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Macroscopic Graphene Fibers Directly Assembled from CVD-Grown
Fiber-Shaped Hollow Graphene Tubes

Tao Chen and Liming Dai*

Abstract: Using a copper wire as the substrate for the CVD
growth of a hollow multilayer graphene tube, we prepared
a macroscopic porous graphene fiber by removing the copper
in an aqueous mixture solution of iron chloride (FeCl;, 1m) and
hydrochloric acid (HCI, 3m) and continuously drawing the
newly released graphene tube out of the liquid. The length of
the macroscopic graphene fiber thus produced is determined
mainly by the length of the copper wire used. The resultant
macroscopic graphene fiber with the integrated graphene
structure  exhibited a  high  electrical  conductivity
(127.3 Scm™) and good flexibility over thousands bending
cycles, showing great promise as flexible electrodes for
wearable optoelectronics and energy devices—exemplified by
its use as a flexible conductive wire for lighting a LED and
a cathode in a fiber-shaped dye-sensitized solar cell (DSSC)
with one of the highest energy conversion efficiencies (3.25 %)
among fiber-shaped DSSCs.

H igh-performance fibers formed from highly aligned one-
dimensional polymer chains (e.g., Kevlar fiber) and/or two-
dimensional graphitic sheets (e.g., carbon fiber) have been
successfully used as high-strength and light-weight structural
materials for transportation, civil engineering, and defense."
Recently, macroscopic fibers derived from carbon nano-
materials, such as carbon nanotubes (CNTs) and graphene
sheets, have attracted considerable attention owing to their
unique mechanical, electrical, and thermal properties.”"]
Consequently, high-performance CNT fibers have been
produced by wet-spinning,”! direct chemical vapor deposi-
tion synthesis,[®! dry-spinning of highly-aligned CNT arrays
in the fashion like spinning of cotton or wool.’!! Macro-
scopic graphene fibers reported to date were mostly assem-
bled from graphene oxide sheets, which were generated by
liquid-phase exfoliation of graphite in the presence of ultra-
strong acid and oxidizer.'>"'") However, the acid oxidation
often causes severe structural damage, which greatly
decreases the mechanical and electrical properties of the
resulting macroscopic “graphene” fiber. A few of graphene
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fibers have recently been assembled from planar graphene
sheets generated by chemical vapor deposition (CVD),!!
but the length of the resulting graphene fibers was limited to
several centimeters by the small size of the graphene sheets
and the high surface tension of the solvent used during the
fiber drawing process, and hence their applications were also
greatly limited. Until now, it still remains a great challenge to
directly assemble graphene sheets into long fibers without
significant structural damage of the constituent graphene
sheets.

By using copper (Cu) wires as the growth substrate for
CVD growing hollow graphene sheets, we now develop
a facile method to directly assemble the resultant hollow
graphene tubes into macroscopic graphene fibers of tens of
centimeters long without much structural damage. The length
of the macroscopic graphene fiber thus produced is deter-
mined mainly by the length of the copper wire used, which is
unlimited in principle. Figure S1 in the Supporting Informa-
tion schematically shows the route to a macroscopic graphene
fiber drawn from the CVD-grown hollow graphene tubes. To
start with, multi-layer graphene hollow tubes were grown on
Cu wires with a diameter of 0.64 mm and different lengths
(Figure S2a) by CVD of methane under argon (Ar, 200 sccm)
and hydrogen (H,, 40sccm) at 1000°C for 10 min (see
Experimental Section). Thereafter, the Cu substrate was
removed by etching in an aqueous mixture solution of iron
chloride (FeCl;, 1m) and hydrochloric acid (HCL, 3Mm), leading
to a hollow graphene tube floating at the liquid/air interface
(Figure S2b-d). The FeCl; and CuCl, residue, if any, was
removed by repeatedly transferring the hollow graphene into
a deionized water for at least five times (see Figure S6 and
Table S1). Finally, the graphene fiber with a porous structure
formed (see Figure 2a-d) as the hollow graphene tube was
drawn out from water. Graphene fibers with a twisted
structure can also be prepared by using a rotating probe for
the drawing process.

