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1. Introduction

Cold sintered TiO,-TizC,T, MXene
nanocomposites for supercapacitor
electrode materialst

Abdul Hamid Rumman, (2/¢ Saimon Mahmud,? Nishat Tasnim Mim,? Janifa Akter,?
Ananya Roy, (2 Ahsiur Rahman Nirjhar,® Md. Nazmul Ahsan Dipon,®

Md. Shofiqul Islam,® Md Abdul Gafur,® Aninda Nafis Ahmed*" and

Kazi Md. Shorowordi () *°

MXene-based materials exhibit unique electrochemical properties due to their 2D layered structure with
high surface areas, making them ideal candidates for electrode materials in advanced electrochemical
energy storage systems. The capacitive properties of TizC,T, MXenes (T, denotes the surface terminator
group, such as —F, —OH, and =—O) can be enhanced by decorating surface layers with transition metal
oxides, such as TiO,. Conventional in situ synthesis methods lack precise control over the TiO, content
within the MXene structure. In this study, a contemporary cold sintering process (CSP) was employed to
fabricate the TiO,-TizC,T, nanocomposite, enabling a controlled amount of TiO, particle addition into
the MXene matrix. Consequently, it provided a means to correlate the electrochemical performance of
the nanocomposites with the TiO, content. Through the CSP, the nanocomposites were fabricated at
low temperature (150 °C) and pressure (150 MPa) assisted by a transient liquid, achieving high relative
density (>85%). The electrochemical performance analysis revealed an increase in specific capacitance
with increasing TiO, content, reaching up to 117 F g™ for (40 wt%) TiO,/MXene at a 10 mV s~* scan rate
surpassing that of the pristine MXene (55.29 F g™1). Additionally, the charge transfer resistance substan-
tially declined from 4.01 Q cm? for the pristine MXene to as low as 0.51 Q cm? for (40 wt%) TiO»/MXene.
Surprisingly, the nanocomposite samples demonstrated more than a 200% increase in the specific
capacitance after 1000 charging—discharging cycles at 1.5 A g™, attributed to the ion intercalation and
surface terminator group (T,) alteration in MXenes. Overall, this study highlights the application of the
CSP as a valuable tool for precisely tailoring the electrochemical properties of TiO,-TizC,T, MXene
nanocomposites.

to the superior range of energy and power densities compared to
other devices, supercapacitors have become a viable option for

The proliferating usage of electric vehicles, electronic devices,
and smart grid technologies necessitate advanced energy storage
devices offering high energy density, rapid charging-discharging
rates, and prolonged cycling stability. Supercapacitors (SCs), with
the capability of rapid charge and discharge, are utilized in
applications requiring rapid bursts of energy, such as regenerative
braking systems and power backup systems. Nevertheless, owing
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enhancing energy storage capabilities." Supercapacitors (SCs) can
be classified into three major categories based on their energy
storage mechanisms: electrochemical double-layer capacitors
(EDLCs), pseudo capacitors (PCs), and hybrid capacitors (HCs).
EDLCs, which are primarily made of carbon-based materials, store
energy by ion adsorption-desorption at the electrode/electrolyte
interface.””® PCs use electroactive materials such as metal oxides,
metal-doped carbon, and conductive polymers to store energy
through reversible faradaic redox processes.® Contemporary
research is more focused on pseudocapacitors (PCs) as the charge
storage mechanism involves a faradaic redox process capable of
delivering higher capacitance values and offering a vast range of
choices on materials, such as metal oxides, polymers, and
composites.” MXenes are 2D layered materials that have signifi-
cant potential in energy storage applications. It is represented by
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the formula M,,,X, T, (n = 1-4), where M denotes transition
metals, X denotes carbon (C) and/or nitrogen (N), and T, is the
surface terminator group (e.g., -OH, =0, and -F).® It can be pro-
duced from its precursor, MAX phases (M,,;1AX,,, where A belongs
to A-group elements) by etching out the A layers.

MXene materials, with their layered structure, unique elec-
trical properties, and tunable surface properties with diverse
terminator groups, hold great promise for flexible electro-
chemical energy storage applications.” MXenes exhibit high
volumetric capacitance, pseudocapacitive characteristics, and
durability.’® Extensive research has focused on developing
MXene-based composites and heterostructures that exhibit
excellent electrochemical performance. Y. Dai et al. developed
a MXene-CoNiZn-layered double hydroxide (LDH) composite
possessing a 3D honeycomb structure with an extremely high
specific capacitance of 2044.9 F g~ ' with a retention of 87.8%
after 100 000 cycles."' To enhance electrochemical performance,
researchers have also developed vertically aligned 3D porous
nanosheets by combining two 2D materials, graphene and
MXenes. These electrodes not only achieved an impressive capa-
citance of 108 F ¢ ' at 1 A g~ ' scan rate but also demonstrated
good cycling stability, retaining 82% of their initial capacitance
over 10000 cycles." Additionally, MXene-transition metal chalco-
genides (TMCs) (e.g., TiSe,/MXene, and CoS/MXene) have been
successfully synthesized to enhance the ion storage capabilities
by improving the charge transfer kinetics."*'* Therefore, MXene-
based composites have opened numerous opportunities for
research in the field of electrochemical energy storage.

