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ABSTRACT Significant progress has been made during the past decade in preparing
nanosheets from a wide range of materials, which are actively pursued for various
applications such as energy storage, catalysis, sensing, and membranes. One of the next
critical challenges is developing a robust and versatile assembly method which allows
construction of the nanosheets into functional structures tailored for each specific

purpose. An interesting characteristic of nanosheets is that they often behave as charged

nanosheet

polyelectrolyte

Negatively charged

Postively charged

Interfacial complexation

Self-assembled structures

macromolecules and thus can readily interact with an oppositely charged polyelectrolyte to form a stable complex. In this report, we demonstrate how such

a complexation process could be utilized for directing the self-assembly of nanosheets. By confining the nanosheet—polyelectrolyte complexation at

air—liquid or liquid—Iliquid interfaces, the nanosheets are successfully assembled into various mesoscale architectures including fibers, capsules, and films.

Furthermore, incorporation of additional components such as nanoparticles or small molecules can be easily achieved for further tailoring of material

properties. This novel assembly method opens a pathway to many useful nanosheet superstructures and may be further extended to other types of

nanomaterials in general.
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ecent advances in delamination meth-

ods have enabled easy access to two-

dimensional (2D) nanosheets from
numerous layered materials, including gra-
phene,? clay,>* metal oxides,>® and transi-
tion metal dichalcogenides (TMDs).”® At the
same time, several wet-chemical methods
have also been developed for creating various
metal®'® and metal oxide nanosheets.'"'?
With high surface area and unique properties
that differ from its bulk counterparts, these
nanosheets are actively pursued for practi-
cal applications including membranes,’*'*
electronics, > energy storage,>”'® sensors,'”
and catalysis.>'*"'>'819 However, to fully
realize such potential usages, a major chal-
lenge remains in developing assembly tech-
niques to construct the nanosheets into
well-controlled functional architectures tai-
lored for each specific purpose. An ideal
protocol should have flexibility to produce
a wide range of structures, be applicable
to different types of nanosheets in gener-
al, and allow tuning of material properties
in a simple way. While several strategies
have been reported up to this point such
as in situ assembly,?® aerosol processing,?’
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and Langmuir—Blodgettry,'*#%%

cations are yet somewhat limited.

One method of particular interest is layer-
by-layer (LBL) assembly, which typically in-
volves sequential deposition of the nanosheets
onto a template along with an oppositely
charged polymer, resulting in multilayer struc-
tures stabilized by electrostatic interactions.
Due to its simplicity and versatility, a wide
range of nanosheet—polymer composites
have been prepared and tested using this
technique.’®?*72° It is interesting to note
that LBL assembly originally evolved from
studies on “polyelectrolyte complexation”, a
term used to describe the formation of a
stable macromolecular complex when poly-
electrolytes of opposite charges are mixed
together. This phenomenon has long been
of interest to researchers since a wide range
of polymer composites with tunable mate-
rials properties could be obtained in a very
simple manner.3°3' More importantly, sig-
nificant progress has been recently made
in confining such complexation to liquid—
liquid or liquid—air interfaces, providing further
control of the final assembled architecture.
Through such interfacial assembly, various

their appli-
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Figure 1. Polyionic complexation between graphene oxide (GO), a negatively charged nanosheet, and chitosan, a positively
charged polyelectrolyte. (a) When chitosan is mixed into a GO suspension (left), flocculation occurs immediately (right). (b,c)
This complexation can be induced on an air—liquid interface by spreading GO suspension dropwise to the surface of a
chitosan solution, resulting in formation of a stable thin film (b), which can later be dried as a free-standing transparent sheet
(). (d—f) Wet film can also be drawn as a fiber by grabbing with a tweezer and gently pulling it up. By replenishing GO using a

syringe pump, it is possible to continuously draw long fibers.

polymeric structure including films3? fibers333
capsules,® and zipper brushes*® have been obtained,
which have been actively pursued notably for biologi-
cal applications such as cell culture scaffolds and drug
delivery systems.

