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Abstract 

The properties of MXenes, new generation of 2D materials, are determined by the surface 

terminations, which depends on flake preparation method. Changing the surface termination chemical 

groups can significantly modify the MXene flake properties and functionality. However, the common 

methods of MXene flake surface chemistry tuning require high-energy treatments and often lead to flake 

damage. In this work, we propose a plasmon-assisted chemical transformation for tuning the surface 

chemistry and termination of MXene flakes. The plasmon resonance was directly excited on MXene 

flakes and induced the generation of highly reactive radicals from electrostatically absorbed iodonium 

salt cations, leading to immediate grafting of the created radicals to the flake edges and basal planes. We 

used bis-CF3-substituted iodonium salts, and subsequent analysis of the Ti3C2Tx MXene flake surface 

composition indicated decreases in the total oxygen concentration and oxidized titanium with a 

simultaneous increase in the fluorine surface concentration, which was related to –C6H3(CF3)2 moiety 

attachment. The ability to substitute the hydrophilic oxygen-containing groups with hydrophobic and 

oleophilic –CF3 groups containing functional groups allows us to create a stable suspension of a MXene 

in nonpolar organic solvents and prepare a superhydrophobic, water-repellent and oxidation-stable 

conductive MXene coating. 
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1. Introduction 

 In the case of materials with a high density of free electrons, the light-matter interactions can be 

greatly enhanced by collective electron oscillations, commonly known as surface plasmons [1, 2]. This 

phenomenon and the related ability to manipulate light at the nanoscale are well known for metal 

nanoparticles and nanostructures and have found application in various areas, from sensors to 

photovoltaic devices [3-5]. The existence of surface plasmons was recently reported for a range of two-

dimensional (2D) materials, making them potential candidates for plasmonic applications [6-10]. Starting 

from the first report of graphene plasmonics, similar evidence was reported for black phosphorus, 

transition metal chalcogenides and boron nitride [11-13]. However, most of these materials exhibit a 

plasmon resonance far from UV/Vis regions, which makes them poorly compatible with typical 

plasmonic applications, such as surface-enhanced Raman spectroscopy or photoinitiation of chemical 

transformation [14-17]. 

Recently, a new class of 2D materials – MXenes – was found to be plasmon-active [18, 19]. 

Unlike other 2D materials, the plasmonic modes on the MXene surface can be excited under visible light 

illumination, allowing the introduction of a new, intriguing concept in materials chemistry – utilization 

of plasmons for the activation of chemical transformation [20-25]. The nature of this concept lies in the 

plasmon-assisted activation of dielectric molecules in the vicinity of a plasmon-active nanostructure and 

their transformation to thermodynamically unstable (i.e., chemically reactive) states [26-29]. Among 

others, this approach can be used for nanoprecise and spatially selective surface grafting of plasmon-

active nanomaterials. In the case of MXenes, the plasmon-assisted grafting ability is especially attractive 

since the properties of a MXene are strongly determined by its surface termination [30, 31]. The surface 

chemistry of MXene flakes is strongly governed by their preparation route and the ability to change the 

surface termination groups, which can enhance the MXene functionality and application range [32, 33]. 

However, the actual methods of changing the MXene flake surface termination are based on high-energy 

treatments (for example, high-temperature annealing) and often lead to MXene structure damage [33]. 

Previously, we demonstrated plasmon-assisted grafting on gold (nano)surfaces using the 

activation of an otherwise inert iodonium salt (IS) [34-36]. In this work, we expanded this approach to 

the modification (grafting) of a new and intriguing class of 2D materials – MXenes. Our approach is 

based on the local plasmon triggering of electrostatically absorbed IS cations (which are usually stable 

under ambient conditions but can be involved in the reaction under plasmon assistance), generation of 

highly reactive radicals from IS cations, and their immediate grafting to close MXene flake material 

surfaces. 
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2. Results and Discussion 

2.1 MXene flake plasmon-assisted grafting – main concept and experimental proof. 

 In the current study, multilayered flakes of Ti3C2Tx were synthesized following a previously 

reported method [9]. A more detailed description of the flake preparation and characterization is given 

in the Supplementary Information (SI) – Figs. S1, S2. Created flakes were previously reported to have a 

plasmon absorption band in the visible wavelength range, and we proposed plasmon–assisted MXene 

flake surface chemistry modification; a schematic representation of the main experimental concept is 

given in Fig. 1. 

 

Figure 1. Schematic representation of the proposed experimental concept: mixing of MXene flakes with an IS 

solution; illumination of the mixture by light with a wavelength of 780 nm (corresponding to the MXene surface 

plasmon absorption band); plasmon-assisted creation of highly reactive organic radicals from initially inert IS 

molecules; immediate grafting of created radicals onto neighbouring MXene surfaces. 

