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Abstract:

Copper nanowires (CuNWs) are a promising material for flexible, transparent electronics.
CuNWs showcase mechanical flexibility and conductivity, which is comparable to that of silver
nanowires, along with cost-effectiveness. However, the long-term applications of CuNWs are
directly affected by oxidation, which induces surface degradation, thereby diminishing the
material's environmental resistance. In this thesis, we have developed a Copper nanowire-
MXene nanocomposite (Cu-MXene) via a 2-step method to enhance the lifetime of the CuNWs
by protecting them from oxidation. MXenes are a class of two-dimensional (2D) transition
metal carbides which exhibit outstanding electrical conductivity, hydrophilicity and chemical
stability, making them an ideal candidate for CuNWs protection.

In this study, CuUNWs were synthesised using a hydrothermal method using D- (+)-glucose as
a reducing agent and hexadecyl amine as a capping agent to control the nanomaterial
morphology and aspect ratio. The as-prepared CuNWs were incorporated with MXene
(Ti3C,Tx, where X is O, OH, F, etc.) via adsorption at low temperature (<5 °C), establishing
interfacial interactions between CuNWs and TizC;Tx. The structural, morphological and
chemical properties of the Cu-MXene composite were determined using Scanning electron
microscopy (SEM), Transmission electron microscopy (TEM), X-ray diffraction (XRD), and
X-ray photoelectron spectroscopy (XPS). The electrical conductivity and oxidation resistance
were determined using four-probe and degradation studies over time, respectively.

The electron microscopies reveal the formation of ultralong CuNWs, with a diameter of 60 +
0.3 nm and >100 um long. The combined characterisation results demonstrate strong interfacial
interactions between MXene and CuNWs, encompassing both physical and conformal contact
and electrical bridging. Degradation studies further reveal that MXene serves as an effective
protective layer against oxidation.

This thesis introduces an MXene-based strategy to enhance CuNW durability and paves the

way for optimised composites and device integration.
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1. Introduction:

Flexible conductive electrodes (FCEs) have gained significant interest in the scientific and
industrial communities in recent years, due to their wide range of applications. They are used
extensively in various sectors, including the manufacturing of touch screens, flat displays, solar
cells, organic light-emitting diodes (OLEDs), and memory devices. [1], [2] An ideal FCE is
expected to showcase the following characteristics: significant optoelectronic properties, good
mechanical strength and flexibility, and some resistance to corrosion in various environments,
as well as ease of processing. A general FCEs architecture consists of several essential
components. It includes a Flexible substrate, which provides transparency and mechanical
resilience, and a conductive layer, which conducts electricity while maintaining transparency.
Adhesion layers are applied to promote bonding between the conductive layer and the substrate,
while protective layers prevent oxidation, moisture ingress and mechanical damage.
Additionally, edge interfaces enable the electrical connection between the electrode and
external circuits.[3] Conductivity is very crucial for transparent conductors, and choosing a
suitable material for the conducting layer very much influences the performance of the FCTEs.
Over the period of time, Zero-dimensional (0D), One-Dimensional (1D), Two-dimensional
(2D) conductive polymers, transparent conductive oxides (TCOs), and hybrids (composite
materials) are some of the materials which have been studied thoroughly. Currently, the widely
used commercially available material for fabricating transparent electrodes is thin-film indium
tin oxide (ITO). ITO possesses both low sheet resistance (<10 Q sq!) and high optical
transparency (<90 %). However, ITO films exhibit several drawbacks, for instance, the
mechanical fragility of ITO films, which is a TCO, expensive and low-throughput production
due to the scarcity of Indium, and high cost of high-vacuum deposition-based film
manufacturing limit further use of the material in flexible electronics.[4]

Initially, as alternatives, other transparent conductive oxides, such as fluorine-doped tin oxide,
aluminium-doped zinc oxide, were investigated.[S] However, The mechanical flexibility of
these materials was not far from that of ITO. Further, Solution-processed transparent electrodes
using carbon nanotubes, graphene, and conducting polymers were also investigated.
Nevertheless, the carbon nanotubes, particularly single-walled carbon nanotube thin films,
suffered from high contact resistance. Graphene-based electrodes showcased promising results,
but the fabrication of defect-free single-grain graphene has high-cost production methods, and
conductive polymers exhibit lower electrical conductivity, lower optical transparency, and

limited tunability options.[4]



Metal-based materials, particularly metal nanowires (MNWs), including silver nanowires
(AgNWs), platinum nanowires (PtNWs), copper nanowires (CuNWs), gold nanowires
(AuNWs) and other nanowires with a core-shell structure. Owing to their outstanding
optoelectronic properties, solution treatability, compatibility with semiconductors, and
exceptional mechanical strength makes MNWSs promising alternative to ITO.[6], [7] [8]
Comparative studies have revealed that MNWs-based FCEs (MFCEs) exhibit better electrical
conductivity and higher transmittance to ITO-based electrodes. Additionally, a higher yield
strength (< 2.64 GPa) and a remarkable figure of merit (the relationship between light
transmittance at 550 nm and sheet resistance) highlight the distinction between the two. There
is a lot of room for improvement in the field of MFCTEs, as is evident by the increase in the
power conversion efficiency of organic solar cells from 10% to 18% in the last few years.
MNWs such as AuNWs and PtNWs are desirable alternatives to ITO, given their stability and
resistance to corrosive environments. Both metals are scarce in Earth’s crust, and the synthesis
process for both the nanowires requires exact control and a specific environment, which limits
the widespread application of these nanowires. On the other hand, CuNWs and AgNWs are the
two most studied metal nanowires due to their high intrinsic electrical conductivity. However,
elemental copper is roughly 700 times more abundant and 100 times cheaper than silver, with
a comparative electrical conductivity to silver. The cost-effectiveness of CuNWs is the factor
that makes them more desirable than AgNWs; moreover, extensive research has been done,
which demonstrates high-performance FCEs based on CuNW networks. Even so, oxidation of
CuNWs under ambient conditions remains a major drawback which is limiting the use of
CuNW networks on a large scale.

