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ABSTRACT

PRODUCTION AND CHARACTERIZATION OF Ti-BASED MXENE
ALLOYS

OZKAN, MERVE
M.Sc. in Micro and Nanotechnology

Supervisor: Assoc. Prof. Dr. Ziya ESEN
Co-Supervisor: Prof. Dr. Arcan F. DERICIOGLU
May 2023, 72 Pages

In this study, production and characterization studies were carried out for both
TisAlC2 MAX and TisCoTx MXene alloy powders, and their foam counterparts.
Firstly, MAX alloy powders were obtained by grinding and sieving via utilizing the
TisAlC2 MAX alloy produced by powder metallurgy. Afterwards, TizC2Tx MXene
alloy powders were synthesized by chemical etching method using both commercial
and lab produced MAX alloy powders. In order to investigate the apatite formation
ability using simulated body fluid, MAX alloy foams with around 45% porosity were
produced using space holder method. On the other hand, MXene alloy foams were
obtained by etching of produced MAX alloy foams. Synthesized MXene powders were
added to polyvinyl alcohol by 1, 5 and 10 wt.% and their antibacterial properties were
determined.

TisAlC2 MAX powders, produced by grinding and sieving of sintered MAX
alloy compacts at 1400 °C, displayed mainly TisAIC, phase and in contrast to
commercial MAX alloy powders, very small amount of TiC phase formed in lab
produced alloy powders. In both types of MAX alloy powders, etching with HF acid
decreased the average powder particle size. Although layered structure was formed as
a result of selective etching of Al in commercial MAX alloy powders, similar structure

didn’t form in lab produced powders. Ultrasonication, applied to obtained



thinner MXene layers, resulted in oxidation of the powders. MXene alloy powder
added polyvinyl alcohol composites displayed higher antibacterial resistance to
Escherichia coli gram negative bacteria with increased MXene powder content. On the
other hand, MXene alloy foams didn’t allow apatite formation even after 25 days.
However, MAX alloy foam allowed apatite formation after 15 days; therefore, it is
concluded that MAX alloy foams can be considered as candidate materials in bone
graft applications.

Keywords: TizAIC; MAX alloy, TisCoTx MXene alloy, Foams, Apatite

formation, Antibacterial test.



OZET

TITANYUM ESASLI MXENE ALASIMLARININ URETIMI VE
KARAKTERIZASYONU

OZKAN, MERVE

Mikro ve Nanoteknoloji Yiiksek Lisans

Danigsman: Prof. Dr. Ziya ESEN
Ortak Danigsman: Prof. Dr. Arcan F DERICIOGLU
Mayis 2023, 72 Sayfa

Bu c¢alismada TisAlIC2 MAX ve TisCoTx MXene alasim tozlarinin
sentezlenmesi ile birlikte biyomedikal uygulamalar igin gozenekli yapida TizAlC;
MAX ve TisCoTx MXene alasimlarimin  {iretimi  ve karakterizasyonu
gerceklestirilmistir. I1k olarak toz metalurjisi ile iiretilen TisAIC; MAX alasimlarindan
ogiitme ve eleme yontemi ile toz elde edilmis, ardindan hem ticari, hem de ¢alismada
iretilen MAX tozlar1 kullanilarak kimyasal daglama yontemi ile TisCoTx MXene
alasim tozlar1 sentezlenmistir. Yapay viicut sivist kullanilarak apatit olusumunu
arastirmak icin yaklasik % 45 gozenege sahip MAX alagim kdpiikleri bosluk yapici
metodla MAX alasim tozlar1 kullanilarak tiretilmistir. MXene alasim kopiikleri ise
iretilen MAX alasim kopiiklerinin kimyasal daglanmasi ile elde edilmistir. MAX
tozundan iiretilmis olan MXene tozlar1 ise agirlikca % 1, 5 ve 10 oranlarinda polivinil
alkol ile karistirilarak tozun antibakteriyel 6zellikleri belirlenmistir.

1400 °C sicaklikta sinterleme sonucu ogiitme ile iretilen TizAIC2 MAX
tozlarinda TisAlC, fazi ile ticari tozlarin aksine ¢ok az miktarda TiC fazina
rastlanmistir. HF asit ile daglanma islemi ticari ve laboratuvar tiretimi MAX tozlarinin
ortalama tane biiylikliiglinii diistirmiistiir. Al elementinin daglanmasi sonucu ticari

MAX tozlarindan katmanli MXene tozlar1 sentezlenmis, fakat

Vi



laboratuvar {iretimi MAX tozlarinda bu yapilara rastlanmamistir. ince MXene
katmanlar1 olusturmak i¢in uygulanan ultrasonik iglem ise tozlarin oksitlenmesine
neden olmustur. MXene katkilanarak iiretilmis polivinil alkol esasli kompozitlerle
yapilan testlerde MXene miktarinin artisiyla kompozitin Escherichia coli gram negatif
bakterisine karsi antibakteriyel ozelliginin arttigi goézlemlenmistir. Diger taraftan
MXene alasim kopiiklerinin 25 giin sonunda dahi apatit olusumuna olanak
saglamadigi tespit edilmistir. MAX alagim kopiiklerinin ise 15 giin sonunda apatit
olusumuna olanak sagladig1 ve kemik grefti uygulamalarinda aday malzeme olarak

degerlendirilebilecegi goriilmiistiir.

Anahtar Kelimeler: TizAlIC; MAX alagimlari, TizC2Tx MXene alasimlari, Kopiikler,
Apatit olusumu, Antibakteriyel test.
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CHAPTERII
INTRODUCTION

Two-dimensional (2D) materials have emerged as attractive alternatives to
graphene in several fields of application since the discovery of monolayer graphene
synthesized from three-dimensional (3D) graphite in 2000. The discovery of new 2D
materials has become a necessity due to the possibility of improving the quality of life
by use of 2D materials in many technological fields. MXene alloys, which have been
included in the world of two-dimensional materials since 2011, have recently attracted
a lot of attention by researchers since they provide diverse properties.

The 2D MXene alloys, consisting of elements like transition metals, carbon,
and nitrogen, have started a new era in nanotechnology. In addition to having a layered
structure, with adjustable surface terminations, they exhibit many excellent electrical,
thermal, and optical properties. Thanks to these features, their applicability in many
areas like biomedical, energy and sensor technology are still being investigated the
implementation of MXene alloys as composites has also made it possible to assemble
conventional devices and achieve more effective outcomes in biomedical, energy, and
sensor applications due to their high surface areas and customizable surface

terminations.

MXene alloys are synthesized from MAX alloys with a three-dimensional
structure using various etchants, usually by selective wet etching method. Mn+1X,Tx
MXene alloy is obtained by eliminating the layer consisting of ‘A’ element in the
Mn+1AX, type MAX alloys. The etching solutions and the type of methods used for
synthesizing MXene alloys lead to different properties in the produced due to
differences in size, shape, number of layers and surface terminations obtained.
Additionally, the starting type and properties of MAX alloys have a significant impact
on the characteristics of final MXene alloys. The TisC>Tx alloy, which was first found
in 2011 and synthesized from the TisAlC, MAX alloy, is the most popular MXene
alloy studied so far. In addition, there are roughly 100 stoichiometric types of MXene

alloys overall. In order to produce multilayer, few-layer, or single-layer TisCyTx
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MXene alloy with high efficiency and contamination-free, a variety of etchants, such
as hydrofluoric acid (HF), hydrochloric acid (HCI), and various molten salt solutions
have been utilized for breaking the weak Van der Waals bonds between titanium and
aluminum. The efficiency of etching and obtaining single layer MXene still need to be
improved. During synthesizing, MAX alloy powders are typically centrifuged with
deionized water at a particular high speed for a particular period of time to remove the
residues after etching for about 24 hours. The multilayer MXene alloys produced after
centrifugation are then subjected to exfoliation processes, if desired, to reduce the
number of layers., An intercalation process is used to obtain few layers of MXene by
allowing penetration of ions of organic or inorganic molecules as dimethyl sulfoxide
(DMSO) or urea between the layers, which expands and results in separation of layers.
Following the intercalation process, sonication is found to be helpful in getting few or
single layered MXene sheets.

