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2D metal carbides and nitrides (MXene) are promising candidates for electro-
magnetic (EM) shielding, saturable absorption, thermal therapy, and photo-
catalysis owing to their excellent EM absorption. The plasmon resonances in
metallic MXene micro/nanostructures may play an important role in enhancing
the EM absorption; however, their contribution has not been determined due
to the lack of a precise understanding of its plasmon behavior. Here, the use
of high-spatial-resolution electron energy-loss spectroscopy to measure the
plasmon dispersion of MXene films with different thicknesses is reported,

rates, and can even interrupt the func-
tion of devices. Recently, 2D transition
metal carbides and nitrides (MXene)
have demonstrated exceptional shielding
ability,"#>¢3] due to their high EM absorp-
tion, lightweight, high strength, and ease
of manufacture.2

Ti;C,T, is a typical MXene material, and
T, represents the surface terminated parts,
such as —O, —OH, or —F.2*’] Its intrinsic

enabling accurate analysis of the EM absorption of complex MXene structures
in a wide frequency range via a theoretical model. The EM absorption of MXene
can be excited at the desired frequency by controlling the momentum (e.g., the
sizes of the nanoflakes for EM excitation) as the strength can be enhanced by
increasing the layer number and the interlayer distance in MXene. For example,
a 3 nm interlayer distance can nearly double the plasmon-enhanced EM
absorption in MXene nanostructures. These findings can guide the design of
advanced ultrathin EM absorption materials for a broad range of applications.

1. Introduction

Ultrathin and flexible electromagnetic (EM) shielding mate-
rials are widely required for eliminating EM interference in
electronic devices!!! such as handheld radios and computers,
medical imaging equipment, broadband routers, wearable con-
sumer electronics, and automotive sensing equipment.l'©42l
For these devices, the EM interference diminishes electrical
performance, introduces noise signals, slows data exchange

metallic naturel® combined with abundant
surface termination and a laminate archi-
tecture contributes to achieving a high EM
shielding performance.” In each layer,
the incident EM waves are partially reflected
due to the high intrinsic electrical conduc-
tivity of MXene, and the remaining waves
are then partially dissipated due to the inter-
action of the EM-dirven electrons with the
MXene lattice defects.!®! This process can
be repeated in the laminate architecture of
MXene until the penetrated EM waves are
competely absorbed.”) This EM shielding performance can be
further improved by introducing porous structures with partial
oxidation in annealed MXene, but the observed increase cannot
be fully explained within the framework of existing shielding
theories.'™ These phenomena imply that there must be other dis-
sipation channels in addition to classical reflection and absorption
of EM waves.

One possible explanation is the plasmon-induced EM absorp-
tion, which has been observed in MXenel!¥ as well as metals!!!
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and other 2D materials.'Zl Plasmons can be effectively excited

in the annealed Ti;CNT, MXene with a porous structure and
partial oxidation, which can provide the required momentum
compensation,'” and these resonances in a wide frequency
range should play an important role in determining the EM
absorption. However, the characterization of the plasmon
dispersion (i.e., the frequency (w)-momentum (g) relation-
ship, which is an intrinsic characteristic of plasmons) in few-
layer MXene remains challenging, because the plasmons are
too lossy to be precisely observed by either near-field optical
microscopy or far-field optical spectroscopy.!'’!

Here, we use electron energy-loss spectroscopy integrated in
a scanning transmission electron microscope (STEM-EELS) to
characterize the plasmon dispersion of MXene nanoflakes. By
comparing the different dispersions, the MXene layer number
and momentum are found to have an important impact on
the plasmon-induced EM absorption. Numerical simulations
demonstrate that the plasmon-enhanced EM absorption can
be increased by increasing the layer number and the inter-
layer distance for a given momentum. A 300-layer MXene
nanostructure with a 3 nm interlayer distance is theoretically
demonstrated to reach an EM absorption of nearly 100%. Our
work demonstrates the large plasmon-induced EM absorp-
tion of MXene in a broad band, thus providing a guidance for
developing advanced EM absorption materials and designing
ultrathin EM devices, such as EM absorbers, EM shielding
devices, and photothermal devices.

