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Enhanced Conductive Fiber of Multiwalled Carbon
Nanotubes Templated Carbonization of Cellulose

Shaobo Zhang,**? Gengwu Niu,*® Haibiao Yu,® and Jintian Huang *®

It has been reported that a conductivity of 100 S/cm of carbonized
cellulose is obtained when the carbonization temperature is higher than
2000 °C. However, such high temperatures require expensive equipment
and are energy consuming. In this study, carbonized multi-walled carbon
nanotubes (MWCNTSs)/cellulose composites fibers with a conductivity of
105 S/cm were prepared. They were prepared based on cellulose (in the
carbonization temperature 1000 °C), a naturally abundant and low-cost
material. The mechanism of improving electrical conductivity was studied.
The MWCNTSs played the role of a conductive bridge between the nano-
carbonization cellulose blocks. As the template of cellulose graphitization,
MWCNTSs not only can improve the degree of cellulose graphitization but
can also change the microstructure of carbonization cellulose from nano-
spheres to sheets. This preparation method can be applied to other carbon
materials to make highly conductive fibers or various conductive structure
materials, such as a conductive film or an aerogel. This study broadens
the application of cellulose in the field of electricity. The obtained
conductive fibers have great potential in a range of applications, such as
wearable electronics and low-cost energy storage.
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INTRODUCTION

Conductive fibers have attracted considerable attention because of their potential
applications in flexible solar cells, super capacitors, batteries, wearable electronics, micro-
robotics, and epidermal and implantable medical devices (Chen et al. 2011; Lee et al. 2012;
Cheng et al. 2013; Lee et al. 2013; Ren et al. 2013a,b).

Cellulose is a biocompatible, biodegradable, and renewable natural polymer from
the most abundant green plants. In the field of ion exchange, catalysis, energy storage,
carbon fiber fabrication, water purification, green electronics, and life sciences, cellulose
is an important precursor to form carbonaceous materials (Phan et al. 2006; Sammons et
al. 2013; Frank et al. 2014). Cellulose can be carbonized at high temperatures in a specific
atmosphere (Lu et al. 2013). In previous studies, when the carbonization temperature is
1000 °C, the conductivity of carbonization cellulose is 30 S/cm (Rhim et al. 2010).
Although the carbon structure is formed during such carbonization, the conductivity of
carbonized cellulose material is low. Increasing the carbonization temperature enhances
the conductivity of carbonized materials by improving the graphitization degree of the
carbonized product (Wang et al. 2014). A conductivity of 100 S/cm is obtained when the
carbonization temperature is higher than 2000 °C (Rhim et al. 2010). However, high
temperatures require expensive equipment and energy consumption.

Carbon nanotubes (CNTSs) exhibit excellent mechanical, electronic, optical, and
magnetic properties due to their special structure (lijima 1991; Dai 2002; Bianco et al.
2005; Jorio et al. 2008). Carbon nanotubes are single-walled (SWCNT) or multi-walled
(MWCNT). The conductivity of SWCNTSs is 10° S/cm, which is higher than that of copper.
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The conductivity of MWCNTSs is 3 x 10*S cm™ (Collins and Avouris 2000; Li et al. 2007).
Due to the different technology required for preparation, SWCNTSs are more expensive
than MWCNTSs.

There have been many studies on the introduction of high conductivity of
MWCNTSs into cellulosic fibers (Zhang et al. 2019). Hamedi et al. (2014) used CNTs and
nanocellulose to prepare conductive fiber and conductive nanopaper. Lee et al. (2016)
prepared conductive fiber with the highest conductivity of 2.7 S/cm with 0.5 to 30%
MWCNTs and 5% cellulose.

The present study aimed to facilitate the conductivity of carbonized cellulose
materials. Carbonized MWCNTSs/cellulose composites fibers were prepared, and high
electrical conductivity of carbon nanotubes was introduced into carbonized cellulose fiber.
MWCNTSs act as a template to improve the degree of carbonization of carbonized cellulose.

EXPERIMENTAL

Materials

Cellulose powder was purchased from Inner Mongolia University (Hohhot, China).
1-allyl-3-methylimidazolium chloride (AmimCI) was purchased from Lanzhou Yulu Fine
Chemical Co. Ltd., (Lanzhou, China). The MWCNTs were purchased from Nanjing
XFNANO Co. (Nanjing, China). The average conductivity of the MWCNTSs is 2.13 x 10*
S/cm. The other reagents applied in this experiment were analytical grade.

