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Abstract  

MXenes are a large family of two-dimensional transition metal carbides and/or nitrides 

combining hydrophilicity with metallic conductivity, thereby leading to a plethora of potential 

applications. This study expands the current possibilities for the structural engineering of 

MXenes by demonstrating medium energy range ion irradiation as a controllable and flexible 

strategy to deeply modify Ti3C2Tz thin films. By adjusting the fluence of a 180 kV He+ ion 

beam, we evidence the gradual modification of the different structural elements of typical 

MXene multilayers, inducing well-defined impacts on properties. Low fluences allow 

modifying the interlayer spacing, inhibiting the long-term rehydration capacity of the thin films 

with expected major benefits on MXene aging issues. In addition to this, irradiation allows 

affecting the layers functionalization with major impact on the normalized optical transmission 

profile, suppressing the absorption valley at IR-visible limit and expanding their transparency 

in the UV. These effects, combined with improved electrical contact between the Ti3C2Tz 

layers, are highly desirable for transparent conductive electrodes applications. Finally, higher 

fluence irradiations induce preferential sputtering of titanium atoms. Transition metal vacancies 
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being known to be highly relevant to deeply modify properties beyond those investigated here, 

these results show the large benefits of ion irradiation for MXene design. 

 

1. Introduction 

Two-dimensional (2D) transition metal carbides or nitrides, known as MXenes [1], are 

quite unique in the very diverse world of 2D materials. Among other reasons is the fact that, 

contrary to many other 2D systems, which are either semimetals [2], semiconductors [3] or 

insulators [4], many MXenes exhibit an outstanding metallic behavior [5,6]. As an example, a 

conductivity of 24000 S.cm-1 was recently reported for Ti3C2Tz, the most studied MXene to date 

[7]. In addition, MXene 2D layers exhibit tunable hydrophilicity and easy dispersion in water 

without surfactant, enabling scalable, flexible, and cost-effective processing as thin films, inks 

or membranes [8,9]. For this unique combination of properties, they are heavily investigated 

for an ever increasing range of applications including electromagnetic interference shielding 

[10], sensing [11], or energy storage and conversion [12]. In particular, the combination of the 

above-mentioned properties with good transparency [13] and tunable work function [14] offers 

very exciting perspectives in optoelectronic applications for MXene thin films [15], including 

charge transport layers (CTL) or transparent conductive electrodes (TCE) in photovoltaic cells 

[16,17], light emitting diodes [18], photodetectors [19,20] or transparent supercapacitors 

[21,22].  

Another true originality pushing forward MXene development is their high chemical 

and structural diversity. More than 40 different compounds have been synthesized to date [23], 

offering large opportunities in changing their properties. Being obtained from the chemical 

exfoliation of the A element (e.g. Al, Si) from MAX phases [24], a more than 150 members 

family of nanolaminated ceramics with Mn+1AXn chemical formula (M being a transition metal, 

X being either C or N, and n = 1 to 4), one can change the nature of the M and X elements or 

the intrinsic thickness of MXene layers (i.e., varying n) by using different MAX phase 

precursors. This has a major impact in terms of physico-chemical properties [25–28]. Besides, 

one can also play with MXenes surface functionalization, inherited from the MAX phase 

exfoliation step usually involving quite harsh acidic conditions [29]. This leads to the following 

chemical composition for the MXene 2D layers: Mn+1XnTz with the T surface groups being, e.g. 

F, O, OH and/or Cl, and z being usually close to 2. Because they are directly bonded to the M 

element - the d-bands of which dominate the electronic structure at the Fermi level -, controlling 

the T-groups has also been shown as a relevant strategy to modify MXenes properties [30–33]. 



Finally, properties modulations can also be achieved through molecular grafting or intercalation 

in multilayers, unveiling the superior flexibility that one can achieve in MXene structural 

richness [34–36].  

However, an ultimate way of driving MXenes chemistry would be to shift from 

properties modification to properties optimization. In this context, first principles calculations 

show that such an optimization is non-trivial to obtain [37,38]: it is achieved for well-defined 

substitution levels on the different atomic sites (depending on the type of MXene and 

investigated properties) and can be highly challenging to control from the synthesis point of 

view. From this perspective, ion beam techniques are extremely relevant physical approaches 

allowing the chemical and structural engineering of materials thanks to a perfect control over 

the ion beam characteristics (fluence, energy, type of ions) used to modify the material [39], 

and providing significant advantages: high reproducibility, doping possibilities with almost all 

elements from the periodic table, possibility to obtain original structures beyond 

thermodynamic limits, and fine tunability of the doping/damage rate (i.e., density of defects, 

dopants, etc.). Experimental adjustments to optimize properties for targeted applications are 

consequently made possible. This later point is of utmost importance since such optimization 

often require a trade-off between different, and sometimes antagonistic, properties such as 

electrical conductivity and optical transparency regarding TCE. Ion beam approaches have been 

successfully explored since more than a decade in different types of 2D materials [40,41] with 

great success in, e.g., improving the elastic modulus of graphene [42], improving gas 

permeation or gas sensing in graphene [43,44], or tuning the optical properties of WS2 [45]. 

These techniques are still very scarcely used for effective properties tuning strategies in 

MXenes, and only focusing on ion implantation [46,47], despite recent results showing that 

Ti3C2Tz thin films are very interesting 2D platforms for ion beam defect engineering due to 

their high damage tolerance [48].  

