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Rational construction of spinel cobaltite/MXene
composites towards superior interfacial charge
dynamics for advanced pseudocapacitors
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The layered structure, large surface area, superior electrical conductivity, and outstanding chemical stability
of MXenes make them attractive innovative electrode materials for supercapacitors. The incorporation of
nanoparticles, particularly bi- and tri-metallic transition metal oxides, is commonly used to enhance the
interlayer accessibility and improve the electrochemical performance. Among various MXenes, Nb,CT,
stands out as an excellent candidate for supercapacitor applications because of its unique properties,
which collectively facilitate rapid charge transport and efficient ion storage. A hydrothermal method was
used in this work to fabricate a MgCo,04/MXene nanocomposite. FTIR spectroscopy and XPS
investigations revealed the chemical bonding, functional groups and various oxidation states, while XRD
analysis confirmed the crystalline properties and phase uniformity of MgCo,0O4/MXene. SEM coupled
with EDX revealed irregular platelet-like nanoparticles distributed on the MXene layers and confirmed the
elemental composition. The optimized electrode yielded an excellent specific capacitance of 1257.75 F
g tat1A gt with a maximum cycling stability of 88.15% after 10 000 cycles. This research study
illustrates a facile hydrothermal route for the synthesis of MXene-based nanocomposites with particles
of controllable size for high-performance supercapacitor electrodes.

1 Introduction

Global issues like climate alteration, ecological contamination,
and limited resources are progressively risking human exis-
tence and growth. The main reasons for these issues are the
common extraction and use of finite fossil fuels."® As the
economy grows rapidly, traditional fossil fuels are constantly
consumed, and environmental issues become worse. These
problems have encouraged the researchers to search for
renewable sources, such as wind, tidal and solar energy, that
can replace fossil fuels and some other traditional energy
resources.*® Regarding the quick advancement of new power
technology and transportation in the 21st century, the need for
better energy storage solutions has further increased.*” The
ability of energy storage devices to overcome energy limitations
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has attracted a lot of research attention. Supercapacitors and Li-
ion batteries have gained interest because of their distinct
properties. Especially, supercapacitors have moderate energy
density and high power density, while batteries have high
energy density and moderate power density. To improve the
energy density in supercapacitors, the capacitance of electrode
materials has to be increased.*™* Supercapacitors, also known
as ultracapacitors, are devices that exhibit exceptional capaci-
tance, addressing the limitations of traditional batteries and
dielectric capacitors by offering elevated energy storage density
and high power density. They also have various other benefits,
such as fast charge and discharge abilities, substantial power
capacity, and functionality across a broad temperature
spectrum.**™** Supercapacitors have two forms of devices for
storing charges based on the mechanics of energy storage
technologies that use non-faradic charge build up (EDLC),
faradaic charge transfer (pseudo-capacitance), or a mixture of
these two processes (hybrid capacitance).">"”

Mixed transition metal oxides or bi-metallic oxides exhibit
greater specific capacitance, and their pseudocapacitive char-
acteristics make them more suitable candidates for super-
capacitor electrodes. Scientists have concentrated on various
transition metal oxides, such as ZnCo,0,, CuCo0,0,, NiC0,0,,
and MgCo,0,, due to their capacity to create complex physical
and chemical structures and produce remarkable synergistic
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interactions among themselves.'®" Spinel cobaltites (XC0,0y4,
with X being Ca, Mg, or Ni) attract a lot of interest from
researchers due to their affordability, safety, increased stability,
and improved electrochemical characteristics.>*** Owing to
their significant theoretical specific capacitance, materials like
Mg and Coz0, are considered to be the best practical choices
among the several electrodes for transition metal oxides
(TMOs).* The abundance of redox reactions in Co;0, allows it
to provide a comparatively large capacitance. The availability
and high cost of cobalt limit its potential for energy storage
applications. To solve this problem, researchers are
substituting less costly metals, like Mg, Mn, Cu, Fe, Ni, and Zn,
for some of the cobalt cations in the Co;0, crystal structure.”*
The synergistic action of several metallic ions may cause cobalt-
based bi-metallic transition metal oxides (BTMOs) to perform
better than pure Co;0, electrochemically and electrically.*
MgCo,0, with a spinel structure is unique among BTMOs,
because of its high theoretical specific capacitance (3122 F g™ ')
and excellent electrochemical characteristics. Within the crystal
arrangement of MgCo,0,, the magnesium ion is located in the
tetrahedral position, while the cobalt ion resides in the octa-
hedral position. Cobalt with different valence states is used in
supercapacitors instead of elemental magnesium, which does
not take part in redox reactions. The conductivity of magnesium
is higher than that of cobalt. Replacing one of cobalt cations
with magnesium is expected to improve the specific capacitance
of Co;0;,. In real-world applications, MCo0,0, (where M = Mg,
Cu, Ni, and Fe) probably performs better than Coz;0, electro-
chemically.”® For example, after a post-annealing procedure, Liu
et al. identified the flower-shaped CuCo,0, nanosheets and
Co30, nanoflakes via a hydrothermal route. These nano-
materials, CuCo,0, and Cos0,, exhibited an impressive capac-
itance of 1131 F g~ " in the range of 0-0.6 Vand 664 F g~ * (0-0.6
V) at 1 A g™, respectively, with their capacities remaining at
79.7% and 68.0% at 10 A g ' after 5000 cycles.”” Yasun Y.
Kannangara et al. created a nanostructured NiCo,0O, with a high
density of defects, displaying 424 and 290 F g " of capacitance
at 1.5 and 7.5 A g~ " of current density, respectively.?® MoS,@-
CuCo,0, exhibited capacitance of 640.2 F g~ at 1 A g™ "
retaining 78% after 10000 cycles.® Liu et al. synthesized
MgCo,0, powders through a solvothermal method, utilizing
anhydrous ethanol as the solvent and maintaining CO, pressure
during the procedure. MgCo,0, at 1 A g~ * generated at 16 MPa
of CO, pressure reached a capacity of 296.4C g ' (741 Fg ', 0.1-
0.5 V). However, at a current rate of 5 A g, the specific capacity
dropped to just 66.3% of its initial value.** Ghaziani et al.
prepared MgCo,0, nanofibers using sol-gel electrostatic spin-
ning, which resulted in the nanofibers showing a Cs value of
84C g ' (210 F g ', 0-0.4 V) when tested at 0.5 A g~ .3
Researchers aim to improve the supercapacitor efficiency by
structural engineering, including doping and combining with
carbonaceous materials. Significant progress in low-dimensional
materials like transition metal oxides, transition metal di-
chalcogenides, carbon-based materials, black phosphorus, and
emerging MXenes has emphasized the importance of layered
structures, high surface area, and electronic structure in devel-
oping advanced charge storage and fast ion conduction for next-
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generation supercapacitors. The integration of multifunctional
2D materials with pseudocapacitive compounds provides new
insights for overcoming the limitations in cycling stability and
ion conductivity, thereby facilitating the fabrication of advanced
electrode materials for high-performance supercapacitors.®*>*
MXenes are two-dimensional transition metal carbides and
nitrides that have recently emerged as promising candidates for
electrochemical energy storage. MXenes are generally synthe-
sized by selective etching of the A-layer from the layered M,,.1AX,,
(MAX) phases to obtain M,,.;X, T, compounds, where T, repre-
sents surface terminations group such as -F, -OH, and -O in
MXenes.***” MXene materials are highly appealing due to their
distinctive stacked structure, abundant interface connections,
improved electrical conductivity, hydrophilicity, and larger
specific surface area for a range of electrochemical applications
requiring energy storage.*®*® For supercapacitors, the MXene has
been utilized as a substrate for the composite electrode, incor-
porating different metal oxides such as vanadium oxide attached
to TizC,Ty (364 F g 1),* TizC,T,/CuCo,S, (993C g ' at 1 Ag '),
and MXene/carbon nanotube@MnO, (221 F g~ 1).#?

