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Abstract
Controlling the assembly of 2D materials such as graphene oxides (GO) has a significant impact
on their properties and performance. One of the critical issues on the processing and handling of
GO is that they need to be in dilution solution (0.5 to 2.5 wt%) to maintain their high degree of
exfoliation and dispersion. As a result, the shipment of GO in large quantity involves a huge
volume of solvent (water) and thus the transportation costs for large sales volume would become
extremely high. Through cross-sectional scanning electron microscopy and polarized optical
microscopy together with x-ray diffraction and small-angle x-ray scattering studies, we
demonstrated that the assembly and structure of GO microsheets can be preserved without
restacking, when assembled GO via water-based wet spinning are re-dispersed into solution. A
couple of alkyl ammonium bromides, CTAB and TBAB, as well as NaOH, were examined as
coagulants and the resulting fibers were redispersed in an aqueous solution. The redispersed
solution of fibers that were wet-spun into the commonly used CTAB and TBAB coagulation
baths, maintained their physico-chemical properties (similar to the original GO dispersion)
however, did not reveal preservation of liquid crystallinity. Meanwhile, the redispersed fibers
that were initially spun into NaOH coagulation bath were able to maintain their liquid
crystallinity if the lateral size of the GO sheets was large. Based on these findings, a cost-
effective solid handling approach is devised which involves (i) processing GO microsheets in
solution into folded layers in solid-state, (ii) transporting assembled GO to the customers, and
(iii) redispersion of folded GO into a solution for their use. The proposed solid handling of GO
followed by redispersion into solution can greatly reduce the transportation costs of graphene
oxide materials by reducing the transportation volume by more than 90%.
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1. Introduction

Since its discovery in 2004, the interest in free-standing,
monolayer graphene has continuously increased. The excep-
tional electrical, thermal and mechanical properties of these
2D planar sheet comprising sp>-bonded carbon structure,
makes it promising for potential applications such as light-
weight materials, sensors, and energy-related materials.
Obtaining pristine graphene, however, is very challenging due
to its poor solubility and processability [1, 2]. While there has
been the development of graphene via direct exfoliation of
graphite [3], a naturally occurring mineral, chemical reduction
of graphene oxide (GO) through strong oxidation of graphite,
is one of the most common methods to produce graphene-like
monolayers [4-6]. GO sheets bearing myriad oxide func-
tionalities in the form of alcohols and epoxides possess
expanded layer distance and hydrophilic surface [7]. It can
practically be deposited on any substrate and then be reduced
to conductive graphene [8, 9]. For this specific reason, GO is
used in the production of transparent conductive films
applicable in flexible electronics [10], chemical sensors, etc
[11]. Some other applications include chemical catalysis
[12, 13], and water and wastewater treatments [14—16]. Due
to its high surface area, GO is also used as electrode materials
in batteries [17-21], capacitors, and solar cells [22, 23].

Despite its advantages and industrial applications, Go
transportation still confronts challenges. To maintain the
exfoliation state of the sheets, GO is remained dispersed in a
dilute aqueous solution and the concentration is usually in the
range of 0.05-2 wt.% [2, 24, 25]. A shipment of 5 kg GO, for
example, requires transportation of at least 250 liters of water.
Such significant cost on water transportation is not reasonable
and novel transportation approaches to avoid this cost are
highly demanded. Additionally, considering the toxicity of
GO, there have been increasing concerns over its accidental
release into the environment and the living system [26-28].
Therefore, transportation of GO in ways other than the
solution form is an urgent concern for the industry.

We propose here, a novel transportation form of
self-assembled GO fibers to overcome the abovementioned
challenge. It implements the cost-effective, fast, and easy to
scale-up method of wet spinning process [29] to assemble GO
particles into layered fibers. The presence of a small amount of
coagulation agent in a bath results in compact fibers or platelets
forming immediately soon after extruding pristine GO gel
solution. In this case, when GO is transported in the solid form
of fibers, the largely reduced volume due to the elimination of
the use of solvent will dramatically bring down the cost. Solid
fiber is also much easier to manage than gel solution, and this
could further prevent GO from leaking into the environment
and harm living organisms. The challenge is whether these
fibers can be re-dispersed back into water and maintain the
chemical and physical properties of the original solution and
whether the water dispersion retains the important liquid
crystallinity. To this aim, comprehensive characterization of
assembled GO microsheets via wet-spinning into different
coagulation baths was conducted, followed by redispersion into
water. We demonstrate that the folded structure of GO in the

fiber form and thus re-dispersion capability and preservation of
liquid crystal state after re-dispersion depends on the coagulant,
and the re-dispersion state of GO can be tailored by the proper
selection of the coagulation agent.

