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Ultrathin, Lightweight, and Flexible CNT 
Buckypaper Enhanced Using MXenes 
for Electromagnetic Interference Shielding
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HIGHLIGHTS

• Ultrathin, lightweight, and flexible carbon nanotube buckypaper enhanced using MXenes  (Ti3C2Tx) for high-performance electro-
magnetic interference shielding is synthesized through facile electrophoretic deposition.

• The obtained  Ti3C2Tx@CNT hybrid buckypaper demonstrates outstanding EMI shielding effectiveness of 60.5 dB in the X-band at 
100 μm and a specific SE value of 5.7 × 104 dB  cm2 g−1 at 5 μm.

ABSTRACT Lightweight, flexibility, and low thickness are urgent 
requirements for next-generation high-performance electromagnetic inter-
ference (EMI) shielding materials for catering to the demand for smart 
and wearable electronic devices. Although several efforts have focused on 
constructing porous and flexible conductive films or aerogels, few studies 
have achieved a balance in terms of density, thickness, flexibility, and EMI 
shielding effectiveness (SE). Herein, an ultrathin, lightweight, and flexible 
carbon nanotube (CNT) buckypaper enhanced using MXenes  (Ti3C2Tx) for 
high-performance EMI shielding is synthesized through a facile electro-
phoretic deposition process. The obtained  Ti3C2Tx@CNT hybrid bucky-
paper exhibits an outstanding EMI SE of 60.5 dB in the X-band at 100 μm. 
The hybrid buckypaper with an MXene content of 49.4 wt% exhibits an 
EMI SE of 50.4 dB in the X-band with a thickness of only 15 μm, which is 
105% higher than that of pristine CNT buckypaper. Furthermore, an average specific SE value of 5.7 × 104 dB  cm2 g−1 is exhibited in the 
5-μm hybrid buckypaper. Thus, this assembly process proves promising for the construction of ultrathin, flexible, and high-performance 
EMI shielding films for application in electronic devices and wireless communications.
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1 Introduction

In the rapidly developing age of electronics, because the 
increasing amount of electromagnetic radiation pollution 
is damaging the stability of electronic equipment and even 
human health, high-performance electromagnetic interfer-
ence (EMI) shielding materials are in great demand. Instead 
of traditional metal-based materials, next-generation EMI 
shielding materials are required and must be flexible, light-
weight, and highly efficient. Carbon-based nanomaterials, 
including cellulose nanofibers [1, 2], carbon nanotubes 
(CNTs) [3–5], and graphene [6, 7], are widely considered 
as promising, flexible EMI shielding materials because of 
their low density, high conductivity, and high processability. 
For instance, the CNT sponge/epoxy composite exhibits an 
EMI shielding effectiveness (SE) of 33 dB in the X-band 
at 2 mm [3]. In addition, graphene/polydimethylsiloxane 
(PDMS) foam has shown a high EMI SE of 30 dB in the 
X-band at a thickness of 1.0 mm [6]. To further decrease 
the density and improve the specific SE (SSE), CNTs or 
graphene have been directly used to construct shielding films 
with porous network structures [8–11]. For example, a gra-
phene-based aerogel with a density of only 24.5 mg cm−3 
showed a high EMI SE of 83 dB in the X-band at a thickness 
of 2.0 mm [10]. A free-standing CNT sponge with a density 
of 10.0 mg cm−3 exhibited a satisfactory EMI SE of 54.8 dB 
and an SSE of 5480 dB  cm3 g−1 at a thickness of 1.8 mm 
[12]. Nevertheless, because absorption is the dominant 
EMI shielding mechanism in these carbon-based materials 
[4, 12], the shielding performance relies on the thickness 
of the samples. Almost all carbon-based nanomaterials are 
required to have a high thickness to achieve a high SE. The 
construction of a flexible high-performance EMI shielding 
material with a low thickness remains a challenge.

In the case of a limited thickness (resulting in limited 
absorption), improving the reflection is one of the most 
effective strategies to enhance the EMI performance. Many 
efforts are being focused on improving the conductivity and 
optimizing shielding material microstructures. All types 
of metallic nanoparticles [13], nanowires [14, 15], and 
nanosheets have been used to combine with carbon nano-
materials to achieve a high conductivity and thereby a high 
shielding performance with limited thickness. In particu-
lar, MXene nanosheets have attracted significant interest 
for EMI shielding owing to their metallic conductivity and 

