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ABSTRACT: The conductive multiwalled carbon nanotubes
(MWCNTs)-graphene sheets (rGOs)-cellulose fiber was
prepared with an eco-friendly wet-spinning method in which
ionic liquid (IL) was used as both green solvent and
dispersant. It was found that the selected IL 1-ethyl-3-
methylimidazolium diethyl phosphate (EmimDep) shows
remarkable capacities for dissolving cellulose and dispersing
MWCNTs, and the synergistic effect of MWCNTS, rGOs, and
cellulose results in a high electrical conductivity of 1195 S/m
of MWCNTs-rGOs-cellulose fibers. Macropores and the
double-layer structure of MWCNTs and rGOs can be
observed by SEM in the studied fibers, and the number of
macropores decreased with increasing rGOs amount, which is
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consistent with the result of the specific surface area. In addition, the prepared MWCNTSs-rGOs-cellulose fibers present a nearly
perfect electrical double-layer structure. The MWCNTs-rGOs-cellulose fiber with a mass ratio of 2:3:1 shows the best
performance as the electrode candidate, with an electrical conductivity of 1195 S/m, specific capacitance of 597 mF/cm? and
specific surface area of 91 m’/g. Furthermore, the results from the molecular dynamics (MD) simulation evidenced that
EmimDep can disperse CNTs effectively at 363.15 K, 1 atm compared to rGOs; the synergy effect of CNT and rGO exhibit
great potential to enhance the dispersion than each individual component.
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B INTRODUCTION

Conductive fibers, consisting of polymer substrates and
electrical conductors, have stirred up burgeoning interest for
applications as an electronic device, a capacitor electrode, a
neural probe, a biosensor and bioactuator, adsorption and
absorption matrix, etc.'™ Cellulose, as the most abundant
natural polymer in nature, has merits of biocompatibility,
biodegradability, as well as high thermal and chemical stability."
Cellulose can be converted into conductive fibers by mingling
with metal powders, carbon nanomaterials, or conductive
polymers, among which cellulose-based carbon nanotubes
(CNTs) and graphene (rGO, i.e., reduced graphene oxide)
are the most intriguing conductive fibers due to their unique
properties of biodegradability, lightweight, large surface area,
and superior conductivity and capacitance.” Even though the
hybrid materials of cellulose with CNTs and rGO exhibit great
potential to improve the electrical, thermal, and electrochemical
properties compared to each of the single components,® the
limited research shows that the dispersion of CNTs and rGO as
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well as the dissolution of cellulose are two major problems in
order to prepare CNTs-rGO-cellulose fibers.”

CNTs and rGO are easy to entangle together in water and the
common organic solvents because of the strong van der Waals
force, while cellulose is insoluble in these solvents due to the
multiple H bonds among the cellulose molecules forming highly
ordered crystalline regions.® Several solvents have been
developed for the fabrication of CNTs- and/or rGO-cellulose
compositions, such as acetone/N,N-dimethylacetamide
(DMAc),” N-methylmorpholine oxide (NMMO),"" and
NaOH/urea solution.'' However, these solvents in general
have the drawbacks of volatility, toxicity, and difficulty in solvent
recovery, calling for developing green solvents for CNTs and
rGO dispersion and cellulose dissolution.

Ionic liquids (ILs) can be considered green solvents
combining with their other remarkable properties such as
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Scheme 1. Wet-Spinning Procedure of MWCNTs-rGOs-Cellulose Fiber
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immeasurably low vapor pressure, excellent chemical and
thermal stability, electrical conductivilzr, and nonflammability.
ILs have received increasing attention.'” "> Research has shown
that ILs are capable of dispersing CNTs through noncovalent
cation—7z interactions to prevent their entanglement and
dissolving cellulose at low temperatures.'® It was reported that
the suspension concentrations of single-walled carbon nano-
tubes (SWCNTs) dispersed by 1-hexadecyl-3-vinylimidazolium
bromide (HvimiBr, IL) are enhanced by at least 20% with
respect to the commonly used dispersants, such as sodium
dodecyl sulfate, sodium dodecyl benzenesulfonate, and
cetyltrimethylammonium bromide.'” More importantly, ILs
can act as a binder between CNTs and cellulose.'® In addition,
Bordes et al. evidenced that rGO could disperse and be stable in
imidazolium-, pyrrolidinium-, and ammonium-based ILs;"®
Javed et al."” observed that rGO was uniformly incorporated
into the hybrid cellulose fiber when using 1-butyl-3-methyl-
imidazolium chloride (BmimCl) as a solvent. All of these imply
that IL can be a promising candidate for fabricating CNTs-rGO-
cellulose fibers.

