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mechanical performance is limited compared to commercial 
carbon fibers. Here, we present a straightforward fabrication 
method to produce GO fibers with LC solution of GO using tri-
valent cation salts as an ionic binder. To utilize the full potential 
of GO fiber, it is critically important to control the microstruc-
ture of fiber. The microstructure of GO fibers, such as shape 
and d-spacing between sheets, is ultimately controlled by the 
metal cation coagulants which are then processed into a fiber. 
Given the advantages of LC-GO, the resulting microstructure 
dominates most of the fiber mechanical properties (stiffness, 
strength, strain, etc.), and consequently its control in the early 
stage is regarded as a key method to achieve high mechanical 
performance. The underlying advantage is that trivalent metal 
cations modulate chemical interactions between GO sheets and 
drive ion cross-linking, which improves mechanical properties 
remarkably.

To see the effect of GO coagulation with multivalent cation 
binders, Co2+, Al3+, and Fe3+ were considered. Well dispersed 
GO was prepared as described in the Experimental Section 
and was observed by atomic force microscopy (AFM) topog-
raphy and the thickness of GO sheets were measured as 
1.2 nm (Figure 1a). GO aqueous dispersions were prepared 
by dispersing GO powders in deionized water (DIW) by mild 
sonication (Figure 1b). Dispersed GO solutions (1.0 mg mL−1) 
were kept stationary between two crossed polarizers and their 
LC phases were characterized with the observation of the tex-
tures of nematic LC. As presented in Figure 1c, GO dispersion 
showed the optical birefringence morphology; dark and bright 
brushes were interwoven, signifying a nematic LC phase. This 
phase implies that the anisotropic particles are well dispersed 
within the dispersing media without aggregates, which is 
largely resulted from electrostatic repulsion.[1,17–19] To observe 
the changes of LC-GO in the presence of cations, different 
metal salts were added at a concentration of 20 × 10−3 m. The 
addition of cations eventually disrupted dense LC patterns. 
Interestingly, it was still possible to observe the birefringence 
effect. This observation indicates that the multivalent cation 
acts as an ionic binder for the GO and the dispersion formed 
stacked crystalline-like GO sheets.

The prepared GO dispersions were spun and the dispersions 
gelated in the coagulation bath. The cations which diffuse into 
the inner structure of the GO gel undergo electrostatic attrac-
tion with the negative charge of GO’s oxygen functional groups, 
leading to bonding in the basal planes.[20] Furthermore, the 
coordination bonds between the GO and metal cations act as 
bridges between the sheet edges.[21–23] The GO gels immobi-
lized by cation binder are pulled out of the coagulation bath and 
continuously coiled along the reel. Drafting was not performed 
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Liquid crystalline graphene oxide (LC-GO) is of widespread 
interest from fundamental and applied perspectives because of 
its intrinsic fluidic nature and structural alignment effect.[1,2] As 
noted, colloidal liquid crystal is the structured fluid state of ani-
sotropic shaped colloids possessing liquid-like fluidity as well as 
crystal-like ordering.[3] Highly concentrated colloids of graphene 
oxide (GO) have shown interesting phenomena, such as lateral 
alignment induced assembly behavior.[4] These observations 
have stimulated interest for the macroscopic assembly of GO 
to form fibers since they are stable and of well-arranged order 
readily.[5–7] Production of GO fiber is analogous to methods used 
for producing high performance synthetic fiber (e.g., aramid), 
with the transformation of a LC solution into a solid filament, 
which is achieved by the addition of salts.[8,9] However, the first 
experimental realization of GO fiber via wet spinning, has not 
come to fruition in terms of mechanical performance.[10] This 
is due to the challenging nature of controlling the microstruc-
ture of GO flakes, resulting in unsaturated interactions during 
coagulation.[11] Poor interaction between GO flakes and the 
insufficient salts for coagulation hinders the realization of per-
formance fibers.[12] Therefore, pathways to efficiently clot GO 
colloids into fibers with salt should be considered.