unique two-dimensional (2D) structure [16–19]. Although 
densely packed MXene can exhibit a high EMI SE at a low 
thickness [20–25], dense MXene films may not satisfy the 
requirements of flexibility and low density owing to the 
weak interlayer interactions between MXene nanosheets 
[26, 27]. Combining carbon nanomaterials with MXene is a 
promising strategy for balancing the mechanical properties 
and SE [1, 9, 28–30]. Recently, A reported flexible CNT/
MXene/cellulose nanofibril hybrid film exhibited a high 
conductivity of 2506.6 S  m−1 and an SE of 38.4 dB in the 
X-band at a thickness of 38 μm [31]. Combined with MXene 
sheets, a highly dense graphene oxide film with a layered 
structure has shown an excellent SE of 50.2 dB at a low 
thickness of 7 μm [32]. Nevertheless, because most of these 
studies have combined carbon materials with MXene via the 
mixing of their fragments through dispersion and obtained 
a shielding film using a spraying or filtration process, there 
are still several disadvantages to such films. First, although 
carbon materials and MXene nanosheets can be well dis-
persed in a solution, during the spraying or filtration process, 
the MXene nanosheets tend to self-stack when the solvent 
decreases. Although some reports have employed a layer-by-
layer assembly method to avoid aggregation problems [26, 
33–35], this is a complicated process. Second, the filtration 
process for 2D materials is time-consuming and unsuitable 
for large-scale production. Finally, the nanosheets are usu-
ally connected through a hydrogen bond or Van der Waals 
forces. These connections may not be sufficiently stable to 
withstand harsh situations. Thus, a more efficient assem-
bly process for a carbon-based/MXene EMI shielding film 
should be developed.

Here, a simple assembly process is developed for fabri-
cating a flexible MXene-enhanced CNT buckypaper with a 
satisfactory EMI SE within a small thickness. Pristine CNT 
buckypaper consisting of a porous and continuous CNT net-
work is obtained via a typical chemical vapor deposition 
(CVD) process. After a simple rolling process, the com-
pressed CNT buckypaper is observed to show a high SE of 
49.8 dB in the X-band at a thickness of 100 μm, which is 
higher than that of most of the reported carbon materials. 
After a facile electrophoretic deposition process, the MXene 
 (Ti3C2Tx) nanoflakes infiltrate into the CNT network and 
wrap around the CNT skeleton. The homogeneously distrib-
uted  Ti3C2Tx nanoflakes are tightly connected to the CNTs, 
resulting in a higher shielding performance than that of the 
randomly stacked  Ti3C2Tx/CNT composite. The obtained 
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 Ti3C2Tx@CNT hybrid buckypaper exhibits an outstanding 
SE of 60.5 dB in the X-band at a thickness of 100 μm. More-
over, the shielding performance of the hybrid buckypaper 
can be easily adjusted by changing the thickness and MXene 
content. The ultrathin 15-μm hybrid buckypaper with 49.4 
wt%  Ti3C2Tx exhibits an SE of 50.4 dB in the X-band, which 
is 105% higher than that of CNT buckypaper. In addition, an 
average specific SE (SSE/t) value of 56,945.8 dB  cm2 g−1 
is exhibited in the 5-μm hybrid buckypaper. Thus, the novel 
hybrid film is a promising high-performance EMI shielding 
material.

2  Experimental Section

2.1  Synthesis of CNT Buckypaper

A traditional CVD method was used to synthesize the free-
standing and flexible CNT buckypaper, for which a solu-
tion of ferrocene and dichlorobenzene was used as a car-
bon source. The flow rate of the carrying gas was set as 
2000/300 sccm of Ar/H2, and the growth temperature was 
set as 860 °C. Through setting the growth time, CNT bucky-
papers with a series of thicknesses from 0.1 to 2.0 mm were 
obtained. Then, a simple rolling process was used to den-
sify the CNT buckypapers, the densities of which increased 
from ~ 10 to ~ 500 mg cm−3. Accordingly, the thickness 
decreased to 5–100 μm.

2.2  Synthesis of  Ti3C2Tx Nanosheets

The typical selective etching process was used to obtain 
MXene  (Ti3C2Tx) nanosheets from the MAX phase precur-
sor  (Ti3AlC2). In a polytetrafluoroethylene container, 2 g 
of LiF powder was added to 20 mL of 9 M HCl solution. 
Subsequently, at a constant temperature of 35 °C, 1 g of 
 Ti3AlC2 powder was slowly added to the container, followed 
by continuous stirring. After a 24-h reaction, the reactant 
was centrifugally washed several times, until the pH > 6. The 
obtained sediment was collected and dispersed in DI water 
again with 1-h sonication in an ice bath and flowing argon 
atmosphere. Finally, after dilution and centrifugal separation 
at 8000 rpm several times, the dark green  Ti3C2Tx nanosheet 
supernatant was collected.

