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SUMMARY

The availability of MXenes and other two-dimensional conductive
nanomaterials with tunable surface chemistry has reshaped the field
of electromagnetic protection. However, the high electrical conduc-
tivity and low dielectric loss of titanium-based MXenes lead to
strong reflection of electromagnetic waves, even when combined
with polymers to form composites. Here, we report on the ability
of vanadium-based MXenes to provide broadband microwave ab-
sorption. Polyurethane composites with �2 wt % Vn+1CnTx can
absorb 90% of electromagnetic waves covering the entire X band.
In addition, pure Vn+1CnTx films of submicrometer thickness can pro-
vide effective electromagnetic interference shielding. The free elec-
tron transport, surface terminations, native defects, and layers
arrangement in composites have profound effects on electronic
and dielectric properties of Vn+1CnTx MXenes. This study points to-
ward a new frontier for development of thin and highly absorbing
MXene-based electromagnetic protection materials.
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INTRODUCTION

With the increasing integration density and extension of operation frequencies of

modern electronics, electromagnetic interference (EMI) shielding has become

essential to protect electronic devices against destructive signal jamming.1–3 Con-

ventional EMI shielding is typically accomplished using metals that reflect most of

the incident electromagnetic (EM) waves. However, these reflected waves cause sec-

ondary EM pollution, which can still harm device-to-device interactivities. Hence, an

‘‘ideal’’ EMI shielding material would absorb unwanted EM radiation rather than

reflect it.

Since 2016, more than a dozen MXenes, which are two-dimensional (2D) transition-

metal carbides and/or nitrides, have shown record-breaking EMI shielding capability

in thin films/coatings, owing to their high metallic conductivity.4–8 For example, a

�40 nm-thick Ti3C2Tx MXene coating offers an EMI shielding effectiveness (SE) of

21 dB, which exceeds the commercial shielding requirements.4 More recently, ther-

mally annealed Ti3CNTx was demonstrated to have exceptional shielding perfor-

mance with anomalously high EMI SE of absorption (SEA), despite having a lower

electrical conductivity than Ti3C2Tx.
9 While EMI shielding includes contributions

from both reflection and absorption, the shielding behavior of all pure MXenes is still

dominated by reflection rather than absorption. This behavior arises because high

electrical conductivity (generally >100 S cm�1) and efficient EM wave absorption is

hindered by the impedance mismatch with free space. Microwave absorption
Cell Reports Physical Science 3, 101073, October 19, 2022 ª 2022 The Author(s).
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materials, which deplete the incident EM waves and transform microwave energy

into heat, offer an alternative approach.10 In the past 5 years, Ti3C2Tx-based com-

posites with an EM wave-transparent matrix were designed to balance impedance

match and EMwave attenuation. However, the pristine Ti3C2Tx/polymer composites

show relatively high permittivity (ε = ε
0 – jε00) and low dielectric loss in the gigahertz

range, whereas both moderate permittivity (ε0, �4–20 and ε
00, �2–10) and high

tangential loss (tan d = ε
00/ε0; �0.5) are necessary for ideal EM wave absorption ma-

terials.10–12 For example, the tangential loss of 10 wt % Ti3C2Tx MXene/polyvinyl

alcohol composite fabricated by vacuum-assisted filtration is only �0.09.11 This im-

plies that Ti3C2Tx/polymer composites can hardly achieve efficient absorption in a

broad frequency range. In order to broaden the absorption bandwidth for radar

stealth and electronic applications, considerable research has focused on adding

additional EM-absorbing components to Ti3C2Tx, by analogy with reduced gra-

phene oxide. They include magnetic particles, carbon materials, and semiconduc-

tors with high dielectric loss (details are listed in Table S1) to achieve a synergistic

effect between various EM dissipation behaviors (polarization loss, magnetic loss,

conductor loss, etc.).13,14 However, this weakens the merits of MXenes due to the

increased filler loading and complicated interface design, in contrast to conven-

tional ferrites and carbon-based absorption materials. Hence, it is still challenging

to produce light-weight, broadband, and efficient MXene-based microwave ab-

sorbers. When considering their tunable surface chemistry, abundant free charge

carriers, and anisotropic electron transport, MXenes still show a great potential for

designing microwave absorbers.15 Besides Ti3C2Tx, over 30 stoichiometric MXenes

have been experimentally synthesized and multiple solid solutions reported.16,17

However, little is known about their dielectric properties, which are critical for

increasing EM absorption.