An interesting characteristic of nanosheets is that they
often act as charge-bearing macromolecules and, there-
fore, readily interact with charged polymers.*'>3738
Given such fact, there is a strong possibility that
the complexation of nanosheets with polyelectro-
lytes may also induce similar self-assembly behaviors
which have been observed from the polyelectrolyte—
polyelectrolyte systems. Aside from LBL assembly,
there have been very limited studies on how the
interaction of nanosheets with polyelectrolytes may be
utilized to direct their self-assembly. Considering the
rich phenomena observed from polyelectrolyte com-
plexation, we believe that there are vast uncharted
areas which could be further exploited. Therefore, in
this report, we examine the complexation between
nanosheets and polyelectrolytes at different types of
interfaces and the various assembled superstructures
derived from it.

RESULTS AND DISCUSSION

We start the discussion using graphene oxide (GO),
which has been one of the most studied nanosheets
during the past several years, mostly as a precursor for
graphene-based materials. GO serves as an ideal model
2D material since a bulk amount of ultrathin sheets can
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be obtained using relatively simple reactions. The
sheets are flexible and have negative surface charges
due to ionization of carboxylic acid and hydroxyl
groups; therefore, it has often been considered as a
charged macromolecule."**°~*! We tested the inter-
action of GO with chitosan, a widely used cationic bio-
polymer for agricultural and medical applications. A
modified Hummers method was used to prepare GO.*?
SEM and AFM images show that the product largely
consists of nanosheets with lateral size in the range of few
micrometers to tens of micrometers and thickness less
than a nanometer (Figure S1 in Supporting Information).
When a small amount of chitosan was mixed into a stable
suspension of GO, immediate flocculation was observed,
clearly demonstrating strong interactions between the
nanosheet and polymer (Figure 1a).

To investigate the assembly of GO and chitosan atan
air—liquid interface, a Langmuir—Blodgett (LB) type of
setup was utilized. First, chitosan solution (0.5 wt % in
0.5 wt % acetic acid) was prepared as an underly-
ing subphase. We then gently applied GO suspension
(10 mg mL™" in 9:1 DMF/water mixture) dropwise onto
the chitosan surface so that it spread as a thin film, as
shown in Figure 1b. The formed film was strong enough
to be easily manipulated with a tweezer and could
even be dried up as a free-standing transparent sheet
(Figure 1c). SEM images of the dried film show that the
GO sheets are mostly stacked in a layered fashion, with
a thickness of few hundred nanometers (Figure S2).
Similar experiments were conducted on an acetic acid
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Figure 2. GO fibers after drying in ambient conditions. (a) Final fibers are flexible and strong enough to be easily wound
around a thin rod or (b) tied as a knot. Scanning electron microscopy (SEM) images on the (c) side and (d) cross section of
the fiber show that the GO sheets are stacked and heavily crumpled but also mostly aligned along the longitudinal direction.
(e) Content of GO in the fiber is above 90%, as determined by thermogravimetric analysis (TGA).

solution (0.5 wt %) in the absence of chitosan and also on
a solution of poly(acrylic acid) (PAA, 10 wt % in water),
which is a negatively charged polymer. In both cases, the
GO suspension spreads on the interface but does not
form a stable film. This demonstrates that the electro-
static interaction between GO and chitosan is strongly
contributing to the mechanical stability of the film
structure.

Interestingly, the wet film on chitosan surface could
also be drawn as a fiber by grabbing the film with
a pair of tweezers and slowly pulling it upward
(Figure 1d—f). By constantly adding fresh GO onto
the surface using a syringe pump, the removed film
can be immediately replenished, allowing continuous
drawing of long fibers. We are able to routinely draw
fibers over several tens of centimeters with this simple
manual procedure, but when coupled with automated
roll-up apparatuses used in wet-spinning, it should be
possible to achieve even longer lengths. Formation of
viscous droplet beads is observed along the GO fibers
at relatively faster drawing rates (Figure S3). Such
phenomena have also been noticed during wet-
spinning of fibers from polyelectrolyte—polyelectrolyte
complexation,>**® suggesting that a similar self-assembly
process is driving the generation of fibers.

When the as-prepared GO fiber is hang-dried in
ambient conditions, it shrinks significantly in both
diameter and length. However, the fiber length can
be adjusted by fixing the free end to another surface
before drying. The final fiber is flexible and strong
enough such that it can be easily wound around a thin
rod or tied as a knot by hand (Figure 2a,b). SEM images
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show that the GO sheets are highly crumpled and
stacked in the interior but are generally aligned along
the length (Figure 2c,d), which suggests that the layered
structure of GO film is partially retained during the wet-
drawing process. The fiber is initially nonconductive,
indicating that GO remains oxidized; however, expo-
sure to hydrazine vapor restores conductivity while
preserving the fiber structure. Through thermogravi-
metric analysis (TGA), we determined that the fibers
consist mostly of GO (>90%, Figure 2e). The low
content of chitosan was unexpected considering that
it serves as a critical component for the initial GO film
formation and implies that strong interlayer attraction
between the nanosheets may also be playing an
important role in keeping the structure intact along
with the electrostatic interaction of GO and chitosan.