In the present study, and focusing on Ti3C2Tz spin-coated thin films, ion irradiation is 

shown to be an effective strategy to perform structural engineering in MXenes layers. A major 

impact on their properties is demonstrated, focusing on some of their most salient 

characteristics: their hydrophilicity and optoelectronic properties. By combining different 

structural/chemical characterization approaches (e.g. White Light Interferometry -WLI-, X ray 

diffraction -XRD-, and advanced Transmission Electron Microscopy -TEM) with optical and 

electrical ones (e.g. Variable Angle Spectroscopic Ellipsometry -VASE), we show that one can 

take advantage of the different sensitivity to ion irradiation of the M, X and T elements [49,50], 



as well as of the intercalated species (ions, water), in the Ti3C2Tz multilayers. This allows to 

gradually modify the structure and chemistry of the thin films by carefully adjusting the fluence 

of a medium energy He+ ion beam in a step by step procedure. At low fluence, a metastable to 

stable modification of the interlayer species can be achieved with the removal of the intercalated 

water in between MXene layers and significant inhibition of the hydration ability of the thin 

films over a long time scale. This is a key point for the long-term stability of MXene-based 

electrodes where confined water induces the hydrolysis of their surface, leading to their 

degradation [51,52]. In the same fluence range, the surface functionalization of the layers can 

be modified. This leads to the suppression of the transmittance valley observed at the onset of 

the visible range, ascribed to a surface plasmon resonance [25,27], and leading to an 

homogeneous transmission profile in the corresponding energy range. Finally, increasing the 

He+ fluence allows deep modifications of the MX core with Ti preferential sputtering, thus 

providing a complete structural manipulation of the MXene stack.  

2. Material and methods  

2.1 MXene thin film preparation 

Ti3C2Tz thin films were prepared by spin coating of an aqueous solution (50 mg.mL-1) of 

delaminated MXene powder synthetized from Ti3AlC2 precursor following the protocol 

detailed in [48], on top of a 1×1 cm² quartz substrate. The aqueous solution was prepared 

through a simple hand-shaking of a water suspension of the MXene powder for 10 minutes, 

followed by sonication for 20 minutes. The thin films were then deposited using a Polos 

SPIN150i/200i spin coater at room temperature to achieve thicknesses ranging from 50 nm to 

150 nm. 

2.2 Ion Implantation 

The MXene thin film samples were mounted on a sample holder and exposed to an ion beam 

directed perpendicularly to the substrate. They were exposed to 180 keV He+ ions with a probe 

current of 10 µA under high vacuum chamber of about 5×10-7 mbar at room temperature. 

Implantations were performed at four different ion fluences: 3×1015, 8×1015, 1.5×1016 and 

7×1016 ions.cm-². The damage and ion distribution depth profiles calculations were performed 

using Stopping and Range of Ions in Matter (SRIM) [60], with an estimated Ti3C2Tz thin film 

density of 4.26 g.cm-3 considering a c parameter of 19.6 Å  and a mixture of O/F terminations. 

The (default) displacement energies used were 25 eV for Ti, 28 eV for C, 28 eV for O and 25 

eV for F. The number of created vacancies were obtained using detailed calculations with full 

damage cascade method. MXene multilayers are however intrinsically not dense materials and 



considering that the films are porous, the corresponding SRIM results are expected to be 

indicative in nature, not quantitative. They were nevertheless shown to give a good estimation 

of the ion distribution profile for Mn+ implantation in Ti3C2Tx by H. Pazniak et. al [48]. 

2.3 Thin film characterization 

Thickness measurements were systematically performed on the samples by White Light 

Interferometry (WLI) using a Taylor Hobson Precision Talysurf CCI 6000. A small scratch was 

performed in the center of the sample (see Figure 1-d) using a needle with a micrometric tip. 

The step height was averaged over a region of several hundreds of micrometers. The very same 

step is used before and after irradiation in order to reveal possible irradiation-induced 

sputtering.  

The XRD patterns obtained for the Ti3C2Tz thin films, before and after irradiation, were 

measured in air, at room temperature using a Bruker D8 diffractometer in Bragg Brentano 

geometry, with a Cu Kα radiation (1.5406 Å ) at U = 40 kV and I = 40 mA, from 5° to 70° with 

a step size of 0.025° and a dwell time of 1 s/step. 

Resistivity measurements were performed at room temperature using the van der Pauw method, 

and an ECOPIA HMS-5000 equipment.  

The dielectric functions of the samples were characterized using Variable Angle Spectroscopic 

Ellipsometry (VASE) in the NIR-vis-UV range (0.7 – 5.9 eV, corresponding to a 1687 - 211 

nm wavelength range) using a J. A. Woollam M2000X, which was also used in transmission 

intensity mode for the transmission measurements. The ellipsometric angles Ψ and Δ were 

collected at incident angles of 45°, 55°, 65° and 75°. The resulting data were then analyzed 

using the CompleteEase software supported by the J. A. Woolam Company. The optical models 

used to fit the data are described in detail in the Supporting Information (part S1). 

The TEM samples were prepared by scratching the thin film surface using a razor blade or a 

diamond tip to peel the Ti3C2Tz flakes, and then sweeping them out using a Cu grid covered 

with a lacey carbon film. The MXene flakes were probed using a Cs-probe corrected Themis Z 

G3 (Thermo Fisher Scientific) Scanning Transmission Electron Microscope (S/TEM), operated 

at 300 kV accelerating voltage. Electron Energy-Loss Spectroscopy spectrum imaging (EELS-

SI) was performed in microprobe mode with a 0.69 mrad convergence angle, a 3.6 mrad 

collection angle and a probe size of 3.2 nm full width at tenth maximum. Such low convergence 

angle allows minimizing the electron dose, calculated to be 1.2 105 e-/Å², using a probe current 

around 150 pA. The current and the exposition time were chosen in such a way as to prevent 

the sample from electron beam degradation: no evolution of the samples morphology or 

chemistry was observed during the acquisitions, in agreement with recently published 



simulations showing that the overall surface composition of Ti3C2Tz MXene flakes should not 

be altered in such conditions [50]. Spectra were recorded on a GIF Quantum ERS 966 

spectrometer (Gatan), equipped with a K2 Summit direct electron detection camera (Gatan) and 

a US1000 CCD camera. The data were acquired using the DUAL-EELS mode using the CCD 

camera at a dispersion of 0.25 eV/pixel with a current ≈ 150 pA, allowing for the simultaneous 

acquisition of the low loss and core loss spectra for the deconvolution of multiple scattering 

effects related to thickness variations. Core edges were extracted from the background using a 

power law. The spectra shown in figures 3-a,b and 4-a,b present an average of several spectra 

measured for a given sample, except for the one irradiated at 7×1016 ions.cm-², where the spectra 

collected from four different areas are presented because they present a markedly different level 

of damage. EEL spectra were collected in areas of thicknesses over inelastic mean free path 

ratios, t/λ, ranging from ~ 0.2 to 0.4. In order to improve the visibility and comparability of the 

spectra, they were all normalized at the Ti-L2-edge’s tail at 469 eV and calibrated using the 

carbon K-edge energy at 285 eV, proven to be constant in all samples. 

