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ABSTRACT: MXenes are a young family of two-dimensional transition metals carbides, nitrides, 

and carbonitrides with highly controllable structure, composition, and surface chemistry to adjust 

for target applications. Here, we demonstrate the modifications of two-dimensional MXenes by 

low-energy ion implantation, leading to the incorporation of Mn ions in Ti3C2Tx thin films. 

Damages and structural defects caused by the implantation process are characterized at different 

depths by XPS on Ti2p core-level spectra, ToF-SIMS and with electron energy loss spectroscopy 

analyses. Results show that the ion-induced alteration of the damage tolerant Ti3C2Tx layer is due 

to defects formation in both Ti and C sites, thereby promoting the functionalization of these sites 

with oxygen groups. This work contributes to the inspiring approach of tailoring 2D MXenes 

structure and properties through doping and defects formation by low-energy ion implantation to 

expand their practical applications.  

 

KEYWORDS: Ti3C2Tx MXene, ion-implantation, defects, ToF-SIMS, XPS, TEM-EELS  

MXenes, with structure Mn+1XnTx, where M stands for an early transition metal, X is C and/or N, 

Tx is a surface termination and n = 1, 2, or 3, are single or few-layered two-dimensional (2D) 

transition metals carbides and/or nitrides successfully synthesized in 2011.1 Rapidly after their 

discovery, MXenes, were considered as promising materials in many applications such as energy 
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storage,2 sensing,3 catalysis,4 and optoelectronics.5 Thanks to the wide chemical and 

stoichiometrical variability of parent MAX phases, where the A-group precursor elements usually 

belong to group 13 and 14 of the periodic table,6 MXenes can be easily adjusted to target 

applications. With these possibilities, the MXenes exhibit high electrical conductivity,7 

hydrophilicity,8 excellent mechanical properties,9 and technological flexibility.10-12 Among the 

large variety of chemical compositions of MXenes that were experimentally13 and theoretically14 

investigated, Ti3C2Tx is the first and the most intensively studied due to well-established synthesis 

protocols providing high-quality and high yield 2D materials.15 

To further extend MXenes applications, many attempts were made to modify their properties by 

applying different approaches and methods for surface chemistry engineering.16 A number of 

reports were dedicated to effective etching protocols to modify the Ti3C2Tx surface.17-20 Depending 

on the etching route, the selective etching of the MAX phase with fluoride and/or chloride-

containing acid solutions, introduced different amounts of surface anion groups (=O, –OH, –F, –

Cl), affecting the electronic density of states and other functional properties. Beyond allowing for 

the surface design, the etching protocol has also been adjusted to introduce defects in the MX core 

of the MXene sheets.21 Termination-engineering of Ti3C2Tx was also achieved by thermal 

annealing in vacuum or in different gas media.22-24 In particular, the surface composition and the 

electronic properties were controlled by the annealing temperature allowing for the de-

functionalization of Ti3C2Tx.
24 Several studies demonstrated the successful surface 

functionalization of Ti3C2Tx with carboxyl,25 glycine groups,26 and silane coupling agents,27,28 

resulting in the improvement of the Ti3C2Tx stability25,27 and the charge percolation, which allowed 

implementing the thin films in areas such as antibacterial coatings, fuel cells, surface-initiated 

polymerization, and absorbers.  
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Unfortunately, the multiple process variables such as the solution concentration, annealing 

temperature, etching duration, and media pH hinder the process reliability and reproducibility, 

resulting in a randomly distributed surface functionalization. The theory predicts that the bandgap 

and the magnetic properties could be engineered by adjusting the thin film chemistry and 

terminations.29 However, the lack of experimental verification confirms the practical difficulty of 

such termination-engineering approach.  

Introducing additional species into the layered MXene structure via ions intercalation is another 

strategy to control their properties.30 MXenes can be intercalated both chemically and 

electrochemically by mono- and multivalent metal cations (such as H+, Li+, Na+, K+, Ca2+, Mg2+), 

as well as by organic molecules.30-36 Cation-intercalated engineering allows controlling the 

interlayer distance, which is directly proportional to the hydration size of the intercalated species, 

and to tune the mechanical and actuation properties of Ti3C2 MXene.35 This resulted in the 

enhancement of the capacitance31,32,36 and sensing34 properties. However, since ions intercalation 

mainly impacts the interlayer distance, it does not allow to deeply modify their physical properties. 

One of the recent chemical-based approaches to modify MXenes properties is the so-called 

“targeted etching”. It produces vacancy-ordered MXenes37,38 derived from in-plane ordered MAX 

phase solid solutions by selectively etching both the A-element (Al) and the d-element on the M-

position (for example Y or Sc). However, when the structure gets more complex, as for quarterly 

systems, a complete conversion of the MAX phase to a 2D structure becomes difficult.  

