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ABSTRACT ARTICLE HISTORY

A highly flexible and conductive nanohybrid film based on multi- Received 20 May 2016
walled carbon nanotube (MWNT) was prepared using synergistic Accepted 19 August 2016
dispersion effects of nanosisal cellulose and graphene oxide (GO).
The dispersion _effect of MWNT_ was characterizgd using iIIust_rat.ive Nanocellulose; graphene
diagrams of different dispersions after centrifuge, transmission oxide; carbon nanotube;
electron microscope, and Zeta potential, respectively. The results synergistic dispersion;
showed that 80 wt% MWNT was efficiently dispersed and formed a conductive film

stable nanodispersion solution using 10 wt% cellulose nanofiber (CNF)

and 10 wt% GO as dispersants. The conductivity and tensile strength

of the CNF/GO/MWNT nanocomposite film were up to 1818.19 S/m

and 25 MPa, respectively.

KEYWORDS

1. Introduction

Cellulose is the most abundant renewable and green polymer in nature and is mainly pro-
duced through photosynthesis of plants. In recent years, growing pollution, the decline of
petroleum, and coal reserves have inspired the application of renewable resources in medical
and optical fields; the applications of cellulose gained increasing attention and development.
[1,2] Cellulose nanofiber (CNF) is a linear nanomaterial with 5-30 nm in diameter and
100s or 1000s of nanometers in length. It has high elastic modulus, low thermal expansion
coeflicient, great flexibility, relative thermostabilization, and alterable optical appearance.
These properties allow nanocellulose to be applied in reinforcement materials, biomaterial,
drug delivery, membrane, and so on.[3-6] Furthermore, CNF also functions as a dispersion
medium due to the hydrophobic site and hydrophilic functional groups over its surface.[7]

Graphene oxide (GO) is a 2-D lamellar nanomaterial derived from stripped oxidized
graphite. Because of the strong oxidation, many oxygen-containing functional groups such
as ~OH, -COOH, and epoxy groups are generated, which enable GO to possess the great
hydrophilicity. Hence, GO is stably dispersed in aqueous solutions. Moreover, GO has
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high specific surface area and numerous functional groups. These benefits of GO ensure
its application in optoelectronics, biomedicine, analysis detection, and other scopes.[8-10]

Carbon nanotube (CNT) is a one-dimensional tubular nanomaterial that has excellent
mechanical and electrical properties. It has been widely used in many fields including energy
storage, biotechnology, and coatings.[11]

The advantageous properties of CNF, GO, and CNT materials have drawn the focus
of many studies. For instance, CNF and crumpled graphene were utilized to fabri-
cate a free-standing flexible nanopaper using a vacuum filtration method, resulting
in the improvement of nanopaper stretchability from 6% to 100%.[12] Zheng et al.
[13] fabricated an all solid-state super capacitor using hybrid aerogels consisting of
CNF, reduced GO, and CNT, which exhibited a high specific capacitance (252 F g!)
and remarkable cycle stability. Wang et al. [14] fabricated composite paper electrodes
by coupling polypyrrole/GO on CNF via in situ polymerization, and the process was
carried out for over 16,000 cycles. Wang et al. [15] combined the mechanically excel-
lent NFC and functionalized few-walled CNT to produce hybrid nanofiber/nanotube
aerogels; this composite material showed elastic mechanical behavior in combination
with reversible electrical response and pressure sensing, which combined the con-
cept of CNF and electrical functionality of CNT synergistically. Cao et al. [16] used
a pressure-controlled aqueous extrusion process to assemble lithium titanate/CNT/
cellulose nanofiber hybrid network film which was used as a lithium-ion battery (LIB)
electrode. In the heterogeneous fibrous network of the hybrid film, CNF served as
building skeleton and a biosourced binder, CNT/CNF layer was used as a lightweight
current collector, and the network film had extremely good conductivity of 15.0 S/cm,
and the LIB electrode showed very good high-rate cycling performance. Carlos [17] and
co-author prepared stable aqueous colloidal suspensions of composite particles made of
sigmacell cellulose and multi-walled carbon nanotubes (MWNTs). These suspensions
were dried and redispersed in water. The adsorption ability of composite particles was
used at cyclohexane-water interfaces, which demonstrated an original way of stabi-
lizing oil-in-water Pickering emulsions, and the cyclohexane droplet diameters were
easily tuned from 20 to 100 um by adjusting the concentration of composite particles.

