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Abstract
The exfoliation/dispersion of two-dimensional (2D) materials is of great importance due to their
unique properties and applications in electronics as well as energy storage devices. In this
paper, we address the challenge of dispersing 2D materials in a scalable and environmentally
friendly way. A methodology to efficiently disperse 2D materials [boron nitride (BN) and
molybdenum disulfide (MoS2)] in an aqueous solution using a green dispersant, nanofibrillated
cellulose (NFC), was introduced. The stable high concentration BN/MoS2 aqueous solutions
allow the formation of multifunctional composites and may facilitate roll-to-roll manufactur-
ing. Films and fibers with excellent mechanical strength were fabricated with the BN solution.
Additionally, strong and flexible MoS2 films were prepared and used as anodes for sodium ion
batteries, indicating flexible battery applications.
& 2015 Elsevier Ltd. All rights reserved.
Introduction

Two-dimensional (2D) materials with strong in-plane bonds
but weak out-of-plane bonds have been extremely popular
in research endeavors since the discovery of monolayer
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to this work.
graphene in 2004 [1]. Besides graphene, there are numerous
2D materials such as boron nitride (BN), transition metal
dichalcogenides (MoS2, WS2), and transition metal oxides
(MoO3, MnO2) that exhibit interesting properties and offer a
wide range of applications from electronics to the life
sciences [2–4]. For instance, BN is an electronically insulat-
ing material with excellent thermal conductivity and stabi-
lity. These unique properties make BN an outstanding
candidate for many applications that are not possible for
graphene [5,6]. Molybdenum disulfide (MoS2) has also gar-
nered much attention in electronics and as a photovoltaic
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material due to its strong absorption in the solar spectral
range [7].

The exfoliation/dispersion of 2D materials yields materi-
als with a very high surface area which is attractive in
surface active and catalytic materials. The electronic band
structure can also be modified through exfoliation/disper-
sion since the electrons are constrained to adopt a 2D wave
function after exfoliation/dispersion [8,9]. For example,
the band gap of bulk MoS2 (indirect) and dispersed mono-
layer flakes (direct) differ dramatically. The changes in the
electronic structure cause the monolayer flakes to exhibit
strong photoluminescence [10,11]. The proper exfoliation
method is essential to obtain a large quantity of high quality
flakes. Numerous methods have been developed to disperse
2D materials; however, liquid exfoliation/dispersion remains
superior since the process is potentially scalable, can lead
to roll-to-roll manufacturing, and the obtained ink allows
for the formation of multifunctional composites [12]. A
dispersion method that utilizes greener solvents and dis-
persants can enable cost-effective large-scale production
processes that minimize or eliminate the need for properly
disposing potentially harmful chemicals [13–15].

Nanocellulose, mainly derived from wood with diameters
in the nanoscale and lengths in the microscale, is considered
to be a low-cost, green and inexhaustible material [16].
Owing to its impressive optical, mechanical, and thermal
properties, nanocellulose has been extensively studied as a
building block for films and fibers, a separator for batteries,
and a substrate for electronic devices [17–21]. The presence
of polar –OH groups enables hydrophilicity while the expo-
sure of hydrophobic –CH moieties causes hydrophobic faces
to form in the elementary fibrils. The existence of both
hydrophilic and hydrophobic faces allows cellulose to be
used as a dispersant [22]. Previously, nanocellulose has been
reported as an emulsifier for perking emulsions [23], a
stabilizer for magnetic nanoparticles [18] as well as a
dispersant for carbon nanotubes (CNTs) [24]. The use of
nanocellulose to disperse 2D energy materials is a novel
concept that should be explored.

In this paper, 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-oxidized nanofibrillated cellulose (NFC) was used
Fig. 1 Schematic to show how NFC disperses 2D materials.
C, O, and H atoms are represented as gray, red, and white
spheres, respectively. represents the negative surface charge
introduced by NFC carboxyl groups. (For interpretation of the
references to color in this figure legend, the reader is referred
to the web version of this article.)
as a dispersant to disperse 2D materials (BN and MoS2) in
water. Fig. 1 illustrates the mechanism for the dispersion of
2D materials by NFC: NFC attaches to the flakes through the
interaction between its hydrophobic sites and the flake's
hydrophobic plane as well as hydrogen bonding between the
NFC hydroxyl groups and the defective edges of the 2D
materials. The flakes are stabilized due to steric hindrance
and the electrostatic repulsive forces generated by the
charged NFC carboxyl groups. This method is more suitable
for green, large-scale dispersion of 2D materials since
proper disposal of the solvent is a non-issue. Composite
films were fabricated using the NFC-assisted dispersed BN
and MoS2 aqueous solutions with great mechanical strength:
182716 MPa and 159718 MPa respectively. These values
are among the highest achieved for composites with iden-
tical 2D material content [12,25–29]. Sodium ion batteries
were also assembled with the MoS2 films acting as an anode,
indicating flexible battery applications.