2. Dispersion of Ultra-Broadband Plasmons
in Few-Layer MXene Film

The momentum compensation is required to excite plasmons;
it can be achieved by optically coupling structures or moving
electrons. Monochromatic STEM-EELS is employed to detect
the broadband surface plasmons in MXene by providing a large
momentum compensation from the fast electrons. The sche-
matic diagram of the experimental setup is shown in Figure 1a.
The spatial resolution is less than 1 nm, and the energy resolu-
tion is less than 10 meV at a voltage of 30 kV. Few-layer Ti;C,T,
MXene, with carbon atoms packed in a hexagonal structure
with Ti layers and passivated with —O, —OH, and —F termi-
nations (see Figure), is prepared through exfoliation method
in liquid phase from synthesized Ti;C,T, MXene flakes and
transferred on the transmission electron microscopy (TEM)
grids (details are provided in the Experimental Section). The
high-angle annular dark-field (HAADF) image of the synthe-
sized MXene flake in Figure 1c demonstrates the high quality of
the prepared MXene. According to the elemental composition
analysis (details are provided in Figure S1, Supporting Infor-
mation), the ratio of oxygen atoms to fluorine atoms in termi-
nated surface moieties (T,) is around 6:1. The few-layer MXene
films are suspended on the TEM grids to avoid the influence
of dielectric substrate and obtain the intrinsic MXene plasmon
signal.

A set of typical EELS spectra are measured in Figure 1d
with the electron beam moving from vacuum to interior of the
MXene film with a step length of =6 nm. The corresponding
thickness (t) of MXene is =4.5 nm (details are provided in

Figure S2, Supporting Information), which approximately cor-
responds to three layers of MXene as each layer is =1.3 nm.
Two resonance peaks can be observed in the EELS spectra in
Figure 1d, which are identified as modes I and II. Interestingly,
there is only one single resonance peak (mode I) on the EELS
spectra when the electron beam passes through the vacuum.
The resonance frequency of mode I remains nearly constant
even when the electron beam moves. By contrast, the peak cor-
responding to mode II only appears when the electron beam is
incident on the interior of the MXene film, and its frequency
undergoes a redshift when the electron beam moves away
from the MXene/vacuum edge. Furthermore, numerical sim-
ulations based on the finite element method (FEM) are per-
formed to study the characteristics of MXene plasmons from
a fundamental perspective. The optical parameters utilized for
the MXene film (see Figure S3, Supporting Information) and
the EELS simulation model are presented in Supplementary
Notes S1 and S2 (Supporting Information), in which the dielec-
tric function is derived from the macroscopic average proper-
ties of the material. The difference between the two plasmon
modes in the EELS spectra is shown in Figure le. The mode
II peak is a plasmon signal that travels to the edge and is then
reflected by the edge to interfer with the excited plasmon,
while the mode I peak is a noninterference plasmon signal that
travels along the other directions. The mode II peak under-
goes a gradual redshift and approaches mode I peak; eventually,
the two modes merge into one peak.

To deeply analyze these two plasmon modes, the wave-
guide model of FEM simulation is utilized to calculate the EM
field distribution (i.e., E, and H,).'”! As shown in Figure S5,
the EM field is highly confined on the surface (=100 nm) of
MXene which is a typical feature of surface plasmon eva-
nescent field. The only one zero-point in the H, profile
implies that both modes I and II are the fundamental sur-
face transverse magnetic (SMy) mode. These highly con-
fined plasmon modes as well as the large imaginary part of
MXene dielectric function anticipate ultrastrong EM absorp-
tion in MXene. It is demonstrated by the fast damping of the
propagating plasmon that is absorbed within one wavelength
(details are provided in Figure S5b,c and Note S2 in the Sup-
porting Information).

To further analyze the characteristics of MXene plasmon
at different frequencies (@), the collected EELS spectra (step
length is =1.5 nm) are mapped in momentum space (q) and
plotted in Figure 1f. Then, an instructive way to visualize
the dispersion (w-gq) is via a false-color plot of Im(r,).l'
The Im(r,) of MXene is obtained according to the theory
of multilayer film interference (Supplementary Note S3
(Supporting Information), and the maximum values of
Im(ry) at different frequencies are extracted and plotted in
Figure 1f (blue curve). It can be seen that these values are
in good agreement with the experimental results. Therefore,
the ultra-broadband plasmon responses in the frequency
domain below the near-infrared range and especially in the
telecommunication band of MXene are demonstrated. Most
importantly, it is the first time that the dispersion of MXene
plasmon, the frequency range of plasmon resonances, and
the corresponding wavelength compression are experimen-
tally demonstrated.
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Figure 1. a) Schematic diagram of electron-excited MXene plasmon via STEM-EELS. b) Magnified view of the diagram of the lattice structure and the
chemical compositions of MXene. ¢) HAADF image of MXene film. The scale bar is 0.5 nm. d) Experimental EELS spectra for the different spatial posi-
tions of the electron beam, from the vacuum (Aloof) to the bulk of MXene. e) Schematic illustration of plasmons (mode | and Il) are obtained when
the electron beam moves from vacuum to the interior of MXene film. f) Dispersion of MXene plasmons. The color image is obtained by transforming
the experimental EELS spectra of MXene into the momentum space, and the solid line represents the dispersion calculated based on the theoretical
model. The frequency can cover the range below the near-infrared region, which includes the telecommunication frequency (telecom. freq.). The thick-