Despite the excellent properties of them, their weaknesses also exist, including one in
CNT. The hydrophobic structure makes it difficult for CNT to uniformly disperse in solvents,
particularly in water, which greatly limits its potential application in electronic materials
and biological medicine.[18]

In this paper, homemade sisal CNF and GO functioned as dispersion agents to dis-
perse MWNTs by mechanical agitation in water, and the dispersions were used for the
preparation of CNF/GO/MWNT complexes. This method is more environment-friendly
and efficient, which is differ from the old traditional method that adding surfactant
[19] and acid treatment.[20] In the meantime, the optimized ratio of CNF to GO
and the dispersion mechanism of the synergy between CNF and GO were discussed.
Furthermore, a CNF/GO/MWNT conductive film was prepared and its conductive
properties were studied. This work explores fields of application for natural nanocel-
lulose in functional materials.
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2. Experimental
2.1. Materials

Sisal fibers were obtained from Guangxi Sisal Corporation. Flake-like graphite (<20 pm)
was purchased from ChenYang Graphite Co., Ltd., and used without further purification.
MWNTs (5-15 um length; 15-25 nm diameter), purified by acid treatment, were supplied
by Shenzhen Nanotechnology Co., Ltd. Sodium hydroxide and sodium chloroacetate was
obtained from Aladdin Industrial Corporation and Huihai Composite Material Co., Ltd
(China). Other analytical reagents including sulfuric acid, hydrochloric acid, sodium nitrate,
hydrogen peroxide, and potassium permanganate were purchased from Xilong Chemical
Co., Ltd (China). The GO was homemade [21] and sisal cellulose microcrystalline (SCM)
was also homemade.[22]

2.2. Preparation of sisal cellulose nano-fiber

About six grams of SCM was soaked in 18 mL of 5 wt% NaOH (aq) at room temperature
for 30 min. The treated SP was then placed in a 500-mL three-neck flask and 0.553 g of
NaOH, 1.848 g of sodium chloroacetate, and 120.46 mL of anhydrous ethanol were added.
The mixture was refluxed at 75 °C in a water bath for 3 h. After the reaction, the product
was placed in filter cloth and rinsed with deionized water to remove free reagents until it
became neutral. The neutral product was then mixed with 1000 mL of deionized water to
form a suspension with concentration reaching 0.5-0.6%. After that, the suspension was
placed in a high-speed mixer by stirring and shearing for 10 min, until a transparent gel-like
dispersion was formed. Eventually, the dispersion was centrifuged at 12,000 rpm for 5 min
in order to remove the macrofibril, the CNF suspension (0.2%) was obtained, and ~-COOH
group were grafted on its surface. Furthermore, CNF suspensions were dried in a dryer at
the temperature of 60 °C, producing 3.43 g dried CNF for a yield of 57.2%.

2.3. Preparation of GO/MWNT dispersions

As shown in Figure 1(a), different amounts of oxidized graphite were added to 200-ml
deionized water and dispersed with a homogenizer at a speed of 28,000 rpm for 30 min.
Then the mixture was centrifuged at 12,000 rpm for 10 min to remove the aggregates. The
obtained supernatants were used to disperse the MWNTs. After that, different amounts
of MWNT were independently added to the GO dispersions at the mass ratios (GO to
MWNT) of 20/80, 30/70, 40/60, 50/50, 60/40, 70/30, 80/20, and 90/10. The total mass was
0.3 g after the addition of water, and the mass was the same in the following experiments.
Finally, these GO/MWNT dispersions were stirred in the high-speed mixer for 10 min to
prepare the GO/MWNT dispersions.

2.4. Preparation of CNF/MWNT dispersions

As shown in Figure 1(b), different amounts of MWNT were independently added to CNF
suspension (0.2%) with 200-ml deionized water to form mixtures with CNF/MWNT at
mass ratios of 10/90, 20/80, 50/50, 80/20, and 90/10. The mixtures were then stirred in
high-speed mixer for 10 min to prepare the CNF/MWNT dispersions.
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Figure 1. Schematic of fabrication process of (a) GO/MWNT dispersion, (b) CNF/MWNT dispersion, and
(c) CNF/GO/MWNT dispersion.