Methods
Preparation for MWCNTSs/cellulose fiber (Zhang et al. 2018)

First, 0.6 g cellulose was added to 8 mL AmimCI. The mixture was stirred for 2 h
at 100 °C under nitrogen. The MWCNTSs were added to the mixtures to final concentrations
of 0 wt% and 10 wt%. The mixture was ground for 10 min and then ultrasonically stirred
at 100 °C for 30 min in a vacuum. The MWCNTSs/cellulose composite fibers were spun
from the solution using dry-jet wet-spinning. The mixture was added to a vacuum oven for
debubbling, heated to 100 °C, incubated for 15 min, and extruded into a distilled-water
coagulation bath with nitrogen through a single-hole spinneret. Subsequently, the fibers
were soaked in distilled water for 24 h and rinsed with distilled water at least 5 times to
ensure removal of AmimCI. The fibers were dried for 48 h at 80 °C in a vacuum. During
fiber drying, gentle tension was applied at the end of the fiber to improve fiber arrangement.

Preparation of highly conductive fiber

The MWCNTs/cellulose fiber was carbonized at a high temperature in an
atmosphere furnace (Ar atmosphere). During the heating process, the temperature was
increased from room temperature to 400 °C at a rate of 30 °C/h, then further increased to
1000 °C with at a rate of 200 °C/h. Afterwards, the samples were held at 1000 °C for 2 h.
The MWCNTSs/cellulose fibers were replaced with cellulose fibers, then the carbonized
cellulose fibers were obtained.

Characterization techniques

Scanning electron microscopy (SEM) images of the fractured surfaces of the fibers
were captured on a Hitachi S4800 microscope (Tokyo, Japan) operating at 10 kV. Before
observation, the fibers were fractured after freezing in liquid nitrogen, and the fracture
surface of the fibers was coated with a platinum layer. Electrical conductivity of the fibers
was measured at room temperature on a Solartron 7081 precision voltmeter (London,
England) with a four-probe method. The morphology and graphitization of fibers were
performed by transmission electron microscopy (TEM) using an FEI Tecnai G2 20 device
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(Hillsboro, America) with an accelerating voltage of 200 kV. The X-ray diffraction (XRD)
was performed using XRD diffractometer (Omicron Nanotechnology, ESCA-14, Berlin,
Germany). Raman spectra were recorded with a Horiba LabRAM HR 800 spectroscope
(Paris, France) using a 532 nm laser.

RESULTS AND DISCUSSION

Morphology and Structure of Carbonized Fibers

Figure 1 shows the SEM images of the cross-sectional fracture of carbonized
cellulose fiber and carbonized MWCNTSs/cellulose fiber. In the carbonized cellulose fiber,
many microspheres in the fiber were observed, which is a typical morphology of
carbonized cellulose (Li et al. 2014). These nanospheres possess less percolation between
building blocks, which leads to the lower conductivity of fiber. Additionally, the fiber was
porous. The porous structure was mainly due to the volume and morphology change of
cellulose during the carbonized process. In the carbonized MWCNTSs/cellulose fiber, there
were some sheets formed and MWCNTS in the fiber, instead of microspheres. The sheets
formed possessed more percolation between building blocks compared to the
microspheres, which was good for electronic transmission. In addition, the MWCNTSs
played the role of a conductive bridge between carbonization cellulose blocks. Meanwhile,
vacancies and topological defects always appeared on MWCNTSs. The coating layer of
carbonized cellulose can repair the vacancies and topological defects on MWCNTS, which
can further improve the conductivity. In addition, the fiber was more porous, potentially
because of the different changes in volume and morphology of cellulose and MWCNTSs
during carbonization. This porous structure of the fibers offers potential applications in the
field that need both high conductivity and high surface area.

Fig. 1. SEM images of the cross-sectional fracture of carbonized cellulose fiber at (a) low
resolution and (b, c) high resolution and the cross-sectional fracture of carbonized
MWCNTSs/cellulose fiber at (d) low resolution and (e, f) high resolution

Graphitization and Electrical Properties of Carbonization Fibers

The average conductivity of the carbonized MWCNTs/cellulose composites fiber
and carbonized cellulose fiber was 105 S/cm and 27 S/cm (Table 1), respectively. With
further characterization by TEM, as can be seen in the TEM images of carbonized
MWCNTs/cellulose composites fiber, the MWCNTSs were linked between carbonization
cellulose blocks. Gaps between carbonization blocks can hinder electron transport.
However, for the carbonized MWCNTs/cellulose composites fiber, MWCNTs were
present spanning the gaps of carbonization blocks. The MWCNTs played the role of a
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conductive bridge between carbonization cellulose blocks, which facilitated the electron
transportation between building blocks, leading to a high conductivity.

