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Influence of MXene Interlayer Spacing on the Interaction
with Microwave Radiation

Roman Rakhmanov, Stefano Ippolito, Marley Downes, Alex Inman, Jamal AlHourani,
James Fitzpatrick, Yury Gogotsi,* and Gary Friedman*

The origin of MXene’s excellent electromagnetic shielding performance is not
fully understood. MXene films, despite being inhomogeneous at the
nanometer scale, are often treated as if they are compared to bulk conductors.
It is reasonable to wonder if the treatment of MXene as a homogeneous
material remains valid at very small film thickness and if it depends on the
interlayer spacing. The goal of the present work is to test if the homogeneous
material model is applicable to nanometer-thin Ti3C2Tx MXene films and, if
so, to investigate how the model parameters may depend on variations in
MXene interlayer spacings. MXene films containing flakes with interlayer
spacing between 1.9 and 5.5 Å have been prepared using various intercalating
agents. It is shown that modeling the films as being homogeneous agrees
with experimental tests in the microwave frequency range. Microwave
conductivity and dielectric constant parameters are estimated for the
homogeneous film model by fitting measured results. The direct current (DC)
conductivity matches the estimated microwave conductivity on the order of
magnitude. A highly effective dielectric constant provides a good fit for the
lower conductivity MXene films. Optical absorption agrees with the
homogeneous material model of thin films as well.

1. Introduction

MXenes are a class of 2D transition metal carbides, nitrides,
and/or carbonitrides with the general formula of Mn+1XnTx,
where M is an early transition metal[1–4 ] (e.g., Ti, V, Nb, etc.), X
is C and/or N, and n ranges from 1 to 4. MXenes have received
ever-growing attention due to their versatile properties, such as
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high metallic conductivity (exceeding 2.4 ×
106 S m−1),[5,6 ] low infrared emissivity,[7 ]

tunable chemistry, as well as hydrophilicity,
promoting cost-effective MXene processing
from aqueous dispersions and deposition
on a wide variety of surfaces.[8 ] In partic-
ular, Ti3C2Tx, the most studied and stable
MXene, shows relatively high conductivity
and environmental stability.[9 ] These prop-
erties brought MXenes into the spotlight for
technologies such as electromagnetic inter-
ference (EMI) shields and microwave cir-
cuit components.[10–12 ] Their EMI shield-
ing properties are comparable to metals
and exceed carbon and other nanomateri-
als reported in the literature thus far.[13–16 ]

For instance, Ti3C2Tx coatings applied
onto 3D-printed polymeric waveguides dis-
play analogous performance to their metal
counterparts but with a significant weight
reduction.[17 ] It is also possible to incorpo-
rate MXenes into composites to produce
multifunctional materials with high EMI
shielding performance.[18–22 ] EMI shield-
ing properties of MXenes are also tunable

via electrochemical modulation.[18 ] Moreover, MXenes-based de-
vices continue to perform well up to the THz frequencies.[23 ]

Previous work[24 ] demonstrated the ability of nanometer-thick
Ti3C2Tx films to absorb up to 50% of incoming microwaves
through impedance matching. The film impedance was esti-
mated through microwave measurements showing conductivity
within the error of direct current (DC) measurements and is com-
parable to values in the THz range reported previously.[25 ]

The interaction of spray-coated MXene films with electromag-
netic fields generally shows behavior similar to a composite ma-
terial with conducting inclusions and sputtered[26 ] or thermally
evaporated[27 ] thin metal films made of percolating metal islands.
For example, nanometer-thin MXene films perform as well as
metal films with similar thicknesses, even though the intrinsic
conductivity of bulk metals is higher. Nanometer-thick sputtered
metal films of multiple islands, and their resistivity differs from
that of bulk metal due to this morphology.[28–32 ] MXene films have
some similarities since their metallic flakes[33 ] are separated from
each other by functional groups and intercalants,[34–36 ] still allow-
ing for effective inter-flake electron transport. Theoretical calcula-
tions predict bandlike transport in MXenes,[37–39 ] and it has been
shown that two different mechanisms of inter- and intra-flake
electron transport may be active.[34,40–42 ] The above analogies
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between nanometer-thin metal films and MXene films suggest
that the material’s nano- and micro-structure is crucially impor-
tant in determining its interaction with electromagnetic fields.

