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LiuagpiEil 13 Agnet AN Highly conductive and flexible graphene-based microtubes (1-GTs) have many
Published online: potential applications in catalyst supports and wearable electronics. However,
19 August 2019 there is a lack of effective method to fabricate the high-performance p-GTs,

especially the multi-channel ones. In this work, the electrostatic spray deposi-
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Nature 2019 thread template was removed along with the reduction of graphene oxide by
thermal annealing, the multi-channel p-GT was prepared successfully. Due to
the multiple structure of the cross section and the vertically aligned reduced
graphene oxide sheets of the tube wall, the multi-channel p-GT exhibits many
excellent properties, such as highly conductive, good flexibility, and function-
alization. For example, the electrical conductivity of the multi-channel p-GT
thermally reduced at 1200 °C is about 1.99 x 10* Sm™' at room temperature
and can light a LED as a conductive wire. And the electrical conductivity is
nearly invariable in either the straight or bent state though a cyclic bending test
up to 800 times. In addition, the TiO,/multi-channel p-GT composite shows
strong photocurrent response in which the multi-channel u-GT provides a super
platform due to the high specific surface area. The high-performance p-GTs
obtained by the simple method opens the immense potentials for application in
wearable devices.
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Introduction

Because of the high electrical and thermal conduc-
tivities, excellent mechanical properties, and large
specific surface area [1-4], graphene has gained a
wide attention as a two-dimensional (2-D) carbon
nanomaterial. Nevertheless, to realize its practical
application, the sheet-like tiny flakes must be
assembled into the macroscopic superstructures with
their inherent attributes be maintained. To this end, a
number of effective studies have been done on the
fabrication of 1-D macroscopic fibers [5-7], 2-D
macroscopic configurations [8-13] and 3-D frame-
works [14-17]. Because the ease of functionalization
as well as retains the characteristics of traditional
fibers, a rich family of graphene-based fibers have
been developed and promising multifunctional in
many fields [18-29]. Among them, graphene-based
microtube (p-GT) as one kind of special graphene-
based fiber has shown many potential applications in
catalyst supports, wearable electronics, purification,
and sensing due to their large specific surface area,
good conductive performance and excellent
mechanical behavior [26-29].

Some traditional manufacturing methods includ-
ing wet-spinning [7, 20-22] and dry-spinning [25]
have been used to fabricate the solid graphene-based
fibers. In particular, Gao et al. [22] have recently
presented a new industrially scalable strategy based
on wet-spinning to produce graphene fibers with
excellent performance characteristics. However, the
usual approach is not suitable for the preparation of
u-GTs because of its special morphologies. Until now
just several techniques have been successfully
developed to prepare p-GTs, e.g., coaxial spinning
[26], chemical vapor deposition [27], hydrothermal
synthesis [29], and electrochemical deposition tech-
nique [28]. Among these methods, the template is an
essential part as a core for the formation of tubular
structure during the fabricating process. The differ-
ence between these methods is the selection of the
templates. For the coaxial spinning method, soft
template (methanol solution) was used as the core,
which could be easily removed in the drying process
of graphene oxide (GO) microtube. But the spinning
conditions including both the feeding rates and the
concentration of solution need to be precisely con-
trolled in the spinning process [26]. Cu wire as the
hard template was usually used in the other three
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methods because of its high electrical conductivity
and active catalytic property [27-29]. After etching
the Cu wire by the FeCl; aqueous solution, the u-GTs
with the well tubular structure can be obtained.
However, the etching process is time-consuming,
commonly lasts 10 h [27-30]. In addition, the p-GTs
obtained from above methods usually possess only a
single channel [26-28] or a few channels [29]. Com-
pared with the multi-channel p-GTs, such few-chan-
nel p-GTs usually exhibit poor performance in the
application of catalyst support and wearable elec-
tronics due to the smaller specific surface area and
simple cross-sectional structure. Thus, the prepara-
tion of the pu-GTs, especially the multi-channel ones
by using a simple and efficient method, has become
an urgent problem in the future practical application.
In this work, the electrostatic spray deposition
(ESD) technique was introduced to fabricate the GO-
coated polyester thread from cost-efficient GO sus-
pensions. After the reduction of GO sheets and dis-
integration of polyester thread in the thermal
annealing process, the multi-channel p-GTs were
prepared successfully in the end. Interestingly, due to
the multiple structure of the cross section and the
vertically aligned reduced graphene oxide sheets of
the tube wall, the as-prepared multi-channel p-GTs
exhibit good electrical conductivity, excellent flexi-
bility, and functionalization, which promise great
potential in application of wearable devices.

