO
framework. In Figure 2(c), the Sb 3d and O 1s core-level spectra of both pristine CoSb,0¢ and
the CoSb,O4— 15 % rGO composite were re-deconvoluted to address the overlap between Sb
3ds;; and O 1s signals. Two high-resolution Sb 3d peaks are observed at 530.5-530.6 eV and
539.8-540.0 eV, corresponding to the 3ds,, and 3d;); states, respectively. Due to the spin-orbital
coupling, the energy separation between these two peaks is about 9 — 9.5 eV, corresponding to
the higher number of oxidation states (+5) of antimony (Sb). Additionally, the peak shift in
CoSb,0¢/rGO 15 compared to the pristine CoSb,Og at 540 eV indicates an increasing Sb*>
character[42]. In CoSb,0¢ a minor peak at 530.35 and 539.82 eV suggested the presence of
reduced Sb species (Sb**). The O-C peak at 532.09 eV was assigned to surface-adsorbed
species or oxygen vacancies. A broad peak of O 1s in CoSb,0¢/rGO 15 at 530.99 eV suggests
overlapping with lattice oxygen, hydroxyls, and potentially functional groups from rGO. A

separate XPS data of O 1s is shown in Figure S4 (a-b) for both pristine CoSb,04 and the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

CoSb,06— 15 % rGO composite. One peak is observed at 530.59 eV for the O 1s, which is

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

closely related to the binding energy of Sb 3d. The XPS peaks for C 1s are shown in Figure

(cc)

2(d); the main peak of carbon is observed at 284.09 eV, corresponding to C-C/C=C. Some
other peaks are observed at 284.93 eV and 288.15 eV due to the respective functional groups
C-OH (carboxylic) and C=0O (carbonyl)[43]. The dominant sp?> carbon peak reflects the
presence of conductive graphene sheets. Meanwhile, the presence of oxygen-functionalized
carbon peaks enhances electrolyte diffusion. The supporting information provides detailed
data on XPS in tabular form (Table S5 for pristine CoSb,O¢ and Table S6 for
CoSb,04/rGO_15). While comparing the XPS between CoSb,0¢ and CoSb,0¢rGO_15, a

minor chemical peak shift is present in CoSb,Og— 15 % rGO due to adding rGO to CoSb,Os.
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Figure 3. XPS spectra for both CoSb,O4 and CoSb,Os— 15 % reduced graphene oxide
composites (a) full survey spectrum, (b) Co 2p, (¢) Sb 3d, (d) C1S. The BET isotherm for (e)
CoSb,0¢ and all CoSb,0¢/rGO composite, (f) pore size distribution curve for CoSb,Og4 and all

CoSb,04/rGO composite.

To analyse the porosity (pore diameter and pore volume), the surface area of the
nanoparticles was measured by the N, adsorption and desorption isotherm (BET isotherm).
Figure 3(e) illustrates that all samples have Type IV isotherms with noticeable hysteresis loops
(H3). The surface area of CoSb,O4/rGO 15 was analyzed, revealing a surface area of 50 m?/g.
Figure 3(e) compares the BET isotherms of cobalt antimony oxide and its rGO composites. A
comparison of the specific surface area, pore diameter, and pore volume is presented in Table
1. As we can see in Table 1, when the weight percentage of rGO increases, the specific surface
area also increases from 16.671 m?/g for pristine CoSb,Og to 61.804 m?/g for 20 % (by wt %)
of rGO in CoSb,04. The maximum pore diameter ranges between 3 and 4 nm, indicating a

mesoporous structure of the cobalt antimony oxide and its rGO composites. This structure
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offers a large number of electrochemically active sites, thereby facilitating rapid ion-absQrpfiohis qoeen
and faster charge transfer at the electrode-electrolyte interface.[44]. The highest pore diameter
for the CoSb,04/rGO 15 is 3.82 nm, which significantly improves the electrochemical charge
storage performance. After adding the rGO, the surface area and porosity increase, which is
suitable for the electrochemical performance. Subsequently, the pore-size distribution graph is
presented in Figure 3(f) for further clarification of the produced materials. These distributions
possess the mesoporous size of particles within their structure. As the percentage of reduced
graphene oxide increases, the pore size also increases. Here, the pore size distribution for the
CoSb,0¢/rGO 15 and CoSb,06/rGO 20 is almost the same, even with a 5 % increase in rGO,
suggesting that the distribution remains the same. Therefore, the improved specific capacitance

value is the increased percentage of the rGO attributed to the large surface area[45].