The cross section TEM lamella was prepared and extracted from the sample by a dual beam 

FIB tool (Helios CX G3 From Thermofisher Scientific) and was transported to the TEM 

instrument via a conventional TEM Molybdenum half-grid. The preliminary thinning process 

under the Ion beam (Ga+) was performed at 30 kV and currents dropping from 0.43 nA to 80 

pA as a function of the lamella thickness. When reaching the desired thickness, the process was 

terminated with two cleaning steps: the first at 5 kV and 15 pA along both sides of the foil, and 

the final step at 2 kV and 9 pA again on each side of the foil. The lamella was then polished by 

a Precise Ion Polisher II (PIPSII-Gatan) using an Ar beam at 500 V, 3 rpm, 5 degrees and a 

modulation angle of 20 degrees. The cross section was then probed using a JEOL 2200 FS 

microscope, operated at 200 kV in both STEM and HR-TEM modes. 

 

3. Results and discussion 

3.1 Pristine Ti3C2Tz thin film characterization 

Ti3C2Tz MXene powders were obtained via a LiF + HCl etching protocol of the Al layers from 

the Ti3AlC2 parent MAX phase [53]. Powders were then prepared as colloidal suspensions for 

spin-coating on quartz substrates (see the methods section). The initial pristine powders present 

typical delaminated MXene flakes with regular shapes and sizes of a few µm² [54] as evidenced 

in Figure 1-a where a TEM micrograph of a typical stack of a few MXene flakes is shown. The 

corresponding electron diffraction pattern (see inset) shows the expected hexagonal structure 



inherited from the parent MAX phase Ti3AlC2 [53]. No sign of oxidation is observed. This 

would show up as extra spots or diffuse rings at shorter distances. The chemical composition 

of the Ti3C2Tz flakes was studied by Electron Energy Loss Spectroscopy (EELS), a typical 

spectrum being given in Figure 1-b. It clearly shows the C K and Ti L2,3-edges from which a 

Ti/C ratio of ~ 1.5 ± 0.04 was obtained, in agreement with the expected composition. In 

addition, the presence of the typical surface terminations induced by the LiF/HCl exfoliation 

protocol is also clearly evidenced in the EEL spectra with the Cl L2,3, O K and F K-edges (see 

the structural model in inset). The fine structures at these different edges are fully consistent 

with previously published data for the Ti3C2Tz system [54–56]. In particular, given the 

sensitivity of the C K-edge to the surface chemistry and defects in the MXene layers [54], these 

data confirm the good quality of the samples.  

After spin-coating, the MXene sheets stack up parallel to the substrate surface, creating thin 

films of typical thicknesses ranging from 50 to 150 nm, as measured by WLI (see Figure 1-d). 

This stacking is shown in the cross-sectional High Angle Annular Dark Field (HAADF) - 

Scanning TEM (STEM) micrographs given in Figures 1-c and e. These films appear to be 

somewhat porous. Elongated pores are visible as dark contrasts in Figure 1-c and e (circled in 

white). The surface roughness of the film is in the order of 30 nm, as measured by WLI, in 

agreement with cross-section TEM observations. Besides these points, the MXene flakes are 

very well aligned in the thin film as evidenced in Figure 1-f. The X ray diffractograms recorded 

on the thin films, and given in SI (Part S2), are characteristic of wet multilayer stackings with 

a (002) peak around 7°, significantly shifted as compared to the MAX phase, and with hardly 

distinguishable higher order (00l) reflections [57]. These XRD data also show a very small 

quantity of unreacted MAX phase remaining in the present film, way too small to influence any 

of the here-discussed results. One should notice that such MAX phase residual was not 

detectable in the XRD data of the powders used to elaborate the films (see SI part S2, Figure 

S2b), and is not present on all the investigated films. It is probably due to the redispersion of 

isolated un-etched grains when preparing the solution for spin-coating. The fact that the LiF-

HCl method is not as efficient as concentrated HF for MAX phase etching has been evidenced 

using Nuclear Magnetic Resonance by different authors [58,59]. However, it is better suited to 

produce stable colloidal suspensions, used as the starting material for the thin films elaboration, 

than concentrated HF which requires additional steps (insertion of organic molecules, 

ultrasonication etc.).  



 

Figure 1: (a) TEM micrograph of a Ti3C2Tz MXene flake, with the corresponding energy filtered Selected Area 

Electron Diffraction (SAED) pattern (inset). (b) Typical spliced STEM-EEL spectrum of a Ti3C2Tz sample 

showing the Cl L2,3, C K, Ti L2,3, O K and F K-edges. A schematic structure of a Ti3C2Tz sheet is also given: 

titanium atoms are represented in blue, carbon atoms in black, and surface groups in red. (c) Cross-sectional 

HAADF-STEM micrograph of a FIB prepared MXene thin film, the porosities in the sample are circled in white. 

(d) WLI image of a sample surface showing the scratch used to measure the thickness. The thickness is about 100 

nm in the present case, as shown from the superimposed thickness profile obtained by averaging over multiple 

lines (the red rectangle). (e) Higher magnification STEM-HAADF micrograph of the area highlighted by a red 

square in figure (c). (f) High resolution TEM micrograph of the thin film. 

