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Abstract

Intercalation engineering of MXene via nickel hydrothermal treatment was investigated to improve interlayer
spacing, prevent restacking, and enhance the electrochemical performance of hybrid supercapacitors. MXene was
synthesized by etching the aluminum layer from the MAX phase, and nickel was successfully intercalated between the
layers using a hydrothermal process. X-ray diffraction (XRD) analysis revealed an increase in d-spacing from 9.94 A for
pristine MXene to 13.01 A for MXN2, confirming effective suppression of restacking. The specific surface area of MXN2
reached 35.27 m? g’!, significantly higher than pristine MXene (3.96 m? g™!). Electrochemical testing showed MXN2
achieved a specific capacitance of 118.9 F g™! in a 3-electrode system, and 60.03 F g! in a 2-electrode coin cell, with an
energy density of 6.48 Wh kg™! and excellent cycling stability (97.47% retention after 1,000 cycles). These findings
demonstrate that nickel intercalation significantly enhances MXene’s structural and electrochemical properties, making

MXN?2 a promising material for high-stability hybrid supercapacitors.

Keywords: MXene, Intercalation nickel (Ni), Self-restacking, Supercapacitor, Activated carbon

Introduction

The International Energy Agency (IEA) predicts
that the global renewable energy capacity will increase
by nearly 3,700 GW between 2023 and 2028, with
renewable sources expected to contribute more than
42% of global electricity production by the end of 2028
[1]. This anticipated growth in renewable energy
necessitates the development of efficient energy storage

systems that can effectively support various applications
in sustainable energy [2]. Among these, supercapacitors
have garnered significant attention due to their fast
charge/discharge rates, exceptional cycle stability,
environmental sustainability, and safety features [3,4].
Supercapacitors can be classified into 3 types based on
their energy storage mechanisms: Electric Double-
Layer Capacitors (EDLCs), pseudocapacitors, and
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hybrid supercapacitors [5]. EDLCs operate through
electrostatic interactions at the electrode surface,
making them suitable for carbon-based materials.
Pseudocapacitors, on the other hand, utilize faradaic
processes and rely on materials such as conductive
polymers and transition metal oxides for charge storage.
Hybrid supercapacitors combine the characteristics of
both EDLCs and pseudocapacitors, utilizing both
mechanisms of energy storage to deliver superior
performance [6].

MXenes, a family of 2-dimensional (2D)
materials, have attracted significant attention as
supercapacitor electrodes owing to their high
hydrophilicity, tunable interlayer spacing, excellent
electrical conductivity, and long cycle life [7,8]. These
materials (M, + 1X,Tx) are commonly synthesized via
selective etching of MAX phases (Mn + 1AXn). Among
them, Ti3C,Tx has been the most extensively studied,
due to its remarkable conductivity (~15,000 S cm™),
mechanical robustness, and superior electrochemical
properties [9]. Despite these advantages, MXenes face
intrinsic limitations arising from their 2D nanosheet
architecture. The nanosheets tend to restack due to van
der waals force in the surface termination group, leading
to a reduced interlayer spacing that impedes ion
transport and diminishes the accessible surface area for
charge storage [10]. This structural restacking increases
ion diffusion resistance, thereby restricting electrolyte
accessibility = and  ultimately  degrading  the
electrochemical performance of TizCoTx electrodes
[11].

MXene composites with transitional metal
materials are necessary to enhance redox reactions and
improve capacitance [12]. Previous studies, such as
those by Zhang et al. [13] demonstrated that the
incorporating Ni composites into 3D porous MXene,
achieving a specific capacitance of 85 F g~!, which is
higher than that of 3D porous MXene alone 67 F g™!.
However, these improvements are limited by the
ongoing issue of MXene self-restacking, which reduces
performance despite the use of transition metal
composites [14]. To overcome this problem, the
intercalation of nickel into MXene layers is required to
prevent self-restacking. Das et al. [15] addressed this
challenge by using silica (SiO,) insertion into MXene
layer, which resulted in a specific capacitance of 648 F
¢!, significantly higher than the pure MXene’s specific

capacitance of 246.6 F g!. Additionally, Lu et al. [16]
investigated asymmetric devices using
Co@MXene//AC electrodes, achieving a specific
capacitance of 23.7 mAh g™! with an energy density of
19 Wh kg ! at a power density of 400 W kg ! [16].
Numerous studies have focused on the
intercalation of transition metal (TM) materials into
MXene interlayers. The amount of intercalated material
is directly proportional to the quantity of transition metal
precursor used. However, in most studies, the mass ratio
of transition metal precursors used has been relatively
high (MXene: TM = 1: > 0.5 wt/wt%), which results in
the morphology of the MXene layers being fully
covered by the intercalated metal material. Therefore,
further research is needed to investigate the effect of
using smaller quantities of transition metal precursors
(MXene TR: TM = 1: < 0.2 wt/wt%) with the
hydrothermal method, ensuring that the transition metal
materials only intercalate into the MXene functional
groups rather than adhering to the surface of MXene.
Nickel is the preferred transition metal in this study
because its ionization energy (737.1 kJ mol ™) is lower
than that of silicon (786.5 kJ mol ') and cobalt (760.4 kJ
mol '), which have been used in previous research,
making nickel intercalation easier. This study focuses on
Intercalation Engineering of MXene via Nickel
Hydrothermal Treatment to address the issue of self-
restacking and to produce a high-stability hybrid
structure for supercapacitors. The hydrothermal
intercalation of Nickel into the MXene layers is
expected to prevent restacking by enhancing the
interlayer spacing, improving ion diffusion, and thus
increasing the overall capacitance and electrochemical
performance. The findings from this research aim to
contribute to the advancement of high-performance
supercapacitors, which are vital for the growing demand
for efficient energy storage solutions in the renewable
energy sector. The performance of the MXene-Ni-based
electrode will be evaluated in a symmetric
supercapacitor device using activated carbon, which is
known for its high surface area, in the form of a coin
cell. This approach is expected to contribute to the
advancement of electrical energy storage technology.
Numerous studies have investigated the
intercalation of transition metals (TMs) into MXene
interlayers. The extent of intercalation is generally

