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Abstract

Two-dimensional (2D) transition metal carbides, nitrides or carbonitrides known as
MXenes form a class of inherently functionalized layers. The large variety of surface
terminations plays a pivotal role in MXene properties and governs the interactions with
their environment. In particular, numerical simulations suggest that these functional

groups could be key players in gas sensing applications (toward, e.g., humidity, volatile



organic compounds - VOC - or NH3) for which MXenes have been identified as highly
promising. Focusing on the benchmark TizCoTyx MXene (T being OH, O, F or Cl),
we here use electron energy-loss spectroscopy (EELS) in environmental transmission
electron microscopy (ETEM) to characterize in situ, and on the nanometer scale, the
selective interactions of different standard surface terminations with two model gases:
ethanol (a typical VOC) and water vapor. The quantitative analysis of the core-edges
fine structure, supported by density functional theory simulations, demonstrates the
much higher affinity of chlorine terminations toward ethanol than water vapor and
their superior response for ethanol as compared to oxygen terminations. In addition, the
analysis of the carbon K-edge brings evidence of the different modifications of the TizCq
conducting core electronic structure upon ethanol or water vapor adsorption, bringing
fundamental elements for the understanding of the different sensing mechanisms in
TisCoTy layers. Our results highlight the benefits of MXene surface engineering for
their rational design as gas sensors, as well as the high relevance of EELS in gas-phase

TEM to reveal the intrinsic mechanisms at play in gas adsorption on nanomaterials.

Introduction

Developing efficient gas sensing devices combining high sensitivity and selectivity, with fast
and reliable response, is key to many fields in our modern societies, including air pollution
control, food safety, or early disease diagnosis.!™ In such devices, the sensing material is
of utmost importance since it directly determines the operating principle (e.g., electrical,
optical, magnetic or gravimetric sensing) as well as the device performances.? In the field of
electrically transduced sensors, which currently receive huge interest for their reliability and
sensitivity, many different materials have been investigated thus far, including semiconduct-
ing metal oxides,! conducting polymers,® metal organic frameworks,® and two-dimensional
(2D) materials.™® The latter offer very interesting perspectives with high surface to volume

ratio, optical transparency, mechanical flexibility and functionalization ability among oth-



ers.” In addition, they generally rely on direct charge transfer with the analyte, allowing room
temperature operation.!? They are also highly promising for the development of wearable
and flexible sensors which are key elements in Internet of Things driven diagnostics.12 2D
transition metal carbides/nitrides, known as MXenes,'® have emerged as a very promising
class of nanomaterials for sensing applications.*'® This is especially true for the archetypal
member of this family, Ti3Cs Ty, which exhibits a very low detection limit for volatile organic
compounds (VOC) due to ultrahigh signal-to-noise ratio.'6

MXenes are one of the largest families of 2D materials, with more than 50 compounds
synthesized to date and many more predicted from simulations.!'” They exhibit a very large
range of adjustable properties because of the chemical richness inherited from their nanolami-
nated precursors known as MAX phases, '® and from which MXenes are obtained by chemical
etching.!® Their general chemical formula is M, X, T (n =1, 2 or 3 in most common cases
and x~2) where M is a transition metal (TM), X is carbon, nitrogen, or a combination of
both, and T are surface functional groups inherited from the exfoliation process, and usually
consisting of a mixture of O, OH, F, and/or C1.2° These groups play a key role on MXene
properties, for instance significantly affecting the M,, X, electrically conducting core, with,
among most spectacular effects, the possibility to promote a superconducting behavior.?!
As another major benefit, the surface groups are also responsible for one of the most salient
characteristics of some MXenes: their hydrophilicity which enables easy and cost-effective
processing as thin films, inks or coatings for a plethora of applications.?%23
In the context of gas sensing, the many native surface groups available on MXenes ap-

16,2425 5

pear as a major advantage since they provide active sites for binding with analytes,
significant advantage over other nanomaterials.® The T-groups also play a key role in favor-
ing the interaction of MXenes with other molecules or nanomaterials to achieve optimized
functionalization and nanostructures for improved sensing performances.?672 In addition,

the electrically conducting M,,.1X,, core allows room temperature gas detection with a high

signal-to-noise ratio.® This a significant advantage over semiconducting metal oxides which



require high temperature to be activated, with a higher noise level.!*'6 Because of these
promising characteristics, there is a huge interest in investigating MXenes or MXene-based
structures for sensing applications toward various gases (VOC,16:26:28 NH;, 2430 humidity, 3!
etc). The optimization of such devices however necessarily involves a deep understand-
ing of the MXene-gas interactions that govern the sensing mechanisms at play, and which
appear to be more complex than the standard charge-transfer model usually observed in
semiconductor-based sensors. '

The increased resistivity of MXene thin films, which is key for their sensing properties,
has been reportedly induced by two mechanisms: gas adsorption on the layers, which affects

16:26 and interflake expansion, which results in reduced electrical

the charge carrier density,
contact between MXene layers. 3233 In MXene multilayers both mechanisms operate, with
a predominance of interflake expansion.®* Although the latter mechanism can be directly as-

32,35 the surface group-mediated interactions with the analytes

sessed using X-ray diffraction,
are much more challenging to investigate experimentally. This is a strong limitation since it
is key to the adsorption affinity of gas molecules on the layers, but also to their diffusion in
the interlayer space. In particular, any attempt to rationalize this mechanism should involve
element-selective analysis in direct connection with chemical bonding during gas exposure.
This mechanism has been largely addressed using first-principles simulations, which allow for
the determination of gas adsorption preferential sites as a function of the T-groups’ nature,
together with the analysis of the induced effects on the electronic structure. 16:24726:28:36 De.
spite the indisputable benefits of theoretical results, experimental investigations are clearly
desired for many reasons. One of the most important is probably that simulations are usually
performed on idealized single-layer systems that are significantly different from real samples,
which exhibit a complex mixture of surface terminations, changing as a function of the type

37 as well as potential structural defects due to the

of MXene and the exfoliation process,
harsh etching conditions of the MAX phase.3® Additionally, interlayer water molecules are

seldom considered in simulations, although they play a key structural role and might largely



influence the sensing mechanism. In this article, we demonstrate the use of electron energy-
loss spectroscopy (EELS) performed in gas-phase (GP) transmission electron microscopy
(TEM) as a highly relevant approach to bridge this fundamental gap in our understanding
of MXene-gas interactions with nanometer resolution.

