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a b s t r a c t

The assembly of graphene-based materials into nanofibres is of intense technological interest for
numerous applications ranging from tissue engineering and drug delivery to fuel cells and space ele-
vators. We demonstrate a composite nanofibre synthesis process using functionalised graphene struc-
tures in liquid medium (two-dimensional [2D] electrolytes) as building blocks. The approach consists in
simultaneous scrolling and reacting 2D electrolytes, leading to a dimensional reduction of 2D materials
into one-dimensional nanostructures. The spontaneous self-assembly and cross-linking processes allow
to produce nanofibres without the need of fibrillation techniques, such as wet-spinning or external
templates.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Nanofibres are of utmost importance for a wide range of
applications from biomimetics, as for muscle filaments and mi-
crotubules [1], to aerospace and automotive industries [2]. In
medicine, for example, fibrillar materials can reproduce the fila-
mentous nature of the extracellular matrix, serving as outstanding
tools for tissue engineering and regenerative medicine. The inter-
connected open and small porous structure, good flexibility and
large surface area make fibrillary materials promising candidates to
improve filtration membranes [3] and aerogel structures [4].
Nanofibre assembly can be governed by short- and long-range in-
teractions, such as covalent and hydrogen bonding, hydrophobic
interactions, ionic interactions and stacking [5].

Graphene and its derivatives, that is, functionalised graphene, are
frequently used as building blocks to form complex and multifunc-
tional structures, such as micro and nanofibres [6]. Graphene and
graphene oxide (GO)microfibres,which are ultralong structureswith
thickness greater than 60 mm, are usually produced by wet spinning
[7e13]. Microfluidics has also been demonstrated to be a good alter-
native forGOmicrofibre synthesis [14].More challenging, however, is
the fabrication of graphene-based nanofibres, which have the thick-
nesses of the order of nanometres. Graphene nanofibres are usually
Neto).
obtained by templating methods, for example, the carbonisation of
polypyrrole nanofibre [15] and using tellurium nanowires [3,16,17],
polymer fibres [18] and carbon nanotubes as templates [19,20].
Although template-based methods favour controlled synthesis of
nanostructured materials, it also reveals limitations with respect to
the final morphology, apart from including synthesis after strategies
to eliminate the template. Therefore, the development of template-
free methods to produce graphene-based nanofibres is of great sci-
entific and technological interest.

Recently, we have demonstrated that two-dimensional (2D)
electrolytes, which are 2D materials with ionic groups attached to
their surface that can deprotonate in a liquid medium and undergo
morphological transition, behave in a similar way to poly-
electrolytes, such as proteins and DNA [21]. We show that 2D
electrolytes have characteristics that induce fibre formation
because of the assembly and cross-linking of such structures that
yield graphene nanofibres. This catalyst-free and self-template
approach allows for the incorporation of graphene into higher
aspect ratio composite nanofibres using mild conditions, such as
aqueous media and room temperature.

2. Results and discussion

To obtain 2D electrolytes and assemble them into cross-linked
nanofibres, graphene platelets are initially functionalised using 5-
azidopentanoic acid via decomposition of azide, as it has been pre-
viously described [21]. Depending on the azide molecules/graphene
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Fig. 1. Schematic representation of the synthesis of 2D electrolyte nanofibres. Functionalisation of graphene with (a) lower (G-COOH) and (b) higher degree (G-COOH-hc) of
functionalisation. Further functionalisation of G-COOH using (c) EDC, NHS and TETA molecules and the controls, and using exclusively (d) EDC/NHS or (e) TETA. Scanning electron
transmission electron microscopy (STEM) images of all steps, where the light grey structure in the background is the lacey carbon support film on the transmission electron
microscopy (TEM) grid. The ‘check marks’ and ‘cross symbols’ indicate the optimal and non-optimal synthesis pathway to obtain high-yield nanofibre formation, respectively.

Fig. 2. XPS characterisation of the nanofibres. High-resolution C1s and N1s XPS
comparing graphene, GeCOOH and nanofibres.
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ratio, different functionalisation degrees and morphological struc-
tures are observed. Specifically, an excess of 5-azidopentanoic acid
molecules (G-COOH-higher concentration [G-COOH-hc]) leads to a
controlled aggregation process, which is resultant from the forma-
tion of fibre-like structures (Fig. 1b). This type of structure is rarely
observed for lower degree of functionalisation (G-COOH) (Fig. 1a).