Recent studies reveal that integrating nanoparticles, such as
transition metal oxides MnO,, RuO,, and TiO,, can signifi-
cantly increase the electrochemical performance of MXenes by
inhibiting the restacking of the latter.”>'® TiO, has gained
much attention among researchers because it is one of the
most stable, non-toxic, and inexpensive transition metal oxides
available, particularly for supercapacitor applications.'” TiO,-
MXene nanocomposites have been fabricated using various
hydrothermal processes to study the synergistic effect of TiO,
and MXene phases.'®'®' J. F. Zhu et al. have synthesized TiO,
nanoparticle-decorated Ti;C, MXenes by in situ hydrolysis. The
fabricated nanocomposite demonstrated a specific capacitance
of 143 Fg ' ata 5 mV s ' scan rate, outperforming the pristine
TizC, MXene (93 F g '). Additionally, the nanocomposite
exhibited a 92% capacitance retention up to 6000 cycles,
suggesting excellent cycling stability.”® However, oxidation
and stacking issues during hydrofluoric acid (HF) etching are
the major drawbacks of this process.”’ Some studies demon-
strated a technique of partially oxidizing Ti,CT, MXene and
forming a TiO,-MXene hybrid structure by hydrogen peroxide
(H,0,) treatment.”>** Although the performance obtained by
utilizing this technique is outstanding, it involves handling
H,0, chemicals that spread toxicity in many mechanisms,
namely corrosion, oxygen formation, and lipid peroxidation.**
Another peculiar technique is to obtain TiO,-Ti;C,T, MXene
nanocomposites by flash oxidation in air.>>*® However, this
technique is quite challenging to control, particularly when
powder ignition occurs, resulting in limited usage. In a similar
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study by R. B. Rakhi et al, the electrochemical properties
of TiO,-Ti,CT, MXene synthesized via annealing in the air at
500 K for 2 hours were examined.”” Moreover, the existing
methodologies don’t provide precise quantification of the
amount of TiO, in MXenes, hindering the investigation of an
optimum composition.

In this study, we explored a new technique called the cold-
sintering process (CSP) to fabricate TiO,-Ti;C,T, MXene nano-
composites. The cold-sintering method exhibits excellent
potential in the fabrication of nanocomposites, which employs
sintering at a low temperature (<350 °C) and low uniaxial
pressure assisted by a transient liquid phase (such as water or
an organic liquid).”® Furthermore, the CSP eliminates the issue
of MXene composites oxidizing at high temperatures during
traditional sintering methods.?® It can be easily used to attach
TiO, particles on the MXene surface. Consequently, it can
potentially increase the number of interacting sites facilitating
the surface redox reaction and intercalation of ions, enhancing
its electrochemical properties. In addition, the CSP can be used
to modulate the amount of TiO, addition precisely by directly
introducing the particles into the MXene structure, thereby
establishing a correlation between the TiO, amount and the
electrochemical properties. Moreover, this method opens new
avenues for TiO,-Ti;C,T, MXene nanocomposite fabrication
that surpasses the constraints of existing techniques for elec-
trochemical storage applications.

2. Experimental

2.1. Tiz;C,T, MXene synthesis via HF etching

The synthesis procedure begins with the gradual addition of
5 g of MAX Phase (Ti3AlC,) powder (obtained from Forsman
Scientific, with 98% purity and a particle size of 200 mesh) into
100 mL of 48 wt% hydrofluoric acid (HF) while maintaining a
constant stirring speed inside a polypropylene beaker. The
etching process was carried out for 5 hours under continuous
stirring at room temperature. Subsequently, the sample was
segregated using centrifugation (5 minutes per cycle at 5000
rpm) and washed multiple times with DI water until the pH
reached approximately 6. Afterward, the sample underwent
filtration, drying in an oven at 60 °C for 6 hours, and was
stored in a desiccator. Notably, the -OH, =0, and -F groups act
as the surface terminators (T,) of the 2D layers of the MXene
(Ti3C,). Consequently, the chemical formula of MXenes is often
written as TizC,Ty.

2.2. Fabrication of TiO,-Ti;C,T, MXene nanocomposites via
cold sintering

The cold-sintering process (CSP) was employed to fabricate
TiO,-Ti;C,T, MXene nanocomposites. In this technique, the
raw powders are mixed with a solvent and sintered at a low
temperature and pressure. Initially, the TiO, and Ti;C,T, raw
powders were mixed in an agate mortar at a weight ratio of
20:80 and 40: 60, respectively. A 1: 1 volume mixture of ethanol
and deionized water was used as the solvent. The solvent acts as
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a transient liquid medium facilitating mass transport and
particle rearrangement during the sintering process. There
are two fundamental requirements for selecting an appropriate
solvent-powder: samples must be soluble or dispersible in the
solvent to ensure effective mixing without any agglomeration,
and the solvent’s boiling temperature must be below the
sintering temperature for complete evaporation promoting
rearrangement of particles. Therefore, choosing the right sol-
vent is essential. While the CSP of MXene-based composites is
often carried out with a single solvent, mostly deionized water,
the hydrophobic nature of TiO, and good dispersibility in
ethanol prompted the inclusion of ethanol.*® Furthermore,
deionized water and ethanol both have low boiling points,
which is beneficial for the cold sintering process. Subsequently,
the resulting sample was inserted into a stainless-steel die
(12 mm diameter) and placed in a hot press machine. The
sample was sintered using 150 °C temperature and 150 MPa
pressure for 45 minutes. Finally, the sintered pellets were
removed carefully. A schematic of the cold sintering process
is given in Fig. 1.

