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Abstract. The graphene nanoparticles incorporated in thin polystyrene film in different configurations, garner into
unique phenomenon of self-assembly regulated by the self-organization of the thin polystyrene film. The polystyrene–
graphene nanoparticles composite when spin-coated together to form a thin film over a substrate, was observed to selfassemble in a Voronoi tessellation of ribbon-like structure. The suppression of dewetting of thin polystyrene film at the
stage, where the holes coalesce and grow to form Voronoi tessellation of polymeric ribbons, sways the path for the
graphene nanoparticles to self-assemble and organize into a Voronoi tessellation-like pattern of graphene nanoparticles. In
the second method, the graphene nanoparticles dispersed in solvent were casted over the instability based dewetting
patterns formed on the surface of the thin polystyrene film. This method exclusively caused the graphene nanoparticles to
arrange in a polygonal array of dots prompted by the dynamics and morphology of dewetting. The reversals of the
dewetted patterns were observed in this process, because of the solvent evaporation and Marangoni flow. The graphene
nanoparticles in the presence of solvent destruct and self-healed the dewetted holes formed on the surface of the pure
polystyrene thin film.
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Introduction

Self-assembly [1] and self-organization [2] is a molecular
approach for designing and fabricating new materials, so
that the molecules and supra-molecules assemble into
desired structures. In self-assembly, the atomic level modification of structure is used for nano-fabrication of materials [3] through high-end development in synthetic
chemistry [4]. The spontaneous structure formation of small
building blocks into a patterned arrangement is thermodynamically stable [5] and is relatively defect free and is
universal in biological systems [6]. It is one of the most
important strategies for development of complex functional
architectures at nanoscales without expensive tools. This
method is ideal to mimic the nature and the biological
moieties [7] and can be used for wide domain of applications from monolayers [8], microelectronics [9], formation
of vesicles [10] etc. and has huge technological importance
because of being spontaneous and reversible, with minimum wastage.
This approach has been greatly used for pattern formation—self-assembled monolayers [11], dewetting of

polymer solution [12], crystallization and phase separation
of block copolymer [13,14] and many other processes. Selfassembly of nanoparticles to form macroscopic structures
are either directed by the internal forces or externally by
template or field [15]. This method has been greatly used
for generating proper uniform arrays of quantum dots [16],
one-dimensional line [17], two-dimensional dots and nanorings [18], and three-dimensional structures [19]. These
structural arrangements are used for various applications
like quantum cellular automata [20], nanowires [21], nanoelectronics [22] etc.
Two-dimensional extraordinary materials like graphene
itself undergoes self-driven self-assembly, demonstrating
origami-like paper folding [23,24] and kirigami-like cutting
[25]. Graphene initially developed by Novoselov et al [26]
is a unique material because of its remarkable mechanical
[27] and electrical properties [28], and also the very high
carrier mobility [29] of graphene gives it an opportunity for
application in micro and nano-electronics. The strong
interlayer van der Waals interaction between the graphene
forces them to self-assemble and form various structures
[30,31]. Moreover, extra-large surface to volume ratios in
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graphene provide it with phenomenal morphological
observations like wrinkling [32,33], folding [34] and rippling [32,33], and also formation of 3D nano-scrolls [35].
The stability of these structures greatly depend on the fact
that the potential barrier for folding of graphene sheets are
to be overcome and the structure is to be stabilized by van
der Waals interaction or by other forces. It has also been
observed that guided folding of graphene can lead to formation of complex structures that are similar to biological
moieties of chaperon folding protein [36]. So these unique
features of graphene are mostly obtained by various conventional techniques, but here we have simply engineered
the dynamics of underlying thin polystyrene film and have
obtained various distinct morphologies of graphene
nanoparticles on biocompatible polymers over large surface
areas.
The self-organization of thin polymeric film like polystyrene, on the other hand, occurs mostly because of
instability caused by various reasons like van der Waals
interaction [37–42], heterogeneous nucleation [43–46],
resulting in rupture and holes in the thin film. These
dewetted structures are widely used for various applications
like capturing atmospheric water [47], enhancing the photoluminescence [48], opto-electronic devices like UV-photo
detector [49] and also used for self-assembly of biological
moieties [50]. The addition of nanoparticles [51–54] to thin
film has generally caused stability in thin film and hindered
dewetting and can also modulate the features of dewetting
[55]. But, the self-organization of thin polymeric films
undergoing dewetting can also act as the external driving
force generating two-dimensional array of nanoparticles
[56,57], when nanoparticles are mixed with polymer
solution.
In this study, we have added graphene nanoparticles to
polystyrene thin film by different approaches and observed
the selective arrangement of the nanoparticles influenced by
the underlying dewetting phenomenon. The literature gives
an insight mostly on the inhibition of dewetting dynamics
when nanoparticles are added to thin polymeric film
[51–54]. Cao et al [58] for example observed that addition
of single-layer graphene on thin polystyrene film prevented
the dewetting by suppressing the surface fluctuations. There
are indeed very few studies where the nanoparticles are seen
to self-assemble due to the underlying dewetting dynamics.
Two such studies are that of Suematsu et al [56], who had
utilized the dewetting dynamics of a thin film and selfassembled the silver nanoparticles into spot or a nano-ring
structure in a two-dimensional periodic patterns, and
Mukherjee et al [57], who had assembled gold nanoparticles
in a core-shell structure within the droplet of the dewetted
polymer holes. Basu et al [59] have observed the different
origami of graphene nanoparticles mediated by dewetting.
In this article, we describe the self-assembly of the graphene nanoparticles governed by the self-organizing of the
polymeric thin films into different morphological patterns
by various methodologies. In the different approaches,