In this study, we report on fundamental dielectric responses, microwave absorption,

and EMI shielding capability of Vn+1CnTx (n = 1 or 3) MXenes. The electronic prop-

erties of V2CTx and V4C3Tx were predicted and experimentally investigated to un-

derstand charge transport in those MXenes.18 We demonstrate that Vn+1CnTx
MXenes with ultralow loading (�2 wt %) in polyurethane (PU) matrix achieve effective

microwave absorption (>90% of EM waves are absorbed) over the whole X band

(8.2–12.4 GHz, the most common radar frequency range), which outperforms

Ti3C2Tx-based, carbon-based, and conventional ferrite-based EM wave absorption

materials. The modest dielectric loss of vanadium-based MXenes, together with

their 2D nature, adjustable surface chemistry, and high carrier transport, provide a

more promising platform than Ti3C2Tx for the design and optimization of microwave

absorbers, which are of importance for defense (e.g., radar stealth) and electronic

security.
RESULTS AND DISCUSSION

Synthesis and characterization of Vn+1CnTx MXenes

V2CTx and V4C3Tx (Figure 1A) were synthesized by selective removal of Al layers from

the corresponding Vn+1AlCnMAX phase (n = 1 or 3) precursor (X-ray diffraction [XRD]

patterns in Figure S1) with acid etching and subsequent delamination with tetrame-

thylammonium hydroxide (TMAOH). Few-layer MXene flakes can be observed in

scanning transmission electron microscopy (STEM) images (V2CTx in Figure 1B and

V4C3Tx in Figure 1E), indicating complete etching and delamination. High-angle

annular dark field (HAADF) STEM images show numerous nanometer-sized defects

in both V2CTx (Figure 1C) and V4C3Tx (Figure 1F) flakes along the [001] zone axis,

which are attributed to the chemical etching process.19 It is noteworthy that the
2 Cell Reports Physical Science 3, 101073, October 19, 2022



Figure 1. Characterization of V2CTx and V4C3Tx MXenes

(A) Schematic of atomic structures of V2CTx and V4C3Tx.

(B and E) Low-magnification TEM images of (B) V2CTx and (E) V4C3Tx flakes, showing delaminated

few-layer flakes.

(C and F) HAADF STEM images of (C) V2CTx and (F) V4C3Tx flakes along the [001] zone axis, showing

defects.

(D and G) High-resolution STEM images of (D) V2CTx and (G) V4C3Tx flakes along the [1120] zone

axis, showing layers of V2CTx and V4C3Tx (bright dots are V atoms).

(H) EELS spectra of V2CTx and V4C3Tx showing the different oxidation states.

(I) XRD patterns of V2CTx and V4C3Tx.

(G) Raman spectra of V2CTx and V4C3Tx.

See also Figures S1–S6.
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distribution of V and C elements is not homogeneous from high-resolution energy-

dispersive X-ray spectroscopy (EDS; Figures S2A–S2F), indicating that the defects

are both micropores and vacancies in specific atomic layers. These native defects

play an important role in dielectric loss, which will be discussed later. Two layers

of vanadium atoms (bright spots) are observed in the cross-section of V2CTx (Fig-

ure 1D), while there are four vanadium layers in V4C3Tx (Figure 1G), confirming the

crystal structure and elemental arrangement of as-synthesized Vn+1CnTx MXenes.

V-L2,3 edges in electron energy-loss spectroscopy (EELS) spectra show that the L3/

L2 ratio of V2CTx is higher than V4C3Tx, and a weak O K edge peak appears at

�533 eV for V2CTx (Figure 1H). This indicates that V in V2CTx has a lower oxidation

state (+3.5) than V4C3Tx (+4), which is attributed to its fewer atomic layers, leading to

all V layers bonded to surface terminations.20 The d spacing was calculated from

XRD to be 12.3 Å (2q = 7.2�) for the V2CTx film and 17.3 Å (2q = 5.2�) for the

V4C3Tx film (Figure 1I). The distinct d spacings result from the different numbers of

atomic layers, as illustrated in Figure 1A. The different flake thicknesses were

confirmed using atomic force microscopy (Figure S3). The as-synthesized V2CTx
and V4C3Tx have a similar average flake size of �360 nm from dynamic light
Cell Reports Physical Science 3, 101073, October 19, 2022 3
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scattering (Figure S4A), avoiding the influence of flake size on the comparisons of

their electronic and dielectric properties. Both have no extinction peak in the visible

range and show a similar feature in UV-visible (UV-vis) spectra (Figure S4B), implying

they may have similar carrier mobilities.21 Raman spectra show that both V2CTx and

