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Abstract: Carbon nanofibers (CNFs) are usually prepared by the carbonization of cellulose aerogels
obtained from freeze-drying. However, cellulose with low concentration (below 1 wt%) is required
to maintain the good porosity of the aerogels due to the strong hydrogen bonding between the
cellulose molecules. In order to address this problem, here, ultralight cellulose-derived CNFs have
been fabricated by freeze-drying cyclohexane (CHE)/cellulose nanofiber emulsions and carboniza-
tion. Field emission scanning electron microscopy, Raman spectroscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, and Fourier transform infrared spectroscopy are used to characterize
the resulting CNFs. It is found that the CNFs consist of three-dimensional carbon networks, whose
microstructure is easily adjusted by changing the CHE ratio (from 0 to 25 vol%) in the emulsions. The
CNFs with high porosity are attributed to the fact that CHE as the oil phase can effectively weaken
the hydrogen bonding and reduce the aggregation of the cellulose nanofibers. Carbon lattice defects
and residual oxygen-containing functional groups are regarded as polarization centers, leading to
the enhancement of dielectric loss. The conductive carbon networks also improve the conductive
loss. All these factors improve the microwave absorption performance of the CNFs. So, the pro-
duced CNFs exhibit a superior electromagnetic wave performance with a minimum reflection loss of
—42.18 dB and effective absorption bandwidth up to 4.9 GHz at 2 mm with a filling ratio of 2 wt%.
This work provides a simple, low-cost, and sustainable synthesis route for CNFs used for ultralight
high-performance microwave absorption materials.

Keywords: carbon nanofiber; cellulose nanofiber; freeze-drying; microwave absorption

1. Introduction

With the development of modern science and technology, various electronic devices
have provided high efficiency for social production and allow great convenience for humans.
The widespread application of electromagnetic waves has created a new pollution source
that affects normal communication and threatens human health [1-3]. In recent years,
microwave absorption (MA) materials have attracted great attention and have a special
position not only in the military but in the civilian field. MA materials can absorb the
energy of electromagnetic waves and convert them into thermal energy or other forms of
energy [4,5]; they are utilized to address electromagnetic wave pollution. However, MA
materials still need to meet the requirements of “thin, light, wide and strong” in modern
society, that is, a thin coating thickness, light weight, wide effective absorption band, and
strong reflection loss capacity [5-7].

Carbon-based MA materials have gradually attracted people’s attention owing to their
low density, adjustable dielectric properties, good environmental stability, and excellent
MA capabilities [8,9]. Recently, porous carbon, carbon nanotubes, reduced graphene oxide,
graphene, and carbon nanofibers (CNFs) have been successfully applied to the field of
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electromagnetic wave absorption due to their high electrical conductivity and special
nanostructures [2,10-18]. However, the low yield and expensive cost of these carbon
nanomaterials limit their practical applications, and the development and application of
new carbon materials have remained challenges for carbon-based MA materials until now.

Biomass materials are inexhaustible, renewable, widely distributed, and abundant
resources present around the world [19]. However, until now, many biomass resources
have not been effectively utilized. Natural cellulose, the skeleton of plants, is the most
common form of biomass and natural biopolymer stored in the Earth [19,20]. Similar to
biopolymers [21,22], cellulose nanofibers have been used in various fields such as biology,
energy, and electromagnetic shields [5,23,24]. Meanwhile, cellulose nanofibers are a good
precursor for preparing CNFs because of their low-cost, superior hydrophilicity, and their
ability to preserve the fiber structure after carbonization [25,26]. Ehsan et al. [27,28] firstly
investigated the possibility of fabricating CNFs from freeze-dried cellulose nanofibers and
the effects of pyrolysis conditions. It was found that the heat treatment played an important
role in the morphologies of the resulting CNFs. Zhao et al. [29] reported a carbon aerogel
containing graphene, polyvinyl alcohol, and cellulose nanofibers with a high porosity
and adsorption capacity, good compressibility, and perfect recyclability. Chen et al. [30]
fabricated asymmetric supercapacitors based on bacterial-cellulose-derived CNFs@MnO,
and nitrogen-doped CNFs, which retained excellent cycling stability with 95.4% of the
initial capacity after 2000 cycles. And some studies have also declared that the three-
dimensional conductive networks of CNFs could generate more effective electromagnetic
loss [18,31,32]. Luo et al. [18] prepared bacterial-derived CNFs, which were used for the
immobilization of Fe304 nanoparticles, and the minimum reflection loss (RLin) reached
—62.1 dB at 9.12 GHz. Zhou et al. [31] fabricated porous Fe3O4/CNFs and investigated
the effect of the calcination temperature on the microstructure and dielectric properties.
Finally, an RL iy of —42.25 dB with an effective absorption bandwidth (EAB) of 6.72 GHz
was obtained.

