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ABSTRACT

Recently, a new family of two-dimensional (2D) early transition metal carbides
and carbonitrides, labeled MXenes, was discovered at Drexel University. MXenes are
produced by selectively etching mostly Al from Al-containing MAX phases and
replacing Al with surface termination groups. Theoretically it has been predicted that
changing the nature of the surface terminations, T, can change MXenes' properties, such
as electronic and optical, resulting in changes in performance in various applications
such as electrodes for Li-ion 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 multilayered TisCoTyx, Ti2CTx, TisCNTx, Nb2CTy,
NbsC3Tx, V2CTx, M02CTx, M02TiC2Ty, and Mo2TiCoTx were acquired and analyzed.
The influence of the M and X elements, the order of MXene, n, aging, Ar* sputtering,
and the concentration/nature of the etchants on the amounts of —O, -OH and —F, were
systematically investigated.

XPS analysis confirmed the intercalation of Li* ions upon etching TizAlIC; using
a mixture of LiF and HCI or LiCl and HF; when TisC>Tx multilayers is immersed in
RbCI or NaCl solutions, cation exchange resulted in the replacement of Li* ions with
Rb* or Na*, respectively. Similar cation intercalations were confirmed when treating
HF-etched TisC2Tx samples with TisC,Tx with alkali metal hydroxides, such as NaOH
and KOH. Based on quantification of the various chemical species before and after
treatment, a mechanism was suggested where the reduction of -F terminations took
place by exchanging with -OH and -O terminations and/or complete removal of Ti-F

species and converting them to TiOa.Fx.
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From XPS peak fits for all MXene samples in this study, it was established that
X was =~ 2.0£0.2. Both -F and -OH terminations are formed during etching through the
reaction of MXene with HF or H>O, respectively. However, for the -O terminations to
form, a mechanism was suggested were some of the -OH terminations dissociate into -
O termination and H*, where the latter reacts with an intercalated H>O forming [HzO]".
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 between -O
terminations and adsorbed water plus cations is equal to unity or lower, suggesting that
all H* that dissociates from the -O terminations reacts with H.O molecules to form
H3O". Only five compounds out of the sixteen studied were found not to follow this
trend (in those cases 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 Ti in TizC2Tx
is + 2.4, the average oxidation state of C - for 8 different samples - was determined to
be =~ -2.6x0.1. It is thus reasonable to conclude that the average oxidation states of Ti
and C in TisC,Tx are weakly dependent on the etching conditions and/or intercalated
cations. Similarly, the average oxidation state of C - for 2 different samples — was
determined to be =~ -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, be used to better design and

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

The isolation and characterization of graphene in 2004 [1] from graphite has
marked the beginning of a new form of materials called two-dimensional (2D)
materials. 2D solids can be defined as a form of material that has an infinite length in
the x and y direction and a thickness equal to a single atomic plane which is 0.34 nm
for graphene [2]. 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 zero-gap semiconductor (referred to as a semi metal) when its thickness ranges
between 1 to 10 monolayers. At that thickness range Bianco et al. [3] defined graphene
to be 2D. Thus, one can consider any material 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 because of its impressive properties such
as ballistic conductivity [1], high thermal conductivity [4], high in-plane mechanical
strength [5], optical transparency of visible light reaching 97.7% per monolayer [6].
These properties rendered graphene a promising material for various applications such
as field-effect transistors (FETS) [7,8], memory devices [9,10], photovoltaic devices,
transparent electrodes[11-13], electron acceptors [14], and light absorbers [15] and
electrochemical sensors [16-18].

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 insulator [19]. It

also has an extremely smooth surface that allows it to be deposited between graphene
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and SiO wafers in electronics to prevent the distortion of the graphene electronic
properties due to the roughness of the SiO> wafers [20]. Following hBN, other 2D
materials ranging from insulators to semiconductors to metals to even superconductors
were discovered. These 2D materials include transition-metal dichacogenides (TDMs)
[21], transition metal oxides and hydroxides including clays [22], and monoelemental
2D materials such as silicone [23], phosphorene [24] and germanene [25].
The high surface to volume ratio which 2D materials possess makes their
surfaces reactive allows them to interact easily with other elements and compounds
through chemical surface functionalization. This in turn can alter their optical and
electronic properties in addition to improving charge storage, chemical and biological
sensing and other applications as well [26].
The electronic structure of graphene can be altered from a zero-gap
semiconductor to a p-type or n-type semiconductor using several methods such as:
1. Metallic contact: Immersing graphene films in AuCls or HAuCl, solutions,
where Au nanoparticles can adhere to graphene’s surface resulting in a
heavily p-doped graphene [27].

2. Acid modification: By immersing graphene in nitric acid solution, the HNO3
molecules are adsorbed on the graphene’s surface resulting again in a
heavily p- doped material [28,29].

3. Molecule coating [30]: n-type semiconducting graphene can be achieved
through introducing a dipole moment using self-assembled monolayers
(SAM) of polymers or molecules such as polyethylene glycol (PEG) [31],
polyvinyl alcohol (PVA) [32], polyethylenimine (PEI) [33] and
poly(ethylene oxide) (PEO) [34], 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 gaseous

molecules such as Oz or H20 molecules result in electronically depleted n-
type MoSz and MoSe; solids that are strongly photoluminescent (PL) [35],
while less electronegative gaseous molecules such as NO- can be used as p-
type dopants for WSe> [36]. NO2 molecules would adsorb on WSe; surface
and transfer electrons from WSe> due to its strong oxidizing nature.

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

Pt on MoS> has shown to induce p-type doping [37,38].

In 2011, a new family of 2D materials of transition metal carbides and nitrides
was discovered [39,40] and labeled “MXene”. MXenes are synthesized by selective
etching of the “A” layers from the layered transition metal carbides and nitrides known
as MAX phases. The latter have a general formula of Mn+1AX, (n=1, 2, or 3), where M
represents a transition metal, A represents mostly elements from the 111 A or IV A group
elements such as Al, Ga, Si, or Ge, and X represents C and/or N [41].

MXenes have shown promise for several applications such as energy storage
[42-46], water purification [47,48] , electrochemical actuators [49], photocatalysis [50],
transparent conductive electrodes [51], and sensors [52]. 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 one can consider MXene as a family of
2D materials that is readily functionalized with a formula of Mn+1XnTx, 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 groups [53]. 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 what influence 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 LITERATURE SURVEY

In this chapter the importance of utilizing XPS for chemical characterization of
nanomaterials, in particular 2D materials, will be reviewed. | will summarize the status
of the field of 2D metal carbides and nitrides (MXenes) 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 oxides, in particular
titanium oxide, and metal carbides will be reviewed, since 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. Fourier transform infrared (FTIR) spectroscopy: This technique can identify
several groups (nitro groups, oxygen-containing groups, etc.) and bonds (C-
F, C-N, etc. [58]). However, it is not ideal for elemental quantification.

2. Raman spectroscopy: This technique can also identify various bonds as it
measures their atomic vibrations. In 2D materials it is used to determine the
number of layers or doping levels. For example, in graphene, p (n)-type
doping can cause a decrease in the wavelength (increase in the wavelength)
of the 2D and G bands of graphene due to the influence of the Fermi level
on the photon frequencies of graphene. However, it is not possible to
perform elemental quantification using Raman [59].

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 the most 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, Sheng et al. [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 the presence of melamine, the (C-C) 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 atoms (Figure 1.b).
Other small new peaks appear at 285.8 and 287.5 eV corresponding to sp?-C and sp3-C
atoms, respectively. The high-resolution N 1s XPS spectra for N-doped graphene

(Figure 1.d).
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Figure 1. (a) XPS high-resolution C 1s spectra of pristine graphene prepared by
thermal annealing at 800 °C, (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 crystal structure of nitrogen doped graphene. Reprinted with
permission from (Ref.[60]). Copyright (2011) American Chemical Society.

XPS has been used to investigate surface functionalization of other 2D materials
beyond graphene. Shi et al. [61] reported on the effective decoration of Au
nanoparticles on 2D MoS;, where the former exhibited a remarkable p-doping effect to
the MoS»-based transistors. Decorating the MoS; flakes with Au nanoparticles was
performed by immersing the flakes in a AuCls solution. The high-resolution XPS
spectra of Mo 3d and S 2p regions (Figures 2.a and b, 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 the crystallinity of MoS,, in other words not many
defects are produced due to the doping process. The high-resolution spectra of Au 4f
and CI 2p after AuCls treatment confirm the doping of Au (Figure 2.c). The presence

of a Cl signal in the CI 2p region (Figure 2.d) confirmed that no physical adsorption of
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AuCl4- on the MoS; surface took place. Elemental composition obtained from the XPS

spectra show an arbitrary formula of MoS1.9Auo.044 for the MoS; decorated 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 regions for MoS; after Au nanoparticle decoration
(Ref.[61]).

Furthermore, Lei et al. [62] reported on the functionalization of InSe with Ti**
based on Lewis acid-base chemistry using a solution of TiCls to create
[Ti*n(InSe)].Cl . The authors used XPS to confirm the formation of Ti-Se bonds after
reacting n-type InSe by TiCls forming p-type [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 the TiCls treatment due to the formation of Ti-Se bonds. The donation 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 energy peaks. Using the peak
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area of the fitted components in Figure 3, it was deduced that 25% of the Se atoms are
bonded to Ti, which is the same percentage of Se exposed to the TiCls. This
functionalization method has led to the change of the electronic properties of InSe from
n-type semiconductor to p-type semiconductor, allowing fabrication of n-p junctions
without requiring heterostructure growth. Moreover, functionalization via Lewis acid-

base reaction does not alter the structure of the host.
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Figure 3. High-resolution XPS spectra of Se 3d region for InSe before (black) and after
(red) TiCls treatment. The red dashed curve shows the fitting envelope of Se 3d region
after treatment, showing two new components at a higher binding energy of 54.0 and
54.8 eV corresponding to the Se-Ti 3ds2 and 3ds/2 respectively. (blue and green dashed
lines correspond to the binding energies for Se in the pristine InSe and the Se-Ti after
TiCls treatment, respectively). Reprinted by permission from Nature Publishing Group,
Nature Nanotechnology (Ref.[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 [39,40,45,53]. They exhibit good electrical conductivity [63],
hydrophilicity [53], can host different cations [43], and other compounds such as
dimethylsulphoxide, urea, hydrazine monohydrate [64], and tetrabutylammonium
hydroxide [65], and tunable surface terminations [54,57,66]. 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 as Li-ion batteries [*%467-79] hybrid
cells [71-73], electrochemical capacitors [42,43,74,75]. In addition to other applications
such as sensors [52,76,77], actuators [49], photocatalysis [50], transparent conductive
electrodes [51] and water purification [47,78]. Moreover, they were found to provide

stability and durability for proton exchange membranes for fuel cells [79].

2.2.1. Synthesis of MXenes

MXenes are synthetized by selective etching of the “A” layers from a layered
ternary transition metal carbides and nitrides family of more than 70 phases labeled
MAX phases [41]. MAX phases have a general formula of Mn+1AXn, where n = 1, 2,
or 3, M is an early transition metal, A is an A-group element, and X is C and/or N as

shown in Figure 4.

H ™M A He
Li | Be iti Ne
T Early nt\;atlglsmon Cé-lré(:qjsnf\ C and/or N N
K Co | Ni | Cu Kr
Rb Rh | Pd [ Ag [€d| In | Sn| sb Xe
Cs Ir | Pt | Au i Rn
Fr Mt Ds Rg Uuo

Figure 4. Periodic table showing elements from which MAX phases are composed, M:
early transition metal (red), A: group A element (blue), and X: C and/or N (black) (Ref.
[41,80,81]).

MAX phases have a layered hexagonal crystal structure with MX blocks
sandwiching layers of A-group elements (Figure 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 M-A bonding. The M and X form a mixture of ionic,
metallic and covalent bonds which are much stronger than the M and A metallic bond
[82,83]. Taking advantage of this fact, Naguib et al. [39] were able to chemically etch

the A element (Al) from TisAlC> powders using hydrofluoric acid (HF) producing
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exfoliated layers of TisCo, the first member of the MXene family. The operative

reactions proposed are [39]:

TizAIC, + 3HF = AlFs + 3/2H> + TisCs (D)
Ti3Co + 2H20 = TizC2(OH)2 + H2 2
TisCz + 2HF = TizCoF2 + Ho 3)
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Figure 5. MAX phases' unit cells: M2AX (211), M3AXz2 (312), and MsAXz (413)
(Ref.[84]).

During etching, the Al in TisAIC: is replaced with surface functional groups
that are assumed to be a mixture of -OH, -O and/or -F [39]. Thus, as noted above, the
correct general formula of MXene is Mn+1XnTx, Where T stands for the surface
termination groups. The as-produced MXenes were in the form of multilayers and
cannot be easily delaminated into single flakes via sonication in water or isopropanol.
This is mainly due to the interaction of the surface terminating groups with each other,
keeping the flakes bonded together. Mashtalir el al. [64] introduced a method to
delaminate TisC,Tx using dimethylsulfoxide (DMSO). TizC,Tx powders were
intercalated first with DMSO, weakening the bonding between the layers, followed by

sonication in water, resulting in a high yield of delaminated MXene (d-TisC2Tx) in the
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form of colloidal suspensions. Other compounds such as tetrabutylammonium
hydroxide [65] and isopropylamine [46] have been used to delaminate other MXenes
such as Nb2CTx, TisCNTx and V2CTx. A schematic showing the entire synthesis
procedure is shown in Figure 6.

Other etching systems were also used to convert TisAIC to TisCoTx including
NH4HF. [51] and HF + LiCl [85]. Interestingly, Ghidiu et al. [42] demonstrated that
etching TizAIC> using a mixture of LiF and HCI led to spontaneous delamination of the

TisCoTx multilayers, MLs, without the need of the intercalation step.
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Figure 6. Synthesis of MXenes from MAX phase, taking TisC.Tx as an example: (a)
TizAIC2 MAX phase powder immersed in HF acid, this results in (b) selective etching
of Al and formation of multilayered TisC2Tx, (c) intercalation of the multilayered
TizCoTx using various compounds: dimethylsulfoxide, tetrabutylammonium hydroxide
or isopropylamine, which, (d) can be delaminated by sonication in water into separate
flakes. Figure was adapted with permission from American Chemical Society (Ref.
[39]) Copyright 2012. ACS Nano, and from Nature Publishing Group (Ref. [64])
Copyright 2013. Nature Communications.
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To date there have been 17 MXene compounds reported, including Ti>CTy,
Nb2CTy, V2CTy, (Tios,Nbos)2CTx, M02CTyx TisCoTx, (Mo5,Cros)3CaTx TisxCNTx TisCN,
TasCaTx, NbaCsTx [40,53,86], ZrsC2Tx [87], (NbosTio.2)aCsTx, (Nbo.s,Zro.2)sCaTx [88],

Mo, TiC2Tx, M02Ti2C3Ty, and (where Mo and Ti form an ordered layer structure, with
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Mo occupying the outer M layers and Ti occupying the inner M layers) and similarly
CroTiCoTx where Cr occupies the outer layers [89]. All of these MXenes were
synthetized by HF etching of their MAX phases at room temperature or at a slightly

higher temperature = 55 °C.

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 be -O, -OH, and/or -F. Much theoretical work 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 MXenes [39,90-94].

Regarding the position of the surface terminations, Enyashin et al. studied three
different configurations (I, 11, and I11) for the OH terminations on TisC: layer (Figure
7). In configuration I, the OH groups are positioned in the empty space between the
three carbon atoms on the two sides of the MXene layer (Figure 7.b, e). For
configuration Il, the OH groups are located directly above the C atoms on both sides of
the MXene layer (Figure 7.c, f), while configuration Il is a combination of both I and
I, 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 the three
configurations, configuration Il was the least stable, while configuration | was the most

stable. The same results were also obtained for TisC2F2 [91].
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Figure 7. Atomic structures of TisC> layer: (a) with no terminations (side view), (b)
with OH terminations in configuration | (side view), (c) with OH terminations in
configuration Il (side view), (d) with OH terminations in configuration Il (side view),
(e) with OH terminations in configuration | (top view), and (f) with OH terminations in
configuration Il (top view). Reprinted by permission from Elsevier (Ref.[95]),
Computational and Theoretical Chemistry, Copyright 2012.

Before discussing the change in the MXene properties upon changing 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 general, DFT calculations predict that MXene monolayers with no surface
terminations are metallic and their DOS near the Fermi level, E, is higher than that of
their parent MAX phases [39,90-94]. Taking TiCTx as an example, the valence states
below the Es are divided into two sub-bands; one of them Figure 8, which is the nearest
to Er, is mainly composed of a hybridization between Ti 3d and Al 3p orbitals; this sub-
band is called sub-band A. the other sub-band, B, is located further from E¢ 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 of sub-band A due to
the removal of Al 3p orbitals. Sub-band A is composed of only Ti 3d orbitals. The
resulting Ti-Ti bonds in turn increase in the electron DOS near the Er of Ti.C compared

to Ti2AIC; [56].
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Figure 8. Partial and total DOS for TiAlC and Ti>CTy, where T is either O, F, H or
OH and x is 2. Reprinted by permission from American Physical Society, Physical
Review B (Ref.[56]), copyright 2013.

According to DFT calculations, surface terminations can vary the electronic
properties of MXenes from being semiconductors with a small band gap to a large direct
or indirect band gap as shown in Table 1. The reason behind the changes in the band
gap is manifested in how the electron DOS near the Er changes when MXenes are

terminated as shown in Figure 8. Surface termination groups result in the formation of
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a third sub-band, C, located below sub-band B. The former is formed due to M-T
bonding moving the gap between sub-bands A and B to lower energies.

Khazaei et al. [54] have predicted, through DFT calculations, that MXenes with
n higher than 1 such as TisC,, and NbsCs remain metallic irrespective of the
functionalized group whether it is -O, -OH or -F. Furthermore, in the same study, it was
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
properties, 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 in Ti2CTx and TizC2Tx. Ti2CO2 and TizC20-
were predicted to have the highest elastic constants compared to the -F and -OH
terminated Ti.CTyx and TizC2Tx. Interestingly, Ti>.CF, and Ti.C(OH). are predicted to
exhibit a white color when subject to light, i.e. none transparent (opaque), while Ti>CO-
is predicted to have a high optical transmittance and an optical bandgap originating
from its semiconductor-like electronic structure. This makes Ti.CO. a potential
candidate for optoelectronic devices.

Table 1. Band gap values calculated theoretically for select MXenes with different
surface terminations.

Compound Band gap, eV Ref.
Ti2CO2 1.03" [92]
Mo2CF2 0.25 [55]

Mo.C(OH): 0.1 [55]

“indirect band gap. “directed band gap

Eames et al. [70] have shown through DFT calculations how the nature of the

surface termination group can significantly affect the capacity of a MXene when used
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as an electrode for Lithium ion batteries. Oxygen-terminated MXenes were predicted
to show the highest capacity compared to the hydroxyl- and F-terminated MXenes.

As stated above, MXenes contain mixed surface termination groups of -O, -OH
and -F. So far most of the theoretical calculation studies focused on studying fully
terminated MXenes with only one surface termination group either -O -OH or -F.
However, most recently theoreticians came up with models to accommodate more two
surface termination groups. For example, Babak et al. [97] have predicted that -OH and
-F and terminated Mo.TiC, and MoTi.Cs MXenes should be semiconductors with a
small band gap of =~ 0.05 eV, while also mixing -OH and -F terminations should show
a semiconducting behavior. In contrast, -O terminated Mo, TiC> and Mo2Ti.Cz MXenes
should show metallic behavior. While a mixed termination of -O and -F should show
metallic behavior at high -O amounts. It is worth noting that these results are only valid
when considering spin-polarized DFT calculations otherwise for non-spin-polarized
simulations all the Mo-Ti MXenes regardless of their terminations were predicted to be
metallic. Experimental results for both Mo,TiC>Tx and Mo2Ti.C3Tx MXenes show a
decrease in resistivity with an increase in temperature indicating a semiconducting-like
behavior. However, an Arrhenius model does not fit the results indicating that the
evidence for a band gap is weak.

