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Abstract

Sustainable and renewable nanocellulose attracts more and more attention in

various fields due to its high strength‐to‐weight ratio, small diameter, large

aspect ratio, and abundant functional groups. The excellent properties and

structural characteristics enabled a great potential of nanocellulose for

efficient interactions with functional nanomaterials such as carbon nanotube,

graphene, transition metal carbides/nitrides (MXenes), and metal nanoparti-

cles, which is beneficial for preparing high‐performance electromagnetic

interference (EMI) shields. We review the advances in the nanocellulose‐
assisted preparation of composite films and aerogels for EMI shielding

application. The nanocellulose‐based composites are evaluated in terms of

their EMI shielding performance and the shielding mechanisms, including

conduction, polarization, and multiple reflections are summarized. In addition

to the constituent structure and contents, we highlight the significance of the

microstructure design in enhancing the EMI shielding performance of the

nanocellulose‐based EMI shields. Finally, the current challenges and outlook

for these fascinating nanocellulose‐based EMI shielding composites are

discussed.
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1 | INTRODUCTION

With the rapid development of the electronic industry and
communication technology, associated electromagnetic
radiation or pollution issues have been receiving increasing
attention. Interfering electromagnetic waves (EMWs) or
radiation not only disrupt the normal operation of
electronics itself but also have potential influences on
the human health.1–6 Traditional metal shields are
efficient but suffer from high density, poor mechanical
flexibility, undesirable corrosion susceptibility, and
difficult processability, restricting the applications for
next‐generation electromagnetic interference (EMI)
shields.7–11 High‐performance EMI shielding materials
with low density and thickness, good mechanical strength
and flexibility, easy processing characteristics, and high and
controllable EMI shielding effectiveness (SE) are highly
demanded.12–17 Recently, conductive polymer nanocompo-
sites (CPCs) integrated with functional nanomaterials such
as carbon nanotubes (CNTs),8,18–27 graphene,28–36 transi-
tion metal carbides and/or nitrides (MXenes),37–50 and
metal nanoparticles51–56 have been considered as promising
EMI shielding materials due to advantages in low mass
density, chemical stability, and design flexibility. These
functional nanomaterials with excellent mechanical prop-
erties can have a large aspect ratio and remarkable
electrical conductivities, which is beneficial for forming
efficient conductive paths in the CPCs.31,57–62 Combined
with the generated interfaces between the nanomaterials
and polymers, which can contribute to the interfacial
polarization loss of incident EMWs, the CPCs can show
high EMI shielding performance.63–70 In addition to the
control of constituents and contents of the functional
nanomaterials for adjusting the EMI shielding performance
of the CPCs, the microstructure design is vital for achieving
high‐performance, controllable EMI shields. Nowadays,
one efficient design strategy focuses on introducing more
interior surfaces/interfaces in the CPCs. Numerous interior
surfaces/interfaces can increase the multiple reflections or
scattering of incident EMWs, increasing the interactions of
functional constituents and EMWs.71–74 In combination
with the considerable EMW loss ability with the constitu-
ents, the EMI shielding performance can be enhanced.
This means that the porous structure introduced in the
shields not only further reduces the weight but also leads
to enhanced EMI SE of the aerogel‐based shields in
comparison to the bulk counterpart.75,76 Compressing the
composite aerogels to exclude the micrometer‐sized pores
can reduce the EMI SE, further implying the positive
influence of the porous structure on the EMI shielding
performance.77–80 A rational design of the constituents and
microstructure for improving the EMI shielding perform-
ance of the CPCs and further advancing the understanding

of the structure–property relationships is the key to
developing high‐performance EMI shielding materials to
satisfy various application scenarios. However, the
challenges still focus on the processing and full
utilization of the functional nanomaterials and the
high‐efficiency design of microstructure. Moreover,
petrochemical building units or polymers usually
employed in the composition of the EMI shields are
often not sustainable, further hindering the application
potential. Efficiently utilizing the building units via a
sustainable and renewable way to fabricate high‐
performance EMI shields associated with minimizing
the impacts on the environment remains crucial.

Nanocellulose such as cellulose nanofibrils/nanofi-
bers (CNFs) or cellulose nanocrystals, made up of
cellulose, which is the most abundant renewable
polymer on earth, has attracted more and more attention
in recent years for widespread applications, including
packing, energy storage, strain/pressure sensing, thermal
insulation, oil/water separation, flexible devices, and
EMI shields.81–87 Given the high strength‐to‐weight ratio,
small diameter, large aspect ratio and specific surface
area, and abundant hydrophilic functional groups
(e.g., –OH and –COOH), the nanocellulose promised
good dispersibility and efficient interactions with the
functional nanomaterials, thereby enabling a facile
construction of macrostructures.88–93 The presence of
amphiphilic faces derived from the different crystal
planes of the nanocellulose in combination with the
functional groups allows these materials to act as green,
stable, and low‐cost dispersants.89,94,95 This enables a
homogeneous mixing of nanocellulose and inherently
inert functional nanomaterials without additional
surfactants or chemical functionalization. Furthermore,
the excellent mechanical properties and large aspect ratio
of the renewable nanocelluloses were also instrumental
in the preparation of robust biopolymer‐based composite
films or aerogels, as the nanocellulose can efficiently
support or bind the functional nanomaterials with
otherwise poor interfacial interaction or gelation capabil-
ity. Such composites could have extensive functional
applications because nanocellulose could be easily
integrated with various versatile nanomaterials. Further-
more, a unique structure‐directing function of nanocel-
lulose, derived from the small diameter, good mechanical
properties, and strong tendency to form lamellar film,
contributed to the preparation of thin yet robust
composite films or low‐density, stable composite aerogels
with ordered cell walls.96–98 This thus enabled the build‐
up of function‐targeted composites with minimum
material consumption and good structural stability,
which was important for the development of lightweight
EMI shielding architectures. Until now, several
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researchers have reported on nanocellulose covering the
material preparation, production, processing, characteri-
zation strategies, surface functionalization, and applica-
tion fields because of the excellent material properties
and broad application potential.99–116 Particularly, the
merits of nanocellulose lead to a large potential for
replacing conventional polymers in EMI shielding
materials, and the corresponding reports are increasing
year by year. In the whole EMI shielding field, the
nanocellulose‐based materials are still at an early stage,
but the trend of rapid growth has been emerging.
Therefore, a review of nanocellulose‐assisted preparation
of CPC‐based EMI shielding architectures involving the
constituent and microstructure design is highly desired.
Such a report can advance the understanding of the
structure–property relationships within these materials
and further help to improve EMI shielding architectures
in general.

Here, this review highlights the current status,
ongoing challenges, and outlook of the nanocellulose‐
assisted EMI shielding nanocomposites in the forms of
films and porous aerogels. In addition to the EMI
shielding theory, mechanism, and measurements, we
emphasize the vital roles that nanocellulose plays in
constructing high‐performance EMI shields with various
structures (Figure 1).89,117–119 We categorize the EMI
shields into nanocellulose‐based composite films with
double‐layer coating, alternating‐layer, and “brick‐and‐
mortar” structure and nanocellulose‐based composite
aerogels with random and aligned pore morphologies.

The outlook of the nanocellulose‐based EMI shields is
also discussed, providing a guideline for future develop-
ments of high‐performance EMI shielding architectures.