 

3.2 Structural engineering by ion irradiation 

Structural engineering in the Ti3C2Tz thin films was performed using He+ ion irradiation at 180 

keV. According to Stopping and Range of Ions in Matter (SRIM) calculations [60], this 

irradiation condition produces homogeneous, i.e. flat, ion damage profiles in the Ti3C2Tz thin 

films over the desired thickness (< 200 nm), with most of the ions passing through the MXene 

film and being implanted into the quartz substrate (see SI – Part S3). All details concerning 

SRIM calculations are given in the methods section. The implantations were conducted at four 

different fluences, 3 x 1015, 8 x 1015, 1.5 x 1016 and 7 x 1016 ions.cm-², gradually increasing the 

amount of structural defects introduced into the samples. Each implantation has been 

reproduced typically on three to six different thin films in order to assess the reproducibility of 

the results. Henceforth, these irradiated samples will be referred to as S3, S8, S15 and S70, 

respectively. These different fluences were chosen to gradually modify the MXene structure by 



playing on different structural levels, which are expected to behave differently under ion 

irradiation. The intercalated interlayer water molecules and cations are expected to be the most 

irradiation sensitive species, followed by the surface groups and finally the M-X skeleton, 

which should be more damage tolerant, each one of these units having its own role on MXene 

properties [26,30,61].  

Before going into the detailed characterization of the irradiation-induced structural damages in 

the MXene layers, we discuss the impact on the organization of the layers at the thin film scale. 

We first focus on water interlayer confinement as probed using XRD with particular attention 

paid to the (002) reflection. This peak reflects the sheet stacking and spacing, described by the 

c lattice parameter as shown in the structural model in Figure 2-a. It is indeed well established 

that this signature is highly sensitive to water intercalation between the MXene layers, stabilized 

by the surface groups and intercalated cations coming from the etchant (Li+ in the present case) 

[61,62]. From a quantitative analysis of in-situ XRD data, S. Célérier et al. [61] showed that 

the (002) angular position allows for the identification of the intercalation of a single layer 

(1WL), double layer (2WL) or the absence (0WL) of water molecules between the Ti3C2Tz 

layers, this phenomenon being highly sensitive to the ambient atmosphere relative humidity 

and determined by the hydrophilic character induced by the surface functionalization of the 

MXene layers. XRD measurements, focusing on the (002) peak region, were thus performed 

on the pristine and irradiated samples (immediately following the irradiation) as shown in 

Figure 2-b. The expected positions for the (002) peak corresponding to the 0WL, 1WL and 

2WL situations are also reported as blue rectangles. As seen, irradiation appears to have a strong 

effect on the interlayer spacing of the MXene films. The pristine sample presents a strong peak 

at 2θ = 7.08°, corresponding to a ~25 Å  c parameter and thus 1WL, with a small shoulder 

around 6.2° indicating the coexistence of a small portion of 2WL, partially distributed among 

the 1WL and reflecting the interstratification and segregation phenomena at stake [61]. The S3 

sample, i.e. corresponding to the lowest fluence, shows a markedly different XRD pattern: it 

appears to be made up of 3 overlapping peaks, one between 2WL and 1WL at 6.1°, a larger one 

around the 1WL level and finally a third one between 1WL and 0 WL. According to the analysis 

of S. Célérier et al.[61], this is due to a random mixture of the three states, creating a large 

diffraction signal caused by the varying interlayer distances along the sample. All other 

irradiated samples present a single peak between 1WL and 0 WL, with a decreasing c from ~23 

Å  for S8 to ~22 Å  for S70. It should be noted here that the XRD do not change at higher 2θ 

values under He+ irradiation, no phase transformation being observed at this scale.  



 

Figure 2: (a) Schematic representation of a Ti3C2Tz multilayer stack showing the intercalated water molecules 

stabilized by Li+ ions along with the c parameter. (b) Typical X-ray diffractograms of the pristine and irradiated 

samples showing the evolution of the (002) peaks with respect to the irradiation fluence. The expected positions 

of this peak for 0, 1 and 2 water layers (WL) intercalated between the MXene sheets are also indicated as blue 

areas following the results of S. Célérier et al [61]. Diffractograms were normalized and shifted vertically to ease 

comparison. (c,d) X-ray diffractograms showing the aging of the S15 and S3 samples (respectively) under low 

vacuum and then in air.  

These results indicate a clear and gradual modification of the interlayer spacing with irradiation 

due to intercalated water layer and cations removal. More importantly, the dehydrated states 

obtained after irradiation at fluences greater than 3.1015 ions.cm-² are very stable since XRD 

patterns recorded after storing the samples for two months in low vacuum and three further 

months at ambient atmosphere show no evolution (see Figure 2-c for S15), meaning that the 

films did not rehydrate. On the contrary, the S3 irradiated thin film (Figure 2-d) showed a 

marked rehydration after similar aging with a main (002) peak corresponding to the coexistence 

of 1WL and 2WL. This clearly highlights the ability of ion irradiation to gradually modify 

MXene structure starting from a metastable modification of the interlayer spacing of sample S3 

before going to a stable state, for higher fluences, where the ability of the Ti3C2Tz layers to 

rehydrate is very significantly reduced. It is consistent with the increased hydrophobic character 



observed on exfoliated Ti3SiC2 powders just after low energy N+ implantation [47]. This result 

is especially important regarding the environmental stability of MXenes and corresponding 

MXene-based devices, which is highly compromised by the hydrophilic nature of their surface 

that make them more prone to oxidation due to the attracted and confined water molecules and 

oxygen [51,52,63]. This fundamental limitation called for various solutions to be looked for, 

among which several involved chemical processes [51,64,65]. In this context, ion irradiation 

appears as a straightforward, flexible and highly scalable approach to overcome this challenge 

in the processing of MXene thin films for diverse applications [8,51,66,67]. 

