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ABSTRACT Large-scale assembly of graphenes in a well-controlled macroscopic
fashion is important for practical applications. We have developed a facile and
straightforward approach for continuous fabrication of neat, morphology-defined,
graphene-based hollow fibers (HFs) via a coaxial two-capillary spinning strategy. With a
high throughput, HFs and necklace-like HFs of graphene oxide have been well-
controlled produced with the ease of functionalization and conversion to graphene HFs
via simply thermal or chemical reduction. This work paves the way toward the mass
production of graphene-based HFs with desirable functionalities and morphologies

for many of important applications in fluidics, catalysis, purification, separation,

and sensing.
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raphene, an atom-thick two-

dimensional (2D) material comprising

monolayer hexagonal sp*-hybridized
carbons, is attracting tremendous attention
owing to its fascinating properties such as
large electron mobility," > high thermal
conductivity,* extraordinary elasticity and
stiffness,® as well as the relatively low cost
for large scale production from natural
graphite.® The development of scalable as-
sembly methods is the key step toward the
practicality of graphenes. For integration of
the remarkable properties of individual gra-
phenes into macroscopic, functional struc-
tures of practical importance, many efforts
have been made to devise an effective as-
sembly strategy for construction of 2D mac-
roscopic configurations’ % and 3D frame-
works,’>™"® in virtue of the intrinsic 2D
structure. However, 1D macroscopic fibers
assembled from 2D microcosmic graphene
sheets has been recently achieved only by
several groups.'®™%? As a new type of car-
bon-based fiber, graphene fiber possesses
the common characteristics of fibers such as
mechanical flexibility for textile use, while
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uniquely possessing low cost, lightweight
mass, and ease of functionalization in com-
parison with conventional carbon fibers.'®™"?
In this regard, we have developed a facile
dimensionally confined hydrothermal strat-
egy to fabricate macroscopic neat graphene
fibers with a strength comparable to carbon
nanotube (CNT) yarns from aqueous gra-
phene oxide (GO) suspensions.'® This fiber is
light, shapable, and weavable with ease of
in situ and postsynthesis functionalization for
integration into smart textiles. By developing a
dually geometric confinement method, we
have also recently achieved the fabrication
of multichannel graphene microtubings with
a certain length,® which stand for newly
assembled architectures of graphenes with a
hollow interior. These graphene microtubings
show promise for stimulus-responsive devices
and self-powered micromotors, and are essen-
tial for fluidics, catalysis, purification, separation,
sensing, and environmental protection.®*~%
Herein, we report a facile and straight-
forward approach for continuously engi-
neered production of morphology-controlled
graphene-based hollow fibers (HFs) via
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a coaxial two-capillary spinning strategy. Length-
unlimited graphene oxide HFs (GO-HFs) and neck-
lace-like graphene oxide HFs (nGO-HFs) with ease of
functionalization and conversion to graphene HFs
(G-HFs) have been fabricated by direct spinning of a
GO suspension. This work paves the way for the mass
production of graphene-based HFs with desirable
functionalities and morphologies for many impor-
tant applications.

RESULTS AND DISCUSSION

Figure 1a shows a schematic illustration of our setup
for directly spinning of GO-HFs into the coagulation
bath of methanol solution containing 3 M KCI. A coaxial
two-capillary spinneret was exploited to conveniently
fabricate the GO-HFs. The spinneret was fabricated by
inserting a stainless steel needle (with an inner di-
ameter of ca. 300 um and outer diameter of ca. 500 um)
into a branched glass tube with a capillary tip (inner
diameter of ca. 1000 um). The coaxial two-capillary
spinneret is shown in Figure 1b. Besides the spinneret
used to define the tubular shape, a high concentration
of GO suspension is required for formation of GO-HFs.
Figure 1c shows the GO solution of 20 mg/mL with a
viscosity of 2.3 x 10° Pa-s, which was prepared by
gradually evaporating the water of dilute GO solution.
The GO has a size distribution of 0.5 to 4 um (Supporting
Information, Figure S1) and its suspension is viscous
enough to ensure the effective coagulation during
continuously spinning into the bath of KCl/methanol
solution.'®'”?8 In a typical experiment (Figure 1d), the
stainless steel needle is connected to a syringe-contain-
ing coagulation bath, while the glass tube is filled with
GO suspension through the branch. An air pressure is
applied to the branch to push the GO out of the
spinneret and into the bath solution, accompanied with
a flow of the coagulation solution at a proper rate out
from the core capillary that is controlled by the injection
pump, and the GO-HFs are continuously produced
(Supporting Information, movie S1).