V4C3Tx have broad peaks around 272 and 675 cm�1 (Figure 1J), corresponding to

A1g symmetric and asymmetric vibrations, respectively.22 It is noted that E1g vibra-

tion of V2CTx appears around 430 cm�1, while it is around 510 cm�1 for V4C3Tx.

This is ascribed to their different chemistries. It is further confirmed by XPS spectra

that V2CTx exhibits a higher ratio of oxygen to vanadium than V4C3Tx (Figure S5).

EMI shielding and electronic properties

Freestanding and flexible V2CTx and V4C3Tx films were obtained by vacuum-assisted

filtration from as-prepared colloidal MXene solutions (Figure S6). The V2CTx film had a

bronze color, and the V4C3Tx film had a light brown color. The electrical conductivities

of the films, 1,272 G 34 S cm�1 for V2CTx and 1,201 G 39 S cm�1 for V4C3Tx, were

measured at room temperature using a four-point probe. These high conductivity values

indicate that both V2CTx and V4C3Tx have high EMI shielding capability. To achieve the

minimum thickness of Vn+1CnTxMXenes for commercial EMI shielding (EMI SE > 20 dB),

we fabricated MXene coatings on glass substrates by spray coating. As shown in Fig-

ure 2A, the coatings can achieve effective EMI shielding at submicron-scale thickness

(here, V2CTx = 530 nm and V4C3Tx = 600 nm). The reflection ratio of the films is >0.8

(SER > 6 dB), indicating the EMI shielding is mainly from reflection. Furthermore, the

EMI shielding capability increases with the film thickness. The average EMI SE value of

V4C3Tx in the X band reaches 56.8 dB at a thickness of 23 mm (Figure S7). The EMI shield-

ing properties of freestanding V2CTx films of different thicknesses were reported in our

previouswork.4We furthermeasured the temperature (T)-dependenceof resistivity (r) of

Vn+1CnTxMXenes (Figure 2B). Both V2CTx and V4C3Tx have a negative dr/dT value from

10 to 300 K, which could be attributed to the inter-flake hopping as the dominant scat-

tering mechanism within electronic transport.23 In contrast to V4C3Tx, V2CTx displays a

larger decrease of resistivity with increasing temperature. This could be due to an

increased relative contribution of flake-to-flake hopping in thinner MXene flakes. It is

noteworthy that both V2CTx and V4C3Tx still have low resistivities even at 10 K, with a

fairly flat r versus T for V4C3Tx in a wide temperature range, implying that they can be

used for EMI shielding at very low temperatures, e.g., at high altitude or in outer space.

To better understand the intrinsic electronic properties of Vn+1CnTx, the dielectric func-

tion ε (u) = ε
0 (u) + iε00 (u) was studied, where the real (ε0) and imaginary (ε00) parts of the

dielectric constant were retrieved from themeasured psi and delta by the spectroscopic

ellipsometer (Figures 2C and 2D). The complex refractive index is provided in Figure S8.

The error bars are derived frommeasurements on multiple samples with different thick-

nesses, showing good reproducibility. V2CTx and V4C3Tx display almost identical ε0 and
ε
00 in the visible range from 254 to 1,000 nm, suggesting the similarity in their intrinsic

electronic structure. The ε
0 values stay positive across the scanned range for both

V2CTx and V4C3Tx. The dielectric spectra in both V2CTx and V4C3Tx were fitted with a

Drude oscillator where the Kramers-Kronig relation is obeyed. The ε
00 curves without op-

tical gap indicate themetallic nature of V2CTx and V4C3Tx,
24 suggesting the feasibility as

transparent electrodes.25

Density functional theory (DFT) calculations were performed to better understand

the structural and electronic properties of V2CTx and V4C3Tx. The atomic partial den-

sity of states (PDOS) of bare V2C and V4C3 near the Fermi level suggest that both V2C

and V4C3 are metallic and the V-3d state is expected to provide the electrical con-

ductivity (Figure S9). Although V4C3Tx is predicted to be more conductive, the

measured electrical conductivity values of V2CTx and V4C3Tx films are similar. This
4 Cell Reports Physical Science 3, 101073, October 19, 2022



Figure 2. EMI shielding and electronic properties of Vn+1CnTx
(A) The average EMI shieldingeffectiveness (SEtotal, SEA, and SER) of spray-coated V2CTx (�530 nm thick) and

V4C3Tx (�600 nm thick) coatings on glass substrates. Data are represented as meanG SD.

