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Abstract. Like many 2D materials, numerous properties of MXene multilayers, and

especially the most popular one Ti3C2Tx, have been shown to significantly depend

on their architecture, i.e. the number of layers and interlayer distance. These

structural parameters are thus key elements to be characterized for the analysis of

MXene properties. Focusing on valence electron energy-loss spectroscopy (VEELS) as

performed in a transmission electron microscope, and using density functional theory

(DFT) simulations, we here analyze the layer dependent large changes in the VEEL

spectra of Ti3C2Tx multilayers as a probe of their total thickness, and emphasize the

bulk plasmon energy sensitivity to interlayer distance. Together these findings allow

to directly quantify the absolute number of layers in a Ti3C2Tx stack up to ∼ 10

nm thickness and give access to interlayer distance modifications with sub-angström

sensitivity, evidencing VEELS as a powerful method for the characterization of MXene

multilayers on the nanometer scale. We expect these results to be relevant for the

study of structure/properties correlations in this class of materials, especially with the

development of in situ or environmental TEM experiments.
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1. Introduction

The properties of two-dimensional (2D) materials generally depend on their architecture,

e.g. the number of layers in a stack, the interlayer distance or the layer functionalization,

as demonstrated for the band structure of graphene [1] and transition metal disulfides [2],

or for the optical properties of MoS2 [3]. MXenes [4, 5], a large family of 2D transition

metal carbides and nitrides with an original combination of tunable hydrophilicity and

good electrical conductivity [6], also exhibit architecture dependent properties. Because

of their intrinsic properties, these materials are studied for a wide range of applications

like, e.g. energy storage [7], transparent electrodes [8], sensors [9], or electromagnetic

interference shielding [10] among many others. Focusing only on the most studied

MXene compound to date, i.e. Ti3C2Tx [11] (where T-groups usually correspond to

O, OH, F and/or Cl surface terminations inherited from the chemical exfoliation of

the MAX phases precursors [12]), it has been shown that the electrical resistivity [13],

the mechanical [14] and optical [15] properties, or the electromagnetic shielding [10]

have a significant dependence on the number of layers in few layer stacks. Beyond

the layer number, MXene properties are also very sensitive to the interlayer distance

which can be significantly increased by intercalation of ions and/or molecules [16], or

reduced by annealing with the aim of removing the interlayer intercalated water [17].

Such mechanisms have been shown to have a strong impact on the electrical, optical or

charge storage properties of Ti3C2Tx for instance [15, 16, 17, 18].

The mechanisms at play in the thickness or interlayer distance dependence of the

physical properties operate at a very small scale, typically on the order of the nanometer

for Ti3C2Tx (i.e. the thickness of a single layer [19]). In order to study these mechanisms

or correlate the properties of a MXene few-layer stack to its actual architecture, one

needs appropriate characterization tools, and transmission electron microscopy (TEM) is

one of the very powerful ones [19, 20, 21, 22]. In addition, TEM is nowadays increasingly

used to directly probe materials properties or reactivity with in situ or environmental

experiments. Using these approaches, the dependence of Ti or (Mo,Ti)-based MXenes

conductivity on interlayer species deintercalation and surface defunctionalization has

been evidenced [23], the plasmonic properties of MXene flakes as a function of their

shape or thickness have been probed [24, 25], the reactivity of Ti3C2Tx flakes towards

different gases has been studied [26, 27], and strong thickness dependent mechanical

properties in the 20-60 nm range have been evidenced [28].

In order to take full advantage of these characterizations and clearly evidence the

thickness/properties interplay in this rich family of 2D materials, one thus needs to

precisely determine the architecture of a given MXene few-layer stack during TEM

experiments. In this context, we show that valence EELS (VEELS) which corresponds

to the excitation of the materials valence electrons, combined to density functional

theory (DFT) simulations, provides a direct way to quantify the absolute number of

layers in Ti3C2Tx few layer stacks for thicknesses up to ∼ 10 layers, i.e. where the

thickness/properties dependency is the most important. Unlike other 2D materials like
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graphene, h-BN or transition metal dichalcogenides, where the energy position of the

main plasmon peak in VEEL spectra is dependent on the number of layers [29, 30, 31],

we show that it is the intensity ratio between the surface and bulk modes that provides

the information on thickness in Ti3C2Tx multilayers. In addition, although the bulk

plasmon energy is insensitive to the number of layers in a Ti3C2Tx stack, we show that

it is very sensitive to the interlayer distance and can be used to monitor variations in

the average interlayer distance between the MXene layers with sub-angström sensitivity,

thus providing a complete description of the architecture of a few-layer stack on the

nanometer scale.