 

 The MXene flakes were dispersed in a water/methanol mixture, and an IS was added to the 

created suspension. In most cases, we used the di‐[3,5‐bis (trifluoromethyl)phenyl]iodonium 

tetrafluoroborate (IS-CF3) IS (since it contains hydrophobic/oleophilic –CF3 substituents), except for the 

samples prepared for HRTEM-EDX mapping. After IS addition to the suspension, the salt undergoes 

dissociation, with the formation of iodine-organic cations, which are further absorbed on the negatively 

charged MXene surface. In the next step, the reaction mixture was illuminated at the wavelength 
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corresponding to the plasmon absorption band of the MXene flakes. The utilized IS cannot be directly 

activated under the applied visible wavelength (or spontaneously graft onto the flake surface; the results 

of control experiments regarding the plasmonic nature of surface grafting together with a related 

discussion are given in Figs. S3 and S4). However, excitation of plasmons on the MXene flakes and 

related plasmon triggering can lead to absorbed IS cation activation, subsequent homolysis of C-I 

chemical bonds, and creation of corresponding organic radicals (Fig. S5). The generated IS radicals are 

highly reactive compounds that can graft onto the neighbouring MXene surface. Moreover, plasmon 

triggering with related nanometre-range focusing of light energy near MXene flakes and simultaneous 

radical attack can result in substitution of the termination groups on the flake surface, leading to 

pronounced modification of the MXene surface composition. A similar phenomenon of IS activation by 

plasmon-active noble metal nanostructures was previously reported and discussed from experimental and 

theoretical points of view in [34-36]. 

 In the first step, we measured the UV/Vis spectra of pristine MXenes in the water/methanol 

solution to determine the wavelength position of the MXene plasmon absorption band (Fig. S6 and Fig. 

2A, which shows the most significant spectra). We found a wide absorption band, attributed to excitation 

of the transverse plasmonic mode in MXene flakes [20]. Subsequently, the MXene flakes were mixed 

with the IS solution, and the time-resolved evolution of the absorption band position was used as a marker 

of flake grafting (commonly, the wavelength position of the plasmon absorption band is determined by 

the dielectric function of the surrounding environment and thus should change with –C6H3(CF3)2 moiety 

attachment). The absorption spectra of the MXene suspension are presented in Fig. 2A as a function of 

the plasmon-assisted grafting time. The insert shows the shift of the absorption band maximum as a 

function of illumination time. As is evident, the shift is especially apparent in the initial stages of plasmon 

triggering, i.e., during the first 30 min of illumination. Further prolongation of the illumination time leads 

to less pronounced changes, and after 3 hours of illumination, the position of the absorption maximum 

reaches the saturation value. Taking into account this dependency, we chose two illumination times – 30 

min and 3 hours – for our subsequent experiments. 

The modification of the MXene flake surface was further confirmed by XPS and IR 

measurements. IR spectra are presented in Fig. 2B (the spectra of pristine MXene and the IS are also 

shown for comparison). Pristine MXene demonstrates broad peaks at 1740, 1408, and 595 cm–1 

corresponding to C=O, O-H, and Ti-O bands related to terminated oxygen-containing groups (these 

spectra were used for baseline correction in the case of grafted flakes). After IS grafting, the appearance 

of new, well-pronounced IR bands for the modified flakes indicates the presence of aryl and –CF3 
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moieties. The wavenumber positions of the bands are in good agreement with the chemical structure of 

the attached functional groups (Table S1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. (A) Shift of the pristine MXene plasmon absorption band after different plasmon-assisted grafting 

times for the flakes grafted with -C6H3(CF3)2 (insert shows the full UV/Vis absorption spectrum of the pristine 

flake suspension); (B) IR spectra, measured on MXene flakes (the spectrum of the pristine MXene was subtracted) 

after different plasmon-assisted grafting times (insert shows the time-dependent changes in the characteristic (1275 

cm–1) IR band intensity); (C, D) deconvolution of XPS measured Ti2p and F1s regions of pristine MXene flakes 

and flakes grafted for 3 hours with –C6H3(CF3)2 moieties.  
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 The majority of IR absorption peaks are identical to the IS-related peaks (Fig. S7). The intensity 

of the characteristic band located at 1275 cm–1 (C-F stretch in –CF3) as a function of the plasmon-assisted 

grafting time is shown in the Fig. 2B insert. The obtained dependency corresponds well with UV/Vis 

measurements, i.e., the apparent increase in band intensity during the first 30 min of triggering and its 

saturation after 3 hours of illumination. Therefore, the UV/Vis and IR spectroscopy results indicate that 

the plasmon-assisted grafting on MXene flakes mainly occurs in the initial stages of light triggering and 

further proceeds with prolongation of the illumination time up to 3 hours but at a lower rate. Additionally, 

Fig. S8 shows the IR spectral area characteristic of –OH chemical groups. An apparent decrease in the –

OH-related IR absorption band is visible after 3 hours of plasmon-assisted grafting and reveals the 

substitution of these chemical groups by –C6H3(CF3)2 or the potential formation of –O-C6H3(CF3)2 

surface-attached groups. 

The MXene flake surface composition was further measured by XPS before and after 

modification. Full XPS spectra for pristine and –C6H3(CF3)2-modified flakes (for two plasmon triggering 

times – 30 min and 3 hours) are presented in Fig. S9A. In turn, Table 1A shows the calculated surface 

element composition for pristine and fully modified flakes. Surface grafting results in an increase in C 

and F concentrations, with a simultaneous decrease in Ti and O concentrations (Fig. S9 and Table 1A). 

In turn, the comparison of the deconvoluted C1s peaks before and after the modification, shown in Fig. 

