Super-stretchable Graphene Oxide
Macroscopic Fibers with Outstanding
Knotability Fabricated by Dry

Film Scrolling

Rodolfo Cruz-Silva," Aaron Morelos-Gomez,* Hyung-ick Kim,” Hong-kyu Jang,* Ferdinando Tristan,"
Sofia Vega-Diaz," Lakshmy P. Rajukumar,*”' Ana Laura Elias,”* Nestor Perea-Lopez,'* Jonghwan Suhr,5*
Morinobu Endo,™* and Mauricio Terrones™/-#-*

"Research Center for Exotic Nanocarbons and *Faculty of Engineering, Shinshu University, 4-17-1 Wakasato, Nagano 380-8553, Japan, "Manufacturing Process
Technology Innovation Center, Korean Institute of Industrial Technology, Jinju 660-805, South Korea, *Composites Research Center, Korea Institute of Materials
Science, Changwon 642-831, South Korea, “Department of Materials Science and Engineering, "I enter for 2-Dimensional and Layered Materials, *Department of
Physics, and (Department of Chemistry, The Pennsylvania State University, University Park, Pennsylvania 16802, United States, and SCenter for Composite Materials,
University of Delaware, Newark, Delaware 19716-3144, United States. “*Present address: Department of Polymer Science & Engineering, Department of Energy
Science, Sungkyunkwan University, Suwon 440-748, Korea.

ABSTRACT Graphene oxide (GO) has recently become an attractive
building block for fabricating graphene-based functional materials. GO films
and fibers have been prepared mainly by vacuum filtration and wet spinning.
These materials exhibit relatively high Young's moduli but low toughness and
a high tendency to tear or break. Here, we report an alternative method,
using bar coating and drying of water/GO dispersions, for preparing large-area
GO thin films (e.g., 800—1200 cm? or larger) with an outstanding mechanical
behavior and excellent tear resistance. These dried films were subsequently
scrolled to prepare GO fibers with extremely large elongation to fracture

(up to 76%), high toughness (up to 17 J/m?), and attractive macroscopic
properties, such as uniform circular cross section, smooth surface, and great
knotability. This method is simple, and after thermal reduction of the GO material, it can render highly electrically conducting graphene-based fibers with
values up to 416 S/cm at room temperature. In this context, GO fibers annealed at 2000 °C were also successfully used as electron field emitters operating
at low turn on voltages of ca. 0.48 V/um and high current densities (5.3 A/cm?). Robust GO fibers and large-area films with fascinating architectures and
outstanding mechanical and electrical properties were prepared with bar coating followed by dry film scrolling.
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raphene oxide (GO) films have at-
G tracted great attention because they

can be reduced (thermally or chem-
ically) into graphene and, furthermore, be
prepared in bulk quantities (kilograms). Ad-
ditionally, GO is water-dispersible, even in
high concentrations, thus resulting in an en-
vironmentally friendly material."? GO can
be regarded as a 2D material with extraor-
dinary properties. Recently, films made of
GO have shown outstanding separation
capabilities.>* GO has also been proposed
as a high-performance structural material
due to its exceptional mechanical behavior.
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For example, macroscopic fibers made of
GO and reduced GO have been recently
prepared by wet spinning.’~'* These fibers
show remarkable mechanical properties,
such as high modulus and tensile strength'?
(20—25 GPa and 400—440 MPa, respectively)
and, after reduction, good electrical con-
ductivity® (400 S/cm). Unfortunately, these
wet-spun fibers possess low toughness,
rough surfaces, and highly irregular cross
sections. These issues are important in
terms of the fiber performance because
the rough surface increases considerably
the self-abrasion, while the irregular cross
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section of the fibers results in unwanted stress con-
centration under mechanical loadings, thus making
them particularly susceptible to breaking. Although
these wet-spun fibers could exhibit relatively high
Young's modulus and high tensile strength, for the
aforementioned reasons, they are found to be very
brittle and easily breakable upon bending, twisting, or
knotting, a clear disadvantage for various applications.
Here we report a method based on a different ap-
proach which results in very tough GO fibers with
outstanding mechanical performance. First, films of
increased toughness were successfully made by bar
coating water-based dispersions of GO followed by
drying at room temperature. These films were subse-
quently scrolled into fibers displaying smooth surface,
high toughness, outstanding ductility, and uniform
circular cross sections. The fiber spinning process was
carried out in dry state and could be used to easily
prepare multifunctional GO nanocomposite fibers.