Experimental

NFC preparation

NFC was prepared according to a previously reported
method [30]. Briefly, TEMPO (78 mg), sodium bromide (NaBr,
514 mg) and Kraft bleached softwood pulp (5 g) were mixed
together. Then 10 mmol sodium hypochlorite (NaClO) was
added under gentle agitation at room temperature to
trigger the TEMPO oxidation of the cellulose fibers. During
the oxidation process, the pH was maintained at 10.5 by
adding sodium hydroxide (NaOH). The reaction ended when
all the NaClO was consumed. After TEMPO treatment, the
fibers were thoroughly washed with distilled water and
disintegrated by one pass through a Microfluidizer M-110EH
(Microfluidics Ind., USA) to obtain an NFC suspension. To
evaluate the dispersion's stability, the Zeta potential was
determined using a Zetasizer Nano ZS90 equipment. The
concentration of the NFC solution for the Zeta potential
tests was 0.3 wt% at a pH of 7.7 (Malvern Instruments,
Worcestershire, UK). Atomic force microscopy (AFM)
(Dimension FastScan, Bruker Corporation) was applied to
characterize the morphology of NFC in tapping mode.

BN and MoS2 dispersion

Commercial BN powder (Graphene Supermarket Inc., aver-
age particle size of 5 μm) and 10 wt% NFC (relative to BN
powder) were mixed together in water with an initial BN
concentration of 5 mg/mL. The exfoliation/dispersion pro-
cess was performed through bath sonication for 30 h (FS
110D, Fisher Scientific). After sonication, the dispersion was
then centrifuged at 3000 rpm for 15 min and the super-
natant was kept. The absorbance spectrum of the BN
dispersion was obtained with a UV–vis Spectrometer Lambda
35 (PerkinElmer, USA). The Zeta potential was determined
using the Zetasizer Nano ZS90 equipment with a BN disper-
sion concentration of 0.7 mg/mL and a pH value of 7.8.
(Malvern Instruments, Worcestershire, UK). The morphology
of dispersed BN flakes was characterized by transmission
electron microscopy (TEM) using a JEOL JEM 2100 (Japan) at
an accelerating voltage of 200 kV.
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MoS2 was exfoliated with two different NFC additions:
10 wt% and 50 wt% NFC (relative to the MoS2 mineral).
Commercial MoS2 mineral (SPI Supplies) and its respective
NFC addition were mixed together in water with a mineral
concentration of 5 mg/mL. The exfoliation/dispersion was
performed through bath sonication for 4 h (FS 110D, Fisher
Scientific) before being centrifuged at 5000 rpm for 15 min.
After centrifugation, the supernatant was kept and acted as
the dispersion. The absorbance spectrum of the MoS2
dispersion was obtained with a UV–vis Spectrometer Lambda
35 (PerkInElmer, USA). The Zeta potential was tested using
the Zetasizer Nano ZS90 equipment with a MoS2 dispersion
concentration of 0.3 mg/mL at a pH of 7.8. (Malvern
Instruments, Worcestershire, UK). The morphology of dis-
persed MoS2 flakes was characterized by transmission elec-
tron microscopy (TEM) using a JEOL JEM 2100 (Japan) at an
accelerating voltage of 200 kV.
Film/fiber fabrication and characterization

BN and MoS2 films were fabricated by filtering the previously
prepared dispersions. The obtained wet films were dried at
room temperature under pressure. Films with different NFC
content were made from BN–NFC (4 wt% BN, 40 wt% BN,
75 wt% BN) and MoS2–NFC (13 wt% MoS2, 25 wt% MoS2) hybrid
solutions. The hybrid solutions were prepared by adding NFC
into BN and MoS2 dispersions before sonicating the solutions
for 1 min. BN fibers were fabricated by wet spinning. To be
specific, a NFC-assisted dispersed BN solution (17 mg/mL)
was extruded directly into ethanol through a springe. A gel
fiber was formed in ethanol and pulled out to dry in air after
1 min of immersion. A force was applied at the ends of the
fibers by hand to dry them under tension. The morphology
and thickness of the films and fibers were characterized
with a Hitachi SU-70 field emission scanning electron
microscope (FESEM) and optical microscope. The tensile
strength was determined using a dynamic mechanical
analysis (DMA) machine (Q800) in tension film mode. Before
testing, each sample was conditioned for 24 h at 50%
humidity under a temperature of �23 1C. Each film was
cut into a strip (3 mm� 20 mm) for testing.
Battery assembling and testing