2. Experimental and theoretical details

2.1. Sample preparation

The Ti3C2Tx samples were prepared by etching aluminium from Ti3AlC2 MAX phase

powders using a LiF+HCl etchant in soft conditions as described by Benchakar et al [32].

After synthesis, the MXenes were dried and stored under a N2 atmosphere. The dried

MXene clay was dispersed in water to prepare TEM samples. Hand stirring was sufficient

to produce a colloidal suspension. A drop of the suspension was collected and deposited

on a copper grid covered with lacy carbon films. Therefore, the studied MXene stacks

are probed with the beam along the c-cell parameter of the multilayer, i.e. along the

[0001] zone axis.

2.2. (S)TEM experiments

The STEM-HAADF micrographs, VEEL spectra and position averaged convergent

beam electron diffraction (PACBED) patterns were acquired in a FEI Themis Z

microscope, equipped with a monochromator and a GIF spectrometer. For all

acquisitions, the acceleration voltage was set to 80 keV in order to minimize the potential

beam damage. The spectra were acquired in TEM mode, with an energy resolution of

about 0.15 eV as determined from the full width at half maximum of the zero loss peak.

The collection semi-angle was measured to be around 6 mrad. For the acquisition of

PACBED patterns, a CMOS camera was used, in order to decrease acquisition time and

again reduce the electron beam damage. A convergence semi-angle of 2.81 mrad was

used for the acquisitions. The samples, initially close to [0001] zone axis, were tilted

in order to get the most symmetrical patterns. Simulations were performed using the

JEMS software in precession mode [33].

2.3. DFT simulations

The energy-dependent dielectric functions of Ti3C2 and Ti3C2T2 with T=O, F and

OH were obtained from density functional theory (DFT) calculations. The WIEN2k

code, based on the full-potential (linearized) augmented planewave plus local orbitals
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Figure 1. Side views of two superimposed MXene layers as described with the P1 unit

cell of the Ti3C2(OH)2 system (left) and a standard P63/mmc unit cell corresponding

to Ti3C2O2 in the present case (right). The functionalization groups sit on the most

stable position on the Ti3C2 layers (i.e. the fcc position). The structural model were

drawn using the VESTA software [39].

method, was used [34, 35, 36]. The generalized gradient approximation was used for the

calculations, with the GGA-PBE exchange and correlation functional [37]. The basis

set was converged using a RMT ×Kmax product of 8 (except for Ti3C2(OH)2 where the

RMT ×Kmax value was 3 due to shortest O-H bonds), RMT being the smallest atomic

sphere radius and Kmax the plane-wave cut-off. For all presented results the Muffin-Tin

radii are determined using the WIEN2k routine, with almost touching spheres. As the

generalized gradient approximation was used, the magnitude of the largest vector in the

charge-density Fourier expansion, Gmax, was set to 14. For atomic position relaxations,

a grid of 10×10×2 k-points was used. After the relaxations, the self-consistent field

calculations were done with an amount of 1500 k-points in the first Brillouin zone.

For dielectric function calculations, 50000 k-points were used to converge the Drude

frequency. A broadening of 2 eV was used for the comparison with experimental results.