However, while increasing the thickness of metal films
changes their nanoscale architecture, MXene flakes maintain
their 2D structure as the film thickness increases. This raises the
possibility of modeling MXene films as being homogeneous.[43 ]

Many composite materials are modeled as homogeneous media
in their interaction with electromagnetic fields.[44,45 ] The idea be-
hind the development of such models is to derive equations for
fields averaged over many material inhomogeneities. Remark-
ably, these equations can have the same form as Maxwell’s equa-
tions except for the use of effective permittivity and permeability,
which could be complex-valued to account for energy losses. Such
models also permit substantially simplifying modeling interface
phenomena via boundary conditions on normal and tangential
electric and magnetic fields. The validity of the homogeneous
medium models can be experimentally tested by varying the film
thickness, measuring electromagnetic wave reflection and trans-
mission, and comparing the results to the model predictions.[46 ]

In the process, it is possible to estimate the values of the homo-
geneous model parameters such as permittivity and conductivity.
This process can be repeated for MXene having different spacing
between their conductive layers to understand how such spacing
might affect the homogenization assumption and the resulting
parameters in the homogeneous medium model. In addition,
measured DC conductivity is compared to the microwave con-
ductivity estimated for the homogeneous medium model. Opti-
cal measurements can be used to confirm that certain material
features remain unchanged after the intercalation of different
molecules between the layers.[47,48 ]

In the present work, we tested if the homogeneous material
model is applicable to nanometer-thin Ti3C2Tx MXene films and
investigated how the model parameters depend on variations in
MXene interlayer spacings by intercalating cations with various
sizes between the negatively surface-charged MXene flakes.

2. Results and Discussion

2.1. Morphological and Structural Properties of Spray-Coated
Films

MXene dispersions were produced following previously reported
protocols,[4,6,49 ] providing flakes whose typical Ti3C2Tx structure
is presented in Figure 1a. As such, flakes contained adsorbed Li+

after delamination. We used lithium chloride (LiCl), tetramethy-
lammonium hydroxide (TMAOH), and tetrabutylammonium hy-
droxide (TBAOH) to intercalate positively charged Li+, TMA+,
and TBA+ species (cations) between the MXene sheets and in-
crease the interlayer spacing in MXene films. The as-produced
dispersion of MXene flakes was split into separated containers
to perform ion exchange with TMAOH and TBAOH (Figure 1b).
The resulting solutions were spray-coated onto glass substrates
(Figure 1b) to make films with different interlayer spacings, de-
pending on the intercalant (Figure 1c). After spray coating, a set
of LiCl films was treated with HCl to minimize the amount of
water and eliminate lithium ions (i.e., protonated sample).

To confirm the change in interlayer spacing due to the inter-
calation of different ions, X-ray diffraction (XRD) was carried

Figure 1. a) Sketch of Ti3C2Tx structure, where red spheres represent Ti
atoms, blackspheres are carbon atoms, and “Tx” are surface terminations
represented in blue. b) Illustration of spray coating deposition of MXene
aqueous dispersion and optical image of a typical spray-coated film on a
glass slide of 24 × 40 × 0.15 mm. c) Illustration of Ti3C2Tx layers inter-
calated with different cations, showing their interlayer spacing measured
by XRD. Water molecules are shown in the interlayer spacing as red and
white spheres.

out at ambient conditions on the spray-coated films. As seen in
Figure 2a, all MXene films show the characteristic (002) peak,
confirming the successful etching and delamination steps. The
angular shift of the (002) peak is used to calculate the d-spacing,
which accounts for the thickness of one MXene layer along with
the surface groups and intercalants.[50 ] Interlayer spacing is cal-
culated by subtracting the thickness of a single MXene layer, 9.4
Å, from the value of d-spacing. The LiCl-intercalated film shows
the (002) peak located at 7.3°, resulting in a d-spacing of 12 Å,
which implies an interlayer spacing of ≈2.6 Å, corresponding to
a monolayer of water between the sheets.[50 ] To create the pro-
tonated sample, a LiCl-intercalated film (Figure S1, Supporting
Information) was washed in HCl to remove lithium ions, pro-
ducing the protonated sample. The interlayer spacing decreased
to 1.9 Å as Li+ and some water were removed from the sample.
Vacuum annealing did not affect the c-lattice parameter of the
protonated sample, indicating strong adhesion of water between
the sheets (Figure S1, Supporting Information). The larger (002)
peak shift of the TMAOH (at 5.9 °) and TBAOH (at 6.0 °) contain-
ing films confirm the intercalation of such large ions, resulting
in larger d-spacings of 14.8 and 14.9 Å, respectively, providing in-
terlayer spacings of 5.4 and 5.5 Å, similar to previously reported
results.[35 ] Additionally, the intercalation of cetyltrimethylammo-
nium bromide (CTAB) into the TMAOH film results in a further
shift of the (002) peak toward lower 2𝜃, indicating expansion of
the d-spacing (Figure S1, Supporting Information).

