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Abstract

Transition metal carbides and nitrides (MXenesyanew familyof two-dimensional (2D)
materialdfirst discovered in 2011. They have gained huge interest over the last decade due to their
excellent physical and chemical properties. Owing to their fascinating propeviiEspread
experimental and theoretical research effort has been shown to demorestr MXenes 6 capa
in several research fields such as energy storage, sensors, electronics, catalysis and water
purification. TisCoTyx, first and most studied member of the MXene fantilgs been proven to
have exceptional electronic, electrochemiaatl mechanical properties. Many other MXenes,
including V2CTx, Ti2CTx, Nb:CTx, M01.33CTx, M02TiC2Tx etc. showed interesting characteristics
due to their unique structure, morphology and surface chemistries. Most members of the MXene
family have been exteively studied for electrochemical applications due to their high surface
area to volume ratio, metallic conductivity and metal oxide/hydroxide surface functionalities,
making them ideal materials for such applicatiohs.fully utilize such properties, ctmolled
synthesis of MXenes plays a crucial role. Synthesis parameters argypibetsis treatments can
alter thephysical and chemicalroperties of the MXene electrodesmatically. This study aims
to discover the effects of the synthesis procedurethemphysical and chemical properties of
MXenes and furthermore offer an alternative synthesis method to broaden its application and

improve its properties.
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Chapter 1:  Introduction

The energy storage devicestbé future, such as advanced batteries and electrochemical
capacitors (ECs, also called supercapacitors), are required to deliver higher energy and power
densities for longer periods of time. Improving these properties requires not only finding materials
with high storage capacities but also understanding how these materials can be assembled into
electrode structures with high ionic and electronic conductiitigy. A family of two-
dimensional (2D) materials called MXenes has beemtlycmtroduced as exceptional electrode
materials for energy storage devi¢8gl) MXenes are transition metal carbidesridés, and
carbonitrides with a general formula ofMXnTx, Wwhere M is an early transition metal, X is carbon
or nitrogen, and Tx refers to surface functional groups such as OH, O(&)Sice the discovery
of the first MXene (TiC2Tx) in 2011(6) these materials have been the subject of much research,
revealingtheir promising properties for numerous applications ranging from energy storage and
water desalination to catalysis agléctromagnetic shielding, to name a f@ivl1) In particular,
electrochemical properties of MXenes as supercapaei¢etrodes have both fundamental and
applied significanc€l2) The charge storage mechanism of MXenes is based on
pseudocapacitance, which is fundamentally differentmfelectric double layer capacitance
(EDLC), which is the chargstorage mechanism of carbon materials including graplig/i&
15)Therefore, similar to other welinown pseudocapacitiv@aterials such as MnO2 and RuO2,
MXenes storeharge by fast surface redox reaction and are capétitlivering very high specific
capacitance@t) At the same timethe high electrical conductivity of MXenes and their highly

accessible interlayer spacing leads to their high rate capability and high powséred (16)
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The family of 2D MXenes has rapidly expanded in the past few years to include 21
members including 3C>Tx, TioCTx, V2CTx, M02CTy, etc(4) All of these materials are synthesized
by selective removal of atoms from the structure éXvphases, layered ternary carbide and/or
nitrides with a general formula of MAXn.(17) In the structure of MAX phases, the 2D\NKn
layers (MXenes) are separated by layers of A atoms (such as Al, Si, and Ga) and can be separated
by a selective removal (etching) of these layér$7)The etching process is usually performed in
concentrated aqueous HF solutions, but in some casesy mitthants that contain metal fluoride
salts (e.g.,LiF) and HCI can be used to remove A layer afb&4d he capacitive properties of
MXenes were first reported by Lukatskaya et3land Ghidiu et al(12) where they studied the
electrochemical properties ofsO.Tyx in various aqueous electrolytes. Even in these early studies,
the very high performance of the fabricated etmtds (e.g., a specific volumetric capacitance of
about 900 F cinj suggested the discovery of an exceptional electrode material for supercapacitors.
Recently, Lukatskaya et é14) have shown that even higher capacitances at very high
c har g el dates cah lzerachieved by engineering the structure of MXene electrodes. Peng
et al. recognized that the higher electrical conductivity gfdailsC.Tx flakes can be utilized to
fabricate current collectors for arhip microsupercapacitors, while the electrode can be fabricated
with using smaller flakes with higher capacitat®)

The excellent capacitive performance ot(hilx is due to its unique structure which
consists of two layers of C atoms sandwiched between three layers of Ti atoms. The high
conductivity of TgC>Tx stems fom its conductive carbide core, while its high pseudocapacitive
properties arise from its functionalized transition metal surfaces. However, previous studies have
largely overlooked the significant effect of the lateral dimensions of 2D MXene on their

eledrochemical properties. As the synthesis methods and processing conditions immensely impact
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the dimensions of the produced MXene flakes, the lack of information on thdegmezadent
properties of MXenes prevents a comprehensive understanding of thieoaiemical properties.
For my Ph.D. research, | am planning to synthesize, fabricate, and engjpegior
electrode architectures based on 2D MXenes and investigatéfebeof synthesis methods and
post synthesis treatments on individual sheets quality and lateralas@z¢herefore their

electrochemicgberformance

The goal of the proposed researchoisinderstand synthesis mechanism of MXenes and
use the informabn gained tdurther control the structure, quality and lateral size of the individual
sheets. Control of such properties will allow us to study and im@leetrochemical performance
of MXene electrodes and provide a unique opportunity to characteeizertechanical properties
Furthermorei|t is intendedto use the gained knowledge to offer an alternate electrochemical
selective etching method for synthesis of different MXenes and investigate the effect of this new
synthesis method on tledectrochemical properties of MXendé®llowing chaptes will initially
provide current statuf MXene researchin detail Then, explanationand discugsn of the
proposed research, followed by the preliminary reswits be presentedLastly, the used
experimental methodwill be stated the outlook andpossiblefuture impacts of this researaill

be specified

18



Chapter 2: Literature Review

This chaptermpresentsa literature review otwo-dimensional materialsMAX phases,
MXene synthesis methodsidtheir propertiesAs synthesis is a big part of the proposed research,
literature review will begin with introducing twdimensional2D) materials and their synthesis
methods2 D Mat eri al sdé journey initially took off
which is shown in Fig.-2.(20) Over 16 years since the first report, scientific community explored
the 2D world of materials to its limits. Numerosgnthesis methods are reported to produce
atomically thin materialsjefying previoustheoretical predictionslaiming 2D materials would
not be stabl¢21) Although not all 2D materials were predictear theoretically studied
beforehandFor example, there were no predictions on the existence of MXenes prior to their
synthesis in 201(22) This chapter willgo over different procedures to synthesize 2D materials

and examine the current MXene research on its synthesis and properties.
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AR

Figure 2-1: a) Optical microscope image of sindéger graphene flake b) AFM

image of the flake on the edge (2rEn) c) AFM image of single layer graphene flake (0.8

nm thickness) d) SEM image of an experimental device e) Schematics of the(88yice

2.1  Two-dimensional (2D) Materials

In the scientific community, the existence and the stability of-dimersional (2D)
materials were a widely discussed tof#8) Due to thermal lattice fluctuations, 2D materials are
thought to be thermodynamically unstahteording to classical physi¢24) It was observed that
the melting point of the thin films decreased as the thickness of the thin film is ded@Bsed.
However, a major breakthrough was reported in 2004, when Scotch tape exfoliation of graphite
was demonstrated to form the first stablz material graphen@0) Dr. Novoselov and Dr. Geim
measured electronic properties of graphene and proved thatlsipgteyraphene flakes are stable
at the room temperature (Figld. They were awarded for a Nobel Prize in 2010, for their study
which opened the door foesearchers to walk through and explore 2D materials wgiride then,

evergrowing number of new 2D material systems and families have been reg2sied.
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Figure2-2: Different twadimensional material families

History of layered materials goes back as far as we can think, and they have been

scientifically researched for over 150 years. Hosvescientific community is exploring their true

potential only recently21) It has beershowed that each layered material exhibits enhanced

properties when it is thinned down to its atomic layers compared to its bulK26)mhickness

of produced 2D materials is crucial as it has a huge effect on the electronical, optical and
vibrational properties since motion of the electrons in the third dimension is governed by quantum
physics at this scal@7) Also, 2D materials can form gapless contact with each other and the
interactions at the interlayer can change properties of this heterostructures. Moreovesizevhen

of a material goes from 3D to 2Burface to volumeatio increases dramatically, which results in

very different interfacial and electrochemical properties compared to their bulk counté&farts.
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So far, eveiincreasing number of 2D matdsahas been reported to be stable

experimentally or theoretically. These materials include but not limited to; graphene, hexagonal
boron nitride (hBN), Xenes (such as Borophene, Silicene, Phosphorene, Bismuthene, etc.),

transitional metal oxides, hydrosi@nd clays, (such as MoO3, WO3, Ga203 etc.), transitional

metal dichalcogenides (TMDs, such as MoS2, WS2 etc) and transitional metal carbides/nitrides or

carbonitrides (MXenesj29i 32)

Tellurene

nivvvi

X XXX XV
() .y 1ALD
8 Icvb
! % = Ill electrochemical
108 © IV hydrothermal
& I V selective etching
= 10¢ VI soft chemical process
2 | Vil LM
(9]
N 103 - ¢ Vil MBE
& l IX ME
S L) X PLD
£ 10 i
© = Xl solution based
- 1 XIl sputtering
10 Xl MOCVD
100-7 =

XIV plasma assisted

Vil IX

Figure2-3: Different synthesis methods of tvadmensional materials shown with

thecorresponding lateral siz€33)
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There has been a widespread global research on producing 2D matariglstudies with
2D materials used a tegown approach for synthesis such as mechanical cleavage or liquid
exfoliation techniqueé34) Soon after bottorup methods using atomic growth techniques have
emerged. It is important to able to grow 2D materials in a thicke@ssolled manner, as it allows
engineering of electronic devices with complex hatisms.CVD method, as the most potent
bottomup method, has been proved to be capable of producing 2D materials with controlled
thickness and high large areas over 100 micromé¢kegs 2-3)(33). Although it is an industry
relevant ad relatively easy to apply method, there are numerous parameters that needs to be
controlled and optimized for the production thus requiring experience and knowledge in the field.
On the other hand, liquid exfoliation techniques are widely used to préahgecamounts of 2D
materialg(35,36) Although it can produce large amounts, several drawbacks ofntéikod
including the lower quality of sheets compagedtismaller lateral sizesompared to mechanical
cleave, have been a focus point for researchers to be improved. Recently, a new family of 2D
materials has emerged using a new technique called Sel&ttiing similar to liquid exfoliation
methods. With this method, removal of specific atomic layers from the layered precursor materials

called MAX phases is achieved to yield 2D materials called MX&BB}.

2.2 MAX Phases and Selective Etching

Di scovery of MAX phases dates back to 1960
reportsmore than 100 new nitrides and carbides including Ti3$8Z2However, number of
studies on these materials were very limited until 1990s when Dr. Barsoum andRaglii
syntheszed more phaspure samples of first Ti4AIN3 and Ti3Si{28) These discovered
revealedthat these materials share the same atomic structure and thanks to this structure, they

exhibited unique properties. This shared structure is later denominated:&XNphases where
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A

OM6 is a transi-grnowmmlelmemean t nitdgekdandoh éarhenoThis d b e
l ed to the na@%LageMdstuctyehaadsuaigué combination of metallic and
covalent bonding in the structure of MAX phases gave them excellent prop4@jigsvas shown

that MAX phases exhibit an excellent combination of ceramic and metallic propéitab;
electrically and thermally conductivegsistance to thermal shock and oxidation, as well as being
mechanically sturdy and easily machinalfleig.2-4)(38). Thanks to this combination of
properties, MAX phases are considered for a variety of applications where high temperature

resistance is important and excellent mechanical properties are required

Figure 2-4: Photographs of commercially available MAX Phases showing their

machinability(38)

As MAX phases drew more interest with their unique properties, they were initially thought
as ideal candidates for Li ion batteries by Dr. Yuri Gog@ts). They were thought as a
replacement of graphiteeing used in Li ion batteries as anodes. However, initial results were not
promisng and, in an attempt to reduce particle size eAld> MAX phases chemically it was
discovered that with hydrofluoric acfHiF) treatment, Al layers can be selectively etched from the

structure where Ti and C layers are remained untoulkbeping that tw-dimensional structure
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Since this discovery was published in 2011, selective etching-layex from MAX phases
generated huge interest as a way of producing a new typdimnemsional material; MXendg86)
Current selective etchingpethods can be categorized under 5 different topics based on

the etchant type used; 1) HF containing etchants, 2) HF forming etchants, 3) Alkaline and/or

Hydrothermal etching, 4) Molten Salt etchants and 5) Electrochemical etching.