GP TEM is an invaluable tool to investigate nanomaterials in controlled atmospheres.??
Recent technological developments of closed-cell reactors, i.e., dedicated GP specimen holder,
have enabled in situ experiments at high pressures in the transmission electron microscope,
hinging closer to real conditions of reactor operation.’ Nevertheless, as a result of the added
thickness and mixed signals from the closed-reactor membranes, EELS is essentially limited
to open-cell GP TEM configuration, so-called dedicated environmental TEM (ETEM).3%41
Such ETEM instruments are optimized for atomic-resolution imaging under various gas at-

4243 or evaluating atomic-scale

mospheres, informing on heterogeneous catalysis processes,
motion at surfaces.***5 They are also highly relevant for the design of operando experi-
ments requiring a combination of several stimuli for, e.g., solid oxide fuel cells,*0 or when
making use of the analytical capabilities of EELS for, e.g., plasmonic nanoparticles*” or
reduction/oxidation state analysis.®4®49 The combination of GP-TEM with EELS is still
largely unexplored, with some important results however showing the utmost relevance of
this technique in redox studies of catalysis supports and catalysts,*”%° but also in the MXene
community where it has been used to probe CO, capture properties® and evidence reactivity
toward oxygen.>?

Here, we demonstrate that GP EELS in TEM is also a powerful technique in the field
of sensing materials. In particular, we provide direct evidence of the surface reactivity in
TizCy Ty multilayers toward in situ reversible exposure to ethanol and water vapors. Ethanol
has been chosen as a reference gas for evaluating the VOC sensing capabilities of MXenes
with demonstrated high response.!6:26:2832 [ ikewise, the interaction of MXene layers with

water vapor has been the subject of intense research efforts due to the intrinsic hydrophilic

nature of the layers.33% In the context of VOC sensing, water vapor is also a major source



of interference in the sensing mechanism, which can be highly detrimental in the case of
breath analysis, for instance.?®?® We focus on TizC, Ty multilayers prepared using LiF-HCI
as the etchant, which present the whole range of standard surface groups (i.e., OH, O, F, and
Cl). The reactivity of these surface groups can thus be individually probed in the presence
of other competing surface terminations through the monitoring of the evolution of the
spectral fine structure at their respective core-electron excitation edges as probed in EELS.
This approach demonstrates the preferential and reversible interaction of ethanol with Cl
terminations as compared to O/OH, which has not been investigated yet from a theoretical
point of view to the best of our knowledge. In addition, we provide proof for the selectivity
of Cl groups’ response with significantly weaker interactions toward water vapor, consistent
with the hydrophobic nature of halogen terminations.?®®* The analysis of the C K-edge
provides complementary evidence for the modification of the TizCs core electronic structure
in the case of ethanol exposure but not water, showing intrinsically weaker interaction of the
latter with the TizCyTy layers. This work suggests different sensing mechanisms for ethanol

and water vapors.

Results and Discussion

Figure 1-a shows one of the Ti3Cy T multilayers investigated in this study (labeled multilayer
number 1 - ML1), and exposed in situ to ethanol atmospheres at various partial pressures.
These layers were synthesized using a soft etching protocol with LiF/HCI as the etching
agent, as described in ref? and briefly summarized in the Methods section. The fast Fourier
transform (FFT) performed on a high-magnification TEM micrograph recorded on ML1
evidences the expected hexagonal symmetry inherited from the MAX phase precursor and no
sign of oxidation, which would appear as extra spots at lower reciprocal length distances (see
Figure 1b).% The good crystalline quality of the sample revealed by the FFT is consistent

with the well-defined edges of the flakes (also observed on the other ML studied here as



illustrated in Figures 3c and 5a), which are other markers of well-preserved MXenes.® The
layer chemistry was probed using EELS, a typical core-loss spectrum being given in Figure 1c.
This spectrum evidences the edges characteristic of all elements expected in such a sample
(see the structural model in the inset): the Cl Los-, O K- and F K-edges for the surface
functionalization groups, and the C K- and Ti Ly 3-edges corresponding to the TizCy core.
Because the acquisition conditions had to be finely tuned to maximize the signal-to-noise
ratio while minimizing contamination, especially critical under ethanol atmosphere, the F
K-edge is poorly resolved (but clearly visible): the fine structure of this edge will thus not
be discussed. The C K-edge shows the four main features characteristic of TizCyTy layers;
they are labeled A to D.5" The intensity of peak A, lower than peak B, is smaller than that
expected for a sample synthesized using the LiF /HCl method. The comparison with reference
spectra also shows that peak B is a bit wider (see SI part 1): these observations suggest that
the here-investigated flake has a higher level of structural defects than expected.?%57%® This
is not the case in other areas like, e.g., ML2 discussed later.

The surface groups’ core edges are also consistent with those expected for TizCyTy. One
should however notice that the fine structures at the T-groups’ edges might change slightly
from one sample to another due to the dependence on the local surface chemistry of the
investigated layer.® This is confirmed here at the Cl Ly 3-edge, which was found to exhibit
noticeable variations from one multilayer to another, as evidenced in Figure 1d. In particular,
we typically observed two intensity profiles: a smooth one or a profile with a first peak clearly
separated from the rest of the edge by an intensity drop (identified by a star in Figure 1d -
left part). Such a change in the fine structure has been rationalized using density functional
theory (DFT) simulations, compared to the experimental spectra, and performed for two
different structural models: a TizCyCl; system and a more complex system with a mixture
of O and Cl groups and corresponding to a Ti3CoOCI composition (see the structural models
sketched in SI part 2). These two structures were chosen as simple, yet relevant, represen-

tative models allowing the description of Cl atoms in Cl-rich environments (Ti3CyCly) or
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Figure 1: (a) TEM micrograph before ethanol exposure of the investigated multilayer,
labeled ML1. (b) The FFT extracted from a high magnification image (not shown) recorded
in the area identified by a white spot in panel (a). (c) Typical EEL spectrum evidencing the
core edges of all the elements in TizCyTy layers and highlighted by different color contours:
surface groups in yellow, carbon atoms in black, and titanium atoms in red. Calcium, present
as an impurity, is also observed (blue). The structural model of TizCyTy is also given in the
inset. (d) Comparison between the two typical Cl Ly 3-edges observed on different multilayers
in this study (black dashed lines) and density functional theory (DFT) simulations (red full
lines) performed for TizCoOCI and TizCyCly layers. Experimental spectra are vertically
shifted for comparison. The corresponding structural models are sketched in Supporting
Information (SI) part 2.