2. Experimental methods

2.1. Materials

GO aqueous solution was purchased from EMD Perfor-
mance Materials Corp. and JMC-KISCO Co. Hexadecyl-
trimethylammonium bromide (CTAB) (>98%) and Tetra-
butylammonium bromide (TBAB) were purchased from
Sigma-Aldrich. Sodium hydroxide (pellets) was purchased
from Mallinkrodt Chemicals. Ethyl alcohol (>99%) was
obtained from VWR Chemicals.

2.2. GO fiber fabrication

The GO dispersion from EMD (as it is received, 2 wt.% in
water) was sonicated for 30 min to degass the dispersion, and
loaded in a plastic syringe (Luer Lock VWR syringe, 5 ml).,
The dispersion was injected into a coagulation bath that was
rotating (15 rpm). The infusion rate was 0.5 ml min ' and the
coagulation bath consisted of NaOH (I mgml~'), CTAB
(0.5mgml "), or other coagulant solutions in a 1:1 volume
ratio of water and ethanol. The obtained fibers remained in the
NaOH or CTAB bath for 10 or 30 min respectively, followed
by winding the fiber around a Teflon bar. The Teflon bar was
then soaked in a washing bath (1:1 volume ratio of water and
ethanol) for another 30 or 60 min. The fibers then were
unwounded from the Teflon bar and dried at room temper-
ature after taking out from the bath.

2.8. Redispersion in aqueous media

The fibers were ground into powder using a mortar and pestle.
To Check the re-dispersion of GO powders, the powdered GO
was then dispersed in water (2 wt.%) by 30 s of vortex mixing
and 3h of sonication bath. GO-CTAB samples underwent
3 min of further ultra-sonication to obtain a uniform dispersion.

2.4. Characterization methods

Fiber morphology was characterized by field-emission scanning
electron microscope (SEM) LEO (Zeiss) 1550. Energy dispersive
x-ray images were taken on the same SEM instrument. X-ray
diffraction (XRD) patterns were determined by a D8 Advance
ECO powder diffractometer (Bruker Corporation) using a high-
brilliance 1 kW x-ray source. Scienta Omicron ESCA-2SR with
operating pressure ca. 1 x 10~? mBar was used to analyze the
GO fibers by x-ray Photoelectron Spectroscopy (XPS). Mea-
surement condition was according to previously reported method
[30]. The Fourier transformed infrared spectrum was measured
with a PerkinElmer Frontier MIR Spectrometer coupled with a
LiTaO; MIR detector in the range of 600—4000cm ' with
32 scans for each sample. Optical microscopy (OM) was utilized
by an Amscope 40-1000x binocular compound microscope with
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Figure 1. (a) Optical microscope images of LGO pristine gel solution and (b) particle lateral size distributions. (c) Optical microscope images

of SGO pristine gel solution and (d) particle lateral size distributions.

a digital camera. Polarized optical microscopy (POM) was con-
ducted using Olympus BX51 with a cross-polarization filter with
a rotating stage. Additional TBAB coagulation agent, which is
chemically similar to CTAB but with shorter carbon chains, was
examined to compare with other cases. Zeta potential measure-
ments were obtained by Zetasizer Nano ZS, Malvern. For this
purpose, Sodium hydroxide (10 wt.%) was used for a rapid
pH adjustment to titrate pristine JMC 40 GO gel solution along
with 1 wt.% sodium hydroxide for precise control. The solution
was adjusted to pH = 11. small-angle x-ray scattering (SAXS)
measurements were performed at beamline ID3B at the Cornell
High Energy Synchrotron Source. The Incident beam size was
0.1 mm x 0.1 mm at a beam energy of 9.7 keV. For the mea-
surements, GO solutions (including GO-TBAB) were filled into
thin-walled glass capillaries (Charles Supper Inc.). Scattering
signals were detected with a Pilatus3 300 k detector (Dectris)
with a pixel size of 0.172 mm and at a distance of 2382 mm from
the sample. Solutions were probed at 2 or 3 spots, 1 mm apart
from each other, along the center of the capillary.

