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severe degradation. In this regard, two-dimensional Titanium Carbide (TizC2Tx), known as ‘MXene,
represents a new class of material with improved functionality, and offers great promise because of
its extraordinary mechanical, electrical, and electrochemical properties. Despite the widespread use
of TisC2Tx MXene in energy storage, catalysis, purification, and electromagnetic interference shielding,
their anticorrosion performance has received relatively little investigation. This article reports the
electrophoretic deposition (EPD) of TisCzTx MXene on copper substrate. The synthesis of TisCaTx
MXene involves the typical wet chemical etching of the silicon layer in HF/H202 etchant solution from
titanium silicon carbide (TisSiC2) — the most common MAX phase. The precursor TisSiC2 MAX phase
was also synthesized by heating at high temperatures. For EPD, a stable colloidal suspension of 1wt %
TisC2Tx MXene was prepared in 1-methyl-2-pyrrolidone, and coating was done at an applied voltage
of 150 V in the deposition time range of 5s to 60s, using a DC power source. The desired uniform
coating with varying thicknesses was optimized for further characterization such as X-ray diffraction
(XRD), Scanning Electron Microscopy (SEM), etc. Electrochemical measurements revealed a significant
increase in resistance of the nanostructured coating against corrosion with 99.8% inhibition
efficiency. This work provides a platform for other MXene compositions that may be used to further
broaden the scope of this investigation.

Introduction

Corrosion refers to the gradual deterioration of materials,
typically metals, due to their interaction with oxygen, moisture,
salts, air-borne pollutants like chlorides and sulfides, changes in
temperature in electronic components, and other aggressive
chemicals. This weakens the material, leading to structural
failures and safety hazards [1]. This process involves a chemical or
electrochemical reaction that transforms the material/metal into
its more stable form. Corrosion costs India $26.1 billion, which is
2.4% of the country's GDP. Out of this, $9.3 billion could be
saved, which is 35% of the direct corrosion cost. Additionally, the
indirect cost of corrosion is $39.8 billion [2]. Corrosion can occur
in many different forms, including uniform corrosion, pitting
corrosion in aluminium structures, electrochemical & fretting

enhanced physicochemical properties of the coatings,
two-dimensional (2D) nanomaterials have shown a growing
interest in this field. Graphene oxide (GO), a modern 2D
nanomaterial shows exceptional anti-corrosion properties due
to its impermeability to gases, liquids, and ions [5-7]. However,
GO coating is less stable as it readily absorbs moisture from the
environment where the water molecule can pass through the
graphene nano-channels, create leakage pathways, and
potentially promote corrosion of underlying metals [8,9]. In
addition, GO with decreased electrical conductivity can be
problematic for applications where electrical conductivity is
crucial.

Recently, researchers at Drexel University discovered a

corrosion in electronics, galvanic corrosion in the automotive
industry, etc. In recent years, several methods have been
developed and implemented to improve anti-corrosion
performance. Major corrosion prevention strategies include the
use of corrosion-resistant materials, cathodic protection, the
application of protective organic and inorganic coatings, etc. [3].
Although organic coatings are preferable due to high efficiency
and low cost, the major disadvantage of this is they quickly
develop micropores and these pores allow the electrolyte to
rapidly get into the metal [4]. Therefore, researchers are currently
working on developing a corrosion inhibitor that is much more
effective. In the search for more reliable materials to deliver

family of new 2D transition metal carbides, nitrides and
carbonitrides called “MXenes” in 2011 which can be
synthesized by selective etching of certain atomic A’ layers
(Group-13 & 14 elements) from their corresponding
three-dimensional (3D) layered precursor MAX phase [10]. To
date, >150 MAX phase compositions and approximately 50
MXenes have been experimentally synthesized [11]. Among
different types of experimentally proven MXenes, more than
70% of the research has been done on TisC2Tx MXene alone as
it shows great potential towards various applications. This novel
material also shows great potential as a coating material due to
its unique properties such as unique layered structure,
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lightweight, high optical transparency, negative zeta potential,
high electrical conductivity, adjustable band-gap, tunable surface,
and excellent mechanical strength [12]. It is used as an anode
coating material of a lithium-ion battery to improve its
performance and stability. It can also be applied as a thin coating
layer which possess a "nano-scale barrier effect” that creates a
"labyrinth effect”, prolonging the penetration path of destructive

elements into the coatings and metal substrates [13].