2 | THEORY OF EMI SHIELDING
PERFORMANCE

2.1 | Mechanism of EMI shielding
performance

Nowadays, EMI shielding is regarded as the most flexible
and efficient method to protect against electromagnetic
pollution. The EMI shielding refers to utilizing shielding
facilities to impede the propagation of EMWs and to
eliminate interference with electronic components.
According to the type of radiation source, the EMI
shielding methods can be divided into electrostatic field
shielding, magnetic field shielding, and electromagnetic
field shielding. A Faraday cage cavity is usually utilized
to shield the disturbance from electrostatic fields. Based
on the electrostatic balance principle, a conductive cavity
can be an equipotential body, within which the electric
field intensity is zero.120 In the case of magnetostatic or
low‐frequency magnetic field shielding, achieving the
magnetic shielding is more significant because the field
energy concentrates on the magnetic field. A low‐
reluctance cavity with high permeability (usually made
by iron, cobalt, nickel, and their alloys) is highly desired.
The cavity provides the magnetic bypass so that the

FIGURE 1 Schematic illustration of the
nanocellulose‐assisted preparation of
composites for electromagnetic interference
shielding application. Reproduced with
permission: Copyright 2021, Elsevier,117

Wiley,89,118 and American Chemical
Society.119
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magnetic field tends to concentrate in the magnetic
shells. As a result, the sensitive components inside the
shielding cavity get the protection.120 According to
Maxwell's electromagnetic theory, the electric fields and
magnetic fields are always intertwined with each other.
Therefore, the electromagnetic field can be shielded by
attenuating any one of them. In fact, research on the
shielding for high‐frequency alternating electromagnetic
fields is more attractive, as they have a wider range of
practical application scenarios. For example, technologi-
cally mature metal‐plated fabrics mainly aim at the
physical protection under strong electromagnetic radia-
tion and the application of shielding anechoic chambers
(0.1MHz–3 GHz). Various high‐conductivity shielding
films/adhesive tapes point at the EMI shielding or
electromagnetic compatibility between different electro-
nic components in electronic communication equipment,
such as cellphones, computers, and so on (0.5–100 GHz).
Hence, the shielding mechanisms, methods, and
research progress for high‐frequency EMWs are the
focus of this review.

As for the mechanism of EMI shielding, various
theories have been proposed, including the transmis-
sion line theory, eddying effect theory, and the
electromagnetic field theory. Among these, the trans-
mission line theory is widely accepted. Accordingly, for
a shielding medium with finite thickness, the incident
EMWs can be divided into three parts: reflection,
absorption, and transmission. Typically, when the
EMWs impact the front surface, most of them are
directly reflected due to the impedance mismatch
between the air (or the free space) and the medium.121

Some of the EMWs that still enter into the shielding
materials are attenuated into heat, and the residual will
penetrate the rear surface as transmitted waves.122

Meanwhile, the EMWs inside the medium can be
repeatedly reflected by the two outer surfaces or
different internal layers/interfaces, which can result in
multiple reflections and enhanced absorption. On the
macroscopic level, generally, the EMI shielding materi-
als possess abundant mobile charge carriers or electric/
magnetic dipoles. The interaction between EMWs and
the shielding medium can cause the charges or dipoles
to be excited and redistributed, which form an opposing
electromagnetic field to resist the external field.123

The electric microcurrent produced by charge motion
and the dipole polarization delaying the electromag-
netic field can induce resistance/conductive loss and
dielectric loss, resulting in the wave absorption.
For magnetic shielding materials, various absorption/
attenuation pathways such as magnetic domain
resonance, hysteresis loss, and eddy current losses,
should also be considered.

2.2 | Calculation of EMI shielding
performance

The most direct indicator to evaluate the shielding ability
of materials is EMI SE, which is expressed in decibels (dB).
The EMI SE describes the intensity ratio of the incident
field to the transmitted field and thus gives a measure of
the attenuation of the field by the shielding material124,125:
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where P, E, and H are the power density, electric field
intensity, and magnetic field intensity, respectively,
and the subscripts refer to the incident and transmitted
waves, respectively.

Generally, high conductivity materials are most
appropriate for EMI shielding. For the conductive
substance, theoretically, the EMI SE value can be
calculated by the Simon formalism as follows126,127:







σf t σfSE = 50 + 10 log + 1.7 , (2)

where σ is the electrical conductivity, f is the EMW
frequency, and t is the thickness of the shielding layer.
This formula says that the EMI SE is positively related to
the thickness and conductivity, and a better EMI SE can
be more easily achieved at a higher frequency.

According to the transmission line theory (classical
Schelkunoff theory), the EMI SE is the sum of the
absorption loss (SEA), reflection loss (SER), and multiple
reflection loss (SEM). Notably, the multiple reflections
here correspond to that between the two interfaces of the
shield (on the macroscopic scale) rather than that caused
by the small interfaces/surfaces inside the materials. In
the calculation, based on the law of power balance
(R+A+ T= 1), the EMI SE consists of the reflection of
energy (also called shielding by reflection, SER′) and
absorption of energy (also called shielding by absorption,
SEA′). The relationship can be described as follows125:

SE = SE + SE + SE = SE + SE .A R M A R′ ′ (3)

The absorption loss (SEA) of shielding materials has a
positive correlation with the electrical conductivity and
magnetic permeability, as well the wave frequency and the
shield thickness, which can be expressed as follows128:

e t
ωσ μ

e
t

δ
SE = 20 log ×

2
= 20 log × ,A

r r
(4)
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where ω is the angular frequency of the EMWs, σr refers
to the relative electrical conductivity (the electrical
conductivity relative to that of copper, 5.8 × 107 S/m), μr
represents the relative magnetic permeability (magnetic
permeability relative to that of the free space,
4π × 10−7 H/m), δ is the skin depth, which means the
distance from the surface to the depth that the electric/
magnetic field intensity decreases to 1/e of initial values.
The skin depth indicates that the EMW absorption can
occur only in the superficial layer of the conductor,
which is expressed as follows:

δ
ωσ μ fσ μ

=
2

=
1

π
.

r r r r
(5)

Similarly, the reflection loss (SER) of shielding
materials is also affected by the electrical conductivity,
magnetic permeability, and wave frequency, which can
be described as follows120:









σ

fμ
SE = 168.2 + 10 log .R

r

r
(6)

Besides, the multiple reflection loss (SEM) of shield-
ing materials can be calculated by the following
equation120,123:



 


( )eSE = 20 log 1 − = 20 log 1 − 10 .M

t
δ

−2
−

SE
10
A

(7)

In this case, if the absorption shielding performance is
much larger than 10 dB, or the material thickness is much
larger than the skin depth, the influence of multiple
reflections can be ignored. In the rest of this review, the
multiple reflections specifically refer to those caused by the
interior interfaces/surfaces inside the materials.

In the calculations, the reflection loss (SER′) and
absorption loss (SEA′) are defined as follows:

R S
SE = 10 log

1

1 −
= 10 log

1

1 −
,R'

11
2 (8)

R

T

S

S
SE = 10 log

1 −
= 10 log

1 −
,A'

11
2

21
2 (9)

where S11 and S21 refer to the complex scattering
parameters (S‐parameters).

Based on these relations, it can be found that the EMI
SE primarily depends on the conductivity of the shielding
materials. Additionally, the shielding thickness also
efficiently affects the absorption. In practical application,

increasing the thickness of shielding materials is
regarded as the most simple and effective method to
improve the EMI shielding performances. However, to
meet the requirements of next‐generation EMI shields,
the development of lightweight EMI shielding materials
with low density or thickness has always been an
unremitting pursuit for researchers.