3. Results and discussion

Two different GO sources were used to show the influence of
the sheet size, 2 wt.% GO gel solution provided by EMD
Performance Material Co. and another one by JMC Corp. The
main difference between the two GO solutions is in their
lateral size. It has been reported in the literature that the lateral

size of the GO sheets is directly correlated to the fiber
properties [31]. Due to lower bending modulus in large size
GO sheets, fibers are fabricated easier and stronger than the
case with small size sheets [32].

Both solutions were well dispersed in water and pos-
sessed a similar degree of oxidization. GO provided by EMD
had an average lateral size of 57 ym, 10 times larger than that
provided by JMC Corp. Accordingly, EMD GO is named as
large GO (LGO), and JMC GO is called small GO (SGO).
OM images and particle lateral size distributions of LGO and
SGO solutions used in the study are illustrated in figure 1.

Cetyltrimethylammonium Bromide (CTAB) is one the
most common coagulants for graphene-based materials in wet-
spinning and we have previously shown that it is an effective
coagulant to fabricate graphene and GO fibers [3, 30], therefore
it was used as the first coagulant in this work. During the wet-
spinning process into a bath with a charged coagulant such as
CTAB, GO sheets are confined within the syringe tip and the
needle. When encountering CTAB molecules, charge neu-
tralization leads to hydrophobic—hydrophobic interactions to
dominate and curling and folding of the GO sheets occurs. The
right SEM image in figure 2, reveals the extremely compact
folding of the LGO sheets after wet spinning, followed by
coagulation with CTAB. It should be noted that GO sheets with
large lateral sizes are folded compactly and form a fiber with a
unique morphology.

Elemental percentages of the LGO and SGO fibers were
determined through XPS measurements. The data are presented
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Figure 3. Optical microscope images of SGO-CTAB fiber dispersed in water and particle lateral size distributions. The top and bottom are
before and after sonication/ultra-sonication respectively. The scale bar is 200 ym.

in figure S1 (available online at stacks.iop.org/NANO/32/
455601 /mmedia). The percentage of C and O was 64.8 and
68.8%, and 30.9 and 31.2% in LGO and SGO, respectively.
The O% and C% of the SGO sample were confirmed by EDS
measurement while SEM was utilized (figure S1).

3.1. Conformation and characterization

The GO fibers were then re-dispersed back into the water
to obtain GO-CTAB solution on which, chemical and
physical properties characterization were conducted and
compared to those of the original GO solution. We will use
‘GO-coagulant’ as the name of fiber redispersion samples.

Figure 3 shows the image of the re-dispersed SGO-CTAB
fiber in water with and without sonication. Ultra-sonication
drastically facilitated the dispersion of GO and decreases the
average lateral size of the GO sheets. Before ultra-sonication,
the large agglomerates precipitated within 5 min. After ultra-
sonication for 3 min, the slurry was well dispersed in water
even after resting for a day. The sonicated dispersion of GO
particles still looked opaque.

It is well known that although GO sheets are highly
dispersed in the GO solution, interestingly, even after the GO
solution is dried, water molecules remain stuck in the GO
powder via hydrogen bonding interactions between water
molecules and oxygen-containing functional groups of GO.


http://stacks.iop.org/NANO/32/455601/mmedia
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Figure 5. Optical microscope images of water re-dispersion of LGO-NaOH fiber. The gel fibers were immersed in 1 wt.% NaOH coagulation

bath for (a), (b) 10 min and (c), (d) 30 min.

These water molecules are often referred to as ‘intercalated’
water molecules [33, 34]. The intercalated water molecules
play a decisive role in the restacking of GO sheets as the
hydrogen bonding facilitates interactions between GO sheets,
resulting in aligning the GO sheets in the same orientation.
Herein, from the optical microscopy images, the particles
remain black even after ultra-sonication. We assume that
CTAB is a strong coagulation agent which helps GO sheets
aggregate easily. Hydrogen bonding interactions and acidic
environment facilitate GO stacking. Hence, the introduction
of CTAB and water molecules may not be ideal for returning
GO fibers to initial gel states after redispersion.