Table 1. Physical properties of pristine CoSb,0s and its reduced graphene oxide (rGO)

Composites with different rGO content.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

Sample name Surface area Pore Diameter Pore volume
(m*/g) (nm) (CClg)

CoSb,04 16.67 3.05 0.0714

CoSb,04 /rGO_5 24.20 3.40 0.1475

g

CoSb,04/rGO_10 35.24 3.39 0.1062

CoSb,04/rGO_15 50.00 3.82 0.1030

CoSb,04/rGO_20 61.80 3.38 0.1291

Field emission scanning electron microscopy is used to examine the surface morphology of the
CoSb,04 and its rGO composites. Figure 4 shows the micrographs for the pristine CoSb,0g¢
and CoSb,0¢/rGO _15. Figure 4(a-c) shows the micrographs of CoSb,0O4 at different
magnifications and scales (i.e., 1 um, 200 nm, and 200 nm). In these micrographs, we can

observe the uniform formation of nanoparticles. Some of the nanoparticles show a larger size
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than others, which is due to the agglomeration effect between the interconnegted, nedtbys
nanoparticles. Figure 4(d-f) shows the CoSb,O4/rGO 15 composite micrographs at different
magnifications and scales (i.e., 1 um, 200 nm, and 200 nm). Here, the yellow circle shows the
rGO sheet in the composite, and the red circle shows the cobalt antimony decorated with the
reduced graphene oxide composite. In Figure 4(d—f), we can observe that all the nanoparticles
are uniformly fabricated on the surface of the reduced graphene oxide. Reduced graphene oxide
behaves as a conductive substrate for the cobalt antimony oxide particles, which enhances the
electrochemical performance[46]. The supplementary data in Figure S5 (a-c) show SEM for
all other composites. In Figure S5 (a-c), the micrographs of CoSb,O4/rGO 5,
CoSb,0¢/rGO 10, and CoSb,0¢/rGO 20 taken at a magnification of 50 KX demonstrate a
uniform distribution of the reduced graphene oxide sheets. Energy dispersive spectroscopy
(EDS) has been used to determine its elemental composition. Figure Sé6 (a-e) shows the cobalt
antimony oxide along with the presence of all the elements: Co, Sb, and O. The measured Co:
Sb ratio is ~ 1:2, which agrees with the composition of the trirutile type CoSb,0¢. Minor
deviation from ideal 1:2:6 stoichiometry in the oxygen content is expected because the EDS
instrument shows limited sensitivity to the lighter elements, which tends to underestimate O
relative to Co or Sb. Figure S7 (A-D) shows the elemental composition of CoSb,0¢/rGO 5,
CoSb,06/rGO 10, CoSb,04/rGO 15, and CoSb,O¢/rGO 20, respectively. Figure S7 [A (a-f)]
shows the elemental composition of CoSb,0¢/rGO 5, Figure S7 [B (a-f)] shows the elemental
composition of CoSb,04/rGO 10, and Figure S7 [C (a-f)] shows the elemental composition
of CoSb,O4¢/rGO _15. Figure S7 [B (a-f)] shows the elemental composition of

CoSb,04/rGO_20.
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Figure 4. FE-SEM micrographs of CoSb,0Oy at different scales (a) 1 um, (b) 200 nm, (c) 200
nm. FE-SEM micrographs of CoSb,04/rGO_15 composite at different magnifications (d) 1 um,

(e) 200 nm, (f) 200 nm.

HR — TEM images are presented in Figure 5 to further understand the structure and
morphology. Figure 5 (a-e) shows CoSb,O¢/rGO 15 morphologies at different scales from
500 to 5 nm. In Figure 5 (e), the d-spacing is approximately 0.32 nm, which corresponds to
the (110) lattice plane of CoSb,Og, and the inset shows the selected area electron diffraction,
which reveals the polycrystalline nature of the CoSb,0¢/rGO_15. Figure 5 (f) shows the EDS
image at a scale of 500 nm of the CoSb,0¢/rGO 15, showing the presence of all the elements
in the layers[47]. Figure S8 shows the HR-TEM images, SAED pattern, and bare cobalt
antimony oxide particle size. Figure S8 (a-f) shows the morphology of CoSb,Og at different
scales, from 200 nm to 5 nm. The inset of Figure S8 (a) shows the histogram of the particle
size distribution corresponding to the 200 nm image, with the average particle size, measured
from the histogram, being 36.61 nm. The HR-TEM image in Figure S8 (e) shows d-spacings
of 0.3 nm and 0.46 nm, corresponding to the (111) and (101) planes of CoSb,0¢, respectively.

This interplanar spacing showed a good agreement with the XRD data. Figure S8 (f) presents
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the SAED pattern for cobalt antimony oxide. The bright points in the SAED pattesn indiGates o oeer
the highly crystalline structure of CoSb,0¢. The concentric rings of nanoparticles correspond
to the (101), (110), (112), (004), (213), and (310) planes of CoSb,0O¢, which are in good
agreement with the XRD pattern. Additionally, the EDS analysis conducted during the HR-
TEM for CoSb,04 and CoSb,O¢/rGO 15, shown in Figure S9 (a-f) and Figure 5 (g-k),
confirms the presence of all the desired elements and compositions. The above analysis
confirms the successful formation of pure CoSb,O4 and CoSb,O¢/rGO 15 composite
nanostructures. The structure is nearly uniform in shape and size, making it highly suitable for

supercapacitor applications.