For an in-depth understanding of the structural modifications induced at the flake scale and 

their impact on the electronic structure, advanced STEM-EELS characterizations were 

performed on the different samples. The corresponding spectra are given in Figures 3 and 4. 

They were normalized on the tail of the Ti L2-edge at 469 eV in order to highlight possible 

chemical composition changes, and their energy positions were calibrated using the first peak 

of the C K-edge, set at 285 eV to allow for both a comparison of the relative energy shifts of 

the other peaks and a comparison with the literature [68–70]. For each sample, typically four 

different regions extracted from the films were analyzed: we did not notice any spatial 

inhomogeneities in terms of EELS signal for the pristine, S3, S8 and S15 samples (see SI part 

S4 for details), whereas for the largest fluence, i.e. sample S70, important inhomogeneities were 

observed. As a consequence, the spectra of the pristine, S3, S8 and S15 samples given in Figure 

3 and 4 represent, for each edge, the average between the different investigated areas. For 

sample S70, the spectra of each one of the four investigated regions are plotted separately. The 

typical thicknesses of the investigated areas were estimated from the measured thickness to 

inelastic mean free path ratios (i.e. t/λ) deduced from the low loss spectra: they were typically 

ranging from t/λ = 0.2 to 0.4. Using the Malis expression for λ [71], which was shown to give 

rather good results for Ti3C2Tz multilayers [72], the TEM samples thicknesses were then 

estimated to be between 30 and 60 nm depending on the investigated areas, i.e. corresponding 

to very significant portions of the thin films.  

The EEL spectra were first used to characterize the evolution of the surface chemistry of the 

MXene flakes and the Cl L2,3- and O K-edges recorded in different regions of the samples are 

given in Figure 3-a to c. Figure 3-c shows a comparison between the pristine sample O K-edge 

and the four spectra recorded on the different regions of S70, exhibiting different responses to 

irradiation. Due to the acquisition conditions, chosen to minimize the TEM-induced irradiation 

damages (see the methods section), the spectra are quite noisy: such low dose conditions were 



however mandatory to avoid recording biased spectra. Focusing first on the Cl L2,3-edges 

(Figure 3-a), one can clearly see that the main variation observed is a decrease of the overall 

intensity as a function of the fluence, with the pristine sample giving the highest intensity and 

the four areas of the S70 sample (labelled S70_1 to 4) the lowest ones. In region S70_4, the Cl 

signal has almost completely disappeared showing the almost complete sputtering of these 

surface groups in this area.  

The evolutions are opposite at the O K-edge where the intensity, normalized to the Ti edge, is 

higher in the irradiated samples as compared to the pristine sample as can be seen in Figure 3-

b. The comparison with the sample S70, given in Figure 3c, confirms this trend: the intensity 

under the O K-edge gets larger from zone 1 to 4, i.e. as a function of the Cl sputtering evidenced 

in Figure 3-a. For all samples, no sign of oxidation could be evidenced in the corresponding 

selected area electron diffraction - SAED - patterns (see SI – part S5). A quite direct explanation 

for the oxygen increase is that the desorption of the surface halogen groups (Cl but also F), 

which are less stable on MXene surfaces as evidenced from XPS measurements [73], gives new 

functionalization sites for oxygen atoms from the ambient atmosphere to passivate the Ti 

dangling bonds. In addition to the change in absolute intensity, one can see in Figure 3-b that 

the fine structures are also modified with a gradual blue shift of the first peak with increasing 

irradiation fluence, going up to ~1.5 eV for S15 (highlighted by green dashed lines in Figure 3-

b), and accompanied by a broadening of this same peak. This denotes a change in the local 

environment of the surface oxygen atoms with the Cl/F desorption; it is again very consistent 

with XPS results showing a change in the 1s core level binding energy of the oxygen atoms 

with fluorine desorption [73,74].  

EELS quantifications were performed on these spectra to determine the elemental ratios in the 

different samples. The results are presented in Figure 3-d where the evolution of the Ti/C and 

Ti/T (T ≡ O, F or Cl) ratios in the different samples, and normalized to the pristine one, are 

given. First of all, we observe almost no variation in the Ti/C ratio upon irradiation up to S15, 

which suggests that the integrity of the MXene skeleton is preserved, in agreement with the 

SAED patterns. As for S70, this ratio is much lower on average, with a large standard deviation, 

due to the important spatial inhomogeneities in terms of defects level in the studied regions. 

The relative Ti atom content decreases, suggesting a preferential sputtering of Ti for the highest 

irradiation fluence, similarly to what was reported by H. Pazniak et al. for Mn+ implantation 

[48]. The evolution of the surface chemistry as a function of irradiation fluence was also 

examined by following the evolution of Ti/T ratios compared to those of the pristine sample. 



 

Figure 3: (a-c) Comparison of the Cl L2,3 (a) and O K-edges (b,c) measured on the pristine and irradiated Ti3C2Tz 

samples. Four S70 spectra are presented in (c) due to the spatial inhomogeneity of the irradiation damages observed 

in this sample. All spectra were normalized to the corresponding titanium intensity and aligned in energy using 

the C K-edge as an internal reference. The O K-edges were not background subtracted due to their superposition 

to the Ti L2,3-edge, which prevents the use of standard background models. (d) EELS quantification results of the 

Ti/C, Ti/O, Ti/F and Ti/Cl ratios and determined from the Cl L2,3, C K, Ti L2,3, O K and F K-edges for the pristine 

and irradiated samples. The relative evolutions of the atomic concentration ratios, normalized to the pristine 

sample, are given. 

The Ti/O ratio decreases as the irradiation fluence increases, confirming an increase of the 

oxygen content. Conversely, the Ti/F and Ti/Cl ratios increase, confirming a decrease in F and 

Cl terminations. Given that the Ti/C ratio indicates a stable Ti content for all fluences except 

for S70, these results confirm an irradiation-induced partial sputtering of the functional groups, 

which are then replaced by O atoms once the sample is exposed to ambient air.  