Various coating technologies, such as spray coating, spin
coating, dip coating, chemical vapour deposition (CVD),
electrophoretic deposition (EPD), and inkjet printing, can be
used to apply MXene onto different surfaces, each offering
unique advantages and disadvantages based on the intended
application and desired coating properties (Figure 1) [14].

- R

Coating

Techniques

Figure 1. Different coating techniques used for the coating of 2D MXenes.

Yan et al. investigated the corrosion resistance of Q345 steel
coated with a TisC2 MXene and epoxy resin composite using a
coater [15]. The steel was tested by immersing it in 3.5% NaCl for
96 hours. Adding 1 wt% TisCz to the epoxy, reduced water
absorption to 0.23 wt% from 0.96 wt% in pure epoxy. This
significantly decreased metal corrosion after 15 days. Similarly,
Zhao et al. developed air-stable, oxidation-resistant TisC2Tx
MZXene nanosheets functionalized with an ionic liquid (IL),
which significantly enhanced the anticorrosion performance of
waterborne epoxy (WEP) coatings. The IL@MXene-WEP
coatings showed a 1-2 orders of magnitude increase in
impedance and exhibited excellent self-healing properties,
reducing local corrosion in a 3.5% NaCl solution [16]. In another
study, Li et al. improved the anticorrosion performance of
waterborne epoxy coatings by adding L-Cysteine functionalized
TisC2Tx MXene nanosheets. After 30 days in 3.5 wt% NaCl, the
fMX/WEP coatings showed significantly higher low-frequency
impedance and lower corrosion rates compared to the blank
WEP, demonstrating enhanced protection [17]. TisC2Tx MXene
coatings were prepared by Shi et al. on X70 steel using a simple
spin coating method, revealing excellent corrosion protection
through a diffusion barrier. A significant positive shift of 170 mV
in Ec,.r and a decrease in I to 1.5 pA-cm2 were observed in the
MZXene-coated steel, indicating enhanced corrosion resistance
compared to uncoated steel after 30 minutes of immersion [18].
Despite these coating methods, exploring an efficient and
cost-effective coating method for industrial applications is an
ongoing challenge. In this regard, Electrophoretic deposition
(EPD) has gained significant attention in recent years for its
ability to produce high-quality, uniform coatings on
complex-shaped substrates with excellent adhesion and
scalability to large product sizes.

Dip Coating

Electrophoretic Deposition (EPD) of MXene: Literature
Review

Electrophoretic deposition (EPD) is a technique used to deposit
particles such as ceramics, metals, and polymers onto a
substrate by applying an electric field. A typical EPD system
consists of a power supply, a conductive substrate, a
counter-electrode, and a stable suspension of charged particles.
When voltage is applied, active material particles from the
liquid dispersion are deposited onto the substrate. This
technique has also been applied to the deposition of 2D
materials such as MXene and graphene [7]. TisC2Tx MXene
possesses a negative surface charge (around -40 mV). MXene
flakes can be dispersed in a suitable solvent and a voltage is
applied to the substrate, causing the MXene flakes to migrate
towards their respective electrode and deposit on the surface.
One application of MXene coatings using EPD is in the
fabrication of supercapacitor electrodes. The MXene-coated
electrodes exhibit high capacitance, fast charge/discharge rates,
and excellent cycling stability, making them promising
candidates for energy storage applications [19,20]. MXene
coatings have also been explored for water purification
applications. Deng et al. prepared a 575 cm® MXene membrane
using EPD in 10 minutes, achieving ~99.5% Na+ ion rejection,
compared to ~94.7% for the same thickness membrane made
with vacuum-assisted filtration [21]. MXene coatings have also
been shown to exhibit antibacterial properties which can
prevent implant-associated infections. Jang et al. reported the
improvement of the osteoinductivity of Ti by depositing a
TisC:Tx MXene coating on the material surface via the EPD
technique [22]. The EPD technique is a promising method for
applying MXene coatings to various substrates for diverse
applications. A statistical approach conducted by Namvari et al.
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in Scopus search using the terms "electrophoretic," "deposition,"
and "MXene" reveals a notable rise in publications across
multiple fields, with significant growth observed up to
December 2023 [23]. However, there is a noticeable lack of
coverage in the literature regarding electrophoretically
deposited MXene for anti-corrosion application. By addressing
this gap, researchers can advance our understanding of
corrosion mitigation strategies and contribute to the
development of advanced materials coating for diverse
industrial applications.

