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Abstract Electromagnetic wave pollution has attracted
extensive attention because of its ability to affect the
operation of electronic machinery and endanger human
health. In this work, the environmentally-friendly hybrid
aerogels consisting of cellulose and multi-walled carbon
nanotubes (MWCNTs) were fabricated. The aerogels have
a low bulk density of 58.17 mg-cm™. The incorporation of
MWCNTs leads to an improvement in the thermal
stability. In addition, the aerogels show a high electro-
magnetic interference (EMI) SE, value of 19.4 dB.
Meanwhile, the absorption-dominant shielding mechan-
ism helps a lot to reduce secondary radiation, which is
beneficial to develop novel eco-friendly EMI shielding
materials.

Keywords cellulose aerogels, carbon nanotubes, electro-
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1 Introduction

Cellulose aerogels consist of micro/nano-scale three-
dimensional networks, and have a great variety of
extraordinary features, such as ultra-low density, large
specific surface, high porosity, and superb thermal, sound
and electrical insulation characteristics!"">, which are
currently considered one of the most promising biomater-
ials in the field of plant products. Also, it is believed that
their intertangled fibril networks and ample surface
hydroxyl groups contribute to tightly immobilizing
nanoparticles and effectively reducing agglomeration.
Therefore, cellulose aerogels are extensively regarded as
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appropriate templates for the creation of composites with
functional properties'*). Our previous reports have justified
the cellulose aerogels that could serve as suitable
environmentally benign templates to support well-dis-
persed nanoscale v-Fe,05* cobalt ferrite®!, anatase
titania® and rod-like ZnO!"".

Carbon nanotubes (CNTs) are an alluring class of
materials from both theoretical and applied viewpoints,
which have attracted tremendous attention since the
discovery by lijima in 1991, due to their outstanding
electrical, mechanical, and physicochemical properties™”..
It has been reported that single-walled carbon nanotubes
(SWCNTs) (a single graphite plane rolled up into a
cylinder) have an ultra-low electrical resistivity of
10°Q-cm!"”). While for multi-walled carbon nanotubes
(MWCNTs) composed of an array of concentric cylinders,
the value is 3 x 10° Q- cm, which reveals that CNTs might
be better conductors than metals such as copper at room
temperature. In addition, CNTs are mechanically extre-
mely strong, with Young’s modulus and breaking strain
larger than 1 TPa and 5%!'"!, respectively. Also CNTs have
low mass density, large aspect ratio ( > 100), high thermal
conductivity, and chemical stability. Therefore, these
properties make CNTs uniquely promising for serving as
excellent filling agents in polymers. So far, a large number
of investigations have been undertaken extensively for
synthesizing miscellaneous composites consisting of CNTs
combined with various matrix polymers such as thermo-
setting epoxy!'?), polyethylene (PE)!'*!, polyethyleneimine
(PED!"*, polyethyleneoxide (PEO)!'”! poly(methyl
methacrylate) (PMMA)!'®, polypropylene (PP)!'”, poly
(vinyl alcohol) (PVA)'®). However, with the intensifica-
tion of environmental pollutions and the increasingly
depletion of petrochemical resources, sustainability, indus-
trial ecology, eco-efficiency, and green chemistry are
guiding the development of the next generation of
materials, products, and processes. Therefore, it is
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interesting and significant to develop new eco-friendly
CNT-based materials using environmentally friendly
matrixes (e.g., cellulose aerogels) to replace the above
petrochemical-based polymers, and extend their applica-
tions.

In the present work, the cellulose aerogels were
fabricated via an eco-friendly inexpensive cellulose
solvent (namely NaOH/polyethylene glycol), and the
surface was decorated with MWCNTs. The hybrid
MWCNT/cellulose aerogels (MWCNT/CA) were charac-
terized by scanning electron microscope (SEM), X-ray
diffraction (XRD), and thermogravimetry (TG) analysis.
Moreover, as an example of the potential applications, the
composite was used as an eco-friendly electromagnetic
interference (EMI) shielding material to block undesirable
electromagnetic irradiation.

2 Materials and methods
2.1 Materials

Filter paper served as the cellulosic source, and was cut
into pieces and then dried at 60°C for 24 h to remove most
absorbed water prior to use. MWCNTs are provided by
Shanghai Aladdin Industrial Inc., China. The diameters of
the MWCNTs varied from 20 to 40 nm, and the lengths
from 1 to 2 um. Other chemical reagents were purchased
from Tianjin Kermel Chemical Reagent Co., Ltd. (China)
and used without further purification.