Thus far, MXene research has been centered on Ti;C,T, due
to its well-established synthesis routes. Nevertheless, MXene
electrochemical behavior is greatly influenced by its structural
configuration such that an increase in atomic layers corre-
sponds to an increase in molecular weight and a decrease in
theoretical specific capacity. Consequently, the materials with
the M,X composition are likely to have higher theoretical
capacities than those of the M;X, family, such as Ti;C,T,.
Among the family of MXenes, Nb,CT, is emerging as a prom-
ising material because of its exceptional chemical stability,
outstanding electrical conductivity, zero bandgap, metallic
character and more interlayer spacing which ultimately allows
placement of discharge ions. These characteristics are further
enhanced by the presence of surface termination groups (such
as -0, -OH, and -F).**** Although the Nb,AIC MAX phase was
reported in 2000, the discovery of Nb,C MXenes through
selective etching of Nb,AIC in 2013 initiated extensive research
on Nb,C MXene materials. Since then, Nb,C has demonstrated
promising uses in solar energy conversion, batteries, super-
capacitors, hydrogen/oxygen evolution, and other fields.
Increasing space between layers and preventing reassembling
are important research goals to enhance the effectiveness of
MXene in energy storage applications.*” The innovative layout of
these composites addresses the drawbacks of both materials by
utilizing the remarkable electronic conduction of Nb,CT, MX-
enes and high redox activity of MgCo,0,. It is anticipated that
the synergistic effect of both oxides and MXenes improves the
structural stability, accelerates the charge transfer kinetics, and
boosts the overall electrochemical performance.

In this work, MgCo,0,/MXene nanocomposites were synthe-
sized using a hydrothermal method because of their high
capacity and redox reaction. The structural and electrochemical
properties of composite materials were investigated in this
research. This work advances the field of MXene-based hybrid
materials for introducing a unique electrode material for super-
capacitor and efficient hydrogen/oxygen evolution reaction
applications.
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2 Research laboratory methods
2.1 Materials

Cobalt(m) nitrate (Co(NO3),, 99% purity), magnesium(u) nitrate
(Mg(NO3),, 99% purity), hydrofluoric acid (HF, 98% purity) and
MAX (Nb,AIC, 99% purity) were all obtained from Sigma
Aldrich. Ethanol and distilled H,O (99.9% purity) were obtained
from local laboratories and no other procedure were essential to
clean the materials because all of the materials used in the
experiment were analytical quality.

2.2 MXene (Nb,CT,) preparation

Here, high-yield Nb,CT, MXene sheets were produced by
selectively etching the niobium aluminum carbide (Nb,AIC)
powder to remove the Al atoms, as depicted in Fig. 1. Immedi-
ately, 10 mL of 40% concentrated HF solution was combined
with 1 g of Nb,AIC powder, which was stirred at 400 rpm for 24
hours at 27 °C. The resultant material was centrifuged many
times (at 4500 rpm), using ethanol and double-distilled (DDI)
water to achieve a pH of 6 in order to generate fine MXene
layers. After that, the precipitate was placed for 8 hours at 60 °C
in an oven. After HF etching, the Nb,CT, MXene with the
characteristic accordion-like morphology is formed due to the
selective etching of the Al layer from the Nb,AIC MAX phase, as
seen in Fig. 1. This is in accordance with previous studies on the
production of MXene sheets.*

Further, precipitate was placed for 8 hours at 60 °C in an
oven. As seen in Fig. 1, we eventually obtain the uniform 2D
Nb,CT, MXene sheets.

2.3 Preparation of MgCo,0,/MXene (Nb,CT,) composites

The hydrothermal process was used to prepare MgCo,0,/
MXene (Nb,CT,). Initially, 0.2 mol of Co(NOs), and 30 mL of
distilled water were mixed with 0.1 mol of Mg (NO3), and
magnetically stirred for 1 hour. Then, while continuously
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3
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- ——— - ——y
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stirring, 5 mL hydrous solution of 100 mg of synthesized MXene
(Nb,CT,) was added dropwise to the precursor solution. In
another beaker, 0.4 mol of urea and 0.8 mol of ammonium
fluoride were dissolved in 20 mL distilled water and added
slowly dropwise into the stirred precursor solution. Ammonium
fluoride was added as a mineralizer and etching agent. It
facilitates the uniform nucleation of MgCo,0, nanoparticles on
the MXene surface and improves the dispersion and interfacial
interaction between MXenes and spinel oxide. The solution was
stirred for 30 minutes to complete mixing until the pH reached
7-8. The resultant solution was stirred, put into a stainless-steel
autoclave lined with Teflon and then heated to 180 °C for 12
hours in an electric oven. The precipitate was collected by
centrifugation at 4000 rpm for 20 minutes after naturally cool-
ing to room temperature. To remove impurities, it was contin-
uously washed with DI water and ethanol, respectively. The
collected precipitates were dried for 12 hours at 80 °C in an
oven. The produced powder was obtained and annealed in
a muffle furnace for 6 hours at 550 °C under a N, atmosphere to
prevent oxidation and decomposition of the Nb,C MXene,
thereby improving its structural and functional qualities. The
synthesized sample was named MgCo,0,/MXene (MCO/MX), as
illustrated in Fig. S1. The same method was employed for the
synthesis of MgCo,0, (MCO) composites, except the addition of
the MXene solution.

