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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 Ti3C2Tx, Ti2CTx, Ti3CNTx, Nb2CTx, 

Nb4C3Tx, V2CTx, Mo2CTx, Mo2TiC2Tx, and Mo2Ti2C2Tx 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 ïO, ïOH and ïF, were 

systematically investigated.  

XPS analysis confirmed the intercalation of Li+ ions upon etching Ti3AlC2 using 

a mixture of LiF and HCl or LiCl and HF; when Ti3C2Tx multilayers is immersed in 

RbCl 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 Ti3C2Tx samples with Ti3C2Tx 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 TiO2-Fx. 
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From XPS peak fits for all MXene samples in this study, it was established that 

x was å 2.0±0.2. Both -F and -OH terminations are formed during etching through the 

reaction of MXene with HF or H2O, 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 H2O forming [H3O]+. 

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 H2O 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 Ti3C2Tx 

is + 2.4, the average oxidation state of C - for 8 different samples - was determined to 

be å -2.6±0.1. It is thus reasonable to conclude that the average oxidation states of Ti 

and C in Ti3C2Tx are weakly dependent on the etching conditions and/or intercalated 

cations. Similarly, the average oxidation state of C - for 2 different samples ï was 

determined to be å -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: INTRODUCT ION  

 

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 SiO2 wafers in electronics to prevent the distortion of the graphene electronic 

properties due to the roughness of the SiO2 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 AuCl3 or HAuCl4 solutions, 

where Au nanoparticles can adhere to grapheneôs 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 grapheneôs 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 O2 or H2O molecules result in electronically depleted n-

type MoS2 and MoSe2 solids that are strongly photoluminescent (PL) [35], 

while less electronegative gaseous molecules such as NO2 can be used as p-

type dopants for WSe2 [36]. NO2 molecules would adsorb on WSe2 surface 

and transfer electrons from WSe2 due to its strong oxidizing nature. 

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

Pt on MoS2 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 ñMXeneò. MXenes are synthesized by selective 

etching of the ñAò layers from the layered transition metal carbides and nitrides known 

as MAX phases. The latter have a general formula of Mn+1AXn (n=1, 2, or 3), where M 

represents a transition metal, A represents mostly elements from the III 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 LITE RATURE SURVEY 

 

In this chapter the importance of utilizing XPS for chemical characterization of 

nanomaterials, in particular 2D materials, will be reviewed. I 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 sp2-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 MoS2, where the former exhibited a remarkable p-doping effect to 

the MoS2-based transistors. Decorating the MoS2 flakes with Au nanoparticles was 

performed by immersing the flakes in a AuCl3 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 MoS2, in other words not many 

defects are produced due to the doping process. The high-resolution spectra of Au 4f 

and Cl 2p after AuCl3 treatment confirm the doping of Au (Figure 2.c). The presence 

of a Cl signal in the Cl 2p region (Figure 2.d) confirmed that no physical adsorption of 
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AuCl4- on the MoS2 surface took place. Elemental composition obtained from the XPS 

spectra show an arbitrary formula of MoS1.9Au0.044 for the MoS2 decorated with Au 

particles. 

 

Figure 2. High-resolution XPS spectra of (a) Mo 3d and (b) S 2p regions for MoS2 

before Au nanoparticle decoration (red curve) and after Au nanoparticles decoration 

(blue curve), (c) Au 4f and (d) Cl 2p regions for MoS2 after Au nanoparticle decoration 

(Ref.[61] ). 

Furthermore, Lei et al. [62] reported on the functionalization of InSe with Ti4+ 

based on Lewis acid-base chemistry using a solution of TiCl4 to create     

[Ti 4+
n(InSe)].Cl-4n. The authors used XPS to confirm the formation of Ti-Se bonds after 

reacting n-type InSe by TiCl4 forming p-type [Ti4+
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 TiCl4 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 

(a) (b)

(c) (d)
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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 TiCl4. 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. 

 

Figure 3. High-resolution XPS spectra of Se 3d region for InSe before (black) and after 

(red) TiCl4 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 3d5/2 and 3d3/2 respectively. (blue and green dashed 

lines correspond to the binding energies for Se in the pristine InSe and the Se-Ti after 

TiCl4 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 [45,64,67-70], 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 ñAò 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. 