Despite the body of literature regarding theoretical studies of the surface
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 of X-ray diffraction (XRD) patterns of
TisCoTx etched with HF to compare to theoretical XRD patterns generated from DFT

calculations for TisCzF2 and TisC2(OH) as shown in Figure 9.
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The simulated XRD pattern of TizC2(OH). appeared to be closest to the
experimental pattern; however, there is not enough evidence that OH is the only
termination since the elemental analysis performed in the same study showed the
presence of F. Furthermore, there was no information about the bonding between the

MXene surfaces and the surface termination groups.

Exfoliated

HF etched

Intensity (arb. units)

2 Theta (Degree)

Figure 9. XRD patterns for TizAIC, before and after HF treatment, TizC.Tx after
sonication in water and simulated XRD patterns of TisC2F2 and TizC2(OH).. Reprinted
by permission from John Wiley and Sons, Advanced Materials (Ref.[*°]), copyright
2011.

A few XPS characterization studies were reported, before the start of this study,
for only a TizC,Tx-HF etched MXene [39] and a TizC,Tx-HF etched intercalated with
hydrazine monohydrate and dimethylformamide [64]. In the first study, only the XPS
spectra of the Ti 2p region for TisC2Tx was shown in comparison with that of TisAlIC,
while in the second, XPS spectra of Ti 2p, O1s, and N1s were shown to confirm the
existence of a N-containing species belonging to the intercalated compounds to confirm

their intercalation.
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Other techniques including transmission electron microscopy (TEM) [51,98],
X-ray absorption spectroscopy (XAS) [99], X-ray atomic pair distribution function
(PDF) analysis [86,97,100], and multilevel structural modeling of atomic PDF obtained
by high-quality neutron scattering [101], were used to investigate the structure and
chemistry of MXenes and the nature of their surface terminations. Combining high
resolution TEM and STEM with EDX [50] or EELS [94], showed that the surface
terminations of -O and -F were randomly distributed between the TisC2Tx layers and
on the surface of single TisC2Tx sheets. However it was not possible to differentiate
between -O and -OH terminations due to the insensitivity of both EDX and EELS to
hydrogen.

Lukatskaya et al. [99] reported a change in the oxidation state in TizC2Tx from
2.33 to 2.43 when cycled in an electrochemical cell in 1M H>SO; electrolyte between
potentials of -0.35 and 0.35 V, respectively. This result is essential, not only because it
is the first to determine the average oxidation state of Ti in TisC2Tx but also shows that
Tiin TisC2Tx is 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 X-ray atomic PDF analysis for several MXenes were reported
[86,100]. Shi et al. [100] studied the structures of pristine, potassium hydroxide and
sodium acetate intercalated TisC>T, while Ghidiu et al. [86] studied the structure of
NbsC3Tx and Anasori et al. [98] investigated the structure of delaminated Mo, TiC2Tx
and Mo.Ti,C3sTx. However since X-rays are insensitive towards hydrogen, again this
technique was not able to differentiate between -O and -OH. To solve this issue Wang
et al. [99] used high-quality neutron scattering technique to detect both H and F in
TisCoTyx, and through multilevel structural modeling of atomic PDF quantification of -

O, -OH and -F terminations was possible. However, this technique is incapable of
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differentiation between hydroxyl groups that form water and hydroxyl groups that act
as surface terminations so differentiation between adsorbed water and -OH terminations
was not possible. In addition, this technique provides an indirect method for the
quantification of the chemical species based on the modeling of the bond length
between various atoms. Therefore, XPS technique is needed since it is one of the few
techniques that can differentiate between different chemical species and directly
quantify elemental and chemical species near the surface. Thus, the goal of this work
was to study the chemistry of this new family of 2D transition metal carbides and
carbonitrides (MXenes) by identifying and quantifying the surface termination groups

found in these materials using X-ray photoelectron spectroscopy (XPS).

2.3 XPS analysis of water on metal oxides and metal carbides

When synthesized in agueous media interactions with water are unavoidable,
and therefore MXene surfaces tend to behave like transition metal oxides surfaces since
also are terminated in -O and —OH; their core, however, tends to be have more like
transition metal carbides. Therefore, using XPS 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 interaction with water are discussed with a special focus
on titanium oxides.

The interaction of water with TiO2 in UHV has been studied extensively [102-
105]. Several studies investigated, using XPS, the various oxygen chemical species
created upon the interaction of water with TiO2 and assigned and identified the binding
energy for each chemical species present [106,107]. Among these species, found in the

XPS spectra for O 1s region, are: i) lattice oxygen in TiO> at BE of 530.5 eV, Figure
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10.a, ii) O atoms next to vacanct sites at BE of 531.5 eV, Figure 10.a, iii) OH group at
bridging sites at BE of = 531.8 eV Figure 10.a and b, and iv) adsorbed water at BE of
~533.5 eV, Figure 10.b [105].

The defectiveness of the TiO2 (110) surface affects the dissociation of water on
its surface in UHV. Defect-free TiO. surfaces were shown not to dissociate water
[102,103]. However, oxygen vacancies play an important role in water dissociation on
TiO (110) surfaces [108-110]. Yamamoto et al. [105], suggested a mechanism for water
adsorption on the TiO2 (110) surface from in-situ hydration and annealing of single
crystal TiO2 (110) surfaces. Initially, water molecules dissociate at O-vacancies in
bridge sites, producing a stoichiometric amount of OH bridge groups equal to twice the
initial vacancy concentration. Then the OHyridge groups act as nucleation sites that attract
water molecules to form strongly bound OH-H,O 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 TiO2 (110): (a) measured at 900 K in vacuum (top
curve) and measured after cooling down to 295 K in a residual gas atmosphere (mainly
water) of 108 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 are the fitted curves, and the vertical solid straight lines
represent different chemical species (Ref. [105]).
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Similar studies were performed to study the interaction of water with metal
carbides surfaces such as TiC and VC [111-113]. According to Didziulis et al.[113],
the adsorption of H20 (D20) on TiC (100) surface at 158 K leads to the formation of
several species detected by HREELS which are: OH species from decomposed water,
and a surface hydride species at low exposure of H,O (0.1 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 area percentages
of 60, 30 and 10 %, respectively. The C atoms in TiC were found to interact with the
water molecules forming C-H species on TiC (100), leaving behind a hydroxyl group
which tended to migrate to an electron rich C forming CO or CO2 gas which were
observed as desorption products using Temperature Programmed Desorption (TPD).

In the case of VC (100) surfaces, the C-H species is absent and a multi-
coordinated hydride species was identified by HREELS but there is no knowledge
regarding its actual location on the surface. This hydride species would leave out as a
hydroxyl group that would seek out an electron rich site, similar to the TiC case. But in
this case, due to the availability of the d-electrons on VC, this could cause the hydroxyl
group to remain on the V site instead of reacting with C forming CO and CO.. This was
confirmed by TPD as no peaks related to CO or CO were observed.

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

considered as metal carbides with oxide-like surface.



44

CHAPTER 3: MATERIALS AND METHODS

This chapter provides detailed information on the synthesis of the MXenes
multiplayers, ML, and cation intercalation into 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 are: TizsCaTx, Ti2CTx, TisCNTx, Nb2CTy,

NbsCsTx, V2CTx, M02CTx, M02TiC2Tx and Mo Ti2C3Tx.

3.1.1 Synthesis of the MAX phases

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

Synthesis of TizAIC:

TisAlC, powders was prepared by mixing commercial Ti2AIC powders
(Kanthal, Sweden, -325 mesh) with TiC (Alfa Aesar, Ward Hill, USA, 99.5 wt.%
purity, -325 mesh) in a 1:1 molar ratio, respectively, (after adjusting for the ~ 12 wt.%
TisAlIC, 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 10 °C min™ for 2 h under flowing argon (Ar). The resulting material
was in the form of a lightly sintered brick that was ground using a TiN-coated milling
bit and sieved through a 400 mesh sieve, producing TizAlC2 powder with particle size

less than 38 pm.
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Synthesis of TiLAIC

Ti>AlC 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 molar ratio of 2:1.1:1, respectively. The mixture was ball milled for 18
h then heated at a rate of 10 °C min? in a tube furnace to 1400 °C for 4 h in Ar
atmosphere. After cooling to room temperature, the lightly sintered Ti>AIC product was
processed as described above for the lightly sintered TizAlIC, brick.

Synthesis of TisAICN

TisAICN powders were prepared by mixing powders of Ti, AIN (Sigma
Aldrich, St. Louis, USA, 99 wt.% purity, particle size < 10 pm) and graphite, as
described above, in a molar ratio of 3:1:1. The mixture was ball milled for 18 h then
heated at a rate of 10 °C min™in a tube furnace to 1500 °C for 2 h in Ar atmosphere.
After cooling to room temperature, the lightly sintered TisAICN product was processed
as described for the lightly sintered TisAIC; brick.

Synthesis of Nb,AIC

Nb2AIC powders were prepared by mixing powders of Nb (Atlantic Equipment
Engineers, Bergenfield, USA, 99.8 wt.% purity, -325 mesh), Al, and graphite in a molar
ratio of 2:1.1:1, respectively. The mixture was ball milled for 18 h then heated at a rate
of 5 °C mintin a tube furnace at 1600 °C for 4 h in Ar atmosphere. After cooling to
room temperature, the lightly sintered Nb2AIC product was processed as described for
the lightly sintered TizAIC> brick.

Synthesis of NbsAIC3

NbsAIC3 powders were provided by Dr. Jian Yang, Nanjing Tech University,
China. They were prepared by in situ hot pressing of commercially available powders

of Nb (Beijing Xinrongyuan Science and Tech. Co., Ltd, China, 99.5 wt.% purity, <94
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pum), Al (General Research Institute for Nonferrous Metals, Beijing, China, 99.9 wt.%
purity, < 74 um), and graphite (Qingdao Tianhe Graphite Co., Ltd, China, 99 wt.%
purity, < 94 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 was pre-sprayed with a layer of BN and
compacted with a load corresponding to a stress of 3 MPa. The compacted body was
then heated at a rate of 20 °C min* 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 NbsAICs billet was crushed into fine powder using a crusher
(QE-100 pulveriser, Yili Tools Co., China) followed by sieving through a 400-mesh
sieve producing powders with particle size less than 38 pm.

Synthesis of V,AIC

V>AIC powders were produced by mixing powders of V (Alfa Aesar, Ward Hill,
USA, 99 wt.% purity, -325 mesh), Al and graphite in a molar ratio of 2:1.3:1,
respectively. The mixture was ball milled for 18 h then heated at a rate of 5 °C mintin
a tube furnace at 1500 °C for 4 h in Ar atmosphere. After cooling to room temperature,
the lightly sintered V>AIC product was processed as described for the lightly sintered
TisAlC brick.

Synthesis of Mo, TiAIC; and Mo2Ti2AIC3

Elemental powders of Mo (Alfa Aesar, Ward Hill, USA, 99.5 wt.% purity, -20
mesh, Ti, Al and graphite were mixed in the molar ratios of 2.2M0:0.8Ti:1.1Al:2C, and
2Mo:2Ti:1.1Al:2.7C to produce Mo.TiAIC, and Mo2Ti2AlC3, respectively. In both
cases, the powders were ball milled for 18 h then heated at a rate of 5 °C mintin a tube

furnace at 1600 °C for 4 h in Ar atmosphere. After cooling to room temperature, the
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lightly sintered Mo.TiAIC, and Mo2Ti2AlCz products were processed as described for
the lightly sintered TisAIC: brick.

Synthesis of Mo.Ga>C

Mo.Ga,C powders were produced by a solid-liquid reaction of Mo,C and Ga.
Mo2C powders (Alfa Aeser, Ward Hill, USA, 99.5 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 furnace that 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
quartz tube. The latter was evacuated, and re-heated at the same rate as previously done
and held at 850 °C for another 16 h.

After cooling, the product of the lightly sintered Mo.Ga>C and the excess,
unreacted Ga were added to a solution of 12 M HCI (Fisher Scientific, Fair Lawn, NJ,
USA, technical grade) 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 several times until a pH of ~ 6 was reached. The wet washed powder was then
dried by filtration using a nanoporous polypropylene (3501 Coated P, 0.064 um pore
size, Celgard, USA). The dried powder was then sieved through a 400 mesh sieve

producing Mo.Ga,C powders with particle size < 38 um.

3.1.2 Synthesis of multilayered MXene (HF method)

As discussed above, MXenes are synthetized by selective etching of the “A”
layers from their corresponding MAX phase. The MAX phases powders, with particle

size less than 38 um, were treated with aqueous HF solution (Fisher Scientific, Fair



48

Lawn, NJ) of ratio 1 gm of MAX to 10 ml of HF, except for M0.Ga>C a volume of 20
mL of HF was used. The exact conditions used for producing each ML-MXene
compound are shown in Table 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.

Table 2. HF etching conditions of MAX phases to produce their corresponding MXenes.

MXene HF ' Etchi_ng Temp.

Sample name MAX phase concentration duration
produced (wt. %) () C)
TisCaT«-50HF TizAIC; TiaCaTx 50 18 RT
TisC2Tx-10HF TizAIC, TisCaTx 10 24 25
Ti.CTx-10HF TiLAIC TioCTx 10 10 RT
TizCN-30HF TizAICN TisCNTy 30 18 RT
Nb2CTx-50HF Nb.AIC Nb2CTx 50 48 55
Nb4CsTx-50HF NbAICs Nb4CsTx 50 96 55
V2CTx-50HF V,AIC V2CTx 50 48 55
Mo,CTx-25HF Mo,Ga,C Mo0,CTyx 25 159 55
Mo, TiC,Tx-50HF Mo, TiAIC; Mo, TiC,Ty 50 72 55
Mo, Ti2CsTx-50HF Mo, Ti,AlC3 Mo, TioCaTx 50 96 55

In order to separate the MXene from any un-etched MAX powder, the wet
sediment was re-dispersed 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, 0.064 um pore size, Celgard, USA). The powder was collected and processed

for the XPS measurements.

3.1.3 Synthesis of ML-Ti3C2Tx MXene (LiCl+HF method)

One gram of TisAIC> powders, of particle size < 38 um, was slowly added to a

premixed 10 mL mixture of 10 wt.% aqueous HF and LiCl solution containing 1.1 gms
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of LiCl. The molar LiCl to TisAlC 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 was performed 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 the mixture was washed with 40 mL of DI water for 3 times
and dried by filtration as previously described. The produced powder is henceforth

denoted as Li-TizC2Tx-HF/LICI.

3.1.4 Synthesis of ML-TizC,Tx MXene (LiF+HCI method)

One gram of TizAIC> powders, of particle size < 38 um, were slowly added to
a mixture of 10 mL of a premixed solution of 1.2 gms of LiF (Alfa Aesar, Ward Hill,
USA, 90 wt.% purity) and 12 M HCI. The mixture was stirred for 24 h at 35 °C.
Afterwards HCI washing was performed as described previously to remove any LiF
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 denoted as Li-

TisC,Tx-HCI/LIF.

3.1.5 Cation exchange of Li-TizC2Tx-HF/LiCl

Powders of Li-TisCoTx-HF/LiCl were HCI pre-washed, as described above,
while they are still in a wet state. Salt solutions of 1 M NaCl or RbCl (Alfa Aesar, Ward
Hill, USA, 90 wt.% purity) in DI water were added in a ratio of 0.5 g Li-TisCoTx-
HF/LiCl to 40 mL solution. After shaking for 2 min, the mixtures were allowed to sit
for 1 h, then the solution was washed by the centrifugation method, decanted and a

fresh solution was added was replaced by a fresh 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 resulting from the NaCl and RbCI treatments are

henceforth denoted as Na-TizCoTx-HCI/LiF and Rb-TisC,Tx-HCI/LIF, respectively.

3.1.6 Alkali treatments of TisC,Tx-50HF

Solutions of 25 wt.% NaOH or KOH (Sigma Aldrich, St. Louise, USA, 99 wt.%
purity) were added to a TisCoTx-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 DI 5 times, 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 as Na-TisC,Tx-50HF and Rb-

Ti3CoTx-50HF, respectively.

3.1.7 Sample preparation 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 powders were
collected from the filter and cold pressed in a steel die, using a load corresponding to a
stress of 1 GPa, to produce free-standing discs. To confirm that the cold-pressing of
samples did not contaminate the XPS results, we compared survey spectra of these
samples with powdered samples that were not cold pressed and saw no difference in

the spectra, this is shown in Ref. [114].
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The advantages of using cold pressed samples is that they provided a smooth
surface allowing for more accurate results. The cold pressed discs were mounted on the

sample holder via 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 for compositional and chemical state analysis of
the surfaces of materials [115]. XPS spectra are obtained by bombarding the surface of
the sample with X-ray photons of a specific energy which excites the core level

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

Since these core level electrons are quantized, they can be detected by the
hemispherical analyser (HSA) that is adjusted to a certain voltage, V, to allow the
passage of core electrons of a given Kinetic energy belonging to a given element as
shown in Figure 12. This Kkinetic energy is converted to a binding energy (BE) using

the following equation [115]:

BE=hv-KE-® @)

where hv is the energy of the X-ray 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 principle of the 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. Only the electrons 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 reduction of their kinetic 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
instrument shown in Figure 13. A 100 pum monochromatic Al-Ka X-ray beam
irradiated the sample surface. Photoelectrons were collected by a 180" hemispherical
electron energy analyzer. Samples were analyzed at a 45° takeoff angle between the
sample surface and the path to the analyzer. The charge was neutralized using a dual
beam charge neutralizer irradiating low-energy electrons and ion beams to avoid shifts

in the recorded BE. High-resolution 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 a pass energy 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 instances, the 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 Fermi-edge (Es), which was set to a

BE of zero eV.

f

J ]
[ - H

il A I
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 calculated using the

following equation:

A.
: 5
2:;'n=1AJ' ( )

X; = 100

where X; is the atomic concentration of the element (i),
Ai is the adjusted intensity of element (i),

and A is the total adjusted intensity of all elements.
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The adjusted intensity is defined as follows:

R;
where I is the integrated peak area obtained from the high-resolution spectra and, Ri is
the relative sensitivity factor for each element.

The relative sensitivity factor (R) in most cases is expressed with F 1s or C 1s
as unity, and it can be calculated from the following equation [116]:

R = 0gATA (7)
Where: ¢ is photoelectric cross-section for the particular transition in cm? per atom,
¢ is the angular efficiency factor for the instrumental arrangement (angle
between photon path and emitted photoelectron that is detected),
A is the area of the sample from which photoelectrons can be detected
T is the efficiency of detection of the photoelectrons emerging from the sample
A is the mean free path of the photoelectrons in the sample.

Practically, the relative sensitivity factors are obtained from measuring the XPS
spectra of stoichiometric 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, the high-resolution
Li 1s region and F 1s region XPS spectra are measured. The ratio of the area of the
peaks in both regions is 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:

Ryiqs = AHsmmsstis ®)
where n is the atomic ratio of the element.

The XPS peak area in a region of a certain element depends on the instrument,
therefore for each instrument a list of 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 in Table 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 of the high-resolution XPS spectra was performed with some

constrains in order to obtain reasonable and self-consistent curve fitting results. The

first constraint was the choice of the lineshape used for fitting the different species. For

non-conductive species such as metal oxides, oxyfluorides, hydroxides, and, organic

contaminations, a symmetric Gaussian Lorentzian (GL) lineshape given by the

following equation [117]:

GL(m) =GL(x:e, f,m) =G(x:e, f,m)L(x:e, f,m)G
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G(x:e, f,m) =exp (—4ln2 (1 — %) (xf;e)2> (10)
1

()

L(x:e, f,m) = (12)

Where e is the starting BE,
fis the ending BE,
and m is the mixing ratio.