As a result, a weaker coagulant/better dispersant may be
needed to reduce GO’s strong tendency to agglomerate, while
this chemical cannot be too weak to form stable GO con-
tinuous fibers. Several coagulation agents were examined to
produce GO fibers. Triton X-100 and Sodium Cholate are two
well-known surfactants, but unlike CTAB, they cannot form

structurally stable GO fibers and will decompose within a few
minutes in the bath (figure S2). According to the literature,
sodium and potassium hydroxide are weaker coagulants than
alkaline earth salts [31]. Therefore, it was hypothesized that it
is possible that sodium hydroxide can perform as a better
coagulant to preserve GO conformation and even the liquid
crystallinity of its gel solution after redispersion.

Figure 4 shows the images of an LGO fiber in NaOH
coagulation bath. There is almost no conformation change of
the GO sheets when the fibers formed in the NaOH bath even
after 1 h of soaking time. However, when the dried LGO-
NaOH fibers are redispersed, different soaking times resulted
in different conformations.

Figures 5(a) and (b) showed flat and more transparent
sheets; yet (c) and (d) revealed striped and distorted flakes.
Less soaking time (i.e. 10 min) preserved the sheet con-
formation; that is, become less affected by the presence of
NaOH. The variation of GO conformation directly affected
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Figure 6. Zeta potentials for (a) LGO-CTAB and SGO-CTAB versus different CTAB coagulation bath concentrations and (b) LGO-CTAB
and SGO-CTAB versus different pH values. NaOH was used for titration. (c) The photo shows LGO-CTAB and SGO-CTAB solutions after
pH adjustment. The solution concentration is less than 1 wt.% adjustment to show color differences.

the solution viscosity. Lesser surface interaction between
sheets resulted in lower viscosity if the sheets are more dis-
torted. Fortunately, figures 5(a) and (b) manifest more com-
plete and exfoliated sheets compared to figure 4. We conclude
that sodium hydroxide is a better coagulant for preserving GO
conformation after redispersion of GO fibers. This is also
further proved by the morphology of the electrosprayed GO
particles shown in figures S3 and S4.

To further our understanding of the relationship between
the GO sheet surface properties in different coagulation
media, the Zeta potential of two GO systems (LGO and SGO)
was measured. Figure 6(a) represents the relationship between
zeta potential and concentration of CTAB.

The 0.0 wt.% point represents the pristine GO gel solution
and the other four points are solutions of redispersed GO fibers
with different coagulant concentrations. It is well-known that
GO can form well-dispersed aqueous colloids [35, 36].

Our study on the surface charge (zeta potential) of as-
prepared GO sheets shows that these sheets are highly
negatively charged when dispersed in water (figure 6) due to
the ionization /hydrolysis of O-groups, and GO zeta-potential
can reach ( = —60 mV at pH 10. The stability of aqueous
GO colloids was therefore attributed to electrostatic repulsion
rather than hydrophilic interaction. The addition of NaOH
coagulation solution causes GO to precipitate from the solu-
tion, due to salting-out effects. GO extracted from high
pH solution and dried collapsed into star-like formation
comprising several sheets or bundles [37].

Apparently, this is a consequence of the ionization of the
carboxylic acid and phenolic hydroxyl groups that are known
to exist on the GO sheet. This result suggests that the formation
of stable GO colloids should be attributed to electrostatic
repulsion, rather than just the hydrophilicity of GO. It is known
that the residual electrolytes can neutralize the charges on the
sheets, destabilizing the resulting dispersions [38]. However,
even under the presence of coagulant CTAB, zeta potential
slightly became less negative (( = ~—40). It is accepted that
zeta potential values more negative than —30 mV is generally
considered to represent sufficient mutual repulsion to ensure the

stability of dispersion [39]. Thus, the stability of the re-dis-
persed GO-CTAB solution is approved. Figure 6(b) indicates
the relationship between zeta potential and different pH values.
The pH = 1.87 (SGO) and pH = 1.57 (SGO) represent the
pristine GO gel solutions and the remaining points are pH-
adjusted solutions. Unlike what was expected, there is no dis-
tinct trend between zeta potentials and pH values. Huge
negative values of pristine LGO and SGO solution might come
from the sulfuric acid residue by Hummers’ method that is
usually used to produce GO from Graphite initially. The photo
image in figure 6(c) reveals the gradual color changes from
brown to black especially from pH = 7 to 8 for SGO. LGO
does not exhibit dramatic color change, but rather a gradual
color change.