2.5. Preparation of CNF/GO/MWNT dispersions

As shown in Figure 1(c), different amounts of CNF suspension (0.2%) were independently
added to the prepared GO/MWNT dispersions to form the CNF/GO/MWNT mixtures,
with which the total volume was 200 ml. The mass ratios of CNF/GO/MWNT were 10/10/80,
10/20/70, 20/10/70, and 30/10/60, respectively. These mixtures were then stirred in high-
speed mixer for 10 min. The CNF/GO/MWNT dispersions were obtained.

2.6. Preparation of CNF/GO/MWNT conductive film

About 20 mL of the prepared CNF/GO/MWNT dispersion was placed on a filter membrane
in a vacuum filtration device (filter membrane diameter: 47 mm; filter membrane pore size:
22 um). A conductive film was formed by the vacuum filtration process. The film and filter
membrane were dried at 60 °C for 6 h in an oven. Then, the film was stripped from the filter
membrane with a pair of tweezers (see Figure 2).
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Figure 2. Schematic of fabrication process of CNF/GO/MWNT conductive film.

2.7. Analysis and characterizations

A JEOL JEM-2100F transmission electron microscope (TEM) was used to observe the
morphology and structure of the dispersion at 200 kV. Drops of ca. 0.001 wt% which was
prepared for dispersion were deposited onto copper net coated with carbon. These were neg-
atively stained with 2 wt% uranyl acetate. An AJSM-6380 LA scanning electron microscope
was used to characterize the surface morphology of conductive films, which were coated
with a thin layer of gold. A Q800 dynamic mechanical analyzer (DMA, TA Corporation,
United States) was used to measure the stress—strain curves (5 N/min, 25 °C) of the film,
and the specimen size was 18 x 6.02 x 0.02 mm. The functional groups of the MWNT, GO/
MWNT, and CNF/GO/MWNT were analyzed with a Nexus 470 Fourier transform infrared
spectroscope (FT-IR, Nicolet) at a resolution of 4 cm™ over the range of 4000-500 cm ™,
and all samples were carried out after strict drying. The stability of the GO/MWNT, CNEF/
MWNT, and CNF/GO/MWNT dispersions was characterized with a ZS90 Zeta potential
analyzer (Malvern) with solid content of 0.5 mg/ml at 25 °C at pH 7.0. Electrical resistivity
of the conductive film was measured with a four probe method by KDY-1A tester (Kunde
Corporation, China), and the test procedure referred to previous research.[23] The afore-
mentioned stirring processes were performed with a JK-818 mixer.

3. Results and discussion
3.1. Dispersion characterization

The GO/MWNT, CNF/MWNT, and CNF/GO/MWNT dispersion were centrifuged
at 8000 rpm for 5 min, and their supernatants were obtained to observe their degree of
dispersion.

The prepared GO/MWNT dispersion with mass ratios of 20/80, 30/70, 40/60, 50/50,
60/40, 70/30, 80/20, and 90/10 is illustrated in Figure 3. When the mass ratio of GO was
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Figure 3. Digital picture of the GO/MWNT dispersion before and after centrifugation.

lower than 60%, the centrifuged supernatants were colorless and transparent, indicating that
the MWNT precipitated after the centrifugation and dispersion failed. In contrast, when
the mass ratio was higher than 60%, the color of the centrifuged supernatants showed a
general trend of evolution from shallow to deep, indicating that the MWNT was partially
dispersed by the 60 wt% of GO. The dispersion effect was more significant as the content
of GO increased.