mixed with other terminations, among which O is the most abundant in our synthesis condi-
tions (TizCy0C1).2° For more details about these simulations, see the corresponding part in
Methods. Briefly, the EEL spectra for Cl atoms in each one of the considered structures were
computed by integrating the electron double differential inelastic scattering cross section over
the experimental convergence and collection angles (see reference® for more details on the
theory). The experimental broadening, which was about 1 eV, was also considered. The
cross section relies on the Fermi golden rule (FGR), which defines the excitation of the Cl
2py1/2 and 2ps/s core electrons, i.e., those involved in the Cl Ly 3-edge, to unoccupied states
of appropriate symmetry above the Fermi level. The corresponding electronic states and
energies necessary to compute the FGR were obtained considering the generalized gradient
approximation (GGA) for the description of exchange and correlation effects.®! These calcu-
lations clearly show that the presence of the intensity drop around 210 eV can be assigned
to a local surface chemistry where Cl atoms are surrounded by other elements (O in the
present case), while the smoother profile is probably characteristic of Cl-rich areas. These
findings expand our understanding of the sensitivity of T-groups to their local environment
and clearly point out element-specific core-level spectroscopies as highly relevant probes for
the characterization of the MXene surface chemistry.

In situ exposure of the samples to ethanol atmosphere was not trivial in the ETEM since
this gas is not among the standard ones available. A homemade set up was thus developed
to provide highly pure ethanol vapor starting from a liquid ethanol source (see methods for
further details). In addition to the residual gas analysis (RGA) measurements allowing to
characterize the atmosphere in the TEM chamber, in situ EELS measurements proved to be
very efficient in controlling the atmosphere purity close to the sample: any secondary gas in
the atmosphere close to the sample would, for instance, be detected through the presence of
the associated element edges (see SI part 3 for the detection of air leakage in our set up).
Importantly, the ethanol molecules introduced in the TEM chamber might well polymerize

on the sample due to the electrostatic energy provided by the electron beam, leading to
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Figure 2: (a) Timeline of the exposure of the TizCyTx ML1 with the corresponding ethanol
partial pressures recorded close to the TEM sample by using the residual gas analysis system
attached to the ETEM. (b) EEL spectra recorded at the different pressure steps identified
by numbers in panel (a). Spectra were background subtracted before the C K-edge and
normalized at the Ti Ly 3-edge (see the vertical dashed line). Inset: Positions on ML1 where
the different spectra were acquired. (c¢) Comparison between the EEL spectrum recorded on
the sample at the highest ethanol pressure (2E-2 mbar) and the EEL spectrum characteristic
of the ethanol atmosphere alone for a 5E-1 mbar partial pressure in the TEM chamber. Both
spectra were recorded in identical conditions (20 frames, 1 s per frame).
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the well-known contamination effect. In order to minimize these beam-induced effects, the
ethanol pressure was maintained at a value low enough to avoid significant contamination
while allowing to observe characteristics features of the MXene/gas interaction. In addi-
tion, spectra were systematically recorded in areas of the sample not illuminated previously
in order to avoid the possible accumulation of contamination as will be shown later. The
homogeneity of the investigated flakes was checked so that any variation observed in the
spectra can be mostly attributed to the effect of ethanol and not to significant signal vari-
ability on the sample (see SI part 4 for an illustration of the homogeneity of the C K-edge
across ML1). Considering these elements, the evolution of the ethanol pressure as a function
of time during the ETEM experiment was varied as represented in Figure 2a. The different
steps at which were recorded the EEL spectra on the sample are identified by numbers. The

experiment was conducted as follows:
e stepl: reference spectra acquired in high-vacuum, labeled 1

e step2: increase of the ethanol pressure in the TEM chamber. The highest stabilized
pressure was HE-1 mbar, allowing to record a typical spectrum from the ethanol atmo-
sphere alone with good signal to noise ratio using acquisition conditions identical to
those used for the MXene EEL spectra: same illumination conditions, 20 frames, 1s

per frame (core-loss spectra); 50 frames, 0.005s per frame (low-loss spectra)

e step3: decrease and stabilize the ethanol pressure in the TEM chamber to a value
suitable to record EEL spectra on the MXene flake without noticeable contamination,

labeled 2

e stepd: decrease the ethanol pressure by four orders of magnitude (i.e., 2.5E-6 mbar)

and record two spectra within a 10 minutes interval, labeled 3 and 4

The areas where the EEL spectra were collected on the selected MXene flake are shown in

the inset of Figure 2b. These areas correspond to a relative mean free path thickness t/\ =
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0.2, with ¢ being the thickness and A\ being the inelastic mean free path of the electrons
in the sample. The corresponding spectra are given in Figure 2b: they were normalized
at 510 eV to better highlight the evolution of the carbon content under ethanol exposure.
The comparison of the different spectra, 1 to 4, shows a strong increase of the C K-edge as
compared to the Ti Lg 3-edge, with the highest carbon content being obtained for spectrum
2. Such large variations of the carbon content are not due to the recording of the ethanol
atmosphere signal on top of the MXene signal. Indeed, in the comparison given in Figure 2c,
the intensity of the ethanol atmosphere spectrum, recorded in a hole aside the multilayer, is
completely negligible when compared to the signal recorded on the MXene itself. One should
notice that the ethanol signal given here was recorded under exactly the same conditions as
those used for the MXene, but at a pressure 25 times higher in order to be recorded with good
statistics. Thus, the strong increase in the carbon content in MXene layers under ethanol
exposure is attributed to the ethanol molecules accumulated inside the MXene multilayer
and not to the ethanol molecules in the TEM chamber.

