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Exploring pseudocapacitive performance in
Cr,CT,/NiFe,O4 composites: experimental
insights+
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The growing demand for sustainable and efficient energy storage systems has driven the development of
advanced, durable, and cost-effective materials. This study introduces heterostructures of 2D Cr,CT,
MXene and NiFe,O,, leveraging their synergistic properties, such as high conductivity, surface termination
groups (-OH, -0, and —F), tunable surface chemistry, and rich redox activity. Comprehensive structural
and morphological characterization confirms the enhanced functionality of Cr,CT,/NiFe,O4, which exhi-
bits a remarkable specific capacitance of 1719.5 F g™ with 88% retention over 5000 cycles in a three-
electrode system. Additionally, the asymmetric supercapacitor device demonstrates a specific capacitance
of 486.66 F g™, an energy density of 97.66 W h kg™, and a power density of 1203.95 W kg™, retaining
947% of its capacitance after 5000 cycles. A plausible charge transfer mechanism in the composite is dis-
cussed, providing new insights into the synergistic Cr,CT,/NiFe,O4 heterostructures as high-performance

rsc.li/dalton

1. Introduction

The growing demand for sustainable and efficient energy
storage technologies is reshaping the global energy landscape,
aligning closely with the objectives of the Sustainable
Development Goals (SDGs), particularly SDG 7, which empha-
sizes affordable and clean energy access. Addressing this need
requires the development of advanced energy storage systems
that integrate high efficiency, sustainability, and cost-effective-
ness. A wide range of materials has been explored for energy
storage applications, including conducting polymers, two-
dimensional (2D) structures, transition metals, metal oxides/
hydroxides, and carbon-based materials." Among these, super-
capacitors have gained significant attention for use in
rechargeable batteries, fuel cells, and thermoelectric devices.
Their unique advantages, such as rapid charge/discharge
rates, long cycle life, high power density, and environmental
compatibility, make them promising candidates for renewable
energy systems, electric vehicles, and portable electronics.”?
Based on their charge storage mechanisms, supercapacitors
are classified into three types: (i) electric double-layer capaci-
tors (EDLCs), which store charge electrostatically at the elec-
trode-electrolyte interface; (ii) pseudocapacitors, which rely on
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materials for energy storage applications.

faradaic redox reactions; and (iii) hybrid supercapacitors,
which integrate both EDLC and pseudocapacitive mecha-
nisms. Pseudocapacitors, in particular, offer the advantage of
higher energy density without compromising power density,
with their performance largely dictated by the choice of
electrode materials, which influence key parameters such as
charge storage capacity, cycling stability, and overall
efficiency.”

However, advancing beyond the above-mentioned materials
is critical for meeting the growing energy demands and enhan-
cing device performance. Recently, MXenes with a general
formula M,;;X,, Ty, where M stands for transition metals,
X refers to boron, carbon and/or nitrogen, and T stands for
terminating groups (-F, -Cl, -O, and -OH), have become the
focus of extensive research and development with various
applications.>® Pristine MXenes often face challenges such as
restacking tendencies and a lack of sufficient active sites,
which can hinder ion accessibility and overall electrochemical
performance. To overcome these challenges, several studies
have explored modifying them to enhance their properties. For
example, S. Mathew et al. reported the modification of a Ti;C,
MXene with CeO, (metal oxide) for improved supercapacitor
performance.” Other works include MnO,-N-heteroatom-modi-
fied Ti;C, MXene® and Ti;C, MXene composites with conduct-
ing polymers like PANI and PPy for supercapacitor appli-
cations.” Additionally, the NiFe,0,/Ti;C, composite was inves-
tigated for hydrogen production by P. V. Shinde et al,'® and
Ti;C,/CoFe,0,4/g-C3N, hybrids have been studied for their mul-
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tifunctional energy applications."” Ti-based MXenes, in
general, have been extensively explored for various appli-
cations, including energy conversion and storage, environ-
mental remediation, anticorrosion, and photocatalysis.'*> On
the other hand, Cr-based composites remain relatively under-
explored but show immense potential. For instance, a CryCT,
MXene infused into a PVA polymer matrix was studied for
hydrogen and oxygen evolution.”® DFT studies by X. Zhang
et al. demonstrated the modulation of oxygen electronic
orbital occupancy in Cr-based MXenes for hydrogen evolution
reactions.'® Additionally, a CoFe,O, modified Cr,CT, MXene
was reported as a battery-type material with high specific
capacitance and superior oxygen evolution reaction perform-
ance,"® while BiFeO; nanoparticles were utilized as modifiers
to enhance the supercapacitive properties of the Cr,CT,
MXene."®