The elements in MAX alloys, which are often used in elemental form during
production via powder metallurgy techniques, can also affect the production
procedure. TisAIC2; MAX alloy powder is mostly produced using the hot isostatic
press, spark plasma sintering, high temperature sintering, and mechanical alloying
techniques. However, the studies have demonstrated that the TizAlC2 MAX alloys,
which were sintered at high temperature after mechanical alloying, provided the
maximum efficiency in terms of obtaining single phase and the least amount of
contamination. However, the production techniques of MAX alloys and MXene

synthesizing by etching techniques still need to be improved.

Additionally, the studies have shown that TizC>Tx MXene alloy has the ability
to Kill bacteria owing to its structure and surface termination group. The search for
materials with antibacterial properties has become increasingly important, especially
for the bacteria that have resistance to antibiotics. 2D materials like TizCoTx MXene
alloy kills bacteria due to its structural properties. Additionally, the possibility of usage
MXene and MAX alloys as a graft material to improve bone tissue ingrowth is

questionable and needs to be investigated.

In this thesis, the literature about production, characterization, and applications
of MAX and MXene alloys is given in Chapter 2. After that, the details of raw
materials and methods used for manufacturing TisAIC2, MAX alloy, TisCoTx MXene

alloy powder and their foam counterparts are given with the characterization and

2



functional testing in Chapter 3. Chapter 4 describes the results and discussions of the
subsequent investigations. Finally, important findings and future studies are presented
in Chapter 5.



CHAPTER I
THEORETICAL BACKGROUND

2.1 NANOTECHNOLOGY

The design and controlled production of devices with at least one dimension in
the range of 1-100 nm has been named as nanotechnology by the National Science
Institution in the United States [1,2].

As a material gets closer to nanoscale dimensions, it has been noticed that
physical and chemical properties of materials change [2]. Therefore, it is possible to
produce nanomaterials with different dimensions to be used in different fields such as
electronics, energy, biomedical, informatics, energy, textile, and food industries.
Precise control of the shape and size of the nanomaterials enables tuning of the
properties materials and increasing the performance of device manufactured using
nanotechnology.

The emergence of quantization effects because of the confinement of electron
movement is one of the most obvious consequences of reducing materials to the
nanometer range [2].

2.1.1 Classification of Nanomaterials

In 2007, Pokropivyn and Skorokhod [3] developed a dimensional classification
by considering the dimensions of the nanostructures and the structures they form.
Accordingly, they classified the nanostructures as zero-dimensional (0D) one
dimensional (1D), two-dimensional (2D) and 3-dimensional (3D) nanostructures [13].

Schematic dimensional demonstration of nanomaterials is given in Figure 1.

A 5 A4
- . . - W - -—
a f b ¥ ¢ T
Figure 1: a) 3-dimensional structure, b) 2- dimensional thin film (layer structure, quantum
well), ¢) 1- dimensional structure, d) 0- dimensional structure [4]
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2.1.1.1 Zero — Dimensional Nanomaterials

Atomic clusters, filaments, and clusters such as quantum dots, nanoparticle
array and core-shell nanoparticles (Figure 2) are examples of zero-dimensional (0D)
nanomaterials [2]. These materials are smaller than 100 nm in size and have a length
of nearly equal to their width. 0D nanoparticles come in a variety of shapes and can be

found alone or as part of a matrix in metallic, ceramic, or polymeric forms [1,2,4].

Figure 2: Scanning and Transmission electron microscopy images of 0D nanomaterials a)
guantum dots, b) nanoparticles array, ¢) core-shell nanoparticles [1].

2.1.1.2 One — Dimensional Nanomaterials

The most common types of one-dimensional (1D) nanomaterials include
nanorods, nanowires, nanotubes, and nanofibers (Figure 3). Both dimensions are
measured in nanometers, with length being larger than their width [4]. Due to their
two-dimensional confinement, electrons are unable to travel freely in two dimensions.
Therefore, electronic, and optical properties change due to changes in energy band
diagram of electrons. Therefore, 1D nanomaterials draw interest due to their structures
in many fields including nano electronics, alternative energy sources, and nanodevices
[2,4].

Figure 3: Scanning electron microscopy images of 1D nanomaterials, a) hanobelts, b)
nanoribbons, c¢) hierarchical nanostructures [1].



2.1.1.3 Two- Dimensional Nanomaterials

Nanosheets, nanofilms, nanoprisms, and nanodisks are examples of
twodimensional nanomaterials [2]. According to the synthesis process, it has a precise
structure made up of one or more atomic layers, 2D nanomaterials, and its lateral
dimensions can reach micrometer levels [5]. The features of 2D nanomaterials, such
as electron trapping, optical qualities, anisotropy, appropriate surface area, and
mechanical strength, seem promising. Due to their outstanding properties, they are
used in energy, membrane, tissue engineering, medicine, and sensing applications [1,
2]. Figure 4 shows some of the popular 2D nanomaterials which has found great
interest in recent years in the field of nanocomposite production, electronics,
biomedical industry, etc. [5]. The invention of graphene in 2004—which was
synthesized by extracting an atomically thin carbon layer from graphite—resulted
sparking rise in 2D nanomaterials synthesis and applications. Since the graphene
synthesis methods enable production of quantities in laboratory scale, the research on
2D materials displaying similar properties to that of graphene has risen in recent years.

For example, synthesis of MXene alloys from MAX alloys during 2010’s by

chemical methods are one of the examples on 2D nanomaterials production [5].

Figure 4: SEM images of various 2D nanomaterials, a) nanosheet, b) graphene, c) MXene

[3].

2.1.1.4 Three- Dimensional Nanomaterials

3D nanomaterials (Figure 5), sometimes referred to as bulk nano materials,
contain nano phase materials made up of coaxial grains with a diameter of a few
nanometers [1]. The fundamental building blocks of 0D, 1D, or 2D nanocrystals are
stacked to create 3D nanocrystals, which have bigger, more inventive designs.

Additionally, electrons are unrestricted in all dimensions [2].



Figure 5: Typical three - dimensional nanomaterials, a) nanoflower [6], b) nanopillars [7], ¢)
nanocones [1].

2.2 MAX ALLOYS

The MAX alloys are among the materials that have attracted attention for a
long time with their properties and three-dimensional layered structures [8]. MAX
phases show the binary behavior of both metals and ceramics. By this way, they show
suitable thermal and electrical conductivity properties like metal, and they also have
low density and high stiffness like ceramics [9]. Thanks to these high-performance
features, it has the ability to offer a wide range of uses.

There are 60 types of MAX alloys known since the 1960s. The general
chemical formula of MAX phase is as follows M,+1AXn, Where n=1, 2 or 3. As seen
in the periodic table (Figure 6), M represents early transition metal elements, A
represents group A elements, and X represents carbon or nitrogen, and it is a
nanolayered ternary compound that has a hexagonal lattice structure, and their MAX
phase space group is P63 /mmc [10]. The MAX phase's atomic arrangement likewise
exhibits regularity. The MX lamellas and ‘A’ atom layer are stacked one on top of the
other in the c direction to form the MAX phase (Figure 7). And two transition metal
layers are placed between each X atom layer. Although the covalent bond between M
and X is relatively strong in these structures, the bond between M and A is weak [10-
13]. MAX alloys have the ability to have a distinctive layered structure at the nanoscale
owing to their unique crystalline structure. The M2AX, M3zAX>, and MsAXz phases are
commonly referred to as 211, 312, and 413 phases, respectively, according to the value
of “n” and in Figure 7 schematic representation of these structures is given [11]. Based
on the differences between phases 211, 312 and 413, which are the most well-known

phases of the MAX phases, there is a variation in the number of M layers between both



A layers [14-16]. In addition, the most known and studied compounds of these phases

are given in Table 1, and Figure 8 shows SEM images of different MAX alloys.
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Figure 6: Elements used for MAX alloys in the periodic table [11].
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Table 1: List of known 211, 312 and 413 MAX phases.