proportional to the amount of TM precursor used. In
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most reports, however, relatively high precursor
loadings are employed (MXene:TM > 1:0.5 wt/wt%).
This often leads to excessive deposition, where the
MXene surface becomes fully covered rather than
selectively intercalated. To overcome this limitation, it
is necessary to examine lower precursor concentrations
(MXene:TM < 1:0.2 wt/wt%) under hydrothermal
conditions. This approach favors intercalation into the
MXene functional groups without unwanted surface
coverage. Nickel was chosen as the transition metal due
to its lower ionization energy (737.1 kJ mol ') compared
with silicon (786.5 kJ mol™") and cobalt (760.4 kJ
mol '), both reported in earlier studies. The lower
ionization energy of nickel facilitates more efficient
intercalation. In this work, we propose intercalation
engineering of MXene via hydrothermal nickel
treatment to mitigate self-restacking and create a
structurally stable hybrid electrode. Nickel intercalation
is expected to expand the MXene interlayer spacing,
enhance ion transport, and improve electrochemical
performance. The performance of the MXene—Ni hybrid
electrode will be evaluated in a symmetric coin-cell
supercapacitor using activated carbon as the counter
electrode. Activated carbon was selected for its high
surface area and proven reliability. This study aims to
advance the development of efficient and stable energy

storage devices for renewable energy technologies.

Materials and methods

Materials

The materials used in this study included titanium
aluminum carbide (Ti3AlC,, 99% purity (200 mesh)
Luoyang Tongrun Info Technology Co., Ltd, China) as
the MAX phase, 48% hydrofluoric acid (HF, Sigma-
Aldrich, China), nickel chloride hexahydrate
(NiCl2-6H20,237.69 g/mol, Merck), cetyltrimethylam
monium bromide (CTAB, purity 98%, Sigma Aldrich,
China), urea ((NH2).CO, Merck), activated carbon
(CGC, Bangkok, Thailand) , carbon black (Imerys, La
Hulpe, Belgium), N-methyl-2-pyrrolidone (NMP,
Merck, Germany), polyvinylidene fluoride (PVDF,
Sigma Aldrich, USA), aluminum foil substrate, a coin
cell tool set (TOB Machine, Fujian, China),
tetracthylammonium  tetrafluoroborate ~ (Et4NBF4,
Gelon, Shandong, China) this ionic liquid electrolyte is
known for its wide electrochemical stability window

and high ionic conductivity, making it ideal for high-

performance supercapacitors, sodium sulphate (Na,SOs,
Merck, Germany), whatman paper as a separator, and
deionized (DI) water. All the chemicals had analytical
grade purity and were used as received without any

purification.

Materials for synthesis MXene

After the successful synthesis of the first layered
Ti3C, Ty using hydrofluoric acid, several other methods
were developed and implemented to obtain various
MXenes with new compositions. To date, there are 2
different strategies for obtaining MXenes using the
“top-down” and “bottom-up” approaches (Figure 1)
[17]. Top-Down Strategy: This approach involves
selective etching, where the bulk MAX phase is broken
down into individual MXene layers. Various etching
agents are used, including acids like HF and H3POs,
alkalis like NaOH, fluoride salts with HCI (e.g., LiF +
KF, NH4F), and even molten salts like NHsHF>. The
top-down method is highly effective in producing well-
defined MXene layers due to the ability of these
etchants, especially HF, to selectively remove the
aluminum layer from the MAX phase, leaving behind
the titanium and carbon layers to form the MXene
structure. This method is efficient in creating the
exfoliated structure but poses safety risks and scalability
challenges, especially with HF. Bottom-Up Strategy:
This involves chemical vapor deposition (CVD), where
MXenes are synthesized layer by layer, starting from the
atomic or molecular level. This method offers an
alternative to the top-down approach, potentially
avoiding the use of hazardous chemicals like HF.
However, it presents its own set of challenges, including
the control of material quality and scalability
Hydrofluoric acid (HF) is highly effective because of its
ability to break the strong bonds between the metal and
carbon atoms in the MAX phase. It specifically etches
the aluminum layer, allowing the remaining layers of
titanium and carbon to form the MXene structure. HF’s
unique reactivity makes it highly efficient in creating the
exfoliated structure with well-defined layers.

On the other hand, while alternatives like LiF/HCI
can etch the MAX phase, they may not be as selective
or efficient. LiF, for example, can react with the metal
layer but might not provide the same precise etching
necessary for producing high-quality MXenes with
well-defined layered structures. The etching process
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may be slower or less complete, resulting in poor
exfoliation and lower-quality MXene
Additionally, without HF,
generate the same level of ionic activity needed for

layers.
the reaction might not

successful delamination. Use of 48% HF in the synthesis
method poses both safety concerns and challenges
related to scalability. To address these issues, we will
explore and discuss alternative synthesis methods that
do not rely on HF. One promising alternative is the use
of citric acid, which can effectively replace HF in certain
synthesis processes while maintaining similar structural
and electrochemical properties. Citric acid is non-toxic,
more environmentally friendly, and easier to handle,
making it a safer choice for large-scale production.
Another alternative could be using phosphoric acid,
which has similar properties to HF but is less hazardous

and more widely accepted in industrial applications.