Cr-based MXenes and their modifications are still underex-
plored for electrochemical applications despite their unique
advantages, including enhanced redox activity, highly tunable
surface chemistry, and superior structural, mechanical, chemi-
cal, and thermal stability. These characteristics make Cr-based
MXenes promising contenders within the MXene family, com-
peting with more widely studied Ti-based MXenes that have
been extensively explored for advanced energy storage systems.
Cr,CT, is one such MXene, a member of the transition metal
carbide family, which was synthesized from the hexagonal
layered Cr,AIC MAX phase (the P6;/mmc space group) by selec-
tively etching away the aluminum layers.'” The Cr,CT, MXene
exhibits a unique structure characterized by strong covalent
bonding between chromium and carbon atoms within its two-
dimensional lattice. The removal of aluminum bonded to
chromium within the crystal structure via metallic bonding
creates a layered morphology with exposed terminal groups
(-F, -0, and -OH) on the MXene surface, which not only
enhances its hydrophilicity but also provides active sites for
electrochemical reactions. These bonding interactions, com-
bined with the high electrical conductivity of the MXene
framework, make Cr,CT, an ideal candidate for applications in
energy storage and conversion compared to graphene oxide
(GO) and GO-based materials."

Among potential candidates, spinel ferrites like NiFe,O,
offer unique advantages, including redox activity, high electro-
chemical stability, a high density of active sites, and high
chemical stability, making them ideal candidates offering high
pseudocapacitive performance. In the Cr,CT,/NiFe,O, compo-
site, the bonding interactions between the Cr,CT, MXene and
NiFe,O, are primarily driven by electrostatic and chemical
forces, along with internal covalent bonding. The surface ter-
mination groups (-F, -0, -OH) on the Cr,CT, MXene play a
crucial role in facilitating the interaction with NiFe,O,. These
functional groups, particularly -OH and -O, can form hydro-
gen bonds or coordination bonds with metal ions in the
NiFe,0, structure (Ni-O/Fe-0O), enhancing the stability and
dispersion of the composite. The -F termination groups also
help in tuning the electronic structure of the composite,

improving the overall electrochemical performance.
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Impressive water splitting results motivated us to investigate
supercapacitive performance.’”” Additionally, the strong ionic
and covalent interactions between the MXene layers and the
NiFe,O, spheres and the synergistic properties contribute to a
stable interface that supports efficient charge transfer and
enhanced pseudocapacitive behavior. The synergy between
NiFe,0, and Cr,CT, leads to an improved overall electro-
chemical performance, making it an ideal choice for a
composite.'®

In this work, we explore new insights into the synthesis,
properties, and pseudocapacitive behavior of a novel Cr,CT,/
NiFe,0, composite. The study focuses on the synthesis and
detailed characterization of Cr,CT,/NiFe,0,, along with an in-
depth investigation of its performance as an electrode material
for pseudocapacitors using three-electrode and asymmetric
supercapacitor devices. Furthermore, a comprehensive analysis
is carried out to explore the synergistic influence of integrating
NiFe,0, with the Cr,CT, MXene on its pseudocapacitive per-
formance. The selection of NiFe,O, is based on its inherent
redox activity, high specific capacitance, and ability to comp-
lement the conductivity and surface tunability of Cr,CT,.
Thereby, this research offers a novel approach for designing
high-performance, improved pseudocapacitance
capacitor materials.

super-

2. Experimental

2.1. Materials

Chromium metal powder (Cr) (>99.50% pure) was obtained
from Kanton Laboratories, while graphite powder (C) (>99.50%
pure) and aluminum metal powder (Al) (>99% pure) were pur-
chased from Sisco Research Laboratories Pvt. Ltd. Nickel
nitrate and ferric nitrate were obtained from Nice Chemicals
Private Ltd. Ethanol, toluene, polyvinylidene fluoride (PVDF),
N-methyl-2-pyrrolidone (NMP), and hydrofluoric acid (HF)
were supplied by SD Fine Chemicals. All materials used were
utilized without further purification.

2.2. Synthesis of Cr,CT,/NiFe,0,

The Cr,AlC MAX phase was synthesized following our previous
report.'® Initially, chromium (Cr) and carbon (C) powders were
mixed in a 2:1 weight ratio using a turbo mixer for 2 hours
with toluene as a solvent. The mixture was then dried, pelle-
tized, and heated in a tubular furnace at 1150 °C for 1 hour to
form chromium carbide. The obtained material was then com-
bined with aluminum (Al) powder in a 1:1.2 weight ratio, fol-
lowing the same mixing, drying, and pelletizing process. The
pellets were again heated at 1150 °C for 1 h to obtain the
Cr,AIC MAX phase, which was subsequently crushed and
sieved using a ~200 mesh for further studies. The Cr,CT,
MXene was synthesized from the Cr,AlIC MAX phase through
etching with HF for 45 min. The composite material, Cr,CT,/
NiFe,0,4, was prepared using a hydrothermal method. 1 mM
nickel nitrate and 2 mM ferric nitrate were dissolved in 50 mL
DI water under stirring for 60 min. Separately, an MXene solu-

This journal is © The Royal Society of Chemistry 2025
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tion was prepared by dispersing 100 mg of Cr,CT, in 10 mL of
DI water, followed by sonication for 30 minutes. The solutions
were then mixed, stirred, and transferred to an autoclave,
where the reaction was carried out at 180 °C for 24 h. The
resulting Cr,CT,/NiFe,0, composite was thoroughly washed
with DI water and ethanol and dried overnight at 60 °C. The
synthesis strategy for Cr,CT,/NiFe,O, is depicted in Fig. 1.