For the Ti3C2(OH)2 system, a slightly distorted unit cell as compared to the

usual P63/mmc space group was used in agreement with previous XRD Rietveld

refinements [38]. It allows to minimize the overlap between the OH groups on two

facing layers (see figure 1). A P1 structure was considered with the following unit cell

parameters: a=b=3.058 Å, c=19.6 Å, α=93.234 o, β=87.459 o and γ=120.161 o. For the

Ti3C2O2 and Ti3C2F2 systems, structures described in the P63/mmc space group with

the same a, b and c cell parameters gave similar electronic structure when compared

to the distorted, i.e. triclinic, unit cell. As a consequence, the loss functions for a

hexagonal and triclinic unit cell are similar for Ti3C2F2 (see SI, figure S1). We therefore
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used more simple hexagonal unit cells for the simulations of the Ti3C2, Ti3C2O2 and

Ti3C2F2 systems. In addition, we also checked for Ti3C2(OH)2 that considering a shifted

hexagonal system (i.e. where the two layers in a hexagonal unit cell are shifted - see

the structural models in SI, figure S1) did not significantly modify the obtained VEEL

spectra as compared to the triclinic model. Overall, these results show a weak impact of

the stacking on the VEEL spectra. As an example, the Wyckoff positions in the initial

Ti3C2F2 structure were: Tiv in 2a position (0,0,0); Tis in 4f position (2/3,1/3,zT is), with

zT is=0.119727; C in 4f position (2/3, 1/3,zC), with zC=0.565283; F in 4e (0,0,zF ), with

zF=0.183167. These structures, inherited from the MAX phase precursor, correspond

to a stack of two MXene layers.

In order to increase the interlayer distances, the c-cell parameter was increased in

the hexagonal systems. For each c-cell parameter, all atomic positions were relaxed,

keeping the unit cell parameters fixed. These relaxations only very weakly modified the

atomic positions (below 2% for the Ti-T or Ti-C distances in the most sensitive case,

i.e. Ti3C2O2, when changing the c parameter from 19.6 to 25 Å). As a consequence, the

sheet thickness can be considered as almost constant in the range of interlayer distances

presented here. The charge, energy and force convergences were respectively set to

0.0001 e, 0.0001 Ry and 1 mRy/a.u.

2.4. Kröger formalism and simulation of VEEL spectra

The OPTIC program of WIEN2k was used to compute the energy-dependent dielectric

function for the different systems, ε(ω), in the random phase approximation [40].

Following previous studies [25, 38], and given that the MXenes were observed in the

[0001] zone axis, the VEEL signal is mainly determined by the basal component of the

dielectric tensor. The VEEL spectra were thus calculated using only this component

of ε(ω). From this quantity, the low losses are usually determined from the loss

function Im
(

−1
ε(ω)

)
. However in order to compute the thickness dependent low losses, the

differential energy loss as derived from the Kröger theory was used [41, 42]. Experimental

parameters such as the acceleration voltage of 80 keV or the collection semi-angle of

6 mrad were needed. The convergence semi-angle was set to 0 as we used parallel

illumination in TEM mode.

3. Results and discussion

Figure 2-a) presents normalized valence EEL spectra acquired on five Ti3C2Tx multilayer

flakes with different thicknesses. The spectra were acquired in TEM mode on large areas,

i.e. typically several hundreds of nanometers in diameter. They were normalized on

the 24 to 29 eV energy range so that the integrated intensity equals to 10000. The

STEM-HAADF micrographs corresponding to samples 1 to 5 are given in figures 2-b)

to f) respectively with the green circles evidencing the areas probed in EELS. These

micrographs evidence large flakes with sharp edges and uniform contrast, which can



Plasmon spectroscopy ... 6

b)

c) d)

e)

f) g)

a)

Figure 2. a) Experimental VEEL spectra recorded on Ti3C2Tx MXene stacks with

different thicknesses, i.e. with different number of layers. Spectra were normalized so

as to have an integrated intensity equal to 10000 on the 24 to 29 eV energy range. b) to

f) STEM-HAADF micrographs of the corresponding investigated areas: green circles

represent the zones where the VEEL spectra were acquired, squares where PACBED

patterns were recorded (see supporting information). g) Average intensities measured

in the STEM-HAADF micrographs. Intensity ratios taking the sample 1 as a reference

are given. Error bars correspond to the intensity mean square error measured over the

probed areas. Inset: intensity steps recorded along the blue rectangle in e).

be easily obtained by the MILD method developed by Alhabeb et al. [43] and used

in this work. It is well known that STEM-HAADF intensities measured in a sample

is proportional to its thickness, i.e. the quantity of matter crossed by the electrons.