Alternative strategies to tune MXenes properties include physical treatments with UV-ozone,39 

electron beam irradiation,40 and plasma treatment.41 Nevertheless, even if these approaches have 

shown some positive results, systematic and reproducible demonstrations are still missing. 
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Among the physical approaches used to infer specific characteristics to materials, ion-implantation 

has been widely used in the semiconductor industry as a powerful technique to modify the 

properties and structure of bulk materials through the controllable doping and damage formation.42 

Whereas this technology is very mature in the silicon-based electronic device manufacturing, 

exciting applications have emerged such as in the solid-state quantum bits domain.43,44  

Recently, ion-implantation was extended to atomically-thin 2D materials,45 such as graphene,46-54 

transition metals dichalcogenides (TMDs, mostly MoS2
52,55 and WSe2

56) and hexagonal boron-

nitride.52 It was shown that low-energy ion implantation, with energy from several eV to tens of 

keV, causes structural changes on 2D materials, which considerably impact the properties of 

materials due to the substitution of target atoms by doping ions and/or by the introduction of 

defects. So, doping graphene with ~1% 11B+ and 12C+ ions induces a strong negative 

magnetoresistance at high magnetic field,46 while doping with nitrogen ions effectively raises the 

position of the Fermi level thus affecting the graphene electronic properties. The incorporation of 

phosphorus ions in 2D TMDs enhances the photoluminescence, while in graphene it tunes the 

work function in a wide range (4.15-4.85 eV).57 The defects created by the ion-implantation in 2D 

structures are a function of the implantation conditions and implanted ions species. At low fluence 

and energy below 100 eV, single vacancies,45,54 Stone-Wales defects45 and dangling bonds54 are 

produced in single or few-layer 2D structures. At higher energy, structural disorder and 

amorphization are observed.45 It was successfully demonstrated that defect engineering in 

graphene and 2D TMDs materials by ion-implantation allows tuning the electronic properties,49 

the morphology and the stoichiometry of materials. The latter leads to unusual properties such as 

the metallic-like behavior of non-stoichiometric MoS2
54 and WSe2.

56  
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In this paper, we carry out a systematic modification of Ti3C2Tx MXenes by ion-implantation with 

manganese ions. This was motivated by recent theoretical predictions on the tuning of MXenes’ 

magnetic properties via strain, doping or defect engineering that attracted wide interest in the 

spintronics and quantum information communities.58 We find, that ion-implantation leads to 

preferential Ti atoms sputtering with respect to the C atoms in the MXene layer. Such a sputtering 

offers new crystallographic sites available for the functionalization groups (oxygen) with a 

dramatic increase in the O content. The structural changes and damages introduced by the ion-

implantation are investigated by spectroscopic studies, combining high resolution X-ray 

Photoelectron Spectroscopy (XPS) and Electron Energy-Loss Spectroscopy (EELS) in a 

Transmission Electron Microscope (TEM). The possibility of tuning the ion-implantation 

parameters in a wide range (nature and concentration of ion species, implantation energy) allows 

modifying and controlling the physical properties of MXenes. 

 

RESULTS AND DISCUSSION 

MXene film characterization 

The Ti3C2Tx MXenes were synthesized using MILD59 (minimally intensive layer delamination) 

conditions as described in the Materials and Methods section. The schematic structure and a 

typical transmission electron microscope (TEM) micrograph of delaminated Ti3C2Tx flakes 

obtained from a colloidal solution are shown in Figure 1a-1b. The flakes are irregular in shape 

with an average lateral size of 2–10 µm. The flakes surface shows no visible defects, holes, nor 

impurities of the oxidized phase. The Selected Area Electron Diffraction (SAED) of the Ti3C2Tx 

flakes (Figure 1b, inset) shows the hexagonal arrangements originating from the parent Ti3AlC2 

precursor symmetry. To carry out ion implantation, described in the next section, we fabricated 
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Ti3C2Tx multi-layer films by spin-coating to achieve approximately a thickness of 100 nm. The 

Scanning Electron Microscopy (SEM) image of the fabricated film (Figure 1c) shows that the 

Si/SiO2 substrate is fully and homogeneously covered since there are no naked regions over a 

considerably large area. The cross-section SEM image (Figure 1c inset) reveals a compact film 

structure with well-resolved stacked layers aligned parallel to the Si/SiO2 substrate. The average 

film thickness is about 100 nm with ~20 nm surface roughness associated with the spin-coating 

processing. The comparison between the X-Ray Diffraction (XRD) patterns of the as-prepared 

Ti3C2Tx powder and thin film (Figure 1d) shows that the film is characterized only by the sharp 

and intense low angle (002) peak and the disappearance of the (110) peak confirming that film is 

well-aligned along the c-direction with the derived c-lattice parameter of 29.8 Å.  

 

Figure 1. MXenes powder and thin film characterization. a) The schematic structure60 of 

monolayer Ti3C2Tx MXene; TiI and TiII are surface and core Ti atoms, respectively, T is a surface 

functional group; b) TEM micrograph of Ti3C2Tx flakes obtained from a delaminated colloidal 

MXene solution with corresponding SAED pattern (inset); c) SEM image of MXene spin-coated 

thin film with a corresponding cross-section (inset) taken in Secondary Electron Imaging (SEI) 
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mode; d) XRD patterns of the as-synthesized Ti3C2Tx powder and spin-coated thin film; e), f), g), 

h) High-Resolution (HR) core-level spectra of Ti2p, C1s, O1s, and F1s from a spin-coated MXene 

film.  