Over the period of time, multiple studies have been developed, for instance, tailoring core shell
structures, deposition of protective coating layer with metal oxides, sulfides and hydroxides,
deposition of carbonaceous materials and polymers.[9], [10], [11] Fabrication of metal shell
layers on top of CuNWs to obtain a core-shell structure via solution-based fabrication methods
such as Cu-Ni, Cu-Ag, Cu-Au, Cu-Sn, Cu-Zn and Cu-Pt was conducted. However, CuNWs
seem to degrade faster due to their inherent instability in aqueous and corrosive media.
Furthermore, controlling uniform coating and thickness of the metallic shell layer is not easily
achieved, which may alter the performance of the resulting FCEs.[9] Another widely adopted
method is to coat CuNWs using carbonaceous material; some of the most common coatings are
reduced graphene oxide, fluorene and carbon nanotubes.[10] The stability of CuNWs-based
FCEs has also improved significantly by the co-encapsulation of oxidation-prone Cu and

impermeable graphene.[11] However, there are several obstacles when it comes to application,



(1) nanogaps between the MNWs increase junction resistance, which limits the charge transport
and reduces the performance of optoelectronic devices[12] (ii) the large surface roughness is
unfavorable for the deposition of any functional layer[13] (iii) oxidation or sulfidation of
MNWs occurs in ambient conditions[14] which further lowers the electric performance. This
further solidifies the fact that this field is growing at an exponential rate and needs to be further
scrutinised.

Another class of materials exhibits-which exhibit distinct characteristics are 2D materials like
graphene, hexagonal boron nitride (h-BN), Thin metal dichalcogenides (TMDs), e.g.,
Molybdenum disulfide (MoS>), vanadium disulfide (VS:), and newer families like MXenes are
atomically thin sheets with large lateral dimensions and extremely small thickness.[1],
[15]Materials like graphene offer extremely high carrier mobility and transparency (~97 %
transmittance per monolayer). Additionally, TMDs provide semiconducting behaviour with
sizeable band gaps for digital/optoelectronic uses. 2D layers provide continuous coverage,
lowering the need for percolation networks and offering improved contact strategies.
furthermore, Van-der-Waals stacking allows designers to create heterostructures without lattice
matching; surfaces are accessible for functionalization (sensors, catalysis). Also, high Young’s
modulus and low bending stiffness allow conformity to curved substrates. Despite the potential
of 2D materials, some aspects still require improvement. Atomically-thin sheets are flexible but
not highly stretchable, so additional structuring is needed for truly stretchable devices.
Chemical vapour deposition (CVD) films are often polycrystalline with grain boundaries that
degrade mobility and uniformity for long-area electronics[16]

Composite nanowire systems combine 1D and 2D components in networked, layered or core-
shell configurations to exploit complementary properties. 1D nanowires create long-range
percolation while 2D sheets provide planar conduction and fill gaps, reducing junction
resistance and improving uniformity.[17] This dual transport reduces the impact of individual
wire-wire contacts. 2D layers can encapsulate or mechanically support 1D networks, strain, and
prevent crack propagation. Therefore, networks show improved bending and stretch cycling
durability.[18] 2D coatings can encapsulate oxidation-prone nanowires, protecting them from
air and humidity while preserving conductivity. Charge transfer across 1D and 2D composite
nanowires can enhance photocatalytic activity,[19] sensing sensitivity[20] and
electrocatalysis.[21] The use of hybrids have lead to high-performance supercapacitors, FCEs,
sensors and robust transparent electrodes[18]

Recent advances in two-dimensional (2D) materials have introduced a new class of surface

modifiers, MXenes, which might be able to overcome these limitations.[15] MXenes are a



family of 2D materials with the general formula of composition as Mu+2XnTx, where M
represents an early transition metal, ‘X’ represents carbon and/or nitrogen, and ‘t’ represents
the surface terminations such as oxygen (O), hydroxyl (-OH), fluoride (-F) and /or chloride (-
Cl), withn=1, 2, 3 and ‘X’ represent the number of terminal groups. This group of materials
have many diverse properties, for example, High electric conductivity, significant
electrochemical capacitance, good mechanical strength, thermal stability, tunable plasmonic
characteristics and optical transparency.[22] Over 60 MXenes have been reported to date.
Among all these various MXenes, Ti3C3Tx has been most extensively studied due to its
favourable synthesis and superior electrical characteristics.

Following in the same approach, this thesis demonstrates the successful synthesis of CuNWs
via a simple hydrothermal process. Additionally, Copper MXene composite nanowires (Cu-
MXene) were successfully formed using a simple solution-based method. Furthermore, the
effect of Ti3C2Tx MXene as a protective layer in ambient conditions is also discussed. The
objective of the thesis is to provide a scalable and versatile MXene-based strategy for improving

CuNW durability and showcasing the interactions between the materials.

1.1 Synthesis Strategies for 1D, 2D and Hybrid 1D/2D Nanomaterials:

Over time, multiple shape-controlled synthesis methods have been developed to create MNWs,
keeping in mind the following characteristics: (i) control dimensions and morphology of the
products, (i1) cost effectiveness, (ii1) reproducibility, and (iv) recyclability. Additionally, 2D
materials exhibit unique optical, electrical and mechanical properties, making them vital for
next-generation nanotechnology. The discovery of graphene in 2004 led to a surge of interest
in 2D materials such as TMDs, h-BN, bio-based graphene, and MXenes.[15][23] In this
section, we will be discussing different synthesis processes such as (i) vapour phase synthesis,
(11) template-assisted synthesis and (iii) solution phase synthesis. The synthesis strategies can
be broadly categorised into top-down, bottom-up and hybrid approaches (Fig. 1). Each offering
has distinct advantages and challenges.[7] [8] [23]

Top-down methods rely on miniaturising bulk material through advanced lithographic or
etching techniques to achieve nanoscale precision, making them ideal for the fabrication of
MNWs and 2D nanomaterials where structural accuracy is critical. In contrast, bottom-up
methods construct nanostructures atom by atom or molecule by molecule through controlled
chemical and physical growth processes, providing scalability, materials diversity, and superior

crystallinity. For 2D materials, top-down methods rely on exfoliating bulk materials into thin
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layers, while bottom-up techniques assemble 2D materials atom-by-atom through chemical or
physical growth. Together, these approaches provide complementary pathways for the
synthesis of MNWs and 2D materials, balancing precision engineering with high-quality
material growth.[24]