Therefore, to evaluate the comprehensive shielding
performance by taking the density and thickness into
consideration, the specific SE (SSE, defined as the ratio of
EMI SE to density or thickness) and the surface SSE (SSE/t
or SSE/d, defined as the EMI SE divided by the thickness
and density of shields, namely, the ratio of EMI SE to the
areal density ρ□) values are usually calculated as11,12,128,129

ρSSE= SE/ (usually for an aerogel, dB·cm /g)3

(10)

or

tSSE= SE/ (usually for a film, dB/mm), (11)

□

t
ρ ρt

SSE/ =
SE

=
SE

(dB·cm /g).2
(12)

2.3 | Measurement of EMI shielding
performance

Generally, the far‐field EMI SE of shielding properties is
commonly calculated by the S‐parameters (S11, S21, S22,
and S12), which can be ascertained by the vector network
analyzer. There are several methods to obtain the
S‐parameters, such as the open field method, shielded
room method, coaxial transmission line method, and
waveguide method. Among them, the waveguide method
is most employed due to its flexibility and broad‐frequency‐
range measurability (from 0.96 to 112 GHz). At this point,
the X‐band (8.2–12.4 GHz) is intensively studied because it
is the common frequency range for communication
applications. Typically, the shielding materials are shaped
into a rectangular block/film (22.86mm× 10.16mm) to fill
into the waveguide fixture. Based on the obtained S‐
parameters, the coefficients of absorption (A), reflection
(R), transmission (T), and the EMI SE values can be
calculated by the following equations130,131:

   R S S= = ,11
2

22
2 (13)

   T S S= = ,12
2

21
2 (14)



 










T S

SE = 10 log
1

= 10 log
1

| |
,T

12
2 (15)
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SE = 10 log
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1 −
= 10 log
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SE = 10 log
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= 10 log

1 − | |

| |
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3 | NANOCELLULOSE ‐ASSISTED
PREPARATION OF COMPOSITE
FILMS

The development of advanced electronic technology has
put forward more stringent requirements for EMI films.
Light‐weight, flexible, robust, corrosion‐resistant, and
other multifunctional characteristics are highly desired in
contrast to the heavy and thick traditional EMI shields.
However, new and promising functional nanomaterials
such as graphene, MXene, CNTs, and metal nanoparticles
are limited in their materials processing by weak interfacial
interactions, resulting in an unsatisfactory mechanical
property. Thus, the strategy of combining these conductive
nanomaterials with nanocellulose in an effort to overcome
the structural and mechanical shortcomings has naturally
attracted attention. In view of EMI shielding performance,
the strong interactions between nanocellulose and func-
tional conductive nanofillers can lead to a tight integration
with each other. The electronegativity differences can
facilitate the interfacial polarization to promote the
attenuation of EMWs, which will be beneficial for
enhancing the EMI shielding performance. Using
bottom‐up fabrication, specific processing routes can have
a significant impact on the macrostructures, and a rational
structural design can endow materials with enhanced
performances and even novel functionalities. Particularly,
emulating some of the structures found in natural
materials to achieve a specific function is of great potential.
In this section, we focus on the assembly pathways and
corresponding microstructures of nanocellulose‐based EMI
shielding films.

3.1 | EMI shielding films with a
double‐layer coating structure

The EMI shielding films with double‐layer coating struc-
tures have the characteristics of easy manufacturing, low
cost, and simple equipment. Generally, the robust CNF
layer acting as the substrate is applied to enhance the
mechanical properties, while the surface coatings contain-
ing high‐conductivity substances take the role of EMI
shielding. For example, Parit et al.132 synthesized poly-
pyrrole (PPy) and CNF‐based conducting composite film
through the in situ polymerization of pyrrole onto polyvinyl

alcohol‐coated CNF paper (PPy/PVA‐CNP). The composite
films delivered an EMI SE of 23 dB with a thickness of
138.4 µm. Meanwhile, the tensile strength reached
103.8 ± 5.9MPa (with a fracture strain of 11.9%± 1.7%).
Even being completely saturated by water, the film still
maintained a tensile strength of 27.4 ± 2.2MPa (with the
fracture strain of 9.4%± 1.1%). In another example, Cui
et al.133 fabricated Ti3C2Tx MXene/CNF composite film via
a facile vacuum‐assisted filtration method, and the CNF
layer was prepared by the electrospinning of cellulose
acetate. The composite film exhibited an electrical conduc-
tivity of 46,300 S/m, and an EMI SE of 42.7 dB (with 15 µm
of Ti3C2Tx coating). A promoted tensile strength was
observed, as well as a maintained structural integrity after
being bent for 500 cycles.

Although the composite films with double‐layer coating
structures are easy to design and implement, some inherent
defects are hard to overcome. For instance, the weak
interlayer interaction leads to potential delamination of
coatings, and the exposed conductive substances are easily
oxidized and eroded, which will result in a dramatic decrease
in the EMI shielding performance. To address these issues,
Zhou et al.119 fabricated silicone‐encapsulated Ti3C2Tx/CNF
composite films via spray coating. Here, the dispersion
containing CNF (derived from paperboards) and Ti3C2Tx
MXene acting as the ink was repeatedly sprayed on the
surface of bacterial cellulose film, and subsequently
encapsulated with silicone to improve the hydrophobicity
of the resultant composite films (Si‐TM/BC) (Figure 2A).
Good mechanical properties were also obtained, delivering a
high tensile strength (>250MPa), and desirable toughness
(>20MJ/cm3) (Figure 2B,C). With the coating thickness of
only 2.29 µm, the composite film exhibited a superb EMI SE
of 30 dB (Figure 2E), as well as the SSE/t of 53,003 dB·cm2/g.
When the coating thickness increased to 7.71 µm, the EMI
SE reached 60 dB, showing a high EMI shielding ability. The
protection from silicone encapsulation was significant, for
example, after five times the typical soak‐rinse hydration
process, the Si‐TM/BC films still maintained an EMI SE
larger than 20 dB (Figure 2F). Besides the EMI shielding
properties, the film also exhibited desirable low voltage‐
driven Joule heating and photo‐responsive heating perform-
ances highlighting additional fascinating multifunctional-
ities, thus broadening the scope of this material.