This fact was checked for graphene in stacks with up to 50 sheets [44]. Therefore,

the intensities measured in figures 2-b) to f) clearly show that the flakes have different

thicknesses. The relative thicknesses between the different samples are given in figure

2-g), taking the thinnest sample as a reference, i.e. the sample 1 in the present

case. Knowing the exact number of MXene flakes in sample 1, one would be able

to approximately determine the number of layers in samples 2 to 5 from these HAADF

intensities. As evidenced in figure 2-g) the error bars in STEM-HAADF intensities are

however significant, pointing out a non-negligible error in the determination of the stack

thickness using this data set: differentiate samples 2, 3 and 4 is difficult. The inset shows

the typical steps observed on the edge of a stack (see the blue rectangle in figure 2-e),

with an observed minimal intensity step of about 300 counts.

From VEEL spectra, the sample thickness (t) is often estimated using the Log-

Ratio technique, which provides a thickness relative to the inelastic scattering mean

free path (λ) of the incident electron in the sample [45]. The t/λ values, extracted

from the spectra given in figure 2-a recorded over a 100 eV energy range, are 0.08,
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0.1, 0.1, 0.15 and 0.28 for the samples 1 to 5 respectively. This method requires the

knowledge of λ to obtain absolute thicknesses. This parameter is not accurately known

for our experimental conditions and it should be estimated using different models. Two

analytical expressions are widely used: a first one determined by Malis et al. [46] where

the specimen is characterized by an effective atomic number (Zeff =
∑

i
fiZ

1.3
i∑

i
fiZ0.3

i
with Zi

the atomic number of each element with atomic fraction fi) and a second one determined

by Iakoubovskii et al. [47] where the specimen is characterized by its density. These

two expressions do not give the same value for λ for a given material and, considering

a Ti3C2OF composition, one obtains λMalis = 88 nm and λIakoubovskii = 100 nm for our

experimental conditions (i.e., 80 kV voltage, parallel illumination and 6 mRad collection

semi-angle). Other surface compositions, like Ti3C2F2, Ti3C2O2 and Ti3C2(OH)2 give

very similar λ values as described in SI. The estimated uncertainty is typically between

10 and 20 % for these models [48]. As discussed in the SI, the absolute thicknesses

obtained using this approach are only approximate for samples 2 to 4 and is largely

overestimated for sample 1, by more than a factor of 2: the log-ratio method gives a

7 to 8 layers thick sample whereas the true thickness is 3 layers as evidenced latter.

Given the uncertainty on λ and the fact that the Log-Ratio technique was shown to

be unreliable for very low thicknesses [45, 49], i.e. when the contribution of surface

excitations become significant, these discrepancies are not surprising and underline the

need for a more accurate approach for the characterization of the number of layers in

the thinnest areas.

Coming back to figure 2-a), a clear tendency appears on the evolution of the VEEL

spectra of MXene stacks for increasing thicknesses: the thinner the MXene stack, the

lower the intensities of the bulk plasmon (labelled BP in figure 2-a)) as compared with

the intensities recorded at lower energy, i.e. typically below 15 eV. In addition, in

sharp contrast with other 2D materials, the BP energy does not significantly change

with the thickness. These data, fully consistent with previously published results [25],

confirm the findings that the low loss region in Ti3C2Tx can be analyzed in terms of two

contributions: the bulk one, corresponding to the loss function Im
(
−1
ε

)
with ε(ω) the

energy dependent dielectric permittivity of the sample and which gives the main peak

around 23.5 eV; and the surface modes at lower energy that can be described using

different formalisms like, e.g. the original approach of R. F. Ritchie or the description

of E. Kröger which includes retardation effects [50, 41]. When the thickness increases,

the bulk plasmon is more sharply visible as shown in figure 2.a).