In order to get insights into the structural modifications induced in the core of the MXene layers, 

i.e. the Ti3C2 skeleton, we now focus on the C K and Ti L2,3-edges recorded in the different 

films. In Figure 4-a, are presented the C K-edges representative of the different samples, from 

pristine to S15 (see SI – part S6 for Ti-L2,3 edges). These spectra are compared to that of the 



pristine sample. As shown in Figure 4-b, and similarly to the T-groups, the C K-edges recorded 

on sample S70 exhibit very different features depending on the region where they were 

recorded. Focusing on Figure 4-a, the intensity ratio between peak A and peak B is markedly 

modified upon irradiation. According to first principles simulations by Bilyk et al. [54], these 

two peaks carry very different structural information: peak A is highly sensitive to surface 

perturbations on the MXene layers, while peak B is much more sensitive to the structural 

disorder within the Ti3C2 layer. In addition, peak A corresponds to the mixing of the unoccupied 

C-p states with the Ti-d states, which make it highly sensitive to changes in the Ti-d bands 

driving the electronic properties of Ti3C2Tz layers. The change in the intensity of peak A thus 

reveals surface modifications, in agreement with the changes observed on the functional groups 

discussed previously (see Figure 3-d). In addition, Figure 4b also clearly shows important 

changes at the C K-edge for sample S70, with again different results as a function of the 

investigated region. In particular, for region S70_4, the C K-edge is strongly modified with a 

significant intensity increase revealing the titanium sputtering. In addition, the fine structure 

also clearly changes towards more sp2-like bonding. This is again consistent with the loss of 

the titanium octahedral sites due to sputtering. 

In order to provide a more quantitative analysis, the evolution of the peaks broadening in these 

spectra were finely analyzed by fitting the first two peaks of the C K-edges with two Gaussian 

functions and the Ti L2-edge with a Lorentzian function (further details are given in the SI – 

part S7). Figure 3-c shows the full width at half maximum (FWHM) of peak B in the C K-edge 

as a function of the irradiation fluence, data for the pristine sample is given for comparison. 

The values obtained for S3 fall within the error bars of the pristine sample, indicating little to 

no change caused by irradiation. However, starting from S8, the peak B broadening shows 

monotonous increase with the irradiation fluence. According to the conclusions of T. Bilyk et. 

al. [54] this broadening evidences a gradual increase of the amount of defects inside the core 

of the Ti3C2Tz layers. Although the precise nature of these defects is not here elucidated, the 

smooth evolution of the broadening of peak B as a function of the fluence clearly highlights the 

possibility to finely tune the defects density in MXene layers, which is a necessary step towards 

defect engineering in these 2D materials. In this context, ion irradiation appears as a very 

flexible and controllable approach, especially when compared to standard chemical exfoliation 

protocols, with important expected benefits in terms of properties (e.g., gas permeation, sensing, 

electrocatalysis) [41,43–45,75]. 

 



 

Figure 4: (a-b) Comparison between the C K-edge EEL spectra recorded in the pristine and irradiated Ti3C2Tz 

samples. Four S70 spectra are presented in (b) to highlight the different levels of irradiation damage observed in 

the different regions of the sample. (c) C K-edge peak B full width at half maximum (FWHM) obtained from peak 

fitting as a function of the irradiation fluence. (d) C K-edge peak A and Ti-L2-edge peaks FWHM obtained from 

peak fitting as a function of the irradiation fluence.  

Very complementarily, Figure 4-d presents, as a function of the irradiation fluence, the 

evolution of the FWHM of the C K-edge peak A and Ti L2-edge, as deduced from the fits 

presented in Figure S7 of the SI. A striking correlation is observed between the evolution of the 

broadening of these two peaks, with almost no evolution up to S8 and a significant decrease 

after S15 (highlighted in blue in Figure 4-d). Since the Ti L2,3-edge is primary due to the 

excitation of the Ti 2p electrons in the empty Ti-d states, the modification of the Ti L2-edge 

reflects significant changes in the Ti-d bands. That the evolution of the peak A at the C K-edge 

follows the same tendency is again very consistent with the conclusions of Bilyk et. al.[54]. 

These spectroscopic data thus show a significant perturbation of the Ti-d states for fluences 

greater than 8.1015 He+.cm-². This point can be understood as revealing a threshold above which 

the electronic structure of Ti3C2Tz layers becomes significantly affected by ion irradiation due 

to both surface modifications and defects formation within the MXene layers.  

 



3.3 Impact on optical/electrical properties. 

The effects of these He+ irradiation induced structural modifications on the thin film properties 

have been investigated focusing on their optical and electrical properties, a major class of 

functional properties regarding optoelectronic applications for instance. Irradiated samples 

were characterized using a Variable Angle Spectroscopic Ellipsometer (VASE) to characterize 

their corresponding dielectric functions, and to measure their optical transmission (by using 

VASE in transmission intensity mode). The pristine sample presents a typical Ti3C2Tz spectrum 

for both the imaginary (2, Figure 5-a) and real (1, Figure 5-b) parts of the dielectric function 

ε. The dielectric function of the pristine sample can be analyzed in terms of a minimal set of 

four contributions. First, a Drude term at low energy and responsible for the sharp increase 

(decrease) in ε2 (ε1): it describes the behavior of the conduction electrons responsible for the 

transport properties at the flake scale. At higher energy, three absorption peaks labelled P1 to 

P3 at 1.65 eV, 3.8 eV and 5.5 eV, respectively, can be observed in ε2 (Figure 5-a). P1 is 

responsible for the transmittance drop observed at 1.65 eV in Figure 6a which will be discussed 

later. It has been ascribed to a surface plasmon resonance in the Ti3C2Tz layers [25,27,76]. Peaks 

