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Figure 47.Moles of Y per MNX,Tx formula unit for T3C200.3(OH)o.31.2.0.3H0adsand
M02Ti0.8C200.2(OH)o.6F1.1.0.5H0ads. Y includes the terminations and adsorbeH

Note that if one termination is assumed per surface M atom, then in all cases the
theoretical & number per formula unit is 2 given by the horizontal dashed Tihes is

the case because only the sum of the moles of O, OH, and F constitutes the terminations.
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Figure 48.Moles of Y peMaX3Tx formula unit for NRC2.600.9(OH)1.0F0.7.0.9H0 and
M02Ti1.5C2.500.6(0OH)1.0F0.5.0.5H0ads Note that if one termination is assumed per
surface M atom, then in all cases the theoreticaldmber per formula unit is 2 given

by the horizontal dashethk.Thisis the case because only the sum of the moles of O,
OH and F constitutes the terminations..............uuuvvuiiircceeeeiiiiier e 102

Figure 49. Moles of Y per BKTx formula unit for T3C200.3(OH)o.321.2.0.3H0adsand
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Note that if one termination is assumed per surface M atom, then in all cases the
theoretical T number per formula unit is 2 given by the horizontal dashedTinis. is
the cae because only the sum of the moles of O, OH and F constitutes the terminations

Figure 50. Moles of Y HO per M+XnTx formula unit for
Ti2C0.900.3(OH)o.5F0.8.0.4H0ads and TgC200.3(OH)0.32F1.2.0.3H0ads Y includes the
terminations and adsorbed>8. Note that if one termination is assumed per surface M
atom, then in all cases the theoreticaliumber per formula unit is 2 given by the
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F constitutes the terminationS..........ooooeeiiiiiiiiieeee e 104

Figure 51. Moles of Y per M-1XnTx formula unit for NBCOo.g(OH)o.5F0.7.0.5HOags.

and NRC>600.9(OH)1.0F0.7.0.9H0. Y irtludes the terminations and adsorbedOH

Note that if one termination is assumed per surface M atom, then in all cases the
theoretical &k number per formula unit is 2 given by the horizontal dashedTinis.is

the case because only the sum of the nwl€ OH and F constitutes the terminations

Figure 52. Moles of Y per MXnTx formula  unit for
Mo02Ti0.8C200.4(OH)o.7F1.00.5H0ads. and MaTi1.5C2.500.6(0OH)1.0F0.5.0.5H0ads. Note

that if one termination is assumed per surface M atom, then in all cases the theoretical
Tx number per formula unit is 2 given by the horizontal dashed Tihes. is the case
because only the sum of the moles of O, OH and F constitutes the terminatid

Figure 53. Moles of-F terminations per formula unit of /X, as a function of the
product of the HF concentration and the etching duration for all HF etched MXenes.

Figure 54. Moles of Y per BC.Tx formula unit, before, and after, Aisputtering. Y
includes the C atoms, terminations and adsorbg@.H..............ccooovviviiieeeneenn. 108
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Figure 56.Moles of Y per peMszX2Tx formula unit for TsCoTx as produced and after
aging for & 1 year after sputteri2sfng. Y
Note that if one termination is assumed per surface M atom, then in all cases the
theoretical T number per formula unit is 2 given by the horizont@dhed lineThis is

the case because only the sum of the moles of O, OH and F constitutes the terminations
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Figure 57: Moles of Y per MX2Tx formula unit for TsCoTx produced using variai
etchants: 50% HF, 10% HF, LiCl + HCI, and LiF + HCI. Y includes the terminations,

Li* adsorbed HO. Note that if one termination is assumed per surface M atom, then in
all cases the theoreticak iumber per formula unit is 2 given by the horizontal @ash

line. This is the case because only the sum of the moles of O, OH and F constitutes the
L€ 60 011 0= U0 PSSP 113

Figure 58 Moles of Y per NK:Tx formula unit for TiCoTx-50HF, TeCoTx-50HF
treatedwith KOH (K-TizC2Tx-50HF), and NaOH (N&i3C2Tx-50HF). Y includes the
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OH and F constitutes the terminatiQnsS...............uvvvviiiiimmmriiiiiieeeee e 114
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ABSTRACT

Recently, a new family of twdimensional (2D) early transition metal carbides
and carbonitrides, labeled MXenes, was discovered at Drexel University. MXenes are
produced by selectively etching mostly Al from-édntaining MAX phases and
replacingAl with surface termination groups. Theoretically it has been predicted that
changing the nature of the suréaterminations, T, can changiXenes' properties, such
as electronic and optical, resulting in changes in performance in various applications
sud as electrodes for 4ion batteries. Prior to this work, there had been little systematic
effort devoted to carefully identifying and quantifying the exact nature of T. In this
work, high resolution XPS spectra of multilayere@ChiTx, TioCTx, TisCNTx, NCTy,
NbaC3Tx, V2CTx, M0CTy, M02TIC2Tx, and MaTiCoTx were acquired and analyzed.
The influence of the M and X elements, the order of MXenaging, Af sputtering,
and the concentration/nature of the etchants on the amoui® bOH andi F, were
sydematically investigated.

XPS analysis confirmed the intercalation ofibns upon etching FAIC2 using
a mixture of LiF and HCI or LiCl and HF; whensTeTx multilayers is immersed in
RbCI or NaCl solutions, cation exchange resulted in the replacahgntions with
Rb" or Na', respectively. Similar cation intercalations were confirmed when treating
HF-etched T4CoTx samples with BC>Tx with alkali metal hydroxides, such as NaOH
and KOH. Based on quantification of the various chemical species kmidrafter
treatment, a mechanism was suggested where the reductibnte@iminations took
place by exchanging withtOH and-O terminations and/or complete removal ofFTi

species and converting them to 7iR.
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From XPS peak fits for all MXene sampleghis study, it was established that
X wasa 2.0+0.2. Both-F and-OH terminations are formed during etching through the
reaction of MXene with HF or #D, respectivelyHowever, for theO terminations to
form, a mechanism was suggested were some eDiHgerminations dissociate into
Oterminatonand H, where the latter reacts with an intercalate® fbrming [HO]".
The latter are then replaced with cations via ion exchange. This reaction has been
suggested based on the trend that, for most MXenes analyzed, the ratio b@ween
terminations ad adsorbedvater pluscations is equal to unity or lowesiggestinghat
all H" that dissociates from thé€ terminations reacts with 28 moleculesto form
H3O". Only five compounds out of the sixteen studied were found not to follow this
trend (in thosecases the ratio was higher than unity) where further investigation is
needed to determine the cause of this anomaly.