RESULTS AND DISCUSSION

We first prepared an aqueous dispersion of GO
sheets (Figure 1a) based on a previously described
method reported by Marcano et al.'® The structural
characterization (Raman, TGA, XPS, and XRD) of the
produced GO are shown in Supporting Information
Figure S1). This GO dispersion was then concentrated
by centrifugation into a thick slurry (Figure 1b), which
consists of ca. 0.8% wt of large GO single sheets (size
distribution Figure S2) that were spread by bar coating
on a PTFE plate (Figure 1c). Due to the liquid crystal
structure (see Figure S3) and high viscosity of the
dispersion, complete dewetting did not occur. The GO
aqueous slurry was dried and carefully lifted off
(Figure 1d) into large-area transparent and free-standing
thin GO films. By using this simple technique, we were
able to produce GO films with densities as low as
0.2 mg/cm? and areas as large as 800—1200 cm?
(Figure S4), this area being limited only by the size of
the PTFE plates available. These films are well-ordered,
as previously reported,'® and apparently resemble
those prepared by vacuum filtration.'”” Nevertheless,
due to the microscopic roughness of the PTFE surface
and the large sheet size of the GO, these films devel-
oped a slightly wrinkled structure that confers addi-
tional ductility, where the wrinkles probably act as
“springs” (Figure 1e), thus resulting in a great capability
to deform without tearing, which is evident during the
lift-off process and handling (see Supporting Informa-
tion movie 1). Typical stress—strain curves of these
films are shown in Figure S5, and the mechanical
properties are summarized in Table S.. Remarkably,
these films routinely reveal deformations to failure
between 2 and 6% of strain with a toughness of more
than 2 MPa. Interestingly, in other GO films prepared by
filtration, less than 1% of deformation was observed at
break as well as low toughness values'® (0.4—0.6 MPa).
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Figure 1. (a) SEM image of the large sheets of GO used as
raw material in the preparation of GO films. (b) GO disper-
sion (0.87% wt) has a thick gel-like texture. (c) GO dispersion
being spread over a PTFE plate using a PTFE bar and adhe-
sive tape as spacer. (d) Free-standing thin (0.2 mg/cmz)
GO film is being lifted off. (e) SEM image of a 2.9 um thick
GO film showing the corrugated structure resulting from
bar coating, which provides ductility through the kinks
that might behave as springs. f) Fiber prepared by twisting
(scrolling) a strip of GO films using an electric motor, show-
ing different stages of the scrolling from top (beginning) to
bottom (end). (g) SEM image of a thin GO film being scrolled
into a fiber.

The Young's modulus observed in our films ranged
from 1.4 and 1.7 GPa for films with thicknesses of
2.9 and 54 um, respectively, and 5.7 GPa for the
0.74 um thick sheets. These values are lower when
compared to 32 GPa, a value reported by Dikin et al.,'”
but it is comparable to 5.8 GPa reported for GO paper
measured at a low deformation stage.'® In spite of the
wrinkled structure, only the thinnest films (0.74 um)
displayed a self-reinforcing behavior upon elongation.
The absence of self-reinforcing behavior in thicker films
suggests that these films have lower sheet-to-sheet
interactions, probably due to the lack of normal stress
applied during filtration,?® thus allowing sliding/slipping
of the GO sheets under strain. Sheet-to-sheet interac-
tions could be viewed as a type of physical cross-linking
which is accountable for the stiffness and high modulus
of the GO paper synthesized by filtration. Thus, the low
sheet interaction might also contribute to the outstand-
ing ductility shown in bar-coated GO films. While the
2.94 and 5.4 um thick film exhibited similar mechanical
properties and toughness, the 0.74 um thick film had a
remarkable behavior, by combining both the highest
Young's modulus and highest toughness. This could be
in part due to the higher contribution of an ordered skin,
which contrasts to the disordered skin observed in films
made by filtration. The thin skin seems to be stronger
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Figure 2. SEM images of GO fibers with different morphologies and knot architectures. (a) Typical dry-scrolled GO fiber; (b)
quadruple overhand knot; (c) single knot; (d) self-coiled homochiral yarn; (e) neat two-ply yarn; (f) 60 um diameter fiber made
by mechanically scrolling a 0.74 um thick GO sheet; (g) high-resolution image shows the layer-by-layer stacking within fibers;
(h) cross section of a mechanically scrolled 150 um diameter fiber; (i) zoom of the fiber cross section shown in (h); (j) cross
section of a 1.1 mm diameter fiber made by manual scrolling; and (k) higher magnification image of (j) showing the formation
of well-ordered areas of alternate stacks of GO sheets and voids.

