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Abstract

Two-dimensional (2D) carbides and/or nitrides (so-called MXenes) are among the
latest and largest family of 2D materials. Due to their 2D nature and their unique
properties of hydrophilicity, good metallic conductivity and structural diversity, these
materials are intensively studied for sensing applications or as supports for nanomateri-
als toward, e.g., plasmonics, catalytic or energy storage applications. For these poten-

tial usages, the extent to which the electronic properties of MXene sheets are modified



upon functionalization or intercalation is critical, and an optimized non-destructive
probing of the interaction between MXene layers and functionalization is important to
be determined. Here, these issues are addressed using a combination of first principle
simulations and electron energy loss spectroscopy (EELS) experiments performed at
the nanoscale on TizCseT, and TioCT, MXene multilayers, where T are the surface
functionalization groups. Based on a detailed analysis of the carbon and surface groups
K edge fine structure, we show that the C-K edge is an ideal marker for surface in-
duced electronic structure modifications in the Ti,11C, conducting core. These results
highlight how a nanometer scale impurity can very locally interact with a TizCeT,
multilayer and modify its electronic structure. This approach allows to discriminate
between surface and core alteration of the TizCs T, layers. Finally, the higher sensitiv-
ity to surface states of the Ti,1C,, conducting core in Ti,CT, as compared to TizCo T,
is discussed. We expect these results to offer an approach for understanding MXenes’
behavior, and especially characterize their interactions with other nanomaterials when

used in composites.

Introduction

In the growing world of 2D materials, transition metal carbides and/or nitrides - so-called
MXenes (M standing for a transition metal and X standing for C and/or N) - have raised
considerable interest in the scientific community since their discovery in 2011.%2 This large
family of 2D systems occupies a special place in materials science for at least two reasons.
Firstly, these materials combine high conductivity and hydrophilicity,®* with utmost benefits
for many applications involving aqueous media, % requiring good electronic properties, 1% or
easy processing.!! Secondly, MXenes are obtained from the exfoliation of the A-element lay-
ers (mainly from columns 13 and 14 of the periodic table) from the so-called MAX phases'? -

a 150-plus member family of layered ternary carbides or nitrides with chemical composition

M, +1AX,, (n=1-3)-,'? thus offering considerable opportunities in terms of chemical compo-



sition modulations. In addition, depending on the value of n in the parent MAX phase, the
corresponding M,,1X,, single sheet thickness can be adjusted from three to seven atomic
layers, giving direct opportunities to probe the structure/chemistry /properties relationship
in this class of materials. As such, by changing the MAX phase precursor composition (i.e.
the M or X elements) or structure (i.e. the value of n), one can obtain a large number of
different MXenes with markedly different physico-chemical properties. 46

Another key feature in designing the MXene properties is the possibility to modify their
surface functionalization groups T (i.e. T = -F, -OH, -O or -Cl), which are usually inherited
from the exfoliation step of the M,,,1AX,, phases, and lead to the following formula for the
MXenes: M, 11X, T, (x = 2). From the electronic structure point of view, these surface
groups being directly bounded to the transition metal atomic layer, they modify the M d
band occupation'” and induce a dramatic effect on the MXenes’ electronic or magnetic prop-
erties. % The crucial role of the surface groups and the fundamental importance of their
chemical nature has been demonstrated recently by showing that fully Cl, S or Se termi-
nated NbyC exhibit superconductivity bewteen 4.5 and 6.4 K.?° As a result, a huge interest

21-24

exists to characterize and control the MXene surface structure/chemistry, either during

25-28 or via post-treatments in order

the etching process using different etching protocols,
to control the MXene properties or induce new functionalizations. Understanding how the
MXene surface affects the MX conducting core is also extremely important when designing
MXene-based composites where MXenes can be used as conducting matrices.? In that re-
spect, the non-selective van der Waals interactions have been shown to play a positive role in
the homogenous dispersion of transition metal oxide nanostructures on TizCy nanosheets,?°
whereas the strong interaction between a layered cobalt double hydroxide (Co-LDH) and
its MXene support has been reported to be key for the electrocatalytic performances of
Co-LDH@Ti3C, composites.3!

Although of fundamental and practical interest, direct experimental evidences of the role

of the MXene surface functionalization on their intrinsic electronic properties are far from



easy to obtain. One reason is the highly reactive surface of MXenes that lead to undesired
modifications in poorly controlled atmospheres. Another reason is the complexity to cor-
relate the changes observed in properties measured on a macroscopic scale (e.g. electrical
conductivity) with structural considerations requiring to go down to the single flake or atomic
level. In particular Sang et al.,?? by combining atomically resolved STEM imaging with DF'T
simulations and conductivity measurements performed at the single flake level, have shown
that the density of Ti vacancies induced by the etching process in TizCy'T, layers do not
significantly affect their metallic character and that the number of layers in a Ti3CyT, mul-
tilayer has an effect on their conductivity. In this context, transmission electron microscopy
(TEM) offers very interesting opportunities as it allows to analyze the MXenes structure in
high vacuum, probing surface changes through in situ thermal annealing or electron beam

irradiation for instance, 3334

while characterizing the induced structural modifications using
both imaging and spectroscopy techniques. Specifically, electron energy loss spectroscopy
(EELS), which is extremely relevant in the study of light elements, can be used to investigate
the T-groups desorption by focusing on the F-K and O-K edges. In addition, the fine struc-
ture at these edges reflect the unoccupied electron density of states (mainly p symmetry)
projected on the corresponding atoms, and give access to the electronic structure of the ma-
terial. With these possibilities, the correlation between T-groups desorption and changes in
the electronic conductivity,®* or plasmonic properties3® of MXene flakes have been recently
evidenced, in agreement with earlier theoretical predictions.?%