Given that recent work reported that the average oxidation state of 3C4T i
is + 2.4, the average oxidation state of fGr 8 different samples was determined to
b e -2&+0.1.1t is thus reasonable to conclude thatdlverage oxidation states of Ti
and Cin TisC,Tx areweakly dependent otine etching conditions and/or intercalated
cations Similarly, the average oxidation state of-Qor 2 different sample$ was
determined to bé -3.96+0.2 assuming the oxidation state of V determined in recent
work to be +3.0.

Based on this work, it is now possible to quantify the nature of the surface
terminations in MXenes; information that can, in turn,used to better design and

tailor these novel 2D materials for various applications.
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CHAPTER 1: INTRODUCT ION

The isolation and characterization of graphene in 2aD4r¢m graphte has
marked the beginning of a new form of materials called-dwaeensional (2D)
materials. 2D solids can be defined as a form of material that has an infinite length in
the xand y directiorand a thickness equal to a single atomic plane which ismdi34
for graphene2]. However, the scientific community tends to define 2D materials as
materials that exhibit novel properties different from their 3D counterparts when
reaching a certain thickness. For instance, the electronic structure of graphite changes
to a zeregap semiconductor (referred to asemi metgl when its thickness ranges
between 1 to 10 monolayers. At that thickness range Bieinab[3] defined graphene
to be 2D. Thus, one can consideryanaterial reaching a certain thickness where it
exhibits properties different from its 3D counterpart to be called 2D.

Graphene became the most researched 2D material not only because it was the
first 2D material isolated into single flakes but becanises impressive properties such
as ballistic conductivity J], high thermal conductivity4], high in-plane mechanical
strength §], optical transparency of visibléght reaching 97.7% per monolayé.|
These properties rendered graphene a promising material for various applications such
as fieldeffect transistors (FETsY[8, memory devicesd,1(, photovoltaic devices,
transparent electroddd-13], electron acceptorslfl], and light absorberslp and
electrochemical sensorsg-19].

After the discovery of graphene, scientists devoted their efforts in finding new
2D materials with different chemistries and various electronic structures. Among the
earliest discovered was hexagonal boron nitride, (hBN) which is an insul§joit[

also has an extremely smooth surface that allows it to be deposited between graphene
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and SiQ wafers in electronics to prevent the distortion of the graphene electronic
properties due to the roughness of the . SMafers R0]. Following hBN, other 2D
materials ranging from insulators to semiconductors to metals to even superconductors
were discovered. These 2D materials include transitietaldichacogenide€TDMSs)

[2]], transition metal oxides and hydroxides including cl&&,[andmonoelemental

2D materials such as silicon23, phosphorene4] and germanene§.

The high surface to volume ratio which 2D materials possess makes their
surfaces reactive allows them itderact easily with other elements and compounds
through chemical surface functionalizatiorhis in turncan alter their optical and
electronic properties in addition to improving charge storage, chemical and biological
sensing and other applicationsvesll [26].

The electronic structure of graphene can be adtefrom a zer@ap
semiconductor to a-fypeor ntypesemiconductor using several methods such as:

1. Metallic contact: Immersing graphene films in AgGt HAuCl solutions,
where Au nanoparticles can adhere t
heavily pdoped graphene?[/].

2. Acid modification: B/ immersing graphene in nitric acid solution, the HNO
mol ecul es are adsorbed on the graph
heavily p doped materialg8,29.

3. Molecule coating 30]: n-type semiconducting graphene can be achieved
through introducing a dipole moment using sedfembled monolayers
(SAM) of polymers or molecules such as polyethylene glycol (PB@) [
polyvinyl alcohol (PVA) B2], polyethylenimine (PEIl) [33] and
poly(ethylene oxide) (PEO)Bf], which are more electropositive than C.

These SAM polymers or molecules can be adsorbed on the surface of
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graphene to tailor its electronic properties with little damage to the graphene
lattice.

Similar to graphene, various chemical methods can be used to tailor the
electronic properties of TMCs such as

1. Molecular physisorption: Physisorption of electronegative egas

molecules such as>@r H.O molecules result in electronically depleted n
type MoS and MoSe solids that are strongly photoluminescent (RB5],
while less electronegative gaseous molecules such asae used as p
type dopants for WS¢36]. NO, molecules wouldhdsorbon WSe surface
and transfer electrons from WS#ue to its strong oxidizing nature.

2. Metallic naroparticles: depositing metallic nanoparticles of Au, Ag, Pd or

Pt on MoS has shown to inducetype doping 37,39.

In 2011, a new family of 2D materials of transition metal carbides and nitrides
was discovered39,4q and | abeled AMXeneo. MXenes
et ching of froemhthe lajefdtrahsidion meta carbides and nitrides known
as MAX phases. The latter have a general formulaeiAX, (n=1, 2, or 3), where M
represents a transition metal, A represents mostly elements from the Il A or IV A group
elements such as ABa, Si, or Ge, and X represents C and/odN.[

MXenes have shown promise for several applications such as energy storage
[42-46], water purification 47,49 , electrochemical actuator4q], photocatalysisq0],
transparent conductive electroddsl][ and sensors5p]. When the A element is
removed from the MAX phase to produce MXene, it is replaced by a mixture of surface
functional groups or surface terminations. Thus onecoasider MXene as a family of
2D materials that is readily functionalized with a formula @i ™nTx, where T stands

for surface termination groups. Early one, the latter were shown to be a mixture of O,
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OH and/or F groups5p]. A lot of theoretical work using Density Function Theory
(DFT) calculations was done to understand how these surface terminations can affect
the electronic structure of MXenes and whatuefce they have on their properties
[54-57]. However, there has been little systematic experimental studies to accurately

determine the exact nature and quantity of these surface termination groups.
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CHAPTER 2: BACKGROUND AND LITE RATURE SURVEY

In thischapterthe importance of utilizing XPS for chemical characterization of
nanomaterials, iparticular2D materials, will be reviewed. | will summarize the status
of the field of 2D metal carbides and nitrides (Mvés) focusing on synthesis methods
and structural and chemical studies and state the research objectives of this work.
Furthermore, XPS studies of the interaction of water with metal oxidgsrircular
titanium oxide, and metal carbides will be revien&dce they are the closest materials

systems to MXenes when trying to understand their surface terminations.

2.1 XPS for chemical analysis of 2D materials

Several techniques are used to investigate the chemistry of 2D materials in

particular, such as:

1. Fouier transform infrared (FTIR) spectroscopy: This technique can identify
several groups (nitro groups, oxygeontaining groupstc) and bonds (€
F, CN, etc [58]). However, it is not ideal for elemental quantification.