However metallic species 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 electrons [118]. Therefore, a Lorentzian Asymmetric (LA) lineshape was
used to fit species such as metals, most notably the M-X species in MXenes in the M

and X XPS regions and carbides assuming the following equation [117]:

_ _ ([L(x:f,e,100)]*x < e
LAGea, B fre) = {[L(x:f, e,100)]f x > e (12)
L(x:e,f,100) = — = (13)
41—00 T

where a and  define the spread of the tail on either side of the Lorentzian component.

The second constraint is related to the spin orbit splitting of core levels higher
than the s core level. All orbitals except the s levels (I = 0) give rise to a doublet with
the two possible states having different BEs. This is known as spin-orbit splitting (or j-
j coupling) [119]. The number of electrons in each of the spin states for a given core
level follows the formula: j = (I £ s), the ratio of the number of electrons in the two split
states is equal to the ratio of the area of their corresponding peaks. For example, for the
2p spectra, where nis 2 and | is 1, j will be 3/2 and % and the ratio of the number of

electrons will be 4:2, therefore the peak 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 third was to constrain the BE shifts for each component. The BEs were
allowed to shift £0.5 eV from their initial values in steps of 0.02 eV between each
curve-fitting iteration.

The forth constraint was to restrict the full width at half maximum (FWHM) of
each component. The FWHM is determined by the lifetime of the core-hole and
instrumental broadening [117]. Shorter core-hole lifetimes result in broader XPS peaks;
instrumental broadening is determined by detector settings and limitations. Often there
were peaks that appeared broader than expected. For example, the FWHM of the Ti 2p
peaks of the component we labeled TiO: is larger than that of pure TiO2 [120] Such
broadening can be ascribed to the presence of defects such as oxygen vacancies, and/or
dopants near some Ti atoms and not others. The separation between the various BEs of
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, defect-free
TiO2 [120]. 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 present in two, or
several, samples, e.g. Ti.CTx and TizCzTy, is expected to show small, if any, variations
in the FWHM. Additionally, following sputter cleaning, many of the broadened, which
can again be due to sputtering induced defects. As a result, the spin-orbit doublets of
these peaks was allowed to shift further apart to accommodate the broadening.

The fifth, and last constraint, was that each curve fitting procedure started with
a minimum number of components that are well-established. For the Ti-MXenes, the
Ti 2p region, the starting components were TiO2[105,120,121], TiO2.xFx [122], as well

as, peaks corresponding to Ti of +1, +2 and +3 oxidation states in (OH and/or O)-Ti-C.
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For the Nb-MXenes, in the Nb 3d region, the starting components where NbO, Nb**-O
and Nb2Os, as well as (OH and/or O)-Nb-C. However, since > 2 eV separated the NbO
and NbO:> peaks these components were insufficient to bridge the gap in NbsCsTx. A
peak assumed to be due to a Nb*-O component was thus added. Peak-fits of all other

regions were 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 multilayered TizCoTx-50HF

Figures 14-17 plot the spectra for the Ti, C, O and F regions, respectively, for
un-sputtered TizC2Tx-50HF multi-layered, ML, cold pressed disk, together with their
peak-fits. The peak positions, Full Width Half Maximum (FWHM), and the fraction of
each peak obtained from the fits are summarized in Table 4. Each region is discussed
in detail below.

Ti 2p region

The Ti 2p region for the un-sputtered TizC2Tx-50HF sample (Figure 14) was fit
by the components listed in column 5 in Table 4. The majority of the species are: a Ti
atoms bonded to C and surface terminations of O and/or OH: (OH and/or O-Ti-C), and
(OH and/or O-Ti*2-C), and (OH and/or O-Ti*3-C) that belong to TizC20x, TisC2(OH)x
and, b) Ti atoms bonded to C and F surface terminations (F-Ti-C), which belongs to
Ti3CoFx. These comprise 95% of the photoemission in the Ti 2p region. The rest belongs
to TiO2 and TiO..xFx species present as a result of surface oxidation. It is worth noting
that similar oxidation states for Ti reported here, viz. Ti?* and Ti**, were reported for
TiC [123].

The binding energy (BE) for the Ti 2ps/2 peak of the TisC2Txsample (= 455 eV),
is higher than the 454.6 eV value in the parent MAX phase, TisAIC, [124]. This shift
is due to the replacement of the Al layers by more electronegative surface terminations

such as O, OH and F.
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Ti 2p region
Ti 2py, for Ti;AIC,
1

(OH and/or Q)-Ti-C
(OH and/or Q)-Ti*2-C
(OH and/or Q)-Ti*3-C

Intensity (arb. units)

468 464 460 456 452

Binding Energy (eV)

Figure 14. Component peak fitting of XPS spectra of Ti 2p region for un-sputtered ML
TizCoTx-50HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 4. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

C 1sregion

The C 1s region (Figure 15 and Table 4) of the un-sputtered TisC>Tx-50HF
sample was fit by three peaks. The largest (= 54% of the C 1s region), at a BE of 282.0
eV, corresponds to C-Ti-Tx (where Tx is O, OH and/or F). Its binding energy is slightly
higher than that of C in TizAIC; (281.5-281.8 eV) [124]. The small shift can possibly
be attributed to defects introduced in the Ti-C layers due to the etching procedure.

The other two peaks correspond to graphitic C-C and CHy or C-O. The former
could be due to selective dissolution of Ti during etching, which can result in graphitic
C-C formation or could simply be surface contamination [125]. The CHy, and C-O
species, on the other hand, likely result from the solvents used in the separation and
drying processes and/or the exposure of the high surface 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 peak fitting of XPS spectra of C 1s region for un-sputtered ML
TizCoTx-50HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 4. Dashed vertical line denotes the position of the same peak in the parent

MAX phase.

O 1s region

The O 1s region for thissample (Figure 16 and Table 4) was fit by components
corresponding to C-Ti-O, C-Ti-(OH)x and H20ads, represent the majority fraction (53%)
of that region. The differences between these species are explained below. The balance
is in the form of TiO,, TiO2xFx and Al203 (Column 5 in Table 4). Surface organic
contaminations of C-O contribute to this region, and overlap and obscure many other
peaks. However, the amount of these organic contaminations in this case is < 2.5 at.%.

The BE of C-Ti-O in this sample is 531.2 eV. This value is close to that of an O
atom near to vacant site in TiO, i.e. a defective TiO; (531.5 eV) [105]. The peak for
C-Ti-(OH)x is located at a BE of 532.0 eV, which is quite close to that of OH groups at
bridging sites on TiO2 [105].

The H20a4s component is that of water species being strongly adsorbed on the
surface of MXene. At 533.8 eV, the BE of this species is quite close to that of a water
molecule adsorbed to an OH group at bridging sites on titania (533.5 eV) [105]. The
Al(OF)x species, present in the pre-sputtered TisC,Tx 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 peak fitting of XPS spectra of O 1s region for un-sputtered ML

TizCoTx-50HF cold pressed disk. Various peaks shown represent various species

assumed to exist. Labels and peak colors are coordinated. The results are summarized

in Table 4.

F 1s region

The largest component in the F 1s region (Figure 17 and Table 4) for this
sample is C-Ti-Fy, ata BE 0f 685.0 eV. This BE is 0.1 eV higher than that of TiF4[126],
a similar compound that should have a value close to that of the Ti-F bond in TizCzFx.

Smaller fractions of TiO2xFx, AlFx and AI(OF)x are also found in the F 1s
region. The first one is due to surface oxidation, while the latter two are byproducts of
the synthesis procedure. Their presence was confirmed by high-resolution XPS spectra

in the Al 2p region [114].

F 1s region

Intensity (arb. units)

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

Figure 17. Component peak fitting of XPS spectra of F 1s region for un-sputtered ML
TisC2Tx-50HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 4.
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Table 4. Summary of XPS peak fitting results for un-sputtered ML TizC>Tx-50HF cold
pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak
locations of Ti 2pu2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]* Fraction Assigned to Reference
455.0 (461.2) 0.8 (1.5) 0.28 (OH, or 0)-Ti-C [123,124]
455.8 (461.3) 1.5(2.2) 0.30 (OH, or 0)-Ti2*-C [123]
Ti 2pai2 457.2 (462.9) 2.1(2.1) 0.32 (OH, or 0)-Ti%*-C [123]
(2p12) 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]
Cls 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 ORP [105,128]
532.8 1.2 0.19 Al03 and/or ORP [128-130]
533.8 2.0 0.17 H20a¢s and/or ORP [105,128]
685.0 1.7 0.38 C-Ti-Fx [126]
F1s 685.3 11 0.29 TiO2-xFx [122]
686.4 2.0 0.30 AlFy [122]
688.3 2.0 0.02 Al(OF)x [129]

2Values in parenthesis correspond to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.

4.1.2. XPS analysis of multilayered Ti>CTx-10HF

Figures 18-21 plot the spectra for Ti, C, O and F regions, respectively, for un-

sputtered Ti.CTx-10HF, 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 5. Each region is discussed in detail below.

Ti 2p region

The Ti 2p region this sample (Figure 18), was fit by the same components

(listed in Table 5) as for the Ti 2p region for the un-sputtered TizC>Tx-50HF sample.

The ratio of fractions of the three oxidation states of Ti:Ti*2:Ti*® in TioCTx is 1:0.5:1.3,

respectively, showing that the highest oxidation state has the highest amount. While for

TizCoTx the ratio is 1:1.1:1.1, indicating that the three oxidation states are almost equal
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in amounts. Thus, the average oxidation state of Ti in Ti2CTx is higher than TizCoTx.
The reason for this might be the absence of the core Ti-C layer in TioCTx leaving only
Ti-C layers that are bonded to surface terminations. Another interesting difference is
the amount of surface oxidation; for Ti.CTy the fraction of surface oxidations (TiO2 and
TiO2xFx) is 0.12 which is higher than for TisC>Tx at 0.05. Thus, everything else being
equal it is reasonable to assume Ti>CTx oxidizes more quickly than TisC>Tx, meaning
the former is less stable.

The binding energy (BE) for the Ti 2ps2 peak of the Ti.CTx sample (= 454.9
eV), is higher than the 454.7 eV value in the parent MAX phase, TizAIC[124]. This
shift is due to the replacement of the Al layers by more electronegative surface

terminations such as O, OH and F, similar to TisC2Tx, 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 peak fitting of XPS spectra of Ti 2p region for un-sputtered ML
TioCTx-10HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 5. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

C 1sregion

Before sputtering, this region (Figure 19) was fit by components corresponding
to C-Ti-Tx, graphitic carbon (C-C), CHx, C-O, and a component arising from adsorbed
carboxyl groups (COO) (Table 5). The most prevalent component, at an atomic fraction
of 0.28, corresponds to C-Ti-Ty, at almost the same BE (281.9 eV) as C-Ti-Ty for

TisCoTx and C-Ti 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 peak fitting of XPS spectra of C 1s region for un-sputtered ML
Ti2CTx-10HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results 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 region (Figure 20) of the pre-sputtered Ti.CTx sample was fit by
components corresponding to C-Ti-Ox, C-Ti-(OH)x, and H20xags in addition to oxides
and oxyfluorides of TiO2 and TiO2.xF«, (Table 5) similar to the O 1s region of TisC,Tx.
Surface organic contamination in the form C-O contribute to this region, which overlaps
with, and obscures, many other peaks. However, the amount of these organic

contaminations is = 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 peak fitting of XPS spectra of O 1s region for un-sputtered ML

Ti2CTx«-10HF cold pressed disk. Various peaks shown represent various species

assumed to exist. Labels and peak colors are coordinated. The results are summarized

in Table 5.
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F 1s region

The F 1s region (Figure 21) of the pre-sputtered Ti.CTx sample was fit by
components corresponding to C-Ti-Fx, TiO2xFx, and AI(OF)x (Table 5). The dominant
F-containing component — at a fraction of 0.63 of the F 1s region — was C-Ti-Fy, at a

BE of 685.2 eV, which is quite close to that of C-Ti-Fx 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 peak fitting of XPS spectra of F 1s region for un-sputtered ML

Ti2CTx-10HF cold pressed disk. Various peaks shown represent various species

assumed to exist. Labels and peak colors are coordinated. The results are summarized

in Table 5.
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Table 5. Summary of XPS peak fitting results for un-sputtered ML Ti>CTx-10HF cold
pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak

locations of Ti 2pu2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
454.8 (461.0) 0.9 (1.8) 0.30 (OH, or 0)-Ti-C [123,124]
455.7 (461.2) 1.6 (1.9) 0.15 (OH, or 0)-Ti2*-C [123]
Ti2pse  457.2 (462.9) 2.5(2.2) 0.38 (OH, or O)-Ti3*-C [123]
(2p12) 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 [123,124]
284.6 14 0.42 C-C [127]
Cls 285.2 11 0.17 CHx [127]
286.2 15 0.10 C-0 [127]
289.0 15 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 H20ads and/or ORP [105,128]
685.2 15 0.63 C-Ti-Fx [126]
F1s 685.9 1.6 0.29 TiO2xFx [122]
687.6 1.5 0.08 Al(OF)x [129]

2Values in parenthesis correspond to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.

4.1.3. XPS analysis of multilayered Ti3CNTx-30HF

Figures 22-26 plot the spectra for Ti, C, O and F regions, respectively, for un-

sputtered Ti2CTx-30HF, 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 6. Each region is discussed in detail below.

Ti 2p region

The Ti 2p region (Figure 22) of the un-sputtered TisCNTx sample was fit by the

components listed in column 5 in Table 6. The majority of the species are: a) Ti atoms

bonded to C and a surface termination of O and/or OH: (OH and/or O-Ti-CN), (OH

and/or O-Ti*?-CN), and (OH and/or O-Ti*3-CN) that belong to TisC20x, TisCN(OH)x



68

and, b) Ti atoms bonded to C and F surface terminations (F-Ti-CN), which belong to
TisCNFx. These comprise 86% of the photoemission in the Ti 2p region; the rest
belongs to TiO2 and TiO2.xFx species arising from surface oxidation.

The binding energy (BE) for the Ti 2ps/2 peak of the TisCNTxsample (= 455.1
eV) is very close to that for TisC>Tx and Ti2CTy, at 455.0 and 454.9 eV, respectively.
This indicates that replacing 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 TisC2Tx (1:0.8:1.1 vs. 1:1.1:1.1, respectively).

Similar to TizC2Txand Ti2CTx, the BE for the Ti 2pa/2 peak of TisCNTy (455.1
eV) is higher than the 454.5 eV value in the parent MAX phase, TisAICN [114]. This
shift is due to the replacement of the Al layers by more 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 peak fitting of XPS spectra of Ti 2p region for un-sputtered ML
TisCNTx-30HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 7. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

C 1s region

Before sputtering, this region (Figure 22) was fit by components corresponding
to TICN, NC-Ti-Ty, graphitic carbon (C-C), CHy, C-O, and COOQ (Table 6). The TIiCN

component is highly likely to arise from a titanium carbonitride secondary phase
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already in the starting material before etching; however, the percentage of that
component in the C 1 s region is not more than 1.1 at. %. 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 peak fitting of XPS spectra of C 1s region for un-sputtered ML
TisCNTx-30HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results 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 region (Figure 24) of the pre-sputtered TisCNTx samples was fit by
components corresponding to NC-Ti-Tx, TICN (secondary phase of titanium
carbonitride initially present in starting MAX powder [40] ), CH3sCN and NHsNOs. The
latter two most likely arise from surface contamination (Table 6).

The BE of NC-Ti-Tx (396.5 eV) is slightly higher than that of the Ti-N species
in the parent MAX TisAICN (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
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5 | TicN Ti-N for Ti;AICN
g | NCTi-F, |
©
< | CHsCN
z NH,NO, |
= 1
- 1
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Binding Energy (eV)

Figure 24. Component peak fitting of XPS spectra of N 1s region for un-sputtered ML
TisCNTx-30HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Figure 25. Dashed vertical line denotes position of same peak in the parent MAX
phase.

O 1s region

Similar to TisC2Tx and Ti2CTy, the O 1s region of TisCNTy (Figure 25) was fit
by components corresponding to NC-Ti-Ox, NC-Ti-(OH)x, and H2Oags (Table 6). In
addition to TiO2 and TiO2.xFx, which are due to surface oxidation. Surface C-O organic
contaminants are also found in this region. These overlap with, and obscure, many other

peaks. However, the amount of these organic contaminations is < 1.2 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 peak fitting of XPS spectra of O 1s region for un-sputtered ML

TisCNTx-30HF cold pressed disk. Various peaks shown represent various species

assumed to exist. Labels and peak colors are coordinated. The results are summarized

Table 6.

F 1s region

The F 1s region for this sample (Figure 26) was fit by components

corresponding to NC-Ti-Fx, TiO2.xFx, AlFx, and/or Al(OF)x (Table 6). The two major
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F-containing components were N/C-Ti-Fx and TiO2Fx, at fractions 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 peak fitting of XPS spectra of F 1s region for un-sputtered ML

TisCNTx-30HF cold pressed disk. Various peaks shown represent various species

assumed to exist. Labels and peak colors are coordinated. The results are summarized

in Table 6.
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Table 6. Summary of XPS peak fitting results for un-sputtered ML TisCNTx-30HF cold
pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak
locations of Ti 2pu2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]® FWHM [eV]® Fraction Assigned to Reference
455.1 (461.3) 0.9 (1.9) 0.28 (OH, or 0)-Ti-CN [123]
456.0 (461.5) 1.5(1.8) 0.22 (OH, or 0)-Ti2*-CN [123]
Ti2ps.  457.3(463.0) 2.1(2.3) 0.32 (OH, or 0)-Ti%*-CN [120,121]
(2p1r2) 458.9 (464.5) 1.7 (2.5) 0.11 TiO2 [122]
459.6 (465.6) 1.1 (2.0) 0.01 TiO2-xFx [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]
s 284.6 1.6 0.50 c-C [127]
285.8 15 0.06 CHx [127]
286.8 1.2 0.02 c-0 [127]
288.4 1.6 0.02 CO0 [127]
529.9 11 0.31 TiO2 [105,120]
530.3 1.0 0.13 TiO2xFx [122]
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 H20:4 and/or OR? [105,128]
684.8 1.7 0.40 NC-Ti-Fx [126]
F1s 685.5 15 0.54 TiO2-xFx [122]
687.0 2.1 0.05 AlFy and/or Al(OF)x [129]
396.5 0.6 0.08 TiCN [131,132]
N s 397.1 1.0 0.86 NC-Ti-Tx [131,132]
400.0 13 0.03 CHsCN [133]
402.0 14 0.03 NHzNOs [134]

2Values in parenthesis corresponds to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.

4.1.4. XPS analysis of multilayered Nbo,CTx-50HF and NbsC3Tx-50HF

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

Nb2CTx-50HF and NbsC3Tx-50HF are summarized in Tables 7 and 8, respectively.
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Nb 3d region

The Nb 3d region of the un-sputtered Nb.CTx sample (Figure 27.a) was fit by
the components listed in column 5 in Table 7. The components are Nb atoms bonded
to C and a surface termination of O and/or OH [(OH and/or O)-Nb-C], and Nb atoms
bonded to C and F surface termination (C-Nb-Fx). These species comprised 75% of the
photoemission in the region; the rest is assigned to various oxides and oxyfluorides
including NbO, Nb20O, NbO1.xFx and Nb20s [135]. The binding energy of the Nb 3ds.
[(OH and/or O)-Nb-C] species for the Nb2CTx sample (204.2 eV) is 0.2 eV higher than
its counterpart in NbAIC, [114]. This increase in BE is due to the replacement of the
Al layers by more electronegative surface terminations.