Materials and methods
Materials

Single-layer GO dispersion (IN,N-dimethylformamide
as solvent and single-layer rate more than 99.5%)
were commercially obtained from Gaoxi Technology
(Hangzhou, China), which have a concentration of
9 mg g~ ' and average platelet diameter of 5-8 pum.
Polyester thread was purchased from Verda (China),
cleaned in ethanol with ultrasonic treatment for
about 10 min and dried in air before used for
preparing GO-coated polyester thread. The TiO,
(P25) nanoparticles were purchased from Aladdin
Industrial Corporation.
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Fabrication of GO-coated polyester thread
and p-GTs

GO-coated polyester thread was fabricated by ESD
setup as shown schematically in Fig. 1a. In typical
GO-coated polyester thread fabrication processes, the
GO solution was fed into syringe through a syringe
pump at a feeding rate of 12 uL. min~', and a voltage
of 8 kV was applied between the stainless steel noz-
zle (diameter 0.41 mm) and substrate. The distance of
the stainless steel nozzle and the substrate was set to
3 cm. A home-made rectangular frame was entwined
with polyester thread and then was placed on the
substrate. The spacing between adjacent threads is
approximately 1 mm (Fig. 1a). To ensure the polye-
ster thread can be evenly coated by the GO sheets, the
home-made rectangular frame should be overturned
every 15 min during fabrication process.

The as-prepared GO-coated polyester thread was
immersed into GaCl, (5 wt%) solution for 30 min to
improve the strength [18, 45]. After that, the GO-
coated polyester was transferred into deionized
water bath to wash away the residual GaCl, solution.
It was dried in a draught drying cabinet at 40 °C for
20 min. In the end, the GO-coated polyester thread
was thermally annealed in a tube furnace under Ar
gas flow to reduce the GO sheets and remove the
polyester thread. In the thermal reduced process, the
samples were heated up from room temperature to
various temperatures (600, 700, 800, 900, 1000, 1100,
and 1200 °C) at a rate of 4 °C min~" and kept at this
temperature for 90 min to obtain multi-channel p-
GTs with different degrees of reduction.
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The preparation of TiO,/p-GTs

TiO, nanoparticles (25 nm in diameter) were intro-
duced into multi-channel p-GTs by soaking them into
commercial TiO, P25 aqueous suspension
(12mg mL™") for 30 min with slight stir. Subse-
quently the multi-channel p-GTs were removed from
suspension and dried in air at room temperature.
Then TiO,-modified multi-channel p-GTs were
annealed in a tube furnace under Ar gas flow at
400 °C for 30 min before photocurrent measurement.

Characterization

The morphology of the multi-channel p-GTs was
examined by scanning electron microscopies (FE-
SEM, JSM-7500F), and the composition was charac-
terized by X-ray photoelectron spectroscopy (XPS,
Thermo, Escalab 250). Raman spectra were collected
in the back-scattering geometry using a Jobin-Yvon
HR Evolution micro-Raman system equipped with a
liquid-nitrogen-cooled  charge couple detector,
a 100x objective lens (numerical aperture =~ 0.90),
and a 600 lines mm™' grating. The excitation wave-
length is 532 nm from a solid-state laser. Thermal
gravimetric analysis (TGA, Mettler Toledo) was car-
ried out under Ar purge at a heating rate of 5 °C
min~' from room temperature to 800 °C. The elec-
trical resistance was tested using a four-probe tech-
nique on a physical property measurement system
(Quantum Design, Quantum Design-EverCool II).
The temperature dependence of the electric resistivity
was investigated at temperatures from 10 to 300 K.