M_,AX

M
Etching “A” layer from M,,.,AX, + Sonication - MXene

L

Figure2-5: lllusturation of MAX Phase atomic structures and eto@@iy
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HF Containing Etchants
It was proposed with the initial study that when Ti3AIC2 MAX phase was immersed in HF

following reactions occurred,;

'Y@a o000 Y@ o0® pd0 (2.1)
Y@ ¢Ou Y@ v'0 O (2.2)
Y@ ¢O0 'Y@'O O (2.3)

Reaction (2.1) was followed by Reaction (2.2) and/or Reaction (@e9ning that surface
is functionalized with OH and F grouf®) This study used %50 concentrated HF and
demonstrated for the first time that Al can be removed frasAlCk MAX phase to produce 2D

TisCoTyx, where T is used for denominating the surface groups.

STORY o e
- g
MXENES

Bifluoride (NH HF,) TBAOH and Amine- MILD (large flake)

Fomily of Mianes Etching Method Assisted Delamination Etching Method

2011 2012 2013 2014 2015 2016 2017

TiyC, Discovery/ Intercalation/ Clay (small flake) Double M Ordered
HF Etching Method Delamination LiF/HCI Etching Method MXenes Divacancies
e —— o, e
# \ .
= "’ i
~- AN

Figure2-6: Story of MXenes: history of different etching methoi$1AX phases

to produce MXeng48)
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Soon after this reporHF etching is used for other MAX phases such a8lT, Ta:AlC3
or TisAICN and demonstrated thatsGTy is the first member of a larger 2D materials, now called
MXenes(17) Therefore, reactions are also getized for all MAX phases;

0 0® 0000 ® O0W pd0 c8
0 ® ¢O0 O wWuLVLOo O ¢®
0 ® OO0 ®wO O C®

Reaction (2.4) is responsible for the generation during the etching process. This H
generation was also proposed to be the reasor
MAX phase particleg39)

In 2013, it was proposed that relatively large molecules can be intercalated between the
layers of etched MAX phase particles which would resutting her &éi nter |l ayer sp
increasing the distance between each I&ygRutcome of the increased interlayer spacing is lower
interaction between the layers, so that eagler can be delaminated and dispersed in a solvent.
As proposed, intercalation of organic molecules such as DMSO and Urea is demonstrated to
increase interlayer spacing with the etched MXene particles. Sonication is used as a final step to
fully delaminatethe layer and achieve dispersion in watéithough HF etching is relatively
practical, dangers of handling HF and exothermic nature of the reaction led the researchers to find
milder etchants.

HF Forming Etchants

In order to avoichandlingof concentraéd HF and to provide intercalant ions during the
synthesis different methods have been proposed. Firstly, use of Bifluorides such,all K

and NaHFE was tested as etchan{d3) It was shown that selective etching ogAIC. can be
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achieved through different bifluorides while catiangch as K, Na” and NH* intercalate the
structure to increase interlayer spacifgchingreactions are proposed as;

TisAIC + XHF2Y XaAIFp +AlFs+ Hy + 3Chi (2.7

TisCo + XHF2 + HO Y 3CIFOHyX; (2.8

However, these MXenes also needed sonication to delaminate the layers and similar to HF
etching surface functionalities ef, -OH and=0 are observed.

Another in situ HF forming etchamg suggested as a combination of a fluoride salt and
hydrochloric acid (HCI). Etchant solution is prepared with dissolving lithium fluoride (LiF) in
diluted HCI(12) This etchant is shown to be capable of not only removing Al fradlCh MAX
phase, but also increasedattice parameter on the stillydrated etched powders. Increased c
lattice parameter and the swelling of etched powder indicated that water molecules are able to
intercalate between thesO; layers, giving it claylike properties. After etching is completed water
is added to powdets form TisCo6 c | ay 6 wher e i t -stamding filmgas shownl e d
in Fig 2-7.(12) These rolled clay films are shown to be excellent electrodes when used in aqueous
supercapacitors with 1M 33Oy electrolyte. Produced clays can also be sonicated in water to
produce delamination of layers which results in MXene suspensions in water with high

concentration.
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Figure2-7: Processing of Ti3C2TX MXenetaf etching with 'clay' meth¢ti2)

Easy and scalable synthesis of(hiTx MXene drew attention aesearchers from different
fields. Detailed scanning tunneling electron microscope (STEM) characterizations showed that
concentrated HF etching along with sonication introduces defects to the structure cacsnuy
and vacancy cluster formation. Usesohication also limited the lateral size of produced sheets to
only a few hundreds of nanometers which prevented sftake characterizations. To eliminate
the need for sonication, one approach was made through the optimization of etching parameters.
Increasing the concentration of intercalant H+ and Li+ cations by increasing molar ratios of HCI

and LiF to TBAIC», it was shown that etching and delamination can be achieved at the same time.
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Figure 2-8: AFM Analysis showing the effect of synthesis parameters on the

structure of TC,Tx sheet&44)

Where the 6cl ayb

met hod

used 5M LiF in 6M HCI

HCI. Moreover, since this method did not need a sonicafds delamination of the sheets,

produced sheets are reported to have up to 15 microns. This optimized method is named as

o6minimally intensive

ayer

del adMLargetareasingle met h «

layer and higkguality sheets resulted with this etching method also enabled Slakée

characterization, allowing researchers discover more intrinsic properties of MXenes.

Alkaline and/or HydrothermalEtching

Several attempts have been made for alkali etchingz810: MAX phases, considering

al kali 6s stron

g b @5i49)iEarly attengpis eedired eitheypee-etahingror A |

postetching acid treatments. Due to thin layer of protective native oxides present on MAX phases,
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HF was utilizd for preetching before using TMAOH as etchdab) Another approach used high
temperature NaOHpllowed by BSQs acid treatment, since NaOH was not able to dissolve
produced aluminum oxide or hydroxi@48). Since etching was limited to only the surface of
MAX phase particles. In 2018, two different studies overcame this problem by using so calle
Bayer proces§46,47) Through this process, it is possible to dissolve aluminum oxides or
hydroxides at elevated temperature and pressure, thus enabling the continuation ofrige etchi
through the bulk of MAX phase particles. Both studies used very high concentrations of KOH or
NaOH (near saturation) at high temperatures of 150 t@Q@hdproved that Ti3C2Tx MXenes
can be produced without using any fluoride component, leadingfacswgroups of onlyO and
-OH. Etching reactions are proposed as the followings;

TisAIC2 + XOH + H20 =XAIO2 + 3/2 Hb + TisCo (2.9

TiaCo + 2H0 = TisCo(OH)2 + Ha (2.10)

Where X can be Na or K45,46)

It must be noted here that theoretical calculations stiband-OH surface groups perform
better compared teF surface groups at several electrochemical applications, thus m#&king
surface functionality undesirab(B0i 52)

Molten Salt Etching

Although only a limited number of studies showed molten salt etching, the most recent
studyalsoshowed that it is possible to have different surface gronpgXene surface rather than
-0, -OH or -F.(53,54) In this technique, ZnGlsalt is used with BAIC> MAX phase with 6:1
molar ratio. Powder mixture is then heat treated at 550 C for 5 hours under inert atmosphere. It
was argued thatbove melting temperature of ZnQWhich is 280 Cthe salt ionizes to Zf and

ZnCl:Z in its molten state and acts as a Lewis acid in which Al atog#dd4 reduces to Al ions.
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These A} ions react with Clto form AICl; which has a boiling point around 18C and
evaporates at 558 which is the reaction temperature. Evaporation of Al enables continuing
etching, but initially Zn atoms replace these empty spaces formingMAZhphase; TsZnC,.

Only after forming ZAMAX phase, in the presence of excess molten salt, reaction continues to
form TisCoCly, resulting in further etching of Zn an@l terminated MXenes. Etching reactions
are proposed as;

TisAIC2 + 1.5 ZnCh = TisZnC + 1/2 Zn + AICk~  (2.11)

TisZNC, + ZnCh = TisCCl2 + 2Zn (2.12
TisZnC, + Zn"=TisCo + Zn #* (2.13)
TisCz + Zn2 2" = TisCClz + 2e (2.14)
Zn,% +2e=22Zn (2.15)

This elemental replacement approach is a significlevelopment since for the first time
exclusively-Cl surfacgerminations are reported with MXen@sS) Recent theoretical studies also
showed that Gterminated MXenes might have superior electrochemical properties and be more
stable when compared withtEBrminated MXeneg5,56) It is also important to note that this

method was not able togmuce MXenes with different MAX phases ofAIC or Ti2AIN.

ElectrochemicalEtching

Most recent approach dhe selective etching of MAX phases has been electrochemical
etching method where MAX phases used as electrodes and etching is caruedeyuapplied
voltage between the electrod®&§i 60) Only aqueous electrolytes used so far and only one method
where a mixture of 1M NKCl and 0.2 M TMAOH is used as the electrolyte resulted in delaminated

TizCoTx (Tx = -OH, -O) sheets. Electrochemical etching methods are important asdke\the
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potential to provide mild etching conditions where MXene sheets can be produced with minimal
amounts of defects and large sizes. For example, Yang et al repa@edy Bheets up to 18.6
micrometers which is the largest sheet size repd@@dOn the other hand, using diluted HCI
Penget al reportecelectrochemical etching of XXIC and CpAIC MAX phases along with
TizAlC2.(57) Although it must be noted that etching of MAX phasieeo than TJAIC resulted
mostly in transitional metal oxides and low M/AI ratio, indicating etching is not com(@é}e.
Nevertheless, etching of different MAX phases algime capabilities of the method.
Studies show that optimizationthie electrolyte in such systems might result in a universal etching
method that is capable of working with different MAX phases. Although many different
approaches are taken in the recent years, HF etching is still the only choice for the majority of the

MAX phases as researchers are working towards different selective etching systems.

