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ABSTRACT

M. Sc. Thesis

PREPARATION OF MNO; AND MXene DOPED CARBON CLOTH BASED
FLEXIBLE SUPERCAPACITOR ELECTRODES

Karabuk University
Institute of Graduate Programs
Department of Metallurgy and Materials Engineering

Mariem ABDI

Thesis Advisor:
Assoc. Prof. Dr. Safa POLAT
January 2023, 60 pages

With the increase in the global population and the increase in research on the
development of renewable energy sources, there has been a significant increase in the
demand for energy storage systems (EDS). It is known that flexible EDSs are needed
in order to meet the needs of consumer electronics such as flexible robots, biosensors
and new generation mobile phones with flexible screens, which have been developed
in recent years. Supercapacitors are one of the most common EDS used and under
development in this regard. In this study, it is aimed to produce carbon fabric-based
MnO.@MXene doped composite electrodes for flexible supercapacitors. For this
purpose, current collector conductive and flexible carbon fabrics were used. These are
obtained by exposing the cotton fabric to high temperature in an oxygen-free
environment. Then, MnO> was synthesized by hydrothermal method to functionalize
the surfaces of these fabrics. In addition, MXene contributions were made to these

syntheses at different rates. The MXene structure was obtained by removing the



aluminum from the MAX (TisAl.Cs) phase after etching. After all these experimental
studies, the products were characterized by XRD, SEM and TEM analysis. Their
electrochemical performances were investigated by cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) measurements. According to the
characterization results, it was understood that acicular MnO: crystals with a thickness
of less than 50 nm and a length of more than 100 nm were successfully synthesized
together with MXene on the carbon fabric surfaces. In terms of electrochemistry, it
was observed that the performance increased as the MXene contribution increased,
and the highest performance was observed in the sample with 15 mg MXene added.
The specific capacitance of this sample was approximately 1100 mF/cm?, while the
energy and power densities were determined as 72 mWh/cm? and 230 mwW/cm?,
respectively. It is thought that these results make a significant contribution to the
literature with a very high performance.

Key Words: Mxene (TizCoTy), MAX, (TisAlC3), MnO2 nanorod, flexible

supercapacitor.

Science Code : 91520, 91530



OZET

Yuksek Lisans Tezi

MnO@Ti3C.Tx KATKILI KARBON KUMAS ESASLI ESNEK
SUPER KAPASITOR ELEKTROTLARININ HAZIRLANMASI

Karabiik Universitesi
Fen Bilimleri Enstitis

Metalurji ve Malzeme Miihendisligi Anabilim Dah

Mariem ABDI

Tez Danismanai:
Do¢. Dr. Safa POLAT
Ocak 2023, 60 sayfa

Kiiresel niifusun artisiyla birlikte yenilenebilir enerji kaynaklarinin gelistirilmesine
yonelik yapilan arastirmalarin artigiyla birlikte enerji depolama sistemlerine (EDS)
olan talepte de dnemli bir artis meydana gelmistir. Ozellikle son yillarda gelistirilen
esnek yapili robotlar, biyo sensorler ve yeni nesil esnek ekranli cep telefonlar1 gibi
tiiketici elektronigi ihtiyacini karsilayabilmek amaciyla esnek yapili EDS’lere ihtiyag
duyuldugu bilinmektedir. Stiperkapasitorler bu bakimdan kullanilan ve gelistirilmekte
olan en yaygm EDS’lerden birisidir. Bu ¢aligmada esnek yapili siiper kapasitorler i¢in
karbon kumas bazli MnO:@MXene katkili kompozit elektrotlarin {retimi
amaglanmistir. Bu amacla akim toplayict iletken ve esnek karbon kumaslar
kullanilmigstir. Bunlar pamuklu kumasin oksijensiz ortamda yiiksek sicakliga maruz
birakilmasi ile elde edilmistir. Daha sonra bu kumaslarin yilizeylerini fonksiyonel hale
getirmek igin hidrotermal yontemle MnO: sentezlenmistir. Ayrica bu sentezlere farkli

oranlarda MXene katkilar1 da yapilmistir. MXene yapisi ise MAX (TizAl2C3) fazindan

Vi



etching sonrasi aliiminyumun uzaklastirilmasi ile saglanmistir. Tiim bu deneysel
calismalarin ardindan tiriinler XRD, SEM ve TEM analizleri ile karakterize edilmistir.
Elektrokimyasal performanslari ise ¢evrimli voltametri (CV) ve galvano statik sarj
desarj (GCD) olgtimleri ile incelenmistir. Karakterizasyon sonuglarina gore karbon
kumas yiizeylerinde yaklasik 50 nm'den daha kiigiik kalinlikta ve 100 nm'den daha
uzun boyda ignemsi MnO: kristallerinin MXene ile birlikte basarili bir sekilde
sentezlendigi anlasilmistir. Elektrokimyasal bakimindan ise MXene katkisi arttik¢a
performansin da arttig1 ve en yiiksek performansin ise 15 mg MXene katkili olan
numunenin oldugu gézlenmistir. Bu numunenin spesifik kapasitansi yaklagik 1100
mF/cm? iken enerji ve giic yogunluklari da sirastyla 72 mWh/cm? ve 230 mW/cm?
olarak tespit edilmistir. Bu sonuglarin oldukca yiiksek bir performans ile literatiire

onemli katki sagladigi diisiintilmektedir.
Anahtar Kelimeler : Mxene (TisC2Tx), MAX, (TisAlCz), MnO2 nanogubuk, esnek
sliperkapasitor.

Bilim Kodu 1 902.2.042
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PART 1

INTRODUCTION

With the increase in research on the development of renewable energy sources, there
has been a significant increase in the demand for energy storage systems (EDS) [1-4].
EDSs generally refer to devices used to convert electrical energy from power systems
back into electrical energy when necessary [5]. It is known that flexible EDSs are
needed in order to meet the needs of consumer electronics such as flexible robots,
biosensors and new generation mobile phones with flexible screens, which have been
developed in recent years [6]. In addition, it is known that flexible EDSs are needed
for wearable triboelectric nanogenerators developed for electricity generation from
daily activities [7]. Supercapacitors are one of the most common EDS used and under

development in this regard.

Supercapacitors are generally categorized into two classes as electrochemical double
capacitors (EDLCs) and pseudocapacitors (PC) when viewed from charge storage
controls [8]. EDLCs store energy electrostatically via surface ion
adsorption/desorption at electrodes/electrolyte interfaces, while PCs use fast and
reversible surface Faradic responses between emission ions and electroactive
materials. The specific capacitance (SC) of EDLC is directly proportional to the
surface area of the electrode material accessible to the electrolyte ions [9]. Therefore,
porous carbon materials (e.g. activated carbon or graphene) with a large specific
surface area (500-3000 m?/g) are widely used as commercial electrode material [10].
However, EDLCs suffer from relatively low specific capacitance and limited energy
density (normally <10 W h/kg). The specific capacitance of PCs exceeds that of
EDLCs due to redox reactions, where more charge can be stored in capacitor systems
[11-14]. Transition metal oxides and conductive polymers are typically used in this
context as electroactive electrode materials for PCs. The military application of RuO:

is one of the most successful



examples of this, due to its high specific capacitance of about 600 F/g [15]. However,
RuOz2s high cost and toxicity issues limit its widespread application. Therefore, many
studies are carried out to develop inexpensive and environmentally friendly
alternatives such as MnO, Fe30O4, Co304 and NiO [6,16,17].

Among these metal oxides, MnO: is one of the promising electrode materials due to
its abundance in nature, low cost, environmental friendliness and high theoretical
specific capacitance (SC) (1370 F/g) [18]. It has been stated that MnO> has a wider
electrochemical potential range of approximately 0.9-1.0 V in an aqueous electrolyte
compared to Coz04and NiO (0.4-0.5 V) [19,20]. It also has the important advantage
of being able to use soft aqueous electrolytes, which cause much less chemical
corrosion in current collectors. However, due to the wide band gap (~2.68 eV) , MnO>
electrodes also have important disadvantages such as poor conductivity (10°-10°
S/cm) [21], low ionic diffusion constant (~10—13 cm?/Vs) and easy aggregation,
which may cause a decrease in electrochemical performance. In their use as super
capacitors, problems such as poor cycle stability, low electrical conductivity and large
volume expansion/contraction during charge-discharge process arise due to such
disadvantages. However, it was stated that this problem was directly related to electron
and ion transfer, and it was thought that MnO: could be solved by both expanding the
surface area and increasing its electrical conductivity. For this reason, it has been stated
that the studies in the literature should focus on the synthesis of MnO at nanoscale
[22]. For example, Zhang et al. have synthesized MnO; in the form of nano dendrites
by electro storage method and determined the specific capacitance of the electrodes at
1 A/g current density as 469 F/g [23] . Gomaa Ali et al. synthesized the nanoflower
product MnO> and kept the specific capacitance value of 309 F/g [24]. Grote et al., on
the other hand, determined the specific capacitance values of the MnO; electrodes they
produced in nanotube and nanowire form as 210 F/g at 1.9 A/g current density and 231
F/g at 0.5 A/g current density, respectively [25]. He et al., on the other hand, found
that the specific capacitance value was 336 F/g when they synthesized MnO: in the
form of nanoflake with the nanotube edges in the middle on the graphene foam surface
[26]. It can be said that the capacitance values are significantly increased by
synthesizing MnO: crystals in the aforementioned geometries and in nano size. It is

also stated that these structures, especially those with nanotube geometry, have a



