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Abstract

The burgeoning demand for efficient and high-performance energy storage devices has
propelled research into novel materials capable of enhancing energy and power density.
MXenes are a class of two-dimensional transition metal carbides/nitrides that have garnered
significant attention in energy storage fabrication due to their excellent electrical conductivity,
large surface area, and tunable surface chemistry. However, their tendency to restack limits
their full potential. Nickel oxide (NiO), a transition metal oxide, offers high theoretical
capacitance, it is in abundance, and it is also environmentally friendly, but it suffers from low
electrical conductivity and poor cycling stability. This study presents the fabrication and
application of MXene-nickel oxide (Ti3C27Tz -NiO) composites for enhanced supercapacitors.
The synergistic combination of MXenes and NiO leverage on the superior electrical transport
properties and mechanical strength of Ti3C21z to overcome the conductivity limitations of
NiO, while the pseudocapacitive nature of NiO contributes to high energy density. The results
shows that the composite exhibited a very high specific capacitance of 1050 F/g and an energy
density of 81Wh/kg, which implies large energy storage capability. It also has a very low
internal resistance of 0.4Q), this means fast ion kinetics which is ideal for supercapacitors. It
also demonstrated excellent electrochemical stability in a Galvanostatic charge-discharge
measurement, it retained a capacitance of 97% after 3000 cycles. The results of the study reveal
the exceptionally impressive potentials of the Mxene-NiO composite for supercapacitor
applications
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1. Introduction

The pervasive reliance on fossil fuels and their detrimental environmental impact, coupled with
an ever-increasing global energy consumption, underscore the urgent need for sustainable and
efficient energy storage technologies. Supercapacitors and batteries are at the forefront of these
advancements, offering solutions for a diverse range of applications, from portable electronics
and electric vehicles to grid-scale energy storage systems[1-3]. While significant progress has
been made in improving the performance of these devices, the demand for higher energy
density, power density, and longer cycle life continues to drive research into novel materials
and composite architectures[4—6].

Two-dimensional (2D) material has emerged as promising candidates for energy storage due
to their unique structural and electronic properties. Among these, MXenes, a relatively new
family of 2D transition metal carbides, nitrides, and carbonitrides, have attracted considerable
interest since their discovery in 2011[7-9]. Synthesized by selectively etching the "A" group
element from the MAX phases, MXenes possess intriguing attributes such as high electrical
conductivity, large specific surface area, tunable surface terminations (e.g., -O, -OH, -F), and
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excellent mechanical flexibility[10—13]. These characteristics make them highly suitable for
electrochemical energy storage applications, facilitating rapid ion transport and electron
transfer[14,15]. However, a significant challenge associated with pristine MXenes is their
inherent tendency to restack due into van der Waals forces, which can reduce their accessible
surface area and hinder ion diffusion, thereby limiting their full electrochemical
performance[10,16—18]. To overcome these limitations and enhance their electrochemical
properties, the integration of MXenes with other active materials has proven to be an effective
strategy. Nickel oxide (NiO) is a widely investigated transition metal oxide for energy storage
due to its high theoretical specific capacitance (2510 F g"), cost-effectiveness, abundance, and
environmental benignity[19]. NiO exhibits pseudocapacitive behaviour originating from fast
Faradaic redox reactions, contributing to high energy density[20,21]. Nevertheless, its practical
application is often constrained by its low intrinsic electrical conductivity and poor cycling
stability, which limit charge transfer kinetics and lead to capacity degradation over prolonged
cycling [8].

The synergistic combination of MXenes and NiO presents a compelling approach to develop
advanced composite materials for high-performance energy storage devices. By forming a
hybrid structure, MXenes can provide an excellent conductive framework that will facilitate
ion transport and mitigate the aggregation of NiO nanoparticles, while NiO contributes
significant pseudocapacitance, thereby boosting the overall energy density[17,19,22]. In this
study, we explore the fabrication of Ti3C2Tz@NiO composites and its application for high
performance supercapacitor.

2. Materials and Methods
Materials
Ti3AlC2, NiO, HF, HCI, Ni(NO3)2.6H20, NH4OH, Deionized water, LiF, NiO and C2HsOH.

2.1 Synthesis of Ti3C2Tz@NiO Composites

2.2 Preparation of Ti3C2Tz

The Ti3C2Tz is synthesized by selective etching of Ti3AlCa2. An etching solution is first
prepared to remove the Al from the Ti3AlCz precursor. 1.0 g of LiF is dissolved in 9.0 ml of
concentrated HCI and stirred for 30 minutes to complete the dissolution of the LiF. 1.0 g of
Ti3AlC2 was added to the etching solution and allowed to react for 24 hours at room
temperature. The Al is selectively removed from the precursor producing Ti3Cz. The solution
is then washed until a neutral pH is reached. The Ti3C2T; is filtered off and dried in an oven at
60°C for 12 hours.

2.3 Preparation of NiO

4.0g of Ni(NOs3)2.6H20 is dissolved in 100ml of deionized water, NH4OH is added to the
solution until a pH of 8 is reached. This result in the formation of Ni(OH)2, which is transferred
into a Teflon-lined autoclave and heated to 120°C for 6 hours, allowing the Ni(OH)2 to
precipitate. It is then filtered off, washed with deionized water and ethanol and dried at 60°C
for 12 hours. The dried Ni(OH)2 is then calcinated at 350°C for 3 hours in a muffle furnace to
obtain NiO.