MAACK P A
Structure

211 TizAIC
VoAlC
MNb.AIC
[:Ti.-__-, 'E--Nb-:l 'E-]}‘"E"IC
312 TiAlC;

(Vo.5.Cro5)3AIC;
TisAICN
413 Ta AlC,
MNbAIC,"

The TizAlC; is the most studied MAX alloy since the 1960s and has the classic
‘312’ structure [16]. TisAIC; has better plasticity at room temperature than other MAX
alloys. Itisresistant to damage and has received considerable attention since the 1960s
for its incredible properties such as good machinability, low density (4.25 g/cm®), low
hardness, high elastic modulus, superior thermal shock resistance, high strength at high
temperatures, low expansion coefficient, high oxidation resistance, self-lubricity
attracts. Therefore, such properties make TizAIC, a more attractive material and
enables usage in many different areas [14]. Also, its high electrical conductivity,
thermal conductivity and low frictional coefficient make it an extraordinary material.

TisAlC2 MAX alloys, which are generally produced using powder metallurgy
methods, are produced using hot isostatic press (HIP), slip casting (SP), spark plasma
sintering (SPS), self-propagating high-temperature synthesis (SHS) [13] and
mechanical alloying methods. However, in the studies, it has been seen that it is
difficult to produce in many production methods, generally with high purity, without
contamination and without the presence of TiC, Al,Oz phases. On the other hand, it
was observed that a purer TizAIC, phase was obtained with the mechanical alloying
method and the high temperature sintering method. At the same time, mechanical
alloying and high-temperature sintering are advantageous to other methods in terms of

being cheaper and obtaining a larger amount of TisAlC, powder. [16].



Figure 8: SEM pictures of Ti-AIC, Cr,AIC, TisSiC; and TisAIC2 MAX phases. Represented
by [15].

2.3 MXENE ALLOYS

Two-dimensional (2D) materials have gained significant attention in the
scientific community as a result of the discovery of graphene and its special qualities.
A brand-new class of two-dimensional material known as MXene, which comprised
transition metal carbides, nitrides, and carbonitrides, has recently come into existence.
By removing specific layers of sp elements from three-dimensional (3D) phases
known as MAX, these new 2D materials are created. The name of the MXene alloy,
which was initially presented in 2011 at Drexel University, comes from its graphene-
like structure and production from the MAX alloy. Since 2011, 100 different variants
of the MXene alloy with 2D nano-layered structure obtained from the 3D structured
MAX phases by exfoliation. Naguib et al. produced [17] MXene alloys for the first
time in 2011 by exfoliating TisAlC2 MAX alloys. Since the bonds between the M-A
atoms that make up the MAX alloy are weak, MXene alloys are synthesized by
breaking of these bonds and by removing element A. The bonds are generally broken
in acidic solutions and the obtained MXene alloy has the chemical formula of
Mn+1XnTx Where M is an early transition metal (such as Sc, Ti, Zr, Hf, V, Nb, Ta, Cr,
Mo, Mn), X is C and/or N, T is a surface termination unit (e.g., hydroxyl, oxygen or
fluorine) formed during etching process and n = 1, 2, or 3 [10]. Figure 10 shows

schematically TisC,Tx MXene structure formation steps. Although MXene alloys are
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obtained from MAX alloys, they show completely different optical, electronic,
electrochemical, and magnetic properties.

Accordingly, the research conducted on MXene alloys increases exponentially
(Figure 9). It is a very promising 2D material to be used in various applications such
as energy storage, sensors, catalysis, membranes, and biomedicine. Highly adjustable
chemical and structural properties like unique electrical conductivity, thermal stability

with its layered structure is just a few of superior features [10-17].
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Figure 9: Graphical representation of MXene alloys studies [16].
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Figure 10: Schematical representation of TisC,Tx MXene synthesis by HF etching of
TisAIC; MAX alloy [16].

MXene has highly variable and challenging physical and chemical properties
which depends on stoichiometry and different surface functional groups obtained by
use of different etchants [18]. For example, adjustable band gap, high electrical
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conductivity and capacity, large elastic modules, ultra-low optical attenuation, ability
to intercalate ions, and compatibility with water and organic solvents have been
demonstrated in studies to date. With these excellent features, MXene can be used
efficiently in energy storage and conversion, catalysis, sensor, electronics, water
purification and biomedical applications [16-18].

2.3.1 Synthesis of MXene

As noted above, MXenes are often derived from MAX alloys, where the M-A
layers are weakly bonded together by a combination of covalent and metallic bonds
[10-12]. Itis known that there are 100 different MXene alloys synthesized so far, many
of which have been obtained by eliminating the A layer. To break the M-A bonds of
these different alloys, it is first necessary to find the right etchant that will eliminate
the A layer.

In the MAX to MXene conversion, the eliminated layers are always replaced
by various termination groups such as -OH, -O, -F, -Cl depending on the type of
etchant [10-13].

Therefore, the material obtained after etching consists of Mn+1XnTx multiple
layers, which then can be separated to single graphene like nanosheets by intercalation
methods in sonicated media [13].

The circumstances surrounding their synthesis have a significant impact on the
composition and structure of MXene alloys. In a study [19], the structures of MXenes
formed by varying the HF concentrations were examined, and it was discovered, as
shown in Figure 11, that the gaps between the layers narrow as the HF concentration
decreases. Additionally, it was discovered that the etch time can be affected by the
acid concentration used. However, it was determined in a different study that the
MXenes produced when the HF concentration was raised to 50 % possessed defects.
As a result, several investigations have been published to produce MXene alloy with

fewer defects by utilizing different etch solutions in place of HF [19].
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Figure 11: SEM images of MXene alloy etched with HF acid of different concentrations, (a) 5
% HF, (b) 10 % HF, (c) 30 % HF [19].

2.3.1.1 Top-Down Synthesis Methods

MXene nanosheets are typically made using the top-down synthesis approach.
The method is based on the use of intercalants to separate the layers formed by etching
of MAX precursor materials [20]. The schematic representation of the top-down
synthesis method in general is given in Figure 12.

In the first step of MXene production, the bond between M and A 13tomsa re
broken in the precursor MAX alloy (Mn+1AXn) by selective etching. As an etchant,
HF, NH4F, NH4HF., NaF, KF, HCI and LiF solutions are used [17-19].

During the etching process, the A atoms are eliminated. For example, by
etching of TizAIC; MAX alloy, Al is eliminated and TizC2Tx Mxene alloy is obtained.
In the resultant Mxene “T” represents -OH, -O, -F groups, which may vary depending
of the etchant used. The control of surface groups in produced MXene is crucial since
properties of the alloy depend on surface functional groups as well [21].

Etching methods applied to TisAlC2 MAX alloys are generally done under
60°C temperature. On the other hand, synthesizing TizC2Tx MXene from TisAlC:
MAX alloy using the hydrothermal methods requires higher temperatures, i.e., 270° C,
in NaOH solution [22]. As well as the carbide type MXene, various MAX alloys were
also used for production of TisNsTx type MXenes. The first nitride MXene alloy
TisN3Tx was synthesized by heating TisAIN3 powders at 550 ° C under Ar gas using a
mixture of molten salts, for example, LiF, NaF and KF [23].
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A multi-layered accordion-like MXene structure is obtained just after etching
process as seen in Figure 13. Additional exfoliation or intercalation are needed to
produce a single-layer or few-layer MXene nanosheets. The etch procedure used and
the composition of MXene determine the type of exfoliation technique [24]. MXenes
are exfoliated using methods like sonication or shaking [25].