Hybrid materials that combine 1D structures, such as nanotubes or nanowires with 2D layered
sheets like graphene, MXenes, or MoS», have become an important direction in advanced
electronics. These mixed-dimensional architectures integrate the unique advantages of both
material types, axial conductivity and high aspect ratio from 1D materials, large surface area
and strong in-plane transport from 2D layers. The resulting 1D/2D hybrids form interconnected,
mechanically robust and highly conductive networks that overcome the limitations of each

material individually.[25] .
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Fig. 1 Illustration of the Top-down and Bottom-up approaches for material synthesis

(a) Synthesis Strategies for 1D Nanomaterials

Top-down synthesis involves fabricating nanowires by carving, etching and patterning bulk
materials into 1D structures. The approach begins with a solid substrate, and various physical
and chemical processes are applied to achieve nanoscale features. these techniques provide
excellent dimensional precision and alignment, making them ideal for electronics and photonic
applications. However, they are expensive and often limited to small-scale production. One
such strategy is Lithography-Based methods, which involves defining nanowire shapes by

transferring patterns onto a substrate using light, electrons, or mechanical moulds, followed by
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selective material removal. the pattern dictates the nanowires' dimensions and arrangements.
Electron Beam Lithography and Nanoimprint Lithography are two variants of lithography-
based techniques. Electron Beam Lithography uses a focused electron beam to write nanoscale
patterns on a resist. After developing and etching, nanowires are formed with near-atomic
precision. Widely used for Si and Gallium arsenide (GaAs) nanowires. Nanoimprint
Lithography mechanically presses a mould onto a polymer resist to imprint nanoscale patterns.
After cutting and etching, uniform nanowire arrays are produced. Compatible with flexible and
large area applications.[24] Ion and Plasma-Based Etching is one such method in which
materials are selectively removed from the substrate using energetic ions or chemically reactive
plasma, sculpting nanowires from a bulk film, often combined with lithography for precise
control. Some of the techniques which come under the umbrella of ion and plasma-based
etching are Focused Ion Beam milling and reactive Ion etching. The basic principle for this
method is, a highly focused ion beam physically sputters material from targeted regions,
creating custom nanowire geometries without masks. Reactive ion etching uses plasma-
generated reactive species to etch the material anisotropically; it is often used with lithography
to produce Si and ZnO nanowire arrays.

Major advantages of Top-Down strategies are that these methods provide precise control over
size, alignment and position. these methods are highly reproducible and are compatible with
device fabrication. Additionally, it can be used to produce clean and ordered structures, with
the only downside being high cost and low throughput and potential structural damage from
1on/electron beam.[26]

Bottom-Up synthesis assembles nanowires from atoms, ions or molecules through chemical or
physical growth. These methods produce highly crystalline, scalable and compositionally
diverse nanostructures, with subclasses categorised based on the environment in which growth
occurs. Nanowires are synthesised from gaseous precursors that nucleate and grow on catalysts
or directly on substrates during Vapour-Phase synthesis. Growth is anisotropic due to
preferential deposition along certain crystallographic directions. There are several different
strategies in which the vapour phase technique can be utilised; some of these methods are as
follows: Vapour-Liquid-Solid (VLS) Growth. In this method, a liquid nanoparticle catalyst
absorbs vapourised precursor atoms.[27] When supersaturation occurs, the material precipitates
at the solid-liquid interface, forming nanowires. Further, Vapour-Solid-Solid is Similar to VLS,
but the catalyst remains solid. precursor atoms diffuse through or over the solid catalyst to the
growth front. This method is usually used for compound semiconductor nanowires. Up next,

Chemical Vapour Deposition (CVD), during this process, precursors decompose or react on a
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heated substrate to form nanowires directly, without a liquid catalyst. Enables uniform growth
of Zn, SnO», and Si nanowires. Lastly, in Aerosol Assisted CVD, aerosolised liquid precursors
are transported to the heated substrate, where they decompose to form nanowires. Allows lower
temperature deposition for oxide nanowires. [28]

The process of Solution-Phase Synthesis involves growing nanowires in liquid media via
controlled chemical reactions, often guided by surfactants or catalysts, promoting anisotropic
growth. Solution-Liquid-Solution growth is one of the types of solution-phase synthesis. In this
process, a liquid metal catalyst in a solvent absorbs precursors that precipitate at
supersaturation, forming nanowires. This method is suitable for compound and core-shell
nanowires. Next is Hydrothermal and Solvothermal Synthesis, in which reactions occur in
sealed vessels at elevated temperature and pressure, driving anisotropic crystal growth.
common for ZnO, TiO2, and MnO> nanowires. Additionally, the Sol-Gel Process is one of the
processes in which the precursors undergo hydrolysis and condensation in solution to form gels,
which are converted into nanowires upon healing which provides chemical homogeneity and
stoichiometric control. In the template-assisted synthesis process, fabrication of free-standing
nanowires is achieved with the help of templates, which are designed to direct the nucleation
and growth of the material nanowires. Widely, there are two accepted template types: soft
(bacteria, DNA stars, rod-shaped viruses) and hard templates (porous alumina, carbon
nanotubes, polymeric templates). After the formation of the nanowires, depending on the type,
these templates can be removed by a simple etching or calcination method. Electrochemical
deposition is one of the methods which is employed within this technique, during which metal
ions are reduced within the pores of the templates, like anodised aluminium oxide, forming
nanowires that match the pore geometry. Whereas, Sol-Gel or CVD infiltration is the process
in which precursor materials fill the template pores via sol-gel chemistry or vapour pressure
deposition. Subsequent treatment converts them into nanowires. Some of the advantages of
these methods are high purity nanowires, single crystalline structure, cost-effective and scalable
and good compositional control. On the other hand, it has some disadvantages, such as
alignment and positioning are limited, template removal can introduce defects, and
catalyst/solvent contamination is possible.[29]