significant advantage due to their thin walls and large surface area that allow diffusion
[27,28]. However, due to the low conductivity of MnO, the capacitance value is still
very low compared to the theoretical one (1370 F/g). In addition, it has been stated that
the use of polymeric binders to hold such nanostructures on the current collector
reduces the surface area and negatively affects the capacitance [29]. Therefore, it has
been proposed to directly synthesize MnO> on current collector surfaces. It has been
stated that the synthesis of metal oxides in the aforementioned geometries on the
carbon cloth-like substrate surface using the hydrothermal method is a very effective
and proven method [30]. On the other hand, even though the surface area is expanded
by producing MnO3’s in the aforementioned geometries, electron exchange is still poor
due to its low conductivity, and it has been suggested that conductivity-enhancing
secondary components can be used to increase the capacitance. In order to increase
conductivity, it has been stated that it is used with 1D and 2D components such as
graphene and carbon nanotubes in many studies, but aggregation caused by m-m
interactions is an important problem (S.-Y. Yang et al., 2011). Therefore, MXene
structures composed of transition metal carbides or carbonitrides have emerged as an
alternative to carbon-based two-dimensional components [31]. These structures are
obtained by chemical etching of the MAX phase synthesized at high temperature and
pressure with acids such as HF and HCI. During etching, element A (usually composed
of Il1A and VIA group elements) goes into solution and a hydrophilic group is attached
to the outer part of the M-X structure, ending the structure. In these structures with the
chemical formula Mn+1XnTx, M represents the transition metal, X represents carbon or
nitrogen atoms, n represents an integer between 1 and 3, and T represents functional
groups such as oxygen, hydroxyl or fluorine [23]. The fact that the outer parts of these
structures consist of a functional group causes them to have very high electrical
conductivity (1000 Scm™?) [20,32]. In addition, when the A layer passes into the
solution, it causes the formation of leaf-shaped stratified cavities in the structure,
which ensures that MXene structures have a two-dimensional large surface area [33].
In this context, approximately 70 different MXene structures have been synthesized in
studies conducted so far [34], and it has been stated that the most widely used one is
TizC2Tx [23,35]. At the same time, TizC2Tx structure provides fast electron feeding to
the electrochemically active sites due to having a conductive inner transition metal

carbide layer. In addition, the hydroxyl cites forming the outer structure of MXene are



very active against redox reactions. Due to these properties, it has become a very
interesting component in the field of energy storage in the last few years. However, in
studies conducted for this purpose, it has been stated that the theoretical capacitance
value of an undoped TizC,Tx structure is maximum 615 C/g, and in experimental
studies, these values are around 245 F/g to 135 C/g [35,36]. On the other hand, in
another study, it was suggested that this difference observed between the theoretical
and experimental results of the TisC,Tx component could actually be reduced by
appropriate cation interaction of its layers and appropriate surface modifications [37].
This recommendation has made TizC,Tx an important component for metal oxides
such as MnO., which have poor electrical conductivity but are capable of rapid redox
reaction. For this purpose, Wu et al. determined the capacitance value of the electrodes
they prepared as 511 F/g, the energy density as 29.58 Wh/kg and the power density as
750 W/kg by performing MnO> synthesis together with TizC2Tx on the carbon fabric
surface [38]. They also stated that the capacitance values of the electrodes decreased
by only 17% after 10000 cycles. These studies generally show that the capacitance
value of both MnO> and Ti3C,Tx increases up to a certain level as a result of the
interaction of MnO> with the MXene structure. Based on these very promising results,
a carbon fabric-based flexible supercapacitor with MnO.@Ti3C2Tx can be designed.
In such a design, it is thought that both the conductivity and the expansion of the
surface area can be achieved by the synthesis of MnO; crystals in nanotube form
(MNT) and TisC,Tx interfaces, as suggested in the literature, and thus very high
capacitance values can be achieved. However, both the relationship of MnO; with
Ti3C2Tx structure and the synthesis of these components on flexible carbon fabric
surfaces are quite new, and in this respect, some deficiencies that have not been
examined in the literature have been observed [23,39]. These are itemized below.

It is an important deficiency that MnOz and TisC>Tx components are not synthesized
on carbon fabric surfaces at different concentrations. The effects of both components
together, but in different amounts, need to be examined synergistically. For this reason,
it was aimed to produce MnO> and Mxene doped carbon cloth-based electrode by
changing amount of Mxene in the electrode. In order to carry out of this purpose, these
electrodes were produce by hydrothermal method. After that, the electrodes were
characterized by XRD, FTIR, SEM and TEM analysis. Then, the electrochemical

properties of it’s were performed by cyclic voltammetry (CV) and galvanostatic charge



discharge (GCD). All the obtained results were then discussed by comparing in

literature.

1.1. MANGAN OXIDE AND MXENE PROPERTIES

1.1.1. Structure of MnO;

Manganese dioxide (MnQO2) has gained a lot of attention in the last 10 years due to its
unique physical and chemical characteristics and wide range of applications in
catalysis, ion exchange, molecular adsorption, biosensors, and energy storage [40].
MnO. in particular has been identified as a viable electrode material for
supercapacitors due to its low cost, environmental friendliness, and outstanding

capacitive performance in aqueous electrolytes [41].

As a result of the varied bonding patterns of MnOs bipyramids, MnO. shows many
structural polymorphs such as hollandite (o), pyrolusite (), intergrowth (y), birnessite
(8), Ramsdellite (R-MnQO.) and defect spinel (A) as seen in figure 1.1 and figure 1.2
[42,43]. The Polymorphs have different atomic configurations, resulting in different
sorts of pores or tunnels inside the crystal structure. The selectivity towards various
ions or electron transfer Kinetics is enormous due to the particular crystal structure.
Because the majority of electrical energy storage system (EESS) employs ions in the
electrolyte and electron transfer kinetics on the electrode surface, it is assumed that the

crystal structures and applications are closely connected [44].
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Figure 1.2. Crystal structures of MnO2 polymorphs [46].

The crystal phase is a key element in determining MnQ; activity, however varied
results were obtained from different reaction systems. Zhao et al. discovered that

urchin-like y-MnO; was more active in NO oxidation than a-, - and 6-phase MnOs,



and that more active oxygen species on the surface of disordered y-MnO; were
responsible for its superior performance [47]. Al>O3 supported a-MnO> outperformed
supported B-MnO2 and y-MnO2, which is due in part to the higher oxygen mobility
and higher adsorption of VOCs [48]. In a comparative investigation of oxidation over
a, 6-, y- and B-MnOg, Liang et al. found that the oxidation activity of catalysts declined
in the order of a-MnO;~=3-MnO; >y-MnO; > 3-MnO, [49]. Similarly, in the
activation of Oxone to form sulfate radicals for phenol degradation, a-MnQO2, y-MnO>
and B-MnO; were studied, and an equivalent order of a-MnO. > y-MnO; > 3-MnO; of
catalytic activity was reported here [50]. Manganese dioxide is a common electrode
material in dry cell batteries like alkaline and Zn-Cd batteries. Manganese dioxide was
also utilized in 1976 as a material for super capacitor electrodes [51]. MnO: is also
employed as a catalyst in the synthesis of oxygen from potassium chlorate [52].

1.1.2. Electrochemical properties of MnO;

The electrochemical characteristics of nano-structured MnO; are heavily impacted by
nanoparticle dimensions, sample shape, composition, and production. As a result of its
outstanding electrical capabilities, many morphologies of lower dimensional space
nanostructured MnO> have been created, including rods, belts, wires, ribbons, and
tubes and subsequently, the utilization of innovative multilevel nano-structured MnO>
as a lithium-ion inclusion host was already described [53]. Sunaina et al. used a simple
hydrothermal approach to create one-dimensional o-MnO. nanostructures with
different morphologies by altering the hydrothermal temperature. The XRD and
Raman spectroscopy confirmed the tetragonal a-MnO> phase. FESEM study revealed
morphological variability from nanorods to nanofibers. The super capacitive
characteristics of the produced electrode material were investigated utilizing
electrochemical characterizations such as CV and GCD. In this situation, the nanorods
collected to form a spherical shape exceeded the nanofibers generated at a higher
temperature in terms of electrochemical performance. As a result, the hydrothermally
produced a-MnO> nanostructures might be recognized as an important electrode
choice for high-performance supercapacitors [49]. Teli et al. synthesized the MnO-
under high temperatures. They stated that this condition leads to a change in the

morphology and crystalline structures of their samples, so the specific capacitance was



directly affected, and 300°C was the best temperature with the highest specific
capacitance and the highest stability in aqueous electrolyte. So the samples are the
most suitable in this conditions for the measurement [54]. By a simple hydrothermal
method, Chen et al. prepare MnO2 nanorods from KMnO4and HCI. MnO2 nanorods
have dramatically improved electrochemical performance, including high capacity,
great cycle stability, and outstanding rate capability. An initial reversible capacity of
1206.1 mAhg? is attained, with an initial coulombic efficiency of 74.9%. The
reversible capacity of 1404.7 mAh g is maintained after 100 cycles at varied c-rates.
The good electrochemical characteristics are due to the unique structure of MnO>
nanorods and the use of CMC binder. MnO2 nanorod is a potential anode material for
next-generation lithium ion batteries, according to the findings [43].