The HR-XPS spectra from the freshly deposited Ti3C2Tx thin film are shown in Figures 1e-1h. For 

the Ti2p spectrum the main doublets related to the MXene structure have the 3/2 spin orbit 

component at 454.8, 455.2, 456.0, 457.4 eV,61 whereas the minor peak, appearing at 459.3 eV 

(Ti+4) is attributed to the formation of a small amount of oxidized TiO2 phase. Both Ti2p peaks at 

454.8 and 455.2 eV are attributed to Ti-C bonds in the MXene structure, being the peak at higher 

binding energy related to the presence of neighboring lattice defects.61 

The peaks located at 456.0 and 457.4 eV are attributed to Ti+2 and Ti+3 and correspond to titanium 

atoms bonded with carbon and functional groups C–Ti–O, C–Ti–F,20 and C–Ti–OH.61 For the C1s 

spectrum, the main peak, related to the Ti–C bonds appears at 281.8 eV and the second one 

attributed to Ti–C–Tx appears at higher energy (282.5 eV). The two minor peaks, at 284.3 and 

286.2 eV are assigned to graphitic C–C bonds and organic CHx/C–O contaminations. The O1s 

spectrum shows three peaks at 529.6, 530.7, and 531.7 eV attributed to the functionalized C–Ti–

Ox and C–Ti–OH phases, respectively.62 The fourth minor component at 533.4 eV is related to 

adsorbed H2O. The F1s spectrum shows a strong component at 685.0 eV attributed to the C–Ti–

Fx bonds arising from the MXene surface functionalized by fluorine groups and a weak shoulder 

fingerprint of AlFx at 686.3 eV.61 

Ion implantation of Ti3C2Tx thin films    

The 100 nm-thick Ti3C2Tx films were directly exposed to the ion beam as detailed in Materials 

and Methods. For many 2D materials such as MoS2
63 or graphene, because of growing limitations, 

ion implantation was performed only up to few-layered structures. In order to reduce the structural 
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damages, the doping of few-layers 2D materials was performed at low beam energy (25 eV – 

2 keV) or by depositing an additional protection layer57,64 on the top of the 2D material. In our 

case, the 100 nm thick multi-layer MXenes film allows using a higher energy beam (tens of keV) 

to implant the whole film with Mn ions. The 55Mn+ implantation is performed at 60 keV at fluences 

of 1·1015 and 1·1016 ions/cm2 to generate specific ion distribution/damage profiles with projectile 

depths compatible with the thickness of the MXene film, according to Stopping and Range of Ions 

in Matter (SRIM) simulations shown in Figure 2a.  

 

Figure 2. (a) The SRIM simulated depth profiles of Ti and C atoms vacancies (black curves) and 

55Mn+ ion distribution (blue curve) within the Ti3C2Tx thin film following the ion-implantation 

with 1·1016 ions/cm2 fluence at 60 keV energy. The Ti and C vacancy profiles are given for a 

qualitative estimation; (b) ToF-SIMS depth profiles of 55Mn+-implanted Ti3C2Tx thin films at 60 

keV with 1·1016 ions/cm2 fluence; (c) EDS spectrum of Ti3C2Tx thin film implanted with 1·1016 

Mn-ions/cm2 at 60 keV. 

Based on SRIM calculations, for 60 keV energy of Mn+ ions, the projected range and the average 

straggling are equal to 47.7 and 20.3 nm respectively. Thus, the Mn-ions distribution is Gaussian-

like and the maximum should occur in the middle of the Ti3C2Tx film (Figure 2a). The simulated 
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damage distribution is observed close to the Si/SiO2 substrate which means that in this region the 

film should be less damaged.  Moreover, the SRIM calculations gives the value of the sputtering 

yield, Y, defined as an average number of atoms leaving the surface of a solid per incident particle. 

The sputtering yield of Ti atoms from the simulated structure of Ti3C2 is 0.22 atoms/ion, whereas 

the sputtering yield of C atoms is 0.07 atoms/ions. Since the SRIM code applies to bulk materials, 

as an approach to simulate the implantation profile, we have considered the Ti3C2 density of 3.20 

g/cm3 as the average density of the multilayer stacked thin film, which might be overestimated.  

Thus, we account for the SRIM results only from a qualitative point of view, suggesting the 

preferential sputtering of Ti atoms as compared with C atoms during Mn implantation.  