Such self-assembly should occur not only at liquid—
air interfaces but also at liquid—liquid interfaces. As a
way to demonstrate this, we applied chitosan solution
(2wt % in 2 wt % acetic acid, ~12 ul) dropwise to a GO
suspension (10 mg mL™" in 9:1 DMF/water mixture)
using a micropipet. Under this condition, the chitosan
droplets sink into the suspension and form stable
bead-like structures. Interestingly, the droplets could
preserve its spherical shape even after the surrounding
GO suspension was drained and were soft but strong
enough to allow pinching and manipulation with a
pair of tweezers (Figure 3a). When left under ambient
conditions, the diameter of the droplets decreased
from 2.6 &= 0.1 mm to 0.64 £+ 0.06 mm, which
suggests evaporation of the encapsulated solvent
(Figure 3b,c). SEM images of the final dried structure
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Figure 3. Preparation of capsule structures. (a) When chitosan solution is added dropwise to GO suspension, the droplets sink
but maintain a bead-like structure (top), which can stay stable even after the surrounding suspension is removed (bottom).
(b,c) When dried in ambient conditions, the droplets shrink in size but preserve their spherical shape. SEM on the (d,e) outer
surface and (f) cross section of the dried structure suggest that complexation of GO and chitosan occurs on the liquid—liquid
interface, resulting in a layer with a thickness of several tens of nanometers that encapsulates and stabilizes the chitosan

solution droplet.

show a highly crumpled layer with a thickness of several
tens of nanometers on the outer wall but a relatively
smooth and continuous material filling the interior
(Figure 3d—f). In addition, TGA result shows that a
majority of the structure (~71%) is composed of
chitosan (Figure S4). Such observations suggest that,
as the chitosan droplet is immersed in GO suspension,
complexation of the nanosheets and chitosan occurs on
the liquid—liquid interface, resulting in capsule-like
structure with a GO layer encapsulating the solution
of free-standing chitosan. Crumpling of the capsule
wall is most likely due to shrinkage of the whole
structure while drying. Even in the absence of GO,
when chitosan solution is applied to DMF, the droplets
remain stable in the solvent rather than dissolving;
however, such droplets readily collapse once the sur-
rounding DMF is removed. This demonstrates that the
complexation of GO and chitosan is playing a crucial
role on keeping the capsule structure intact. It is in-
triguing that such a thin layer is able to successfully
stabilize the significantly larger droplet. On the basis of
our observations from the formation of film and fiber
structures, we attribute the mechanical strength to a
combined effect of electrostatic interactions of GO and
chitosan, along with interlayer interaction between the
GO nanosheets.

Up to this point, we have explored how the com-
plexation of GO nanosheets with chitosan can lead to
various self-assembled structures. Another strong ad-
vantage of this technique is that integration of other
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components can be easily achieved for additional
functionality. For example, to create GO fibers with
magnetic properties, we simply prepared a mixed
suspension of GO and Fe;0,4 nanoparticles (average
diameter = 19.2 nm) and used it to draw fibers. The
obtained fiber does not show much visible difference
to that from a pure GO suspension; however, SEM
confirms that a large amount of nanoparticles is at-
tached to or embedded within the sheets (Figure 4a).
The maximum loading capacity of nanoparticles to GO
film we achieved was 1:8 Fe30,/GO in mass (11 wt %).
With further increased content of Fe;0,4 nanoparticles,
the film becomes less stable and eventually no longer
manipulable with tweezers. In a similar fashion, itis also
possible to incorporate FesO, nanoparticles into GO
capsules by just blending the nanoparticles into chit-
osan solution before adding dropwise to the GO
suspension. The formed beads are much darker in
color (Figure 4c) compared to those prepared by pure
chitosan solution (Figure 3a), showing that the parti-
cles are successfully loaded. Both fibers and capsules
are readily attracted to magnetic fields as expected
(Figure 4b,d). Other materials such as gold nanorods
and water-soluble dye molecules were also loaded to
the GO structures without any difficulties (Figures S5
and S6), displaying a wide opportunity for tailoring
material properties.