 

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 Ti3AlC2 powders using hydrofluoric acid (HF) producing 

 

H   M   A   X        He 

Li  Be Early transition 

metal 

Group A  

element 
C and/or N 

 B C N O F Ne 

Na M

g 
 Al  Si P S Cl Ar  

K Ca Sc Ti  V Cr  Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr  

Rb Sr Y Zr  Nb Mo Tc Ru Rh Pd Ag Cd In  Sn Sb Te I  Xe 

Cs Ba Lu Hf  Ta W Re Os Ir  Pt Au Hg Tl  Pb Bi Po At  Rn 

Fr  Ra Lr  Rf Db Sg Bh Hs Mt  Ds Rg Cn Uut Fl Uup Lv Uus Uuo 



32 

 

exfoliated layers of Ti3C2, the first member of the MXene family. The operative 

reactions proposed are  [39]: 

Ti3AlC2 + 3HF = AlF3 + 3/2H2 + Ti3C2    (1) 

Ti3C2 + 2H2O = Ti3C2(OH)2 + H2     (2) 

Ti3C2 + 2HF = Ti3C2F2 + H2      (3) 

 

Figure 5. MAX phases' unit cells: M2AX (211), M3AX2 (312), and M4AX3 (413) 

(Ref.[84] ).  

During etching, the Al in Ti3AlC2 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 Ti3C2Tx using dimethylsulfoxide (DMSO). Ti3C2Tx 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-Ti3C2Tx) 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, Ti3CNTx and V2CTx. A schematic showing the entire synthesis 

procedure is shown in Figure 6. 

Other etching systems were also used to convert Ti3AlC2 to Ti3C2Tx including 

NH4HF2 [51] and HF + LiCl [85]. Interestingly, Ghidiu et al. [42] demonstrated that 

etching Ti3AlC2 using a mixture of LiF and HCl led to spontaneous delamination of the 

Ti3C2Tx multilayers, MLs, without the need of the intercalation step.  

Figure 6. Synthesis of MXenes from MAX phase, taking Ti3C2Tx as an example: (a) 

Ti3AlC2 MAX phase powder immersed in HF acid, this results in (b) selective etching 

of Al and formation of multilayered Ti3C2Tx, (c) intercalation of the multilayered 

Ti3C2Tx 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. 

To date there have been 17 MXene compounds reported, including Ti2CTx, 

Nb2CTx, V2CTx, (Ti0.5,Nb0.5)2CTx, Mo2CTx Ti3C2Tx, (V0.5,Cr0.5)3C2Tx Ti3CNTx Ti3CN, 

Ta4C3Tx, Nb4C3Tx [40,53,86], Zr3C2Tx [87], (Nb0.8Ti0.2)4C3Tx, (Nb0.8,Zr0.2)4C3Tx [88], 

Mo2TiC2Tx, Mo2Ti2C3Tx, 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 

Cr2TiC2Tx 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 å 55 хC. 

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, II, and III) for the OH terminations on Ti3C2 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 II, the OH groups are located directly above the C atoms on both sides of 

the MXene layer (Figure 7.c, f), while configuration III is a combination of both I and 

II, where one OH group would occupy one of the positions on one side of the MXene 

layer and vice versa. By comparing the relative total energies for the three 

configurations, configuration II was the least stable, while configuration I was the most 

stable. The same results were also obtained for Ti3C2F2 [91].   
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Figure 7. Atomic structures of Ti3C2 layer: (a) with no terminations (side view), (b) 

with OH terminations in configuration I (side view), (c) with OH terminations in 

configuration II (side view), (d) with OH terminations in configuration III (side view), 

(e) with OH terminations in configuration I (top view), and (f) with OH terminations in 

configuration II (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, Ef, is higher than that of 

their parent MAX phases [39,90-94]. Taking Ti2CTx as an example, the valence states 

below the Ef are divided into two sub-bands; one of them Figure 8, which is the nearest 

to Ef, 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 Ef 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 Ef of Ti2C compared 

to Ti2AlC2 [56].  
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Figure 8. Partial and total DOS for Ti2AlC and Ti2CTx, 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 Ef 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 Ti3C2, and Nb4C3 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 Ti3C2Tx. Ti2CO2 and Ti3C2O2 

were predicted to have the highest elastic constants compared to the -F and -OH 

terminated Ti2CTx and Ti3C2Tx. Interestingly, Ti2CF2 and Ti2C(OH)2 are predicted to 

exhibit a white color when subject to light, i.e. none transparent (opaque), while Ti2CO2 

is predicted to have a high optical transmittance and an optical bandgap originating 

from its semiconductor-like electronic structure. This makes Ti2CO2 a potential 

candidate for optoelectronic devices.  

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

surface terminations. 

 

 

 

 

* 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 

Compound Band gap, eV Ref. 

