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Abstract 

MXenes, a family of two-dimensional (2D) transition metal carbides and nitrides, have excellent 

electrical conductivity and unique optical properties. However, MXene 2D flakes can be oxidized 

in air at ambient temperature, and the oxidation is accelerated upon heating. Intercalation of water 

may cause hydrolysis, accelerating the oxidation. The oxidation affects many properties of 

MXenes. Developing new tools to readily characterize MXenes’ thermal stability can enable 

deeper insights into their structure-property relationships. Here, we employ in-situ spectroscopic 

ellipsometry (SE) to characterize the optical properties of three types of MXenes (Ti3C2Tx, 

Mo2TiC2Tx, and Ti2CTx) with varied composition and atomistic structures and at different  

temperatures, and investigate the MXenes’ thermal degradation under ambient environment. We 

demonstrate that changes in MXene extinction and conductivity in the visible and near-IR regions 

correlate well with the amount of intercalated water and hydroxyl termination groups and the level 

of MXene oxidation, measured using thermogravimetric (TGA) analysis. As such, MXene 

degradation can be monitored through measuring optical conductivity. It is found that among the 

three MXenes, Ti3C2Tx and Ti2CTx, respectively, have the highest and lowest thermal stability, 

indicating the role of transition metal type, MXene synthesis route, and the number of atomic 

layers in 2D flakes. Our findings demonstrate the utility of SE as a powerful in-situ technique for 

rapid structure-property relationship studies and pave the way for the further design, fabrication, 

and property optimization of novel MXene materials. 

KEYWORDS: MXenes, optical properties, optical conductivity, thermal stability, spectroscopic 

ellipsometry.  
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Introduction  

MXenes are two-dimensional (2D) materials with a unique combination of conductivity and 

interactions with electromagnetic waves, including visible light, arising from the free electrons of 

their metal-carbide/nitride backbone. Due to these properties, MXenes and MXene-based 

composites have appealing electrical and optical properties1-4 and have been successfully used 

for the assembly of functional devices for electronic and photonic applications, such as energy 

storage,5-8 optoelectronics,9-11 chemical sensing,12-14 wireless communications,15 catalysis,16 and 

wearable electronics.17 MXenes have the general formula of Mn+1XnTx, where M signifies an early 

transition metal, X is carbon and/or nitrogen, n =1–4, and T denotes surface functional groups (–

OH, =O, –Cl, –F, etc.).2, 18  Since the first discovery of Ti3C2Tx,19 the prototypical MXene, around 

50 different MXenes have been synthesized from a variety of precursors and etchants following 

various synthesis pathways.20-27 Diverse optical properties can be obtained from MXenes with 

varied structures and compositions, and prepared using different synthesis and etching pathways.  

MXenes have high free electron density (e.g., 2 x 1021 cm-3 for Ti3C2Tx),28 making them 

excellent candidates for nanoelectronics devices,29 and affording them diverse and tunable optical 

properties. For example, MXenes have been shown to support surface plasmon (SPR) 

resonances,30 and localized surface plasmon resonances (LSPR) in small-size,31 and Ti3C2Tx  

shows a strong and tunable absorption band in the near IR region of the spectrum.32 Density 

functional theory (DFT) calculations suggest that this peak can be due to an optically active inter-

band transition in Ti3C2Tx, due to the excellent light confinement at flake surfaces,33, 34 which can 

vary with surface terminations. These calculations predict that the intrinsic plasmon resonance of 

Ti3C2Tx MXenes are located at higher energy, around ~10 eV.33, 34 On the other hand, ultrafast 

transmittance and reflectance studies in Ti3C2Tx favor a plasmon resonance assignment for this 

peak, as the observed transient signal in the corresponding spectral region (800 nm for Ti3C2Tx) 

is consistent with a plasmonic behavior and can be distinct from the kinetics observed in the high 

energy inter-band peaks.35  

Nevertheless, the strong near-IR absorption peak is continuously tunable upon applied 

voltage and blueshifts under reduction conditions by ~100 nm in Ti3C2Tx films, when used as 

cathodes in electrochromic devices.36, 37 Theoretical calculations have further demonstrated that 

besides structure, transition-metal and X atom (carbon, nitrogen, or oxygen substitution) 

compositions, functional groups on MXene surfaces (Tx surface terminations) can also play an 

important role in tuning their electronic and optical properties,38 which is also supported by a few 

experimental studies.39-41 However, using surface terminations to control optical properties can 
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be challenging, as approaches such as controlling surface chemistry through annealing under 

low-pressure O2, vacuum, inert gases such as Ar, and oxygen plasma treatment, to modify the 

ratio of oxygen and hydroxyl terminations, can also lead to the formation of transition metal oxides 

and thus degradation of MXene, especially at high temperatures.39, 41, 42  

The oxidative degradation of MXenes during storage and device fabrication results in 

unfavorable changes in their electrical conductivity, optical properties, and, thus, performance in 

many applications. Numerous studies have demonstrated that MXene colloidal solutions have 

poor chemical stability due to the structural transformation caused by oxygen and water 

molecules, resulting in undesired hydrolysis, oxidation, and degradation.43-47 Studies of the 

oxidation of MXene films under different atmospheric environments,48, 49 have shown that 

increasing temperature can accelerate the rate of the oxidation reaction.39, 45 When MXene films 

are annealed in air, two distinct changes can be observed in their properties. At low temperatures 