and results from the drying process (schematized in
Figure S6), and its contribution becomes important as
the GO films become thinner.

Twisting or scrolling aligned carbon nanotube for-
ests into fibers has become a relatively common
process to prepare carbon nanotube fibers;?'?%3!
nevertheless, this intuitive approach has not been used
to scroll GO films into fibers due to their tendency to
tear and break. Recently, however, Cheng et al.?* have
reported the successful scrolling of a highly porous
wet-spun graphene hydrogel fiber into a more com-
pact GO fiber. Preparing GO fibers using dry processes
is definitively attractive and opens up a more efficient
alternative when compared to wet spinning. In this
study, the outstanding toughness and ductility of
GO bar-coated films allowed their spinning into pure
GO fibers (see Supporting Information movie 2). We
started by spinning a large diameter fiber using a
relatively thick GO film (5.4 um thick), and we were
then able to progressively prepare small diameter
fibers by using much thinner GO films. In this way,
GO fibers with relatively smooth surface and circular
cross section and diameter as small as 40 um could be
easily prepared. Figure 2a shows GO fibers with uni-
form diameter (circularity >0.95) and smooth surface.
The preparation of thin and homogeneous GO films is
essential since thick GO films result in the formation of
defects, heterogeneities, and uneven fiber cross sec-
tions (see Figure S7a—d). Interestingly, free-standing
GO films of 0.74 um thickness showed a behavior not
reported before for GO films. Figure S7e shows that
these films could be bent and deformed dramatically
without fracturing or experiencing structural failure,
unlike thicker GO films prepared by filtration. Interest-
ingly, 54 um thick GO films made by bar coating and
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drying, as reported here, were fractured upon bending,
thus indicating that only very thin GO films would result
in mechanically tough and robust fibers (Figure S7f).
Furthermore, the combination of the circular cross
section and smooth surface allowed us to knot these
fibers into a quadruple overhand knot (Figure 2b),
which is impossible to make using wet-spun GO fibers
because of their rough surface created during synthe-
sis. Figure 2c shows a single knot that was tightly
pulled, and no evidence of damage could be observed;
when these fibers were twisted above their packing
limit, they did not break but instead self-coiled into a
single fiber with a secondary coil structure exhibiting
the same chirality (Figure 2d). This morphology,
although common in nanotube fibers,?'*" has so far
not been observed in pure GO fibers due to their
tendency to break under torsional stress. In Figure 2e,
we successfully made a two-ply yarn using two GO
fibers. The robustness of these fibers upon bending
and knotting, together with their low self-abrasion,
makes them far superior to wet-spun GO fibers, which
typically display very rough surface, high self-abrasion,
and are prone to fracture, particularly at the knots. In
order to study the internal structure and morphology
of the fibers, we carried out cross-sectional cuts. The
outer structure of GO fibers consisted of well-ordered
and concentrically packed layers (see Figure 2fh),
whereas their central core consists of ordered sections
of stacked GO films (Figure 2g,i), with void spaces
between the planes, thus making them lighter in
weight (as compared with solid GO fibers). The degree
of layer packing was calculated from the diameter and
the fiber density, and it was similar for fibers ranging
from 1.6 mm to 300 um in diameter (ca. 62% GO),
whereas thinner fibers of ca. 110 um diameter revealed
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Figure 3. (a) Stress—strain curves for GO fibers. A progressive failure can be observed in most samples. (b) SEM images
showing a typical fracture surface of GO fiber that shown progressive (top) or brittle (bottom) failure. (c) Proposed failure
mechanism, showing the helical crack propagation. (d) Comparison of the elongation to break and Young's modulus of our dry-
scrolled GO fibers with other reports using wet spinning methods. (e) Stress—strain curves for thermally reduced GO fibers
compared to the pristine sample. The inset shows the low-strain region, where reduced GO fibers can be observed.