The conductive MoS2 film was fabricated by filtering an NFC
dispersed MoS2 solution mixed with CNTs and drying it in a
vacuum oven at 100 1C. The weight ratio of MoS2:NFC:CNT
was 67:16.5:16.5. Half-cells were assembled using 3/8″
MoS2 films as the working electrode and sodium metal
(99%, Sigma-Aldrich) as the counter electrode. The separa-
tor and 2025 coin cell were purchased from MTI Inc. 1 M
NaPF6 in ethylene carbonate (EC)-dimethyl carbonate (DMC)
served as the electrolyte. MoS2 cells with NFC-free dis-
persed MoS2 films as working electrode were made in the
same process as control samples, while the weight ratio of
MoS2:CNT was 83.5:16.5. The assembled cells were tested
using a Biologic VMP3 electrochemical potentiostat in the
potential range of 0.1–2.35 V at 10 mA/g.
Results and discussion

Nanocellulose is one of the most inexhaustible renewable
polymers. It is considered to be amphiphilic due to the presence
of both polar –OH groups and non-polar –CH moieties [22]. In
this work, NFC was applied to disperse 2D materials such as BN
and MoS2. TEMPO-oxidized cellulose fibers were passed through
a microfludizer to create NFC with a length and diameter of
approximately 200–500 nm and 10–20 nm respectively (Fig. 2a).
The obtained NFC solution was transparent as shown in Fig. S1a.
NFC was stable in water due to the introduction of charged
carboxyl groups. The Zeta potential of the NFC solution was
�64.9 mV, indicative of a highly stable solution. 2D materials
such as BN (Fig. S1b) and MoS2 (Fig. S1c) were chosen due to
their unique thermal and electronic properties as well as the
challenge to disperse them efficiently.

With the addition of NFC, dispersed BN solution with a
concentration up to 1.1 mg/mL was obtained (details about
calculating the BN concentration is in Supporting
information). The dispersion yield (the weight ratio of
exfoliated BN to bulk BN) reached 22%, which is among the
highest yield reported for BN by sonication [31]. Note that
NFC-assisted dispersed BN solution demonstrated better
stability compared to the BN dispersion without NFC as
shown in Fig. 2b. After sitting for 10 days, clear aggregates
appeared in the BN dispersion without NFC while NFC-
assisted dispersed BN solution remained stable. The same
phenomenon was observed for the MoS2 dispersions as well.
Without the addition of NFC, the dispersed MoS2 solution was
not stable and began to precipitate after sitting for 1 day.
However, NFC-assisted dispersed MoS2 solutions were stable
even after 2 months (Fig. 2c). It is likely that the electro-
static repulsion between the charged carboxyl groups on the
NFC helps to stabilize the flakes. The Zeta potential of the
NFC-assisted dispersed BN and MoS2 solutions were �41.9 mV
and �38.3 mV respectively, which demonstrates the solu-
tion's stability and supports the proposed stabilizing mechan-
ism via electrostatic repulsion. Beyond electrostatic
repulsive forces, May et al. demonstrated that a steric
stabilization mechanism was also attributed to the polymer
stabilized 2D flakes [32]. Thus, the stabilization of NFC-
assisted dispersed 2D flakes likely corresponds to both
electrostatic repulsion and steric hindrance.