The detailed analysis of the C K-edge fine structure as a function of the ethanol partial
pressure is given in Figure 3a. For such analysis, the pristine spectrum recorded in area 1 was
systematically subtracted from the spectra recorded in areas 2 to 4: the results are given
in red, blue and green, and compared in each case to reference spectra from the ethanol
atmosphere (black line - reproduced from Figure 2c¢) and amorphous carbon (grey line -
recorded in the same conditions on the carbon membrane of a TEM grid). In the 290-340
eV energy range, the difference spectra clearly do not match the signature of amorphous
carbon, the peak B being much broader for amorphous carbon. In contrast, the difference
spectra nicely match the ethanol reference from 290 eV onwards. This confirms that in
our acquisition conditions, the potential cracking of ethanol molecules by the electron beam
was indeed minimized in this area and that intact molecules were inserted in the MXene
multilayer. Another important outcome is that a strong deviation between the difference

spectrum and the reference spectra (i.e. corresponding to both the pristine state and the
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Figure 3: (a) Results of the difference between the C K-edges recorded in areas 2 (red), 3
(blue) and 4 (green) of the ML1 and the C K-edge in the pristine state (black spectrum at
the bottom). The ethanol partial pressure at which these data were obtained is indicated
in each case; spectrum 4 was obtained at the same pressure as spectrum 3 but 10 min
later. The reference spectra for ethanol (black line) and amorphous carbon (gray line) are
also given for comparison. (b) Similar quantities as in panel (a) were recorded on another
multilayer, labeled ML2, and at different partial pressures (indicated in each case). (c)
Evolution of the thickness to relative mean free path, i.e. t/\, of ML1 (black symbols)
and 2 (gray and yellow symbols) as a function of the ethanol partial pressure in the TEM
chamber. Triangles correspond to spectra recorded in high vacuum (h.v.) after ethanol
exposure without prior exploration (thus avoiding previous electron irradiation). The star
corresponds to the spectrum recorded in area 4 in h.v. after ethanol exposure but with prior
electron irradiation. Inset: TEM micrograph of the ML2 highlighting the areas 1 to 4 where
the spectra corresponding to the data given in panel (b) were obtained. (d) Evolution, as
a function of the ethanol partial pressure in the TEM chamber, of the C/Ti ratio deduced
from EEL spectra obtained for ML1 and rationalized to the value in the pristine state. The
numbers refer to the different pressure steps identified in (a).
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ethanol signature) is observed in the energy range corresponding to peak A, e.g., between
285 and 290 eV (highlighted by a vertical arrow). This peak has been shown to be highly
sensitive to modifications of the Ti;CyTy layers surface,®” reflecting induced modifications
of the Ti-d orbitals. In particular, DF'T simulations have shown that peak A intensity varies
almost by a factor of two depending on the nature of T-groups (i.e., F or 0).5" This is
due to an induced change of the Ti-C bond length of about 0.1 to 0.2 A, illustrating how
sensitive this peak is to slight structural distortions. We thus interpret this gap between
the difference spectrum and reference spectra as evidence that upon adsorption, the ethanol
molecules change the MXene layers electronic structure and corresponding properties through
charge transfer but also possibly by inducing local structural distortions. This latter effect
has indeed been evidenced from DFT simulations for NHjz adsorption on TiyCO5.%? This
provides a reasonable mechanism contributing to ethanol detection. One should also notice
that upon adsorption, and in case of strong interaction, the C K-edge fine structures of
ethanol could also be modified, potentially participating to the observed difference in the
energy range of peak A.% Finally, although we are confident of the spatial homogeneity of
the C K-edge across the ML at the scale of the investigated areas, the minor contribution of
local chemical variations in the layer surface cannot be completely excluded.

A second series of spectra was recorded on another multilayer (labeled ML2), a TEM
micrograph of which is given in the inset of Figure 3¢, with the different probed areas
labeled 1 to 4. The corresponding data are shown in Figure 3b, the difference between the
spectra recorded in areas 2 to 4 and the pristine state being given above the reference C
K-edge (the corresponding spectra are given in SI part 5). For this series of experiments,
the ethanol partial pressure was raised up to 1E-1 mbar (spectrum 3) and the difference
spectra match the amorphous carbon spectrum, and are much broader than that of ethanol.
This points out that in this region, ethanol molecules were cracked into contamination. In
addition, in order to illustrate the impact of the electron beam, spectrum 4 was recorded

after 14h under high vacuum (i.e., back to the TEM chamber reference pressure on the
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order of 10~7 mbar) but on an area that had been previously exposed to the electron beam.
Clearly, the difference spectrum still matches that of carbon contamination, confirming that
the analysis is not possible at such a high partial pressure of ethanol of 1E-1 mbar. This is
further confirmed by the evolution of the thickness to relative mean free path (t/\) given
in Figure 3c. t/\ significantly increases at data point 3 (going from 0.3 to 0.37), showing
the impact of the contamination which increases the sample thickness. This contamination
thickness is kept even after 14h in high vacuum (see data point 4), whereas the thickness
of an unilluminated area goes back to the original value (see gray triangle). On the other
hand, similar data for ML1 show no clear increase in the sample thickness, consistent with
the absence of contamination.

Finally, the evolution of the C/Ti ratio in ML1 was estimated from the spectra shown
in Figure 2b and is given, rationalized to the pristine state in Figure 3d. At the highest
pressure, the carbon content is more than doubled compared to that in the pristine layer:
this corresponds on average to about one molecule adsorbed per unit cell of MXene single
layer. Another interesting outcome of the quantified C/Ti ratio is that the ethanol content
is still significant after 10 min under drastically reduced ethanol atmosphere, corresponding
to a 2.5E-6 mbar partial pressure (i.e., four orders of magnitude lower than in the highest-
pressure state) as shown for the data point 4, the C/Ti ratio being still 1.6 times higher than
that in the pristine MXene. This means that about half of the inserted ethanol molecules
remained trapped in the MXene multilayers and that the desorption kinetics of ethanol from
the MXene layers is rather slow in our experimental conditions. This can be related to recent
experiments showing that in TigCyTx ML, the recovery time (i.e., characterizing how fast
the sensor returns to 90% of its baseline once the gas is removed) is much longer than that
in a single layer due to diffusion kinetics limiting the ethanol removal from the interlayer
space. 34