Additionally, hybrid approaches integrate top-down structural control with bottom-up
chemical growth, enabling aligned site-specific nanowire arrays with tunable properties.
Plasma and Laser-Based Hybrid Techniques are one of the examples of composite hybrids. In
this process, external energy sources like plasma or laser promote precursor decomposition or

ablation, combining physical and chemical growth control. In addition, Plasma Enhanced
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Chemical Vapour Deposition is one of the processes which uses plasma to activate chemical
reactions at lower substrate temperatures, allowing vertically aligned nanowires. Another
example of such a combination is laser ablation, in which a high-energy laser vaporises a target,
forming a plume that condenses into nanowires used for carbon and silicon nanowires.
Additionally, Lithography-Guided Growth is another type of composite hybrid technique. In
this process, predefined catalyst positions via lithography direct bottom-up growth at specific
sites, ensuring precise alignment. One such example is lithography-guided VLS, as the
procedure proceeds, a catalyst pattern guides VLS growth to produce aligned arrays, such as
GaN and Si nanowires, for optoelectronic devices. These processes combine structural
precision with controlled growth, produce site-specific, vertically aligned nanowires, reduce
contamination and improve reproducibility. Despite this, the process is a complex, multistep,

with limited scalability and high cost.[30]

(b) Synthesis Strategies for 2D Nanomaterials

Mechanical exfoliation is one such process which involves peeling or tearing layers from a bulk
crystal using adhesive tapes or mechanical force. The Van der Waals forces between layers are
overcome by applying normal and lateral forces to isolate monolayers. Using this process can
produce defect-free and pristine monolayers and is pocket-friendly. Despite this, this process
requires precise handling and high-quality bulk material, and it suffers from low yield and
scalability issues. MoS2, WSe: and graphene are some of the materials that can be produced
using this process.[31] Similarly, in liquid-phase and chemical exfoliation, the basic mechanism
involves bulk layered materials being dispersed in solvents, and sonication or ion intercalation
is used to separate the layers. Chemical exfoliation introduces ions or molecules between layers
to weaken van der Waals bonds to form single layers or fewer layers of 2D materials. Despite
being scalable and suitable for a variety of materials, this process produces smaller flakes with

defects, and the solvent residue in the reaction mixture might affect the purity.[32]

Chemical vapour deposition comprises the vaporisation of precursors and reacting them at
elevated temperatures to deposit thin films on substrates, resulting in thin layers of 2D materials.
Using this process, uniform and long-area monolayers of tunable thickness and morphology of
2D materials can be synthesised.[33] One downside to this process is the possible formation of
defects during the transfer. Furthermore, the epitaxial growth process requires the deposition of
atoms or molecules on a crystalline substrate where the 2D layer aligns epitaxially with the

substrate lattice. Via this process, highly oriented and crystalline films can be produced, which
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are suitable for van der Waals heterostructures.[34] This process is limited by lattice mismatch,
and it requires atomically smooth substrates. Some examples such as topochemical and wet-
chemical growth, and bio-based and green synthesis. During topochemical and wet-chemical
growth, the precursor transforms while retaining its structure and the process is conducted in a
solution or vapour phase under controlled conditions. Synthesis of complex compounds can be
enabled using this synthesis process; also, the stoichiometry and morphology of the material
can be controlled. The process involves elevated temperatures and involves multiple reaction
steps, creating scalability and economic issues. Bio-based and green synthesis process involves
the utilisation of renewable and waste-derived carbon sources such as plant oil, lignin, food
waste, etc., for the formation of carbon-based 2D materials under CVD or catalytic conditions.
The process is environmentally friendly and sustainable, cost-effective and uses renewable
feedstock. A multistep purification process at high temperatures has to be integrated with the

main processes to ensure the quality of the material.[33]

(c) Synthesis Strategies for 1D/2D Hybrid Nanomaterials
The ability to form hierarchical architectures, super restacking and facilitate efficient charge
transport makes 1D/2D hybrid materials promising for flexible electronics, sensors, transistors
and next-generation electrode systems.[35] 1D/2D hybrid materials overcome the limitations
of each dimensionality. 1D materials often suffer from poor film uniformity, weak mechanical
integrity and high resistance at wire-to-wire junctions. Meanwhile, 2D nanosheets tend to
restack due to van der Waals interactions, reducing available surface area and impairing out-
of-plane conductivity. Incorporating 1D elements such as CNTs or metal nanowires between
2D layers prevents restacking and creates continuous multidimensional charge transport
channels. The 2D layers, in turn, offer mechanical reinforcements and improved load
distribution, preventing fracture of 1D networks during bending or stretching. Interfaces
between 1D and 2D components can be chemically tuned to enhance electron mobility, charge
separation and optoelectronic coupling, which are essential for sensors, transistors and
photodetectors.[36] These hybrid structures have been applied across a wide range of electronic
devices. CNT/graphene hybrids have been used as transparent, flexible electrodes for wearable
electronics and foldable displays, where the unmined network provides high conductivity and
mechanical robustness. MXene-CNT hybrids offer improved charge transport and flexibility,
making them suitable for supercapacitors, micro-batteries, and conductive films.[37] MoSz
nanosheets combined with silver or ZnO nanowires have been used in high-performance

photoelectrodes and flexible field-effect transistors, where the hybrid interfaces accelerate
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charge extraction. Graphene-ZNO nanowire architectures serve in UV detectors and electron-
transport layers for optoelectronics. These examples illustrate the versatility of 1D/2D hybrids
in enabling next-generation electronic platforms due to their outstanding flexibility, electronic

transport behaviour and structural resilience.

2. Characterisation

2.1 UV-Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy measures the adsorption of ultraviolet and visible light of materials to
study electronic transitions between molecular orbitals.[38] When photons in the 200-800 nm
range strike a sample, electrons are excited from bonding (1 or n) orbitals to anti-bonding (*
or 6*) orbitals. The amount of absorbed light follows Beer-Lambert's law (A = &cl), where
absorbance is proportional to concentration (Figs. 2(a) and 2(b)). The resulting absorption
spectrum displays peaks corresponding to specific electronic transitions, providing information
on molecular structure, band gaps, and concentration of absorbing species. In solid materials
and nanostructures, UV-Vis spectroscopy is used to determine optical band gaps by analysing
the absorption edge using Tauc plots. The technique is simple, rapid and suitable for liquids,
solids, and colloids, often used in combination with diffuse reflectance setups. Applications
include studying semiconductors, metal nanoparticles, dyes, and organic molecules. Although
it lacks structural resolution, UV-Vis spectroscopy is an indispensable tool for probing optical

and electronic properties and monitoring chemical reactions in real time.