It is difficult to directly translate SRIM results to the real ion distribution in the MXenes film since 

bulk materials with homogeneous density and exact chemistry are sensibly different from 

atomically-thin single- and multilayer stacked 2D materials. To obtain experimental evidence of 

the Mn profile in the Ti3C2Tx film and correlate these results with SRIM calculations, we 

performed Time-of-Flight Secondary Ion Mass-Spectroscopy (ToF-SIMS) (Figure 2b) on ion-

implanted films. The implanted samples were sputtered with low-energy (0.5 keV) Cs+ beam and 

analyzed with a short impulse of Bi3
+ beam at 25 keV. Cesium sputtering was chosen because it is 

a universal sputtering source for organic and inorganic materials which does not introduce major 

artifacts (no preferential sputtering or reduction of metals nor accumulation of in depth-

modifications) and will not significantly modify the chemical composition of the exposed sample 

surface. The ToF-SIMS depth profile analysis clearly shows that the Mn distribution, assessed by 

the MnF- ion, is uniform in the log plane and it increases monotonically along with the depth 

(sputtering time) of the Ti3C2 film which shows a stable intensity as monitored by the C2Ti3
- ion. 

We selected the MnF- ions signals because of its strong intensity and the absence of mass overlaps 
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with other ions. The maximum of the Mn concentration is found close to the SiO2 substrate which 

is identified by the rise of Si2O3
- and O2

- signals. We also observe a raise of the Si2O3
- signal at the 

beginning of the profile which is a frequently observed feature ascribed to surface contamination 

by polydimethylsiloxane. The discrepancy between the ToF-SIMS and SRIM profiles is possibly 

explained by (i) the 2D nature of Van der Waals bonding between MXene sheets, (ii) the roughness 

of the film or (iii) the Cs+ sputtering-related artifacts.65,66 Despite this, the experiment confirms 

that the Mn doping is successfully achieved in the fabricated thin film as proved by the bulk-

sensitive Energy-dispersive X-ray Spectroscopy (EDS) analysis (Figures 2c), indicating ~2.2 at.% 

Mn doping which is lower as compared with the value at the maximum of the SRIM profile.  

Spectroscopic characterization of implanted Ti3C2Tx thin films    

To follow the structural damages and chemical modifications induced in the Ti3C2Tx film surface 

by the Mn-ions implantation we perform high-resolution XPS depth profiling (Figure 3) and EELS 

analysis (Figures 4-5).  

In the former case the sample was sputtered with low-energy (500 eV) Ar+ beam which, as well as 

Cs sputtering in ToF-SIMS, allows limiting in-depth damages for 2, 7, 12 and 22 min and the Ti2p 

spectra measured at increasing depths are shown in Figure 3a together with the results of the best-

fitting analysis. In agreement with Figure 1e, four spectral components are identified, labeled as 

Ti–C (from the MXene structure at ~455.2 eV binding energy), Ti+2, Ti+3 and Ti+4 (from oxidized 

TiO2 phase, at ~459.5 eV). After implantation, the Ti2p spectrum looks very different from the 

pristine film (Figure 1e); we observe a very intense contribution from the oxide phase, in particular, 

the Ti+4 doublet which dominates the spectrum. After 22 min of Ar+ sputtering, the oxidized layer 

is partially removed and the Ti2p spectrum is peaked at ~ 455.5 eV and starts to resemble that of 

freshly deposited Ti3C2Tx film (see Figure 1e). The rather long sputtering time required to partially 
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decrease the oxidized phase testifies that the chemical modification induced by the implantation 

extends well below the film surface (7-8 nm from the surface).  

 

Figure 3. a) Ti2p HR-XPS spectra of Mn+-implanted Ti3C2Tx thin film (1·1015 ions/cm2 at 60 keV) 

after sputtering at different times; b) Evolution of the film composition (O, Ti, C, and F atomic %) 

with the sputtering time (500 eV Ar+) as derived from the analysis of survey spectra for the Mn-

implanted film as compared to the pristine Ti3C2Tx film (before implantation); c) Valence band 

XPS spectra of pristine Ti3C2Tx thin film, after implantation with 1·1015 ions/cm2 at 60 keV, and 

after 22 min Ar+ ion beam etching. 

However, the XPS measurements point out that both the Ti3C2Tx film chemical composition in the 

surface and its depth are modified by the Mn-ions implantation; in particular, the oxygen content 

(Figure 3b) and Ti3+ component are still higher as compared to the pristine film (Figure 1e). This 

suggests that the Ti–C bonds dissociated by the impinging Mn-ions quickly react with oxidizing 

species present in the background pressure inside the implanter or, more effectively, with 

atmospheric water and oxygen adsorbates when the reactive Ti3C2Tx surface is extracted from the 

implanter. The formation of an oxidized phase on the top of the implanted surface was also 
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observed after ion-irradiation of 2D MoS2 with swift heavy ions resulting in production of active 

low-coordinated Mo atoms.67,68 The observed increase in the Ti-Ox and Ti-OH bonds (Ti3+ 

component) more in depth agrees with the decaying O2
- profile in the ToF-SIMS measurements 

during the 300 s of Cs+ sputtering (Figure 2b) which is well above the time necessary to typically 

remove oxidized surface contaminating layers (i.e. few seconds).  