While we have used GO as a model system, in
principle, this self-assembly should occur with any type
of nanosheets that can interact with a polyelectrolyte.
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Figure 4. Integration of additional components to the GO structures. (a,b) GO fibers with magnetic properties can be
prepared by premixing Fe;0, nanoparticles into a GO suspension and drawing fibers from it as shown in Figure 1. SEM image
(a) confirms that the nanoparticles are attached to or embedded within GO sheets. (c,d) Similarly, it is possible to incorporate
Fe;0,4 nanoparticles into GO capsules by using a mixed suspension of chitosan/nanoparticles and following the procedure in
Figure 3. The resulting beads are dark in color (c), indicating successful loading of Fe;0, nanoparticles. Both fibers and

capsules show strong magnetic responses (b,d).

a) - b)

Figure 5. Interfacial assembly with different nanosheets. Despite differences in size and thickness compared to GO, WS,
nanosheets can readily be constructed into film (a,d), fiber (b,e), and capsule (c,f) structures by using similar experimental
procedures described in Figures 1—3. Such self-assembly behavior has also been demonstrated with MoS, nanosheets

(Supporting Information, Figure S10).

To demonstrate this, we tested WS, nanosheets pre-
pared by a sonication-assisted exfoliation method
reported by Coleman et al.” The sheets are negatively
charged and have sizes spanning from a few to tens of
micrometers (Figure S7), which is comparable to GO.
However, the WS; nanosheets generally maintain a flat
plate-like conformation rather than crumpling, sug-
gesting that they are significantly more rigid than
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GO. Even with such a difference, immediate floccula-
tion was observed when chitosan was added to a
stable suspension of WS, nanosheets (Figure S8). In
addition, by following similar procedures conducted
with GO, we could easily replicate the formation of
films, fibers, and capsules, including the incorporation
of Fe30,4 nanoparticles (Figure 5 and Figure S9). Experi-
ments with MoS, nanosheets also yielded comparable
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results despite having much smaller sheet sizes in the
submicrometer ranges (Figure S10), suggesting that
this assembly method could potentially be extended to
other nanoparticles such as spheres, rods/wires, and
platelets.

CONCLUSION

In conclusion, we have demonstrated that the as-
sembly of 2D nanosheets can be directed in a simple
yet effective fashion through interfacial complexation

EXPERIMENTAL METHODS

Preparation of Graphene Oxide. Graphene oxide (GO) was syn-
thesized using a modified Hummers method reported earlier.*?
In brief, concentrated H,S0O, (75 mL) was heated to 80 °Cin a
500 mL round-bottom flask. K,5,0g (15 g) and P,05 (15 g) were
added to the acid and stirred until fully dissolved. Graphite
powder (20 g, Bay Carbon Inc. SP-1 grade) was added to the
solution and kept at 80 °C for 4.5 h. The mixture was then
cooled, diluted with 1.5 L of deionized (DI) water, and filtered
using filter papers (Whatman, grade no. 3). The collected product
was further rinsed with DI water (6 times, 1 L each) and dried in
air. The powder was then transferred into a 2 L Erlenmeyer flask
with concentrated H,SO, (750 mL) and cooled to 5 °C using an
ice bath. KMnO, (100 g) was slowly added to the mixture while
stirring. The flask was then transferred to a 35 °C water bath and
left for 2 h, and then transferred back into an ice bath. DI water
(1 L) was slowly added to the flask while stirring, taking great
caution to keep the temperature below 20 °C. The suspension
was left for 2 h and diluted with DI water to a total volume of 4 L.
Then, 80 mL of a 30% H,0, solution was slowly added to the flask
while stirring, forming orange precipitates. The product was
filtered using a PTFE membrane (Millipore, Omnipore membrane,
5.0 um pores), rinsed with 3.4% HCl solution (1 Lata time,uptoa
total of 6 L), collected, and dried in a desiccator with P,Os as drying
agent. The solid was redispersed in acetone, filtered using a
PTFE membrane (Millipore, Fluoropore membrane, 3.0 um
pores), further rinsed with additional acetone (1 L at a time, up to
atotal of 6 L), and dried in ambient conditions. The final product,
which is oxidized graphite, was exfoliated into GO by sonicating
in solvents such as DMF or water.