To obtain the absolute thickness from the experimental VEEL spectra of samples

1 to 5, we compared these data with simulated ones obtained using DFT calculations of

ε(ω) as input to the Kröger cross section as described in the theoretical details. Specific

attention was paid to find the structural parameters giving simulated spectra the closest

to experimental ones. The effect of surface terminations, which play an important role on

the properties of 2D materials and particularly in MXenes [32, 51, 52, 53, 54, 55, 56, 57],

was first investigated. The simulated low loss spectra presented in figure 3.a) were
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calculated for a multilayer thickness of 30 nm for which the main contribution comes

from the loss function. These spectra are compared to the VEEL spectrum collected

on the thicker zone, i.e. the sample 5. They confirm the high sensitivity of the MXene

electronic structure to their surface functionalization. In particular, it can be noticed

that the bulk plasmon energy decreases significantly from Ti3C2(OH)2 to Ti3C2O2,

Ti3C2F2 and Ti3C2. Secondly, it is shown that the best agreement is obtained when

considering layers terminated with hydroxyl groups in the simulation, with an almost

perfect match with the experiment in the 10 to 30 eV energy range. Although (OH)

groups are not expected to be the most numerous ones for Ti3C2Tx [32], this system will

be used in the future developments. It is not clear at the moment why the Ti3C2(OH)2
model gives the best agreement with the experiment, but this was already observed for

HF prepared samples [25, 38]. A possible reason could be related to the fact that a true

MXene structure is much more complicated than the simplified structures presented in

figure 1. In particular, it is well known that water molecules are confined in between the

MXene layers and have an important impact on the architecture of MXene stacks and

physical/chemical properties of MXenes [17]. From these considerations, one can assume

that considering OH terminated MXene improves the agreement with experimental

spectra by allowing to, somehow, consider the interlayer hydrogen or OH bonds coming

from confined water molecules and their interaction with the MXene surface.

Figure 3.b) shows the evolution of the simulated low loss spectra as a function

of the MXene stack thickness, i.e. when changing the sample thickness in the Kröger

formula. For these simulations, the thickness of a single Ti3C2Tx layer was considered to

be 1 nm, following high resolution TEM measurements [19]. The thickness sensitivity

is particularly important from 1 to 10 nm, i.e. 1 to 10 layers, mostly due to the

evolution of the surface contribution as shown by the dashed curves in the figure. Like

other properties in 2D materials, when the thickness increases the VEEL spectrum

converges towards the bulk one. For comparison, the experimental spectra of figure

2-a are also reported in figure 3-b: a superimposition good enough to obtain thickness

measurements by eye on samples 1, about 3 layers, and samples 2 and 3, about 7 or 8

layers, is evidenced.

To be more quantitative, the mean squared error (MSE) between the experimental

spectra and the simulated ones considering thicknesses in the 1 to 30 layers range,

was calculated. These MSE are represented as a function of the number of layers in

the simulated stacks in the figure 3.c). The curves clearly present a minimum except

for sample 5. The deduced thickness measurements for the samples 1, 2, 3 and 4 are

respectively 3, 7, 7 and 12 layers. The quality of the overlap between simulated and

experimental curves confirm the accuracy of the thickness measurement. In order to

estimate the uncertainty of these measurements, the same approach was used considering

four different intervals for the MSE: from 5 to 10 eV; 10 to 15 eV; 15 to 20 eV; and 20

to 25 eV. When focusing on the first three intervals, the most thickness sensitive, the

uncertainty is below 0.5 nm for the sample 1, 2 and 3 and below 1 nm for the sample 4.

It can be noticed from figure 3.b) that a slight underestimation of the pre-bulk plasmon
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a) b)

c)

Figure 3. a-b) Simulations of Ti3C2Tx VEEL spectra when varying a) the termination

populations for a 30 layers thick stack and b) the number of layers in Ti3C2(OH)2
stacks. Dashed and dotted lines correspond respectively to the surface and volume

contributions to the EEL spectra for both 1 (pastel blue) and 24 (green) layers thick

Ti3C2Tx MXene stacks. Experimental spectra of figure 2-a), zero loss subtracted, are

also reported for qualitative comparison. For comparison, theoretical and experimental

spectra were normalized in the 24-29 eV energy range so as to have an integrated

intensity of 10000 in this energy range. Grey areas are disregarded because subject to

difficult zero loss peak extraction. c) Mean squared error between the experimental

spectra and the simulated ones for different thicknesses.
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intensity is observed, leading to a slightly larger error in the last interval. However, the

dotted and dashed curves show that the thickness dependence is weak in that interval.