The interaction of the MXene layers with ethanol molecules is expected to be mediated

by the surface functionalization groups. The response of these groups was thus investigated
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Figure 4: (a) Cl Ly 3-edges recorded on ML1 at different steps of ethanol exposure. The
color code is similar to that used in Figures 2 and 3, and each spectrum was normalized with
respect to the integrated intensity in the 230-250 eV energy range. Dashed lines are guides
for the eyes. (b) Comparison between the Cl Ly 3-edges recorded in the pristine state (black
line) and under a high vacuum after ethanol exposure (green line). (c) O K-edges recorded
on ML1 at the same steps of the ethanol exposure. The color code is similar to that used in
Figures 2 and 3, and each spectrum was normalized with respect to the integrated intensity
in the 570-600 eV energy range. (d) Evolution, relative to the pristine state, of the EELS
integrated intensity in the regions highlighted in gray in the Cl Lo 3- (a) and O K- (c) edges.
Circles: data corresponding to the Clys-edge. Stars: data corresponding to the O K-edge.
For data points 1 and 2, data recorded on ML2 as well as on two other ML (labeled "other")
are also given for comparison.
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by focusing on the evolution of the Cl Ly 3- and O K-edges fine structure as a function of the
ethanol pressure. The results obtained for ML1 are given in Figure 4 and those for ML2,
which are very similar, in SI part 6. Focusing first on the Cl Ly 3-edge, a reversible evolution
of the fine structure is visible, with an increase of the first peak intensity (highlighted in
grey) as compared to the structures at higher energies when the ethanol pressure increases.
Such a change in the fine structure can be interpreted as (i) evidence for significant charge
transfers between the analyte and the Cl surface terminations, (ii) an effect of local structural
distortion due to the ethanol adsorption, or (iii) a combination of both.%%6% Trrespecticve of
the involved mechanism, we consider the magnitude of this change as characteristic of the
interaction strength between Cl-groups and ethanol molecules. Such interaction is reversible
as evidenced in Figure 4b where the spectrum collected at step 4 (i.e., under high vacuum
after ethanol exposure) is very similar to the pristine state. Similar analysis at the O K-edge
(Figure 4c) shows no clear change in the relative intensities of the different peaks. Deeper
inspection however reveals that the intensity of the two first peaks (highlighted in grey) with
respect to the higher lying states increases under 2E-2 mbar ethanol exposure, also revealing
interactions between the ethanol molecules and the O surface groups.

To quantitatively analyze and compare these changes at the Cl Ly 3- and O K-edges, the
evolution of the EELS integrated intensity in the energy ranges highlighted in gray is given
in Figure 4d. These results are normalized to the intensity in the pristine state, thus showing
relative evolutions. Overall, these data show that for both Cl and O terminations, the fine
structure change increases with ethanol pressure in a reversible way: the relative intensities
come back to the pristine state value after 10 min in an ethanol atmosphere reduced by 4
orders of magnitude, i.e. corresponding to a pressure of 2.5E-6 mbar - see data point 4.
This points out the fact that the ethanol remaining in the MXene layers after gas exposure,
as observed in Figure 3d, is not strongly bonded with the Cl or the O surface groups. One
should probably consider interactions with other surface sites such as, e.g., F groups (not

probed here) or defects (T or Ti vacancies). This latter possibility sounds reasonable since
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defects are expected to be highly reactive, possibly leading to the strong binding of the

ethanol molecules to the MXene surface. ®1:64

One should notice that the very high intensity
increase of about 60 % for data point 3 of the Cl L 3-edge is disregarded here since it is due
to a too small intensity in the energy range used for the spectra normalization (230-250 eV)
resulting from artifacts in the background subtraction.

Importantly, Figure 4d also demonstrates different interaction strengths between the
ethanol molecules and the Cl or O surface groups, the change at the Cl L, s-edge being
more than two times larger than that observed at the O K-edge (42 and 18 % respectively
for ML1). This higher reactivity of the Cl terminations ccompared to the O ones has been
confirmed on three other samples, including ML2 (see other symbols on data point 2), which
all lead to the same conclusion: Cl surface groups exhibit systematically higher response with
the ethanol atmosphere as compared to the O ones. Furthermore, for ML2 (gray symbols),
the change at the O K-edge is negligibly small: this illustrates that in some cases, the
difference between the Cl and O responses can be very high. Such a preferential interaction,
which was up to now only discussed based on DFT simulations and never considering the Cl
surface terminations, evidences the surface functionalization engineering of MXenes as key
for improving the sensitivity of MXene gas sensors. Beyond chemical affinity considerations,
the higher sensitivity of Cl terminations to ethanol molecules could be amplified by the
fact that they are the most outer groups from the MXene surface: according to our DFT
simulations, the distance between the surface Ti and Cl atoms is about 2.49 A vs 1.98 A for
O, depending on the structural models (see SI part 2). Cl atoms are thus expected to be
more sensitive to other species in the interlayer space. In addition, the presence of Cl groups
could locally increase the interlayer distance,% which is important for sensing.3?

Water vapor is another gas of fundamental interest in the MXene community since
Ti3Cy Ty flakes have been shown to be highly hydrophilic so that intercalated water molecules
have a strong impact on their structure and physical properties, making them potentially

interesting for humidity sensing.3!3% Complementary to ethanol, the interaction of TizCyTy

18



d

(d) 55
5 1 Back to h.v.

