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Electric Current Aligning Component Units during

Graphene Fiber Joule Heating

Yi Cheng, Guang Cui, Changhao Liu, Zhetong Liu, Longge Yan, Bingyao Liu, Hao Yuan,
Pengcheng Shi, Jun Jiang, Kewen Huang, Kun Wang, Shuting Cheng, Junliang Li,

Peng Gao, Xinfang Zhang,* Yue Qi,* and Zhongfan Liu*

Joule heating is featured with an extremely high rising rate of temperature
with hundreds of kelvin per second, which has shown superiorities of high
efficiency and energy conservation in graphene fabrication. Herein, we design
a dynamic joule heating system for continuous synthesis of graphene fibers
with ultrashort high-temperature (=2000 °C), treating time (=20 min), and low
electric energy consumption (=2000 k] m™). During the joule heating fabrica-
tion, the current flowing through the fibers can manipulate the configuration
of graphene sheets, the basic component units of fiber, and induce their
alignment. Theoretical simulations reveal that graphene sheets tend to rotate
towards the current direction under the current induced electric field for the
highest stability with the lowest electric free energy and zero rotation torque.
Therefore, the electrical and mechanical performances of as-fabricated gra-
phene fibers can be further improved in comparison with thermally annealed
graphene fibers without applying current.

1. Introduction

During joule heating, the temperature can
reach about 3000 K in few seconds when
current flows through the conductors,”1%
which overcomes the dilemma of tradi-
tional heating types requiring bulky-sized
furnace with low temperature raising rate
(<100 K min™).01112)

Electric current field is widely utilized
to control the microstructure of materials
composed of independent units by modu-
lating their kinetic barrier and free energy.
Under this manipulation, the component
units can change their conformation
and move along the lowest free energy
route.!31%1  For example, it has been
reported that under the current induced
electric field, the fragmented lamellar
cementite inclusions in ferritic-pearlitic
steel tended to align their configurations
parallel to the current direction, along

which the inclusions have the lowest free energy.’]

Graphene fiber, as a new member of carbonaceous fibers

Joule heating is emerged as an advanced method for the efficient
fabrication of thermodynamically stable or metastable mate-
rials, such as carbon materials,-® bulk ceramics,”! transition
metal dichalcogenide,® and high-entropy-alloy nanoparticles.”!

assembled by graphene sheets as component units, is deemed
to exhibit remarkable performances in 1D by inheriting the
superior electrical, mechanical, and thermal properties of
intrinsic graphene.'®22 Currently, the prevailing strategy for
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graphene fiber synthesis is graphene oxide (GO) wet spinning,
followed with the GO fiber reduction to remove oxygen-con-
taining functional groups and heal defects.?*2% The reduction
process can lead to several to dozens times improvement of
electrical, mechanical, and thermal properties of fiber.[23-2427-2]
Thereinto, high-temperature thermal treatment is considered
as one of the most effective approaches to reduce GO fibers,
eliminate the non-carbon impurities, and improve the crystal-
linity of graphene fibers.[?”2839-32] Nonetheless, this method
always requires quite a long duration (>12 h) at high tempera-
ture (>2000 °C), which will cause the decrease in productivity
and the increase in fabricating cost. In addition, the confor-
mation order of graphene sheets in fibers is a significant
parameter for fiber performances. The higher sheet orienta-
tion can reduce the structure disorder and improve the com-
pactness of graphene fibers, leading to better electrical and
mechanical properties.l?6:2:2933 Therefore, it is highly desirable
to develop an effective strategy to synthesize graphene fibers,
while improving the conformation order of the inner graphene
sheets.

In this work, the joule heating method was applied to the fab-
rication of graphene fibers and the dynamic design was innova-
tively integrated to achieve the continuous production. The joule
heating can convert defective graphene oxide (GO) fibers into
highly crystalline graphene fibers with an ultrashort high-tem-
perature treating time (20 min at =2000 °C) and a low energy
consumption (=2000 k] m™). Moreover, the current-induced
electric field was first utilized to orientate the graphene sheets,
the basic component units of fiber, parallel to the current direc-
tion and increase their conformation order. The increase of the
sheet conformation order can further benefit the improvements
the fiber properties. Compared with conventional thermally
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annealed graphene fibers (TGFs) without current applying,
the joule-heated graphene fibers (JGFs) exhibited a higher
Herman’s orientation factor (0.73, 16% increase), resulting in
superior electrical conductivity (=5.9 x 10° S m™., 11% increase)
and tensile strength (=1.07 GPa, 20% increase). This scalable
method paves an innovative way for the quick and continuous
production of graphene fibers with high efficiency and massive
productivity, which will facilitate their real applications in power
cables, electromagnetic shielding, and wearable electronics, etc.
In addition, the current-inducing effect during this process can
be applied into the conformation manipulating of component
units in assembled materials, which has a promising potential
in further improving their macroscopic performances.