Figure 1 a Schematic illustration of the setup for fabricating of GO-coated polyester thread. b Optical images of loose polyester thread
with many gaps. ¢ SEM image of a pu-GT. d Cross-sectional SEM image of a multi-channel p-GT. e SEM image of r-GOP (top view).
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The bending tests on the resistance of multi-channel
u-GTs were carried out with a home-made two-point
bending device, and the electrical resistance was
recorded simultaneously by use of digital multime-
ter. For measuring the photocurrent response of TiO,-
modified multi-channel p-GTs, the current was
recorded by electrochemical workstation (CHI760D,
CH Instruments) upon exposure to a daylight lamp
(40 W). The distance between the electrode and light
source was 20 cm.

Results and discussion

In the regular preparation process of the p-GTs, the
key point is how to make the GO sheets uniformly
deposited on the surface of the template and reduce
the impact on properties and geometric shape of p-
GTs when removing the template in the end. The
low-cost commercial polyester thread was selected as
the template in this work, and GO sheets were
homogeneous deposited on the polyester thread by
using the ESD technique. After the GO sheets were
reduced by thermal annealing along with the disin-
tegration of polyester thread under high temperature,
the multi-channel p-GT was finally obtained as
shown in Fig. 1c. The multi-channel p-GTs have a
higher specific surface area compared to the single-
channel p-GTs which is essential for a wide range of
applications such as solid-state supercapacitor,
highly efficient catalyst supports, and drug delivery.
In addition, a characterized seamless structure was
formed in the outside and inner surface of pu-GTs,
because the reduced GO sheets flat overlap each
other in the horizontal direction as shown in Fig. 1d.
This is the key factor to form the channels rather than
collapse after the template was removed. And what is
probably more intriguing is that the tube wall of the
pu-GT was constituted by many reduced GO sheets
with obvious layer-by-layer structure which could be
beneficial for improving the performance of the
multi-channel p-GTs. Besides, some obvious wrinkles
can be found on the surface of the multi-channel p-
GT (Fig. 1e).

As a frequently used assembly technology of film
materials, ESD has been extensively used in the
preparation of graphene-based film materials
recently [31-34]. However, the application of this
technique on graphene-based fiber materials prepa-
ration has been reported rarely. In the electrospray
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deposition process, the GO sheets had separated each
other gradually in the spraying zone by the repulsive
force due to same electric charges. Meanwhile, they
fell toward the substrate due to the applied attractive
force by electric field and the gravity of solution.
With the help of the attractive force by applying
electric field, the GO sheets can be easily deposited
on the surface of the template. Thus, the materials of
the template not only restrict to metallic materials
such as Cu wire but also the low-cost commercial
polyester thread used in this work. Furthermore, the
polyester thread template can be removed along with
the reduction process due to the low decomposition
temperature of polyester thread (less than 460 °C,
Fig. 2a). As the TGA curves shown in Fig. 2a, GO-
coated polyester thread exhibited a slight weight loss
around heating at about 100 °C due to evaporation of
solvent and decomposition of oxygen-containing
functional groups. When temperature was heated up
to ~ 340 °C, both polyester thread and GO-coated
polyester thread start to lose weight because of the
decomposition of polyester. This process of weight
loss continues to the temperature rise to nearly
460 °C. The polyester thread was totally disintegrated
while the residual weight of GO-coated polyester
thread is about 30% in the end. This indicates that the
GO-coated polyester thread has transformed into a
pure carbon-based material (u-GTs) after high-tem-
perature heat treatment above 500 °C.