2.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is a molecular characterisation method that identifies chemical bonds and functional
groups based on infrared absorption.[38] When IR radiation interacts with a material, specific
frequencies corresponding to bond vibrations are absorbed, producing characteristic peaks. The
instrument employs a Michelson interferometer that splits and recombines IR light to generate
an interferogram, which is mathematically converted (via Fourier transform) into an IR
spectrum. Each absorption band corresponds to a vibrational mode, such as stretching or
bending of molecular bonds, providing a unique chemical fingerprint. Figs. 2(c) and 2(d)
illustrate the instrument and the basic working principle of FTIR. The technique can operate in
transmission, reflection, or Attenuated Total Reflectance (ATR) modes, allowing analysis of
solids, liquids and thin films. FTIR is widely used for identifying organic compounds,

polymers, and surface functionalization in nanomaterials. It helps detect impurities, monitor
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polymerisation, and study adsorption or reaction intermediates. While FTIR is highly
informative, it is less effective for very thin layers and complex mixtures with overlapping
peaks. Nonetheless, due to its simplicity, reproducibility and non-destructive nature, FTIR

remains a vital tool in analytical chemistry, polymer science, and material characterisation.
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2.3 X-ray Diffraction (XRD)

XRD is a non-destructive fundamental technique for determining the crystal structure and phase
composition of crystalline materials. The instrument and the basic operation principle are
shown in Figs. 3(a) and 3(b), respectively. When a beam of monochromatic X-rays interacts
with a periodic crystal lattice, constructive interference occurs at specific angles according to
Bragg’s law (n A= 2d sin 0).[39] Measuring these diffraction angles and intensities produces a
pattern unique to the crystal structure. The resulting diffractogram, plotted as intensity versus
20, provides interplanar spacings (d-values) and lattice parameters. XRD can identify
crystalline phases by comparing experimental data to standard reference patterns from the
International Centre for Diffraction Data (ICDD) database.[40] The technique also allows
estimation of crystalline size using the Scherrer equation and quantitative phase analysis
through Rietveld refinement. XRD is essential for studying materials such as ceramics, metals,

and semiconductor structures, as well as layered 2D materials like graphene and MoS:. It reveals
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structural defects, preferred orientations, and phase transformations during synthesis or heat
treatment. While less effective for amorphous samples and limited to bulk information, XRD

remains one of the most reliable and widely used tools for structural characterisation.
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2.4 X-ray Photoelectron Spectroscopy (XPS)

XPS is a surface-sensitive analytical technique that provides quantitative information about
elemental composition and chemical states within the top few nanometers of a material. It is
based on the photoelectric effect, where monochromatic (Al Ka or Mg Ka) eject core electrons
from atoms. By measuring the kinetic energy of emitted electrons, the binding energy is
calculated, which identifies each element and its oxidation state. The technique is extremely
sensitive to surface chemistry and can distinguish between different chemical environments
through small shifts in binding energy (Figs. 3 (c¢) and 3(d)). Depth profiling can be achieved
by ion sputtering, enabling analysis of multilayer or coated systems. Counts per second is
widely used to study surface contaminations, oxidation, thin film interfaces, and catalyst
surfaces. It is particularly valuable for evaluating chemical bonding and charge transfer

phenomena in functional materials. Although XPS requires vacuum operation and careful
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sample handling, it offers unparalleled insight into surface composition and electronic structure,

making it a cornerstone technique in surface science and nanomaterial research.

2.5 Electron Microscopy
(a) Scanning Electron Microscopy (SEM)

SEM is one of the most commonly used techniques for surface morphology and microstructural
analuysis of materials. SEM allows researchers to visualise the topography and composition of
samples with nanometer-scale resolution. In SEM, a finely focused beam of high-energy
electrons (1-40keV) scans the sample’s surface inside a high vacuum chamber (<10*-107
Torr).[41] The electrons interact with atoms near the sample surface, resulting in the emission
of the various signals, such as secondary electrons (SE), backscattered electrons (BSE), and
characteristic X-rays. SEs, generated from the outermost layers, are primarily used to produce
detailed topographical images that reveal the fine surface features. BSEs, which originate from
the deeper regions of the sample, are more sensitive to atomic number contrast and are thus
used to distinguish between phases of different compositions.[42] The intensity of BSEs
increases with atomic number, which helps identify heavier elements. Additionally, the X-rays
emitted during electron-atom interactions can be detected through energy-dispersive X-ray
spectroscopy (EDS), providing qualitative and semi-quantitative elemental composition
data.[43] The principle of SEM is based on the interaction volume (Fig. 4 (b)), which depends
on the beam energy and the atomic number of the sample.[42] Conductive samples produce
high-quality images directly, while non-conductive samples require coating with a conductive
layer (gold, carbon or platinum) to prevent surface charging.[44] The electron beam is raster-
scanned across the surface using electromagnetic lenses, and the resulting signals are converted
into a digital image. SEM is versatile and applicable to a wide range of materials, including
metals, ceramics, polymers, semiconductors, and biological tissues.[45]

SEM can be used to study surface texture, particle size, fracture patterns, and phase
distributions. It can also identify defects and morphological features that influence material
performance. The modern field-emission SEM systems offer resolution below 10 nm and
support magnifications ranging from a few hundred to several hundred thousand times
(>300000x).[46] However, the technique requires vacuum compatibility, and insulating
samples may suffer from charging artefacts or beam-induced damage. Despite these limitations,

SEM remains a cornerstone of material characterisation due to its ability to correlate structural,
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morphological, and compositional information, making it indispensable for microstructural

analysis, quality control, and nanotechnology research.