higher degree of packing (ca. 69%). These voids are
also responsible for providing toughness to the fibers,
thus allowing the GO sheets to slide when the fiber
bends and avoiding the formation of fractures and
their propagation. In natural fibers, voids are usually
present and are responsible for increasing the fiber
toughness by redistribution of the stress while decreas-
ing the weight, such as the coconut and hemp fibers,
which cross sections are shown in Figure S8.

We evaluated the mechanical properties of fibers
prepared with GO films of various thicknesses ranging
from 110 um to 1.6 mm, and the results are summa-
rized in Table S.lI. Figure 3a shows a tensile stress—strain
curve for several fibers where it is possible to notice
their extreme elongation prior to failure. Under uniaxial
deformation, our fibers first experience elastic defor-
mation, most likely acting in part as coils, and elongate
while reducing their diameter.?* Therefore, there is a
long plastic deformation when GO sheets within fibers
slide with respect to one another, but later the fiber
deforms irreversibly, until experiencing failure, which
occurs progressively and in some samples (such as fiber
type no. 3, in Figure 3a), the load could even rebuild. Few
fibers of the narrowest diameter studied here showed
brittle failure with significant enhanced Young's mod-
ulus and tensile strength. Therefore, the fibers were
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studied by SEM in order to understand the apparently
different failure mechanism (Figure 3b). This image
revealed that fibers that undergo progressive failure
showed a cone-shaped fracture surface, caused by
helical crack propagation, starting on the fiber surface
and finishing on the fiber core (Figure 3c). Additional
toughening occurs due to this energy-absorbing pro-
cess, as well as film-to-film sliding during twisting due
to the large deformation. In contrast, the fibers that
experience a brittle fracture displayed a relatively flat
fracture surface, which suggests that most of the fiber
was participating in the load transfer. In agreement
with this observation, the samples displaying brittle
failure reached a tensile strength of 85 MPa, which is at
least twice the stress experienced by fibers displaying a
progressive failure. This brittle behavior was only ob-
served in the thinnest fibers that were prepared and
exhibited the highest sheet packing (69% solids).
Effective tensile strength is higher due to fiber thinning
at large uniaxial deformations.

Progressive failure is a characteristic displayed only
in composites with secondary and tertiary structures,
such as layered or reinforced carbon fiber composites.
In our case, even though the fibers are made of pure
GO, their structure is more complex than pure GO
fibers made by wet spinning. Both fibers possess a
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Figure 4. (a) Electrical conductivity behavior (resistivity vs temperature plots) of thermally reduced GO fibers. (b,c) Wide scan
and core level XPS spectra, indicating the C/O evolution as a function of the thermal treatment of the fiber. (d) Set up used for
the Joule effect heating of the rGO fiber. The inset depicts the fiber attached to stainless steel electrodes. The SEM image
shows the surface of the fiber before (top) and after (bottom) the Joule heating experiment. (e) /I—E curve for a thermally

reduced GO fiber (shown in inset).

primary structure, which is represented by the packed
face-to-face GO sheets. When twisting the film, the fibers
acquire a secondary structure absent in wet-spun GO
fibers, consisting of a helical spring-like structure that
allows the fiber to strain up to 76% before observing
a progressive failure. This value is almost 1 order of
magnitude higher than the best values reported for
pure GO fibers that were wet spun®® and showed
brittle failure (see Figure 3d and Supporting Informa-
tion Table S.III).