3.2 | EMI shielding films with
alternating‐layer structure

Some researchers believed that the coating structure to
ensure the high purity of conducting layers is quite
important because it avoids the potentially segregating
effect of polymer nanofillers that may restrain the highly
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efficient transferring of electrons in the inhomogeneous
layered films. Therefore, inspired by the sedimentary rock
formation, ordered deposition of conductive and reinforc-
ing fillers to construct multilayered film with alternating
stacked structures can be a potential option to overcome
the shortages of the single‐layer coating structure. For the
nanocellulose‐based EMI shielding films with alternating‐
layer structure, the high‐conductivity layers constituted by
MXene, reduced graphene oxide (rGO), or CNTs play the
role of EMI shielding functions, while the CNF layers
are utilized to enhance the mechanical properties of the
composite and prevent the crack growth to hold the whole
structure without breaking. Meanwhile, the alternating
conductive layer can induce multiple reflections inside the
films to enhance the shielding performance. For instance,
Li et al.134 fabricated alternating multilayered CNF/
graphene nanosheets (GNs) films by using a vacuum
filtration process (Figure 3A). The films exhibited an

electrical conductivity of 738 S/m and an SE of 27.4 dB
with a thickness of 35 μm. The heterogeneous conductive
layers could induce a multiple impedance mismatch to
promote the wave reflection. Besides, the films possessed a
thermal conductivity of 33.55W/(m·K) as well. Zhou
et al.135 also assembled CNFs/Ti3C2Tx alternating‐layer
films by repeated vacuum filtration. In the cross‐sectional
scanning electron microscopy (SEM) images, the alternat-
ing multilayered structure was clearly observed
(Figure 3B). The film revealed an improved mechanical
strength of 112.5MPa and a toughness of 2.7MJ/m3

compared with both freestanding Ti3C2Tx and homoge-
neous CNF/Ti3C2Tx films (Figure 3C,D). By studying the
tensile fracture surface, the authors noticed that the film
had a hierarchical zigzag crack morphology (Figure 3E),
and pointed out that the robust CNF layers could prevent
the nanosized crack at the Ti3C2Tx layer from growing
through the whole film (Figure 3F). Meanwhile, the

FIGURE 2 (A) Fabrication strategy and appearance of Si‐TM/BC film. (B) Scanning electron microscopy cross‐section images of TM/BC
film. (C) Stress–strain curves of pristine BC and various TM/BC films. (D) Mechanical properties of pristine BC and various TM/BC films.
(E) Electromagnetic interference (EMI) shielding effectiveness (SE) of various TM/BC films. (F) The effect of encapsulation on the
waterproof stability of EMI SE. Reproduced with permission: Copyright 2021, American Chemical Society.119
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film processed the electrical conductivity of 82–621 S/m
(Figure 3G), the maximum SE of 40 dB with a thickness
of 30–40 μm (Figure 3H), as well the SSE/t of
7029 dB·cm2/g (Figure 3I). Besides, the composite film
still maintained a high electrical conductivity and SE after
repeating bending (Figure 3J). Li et al.117 prepared flexible
and tough nanofibrillated cellulose/Fe3O4 and CNT/poly-
ethylene oxide (CNF/Fe3O4&CNT/PEO) films by the
alternating vacuum‐assisted filtration method. The com-
posite films possessed the tensile strength of 36.03MPa,
toughness of 2.98MJ/m3, and elongation at a break of
19.1%. Meanwhile, the EMI SE reached 30.3 dB, with the
corresponding electrical conductivity of 3900 S/m. Cao
et al.6 fabricated CNT/CNF/Ti3C2Tx composite papers by
alternatingly filtrating the CNT/CNF dispersion and

Ti3C2Tx dispersion. The papers exhibited a tensile
strength of 97.9 ± 5.0MPa, fracture strain of 4.6%± 0.2%,
electrical conductivity of 2506.6 S/m, and EMI SE of
38.4 dB. Although the exploration of EMI shielding films
with alternating layered structures was comparatively few,
this design strategy still showed a high application
prospect.

3.3 | EMI shielding films with
“brick‐and‐mortar” structure

So far, films with “brick‐and‐mortar” structures are
the most attractive and widely studied for the
nanocellulose‐assisted construction of EMI shielding

FIGURE 3 (A) Alternating vacuum filtration process to prepare alternating multilayered films. Reproduced with permission: Copyright
2020, Elsevier.134 (B) Cross‐sectional scanning electron microscopy (SEM) images of cellulose nanofibrils/nanofibers (CNFs)/Ti3C2Tx

composite films. (C) Tensile strengths, toughness, and (D) tensile stress–strain curves of different CNFs/Ti3C2Tx composite films. (E) SEM
micrographs of the fracture surfaces. (F) Schematic illustrations of the fracture mechanism of the alternating multilayered films. (G)
Electrical conductivity. (H) Electromagnetic interference (EMI) shielding performance of different CNFs/Ti3C2Tx composite films. (I) EMI
shielding performance before and after bending to a radius of 2.0 mm for 1000 cycles. (J) Comparison of specific shielding effectiveness as a
function of thickness with other reports. Reproduced with permission: Copyright 2020, American Chemical Society.135
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films. Inspired by the natural nacre structure, which
constituted highly ordered two‐dimensional (2D)
nano‐flaked aragonite and one‐dimensional (1D) na-
nofibrous chitin and protein, some researchers have
modeled and constructed nanocellulose‐based EMI
shielding films with the “brick‐and‐mortar” structures
(Figure 4A). The conductive filler acts as the “brick” to
ensure the conductive function, while the nanocellu-
lose plays the part of “mortar” to enhance the
interfacial interaction. Thus, the nanocomposite films
usually possessed excellent mechanical flexibility and
strength. The tight integration brings strong interface
interactions that can promote the interfacial polariza-
tion attenuation of EMWs, which is in favor of the
shielding performance.

Although MXenes have emerged as one of the most
promising 2D electrically conductive materials for the
construction of EMI shielding films, the weak interfacial
interactions between the layers restrain the promotion of
mechanical properties and structures. Thus, the intro-
duction of cellulose seems to be a matter of course. Cao
et al.129 prepared ultrathin and highly flexible Ti3C2Tx/
CNF (extracted from garlic husk) nanocomposite papers
via a vacuum‐filtration‐induced self‐assembly process.
With the 80 wt% Ti3C2Tx content, the nanocomposite
paper exhibited an undulating layered structure
(Figure 4B), and the oriented alignment of Ti3C2Tx
nanosheets was surrounded by the CNFs. The as‐
prepared Ti3C2Tx/CNF composite paper (80wt% of Ti3C2Tx)
possessed the electrical conductivity of 115.5 S/m

FIGURE 4 (A) Schematic illustration of the “brick‐and‐mortar” structure in nacre. (B) Scanning electron microscopy (SEM) images,
(C) electrical conductivity, (D) electromagnetic interference shielding effectiveness (SE), and (E) Specific SE (SSE)/t of the Ti3C2Tx/cellulose
nanofibrils/nanofiber (CNF) composite paper with various Ti3C2Tx contents. (F) SEM image of the fracture surface of the Ti3C2Tx/CNF
composite paper. (G) Tensile stress–strain curves and (H) toughness and Young's modulus of the Ti3C2Tx/CNF composite paper with various
Ti3C2Tx contents. Reproduced with permission: Copyright 2018, American Chemical Society.129
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(Figure 4C), an EMI shielding performance of ~25.8 dB at
12.4 GHz, with a low thickness of 74 μm (Figure 4D), and
the maximum SSE/t could reach 2647 dB·cm2/g
(Figure 4E). Meanwhile, the mechanical properties were
systematically studied as well. In the case of 50 wt%
MXene/CNF composites, the maximum values of the
tensile strength (135.4 ± 6.9MPa), tensile fracture
strain (16.7%± 0.7%), toughness (14.8 ± 0.4MJ/m3), and
Young's modulus (3.8 ± 0.3 GPa) are shown, and the
folding number reached 14,260 times, indicating superb
mechanical properties (Figure 4G,H). The authors noticed
that the nanocomposite papers exhibited a superior
mechanical property compared to both pure MXene
papers and pure CNF papers, and a “zigzag” crack path
was found on the rough fracture surface (Figure 4F). By
investigating the fracture mechanisms, the authors
proposed that the hydrogen bonds, flexible CNFs, and
anisotropic interconnection networks were the main
factors to prevent the fracture of the nanocomposite
papers. This study verified the rationality to construct
“brick‐and‐mortar” structures by utilizing CNFs as the
bridging material. Similarly, Zhan et al.136 applied
bleached cardboard to extract CNFs and constructed
Ti3C2Tx/TOCNF nanocomposite films by vacuum‐assisted
filtration. A high electrical conductivity of 2837 S/m and
an outstanding EMI shielding ability of 39.6 dB (at
the thickness of 38 μm) was achieved. Meanwhile, the
Ti3C2Tx/TOCNF nanocomposite film exhibited a tensile
strength of 212MPa and a Young's modulus of ~7 GPa.
Xu et al.137 prepared Ti3C2Tx/bacterial (Acetobacter
xylinum) TOCNF nanocomposite film by the vacuum‐
assisted filtration as well. Comprehensively considering
the mechanical and EMI shielding properties, the
composite film with 50 wt% CNF exhibited high tensile
strength (252.2MPa), excellent folding endurance (10,000
times), high electrical conductivity (44,350 S/m), and
striking SSE/t (19,652 dB·cm2/g). Cui et al.138 freeze‐
dried the film Ti3C2Tx/CNF precursor (assembled by
vacuum filtration) to maintain a certain degree of pore
structure leading to a density of the obtained composite
film that declined (1.3 ± 0.1 g/cm). Meanwhile, under the
10 wt% CNFs additive content, the EMI SE reached 50 dB
and the SSE/t was 9177 dB·cm2/g. Besides, Liu et al.139