S9B, demonstrates the relative decrease in C-O and C=O components with the simultaneous appearance 

of the bright marker of the –CF3-related peak at 293.6 eV [36]. Notably, in the full XPS spectra, we did 

not observe any signal from iodine. Thus, we can conclude that the overall change in flake chemistry 

proceeds due to grafting of plasmon-created radicals (which do not contain iodine) and not due to 

electrostatic entrapment of positively charged IS cations (which contain iodine in their structure). 
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Table 1. Results of XPS analysis of plasmon-assisted MXene flake grafting (grafting with IS-CF3, 3 hours of 

plasmon-assisted interaction): (A) surface element concentrations (in at. %); (B) XPS peak deconvolution results. 

 

 

 

 

 

 

 

 

 

 

 

The deconvoluted Ti2p and F1s XPS peaks are of main interest in the case of IS grafting to 

MXene since they provide information about the potential substitution of MXene surface termination 

groups. The results of peak deconvolution are shown in Fig. 2C (for Ti) and Fig. 2D (for F). The Ti-C 

component is responsible for the MXene flake internal structure (and can be used as an internal marker 

for determination of the flake termination), while other components are responsible for the terminated 

fluorine and oxidized Ti (II and III) groups (–OH or =O). From the Ti peak deconvolution, the ratios of 

the Ti-C/Ti-F, Ti-C/Ti-(II), and Ti-C/Ti-(III) areas for pristine MXene are calculated to be 1/1.08, 1/1.11, 

and 1/1.48 (see Table 1B). After grafting of the IS, these peak area ratios change dramatically (Table 

1B): the Ti-C/Ti-(II) and Ti-C/Ti(III) ratios increase, revealing the substitution mechanism in which the 

simultaneous plasmon triggering and radical attack result in the substitution of =O or –OH chemical 

groups on the flake surface by –C6H3(CF3)2 chemical moieties. Additionally, the deconvoluted F1s peak 

(Fig. 2D) registered after the modification demonstrates the appearance of a CF3-related peak at 688.4 

eV [36]. In addition, the increased Ti-C/Ti-F ratio enables us to suppose that the initial terminated –F 

groups can also be substituted by –C6H3-(CF3)2 (Table 1). 
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Figure 3. (A) XRD patterns obtained in grazing incidence XRD mode for pristine and grafted MXene flakes 

(grafting time – 30 min and 3 hours); (B, C) TEM-EDX measurements of pristine and grafted MXene flakes 

deposited on TEM grids. The graphs below show the spatially resolved (corresponding to the lines on the TEM 

images) concentration of elements. 

 

The structure and crystallinity of the grafted MXene flakes were further evaluated by TEM 

(electron diffraction mode) and XRD measurements before and after plasmon-assisted modification. The 

TEM measurements confirm the conservation of the flake structure during the grafting of aryl moieties 

(Fig. S2). The transmission of electrons through the grafted flake plane results in the appearance of well-

defined diffraction patterns, which indicate overall conservation of the flake crystallinity and d(hk0) (Fig. 

S10). The full XRD patterns of pristine and grafted MXene flakes are presented in Fig. S11. The peak at 

7°, which reveals the interlayer distance in the MXene flake, deserves special attention (Fig. 3A). As is 

evident, this peak is shifted to lower angles as a result of functional group attachment (an apparent shift 

is observed after 30 min, but a less pronounced shift is observed after 3 hours of plasmon triggering). 

Such behaviour should be attributed to an increase in the interlayer distance in the MXene structure due 

to tuning of the nature of the surface termination. Similar effects, reported in several previous 

contributions, are a function of the flake preparation route and represent a prospective way to increase or 

tune the MXene functionality [37-39]. 
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 In the next step, we applied HRTEM-EDX measurements to evaluate the spatial distribution of 

the grafted moieties on the MXene surface. For this purpose, we used di-(4‐bromophenyl)iodonium 

tetrafluoroborate (Fig. S5) for the introduction of Br as a marker element necessary for subsequent EDX 

mapping. The element mapping results in comparison with HRTEM images are given in Figs. 3B and 

3C. During characterization, we found the edges of pristine and grafted flakes and performed element 

mapping across the flake boundary (depicted by a line on the HRTEM image). As expected, the apparent 

EDX signals from titanium, carbon, oxygen, and fluorine are well visible on the pristine flakes, with no 

Br-related signal (Fig. 3B). The plasmon-assisted grafting results in the appearance of a Br-related peak 

(see Fig. 3C – insert). The intensity deviations along the flake edge and plane allowed us to estimate the 

distribution of Br, which was found to be the same on the edges and flake plane. Fig. 3C also presents 

two overlapping MXene flakes, with an apparent increase in Br-related XRD peaks at the location of 

their intersection, indicating the corresponding Br concentration increase. Therefore, the applied 

procedure of plasmon-assisted radical creation and immediate grafting to the MXene surface results in 

homogeneous attachment of new functional groups throughout the entire flake surface(s), including on 

the edges and basal planes. 

 Our experimental concept was based on the plasmon-assisted excitation of electrostatically 

absorbed IS cations and subsequent generation of highly reactive radicals (this assumption was proven 

using additional DFT simulation – see SI for details). The created reactive radicals were also supposed 

to be immediately grafted onto the neighbouring surface – i.e., in plasmonic “hot-spot excitation” 

locations. As an example of a similar process, the grafting on gold nanorods under illumination with a 

wavelength corresponding to excitation of longitudinal plasmonic modes, with grafting of formed 

radicals on the nanorod edges, can be mentioned [35]. However, in the present case, we observe a 

different situation: grafting occurs on not only the edges but also the basal planes of the flake surface. 