The freeze-drying method is often used to produce cellulose aerogels as the precur-
sors for CNFs. However, there is strong hydrogen bonding between cellulose molecules,
resulting in the agglomeration of cellulose nanofibers. So, cellulose at a low concentration
(below 1 wt%) is required to obtain highly porous cellulose aerogels, which reduces the
production efficiency. In this work, cellulose aerogels were produced by freeze-drying oil
in water (O/W) emulsions with cyclohexene (CHE) as the oil phase and 1 wt% cellulose
nanofibers as the water phase (Figure 1). The microstructures and composition of the CNFs
were characterized and the MA performances were investigated. In addition, the impact
of the CHE volume ratio on the microstructure and MA performance of the CNFs were
also analyzed and discussed in detail. Finally, the corresponding MA mechanism was also
explained in this work.
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Figure 1. The schematic illustration of the preparation process of the CNFs using freeze-drying and
carbonization.

2. Results and Discussion
2.1. Morphology and Microstructure of Cellulose Aerogels and CNFs

Liquid emulsions are often prepared by suspending the oil phase in the aqueous
phase by emulsification [33]. As shown in Figure 1, the cellulose nanofiber dispersion
was used as the water phase, and the CHE was added as the oil phase to prepare the
O/W emulsions. During this process, the CHE was converted into micro-sized droplets by
ultrasonic emulsification to weaken the hydrogen bonds between the cellulose nanofibers.
The morphologies of the cellulose aerogels and CNFs were characterized by field emission
scanning electron microscopy (FESEM). As shown in Figure 2a, it was found that the
microstructure of the pure cellulose aerogel was a lamellar structure formed by the cellulose
nanofibers. It has been reported that cellulose nanofibers are easily reunited and aggregated
into a lamellar structure due to the hydrogen bonding between the large amounts of
hydroxyl groups on the cellulose surface [34]. However, from Figure 2b, the cellulose
nanofiber aerogel after adding of 25 vol % CHE gave a more dispersed network structure.
This indicated that the agglomeration of the cellulose nanofibers due to freeze-drying
was effectively reduced by the micro-sized droplets of the CHE in the O/W cellulose
emulsion. The CHE was emulsified into micro-sized droplets and evenly mixed with
cellulose dispersion in the emulsion [35]. The micro-sized droplets of the CHE in the
cellulose dispersion effectively improved the dispersion of the cellulose nanofibers by
destroying the hydrogen bonding interactions. After the freeze-drying, the CHE and water
were sublimated and cellulose aerogels with 3D network frameworks were obtained. In
addition, it was observed that the structure of the cellulose aerogels was well preserved
during the subsequent carbonization (Figure 2c) and the diameter of the produced CNFs
was above 20 nm. These results prove that the dispersion effect of CHE was effective for
constructing highly porous CNFs with 3D network structures.
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Figure 2. FESEM images: (a) cellulose aerogel produced from 1 wt% cellulose nanofiber dispersion;
(b) cellulose aerogel from the emulsion containing 25 vol% CHE; (c¢) CNF-25.