Synthesis of MXene intercalated by nickel
The synthesis of MXene was conducted by etching
the aluminum layer from the MAX phase material. This

process involved stirring 1 g of MAX material in 20 mL

of 48% HF solution at room temperature for 24 h. After
etching, the solution was washed with deionized (DI)
water using a centrifuge at 4,000 rpm for 10 min until
the pH of the solution reached approximately 6. Once
the desired pH was achieved, the sample was separated
from the solution, transferred to a petri dish, and dried
at 100 °C for 1 h. Ti3C,T«/NiThe intercalation of nickel
(Ni) into the MXene was performed by mixing 1 g of
MXene powder, 0.067 g of NiCl,-6H,O, 0.23 g of
CTAB, and 0.13 g of urea in 50 mL of DI water. The
mixture was stirred for 30 min at room temperature until
homogeneous and then transferred to a Teflon-lined
autoclave, where it was heated at 160 °C for 8 h. The
intercalation process was repeated for different
NiCl,-6H,O mass variations: 0.067 g (MXN1), 0.1 g
(MXN2), and 0.2 g (MXN3). The resulting solutions
were washed 3 times with DI water and ethanol,
followed by drying in an oven at 800 °C for 1 h. Finally,
the samples were calcined at 550 °C for 2 h under a
nitrogen atmosphere, following the flow diagram
illustrated in Figure 1.
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Figure 1 Schematic [llustration of the synthesis of MXene/Ni from MAX Phase and the system of symmetrical

supercapacitor.

Material characterization

The phases of the MAX, MXene, and MXene/Ni
materials were characterized using a Bruker DS
Advance X-Ray Diffraction (XRD) system with Cu Ka
radiation, operating in the 26 range of 5° - 90°. Scanning
Electron Microscopy (SEM) with an SU3500 instrument

and Transmission Electron Microscopy (TEM) with an
HT7700
morphology of the synthesized materials. The Brunauer-
Emmett-Teller (BET) method with a NOVA 2200e

instrument was used to determine the specific surface

instrument were used to observe the

area, based on nitrogen gas adsorption after degassing at
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150 °C for 12 h. Raman spectroscopy was performed
using a HORIBA LabRAM HR Evolution Raman
microscope equipped with a 785 nm laser and a 600

g/mm grating.

Fabrication of coin cell supercapacitor

The fabrication of the supercapacitor coin cell
began with preparing the electrodes. A mixture of
AC/MXene-Ni as the active material, carbon black as
the conductive agent, PVDF as the binder (in a weight
ratio of 8:1:1), and NMP as the solvent was used. During
the mixing process, the solution temperature was
maintained at 80 °C to facilitate the dissolution of PVDF
in NMP. The mixture was stirred for 8 h at 60 °C to
ensure homogeneity. The resulting slurry was then
applied to an aluminum foil substrate using a doctor
blade and dried at 80 °C for 2 h. Finally, the electrodes
were assembled into coin cells with a 1 M Et4NBF,
electrolyte and a whatman paper separator, arranged

symmetrically.

Electrochemical measurements

Electrochemical measurements of the fabricated
coin cells were conducted, focusing on galvanostatic
charge-discharge (GCD) performance. The specific

capacitance (Cs) of the electrodes was calculated using
Eq. (1) [18].

C, =425 (1)

Then, the specific energy (Es) and specific power
(P;) were determined using Eqgs. (2) and (3) [19].

Ccs(av)? 1

Es==%3 (2)
Es

P, = T x 3,600 3)

where [ is the applied current (A), At is the total
discharge time (s), m is the electrode mass (g), and AV
is the potential difference during the discharge phase
(V). The GCD test was performed over 1,000 cycles to
determine the capacitance retention (Cg), calculated

using Eq. (4).

Cp = " % 100% &)

Cs(max)

Cs(n) represents the specific capacitance at the n-" cycle
(F g, and Cspnayxy is the maximum specific
capacitance achieved during the 1,000 cycles (F g ).
For electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) measurements, a 3-electrode
system was employed. In this setup, the AC/MXene-Ni
functioned as the working electrode, while a platinum
wire and Ag/AgCl were used as the counter and
reference electrodes, respectively, with 1 M Na,SO4
serving as the electrolyte. From the CV curves, the
specific capacitance of the material was calculated using
Eq. (5) [20].

\4
fvif 1(V)av

x 1,000 Q)

s~ mv(Vf—Vi)

where f; FI(V) dV is the total area under the CV curve

(A V), m is the active material mass (g), v is the scan
rate (mVs '), and Ve, V; are the upper and lower limits

of the potential window (V).