2.3. Materials characterization

Comprehensive characterization of the MXene composite,
including structural, morphological, and elemental studies,
was conducted using spectroscopic methods. The structural
properties and crystallinity of the materials were investigated
using a Rigaku Smart Lab X-ray diffractometer (XRD) with Cu-
Ka radiation (4 = 0.154 nm). The functional groups were identi-
fied using a Shimadzu IR Spirit-L Fourier transform infrared
spectrometer (FTIR). Thermal stability was evaluated using a
PerkinElmer thermogravimetric analyzer (TGA). The specific
surface area and pore size distribution of the material were
determined using Brunauer-Emmett-Teller (BET) analysis
based on nitrogen adsorption-desorption isotherms. The mor-
phology and elemental composition were characterized using
Apreo S LoVac field emission scanning electron microscopy
(FESEM) coupled with energy-dispersive X-ray spectroscopy
(EDS), along with transmission electron microscopy (TEM) on
a JEOL-2100 Plus. The surface chemical composition and oxi-
dation states of the material were analyzed using X-ray photo-
electron spectroscopy (XPS) with a PHI Versaprobe III system.

2.4. Electrochemical measurements

Electrochemical analyses were performed on a CHI608E
electrochemical workstation (CH Instruments Inc., USA) con-
figured with a three-electrode system. For supercapacitance
measurements, a calomel electrode served as the reference, a
platinum wire was used as the counter electrode, and the
working electrode was prepared by coating catalyst ink on a Ni
foam substrate. The Cr,CT,/NiFe,0, (0.5 g) active material was
mixed with PVDF (0.0451 g) and activated carbon (0.144 g) in
NMP (60 pL) to form a homogeneous suspension via soni-
cation/grinding using a motor and pestle. The resulting
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mixture was then applied to Ni foam and dried overnight at
60 °C. The experiments were carried out using 3 M KOH as the
electrolyte.

o _ 1A )
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3600 d i
Power density = X energy density (3)

At

An aqueous slurry of the sample was drop-cast onto Ni
foam to fabricate the working electrode. The slurry was pre-
pared by mixing Cr,CT,/NiFe,O, with activated carbon, PVDF,
and 60 pL of NMP, followed by drying overnight. The superca-
pacitive performance of the prepared electrode was evaluated
at room temperature using cyclic voltammetry (CV), galvano-
static charge-discharge (GCD), and electrochemical impe-
dance spectroscopy (EIS). Key performance parameters, includ-
ing specific capacitance (C;), energy density, and power
density, were calculated using eqn (1)-(3). This experimental
approach facilitated a thorough investigation of the supercapa-
citive properties of the synthesized electrode material.

3. Results and discussion

3.1. Structural, thermal, morphological, and chemical
characterization of Cr,CT,/NiFe,O,

The structural properties of the synthesized electrocatalysts,
Cr,CT, MXene and the Cr,CT,/NiFe,0, composite, were evalu-
ated using X-ray diffraction (XRD) analysis. Fig. 2a (black trace)
shows the XRD profile of the pristine Cr,CT, MXene, while the
blue trace illustrates the XRD pattern of Cr,CT,/NiFe,0,, both
analyzed in the 20 range of 10-80°. For the Cr,CT, MXene, the
diffraction peaks at 26 values of 13.8° (002), 26.5° (004), 35.1°
(100), 40.1° (101), 42.1° (103), 43.1° (104), 54.6° (106), 56.8°
(107) and 77.1° (109) correspond to the (hkl) planes, as per
JCPDS Card No. 29-0017, consistent with the previously
reported literature.’®' XRD pattern of pristine NiFe,Q,, pro-
vided in the supplementary file (Fig. S1f), matches well with

HF etching

N

—
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45 minutes
(N »

MXene solution

Washed

Ni(gos)z-GHzo W 5iine
Fe (NO;);.6H,0
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Fig. 1 Synthesis strategy for the Cr,CT,/NiFe,O4 composite.
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Fig. 2 Comparison between Cr,CT, and Cr,CT,/NiFe,O4 (a) XRD pattern and (b) FTIR spectra, (c) TGA profile, (d) BET isotherm with BJH for
Cr,CT,/NiFe,O4, and FESEM images of (e) Cr,CT, and (f) Cr,CT,/NiFe,O4. TEM images of (g) Cr,CT, and (h) Cr,CT,/NiFe,O4 and (i) SAED pattern of