G-COOH is further functionalised with a polyfunctional molecule,
namely triethylenetetramine (TETA), by reacting with the carboxylic
groups previously activated with 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC)/N-hydroxysuccinimide (NHS) (see Experimental
section for details). The initial pH of the G-COOH suspension is
adjusted to acidic range, which favours the scrolling process of the
functionalised graphene sheets as it has been demonstrated in our
previous study [21]. Interestingly, the majority of the resulting
structures are highly branched nanofibres with high aspect ratio,
which entwine along each other (Fig. 1c, Fig. S1 and S2). The di-
ameters are in the range between 10 and 100 nm, whereas lengths
exceed 10 m(Fig. S1d). This system is referred here as nanofibres. It is
noteworthy that highly branched structures can act as gas adsorbents
[22] and/or anchor other types of molecules and structures, such as
metallic nanoparticles.

To clarify the assembly mechanism of 2D structures, two control
experiments are performed: (1) using exclusively EDC/NHS (G-
COOH-EDC/NHS) (Fig.1d) and (2) using solely TETA (G-COOH-TETA)
(Fig. 1e). The remaining parameters are preserved. Fibre-like
structures were observed in both cases, however in a lower yield
compared to the system with EDC/NHS and TETA applied together
(nanofibres).

The elemental composition of the systems is analysed and
compared step-by-step via X-ray photoelectron spectroscopy (XPS)
(Fig. 2 and Fig. S3). The positions and percentages of the decon-
voluted peaks for C1s spectra are summarised in Table S1. A slight
relative increase in the sp3 and O-containing groups are observed
for G-COOH with lower degree of functionalisation, which are
further increased after the reaction with EDC/NHS/TETA, with
subsequent nanofibre formation (Fig. 2). It is important to note that
the relative increase in the peaks around 288e289 eV can be
2

related to the crosslinking reactions between graphene sheets,
resulting in amide functional groups, as we will discuss shortly.
The relative increase in the peaks at 1,653 and 1,572/cm in the
Fourier-transform infrared spectroscopy (FTIR) spectra (Fig. S4),
attributed to amide I (C¼O stretching vibration) and amide II (NeH
bending vibration), respectively [23], corroborates the formation of
amide groups after the reaction. The reaction with EDC/NHS/TETA



Fig. 3. Morphological and structural analyses of 2D electrolyte nanofibres. (a, b, c) SEM images and (d, e) HR-STEM for nanofibres structures, where the graphene is located
inside the fibres. (f, g, h) SEM images and (i, j) HR-STEM for nanofibres, where graphene is assembled on the surface of the amorphous phase.
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leads to an expected relative increase in the total percentage of N
due to the presence of TETA molecules. Two main peaks could be
deconvoluted: amide (eNHe(C¼O)e) or secondary/tertiary amine
at 400.3 eV and protonated amine (NH3

þ) from TETA at 401.9 eV.
[24,25].

Fig. S3 shows the C1s and N1s high-resolution XPS spectra for
other derivations of the reaction previously shown in Fig. 1. We
repeated the graphene spectrum to facilitate the comparison be-
tween the spectra. When an excess of 5-azidopentanoic acid (G-
COOH-hc) is utilised, a higher degree of functionalisation is ach-
ieved in comparison to G-COOH (Fig. 2). The alignment of the
graphene flakes and formation of fibre-like structures may arise
from the intermolecular reaction between free azidomolecules and
the carboxylic acid attached to the graphene structure, resulting in
a cross-linking process. For the controls, G-COOH-EDC/NHS and
3

G-COOH-TETA, a relative increase in the peaks is observed in the
region related to amide and carboxylic/ester groups, suggesting
the formation of cross-linking reactions. Additionally, for G-COOH-
TETA, the broadening of the N1s peaks indicates a larger presence
of primary amine groups, which is expected due the presence of
TETA molecules.

A closer examination on the nanofibres with scanning electron
microscopy (SEM) reveals the formation of two different types of
structures (Fig. 3 and Fig. S5): (1) one highly resistant and (2)
another less resistant to the e-beam (Fig. 3aec). At the same time,
some nanofibres are resistant to the e-beam (Fig. 3feh), indicating
the self-assembly of the functionalised graphene sheets on the
nanofibre surface. Moreover, according to our observations, this
reaction continues until complete consumption of the graphene
platelets. If the reaction has not been finished, ‘free’ platelets



Fig. 4. Raman characterisation of 2D electrolyte nanofibres. The optical image in (a) demonstrates the locations of laser incidence for obtaining the Raman spectra in (b), and the
band positions and full width at half maximum (FWHM) are presented in Table S2. The black spectrum at the bottom is corresponding to the G-COOH reference sample. Optical
image (c) and intensity maps of the ‘D’ (d), ‘G’ (e) and ‘2D’ (f) bands, respectively, for an isolated nanofibre. Raman excitation laser wavelength is 532 nm.
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maintain a continuous reaction and self-assembly onto the pre-
existent fibres, resulting in longer and thicker structures as a
function of time, indicating spontaneous cross-linking [26] and
living polymerisation. [27] Electrostatic interactions may also
contribute for the assembling process.