From the survey XPS spectra measured at 1030 eV (Supporting Information, Figure S1) we have 

calculated the sample composition as a function of the sputtering time (Figure 3b). The slight 

higher amount of C found in pristine MXene film as compared with stoichiometric value is 

ascribed to the surface contamination. From the evolution of the chemical composition with the 

Ar+ sputtering time, we can follow the non-stoichiometric ratio between Ti and C atoms. Namely, 

while both %Ti and %C increase with the sputtering time (t), the Ti/C ratio decreases from 2.1 

(t=0 min) to 1.8 (t=22 min) thus slowly approaching the nominal value of 1.5 (Ti3C2). 

Simultaneously, the fluorine and oxygen content decreases. However, even after t=22 min, the 

amount of oxygen is still two times higher than in the pristine film, indicating that defective sites 

are still occupied by oxygen atoms mainly forming Ti+3 state.  

From the valence band of Ti3C2Tx films (Figure 3c) we immediately see that the electronic 

structure is modified by ion implantation; the main Ti3d-C2p, O2p, and F2p69 bands are strongly 

broadened and can hardly be resolved after Mn-ion implantation and after Ar+ ion beam sputtering. 

This indicates a structural disorder in the Mn-implanted MXene structure. Nevertheless, the 

valence band maximum is still at the Fermi level (Ef), confirming that the implanted MXene film 

is still metallic with Ti3d states at Ef. We conclude that, despite the structural damages due to the 

1 1015 Mn/cm2 implantation and induced increase of O content, the MXene maintains its metallic 

character.  
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Next, TEM-EELS are performed to better understand damages induced by ion-implantation. 

Electron spectroscopy has been demonstrated as powerful tool for the investigation of radiation-

induced damages at the local scale in various materials including MAX phases and graphite.70,71 

The changes in the fine structure or an energy shift is an indication of different chemical 

compositions and/or crystallographic structure modification.72  

In order to get a complementary picture of the films, especially the region with the higher Mn 

amount, TEM-EELS has been performed on very thick parts extracted from the two spin-coated 

films implanted at 1 1015 and 1 1016 ions/cm². The thicknesses of the two regions were similar and 

correspond to the thickness to inelastic mean free path ratio of 0.65 to 0.7. (Figure 4). 

By recording EEL spectra at the Mn-L2,3 edges in the implanted films (Figure 4a), we observed 

that the sample implanted at 1·1015 ions/cm2 shows almost negligible Mn-L3 line; this very low 

doping reasonably agrees with SRIM calculations predicting the Mn concentration of ~0.32 at.% 

(Supporting Information, Figure S2). On the other hand, a more defined and sharper Mn-L3 line is 

obtained when the implantation fluence is raised to 1·1016 ions/cm2. However, the intensities of 

Mn-L2,3 lines of Ti3C2Tx films at both fluences are weak and detailed information about the Mn 

chemical environment difficult to extract. The F-K edge signal in the investigated zones is rather 

low as compared with pristine un-implanted film (Figure 4a, inset).  
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Figure 4. Mn-L2,3 (a), C-K (b), and Ti-L2,3 edges (c) EEL spectra of Ti3C2Tx films before and after 

Mn-implantation at 60 keV with 1·1015 and 1·1016 ions/cm2 fluence. C-K edge EELS spectrum of 

amorphous carbon is recorded as the reference.  

In order to characterize the Ti-C bonding of the Ti3C2Tx structure after implantation at 1·1015 and 

1·1016 ions/cm2 fluences, we compare the EEL spectra at C-K and Ti-L2,3 edges in implanted and 

un-implanted films (Figure 4b-4c). Amorphous carbon is also recorded for reference. The C-K 

edge EELS signal from pristine Ti3C2Tx film shows the presence of four peaks which are typical 

for Ti3C2Tx structure.73 These peaks are still intense and well-resolved after implantation, however, 

according to the fluence, we observe a progressive decrease of peak 1 and a broadening of peaks 

2, 3, and 4. In agreement with the lower fluence, the broadening of peak 2 in the C-K edge EELS 

spectrum for the sample implanted with 1 1015 ions/cm² is lower than that for the 1 1016 ions/cm² 

sample. The broadening testifies a higher structural disorder, which has been commonly observed 

in carbon-based materials when structural distortions take place.71 These results confirm the 

fluence-dependent structural distortion in Ti–C layers after implantation and reveals that the 

amount of damage is being controllable over one or two orders of magnitude by tuning the fluence. 
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Very important, neither for the 1 1015 nor 1 1016 ions/cm2 fluences the structural disorder leads to 

the amorphization of the MXene as testified by SAED patterns given in Figure S3 where no 

amorphization ring is observed. Under implantation conditions, the MXene flakes are thus damage 

tolerant allowing to use ion implantation to induce structural modification. 