With the help of NFC, the exfoliation/dispersion yield of
MoS2 can reach 18%. The solution without NFC displayed a
lighter color than the NFC-assisted dispersed solution. This
indicates that the addition of NFC enables a superior
dispersion of MoS2 (Fig. 2c). Note that the concentration
of the MoS2 solution with 10 wt% NFC was 0.3 mg/mL while
50 wt% NFC was 0.9 mg/mL. Based on these concentrations,
the higher NFC addition clearly enhanced the dispersion of
MoS2 in the water solutions (Fig. 2c and Fig. S1d). The entire
NFC-assisted MoS2 dispersion process took 4 h. This process
is much more efficient than dispersion by ion-intercalation
which requires more than 20 h to complete [33]. Note that
NFC can disperse BN and MoS2 efficiently with only 10 wt%,
which is a much lower dosage than dispersions reported in
polymer solutions [32]. The NFC addition is even lower than
a surfactant-assisted dispersion which requires 30 wt% of 2D
materials [34]. Additionally, this NFC-assisted dispersion
method is scalable since approximately 200 mL of exfoliated



Fig. 2 (a) An AFM image of NFC. (b) A digital image of exfoliated/dispersed BN in water without NFC and with 10% NFC after sitting
for 10 days after centrifugation. (c) MoS2 dispersions with different NFC content after centrifugation and sitting for 2 months. (d and
e) UV–vis absorption spectra of BN and MoS2 water solutions respectively.
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2D material dispersions can be easily obtained at once (Fig.
S1e and f).

To confirm the result of well-dispersed 2D flakes, the
solutions were characterized using UV–vis absorbance spectro-
scopy. Fig. 2d is the absorption spectrum of the BN dispersion.
The spectrum exhibits a peak at 203 nm, which is in agreement
with the wavelength of reported exfoliated BN dispersions [35].
Fig. 2e shows the typical absorption spectrum for a MoS2 water
solution with two peaks centered at 605 nm and 664 nm.
These peaks are consistent with the MoS2 flakes obtained by
grinding-assisted liquid phase exfoliation [36]. In conclusion,
these results exhibit well-dispersed monolayer or few-layer
nanosheets in the solvent mixtures.

Transmission electron microscopy (TEM) was utilized to
characterize the size of the dispersed flakes. The lateral size
of the BN flakes was 50–300 nm for the dispersion without NFC
(Fig. 3a). The NFC-assisted dispersed flakes were larger with a
lateral size ranging from 200 nm to micrometers (Fig. 3b and c).
For the MoS2 flakes, the lateral size of the dispersed flakes with
and without NFC ranged from 200 nm to micrometers and
50 nm to 500 nm respectively (Fig. 3d–f). This difference may
be due to poor stress transfer during the cavitation process at
the water/NFC/2D material interface [37]. In order to provide
evidence of NFC's tendency to attach to flakes, elemental
mapping was conducted on the NFC dispersed BN flakes. Fig. 3g
is the original TEM image used to take these elemental maps.
The N and B elemental maps shown in Fig. 3h and i demon-
strated that the flake is truly BN. Fig. 3j shows the elemental
map for O, indicative of NFC attached to the BN flake.

NFC has been shown to be an effective dispersant for
BN and MoS2 flakes in water. To understand the NFC-assisted
dispersing mechanism of BN and MoS2, the surface properties
of NFC need to be investigated. NFC is believed to be
hydrophilic due to the polar hydroxyl groups; however,
hydrophobic faces also exist due to the exposure of hydro-
phobic –CH moieties (Fig. 4a and b) [38]. Although the
hydrophobic surfaces are less representative, cellulose still
possesses the property to capture nonpolar solvents such as
chloroform or cyclohexane and interact with the hydrophobic
aromatic moieties of lignin and the hydrophobic cellulose-
binding modules of cellulases [39]. In order to verify NFC's
amphiphilic properties, NFC was added into an 80% water/
20% oil (hexane) mixture. A water–oil emulsion formed after
sonicating for 10 min (Fig. 4c), which verifies that NFC has an
affinity to both water and oil. This helped to prove the
potential of NFC to attach to hydrophobic 2D flakes through
the interaction between the NFC hydrophobic surfaces and
the 2D flakes. For the dispersion of BN and MoS2 flakes, we
believe this may pertain to two kinds of interactions between
the NFC and the 2D flakes: hydrophobic to hydrophobic
interactions as well as hydrogen bonding. Previous studies
have shown that both BN and MoS2 flakes contained hydroxyl



Fig. 3 TEM images of BN dispersed in water (a) without NFC and (b and c) with NFC. TEM images of MoS2 dispersed in water
(d) without NFC and (e and f) with NFC. (g–j) Elemental mapping of a BN flake to show the presence of cellulose: (g) TEM image and
the elemental mapping of (h) N, (i) B, and (j) O.