Results and discussion

Microstructural analysis

The microstructural evolution of the synthesized
samples was systematically investigated through X-ray
Diffraction (XRD) to identify the crystalline phases
present. Theoretically, the transformation from the
MAX phase to MXene involves the selective etching of
the ‘A’ layer (e.g., Al), which should result in a loss of
corresponding diffraction peaks and a shift in others due
to changes in interlayer spacing and the introduction of
functional groups. As shown in Figure 2(a), the
diffraction pattern of the MAX phase confirms its
crystalline nature, with characteristic peaks observed at
20=9.44°,19.01°, 38.61°, and 60.05°, corresponding to
the (002), (004), (104), and (110) planes, respectively.
Following the etching of the aluminum layer using 48%
HF acid to form MXene, a critical change is observed:
the complete disappearance of the (104) peak at
38.61°. This is a fundamental indicator of successful
etching, as this peak is intrinsically linked to the
presence of the aluminum layer in the MAX structure.
Its absence confirms the effective removal of Al and the
formation of MXene [21]. Furthermore, and of
significant importance, the (002) peak - which is highly
sensitive to interlayer spacing - shifts from 9.44° in the
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MAX phase to a lower angle of 8.89° in the MXene
phase. According to Bragg’s law (nk = 2d sinf), a
diffraction angle (20)
an increase in the interlayer d-spacing. This expansion

decrease in the signifies

is a direct consequence of the aluminum atoms being

replaced by void spaces that are subsequently
terminated with functional groups such as hydroxyl (-
OH), oxygen (-O), and fluorine (-F), introduced during
the etching and subsequent washing with deionized

water (H20) [22].
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Figure 2 (a) X-ray Diffraction (XRD) Patterns of MAX and MXene Phases, (b) XRD Patterns of Different MXene-Ni
Variants (MXN1, MXN2, MXN3), (c) [llustration of the Interlayer Spacing in Ti3C,Tx MXene, (d) Illustration of the
Interlayer Spacing in MXN2, (e) Raman Spectra of MAX, (f) Raman Spectra of MXN2, (g) Raman Spectra of MXene,

(h) Nitrogen Adsorption Isotherms (BET-BJH) for all variants.
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Figure 2(b) presents the XRD patterns of the
nickel-intercalated MXene samples (MXN1, MXN2 and
MXN3). All samples retain the primary MXene
characteristics; however, the MXNI1 pattern exhibits
additional peaks at 44.5° and 53°, identified as the (111)
and (200) planes of a secondary nickel-containing
phase. This is attributed to an excessive concentration of
the nickel precursor in the MXNI1 synthesis. Under
hydrothermal conditions, the surplus Ni?* ions not only
intercalate into MXene but also undergo hydrolysis with
urea and water, precipitating as Ni(OH), according to
the reaction [23]. This is attributed to the excessive Ni**
ions reacting with oxygen and urea, leading to nickel
hydrolysis during the hydrothermal process, as
represented by the given reaction equation [24]. Each
curve corresponds to a different MXene variant, with the
characteristic diffraction peaks representing the crystal
structure of each phase [25-32]. The comparison reveals
changes in peak intensity and positions, suggesting
variations in crystallinity, phase composition, and metal
content in the MXene structures. These shifts are
indicative of the impact of adding nickel (Ni) and other
elements, influencing the material’s overall structural

integrity and potential applications.

Ni2* + 4(NH,),CO + 10H,0 - 8(NH,)* + Ni(OH), + 2(HCO5)™ + 2(C05)?"

A key finding across the intercalated samples is
the systematic shift of the (002) peak. The diffraction
angle for this peak shifts to 6.82° for MXN1, 6.79° for
MXN2, and 7° for MXN3. This indicates a further
increase in d-spacing compared to pure MXene, with
MXN?2 exhibiting the largest expansion. This suggests
that MXN2 achieved the most effective intercalation of
nickel species, optimally widening the galleries without
causing excessive phase segregation or disorder, as seen
in MXNI1. These peak shifts correlate directly with
changes in d-spacing, where larger shifts indicate
greater interlayer distances [15,33]. Figure 2(c) presents
the interlayer spacing (d-Interlayer  Spacing)
calculations for various stages of MXene formation,
with nickel (Ni) substitution. Initially, the MAX phase
exhibits an interlayer spacing of 9.36 A, reflecting the
distance between the layers in the pristine MAX phase.
This represents a typical interlayer distance for materials
in the MAX phase, where the atomic layers are
relatively close due to the presence of intercalating

elements such as aluminum (Al). Upon etching to form
MXene, the interlayer spacing increases to 9.94 A,
indicating the removal of Al atoms and the expansion of
the interlayer distance. This change is typical for MXene
materials, where the removal of certain elements results
in the increased separation of the remaining
layers.When Ni is introduced as a substitute in the
MXene structure, a more substantial increase in
interlayer spacing occurs. In the MXNI1 phase, the
interlayer spacing rises dramatically to 12.95 A (Figure
2(d)), highlighting the influence of nickel substitution
on the material’s structural expansion. This increase in
spacing is a result of the larger ionic radius of Ni
compared to Al, which facilitates greater separation
between the layers. In MXN2, the interlayer spacing
slightly increases further to 13.01 A, demonstrating
continued expansion due to the ongoing substitution
process. However, in MXN3, the interlayer spacing
slightly decreases to 12.02 A. This reduction could be
attributed to structural reorganization or changes in the
interaction between the nickel atoms and the MXene
layers during further processing. Overall, these
observations are consistent with the theory of metal-
substituted MXenes, where metal ions like Ni influence
the structural characteristics of MXene, including the
interlayer distance. The increasing interlayer spacing is
indicative of enhanced exfoliation and potential for
improved properties such as electrical conductivity,
which are vital for applications in energy storage and
other technological uses. The variations in spacing,
particularly the decrease in MXN3, reflect the complex
interplay between metal substitution and the structural
dynamics of MXenes. Variations in the crystallinity and
phase composition are also evident from the peak
intensities. The (002) peak in MXN1 appears broadened
and less intense, indicating a more disordered or
amorphous structure. Concurrently, all intercalated
samples exhibit the emergence of diffraction peaks
attributable to TiO (e.g., at 25.42° (101) and 37.78°
(004)), confirming the partial oxidation of the MXene Ti
layers during the hydrothermal process. This is
confirmed by the appearance of TiO; diffraction peaks
at the (101), (004), (200), (105), (211), and (204) planes,
corresponding to angles of 25.42°, 37.78°, 48.00°,
54.00°, 55.00°, and 62.65°, respectively [34]. The