(up to 300 ºC), the intercalated H2O and other physically adsorbed molecules are removed while 

the MXene structure is maintained.39, 50 ,51  At higher temperatures, surface de-functionalization 

and oxidation can occur simultaneously, forming transition metal oxide, CO2, and water.52 In 

Ti3C2Tx  MXene, anatase TiO2 nanocrystals supported on amorphous carbon sheets were formed 

upon thermal degradation, which transformed into rutile TiO2 nanocrystals as the oxidation 

temperature was further increased.53, 54  

As electro-optical properties of MXenes vary with the changes in their free electron 

density, MXenes’ optical information can be used as a tool to monitor their oxidation, as well as 

other processes that can affect their surface termination and oxidation state of the transition metal. 

Spectroscopic ellipsometry (SE) is a robust non-destructive technique that can be used to 

measure the optical properties, dielectric constant, film thickness, and conductivity of MXenes10, 

55  and other 2D materials56, 57, as well as organic-inorganic hybrid composites58, 59 in the visible 

and near-IR spectral range. SE has been previously used to characterize MXene properties such 

as film thickness, surface coverage or uniformity60, optical properties10, 32, 61, and conductivity35, 55. 

The onset of free carrier oscillations and conductivity of ultra-thin Ti3C2Tx films were also 

determined using this technique.10, 61 While the refractive index (n), extinction coefficient (k), 

electrical conductivity, and the associated scattering of Ti3C2Tx thin films can be measured using 

SE, there are some uncertainties in the choice of parameters used for modeling these data. For 

example, both Harmonic10 and Lorentz-type35, 61 oscillators have been used to fit the two extinction 

energy peaks in the UV to the visible spectral region for Ti3C2Tx films, which can result in slight 

variations in the predicted absorption spectra. Nevertheless, the optical conductivity (or resistivity) 
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of MXenes can be obtained from SE data in the near-IR region, typically fitted using Drude 

oscillator. Given that Ti3C2Tx MXene resistivity is increased upon oxidation62, 63, and in-situ SE can 

readily measure optical resistivity 59, 64, for the first time, we proposed using in-situ SE to monitor 

MXenes oxidation.  

In this study, we employ in-situ SE measurements to study the evolution of the optical 

properties of three types MXenes, Ti3C2Tx, Mo2TiC2Tx, and Ti2CTx, with varied composition and 

atomistic structure, upon annealing to 600 °C under ambient conditions. We demonstrate that 

changes in the extinction coefficient and optical resistivity of these MXenes can be correlated with 

the desorption of water and loss of hydroxyl groups at temperatures below 200 °C as well as their 

oxidative degradation at higher temperatures, as measured through thermogravimetric (TGA) 

analysis. In-situ SE experiments provide a non-contact method to measure MXene conductivity, 

oxidation state, and durability, which can also be applied in thin-film conditions, on small amounts 

of materials, and inside multi-layer geometries, providing a rapid method for quality control and 

process optimization in applications where oxidation stability is critical.   

 

Results and Discussions 

Optical properties of MXenes at room temperature. Three types of MXenes, with 

different compositions and number of atomic layers (n = 1 and 2) were chosen in this study, 

Ti3C2Tx, Mo2TiC2Tx, and Ti2CTx (structures shown in Figure 1a), with strong differences in their 

thermal stability and optical properties in the visible to near-infrared (NIR) spectral regions.32 

Selection of these MXenes allowed us to explore the effect of the surface transition metal (Ti vs 

Mo) and the number of atomic layers (M3C2Tx vs M2CTx) in the MXene structure. Ti3C2Tx and 

Ti2CTx were synthesized by selective removal of aluminum from their corresponding MAX phases 

(Figures S1&S2), resulting in –OH, –F, and =O surface terminations and H2O and Li+ 

intercalation.7, 24 Mo2TiC2Tx was prepared using HF and tetramethylammonium hydroxide 

(TMAOH) solutions as the etchant and intercalant, respectively.65 This method reduces the 

concentration of the –F termination and results in the intercalation of tetramethylammonium 

(TMA+) and H2O. TMA+ is a large organic ion that can significantly increase inter-flake spacing 

and electrical resistance.66 More details of synthesis and purification can be found in the Materials 

and Methods section. Full etching of the aluminum element of all three MXenes was corroborated 

in X-ray diffraction (XRD) analysis, by the position of the (002) peak and the absence of residual 

peaks of the MAX phases in the diffraction patterns (Figure S3 in SI). These XRD patterns and 
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SEM image (Figure S4) were similar to previous studies, indicating the complete exfoliation of 

MXene flakes.65  

 

 

       

Figure 1. (a) Crystal structures of MXenes used in this study, (Ti: pink. Mo: green, and C: black), (b) Schematic of 

preparation of MXene films via spin coating, and (c) Schematic geometry of in-situ variable-angle spectroscopic 

ellipsometry measurements. φ indicates the angle of incidence of the ellipsometer beam, which was held at 70° for in-

situ experiments. 

 

 

To determine the optical properties of the synthesized MXenes, ultrathin MXene films were 

fabricated on frosted glass substrates via spin-casting from aqueous suspensions (Figure 1b). 