filtrated a mixture of silver nanowires (AgNWs), CNFs,
and Ti3C2Tx. The fabricated Ti3C2Tx/AgNWs/CNFs com-
posite films possessed the tensile strength of 100.3MPa,
EMI SE of 46.6 dB with a thickness of 9.5 µm, and SSE/t
of 19,613.5 dB·cm2/g.

The same preparation strategy can be referred to for
the construction of graphene/CNF composite films. For
example, Yang et al.140 filtrated the rGO/CNF composite
film by vacuum‐assisted filtration and subsequent reduc-
tion treatment. The composite film (50 wt% CNF loadings)

exhibited the remarkable electrical conductivity of
4057.3 S/m and EMI SE of 26.2 dB. The mechanical
properties of the rGO/CNF composite film were enhanced
with the raising CNF contents as well. The composite film
possessed a tensile strength of 67.7 ± 2.9MPa, Young's
modulus of 7737.9 ± 77.5 GPa, and fracture elongation of
1.4%± 0.2%. To achieve a green preparation approach,
Wiemann et al.141 applied the GNs to replace the rGO
(aiming to avoid the unfriendly reduction treatment). The
GN/TOCNF composite films were assembled by vacuum‐
assisted filtration and subsequent mechanical compres-
sion. The composite film (10 wt% CNF loadings) delivered
the tensile strength of 61MPa, Young's modulus of
4.7 GPa, and fracture elongation of 2.1%. Meanwhile, an
electrical conductivity of 98,820 S/m was achieved, accom-
panied by an EMI SE of 43 dB with only 13 μm thickness.
To introduce extra magnetic loss, Han et al.73 decorated
rGO with metallic Ni nanoparticles (rGO@Ni) via a
hydrothermal reaction and then fabricated the CNF/
rGO@Ni composite film through the vacuum‐assisted
filtration. The films exhibited an electrical conductivity of
262.7 S/m and an EMI SE of 32 dB (~15–20 μm).

Moreover, some researchers utilized the CNFs to
assist to exfoliate the expandable graphite (EG). Zhang
et al.142 prepared the CNFs/few‐layer graphene disper-
sions via the wet comilling method and fabricated the
composite films by vacuum filtration and hot pressing.
The films possessed a tensile strength of 59.14MPa,
Young's modulus of 4.13 GPa, and fracture elongation of
4.17%, as well as a marginal EMI SE of 10 dB. Yuan
et al.64 prepared the zeolitic imidazolate framework‐67
(ZIF‐67)‐derived porous carbon (C‐ZIF67)/graphene na-
noplate/CNF composite films, which exhibited a tensile
strength of 46.33MPa and an EMI SE value of 50.5 dB.
Yang et al.143 fabricated the EG/CNF/PEO composite
film by sonicating the EG/CNF dispersion, filtrating the
mixture with extra PEO addition, and final mechanical
pressing. The composite film displayed a tensile strength
of 63.3MPa, electrical conductivity of 122,600 S/m, and
EMI SE of 44 dB (12 μm). This strategy to produce EMI
shielding films is regarded as flexible, environmentally
friendly, and cost‐effective, in accordance with the
expectation of “green” chemical technology.

In particular, the abovementioned “brick‐and‐mortar”‐
structure films are restricted to physical cross‐linking, and
the mechanical enhancement largely depends on the
hydrogen bonds between the “bricks” and “mortars.” To
get further performance improvements, Wu et al.118

proposed the physical and chemical dual cross‐linking
method to fabricate CNFs/Ti3C2Tx nanocomposite films
(PC‐MXene). The miscible liquids containing CNFs
(extracted from bleached softwood pulp fibers) and
Ti3C2Tx were dried in a polypropylene mold under
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ambient pressure and were then immersed in an
acetonitrile/methyl caproate solution with a 10% poly
((phenyl isocyanate)‐co‐formaldehyde) (PMDI) to achieve
chemical cross‐linking (Figure 5A). As expected, the extra
strong covalent interactions (urethane bonding) led to
robust and freestanding films with a thickness as low as
0.9 µm, and the introduction of a hydrophobic PMDI
backbone endowed the PC‐MXene films with superb
stability and water resistance. Meanwhile, the
PC‐MXene films showed a significant enhancement in

tensile strength, Young's modulus, and mechanical
toughness compared to the CNFs/Ti3C2Tx films without
chemical crosslinking (Figure 5C,D). The high electrical
conductivity (211 and 300 S/m; Figure 5E) ensured the
excellent EMI shielding performance. With the thick-
nesses of 0.9–15 µm, the EMI SE reached 33.3–73.8 dB,
and the addition of CNFs did not cause significant
shielding performance loss (Figure 5F,G). The PC‐
MXene film also delivered an extraordinary SSE/t value
of 148,000 dB·cm2/g, which surpassed most films ever

FIGURE 5 (A) Schematic of the physical and chemical dual cross‐linking preparation process for PC‐metal carbides/nitride (MXene).
(B) Scanning electron microscopy (SEM) images of the PC‐MXene film, (C) tensile stress–strain curves and (D) corresponding modulus and
toughness, (E) electrical conductivity, and (F) electromagnetic interference (EMI) SE of MXene, chemical cross‐linking Ti3C2Tx (C‐MXene),
physical cross‐linking cellulose nanofibrils (CNFs)/Ti3C2Tx (P‐MXene), and PC‐MXene film. (G) EMI SE and (H) specific SE of PC‐MXene
film. Reproduced with permission: Copyright 2021, Wiley.118
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reported (Figure 5H). The authors affirmed the positive
role of the nacre‐like “brick‐and‐mortar” structure in the
excellent performance, which truly facilitated the synergy
between Ti3C2Tx and CNFs. This study provided a
conspicuous strategy to fabricate high‐performance EMI
shielding films and is potentially of great significance for
the development of next‐generation electronic devices.