The Nb 3d region of un-sputtered NbsC3sTx sample (Figure 27.b) was fit by the
same components (Table 8) as for Nb.CTx. In addition, an extra component attributed
to the two inner metal carbide atom layers (Nb-C) with a BE of 203.3 eV, which is 0.9
eV lower than the BE of (OH and/or O)-Nb-C components and is very close to the same
component found in NbsAIC3 (203.0 eV) [114]. Moreover, the ratio of the peak areas
of Nb-C and (OH and/or O)-Nb-C components is 1:1, which is the same ratio as that
for the outer Nb layers to the inner ones. This result is expected because the Nb-C
component in the NbsCsTx has no surface terminations, thus it would be less
electronegative than the (OH and/or O)-Nb-C. The slight increase in BE compared to
the same component in NbsAIC3 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 the M4CsTx phases
where two layers of non-terminated metal carbides exist. However, it was not possible
to identify and fit for the same component in the M3X>Tx phases, where one non-

terminated inner metal carbide exists.
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Figure 27. Component peak fitting of XPS spectra of Nd 3d region for un-sputtered, a)
ML Nb2CTx-50HF and, b) ML Nb3CTx-50HF cold pressed disks. Various peaks shown
represent various species assumed to exist. Labels and peak colors are coordinated.
The results are summarized in Tables 7 and 8. Dashed vertical line denotes the position
of the same peak — immediately to its left - in the parent MAX phase.

C 1s region

The C 1s region of un-sputtered Nb2CTx sample (Figure 28.a) was fit by
components, listed in Table 7, corresponding to C-Nb-Tx, C-C and CHy, C-O, and
COO. The peak corresponding to C-Nb-Tx has a BE of 282.4 eV, which is slightly
higher than that of Nb2AIC (282.7 eV) [114].

The C 1s region of un-sputtered NbsC3Tx sample (Figure 28.b) was fit by the
same components (Table 8) as for Nb.CTx. In addition, an extra component attributed
to C atoms bonded to the two inner Nb layers was found. At 282.1 eV, the BE of this
component is lower than that of the C-Nb-Tx component (282.7 eV). It is important to
note that ratio of the areas of the Nb-C peak to C-Nb-Ty peaks is 1:2, which is the same
as the ratio of the inner C layers to the outer C layers. As expected the BE of the Nb-C
component in Nb4C3Tx is the same as that for the Nb-C component in NbsAIC3 [114].

These results are gratifying since they indirectly confirm the validity 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
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Intensity (arb. units) o

s
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Binding Energy (eV) Binding Energy (eV)
Figure 28. Component peak fitting of XPS spectra of C 1s region for un-sputtered, a)
ML Nb2CTx-50HF and, b) ML Nb3CTx-50HF cold pressed disks. Various peaks shown
represent various species assumed to exist. Labels and peak colors are coordinated.
The results are summarized in Tables 7 and 8. Dashed vertical line denotes the position
of the same peak — immediately to its left - in the parent MAX phase.

O 1s region

The O 1s regions of un-sputtered Nb2CTx (Figure 29.a) and NbsCaTx (Figure
29.b) samples were fit by the same components, listed in Tables 7 and 8, respectively.
These components correspond to C-Nb-Ox, C-Nb-(OH)x and H2Oags. These species
comprise = 65% of the O 1s region photoemission for Nb2CTx and = 71% for NbsC3Tx
(Table 5). Note that the H2Oa4s peak position is located quite close to the same species
discussed above for TisC2Tx, lending credence to its assignment. The remainder of the
spectra is fit by components corresponding to oxides of NbOs [129130:136-138] These
species are a result of surface oxidation. Surface organic contaminations of C-O
contribute to this region, which overlaps with, and obscures, many other peaks. The
amounts of these organic contaminants for NboCTyx and NbsCsTx samples are 5.2 and

4.4 at. %, respectively.
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Figure 29. Component peak fitting of XPS spectra of O 1s region for un-sputtered, a)
ML Nb2CTx-50HF and, b) ML Nb3CTx-50HF cold pressed disks. Various peaks shown
represent various species assumed to exist. Labels and peak colors are coordinated.
The results are summarized in Tables 7 and 8.

F 1s region

The F 1s regions of un-sputtered Nb,CTx (Figure 30.a) and Nb4sC3Tx (Figure
30.b) samples were fit by the same components, listed in Tables 7 and 8, respectively.
These components correspond to C-Nb-Fx and NbO1.xFx. The peak assigned to C-Nb-
Fx sits at a BE of 684.7 and 684.6 eV for Nb.CTx and NbsC3CTx, respectively, which is

slightly higher than the F 1s peak value for NbFs [139]. NbO1.xFx is due to surface

oxidation.

a F 1s region b F 1s region
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Binding Energy (eV) Binding Energy (eV)
Figure 30. Component peak fitting of XPS spectra of F 1s region for un-sputtered, a)
ML Nb2CTx-50HF and, b) ML NbsCTx-50HF cold pressed disks. Various peaks shown
represent various species assumed to exist. Labels and peak colors are coordinated.
The results are summarized in Tables 7 and 8.
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Table 7. XPS peak fitting results for un-sputtered ML Nb>CTx-50HF cold pressed disk.
The numbers in parenthesis in column 2 for the Nb 3d region are peak locations of Nb
3dss2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]® Fraction Assigned to Reference
204.2 (207.0) 0.9 (0.9) 0.81 (OH and/or 0)-Nb-C [135,140]
Nb3ds.  206.6 (209.4) 1.4 (1.3) 0.07 NbO1xFx
(3dsr2) 207.7 (210.5) 1.2 (1.6) 0.10 Nb20s [135,141,142]
208.6 (211.4) 0.9 (1.0) 0.02 C-Nb-Fx (111) [139]
282.4 0.8 0.34 C-Nb-Tx [143]
284.8 11 0.10 C-C [127]
C1ls 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 [128,136-138]
01 531.2 1.3 0.27 C-Nb-Ox [128]
532.0 1.3 0.19 C-Nb-(OH)x and/or OR? [128]
533.2 2.0 0.18 H20aas (V) and/or OR? [128]
F 1 684.3 11 0.44 NbO1-xFx
684.7 1.6 0.56 C-Nb-Fx (111) [139]

2Values in parenthesis corresponds to the 3ds;z component.
b OR stands for organic compounds due to atmospheric surface contaminations.
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Table 8. XPS peak fitting results for un-sputtered ML Nb4C3Tx-50HF cold pressed disk.
The numbers in parenthesis in column 2 for the Nb 3d region are peak locations of Nb
3dss2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]* Fraction Assigned to Reference
203.3 (206.1) 0.6 (0.6) 0.26 Nb-C
203.9 (206.7) 0.7 (0.9) 0.26 (OH and/or 0)-Nb-C [135,140]
b 3des 204.5 (207.3) 1.2 (1.4) 0.25 NbO and/or NbO1xFx [135,141,142]
(3a2) 205.7 (208.5) 1.0 (1.4) 0.10 Nb*3-0 [135,141,142]
206.9 (209.7) 1.4 (1.6) 0.10 Nb*4-O [135,141,142]
207.8 (210.6) 1.0 (1.0) 0.01 Nb20s [139,142]
208.6 (211.4) 1.4 (1.4) 0.02 C-Nb-Fx (111)
282.1 0.7 0.06 Nb-C [143]
282.7 0.9 0.12 C-Nb-Tx [143]
C1s 284.7 1.3 0.41 C-C [127]
285.0 1.6 0.33 CHx [127]
286.4 1.2 0.04 c-0 [127]
288.1 2.0 0.04 CO0 [127]
530.0 1.4 0.29 Nb20s [136-138]
0 1s 531.2 13 0.23 C-Nb-Oxand/or OR®
532.0 1.3 0.25 C-Nb-(OH)x and/or OR® [128]
533.1 1.9 0.23 H20:qs (IV) and/or ORP [128]
F s 683.8 1.2 0.40 NbO1-xFx
684.6 1.6 0.60 C-Nb-Fx (I11) [139]

2Values in parenthesis corresponds to the 3ds;z component.
b OR stands for organic compounds due to atmospheric surface contaminations.

4.1.5. XPS analysis of multilayered V>CTx-50HF

Figures 31-34 plot the spectra for V, C, O and F regions, respectively, for un-

sputtered V.CTx-50HF, ML, cold pressed disk, together with their peak-fits. The peak

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

summarized in Table 9.

V 2p region

The V 2p region of the un-sputtered V2CTx sample (Figure 31) was fit by two

components listed in column 5 in Table 9. The first species is assigned to VV atoms

bonded to C and a surface termination (Tx) of O, OH and/or F (C-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 (VOx) present presumably due to surface oxidation. The BE of
the V 2ps2 C-V-Tx peak (513.0 eV) is 0.5 eV higher than its counterpart in V2AIC
(Figure 67.a). This increase in BE is due to the replacement of the Al layers by more

electronegative surface terminations, as described previously [45].
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Figure 31. Component peak fitting of XPS spectra of VV 2p region for un-sputtered ML
V>CTx-50HF cold pressed. Various peaks shown represent various species assumed to
exist. Labels and peak colors are coordinated. The results are summarized in Table 9.
Dashed vertical line denotes the position of the same peak in the parent MAX phase.

C 1s region

The C 1s region (Figure 32 and Table 9) of the un-sputtered V2CTx 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 species in V2AIC (Figure 67.b) indicating that
the chemical environment 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 by C-C, CHy, C-O, and

COO components belonging to surface contaminations.



80

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 peak fitting of XPS spectra of C 1s region for un-sputtered ML
VoCTx-50HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results 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 un-sputtered V.CTx sample (Figure 33 and Table 9) was
fit by components corresponding to C-V-Ox, C-V-(OH)x, and H20ags. These species
comprise the majority fraction (74%) of that region. The balance is in the form of mixed
vanadium oxides (VOx) resulting from surface oxidation [144]. Surface organic
contaminations of C-O and COOQ contribute to this region, which overlap and obscure

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

O 1s region

VO,

C-V-0, and/or OR
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Figure 33: Component peak fitting of XPS spectra of O 1s region for un-sputtered ML
VoCTx-50HF. Various peaks shown represent various species assumed to exist. Labels
and peak colors are coordinated. The results are summarized in Table 9.
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F 1s region

The F 1s region (Figure 34 and Table 9) for this sample was fit by a major
component — 85 % of the region — and assigned to F atoms bonded to V atoms in the
MXene, viz. C-V-Fx. The BE of this species (684.3 eV) is higher than that of the V-F
bond in C16(VOF3)F by 1.7 eV [145], this difference can be attributed to the effect of
introducing O atoms in C1(VOF3)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 from the fluorination of the latter. Like in all other MXenes, the C results from

the dissolution of some V atoms during etching [145].

F 1s region

Intensity (arb. units)

692 690 688 686 684 682
Binding Energy (eV)
Figure 34. Component peak fitting of XPS spectra of F 1s region for un-sputtered ML

V2CTx-50HF. Various peaks shown represent various species assumed to exist. Labels
and peak colors are coordinated. The results are summarized in Table 9.
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Table 9. XPS peak fitting results for un-sputtered ML V.CTx-50HF cold pressed disk.
The numbers in parenthesis in column 2 for the V 2p region are peak locations of V
2p1s2; their respective FWHMSs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
V2ps2  513.0 (520.6) 1.2 (1.7) 0.75 C-V-Tx
(2p2) 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 c-C [127]
C1s 285.1 14 0.18 CHx [127]
286.3 15 0.11 c-0 [127]
288.1 1.9 0.05 Co0 [127]
530.2 1.2 0.36 VOy [144]
01 531.2 1.3 0.27 C-V-0y [113,128]
532.0 1.3 0.19 C-V-(OH)x and/or OR® [128 113]
533.2 2.0 0.18 H20aas (V) and/or OR? [128 113]
E 1 684.3 1.1 0.44 C-Nb-Fx [145]
684.7 1.6 0.56 C-F [145]

2Values in parenthesis corresponds to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.

4.1.6. XPS analysis of multilayered Mo>CTx-25HF

Unlike the rest of MXenes which are produced by selective etching of Al from
their MAX phases as described previously (see literature background section), M02CTx
is produced by etching of Ga from a newly discovered phase. This phase is similar to
the MAX phases, but instead of one “A” layer such as Mo.GaC [146] — the only known
Ga-containing MAX phase known to date - two “A” layers are found between the Mo.C
layers [147]. The crystal structures of Mo.GaC and Mo2GazC are compared in Figures

35.a and b, respectively.
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Figure 35. Unit cells of a) Mo.GaC and, b) Mo.Ga.C.

Figures 36-39 plot the spectra for Mo, C, O, and F regions, respectively, for un-
sputtered M0>CTx-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 un-sputtered Mo.CTx samples (Figure 36) was fit by
four components listed in column 5 in Table 10. The major species occupying = 71 %
of the photoemission spectra is attributed to Mo atoms bonded to C atoms and surface
terminations, Ty, labelled “C-Mo-Tx”. This species belongs to the Mo2CTx MXene. The
BE of the Mo 3ds» C-Mo-Tx peak (228.5 eV) is 0.4 eV higher than its counterpart in
Mo2GazC [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 components belonging to mixed
molybdenum oxides: Mo*® and Mo resulting from surface oxidation, and a component
belonging to the binary carbide Mo>C. The amount of this secondary phase is less than

1 at.%.
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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 peak fitting of XPS spectra of Mo 3d region for un-sputtered
ML Mo02CTx-25HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 10. Dashed vertical line denotes the position of the same peak in the parent
MAX phase.

C 1s region

The C 1s region (Figure 37 and Table 10) of the un-sputtered Mo.CTx sample
was fit by a species corresponding to C atoms bonded to Mo atoms in M0.CTx, C-Mo-
Tx while the rest of the species of C-C, CHy, C-O, and COO belong to surface
contaminants. The area of the C-Mo-Tx species occupy only 14% of the XPS spectra
for C 1s region, 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 peak fitting of XPS spectra of C 1s region for un-sputtered ML
Mo2CTx-25HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are
summarized in Table 10.
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O 1s region

The O 1s region for un-sputtered Mo2CTxsample (Figure 38 and Table 10) was
fit by components corresponding to C-Mo-Ox, C-Mo-(OH)x and H20ags. These species
form the majority fraction (= 60%) of that region. The balance is in the form of mixed
molybdenum oxides (MoOx) resulting from surface oxidation [149]. Surface organic
contaminations of C-O and COOQ contribute to this region, which overlap and obscure

many other peaks. The amount of these organic contaminations is = 5.0 at. %.

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 peak fitting of XPS spectra of O 1s region for un-sputtered ML
Mo.CTx-25HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 10.

F 1s region

The F 1s region (Figure 39 and Table 10) for un-sputtered Mo.CTx samples
was fit by one component corresponding to F atoms bonded to Mo atoms in the MXenes
viz. Mo-F. The BE of this peak is 683.8 eV and was given that assignment because it
is quite close to that made by Park el al. [150] who assigned a BE of 685.0 eV to F

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 peak fitting of XPS spectra of O 1s region for un-sputtered ML
Mo2CTx-25HF cold pressed disk. Various peaks shown represent various species
assumed to exist. Labels and peak colors are coordinated. The results are summarized
in Table 10.

Table 10. XPS peak fitting results for un-sputtered ML Mo2CTx-25HF cold pressed
disk. The numbers in parenthesis in column 2 for the Mo 3d region are peak locations
of Mo 3ds2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
227.6 (230.8) 1.0 (1.1) 0.07 Mo2C bulk carbide [151]
Mo 3ds.  228.5 (231.7) 0.8 (1.0) 0.77 C-Mo-Tx [148]
(3dsr2) 231.7 (234.7) 1.4 (2.0) 0.13 Mo+ [149]
232.8 (235.8) 1.5(2.0) 0.02 Mo*6 [149]
282.6 1.0 0.14 C-Mo-Tx [148]
284.7 1.3 0.66 Cc-C [127]
C1s 285.9 1.3 0.12 CHx [127]
287.4 1.3 0.06 C-O0 [127]
288.8 1.3 0.02 Ccoo [127]
529.7 1.3 0.42 MoOx [149]
01s 531.0 1.7 0.28 C-Mo-Ox® [114]
532.1 1.4 0.17 C-Mo-(OH)x and/or ORP [114]
532.8 1.9 0.12 H20.as (1V) and/or OR® [114]
F1s 683.8 1.8 1.0 C-Mo-Fx [150]

2Values in parenthesis corresponds to the 3ds;z component.
b OR stands for organic compounds due to atmospheric surface contaminations.

4.1.7. XPS analysis of multilayered Mo2TiC2Tx-50HF and Mo2Ti.C3Tx-50HF

As discussed in the section 2.2.1, M02TiC.Tx and Mo2Ti2C3Tx are ordered
MXenes [89,152,153]. For the most part, the Mo atoms occupy the outer layers while
the Ti atoms occupy the inner layer(s). A cross-sectional schematic of fully ordered

Mo, TiC,Tx and Mo2Ti,C3Tx are shown in Figures 40.a and b, respectively.
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Figure 40. Side view schematic of a) Mo2TiC,Tx and, b) Mo2Ti>CaTy structures
showing various M atoms and their terminations. Here the Mo atoms are colored
dark red, Ti, yellow, C, black, O, red, H white and F, blue (not to scale). C atoms
bonded to core M atoms are designated C*.

Figures 41.a-44.a plot the spectra for Mo, Ti, C, O, and F regions, respectively,
for un-sputtered Mo, TiC,Tx-50HF, ML, cold pressed disk, together with their peak-fits.
Similarly, Figures 41.b-44.b plot the spectra for Mo, Ti, C, O, and F regions,
respectively, for un-sputtered and Mo.Ti2C3Tx-50HF ML, cold pressed disk, together
with their peak-fits. The peak positions, FWHM, and the fraction of each peak obtained
from the fits for Mo,TiC,Tx-50HF and Mo.Ti.CsTx-50HF are summarized in Tables
11 and 12, respectively.

Mo 3d region

The Mo 3d region of the un-sputtered Mo.TiC2Tx and Mo2TiC3Tx sample
shown in Figures 41.a and b, respectively, was fit by 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 in Mo2CTx which are mainly C-Mo-Tx,
and two species belonging to mixed molybdenum oxides: Mo*® and Mo*®. Moreover,
an extra species was fit in the Mo 3d region of Mo2TiC>Tx which belongs to the binary

carbide Mo.C; the amount of this secondary phase is = 1.2 at. %.
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The BE of the Mo 3dsz C-Mo-Tx peak is equal to 229.3 and 229.0 eV for
Mo2TiCoTx and MoaTi2CaTyx, respectively, which are higher than the BEs of their
counterparts in Mo, TIAIC (227.8 eV) and Mo2Ti,AIC3 (227.9 eV) [152]. This increase
in the BE is due to the replacement of Al layer by more electronegative surface
terminations similar to the other MXenes. Moreover, the BE of this species in both
phases is higher than the same species in M02CTx. The reason for this state of affairs
might be a slight intermixing between the Mo and Ti in the outer layers of the
Mo, TiC,Tx and Mo, Ti2CaTx. This comment notwithstanding more work is needed to

confirm this conjecture.

Mo 3d region Mo 3d region
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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 peak fitting of XPS spectra of Mo 3d region for un-sputtered, a)
ML Mo2TiC2Tx-50HF and b) ML Mo2Ti-C3Tx-50HF cold pressed disks. The various
peaks under the spectra represent various species assumed to exist. The results are
summarized in Tables 11 and 12, respectively. Dashed vertical line denotes the position
of the same peak in the parent MAX phase.

Ti 2p region

The Ti 2p region of the un-sputtered Mo2TiC2Tx and Mo2Ti2CaTx (Figures 42.a
and b, respectively) was fit by the corresponding components listed in column 5 in
Tables 11 and 12, respectively. These components are attributed to the same species
discussed above for the Ti 2p region in the Ti-based MXenes which are mainly Ti atoms
bonded to C (Ti-C), (Ti*?-C), and (Ti**-C), in addition to a minor species of titanium
oxide. The ratio of fraction of the three oxidation states of Ti: Ti, Ti*?, and Ti*3 in

Mo, TiC,Tx is 1:1.2:0.5, respectively, while that ratio in Mo2Ti2C3aTx is 1:0.7:0.2. This
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shows that the total oxidation state of Ti in M0o2TiC>Tx is higher in Mo2Ti,C3Ty, this
can be attributed to the extra core layer of Ti-C found in Mo2Ti>C3Tx which would
contribute to decreasing the oxidation state of Ti.