2.3  Synthesis of  Ti3C2Tx@CNT Hybrid Buckypaper

The  Ti3C2Tx@CNT hybrid buckypaper was prepared 
through a simple electrophoretic deposition process. As 
the working electrode, the as-grown porous CNT bucky-
papers with different thicknesses (0.1–2.0 mm) were cut 
into regular squares, while Pt was used as the counter elec-
trode, and 1.0 mg mL−1  Ti3C2Tx aqueous dispersion was 
used as the electrolyte. With a controlled applied constant 
voltage (10 V) and reaction time (10–120 min), a series of 
 Ti3C2Tx@CNT hybrids were obtained, after which they 
were vacuum dried at 50 °C for 12 h. Finally, the hybrids 
were densified through the same rolling process to obtain 
the  Ti3C2Tx@CNT hybrid buckypapers, the thicknesses of 
which decreased to 5–100 μm.

2.4  Characterization

The microstructures and morphologies of the  Ti3C2Tx 
nanosheets, CNT buckypaper, and  Ti3C2Tx@CNTs hybrid 
buckypaper were characterized using scanning electron 
microscopy (SEM, Hitachi, S-4800) and transmission elec-
tron microscopy (TEM, Tecnai, F30). The composition 
ratio in the hybrid buckypaper was tested through thermo-
gravimetric analysis (TGA, Netzsch, TG209 F1). The crys-
tal structures, ingredient information, and chemical bonds 
in the samples were measured using X-ray photoelectron 
spectroscopy (XPS, Thermo Scientific, ESCALAB 250Xi), 
X-ray powder diffraction (XRD, Empyrean), and the Raman 
spectra (HORIBA, LabRAM HR). The EMI SE was deter-
mined using a vector network analyzer (Agilent Technolo-
gies, N5234A) within the frequency range of 8–12 GHz. The 
electrical conductivity of the samples was measured using 
a Keithley 2400.

3  Results and Discussion

3.1  Shielding Performance of CNT Buckypaper

Free-standing, flexible CNT buckypapers consisting of 
porous and continuous CNT networks were synthesized 
through a well-controlled CVD process. A simple rolling 
process was used to densify the CNT buckypapers (Fig. 
S1), in which process the densities of the CNT buckypaper 
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increased from ~ 10 to ~ 500 mg cm−3, and the thickness 
decreased from 0.1–2.0 mm to 5–100 μm. The intercon-
nected CNTs ensured that the CNT network endured a 
complex change in shape. A high structural stability and 
flexibility are demonstrated in the densified films. The films 
can be folded into a “paper plane” without undergoing any 
breaks or tears, as shown in Fig. 1a. The continuous CNT 
network also leads to satisfactory electronic transmission 
performance. A high electrical conductivity of ~ 7000 S 
 m−1 was observed in the densified films. The highly con-
ductive network endows CNT buckypaper with satisfactory 
EMI shielding performance. The total SE  (SETotal) shows 
an evident increase with the added film thickness (Fig. 1b). 
Over the entire X-band, the average  SETotal of the 5-μm CNT 
buckypaper is 15.4 dB, whereas that of the 100-μm CNT 
buckypaper increases to a high value of 49.8 dB. To further 
discuss the EMI shielding mechanism in the samples, the 
EMI reflection  (SER) and EMI absorption  (SEA) over the 
X-band have also been investigated. As shown in Fig. S2, all 
samples with different thicknesses exhibit strong microwave 
absorption in the X-band. With an increase in thickness, the 
average  SEA shows a distinctly rising trend, whereas the  SER 
grows quite slowly (Fig. 1c). These trends demonstrate an 
absorption-dominant mechanism in CNT buckypaper, and 
the reflection loss needs to be improved. The high absorp-
tion ratio may be attributed to the dense and porous net-
work structure.  SETotal data of more CNT buckypaper with 
different thicknesses are shown in Fig. S2e, which further 
indicates the adjustability in the shielding performance of 
the CNT buckypaper. The free-standing CNT buckypa-
per synthesized in this work shows a high EMI shielding 

performance among all carbon nanomaterials. However, 
there is still plenty of room for improvement.