In this study, the TisC:Tx MXene was produced from
conventionally synthesized (pressureless sintering) TisSiCz
MAX phase by HF etching. The XRD analysis confirms the
change in d-spacing of TisC2Tx MXene with respect to its bulk
counterpart. The EPD technique was used to coat TisCzTx
MZXene onto a copper substrate. Various deposition parameters
were optimized for uniform coating formation. The
morphological analysis showed a homogeneous and uniform
coating of TisC.Tx MXene on the substrate. The Tafel
measurements exhibited excellent corrosion inhibition
efficiency in comparison to the bare substrate. This work will be
an added benefit to the electronic industries where electrical
conductivity and electromagnetic interference (EMI) shielding
is an important factor. As TisC2Tx MXene exhibits exceptional
shielding ability, the components inside the device could be
coated with MXene material to prevent electrochemical
corrosion and restrict EMI without change in the property of
electrical conductivity [24].

Experimental Procedure
Synthesis of high-pure TisSiC2 MAX phase

The synthesis of high-pure TisSiC2 MAX phase was obtained as
reported in our previous work [25]. In short, for the synthesis of
high-pure TisSiC2 MAX phase, the raw materials of elemental
Ti (200 pm, 99% purity, John Baker Inc., Colorado, USA), Si
(250 um, 99% purity, Central Drug House Pvt. Ltd., India) and
C (100 pum, 99.5% purity, Central Drug House Pvt. Ltd., India)
were taken in a poly-propylene bottle at a molar ratio of 3:1.2:2.
The powder mixture was mixed homogeneously for 12 h in
ethanol using 2 mm zirconia balls (ball to powder ratio ~10:1).
The milled powder was then vacuum dried followed by cold
pressing at room temperature into cylindrical pellets of 20 mm
diameter and 2 mm thickness on application of 100 kgcm-2
uniaxial pressure. The compact mixture was then heat treated at
1400 °C for 140 minutes in an argon atmosphere with a heating
rate of 10 °C/min. The as prepared sample looks grey in colour.
The synthesized pellet was crushed to powders for further
characterization and for the fabrication of 2D TisC.T MXene
nanosheets.

Synthesis of TisC2Tx MXene (multi-layer) by wet
chemical etching

The synthesis of 2D TisC2Tx MXene nanosheets was obtained as
reported in our previous work [26]. For the fabrication of
extra-ordinary multi-layer TisC.Tx MXene nanosheets, a
mixture of HF (Hydrofluoric acid, 40% assay, FINAR Chemicals
Pvt. Ltd.), India and H20: (Hydrogen peroxide, 30% assay,
Central Drug House Pvt. Ltd., India) was prepared initially by
mixing 5 ml of H202 (35 wt. %) and 50 ml of HF (40 wt. %)
followed by stirring for 15 minutes in an ice-bath (< 5 °C). Then,

3 g of grayish TisSiC2 MAX powder was slowly added to the
solution mixture and stirred for 2 h in ice-cold condition. The
reaction mixture was then placed in an oil bath, pre-heated at 40
°C, and stirred further for 48 h. Then, the product was recovered
by centrifugation on repeatedly washing with DI water (Milli-Q
Integral 3 system, Millipore, USA) till the pH gets neutral.
Finally, it was washed twice with ethanol and acetone and dried
in vacuum at 100 °C to obtain multi-layer TisC2Tx MXene
powder.

Due to the susceptibility of single or few-layer MXene to
oxidation, this work focuses on synthesizing and coating
multilayer MXene on the desired substrate to ensure long-term
stability and corrosion prevention in a corrosive environment
[27]. For a detailed understanding of the researchers,
optimization of process parameters for high quality multi-layer
TisC2Tx MXene nanosheets has been discussed in section 3.2 of
this article.