(B) Temperature dependence of resistivity for freestanding V2CTx and V4C3Tx films.

(C and D) Real (top) and imaginary (bottom) parts of dielectric constant as a function of wavelength

for (C) V2CTx and (D) V4C3Tx films. The shadows show variance between different film thicknesses as

determined from measurements of multiple samples.

(E and F) The computed DOS (E) and electron localization function (F) of V2CO2 and V4C3O2,

showing the DOS change and charge distribution within layers and surface terminations, as

examples.

See also Figures S7–S10.
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discrepancy is likely due to native defects and different surface terminations caused

by the harsher etching conditions of V4C3Tx. Upon functionalization, the atomic or-

bitals from the terminal groups (=O, –OH, and –F) significantly modify the PDOS. For

example, in the presence of O atoms in V2CO2 and V4C3O2, a strong overlapping of
Cell Reports Physical Science 3, 101073, October 19, 2022 5
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O-2p and V-3d orbitals occurs in the energy range from �4 to �3 eV and attributes

the bonding states between O-2p and V-3d orbitals, as illustrated in Figure 2E.

On the other hand, when the electron energy approaches the Fermi level (0 eV

and above), the V-3d state prominently leads and makes the metallic bond with

finite O-2p orbitals present at the Fermi level and hence makes the system

conductive. The electron localization function (ELF) of bare V2C and V4C3 con-

firms the strong metallic bonding between C and V atoms (Figures S10A and

S10D). It is noteworthy that most electron density is localized near the middle

C layer rather than the external two C layers in V4C3. Figure 2F suggests that

in the presence of O in V2C and V4C3, the majority of electron density is local-

ized on the O atoms, ensuring charge transfer from the V atoms. The electrons

are also localized around –OH and –F terminations (Figures S10B, S10C, S10E,

and S10F), indicating that the surface groups influence the polarization behavior

under an alternating EM field.

Microwave absorption performance

The high electrical conductivity of pristine thin V2CTx and V4C3Tx films determines

their EMI shielding capability. However, it is difficult to track their absorption

behavior, as strong reflection dominates. To further understand the interaction of

Vn+1CnTx with microwaves, we selected PU, which is microwave transparent as the

matrix, and fabricated Vn+1CnTx/PU composites with different MXene/PU ratios by

mixingMXene colloidal solutions with water-based PU, followed by vacuum-assisted

filtration to obtain films. The contents of MXene in the PU matrix were calculated

based on the weight difference after annealing, as V2CTx and V4C3Tx are stable un-

der 800�C in Ar atmosphere (Figure S11). Unlike EMI shielding, which is mainly deter-

mined by the electrical conductivity, dielectric property is a key factor for microwave

absorption material. For V2CTx/PU composites, both the real and imaginary parts of

permittivity increase with the increasing content of V2CTx flakes. For V2CTx content

of 1.4 wt %, the average real and imaginary parts of permittivity in the X band are 3.7

and 0.9, respectively, indicating weak dielectric loss capability. Significantly, the

average values reach 5.8 (ε0) and 3.1 (ε00), and the tangent loss approaches 0.5 (Fig-

ure S12), when the loading of V2CTx increases to 2.2 wt %. V4C3Tx/PU composites

follow a similar trend as V2CTx/PU composites. The average real and imaginary parts

are 5.7 and 3.0 for 2.1 wt % V4C3Tx in PU. It is noteworthy that the 2.8 wt % V2CTx/PU

composite shows a higher permittivity than the 3.2 wt % V4C3Tx/PU composite. Since

V2CTx has fewer atomic layers than V4C3Tx, there are more V2CTx flakes in the com-

posite at the sameMXenemass in the composite. This abundance of flakes canmore

easily facilitate the formation of a localized percolatively conductive network.