In this study, we expand the understanding of the role of surface defects (i.e. T-groups
vacancies or disorder, adsorbed species) on the electronic structure of Ti-based MXenes using
(Scanning) TEM-EELS. This issue, together with the functionalization, is very general to 2D
materials.>3® We focus on two benchmark MXenes, namely TizCyT, (the most studied
MXene to date'*) and TiyCT,, which differ mainly from their elementary thickness (5 and

3 atomic layers in the MX core respectively). By revealing the information contained in the

T-K or C-K edge fine structure using first-principles simulations (density functional theory



(DFT)), we obtain a direct analysis of the way the chemical bonding of these elements is
altered when modifying the MXene surface. Here, we show that the C-K edge is a very
effective probe to investigate surface disorder: it allows separating the role of surface defects
(whether intrinsic like T-vacancies or disorder, or eztrinsic like adsorbed impurities) from
core defects on the electronic structure of the material. In particular, we emphasize how the
C-K edge can be used to define the interaction between adsorbed species or nanomaterials
and a TizCyT, support, which is a result of utmost relevance in the study of MXene-based

3l and to determine the defects induced by different etching environments on the

systems,
MX core. Finally, we discuss the higher sensitivity to defects of the Ti,;;C,, conducting
core in Ti,CT, as compared to Tiz3Cy;T,, with possible important repercussions for sensing

applications.

METHODS

DFT simulations Simulations of C-K, O-K and F-K edges were performed using density
functional theory (DFT) calculations. The WIEN2k code, based on the full-potential (lin-
earized) augmented plane-wave plus local orbitals method, was used.***! Calculations were
performed in the generalized gradient approximation using the GGA-PBE exchange and
correlation functional.*? The basis set convergence was achieved using a Rjs7.Komae product
of 8, with R/ the smallest atomic sphere and K,,,,, the plane wave cut-off. The magnitude
of the largest vector in the charge-density Fourier expansion, Gmax was set to 14. The
amount of k-points in the first Brillouin zone was set to 1500 for all cases, leading to 100-150
k-points in the irreducible Brillouin zone depending on the crystal cell. These three param-
eters were well converged. In particular, for the considered experimental broadening of ~ 1
eV, more stringent convergence threshold values lead to identical spectra. The sizes of the
Muffin-Tin (atomic sphere) radii were changed from one termination to another depending

on the interatomic distances; these sizes are given in Table 1. The TizCyTy MXene struc-



ture was described in the P63/mmc space group (similar to the parent MAX phase) for all
calculations with the following unit-cell parameters (determined from a previous study):43
a=b=3.058 A and ¢=19.59 A. The Wyckoff positions of the atoms for Ti;CsFy were: one
titanium atom in the 2a position (0;0;0); one titanium atom in the 4f position (%;%;zﬂs),
with z7;s —=0.119727; one carbon atom in the 4f position (%;%;zc), with zc=0.565283; and
one fluorine atom in the 4e Wyckoff position (0;0;zr), with zr =0.183167. When the surface
terminations were changed to oxygen or vacancies, a relaxation of the atomic positions was
done using WIEN2k keeping the space group and the cell parameters constant. For the
Ti,CTy MXenes, the structures given by Xie et al.*! were used. The MXenes are single

layers separated by 20 A of vacuum. The Muffin-Tin radii are also given in table 1.

Table 1: Atomic sphere radii for all elements in the different simulations (given in bohr
units).

| Riir  BSr Rir By
TisCoF, | 208 174 198
TisC0, || 1.95 1.83 1.77
TisCoF10y | 195 176 1.94 1.77
Ti,CF, | 206 1.75 1.96
Ti,CO, || 1.95 185 1.77
Ti,C || 217 177

Concerning the description of mixed surface terminations, the Ti3CyT, system was either
described using the crystal structures described before when the virtual crystal approxima-
tion was used, or considering 2x2x1 supercells (the supercells were also used when investi-
gating the role of vacancies). For the supercells, and in order to save computational time,
the VASP %546 software based on the projector augmented wave method was used for struc-
tural relaxations, keeping the unit cell parameters constant, with forces converged below
0.01 eV/A. The PAW atomic configurations were 2s2 2p? for C, 252 2p® for F, 2s? 2p* for
O and 3s23p°® 3d? 4s? for Ti. The energy cut-off restricting the plane wave basis set was
converged to 700 eV. A 22x22x3 k-point mesh was used to sample the first Brillouin zone

using a Monkhorst-Pack grid. The atom equilibrium positions were checked regarding forces
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after SCF calculation using WIEN2k.