The BE of the Ti 2ps2 Ti-C peak is equal to 454.8 eV for both Mo, TiC,Tx and
Mo2Ti2C3Tyx, respectively, which are lower than the BEs of the same carbide species
for TisCoTx, TioCTx and TisCNTx (455.0 eV) but higher than the BEs of their
counterparts in Moz TiAIC, (454.4 eV) and Mo, Ti,AIC;3 (454.4 eV) [**2]. Since, in both
compounds, the Ti atoms occupy the core layers, they are expected have no surface
terminations. Therefore, their BEs will be lower than Ti atoms bonded to surface
terminations as in TizC2Ty, Ti2CTxand TisCNTx 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 corresponding parent MAX phases might be attributed to defects in
the Ti layers during etching, given that Ti-based MAX phases are less stable in HF
compared to Mo-based MAX phases. Ti-based MAX phases take less than 24 hrs in HF
at room temperature to be converted to MXene, while Mo-based MAX phases take

more than 3 days in HF at 55 °C to be converted to MXene [53,89].

a Ti 2p region b Ti 2p region
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Figure 42. Component peak fitting of XPS spectra of Ti 2p region for un-sputtered, a)
ML Mo2TiC2Tx-50HF and b) ML Mo.Ti2C3Tx-50HF cold pressed disks. The various
peaks under the spectra represent various species assumed to exist. The results are
summarized in Tables 11 and 12, respectively. Dashed vertical line denotes the position
of the same peak in the parent MAX phase.
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C 1s region

The C 1s region of un-sputtered Mo2TiAIC, sample (Figure 43.a) was fit by
components listed in Table 11. The main component corresponds to carbon atoms
bonded to Mo and Ti atoms, which are the metal carbide species in Mo2TiAIC, MXene
(labelled as “C-Mo/Ti-Tx”). The binding energy of this component is at 282.5 ¢V and
is the same BE as that of its counterpart in Mo2TiAIC,. The BE value of “C-Mo/Ti-Tx”
falls between the BEs of “C-Ti-Tx” for TizC2Tx and C-Mo-Tx” for Mo2CTx, 282.0 and
282.6 eV, respectively. This is predictable since the carbon atoms are bonded to both
Ti and Mo atoms, as shown in Figure 40.a. The rest of this region’s spectra was fit by
C-C CHy, C-O, and COO, which arise from surface contamination.

The C 1s region of un-sputtered Mo, Ti.C3Tx sample (Figure 43.b) was fit by
components, listed in Table 12, corresponding to C-Ti, C-Mo-Tyx, C-C, CHy, C-O and
COO. The C-Ti component of BE of 281.9 eV is attributed to the carbon atoms bonded
to the Ti inner layer as shown in Figure 40.b. The BE of this component is very close
to that of C-Ti-Tx component in TisC2Tx. The C-Mo/Ti-Tx component is the same
component and has the same BE (282.5 eV) as in Mo2TiC,Tx which is attributed to the
carbon atoms bonded to both Ti and Mo atoms. The rest of the components of C-C,

CHy, C-O and COO are attributed to surface contamination.
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Figure 43. Component peak fitting of XPS spectra of C 1s region for un-sputtered, a)
ML Mo2TiC2Tx-50HF and b) ML Mo.Ti>CsTx-50HF cold pressed disks. The various
peaks under the spectra represent various species assumed to exist. The results are
summarized in Tables 11 and 12, respectively. Dashed vertical line denotes the position
of the same peak in the parent MAX phase.

O 1s region

The O 1s regions of un-sputtered Mo2TiC2Tx (Figure 44.a) and MoTi.CsTx
(Figure 44.b) samples were fit by the same components, listed in Tables 11 and 12,
respectively. These components correspond to C-Mo-Oyx, C-Mo-(OH)x and H2Oags.
These species comprise =~ 60% of the O 1s region photoemission for Mo, TiC,Tx and =
50.2% for Mo.Ti.CsTx. The remainder of the spectra is fit by a component
corresponding to molybdenum and/or titanium oxides arising from surface oxidation
[105,120,149]. Surface organic contaminations of C-O, and COO contributions to this
region, which overlaps with, and obscures, many other peaks. The amounts of these
organic contaminations for Mo,TiC2Tx and Mo, Ti.C3Tx samples are 6.4 and 5.8 at. %,

respectively.
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Figure 44. Component peak fitting of XPS spectra of O 1s region for un-sputtered, a)
ML Mo.TiC2Tx-50HF and b) ML Mo2Ti2C3Tx-50HF cold pressed disks. The various
peaks under the spectra represent various species assumed to exist. The results are
summarized in Tables 11 and 12, respectively.

F 1s region

The F 1s regions of pre-sputtered Mo2TiC2Tx (Figure 45.a) and Mo2Ti.C3Tx
(Figure 45.b) samples were fit by the same component, listed in Tables 11 and 12,
respectively. This component corresponds to C-Mo-Fx. The peak assigned to C-Mo-F«

sits at a BE of 685.3 and 684.0 eV for M0o2TiC2Tx and Mo2Ti.C3Tx, respectively.

F 1s region

F 1s region

C-Mo-F,

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

1
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Binding Energy (eV) Binding Energy (eV)
Figure 45. Component peak fitting of XPS spectra of F 1s region for un-sputtered, a)
ML Mo2TiC2Tx-50HF and b) ML Mo2Ti.C3Tx-50HF cold pressed disks. The various
peaks under the spectra represent various species assumed to exist. The results are
summarized in Tables 11 and 12, respectively.
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Table 11. XPS peak fitting results for un-sputtered ML Mo2TiC,Tx-50HF cold pressed
disk. The numbers in parenthesis in column 2 for the Mo 3d and Ti 2pregions are peak
locations of Mo3ds2 and Ti 2p12, respectively; their respective FWHMs are listed in
column 3 in parenthesis.

Region BE [eV]? FWHM [eV]* Fraction Assigned to Reference
228.2 (231.4) 0.9(1.2) 0.16 Mo2C bulk carbide [151]
Mo 3ds2  229.3 (232.5) 0.8 (1.1) 0.72 C-Mo-Tx [148]
(3dsr2) 2315 (234.5) 1.5 (1.3) 0.08 Mo+ [149]
232.7 (235.7) 1.5(1.2) 0.04 Mo+ [149]
454.8 (459.9) 1.0 (1.7) 0.30 Ti-C [123]
Ti2paz  455.7 (461.2) 1.4 (2.0) 0.37 Ti*2-C [123]

(2pw2) 457.2 (462.9) 1.7 (1.8) 0.22 Ti*3-C [120,121]
459.3 (464.9) 1.9 (2.5) 0.11 TiO2 [122]

2825 1.0 0.24 C-Mo/Ti-Tx [123,124,148]

284.7 1.4 0.57 c-C [127]
Cls 285.4 14 0.06 CHx [127]
286.2 1.4 0.10 c-0 [127]
288.8 1.8 0.03 COo0 [127]
530.0 1.3 0.39 MoOxand/or TiO2 [149]
O 1s 531.0 14 0.20 C-Mo-Ox® [114]
531.6 1.7 0.14 C-Mo-(OH)x and/or ORP [114]
532.8 2.0 0.27 H20:qs (IV) and/or OR® [114]
F1s 685.3 2.0 1.0 C-Mo-Fx [150]

@Values in parenthesis corresponds to the 3ds2 and 2p12 components.
b OR stands for organic compounds due to atmospheric surface contaminations.
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Table 12. XPS peak fitting results for un-sputtered ML Mo2Ti>C3Tx-50HF cold pressed
disk. The numbers in parenthesis in column 2 for the Mo 3d and Ti 2pregions are peak
locations of Mo3ds2 and Ti 2p12, respectively; their respective FWHMs are listed in
column 3 in parenthesis.

Region BE [eV]? FWHM [eV]* Fraction Assigned to Reference
229.0 (232.1) 0.8 (1.6) 0.52 C-Mo-Tx [148]
Mo 3ds2
- 230.2 (233.2) 21(1.7) 0.28 Mo+ [149]
232.2 (235.7) 1.0 (2.0) 0.02 Mo+ [149]
454.8 (461.0) 0.9 (1.6) 0.45 Ti-C [123]
Tizp 455.7 (461.2) 1.6 (2.0) 0.29 Tiv-C [123]
457.3 (463.0) 1.5 (1.5) 0.11 Ti*-C [120,121]
459.3 (464.9) 2.3(2.5) 0.15 TiO2 [122]
281.9 0.8 0.11 C-Ti [123,124]
282.5 0.9 0.22 C-Ti/Mo-Tx [123,124,148]
s 284.6 1.0 0.46 c-C [127]
285.3 1.4 0.07 CHXx [127]
286.2 1.4 0.09 c-0 [127]
288.6 2.0 0.06 COo0 [127]
530.0 12 0.50 MoOx and/or TiO2 [149,105,120]
O 1s 531.0 12 0.15 C-Mo-Ox® [105,128,114]
532.0 1.7 0.23 C-Mo-(OH)x and/or OR®  [105,128,114
533.3 1.8 0.12 H20:¢s (IV) and/or OR®  [105,128,114
F1s 684.0 1.8 1.0 C-Mo-Fx [150]

@Values in parenthesis corresponds to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.

4.2 Obtaining the chemical formulae for MXenes

In order to obtain the chemical formulae for MXenes, first the various species
in MXene have to be identified and quantified through peak fitting of the high-
resolution spectra the regions. Table 13 summarizes the species in each region that
belong to each MXene. The atomic % of each species is determined by multiplying that
species’ areal fraction of the photoemission in the high-resolution region of an element
by the overall atomic percentage of the same element. The global atomic percentages
can be found in Table 14. To illustrate: the atomic percentage of the species C-Ti-Tx in
the C 1s region for TizC2Tx should give the total atomic percentage of C in TizCoTx.

The area fraction of that species in the C 1s region, is 0.54 (row 2 in Table 4), and the
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total atomic percentage of C in that sample is 29.4 at.%. Thus the atomic percentage of
the C-Ti-Tx species in TizC2Tx 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 found in Table 15. It is important to note that most of the MXenes’
chemical formulae were normalized assuming full occupancy of the M-sites. In case of
Mo, TiC>Tx and Mo, Ti2C3zTy, the formulae were normalized to stoichiometry of the Mo
element. It is important to appreciate that theoretically if every surface M atoms 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 compound was normalized

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



Table 13. Summary of elemental global at .% - including non-MXene entities — before sputtering.
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Ti2p Nb 3d V 2p Mo 3d C1s O 1s F1s N 1s
(OH and/or O-Ti-C) C-Ti-Ox
TisCaTx (OH and/or O-Ti*?-C) C-Ti-Tx C-Ti-(OH)x C-Ti-Fx
(OH and/or O-Ti*3-C) H20a4s
(OH and/or O-Ti-C) C-Ti-Ox
TioCTx (OH and/or O-Ti*-C) C-Ti-Tx C-Ti-(OH)x C-Ti-Fy
(OH and/or O-Ti*3-C) H20aus
(OH and/or O-Ti-CN) CN-Ti-Ox
TisCNT (OH and/or O-Ti*>-CN) C-Ti-Ty CN-Ti-(OH)x CN-Ti-Fx NC-Ti-Tx
(OH and/or O-Ti*3-CN) H204us
C-Nb-Oy
Nb.CTyx (OH and/or ©)-Nb-C C-Nb-Tx  C-Nb-(OH)x  C-Nb-Fy
F-Nb-C
Hzoads
Nb-C C-Nb C-Nb-Oy
Nb4sCsTy (OH and/or O)-Nb-C C-Nb-Tx C-Nb-(OH)x C-Nb-Fy
F-Nb-C H20us
C-V-Ox
V2CTx C-V-Tyx C-V-Tyx C-V-(OH)x C-V-Fx
Hzoads
C-V-Oy
Mo,CTx C-Mo-T, C-Mo-Tx C-V-(OH)x C-V-Fx
Hzoads
(Ti-C) C-Mo-Ox
Mo,TiCzTx (Ti*-C) C-Mo-T, C-Mo/Ti-T,  C-Mo-(OH)x  C-Mo-Fx
(Ti+3-C) H20ads
(Ti-C) C-Ti C-Mo-Oy
Mo, Ti2Cs Ty (Ti*2-C) C-Mo-T, C-Mo/Ti-T, ~ C-Mo-(OH)x  C-Mo-Fy
(Ti**-C) H2O0uas




Table 14. Summary of elemental global at. % - including non-MXene entities — before sputtering.
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Ti Nb \% Mo C F @) Al N Ga
TisCoTx 26.1+0.1 31.4+0.2 25.5+0.2 15.1+0.2 1.9+0.1 <0.1
Ti2CTx 27.2+0.9 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+0.9 12.6+ 0.6 31.0+0.8 <0.1 <0.1
Nb4C3Tx 25.3+0.2 55.0+1.0 4.2+0.6 15.5+0.7 <0.1 <0.1
V2CTx 30.7+£0.4 40.91£0.5 14.1+0.7 21.5+0.3 <0.1
Mo.CTx 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
Mo02TiC3Tx 9.7+£0.3 24.6x0.2 40.4+0.8 2.8£0.4 22.3+0.7 <0.1
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Table 15. Chemical formulae of various MXenes determined from XPS spectra before
sputtering.

M2XTx M3zX2Tx MaX3Tx

Ti2C0.900.3(OH)0.5F0.8.0.4H20xds Ti3C200.3(0OH)0.32F1.2.0.3H20xds. Nb4C2.600.9(OH)1.0F0.7.0.9H2004ds.

Nb2COo0.8(OH)o0.5F0.7.0.5H20ads. | TisCNOo.23(OH)0.33F1.3.0.33H20ads. | M02Ti1.5C2.500.6(0OH)1.0F0.5.0.5H204ds.

V2C0o.5(0H)0.2F1.1.0.2H20xgs. Mo02Tio.8C200.4(OH)0.7F1.00.5H20ads.

Mo02CTxOo0.7(OH)0.4F0.7.0.3H200gs.

4.3 Surface terminations and their distributions in MXenes

This section deals with the influence of various parameters - such as MXene
chemistry, number of layers (n), aging, Ar* sputtering and different etchants - on the
surface terminations and their distributions. Furthermore, the use of XPS to obtain
information regarding the effects of treating of MXenes with various chemicals - such
as bases like NaOH and KOH and metal ion salts such as RbCl and NaCl — on the

distribution of the surface termination groups is described and analyzed.

4.3.1 Effect of M, and X elements and n

Influence of M in M2XTx

The molar ratios of the various surface termination species (-O, -OH, and, -F)
and H2Oxags. per M2XTy formula unit for TioCTx, V2Tx, Nb2CTx and Moz Tx multilayered
HF-etched MXenes are shown in Figure 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 Ti.CTx and M0o2CTyx those numbers - 1.6 and 1.8, respectively - are < 2;
for VoCTx and NboCTyx that number is exactly 2. This suggests that in the cases of

TioCTx and Mo2CTy, there might be some deficiency in the M sites. In the Ti.CTx case,
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the deficiency is of the order of 20%, implying that the actual composition of this
MXene is Ti1.eCTx and not Ti.CTx. Similarly, the deficiency in MoCTy is of the order
of 10 %, i.e. the actual composition is Mo1.9CTx. It is worth noting that for Mo2CTx the
percentage of deficiency in the Mo atoms assumed is within the margin of error for the
XPS fitting and analysis. However, for Ti.CTx, the reason for that the XPS results do
not show deficiency is not understood and more work is needed regarding that matter.
Karlsson et al. [*®] have shown, through HRSTEM, the existence of Ti vacancies
in single flakes of TisC2Tx. Looking at the surface termination distribution of the
M2XTx MXenes, NboCTx has the highest O:F surface termination ratio of 1.14, next is
Mo2CTx where the ratio of is 1.0. For V2CTy, that ratio is 0.5. The lowest O:F ratio —

0.4 —is observed in Ti2CTx.

2.8 - - Hzoads
- B
X_ 2.4 - B -OH
& B -0
w 20 - - - - - - = == -
)] -
Q ‘f ‘
o 16 ,
> 1.2 |- | ;
Y - -
(o] - ‘ f
3 08} "
] L
=
04
0.0

Ti,CT VZCTX Nb,CT, Mo,CT,
Figure 46. Moles of Y per M2XTx formula unit for Ti2Co.900.3(0OH)o.5F0.8.0.4H204ds,
Nb2CO0.8(OH)05F0.7.0.5H204ds., V2CO05(0OH)0.2F1.1.0.2H204ds.,
and Mo2CTxOo.7(OH)0.4F0.7.0.3H204¢s.. Y includes the terminations and adsorbed H-O.
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 line. This is the
case because only the sum of the moles of O, OH and F constitutes the terminations.



100

Influence of the M in M3X2Tx

Figure 47 compares the molar ratios for the various surface terminations species
(-0, -OH, and, -F) and H2Oads. per M3XzTx formula unit for TisC2Tx and Mo2TiC,Tx.
The values of x for TizsC2Tx and Mo2TiC2Tx are 1.8 and 1.9, respectively. Here again
there may be a small deficiency in surface M sites. Note that the actual chemistry of
Mo2TiC,Tx is M02TiosCoTx (Table 15). Given that it is easier to convert TisAIC; (18 h
at RT) than to Its MXene than Mo,TIiAIC, (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 Mo (TizC2Tx
vs. Mo,TiC2Ty) from 0.25 to 0.18, and the number of moles of -OH termination per

unit formula increases from 0.32 to 0.6.

2 T ads.

Xn
N
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O
T

n+1
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0.8

Moles of Y / moles of M
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0.0

Ti,C,T

. Mo, TiC,T,

Figure 47. Moles of Y per M3X,Tx formula unit for TizC200.3(0OH)o.32F1.2.0.3H20a¢s and
Mo02Ti08C200.2(OH)0.6F1.1.0.5H20ags.. Y includes the terminations and adsorbed H-O.
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 line. This is
the case because only the sum of the moles of O, OH and F constitutes the terminations.
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Influence of the M in MaX3Tx

Figure 48 compares the molar ratios of the various surface terminations species
(-O, -OH, and, -F) and H20ads per M4X3Tx formula unit for NbsCsTx and Mo2Ti2CaTx.
Both MXenes are C deficient (13 % for Nb4C3Tx and 16% for Mo.Ti.C3Tx), as shown
in Table 15 Note that deficiency was already present in the parent MAX phases [152,
154].

The total sum of molar ratio of all the surface terminations for Nb4CsTx and
Mo2Ti2CaTx is 2.6 and 2.1, respectively. Both these values exceed the theoretical x-
value of 2. The simplest explanation for this unexpected result is that some of the
surface termination groups might be occupying the C vacant sites. This comment
notwithstanding, it is hereby acknowledged that more systematic work is needed to
explain these results. It is important to note, however, that x > 2 was only observed
when the C in the final MXene was less than stoichiometric.

The O:F ratio is almost the same for NbsCsTx (1.3) and Mo.TiC2Tx (1.2).
Interestingly, in both cases the number of OH moles per formula unit is 1.0.

Note that the same arguments made for Mo,TiC,Tx, can be made for

Mo2TiC,Tx. In the latter case, however, the Ti deficiency is 25% (Table 15).
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Figure 48. Moles of Y per MaXsTx formula unit for NbsC2.600.9(OH)1.0F0.7.0.9H20 and
Mo02Ti15C25006(0OH)1.0F05.0.5H20a4s. 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 line. This is the case because only the sum of the moles of O,
OH and F constitutes the terminations.