2.3  MXenes and Their Properties

Since the first synthesis report 08T Tx MXene in 2011, number of published articles on
peerreviewed journals about MXeneaisedexponentiallyMore than 750 institutions from over
50 different country joined this exploraticand theyhave reported more than 30 different
compositions of MXenegxperimentally and dozens more are predicted theoretically so far
(numbers reported in 201992) Reported MXenes are shown in Fi222) MXenes also drew
interest to MAX phase research, where new MAX phases with ordered doarddional metal
elements have been reported within the past feavg(61,62)It was also shown that MXenes can
have two different transitional metal elemewithin their structure, which can be found in and
out of planeordered as well as randomly distribu(&3) These solid solution MXenes are also
shown to be capable of having different stochiometric ratiosingathe number of possible

combinations virtually to infinite. There are also recent attempts to include Boron as an X element
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to MXene family, to synthesize 2D transitional metal borides, further increasing the number of

possible structures in this 2D redtls family.(64i 66)

M, X
Mono-transition metal MXenes
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Figure 2-9: Different MXene structures reported to be stable theoretically or

experimentally22)

Above mentioned ifferent etching methods also attributed to thiswing intereston
MXenes elimination of HFcontaining or HForming etchants from the synthesis procedure made

it possible for different laboratories to produce MXenes as well.
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MXenes, due to this largeumber of different compositions, are able to present unique
combination of propertie€7) Transitional metal carbide or nitride structure offer dece
mechanical properties and high electrical conductivity whereas surface terminations which can be
-0, -OH, -F and-ClI or possibly more different elements, determine unique chemical properties
such as hydrophilicity or targspecific surfacegs1) These properties enable MXenes to be used
in various applications such as energy storage, catalysis, electronics and more as shown in Fig, 2
10.(22) Second ring in Fig -8 indicates the first research article published in the corresponding
field. The first reported biomedikaensor or electromagnetic applications of MXenes are anly 3
4 years old; showing that MXene research is still on its early stages. Many theoretically predicted

magnetic or insulating properties have not been validated experimenta(§8iyed)
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Figure2-10: MXene application areas, middle ring shows the first paper published

in the corresponding resech field22)

Nevertleless researchers mad®megreat advancements in MXene research, especially

in processability of MXenes amad fieldssuch as energy storage or cataly2k 71)As mentioned

in thesection before, most of MXene synthesis ends with a colloidal suspension of produced sheets
in deionized water or organic solveiif®) Vacuum filtration of thee suspensions results in
horizontally aligned and densely packed sheets which form a flexible film called MXene film or
MXene pape(73,74) These films can be used directly as fst@nding electrodes in energy
storage application as theyhibit high electrical conductivity. However, these structures also have

a disadvantage since dense stacking of 2D sheets due to van der \iésafgioms limit the
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available surface area for the electrol{itB) Various studies have studied original structure
designs in order to increaske surface area for electytdé and to decrease ionic diffusion
paths(61,76,77)t was shown that increasing interlayer spgamvacuum filtrated MXene films
leads to a better performance at higher charge/discharge rates, higher specific capacitance and
better cyclability(78)

In attempts to increase the interlayer spacing, researchers used different additives such a
carbon nano tubes or different polyméf8i 80) Use of CNTs have been demaastd in various
energy storage applications, showing that CNTs can act as spacers between the MXene sheets and
increase the electrochemical performance of the MXene film electf®t&2)One study showed
that not only mixing CNT suspension with MXene suspensions but also filtrating each alternatively
to produce sandwichke structure of TiC.Tx and CNTs, which resulted in a better
electrochemical performaacompared to simple mixing of suspensions and filtering. Fabrication
of MXene and polymer composites is also proved to be an effective method to improve
electrochemical properties of these electrodes. Moreover, these electrodes demonstrated better
mechantal properties and flexibility. Onstudy used incorporation o#niline monomers as
spacers between the MXene shemtd demonstrated the-situ polymerizationusing HCI(78)
Increasing the interlayer spacing through the use of polymers erebtdrbdes to keep up the
performance even with higher thickness. However, it must be noted that use of polymer might
affect the electrical conductivity unfavorably, consequently MXene to polymer ratio is presumed
to be an important factor in productionafmposite films(83,84)

Another interesting approach was reported by Lukatsaya et al, with the pegraghyl
methacrylate (PMMA) microspheres templates for MXeng€$4) The microspheres are used to

shape MXenes into hollow spheres. Reaglstructure of the electrodes was less ordered and less
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dense compared to vacuum filtered films while upholding the high electrical conductivity. This
macroporous Ti3C2Tx structure enabled shorter diffusion paths for ions thus demonstrated to have
very high capacitance values even at very high scan rates of 100,000 mV/s when used in agqueous
supercapacitors. Same study also employed another new strategy of making hydrogels with
MXene films. These electrodes are soaked in the electrolyte for up to 3 datyaftéy vacuum
filtration which enabled exchange of water with electrolyte. This method is important as it proves
to increase the capacitance of MXeahectrodes without using any additi@sl)

Based on the summarized recent advances in MXene research, basis of the proposed study
will be discussed in the next chapter.

Following the literature review, this chapter will initialaddress the gaps in the current
knowledge of MXene researcRocus points of this study will be highlighted with brief research
statements, and our motivation to follow these directions will be discussed. Next, the proposed
study will be detailed under fodifferent research tasks. | will also further explain how to achieve

these tasks, describe proposed experiments and follow it by presenting preliminary results.

2.4  Lack of Knowledge and Unexplored Venues

Even thoughMXenes are first reported at 2011, resbars showed huge interest in these
two-dimensional materials, making it one of the fastest growing family of 2D materials. Early
studies used concentrated hydrofluoric acid for making MXenes which is a highly dangerous
method which resulted in low qualigheets. Only about after 5 years, in 2016, a more reliable and
relatively safer etching method was repoitéd) This synthesis method allowed production of
higher quality TiC>Tx sheets and enabled more research applications as wethrasdetailed
characterization of 3C.Tx MXene itself. It was understood that the control over the structure,

lateral size and quality of the MXene sheets can be only achieved via the synthesis methods. For
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electrochemical applications of MXenes, theserattaristics have the utmost importange.
date, precise control of the structure, lateral size and quality:6bTki MXene through the
synthesis conditions and pestnthesis treatments is not reported.

To grasp the significance of this matter cleaitecan be mentioned the method used for
making MXene solutions used sonication as a tool to delaminate more etched MAX phases and
therefore get higher concentrated solutidgtiewever, although sonication does delaminate more
etched powders, it is shown thiaalso introduces more defects on the already delaminated sheets,
and it breaks them down, decreasing the lateral size and the quality of the&h&ea/\Vithout
a doubt, these changes over the structutdXénescan also change their physical and chemical
propertiesElectrical conductivity, mechanical and chemical stability and electrochemicatyctivi

of MXene electrodes can be altered by manipulating the structure of individual sheets.

Designing electrodes for specific electrochemical applications has always been an attention
point for researchers. To prepare MXene electrodes, vacuum filtration of the MXene solutions is
the most used method due to its ease. With vacuum filtration, MXené ms or O paper s
obtained, where sheets stack on top of each other with a horizontal alignment. Although it is a
practical met hod, these electrodes suffer fr
spacing) that is the Angstrom scale dista between two individual sheets. In this stack of 2D
MXene sheets, how an ion, a charge carrier, moves through the thickness of the electrode
determines the electrochemical characteristic of the electrodes and it depends on two things: the
interlayer speing and the number of the paths available to it. To control the interlayer spacing
researchers used additive material s, al so cal

nanoparticles. To increase the number of ion diffusion paths, poresratkiced to MXenes using
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different porogen agentsko wever , contr ol and design of the

through MXene synthesis methods, without using additives, has not been reported.

As mentioned previously, controlling the lateral sidehe MXene sheets and therefore
isolation of larger flakes enables further characterization. One of the most important intrinsic
properties of the 2D materials is their mechanical properties such as their elastic modulus and
breaking strength. Determiti@n of mechanical characteristics of 2D materials paves the way for
t heir use in a variety of applications. Afte
strength, high elasticity and resistance to break under high loads, graphene mategeiahhesstd
in structural composites and protective coatings where exceptional mechanical properties are a
necessity87,88) To measure the mechanical properties of individual 2D materials a unique
experimental setup is required in which the 2D material is suspendec dvde or a trench.

Atomic Force Microscope is then utilized to measure how these atomically thin materials respond
to mechanical strain on nanoscale. In the case of MXenes, assembly of the suspended sheets
remains a challenge due to several factors;ivelgt small lateral sizes of sheets and liquid
processing makes them harder to suspend over micron scale holes. Although there have been
several theoretical studies indicating excellent mechanical properties, experimental proofs have
yet to be offered. Mesaurement of such characteristics will only be possible through synthesis and
isolation of large lateral sized MXene sheg&tsdate, there has not been a study where mechanical
properties of different MXenes measured experimentally.

So far, it has been dicussed that synthesis parameters have crucial impacts on the
properties of MXenes. Literature review shows us that used etching techniques usually involves
aqueous solutions. However, at this point of MXene research, these widely used agueous etchants

hawe several shortcomings that needs to be addressed.
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An efficient etching technique is expected to completely removedhagek elements from
the MAX phases without removing M elements. After removal g¢ayer elements, transitional
metal atoms on the sade forms surface groups with the available atoms in the etchant solution.
These surface groups can have different types and concentrations and moreover, it can be
accompanied by intercalation of water or different ions between the MXene layers. Thegschan
in the crystal structure, specifically thdattice constant, can be measured witha) Diffraction
(XRD) method. Therefore, analysis of this constant can expose important characteristics of the
structure. Several studies show that wet MXenes dftbed with agueous solutions show higher
c-lattice constants than their dried forms, showing that water does intercalate between the layers.
Although water molecules increasesplacing, residual water between the MXene layers is a
problem with a variety ofvater sensitive applications such as energy storage or sensors. Residual
water has been demonstrated to react with electrolytes in battery application which results in
consumption of the electrolyte and therefore pryatability.(89)

Another issue with the use of aqueous etchants is the stability of the MXenes in water.
Even TgCoTx MXene, which is one of the most chemically stable MXenes, has been shown to be
stable in DI water for only-3 weeks, which is dependent on several factors such as amount of
dissolved oxygen in the water, concentration of the solution or the ambientratumeE0,91)
On the other hand, ddrent MXenes are found to be less stable under water. For example, agueous
TioCTx suspensions stay stable only several hours before completely oxidization of the structure
occurs. Therefore, several MXenes start to oxidize and lose their propertiesafteghthe
synthesis.

Besides etching the -Rayers from MAX phases, used etchants can also react with the

transitional metal and carbon atoms and form defects in the structure. Formation of nanopores on
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the MXene sheets was reported after using high corateEm HF solutions as etchants. It was
hypothesized that Ti vacancies and vacancy clusterss&kl(3 that can result in pores in the
structure is correlated with the concentration of the used etchants. Even when the MILD etching
method was used, a scamptransmission electron microscopy (STEM) study showed that defect
concentration increases with the formed HF concentration. On the other hand, an electrochemical
etching method using aqueous MH + TMAOH electrolyte showed that very high quality of
TisCoTx MXenes can be produced with lateral sizes up to 20 micrometers, indicating that an
electrochemical method can be employed for etching MAX phases without creating high
concentration of defec{€0)

Recent studies on the etching of MAX phases also focused the effect surface terminations
on the properties of produced MXenes. Traditional selective etching methods yields MXene
surface functional groups such#3H, -O and-F. These functional groups fabeen shown to
have direct impact on the properties of MXenes such as energy storage capacity, band gap or
magnetism. Several attempts have been made to elimiaterface groups, since theoretical
calculations showed that MXenes wiHBH and-O surfacegroups have better electrochemical
properties. To achieve this goal, researchers used synthesis methods containing high
concentrations of hydroxides such as NaOH or KOH. As molten salt etching methods also
emerged, MXenes with exclusivelZl surface grops are studied and theoretically predicted to
have better electrochemical properties rather H@anOH or -F surface groups. These studies
show us that a watdree, fluorinefree electrochemical etching method might have the potential
to yield high quaty MXenes. It is also important to note here that most of the etching methods

are demonstrated with 3AIC> MAX phase, where most MAX phases can only still be etched with
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HF containing etchantd.o date, a wateiree, fluorinefree electrochemical etchingethod of

MAX phases to produce MXenes have not been reported.
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Chapter 3: Effect of synthesis conditions on the electrochemical properties of

M Xenes

This chapter willpresent the used methods to produce MXene sheets with different
structure andateral size and discuss the obtained results regarding the electrochemical properties

of MXenes

3.1 Introduction

In this section, it is shown that synthesis parameters alonguiitinolling the lateral size
of the sheetsnake it possible to control the déatl size of &BC2Tx flakes with high precision.
Sonication is used as a tool to break down MXene sheets controllably. However, studies showed
that effect of sonication is not only related to lateral size of the MXene sheets but also defect
density of the flakes. In the neséction, effects of the changes in synthesis andgyosghesis
conditions on the electrochemical performance of MXene electrodes will be discussed. Moreover,
isolation of largearea singldayer sheets also enables the characterization of individual #Xen
sheets. In the section 4.3, abawentioned isolated larggrea MXene sheets will be used to
suspend over micron sized holes to investigate mechanical properties of the sheets.

