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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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surface M atom, then in all cases the theoreticaidmber per formula unit is 2 given
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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).
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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
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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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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].
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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



38

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.
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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



41

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 neutratiged 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,
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Cl 2p, Ga 2p, K 2p, Nb 3d, Mo 3d, and Rb 3d regions were taken at arnpagy of
23.5 eV with a step size of 0.05 eV with time per step of 300 ms for 10 repeats. While
high-resolution spectra for Li 1s region was taken at a pass energy of 11.7 eV with the
same step size and time per step for 15 repeats.

In some instanced)¢ samples were sputtered before testing. The sputtering was
carried out with an Ar beam operating at 3.8 kV at a current of 150 pA for 0.5 h. The
BE scale of all XPS spectra was referenced to the Fedge (B, which was set to a

BE of zero eV.

£

[ - H

il I SHAN
i

Figure 13. Picture of Physical Electronics VersaProbe 5000 XPS machine.

3.2.3 Elemental quantification

The global atomic percentage of the various elements was cattukite the

following equation:

® pME— %)
whereX; is the atomic concentration of the element (i),
A is the adjustedhtensity of element (i),

andA is the total adjusted intensity of all elements.
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The adjusted inteity is defined as follows:

6 - (6)
wherel; is the integrated peak area obtained from the-hegblution spectra an&, is
the relative sensitivity factor for each element.

The relative sensitivity factqiR) in most casessiexpressed with F 1s or C 1s
as unity, and it can be calculated from the following equafia#|:

R=0ATa @)
Where:ll is photoelectric cressection for the particular transition in €per atom,
L is the angular efficiency factor for the instrumental arrangement (angle
between photon path and emitted photoelectron that is detected),
Ais the area of the sample from which photoelectrondeatetected
T is the efficiency of detection of the photoelectrons emerging from the sample
ais the mean free path of the photoelectrons in the sample.

Practically, the relative sensitivity factors are obtained from measuring the XPS
spectra of stoichiomigc compounds containing the element having an R of unity. For
example, to measure R for Li, taking F 1 as the element with R = 1, thecsiglation
Li 1s region and F 1s region XPS spectra are measured. The ratio of the area of the
peaks in both regianis calculated and equated to 1, which is the atomic ratio of Li to

F in LiF, then the R of Li 1s can be obtained from the following equation:

Y 8 - 8 (8)

wheren is theatomic ratio of the element.
The XPS peak area in a region of a certain element depends on the instrument,

therefore for each instrument atlof R values exists for that instrument. In this study,

| used the sensitivity factors for Physical Electronics VersaProbe 5000 instrument by
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the manufacturer, the relative sensitivity factors for all the elements used in this study
are tabulated ifable 3.

Table 3. Relative sensitivity factors, R, for all elements used in this study.

Element Relative sensitivity factor
[R]

Ti2p 2.077
Cls 0.314
O ls 0.733
Fls 1
Al 2p 0.256
Ga 3d 0.535
Nb 3d 3.127
V 2p 2.184
Mo 3d 3.544
Lils 0.028
Rb 3d 1.673
Na ls 1.102
K 2p 1.552
N ls 0.499
Cl2p 3.544

3.2.4 Peak fitting of the XPS spectra

In order to precisely identify and quantify the various species in the XPS spectra
region for a certain element, peak fitting must be performed. In this study, peak fitting
was performed using CasaXPS Version 2.3.16 RP 1.6 software. Prior to peak fitting,
the background contributions were subtracted using a Shirely function.

Peak fitting ofthe highresolution XPS spectra was performed with some
constrains in order to obtain reasonable andcs®ikistent curve fitting results. The
first constraint was the choice of the lineshape used for fitting the different species. For
nontconductive spaies such as metal oxides, oxyfluorides, hydroxides, and, organic
contaminations, a symmetric Gaussian Lorentzian (GL) lineshape given by the
following equation117):

.OD d .OD . [;.]",EEI,] “O . [g‘s‘gﬁd 0 N [{]V’QV['X ' (9)
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Owfdita Agbtaée p — — (10)
0 ety  ——— (11)

Whereeis the starting BE,

fis the ending BE,

andmis the mixing ratio.

However metallic spees tend have an asymmetric lineshape showing an
extended tail in the low kinetic energy side of the spectrum, i.e. at high BEs. The
extended tail can be explained in terms of the interaction of the photoelectrons with
valence band electrof$18. Therefore, a Lorentzian Asymmetric (LA) lineshape was
used to fit species such as metat®st notably théV-X species inViXenesin the M

and X XPS regionand carbides assuming the following equafibhy]:

Doaf@p nmow Q

0 6axg, i RBQ I ‘
o Da®dp mm w Q

(12)

O Grffli®p M —— (13)

whereU and b define the spread of the tail
The second constint is related to the spin orbit splitting of core levels higher

than the s core level. All orbitals except the s leveds() give rise to a doublet with

the two possible states having different BEs. This is known aospitsplitting (or }

j coupling) [119. The number of electrons in each of the spin states for a given core

level follows the formulag = (I + s), the ratio of themumber of electrons in the two split

states is equal to the ratio of the area of their corresponding pealesxample, for the

2p spectra, where n is 2 ahi 1,j will be 3/2 and %2 and the ratio of the number of

electrons will be 4:2, therefore theak area ratio will be 2:1. For the d and f spectra
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the area ratios are 3:2 and 4:3, respectively. Also the peak separation is fixed for each
chemical species.

The thirdwas to constrain thBE shifts for each component. THEs were
allowed to shift +0.5%eV from their initial values in steps of 0.02 eV between each
curvefitting iteration.

The forthconstraint was to restrict the full width at half maximum (FWHM) of
each component. The FWHM is determined by the lifetime of the-ledee and
instrumental badenind117]. Shorter coréhole lifetimes result in broader XPS peaks;
instrumental broadening is determined by detector settings and limitations. Often there
were peaks that appeared broader than expectedx&ample, the FWHM of the Ti 2p
peaks of the component we labeled Fi®larger than that of pure T¥P12( Such
broadening can be ascribed to the presence of defects such as oxygen vacancies, and/or
dopants near some Ti atonredanot others. The separation between the vaB&isof
these Ti atoms, however, was below the resolution of our XPS. It follows that they were
fit to only one peak that was broader than that of pure, well crystallized, -fiefect
TiO2[12(. The FWHM of different components that are included in the fit of an XPS
spectrum,e.g. Ti 2p, can be different, but the same component presentan dw
several, samples, e ioCTx andTisCzTy, is expected to show small, if any, variaso
in the FWHM. Additionally, following sputter cleaning, many of the broadened, which
can again be due to sputtering induced defects. As a result, therispidoublets of
these peakwas allowedo shift further apart to accommodate the broadening.

The fifth, and last constraint, was that each curve fitting procedure stetted
a minimum number ofomponentshat arewell-establishd. For the TiMXenes, the
Ti 2pregion the starting components were ${Q005120,12], TiO2.xF«[127, as well

as peaks corresponding to Ti of +1, +2 and +3 oxidation states in (OH andlor@)
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Forthe NbMXenes,in the Nb 3dregion the starting components where NbO;NO
and NbOs, as well agOH and/or O)Nb-C. However, since > 2 eV separated O
and NbQ peaks these components were insufficient to bridge thengapsCsTx. A
peak assumed to be due to aND component wathus addedPeakfits of all other

regionswere all performed using the same constraints.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 XPS analysis of various multilayered HF etched MXenes

4.1.1. XPS analysis of multilayeredz0,Tx-50HF

Figures 1417 plot the spectra fatheTi, C, O and FRegions,respectivelyfor
un-sputteed TizCoTx-50HF multi-layered, ML,cold pressed disk, together with their
peakfits. The peak positiongull Width Half Maximum(FWHM), and the fraction of
each peak obtained from the fits are summarizélchlrle 4. Each region is discussed
in detail below.

Ti 2p regon

The Ti 2pregion for the ursputteredizCoTx-50HFsample Figure 14) was fit
by the components listed in column 5Tiable 4. The majority of the species aTi
atomsbonded to C and surface termaiions of O and/or OH: (OH and/orT-C), and
(OH and/or GTi*?-C), and (OH and/or Gi*3-C) that belong tdTisC2Ox, TizC2(OH)x
and, b) Ti atoms bonded to C and F surface terminatioiis-@), which belongs to
TizCoFx. These comprise 95 of the photoemgon in the Ti 2p regianT he rest belongs
to TiO2 and TiQ-xFx species present as a result of surface oxidalias worth noting
that similar oxidation states for Ti reported hesi, Ti2* and T#*, were reported for
TiC [123.

Thebinding energyBE) for theTi 2ps;2 peakof the TeCzTxsampled  BeV),
is higher than the 454.6 eV value in the parent MAX phas@\|Cb [124]. This shift
is due to theeplacement of thAl layers by more electronegative surface terminations

such as O, OH and F.
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Figure 14. Component pedlitting of XPS spectraf Ti 2p regiorfor un-sputtered ML
TisCoTx-50HF cold pressed disk/arious peaksshown represent variousspecies

assumed to exidtabels and peak colors are coordinat@theresults are sumarized

in Table 4. Dashed vertical line denotes the position of the same peak in the parent

MAX phase.

C 1sregion

The C 1s regionHigure 15 and Table 4) of the un-sputteredTisC2Tx-50HF

sampl e

wa s

f

t

by three

peaks.

The

eV, corresponds to-Ci-Tx (where kis O, OH and/or F. Its binding energy islightly

| arges

higher than that of C in JAIC> (281.5281.8 eV)[124]. The small shifican possibly

be attributed to defects introduced in theCTlayers due to the etching procedure.

The other two peaks correspond to graphiti€ @nd CH or C-O. The former

could be due to selective dissolutiof Ti during etching, which can resultgnaphitic

C-C formationor could simply be surface contaminatidl$l. The CH,, and GO

species, on the other hand, likely result frdra solvents used in the separation and

drying processes and/or the exposure of the bugface area material to the ambient

atmosphere
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C 1s region
Ti-C for TiAlC,
C-Ti-T,
c-C
CH, and/or C-O

Intensity (arb. units)

288 286 284 2:'32I 280

Binding Energy (eV)
Figure 15. Component peattting of XPS spectraf C 1s regiorfor un-sputtered ML
TisCoTx-50HF cold pressed disk/arious peaksshown represent variousspecies
assumed to exidtabels and peak colors are coordinat@theresults are summarized
in Table 4. Dashed vertical line denotes the position of the same petde iparent
MAX phase.

O 1s region

The O 1gegion for thisample Figure 16 andTable 4) was fit by components
corresponding to Ti-O, GTi-(OH)x and HOads represent the majority fracti¢v3%)
of tha region.The differences between these species are explained below. The balance
is in the form ofTiO2, TiO2xFx and AbOz (Column 5 inTable 4). Surfaceorganic
contaminations of € contribue to this regionandoverlap and okcure manyther
peaksHowever, the amount of these organic contaminaiiotisis case is < 2.5 at.%.

TheBE of C-Ti-Oin this sample is 531.2 e\T'his valueis close tathatof an O
atom near to vacant site in Ti0.e. adefective TiQ (531.5 eV) L05. The pak for
C-Ti-(OH)x is located aa BE of 532.0 eYwhich is quite close to that of OH groups at
bridging sites on TiQ[105.

The HOadgscomponents that of wate species being strongly adsorbed on the
surface of MXene. At 533.8 eV, dlBE of this species iguite close to that cd water
moleculeadsorbedo an OH group at bridging sites titania (533.%V) [105. The
Al(OF)x species, present in tipee-sputteredTisCoTx is a by-product of the synthesis

procedure.
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O 1sregion

Ti0, and/or TiO,,F,
C-Ti-O, and/or OR
C-Ti-(OH), and/or OR

H,0,4sand/or OR

Intensity (arb. units)

538 ‘ 51;.6 ‘ Sé4 I 5:;,2 I 51:.0 . 52IB . 526
Binding Energy (eV)

Figure 16. Component pealitting of XPS spectraf O 1s regiorfor un-sputtered ML

TisCoTx-50HF cold pressed disk.avilous peaksshown represent variousspecies

assumed to exidtabels and peak colors are coordinat@theresults are summarized

in Table4.

F 1s region

The largestcomponent in the F 1s regiofigure 17 and Table 4) for this
sampldas C-Ti-Fy, at a BE of 685.0 eV. This BE 0.1 eV higher than that of Tif126,
a similar compound that should have a value close to that of #ddmnd in TiCoFx.
Smaller fractions of TiO2xFx, AlFx and Al(OF) are also found in the F 1s
region The first one is due to surface oxidation, while tatter two are byproducts of
the synthesis procedur&heir presence was confirmed by higisolution X°S spectra

in the Al 2p region114].