2.3. Fabrication of working electrodes

Initially, the pellet samples were ground into powder. Subse-
quently, the powder was mixed with carbon black and 4% (w/v)
PVA binder at a weight ratio 80:15: 5. The powder mixture was
transformed into a slurry by adding ethanol. The working
electrode was formed by coating the slurry on a conductive
graphite rod (average diameter 8 mm). After drying the elec-
trode for 24 hours, Teflon tape was wrapped around it, exposing
a surface with a square-shaped area of approximately 16 mm?.
Following this process, working electrodes were fabricated for
the as-synthesized Ti;C,T, MXene powder, TiO, powder,
(20 wt%) TiO,/MXene, and (40 wt%) TiO,/MXene nanocomposites.
A schematic illustration of the working electrode preparation steps
can be found in the ESI{ (Fig. S1).

2.4. Characterization

X-ray diffraction (XRD) spectra were obtained using an EMPYR-
EAN multi-purpose diffractometer with Cu-Ko radiation of
wavelength A = 1.54060 A at 40 mA and 45 kV. Field-emission
scanning microscopy (FESEM) was performed using a JOEL
JSM-7600F for the as-synthesized MXene sample and TESCAN

Ti,C, T, MXene

Ethanol + DI water

o

Mixing in agate mortar

—_—>
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VEGA COMPACT for the nanocomposite samples. X-ray photo-
electron spectroscopy (XPS) analysis was conducted using Al K,
radiation on the as-prepared MXene sample. Electrochemical
characterization, viz. cyclic voltammetry and electrochemical
impedance spectroscopy (EIS) of the samples, was performed
utilizing a Gamry 3000AE potentiostat utilizing a three-
electrode setup. It comprises a fabricated working electrode, a
platinum wire as the counter electrode, a saturated calomel
electrode (SCE) as the reference electrode and 1 M KOH solution
as the electrolyte. Cyclic voltammograms were recorded at differ-
ent scan rates, including 10, 20, 50, and 100 mV s~ ', at a potential
window of —1 V to 0.5 V (vs. SCE). Electrochemical impedance
spectroscopy (EIS) was performed at frequencies ranging from
100 kHz to 0.01 Hz. All electrochemical tests were performed at
room temperature.

3. Results and discussion

3.1. Structural, morphological, and chemical bond analysis of
TizC,T, MXene

The XRD patterns of the initial raw TizAIC, MAX-phase
(ICSD:153266) powder and the synthesized MXene obtained
through HF treatment are shown in Fig. 2(a). A low-intensity
peak of TiC (ICSD:159871) was observed in the XRD pattern for
the MAX-phase, which is most likely to originate from the
precursors used as a source of carbon to synthesize the MAX-
phase.’’™? The XRD pattern of MXene is in agreement with
that in the published literature.***> As shown in Fig. 2(a), the
characteristic peak of the MAX-phase at 20 = 39° has completely
disappeared, indicating the successful etching of the Al
layer.>*?” On the other hand, the (002) and (004) peaks have
shifted to a lower angle, suggesting an increase in interlayer
spacing due to the addition of surface terminator groups
(-F, =0 and/or -OH). Based on the (004) plane, the crystallite
size, dislocation density (0), micro-strain (¢), and lattice con-
stants were calculated using eqn (S1)-(S4) listed in the ESLt
As indicated in Table 1, the etching of the Al layer led to a
substantial reduction in the crystallite size. The crystallo-
graphic changes are further discussed in Section 3.2.

The XRD pattern of TiO, powder, shown in Fig. 2(b), reveals that
most of the peaks correspond to the Rutile TiO, (ICSD:168138)
with the P4,/mnm space group. However, a low-intensity peak at

150 MPa

'

Pellet

Sintering at 150°C
TiO,/MXene
Nanocomposite

Fig. 1 Schematic illustration showing the cold sintering process (CSP) to fabricate TiO,/MXene nanocomposites.
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Fig. 2 XRD patterns of the (a) MAX phase and MXene, (b) TiO,; high-resolution XPS spectra of (c) Ti 2p and (d) C 1s in the TizAlC, MAX phase and TizC,T,
MXene samples.

Table 1 Diffraction parameters from XRD for the MAX-phase, MXene, and cold-sintered TiO,/MXene nanocomposites for the (110) plane. Lattice
constants are calculated using the (004) and (110) planes

Lattice parameter

d-spacing (A)  d-spacing (A)  Crystallite Dislocation density ~ Micro-strain
Sample (004) (110) size (L) (nm) (5 x 107%) (nm ™) (e x 1073) a (A) c(A)
Ti;AlC, MAX-phase 4.63 1.54 93.74 0.11 0.77 3.07 18.52
Ti3C,T, MXene powder 4.88 1.53 18.77 2.84 3.83 3.06 19.52
100 wt% MXene pellet 4.90 1.531 31.27 1.02 2.30 3.06 19.60
(20 wt%) TiO,/MXene pellet 4.86 1.526 15.66 4.08 4.58 3.06 19.46
(40 wt%) TiO,/MXene pellet 4.92 1.525 15.38 4.23 4.66 3.05 19.68

20 ~ 25.3° was observed that corresponds to the (101) plane This suggests that the TiO, powder consisted predominantly of the
of anatase TiO, (ICSD:121634) with the I4,/amd space group. rutile phase along with a trace amount of the anatase impurity phase.

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 6454-6468 | 6457
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Table 2 Binding energies for Ti 2p and C 1s from the TizAlC, MAX phase
and TizC,T, MXene XPS spectra

Ti 2p
Compound Component  2p;s, (V)  2py, (6V)  ABE (eV)
TizAlC, MAX phase Ti-C 453.88 460.08 6.20
TiO, 458.38 464.28 5.90
Ti3C,Tx MXene Ti-C 454.78 461.08 6.30
Ti-C-Tg,0 455.68 461.78 6.10
TiO, 459.48 465.28 5.80
C1s
Compound Component 1s (eV)
Ti;AlC, MAX phase Ti-C 281.18
C-C + CH, 284.78
C-OH 286.38
O-C—=0 288.78
Ti;C,T, MXene Ti-C 281.78
C-C + CH,, 284.78
C-OH 286.58
0-C=0 288.58

X-ray photoelectron spectroscopy was performed on the
Tiz;AlC, MAX phase and Ti;C,T, MXene was synthesized to
investigate the changes induced by the HF etching process.
Fig. 2 presents the XPS spectra of the Ti 2p and C 1s regions of
the samples, while the corresponding peak binding energies
are summarized in Table 2.