Variable-angle spectroscopic ellipsometry (SE) measurements were performed on these samples 

at room temperature. For in-situ experiments, the angle of incidence was held at 70° (Figure 1c, 

more details in Materials and Methods as well as SI). Spectroscopic ellipsometry angles 𝛹(𝜆) and 

𝛥(𝜆) were collected over a spectral range of 370 nm < 𝜆 < 1600 nm. An example of the measured 

𝛹(𝜆) and 𝛥(𝜆) at various angles of incidence for Ti3C2Tx  film is shown in Figures 2a, b, where 

the sample was synthesized based on our new optimized synthesis procedures.67 The results for 

regular synthesized Ti3C2Tx (described in experimental section) and the other two MXenes, which 

was used for the following in-situ ellipsometry, measured at 70° incidence angle are shown in 
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Figures S9-S11 of SI. The measured SE spectra were fitted to multi-layer optical models, where 

the MXene layer’s optical properties were reconstructed using a combination of up to two 

Harmonic oscillators (to quantify extinction), a Drude oscillator (to quantify resistivity), and when 

necessary constant values at the far UV (E∞) and far infrared (IR pole) to adjust for extinction 

beyond the window of measurements (more details in SI and Tables S2 and S3). An alternative 

fitting was also explored for Mo2TiC2Tx, as detailed in SI and Figure S11, to explore whether a 

low bandgap semiconductor better describes its optical properties.68 The resulting best-fit that 

globally fits all values for 𝛹(𝜆) and 𝛥(𝜆) at all angles are shown by the solid lines in Figures 2a, 

b for Ti3C2Tx, which fit the experimental data well over the entire spectral range and agrees well 

with the results from previous studies.10 The predicted optical properties based on these fits, 

comprising the real (𝑛) and the imaginary (𝑘) components of the index of refraction are shown in 

Figure 2c, and the calculated real and imaginary components of the dielectric constant (𝜀1, 𝜀2) 

are shown in Figure 2d.   
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Figure 2. (a, b) Measured (squares, spheres) spectroscopic angles 𝛹 (squares) and 𝛥 (spheres) along with the global 

best-fit (solid black lines) as a function of wavelength at various angles of incidence, 55° (orange), 60° (purple), 65° 

(gray), 70° (cyan), and 75° (blue), performed on an optimized Ti3C2Tx thin film with a thickness of 14 nm. (c) The real 

(𝑛, blue line, left axis) and imaginary (𝑘, red solid line, right axis) components of the index of refraction, calculated 

based on the global fit to the SE data in a and b. The red dashed and dotted lines represent the contributing components 

of the three oscillators used to construct 𝑘. (d) Real (𝜀1, blue line, left axis) and imaginary (𝜀2, red line, right axis) of the 

dielectric constant as a function of wavelength for Ti3C2Tx film calculated based on the data.  The corresponding 

frequency values in eV units are shown above the graph. 

 

As seen in Figure 2c, in Ti3C2Tx, the imaginary part of the index of refraction, 𝑘, which is 

proportional to the extinction coefficient (see more details in SI) consists of two distinct extinction 

peaks in the UV and visible regions of the spectrum (fitted to harmonic oscillators). It also shows 
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an increasing trend in extinction with increasing wavelength (fitted with a Drude oscillator) 

indicating DC conductivity. The harmonic 1 oscillator centered at ~3.7 eV (335 nm, Table S2) has 

been attributed to MXene inter-band transitions33, and is also observed in the other two MXenes 

(4.9 eV for Ti2CTx and 2.6 eV for Mo2TiC2Tx as shown in Table S3). In Ti3C2Tx and Ti2CTx, another 

extinction is observed in the visible-near IR region of the spectrum (harmonic 2, ~1.6 eV, 790 nm 

for Ti3C2Tx and 2.3 eV, 540 nm for Ti2CTx as shown in Tables S2 and S3). This strong extinction 

has been attributed to two possible origins: inter-band transitions between closely spaced bands 

for surface Ti atoms or a localized surface plasmon resonance.32 Density functional theory (DFT) 

calculations of both Ti2CTx and Ti3C2Tx MXenes suggest that the low-energy extinction can be 

attributed to closely spaced inter-band transitions of the surface atoms, which can vary with 

surface terminations, while the intrinsic plasmon resonance of these MXenes were predicted to 

be at higher energy, around ~10 eV.33, 34 Conversely, scanning transmission electron microscopy 

(STEM)-electron energy loss spectroscopy (EELS) measurements performed on Ti3C2Tx flakes 

found that the reflection peak at ~730 nm, assigned as a transverse surface plasmon resonance 

(SPR), is independent of the flake size and can be shifted to higher energies in proportion to the 

enhanced carrier concentrations,31 and MXene compositions.32 This is the generally accepted 

assignment in the current literature. We note that, an out-of-plane localized plasmon resonance 

(LSPR) is expected to produce optical anisotropy in SE measurements, with a larger value out-

of-plane extinction coefficient.58 However, our variable-angle SE data shown in Figure 2 does not 

fit an anisotropic optical model and is thus not consistent with an out-of-plane plasmon resonance. 