2. Raman spectroscopy: This technigue can also identify various bonds as it
measures their atdmvibrations. In 2Dmaterialst is used to determine the
number of layers or doping levels. For example, in graphene,-fypg@)
doping can cause a decrease in the wavelength (increase in the wavelength)
of the 2D and G bands of graphene due to theenfia of the Fermi level
on the photon frequencies of graphene. However, it is not possible to
perform elemental quantification using Ram&#|]

3. X-ray photoelectron spectroscopy (XPS): this technique is ideal for exact

elemental quantification for 2D materials in particular as it is a surface
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sensitive technique. Its penetration depth is about 10 nm. It is also used for
the determination of the chemical components and the electronic states of
the elements in nanomaterials and 2D materials. One of the limitations of
XPS is that it is not able to detect hydrogen.

Looking at the above techniques, it is obvious that XPS is thst ideal
technique for identifying and quantifying elements and surface terminations in these
materials. In fact, XPS has been used extensively for identifying and quantifying
various chemical species in 2D materials. For instance, Skeadd 60] explored the
nitrogen (N) bonding configurations in N doped graphene synthesized by thermal
annealing of graphite oxide using melamine as a N source. From the XPS results shown
in (Figure 1.a). After annealing in theresence of melamine, the-(@ peak is shifted
to higher binding energy and its full width half maximum (FWHM) increases due to
the distortion of the lattice resulting from the introduction of N atoRigufe 1.b).

Other small Bw peaks appear at 285.8 and 287.5 eV corresponding®apd sp-C
atoms, respectively. The higbsolution N 1s XPS spectra for-ddped graphene

(Figure 1.d).



28

120k C=C
R 5%
E 90k ‘g
. 40k
= 3
8 60k co 8
30k C=00.c=0 20k C=N
C-N
0 0 : :
280 285 290 205 280 285 290 295
Binding energy/eV Binding energy/eV
@ carbon atom @ graphiticN atom
(d)

@ pyridinic N atom @ pyrrolic N atom
12k Qs

Counts/s
—
[=]
d

8k-

392 396 400 404 408
Binding energerV pyrrolicN atom  graphitic N atom pyridinic N atom

Figure 1. (a) XPS highresolution C % spectra of pristine graphene prepared by
thermal annealing at 808C, (b) C 1s and (c) N 1s spectra of nitrogen doped graphene
prepared by thermal annealing of graphite oxide in the presence of melamine at 800
°C, and (d) schematic crid structure of rtrogen dopedgraphene Reprintedwith
permissiorfrom (Ref[60]). Copyright (2011) American Chemical Society.

XPS has been used to investigate surface functionalization of other 2D materials
beyond graphene. Shet al. [61] reported on the effttive decoration of Au
nanoparticles on 2D MeSwvhere the former exhibited a remarkabldgping effect to
the MoS-basedtransistors. Decorating the Mp8akes with Au nanoparticles was
performed by immersing the flakes in a AeGblution. The higkresolution XPS
spectra of Mo 3d and S 2p regiofsgures 2.aandb, respectively) show no change in
the binding energies of Mo or S after Au nanoparticle decoration. This indicates that
doping of Au does not severely alter tirgstallinity of Mo, in othe words not many
defects are produced due to the doping process. Theadsghution spectra of Au 4f
and Cl 2p after AuGltreatment confirm the doping of Akrigure2.c). The presence

of a Cl signal in the Cl 2pegion Figure2.d) confirmed that no physical adsorption of



29

AuCl4- on the MoSsurface took place. Elemental composition obtained from the XPS
spectra show an arbitrary formula of M@8uo.ossfor the MoS decoraed with Au

particles.
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Figure 2. High-resolution XPS spectra of (a) Mo 3d and (b) S 2p regions for.MoS
before Au nanoparticle decoration (red curve) and after Au nanoparticles decoration
(blue curve), (c) Au 4f and (d) CI 2p iegs for MoS after Au nanopatrticle decoration
(Ref[61]).

Furthermore, Leet al [62] reported on the functionalization of InSe witH'Ti
based on Lewis acidase chemistry using a solution of TiCto create
[Ti**n(InSe)].Clan. The authors used XPS to confirm the formation eB&ibonds after
reacting mtype InSe by TiCl forming ptype [Ti**n(InSe)]complexes. As shown in
Figure 3, a new chemical species appeared in the Se 3d region at a higher binding
energy after th@iCls treatment due to the formation of-$e bonds. The dation of
lone pair electrons from the Se atoms reduces the electron density in the Se outer shells
(4s and 4p orbitals), and a stronger attractive interaction is applied to the inner shells

(3d) which results in the appearance of the higher binding epesis. Using the peak
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area of the fitted componentskigure 3, it was deduced that 25% of the Se atoms are
bonded to Ti, which is the same percentage of Se exposed to the T
functionalization method has led to the cfpawf the electronic properties of InSe from
n-type semiconductor to-fype semiconductor, allowing fabrication ofpnjunctions
without requiring heterostructure growth. Moreover, functionalizatian.ewis acid

base reaction does not alter the structdirthe host.

InSe-Ti
flttmg

XPS intensity (a.u.)

51 52 53 54 55 56 57
Bonding energy (eV)

Figure 3. High-resolution XPS spectra of Se 3d region for InSe before (black) and after
(red) TiCl treatment. The red dashed curve shows the fitting envelope of Se 3d region
after treatment, showing two new compatseat a higher binding energy of 54.0 and
54.8 eV corresponding to the-$e3ds,2 and 3d.. respectively. (blue and green dashed
lines correspond to the binding energies for Se in the pristine InSe and-Thafser

TiCls treatment, respectively). Repred by permission fromdature Publishing Group,
Nature NanotechnologiRef[62]), copyright 2016

2.2 2D transition metal carbides and nitrides (MXenes)

MXenes are a recently reported new family of 2D metal carbides and
carbonitrides 39,40,45,5B They exhibit good electrical conductivity 63],
hydrophilicity [53], can host different cation€t3], and other compounds such as
dimethylsulphoxide, ureahydrazine monohydrate64], and tetrabutylammonium
hydroxide p5], and tunable surface terminatiors4[57,66. Owing to these unique

combination of properties and in adding to the 2D morphology, MXenes were found to
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be promising for energy storage applications such-ésnLbatteries$¢46%9, hybrid

cells [71-73], electrochemical capacitoré3,43,74,7h In addition to other applications
such as sensor81%,76,77, actuators 49, photocatalysisg0], transparent conductive
electrodes 1] andwater purification 47,78. Moreover, they were found to provide

stability and durability for proton exchange membranes for fuel c8s [

2.2.1. Synthesis of MXenes

MXenes are synthetized by selective
ternary transition metal carbides and nitrides family of more than 70 phases labeled
MAX phases 41]. MAX phases have a general floula of Mh+1AXn, where n =1, 2,
or 3, M is an early transition metal, A is argfoup element, and X is C and/or N as

shown inFigure 4.