To evaluate the microwave absorption capability of as-fabricated composites,

reflection loss (RL) was calculated based on the measured permittivity (Equations

4 and 5). When the filler ratios are low (1.4 wt %, V2CTx and 1.0 wt %, V4C3Tx),

both V2CTx/PU and V4C3Tx/PU do not provide effective EM wave absorption

(RL < �10 dB) at any thicknesses up to 4 mm due to the weak dielectric loss

of <0.3 (Figures S13A and S13D). In contrast, when the filler ratios are too high

(2.8 wt %, V2CTx and 3.2 wt %, V4C3Tx), their EM wave absorption performance is

poor as well. It is attributed to the impedance mismatch with free space caused by

the excessive dielectric loss of >1.0 (Figure S12). For composites with 2.2 wt %

V2CTx (d= 3.3mm) and 2.1 wt % V4C3Tx (d= 3.4mm), the effective absorption covers

the whole X band, and the minimum RL values reach �30 and �39 dB, respectively

(Figures 3C, S13B, and S13E). This optimal absorption performance was achieved

with a ‘‘moderate’’ permittivity (ε0, �6 and ε
00, �3) and tangent loss (�0.5). The EM
6 Cell Reports Physical Science 3, 101073, October 19, 2022



Figure 3. Dielectric and microwave absorption properties of Vn+1CnTx/polyurethane composites

(A and B) Permittivity of (A) V2CTx/PU and (B) V4C3Tx/PU composites with different MXene contents

in the X band.

(C) Calculated reflection loss of V2CTx/PU (2.2 wt %) and V4C3Tx/PU composites (2.1 wt %) at

optimized thicknesses, showing that Vn+1CnTx/PU composites with ultralow loading ratios achieve

effective absorption in the whole X band.

(D) Comparison of EM wave absorption performance of Vn+1CnTx/PU composites with reported

Ti3C2Tx-based composites, RGO-based composites, and other materials. Effective absorption

bandwidth versus filler ratio of absorber in the matrix. Vn+1CnTx/PU composites outperform all

Ti3C2Tx- and other MXene-based composites, as well as RGO-based composites.

See also Figures S12 and S13 and Tables S1 and S2.

ll
OPEN ACCESSArticle
wave absorption performance of Vn+1CnTx/PU composites was compared with

Ti3C2Tx-based composites, reduced graphene oxide (RGO)-based composites,

and other MXene-based composites in Figure 3D (details are provided in

Tables S1 and S2). Compared with this work, pure Ti3C2Tx-based absorption mate-

rials (Figure 3D, blue circles) have high filler loadings (>10 wt %) and narrow (<3 GHz)

absorption bandwidth in the X band. In past years, most studies enlarged the effec-

tive absorption frequency range with additional absorption-enhancing additives,

including magnetic metals (Fe, Co, Ni, FeCo, etc.), magnetic oxides (Fe2O3,

Fe3O4, and ferrites), carbonmaterials (nanotubes, carbon fiber, graphite, etc.), semi-

conductors (SiC, MoS2, TiO2, etc.), and others. However, multiple additives compli-

cate fabrication and usually increase the weight, limiting practical applications. In

contrast, V2CTx- and V4C3Tx-based composites with ultralow loadings (�2 wt %)

have a simple fabrication process and achieve effective absorption in the entire X

band. This performance compares well with widely studied RGO-based composites,

which have been regarded as the most promising materials to replace ferrites

for microwave absorption in the past decade.26 Further performance gain can be
Cell Reports Physical Science 3, 101073, October 19, 2022 7
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expected from improved dispersion of vanadium MXenes in the polymer matrix, as

well as from exploration of a very large number of other MXenes available.16,17

To understand the absorption mechanisms of Vn+1CnTx/PU composites, MXene disper-

sion within the matrix was studied using high-resolution TEM (HRTEM; Figures 4A, 4B,

and S14). MXene layers are intercalated and confined in PU, which is further confirmed

by the shift and broadening of (002) peaks from the XRD patterns of Vn+1CnTx/PU com-

posites (Figure S15). More importantly, due to the vacuum-assisted filtration process,