Cr,CT,/NiFe,Oy,.

the JCPDS Card No. 10-0325, confirming the highly crystalline
sharp peaks of the spinel phase. However, a few existing peaks
indexed at 33.1°, 36.1°, 49.4°, and 64.1° exhibit enhanced
intensity, which can be attributed to the presence of Fe in its
amorphous Fe;0, form.”” In the Cr,CT,/NiFe,O; composite
(blue trace), the characteristic peaks of the Cr,CT, MXene are
observed alongside the diffraction peaks of cubic NiFe,O,
spheres, aligning with JCPDS Card No. 10-0325.>® Notably, the
peaks of the Cr,CT, MXene are marked (), while the distinct
twin doublets (33.2, 35.8°, and 62.3, 64.2°) and other peaks
assigned for NiFe,0, are marked (*) in the XRD pattern of the
composite material. These peaks are slightly broader and less
intense in Cr,CT,/NiFe,0,, indicating a change in crystallinity,
while the presence of NiFe,O, spheres between the MXene
layers likely influences the interlayer spacing, as evidenced by
the increased intensity of the (002) plane, highlighting the
enhanced crystallinity of the composite material. These find-
ings indicate the successful incorporation of the spinel struc-
ture within the MXene framework, consistent with prior
studies,”* and validate the formation of the composite through
the observed structural modifications.

6656 | Dalton Trans., 2025, 54, 6653-6664

An FTIR analysis was conducted to identify the functional
groups on the surface of the electrocatalysts. In Fig. 2b, the
composite shows (blue trace) characteristic bands in the range
of 450-650 cm™" corresponding to Cr-O/Cr-C (429 cm™"), Ni-
0 (626 cm™), and Fe-O (488 cm™") stretching vibrations, indi-
cating the presence of both Cr,CT, and NiFe,0,.>>*° The
bands at 3450 cm™" and 2059 cm ™" are attributed to the O-H
stretching and C-F bond vibrations, respectively. The thermal
stability of Cr,CT,/NiFe,O, was assessed using thermo-
gravimetric analysis (TGA) up to 800 °C at a heating rate of
10 °C min~'. The composite demonstrated an impressive
residual mass of 92.1%, with three stages of weight loss
observed during the analysis (Fig. 2c). In the first stage
(~180 °C), the mass loss is attributed to the desorption of
adsorbed water molecules. The second stage (180-500 °C) is
due to the loss of lattice water and the onset of oxidation
accompanied by exothermic effects.”” Furthermore, beyond
500 °C there is a gradual and constant decrease in mass,
which was observed, and it continues until 800 °C. This
minimal weight loss highlights its superior thermal stability.”®
Fig. 2d presents the nitrogen adsorption-desorption isotherm

This journal is © The Royal Society of Chemistry 2025
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of the Cr,CT,/NiFe,O, composite. The analysis revealed a
notable specific surface area of 27.04 m* g™, characterized by
an H3 hysteresis loop and a Type III adsorption isotherm. The
pore diameter (d},) ranged between 15 nm and 25-40 nm, indi-
cating a mesoporous structure, while a macroporous feature
with a dj, value of 59 nm was observed, as shown in the inset
of Fig. 2d. These findings align well with the morphological
insights obtained from the FESEM analysis discussed below.
Field emission scanning electron microscopy (FESEM) ana-
lysis was employed to examine the surface morphology of the
synthesized electrocatalysts, as shown in Fig. 2e and f. The
Cr,CT, MXene derived from the MAX phase exhibited a charac-
teristic multi-layered, accordion-like structure (Fig. 2e). The
Cr,CT,/NiFe,O, composite displayed spherical NiFe,O, nano-
particles distributed on and between the MXene layers
(Fig. 2f). The presence of these nanospheres effectively miti-
gates the restacking of MXene sheets, enhancing the material’s
structural stability. The EDX analysis confirmed the elemental
composition of the composite, revealing the following weight
percentage: Cr (10.09%), O (25.42%), Ni (1.51%), C (13.38%)
and Fe (48.55%), the increased wt% of Fe can be correlated
with the XRD analysis discussed above and therefore, the Fe
content observed in EDS analysis is dominated by the crystal-
line phase: a NiFe,O, spinel structure. In contrast, a small frac-
tion is in the amorphous Fe;O, phase. TEM analysis provided
further insights into the surface morphology. The TEM micro-
graph of Cr,CT, (Fig. 2g) shows a distinct sheet-like mor-
phology. In the Cr,CT,/NiFe,O, composite (Fig. 2h), spherical
spinels are observed integrated within the MXene sheets.
Additionally, the SAED pattern (Fig. 2i) confirms the crystalline
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nature of the material, consistent with the XRD results and
previous studies.>**® This comprehensive morphological and
structural analysis confirms the successful synthesis of the
composite material.