This dissertation shows the successful synthesis of the various precuXoPNases,
which is essential for preparation of MXenes. The next section further describes the materials and
methods used in this study comprehensively. Our lab is currently able to synthesize various MAX
phases including but not limited to the followikgAX Phases: TJAIC2, TiAIC, NbAIC, V2AIC,
CrAIC, Mo2Ti2AIC3, Mo:TIAIC, Cr2TIAIC. For this step of the proposed research, thalT>
MAX phase was used since traditional etching methods usually only cover this MAX Phase.
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3.2  Materials and Methods

MAX PhaseSynthesisTisAlC2 powders were synthesized as reported be&&EBriefly,
first Ti,AIC MAX phase was prepared by the reaction of TiC powder (99.5%, Alfa Aesar),
Titanium powder (99.5%, Alfa Aesar) and Aluminum powder (99.5% Alfa Aesar) in
0.85:1.15:1.05 molar ratio. This mixture was heated to $8G6r 4 hours with a 8C/min heating
rate. The resulting block of Ti2AIC was milled into a powder and mixed with TiC powder (99.5%,
Alfa Aesar) in a 1:1 molar ratio. This mixture was also heated to 9@d0r 2 hours with a 5
oC/min heating rate. Then, the resulted block @AIG, MAX was milled to form the precursor

powder used for the synthesis of MXenes.

Ti,AlC, MAX Phase

Ti,C,T, MXene

Q Al

HCI + LiF

) DI Water
Solution ,

=
4'—-- ....'~
bt -
4

Y2¢n@35°c) .. = s

Figure3-1: Schematic illustration ofisC,Tx MXene synthesis process.
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Preparation of TiC>Tx SuspensianThe dispersions of the IC.Tx flakes in water were
prepared by a recently introduced method called minimally intensive layer delamination (MILD)
synthesis metho(4) To synthesize BC-Tx flakes 1g of the precursorsRIC2 MAX phase was
immersed in 20 ml of a mixture lithium fluoride (LiF, 98.5% Alfa Aesar) and hydrochloric acid
(ACS Grade, VWR). The mixture was prepared by adding 1g of LiF to 20 ml of 6M HCI solution.
The resulting suspension was stirred in a water bath & 3mperature and for 24 hours. Then,
the suspension was added to four centrifuge bottles and diluted with the addition of DI water and
centrifuged at 3500 rpm followed by decanting the supernatant to wash the synthesized material.
The bottles were only Ima shaken between washing cycles (no sonication). The washing cycle
was continued until a dark green supernatant was remained.-fiber centrifuge, showing that
TisC,Txsheets are completely del aminated had water
was also used. The difference between this method and the one explained above is the different
composition of the etching solution as reported befb?2¢Figure4-2 shows a comparison of the

MXene flakes produced with these two methods.
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Figure 3-2: Effect of synthesis parameters on the flake sistribution of the

synthesized BC.Tx. (a) TEC:Tx flakes synthesized using the MILD method. (b) The

thickness of a single layersU.Ty flake prepared using the MILD method is measured to
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obtained
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Figure 3-3: AFM Images showing large #,Tx sheets produced with MILD

synthesis method (Scale bar im®).

The TeC.Tx flakes synthesized by the MILD method are mostly large flakes, but there are
also a lot of small flakes in the prepared dispersions. Therefore, we used an additional centrifuge
step to separate the large flakes from the smaller ones. For this, the dispersion was poured into
centrifuge bottles and centrifuged at 4500 rpm. The light green colored supernatant was decanted,
and the sediment which consisted only large flakes ¢€-Tk was redispersed in water. To
produce uniform solutions of smaller flakes, this dispersion was used as the starting dispersion to
produce various dispersions sonicated for 2.5, 5, 10, 15 and 30 minutes. Sonication steps were

performed using a Qsonica Q700 $onicator with a power of 35 W.
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Figure3-4: Histograns showing size distribution of JC,Tx flakes prepared using

various sonication times and averages sizes of (a)fdr)%b) 1.00mm, (c) 0.68mm, (d)

0.48nm, (e) 0.301m, and (f) 0.18m.

Electrode fabrication:To achieve an equal thickness for all MXene papers (electrodes) the same
volumes of each MXene dispersion was filtered for the fabrication of the papers. The electrode
thicknesses were measured by a thickness gauge and confirmed byectamsal SEM images. All
electrodes were aboutvh in thickness (8m for hydrogel sampleExcept for the hydrogel samples,

all MXene papers were dried in air and punched to the desired size and were used as freestanding
electrodes for the electrochemical measurement. To make the hydrogel sample, the films were taken
out of the filtration sysm before drying and were carefully peeled off from the filtration paper in
acetone and then soaked in the electrolyte for three days. Wet hydrogel electrodes were then directly
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used in a threelectrode setup for the electrochemical tests. The mass d&mthev@f the paper
electrodes were measures before the electrochemical tests, but the same measurements of the hydrogel
electrodes were performed after the electrochemical test. Before these measurements, the electrodes
were first washed with ethanol andteaand dried in vacuum oven overnight. The densities of the
fabricated electrodes were measured by dividing the mass of each electrode by its volume. Electrode
densities were found to be in the range of3&g/cm for all electrodes regardless of theesof the

flakes used in their fabrication.

Electrochemical measurementBhe electrochemical measurements were carried out in-three
electrode setups using plastic Swagelok cells on a-chdinnel potentiostat (VMP3, Biologic
Science Instruments). Elesthemical performance of different MXene electrodes was
characterized by using cyclic voltammetry (CV), galvanostatic charge/discharge, and
electrochemical impedance spectroscopy (EIS) techniques in a 3M H2S04 aqueous electrolyte. In
each cell, glassy cash was used the current collector, and a large activated carbon film and

Ag/AgCl electrode were used as the counter and reference electrodes, respectively.

The gravimetric capacitance of the electrodes was calculated using equation (1) by considering the

whole area under the CV curves.

o — (1)

where | is current (A), V is the potential (V), v is scan rate and m is mass of the electrode.

Volumetric capacitances were calculated using the volume of the electrode instead of their mass
in equation (1). The energy density (E, Whik@nd power density (P, W Ky electrodes were

calculated using equations (2) and (3), respectively.
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Material Characterization technique§io analyze the effectfasonication on T3C>Tx sheets,
atomic force microscope (AFM) (Park Systems, NX10) was used to measure the size of the
produced flakes. Before filtering each solution, a small amount of the solution was diluted with DI
water and drojzasted on the piece$thermally oxidized silicon wafers. Numerous AFM images
were obtained from each solution to measure the size of at least one hun@dd flakes and
calculate the average flake size of each dispersion. The size #-dxIflake was defined as the

length of their longest edge.

The X-Ray analysis of MXene papers was performed by a Bruker-#/ diffractometer
with 40 kV and 40 mA Cu K radiation. Scanning electron microscope (SEM) images were taken

using a JEOL JSMO0OF SEM

3.3  Effect of LIF:MAX molar ratio on the electrochemical properties of TiC2Tx

electrodes

This section initially studies the effect of the effect of LiF:MAX phase molar ratio on the
electrochemical properties of producedilx sheetsPrevious studies investigated the effefct
LiF:MAX phase molar ratio on the producedTiTx sheetsstructure Sang et al. used HAADF
STEM to investigate the effect of increasing LiF concentration on the atomic defects produced on
TisCoTx sheets. It is clearly shown that increasingithsitu HF concentration results in increasing

surface Ti atom vacancies. With further increase of HF concentration, point defects turn into
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vacancy clusters. Within the vacancy clusters, exposed metallic Ti and C atoms are predicted to
be making bonds with O and &toms, respectively. A model schematic is shown in Fig. 4.8 to
demonstrate increasing Ti vacancies with increasing LiF concentration-9ajs# shows high

resolution AFM images showing that vacancy clusters can grow up to 25 nm holes on the sheets.

Increasing LiF concentration - Increasing Ti vacancies on the surface

Figure 3-5: Schematic modeled to show the effect of LiF concentration on the

structure of TiC,T« sheets

24 nm
16 nm

2 17n

Height (nm)

0 40 80 120 160
Distance (nm)

Figure3-6: AFM analysis showingancholes on the 30 M LiF:MAX molar ratio
sample, éb) AFM images of 30MTi3C,Tx sheets, ¢) height profiles of black and red lines

shown in the AFM image
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To investigate the effect of this structural change on the electrochemical properties of these
materals, electrodes are produced by vacuum assisted filtratibR@fTx solutions prepared with
different LiF concentrations. 4 different LiF concentrations are used in this study, 7.5 M, 15 M,
22.5 M, and 30 M. After mixing of 30 M LiF ar@ M HCI solutionit is observed that solution
gets very viscous indicating that it is near its saturation point. Thickness of the prepared electrodes

are kept the same at 2 micrometeradglectthe effect of electrode thickness.

a) 800 b) o0
— 4004 = . 4004
(=] (=]
T T
8 04 3 04
’E’ 400 —2muis § 400  ——2mVis
s o & o
© —Somve © —Somvi
mvis mv/s
-800+ —— 100 mV/s -800+ —— 100 mV/s
200 mV/s 200 mv/s
-1200 S —— -1200 S —— 7
-08 -06 04 -02 0.0 0.2 -08 -06 -04 -02 0.0 0.2
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)
C d
) 800 ) 800
400
c) . 400+
o 2 =
o 0 ] — e
= Q 04
2 &
(%] —2mVis =
© -400- _ ‘C —2mVis
& Tomvis & -400 —5mvis
. = ;i i
-8004 - fgnmn\{’\ﬁs 50 mV/s
200 mvss -800+ —— 100 mV/s
—— 500 mV/s 200 mv/s
-1200 ; ; ; ——— 1200 e
08 06 04 02 00 02 08 06 04 02 00 02
Potential (V' vs Ag/AgCI) Potential (V vs Ag/AgCl)

Figure3-7: Cyclic voltametry graphs obtained at increasing charge and discharge
rates with different electrodes produced with LiF concentrations, a) 7.5 M, b) 15 M, c) 22.5

M, d) 30 M.
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To observe electrochemical properties of these materiaddecBode supercapacitor
systems are used. Electrochemical cells using glassy carbon as current collector an8@G;M H
as the electrolyte are prepared anelCiTx electrodes are used as working electrodes against
activated carbon counter electrodes, ascdeed in the Materials and Methods sectiBig.3.7
shows the cyclic voltammetry graphs obtained with different electrodes. It is observed that initial
increase of LiF concentratiancreases the electrochemical performahig€, electrodes at both
slowand fast scan rates. 7.5MsC,Tx electrodes have a gravimetric capacitance of 2G1 &nd
volumetric capacitance of 903 F.2at a slow scan rate of 2 mV/s. With 15MsC,Tx electrodes,
these values increase to gravimetric capacitance of 332aRdyvolumetric capacitance of 1184
F.cn? at the same scan rate, a 22% increase in the performance. At the high scan rate of 1000
mV/s, 7.5MTisC,Tx electrodes have a gravimetric eajtance of 124 F:jand volumetric
capacitance of 413 F.&mWith 15M-TisC.Tx electrodes, these values increase to gravimetric
capacitance of 224 Flgand volumetric capacitance of 525 Ficat the same scan rate, a huge
improvement of 80% increase ihet performance. But further increase in the LiF concentration
results in lower performances. 22.56NkC2Tx electrodes have gravimetric capacitance of 308 F.g
L and volumetric capacitance of 993 F3ah2 mV/s andjravimetric capacitance of 179 E.gnd
volumetric capacitance of 557 F.2at 1000 mV/s. Decrease in the electrochemical performance
continues with the increasing LiF concentration. 3UMC.Tx electrodes have gravimetric
capacitance of 250 Flgand volumetric capacitance of 806 Ficat 2 mV/sand gravimetric
capacitance of 164 Flgand volumetric capacitance of 529 F¥cat 1000 mV/s. Comparison of
these performances are also displayed in FBb$ capacitance values and in Fi§.8y the CV

graphs.
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Figure 3-8: Comparison of gravimetric and volumetric capacitance values of
different TsC.Tx electrodes produced with 7.5 M, 15 M, 225 M and 30 M LiF
concentrations by a) volumetric capacitance values at different scan rates, imetiavi
capacitance values at different scan rates, ¢) gravimetric capacitance values at different LiF

concentrations.