By normalizing spectra at the C-K edge, we can visualize the induced modifications at the Ti-L 

edge (Figure 4c). In particular, the drop in the intensity of the Ti-L2,3 double peak (at 456 and 462 

eV) indicates preferential sputtering of Ti atoms with respect to carbon atoms. The presence of 

titanium surface atoms (TiI) exhibiting smaller bounding energy than the bulk ones (TiII) in 

Ti3C2Tx structure (Figure 1a) and the larger cross section of Ti atoms for elastic collisions 

involving Mn-ions as compared with C atoms dictates that defect production involving Ti atoms 

are statistically more probable.  

Moreover, the energy shift of the Ti-L2,3 lines (+0.6 and +1.6 eV depending on the fluence) 

indicates the progressive increase of Ti oxidation state72 (Figure 3a). Having a closer look at the 

Ti-L2,3 edge EELS spectrum for the sample implanted with 1 1016 ions/cm², we notice that the 

lines are slightly asymmetric. However, the Ti-L2,3 edge is clearly different from highly oxidized 

Ti3C2Tx MXene where the asymmetry of four peaks is well-resolved (Supporting Information, 

Figure S4). The diffraction spots corresponding to tetragonal anatase phase of TiO2 presented in 

SAED patterns of implanted MXenes (Supporting Information, Figure S3) originate from the 

oxidation of the top surface film layers. Since the EELS signal integrates information from the 

whole film thickness, the signal from distorted surface layers characterized by stronger oxidation 

is superimposed to the one from the underlying preserved film. Overall, the analysis of C-K and 

Ti-L2,3 edges points out that ion-implantation induced damages on both C and Ti atoms without 

significant amorphization or phase transformation.  
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Based on the spectroscopic study provided on the implanted Ti3C2Tx thick films we can conclude 

that ion implantation results in successful Mn incorporation with partial damaging of the Ti3C2Tx 

crystal structure. The last is confirmed by the gradual drop of (002) peak intensity in XRD patterns 

(Supporting Information, Figure S5). The additional peaks on the implanted sample in Figure S5 

are due to the SiO2 substrate. This confirms the sputtering of Ti and C atoms in the near-surface 

layers induced by the ion-implantation.  

Since the Mn concentration is negligible when the fluence of 1·1015 ions/cm2 is used, we further 

explored film implanted with 1·1016 ions/cm2. To get precise information about damages occurring 

in MXenes flakes upon implantation excluding surface oxidation effect, we detached the film from 

the substrate, put different parts of the film in ultra-high purity water and drop it on carbon-

supported membrane. We analyze only buried sheets with EELS picking the signals from three 

different regions (R1-R3) (see Supporting Information, Figure S6, for detailed description), each 

of which may be related to a different implantation depth. The ratio between the film thickness 

and the inelastic mean free path (1/lambda) in R1, R2, and R3 are 0.40, 0.20 and 0.21 respectively, 

meaning that we analyze regions with different thicknesses. The results are shown in Figure 5 and 

corresponding SAED patterns of studied regions are in Supporting Information, Figure S7.  
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Figure 5. C-K (a), Ti-L2,3 (b), and O-K (d) edges EEL spectra of different regions from Ti3C2Tx 

films after Mn-implantation at 60 keV with 1·1016 ions/cm2. The O-K edge spectra were 

normalized on the first peak intensity. The Ti-L2,3 edges are normalized to the C-K edge in (a).  (c) 

The Ti/C and O/Ti composition ratio of different regions of Mn-implanted Ti3C2Tx film as derived 

from elemental quantification of EELS spectra as compared to the pristine Ti3C2Tx film (before 

implantation). 

With respect to the pristine film spectrum, the C-K edge region (Figure 5a) features different 

degrees of distortions, going from barely almost un-modified peaks (in R1) to the 20-25% 

reduction of the peak 1 and comparable broadening of peak 2 (in R2 and R3). It is worth noticing 

that the peak 2 broadening is considerably lower respect to the one recorded in amorphous carbon 

(Figure 4a), evidencing a high damage tolerance of the Ti3C2 layer. According to the modeled 

SRIM profile, the less damaged structure should be in the middle of the film and close to the 

substrate.  

From the Ti-L2,3 edge spectra analysis we conclude that the R3 region, showing the highest 

broadening of C-K edge, is also the one showing the strongest drop of the Ti-L2,3 peaks intensities 

(Figure 5b) and maximum sputtering yield of Ti atoms with respect to C atoms. The Ti content 

with respect to C is significantly reduced as compared to the pristine sample (Figure 5c). However, 

both damaged regions R2 and R3 do not show any shifting of the position of the peaks (Figure 5b) 

nor the presence of additional phases in SAED (Figure S7), confirming that oxidation is limited 

only to the more exposed top-surface sheets.  