Table 1. Electrical Conductivity and | D/I G Ratio of Carbonized
MWCNTSs/cellulose Fiber and Carbonized Cellulose Fiber

Electrical conductivity | D/I G ratio
Carbonized MWCNTs/cellulose fiber 105 S/cm 0.89
Carbonized cellulose fiber 27 S/lcm 0.98

Figure 2b shows that large amounts of lattices were homogeneously distributed in
the carbonized MWCNTs/cellulose composites fiber. However, in the carbonized cellulose
fiber (Fig. 2e), the carbonized product had a large amount of amorphous carbon with a
small region of graphitic lattices. Mesquita et al. (2013) reported similar results for
cellulose nanocrystals carbonization. This result indicated that the carbonized cellulose
blocks in the carbonized MWCNTSs/cellulose composites fiber had a higher degree of
graphitization, which was confirmed by the fast Fourier transform (FFT) pattern. This
effect could be caused by MWCNTSs acting as a template for cellulose carbonization during
the graphitization process, which enhanced the degree of graphitization of carbonized
cellulose, leading to a high conductivity of the MWCNTSs/cellulose composites fiber.
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Fig. 2. The TEM images and FFT pattern of carbonized MWCNTs/cellulose composites fiber (a
and b) and carbonized cellulose fiber (d and e). XRD analysis of carbonized MWCNTs/cellulose
composites fiber and carbonized cellulose fiber (c and f)

The XRD studies of the carbonized MWCNTSs/cellulose composites fiber and
carbonized cellulose fiber were conducted to investigate the degree of graphitization of
carbonized cellulose (Fig. 2c and 2f). The degree of graphitization can be characterized by
the interplanar distance (doo2) Of the carbonized materials. The degree of graphitization
increased with a decrease in the crystal plane spacing. The interplanar spacing of the
amorphous carbon and the ideal graphite crystal were 0.3440 nm and 0.3354 nm,
respectively. The graphitization degree of carbonized materials increases with the decrease
of crystal plane spacing and the increase of diffraction angle. This relationship is
demonstrated by Eq. 1 (Bragg’s equation),
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where doo2 is the interplanar distance, 4 is the wavelength of the incident wave, and & is the
diffraction angle of crystal plane. The XRD studies of the carbonized cellulose fiber
showed that the fiber exhibited a diffraction peak at 25.46°. The X-ray diffraction of
carbonized MWCNTSs/cellulose fiber was deconvoluted to 25.9° and 25.71°, which were
characteristic of the crystal structure of carbon nanotube and carbonization cellulose,
respectively. The diffraction peak of carbonization cellulose moved from 25.46° to 25.71°,
which indicated that the graphitization degree of the carbonization cellulose was increased.
This effect could be caused by the MWCNTSs, which may have promoted the graphitization
of cellulose. Figure 3 shows the Raman spectrum of carbonized MWCNTSs/cellulose
composites fiber and carbonized cellulose fiber. The Raman spectra of carbon materials in
the range of 800 to 2000 cm™ are mainly composed of D-bands and G-bands. The D-band
at 1337 cm* was caused by defects and curvature in the nanotube lattice of nanotubes. The
G-band at 1577 cm™* occurred because of the plane vibration of the C-C bond (Baskaran et
al. 2005). The integral area ratio of the D-bands and G-bands (I D/l G) can be used to
evaluate the degree of structural defects in carbon materials (Li et al. 2009). As shown in
Table 1, the I D/l G ratio of carbonized cellulose fiber was 0.98, which was higher than
that of a carbonized MWCNTSs/cellulose composites fiber (0.89). This indicated that the
degree of graphitization for carbonized MWCNTSs/cellulose composites fiber was higher
than that of carbonized cellulose fiber.
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Fig. 3. Raman spectra of (a) carbonized MWCNTs/cellulose composites fiber and (b) carbonized
cellulose fiber

CONCLUSIONS

1. Carbonized MWCNTSs/cellulose composites fibers were prepared. The conductivity of
the fiber was 105 S/cm.

2. In the SEM images of the cross-sectional fracture of carbonized MWCNTSs/cellulose
fiber, there were both sheets and MWCNTS, instead of microspheres in carbonized
cellulose fiber. Also, the fiber was more porous.

3. The sheets formed of carbonized MWCNTSs/cellulose fiber possessed more percolation
between building blocks compared to the microspheres in carbonized cellulose fiber,
which was good for electronic transmission. Meanwhile, the MWCNTSs played the role
of a conductive bridge between carbonization cellulose blocks.
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4. With further characterization by TEM, the carbonization cellulose blocks in the
carbonized MWCNTSs/cellulose composites fiber had a higher degree of graphitization
as compared to the carbonized cellulose fiber. This was confirmed by the FFT pattern,
XRD, and Raman spectrum.
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