1.1.3. TisC,Tx production and its structure

Two-dimensional (2D) materials have become a main research interest in materials
science since the discovery of graphene and its remarkable properties [55]. Because of
their unique physicochemical characteristics, diverse two-dimensional (2D) materials
have been extensively researched [56]. Due to their large surface-area-to-volume ratio
and interior surface areas, 2D materials provide great mobility and energy density,
which make them ideal candidates for energy storage devices [56]. A novel family of
2D materials known as MXene has just evolved, consisting of transition metal
carbides, nitrides, and carbonitrides [57]. These new materials are obtained by
selectively etching out the A layers from their respective three-dimensional (3D) MAX
phases [58], with a general formula of Mn+1AXn (n=1, 2 or 3) consisting of early
transition metal “M”, main group element “A”, and carbon and/or nitrogen “X” [59].
MAX/Mn+1AXn may be classified into three varieties based on the value of n (n = 1,
2, 3). These include M2AX1 (211), M3AX: (312), and MsAX3 (413) [60]. In, a typical
crystal structure of a layered MAX/Mn+1AXn phase as shown in Figure 1.3.
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Figure 1.3. The basic structure of MAX and the corresponding MXenes [61].

More than 70 MAX phases have been detected to date [62], Furthermore, MAX phases
may be created by combining solid solutions of "M","A" and "X", such as
(Ti,Nb)2AIC, Tis(Aio.5Sio5)C2, and Ti2Al (Co.sNos) [63]. The "A"-containing bonds
are more chemically active than the strong M-X bonds. Thus, it is feasible to
selectively etch "A" layers from the 3D MAX phase, resulting in a novel class of 2D
graphene-like materials known as MXene. As previously stated, MXenes are typically
produced by selectively etching A layers from their corresponding MAX phases at

room temperature using aqueous HF as the etchant as shown in Figure 1.4.
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Figure 1.4. Representation from MAX to Mxene conversion [64].

TisC2Tx (T = OH and F) was synthesized in the first experiment by removing the
weakly bonded Al layers from the TisAlC, phase [65]. The following equation 1.1, 1.2,
1.3 are the reactions of HF solutions with TisAIC:

Ti3AIC, + 3HF = AlF3 + 3/2H; + TizCy, (1.2)
Ti3Co + 2H20 = TizCz (OH) 2 + H, (1.2)
Ti3Co + 2HF = TizCaF2 + Ha. (1.3)

The first Reaction (1.1) is the mandatory, (1.2) and (1.3) provide OH and F
terminations, respectively. After that, centrifugation was used to separate the particles,
which were then rinsed with deionized water. MXenes have multilayered structures
without delamination. Sonication was used to create single- or few-layer MXenes, but
it was eventually supplanted by dimethyl sulfoxide (DMSO) intercalation, which
proved to be more effective [66]. Almost all other MXene sheets were prepared using
this approach from Al-containing MAX phases. Notably, depending on particle size
and temperature, the etching conditions (time and HF concentration) required to
convert a particular MAX phase vary greatly. For example, attrition or ball milling can
effectively reduce the required etching time and/or HF concentration by lowering the
MAX phase particle size. Furthermore, differences in M-Al bond energies for various

MAX phases need distinct etching conditions. For example, the higher Ti-Al bond
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energy in Ti2AIC compared to Nb>AIC resulted in a longer etching time and higher HF

concentration [67].

Recently, a trend of searching for an alternative for HF etchant prompted the research
of several new synthesis procedures since HF is toxic to the body, making handling
the chemical difficult, and it may also release harmful wastes that have an impact on
the environment. Attempts were made to find softer etchants with less waste and
toxicity. Halim et al. demonstrated that Ammonium Bifluoride (NH4HF>) is a viable
choice. Initially, epitaxial TisAlIC>thin films were formed on sapphire substrates at 780
°C, according to the study. Then, a comparison study was performed, the first with
traditional 50% concentrated HF on samples with thicknesses of 15, 28, 43, and 60 hm
for 10, 15, 60, and 160 minutes, respectively. In the second investigation, 1 M of
NH4HF. was utilized, with the sample thicknesses indicated before but for 150, 160,
420, and 660 min, respectively. This approach is a one-step synthesis method for
MXenes since ammonia (cations) were intercalated simultaneously during the etching
process, which is a significant benefit over HF etching [68]. Because the etching and
intercalation processes occur concurrently, it is possible to expect the following

reactions (equation 1.4 and 1.5):

Ti3AIC, + 3NH4HF2 = (NH4)3AlFs + TisCo + 3/2 Ha (1.4)

Ti3C2 + aNHsHF2 + BH20 = (NH3)c(NH4)d TizC2(OH)xFy (1.5)

Reaction (equation 1.5) demonstrates that NHz and NH4*! is intercalated between
TiC2Tx layers, altering MXene characteristics considerably. As the distance between
the layers grows, the MXene swells (the c lattice parameter was raised by 25%
compared to the films etched with HF). Because NH4HF- is less toxic than HF, it is a
gentler etchant. Ghidiu et al. proposed a new high-yield process for the simultaneous
fabrication of several MXene sheets [69]. In this method, TisC2Tx was produced by
dissolving TizAlC; particles in LiF and HCI solutions, then heating the mixture at 40°C
for 45 hours, and lastly washing the sediment to remove the product and elevate the
ph. This technique yielded a clay-like paste, which could be rolled to generate flexible,

free-standing films with high volumetric capacitance. This was the first instance of the
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comparable nature of MXenes, and clays being brought to light. In this situation, water
intercalation acts as a lubricant, allowing for easy shearing, reducing the standard
sonication time for delamination from 4 h to 30-60 min. Other fluoride salts, such as
NaF, KF, CsF, and CaF», can be used in place of LiF in HCI or H2SOa.

1.1.4. Electrochemical properties of TizC,Tx

Naguib et al. discovered that TisC,Tx oxidizes in air, CO2, and pressured water [70]. It
was reported that the oxidation produced anatase TiO2 nanocrystals encased in
amorphous carbon sheets (TiO2-C hybrid structure). It was anticipated that during flash
oxidation, the top and bottom Ti layers oxidized to produce thin anatase nanoparticles;
however, during slow oxidation, the top and bottom Ti layers oxidized to generate
sheets of nanocrystalline rutile. As a result, two distinct TiO. phases were formed
under the two different oxidation regimes. Similarly, Li et al. determined that TizC2T«
may react with O, to generate TiOz in either rutile or anatase phases [71]. In contrast
to the TiO2-C hybrid structure, the anatase nanocrystals generated were equally
dispersed over the 2D TisC, layers. The difference was caused by the prolonged
reaction period of around 40 minutes compared to the <5 s flash oxidation; the newly
generated carbon was unstable. The anatase phase would convert to rutile at high
temperatures. A similar effect was described for Ti.CTx almost immediately [72]. Heat
treatment produced anatase TiO2, which later transformed to rutile TiO2 at higher
temperatures [27]. Lui et al. Found that by considering TizC,Tx MXene as a promising
electrode material for electrochemical energy storage. However, due to its low specific
capacitance concerns, its practical uses are limited. A simple heteroatom doping
approach is presented in this paper to create defect-rich TizC2Tx MXene with numerous
active cites. As a result, P-doped TisC2Tx MXene was produced using a simple
annealing process. The synthesized P-doped TisC.Tx was employed as the SC
electrode material, and it was discovered that the P-doped TisC,Tx displays improved
electrochemical performance when compared to the pristine TisC2Tx MXene, with a
high specific capacity of 31.11 mA h gtat 1 A gtin 1 M KOH electrolyte.
Furthermore, a P-doped TisCoTx-based symmetric SC device with an energy density
of 8.2 Wh L™ and a power density of 303.4 W L is constructed [73]. Redox-enhanced

electrochemical capacitors (redox ECs) are promising energy-storage devices with the
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potential to deliver both high power and energy performances, but overcoming the
severe self-discharge remains a significant challenge due to the shuttle effect of redox
species such as 1713 ions introduced in the electrolytes to gain additional capacities.
Yang et al. suggest a cation-initiated self-assembly technique of TisC,Tx MXene
nanosheets onto glass fiber membranes to construct Janus separators that can reduce I
/l3” jon shuttling in iodine-based redox ECs. Because various cations such as
imidazolium (C4mim™®), Mg?*, and APF* may be used to regulate the interlayer spacing
of the MXene films, the resultant Janus separators have customizable nanochannels
for ion sieving. Both molecular dynamic (MD) simulations and electrochemical testing
show that C4mim*-intercalated MXene Janus separators (C4mim*-MXene) may
restrict 13" ion diffusion while permitting other electrolyte ions to pass. As a result, self-
discharge caused by the shuttle effect can be significantly reduced in C4mim*-MXene-
based redox ECs, which deliver significantly higher voltage and energy retentions than
glass fiber membrane separator-based cells (voltage retention: 70% vs. 10%, energy
retention: 51% vs. 6.5%) after a 24-h open-circuit test [74]. Zhang et al. verified that
the ultrasonic substantially aided the intercalation of Li* between the neighboring
layers of TisCoTx MXene. Under the influence of ultrasound, the 8-hour sonicated
etching demonstrated a specific capacitance of 270.5 F/g, a 16-fold increase over the
control sample. They produced monolayered samples with and without sonication
treatment, and the sample created with ultrasound had a specific capacitance of 420.66
F/g. After 10,000 cycles at 5 A/g, the specific capacitance retention of the 8 h
ultrasonically etched multiple layered samples was 95.52%, which was 4.27% higher

than the comparable value of the monolayered sample [75].

1.2. NANOPARTICLE SYNTHESIS AND ENERGY STORAGE FEATURES
1.2.1. Nanoparticles synthesize methods

Nanotechnology is the development of structures that have improved and/or
completely new physical, chemical, and biological qualities. This is accomplished by
working at the level of atoms and molecules (within the range of 1 to 100 nm in units

per billion). The material properties and operational principles of the devices are, in

general, based on standard modeling and theory (assumptions based on dimensions
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bigger than 100 nm). This is due to the fact that traditional modeling and theoretical
frameworks are the representations of the physical world that are the most precise.
Dimensions of its are generally smaller than 100 nanometers [76].