The macroscopic structure of GO in the form of powder
or fiber is observed in the XRD patterns (figure 7). The
detailed information of the main peaks (table 1) reveals how
the basal graphitic planes are stacked.

The SGO and LGO powders made from gel indicated
sharp diffraction peaks at 26 position of 11.10° and 9.92°,
corresponding to the interlayer spacing of intercalated GO
planes of 7.96 A and 8.91A, respectively. After the wet-
spinning process of GO into fibers using CTAB as a coagu-
lation agent, the peaks shift toward the left which corresponds
to enlarged d-spacing. The increase in d-spacing may be due
to some CTAB molecules intercalating between the GO
layers. On the other hand, if using NaOH as the coagulation
agent, the layer-by-layer distance does not considerably
change. This might be due to sodium hydroxide being small
and highly soluble in water. Not many sodium hydroxide
molecules participate in intercalating between layers.

Hence, the crystalline structure does not change before
and after GO-NaOH fiber formation. It should be noted that
although there is a difference in the degree of interlayer
spacing for both GO-CTAB and GO-NaOH fibers, the
intercalated structure of GO layers are preserved after fiber
formation without significant re-stacking, which would have
caused the disappearance of the XRD peak associated with
intercalation at 20 = ~10°. This suggests that re-dispersion
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Figure 7. XRD diagrams for (a) LGO and (b) SGO of pristine powders and fibers using different coagulants. Pristine GO solutions were
frozen overnight and then ground into powders before conducting XRD.

Table 1. XRD peak analysis of the highest intensity peak.

20 (°)  d-spacing (A°) FWHM (°) Crystalline domain Size (nm) Number of layers
SGO 11.10 7.96 1.13 14.12 17.74
SGO-CTAB 8.79 10.05 1.02 15.62 15.54
SGO-NaOH 9.84 8.98 0.78 20.44 22.76
LGO 9.92 8.91 0.74 21.54 24.19
LGO-CTAB 7.04 12.54 1.21 13.15 10.49
LGO-NaOH 9.68 9.13 0.85 18.75 20.55

of these GO fibers can offer a solution of GO with an inter-
calated state. Meanwhile, the Scherrer equation is used to
calculate the mean of the crystalline domain of the powdered
LGO/SGO and the GO-CTAB fiber. The number of crys-
talline layers is obtained considering the mean size of the
crystalline domain and interlayer spacing. For LGO and SGO,
the pristine GO solutions and GO-NaOH fibers have a similar
number of crystalline layers. GO-CTAB has only about 10
layers for both cases, which can be attributed to the process of
ultrasonication and the possibility of the pristine crystalline
structures being ruined. Interestingly, there are small but
broad peaks for both GO-CTAB cases at 260 = ~18° but
cannot be seen in pristine GO nor GO-NaOH curves. This
might be because the formation of the secondary structure due
to folding or bending of intercalated-CTAB GO sheets or
extra random GO sheet wrinkles and crumples caused by
CTAB-facilitated self-assembly process.

The FT-IR spectra in figure 8(a), illustrate the LGO and
SGO solutions and GO-CTAB fibers has oxygenated func-
tional groups in its graphitic sheets: carboxyl (COO), carbo-
nyl (-C=0), aliphatic C-H, and hydroxyl (-OH) groups on
the graphene sheet basal plane and edges.