3.2  Synthesis and Characterization of  Ti3C2Tx@CNT 
Hybrid Buckypaper

MXene  (Ti3C2Tx) nanosheets were used to enhance the CNT 
buckypaper for EMI shielding. As illustrated in Fig. 2a, a 
simple and novel electrophoretic deposition process was 
used to prepare the  Ti3C2Tx@CNT hybrid buckypaper. 
During this process, the free-standing and porous CNT 
buckypaper was used as the working electrode and sup-
porter, whereas  Ti3C2Tx nanosheets dispersed in water 
were employed as fillers. As the fillers,  Ti3C2Tx nanosheets 
were obtained by selectively etching from the MAX phase 
precursor  (Ti3AlC2). The exfoliated  Ti3C2Tx nanosheets 
show a structure with a few layers, ~ 5 nm in thickness 
and a mean size of several hundred nanometers to several 
micrometers (Figs. 2b and S3a). The crystal structure of the 
 Ti3C2Tx nanosheet was further investigated through XRD 
patterns (Fig. S3b). When compared with that of  Ti3AlC2, 
the characteristic peak (002) of  Ti3C2Tx clearly shifts from 
2θ = 9.5° to 2θ = 5.7°, revealing the removal of Al layers 
and, thereby, enlargement of the c-lattice parameter in the 
 Ti3C2Tx [19, 35]. Moreover, after exfoliation, the (104) 
peak of  Ti3C2Tx at 2θ = 39° significantly decreases, which 
also indicates the successful selective etching of Al atoms 
and, thereby, decrease in the structural order. The exfoliated 
 Ti3C2Tx nanosheets were further selected through centrifu-
gal separation at 8000 rpm. The selected  Ti3C2Tx nanosheets 
with smaller sizes were dispersed as 1.0 mg mL−1 aqueous 
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dispersion (Fig. S4b), which showed a zeta potential of 
– 26.52 mV (Fig. S4c). The size distribution results dem-
onstrate that the diameters of the  Ti3C2Tx nanosheets are 
concentrated around 288 nm, which proves suitable for infil-
tration into the CNT network.

As the working electrode, the CNT buckypapers were 
full of pores, which allowed for the effective infiltration of 
the  Ti3C2Tx nanoflakes (Fig. 2c). During the electrophoretic 
deposition process (Fig. S4a), when a certain voltage (10 V) 
was applied, the  Ti3C2Tx nanosheets with negative charges 
in dispersion were forced to move toward the CNT bucky-
paper and finally infiltrate the carbon nanotube network. 
The size distributions of  Ti3C2Tx nanoflakes around the two 
electrodes show that small-sized nanoflakes were firstly 
gathered at the CNT electrode (Fig. S4d). As the deposition 
process continues, the deposition process becomes stable. 

Moreover, under the applied potential, both the carbon 
nanotubes and  Ti3C2Tx nanosheets can be slightly etched, 
as proved in many reports [36–38]. The slightly unzipped 
and etched nanotube network provides a larger space for 
the infiltration of flakes, whereas the  Ti3C2Tx nanosheets 
can also be fragmented into a smaller size. After electro-
phoretic deposition, the CNT buckypaper was covered 
with a uniform  Ti3C2Tx layer and maintained its flexibility 
(Fig. S5a-c). Metalloid coatings can effectively enhance the 
reflection loss of electromagnetic waves. Meanwhile, the 
internal morphology of the  Ti3C2Tx@CNT hybrid bucky-
paper clearly shows homogeneously distributed  Ti3C2Tx 
inside the CNT network (Fig. 2d). The sizes of the inserted 
 Ti3C2Tx nanoflakes are approximately tens to hundreds of 
nanometers, which can be further demonstrated in the TEM 
image (Fig. 2e). Cross-sectional SEM images and the related 
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Fig. 2  Morphology of  Ti3C2Tx@CNT hybrid buckypaper. a Schematic illustration of electrophoretic deposition process for fabrication of 
 Ti3C2Tx@CNT hybrid buckypaper. b TEM image of  Ti3C2Tx nanosheet (the inset shows the corresponding high-resolution TEM image). SEM 
image for interior of c CNT buckypaper and d  Ti3C2Tx@CNT hybrid buckypaper. e TEM image of  Ti3C2Tx@CNT hybrid. f Cross-sectional 
SEM image of hybrid buckypaper (the inset shows the local details at high resolution). The corresponding EDS mapping images of g Ti, h C, 
and i O
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energy-dispersive spectrometry (EDS) mapping images fur-
ther indicate the uniform distribution of  Ti3C2Tx nanoflakes 
in a hybrid buckypaper (Fig. 2f–i). The inserted  Ti3C2Tx 
nanoflakes can uniformly fill the entire CNT buckypaper 
(Fig. 2g). More details of the cross-sectional SEM image 
of the  Ti3C2Tx@CNT hybrid buckypaper are shown in Fig. 
S5d-i. Both the inserted  Ti3C2Tx nanoflakes and the CNT 
network formed a large number of micro-fissures. These 
separated nanoflakes and the formed micro-fissures greatly 
enhanced the internal multiple reflection and absorption of 
the film for electromagnetic waves. Moreover, the synthe-
sized hybrid buckypapers were also densified via the same 
rolling process, in which  Ti3C2Tx@CNT hybrid buckypapers 
with thicknesses of 5–100 μm were obtained.