2. Results and Discussion

The home-made dynamic joule heating (DJH) equipment for
the continuous fabrication of graphene fibers consists of four
major parts, including joule heating module, roll-to-roll appa-
ratus, and vacuum and gas supplying systems (Figure 1a and
Figure S1, Supporting Information). During DJH process, a
bundle of chemically reduced GO (rGO) fibers coiled on two
winding rollers moved through the joule heating zone with
a programmed velocity (see Experimental Section for more
details). Meanwhile, an infrared camera was utilized to mon-
itor the temperature of JGFs. When the input current flowed
through graphene fibers, temperature of the fibers between
two electrode pulleys can raise to a steady value within few sec-
onds due to the joule heating effect (Figure S2 and Movie S1,
Supporting Information). The as-fabricated JGFs exhibit uni-
form gray contrast and high flexibility after the joule heating
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Figure 1. Graphene fibers fabricated by DJH method. a) Schematic of the DJH system. rGOFs coiled on the supplying roller continuously moved
through the joule heating zone to the receiving roller. b) A reel of 100-filament JGFs. The inset shows the flexibility of as-fabricated JGFs. c) XPS spectra
of rGOFs, JGFs annealed at 1100 °C for 10 min (denoted as JGFs-1100), JGFs treated at 1500 and 2000 °C for 10 min after 10-min treatment at 1100 °C
(denoted as JGFs-1500 and JGFs-2000, respectively). The inset is the zoomed-in O 1s XPS spectra corresponding to the region in the gray dashed
box. d) Raman spectra of rGOFs and JGFs experiencing the same treatment as that in (c). €) 2D-mode Raman intensity mapping of single JGF-2000.
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Figure 2. Temperature-dependent structures and properties of JGFs. a) HR-TEM images of rGOFs, JGFs-1100 and JGFs-2000. Inset is the atomic resolu-
tion image of JGFs-2000. b) Corresponding SAXS patterns of rGOFs, JGFs-1100, and JGFs-2000 in (a). c,d) Temperature-dependent diameter (c) and
electrical conductivity (d) of JGFs. e) Temperature-dependent tensile strength and Young's modulus of JGFs. f) Comparison of high-temperature (HT)
treating time between |GFs with previously reported thermally treated graphene fibers (Refs. [27-33]). Error bars represent the standard deviations from
measurements of ten different fibers in (c—e) and 10 different positions of each fiber in (c,d).

treatment (Figure 1b and inset). The high temperature during
DJH process can effectively remove the non-carbon impuri-
ties and enhance the fiber crystallinity. The impurity elimina-
tion was characterized by X-ray photoelectron spectroscopy
(XPS), revealing that O 1s peak at =533 eV gradually decreases
with temperature increase until finally disappearing at 2000 °C
(Figure 1c and inset), consistent with the corresponding
energy disperse spectroscopy (EDS) and thermogravimetric
(TG) results (Figures S3 and S4, Supporting Information). In
contrast to rGO fibers (rGOFs), the JGFs treated at 2000 °C
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(JGFs-2000) show a negligible D peak in the Raman spectra
(Figure 1d), along with a uniform 2D peak intensity mapping
(Figure 1e), indicating the high quality of the as-fabricated JGFs.

To analyze microstructure evolution of graphene fibers
during DJH process, high-resolution transmission electron
microscopy (HR-TEM) (Figure 2a) was employed, which reveals
that the amorphous structure of rGOFs can be effectively con-
verted into highly crystalline structure with regular Moiré pat-
terns, as presented in JGFs-2000. Atomic resolution image in
the inset of Figure 2a exhibits the well-arranged carbon atoms,