Electrophoretic deposition of 2D TisC2>Tx MXene

For electrophoretic deposition (EPD), the TisC.Tx MXene
nanosheets thus prepared were first dispersed in
1-methyl-2-pyrrolidone by ultrasonication for about 15 mins.
The multi-layer MXene powder was completely dispersed,
forming a black suspension. Since the MXene suspension is
negatively charged, an anodic EPD process was used for coating
of MXene nanosheets. The copper sheet (purity: 99.99%),
obtained from Rashmita Traders (Bhubaneshwar, Odisha,
India) was cut into strips of finite dimension (5 cm X 2 cm).
Then, the strips were polished with 220 grit silicon carbide
paper and subjected to ultrasonic cleaning for 30 minutes using
a combination of distilled water and acetone before coating. The
copper strip served as the deposition electrode (anode) and a
graphite strip (5 cm x 3 cm) was used as the cathode. The
electrodes were hung vertically into the MXene suspension
contained in a glass beaker at a gap of 2 cm from each other. A
constant DC voltage of 150 V was applied to the suspension
with a variable deposition time (5-60 sec), utilizing a source
meter (Model-2410, Keithley Instruments Inc., Cleveland, OH,
USA). The samples coated using the optimized parameters of
150V and 45 seconds were found to be the best, resulting in a
thin and uniform deposition. The coated green samples were
vacuum-dried overnight and were wused for further
characterization.

Characterization

The crystal structure and phase identification of the products
were obtained by x-ray diffraction (XRD) (X’pert PRO, Malvern
PANalytical, Netherlands) using Cu-Ka as x-ray source. The
percentage composition of crystallographic phases such as
TisSiCz, TiC, and TisSis in all the samples was determined
through the integration of X-ray diffraction (XRD) peak
intensities using the below equation:

Phase (%)= [1]

Where, ‘I represents the integrated area of the most
intense peak corresponding to the phase under analysis [In this
work: Ti3SiCz (104), TiC (200), TisSis (211)], while ‘I’ stands for
the cumulative sum of the integrated areas of the most intense

Ix

It

peaks of all currently present representative phases.
Microstructural — characterization was done using a
field-emission scanning electron microscope (FESEM)
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equipped with an Energy Dispersive X-ray Spectrometer (EDX)
(Supra-55, Zeiss instruments, Jena, Germany). Raman
spectrometer (InVia Renishaw, Gloucestershire, UK) equipped
with an air-cooled CCD (Charge Coupled Device) detector was
used as a tool to determine the signs of oxidation and
degradation of exfoliated MXene nanosheets. NIR laser beam of
excitation wavelength 785 nm with an exposure time of 100
seconds was used in the analysis. Electrochemical investigations
were performed using CHI-660E electrochemical workstation
(Austin, TX, USA) instrument in 3.5% sodium chloride (NaCl)
solution at room temperature.

Results and Discussion

Effect of process parameters on the synthesis of
TisSiC2 MAX phase

To ascertain the crystallinity and phase purity of TisSiC2 MAX
phase, fine powders of titanium, silicon, and carbon are mixed
in 3 different stoichiometric ratios viz. 3:1:2, 3:1.1:2 and 3:1.2:2.
Figures 2(a), 2(b), and 2(c) represent the X-ray diffraction
pattern of formation of TisSiC. MAX phase with varying
concentration of ‘Si’ in 3:1:2, 3:1.1:2 and 3:1.2:2, respectively at
different temperatures (1300 °C to 1400 °C) and time (1-2 hr).
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Figure 2. X-ray diffraction pattern of all the heat-treated samples showing TisSiC> MAX phase, TiC and TisSis at different intensities with respect to
varying temperature, time at a molar ratio: (a) 3:1:2, (b) 3:1.1:2 and (c) 3:1.2:2.

During the sintering process, the powder mixture is heated
at a heating rate of 10 °C/min in argon atmosphere. The
presence of diffraction lines at 26 ~ 9.9, 39.5°, 40.8°, and 42.5°
confirms the formation of TisSiC2 MAX phase in all the plots
with different concentrations of ‘Si’ taken. (JCPDS ref. code:
03-065-3559). The peak at 20 ~36° and ~41.8° confirms the
formation of TiC as an intermediate phase with an increase in
peak intensity up to 1350 °C for all the plots. The diffraction
lines emerged at the angle 40.8° and 42.5° corresponds to

intermediate TisSis, since the corresponding plane shows the
major peak intensity according to the JCPDS database no.:
00-039-1283. To minimize the formation of impurities, 0.1 and
0.2 molar excess silicon is added to compensate for the loss of
silicon at high temperatures i.e. at 1400 °C. The increase in
Irc/Irsc ratio to 0.65 with 3:1.2:2 molar concentration of
elemental Ti:Si:C powder in Figure 2(c) confirms the formation
of TisSiC2 MAX phase where ‘Si’ plays an important role during
the synthesis (Table 1).

Table 1. Phase composition of different crystallographic phases formed in all the samples that were heat treated at varying
temperatures (1300-1400 °C), time (1-2 hr) and concentration of ‘Si’ (1, 1.1 and 1.2).