The spatial distribution of the plasmon energy (or corresponding electric field) was calculated and 

experimentally proven previously, and irradiation of MXene flakes with a wavelength close to 780 nm 

(used in our work) was found to support transversal plasmonic mode excitation with uniform energy 

distribution over the entire area of the flake [20]. Therefore, the homogeneous distribution of the marker 

elements (i.e., Br distribution in Fig. 3C) could be expected, as could the generation of radicals and their 

grafting over the entire flake surface. 
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2.2 Control experiments – evidence of covalent plasmon-assisted radical creation and flake grafting. 

In the next step, we performed a range of control experiments and quantum mechanics 

calculations, with the aim of verifying the proposed modification pathway. First, we checked the surface 

electrostatic absorption of IS cations. For this goal, we sedimented the MXene flakes after their 

interaction with the IS in the dark and subjected the as-obtained unwashed precipitates to XPS 

measurements (Fig. S12 and Table S2). The appearance of an apparent iodine concentration on the XPS 

graph indicates the surface entrapment of IS cations. However, the application of precipitate washing 

(routinely used in all other experiments) leads to the disappearance of the iodine characteristic peak (Fig. 

S12) as well as conservation of the typical pristine flake IR spectral pattern (Fig. S4). Thus, we can 

clearly conclude that the IS cations can be absorbed on the flake surface but can clearly be removed by 

washing. In other words, without plasmon assistance, stable surface chemistry tuning does not occur. 

 We also performed temperature control with the aim of distinguishing which phenomenon 

(plasmon-assisted excitation of the IS through energy transfer or the heating mechanism) is responsible 

for C-I bond cleavage and radical creation. First, the measurements of the MXene flake suspension 

temperature under illumination at 780 nm indicate suspension heating up to ca. 40°C (Fig. S13A). 

Control experiments were performed with heating of the MXene suspension with IS addition up to 50°C, 

and the results were estimated using IR spectroscopy. The absence of any additional absorption bands 

characteristic of –C6H4– or –CF3 chemical moieties apparently indicates that simple plasmon heating 

cannot induce radical formation and flake grafting (Fig. S13B). 

 In the next step, we performed a time-dependent density functional simulation of the IS behaviour 

under plasmon-induced excitation. Details of the calculation are given in SI (Fig. S14 and related 

discussion), and the obtained results indicate that under plasmon-assisted HOMO-LUMO inner electron 

excitation in the structure of the IS cations, homolysis of C-I bonds with the formation of reactive radicals 

occurs with high probability, which is in agreement with the proposed grafting mechanism. 

We also investigated the reaction supernatant remaining after MXene plasmon triggering of the 

IS solution by gas chromatography–mass spectrometry (Fig. S15 and related discussion). The spectra 

measured for the pristine IS solution (not subjected to plasmon triggering) show the presence of two 

compounds (I-C6H3-(CF3)2 and HO-C6H3-(CF3)2) produced under IS decomposition in the 

chromatography column. However, after IS plasmon triggering for 30 min and 3 hours, the intensity of 

the HO-C6H3-(CF3)2 characteristic peak rapidly decreases, while the intensity of the I-C6H3-(CF3)2 peak 

is conserved, which is in agreement with the proposed reaction pathway (more details are given in SI – 

Fig. S15 and related discussion). 
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 Subsequently, TGA curves were measured for pristine MXene, MXene-CF3, and IS-CF3 powder, 

as presented in Fig. S16A. The pristine MXene shows a negligible but gradual mass loss during heating 

up to 300°C, which can be attributed to the removal of entrapped solvent molecules or desorption of 

absorbed gases. In turn, the IS shows significant decomposition and mass loss near 175°C, attributed to 

the degradation of organic compounds in air. A similar but less pronounced inflection on the TGA curve 

is also observed in the case of MXene-CF3 samples. Apparently, organic moieties grafted from the IS 

also undergo temperature-induced degradation in air (the IR measurements performed before and after 

MXene-CF3 annealing indicate the disappearance of Ar and CF3 characteristic absorption bands – Fig. 

S16B). The difference in the mass losses of pristine and grafted MXene flakes allows us to estimate the 

relative amount of grafted chemical moieties, which was found to be in the 1-2% weight range. 

Finally, we performed a range of CVA measurements in the IS-CF3 solution, with the working 

electrode created from pristine or grafted MXene flakes (Fig. S17). In this case, IS-CF3 has two functions: 

as the electrolyte and, at the same time, as the grafting agent. The grafting event can occur solely when 

there are some free and reactive sites on the MXene flake surface. The curves measured on pristine flakes 

indicate the apparent IS reduction peak in the first CVA cycle, which is suppressed in the second cycle. 

Therefore, electrochemically induced, irreversible grafting of flakes with –C6H3(CF3)2 chemical moieties 

occurs during the first cycle, leading to complete blocking of the flake surface. A similar situation is 

observed in the case of flakes that previously interacted with the IS in the dark. However, a less 

pronounced IS reduction peak is observed in the case of flakes previously grafted by plasmon assistance 

for 30 min, and moreover, complete absence of reduction is observed in the case of 3-hour grafted flakes. 