MXene flakes in the PU matrix tend to align parallel to the film surface, which makes

the incident EMwaves’ propagation direction tobe normal to the planar flakes. The flake

arrangement coupled with the 2D nature of MXene builds a localized percolatively

conductive network with electron transport channels. The connectedMXene flakes facil-

itate the paths for electron hopping, which can contribute to EM wave dissipation with

conductor loss. Additionally, since these aligned flakes are intercalated with a dielectric

layer of PU, they can be treated as numerousmicrocapacitors, which leads to the charge

accumulation in an alternating EM field. Semiconductors, such as SiC or ZnO, are typi-

cally preferred as absorption phases for non-magnetic absorption materials due to their

moderate conductivity and permittivity.27,28 However, metallic V2CTx and V4C3Tx
benefit from the electron transport, which directly correlates to conduction loss for inci-

dent EMwaves.Moreover, the defects and randomsurface terminations inMXene flakes

give rise to the charge asymmetric distribution (Figures 4C and 4D). Meanwhile, the het-

erointerfaces between MXene and PU can also accumulate electrons under EM field.

These redistributed charges generate dipoles, which lead to relaxation behaviors in

the EM field and eventually enhance EMwave attenuation.29,30 Given that the dielectric

properties of pristine Vn+1CnTx are in the required range for microwave absorption, it is

expected that its absorption performance can be further improved by surface modifica-

tion. Our calculations show that surface terminations have a significant impact on the

electronic structure of Vn+1CnTx.
21 From this perspective, the control of defects and sur-

face groups in MXenes can be an effective route to adjust their dielectric properties and

further optimize the absorption capability. On the other hand, we have previously

demonstrated that the electronic properties of MXenes can be controlled with a large

number of compositions through M-site solid solutions.31 This could be another

approach to tailoring permittivity and dielectric loss. Moreover, the predictions have

shown that some MXenes can be magnetic,32–34 which provides an opportunity to

design MXene-based absorbers with additional magnetic loss.

In summary, we have demonstrated that vanadium-based MXenes (V2CTx and

V4C3Tx) can be used as EMI shielding coatings with a submicrometer thickness.

What is even more important, both V2CTx and V4C3Tx exhibit efficient EM wave ab-

sorption in the whole X band when incorporated into a PU matrix with ultralow mass

loadings (�2 wt%). V2CTx and V4C3Tx have sufficient dielectric losses and lower elec-

trical conductivity than Ti3C2Tx, enabling an advantageous balance between imped-

ance match and EM wave attenuation. The surface terminations of MXenes influence

the polarization behavior under an alternating EM field. The free carriers, native de-

fects, and surface groups in MXene flakes associated with the well-aligned layers in

the composites establish vanadium-based MXenes as a promising platform for

rational design of EM wave absorbers.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Yury Gogotsi (gogotsi@drexel.edu).
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Figure 4. Microwave absorption mechanism of Vn+1CnTx/polyurethane composites

(A and B) Schematics and TEM images of vacuum-filtered V4C3Tx/PU composite: (A) top view and

(B) cross-section. Here, the V4C3Tx/PU composite is used as an example.

(C and D) Atomic structure schematics of V4C3Tx: (C) (101) plane shows vacancies contributing to

defect polarization, and (D) (110) plane shows metallic conductive behavior and dipole

polarization, which is attributed to surface terminations.

See also Figure S14.
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Materials availability

This study did not generate new unique reagents.

Data and code availability

The data supporting the current study are available from the corresponding author

upon reasonable request.

Preparation of materials

The following materials were used: V (99.5%, �325 mesh, Alfa Aesar), Al

(99.5%,�325 mesh, Alfa Aesar), C (graphite, 99%,�325 mesh, Alfa Aesar), hydroflu-

oric acid (HF; 48.5–51%, Acros Organics), HCl (36.5–38%, Fisher Chemical), TMAOH

(25 wt %, Acros Organics), and water-based PU dispersion (32.5–36.5 wt %, Dainichi-

seika Color & Chemicals).

Synthesis of Vn+1AlCn MAX phases

For V2AlC, the precursor V:Al:C powders were mixed in an atomic ratio of

2:1.1:0.9, following previous reports.4 The powders were ball milled at 70 RPM

for 18 h with zirconia balls (2:1 mass ratio of balls to powder). The mixed powder

was then placed into an alumina crucible, which was placed into a high-tempera-

ture furnace and heated at 1,550�C for 2 h with Ar continually flowing at 200 sccm.