© 2021 Wiley-VCH GmbH
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confirming the high quality of as-fabricated JGFs. Further- duration time of graphene fibers during DJH process is as low
more, corresponding small-angle X-ray scattering (SAXS) pat-  as 20 min, which is more than one order of magnitude shorter
terns show stronger equatorial scattering patterns with the  than conventional thermal treating time, as summarized in
orientation degree increasing from 0.22 to 0.61 (Figure 2b),  Figure 2f.?7-33

which indicates a gradual increase of sheet alignment during In addition to healing the defects and increasing the gra-
the DJH process. Microstructure can contribute a vital part to  phene crystallinity through high-temperature treatment, joule
the macroscopic performances. Benefitting from the improve-  heating can also increase the conformation order of graphene
ment of the crystalline quality and sheet alignment with the  sheet component units in fibers due to the existence of the
temperature ascending, the electrical and mechanical proper-  current-induced electric field. To clarify the effects of the elec-
ties of JGFs increase synchronously, accompanied with a diam-  tric current flowing through fibers, graphene fiber counterparts
eter shrinkage (Figure 2c—e and Figures S5 and S6, Supporting  obtained by the conventional thermally annealing method,
Information). Specifically, JGFs-2000 can achieve a superior and  called TGFs for short, were included for comparison, which
uniform electrical conductivity of (5.9 £ 0.2) X 10° S m™, sur-  were treated with the same temperature and time (see Experi-
passing the majority of polyacrylonitrile (PAN)- or pitch-based = mental Section for more details). The crystallinity and purity of
carbon fibers.?3% The uniformity of JGFs was further con- TGFs were characterized by the Raman and XPS (Figure S8,
firmed by the uniform distribution of electro-thermal tempera-  Supporting Information), showing negligible difference com-
ture (Figure S7, Supporting Information). The tensile strength  pared with JGFs. The orientation order of graphene sheets in
and Young’s modulus of JGFs-2000 can reach to a value of JGFs was significantly improved compared with that of TGFs,
1.07 £ 0.08 GPa and 116 £ 10 GPa, respectively. Compared with  as shown in the TEM images (Figure 3a,b). Corresponding sta-
conventional thermal treatments, the total high-temperature tistics of the sheet orientations at different positions further
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Figure 3. Structure and property comparisons between JGFs and TGFs. a,b) Representative TEM images of |GFs (a) and TGFs (b). c) Statistic of the
position numbers with the specific number of graphene sheet orientations. X-axis represents the orientation count of the graphene sheets and the
Y-axis represents the statistical number of TEM positions with the specific number of graphene sheet orientations. Twenty TEM images were included
in total. d,e) WAXS patterns (d) of JGFs (top) and TGFs (bottom) and the corresponding azimuthal scan profiles (e). f) SEM images of |GFs (top) and
TGFs (bottom). g) Diameter statistics of JGFs and TGFs from fifty fiber samples and ten different positions on each fiber. h) Electrical conductivity
at different positions of JGFs (orange) and TGFs (violet). Different data markers represent the electrical conductivity along different fiber filaments.
i) Representative tensile strength—strain curves of JGFs (orange) and TGFs (violet).
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indicate that the graphene sheets in JGFs exhibit more regular
alignment than those in TGFs (Figure 3c). Details of the sta-
tistical method are illustrated in Figure S9, Supporting Infor-
mation. Wide-angle X-ray scattering (WAXS) pattern of JGFs
presents a higher Herman's orientation factor (JGFs: 0.73,
TGFs: 0.61) as well as a narrower full width at half maximum
(FWHM) in azimuthal scan profiles (JGFs: 30.5 °, TGFs: 38.8 °)
(Figure 3d,e), confirming the better alignment. Meanwhile,
scanning electron microscope (SEM) images (Figure 3f) and
corresponding diameter statistics (Figure 3g) reveal that JGFs
have smaller average diameter and narrower diameter distribu-
tion (12.4 £ 0.5 um), in comparison with TGFs (12.9 £ 0.9 um).
Thus, the JGFs with a reduced structure disorder and smaller
average diameter exhibit 11% and 20% enhancement in elec-
trical conductivity and tensile strength, compared with TGFs
(Figure 3h,i). Apart from the comparisons between JGFs and
TGFs treated under 2000 °C, the JGFs and TGFs treated under
different temperature, such as 1500 °C, were also compared,
where JGFs-1500 also show superior performances compared
with TGFs-1500 (Figure S10, Supporting Information).