2.4 Preparation of the working electrode

Three electrode systems were employed to evaluate the
electrochemical performance. To fabricate the working elec-
trode (WE), a nickel foam (NF) was cut into 2 x 2 cm” pieces and
subjected to ultrasonic cleaning in ethanol, 10% HCI, and
distilled water consecutively. Finally, it was dried at 60 °C in an
oven for 60 minutes. For the fabrication of the electrodes, active
material MgCo,0,/MXene (50 wt%), carbon black (25 wt%), and
PVDF binder (25 wt%) were mixed with 80 uL of N,N-

Multi-layered MXene
(Nb,CT,)

Centrifugation
until pH:6

L

®

o

®

®
 «———— = el

s
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HF Etching Method
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Fig. 1 Schematic of the multilayered (accordion-like) Nb,CT, MXene obtained from Nb,AIC (MAX).
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dimethylformamide solvent. Afterward, the mixture was stirred
at 150 rpm for 2 hour and drop-cast onto the NF substrate.
Finally, it was dried at 60 °C in an oven for 24 hours. The
loading mass of the active material was 3 mg per electrode. Both
electrodes were prepared in the same manner and utilized to
investigate the electrochemical  characteristics of
supercapacitors.

3 Results and discussion

3.1 Structural characterization

3.1.1 XRD and FTIR spectroscopy. The X-ray diffraction
(XRD) measurements were used to determine the phase
homogeneity and structural characteristics of the prepared
sample MgCo,0,. The X'Pert Highscore software was used to
index the diffraction patterns. The XRD profiles of the synthe-
sized MgCo,0, are displayed in Fig. 2(a), which depicted
diffraction peaks at angle 26 values of 31.05°, 36.84°, 38.20°,
44.69°, 55.16°, 58.82°, 64.90° and 73.99° that can be indexed to
the (220), (311), (222), (400), (422), (511), (440) and (620) crystal
planes of cubic MgCo,0, from JCPDS #(00-002-1073), with
lattice parameters, a = 8.1006 A, b = 8.1006 A, and ¢ = 8.1006 A.
The prominent and well-defined peaks of MgCo,0, in the XRD
pattern suggest its high level of crystallinity. In the case of
MgCo,0,/MXene, Fig. 2(b) shows the diffraction peak at angle
20 values of 31.22°, 36.87°, 38.28°, 44.63°, 55.19°, 58.89°, 64.98°
and 73.95° that can be indexed to the (220), (311), (222), (400),
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(422), (511), (440) and (620) crystal planes of cubic MgCo,0,
from JCPDS #(00-002-1073). The diffraction peak at a 26 value of
9.65° can be indexed to the (002) crystal plane, confirming the
incorporation of carbon-based materials within the composite
sample. The integration of the MXene phase is confirmed by the
diffraction peak at 26 values of 50.44° and 66.53°, which may be
indexed to the (102) and (103) hexagonal niobium carbide
(Nb,CT,) crystal planes from JCPDS #(00-015-0127). The XRD
pattern of the MgCo,0,/MXene composites indicates the
successful synthesis by showing distinctive peaks for MgCo,0y,
MgO, and Nb,CT,. Additionally, the crystallite size of the
prepared MgCo,0, and MgCo,0,/MXene was measured by the
Scherrer method using the following expression:***

D(nm) = K1/8 cos 0, (1)

where A is the wavelength of X-ray radiation and has a value of
0.15406 A, K is a constant and has a value of 0.9, D is the size of
the crystallite in nanometers, # is Bragg's reflection angle, and
@ is the full width at half maximum (FWHM). The derived values
for the average crystallite size of MgCo,0, and MgCo,0,/MXene
composites using eqn (1) are 49.67 and 31.44 nm, confirming
the nanoparticle behavior of both materials.

Fourier transform infrared (FTIR) spectroscopy is a valuable
analytical technique for determining the functional groups and
vibrational and bond stretching functionalities on the surface
of produced MgCo,0,/MXene are shown in Fig. 2(c). The FTIR
spectrum of MgCo,0,/MXene shows absorption peaks with
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Fig.2 XRD spectrum of the (a) MgCo,04 and (b) MgCo,0O4/MXene nanocomposites. (c) FTIR spectrum of MgCo,0O4/MXene. (d) High-resolution
SEM photograph of the accordion-like multilayered Nb,CT, MXene at 1 um, confirming the successful etching of the Nb,AIC MAX phase.
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different wavenumbers, namely, 3439, 1631, 1411, 1029, 660
and 567 cm™". The absorption peak at 3439 cm ™' corresponds
to the O-H (hydroxyl group) stretching vibration.** The C=0
(carbonyl group) stretching vibrations are indicated by the peak
position at 1631 cm ™", whereas the C-O stretching vibrations
are indicated by the peak at 1411 cm™".*° The absorption peak at
1029 cm ' is a feature of the C-F stretching mode.** The
stretching vibration of Co-O is represented by the strong peak
at 660 cm~',*> whereas the stretching vibration of Mg-O is
shown by the peak at 567 cm ™", proving the effective synthesis
of Co;0, and MgO. The band at 451 cm ™' corresponds to the
symmetric stretching vibration of Nb—-O-Nb.>** The FTIR anal-
ysis confirms the presence of MgCo,0, and Nb,C in the sample
of MgCo,0,/MXene.