The heating and cooling rates are 3�C min�1. The sintered compact was milled and

sieved to below 32 mm. The powder was washed with 9 M HCl for 24 h to remove

residual intermetallics and metals, then was repeatedly washed with deionized (DI)
Cell Reports Physical Science 3, 101073, October 19, 2022 9
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water. For V4AlC3, a similar procedure was followed, except the precursors V:Al:C

were mixed in a 4:1.5:3 atomic ratio, and the mixed powder was sintered at

1,500�C for 2 h.

Synthesis of Vn+1CnTx MXenes

V2CTx and V4C3Tx were synthesized by the selective etching of the corresponding

MAX phases (V2AlC and V4AlC3) with HF. Typically, 1 g V2AlC powder was added

slowly into 20 mL HF. The mixture was stirred at 35�C for 48 h. After etching, the re-

acted solution was repeatedly washed with DI water through centrifugation at 3,500

RPM for 2 min until pH >6. For delamination, 1 g TMAOHwas added into the washed

sediment with 10mL DI water and then stirred for 24 h. After stirring, the mixture was

centrifuged repeatedly with DI water at 10,000 RPM for 10 min until pH <8. At last,

the solution was centrifuged at 3,500 RPM for 10 min to collect supernatant. For

V4AlC3, a similar procedure was followed, except the etching time was 8 days and

the delamination time was 48 h.

Fabrication of MXene films

Freestanding MXene films were fabricated through vacuum-assisted filtration with a

Celgard 3501 membrane. MXene films on glass substrate were obtained by spray-

coating method. Before spray coating, the glass slide (Thermo Fisher Scientific)

was sonicated in ethanol and then plasma treated (Tergeo Plus, Pie Scientific) at

100 W for 5 min with oxygen flow at 3 sccm. All MXene films were dried in a vacuum

oven at 80�C for 12 h.

Fabrication of MXene/PU composites

MXene/PU composites were fabricated using the vacuum-assisted filtration

method. Before the fabrication, the concentration of MXene solution was calcu-

lated through the filtered MXene film. Typically, a certain amount of MXene

colloidal solution (V2CTx or V4C3Tx) was mixed with water-based PU dispersion

and stirred for 1 h at room temperature. The mixture was vacuum filtered to obtain

MXene/PU gel. The gel was dried in vacuum at room temperature for 24 h. At last,

the composite was obtained after drying in vacuum at 80�C for 12 h. The weight

ratio of MXene in the composite was calculated based on thermogravimetric anal-

ysis (TGA).

Characterization

HAADF STEM images were obtained with a JEOL NEOARM operating at 200 kV. For

imaging, the camera length was 4 cm with a probe current of 150 pA. EELS maps

were obtained with a camera length of 2 cm and a probe current of 150 pA. A K2

Summit camera, provided by Gatan, was used for recording EELS spectra. Bright-

field TEM images of Vn+1CnTx/PU were obtained with a JEOL F200 operating at

200 kV. The Vn+1CnTx/PU cross-sections were fabricated by embedding the samples

in epoxy resin and then cutting themwith a microtome. XRD patterns of MAX phases

and MXene films were measured using a Rigaku SmartLab (Tokyo, Japan) operating

at 40 kV/30 mA with Cu Ka radiation. Raman measurement was carried out with an

inverted reflection mode Renishaw (2008, Gloucestershire, UK) instrument, equip-

ped with a 633 (numerical aperture [NA] = 0.7) objective and a diffraction-based

room temperature spectrometer. The laser line used was 633 nm, and the laser po-

wer was kept around 0.1 mW. A 3D laser scanning confocal microscope (Keyence,

VK-X1000, Osaka, Japan) was used to observe MXene coating and measure the

thickness. The electrical conductivity of MXene films was measured using the four-

point probe instrument (ResTest, Jandel Engineering, Bedfordshire, UK), with a

probe distance of 1 mm. An average value was taken from 3 different locations on
10 Cell Reports Physical Science 3, 101073, October 19, 2022
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the film. A Quantum Design EverCool II Physical Property Measurement System

(PPMS) was used to measure the dependence of resistivity on temperature

(10–300 K) in a low pressure of helium (<5 Torr). MXene films were wired into a

four-point probe geometry with silver paint. UV-vis spectroscopy was performed

on MXene-coated glass slides from 250 to 1,000 nm (Evolution 201, Thermo Fisher

Scientific). Wavelength-dependent optical absorption and the permittivity was

measured by a J.A. Woollam M-200U variable-angle spectroscopic ellipsometer.