The TELNES program*” implemented in WIEN2k was used to simulate the EEL spectra.
The program allows calculating the double differential inelastic scattering cross section in a
fully relativistic approach taking into account the different experimental parameters (e.g.,
zone axis, collection angle, acceleration voltage). Unless specified otherwise, the simulations
of the K edges of the different elements were performed in the final state approximation,
i.e. considering a core hole on the excited atom. To avoid the interaction of the core hole
with its repeated image due to periodic boundary conditions, 2x2x1 supercells were also
necessary. As the excited atom is treated as an impurity, the resulting space group is P3ml.
Local Orbitals with a linearization energy of 2 Ry above the Fermi energy were used in
order to get a better description of the inelastic scattering cross section at high energy. The

simulations were aligned to the experimental energy scale.

Sample preparation The Ti,,,C,T, samples were prepared by etching the aluminum
from the Ti,;1AlC,, MAX phase powders as described in the supporting information-section
1 for the HF-pyridine process and our previous papers.?226 After synthesis, the MXene
were dried and stored in glove box under Ny atmosphere. The TEM samples were either
prepared by directly collecting the MXene powders on a TEM copper grid covered with lacy
carbon films, or by first dispersing the MXenes in pure water before depositing a drop of
the suspension on a TEM grid. The Ti,;C,'T, MXenes are then probed with basal plane

perpendicular to the electron beam.

(S)TEM experiments Except for the data of Figure 4, the EEL spectra were recorded
in TEM image mode using a JEOL 2200FS transmission electron microscope equipped with
an in-column omega filter, operating at 200 kV and using collection semi-angles ranging
from 2.5 to 7 mrad. The zero-loss peak full width at half maximum was around 1 eV.
The thickness relative to the inelastic mean free path of the electrons was below 0.3 for

the probed MXene multilayers. For core spectra, the beam focalization was adjusted to



optimize the signal to noise ratio while limiting the irradiation damages. The probed area
were approximately 0.01 to 0.1 um?. In these conditions, no evolution of the EEL spectra
is visible from irradiation induced damage. In order to get spatially resolved information,
the STEM-EELS data of Figure 4 were acquired at 300 kV using a FEI Titan ETEM G2
equipped with a GIF-tridiem spectrometer, and achieving a very similar energy resolution
of 0.9 eV. The spectrum image (SI) was acquired over 130 nm, 21x21 px?, with a dwell
time of 0.5 s/px. In these conditions, no degradation of the sample was observed during
the acquisition of the EEL spectra in STEM mode. All spectra were background subtracted

using an inverse power law and deconvolved from multiple scattering when necessary.

Results and discussion

Although the C-K edge in Al-based MAX phases has been shown to be insensitive to the Al
layers, 19 thus giving a direct picture of the electronic structure of the MX layers, the C-K
edge in TizCyT, is clearly sensitive to the functionalization of the MXene sheets and, as a
consequence, to surface effects. As an illustration, Figure 1-a gives a comparison between
different C-K edges simulated considering a TizCy multilayer (ML) in which the MXene
sheets are either functionalized with -F, -O (the T groups being considered in the most
stable position, i.e. pointing towards the volume titanium atom Ti, - see the structural

244344 or not functionalized. It clearly attests the strong impact of the

model in Figure 1-a)
nature/presence of the T-groups on the first peak A, and the much smaller effect on the
other peaks (labelled B to D). OH terminations were not considered here since it has been
shown to give results very similar to F terminations.?? Since it is well known that the inter-
layer distance in MXenes can significantly vary depending on the nature of T and inserted

26 equivalent

cations, the relative humidity or the drying conditions used after synthesis,?
simulations were also performed on single layers in order to consider the two extreme cases

in terms of structural description. Although the stacking influences the intensity of peak A



in TizCsoFy, it has a smaller effect on TizCyO9 and no effect on TizCs. As a consequence,
any possible difference in interlayer distance arising from stacking effects cancels out when
considering a mixture of terminations, a situation much more relevant for the comparison
with experimental spectra. This is shown in Figure 1-b where the C-K edges simulated for
a carbon atom below a MXene surface functionalized with 25%F/75%0O or above a surface
functionalized with 75%F /25%0O are given. These simulations were obtained considering ei-
ther stacked MXene sheets or single layer: in each case no major difference appears between
the two structural models. In addition, these spectra confirm the sensitivity of the C-K edge
in the energy range of the peak A (highlighted in grey) to changes in the surface configura-
tion of the MXene layer. Indeed, the simulations for a carbon atom below the 25%F /75%0
surface differs from that obtained above the 7T5%F /25%0 surface only in the energy range
corresponding to this peak.