XRD confirmed successful control over the d-spacing and,
thus, the potential to tune the interlayer spacing in Ti3C2Tx films.
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Figure 2. a) XRD patterns of Ti3C2Tx films delaminated with LiCl and
ion-exchanged using TMAOH, TBAOH, and HCl. The inset contains a
zoomed-in region to highlight the (002) peak shift with a change in d-
spacing values. b) Typical SEM and c) AFM images of the surface of a
LiCl-intercalated film.

To explore the surface morphology of the films, they were an-
alyzed using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Figure 2b,c show continuous coverage
of glass substrates with 10 nm-thick LiCl-intercalated film on
micro- and nanoscales. With the increasing size of the intercalant
agents, the continuous coverage of the substrate is maintained,
but the surface roughness increases (Figure S1b,c, Supporting
Information). Table S1 (Supporting Information) contains the
thickness values of the films for different intercalants measured
by AFM.

2.2. Electrical and Optical Properties of Ti3C2Tx Films

The DC sheet conductance of films was measured with a 4-
point probe and plotted against the thickness measured by AFM
(Figure 3a–d). In all cases, a linear fit was observed, suggesting
that the films exhibit bulk-like transport even for small thick-
nesses. One batch of Ti3C2Tx was delaminated with LiCl (further
labeled as LiCl*) and used as a precursor for protonated and son-
icated samples. This batch showed higher conductance and the
same surface roughness, resulting in a DC conductivity value of
18.4 × 105 S m−1 (R2 = 0.827). One set of five films was used as
a control, while another was used for preparing the protonated
samples. Despite the change in interlayer spacing by 0.7 Å, the
conductivity values did not noticeably change within the error
of measurement after protonation, with a conductivity of 17.0 ×
105 S m−1 (Figure 3a). Due to the synthesis process being de-
pendent on various parameters, some batch-to-batch deviations
are expected, as observed for the second batch of LiCl-intercalated
film demonstrating a conductivity value of 8.50 × 105 S m−1 (R2 =

Figure 3. Sheet conductance of films as a function of film thickness for
a) LiCl* and protonated films. Similar results are obtained despite a de-
crease in interlayer spacing of protonated samples. Linear slope provides
a conductivity value of 18.4 × 105 and 17 × 105 S m−1 respectively,
b) LiCl film with a conductivity value of 8.5 × 105 S m−1, c) TMA-
intercalated film conductivity of 1.4 × 104 S m−1, d) TBA-intercalated film
with a conductivity of 1.0 × 103 S m−1. In all cases, linear dependence is
observed, demonstrating bulk-like transport.

0.952) (Figure 3b), in agreement with similar systems previously
reported.[14,41 ] This solution was used as a precursor for inter-
calating larger molecules, such as TMAOH and TBAOH. Films
produced from TMAOH and TBAOH solutions showed conduc-
tivity of 1.4 × 104 S m−1 (R2 = 0.958) (Figure 3c) and 1.0 × 103

S m−1 (R2 = 0.988) (Figure 3d), respectively. This is a significant
decrease by a factor of 60 for TMAOH and 818 for TBAOH com-
pared to the LiCl-intercalated films. The surface roughness of the
films becomes harder to control during the deposition process
due to the increased size of intercalants.