The continuous production of GO-HFs is very fast
and efficient. One meter of GO-HFs is generated within
30 s with a production rate of 3.3 cm/s. In fact, the
throughput can be further enhanced by accelerating
the flow of GO suspension. Figure 1e presents a roll of
initially produced GO-HFs collected in KCl/methanol
solution. The close view of the fibers reveals the semi-
transparent character (Figure 1f) and the hollow struc-
ture is reflected by the open tip (Figure 1f, inset). After
being fully washed with clean methanol and naturally
dried at room temperature, the flexible and mechani-
cally stable GO-HFs shrink a little in diameter without
any structural collapse and are readily rolled in discoid
shape for further use (Figure 1g and Supporting In-
formation, Figure S2). The X-ray diffraction (XRD) pat-
tern exhibited the typical feature of GO witha 260 =11°
(Supporting Information, Figure S3). The directly spun
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Figure 1. (a) Schematic illustration of the setup that used a
dual-capillary spinneret to directly spin GO-HFs. (b) A photo
of the coaxial two-capillary spinneret. (c) The concentrated
GO suspension (20 mg/mL) for spinning. (d) The experi-
mental setup for directly spinning GO-HFs. (e,f) Photos of
the spun GO-HFs in methanol solution with 3 M KCl. The
inset in panel f shows the open tip of one GO-HF. (g) A photo
of the naturally dried GO-HFs. (h) Typical stress—strain
curve of a single GO-HF.

GO-HFs have a measured tensile strength of up to ca.
140 MPa (Figure 1h), which is even comparable to
that of solid GO fiber'®'” and filtration-formed GO
papers.”?® The GO-HFs have a typical elongation at
break of about 2.8% presumably originating from the
possible displacement of the GO sheets within the
walls,'® which is much larger than that of graphite
fibers (about 1%).

The initially produced GO-HFs has an incompact but
highly cross-linking structure of random graphene
sheets interlaced within the wall (Figure 2a) similar to
that 3D graphene framework, 33" while it seems that
GO sheets on the inner and outer surfaces lie along the
tube axis (Figure 2b,c and Supporting Information,
Figure S4) probably induced by the extrusion process,
which may be beneficial to the high strength. After dry-
ing, the pore-rich structures become densely stacked
both on the surface and within the wall (Figure 2d—f).
Compact stacks of GO sheets (Figure 2d) supersede the
foam structure within the wall (Figure 2a), and a seamless
surface (Figure 2e/f), in spite of wrinkles there, replaces
the porous one (Figure 2b,c). As a result, the diameter of
ca. 700 um for the GO-HF at the “wet” stage (Figure 2a,b)
reduces to ca. 470 um for the dry one with a continuously
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Figure 2. (a—c) Scanning electron microscope (SEM) images of the cross-section and surface of initially produced GO-HF with
rapidly freeze-dried treatment. (d—f) SEM images of naturally dried GO-HF samples. (g) Cross-section view of the wall of
GO-HF. (h,i) SEM images of a folded GO-HF. Scale bars: (a,b,d,e,i) 100 um; (c,f) 10 um; (g) 1 xm; (h) 1 mm.

hollow structure (Supporting Information, Figure S5).
Since there is tight layer-by-layer stacking of GO sheets
(~1 um in thickness) within the wall (Figure 2g), the
GO-HFs have a considerable tolerance to the bending
and folding. As it is being bent, the GO-HF deforms the
wall accordingly in the absence of any broken points
(Figure 2h,i). Further, both the thickness of wall and the
inner/outer diameter of GO-HFs can be tuned accord-
ingly by the proper spinneret design and the change of
GO concentration as exemplified in Supporting Infor-
mation, Figures S6—S59.

The direct-spin strategy developed in this study also
allows the simultaneous functionalization of GO-HFs.
The modification of GO-HFs can be done readily by
simply introducing the functional components into the
core flow or mixing the targets with the initial GO
suspension during GO-HF production, respectively.
As exemplified in Figure 3a—c, when the SiO, nano-
spheres (ca. 200 nm) as model component are mingled
within the flow medium of KCl/methanol in the in-
ner capillary of the spinneret, nanospheres that are
region confined are attached to the inner-wall sur-
face of the GO-HF, while the outer-wall surface re-
amins intact. On the other hand, the premixing of
fluorescent components into the GO suspension will
produce the luminescent GO-HF despite the possible
fluorescence quenching (Figure 3d,e and Supporting
Information, Figure S10). The physical incorporation
of functional components into GO-HFs (Supporting
Information, Figure S11) demonstrates the feasibility
of simultaneous functionalization of GO-HFs during
production.
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The as-produced GO-HFs can be conveniently con-
verted to G-HFs by thermal annealing at a certain
temperature (e.g., 400 °C) without loss of their flexibility
but with enhanced mechanical strength (Supporting
Information, Figure S12). Similarly, G-HFs can also be
obtained by chemical reduction using hydroiodic acid
as the reducing agent®? and have a negligible morpho-
logic change with a uniform hollow structure (Supporting
Information, Figures S13 and S14). The generated G-HFs
have an electric conductivity of 8—10 S/cm measured by
a four probe method, which is close to that of graphene
fibers.'®'® G-HFs with fast photocurrent response and
good repeatability have also been demonstrated by im-
mobilizing TiO, particles within the G-HF walls (Supporting
Information, Figure S15).