F 1s region

Intensity (arb. units)

692 690 688 686 684 682 680
Binding Energy (eV)

Figure 17. Component peattting of XPS spectraf F 1s regiorfor un-sputtered ML
TisC2Tx-50HF cold pressed diskvarious peaksshown represent variousspecies
assumed to exidtabels and peak colors are coordinat@theresults are summarized
in Table4.
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Table4. Summary oKPS peak fitting results fam-sputteredVL TizC>Tx-50HF cold
pressed diskThenumbers inparenthesis ircolumn 2for the Ti 2p regiorare peak
locations ofTi 2pu2; their respective FWHBlare listed in column 3 iparenthesis

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
455.0(461.2) 0.8(1.5) 0.28 (OH, or O}Ti-C (123,123
455.8 (461.3) 1.5(2.2) 0.30 (OH, or O}Ti2*-C [123
Ti 2par 457.2 (462.9) 2.1(2.1) 0.32 (OH, or O}Ti3*-C [123
(2pw2) 458.6 (464.2) 0.9 (1.0) 0.02 TiO2 [120,121
459.3 (465.3) 0.9 (1.4) 0.03 TiO2-xFx (122
460.2 (466.2) 1.6 (2.7) 0.05 C-Ti-Fx [126
282.0 0.6 0.54 C-Ti-Tx [123,124
C1s 284.7 1.6 0.38 C-C [127
286.3 1.4 0.08 CHx /C-O [127
529.9 1.0 0.29 TiO2 (105,120
531.2 1.4 0.18 C-Ti-Ox and/or OR [105,128
O1s 532.0 1.1 0.18 C-Ti- (OH)x and/or OR (105,128
532.8 1.2 0.19 Al,0s and/or OR [12813(]
533.8 2.0 0.17 H2Oagsand/or OR [105,128
685.0 1.7 0.38 C-Ti-Fx [126]
F1s 685.3 1.1 0.29 TiO2-xFx [122
686.4 2.0 0.30 AlFx [127
688.3 2.0 0.02 Al(OF)x [129

aValues in parenthesis correspond to the:2mmponent.
bOR stands for organic compounds due to atmospheric surface contaminations.

4.1.2. XPS analysis of multilayered>0Tx-10HF

Figures 18-21 plot the spectra for TiCC, O and Fegions,respectivelyfor un
sputteed TeCTx-10HF, ML, cold pressed disk together with their pdia& The peak
positions FWHM, and the fraction of each peak obtained from the fits are summarized
in Table 5. Each rgion is discussed in detail below.

Ti 2p region

The Ti 2p region this sampléifure 18), was fit by the same components
(listed inTable 5) as for the Ti 2p region for than-sputtered TIC2Tx-50HF sampeé.

The ratio of fractions of the three oxidation states of T#:Ti*3in Ti,CTyis 1:0.5:1.3,
respectively, showing that the highest oxidation state has the highest amount. While for

TisCoTx the ratio is 1:1.1:1.1, indicating that the three oxidatiotestare almost equal
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in amounts. Thus, the average oxidation state of Tii€Tx is higher than TiC,Tx.
The reason for this might be the absence of the ce@la@yer in TCTx leaving only
Ti-C layers that are bonded to surface terminations. Anatieresting difference is
the amount of surface oxidation; forTiTx the fraction of surface oxidations (Ti@nd
TiO2xFx) is 0.12 which is higher than fors30,Tx at 005. Thus everything else being
equal it is reasonable to assumeCTyx oxidizes moreguickly than T§C,Tx, meaning
the former is less stable.

The binding energy(BE) for the Ti 2ps;» peakof the TeCTysampled 45 4 .
eV), is higher than the 454V value in the parent MAX phasesAIC2[124]. This
shift is due to thereplacement of thé\l layers by more electronegative surface

terminations such as O, OH and F, similar t¢CITx, as explained previously.

Ti 2p region
(OH and/or 0)-Ti-C ) :
(OH and/or 0)-Ti*2-C Ti 2p,; for TiAIC

(OH and/or O)-Ti*3-C "

Intensity (arb. units)

468 464 460 456 452

Binding Energy (eV)
Figure 18 Component peatitting of XPS spectraf Ti 2p regiorfor un-sputtered ML
Ti2CTx-10HF cold pressed diskvarious peaksshown represent variousspecies
assumed to exidtabels and peak colors are coordinat@theresults are summarized
in Table 5. Dashed vertical line denotes the pimsi of the same peak in the parent
MAX phase.

C 1sregion

Before sputtering, this regiofigure 19) was fit by components corresponding
to C-Ti-Tx, graphitic carbon (€), CH,, C-O, and a component arising from adsorbed
carboxylgroups (COO)Table 5). The most prevalent component, at an atomic fraction
of 0.28, corresponds to-U-Tyx, at almost the same BE (281.9 eV) adiCTy for

TisCoTx and GTi for Ti2AIC [114.
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C 1s region
CTieTy Ti-C for Ti,AIC
Cc-C
CH,

Intensity (arb. units)

1 " 1 " 1 " 1 L " 1
290 288 286 284 282 280
Binding Energy (eV)

Figure 19. Component peattting of XPS spectraf C 1s regiorfor un-sputtered ML
Ti2CTx-10HF cold pressed diskvarious peaksshown represent variousspecies
assumed to exidtabels and peak colors are coordied.Theresults are summarized

in Table 5. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

O 1s region

The O 1s regionHigure 20) of the presputteredTi>CTx samplewas fit by
components corresponding teT&-Ox, C-Ti-(OH)x, andH20a4sin addition to oxides
and oxyfuorides of TiQ andTiO2xFx, (Table 5) similar to the O 1s region of I2Tx.
Surfaceorganic contamination in the form@ cortributeto this region, which overlaps
with, and obscures, mangther peaks. However, the amount of these organic

contaminationss & 5.1 at.%.

O 1s region
Tio,
TiO,F,
C-Ti-O, and/or OR
C-Ti-(OH),and/or OR
H,0,4,and/or OR

Intensity (arb. units)

538 . 536 . 534 . 532 . 530 528 526
Binding Energy (eV)

Figure 20. Component peattting of XPS spectraf O 1s regiorfor un-sputtered ML

Ti2CTx-10HF cold pressed disk.avilous peaksshown represent variousspecies

assumed to exidtabels and peak colors are coordinat&theresults are summarized

in Table5.
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F 1s region

The F 1s regior{Figure 21) of the presputtered TACTx sample was fit by
components corresponding telG-Fx, TiO2xFx, and Al(OF) (Table 5). The dominant
F-containing componerit at a fraction of 0.63 athe F 1s regioni wasC-Ti-Fy, at a

BE of 685.2 eV, which is quite close to that offCFx for TisC,Tx of 685.2 eV.

F 1s region

Intensity (arb. units)

692 690 G688 686 684 682 680
Binding Energy (eV)

Figure 21. Component peaktting of XPS spectraf F 1s regiorfor un-sputtered ML

Ti2CTx-10HF cold pressed diskvarious peaksshown represent variousspecies

assumed to exidtabels and peak colors are coordinat&theresults are summarized

in Table5.
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Table5. Summary oXPS peak fitting results fam-sputteredvL Ti>CTx-10HF cold
pressed diskThenumbers inparenthesis ircolumn 2for the Ti 2p regiorare peak
locations ofTi 2pu2; their respective FWHBlare listedin column 3 inparenthesis

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
454.8 (461.0) 0.9 (1.8) 0.30 (OH, or O}Ti-C [123,123
455.7 (461.2) 1.6 (1.9) 0.15 (OH, or O)Ti2*-C [123
Ti2pse  457.2 (462.9) 2.5(2.2) 0.38 (OH, or O}Ti%*-C [123
(2pw2) 458.9 (464.5) 1.6 (1.4) 0.08 TiO2 [120,121
459.6 (465.6) 1.5 (1.5) 0.04 TiO2xFx [122
460.7 (466.7) 1.6 (2.9) 0.05 C-Ti-Fx [126
281.9 0.8 0.28 C-Ti-Tx [123,123
284.6 1.4 0.42 c-C [127
C1s 285.2 1.1 0.17 CHx [127
286.2 1.5 0.10 (oXe) [127]
289.0 1.5 0.03 CoO0 [127]
529.7 0.9 0.16 TiO2 [105,120
530.3 1.0 0.19 TiO2-xFx [122
O1s 531.1 1.0 0.16 C-Ti-Ox and/or OR [105,128
532.0 1.1 0.28 C-Ti- (OH)x and/or OR [105
533.1 2.0 0.21 H20adsand/or OR [105,128
685.2 15 0.63 C-Ti-Fx [126]
F1s 685.9 1.6 0.29 TiO2xFx [127
687.6 1.5 0.08 Al(OF)x [129

aValues in parenthesis correspondhe 2p,2 component.
bOR stands for organic compounds due to atmospheric surface contaminations.

4.1.3. XPS analysis of multilayered3CNTx-30HF

Figures 2226 plot the spectra for Ti, C, O andrEgions respectivelyfor un
sputteed TeCTx-30HF, ML, cold pessed diskiogether with their peakits. The peak
positions FWHM, and the fraction of each peak obtained from the fits are summarized
in Table 6. Each region is discussed in detail below.

Ti 2p region

The Ti 2p regior{Figure 22) of the unsputtered TICNTx sample was fit byhe
components listed in column 5Trable 6. The majority of the species ai@ Ti atoms
bonded to C and a surface termination of O and/or OH: (OH a@diorCN), (OH

and/or QTi*?>-CN), and (OH and/or @i*3-CN) that belong tdTi3C20x, TisCN(OH)
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and, b) Ti atoms bonded to C and F surface terminatiofis-@N), which belong to
TisCNFx. These comprise 86 of the photoemission in the Ti 2p regidhe rest
belongs to Ti@and TiQxFx species arising from surface oxidation

Thebinding energy(BE) for the Ti 2ps/2 peakof the TigCNTxsampled 455 . 1
eV) is very close to that for 3T2Tx and TeCTy, at 455.0 and 454.9 eV, respectively.
This indicates thateplacing half of the C atoms with N atoms has almost no effect on
the chemical nature of the Ti atoms. In addition, the ratio of the three Ti oxidation states
in TisCNTx is similar to that for THC2Tx (1:0.8:1.1 vs. 1:1.1:1.1, respectively).

Similar toTizC2Txand TeCTy, the BE forthe Ti 2ps2 peakof TisCNTx (455.1
eV) is higher than the 45463/ value in the parent MAX phasesAICN [114]. This
shift is due to thereplacement of thé\l layers by mee electronegative surface

terminations such as O, OH and F.

Ti 2p region

(OH and/or O)-Ti-CN
(OH and/or O)-Ti*2-CN
(OH and/or O)-Ti*3-CN

Ti 2p;, for Ti;AICN

]
]
1
Tio, I
I

Intensity (arb. units)

468 464 460 456 452
Binding Energy (eV)
Figure 22. Component peatitting of XPS spectraf Ti 2p regiorfor un-sputtered ML
TisCNTx-30HF cold pressed disk/arious peaksshownrepresent variouspecies
assumed to existLabels and peak colors are coordinat@theresults are summarized
in Table 7. Dashed vertical line denotes the positiontt same peak in the parent
MAX phase.

C 1sregion

Before sputtering, this regidfigure 22) was fit by components corresponding
to TIiCN, NGTi-Tx, graphitic carbon (€), CH,, C-O, andCOO(Table 6). The TiCN

component is highly likely to amsfrom a titanium carbonitride secondary phase
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already in the starting materialbefore etching however the percentage of that
component in the C 1 s region is not more thanat.%. It is worth noting that the

same component was not distinguished in the Ti 2p region.

C 1sregion
TiCN
NC-Ti-T, Ti-C for Ti;AICN

Intensity (arb. units)

1 1 1
290 288 286 284 282 280

Binding Energy (eV)

Figure 23. Component peatitting of XPS spectraf C 1s regiorfor un-sputtered ML
TisCNTx-30HF cold pressed disk/arious peaksshownrepresent variouspecies
assumed to exidtabels and peak colors are coordinat&theresults are summarized

in Table 6. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

N 1s region

The N 1s regionKigure 24) of the presputtered THCNTx samples was fit by
components corresponding to NGTx, TIiICN (secondary phase of titanium
carbonitridenitially present in starting MAX powdg#0] ), CH:CN and NHNOs. The
latter twvomostlikely arise from surface contaminatiohaple 6).

The BE of NCTi-Tx (396.5 eV) is slightly higher than that of theNispecies
in the parent MAX T4AICN (397.0 eV)[114. The difference may be due to defects

introduced in the N sites during the etching process.
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_ N 1s region
[
5 | TicN Ti-N for Ti;AICN
g | NCTi-F, |
©
< | CHsCN
z NH,NO, |
= 1
- 1
1 1 1

1 1 " 1 "
404 402 400 398 396 394
Binding Energy (eV)

Figure 24. Component peattting of XPS spectraf N 1s regiorfor un-sputtered ML
TisxCNTx-30HF cold pressed disk/arious peaksshownrepresent variouspecies
assumed to exidtabels and peak colors are coordinat@theresultsare summarized

in Figure 25. Dashed vertical line denotes position of same peak in the parent MAX
phase.

O 1s region

Similar to TeCoTx and TpCTy, the O 1s region of ICNTy (Figure 25) was fit
by compoentscorresponding to NTi-Ox, NC-Ti-(OH)x, and H2Oags (Table 6). In
addition to TiQ and TiQxFx, which are due to surface oxidation. Surf@®© organic
contaminants are also founctims region Theseoverlap with, and obsce, manyother

peaks However, the amount of these organic contaminai®rsl.2 at.%.