In contrast, an in-plane plasmon resonance (SPR or LSPR) is expected to produce a larger in-

plane extinction coefficient, which was also not observed. An in-plane LSPR is also expected to 

strongly depend on the lateral flake size, which was not observed here or in previous studies.31 

However, given the large heterogeneity of flake sizes in this study, we are not able to 

independently confirm whether the location of the harmonic 2 oscillator is size-dependent, which 

would be required to distinguish between in-plane SPR and LSPRs. The data shown in Figure 

2c is ensemble-averaged data on a heterogeneously sized sample, explaining the broad nature 

of this peak. Future experiments using multi-angle SE experiments on thicker films, with larger 

optical density and on size-controlled samples can help better determine the nature of this 

extinction, which is beyond the scope of this study.  

     As seen in Figure 2d, the real part of dielectric constant (𝜀1) decreases strongly with 

wavelength and becomes negative around ~620 nm (energy below ~1.5 eV), indicating the onset 

of the free carrier oscillations. This behavior can be accurately modeled by a Drude oscillator, 

with an optical resistivity (conductivity) value of 0.0010 ± 0.0001 Ohmcm (978 ± 10 S/cm) for the 
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14-nm-thick Ti3C2Tx MXene film. The resistivity values of the Ti2CTx film (3 nm thick) and the 

Mo2TiC2Tx film (9 nm thick) were measured to be 0.00015 ± 0.00001 Ohm·cm and 0.0062 ± 

0.0013 Ohm·cm, respectively (Table S3). We note that optical resistivity calculated based on the 

SE data represents that of an effective medium approximation, where the path length of light can 

depend on both the surface coverage of the MXene flakes as well as the film thickness.35, 69, 70 As 

such, the resistivity of the material appears to be smaller in thinner MXene films. A similar effect 

can be observed in thin films of gold if the film thickness is such that a full extinction of light is not 

achieved (Figure S12). To obtain the corresponding value of resistivity from the optical resistivity 

calculations, one needs to perform measurements on much thicker and denser films, where the 

measured complex index of refraction eventually reaches a plateau value. As a result, the optical 

resistivity values reported here represent a lower boundary value of the DC resistivity but are 

expected to be within the same order of magnitude as the true value. 

Thermal degradation of MXenes under ambient conditions. To investigate the degree of 

oxidation and thermal stability of the Ti3C2Tx MXene, in-situ SE was performed while the sample 

was heated up to 600 °C in ambient conditions, with a controlled rate of 10 °C/min (schematically 

shown in Figure 1c, more details in the Materials and Methods section). We note that once the 

MXene is degraded and conductivity reaches zero, the resistivity value diverges and becomes 

inaccurate, as such a more limited range of data is presented here. Figure 3a shows the evolution 

of the optical absorption spectra for a 9-nm-thick Ti3C2Tx film at various temperatures upon 

heating. As the MXene film is thermally degraded, the extinction amplitude decreases, indicating 

the loss of conductivity as well as the formation of TiO2, which is transparent in the visible and 

near-IR optical region, explored in this study. Figures 3b-d show the in-situ variations of the 

optical resistivity as well as the extinction wavelength and amplitude of the harmonic 2 oscillator 

as a function of temperature. The data is compared with TGA mass loss, under similar conditions 

as reported previously.22   

A few distinct trends can be noted in this data. Heating the Ti3C2Tx from room temperature 

to 100 °C, has minimal effect on conductivity (highlighted in the inset of Figure 3b), while resulting 

in red-shifting of the extinction peak (Figure 3c). The TGA data (black curve in Figure 3b) also 

shows little to no weight loss up to 100 °C. We interpret these observations as indicating that 

while some water molecules may evaporate from the free surface, most water molecules 

adsorbed on MXene surfaces, particularly in the inter-flake slits remain intact. In addition to 

resistivity, the dielectric constant of the film and thus its extinction spectrum remains nearly the 

same between 25 °C – 100 °C (Figure 3a). If the harmonic 2 oscillator had a plasmonic origin, 
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we would expect the plasmon resonance to either remain constant or slightly blue-shift due to 

lower local index of refraction of adsorbed water (dielectric).58 However, the data in Figure 3c 

shows a strong red-shifting of the extinction peak energy. This is likely due to the intrinsic 

temperature dependence of the corresponding inter-band transition, which should be further 

explored in properly dried MXene samples in the future. In addition, changes in the oxidation state 

of the Ti in Ti3C2Tx upon heating can cause red-shifting of the extinction peak energy.22, 36 

 

Figure 3. (a) The imaginary part of the index of refraction, 𝑘, for a 19 nm Ti3C2Tx   film measured at various temperatures 

upon in-situ heating in air at 10 °C/min. (b) Optical resistivity measured using SE and weight change measured using 

TGA as a function of temperature upon heating at a rate of 10 °C/min. The inset shows the details of change in the 

optical resistivity due to the desorption of surface-adsorbed water, before the onset of degradation. (c and d) the 

extinction peak wavelength and amplitude for the harmonic 2 oscillator as a function of temperature.  

 

As the heating continues from 100 °C to 245 °C, the film’s resistivity decreases 

(highlighted in the inset of Figure 3b) in conjunction with weight loss observed in TGA (black 

curve, Figure 3b), indicating the desorption of H2O in this temperature range. The desorption of 
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water, and higher energy of the remaining water molecules can reduce the contact resistance 

between the flakes, resulting in the observed increased conductivity and reduced resistivity. We 

also observe that in this temperature range, both the amplitude and the energy of the harmonic 2 

oscillator are relatively constant, with only a small degree of red-shifting in the extinction energy. 