H ™M A He
B eyiamion  GoA  anorn E
K Co | Ni | Cu Kr

Rb Rh | Pd | Ag Xe
Cs Ir Pt | Au Rn
Fr Mt Ds Rg Uuo

Figure 4. Periodic table showing elements from which MAX phases@mposed, M:
early transition metal (red), A: group A element (blue), and X: C and/or N (b(Rek)
[41,80,8]).

MAX phases have a layered hexagonal crystal structure with MX blocks
sandwiching layers of Ayroup elementsKigure 5). This particular arrangement of the
M, A, and X atoms in the MAX phases leads to a significant difference between the M
X bonding compared to the ¥ bonding. The M and X form a mixture of ionic,
metallic ar covalent bonds which are much stronger than the M and A metallic bond
[82,83. Taking advantage of this fact, Nagwbal [39] were able to chemically etch

the A element (Al) from BAIC2 powders using hydrofluoric acid (HF) producing

et
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exfoliated layers of &Co, the first member of the MXene family. The operative

reactions proposed ar&9:

TisAIC2 + 3HF = AlR + 3/2H + TisCz (1)
TizCz + 2H0 = TikxC2(OH)2 + Hz (2)
TisCs + 2HF = T4CoF2 + Ho 3)
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Figure 5. MAX phases' unit cells: MX (211), MAX: (312), and MAXs (413)
(Ref[84]).

During etching, the Al in BAIC: is replaced with surface functional groups
that are assumed to be a mixture®H, -O and/or-F [39]. Thus, as noted above, the
correct general formula of MXene is MXnTx, where T stands for the surface
termination groups. The ggoducel MXenes were in the form of multilayers and
cannot be easily delaminated into single flakiessonication in water or isopropanol.
This is mainly due to the interaction of the surface terminating groups with each other,
keeping the flakes bonded togeth&tashtalirel al. [64] introduced a method to
delaminate TisCoTx using dimethylsulfoxide (DMSO). T®C.Tx powders were
intercalated first with DMSO, weakemjrthe bonding between the layers, followed by

sonication in water, resulting in a high yield of delaminated MXeARB{C.Tx) in the
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form of colloidal suspensions. Other compounds such as tetrabutylammonium
hydroxide[65] andisopropylamine 46] have been used to delaminate other MXenes
such as NfCTy, TisCNTx and V2CTx. A schematic showing the entire synthesis
procedure is shown iRigure 6.

Other etching systems were also used to convefTj to TisCoTy including
NHsHF [51] andHF + LiCl [85]. Interestingly, Ghidiet al. [42] demonstrated that
etching TAIC> using a mixture of LiF and HCI led to spontaneous delamination of the

TisC2Tx multilayers, MLs, without the need of the intercalatiorpste
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M..1AX, phase Multilayered MXene |ntercalated Mxene Delaminated Mxene
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Figure 6. Synthesis of MXenes from MAX phats&ing TCoTx as an example: (a)
TisAIC2, MAX phase powder immersed in HF acid, this results in (b) selective etching
of Al and formation of multilayered 32Ty, (C) intercalation of the multilayered
TisC2Tx using various compounds: dimethylsulfoxidgrabutylammonium hydroxide

or isopropylamine, which, (d) can be delaminated by sonication in water into separate
flakes.Figure was adapted with permission from American Chemical Sodetfy (
[39]) Copyright 2012. ACS Nanand from Nature Publishing Gup (Ref.[64])
Copyright 2013Nature Communications.

To date there have been 17 MXene compounds reported, includi@gy,Ti
Nb2CTy, V2CTy, (Tio.5,Nbo.5)2CTx, M02CTyx Ti3CoTx, (Vo.5Cro.5)3C2Tx TisCNTx TisCN,
TauCsTx, NbsCsTx [40,53,86], ZrsCaTx [87], (Nbo.gTi0.2)aCsTx, (Nbo.g,Zr0.2)aC3Tx [88],

Mo2TiCoTy, Mo2Ti2CsTy, and (where Mo and Ti form an ordered layer structure, with
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Mo occupyng the outer M layers and Ti occupying the inner M layers) and similarly
CrTiCoTx where Cr occupies the outer laygi®9. All of these MXenes were
synthetized by HF etching of their MAX phases at room temperature or at a slightly

higher temperaturé 55 xC.

2.2.2. Surface termination of MXenes

As stated previously, the chemical etching of the MAX phases to produce
MXenes results in the replacement of the Al layers with surface terminating groups that
are assumed to b®, -OH, and/or-F. Much theoretical wd has been dedicated to
investigating the most favorable positions for these surface terminations and how
changes in the surface terminations would affect the properties of MX3h8694).

Regarding the posan of the surface terminations, Enyashin et al. studied three
different configurations (I, I, and Ill) for the OH terminations oaCkilayer Figure
7). In configuration |, the OH groups are positioned in the tgrspace between the
three carbon atoms on the two sides of the MXene layguie 7.b, €. For
configuration Il, the OH groups are located directly above the C atommstbrsides of
the MXene layerKigure 7.c, ), while configuration IIl is a combination of both | and
II, where one OH group would occupy one of the positions on one side of the MXene
layer and vice versa. By comparing the relative total energies for ttee th
configurations, configuration Il was the least stable, while configuration | was the most

stable. The same results were also obtained #>fFi[91].
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Figure 7. Atomic structures of BC: layer: (a) with no terminations (side view), (b)
with OH terminations inconfiguration | (side view), (c) with OH terminations in
configuration Il (side view), (d) with OH terminations in configuration(side view),

(e) with OH terminations in configuration | (top view), and (f) with OH terminations in
configuration 1l (top view).Reprinted by permission from Elsevi¢Ref[95]),
Computational and heoretical Chemistry, Copyright 2012.

Before discussing the change in the MXene properties @gbhanging the
surface terminations, it is important to show the differences in the electronic structure
between the MAX and MXene and what the effect of removal of the A element from
the crystal lattice on the electron density of states (DOS) is.

In geneal, DFT calculations predict that MXene monolayers with no surface
terminations are metallic and their DOS near the Fermi leyegk Bigher tharthat of
their parent MAX phas€89,9094]. Taking TeCTx as an gample,the valence states
below the Eare divided into two subands; one of theifigure 8, which is the nearest
to K, is mainly composed of a hybridization between Ti 3d and Al 3p orbitalsuhbis
bandis caled subbandA. the other sulband, B, is located further from Between
10 and-3 eV and is formed from the hybridization between Ti 3d and C 2p orbitals. In
MXenes,the removal of the A element leads to the reformation ofbsuiad A due to
the removalof Al 3p orbitals.Sub-band A is composed of only Ti 3d orbitals. The
resulting T+Ti bonds in turn increase in the electron DOS near tlé H2C compared

to Ti2AIC2 [56].