Ti/Si/C powder Heating Heating time Detected crystallographic phases (%)

mixture ratio temperature (°C) (min) - — —
TiC TisSiCa TisSis

3/1/2 1300 60 44.9 2.4 52.7
1300 120 51.1 14.9 34.0

1350 60 57.0 6.8 36.1

1350 120 59.7 22.1 18.2

1400 60 41.7 21.4 36.9

1400 120 58.3 23.4 18.3

3/1.1/2 1300 60 48.9 1.4 49.8
1300 120 56.1 13.4 30.5

1350 60 51.3 12.1 36.6

1350 120 56.6 23.7 19.8

1400 60 39.2 14.4 46.4

1400 120 51.9 25.1 23.0

3/1.2/2 1300 60 48.1 2.9 49.0
1300 120 53.2 12.8 34.0

1350 60 44.8 15.3 40.0

1350 120 54.2 25.0 20.8

1400 60 35.1 18.4 46.4

1400 120 41.5 29.7 28.8
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The percentage composition of crystallographic phases such
as TisSiCa, TiC and TisSis in all the samples were determined
(Table 1) through the integration of X-ray diffraction (XRD)
peak intensities using equation-1. Here, I« is replaced with Irsc
which represents the integrated diffraction peak intensity of the
TisSiCz phase along the (104) plane, I'rc represents the integrated
diffraction peak intensity of TiC phase along the (200) plane, and
Irs represents the integrated diffraction peak intensity of TisSis
phase along the (211) plane [28].

These findings suggest that prolonged heating at higher
temperature (1400 °C) contributes to the progressive formation
of the TisSiC2 MAX phase, a crucial observation for optimizing
synthesis conditions. With subsequent optimization, high-pure
TisSiC2 MAX phase was synthesized at 1400 °C for 140 minutes
in an argon atmosphere with a heating rate of 10 °C/min (see
section 2.1).

Optimization of TisC2Tx MXene synthesis using
different etchant concentrations

This section explores the disadvantages associated with the use
of high and low etchant concentrations in MXene synthesis,
highlighting material quality issue. This helps the researchers to
minimize the limitations and enhance the MXene synthesis
efficiency.

High etchant concentration

Higher concentrations of HF expedite the etching process,
accelerating the removal of silicon layers from the TisSiC2 MAX
phase and consequently reducing the synthesis time required
for TisC2Tx MXene production. However, it introduces several
drawbacks. Firstly, the corrosive nature of high HF
concentration can result in non-uniform morphology,
including irregular thickness and surface roughness of the
layers [Figure 3(b)], with oxidation of the metal “T1" to TiO2 (26
=25.4°) which can be evident from the XRD graph represented
in Figure 3(a) [29].

~
o
=

(a.u.)

Intensi

'
'
'
-
A Y
-

T
10 1]

20 3
20 (degrees)

50

its corresponding TisC2Tx MXene (Red) showing formation of TiO: at
25.4°, (b) FESEM image of TisC2T, MXene showing surface roughness
and broken layers.

This limits the MXene’s applicability in certain downstream
applications. Additionally, it increases the intrinsic defects such
as single metal vacancies or vacancy clusters that reduces the
quality of MXene layers.

Low etchant concentration

To avoid excessive etching and surface defects of the MXene
layers, effect of low etchant (HF/H202) concentration on the
synthesis of TisC.Tx MXene from TisSiC2 MAX phase was
studied. This condition resulted in slower etching rates, leading
to prolonged synthesis time required to produce TisCaTx
MXene. This sluggish etching process produced larger MXene
flakes with a minimum concentration of defects and a larger
oxygen to fluorine ratio [30]. However, this process hinders the
complete removal of robust ‘Si’ layers from the TisSiC2 MAX
phase, potentially resulting in incomplete transformation to
TisC2Tx MXene (Figure 4 a and b).

~
)
S’

—— Ti SiC, MAX

— Ti,C,T, MXeneI

- {104)

Intensity (a.u.)

~~
=)
S’

1 pm

Figure 4. (a) X-ray diffraction pattern of TisSiC2 MAX phase (Blue) and
its corresponding TisC2Tx MXene (Red) showing no blue shift of (001)
peaks, (b) FESEM image of TisC2Tx MXene showing compact MXene
layers with few openings.

