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Abstract

Macroscopic assembly of graphene sheets has renovated the preparation of neat carbonaceous fibers with integrating high
performance and superior functionalities, beyond the pyrolysis of conventional polymeric precursors. To date, graphene
microfibers by the liquid crystalline wet-spinning method have been established. However, how to reliably prepare continuous
neat graphene nanofibers remains unknown. Here, we present the electrospinning of neat graphene nanofibers enabled by
modulating colossally extensional flow state of graphene oxide liquid crystals. We use polymer with mega molecular weight
as transient additives to realize the colossal extensional flow and electrospinning. The neat graphene nanofibers feature high
electronic quality and crystallinity and exhibit high electrical conductivity of 2.02 x 10° S/m that is to be comparable with
single crystal graphite whisker. The electrospinning of graphene nanofibers was extended to prepare large-area fabric with
high flexibility and superior specific electrical/thermal conductivities. The electrospinning of graphene nanofibers opens
the door to nanofibers of rich two-dimensional sheets and the neat graphene nanofibers may grow to be a new species after
conventional carbonaceous nanofibers and whiskers in broad functional applications.
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Introduction

Continuous carbonaceous fibers are conventionally fabri-
cated by the long prevailing pyrolysis of precursor fibers of
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polymers or small molecules, such as the prevailing PAN
and pitch, extending from microfibers to nanofibers [1-6].
The emerged processible graphene has initiated a new para-
digm to fabricate carbonaceous fibers by the ordered assem-
bly of graphene derivatives, notably exemplified by graphene
oxide (GO) [7-10]. In the past decade, graphene microfibers
have been wet-spun from GO liquid crystals and this new
fiber with the radial size of 5-100 pm has exhibited superior
functionalities to conventional PAN- and pitch-based car-
bon fibers, accompanying with the ever-growing mechani-
cal strength [9, 11-14]. For example, the record thermal
conductivity (1480 W/mK) of crystalline graphene fiber
is much higher than that of meso-pitch based carbon fiber
(1000 W/mK) [15]. These merits of graphene microfibers
justify the superiority of macroscopic assembly philosophy
for the future disruptive carbonaceous fibers. Considerable
advances in graphene microfibers intuitively encourage us to
extend the superiority of bottom-up assembly of graphene to
nanofibers with expected superior functionalities.
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Assembling two-dimensional GO sheets into 1D nano
fibrous form is a topology transformation process, which has
been tried by several methods [7, 16-18]. Freeze-drying and
templated wrapping have been proposed to prepare graphene
nanoscrolls and nanotubes, but with short length far below
1 mm. Solution deposition of GO through a miniature nozzle
has tried to print nanofibers, but at an extremely slow speed of
140 pm/s [19]. As an advanced nanofiber spinning method,
electrospinning technology is rapidly developing into coaxial,
side-by-side, triaxial and other complex multi-fluid processes
and has produced rich fibrous materials with advanced func-
tionalized structures [20, 21]. The range of electrospun fib-
ers has been limited in the polymeric range with consider-
able stretchability of spinning dope. For the new 2D sheets,
electrospinning can produce their polymer-based composite
nanofibers with less than 5% graphene content [22]. The pro-
duction of composite nanofibers with high graphene content
by electrospinning is still an urgent problem to be solved [23].
On the one hand, the excessive polymer matrix degrades func-
tionalities and even generates discontinuous fibers or powders
after thermal annealing. On the other hand, the increasing of
GO content greatly depresses the viscoelasticity of polymer
and thus disables the electrospinning [24]. To date, the reliable
preparation of neat continuous graphene nanofibers (GNFs) has
not yet been achieved. How to continuously proceed the topol-
ogy transformation to get neat GNF remains a great challenge.

Here, we realize the electrospinning of neat GNFs by achiev-
ing the colossal extension flow state of GO-rich dispersions.
We choose polymer with mega molecular weight as the small-
fraction transient additive to enable the colossal extension of GO
dispersions and stable electrospinning. The minimum content of
polymer (<35%) ensures the continuous length up to decime-
ters, high electronic quality and crystallinity of neat GNFs with
the diameter of 100-900 nm. The electrospun GNFs exhibit
high electrical conductivity of 2.02x 10° S/m, approaching that
of single-crystal graphite [25]. The confinement in the highly
extensional thread guides the continuous topology transforma-
tion and GNFs feature compact scrolling structure. We also
fabricate large-area GNF fabrics with good flexibility, high
strength, and superior electrical/thermal conductivities. The
neat GNF may emerge as a new species beyond conventional
carbonaceous nanofibers and graphite whiskers, with promis-
ing values for applications of advanced composites, electrodes,
catalysts, sensors and thermal managements [16, 26].