Therefore, we can conclude that plasmon-assisted grafting leads to partial (30 min) or complete (3 hours) 

screening of the flake surface, on which no free sites or reactive centres for further –Ar-(CF3)2 chemical 

moiety attachment remain. 

 

2.3 Creation of a superhydrophobic, oxidation-stable coating and a stable suspension in a nonpolar 

solvent. 

 Among the various chemical substituents that can be grafted to the plasmonic surface using 

iodonium chemistry and the proposed approach, we chose fluorinated organic compounds with the aim 

of introducing superhydrophobic properties after the deposition of modified MXenes on flat surfaces [40, 

41]. The preparation of superhydrophobic surfaces is a hot topic in surface science, as it allows the 

introduction of functionalities in addition to those intrinsic to 2D materials [42-44]. In the next step, we 

used the spray deposition of MXene flakes on glass or silicon surfaces. The “effective” thickness of the 
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coatings was controlled based on the scratch test, and the deposition conditions were optimized to keep 

it in the 100±25 nm range. The optical and electrical properties of the coating and its interaction with 

water were subsequently examined. 

 The optical transmission measurement and coating sheet resistivity results are presented in Figs. 

S18 and S19. Generally, plasmon-assisted grafting almost does not affect the resistivity of the MXene-

based coating. However, a decrease in the coating transparency is observed, which should be attributed 

to light scattering phenomena (based on surface morphology characterization results – discussed below) 

rather than to the appearance of additional absorption bands. Therefore, from the optical and electrical 

point of view, the spray-deposited MXene coating can be considered conductive and semi-transparent. 

 The coating morphologies were measured at different length scales using confocal microscopy 

(Fig. S20) and AFM (Fig. 4). According to both methods, surface grafting of –C6H3(CF3)2 chemical 

moieties evidently leads to an increase in the coating surface roughness. In particular, the AFM 

measurement of the pristine MXene coating shows a relatively rough film, with an Ra of approximately 

25 nm. Thus, the observed surface morphology can be attributed to the formation of multilayer structures 

with overlapping flakes. The deposition of grafted flakes (for 30 min and 3 hours – Figs. 4B and 4C) 

leads to an approximately fivefold increase in surface roughness. Since the chemical structure of grafted 

flakes comprises a large number of hydrophobic groups, such behaviour can be attributed to flake 

agglomeration. The observed surface roughness values, together with the significant deviation from a 

flat surface and grafting of fluorine-substituted organic moieties, can lead to the appearance of surface 

superhydrophobicity and water repellence [45]. 
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Figure 4. Surface morphologies (and corresponding Ra values) of MXene films deposited on a silicon wafer by 

spraying of pristine (A) and grafted ((B) – 30 min of grafting, (C) – 3 hours of grafting) MXene flakes. 

 

In the next step, the surface functionality was tested using water contact angle measurements, and 

the results are presented in Fig. 5A. As is evident, the deposition of pristine flakes results in the formation 

of a surface with “intermediate” wettability (the water contact angle is slightly below 90°). However, the 

coatings prepared from grafted MXene show sufficiently increased water contact angle, and moreover, 

prolongation of the grafting time leads to the creation of a superhydrophobic surface (water contact angle 

above 150°). In turn, the estimation of water drop adhesion is presented in Fig. 5B. The water adhesion 

to the MXene-coated surface (3 hours of grafting) is low enough to make a water drop roll off at a tilting 

angle of 5°, indicating the formation of a water-repellent surface. 
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Figure 5. (A) Water contact angles measured on sprayed MXene films as a function of the time of previous flake 

plasmon-assisted surface grafting with –C6H3(CF3)2; (B) time-resolved water drop behaviour on a slightly tilted 

(slope 5o) silicon surface covered by spray-deposited –C6H3(CF3)2-grafted (for 3 hours) MXene flakes; (C) 

characteristic TiO2 Raman peak intensity (150 cm–1), measured for pristine and different grafting time MXene 

films by temperature cyclical triggering under a water-saturated atmosphere; (D) MXene stability in organic 

solvent (toluene) measurement results – decrease in suspension absorption at 828 nm due to flake agglomeration 

and sedimentation and corresponding photos of pristine and –CF3-grafted flakes. 

 

Another unsolved problem, in the case of MXene-based materials, is related to the insufficient 

stability of titanium, which undergoes oxidation during MXene storage [46, 47]. This phenomenon was 

found to be especially pronounced in the case of simultaneous action of temperature and humidity [46]. 