The content of  Ti3C2Tx nanoflakes in the hybrid bucky-
paper can be controlled by regulating the deposition time 
and applied voltage. In this work, with an applied voltage of 
10 V, the content of  Ti3C2Tx can be effectively increased by 

extending the deposition time. For instance, for the 15-μm 
samples, the content of  Ti3C2Tx in the hybrid buckypaper 
is 9.2 wt% and 49.4 wt% after 10- and 120-min deposition, 
respectively, which can be calculated using the TG curves 
in air (Fig. 3a). Raman spectra further confirm the success-
ful synthesis of the  Ti3C2Tx nanoflakes and  Ti3C2Tx@CNT 
hybrid buckypaper (Fig. 3b). The characteristic peak of Ti 
atoms at 199 cm−1 (corresponding to the out-of-plane vibra-
tions) and that at 283 cm−1 (corresponding to the in-plane 
modes) can be found in both the  Ti3C2Tx and  Ti3C2Tx@CNT 
curves. Meanwhile, for the  Ti3C2Tx@CNTs, the two intense 
peaks at 1328 cm−1 (D band) and 1577 cm−1 (G band) can be 
related to the carbon nanotubes. These typical characteristic 
peaks indicate a good combination of  Ti3C2Tx and CNTs. 
Detailed elemental chemical states in the  Ti3C2Tx@CNT 
hybrid buckypaper were further investigated using XPS (Fig. 
S3c). Both the  Ti3C2Tx and  Ti3C2Tx@CNT hybrid buckypa-
pers show distinct signals of F and O, which are attributed to 
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surface terminations such as –F, –OH, and –O [39]. Among 
them, the slightly increased O 1s signal in the  Ti3C2Tx@
CNT hybrid originates from the minor oxidation during the 
electrophoretic deposition process. To confirm the chemi-
cal bonding in the  Ti3C2Tx@CNT hybrid, high-resolution 
C 1s and Ti 2p spectra were further studied (Fig. 3c, d). 
In the C 1s spectra, the sharply increased C–C/C=C signal 
(284.8 eV) in the  Ti3C2Tx@CNT hybrid originates from 
the combination of  Ti3C2Tx with carbon nanotubes. Mean-
while, in the Ti 2p spectra, the Ti–C doublet peak (455.0 eV 
and 461.0 eV) remains almost constant in the  Ti3C2Tx@
CNT hybrid, whereas the  TiO2 doublet peak (459.5 eV and 
465.5 eV) increases slightly. The added oxygen signal in 
the  Ti3C2Tx@CNT hybrid is mainly attributed to oxidized 
carbon.

3.3  Shielding Performance of  Ti3C2Tx@CNT Hybrid 
Buckypaper

To investigate the influence of filling  Ti3C2Tx on EMI SE, 
 Ti3C2Tx@CNT hybrid buckypapers with various thicknesses 

were synthesized through a fixed electrophoretic deposition 
time (30 min). After the deposition process, all hybrids 
remained at almost the same thickness as that of the pris-
tine CNT buckypapers. After the rolling process, the pre-
pared 100-μm hybrid buckypaper exhibited a high aver-
age  SETotal of 60.5 dB within the X-band region (Fig. 4a). 
Although absorption was still the main shielding mechanism 
in hybrid buckypapers, its reflection loss ratio increased to 
31%. Detailed EMI SE curves of hybrid buckypapers with 
various thicknesses within the X-band are shown in Figs. 4b 
and S6a–d. The  SETotal,  SER, and  SEA values in the hybrid 
buckypapers all show increasing trends with the added thick-
ness, which are similar to those of the pristine CNT bucky-
papers (Fig. 4c). The enhanced reflection may be attributed 
to the MXene coating and increase the electrical conduc-
tivity, whereas the enhanced absorption may contribute to 
interface polarization and internal reflection.