O 1s region
Tio,
TiO, ,F,
CN-Ti-O, and/or OR
CN-Ti-(OH), and/or OR
H,0,4 and/or OR

Intensity (arb. units)

538 5:;6 5:;4 5:;2 5:;0 558 526
Binding Energy (eV)

Figure 25. Component peakiting of XPS spectraf O 1s regiorfor un-sputtered ML

TisCNTx-30HF cold pressed disk.avious peaksshownrepresent variousspecies

assumed to exidtabels and peak colors are coordinat@theresults are summarized

Table6.

F 1s region

The F 1s region for this sampl@igure 26) was fit by components

correspoding to NGTi-Fy, TiO2xFx, AlFx, and/or Al(OF) (Table 6). The two major
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F-containing components werd ®4Ti-Fx and TiO2xF, at fractiors of 0.40 and 0.54,

respectively.

F 1s region

NC-Ti-F,
TiO,F,
AIF, /AI(OF),

Intensity (arb. units)

692 690 688 G686 684 682 680
Binding Energy (eV)

Figure 26. Component peatitting of XPS spectraf F 1s regiorfor un-sputtered ML

TisCNTx-30HF cold pressed disk/arious peaksshownrepresent variouspecies

assumed to exidtabels and peak colors are coordinat&theresults are summarized

in Table6.
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Table6. Summary oKPS peak fitting results fam-sputteredviL TisCNTx-30HF cold
pressed diskThenumbers inparenthesis ircolumn 2for the Ti 2p regiorare peak
locations ofTi 2py2; their respective FWHBMBIlare listed in column 3 iparenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
455.1 (461.3) 0.9 (1.9) 0.28 (OH, or O}Ti-CN [123
456.0 (461.5)  1.5(1.8) 0.22 (OH, or O)Ti2*-CN [123
Ti2pse  457.3(463.0) 2.1(2.3) 0.32 (OH, or O)Ti3*-CN [120,12]
(2prr2) 458.9 (464.5) 1.7 (2.5) 0.11 TiO2 [122
459.6 (465.6)  1.1(2.0) 0.01 TiO2xFx [126]
460.4 (466.4) 1.7 (3.0) 0.06 NC-Ti-Fx [126]
281.7 0.8 0.05 TiCN [131,132
282.1 0.7 0.35 NC-Ti-Tx [123,124
C1s 284.6 1.6 0.50 C-C [127
285.8 1.5 0.06 CHyx [127
286.8 1.2 0.02 c-0 [127
288.4 1.6 0.02 COo0 [127
5299 1.1 0.31 TiO2 [105,120
530.3 1.0 0.13 TiO2xFx [127
O1s 531.1 11 0.13 NC-Ti-Ox and/or OR [105,128
531.9 1.4 0.23 NC-Ti-(OH)xand/or OR  [105,128
533.0 2.0 0.20 H20adand/or OR [105,128
684.8 1.7 0.40 NC-Ti-Fx [126]
F1s 685.5 1.5 0.54 TiO2xFx [127
687.0 2.1 0.05 AIF and/or Al(OF}) [129
396.5 0.6 0.08 TiCN [131,132
N 1s 397.1 1.0 0.86 NC-Ti-Tx [131,132
400.0 1.3 0.03 CHsCN [133
402.0 1.4 0.03 NH4NOs [134

aValues in pareffitesis corresponds to theiggomponent.
bOR stands for organic compounds due to atmospheric surface contaminations.

4.1.4. XPS analysis of multilayered b®T,-50HFand NaCsTx-50HF

Figures 27.a-30.a plot the spectra for Nb, C, O, and F regions, respectifaly,
un-sputtered NECTx-50HF, ML, cold pressed disk, together with their pétsk
Similarly, Figures 27.b-30.b plot the spectra for Nb, C, O, and F regions, respectively,
for un-sputtered NEC3Tx-50HF, ML, cold pressed disk, together with their pétsk
The peak positions, FWHM, and the fraction of each peak obtained from the fits for

NbCTx-50HF and NBC3Tx-50HFare summarized ifiables 7 and 8respectively.
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Nb 3dregion

The Nb 3d region of the usputtered NECTx sample Eigure 27.a) wasfit by
the components listed in column 5Tiable 7. The components aidb atoms bonded
to C and a surface termination of O and/or OH [(OH and/eNBY¥], andNb atoms
bonded to C and F surface terminati@aNb-Fy). These species comprised@5f the
photoemission in the regipthe rest is assigned to varioagides and oxyfluorides
including NbO, NRO, NbOwxFx and NbOs[135. The binding energy of the Nb ggl
[(OH and/or O)Nb-C] species for the NETx sample (204.2 eV) is 0.2 eV higher than
its counterpart in NFAIC2[114]. This increase in BE is due to treplacemenof the
Al layers bymore electronegative surface terminations.

The Nb 3d region of usputtered NEC3Tx sample Figure 27.b) was fit by the
same component3 éble 8) as for NbCTx. In addition, an extra componeattributed
to the two inner metalarbideatom layers (NKC) with a BE of 203.3 eV, which is 0.9
eV lower tharthe BE of (OH and/or ONb-C components and is very close to the same
component found in NIAIC3 (203.0 eV)[114]. Moreover, the ratio of the peak areas
of Nb-C and (OH and/or GINb-C components is 1:1, whidk the same ratio as that
for the outer Nb layers to the inner ones. This result is expected because-@he Nb
component in the NIECsTx has no surface terminations, thus it would be less
electronegative than the (OH and/ori)-C. The slight increase in BEompared to
the same component in ANC3s might be due to the formation of defects during the
etching process. It is worth noting that the component belonging to the inner metal
carbide (no terminations) were able to be fitted and identified for #@&™ phases
where two layers of neterminated metal carbides exist. However, it was not possible
to identify and fit for the same component in theXi¥ly phases, where one non

terminated inner metal carbide exists.
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a Nb 3d region b Nb 3d region

2 2 | nbc

' Nb-C 3d,, for Nb,AIC | 'S

S |(OH and/or 0)-Nb-C S 5 | (OHand/or 0)-Nb-C

£ |EnbC | g | F-Nb-C Nb 3d,, for Nb,AIC,

& NbO,F, : .ﬂ: NbO,_F,and/or NbO :

£ |Nb,0, X = X

2 | 2 | Nb(4+)-0 |

3 1 8 | Nb,Os 1

£ | £ c |
1 |

[ I U R U (TN N U R [ P SRS RN RSN RN Ry B R

214 212 210 208 206 204 202.200 214 212 210 208 206 204 202 200
Binding Energy (eV) Binding Energy (eV)
Figure 27. Commnent pealkitting of XPS spectraf Nd 3d regiorfor un-sputtered, a)
ML NkCTx-50HF and, b) ML NbCTx-50HF cold pressed disk¥arious peakshown
represent variouspeciesassumed to existLabels and peak colors are coordinated.
Theresults are summazed inTables7 and8. Dashed vertical line denotes the position
of the same pedkimmediately to its left in the parent MAX phase.

C 1sregion

The C 1s regiorof un-sputtered NECTx sample(Figure 28.a) was fit by
componentslisted inTable 7, corresponding t&€-Nb-Tx, C-C and CH, C-O, and
COO. The peak corresponding ©-Nb-Tx hasa BE of 282.4eV, which is slightly
higher than that of NIAIC (282.7 eV)[114.

The C 1s region of usputtered NEC3Tx sample Eigure 28.b) was fit by the
same component3 éble 8) as for NbCTx. In addition, an extra component attributed
to C atoms bonded to the tirmer Nb layers was found. At 282.1 eV, the BE of this
component is lower than that of theND-Tx component (282.7 eV). It is important to
note that ratio of the areas of the-SBlpeak to ENb-Tx peaks is 1:2, which is the same
as the ratio of the inner I@yers to the outer C layers. As expected the BE of th€ Nb
component in NiCsTy is the same as that for thib-C component in NRAIC3[114).

These results are gratifying since they indirectly confliealidity of our analysis.
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C 1s region C 1s region
C-Nb-T, C-Nb
cC Nb-C for Nb,AIC C-Nb-T,
CH, 1 c-C Nb-C for Nb,AIC,

1 CH 1

Intensity (arb. units) o
Intensity (arb. units) o

s

1 N 1 N 1 N 1 1 N 1 N 1 N 1 b N 1
290 288 286 284 282 280 290 288 286 284 282 280

Binding Energy (eV) Binding Energy (eV)
Figure 28. Component peattting of XPS spectraf C 1s regiorfor un-sputtered, a)
ML NkCTx-50HF and, b) ML NbCTx-50HF cold pressed disk¥arious peakshown
represent variouspeciesassumed t@xist.Labels and peak colors are coordinated.
Theresults are summarized frables7 and8. Dashed vertical line denotes the position
of the same pedkimmediately to its leftin the parent MAX phase.

O 1s region

The O 1s regions of usputtered NECTx (Figure 29.a) and NCsTx (Figure
29.b) samples were fit by the same components, listd@ibtes7 and 8 respectively.
These components correspond@aNb-O«, C-Nb-(OH)x and HOads These species
comprised 65% of the O 1s region photoemissifom Nb,CTx anda 71% for NaCsTx
(Table 5). Note that the Bagspeak position is located quite close to the same species
discussed above for 30Ty, lending credencw its assigment. The remainder of the
spectrais fit by components corresponding to oxides ob@§[12913013638 These
speciesare a result of surface oxidatioBurfaceorganic contaminations of -O
contribuke to thisregion, which overlaps with, and obscures, many other p&ales.
amouns of these organic contanants for NeCTx and NCsTx samples are 5.2 and

4.4 at. %, respectively.
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O 1s region O 1sregion

Nb,O;

C-Nb-O, and/or OR
C-Nb-(OH), and/or OR
H,0,, and/or OR

Nb,O.
C-Nb-0, and/or OR

C-Nb-(OH), and/or OR
H,0,4 and/or OR

Intensity (arb. units) o
Intensity (arb. units) o~

538 ‘ 536 ‘ 534 I 532 ‘ 530 . 528 . 526 538 . 536 534 532 530 528 . 526

Binding Energy (eV) Binding Energy (eV)
Figure 29. Component peatiting of XPS spectraf O 1sregionfor un-sputtered, a)
ML NkCTx-50HF and, b) ML NbCTx-50HF cold pressed disk¥arious peakshown
represent variouspeciesassumed to existLabels and peak colors are coordinated.
Theresults are summarized ables 7and8.

F 1s region

The F & regions of ursputtered NECTx (Figure 30.a) and NRCsTx (Figure
30.b) samples were fit by the same components, listd@dbtes7 and 8§ respectively.
These component®rrespond to ENb-Fx and NbQ.xF«x. The peak assigned ©-Nb-
Fx sits at a BE of 684.7 and 684.6 eV for.8bx and NC3CTy, respectivelywhich is

slightly higher than the F 1s peak value for BIPE39. NbO1xF« is due to surface

oxidation.

a F 1s region b F 1s region
z 2

€ [ NbO,,F, € | NbO,F,
a C-Ti-F, &

s s

z z

‘@ ‘@

c c

8 8

= =

692 . 690 688 686 684 682 ‘ 680 692 I 690 I 688 I 686 I 684 I 682 ‘ 680

Binding Energy (eV) Binding Energy (eV)
Figure 30. Component peattting of XPS spectraf F 1s regiorfor un-sputtered, a)
ML NbCTx-50HF and, b) ML NbCT,-50HF cold pressed diskgarious peakshown
represent variouspeciesassumed t@xist.Labels and peak colors are coordinated.
Theresults are summarized Fables 7and8.
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Table7. XPS peak fitting results fem-sputtered ML NECT,-50HF cold pressed disk.
Thenumbers irparenthesis irtolumn 2for the Nb3d regionare peak locations dfib
3dsp2; their respective FWHMIlare listed in column 3 iparenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
204.2 (207.0) 0.9 (0.9) 081 (OH and/or O)Nb-C [135,140
Nb 32  206.6(209.9 1.4 (1.3 0.07 NbOL«Fx
(3ckr) 207.7 (210.5) 1.2 (1.6) 0.10 Nb20s [135,141,14p
208.6 (211.4) 0.9 (1.0) 0.02 C-Nb-Fx (1) [139
2824 0.8 0.34 C-Nb-Tx [143
284.8 1.1 0.10 C-C [127
C1s 285.0 1.6 0.42 CHx [127
286.5 1.9 0.10 c-0 [127
289.0 15 0.04 COO [127
530.2 1.2 0.36 Nb20s [128,136139
0 1c 531.2 1.3 0.27 C-Nb-O [12§
532.0 1.3 0.19  C-Nb-(OH) and/or OR [128
533.2 2.0 0.18  H20aus(IV) and/or OR [129
F1s 684.3 11 0.44 NbOxw-xFx
684.7 1.6 0.56 C-Nb-Fx (111) [139

aValues in parenthesis corresponds to thes8dmponent.
bOR stands for organic compounds due to atmospheric surface contaminations.
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Table8. XPS peak fitting results fam-sputtered ML NiC3Tx-50HF cold pressed disk.
Thenumbers irparenthesis irtolumn 2for the Nb 3d regiomare peak locations dfib
3dsp2; their respective FWHMIlare listed in column 3 iparenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
203.3 (206.1 0.6 (0.9 0.26 Nb-C
203.9 (206.Y 0.7 (0.9 0.26 (OH and/or ONb-C [135,14(
Nb 3k 204.5 (207.3 1.2(1.9 0.25 NbO and/or NbQxFx [135,141,14P
(3 205.7 (208.5 1.0(19 0.10 Nb*3-0 [135,141,14P
206.9 (209.y 1.4(1.9 0.10 Nb*4-O [135,141,14P
207.8 (210.% 1.0 (1.0 0.01 Nb20s [139,142
208.6 (211.% 14019 0.02 C-Nb-Fx (1)
282.1 0.7 0.06 Nb-C [143
282.7 0.9 0.12 C-Nb-Tx [143
284.7 1.3 0.41 C-C [127
Cls
285.0 1.6 0.33 CHyx [127]
286.4 1.2 0.04 C-O [127
288.1 2.0 0.04 (ofe]e} [127
530.0 1.4 0.29 Nb20s [13613§
O 1s 531.2 1.3 0.23 C-Nb-Oxand/or OR
5320 1.3 0.25 C-Nb-(OH)« and/or OR [12§
533.1 1.9 0.23 H20aas(IV) and/or OR [129
F1s 683.8 1.2 0.40 NbOu-xFx
684.6 1.6 0.60 C-Nb-Fx (11) [139

aValues in parenthesis corresponds to thes8dmponent.
bOR stands for organic compounds due to atmospheric surface contaminations.