(b) Transmission Electron Microscopy (TEM)

TEM provides atomic-scale structural information by transmitting a high-energy electron beam
through an ultrathin specimen, typically less than 100 nm thick[47] As the electrons interact
with the atoms, they scatter elastically and inelastically, forming images and diffraction patterns
that reveal both morphology and crystallinity (Fig. 4 (a)).[48] The image contrast arises from
differences in mass thickness, diffraction, or phase of the transmitted electron. High-resolution
TEM (HRTEM) enables direct visualisation of atomic lattices, while Selected Area Electron
Diffraction (SAED) provides precise crystallographic information. The principle is based on
the wave nature of electrons, allowing atomic-scale imaging due to their short de Broglie
wavelength.[49] TEM often integrates analytical techniques such as EDS and Electron Energy
Loss Spectroscopy (EELS) for simultaneous elemental mapping.[49], [50] Preparing electron-
transparent specimens is a critical and challenging step, often involving ion milling or
microtoming.[48] TEM is invaluable for studying nanomaterials, interfaces, dislocations, and
phase transformations in metals, semiconductors, and oxides. Although costly and technically
demanding, it remains the most powerful tool for correlating microstructure with material

properties at the atomic level.[47], [49]
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3. Experimental Section

3.1 Materials and Reagents

Copper (II) chloride dihydrate (CuCl..2H>O, ACS reagent), Hexadecylamine (HDA,
approximate C-18 content 80 — 90%), D+- glucose (>99%, analytical reagent grade) were
purchased from Fisher Scientific. Propionic acid (>99%, laboratory reagent grade) was
purchased from Merck (Sigma-Aldrich). Ethanol was purchased from Anora Group Oy, and
deionised water was obtained from a PuroTM reverse osmosis water purifier from Avidity
Science, MAX phase, Hydrochloric acid (HCI), Lithium fluoride (LiF), Lithium chloride
(LiCl).
3.2 Synthesis of Copper Nanowires (CuNWs)

CuNWs were synthesised according to a previously reported procedure with some
modifications. [1] Briefly, Cu(II)CL..2H-0 (85 mg, 0.5 mmol), glucose (207.5 mg, 1.05 mmol),
Hexadecylamine (HDA, 665 mg, 2.25 mmol), and deionised water (40 mL, 18.25 MQ) were
added to a glass beaker and stirred vigorously at room temperature for 5 h to form a
homogeneous solution. The mixture was then transferred to a 100 mL Teflon-lined autoclave,
which was later sealed inside a stainless-steel autoclave case. Further, the reaction container
was heated at 110 °C for 12 h without further agitation. The resulting reddish-brown-coloured
reaction mixture containing CuNWs was cleaned using ethanol and propionic acid. The process
involves, firstly, cleaning three times with ethanol to remove residual HDA and glucose,
afterwards once with PA to clean the carbon residues which are on the nanowire’s surface and
later twice with ethanol to remove residual PA (presence of which may lead to faster
degradation of CuNWs) (Fig. 5 (a)). The cleaning process is conducted using a centrifuge at
6000 rpm for 5 min. Between cleaning cycles, the reaction mixture was agitated using pipettes
to maintain the dispersibility of CuNWs. The final product was dispersed in ethanol (40 mL)

for subsequent characterisation and film fabrication.
3.3 Synthesis of MXene

Titanium-based MXene was also synthesised based on a previously published report with
minute modifications to the process.[51] To explain briefly, MXene was prepared via an in situ
etching process of alumina from the MAX phase TisAlC, utilising the in situ formation of HF
with LiF/HCI. system. Briefly, 1.2 g of LiF (2.3 M) was dissolved in 20 mL of 12 M HCl in a
PTFE container and stirred for 10 min to obtain a homogeneous solution. Followed by the slow

addition of 1 g of TisAlCz powder (450 mesh). The mixture was stirred using a PTFE-coated
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magnetic stir bar at 1500 rpm for 24 hours at 35 °C. After etching, the resulting mixture was
washed once with 40 mL of 1 M HCI and subsequently three times with 40 mL of 1 M LiCl
solution. The multilayered MXene was then washed three more times with 40 mL of deionised
(DI) water. For each wash, 40 mL of DI water was transferred into a centrifuge tube, shaken by
hand for 1 minute, and centrifuged at 4020 rcf for 2 minutes, after which the supernatant was
decanted. The resulting supernatant was decanted, and 50 mL of fresh DI water was added to
the precipitate. Following the final wash, the mixture was agitated using a bath sonicator for 1
hour, while keeping the temperature between 20-25 °C, keeping the MXene from degradation.
Finally, the reaction mixture was centrifuged at 2060 rcf for 1 hour to separate Heavier
multilayered MXene from lighter single to few-layered MXene sheets. The resulting
supernatant, containing single to few-layer TisC.Tx flakes, had a concentration of
approximately 4-4.5 mg/mL. The resulting solution was purged using a nitrogen environment

and was kept in the dark at a low temperature (< 5°C) for future use (Fig. 5 (b)).
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Fig. 5 Synthesis process of (a) 1D CuNWs, (b) 2D MXene

3.4 Synthesis of CuNWs-MXene Composite Nanowires (Cu-MXene)

To prepare Cu-MXene composite nanowires, a 1:1 volume ratio of 5 mL CuNW suspension
(0.1 mg mL") and ethanol was prepared. Separately, 0.250 mL of MXene suspension (0.5
mg/mL) was sonicated for 30 minutes to obtain a well-dispersed MXene solution. The diluted

CuNWs solution was then added to the MXene solution, and the resulting solution was degassed
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by purging with nitrogen gas for 10 minutes. The mixture was kept in a refrigerator (< 5 °C) for
30 minutes to facilitate physisorption. The resulting product was used to prepare further samples

for characterisation.