Normalized intensity [arb. units]

0.18 mbar
1 h.v.
Cl L,;-edge
I T | T [ !
200 220 240
Energy Loss [eV]
7 1.20
E 2 115 ) o ° ©
S G
s g 51 10 Q
> c 5 1.1Uq
S 5o o
c - >
2 w @105
[ w )]
o T 3
g E 5 1.00 o
= & g Q@ mL3
£ 2 095 O ML4 Q
2 L B Q5
270 280 290 300 310 320 330 340 090 > 3 M 5
Energy Loss [eV] Data point

Figure 5: (a) TEM micrograph showing the investigated TizCyTy multilayers for water vapor
exposition and highlighting the two different areas on which the EELS data were collected
(labeled ML3 and ML4). Inset: FFT extracted from a high-magnification image (not shown)
recorded in the area identified by a white spot in the image. The contrast has been enhanced
in order to make the spots clearly visible. (b) Evolution of the water vapor pressure as a
function of time during the experiment. The times at which the EEL spectra given in panel
(c), (d) and (e) were collected are given and labeled by numbers. (c¢) C K-edges recorded on
MLS3 for different water partial pressures highlighted in panel (b). The color code is similar
to that used in panel (b) and the spectra were normalized with respect to the integrated
intensity in the 307-327 €V energy range. (d) Cl Ly 3-edges recorded on ML3 for the different
water partial pressures highlighted in panel (b). The color code is similar to that used in
panel (b) and spectra were normalized with respect to the integrated intensity in the 230-250
eV energy range. The energy range in which changes in the fine structure are observed as a
function of the water partial pressure is highlighted in gray. Dashed lines are guides to the
eyes. (e) Evolution of the integrated EELS intensity in the energy range highlighted in gray
in panel (d), normalized to the pristine state. Results from ML3 are in purple, those from
ML4 are given in orange for comparison, andlfhe result from point 5 (back to high vacuum)
is in pink.



flakes with water molecule was thus also studied using gas phase TEM and EELS. Results
are summarized in Figure 5. Experiments were performed on fresh TEM samples, to avoid
any effect from previous ethanol exposure. A TEM micrograph of the selected flakes is given
in Figure ba) together with the corresponding FFT showing the hexagonal structure of the
MXene and no trace of impurity or oxidation. Two areas of different thicknesses were inves-
tigated, labelled ML3 and ML4. The multilayers were exposed to water vapor according to
the cycle described in Figure 5b) where the points labelled 1 to 5 indicate when the different
spectra were taken in the two investigated areas. Only the spectra collected on ML3 are given
in Figure 5c,d, and those obtained on ML4 are given in SI part 7. Since contrary to ethanol
exposure no beam induced contamination was expected, higher partial pressures could be
reached under such atmosphere with spectra recorded up to 3.5 mbar water pressure (data
point 4). In addition, spectra could be recorded on the very same areas during the water
exposure cycle. However, we observed that, depending on the areas, at such high pressure
the electron illumination could induce significant degradation of the layers evidenced by a
strong modification of the C K-edge (significant broadening and loss of the fine structure),
and probably accelerated by the presence of water molecules causing radiolysis. The refer-
ence spectra taken after returning to high vacuum to check the reversibility of the processes
at play were thus recorded on an area not illuminated previously (labelled 5 in Figure 5a))
to avoid any contribution from potential degradation.

The superimposition of C K-edges extracted at the different pressures is given in Figure
5¢, the color code being the same as that used in Figure 5b. One clearly observes that all
spectra are very similar, pointing out the absence of structural degradation of the investigated
area during the entire cycle. Importantly, and contrary to the analysis made for the ethanol
atmosphere, these data also reveal that no evolution of the MXene electronic structure under
water vapor exposition is evidenced in our experimental conditions, despite exposition to 2
orders of magnitude higher partial pressure. Therefore, the interaction of water molecules

with the layers probably induces weaker structural or chemical modifications of the MXene,
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whether from charge transfer or local structural distortions.

Again, since the interaction of the layers with the atmosphere is expected to be mediated
by the surface groups, the evolution of the Cl Ly 3- and the O K-edges was monitored during
water vapor exposure. The results at the Cl Ly 3-edge are given in Figure 5d with a similar
color code as in parts b and c. The fine structure in the pristine state is different from that
recorded for MLL1 and ML2, resembling more to that expected for a Cl-rich region with a
rather flat profile (Figure 1d). This highlights different local arrangements of the surface
groups as a function of the investigated ML. The Cl Lg3-edge shows a reversible change
during water exposure with an increase of intensity in the 210-220 eV range (highlighted
in gray). This change, however, seems weaker than that observed with ethanol and is not
visible in the same energy range: it was between 200 and 210 eV with ethanol. This reflects
different influences of the analyte on the local electronic structure of the Cl atoms. After
water vapor exposure, an intensity drop around 210 €V is clearly visible (marked by a star
in Figure 5d), similar to that expected for Cl atoms surrounded by oxygen, as demonstrated
by the DFT simulations given in Figure 1d. This is consistent with the fact that in a water
vapor atmosphere, the surroundings of Cl atoms are enriched in oxygen-containing species.
These oxygen species could be due to water molecules spontaneously reacting with highly
reactive vacancy sites on the surface of the layer, the reaction being potentially favored by
electron beam exposure. Interestingly, this intensity drop is still visible after coming back
to high vacuum, meaning that the new O groups are still present and strongly bonded to
the MXene surface. This behavior was confirmed on ML4 (see SI part 7). In order to
reach a more quantitative assessment of the induced changes, the relative evolution of the
EELS integrated intensity in the 210-220 eV energy range with respect to the pristine state
is plotted in Figure 5e. Results for ML4 are also given. The observed relative change is
around 15% in both cases, about three times smaller than the changes observed under an
ethanol atmosphere: Cl atoms thus seem to have a higher affinity toward ethanol, pointing

out the surface engineering of MXene as a very reliable strategy to enhance their sensitivity
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toward targeted analytes and EELS in gas-phase TEM as a very relevant tool to evidence

such selective interactions.
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Figure 6: (a) O K-edges recorded on ML3 for the different water partial pressures highlighted
in Figure 5 b. The color code is similar to that used in Figure 5 b and spectra were normalized
with respect to the Ti Lgs-edge, considering the integrated intensity in the 490-520 eV
energy range. The O K-edge of the water atmosphere at the highest partial pressure, i.e.,
4 mbar, is the full gray curve. For comparison, it was scaled to the other spectra using the
average scaling factor obtained from the normalization at the Ti Lj 3-edge. Inset: O K-edges
recorded under high vacuum before and after water exposure. The spectrum from the water
atmosphere is also given for comparison. (b) Raw low-loss spectra recorded for the pristine
state (black line), point 4 at 3.5 mbar water vapor partial pressure (green) and the water
vapor atmosphere (full gray curve). (c) Partial densities of states corresponding to the Ti-d
(blue line) and O-p (full red curve) states obtained from DFT simulations in a TizCeOq
layer. The O K-edge of the pristine state (black line) is shown for comparison, as well as the
difference spectrum between the spectrum recorded at 3.5 mbar and the pristine state (light
blue full curve). For comparison, the experimental energy scales were shifted by 527 €V in
order to align the theoretical Fermi level with the edge onset.