By analyzing the O-K edge (Figure 5d), we observe that EELS signal from implanted Ti3C2Tx 

regions R1 and R2 shows the presence of three peaks similar to O-K edge usually observed in 

Ti3C2.
73 The O content (O/Ti) is gradually increased from R1 to R3 and correlates with Ti 
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sputtering (Ti/C) as evidence by EELS quantifications (Figure 5c). The R3 region, showing the 

maximum sputtering yield of Ti atoms, is also the one showing the highest O content. As can been 

seen, the O/Ti ratio in R3 region is about 1.5 and this value is twice that of the pristine un-implanted 

sample. This finding evidences the fact that Ti sputtering promotes new crystallographic sites, 

occupied by O atoms. This result is further confirmed by a strong modification of the O-K edge 

fine structure with a much more intense peak 2 (at ~ 538 eV) as compared with R1 and R2 regions 

indicating considerable changes in the local environment of the oxygen atoms (Figure 5d). A 

similar O-K edge EELS signal was experimentally recorded at graphene oxide.74 This suggests 

that the extended zones of the MXene sheets surfaces where Ti has been preferentially sputtered 

offer new cites for oxygen bonding with the carbon planes, leading to a significant amount of 

oxygen atoms experiencing a G-O-like environment. This is in agreement with the SAED collected 

on region R3 (see Figure S7c) where additional rings, consistent with the GO structure, are also 

observed. These results are in agreement with Ti3C2 oxidation experiments reported recently and 

showing that Ti-vacancies promote the nucleation and oxidation of amorphous carbon clusters.75 

Moreover, ab initio molecular dynamics simulations21 have shown that water molecules and 

oxygen adsorbates are preferentially located close to Ti vacancies. It could thus result in the 

formation of the graphene oxide structure at the local level as experimentally evidenced by TEM 

and EELS (Figure 5d, Figure S7c). The presence of peak 1 (Figure 5d), not ascribed to C-O like 

bonding, confirms that some of the original oxygen sites are preserved while the new ones are 

promoted. We can safely exclude that this feature is related to the formation of titanium dioxide in 

the sub-surface layers since the O-K edge spectrum of oxidized Ti3C2Tx looks completely different 

from the one from the R3 region (see Supporting Information, Figure S4).  
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As a major result, thanks to the damage tolerance of the Ti3C2 sheets to ion implantation, this 

approach can be used to generate a high amount of both Ti and C extended defects, promoting 

oxygen functionalization as shown here using XPS and TEM-EELS. We conclude that the 

disordered character of the Ti3C2Tx induced by ion-implantation is extremely favorable for the 

spontaneous functionalization of defective titanium and carbon sites with oxygen. 

 

CONCLUSIONS 

In this work we investigate ion-implantation of Ti3C2Tx MXene thin films. The presence of Mn 

ions implanted at 60 keV was confirmed by ToF-SIMS depth profiling, EDS, and EELS analyses. 

Interestingly, the ion-implantation introduces a Mn doping profile and complex structural changes 

in stacked 2D MXenes while keeping their metal-like behavior. The XPS analysis evidenced that 

ion-implantation causes oxidation of the top-surface sheets due to the harsh sputtering of titanium 

and carbon atoms resulting in the formation of a large number of dangling bonds and reactive 

surface defects. The EELS proved the structural distortion gradient decay through the depth of 

Ti3C2Tx film characterized by different degrees of defects formation in both Ti and C sites while 

keeping the original MXene structure suggesting their damage tolerance to ion-implantation.  

The disorder induced in ion-implanted Ti3C2Tx is found to be extremely favorable for the 

functionalization of defective titanium and carbon with oxygen functional groups, thereby 

increasing the amount of oxygen in MXene flakes and modifying their electronic structure. We 

believe this strategy is perspective and could be extended to other MXenes since oxygen 

functionalization is predicted to tune a band gap in different MXenes chemistry.  

Since defects have been widely demonstrated to effectively tailor the carrier types and optical 

response in many 2D materials, ion implantation appears a practical, controllable and easily-
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implementable tool to modify the electronic properties of MXenes. Defects are also beneficial for 

a number of applications such as photocatalysis, catalysis, micro-wave absorption and 

pseudocapacitance. The ion-implantation approach offers a great variety of adjusting parameters 

such as the dopant type, fluence and energy which can be selected to meet specific applications of 

MXenes in a wide range of research fields.  

 

EXPERIMENTAL SECTION 

MXenes synthesis and thin film preparation. The Ti3C2Tx MXenes were synthesized from 

Ti3AlC2 precursor using the MILD (minimally intensive layer delamination) conditions, which 

means exfoliation of 0.5 g of Ti3AlC2 (initial particles sizes < 25 µm) at 40 °C in 10 ml solution of 

0.8 g LiF dissolved in 9M HCl under continuous magnetic stirring during 24 h. The suspension 

obtained after etching, including Ti3C2Tx and non-reacted Ti3AlC2, was centrifuged 8 times at 6000 

rpm for 6 min and the supernatant liquid was systematically removed. The black Ti3C2Tx slurry 

was then carefully collected and separated from the surface of the sediment Ti3C2Tx/Ti3AlC2 with 

a spatula. The slurry was then filtered, washed and dried one night under air at room temperature 

and finally stored under inert atmosphere. This synthesis method is partly based on the work of 

Alhabeb et al.15 

The Ti3C2Tx thin films were produced by spin coating of delaminated concentrated Ti3C2Tx 

colloidal solution (concentration is ~ 70 mg/ml), obtained by simply manual shaking of a water 

suspension of multilayer MXenes as produced above, onto a Si substrate with 250-nm-thick SiO2 

(1x1) cm2 area. Before deposition, the substrates were cleaned by sonicating in acetone in an 

ultrasonic bath, rinsing with isopropyl alcohol, and drying with compressed nitrogen. Thin films 
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were deposited using Polos SPIN150i/200i spin coater at room temperature in a multistep regime 

to achieve 100 nm thickness and dried overnight under vacuum conditions.  