The above phenomenon was similar to previously mentioned references. Zhang et al.
have studied that when the initial proportion of MWNT to GO was 2:1, excessive MWNT
got tangled and twisted on the GO sheets, thus leading to serious aggregation. When the
initial proportion of MWNT to GO was 1:2, the MWNT was diluted and after a dynamic
equilibrium process, due to sonication, the stable dispersion of GO/MWNT dispersion was
formed by n-stacking interaction between MWNT and GO.[24] Qiu et al. used single-walled
CNTs to blend with GO, and found that sonicating a mixture of GO dispersion and CNT
powder (0.05 wt%) resulted in the formation of a black and stable suspension. Then the
dissolved CNTs was associated with the GO through 7-7 stacking interaction between
the delocalized electrons in both the aromatic regions of GO sheets and CNTs.[25] Dong
et al. also studied the interaction between CNTs and GO. A stable aqueous dispersion of
the CNTs and GO nano-sheets was produced by sonication mixing without assistance of
any surfactant; the reason was that GO nano-sheets were wrapped onto the CNTs bundle to
form a core-shell structure through -7 stacking.[26] All of these studies further indicated
that the interaction of CNTs with GO was possible and it stabilized the CNTs dispersion via
n-stacking between the multiple aromatic regions of GO sheets and CNTs. The dispersion
mechanism is illustrated in detail in Figure 4.

The CNF/MWNT dispersion systems are illustrated in Figure 5. The mass ratios of
CNEF/MWNT were 10/90, 20/80, 50/50, 80/20, and 90/10. It was demonstrated that when
the content of CNF was 10 wt%, the color of the centrifugated supernatant was lighter in
comparison to the uncentrifuged supernatant. When the content of CNF exceeded 20 wt%,
the color of the dispersion solutions remained essentially unchanged before and after the
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Figure 4. The dispersing mechanism of GO/MWNT dispersion.
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Figure 5. Digital picture of the CNF/MWNT dispersion before and after centrifugation.

centrifugation, indicating that the content of CNF over 20 wt%, CNF could eftectively
disperse the MWNT.

The dispersion effect of the prepared CNF was attributed to two reasons: Firstly, the
surface of CNFs in this experiment contained some carboxyl functional groups over them-
selves. Therefore, the electrostatic repulsion was formed between the CNF/MWNT nano
aggregates, resulting in the dispersion of CNE/MWNT.[27] Secondly, CNF is believed to be
a hydrophilic substance due to the presence of polar groups like hydroxyl groups. However,
there are some hydrophobic faces also exist because of non-polar functional groups such as
—CH moieties on its surface. Due to the presence of both polar -OH groups and non-polar
—-CH moieties, CNF is considered to be amphiphilic.[28] While MWNT is a hydrophobic
tubular and linear substance, the CNF would interact with MWNT through hydrophobic-
hydrophobic interaction between their surfaces (Figure 6). Consequently, the MWNT was
well dispersed by the interaction between them.[29]

The CNF/GO/MWNT (10/10/80 wt%) dispersion systems are illustrated in Figure 7. As
can be seen, the dispersion system was black and homogeneous both before and after the
centrifugation. Although there was a small amount of CNF and GO in system, it dispersed
MWNT effectively. It was reasonable to conclude that there was a synergetic effect between
the CNF and GO with the dispersion of the MWNT.
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Figure 7. Digital picture of the CNF/GO/MWNT dispersion before and after centrifugation.

This synergetic effect could be ascribed to the great interfacial interactions between the
GO and CNE The CNF bridged the GO sheets with the hydrogen bonds formed between
—-OH over the CNF and the oxygen-containing functional groups over the GO sheets.[30]
The MWNT not only interacted with the GO through nt-stacking, but was also repulsed by
the CNF via their electrostatic repulsion and the hydrophobic interaction between hydro-
phobic functional groups, which resulted in a better dispersion of the MWNT (Figure 8).

3.2. FTIR analysis

The infrared spectra of MWNT, GO/MWNT, and CNF/GO/MWNT complexes are illus-
trated in Figure 9.

Strong absorption peaks were not observed in the spectrum of the MWNT (curve A in
Figure 9), which indicated that functional groups were rare on the surface of the MWNT.
The weak absorption peak at 1384 cm™! could be attributed to impure peaks of potassium
bromide, because it was used as a medium to load samples in this experiment, and the same
peaks were also found in other infrared spectra.

In the spectrum of the GO/MWNT complexes (curve B in Figure 9), the strong absorp-
tion peak was at 3472 cm™ which corresponded to the stretching vibration of ~-OH. The
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Figure 9. FTIR spectra of (A) MWNT, (B) GO/MWNT complexes, (C)CNF/GO/MWNT complexes.

absorption band at 1627 cm™ was attributed to the bending vibration of C-OH, which
indicated the presence of carbonyl groups. Additionally, the vibration absorption peak of
C-O-C group was also observed at 1114 cm ™. These oxygen-containing functional groups
were abundant on GO, but did not appear on MWNT, so this indicated the presence of GO
in the GO/MWNT complexes.