There are six main peaks centered at 970, 1040, 1622, 1730,
2852, 2924, and 3220 cm ', The peaks at 1040 and 1622 cm ™'
denote the presence of C—O—C stretching vibration and stretch-
ing of the unoxidized conjugated graphitic domain (C=C). The
peak at 1730 cm ™! arises from the stretching vibration of C=0
group. The two small peaks at 2852 and 2924 cm ™' correspond
to symmetric and asymmetric aliphatic C-H stretching. The

broad peak at 3220-3400 cm ' indicates the presence of OH
stretching in carboxyl (COOH) and hydroxyl (—OH) groups
from the GO edges or the deposited moisture from the air
[40, 41]. FT-IR absorption patterns were similar in figure 8(a).
This demonstrates that GO-CTAB fibers preserved the func-
tional groups (hydroxyl and carboxyl group) of the initial GO
dispersion, whereas the peak at 1730 in the GO solutions has
reduced in intensity when interacted with NaOH and it appeared
as a shoulder. Instead the 1622 cm ™' peak was stronger than the
original solution. The peaks at 2852 and 2924 cm ™' disappeared
in the GO-NaOH fibers in 8 (b) presumably due to being
overlapped by the OH peak which has broadened.

3.2. Liquid crystallinity

To investigate the preservation of the liquid crystal state in the
re-dispersed GO fiber solutions, polarized optical microscopy
(POM) was applied. Jalili et al have shown the direct rela-
tionship between the GO lateral size and concentration on one
hand, and liquid crystallinity of the fiber on the other hand
[31]. Here we looked at the effect of the lateral GO sheet size
on the re-distributed GO dispersions to investigate the pre-
servation of liquid crystallinity.

Figure 9 shows POM images of the pristine GO and the
solution after re-dispersing the GO powders into water.
Figure 9(a) indicates polarized light hardly passing through
the pristine SGO sample, while it changes when rotating the
polarizer by 50 degrees, denoted in figure 9(b). This suggests
highly ordered GO nematic domains, evidenced by the
spreading Schlieren textures [42]. A similar birefringence
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Figure 8. FT-IR spectra for (a) LGO, SGO powders and their fibers obtained after coagulation with CTAB and (b) LGO, SGO powder and
their fibers obtained after coagulation with NaOH. Pristine GO solutions were frozen overnight and then ground into powders before

conducting FT-IR.

Figure 9. Polarized optical microscopy (POM) images at two different polarizer rotations of (a), (b) SGO pristine solution (with 100 ym scale
bar), (c), (d) SGO-CTAB, (e), (f) SGO-NaOH, (g), (h) SGO-TBAB fiber re-dispersion solution, (i), (j) LGO pristine solution, (k), (1) LGO-
CTAB, (m), (n) LGO-NaOH, and (o), (p) LGO-TBAB fiber re-dispersion solution. The GO dispersion samples (2 wt.%) were placed in
capillary tubes. The scale bars are 50 ym for a and b, and 200 pm for the rest.
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Figure 10. SAXS 2D images of (a) pristine SGO solution and re-dispersed solutions of (b) SGO-CTAB fibers, (c) SGO-NaOH fibers,
(d) SGO-TBAB fibers, (e) pristine LGO solution, and re-dispersed solution of (f) LGO-CTAB fibers, (g) LGO-NaOH fibers, and
(h) LGO-TBAB fibers. The GO dispersion samples were all at 2 wt.% concentration and were placed in glass capillary tubes.

phenomenon is observed for LGO pristine solutions, as
shown in figures 9(i) and (j). However, the GO-CTAB fiber
re-dispersed solution does not display birefringence clearly,
i.e. no clear differences between. Figures 9(c) and (d) or (k)
and (I). A possible reason is that GO sheets aggregate into
large particles and the aspect ratio is drastically decreased.
The decrease of the aspect ratio and the effect of GO aggre-
gation is proved by the Keyence confocal laser profilometer
shown in figure S3. According to Onsager’s theory, only
above a certain value of aspect ratio liquid crystals in the
dispersion can be formed [43]. The challenge is how to
exfoliate GO sheets back to their original state. The GO-
TBAB (Tetra-n-butylammonium bromide) revealed similar
behavior as is shown in figures 9(g) and (h) or (o) and (p).
GO-NaOH fiber, on the other hand, referred to as figures 9(e),
(f), (m), and (n), showed the clear birefringence behavior at
different polarizer rotations. This is because NaOH modified
GO sheets with more negatively charged carboxyl groups
(—=COO™) which increased the electrostatics repulsion leading
to better redispersion and preventing sheets from aggregation
as opposed to in CTAB. Therefore, more exfoliated and
transparent GO sheets were preserved. To conclude, both
LGO and SGO perform the same way: CTAB makes GO
sheets aggregate, while NaOH helps the GO particles recover
the liquid crystal state after re-dispersion.