Several studies of using ILs to produce CNTs- and/or rGO-
cellulose conductive fibers have been reported. Javed et al."
developed a rGO-cellulose fiber with an electrical conductivity
of 53 X 1072 S/m using BmimCl as a solvent. Zhang et al.?°
investigated MWCNTs-cellulose fiber using 1-allyl-3-methyl-
imidazolium chloride (AmimCl) as a solvent, and the fiber
containing 4 wt % MWCNTs has an electrical conductivity of
0.83 S/m. 1-Ethyl-3-methylimidazolium acetate (EmimAc) was
used as a solvent to fabricate MWCNTs-cellulose fiber,”'
achieving an electrical conductivity of 19 S/m for the sample
with 0.07 wt % MWCNTs. For comparison, the MWCNTs-
cellulose fiber fabricated from the organic solvent of NMMO has
an electrical conductivity of 8.8 X 107> S/m for those containing
5wt % MWCNTs.”” The much higher electrical conductivity of
IL-dispersed MWCNTs-cellulose fiber demonstrates that the
dispersion of MWCNTs in the cellulose matrices is more
effective when IL is used as solvent. In our previous work, the
properties of wet spinning MWCNTs-cellulose fiber with a mass
ratio of 5:1, spinning extrusion flow of 1 mL/min, and spinneret
diameter of 0.46 mm was investigated using 1-ethyl-3-
methylimidazolium diethyl phosphate (EmimDep) as the
solvent,23 and 760 S/m electrical conductivities and 187 m?/ g
specific surface area were observed for the studied MWCNTs-
cellulose fiber. These results evidenced that EmimDep can be a
potential solvent to disperse MWCNTs and dissolve cellulose.
However, to the best of our knowledge, the investigation of ILs
for the preparation of CNTs-rGO-cellulose fibers has not been
studied sufficiently. In addition, some attempts have been made
to prepare lithium-ion batteries and electrochemical super-
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capacitors based on CNTs or rGO fibers, and both high
electrical conductivity and electroactivity are required for these
electronic devices. However, these properties cannot be
simultaneously achieved with either CN'Ts or rGO fibers.”*
According to our previous study, the MWCNTs-cellulose
fiber with a mass ratio of 5:1 has the highest electrical
conductivity, surface area, and specific volumetric capacitance
compared to those with ratios of 2:1, 3:1, and 4: 1.”* Therefore, a
constant mass ratio of (MWCNTs+rGOs):cellulose (i.e., 5:1)
was selected for further study in this work. The aim of this work
was to fabricate novel MWCNTs-rGOs-cellulose fibers with an
eco-friendly wet-spinning process using EmimDep as a green
solvent and dispersant. The effects of the MWCNTSs, rGOs, and
cellulose mass ratios of 5:0:1, 4:1:1, 3:2:1, 2:3:1, and 1:4:1 on
the fiber characteristics were investigated via electrical
conductivity, electrochemical properties (i.e., cyclic voltamme-
try and specific capacitance), and specific surface area. The
surface morphologies of the original material and the fabricated
MWCNTSs-rGOs-cellulose fiber were characterized with SEM,
and the synergistic effects on the dispersion of CNTs and rGOs
in EmimDep were further illustrated by conducting molecular
dynamics (MD) simulations with different temperatures.

B EXPERIMENTAL SECTION

Materials. The MWCNTSs (>98 wt %) was purchased from Cnano
Technology (Zhenjiang) Ltd. with a length of <10 #m and diameter of
10—15 nm. rGOs was synthesized based on the modified Hummers
method.”® Cellulose (cotton pulp) was provided by Henan Dingda
Biological Technology Co. Ltd. EmimDep (>99 wt %) was synthesized
in the lab, and the synthetic procedure and characterization were
described in detail in our previous work.”**”

Fiber Manufacture Procedures. The procedures for preparing
the MWCNTs-rGOs-cellulose fibers with difference mass ratios are
described as follows.

(1) Cotton pulp (0.1 g) with EmimDep (10 g) was heated in a
thermostatic oil bath at 363.15 K by mechanical mixing for 30
min to obtain a clear 1 wt % cellulose solution.