ness of MXene is =4.5 nm.

3. Plasmon-Enhanced EM Absorption of MXene
with Varied Thicknesses

The stacked structure has been demonstrated to be a key
factor for the ultrastrong EM absorption of MXene.l'”] We take
a folded monolayer MXene film with a monolayer/folded two-
layer interface (Figure 2a) as an example. The folded bilayer
region of MXene has a thickness of =2.6 nm and a width of
=145 nm, and the monolayer region has a thickness of =1.3 nm

(details are provided in Figure S2c,d, Supporting Information).
A series of EELS spectra are measured as the electron beam
moves from the vacuum to the folded region and then the
monolayer region, as shown in Figure 2a. The EELS spectra
measured at the edge (bilayer MXene/the air) and the boundary
(bilayer MXene/monolayer MXene) are shown as red curves
highlighted. The mode II redshifts when the electron beam
moves to inside of the folded MXene, but the rates of redshift
at various regions are different obviously. An anticrossing
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Figure 2. a) Experimental EELS spectra in folded monolayer MXene. The two EELS spectra measured at the edge (bilayer MXene/air) and boundary
(bilayer MXene/monolayer MXene) are highlighted in red. The blue, green, and orange solid arrows are guides for indicating the shift of peaks. The
purple arrows indicate the small bulge features in the EELS spectra. b) Extracted electric field distribution (Re(E,)) of folded monolayer MXene plasmon
in the x—z-plane at =460 meV. The scale bar is 25 nm. c) Plasmon dispersion of the folded monolayer MXene. The experimental EELS spectra are col-
lected and plotted in momentum space. The solid lines are a guide to the eye for plasmon dispersion.

phenomenon appears in EELS spectra at the interface between
monolayer and bilayer MXene that is similar to the condition of
plasmon—phonon coupling. Moreover, it should be also empha-
sized that there are some interesting features in the EELS
spectra of the folded bilayer MXene: asymmetrical spectral
line profile and small bulge (indicated by the purple arrow in
Figure 2a), which mainly originate from the interference effect
of a plasmon induced by the monolayer/bilayer boundary.'¥
The plasmon interference with the boundary-reflected plasmon
can be further demonstrate by the fact that the monolayer/
bilayer boundary and bilayer MXene/air edge have strong inter-
ferometric resonance-generated EM field distribution (Re(E,))
and EM energy (|E|), as shown in Figure 2b (details are provided
in Figure S6, Supporting Information).

The dispersion of folded monolayer MXene is also obtained
by converting the EELS data from the spectrum to momentum
space,'® where the boundary interference phenomenon is
clearly revealed, as highlighted by the white dashed arrow in
Figure 2c. It is obviously different from the smooth disper-
sion curve of a pure bilayer MXene film (Figures S7 and S8,
Supporting Information). Furthermore, the full width at half
maximum (FWHM) of the EELS spectra in bilayer MXene are
much larger than those in monolayer MXene in Figure 2c,
which hints the larger plasmon-enhanced EM absorption of a
thicker MXene since the FWHM is proportional to the damping
of plasmon and thus the EM absorption.["’!

The measured EELS spectra of MXene films with dif-
ferent thicknesses (1.3 nm, 2.8 nm, 4.5 nm, 5.1 nm, 6.2 nm,