However, the creation of a superhydrophobic coating with low water adhesion (as observed in our case) 

can prevent water condensation and formation of TiO2, enhancing the stability of MXene flakes. To 

check this effect, we performed a range of additional experiments, where the MXene coatings were 
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subjected to periodic temperature treatment in a water-saturated atmosphere (Fig. S21). Under our 

experimental conditions, water condensation spontaneously occurs on the MXene surface during the 

heating/cooling cycle in a water-saturated atmosphere. The formed water drops remain pinned to the 

MXene coating surface in the case of pristine flakes. However, in the case of slightly tilted samples, the 

water drops spontaneously slip off, ensuring surface protection under the simultaneous action of oxygen 

and water. The formation of TiO2 was monitored using time-resolved Raman measurements, which 

revealed the formation of a strong TiO2 characteristic band (Fig. S22 presents the typical graphs). The 

dynamics of TiO2 formation, according to the intensity of the corresponding Raman band at 150 cm–1 

(attributed to TiO2) [48], are shown in Fig. 5C. As is evident, the appearance of the TiO2 band is already 

detected for both MXene and MXene-CF3 coatings in the initial stages of treatment. In the case of pristine 

flakes, the apparent increase in the TiO2 characteristic band intensity reveals apparent titanium oxidation 

during the entire one week coating treatment period. Therefore, in this case, the oxidation of the coating 

can be expected to deteriorate its properties and functionality with time. A better situation is observed in 

the case of the MXene coating created from modified flakes. For these films, titanium oxidation also 

occurs in the initial stages of treatment, but the intensity of the corresponding Raman band reaches a 

saturation value after a certain time, and no further increase in the characteristic TiO2 band intensity is 

observed. Thus, the protection of the MXene flake layer is evident, and conservation of the coating 

functionality (after the initial previous degradation) can be expected. Additional AFM measurements 

(Fig. S23 and related discussion) also reveal the formation of TiO2 clusters on the MXene surface. 

However, according to Raman measurements, the number of clusters is significantly decreased in the 

case of previously grafted flakes. The better stability and protection against TiO2 oxidation should be 

attributed to the superhydrophobic and water-repellent nature of the coating, with a related low contact 

area between the condensed water drop and MXene coating surface as well as removal of water drops by 

self-slipping off. Therefore, we can conclude that the coatings created from the modified MXene are 

stable, protected against oxidation, transparent, and conductive and exhibit properties that sufficiently 

increase their attractivity for a range of practical applications. 

Finally, we also investigated the possibility of creating a stable Ti3C2 MXene suspension in a 

nonpolar solvent. Recently, the creation of MXene organic solvent suspensions has been considered a 

prospective initial step for subsequent applications in water-free glovebox-type environments (for 

example, for the creation of electrodes for sodium ion batteries). The proposed approach is based on 

MAX phase etching in polar organic solvents [49]. The applied method is interesting and can produce a 

stable suspension in a range of polar solvents, which are, however, well miscible with water and can thus 
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easily absorb moisture from air. In this work, we oppositely investigated the stability of grafted flakes in 

nonpolar organic solvents – toluene was used as a common example. 

In our experiments, pristine or modified Ti3C2 MXene flakes were separated from the 

water/methanol mixture several times, washed with methanol, and carefully dried under vacuum 

overnight. Then, toluene was added, and a suspension of flakes in this nonpolar solvent was created by 

ultrasonication. The stability of the created dark-coloured suspension was analysed using time-resolved 

UV-Vis measurements (Fig. 5D). In particular, the decrease in the absorption coefficient, corresponding 

to a plasmon-related absorption band (in toluene located at 828 nm – Fig. 5D insert), was used as a 

marker of flake coagulation and sedimentation. As is evident from the obtained time dependencies (and 

provided photos), the suspension of pristine flakes in toluene is very unstable – flake agglomeration and 

sedimentation occur immediately after previous homogenization. In particular, sediment formation and 

a related suspension colour change from dark to almost transparent only a few seconds after 

ultrasonication is stopped are observed. Significantly better suspension stability is obtained in the case 

of –CF3-grafted flakes, where the UV-Vis measurement results (and naked-eye observations) indicate 

conservation of the suspension colour and absorption band for a significantly longer period. In particular, 

we observe a slight decrease (ca. 10%) in the absorption coefficient during the first hour of suspension 

storage and full conservation of the absorption coefficient during the subsequent several hours. 

Therefore, grafting of MXene flake surfaces with oleophilic –CF3 chemical moieties significantly 

enhances the MXene stability in nonpolar organic solvents, providing an opportunity for further flake 

processing in applications where the utilization of nonpolar, immiscible with water solvents, is highly 

desired. 

 

3. Conclusion 

Plasmon-assisted modification of MXene flakes was proposed. The Ti3C2Tx flakes were mixed 

with an IS solution, which resulted in electrostatic entrapment of iodine-organic cations on the flake 

surface. Subsequent illumination with a light LED at the wavelength corresponding to the surface 

plasmon absorption band of the MXene led to C-I bond homolysis in the structure of entrapped organic 

cations with the generation of highly reactive radicals. Generated radicals attacked the MXene surface 

and modified the chemical composition of the surface termination groups. Since the transverse plasmonic 

modes were excited on the flake surfaces, modification also occurred on both the MXene edges and basal 

planes. Due to the high energy concentration provided by plasmon excitation, the proposed experimental 

route does not require high-energy cleaning of the flake surface before changing the surface termination 
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groups. The range of control experiments and additional quantum mechanics calculations indicate the 

key role of plasmon assistance in radical creation and MXene flake surface chemistry modification. The 

proposed route was used to introduce hydrophobic –CF3-containing groups onto the flake surface, and in 

the next step, the modified flakes were used for the preparation of conductive, transparent, 

superhydrophobic and water-repellent coatings with enhanced stability against MXene oxidation. In 

addition, the proposed route was demonstrated to be able to create a stable suspension of grafted MXene 

flakes in a water-free nonpolar organic solvent. 