As mentioned previously, using a single termination is oversimplified in the MXene de-
scription and different mixings between the T-groups (considering z = 2 in the MXene
composition, which corresponds to a complete surface saturation) have been considered.
The resulting simulations, and corresponding experiment, are given in Figure 1-c where the
F/O ratio has been changed from 3 to 1/3. The disorder has been simulated considering the
virtual crystal approximation (VCA) in which the O/F mixing is modeled by considering a
virtual T atom of effective atomic number representing the average O/F composition, 8.5 for
50%F /50%0 for instance. The validity of the VCA to simulate the role of surface mixing on
the C-K edge can be understood from the fact that the T-groups have a very small contri-
bution around the Fermi level and in the unoccupied bands (see the electronic densities of
states, DOS, given in supporting information-section 2). Since, the C-K edge is a probe of
the projected unoccupied C-p DOS, and since the electronic structure above Ex is dominated
by the Ti-d states, the description of the surface disorder in terms of the VCA is reliable
to discuss this particular energy range of the electronic structure of the material. As an

illustration, the comparison between the total DOS of the Ti3CyOF system as obtained from
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Figure 1: (a) DFT simulations of the C-K edges for different surface terminations: Fy (black),
O, (grey), and without terminations (orange). The structural model corresponds to a unit
cell containing two sheets with a unit cell parameter ¢ — 19.59 A and described in the
P63 /mmc space group (see the inset corresponding to a 3x3x1 supercell). All structural
models were drawn using the VESTA software.”® (b) Comparison between the C-K edges
simulated for a mixture of terminations (25%F /75%0O or 75%F /25%0) on the two sides of
a MXene sheet. Blue: C-K edge for a carbon atom just below the 25%F /75%0 surface in
a multilayer (full line) and corresponding calculation for a single layer (dashed line). Red:
C-K edge for a carbon atom just above the 75%F /25%0 surface in a multilayer (full line)
and corresponding calculation for a single layer (dashed line). In order to save computational
time, these calculations were performed without considering a core-hole. (¢) Top - Typical
experimental C-K edge recorded on a TizCyT, multilayer obtained from HF exfoliation of
Ti3AlCy powders (see ref.?? for the synthesis protocol). Bottom - Evolution of the fine struc-
ture at the C-K edge for a mixture of -F and -O terminations as obtained considering the
virtual crystal approximation (VCA). (d) Evolution of the interatomic distances in the MX-
ene sheet determined after structural relaxation in the VCA and corresponding to different
F/O ratios (given in % of fluorine).
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the VCA and from a 2x2x1 supercell where O and F atoms are explicitly treated is given in
supporting information (see figure S2): it appears clearly that the main difference between
these two DOS is at the bottom of the valence band, where the O and F states dominate,
and that they are very similar above Er. As a consequence, the C-K edges obtained for the
Ti3CoOF composition considering either the VCA or a supercell approach are very similar
as evidenced in figure S3 of the supporting information, justifying the use of the VCA as a
relevant approach in the present study.

Considering a mixture of O/F provides a very good description of the experimental
spectra given in the upper panel of Figure 1-c. Specifically, these calculations extend our
previous conclusions: any intensity change in structure A is a clear marker of surface disorder
and gives a direct correlation with induced electronic structure perturbations within the MX-
core. In the present case, increasing the O-content on the MXene surface leads to a decrease
in the intensity of peak A. In addition, the C-K edge given in the upper panel of figure 1-c is
very similar to the one published in ref.,?? with only a sligth increase in the intensity of peak
A in the present spectrum. We interpret this variation as another evidence of the sensitivity
of peak A to inhomogeneities in the surface coverage of different MXene flakes.

The decrease of the calculated intensity for the peak A in the Ti3Cy(O,F,) system can
be understood considering the evolution of the interatomic distances in the sheet. The
evolution of the Ti,-T (where Tig are the Ti atoms on the surface of the layer - see the
structural model in Figure 1-a), Ti,-C and Ti,-C (where Ti, are the titanium atoms in the
center of the sheet) distances is presented in Figure 1-d. From a 100 %-O to 100 %-F surface
composition, these distances evolve as follows: dp;s_r increases by 8.3 %, dr;,_c decreases
by 6.5 % and dr;,_c changes only by -0.8 %. Oxygen terminations thus tend to pull the
Tis towards the surface, the bonding between Tig and C is then modified depending on the
average surface functionalization. As a consequence of these changes in the Ti,-C and Ti,-C
distances, the hybridizations between these atoms are modified. As an illustration, figure 2-a

shows the hybridization schemes between the C-p states (those involved in the C-K edge)
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and the Ti states (predominantly d states), which dominate the electronic structure around
Ep, in TizCoFy (left) and TizCeO4 (right) as revealed by the unoccupied DOS up to 20
eV above Er. This energy range covers the C-K edge up to the structure B identified in
figures 1-a and c. For both Ti3CyFs and TizCs0Osq, the C-p unoccupied DOS mimics rather
well the simulated EELS spectra in this energy range since one can clearly identify peaks
A and B as well as the shoulders A; and A, of figure 1-c. That the relative intensities are
not exactly the same as those obtained in the simulations of the spectra is likely due to the
fact that the EELS spectra were obtained considering an energy dependent broadening to
mimic excited states lifetime effects, that EELS spectra properly weight the p,/p, and p,
contributions to the EELS signal which is not considered in the DOS calculations and, that
the core-hole was not considered in the DOS. Inspection of the left part of figure 2-a shows
that peak A mainly corresponds to hybridizations between the C-p states and the surface
titanium d states in TizCoFy. When replacing F with O, since the Ti,-C distance increases
whereas the Ti,-C distance is unchanged, the hybridizations of the C states with the Ti,
states are reduced in favor of the hybridizations with the Ti, states: the C-p states involved
in peak A are thus redistributed towards the energy ranges of the shoulders A; and As,
which correspond to local maxima in the Ti, DOS of TizCy05. Consequently, the spectral
weight corresponding to peak A is redistributed on a larger energy range and its maximum
intensity is reduced in TizCy04 as compared to TizCyF5. In addition, the intensity of peak
B is slightly increased in TizCs0O4 so that the intensity ratio between peaks A and B is close
to one in TizCyOy whereas it is greater than one in Ti3CyFs, explaining the evolution in
the intensity of the simulated EELS spectra in figure 1-c. From this analysis, the relative
intensity between peaks A and B is thus characteristic of the hybridizations between the C-p
and Ti, or Ti, states, these changes being also directly related to modifications in the Tigs-T
groups bonding.