P2 and P3 are responsible for the absorption in the UV (Figure 6-a) and correspond to interband 

transitions involving mixed C-p/Ti-d states in the valence band according to density functional 

theory calculations [77]. These last peaks are thus highly sensitive to the Ti3C2 skeleton of the 

MXene layers. The first change observed in the irradiated samples up to S15 is the shift of the 

Drude tail towards higher energies in ε2 as the fluence increases. This is due to an increase of 

the Drude plasma frequency, characteristic of an increase of the charge carrier density as 

discussed below. The Drude contribution in sample S70 slightly decreases in energy compared 

to the preceding fluence. This can be related to preferential sputtering of the titanium atoms, as 

discussed before, reducing the electron density in the MXene flakes. The Drude contributions 

observed in the corresponding ε1 spectra (see Figure 5-b) confirm the metallic nature of the 

samples, even for the highest fluence, and behave similarly to what was observed in the ε2 

spectra with a gradual attenuation of the spectral signatures as marked by arrows.  

In order to quantify these changes, the optical models detailed in the supporting information (SI 

part S1) were applied to the pristine and irradiated samples. Charge carrier densities and 

mobilities of the conduction electron in the flakes were extracted. In Figure 5-c are presented 

the relative evolutions of the mean values and associated standard deviations obtained by 

applying these models to measurements performed on several (3 to 6) samples per fluence, as 

compared to the pristine sample. The pristine samples present an average charge carrier density 

of 1.4 × 1022 cm-3 and an average carrier mobility of 2.6 cm².V-1.s-1. These values are very 



 

Figure 5: (a-b) VASE measurements of the imaginary (ε2) and real (ε1) parts of the dielectric function 

(respectively) of the pristine and irradiated samples. Inset in (a): magnification in the 1.2 to 2.8 eV energy range. 

Color codes relative to the different samples are given in (b). (c) Relative evolution, with respect to the pristine 

sample, of the charge carrier densities n and mobilities µ obtained from the optical models described in SI (part 

S1) as a function of the irradiation fluence. Concerning the optical and electrical properties, three to six different 

films were typically investigated for each fluence. (d-e) VASE spectra showing the aging of samples S3 and S15 

(respectively) under low vacuum and then in air.  

consistent with data reported in the literature [6,78]. On the one hand, the charge carrier density 

increases by up to 40% for the S15 and S70 sample as the irradiation fluence increases. Such 

an increase is fully consistent with the decrease of the interlayer spacing observed in the XRD 

measurements, given in Figure 2, resulting in an increase of the electron density at the film 

scale (see SI – part S8 showing the linear increase of the electron density as a function of the 

inverse of the interlayer spacing). On the other hand, the mobility decreases by up to 70% at 

the strongest fluence, indicating an impact of the defects introduced into the MXene layers 

forming the film, in agreement with EELS data analysis at the C K-edge (see Figure 4-c).  

Focusing now on the peaks P1 to P3 at higher energy, the dielectric function also shows marked 

modifications. The P1 peak is blue-shifted after the first irradiation and clearly attenuated. As 



the ion fluence increases, this attenuation grows stronger, until the peak is completely 

eliminated (see the inset in Figure 5-a). Overall, the modification of the MXene flakes surfaces 

both in terms of chemistry but also in terms of the localization of the surface groups as discussed 

previously, appear as a very reasonable explanation for the strong modification of the P1 peak, 

leading to its disappearance in the present case. In particular, this is consistent with the results 

of J.-K El-Demellawi et al. who showed that F desorption induced a strong damping of this 

peak at 1.65 eV using in situ STEM-EELS experiments [76]. It is also consistent with the fact 

that this signature is sensitive to the etching agent, and thus the surface chemistry of the layers 

[25]. The peaks P2 and P3 undergo similar changes, with an attenuated intensity after irradiation, 

accompanied by a broadening which can be directly related to the induced disorder within the 

MX core of the layers. Finally, aging tests were performed on these samples, and similarly to 

what was observed in XRD, optical experiments for samples S8, S15 and S70 are very stable. 

As examples, the imaginary parts of ε obtained for S3 and S15 are presented in Figure 5-d (see 

SI – part S9 for aging of samples S8 and S70). Focusing first on S15, one can clearly observe 

that the disappearance of the peak P1 is very stable with time, be it after two months in low 

vacuum or three more months in air, confirming the good stability of the irradiation induced 

structural changes and corresponding impact on optical properties. On the contrary, and very 

consistently with the evolution observed in XRD, the optical properties of S3 slightly change 

with time showing that for such a small fluence the modifications of the MXene flakes are not 

stable. In particular, one can see that the peak P1 is red shifted and broadened after two further 

months in air. 

The observed modifications in the dielectric properties as analyzed from VASE measurements 

have direct impact on the corresponding properties, i.e. transmittance and resistivity of the 

films. The transmittance spectra of different pristine samples, given in Figure 6-a, show the 

typical features observed in solution processed Ti3C2Tz thin films [78]. The transmissive range 

of the samples spans from 0.735 eV (i.e., 1687 nm wavelength), the lower limit of our 

measurements, to about 3.5 eV (i.e., 354 nm wavelength) with a maximum transmittance in the 

vis-near IR range of around 20% as expected for ~100 nm thick films (see SI – part S10)[22,78]. 

This maximum transmissive range is however strongly impacted by a prominent absorption 

peak at around 1.65 eV (i.e., 751 nm wavelength, around the IR-vis limit), due to peak P1 in ε2 

and reducing the transmittance by almost 40%. In the ultra-violet (UV) region (>3.5 eV), almost 

complete absorption is observed. It is important to mention that although the relative evolution 

of the transmittance is very reproducible, the absolute values obtained from these measurements 

are strongly dependent on the thicknesses of the samples as already pointed out by Dillon et. 



al. [78]. This is further highlighted in SI (part S10) where a comparison between several pristine 

samples with varying film thicknesses, and prepared from the same initial MXene powder, is 

shown. Because of this thickness dependence, the discussion of the evolution of the optical 

properties upon irradiation for the different samples, which are of slightly different thicknesses, 

will be focused on relative evolutions rather than absolute values.  