The images obtained by high-resolution scanning electron
transmission electron microscopy (HR-STEM) reveal different lo-
cations of the crystalline part formed by graphene sheets at the
centre (Fig. 3d and e) or on the surface of the fibre (Fig. 3i and j).
Therefore, in Fig. 3aec, the high contrast region is constituted
primarily of functionalised graphene sheets, thus implying its high
stability under the e-beam, while the dark part is composed by an
amorphous organic phase formed by the reactants (EDC/NHS/
TETA).

An interlayer spacing ranging from 0.40 to 0.43 nm is observed,
slightly larger than that of graphite (0.34 nm), and approximately
the same as scrolls formed by 2D electrolytes [21]. This result is
expected considering the incorporation of functional groups onto
the graphene surface. Importantly, neither the crystalline nor the
amorphous phases are completely homogeneous along the nano-
fibre. Additionally, fibres with diameters below 10 nm did not
present obvious crystalline phase (Fig. S6).

Bare EDC/NHS/TETA systems were also prepared, as reference,
by keeping the same experimental steps of the reaction. Fibre-like
structures were observed for such systems; however, they are
randomly interconnected and resemble more a network with low
cross-linking density (Fig. S7a), suggesting a partially independent
network formation. From the high-resolution C1s and N1s XPS
spectra (Fig. S7b), when the G-COOH is absent, the peaks are
attributed to groups, such as CeO, CeN and C]O. As in previous
samples, for the N1s region, two main peaks can be deconvoluted,
namely amide or amine (secondary and tertiary) at 400.3 eV, and
protonated amine (NH3

þ) at around 402 eV, both originating from
TETA [24,25] and EDC. In the absence of G-COOH, the latter presents
relative higher intensity and a slight shift when compared to the
nanofibres, which is associated with a higher concentration of
protonated amine. These findings suggest that an organic fibre
network is simultaneously formed, but in an organised fashion
since it involves the G-COOH building blocks in the scrolled form of
this 2D electrolyte.
4

The Raman spectra (Fig. 4) show the typical bands of carbon
structures (D, G and 2D bands) along the nanofibre structure
(Fig. 4a), with the relative intensity of the Raman bands varying as a
function of the position along the fibre (Table S2). The D band,
associated with defects and deformations, is much more pro-
nounced in the positions close to the edges of the filaments, at the
intersections, or on the shorter structures. In the latter, it is difficult
to separate the signal from the edge or the middle of the fibre since
the laser spot (1e2 mm) is larger than the filament diameter. This
variation in the relative intensity of the Raman bands along a single
structure has also been reported for carbon nanotubes (CNT) [28],
and the enhanced D band in scroll-like structures has been attrib-
uted to the curvature-induced disorder [29,30]. To better under-
stand the distribution of the graphene within the nanofibres,
Raman mappings are performed (Fig. 4b), showing that the nano-
fibres are indeed inhomogeneous. However, D, G and 2D bands are
prevalent along the structure, indicating the successful construc-
tion of the hybrid nanofibre by self-assembly approach. The Raman
mappings for other systems are shown in Fig. S8, where G-COOH-
hc, G-COOH-EDC/NHS and G-COOH-TETA also presented D, G and
2D bands, but with varying degrees of discontinuity along the
nanofibres. Moreover, these systems presented many ‘free’ gra-
phene flakes, that is, unattached to the nanofibres. As expected, for
the system without graphene, no characteristic D, G, or 2D peaks
were detected (Fig. S8d).