Fig. 4 (a) Chemical structure of cellulose where a 3D structure of glucose shows the hydrophilic and hydrophobic sites.
(b) Schematic of a cellulose crystal in an elementary fibril with hydrophobic and hydrophilic faces [38], among them, the (200) face
refers to the hydrophobic face while the (1�10), (110), (1�10), (010) refer to hydrophilic faces. C, O, and H atoms are represented
as gray, red, and white spheres, respectively. Note that only major components of hydrogen bonds are represented. (c) Image of a
water–oil emulsion with the presence of NFC (left) and water–oil mixture before the addition of NFC (right). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Y. Li et al.350
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groups after sonication-assisted hydrolysis in water [35,40,41].
This causes the flakes to exhibit an affinity with NFC through
hydrogen bonding. Charges are introduced to the 2D flakes due
to the attachment of NFC. The electrostatic repulsive forces
of the charged NFC carboxyl groups attached to BN/MoS2
flakes as well as the steric hindrance formed by the NFC
prevents the dispersed flakes to re-aggregate. This leads to
the formation of stable dispersions.

Based on the obtained dispersions, films with thicknesses in
the nanoscale and microscale can be fabricated via methods
such as spray coating, filtration, and casting. Through filtration
of the NFC-assisted dispersed BN solution, flexible BN composite
films can be obtained and folded into an origami crane
(Fig. 5a). Note that the layered structure of the BN film is
evident in the cross-sectional SEM images shown in Fig. 5b and
Fig. S2a. The layers formed by the NFC and BN flakes can act as
multi-walls to protect materials against oxygen, which is
important for specific applications [20]. Fig. S2b is the surface
SEM image of the BN composite film, which depicts how NFC
glues the BN flakes together. The BN film fabricated using the
NFC dispersed BN solution also possessed great mechanical
strength. Fig. 5c shows the typical stress-strain curve of the BN
film containing 40 wt% BN. BN–NFC nanocomposites with
75 wt%, 40 wt%, and 4 wt% of BN exhibited a tensile strength
of 8074 MPa, 10075 MPa, and 182716 MPa respectively.
These values are higher than other BN nanocomposites at
the same BN content as depicted in Fig. 5d. The excellent
mechanical strength was ascribed to the presence of NFC
which acts as both a strong building block and as a
Fig. 5 (a) An origami crane made from the strong, flexible BN film.
flake content of 40 wt%; the arrows refer to NFC. (c) Typical st
(d) Comparison of the literature for BN composite films where the ul
(e) A POM image of the BN fiber, demonstrating alignment along the fi

40 wt% BN.
strengthening agent to connect the BN flakes together [19].
Additionally, the one-dimensional fibers with 2D plates act as
a structural analog to what researchers typically use to
create strong films: a nacre (comprised of well-ordered,
layered plates with a polymer coating) [42]. The resulting
film shows superior thermal conductivity and mechanical
strength. For the 50 wt% BN hybrid film, a high thermal
conductivity comparable to aluminum alloys can be obtained
with values up to 145.7 W/m K [4]. This BN hybrid films have
great potential applications in electronic devices based on
their thermally conductive and electrically insulating
properties.

It is difficult to make stable BN-polymer solutions with
more than 10 wt% BN dispersed in an organic solvent due to
the poor compatibility of the organic solvent with water. Our
NFC-assisted dispersed BN water solutions avoided this
problem by forming a gel after the water evaporation. Fig.
S2c shows the NFC exfoliated BN gel with a concentration of
17 mg/mL. By extruding the gel into ethanol through a
springe, BN fibers were produced as shown in Fig. 5e and
Fig. S2d. Fig. 5e is the polarized optical microscopy (POM)
image of the BN fiber obtained when the fiber is rotated to an
angle of 451 with respect to the polarizer. This demonstrates
the high level of alignment of the building block along the
fiber. The BN fiber containing 40 wt% BN exhibited a tensile
strength of 24474 MPa (Fig. 5f). Note that the mechanical
strength of the fiber was higher than the film under the same
BN loading. This was mainly due to increased alignment of
the building blocks within the fiber. The fibers were not only
(b) SEM image showing the cross section of the BN film with a BN
ress–strain curve of the BN composite film with 40 wt% BN.
timate tensile strength is plotted against BN content [12,25–28].
ber direction. (f) Typical stress–strain curve of the BN fiber with
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strong but also flexible enough that knots can be tied with
them (Fig. S2d).