Five MWCNTs-rGOs mixtures (0.5 g) with difference mass
ratios (MWCNTSs:rGOs = 5:0, 4:1, 3:2, 2:3, and 1:4) were
suspended into EmimDep (10 g). Afterward, the obtained
mixtures were further ground in an agate mortar for 30 min at
room temperature (RT) to obtain homogeneous mixtures. Each
of the five mixtures was added into the 1 wt % cellulose solution
at 363.15 K and treated with mechanical mixing for 2 h to
acquire five homogeneous spinning mixtures.

2)

(3) The obtained spinning mixtures in step 2 was placed in a vacuum

drying oven to deaerate at 308.15 K for 12 h before use.

(4) After deaeration, each spinning mixture was transferred into a
syringe. The syringe was fixed into lab-built wet-spinning
equipment, which consisted of a syringe pump, a regeneration
bath (water is coagulation), and a winding shift. The above-
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mentioned spinning mixtures were spun into the water
regeneration bath directly at room temperature with an
extrusion flow of 1.0 mL/min through a single-hole spinneret
needle of 0.98 mm with no winding. The length—diameter ratio
of the spinneret needle was set to be 2 as suggested by Hauru et
al?® to obtain a better strength property for cellulose spinning.

(5) After wet spinning, the wet fibers were soaked in deionized water
and washed 5 times to remove EmimDep.”’ Then the washed
wet fibers were rolled at room temperature and sent to a vacuum
drying oven at 308.15 K for 48 h to remove water. The dried
MWCNTs-rGOs-cellulose fibers with different mass ratios of
5:0:1. 4:1:1, 3:2:1, 2:3:1, and 1:4:1 were further characterized.

The wet-spinning procedure of MWCNTs-rGOs-cellulose fiber is
summarized in Scheme 1.

Experimental Apparatus and Procedure. Electrical Conduc-
tivity. The electrical conductivities of pure MWCNTSs and rGOs were
measured with the methods reported by Song et al.** and Marinho et
al,®" respectively. The MWCNTSs were mixed with poly(vinylidene
fluoride) (PVDF) uniformly at a mass ratio of 1:1 and put into a tablet
press (HF-2A) to prepare the film at a pressure of 15 MPa. The
electrical conductivities of the prepared MWCNTs film and rGOs were
measured with an impedance analyzer (RTS-9) based on the four-
probe method, each sample was repeated for 3 times, and the average
value was reported.

The electrical conductivity of MWCNTs-rGOs-cellulose fiber was
measured by a two-probe method. The resistance (R) of the obtained
fiber was measured (3 times) by a precision voltmeter (LINI-T,
UTS8A). The volume resistivity p of the fiber was calculated by taking
into account the section area (A) and the length (L) of the fiber
between the contacts: p = R X A/L. Then the electrical conductivity y
(S/m) of the fiber was acquired from the reciprocal of the resistivity, i.e.,
y=L/(Rx A)>»

Tensile Strength. The mechanical properties of the MWCNTs-
rGOs-cellulose fibers were measured by a Dynamic Mechanical
Analyzer (DMA Q800) at 30 °C with a rate force and upper force
limit of 0.05 N//min and 18 N, respectively.**

Scanning Electron Microscopy (SEM). The acquired fibers were
characterized by SEM (SU8000, Japan, 5.0 kV). The sample was
sputtered with platinum for better observation using a JEC-3000FC
auto fine coater. The current and sputtering time were set to be 20 mA
and 30 s, respectively.

Electrochemical Property. The electrochemical property of cyclic
voltammetry (CV) was characterized using a cell with three electrodes:
a working electrode (MWCNTSs-rGOs-Cellulose fiber), a counter
electrode (Pt filament), and a reference electrode (Ag filament). The
electrode was immersed into aqueous NaCl (0.1 M) and connected to
an electrochemical workstation (CH Instruments, model CHI660E).
The length of the electrode that was immersed in NaCl aqueous
solution was about 1 cm. CV measurement was performed from 0 to 0.4
V at a 10 mV/s scan rate. The specific capacitance of the MWCNTs-
rGOs-cellulose fiber in the cell was determined according to the
method of Yu et al.*

Specific Surface Area. The specific surface area of the fabricated
fiber was determined from nitrogen physisorption measurement at
liquid-nitrogen temperature on a Micromeritics ASAP 2460 instrument
(Micromeritics, Norcross, GA, USA).