Since the Tis-d states dominate the electronic structure around the Fermi level (Ep) in

TizCyT,,* detecting such a modification of the intensity of peak A most probably provides
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an evidence for the modification of the electronic properties of the TizCyT, flake. As an il-
lustration, Figure 2-b provide the total atomic DOS of the Tig atoms calculated for TizCyF,
Ti3Cy04 and the different O/F ratios as described in the VCA: modifying T has a strong
impact on the conduction band of the MXene with a significant shift of the first peak above
Ep from 0.8 to 1.3 eV, together with a significant decrease of intensity (see the blue arrow).
The same evolutions are observed on the total DOS. This peak plays a major role on the
MXene optical properties since it has been shown to be involved in an interband transition
drastically affecting the optical conductivity of TizC, in the visible range.*® Figure 2-c illus-
trates how the total DOS at the Fermi level is also significantly modified due to changes in
the surface functionalization chemistry: it is increased by a factor of approximately 2 when
going from TizCy04 to TizCsoFy, an indication for a significant change in the charge carrier
density of the MXene layer. These results clearly highlight the importance of being able to
identify modifications in the Ti;-d bands on a local scale using the C-K edge as a marker.
In addition to tailoring the T-groups composition on a MXene surface, the selective
desorption of surface groups, e.g., using thermal annealing in different conditions or exposure
to reducing gases, to modify the MXene electronic properties, surface reactivity or graft new
functional groups is also a very active research field.?33%52 Here again, simulations show
that the fine structure at the C-K edge is a very relevant probe, evidencing sensitivity to
surface vacancies through significant changes in the intensity of peak A, as shown in Figure
3-a for Ti3Cy0,. Very similar results are obtained for Ti3CyF,.?! One can also notice that
almost no change is observed in the C-K edge fine structure at higher energy, confirming peak
A as a clear marker of surface modifications, while the remaining part of the spectrum is
characteristic of the inner electronic structure of the MX sheets. From a general point of view,
the F-K and O-K edges are paradoxically not more sensitive to surface disorder than the C-K
edge is. This is illustrated in Figure 3-b, where the O-K edges calculated for the very same
structural models as those used in Figure 3-a show that O-vacancies only noticeably affect

the O-K edge for a high amount of vacancies, 75% in our simulations, similar trends being
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Figure 2: (a) Comparison between the total densities of states (DOS) of the surface titanium
(Tis - red line), volume titanium (Ti, - blue dashed line) and carbon atom-p (black line)
DOS in the 20 eV just above the Fermi energy (Ep) for (left) TizCyFy and (right) TizCyOs.
On the right figure, the C-p DOS calculated for TizCsF5 have been added for comparison
(grey thin dashed line). Features corresponding to the peaks A, A;, Ay and B of figure 1-c
are identified. The C-p DOS is multiplied by a factor of 25 to be plotted on the same scale as
the Ti DOS and a 0.7 eV gaussian broadening was applied to the DOS in order to mimic the
experimental resolution. (b) Tiy DOS for an energy range of 3 eV around the Fermi level for
TigCQFQ (black line), T1302F1.5OO.5 (Blue dOtS), T13CQFO (green dashed line), T1302F0.501.5
(red line) and TizCy04 (grey line). (c) Total DOS from -0.4 to 0.4 eV around the Fermi
level. Energies are taken with respect to Ep.

14



obtained at the F-K edge. This is in complete agreement with experimental data showing
no major evolution of the fine structure at the F-K edge upon desorption induced by n situ
TEM annealing.?® Very similarly, the F/O mixing has a rather small effect on the O-K and
F-K fine structure as shown in Figure 3-c and d respectively, where two kinds of mixtures
described with supercells) are considered: 25%F /75%0 and 25%0/75%F. The calculations
at the O-K and F-K edges lead to similar fine structure, very close to what is obtained for
the corresponding ideal system in both cases (i.e. TizCyO9 or TigCoFs respectively - black
lines), and in very good agreement with experimental data (grey lines). A slight shift of the
peak labeled C in the F-K edge is visible, which is attributed to core-hole effects as described
in supporting information-section 3.