36

Total
—— Al 3s
&8 ——Al 3p
([ —C 2p
— Ti 3d
——0 2p
F 2p
8 —H_1s
a
w2
o
a
/9]
o
Qa
/0]
o
=
w2
o
a

Figure 8. Partial and total DOSor Ti2AIC and TiCTy, where Tis either O, F, H or
OH and x is 2Reprinted by permission from American Physical Society, Physical
Review BRef[56]), copyright 2013.

According to DFT calculations,usface terminations can vary the electronic
properties of MXenes from being semiconductors wisimall band gap to a large direct
or indirect band gap as shownTiable 1. The reason behind the changes in the band
gap is manifested in how the electron DOS near theh&nhges when MXenes are

terminated as shown Figure 8. Surface termination groups result in the formation of
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a third subband, C, located below sddand B. The former is formed due to-™
bonding moving the gap between dadnds A and B to lower energies.
Khazaeiet al.[54] have predicted, through DFT calculations, that MXenes with
n higher than 1such as BCz and NRhCs remain metallic irrespective of the
functionalized group whether iti©, -OH or-F. Furthermorein the same study, itas
shown that the electronic structures of isolated single flakes and multilayered MXenes
have no apparent differences in their electronic structure near the fermi level.
Changing T can also affect other properties such as the elastic and optical
propertes, and also the performance of MXenes in certain applications. For instance,
Bai et al [96] showed through DFT calculations that the elastic stiffness and optical
response show a strong dependence on T@Tkiand TeCoTx. Ti2CO, and TC202
were predicted to have the highestséta constants compared to tHé and-OH
terminated TiCTx and TgCoTx. Interestingly, TICF and TbC(OH), are predicted to
exhibit a white color when subject to light, i.e. none transparent (opaque), wil@Ti
is predicted to have a high optical teamttance and an optical bandgap originating
from its semiconductelike electronic structure. This makes-T0D, a potential
candidate for optoelectronic devices.

Table 1. Band gap values calculated theoretically &electMXeneswith different
surface terminations

Compound | Band gap, eV Ref.
Ti2CO, 1.03 [92]
Mo2Ck 0.25 [55]

Mo2C(OH), 0.1 [55]

“indirect band gag: directed band gap

Eamesetal. [70] have shown through DFT calculationsw the nature of the

surface termination group can significantly affect the capacity of a MXene when used
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as an electrode fdrithium ion batteries. Oxygeterminated MXenes were predicted
to show the highest capacity compared to the hydr@nd Fterminated MXenes.

As statecabove MXenes contain mixed surface termination groups3tOH
and-F. So far most of the theoretical calculation studies focasedtudying fully
terminated MXenes with only one surface termination group e#betOH or -F.
However, most recently theoreticians came up with models to accommodate more two
surface termination groups. For example, Badtal.[97] have predicted thaOH and
-F andterminated MeTiC, and M@Ti>Cz MXenesshould be semiconductors with a
small band gap dd 0.05 eV, while also mixingOH and-F terminations should show
a semicondcting behavior. In contrastQ terminated Mgrl'iC, and MaTi.Cz MXenes
should show metallic behavior. Whitemixed terminatiorf -O and-F should show
metallic behavior at highD amounts. It is worth noting that these results are only valid
when consideng spinpolarized DFT calculations otherwise for rgpin-polarized
simulations all the Mal'i MXenes regardless of their terminations were predicted to be
metallic. Experimental results for both WaC.Tx and MaTi.CsTx MXenes show a
decrease in resisity with an increase in temperature indicating a semicondutikiag
behavior However,an Arrhenius modetloes noftfit the resultsindicating that the
evidence for a band gap is weak

Despite the body of literature regarding theoretical studies of tHacsu
terminations of MXenes, there have been few experimental reports of the same. Prior
to the initiation of the current study, several trials were made to identify the surface
termination groups. One of the first was the use-oaxdiffraction (XRD) m@tterns of
TisCoTx etched with HF to compare to theoretical XRD patterns generated from DFT

calculations for HCaF> and TgC2(OH)2 as shown irFigure 9.



39

The simulated XRD pattern of 3a02(OH). appeared to be closieto the
experimental pattern; however, there is not enough evidence that OH is the only
termination since the elemental analysis performed in the same study stimwved
presence of Frurthermore, there was information about the bonding between the

MXenesurfacesand thesurface termination groups.

Exfoliated

HF etched

Intensity (arb. units)

2 Theta (Degree)

Figure 9. XRD patterns for BAIC, before and after HF treatment, sT:Tx after
sonication in water and simulated XRD feahs of TiCoF2 and TgC2(OH).. Reprinted
by permission sm John Wiley and Sons, Advanced Mater(&sf[39), copyright
2011

A few XPS characterization studies were reported, before the start of this study,
for only a TizC2Tx-HF etched MXeneJ9] anda TizC,Tx-HF etched intercalated with
hydrazine monohydrate and dimethylformami@d][ In the first study, only the XPS
spectra of the Ti 2p region forz0,Tx was shown in comparison with that ogAIC,
while in the second, XPS spectra of Ti 2p, Ols, and N1s were shown to confirm the
existencef a N-containing species belonging to the intercalated compounds to confirm

their intercalation.
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Other techniques including transmission electron microscopy (TBi99g,
X-ray absorption spectroscopy (XA, X-ray atomic pair distribution function
(PDF) analysis§6,97,100, and multilevel structural modeling of atomic PDF obtained
by high-quality neutron scatteringlQ1], were used to investigate the structure and
chemistry of MXenes and the nature of their surface terminations. Combining high
resolution TEM and STEM with EDX50] or EELS[94], showed that the surface
terminations ofO and-F were randomly diributed between the 30Ty layers and
on the surface of single 30>Tx shees. However it was not possible to differentiate
between-O and-OH terminations due to the insensitivity of both EDX and EELS to
hydrogen.

Lukatskayaet al.[99] reported a change in the oxidation state §CITx from
2.33 to 243 when cycled in an electrochemical cell in 1I¥BRy electrolyte between
potentials 0f0.35 and 0.35 V, respectively. This result is essential, not only because it
is the first to determine the average oxidation state of Tis@:Tk but also shows that
Tiin TisCoTx s closer in chemical nature to TiO (oxidation state +2) rather than to TiO
(oxidation state +4)This point is discussed in more details in Chapter 4.