EDS Layered Image 1

500nm 500nm 500nm

Figure 5. HR-TEM micrographs of CoSb,04/rGO_15 at different magnifications, (a) 500 nm,

(b) 200 nm, (c) 100 nm, (d) 50 nm, (e) 5 nm and inset SAED pattern of CoSb,04/rGO_15 and
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(f) Layered EDS image at the scale of 500 nm of the CoSb,0¢/rGO 15, (g) electroniciimage,ooosea

of CoSb,04/rGO 15 showing (h) cobalt, (i) antimony, (j) oxygen (k) carbon.

3.2 Electrochemical analysis

To understand the electrochemical kinetics of cobalt antimony oxide and its rGO composite (at
different weight percentages), we performed cyclic voltammetry (CV), galvanometric charge-
discharge cycle (GCD), and electrochemical impedance spectroscopy (EIS). First, we
conducted three-electrode measurements for CoSb,0O¢ and all its rGO composites, to enable
systematic comparisons. The potential window for all the CV curves was 0 to 1.1 V vs.
Ag/AgCl electrode in 1M aqueous Na,SO, electrolyte. Figure 6(a) presents the CV
comparison plot for rGO, pristine CoSb,0¢, and CoSb,O4/rGO 15 (which shows the best
performance among all the composite materials) at 100 mV/s. This plot shows that rGO
displays a quasi-rectangular shape, revealing the material's capacitive or EDLC nature [48].
For the pristine CoSb,0s, the capacitance originated from the pseudocapacitance mechanism.

The addition of 15 % rGO to the pristine CoSb,0¢ leads to an increase in both the area and the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

peak current, resulting from the synergistic effect of rGO, which provides a more conductive

surface to pristine CoSb,O¢ nanoparticles[49]. The cyclic voltammetric performance of

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

CoSb,04/rGO 15 is illustrated in Figure 6(b) at various scan rates ranging from 5 mV/s to 100

(cc)

mV/s. As the scan rate increases, it influences the peak current and potential response. The
shape of the CV curves shows the oxidation and reduction peaks, which clarify the redox
behavior of CoSb,0¢/rGO _15, indicating the pseudocapacitive behavior of the electrode
material[50]. At high scan rates, we observe that the peak shape is less sharp compared to low
scan rates, indicating the presence of high diffusive resistance. Conversely, the diffusive
resistance decreases at lower scan rates, resulting in the anodic and cathodic peaks occurring
at nearly identical potentials. This occurs because the longer time to complete the cycle allows
for greater interaction between the electrode and electrolytic ions, reflecting the
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electrochemically reversible nature of the electrode. From Figure 6(c), which displays the $€afis qoren

rate vs. specific capacitance, we calculate a maximum capacitance of 483.52 F/g at a scan rate
of 5 mV/s for CoSb,0O4/rGO _15. This value is four times greater than the specific capacitance
value of 115.2 F/g for pristine CoSb,0s, indicating that adding rGO enhances the material's
electrochemical performance [51]. The comparison study of cyclic voltammetry for pristine
CoSb;0¢, CoSb,06/rGO 5, CoSb,04/rGO 10, CoSb,04/rGO 15, and CoSb,0¢/rGO 20 is
shown in Figure S11. Specifically, Figure S11 (a) shows the CV plot for pristine CoSb,0O,
Figure S11 (b) presents the CV plot for CoSb,04/rGO 5, Figure S11 (c) shows the CV plot
for CoSb,04/rGO 10, Figure S11 (d) illustrates the CV plot for CoSb,0O4/rGO 15, and Figure
S11 (f) shows the CV plot for CoSb,04/rGO 20. To calculate the contribution of Nickel (Ni)
foam to the capacitance, the electrochemical response of the bare Ni foam is presented in
Figure S10 of the supplementary information. The bare Ni foam shows a negligible
contribution to the tested potential window, confirming that its influence on the measured
capacitance value is less.

We can observe that the peak current response also rises as the weight percentage of
rGO increases. This increase is due to the addition of rGO, which enhances charge transfer
between the electrode and electrolyte interface and provides a shorter diffusion length for
electrolytic ions to interact. However, in Figures S11 (d) and S11 (e), we see that after adding
an extra 5 % rGO, the current response does not significantly increase and remains similar to
that observed with the 15 % weight percentage of CoSb,0Og. Furthermore, there is no significant
increase in capacitance[52]. The area and shape of all the CV tests exhibit symmetric curves,
and as the weight percentage increases, the area under the curve also expands. The reason
behind this 20 % rGO improvement is that it enhances the EDLC contribution, not the faradic
contribution. As rGO mainly contributed to the electric double—layer capacitance, while

CoSb,04 contributes pseudocapacitance. Pseudocapacitance sites saturate at 15%; an
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additional 5 % rGO improves only the EDLC contribution, resulting in a smaller, capacitatics;qomon
gain. Another reason increasing the GO content reduces the relative mass fraction of CoSb,Og,
which carries the majority of the pseudocapacitive charge. We observe a lesser gain in specific

capacitance when we add 5 % additional rGO to the EDLC (15 % behavior). This combined

effect explains why rGO shows very little increment in the capacitance relative to 15 % rGO.