For the dispersion of MoS2, our method allowed for the
fabrication of freestanding films with thicknesses ranging from
several micrometers to several hundreds of micrometers. A
transparent freestanding MoS2 film with a thickness of 10 μm is
shown in Fig. 6a. It is evident by the cross-sectional SEM image
(Fig. 6b) that the film is layered, which is advantageous for
lithium/sodium ion storage. Fig. S3 is the surface SEM image of
the MoS2 composite film, showing MoS2 flakes surrounded by
NFC. This film possessed a tensile strength of 5074 MPa. A
MoS2–NFC nanocomposite with even greater tensile strength
(159718 MPa) was obtained when the MoS2 content decreased
to 13 wt% (Fig. 6c). The strength of the film was higher than
MoS2–thermoplastic polyurethane nanocomposites (34 MPa, 5 wt
% MoS2) [12], MoS2–polyurethane composites (�46 MPa, 15 wt%
MoS2) [34], and MoS2–polyvinyl alcohol composites (127 MPa,
0.25 wt% MoS2) [29]. The great mechanical strength was due to
the presence of NFC, which was an excellent reinforcing agent
and building block to obtain strong films. In addition, the
biomimetic nacre structure also contributes to the enhanced
mechanical strength.

Multifunctional MoS2 films can be fabricated in a facile
manner by adding functional materials, such as CNTs, to the
dispersion. This means that the freestanding MoS2 films can
act as flexible electrodes for lithium or sodium ion battery
anodes. To further investigate this, the electrochemical
performance of pure MoS2 paper and MoS2 composite paper
with CNTs as the conductive additive was evaluated against
Fig. 6 (a) A digital image of the MoS2 film. (b) SEM image showin
(c) Typical stress-strain curve of the MoS2–NFC film with 13 wt% Mo
profiles of the sodium ion battery for the first three cycles at 10 m
a pure sodium metal counter electrode in a half-cell
configuration. The weight ratio of MoS2:NFC:CNT in the
MoS2 composite paper was 67:16.5:16.5. Note that NFC also
dispersed CNTs very well, which allows us to make homo-
genous MoS2:NFC:CNT electrode composites. The weight
ratio of MoS2:CNT in pure MoS2 paper was 83.5:16.5, the
same amount of CNT but higher MoS2 ratio compared with
MoS2 composite paper. The first charge curve of the pure MoS2
paper battery had a plateau around 0.85 V, which was mainly
attributed to the formation of solid electrolyte interface (SEI).
The first cycle discharge capacity was 140 mAh/g with a
Coulombic efficiency of 37.9%. Fig. 6d shows the MoS2 compo-
site paper battery charge (sodiation) and discharge (desodia-
tion) curves for the first three cycles in the potential range of
0.1–2.35 V at 10 mA/g. The first charge curve had a similar
plateau around 0.85 V, but the first cycle discharge capacity was
147 mAh/g. This value was higher than the pure MoS2 paper
battery anode though with a lower MoS2 content. This capacity
during desodiation even exceeded a MoS2/Super-P/PEO
(60:20:20) composite-based sodium ion battery anode at a
current density of 50 mA/g as well as David et al.'s MoS2/rGO
(reduced graphene oxide) composite paper containing 20% MoS2
at a current density of 25 mA/g. However the performance did
not surpass MoS2/rGO composite paper containing 60% MoS2
[8,43]. The Coulombic efficiency of the first cycle was 43.8%,
better than the pure MoS2 paper battery. The Coulombic
efficiency increased to 89.7% by the third cycle. Overall, these
tests demonstrated the feasibility of using NFC dispersed MoS2
films as sodium ion battery anodes.
g the cross section of the MoS2 film; the arrows refer to NFC.
S2. (d) Charge (sodiation) and discharge (desodiation) voltage
A/g using an MoS2 composite film as the working electrode.
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Conclusions

We have demonstrated a method to prepare high-quality water-
based 2D material dispersions using NFC as a dispersant. This
new dispersion method is scalable and environmentally friendly
due to the use of a unique green dispersant and the most
popular green solvent, water. Multifunctional water-based
hybrid solutions can be fabricated in a facile manner by adding
other functional materials to the aforementioned solution,
enabling potential applications in electronics, energy storage
devices as well as in the life sciences. Mechanically strong,
functional films and fibers were produced based on the
exfoliated BN and MoS2 solutions. The fabricated MoS2 films
with a layered structure were effectively demonstrated as
sodium ion battery anodes for potential flexible battery
applications.
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