The underlying mechanism for formation of such structures is
further investigated theoretically. We find that the functional
groups are concentrated at the graphene edges after functionali-
sation with 5-azidopentanoic acid as seen in the computer simu-
lations (Fig. 5a and b). The zig-zag sites in the graphene structure
are reactive and enable carbene-related reactions, including cyclo-
addition [31,32]. Moreover, the oxygen-containing groups on gra-
phene surface, resultant from liquid phase exfoliation process, are
concentrated mostly at the edges, and can react with the azido
molecules. Fig. 5a and b demonstrates that the edge functional
groups link graphene platelets with higher binding energy than the
surface functional groups. Consequently, one can observe an
efficient regioselectivity of the subsequent reaction steps, allowing
the reaction to continue predominantly at the edges (Fig. S9),
providing a preferential longitudinal fibre growth.
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Taking into consideration the steps represented in Fig. 1, we
simulate cross-linking reactions that are most likely to occur
(Fig. S9). As one can observe, all mechanisms have similar energies
(within <0.4 eV) andmay explain not only the nanofibre formation,
but also the incorporation of the G-COOH into or onto the nano-
fibres. The activation of the carboxylic groups on G-COOH by EDC/
NHS and the polyfunctional character of the aminemolecule (TETA)
can result in the assembly of the graphene sheets, leading to the
formation of large 1D structures. However, we have observed
experimentally, from the ‘control’ reactions, and confirmed by
quantum density functional theory (DFT) calculations, that multi-
ple mechanisms can occur simultaneously.

Moreover, two random scrolls are only able to form a self-
assembled structure between them if they are constituted of
platelets with similar sizes; the regular layered structure is not
possible otherwise. Themodel explaining this effect is shown in Fig.
5c and d. The scrolls are Archimedean spirals described by r(4)¼4d/
2p, where r is the radius vector, f is the azimuthal angle and d is the
interlayer distance. The scroll shape is determined by balancing the
elastic energy trying to flatten the scroll and the interlayer inter-
action. It has been demonstrated previously [21] that the Archi-
medean scrolls made of the same material have the same shape
determined solely by material constants, D (bending stiffness) and
H (Hamaker constant). The scrolls are then similar in geometrical
sense, that is, they can be described by the same pairs of angles f0
and f1 no matter how large the original platelets are (Fig. 5c and d).
Fig. 5. Theory analysis of fibre formation. Chemical bonds responsible for cross-
linking scrolls along (a) their edges or (b) at the surface. C, H, N and O atoms are
represented in grey, white, blue and red, respectively. The enthalpy of reaction is given
above the arrow. (c) Two random scrolls having too large size mismatch cannot
entwine and (d) scrolls of comparable sizes can entwine and form a fibre.

5

If f0 � f1≪ f0; f1, then one canwrite the ratio L=d � fc, where L ¼
2prc is the linear size of square-shaped platelets, rc is the charac-
teristic scroll radius and fc is given by fc ¼ 2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6pD=H

p
. For the

scrolls to entwine in a regular manner, the difference between their
characteristic radii should be of the same order as the interlayer
distance of the larger specimen, that is, Drc � d. Since Drc ¼ DL=2p
and d � L=fc, we canwrite the following condition for regular scroll
entwinement:

DL
L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6pD
H

� 1;

r
(1)

whereDL should be seen as the standard deviation in the linear size
distribution of platelets. If DL is large, then two random platelets
most likely have large difference in sizes that hampers fibre for-
mation. Equation (1) also suggests that the situation becomes more
challenging for scroll/fibre formation if D[H (the case of pristine
graphene with D of about 1 eV). Graphene functionalisation usually
reduces the bending stiffness by orders of magnitude (D¼ 0.025 eV
for GO). This should also be the case for our functionalisation
technique. We expect D � H and DL � L for our graphene which
facilitates scroll entwinement and fibre growth.
3. Concluding

Altogether, the experimental evidence suggest that an interface-
confined polymerisation reaction is happening on the G-COOH
structures. The chemical environment produced by the reaction
leads to a scrolling process of G-COOH, similar to what has been
previously observed for 2D electrolytes [21]. Because G-COOH
structure presents carboxylic groups on both sides of the sheets,
further polymerisation occurs on the other part of the scroll
structures, forming a layered fibrous structure. This structure is
guided by an organic fibrous network that is simultaneously
formed by the cross-linking reactions among EDC/NHS/TETA mol-
ecules used for functionalisation. Moreover, these reactions take
place mostly at the scroll/fibre edges due to both the higher
regioselective reactivity and the high structural anisotropy of the
system, justifying the high aspect ratio obtained. Interestingly, one
can observe that the fibres are continuously growing over time via
self-assembly and reactions owing to the greater availability of
functional groups at the edges, suggesting a living polymerisation
profile.
4. Experimental methods

4.1. Graphene functionalisation

Graphene is first functionalised with 5-azidopentanoic acid (G-
COOH), as we have described previously [21]. To obtain a system
with higher degree of oxidation, the concentration of 5-azido-
pentanoic acid is maintained, but the graphene amount is
decreased.