Figure 1 shows typical scanning electron microscope
(SEM) images of a Cu wire before and after the growth of
graphene, at different magnifications. A uniform graphene
layer on the Cu wire surface is evident in Figure 1d. The
transmission electron microscope (TEM) image given in
Figure S3 reveals about ten graphitic layers for the CVD-
grown graphene tube with a hexagonal electron diffraction
pattern (inset of Figure S3). Compared to conventional
multiwalled carbon nanotubes, the large diameter graphene
tubes with a few graphene layers have an extremely small wall
thickness to tube diameter ratio, and hence a much higher
surface area.

As can be seen in Figure 2a—d, the diameter of the
resultant graphene fiber decreased as the graphene tube was
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Figure 1. Surface morphologies of the Cu wire before and after the
growth of graphene layer. a,b) SEM images of the bare copper wire
after treatment with HCl at a low and high magnification. c,d) SEM
images of the copper wire after CVD growth of graphene at a low and
high magnification.

Figure 2. Digital photographs and SEM images of the graphene fibers.
a—d) Digital photographs of a graphene fiber formed by drawing

a hollow graphene tube out of water. e) A digital photograph of

a graphene fiber over 20 cm long. f) A digital photograph of a graphene
fiber wrapped on a glass rod. g) A digital photograph of a planar circle
with a large radius curvature formed by bending a graphene fiber. h) A
SEM image of a knot derived from a graphene fiber.

drawn out from water. Graphene fibers with a length over
twenty centimeters (Figure 2¢) can be easily produced. The
length of the graphene fiber thus produced is, in principle,
only limited by the length of the Cu wire used as the template.
The Cu wire can be bent back and forth (Figure S2a) or rolled
up into the tube furnace for the CVD growth to allow for
a large-scale production of the graphene fibers. Thus,
graphene fibers with various lengths can be easily fabricated
(Figure 2 e and Figure S4), which are flexible and can be easily
wrapped on a glass rod (Figure 2 f), bent from a straight line
into a circle (Figure 2 g) or made into knot (Figure 2h). Like
other carbon fibers,” % our graphene fibers can also be bent
and twisted together (Figure S5) to show good potentials for
a large variety of applications, ranging from wearable to
electrochemical devices.

Unlike those graphene fibers obtained from graphene
oxide, our graphene fiber was constructed from a single piece
of continuous and integrated graphene sheet, as shown in
Figure 3a—c, with good mechanical and electrical properties.
Similar to the graphene fiber spun from graphene oxide, >
our graphene fiber also had a rough surface (Figure 3 a—c) and
porous structure (Figure 3d), arising from the large shrinkage
occurred (from 640 pm to 12 um) during the solution drawing
and solvent evaporating processes. These structure features
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Figure 3. Morphologies of graphene fibers prepared by drawing hollow
graphene tubes out of water with and without rotating. a—c) Typical
SEM images of a graphene fiber under different magnifications.

d) SEM image of the cross-section of the graphene fiber shown in (a).
e—g) SEM images of a graphene fiber with the twisted structure
produced by using a rotating probe.

made our graphene fibers attractive as fiber electrodes in
fiber-shaped energy conversion and storage devices. A
twisted graphene fiber with an enhanced mechanical strength
can also be formed by adhering the hollow graphene tube
onto a rotating probe during the drawing process. Figure 3e—g
show SEM images of the graphene fiber with twisted
structures, in which the constituent graphene sheet aligned
well along the probe rotating direction.

Figure 4a shows Raman spectra for the as-grown gra-
phene on the Cu wire and the corresponding graphene fiber.
As expected, both exhibited a strong G-band peak at about
1580 cm !, relatively weak p-band peak at around 1356 cm ™!
and 2D peak at about 2720 cm™". The Ip/I; ratio (the peak
intensity ratio of the D peak versus G peak) of the graphene
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Figure 4. Properties of the graphene fiber. a) Raman spectra of the as-
grown graphene on the Cu wire and the resultant graphene fiber. b) I-
V curve of a graphene fiber. c) The dependence of electrical resistance
of graphene fiber on the bending. d) Digital photograph of a graphene
fiber used as one segment conductive wire for lighting a light emitting
diode.
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fiber was about 0.38, which is much higher than that of the as-
grown graphene on the Cu wire (0.21). The above observed
difference in the I,/I; ratio indicates that some defects have
been introduced by the solution drawing process, presumably
during the removal of the Cu substrate in the mixture solution
of 1m FeCl; and 3m HCI. Both the as-grown graphene on the
Cu wire and the resultant graphene fiber showed a similar 7,p/
I; ratio of about 0.62, indicating the multilayered nature
characteristic of the CVD-grown graphene on a Cu cata-
lyst,?*? which is also consistent with our TEM observation
(see Figure S3).