2.2. Chemical Compositions of CNFs

Figure 3a shows the X-ray diffraction (XRD) pattern of the CNF-25. From the XRD
pattern, it was found that the peak around 26 = 25.5°corresponded to the (002) diffrac-
tion plane of hexagonal graphite in the standard card (JCPDS 26-1077). The insert of
Figure 3a corresponds to the XRD pattern of the cellulose aerogel, and a sharp peak at
26 = 22.0° attributed to the cellulose-I crystal structure was observed, which was obvi-
ously different from that of CNF-25 [27]. The valence states and chemical compositions
of CNF-25 were analyzed by X-ray photoelectron spectroscopy (XPS). Figure 3b confirms
the presence of C and O elements with no other impurities, and the ratio of the O/C
content was 0.094. As shown in Figure 3¢, the Cls peak was split into two components at
~284.6 eV and ~288.1 eV, corresponding to the sp?C=C bond in the aromatic group and C=0
bond, respectively [34,36]. The relative proportion of the sp?C=C bonds in the aromatic
group was 56.01%, and there were some residual oxygen-containing groups in the CNFs.
Figure 3d gives the Raman spectra of the CNFs obtained from different proportions of
CHE. Two peaks for the D bond (ca. 1330 cm~!) and G bond (ca. 1590 cm™~!) appeared
in the Raman spectra [37,38]. Meanwhile, Ip /I refers to the intensity ratio between the
D and G bond and indicates the degree of graphitization of the carbon material [39]. As
shown in Figure 3e, the Ip /I ratio of CNF-0, CNF-5, and CNF-25 were 0.79, 0.85, and 0.90,
respectively. It was obvious that the Ip /I ratio was visibly increased with the proportion
of the CHE. It was also concluded that the greater CHE volume resulted in more lattice
defects in the CNFs, and these defects probably provided the polarization center to facilitate
the absorption of electromagnetic waves [31,40,41].
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Figure 3. Composition analysis results: (a) XRD patterns; (b) XPS survey spectra; (c) Cls XPS
spectrum; (d) Raman spectra; and (e) FTIR spectra from the produced CNFs.

Figure 3e shows the Fourier transform infrared spectroscopy (FTIR) spectra of CNF-0,
CNF-5, and CNF-25. The broad bond with the range from 3500 to 3330 cm~! was attributed
to the O-H stretching vibration of the hydroxyl groups of the absorbed water molecules
and hydroxyl groups on the surface of the CNFs. The band at 1620 cm~! was assigned to
the C=C stretching vibration. The band at 1384 cm ™! corresponded to the C-OH skeletal
stretching vibration, and the band at 1112 cm ! was from the C-O-C glycoside links derived
from the cellulose molecular chains [26,27].

2.3. Dielectric Properties of CNFs

The frequency dependence of the real permittivity (¢) and imaginary permittivity (¢”) of
the CNFs is shown in Figure 4. The relationship between the permittivity and the frequency can
be interpreted by the Debye relaxation theory, as expressed in Equations (1) and (2) [42].

(1)

& = _78(‘”— + v 2)
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where ¢ is the static permittivity and & is the relative dielectric permittivity at the high-
frequency limit, w is the angular frequency, T is the polarization relaxation time, ¢ is the
electrical conductivity, and g is the dielectric constant in vacuum (8.854 x 1012 F/m).
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Figure 4. Electromagnetic parameters: (a) the real dielectric value; (b) imaginary value; (c) loss
tangent; (d) AC conductivity; and (e) the Cole—Cole curve of CNFs.