However, render existing theories and models are inadequate for describing the newly
manifesting features. In comparison to bigger particles of the same substance,
nanomaterials exhibit superior and distinctive properties due to their diminutive size.
One may find a wide variety of nanomaterial’s and particles on Earth in their unaltered,
native forms. Exhaust gases, volcanic byproducts, and photochemical chemicals are

all examples of such substances [77].

The fundamental goal of nanotechnology is to pave the way for the development of
goods that are more robust, of better quality, last longer, are less expensive, lighter,
and smaller in size. Several nanoscale manufacturing technologies are now in
development as a result of this impetus. These topics will be covered in further detail
in the next paragraph. Subheadings also include topics like the characterization of
nanoparticles and their use in supercapacitors for this specific application.
Nanomaterials and nanostructures may be manufactured using one of two main
approaches: top-down production or bottom-up production. The first approach, which
is known as the Top-down technique, starts with the whole information, which is then
divided into digestible portions once the operation has been carried out. The “bottom-
up” technique is another name for this approach to problem solving. This fundamental
approach reduces the structural dimensions of microscopic components down to the
nanoscale scale by using lithography, incredibly flawless surface shaping, particular
processing procedures, and chemical etching methods. The bottom-up production
approach includes the synthesis of the material as a result of the growth in size of atoms
and molecules brought about by chemical processes. This development in size takes
place throughout the manufacturing process. Atomic and molecular components are
brought together in a manner that is under regulated circumstances in order to generate
larger systems, clusters, organic lattices, multimolecular structures, and synthetic
macromolecules. This process takes place in a controlled environment. These may be
divided up into the following three categories: Synthetic processes that may be carried

out in solid phase, liquid phase, or gas phase environments [36,37]. The inert gas
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condensation technique is one of the most favored ways for manufacturing
nanoparticles due to its ability to provide flexibility and controlled material synthesis
[79]. The two processes that comprise the method's main working principle are
evaporating the starting material in the presence of a pure helium atmosphere and then
cooling the vapor that is formed in the presence of the helium atmosphere [80].
Following this process, the condensation of atoms into micro particles occurs. The
nano particles produced as a result of this action are subsequently transported and
collected in the collector. Convection currents move small, condensed particles into
the collecting jar, which are heated by the inert gas and cooled by the cold finger. The
sediments are scraped and then transported to the compression equipment. The
particles generated range in size from one to one hundred nanometers, and the size of
the particles produced may be varied by varying the gas pressure. The obtained
particles might then be sintered to generate solid nanomaterials if that is needed. The
primary factors affecting the system and product characteristics are the gas pressure,

inert gas type, temperature, and gas flow rate [81].

Physical vapor deposition (PVD) is a coating technology that uses vapor convection
and condensation to coat material from a solid or liquid source (typically in a vacuum
environment) [82]. This method may generate thin films with dimensions as small as
an atom or as large as a nanometer as long as the manufacturing conditions are
rigorously maintained. This is a versatile production technology. Evaporation,
sputtering, laser heating, and ion beam are all examples of vapor phase types produced
by the PVD process [83]. Atoms are separated from the surface of the target by the
impact of ions in sputtering, but atoms are removed from the source via thermal
techniques in evaporation. After the resulting vapor phase has gone through the
collision and ionization stages, the substrate begins to concentrate on the sample,
which is subsequently followed by the nucleation and growth processes. Sputtering is
also used to create layers of materials with high melting temperatures, such as
refractory metals and ceramics, which are difficult to produce by thermal evaporation.
These layers can then be used in a variety of ways. Sputter-formed films have a higher
density than evaporation-formed films because sputtering atoms carry more energy

than evaporating atoms. Two of the key advantages of adopting these technologies are
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their ability to make thick films at extremely low substrate temperatures and their

quick film growth rates [84].

In 1994 in Germany where the first invention of the chemical vapor deposition (CVC)
method as an excellent method for producing large quantities of nanoparticles [85].
Thermal cracking transforms gaseous material into particles in this technique. This is
the procedure's essential concept. Chemical vapor deposition (CVD) is a common
manufacturing method at the nanoscale. Its principal role is to coat the surface with a
thin film, but it is also used in the production of high-purity bulk materials and powders
[86]. Gaseous or vaporous raw materials are deposited onto the heated substrate during
the CVD process, where they either react chemically or serve as a transport medium
for additional raw materials. Reactions occur on or near hot surfaces, and the ensuing
solid products are deposited on the surface as thin films. It is possible to make a wide
range of various materials using this method. The CVD process employs several
different types of reactors. They are classified as having hot or cold walls, being low
pressure, atmospheric pressure, or high pressure, and having or not having carrier gas.
Deposition techniques may be carried out inside these reactors at temperatures ranging
from 473 to 1873 K. At the same time, chemical vapor deposition (CVD) procedures
may be divided into many groups based on the kind of energy source employed
(plasma, photon, laser, or hot filament). The CVD technique has several advantages.
One of the most notable advantages of the method is that it can frequently generate a
homogeneous thick film or coating layer on elaborately formed components. Another
of the CVD technique's numerous advantages is its potential to ease the synthesis of
materials with extremely high purity. Other advantages include relatively high
deposition rates and a general requirement for a vacuum that is frequently lower than
that required for PVD processes within these reactors [86]. The particle formation
method in liquid phase synthesis is identical to that in vapor phase synthesis. Although
grain size and crystal shape are difficult to regulate in standard gas condensation, they
can be controlled in sol-gel and solvothermal synthesis by using growth-limiting
organic ligands. During chemical precipitation (CP) reactions, the processes of
nucleation, growth, and/or agglomeration may all occur concurrently. Supersaturation
conditions are frequently required for the production of insoluble particles. The

nucleation stage is the most crucial since it produces a large number of minute
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particles. Secondary processes, on the other hand, such as maturation or aggregation,
have a significant influence on the final product's size, form, and features after they
have been finished [87]. It is important to obtain supersaturation (saturation), which
commonly occurs as a result of a chemical reaction, in order to facilitate the
precipitation process. Metal synthesis (from aqueous solutions, reduction from non-
aqueous solutions, electrochemical reduction, and degradation of metal-organic
precursors) and oxides (from both aqueous and non-aqueous solutions) are examples
of common chemical precipitation processes (by molecular precursor reactions).
Chemical precipitation procedures utilizing microwaves and sonication may also be
applied [88].

Another wet-chemical process is the sol-gel method. A network structure known as a
gel is created during this method by using either a chemical solution known as a solvent
solution or colloidal particles known as a sol for nanoscale particles [89]. The
technique begins with the creation of a stable sol containing solid particles in solution,
followed by either a polycondensation or a politzerization gelling reaction. The gel's
former liquid phase is removed by drying it. A high temperature is utilized at the end
of the operation to densify and breakdown the gels. During this period, the gel
precipitates in the network structure as pores, and any leftover organic contaminants
are removed [90]. Gel is the interphase connected network, whereas sol is a colloidal
dispersion of solid particles in a liquid phase. Sol can be considered a kind of gel.
Instead of creating particulate metallic sols, both techniques produce polymeric sols
(free of oxide particles larger than 1 nm). Both of these reactions are multi-step
processes that occur in the specified order. Metal alkoxides, as well as inorganic and
organic salts, can be used as precursors for sol-gel materials. Metal alkoxide precursors
(Si, Ti, Zr, Al, and B) are used in a wide range of studies [91].

Hydrothermal synthesis is regarded as one of the most efficient methods for producing
pure metal oxide nanoparticles. This approach allows for the formation of compounds
that are insoluble under normal temperature and pressure settings by exploiting a
heterogeneous reaction at high temperatures and pressure. The process of producing
crystals takes place in an autoclave, which is a steel pressure vessel. The water and

nutrients are maintained separate inside this gadget. Hydrothermal synthesis allows for
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the creation of materials that would not be possible by solid-state processes. Following
this process, you will get the final product, which has a low melting point, a high vapor
pressure, and thermal breakdown. It is straightforward to create commodities in the
intermediate, meta-stable, and certain phases, and it is also feasible to synthesize new
meta-stable state chemicals and other substances in specific condensed states. The
most notable disadvantages of hydrothermal synthesis include the requirement for
pricey autoclaves, the existence of possible safety hazards throughout the reaction
process, and the lack of any methods of seeing the reaction [92]. The process of
grinding by use of technology the "top-down" approach to the synthesis of
nanomaterials is shown by the method of mechanical etching, which is an excellent
illustration of how this strategy works. This method uses plastic deformation to
structurally deteriorate coarse particles to make nanomaterials [93]. Mechanical
grinding of materials is widespread because it is simple, requires no expensive
apparatus, and produces materials of numerous grades, including nanocrystalline
materials. In reality, contamination from the grinding environment and consolidation
of the powder result into a nanocrystalline microstructure without coarsening must be
monitored. Mechanical grinding uses high-energy mixers, spherical balls, or tumbler
mills. The refractor or balls deliver energy to the powder. The number of balls, rotation
speed, size, ball/powder mass, grinding duration, and environment affect energy
transmission. This synthesis method is ideal for making elemental, complex, and

amorphous or nano-crystalline alloy particle powders [94].