The variation of the DC conductivity of the Ti3C2Tx film from
17.0 × 105 S m−1 to 1.0 × 103 S m−1 overlaps in its range to one
reported for various other MXene compositions by Han et al.,[14 ]

where Ti3C2Tx exhibited the highest DC conductivity of 8.8 × 105

S m−1 and Nb2C exhibited the lowest of ≈100 S m−1.[14 ] All films
have shown linear dependence of conductance on thickness, sug-
gesting bulk-like current transport even down to 10 nm-thick
films.

Optical measurements allow us to obtain information about
the flake composition and losses occurring in the films. To in-
vestigate the intra-flake (short-range) electron transport, the opti-
cal properties of the films were analyzed by UV–vis spectroscopy
from 300 to 1000 nm for all intercalants by measuring the sam-
ple transmission. MXene films exhibit low reflectivity in the op-
tical range, leading to negligible scattering, which allows us to
attribute the measured absorbance to absorption by Ti3C2Tx.
Spectra for intercalated films are presented in Figure S2a–d
(Supporting Information), demonstrating the increase in opti-
cal absorbance with film thickness. Typical spectra are plotted in
Figure 4a. The optical absorbance peak ≈800 nm experi-
ences slight shifts depending on intercalants, indicating that
flakes maintain their surface terminations and have not been
oxidized.[35,51 ] The absorbance at 550 nm for each sample was
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Figure 4. a) UV–vis spectra of selected samples showing similar ab-
sorbance trends. b) Absorbance at 550 nm for Ti3C2Tx films intercalated
with different agents as a function of thickness.

plotted in Figure 4b against its thickness to determine the optical
absorption coefficient. These are linear for all samples, indicat-
ing a homogeneous response, allowing us to consider film prop-
erties as bulk-like up to optical frequencies.[35,41 ] The absorbance
coefficient decreases slightly with interlayer spacing. Films with
higher DC conductivity (LiCl and H+) exhibit steeper slopes, i.e.,
1.6× 107 m−1 and 1.5 × 107 m−1, respectively. The less conductive
TMAOH and TBAOH samples have flatter slopes of 4 × 106 m−1

and 1.1 × 106 m−1, respectively.
Although flake size might vary within different solutions due

to the centrifugation[52 ] involved during the ion exchange, it does
not affect the position of the characteristic plasmon peak; how-
ever, flake size linearly affects the optical absorbance coefficient
and DC conductivity.[53 ] To estimate such an influence, Ti3C2Tx
solution was sonicated to decrease the flake size. The resulting
solution was spray-coated and compared to the original sam-
ple (Figure S3a–d, Supporting Information). Estimation of the
flake size with DLS (Dynamic Light Scattering) provides values
≈100 nm (Figure S3e, Supporting Information). Conductance is
linearly dependent on thickness (Figure S4a, Supporting Infor-
mation), resulting in a DC conductivity of 600 S m−1, 30 times
lower than the value obtained for larger flakes. Figure S4b (Sup-
porting Information) demonstrates UV–vis absorbance spectra
indicating no change of the 780 nm peak. The plot showing op-
tical absorbance at 550 nm versus film thickness displays a lin-
ear trend and a 1.5-time decrease in absorbance coefficient from
1.6 × 107 m−1 to 0.8 × 107 m−1, with little influence on the typi-
cal plasmon peak position (Figure S4c, Supporting Information).
Variation of optoelectronic properties with flake size is summa-
rized in Figure S4d (Supporting Information).

The change in DC conductivity and optical absorbance coeffi-
cient as a function of the interlayer spacing is plotted in Figure 5.
In Figure 5a, conductivity decreases by three orders of magnitude
when increasing the interlayer spacing, changing from 17.0× 105

S m−1 to 1.0 × 103 S m−1 for 1.9 and 5.5 Å, respectively. CTAB-
intercalated sample demonstrated DC conductivity of 1.8 × 103

S m−1 with interlayer spacing equal to 12.6 Å. The results were
fitted with an exponential curve (R2 = 0.95) 𝜎 ∼ 𝜎0e−d, where d is
the interlayer spacing. Values reported previously in an optoelec-
tronics study of Ti3C2Tx by Dillon et al.,[41 ] plotted in the same
figure, are a close fit. While the number of data points is lim-
ited, possible exponential decay may be consistent with tunnel-
ing probability decay for metal composites,[54,55 ] in which metal
clusters are separated from each other. In Figure 5b, absorbance
coefficients for the investigated samples are plotted against the
interlayer spacing. With increasing spacing, the absorbance coef-