2.4 Preparation of Ti3C2Tz/NiO Composites

A 1:1 ratio by weight of Ti3C2Tz and NiO are measured and transferred into a mortar and
blended to for a uniform mix. A small amount of ethanol is added to the mixture to form a
slurry and ultrasonicated for 30 minutes. This is then dried at 60°C until a dry composite is
obtained. Finally, to ensure a well-defined phase and improved structure, the composite is
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calcinated at 400°C for 2 hours. This enhances the interfacial contact and stability of the
composite.

3 Characterization

3.1 FTIR

The FTIR spectrum of the composite displays MXene peaks at -OH (3400 cm™), -C-C-(1620
cm™), and —F (1100 cm™)[23-25]. The peak at 550 cm™ is associated with NiO[26,27]. The
spectrum showed that all components are present in the composite, indicating a successful
synthesis, it also suggests interaction between the MXene and NiO. Figure 1 is the FTIR
spectrum of the composite.

FTIR Spectrum of MXene-NiO Composite
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Figure 1, FTIR spectrum of the composite

3.2 X-ray Diffraction (XRD)

XRD was employed to determine the crystallinity and phase composition of the synthesized
materials. The spectrum of the XRD of the composite has three distinctive peaks, the band at
(00) peak at about 26 16°, confirms the presence of MXene material[28,29]. The other peak
(111) with reduced intensity at 26 46°, is associated with NiO[20,22]. The XRD profile
suggest a crystalline material. The XRD pattern of the composite is shown in Figure 2.
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Figure 2, XRD spectrum of the composite

3.3 Scanning Electron Microscopy (SEM)

Sem was used to examine the surface morphology and particle size of the composite. The SEM
images of the composite show a layer of flaky morphology for MXene, while that of the
composite exhibited a coating of the NiO over the MXene layers. Figure 3 displays the SEM
images of the composite.
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Figure 3, Sem images of (a) Mxene and (b) composite

3.4 Brunauer-Emmett-Teller (BET)

BET was employed to measure the surface area and porosity of the composite. The BET
analysis results showed that the surface area of the composite is 222 m?/g. This could be
attributed to the intercalated morphology of the composite. The pore size distribution (BJH
method) showed mesopores with an average pore size of 4.0 nm. The Isotherm of the composite

is displayed in Figure 4.
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Figure 4, BET Isotherm of the composite material

4 Electrochemical Analysis

The electrochemical properties of the composite material were analysed by Cyclic
Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and Galvanostatic charge
discharge (GCD).

4.1 Cyclic Voltammetry (CV)

CV was employed to investigate the charge storage mechanism and specific capacitance of the
composite material. A three electrode Galvanostatic workstation was used, the electrolyte was
a 2.0M H2SOs4 solution. The potential window was (-0.7 - +0.7) V. The CV curve of the
composite is displayed in Figure 5. It shows that the composite undergoes REDOX reaction
which is ideal for charge-discharge[30,31]. The shape of the curve also suggests the presence
of Electric Double Layer capacitance (EDLC)[32] likely from the Mxene component, and
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Pseudocapacitance from the Nickel Oxide[33,34]. The synergistic effect of combining a
conductive MXene and a pseudocapacitive metal oxide enhanced the charge storage capacity
of the composite. A specific capacitance of 1050 F/g at a scan rate of 5 mV/s was achieved.
This demonstrates the great potential of the composite as an effective material for energy
storage device.
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Figure 5, CV curve of the composite

4.2 Galvanostatic Charge Discharge (GCD)

GCD was used to evaluate the energy and power densities as well as electrochemical stability
of the composite. The GCD curves of the composite material at different potential is displayed
in Figure 6. The energy density of the composite is 81 Wh/kg, and after 3000 cycles of charge-
discharge it retained 97% capacitance. The impressive current density and electrochemical
stability exhibited by the composite implies it is a suitable material for energy storage.
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Figure 7, GCD curves of the composite at different potentials

4.3 Electrochemical Impedance Spectroscopy (EIS)

EIS was employed to investigate the internal resistance and charge transfer dynamics within
the composite material. The result shows that the composite exhibited a very low internal
resistance of 0.4Q2, and the dimension of the semi-circle in the Nyquist plot shows it has a fast
ion kinetics. All three electrochemical analysis shows that the composite is an excellent
material for energy storage application. Figure 8 shows the Nyquist plot of the composite
material,
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Figure 8, Nyquist plot of the composite material

5 Conclusion

This study unveils the novel Ti3C2Tz@NiO composite as a high-performing material for
supercapacitor applications. The synergistic interactions between the MXene and nickel oxide
were explored in energy storage technology. The TizC2Tz/@NiO was successfully fabricated
and investigated for use as a supercapacitor. The result was very impressive, the specific
capacitance of the composite at a scan rate of 5 mV/s is 1050 F/g, with an energy density of 81
Wh/kg and an internal resistance is 0.4€Q. The results shows that the composite will perform
exceptionally as a supercapacitor, with a very large energy storage capability and fast ion
kinetics which are ideal properties for energy storage devices. It also exhibited excellent
electrochemical stability, the Galvanostatic charge-discharge test shows a capacitance retention
of 97% after 3000 cycles. These results showcase TisaC2Tz@NiO as a very strong material for
high performance supercapacitor application.
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