Moreover, the morphological features of Nb,CT, are shown
in Fig. 2(d). Clear multilayered (accordion-like) SEM picto-
graphs of the Nb,CT, MXene can be seen in Fig. 2(d), which
were taken at resolutions of 1 pm, respectively. This trans-
formation shows that the layer of Al was successfully removed
from Nb,AICT, by HF etching, giving the Nb,CT, MXene its
distinctive layered shape.

3.1.2 XPS. Xray photoelectron spectroscopy (XPS) was
employed to comprehensively determine the composition as
well as to evaluate the oxidation states of the constituent
elements in the MgCo,0,/MXene composite. A wide spectrum
graph obtained from XPS showed in Fig. 3(a) presents a wide
scan of the composite MgCo,0,/MXene over the binding energy
range of 0-1400 eV, clearly revealing the presence of Mg, Co, Nb,
O, and C. No more extra elemental peaks were observed, con-
firming the high compositional purity of the synthesized
material. The Gaussian peak fitting was applied to precisely
deconvolute the oxidation states of the constituent element.

The high-resolution XPS spectrum of Mg 1s (Fig. 3(b))
displays distinct deconvoluted peaks at binding energies of
1302.64 and 1304.4 eV, corresponding to the Mg>" species
associated with the Mg-O bonds in the oxide lattice. The small
shift between these peaks can be explained by the differences in
the chemical environment of the Mg>" ion, such as coordination
in the lattice of MgO or on the surfaces of MgO and MgCo,0,.
Additionally, a peak at 1306.1 eV is attributed to the Mg-OH
bond, confirming the presence of surface hydroxyl groups.>*~’

The high-resolution XPS spectrum of Co 2p (Fig. 3(c))
exhibits two intense peaks corresponding to Co 2p;,, (780.36)
and Co 2p,, (796.3 eV) accompanied by a pair of satellite peaks.
The distinct spin-orbit splitting of approximately 15.94 eV,
along with the presence of satellite peaks, indicates the coex-
istence of Co®>" and Co®" species, and it is attributed to the
Co30, cubic phase.”® The Co 2p;, spin-orbit doublet was
deconvoluted into two peaks at 781.0 and 776.3 eV, corre-
sponding to the Co®* 2p;,, and Co®* 2p;,, states, respectively.
Similarly, the Co 2p;/, doublet was split into different peaks at
792.43 and 796.74 eV, assigned to the Co>" 2p,/, and Co** 2p,,
states. The appearance of satellite peaks near the Co 2p spin-
orbit doublets, observed at a binding energy of 788.47 eV,
further confirms the presence of cobalt oxide species.>***
Fig. 3(d) shows the high-resolution XPS spectrum of Nb 3d,
where the deconvolution of Nb 3ds, and Nb 3d;, peaks at
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206.05 and 207.31 eV confirms the Nb*" and Nb*® oxidation
states. The deconvoluted peak at 205.05 eV is assigned to Nb-C
bonding, whereas the 207.93 eV peak is ascribed to Nb-O
interactions.®*®. Fig. 3(e) depicts high resolution spectrum of C
1s, with separated components upon deconvolution with
a prominent peak at “284.75 eV” and 287.57 eV corresponds to
sp*-hybridized C-C/C=C bonds, and sp>-hybridized C-O bonds
respectively, representing surface functionalization and oxida-
tion. One deconvoluted peak at 288.9 eV is also assigned to “O-
C=0" (carbonyl/carboxyl, Co; > species) functional groups,
indicating the chemical modifications of carbon due to bonding
with oxygen.®*%

Fig. 3(f) presents the O 1s XPS spectrum, which is further
resolved into multiple distinct components. One deconvoluted
peak name as O1 at 529.94 eV is corresponded to a character-
istic metal-oxygen bond. Another deconvoluted O2 peak at
532.10 eV is typically associated with the adsorbed water
molecules at or near the surface of the material, reflecting low
oxygen coordination at defect sites. The O3 peak at 534.16
corresponds to oxygen-containing functional groups.®®-*® Fig. S3
depicts the high-resolution spectrum of F 1s with distinct peaks
at 685.2 and 686.5 eV, attributed to the Nb-F and C-F bonds
respectively, and thus, indicates surface terminations on the
Nb,C-T, MXene. These surface terminations arise due to HF
etching and confirm that this functionalized MXene leads to
improved ion transportation, wettability and electrochemical
performance of the composite. XPS analysis reveals that metals
have multiple oxidation states, confirming the presence of rich
redox-active sites in the MgCo,0,/MXene composite. Oxygen
vacancies from the O 1s spectrum act as additional active sites
for faradaic reactions and enhance ion diffusion. Moreover, the
presence of oxygen-containing functional groups (C=0, O-C=
O, and -OH) makes the surface more wettable, which makes
electrolyte penetration easier and provides accessibility to active
sites. The C 1s peak at 284.7 €V, attributed to the sp carbon
network of MXenes, exhibits high electrical conductivity, which
lowers charge transfer resistance. All of these structural and
chemical properties synergistically contribute to improved
electrochemical performance, which leads to remarkable
specific capacity, efficient ion transport, and long-term cycling
stability.

3.1.3 Brunauer-Emmett-Teller (BET). The Brunauer-
Emmett-Teller (BET) method was used to measure the specific
surface area and adsorption characteristics of the synthesized
MgCo,0, and MgCo,0,/MXene composites using Nitrogen
adsorption-desorption isotherms conducted at 77 K. As depic-
ted in Fig. 4(a), both materials exhibit type IV isotherms with
distinct hysteresis loops in the range of relative pressures (P/P,),
indicating the mesoporous nature according to the IUPAC.
Adsorption at low P/P, values is due to the formation of
a monolayer on the surface, and a sharp rise in the rate of
adsorption at higher P/P, values is due to the capillary
condensation in mesopores. A multipoint BET plot, which is
constructed using linear regression of P/P, versus 1/[W(P/P, — 1)]
(inset in Fig. 4(a)), shows good linearity, indicating that the BET
model is valid in the range of selected pressures. At higher
relative pressures ((P/P, = 0 > 0.5)), a noticeable divergence

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02980a

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

Open Access Article. Published on 24 April 2026. Downloaded on 4/27/2026 3:20:26 PM.