 

4. Experimental methods 

 

4.1. Preparation of Ti3AlC2 MAX phase  

The synthesis of the Ti3AlC2 MAX phase was performed by the procedure described in [50]. We use the 

powders of titanium (99 % metals basis, Alfa Aesar, -325 mesh), aluminum (99.5 % metals basis, Alfa 

Aesar, -325 mesh), and graphite (99 %, Alfa Aesar, synthetic, APS 7-11 micron). Powders in a 

3.00:1.10:1.88 molar ratio were mixed with zirconia balls (diameter 3 mm) by ball milling at 60 rpm 

during 3 hours in a plastic jar. The mixed powders were putted into an alumina boat and transferred to a 

tube furnace (4016T, Clasic CZ). Before synthesis, vacuum pumping was carried out twice to a pressure 

of 2 mbar, followed by a purge with argon. The MAX phase synthesis was accomplished by heating the 

mixture at 10°C/min to 1550°C in argon atmosphere followed by 2 hours holding period at 1550°C and 

cooling down to room temperature at 10°C/min.  

 

4.2. Preparation of MXene flakes 

Ti3C2 MXene was synthesized using the MILD method described in [51]. Before selective etching of 

aluminum from Ti3AlC2 MAX phase, the MAX phase ceramics were crushed by alumina mortar and 

pestle and sieved to separate the particles of size below 45 µm. The etchant was prepared by dissolving 

300 mg of LiF (99.98 % metals basis, Alfa Aesar) in 6 mL of 6M HCl in a 50 mL plastic centrifuge tube. 

Then, 300 mg of sieved MAX phase powder (particle size below 45 µm) was added to the prepared 

etchant and stirred at 22°C for 24 hours. After etching, the MXene were washed several times until the 

pH of the supernatant reached 5.5. Delamination of MXene flakes was carried out by hand shaking of 

the sample (15 mL DI water in a 50 mL plastic test tube) for 5 min followed by 30 min of centrifugation 

at 3500 rpm to precipitate and separate the non-delaminated MXene. 
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4.3. Preparation and characterization of iodonium salts  

Bis-(3,5-bis(trifluoromethyl)phenyl)iodonium tetrafluoroborate (IS-CF3) and bis-(4-

bromophenyl)iodonium tetrafluoroborate (IS-Br) salts were obtained using the previously reported 

procedure [52, 53]. Briefly, 3-chloroperbenzoic acid (0.19 g, 1.1 mmol) was dissolved in DCM (15 mL) 

and either appropriate iodoarene (1-iodo-3,5-bis(trifluoromethyl)benzene (0.17 g, 1 mmol, for IS-CF3 

preparation) or 1-bromo-4-iodobenzene (0.28 g, 1 mmol, for IS-Br preparation) were added. To the 

resulting solution, boron trifluoride etherate (0.22 g, 2.5 mmol) was added under vigorous stirring at 0°C. 

The stirring was continued during 30 min and the appropriate boronic acid was added: either 3,5-

bis(trifluoromethyl)phenylboronic acid (0.28 g, 1.1 mmol), for the preparation of IS-CF3 or 4-

bromophenylboronic acid (0.22 g, 1.1 mmol) for preparation of IS-Br. The reaction mixture was then 

stirred for 24 hours. The prepared iodonium salts were isolated by column chromatography (silica, 

gradient elution from DCM to DCM : MeOH 1 : 1). 

 

IS-CF3: 25 % yield. The NMR 1H spectrum was identical to previously reported [52]. 

1H NMR (600 MHz, DMSO-d6): δ 9.16 (s, 4H), 8.49 (s, 2H). 

 

IS-Br: 90 % yield. The NMR 1H spectrum was identical to previously reported [53].  

1H NMR (600 MHz, DMSO-d6): δ 8.17 (d, J = 10 Hz, 4H), 7.76 (d, J = 5 Hz, 4H). 

 

4.4 Plasmon-assisted IS surface grafting and MXene thin film preparation 

Plasmon triggering was performed using a continuous light-emitting diode (LED) source with a 780 nm 

emission wavelength and 300 mW power, collimated on the reaction mixture surface (ca. 4 cm2 in area). 

The colloidal suspension of Ti3C2Tx MXene flakes (2 mL, 5 g/L) was mixed with 1 mL of a 1 mM 

solution of an IS(s) in a 9:1 water/methanol mixture and illuminated with the LED under continuous 

stirring for different time intervals. The LED beam spot (ca. 2 cm2) was set up to homogeneously 

illuminate the surface of the reaction mixture. After modification, the MXene flakes were collected by 

centrifugation (15 min, 5000 rpm) and 2x redispersed/centrifuged in a water/methanol mixture with 

intermediate washing (3x in each case) with methanol. For coating preparation, the purified MXene 

flakes were dispersed in methanol and sprayed on previously cleaned glass or silicon surfaces using 

homemade equipment. The effective coating thickness was adjusted based on control scratch AFM 

measurements to be in the 100±25 nm range. 
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4.5. Characterization methods 

 Fourier transform infrared (FTIR)−attenuated total reflection (ATR) spectra were recorded using 

a Nicolet 6700 spectrometer (Thermo Scientific, France) with a Smart ATR accessory device (1000 scans 

and 4 cm–1 resolution). 