4.1.5. XPS analysis of multilayered®@T,-50HF

Figures 3134 plot the spectra for V, C, O andrégions, respectively, for un
sputtered YCTx-50HF, ML, cold pressed disk, together with their pétk The peak
positions, FWHM, and the fraction of each peak obtained from the fitting are
summarized iMable 9.

V 2p region

The V 2p region of the usputtered YCTx sample Figure 31) was fit by two

components listed in column 5 irable 9. The first species is assigned to V atoms

bonded to C and a surface terminatiog) @ O, OH and/or F (€V/-Tx). This species
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comprises 77% of the photoemission in this region. The second is a species related to
mixed vanadium oxides (ppresent presumably due to surface oxidation. The BE of
the V 2p C-V-Tx peak (513.0 eV) is 0.5 eV highthan its counterpart in2XIC

(Figure 67.a). This increase in BE is due to the replacement of the Al layers by more

electronegative surface terminations, as described previctigly [

_ V 2p region

7

= V 2p;, for V,AIC

3 | CGV-T, 1

2 |vo, !

Kl I

> I

@

c

]

£
1 . 1 . 1 1 L
525 520 515 510

Binding Energy (eV)

Figure 31. Component peakiting of XPS spectraf V 2p regiorfor un-sputtered ML
V-CT-50HF cold pressed/arious peakshownrepresent variouspeciesassumed to
exist.Labels and peak colors are coordied.Theresults are summarized ifable 9.
Dashed vertical line denotes the position of the same peak in the parent MAX phase.

C 1s region

The C 1s regionHigure 32andTable 9) of the unsputtered YCTx sample was
fit by C-V-Ty, a species assigned to C atoms bonded to V atoms. The BE of this species
(282.0 eV) is identical to its counterpart speciesJAl€ (Figure 67.b) indicating that
the chemicaénvironment of the C atoms is not altered by the replacement of Al atoms
with surface terminations through HF etching. This confirms what has been observed
previously for other MXenes. The rest of the region was fit b, CH,, C-O, and

COO components bahging to surface contaminations.
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C 1s region

C-V-T,
c-C V-C for V,AIC
CH, !

Intensity (arb. units)

290 288 286 284 282 280
Binding Energy (eV)
Figure 32 Component peakiting of XPS spectraf C 1s regiorfor un-sputtered ML
V2CTx-50HF cold pressed diskvarious peaksshown represent variousspecies
assumed to exidtabels and peakolors are coordinatedl' heresults are summarized
in Table 9. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

O 1s region

The O 1s region for usputtered YCTx sample Figure 33 andTable 9) was
fit by components corresponding te\GOx, C-V-(OH)x, and HOags These species
comprise the majority fraction (74%) of that region. The balance is in the form of mixed
vanadium oxides (V@ resulting from surface oxidation 144. Surface organic
contaminations of € and COO contribute to this region, which overlap and obscur

many other peaks. The amount of these organic contaminations is 6.2 at. %.

O 1s region

VO,

C-V-0, and/or OR
C-V-(OH), and/or OR
H,0,4, and/or OR

Intensity (arb. units)

538 . 536 l 534 ‘ 532 . 530 ‘ 528 ‘ 526
Binding Energy (eV)
Figure 33 Component peatitting of XPS spectraf O 1s regiorfor un-sputtered ML
V2CTx-50HF. Various peakshownrepresent variouspeciesassumed texist.Labels
and peak colors are coordinatetheresults are summarized rable 9.



81

F 1s region

The F 1s regionHigure 34 and Table 9) for this sample was fit by a major
component 85 % of the regiofi and assigned to F atoms bonded to V atoms in the
MXene, viz. GV-Fx. The BE of this species (684.3 eV) is higher than that of tiie V
bond in Ge(VOFs3)F by 1.7eV [145, this difference can be attributed to the effect of
introducing O atoms itC16(VOFR3)F and the interaction of these O atoms with the F
atoms. The rest of the region was fit by a species attributed to F bonded to C atoms
arising fromthe fluorination of the latter. Like in all other MXenes, the C results from

the dissolution of some V atoms during etchibgq.

F 1s region

Intensity (arb. units)

692 690 688 686 684 682
Binding Energy (eV)
Figure 34. Componehpeakfitting of XPS spectraf F 1s regiorfor un-sputtered ML

V2CTx-50HF. Various peakshownrepresent variouspeciesassumed to exigtabels
and peak colors are coordinatetheresults are summarized rable 9.
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Table 9. XPS peak fitting results fam-sputtered ML YCTx-50HF cold pressed disk.
Thenumbers inparenthesis ircolumn 2for the V 2p regiorare peak locations o¥
2pu2; their respective FWHBlare listed in column 3 iparenthes.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
V2p2  513.0 (520.6) 1.2 (1.7) 0.75 C-V-Tx
(2pw2) 515.3 (522.7) 3.1(3.8) 0.25 VOx [144
282.0 0.7 0.30 C-V-Tx
284.6 1.4 0.35 cC [127
Cls 285.1 1.4 0.18 CHXx [127
286.3 15 0.11 c-0 [127
288.1 1.9 0.05 Ccoo [127
530.2 1.2 0.36 VOx [144
o 1s 531.2 1.3 0.27 C-V-O [113,128
532.0 1.3 0.19  C-V-(OH)and/or OR [128113
533.2 2.0 0.18  H20aus(IV) and/or OR (128113
E e 684.3 1.1 0.44 C-Nb-Fx [145
684.7 1.6 0.56 C-F [145

aValues inparenthesis corresponds to the2pomponent.
bOR stands for organic compounds due to aheric surface contaminations.

4.1.6. XPS analysis of multilayered MoTx-25HF

Unlike the rest of MXenes which are produced by selective etdfiAgfrom
their MAX phases as described previouslgeliterature background sectipio>CTx
is produced by etching of Ga from a newly discovered phase. This phase is similar to
the MAX phases, but i ns tGa@[ig othe omykeowii A6 | a
Gacontaining MAX phase knowntodate wo A A0 | ayers ar€ found
layers [L47). The crystal structures do.GaC and MeGaC are compared iRigures

35.aandb, respectively.



Figure 35. Unit cells of a) MeGaC and, b) MgGaC.
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Figures 3639 plot the spectra for Mo, C, O, and F regions, respelgti for un

sputtered MeCTx-25HF, ML, cold pressed disk, together with their peak fits. The peak

positions, FWHM, and the fraction of each peak obtained from the fits are summarized

in Table 10.

Mo 3d region

The Mo 3d region of the wsputtered MeCTx samples Figure 36) was fit by
four components listed in column 5Table 10. The major species occupyiag/l %

of the photoemission spectra isrifiuted to Mo atoms bonded to C atoms and surface

terminations, ¥,

BE of the Mo 3d2 C-Mo-Tx peak (228.5 eV) is 0.4 eV higher than its counterpart in
Mo2G&C [148. Similar to the other MXenes, this increase is due to the replacement
of the Ga layers by more electronegative surface terminations.

The rest of the 3d Mo region was fit by cooments belonging to mixed
molybdenum oxides: M&and Md®°resulting from surface oxidation, and a component

belonging to the binary carbide M®. The amount of this secondary phase is less than

1 at.%.

| a b éVo-T«e d

MBI s

speci eGlxMXenk.dheg s

t

o
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Mo 3d region

C-Mo-T, Mo 3dp;, for Mo,Ga,C
Mo+5

Intensity (arb. units)

240‘233 236 234 232 230 228 226 224
Binding Energy (eV)
Figure 36. Component peaktting of XPS spectraf Mo 3d regiorfor un-sputtered
ML MoCTx-25HF cold pressed diskiarious peakshownrepresent variouspecies
assumed to exidtabels and peak colors are coordinat&theresults are summarized
in Table 10. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

C 1sregion

The C 1s regionHigure 37 andTable 10) of the unsputtered MeCTyx sampe
was fit by a species corresponding to C atoms bonded to Mo atoms@TM&-Mo-
Tx while the rest of the species of@ CH;, C-O, and COO belong to surface
contaminants. The area of theMo-Tx species occupy only 14% of the XPS spectra
for C 1s regio, while the rest belongs to the surface contamination carbon based

species.

C 1s region

C-Mo-T,

Intensity (arb. units)

290 288 286 284 282 280
Binding Energy (eV)

Figure 37. Component peattting of XPS spectraf C 1s regiorfor un-sputtered ML
Mo2CTx-25HF cold pressed diskarious peakshownrepresent variosspecies
assumed to exidtabels and peak colors are coordinat@theresults are
summarized iMable 10.
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O 1s region

The O 1s region for uaputtered MeCTx sample Figure 38andTable 10) was
fit by components corresponding teN®-Ox, C-Mo-(OH)x and HOads These species
form the majority fraction§ 60%) of that region. The balance is in the form of mixed
molybdenum oxides (Mog resulting fom surface oxidatiofl49. Surface organic
contaminations of €@ and COO contribute to this region, which overlap and obscure

many other peaks. The amount of these organic contaminatiaisdsat. %.

O 1s region

MoO,

C-Mo-0, and/or OR
C-Mo-(OH), and/or OR
H,0,,. and/or OR

Intensity (arb. units)

538 536 534 532 530 528 526
Binding Energy (eV)

Figure 38. Component peakiting of XPS spectraf O 1s regiorfor un-sputtered ML
MoCTx-25HF cold pressed disk/arious peaksshownrepresent variousspecies
assumed to exidtabels and peak colors are coordinat&theresults are summarized
in Table 10.

F 1s region

The F 1s regionHigure 39 and Table 10) for un-sputtered MgCTyx samples
was fit by one component corresponding to F atoms bonded to Mo atoms in the MXenes
viz. Mo-F. The BE ofthis peak is 683.8 eV and was given that assignment because it
is quiteclose to thatmade byParkel al. [150 who assigned a BE of 685.0 eV ko

atoms bonded to Mo.
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F 1s region

C-Mo-F,

Intensity (arb. units)

i ! \1'1
692 SEIIO 68:8 68:6 . 6é4 . sslaz

Binding Energy (eV)
Figure 39: Component peatkiting of XPS spectraf O 1s regiorfor un-sputtered ML
Mo2CTx-25HF cold pressed disk/arious peaksshownrepresent variousspeces
assumed to exidtabels and peak colors are coordinat&theresults are summarized
in Table10.

Table 10. XPS peak fitting results for esputtered ML Mo2CT25HF cold pressed
disk. Thenumbers in parenthesis in column 2 for the Mo 3d region are peak locations
of Mo 3ds/2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
227.6 (230.3 1.0(1.) 007 Mo2C bulk carbide [151]
Mo 3ds2  228.5(231.7 0.8 (1.9 0.77 C-Mo-Tx (149
(3cr2) 231.7 (234.7) 1.4 (2.0) 0.13 Mo*s [149
232.8 (235.8) 1.5 (2.0) 0.02 Mo*® [149
282.6 1.0 0.14 C-Mo-Tx [148
284.7 1.3 0.66 Cc-C [127
Cls 285.9 1.3 0.12 CHXx [127
287.4 1.3 0.06 c-0 [127
288.8 1.3 0.02 COO [127
529.7 1.3 0.42 MoOx [149
01 531.0 1.7 0.28 C-Mo-O, [114
532.1 1.4 0.17 C-Mo-(OH)x and/or OR [114
532.8 1.9 0.12 H20ads(1V) and/or OR [114
F1ls 683.8 1.8 1.0 C-Mo-F« [150

aValues inparenthesis corresponds to the:8cbmponent.
bOR stands for organic compounds due to afsheric surface contaminations.