While polarized OM shows the liquid crystal evidence
qualitatively, SAXS studies further revealed structural infor-
mation of GO dispersions. SAXS analysis results are sum-
marized in figure 10. Xu and Gao have previously shown that
GO sheets can exhibit nematic liquid crystallinity at mass
concentrations higher than 0.5%. They observed a gradual

transition from blank diffusive to elliptical diffusive pattern
and then to elliptical pattern by increasing the content
of GO [34].

In our case, consistent with POM results, GO-NaOH
dispersions of SGO and LGO (c) and (g) exhibited similar
nematic crystallinity to the pristine SGO and LGO solutions
(a) and (e), indicating the GO fibers that were spun in NaOH,
recuperated their ordered liquid crystal structure after redis-
persion in water. It is worth noting that the elliptical pattern of
SGO-NaOH has a larger axial ratio than LGO-NaOH pre-
sumably due to larger aspect ratio in SGO sheets. Again, GO-
CTAB (b) and (f) and GO-TBAB (d) and (h) in both SGO and
LGO cases did not exhibit any anisotropic ordered structure.
In summary, the GO-NaOH re-dispersions revealed a nematic
phase crystallinity similar to the original GO solutions while
GO-CTAB and GO-TBAB did not exhibit the ordered
structures at the 2 wt.% concentration.

While polarized OM shows the liquid crystal evidence
qualitatively, SAXS studies further revealed structural infor-
mation of GO dispersions. SAXS analysis results are sum-
marized in figure 10. Xu and Gao have previously shown that
GO sheets can exhibit nematic liquid crystallinity at mass
concentrations higher than 0.5%. They observed a gradual
transition from blank diffusive to elliptical diffusive pattern
and then to elliptical pattern by increasing the content of GO
[34]. In our case, consistent with POM results, GO-NaOH
dispersions of SGO and LGO (c) and (g) exhibited similar
nematic crystallinity to the pristine SGO and LGO solutions
(a) and (e), indicating the GO fibers that were spun in NaOH,
recuperated their ordered liquid crystal structure after redis-
persion in water. The anisotropic shape in some of the SAXS
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patterns appears to be due to a combination of particle form
factors and the liquid crystalline orientation of the GO pla-
telets [44] The capillaries were mounted vertically for the
measurements. Both SGO and LGO platelets in the pristine
solution show a strong preferential orientation with their
surface normals aligned along the long axis of the scattering
patterns (panels (a) and (e)). The redispersed SGO and LGO
platelets spun with CTAB and TBAB appear to have isotropic
ordering. In the case of NaOH, SGO particles are mostly
isotropic (panel (c)), while LGO particles show again a strong
orientation (panel (g)). For LGO particles, the preferential
orientation does not appear correlated with the capillary
orientation, which may be an artifact of the specific filling
conditions.

4. Conclusion

Due to the dramatic mass reduction, the self-assembled GO
fibers are a much easier and of a lower-cost method for
handling and transportation compared to conventional GO
solutions with huge volume/mass of water. In addition, the
water-based wet-spinning process is easy to scale up. We
demonstrated that the dispersed state of GO solution after
redispersing the fabricated GO fibers can be tailored by the
selection of coagulant during wet spinning.

A conclusion is drawn that after transforming GO water
dispersion into fibers, GO solid could be extracted from a
bulky gel without considerably altering the physical and
chemical structures such as restacking. With different coa-
gulation agents, different purposes can be fulfilled. Sodium
hydroxide is good at maintaining liquid crystallinity and
preventing re-stacking, whereas CTAB is good at retaining
chemical properties. This facile method based on assembling
GO into fibers, followed by re-dispersion in water is very
promising for cost-effective GO transportation, as it easily
avoids the transportation of the huge volume of water in
current GO solution handling. For instance, transportation of
GO as solid fibers with a bulk density of 0.25gcm > can
reduce the transportation volume by 90% compared to the
2.5 wt% GO solution.
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