3.4 | EMI shielding films with other
structures

Some CNF‐based composite films with other structures
have also been investigated for efficient EMI shielding.
Derived from the “brick‐and‐mortar” structure, some
research replaced the 2D electrical conductivity substance
with the 1D nanomaterials such as CNTs and metallic
AgNWs to construct a long‐range conductive network. For
example, Lapka et al.144 assembled PPy nanotubes (PPy‐
NTs)/CNF, carbonized C‐PPy‐NTs)/CNF, and multiwalled
CNTs (MWCNTs)/CNF composite films by drying the
mixed dispersion in a specific mold and investigated their
EMI shielding performance. The PPy‐NT/CNF film ex-
hibited a more efficient EMI SE (~12 dB, 140 μm) than the
MWCNTs/CNF (~9 dB) and C‐PPy‐NT/CNF (<1 dB) films.
Zhang et al.145 fabricated MWCNT/CNF (extracted from
bleached softwood pulp) composite films via vacuum‐
assisted filtration and subsequent hot‐pressing. This com-
posite film (thickness 0.15mm) showed an EMI SE of
45.8 dB, as well a corresponding SSE/t of 3563.6 dB·cm2/g.
Due to the all‐fiber structure, the composite film possessed
good flexibility and tensile strength up to 48MPa. Chen
et al.58 fabricated CNF/AgNW composite papers through
vacuum‐assisted filtration. With a 40‐μm thickness, the
paper possessed a high electrical conductivity (102,190 S/m)
and EMI SE (39.3 dB). Meanwhile, the excellent tensile
strength (49.1MPa) and high flexibility and durability
(>2000 bending) endowed the papers with satisfactory
mechanical properties.

Utilizing conductive macromolecules as the fillers, in
situ polymerization to form a fiber‐coated structure is
also a considerable way. For instance, Gopakumar
et al.146 prepared bending‐resistance polyaniline
(PANI)/CNF composite films via the in situ polymeriza-
tion of aniline on CNFs, and the PANI was continuously
coated on the CNFs. The composite film exhibited an
electrical conductivity of 31.4 S/m, and an average EMI
SE of 23 dB with a thickness of 1 mm. Zhang et al.147

prepared a PANI/CNF (extracted from poplar wood
fibers) membrane with core–shell heterostructure by in
situ polymerization. The membrane delivered an elec-
trical conductivity of 227 S/m, as well the EMI SE of
25.2 dB with a thickness of 0.28 mm.

In addition, some composite films with unique
structures such as graphene/bacterial cellulose papers
(graphene nanosheets are bundled by bacterial cellulose)148

and CNF/MWCNT/Ti3C2Tx films (yarn‐ball‐shaped CNF/
MWCNT microspheres are intercalated in Ti3C2Tx inter-
lamination)149 were prepared. Considering that these
studies are sporadic and of special interest, they are not
discussed systematically here. To easily compare the
discrepancies leading from different strategies, the mechan-
ical and EMI properties of nanocellulose‐based composite
films were listed in Table 1.149–154

4 | NANOCELLULOSE ‐ASSISTED
PREPARATION OF COMPOSITE
AEROGELS

The integration of porous microstructure is becoming more
desirable for preparing high‐performance EMI shielding
architectures with low density and high strength‐to‐weight
ratio. Moreover, the introduced porous structure is
beneficial for improving the multiple reflections of
incident EMWs and thus increasing the interactions
between the EMWs and cell walls. Combined with an
efficient EMW loss capability of the cell walls, the EMI
shielding performance of the porous architectures can be
enhanced.79,155–161 Herein, rational design and controlled
assembly of the porous EMI shields based on various
functional nanomaterials are crucial. At this point, the
nanocellulose, especially the CNF, with excellent mechani-
cal properties, high aspect ratio, large specific surface area,
and diverse surface chemistry is promising, as it can have
strong interactions with functional nanomaterials, such as
metal nanoparticles, CNT, graphene, and MXene layers.
This leads to the efficient assembly or construction of high‐
performance EMI shielding aerogels with good mechanical
strength, low density, and high EMI shielding performance.
In this section, some representative nanocellulose‐based
EMI shielding porous structures are summarized with the
focus on advancing the understanding of relationships
between the structure and functionalities.

4.1 | EMI shielding aerogels with
random pore structures

Compared with the porous EMI shields composed of
cellulose as a matrix and embedded with various functional
nanomaterials, the CNFs have a higher potential for
preparing composite aerogels with high mechanical
strength.162–164 This can be ascribed to the stronger
interfaces between the functional nanomaterials and
nanocellulose. In addition, efficient conductive paths
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derived from the good dispersion of the conductive
nanomaterials can be obtained in the nanocellulose‐based
composites aerogels. Therefore, a high EMI shielding
performance of the low‐density yet robust nanocellulose‐
based composite aerogels is promising (Figure 6). For
instance, Zhang et al.162 fabricated the CNF/ammonium
polyphosphate (APP)/Ti3C2Tx MXene composite aerogels
via freezing the precursor CNF/APP/MXene mixed disper-
sion in a freezer at −60 °C, followed by the freeze‐drying
process. The CNF with a length of 1–3 μm and diameter of
3–10 nm could first adhere well with the MXene and APP
because of the hydrophilic functional groups and formed
intact composite cell walls. In other words, the MXene and
APP were efficiently dispersed in the nanocellulose‐based
composite cell walls of the aerogels. The APP furthermore
led to an excellent fire resistance of the resultant CNF/APP/
MXene composite aerogels without obvious shrinkage upon
contact with the flame of an alcohol burner. MXene‐based
conductive paths were well established in the composite,
contributing to the good conductivity (12 S/m) and EMI SE
of the aerogels. Moreover, the MXene contents were well
controlled, which was instrumental in the EMI SE
controllability of the composite aerogel. Furthermore, the
porous structure could improve the multiple reflections of
incident EMWs, contributing to the interactions between
the cell walls and EMWs and thus improving the EMI
shielding performance. The composite aerogel containing
60wt% MXene showed an average EMI SE of 55 dB at a
thickness of 8mm, corresponding to an SSE/t value of
~5729 dB·cm2/g. Xin et al.163 employed 1D CNF to assist
the construction of three‐dimensional (3D) MXene‐based
frameworks to overcome the weak interlayer bonding force
between MXene nanolayers. The composite aerogel had a
3D porous structure, where the internal structure was
formed by 1D CNFs and a tightly attached 2DMXene layer.
The composite aerogels achieved an electrical conductivity
of ∼65.6 S/m and an EMI SE of 39.5 dB. Furthermore, the
silicone coating on the MXene/CNF aerogel was carried
out, resulting in the implementation of hydrophobicity and
water resistance, which is vital for maintaining a satisfac-
tory lightweight aerogel in a wet environment. Especially,
the silicone‐coated MXene/CNF aerogels also exhibited
good Joule heating and photothermal performance, show-
ing the promising application potentials of the multi-
functional silicone–MXene/CNF aerogels. CNF could
further act as a carbon source for preparing carbon‐based
EMI shielding composite aerogels. An aerogel composed of
CNFs stringing polyhedral Co/C particles has been
fabricated via in situ growth of ZIF‐67 on BC, followed by
the pyrolysis under argon.164 The 3D carbon‐based porous
structure with interconnected network and the magnetic
Co/C particle embedded contributed to the high conduction
loss, strong magnetic loss, and multiple polarization loss ofT
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the composites. The resultant composite aerogels thus
exhibited a high X‐band EMI SE approaching 56.07 dB at a
density of 0.023 g/cm3, and an average absorption
coefficient of 0.79.