Fig. 2(c) shows the Ti 2p XPS spectra of the Tiz;AlC, MAX
phase and Ti;C,T, MXene, deconvoluted into 2p;z, and 2py,
spin-orbit split components. In the MAX phase, the 2p;/, peaks
corresponding to Ti-C and TiO, were observed at binding
energies of 453.88 and 458.38 eV, respectively. In contrast,
the MXene spectra revealed a new bond corresponding to
2ps;2 Ti-C-Tgo at a binding energy of 455.68 €V, indicating
the presence of surface terminator groups.*® Furthermore, a
slight shifting in the binding energies of Ti-C and TiO,
suggests modifications in the electron density due to the
addition of the surface terminator group (-F, =O or -OH).>°
This can be further confirmed by the slight positive shift in C 1s
binding energies for Ti-C, C-OH, and O-C=O0, as indicated by
Fig. 2(d) and Table 2. Additionally, the XPS survey plots shown
in Fig. S2 (ESI}) revealed that the peaks for Al exhibit a signi-
ficant loss of intensity in the synthesized MXene indicating
successful etching of the Al-layer from the MAX phase.

The morphological and compositional analysis of the as-
synthesized Ti;C,T, MXene was done utilizing SEM and EDS.
As shown in the SEM images in Fig. 3, the synthesized Ti;C,T,
MXene exhibits a flake-like structure composed of multiple 2D
layers. This multilayer structure is attributed to the successful
etching of the Al layer.>**° The EDS analysis on two distinct
points suggests the presence of Ti, C, O, F, and Al with a
descending atomic percentage, respectively (Fig. S3 and Table
S1, ESIt). While the presence of O and F indicates the termi-
nator group (T,) of the MXene, the presence of Al suggests the
formation of AlF; impurities during the etching process, as
indicated by the chemical eqn (1).*'~** These impurities appear
as small ball-like particles on the surface of the flakes. It is

6458 | Mater. Adv., 2025, 6, 6454-6468
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Fig. 3 SEM images of the (a) and (b) MAX phase (TizAlC,) and (c) and
(d) synthesized MXene (TisC,T,) at (a), (c) 5000x, (b) 10000x, and
(d) 20 000x magnifications.

imperative to minimize such impurities as they tend to
adversely affect MXene crystallinity and produce inconsistency
in the surface termination groups (T,).** This poses a negative
influence on the faradaic reactions during electrochemical
processes resulting in reduced performance. After the synthesis
reaction, the powder sample is washed multiple times with DI-
water to segregate the impurities minimizing the amount of
AlF; on the MXene surface.

(1)
AHjsoc = —2186 £ 34.01 kJ mol™!

3.2. Structural and morphological analysis of TiO,-Ti;C,T,
MXene nanocomposites

The XRD characterization was conducted on nanocomposite
pellets to investigate the crystallographic changes associated
with adding TiO,. Additionally, a 100 wt% MXene pellet was
also analyzed to observe the changes resulting exclusively from
the temperature (150 °C) and pressure (150 MPa) applied
during the cold sintering process. The XRD patterns for the
samples are shown in Fig. 4(a). Several low-intensity peaks
corresponding to TiC (ICSD:181681) and TiOF, (ICSD:38132)
were observed in both the 100 wt% MXene pellet and (20 wt%)
TiO,/MXene pellet. However, these peaks were absent for the
(40 wt%) TiO,/MXene pellet, suggesting that a more significant
amount of TiO, reduces the tendency of external phase for-
mation. Furthermore, specific peaks of the MXene disappear
entirely with the addition of TiO,. For example, peaks at 20 ~
8.6%,36.7°, and 41.63° correspond to (002), (103), and (105),
respectively. In contrast, the peaks from the (004), (006), and
(110) planes of MXenes didn’t disappear entirely. Rather, their
intensities were substantially reduced with the increasing amount
of TiO,. Notably, the attenuation of the intensity of the (110) peak
indicates significant rearrangements of atoms away from the
preferred (110) plane orientation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) XRD patterns for as-synthesized MXene powder and cold-sintered nanocomposite pellets, (b) the variation of the crystallite size (L), dislocation

density (4), and micro-strain (¢) as a function of the weight percentage of TiO, in the MXene cold-sintered at 150 °C temperature and 150 MPa pressure,
and the SEM-EDS images of the (c) and (e) (20 wt%) TiO,/MXene and (d) and (f) (40 wt%) TiO,/MXene nanocomposites.

As depicted in Table 1, the initial increase in the d-spacing
and crystallite size, along with the decrease in the dislocation
density and micro-strain, is exclusively due to the applied
temperature (150 °C) and pressure (150 MPa) during the cold
sintering process. As indicated in Fig. 4(b), the crystallite size
decreases with the addition of 20 wt% TiO, compared to no
addition (100 wt% MXene pellets). In contrast, an increase is
observed for both the dislocation density and micro-strain.
Furthermore, all these values remain stable with the further
addition of TiO, (40 wt%) to MXenes. This stability is attributed
to the fact that the applied temperature (150 °C) and pressure

© 2025 The Author(s). Published by the Royal Society of Chemistry

(150 MPa) during the cold sintering process were the same for
all samples. Overall, the amount of TiO, and cold sintering
parameters are the key factors influencing the crystallographic
diffraction patterns of the nanocomposite samples.