Beyond determining the role of the surface functionalization disorder on the electronic
structure of the TiC core in TizCyT,, the C-K edge can also be used to understand the
effect of extrinsic surface perturbations like, e.g. surface impurity (like the Ca-rich impurity
discussed below) or intercalated molecules resulting from the etching process. The informa-
tion present in the C-K edge can also largely be extended to the characterization of MXene
sheets used as substrates in composites designed for diverse applications,®' when investi-
gating MXenes for sensing applications or when focusing on the intercalation processes. In
the former case, the interaction between the MXene and the deposited nanomaterials high-
lights the intended synergistic effect at the heart of the optimization strategy in designing

31,53 and thus appears as a key issue. As an illustration of the way the interac-

composites,
tion between nanomaterials and MXene sheets can be evidenced on the nanoscale, Figure
4 presents the electronic structure perturbation induced in a few layers TizC,T, MXene
(LiF /HCI etchant, see ref.?” for the synthesis protocol) by a calcium-rich impurity. In this
sample, a spectrum image (SI) has been recorded in the orange marked area of Figure 4-a.
The SI, given in Figure 4-b clearly highlights a brighter area, identified by a ~15 nm side

grey square, which evidences the presence of a Ca-rich impurity on or inside the MXene

multilayer at this location, as revealed by the presence of the Ca-Ls 3 edge in the grey spec-
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Figure 3: (a) Simulations of the C-K edges of different carbon atoms in a TizCyO, multilayer
having different oxygen vacancy contents on each surface. Results correspond to C atoms
just below surfaces with 100% (orange), 75% (green), 25% (blue), 0% (red) oxygen vacancy
(see the structural model in the center). The black curve corresponds to the reference
spectrum calculated on a TizCyO9 multilayer. (b) Equivalent simulations performed at the
O-K edge on the same structural model as in a). (¢) Simulations of the O-K edges for oxygen
atoms on the different surfaces in a TizCq(O,,F, )2 multilayer built on sheets having one
25%F /75%0 surface (purple) and another 75%F /25%0 (orange) (see the structural model
in the center). The O-K edges obtained for each one of these surfaces are compared to
the reference spectrum obtained for a TizCy09 system and a typical experimental spectrum
obtained on an HF-exfoliated sample.?? The experimental spectrum is vertically shifted for
sake of clarity. (d) Equivalent to (c) but considering the F-K edge.
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trum in Figure 4-c. The corresponding Annular Dark Field micrograph (given in the bottom
part, of Figure 4-b) does not evidence such a contrast because of the similar atomic number
between Ca and Ti. Focusing on the C-K edge recorded at the position of the Ca-rich impu-
rity, the peak A intensity drops 15 % (see the grey arrow) as compared to the average C-K
edge obtained over the entire SI (blue curve) or to a spectrum collected on a clean part of
the sheet (green square). Very importantly, the fine structure at higher energy (labelled B,
C and D) is not sensitive at all to this surface perturbation. Beyond the confirmation that
the first peak at the C-K edge is a very sensitive marker of the surface induced electronic
structure modifications of the MXene sheets, these data show that the electronic structure of
a MXene layer can be modified by the interaction with nanomaterials. In the present case,
the interaction between the Ca-rich impurity (probably CaF, since the F content increases
on the impurity whereas the O-content remains constant) and the MXene sheet is strong

enough to perturb the C-p/Ti,-d hybridizations discussed previously.

Average over the SI _
Clean area (22 pixels)

270 280 290 300 310 320 330 340 350 360 370

Energy loss (eV)

Figure 4: (a) STEM-ADF micrograph of the investigated ML-TizCy T, stack obtained using
a 300 kV electron beam. (b) Top: Spectrum image (SI) recorded on the orange area marked
in (a) and integrated over the energy-range 120-730 eV, indicating a Ca-rich impurity (in
grey) on the MXene. Bottom: corresponding STEM-ADF micrograph, where Moiré fringes
are visible. (c) C-K edges extracted from the SI in the Ca-rich region (grey), on a clean area
(green) and compared with the average obtained over the entire SI (blue).

17



The extent to which such a 15% intensity drop of peak A reflects on the modification of the
electronic structure is challenging to quantify. For this objective, we focus on the variations
at the C-K edge observed in ML-Ti3C, T, synthesized using different etching conditions, the
etchant being known to affect the density of defects in MXene sheets.?”*? We compared the
electronic structure of a ML-MXene exfoliated using an anhydrous HF-pyridine etchant (see
supporting information-section 1 for the description of the synthesis protocol for this sample)
to three reference ML-Ti3Cy T, obtained with the HF-48%, LiF-HCI, and FeF3/HCI etching
processes (see reference?® for the synthesis protocols). The corresponding experimental data
are given in Figure 5-a. Focusing first on the HF, LiF-HCI, and FeF3/HCI samples, one
observes that they are very similar, in agreement with previous spectra reported for the
same etching processes.?® Small variations of the peak A intensity are visible: they can be
attributed to the variability of surface coverage of the MXene flakes as a function of the
etching process. The comparison clearly highlights the marked difference with the spectrum
collected in the HF-pyridine sample where the investigated flakes were highly damaged. The
fine structure is modified over the entire C-K edge with a 18 % decrease of peak A intensity,
a significant broadening of structure B/B’ and a significant intensity loss in peaks C and
D. The fact that the entire C-K edge is modified reveals a very significant alteration of the
Ti3Cs skeleton in these flakes. This is confirmed in the low-loss spectra given in Figure 5-b,
which reflect the electronic excitations of the valence electron gas: the peak characteristic of
the TiC octahedra (grey dashed line) is significantly reduced in the HF-pyridine sample as
compared to the other samples, confirming the degradation of the TiC octaedra. Considering
the HF-pyridine sample, a very significant alteration of the TiC-core is thus associated to 18
% drop of the peak A intensity, this drop being very similar to that induced by the Ca-rich
impurity on the MXene surface (i.e. 15 % - see Figure 4). In conclusion, these results provide
a direct evidence that the electronic structure modifications induced by the interaction of
the Ca-rich impurity with the MXene surface has a significant impact on the MXene flake