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.
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Figure 6. Electrochemical analysis of prepared CoSb,0¢ and CoSb,O¢/rGO_15 composite (a)
comparative specific capacitance profile for rGO, CoSb,0Og, and CoSb,04/rGO_15 composite,

(b) CV plots of CoSb,0/rGO_15 composite electrode at various scan rates, (¢) effect of scan
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Charge-discharge profile of rGO, CoSb,04, and CoSb,04/rGO_15 composite at the mass-
normalised current of 2 A/g, (e) CD plots for the CoSb,04/rGO_15 composite at different
applied currents, (f) effect of different applied current values on the specific capacitance of the

CoSb,04/rGO_15 composite, (g) Nyquist plots comparison for rGO, CoSb,0O¢ and
CoSb,0¢/rGO 15 composite electrode, with inset, shows the enlarged portion of Nyquist plots
for rGO, CoSb,04 and CoSb,0¢/rGO 15 composite electrode, (h) cyclic stability of for
CoSb,0¢/rGO 15 composite electrode over 3000 cycles.

The galvanometric charge-discharge cycle for all the pristine CoSb,0q4 and its rGO
composites is performed in the potential window of 0 to 1.1 V vs Ag/AgCl using the same
electrolyte. Figure 6(d) shows the comparative GCD cycle for rGO, pristine CoSb,Og¢, and
CoSb,0¢/rGO 15 at the mass-normalised current value of 2 A/g. Figure 5(d) shows that rGO
shows a triangular-shaped charge-discharge curve. In contrast, the pristine CoSb,04 deviates
from the generally triangular shape of EDLC behavior, which is attributed to the surface
diffusion control mechanism[53]. However, the CoSb,0¢/rGO 15 curve contains clear
plateaus representing the electrode material's more diffusion-controlled or pseudocapacitive
behavior. A detailed GCD study of CoSb,04/rGO 15 is presented in Figure 6(e) at various
constant current values ranging from 2 A/g to 5 A/g. This plot reveals a symmetrical and
reversible curve for all the current values[54]. As the current value increases, the time taken to
complete the cycle decreases, indicating that a large amount of charge is being transferred at
low current values as the interaction time increases. At high current values, ions from the
electrolyte do not get enough time to interact, and the inactive diffusion reaction activity is
attributed to the incomplete coverage of the electrode surface, resulting in a lower capacitance
value. From this analysis, we calculate the specific capacitance at different values, as shown in
Figure 6(f). The high capacitance value at 2 A/g is 1000 F/g, varying as follows: 1000 F/g,
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821.7 F/g, 707.07 F/g, 620.15 F/g, 565.33 F/g, and 544.07 F/g at the mass- normalised qutf&nt o omen
value of 2 A/g, 2.5 A/g,3 A/g,3.5 A/g,4 Alg, 4.5 A/g, and 5 A/g, respectively. Given that the
mass loading is 1 mg, the maximum specific capacitance value of 1000 F/g occurs at a mass-
normalised current value of 2 A/g, which is approximately 5-fold higher than the pristine
CoSb,0¢ (i.e., 195.5 F/g at a mass-normalised current value of 2 A/g). The detailed study of all
the electrode materials is shown in Figure S12 (a-f). Figures S12 (a), (b), (¢), (d), and (f)
represent the GCD curve for CoSb,0g4, CoSb,04/rGO 5, CoSb,06/rGO 10, CoSb,04/rGO 15,
and CoSb,04/rGO 20, respectively. The pristine CoSb,04 does not exhibit a proper EDLC
triangular shape and shows some deviation. However, as we increase the percentage of rGO
in the pristine CoSb,Og, the time taken to complete the cycle increases, and the shape of the
curve changes to reflect a more diffusive contribution[55]. It is observed that the presence of
20 % rGO leads to an increased cycle time compared to the 15 % weight ratio of rGO electrode
materials. However, the increment for more than 5 % of rGO in 15 % is insignificant. As
illustrated in Figure S12 (f), the comparison of specific capacitance at a current value of 2 mA

reveals that the increment of specific capacitance for each 5 %, 10 %, and 15 % is almost

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

symmetrical. Nevertheless, making a composite with 20 % rGO increases specific capacitance,

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

but not significantly. Therefore, the increment beyond 15 % may decrease the performance