A comparison of the SE between the  Ti3C2Tx@CNT 
hybrid buckypapers and pristine CNT buckypapers is shown 
in Figs. 4d and S6. An approximate increase in the SE val-
ues is observed in samples with different thicknesses. The 

Fig. 4  EMI performance of  Ti3C2Tx@CNT hybrid buckypaper with different thickness. a EMI SE of 100-μm hybrid buckypaper (the  SETotal 
includes the reflection and absorption parts). b EMI SE of the hybrid buckypapers with different thickness. c Average  SETotal,  SEA, and  SER 
versus thickness for  Ti3C2Tx@CNT hybrid buckypapers. d Comparison of average  SETotal versus thickness between CNT buckypapers and the 
hybrid buckypapers. e The increasing ratio of average  SETotal,  SEA, and  SER versus thickness in  Ti3C2Tx@CNT hybrid buckypapers (compared 
with the pristine CNT buckypaper). f Comparison of electrical conductivities versus thickness between CNT buckypaper and the hybrid bucky-
papers
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15-μm hybrid buckypaper presents a 12.6-dB increase in 
 SETotal, whereas the 100-μm sample shows a 10.6-dB incre-
ment. Thus, for the hybrid buckypapers with various thick-
nesses, the electrophoretic deposition processes with fixed 
deposition time contributed to efficient and stable enhance-
ments in the shielding performance. Nevertheless, because 
the CNT buckypapers with small thicknesses show a signifi-
cantly lower SE, a higher increasing ratio appears in thin-
ner samples (Fig. 4e). For instance, when compared with 
the pristine CNT buckypaper, the 5-μm hybrid buckypaper 
presents an increasing ratio of 80.8% on  SER. Meanwhile, for 
the 100-μm hybrid buckypaper, the increasing ratio of  SER is 
only 35.5%. It should be noted that when compared with the 
15-μm hybrid buckypaper, the 5-μm sample shows a higher 
increasing ratio on  SER but a lower ratio on  SEA and  SETotal. 
This indicates that the deposition of  Ti3C2Tx nanoflakes for 
30 min may overfill the 5-μm-thick CNT network. The exces-
sively stacked nanoflakes formed a high-reflection coating. 
The CNT buckypaper with an excessively small thickness 
has a relatively low EMI SE and may be unsuitable for a 
long-time deposition. Thus, the 15-μm CNT buckypaper is 
considered to be a suitable substrate for construction of an 
ultrathin and high-performance EMI shielding film. Mean-
while, the significantly increased electrical conductivity of 
the  Ti3C2Tx@CNT hybrid buckypaper further confirms the 
significant contribution of the filling of  Ti3C2Tx nanoflakes 
to the shielding performance (Fig. 4f). Because the pristine 
CNT buckypapers with different thicknesses have an approxi-
mate density, similar electrical conductivities from 7030 to 
7704 S  m−1 are presented in different CNT buckypapers. 
After the electrophoretic deposition process, the electrical 
conductivities of the hybrid films showed a distinct increase. 
The 100-μm hybrid buckypaper exhibits a high conductiv-
ity of 10,062 S  m−1, which is 38.4% higher than that of the 
pristine CNT buckypaper. The highest conductivity of 14,933 
S  m−1 was observed in the 5-μm sample, which is 105.8% 
higher than that of the pristine CNT buckypaper. This also 
confirms that the same filling of the  Ti3C2Tx content contrib-
utes to a higher improvement in electrical conductivity and 
thereby a higher EMI SE in thinner hybrid films.

To construct an ultrathin and high-performance EMI 
shielding material,  Ti3C2Tx@CNT hybrid buckypapers 
with various MXene contents at a small thickness (15 μm) 
were further investigated. The 15-μm  Ti3C2Tx@CNT hybrid 
buckypapers with various  Ti3C2Tx contents were synthesized 
by regulating the deposition time. Detailed EMI SE curves 

of the hybrid buckypapers with various  Ti3C2Tx contents 
in the X-band are shown in Figs. 5a and S7a-e. The hybrid 
buckypapers with higher  Ti3C2Tx contents exhibited signifi-
cant improvements in EMI shielding performance. When the 
 Ti3C2Tx content in the hybrid buckypaper increases from 
9.2 to 49.4 wt%, the average  SETotal increases from 29.3 to 
50.4 dB (Fig. 5b). When compared with the pristine CNT 
buckypaper, the hybrid buckypaper with 49.4 wt%  Ti3C2Tx 
exhibited a 105% increase in the total SE. By contrast, 
the electrical conductivity of the hybrid buckypaper also 
increased with the  Ti3C2Tx content (Fig. 5b). A high conduc-
tivity of 19,262 S  m−1 was observed in the hybrid film with 
49.4 wt%  Ti3C2Tx, which is 193% higher than that of pristine 
CNT buckypaper. The similar increasing trends in the aver-
age  SETotal and electrical conductivity demonstrate that the 
promotion of electrical conductivity is a major factor for the 
enhancement of the shielding performance. Further compar-
isons of  SETotal,  SEA, and  SER are presented in Figs. 5c and 
S7f. Both the  SEA and  SER in the hybrid buckypapers show 
a distinct increase with the added  Ti3C2Tx content. Mean-
while, all samples with various  Ti3C2Tx contents retained the 
absorption-dominant mechanism for EMI shielding.