According to Equations (1) and (2), ¢ is associated with the variable of polarization
under the action of an external electric field, which represents the storage capability of
electric energy [41]. ¢’ represents the loss capability of the electric energy associated with
the enhanced polarization loss and the leakage loss [43]. The dielectric loss tangent (tané
=¢""/¢') corresponds to the dielectric loss capacity, and a larger tand indicates a stronger
loss capacity of the electromagnetic wave [4]. Overall, ¢’ and €” typically decrease with
the increasing frequency, which is explained by the free electron theory or Debye equa-
tions [5,31]. Under the action of electromagnetic waves, polarization occurred due to
the presence of the conductive CNFs. ¢, ¢”, and tané showed a significant downward
trend with the increase in the CHE volume ratio because more structural defects were
negative for the formation of complete conductive networks (Figure 4a—c). Figure 4d corre-
sponds to the AC conductivity of the CNFs with different CHE volumes. It was observed
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that the AC conductivity decreased with the increase in the CHE volume. This also indi-
cated that although the CHE improved the amount of lattice defects, the electron transfer
was suppressed.

To further investigate the dielectric loss mechanism of the CNFs, the curves of ¢'—¢”
were plotted (Figure 4e). A Debye relaxation process generally induces a semicircle, as
formulated by the Cole-Cole Equation (3) deduced from Equations (1) and (2) [42]. A
semicircle in the Cole—Cole plot represents one Debye relaxation process.

2 J—
(8/ eﬁ;%) F(e) = <€s 2€oo> 3)

It is well known that four types of polarization exist in a heterogeneous system:
electronic, atomic, Debye (dipolar), and interfacial polarization. In this work, only Debye
and interfacial polarization were considered because the electronic and atomic polarization
usually occurred at higher frequencies. As shown in Figure 4e, for the CNFs, there were at
least four semicircles over 2-18 GHz, in which a semicircle of the Cole—Cole plot represents
one Debye relaxation process [31]. This suggested that there was a multi-relaxation process
inside the material, which was the main cause of the dielectric loss. Under the action
of electromagnetic waves, the polarization center, electron polarization, and interface
polarization were generated, resulting in the loss of the electromagnetic wave. Besides the
semicircles, the straight line at the end of the curve also indicated that the conductive loss
contributed to the electromagnetic absorption. Thus, the MA performance of the resulting
CNFs was attributed to the multiple polarization loss and the conductive loss.

2.4. Electromagnetic Absorption Performance and Mechanism of CNFs

The reflection loss (RL) value, matching thickness (t,;), and effective absorption band-
width (EAB, frequency range with RL < —10 dB) are important standards for evaluating
the electromagnetic wave absorption performance of absorbers. Figure 5 shows the RL
values of the CNFs with different emulsion components at 2-18 GHz. From Figure 5a—c, it
was found that the CNF-25 exhibited a greater MA performance with an increase in the
proportion of CHE at the same filling ratio (2 wt%). The CNF-25 with 2 wt% filler loading
exhibited an RL,,;,, of —42.18 dB with an EAB of 4.9 GHz ranging from 8.9 GHz to 13.8 GHz.
In addition, the values of RL gradually moved to the low frequency with the increase in
thickness, which was consistent with the theory of 1/4 wavelength [44].

—~ —~
) 8 oL
) =
v w
173 w
S - S-10
= =
S £
At N
g g2
= =
Y - 3
& &~
=30 L L L =30 L L L
5 10 15 5 10 15
Frequency (GHz) Frequency (GHz)
= 0
c
> -10
w
S 20t
g0
b5
40
& 0
D
& -50

Frequency (GHz)

Figure 5. RL curves over 2-18 GHz at different thicknesses of 2-3.8 mm: (a) CNF-0; (b) CNF-5; and
(c) CNF-25. The CNF loading amount was 2 wt %.
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There are two basal principles for designing absorber materials: the impedance match-
ing and the electromagnetic attenuation capacity [1]. According to the electromagnetic
theory, the higher volume percentage of air can optimize the impedance matching [2,4].
Thus, porous CNFs with good conductive networks benefit the impedance matching of
absorbers. In addition, there were residual oxygen-containing functional groups and carbon
lattice defects in the CNFs, which also enhanced the electromagnetic wave penetration
and absorption by improving the impedance matching and polarization from the defects
and dipoles [31]. Figure 6a shows the impedance matching | Z;,/Z, | value from the CNFs
produced from different CHE volumes, which was calculated using Equations (4) and (5).