X-ray photoelectron spectroscopy was performed to analyze
the surface elements and valence states of the Cr,CT,/NiFe,0,
composite. The survey spectrum (Fig. 3a) confirms the pres-
ence of Cr, C, Ni, Fe, and O, validating the successful for-
mation of the composite. The Cr 2p spectrum reveals two
major peaks corresponding to Cr 2ps,, and 2py,, (Fig. 3b). The
peaks at binding energies of 574.5 eV, 576.6 €V, 579.1 eV, and
587.1 eV are attributed to Cr-C-Cr, Cr-C, and Cr-0O,
respectively.*®*' In the C 1s spectra (Fig. 3c), the peaks at
binding energies of 287, 286.2, and 284.9 eV, correspond to
C=0, C-0/C-C, and C-Cr-T, bonds, respectively.**** The O 1s
spectra (Fig. 3d) displayed peaks at 532.7, 531.5, and 531.1 eV,
which can be attributed to metal bonded to the adsorbed
water molecule, -OH groups and -0.>**" Fig. 3e depicts Ni 2p
spectra, with 2pz, and 2p,), states with binding energies of
856.2eV and 873.8 eV, with two satellite peaks at 862.2 eV, and
880.2 eV, which are attributed to Ni-Fe and Ni-O bonding in
the material with Ni**/Ni*" oxidation states.*® The Fe 2p illus-
trated in Fig. 3f indicates prominent peaks at 723.1 eV (Fe
2p12) and 709.7 eV (Fe 2pj,,), indicative of Fe** ions.***°

3.2. Supercapacitance measurements

The Cr,CT, MXene demonstrates remarkable properties,
including a layered architecture, exceptional electrical conduc-
tivity (due to its metallic nature, which enhances electron
transfer), and a specific surface area, all of which are critical
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for effective charge storage. The surface termination groups
(-F, O, —-OH) play a vital role in enhancing pseudocapacitive
behaviour by facilitating rapid and reversible redox reactions
during electrochemical cycling. These groups also improve
electrolyte wettability and promote ion transport at the elec-
trode-electrolyte interface. The 2D structure of MXene allows
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efficient ion transport and electrolyte diffusion, reducing
internal resistance and boosting energy storage capabilities.
Moreover, the interlayer spacing of the Cr,CT, MXene can be
tuned through modifications to optimize ion intercalation,
further enhancing its capacitive properties. NiFe,O4, an
inverse spinel, is recognized for its outstanding structural and

200 60
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electrochemical characteristics, offering significant advantages
over other spinels and state-of-the-art catalysts.?”*® The mixed-
valence Fe and Ni ions in their inverse spinel structure enable
efficient electron transfer and robust redox activity, driving far-
adaic reactions effectively. Additionally, NiFe,O, exhibits excel-
lent chemical stability, electrical conductivity, and a large
surface area, providing ample active sites for redox reactions
and ensuring efficient energy storage with rapid charge-dis-
charge cycles. When combined with the Cr,CT, MXene,
NiFe,0, synergistically enhances the composite’s performance,
resulting in a Cr,CT,/NiFe,O, material that capitalizes on the
strengths of both components. This also leads to superior
capacitive performances by leveraging the robust electron
transfer, enhanced ion transport, and abundant active sites
provided by the composite structure.

The cyclic voltammogram (CV) profile of Cr,CT,/NiFe,0,
recorded at higher scan rates (200 to 10 mV s™') within the
potential window of 0 to 0.8 V is shown in Fig. 4a. At a scan
rate of 10 mV s, two distinct peaks are observed at 0.284 V
and 0.413 V, corresponding to reduction and oxidation pro-
cesses, respectively, which deviate from the sharp triangular
profiles typically seen in double-layer capacitance. These well-
defined redox peaks confirm significant faradaic contri-
butions, where NiFe,O, enhances the electroactive sites and
facilitates faradaic reactions. Furthermore, the intercalation
and deintercalation of electrolyte ions within the layered struc-
ture of Cr,CT, validate the pseudocapacitive behavior of the
material.*® The CV profiles also demonstrate an increase in
current density with increasing scan rates, leading to an expan-
sion of the CV curve area. This behavior can be explained by
the decrease in the diffusion layer thickness at higher scan
rates, enhancing ion mobility. Consequently, the larger CV
curve area at higher scan rates indicates improved specific
capacity, underscoring the material’s suitability for charge
storage applications.

ip = a(v)” (4)

iy = kv + Ky (1)} (5)