4.1.7. XPS analysis of multilayered MGC,Tx-50HFand MaTi2C3Tx-50HF

As discussed in the section 2.2Mp.TiC>Tx and MaTi-CsTx are ordered
MXenes[89,152,158 For the most part, thiglo atoms occupy the outer layers while
the Ti atoms occupy the inner lag@r A crosssectional schematiof fully ordered

Mo2TiC2Tx andMo2Ti2C3Tx are shown irFigures 40.a andb, respectively.
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Mo, TiC,T, Mo, Ti,CsT,
0 o

/ /’//'_c ﬂ'\'\'\\

///a/ - MoTi o \ \°“_(.*

Mo 9 ¢ 5 »
Q 9
F J

T =@

Figure 40. Side view schemataf a) Mo TiC2Tx and, b)MoTi.CsTx structures
showing variousM atoms and their terminations. Here tii® atoms arecolored
dark red Ti, yellow, G black, O, red, H whiterad F, blue (not to scale). &toms
bonded tacore M atoms are designated.C

Figures 41.a44.aplot the spectra for Mo, Ti, C, O, and F regions, respectively,
for un-sputteredMo2TiC>Tx-50HF, ML, cold pressed disk, togethwith their peakits.
Similarly, Figures 41.b-44.b plot the spectra for Mo, Ti, C, O, and F regions,
respectively, foun-sputteredand MeTi2CaTx-50HF ML, cold pressed disk, together
with their peakfits. The peak positions, FWHM, and the fraction atle peak obtained
from the fits forMo2TiC2Tx-50HF andMo-Ti>CsTx-50HF are summarized iffables
11 and 12 respectively.

Mo 3d region

The Mo 3d region of the wsputtered MeTliC>Tx and MaTiCsTx sample
shown inFigures 41.a andb, respectively, wastfiby the components listed in column
5 in Tables 11 and 12, respectively These components are attributed to the same
species discussed above for the Mo 3d region ipBQMipwhich are mainly @Mo-Ty,
and two species belonging to mixed molybdenum oxide<?® sied Md®. Moreover,
an extra species was fit in the Mo 3d region 06MG2Tx which belongs to the binary

carbide MeC; the amount of this secondary phasé 1s2 at. %.
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The BE of the Mo 3¢z C-Mo-Tx peak is equal to 229.3 and 229.0 eV for
Mo2TiCoTx and MoTi2CaTx, respectively, which are higher than the BEs of their
counterparts in MEN1AIC, (227.8 eV) and MgTi,AIC3 (227.9 eV) L52. This increase
in the BE is due to the replacement of Al layer by more electronegative surface
terminations similar to the other MXendédoreover, the BE of this species in both
phases is higher than the samecggein MeCTx. The reason for this state of affairs
might be a slight intermixing between the Mo and Ti in the outer layers of the
Mo2TiCoTx and M@Ti2CsTx. This comment notwithstanding more work is needed to

confirm this conjecture.

Mo 3d region Mo 3d region

2 2
T £ |cMoT,
S C-Mo-T, Mo 3dp,, for s +5 X Mo 3dp,, for
o a MO . Mo, TiAlC,
E’ E‘ MO~
2 2
(2] 2]
c c
g g
£ k=

1 i L i 1 i 1 i 1 i il . L M 1 i 1 i 1 M 1 i 1 i 1IN 1 i

240.238 236 234 232 230 228 226 224 240I238 236 234 232 230 228 226 224

Binding Energy (eV) Binding Energy (eV)
Figure 41. Component pedlitting of XPS spectraf Mo 3d regiorfor un-sputtered, a)
ML Mo:TiCoTx-50HF and b) ML MerTi>CsTx-50HF cold pressed disk3he various
peaks under the spectra represent varispsciesassumed to exist. Thesults are
summarized inTables 11land12, respectivelyDashed vertical line denotes the position
of the same peak in the parent MAX phase.

Ti 2p region

The Ti 2p region of the uaputtered MeTiC2Tx and MaTi2CsTx (Figures42.a
and b, respectively) was fit by the casponding components listed in column 5 in
Tables 11 and12, respectively These components are attributed to the same species
discussed above for the Ti 2p region in thdased MXenes which are mainly Ti atoms
bonded to C (FC), (Ti*%-C), and (Tf3-C), in addition to a minor species of titanium
oxide. The ratio of fraction of the three oxidation stateJiofTi, Ti*2, and T3 in

Mo2TiCoTx is 1:1.2:0.5, respectively, while that ratioMo2Ti>CaTx is 1:0.7:0.2. This
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shows that the total oxidation stateTi in Mo2TiC>Tx is higher in M@Ti2CsTy, this
can be attributed to the extra core layer oCTiound in M@Ti.CsTx which would
contribute to decreasing the oxidation state of Ti.

The BE of the Ti 2p> Ti-C peak is equal to 454.8 eV for both MC>Tx and
Mo-Ti2CaTx, respectively, which are lower than the BEs of the same carbide species
for TisCoTx, TiCTx and TeCNTx (455.0 eV) but higher than the BEs of their
counterparts in MfTiAIC » (454.4 eV) and MgTi2AIC3 (454.4 eV) }3. Since, in both
compounds, the Ti atoms occupy the core layers, they are expected have no surface
terminations. Terefore, their BEs will be lower than Ti atoms bonded to surface
terminations as in 3C2Tx, Ti2CTx and TeCNTx and almost similar to the BE of the-Ti
C species in their counterpart MAX phases. However, the increase in their BEs
compared to the correspang parent MAX phases might be attributed to defects in
the Ti layers during etching, given thatdased MAX phases are less stable in HF
compared to Mdased MAX phases. Tiased MAX phases take less than 24 hrs in HF
at room temperature to be convertedMXene, while Mebased MAX phases take

more than 3 days in HF at 86 to be converted to MXen&3,89.

a Ti 2p region b Ti 2p region

) )

T | TiC T |+

g T‘i”-c Tizp,,for | 5 | TiC Ti 2p,, for

o : Mo,TIAIC, g | TitC Mo,Ti,AlIC,

= [ Tit-C I =

s s

> >

= =

n n

c =

s 2

c £
1 " 1 " 1 " 1 l.‘ 1 L L N N
468 464 460 456 452 468 464 460 456 452

Binding Energy (eV) Binding Energy (eV)

Figure 42. Component peattting of XPS spectraf Ti 2p regionfor un-sputteed, a)
ML Mo:TiC2Tx-50HF and b) ML Meri.C3Tx-50HF cold pressed disk3he various
peaks under the spectra represent varispsciesassumed to exist. Thesults are
summarized iTables 11land12, respectivelyDashed vertical line denotes the position
of the same peak in the parent MAX phase.
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C 1sregion

The C 1s regiomf un-sputtered MeTiAIC . sample(Figure 43.a) was fit by
components listed iTable 11. The main component corresponds to carbon sitom
bonded to Mo and Ti atoms, which are the metal carbide spedtsTAIC , MXene
(Il abelCivofd@i-T\®3 . A" The binding energy of this
is the same BE as that of its counterpart i MBIC>. T h e BEC-Mdll-Tuoe of i
fal s bet ween -Ti-Thce fBeErdx af ICMaiTo f 0.CTx, BBR.0 and
282.6 eV, respectively. This is predictable since the carbon atoms are bonded to both
Ti and Mo atoms, as shown iigure 40.a. The rest of thisregians s pectr a was
C-C CH, C-0, and COO, which arise from surface contamination.

The C 1s region of usputtered Meri.CsTx sample Figure 43.b) was fit by
components, listed imable 12, correspondig to GTi, C-Mo-Tx, C-C, CH,, C-O and
COO. The CTi component of BE of 281.9 eV is attributed to the carbon atoms bonded
to the Ti inner layer as shown kigure 40.b. The BE of this component is very close
to thatof C-Ti-Tx component in BC2Tx. The GMo/Ti-Tx component is the same
component and has the same BE (282.5 eV) as #Tika8olx which is attributed to the
carbon atoms bonded to both Ti and Mo atoms. The rest of the componen, of C

CHy, C-O and COO arattributed to surface contamination.
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2 C 1s region ) C 1s region

g C-Mo/Ti-T, Mo/Ti-C for E C-Ti Mo-C for

g -C Mo, TiAlC, 5 C-Mo/Ti-T, Mo,Ti,AIC,

§ | CH, ! 8 |C-C ; 1 Ti-C for
oy : 2 |cH, : l\-lluzTizAlc3
2 |c-00 I @

£ 8

= £

C-00

290 288 286 284 282 280 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
Figure 43. Component peattting of XPS spectraf C 1s regiorfor un-sputtered, a)
ML Mo:TiC2Tx-50HF and b) ML MeTi.C3Tx-50HF cold pressed disk3he various
peaks under the spectra regent variouspeciesassumed to exist. Thesults are
summarized ifables 1 and12, respectivelyDashed vertical line denotes the position
of the same peak in the parent MAX phase.

O 1s region

The O 1s regions of usputtered MeTiC.Tx (Figure 44.a) and M@Ti2CsTx
(Figure 44.b) samples were fit by the same components, listethbles 11and12,
respectively. These components correspond 4do30y, C-Mo-(OH)x and HOads
These speciesomprised 60% of the O 1s region photoemissifum Mo2TiC2Tx anda
50.2% for M@Ti2CsTx. The remainder of thespectrais fit by a component
corresponding tanolybdenum and/or titanium oxides arising from surface oxidation
[105,120149. Surfaceorganic contaminations of-O, and COCcontributions to this
region, which overlaps with, and obscures, many other p@aksamourt of these
organic contaminationf®r Mo2TiC2Tx and MaTi2CsTx samples are 6.4 and 5.8 at. %,

respectively.
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C-Mo-0, and/or OR
C-Mo-(OH), and/or OR
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538 536 534 532 530 528 526 538 536 534 532 530 528 526

Binding Energy (eV) Binding Energy (eV)

Figure 44. Component peatitting of XPS spectraf O 1s regiorfor un-sputtered, a)
ML Mo:TiC2Tx-50HF and b) ML MeTi.C3T«-50HF cold pressed disk3he various
peaks under the spectra represent varispsciesassumed to exisTheresults are
summarized iMables 1land 12, respectively.

F 1s region

The F 1s regions of pigputtered MeTiC2Tx (Figure 45.a) and M@Ti2CsTx
(Figure 45.b) sampleswere fit by the same component, listedTiables 11 and 12,
respectively. This component corresponds #I&F. The peak assigned @©Mo-F«

sits at a BE of 685.3 and 684.0 eV for NIiC>Tx and Ma@Ti2CsTx, respectively.

F 1s region F 1s region

C-Mo-F C-Mo-F,

X

Intensity (arb. units) o
Intensity (arb. units) o

1

692 690 683 686 684 682 692 690 688 686 684 682
Binding Energy (eV)

Binding Energy (eV)
Figure 45. Component peatitting of XPS spectraf F 1s regiorfor un-sputtered, a)
ML Mo.TiCoTx-50HF and b) ML MerTi>CsTx-50HF cold pressed disk3he various
peaks under the spectra represent varispsciesassumed to exist. Thresults are
summarized iTables 11and12, respectively.
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Table11l. XPS peak fitting results for tsputtered ML MgliC,Tx-50HF cold pressed
disk.Thenumbers irparenthesis itolumn 2for the Mo 3d and Ti 2pregiorase peak

locations ofMo3ds2 and Ti 2ps2, respectivelytheir respective FWHBlare listed in

column 3 inparenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
228.2 (231.% 0.9(1.2 0.16 Mo-C bulk carbide [151]
Mo 3ck2  229.3 (232.5 0.8 (1) 0.72 C-Mo-Tx [149
(3ckr2) 231.5 (234.5) 1.5 (1.3) 0.08 Mo*s [149
232.7 (235.7) 1.5(1.2) 0.04 Mo*6 [149
454.8 (%69.9) 1.0 (1.7) 0.30 Ti-C [123
Ti2psz  455.7 (461.2) 1.4 (2.0) 0.37 Ti*2-C [123

(2pu?)  457.2 (462.9) 1.7 (1.8) 0.22 Ti*3-C [120,12]

459.3 (464.9) 1.9 (2.5) 0.11 TiO2 [127

2825 1.0 0.24 C-Mo/Ti-Tx [123,124148
284.7 1.4 0.57 c-C [127
C1s 285.4 1.4 0.06 CHyx [127]
286.2 1.4 0.10 c-0 [127]
288.8 1.8 0.03 CcoO0 [127]
530.0 1.3 0.39 MoOxand/or TiQ [149
0 1s 531.0 1.4 0.20 C-Mo-Ox° [114
531.6 1.7 0.14 C-Mo-(OH)x and/or OR [114
532.8 2.0 0.27 H20a4s(1V) and/or OR [114
F1s 685.3 2.0 1.0 C-Mo-F [150

aValues inparenthesis corresponds to 8tk and2p.2 componery.
bOR stands for organic compounds due to apheric surface contaminations.
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Table12. XPS peak fitting results for esputtered ML Mgl i-C3Tx-50HF cold pressed
disk.Thenumbers irparenthesis itolumn 2for the Mo 3d and Ti 2pregiorase peak

locations ofMo3ds2 and Ti 2p/, respectivelytheir repective FWHM are listed in

column 3 inparenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
229.0(232.) 0.8(1.9 0.52 C-Mo-Tx [148
Mo 32
(3) 230.2 (233.2) 2.1(1.7) 0.28 Mo*5 [149
232.2 (235.7) 1.0 (2.0) 0.02 Mo*6 [149
454.8 (461.0) 0.9 (1.6) 0.45 Ti-C [123
TiZe 455.7 (461.2) 1.6 (2.0) 0.29 Ti*2-C [123
457.3 (463.0) 1.5(1.5) 0.11 Ti*-C [120,12]
459.3 (464.9) 2.3(2.5) 0.15 TiO2 [122
281.9 0.8 0.11 C-Ti [123,124
2825 0.9 0.22 C-Ti/Mo-Tx [123,124148
c1e 284.6 1.0 0.46 c-C [127]
285.3 1.4 0.07 CHx [127]
286.2 1.4 0.09 c-0 [127]
288.6 2.0 0.06 COO [127
530.0 1.2 0.50 MoOx and/or TiQ [149105,120
o1 531.0 1.2 0.15 C-Mo-O [105,128114
532.0 1.7 0.23  C-Mo-(OH) and/or OR  [105,128114
533.3 1.8 0.12 H20aas(IV) and/or OR  [105,128114
F1s 684.0 1.8 1.0 C-Mo-F [150

aValues inparenthesis corresponds to the:2gomponent.
bOR stands for organic compounds due to apheric surface contaminations.