4.2 | EMI shielding aerogels with
aligned pore structures

In addition to adjusting the constituents and contents of
composites, controlling the pore morphologies was
highly promising for adjusting the EMI shielding
performance. The high mechanical properties of nano-
cellulose provide the potential to construct a stable and
orderly pore structure. Compared with the randomly
crosslinked pores, the high anisotropy of aligned pores

brings unique functionalities for EMI shielding aerogels.
Combined with the high EMW loss capability of the cell
walls, the enhanced multiple reflections of incident
EMWs upon propagating perpendicular to the aligned
pore channels/cell walls can increase the EMI shielding
of the aerogels. Meanwhile, the aligned porous structure
changes the mechanical properties in different direc-
tions. This provides the possibility of fabricating some
special shielding devices and attracts more and more
attention. In this regard, the extensively confirmed
structure‐directing function of CNFs derived from
the strong tendency of CNF to form intact films promised
the construction of composite aerogels with aligned cell
walls or pore channels.78,162,165,166 In our previous
work,70 owing to the highly efficient utilization of the
CNFs, various pore morphologies, including lamellar,

FIGURE 6 (A) Schematic illustrating the preparation process of silicone−metal carbides/nitride (MXene)/cellulose nanofibril (CNF) aerogel
films with superior multifunctional performance (electromagnetic interference (EMI) shielding, Joule heating, water resistance, and photothermal
performance). Reproduced with permission: Copyright 2021, American Chemical Society.163 (B) The digital photos of pure cellulose aerogel, CNF/
APP/Ti3C2Tx hybrid aerogels and CNF/APP/Ti3C2Tx hybrid aerogel on a Setaria viridis. (C) EMI shielding performance of CNF/APP/Ti3C2Tx hybrid
aerogels during X‐band. Reproduced with permission: Copyright 2021, Elsevier.162 (D) Schematic illustration of the synthesis of CNF@Co/C aerogels.
(E) Possible EMI shielding mechanism of CNF@Co/C aerogel. Reproduced with permission: Copyright 2020, Elsevier.164
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honeycomb‐like, and random micrometer‐sized pores
of CNF/AgNW composite aerogels, were success-
fully achieved via an ice‐templated freeze‐drying
approach (Figure 7). The large‐aspect‐ratio CNFs were
efficiently utilized to stabilize and interact with the as‐
prepared highly conductive AgNWs. The comparisons of

the composite aerogels with various pore morphologies
promoted the understanding between the pore micro-
structure and macroscopic properties involving mechan-
ical, electrical, and EMI shielding performance. This is
vitally important for the design and development of high‐
performance EMI shielding materials or architectures.

FIGURE 7 (A) Schematic of the cellulose nanofibril (CNF) preparation process, (B) photograph of the CNF dispersion showing the
typical Tyndall effect, (C) atomic‐force microscopy image of the as‐prepared CNFs, and (D) transmission electron microscope (TEM) image
showing the good attraction between the CNFs and silver nanowire (AgNW) and adhesion of CNFs on the AgNW. Schematic illustrations of
the growth of the ice crystals in various freezing approaches for the CNF/AgNW dispersion and scanning electron microscopy (SEM) images
of the corresponding aerogels: (E–G) bidirectional, (H–J) unidirectional, and (K–M) uniform/random freezing. (N) Ultralight and flexible
performances (bendability, twistability, and rollability) of the aerogels at a density of 6.2 mg/cm3. (O) Demonstration of large‐area lamellar
porous biopolymer aerogels with various densities of (from top to bottom) 10.0, 3.9, 2.0, and 1.7 mg/cm3 (inset, a large‐area aerogel with a
density of 2.0 mg/cm3 held up by the electrostatic force). Reproduced with permission: Copyright 2020, American Chemical Society.70

ZENG ET AL. | 597

 2688819x, 2022, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

m
2.1118 by E

th Z
ürich E

th-B
ibliothek, W

iley O
nline L

ibrary on [23/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



An optimized mass ratio of cellulose to AgNWs, along
with synergistic effects of multiple reflections derived
from the lamellar cell wall–void interfaces and the
absorption and reflection capability arising from com-
posite cell walls, led to the outstanding EMI shielding
properties of the composite aerogels. The 2‐mm‐thick
AgNW/CNF composite lamellar porous aerogels
achieved an EMI SE of around 70–40 dB in the X‐band,
while the density was merely 6.2–1.7 mg/cm3, respec-
tively. The corresponding SSE/t values were up to 178,
235 dB·cm2/g, significantly outperforming other shield-
ing materials ever reported. Moreover, the composite
aerogels also showed good antibacterial performance,
further extending the versatility and application fields of
these biopolymer aerogels.

More CNF‐based composite aerogels with aligned
pore morphologies have been prepared for EMI
shielding application. Chen et al.165 reported the
fabrication of wood‐inspired anisotropic CNF/AgNW
composite aerogels with well‐aligned and oriented
pore channels. Attributed to the synergistic coactions
between the CNFs and highly conductive and large‐
aspect‐ratio AgNWs, the composite aerogels showed
excellent mechanical strength and structural stability,
high EMI shielding, and functionalities including fast
thermal diffusion, effective electrothermal heating
effect, and high electromechanical sensing perform-
ance. Furthermore, Chen et al.166 embedded the
chemical coprecipitated AgNW@Fe3O4 into the CNF‐
based honeycomb‐like composite aerogels. The syner-
gistic coactions of CNFs, AgNWs, Fe3O4, and aligned
porous structure led to the low density (16.76 mg/
cm3), good saturation magnetization (4.21 emu/g) and
electrical conductivity (0.02 S/cm), and anisotropic
EMI shielding ability of the composite aerogels.
Li et al.78 prepared the low‐density and compressible
CNF/rGO carbon aerogel via the unidirectional freeze‐
drying and pyrolysis processes. The CNF‐based carbon
aerogels with unidirectionally aligned pores showed
better compression resilience and EMI shielding
performance in the direction perpendicular to the
pore channels. The aerogel exhibited an X‐Band EMI
SE of ~33 dB at a low density of 0.0058 g/cm3,
corresponding to a specific EMI SE of 5759 dB·cm3/g.
Wang et al.167 fabricated the 3D highly electrically
conductive CNF/Ti3C2Tx MXene aerogels (CTA) with
aligned porous structures via directional freeze‐
drying, followed by the thermally annealed process.
The MXene and CNF supported each other, thus
preventing agglomeration of each component, and
promoting the formation of an aligned porous struc-
ture that would not be altered after annealing. The
robust composite aerogels were further infiltrated into

the epoxy to form the nanocomposites via a vacuum‐
assisted impregnation and curing method. The results
showed that the nanocomposites had an ultralow
percolation threshold of 0.20 vol% MXene because of
the 3D highly conductive networks. When the volume
fraction of MXene was 1.38 vol%, the electrical
conductivity, EMI SE, and SE divided by thickness
(SE/d) values of the nanocomposites reached 1672 S/
m, 74 dB, and 37 dB/mm, respectively, which were
almost the highest values compared to those of
polymer nanocomposites reported previously at the
same filler content. In addition, the EMI SE value of
the nanocomposites in the radial direction (74 dB) was
much higher than that in the axial direction (57 dB),
presenting an anisotropic EMI shielding behavior. Fei
et al.168 manufactured a 3D ultralight Co/C@CNF
carbon aerogel via directional freeze‐casting of CNF
anchored ZIF‐67, followed by the annealing process
(Figure 8). The resultant composite aerogels are
composed of aligned pore channels and intercon-
nected carbon sheet networks embedded with Co/C
nanoparticles. Remarkably, the composite aerogels
displayed a high EMI SE of 35.1 dB at a density of only
1.74 mg/cm3, corresponding to the highest SSE reach-
ing 20172.4 dB·cm3/g. This good performance origi-
nated from the magnetic Co nanoparticles embedded
in the CNF‐derived carbon sheet and the porous
structure, enhancing magnetic loss and dielectric loss
ability.