4 Results and Discussion

4.1 Characterisation Techniques

To characterise our samples following characterisation techniques were used: Initial
confirmation for the successful material synthesis was done using UV-Vis spectroscopy, and
X-ray diffraction (XRD) was conducted using a Panalytical Empyrean X-ray diffractometer
using a PIXcel3D solid state area detector. The analysis range was chosen from the 26 values
30-80° at a scan rate of 2° min'. A Thermo Scientific Nexsa instrument conducted X-ray
photoelectron spectroscopy (XPS). Morphological analysis of the fabricated CuNWs was
conducted using a field-emission scanning electron microscope (FE-SEM) (Apreo S,
Thermofisher Scientific) at an operating voltage of 2 kV. A high-resolution transmission
electron microscope (HRTEM) (Jeol JEM-F200, Ver 4) was also used for CuNW
morphological analysis, at an operating voltage of 200 kV. The sheet resistance of the TCEs
was measured using an Ossila four-point probe system, which features a probe spacing of

1.27 mm.

4.2 Results and Discussion

Durable nanowires were prepared by encapsulating individual copper nanowires suspended in
solution. The ultra-long copper nanowires were synthesised via a hydrothermal approach. The
average diameter of the nanowire measured is ~ 60 nm. Furthermore, Cu-MXene composite
nanowires were prepared by mixing CuNWs and an MXene solution in ethanol at room
temperature. Copper nanowires have high surface energy. Due to the highly reactive functional
groups at the MXenes basal plane, which were maintained under a nitrogen atmosphere and at
a low temperature (<5 °C).

SEM analysis and TEM analysis were conducted to characterise the structural identity and
morphology change of the Cu-MXene nanowires, and electron micrographs were acquired. The
CuNWs were prepared via the HAD-mediated hydrothermal method. In this process,
CuCl2.2H>0 was reduced using glucose. HDA was used as a capping agent to control the
asymmetrical, unidirectional growth of 1D nanowires. From the SEM analysis (Fig. 7 (a)), the

average diameter of CuNWs was measured at 60 + 0.3 nm, and they are >100 um long. On the



23

other hand, the MXene nanosheets have large 2D structures their corresponding morphologies
are shown in Fig. 7 (b). Cu-MXene composite nanowires were synthesised at room temperature.
TEM was conducted to analyse the interface and morphology of the Cu-MXene composite
nanowires, as shown in Fig. 7 (e).

Fig. 6 (a) Comparative XRD plot of MXene, CuNWs and Cu-MXene composite nanowires, (b) relative
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FTIR analysis of MXene and Cu-MXene

To determine the crystalline phases and crystal structure of the as-prepared CuNWs and
MXene, XRD analysis is used, as shown in Fig. 6 (a). The CuNWs exhibit three characteristic
peaks at 20 values 43.3°%, 50.4° and 74.1° corresponding to the (111), (200), and (220) crystal
planes, respectively.[1] In the case of Cu-MXene NWs, an additional diffraction peak
corresponding to the (002) plane of MXene is observed, confirming the presence of both
materials in their respective crystalline forms (Fig. 6 (a)).

To further investigate the chemical interaction between CuNWs and MXene, FTIR spectra were
obtained (Fig. 6 (b)). MXene shows distinct vibrational modes at 3439.8 and 1630.7 cm™,
attributed to the stretching and bending vibrations of —OH and -COOH groups,
respectively.[52] These modes are significantly reduced or absent in Cu-MXene NWs,
indicating surface modification. Moreover, Cu-MXene NWs exhibit a new stretching vibration
at 598.8 cm™!, suggesting the formation of Cu—O bonds. Both MXene and Cu-MXene NWs
exhibit a common vibrational band at lower wavenumbers (553.5 cm™), indicating a strong

interfacial interaction in the Cu-MXene nanowire structure.
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(a) ¥ ©

Diameter; 60 = 0:3 nm

Fig.7 SEM images (a) CuNWs with a diameter of 60 = 0.3 nm, (b) single to few sheets of MXene, TEM
images of (c) a single CaNW, (d) Single to few sheets of MXene, (e) interaction between CuNW and
MXene in Cu-MXene hybrid, (f) closeup of Cu-MXene composite nanowires illustrating the successful

interaction between CuNW and MXene

To understand the surface properties and purity of the nanomaterials, XPS analysis was
conducted. From the survey spectra, the elemental composition of Cu-MXene NWs was
compared with that of pristine MXene and CuNWs. The Cu-MXene nanowires primarily
consist of Cu, Ti, C, and O elements, confirming the coexistence of both MXene and copper
components. High-resolution spectra for the Cu2p and Ols regions were acquired to examine
surface interactions (Fig. 8 (¢) and 8 (d)). The Ols spectrum of MXene was deconvoluted using
a Shirley background and showed four main components at =~ 530.5, = 531.2, = 532.0, and =
533.5 eV, corresponding to C-Ti—Oy, Ti—O-Ti, C-Ti—(OH),, and adsorbed oxygen,
respectively. These indicate that the MXene surface is predominantly terminated with —OH
functional groups. Interestingly, in Cu-MXene NWs, an additional peak appears at a lower
binding energy (=529.8 eV), indicating the formation of Cu-O bonds, which suggests a strong
interaction at the Cu-MXene interface. The Cu 2p spectrum (Fig. 8 (c¢)) shows a characteristic
spin-orbit doublet at 952.6 eV (Cu 2pi/2) and 932.8 eV (Cu 2ps/2), separated by 19.8 eV with
an intensity ratio of 1:2, confirming the presence of metallic copper in the Cu-MXene NWs.[53]
Notably, no satellite peaks were observed, which typically indicate the presence of Cu* or Cu**
oxidation states. The results reveal that Cu® is the predominant oxidation state, while Cu* is

present in smaller amounts. This confirms that the copper in the Cu-MXene NWs is primarily
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in the metallic state, with minimal oxidation. Moreover, the Cls spectrum of Cu-MXene NWs
(Fig. 8 (a)) shows a Ti-C interaction at 281.5 eV, with a noticeable shift toward lower binding
energy compared to pure MXene. Additionally, the Ti2p spectrum of Cu-MXene displays
characteristic peaks of MXene, at 454.6, 455.6, and 457.5 eV corresponding to Ti-X (Ti*"), Ti-
O (Ti*"), and Ti-(OH)x (Ti*") as shown in Fig. 8 (b).[52]
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Fig. 8 XPS analysis representing (a) Cls, (b) Ti2p, (¢) Cu2p, and (d) Ols plots