The intercalation process relies on increasing the d-space by placing organic
molecules between the layers and separation of the layers by weakening the bonds
even more. Generally, organic structures such as dimethyl sulphoxide (DMSO),
TBAOH, TMAOH, urea are used [21-23]. The intercalation phase may not always be
done. When LiF/HCI solution is used for MXene production, for example, Li cations
settle between the layers and perform the intercalation step itself. Therefore, there is
no need for an extra organic molecule for intercalation. After the intercalation process,

the layers are exfoliated by sonication or shaking [25].

Etching Intercalation Exfoliation
HF DMSO / Sonication
or NH,HF, / or TBAOH / Shaking
or NaOH ? or TMAOH ’
or HF/H,0, / or choline hydroxide /’j
or molten salt or n-butylamine /

or isopropylamine

Exfoliation
Etching

HCI + LiF

Sonication
Shaking

Eching  ESECETE

Figure 12: The schematic representation of the top-down synthesis method [26].
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Figure 13: Colorless and colored SEM images of MXene alloys with layered structure
obtained after etching [3].

2.3.2 Properties and Applications of MXenes
2.3.2.1 Electronic Properties and Applications

MXene alloys have high electrical conductivity, large specific surface area, and
several redox zones. Due to these characteristics, it has shown that they are promising
materials for energy storage, conversion, and supply applications. Boota et al. [27]
observed that the MXene electrode had a greater capacitance density of 900 F cm™
than other carbon electrodes in their research. Naguib et al. [16] used density
functional theory (DFT) simulations to show that the MXene energy band gap varies
with surface terminations (Figure 14). TisC> without surface termination acts as a
metallic conductor, but TisC, alloys with surface terminations of -OH or -F behave
like semiconductors. Because of their capacity to modify the bandgap, these materials
may be employed in a wide range of applications, from field-effect transistors to

semiconductors [16].
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Figure 14: DFT calculations result of TisC, with and without surface terminations of -OH
and -F [16].

As they also have strong electrical conductivity and the capability of ions to
spread easily across layers (Figure 15), MXene alloys have emerged as potential
materials for lithium, sodium, aluminum, and potassium ion batteries. Li-ion and Na

ion batteries have been the subject of studies to far [26].
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Figure 15: Charge storage mechanism of MXenes [28].

2.3.2.2 Optical Properties and Applications

One of the most noteworthy aspects noticed in previous investigations is the
possibility of changing the optical properties of MXenes by altering the surface
terminations. Simultaneously, it has been discovered that the optical characteristics of
MXenes alter with the number of layers as well [29]. MXenes has extraordinary optical
properties from UV to THz ranges so that M Xenes could use various applications [30].

Additionally, studies have shown that MXenes have photothermal properties.
MXenes with nanosheet structure turn into phonons due to the movement of photon
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energy in the lattice when the nanosheets absorb light [29]. It was observed that the
released phonon energy significantly increased the temperature of the MXene
nanolayer. In one of the studies [30], it was seen that TisC,Tx absorbs sunlight to reach
a temperature of 70 °C, and this feature can open a new way in biomedical
applications, especially in anticancer treatment. The ability of MXene nanosheets

reaching such a high temperature is enough to kill tumor cells and bacteria.
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Figure 16: Schematics of photothermal effect of MXene for anticancer application
[30].

2.3.2.3 Biomedical Properties and Applications

MXenes are frequently used in a wide range of biological applications,
including drug administration, biosensing, medicine, bioimaging, and cancer
treatment. The development of biosensors for in vitro and in vivo analyses requires a
variety of special properties, including rich chemistry, optical absorbance, metallic
conductivity, redox trait, excellent electron transfer capability, high hydrophilicity,
and acceptable biocompatibility [31]. For instance, MXenes' properties significantly
vary as a result of changes to their surface terminations brought about by interactions
with various molecules (like various redox agents) [31,32]. They are suitable
candidates for the creation of controlled MXene-based drug delivery systems due to
their pH and near-infrared (NIR) responsive activity [33,34]. Furthermore, because of
MXenes' strong photothermal conversion efficacy, they can eliminate cancerous cells
through a combination of photothermal ablation and chemotherapy [33]. MXenes are
used in a variety of biomedical applications, other than their antibacterial properties

have attracted the most attention.
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There is promising research for MXene to be used as a biomaterial to improve
their biocompatibility by reducing cytotoxicity with their modified surfaces (Figure
17). Recent studies have shown that MXenes have great potential for drug delivery,
antibacterial properties, tissue engineering and in Figure 18, examples of biomedical

application areas where MXene alloys are used are given. [33].
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Figure 17: Number of MXene articles published about biomedical applications vs years
[33].
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Figure 18: Examples of biomedical applications of MXene alloys [34].
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23.23.1 Biosensors Applications

MXenes are excellent conductors of electricity such that one layer of them has
a S/cm value of 4600 £ 1100. Due to its outstanding ion transport behavior and other
good features, it is also extremely ideal to be used in biosensors which are effective
instruments for finding both small and large biomolecules, as well as cancerous cells.
It has been noted that several MXene composites, such as TiO.-MXene or Au-MXene,
are also produced in order to detect H>O, and glucose [32].

Binghze et al. [32] made an ultrathin field effect transistor for probing neural
activity using MXene. According to their findings, MXene displayed biocompatibility
in sensitive biological systems and provided a good interface between neuron cells and
electronic systems, allowing for label-free and real-time monitoring of neural spiking
activities.

On the other hand, Liu et al. [33] created a 2D superparamagnetic composite
made of Fe3Os and MXene. They used these MXene composites for magnetic
resonance imaging of tumors and as a powerful substance for destroying cancer cells.
2.3.2.3.2 Antibacterial Applications

The layered structure and sharp edges of MXene damage the membranes and
disrupt the structure of the bacteria, and finally kills them. In addition, the oxides on
the surface of MXene interact with the bacteria and break its structure. Therefore,
MXenes are promising nanomaterials in the near future as an antibacterial biomaterial.
Similar to graphene, MXenes have been shown to damage bacteria both physically and
chemically [34,35]. Figure 19 shows schematically how this mechanism works. As
seen in Figure 19, the sharp edges and surface of TizC>Tx MXenes damage the walls

of bacteria and destroy them.
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Figure 19: Schematically representation interactions between bacteria and MXene [34].
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CHAPTER 111
EXPERIMENTAL STUDY
3.1 RAW MATERIALS

Both commercial and the alloy powders produced in the present study are used
for TisCoTx MXene alloy production. Elemental analysis of irregular shaped TizAlC>
MAX powders, supplied from Alfa Aesar, is shown in Table 2. The as received
TizAIC; MAX powders have 98 % purity.

For the production of TisAIC, MAX alloy in the present study, TiH2> (98%
purity) powders (supplied Sigma Aldrich) were used as Ti source and mixed with
aluminum powders (99,99 % purity) (supplied from Atlantic Equipment Engineers)
and graphite powders were used as starting materials. The morphology and particle
size distributions of the powders used are shown in Figure 20. In Table 3, the average

particle sizes and size range of the powders are given.

Table 2: Elemental analysis of commercial TisAIC; MAX powder

Element Wt. % At. %
Titanium 76.7 59.1

Aluminum 14.7 20.0
Carbon 54 16.5
Silicon 3.2 4.4

Table 3:Particle sizes of used powders for production of TisAIC; MAX alloy.

Element Average Particle Size Particle Size Range
(nm) (nm)
Ti;AlC, 19.5 8.7<...<46.4
TiH, 8.6 3.9<..<123
Al 13.8 4.2<...<30.7
C 20.9 17.3<...<28.1
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Figure 20: SEM images of a) TisAlC,, b) TiH,, ¢) Aluminum, d) Graphite powders.

3.2 PRODUCTION OF TizAlC; MAX ALLOY POWDERS

In addition to commercial TisAIC> MAX alloy powders, the MAX alloy
powders were also produced using powder metallurgy to investigate the effect of
starting powders on TisC2Tx MXene alloy production. Figure 21 summarizes the

process used to synthesize TisAIC2 MAX alloy powders.
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Figure 21: Schematic representation of TisAlIC, MAX alloy production route.