To further analyze the charge storage dynamics, lower scan
rate CV profiles (10-1 mV s™') were recorded (Fig. 4b) and ana-
lyzed using the Randles-Sevcik equation (eqn (4)) and power-
law relationship (eqn (5)).*° The b-value, determined from the
log(ip,) vs. log(v) plot (Fig. 4c) at 0.285 V, was found to be 0.530
for Cr,CT,/NiFe,0O,, 0.510 for NiFe,0,, and 0.506 for Cr,CT,.
These values confirm that the charge storage is predominantly
diffusion-controlled pseudocapacitance.*

To further substantiate these findings, eqn (5), where i,
refers to the peak current at a particular potential (here, we
chose the potential to be 0.285 V, where the maximum current
response was detected), and v is the scan rate in V s™'. The
surface capacitive (k,v) and diffusive contributions (k,v?) were

determined by plotting ZTI;Z andv'"? (Fig. 4d). Cr,CT,/NiFe,0,,
v

the slope (k;) and y-intercept (k,) were determined to be 0.411
and 0.197, respectively. These values were used to quantify the

This journal is © The Royal Society of Chemistry 2025
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capacitive and diffusive contributions at different scan rates,
as shown in Fig. 4e. At a scan rate of 1 mV s™*, the diffusive
and capacitive contributions for Cr,CT,/NiFe,0, were calcu-
lated to be 93.81% and 6.18%, respectively, confirming a pre-
dominantly diffusion-controlled mechanism. However, as the
scan rate increases from 1 to 100 mV s™', diffusion current
contributions decrease from 60.25% to 93.81%, as ions have
less time to diffuse fully at higher scan rates, while at lower
scan rates, conducting ions have sufficient time to diffuse to
and from the electrode surface, thereby significantly influen-
cing the overall charge storage dynamics. Similar trends were
observed for the pristine materials, where the diffusion-con-
trolled contributions for NiFe,O, decreased from 98.31% to
85.38%, and for Cr,CT, decreased from 94.19% to 61.87% over
the same scan rate range. The synergistic behavior of the com-
posite, combining the layered conductivity of Cr,CT, and the
redox-active nature of NiFe,O,, enhances pseudocapacitive per-
formance through efficient ion intercalation, faradaic reac-
tions, and increased electroactive sites (Fig. 5). This confirms
that Cr,CT,/NiFe,0, is a highly effective electrode material for
intercalation pseudocapacitors, with superior energy storage
capabilities driven by diffusion-controlled charge storage
mechanisms and optimized interfacial dynamics.

Fig. 6a compares the CV profiles of Cr,CT,/NiFe,O, (blue
trace), NiFe,0, (red trace), Cr,CT, (black trace), and bare Ni
foam (green trace) at a scan rate of 10 mV s™*, recorded within
a potential window from 0 to 0.8 V. The CV profile of bare Ni
foam exhibits negligible contribution as compared to the com-
posite’s redox peaks. This confirms that the dominant redox
activity originates from the Cr,CT,/NiFe,O, composite. These
peaks correspond to the reversible redox transitions of
Ni*"Ni** and Fe*'/Fe*, facilitating charge storage through far-
adaic processes. Furthermore, these redox peaks in the compo-
site arise from the synergistic interaction between the Cr,CT,

Cr,CT,
MXene Layers

9
l7

Intercalation
pseudocapacitance

Redox
pseudocapacitance

Current collector
L X N
(AR X X Y X)X » X

Cr,CT /NiFe,0,

Fig. 5 A possible illustration of the intercalation and redox pseudo-
capacitive mechanisms in Cr,CT,/NiFe,O4,.

Dalton Trans., 2025, 54, 6653-6664 | 6659


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00446b

Open Access Article. Published on 31 March 2025. Downloaded on 4/3/2026 4:11:05 PM.

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

(cc)

Paper

MXene and NiFe,0,. The area under the CV curves, which

directly correlates with the charge storing capacity of the elec- structure.

trode material, shows that Cr,CT,/NiFe,0, exhibits a signifi-
cantly larger CV area compared to pristine materials. This indi-
cates superior charge storage per unit mass, translating into
higher specific capacitance and enhanced electrochemical per-
formance. The improved performance can be attributed to the

View Article Online
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synergistic interaction between the MXene and the spinel

The galvanostatic charge-discharge (GCD) profiles pre-
sented in Fig. 6b further highlight the charge storage capabili-
ties of the materials. The GCD curves for Cr,CT,/NiFe,0, (blue
trace), NiFe,O, (red trace), and Cr,CT, (black trace) were
recorded at a current density of 1 A g~' within a potential

80
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Fig. 6 (a) Comparison of the CV profile of Cr,CT,/NiFe,O,, Cr,CT, and NiFe,O,4 at 10 mV s™2, (b) GCD curves of Cr,CT,/NiFe,O, and comparison
plots of Cr,CT,/NiFe,O4, Cr,CT, and NiFe,O4, (c) GCD curves at 1 A g‘l, (d) Nyquist plot, and (e) stability test (inset: comparison of SEM images

before and after cycling) using a three-electrode setup.