This is likely due to an interplay between the intrinsic red-shifting seen at lower temperatures, and 

the removal of water, which significantly changes the local dielectric constant of the interfacial 

region. Loss of –OH and formation of =O terminations, leading to an increase in the oxidation 

state of Ti is known to redshift this absorption peak. However, we again note that a plasmonic 

origin would predict blue-shifting of this resonance upon heating. The decrease in resistivity upon 

H2O removal is in line with previously reported in-situ TEM results, where the electronic resistivity 

decreased with increasing the annealing temperature.39 In addition, DFT calculations have 

predicted that the de-functionalization of Ti3C2Tx surface can increase its density of states (DOS) 

at the Fermi level (EF), which can intensify the charge carrier density, and thus enhance the 

conductivity.39, 71  As a result, the redshift of the plasmon peak can be also ascribed to growing 

metallic-like free electron density caused by the surface group de-functionalization or the de-

intercalation of the H2O molecules. This is also consistent with the slight enhancement in the 

plasmon amplitude below 100 °C (Figure 3d). The small change in the overall spectrum of the 

MXene films in this temperature range indicates that despite the H2O removal, Ti3C2Tx MXene 

does not significantly degrade upon heating to 245 °C under ambient conditions. Previous 

measurements using nuclear magnetic resonance and neutron scattering showed high stability 

of surface hydroxyl groups below 230 °C,72, 73 which is consistent with these observations. As 

such, annealing in this temperature range, even in ambient conditions, can be used as an effective 

method to tailor the conductivity and NIR spectral properties of Ti3C2Tx MXene, which are 

important in various applications. 

When the temperature is increased further to above 245 °C in air, the extinction coefficient 

of the film decreases and the resistivity increases (Figures 3a, b, and d). This is evidence of 

more significant changes in the MXene composition upon thermal annealing and the eventual 

onset of degradation. This observation is consistent with previous TGA measurements22 as well 

as the TGA data shown in Figure 3b that indicates MXene degradation. Monotonous decrease 

of the extinction coefficient and the amplitude of the harmonic 2 oscillator can be interpreted as a 

combination of the reduction of the number and the mass of MXene flakes,74 the changing nature 

of its surface terminations40, 75, and finally MXene oxidation to form TiO2 nanocrystals and 

disordered carbon, which are transparent.22 This is corroborated by the TGA data that shows an 

overall weight loss of the material reaching a minimum at 300 °C (black line, Figure 3b). This 
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weight loss indicates the start of the removal of surface –OH groups and removal of the remaining 

H2O, while the increase in the mass at higher temperatures indicates the oxygen uptake and 

formation of oxides. These results are consistent with the previously reported Ti3C2Tx MXene TGA 

data that a gradual weight loss was observed from room temperature to about 400 °C when 

measurements were performed in vacuum.45,50, 74  Continuing heating to above 450 °C, we 

observe a rapid onset in increased resistivity, strong decrease in extinction, and the harmonic 2 

oscillator amplitude, along with a weight increase in the TGA results. These trends can be 

attributed to the formation of transparent metal oxides (e.g., TiO2) upon the oxidation reaction in 

air.45, 46   

 

Figure 4. (a) Normalized extinction coefficients (normalized 𝑘) of Ti3C2Tx (19 nm film, red curve), Ti2CTx (3 nm film, 

black curve), and Mo2TiC2Tx (9 nm, blue curve) MXene films measured at room temperature. (b) The deduced optical 

resistivity of these MXene films as a function of temperature, measured upon heating with a rate of 10 °C/min.  

 

The combination of trends observed in the resistivity and extinction properties of Ti3C2Tx 

MXene indicates that in-situ SE measurements can capture indirect information on the changes 

in MXene surface terminations at low temperatures as well as the onset and details of the 

degradation rate at higher temperatures. The advantage of these measurements over TGA data 

is that this method can be applied to MXene films with various thicknesses and on various 

substrates, allowing precise tailoring of the optical properties to the desired conditions, without 

fully destroying the sample. In addition, these measurements can be extended in the future to 

experiments under various environmental conditions and under isothermal annealing, which can 

be used to measure the rates and apparent activation energy for adsorption-desorption and 

degradation reactions.  
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These measurements can also be extended to various MXene types to study their relative 

thermal stability. An example is shown in Figure 4, where we compare the normalized extinction 

coefficient, measured through 𝑘 (Figure 4a), and the temperature-dependent resistivity (Figure 

4g) of Ti2CTx and Mo2TiC2Tx with Ti3C2Tx MXene. The details of fitting procedures and results can 

be found in SI and Table S3, as well as Figures S8-11. Ti2CTx, which consists of the similar M 

and X elements (Ti and C) as to Ti3C2Tx but with a smaller thickness, has a qualitatively similar 

extinction spectrum at room temperature, but with a red-shifted extinction peak (Figure 4a). This 

is consistent with previous DFT predictions as detailed in the previous section.71 Previous studies 

also indicate that in bulk films, Ti3C2Tx and Ti2CTx have similar DC conductivity and carrier 

concentrations as high as 3 × 1022 cm-3.10, 76, 77
. As such, the difference between the initial values 

of optical resistivity seen in Figure 4 can be mainly attributed to the differences in their initial film 

thickness (19 nm for Ti3C2Tx film vs. 3 nm for Ti2CTx film). As discussed earlier, a higher apparent 

optical conductivity (lower optical resistivity) is expected in thinner films, due to the shorter optical 

pathlength through these samples.  