B COMPUTATIONAL SECTION

All of the simulations in this work were accomplished using a large-scale
atomic/molecular massively parallel simulator (LAMMPS).*® The time
step for integrating Newtonian equations of motion was set to be 2 fs to
guarantee energy conservation. The all-atom-optimized potential for
the liquid simulations (OPLS-AA) was taken for MWCNTs and rGO,*’
and this method has been used successfully to predict the structural and
mechanical properties of MWCNTs and rGO.*>® For EmimDep, the
parameters of the bond, angle, dihedral, van der Waals interactions, and
electrostatic interactions were described by the OPLS-AA* force field
that has been used successfully to capture the structures and liquid
properties of ILs.**~* The interactions between the IL and the rGO

include both electrostatic and van der Waals terms. The former term,
i.e.,, the long-range Coulombic interaction, was computed using the
particle—particle—particle—mesh (PPPM) algorithm,** and the later
one was described via the 12—6 Lennard—Jones potential. The
Lorentz—Berthelot mixing rules were used to model the parameters
truncated at 1.2 nm for the mixture of EmimDep and rGO.

To analyze the structures and dispersion properties of MWCNT's
and rGOs in EmimDep as well as the synergistic dispersion effect of
MWCNTs and rGOs in EmimDep, three hybrid systems were
constructed. The first system is composed of a 4.12 nm long and
4.06 nm width AB-stacked bilayer rGOs (ABBrGOs) with an interlayer
distance of 0.34 nm inserted into a 8.1 X 8.1 X 4.9 nm® box with 800
pairs of EmimDep. For the second system, we inserted two double-well-
CNTs (DWCNTs) with a distance of 0.36 nm into the box of 1000
pairs of EmimDep to compose the second box, the chiral index for these
two inner tubes is set to be (5,5), and the second box size is 7.4 X 7.4 X
7.4 nm’. The third system is composed of DWCNT and ABBrGO with
a distance of 0.35 nm into a 8.8 X 8.8 X 5.3 nm® box with 1000 pairs of
EmimDep. A periodic boundary condition (PBC) was applied in the x,
¥, and z directions of each box. In the MD simulations, EmimDep,
DWCNTs, and ABBrGOs were relaxed in a NPT ensemble for 1 ns with
a temperature of 300 K and a pressure of 1 atm along %, y, and z
directions using temperature and barostat coupling constants of 0.2 and
2 ps, respectively. After the system reached equilibrium, the
temperature of the system was raised from 300 to 363.15 K in the
NPT ensemble at a pressure of 1 atm. When the temperature of the
system was increased to 363.15 K, MD simulations continued to run an
additional 10 ns in the NPT ensemble at 363.15 K and 1 atm in order to
collect data for analyzing. To further study the impact of temperature,
after the system reached equilibrium, the system temperature was raised
from 363.15 to 500 K to repeat the MD simulations but with an
additional 2 ns.

B RESULTS AND DISCUSSION

Experimental Results. In order to study the effects of the
ratios of MWCNTSs, rGOs, and cellulose on the fiber properties,
MWCNTs-rGOs-cellulose fibers (5:0:1, 4:1:1, 3:2:1, 2:3:1,
1:4:1) were prepared.

The electrical conductivities of pure MWCNTSs and rGOs as
well as those for the fibers are presented in Figure 1, in which the
electrical conductivity of the SWCNTs-rGOs-cellulose fiber
with a mass ratio of 1:4:0 was cited from Yu et al.* for
comparison. As shown in Figure 1, the electrical conductivity of
MWCNTs studied in this work is 28.8 S/m, which is within the
range of those for the CNTs studied by Ebbesen et al.*> Ebbesen
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Figure 1. Electrical conductivities of MWCNTSs, rGOs, and CNTs-
rGOs-cellulose fibers with different amounts of CNTs and rGOs. CNT
type with ratios of 1:0:0, 5:0:1,> 4:1:1, 3:2:1, 2:3:1, and 1:4:1 represent
MWCNTS, while that with a ratio of 1:4:0 represents SWCNTs.>
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et al. investigated the electrical conductivity for eight types of
CNTs with the same four-probe method, and their electrical
conductivities were reported in a range of 1.7—2.0 X 10° S/m,
depending on the length—radius ratio of CNTs. The electrical
conductivity of rGOs is 30.4 S/m, which is slightly higher than
those for the MWCNTs studied in this work. According to the
study by Marinho et al., the electrical conductivities of the
compacted MWCNTSs and rGOs depend on the mechanical
particle arrangement and deformation mechanisms.”" In this
study, the electrical conductivities of the compacted rGOs are
from tens to 262 S/m at compacted pressures of 0—5 MPa.