(cc)

View Article Online

Paper RSC Advances
] S w»
o o - (a) (b) Mg 1s
= o w
E) )
) ©
= 2
b =
g e
t 3
| — MgCo,04/MXene]
1400 1200 1000 800 600 400 200 0 1306 1304 1302 1300
Binding Ener eV -
g 9y (eV) Binding energy (eV)
S )] 3d 52 Nb 3d
= o
— d ©
E) bt o
] (o]
= ‘E 3, °
= = ©
[72] .9 o
s £
3 Nb*®
E Oo Nb-
O,
% P ]
805 800 795 790 785 780 795 770 210 209 208 207 206 205 204 203
Binding Energy (eV) Binding Energy(eV)
(f) 2 2 O1s
E] 5
] S
2 2
B 7]
4 c
@ 3
L
c £
292 290 288 286 284 282 280 52'38 52'36 5:';4 5:';2 5:';0 558
Binding Energy (eV) Binding Energy (eV)
Fig. 3 (a) Wide-spectrum XPS graph of MgCo,04/MXene. High-resolution spectra of the (b) Mg 2p, (c) Co 2p, (d) Nb 3d, (e) C 1s and (f) O 1s

regions.

between the adsorption and desorption branches is observed,
forming a hysteresis loop. The specific surface area of the
materials was calculated using the multipoint BET method.
From the BET analysis, it can be concluded that the specific
surface area (93.87 m”> g~ ') of MgCo,0,/MXene is significantly
higher than that of MgCo,0,, which only possesses a specific
surface area of 60.25 m> g~ '. Moreover, the monolayer adsorp-
tion capacity of MgCo,0,/MXene is significantly higher, at 21.28
cm® g, than that of MgCo,0, which only possesses a mono-
layer adsorption capacity of 13.84 cm® g~ '. The larger mono-
layer volume indicates more efficient adsorption of gases and
more available surface active sites, which are highly desirable
for applications such as those in electrochemical energy storage

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

devices. Moreover, the pore size distribution and pore volume
were obtained from the desorption branch using the BJH
model. As illustrated in Fig. 4(b), MgCo,0,/MXene exhibits
a higher pore volume than that of MgCo,0,. This is due to the
presence of MXenes, which effectively hinder the agglomeration
of nanoparticles and synergistically integrate with metal oxide
components, thereby creating an interconnected mesoporous
structure that enables effective penetration of electrolytes with
shorter diffusion lengths. Consequently, the MgCo,0,/MXene
composite demonstrates superior electrochemical perfor-
mance, owing to its larger surface area, higher pore volume, and
improved ion transport kinetics, leading to enhanced charge
storage capability and capacitive behavior.
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Fig. 4 (a) BET surface area isotherms (N, absorption and desorption) a
MgCo,04/MXene.

3.2 Morphological and elemental analysis

3.2.1 SEM and EDX. The morphological properties of the
MgCo,0, composite were identified by Scanning Electron
Microscopy (SEM), and some of its images were captured under
varying magnification powers (500 nm and 1 um), as depicted in
Fig. 5(a—c). From these micrographs, it is evident that the
surface is made up of irregular-shaped microstructures with
a rough texture.

The particles display non-uniform geometries and are tightly
packed together to form a network throughout the material.
Based on the morphological properties obtained from the
images, there are indications of micro-scale features that are
densely packed together. This indicates high roughness in this

Fig. 5
MgCo,04 and (e—g) EDX elemental mapping images of the MgCo,O4
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nd (b) comparison of the surface area and pore volume of MgCo,0O4 and

material. The material has an advantageous morphological
structure for an electrode material as it will ensure high elec-
trolyte diffusion into this material in addition to having high
electrochemically active sites. Additionally, the interconnected
particles will ensure high charge transfer in this material.

The elemental constituents of MgCo,0, were also subjected
to analysis using an energy-dispersive X-ray spectrometer, as
depicted in Fig. 5(d). The analysis reveals that the material is
composed of magnesium (Mg), cobalt (Co), and oxygen (O)
without any detectable peak corresponding to impurities. This
is an affirmation of the successful synthesis and compositional
purity. These data are also consistent with the data obtained by
X-ray diffraction analysis. Finally, the images obtained by
elemental analysis using energy-dispersive X-ray spectroscopy

Mg Kal,2

(a—c) Scanning electron microscopy (SEM) pictographs of MgCo,0, at high resolutions of 500 nm and 1 um. (d) EDX spectrum of

nanocomposite.
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confirm that the elements are well distributed across the
microstructure, as depicted in Fig. 5(e-g). Further analysis
using the Image] software for the determination of average size
from Fig. S1 shows that the size is approximately 71 nm, which
is an affirmation that nanocomposites are evenly distributed.

Fig. 6(a—c) present the SEM images of the MgCo,0,/MXene
composite at magnifications of 500 nm, 1 um, and 2 pum,
respectively. It can be noted from these images that the smaller
sizes of MgCo,0,/MXene platelet-like nanostructures are evenly
decorated on the MXene two-dimensional sheets with a well-
integrated heterostructure. The individual nanoparticles
display irregular nanosheet-like morphologies with even
distribution on the two-dimensional Nb,CT, (MXene) substrate.
Space among nanoparticles on MXene architecture helps to
display an open surface texture, which facilitates easier access
to the electrolyte.

The elemental composition of the obtained composite of
MgCo,04/MXene was determined by EDX spectroscopy, as di-
splayed in Fig. 6(d). The EDX analytical result verifies the exis-
tence of magnesium (Mg), cobalt (Co), oxygen (O), niobium
(Nb), and carbon (C), confirming the successful loading of
composite MgCo0,0, on the MXene architecture. Fig. 6(e-i)
present the corresponding EDX elemental mapping images for
identifying the spatial distribution of individual elements on
the composite surface, from which it could be found that all

View Article Online

RSC Advances

elements are evenly spread onto the composite surface, signi-
fying the perfectly homogeneous distribution of all compo-
nents. The lower intensity of Mg in the EDX spectrum is due to
its lower atomic number, and also, EDX technique is less
sensitive towards lighter elements. The identification of Mg in
the composite material has been achieved through the XRD
pattern and XPS spectrum, which indicate the successful
synthesis of MgCo,0,. The quantification of particle sizes of the
composite MgCo,0,/MXene could be performed using the
Image] analysis software, as depicted graphically in Fig. S2,
which reveals that the average size of the obtained composite is
around 36 nm with significant reduction compared to bare
MgCo,0,4. The two-dimensional MXene substrate with a rela-
tively large area and hydroxyl groups like -O, -F, and -OH helps
to achieve even nucleation as well as control of particle sizes. So
that MgCo,0,/MXene composite possesses reduced sizes with
proper texture on its surface, possessing considerable benefits
to display enhanced performance.