Based on these results, we observe that Ti vacancy formation on the MXene sheets initially
improves the electrochemical performance. Havefurther increase in the defective structure
results in an inferior performance. These findings might be explained by the structural change and
the effect of that on the electrochemical processes. We can hypothesize that initial increase in the
Ti vacandes results in mostly point defects which results in more electrochemically active metal
oxide surface areas. However, as the LiF concentration continues to increase, it can be thought that
vacancy clusters become more dominant mechanism as proposed) iet & s/ork. It is also
pointed out in their work that vacancy clusters expose more C and metallic Ti atoms. It is shown
that these Carbon atoms bond with availabledds, which is evident with < peak in NMR
analysis. It is also mentioned that apadifferences around the exposed metallic Ti atoms attract
and trap water molecules around them. It was noted that partially free Ti atoms on the MXene

surfaces might enhance the catalytic activity. Considering this informationetreasen the
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electiochemical performance of MXene sheets can be explained h t he oO6trapping

vacancy clusters.
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Figure3-9: Comparison of CV graphs at a) 2 mV/s and b) 1000 mV/s scan rates
and c) EIS graph obtainedth the different TiC,Tx electrodes produced with 7.5 M, 15

M, 22.5 M and 30 M LiF concentrations

As protons in agueous environment are used as charge carriers in this study, it is not
surprising that with the increasing amount of vacancy clusters wais¥ molecules and protons
are being trapped, resulting in an inferior performance. This is also evident with the EIS graph
shown in Fig. .c. EIS data suggests that as LiF concentration increases, resistivity to ion
diffusivity in the system also incases which might be due to the above nt i oned o6t r ap
effect of vacancy clusters on the MXene surface. Moreover, increased catalytic activity is also
evident with the 30MTi3C2Tx electrodes. As shown in Fig. 3.9.a, CV graphs point out a growing
0 t aai theBower potential limit, indicating an increased catalytic activity, further confirming
electrochemical activity of the vacancy clusters.

This study shows for the first time that controlling the defect structure have a huge impact
on the electrochermal properties of BC2Tx electrodes. Findings reported here can be used to
produce TiC,Tx electrodes specifically designed for different applications such as energy storage
or catalytic studies.
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3.4 Effect of lateral size of the sheets on thelectrochemical properties of

produced MXene electrods

In this section, Ifirst shed light on the effects of flake size on the electrochemical
performance of the freestanding MXene electrodes. Then, | show that controlling the dimensions
of the synthesizk 2D TkC>Tx would allow designing electrodes with high ionic and electric
conductivities. The studied electrodes have layered structures and are fabricated by vacuum
filtration of the dispersions of MXenes in watdfiqure 4-5-b-d). This type of freestariayg
electrodes (often referred to as paper or membrane electrodes) are widely used to study the
electrochemical properties of MXenes, and other 2D material, for supercapacitor

applicationg4,17,93)
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Figure 3-10: a) Schematic drawing of the sT:Tx structure b) TkCTx sheets
di spersed in water showing the Tyndal/l effect
iltration of the TkC,Tyx solution. d) SEMimage of the crossection of MXene film. e)
Schematic drawings showing possible ion diffusion paths for different electrode

tructureg(94)

As shown previously, there are a few different methods to synthesi2eT¥;i however,
the most frequently used method is based on sedeetching of Al atoms from FAIC, in a

solution of LiF and HCI and sonication of the produced multilayered materials in water to separate
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the individual MXene flakes (schematically shownFig. 4-1). However, the MXene flakes

produced by this method waly have a wide size distribution and a maximum siZeglof ¢ m. ( Fi ¢
4-3). In 2016, Lipatov et al. showed that largesCilx flakes could be synthesized by changing

the composition of the etchants (LiF:HCEAIC: ratio) and eliminating the need for higbwer

sonication to delaminate the 2D flakdg) It was reported that single layerThTx flakes as large
asabouD15 em could be produced wusing this met h:q
synthesis of large flakes using the optiedzsynthesis method, but we also observed a wide size

di stribution in the produced flakes and a | ¢
preventing investigation of the siziependent properties of the produced MXenes. Both electrical

and ionic condctivity of the MXene paper electrodes can be affected by the lateral size of the
TisCoTx flakes used in their fabrication. As suggested by the schematic drawings. df3eig

electrodes fabricated using the large MXene flakes could show higher elecbmchlctivities

compared to those fabricated using the small ones due to less interfacial contact resistance in the
electrodes. However, the smaller flakes should, in principle, provide more accessible ion diffusion

paths, leading to the higher ionic contivity of the fabricated electrodes.

To further investigate the effects of lateral dimensions of the flakes on the electrochemical
performance of BC2Tx electrodes, we first used a modified synthesis method to produce large
TisCoTx flakes dispersed in DI water. Then, the prepared dispersion was sonicated (using a tip
sonicator at a power of 35 W) for various durations to uniformly break the synthesized flakes to
smaller sizes Kig. 44 and Fig 4-6a,). Figures4-6-b1 g s h o w tiveeapmie Bbreent a
microscope (AFM) images of the MXene flakes produced after different sonication times.
Evidently, high power sonication is a very effective method to uniformly break the larger flakes

into smaller ones. The &ynthesized BC,Tx flakes were as large @31 0 & m @-6biagdu r e
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Fig. 4-3) and after the highest sonication time (30 min) their size was reduced to tens of

nanometers.
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Figure3-11: a) Schematic illustration of the effect of highw@ sonication on a
singlelayer MXene flake Representative AFM images of3ThTx solutions (b) before
sonication, and after sonication for (c) 2.5, (d) 5, (e) 10, (f) 15, and (g) 30 min (scale bars
are 1 em). (h) :&lxHakes préepmd by vaboustsonization alurations.

i) Average flake size versus sonication ti(8d)

Figure 2h shows the average size and size distribution of the MXene flakes produced using
different sonication times. The size of thesgathesized flakes (without sonication) ranges from

1 to 10 em witib3aamaveéhagayvsydegeaseswitlziecreasinga d u a |
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sonication time t®0 . 1 8

time, 70% of the produced MXene flakes are smaller than 250 nm, and the remaining are between

em f

or t he
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by

250 and 500 nm. As shown in Figude6i, the average size of the flakebangesalmost

exponentially with the sonication time, indicating that more energy is required to break smaller
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Figure3-12: Cyclic voltammetry curves of a) electrodes made using large flakes
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volumetric capacitance of the electrodes at various scan rates. d) Nyquist plots showing

EIS data colleed from all electrodes. e€) Cyclic voltammetries of 1:1 mixture electrode.

(f)

Freestanding paper electrodes were fabricated using MXene flakes with various sizes and

Representative

AFM

mag e

of

t (048 f

akes

were tested as working elemties in threelectrode cells. Activated carbon and Ag/AgCl

electrodes were used as the counter and reference electrodes, resp&tivpseudocapacitive

performance of BC>Tx is mainly due to the protonation of oxygen functional groups at its surface,
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which leads to change in the oxidation state of the surface titanium atoms. As the pseudocapacitive
performance of the material is enhanced p$&: aqueous electrolytes, following the previous
studies, we used a 3 M>BQ; solution as the electrolytézigure 4-7-a, b show the cyclic
voltammetry (CV) curves of the electrodes fabricated using the largest and smallest MXene flakes,
respectively. For both electrodes, at a low scan rate of 2 frevjgair of anodic and cathodic peaks

with small peak separationsas observed, and as expected, the peaks became broader by
increasing the scan rate. Similar CV curves were also observed for the electrodes fabricated using

other flakes sized-{g 4-8).
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Figure3-13: Cyclic voltammetry graphs for electrodes fabricated using Ti3C2Tx
flakes withaverage sizes of a) 3.@, (b) 1.00nm, c¢) 0.68mm, d) 0.481m, e) 0.301m,

and f) 0.18m.

The effects of flake size on the performance of the MXene electrodes are best understood

by looking atFig. 47cwhich shows the gravimetric and volumetric capacitances of the electrodes
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versus CV scan rate. At lower scan rates, electrodes fabricatedlakegwith an average size
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Figure 3-14: Electrochemical impedance spectroscopy graphs for electrodes

fabricated using T3C2Tx flakes with average sizes of (a) 3.0, (b) 1.00mm, (c) 0.68

nmm, (d) 0.48mm, (e) 0.301m, and (f) 0.18m.

The highest gravimetric and volumetric capacitance at a 2'n'8tan rate was about 370

t

h a

as the flake sizes become smaller and the lowest specific capacitance was calculated for an

electrode fabricated using MXene flakes with the smallest average si2@ ofl1 8 pecific ( s

capacitance of about 273 F tand 819 F cmj. Two main reasons can be suggested for the
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observedirop in the capacitance for the electrodes fabricated using very small flakes. First, as we
hypothesized before, the lower capacitance can be rétatbd lower electronic conductivity of

the films fabricated with smaller flakeSig. 410 shows the dependence of the conductivity of the
electrodes on the flake sizes). Also, increasing the edge sites and the introduction of defects in the
basal planesf the MXenes during sonication may reduce the active sites for the pseudocapacitive
redox reactions and lead to the lower capacitance of the elec{8®)és shown inFigure 3c, at

higher CV scan rates, the relation between the flake size and the capacitance of electrodes is
reversed. At a very high scan rate of 1000 mYan electrode fabricated using the smallest flakes
shows the highest specific capacitances ofA§8'and 474 F cm? This indicates that at higher

scan rates, the performance of the electrodes is largely influenced by the ion accessibility of the
electrodes and their ion transport resistgidel6,95)This conclusion is supported by the results

of electrochemical impeuhce spectroscopy (EIS) of the electrodes (Figtird and Figured-9)

that show less ion transport resistance for electrodes fabricated using the smaller flakes. The main
conclusion of the electrochemical studies summarized in Figi8res that the elecochemical
performance of MXene electrodes is highly dependent on the size of the flakes used in the electrode
fabrication. Therefore, for comparing the performance of variogG:Ti electrodes reported in

the literature, the size of the flakes shouldagls/be considered.
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Figure3-15: a) Sheet resistance and b) conductivity values of electrodes measured

with four-probe measurement system

After establishing the effect of flake size on their electrochenpeaformance, we
examined how mixing the flakes of various sizes might affect the performance of the electrodes.
MXene dispersion was prepared by mixing the smallest and the largest synthesized flakes ina 1:1
weight ratio and used to fabricate paper etetg#s. Figure 3f is an AFM image of thexTiTx
flakes in the prepared mixed dispersion, showing both small and large flakes. The CV curves of
the mixed electrode (Figuse6e) show the typical pseudocapacitive behavior seen for all tested

electrodes, but the areas under the curves at higher scaweetdarger compared to those of the

electrodes fabricated using only large or small flakes. The specific capacitance of the mixed
electrodes (labeled as 1:1 electrode) is compared to other fabricated electrodestHrc.Fig
Interestingly, at low scan e the specific capacitance of the mixed electrode is similar to
electrodes fabricated using large flakes; however, as the scan rate increases, the 1:1 mixed
electrode still shows high specific gravimetric and volumetric capacitances. At a high scédn rate o

1000 mV § 1this electrode shows the highest capacitance among all tested electrodes (gravimetric
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capacitance of 195 F ¢, demonstrating the high electronic and ionic conductivity of the mixed

electrodes. This was confirmed by EIS measurements (Nygjatsof Figured-7d).
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Figure 3-16. a) Gravimetric and) volumetric capacitances of variousJiT«
electrodes versus CV scan rates. cra} diffraction patterns oflifferent TsCoTx
electrodes. d) CV graphs of differentTiTx electrodes at 1000 mV &scan rate. e) Log