Several previous studies developed TiO,-MXene nanocom-
posites via the chemical formation of TiO, on the MXene
surface using methods such as flash oxidation, H,0,-assisted
oxidation, thermal annealing in air, and other hydrothermal
reactions.’**>***” The XRD results of these studies indicate
that there is an increase in crystallinity after TiO,-MXene
composite formation, judging by the peak sharpness and

Mater. Adv., 2025, 6, 6454-6468 | 6459
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signal-to-noise ratio. In the CSP method, a similar increase of
crystallinity can be observed, as indicated by the reduced noise
and increased peak sharpness for the TiO,-MXene nano-
composites shown in Fig. 4(a). In addition, the crystallite size,
dislocation density, and micro-strain remained almost constant
after forming composites using the CSP, as indicated in
Fig. 4(b). Therefore, the key advantage of the CSP over tradi-
tional methods is to offer the ability to control the size and
distribution of crystallites using only two parameters, namely
temperature and pressure.

Interestingly, all of the previous studies reported deposition
of nanocrystalline anatase-TiO, on the MXene. In contrast,
rutile-TiO, particles were successfully incorporated onto the
MXene surface using the CSP. While both phases exhibit a high
degree of crystallinity, the rutile-TiO, phase offers greater
stability.*> Additionally, impurity phases such as TiC and TiOF,
were also detected at a low composition, as can be seen in
Fig. 4(a). Despite being impurities, recent studies suggest that
the formation of TiC and TiOF, can actually enhance the
electrochemical performance of MXenes for supercapacitor
and lithium-ion battery applications.*®*” Therefore, CSP pre-
sents a novel way to customize and improve the electrochemical
properties of MXene-based nanocomposites.

The morphological and chemical composition of the fabri-
cated TiO,-MXene nanocomposites were investigated utilizing
SEM and EDS. As shown in the SEM images in Fig. 4(c) and (d),
the nanoparticles of TiO, adorn the surface of MXenes in a
random pattern, forming a coagulated structure. The cold-
sintered (20 wt%) TiO,/MXene and (40 wt%) TiO,/MXene
nanocomposites have relatively compact structures. It can also
be represented using the relative density calculations shown in
Section 3.3. The adsorption of TiO, particles on the MXene
sheets increases the surface area and has a roughening effect.
Consequently, this morphology would contribute to the
increased number of interaction sites for the faradaic redox
process during electrochemical cycling, which substantially
influences the capacitive response of the samples,>”*® The
distribution of Ti, Al, C, O, and F in the cold-sintered TiO,-
MXene nanocomposite samples are shown in the EDS images
in Fig. 4(e) and (f). While the atomic percentage for O (22.52%)
is lower than that for F (37.34%) in the (20 wt%) TiO,/MXene
sample, the atomic percentage for O (30.09%) exceeded that for
F (19.24%) in the (40 wt%) TiO,/MXene sample. Furthermore,
the atomic percentage of Ti increased from 7.93% to 22.85%
with TiO, particle addition, contributing to the alteration of the
MXene surface.

3.3. Relative density measurements

Relative density can be defined as the proportion of the
theoretical density achieved after sintering. It is used to
quantify the quality of a cold-sintered composite. The density
of the samples was determined using the conventional weight-
to-volume ratio of the sintered pellets. On the other hand,
the theoretical density (ps) and relative density (p,) of
the composite were calculated using the formula shown in
eqn (2) and (3).
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Table 3 Mean and standard deviations of the sintered and relative
densities (%) for the cold-sintered samples

Sample Sintered density (g cc™!) Relative density (%)
100 wt% MXene 3.24 + 0.04 88.57 £ 1.17
(20 wt%) TiO,/MXene 3.38 £ 0.08 88.67 £ 2.04
(40 wt%) TiO,/MXene 3.49 + 0.09 89.00 £ 2.42

Theoretical density: py, = (f X prio,) + (1 = f) X pmxene ~ (2)

Relative density: p, = (pi> x 100% (3)

th

Here, p = the density of the sintered pellet and py, = the
theoretical density of the composite, f = weight fraction of
reinforcement (TiO,), prio, = density of TiO, (4.249 g cc™'),*
and puyxene = density of the TizC,T, MXene (3.7 g cc 1).>°
A summary of the relative density measurements is shown in
Table 3. Notably, more than 85% of the relative density indi-
cated good densification.

3.4. Electrochemical performance analysis

The electrochemical performance of the fabricated nanocom-
posites is analyzed via cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charging-
discharging (GCD) tests using a three-electrode system. The
cyclic voltammetry (CV) test provides valuable insights into the
charge transfer rate at the electrolyte and electrode interface.
The cyclic voltammograms of the pure Ti;C,T, MXene, pure
TiO,, and TiO,/MXene nanocomposite samples are shown in
Fig. 5(a)-(d). The curves exhibit a quasi-rectangular shape with
a symmetric current response during both anodic and cathodic
potential scans, suggesting pseudocapacitive behavior.>" This
type of response is due to the reversible faradaic mechanism of
pseudocapacitors involving the surface redox reaction attribu-
ted to the change of the oxidation state of Ti. Notably, the
current response is higher as the scan rate increases, resulting
in a larger loop area. This phenomenon is due to the change in
resistance associated with the electrolyte ion diffusion layer
with varying scan rates. At lower scan rates, the electrolyte ion
diffusion layer thickness formed at the electrode surface is
larger, leading to a high charge transfer resistance and making
the loop of area small. However, the diffusion layer thickness
depletion lowers the charge-transfer resistance as the scan rate
increases. As a result, a higher amount of charge transfer
increases the CV curve loop area. However, a higher scan rate
substantially reduces the rate of inner-surface adsorption of
ions, thus lowering the specific capacitance value.>