When heated above room temperature in ambient conditions, the resistivity of Ti2CTx 

increases slowly until 300 °C (Figure 4b). This contrasts with measurements in Ti3C2Tx, where 

the removal of surface water resulted in decreasing conductivity at elevated temperatures. To 

understand this data, we note that the 3-nm-thick Ti2CTx film in this study is primarily composed 

of few MXene flakes and as such, the measured conductivity here is reflective of its intrinsic intra-

flake conductivity as opposed to carrier transport through the inter-flake regions, which should 

dominate our measurements in thicker films, such as in the 19-nm-thick Ti3C2Tx film. Given the 

metallic nature of this MXene, we expect a positive temperature-dependent resistivity (dR/dT>0)39, 

78 This may also partially explain the lower value of resistivity in this system. Similar 

measurements in Ti3C2Tx single-flake films in the future can verify whether a similar temperature 

dependence can be observed in this system. When heating is continued to above 300 °C, we see 

a more dramatic increase in resistivity (Figure 4b), which is also followed by a sudden blue-

shifting of the harmonic 2 extinction energy and a decrease in its amplitude (Figures S8a&b). 

This is an indication of the onset of oxidation in Ti2CTx, consistent with TGA measurements shown 

in Figure S5. Compared to Ti3C2Tx (oxidation onset at 450 °C) this MXene is thermally less stable, 

as has been reported previously.79 

  The replacement of the outer layers Ti atoms with Mo in Mo2TiC2Tx MXene has a more 

dramatic effect on the extinction spectrum. The SE data for this MXene can mostly be fitted using 

only one harmonic oscillator, with the interband transition at 2.6 eV (470 nm). The optical 
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conductivity of the sample and overall extinction is also lower than that of Ti3C2Tx despite the fact 

that these measurements were performed in a thinner film (9-nm-thick film for Mo2TiC2Tx and 14-

nm-thick film for Ti3C2Tx), indicating that the bulk DC conductivity of Mo2TiC2Tx is also lower than 

that of Ti3C2Tx. While some previous studies had indicated an intrinsic metallic nature in Mo2TiC2Tx 

39, 41 they observe a much lower carrier concentration compared to Ti3C2Tx, in the range of 2-8 × 

1020 cm−3.80 In contrast, DFT calculations have predicted semiconducting behavior as opposed to 

metallic properties, with a small bandgap of 0.05 eV.68 To investigate whether the properties can 

be described by a semiconductor, an alternative fitting procedure was used where the Drude 

oscillator was replaced by a Gaussian fit, which provides a bandgap of 0.06 eV (Figure S11 with 

more details provided in SI), consistent with these predictions. Within the limited optical window 

of our experiments, both Drude and Gaussian oscillators fit the data equally well. As such, to 

distinguish this difference, measurements need to be extended into the IR spectral region. We 

also note that given the rather small bandgap, synthetic details, such as the number of defects 

and surface terminations, can affect the carrier concentrations at the Fermi level, allowing this 

MXene to have either metallic or semiconducting properties. In this study Mo2TiC2Tx is intercalated 

with TMA+, which is a large organic ion and can significantly increase the inter-flake spacing and 

electrical resistance,66 leading to higher optical resistivity than it may be possible otherwise.  

Nevertheless, we can compare the optical resistivity of Mo2TiC2Tx with Ti3C2Tx as a 

function of temperature, to compare their thermal stability. We note that, if a Gaussian model is 

used instead of the Drude oscillator for Mo2TiC2Tx, the conclusions regarding thermal stability, 

measured through measurements of the bandgap and its amplitude as a function of temperature, 

remain the same (more details SI and Figures S11c, d). The trends in optical properties of the 

two MXenes are very similar. However, the onset of oxidation is lower in Mo2TiC2Tx  and is 

observed at 400 °C (Figures 4b, S8a, and S8b). This is likely due to the stronger Ti-Ti bonding 

relative to Mo-Ti bonding, which protects the surface terminations to a higher temperature.39, 41  

Additionally, the harsher synthesis conditions, etching with 50% HF and delamination with 

TMAOH that was needed for the synthesis of Mo2TiC2Tx lead to a greater number of defects and 

smaller flake sizes.  

Overall, the measurements of thermal evolution of MXenes through changes in optical 

properties, measured using in-situ SE, provide information complementing TGA measurements. 