(cathodic current peak) versus log (scan rate) used for calculatievatdids(94)

The almost vertical rise of the imaginary component of impedance indicates the highly capacitive

performance of the mixed electrode and its low ionic transport resistance. Therefore, the mixed

electrode benefits from a high electronic conductivity intredulby the large flakes and a high

ionic conductivity due to small flakes. The latter is caused by the improved interlayer transport

due to the smaller size of the flakes and the increased interlayer spacing of MXene flakes in the

electrodes with small or imed flakes sizes. Figur&11c compares the Xay diffraction (XRD)
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patterns of the electrodes fabricated using large, small, and mixed flake sizes. All XRD patterns
show the characteristic (0002) peak of the MXene at low angles. However, compared to the
electrodes with large flakes, for the electrode with small flakes, the peak has shifted by about 0.2°
to smaller angles, indicating its slightly larger interlayer spacing. For the mixed electrode,
however, the (0002) peak shifts to even lower angles aooiies broader, showing that this

electrode has a larger interlayer spacing and a less ordered st(8ttQ&).
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Figure 3-17: a) Cyclic voltammetry curves of the 1:1 Hydrogel electroti¢s
Ragone plot for the 1:1 mixed and 1:1 hydrogel (The energly power density are
calculated for the electrodes from the results of the thleetrode tests and do not

represent the energy and power density of a full(&dl))

A very interesting strategy to improve the performance of MXene electrodes was recently
reported thatelies on assembling thesT:Tx flakes in hydrogel electrode structuf@d) This
was achieved by exchanging the water trapped betwWweeiMKene layers (after their vacuum
filtration and before drying) with an electrolyte. It was shown that the hydrogel electrodes have a
drastically higher performance at very high scan rates compared to the conventional paper
electrodeg14) We used the same method to fabricate hydrogel electrodes using the 1:1 mixed

67



dispersions and studied their electrochemical properties. Heglia, bcompare the performance

of a 1:1 mixed hydrogel electrode with othes(aTx electrodes fabricated in this study and the
best performing electrodes reported in the literature. The 1:1 mixed hydrogel electrode shows the
highest gravimetric and volumetricpecitances at all scan rates. At a low scan rate of 2'mV s

a gravimetric capacitance of 435 Fyolumetric capacitance of 1513 F ‘cwas calculated for

this electrode, and it also showed the highest specific capacitance at a very high sifeiOrste

s {86 F g 'and 299 F cfjy. Accordingly, the 1:1 mixed hydrogel electrode showed a gty
powerdensity of 387 kW kiglat the energy density of 9.7 Wh'kifas can be seen in the Ragone
plot of Figure4-12b). As shown in Figurel-13, a hydro@l electrode fabricated using the 1:1
mixture retained 98% of its initial capacitance after 10 000 charge/discharge cycles. Figure 4d
compares the CV curves of all fabricated electrodes at a high scan rate bft WwMish clearly

shows the highly capacie performance of 1:1 mixed hydrogakctrodeeven at this high scan

rate.
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Figure3-18: Cyclic performance and Chaiigeischarge curves of (a) 1:1 mixture

electrode and (b) 1:1 Hydrogel electr{@®
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The kinetics of the chargatorage in various electrodes was studied by the analysis of the
dependence of their peak CV currents on the scan rate following a previously reported
method.29,30 In this method, a power law dependence of the peak current (ip) on the scan rate (v)
rate isassumed, where ip= avb and a and b are adjustable values. The slope of the plot of log ip
versus log v (Figure 4e) equals b and provides important information about the kinetics of the
charge storage. A-tialue of 0.5 is the characteristic of a diffusionited process, and a\mlue
of 1 shows a capacitive storage mecharn(8&).As shown in Figure 4e, for the electrodes
fabricated using the largest flakes (average sif¥of € m) t h e cusvé (bvplee) sbdrplyt h e
decreases with increasing the scan rates, but-tiadules of the electrodes fabricated using small
flakes or 1.1 mixed flakes are close to 1 even at very high scan rates. The 1:1 hydrogel electrode
shows the highesttalue at allscan rates, confirming its very high rate capability. As explained
in the Supporting Information, this conclusion was confirmed by separating the contribution of the
surface controlled capacitive processes and diffumomed process to the charge stozags

shown in Figured-13 and4-14.
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Figure 3-19: Capacitive (surfaceontrolled) charge storage contribution to the
total CV current measured at 5 m¥dor electrodes fabricated usifa) asprepared large
Ti3C2Tx flakes before sonication, (b) flakes produced after 30 min of sonication, (c) 1:1
mix of large and small flakes, and (d) hydrogels fabricated using 1:1 mix of small and large

flakes(94)
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Figure 3-20: Capacitive (surfaceontrolled) charge storage contribution to the

total CVcurrent measured at 50 m\tdor electrodes fabricated using (ajmepared large
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mix of large and small flakes, and (d) hydrogels fabricated using 1:1 mix of small and large

flakes(94)
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Figure3-21: SEM images of different Ti3C2Tx films showing electrodes thicknesses for
the electrde fabricated with flakes ¢&) 3.05mm avg. size, (b) 1.06m avg. size, (c)

0.18nm avg. size, (d) 1:1 mixture, (e) 1:1 hydrogel. (scale banm®)l(94)

3.5 Conclusion

In sumnary, with this study we demonstrated for the first time that the size of the 2D flakes
significantly affects the electrochemical performance e€3lix electrodes and by controlling the
flake size, the performance of the electrodes can be improved. Sheveéason to believe that
an electrode fabricated by a 1:1 mixture of the large and small flakes has an optimum

electrochemical performance, nor was it our intention to find the best flake size combination in

72



this study. However, the results presentethis dissertation demonstrate that hjggrformance
MXene electrodes can be designed by a rational combination of various flake sizes. To avoid
inconsistency in the reported electrochemical performance of MXenes, we suggest that all future
reports on thelectrochemical properties of these materials should include information about the

size and size distribution of the flakes used in the fabrication of the electrodes.
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Chapter 4:  Effect of synthesisconditions on the mechanical properties of MXenes
This chapter will present the used methods to produce MXene sheets with different

structure and discuss the obtained results regardingebbanicaproperties of MXenes.

4.1  Introduction

Mechanical measuremts of twedimensional materials are proven to be a challenging
task(97) Since the thickness of 2D materials are in nanometer scale, direct indentation on these
materialsresults in measuring the properties of the substrate underfeatiue measurement of
two-dimensional matrials several methods are proposed, such as suspending two dimensional
materials over circular holé97)I n 2 00 8, Lee et al measured Your
exfoliated graphene sheets suspended over circular holes. Figidrehbws their experimental
set up as in the articl87) Fig. 4 17-a featuresm SEMimage showing single layer graphene flake
coveringholes etched into a Si/Si@vafer, using ébeam lithography.Fig. 417-b and d shows
AFM images before and after puncturing the graphene membrane lwoker\@hereas Fig.-47-
c gives a schematic of the experimental set u
found to be 1Tpa, making it strongest material ever mea¢8r¢dhe elastic moduli of different
2D materials such as different transitional metal dichalcogenides(MéS, etc.) or hexagonal
boron nitride (RBN) are measured using the same method and found towms than the
graphend98 100) This method require production of membranes which are 2D materials
suspended over circular holes. Atomic Force Microscope is utilized as a unique tool capable of

both locating the membranes and performing nanoindentation on the center of the membranes. It
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is shown that grdpene sheets can sustain up to 25% strains without breaking. This nanoindentation
mechanism is further modeleadnt o a mat hemat i cal equation wh
suspended 2D material can be calculated using the force applied by the AFM cantitetres an

displacement of the tip during the indentat{8i,88) This equation is given as;
o , “7 0 — (1)

Where F is thégiasppglhiecedifspriaec eareds oODhclk heet

" as the pretensi@ni sont htehe2 DneYhoburnagnes, imad u lhies 0

radius of the hole and q is a dimensionless c
n pfpgtu MU TP @ (2)

is the Poisson Irtatiio dmown htehatatkEq. Bl hol d:

much smaller than hole radius, and the membr ar

al 6s paper this method is pmewlanitomalb ep reofpfeerctt

materi al s.

75



Figure4-1: Experimental setup used in the measurement of mechanical properties

of mechanically exfoliated graphe(®&r)

As proposed in the section 3.2 with the taskh& section will address the preliminary
results on mechanical measurementsigii;lNx MXene sheets. To achieve this gdddave started

the experiments witthe synthesis and isolation of largeea TiC2Tx MXene sheets similar as to

explained in section 4.1
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Figure4-2: a) Optical microscope image of produced Si/SiO2 wafers with holes b)

AFM image and cilepth profiles of the produced holes
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To produceholes on a substrate, Si wafers with 300 nm thermal oxide coating are chosen.
Desired pattern of the holedfirst designed ildvanced Design SystefADS, PathWave Design)
software. Wafers are then coated with a polymer lagety(methyl methacrylafePMMA) and
loaded into ebeam lithography (EBL) system. EBL system is used to remove the PMMA layer as
designed in the software. After holes are exposed on the wafer surface, an etching solution is
prepared. Buffered Oxide Etchant (HF:INHL:7) solution is sed to removexide layer from the
wafer at about 10 nm per second rate. Etching was completed after 15 seconds and to remove
PMMA layer wafer pieces were sonicated in acetone for 3 hours. After removal of PMMA layer
wafer pieces have about 50x%M area overed with holes as shown in Figl8-a. Confirmation

of the hole radius and depth was carried out via AFM and hole radius were found rientendl

1.5mm whereas the depth is about 150 nm (FiBb-c).

4.2  Assembly of MXene membranes

Next step in this sidy was to assembly of sG> membranes. Although the most common
method to suspend 2D materials over holes in literature is direct mechanical exfoliation of the
materials over the holes, mechanical exfoliation of MAX phases shown to be not p&ssiela
methods are carried ofdr the assembly of 3C, membranes. Early attempts are made with drop
casting and spin casting of the MXene solution directly over the holes. However, results show that
assembly methods including liquid processing will not resutuspension of the sheets due to
capillary forces. It was observed that during the drying process, MXene sheets get sucked into the

holes resulting in breakage of the shestgan be seen in Figl®-a and b
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Figure4-3: Ti3C2Tx sheets a) drop casted and b) spin casted over circular holes.

c¢) Optical microscope and d) AFM images of drop casted and transferred Ti3C2Tx sheets

Based on these results dry assembly methods are carried outtfenspt was to use
PDMS polymers as substrates from drop casting of MXene solutions. Drop casted sheets are dried
on PDMS surface and then transferred over holes with bringing the polymer in contact with the
wafer surface. Although the transfer of shastachieved, due to only a small area coverage of
holes match of sheets and holes are not accomplished.-1Bkg.4nd d shows the mismatch of

the transferred sheedsd the patterned holes.
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Figure4-4: Photographs of optical microscope and migranuplators used in the

transfer of spesific EC,Tx sheets

In order to increase lateral precision of the transfggheetexperimental setup shown in
Figure 420 is preparedThis setupncludes an optical microscope and two nmioranipulators.
MXene sheets on Si wafers were first located under optical microscope and characterized with
AFM. After characterization, selected sheets are lifted off from the surface using PDMS unde
optical microscope. Same sheets are located on the PDM&@mght in contact with Si wafers
with holes using optical microscope and miananipulators. AFM Characterization of the
transferred TIC2Tx sheets before and after the transfer can be ségg.ik21. Although precision
in micron scale is achieved, it was shown that PDMS transfer of 2D materials are prone to breaking

and wrinklingwhich makes nanoindentation impossible
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Figure4-5: AFM images of TiC,Tx sheets on Si/Sifvafers; a) before and b) after

transferring over tpatterned wafers.