The main interest in GO fibers is that they can be
converted into electrically conducting reduced gra-
phene oxide (rGO) fibers by chemical or thermal
processes. In this context, we reduced these fibers by
thermal treatment at 180 and 300 °C (see details in
Methods). Figure 3e shows the comparison of the GO
fiber before and after the thermal reduction. The
reduction at 180 °C had a positive effect on the Young's
modulus, by increasing its value more than 1 order
of magnitude to 3.1 GPa. This phenomenon is due to
the fiber densification and the chemical reduction of
GO, which increases the sp?/sp> hybridization ratio,
thus providing stiffness to the individual sheets com-
posing the fiber. However, when the fiber was fur-
ther annealed to 300 °C, not only the Young's mod-
ulus decreases from 3.1 to 0.9 GPa but also the
tensile strength value reduces from 39.2 to 14.1 MPa.
The toughness of the rGO fibers was relatively low
(0.3 MPa), and the mechanism of fracture turned brittle.
We believe that by annealing above the deoxygena-
tion temperature of GO (200 °C, as TGA shows in
Figure S1b), rGO sheets lose most of the functional
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groups located at the edge of the sheets and conse-
quently can no longer bond sheet-to-sheet by hydro-
gen bond forces; consequently, the stress transfer
efficiency along the fiber decreases, weakening the
fiber structure.

These rGO fibers were further annealed to 1050,
2000, and 2800 °C in order to study the electrical
conductivity and electron field emission behavior
(Figures 4a and 4e), as well as the chemical composition
using XPS (Figure 4b,c) and Raman spectra (Figure S9).
The two samples reduced at low temperature (180 and
300 °C) display a semiconducting behavior with a very
drastic change in resistivity of up to 5 orders of
magnitude in the region from 2 to 50 K, reaching a
resistivity of 0.156 Q-cm at 300 K, and despite having
different C/O ratios, the electrical conductivity of both
materials is similar. These values are slightly lower than
reported values obtained by chemical reduction using
hydroiodic acid®®® (HI). We then performed Joule
annealing (Figure 4d) and calculated the temperature
reached to be ca. 1480 °C (Figure S10). This thermal
treatment was effective at removing the oxygen
groups by changing the C/O ratio from 7.08 to 28,
which resulted in a room temperature resistivity de-
crease to 0.057 Q-cm. SEM images of the fiber
(Figure 4d) before and after Joule heating shows that
the outer layers of the graphene fiber were thermally
evaporated. Further heat treatment at 2800 °C using a
graphite furnace resulted in the complete deoxygena-
tion of the fibers as indicated by the C/O ratio of 38.7 and
aroom temperature resistivity of 0.0024 Q- cm (416 S/cm).
The temperature resistance behavior of this fiber is
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similar to that of graphite, thus suggesting the com-
plete “graphitization” of the fiber, reaching the highest
electrical conductivity reported for graphene-based
fibers.®2 This conductivity value is still more than 2
orders of magnitude lower than those of crystalline
carbon nanotube based fibers (ref 30 and references in
Table S.IV). However, the recently developed graphene-
based fibers belong to a different class of carbon
materials, with different electrical properties, and more
efforts must be made in order to improve their perfor-
mance. In addition, the graphene-based fibers pre-
pared in this work developed a supercoiled structure
that has been observed previously in carbon nano-
tubes fibers,?’*23! and such highly coiled morpholo-
gies have not been reported hitherto for graphene-
based fibers. Supercoiled structures usually result in a
more complex mechanical behavior opening the pos-
sibilities to develop more elastic graphene-based fi-
bers than those produced by wet spinning.

Since nanotubes have shown great potential as
electron field emitters,”> many carbon nanomaterials
have also been studied as field emitters, and graphene
has not been the exception.?®?” We tested our rGO
fibers treated at 2000 °C for field emission tests, and
the /|—E and electron emission current density (J)
curves are shown in Figure 4e. The rGO fiber showed
a turn-on field of 0.48 V/um at 10 uA/cm?, which is 1
order of magnitude lower than the 4.7 V/um value for
few-layer CVD-grown graphene”® and 2.3 V/um for
reduced GO.?® The threshold field (10 mA/cm?) shown
by the rGO film was only 0.62 V/um, a value also lower
than previous reports on reduced GO films prepared by
electrophoretic deposition®® (5.2 V/um) or composite
graphene films®” (4 V/um), but still larger than values
reported for long and aligned multiwalled carbon
nanotubes (MWNTs).?? Current densities as high as
53 A/cm? were achieved at 1 V/um electric fields,
which is also a high value when compared to other
reported graphene-like materials. The good field emis-
sion properties of our reduced graphene fibers are due
to their intrinsic orientation of the GO sheets in the
fiber, parallel to the fiber axis. For this reason, at the tip,
there are many available graphene edges that act as
effective emission sites, with high electrical conductiv-
ity and adequate atomic thickness, similarly to emitters
made with tip-oxidized single-walled nanotubes?
Furthermore, the residual topological defects are ex-
pected to be located at the edges of the sheets,*® thus
providing localized states near the Fermi energy that
facilitate the electron emission at low electric fields.