The width of the minima in figure 3-c) increase with the thickness of the investigated

stack. This is due to the higher sensitivity of the bulk versus surface contributions ratio

in low loss spectra at low thicknesses. It makes this approach more discriminant at low

thicknesses contrary to the Log-Ratio method for the determination of the t/λ. The

larger width of the sample 4 MSE curve is consistent with the previous discussion on

uncertainty: the error on the measurement becomes close to 1 layer for that thicker

sample. The number of layers in the fifth sample could not be determined since the

difference between simulated spectra for high thicknesses are too low to find a minimum

in the MSE curve. When the thickness increases, the measurement becomes more

challenging. Fortunately, an accurate measurement of the stack thickness is much more

relevant at low thicknesses where the dependence of the properties on the number of

MXene layers is exacerbated.

Taking the thickness of sample 1, measured as three layers, the HAADF intensity

ratios of figure 2-f) give 7.5±2, 6±2, 10±2 and 27.5±3 layers for samples 2 to 5

respectively. Although less accurate due to the error bars on the HAADF intensities,

these values are in good agreement with those extracted from the VEEL spectra for

samples 2 to 4, confirming the validity of our VEELS approach (see SI figure S2). At very

low thickness, i.e. typically below 10 layers, our method is expected to unambiguously

give the exact number of layers in a stack, which underlines its huge appeal. Above

this value, the uncertainty is estimated to exceed 1 layer and increases with thickness.

Moreover, the fact that sample 1 corresponds to a stack of three layers shows that the

step of 300 counts discussed in the inset of figure 2.g) corresponds to an increase of one

MXene layer in our experimental conditions. These results have also been confirmed

using PACBED, CBED being a reference method for the determination of sample

thickness in TEM [58, 59]. PACBED data acquisition and processing are described

in supplementary information and the main conclusion is that the thicknesses of the

samples 2 and 3 are confirmed to be between 5 and 8 nm, the PACBED patterns of

samples 4 and 5 being unexploitable.

The thickness measurement method presented above requires DFT simulations of

the dielectric function as an input to the Kröger cross section. However, inspection of

the experimental and theoretical spectra given in figure 3 shows that they exhibit a

roughly linear behavior in the 5-24 eV energy range. The slope dependence of linear

fits of the VEEL simulated spectra as a function of the thickness was thus investigated

in order to provide a simpler way to measure the thickness of a given stack from VEEL

spectra. The corresponding results are presented in Figure 4. It should be noted

that the slope depends on the normalization, which was here performed between 24

and 29 eV. Different collection semi-angles and acceleration voltages corresponding to

standard TEM-EELS acquisition conditions were also considered in order to provide

reference curves for other experimental conditions (additional curves corresponding to

acceleration voltages of 200 kV and 300kV are given in supplementary information).
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Figure 4. Slope of linear fits performed on the 5 to 24 eV energy interval on the

simulated spectra (full lines) as a function of the number of layers in a stack. Slopes

obtained from the fits of the experimental ones are reported as grey crosses. Lines are

a guide for the eyes. Comparison of the slope thickness dependence to (left) different

collection semi-angles at 80 keV and (right) to different acceleration voltages for a

collection semi-angle of 6 mrad.

Results of equivalent fits performed on the experimental spectra of samples 1 to 4 are

also reported as grey crosses in the figures for our experimental conditions. The values

deduced from these curves are fully consistent with those obtained from the MSE with

the sample 1 measured to be 3 layers thick, samples 2 and 3 close to 7 nm (within the

0.5 layer uncertainty) and sample 4 measured to be 12 layers thick. These results show

that the number of layers in a stack can directly be deduced from the slope of the linear

fits of the experimental spectra in the 5 to 24 eV interval.

Although confirming the possibility to generalize this approach to other MXenes

would require equivalent in-depth analysis as that proposed in the present paper, we

would like to stress here that we observe a behavior similar to that reported for Ti3C2Tx

(i.e. thickness insensitive bulk plasmon energy and surface to bulk mode ratio changing

as a function of thickness) in V2CTx and Ti2CTx (see SI, figure S7, for the case of

Ti2CTx). As a consequence, one can infer that the physics behind the VEEL spectra in

these MXenes is similar to that discussed for Ti3C2Tx so that our approach is probably

generalizable to other MXenes.