6660 | Dalton Trans., 2025, 54, 6653-6664

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt00446b

Open Access Article. Published on 31 March 2025. Downloaded on 4/3/2026 4:11:05 PM.

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

(cc)

Dalton Transactions

window of 0.1-0.5 V. The distinctive pseudocapacitive charac-
teristics of the composite material are evident from the shape
of its GCD curve. Among the materials, Cr,CT,/NiFe,O,
achieved the highest specific capacitance, Cs (calculated using
eqn (1)) value of 1719.5 F g™, compared to 690.5 F g* for
NiFe,0, and 921 F g~' for Cr,CT,. The energy density of the
materials, calculated using eqn (2), was determined to be
38.21 W h kg™', 15.90 W h kg™, and 21.23 W h kg™* for
Cr,CT,/NiFe,0,, NiFe,0,, and Cr,CT,, respectively. While the
power density, calculated using eqn (3), was 400 W kg™ for
Cr,CT,/NiFe,0, and 414.78 W kg ™" for NiFe,0,4, and 436.71 W
kg™" for Cr,CT,. Fig. 6c demonstrates the GCD profile of
Cr,CT,/NiFe,0, recorded at various current densities ranging
from 1 to 10 A g”*. The enhanced charge-discharge perform-
ance is primarily due to the redox-active capacity NiFe,O,
spheres, which reduces MXene layer stacking, improves inter-
layer spacing, provides redox active sites, and facilitates faster
ion transport Kkinetics. Electrochemical impedance spec-
troscopy (EIS) data (Fig. 6d) further substantiate these find-
ings. The Nyquist plot and Randles equivalent circuit reveal
the charge transfer resistance R, representing the resistance
associated with charge transfer across the electrode-electrolyte
interface. The Cr,CT,/NiFe,O, (blue trace) demonstrated the
lowest R value of 1.12 Q, aligning with its highest specific
capacitance. In comparison, the R. values for NiFe,O,
(red trace) and Cr,CT, (black trace) were 1.52 Q and 1.67 Q,
respectively. The stability tests over 5000 charge-discharge
cycles at a current density of 20 A g~ (Fig. 6e) revealed capaci-
tance retention of 88%, 80%, and 83% for Cr,CT,/NiFe,0y,,
NiFe,0,, and Cr,CT,, respectively. Post-cycling SEM analysis
for Cr,CT,/NiFe,0,@Ni foam shows intact MXene layers with
spherical NiFe,O, nanoparticles. This morphology shows no
significant structural disruptions even after 5000 cycles (inset:
Fig. 6e). This observation aligns with the high capacitance
retention, reinforcing the material’s stability and potential for
long-term energy storage applications.

Additionally, the existing literature on the supercapacitor
performance of MXenes modified with spinel-like structures is
reviewed and discussed. 1. Ayman et al. synthesized CoFe,O,/
Ti;C,T, using HF etching and sonication, and examined its
capacitive behavior in 1 M KOH, achieving a specific capaci-
tance of 1268 F g~' at 1 A g .*> The MnCo,0,@MXene
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demonstrated a specific capacitance of 806.67 F g~" in a three-
electrode setup and 20.94 F g™ at 1 A g”! in an asymmetric
device.”® The CoFe,0,/Cr,CT, composite, studied in 3M KOH,
displayed impressive capacitances of 1909 F ¢~* and 459 F g ™"
at 1 A g™, with the asymmetric device showing a slightly lower
Cs value.”® N.A. Althubiti et al. investigated the role of nickel
foam in the MnFe,0,/MXene/NF composite for supercapacitor
applications, achieving a capacitance of 1268.75 F ¢ > at 1 A
¢ 1" T. Yaqoob et al. reported the TizC,T,/Ag,CrO, compo-
site, synthesized via etching and coprecipitation, revealing a
significant variation in specific capacitance in acidic and basic
electrolytes.”® In 0.1 M H,SO,, the specific capacitance was 525
Fg 'at10 mV s™', while in 1 M KOH, it was 75 F g~ " at 20 mV
s 1% Lastly, MXene/CoFe,04/g-C3N,, a ternary composite in
3 M KOH, achieved a specific capacitance of 1506 F g™ at 5 A
g """ These studies highlight the diverse methodologies
and electrolyte choices used in fabricating MXene-based
composites with promising energy storage performances.
Furthermore, as reports on the Cr,CT, MXene for super-
capacitors are limited, we have included a comparison chart
with available studies on Cr,CT, as well as other MXene family
materials modified with spinel like materials in Table 1.