(cc)

due to increased resistance across the reduced graphene oxide layers. From this analysis, we
conclude that the presence of 15 % or rGO in pristine CoSb,0¢ shows a higher capacitance
value of 1000 F/g at the mass-normalised current value of 2 A/g. This enhancement is attributed
to the synergistic effect of the EDLC charge storage of rGO and the pseudocapacitive charge
storage mechanism of CoSb,O4, demonstrating that adding rGO enhances the material
properties and electrochemical reaction pathways. We have calculated the specific capacity
from the GCD of CoSb,0¢ and its rGO composite, as shown in Figure S13 (and the calculated

values presented in Table S6). The maximum specific capacity for the CoSb,O¢/rGO 15 of
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1100 C/g at an applied mass-normalised current of 2 A/g, whereas the pristine, GOSbzDossoocen
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electrode exhibits a specific capacity of 215.05 C/g, under the same conditions.
Electrochemical impedance spectroscopy (EIS) is a crucial technique for studying the
electrochemical kinetics of supercapacitive electrode materials. Figure 6(g) presents the
Nyquist plot, with a zoomed-in view covering the frequency range of 100 kHz to 0.1 Hz, for
rGO, CoSb,04, and CoSb,O4/rGO _15. In this plot, we analyze the electrode material's
electrolytic or solution resistance (Rs), which appears in the high-frequency region. The
diameter of the semicircle in the high-frequency region represents the charge transfer resistance
(Rp) between the electrode-electrolyte interface. In contrast, the line in the low-frequency
region corresponds to the Warburg region[56]. For pristine CoSb,04, the solution resistance is
2.12 Q, and the charge transfer resistance is 3.11 Q. To improve the performance and reduce
resistance, we developed a composite with rGO, which exhibits the lowest solution resistance
of 1.42 Q, significantly lower than the pristine CoSb,04. Adding rGO enhances the
performance of the CoSb,04/rGO 15 composite, which has a solution resistance of 1.09 Q.
The semicircle's diameter near the real axis shows that CoSb,O¢/rGO 15 has a lower R value
of ~2.58 Q, indicating faster charge transfer at the electrode-electrolyte interface. The lower
resistance in the composite material corresponds to improved electrochemical performance,
contributing to higher specific capacitance. All the EIS fitted parameters are present in Table
S9 in the supplementary information. A Bode plot was generated to explore the deviation from
the ideal capacitor angle (-90°) and the charge storage mechanism[57]. The characteristic

frequency, f, for the phase angle -45° marks the point at which resistive and capacitive

: . . 1 : :
impedance are equal. f, provides a time constant, 7, = Tne which tells how fast the device

can charge and discharge. In Figure S14, the phase angle for the CoSb,04/rGO_15 composite
electrode is -45.97°, indicating a predominant pseudocapacitive or diffusive charge storage

behavior. For this Bode plot, the corresponding time constant is 0.836 ms. This lower time
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constant confirms excellent rate capability and fast ion transfer. Additionally, cyglic stalititsl s qoeen
and capacity retention were tested over 3000 cycles. Figure 6 (h) shows that the
CoSb,04/rGO 15 composite retains 93.18 % of its capacity after 3000 cycles.

To quantitatively understand the charge storage process, the Trasatti plot was analyzed
for both pristine CoSb,0¢ and CoSb,0¢/rGO 15. This method allows us to assess both the
capacitive and pseudocapacitive contributions[58]. Figure S15 (a, ¢) shows the y-intercept of
the linear fit of 1/C, vs v!2, while Figure S15 (b, d) presents the y-intercept of the linear fit of
Cyp vs V12, for pristine CoSb,0g and the CoSb,04/rGO_15 composite electrode. After plotting,
we analyzed the overall percentage of capacitive and pseudocapacitive contributions. Figure
S15 (e) shows that pristine CoSb,O¢ exhibits an EDLC contribution of 6.98%, while the
pseudocapacitive contribution is 93.02%. After adding rGO into CoSb,0¢, the EDLC
contribution increases to 15.08%, while the pseudocapacitive contribution decreases to
84.92%, facilitating faster charge transfer. The large surface area of rGO allows more ions to
interact with the electrode material, enhancing storage performance.

We have employed the Dunn method to distinguish between the capacitive and

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

pseudocapacitive effects[59]. This helps clarify which reaction dominates in the respective

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

electrode materials. For a quantitative description of both capacitive and diffusive control

(cc)

effects, we calculated the b-value using the following equation;
i, =av® ... (9
log (i) =blog (v) +loga ... (10)

Here, 1, is the peak current, v is the scan rate, and a and b are the constants. As illustrated
in Figure S16 (a, b), a plot of log (v) vs log (1) for pristine CoSb,O¢ and CoSb,0¢/rGO 15.
The cathodic and anodic peak current values from the CV yielded b-values of 0.57 for the

cathodic peak and 0.73 for the anodic peak for pristine CoSb,0¢, suggesting a mixed
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mechanism of capacitive and diffusive contributions. A b-value near 1 suggests a capacifives;qomon

contribution, while a b-value closer to 0.5 indicates a diffusive contribution, with values
between 0.5 and 1 representing pseudocapacitive contributions[60].