4.2 Obtaining the chemical formulae for MXenes

In order to obtain the chemical formulae for MXenes, first\tarious species
in MXene have to be identified and quantified through peak fitting of the- high
resolution spectra the regionBable 13 summarizes the species in each region that
belong to each MXene. Tleomic % of each spedés determined by multiplying that
species6 areal fr act i o-mesoufiontedioa of pnrelerheate mi s s
by the overall atomic percentage of the same eleniért global atomic percentages
can be found iTable 14. To illustrate: the atomic percentage of the speci@s T in
the C 1s region for 3C2Tx should give the total atomic percentage of C isCITx.

The area fraction of that species in the C 1s region, is b844in Table 4), and the
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total atomigpercentage of C in that sample is 29.4 at.%. Thus the atomic percentage of

the GTi-Tx species in BC2Tx is & 15.9 at.%. The error range in the atomic percentage

for all species is less than 10%. The chemical formulae of all MXenes discussed in
Section 4.1 are listed foundTable 15. It is important to note thatmosto t he MXenes
chemical formulae were normalized assuming full occupancy of tséed. In case of

Mo2TiCaTx and MeTi2CsTy, the formulae were normalized to stoichiometry of the Mo
element.lt is important to appreciate that theoretically if every surficatoms is

bonded to an OH and/or and F then x should be 2. Therefore, if the number of M atoms

is < 2, then x would be > 2. Values of x > 2 are difficult to rationalize. For that reason,
cases where M:X ratio is lower the stoichiometric value, the contgpaas normalized

to the stoichiometry of the C element tww deficiency in the M element.



Table 13. Summaryof elementablobalat.% - including norMXene entities before sputtering.
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Ti 2p Nb 3d V 2p Mo 3d C1ls O 1s F1s N 1s
(OH and/or QTi-C) C-Ti-Ox
TisCoTx (OH and/or GTi*%-C) C-Ti-Tx C-Ti-(OH)x C-Ti-Fx
(OH and/or GTi*3-C) H20ags
(OH and/or QTi-C) C-Ti-O
Ti,CTx (OH and/or GTi*2-C) C-Ti-Tx C-Ti-(OH)« C-Ti-F«
(OH and/or GTi*3-C) H20ads
(OH and/or QTi-CN) CN-Ti-O
TisCNTx (OH and/or GTi*?-CN) C-Ti-Ty CN-Ti-(OH)« CN-Ti-Fx NC-Ti-Tx
(OH and/or GTi*3-CN) H20ads
C-Nb-Oy
Nb.CTy (OH and/or ONb-C CNbTx  C-Nb-(OH)  C-Nb-Fy
F-Nb-C
Hzoads
Nb-C C-Nb C-Nb-Ox
NbsCsTy (OH and/or O)Nb-C C-Nb-Tx C-Nb-(OH)y C-Nb-Fx
F-Nb-C H2Oads
C-V-Ox
V2CTx C-V-Tyx C-V-Tyx C-V-(OH), C-V-Fx
Hzoads
C-V-0Oy
Mo2CT,y C-Mo-T, C-Mo-Tx C-V-(OH)x C-V-Fx
Hzoads
(Ti-C) C-Mo-O
Mo,TiCoTx (Ti*2-C) C-Mo-T, C-Mo/Ti-Tx  C-Mo-(OH)  C-Mo-Fx
(Ti 3. C) H20ads
(Ti-C) C-Ti C-Mo-Oy
Mo, TizCsTx (Ti*2-C) C-Mo-T, C-Mo/Ti-T, ~ C-Mo-(OH)  C-Mo-F
(Ti*-C) H2Oa0s




Table 14. Summary oélementablobal at. %- including nonrMXene entitie$ before sputtering.
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Ti Nb Vv Mo C F O Al N Ga

TisCaTx 26.1:0.1 31.4+0.2 25.50.2 15.1+0.2 1.9+0.1 <01

Ti2CTx 27.20.9 39.4+0.9 13.4+0.6 20.0+0.7 <0.1 <0.1

TisCNTx 30.6+1.8 29.4+1.1 16.1+0.8 12.1+0.7 <0.1 11.8+0.6

Nb2CTx 25.0+0.7 31.4+09 12.6+£0.6 31.0+0.8 <0.1 <0.1

NbsC3Tx 25.3+0.2 55.0+1.0 4.240.6 15.5+0.7 <0.1 <0.1

V2CTx 30.7+£0.4 40.9+0.5 14.1+0.7 21.5+0.3 <0.1

Mo2CTx 15.6+0.3 63.0+0.9 4.6+0.3 26.0+0.5 <0.1
Mo2TiCoTx 4.8+0.2 17.1+0.6  50.0+1.2 6.2+0.8 21.5+0.6 <0.1
Mo2Ti2CaTx 9.7+0.3 24.6+0.2 40.4+0.8 2.8+0.4 22.3+0.7 <0.1
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Table 15. Chemical formula®f various MXenes determined from XPS spectra before
sputtering.

M2XTx M3X2Tx MaX3Tx

Ti2C0.900.3(OH)o.5F0.8.0.4H:0ads | Ti3C200.3(OH)o.2F1.2.0.3H:0ads. Nb4C2.600.9 OH)1.d70.7.0.9HOads.

Nb2COo.8(OH)0.5F0.7.0.5H:0ads. | TisCNQo.2d OH)o.:3F1.3.0.33H:Oads. | M02Ti1.5C2.500.6(OH)1.0F0.5.0.5H:0ads.

V2COo5(OH)0.2F1.1.0.2H0ads. | M02Tio0.8C200.4(OH)o.7F1.00.5HOxds.

M02CTxOo.7(OH)o.4F0.7.0.3HOags.

4.3 Surface terminations and their distributions in MXenes

This section deals with the influence of various parametsteh as MXene
chemistry, number of layers)( aging, Af sputtering and different etchant®n the
surface terminations and their distributions. Furthermore, the use of XPS to obtain
information regarding the effects of treating of MXenes with varahemicals such
as bases like NaOH and KOH and metal ion salts such as RbCl and MaGhe

distribution of the surface termination groups is described and analyzed.

4.3.1 Effect of M and Xedlemensand n

Influence of M in M2XTx

The molar ratios of the various surface termination spedis©QH, and,-F)
and HOags.per MoXTy formula unit for TpCTy, V2Tx, NICTx and MeTx multilayered
HF-etched MXenes are shownRigure 46. As a primary observation, the total sum of
molar ratios of all the surface terminations for the four MXenes is either less than or
equal to 2. For BCTx and MeCTy those numbers1.6 and 1.8, respectivehare < 2;
for VoCTyx and NBRCTy that number is exactly 2. This suggests that in the cases of

Ti2CTx and MeCTy, there might be some deficiency in the M sites. In th€Ticase,
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the deficiency is of the order of 20%, implying that the actual composition of this
MXene is Ti.eCTx and not TiCTy. Similarly, the deficiency in Mg Tx is of the order
of 10 %, i.e. the actugbmpositionis Mo oCTx. It is worth noting that for MgCTx the
percentage of deficienay the Mo atoms assumed is within the margin of error for the
XPS fitting and analysidHowever, for TiCTx, the reason for that the XPS results do
not show deficiency is not understood and more work is needed regarding that matter.
Karlssoret al [*] have shown, through HRSTEM, the existence of Ti vacancies
in single flakes of BC,Tx. Looking at the surface mmination distribution of the
M2XTx MXenes, NBCTx has the highest O:F surface termination ratio of 1.14, next is
Mo2CTx where the ratio of is 1.0. For.€Ty, that ratio is 0.5. The lowest O:F ratio

0.47 is observed in BCT«.
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Figure 46. Moles of Y per MpoXTx formula unit for Ti2Co.900.3(OH)o.5F0.8.0.4HOads,
NbCOp.8(OH)o.5F0.7.0.5H20ads, V2C0o.5(0OH)o0.2F1.1.0.2HOags,
and Mo2CTxOo. A{OH)o.4F0.7.0.3H0ads. Y includes the terminations and adsorbegDH
Note that if one termation 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
case because only the sum of the moles of O, OH and F conshtigninations.
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Influence of theM in M3X2Tx

Figure 47 compares the molar ratios for the various surface terminations species
(-O, -OH, and,-F) and HOads.per MsX2Tx formula unit for TsC2Tx and MaTiC2Tx.
The values of x for BC2Txand MaTiC:Tx are 1.8 and..9, respectively. Here again
there may be smalldeficiency in surface M sites. Note that the actual chemistry of
Mo2TiC2Tx is MoTio eCoTx (Table 15). Given that it is easier to convergAIC2 (18 h
at RT) than to Its MXene #m MoTIAIC, (4 d at 55 °C)of etching it is not
unreasonable to assume that the harsher etching conditions resulted in the selective
dissolution of Ti.

The O:F ratio decreases when the Ti outer layer is replaced with MeyTTi
vs. M@TIC2Tyx) from 0.25t0 0.18, and th@umber of moles ofOH terminationper

unit formulaincreases from 0.32 to 0.6.
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Figure 47. Moles of Yper MsX2Tx formula unit forTizC200.3(OH)o.2F1.2.0.3H0adsand
M02Ti0.8C200.2(OH)o.6F1.1.0.5HOads. Y includes the terminations and adsorbedCH
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 case because only the sum of the mol@s OH and F constitutabeterminations.
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Influence of the Min M4XsTx

Figure 48 compares the molar ratios of the various surface terminations species

(-0, -OH, and,-F) and HOagdsper MuX3Tx formula unit for N@CsTx and M@ Ti>CsTx.
Both MXenes are C deficient (13 % for MaTx and 16% for MeTi2CsTx), as shown
in Table 15 Note that deficiency was already present in the parent MAX phaS2s

154.

The total sum of molar ratiof all the surface terminations for MixTx and
Mo2Ti2CsTx is 2.6 and 2.1, respectively. Both these values exceed the theoretical x
value of2. The simplest explanation for this unexpected result is that some of the
surface termination groups might be goging the C vacant sites. This comment
notwithstanding, it is hereby acknowledged that more systematic work is needed to
explain these resultét is important to note, however, that x > 2 was only observed
when the C in the final MXene was less than $tioimetric.

The O:F ratio is almost the same for /8bTx (1.3) and MeTiCaTx (1.2).
Interestingly, in both cases the number of OH moles per formula unit is 1.0.

Note that the same arguments made for,N©.Tx, can be made for

Mo2TiC2Tx. In the latter cas however, the Tdeficiencyis 25% (Table 15).
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Figure 48. Moles of Yper MuXsTx formula unit forNbsCz 600.9(OH)1.0F0.7.0.9H0 and
M02Ti1.5C2.500.6(0OH)1.0F0.5.0.5H0ads Note that if one terminationsiassumed per
surface M atom, then in all cases the theoreticaidmber per formula unit is 2 given

by the horizontal dashed lin€his is the case because only the sum of the moles of O,
OH and F constitutetheterminations.

4.3.2 Influence of X element in ™MoTx

The molar ratios of the various surface termination spedisQH, and,-F)
and BOagsper MeX2Tx formula unit for TsCoTx and TECNTx multilayered HFetched
MXenes are compared figure 49. The total sum of molar ratsoof all the surface
terminations for the two MXenes is almost equal at 1.82 fe€.Tik and 1.86 for
TisCNTx. Thus, both MXenes might be slightly M deficient.

The O:F ratio decreases when partially substituting the C atoms with N atoms
from 0.25 forTisCoTx to 0.18 for TECNTx and thenumber of moles of OH per unit

formula is almost the same fdor TisCoTx (0.32 )and TgCNTx (0.33.
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Figure 49. Moles of Y per MX,Tx formula unitfor TizC200.3(OH)o.321.2.0.3H0adsand
TisCNQv.23(OH)0.3F1.3.0.33H0ads Y includes the terminations and adsorbegDH
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 ecause only the sum of the moles of O, OH and F constitetiesminations.