 The crystal structure of Ti3AlC2 MAX phase and Ti3C2 MXene phase were characterized by X-

ray diffractometer (Empyrean, Malvern Panalytical) using Cu K<α> radiation (photon energy – 8.04 keV, 

wavelength λ = 1.54151 Å, U = 45 kV, I = 30 mA) in grazing incidence X-ray diffraction mode and in 

2θ-θ mode. The incident angle was 0.85° corresponding to ~10 mm of sample irradiation. 

 1H-NMR spectra were recorded on a Bruker Avance III instrument using DMSO-D6 as a solvent. 

The temperature of MXene suspension under illumination with 780 nm was monitored using 

thermocouple (Thomas Traceable Waterproof Type K Thermometer probe) introduced in the suspension. 

 Raman scattering was measured on a portable ProRaman-L spectrometer (Laser power 35 mW) 

with 785 nm excitation wavelength. Spectra were measured 100 times, each of them with 3 s 

accumulation time. 

 The UV/Vis absorption spectra were measured using a Lambda 25 UV/Vis/NIR Spectrometer 

(PerkinElmer, USA) at a scanning rate of 480 nm·min–1 in 300-1000 nm wavelength range. 

 Electrical sheet resistance was determined by a standard two-point technique using a KEITHLEY 

487 pico-amperemeter. The two planar gold electrodes were sputtered on the sample surface before 

measurement (electrode length – 3 cm, distance between electrodes – 0.5 cm). The typical error in the 

sheet resistance measurement did not exceed ± 15 %. 

 Transmission electron microscopy (TEM) images of the MXenes were obtained with a JEOL 

JEM-1010 instrument (JEOL Ltd., Japan), with a SIS MegaView III digital camera (Soft Imaging 

System, acceleration voltage 80 kV) and analysis was performed by using AnalySIS Software 2.0. 

HRTEM observations were carried out in MIRA I Schottky FE-SEMH microscope. Energy-dispersive 

spectroscopy (EDS) was carried out with X-ray BRUKER microanalyzer.  

 For the characterization of the grating surfaces, the peak force AFM technique was applied using 

the Icon (Brucker) microscope. AFM scratch tests were carried out on smooth metal films by profiling 

across a scratch accomplished at an angle of 90o relative to the surface.  

 X-ray photoelectron spectroscopy (XPS) was performed using an Omicron Nanotechnology 

ESCAProbeP spectrometer fitted with a monochromated Al Kalpha X-ray source at 1486.7 eV. MXene 

flake samples were deposited on Si wafers, the analyzed area had dimensions of 2×3 mm2. 
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 Gas chromatography–mass spectrometry (GS-MS) analysis was performed using Agilent 7010 

GC device equipped with a flame ionization detector (FID) and DSQ II Mass Spectrometer. The Rxi-

5ms column (20 m x 0.18 mm x 0.30 µm) was used for sample separation. GC program: 40°C (3 min) - 

> 15°C/min - > 290°C (5 min), carrier gas: Helium, constant flow 0.7 ml/min, spray: 1 µl, split 1:10, 

temperature 250°C.  

 Cyclic Voltametric (CVA) measurements were performed with potentiostat PalmSens 4 (Palm 

Instruments, The Netherlands), controlled by PSTrace 5.3 software (5.3.1127 firmware). The 

measurements were performed in the 0.1 to – 0.8V potential range with 50 mV s–1 scan rate, with a 

platinum wire auxiliary counter and Ag/AgCl (3 M KCl) reference electrodes. Working electrode was 

prepared by drop cast deposition of MXene flakes on the glass carbon electrode surface. The 

measurements were performed in the methanol/water (9:1) solution of 10 mM IS-CF3 and 0.1 M 

TBATFB. All electrochemical measurements were repeated three times. 

 Thermogravimetric analysis (TGA) was performed in air, using TG-DTA Setsys 

Evolution (Setaram, Francie) device. TGA curves were obtained in 30-300oC temperature range with 

5oC/min heating rate.  

 Water contact angles were measured with distilled water at room temperature and 24 h after the 

surface modification was measured by the goniometer Surface Energy Evaluation System (Masaryk 

University, Czech Republic). The measurement was performed at 10 positions and the scatter between 

individual results was used for the estimation of measurement errors.  

 Sliding angle measurements were performed by deposition of a 5 μL water drop onto the surface 

of the sample tilted at an angle of 5 degrees. The droplet sliding was fixed by time-resolved recording.  

 Stability test was carried out in the climatic chamber Binder MK 56-230V under the mode in 

which the heating and cooling process was periodically repeated for in the temperature range from 5 to 

50oC. The humidity level in the chamber was kept at 100 % using a petri dish filled with water and placed 

on a slightly heated plate. The MXene coatings were tilted at the angle of 10 degrees. 

 

4.6. Quantum simulation of radical creation 

 The quantum chemical calculation of IS-decomposition mechanisms with or without plasmon 

triggering was performed using the density functional theory (DFT) in its time-dependent version 

(TDDFT) [S5]. The quantum simulations were performed in FIREFLY software version with B3LYP 

and DGDZVP basis set [S6, S7]. 
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A plasmon-assisted covalent grafting of MXene flakes with C6H3(CF3)2 radicals generated from 

corresponded iodonium salt cations is proposed, and led to increasing of MXene stability and oxidation 
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