and 78 nm) are prepared to quantitively analyze the thickness
effects on the EM absorption. The number of layers can be
inferred from the measured thickness of MXene. The thickness
of monolayer MXene in our experiment is =1.3 nm. Therefore,
the thickness of 2.8 nm is a bilayer, the thickness of 4.5 nm and
5.1 nm are trilayers, the thickness of 6.2 nm is a four-layer, and
the thickness of 78 nm is a five-layer. The FWHMSs of MXene
plasmon with different thicknesses are extracted from the
EELS spectra via Lorenz function fitting (details are provided
in Figure S13 in the Supporting Information), which directly
reflect the change of plasmon-enhanced EM absorption as a
function of MXene thickness in Figure 3a. In particular, the
plasmon-enhanced EM absorption increases as the thickness
increases, but the absorption efficiency of each layer in multi-
layer MXene continuously decreases upon increasing the thick-
ness (Figure S16g, Supporting Information). To further analyze
the thickness-determined plasmon-enhanced EM absorption
in MXene, the dispersions of MXene with different thick-
nesses are compared. In Figure 3b, the EM field confinement
of plasmon decreases as the thickness increases, which induces
the decreasing EM absorption of each layer. In addition, we
predict that the plasmon dispersion and confinement remain
the same as the film thickness increases to about 390 nm (i.e.
300-layer). This phenomenon limits considerably the possibility
to further enhancing absorption of plasmon. To overcome the
challenge, improving plasmon confinement is important. Thus,
increasing the interlayer distance of MXene can weaken inter-
layer coupling and thus enable a stronger field confinement
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Figure 3. a) FWHM of plasmons (red balls) as a function of the number of MXene. b) Plasmon dispersion of MXene with different numbers of layers
(details are provided in Figures S7-S12, Supporting Information). c) Maximum intensity of plasmon-enhanced EM absorption as a function of the

interlayer distance.

(Figure S9, Supporting Information). This provided an efficient
method to optimize the plasmon-enhanced EM absorption.

4. The Interlayer Distance Design for an Ultrathin
EM Absorber with MXene Plasmon

In practical applications of EM absorbers such as EM shielding
devices and photothermal photocatalysis devices, the stacked
structures of MXene flakes are often used to exploit the
absorption cumulation phenomenon. It is necessary to study
the effects of stacking (e.g., the interlayer distance and layer
number) due to the plasmon coupling in different structures,
which has been demonstrated to largely enhance the EM
shielding.!"" We first calculate the dispersion of bilayer MXene
with the interlayer distance varying from 0 to 10 nm (Figure S9,
Supporting Information). The dispersions of bilayer MXene are
gradually approaching the dispersion of individual monolayer
MXene as the interlayer distance increases, which results in
higher field confinement of the EM waves and so the stronger
absorption. This effect is more pronounced for thicker sam-
ples since the confinement of the plasmon EM field is reduced
more severely. To illustrate this aspect, the plasmon-enhanced
absorption spectra in periodic MXene nanostrips with different
interlayer distances and thicknesses (details are provided in
Figures S15 and S16, Supporting Information) are simulated.
Figure 3c shows the plasmon-enhanced EM absorption as
a function of the interlayer distance in three representative
MXene samples. As seen, an interlayer distance of 3 nm can
nearly double the EM absorption intensity, and a 300-layer
MXene nanoribbon can achieve nearly perfect absorption.
Combined with the evolution of dispersion as the function of
interlayer distance, this result shows that plasmon-enhanced
EM absorption in MXene flakes increases monotonically as
the interlayer distance increases. Besides, it is not neces-
sary to accurately control the interlayer distance for practical
applications.

Finally, we compare the plasmon in EELS measurement and
in practical applications of EM absorbers, such as EM shielding
devices, photothermal devices, and photocatalysis devices. The

only difference between the EELS-measured plasmons and the
EM-excited plasmons is the manner in which the plasmons
are excited, while the plasmon dispersion and loss are deter-
mined by the material. In EELS experiments, the plasmons
are excited by the incident electron beam, and the momentum
of the resonant plasmon can be modulated by the distance
of the incident electron beam to the edge of the MXene flake
(g = m/x, x is the distance from the electron beam position
to the material edge).'®! For practical applications, localized
plasmon resonance can be directly excited in MXene flakes by
EM waves, and the plasmon momentum can be modulated by
the size (W) of flakes via q = 7/ W.2% Given the plasmon dis-
persion of MXene as measured by EELS and corroborated by
the theoretical calculation, we can design the size of the MXene
flakes to achieve plasmons with target frequency. MXene nano-
structures with arbitrary sizes may be obtained via controlled
chemical exfoliation and etching of grown MXene films as
well as traditional micro-/nanofabrication techniques, such as
focused ion beam, electron beam lithography, and reactive ion
etching in grown MXene films 2246213 Moreover, we theoreti-
cally studied the effects of interlayer distance due to the limita-
tion of existing experimental methods since the stacked struc-
tures of MXene flakes are often used. The calculation gives a
very general rule for how to design the MXene structures, i.e.,
the plasmon absorption intensity increases monotonically with
the number of layers, and it increases with increasing interlayer
distance with progressively slower rates. The interlayer dis-
tance can be modulated by chemical etching to intercalate cati-
onic surfactant,?!! mixing MXene flakes with other dielectric
flakes such as hexagonal boron nitride flakes,??l and thermal
annealing,[>#]