On the other hand, the flexible geometrical struc-
ture of the commercial polyester thread promises
possibility to produce multi-channel p-GTs. The
original polyester thread is composed of dozens of
uniaxial arranged ultrafine yarns, and some gaps can
be randomly formed between the yarns. By repeat-
edly tension and relaxation, the polyester thread can
also show a loose structure with many gaps, as
shown in Fig. 1b. The micron-sized GO sheets can be
immersed into these gaps easily and were finally
deposited onto the inner yarns. After the yarns were
disintegrated at high temperature, numerous chan-
nels can be formed for p-GTs (Fig. 1c).

To get information about structural changes of GO
sheets after thermal reduction at different tempera-
tures, which were investigated by the Raman spec-
troscopy. Representative Raman spectra of GO and
multi-channel p-GTs which were thermally reduced
at 600, 800, 1000, 1100, and 1200 °C are shown in
Fig. 2c, d. Because of the recovery of the hexagonal
network of carbon atoms and the removal of
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Figure 2 a TGA curves of (a) — GO-coated polyester thread (b) .
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functional groups, the G peak down-shifts to
1580 cm ™' from 1591 cm™" as well as the full width at
half maximum of the D (~ 1345 cm™') and G bands
decrease down to values of ~ 40 cm™' after the
thermal reduction process [35-37]. And the D’ mode
appears around 1610 cm™' along with the G peak
gets narrow enough by thermal annealing. Further-
more, the Ip/Ig ratio initially increases with reduc-
tion temperature increasing (lower than 1000 °C) and
then decreases with further reduction. The initial
increase of Ip/Ig ratio in reduced GO indicates that
the reduction process below 1000 °C may alter the
structure of GO (i.e,, sp® carbon) which leads to
increasing quantity of structural defects as reduction
temperature increases. When the reduction temper-
ature reaches above 1000 °C, the thermal reduction is
mainly achieved through reducing the defects, which
corresponds to the decreases of the Ip/Ig ratio
[36, 37]. In addition, the Raman intensity of 2D band
(2665 cm™")  (Fig. 2d) increases obviously after

@ Springer

2500 2600 2700 2800 2900 3000 3100
. -1
Raman shift (cm )

1600 1700

thermal annealing, further indicated that the recovery
of sp2 carbon in multi-channel p-GTs [35-37].

The reduction in the amount of oxygen-containing
functional groups of the GO sheets by thermal
annealing also can be proved by measuring the C/O
atomic ratio [38]. As the XPS spectra shown in Fig. 3a,
the C/O atomic ratio increases to 27 after thermally
reduced at 1200 °C that is more than 10 times to the
GO. For further proving the oxygen-containing
groups have been removed after thermal reduction,
the high resolution C1 s peaks of the multi-channel p-
GTs have been studied. As shown in Fig. 3b, the XPS
spectrum at the region of C1 s peak of the GO con-
sists of three main parts which arising from C-C
group (~ 284.7 eV), C-O group (~ 287.1 eV), and
C=0 group (~ 288.2eV), respectively, and one
peripheral part arising from O=C-O group
(~ 291 eV) [38, 39]. After thermal reduction, the C—C
bonds have become the only major part along with
the majority of oxygen-containing groups in GO sheet
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Figure 3 a XPS spectra of (a) R
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(C-O, C=0, and O=C-0O) are almost removed as
shown in Fig. 3c.

The electrical properties of multi-channel p-GTs
will be enhanced along with the decrease of the
content of functional groups and reforming of the
crystallinity after thermal reduction process. To study
the effects of reduction temperatures on electrical
properties, the temperature-dependent resistivity of
multi-channel p-GTs thermally annealed at 600, 800,
1000, 1200 °C was measured. As shown in Fig. 4, the
resistance increases with the temperature decreasing
from 300 to 10 K, which indicates that the multi-
channel p-GTs are semiconductors. Interestingly, the
resistivity was apparently decreased and the tem-
perature dependence of the resistivity was gradually
weakened along with the increase of the reduction
temperature. These behaviors prove that the con-
ductivity of the multi-channel p-GTs can be
improved by increasing the annealing temperature
and turning from semiconductor into conducting
characteristics gradually [6, 40]. Owing to the highly
vertically aligned reduced GO sheets which built by
ESD technique and the decrease of the content of
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Figure 4 Temperature-dependent resistivity of thermally reduced
multi-channel p-GTs in the temperature range of 10 K to 300 K.