Experimental Section
Materials

Aqueous GO dispersions (average lateral size of 30 pm)
were purchased from Hangzhou Gaoxi Technology Co. Ltd
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(www.gaoxitech.com). Other reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd and used as received.

Preparation of Spinning Dope

The GO dispersion (20 mg/mL), the PAS solution (20 mg/
mL) and Triton X-100, were evenly mixed in different pro-
portions. Followed by removing possible impurities and
degassing treatment, GO/PAS dopes were obtained.

Fabrication of GNFs via Electrospinning

Briefly, GO/PAS dopes were successively pumped at a flow
rate of 0.15 mL/min using a syringe pump and electrospun
under a potential of 15-30 kV between the spinneret (30
Gauge needle) and a grounded bronze base collector. The
temperature and the humidity in the chamber of the elec-
trospinning setup were kept at 60 °C and 10%, respectively.
Parallel collecting plates were used to collect the graphene
nanofiber network. A high-speed drum was used to collect
fabrics with orientated structure. The precursor GO/PAS
nanofibers were reduced by hydroiodic acid (HI) at 90 °C
for 12 h to get rtGNFs and heating to 3000 °C at a rate of 10
°C min~! in a flow of argon to get final neat GNF.

Calculation of Layer Number and Sheet Diameter
of Graphene in Fiber

For the nanofibers composed of few layers GO platelets,
the number of GO (N) occupying the fiber section can be
estimated from the cross-sectional area under a certain GO
percentage ().

NLed)=Aew

where L is the average size of GO, d is the interlayer spac-
ing, A is the cross-sectional area of a nanofiber that is equal
tor< R/2 >2.

Characterization

The fiber morphology was characterized by a field-emis-
sion scanning electron microscope (Hitachi, S4800). The
atomic-scale microstructures of the nanofibers were further
characterized by a transmission electron microscope (JEM,
2100F). Raman spectra were collected on a Renishaw in Via-
Reflex Raman microscope with a 532 nm laser source. The
rheological properties of dopes were measured on an Anton
Paar MCR 302. The surface tension of dopes was measured
on a Dataphysics OCA20. An empirical formula was used to
calculate the coherence crystalline domain by the integrated
intensity ratio of D band and G band [44]. X-ray diffraction
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measurements were taken on a Philips X Pert PRO dif-
fractometer using Cu Kal radiation (40 kV, 40 mA) with
an X-ray wavelength (1) of 1.5418 A. XPS was performed
using a PHI 5000C ESCA system operated at 14.0 kV. All
binding energies were referenced to the Cls neutral carbon
peak at 284.8 eV. Tensile strength testing was conducted
using a Keysight T150 UTM and Instron 2344. The gauge
length in tensile tests is 10 mm. The electrical conductivity
was measured by a standard four-probe method. Thermal
conductivity was measured utilizing a well-established self-
heating method in a vacuum. At least three measurements
were carried out for the average value of electrical and ther-
mal conductivities.

Results and Discussion

Electrospinning is an efficient approach to fabricate nanofib-
ers by colossally stretching the spinning dopes under high
accelerating electric field [27, 28]. Neat GO liquid crystal-
line dispersions have poor stretchability for the lack of chain
entanglement as usual polymers, that denies the possibil-
ity of electrospinning (Fig. 1a). To enable the electrospin-
ning of GO, we introduced polyacrylate sodium (PAS) with
extremely high molecular weight (~ 1 x 10® g/mol) and an
accessory surfactant of Triton X-100 into GO dispersions
[29-32]. The addition of PAS and Triton X-100 adjusted the
rheological properties and surface tension of GO dopes (Fig.
S1). Uniaxial extension tests demonstrated that the stretch-
ability of GO/PAS monotonically increases with increasing
PAS content (Fig. 1b and Fig. S2). The extension ratio shows
one order of magnitude enhancement from 40% of neat GO
dispersions to 340% of the GO/PAS dopes with a PAS con-
tent of 80%. Even a low content of 20% causes a 3.7 times
larger extension ratio than that of neat GO dispersions. The
mega PAS effectively counteracts the intrinsic barrier effect
of 2D GO, that disrupts the continuity of polymer entangle-
ment network, thus endows GO/PAS dopes with colossal
stretchability [33, 34].