Fig. 5(e) illustrates the cyclic voltammetry curve at a fixed
scan rate of 10 mV s~ *. TiO, exhibits the lowest electrochemical
activity, as indicated by the smallest loop area. However, the
loop area increases when TiO, is integrated with MXenes to
form nanocomposites, suggesting enhanced electrochemical
response. This implies that adding TiO, improves the pseudo-
capacitive electrochemical performance of the MXene. The specific

© 2025 The Author(s). Published by the Royal Society of Chemistry
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element (CPE) with diffusion).

capacitance (Cg) values were calculated using eqn (4).

¢ _J1ay

msAV (4)

Here, [I(V)dV = integral area of the CV curve (C s~ ' V), m = active
mass of the working material (g), s = scan rate (V s '), and AV =
potential window (V).

As indicated by Table 4 and Fig. 5(f), the specific capacitance
for the TiO,/MXene nanocomposites samples was consistently
greater compared to that for pristine TiO, and MXene for all the
scan rates. However, these values decline exponentially with
the increasing scan rate. This trend is attributed to the reduced
number of effectively adsorbed ions at the inner surface of the
electrodes.”® The highest specific capacitance value, 117.34 F g,
was achieved for (40 wt%) TiO,/MXene nanocomposites at a scan
rate of 10 mV s~ '. In contrast, pure TiO, exhibits the lowest
specific capacitance of 41.80 F g * (at 10 mV s ) due to its poor

© 2025 The Author(s). Published by the Royal Society of Chemistry

capacitive nature, which can be observed in the CV curves as
well (Fig. 5(d)).

According to the comparison shown in Table 5, our highest
achieved capacitance, 117.34 F g ', is quite reasonable com-
pared to a TiO, (anatase)-MXene nanocomposite synthesized
using the in situ hydrolysis process, which achieved a specific
capacitance of 143 F g ' at a 5 mV s~ ' scan rate.”® The offset
can be attributed to the use of different scan rates. As explained
earlier, at higher scan rates, the specific capacitance is achieved
due to the lower diffusion of ions. The composite samples
synthesized using the post-etching annealing air method
proposed by Rakhi et al. exhibited a low specific capacitance
(~5 F g at 5 mV s '), indicating poor performance.”’
Furthermore, the capacitance retention performance using
the CSP method is comparatively greater than that of existing
fabrication methods. Additional experimental parameters and
the electrochemical cyclic performance are summarized in

Mater. Adv,, 2025, 6, 6454-6468 | 6461
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Table 4 The specific capacitance values for prepared electrodes were
measured at a potential window from —1to 0.5V in 1 M KOH solution

Specific capacitance (Cs) (F g7 )

Scan rate (20 wt%) (40 wt%)
(mvs™') MXene TiO,/MXene TiO,/MXene TiO,
Cyclic 10 55.29 79.52 117.34 41.80
voltammetry 20 42.90 61.20 95.67 27.30
50 21.24 31.18 41.93 14.17
100 10.93 16.51 21.25 8.03

Specific capacitance (Cy) (F g "

Current 2 P C)(Feg )

density (20 wt%) (40 wt%)
(Ag™") MXene TiO,/MXene TiO,/MXene TiO,
Galvanostatic 0.5 42.92 26.84 45.32 17.81
charge-discharge 1.0 34.84 14.69 14.21 5.79
1.5 16.14  20.73 12.45 1.16
2.0 11.30 3.21 0.65 1.35

Table 5. These results suggest that cold sintering can be a viable
process for fabricating TiO,-MXene nanocomposites capable of
producing competitive results, with only a 19% offset, com-
pared to other conventional methods.

The EIS technique investigates the charge transfer trends
and the overall resistive properties of the components, includ-
ing the electrolytes and electrode material, in an electrochemi-
cal system. A typical electrochemical system is composed of
various complex components such as, charge transfer, ion-
diffusion, double-layer capacitance, solution resistance, etc.
Each of these components contribute to the overall impedance
in the form of electrical elements (e.g., resistors, capacitors,
inductors, constant phase element (CPE), Warburg element,
etc.) plotted in the Nyquist plot. These components are math-
ematically modeled via an equivalent circuit fitting the experi-
mental Nyquist plot.>®> A Nyquist plot represents the imaginary
impedance, Z” (reactance), on the y-axis against the real impe-
dance and Z (resistance), on the x-axis. It is divided into several
frequency regions, including a linear line at the low-frequency
region denoting capacitive properties, followed by an inter-
mediate-frequency region (Warburg zone) relating the inter-
action between the electrode porosity and electrolyte ions, and
a semi-circular shaped high-frequency region infers the charge
transfer resistance (R.). The value of R is calculated by
measuring the diameter of the semi-circle at the high-
frequency region. Additionally, the point EIS spectra cut the
real axis, or the x-axis represents the solution resistance (R;),
also denoted as the equivalent series resistance (ESR).
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The Nyquist plots for TiO,, MXene, and TiO,/MXene nano-
composites are shown in Fig. 5(g). The semi-circular region in
composites is substantially smaller compared to pristine TiO,
and MXene, which implies that the charge transfer resistance
(Rce) has decreased. It can be further quantified by the equiva-
lent circuit modeling with the “CPE with diffusion” circuit
shown in Fig. 5(i). The reason for utilizing a constant phase
element (CPE) instead of a capacitor is the non-ideal nature of
the electrochemical system. Ideally, the phase angle difference
between the voltage and current is —90° for a capacitor. How-
ever, in many cases especially for pseudocapacitive materials,
the capacitive behavior is non-ideal due to the presence of
structural or kinetic heterogeneities in the electrode stemming
from different sources such as, surface roughness, microscopic
porosity, adsorption of ions or molecules, non-uniform current
distribution, etc.>*>® The constant phase element is mathema-
tically modeled using eqn (5), where Q = CPE constant also
known as pseudocapacitance, j = imaginary unit, @ = angular
frequency, n = CPE exponent (usually ranges from 0.8 to 1.0 for
the capacitive system). Notably, n = 1.0 represents an ideal
capacitor.