electronic structure and related properties. Finally, one can observe a gradual increase of the
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broadening of the structures B/B’, C and D with the harshness of the etching protocol, i.e.
when going from the least agressive LiF /HCI to HF, and finally the harshest HF-pyridine.
We thus propose the broadening of the high energy part of the C-K edge as a qualitative
marker of the density of defects induced in the MXene sheet core by different etchants, in
agreement with a recent report.?” It is also quite remarkable to observe that the width of

the peak A is almost unchanged.
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Figure 5: (a) Comparison between the C-K edges recorded in a damaged ML-Ti3CyT, exfo-
liated using HF-pyridine (blue line) and three reference spectra taken from samples obtained
by the exfoliation of TizAlC; using, HF (black line), LiF /HCI (red line) and FeF5/HCI (green
line). Spectra were recorded in similar conditions, at 200kV. Inset: N-K edge recorded in
the HF-pyridine sample and evidencing the presence of nitrogen within the MXene-ML. (b)
Corresponding low-loss spectra. The peaks corresponding to the main characteristic exci-
tations of the valence electron gas are highlighted: an interband transition characteristic of
surface groups (red dashed line),*® a signature characteristic of the TiC octahedra layers
(grey dashed line), and the bulk plasmon (black dashed line).

The spectrum given in the inset of Figure 5-a shows the presence of nitrogen in the
HF-pyridine sample, which most probably reveals the intercalation of pyridine molecules in
between the degraded MXene sheets. The intensity drop of peak A can thus also be exacer-
bated by inserted molecules interacting with the surface of the sheets. These measurements

show how, depending on the etching process, the intercalation of molecules can significantly
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alter the MXene electronic properties. This finding is in line with the data published by
Halim et al.,? where the authors showed that NH} /NH3 intercalated in TizCyT, thin films
most likely interact with the MXene surface.

One key feature of MXenes materials is the possibility to change their elementary thick-
ness by changing the MAX phase precursor. The thinnest sheet, Ti;CT,, is expected to be
more sensitive to surface perturbations than Ti3CyT,, since all titanium atoms are directly
bonded to surface groups (see the structural model given in Figure 6-a). This prospect is
confirmed by the experimental results given in Figure 6, where the electronic structure of
a ML-Ti,CT, flake, shown in the micrograph in Figure 6-b, has been investigated on two
different areas focusing on the low energy-losses, as well as the O-K and C-K edges. Working
at the single flake level allows minimizing artifacts regarding, e.g., sample aging or data pro-
cessing such as deconvoluting thickness effects in the EEL spectra. The two zones of interest
in Figure 6-b are identified by the blue and orange circles and labeled 1 and 2 respectively.
In the low energy-loss spectra given in ¢, which are characteristic of the valence electron gas
excitations, no difference can be seen between the two areas: the spectra are superimposable,
a situation markedly different from that reported in Figure 5-b. Following the analysis given
previously for TizCyT,, one can conclude that the TiC skeleton quality of the Ti,CT, layers
is very similar in both areas, although probably not perfect as evidenced by the inhomoge-
neous contrasts and small dark regions observed in the micrograph in Figure 6-b. Contrary
to the similarity of low energy-loss spectra, significant changes at the O-K edge (see Figure
6-d) reveal inhomogeneities on the TiyC surface between the two zones: one can observe
changes in the main peak A intensity together with a 1 eV energy shift as emphasized in the
inset. Although the detailed evaluation of the surface structure of this material is beyond
the scope of this study, such an intensity variation linked to an energy shift is in line with
the evolutions reported in Figure 6-e, which shows the O-K edges simulated for Tio,CO, and
TioC(OH)s, single layers: the intensity of peak A decreases and the maximum shifts to higher

energy when going from T = O to T = OH. Since the experimental spectra reflect a situation
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averaged between the two ideal simulated structures, the fact that the evolution observed

experimentally is less pronounced than the one computed is reasonable.
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Figure 6: (a) Comparison between the structure of a TizCyT, and Ti,CT, single layer.
(b) TEM micrograph of the investigated ML-Ti,CT, flake obtained from the exfoliation of
Ti,AlC using the FeF3/HCI etchant:?® the zones 1 and 2 on which the different spectra given
in (c), (d) and (f) were collected are highlighted in blue and orange, respectively. (¢) Low-
loss spectra, (d) O-K edges and (f) C-K edges collected on zones 1 (blue) and 2 (orange). In
(f), a simulation obtained on a Ti,CF; single layer (black line) is also given. (e) Simulation
of the O-K edge for a single Ti,CT, layer (see the structural models in (a)) functionalized
with T = O (grey) or OH (black).