- (2)

Zin = 2o( /2 ) tann [;(22) (/)| ©)

where Z is the free space impedance and Z;, is the input impedance, d stands for the
coating thickness, and y and ¢ correspond to the complex permeability and permittivity,
respectively. When the 1Z;,/Zy | value is 1, this indicates that the incident electromagnetic
waves can completely enter the material to ensure the maximum absorption of the electro-
magnetic waves. It was found that CNF-25 gave good impedance matching (from 0.8 to
1.2) compared with CNF-5 and CNF-0, which is possibly attributed to the 3D conductive
network and many defects in the CNFs produced from high CNE volumes. After that,
the MA capability is mostly dependent on the attenuation constant « calculated using
electromagnetic parameters, which is expressed as Equation (6) [45]:

2
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Figure 6. Basal principles for designing absorber material: (a) characteristic impedance and
(b) attenuation constants o« of CNFs.

The attenuation constant « of the CNFs was collected and is plotted in Figure 6b. It
was found that CNF-0 exhibited the highest « value among these CNF materials. It was
consistent with the high ¢’ and € of CNF-0 due to its strong polarization and loss properties.
For CNEF-25, the attenuation constant was low compared with that of CNF-0 and CNF-5.
However, CNF-25 exhibited great MA performance, as seen in Figure 5. So, even if CNF-0
showed a high attenuation constant, the electromagnetic wave was still reflected on the
surface and could not enter into the material inside owing to the impedance mismatching.
These results indicated that both the strong attenuation constant o and proper characteristic
impedance achieved the optimum MA performance for the CNFs. Compared with the
reported carbon-based MA materials, the resulting CNFs still exhibited a good MA capacity
with the very low loading of 2 wt% (Table 1) [6,46-50].
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Table 1. Comparison of the reported carbon-based absorbers with the produced CNFs.
Materials Fill Loadings RLyin (dB) EAB (GHz) Thickness (mm) Ref.
CNFs 2 wt% —42.18 4.90 2.00 This work

CB/RGO 7 wt% —47.50 592 2.20 [6]

HCDC-30 8 wt% —47.00 5.50 1.90 [46]

AC/Epoxy 40 wt% —39.57 2.14 3.0 [47]

PAN-based CNFs 10 wt% —12.75 4.88 22 [48]

B,N-CNTs 10 wt% —40.00 49 2.0 [49]

RGO/PVDF 3 wt% —25.6 43 4.0 [50]

According to the microstructure and MA capacity of the CNFs, the results indicated
that the electromagnetic absorption was mainly related with the polarization and con-
duction loss. With the CHE as the oil phase, highly porous CNFs with good conductive
networks were obtained. Large amounts of carbon lattice defects and oxygen-containing
groups appeared, which acted as the polarization center for microwave attenuation. In
addition, the CNFs exhibited 3D conductive networks, which increased the electron trans-
fer and enhanced the conductive loss. So, the produced CNFs with lots of defect sites,
oxygen-containing groups, and good conductivity showed the optimization of impedance
matching and an excellent MA performance.

3. Experimental Procedures
3.1. Chemicals and Reagents

The 4 wt% cellulose nanofiber gel was obtained from Jinan Sheng Quan group Co.,
Ltd. (Jinan, China).

The gel was extracted from straw crops. Distilled water was used to prepare the
cellulose dispersions. CHE (purity 99%, AR) was purchased from Sinopharma Chemical
Reagent Co., Ltd. (Shanghai, China).