functional groups and reforming of the crystallinity
by thermal annealing, the electrical conductivity of
the multi-channel p-GT which thermally reduced at
1200 °C is about 1.99 x 10* S m™' at room tempera-
ture. It is comparable with the graphene-based fiber
prepared by CVD method [27], and more than twice
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as much as that of the single-channel p-GTs prepared
by electrochemical deposition technique [28].

Despite of the high-temperature annealing, the
multi-channel p-GTs still has a good flexibility
because of the highly vertically aligned reduced GO
sheets in the tube wall as well as the multiple inner
structure. As shown in Fig. 5a and Movie S1, Sup-
porting Information, the LED lamp can be powered
by a 6 V dry cell with the conductivity wire of the
multi-channel p-GT thermally reduced at 1200 °C.
And the brightness remains stable when the multi-
channel p-GT was bent over and over again on the
max bending with an angle of 85°. To further
demonstrate the potential application in wearable
devices, the bending tests of the electrical properties
of multi-channel pu-GT were carried out by measuring
their relative resistance changes. The relative resis-
tance shows a negligible variation in either the
straight or bent state through an 800-cycle bending
test, as shown in Fig. 5b. The excellent electrome-
chanical stability indicates great potential of multi-
channel p-GT in flexible electronics and wearable
devices.

Due to the good conductivity, excellent flexibility,
and large specific surface area, the multi-channel p-
GT provides an idea platform for post-synthesis
through combination of various materials with dif-
ferent properties into the tube bodies for multifunc-
tional applications. As an example, the TiO,
nanoparticles were intercalated into the framework of
reduced GO sheets by soaking the multi-channel p-
GT thermally reduced at 1100 °C in commercial TiO,
aqueous suspension. The existence of TiO, nanopar-
ticles in such systems can be confirmed by its Raman

Figure 5 a Digital
photograph of the multi-
channel pu-GT used as a
conductive wire for lighting a
LED, the inset is the multi-
channel p-GT under bending
with an angle of 85°. b Cyclic
stability of the multi-channel
PU-GT under the repeated
bending, the insets are photos
of straight (left) and bent
(right) multi-channel p-GT
during the test.
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spectra. As the Raman spectra of TiO,/multi-channel
pu-GT composite shown in Fig. 2b, four extra Raman-
active modes with frequencies at 146, 399, 513, and
639 cm™! obviously appear as well as the two peaks
at ~ 1345 cm™"' (D band) and ~ 1580 cm™" (G band)
from the multi-channel p-GT. These four peaks are
unusual characteristics of the anatase [41, 42], which
indicates the successful preparation of TiO,/multi-
channel p-GT composite. The actual test results
indicate that there is a fast and uniform photocurrent
responding to each switch-on and switch-off event in
the TiO,/multi-channel p-GT electrode as shown in
Fig. 6, which means a direct electron/hole injection
between the TiO, particles and graphene sheets
through photoexcitation of TiO, [5, 43, 44], suggest-
ing the important applications in optoelectronic
fields.

Conclusions

In summary, the ESD technique was introduced to
fabricate the graphene oxide-coated polyester thread
from cost-efficient graphene oxide suspensions.
Multi-channel p-GT was successfully prepared after
the polyester thread template was removed along
with the reduction of GO sheets. The multiple
structure within the cross section and vertically
aligned reduced GO sheets of the multi-channel p-GT
wall promise many excellent properties, such as
highly conductive, good flexibility, and functional-
ization. The high-performance multi-channel p-GTs
obtained by the sample method open the immense
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Figure 6 a A typical
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potentials for application in smart clothing and flex-
ible electronics.
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