So far, the greatest challenge is to maintain the structural 
integrity of GO flakes during the coagulation process. Utilizing 
multivalent ion has emerged as an initial candidate to relieve this 
issue.[6,13–15] A good alternative is to use specific divalent metal 
ions, for example, Cu2+ and Ca2+ ions.[5–7,16] Carboxyl, hydroxyl, 
epoxy groups are abundant on GO, allowing coordinate bonds 
with Cu2+ and Ca2+, which lead to much higher mechanical 
strength fibers than when utilizing monovalent ions.[6] A range 
of divalent metal cations have been used to enhance mechan-
ical strength, for example, Ca2+ (σ = 412 MPa, E = 20.1 GPa)[6] 
and Cu2+ (σ = 274.3 MPa, E = 6.4 GPa),[7] however, their 
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so that, when tested, the properties of the GO fiber were due to 
the presence of the cations only. The collected GO fibers were 
washed with DIW to remove excess cations that were physically 
adsorbed to the GO sheets inside the gel. After being pulled 
from the washing bath, GO fibers were dried in air at room 
temperature.[10] Spun GO fibers proved to be strong and flexible 
when handled (Figure 1c). While fibers spun with trivalent salts 
are produced compact, the divalent spun fibers had a distorted 
appearance, as presented in Figure 1d. This difference suggests 
that the type of cation in coagulation is a major factor in the 
formation and properties of the GO fiber morphology.

The rheological behavior was used to examine the gelation 
behavior of the prepared mixture as shown in Figure 2. Co2+, 
Al3+, and Fe3+ were used as binders due to their multivalency 
with the chloride anion. Li+ was also tested for the comparison. 
It was reported that monovalent ions (e.g., K+, Li+, Ag+) cannot 
lead to GO gelation, and flowed after vial inversion.[24] These 
results were similarly observed in the present work. Even when 
100 × 10−3 m LiCl was added to GO solution (5 mg mL−1), the 
sol-gel transition of GO dispersion did not occur (Figure 2a,d). 
This indicates that monovalent ions are not suitable for binding 
of GO sheets. Ruoff and co-workers have shown that Ca2+ and 
Mg2+ enhance the mechanical properties of a layered GO paper 
by cross-linking.[21]

To compare the effect of divalent and trivalent cation on the 
gelation of GO, the gelation behavior was examined by the flu-
idity of the prepared mixture (Figure S1, Supporting Informa-
tion). Due to the absence of attraction between GO sheets in 
DIW, the pristine GO solution flowed easily, whereas when 
mixed with divalent (Co2+) and trivalent (Al3+ and Fe3+) cations, 
the GO formed hydrogels. Addition of cations in the GO dis-
persion leads to a network of GO sheets. Gelation occurred 
above different critical concentrations; Co2+ (15 × 10−3 m), Al3+ 
(3 × 10−3 m), and Fe3+ (3 × 10−3 m) (Figure 2a,d).

Furthermore, the viscosities and storage modulus value 
of the trivalent hydrogel also exceeded the divalent hydrogels 
(Figure 2b,c). It implies that GO successfully developed 3D 
networked structures with both divalent and trivalent cations 

but the latter made stronger hydrogels. Higher viscosity and 
increased storage modulus of GO–cation hydrogels reveal that 
the di-/trivalent cations can coagulate GO sheets and cations in 
the hydrogel were well consolidated with GO sheets. The coor-
dination of metal ions with hydroxyl and carboxyl groups on 
GO sheets is considered to be the main driving force for the 
assembly of GO sheets since multivalent metal ions usually 
have larger coordination stability constants than those of mono-
valent and divalent metals.[24] Therefore, rheological data (vis-
cosity and storage modulus) reveal that trivalent cations have 
stronger cross-linking abilities and this leads to the gelation 
point at a low content level.

For summarization of the gelation behavior of GO, the phase 
diagram is presented in Figure 2d. The critical gelation concen-
trations of GO dispersion varied with each cation. The addition 
of the binder cation can increase the bonding force between 
GO sheets and consequently promote gelation. After the critical 
gelation concentration, a self-supporting structure fixed in the 
vial was observed. Interestingly, critical gelation concentration 
was strongly related to coordination number of metal cations.