As discussed previously, the interlayer spacing is also a key structural parameter

with a major effect on the MXene properties. We thus investigated the possibility to

probe this parameter using VEELS. The figures 5.a-c) present the evolution of the bulk

plasmon energy simulated for Ti3C2T2 MXenes when the c-cell parameter is increased

in the hexagonal unit cells (i.e., for the layers covered with fluorine, oxygen or no

termination). Increasing the c-cell parameter results in the augmentation of the distance
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Figure 5. Evolution of simulated low loss spectra of a) Ti3C2F2, b) Ti3C2O2 and c)

Ti3C2 30 layers thick MXene stacks, when changing the c-cell parameter and hence

the interlayer distance. For each c-cell parameter given in the legends of figures a)-c),

all atomic positions were relaxed, keeping the unit cell parameters fixed, and leading

to the relaxed Tis-Tis distances presented in e). d) Sketch of the MXene unit cell

as observed along the 〈 100 〉 direction, and evidencing the dTis−Tis distance used

as a marker of the interlayer distance. e) Evolution of the bulk plasmon energy as a

function of dTis−Tis.

between the two Ti3C2T2 layers forming the unit cell. This distance is here characterized

by dT is−T is, the distance between the surface titanium atoms facing each other in the

two superimposed layers as shown in figure 5.d).

One can see that the BP energy decreases when the interlayer distance increases

and that the BP intensity tends to decrease. The evolution of the bulk plasmon energy

as a function of the dT is−T is is presented in figure 5.e) for the Ti3C2F2, Ti3C2O2 and

Ti3C2 systems. Regardless of the surface population, a decrease of around 2.5 eV is

observed when increasing the interlayer distance by ∼ 5 Å, corresponding to c-cell

parameters ranging from 19 to 30 Å. The slopes of the linear fits of these curves are

-0.43 eV/Å, -0.52 eV/Å and -0.44 eV/Å for the Ti3C2F2, Ti3C2O2 and Ti3C2 systems

respectively. These results were confirmed for the more complex and computer time

demanding Ti3C2(OH)2 system since calculations performed for c = 20 and 25 Å lead

to a 0.53eV/Å slope. The interlayer distance sensitivity of the bulk plasmon energy in

a stack can thus be used to evaluate the average distance between different layers, or

characterize relative changes of it, on a very local scale. Assuming a 0.25 eV accuracy

on the determination of the bulk plasmon energy and an average slope of -0.5 eV/Å

for the plasmon energy evolution as a function of dT is−T is, this approach offers the
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Figure 6. (a) DFT simulations of the loss function of Ti3C2 with a c cell unit cell

parameter varying from 19 to 25 Å. (b) Corresponding results obtained in the effective

medium approach, i.e. considering an increasing percentage of vacuum between the

TiC layers.

possibility to measure 0.5 Å interlayer variations in a Ti3C2Tx stack. Having access to

this structural parameter, especially with such a resolution, is rather challenging in TEM

experiments since MXene multilayers extracted from MXene powder samples generally

settle parallel to the TEM grid (i.e. along the {0001} zone axis) so that imaging or

diffraction techniques essentially probe the in-plane structure. Using the bulk plasmon

energy shift to directly detect local variations in the interlayer distances is thus very

interesting given the crucial role played by this structural parameter on MXene stacks

properties [16, 18, 17] .

Focusing on Ti3C2, the dependence of the bulk plasmon energy on the c parameter

can be understood using an effective medium (EM) approach, where the MXene stack

is described as an alternance of TiC layers and vacuum. The respective thicknesses of

the TiC layers and vacuum ones are d and c/2-d, with c the unit cell parameter of

the Ti3C2 hexagonal structure. In this approach, the two components of the hexagonal

dielectric tensor, i.e. εa,b(ω) for the basal plane and εc(ω) along the c axis, are then

given by [60]:

εa,b(ω) =
d

c/2
εT iC(ω) +

c/2− d
c/2

εvac(ω) (1)

1

εc(ω)
=

d

c/2

1

εT iC(ω)
+
c/2− d
c/2

1

εvac
(ω) (2)

with εvac and εT iC the dielectric permittivities of vacuum and TiC respectively.