This simple method can also be applied to easily
prepare hybrid macroscopic GO films and fibers by
adding layers of different nanomaterials to the dried
GO film. In particular, we have shown different exam-
ples of hybrid GO films and fibers with carbon nano-
tubes (double- and multiwalled), WS, layers, Ag nano-
wires (Ag NWs), and nylon nanofibers. Figure 5a shows
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ST\

Figure 5. Hybrid films and macroscopic fibers made with
graphene oxide films and (a) double walled carbon nano-
tubes, (b) multiwalled carbon nanotubes, (c) silver nanowires,
(d) tungsten disulfide sheets, and (e) electrospun nylon nano-
fibers. (f) Fabric made using several GO macroscopic fibers.

a hybrid thin film consisting of a double-walled carbon
nanotube (DWNT) layer on GO film that was prepared
by drying an aqueous DWNT dispersion over the GO
paper; the fiber was then fabricated by twisting the
hybrid film. Figure 5b depicts a fiber generated by
depositing dry MWNTs on the surface of the wet GO
bar-coated dispersion. Other hybrid films containing
Ag NWs and GO could also be produced by mixing
aqueous dispersions of Ag NWs and GO followed by
the same bar coating film preparation (Figure 5c); the
silver nanowires can be seen embedded within the GO
composite paper. Figure 5d shows a hybrid GO tung-
sten disulfide (WS,) fiber made by dry rubbing WS,
powder on the GO paper. The high-resolution image of
the surface of the fiber shows the very thin WS, sheets
coating the fiber. Alternatively, hybrid films made
by electrospinning nylon nanofibers on top of a free-
standing GO film could be produced, and the
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subsequent twisting results in novel nylon nanofibers/
GO composite macroscopic fibers (Figure 5e). Recently,
the preparation of textiles based on GO fibers have
gained attention.®'*' We have also demonstrated
that a GO-based fabric could be fabricated by weaving
several macroscopic GO fibers (see Figure 5f). It is
therefore clear that each of these hybrid materials
represents a type of multifunctional GO fibers that
could reveal unprecedented properties. Here, we have
shown the proof of concept for relatively short fibers
(up to 20 cm in length); however, unlike casting, bar
coating is a method that can easily be adapted into a
continuous process (see Supporting Information Fig-
ure S11) as it has been done before for polymers.3*
Similarly, continuous spinning procedures to make
fibers are fully developed technologies for textiles
and even carbon nanotube yarn production.?>%*

METHODS

Materials. Graphene flakes (product no. 332461-2.5KG, +
100 mesh, min. 75%) and hydrazine hydrate (64 wt %) were
purchased from Sigma-Aldrich. Potassium permanganate
(KMnOy, 99%), sulfuric acid (H,SO,4, 95 wt %), hydrogen per-
oxide (35 wt %), phosphoric acid (H3PO,, 85 wt %), and silver
nitrate were reagent grade and purchased from Wako Chemical,
Japan. All other reagents were of analytical grade or better.