intensity of the TiO; (101) peak is most pronounced in
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MXN3, suggesting a higher degree of oxidation. This is
consistent with a higher initial MXene content in
MXN3, which provides a larger reactive surface area for
conversion to TiO,. Furthermore, the intensity of the
(101) peak differs across variations, with MXNI1
showing a higher intensity compared to MXN2 and
MXNI1. This is because the MXNI1 sample contains a
higher amount of MXene, resulting in a greater surface
area being converted into TiO, during the hydrothermal
process compared to the other variations [35].
Consequently, MXN2 shows the highest interlayer
distance compared to the other variations. To determine

a)MXene

c¢)MXene (side view)

the bonding in the synthesized material structures,
lattice vibrations in the wavenumber range of 100 - 800
cm™!' were analyzed. The Raman spectra of MAX and
MZXene are divided into 3 main regions: the flake region,
associated with vibrations of carbon groups, 2 titanium
layers, and surface groups; the Tx region, representing
the vibrations of surface groups; and the C region,
corresponding to the vibrations of carbon atoms. The
vibrations in MAX and MXene consist of 2 primary
modes: in-plane (Eg) and out-of-plane (Ag), which
involve the outer layer, carbon, and surface groups [36].

b) MXN2

d) MXN2 (side view)

Figure 3 Element analysis TEM image of (a) MXene and (b) MXN2, SEM EDX Mapping of (c) MXene, (d) MXN2 (side view), (e)

MXene and (f) MXN2 (top view).
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Figures 2(e) - 2(g) presents the Raman spectra for
MAX, MXene, and MXN2, with key peaks observed in
the ranges of 100 - 250 cm ™! for the flake region, 230 -
500 cm! for the Tx region, and 550 - 800 cm™! for the
C region [37]. The MAX phase is shown, which lacks
the characteristic accordion-like morphology of MXene.
This structure is still intact because the aluminum (Al)
layer has not been removed. As a result, the MAX phase
maintains its compact, non-exfoliated form, indicating
that the aluminum is still part of the structure and
contributes to its layered arrangement. In this phase, the
Ti-Al bonds are stronger, which is reflected in the peak
ranges seen in the vibrational spectra (105 - 113 cm ™),
confirming the intact bonding between Ti and Al In the
flake region of MAX, peaks in the 105 - 113 cm ! range
represent strong bonds between Ti and Al; however,
these peaks disappear in MXene due to the exfoliation
of Al. Furthermore, the Tx region of MXene shows
increased intensity and full width at half maximum
(FWHM) compared to MAX, indicating a higher
concentration of surface groups on the MXene surface.
In the C region, the increased intensity and FWHM
suggest strengthened Ti-C bonds due to the absence of
Al In the flake region of MXN2, a peak at 148 cm!
corresponds to Ti-O bonding. The specific surface area
of the materials was determined using the BET method.
The results show that MXN2 has the highest specific
surface area of 3527 m? g!, compared to MXNI,
MXN3, pure MXene, and MAX, which have specific
surface areas of 24.06, 27.1, 3.96 and 1.1 m? g’!,
respectively. There is a significant difference in specific
surface area between MAX, pure MXene, and the
samples with variations. The N, adsorption-desorption
isotherms also exhibit distinct behavior, as shown in
Figure 2(h). The isotherms for MAX and pure MXene
correspond to type IIl curves according to IUPAC
classification, indicating very weak interactions
between the adsorbate and the adsorbent surface. In
contrast, the isotherms for the sample variations
correspond to type IV H3 curves, as evident from the
hysteresis loops. This indicates that the particles formed
in these samples have a plate-like, stacked structure,
resembling an accordion. Additionally, for all sample
variations, there is a slight curvature in the region 0 <
p/po < 0.1. This suggests some interaction between the

adsorbate and the adsorbent surface, facilitating

electrolyte adsorption and enhancing the material’s
suitability for energy storage applications. and reference
electrodes. Additionally, a peak at 209 cm™' with higher
intensity than in MXene is associated with out-of-plane
vibrations of Ti-O, caused by enhanced interlayer
coupling due to Ni ions and expanded interlayer
distance. In the Tx region, the intensity for MXN2 is
lower than for MXene, reflecting a reduction in surface
groups due to the presence of TiO, and nickel, as
confirmed by XRD results. In the C region, MXene
exhibits a peak at 719 cm'!, representing in-plane
stretching of Ti-C. This peak shifts to 738 cm™ in
MXN?2, indicating strengthened Ti-C bonds resulting
from nickel intercalation.