Figure 5. Dependence of electrical and optical properties on interlayer
spacing. a) DC Conductivity (slopes of fitting curves from Figure 3) versus
interlayer spacing for all samples under investigation. b) Optical absorp-
tion coefficient (slopes of fitting curves from Figure 4b) at 550 nm versus
interlayer spacing for all samples under investigation. Results reported by
Dillon et al.[41 ] are reported for comparison.

ficient at 550 nm linearly decreases and is fitted by a curve 𝛼 =
(−3.01x + 20.3)106 m−1. LiCl-intercalated and protonated sam-
ples are within the same range (1.6 × 107 m−1 and 1.1 × 106 m−1),
where the minimal difference can be attributed to the slightly dif-
ferent morphological properties of the film (i.e., roughness). The
results for LiCl-intercalated samples are in close agreement with
the absorption coefficient reported by Dillon et al.[41 ]

2.3. Microwave Properties

The microwave performance of the films was analyzed with a
waveguide at X-band (8.2–12.4 GHz) frequencies, with reflected
and transmitted power values being measured through scatter-
ing parameters. The glass substrate could, in principle, affect
the observed transmission and reflection. The effect of the sub-
strate can be considered when estimating the properties of the
much thinner MXene films using separately measured glass mi-
crowave properties. Since the MXene film is placed on one side
of the substrate, the S11 and S22 scattering parameters (front and
back reflection parameters) are not equal in general, while S21
and S12 remain equal due to reciprocity. However, as the thick-
ness of the glass substrate decreases, its electrical length also de-
creases, and the values of S11 and S22 approach each other. The
effect of the substrate on the measured reflection and transmis-
sion of the MXene film/substrate is negligible when S11 and S22
become equal. This is the case for the glass substrate employed
in this work (thickness of ≈150 µm) (Figure S5a,b, Supporting
Information).

The simplest model of a homogenous material interaction
with an electromagnetic field is based on constants relating
polarization and magnetization to the space-averaged electric
and magnetic fields. Electromagnetic scattering parameters (S-
parameters) of a slab or film based on this classical model are
described in many books on electromagnetic theory. One can
test the validity of the homogeneous material model by prepar-
ing sample films of different thicknesses from the material of in-
terest, measuring the S-parameters for these samples, and com-
paring the experimental results to the predictions of the model.
Using films of multiple thicknesses also overcomes one of the ex-
perimental difficulties in estimating the dielectric and conduct-
ing properties of very thin films. This difficulty is related to the
wave phase accumulation in the material. Information obtained
using material films of different thicknesses can be used to obtain
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Figure 6. Analytical fitting of experimentally measured parameters based on varying conductivity and dielectric constant of MXene. Solid lines represent
the theoretical curves of absorbance(blue), transmittance (red), and reflectance (yellow). a) 𝜎 = 1, 000 S/m and ɛr = 1. b) 𝜎 = 1, 000 S/m and ɛr =
4, 000.

estimates of the dielectric constant and conductivity if the real
part of the material’s characteristic impedance dependent mostly
on the dielectric constant is of the same order as the imaginary
part dependent primarily on the conductivity. In this case, the di-
electric constant and conductivity can be extracted by fitting the
S-parameter model (Equations S1–S6, Supporting Information)
to the measured reflected, transmitted, and absorbed power as a
function of the MXene film thickness.

Figure 6 demonstrates the fitting obtained using the same con-
ductivity and two different dielectric constants (low and high).
The key feature of the model of wave propagation through a ho-
mogeneous material, that permits us to see the possible effects of
the dielectric constant, is the maximum value of the absorption.
When the conductivity dominates the characteristic impedance
of the homogeneous material, the maximum absorption is close
to 50%. This maximum can never exceed 50% which corresponds
to the maximum power transfer to the material sample. As the
dielectric constant increases, the absorption maximum starts to
decrease. This is what appears to be happening to the absorption
in Figure 6 for the lower conductivity materials, although to see
a clear maximum one would have to use much thicker films.