Figure 6 shows that the EM approach qualitatively reproduces the evolution of the

VEEL spectra obtained from DFT when varying the c-cell parameter with a global red

shift of the low loss spectrum resulting in a red shift of the BP energy. One can however

notice that this shift is slightly overestimated by the EM approach and that it does
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not reproduce the double peak between 10 and 15 eV (only the peak around 11.5 eV is

reproduced). Given the simplicity of the EM model, it is not surprising that it does not

capture all the details of the electronic structure of the Ti3C2 MXene stack. Besides

these discrepancies, the EM results show that the bulk plasmon energy reduction can be

simply understood in terms of an increase of the quantity of vacuum in the stack which

results in a decrease of the number of valence electrons per unit volume in the system.

This last parameter is key to the determination of the plasma frequency according to

the Drude model.

4. Conclusion

In summary, we have shown that, using the significant thickness dependence of the EELS

cross section in the low loss part of the spectrum, it is possible to exactly quantify the

number of layers in Ti3C2Tx multilayers for thicknesses below∼ 10 nm. This can be done

by comparison with simulations involving the energy dependent dielectric function of

the material obtained from DFT, but also more simply from the thickness dependence

of the slope of linear fits of the experimental spectra in a well-chosen energy range.

In addition, DFT simulations show that monitoring the bulk plasmon shift in these

materials also offers the possibility to probe the evolution of the average interlayer

distance in a stack with sub-angström resolution, thereby providing the architecture of

a Ti3C2Tx multilayer stack on the nanometer scale in the TEM.

Compared to other techniques, we believe that using VEELS presents several

interesting features. First, because it is dominated by the bulk plasmon excitation which

corresponds to the excitation of the whole valence electron gas, we do not expect small

molecular-like impurities to significantly modify the VEEL spectra of MXenes obtained

with different etching conditions, the latter being known to have a large impact on

the nature and amount of secondary phases present in the material [15,32]. This was

recently confirmed on Ti3C2Tx where the VEEL spectra obtained on flakes synthesized

with different etchants were shown to be very similar [22]. In addition, our approach has

two other important features compared to other TEM-based methods. First, it allows

in a single measurement in plane-view, which is the natural way that MXene sheets

are supported on the TEM grid, to have both an information on the number of layers

and the interlayer spacing. This is hardly possible with electron imaging or diffraction

techniques. In addition, the VEEL spectra being weakly sensitive to slight sample

misorientations with respect to the electron beam, the acquisition and interpretation of

exploitable data are rather straightforward.
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[21] Persson I, Näslund L Å, Halim J, Barsoum M W, Darakchieva V, Palisaitis J, Rosen J and

Persson P O A 2017 On the organization and thermal behavior of functional groups on

Ti3C2 MXene surfaces in vacuum 2D Materials 5 015002

[22] Bilyk T, Benchakar M, Bugnet M, Loupias L, Chartier P, Pazniak H, David M L, Habrioux

A, Celerier S, Pacaud J and Mauchamp V 2020 Electronic Structure Sensitivity to

Surface Disorder and Nanometer-Scale Impurity of 2D Titanium Carbide MXene Sheets

as Revealed by Electron Energy-Loss Spectroscopy J. Phys. Chem. C 124 27071-27081

[23] Hart J L, Hantanasirisakul K, Lang A C, Anasori B, Pinto D, Pivak Y, van Omme J T,

May S J, Gogotsi Y, Taheri M L 2020 Control of MXenes’ electronic properties through

termination and intercalation Nat. Commun. 10 522

[24] El-Demellawi J K, Lopatin S, Yin J, Mohammed O F and Alshareef H N 2018 Tunable

Multipolar Surface Plasmons in 2D Ti3C2Tx MXene Flakes ACS Nano 12 8485-8493

[25] Mauchamp V, Bugnet M, Bellido E P, Botton G A, Moreau P, Magne D, Naguib M,

Cabioc’h T and Barsoum M W 2014 Enhanced and tunable surface plasmons in two-

dimensional Ti3C2 stacks: Electronic structure versus boundary effects Phys. Rev. B

89 235428

[26] Persson I, Halim J, Hansen T W, Wagner J B, Darakchieva V, Palisaitis J, Rosen J and
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