The graphene fiber was further evaluated by I-V meas-
urements. Figure 4b shows an Ohmic behavior with an
electrical conductivity of 127.3 Scm !, calculated according
to the equation of 6= L/(RS), where R, S, and L represent
electrical resistance, the cross-section area, and the length of
the graphene fiber, respectively. This value of the conductivity
is higher than that of the graphene fiber prepared using
multiple pieces of CVD-grown graphene sheets.'®! The high
electrical conductivity of our graphene fiber can be attributed
to the integrated structure of graphene tube since the residual
Cu or Fe, if any, has been largely removed during etching
process, as verified by the EDX (energy dispersive X-ray
spectroscopy) element analysis (Figure S6 and Table S1).
Furthermore, over 1000 bending cycles, up to a bending
angle of 60° caused only about 2% change in the electrical
resistance of the graphene fiber (Figure 4c¢), indicating a good
mechanical flexibility and electrical stability. To demonstrate
the potential application of the graphene fiber, Figure 4d
shows that the graphene fiber can be used as a conductive
wire for lighting a commercial light emitting diode (3V LED
from Microtivity). Owing to its excellent electrical properties,
good porosity, and flexibility, the graphene fiber holds great
promise as the counter electrode in dye-sensitized solar cells
(DSSCs), as discussed below.

Graphene materials have been recently used as metal-free
counter electrodes to replace the conventional noble-metal
(platinum) electrode in DSSCs.” ™! Fiber-shaped DSSCs
have attracted considerable attentions because of their
flexibility and wearability.?**! Therefore, we tested our
graphene fiber as the counter electrode in fiber-shaped
DSSCs. In a typical experiment, a titanium (Ti) wire anodized
with a titania nanotube array (Figure S7) was used as the
working electrode after being adsorbed with dyes, and the
mixture solution of 0.1m Lil, 0.05m I,, 0.6 M dimethyl-3-n-
propylimidazolium iodide, and 0.5M 4-tert-butyl-pyridine in
dehydrated acetonitrile was used as the redox electrolyte. As
schematically shown in Figure 5 a, the fiber-shaped DSSC was
constructed by assembling the anode Ti wire working
electrode together with the graphene fiber counter electrode
in parallel, sandwiched with the liquid electrolyte via the
capillary force. The ends of the two fiber electrodes were
fixed with silver paste for easy and reliable characterization
(Figure 5b). Figure Sc schematically shows the working
principle for the fiber-shaped DSSC. Briefly, electrons were
generated upon light illumination of dye molecules chem-
isorbed on the titania nanotube electrode. Electrons thus
generated were injected into the conduction band of the
titania nanotubes, transported to the core titanium wire, and
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Figure 5. a) Schematic illustration of a fiber-shaped dye-sensitized
solar cell using the graphene fiber as the counter electrode. b) A digital
photograph of an assembled fiber-shaped dye-sensitized solar cell.
c) A schematic illustration of the working principle for the graphene
fiber-based dye-sensitized solar cell. d) Current density versus voltage
curves of the fiber-shaped dye-sensitized solar cell based on the
graphene fiber or platinum wire counter electrodes.

reached the graphene fiber counter electrode through the
external circuit. The excited dye molecules were reduced back
to the ground state by oxidation of I into I;™ ions, while 15 is
reduced to I” by accepting electrons from the graphene fiber
to close the electrical circuit. Figure 5d shows the current
density versus voltage curve for the fiber-shaped DSSC under
the AM 1.5 simulation light, from which a power conversion
efficiency of 3.25 % was obtained with a short-circuit current
density (/) of 14.10 mA cm 2, open-circuit voltage (V,.) of
0.58 'V, and fill factor (FF) of 0.40. The observed device
performance is comparable to that of the fiber-shaped solar
cell based on a CNT-fiber counter electrode reported
previously.” For comparison, a platinum wire with a diameter
of 25 um was tested as the counter electrode under the same
condition, leading to an efficiency of 2.14% (Figure 5d). The
higher efficiency for the graphene fiber-based solar cell can be
attributable to the higher surface area of graphene than that
of the smooth platinum wire, in conjunction with its better
electrical and electrochemical properties.