The concentrated GO suspension with high viscosity
allows it to be directly bubbled (Supporting Informa-
tion, Figure $16), thus providing the chance to elabo-
rately tune the morphologic character of the resultant
GO-HFs. We have replaced the inner fluid of KCl/
methanol solution with compressed air (Supporting
Information, Figure S17). The obtained GO-HF displays
a necklace-like structure where each of the micro-
spheres is connected by the fiber (Figure 4a). Like the
flexibility of the aforementioned GO-HF, the nGO-HF
can be pliably rolled around a finger (Figure 4b)
and bent to a circle shape intact (Figure 4b, inset).
These microspheres have a diameter of ca. 700 um
(Figure 4c), and their surfaces are composed of com-
pact GO films (Figure 4d) similar to that of GO-HFs
(Figure 2f). The deliberately opened microbead in
Figure 4e clearly presents the hollow interior, and a
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Figure 3. (a) SEM image of a GO-HF inner-wall modified with SiO, nanospheres. (b,c) SEM images corresponding to inner and
outer surfaces of GO-HF as marked in panel a, respectively. (d,e) Photos of the fluorescent nanoparticles-intercalated GO-HF
without and with irradiation of 365 nm UV lamp, respectively. Scale bars: (a) 100 xm; (b,c) 100 nm.

(a)

Figure 4. (a) A photo of nGO-HF generated with the air flow rate of 1.0 mL/min. (b) A photograph of the nGO-HF coiled around
afinger and bent to the circle shape (inset). (c) A single microsphere of the nGO-HF and (d) the corresponding enlarged surface
image. (e,f) SEM images of a broken microsphere and its edge, respectively. (g,h) The cross-section view of the nGO-HF broken
between microspheres. (i) A photo of a short nGO-HF sucked with soap-suds on one side, and (j) a soap bubble is generated on
its tip by pressing the bubble of nGO-HF. Scale bars: (c,e,g) 100 um; (f) 1 um; (d,h) 10 um.
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Figure 5. The snapshot of the bubble formation along nGO-HF during spinning at the air flow rate of 1.5 mL/min.

high magnification view of its wall exhibits densely
stacked GO layers with a thickness of only ca. 200 nm
(Figure 4f). Figure 4 panels g and h show the hollow
microsphere has a channel with a diameter of ca.
100 um connected with the outside fiber, indicating
the hollow channel is running through the whole
nGO-HF (Supporting Information, Figure S18). Despite
the necklace-like structure, the tensile strength of nGO-
HF was measured to be as high as ca. 150 MPa on the
basis of the fiber diameter of ca. 100 um. The nGO-HF
also has a relatively large elongation of about 6%
at break due to the elastic deformation of the hollow
microspheres within nGO-HF (Supporting Informa-
tion, Figure S19). The hollow microspheres along
nGO-HF can tolerate the compression to a large ex-
tent. As demonstrated in Figure 4i, a short nGO-HF
was precoated with polydimethylsiloxane (PDMS)
and sealed in one end. Once sucked with soap-suds
and pressed by fingers on the hollow microsphere of
nGO-HF, a soap bubble can be generated on its tip
with high repeatability (Figure 4j), which presents
the great potential of nGO-HF for use as a micro-
pump system.

The nGO-HFs have a relatively smaller fiber diameter
excluding the microspheres than that of the aforemen-
tioned GO-HFs (Figure 2), which is probably because
the absence of coagulation solution within the hollow
GO fibers could lead to their shrinkage toward the void
of spun samples, and is also possibly induced by the
effect of air pressure on the GO walls during spinning.
Despite the difficulty in determining the congregated
air pressure within the GO-HFs during spinning and the
detailed formation mechanism of nGO-HFs in the
preliminary study, we indeed can exquisitely regulate
the distribution of these microspheres along the fiber
by control over the air flow rate. With the increase of air
flow rate from 1.0 mL/min to 2.0 mL/min, the density
of microspheres along the fiber gradually increases
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(Supporting Information, Figures S20 and S21). Sup-
porting Information, movie S2 displays the continuous
production of nGO-HFs at an air flow rate of 1.5 mL/min
and a GO injection velocity of 0.1 mL/s. At a relatively
high air flow rate of 2.0 mL/min, the as-prepared
nGO-HFs show a close bubble-by-bubble connec-
tion (Supporting Information, Figure S20c and S22).
Accordingly, these nGO-HFs can also be converted into
nG-HFs by thermal annealing or chemical reduction
using hydroiodic acid as reducing agent (Supporting
Information, Figure S23).