4.3.2 Influence of X element in M3X>Tx

The molar ratios of the various surface termination species (-O, -OH, and, -F)
and H20ads per MaX,Tx formula unit for TizC2Tx and TisCNTx multilayered HF-etched
MXenes are compared in Figure 49. The total sum of molar ratios of all the surface
terminations for the two MXenes is almost equal at 1.82 for TizC>Tx 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 for TisC,Tx to 0.18 for TisCNTyx and the number of moles of OH per unit

formula is almost the same for for TisC2Tx (0.32 ) and TisCNTx (0.33).
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Figure 49. Moles of Y per MaX,Tx formula unit for TisC200.3(OH)o.32F1.2.0.3H2044s and
Ti3CNOo.23(OH)0.33F1.3.0.33H20a4s. Y includes the terminations and adsorbed H-O.
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 line. This is
the case because only the sum of the moles of O, OH and F constitutes the terminations.

4.3.3 The influence of n

Comparison between TixCTx and TizC2Tx

The number of moles of the various surface termination species (-O, -OH, and,
-F) and H20ads per Mn+1XnTx formula unit as a function of the order of MAX phase, n,
for Ti2CTx and TisC2Tx multilayered HF-etched MXenes are compared in Figure 50.
The total sum of molar ratios of all the surface terminations increase — from 1.6 to 1.82
- as n increases from 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 Ti2CTx than TisC2Tx. In general, Ti2C is less stable.
The O:F ratio decreases from 1:2.7 to 1.4 — as n increases from 1 to 2. The number of
moles of the -OH termination is higher for Ti2CTx (0.5) compared to TizC2Tx (0.32). It

is worth noting that there is 10 % C-deficiency in Ti,CTyx, as shown in Table 15, this
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might be attributed to loss of C atoms — in the form of amorphous C - while etching.

Needless to say the loss of both Ti and C complicates the analysis.
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Figure 50. Moles of Y HxO per MnaXnTx formula unit  for
Ti2C0.900.3(0OH)0.5F0.8.0.4H20a40s and Ti3C200.3(0OH)o0.32F1.2.0.3H204¢s. Y includes the
terminations and adsorbed H20O. 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 line. This is the case because only the sum of the moles of O, OH and
F constitutes the terminations.

Comparison between Nb>CTx and NbsCaTx.

The molar ratios of the various surface termination species (-O, -OH, and, -F)
and HzOags per Mn+1XnTx formula unit as a function of n, for Nb2CTy and NbsC3Tx
multilayered HF-etched MXenes are compared in Figure 51. The total sum of mole
ratios of all the surface terminations increases as n increases from 1 to 3, for Nb2CTy,
it is 2.0 and for NbsCsTy, it is 2.6.

The O:F ratio decreases when n increases from 1 to 3. For Nb2CTy, the O:F ratio
is 1.1, and for NbsCsTx the ratio is 1.3 in contrast to Ti2CTx and TisC2Tx. The number
of moles of -OH termination per unit formula is lower for Nb2CTy (0.5) compared to

Nb4CsTx (1.0) which is in contrast with Ti.CTyx and TizC,Tx.
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Figure 51. Moles of Y per Mn+1XnTx formula unit for Nb2COg.8(OH)o5F0.7.0.5H20x4gs.
and NbsC26009(0OH)1.0F0.7.0.9H20. Y includes the terminations and adsorbed H-O.
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 line. This is
the case because only the sum of the moles of O, OH and F constitutes the terminations.

Comparison between Mo2TiC2Tx and Mo2Ti2CsTx

The molar ratios of the various surface terminations (-O, -OH, and, -F) and
H20ads. per Mn+1Xn Tx formula unit as a function of n for Mo2TiC2Tx and Mo2Ti2CzTx
multilayered HF-etched MXenes are compared in Figure 52. The total sum of molar
ratios of all the surface terminations increases as n increases from 2 to 3, for Mo, TiC:Ty,
itis 1.9 and for Mo2Ti2C3Tx, it is 2.1.

The O:F ratio increases significantly when n increases from 2 to 3, for
Mo, TiC,Ty, the O:F ratio is 0.4 and for Mo2Ti,C3Tx the ratio is 1.2 similar to Nb.CTyx
and Nb4CsTx and in contrast to TioCTx and TizC,Tx, and. The number of moles of the -

OH termination per unit formula is lower for Mo TiC> Ty (0.6) compared to Mo2TioC3Tx
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(1.0) which is in agreement with NboCTx and NbsC3Tx but in contrast with Ti.CTx and

TisCaTx.
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Figure 52. Moles of Y per Mn+1XnTx formula unit for Mo2Tio8C200.4(OH)0.7F1.00.5H-
20ads. @and Mo2Ti15C2500.6(0OH)1.0F05.0.5H204.4s. 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 line. This is the case because only the sum of
the moles of O, OH and F constitutes the terminations.

To sum up this section, no general trends were found regarding the influence of
M, and X elements or n on the distributions of the surface terminations. This might be
due to the fact that the etching conditions for producing each MXene, with respect to:
i) Duration of etching, ii) Concentration of the etchant and, iii) Temperature of the
etching times, are different. This difference comes from the different M-A binding
energy which affects the etching conditions [**°]. For example, Figure 53 shows no
obvious trend for the moles per formula unit of -F terminations in MXenes as a function
of the product 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 per formula unit of Mn+1Xs as a function of the
product of the HF concentration and the etching duration for all HF etched MXenes.

4.3.4 Influence of Ar* sputtering of TizCaTx

The moles of C and moles of the various surface terminations species (-O, -OH,
and, -F) — per formula unit — in TisC2Tx multilayered HF-etched MXene before and
after Ar* sputtering are plotted in Figure 54. The derived formulae before and after
sputtering for TisCoTx are: [Ti3C200.3(0OH)0.32F1.2.0.3H20ads ] and
[Ti3C1800.6(0OH)0.4F05.0.1H20a4s ], respectively. From these results it is obvious that the
M:X ratio has increased from 3:2 to 3:1.8, which is due to Ar" ion beam damage,
selectively sputtering C atoms from the lattice. This is a commonly observed
phenomenon for transition metal carbides [156].

The Ar" sputtering causes a change in the distributions of the surface
terminations. The O:F ratio increases significantly after Ar* sputering of TizCoTx from

0.25 to 0.75. Whether the entirety of the increase in O:F is due to preferential —F
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sputtering, or has some contribution from a decreased concentration of —F on the
interior of the MXenes is unclear. The moles of —OH terminations per formula unit
increases from 0.32 before sputtering to 0.4 after sputtering. The moles of H2Oags. Per
formula uint decreases significantly upon sputtering from 0.3 to 0.1.

Similar trends of C deficiency and alteration of the surface terminations species
due to Ar* sputtering was observed for other MXenes as well [114]. Thus in order to
obtain a realistic quantification of the various species in MXenes it is highly

recommended to avoid Ar* sputtering.
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Figure 54. Moles of Y per TisC>Tx formula unit, before, and after, Ar* sputtering. Y
includes the C atoms, terminations and adsorbed H-O.

4.3.5 Influence of aging of TizCaTx

The effect of aging on the TisC,Tx cold-pressed sample where the XPS spectra

was measured within < 1 h after synthesis and after roughly 1 year of being left in the
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ambient is demonstrated in Figures 55 and 56. The molar percentage of TisC>Tx in the
samples decreases upon aging from 95% to 51.7% as shown in Figure 55.a and b,
respectively. Concomitantly, the Ti-oxides and oxyfluorides mole percentage increase

from 5% to 48.3%.

ElTicT Elic.T,

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

48.3%

5%

(a) (b)

Figure 55. Molar percentage of TisC2Tx MXene and Ti oxides and oxyfluorides present
in, (a) as-prepared TisCTx, and (b) aged TisC,Tx cold pressed samples before
sputtering.

Accurately quantifying the various species that belong in the aged TizCoTx
sample was not possible due to the large amounts of surface contaminations obscuring
the relevant peaks. In order to compare the surface terminations changes in TizCaTx
sample due to aging, sputtering was essential to remove most of the organic
contaminations. However as noted above, sputtering is not recommended.

Nevertheless, Figure 56 shows the moles per formula unit of the various surface
termination species before and after aging for TizC2Tx. The chemical formulae for the
pre-sputtered samples before and after aging are: [TizC1.8006(OH)o.4(OH-
H20ads)0.1F0.8.0.1H20a0s] and [Ti3C1.800.6(OH)0.9(OH-H20ads)0.5F0.3.0.5H20ads]. The
moles of —F terminations per formula unit is reduced from 0.8 to 0.3 after aging.
Concomitantly, the amount of —-OH terminations is increased from 0.4 to 0.9 after aging.
When viewed from a stoichiometric perspective, the M:O ratio (with the O content

derived from the sum of the species: -O, and -OH) increases for TisC,Tx as it ages.
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These results indicate that as TizC2Tx ages, its surface chemistry changes as —F groups
are replaced by —OH and —O groups. This indicates that oxidation MXenes begins from
the surface terminations, specifically on the -F terminated regions as they are the least
stable compared to the O based terminations as predicted theoretically by Xie et al.
[57]. Similar trends occur for all of the MXenes, though again, some show to be more

prone to oxidation than others [114].
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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 MsXoTx formula unit for TisC2Tx as produced and after
aging for = I year after sputtering. Y includes the terminations and adsorbed H>O.
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 line. This is
the case because only the sum of the moles of O, OH and F constitutes the terminations.

Combined with the observation that sputtering decreases the amount of oxides,
it is possible to illustrate the overall framework of the aged TizC>Tx samples, wherein

the center of a MXene ML is unaffected, while its surface is slowly oxidized. The latter
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is then coated or surrounded by a C-film. The C film is probably present as a by-product
of the oxidation process and likely helps to maintain conductive contact between
MXene particles. The comparison between as-prepared and aged samples demonstrates
that the use of MXene shortly after synthesis greatly reduces the fraction of oxides and

adventitious C present.

4.3.6 Influence of etchants used to produce TizCaTx

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 instance, TisC2Tx produced by 50 wt.% HF etching of
TisAlC, needs to be further intercalated with dimethyl sulfoxide, DMSO, in order to be
delaminate into un-stacked single flakes [®*]. However, after etching TisAIC, with LiF
+ HCI, the produced TizC>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 moles per formula unit of the various surface termination species (-O, -OH,
and, -F), adsorbed H20 molecules and Li* ions per TisX>Tx formula unit as a function
of the various etchants used: 50 wt. % HF, 10 wt. % HF, LiCl + HF, and LiF + HCI for
TisCoTx multilayered MXenes are compared in Figure 57. Note that in the cases of
LiCl + HF and LiF + HCI, there is an additional Li-O and/or Li-OH species that
originates from the presence of Li" ions interacting with H2O or with the TisC>-bound
O-containing groups. The XPS analysis for the 10 wt.% HF, LiCl + HF, and LiF + HCI
etched TisC,Tx are represented in the Appendix Figures 68, 71 and 72, and Tables 19,
22, and 23, respectively. The chemical formulae for the un-sputtered TisC>Tx samples

produced by the following etchants: 50 wt. % HF, 10 wt. % HF, LiCl + HF, and LiF +
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HCI are: [Ti3C2003(0OH)0.32F1.2.0.3H20ads], [Ti3C200.5(0OH)0.46F1.0.0.3H20x44s], [0.3Li-
Ti3C200.6(OH)0.48F0.8.0.4H204gs], and [0.3Li-Ti3C200.4(0OH)o.5F0.9.0.45H2044s ],
respectively.

Interestingly, the value of x is a weak function of the etchant used. For example,
for the etchants, 50 wt. % HF, 10 wt. % HF, LiCl + HF, and LiF + HCI; the values of x
are 1.82, 1.96, 1.88, and 1.8, respectively. Similarly, the net negative charges of the
surface terminations are almost the same for the different etchants (= 2.4) except for the
50 wt. % HF where it decreases to = 2.1.

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 by Wang et al. [101] through modeling the atomic pair distribution function,
PDF, for the neutron measurements of the 50% and 10% HF-TisC>Tx multilayered
samples. As for the LiCl + HF and LiF + HCI cases the O:F ratio is 0.75 and 0.4,
respectively.

The moles of Li* in the Li-TisC2Tx-HF/LICl and Li-TisC2Tx-HCI/LiF samples

is the same and equal to 0.3 moles per unit formula of TizX>Tx.
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Figure 57: Moles of Y per M3X2Tx formula unit for TisC,Tx produced using various
etchants: 50% HF, 10% HF, LiCl + HCI, and LiF + HCI. Y includes the terminations,
Li* adsorbed H20. 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
line. This is the case because only the sum of the moles of O, OH and F constitutes the
terminations.

4.3.7 Influence of NaOH, and KaOH on multilayered TizC2Tx-50HF

From the XPS analysis of the ML TisC2Tx-50HF samples treated with KOH and
NaOH (Appendix: Figures 69, and 70, and Tables 20, and 21, respectively), the
chemical formulae were found to be 0.6K-Ti28C200.7(OH)o.61F0.5.0.4H20a4s and 0.5Na-
Ti2.8C20050H0.4F050.3H20a4s. The first noticeable observation is the Ti:C ratio which
decreases from 1.5 to 1.4. In addition to the decrease in the content of -F surface
terminations from 1.2 to 0.5 moles per unit formulae shown in Figure 58. The number
of moles of -O is constant, however the moles of -OH moles doubled. These
observations show a clear modification in the surface terminations when treating
TisCoTx with base solution such as KOH and NaOH. Dall’ Agnese et al. [157] showed

superior performance in supercapacitors for electrodes made of ML TizC, Ty after KOH



114

treatment, when tested in 1M H>SOgs, it resulted in volumetric capacitance of
215 F.cm™ compared to 98 F.cm for untreated ML TisC,Tx at a scan rate of 2 mV.s™.
Moreover, according to DFT theoretical calculations, O- terminated TizC> were
predicted to show higher capacitance for LIB compareted to F-terminated TizC2Tx [70].
Thus, these results confirm that it is possible to modify the surface terminations by
reducing the -F terminations and subistituting them with -O 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 Y per MaXoTx formula unit for TisCoTx-50HF, TisCaTx-50HF
treated with KOH (K-TisC2Tx-50HF), and NaOH (Na-TizC2Tx-50HF). Y includes the
terminations, Na™, K™, and adsorbed H>O. 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 line. This is the case because only the sum of the moles of O,
OH and F constitutes the terminations.

Figures 59.a-c show that the molar percentage of TisC2Tx is reduced from 95%

to 81.3 and 88.8% upon treatment with KOH and NaOH, respectively. Thus, TizC2Tx
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oxidizes in basic solutions. A suggested mechanism for this reaction is explained in

section 4.5.

(a) EETIiCT, (b) =I:BC:aTn,dmkFx (C) EETiC.T,

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

Figure 59. Molar percentage of TisCoTx MXene and Ti oxides and oxyfluorides present
in, (a) TisC2Tx-50HF, (b) TisCoTx-50HF treated with KOH (K-TisC2Tx-50HF), and
NaOH (Na-TisC2Tx-50HF) samples.

4.3.8 Cation exchange in TizCoTx MXene

In sections 4.3.6 and 4.3.7, | have shown using XPS that ion intercalation occurs
in TisC2Tx. This section investigates the possibility of cation exchange in TisCoTx and
its detection using XPS. M. Ghidiu tested this idea by immersing ML Li-TizCoTx-
HF/LiCl powders in solutions metal chlorides (NaCl and RbCI) [85], as shown in
Figure 60, while I investigated their chemistries before, and 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 of Li™ ions, in Li-TisC2Tx-HF/LICl, with
Na* or Rb™ ions from their chloride solutions (Ref.[85]).
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Figure 61.a plots the XPS spectra for Li 1s region for un-sputtered TisCoTx-
10HF, Li-TisCoTx-HF/LICI, Na-TisC,Tx-HF/LiCland Rb-TisC.Tx-HF/LICI. For the
Ti3CoTx-10HF sample no peaks related to any Li species were found, while for the Li-
TisCoTx-HF/LICl sample, two peaks related to Li species. These peaks correspond 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 removed [85]. The other peak
corresponds to Li-O and/or LIOH. At a BE of 54.2 eV, probably originates from the
presence of Li* ions interacting with H>O or with MXene-bound O-containing groups
[*°8]. The Li-O and/or the LiOH peaks disappeared after the sample was immersed in
NaCl or RbCI. XPS spectra of Li 1s region for Na-TisC2Tx-HF/LICl, and Rb-TizCoTx-
HF/LiCl could not be fitted for this peak. This indicates the removal of the Li* ions
from between the layers.

Figure 61.b shows the XPS spectra of Na 1s region for Na-TizC,Tx-HF/LICI
sample. This region was fit by four peaks corresponding to the following species:
NaF/NaCl [128], NaOH/Na20 [159,160] Ti-C, and TiO.. The former two originate
from the Ti LMM Auger lines [1?8]. While the NaF/NaCl species most likely result from
incomplete dissolution of NaCl and the possible formation of NaF, the NaOH/Na,O
species most probably originates from the intercalated Na* ions. Figure 61.c shows the
XPS spectra of Rb 3d region for Rb-TisC,Tx-HF/LICI. This region is fit by a species
corresponding to Rb* ions probably intercalating between the MXene layers [161]. The
disappearance of the Li* species in the Li 1s region for Na-TizCoTx-HF/LiCl and Rb-
TisC2Tx-HF/LICl, and the appearance of Na* species in the Na 1s region and Rb*
species in the Rb 3d region for Na-TizCoTx-HF/LICl and Rb-TisCoTx-HF/LICI,
respectively, suggests complete ion exchange between the Li* and Na® or Rb*. The

chemical formulae of Na-TisC>Tx-HF/LiCl and Rb-TisC,Tx-HF/LICl, obtained from
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the XPS peak fittings, found in [85], are 0.24Na-Ti3C200.6(OH)os1F0.6.0.7H20a4s. and

0.16Rb-Ti3C200.5(0OH)0.6F0.7.0.5H204ds.
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Figure 61. XPS spectra with curve fitting for: a) Li 1s region for un-sputtered TizCoTx-
10HF, Li-TisCoTx-HF/LICl, Na-TisCoTx-HF/LIiCl, and Rb-TisC.Tx-HF/LiCl cold
pressed disks. Dashed vertical lines represent, from left to right, species LiF/LiCl and
LiOH/Li-O; the large shoulder on the left is due to the Ti 3s peak, respectively; b) Na
1s region for un-sputtered Na-TisCoTx-HF/LICl. Dashed lines, from left to right,
represent the species NaOH (Na 1s region), NaF/NaCl (Na 1s region), Ti-C (Auger
LMM line), and TiO2 (Auger LMM line), respectively; and c) Rb 3d region for Rb-
TisC2Tx-HF/LICl. Dashed vertical lines, from right to left represent the species Rb*
(3ds/2), RbCI (3ds/2), Rb* (3ds/2), and RbCI (3d3r), respectively (Ref. [85]).

4.4 Determination of the nature and amounts of 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 TizC2Tx as an example. When TizAIC; is
immersed in aqueous HF solution, the following reactions were proposed to take place

by Naguib et al. [39]:
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TizAIC, + 3HF = AlFs + 3/2H> + Ti3Cs Q)
Ti3Co + 2H20 = TizC2(OH)2 + H2 (2
TisCz + 2HF = TisCaF2 + Ha 3)

The second reaction produces -OH terminated TisC>. A schematic of the
structure is shown in Figure 62.a, where each surface Ti atom is bonded to one OH
group. Similarly, the third reaction produces -F terminated TisC2; a schematic the
resulting structure is shown in Figure 62.b, where each surface Ti atom is bonded to
one F atom. However, when looking at all chemical formulae of all MXenes obtained
from the XPS analysis and discussed previously, there is a third surface termination
species which is -O. Nuclear magnetic resonance (NMR) results have also shown that
TisC> produced by HF or LiF + HCI method a mixture surface termination of the three

species: -OH, -F, and -O [162].

(a) T'3C2(OH)2 (b) Ti3C,F,
b b b k @ o o o
Ti J/;/ J/j/ /

‘???
OH ‘P

Figure 62. Side view schematic of a) TisC2(OH). and b) TizCzF2 structures. Here the
Ti atoms are colored in yellow, C, black, O, red, H, white and F, blue (not to scale).