In agreement with the changes observed at the O-K edge, large changes at the C-K edges
are evidenced in fig. 6-f. The intensity of peak A drops about 25 % when going from zone 2
to zone 1, which can be seen as a major difference when compared to the 15 % intensity drop
observed at the edge onset in Ti3Cy T, (see Figure 4), and discussed previously. In addition,
contrary to the evolution reported in Figure 4-c, where only structure A is modified, the
entire spectrum changes in Ti,CT, with, for instance, an intensity drop of structures C and
D. We interpret these changes as evidences for the high sensitivity of the Ti,C layers to

surface inhomogeneities as compared to TizCyT,. This is confirmed by the simulations of
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the C-K edges performed for different T in Ti;CTy, given in supporting information-section
4, which highlight the strong sensitivity of the whole fine structure at this edge to the nature
of T.

The simulation of the C-K edge in the Ti;CFy system is reported for comparison to
the experiment in figure 6-f (it is similar to that obtained for TioC(OH),, see supporting
information section 4 for the simulations corresponding to the other compositions). The
overall agreement with the experiment is rather good since all the peaks from A’ to D are
reproduced at the same energy positions when compared to the experiment. However, clear
differences in terms of intensity ratios can be identified between the simulation and the
experiments. First, the intensity of peak A, as compared to the other peaks, is much more
important in the simulation. This is probably due to a combination of different factors
including: (i) the fact that considering ideal functionalization, i.e. Fs in the present case,
is a crude approximation to the real situation where Ti;C sheets are functionalized with a
mixture of F, OH and O. (ii) The intensity of peak A in the experimental spectra is very
sensitive to all kinds of disorder in the MXene multilayer as evidenced by the comparison
between the C-K edges collected in zones 1 and 2: since the simulations are performed on
ideal systems, it is not surprising to see such an intensity overestimation in the simulation.
Concerning the peaks B to D, they are broader and less resolved in the experiments as
compared to the calculation; this is quite different from the situation observed in Ti3CyTy
(see figure 1) and at the O-K edge (see figures 6 d and e). This broadening is again consistent
with the observed sensitivity of the C-K edge to disorder in Ti,C (which is not considered
in the simulations) and is in line with our general conclusions concerning the sensitivity to
disorder of the MX core in the Ti,C system.

In terms of applications, although surface-induced modifications of the MX electronic
structure could be detrimental when using MXenes as conductive supports in composites,
maximizing the sensitivity of the conducting TiC layer to surface events is key to sensing

applications.!'? In this context, the higher variability at the C-K edge in Ti,C as compared
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to Tiz3Cy due to surface inhomogeneities, can be interpreted as an evidence for the fact that
the TiC conducting sheet is more sensitive to surface perturbations in Ti,C than in TizC,.
This is consistent with the fact that all the titanium atoms are on the surface of the MXene
layer in TisC. In that respect, these results highlight the MXene’s elementary thickness
as an interesting lever to consider towards the optimization of these materials for sensing

applications.

Conclusion

In summary, we have shown by a detailed analysis of the role of surface disorder (i.e., T-
groups mixing, vacancies) on the C-K, O-K and F-K edge fine structure using first-principle
calculations, that the C-K edge can be used as a very clear marker of surface induced
electronic structure perturbations within the TizCs conducting core of MXene sheets. The
reason is that the C-K edge reflects hybridizations between the C-p states and surface or
volume titanium d states, and thus allows discriminating between surface and core disorder
on the nanometer scale. This result is very challenging to obtain by other techniques such
as incoherent imaging or diffraction due to the difference in atomic numbers between the M
and T elements. The here-provided analysis offers an approach for the clear determination
of MXenes’ surface disorder.

The relevance of these results is demonstrated by showing evidence of the interaction
between a Ca-rich nanometer-scale impurity and a ML-Ti3CyT,, with significant effects on
the MXene electronic structure. In this context, we propose the magnitude of variations of
the peak A intensity at the C-K edge onset as a probe of the strength of the interaction
between a nanomaterial and its MXene support. We expect this result to be of interest in
the definition of the interaction between MXene supports and deposited nanomaterials in
composites. Given that the origin of peak A is due to hybridizations with the Ti-d bands

which drive the electronic properties of Ti-based MXenes, significant variations at this peak
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imply modifications of the TizCy layer electronic structure and related properties. This result
is illustrated in the case of TizCqo(O/F) solid solutions where the reduction of the peak A
intensity when going from TizCyFs to TizCy04 goes together with a decrease of the DOS at
Er by a factor of two. This can be analyzed as a decrease of the charge carriers density by
a similar amount. However, generalizing this correlation between the intensity of the peak
A and the DOS around Ep to other situations (e.g. other types of surface configurations)
calls for further investigations. In a complementary way, we also point out how it is possible
to classify the C-K edge fine structure recorded on different samples in terms of structural
disorder by comparing the broadening of the fine structure, and correlate the density of
defects to variable harshness of the etchant in the present context.

Finally, the role of the MXene layer elementary thickness on the surface sensitivity of
the materials is discussed by comparing TizCyT, with Ti,CT,: in the latter, an increased
variability of the C-K edge at the multilayer flake scale is observed as compared to the former.
We interpret this fact as characteristic of the greater sensitivity of the electronic structure
of the TiC core to defects and/or inhomogeneities in TisCT,. This last point illustrates
the high interest that the scientific community can find in the large MXene family, where
the interplay between chemistry and structure can be optimized when looking for targeted

applications.
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