1

aor ?

ZcpE =

The decreasing trend of charge transfer resistance is shown
in Fig. 5(h), indicating that the TiO,/MXene composite struc-
ture provides more active sites for the reaction and significantly
improves the charge transfer. The impedance tests were con-
ducted in 1 M KOH solution for all samples. Consequently, the
solution resistance (R;) or the equivalent series resistance (ESR)
should be the same for all samples. Besides, since 1 M KOH was
utilized as the electrolyte for all the samples, the Ry value
remains almost constant between 1 and 1.25 Q cm?, as indi-
cated in Fig. 5(h).

The GCD test is one of the most essential techniques for
studying the electrochemical behavior of supercapacitor mate-
rials. The same potential range as cyclic voltammetry (—1 to
0.5 V) was used to perform GCD tests at four distinct current
densities as illustrated in Fig. 6(a)-(d). This is evident from the
non-linear and asymmetric nature of the curves, which indicate
pseudocapacitive behavior. The specific capacitance (Cs) shown
in Table 4, is calculated utilizing eqn (6):

2y

“ Ty

« J Vi (6)

Table 5 Electrochemical performance comparison with the existing TiO,—MXene composition fabricated using different methodologies

Electrode Capacitance retention/
material Fabrication method  Electrolyte Potential window Specific capacitance number of cycles Ref.
TiO,-TizC,T,  Cold sintering 1 M KOH —1.0t0 0.5V (vs. SCE) 117.34Fg ' 346%/1000 This Work
at 10 mv s '
TiO,-TizC,T,  In situ hydrolysis 6 M KOH —1.0 to —0.35 143 Fg lat5mVs ' 96%/3000 20
(vs. Ag/AgCl)
TiO,-Ti,CT,  Annealing in air 30 wt% KOH  0.0-0.7 V ~5Fglat5mVs '  86%/6000 27

at 500 K
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Here, I,, = current density (A g~ '), AV = potential window, and
[Vdr = integral area under the GCD curve.

Furthermore, increasing current density yields a lower spe-
cific capacitance value due to the limited faradaic redox reac-
tion at the electrode surface. At lower current densities, the
probability of ion adsorption and intercalation is higher, which
results in a higher capacitance value. By increasing the current
density value, electrolyte ions remain on the outer surface
of the electrode, reducing the probability of adsorption or

(a) (b)
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intercalation.>® GCD tests were performed for 1000 cycles at a
constant current density of 1.5 A g~ to investigate the fabri-
cated electrodes’ cycling stability. Fig. 6(f)—(i) depicts the capa-
citance retention and the GCD curves for the first and last two
cycles. All the samples demonstrated a significant increase in
specific capacitance except pure TiO,. The GCD data showed a
decreasing trend with increasing current density. However, the
TiO, sample exhibited anomalous behavior, showing 1.35 F g~ *
specific capacitance at a 2 A g~ ' current density, which is

(c)
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Fig. 6 The GCD data for fabricated electrodes. (a)—(d) at multiple current densities; (e) at a 1 A g~* constant current density; (f) capacitance retention
graph ata 1.5 A g~* current density; (g)-(i) potential profiles during cycling for MXene, TiO,, and (40 wt) TiO»/MXene; EDS spectrum data for (j) MXene and
(k) (20 wt%) TiO,/MXene electrodes after 1000 charging—discharging cycles.
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higher than 1.16 F g~ ' at 1.5 A g~ '. This discrepancy is due to
the poor performance of TiO,, facilitating a decrease in the
effective potential window (<1.5 V). It is evident from Fig. 6(h)
that the potential window for the TiO, sample is ~1.12 V as
opposed to 1.5 V for all other samples. Furthermore, the
specific capacitance is inversely proportional to the potential
window, thereby leading to a higher calculated specific capaci-
tance. While the MXene sample showed a 568% increase in the
specific capacitance and the (20 wt%) TiO,/MXene and (40
wt%) TiO,/MXene nanocomposite samples exhibited 204%
and 346% increases, respectively. To investigate this, EDS
spectrum analysis before and after GCD tests were performed
on the MXene and (20 wt%) TiO,/MXene samples shown in
Fig. 6(j) and (k).