4.3.3 The influence of n

Comparison between TCTx and TC:Tx

The number of molesf the various surface termination speci€3, (OH, and,
-F) and HOadsper Mh+2XnTx formula unit & a function othe order of MAX phase),
for TioCTx and TeCoTx multilayered HFetched MXenes are comparedFigure 50.
The total sum of molar ratios of all the surface terminations inciefisen 1.6 to 1.82
- as n increaseffom 1 to 2.As discussed previously, that might indicate some
deficiency on the Ti atoms sites. This conclusion is consistent with the fact that it is
easier to etch TCTx than TsCzTx. In generalTi2C is less stable.
The O:F ratio decreases from 1:2071.41 as n increases from 1 to 2. Tinember of
molesof the-OH termination is higher for ICTx (0.5) compared to 3C;Tx (0.32). It

is worth noting that there is 10 %d&ficiency in T#CTx, as shown ilable 15, this
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might be attributed to loss of C atornsn the form of amorphous €while etching.

Needless to say the loss of both Ti and C complicates the analysis.
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Figure 50. Moles of Y HO per M+XaTx formula unit for
Ti2C0.900.3(OH)o.5F0.8.0.4HOads and TizC200.3(OH)o.301.2.0.3H0ads Y includes the
terminations and adsorbed.B. Note that if one termination is assumed per surface M
atom, then in all cases the theoreticalriumber per formula unit is 2 given by the
horizontal dashed linélhis is the case because only the sum of the moles of O, OH and
F constitutegheterminations.

Comparison between NBTx and NyCsTx.

The molar ratios of the various surface termination spedgizsQH, and,-F)
and HOads per Mh+12XnTx formula unit as dunction of n, for Nb,CTx and NRCsTx
multilayered HFetched MXenes are comparedRigure 51. The total sum of mole
ratios of all the surface terminations increases iasreases from 1 to 3, for NGTy,
itis 2.0 and for NBCsTy, it is 2.6.

The O:F ratio decreases wheimcreases from 1 to 3. For Ty, the O:F ratio
is 1.1, and for NIC3Tx the ratio is 1.3 in contrast to20Tx and TeC2Tx. Thenumber
of moles of-OH terminationper unit formulais lower for NbCTy (0.5) conpared to

Nb4CsTy (1.0) which is in contrast with TTTx and TECxTx.
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Figure 51. Moles ofY per My+1XnTx formula unit forNbCOo g(OH)o.5F0.7.0.5HOads.
and NbsC> 600.9(OH)1.0F0.7.0.9H0. Y includes the terminations and adsathie.O.
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 dashedTinis.is
the case because only the sum of the moles of O, OH and F consigteeminations.

Comparison between M@iC2Tx and Mo Ti2CsTx

The molar ratios of the various surface terminatio® {OH, and,-F) and
H2Oads. per Mh+12XnTx formula unit as a function of for Mo2TiC2Tx and MaTi2CsTx
multilayered HFetched MXenes are comparigdFigure 52. The total sum of molar
ratios of all the surface terminations increasasiasreases from 2 to 3, for MBIC2Tx,
itis 1.9 and for M@Ti2CsTy, it is 2.1.

The O:F ratio increases significantly whenincreases frm 2 to 3, for
Mo2TiC2Tx, the O:F ratio is 0.4 and for MBi.C3Tx the ratio is 1.2 similar to N Tx
and NhCsTx and in contrast to TCTx and TgC2Tx, and. Thenumber of molesf the-

OH terminatiorper unit formulas lower for M@ TiC>Tx (0.6) compared tMo2TioCaTx
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(2.0) which is in agreement with NBTx and NRCsTx but in contrast with BCTx and

Ti3CoTx.
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Figure 52. Moles ofY per My+1XnTx formula unit forMo2Tio.eC200.4(OH)o.7F1.00.5H
20ads. and Moz Ti1.5C2.500.6(OH)1.0F0.5.05H20a0s, Note that if one termination is
assumed per surface M atom, then in all cases the theoreficainiber per formula
unit is 2 given by the horizontal dashed lifi@is is the case because only the sum of
the moles of O, OH and F constitutesterminations.

To sum up this section, no general trends were found regarding the influence of
M, and X elements am on the distributions of the surface terminations. This might be
due to the fact that the etching conditions for producing each MXene,esjblect to:
i) Duration of etching, ii) Concentration of the etchant and, iii) Temperature of the
etching times, are different. This difference comes from the differeAt ihding
energy which affects the etching conditid#%]. For exampleFigure 53 shows no
obvious trend for the molgerformula unitof -F terminations in MXenes as a function
of theproduct of the etchant concentration and etching time. Having said that, reporting
the actual surface terminations and their distributions for the various MXenes is

essential for selecting the suitable MXene for a certain application.
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Figure 53. Moles of-F terminations peformula unitof My+1Xn as a function of the
product of the HF concentration and the etching duration for all HF etched MXenes

4.3.4 Influence of Af sputteringof TikCaTx

The moles of C and moles the various stace terminations specie€), -OH,
and,-F) 1 per formula uniti in TizC2Tx multilayered HFetched MXenebefore and
after Ar" sputtering are plotted iRigure 54. The derived formulae befornd after
sputtering for TiCoTx are: [Ti3C200.3(OH)0.32F1.2.0.3H:Oags] and
[Ti3C1.600.6(OH)0.4F0.8.0.1H:Oads], respectively-rom these results it is obvious that the
M:X ratio has increased from 3:2 to 3:1.8, which is dué\td ion beam damage,
selectively sputtering C atoms from thetiz#. This is a commonly observed
phenomenon for transition metal carbid&sq].

The Ar sputtering causes a change in the distributions of the surface
terminations. The O:F ratio increases significantly aftérspiutering of TiC2Tx from

0.25to 0.75 Whether he entirety of the increase in:lOis due to preferentidlF



108

sputtering, or has some contribution from a decreased concentratidh af the
interior of the MXenes is uncleafhe moles of OH terminations peformula unt
increases from 0.32 before $tauing to 0.4 after sputteringhe moles of HOaqds Per
formula uintdecreasesignificantly upon sputtering from 0.3 to 0.1.

Similar trends of C deficiency and alteration of the surface terminations species
due to AF sputtering was oberved for other MXenes as wellll4. Thus in order to
obtain a realistic quantification of the various species in MXenes it is highly

recommended to avoid Asputtering.
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Figure 54. Moles ofY per TeC,Tx formula unit, before, and after, Asputtering.Y
includes the C atoms, terminations and adsorbgd.H

4.3.5 Influence of aging of 3C.Tx

The effect of aging on the 32T« cold-pressed sample where the XPS spectr

was measured within 1 h after synthesis and afteoughly 1 year of being left in the
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ambient is demonstrated kiigures % and56. The molar percentage ofsCTx in the
samples decreases upon aging from 95% to 51.7% as shdviguire 55.a and b,
respectively. Concomitantly, the-dkides and oxyfluorides mole percentage increase

from 5% to 48.3%.

ElTicT B TiC.T,

Il Ti0,and TiO, F, Bl TiO,and TiO, F,

48.3%

5%

(a) (b)

Figure 55. Molar percentage of isC.Tx MXeneandTi oxides and oxyfluorides present
in, (&) asprepara TikC:Tx, and (b) aged TiC,Tx cold pressed samples before
sputtering.

Accurately quantifying the various species that belong in the ag€uTTi
sample was not possible due to the large amounts of surface contaminations obscuring
the relevant peaks. Inrader to compare the surface terminations changess(@y Tl
sample due to aging, sputtering was essential to remove most of the organic
contaminations. However as noted above, sputtering is not recommended.

Neverthelesdsrigure 56 showsthemoles per formula undf the various surface
termination species before and after aging fa€3ix. The chemical formulae for the
presputtered samples before and after aging ar€izClg00.6(OH)o4(OH-
H20ad90.1F0.8.0.1HOags] and [Ti3C1.8600.6(OH)o.9(OH-H20adg0.5F0.3.0.5H0ads]. The
molesof TF terminationsper formula unitis reducedfrom 0.8 to 0.3 after aging.
Concomitantly, the amount ®OH terminationss increasedrom 0.4 to 0.9 after aging
When viewed from a stoichiometric peespive, the M:O ratio (with the O content

derived from the surof the species:O, and-OH) increasedor TisCoTx as itages.
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Theseresultsindicate that a3i3C>Tx ages, its surface chemistry changesiasgroups

are replacetdy i OH andi O groups.This indicateghat oxidation MXenes begins from

the surface terminations, specifically on theterminated regions as they are the least
stable compaed to the O based terminations as predicted theoretically bgtXaé

[57]. Similar trends occur for all of the MXenes, though again, some show to be more

prone to oxidation thantleers[114].

3

n

N

Moles of Y/ moles of M_,_ X

As Produced Aged for 1 year
Ti,C,T after sputtering

Figure 56. Moles of Y per per BK-Tx formula unit for T3C>Tx as produced and after
aging for a4 1 year after sputterisg. Y
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 horizoni@shed lineThis is
the case because only the sum of the moles of O, OH and F consigtgéesinations.

Combined with the observation that sputtering decreases the amount of oxides
it is possible tallustrate the overall framework of the agédC>Tx sampleswherein

the center of MXeneML is unaffected, while its surface is slowly oxidized. The latter
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is thencoatedor surrounded bg Gfilm. The C filmis probablypresent as a bgroduct

of the oxidation process arlikely helps to maintain @anductive contact between
MXene patrticles. The comparison betweeipeepared and aged samples demonstrates
that the use of MXene shortly after synthesis greatly reducésathmnof oxides and

adventitiousC present.

4.3.6 Influence of etchants used to pume T§CoTx

Several methods have been explored to selectively etch the A layers from the
MAX phases converting them to MXenes. All of these methods have two things in
common: a highly acidic solution and the presence of fluorine ions. But the produced
MXenes behave differently. For instancesJaTx produced by 50 wt.% HF etching of
TisAIC2 needs to be further intercalated with dimethyl sulfoxide, DMSO, in order to be
delaminate into wstacked single flake§q. However, after etching FAIC, with LiF
+ HCI, the produced IC,Tx can be delaminated without the need of an intercalant like
DMSO [*}. For the above reasons, it is essential to investigate the influence of the
various etchants on the distribution of the surface terminations.

The mdes per formula univf the various surface t@ination speciesQ, -OH,
and,-F), adsorbed kD molecules and Lions per TiX2Tx formula unit as a function
of the various etchants used: 50 wt. % HF, 10 wt. % HF, LiCl + HF, and LiF + HCI for
TizCoTx multilayered MXenes are comparedkigure 57. Note that in the cases of
LiCl + HF and LiF + HCI, there is an additional-O and/or LtOH species that
originates from the presence of libns interacting with BEO or with the TiC>-bound
O-containing groups. The XPS analysis foe L0 wt.% HF, LiCl + HF, and LiF + HCI
etched TiC,Tx are represented the Appendixigures 68, 71 and 72andTables 19,
22, and 23 respectively The chemical formulae for the 1sputtered THC>Tx samples

produced by the following etchants: 50 wtHke, 10 wt. % HF, LiCl + HF, and LiF +
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HCI are: [T13C200.3(OH)032F1.2.0.3H0add, [Ti3C200.5(0OH)o.46F1.0.0.3H0add, [0.3Li-
Ti3C200.6(OH)0.48F0.8.0.4H0add, and  [0.3Li-TisC2004(OH)o5F0.9.0.45H0ags],
respectively.

Interestingly, the value of x is a alefunction of the etchant used. For example
for the etchants, 50 wt. % HF, 10 wt. % HF, LiCl + HF, and LiF +;H@ values ok
are 1.82, 1.96, 1.88, and 1.8, respectively. Similarly, the net negative charges of the
surface terminations are almost #zene for the different etchanésZ.4) except for the
50 wt. % HF where it decreasesi@.1.

The O:F ratio, however, increases significantly when decreasing the
concentration of HF from 50 wt.% to 10 wt.% from 0.25 to 0.5. The same trend was
deduced byVanget al.[101] through modeling the atomic pair distribution function,
PDF, for the neutron measuremergsthe 50% and 10% HFizC,Tx multilayered
samples. As for the LiCl + HF and LiF + HCI cases the O:F rati@75 and 0.4,
respectively.

The moles of L in the LiTisCaTx-HF/LICl and LiTisCoTx-HCI/LiIF samples

is the samand equal to 0.3 moles per unit formula ofXpiT .
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Figure 57: Molesof Y per MsXzoTx formula unit for TsC>Tx produced using various
etchants: 50% HF, 10% HF, LiCl + HCI, and LiF + HCY. includes the terminations,

Li* adsorbed HO. Note that if one termination is assumed per surface M atom, then in
all cases the theoreticakiumber per formula unit is 2 given the horizontal dashed
line. This is the case because only the sum of the moles of O, OH and F corikgtutes
terminations.