Ti2CO2 1.03* [92] 

Mo2CF2 0.25 [55] 

Mo2C(OH)2 0.1 [55] 
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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 Mo2TiC2 and Mo2Ti2C3 MXenes should be semiconductors with a 

small band gap of å 0.05 eV, while also mixing -OH and -F terminations should show 

a semiconducting behavior. In contrast, -O terminated Mo2TiC2 and Mo2Ti2C3 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 Mo2TiC2Tx and Mo2Ti2C3Tx 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 

Ti3C2Tx etched with HF to compare to theoretical XRD patterns generated from DFT 

calculations for Ti3C2F2 and Ti3C2(OH)2 as shown in Figure 9. 



39 

 

The simulated XRD pattern of Ti3C2(OH)2 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.  

 

Figure 9. XRD patterns for Ti3AlC2 before and after HF treatment, Ti3C2Tx after 

sonication in water and simulated XRD patterns of Ti3C2F2 and Ti3C2(OH)2. Reprinted 

by permission from John Wiley and Sons, Advanced Materials (Ref.[ 39] ), copyright 

2011. 

A few XPS characterization studies were reported, before the start of this study, 

for only a Ti3C2Tx-HF etched MXene [39] and a Ti3C2Tx-HF etched intercalated with 

hydrazine monohydrate and dimethylformamide [64]. In the first study, only the XPS 

spectra of the Ti 2p region for Ti3C2Tx was shown in comparison with that of Ti3AlC2, 

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 Ti3C2Tx layers and 

on the surface of single Ti3C2Tx 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 Ti3C2Tx from 

2.33 to 2.43 when cycled in an electrochemical cell in 1M H2SO4 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 Ti3C2Tx but also shows that 

Ti in Ti3C2Tx is closer in chemical nature to TiO (oxidation state +2) rather than to TiO2 

(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 Ti3C2T, while Ghidiu et al. [86] studied the structure of 

Nb4C3Tx and Anasori et al. [98] investigated the structure of delaminated Mo2TiC2Tx 

and Mo2Ti2C3Tx. 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 

Ti3C2Tx, 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 aqueous 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 ïOH; 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 TiO2 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 å 531.8 eV Figure 10.a and b, and iv) adsorbed water at BE of 

å 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 TiO2 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 OHbridge groups act as nucleation sites that attract 

water molecules to form strongly bound OH-H2O complexes that then act as nucleation 

centers for further water adsorption.  

 

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 10-8 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 H2O (D2O) 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 H2O (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 CO2. This was 

confirmed by TPD as no peaks related to CO or CO2 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. 
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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: Ti3C2Tx, Ti2CTx, Ti3CNTx, Nb2CTx, 

Nb4C3Tx, V2CTx, Mo2CTx, Mo2TiC2Tx and Mo2Ti2C3Tx. 

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 Ti3AlC2 

Ti3AlC2 powders was prepared by mixing commercial Ti2AlC 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.% 

Ti3AlC2 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-1 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 Ti3AlC2 powder with particle size 

less than 38 µm.   
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Synthesis of Ti2AlC 

Ti2AlC 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-1 in a tube furnace to 1400 °C for 4 h in Ar 

atmosphere. After cooling to room temperature, the lightly sintered Ti2AlC product was 

processed as described above for the lightly sintered Ti3AlC2 brick.  

Synthesis of Ti3AlCN 

Ti3AlCN powders were prepared by mixing powders of Ti, AlN (Sigma 

Aldrich, St. Louis, USA, 99 wt.% purity, particle size < 10 µm) 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-1
 in a tube furnace to 1500 °C for 2 h in Ar atmosphere. 

After cooling to room temperature, the lightly sintered Ti3AlCN product was processed 

as described for the lightly sintered Ti3AlC2 brick.   

Synthesis of Nb2AlC 

Nb2AlC 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 min-1
 in a tube furnace at 1600 °C for 4 h in Ar atmosphere. After cooling to 

room temperature, the lightly sintered Nb2AlC product was processed as described for 

the lightly sintered Ti3AlC2 brick. 

Synthesis of Nb4AlC3 

Nb4AlC3 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, Ò 94 
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µm), Al (General Research Institute for Nonferrous Metals, Beijing, China, 99.9 wt.% 

purity, Ò 74 µm), and graphite (Qingdao Tianhe Graphite Co., Ltd, China, 99 wt.% 

purity, Ò 94 µm). 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-1 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 Nb4AlC3 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 µm. 