In order to produce TisAlC2 MAX alloy powders, firstly, TiH2, Al and Graphite
powders were mixed in ratio of 3:1:1 and totally 20 grams in a Turbula mixer for an
hour. After initial mixing, the powders were milled using planetary ball mill (Retsch
PM 100) in a zirconium container with a zirconium ball to powders ratio of 30:1 under
high purity argon atmosphere at a speed of 400 rpm for 4 hours.

Figure 22: a) Retsch ball mill machine, b) Ball mill jar, c) Zirconia balls.

After obtaining the ball milled homogeneous powder mixture, the cold
compaction of the powders was carried out at 500 MPa compaction pressure using a
10 mm diameter double-ended steel die. Afterwards, the obtained green compacts were
placed in titanium alloy crucibles and put in the hot zone of an atmosphere-controlled
horizontal tube furnace. In addition, titanium sponge particles (@ 2-3 mm) were placed
on the green compacts to prevent possible oxidation due to flowing argon gas (Ar
>99.999%, O <5 vpm, H20 <4 vpm).

22



Before heating the tube furnace, air in the furnace was removed by a rotary
type of vacuum pump and then, the furnace was re-filled with high purity argon gas
which allowed to flow at least 3 min. through the furnace tube. Vacuum degassing
argon purging cycles were repeated three times to ensure that the furnace was fully
filled with Argon gas before starting the sintering process. Next, compacted powders
were heated up to different sintering temperatures of 1100 °C, 1200 °C, 1300 °C and
1400 °C respectively, with a heating rate of 10 °C/min. The samples were kept at the
sintering different temperatures for 2 h and allowed to cool in the furnace after
sintering.

After sintering process, the sintered samples were crushed in a marble mortar
and sieved using 325-mesh sieve to obtain — 325 mesh TisAIC2 MAX powders.

3.3 SYNTHESIS OF Ti3CoTx MXENE ALLOY POWDERS

TizC,Tx MXene powders were produced via the chemical etching method by
using commercial TisAlC; MAX powders and the MAX powders produced in the
present study.

First of all, 50 mL eppendorf tubes, bullet used as a stirrer and 200 ml plastic
sample cup were washed first with 1 M HCI and then with deionized water. Then, 20
ml of HF (38-40 %) was added to the plastic sample cup which was placed on the hot
plate. The mixing speed was set to 300 rpm. Next, 1 gram of MAX powder (either
commercial or laboratory produced) was added slowly in small amounts over 10
minutes. The MAX powder and acid solution were allowed to for 24 hours. The
container was tightly closed to allow escaping of gasses produced during mixing. After
etching, 20 ml of the prepared mixture was equally divided into two and 10 ml of
mixture was added to 50 ml eppendorf tubes filled with 40 ml of deionized water.
Afterwards, these tubes were placed in the centrifuge device (Elektro-mag M4800M)
(Figure 23) at 3500 rpm for 5 minutes. After the centrifugation is finished, the pH of
the solution was measured and then the supernatant was removed, and deionized water
is added again. This process is repeated many times until the pH value reached to ~ 5.
Finally, the settled powders in eppendorf tubes were taken to a glass container and
dried under vacuum at 80 °C for 24 hours. Finally, dried MXene powders were kept

in the freezer.
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Figure 23: Elektro-mag laboratory centrifuge device.

3.4 COMPOSITE PRODUCTION

Polymer matrix composites containing PVA (5 %) and different amounts of
MXene powders were produced to investigate the antibacterial properties. First, 5 %
PVA solution was prepared by mixing solid PVA and deionized water at 80 °C for 2
hours. Then, MXene powder was added to PVA solution by 1, 5 and 10 wt. % and
sonicated in an ultrasonic device for 2 hours at room temperature to produce
composites. The prepared liquid phase composite was drop casted onto a 2 mm thick
titanium bulk disc (99 % purity) and dried in an oven at 40°C for 24 hours under

vacuum.

3.5 PRODUCTION OF MAX ALLOYS FOAMS

Carbamide was used as a space holder particle to produce MAX alloy foam.
Around 70 vol. % carbamide powders with particle sizes between 300 and 500
micrometers were first added to TisAlC> MAX alloy powders (Alfa Aesar) and hand
mixed for %2 h. Then, the powder mixtures were cold pressed with double-ended steel
die at 500 MPa. Afterwards, the green body was soaked in DI water at room
temperature for 24 hours to remove carbamides by dissolution of it in DI water. Next,
the green body, which was kept in an oven at 60 °C for 2 hours for drying, was sintered

under high purity argon at 1400 °C for 1 hour.

3.6 PRODUCTION OF MXENE ALLOY FOAMS
The MXene alloy foams were produced by chemical etching of produced MAX

alloy foams samples. MAX alloy foams initially were kept in HF for 24 hours at room
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temperature. Then, in order to remove the hydrofluoric acid, samples were washed

several times with deionized water until the pH of the solution reached around 5.

3.7 ANTIBACTERIAL TESTS

Escherichia coli bacteria (gram negative) were reproduced in the METU
Microbiology Laboratory in a petri dish at 37 °C in an oven. Then, PVA coated on
titanium disc (control group sample), MXene-PVA composites containing MXene
around 1, 5 and 10 % by weight, which were coated on titanium discs previously, were
smeared with E. coli bacteria. Afterwards, these samples were kept in a petri dish for
one day in an oven kept at 37 °C temperatures to observe bacterial growth.
Antibacterial properties of the samples were determined by measuring the dead zone
area (green region around the samples).

3.8 IN VITRO TEST OF SIMULATED BODY FLUID

Simulated body fluid (SBF), which mimics the composition of human plasma,
is an in vitro test method to understand the biocompatibility or bioactivity of materials.
If apatite formation is observed in the samples immersed in SBF, it can be said that the
samples are biocompatible. In this study, samples were immersed and held in SBF for
three different time periods to see the biocompatibility of MAX and MXene alloys
foams.

In the first step, the preparation of SBF was placed in a polyethylene bottle
with 700 mL of ion-exchanged deionized water at pH 8.2 and placed in a temperature
controlled magnetic stirrer. Then the temperature was adjusted to 36.5 + 0.5 °C degrees
and the mixing speed was set to 300 rpm. Afterwards, as given in the Table 4 reagents
were added, respectively, sodium chloride (NaCl), sodium hydrogen carbonate
(NaHCO3), potassium chloride (KCI), di-potassium hydrogen phosphate trihydrate
(K2HPO4. 3H20), magnesium chloride hexahydrate (MgCl.. 6H.0), HCI, calcium
chloride (CaCl,) and sodium sulfate (Na2SOs). Here, care was taken to add CaCl:
slowly and in small amounts several times in order to dissolve CaCl, completely. After
all the reagents were dissolved, 900 mL of deionized water was added, and the pH was
2.0 £ 1.0 and the temperature was 36.5 + 0.5 °C. Then, Tris was added slowly and in
small amounts each time so that the pH did not suddenly increase. The process
continued until the pH reached 7.40 at 36.5 = 0.5 °C degrees. When the final
temperature 36.5 + 0.5 °C and pH remained at 7.4, the solution was made up to 1000
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mL with deionized water. The prepared SBF was cooled to room temperature and then
put in the refrigerator to wait at 5 °C-10 °C degrees.

In order to examine the apatite formation in the MAX and MXene alloys foams,
the samples were maintained in the SBF at 36.5 + 0.5 °C degrees for 1, 5, 15 and 25
days, respectively. To maintain a steady ion concentration throughout the test, the SBF
solution was changed every two days. The samples were withdrawn from the SBF after
keeping them for predetermined time and then cleaned with deionized water. Finally,

all samples were kept at room temperature for 24 h for drying.

Table 4: Simulated body fluid reagents and their relative amounts.