In conclusion, a novel simple approach has been devel-
oped to fabricate long and macroscopic graphene fibers with
excellent electrical conductivity (over 120.0Scm™) and
flexibility by CVD-growing graphene on a Cu wire, followed
by removing the Cu template and directly drawing the hollow
graphene tube into the graphene fiber. The resultant gra-
phene fiber was demonstrated to show excellent mechanical
flexibility and electrical conductivity with the electrical
resistance almost unchanged over one thousand bending
cycles. Furthermore, fiber-shaped dye-sensitized solar cells
based on the newly developed graphene fiber counter
electrode were constructed to show an energy conversion
efficiency of 3.25 %, outperformed its platinum counterparts.
The graphene fiber developed in this study holds great
promise to be used as fiber electrodes in various electronics
beyond DSSCs, such as supercapacitors, sensors, and wear-
able electronics.
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Experimental Section

Copper wire with diameter of 0.64 mm (purchased from Fisher
Scientific) was used as the substrate to grow the hollow graphene
tube, which was treated prior to the graphene growth by immersing in
3m HCl aqueous solution for 12 h to remove the oxide layer, followed
by washing with deionized water and ethanol three times, respec-
tively, and blow-drying using air gas. Copper wires with different
lengths were put into a tube furnace with a diameter of 2 inch,
followed by introducing argon (Ar, 200 sccm) and hydrogen (H,,
40 sccm). The furnace was heated to 1000°C at a rate of 25°Cmin ",
and maintaining at 1000 °C for 10 min. Then, methane was introduced
with a flow rate of 10 sccm for the graphene growth around the copper
wires at 1000°C for 10 min. Finally, the zone of the tube for the
graphene growth was rapidly moved out of the heating zone (room
temperature).

The copper wire after CVD-growth was immersed into an
aqueous solution containing 1M FeCl; and 3m HCI overnight to
produce a continuous hollow graphene tube floating at the solution/
air interface. Then, the hollow graphene tube was carefully contacted
onto the tip of tweezers, and transferred into deionized water to
remove residue of FeCl; and CuCl,, if any. This process was repeated
five times. Finally, the continuous graphene fiber was directly drawn
out from water using tweezers, and the porous structure was formed.
The aligned twisted graphene fiber was directly spun out from water
by using a rotating probe with speed of 500 rpm.

The aligned TiO, nanotube array was grown on the outer surface
of Ti wire with a diameter of 127 um by a two-electrode electro-
chemical anodization method in the electrolyte of ethylene glycol
solution containing 0.25 wt % NH,F and 2 vol % H,O at a voltage of
60 V for 4 h, in which Ti wire and platinum plate were used as working
electrode and counter electrode, respectively. The anodized Ti wire
was washed with deionized water, then annealed at 500°C in air for
1 h to obtain anatase TiO,, which was immersed into a solution of
0.3 mm N719 in acetonitrile overnight. The fiber-shaped dye-sensi-
tized solar cell was assembled by putting a dye-sensitized anodized Ti
wire and a graphene fiber contacted with each other, followed by
dropping on them a liquid electrolyte solution with 0.1m Lil, 0.05m I,,
0.6M dimethyl-3-n-propylimidazolium iodide, and 0.5m 4-tertbutyl-
pyridine in dehydrated acetonitrile. The liquid electrolyte infiltrated
into TiO, nanotubes and made the two fibers to contact with each
other well because of the capillarity force.

The structure of graphene fiber was characterized by SEM
(JEOL JSM-6510LV/LGS operated at 20 kV and Hitachi S4800 at
10 kV). Transmission electron microscopy (TEM) was carried out on
a JEOL2100 high-resolution transmission electron microscope at an
operation voltage of 200 kV. Raman spectra were collected with the
Raman spectroscopy (Renishaw), using 514 nm laser. The solar cell
was measured by recording I-V curves with a Keithley 2400 Source
Meter under illumination (100 mW cm™?) of simulated AM 1.5 solar
light (Oriel-Sol3A 94023A). The effective area of a fiber-solar cell for
calculation of the power conversion efficiency was obtained by
multiplying the length and diameter of the Ti wire.
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