This can be evidenced from the XRD graph [Figure 4(a)]
which shows no blue shift of the characteristic (001) peaks of
TisC2Tx MXene. The FESEM micrograph represented in Figure
4(b) shows not well separated, compact layers of TisCzTx
MZXene which supports the XRD data. This impacts the
material's properties such as electrical conductivity and
mechanical strength. With subsequent optimization,
high-quality TisC2Tx MXene with high yield was achieved,
which is described in section 2.2 of this article.

Characterization of TisSiC. MAX phase and TisC-Tx
MXene

Powder X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) analysis was employed to investigate
the structural characteristics of the TisSiC2 MAX phase and its
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corresponding TisC:Tx MXene. Initially, the TisSiC2 MAX
phase exhibited distinct peaks at 10.09°, 20.19°, 30.46°, 39.6° for
the corresponding planes (002), (004), (006), and (104),
respectively [25]. A small diffraction peak at ~36° confirms the
formation of SiC as an impurity. However, there are no signs of
TiC as an impurity which is evident from the graph. The
disappearance of all diffraction peaks related to TisSiC2 MAX
phase after acid etching was confirmed by the XRD pattern in
Figure 5, indicating the formation of TisC2Tx MXene. The shift
of the characteristic (002) peak of TisC2Tx MXene from 10.09°
to 8.64° was observed, which confirmed the formation of the 2D
layered structure, post-etching [26]. This transformation was
further evidenced by changes in the interlayer spacing (from
8.74 A to 10.08 A), attributed to the introduction of surface
terminations (-OH, -FE -O, etc.) during the etching process. This
observation is consistent with previous literature reporting the
blue shift of (001) planes of TisC2Tx MXene [31].

Tiscsz MXene
002 Ti_SiC. MAX
0% (006) i
-~ (004) TiC
=.’ (104)
]
N’
Z
17 ,]
=
0)
~—
=
(=
] ] ) ] )
10 20 30 40 50 60

20 (degrees)

Figure 5. X-ray diffraction (XRD) spectra of TisSiC2 MAX phase (Black
line) and it’s corresponding TisC2Tx MXene after etching (Red line).

Field-emission scanning electron microscopy (FESEM)

FESEM was used to examine the morphology of the TisSiCz
MAX phase and its derived TisC2Tx MXene. As shown in Figure
6(a), the FESEM images of the TisSiC2 MAX phase reveal a
closely packed laminated structure, typical of bulk-layered
ternary carbides [32]. The presence of surface debris indicates
impurities such as SiC with distinct morphologies. After acid
etching, the TisSiC: particles transformed into thin sheets with
a well-defined accordion-like morphology, characteristic of
multilayered TisC2Tx MXene, as seen in Figure 6(b) [26,33].
This transformation indicates successful etching, where the Si
layers are selectively removed, resulting in the exfoliation of the
MAX phase into 2D MXene sheets. Elemental analysis (EDAX)
(inset) of both samples confirms that the selective etching of the
'Si' layer from TisSiC2 MAX phase is achieved by the combined
action of H,O, and HF, leading to the development of surface
terminations such as oxygen (-OH) and fluorine (-F), which
make TisC2Tx MXene nanosheets highly hydrophilic [34].

Weight% Atomic%
11.65 32.62
10.8 12.93

54.45
100.00

""a- o =
1 pm

2 G -

Atomic%

10.64 22.80
14.70 23.64
15.04 20.38
3.04 2578

30.40
100.00

Figure 6. FESEM images of (a) TisSiC2 MAX phase showing typical
compact layered structure, (b) well-defined accordion-like morphology
of multi-layered TisC2Tx MXene stack after etching in HF/H20-. Inset
showing EDAX of TisSiC> MAX, TisC2Tx MXene in figure (a) & (b),
respectively.