The graphene sheet conformation is tuned by modifying the
properties of themedia and the graphene’s surface charge is altered
by changing the pH. Specifically, G-COOH is diluted to 2 mL in ul-
trapure water in an 8 mL glass flask and sonicated for 10 min at
10 �C (initial pH ¼ 6.5). During sonication, acid or base solutions
(H2SO4 and KOH) are added to the suspensions to adjust the pH,
and the systems are sonicated for more 20 min at 10 �C.

The system is further functionalised with a polyfunctional
molecule namely TETA (nanoscrolls). For this, the pH of 5 mL of G-
COOH 0.04 mg/mL in water is adjusted to 4 and the system is
sonicated for 20 min at 10 C. To activate the carboxylic groups,
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25 mg of EDC is added and the system is kept under stirring for
15 min, followed by the addition of 50 mg of NHS. After additional
15 min, 200 mL of TETA (60%) is added and the system is kept under
stirring at room temperature for 3 h. Next, the reaction is trans-
ferred to the refrigerator for 72 h, followed by washing 1x in
ethanol and 2x in water. The controls, in which we synthesised
different versions (G-COOH-EDC/NHS and G-COOH-TETA), are
prepared using the same protocol, except for the presence of TETA
or EDC/NHS, respectively.
4.2. Characterisation

The substrates (Si, Si/SiO2, or Si/Au) are washed by immersion in
acetone and isopropanol alcohol under sonication (5min each). The
morphology of graphene structures is investigated by electron
microscopy techniques. For SEM, samples are drop casted directly
onto Si and Au-coated Si substrates and the analyses are carried out
in an FEI Verios 460 L field-emission scanning electron microscope
(FESEM) operating at 2 kV. STEM and HR-STEM are performed on
Lacey carbon gold transmission electron microscopy (TEM) grids
(TedPella) using FEI Verios 460 L FESEM and JEOL JEM-ARM200F
atomic resolution analytical microscope, respectively. For the size
distribution analysis, the open-source imaging processing ImageJ
software is used and approximately 150 structures were manually
measured. Only the structures where the length and diameter
could be clearly visualised were measured. For the length mea-
surement, the closest equivalent straight line was considered and
for the diameter, because it is not homogeneous along the nano-
fibre, two distinct points were measured and the average between
them was considered.

Optical images are obtained on Si/SiO2 substrates using an
Olympus optical microscope.

For XPS, the dispersions are directly drop casted on Si substrates
and dried at room temperature. The spot size for the XPS mea-
surements is approximately 300 mm � 700 mm and all spectra are
calibrated using the Si peak (99.4 eV) from the silicon substrate.
Shirley-type background, peak fitting and quantification are per-
formed by means of CasaXPS software (version 2.1.19). We have
performed a deconvolution of the C1s spectrum into an asymmetric
peak of graphite (~284.5 eV) and the other peaks are fitted using
Gaussian-Lorentzian GL (30) line shapes [33]. Atomic force micro-
scopy (AFM) images are acquired in a Bruker Dimension Icon Mi-
croscope operated in tapping mode and scan lines of 512 and the
height profile images are obtained using the open-source AFM
image processing tool Gwyddion. Confocal Raman spectroscopy is
carried out in a Witec Alpha 300R, with excitation wavelength of
532 nm and a 100x objective with a numeric aperture of 0.9. The
spectra are normalised with respect to the G band intensity.
FTIR spectra of the freeze-dried samples were performed in KBr
disks in the transmittance mode and resolution of 4/cm using a
Bruker Vertex 70 spectrometer.
4.3. Computational methods

We performed density functional theory calculations using the
SIESTA code [34] to determine the enthalpies of the reactions
involved in the cross-linking process. We used the non-local van
derWaals density functional of Lee et al. [35]. The core electrons are
modelled using pseudopotentials of the Troullier-Martins type [36].

The basis sets for the Kohn-Sham states are linear combinations
of numerical atomic orbitals (double zeta polarised basis for all
species). The charge density is projected on a real-space grid with
an equivalent cut-off energy of 250 Ry to calculate the exchange
correlation and Hartree potentials. Structural relaxations are
6

performed using a combination of conjugate gradient optimisation.
The calculations were performed in vacuum.
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