Similar analysis was conducted at the O K-edge, the corresponding edges being given
in Figure 6a. The spectra were normalized to the Ti Ly 3-edge so that the global increase
in intensity observed from spectrum 1 to spectrum 4 reflects a higher quantity of oxygen
detected. The O K-edge recorded for the water vapor atmosphere at 4 mbar is also given for
comparison (full grey curve), it has been scaled to the other spectra using the average scaling
factor used for the O K-edges recorded on the MXene layers. These data show that in our

experimental conditions, the contribution from the water atmosphere is not negligible at the
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highest pressure so that a quantitative analysis of the integrated intensity under the O K-
edge is questionable since it would include a non-negligible contribution from the atmosphere
in the TEM chamber. That we indeed detect the water vapor atmosphere is confirmed in
the low loss spectra given in Figure 6-b). The peak characteristic of the H K-edge at around
13.6 eV (highlighted in red), clearly resolved in the atmosphere’s spectrum, is also observed
in the spectrum corresponding to data point 4 (it was also resolved in the spectrum of data
point 3).

The inset of Figure 6a provides a superimposition of the O K-edges recorded under
high vacuum before and after water exposure. One can clearly observe additional intensity
between 535 and 540 eV (marked in pink). This is also observed on ML4 as shown in SI part
7. These features are very similar to those recorded at the O K-edge with X-ray absorption

66,67 pointing out the fact that

spectroscopy (XAS) on Tiz3Cy T, multilayers for confined water,
water molecules stay trapped in the MXene structure after coming back to high vacuum in
our experimental conditions. Amargianou et al. report different possible configurations for
such trapped water, like, e.g., confined water molecules within the MXene interlayer, gas-like
water in pockets between overlapping MXene flakes, trapped water in nanosized wrinkles or
bulk-like water in large wrinkles and adsorbed on the surface of the flakes.% Because of the
lower energy resolution in our EELS experiments compared to XAS, it was not possible to
distinguish between these contributions. However, these new features are centered around
537 eV in Figure SI7, with a quite sharp peak, very similar to that attributed by Zhang et
al. to 2D confined water layers.®” Furthermore, the features in Figure 6a clearly cover a
broader energy range, i.e., from 535 to 540 eV. This suggests the presence of different types
of confined water in our samples that are spectrally discriminated as a function of their local
structure and chemistry, including most probably 2D confined water layers.

For deeper analysis, the spectrum at a given water vapor pressure (we here consider

spectrum 4) was subtracted from that in the pristine state to identify the energy range in

which the O K-edge fine structure is the most affected by the presence of water molecules.

23



The result is given in Figure 6¢ (full light blue curve) and compared to the O K-edge in
the pristine state (black line). The spectra are superimposed on the partial densities of
states (DOS) corresponding to the Ti-d (blue line) and O-p (full red curve) states, obtained
from DFT simulations performed on a TizCy04 layer. Data are plotted with respect to
the DOS energy scale, and the experimental energy scale has thus been shifted so that the
edge onset matches the Fermi level shown as a vertical dashed line. In accordance with
previous analysis,® the first peak at the O K-edge corresponds to O-p states mixed with
the Ti-d bands. Although spectrum 4 probably includes contributions from the water vapor
atmosphere, as discussed previously, the difference spectrum clearly shows that the Ti-d
bands in the MXene layer are not significantly affected by the presence of water molecules.
Indeed, the difference spectrum is almost zero in the energy range corresponding to this
first peak. This is in line with the previous observations made at the C K-edge, and shows
little effect of water exposure on the MXene’s Ti3Cy core electronic structure despite a much
higher pressure as compared to that used for the ethanol atmosphere. We interpret these
findings as evidence for the fact that the sensing mechanism for ethanol and water is different,
with water molecules weakly changing the layer’s electronic structure. Therefore, the sensing
mechanism is probably largely due to interlayer swelling, whereas both charge transfer and

interlayer change should be considered upon ethanol exposure.

Conclusions

In this study, the interaction between TizCo Ty MXene multilayers and different gases was
characterized with element selectivity, and on the nanometer scale, using EELS in an en-
vironmental TEM. The element selectivity was essential in order to distinguish between
gas-adsorption-induced modifications of the surface terminations and electronic structure
modifications within the core of the MXene layers. Two different gases were chosen. First,

ethanol was selected as a representative VOC toward which Ti3C, Ty layers were shown to
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exhibit outstanding response. Second, water vapor was also considered because of the hy-
drophilicity of TizCsT,, layers, making them promising for humidity sensors but also because
MXene/water interactions are essential for MXene processing as thin films or coatings, as
well as for many applications in aqueous environments like,e.g., energy storage.

The analysis of the fine structure change at the Cl Ly 3- and O K-edges, i.e. corresponding
to two of the most standard terminations found in MXenes, reveals selective and different
interactions depending on the nature of T and the investigated gas. In particular, chlorine
terminations were shown to be much more reactive toward ethanol than oxygen groups.
In addition, and in agreement with the expected more hydrophobic character of halogen
terminations, chlorine groups were also shown to have less affinity toward water as compared
to ethanol, pointing to these surface terminations as viable to improve the selectivity of
MXene-based sensors. These results evidence the surface engineering of MXene layers as a
very relevant approach for the optimization of MXene-based gas sensors.