In Figure 6, the fitting of the experimental results to the homo-
geneous material model appears to be better for the high relative
dielectric constant of 4000, although the sensitivity of the esti-
mate to the measured data is not high even for these relatively
low-conductivity MXene films as evident from the comparison of
Figure 6a,b. Additional results are presented in Figure S6 (Sup-
porting Information), showing that the number of combinations
of dielectric constant and conductivity provide a suitable fit for
the experimental data. Thus, the results suggest that the high re-
flectivity of MXenes in many applications could be obtained with
the help of a high dielectric constant, even if the conductivity is
reduced. The high dielectric constant estimates here are consis-
tent with the low-frequency results on MXene particles in per-
colative MXene-polymer composites (like the MXene intercalated
with large organic ions) with a dielectric constant of up to 105 at
kHz frequency range.[56 ]

When the wavelength is much larger than the thickness of
the film, the phase accumulation within the material becomes
insignificant leading to the effects of the dielectric constant be-
ing diminished leading to the model (Equations S1–S6, Sup-
porting Information) becoming significantly simplified. In this

case, the assumption that the currents induced in the material
by the electromagnetic wave are distributed uniformly through
the film thickness is sufficient to provide accurate fitting (Equa-
tions S7–S9).[57 ] The films, in this case, can be completely de-
scribed by their sheet resistance, which can be expressed through
the film conductivity 𝜎 and thickness t according to RS ≈ 1/𝜎t.
When sheet resistance is equal to about half the free space wave
impedance Z0, i.e., Rs ≈ Z0/2, up to 50% of incoming wave power
is absorbed,[32,58,59 ] nearly independently of frequency, polariza-
tion, and angle of incidence.

Figure 7 compares theoretical and experimental values of re-
flected, transmitted, and absorbed power. Theoretical curves are
plotted based on the difference between free space impedance
and the film impedance (the nature of the film impedance, dielec-
tric or metallic, is not taken into account). Experimental values,
on the other hand, are plotted against experimentally measured
DC sheet resistance. Change in the DC sheet resistance over

Figure 7. Microwave measurements of the absorbed, transmitted, and re-
flected power based on sheet resistance. Solid lines are theoretically cal-
culated absorbance (blue), transmittance (red), and reflectance (yellow).
a) Sheet resistance changes with film thickness. b) LiCl and proto-
nated samples. c) TMAOH and TBAOH samples. d) Combined plot
with selected metal- and insulator-like films highlighting the transition
≈300 Ω sq−1.
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thickness based on different intercalants is shown in Figure 7a.
The DC sheet resistance varies drastically when changing the in-
terlayer spacing. At thicknesses ≈15 nm, LiCl-intercalated sam-
ples have sheet resistance ≈102 and 103 times lower than TMA-
and TBA-intercalated films of the same thickness, respectively.
As thickness increases, the sheet resistance drops significantly
for LiCl samples reaching 15 Ω sq−1, while TMAOH and TBAOH
show 400 and 1000 Ω sq−1, respectively. Using the equations
S7–S9 to correlate the scattering of the microwave signal with
the impedance of the film, we can calculate theoretical curves of
the microwave absorbance, transmittance, and reflectance, dis-
played as solid lines of blue, red, and yellow colors respectively
in Figures 7b,c,d.

Due to the absence of strong frequency dependence (Figure
S5c, Supporting Information), scattered microwave power was
averaged over the entire frequency band. Variations along the
band of measurement are due to the discontinuity of the waveg-
uide introduced by the substrate, which can be observed in an in-
dependent measurement for the bare substrate. Deviations from
frequency-averaged values are within 1–3%. Reflected, transmit-
ted, and absorbed power for each intercalant is plotted against
sheet resistance measured by a 4-point probe in Figure 5b. LiCl
and H+ samples display the same behavior close to impedance
matching, occurring for films ≈10 nm thick and possessing sheet
resistance of ≈180–275 Ω sq−1 for LiCl samples. As sheet resis-
tance decreases to 8–15Ω sq−1, reflection becomes dominant and
approaches 80%. These results agree with previously reported
microwave results for Ti3C2Tx.[24 ] Figure 7c shows TMA- and
TBA-intercalated samples with thicknesses of 15 and 20 nm be-
ing fully transmissive to microwaves with transmission ≈90%
and sheet resistance of 105 Ω sq−1, a behavior similar to a di-
electric substrate. With a decrease in sheet resistance, transmit-
tance decreases to 20% while reflectance and absorbance increase
up to 40% for thicknesses of 200 nm in the case of TMAOH
and 1 micron for TBAOH, corresponding to sheet resistance
of 400 and 1000 Ω sq−1, respectively. Films made from soni-
cated films demonstrated a sheet resistance change from 400 to
1000 Ω sq−1 for thickness values of 45 and 15 nm (Figure S7,
Supporting Information), pointing to the same interaction with
microwave as TMA- and TBA-intercalated films. Departure be-
tween theoretical curves and experimental data can be attributed
to the frequency-dependent nature of the waveguide impedance
as well as the effects of the gap introduced by the substrate
and the interface between the MXene film and the waveguide
flange.