Similarly, for CoSb,0¢/rGO 15, the b-values were approximately 0.66 for the cathodic
peak and 0.65 for the anodic peak, indicating that adding rGO reduces the resistance and
enhances the charge transfer characteristics. The equation determined the respective

contributions from both processes.

iv)=kiv=kwv?2 .. (11)

In this equation, kv represents the capacitive effect, and k,v!? represents the diffusive effect,
where k; and k; are constants. Figure S17 (a) shows the capacitive and diffusive contributions
to the CV curve at a scan rate of 5 mV/s, where the green part shows the capacitive contribution
and the blue part shows the diffusive contribution. Figure S17 (b) displays the contributions
for CoSb,04/rGO _15. The capacitive contribution remains dominant in the pristine CoSb,0O,
and the blue section indicates the minor diffusive contribution. This matches the Trasatti plot
results well. Figure S17 (¢, d) shows the percentage contributions for CoSb,O4 and
CoSb,04/rGO 15 at three different scan rates (5 mV/s, 10 mV/s, and 20 mV/s). As the scan
rate increases, the capacitive contribution also increases due to the rapid reaction at the
electrode surface. These findings are consistent with the results from the Trasatti plot values.
The quantitative analysis confirms the good rate performance of CoSb,O¢/rGO _15. The
pseudocapacitive contribution dominates due to its excellent rate capability and rapid redox
reaction. After conducting all the experimental and quantitative analyses, we can conclude that
CoSb,04/rGO_15 exhibits superior supercapacitive performance and can be utilized in

supercapacitor device applications.
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Figure 7. Electrochemical analysis of CoSb,04/rGO_15//CoSb,0¢/rGO_15 composite

symmetric cell device. Cyclic voltammetry profile CoSb,04/rGO_15 composite symmetric cell

device at various scan rates (a) 5 — 100 mV/s, (b) First ten cycles of charge-discharge cycles

at the mass-normalised current of 2.5 A/g. Charge discharge cycles for the CoSb,0¢/rGO_15

composite symmetric cell device at different current densities, (¢) 1 — 5 A/g, (d) effect of

applied current on the specific capacitance of CoSb,Os/rGO_15 composite symmetric cell

device, (e) Nyquist plot for CoSb,0¢/rGO_15 composite symmetric cell device in the frequency

range of 0.1 Hz to 100 kHz and inset show the equivalent circuit for this plot, (f) Bode plot for

CoSb,0¢/rGO_15 composite symmetric cell device, (g) The Ragone plots shows the
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of CoSb,04/rGO 15 composite symmetric cell device over 10000 cycles.

We conducted two-electrode measurements on the CoSb,O4/rGO 15 composite symmetric
Supercapacitive device. The photographic image of the symmetric supercapacitor device is
shown in Figure S18. To check the electrochemical behavior of the device, we performed CV,
CD, and EIS measurements. Figure 7(a) shows the CV measurement for symmetric devices at
different scan rates. Particularly at higher scan rates, the CV curves show sharp redox peaks,
signifying that redox behavior plays a crucial role in determining the capacitance of the
symmetric device[61], [62]. Even at high potential sweep rates, consistent findings are seen at
low to high scan rates, indicating excellent reversibility. Figure 7(b) shows the GCD curve for
10 continuous cycles at a mass-normalised current value of 2.5 A/g. Figure 7(c) illustrates the
GCD plot for the symmetric device at different current densities, ranging from 1 A/gto 5 A/g.
We calculated the capacitance from this data, revealing remarkable output values for the
device. The specific capacitance at different mass-normalised current values is present in
Figure 7(d), with a maximum capacitance of 227.79 F/g recorded at 1 A/g. EIS was performed
across a frequency range of 100 kHz to 0.1 Hz to further understand the device's chemical
kinetics, as shown in Figure 7(e). The calculated solution resistance (Ry) is 1.02 €, and the
charge transfer resistance (Ry) is 2.25 Q. These low values of Ry and R confirm and
corroborate the excellent performance of the symmetric device. Additionally, the Bode plot,
displayed in Figure 7(f), shows a phase angle of approximately -64.415°, indicating
contributions from EDLC and pseudocapacitive, and for the symmetric device, the calculated
response time 7, is 0.439 ms. A lesser time response for the device indicates faster ion transport
and faster charge transportation through the device. To quantify the specific energy and power,
the Ragone plot, in Figure 7(g), has been illustrated, showing a maximum energy density of