Raman spectroscopy

This study utilizes Raman spectroscopy to assess the surface
chemistry and quality of TisC:Tx MXene nanosheets and to
detect early signs of oxidation. The MXene Raman spectrum,
shown in Figure 7, can be divided into several regions. The first
is the resonant peak (125 cm™), observed with a 785 nm laser,
which is coupled with the plasmonic peak. The next region is
flake region from 150 cm™ to 250 cm'. This area is
characterized by the presence of Az (Ti,C,0) and Eg (Ti,C,0)
vibrational modes which correspond to the in-plane and
out-of-plane vibrational motions of the titanium atoms in the
outer layer, as well as carbon and surface groups. A sharp
resonant peak (Pink bands) at around 208 cm™ corresponds to
Aig out-of-plane vibration of Ti, O, and C atoms in the flake
region, while a similar peak at 725 cm™ is due to the C-atoms in
the carbon region. The region (Green band) from 230 to 470
cm™" corresponds to in-plane (Eg) vibrations of surface groups
attached to titanium atoms. This region is affected only by
surface atoms, making it useful for studying the surface
chemistry of MXenes and how it changes during chemical or
electrochemical reactions. The region (Grey band) between 580
cm™ and 730 cm™! is primarily attributed to carbon vibrations
(both Eg and Aig) in the carbon region and is commonly used
for fingerprinting surface groups in various in situ
electrochemical studies [35].
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Figure 7. Raman spectrograph obtained from TisC-Tx MXene powder
and excited with 785 nm NIR laser. The spectrum shows out-of-plane
vibration (pink bands) of Ti, C, O atoms in flake region and carbon
region, Eg in-plane vibration (Green band) of surface groups, and
carbon vibrations (both Eg and A1g) in carbon region (Grey band).

Zeta potential of TisC2Tx MXene

Figure 8 represents the zeta potential vs. pH graph of TisCzTx
MZXene nanosheets to determine the surface charge, which is an
important factor for the success of the EPD process. Initially, the
suspension's pH was slightly acidic (~6) due to negatively
charged surface groups (-OH, -FE -O, etc.). The surface charge,
measured with a zeta potential analyzer (Zetasizer Pro, Malvern
Panalytical Ltd., UK) showed a negative potential of -35 mV at
its natural pH, indicative of a stable colloidal dispersion. The pH
was tuned by using 1M dilute sodium hydroxide (NaOH) and
dilute nitric acid (HNOs). Throughout the entire pH range, the
zeta potential exhibited a decreasing trend with increasing pH,
with minor fluctuations observed at pH 9, likely due to
measurement error. At a pH of ~7.5, the TisC2Tx MXene
nanosheets exhibited maximum charge (-41 mV) with
improved dispersibility which is suitable for carrying out the
EPD process [36].

-10
+—Ti,C,T MXene
.20
-
>

g
o
=
= -304

=

P
o .

(=]
~ \

] i *
z -40 “ /
N

-50

10

Figure 8. The plot represents the zeta potential of TisC2Tx MXene at
different pH.

Characterization of TizC2Tx MXene coating on copper

Following the coating of TisC.Tx MXene onto a copper
substrate using EPD, as described in section 2.3, the material
underwent detailed characterization and analysis to assess its
morphological and electrochemical properties.

Field-emission scanning electron microscopy (FESEM)

Field-Emission Scanning Electron Microscopy (FESEM) was
employed to analyze the morphological characteristics of
TisC2Tx MXene coatings deposited on copper substrates. Figure
9(a) depicts the micrograph of TisC.Tx MXene on copper
substrate, showing restacking of MXene layers during the
drying or coating process. However, some needle-like structures
were observed on the surface of TisC2Tx MXene nanosheets.
This could be primarily attributed to surface functionalization
and hydrolysis, as well as chemical interactions of MXene
functionalities with 1M dilute NaOH solution which was used
during the EPD process. The addition of NaOH to the MXene
suspension induces hydrolysis of surface functional groups,
generating hydroxide ions (OH") that interact with the MXene
surface, leading to significant ion adsorption. This interaction
causes structural rearrangements and localized variations in
surface energy, resulting in needle-like structures due to the
crystallization or precipitation of reaction by-products, such as
titanium hydroxide [Ti(OH),], which forms under alkaline
conditions [37]. The elemental composition of the coating is
elucidated through EDAX spectra (inset), which reveal the
presence and relative abundance of constituent elements within
the coating layer. Figure 9(b) illustrates the coated and uncoated
areas of a single copper strip, highlighting the application of the
protective coating. This visual evidence demonstrates the
efficiency of the EPD process in uniformly depositing TisC2Tx
MXene onto the copper substrate. Additionally, the elemental
mapping in Figure 9(c) reveals the spatial distribution of
essential elements, including titanium (Ti), oxygen (O), and
fluorine (F), across the coated surface.