A high EMI SE can be achieved by simply increasing the 
thickness. To evaluate the applied value of the EMI shielding 
materials, the density and thickness of the samples should 
be considered. The calculated thickness-averaged specific 
SE value (SSE/t), derived by dividing the SE by the density 
and thickness, was further investigated (Fig. 5d). Ultrahigh 
SSE/t values of over 30,000 dB  cm2 g−1 are presented in 
all 15-μm  Ti3C2Tx@CNT hybrid buckypapers with various 
 Ti3C2Tx content. Among them, the highest SSE/t value of 
44,607.3 dB  cm2 g−1 is observed in the sample with 26.9 
wt%  Ti3C2Tx (total density of 0.68 g cm−3), which is 40% 
higher than the value of a pristine CNT buckypaper. All 
of these results demonstrate that the shielding performance 
of  Ti3C2Tx@CNT hybrid buckypapers can be efficiently 
improved by increasing the  Ti3C2Tx content. Ultrathin and 
high-performance  Ti3C2Tx@CNT hybrid buckypaper for 
EMI shielding can be effectively constructed.

To further demonstrate the superiority of the  Ti3C2Tx@
CNT hybrid buckypaper developed in this work, randomly 
mixed  Ti3C2Tx/CNT (r-Ti3C2Tx/CNTs) hybrid films were 
fabricated for comparison. The r-Ti3C2Tx/CNT films were 
prepared by filtrating the mixed  Ti3C2Tx/CNT through water 
dispersion, in which the thicknesses are controlled in 15 μm. 
The EMI shielding performances of the r-Ti3C2Tx/CNT films 
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with different  Ti3C2Tx contents are shown in Fig. S8a-e. 
This is consistent with those reported in [9, 31]. The SE of 
r-Ti3C2Tx/ CNT films also shows an obvious increase with 
the addition of  Ti3C2Tx content. However, the increasing 
trend in the r-Ti3C2Tx/CNT film is much lower than that of 
the  Ti3C2Tx@CNT hybrid buckypaper (Fig. S8f). When the 
 Ti3C2Tx@CNT hybrid buckypaper with 49.4 wt%  Ti3C2Tx 
shows a high SE of 50.4 dB, the value of an r-Ti3C2Tx/CNT 
film with 60 wt%  Ti3C2Tx is only 36.9 dB. The relatively 
low shielding performance of the r-Ti3C2Tx/CNT film may 
be attributed to the unordered stacking structure. The over-
stacking of  Ti3C2Tx nanoflakes will weaken the connection 
in the components, resulting in low conductivity and thus 
low shielding performance. In this work, through a simple 
electrophoretic deposition process, the  Ti3C2Tx nanoflakes 
can be well dispersed in the CNT network. Each piece of 
nanoflake is well connected to the carbon nanotubes. The 

resulting continuous conductive network leads to an out-
standing EMI shielding performance.

The proposed EMI shielding mechanism in the  Ti3C2Tx@
CNT hybrid buckypaper is illustrated in Fig. 6a. When 
the electromagnetic waves reach the surface of the hybrid 
buckypaper, a portion of the incident waves are immediately 
reflected back, which is attributed to the high conductivity of 
the hybrid film. The remaining incident waves continuously 
spread into the hybrid buckypaper and interact with the 
high electron density of the CNT-Ti3C2Tx network, result-
ing in ohmic loss and energy dissipation. Meanwhile, the 
well-separated  Ti3C2Tx nanoflakes and the formed micro-
fissures in the CNT-Ti3C2Tx network provided an abundant 
air–solid interface for multiple internal reflections and inter-
face polarization loss. The electromagnetic waves are repeat-
edly reflected inside the CNT-Ti3C2Tx network until they 
are completely absorbed. Moreover, the abundant defects 
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in the slightly etched carbon nanotubes and  Ti3C2Tx nano-
flakes also lead to an asymmetric distribution of electrons 
and thus dielectric loss [31, 40]. All of these factors result 
in a high EMI shielding performance in the  Ti3C2Tx@CNT 
hybrid film.