38.28 Wh/kg with a corresponding power density of 1837.44 W/kg, and a maximum power
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density of 10082.19 W/kg. The Ragone plot indicates the high specific capagcitancs 0fs qomon
CoSb,04/rGO 15 composite symmetric Supercapacitive device. It provides a comparison with
the performance of the other SSD configurations such as Mng,CoysLDH (9.5 Wh/kg)[63],
CoSe; (21.1 Wh/kg)[64], Co(OH),/GF (18 Wh/kg)[65], mesoporous carbon/MnO, (2.32
Wh/kg)[66], ZnO (3.1 Wh/kg)[67], ZnO/GNR (6.8 Wh/kg)[67], and NPCs (16.9 Wh/kg)[68].
A 10000-cycle test was conducted at a mass-normalised current of 5 A/g to measure the
electrode's stability, as shown in Figure 7(h). The results indicate a capacity retention of 98.54
% after 10000 cycles. For this cyclic stability, the coulombic efficiency remained close to 100
% throughout the 10000 cycles, as shown in Figure S19, confirming the stability and absence
of parasitic side reactions. For further clarification, Figure S20 compares the first ten cycles
with the last ten cycles. The comparison reveals no substantial difference between the first and
last ten cycles, affirming the device's exceptional stability. For the reproducibility analysis of
the symmetric CoSb,04/rGO 15 device based on five different fabricated cells. We have added
this analysis graph in the supplementary information Figure S21 with the corresponding error

bars ( &+ SD). The standard deviation across the five devices was found to be 1.258, indicating

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

very small device-to-device variation.
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3.3 Theoretical analysis
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3.3.1 Structure and Electronic Properties

CoSb,0¢ features a well-defined tetragonal crystal structure. The DFT optimized structure of
CoSb,0 has a lattice parameter of a=b=4.711 A, ¢=10.496 A, o=y =90, and B =116.627 and
a P42/mnm space group, which aligns with our experimental value of a=b=4.6495, and c=
9.2763 as well as the reported experimental values of a=b=4.6495 A, ¢ = 9.2763 A[69]. From
the optimized bulk structure of CoSb,0Og, we have modelled a supercell for the surface of the
(110) lattice plane, which exhibited an intense peak in XRD. The optimized structure of the

CoSb,0¢(110) surface is depicted in Figure 8(a). We have used this (110) surface of
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CoSb,0Ogfor further calculations. Afterwards, a composite layer of CoSb,Oswith, redUet s qomon

graphene oxide (rGO) was designed from the optimized structures of the (110) surface of
CoSb,04 and rGO, with the separation between layers set to a minimum of 2 A and an
insignificant lattice mismatch. Figure 8(b) shows the optimized structure of composite
CoSb,0¢/rGO. The calculated binding energy for rGO on CoSb,0¢ is -0.03 eV per atom, which
is small, and hence the rGO will be mostly connected to the CoSb,O4 via Van der Waals

interaction.

3.3.2 Orbital interaction and charge transfer

To study the orbital interaction between CoSb,04 and rGO, we have plotted the partial density
of states (PDOS) for the C 2p orbital and the Sb 4d orbital of rGO and COSb,0Og, respectively.
Figure 8(c), (d) shows a decrease in the density of states near the Fermi level for the C 2p
orbital of CoSb,04/rGO than isolated rGO. In contrast, Figure 8(e), (f) shows an increase in
the density of states near the Fermi level for the Sb 4d orbital of CoSb,0¢/rGO than pristine
CoSb,0¢. From this observation, the interaction between CoSb,Os and CoSb,O¢/rGO can be
attributed to the charge transfer from the C 2p orbital of rGO to the Sb 4d orbital of CoSb,0Og.
To encounter the quantitative charge transfer, the Bader charge analysis has been executed[70].
As indicated by the Bader charge analysis, CoSb,0Og gains a charge of 0.74 e, complemented
by a loss of 0.74 e charge from rGO, having 68 atoms. CoSb,0O¢, being more electronegative
than rGO, pulls the electron cloud of the C 2p orbitals of rGO towards itself, leading to the
charge transfer from rGO to CoSb,O¢, which agrees with a recent study of Fe-doped
NiCo,04@rGO[71]. The charge transfer from rGO to CoSb,Og produces a charge

redistribution among the atoms in CoSb,O.

32

Page 32 of 48


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ma00956a

Page 33 of 48 Materials Advances

View Article Online

DOI: 10.1039/D5MA0D0956A

——C2p ! F—sbad
0.4 -I(C) : Isolated rGO 0.04 - (e) E CoSby0¢
S 02- > 0.02- !
2 ~ T :
£ 00 £ 0.00- '
S ! I Z 1 :
w
= 0.2 ! 2002 '
2 ' e : :
£.04- : £-0.04- :
|
T & T c T 2 T " T L T ] o T . T £
041—C2p | CoSby0g/rGO 0.04 ——Sb 4d | CoSby0¢/rGO
|
I
I

(f) Gain of stat(_:s

artial density of
e @&
= [

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
artial density of
=]
=
[
1

. A
0.00 *Wx\_’/\v@:
1 I
& 0.2 B=-0.02 - |
0.4 0044 :
|
-3 -2 -1 0 1 2 3
E-Ep (eV) E-Ep (eV)

Open Access Article. Published on 09 January 2026. Downloaded on 1/10/2026 9:57:30 AM.