2.2 Synthesis of MWCNT/CA

MWCNTs (0.10 g) and cetyltrimethyl ammonium bromide
(CTAB, 0.79 g) were added to 100 mL absolute ethanol,
and the mixture was magnetically stirred for 30 min and
then subjected to an ultrasonic treatment by a sonifier
(Scientz Technology, JY99-1ID 900 W/20 kHz) for 3 h. For
the preparation of the pure cellulose aerogels (PCA), the
technical processes including dissolution, freezing-thaw-
ing, regeneration, and freeze drying were conducted in
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sequence. Full details are provided in earlier publica-
tionst' 2. The resultant cylindrical PCA sample (about
0.30 g) was immersed in the aforementioned alcohol
dispersion of MWCNTs (30 mL) for 1 h. Subsequently, the
beaker containing the sample and the dispersion was
placed into an oven at 50°C for about 12 h to form a black
MWCNT coating on the surface of cellulose aerogels.
Repeating the immersion and drying processes three times,
the hybrid MWCNT/CA was successfully fabricated.
Furthermore, the powder-like MWCNT/CA sample was
prepared by mixing the alcohol dispersion of MWCNTSs
with the cellulose aerogels powder instead of the
cylindrical cellulose aerogels, and used for the measure-
ments of XRD, TG, and EMI shielding effectiveness (EMI
SE).

2.3 Characterizations

SEM observation was performed with a Hitachi S4800
SEM. The XRD patterns were measured with an XRD
instrument (D/max 2200, Rigaku) using Ni filtered Cu Ka
radiation (A = 1.5406 A) at 40 kV and 30 mA. Scattered
radiation was detected ranging from 5° to 40° at a scan rate
of 4°-min™". TG analysis experiments were performed by a
synchronous thermal analyzer (SDT-Q600, USA) from
room temperature to 700°C at a rate of 10°C-min ' under a
nitrogen atmosphere. EMI SE was measured using a PNA-
X network analyzer (N5244a) at the frequency range of 8—
12 GHz (X-band). The measured samples were prepared
by uniformly mixing 40% of powder-like MWCNT/CA
(or PCA) with 60% of paraffin wax (w/w). The mixture
was then pressed into a toroidal shaped mold (@;,: 3.0 mm,
Dyyi: 7.0 mm, H: 2.0 mm).

3 Results and discussion
3.1 Morphology and crystal structure of MWCNT/CA

The morphology of MWCNT/CA was observed by SEM.
It can be clearly seen in Fig. 1a that the fiber structures with

Fig. 1 Low-magnification (a) and high-magnification (b) SEM images of MWCNT/CA, respectively
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diameters of several microns are interlaced with each other.
The porous network structure results in an extremely low
bulk density of 58.17 mg-cm™, which was calculated by
dividing the mass by the volume measured by a
micrometer caliper. In addition, from the high-magnifica-
tion SEM image of MWCNT/CA (Fig. 1b), it can be found
that the surface of the fiber structures is coated with
abundant dense MWCNTs, indicating that the drying
process can effectively uniformly deposit the MWCNTs on
the surface of the aerogels. This compact MWCNT coating
may possibly contribute to reinforcing the thermal stability
and EMI shielding ability of the composite.

The crystal structure of MWCNT/CA and PCA was
investigated by XRD, and the resulting XRD patterns are
presented in Fig.2. For PCA, the diffraction peaks at
around 12.4°, 20.2° and 21.9° originate from the (11 0),
(110), and (200) planes of cellulose II crystal structure!®'!.
For MWCNT/CA, the cellulose characteristic peaks of
(11 0) and (110) planes at around 12.6° and 20.5° were still
maintained, revealing that the immersion and drying
processes did not seriously damage the cellulose crystal
structure. In addition, the sharp XRD peak at 21.4° is
assigned to the (114) plane of CTAB %, which signifi-
cantly fades the (200) peak of cellulose structure. More-
over, the peak at 24.5° is possibly derived from the mixture
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Fig. 2 XRD patterns of MWCNT/CA and PCA
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of (002) peak of MWCNT and (020) peak of CTAB!*!.
Apart from the surfactant (i.e., CTAB), the XRD pattern of
the composite shows the presence of both components of
MWCNT and cellulose, indicating a favorable combina-
tion.