To objectively evaluate the practicality, the EMI SE val-
ues and thickness-averaged SSE/t values of  Ti3C2Tx@CNT 
hybrid buckypapers are compared with those of other mate-
rials in Figs. 6b and S9 (the detailed data thereof are listed 
in Table S1). Although the reported graphene-based [6, 7, 
10, 41] and CNT-based composites [4, 12, 42, 43] exhibit a 
high EMI SE, they all present a relatively low SSE/t owing 
to their high thickness. The dense metal-based film [24, 44, 
45],  Ti3C2Tx film [24], and  Ti3C2Tx/polymer film [20, 21] 
exhibit a high EMI SE with a small thickness. However, the 
high densities result in low SSE/t values. Some reported 
 Ti3C2Tx/carbon composites show both a high mechanical 
strength and shielding performance [1, 9, 28, 31]. However, 
their high thickness or high density still leads to a low SSE/t. 
The  Ti3C2Tx@CNT hybrid buckypapers developed in this 

work reached a balance of a relatively low density, low thick-
ness, and high SE. All these factors contribute to the high 
SSE/t value (13,074.2–56,945.8 dB  cm2 g−1).

A satisfactory commercial EMI shielding film requires 
not only a high SE, but also a small thickness, low density, 
and high SSE and SSE/t. The 15-μm  Ti3C2Tx@CNT hybrid 
buckypaper with 49.4 wt%  Ti3C2Tx described in this work 
is compared with the reported ultrathin EMI shielding films 
(10–30 μm) such as a graphene film [46], CNT film [47], Cu 
foil [24], and MXene film [24] in terms of five dimensions 
(thickness, density, SE, SSE, and SSE/t). A radar chart, in 
which the five dimensions are divided into six grades (in 
particular, high grades in thickness and density mean low val-
ues), is shown in Fig. 6c. Detailed data thereof are shown in 
Table S2. The high SE in these ultrathin EMI shielding films 
relies on the high densities. At similar thicknesses, they all 
show a relatively low SSE and SSE/t. For instance, although 
the Cu foil shows a high EMI SE of 70 dB in a small thick-
ness of 10 μm, its density is as high as 9.87 g cm−3. Thus, the 
Cu foil exhibits a relatively low SSE of 7.8 dB  cm3 g−1 and 

Fig. 6  a Proposed EMI shielding mechanism of  Ti3C2Tx@CNT hybrid buckypaper. b Comparison of SSE/t versus thickness in  Ti3C2Tx@CNT 
hybrid buckypapers and other shielding materials. Detailed data thereof are listed in Table S1. c Radar chart for comparison of thickness, den-
sity, SE, SSE, and SSE/t in the optimized 15-μm  Ti3C2Tx@CNT hybrid buckypaper and the other reported ultrathin EMI shielding films with 
a thickness of 11–27 μm, in which the five dimensions are divided into six grades. In particular, high grades in thickness and density mean low 
values. Detailed data thereof are listed in Table S2
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SSE/t of 7812 dB  cm2 g−1. By contrast, the 15-μm  Ti3C2Tx@
CNT hybrid buckypaper with 49.4 wt%  Ti3C2Tx in this work 
shows a satisfactory EMI SE of 50.4 dB with a relative low 
density of 0.98 g cm−3. Therefore, a high SSE of 51.0 dB 
 cm3 g−1 and SSE/t of 34,003.7 dB  cm2 g−1 are achieved. The 
high SSE and SSE/t in the hybrid buckypaper may be attrib-
uted to the well-designed internal microstructure.

4  Conclusions

In this study, we report an efficient electrophoretic deposi-
tion process to construct a flexible, lightweight, and ultrathin 
 Ti3C2Tx@CNT hybrid buckypaper with high EMI shielding 
performance. The homogeneously filled  Ti3C2Tx nanoflakes 
effectively improved both the reflection and absorption of 
the electromagnetic wave in the hybrid film. An  SETotal 
of 60.5 dB was yielded within the X-band for the 100-μm 
hybrid buckypaper. Meanwhile, increasing the MXene 
content can effectively enhance the SE. Moreover, a distin-
guished SSE/t value of 56,945.8 dB  cm2 g−1 was exhibited 
in the 5-μm hybrid buckypaper. Thus, flexible and ultrathin 
 Ti3C2Tx@CNT hybrid buckypapers with an outstanding 
EMI shielding performance have significant applications in 
the fields of smart and wearable electronic devices.
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