In Figure 3(a), This transmission electron
microscope (TEM) image shows the morphology of
MXene, revealing its layered structure. The dark areas
indicate regions of the sample, with visible sheets of
MXene, which are essential for its properties like high
conductivity and surface reactivity [38-40]. Figure 3(b)
Similar to the previous image, this is a TEM image of
MXN?2, but it shows a different material composition.
The elongated and distinct shapes suggest variations in
the structural form of MXN2 compared to MXene,
possibly resulting from modifications in its synthesis
process. Figures 3(a) and 3(b) represents TEM images
highlighting differences between MXene and MXN2.
Notably, MXN2 exhibits numerous small black
spherical spots, corresponding to TiO» and Ni. The
microstructure of the material was further analyzed
using SEM, as shown in Figures 3(c) and 3(d), the
MAX phase exhibits a structure that lacks the
characteristic accordion-like morphology, as the
aluminum layer is still present. In contrast, Figure 3(c)
shows that the MXene phase adopts an accordion-like
structure due to the removal of the aluminum layer,
which is replaced by functional groups formed within
the layers. The elevated temperature and pressure
conditions of the hydrothermal process facilitate a more
uniform intercalation of Ni within the MXene
interlayers [41]. As shown in Figures 3(c) and 3(d), a
substantial and well-distributed population of Ni
particles is present between the MXene layers, with
MXN3 exhibiting a higher density of Ni particles than
MXN2 and MXNI1 (Figures 3(c) - 3(f)).
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Ni intercalation is evident in all wvariations;
however, MXN2 (Figure 3(d)) demonstrates the most
pronounced incorporation of Ni within the interlayers.
In addition, a TiO; phase is detected on the surface of
the MXene sheets. While pure MXene (Figure 3(f))
contains no TiO», the emergence of TiO, particles is
clearly observed in Figures 3(c) and 3(d), with their
abundance increasing progressively from MXN3 to
MXNI1. Notably, MXN3 (Figures 3(d) and 3(e))
exhibits the highest concentration of TiO, particles,
indicating a more extensive conversion of MXene to
TiO; in this sample.

Figures 3(c) - 3(f) shows the SEM-EDX mapping
of MXN2 from side and top views. Figures 3(c) - 3(f)

Table 1 EDX of MXene and MXN2.

represents the side view SEM-EDX of MXene,
revealing the presence of Al and F in the sample.
Meanwhile, Figures 3(c) - 3(f) displays spherical
materials attached to the MXene layers, identified as Ni
and TiO, with no Al or F remaining due to the
hydrothermal process. Additionally, Figure 3(f) shows
the top view of MXene, which has a smooth surface
without any attached materials. In contrast, Figure 3(f),
depicting the top view of MXN2, reveals numerous
materials rich in oxygen, identified as TiO,. This
observation aligns with the XRD results, which show a
significant TiO, peak. The EDX data for MXene and
MXN2 are summarized in Table 1.

Materials Ti (%At) C (%At 0 (%At) Al (%At) F (%At) Ni (%At)
MXene 227 352 19.1 4 19.1 -

MXN2 (Side) 18.7 38.6 412 - - 1.5

MXN?2 (top) 29.9 27 423 - - 0.8

This observation aligns with the XRD results,
which show a significant TiO, peak. The EDX data for
MXene and MXN2 are summarized in Table 1. Figures
3(a) and 3(b) represents TEM images highlighting
differences between MXene and MXN2. Notably,
MXN2 exhibits numerous small black spherical spots,
corresponding to TiO, and Ni. The structural and
elemental analysis presented in these figures highlights
the significant differences between MAX, MXene, and
MXN2. The exfoliation of aluminum in MXene leads to
an accordion-like structure that enhances surface
functionality, while Ni intercalation and TiO» formation
in MXN2 further modify the material’s properties,
increasing its surface area and enhancing its suitability

for energy-related applications.

Electrochemical performances

The CV curves in panel Figure 4(a) show the
electrochemical behavior of the supercapacitor
electrodes at a scan rate of 10 mV s™!. The electrodes are
composed of various materials: AC/MAX, AC/MXene,
AC/MXNI1, AC/MXN2, and AC/MXN3. AC/MAX
shows a typical double-layer capacitance behavior, with
a rectangular shape, which indicates good ionic
movement and charge storage at the -electrode-

electrolyte interface. AC/MXene shows a similar trend
but with a slightly more pronounced peak current,
suggesting that the MXene addition enhances the
capacitive performance by offering more surface area
for charge accumulation. AC/MXN1, AC/MXN2, and
AC/MXN3  show  broader peaks,
pseudocapacitance behavior, which is characteristic of

indicating

the metal ions or functional groups in these samples (Ni
in the interlayer of MXNI1, MXN2, and MXN3),
facilitating more reversible charge storage mechanisms.
These curves provide insight into how MXene and its
derivatives (with Ni intercalation) modify the
electrochemical properties compared to the original
AC/MAX material.

The supercapacitor behavior of the synthesized
AC/MXene-Ni material, compared with AC/MAX and
pure AC/MXene, 1is analyzed through cyclic
voltammetry (CV) using a 1 M Na,SOy electrolyte in a
3-electrode system. The synthesized material serves as
the working electrode, while a platinum wire and
Ag/AgCl were used as the counter
Figure 4(a) presents the CV results for all materials at a
scan rate of 10 mV s™!, with the gravimetric specific
capacitance (Cg) for AC/MAX, AC/MXene, AC/MXNI,
AC/MXN2, and AC/MXN3 being 27.9, 35.66, 55.79,
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96.37 and 77.23 F g !, respectively. The CV graph for
AC/MXene shows distinct behaviors during the charge
process: From 0 to 0.5 V, the material exhibits EDLCs-
like properties, while from 0.5 to 1 V, faradaic battery
properties are observed. This dual behavior arises from
the combination of AC as the EDLC (electric double-
layer capacitor) component and MXene as the battery
component in a symmetric supercapacitor configuration.
During the discharge process of the AC/MXene sample,
the material demonstrates battery-like behavior across
the entire voltage range.