1.2.2. Energy storage systems and supercapacitors

The reliance that modern civilization has on fossil fuels has resulted in a number of
important problems, including escalating fuel costs, increased pollution, accelerated
climate change, and heightened geopolitical conflicts [95]. In their efforts to lessen the
impact of these problems on a global scale, governments have been placing a
significant amount of emphasis on the development of alternative sources of energy
and technology for energy storage. The location has been the impetus for a variety of
study into the possibility of renewable energy sources such as wind, sun, compost,
biogas, hydrothermal, and hot [96] . In point of fact, the electrical energies that are

gleaned from this research find extensive application in a variety of facets of our day-
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to-day existence. These power sources may be discovered in nature, and they convert
Kinetic energy into electrical energy. However, the amount of power they produce
varies from time to time. Therefore, it is essential not only to get energy but also to
store it and have it prepared to use with the appropriate outputs when those outputs are
necessary. Capacitors, which are forms of energy storage devices, have been employed
here up to this point. In order to manufacture devices of this nature, an insulating
material must first be positioned between two conducting surfaces. In this
configuration, when a source voltage is applied between the capacitor’s plates, an
effort is made for current to flow through the insulator, but the insulator serves as a
barrier to the passage of electrons and prevents this from happening. Because of a
phenomenon known as resistance, it is possible for energy to be stored in a dielectric
material in the form of an electrical field. Therefore, the plates are able to store energy
since they are charged in a variety of ways while at the same time [97]. The amount of
capacitance it has depends on the dielectric constant of the material that is sandwiched
between the plates. These results indicate that a high capacitance may be achieved by
placing components with a high dielectric constant between two metal plates. It has
been observed that perovskite-structured components with a high dielectric constant,
including BaTiOzand SrTiOs, provide very high capacitance in this context [98]. As a
result of their high capacitance value, polymers including polyaniline, PVDF, and
metal oxides are used in a wide variety of electronic devices. However, modern
technological advancements call for not just higher power output, but also higher
energy density and a quicker charge-discharge cycle time [99]. Helmholtz
hypothesized that a bigger energy storage capacity might be achieved without using
materials with a high dielectric constant by decreasing the thickness of the dielectric
material between the plates and increasing the surface area [100]. This is because
double layer super capacitors as shown in Figure 1.5. have been developed [101].
These include a liquid electrolyte for ion exchange, a separator that allows ions to flow,
and a conductor with a large dielectric surface area. The positively and negatively
charged ions in the electrolyte migrate to the electrodes when the supercapacitor
charges. Additionally, the thickness of the dielectric material at the contact is
proportional to the size of the ions in the electrolyte (1nm). This thickness is often

reduced to between 2 and 5 m in conventional capacitors. Capacitance has increased
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by a factor of over a thousand when just thickness is taken into account. Therefore,

supercapacitors are able to store more energy than conventional capacitors [102].

Active porous
electrode material

Figure 1.5. Schematic of porous electrode materials used in a supercapacitor [103].

1.2.3. Characterization of supercapacitor electrodes

Supercapacitors, a high energy storage device with unique properties, are well suited
for a variety of applications due to their high-power density and robust electrochemical
performance. Their industry has rapidly grown as a consequence. Supercapacitors may
have uses in transportation, hybrid and electric vehicles, rail systems, memory
backups, as well as other areas [104]. Supercapacitors are electrochemical capacitors
made up of two porous electrodes with a large surface area that are immersed in an
ionic electrolyte and separated by a porous structure that inhibits electrical short-
circuiting while allowing ion flow [105]. Unlike batteries and fuel cells, which harvest
energy stored in chemical bonds via faradic reactions at the anode and cathode, it is
widely accepted that the properties of supercapacitors are primarily the result of three
different charge storage mechanisms that can coexist and contribute in varying
proportions in the same device [106]. Another process is based on the nanometer-sized
electrostatic charge separation at the interface among both large surface area porous
electrode material and the electrolyte (electric double layer), a mechanism has been
contributed to high adsorption surface redox reaction through which partial faradic

charge transfer that takes place between the pseudocapacitive electrode material and
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the electrolyte, and a third one is due to diffusion-controlled ions intercalation. Each
of these mechanisms contributes to the formation of the electric double layer. In
general, a voltage-independent current in response to a linear voltage scan and a linear
voltage-time profile in response to a constant-current charge/discharge of a
supercapacitor are both indicators that the device in question is an electrical double-
layer capacitor rather than a supercapacitor [107]. When particularly in comparison to
rechargeable batteries, supercapacitors exhibit exceptional power performance (as
high as 10 kW kg-1), a greater degree of reversibility, and long cyclic life (>10°), all
while remaining low-cost, repairs, and ecofriendly devices that can be easily integrated
into electronic circuits and power systems. Supercapacitors also have a higher degree
of reversibility than rechargeable batteries [108]. Thus, supercapacitors are extensively
employed as energy storage devices in high-power applications such solar energy
harvesting systems for autonomous field devices [109], renewable power systems
[110], hybrid energy storage systems [111], electric cars [112]and biomedical implants
[113]. Because of this, and because the different ways that charge is stored can lead to
nonlinear behavior, it is important to know how well supercapacitors perform in any
given application so that other parts of the system can be designed for the right current
rating and life time [114]. The performance of supercapacitor devices is often
evaluated using three metrics: capacitance, equivalent series resistance, and operating
voltage. With this information, the amount of power and energy that is stored may be
calculated [115]. The evident difference in both the time and frequency domain
electrical characteristics of supercapacitors compared to excellent capacitors shows
that present commercial standards and characterization methodologies for these
devices need to be updated. Thus, supercapacitor's performance measurements will be
exact, enabling their optimal use and applications. There are several research and
review publications on supercapacitor characterization techniques [116], most assume
that ideal capacitor relations can be directly applied to non-ideal supercapacitors.
Additionally, it is troubling to note that the analysis often uses an ideal capacitors
approach in the time domain despite the fact that the ac impedance data of these
devices is frequently modeled with constant phase elements (CPE), which indicate the
existence of dispersive behavior resulting from distributed relaxation time constants
[117].
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PART 2

LITERATURE REVIEW

2.1. SUMMARY OF PREVIOUS STUDIES

2.2.1. MnO: based supercapacitor electrodes

Xiuchang Chen et al prepared the MnO2/MXene/cc (MTC) composite electrode by
using a simple two-step electrodeposition method. Though, they realized that the
MnO2 comportment is affecting the charge/discharge process. They also observed that
at a high density the performance increase. Therefore, their asymmetric flexible
supercapacitor (MTC) (TC) showed a large voltage, a high energy density at a high-
power density. So, a stable cycle (88% after 10.000) cycles[118] .

Dong et al. used the morphology of MnO2 nanostructures to carry out the synthesis of
a MnOz-graphene foam hybrid with a regulated MnO; particle shape for use as a
supercapacitor electrode, and they were able to readily adjust the acidity of the
solution. They also show that this study proves the excellent potential of graphene
foam to be utilized as new three-dimensional hybrid, giving a notable electrochemical
properties (560 F/g at the current density of 0.2 A/g) and excellent cycling stability
[119].

Zeenat et al. examined the simple synthesis of BioO3-MnO2 nanocomposite material to
create the electrode materials Bi2Os, MnO>, and Bi2O3-MnO> on a graphite rod, an
autocatalytic chemical technique called simultaneous ion layer adsorption and reaction
(SILAR) is used to absorb electrolyte ions easily and quickly for improved energy
storage efficiency. The X-Ray was used to explore how the composite matrix of Bi.O3
a-MnO, was formed. They discovered that the behavior of the battery and

supercapacitor of BiOzMn0O2/Bi>03 a-MnO3, also is dominant to that of individuals
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as well as those reported in previous studies for symmetrical electrochemical storage
devices focused on Bi2O3, MnO2, and Bi>O3 a-MnQO>. The as-prepared compound
electrode material confers 350 F g specific capacity (SC) @ 10 A g%, which is better
than that of an individual equivalents [120].

Kumara and Bhatia. Developed a large-area 3D structure of H-MnO (NB) nanobricks
by controlling the way Mn is deposited on a Cu substrate and then steam the structure
at high temperatures in a hydrogen atmosphere. The electrochemical has a high
specific capacitance of 1410 F/g and a high surface capacitance of 295 mF/cm?. It also
has an elevated cycle stability (just 5% of the actual specific capacity is lost after 3000
cycles at a current density of 2.5 A/g). H-MnO, NBs work well as a supercapacitor
electrode because the active material has better electronic and ionic conductivity. This
is because there are hydroxyl groups on the layer of MnO, NBs [121].

Jiao et al. produced a 3D MnO»-1TO NWSs composite having high specific surface area
and low resistance as just an electrode material for SCs. Using tin-doped indium oxide
nanowires (ITO NWs) composite with highly ordered network architectures for
electrochemical supercapacitors to synthesis MnO2, The optimized MnO has a high
specific capacitance of 508.54 F g at the scan rate of 5 mV s1, while the bare ITO
NWs have a specific capacitance of just 2.83 F g%, making it possible to disregard the
impact of the matrix material to capacitance. offers the chance to turn highly
conductive materials into extremely effective pseudocapacitive SCs that may be

utilized in various electronic items [122].

Zhao et al. Made using thiourea as a cross-linking agent, nitrogen source, and sulfur
source. The precursor SA-based composite gel was Hierarchical N, S-co-doped porous
carbon/MnO, composites with an SSA of 1701 m? g* were generated by single-
process carbonization. Besides that, adding KMnOs to porous carbon compounded
MnO; and enhanced its pore structure. The pseudocapacitance created by MnO3's
redox reaction gave NSPC/MnO: a high specific capacitance of 281.1 Fg-tat 1 Ag?
as a SC electrode material. 86.02 % of original capacitance was retained after 5000

cycles at 10 A g*. A capacitance with a high specific value needed enough MnO;
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loading and a suitable pore structure. Porous carbons may be made easily and cheaply.