3.2. Preparation of Cellulose Aerogels and CNFs Using Freeze-Drying Method

Cellulose aerogels were prepared using a simple freeze-drying method. In a typical
preparation process, 4 wt% cellulose gel was evenly diluted into 1 wt% cellulose dispersion
by ultrasonic dispersion. While stirring at 700 rpm, the CHE was slowly added to 20 mL
of cellulose dispersions with different concentrations followed by ultrasonic emulsifying
at 150 W (FS-250, China) for 1 min to obtain the O/W emulsions. The cellulose emulsions
were immersed into liquid nitrogen for 5-8 min, and freeze-dried at —60 °C for 48 h with a
freeze-drier (SCIENTZ-10 N, Ningbo, China). Finally, the lightweight cellulose aerogels
were obtained.

The prepared cellulose aerogels were carbonized in a tube furnace at 800 °C for 2 h
under N, atmosphere at a heating rate of 5 °C min~! and cooled to room temperature. To
further investigate the role of CHE, other CNFs were also prepared from the emulsions
with different CHE volumes as the oil phase. The resulting CNFs were labeled as CNF-x
(where x referred to the volume percent of CHE in the emulsions), which was CNF-0,
CNFEF-5, CNF-10, and CNF-25, respectively.

3.3. Characterization

The morphology of cellulose aerogels and CNFs were observed by FESEM (JSM-
7610F, Tokyo, Japan) at 15 kV. XRD measurement was carried out using a Miniflex 600 X-ray
diffractometer (Tokyo, Japan) with Cu K« radiation (A = 1.5418 A,40kV, 40 mA) in the range
of 20 = 10-80°. The chemical bonds of CNFs were investigated by an FTIR spectrometer
(FTIR 850, Tianjin, China). Raman spectra were recorded on a Raman spectroscope (Raman,
in Via, England) with 532 nm laser. XPS was performed using a Thermo Fisher K-Alpha
instrument (Waltham, MA, USA) and the data were analyzed by Casa XPS software 2.3.
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3.4. Electromagnetic Absorption Measurement

In order to measure the electromagnetic absorption of the CNFs, the CNFs were
evenly mixed with paraffin with a mass ratio of 2 wt%. Then, the mixtures were com-
pressed into cylindrical-shaped specimens under 2 MPa for 2 min (Poyt = 6.99 £ 0.07% mm,
D;, =3.04 £ 0.03% mm and thickness =2.71 & 0.02% mm). The electromagnetic parameters
of CNFs were measured with air coaxial line method in the frequency range of 2-18 GHz
with Agilent N1500A vector network analyzer. Based on the transmission line theory, the
reflection loss is up to the measured electromagnetic parameters according to the following
equations [51]:

RL = 20l0g(|Zin — Zo|/ | Zin + Zo!) 7)

where the input impedance (Z) can be described as

[ j2rfd
Zin =1/ ‘. tanh(c ,ursr> 8)

where ¢ (¢, = ¢ —je") and p, (ur = p' — ju") refer to the complex permittivity and
permeability of the material, respectively, f is the microwave frequency, d represents the
thickness of the absorber, and c is the light velocity.

4. Conclusions

In summary, highly porous CNFs with 3D conductive networks have been successfully
produced by freeze-drying the O/W emulsions and using the carbonization method. It
was found that the addition of CHE as the oil phase could effectively weaken the hydrogen
bonding in the cellulose and prevent its agglomeration during the freeze-drying. The
electromagnetic parameters, including the dielectric constant and AC conductivity, were
easily adjusted by changing the CHE volume. These results indicated that CNF-25 exhibited
the best MA performance, in which the RL,,;,, was up to —42.18 dB with a wide EAB of
5 GHz at 2 mm and a filling ratio of 2 wt%. The high MA performance was attributed
to the fact that the high CHE volume effectively increased the amounts of lattice defects
and residual oxygen-containing groups as the polarization centers, which was positive for
the optimization of impedance matching. In addition, the good conductive networks in
the CNFs also enhanced the conductive loss. This work has developed a new route for
producing cellulose-derived CNFs from freeze-drying emulsions, which exhibits potential
and promising applications for lightweight high-performance carbon-based MA materials.
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