Preparation of WS, and MoS, Nanosheets. WS, and MoS, nano-
sheets were prepared using a procedure reported by Coleman
et al” Briefly, WS, and MoS, powders (Aldrich) were each
sonicated in N-methyl formamide (NMP, 0.5 mg mL™") for 2 h.
The exfoliated sheets were purified three times by centrifuging
and redispersing in DMF. The final product was kept in DMF
until used for further experiments.

Preparation of Fe;0, Nanoparticles. Fe;O, nanoparticles were
prepared according to a procedure described by Park et al.**
Surfaces of the FesO, nanoparticles were subsequently mod-
ified with COOH-carrying silane coupling agent (n-(trimethoxy-
silylpropyl)ethylene diamine triacetic acid) according to the
method reported by De Palma et al.*

Fabrication of GO Film and Fiber. GO suspension (10mgmL™"in
9:1 DMF/water mixture) was gently applied using a glass pipet
onto the surface of a chitosan solution (Sigma, high viscosity,
0.5 wt % in 0.5 wt % acetic acid, pH 4.5) contained in a perfluoroalk-
oxy (PFA) Petri dish. The GO spreads and forms a thin film on the
interface, which can be collected as a free-standing sheet by
draining the underlying chitosan solution and drying it under
ambient conditions.

For GO fiber preparation, a syringe pump was used to
deliver GO suspension onto a chitosan solution surface at the
rate of 0.05 mL min™". The film formed on the surface was picked
up using a pair of tweezers and carefully pulled upward. The
pulling speed was adjusted to match the formation of fresh film
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with polyelectrolytes, leading to a variety of architec-
tures including films, fibers, and capsules. Additional
components such as nanoparticles and small mol-
ecules could also be easily integrated to the structure
for further tailoring of material properties. This robust
and versatile assembly method opens a pathway
to many exciting superstructures of 2D nanosheets.
Furthermore, we envision that our discovery will ulti-
mately be applicable to all other types of nanomater-
ials in general.

by the continuous addition of GO suspension. The fiber was later
hung on a glass or PTFE rod and dried under ambient conditions.

Reduction of GO fiber was done by placing it in an autoclave
with a small amount of hydrazine and keeping at 80 °C for
overnight.

Fabrication of the GO Capsule. Chitosan solution (2 wt % in 2 wt %
acetic acid, pH 4.5) was added dropwise using a micropipet to a GO
suspension (10 mg mL~" in 9:1 DMF/water mixture solvent) in a
PTFE vessel. The volume of chitosan solution was fixed at ~12 ul
for this study. The applied droplets sink into the GO suspension
and form stable bead-like structures. The vessel was left on a
shaker overnight. To collect the formed capsules, the GO suspen-
sion was simply removed using a pipet. Loading the capsules with
other components such as small molecules or nanoparticles was
achieved by blending the material of interest into the chitosan
solution before application to the GO suspension. For the sample
shown in Figure 4c, a ratio of chitosan/Fes0, = 18:1 (in weight) was
used.

Characterization. Scanning electron microscope (SEM) images
were taken with a JEOL JSM-7001 F4 microscope, using an ac-
celeration voltage in the range of 2 to 15.0 kV. The samples were
generally drop-cast onto a piece of silicon wafer or fixed on
conductive copper tape. To minimize charging effects, a less
than 5 nm layer of osmium was applied to nonconductive samples
prior to imaging.

AFM was performed with an Agilent Technologies 5500AFM
system, operated in AAC mode. Images were recorded under
ambient conditions at a scan rate of 1 Hz. Silicon cantilevers with
nominal spring constant in the range of 2—3 N/m and reso-
nance frequency of 73—82 kHz (Olympus, AC240) were used.

Thermogravimetric analysis was done using a Thermo plus
EVO Il system. Prior to measurement, all samples were dried in
an oven at 80 °C for 24 h and then stored in a vacuum chamber
until tested. GO, chitosan, GO fiber, and capsule were each
examined under N, atmosphere from 25 to 500 °C, at a heating
rate of 10 °C min~". Percentage of chitosan within the GO fiber
and capsule structures was determined by comparing the mass
loss from 25 to 500 °C.
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