It has incredible potential in SCs hybrid electrodes [123].

Kiymaz et al. In their research described the improved performance of nanostructured
MnO: electrodes from a diffusion perspective. First, they described the morphological
characteristics of flower-shaped MnO- nanosheet and MnO nanowire with similar
crystal structure (-MnO2 phase) and capacitance-voltage characteristics. After that,
using electrochemical impedance spectroscopy and a three-electrode configuration,
the variables that limited the effectiveness of the bias voltage-dependent capacitance
were described. lon diffusion and charge transfer processes could be better understood
through the information provided by resistance and capacitance frequency plots

respectively [124].

Jiang et al. They carried out deposition of MnO; nanoparticles on the surface of the
DMC support was examined utilizing multiple structural studies, including FT-IR,
nitrogen adsorbent, XRD, XPS, SEM and TEM. Compared with DMC and MnO
electrodes, the DMC/MnO2 nanocomposite demonstrated the greatest capacitive
performance reaching 292 Fg?! at a current density of 0.5 Ag?. Additionally,
DMC/MnO; has high cycle stability (21% capacity loss after 2000 charge
cycles/dump) and throughput performance (61% capacity retention across 0.5to 10 A
gl). Additionally, with a particular power of 100 W kg, a symmetrical two-electrode
supercapacitor device offered a high specific energy of 34 W h kg*. The work done
there will help with the development of high-performance supercapacitor technology
[125].

2.2.2. TisC,Tx based supercapacitor electrodes

Binxia Chen et al aimed to improve the supercapacitor’s electrode capacitance.
Therefore, they integrated positively charged PANINIS into MXene (TisC2Tx) Nano
sheets. Therefore, the change of the morphology and the porous structure of the
composite explain The MP composite electrode’s high competence. They also said
that the electrode has stabilized during the charge/discharge process. So, the cycle
stabilized as well [126].
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Wu et al. Explored the negatively charged electrode in supercapacitors, free-standing
Ti3CoTx sheets are made by etching TisAlC2 powders in a solution of HCI and LiF,
followed by vacuum filtering. After testing the electrochemical performance of
TisC2Tx paper, a high volumetric capacity of 295.4 F cm?® was discovered.
Furthermore, it had a high-capacity rate of 79.7% from 2 mV s to 100 mV s, as well
as a long useful life with an initial sound stability of 94.4% after 15 000 charging and
discharging cycles at a current density of 10 A g . The UPS unit has a power density
of 1.3 kW kg™ and an energy density of 4.5 Wh kg™. The device's application has been
shown by lighting a red light-emitting diode, allowing the use of TisC,Tx-paper as the
negative electrode in supercapacitors [127].

Zhang et al. have synthesized a flexible electrode from multi-scaled TisC>Tx by
vacuum filtering of HF-etched nanoparticles and HCI + LiF-etched nanosheets. The
TisC,Tx-10 flexible has a greater specific capacitance of 372 F g at 1 A g* than the
film, and it retains 95% of its capacitance after 5000 cycles. Even while the generated
flexible electrode based on multi-scaled MXene has a larger specific capacitance than
previously reported MXene composites and graphene composites, it is still marginally
less capacitance than surface modified MXene films and N-doped MXene electrodes
[128].

Whang et al. came up with a plan to make 3D aerogel with 1D channels using directed
freeze drying of TisC.Tx. The 3D TisC.Tx/Sodium alginate (SA) aerogel is able to
efficiently handle the stacking issue of TisC2Tx nanosheets with the assistance of the
unidirectional channels, and it also speeds up the diffusion of ions. The TisC2Tx/SA-5
electrode may still attain the mass capacitance of 284.5 F g and the areal capacitance
of 4030.4 mF cm? at 2 mV s when the loading is 14.2 mg cm? in 1 M H2SO4
electrolyte. Both of these capacitances are measured when the electrode is subjected
to a voltage of 2 mV s™. In addition, the electrode demonstrated excellent cycling
performance after 20,000 cycles at 50 mV s, with no deterioration of the capacitor
occurring during this time. These findings imply that high performance supercapacitor

electrodes with high mass loading may be manufactured by using the method of

25



creating a specific three-dimensional structure of two-dimensional MXene with one-

dimensional channels that run in only one direction [129].

Javed et al. suggested increasing energy density by using a heterostructured (HS)
composite of nickel-cobalt-sulfide (NCS) nanoflowers embedded in exfoliated
Ti3C2TxMXene layers (HSNCS@MXene). The NCS nanoflowers created a sandwich-
like structure inside the MXene layers. Using a three-electrode setup, the
HSNCS@MXene showed very impressive pseudocapacitive performance. They
measured a capacitance of 2637 F g (1582 C g?) at 2.5 A g and found that it was
stable across 10,000 cycles, maintaining 96% of its starting value beyond that point.
The charge storage method in HS—NCS@MXene composite involves Faradic and
electrochemical double-layer storage, according to postmortem analyses.
HS—-NCS@MXene with activated carbon formed an AHSC (HS—NCS@MXene/AC—
AHSC). The HS—NCS@MXene/ AC-AHSC operates in a potential range up to 1.6 V
and delivers a high capacitance of 226 F g~* at 1.5 A g~* with steady cyclic life (92%)
up to 20,000 cycles. The HS—NCS@MXene/AC—AHSC has an energy density of 80
Wh kgt and a power density of 1196 W kg2, surpassing most previous publications.
AHSCs' electrochemical performance is enhanced by the HS—NCS@MXene
composite's synergy [130].

2.2. THE OBJECTIVE OF THIS STUDY

In order for this thesis to be carried out successfully It is aimed to synthesize carbon
fabrics as flexible electrode material and TizC2Tx structure to be used as additive
material, synthesize nanotube geometry MnO- crystals together in different ratios
between TisC2Tx layers and on carbon fabric surfaces also characterize whether the
produced electrodes consist of the desired components in the targeted size and
geometry with the BET analysis of each electrode to determine the surface area and
pore size changes.

It is aimed to carry out SEM and TEM analyzes to check whether the synthesized
components on the electrode surfaces are in the desired geometry and location
characterize whether the synthesized components on the electrode surfaces are
composed of targeted MnO- and TisC>Tx components by XRD, XPS, FTIR and Raman
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analyzes. Secondly, it is meant to analyze the electrochemical tests of the produced
electrodes and the chemical interactions of electrolyte liquids. In order to characterize
the electrochemical performance of the produced electrodes, also to perform cyclic
voltammetry, charge-discharge and impedance measurements at different test
parameters.

For the purpose of examine the chemical interactions of the produced electrodes with
the electrolyte liquid, its purpose is to examine the crystallographic, microstructure
and bond energies, respectively, by XRD, XPS and SEM analyzes of the electrode
surfaces after the test. It is focused on determine the performance in real ambient
conditions by converting the electrodes with the optimum performance obtained in the
examinations in the first and second objectives into symmetrical supercapacitors. It is
aimed to produce an asymmetrical supercapacitor with the electrode(s) with the most
optimum performance. At this stage, it is directed towards use activated carbon
impregnated carbon cloth as the counter electrode and a mixture of H.O/PVA/Na>SO4
as the electrolyte. In order to determine the behavior of the produced supercapacitors
under real ambient conditions, it is designed to measure their electrochemical
performances at three different temperatures (<0°, 25° and 50°) and determine the
behavior of the produced supercapacitors in real conditions, it is aimed to measure the

electrochemical performances during the bending behavior at 90° and 180°.
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PART 3

EXPERIMENTAL PROCEDURE

3.1. MATERIALS AND METHODS

3.1.1. Carbon fabric production

After making a mixture of ethanol, distilled water and acetone at a ratio of 1:1:1 in a
beaker, a piece of cloth cut in 5x5 cm dimensions was dipped in this mixture for 10
minutes and then dried in an oven at 60 °C for 48 hours. Thus, it is ensured that organic
residues on the fabric are removed. Then, the piece of fabric was taken to the
atmosphere-controlled tube furnace as shown in Figure 3.1. And heated up to 800 °C
in the presence of argon gas with a temperature increase of 5 °C per minute and kept
at this temperature for 60 minutes. Then, when the temperature of the oven reached
room condition, the cover was opened, and the carbonized fabric piece was taken. The
electrical conductivity of each fabric obtained was checked with a multimeter. The
resistivity of the carbonized fabric here was determined to be 3.5x10-8 Qem in the
measurement made with a multimeter. The fact that this value is very close to
aluminum (2.8x10-8 Qem) indicates the suitability of the produced carbon fabric to be
used as a current collector. In addition, nickel foam with a resistivity of 6.99x10-8
Qem is widely used in supercapacitors, and the carbon fabric obtained as a preliminary

study can be said to be a current collector in terms of conductivity.
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Figure 3.2. Production stages by hydrothermal method
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3.1.2. TisC,Tx synthesis

The MXene structure (TisC2Ty) is a layered void structure obtained by removing the
A layer in the MAX phase. To obtain this structure, the method applied by Mahmood
et al. was used [131]. First, 1 gram of TizAlC> powder, which is the MAX phase, took
and transferred to a polyethylene container with a lid and 20 ml of 40% concentration
HF liquid added slowly. Then the container closed, and the etching process carried out
by mixing with a magnetic stirrer at 200 rpm for 24 hours. After this process, the
products centrifuged at 500 rpm for 5 minutes, washed with distilled water until the
pH of the mixture becomes 7, and then dried in an oven at 80 °C for 10 hours. After
these processes, the delamination of the MXene layers ensured by taking the
appropriate amount for electrode production and mixing it ultrasonically in 20 ml of
dimethyl sulfoxide for 50 minutes. Two magnetic stirrers used in this study.