After dispersing MWCNTs and dissolving cellulose in
EmimDep, the electrical conductivity of the prepared
MWCNTSs-rGOs-cellulose at a mass ratio of 5:0:1 (495 S/m)
is significantly increased (17 times) compared to that of
MWCNTs, indicating that EmimDep is an eflicient solvent for
the MWCNTs dispersion and cellulose dissolution.”*** Salazar
et al. evidenced that the imidazolium-based ILs have a higher
dispersion capability than the organic solvent for MWCNTs.*
The electrical conductivity of MWCNTs can be improved 3—5
times in 1-butyl-3-methylimidazolium hexafluorophosphate
(BmimPFy), 1-butyl-3-methylimidazoliumhydrogensulfate
(BmimHSO,), and 1-methyl-3-propylimidazolium iodide
(Pmiml) due to the weak van der Waals interactions between
the imidazolium cations and the MWCNT walls. Krainoi et al.
indicated that the electrical conductivity of MWCNTSs-rubber
can be improved more than 10 times by 1-butyl-3-methyl
imidazolium bis(trifluoromethylsulfonyl)mide (BmimTFSI)
due to a good dispersion of MWCNTs,"” which supports our
results.

With increasing the content of rGOs in MWNTs-rGOs-
cellulose fiber (Figure 1), the electrical conductivity first
increased and then decreased. As shown in Figure 1, the average
electrical conductivity of CNTs-rGOs-cellulose (3:2:1) is 1138
S/m, while it is 1195 S/m for the MWCNTSs-rGOs-cellulose
(2:3:1), the one with the highest conductivity. This value is
much higher than those for the MWCNTSs-rGOs-cellulose
(5:0:1) (495 S/m) and SWCNTs-rGOs-cellulose (1:4:0) (470
S/m). The electrical conductivity of MWCNTSs is much lower
compared to the perfect SWCNTSs," and it is more reasonable
to use the electrical conductivity of 1:4:0 SWCNTs-rGOs-
cellulose as a reference to evaluate the performance of the
conductive fibers prepared in this work. The comparison shows
a much higher value of electrical conductivity, indicating a more
conductive path existed in the MWCNTs-rGOs-cellulose fibers.

A comparison of the results for the samples of MWCNTs-
rGOs-cellulose at mass ratios of 1:4:1 and 5:0:1 as well as that for
SWCNTs-rGOs-cellulose of 1:4:0 can reflect the effects of rGOs
and cellulose on dispersing CNTs. The electrical conductivity of
MWCNTs-rGOs-cellulose (1:4:1) with a value of 829 S/m is
higher than that for the MWCNTSs-rGOs-cellulose (5:0:1, 495
S/m). The MWCNTs dispersion for the case of rGOs-cellulose
was better than that with cellulose only, reflecting the synergistic
effect for rGOs and cellulose. Additionally, the electrical
conductivity of MWCNTs-rGOs-cellulose (1:4:1) is higher
than that of SWCNTs-rGOs-cellulose (1:4:0, 470 S/m),
indicating that CNTs are dispersed more efficiently by cellulose
than that by rGOs. Moreover, the electrical conductivities follow
the order of MWCNTs-rGOs-cellulose (1:4:1) > MWCNTs-
rGOs-cellulose (5:0:1) > SWCNTSs-rGOs-cellulose (1:4:0),
indicating MWCNTs are dispersed more uniformly by rGOs-
cellulose, followed by cellulose and rGOs. This observation
agrees with the results by Xu et al."” and Tonita et al.*’

The mechanical property, i.e., the tensile strength, is displayed
in Figure 2. As shown in Figure 2, the tensile strengths of

Tensile strength (MPa)

5:0:1 4:1:1 3:2:1 2:3:1 1:4:1
Mass ratio of MWCNTs:rGOs:cellulose

Figure 2. Tensile strength of MWCNTs-rGOs-cellulose fibers with
different amounts of MWCNTSs and rGOs in cellulose.