Several studies of Xay atomic PDF analysis for several MXenes were reported
[86,10Q. Shi et al.[10(0 studied the structures of pristine, potassium hydroxide and
sodium acetate intercalated:T3 T, while Ghidiu et al. [86] studied the structure of
NbsC3Tx and Anasoriet al.[98] investigated the structure of delaminatedMG,Tx
and MaTi2CsTx. However since Xays are insensitestowards hydrogen, again this
technique was not able to differentiate betweé@rand-OH. To solve this issue Wang
et al [99] usedhigh-quality neutron scattering technique to detect both H and F in
TizCoTx, and throughmultilevel structural modeling aitomic PDF quantification of

O, -OH and-F terminations was possible. However, this technique is incapable of
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differentiation between hydroxyl groups that form water and hydroxyl groups that act
as surface terminations so differentiation between adseraist andOH terminations

was not possible. In addition, this technique provides an indirect method for the
guantification of the chemical species based on the modeling of the bond length
between various atoms. Therefore, XPS technique is needed gsmoaét of the few
techniques that can differentiateetween different chemicapecies andlirecly
guantify elemental and chemical speciesar the surface. Thus, the goal of this work
wasto study the chemistry of this new family of 2D transition metabitles and
carbonitrides (MXenes) by identifying and quantifying the surface termination groups

found in these materials usiXgray photoelectron spectroscopy (XPS)

2.3XPS analysis of water on metal oxides and metal carbides

When synthesized in aqueousdigeinteractions with water are unavoidable,
and therefore MXene surfaces tend to behave like transition metal oxides surfaces since
also are terminated i¥fO andi OH; their core, however, tends to be have more like
transition metal carbides. ThereforeingsXPS studies of the interaction of water with
metal oxides and metal carbides as models and references for the chemical species in
MXenes seems a reasonable approach. In this section, several XPS studies of metal
carbides and oxides and their interactwith water are discussed with a special focus
on titanium oxides.

The interaction of water with Ti€in UHV has been studied extensivgh02
105. Several studies investigated, using XPS, the various oxygenicadiespecies
created upon the interaction of water with 7#dd assigned and identified the binding
energy for each chemical species presed®[107. Among these species, found in the

XPS spectra for O 1s region, are: i) lattice gasy in TiQ at BE of 530.5 eVFigure
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10.a, ii) O atoms next to vacanct sites at BE of 531.5myre 10.a, iii) OH group at
bridging sites at BE ddl 531.8 eVFigure 10.a andb, and iv) adsorbed water at BE of
a533.5 eV Figure 10.b [105.

The defectiveness of the TiQL10) surface affects the dissociation of water on
its surface in UHV. Defeefree TiQ; surfaces were shown not to dissociate water
[102,103. However, oxygen vacancies play an important role in water dissociation on
TiO (110 surfaces10811(0. Yamamotcet al [105, suggested a mechanism for water
adsorption on the Ti©(110) surface from hsitu hydration and annealing of single
crystal TiQ (110) surfaces. Initially, water molecules dissociate ata€ancies in
bridge sites, producing a stoichiometric amount of OH bridge groups equal to twice the
initial vacancy concentration. Then the Qidegroups act as nucleation sites that attract
water molecules to form strongly bound €HHO complexes that then act as nucleation
centers for further water adsorption.

(a) (b)
Tio,

O near vacancy

900K, UHV

534 533 532 531 530 529 528 527 538 536 534 532 530 528
Binding Energy [eV] Binding Energy [eV]

Figure 10. O 1s XPS spectra of T#@110): (a) measured at 900 K in vacuum (top
curve) and measured afteralng down to 295 K in a residual gas atmosphere (mainly
water) of 16 Torr (bottom curve) and, (b) measured at sample temperatures of 810,
470, 350, and 278 K in the presence of 0.4 Torr water vapor. The dots are the
experimental data, solid curves aletfitted curves, and the vertical solid straight lines
represent different chemical spec{&ef. [L0Y).
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Similar studies were performed to study the interaction of water with metal
carbides surfaces such as Ta@d VC [111-113. According to Didziulis et al]13,
the adsorption of O (D20) on TiC (100) surface at 158 K leads to the formation of
several species detected by HREELS which are: OH species from decompa=ed wat
and a surface hydride species at low exposure-0f @.1 L). At moderate exposure
(0.5 L), the amounts of OH and surface hydride species increase and a surface water
species was observed. XPS analysis of the O 1s spectra region for TiC (100) surface
after the adsorption of approximately one monolayer of water at 133 K showed three
peaks at BE of 533.5, 531.7 and 530.6 eV belonging to the following species:
i) molecular water, ii) hydroxyl and iii) chemisorbed oxygen of peak agezeptages
of 60, 30 and 10 %, respectively. The C atoms in TiC were found to interact with the
water molecules forming-€l species on TiC (100), leaving behind a hydroxyl group
which tended to migrate to an electron rich C forming CO op G& which were
observed as desorption products using Temperature Programmed Desorption (TPD).

In the case of VC (100) surfaces, theHCspecies is absent and a multi
coordinated hydride species was identified by HREELS but there is no knowledge
regarding its actual l@tion on the surface. Thigy/dride species would leave out as a
hydroxyl group that would seek out an electron rich site, similar to the TiCRuatse.
this case, due to the availability of theléctrors on VC, this could cause the hydroxyl
group to renain on the V site instead of reacting with C forming CO and Chis was
confirmed by TPD as no peaks related to CO os ®&e observed.

The assigned species for the various peaks in the discussed work has been used
to identify the various chemical spes in MXenes in this study. Since MXenes can be

considered as metal carbides with oxiite surface.



CHAPTER 3: MATERIALS AND METHODS

This chapter provides detailed information on the synthesis of the MXenes
multiplayers, ML, and cation intercalatiomto the same. Experimental details on the
XPS characterization techniques and detailed information on the peak fitting

procedures of the XPS spectra are discussed.

3.1 MXene synthesis

The MXenes studied herein are in the form of multilayered, ML, powders
compressed into discs. The MXenes studied argCsTiy, TioCTx, TisCNTx, NbCTy,

NbsC3Tx, V2CTx, M02CTx, M02TiCoTx and MaTi2C3Tx.

3.1.1 Synthesis ahe MAX phases

This section provides the experimental details regarding the synthesis of the
MAX phases used to pdoice the MXenes studied in this study.

Synthesis of THAIC:

TisAIC> powders was prepared by mixing commerciabAIC powders
(Kanthal, Sweden;325 mesh) with TiC (Alfa Aesar, Ward Hill, USA, 99.5 wt.%
purity, -325 mesh) in a 1:1 molar ratio, respectivéhfter adjusting for the 12 wt.%
Ti3AIC, already present in the commercial powder), followed by ball milling for 18 h
to ensure mixing of the powders. The mixture was then heated in a tube furnace to 1350
°C with a rate of 10C min for 2 h under floving argon (Ar). The resulting material
was in the form of a lightly sintered brick that was ground using actéded milling
bit and sieved through a 400 mesh sieve, producig®Tj powder with particle size

less than 3@um.
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Synthesis of THAIC

Ti2AlIC powders were prepared by mixing elemental powders of Ti (Alfa Aesar,
Ward Hill, USA, 99.5 wt.% purity;325 mesh) Al (Alfa Aesar, Ward Hill, USA, 99.5
wt% purity,-325 mesh) and graphite (Alfa Aesar, Ward Hill, USA, 99 wt.% purity,
300 mesh) in a molaatio of 2:1.1:1, respectively. The mixture was ball milled for 18
h then heated at a rate of 18 min? in a tube furnace to 140TC for 4 h in Ar
atmosphere. After cooling to room temperature, the lightly sintegddd product was
processed as describabove for the lightly sintered sAIC brick.