3.1.3. MnO@Ti3C,Tx synthesis on CC surfaces

Xiao et al. carried out the hydrothermal synthesis of nanotube geometry MnO; crystals
using 1:4 and 1:3 ratios of KMnOs-HCI at 140 °C for 12 hours and obtained the pore
sizes as 180 nm and 80 nm, respectively [132]. According to the results obtained, it is
seen as a deficiency that this method is applicable in terms of production, but that the
KMnO4-HClI ratio (especially the amount of HCI) is not evaluated in a wide enough
range. In addition, it has been observed that the amount of secondary component such
as TisCoTxto be added to the solution has been tried as only 5 mg in the literature
[133]. The change in the amount of secondary components in such productions can
affect the geometry of crystals such as MnO: that form in the environment. In this
thesis, these deficiencies could be solved by changing them in terms of KMnQO4-HCI
ratio and TisC2Txamount as in Table 3.1. For this purpose, firstly, 80 Mg KMnO4 and
20 ul hydrochloric acid dissolved in 10mL deionized water by magnetic stirring. Then,
5 mg of TisC,Txadded to this solution and mixed in an ultrasonic mixer for 2 hours.
In the meantime, 1x2 cm? size cut from the previously prepared carbon fabric, the
surfaces washed with deionized water. After these processes, the final mixture and
carbon fabric transferred to a 40mL Teflon lined stainless steel autoclave as seen in

Figure 3.3.And the synthesis process carried out by heating in a muffle furnace at
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130°C for 10 hours. Then, the autoclave removed from the oven and cooled to room
temperature, and the carbon fabric inside removed and washed with distilled water to
remove any residues that may exist on it. After this process, it placed on a watch glass
and transferred to the oven again and kept at 60°C for 24 hours. This process carried
out to remove moisture and ripen the crystals. Thus, the production process of the M2
electrode completed. All other electrodes similarly fabricated by only making the

concentration changes in Table 3.1.

KMnOa solution

: H drtheral rocess
hv p S

Figure 3.3. Production stages by hydrothermal method

Figure 3.4. Digital image of carbon fabrics before and after synthesis

Table 3.1. Production parameters.

31



KMnOs MXene HCI DW
M1 80 mg 0 20l 10 mi

M2 80 mg 5mg 20ul 10 ml
M3 80 mg 15mg 20pl 10 ml

3.1. MATERIAL CHARACTERIZATION

The production of electrode materials examined in terms of quality and quantity.
Firstly, all the electrodes produced for preliminary detection analyzed by X-ray
diffraction pattern (XRD) and Fourier transform infrared spectroscopy (FTIR) and the
presence of MnO,@TisC,Tx additives on carbon fabric surfaces examined in terms of
crystallographic and chemical bonding, respectively. According to the results obtained
from here, surface area-pore size graphs drawn depending on the concentration and 3
electrodes with the largest surface area-pore size selected for each letter parameter in
Table 3.1. Thus, one electrode with the largest surface area-pore size determined from
each of the M1-M2-M3 production parameters. With this process, both the effect of
KMnO4-HClI ratio on the surface area-pore size of MnO- and the effect of TizC2Tx in
quantity compared. On the other hand, by examining these 3 electrodes in terms of
microstructure and morphology with scanning electron microscope (SEM) and
transmission electron microscope (TEM), it observed whether MnO2 nanotubes could
synthesized in the desired geometry and size on the carbon fabric surface and between
TisC2Tx layers. Figure 4.1.Shows the instruments used in this process. In addition,
interplanetary distances (d-space) in structures synthesized by high resolution
transmission electron microscopy (HRTEM) examined. It is aimed to confirm that the
d-space values to be determined by HRTEM analysis belong to the planes of MnO;
and TisC2Tx observed in XRD analysis. On the other hand, the binding energies of Mn,
O, Ti, C and Tx (F or Cl) elements determined by examining the electronic
configurations of the 1s and 2p orbitals by X-ray photoelectron spectroscopy (XPS) of
the components of these 3 samples. According to the results obtained from here, MnO;

and TisC,Tx formations confirmed.
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Figure 4.1.Representation of instruments.

3.2. ELECTROCHEMICAL CHARACTERIZATION

The electrochemical performances of the produced electrodes measured using the
PARSTAT 4000 potentiometer and a three-electrode cell system in the MARGEM
laboratories of Karabuk University. In these measurements, Ag/AgCI used as the
reference electrode, graphite rod as the counter electrode, and electrodes that have
undergone production and characterization processes as the working electrode as
illustrated in Figure 4.4 .For the measurements, a 1 M concentration of Na>SO4
solution prepared with deionized water filled into a 100 ml electrolyte cell. Then, the
reference, counter and working electrodes placed in the cell and the cables connected.
3 electrodes selected from the electrodes produced in the parameters Table 3.1. Used
as the working electrode. Since the electrodes contain nano-sized pores, they kept in
the electrolyte for at least 15 minutes so that they are completely wet before starting
the measurements. Then, firstly, cyclic voltammetry and then charge-discharge
measurements performed for electrochemical characterizations. Cyclic voltammetry
(CV) measurements performed at a scanning rate of 10 mV/s in the potential range of
0-0.9V. This range was chosen in accordance with the electrode potential of MnO;
specified in the literature [134]. After the CV measurements of the mentioned 3
electrodes, the specific capacitance values of each electrode calculated according to

the formula in equation 3.1 [135].
Cs = & (3.1)

T AVXS
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In this formulafvvl2 idv, the area in the middle of the current voltage graph, m the mass

of active substance on the electrode surface, 9 it represents the scanning speed and
(v, —v;) represents the potential range at which scanning is performed. For the
electrode with the highest capacitance observed here, cyclic voltammetry
measurements performed again, but the scanning rates repeated by increasing 10 mV/s
from 10 mV/s to 200 mV/s. The reason why the measurements are carried out at
different scanning rates (I) to understand whether the reactions occurring at the
electrode-solution interface are reversible and (I1) to understand whether the redox
process is diffusion or adsorption controlled [136].Thus, by determining the behavior
and specific capacitance values of all electrodes at a scanning speed of 10 mV/s, a
comparison made in terms of component-geometry-size. After these measurements,
galvanostatic charge-discharge (GCD) measurements planned to determine the
charge-discharge times of the mentioned electrodes and to determine their
electrocatalytic activities. First, as in the study of Zhang et al., the GCD measurement
of these electrodes made at 1 A/g current density [136] and the Cg, value calculated

according to the formula in equation 3.2 [107].

Cp = 28 (3.2)

5P T mxAv

In this formula, I represent the discharge current (A), the discharge time, the measuring
potential range, and m the amount of active substance on the electrode surface.
According to the result obtained from here, the electrode with the highest specific
capacitance determined and the charge-discharge times of this electrode at current
densities of 2, 4, 6, 8, 10 A/g determined. In addition, 1000 charge-discharge
measurements made on the electrode with the highest specific capacitance, and the
decrease in the specific capacitance value revealed. Thus, the specific capacitance
values of the 3 electrodes at constant current densities determined and the results
compared according to both the surface area and pore size changes and the effect of
TisC2Tx. On the other hand, the behavior of the highest performance electrode at
different current densities and the charge-discharge lifetimes after multiple cycles also
determined. In addition, the energy density (Eq) (Wh/kg) and power densities (Pq)

(W/kg) of the specified electrodes calculated according to the formulas specified in
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equations 3.3 and 3.4 below .The explanations of the parameters in these formulas are

given in the previous formulas.

__ CsxV?

E==2 (3:3)
3600 XE
p=2 (3.4)

In addition, the 3 electrodes mentioned are 100 kHz and 0.1 Hz. By performing
impedance measurements in the frequency range, equivalent series resistances against
currents at different frequencies determined .Thus, interpreted whether the TisCoTx
additive increases the conductivity of MnO». After these processes, electrochemical
measurements completed. After all these measurements, one electrode with the best
performance determined from the electrodes produced in the parameters in Table 3.1.
Apart from these, the dimensional changes of the particles on the electrode surfaces,
crystallographic and chemical bond changes examined by SEM, XRD and XPS
analyzes, respectively, after 1000 cycles of measurements made to determine the cycle

life of the electrode with the highest performance.

ton
Appled
earch

Figure 4.4. Three-electrode electrochemical measuring system.
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PART 4

EXPERIMENTAL RESULTS AND DISCUSSION

4.1. MATERIALS CHARACTERIZATION RESULTS

In the first work package in this thesis, it is aimed to convert cotton fabrics into
conductive carbon fabrics at high temperature in an oxygen-free environment and to
convert the MAX phase to MXene. The obtained carbon fabrics are given in the
characterization stage. Its conductivity was checked with a multimeter, and it was
concluded that it was qualitatively conductive. On the other hand, the conversion
process from MAX phase to MXene is aimed to be characterized by XRD analysis.
The results are given in figure 4.1. According to these results, the 26 value of TizAl.C3
constituting the MAX phase is approximately 10°, 20°, 35°, 39°, 41°, 48° and 56°
(002), (004), (101), (104), respectively. Peaks belonging to the, (105), (107), and (109)
planes were observed. The transformation of the MAX phase into MXene is the
solution of the aluminum in it, and the most important sign of this is the shift of the
peak at 10° to the left. This shift ranged from about 9.5° to 7.2°. For this reason, it can

be said that the production was successful.