In order to better compare the different samples, the spectra of the pristine samples considered 

in Figure 6-a were normalized with respect to the integrated transmission over the IR-visible 

energy range (i.e., the spectral range where they are transparent): the results given in Figure 6-

a show that such normalization provides very similar transmission profiles for all thin films, 

evidencing that thickness dependency has been mostly removed. A similar procedure has been 

applied to the corresponding irradiated samples for direct visualization of the impact of 

irradiation, and the corresponding spectra are compared to a typical spectrum collected on a 

pristine film in Figure 6-b. These data show modifications of the thin films properties in well-

defined energy ranges: (i) the absorption in the IR is gradually and significantly increased due 

to the increase in the charge carrier density and corresponding Drude plasma frequency, as 

discussed above; (ii) the transmission valley at the IR-vis limit is removed from S8 (above 

8.1015 ions.cm-²) due to the loss of the peak P1, leading to a much more homogenous 

transmission profile in the visible range; and (iii) the transmittance in the UV is also 

significantly increased starting from S8. Figure 6-c gives a more quantitative picture of these 

modifications by showing the relative evolution, with respect to the corresponding pristine 

samples, of the integrated transmittance over different spectral ranges (i.e. IR, visible and 

visible+UV) of the irradiated films as a function of the fluence. This graph shows that the 

absorption in the IR range is increased by about 15% over the entire fluence range investigated 

here while the integrated transmission is barely affected by irradiation in the visible range. In 

the visible+UV range, the transmittance variation increases linearly with the fluence up to ~45% 

for S15 (considering the UV only leads to a much more important increase of ~500% since the 

transmittance of the pristine sample is very small). Overall these data show a well-defined role 

of ion irradiation depending on the investigated spectral range.  

 



 

Figure 6: (a) Normalized transmission spectra of the different films before irradiation. The spectra have been 

normalized using the integrated area of each spectrum to mitigate sample thickness effects. (b) Normalized optical 

transmission spectroscopy measurements of the same samples as in (a) after irradiation with each fluence (full 

lines). These spectra are compared to a representative spectrum of pristine samples (dashed line). In both (a) and 

(b) the visible range is indicated by a light spectrum from 1.65 eV (751 nm) to 3.26 eV (380 nm). (c) Relative 

evolution of the integrated transmission for the irradiated samples, as compared to the corresponding pristine ones, 

and considering different spectral ranges: the infrared (IR: 0.73 eV – 1.65 eV - black), visible (VIS: 1.65 eV – 3.26 

eV - red) and visible + ultraviolet (VIS+UV: 1.65 eV – 5.8 eV - blue). (d) Four points probe measurements of the 

resistivities of the thin films as a function of the irradiation fluence. For the irradiated samples, these measurements 

were performed after two months storage in low vacuum. 

 

As far as electrical properties are concerned, it is important to notice that the samples keep a 

good conductivity after irradiation with a resistivity in the order of a few 10-4 Ω.cm even at the 

highest irradiation fluence (see Figure 6-d). Note that the measurements on the irradiated 

samples were performed after two months of storage in low vacuum: no degradation due to, 

e.g. oxidation, is observed. The fact that the good electrical properties are preserved can be 

straightforwardly understood from the structural and optical analysis performed in this study. 

The opposite evolution in the charge carrier properties (i.e. density and mobility) provide a 

good explanation to the relatively stable conductivity of the samples, where the drop of charge 

mobility is compensated by the increased carrier density, thus maintaining a good conductivity 

even for the strongest irradiation fluence. In addition, the reduction of the average interlayer 



distance in the irradiated films, a critical parameter for MXene multilayers transport properties 

[61,79], improves the electrical contact between the MXene flakes, further compensating the 

effect of the structural defects at the flake scale and improving the conductivity. Having a closer 

look at Figure 6-d, one can notice a constant decrease of the resistivity from S0 to S8 before an 

increase for S15 and S70. This is consistent with EELS data clearly showing a significant 

alteration of the electronic structure of the MXene layers, involving a modification of the Ti d-

bands (see Figure 4-d), starting at S15: this transition is consistent with the resistivity increase 

observed after S8 showing how modifications at the layer scale have an impact on the 

macroscopic properties of the films. 

 

4. Conclusion 

As a summary, ion irradiation has been demonstrated as an original strategy for the gradual and 

tunable structural engineering of MXene thin films, allowing to obtain tunable defect 

configurations. In particular, our results show that adjusting the ion beam fluence offers the 

possibility to play on almost all structural levels of MXene multilayers, ranging from the 

interlayer spacing and intercalated species, to the surface functionalization and finally the 

preferential sputtering of the transition metal layers of the MX core. These modifications, have 

a deep impact on the physico-chemical properties of the Ti3C2Tz spin coated thin films 

investigated here. These modifications were rationalized in terms of chemical and electronic 

structure changes using state-of-the-art STEM-EELS analysis. In particular, the possibility to 

significantly reduce the hydration ability of these films, and corresponding aging issues, while 

preserving their transparency over the visible range with an extension in the UV, and improving 

electrical contacts between the MXene layers, is expected to be extremely beneficial for 

applications such as transparent conductive electrodes or charge transport layers for a large 

range of optoelectronic applications. The transition metal sputtering observed at higher fluences 

could also appear as very effective for diverse properties beyond those investigated here, where 

defect engineering in the transition metal layers is expected to play a pivotal role such as: 

catalysis [80], electrocatalysis [81], energy storage [82,83], sensing [84] or magnetism [85]. 

Given its versatility in designing new structure starting from pristine layers, ion irradiation is 

expected to provide original MXene layers, beyond those obtained from chemical approaches, 

thus enriching the properties and application range of this large class of 2D materials. 
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