However, these measurements are performed in the thin film condition, where single-flake level 

properties can be explored, as shown for Ti2CTx. For all studied MXenes, the two distinct peaks 

observed in MS spectra (Figures S5&S6 for Ti2CTx and Mo2TiC2Tx, and reference 39 for Ti3C2Tx) 
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centered at around 100-200 °C can be assigned to the removal of surface adsorbed and 

intercalated H2O molecules (mass to charge ratio (m/z) =18) as well as de-functionalization of the 

–OH terminations (mass to charge ratio (m/z) =17). This trend was observed as decreasing 

resistivity in thicker MXene films (Ti3C2Tx and Mo2TiC2Tx) and increasing resistivity in 3-nm films 

(Ti2CTx). Heating in ambient environment to elevated temperatures, where a mass increase was 

observed in TGA-MS measurements due to oxidation (Figure 3b for Ti3C2Tx and Figures S5&S6 

for Ti2CTx and Mo2TiC2Tx, and reference 39 for Ti3C2), was also evident in in-situ SE measurements 

as a sudden onset of increased resistivity (Figure 4b) in all MXenes. The degradation 

temperature was measured at 300 °C, 400 °C, and 450 °C for Ti2CTx, Mo2TiC2Tx and Ti3C2Tx, 

respectively, indicating the increasing trend in the thermal stability of these three MXenes. As 

such, in-situ SE represents a rapid, non-destructive, and accurate approach to measure both, the 

optical conductivity and thermal stability of MXene films, which can be used in the future to explore 

the thickness dependence of these properties, as well as the utilization of various methods in 

improving both conductivity and stability of a broad range of MXenes.    

 

Conclusions 

In this work, we conducted in-situ spectroscopic ellipsometry to study the optical properties and 

thermal stability of MXenes upon heating in air. In multilayer MXene films, moderate heating 

above room temperature resulted in the removal of surface adsorbed and intercalated water and 

–OH terminations, which improved MXene electrical conductivity. Further heating led to the onset 

of thermal oxidation, as indicated by a dramatic increase in resistivity. The oxidation onset 

temperatures follows the sequence of Ti3C2Tx > Mo2TiC2Tx > Ti2CTx; the reduction of atomic layer 

thickness and replacement of Ti with Mo both lower thermal stability. The results indicate a strong 

dependency of the thermal properties on the chemical composition including the type of transition 

metal, the atomic structure, and the surface chemistry, as well as 2D flake quality. Our results 

also indicate that annealing below the oxidation temperature is an effective, simple, and scalable 

approach to tune the optical properties and enhance conductivity of MXenes. Although this work 

highlights the promise of spectroscopic ellipsometry for correlating optical properties of MXenes 

with their surface functionality and monitoring MXenes oxidation in a non-destructive way, a 

combination of theoretical and experimental insights can help further expand knowledge about 

optical properties of MXenes. 
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Materials and Methods 

Materials. Frosted glass substrates were purchased from Fisher Scientific. Ti (99.5%, -325 

mesh), Mo (99.5%, -325 mesh), Al (99.5%, -325 mesh), TiC (99.5%, 2 μm), C (graphite, 99.0%, 

-325 mesh) powders were supplied from Alfa Aesar. Argon (Ar) (99.995%) gas was purchased 

from Air Gas. HF (48.5-51%, Acros Organics), HCl (36.5-38%, Fisher Chemical), LiCl (99%, Acros 

Organics), and TMAOH (25 wt %, Acros Organics) were used as received.  

MAX synthesis. For each MAX phase, precursors were mixed in the powder form with different 

ratios (Table S1). Then, 10 mm zirconia balls were added to each mixed powder in a 2:1 

ball/powder ratio. The mixtures were transferred into plastic jars, followed by ball milling at 50 rpm 

for 18 h. The uniform powder blends were then placed into alumina pots and placed in an air-free 

furnace (Carbolite Gero) continuously purged with Ar, heated at a heating rate of 3 °C min−1. MAX 

phases were formed at specific temperatures and holding times as detailed in Table S1. After 

cooling, a TiN-coated milling bit was used to mill the obtained MAX phases22, 81, followed by 

sieving each sample to less than 75 μm particle size. 

MXene synthesis. Ti3C2Tx and Ti2CTx were synthesized by selective etching of aluminum from 

their corresponding MAX phases (Ti3AlC2 and Ti2AlC) with a mixture solution of HF and HCl.65, 82 

Typically, 2 mL of HF, 12 mL of HCl, and 6 mL of deionized (DI) water were mixed. After that, 1 g 

of each MAX phase powder was added to the solution and stirred for 24 h at 35 oC. After etching, 

the reaction products were washed with DI water and centrifuged at 3500 rpm for 2 mins until the 

pH was greater than 6. The obtained sediments were dispersed in a 0.5 M LiCl solution. The 

mixtures were stirred for 4 h at 35 oC, and then centrifuged at 3500 rpm for 10 mins several times 

until the sediments turned to black. The swelled sediments were dispersed in DI water and then 

centrifuged at 3500 rpm for 10 mins. Finally, the dark supernatants were collected for 

characterization. Different with the Ti3C2Tx used for in-situ spectroscopic ellipsometry 

measurements (Figure 3), an optimized Ti3C2Tx was used for the multi-angle spectroscopic 

ellipsometry measurements (Figure 2). The details about the new developed optimized Ti3C2Tx 

can be found in the 2023 article.27  

Mo2TiC2Tx was synthesized by selective etching of Mo2TiAlC2 MAX phase powder using 

HF.65 Typically, 1 g of MAX phase powder was added to 20 mL of an HF solution followed by 

stirring at 50 °C for 48 h. After the etching step, the resulting solution was washed with DI water 

through centrifugation (3500 rpm, 2 min) several times, until the pH value was greater than 6. 

Then, the centrifuged sediment was added into a solution containing 1 g of TMAOH and 20 mL 
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of DI water and stirred for 12 h at room temperature. The mixture was centrifuged several times 

with DI water at 9000 rpm for 10 min until the pH value was less than 8. Finally, the solution was 

centrifuged at 3500 rpm for 10 min. The black supernatant was taken as the dispersion of 

delaminated MXene flakes in water. 