MWCNTSs-rGOs-cellulose fibers with mass ratios of 4:1:1,
3:2:1, 2:3:1, and 1:4:1 were stronger than that with 5:0:1. One
one hand, the stronger tensile strength was attributed to the
better interfacial interaction between rGOs-cellulose and
MWCNTs.* On the other hand, it also illustrated that
MWCNTs were dispersed more uniformly by rGOs-cellulose
than by cellulose, which agrees with the electrical conductivity
result. Jiang et al. prepared the CNTs-rGOs-polyacrylonitrile
(PAN) fibers in the 0.5% PAN solution, and their mechanical
strength is in a range of 1.5—6.5 MPa,”' consistent with the
results in our study, i.e., 2.1—5.4 MPa. Even though the tensile
strength of the prepared MWCNTSs-rGOs-cellulose fiber is
decreased with the addition of carbon nanomaterial in cellulose
compared with the pure cellulose fiber,* it still has promising
multifunctional applications as energy absorbers, mechanical
sensors, and heat exchangers as reported by Jiang et al.>'

Figure 3a—i shows the SEM morphologies of original
materials and the studied fibers. The original MWCNTs (Figure
3a) presented a structure of irregularly aggregating and tangling
together with each other, while the original rGOs possesses a
lamellar structure (Figure 3b). For the original cellulose (i.e.,
cotton pulp), the folding feature was observed by SEM.

The SEM morphologies of MWCNTs-rGOs-cellulose (5:0:1)
are depicted in Figure 3d and 3e. After dissolving the cellulose
and dispersing the MWCNTs by EmimDep, the folding feature
of the raw cellulose disappeared and a smooth-looking surface
was observed (Figure 3d), indicating a good dissolution of the
cellulose in EmimDep. In Figure 3e, MWCNTSs dispersed
uniformly instead of serious aggregation, and the regenerated
cellulose was around the MWCNTSs, which indicated that the
MWCNTSs were dispersed effectively by EmimDep and the
cellulose."”***® The good dispersion of MWCNTSs can be
attributed to electrostatic repulsion of the interfacial interactions
between the oxygen groups on the CNTs and the cellulose.”” In
addition, the macropores formed by the interlaced MWCNTs
can be observed clearly in Figure 3e and 3g. As reported, these
macropores can serve as reservoirs for gas adsorption’ and ion
buffering.*”

When adding the MWCNTSs and rGOs into the cellulose
solution, as can be seen in Figure 3f and 3g, rGOs was inserted
into the MWCNTSs and cellulose and the MWCNTSs were
uniformly dispersed on the surface of rGOs to form a double-
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Figure 3. SEM of original materials and the fabricated fibers: (a) original MWCNTs, (b) original rGOs, (c) original cotton pulp, (d and e) $:0:1
MWCNTSs-rGOs-cellulose fiber, (f) 3:2:1 MWCNTs-rGOs-cellulose fiber, (g) 4:1:1 MWCNTs-rGOs-cellulose fiber, (h) 2:3:1 MWCNTs-rGOs-
cellulose fiber, and (i) 1:4:1 MWCNTs-rGOs-cellulose fiber. Fiber spinning extrusion flow is 1 mL/min, and spinneret diameter is 0.98 mm.

layer structure. These illustrated that through the repulsion
interaction between the cellulose and MWCNTs and the 7-
stacking effect between the MWCNTSs and rGOs, the system
could be better dispersed by the synergistic effect,” giving the
material better performance, such as higher electrical con-
ductivity. Moreover, with increasing the mass ratio of rGOs in
the fiber, the double-layer structure of the MWCNTSs and rGOs
is more obvious under the same magnification (Figure 3h).
When the mass ratio of rGOs in the MWCNTSs and cellulose
reached 4:1:1, the double layer became weak significantly
compared to the 2:3:1 MWCNTs-rGOs-cellulose, leading to
relatively low conductivity. Therefore, the double-layer structure
is beneficial to the high electrical conductivity for the studied
fiber.

The electrochemical properties of four MWCNTSs-rGOs-
cellulose fibers with higher electrical conductivities were further
characterized with CV and specific capacitance. The CV analysis
was conducted with a scan rate of 10 mV/s in the voltage
window of from 0 to 0.4 V and 0.1 M NaCl solution. The results
of CV are depicted in Figure 4, showing a high degree of
electroactivity with near-ideal rectangular curves, a characteristic
of an electrical double-layer structure. This result agrees with
those from Ramesh et al.”® and Lin et al.>*