Therefore, the important question is how the -O terminations were formed and
whether each O atom is bonded with a double bond to each Ti atom (TizC202), Figure
63.a, or each O atom is bonded to two Ti atoms as a bridging O atom, viz. Ti3Cz0,
Figure 63.b. Under the etching conditions it is almost impossible to form TizC20-,
since it requires the reaction of Oz with TizCx to form TisC20z either by: i) reaction of

Ti3C, with Oz dissolved in the etchant:
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Ti3C2 + Odissoved = Ti3C202 (14)

This reaction is highly unlikely to happen due to the low concentration of O>
in the etchant compared to the concentration of OH and F ions, or ii) dissociation of
water into Ho and O> followed by reacting O2 with Ti3Cy, 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 into Ti-oxides when stored in
water.

Ti Ti

"4

1

e 6 o
(a) Ti3C202 (b) TI3C20

Figure 63. Side view schematic of a) TisC202 and b) TisC20 structures. Here the Ti
atoms are colored in yellow, C, black, and O, red, (not to scale).

Xie et al. have predicted, through DFT calculations, that the -OH terminations
can be converted into -O terminations through the following reaction at high
temperatures [57]:

TizC2(OH)z = TizC20; +H> (15)
TisC2(OH)2 = TisC20 + H20 (16)

The activation barrier for equation (15) is higher than that 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 MXenes: TioCTx-10HF, Nb,CTx-50HF, V2CTx-50HF, M02CTx-
25HF, TisCNTx-30HF, M0, TiC2Tx-50HF, NbsaC3Tx-50HF, and Mo2Ti2C3Tx-50HF, the
average number of moles of surface terminations per moles of Mn+1Xn is 1.95£0.3. The

anomalies are TioCTx-10HF with x = 1.6, Nb4C3Tx-50HF with x = 2.6, and Mo,Ti2Cs-
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50HF with x = 2.1. The reason for these discrepancies is not fully understood at this
point, but for Ti.CTx-10HF it might be due to a deficiency in the Ti atoms, and for the
M4X3Tyx, one reason for x > 2 may be a deficiency in the C sites which in turn might be

occupied with the surface termination groups.
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Figure 64. Moles of Y per MzX2Tx formula unit for TizC200.3(0OH)o.32F1.2.0.3H204ds
(50HF), TisC200.5(0OH)0.46F1.0.0.3H20ads (10HF),
0.3Li-Ti3C200.6(OH)o.48F0.8.0.4H20a4s (HF+LICI),
0.3Li-Ti3C200.4(OH)o.5F0.9.0.45H2044s(LIF+HCI),
0.24Na-Ti3C200.6(0OH)o.8F0.6.0.7H20a4s (NaCl), 0.16Rb-Tiz3C200.5(0OH)o.6F0.7.0.5H20ads
(RbCI), 0.5Na-Ti2.8C200.5(0OH)0.4F0.5.0.3H204¢s (NaOH) and
0.6K-Ti28C200.7(0OH)0.61F0:5.0.4H2044s (KOH). 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 line. This is the case because only the sum of
the moles of O, OH and F constitutes the terminations.

According to NMR studies and through multilevel structural modeling of
atomic PDF analysis for high-quality neutron scattering measurements for TizCoTx

produced by HF etching and LiF + HCL etching, evidence for protons between the
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Ti3C2Tx layers has been established [101,162]. Moreover, the zeta potential of TisCoTx
particles at pH 7 is -29 mV [78]. Lastly, in this study it was established and confirmed
that cationic exchange occurs readily in TizC2Tx. All these results suggest that in the
presence of water, TizC2(OH). dissociates producing protons. In the presence of water
molecules, a hydronium, HzO" ion is formed according to the following reactions:
Ti3C2(OH)2 = TizC2(OH)O™ + H*ags (17)
Hads + H20ags = [H30]" (18)

The process is shown schematically in Figure 65.

[H3O]+ads

r‘! ‘JV' c?' t‘

Ti

t 1ty o

~

(a)TizC,(OH), (b)Tis »(0),

Figure 65. Schematic showing the conversion a) -OH terminations to b) -O
terminations on TizCo. Here the Ti atoms are colored in yellow, C, black, O, red, and
H, white (not to scale).

If this conjecture is correct a correlation between the moles of O-terminations
per formula unit and the moles of what was labeled above H2Oqgs in the case of HF
etching. After ion exchange a correlation should exist between the moles of O-
terminations per formula unit and the sum of the moles of H2Oads + A™, where A* is the

number of alkali ion moles per formula unit. In making this conjecture it is implicitly
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assumed that the number of moles of [H30]" is simply equal to the number of moles
of -O terminations.

Figure 66.a plots the moles per formula unit of —O vs. (H20a4s + A") for all
TisC2Tx samples in this study. There is a weak correlation as shown in Figure 66.a
where R? is = 0.4 and the slope is = 0.3. Ideally, if our conjecture is correct, the value
of the slope would be unity meaning that the moles of -O are equal to the moles of
(H20ads + AY). When plotting the moles per formula unit of —O vs. (H20a4s + A™) for all
MXenes in this study, Figure 66.b, the correlation is even more weaker, R? is = 0.16
and the slope remains almost the same ~ (0.3. To investigate the reason behind the weak
correlation, the moles per formula unit of —O vs. (H20a¢s + A™) for all MXenes were
plotted on a red line representing a slope of unity as shown in Figure 66.c. The actual
chemistries of all the MXenes are presented in Table 16. Only one MXene -NbsC3Tx-
50HF - falls on that line. Most of the points are below the line and thus contain more
H20 than our conjecture predicts. The simplest explanation for these points is that
interlayer water is present. Said otherwise, when these measurements were made, the
samples were not fully dry. Given the recent results by Ghidiu et al. [85] who have
shown by XRD that most cations are surrounded by a layer of more of water of
hydration this explanation is reasonable.

The 5 points above the line are more problematic and at this point there is no
good explanation. We note in passing that the errors associated with these 5 points were
the highest recorded and thus at least some of the discrepancy can be simply due to
measurement error. Said otherwise, some of the oxygen ascribed to these MXenes may
actually O associated with CO and COO surface contamination groups. This comment

notwithstanding, more careful work is needed to try and shed more light on the problem.
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Figure 66. Moles of -O terminations vs. moles of adsorbed water and cations per unit
formula of Mn+1XnTx for all a. all TisC2Tx in this study shown in Table 16 and b. all
MXenes in this study shown in Table 16. c. Moles of -O terminations vs. moles of
adsorbed water and cations per unit formula of Mn+1XnTx for all MXenes. The red line
of slope = 1, represents the condition where the moles of -O termination = moles of
H20ags. + cations.
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Table 16. Chemical formulae of all MXenes, presented in this study, determined from
XPS spectra before sputtering. The label of each sample is listed in parentheses

M2XTx M3zX2Tx MaX3Tx
Ti2C0.900.3(0OH)0.5F0.8.0.4H20ads Ti3C200.3(0OH)0.32F1.2.0.3H200ds. Nb4C2.600.9(OH)1.0F0.7.0.9H20ags.
(Ti2CT«-10HF) (TisC2Tx-50HF) (Nb4CsTx-50HF)

Nb2C0Oo.8(OH)o5F0.7.0.5H20as. TisCNOo.23(OH)0.33F1.3.0.33H204a0s. | M02Ti1.5C2.500.6(OH)1.0F0.5.0.5H204s.
(NbsCTx-50HF) (TisCNTx-30HF) (M02Ti2C3Tx-50HF)

V2C0o0.5(0H)0.2F1.1.0.2H20xgs. Mo02Tio.8C200.4(OH)0.7F1.00.5H20ads.
(V2CTx-50HF) (M0;TiC2Tx-50HF)

M02CTxOo0.7(0H)0.4F0.7.0.3H200ds. Ti3C200.5(0H)o0.46F1.0.0.3H20ads.
(Mo2CTx-25HF) (TisC2Tx-10HF)

0.3Li-Ti3C200.6(0H)o0.48F0.8.0.4H20xds.
(Li-TisC2Tx-LiCI/HF)

0.3Li-Ti3C200.4(OH)0.5F0.9.0.45H20xds.
(Li-TisC2Tx-LiF/HCI)

0.24Na-Ti3C200.6(0OH)081F0.6.0.7H20as.
(Na-TisCaTx-LiCI/HF)

0.16Rb-Ti3C200.5(0OH)o.6F0.7.0.5H20xds.
(Rb-TisC2Tx-LiCI/HF)

0.6K-Ti2.8C200.7(0H)0.61F0.5.0.4H20xads
(K-TisC2Tx-50HF)

0.5Na-Ti28C200.50H0.4F0.50.3H20xds.
(Na-TizC2Tx-50HF)

To summarize this section, a mechanism for the formation -O termination
through the dissociation of OH" into -O and weakly bonded H* is proposed. The H*
react with H2Oags forming [H3O]". In the presence of other cations, the latter replace the

[H3O]". This exchange can be a complete or incomplete.

4.4.1 Calculating the oxidation number for C in TisC,Tx

By compensating the mole amounts of -O terminations with H* protons, the

TisCoTx can be assumed neutral. Using in situ X-ray absorption (XAS), Lukatskaya et



125

al. [99] found that the average oxidation number for Ti in TisCyTx is 2.4. This
information can be used to solve for the oxidation number of C in TisC>Tx, assuming
that the oxidation states of O, F, H and OH and A™ are -2, -1, +1, -1 and -1, respectively.
The calculation of the oxidation number of C for all the TisC2Tx samples is shown in
Table 17. In all these calculations, the number of cations - including H3O" is assumed
to be equal to the number of O moles. This assumption is good in all cases except the
second entry for which O < cations of H2Oqgs (See Table 16).

The average oxidation number for C in TizC,Tx is thus -2.6+0.1. These results
indicate that the average oxidation state of Ti and C are fixed and depend weakly on
the nature and the distribution of the surface terminations or the intercalated cations. In
other words, the surface terminations and intercalated cations adjust to neutralize the

charge on the Ti3C> blocks and not vice versa.
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Table 17. Moles and total charge of Ti, surface termination groups (-O, -OH, and -F),
cations (H*, Li*, Na*, K* and Rb™), and the oxidation # of C in various TizC2Tx
(MXenes).

Ti O OH F Cation C
Net charge®
[moles] | [moles] [moles] [moles] [moles] [oxid. #]°
TisC,Ty-50HF 3 0.3 0.32 1.2 H*=0.3 +5.38 -2.70
TisC2Tx-10HF 3 0.5 0.46 1 H*=0.5 +5.24 -2.60
Li*=0.3
Li-TisC2Tx-HCI/LIClI 3 0.6 0.48 0.8 +5.32 -2.70
H*=0.3
Li*=0.3
Li-TisC2Tx-HCI/LICI 3 0.4 0.45 0.9 +5.45 -2.70
H*=0.1
) ) Na*=0.24
Na-TisC2Tx-HCI/LIiCl 3 0.6 0.8 0.6 +5.20 -2.60
H*=0.36
Rb*=0.16
Rb-TisC2Tx-HCI/LICI 3 0.4 0.5 0.9 +5.40 -2.70
H*=0.24
Na- TizC,Ty-50HF 2.8 0.5 0.4 0.5 Na*=0.5 +5.32 -2.66
K*=0.6
K- Ti;C,Tx-50HF 2.8 0.7 0.61 0.5 +4.91 -2.455
H*=0.1

2 Total charge = moles of Ti* its charge (+2.4) + molar amount of O* its charge (-2) + molar amount of OH* its
charge (-1) + molar amount of F* its charge (-1) + molar amount of cation™ its charge.
b Carbon oxidation number = -(total negative charge) / the molar amount of C.

In a similar manner the oxidation number of C in V2CTyx can be calculated using
the oxidation number of V determined from XANES by Wang et al. [163] to be +3. An
average of the oxidation number of C for V>CTx was obtained from V>CTx formula
obtained in this study and V2.CTx and the formula obtained from NMR studies by Harris
et al. [164] listed in Table 18. It is worth noting that the formula of V.CTx obtained in
this study show O° > H,0, for that two cases were considered: 1. assuming all H*
protons are [H3O] and 2. Assuming all O have H* protons. The average oxidation
number for C in all cases of V>CTx was calculated to be -3.96+0.2 which is significantly

higher than that for TisCoTx.
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Table 18. Moles and total charge of V, surface termination groups (-O, -OH, and -F),
protons H*, and the oxidation # of C in V2CTx (MXenes).

\Y 0] OH F Protons C
Net charge?
[moles]| [moles] [moles] [moles] [moles] [oxid. #]°
V,CT4-50HF [This work]
2 0.5 0.2 11 H*=0.2 +5.38 -3.9
Assuming all H* is [H30]*
V,CT«-50HF [This work]
2 0.5 0.2 11 H*=0.5 +5.38 -4.2
Assuming all H* = O
V2CTx [Ref.[*4]] 2 -- 1 1.2 -- +3.8 -3.8

2 Total charge = moles of VV* its charge (+3) + molar amount of O* its charge (-2) + molar amount of OH* its
charge (-1) + molar amount of F* its charge (-1) + molar amount of proton* its charge.
b Carbon oxidation number = -(total charge) / the molar amount of C.

4.5 Mechanism of reaction of KOH and NaOH with TizC2Tx-50HF

In this section | am going to use the information deduced in section 4.4
regarding the nature of the surface termination groups, their total amounts, the presence
of weakly bonded [H30]" protons and the cation exchange in TisC2Tx MXenes in order
to suggest a mechanism for the ration of KOH and NaOH with TizC,Tx.

The chemical formula for the TisCoTx before the hydroxide treatment is
Ti3C2003(0OH)0.32F1.2.0.3[H30a05]*.  After KOH treatment, the chemical formula
changes to 0.6K-Ti2.8C200.7(OH)o.61F05.0.3H20ads.0.1[H30ads]* . The mechanism is
described in the following steps:

1. Cation exchange occurs by replacing 0.3 moles of [H3Oads]* with 0.3 moles of K*
Ti3C200.3(0OH)0.32F1.2.0.3[H30445] " + 0.3K™ =
0.3K-Ti3C200.3(0OH)0.32F1.2 + 0.3[H30a4s]*
2. Preferential removal of Ti atoms took place, decreasing the Ti moles by 0.2 moles
3. The -O termination increased by 0.4 moles, from 0.3 to 0.7
4. The -F termination decreased by 0.7 moles, from 1.2 to 0.5

5. The -OH termination increased by 0.29 moles, from 0.32 to 0.61



6.

10.

128

The molar percentage of oxides and oxyflourides compared to TizCoTx in the
sample increased from 5% to 18.7%

Points 2 to 6 results in the transformation of 0.2 moles of both Ti and F to
TiO2.xFx (to accommodate for the lost 0.2 moles of Ti), while another 0.4 moles of
-F are replaced with O and H* (to accommaodate for the increase of 0.4 moles in
-0)

0.3K-Ti3C2003(0OH)0.32F12 + 0.20H =

0.3K-Ti28C2003(OH)0.32F1 + 0.2TiOF + 0.2H*

0.3K-Ti28C2003(0OH)o.32F1 + 0.40H" + 0.3H20 =
0.3K-Ti2.8C200.7(OH)0.32F05.0.4[H30ads] * + 0.5F

From the newly added [H30]", 0.3 moles are further exchanged with 0.3 moles of
K™ (now all 0.6 moles of K* are intercalated in the TizC2Tx)
0.3K-Ti28C200.7(OH)0.32F05.0.4[H304a4s] * + 0.3K* =
0.6K-Ti28C200.7(OH)0.32F0.5.0.1[H30ads] * +0.3[H30ads.]*

The remaining 0.1 mole of -F, out of the 0.7 moles reduced by the KOH
treatment, is replaced with -OH terminations.
0.6K-Ti28C200.7(0OH)0.32F0.56.0.1[H30ads] " + 0.10H" + 0.3[H20a4s] =
0.6K-Ti2.8C200.7(0H)0.42F0.5.0.3H20ads.0.1[H30ads] *

This would leave 0.19 moles of -OH unaccounted for, these might have occupied
some defects that occurred during the oxidation of some TisC>Tx particles.

A similar mechanism occurs when treating TisC,Tx with NaOH. After the NaOH

treatment the chemical formula changes to 0.5Na-Ti2.8C200.5(OH)0.4F0.50.3H20ads.. The

mechanism can be described according to the steps below:



129

. Cation exchange takes place replacing 0.3 moles of [H30]" with 0.3 moles of Na*
Ti3C2003(0OH)0.32F1.2.0.3[H30a4s] * + 0.3Na* =

0.3Na-Ti3C200.3(0H)0.32F1.2 + 0.3[H30ads]

. Preferential removal of Ti atoms took place, decreasing the Ti moles by 0.2 moles
. The -O termination increased by 0.2 moles, from 0.3 to 0.5

. The -F termination decreased by 0.7, from 1.2 to 0.5

. The -OH termination increased by 0.08, from 0.32 to 0.4

. The molar percentage of oxides and oxyflourides compared to TisC,Tx in the

sample increased from 5.0% to 88.8%

. Points 2 to 6 results in the transformation of 0.2 moles of both Ti and F to TiO».

xFx (to accommaodate for the lost 0.2 moles of Ti), while another 0.2 moles of -F
are replaced with O and H* to accommaodate for the increase of 0.2 moles in -O)
0.3Na-Ti3C2003(0OH)o.32F1.2 + 0.20H" =

0.3Na-Ti28C2003(OH)o32F1 + 0.2TiOF + 0.2H*

0.3Na-Ti28C2003(0OH)0.32F1 + 0.2 OH™ + 0.3H20a4s. =
0.3Na-Ti2.8C200.5(0OH)0.32F0.8.0.3[H304ads ].0.2H2044s. + 0.2F

. The newly added 0.2 moles of [H3O]" are further exchanged with 0.2 moles of
Na* (now all 0.5 moles of Na* are intercalated in the TisC,Ty)
0.3Na-Ti28C200.5(0H)0.32F0.6.0.3[H304ads ].0.2H2044s + 0.2Na* =
0.5Na-Ti2.8C200.5(0OH)0.32F0.80.3[H30ads] + 0.2[H30ads]*

. Out of the remaining amount of -F terminations, 0.08 moles are replaced by 0.08
moles of -OH terminations (to account for the 0.08 mole increase in -OH)
0.5Na-Ti2.8C200.5(0H)0.32F0.8.0.3[H30a4s ] + 0.080H" =

0.5Na-Ti2.8C200.5(0OH)0.4F0.72.0.3[H30ads] + 0.08F
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10. This would leave 0.22 moles of -F unaccounted for, which might have turned to
oxyflourides with the transformation of some MXenes to oxyflourides

It is worth noting that these experiments were conducted ex situ, i.e. the KOH

treatment was not done inside the XPS, this might have an effect on the accuracy of the

results and the comparison between the chemical formula before and after the

treatments. To summarize this section, several processes are suggested to take place

when treating TizC.Tx particles in a hydroxide solution of either KOH or NAOH. These

processes involved:

=

Selective removal of Ti and F atoms replaced by either -OH and/or -O and H*

2. lon exchange, replacing the [HsO]" with cations

3. Replacement of -F terminations with either -OH and/or -O and H*

4. Further oxidation of some MXene particles which transform to oxides and/or
oxyflourides.

These results provided further understanding to the surface terminations in
MXenes which would impact the choice of MXene for a certain application and would
help scientists to manipulate the surface terminations and understand how this
manipulation affects the chemistry of MXene. In addition to that, being able to
determine the amounts of each surface termination group precisely would enable
theoreticians to come with models for MXenes that are much more closer to the
experimental data which would which would lead to a higher accuracy in their
predictions for the electronic structures and properties of MXenes. Finally, this work
has proven that XPS is a very powerful technique that can be used to obtain valuable
information about the chemistry of MXenes and in particular the nature of the surface

terminations and their distribution.
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CHAPTER 5: SUMMARY AND FUTURE WORK

The main focus of this work was to identify and quantify the various chemical
species in a new family of two-dimensional carbides and carbonitrides (MXenes) using
XPS and to understand the mechanism behind the changes in surface terminations when
treated with hydroxides or metal chloride solutions.