Our results also emphasize that despite the fact that gas molecules can stay trapped
within MXene multilayers after exposure, the fine structure at both the chlorine and oxygen
edges exhibits reversible changes. This demonstrates a reversible interaction between the
surface groups and the investigated gases. The precise nature of the trapping sites for the
gas molecules investigated here could not be determined with certainty. Still, highly reactive
vacancies are a very reasonable hypothesis, showing again the necessity to deeply control not
only the nature of the surface groups but also the number of surface vacancies in order to
finely tune the response of MXenes toward gas exposure. In addition, characteristic features
at the O K-edge after water exposure were clearly observed, corresponding to 2D confined
water layers still present in the MXene flakes. Very complementarily, the analysis of the C
K-edge showed that the electronic structure of the TizCs core was more affected by ethanol
than water adsorption, providing experimental evidence for different sensing mechanisms for
these two gases. Finally, the quantitative analysis of the Cl Ly 3-edge using DF'T simulations

revealed the high sensitivity of this edge to the local environment around chlorine atoms. In
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particular, our results demonstrate the uneven repartition of surface groups on the MXene
layers, with some parts corresponding to Cl-rich areas, whereas others show a more significant
mixing between Cl and O terminations. This is expected to strongly impact the reactivity
and properties of the MXene layers.

Overall, our results demonstrate EELS in GP-TEM as a very powerful combination for the
element selective analysis of complex nanomaterial interactions with different atmospheres
and at nanometer resolution. Such information, which is highly challenging to obtain, is key
to very diverse scientific issues including materials reactivity (especially for catalytic reac-
tions), stability, or sensing properties. They provide the necessary counterpart to theoretical
studies based on, e.g. DFT simulations, allowing for a better control of surface reactions on

the nanoscale.

Methods

Synthesis

TizCy Ty MXene was synthesized partly based on the work of Benchakar et al.?® Briefly, the
Ti3AlCy; MAX phase precursor (0.5 g, initial particle size < 25 pm, see ref.? for the MAX
phase synthesis) was gradually added to LiF (0.8 g) dissolved in HCI (9 M, 10 mL). The
reaction was run for 24 h at 40 °C under stirring. The obtained suspension was centrifugated
8 times at 6000 rpm for 6 min and the supernatant liquid was systematically removed. These
washing cycles are sufficient to reach a supernatant pH value higher than 5. After the last
centrifugation, the black TizCyTy slurry was carefully collected and separated from the
surface of the sediment composed of MXene and unreacted MAX phase with a spatula as
proposed by Alhabed et al.®® It was then filtered, washed with ultrapure water, dried one

night under air at room temperature and stored under argon atmosphere.
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Environmental TEM Experiments

The MXene powder/flakes resulting from the synthesis were dispersed in deionized water. A
drop of the colloidal suspension was deposited on a TEM copper grid covered with a lacey
carbon membrane. The as-prepared grids were then dried and placed under vacuum before
the TEM observations. The gas-phase TEM experiments were performed in a FEI Titan
ETEM G2 80-300, equipped with a CEOS aberration corrector of the image-forming lens, a
GATAN imaging filter Tridiem for EELS, and operated at 300 kV. This acceleration voltage
proved to be effective for minimizing both radiolysis effects and knock-on damage induced
by the electron beam.?” The gas pressure was monitored by a residual gas analyzer located
in the specimen chamber of the TEM. The ethanol and water vapors were inserted in the
TEM using a homemade system. A flask containing liquid ethanol (or liquid water) was
connected both to an ultrahigh vacuum pumping group, allowing a base pressure as low as
10~7 Torr, and to the microscope inlet. Ethanol was purchased from Honeywell (Puriss.p.a.
Absolute, > 99.8 %). Water was distilled. Ethanol (espectively water) liquid was thoroughly
degassed by the freeze-pump-thaw method prior to the insertion. Bright field TEM imaging
was performed with a near-parallel illumination (TEM conditions), using a GATAN OneView
CMOS detector, 4k x 4k pixels?, operated at 25 fps. All images were recorded in series for
a total exposure time of 0.32 s. EEL spectra were also recorded under TEM illumination
conditions. The energy resolution given by the elastic peak full width at half maximum
was ~1 eV and the dispersion was 0.3 eV /ch for all spectra. The spectra were recorded on
circular areas ~180 nm in diameter. The core-loss spectra were recorded in diffraction mode,
with a spectrometer entrance aperture of 2.5 mm and a typical acquisition procedure of 20
acquisitions of ~1s each, shown in the figures as a summed spectrum. The low-loss spectra
were recorded in image mode, with a spectrometer entrance aperture of 1 mm and a typical
acquisition procedure of 50 acquisitions of ~0.005s each, shown in the figures as a summed
spectrum. The core-loss spectra were systematically deconvolved from multiple scattering

using the Fourier-ratio method.% The dose rate for all images and EEL spectra was ~700
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e-.A=2.s71. The analysis of spectral fine structures, based on existing knowledge from DFT
calculations performed in our group,®’ proved essential to optimize the acquisition time, and
only consider results from regions that did not exhibit any observable modifications of the
near-edge structures to minimize any contribution from beam damage. Indeed, the near-edge
fine structures are very sensitive to the local atomic structure in MXenes, and thus are an
effective signature of beam damage. During ETEM experiments under an EtOH atmosphere,

EELS spectra were systematically recorded in different areas of MXene sheets.

Density Functional Theory Simulations

k, "™ a code based on the

Density functional theory simulations were performed with WIEN2
all-electron, full potential, augmented plane wave method. Exchange and correlation effects
were treated in the generalized gradient approximation using the Perdew—Burke-Ernzerhof
functional.®! Electronic structure calculations were performed on MXene single layers sepa-
rated by about 20 A to avoid interaction with the periodically repeated image. The following
compositions were considered: TizCyClO and TizCyCly (See SI part S2 for the structural
models with corresponding bond lengths). The layers in-plane unit cell parameter was fixed

3772 and the free internal coordinates of the atoms were

to 3.058 A following previous studies
relaxed until forces were converged to better than 1 mRy/bohr. 2000 k-points in the first
Brillouin zone (BZ) and a RKmax value of 7.5 were used to converge the electronic struc-
ture for both systems. The Cl Ly 3-edge EEL spectra simulations were performed with the
TELNES software of the WIEN2k package.”™ Simulations were performed in the initial state
approximation, i.e., without considering a core hole on the excited element. Local orbitals
(Cl-d states) with a linearization energy of 3 Ry above the Fermi energy were used to get
a better description of the inelastic scattering cross-section at high energy. The spin-orbit
coupling value was kept to its default value and the simulations were aligned with the experi-

mental energy scale for comparison using a simple rigid shift. The experimental convergence

and collection angles were taken into account for the integration of the double differential
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inelastic scattering cross section.
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