Further, the influence of MXene on CuNWs was investigated using UV-Vis absorbance
spectroscopy. A comparative plot was made between bare Copper, bare MXene and composite
material with different compositions of MXene, as shown in Fig. 9 (a). A broader peak in the
NIR region (700-800 nm) confirms the formation of MXene. Copper nanowires exhibit
localised surface plasmon resonance (LSPR), a light absorption phenomenon that depends on
micromorphology, such as size and shape. To assess this, CuNWs were coated with varying
concentrations of MXene, and the corresponding changes were analysed through their
absorbance spectra. Typically, variations in nanowire diameter affect the position of the
transverse LSPR peak. As shown in Subplot of Fig. 9 (a), uncoated nanowires display a distinct

transverse LSPR peak at 555 nm. Upon MXene coating, a noticeable redshift in the LSPR peak
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was observed with increasing MXene concentration. This redshift suggests an increase in

effective diameter, indicating strong interactions between the CuNWs and MXene.[54]
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Fig. 9 (a) Comparative illustration of UV-vis spectroscopy plots of bare copper nanowires, MXene and

Cu-MXene composite with three different compositions of MXene

4.2.1 Degradation Studies:

Initially, different concentrations of Cu-MXene composite nanowires were deposited on top of
a cellulose-based filter paper to optimise the concentration of MXene. The concentration
optimisation was based on the change in sheet resistance over 28 days, as illustrated in Fig. 10
(a). Additionally, a sample containing the highest MXene concertation from this experiment
was prepared. However, it exhibited no measurable conductivity, likely due to insufficient
interactions between the MXene nanostructures. The major conclusions that were derived from
these observations (i) increasing the MXene content in the composite improves the stability but
reduces the overall electrical conductivity of the composite nanowires, (ii) the addition of
MXene effectively protects the CuNWs from oxidation, maintaining their structural integrity
for over 28 days, and (iii) in the composite, the CuNWs are responsible for electrical

conductivity, while MXene primarily provides protection against oxidation. Furthermore, two
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different samples of Cu-MXene composite nanowires were prepared; ones ample was subjected
to heat at 70 °C, and the sheet resistance data for both samples were taken for a period of 28
days. The sample subjected to heat exhibited better stability over time compared to the other
sample, suggesting increased stability with temperature (Fig. 10 (b)).
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Fig. 10 Sheet resistance data for 28 days (a) varying MXene concentrations in Cu-MXene hybrid, (b)
effect of temperature on Cu-MXene hybrid

During this study, various synthesis methods and characterisation techniques were employed to
achieve our goals. The main research questions that we tried to tackle were (1) finding the
interactions between 1D CuNWs and 2D MXene, (i1) whether the MXene coating is
successfully incorporated on top of CuNWs, and (iii) whether it can increase the lifetime of
CuNWs compared to other studies that have been done. The synthesis processes for both
materials were conducted separately. CuNWs were prepared using a simple hydrothermal
process while using glucose and hexadecyl amine as reducing agent and capping agent,
respectively. This results in ultralong nanowires, which were confirmed using XRD and SEM
and TEM techniques, to extract the morphological and topological information of the prepared
CuNWs. Furthermore, MXene was prepared using an in situ etching method, in which HF was
employed as an etchant to remove aluminium (Al) from the MAX phase (TizAlC2). The
successful formation of MXene was confirmed using XRD, SEM and TEM. Furthermore, a
one-step self-assembly method was used to produce a Cu-MXene hybrid; the success of the
process was confirmed using XRD, SEM, TEM, and XPS.

After the material characterisation, degradation studies in the ambient conditions were
conducted to verify the claim of increasing the longevity of CuNWs. During the process, the
as-prepared Cu-MXene composite nanowires were deposited on top of a flexible substrate, and

the stability of the material was determined via sheet resistance measurement for over 4 weeks.
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5 Conclusion and Future Prospects

During the course of this work, a successful synthesis of 1D CuNWs was done using a simple
hydrothermal process. This was further demonstrated using various characterisation techniques.
For instance, XRD was employed to confirm the FCC crystal structure of CuNWs, which
exhibited three prominent peaks corresponding to the (111), (200), and (220) crystal planes of
copper nanowires, as confirmed via a literature review. Additionally, SEM was employed for a
better view of the surface morphology of as-prepared CuNWs. SEM analysis revealed the
formation of ultra-long nanowires with 60 = 3 nm thickness, and they are about >100 nm long.
This confirmed the successful formation of CuNWs. Furthermore, 2D Ti-based MXene
(Ti3C,Tx) was synthesised using an in-situ HF etching method. The success of the process was
confirmed by utilising XRD, SEM and TEM. XRD validates by showing characteristic peaks
for (002), (004), (006) planes, which were verified via a literature review and a comparative
XRD of MAX phase (Ti3AIC2) and the synthesised MXene (Ti3C2Tx). Later, Cu-MXene
composite nanowires were formed via a self-assembly method, simply by mixing the solutions
of CuNWs and MXene, which resulted in interactions between the CuNWs and MXene. To
determine the success of the reaction again, TEM, FTIR and XPS were utilised. TEM revealed
the formation of an uneven MXene coating on the surface of CuNWs, and XPS confirms the
presence of Cu-O bond without the formation of oxides on the surface of nanowires, which
confirms the active interaction between MXene functionalities and CuNWs surface. Lastly, the
increased durability of the prepared material was tested under ambient conditions over a period
of 28 days. This illustrates the increased durability of CuNWs after the formation of the Cu-
MXene hybrid.

Despite promising results, achieving a uniform MXene coating on CuNWs remains
challenging. Similar to previous research on Cu-graphene core/shell structures, achieving Cu-
MXene core-shell structures could enhance mechanical properties, charge transfer, surface area,
and functionalization, expanding their applications in nanoelectronics and photocatalysis.[55]
Dealing with the uniformity problem will also enhance the transparency of the material, hence
expanding the application horizon into optoelectronics. Additionally, prospects for further
exploration include using smaller morphologies of MXene, as well as ultra-thin MXene sheets,
to test stability under oxidising environments. Furthermore, light sensitivity and mechanical

bending tests could provide deeper insights into their performance and applications.
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