3.2 Thermal stability of MWCNT/CA

For the investigation of the influence of the incorporation
of MWCNT on the thermal stability of the composite, the
thermal property of MWCNT/CA was measured by TG
and derivative TG, and compared with that of PCA. As
shown in Fig. 3a, apart from the small weight losses below
150°C due to the evaporation of adsorbed water, there was
only a severe quality reduction stage for both samples
occurring at around 270°C to 360°C. The decomposition
resulted from the depolymerization and decomposition of
glucose units in cellulose®*). The subsequent slow mass
loses above 360°C are ascribed to the gradual oxidation
and carbonization of cellulose. According to the TG plots,
the weight loss during the whole pyrolysis process was
around 81.8% and 98.9% for MWCNT/CA and PCA,
respectively, which indicates that the proportion of
MWCNT in MWCNT/CA can be roughly calculated as
17.1%. In addition, as shown in Fig. 3b, the strong
exothermic peak of MWCNT/CA centers at 345.6°C,
8.0°C higher than that of PCA (337.6°C). The increment
reveals that the strong interaction between the cellulose
and the MWCNTs makes contribution to the improvement
in the thermal stability of the composite.

3.3 EMI ability of MWCNT/CA

In recent years, the pollution from EMI (especially in X—
band) has attracted extensive attention because of'its ability
to affect the operation of electronic machines and endanger
human health!?®). Therefore, the demand for eco-friendly,
lightweight, and effective EMI shielding materials is
extremely urgent. It is well-known that CNTs have huge
potential for EMI shielding due to their excellent electrical
properties, high aspect ratio, and high strength and
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Fig. 3 TG (a) and derivative TG (b) curves of MWCNT/CA and PCA, respectively
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modulus®®. Consequently, it is worthwhile to study the
application potential of the CNT-based composites (i.e.,
MWCNT/CA) in EMI shielding.

As shown in Fig.4, EMI SE includes the shielding
effectiveness due to reflection (SER), shielding effective-
ness due to absorption (SE,), and shielding effectiveness
due to multiple reflection (SEy;), which can be calculated

through the following equations!?’-**]

> .

P.
S (AB) = 10log - = SEx + SEg +SEy (1)
t

SEg = —10log(1—S;[*) )

SEx = —10log[|S1*/(1-1S), )] 3)

where P; and P are the incident power and the transmitted
power. When SE.,; > 10 dB, SE\ can be negligible. | S, |

and |S,;| are the scattering parameters (S-parameters) of
the two-port vector network analyzer system.
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Fig. 4 Schematic diagram of major mechanisms for EMI shielding

In Fig. 5, PCA displays negligible fluctuation from 0 to
0.7 dB with the variation of frequency due to a shortage of
effective groups or components that can interact with the
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electromagnetic field?”). For PCA coated with the
MWCNTs (i.e., MWCNT/CA), a striking enhancement
in SE i, was found, which is ascribed to the extraordinary
electromagnetic characteristics of CNTs. The SE . value
reached as high as about 19.4 dB, close to the
commercially achievable level ( > 20 dB)"%. Furthermore,
additional approaches may possibly help to achieve further
substantial improvements in the SE\,, of the composite,
such as by purifying the MWCNTs for increasing electrical
conductivity and inserting some conducting polymers (or
other carbon-based materials) into the aerogels.

To clarify the EMI shielding mechanism of MWCNT/
CA, the EMI SER and SE of the composite in the 8 to 12
GHz range are present in Fig. 6. Comparison between the
SER and SE 5 suggests that SE 4 is the dominant mechanism
in EMI shielding. The SE, value of MWCNT/CA
approached 13.3 to 15.6 dB, 1.5 to 3 times higher than
that of SER (3.8 to 5.4 dB). Additionally, the absorption-
dominant shielding mechanism is helpful in reducing
secondary radiation, and is considered as one of the most
critical factors for the exploitation of EMI shielding
materials®'!. Also, the gradually upward trend of SEiui
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Fig. 6 SEA (a) and SER (b) of MWCNT/CA and PCA as a function of frequency
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with increasing frequency (Fig. 5) is in agreement with the
absorption-dominant shielding mechanismt*?,

4 Conclusions

A class of eco-friendly lightweight MWCNT/CA compo-
site was prepared by repeatedly immersing the cellulose
aerogels into the alcohol dispersion of MWCNTs and
subsequent facile drying treatment. The SEM observations
indicate that the MWCNTs were densely deposited on the
surface of the aerogels, contributing to the improvement in
the thermal stability of MWCNT/CA. In addition, the
composite shows a high EMI SE, value of 19.4 dB. The
absorption-dominant shielding mechanism contributes to a
reduction in secondary radiation, and is considered as one
of the most critical factor for the exploitation of EMI
shielding materials.
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