In the spectrum of the CNF/GO/MWNT complexes (curve C in Figure 9), in addition to
the two peaks corresponding to C-OH and —OH, the stretching vibration of C-H of methyl
and methylene in the CNF was detected at 2923 cm™'. Moreover, the peak at 1733 cm™
corresponded to the vibration of ~-COOH on CNE, this proved the existence of the car-
boxyl as was mentioned previously. Moreover, it was found that the absorption peak was at
1125 cm™, which was attributed to the C-O-C antisymmetric vibration of glucosides on
CNF. From the results, the existence of each substance in the CNF/GO/MWNT complexes
was confirmed.
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Figure 10. Zeta potential of (a) GO/MWNT dispersion, (b) CNF/MWNT dispersion.

3.3. Zeta potential analysis

To understand the stability of dispersions, Zeta potential was performed, and potential
value that was more positive than +30 mV or more negative than —30 mV indicated stabil-
ity. As can be seen in Figure 10(a), when the content of GO in the GO/MWNT dispersion
was 60 wt%, the value of Zeta potential was —26.5 mV, which indicated that the system
was relatively stable. When the GO content was 90 wt%, the Zeta potential was —30.3 mV
and the system was even more stable. The Zeta potential gradually decreased and stability
increased with the increase in the GO content, which demonstrated that the MWNT was
stable and effectively dispersed by the content of GO over 60 wt%.

The CNF/MWNT dispersion system is shown in Figure 10(b).It shows that when CNF
content was 10 wt%, the value of the Zeta potential was —26.4 mV, and the system was rel-
atively stable. When the CNF content was 20 wt%, the Zeta potential was —32.1 mV, which
illustrated the system was stable in water. This indicated that the CNF content had a positive
effect on the stability of the CNF/MWNT dispersion. It was confirmed that MWNT was
well dispersed when the content of CNF was over 20 wt%.

The Zeta potential of the CNF/GO/MWNT (10/10/80 wt%) dispersion system was as
low as —35.2 mV, which indicated that the system was quite stable. Compared to the mass
ratio of 90/10 GO/MWNT dispersion and 20/80 CNF/MWNT dispersion, the Zeta potential
value was decreased further and the content of both GO and CNF was as low as 10 wt%.
Based on our findings, it proved the synergistic effect of CNF/GO on the dispersion of the
MWNT based on a stability perspective.

3.4. TEM characterization

TEM images of the GO/MWNT (70/30 wt%) complexes are illustrated in Figure 11(a) and
(b). The MWNT was inserted in GO and instead of tangling and aggregating on the sheet
of GO, it uniformly dispersed between the GO sheets and formed a stable dispersion. This
further illustrated that the MWNT was effectively dispersed in the GO when the content
was over 60 wt%.
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Figure 11. TEM images of the (a, b) 70/30 GO/MWNT complexes, (c, d) 20/80 CNF/MWNT complexes,
(e, f) 10/10/80 CNF/GO/MWNT complexes.

TEM images of CNF/MWNT (20/80 wt%) complexes are shown in Figure 11(c) and
(d). The MWNT did not appeared in the formation of aggregation, instead it was in the
singly rooted form, while CNF was also uniformly separated around MWNT. These indi-
cated that MWNT was uniformly dispersed via the electrostatic repulsion and hydrophobic
interaction with CNF, which verified the dispersion and stability function of the CNF, as
discussed earlier.

TEM images of the CNF/GO/MWNT (10/10/80 wt%) complexes in Figure 11(e) and (f)
illustrated that when the contents of the CNF and GO were each decreased to 10 wt%, the
CNF and MWNT were uniformly dispersed between the GO sheets to form a single chain
without aggregation. It was believed that the CNF and GO would interact with each other by
hydrogen bonding. Through the electrostatic repulsion between the CNF, n-stacking effect
between the GO and MWNT, and repulsion interaction between the hydrophobic groups
of the CNF and MWNT, the system was uniformly dispersed. The synergistic effects of the
CNF and GO were reflected by these complex interactions.
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Figure 12. (a) Digital picture of the 10/10/80 CNF/GO/MWNT conductive film, (b) Flexibility of the 10/10/80
CNF/GO/MWNT conductive film.