Fibers spun with different diffusion of metal cations have 
different microstructures as highlighted in Figure 3. While 
microstructure control has been controlled by a variety of fac-
tors including dope constituents[25] and shear in the spin-
ning orifice,[26] the diffusive effect of ionic binders has been 
less explored, even after attempts to control microstructure 
with coagulating medium.[27] However, on the basis of Fick’s 
second law of diffusion, the rate of cation diffusion is strongly 
dependent on the diffusion coefficient; Co2+ (1.08), Al3+ (1.80), 
and Fe3+ (1.36).[28–30] The spinning dope concentration was 
fixed for 450 × 10−3 m for all GO fibers to exclude the previously 
reported effects. The morphologies of the fiber cross-section 
were reflected in the fiber properties, overall. While GO sheets 
are screened with cation binder, the diffusion rate changes the 
whole morphology of fiber. Since the diffusion in the core is 
slower than the shell, kinetics of each cation binder determines 
microstructure. For example, when the diffusion of cation 
is fast, structured robust core is formed relatively easily with 
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Figure 1.  Observation of GO liquid crystal and fibers using each different coagulating salt. a) AFM image of single layer GO. b) Photographs of GO 
aqueous dispersion (1.0 mg mL−1) and liquid crystalline dispersions between crossed polarizers. In last three vials, 20 × 10−3 m CaCl2, AlCl3, FeCl3 were 
mixed with GO, respectively, and left stational for a while. c) Photograph of GO fiber spun in coagulation bath containing Co2+. d) SEM images of spun 
GO fibers with Co2+, Al3+, and Fe3+, respectively.
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reducing entropy effect. Therefore, the final morphology of the 
dried spun fiber is largely controlled by the cation diffusion 
rate. The structure of coagulated GO fibers with small core was 
uniform and compact due to the faster diffusion rate of cations.

For GO spinning, GO sheets are combined with the cations 
in the coagulation bath and bonded by electrostatic attractions 
(Figure 4a).[31] The d-spacing of GO sheets in GO fibers and 
pristine GO film was calculated from a distinct sharp (002) peak 
at around 10° of X-ray diffraction (XRD) pattern in Figure 4b 
using Bragg’s law.[32] Dried GO fibers have different d-spac-
ings according to the cation: GO film (8.08 Å), Co2+ (8.79 Å),  
Al3+ (9.01 Å), and Fe3+ (9.51 Å), implying that the d-spacing 
of GO sheets in GO fibers increased with valence number of 
the cation. Figure 4c presents that the GO fibers’ mechanical 
performance were improved when the cation valence number 
increased. Under tensile loading, the GO fiber demonstrates an 
elastic deformation. Trivalent ion coagulants were more effec-
tive for strengthening and stiffening the GO fiber than divalent 

ions for mechanical performance; about two times increase in 
strength and modulus when using Fe3+ ions was observed. Fur-
thermore, fracture toughness showed 23% increase (calculated 
by the area under the stress–strain curve). Mechanical proper-
ties including ultimate tensile strength, Young’s modulus, and 
elongation at break are summarized in Table 1. The increased 
modulus and tensile strength is due to strong binding of 
GO sheets from edge to edge interaction. Increased distance 
between GO sheets induces the change of major interaction 
among GO sheets to edge to edge bonding, rather than basal 
plane interactions.[22] Therefore, the stronger binding interac-
tion became more dominant than slippage of the oxygen group 
over the GO sheets. It brought a small strain (Al3+: 0.69, Fe3+: 
0.62), resulting in increased stiffness (Young’s modulus: Al3+ 
(57 GPa), Fe3+ (81 GPa)) (Figure 4c).[21] Strikingly, the struc-
tural superiority of the GO fiber with trivalent cations also 
improved the strength. The improvement could be attrib-
uted to the control of microstructure which changes chemical 
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Figure 2.  Gelation effect of di- and trivalent cations on GO dispersion. a) Photographs of the 5 mg mL−1 GO solution and mixture with different 
cations: Li+ (100 × 10−3 m LiCl); Co2+ (15 × 10−3 m CoCl2), Al3+ (3 × 10−3 m AlCl3), and Fe3+ (3 × 10−3 m FeCl3). b,c) Viscosities and storage modulus of 
GO–cation mixed gel presented in (a). d) Gelation phase diagram of GO dispersion mixed with monovalent (Li+), divalent (Co2+), and trivalent (Al3+ 
and Fe3+) cations.
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interlayer interactions of constituents, which ultimately affects 
mechanical performances.[4,33] Note that all cations have a dif-
ferent level of ionization energy, such as Co2+ (1648 kJ mol−1), 
Al3+ (2745 kJ mol−1), and Fe3+ (2957 kJ mol−1), allowing the high 
interlayer attractive force in the unique GO fiber structures to 
encompass the cations as binders.[34–37]