Using theoretical estimations of reflected, transmitted, and ab-
sorbed power, the shielding effectiveness can be calculated and
plotted against sheet resistance (Figure S8, Supporting Infor-
mation). This allows us to predict the film microwave perfor-
mance without microwave measurements. For composites with
lower conductivity, where DC conductivity measurements by a
4-point probe may be problematic, the proposed methodology
gives more accurate material parameter extraction. Absorbance,
reflectance, and transmittance over a broad range of impedances
are plotted in Figure 7d. Samples that are close to the impedance
matching are situated around the maximum of the absorption
peak. The LiCl sample with a thickness of 10 nm is close to
impedance matching, while the TMAOH approaches the same
absorption value at 200 nm. A shift to the left leads to conductor-

like behavior, while a shift to the right indicates a dielectric-like
behavior.[31,32,60,61 ] Despite being continuous and displaying bulk
electrical and optical properties, a metal-to-insulator-like tran-
sition is observed in MXene films at microwave frequencies.
Based on hindered electron transport in semicontinuous metal
films, it may be reasonable to assume that the interlayer spac-
ing is becoming comparable to the mean free path of electrons
in MXene flakes. This assumption seems consistent with the
estimated electron mean free path. Indeed, using theoretically
calculated Fermi velocity[62 ] (vf = 5.5 × 105 m s−1) and the esti-
mated relaxation time ranging from 1 to 10 fs[23,25,62 ] the mean
free path in Ti3C2Tx MXene can vary from 5.5 to 55 Å. Optical
estimation of the mean free path by Dilon et al.[41 ] was 2 nm,
resulting in a relaxation time of 3–4 fs. The estimated mean
free path is larger than interlayer spacing, allowing for effec-
tive electron transport from flake to flake. With such fast relax-
ation times, 𝜔𝜏 ≪ 1, conductivity 𝜎 = 𝜎0/(1 − i𝜔𝜏) will remain
unchanged in the broad frequency range up to THz, which is
supported by a combination of DC, microwave, and THz mea-
surements. As a result, a set of continuous Ti3C2Tx films with
identical intra-flake properties and different interlayer spacings
hinders electron transport, leading to the metal-to-insulator-like
transition previously investigated for metal films and metallic
composites.

3. Conclusion

We demonstrated that even very thin MXene films can be consid-
ered as homogeneous systems. With the increase in interlayer
spacing, the material conductivity decreases. LiCl-intercalated
films demonstrate metallic-like behavior and 50% microwave ab-
sorption for a thickness equal to 10 nm. Meanwhile, larger spac-
ing due to TMAOH and TBAOH reaches 40% and 35% of mi-
crowave absorption at 200 nm-thick films and 1 µm-thick films,
respectively. Therefore, controlling electron transport allows for
a shift of the impedance-matching conditions to thicker films. In
the microwave frequency range, this results in films changing
their properties from reflective to transmissive, with a highly ab-
sorptive (up to 50%) impedance-matching condition. Decreasing
MXene conductivity appears to reveal a potential effect of large
dielectric constant at microwave frequencies. Optical properties
are also affected by interlayer spacing as absorption coefficient
values decreased linearly by an order of magnitude from 1.6× 107

m−1 to 1.1 × 106 m−1 with an increase in the interlayer spacing.
As the tunable performance of thin films is highly desirable for
electromagnetic absorbers and multispectral camouflage, along
with electrical conductivity, low emissivity, and stability, Ti3C2Tx,
paired with ease of processibility, represents a promising candi-
date for such applications.

4. Experimental Section
Detailed experimental information is available in Supporting Information.
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