Electrochemical analysis by Tafel polarization measurement

The electrochemical performance of TisC2Tx MXene-coated
copper (MXene/Cu) was evaluated using Tafel analysis to assess
corrosion inhibition compared to bare copper. Before Tafel
analysis, the samples were masked with epoxy, exposing a 1 cm?
area, as illustrated in Figure 10(a). In a 3-electrode setup with
Ag/AgCl as the reference and a Platinum wire as the counter
electrode, the samples were treated as the working electrode,
immersed in 3.5% NaCl at room temperature. Before running
the Tafel analysis, open circuit potential (OCP) measurement
was conducted which showed a positive shift from -0.211 V
(bare Cu) to -0.019 V (MZXene/Cu), indicating enhanced
corrosion resistance [Figure 10(b)]. The Tafel polarization
curves of the samples represented in Figure 10(c) revealed
reduced Leon values for MXene/Cu (0.27 pA/cm?), compared to
bare Cu (1533.20 pA/cm?), with a calculated corrosion
inhibition efficiency of 99.8%. This may be attributed to the
formation of TiO2 from low-valence ‘T states (Ti?* and Ti**) in
TisC2Tx MXene, delaying metal oxidation [38]. OCP and Tafel
values of both the samples are summarized in Table 2.
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Figure 9. FESEM micrograph of (a) TisC2Tx MXene coating on copper, showing restacked layers and needle-like structures due to interactions with
dilute NaOH. Inset: EDAX spectra revealing the elemental composition of the coating, (b) Coated and uncoated regions of the copper strip,
demonstrating the uniform deposition of TisC-Tx MXene via the EPD process, (¢) Elemental mapping of the coated copper surface, showing the
distribution of Copper (Cu), Titanium (Ti), Oxygen (O), and Fluorine (F).
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Figure 10. (a) TisC2Tx MXene coated Cu substrate masked with epoxy, exposing 1 cm? area, (b) open circuit potential (OCP) measurements of bare
Cu and MXene/Cu, (c) Tafel polarization curves of bare Cu and MXene/Cu carried-out in 3.5% NaCl at room temperature.

x 100% [2]

The corrosion inhibition efficiency () of the samples depicted in Lporr(Bare Cu) — Iy, (Coated Cu)
Table 2 were estimated by using the following equation 7. n= Toorr(Bare Cu)

Table 2. Electrochemical measurement values of bare Cu and MXene coated Cu.

Sample OCP (V) Eecorr (V) Leorr (WA/cm?) Corrosion Rate (mm/year) 1n (%)
Bare Cu -0.211 -0.054 1533.20 17.73 -
MXene/Cu -0.019 -0.019 0.27 0.003 99.8%
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The corrosion rate (CR) was determined using the following
equation in accordance with the American Society for Testing
and Materials (ASTM) standard G102 [39].

CR =K[IL,../cA] x EW (3]

where, the corrosion rate constant (K)=3272 mm/year, the
density (o) of Cu=8.97 gm/cm3, the exposed surface area of the
sample (A)=1 cm?, and the equivalent weight (EW) of Cu=31.7
gm.

Conclusions

This study highlights the successful synthesis and application of
high-quality TisC-Tx MXene as a corrosion-resistant coating.
Initially, the TisSiC2 MAX phase was synthesized with high
purity through pressureless sintering by optimizing various
parameters. TisC2Tx MXene was then derived from MAX using
a mixture of HF and H, O, as etchants, with the concentration of
the etchants playing a crucial role in producing high-quality
MZXene. Characterization techniques such as XRD and FESEM
confirmed the formation of 2D layered TisC2Tx MXene, with
XRD showing a shift of the (002) peak from 10.09° to 8.64°, and
FESEM revealing a well-separated, accordion-like structure.
Raman spectroscopy provided insights into the surface
chemistry and quality of the MXene nanosheets, identifying
specific vibrational modes and early signs of oxidation. The zeta
potential analysis indicated a maximum charge of -41 mV at pH
~7.5, confirming the effective surface functionalization. The
synthesized MXene was coated onto copper substrates using
electrophoretic deposition (EPD). FESEM and EDAX analyses
demonstrated uniform coverage and significant surface
functionalization of the MZXene coatings. Electrochemical
studies, including Tafel polarization and OCP measurements,
revealed that the MXene-coated copper exhibited superior
corrosion resistance, with a 99.8% corrosion inhibition
efficiency. This enhanced performance is attributed to the
formation of TiO2 from low-valence Ti states (Ti** and Ti**) in
the TisC2Tx MXene, which delays metal oxidation.

These findings validate the potential of TisC2Tx MXene as
an effective corrosion-resistant coating, offering a promising
approach for enhancing the longevity and durability of metal
substrates. This work will be an added benefit to the electronic
industries to prevent electrochemical corrosion where electrical
conductivity and electromagnetic interference (EMI) shielding
is an important factor.
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