The integral area of the CV curve indicates the electro-
chemical capacitance of the MWCNTs-rGOs-cellulose fiber.
According to the study by Yu et al,,** the specific capacitances
were acquired as shown in Figure S. With increasing the amount
of rGOs in the fiber, the specific capacitances of the studied
fibers increased from 313 to 709 mF/cm’, implying that the
specific capacitance largely depends on the amount of rGOs. Sun
et al.** prepared supercapactiors using CNTs and CNTs-rGOs
fibers as electrodes with specific capacitances up to 0.90 and 4.97
mF/cm?, respectively. The capacitance of the studied
MWCNTSs-rGOs-cellulose fiber in this work is much higher

6
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Figure 4. Cyclic voltammetry curves in aqueous NaCl 0.1 M with a scan
rate of 10 mV/s for the MWCNTs-rGOs-cellulose fibers.

compared to those from Sun et al, indicating potential
application of MWCNTSs-rGOs-cellulose fiber in the electro-
chemical field. On the basis of the report, the electrical
conductivity and electroactivity (i.e., specific capacitance) are
two important properties for a potential electrochemical
application, and the MWCNTSs-rGOs-cellulose (2:3:1) fiber
could be a better material in the application of electrochemical
field.

The specific surface area of the prepared fibers is shown in
Figure 6, revealing that the specific surface area is decreased
greatly with the increase of rGOs amount. The possible reasons
are ascribed to the fact that the low specific surface area of rGOs
and the double-layer structure formed by MWCNTSs and rGOs
can effectively reduce the MWCNT interlacing, i.e., reducing the
porosity. This explanation can be supported by the SEM study.
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As can be seen from Figure 3e and 3g—i, with increasing amount
of rGOs in the fiber, the number of macropores is significantly
reduced, resulting in a low specific surface area. According to the

results shown in Figure 6, the specific surface area for the
MWCNTSs-rGOs-cellulose (5:0:1) is 188 m?/g, while that for
the MWCNTs-rGOs-celluloses (4:1:1 and 3:2:1) is around 167
m?/ g

Compared with the previously reported surface areas of
carbon microfiber (<10 m?/g) and CNTs-coated carbon fiber
(34.6 m?/g),** dry-spun MWCNTs fiber (100 m?/g),* as well
as wet-spun SWCNTs fiber (160 m?/g),” the prepared
MWCNTSs-rGOs-cellulose fibers with ratios of 5:0:1, 4:1:1,
and 3:2:1 have larger specific surface areas. According to
Neimark et al,’ the wet-spun SWCNTs fiber with a specific
surface area of 160 m?/ g is capable of adsorbing gas and
absorbing liquid effectively; therefore, the prepared MWCNT-
rGOs-cellulose fibers can also be used as adsorption and
absorption materials, e.g., for ion-buffering reservoirs.

Computational Results. MD simulation was performed to
deeply understand the dispersion mechanism of the MWCNT's
and rGOs in EmimDep. Figure 7a represents the atomic
structure of EmimDep used in this work. The interaction energy
of each conductive nanomaterial, denoted as ABBrGOs,
DWCNTs, or DWCNT/ABBrGO, was calculated. As shown
in Figure 7b, each of the interaction energies reaches balance
under the simulation conditions of 363.15 K, 1 atm, and 10 ns. In
addition, the dispersion behaviors were simulated for three
different hybrid systems: (a) ABBrGOs/EmimDep, (b)
DWCNTSs/EmimDep, and (c) DWCNT/ABBrGO/EmimDep.
The simulation results (Figures 8a—c) showed that these three
systems could not be dispersed at 300 K, 1 atm, and 1 ns. After a
longer time simulation (10 ns) in the NPT ensemble at 363.15 K
and 1 atm, both DWCNTs (Figure 8¢) and DWCNT/ABBrGO
(Figure 8f) would be separated while ABBrGOs still maintained
the initial configuration (Figure 8d). To detect the impact of
temperature on the dispersion of nanomaterials in EmimDep,
the simulations at 500 K and 1 atm were also performed (Figures
8g—i). The results illustrated that the dispersions of DWCNTs
(Figure 8h) and DWCNT/ABBrGO (Figure 8i) are much
better at 500 K than those at 300 and 363.15 K, evidencing that
high temperature will promote the separation velocity of the
hybrid nanomaterials.