3.3 Electrochemical properties

3.3.1 Cyclic voltammetry analysis. The electrochemical
analysis of MgCo,0, and MgCo,0,/MXene was assessed using
a series of cyclic voltammetry (CV), electrochemical active
surface area (ECSA), galvanostatic charge discharge (GCD), and
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(a—c) Scanning electron microscopy (SEM) pictographs of MgCo,0O4/MXene at high resolutions of 500 nm, 1 um and 2 um respectively. (d)

EDX spectrum of MgCo,04/MXene. (e—i) EDX elemental mapping images of the MgCo,04/MXene nanocomposite.
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electrochemical impedance spectroscopy (EIS). Initially, CV was
carefully used to assess the electrochemistry of both samples
(MgCo,0, and MgCo,0,/MXene) utilizing a three-electrode
setup. In the three-electrode system, a platinum (Pt) wire
served as the counter electrode, an Ag/AgCl electrode as the
reference electrode, and the synthesized substance applied to
a nickel (Ni) foam served as the working electrode. All of the
prepared materials, MXene (Nb,CT,), MgCo0,0, and MgC0,0,/
MXene, were measured within a potential window of 0.1-0.6
using cyclic voltammetry (CV) in a 3 M KOH electrolyte at scan
rates of 10, 20, 30, 40, 50, and 100 mVs . Fig. 7(a) shows that
MgCo,04/MXene shows a huge integrated area under the CV
curve at 20 mVs~ ' as compared to the MCO and Nb,CT, MXene,
which leads to enhanced specific capacitance compared to the
others. The CV curve of the Nb,C MXene in the range of 0-0.6 V
indicates the redox characteristics instead of having an ideal
rectangular shape, suggesting the combination of EDL

0.03
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capacitance and pseudocapacitance behavior. These character-
istics occur due to the presence of different functional groups (-
O and -OH), giving rise to faradaic reactions.® So, significant
pseudocapacitive behavior has been observed in (this potential
window) surface-functionalized Nb,C MXene while minimizing
side reactions.

Fig. 7(b and c) display the related CV profiles, and the
pseudocapacitive behavior is demonstrated by the distinct,
sharp, oxidation and reduction peaks of MgCo,0, and
MgCo,0,/MXene. As the scan rates increase, the redox peaks
exhibit a shift toward maximum potentials.

The small distortion and peak shifting at high scan rates may
be attributed to slight polarization and ion diffusion limita-
tions, which are typically characteristic of the pseudocapacitive
material. At high scan rates, there is not enough time for the
electrolytic ions to reach the active sites, resulting in greater
peak separation and slight signal deviations. Nevertheless, the
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clear redox peaks and smooth curves at low scan rates support
the intrinsic and reliable electrochemical properties of the
electrode.””* CV curves are used to compute the specific
capacitances of MgCo,0, and MgCo,0,/MXene using the
following equation:”

[dev

C= T X G )

where Cj, is the specific capacitance (F g~ '), m is the loading
active mass (g), K is the scan rate (mV s ), AV is the potential
window (V), and 4 is the integrated area (V 4) of the CV curve in
a single cycle. At scan rates of 5, 10, 20, 30, 40, 50, 80, and 100
mVs ™", the calculated specific capacitances are 1075.8, 971.1,
860.3, 640.92, 590.25, 430.75, 370.80, and 330.32 F g~* for
MgCo,0,/MXene and 728.8, 668.9, 585.7, 424.9, 396.7, 306.7,
258.8, and 209.60 F g~ * for MgCo,0,, respectively. Compared to
MgCo,0,4, MgCo,0,/MXene exhibits a higher specific capaci-
tance, which might be controlled by the presence of the Nb,CT,
MXene.

The faradaic reaction involving Co**/Co®" reactions is in
charge of the redox peaks of the CV curve of MgCo,0, and
MgCo0,0,/MXene, as shown in Fig. 7(b and c). Niobium carbide
experiences redox reactions and surface hydroxylation to aid in
charge storage, whereas magnesium oxide dissolves in an

alkaline solution to produce hydroxylated species. The
following are the expressions for the faradaic process:>7*

MgCo,0, + 2H,0 < 2CoOOH + Mg** + 20H, 3)

CoOOH + H,O + e~ < Co(OH), + OH ™, (4)

Nb,C + 20H™ < Nb,C(OH), + 2e7, (5)

Nb,C + 40H™ < 2NbO(OH) + 2H,0 + 4e", (6)

NbO(OH) + ¢~ + OH™ « NbO, + H,O. (7)

Different techniques have been reported to identify capaci-
tive (non-diffusion-limited) and diffusion-controlled processes.
In summary, Dunn provided a normalizing formula for CV
kinetics analysis in 2007 that is found in eqn (8).”> To calculate
the contributions of the MgCo,0,/MXene electrode's capacitive
and diffusion-controlled processes, eqn (8) was employed as
given:”

i(v) = ky (V) + ko (V)12 = i (capacitive) + i (diffusion), (8)

where the symbols i(v), ki, k,, and v represent the current (at
a particular potential V), the contribution of the capacitive
effect, the diffusion-controlled process, and the scan rate,
respectively. The combined contributions of the capacitive and
ion diffusion to the overall capacitance values are depicted
graphically. The overall capacitance contributions of the
MgCo,04/MXene electrode at a scan rate of 20 mVs ™" are shown
in Fig. 7(d). The electrode MgCo,0,/MXene exhibits diffusion-
controlled contributions of 82.91%, 75.41%, 69.28%, 63.59%,
56.01%, 49.26%, 47.26%, and 43.13% at scan rates of 5, 10, 20,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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30, 40, 50, 80, and 100 mVs ', respectively. From the quanti-
tative study, it is evident that diffusion control occurs signifi-
cantly when the scan rate is low, which indicates considerable
faradaic ion intercalation. As the scan rate increases, there is an
increased capacitive contribution due to the surface control
kinetics. This behavior exhibits a hybrid charge storage mech-
anism involving both diffusion-controlled faradaic reactions
and surface-driven pseudocapacitance, rather than a purely
pseudocapacitive or purely battery-type behavior.