3.5. The electric resistivity and mechanical properties

The 10/10/80 CNF/GO/MWNT conductive film is shown in Figure 12(a), which was smooth
and uniform. Additionally, the prepared film also demonstrated great flexibility, as shown in
Figure 12(b). Then, in order to study synergistic effect clearly, 10/10/80 CNF/GO/MWNT,
20/80 CNF/MWNT, and 60/40 GO/MWNT films were measured with ‘stress-strain’ and
conductivity, and due to 20 wt% GO, 60/40 GO/MWNT film could not effectively disperse
MWNT. In these results, as shown in Figure 13(a), the conductivity of the films increased
with the addition of MWNT. This was because of the formation of more conductive path
with the increase in MWNT. When the content of MWNT was similar, the conductivity of
CNF/GO/MWNT film reached 1818.19 S/m which was higher than the CNF/MWNT film
(1527.72 S/m). This indicated that a more conductive path existed in the CNF/GO/MWNT
film. The CNF/GO was better than only CNF in aspect of dispersing MWNT, which reflected
the synergistic effect between CNF and GO. As shown in Figure 13(b), like the analysis
above, the tensile strength of CNF/GO/MWNT film attained 25 MPa, which was stronger
than the CNF/MWNT (18.86 MPa) and GO/MWNT (9.31 MPa) film. This was attributed
to the better interface interaction between CNF/GO and MWNT. This also illustrated that
MWNT was dispersed more uniformly by CNF/GO than CNF and GO, which confirmed
the synergistic effect between CNF and GO further from another perspective.

In order to further study the interfacial interaction of the CNF, GO and MWNT, the
surfaces of conductive films were observed by SEM. As shown in Figure 14(a) (60/40 GO/
MWNT), the MWNTs exhibited a hollow tubular structures with diameters of approxi-
mately 20 nm, and excessive GO sheets were bestrewed with a small number of MWNTs
leading to the low conductivity of film. This verified that over 60 wt% GO could disperse
MWNTs. In Figure 14(b) (20/80 CNF/MWNT), MWNTs dispersed uniformly instead of
serious tangling, and the CNF was separated around the MWNTs, whichindicated that
MWNTs were dispersed effectively by CNE. While the diameter of CNF was about 32.5 nm
due to the aggregation from the hydrogen-bond interaction during the film-forming process.
When adding the GO into CNF/MWNT complexes, as can be seen in Figure 14(c) (10/10/80
CNF/GO/MWNT), CNF and MWNTs were inserted in the GO sheets, and the MWNTs
were dispersed more uniformly without aggregation. These illustrated that MWNTs could
be well dispersed by the synergistic effects of the CNF and GO, giving materials the better
performance.
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Figure 13. Conductivity (a) and typical stress—strain curve, (b) of 10/10/80 CNF/GO/MWNT conductive
film, 20/80 CNF/MWNT conductive film, 60/40 GO/MWNT conductive film.

Figure 14. FESEM images of (a) 60/40 GO/MWNT conductive film, (b) 20/80 CNF/MWNT conductive film,
(c) 10/10/80 CNF/GO/MWNT conductive film.

4, Conclusions

In summary, with the use of nontoxic, green CNFE, and advanced carbon functional materials
GO as the dispersion medium and through the synergistic effects of CNF and GO, MWNT
was successfully dispersed. The results showed that CNF (over 20 wt%) effectively dispersed
MWNT in the absence of GO, and GO (over 60%) effectively dispersed MWNT in the
absence of CNFE. However, the mixture of 10 wt% CNF and 10 wt% GO also efficiently dis-
persed and stabilized MWNT through their synergistic effects due to the hydrogen bonding
between CNF and GO. The conductivity of the film produced from the 10/10/80 CNF/GO/
MWNT dispersion was 1818.2 /m with tensile strength of 25 MPa which were both higher
than 20/80 CNF/MWNT and 60/40 GO/MWNT conductive films. It is demonstrated that
the synergy between CNF and GO is beneficial for the dispersion of CNTs, which is applica-
ble for the preparation of nanoconductive films. These films could find various applications
in bendable electronics, electromagnetic shielding, and electromagnetic pulse protection.
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