It is evident from the intense K peaks in the EDS spectrum
shown in Fig. 6(j) and (k) that K" ions have intercalated into the
structure from the 1 M KOH electrolyte solution. Additionally,
the O intensity counts are significantly higher compared to F
for both samples as well. To further quantify the amount of
elemental modification, the atomic percentage for O, F, and K
before and after GCD tests for (20 wt%) TiO,/MXene is tabu-
lated in Table 6. The values indicate that the atomic% of O has
increased by ~24%, whereas for F, it has decreased by ~ 34%.
In addition, approximately a 10 atomic% of K was present after

Table 6 Elemental atomic % obtained from the EDS spectrum before and
after the charging—discharging tests

Element atomic%

(20 wt%) TiO,/MXene

nanocomposite (6] F K
Before GCD 22.52 37.34 —
After GCD 46.63 3.83 10.02

Current Collector

Surface Redox Reaction
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GCD, which was absent before. A similar phenomenon was also
reported in a recent study by I. Cho et al., where the MXene
sample demonstrated an increase of 125% in the specific
capacitance during the GCD test.’” This is attributed to the
intercalation of K" ions and the substitution of the -F surface
terminator group with -OH bonds. Therefore, this implies
that the surface terminator group has been modified during
the cycling process, facilitating a tremendous increase in the
capacitance.

According to several studies, the ion intercalation and surface
terminator group modification essentially enhances electronic
conductivity and charge transport efficiency, hence gradually
improving the specific capacitance with each cycle,”®®
Although a deeper understanding of this phenomenon requires
further exploration using chemical bond characterization tech-
niques such as XPS, Raman, or FTIR spectroscopy, we have
outlined two proposed mechanisms in Section 3.5, which are
based on the existing literature.

Although the specific capacitance calculated from GCD and
CV follows a similar decreasing trend with an increasing scan
rate or current density, the values derived from GCD are
consistently lower. This discrepancy arises from the fundamen-
tal difference in operating conditions and sensitivity toward the
voltage drop (iR). The CV tests are conducted at a constant
potential sweep rate (or scan rate), measuring the resultant
current output, elucidating the capacitive nature of the elec-
trode material, and determining the maximum achievable
capacitance. Whereas the GCD tests are conducted at a con-
stant current, measuring the voltage across the three-electrode
system. Furthermore, GCD is significantly more susceptible to a
voltage drop during the discharging cycle (i.e., the vertical
portion in the potential vs. time plot), which stems from various
other factors such as the electrode material, current collector,

GO -
%@m

@@m@

66500, ,
LT

Current CoIIector

Intercalation

Fig. 7 A schematic diagram illustrating the surface redox reaction and intercalation mechanisms for energy storage in pseudocapacitors.
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electrode-collector interface resistance, etc. It becomes more
pronounced at higher current densities and is often unavoid-
able. As a result, significant distortion was observed rather than
a perfect linear line in the GCD plots as can be seen in Fig. 6(a)-(d),
thereby leading to a lower specific capacitance value. Nevertheless,
GCD provides a realistic assessment, including the impact of the
voltage drop, which helps to predict the real-world applicability of
the electrode material.

3.5. Energy storage mechanism

Based on the existing literature, the pseudocapacitive behavior
of materials involves faradaic reactions. These reactions can be
explained by two proposed mechanisms: the surface redox
reaction and intercalation/deintercalation of cations. A schematic
illustration of the surface redox and intercalation pseudocapaci-
tance mechanisms is given in Fig. 7. The first mechanism involves
the adsorption and desorption of ions (K') from the selected
electrolyte (KOH) on the electrode surface and facilitates the redox
reaction shown in eqn (7):%*

(TiSCZTx/TiOZ)surface + K+ +te - (TiSCZTx/(TiOZ)7K+)surface

(7)

The second mechanism is based on the intercalation of
cations (K" and H') from the selected electrolyte and substitu-
tion of the -F terminator group by ~OH in the MXene.””** The
proposed reactions are given in eqn (8)-(10):

Ti;C,F,/TiO, + K + e~ — Ti;C,F,/TiOOK (8)
Ti;C,F,/TiO, + H" + e~ — Ti;C,F,/TiOOH 9)

TizC,F,/TiO, + 20H™ — TizC,(OH),/TiO, + 2e~
(10)

4. Conclusions

In summary, we explored the electrochemical properties of
fabricated TiO,/MXene nanocomposites using a contemporary
cold-sintering technique by employing low temperature and
pressure. According to the characterization results, the sintered
pellets demonstrated a rough surface morphology with more
than 85% relative density. Furthermore, a quantitative relation-
ship between the TiO, content and the electrochemical
response of the nanocomposites was established using electro-
chemical characterization, including cyclic voltammetry, EIS, and
GCD. The cyclic voltammetry tests revealed that the (20 wt%)
TiO,/MXene and (40 wt%) TiO,/MXene nanocomposite samples
exhibit a specific capacitance of 79.52 F ¢ and 117 F g,
respectively, at a 10 mV s~ ' scan rate. At a 10 mV s~ ' scan rate,
these specific capacitance values are 1.5-2 times more significant
than the pristine MXene (55.29 F g ). The specific capacitance
from single-cycle GCD tests did not follow any particular pattern,
showing 42.92 Fg ', 26.84 Fg ', and 4532 Fg ' ata 0.5 Ag "
current density for the pristine MXene, (20 wt%) TiO,/MXene and
(40 wt%) TiO,/MXene, respectively. However, more than a 200%

© 2025 The Author(s). Published by the Royal Society of Chemistry
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increase in capacitance retention was observed in the GCD tests
after 1000 cycles for all the samples, attributed to the K™ inter-
calation and modification in the surface terminator group (T,)
during the charging-discharging process. In addition, EIS sug-
gests that the charge transfer improves with the addition of the
TiO, amount, reaching a resistance value as low as 0.51 Q cm?” for
40 wt% TiO,. Moreover, the cold-sintering method is a novel
approach to fabricating TiO,/MXene nanocomposites, opening
new avenues for further research, including the optimization of
cold-sintering parameters (e.g., temperature and pressure), deter-
mination of the ideal TiO, content, and the impact of various
electrolyte ions on the nanocomposite’s performance.
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