3.3.2 Electrochemical surface area (ECSA). First, we
assessed the electrochemical capabilities of MgCo,0, and
MgCo0,0,/MXene through electrochemical surface area (ECSA)
using a three-electrode setup comprising a 3 M KOH electrolyte
with the active material, Ag/AgCl, and graphite rod as the
working, reference and counter electrodes, respectively. In the
non-faradaic potential window, the ECSA was calculated using
CV curves from the double-layer capacitance (Cq). The CV
curves of the prepared MgCo,0,/Mxene (0.20-0.30 V) at high
scan rates of 20, 40, 60, 80, and 100 mVs ' are illustrated in
Fig. 7(e and g). Additionally, the capacitive current density (icap)
values were calculated using the formula |i, — i.|/2v, where v
indicates the applied scan rates (mvVs ') and |i, — .| is the
anodic and cathodic current density differences. The capacitive
current density (icap, Acm™ ) was plotted versus scan rate (Vs™ )
and a linear fit yielded the slope = Cq4 per geometric area
(Fem™?), as shown in Fig. 7(f and h). The slope of the graph was
used to calculate the double-layer capacitance (Cq;). After that,
ECSA was calculated using the following equation:™

ECSA = Cy/C; x A (geometrical), (9)

where Cy is the slope, A represents the geometrical area of the
electrode surface, and Cj is the specific capacitance of a uniform
surface composed of the same material, which is normally
about 40 pF cm > for the majority of metal electrodes
submerged in aqueous solutions. MgCo,0,/MXene achieves
large Cq and ECSA values of 25.5 mF cm > and 638 cm?
respectively, which is higher than the values of 10.5 mF cm 2
and 263 cm” of MgCo,0,. Better electrolyte penetration and
quicker ion/electron transfer are made possible by the large
ECSA, which enhances the electrochemical performance of the
composite in comparison to the base material.

3.3.3 Galvanostatic charge-discharge (GCD). As displayed
in Fig. 8(a), the GCD measurements of Nb,CT,, MgCo,0,, and
MgCo,04,/MXene electrodes were recorded over a potential
window of 0-0.6 V and at a current density of 1 A g~'. These
curves provide information on the electrochemical attributes of
each electrode under charge discharge conditions. Every elec-
trode shows a nonlinear charge-discharge curve, which indi-
cates a redox process where the diffusion process dominates, in
support with the CV results, and validates the purely faradaic
behavior of both materials.

Particularly, the MgCo,0,/MXene electrode shows the
longest discharge time as compared to MgCo,0,, demon-
strating its higher specific capacity. Based on the GCD curves,
the specific capacitances for Nb,CT,, MgCo,0,, and MgCo,0,/
MXene were found using eqn (10) within a possible window of
0-0.6 V to be 204.55, 749.78, and 1257.75 F g’l, respectively, at

RSC Adv, 2026, 16, 21724-21739 | 21733
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Fig. 8 (a) Comparison of the GCD curves of Nb,CT,, MgCo,0, and MgCo,04/MXene at 1 A g, (b) GCD curves of MgCo,O4/MXene at multiple
current densities ranging from 1 to 10 A g~ (c) Nyquist plots (obtained from EIS data) of MgCo,0O4 and MgCo,04/MXene. (d) Capacitance
retention of MgCo,04/MXene at 1 A g~* over 10 000 charge discharge cycles.

1A g . The GCD curves of MgCo,0,/MXenes at various current
densities 1, 2, 3, 5, 7, and 10 A g~ within a potential window of
0-0.6 V are shown in Fig. 8(b). Eqn (10) is used to calculate the
specific capacitance (Cs) using MgCo,0,/MXene GCD curves at
different current densities” as follows:
Csp = 1g x Ta/AV x m, (10)
where T4 stands for the discharge time (s), Iy for the discharge
current (A), AV for the potential window (0.0-0.6 V), m for the
active electrode loaded mass (g), and C; for the specific capac-
itance (F g~'). The specific capacity (Cy,) of MgCo,04/MXene
obtained from eqn (10) is 1257.75, 1040.2, 879.78, 803.39,
703.38 and 675 Fg " at 1, 2, 3, 5, 7, and 10 A g~ ', respectively.
The negligible IR drop in the GCD graph shows very low internal
resistance, and hence, the calculation of capacitance is based
on the complete discharge curve. The pristine MgCo,0, elec-
trode displays a slight IR drop owing to its lower electrical
conductivity, while MgCo,0,/MXene demonstrates a negligible
IR drop, which indicates higher charge mobility. One minor
irregularity found in one discharge curve is considered to be
associated with the temporary instability of measurements

21734 | RSC Adv, 2026, 16, 21724-21739

rather than the intrinsic behavior of the material. MXene
incorporation in MgCo,0,/MXene composite, lower internal
resistance and enhanced electrochemical performance, result-
ing more stable and symmetric GCD curves.

The specific capacitance of the MgCo,0,/MXene electrode
gradually decreases as the current density increases. The
nonlinearity and the apparent potential drops of the GCD
curves at high current densities suggest that MgCo,0,/MXene
nanocomposites lack sufficient active sites, which eventually
cause the specific capacity to decrease from 1257.75 to 675 F
g '. MgCo,0,/MXene shows a long discharge duration and high
specific capacity because of the synergistic effect of MgCo,0,,
and Nb,CT,, as well as the enhanced electrical conductivity,
deep and effective electrolyte penetration, and large surface
area provided by MXene layers. The specific capacitance of the
nanocomposite MgCo,O,/MXene electrode in respect to current
studies is summarized in Table 1.