3.2.1 Fabrication of an asymmetric supercapacitor device.
An asymmetric supercapacitor device was fabricated using the
Cr,CT,/NiFe,0, MXene composite as the current collector and
activated carbon as the counter electrode, with 3 M KOH as the
electrolyte. The CV profiles, shown in Fig. 7a, were recorded
within a potential range of 0-1.4 V at scan rates ranging from
10 mV s™' to 100 mV s™'. At lower scan rates, the CV curves
exhibited a quasi-rectangular shape, indicating electric double
layer capacitance (EDLC) behavior primarily contributed by
activated carbon in a two-electrode configuration. The pres-
ence of subtle redox peaks further signifies the pseudo-
capacitive contribution from the Cr,CT,/NiFe,0O, composite,
likely arising from the redox activity of NiFe,O, and the
surface terminations of Cr,CT,. The symmetry of the CV
curves around the zero-current axis demonstrates efficient
charge-discharge behavior. The GCD profiles (Fig. 7b) display
a nearly triangular shape with slight non-linearity, character-
istic of the synergistic EDLC and pseudocapacitive behavior of
the electrode material. The Cr,CT,/NiFe,O, composite
achieved a high specific capacitance of 486.66 F g™ at a

Table 1 Comparison of synthesis strategies and specific capacitance with the reported literature on supercapacitors

Specific Asymmetric
capacitance device specific
Electroactive Synthesis (Cs)inF g™/ capacitance
Sl no material strategy Electrolyte current density (Co)inFg™ Ref.
1 CoFe,0,4/Ti3C, Ty HF etching, sonication 1 M KOH 1268@1Ag™" — 42
2 MnCo,0,@MXene HF etching, hydrothermal 1 M KOH 807@1Ag " 209@1Ag™" 43
3 CoFe,0,/Cr,CT, HF etching, ultra-sonication ~ 3 M KOH 1909@1 Ag™" 459@1A¢g " 15
4 MnFe,0,/MXene/NF HF etching, ultra-sonication 2 M KOH 1269@1 Ag™" — 44
5 Ti;C,Ty/Ag,CrO, HF etching, co-precipitation 0.1 M H,SO,, 1 M KOH 525@10 mV s, — 45
75@20 mV s~ *
6 MXene/CoFe,0,/g-C;N,  HF etching, ultra-sonication 3 M KOH 1506@5A g~ 340.2@2A¢g" 11
7 Cr,CT,/NiFe,0, HF etching, hydrothermal 3 M KOH 1719@1A g " 486.6@1 Ag™" This work

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) CV profile, (b) GCD curve, (c) Nyquist plot and (d) stability test of Cr,CT,/NiFe,O4 using a two-electrode setup.

current density of 1 A g”! in a two-electrode configuration. The
device delivered an impressive energy density of 97.66 W h
kg™, along with a power density of 1203.95 W kg™, highlight-
ing its suitability for high-performance energy storage
applications.

The Nyquist plot, fitted with a Randles equivalent circuit
(Fig. 7¢c), demonstrated a charge transfer resistance of 44.61 Q,
indicating excellent conductivity and efficient charge transfer
at the electrode—-electrolyte interface. The nearly vertical line in
the low-frequency region suggests superior capacitive behavior
and ion diffusion in the asymmetric device. Additionally, the
cycling stability test (Fig. 7d) revealed that the device retained
94% of its initial capacitance after 5000 charge-discharge
cycles at a constant current density, highlighting its robust
durability and stability over extended cycles.

4. Conclusion

In conclusion, a novel Cr,CT,/NiFe,0, electroactive composite
was successfully synthesized via a simple hydrothermal
process by integrating the Cr,CT, MXene with the NiFe,O,
spinel. Extensive structural, thermal, morphological, and

6662 | Dalton Trans., 2025, 54, 6653-6664

chemical characterization for Cr,CT,/NiFe,O, was conducted.
XRD analysis verified the composite’s synthesis, while FESEM
imaging revealed the morphology, with NiFe,O, spheres inter-
calated within the well-dispersed multi-layered Cr,CT, MXene.
The NiFe,O, spheres contributed to redox activity by enhan-
cing active sites, while Cr,CT, provided excellent electrical con-
ductivity, along with enhanced structural, chemical, and mor-
phological stability, promoting improved charge storage. The
composite exhibited remarkable pseudocapacitive perform-
ance, achieving a remarkable specific capacitance of 1719.5 F
g~ with 88% retention after 5000 cycles in a three-electrode
system. Furthermore, the asymmetric supercapacitor device
demonstrates a specific capacitance of 486.66 F g™, an energy
density of 97.66 W h kg™, and a power density of 1203.95 W
kg™, retaining 94% of its capacitance over 5000 cycles with
exceptional cycling stability, thus showing great promise as a
candidate for next-generation supercapacitors.
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