(cc)

Figure 8. (a), (b) Optimised structures of the (110) surface of CoSb,0¢ and CoSb,0¢/rGO,
respectively. The blue, cyan, purple, and green spheres represent Sb, Co, O, and C atoms. (c),
(d) Partial Density of States plots for the C 2p orbital of isolated rGO and composite
CoSb,04/rGO, respectively. (e), (f) Partial Density of States plots for the Sb 4d orbital of the
(110) surface of CoSb,04 and composite CoSb,0¢/rGO, respectively. The dotted line drawn

vertically at 0 eV on the x-axis represents the Fermi level.

3.3.3 Diffusion energy barrier of Na* ions
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To analyze the mobility of Na*ions within the system, we have calculated the diffusion e&tgyl s qomon
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barrier for both CoSb,0O4 and CoSb,0¢/rGO systems along the path given in Figure S22, using
DOS calculations. Figure 9(a) suggests that there is a significant lowering of the diffusion
energy barrier upon rGO introduction to CoSb,Og, as the value is 0.61 eV and 0.15 eV for
CoSb,0¢ and CoSb,04/rGO, respectively. Pathak et al. calculated the diffusion energy barrier
of K*, Na" and Li* ions on NiCO,0, and found it to be 0.48, 0.34, and 0.15 eV,
respectively.[72] Therefore, Na* ions are more mobile in the composite CoSb,0¢/rGO and
hence have better charge transfer capability than the pristine one. These findings further justify
our experimental observations of enhanced supercapacitance for the CoSb,0¢/rGO composite

system. The values for the diffusion energy barrier might vary according to the path chosen.
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Figure 9. (a) Diffusion energy plot for (110) surface of CoSb,0O4 and CoSb,0¢/rGO composite
systems, (b) Plot of variation of quantum capacitance with electrode potential for (110) surface

of CoSb,04 and CoSb,04/rGO composite systems.

3.3.4 Calculation of quantum capacitance
The quantum capacitance for systems CoSb,0O¢, CoSb,0¢/rGO, and rGO has been computed

using the quantum capacitance formula.[73], given as

C,=¢ I:D(E)FT (E—eq)dE
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Where D(E) and ¢, Implies the density of states and electrode potential of the system Widers oomon

study, respectively, while the function F7 (E) represents thermal broadening owing to the
thermal effect.

The function F7 (E) can be expressed as,
F.(E)=(4K,T) 'sech’(E/2K,T)

The total capacitance of any system can be related to its computed quantum capacitance by the

[74]

relationt "7, given as

1 1 1
—_ + R
CT CQ CEDL
Cep stands for electric double-layer capacitance, which depends on the interfacial interaction
between the electrode and electrolyte.

Figure 9(b) portrays the variation of quantum capacitance concerning the electrode potential

for CoSb,04 and CoSb,04/rGO systems. Noticeably, the quantum capacitance is higher for

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

most of the composite CoSb,0¢/rGO electrode potential than for pristine CoSb,O¢. At the

Fermi level, the value of quantum capacitance for CoSb,0O4 and CoSb,04/rGO is 173.85 and
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310.32 mF/cm?, respectively. The higher quantum capacitance of composite CoSb,O4/rGO

(cc)

leads to a higher total capacitance, thereby achieving better charge storage performance than
pristine CoSb,Og, further supporting our experimental results. Figure S23 represents the
variation of quantum capacitance for rGO. Here, we can observe that the quantum capacitance
plot of rGO is graphene-like except for the band gap opening due to the introduction of a

functional group, which results in a dip at the Fermi level.[75]

4. Conclusion
In summary, we report CoSb,04 and CoSb,04/rGO at different weight ratios (5 %, 10 %, 15

%, 20 %) composite synthesized by the hydrothermal reaction and ultrasonic treatment, which
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shows uniform morphology. This CoSb,O¢/rGO_15 composite enables a high, spectfits; qomon
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capacitance of ~1000 F/g at a mass-normalised current of 2 A/g. The combination of CoSb,0¢
and rGO improves the conductivity and stability of pristine CoSb,QOg, resulting in enhanced
electrochemical performance of the material. Moreover, when the composite material was
assembled into the symmetric supercapacitor device, it exhibited energy and power densities
of 38.28 Wh/kg and 10.08 kW/kg, respectively. And shows excellent cyclic stability of 98.54
% even after 10000 cycles. The structure and electronic properties, diffusion energy barrier,
and quantum capacitance calculated, using density functional theory simulations, corroborate
our experimental results. The interaction of CoSb,0g4 and rGO, due to the charge transfer from
rGO to CoSb,Og, resulted in an enhancement of electronic states near the Fermi level for the
CoSb,0¢/rGO composite system. The elevated quantum capacitance and lowered diffusion
energy barrier contribute to the enriched charge storage and supercapacitance performance of

the CoSb,0¢/rGO composite system, supporting our experimental findings.
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