www.afm-journal.de

To elucidate the role of electric current in improving the
alignment of graphene sheet component units in graphene
fibers, extensive simulations related to the electric free energy
(Ge) and electric-current-induced torque (7) in this system were
conducted (see Supporting Information for more calculation
details). The schematic in Figure 4a presents the conforma-
tional change of graphene sheets before and after joule heating,
where 0 is the inclined angle between the plane of graphene
sheet and the fiber axis. 8 = 0° and 90° represent the states of
graphene sheet parallel and vertical to the current flow direc-
tion, respectively. The current density distribution around the
graphene sheet at inclined angles ranging from 0° to 90° was
simulated as in Figure 4b and Figure S11, Supporting Informa-
tion. Based on the current density distribution, the further cal-
culated results show that G, has a lowest value when 6 = 0°,
indicating that the state of graphene sheet parallel to current
direction is the most thermodynamically stable (Figure 4c).
Kinetically, the current can induce a high torque, which can
drive the sheet rotating to the most stable state of 8 = 0° with
the minimum torque equals to zero (Figure 4d).
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Figure 4. Theoretical simulations of the electric current-induced graphene sheets alignment in DJH process. a) Schematic showing the conformational
change of the graphene sheets before (left) and after (right) joule heating, where 6 represents the inclined angle between the plane of graphene sheet
and the fiber axis. b) Simulated distribution of current density around the graphene sheet with different inclined angles (6= 0°, 45°, 90°). c,d) Changes
of electric free energy (c) and electric-current-induced torque (d) with respect to the sheet inclined angle 6.
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3. Conclusion

In conclusion, we propose the innovative DJH method enabling
the ultrafast and continuous fabrication of graphene fibers. The
high-temperature treatment duration of graphene fibers in
joule heating can be one order of magnitude shorter than that
of previously reported conventional thermal treatments. During
joule heating, the electric current flowing through the JGFs can
manipulate the conformation of graphene sheet component
units to prompt their alignment along the fiber axis, resulting
in distinct improvements of Herman’s orientation factor, elec-
trical conductivity, and tensile strength with respect to those of
TGFs. The DJH method featured with current-inducing effects
can be extended to the continuous synthesis of versatile assem-
bled materials, synchronously achieve the conformation con-
trol of the component units, and engineer their macroscopic
performances.

4. Experimental Section

Pretreatment of GO Fiber: GO fibers with 100 filaments were purchased
from Hangzhou Gaoxi Technology Co. Ltd, which were synthesized
according to the previously reported wet spinning procedures.[?4?]
The fibers were then chemically reduced in the hydriodic acid solution
(30 wt%) overnight at 90 °C. After washing by water and ethanol
sequentially, the rGOFs were dried on an oven under the argon
atmosphere at 80, 200, and 300 °C, successively.

Dynamic Joule Heating of rGOFs: Before joule heating, a bundle of
rGOFs with 100 filaments was fixed on the two winding rollers inside a
3-inch quartz tube and system was pumped to a pressure of <1 Pa. The
fibers were firstly annealed at the speed of 5 mm min~' under 200 sccm
(standard cubic centimeters per min) argon and 10 sccm hydrogen
with an input voltage of 55 V and a corresponding current density of
=3.4 x 107 A m?, with the system pressure of =100 Pa. Afterwards, the
fibers were switched back to the supplying roller and were then operated
from the supplying roller to the receiving roller with an input voltage
ranging from 70 to 90 V (corresponding current density ranging from
=0.9 x 108 to =1.2 x 108 A m? and the temperature ranging from 1500 to
2000 °C) at the same moving speed under 10 sccm hydrogen with the
system pressure of =5 Pa. The temperature profile of graphene fibers
was recorded by an infrared camera (PICONNECTOW-05M).

Thermally Annealing rGOFs: A reel of rGOFs was loaded in a
graphitization furnace. Then the sample was heated to 1100 °C under
the mixture gas of 200 sccm argon and 10 sccm hydrogen at a rate of
1000 °C h7'. After a 10-min duration, the fibers were then heated to
2000 °C with the same temperature raising rate, followed by another
10-min annealing. After naturally cooling down to the room temperature
in the protection gas of argon and hydrogen, the TGFs were obtained.

Characterization: SEM (FEI Quattro S, 20 kV), HR-TEM (FEI Tecnai
F20, 200 kV), Raman spectroscopy (Horiba, LabRAM HR-800, 532 nm
laser wavelength, 50x objective), energy disperse spectroscopy
(EDS) (DigiView/Octane Elect), XPS (Kratos Analytical Axis-Ultra
spectrometer, Al Ka X-ray source) were applied to characterize the
structure, morphology, crystallinity, and components of as-fabricated
fiber samples, respectively. SAXS and WAXS measurements were carried
out on a Bruker Nanostar instrument, operated at 50 kV and 1 mA. For
SAXS characterization, the distance between sample and detector was
set as 107 cm with a scanning range of scattering angles from 0.2 to
2.8 degrees (26). While in WAXS characterization, the sample was
6 cm away from the detector. Electrical property of graphene fibers
was characterized by Keithley 4200A-SCS using a standard four-probe
method. Tensile tests were measured on a universal testing machine
(Hitachi EZ-LX), while the gauge length and the loading rate were set as
5 mm and 0.5 mm min™, respectively.
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