Figure 4(b) AC/MXN2 at different scan rates (2
to 10 mV s7!). As the scan rate increases, the CV curve
shifts, and the current density increases. This trend
indicates that AC/MXN2 demonstrates good rate
capability and fast charge-discharge behavior. The
gradual increase in current with higher scan rates
suggests a higher electrochemical activity and faster
electron transfer, which is favorable for energy storage
applications. Additionally, the curves remain nearly
rectangular, confirming the excellent capacitive
behavior of AC/MXN2 at varying scan rates. This
behavior can be attributed to the abundance of
functional groups in MXene, which facilitate faradaic
reactions. In these reactions, the anode releases
electrons that are subsequently accepted by the cathode,
imparting battery-type characteristics to all discharge
processes [42]. During the charging process of the
AC/MAX, AC/MXNI1, AC/MXN2, and AC/MXN3
samples, a similar trend to AC/MXene is observed.
However, distinct differences emerge in the faradaic

reaction process within the potential range of 0.5 - 1.0

V. Among these, AC/MXN3 exhibits superior faradaic
activity, which can be ascribed to its higher Nickel
content. The increased Nickel concentration enhances
the specific surface area and promotes more efficient ion
diffusion [43]. Nevertheless, excessive Ni loading can
hinder ion transport pathways, as confirmed by the
observed morphology. As a result, MXN2 demonstrates
higher specific capacitance compared to MXNI and
MXN3. During the discharge process, all samples -
except AC/MXene - exhibit behavior consistent with the
electric double-layer capacitance (EDLC) of activated
carbon (AC). The cyclic voltammetry (CV) profiles of

MXN2 at scan rates ranging from 2 to 10 mV s™!

are
presented in Figure 4(b). The corresponding specific
capacitances are 118.9, 111.75, 103.82,99.75, and 96.37
Fglat2 4,6,8, and 10 mV s!, respectively. These
results confirm that lower scan rates yield higher
capacitance values. Figure 4(c) shows the specific
capacitance for each material at different scan rates. As
the scan rate increases, the specific capacitance
decreases slightly, which is typical of capacitor-type
materials. AC/MXN2 has the highest capacitance at
lower scan rates, indicating superior charge storage
capacity compared to other variants. Figure 4(d)
Specific capacitance (F g™') for MAX, MXene, and
MXNI1 to MXN3 bar graph compares the specific
capacitance for each material (MAX, MXene and the
MXN series). The AC/MXN2 shows the highest specific
capacitance, suggesting its excellent performance as an
electrode material for supercapacitors or energy storage

devices.

Table 2 Specific capacitance, specific energy, and power density of coin cell supercapacitor.

Materials C,(Fg™ E;, (Whkg™) P, (Wkg™)
AC/MAX 24.06 2.62 178.26
AC/MXene 31.57 3.36 177.76
AC/MXNI1 34.64 3.80 177.96
AC/MXN2 60.03 6.48 176.72
AC/MXN3 44,71 4.78 176.22
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Figure 4 (a) CV curves of AC/MAX, AC/MXene, AC/MXNI1, AC/MXN2, AC/MXN3 at a scan rate of 10 mV s™!, (b) CV curves of
AC/MXN2 at various scan rates, (c) illustration of the specific capacitance of AC/MXN2 at various scan rates, (d) illustration of the
specific capacitance of each sample at a scan rate of 10 mV s™! (e) graph curves of AC/MXN2, d), AC/MXene, AC/MXN1, AC/MXN2,
and AC/MXNS3 at a current density of 0.1 A g™!, and (f) capacitance retention graphs for MXN2 and MXene, (g) comparative Ragone
plot illustrating the specific energy density (Wh kg™!) versus power density (W kg™") of MXene-AC-Ni-based supercapacitor electrodes,
and (h) Nyquist plot of AC/MAX, AC/MXene, AC/MXN1, AC/MXN2, and AC/MXN3.
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The GCD (Galvanostatic Charge-Discharge) test
was conducted using a coin cell supercapacitor device.
The coin cell consisted of an electrode-separator
whatman paper-electrode configuration, using 1 M
ET4sNBF4 as the electrolyte. The GCD curves at a
current density of 0.1 A g'! for AC/MAX, AC/MXene,
AC/MXN1, AC/MXN2, and AC/MXN3 are shown in
Figure 4(e). The discharge times of the AC/MXNI,
AC/MXN2, and AC/MXN3 samples are longer
compared to AC/MXene and AC/MAX. Among the
modified samples, AC/MXN2 exhibits the longest
discharge time. This result can be attributed to the
optimal composition of Ni located between the MXene
layers, which enhances the specific surface area and ion
diffusion, making it superior to the other modified
samples. Furthermore, AC/MXN2 also demonstrates the
highest specific capacitance of 60.03 F ¢!, compared to
AC/MAX, AC/MXene, AC/MXNI1, and AC/MXN3,
which exhibit specific capacitance of 24.06, 31.57,