5. Conclusion

We have experimentally measured the broadband plasmon-
enhanced EM absorption (below 900 meV) and the plasmon
dispersions in individual MXene flakes with varied thicknesses
via STEM-EELS. The measured plasmon dispersions enable our
theoretical model to accurately analyze the EM absorbtion of
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complex MXene structures with different thicknesses, interlayer
distances, and momentum values over a wide frequency range.
The obtained result is useful as a guide for the MXene structure
design (e.g., the size of the MXene micro/nanostructures) for
exciting plasmons at the desired frequency. Moreover, the EM
absorption can be improved either by increasing the number of
MZXene layers or increasing the interlayer distance. For example,
as the interlayer distance increases from 0 to 3 nm, the calculated
plasmon-enhanced absorption increases by more than a factor
of two, and a nearly perfect EM absorption is achieved in a 300-
layer MXene nanostructure. These ultrathin and flexible MXene
materials with broadband plasmon-enhanced absorption proper-
ties provide a promising platform for realizing high-performance
photonics and optoelectronic devices.

6. Experimental Section

MXene Preparation for the TEM Experiments: Suspensions of MXene
(TisC,T,) were prepared using conventional chemical synthesis
methods.[?®l The suspended MXene could be prepared by using droplets
to transfer onto the 3 mm lacy carbon TEM grid. Finally, before the
STEM experiment, the sample was annealed in a vacuum chamber at
160 °C for & h to remove possible hydroxide contamination.

EELS and Imaging Experiments: The EELS experiments were
acquired using a Nion U-HERMES200 electron microscope with a
monochromator that operated at 30 kV to avoid any damage to MXene
materials.?) A convergence semiangle & = 20 mrad and a collection
semiangle = 25 mrad were employed for all datasets. In this setting,
the spatial resolution was =2 nm, with an energy resolution up to 5 meV.
However, a relatively large energy dispersion of 1 meV per channel was
used to include all plasmon signals, thus the actual energy resolution
was limited to =7.5 meV. The acquisition times were chosen as 600 ms
per pixel to improve the signal-to-noise ratio of the spectra, making
the zero-loss peak (ZLP) slightly saturated. The HAADF images were
acquired using Nion U-HERMES200 operated at 60 kV.1*23

EELS Data Processing: All the acquired vibrational spectra were
processed by using a custom-written MATLAB code and Gatan
Microscopy Suite. More specifically, the EEL spectra were first aligned
by their normalized cross-correlation. Subsequently, the block-matching
and 3D filtering (BM3D) algorithms were adopted to remove the
Gaussian noise. The background arising from both the tail of the ZLP
and the noncharacteristic phonon losses was fitted with a modified
Peason-VII function with two fitting windows and then subtracted in
order to obtain the vibrational signal. The spectra were summed along
the direction parallel to the interface for obtaining line-scan data with a
good signal-to-noise ratio.[423]

Theoretical Calculations: We employ a finite element method
implemented in COMSOL Multiphysics to simulate the EELS spectra.
The Radio Frequency Toolbox is used for performing retarded
simulations (solving Maxwell’s equations) to evaluate the electric
field in the presence of a MXene. The dielectric functions of the
MXene are average values obtained from large-area films, which could
approximately calculate the plasmon response (details are provided in
Figure S3 and Supporting Note S1, Supporting Information).(%

By following a well-established procedure, a current source is used
to represent the electron beam along the direction perpendicular to
the sample.?’l When electron beam stricks on the sample, an induced
field EMd(r,t) = E(r,t) — Eq(r,t) is generated, where E(rt) is the total
field distribution, as determined by the optical response of the MXene.
Finally, we calculate the loss probability (by using Edge Probe, Integral
applied along the electron trajectory) according to:[?’]

FEELS(50)=7%jRe{exp(—m}Tz)Eiz”d(z,a))}dz (1)

Therefore, the EELS spectra are simulated according to the equation
describing electrons passing the MXene and the corresponding results
are presented in Figure S4 and Note S2, Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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