Based on these results | came up with a unique approach where MXene sheets can be self
assembled into large arsinglelayer films. Experimental setup is shown in Fi@2 In this
method, 50 ml of a aqueous dilute MXene solution (0.1 mg/ml) is mixed with 2 ml of toluene. The
mixture is stirred vigorously for 15 minutes and then poured onto 300 ml of DI wateargea |
container.As expectedtoluene does not mix with water and floats on the surface. Moreover,
singlelayer MXene film starts to form in the interface between toluene and water. When the
mixture is left for about 30 minutes, all toluene evaporatesalidssembled MXene film floats
on the surface of water. This floating MXene film can reach a few centimeters in lateral dimension.
Also, films can be picked up by any substrate either with lifting from underneath the surface or
any substrate that comea#to contact with the water surfade. Fig.423-a optical microscope
image of a Si wafecoated with single layer 3C: film is shown AFM characterization of the
given film is also shown on-23-b. Furthermore, these films can be picked up with PDMS and

transferred to different surfaces, such as our patterned wafers2Big.ghows the BC>Tx sheets
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suspended over holes prepared via this method. This method is proven to be an effective way of

preparing MXene membranes over circular holes.

MXene Self-assembly in ;
Toluene / the interface Evaporation of Toluene

Self-assembled MXene films picked
up with PDMS

<« (POMS 5 i‘)

Figure 4-6. Schematic of proposed experimental setup for obtaining and

transfering sefassembled FC,Tx MXene films

Figure4-7: a) Opticalmicroscope image of seffissembled EC.Tx films. AFM
images of of selassembled FC,Tx films on Si/SD, wafers b) directly picked up by nen

patterned wafers, c¢) picked up with PDMS and transferred onto patterned wafers.

81



Since the method is proven toéféective preparing MXene membranes, prepared membranes are

then used in nhanoindentation measurements using AFM.

4.3  Effect of LiIF:MAX molar ratio on the mechanical properties of single layer

Ti3C2Tx MXene sheets

To investigate the effect of the LiF concetitba, and thus in situ HF concentration, on the
mechanical properties of 50,Tx sheets, 3 different samples are produced with varying LiF:MAX phase
molar ratioes. This ratio is initially used as 7.5 M when Lipatov et al. reported the mechanical properties
of TisC,Tx sheets. Figure 4.10.a shows the experimental set up to study the mechanical properties of MXene
sheets.As explained in the previous section, we initially assemble@.Tx membranes with sheets
produced with 7.5 M LiF. In Fig 4.16b, AFM anaysis shows the assembles membranes. Thickness of
the flakes is measured to be 3 nm, which is in agreement with previous studies, confirming the single layer
nature of the MXene sheets.-36 nm depth of the membranes also show the interaction betweedn the 2

material and walls of the holes.
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Figure 4-8: a) Schematic showing MXene sheet suspended over holes, b) AFM
image showing two suspendeddiTy sheets, ¢) Height profile of the red line marked in

b, showing the thickness of the sheets and the depth of suspended sheets.
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Prepared membranes are then used in nanoindentation experifigrdtd.1l.a shows the
ForceDistance(F/d) graphsobtained withnanoindentation experiments using an AFEach
membrane is indented at least 3 times before fracturing and each indentation F/d data is used to

calculateanip| ane Young®d)s modul us (E
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Figure 4-9: a) FaceDistance graph obtained with repeated nanoindentation
experiments with increasing force values on suspendg€iTkisheets produced with 7.5
M LiF:MAX molar ratio, b) Histogram graph showing the distrubution of calculated E2D

values for the same samptg Histogram graph showing the distrubution of the measured

Fracture Force values for the same sample.

Fig. 4.11b shows the distribution of the calculat¢8 &ata from the nanoindentation
experiments on 7.5 M LiF. Average of this data is found to B&82N/mforinp| ane Youngad

modulus for this material. Lipatov et al. reported ghispertyin 2018 as 326+29 N/nwhich

confirms the validity of the experimental method used in this study.

83



25 8
a) - b) 15 M LiF
l:lésaans;:n fit l:l Gaussi;n Fit
20
_ 64 -
7 Avg: 376 £ 63 N/m — /M Avg: 127+ 35N/m
Y= 15 |\ Gauss: 3594108 N/m = / Gauss: 131432 N/m
> S 4
o g (e}
O 101 o
5 o 21
ol T oL THEITT T
0 100 200 300 400 500 600 700 800 40 80 120 160 200 240
E2D (GPa) F:(nN)
25 15
C) 30 M LiF d) 30 M LiF
Gaussian fit —— Gaussian fit
20
Avg: 432+ 53 N/m
Gauss: 451 +£57 N/m 10
= 15 - Avg: 173454 N/m
S S Gauss: 1684 27 N/m
o o
O 104 U
51
5
0 100 200 300 400 500 600 700 800 0 50 100 150 200 250 300 350 400

E2° (GPa) F¢(nN)

Figure4-10: Histogram graphshowing the distrubution of calculated”®alues
for thesamples produced with a) 15 M and b) 30 M LiF:MAX molar ratjoHistogram
graph showing the distrubution of the measured Fracture Force valuesdpdth# and

d) 30 M LiF:MAX molar ratio

Figures 4.12 and 4.13 shows the data faeC3dlix membranes that were produced with
increased LiF concentration. Surprisipgincreased LiF concentration which is predicted to be
increasing the Ti vacancy defects on the surface, also improves the mechanical properties of the
produced 2D sheetg?P value of 7.5MTisC,Tx increases from 324+44 N/m to 376+63 N/m with

doubled LiFconcentration of 15 M. 3C>Tx sheets produced using 30 M LiF, have superior
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mechanical properties compared to 7.5M and 15M LiF produced samfllex. IM-TisC,Tx iS
calculated to be 432N53 N/ m. Youngos gEFdul us
and thickness values of the materials. Thicknessa0h Tk is used as 0.98 nm in previous studies.

Using this thickness valuén this studyc al cul at ed Y of 7.BMpT:6Tx,MBMI u | u s
TisCoTx and 30MTi3C,Tx are 331+53 GPa, 383163 GPa and 488&ParespectivelySimilarly,

fracturing forces for each sample are also increased. These forces are found to be 81+19 N/m,

127+35 N/m and 173+54 N/m for 7.5WM3C2Tx, 15M-TisC2Tx and 30MTisC,Tx, respectively.
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Figure4-11: Histogram graphs comparitige distrubution of calculatex) E?° and

b) Fracture Forcealuesfor 7.5 M, 15 M and 30 M LiF:MAX ratio samples

We hypothesize that removing Ti atoms from the MXene surface results in famoétio
titanium oxide structures on the surface. As the metalliti Bonds convert tgtrongercovalent
Ti-O bonds overall ratio of stronger covalent bonds to weaker metallic bonds also increases, and
this results in a higherip | ane Yo un g @iss Thenimpravémerst of fraectlring force is
also explained with more defective structure, similar to bulk materials, it is hypothesized that

defects in the structure prevent the crack growth, resulting in a higher fracture force.
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4.4  Mechanical Properties of TeM02C3

In this section, previously explained experimental study is applied to a different MXene to
discover its mechanical properties. Ordered double transition metal MXenes are first discovered
in 2015. Similar to the published studyl;i;Mo.Cs MXene is produced from its MAX phase
counterpart, BMo2AIC3. This MAX phase is also synthesized starting with elemental powders of
Mo, Ti, Al and graphite. Molar ratio used for the mixing of powders is 2:2:1.3:2.7 for Mo/Ti/Al/C
respectively. After balimixing of 18 hours, powder mixture is heated to 1600 °C with a heating
rate of 5 °C/min in alumina crucibles under constant Argon fidter the heat treatment, compact
MAX phase is initially milled using a Tiloated milling bit and the powder is siewhdough a
400-mesh sieve. Obtained powder is then used for MXene synthesis. For the synthesis, 1g of MAX
phase is added to 10 ml of %51 aq. HF solution and mixed at 55 °C for 90 hours. The resulting
mixture is washed with DI water several times using degt until the pH of the supernatant is
>6. To delaminate the MXene sheets, dilute (5%) aq. TMAOH solution is added to the etched
powder and stirred for 30 minutes. After stirring, more DI water is added to the mixture and it is
centrifuged at 3500 rpm f@0 minutes. First supernatant is discarded as it contains higher amount
of TMAOH, second supernatant after the repeated washing is used to assemble MXene

membranes, as it was explained in the previous sections.
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Figure4-12: a) Schematic showing MXene sheet suspended over holes, b) AFM
image showing suspendedMio,CsTx sheets, ¢) Height profile of the red line marked in
b, showing the thickness of the sheets and the depth of suspendedikreete Distance
graph obtained with repeated nanoindentation experiments with increasing force values on
suspended TMo0,CsTx sheets b) Histogram graph showing the distrubution of calculated
E?® values for the same sample, c) Histogram graph showing the distrulndtitie

measured Fracture Force values for the same sample.

Fig 4.14 summarizes the mechanical properties of the single lay0:0sTx MXene. 4
different single layer sheet is used for this analysis and each membrane is indetitees3before
fracturing. This study shows that single layesM02C3Tx MXene sheets haveanml ane Young?od
modul us value of 435N50 N/m. Considering 413 I
modul us of this materi al i's calculated to Dbe

mechanical properties. Fracturederof these sheets are also found to be 90+18 nN.
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4.5 Conclusion

This study showed for the first time that by changing the synthesis congditienkanical
properties of T4C,Tx sheets can be improved.o un g 6 s mo d uidCilssheetarépared o f T
in this study ranks the material among strengest 2D materials evereasuredAlso, the method
explained here is applicable to different MXenes. This is showed by the measurement of
mechanical propertiesf single layer MeTi-Cs MXene. This is an important step to discover
superior mechanical properties of MXenes. Unique structure of these materials allows us to study
the effect of different elements and number of atomic layers. Comparison of mechapedies
of MXenes such as MGTx, MoTiC2, CrTiC2 and CgTi2Cs with the TeC2Tx and MaTi2CsTx
MXenes reported in this work will present a unique opportunity to study the effect of bonding
strength between different metals and carbon/nitrogen. These results have the potentiabto lead
production of2D materials with superior and controlled medbahproperties and have utmost

importance for the applications that require such unique mechanical properties.
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Chapter 5: Development of a novel electrochemical etching methodf MAX

Phaseausing abattery system

5.1 Introduction

A new electrochemical etching methedntroduced in this section. Two different MAX
phases are used so far to test the capabilities of this etakihgd:TisAIC2 and CpAIC. Although
Ti3AlC2 has been reported as a precursor in various etching methods to the best of our knowledge
Cr,AlC was rot able to be selectively etched to producglTx MXenes. As introduced in the
literature review, several ionic liquid electrolytes are able to deposit Al on different
electrochemical setups. Electrochemical species that are active for depositionesttAbadand

0 00 aions. Al deposition can be shown with the following equation;
TOMa 0QRrROG x04a (1)
This reaction is reversable where the reverse reaction is electrochemical dissolution of Al.