34.64 and 44.71 F g, respectively. The corresponding
specific energy (Es) and power density (Ps) values are
summarized in Table 2. Figure 4(f) illustrates the
capacitance retention of the coin cell supercapacitor for
AC/MXene and AC/MXN2 after 1,000 cycles at a
current density of 0.1 A g”'. The capacitance retention
of AC/MXN2 is higher at 97.47% compared to
AC/MAX and AC/MXene, which retain only 94.01%
and 96.37%. The retention of AC/MXN?2 is higher due
to its lower R, compared to the other samples.
Furthermore, the comparative Ragone plot in Figure
4(g) illustrates the relationship between specific energy
density (Wh kg!) and power density (W kg!) for
MXene-AC-Ni-based [44-47]. The
performance of AC/MXN2 surpasses that of many

electrodes

previously reported systems, both in 3-electrode and
practical 2-electrode configurations, as summarized
inTable 3.

Table 3 Comparison of electrochemical performance of the present word with other MXene-AC-Ni-based electrodes reported in the

literature.
Cs (Fg™)
Materials Stability (Cycles) Ref.
3 electrodes 2 electrodes

Ti3C,Tx ionogel film 70 at20 mV s™! - 90% at 20 mV s~! (1,000) [43]
Ti3C,Tx/GDY-NTs 63.7at10 mV s! - 88.2% at 8 A g! (10,000) [48]
Mo ;3CTx//NAC 22 at5mV s - 97% at 100 mV s™! (5,000) [49]
Ti3C,Tx/AC/TEAPW12 87at1 mVs! - 102% at 1 mV s™! (10,000) [50]
CF/TizCoTx 100 at 10 mV s7! - 85% at 8 A g”! (2,000) [51]
Ti3C,Tx/Fe;04/RGO - 35.6at0.2 Ag™! 82.1% at 5 A g”! (5,000) [52]
Ti3C,.Tx/CNTs - 553at0.5A g™ - [53]
Ccc/ Ti3C2TX-Mn02- B B

) - 45at05 A g! 79% at 2 A g7! (4,000) [54]
CoNiLDHs//CC/AC
NiCo2S4//Ti3C,Tx - 54.57at2 A g™! 79% at 30 A g”' (5,000) [55]

this

Ti3C,Tx-NI/AC 118.9at2mVs!  60.03at0.1 Ag™! 97.47% at 0.1 A g™' (1,000)

work

Figure 4(h) represent Nyquist plots from the EIS
measurements conducted using a 3-electrode system,
similar to the CV setup. Two key elements can be
determined from the Nyquist plots: Ry and R.. R;
represents the resistance of the electrolyte solution and

the testing cables, while R, represents the charge

transfer resistance at the interface between the electrode
and the electrolyte. The R and R.; for the AC/MXN2
sample are the lowest, measured at 4.55 and 1.04 Q,
respectively, compared to the other samples: AC/MAX
(3.56 and 7.43 Q), AC/MXene (4.70 and 5.22 Q),
AC/MXNI1 (3.60 and 6.55 Q), and AC/MXN3 (4.95 and
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3.56 Q). Further details can be found in Table 4. The
smaller semicircle in the Nyquist plot for AC/MXN2

indicates superior facilitation of electrolyte ion

Table 4 Parameter of Nyquist plot.

penetration and diffusion within the electrode compared
to the other samples.

Materials R, () R.: (Q) C (uF)
AC/MAX 3.56 7.43 3.63
AC/MXene 4.70 5.22 3.48
AC/MXNI1 3.60 6.55 4.25
AC/MXN2 4.55 1.04 29.52
AC/MXN3 4.95 3.56 8.26

Conclusions

The synthesis of MXene was successfully
achieved through selective etching to remove the
aluminum layer from the MAX phase. Subsequent
intercalation of nickel between the MXene layers was
effectively performed using a hydrothermal method, as
evidenced by the increase in interlayer spacing observed
in the XRD results, where the (002) peak shifted from
8.89° to 6.79°. This corresponds to an increase in the d-
spacing from 9.94 A in MXene to 13.01 A in MXN2,
indicating that the MXN2 structure became significantly
stronger and effectively resisted restacking. The
intercalation of nickel also enhanced the specific surface
area, with MXN2 reaching 35.27 m? g”! compared to
MXene (3.96 m? g'!) and MAX (1.1 m? g'!), providing
more accessible active sites for electrochemical
reactions. Electrochemical characterization further
demonstrated the superior performance of MXN2. In a
3-electrode system, MXN2 exhibited a high specific
capacitance of 118.9 F ¢! at 2 mV s™!, while in a 2-
electrode symmetric coin cell configuration, it achieved
60.03 F g"! ata current density of 0.1 A g”'. The material
delivered an energy density of 6.48 Wh kg™! and a power
density of 176.72 W kg™!, along with excellent cycling
stability, retaining 97.47% of its capacitance after 1,000
cycles. Electrochemical impedance spectroscopy (EIS)
results confirmed reduced resistances, with MXN2
showing Rs of 4.55 Q and Rcr of 1.04 Q, significantly
lower than those of pristine MXene (Rs = 4.7 Q, Rer =
5.22 Q). In summary, nickel intercalation not only
increased the interlayer spacing and prevented
restacking but also enhanced the surface area,

electrochemical performance, and stability of MXene.

These findings highlight MXN2 as a highly promising
electrode material for high-stability, anti-restacking
hybrid supercapacitors, offering substantial potential for

next-generation energy storage applications.
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