4.3.7 Influence of NaOH, and KaOH anultilayeredTizCoTx-50HF

From the XPS analysis of the MLsT.Tx-50HF samples treated with KOH and
NaOH Appendix Figures 69, and 70,and Tables 20, and 21respectively, the
chemical formulae were found to be 0-8k.sC200.7AOH)o.61F0.5.0.4H:0agsand 0.5Na
Ti2.8C200.50Ho.4F0.50.3H:0ads The first noticeable observation is the Ti:C ratio which
decreass from 1.5 to 1.4. In addition to the decrease in the contefit etirface
terminations from 1.2 to 0.5 moles peit formulaeshown inFigure 58. The number
of moles of-O is constant, however themoles of -OH moles doubled. fese
observations show a clear modification in the surface terminations when treating
TizCoTx with base solution such as KOH and Na@Ha | | 6 Aetgah[£53] showed

superior performance inupercapacitors for electrodes made of MgChiTx after KOH



114

treatment, when tested in 1M>$, it resulted in volumetric capacitance of
215 F.cn?® compared t®8 F.cn? for untreated ML TiC,Ty at a scan rate of 2 m\is
Moreover, accoraig to DFT theoretical calculations,- @Qerminated TiC, were
predicted to show higher capacitance for LIB compareteeéorfinated TiCoTx[70].

Thus, these results confirm that it is possible to modify the surface terminations by
reducing the-F terminations ah subistituting them withO and-OH terminations
through treatment with KOH and NaOH which would enhance the electrochemical

properties of MXenes for LIBs and supercapacitors applications.
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Figure 58. Moles of Yper MeXoTx formula unit for TgCoTx-50HF, TizCoTx-50HF
treated withKOH (K-TisC2Tx-50HF), and NaOH RNa-TizC2Tx-50HF). Y includes the
terminationsNa’, K*, andadsorbedH>O. Note that if one termination is assumed per
surface M atom, then in all cases the theoreficalumber per formula unit is 2 given

by the horizontal dashed lin€his is the case because only the sum of the moles of O,
OH and F constitutetheterminations.

Figures 59a-c show that the molar percentage of(%iTy is reduced from 95%

to 81.3 and8.8% upon treatment with KOH and NaOH, respectively. Thu€, Tk
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oxidizes in basic solutions. A suggested mechanism for this reaction is explained in

section 4.5.

(a) EETCT, (b) ETCT, (C) ETCT,

I Ti0 and TiO__F,

I Ti0 and Ti0__F I Ti0,and TiO, F,

Figure 59. Molar percentage ofisC,Tx MXeneandTi oxides andxyfluorides present
in, (@) TeC2Tx-50HF, (b) TisCoTx-50HF treated withKOH (K-TisC2Tx-50HF), and
NaOH (Na TisC2Tx-50HF) samples.

4.3.8 Cation exchange in CTx MXene

In sections 4.3.6 and 4.3.7, | have shown using XPS that ion intercalation occurs
in TisCoTx. This section investigates the possibility of cation exchange:@p T, and
its detection using XP3M. Ghidiu tested this idea by immersing MLi-TizCoTx-
HF/LICl powders in solutions metal chlorides (NaCl and RH8Y], as shown in
Figure 60, while | investigated their chemistries befoamd after, immersion in the

metal chloride solutions using XPS technique.

L. or
KTl Rb-TiyC,T,
g Ti
C
g .(';xation \e
9 H:0

Figure 60. Schematic showing the exchange dfibns, in LiTizCoTx-HF/LICI, with
Na" or Rb" ions from their chloridesolutions(Ref[85] ).
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Figure 61.a plots the XPS spectra for Li 1s regifor unsputtered TaCoTx-
10HF, Li-TizCaTx-HF/LICI, NaTisC Tx-HF/LiCland RBTisC2Tx-HF/LICI. For the
TisCoTx-10HF sample no peaks related to any Li species were found, while forthe Li
TisCoTx-HF/LICl sample, two peaks related to Li species. These paaksspond to
LiF and/or LiCl species at a BE of 56.1 eV and resulted from the residue of etching,
where some LiF and/or LiCl salts were not completely rem$88d The other peak
corresponds to EO and/or LIOH. At a BE of 54.2 eV, probably originates from the
presence of Liions interacting with KO or with MXenebound QGcontaining groups
[1°8]. The LiO and/or the LiOH peaks disappeared after the sample was immersed in
NaCl or RbCI. XPS spectra of Li 1s region for-NaC>Tx-HF/LICl, and RBTi3CoTx-
HF/LICI could not be fitted for this peak. This indicates temoval of the Li ions
from between the layers.

Figure 61.b shows the XPS spectra of Na 1s region forT&C>Tx-HF/LICI
sample. This region was fit by four peaks corresponding to the following species:
NaFNaCl [12§, NaOH/Na20[15916(Q Ti-C, and TiQ. The former two originate
from the Ti LMM Auger lined*?¥. While the NaF/NaCl species most likely result from
incomplete dissolution of NaCl and the possible formation of NaF, the NaQ@®BI/Na
species most probably originates from the intercalatéddda. Figure 61.c shows the
XPS spectra of Rb 3d region for RlzC2Tx-HF/LICI. This region is fit by a species
corresponding t&Rkb* ionsprobably intercalating between the MXdagers[161]. The
disappearance of the'Lspecies in the Li 1s region for NasC,Tx-HF/LiCl and Rb
TisC2Tx-HF/LICl, and the appearance of Napecies in the Na 1s region and*Rb
species in the Rb 3degion for NaTizCoTx-HF/LIClI and RBTizCoTx-HF/LICI,
respectively, suggests complete ion exchange between ‘trendliNd or Rb". The

chemical formulae of Na&i3C>Tx-HF/LICl and RBTi3C>Tx-HF/LiCl, obtained from
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the XPS peak fittings, found ir8%], are 0.24NaTizC200.6(OH)os1Fo.6.0.7HOads. and

0.16RBTi3C200.5(0OH)06F0.7.0.5H0ads

a Li 1s region b Na 1s region
I £ eoymeo
LiF/LiCl Li-Q/Li-OH = |
oy | NaF/NaCl
E !
2 1l Tic
s I
) :' = ]
I @ 1
z : | NaTiCT | S :
E ' = (
I 1
g P : ot . : : L : L
i ! | 1076 1072 1068 1064
&g ) : Binding Energy (eV)
= 1
2 : : c Rb 3d region
£ N ' LmeT, | E
R e
M ., Rb™ (3d,;)
ety £ Rb"(3d,) 1
| : ¥ '|' [ E :
: ! £ Rb-Ti,C,T,
! : g
W E
I
58 56 54 52 14 11 108
Binding Energy (eV) Binding Energy (eV)

Figure 61. XPS spectra with curve fitting for: a) Li 1s region forgputtered T3CoTx-

10HF, LiTisCoTx-HF/LICl, NaTisCoTx-HF/LICI, and RBTizC,Tx-HF/LICl cold
pressed disks. Dashed vertical lines represeoin left to right, species LiF/LiCl and
LiOH/Li20; the large shoulder on the left is due to the Ti 3s peak, respectively; b) Na
1s region for ursputtered NalisC>Tx-HF/LICl. Dashed lines, from left to right,
represent the species NaOH (Na 1s region)i-/NaCl (Na 1s region), ¥C (Auger

LMM line), and TiQ (Auger LMM line), respectively; and c) Rb 3d region for Rb
TisCoTx-HF/LICl. Dashed vertical lines, from right to left represent the speci€s Rb
(3ck/2), RbCI (3d/2), Rb™ (3ck/2), and RbCI (3¢k2), repectively(Ref. B5)]).

4.4 Determination of the natureand amountsof surface termination groups

This section discusses the nature of the surface termination groups, how they
were formed and their total amount. | will start by the etching reactions mentioned in
Chapter 2 and will take the synthesis of 30Tx as an examp. When T3AIC: is
immersed in aqueous HF solution, the following reactions were proposed to take place

by Naguibet al. [39]:
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TizAIC, + 3HF = Al + 3/2H, + TisC> Q)
TizCz + 2H0 = TikxC2(OH)2 + Hz (2)
Ti3Co + 2HF = TsCoF2 + H2 (3)

The second reaction produce®H terminated BCo. A schematic of the
structure is shown ifrigure 62.a, whereeach surface Ti atom is bonded to one OH
group. Similarly, the third reaction produceB terminated BCp; a schematic the
resulting structure is shown Figure 62.b, whereeach surface Ti atom is bonded to
one F atom. However, when looking at all chemical formulae dfidknes obtained
from the XPS analysis and discussed previously, there is a third surface termination
species which isO. Nuclear magnetic resonance (NMR) results have also shown that
TisCz produced by HF or LiF + HCI method a mixture surface terminatfdhe three

species:OH, -F, and-O [167.

(@) TEG(OH) (b) TkGF,

b b b k © o o o
Ti Jj/i;)/ CTI /Cr///
OH‘? ‘? ? ‘P

Figure 62. Side view schematic of a)sTk(OH)2 and b) T#CzF2 structures. Here the
Ti atomsare coloredin yellow, C, black, O, red, Hwhite and F, blue (not to scale).

Therefore, the important question is how tketerminations were formed and
whether each O atom is bonded with a double bond to each Ti atgPa@J)i, Figure
63.a, or each O atom is bonded to two Ti atoms as a bridging O atonmTiy@z0,
Figure 63.b. Under the etching conditions it is almost impossible to foraC:0y,
since it requires the reaction of @ith TisCz to form TgCO: either by: i) reaction of

Ti3Co with Oz dissolved in the etchant:
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Ti3Cz + Ouissolved= Ti13C20z2 (14
This reaction is highly unlikely to happen due to the low concentration of O
in the etchant compared to the concentration ofddd Fions, or ii) dissociation of
water into H and Q followed by reacting @with TisCy, this path is also highly
unlikely to happen due to the need of high energy for water splitting. Even if possible,
it is well established that MXene are prone to oxidation intoxXladles when stored in

water.

Ti Ti

"4

1

(@) oGO, (b). ThGO

Figure 63. Side viewschematic of a) 3C.0. and b) T$C20 structures. Here the Ti
atomsare colored inyellow, C, blackandO, red, (not to scale)

Xie et al. have predicted, through DFT calculations, that-E terminations

can be converted inteO terminations through ¢h following reaction at high

temperaturefs7):
TizC2(OH)z = TizC202 +H> (15)
TizC2(OH)2 = TizC20 + HO (16)

The activation barrier for equation (18) higher tharthat for equation (16)
indicating the need of higher temperature for the first reaction to occur than that needed
for the second one.

For the other MXees: TpCTx-10HF, NBCTx-50HF, \L.CTx-50HF, M@CTx-
25HF, TeCNTx-30HF, MaTiCoTx-50HF, NhCaTx-50HF, and MeTi2CaTx-50HF, the
average number of moles of surface terminations per moles:@XMs 1.95+0.3. The

anomalies are TCTx-10HF with x = 1.6, NRC3Tx-50HF with x = 2.6, and Md i,Cs-
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50HF with x = 2.1. The reason for these discrepancies is not fully understood at this
point, but for T:CTx-10HF it might be due to a deficiency in the Ti atoms, and for the
MasX3Tx, one reason for x 2 may be a deficienay the C sites whicin turnmight be

occupied with the surface termination groups.
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Figure 64. Moles ofY per MsX2Tx formula unit forTizC200.3(OH)o.35F1.2.0.3H0ads
(50HF), TisC200.5(0OH)0.4671.0.0.3H:QOads (LOHF),
0.3Li-Ti3C200.6(0OH)o.48~0.8.0.4HOads(HF+LICl),
0.3LiTi3C200.4(OH)0.5F0.9.0.45H04a4{LiIF+HCI),

0.24NaTi3C200.6(0OH)o.8F06.0.7HOads (NaCl), 0.16RbBTi3C200.5(0OH)o.6F0.7.0.5HOads
(RbCl),0.5NaTi2.§C200.5(OH)0.4F0.5.0.3H:0ads(NaOH) and
0.6K-Ti2.6C200.{/OH)o.61F0.5.0.4H0ads (KOH). Note that if one termination is
assumed per surface M atorhen in all cases the theoretical fumber per formula
unit is 2 given by the horizontal dashed lifi&is is the case because only the sum of
the moles of O, OH and F constitutesterminations.

According to NMR studies and through multilevel structuraddeling of
atomic PDF analysis for higlguality neutron scattering measuremefuts TizCoTx

produced by HF etching and LiF + HCL etchimyidence for protons between the
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TizCoTx layers has been establisHé01,162. Moreover, the zeta potential ofsThTx
particles at pH 7 is29 mV|[78§]. Lastly,in this study it was established and confirmed
that cationic exchange occurs readily ire@iTx. All these results suggest that in the
presence of water, F&>(OH). dissociates producing protons. In the presence of water
moleculesa hydronium, HO" ion is formed according to the following reactions:
TizC2(OH), = TizC2(OH)O + H'ads (17)
H*ads+ H20ads= [H30]* (18)

The process is shown schematicallyrigure 65.

Figure 65. Schematic showing the conversion aOH terminations to b)-O
terminations on &Co. Here the Tiatoms arecoloredin yellow, G black O, red, and
H, white (not to scale)

If this conjecture is correct a correlation betweenrtioles of @erminations
per formula unitand the moles of what was labeled abow®4akin the case of HF
etching. After ion exchange a corretati should exist between the moles of O
terminatiors per formula uniand the sum of the moles of®Gkds+ A*, where A is the

number of alkali ion moles péormula unit.In making this conjecture it is implicitly





















































































