For GO aqueous dispersions with PAS content higher
than 20%, we proceeded the electrospinning on a simple
apparatus at the surrounding temperature of 60 °C to pre-
vent the collapse of fibers by moisture adsorption (Video
S1, Supporting Information). Continuous threads were
stretched out from the nozzle (positive electrode) and fled
to deposit onto collectors (negative electrode) under high
electric field of 15-30 kV/cm (Fig. 1c and Fig. S3). The
collected fibers formed interconnected networks and the
thickness of intertwined membranes was controlled by the
collecting time, evolving from a transparent film at 10 min
to a semi-transparent film at 30 min (Fig. 1d). Due to the
colossal stretching under electric acceleration, the diameter

of jet threads was considerably thinned down to 7 pm, and
the collected fibers have diameters of hundreds of nanom-
eters after drying. Figure le shows the typical morphology
of GO/PAS nanofibers with a diameter of ~500 nm, which
is much thinner than that of reported wet-spun GO fibers
[11]. The precursor GO/PAS nanofibers were chemically
reduced (denotes as rGNF) and thermally annealed at high
temperature up to 3000 °C to get neat GNFs (GNF-3000) to
remove polymer additives. Hereafter, the term GNFs refers
to samples annealed at 3000 °C unless otherwise stated. For
the first time, we used the electrospinning method to proceed
the topology transition from planar GO to 1D nanofibers and
obtained continuous neat GNFs.

The morphology of the electrospun nanofibers strongly
depends on the viscoelasticity of spinning dope, jet speed,
drying velocity and surface tension [27, 35-39]. In the col-
lection of GO/PAS nanofibers, we observed three typical
morphologies: beads, bead-on-string and continuous fibers
(Fig. 2a, b). In principle, the liquid threads either can be
pinched off by the surface tension to form drops or interme-
diate bead-on-string structures for the Raleigh instability,
or directly dried to nanofibers before pinching off. We con-
cluded a morphology diagram correlated with the PAS con-
tent and GO concentration (Fig. 2¢). For the neat GO/PAS
dope, beads and bead-on-string morphologies dominated.
We further introduced Triton surfactant to weaken the pinch-
ing off trend by lowering the surface tension (Figure S1) and
obtained homogeneous nanofibers in the GO concentration
range higher than 7 mg/cm?>. The minimum content of Triton
to ensure the fiber morphology decreases as GO concentra-
tion increases, which brings an improved rigidity of liquid
threads to resist the pinching-off trend. The collection effi-
ciency of nanofibers increased with Triton, reaching 78% at
a content of 20% (Fig. 2d).

In the optimized composition range for bead-free fibers,
we controlled the fiber diameter by adjusting the solid con-
tent of spinning dope and the corresponding GO concen-
tration (Fig. 2e—h, Fig. S4). The diameter of electrospun
fibers has a broad distribution, which is possibly caused by
wide size distribution of GO sheets (~8—45 pm) and the
non-uniform stretching [40, 41]. At the extreme available
voltage, the average diameter (<R >) decreased from 615 to
195 nm when GO concentration decreased from 10 mg/g to
6 mg/g. Actually, we attained the size limit of 1D assembly
of GO. Guided by the mass conservation principle, it can be
deduced that the nanofiber with <R > of 195 nm is wrapped
by several (1-5) GO sheets with lateral size of 8—45 pm (the
calculation details see experimental section).

Given that the average lateral size (~30 pm) of GO
sheets is nearly two orders of magnitude larger than the
diameter (195-615 nm) of electrospun GNFs, it is undoubt-
edly deduced that GO sheets continuously rolled to form
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Fig. 1 The electrospinning of GO nanofibers. a The comparison of
extension states and constituent illustrations of pure GO and GO/PAS
spinning dopes. b The extension ratio of GO/PAS dope as a function

nanofibers. The continuous length of collected GNFs is doz-
ens of centimeters (Fig. 3a), four orders of magnitude longer
than the average size of GO, suggesting that GO sheets
should interconnect with each other to become continuous.
In comparison, the radial size of GNFs is only one fiftieth of
the usual diameter of wet-spun graphene fibers (Fig. 3b). We
tested the mechanical strength of rGNF and found that the
thinning of fiber diameter induces an increasing of tensile

@ Springer

of PAS containing. ¢ Photograph of continuous jet threads stretching
out from the nozzle. d GO/PAS nanofiber membranes at different col-
lecting time. e SEM images of electrospun GO/PAS nanofibers

strength (Fig. 3¢ and Fig. S6), from the 2.5 GPa of wet-spun
reduced GF (<R>of~7 pm) [11] to 4.3 GPa of our rGNF
(<R >of 0.8 pm), exhibiting a Hall Patch effect with an
index of -0.3. The increasing trend of strength with decreas-
ing radial size is possibly caused by the more compact struc-
ture in rGNF with fewer defects [13].