Synthesis of TAICN

TisAICN powders were prepared by mixing powders of Ti, AIN (Sigma
Aldrich, St. Louis, USA, 99 wt.% purity, particle size10 um) and graphite, as
described above, in a molar ratio o13:. The mixture was ball milled for 18 h then
heated at a rate of PC minin a tube furnace to 150 for 2 h in Ar atmosphere.
After cooling to room temperature, the lightly sinteregRTCN product was processed
as described for the lightly sinter@izAlC: brick.

Synthesis of NRAIC

Nb2AIC powders were prepared by mixing powders of Nb (Atlantic Equipment
Engineers, Bergenfield, USA, 99.8 wt.% puri325 mesh), Al, and graphite in a molar
ratio of 2:1.1:1, respectively. The mixture was ball edlfor 18 h then heated at a rate
of 5°C mintin a tube furnace at 160C for 4 h in Ar atmosphere. After cooling to
room temperature, the lightly sinterBii,AIC productwas processed as described for
the lightly sintered BAIC: brick.

Synthesis of NRAIC3

NbsAIC3 powders were provided Hyr. Jian Yang, Nanjing Tech University,
China. They were prepared bysitu hot pressing of commercially available powders

of Nb (Beijing Xinrongyuan Science and Tech. Co., Ltd, China, 99.5 wt.% pOgy,
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pnm), Al (General Research Institute for Nonferrous Metals, Beijing, China, 99.9 wt.%
purity, O 74 um), and graphite (Qingdao Tianhe Graphite Co., Ltd, China, 99 wt.%
purity, 094 um). The elemental powders were mixed in a molar ratio of Nb:Al:C of
4:1.1:2.7 by ball milling for 24 h in a polyethylene jar filled with Ar. The mixed
powders were placed in a graphite die that wassprayed with a layer of BN and
compacted with a load corresponding to a stress of 3 MPa. The compacted body was
then heatedtaa rate of 20°C mint up to 1700°C and held for 1 h under a load
corresponding to a pressure of 30 MPa in Ar atmosphere, then cooled to room
temperature. The resulting MdC3 billet was crushed into fine powder using a crusher
(QE-100 pulveriser, YiliTools Co., China) followed by sieving through a 466sh

sieve producing powders with particle size less thapm3

Synthesis of YAIC

V2AIC powders were produced by mixing powders of V (Alfa Aesar, Ward Hill,
USA, 99 wt.% purity,-325 mesh), Al and grajie in a molar ratio of 2:1.3:1,
respectively. The mixture was ball milled for 18 h then heated at a ratCahé in
a tube furnace at 150C for 4 h in Ar atmosphere. After cooling to room temperature,
the lightly sintered YAIC productwas processd as described for the lightly sintered
TizAIC: brick.

Synthesis of MeTiAIC2 and Mo Ti2AIC3

Elemental powders of Mo (Alfa Aesar, Ward Hill, USA, 99.5 wt.% puri2{)
mesh, Ti, Al and graphite were mixed in the molar ratios of 2.2M0:0.8Ti:1.1Al:2C, and
2M0:2Ti:1.1Al:2.7C to produce M@IAIC, and MaTi2AlCs3, respectively. In both
cases, the powders were ball milled for 18 h then heated at a r&t€ ofiftin a tube

furnace at 1600C for 4 h in Ar atmosphere. After cooling to room temperature, the
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lightly sinteredVo2TiAIC 2 and MeTi2AIC3 product were processed as described for
the lightly sintered BAIC: brick.

Synthesis of MeGa.C

Mo.Ga&C powders were produced by a sdlglid reaction of MeC and Ga.

Mo2C powders (Alfa Aeser, Ward Hill, USA, ®.wt.% purity,-300 mesh) and
elemental Ga (Alfa Aesar, Ward Hill, 99.5 wt.% purity) were mixed in a molar ratio of

1:8 and placed in a quartz tube that was evacuated using a mechanical pump and sealed.
The quartz tube was placed in a horizontal tube tignbat was heated at a rate of 10

°C min to 850°C and held at that temperature for 48 h. After furnace cooling, the
lightly sintered material was crushed, using mortar and pestle, and returned back to the
guartz tube. The latter was evacuated, arfteeted at the same rate as previously done

and held at 850C for another 16 h.

After cooling, the product of the lightly sintered M&&C and the excess,
unreacted Ga were added to a solution of 12 M HCI (Fisher Scientific, Fair Lawn, NJ,
USA, technical gade) of a ratio of 1 gm to 20 ml for 2 d at room temperature, while
being stirred using a Teflon coated magnet on a stir plate. This was done to dissolve the
excess Ga. The powders were then washed with deionized (DI) water of a ratio 1 gm to
20 ml severktimes until a pH of 6 was reached. The wet washed powder was then
dried by filtration using a nanoporous polypropylene (3501 Coated P, ArGbre
size, Celgard, USA). The dried powder was then sieved through a 400 mesh sieve

producingMo-GaC powdes with particle size < 3gm.

3.1.2 Synthesis of multilayered MXene (HF method)

As discussed above, MXenes are synthei
layers from their corresponding MAX phase. The MAX phases powders, with particle

size less than 3Am, weretreated with aqueous HF solution (Fisher Scientific, Fair
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Lawn, NJ) of ratio 1 gm of MAX to 10 ml of HF, except for MEeC a volume of 20

mL of HF was used. The exact conditions used for producing eaciMX#ne
compound are shown fable 2. The resulting suspensions were washed with DI water
and separated from the remaining HF by centrifuging until the pH of the liquid reached
a pH of about 5 to 6.

Table2. HF etching conditions of MAX phases to prodiner corresponding MXenes.

MXene HF . Etchi.ng Temp.