Order Reagent Formula weight | Amount
1 NaCl 58.4430 8035¢
2 NaHCO; 84.0068 0355¢
3 KCl 74.5515 0225 g
4 K:HPO,. 3H.0 228.2220 0231 g
5 MgCl,. 6H.0 203.3034 0311 g
6 1.0 M HCI - 39 ml
7 CaCl; 110.9848 0292 ¢
8 Na; S04 1420428 0072 ¢g
9 Tris 121.1356 6.118¢g
10 1.0 M HCI - 0-5ml

3.9 CHARACTERIZATION TECHNIQUES
3.9.1 Microstructural Analysis

Morphological and microstructural examination of sintered compacts, powder
forms, and foams of TisAlC; MAX alloy, and the synthesized TisC2Tx MXene alloy
powders and TizC2Tx MXene alloy foams were performed by “FEI 430 Nano Scanning
Electron Microscopy” (SEM) equipped with an energy dispersive X-Ray spectroscopy
(EDS) analyzer. Compact TisAlC; alloy samples produced in the study after sintering
were also examined in the etched condition after grinding and polishing the surfaces
using SiC papers 220-2000 grit size and diamond (3-0,25) suspended solution,
respectively. The etch solution was composed of HF, HNO3 and H.O (% vol. 1:1:1).
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3.9.2 Structural Analysis by X-Ray Diffraction Analysis (XRD)

X-Ray diffraction analysis was performed to examine the phases formed in the
produced samples. "Bruker D8 Advance Eco model X-Ray Diffractometer” and
"Rigaku D/Max 2200/PC, Rigaku Corporation, Tokyo, Japan™ instruments were used
for structural analysis. TisAIC; MAX alloy scanned with Cu-Ka radiation
continuously between 10° and 80° 20 angles at a scan speed of 1° /min. On the other
hand, TisC.Tx MXene alloy powders scanned between 5° and 80° 26 angles at scan

speed of 1° /min.

3.9.3 X-Ray Photoelectron Microscopy (XPS)

XPS analysis was performed to understand the surface chemistry of starting
TisAlC2 MAX alloy powders and TizC.Tx MXene powders. The X-Ray photoelectron
spectroscopy (PHI 5000 VersaProbe) device, which uses monochromatised Al
radiation, was used for analysis. (Al mono 48.1 W, 200.0 MM, 187.85 eV). Powder
samples were examined by general surface scanning and resultant binding energy
calibration was done by taking the energy position of C 1s in hydrocarbon CH2 (284.6

eV) as reference.

3.9.4 Particle Size Analysis
TisAlIC», TiH2, aluminum and graphite powders were investigated using the
Image] program on images taken with a "FEI 430 Nano Scanning Electron

Microscope” (SEM) in order to estimate particle sizes.
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CHAPTER IV
RESULTS AND DISCUSSIONS

This chapter consists of three main parts about production of TizAIC; MAX
alloy and synthesis of TisCoTx MXene alloy using MAX alloy, and characterization of
both alloys including structural, image, surface and elemental analyzes. The functional
properties of the produce alloys were also determined via application of in vitro
simulated body fluid and antibacterial tests.

4.1 PRODUCTION OF TizAIC,; ALLOY POWDER
4.1.1 Ball Milling of Starting Powders

MAX alloys play a significant role in the synthesis of MXenes as they serve as
precursors. The purity and lack of contamination of MAX alloys are critical for the
synthesis of MXene.

The type and purity of starting materials play a crucial role in the production
of TizAIC, MAX alloy. In the powder metallurgical processes, in most cases, pure Ti
or TiH2 powders are used as titanium source, while graphite, TiC, or carbon lampblack
was preferred as carbon source. It was discovered that use of different carbon and
titanium sources altered the structure of resultant TisCoTx MXene, which was
synthesized form TizAlIC2 MAX alloy [36]. In this study, as described previously, TiH>
was employed as a source of Ti during production via powder metallurgy since the
resultant sintered compact has a porous structure which enabled crushing of TisAIC;
MAX alloys easier for production of alloy powders. On the other hand, high purity
graphite powders were used due to ease of supply.

In the first part of the study, prior to TizC.Tx MXene alloy synthesis, various
optimization studies were carried out to produce high purity TizAlC2 MAX alloy via
powder metallurgical method. Therefore, initially mechanical alloying parameters
were optimized prior to MAX alloy production. As mentioned in experimental studies

section, firstly, TiH2, Al, and C powders were mixed in a zirconium jar using
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zirconium balls. The ball mill speed and time are important parameters for efficient
production mixing and alloying. According to previous works, two different speeds
(400 and 600 rpm) and time (1 and 3 hours) were selected. As can be seen in Figure
24, high speed milling at 600 rpm for 1 and 3 hours didn’t produce any TisAlC, MAX
alloy. In contrast, milling at 600 rpm resulted in severe oxidation of Al powders and
induced formation of Al.Oz phase together with TiC. Additionally, as can be seen EDS
analysis (Figure 22), Zr element was also detected in addition to Ti, Al, O and C
elements as a result of milling at 600 rpm. High speed milling probably caused
microcracking of ball mill jar and ball; thereby, resulting contamination of milled
powders. Accordingly, ball milling speed was reduced to 400 rpm, and, at the same
time, the time was increased to 4 hours to ensure effective milling. Decreasing the ball
milling speed eliminated Zr element in ball milled powders (Figure 25(c)). Although
the oxidation of powders was not eliminated completely, comparatively low amount
of Al,O3 phase was detected, TisAlC, MAX alloy formation was detected as well
together with TiC (Figure 24). Therefore, before the sintering process all powders were
milled at 400 rpm for 4 hrs under a high purity argon atmosphere. As can be seen in
Figure 26, the powders were mostly agglomerated, and the size of the milled powders

were observed to change between submicron size and 100 pm.
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Figure 24 : XRD patterns of ball milled powders.
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Figure 25: EDS analysis of powders ball milled for (a) 1 hour at 600 rpm, (b) 3 hours at 600
rpm and, (c) 4 hours at 400 rpm.

Figure 26: Powders milled at 400 rpm for 4 hrs.

4.1.2 Sintering and MAX Alloy Powder Production

In the powder TizAIC; MAX alloy powder production step, initially, cold
pressed powders, milled at 400 rpm for 4 hours, are sintered at various temperatures
for 2 hours with the aim of mixing and mechanical alloying. Next, the powders were

cold compacted at various temperatures for 2 hours to ensure TizAlC2 phase formation.
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Table 5 displays the average density and total porosity of sintered compact at different
temperatures. The presence of porosity in the samples makes powder production easier
since crushing becomes easier. As expected, the samples’ density increases as sintering
temperature increases. The porous structures of sintered compacts are presented in
Figure 27,

Although sintering between 1100 °C and 1300 °C resulted in porosity, the
sample sintered at 1400 °C had almost no porosity. In terms powder production, it is
usually better to choose porous structures; however, the quantity of TisAIC, phase is
the most important criteria in determination of proper sintering temperature. As can be
seen in Figure 28, sintering up to 1300 °C caused formation of considerable amount of
TiC phase in addition to TisAlC,. On the other hand, upon sintering at 1400 °C, the
samples contained mostly TisAIC> phase with slight amount of TiC phase.
Microstructural investigation of the sample revealed plate like and round phases with
similar chemical composition close to TizAIC, phase (Figure 29). Therefore, samples
sintered at 1400 °C were selected for TizAlC> powder production.

Table 5: Density and Porosity of sintered powders at various temperatures and time.

Sintering "l;ilélferature, T S}I;::;Z:I;g DI:‘;IZI;?}% ep Total I(’;)/(l)‘ ;)sity, P
(hour) (g/cm3)
1100 2 3.2 24.5
1200 2 3.5 17.5
1300 2 39 8.0
1400 2 ~4.24 ~0
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Figure 27: Optical images of sintered powders at (a) 1100 °C, (b) 1200 °C, (c) 1300 °C, (d)
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Figure 28: X-Ray diffraction patterns of samples sintered at different temperatures.




Point A (at %)

Point B (at %)

Ti 59.0 59.4

Al 16.7 16.0
C 24.1 234
(6] - 1.1

Figure 29: SEM graph of sample sintered 1400 °C and the corresponding EDS analysis of
points A and B.