Graphene Oxide Synthesis. Graphene oxide was prepared fol-
lowing a slight modification of the method reported by
Marcano et al.'® Briefly, 5 g of graphene was dispersed with
magnetic stirring in a mixture of 200 mL of H,SO, and 40 mL of
HsPO,4. Then 25 g of potassium permanganate was slowly
added and dissolved, resulting in a green mixture. (Caution:
permanganic acid should be handled carefully, avoiding mixing
with organic solvents or heating above 55 °C at any time.) A
thermometer was introduced to carefully monitor the tempera-
ture. The hot plate was magnetically stirred, and the tempera-
ture of the mixture reached ca. 40 °C. After 1 h of oxidation, the
graphene exfoliated, and the mixture became a thick slurry, and
magnetic stirring was interrupted, and a Teflon rod was used
from this point to mix the slurry every 5 to 10 min. After 3.5 h of
oxidation, the dark brown mixture was allowed to reach room
temperature and then poured slowly in a mixture of 600 mL of
cold water with 40 mL of 35% H,0,. This stage is accompanied
by heating and vigorous bubbling. Finally, the GO bright yellow
dispersion was left overnight to allow for complete neutraliza-
tion of potassium permanganate.

Graphene Oxide Purification. The supernatant of the yellow GO
dispersion was decanted, and the solid GO cake was dispersed
in 1L of 5wt % H,SO,4. During purification of GO, in order to
preserve the large sheet size, magnetic stirring was avoided.
Instead, a roller mixer was used. After redispersion, the GO
dispersion was centrifuged a 4000 rpm for 5 min and the
supernatant decanted. This step was repeated three times,
but instead of acid, distilled water was used. While the acid is
washed, the GO expands and the third time the GO pellet shows
a two-layer structure. The bottom layer consists of larger
unexfoliated particles of GO, and a top layer is a soft jelly-like
dispersion that consists mainly of exfoliated graphene oxide
sheets. This layer was collected with a spatula and dispersed in a
large amount of water (4 L). Large unexfoliated particles that
might be still present were removed by centrifugation at
4000 rpm for 3 min. The GO was washed by centrifugation,
but from this point on, there is no solid pellet; instead, the GO
dispersion separates into a brown dispersion at the bottom of
the vial and a clear supernatant that can be decanted. Finally, it
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CONCLUSIONS

Summarizing, large-area GO films were prepared in a
simple way by bar coating and drying under environ-
mental conditions. Their particular morphology pro-
vides them with great robustness and attractive
mechanical properties. These films were converted
into GO macroscopic fibers with a novel architecture
by film scrolling. These fibers showed very high tough-
ness, circular cross section, excellent knotability, and
outstanding ductility. The method can be extended to
prepare hybrid GO fibers containing different nano-
materials. The fibers were reduced by thermal treat-
ment and Joule heating, achieving high electrical
conductivity and were studied as electron field emit-
ters. Their performance was enhanced by high-tem-
perature treatment, achieving high current densities at
low turn-on electric fields.

was concentrated into a slurry with pH 3.0—3.5 and 0.9% of
solids by centrifugation at 6000 rpm for 3 h. A sample of GO gel
was diluted by successive dilutions, and a drop was dried on a
silicon wafer to study the sheet size distribution.

Graphene Oxide Film Preparation. Graphene oxide aqueous
slurry was poured on a freshly polished (sand paper 2000 grit)
Teflon block. Two or more layers of scotch tape (3M) were used
as spacers to the desired thickness, and the slurry was spread by
bar coating using a Teflon bar. The sample was dried overnight
in the fume hood under forced air convection. The film was
lifted off by using adhesive tape and careful peeling (see
Figure 1 and Supporting Information movie 1).

Fiber Fabrication by Scrolling. Fibers were prepared by scrolling
either mechanically (see Supporting Information movie 2, or
manually). In order to have a successful scrolling, the film must
be left to equilibrate at room temperature with 60% RH. Water
has a plasticizer effect on GO, reducing its brittleness and
increasing its toughness, thus tearing of the film is less likely
to occur. After being scrolled, the fiber is very robust and flexible
and can be handled in a wide range of temperatures or RH
conditions. Hybrid DWNT/GO films were were prepared by
drying a thin layer of polyelectrolyte-stabilized DWNT aqueous
dispersion on top of a bar-coated GO dry film. Hybrid MWNT/GO
films were prepared by attaching dried MWCNTSs on top of wet
bar-coated GO dispersion. Hybrid silver nanowires/GO films and
fibers were prepared by mixing an aqueous dispersion of
polyol-synthesized Ag NWs with a GO dispersion and following
the same procedure used for making GO films and fibers.
Tungsten sulfide (WS,)/GO films and fibers were made by
rubbing a free-standing GO films with tunsgten sulfide, then
twisting it into a fiber. Hybrid nylon nanofibers/GO films were
made by electrospinning a 9 wt % nylon-6,6 solution in formic
acid on the surface of a free-standing GO film that was
previously attached to rotary electrospinning equipment
(0.2 mL/h, 15 kV electric field, and 10 cm tip to target distance).
The fabric was made my manually knitting the GO fibers into a
plain Dutch weave pattern.