Theseelectrochemical species can also converse between each other which can be shown with the

following equation;
00 XxX0dan 10 a (2)
Considering these we propose the electrochemical etching of MAX Phases can be shown

with the following equatio;

0 0aG rO wa 0 oa o (3)
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As it is crucial to control the concentration of the active electrochemical species, we chose
to proceed with AIGYEtNHCI electrolyte. Fig. €5 shows Raman measurements demonstrating
thatchanging the molar ratio of the reactants changes the concentration of electrochemical species
present in the electrolyte. FurthermorezNEICI is a lowcost material which enables large
amounts of electrolyte production with e4$61,102)In Fig. 426-a it is demonstrated that in an
electrochemical setup consisting Ta cathode, Al anode and/B#BIHCI electrolyte, Al
deposition and Al stripping is reversable. Also, at voltage window of 0.1 V to 1.8 V it is
demonstrated that Ta does not react with electrolyte and system is stable2@&lg). Addition
of TizAIC> MAX phase shows clear redox peaks in CV graphs which can attribute to reduction of

Ti and Al in the MAX Phase.
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Figure5-1: Raman measurements showing active electrochemical species in

EtsNHCI/AICI ; electrolytes with different molar ratigs01)

5.2  Experimental Setup

To be able to effectively load MAX phases into proposkttrochemical setup, MAX
phase discs are produced with cold pressing of powders using a di@ 2&ihch diameter. Ta
current collectors are then shaped to hold these discs in the given electrolyte. Digital images of the

used electrochemical setup in this section is given in 2@.4
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Figure5-2: Cyclic Voltammetry graphs showing the interaction gNEtCI/AICI 3
electrolyte with Ta current collector,sNIC, MAX Phase cathode and Al anode; a) When
the voltage window is set betweenV to 3V b) when voltage windovs iset between 0.1

1.8V

In such electrochemical etching system, there are several parameters that can affect etching
rate, selectivity and efficiency of the etching such as ambient atmosphere, temperature, applied
voltage (Constant voltage or alternatvmtage, amplitude or frequency), active electrochemical
species and the duration of the experiment. During my experiments | tried to find out the effect of
each parameter on the etching proc&ss characterization of the etched MAX phase particles,
seeral characterization techniques have been utilized such as SEM, XRD and AFM. Among these
methods, in literature a practical tool for determining the selectivity of the etching has been the
Energy Dispersive Xay Spectroscopy (EDS). As shown in chaptan@ease in the M/Al ratio
(where M is Ti for T3AIC2 and Cr for C#AIC) indicates that etching is selective. M/Al ratio of

312 MAX phases such as3MIC: is 3, and of 211 MAX phases such asAlC is 2.
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Figure5-3: Electrochemical setup and its components used in the electrochemical

ething

5.3  Electrochemical Etching of TBAIC2 and Cr2AIC MAX Phases

First set of experiments are carried out using\llG> MAX phase disc cathodes attadhe
to Ta current collectorsAICls/EtsNHCI (1.5 molar ratio) electrolyte and Al anodes. Firstly,
experiments showed that used ionic liquid electrolyte is not stable under air and reacts with oxygen.
Consumption of the electrolyte over time is observed dratacterized reacted MAX phase
particles showed presence of oxygen in the structure. Furthermore, Ti/Al ratio is found to be 1.5
which indicates stronger oxidation of Ti atoms rather than Al atoms. Based on these findings rest

of the experiments are camieut under Argon atmosphere inside the glovebox.
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Table 1: Different experimental parameters applied to Ti3AIC2 MAX Phase for electrochemical

etching

MAX
Phase

TisAIC,

TizAIC,
TizAIC,
TizAIC,
TizAIC,

TizAIC,

TisAIC,

Next, the effect of the applied voltage type is studied. Applied voltage is changed between
Constant 2V and square pulse of 45 seconds 1.8V and 15 seconds of 0 V for 24 hours. EDS
Analysis of the etched patrticles suggests slightly better selectivity et¢heng with 3.5 to 3.2
Ti/Al ratio with square pulse and constant voltage, respectively. Square pulse voltage application
has also chosen for further experiments. However, EDS Analysis also showed strong presence of

Al in the structure, meaning that eicd rate is low. To further test the etching power of the

Electrolyte

AICI3/EtsNHCI

AICI3/EtsNHCI

AICI3/EtsNHCI
AICI3/EtsNHCI
AICI3/EtsNHCI

AICIs/EtsNHCI

AICI3/EtsNHCI

Voltage

Cons.2V

Cons.2V

1.8V-0V
Sq. Pulse

1.8V-0V
Sqg. Pulse

1.8V-0V
Sq. Pulse

1Vv-0.5vV
Sq. Pulse

1.4V-0V
Sqg. Pulse

Ambient

Air

Ar

Ar

Ar

Ar

Ar

Ar

Temperature

RT

RT

RT
75C
150 C

150 C

150 C

Duration

24h

24h

24h

72h

72h

72h

72h

Ti/Al

15

3.2

3.5

3.4

5.9

3.9

4.8

Comments

Some oxidized
particles, Gray
colored powder

Gray colored
powder

Gray colored
powder

Dark gray
colored powder

Black colored
powder

Dark gray
colored powder

Dark gray
colored powder

electrochemical setup temperature is increased to 75 °C and 150 °C. Fi@e shows

photographs of etched MAX phase powders. It can be clearly seen that powders etched at higher
temperatures havdarker color, indication of stronger etching. EDS Analysis of particles etched
at 150 °C shows Ti/Al ratio of 5.9 which is almost the double of starting condition and indicating

selective etching. In order to increase selectivity even more, experivigntifferent amplitudes
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of applied square pulses are also carried out. However, amplitudes of 0.5 V and 1.4 V resulted in

lower Ti/Al ratios of 3.9 and 4.8 respectively.

Atomic %
Ti | 53
Al 9
c | 37
cl 1
0 0

Figure5-4: a) Digitalimages showing Ti3AIC2 powders obtained after etching at
different temperatures. b) SEM image of etched Ti3AIC2 powders and c) EDS analysis

showing atomic percentages within the etched particles

Based on these promising results, same parameters are edstougtching of GAIC
MAX phase cathode discs. During this experiment, it was observed that etching reaction happens
much faster with GAIC MAX phase as there was visible bubble forming on the cathode disc, and
it disintegrated into the electrolyte gnéfter 1 hour. Characterization of these etched particles
revealed that some particles were egmhed, whereas some particles are not even reacted yet.
This is expected since fast nature of the reaction allowed only particles on the outer partsof the di
to react before crumbling into the electrolyte. Ggthing of CsAIC particles was confirmed
with EDS analysis. As shown in Fig28-a, particles with almost no Cr or Al atoms were found.
Nevertheless, same powder contains etched particles with highr&tio of 6.7 (rather than 2 of
the MAX Phase). These results clearly indicate milder etching conditions are required for this
MAX phase and most likely that all MAX phases will need optimization of parameters based on

their reactivity in this electrdemical setup.
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Table2: Different experimental parameters appliecCtgAIC MAX Phase for electrochemical etching

MAX Phase Electrolyte Voltage Ambient Temp. Duration
CrAIC AICI3/EtsNHCI 1.8V-0vV Ar 150 C 72h
Sq.Pulse
Cr2AIC AICI3/EtsNHCI 1.8v-0V Ar RT 72h
Sq.Pulse
Cr2AIC AICI3/EtsNHCI 1.8V-0vV Ar 75C 24h
Sq.Pulse

Next, temperature is decreased to achieve milder etching conditions to RT and 75 °C.
Experiments at RT even for 72 hours showed no indication of any etching. However, experiments
at 75 C and 24 hours, showed a variety of etched particles. As shown4r2Bip, some particles
showed almost complete selective etching with Cr/Al ratio of 27.5. Yet, majority of the particles

had lower Cr/Al ratio of 3.8 with still remaining Al in the structure.

To address the nemiform etching among the MAX phase partgla@ slurry of MAX
phase powder is prepared with conductive carbon and binder polymer. 95%AIC gowder is
mixed with 5% wt. carbon black (SupBj in 1 ml of ag. PVA solution. Resulted slurry is than
casted on to carbon paper and placed into vacuen at 150 °C overnight for drying. Carbon
paper with the MAX phase powders are then cut into strips to be used as cathodes in the
electrochemical setup as shown in FigGh. Goal of the making carbon paper electrodes was to
expose more MAX phase palés to electrolyte at the same time, whereas in pressed disc

electrodes reaction through the thickness of the electrode is diffusion limited.
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C 75 98
cl 1

O 0 0
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Cr 27 55
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C 63 41
Cl 1 0
(0] 0 0

Figure 5-5: SEM images of electrochemically etched Cr2AIC tiges and

corresponding EDS Analysis

For the experiments with carbon paper current collectors, initially a high temperature of
150 °C is chosen to complete the etching in a quick fashitua experiment is then repeated to
collect large amounts of etchBtAX phase powder. Once the experiments are finished, electrodes
are scraped off with a razor to gather the powders. Obtained powder is washed in HCI in IPA to
dissolve side products that might be formed during etching such as Al or Cr salts. Using high
speed centrifuge etched powder is separated from the solution and transferred into Propylene
carbonate (PC). A recent study showed that PC is an organic solvent with a large molecule that

can intercalate between the etched MAX phase patrticles with theflselpication and delaminate
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MXene sheets to form stable MXene suspensions. Accordingly, processed powder in PC is
sonicated under Ar atmosphere to prevent oxidation for 1 hour and centrifuged at 3500 rpm for 10

minutes.

-
c
vt
=
A=)
@
i

250 500 750
Distance (nm)

Figure5-6: a) Electrochemical setup using Carbon paper as current collector for
MAX phase cathodes b) Aqueous delaminated et@redlC and carbon black (CB)
suspension c¢) Etchedr,AlIC-CB film obtained by vacuusfiltration of the solution shown.
d) SEM image of the crossection of obtained films. e) AFM image showing the thickness

of EtchedCr,AIC sheets on Si/SiO2 wafer surface.
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As shown in Fig. 430b, a stable colloid solution is obtained. The solution is vadiitered and

a flexible film similar to MXene papers is obtained, indicating existence of 2D materials
Accordingly, crosssection of the acquired film is examined under SEM. The film is shown to be
consisting of spherical nanoparticles which are likely to be carbon black andilshettuctures
which are thought to be €ZTx MXene flakes. AFM Analysis ialso carried out on the solution
after it is drop casted on a Si wafer. FigB@e, shows shedike structures with about 2 nm

thickness and 25600 nm lateral size.

5.4  Conclusion

These findings indicate that the method presented in this chapter migiaphble of
selectively etch different MAX phases including28IC, which has not been reported to be
selectively etched, to date. It is demonstrated that vilsger fluorinefree electrochemical etching
of MAX phases is possible via this method. Howewerconfirm existence of MXene sheets,
isolation of the sheets and structural characterization is mandatory. Although, completely and
selectively etched particles are located with SEM, to be used as an efficient etching method,
selectivity of the etchinghrough the electrode must be improved. In this direction, results so far
showed that parameters such as temperature and applied voltage are crucial for the selectivity of
the etching. Based on the evidence presented in this sectidmypgthesizehat this method
parameters can be optimized to achieve selective etching of different MAX phase particles. We
also speculate that this etching method should result in MXene sheets with chlorine surface groups
which are previously shown to be favorable in elesttemical applicationg.his studyencourages
to use etched MXene particlegth this methodin different electrochemical energy storage

systems to demonstrate the effect of this new synthesis method on the performance.
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Chapter 6:  Outlook

Although MXene research started merely a decade ago, scientific community dedicated
enormous amounts of resources to discover the potential of this 2D material family. Achieved
results so far showed that MXenes are able to live up to expectations; dgpectial
electrochemistry field MXenes delivered some of the best performances ever repodey
storage devices, a big part of the MXene research, are predicted to play a crucial part in the future
of automotive industry, portable electronics and advdnaero and nano systems. Breakthroughs
in MXene research will surely lead advancements in energy storage field as well. As an example,
results reported in this studtyproveelectrochemical properties of MXene electrodpso 170%
when used in aqueouspgrcapacitor systermend only by controlling the synthesis conditions
We showed here that synthesis conditions have a huge effect not only on the electrochemical, but
also mechanical properties of MXenes. We showed for the first time that MXenes mdchanica
properties can be improved through their synthesis conditions and moreover, introduced a method
that can lead to new studies. We know thadarstandinghe characteristics of MXenes and its
synthesis will have a direct impact on the future of its apptiasand there is still a lot to learn
about MXenes. Theoretical calculationdl guide experimental work and proof of concepts will
pave the way through commercialization. In this perspective, noting the growing interest in
MXenes,| believethatthis study isnowan essentiadourceby means of exploring the fundamental
properties of the material and providing different approaches for producing and assembling it for
different applications.Consequently the presentedstudy will hopefully benefit to a large

community ofMXene researchers
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