Sample name MAX phase concentration| duration
produced (Wt. %) (h) C)
TizCaT«-50HF TizAIC, TizCaTx 50 18 RT
TizCoTx-10HF TisAIC, TisCoTx 10 24 25
Ti2CTx-10HF TiLAIC Ti2CTx 10 10 RT
TizCN-30HF TisAICN TisCNTx 30 18 RT
Nb.CTx-50HF NbAIC Nb2CTx 50 48 55
Nb4CsTx-50HF NbsAIC3 Nb4CsTx 50 96 55
V2CTx-50HF VAIC V2CTx 50 48 55
Mo2CTx-25HF Mo.GaC Mo2CTx 25 159 55
Mo,TiC,Tx-50HF Mo.TiAIC 2 Mo,TiCoTy 50 72 55
Mo,Ti2CsTx-50HF Mo.Ti2AIC3 Mo,TioCsTx 50 96 55

In order to separate the MXene from anyatched MAX powder, the wet
sediment was rdispersed in 40 ml of DI water and centrifuged at 300 rpm for 5 min.
The supernatant was filtered using a nanoporous polypropylene membrane (3501
Coated P, 0.064m pore size, Celgard, USA). The powder was collected and processed

for the XPS measurements.

3.1.3 Synthesis of MiTi3C2Tx MXene (LiCI+HF method)

One gram of BAIC, powders, of particle size 38 um, was slowly added to a

premixed 10 mL mixture of 10 wt.% aquedds and LiCl solution containing 1.1 gms
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of LiCl. The molar LiCl to T3AIC: ratio was 5:1. The reaction mixture was stirred for

24 h at 25°C, after which the powders were washed 3 times with 6 M HCI, in a ratio
of 0.5 g powders to 40 mL HCI. This step wesformed to remove any traces of LiF
that may have precipitated during etching. The powders were then immersed in 1 M
LiCl (Alfa Aeser, Ward Hill, USA, 99.0 wt.% purity) for 24 h to ensure that Li remained

in the structure. Afterwards timeixture was wastd with40 mL ofDI water for 3 times

and dried by filtration as previously described. The produced powder is henceforth

denoted as ETi3CoTx-HF/LICI.

3.1.4 Synthesis of MiTi3C.Tx MXene (LiF+HCI method)

One gram of THAIC» powders, of particle size 38 um, were slowly added to
a mixture of 10 mL of a premixed solution of 1.2 gms of LAHd Aesar Ward Hill,
USA, 90 wt% purity) and 12 M HCIl. The mixture was stirred for 24 h at°85
Afterwards HCI washing was performed as described previously to remgvieiFan
leftover. This was followed by 3 cycles of 1 M of aqueous LiCl washings. Finally, the
mixture was washed with DI water for 3 times each time 40 mL were used and dried
by filtration as previously described. The produced powder is henceforth denbted as

TizCoTx-HCI/LIF.

3.1.5 Cation exchange of LTizCoTx-HF/LICl

Powders of LiTisCoTx-HF/LIiCl were HCI prewashed, as described above,
while they are still in a wet state. Salt solutions of 1 M NaCl or RAItd Aesar Ward
Hill, USA, 90 wt% purity) in DI water were added in a ratio of 0.5 g-TiisCoTx-
HF/LICl to 40 mL solution. After shaking for 2 min, the mixtures waltewed to sit
for 1 h, then the solution was washed by the centrifugation metleméintecand a

fresh solution was added was replaced bgsh one using the centrifugation method.
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The samples were again shaken and allowed to sit for 24 h followed by washing
with 5 mL of DI water twice. Finally, the samples were dried by filtration as previously
described. The produced powder resultingrfrthe NaCl and RbCI treatments are

henceforth denoted as NasCoTx-HCI/LIF and RBTisCoTx-HCI/LIF, respectively.

3.1.6 Alkali treatments of EC>Tx-50HF

Solutions of 25 wt.% NaOH or KOH (Sigma Aldrich, St. Louise, USA, 99 wt.%
purity) were added to a I Tx-50HF powder in the ratio of 10 mL of solution to 0.5
gm of powders. The powder used was filter dried, allowed to sit on the filter for 10 min
after all the visible water was filtered. The mixtures were allowed to settle for 24 h
before being washed with Ditbnes, each time with 40 mL of DI water followed by
filtration drying as described previously. The produced powder resulting from the
NaOH and KOH treatments will henceforth be denoted aJibET«-50HF and Rb

TizCoTx-50HF, respectively.

3.1.7 Sample preparatin for XPS measurements

Since XPS is a surface sensitive technique, extreme care must be taken when
preparing the samples for the measurements. Most of sample for XPS measurements
were prepared within < 0.5 h after the powders were filter dried. The pewadze
collected from the filter and cold pressed in a steel die, using a load corresponding to a
stress of 1 GPa, to produce f&tanding discs. To confirm that the cgldessing of
samples did not contaminate the XPS results, we compared survey sjjebieae
samples with powdered samples that were not cold pressed and saw no difference in

the spectra, this is shown in R¢i.14].
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The advantages of using cold pressed samples is that they prosdezbth
surface allowing for more accurate results. The cold pressed discs were mounted on the

sample holdevia double sided tape and grounded using a copper wire.

3.2 XPS characterization

3.2.1 Basic principle of XPS technique

XPS is a surface technique used fanpositional and chemical state analysis of
the surfaces of materidl$15. XPSspectra are obtained by bombarding the surface of
the sample with Xay photons of a specific energy which excites the core level

electrons of the various elements found in that sample as shdvguie 11.

Sincethese core level electrons are quantized, they can be detected by the
hemispherical analyser (HSA) that is adjusted to a certain vpltage allow the
passage of core electrons of a given kinetic energy belonging to a given element as
shown inFigure 12. This kinetic energy is converted to a binding energy (BE) using

the following equatiof115:

BE =i KEBU )

whereh 3s the energy of the Xay photon and is the work function of the
spectrometer.

0000 00— L, ,or 2p outer core level

—._‘ LI or 2s outer core
Photo hv QO Photoelectron
I . Kor s inner core level
\

Figure 11. Schematic showing the basic principletlué XPS.
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Figure 12. Schematic showing the different parts of the XPS machine

The HSA also counts the number of these core level electrons which is reflected
in the intensity of the photoelectron peaks at a specific BE. Onlgl#wtrons that
preserve their kinetic energy contribute to the XPS spectra peaks. These are mostly
electrons ejected only from the sample's surface since electrons buried deeper in the
sample suffer from inelastic scattering that results in a reductitreiofkinetic energy
before they reach the detector. For this reason, XPS analysis is typically limited to

measuring depths of 8 to 10 nm.

3.2.2 Details of the XPS machine used in this study

Samples were analyzed using a Physical Electronics VersaProbe 5000
instument shown inFigure 13. A 100 pm monochromatic AKU X-ray beam
irradiated the sample surface. Photoelectrons were collected 8§ hemispherical
electron energy analyzer. Samples were analyzed at takE®ff angle between the
sample surface and the path to the analyzer. The charge was neutrahped dsal
beam charge neutralizer irradiating l@mnergy electrons and ion beams to avoid shifts

in the recorded BE. Highesolution spectra for F 1s, O 1s, C 1s, Na 1s, Al 2p, Ti 2p,




































































































































































































































































































