In-depth analyses of the XPS spectra of the core levels of cold-pressed disks of
HF-etched TisCoTx, TioCTy, TisCNTx, Nb2CTyx, NDaCsTx, V2CTx, M02CTx, M02TiC2Ty,
and Mo.Ti2C>Tx were carried out. Through peak fitting of the XPS spectra, MXene
surface termination groups were identified to be a mixture of -O, F, and/or -OH, in
addition to adsorbed H>O molecules.

Chemical formulae for all the MXenes studied herein were obtained from the
quantification of the various species obtained from the XPS analysis. The average value
of x for all compounds with very different chemistries, etching solutions and post-
etching treatments was calculated to be = 1.9+0.3, confirming that in essence the
fundamental etching reaction is one where each surface M atom is ultimately bonded
to either an OH or F. Said otherwise the fundamental etching reaction is simply:

Mn+1Xn + etchant = Mn+1Xn(OH)2.aFA

The presence of -O terminations is interpreted to result from a dissociation of
a fraction of the -OH terminations into -O and a proton, with the latter forming [HzO]".
The positively charged [H3O]" ion is in turn then held between the layers more tightly
than water molecules that are not charged. The main evidence presented for this

conclusion is a correlation between the moles of O terminations and adsorbed water per
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formula unit of all MXenes. The correlation is not exact, however, most probably
because of the presence of trapped water molecules and or water of hydration associated
with intercalated cations. In 5 cases, the fraction of O terminations was > adsorbed
water. More work is needed to understand this result.

Once the presence of [H30]" is appreciated, then simple cationic exchange explains the
fact that all cations to which MXenes have been exposed end up between the MX-layers
[43,47-49,65,85,158,165]. In this work, - through XPS analysis of TizC>Tx etched by a
mixture of LiF and HCI or LiCl and HF solutions - the presence of Li* intercalated ions
was confirmed and quantified. After the Li* ion intercalated TisC>Tx samples were
immersed in a solution of RbCI or NaCl, the Li* ions were exchanged with Rb* or Na*
ions, respectively. Similar cation intercalations occurred when immersing TizCoTx
multilayers in NaOH and KOH solutions. In addition to that, such treatment resulted in
a large reduction of the amount of -F terminations.

Combining our results with recent XANES measurements, that have shown that
the average oxidation state of Ti to be +2.4, we show that the average oxidation state
of the C atoms in the four as-produced and the five intercalated TisC>Tx samples was
determined to be = -2.6£0.1. This is very important because it indicates that the charge
on the Ti and C is constant and does not depend on the surface groups or the intercalated
cations. Thus, the surface terminations and cations adjust to neutralize the charge on
the TisC blocks. Similarly, the average oxidation number of C atoms in V.CTy was
determined to be =~ -3.96+0.2, using recent XANES results showing the average
oxidation state of V is +3.0.

The treatment of HF-etched TizC,Tx with KOH or NaOH resulted in a change
in the chemistry the MXene by the following suggested processes: (1) selective removal

of Ti and F atoms replaced by either -OH and/or -O and [H30]" ions, (2) ion exchange
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and that replaced the [H3O]" ions with K™ or Na* cations, (3) replacement of -F
terminations with either -OH and/or -O and [H3O]" ions and (4) the oxidation of some
MXene particles which converts them to oxides and/or oxyflourides.

There were no obvious correlations between changes in M, X or n on the
distribution of the surface termination groups.

Sputtering the surface of MXene with Ar* ions leads to: (i) The change in the
binding energy of the chemical species, (ii) selective sputtering of C, and (iii) changes
in the distribution of surface terminations. Therefore, it is not recommended to sputter
the MXene samples when doing XPS analysis to identify and quantify the various
chemical species. Storing MXenes in air leads to their slow and gradual oxidation which
starts at the -F terminated sites transforming them to metal oxyfluorides and a decrease
the amount of -F terminations in the MXene.

For the same MXene compound, taking TisC,Tx as an example, the distribution
of surface terminations is affected by the type and concentration of the etchant.
Decreasing the HF concentration resulted in decreasing the -F terminations and
increasing the -O terminations.

The importance of this work is manifested in determining and identifying the
surface termination groups which is useful for testing theoretical models for MXenes
that are closer to their experimental structure and chemistry which in return should

provide more accurate predictions for the MXene properties.

Future directions
Effect of Annealing. There are number of questions that should be answered to
further progress our understanding of the surface chemistry of MXenes. One of the

important questions is the role of heat on modifying the surface terminations of
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MXenes. Several theoretical work investigated this topic [57], however there is no
conclusive and in-depth experimental study through in situ XPS characterization that
was directed towards studying this point.

Effect of various gas treatments. Reports on the behavior of MXene in various
atmospheres are scarce. Several theoretical and experimental studies were dedicated to
examine the potential of MXenes as gas sensors [52,166]. An in-depth investigation of
the surface chemistry modifications of MXenes in the presence of various gases is
essential for evaluating the use of MXenes as gas sensors.

Determining the oxidation state of the X element in MXenes other than
Ti3sC>Tx. The determination of the oxidation state of the M elements in MXenes other
than TisC2Tx, and V2CTx by XANES is essential for obtaining the oxidation state of the
X element. In other words, XANES and XPS complement each other and allow for the
determination of the oxidation states of both M and X elements in MXenes.

Hydration in-situ XPS analysis. Water plays an important role in the structure
of MXenes, water molecules are adsorbed on the MXene surface, intercalated between
the layers and/or dissociated into other chemical species. Thus it is essential to study
the interaction of water with the MXene surface under various temperature ranges using

in-situ XPS.
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APPENDIX A: COMPARISON OF XPS SPECTRA OF THE MAX AND
MXENE PHASES

A.l V2AIC vs. V2CTx

[ (a) V 2p [ (b) C1s

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

i 1 " 1 " 1 i 1 " 1 " 1 " 1 "
528 524 520 516 512 508 292 288 284 280
Binding Energy (eV) Binding Energy (eV)

Figure 67. XPS spectra of (a) V 2p region and (b) C 1s region for V>AIC (black) and
V2CTx (rEd).
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APPENDIX B: XPS ANALYSIS OF MXENES

B1. XPS analysis for TisC2Tx-10HF
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Figure 68. XPS spectra with curve fitting for: (a) Ti 2p, (b) C 1s, (c) O 1s, (d) F 1s, (e)
Li 1s, and (f) Al 2p regions for un-sputtered TizC2Tx-10HF cold pressed disk. Various
peaks shown represent various species assumed to exist. Labels and peak colors are
coordinated. The results are summarized in Table 19.
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Table 19. Summary of XPS peak fitting results for un-sputtered ML TizC>Tx-10HF cold
pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak
locations of Ti 2p1p; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
455.2 (461.4) 0.9 (1.4) 0.14 (OH, or 0)-Ti-C [123,124]
456.0 (461.7) 1.4 (2.0) 0.20 (OH, or 0)-Ti2*-C [123]
Ti2pse  457.1(462.8) 1.8(2.2) 0.28 (OH, or O)-Ti3*-C [123]
(2p1r2) 458.9 (464.5) 1.8(2.2) 0.14 TiO2 [120,121]
459.5 (465.2) 1.3 (2.0) 0.15 TiO2xFx [122]
460.2 (466.2) 1.5(2.7) 0.09 C-Ti-Fx [126]
282.3 0.9 0.28 C-Ti-Tx [123,124]
284.8 1.7 0.15 c-C [127]
C1s 285.4 2.0 0.47 CHx [127]
287.2 1.6 0.05 C-0 [127]
289.7 2.2 0.05 COo0 [127]
529.9 1.2 0.05 TiO2 [105,120]
530.8 15 0.38 TiO2-xFx [122]
01 531.5 1.0 0.08 C-Ti-Ox and/or OR? [105,128]
532.1 1.2 0.16 C-Ti- (OH)x and/or OR? [105]
532.7 1.3 0.19 Al203 and/or ORP [128-130]
533.5 1.7 0.14 H20ads and/or OR® [105,128]
685.4 1.2 0.35 C-Ti-Fx [126]
F1s 686.1 2.0 0.53 TiO2-xFx [122]
688.0 1.7 0.12 Al(OF)x [129]
Al 2p 75.9 2.5 1.0 Al(OF)x [129]

2Values in parenthesis correspond to the 2p1> component.
b OR stands for organic compounds due to atmospheric surface contaminations.
¢The spin orbit split for Al 2ps/2 and 2p1/2 were not resolved.
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B2. XPS analysis of multilayered K-TisC2Tx-50HF

(a) Ti2p (b) C1s

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

M Y s
468 464 460 456 452 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

(c) O1s (d) F1s

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

" " " 1 " 1 " 1 " "
538 536 534 532 530 528 526 692 690 688 686 684 682 680

Binding Energy (eV) Binding Energy (eV)

(e) K2p ) Al 2p

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

300 298 296 294 292 290 82 80 78 76 74 72 70
Binding Energy (eV) Binding Energy (eV)

Figure 69. XPS spectra with curve fitting for: (a) Ti 2p, (b) C 1s, (c) O 1s, (d) F 1s, (e)
K 2p, and (f) Al 2p regions for un-sputtered ML K-TisC2Tx-50HF cold pressed disk.
Various peaks shown represent various species assumed to exist. Labels and peak
colors are coordinated. The results are summarized in Table 20.
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Table 20. Summary of XPS peak fitting results for un-sputtered ML K-Ti3C,Tx-50HF
cold pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak
locations of Ti 2pu2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
455.0 (461.2) 0.8 (1.4) 0.18 (OH, or 0)-Ti-C [123,124]
455.8 (461.3) 1.5(2.1) 0.28 (OH, or 0)-Tiz*-C [123]
Ti2pse  456.9 (462.6) 2.0 (2.1) 0.34 (OH, or 0)-Ti*-C [123]
(2pr) 459.0 (464.6) 1.7 (2.5) 0.17 TiO2 [120,121]
459.5 (465.5) 1.0 (2.0) 0.01 TiO2xFx [122]
460.2 (466.7) 1.0 (1.2) 0.02 C-Ti-Fx [126]
281.9 0.6 0.29 C-Ti-Tx [123,124]
284.8 2.0 0.02 c-C [127]
Cl1ls
285.4 13 0.55 CHx [127]
286.5 1.6 0.14 C-0 [127]
529.9 1.7 0.34 TiOz [105,120]
530.6 0.8 0.05 TiO2-xFx [122]
01s 531.1 1.3 0.24 C-Ti-Ox and/or ORP [105,128]
532.3 1.7 0.18 C-Ti- (OH)x and/or OR® [105]
532.8 16 0.08 Al203 and/or ORP [128-130]
533.6 2.0 0.11 H20.¢s and/or ORP [105,128]
684.6 1.6 0.22 C-Ti-Fx [126]
F1s 685.3 15 0.66 TiO2-xFx [122]
686.8 1.4 0.12 AlFx [129]
Al 2p° 75.6 4.2 1.0 AlFx [129]
|(<2§52/)2 293.4 (296.2) 1.4 (1.5) 1.0 K* ions [167]

2Values in parenthesis correspond to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.
¢The spin orbit split for Al 2ps/2 and 2p1/2 were not resolved.
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B3. XPS analysis of multilayered Na-TisC2Tx-50HF
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Figure 70. XPS spectra with curve fitting for: (a) Ti 2p, (b) C 1s, (c) O 1s, (d) F 1s, (e)
Na 1s, and (f) Al 2p regions for un-sputtered ML Na-TisC>Tx-50HF cold pressed disk.
Various peaks shown represent various species assumed to exist. Labels and peak
colors are coordinated. The results are summarized in Table 21.
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Table 21. Summary of XPS peak fitting results for un-sputtered ML Na-TisCoTx-50HF
cold pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak
locations of Ti 2pu; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
455.1 (461.3) 0.8(1.4) 0.25 (OH, or 0)-Ti-C [123,124]
455.8 (461.3) 1.4 (2.2) 0.22 (OH, or 0)-Ti2*-C [123]
Ti2pse  456.9 (462.6) 2.0 (2.5) 0.38 (OH, or O)-Ti3*-C [123]
(2p1r) 458.8 (464.4) 1.7 (2.5) 0.10 Tioz [120,121]
459.5 (465.5) 0.8(0.9) 0.02 TiO2xFx [122]
460.2 (466.7) 1.1(1.3) 0.03 C-Ti-Fx [126]
282.0 0.6 0.49 C-Ti-Tx [123,124]
284.6 1.6 0.04 C-C [127]
Cls 285.5 1.3 0.33 CHx [127]
286.7 1.8 0.11 C-0 [127]
289.5 1.2 0.03 COo0 [127]
530.0 1.0 0.40 TiO2xFx [122]
531.1 1.4 0.25 C-Ti-Ox and/or OR® [105,128]
O1s 532.3 1.6 0.18 C-Ti- (OH)x and/or OR? [105]
532.9 0.8 0.01 Al>03 and/or ORP [128-130]
533.7 18 0.16 H20ags and/or OR® [105,128]
684.9 15 0.26 C-Ti-Fx [126]
F1s 685.4 1.2 0.52 TiO2xFx [122]
686.6 1.8 0.22 Al(OF)x [129]
Al 2p¢ 75.1 2.2 1.0 Al(OF)x [129]
1066.2 3.0 TiO2 (Auger LMM line) [118]
Na 1s 1069.5 3.3 Ti-C (Auger LMM line) [118]
1072.2 1.7 1.0 Na* ions [159,160]

2Values in parenthesis correspond to the 2p1> component.
b OR stands for organic compounds due to atmospheric surface contaminations.
¢The spin orbit split for Al 2ps/2 and 2p1/2 were not resolved.
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B4. XPS analysis for Li-TisC2Tx-HF/LICl
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Figure 71. XPS spectra with curve fitting for: (a) Ti 2p, (b) C 1s, (c) O 1s, (d) F 1s, (e)
Li 1s, and (f) Al 2p regions for un-sputtered Li-TisCoTx-HF/LICl cold pressed disk.
Various peaks shown represent various species assumed to exist. Labels and peak
colors are coordinated. The results are summarized in Table 22.
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Table 22. Summary of XPS peak fitting results for un-sputtered ML Li-TizC>Tx-HF/LICl
cold pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak
locations of Ti 2pu2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
455.0 (461.2) 0.7 (1.1) 0.19 (OH, or 0)-Ti-C [123,124]
455.7 (461.4) 1.5(2.1) 0.30 (OH, or 0)-Tiz*-C [123]
Ti2pse  457.1(462.8) 2.1(2.3) 0.34 (OH, or 0)-Ti*-C [123]
(2pr) 458.9 (464.6) 1.8(2.2) 0.10 TiO2 [120,121]
459.5 (465.2) 1.8(2.7) 0.01 TiO2xFx [122]
460.2 (466.2) 1.9(2.7) 0.06 C-Ti-Fx [126]
282.0 0.6 0.44 C-Ti-Tx [123,124]
c1s 284.8 15 0.46 c-C [127]
286.3 1.8 0.08 c-0 [127]
288.6 1.8 0.02 COO [127]
529.9 0.9 0.35 TiO2 [105,120]
530.5 0.8 0.11 TiO2Fx [122]
O1s 531.0 1.2 0.21 C-Ti-Ox and/or ORP [105,128]
532.0 15 0.18 C-Ti- (OH)x and/or OR® [105]
533.2 2.0 0.15 H20ads and/or ORP [105,128]
684.9 1.4 0.54 C-Ti-Fx [126]
f e 685.4 1.2 0.31 TiO2xFx [122]
686.5 1.4 0.09 Al(OF)x [129]
687.4 15 0.06 AlFx [129]
Al 2p° 74.2 4.4 1.0 AlFx [129]
[168 169]
54.2 2.0 0.37 Li-O/Li-OH [170]
Li s 56.1 2.0 0.63 LiF/LiCl [168 169]
59.9 34 Ti-C (Ti 3s) [168 169]
62.7 35 TiO2 (Ti 3s)
((:'2 5523;2 199.3(2009) 1.3 (L1) 1.0 Licl [171]

2Values in parenthesis correspond to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.
¢The spin orbit split for Al 2ps/2 and 2p1/2 were not resolved.
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Figure 72. XPS spectra with curve fitting for: (a) Ti 2p, (b) C 1s, (c) O 1s, (d) F 1s, (e)
Li 1s, and (f) Al 2p regions for un-sputtered Li-TisCoTx-HCI/LiF cold pressed disk.
Various peaks shown represent various species assumed to exist. Labels and peak
colors are coordinated. The results are summarized in Table 23.
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Table 23. Summary of XPS peak fitting results for un-sputtered ML Li-TizCoTx-HCI/LIF
cold pressed disk. The numbers in parenthesis in column 2 for the Ti 2p region are peak
locations of Ti 2pu2; their respective FWHMs are listed in column 3 in parenthesis.

Region BE [eV]? FWHM [eV]? Fraction Assigned to Reference
455.0 (461.2) 0.8 (1.9) 0.23 (OH, or 0)-Ti-C [123,124]
Ti 2p32 455.8 (461.5) 1.5(1.6) 0.26 (OH, or 0)-Tiz*-C [123]
o) 457.1 (462.8) 2.1(2.2) 0.32 (OH, or 0)-Ti*-C [123]
459.0 (464.6) 1.8(2.2) 0.08 TiO2 and/or TiOz2-xFx [120,121, 122]
460.2 (466.2) 1.9 (2.7) 0.11 C-Ti-Fx [126]
282.0 0.8 0.17 C-Ti-Tx [123,124]
284.8 1.6 0.27 c-C [127]
Cls 285.2 1.4 0.31 CHx [127]
286.4 1.4 0.19 c-0 [127]
288.0 14 0.06 COOo [127]
530.0 1.3 0.29 TiO2 and/or TiO2-xFx [105,120, 122]
531.1 1.0 0.08 C-Ti-Ox and/or ORP [105,128]
O1s 531.9 1.7 0.24 C-Ti- (OH)x and/or OR® [105]
532.4 14 0.18 Al203 and/or ORP [128-130]
533.2 16 0.21 H20ads and/or ORP [105,128]
1S 685.2 1.6 0.93 C-Ti-Fx [126]
686.9 1.1 0.07 TiO2xFx [122]
Al 2p° 73.0 0.6 1.0 AlFx [129]
[168 169]
53.3 2.0 0.42 Li-O/Li-OH [170]
Lils 56.2 2.0 0.58 _LiF/Li.CI [168 169]
59.9 34 Ti-C (Ti 3s) [168 169]
63.5 35 TiO2 (Ti 3s)
C'Zsf/’j’z 1994 (201.0) 1.2 (1.0) 1.0 Licl [171]

2Values in parenthesis correspond to the 2p12 component.
b OR stands for organic compounds due to atmospheric surface contaminations.
¢The spin orbit split for Al 2ps/2 and 2p1/2 were not resolved.
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Table 24. Summary of elemental global at. % - including non-MXene entities — before sputtering.

Ti C F @) Al N K Na Li Cl
Ti3C2Tx-10HF 29.1+0.8  35.5+0.9 13.9+04 20.9+0.6 0.6+0.2 <0.1
K-TisC2Tx-50HF 19.3+0.7 37.2+0.8 14.2#0.7 189+09 1.9+0.7 <01 4.3#03
Na-TisC2Tx-50HF 20.5#1.1 26.3£1.3 12.3+0.2 114404 11+03 <01 4.1+0.5

Li-TisC2Tx-HF/LIClI  25.0+¢1.2 36.4+1.1 109+09 21.0+0.3 0.6+04 <01 5.7+0.5 0.4+0.2
Li-TisCoTx-HCI/LIF ~ 14.3+0.2  53.0+1.8 6.8+0.3 149+09 0.5+0.1 <01 9.0+1.0 1.5+0.3
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