We have followed up the formation of bubbles along
GO-HFs within a KCI/methanol bath during the spin-
ning process. As revealed in Figure 5 and Supporting
Information, Movie S3, accompanying with the extru-
sion of GO-HF with a diameter defined by spinneret, an
intumescent bubble gradually forms due to the con-
gregated pressure of air flow (Figure 5a—d). Its shape is
solidified rapidly within 10 ms and remains unchanged
in the KCl/methanol bath despite the constant flow of
air through the core (Figure 5d—f). The continuous
extrusion of GO-HF with alternate formation of bubbles
produces the final nGO-HFs. The wet nGO-HFs pro-
duced initially have a relatively large diameter, which
shrinks to the final necklace-like structure after drying
(Supporting Information, Figure S24).

CONCLUSIONS

We have demonstrated a direct spinning strategy for
continuously engineered production of neat, morphol-
ogy-defined, graphene-based hollow microfibers on a
large scale with a high throughput. Both GO-HFs and
nGO-HFs have been well-controlled produced with
ease of functionalization and conversion to G-HFs
and nG-HFs via thermal or chemical reduction. This
work paves the way toward the mass production of
graphene-based HFs with desirable functionalities and
morphologies. Beyond the examples presented in the
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preliminary study, the well-defined functional GO-HFs
and nGO-HFs system will also play essential roles in

EXPERIMENTAL SECTION

Preparation of Graphene Oxide Hollow Fibers (GO-HFs). GO was
prepared by using the modified Hummer method as reported
in our previous papers®?>*' The coaxial two-capillary spinneret
was homemade and used for producing the GO-HFs. In this study,
the inner capillary is a stainless steel needle that is connected to a
10 mL syringe containing methanol solution with 3 M KCl, while
the outer glass capillary is filled with a GO suspension (20 mg/mL)
through the branch. The KCl/methanol flow rate within the core
capillary is set at 0.6 mL/min and the injection velocity of the GO
suspension is 0.1 mL/s. The GO-HFs were reduced to G-HFs by
using hydroiodic acid as the reduction agent at 80 °C for 8 h or by
using thermal annealing at 400 °C in the air for 1 h.

Preparation of GO-HFs Inner Surface Modified with Si0,. The mixture
of SiO; (ca. 200 nm) and KCl/methanol solution was produced
by mixing 0.5 mL of SiO, suspension (5% (w/v)) with 3 M
KCl/methanol solution (15 mL), which was injected into the
inner capillary for formation of GO-HFs.

Preparation of Fluorescent GO-HFs. Fluorescent powder with a
particle size of ca. 30—50 um was received from Beijing
chemical factory. A 10 mg portion of fluorescent powder was
mixed with 10 mL of GO suspension (20 mg/mL) for the direct
spinning of GO-HFs as mentioned above.

Preparation of Necklace-like Graphene Oxide HFs (nGO-HFs). For
formation of nGO-HFs, the inner capillary of the spinneret was
pumped with air instead of the KCl/methanol solution. At a set
flow rate of 1, 1.5, and 2 mL/min, nGO-HFs are continuously
produced. nG-HFs were obtained by thermal or chemical
reduction of nGO-HFs as mentioned above.

Characterization. The morphology of prepared samples was
carried out by scanning electron microscope (SEM, JSM-7500F).
X-ray diffraction (XRD) patterns were obtained by using a PW-
1710 (Philips, Netherlands) diffractometer with graphite mono-
chromatized Cu Ko irradiation (A = 1.54 A). Fourier transform
infrared (FT-IR) spectra were recorded on a Bruker spectrometer
(Equinox 55/S) using KBr pellets. Mechanical tests were carried
out by SHIMADZU AGS-X with a strain rate of 1 mm/min. All data
were collected as the failure happened at the middle region of
the testing samples. The viscosity of GO suspensions was tested
by a NDJ-1 rotational viscometer (Yueping Scientific Instrument,
Shanghai). The movies and photos of the nGO-HF formation are
taken by the high speed camera (Phantom v7.3).
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