The investigation of the influences of aligned porous
structure on the EMI shielding performance mainly
depended on the propagation direction of incident EMWs.
However, with respect to the electric field, the EMI
shielding performance of the aligned porous aerogels could
also be controlled. In our previous work, we employed the
CNF to assist in the fabrication of ultralow‐density MXene
aerogels through a unidirectional freeze‐drying approach
(Figure 9).46 The MXene/CNF composite aerogels exhibited
apparent aligned honeycomb‐like pore morphology. Partic-
ularly, the EMI shielding performance was controlled by
adjusting the orientation of the cell walls, for example, an
angle of 0° was defined when the oriented pore channels
were parallel to the electric field direction of incident
EMWs, which corresponded to a maximum EMI SE of
63 dB of the aerogels. With increasing angles from 0° to 90°,
the EMI SE decreased from 63 to 37 dB. Therefore, a
significant influence of the angles between oriented cell
walls and the incident EM wave electric field direction on
the EMI shielding performance was revealed, showing a
vital microstructure design strategy. In addition, MXene
“bricks” bonded by the CNF “mortars” of the nacre‐like cell
walls contributed to the high mechanical strength and
flexibility, good electrical conductivity, and ultrahigh EMI
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FIGURE 8 (A) Schematic illustration of fabrication for TCTA/epoxy nanocomposites. (B) Scanning electron microscopy (SEM)
image of TCTA‐6. (C) Electromagnetic interference (EMI) shielding effectiveness (SE) values of the TCTA/epoxy nanocomposites
at X‐band. (D) Comparison of EMI SE values for TCTA‐6/epoxy nanocomposites (marked as red stars) with those of other reported
works. SE/d is depicted as a function of conductive filler volume fraction. Reproduced with permission: Copyright 2020,
Research.167 (E) Schematic representation of the EMI shielding mechanism of Co/C@CNF aerogel. Reproduced with permission:
Copyright 2021, Elsevier.168
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shielding performance. The EMI SE of the composite
aerogels reached 74.6 or 35.5 dB at a density of merely 8.0
or 1.5mg/cm3, respectively. The SSE/t was up to
189,400 dB·cm2/g, significantly exceeding most other EMI
shielding materials. CNF was also efficiently employed as a
green dispersant, cross‐linker, and structure‐directing
agent, assisting in the preparation of large‐area ambient
pressure dried CNT aerogels via a facile, energy‐efficient,

and scalable freezing–thawing–drying approach. The resul-
tant composite aerogels showed unidirectional micro‐
honeycomb pore channels, high mechanical strength, good
conductivity, and controllable, wide‐range densities. Adjust-
ing the angle of the pore orientation with respect to the
electric field direction of the incident EMWs was further
demonstrated to facilely control the EMI shielding
performance of the composite aerogels.

FIGURE 9 (A) Schematic of the assembled metal carbides/nitride (MXene)/cellulose nanofibril (CNF) hybrid cell walls and the
unidirectional freezing process of the MXene/CNF‐mixed dispersion. (B) Schematic of the MXene, the CNFs, and their noncovalent
interactions. Scanning electron microscopy (SEM) image of the (C) longitudinal plane and (D) transverse plane for the MXene/CNF hybrid
aerogels with 17 wt% CNF and density of 4 mg/cm3. (E) Cross‐sectional transmission electron microscope (TEM) images of the
corresponding MXene/CNF hybrid cell walls. (F) The electromagnetic interference (EMI) shielding mechanism when the incident EM
waves propagate in the transverse direction, showing the most multiple reflections of EM waves in this direction. (G) Corresponding cell
walls'/pore channels' orientation‐induced EMI shielding mechanism, which is reflected by the Yin‐Yang symbol that represents giving birth
to or controlling everything in ancient China. Herein, the blue and red regions in the symbol correspond to angles with a smaller and larger
transmission of the incident EM waves, respectively. (H) SEM images of the MXene/CNF hybrid aerogels with various angles (0°, 30°, 60°,
and 90°) between the oriented direction of the cell walls and the electric field direction of incident EMWs. (I) EMI SE of the MXene/CNF
hybrid aerogels with CNF content of 17 wt% and density of 4 mg/cm3 at various angles between the oriented direction of the cell walls and
electric field direction of incident EMWs, and the angle‐induced. (J) Transverse (SET, SEA, and SER) and longitudinal (L‐SET,L‐SEA, and
L‐SER) EMI shielding performance change at 10 GHz frequency. Reproduced with permission: Copyright 2020, Wiley.46
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5 | CONCLUSION AND OUTLOOK

In this review, different kinds of versatile nanomaterials
have been explored and they are integrated with
nanocellulose to fabricate composite films or aerogels
for high‐performance EMI shields has been reviewed.
The composition structures have proved to have a
significant influence on the performance of composite
films, which can be traced back to the controlled
assembly method. The double‐ or alternating‐layer
structure ensures a high‐purity conducting layer to
enhance the EMI SE, while the strong interfacial
interaction in “brick‐and‐mortar” structure also im-
proves the mechanical strength and toughness. More-
over, the introduction of porous structure in the
nanocomposites not only reduces the weight significantly
but also introduces more multiple reflections of incident
EMWs, contributing to higher EMI shielding perform-
ance. Particularly, the pore shapes including random and
aligned pore morphologies of the nanocellulose‐based
EMI shields have been discussed, showing a remarkable
influence on the EMI shielding performance. The design
of the porous structure is a promising and effective way
to optimize the EMI shielding performance for the
nanocellulose‐based composite foams.

Rational design and controllable assembly of the
nanocellulose‐based EMI shielding architectures for
achieving high EMI shielding performance are already
in the research focus. However, it remains challenging
to prepare the EMI shields in a low‐cost, energy‐
efficiency, and scalable approach to advance the
practical applications. Developing more facile ap-
proaches to achieve high‐efficiency utilization of the
functional nanomaterials, nanocellulose, and micro-
structure for improving the EMI shielding performance
as well as to promote the understanding of the
structure–property relationships is highly desired.
Moreover, minimizing the material consumption, that
is, reducing the density and thickness, while retaining
high EMI SE and good mechanical properties is of
critical importance for next‐generation EMI shielding
architectures, and the nanocellulose‐based EMI shields
showcase the high potential for achieving lightweight,
high EMI shielding performance. Meanwhile, integrat-
ing multifunctionalities into the nanocellulose‐based
EMI shields for intelligent electronics is emerging and is
required in future electronic appliances, especially for
the development of the Internet of Things. In summary,
the nanocellulose with environmental friendliness,
sustainability, renewability, excellent mechanical prop-
erties, and unique structure characteristics offers
promising prospects for preparing high‐performance
EMI shields.
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