Thermal Reduction. The fibers were attached to the glass. In
order to avoid the fibers from untwisting during the heat
treatment, a metallic weight (4.9 g for fibers with diameter up
to 400 um and 9.8 g for fibers with diameters larger than
400 um) was attached to the lower end of the fiber. The
temperature was increased from 80 to 180 °C at 20 °C incre-
ments each 24 h. The fiber was left at 180 °C for 24 h. The
resulting fibers hardened and did not untwist after removing
the weight. To further reduce the fibers at 300 °C, the fibers were
introduced into a furnace using a quartz tube. Temperature was
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increased from 180 to 300 °C at 20 °C increments each 20 min
and left at 300 °C for 1 h. These fibers were stable and were
subsequently heat treated at 1050, 2000, and 2800 °C for 30 min
under argon atmosphere. Joule annealing was carried out in a
homemade reactor filled with high-purity N,. The incandes-
cence emission was analyzed by using an oceanoptics 2000
spectrophotometer coupled to the reactor with optic fiber.

Measurement of Fiber Diameter. Cross sections were obtained
by cutting the fibers using a focused ion beam system (SMI2050,
SlI, Japan). Fibers were examined by optical (Olympus BX-51
with a digital camera) and scanning electron microscopy SEM
(JEOL JSM-6335 operating at 15 kV). Mechanical properties
were measured using an Instron (model E300). Samples were
attached to PET film mounting fixture using epoxy adhesive.
Stress—strain curves were acquired at 50 um/min. The force
recorded by the load cell was used to derive the stress by using
the cross-sectional areas.

Characterization. Thermogravimetric/differential thermal anal-
ysis (TGA/DTA) was carried out on TGA 8120 equipment under
air flow (300 mL/min) and a 10 K/min heating rate using alumina
powder as reference. Residual H,SO, was analyzed using
thermogravimetric analysis coupled with mass spectroscopy
(TGA-MS) under a He/O, 80/20 flow in a Rigaku ThermoMass
photoequipment. X-ray photoelectron spectroscopy (XPS)
analysis was carried out using the Al Ka line in an Axis-Ultra,
Kratos, UK. The XPS analysis chamber was operated at 107°
Torr, and the X-ray was focused in a 700 um x 300 um area,
while the analyzer was set at 160 and 20 eV pass energy for the
wide scan and narrow scan, respectively. Samples were
grounded, and an electron gun was used to avoid charging
during the measurements. Samples were referenced to the
C 1s sp? peak at 284.5 eV. Semiquantitative elemental anal-
ysis was carried out using the C 1s, O 1s, S 2p, and P 2p
from XPS, with relative sensitivity factors of (1, 1.8, 1.68, and
1.18, respectively). Raman spectroscopy was carried out in a
Renishaw micro-Raman using the 633 nm lines. Fourier trans-
formed infrared spectroscopic studies were carried out on
Nicolet 6700 equipment in transmission mode. Field emission
of the graphene fibers was measured at room temperature
in the 107 Pa vacuum pressure. The emission current was
monitored with a picoammeter (Keithley model 6485) con-
nected in series with the emitter. The voltage was supplied by
a DC high-voltage power supply and measured with a volt-
meter. The fiber was fixed with silver paint to the cathode, and
the anode was adjusted at a fixed position. The tip to anode
separation was used to calculate the macroscopic electric field,
E = V/d, and the current density J = I/A, where A is the
transversal area of the fiber.

Electrical Conductivity Measurements. DC electrical conductivity
was measured from 2 K to 379 K in a four-point probe config-
uration using a physical property measurement system from
Quantum Design. Four copper electrodes were attached to the
fiber using colloidal silver paint. The fiber was connected to the
sample holder using copper wires.
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