By structural analyses by SEM and TEM, we con-
cluded the structural mode of GNF to include three major
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Fig.2 The morphology and diameter control of GO/PAS nanofib-
ers. a The formation mechanism of nanofibers and beads of electro-
spinning. b Three morphology modes of GO/PAS nanofibers: beads,
beads-on-string and fiber. ¢ Morphology diagram correlated with the

characteristics: aligned folds, interlayer overlapping and
multilayer rolling (Fig. 3d). The surface of GNFs features
aligned folds along the fiber axis resulting from the radial
shrinkage of highly stretched electrospun threads after dry-
ing. The surface folds have a typical length of ~200 nm
and a width of 20-60 nm (Fig. 3f), which are much smaller
than those (length of 20 pm and width of 200-600 nm)
of wet-spun graphene fibers (Fig. 3b) [7]. Cross-section

{|<R$=195nm (g)

Triton content (%)

7 §Ro=350 nmj

PAS content and GO concentration. d The collection efficiency of
nanofibers with Triton content. Statistic chart of the average diame-
ters (e) and SEM images (f-h) of nanofibers with increasing GO con-
centrations

morphology reveals that graphene sheets are overlapped
to form continuous fibers and these multilayers are rolled
together to form a scrolled laminated structure with ridges
and kinks (Fig. 3h). Distinct from the various disclination
strength of wrinkles in wet-spun microfibers, the wrinkles of
graphene laminates on the section of GNFs uniformly show
a disclination strength (m) of 1/2, which can be seemed as
the basic crystalline domain of microfibers (Fig. 3e) [11].
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As Spun
Nanofiber

Fig.3 Structural analysis of electrospun GNF. a Photograph of sin-
gle continuous GO/PAS nanofiber. b The comparison of diameter of
the wet-spun graphene microfiber and electrospun graphene nanofiber
under SEM. ¢ The mechanical strength of rGNF as a function of fiber
diameter. d Schematic structure of GNFs. Microscopy images of the

We estimated that GNFs with a diameter of 400 nm con-
sisted of 4-23 rolled graphene sheets, approaching the limit
size of assembled graphene fibers.

In the thermal annealing process, the PAS was completely
removed and nanofibers kept structural continuity and crys-
talline integrity, as in the case of wet-spun graphene fibers
[11]. The sharp diffraction spots in SEAD pattern (insert in
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peratures

Fig. 3g) denote the high crystallinity of constituent graphene
sheets in GNF [42, 43]. Closer inspections demonstrate that
the large domain size (> 50 nm at least) of laminate gra-
phene sheets with an interlayer spacing of 0.33 nm, close
to the (002) lattice parameter (0.335) of single crystalline
graphite (Fig. 3i1). The planar domain in GNFs exhibits a
complex Moiré pattern (Fig. 3j), indicating the randomly
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twisted configuration of rolled graphene sheets, in accord-
ance with multi discrete spots in Fig. 3g. Raman spectrum
of the final GNFs (GNF-3000) shows a neglectable D peak,
suggesting an effective recovery of structural defects due
to the complete removal of oxygen-containing groups of
GO sheets (Fig. 3k). The crystallite size in GNF-3000 was
calculated as 640 nm from the integrated intensity ratio of
D-band and G-band, which is orders of magnitude larger
than the nanocrystalline graphitic domains inside the PAN-
based carbon nanofibers, approaching the high crystalline
quality of graphite whiskers [11, 44-46]. The merit of high
crystallinity of GNFs possibly originates from the 2D pre-
cursor of GO that facilitates the growth of larger graphitic
crystalline domain.

The high crystallinity (Fig. 3i-k and Fig. S5) awards
GNFs high electrical conductivity (o) that is compara-
ble to highly oriented pyrolytic graphite (HOPG). As the
thermal annealing temperature raised, the ¢ of nanofiber
increased from 3 x 10* S/m of rGNF to 2.02x 10® S/m of
GNF-3000. The achieved high ¢ outperforms the bench-
mark PAN-based carbon nanofiber (3.8 x 10° S/m) [47],
even approaching that (2.2 10° S/m) of HOPG (Fig. 31).
Importantly, the high ¢ extends to a length scale of sev-
eral centimeters, which means the continuous crystalline
domain along the axial direction of GNF. Considering the
high o and its length continuity, GNFs emerge as a new
carbonaceous nanofiber species to be on a par with the
vapor grown whiskers [48-50], but can be prepared by a
continuous electrospinning method with high efficiency and
directly processed into carbon fabrics.