Figure 30 shows the structure and EDS analysis of powders produced from
compacts sintered at 1400 °C. After crushing the compacts using agate mortar sieving
was applied using 325-mesh sieve. The size of the powders was below 45 pm and they
were mostly round in shape.

1.00 z.00 3.e0 ‘.o s.00

Figure 30: (a) SEM image and, (b) EDS analysis of powders produced from the compacts
sintered at 1400 °C for 2h sintered sample.
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4.2 SYNTHESIS OF TizC,Tx MXENE

In this study, TisC.Tx MXene alloy was synthesized from commercial
(supplied from Alfa Aesar) and laboratory produced TisAlC> MAX alloy using the
selective wet etching process in which HF acid is used for etching of Al sites in the
alloy [37]. The weak van der waals bonds between Ti and Al are broken to create the

Ti3C,Tx alloy according to equations (1)-(3) as described below [38].

TisAIC(s) + 3 H* (aq) — TisCa(s) + Als*™ (aq) + 3/2 Hz(g) (1)
Als* (ag) + 3 F (aq) — AlFs(aq) and Als* (aq) + 6 F"(aq) — AlFs * (aq) (2)
TisAIC,(s) — TisCa(s) + 3 e + Als* 3)

In order to obtain high purity MXene alloy Al based ions were effectively
removed by centrifugation several times using DI water until the pH of the solution
reached 5. After removal excess solution, TisC2Tx MXene powder was obtained upon
drying the sediment that settled to the bottom of the containers. Figure 31 shows the
morphology of commercial, and laboratory produced powder after being etching
process. As can be seen, round starting commercial MAX powders with 15.0 um
particle size, (Figure 31(a)) turned into flower-like structure and its size decreased to
7.7 um, Figures 31 (a) and (b) as a result of etching Al selectively. The relative amount
of Al element in the alloy reduced down to ~1.9 at. % (Figure 31(c)). Although the
relative amount of Al in etched laboratory produced MAX alloy ~3.3 at. %, similar
flower-like morphology is not obtained. The etching of lab produced alloy
significantly reduced to powder particle size from 1.8 um to 0.9 um and plate like
structures were rarely observed. Probably the surface properties of laboratory
produced alloy resulted in different etching response. Therefore, the experiments
continued with commercial MAX alloy since flower-like morphology was not
obtained although various etching procedures were applied to laboratory produced
MAX alloy.
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Figure 31: SEM images of (a), (b) TisC.Tx MXene synthesized from commercial Ti;AIC;
MAX alloy powder and, (d) TisC.Tx MXene synthesized from lab produced TisAIC; MAX
alloy powder and, EDS analysis of (¢) TisC.Tx MXene synthesized from commercial
TisAlC; MAX alloy powder, (e) TisC,Txsynthesized from laboratory produced TisAIC;
powder.

To decrease the Al content and to obtain the few layers of MXene sheets,
produced MXene alloy were sonicated. Sonication produced clearer flower-like
structure; however, no plate-like structures were obtained (Figures 32 (a) and (b)).
More powerful sonication techniques like probe sonication is needed to synthesize
single layer MXene alloy. On the other hand, additional sonication was effective in
decreasing the Al content by eliminating excess etched Al encapsulated between
layers. As can be seen in EDS analysis, Figures 31(c) and 32(c), sonication increased

the relative oxygen content of the MXene alloy.
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Figure 32: SEM images of sonicated MXene alloy and its EDS result.

Figures 33 and 34 display the XRD results of MXene alloy powders
synthesized using commercial MAX alloy powder at their as produced and sonicated
condition. As can be seen, etching of the commercial MAX alloy resulted in complete
transformation of TisAIC; to TisC2Tx phase. The characteristic peaks of TisAIC; at 20
angles of 39° and 42° had disappeared and Ti3C.Tx MXene formation was observed.
Moreover, etching removed all TiC phase in the MAX alloy. On the other hand,
sonication of the powders with deionized water for 1 hour in the ultrasonic device after
etching to obtain single layer MXene caused additional TiO phase formation as seen
at around 20 angle of 25° in Figure 34. The presence of TiO2 phase was also detected
in microstructural examination in the form of white particles (Figures 32 (a) and (b)).
Possibly, keeping MXene alloy in aqueous solution for prolonged times results in
severe oxidation of MXene layers. Accordingly, sonication for single layer MXene

layer formation was excluded.
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Figure 33: XRD patterns of commercial TisAIC; MAX powders and MXene alloy powders
produced from the commercial MAX alloy powders.
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Figure 34: XRD patterns of MXene alloy sonicated for one hour.

In TizCoTx MXene alloy, T represents termination groups. It is known that
MXene alloy sheets produced by etching with HF acids are terminated with oxygen-
and/or fluorine-containing functional groups (=O, -OH, -F). Although elimination of
sonication prevented additional oxidation of MXene, synthesized MXene sheet
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surfaces contained as much oxygen as in the starting MAX alloy as can be seen in XPS
spectra (Figures 35(a) and (b)). Moreover, the presence of F element can also be clearly

seen which is the indication of formation —F functional groups.
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Figure 35: XPS results of (a) As-received commercial MAX alloy, (b) Synthesized MXene
alloy using MAX alloy.

43 PRODUCTION OF FOAM SAMPLES

4.3.1 TisAlIC; MAX Alloy Foams
As mentioned in the experimental section, commercial TisAIC; MAX powders

were mixed with carbamide spacer particles to create porosity around 70 % after
evaporation of carbamide upon heating for sintering. However, sintered compacts’

porosity was measured to be around 46% mainly due to excessive shrinkage during
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sintering. Likewise, the size of the macro pores, obtained upon evaporation of
carbamide particles, were around 407 pm, which was smaller than the starting
carbamide size of 500 um due to sintering shrinkage. As can be seen in Figure 36,
MAX alloy foams contained interconnected macro pores and micro pores due to partial
sintering on the call walls. Interconnection of the pores is crucial in biomedical
application in which body fluid transfer plays an important role for ingrowth of bone

tissues.

(@)

MRM pore

Figure 36: (a) Macro image of porous MAX alloy, (b) Optical microscopy image taken from
the cross-section of porous MAX alloy and, (¢) SEM image of porous MAX alloy.

A three-dimensional image of cell wall structures is given Figure 37 with the
corresponding EDS analysis. Microporous cell walls with partially sintered powders
contained Ti, Al and C elements as expected; however, Si element was detected as
some regions which was believed to come from starting powders. As can be seen
Figure 38, TisAIC; MAX alloy foam produced from commercial powder also
contained TiC phase in addition to TisAlC2 phase as detected in the as-received powder
(Figure 33). TiC peaks seen at 20 angles of 34°, 71° and 76° in as-received powders’
XRD pattern disappeared and TiC phase was detected only at 62° as a shallow peak.
This result indicates that sintering the starting powder for foam production caused
more TisAIC, phase formation by consuming TiC in the powders, which aids

maximizing the MAX phase.
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Figure 37: MAX alloy foam produced from commercial powder (a) SEM image, (b)
corresponding EDS analysis.
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Figure 38: XRD pattern of MAX alloy foam produced from commercial powder.

4.3.2 Production of TisC.Tx MXene Alloy Foams

TisC2Tx MXene alloy foams were produced from commercial TisAlIC; MAX
alloy foams using HF etching previously used for MXene powder production. To the
best of authors’ knowledge, no work was done on the production of MXene alloy
foams. The current study aimed at production and functional characterization of
MXene alloy foams for biomedical applications.

MXene alloy foams produced by keeping MAX alloy foams in HF acid for 24
hours showed no disintegration and there was no obvious color change as observed in
MXene powder production stage.
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Figure 39 shows macro and micro image of produced MXene foams. Similar
to MAX alloy foam, the samples were composed macro pores with around 400 pm
average pore size, which didn’t change too much as a result of etching. In addition,

cell walls of the foam samples contained micro pores due to partial sintering.