Fabrication of MXenes Films. For SE measurements, frosted glass substrates were cleaved 

into approximately 1cm × 1cm squares and were cleaned with toluene and ethanol several times 

before being exposed to oxygen plasma for 2 min. After plasma treatment, glass substrates were 

rinsed in methanol. Colloidal MXenes solutions were used for spin-coating. The concentration of 

colloidal solution for Ti3C2Tx, Ti2CTx and Mo2TiC2Tx were 5-7 mg/mL, 0.5 mg/mL, and 5 mg/mL, 

respectively. All colloidal solutions were bath-sonicated for 15 min before spin-coating. MXene 

films were constructed on the frosted glasses via a two-step spin coating (Laurell WS 400BZ-

6NPP/Lite spin-coater) at 500-1000 rpm for 30 s followed by 5 s at 750-1250 rpm. Spin-coated 

films were vacuum dried at 50 °C/min for 30 min, followed by air-drying at 80 °C/min on a 22 mm 

temperature-controlled stage (Linkam THMS 600) with 10 °C/min heating and cooling ramps. 

To perform XRD and TGA-MS experiments, free-standing films of the three MXenes were 

prepared by vacuum-assisted filtration of the delaminated single-layer MXene colloidal solutions 

on Celgard®3501 membrane filters. The films were dried and kept under vacuum at room 

temperature in a desiccator before characterization.  

Characterization Methods  

X-ray diffraction measurements. XRD patterns were collected at room temperature using an X-

ray diffractometer (Rigaku SmartLab) equipped with a Cu Kα radiation source with the wavelength 

of λ= 1.5418 Å working at 20 mA and 40 kV. The results are shown in Figures S1&S3. 

Field-emission scanning electron microscopy (FESEM). (FESEM) was performed using a 

JEOL JSM-7800f FESEM with a lower electron detector at an acceleration voltage of 5 kV and 15 

kV to study the morphology of the optimized-Ti3AlC2 MAX and Ti3C2Tx MXene, respectively. The 

optimized-Ti3AlC2 MAX particles were sieved using mesh size < 71 μm and loaded on carbon 

tape. The Ti3C2Tx MXene solution concentration was maintained at < 0.1 mg mL⁻1 and loaded on 

an anodic disc, followed by vacuum drying for 2 h. The samples were gold sputtered to reduce 

the charging and improve the sharpness of SEM images. Image J software was used to calculate 

the average flake size from the FESEM images. The images are shown in Figures S2&S4 
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Thermogravimetric analysis. A TA Instruments thermal analyzer (SDT Q 650, Discovery Series) 

equipped with a mass spectrometer (MS, 110/220V) was used to perform TGA-MS analysis of 

Ti2CTx and Mo2TiC2Tx MXenes (Figures S5&S6, respectively). For Ti3C2Tx MXene, data from 

previous literature was used.22, 83 TGA-MS thermograms were collected from room temperature 

to 600 °C with a ramp rate of 10 ºC/min under 100 mL/min air flow. Mass/charge (m/z) evolution 

profiles were recorded as a function of temperature by MS analysis of the evolved gas products. 

The ion current was normalized by the corresponding initial weight of material. A quadrupole 

detection system, including a closed ion source, triple mass filter, and dual (Faraday and 

Secondary Electron Multiplier) detector provided parts per billion (ppb) sensitivity over the mass 

range of 1-300 amu (atomic mass unit; gas dependent). 

Atomic Force Microscopy (AFM). Morphology of the deposited Ti3C2Tx film was measured 

using a Bruker Icon AFM (Bruker, Santa Barbara CA) AFM in tapping mode. The tapping mode 

AFM probe with aluminum reflective coating (Budget Sensors, Tap300Al-G, resonance frequency 

300 kHz, tip radius 10 nm) probe was used. Images were obtained with a resolution of 256 by 

256 pixel and were analyzed using Gwyddion software. The images are shown in Figures S7.  

Spectroscopic ellipsometry. SE measurements were performed using a Woollam M-2000 

ellipsometer (J.A. Woollam) with a wavelength range of 370 nm < λ < 1600 nm (0.73 eV ‒ 3.34 

eV). The optical spectra of as-prepared Ti3C2Tx were collected using variable angle 

measurements (Figure 2 and Table S2). For in-situ experiments, of all three MXenes the incident 

angle was fixed at 70 ° (Figures S8-S11 and Table S3).  After drying MXenes films, the samples 

were clamped onto the Linkam heating stage and placed under the ellipsometer. The thermal 

annealing of MXene films was performed in the temperature range of 25 °C to 600 °C under air 

at a heating rate of 10 °C/min, while the SE spectra were collected. The desired temperatures 

and heating rates were controlled by the Linksys software. The sampling rate for in-situ SE 

measurements was set at 1 sec, with high accuracy zone averaging. Details of SE data analysis 

and fitting models can be found in the SI. The fitting results for the variable-angle SE 

measurements of Ti3C2Tx are listed in Table S2 and the data obtained at the beginning of in-situ 

experiments at room temperature are listed in Table S3. We note that the slight difference in 

values for Ti3C2Tx are because different batches of samples were used for these measurements, 

with slight variability in flake size and properties.  
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