The data were collected at 65�, 67.5�, 70�, 72.5�, and 75�. Different batches of

V2CTx and V4C3Tx samples (spray coated on Si/SiO2 substrates) with varied thick-

nesses were measured at three different spots, confirming the reproducibility of

the spectra. The general oscillator model was used to fit the experimental spectra

using Woollam WVASE software.

A vector network analyzer (VNA; 8720ES, Agilent, Santa Clara, CA, USA) with a WR-

90 rectangular waveguide in the frequency range of 8.2–12.4 GHz was used to mea-

sure S parameters of MXene films and the permittivity of MXene/PU composites. For

the waveguide calibration, a standard calibration kit (X11644A, WR-90, Keysight)

was used to complete the calibration manually. The calibration procedure included

‘‘through,’’ ‘‘short plate,’’ and ‘‘transmission line’’ tests in turn. After calibration, a

pure Teflon sample with a known permittivity was tested to make sure that the cali-

bration is correct.

For EMI shielding performance, the EMI SE was calculated based on S parameters

(S11 and S21). The transmission power (T; T = |S21|
2), reflectivity power (R; R = |

S11|
2), and absorption power (A) meet A + R + T = 1. The total EMI SE (SEtotal), reflec-

tion effectiveness (SER), and absorption effectiveness (SEA) associated with the inci-

dent wave PI and transmitted wave PT are calculated as follows:

SEtotal = 10log10

�
1

T

�
; (Equation 1)
SER = 10log10

�
1

1 � R

�
; (Equation 2)

and

SEA = 10log10

�
1 � R

T

�
: (Equation 3)

For microwave absorption performance, the RL was calculated using the measured

permittivity at a given layer thickness and frequency by the following equations:35

RLðdBÞ = 20log10jðZin � 1Þ = ðZin + 1Þj (Equation 4)

and

Zin =

ffiffiffi
m

ε

r
tanh

�
j2p

ffiffiffiffiffi
mε

p
fd

�
c
�
; (Equation 5)

where Zin is the normalized input impedance of the microwave absorption layer, ε

and m are the relative permittivity and permeability of the samples, respectively, f

is the microwave frequency, d is the absorption layer thickness, and c is the light ve-

locity in vacuum. As V2CTx and V4C3Tx are non-magnetic, the real and imaginary

parts of their permeability are 1 and 0, respectively. Effective absorption is achieved

when the RL value is below �10 dB, indicating more than 90% of microwave is ab-

sorbed. The corresponding frequency range is defined as the effective absorption

bandwidth.
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DFT calculations

All the calculations were performed using DFT as implemented with the standard

frozen-core projector augmented-wave (PAW) method in the Vienna ab initio simu-

lation package (VASP).36,37 The electronic exchange and correlation are approxi-

mated by the Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient

approximation (GGA).38–40 Kinetic energy cutoff of the plane wave expansion is

set to 520 eV. All the structures are entirely relaxed until the component of the

Hellmann-Feynman forces is less than 0.005 eV/Å. A Monkhorst-Pack k-point mesh

of 213 213 1 is used for the relaxation.41 To avoid any spurious cell-cell interaction

among the periodic images of the 2D sheets, a large vacuum space of 20 Å is intro-

duced in the z direction. The DOS and ELF calculations are done using a denser

21 3 21 3 1 k-grid.

The optimized lattice constant of V2C and V4C3 is 2.90 and 2.92 Å, respectively. The

layer thickness d, defined as the V-V distance, is equal to 2.17 (V2C) and 2.26 Å

(V4C3). We have constructed functionalized V2CT2 and V4C3T2 MXene structures

with T = O, F, and OH terminations based on their pristine unit-cell V2C and V4C3.

To find the ground-state geometry of V2CT2 and V4C3T2MXenes, we have optimized

the crystal structure with several lattice positions of the O, F, and OH groups. Due to

the additional unpaired electron in oxygen with respect to fluorine and hydroxide

groups, a slight modification of the atomic coordinates of both V and C atoms occurs

in V2C and V4C3. Finally, the most stable systems were considered for further elec-

tronic structure analysis.
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