The electrospun GNFs can be continuously shaped into
fabrics with high flexibility and high electrical/thermal
conductivities. By controlling the collection manner, GNF
fabrics (GFFs) can be made to have random and aligned
texture (Fig. 4 and Fig. S7). As shown in Fig. 4a—c, direct
collection onto metal meshes obtained fabrics with ran-
dom distribution of GNFs and thick fabrics can be peeled
off to become a large-area free-standing film (such as 64
cm? in Fig. 4b). GNF fabric is lightweight, for example, it
has the packing density of 350 mg/cm? and corresponding
porosity of 76.1%. The GFF exhibited high flexibility and
can be folded into a complicated origami with complex
deformations and unfolded to initial flat state without any
breakage, because that the ultrafine GNFs network can
endure bending and even folding (Fig. 4c). The crystalline
integrity of single GNF endows random GFFs (density of
0.22 g/cm®) with high electrical conductivity (1.8 x 10*
S/m) and thermal conductivity (62 W/mK in Fig. 4d,
and Fig. S8), which are higher than those of PAN-based
nanofiber fabrics (1.7 x 10* S/m and 20 W/mK) at the

same density [51]. Moreover, GFFs exhibited a superi-
ority in specific thermal and electrical conductivities to
outperform prevailing carbon papers and fibrous films,
including multiwalled carbon nanotube films, chemical
reduced graphene films and thermally annealed graphene
films (Fig. 4e) [15, 52-55]. Especially, the specific ther-
mal conductivity of GFFs is close to the vaule of HOPG,
exhibiting great potentials as nanofillers for thermally con-
ductive composites [24].

We further used a high-speed drum to guide the align-
ment of electrospun nanofibers (Fig. 4f, g, and Fig. S9). The
GNFs are well-aligned along the rotation direction (Fig. 4h,
1) with an orientation order of 0.794 calculated by azimuthal
scan curve of SAXS pattern (Figure S10) [56, 57]. The ori-
entation brought 260% and 183% enhancements in strength
and breakage elongation, respectively, as compared with the
random GFFs (Fig. 4j). The alignment of GNFs brings high
anisotropy in mechanical strength, strain, electrical and ther-
mal conductivities (Fig. 4k). For example, the electrical con-
ductivity in the orientation direction is 2.03 X 10* S/m, which
is 1050% higher than that in the perpendicular direction of
orientation, showing an anisotropic ratio of 11.5. Addition-
ally, the high orientation improved the thermal conductivity
of GFFs to 95 W/mK, much higher than that (62 W/mK) of
random GFF and that (20 W/mK) of PAN-based nanofiber
fabrics [58, 59]. The orientation of GNFs in fabrics offers
a protocol to design and fabrication of networks to harness
the favorable properties of GNFs for advanced composites
[60-64].

Conclusion

In conclusion, we realized the electrospinning of neat gra-
phene nanofibers by enabling the colossally extensional
flow of GO liquid crystals with the assistance of mega
polymer. The created colossally extensional flow state of
2D sheets extends the processing capability for fabricating
as-design structures. The prototype electrospinning of gra-
phene nanofibers can be developed as a general method to
direct to new multifunctional nanofibers of board members
of 2D sheets family, such as MXene, MoS, and so on. The
prepared graphene nanofibers approach the size limit of 1D
topology transformation and its conductivity is close to the
bench mark single crystal whiskers. The continuously spun
graphene nanofiber emerges as a useful nanofiber species
with combining high performances and superior function-
alities for many applications in energy storage, advanced
composites and sensors.
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«Fig. 4 GNF fabrics. a and b Photographs of the non-orientation col-
lecting and the collected large-area fabric with randomly aligned
texture. ¢ Photographs and SEM images of the non-woven fabrics
under folded and released states, showing good flexibility. d In-plane
electrical and thermal conductivities of GFFs. e The comparison of
specific electrical conductivity (o/p) and specific thermal conductiv-
ity (x/p) of GFF-3000 with previous carbon fabrics and films. f and
g Photos of the rotating drum collecting and the collected fabric with
well-aligned texture. h and i SEM images of the oriented texture of
GNFs. j Typical stress—strain curves of GFF-3000 and oriented GFFs
(OriGFF-3000). k Properties of OriGFF-3000 measured at different
angles. The units for 6, p and x are Sm™', g cm™ and W m~! K,
respectively
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