Synthesis of V2AlC 

V2AlC 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 min-1
 in 

a tube furnace at 1500 °C for 4 h in Ar atmosphere. After cooling to room temperature, 

the lightly sintered V2AlC product was processed as described for the lightly sintered 

Ti3AlC2 brick.  

Synthesis of Mo2TiAlC2 and Mo2Ti2AlC3 

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 2.2Mo:0.8Ti:1.1Al:2C, and 

2Mo:2Ti:1.1Al:2.7C to produce Mo2TiAlC 2 and Mo2Ti2AlC3, respectively. In both 

cases, the powders were ball milled for 18 h then heated at a rate of 5 °C min-1
 in a tube 

furnace at 1600 °C for 4 h in Ar atmosphere. After cooling to room temperature, the 
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lightly sintered Mo2TiAlC 2 and Mo2Ti2AlC3 products were processed as described for 

the lightly sintered Ti3AlC2 brick.  

Synthesis of Mo2Ga2C 

Mo2Ga2C powders were produced by a solid-liquid reaction of Mo2C 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-1 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 Mo2Ga2C and the excess, 

unreacted Ga were added to a solution of 12 M HCl (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 µm pore 

size, Celgard, USA). The dried powder was then sieved through a 400 mesh sieve 

producing Mo2Ga2C powders with particle size < 38 µm. 

3.1.2 Synthesis of multilayered MXene (HF method) 

As discussed above, MXenes are synthetized by selective etching of the ñAò 

layers from their corresponding MAX phase. The MAX phases powders, with particle 

size less than 38 µm, were treated with aqueous HF solution (Fisher Scientific, Fair 
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Lawn, NJ) of ratio 1 gm of MAX to 10 ml of HF, except for Mo2Ga2C 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. 

 

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 µm 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 Ti3AlC2 powders, of particle size < 38 µm, was slowly added to a 

premixed 10 mL mixture of 10 wt.% aqueous HF and LiCl solution containing 1.1 gms 

Sample name MAX phase 
MXene 

produced 

HF 

concentration  

(wt. %) 

Etching 

duration 

(h) 

Temp. 

 

(°C) 

Ti3C2Tx-50HF Ti3AlC2 Ti3C2Tx 50 18 RT 

Ti3C2Tx-10HF Ti3AlC2 Ti3C2Tx 10 24 25 

Ti2CTx-10HF Ti2AlC Ti2CTx 10 10 RT 

Ti3CN-30HF Ti3AlCN Ti3CNTx 30 18 RT 

Nb2CTx-50HF Nb2AlC Nb2CTx 50 48 55 

Nb4C3Tx-50HF Nb4AlC3 Nb4C3Tx 50 96 55 

V2CTx-50HF V2AlC V2CTx 50 48 55 

Mo2CTx-25HF Mo2Ga2C Mo2CTx 25 159 55 

Mo2TiC2Tx-50HF Mo2TiAlC2 Mo2TiC2Tx 50 72 55 

Mo2Ti2C3Tx-50HF Mo2Ti2AlC3 Mo2Ti2C3Tx 50 96 55 
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of LiCl. The molar LiCl to Ti3AlC2 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 HCl, in a ratio 

of 0.5 g powders to 40 mL HCl. 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-Ti3C2Tx-HF/LiCl.  

3.1.4 Synthesis of ML-Ti3C2Tx MXene (LiF+HCl method) 

One gram of Ti3AlC2 powders, of particle size < 38 µm, 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 HCl.  The mixture was stirred for 24 h at 35 °C. 

Afterwards HCl 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 -

Ti3C2Tx-HCl/LiF.  

3.1.5 Cation exchange of Li-Ti3C2Tx-HF/LiCl 

Powders of Li-Ti3C2Tx-HF/LiCl were HCl 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-Ti3C2Tx-

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 RbCl treatments are 

henceforth denoted as Na-Ti3C2Tx-HCl/LiF and Rb-Ti3C2Tx-HCl/LiF, respectively. 

3.1.6 Alkali treatments of Ti3C2Tx-50HF 

Solutions of 25 wt.% NaOH or KOH (Sigma Aldrich, St. Louise, USA, 99 wt.% 

purity) were added to a Ti3C2Tx-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-Ti3C2Tx-50HF and Rb-

Ti3C2Tx-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 kinetic energy is converted to a binding energy (BE) using 

the following equation [115]: 

BE = hɜ ï KE ï ū      (4) 

where hɜ is the energy of the X-ray photon and ū is the work function of the 

spectrometer. 

 

 

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 µm monochromatic Al-KŬ 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, 
























































































































































































