(b)

Emim*

(a)

o DWCNT/ABBrGO,

Ejp¢/(Keal/mol) Ejp/(Keal/mol) Ejpe/(Keal/mol)

,,650 L L L ' 1 A
2 4 6
t/(ns)

Figure 7. (a) Atomic structure of EmimDep considered in this work. (b) Interaction energy between two materials inserted into the three boxes of
EmimDep, where the violet, orange, and red color represent the interaction energy between ABBrGOs, DWCNTSs, and DWCNT/ABBrGO,
respectively. For each box, all of the data were collected from a 10 ns MD simulation in the NPT ensemble at 363.15 K and 1 atm.
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Figure 8. Simulation snapshots of three composed systems considered
in this study, where the cyan color in three boxes represents ABBrGOs/
EmimDep (a, d, g), DWCNTs/EmimDep (b, e, h), DWCNT/
ABBrGO/EmimDep (c, £, i). Surrounding of each composed material is
EmimDep. (a—c) Hybrid systems are the last snapshot of a 1 ns MD
simulation in the NPT ensemble at 300 K and 1 atm; (d—f) hybrid
systems are the last snapshot of a 10 ns MD simulation in the NPT
ensemble at 363.15 K and 1 atm; (g—i) hybrid systems are the last
snapshot of a 10 ns MD simulation in the NPT ensemble at 500 Kand 1
atm.

In order to reveal the intrinsic mechanism, the total potential
energy and inter potential energy are summarized in Figure 9a—
¢, showing that the total potential energy of DWCNTs (Figure
9b) and DWCNT/ABBrGO (Figure 9c) in EmimDep was
decreased gradually. However, the total potential energy of
ABBrGOs changes slightly, indicating that it might be difficult to
use EmimDep to separate the graphene bilayer system (Figure
9a). From the inter potential energy, it can be observed that the
dispersion potentials of these three systems follow the order
DWCNT/ABBrGO/EmimDep > DWCNTs/EmimDep >
ABBrGOs/EmimDep owing to a smaller contacting area of
CNT compared to that of rtGO>” and the synergy effect of CNT
and rGO. Atif et al.>” reported that the volume fraction of the
CNT and rGO also influences their dispersion state due to the
larger volume fraction of rGO than CNT, making it very difficult
to achieve a uniform dispersion beyond a certain volume

fraction. Combined with the experimental results, we state that
the excellent conductivity of MWCNTSs-rGOs-cellulose fiber
may be attributed to the good dispersion of MWCNTSs in
EmimDep and the synergistic effects of MWCNTSs and rGOs.

B CONCLUSION

In this work, the wet-spinning method was used for fabricating
conductive MWCNTs-rGOs-cellulose fibers with mass ratios of
5:0:1,4:1:1, 3:2:1, 2:3:1, and 1:4:1 where EmimDep was used as
the green solvent and dispersant. The electrical conductivity,
SEM, electrochemical properties, and specific surface area were
applied in systemically studying the characteristics of the
prepared fibers. It was found that the remarkable electrical
conductivity is attributed to the good dispersion of MWCNT's in
EmimDep and the synergistic effect of MWCNTSs, rGOs, and
cellulose, and the maximum electrical conductivity of 1195 S/m
was obtained under a mass ratio of 2:3:1 of MWCNTs-rGOs-
cellulose fiber. The specific surface area of the studied fiber
decreased from 187.6 to 62 m?/ g with increasing rGOs amount,
which agreed with the SEM result, i.e., the observed macropores
in the studied fiber decreased with increasing rGOs amount. The
CV curve result illustrated that a nearly perfect electrical double-
layer structure formed with a high degree of electroactivity for
four selected MWCNTs-rGOs-cellulose fibers (4:1:1, 3:2:1,
2:3:1, and 1:4:1). The calculated specific capacitance from the
CV result increased from 313 to 709 mF/cm?* with increasing
rGOs in the fiber, indicating that the specific capacitance largely
depends on the performance of rGOs. Because of the potential
application of MWCNTs-rGOs-cellulose fiber electrode de-
pending on both the high electrical conductivity and the specific
capacitance, the MWCNTSs-rGOs-cellulose fiber with a mass
ratio of 2:3:1 and electrical conductivity of 1195 S/m, specific
capacitance of 597 mF/cm? and specific surface area of 91 m?/g
was supported to be the best one as the electrode candidate. In
addition, the MD results evidenced that EmimDep can
significantly disperse MWCNTs at 363.15 K, 1 atm, compared
with rGOs, and the synergy effect of CNTs and rGOs can
enhance the dispersion. When increasing the dispersion
temperature from 363.15 to 500 K, the dispersions of CNTs
and rGOs are more obvious, indicating that increasing the
temperature will promote the separation velocity of the
MWCNTs and rGOs.
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