This report describes the role of trivalent metal cation 
binders as a coagulant for the fabrication of high performance 

GO fibers by wet spinning. The GO fiber with Fe3+ exhibited 
superior mechanical performance, especially in terms of ten-
sile strength (486 MPa), Young’s modulus (81 GPa), and elon-
gation at break (0.62%), which affects the resulting toughness 
(1.47 MJ m−3). Trivalent cations were particularly advanta-
geous for the diffusion and solidification of the fiber and led 
to improved strength and stiffness. The LC-GO fiber in the 
presence of trivalent metal cation binders led to a change of 
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Figure 4.  a) Schematic apparatus for spinning GO fiber. b) XRD patterns of GO film and GO fiber coagulated with different salts. c) Mechanical proper-
ties of spun GO fiber coagulated with various cation binders.

Figure 3.  Cross-sectional SEM images of GO fibers at a low (column 1), medium (column 2), and high magnification (column 3) presenting morpho-
logical effects of various coagulating salts; a) Co2+, b) Fe3+, and c) Al3+.
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the d-spacing through the ionic interaction between GO sheets. 
Our approach to use metal cation binders in the coagulation 
step provides a straightforward strategy for the strong and high 
modulus GO fibers via the control of molecular interactions.

Experimental Section
Materials: GO was prepared from graphite powder (Asbury Carbon) 

using the modified Hummers’ method, according to the previous 
procedures.[21] Prepared GO powder was well dispersed in DIW.

Gelation of GO: To observe gelation behavior of GO, a set volume 
of GO dispersion (5 mg mL−1) was mixed with different cations. The 
formation of the hydrogel was tested by a vial inversion method (glass 
vial with an inner diameter of 12 mm).

Wet Spinning GO Fibers: To obtain filamentous GO, GO dispersion 
was spun though a spinneret (diameter 400 µm) at a fixed 
velocity (10 mL h−1) into the coagulation bath (cobalt(II) chloride, 
aluminum(III) chloride, and ferric(III) chloride, 0.45 m aqueous 
solution). Spun GO gel fibers in the bath were collected continuously 
on a reel. The resident time of GO fiber in the bath was ≈6 s. To 
compare the GO fiber properties according to changes in cations, spun 
GO fibers were not drafted. GO fibers were washed with DIW and dried 
at room temperature in a humidity controlled, home-made acrylic-box. 
The box was connected with fume hood and the relative humidity was 
kept at about 25%.

Characterization: Prepared GO sheets were observed via AFM (XE-
70, Park Systems) in tapping mode. The optical birefringence of the 
prepared samples was characterized by observing the sample sealed 
in a vial or extruded gel located between crossed polarizers. The spun 
GO fibers were characterized using scanning electron microscopy 
(SEM, NOVA Nano SEM 450). Dynamic rheological properties were 
measured with MARS III rheometer (Thermo Scientific) under an 
oscillatory strain of 5% (cone-and-plate geometry, 20 mm in diameter, 
complementarity determining region of 0.5 radians, and a gap of 1 mm). 
XRD (D8 Advanced LynxEye) was carried out using Cu Kα radiation  
(λ = 1.5418 Å). Tensile properties of GO fibers coagulated by different 
salts were investigated using universal testing machine (5966, Instron) 
equipped with a 10 N load cell operating at 2.5 mm min−1 crosshead 
speed at gauge length of 25 mm by referring tensile measurement of 
single ultrafine fibers as reported before.[38,39] Fibers were loaded on a 
specific rectangular frame mentioned earlier. The mechanical strengths 
of graphene oxide fibers were calculated by the force divided by the 
cross-sectional area. For comparison, GO film was prepared using 
vacuum filtration and the d-spacing was also calculated with XRD 
characterization.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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