In the second stage, MnO- synthesis is done by hydrothermal method on carbon fabric
surfaces. This synthesis was carried out with MXene contributions. The obtained
results were given in figure 4.2. Sample codes M1, M2, and M3 here were given in
Table 3.1. Accordingly, the 26 value belongs to the (110), (101), (211), (220), (002)
and (310) planes at approximately 25°, 37°, 55°, 64°, 66° and 70°, respectively peaks
were observed. In studies in the literature, it has been said that these peaks originate
from the beta phase of MnO; crystals. However, it was observed that extra peaks
occurred in some regions. These were also found to be related to the alpha phase of

MnO:. As a result, it was understood that our synthesis was successful. On the other
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hand, no extra peaks for MXene were observed in these synthesized constructs. This

is due to the dense and intense MnO: crystals.
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Figure 4.1. XRD analysis of MAX phase to MXene conversion
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Figure 4.2. XRD analysis results of products after MnO; synthesis
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Microstructure and morphology of these synthesized structures were investigated by
scanning electron microscope (SEM) and transmission electron microscope (TEM).
The results are detailed in figure 4.3. In the first two of these images (figures 4.3a and
b), the surfaces of pure carbon fabric are given. In these images, it is seen that carbon
fabrics are approximately 5-10 microns thick, smooth but curved. In Figure 4.3c and
d, M4 and M1 samples are given as a representative. In the image of M1, it has been
observed that crystal structures smaller than about 50 nm occur in needle-like form on
the surfaces of carbon fabric fibers. The uniformity of these structures is very
advantageous. Sample M4 has similar acicular structures, but extra lumpy and nodular
structures are also seen. It is thought that these lumps are probably formed by the
adhesion of MXene to the surfaces and the formation of MnO2 crystals on it. However,
MXene structures could not be clearly observed in these SEM images. For this, TEM
analyzes given in figures 4.3e and f were carried out. In these images, it is seen that
the bars are longer than 100 nm but smaller than 50 nm. On the other hand, it can be
said that the dimensions are approximate and vary. In addition, the rectangular plate-
shaped layered structures marked with arrows in Figure 4.3f are thought to be MXene.
The observation of similar structures in the literature confirms these results. As a
result, it can be said that MXene doped acicular MnO> crystals were successfully

synthesized on carbon fabric surfaces.
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Figure 4.3. SEM images of a-b) carbon cloth, c-d) Mxene and MnO- doped carbon
cloth and e-f) TEM image of MXene and MnO doped carbon fabrics.
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4.2. ELECTROCHEMICAL MEASUREMENT RESULTS

First, cyclic voltammetry (CV) measurements were performed to examine the
electrochemical performance of the electrodes. Scanning rates of 0.01 mV/s, 0.031
mV/s and 0.07 mV/s were applied for each electrode. The results obtained are given
in figure 4.4, figure 4.5 and figure 4.6. According to these results, it was observed that
it gave peaks in the anodic and cathodic regions. It is understood that these peaks are
around 0.5 V in the anodic region and around 0.3 V in the cathodic region. These peaks
are thought to result from oxidation and reduction as well as from diffusion of ions to
the electrode surface. Depending on the amount of diffusion of ions to the electrode
surface or the amount of redox reactions, the peak intensities and integral area of each
sample changed. In addition, it can be said that the electrodes have a battery type
charge storage mechanism due to these peak
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Figure 4.4. CV curves of M1 sample
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Figure 4.5. CV curves of M2 sample
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Figure 4.6. CV curves of M3 sample
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In terms of electrochemical performance, charge-discharge measurements of these
electrodes at different scanning rates were also performed. The current values applied
in the measurements were changed from 1 mA to 7 mA. The results obtained in figure
4.7, figure 4.8 and figure 4.9 are given. According to these results, the discharge times
of the MXene undoped electrode (M1) at 1, 2, 3, 4, 5, 6 and 7 mA were determined as
189s, 91s, 57s, 31s, 28s, 23s, and 19s, respectively. Similarly, the discharge times of
the 5 mg MXene added M2 sample were measured as 296s, 140s, 76s, 48s, 32s, and
25s, respectively. When the amount of MXene is increased to 15 mg, it has been
calculated that the discharge time reaches 1140s, 418s, 214s, 140s, 85s, 56s, and 38s,
respectively. Two things emerge from this: (I) the discharge time decreases as the
current increases and (I1) the discharge time increases as the MXene amount increases.
As the current increases, the prolongation of the discharge time is associated with the
ions reaching the electrode surface [137,138]. It is known that at high currents, the ions
in the solution quickly reach the electrode surface and form a film layer, so they cannot
pass into the inner parts of the electrode. Following this, rapid return of the discharge
shortens the discharge time. However, when low currents are applied, it is possible for
the ions to reach the electrode surface slowly and hold on, and thus reach the inner
orbits of the electrode [139,140]. On the other hand, the transition of ions to the
solution takes place very slowly and the discharge time is considerably longer. The
extension of the discharge time here actually means that the electrode can hold more
ions, and the energy storage capacity is evaluated from here. Another important point
is that as the amount of MXene increases, the discharge time is prolonged. The main
purpose of this study was based on the hypothesis that this would happen anyway.
According to this hypothesis, if a two-dimensional component was added to the
electrode, the ion holding capacity would increase due to its large surface area and the
energy storage capacity would increase. It can be said that an increase of only about
56% occurs when the MXene supplement is 5 mg, but this increase reaches its peak
with the 15 mg supplement. It is thought that not only MXene but also MnO nanorods
synthesized together with MXene contributed significantly to this increase. Studies in
the literature so far are in this direction. For this reason, it is thought that it is very
important to bring the hypothesis to be realized and the changes in the results

depending on the amount of MXene to the literature.
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Figure 4.8. GCD curves of M2 sample
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Figure 4.9. GCD curves of M3 sample

According to the equation 3.1 given in the characterization part of these electrodes,
firstly, the specific capacitance values were calculated. The results are given in figure
4.10. According to these calculations, the specific capacitance of the M1 sample from
1 to 7 mA was found to be 182, 175, 165, 119, 135, 133 and 128 mF/cm?, respectively.
The specific capacitance of the M2 sample was calculated as 285, 270, 220, 185, 154,
144 mF/cm? from 1 to 6 mA. According to these values, the MXene add-on increased
the specific capacitance, probably due to the large two-dimensional surface area.
However, the specific capacitance of the M3 sample was calculated to be
approximately 1100, 807, 620, 541, 410, 324 and 257 mF/cm?. Although the amount
of MXene increased almost three times, the specific capacitance values increased
about 4 times. Here, it probably caused the formation of MnO2 on a larger surface with

the increase in the amount of MXene, which created such a synergistic increase.
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Figure 4.10. Specific capacitance values of electrodes

Apart from these, the energy (E) and power (P) densities of these electrodes at the
aforementioned currents were also calculated. Calculations were made according to
equations 3.2 and 3.3 in the electrochemical characterization part. The results are given
in figure 4.11. According to these results, the highest energy and power density values
of the MXene undoped M1 electrode were determined as 12 mWh/cm? and 230
mW/cm?. Power density values did not change in other samples. However, the energy
density values increased. According to the calculations, the E value of the M2 sample
was found to be 18.9 mWh/cm?, while the E value of the M3 sample was 72.8. As a
result, a natural cotton fabric was first carbonized at high temperature in an oxygen-
free environment. Thus, a structure that is both conductive and flexible has been
created. This carbon fabric alone has very low specific capacitance and energy density
values. Therefore, its surface needs to be functionalized. For this purpose, manganese
oxide synthesis was carried out by hydrothermal method on its surface. The formation
of MnO; crystals on fabric surfaces in the form of needle-like nanorods both widened
the surface of the fabric and made it functional for redox reaction with ions. The results
obtained here are in line with the literature. However, in order to improve the results

in the literature, it was desired to make the MnO, added carbon fabric more functional
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with components such as two-dimensional MXene. For this purpose, MXene was
added from a low amount (5 mg) to a high amount (15 mg) and the synthesis was
carried out successfully. On the other hand, it was understood that the electrochemical
performance was high in the highly doped sample, which would contribute to the
literature. The possible reason for this increase is thought to be due to the synergistic

effect of the two functional components together.
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46



PART 5

SUMMARY

In this study, it is aimed to design an electrode for flexible energy storage devices. For
this purpose, firstly, cotton fabric was carbonized and obtained both as conductive and
flexible. Then, the surface of this fabric was functionalized by synthesizing MnO2 by
hydrothermal method. In addition, it is aimed to increase the performance of the
electrode by adding two-dimensional MXene at different rates to this synthesis. All
the above-mentioned sequences were carried out and the products were characterized
by XRD, SEM and TEM. According to the results, MnO> crystals longer than 100 nm
and smaller than 50 nm in diameter were successfully synthesized together with
MXene in a layered structure on carbon fabric surfaces. The electrochemical
performances of these prepared electrodes were investigated by cyclic voltammetry
(CV) and galvanostatic charge-discharge (GCD) measurements. According to the
results, the specific capacitance of the MnO: added fabric was 182 mF/cm', while the
5 mg and 15 mg MXene added fabrics were approximately 285 and 1100 mF/cm?,
respectively. According to these results, the MXene add-on increased the specific
capacitance so much due to its large surface area and easy ion exchange. It has been
concluded that the results will contribute to the literature but need to be examined in

more detail.
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