To ensure material uniformity as well as data integrity
during measurement, the resistive response of materials used
for electrodes was studied using EIS (electrochemical imped-
ance spectroscopy) in the frequency range of 0.1 to 10> Hz at
5 mV moderate amplitude. The Nyquist plot of both electrodes

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of the Cs values of MgCo,04/MXene with those recently reported in the literature

Electrode Current density (A g™") Specific capacitance References
MgCo,0, 0.1Ag™" 741F g ' 28
MgC0,0,4/ZnS 1Ag" 919 F g ! 76
MgC0,0,/MgO 1Ag™" 1091 Fg " 77
MgCo0,0,/Ni;S, 1Ag! 1123.9F g ' 78
MgCo,0,/MXene 1Ag! 1257.75 F g ! Current work
is shown in Fig. 8(c), which typically consists of two parts: L (1)
.. . . S 0= ——
a semicircle in the high frequency band and an angled line in R x A

the low frequency range. The intercept on the real axis (Z') at
a high frequency can be used to directly estimate the internal
resistance (Rg), which is the sum of the inherent resistance,
ionic resistance, and contact resistance of the electrolyte
between the electrolyte and electrode materials.” The charge
transfer resistance (R.) can be represented by the diameter of
the semicircle at high frequencies during faradaic reactions.®
Fig. S4 depicts the fitted plot of MgCo,0, and MgCo,0,/MXenes
with an employed circuit using the ZSimpWin software. In
comparison to MCO (R.; = 3.7 Q), the MgCo,0,/MXene elec-
trode has a comparatively low charge transfer resistance (R, =
1.9 Q), suggesting that it performs better capacitively. Addi-
tionally, the low-frequency section of the Nyquist plot for
MgCo,04/MXene exhibits a steeper slope and a greater incli-
nation toward the imaginary axis. As seen in Fig. 8(d), the
MgCo,04/MXene electrode material maintained a C, value of up
to 88.15% even after 10 000 cycles. Therefore, MgCo,0,/MXene
is a better option due to its superior specific capacitance and
outstanding capacitance retention, which render it a perfect
electrode material for supercapacitor applications.

4 lon transport properties

4.1 Ionic conductivity

One of the key factors in supercapacitor technology is the
capability of ions to diffuse into a material, which helps in
estimating the efficiency of the material in electrochemical
reactions. Higher ionic conductivity helps in better diffusion of
ions, thus allowing a larger number of oxidation-reduction
reactions, thereby providing a better technique for the storage
of charge. The ionic conductivity values for MgCo,0, and
MgCo,0,/MXene were obtained using the following equation:*'

where R; is the ionic resistance, representing the resistance of
the solution (R;) determined from the EIS data, while L repre-
sents the thickness of the electrode, A denotes the cross-
sectional area of the electrode, and ¢ indicates the ionic
conductivity. From Table 2, it was observed that MgCo,0,/
MXene has a high ionic conductivity of 1.79 x 107> S em ™"
compared to MgCo,0,4, which has a relatively lower ionic
conductivity of 1.12 x 107> Sem ™.

4.2 Rate constant

The rate constant indicates the rate at which the reaction occurs
and gives particular information about how quickly the elec-
trons flow between the electrodes and ions in the electrolyte
during the redox reaction. The rate constant is an ever-changing
constant that has a very strong linkage with the charge transfer
resistance. When the rate constant is large, it indicates that the
redox reaction occurs very quickly, and hence, charge retention
increases with faster power output and overall superior perfor-
mances. The rate constant can be calculated using the following
equation:®®

RT

Rate COnStaHt(k) = m,
ct

(13)
where (k) indicates that the rate constant, R indicates the
universal gas constant with 8.314 ] mol " k™', and T indicates
the room temperature, respectively. On the other hand, the
variables in the equation in the denominator indicate that F is
the Faraday constant with 96485C mol ™!, R, is the charge
transfer resistance calculated by EIS, and C indicates the
concentration of the electrolyte. From eqn (13), the rate
constant values for MgCo,0, and MgCo,0,/MXene electrodes
are 2.40 x 10> cm s~ and 4.67 x 10> cm s, respectively.
Increasing the rate constant indicates that the MXene plays an

Table 2 Comparison of the ion transport properties of MgCo,0O4/MXene with those recently reported in the literature

Electrode Tonic conductivity (o) Transference number (¢,) Rate constant (k) References
BiMnO;/CNTSs 0.978 x 1072 0.31 3.91 x 1077 82
LaNiOz/MXene 6.3 x 102 0.3 — 83
BaCoO3/rGO 0.128 0.2 — 84
ZnO/CNTs 46.0 x 107> 0.01 6.49 x 1077 85
MgCo,0,/MXene 1.79 x 107 4.67 x 107° Current work

© 2026 The Author(s). Published by the Royal Society of Chemistry
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effective role in increasing the charge transfer rate between the
electrolyte interfaces.

5 Conclusion

Thus, in conclusion, ultra-facile hydrothermal synthesis routes
have been employed to synthesize the MXene, MgCo,0,, and
the MgCo,0,/MXene nanocomposite. These samples have been
structurally, morphologically, elementally, and functionally
characterized. The enhanced electrochemical performance of
the MXene-based nanocomposite can be attributed to the
robust structure offered through the phase purity and defined
crystalline structure replicated by the XRD results. There has
been a significant alteration in the morphology of the
composite of MgCo,0, with the introduction of MXenes, where
the size of the particles and the hybrid structure of the
composite are smaller, as revealed by morphological charac-
terizations. Moreover, the composite of MgCo,0,/MXene
outperforms the pristine material of MgCo,0, in terms of
electrochemical performance through enhanced surface area,
a greater number of active sites and shorter ion diffusion
pathways. Based on electrochemical analysis, these MgCo0,0,/
MXene electrodes are pseudo-capacitive. MgCo,0,/MXene
electrodes have the highest stability of 88.15% at 10 000 GCD
cycles and a specific capacitance of 1257.75 F g " at 1 A g .
MgCo,04/MXene had the lowest R, value, which can be
ascribed to its superior conductivity, fast redox reactions,
improved ion accessibility, and ion diffusion. This clearly
exhibits that MgCo,0,/MXene is the best choice for use as
a more promising material in supercapacitors.
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