Ion-implantation. We prepared eight spin-coated Ti3C2Tx films for one implantation since we 

used destructive techniques to characterize samples after implantation (XPS depth profile and ToF-

SIMS). All samples were mounted on a cooled sample holder and directly exposed to the ion beam 

having an implantation surface of about 25 cm2. Thin films were prepared before implantation to 

avoid contamination problems. 55Mn+ ions of 1·1015 and 1·1016 ions/cm2 were accelerated at 60 

keV with probe currents of 2.1-7.0 µA and a chamber pressure of ∼5×10−7 mbar at room 

temperature. The projectile trajectory of implanted ions was perpendicular to the surface of thin 

films. The damage and ion distribution depth profiles of Ti3C2Tx thin film (density of 3.20 g/cm3) 

were simulated using the Stopping and Range of Ions in Matter (SRIM) code.76 The displacement 

energies used were Ed = 25 eV for Ti and Ed = 28 eV for C. The number of created vacancies were 

calculated using the detailed calculation with full damage cascades method.  

Ti3C2Tx thin film characterization. The X-Ray diffraction (XRD) patterns of the Ti3C2Tx 

powder, spin-coated Ti3C2Tx thin films before and after ion-implantation were collected at room 

temperature using D8 Diffractometer (Bruker Ltd. Germany) with a continuous θ–2θ scan with 

0.017 ° 2θ/sec and Cu-Kα radiation (1.5406 Å) at U = 40 kV, I = 40 mA. Thin films’ morphology 

and chemical composition were studied using JSM-7001F TTLS field emission gun scanning 

electron microscope (Jeol Ltd., Japan) equipped with an Energy Dispersive X-ray Spectrometer 

(EDS) from Oxford Instruments (UK). 

The TEM samples were prepared by detaching the Ti3C2Tx implanted film from the substrate by 

lightly brushing with a soft sharpened stick, put different fragments of the film in ultra-high purity 

water to avoid further agglomeration and drop it on Cu grid covered with a lacey carbon film. The 
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MXene films of different thicknesses were probed with the electron beam normal to the film. The 

Electron Energy Loss Spectroscopy (EELS) spectra were recorded in image mode in a JEOL 2200 

FS microscope equipped with an in-column omega filter and operated at 200 kV. The energy 

resolution determined from the zero-loss peak full width at half maximum was 1.0 eV. The zero-

loss peak was used to align in the energy scale the signal of the C-K edge, Ti-L2,3 edge, and O-K 

edge spectra. The core edges were extracted from the background signal using a power law and 

were deconvolved from multiple scattering using the Fourier-ratio method. The acquisition 

conditions were optimized for each edge to avoid irradiation damages. 

High-resolution (HR) core-level photoemission spectroscopy (XPS) was performed at the 

SuperESCA beamline of the Elettra synchrotron radiation facility (Trieste, Italy). Survey and HR 

core-level and valence band spectra of Ti3C2Tx thin films were collected at a photon energy of 

1030 eV and 100 eV respectively. For each spectrum, the binding energy was calibrated by 

measuring the Fermi level of the gold foil in contact with the sample. Core levels spectra were 

best-fitted with Voigt functions after Shirley background subtraction. The implanted MXenes thin 

films were repeatedly sputtered with 0.5 keV Ar+ at 5·10-6 mbar with the ion beam hitting the 

sample at 20 ° to normal. After each sputtering cycle survey and HR Ti 2p spectra were recorded 

at photon energy of 1030 eV.  

Time-of-Flight Secondary Ion Mass-Spectroscopy (ToF-SIMS) depth profiles were acquired using 

a dual-beam ToF-SIMS IV spectrometer from ION-TOF GmbH (Münster, Germany) in non-

interlaced mode, alternating 1-frame analysis with Bi3+ (energy 25 keV at the ion current of ~0.2 

pA, analysis area of 100×100 μm2) and 10 s of sputtering with 500 eV Cs+ (at an ion current of 

~25 nA, raster area of 250×250 μm2) with a 1 s pause between cycles. When the erosion gun was 
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on, the sample surface was flooded using a defocused low-energy electron beam to sustain surface 

charge compensation. 
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simulated profile of implanted film, XRD patterns, TEM micrographs, and SAED patterns of 
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