(@)

10 mm

Figure 39: (a) Macro image of MXene alloy foam, (b) Optical image taken from the cross-
section of MXene alloy foam and, (c) SEM image of MXene alloy foam.

SEM image of cell walls given in Figures 40 (a) and (b) clearly shows flower
like structures in the partially sintered powders because of Al etching. However, not
all the regions of the alloy seperated into layers and comperatively higher Al content
(4.6 at. %) was observed with respected MXene powders (1.9 at. % Al) produced using
the same etching technique. Possibly, reduced surface area by partial sintering the
MAX powders decreased the etching efficiency of HF acid. On the other hand, similar

to powder MXene, F element was detected.

41



Element at %
Ti 60,92
Al 4,75
C 22,08

12,25

Figure 40: SEM images and EDS result of foam MXene alloy at different magnifications.

Figure 41 shows the XRD patterns of MAX and MXene alloy foams. Although
the SEM image (Figure 40(b)) shows formation of flower like structures clearly, no
TisC, Ty phase was detected possibly due to its low amount. On the other hand, TizAIC;

and TiC phases seen in MAX alloy foams were still present in MXene alloy foams.
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Figure 41: XRD patterns of MAX and MXene alloy foams.

4.4 SIMULATED BODY FLUID TESTS

MAX and MXene alloy foam samples were kept in SBF at 36,5 £ 0,5 °C for
various times (1, 5, 15 and 25 days) to investigate the relative apatite formation
abilities.

Figure 42 shows the XRD patterns of MAX and MXene alloy foams kept in
SBF for various times. For both samples, there were no clear apatite peaks up to 25
days immersion except TisAlC2 and TiC phases observed in the starting foam samples.

Closer examination of cell walls revealed hemispherical apatite like structures
in MAX alloy foam after 15 days (Figure 43), which covered most of the cell walls.
On the other hand, very small white precipitates were detected in MXene alloy foams
after one day, however, they didn’t grow even after 25 days. Since the precipitated
phases in both types of alloy foams covered the internal regions of the foams, they

were not detected in XRD patterns.
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Figure 42: XRD patterns of MAX and MXene alloy foams kept in SBF for various times.

Biological apatite found in bone and synthetic hydroxyapatite both primarily
comprise Ca and P elements, with Ca/P atomic ratios of 1.655 and 1.667 in each form
of apatite, respectively, Table 6 shows the change in Ca and P elements quantity and
their ratio for different soaking time in SBF. The EDS analysis taken from the rarely
observed white precipitates in MXene alloys revealed P deficient Ca precipitation for
the first 5 days. The first P precipitation observed after 15 days; however, Ca/P ratio
was too high (2.4) for apatite. The ratio of Ca and P in MXene alloy foams became
around 1.8, close to ratio found in apatite, after 25 days. But the precipitates were still
observed rarely on cell walls of foams. Although there was no precipitation in MAX
alloy foams in the first 5 days, Ca/P ratio got close (1.5) to apatite in the precipitated
phases after 15 days, which showed that the precipitated phase was apatite. The Ca/P
ratio became 1.6 after 25 days as well. Based on the SBF tests, MAX alloy foams
exhibited better apatite formation ability compared to MXene alloy foams. Despite the
rougher cell wall cell of MXene alloy less Ca and P precipitation occurred possibly
due to presence of fluorene-based termination groups in TizC,Tx formed during

etching by HF acid.
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Table 6: Ca/P ratio of porous MAX and MXene samples immersed in SBF 1, 5, 15 and, 25

days.
at. %
Klement 1 day immersion 5 days immersion | 15 days immersion 25 days
immersion
MAX MXene MAX MXene MAX MXene MAX MXene
Ca - 1.0 - 1.4 26.9 2.0 36.6 22
P - - - - 18.4 0.80 23.2 12
Ca/P - - - - L5 2.4 1.6 1.8

4.5 ANTIBACTERIAL TESTS

Escherichia coli (E. coli) gram negative bacteria is one of the most common
causes of many common bacterial infections in humans and animals. The therapeutic
treatment of E. coli infections is threatened by the emergence of antibacterial
resistance. This, unfortunately, causes an increased rate of diseases caused by drug
resistant E. coli bacteria. Therefore, it is important to treat E. coli bacteria, which has
become increasingly resistant to antibiotics, with different methods. TisCoTx MXene
alloy has a reputation for destroying bacteria due to its sharp layers that are directly
contact with bacteria [39]. Zone of Inhibition Test, also called a Kirby-Bauer Test,
which is mostly based on macro-observation, was used for antibacterial tests in this
study. According to this method, bacteria are grown on agar, then it is checked whether
a visible zone is formed around the sample to be tested or not. If a zone is formed, it
means that the bacteria are dead, and the material displays antibacterial properties [40].

In this study, MXene alloy powders were tested by mixing them in PVA, a
biodegradable polymer. Next, the PVA-MAX and PVA-MXene composites coated
on Titanium discs which were used as substrate material for the composite. It is clearly
seen from Figure 44 that the produced MXene alloy has antibacterial properties. In
addition, when PVA and MXene alloy are used together to form a composite, the
antibacterial properties of the composite increase when the quantity of MXene
increases as revealed by the green area (dead bacteria) around the samples.

In addition, when looking at other composites, it is seen that zones forms
around them and as the MXene composition increases, the zone also increases. In
Figure 45, the graph of MXene composition and zone ratio is given. Looking at this
graph, itis seen that 1 wt. % MXene-PV A composite is less resistant to E. coli bacteria
than the composites containing MXene by 5 and 10 wt. %, which showed bacterial

resistance close to each other.
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Ti-PVA 1 % MXene - PVA

5 % MXene - PVA 10 % MXene -PVA

Figure 44: Zone of inhibition test results of composites containing MXene in different
compositions (wt. %) placed on an agar plate with E. coli bacteria.
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Figure 45: The graph of compositions of composite (in wt. %) and zone ratio.
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CHAPTER V
CONCLUSIONS

In the present study, following conclusions can be drawn about the production

and characterization of powder and foam counterparts of MAX and MXene alloys:

[EEN
1

Although commercial TizAIC; MAX alloy powders contained TiC and
TizAIC, phases, produced MAX alloy powders, obtained via grinding of
MAX alloy compacts sintered at 1400 °C, displayed very low amount of
TiC phase.

Ball milling of sintered MAX alloy compacts at 400 rpm for 4 hours was
considered to be optimum since ball milling at higher speed for longer
times caused contamination with ZrO,, which came from the fractured
zirconia balls and the jar.

Etching of commercial and lab produced MAX alloy powders by HF acid
decreased the average powder particles size and Al content of both powders
significantly; however, Al couldn’t be removed completely.

Flower like multilayered MXene powders were obtained via chemical
etching, while no layered structure was observed in lab produced alloy
despite decreased Al content.

Sonication method, which was applied for obtaining layered MXene
structure with thinner MXene plates and for removing the Al residue in the
solution, caused remarkable oxidation of the powders.

PVA-MXene composites displayed antibacterial properties and higher
antibacterial resistance to Escherichia coli gram negative bacteria was
observed as the content of MXene powders in the composite increased.
MXene alloy foam displayed Ca and P precipitation when immersed in
simulated body fluid; however, no apatite formation was observed even
after 25 days mainly due to presence of Fluorene based functional groups

formed during etching.
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8- Apatite formation was observed in MAX alloy foams after soaking for 15

days in simulated body. The Ca/P ratio was found to be around 1.6, close

to that of bone.

Future Studies:

The effect of starting MAX alloy powder particle size, shape and
chemical composition on MXene synthesizing should be investigated
to get reproducible MXene powders.

Surface chemistry of the starting MAX alloys should be clearly
identified to determine the surface condition on etching during MXene
production.

Surface termination groups of MXene alloys should be determined so
as to reveal the effect of different surface termination groups on
antibacterial properties and apatite formation ability.

Mechanical tests should be employed to MAX and MXene alloy foams
to determine their suitability in biomedical application as a graft and

implant material.
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