Bull. Mater. Sci. (2021)44:246
addition of nanoparticles over the thin polystyrene film led
to a unique arrangement of the nanoparticles over an entire
region. The arrangement of the graphene nanoparticles
following the dewetting dynamics in case of composite film
leads to formation of Voronoi tessellation-like pattern of the
graphene nanoparticles, which has great technological
applications in biomedical devices [60] and cellular patterning [61]. Moreover, the self-healing of the dewetted
patterns in the presence of graphene nanoparticles can have
significant application in self-healing surfaces [62] and in
specific coatings [63].

2.
2.1

Experimental
Material

The three main materials—graphene nanoparticles, polystyrene and the common solvent toluene were purchased
from Cheap Tubes Inc. USA, from CDH Fine Chemicals
Pvt. Ltd. and from Fischer Scientific, respectively.

2.2 Synthesis of graphene nanoparticles by chemical
oxidation
Graphene nanoplatelets (GNPs) were received from
Cheap Tubes Inc. (Grade 4, purity [98%, 3–4 layers, size
0.5–2 lm, thickness 8–15 nm, surface area [700 m2 g–1).
By chemical oxidation and exfoliation, we converted the
GNPs to small graphene nanoparticles by adding GNPs
(150 mg) to a mixture of concentrated nitric acid (5 ml,
JT Baker) and concentrated sulphuric acid (15 ml, JT
Baker). The solution was ultrasonicated for 2 h followed
by reflux for 12 h at 50°C in a round-bottom flask. The
combination of nitric acid and sulphuric acid being one
of the strongest oxidizing agent leads to penetration of
the acid into the intercalated layer; hence, causing exfoliation and chemical oxidation of these layers leading to
the formation of graphene nanoparticles. The mixture of
nitric acid with pka *1.5 and sulphuric acid pka *3.0
together becomes very strong oxidizing agent and is
greatly used for purification and chemical modification of
carbon-based material. The generated gases like O2, NO2,
SO3, NO, CO2 helps in further exfoliating the platelets to
form graphene particles. Further, this collected solution
was rotary vaporized to get the concentrated or powdered
graphene nanoparticles. This dried product was cooled
with ice water and was adjusted to a final pH of 7.5
using NaOH. The solution was filtered through 0.22 lm
polyethersulfone filter membrane (Corning) to remove the
large flakes. Again, the collected solution was rotary
vaporized to get powdered graphene nanoparticles. In all
the experiments mentioned, we have used this final form
of graphene nanoparticles.
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Characterization of graphene nanoparticles

For characterization of the powdered graphene nanoparticles, the most essential characterization of Raman spectroscopy (RENISHAW Micro Raman Spectrometer) was
performed. A quantity of 0.001 g of graphene nanoparticles
was added to 50 ml acetone and was ultrasonicated thoroughly to remove agglomeration, and later was used for
characterization. For transmission electron microscope
(TEM; JEOL JEM-1400, 120 kV), 2 ll of prepared solution
was deposited on carbon-coated grid and then the solvent
was evaporated, and the dried grid was used for observation.
A quantity of 0.005 g of graphene was dispersed in 50 ml
toluene and was ultrasonicated, and immediately the interfacial tension was measured in goniometer KRUSS
DSA100.
The TEM images of the graphene nanoparticles used in
this study are shown in figure 1. In figure 1, the TEM
micrograph indicates that the size of the graphene
nanoparticle aggregates, and varied from 33 to 100 nm.
The Raman spectroscopy was recorded for graphene
particles with excitation of 514 Ar laser, as displayed in
figure 2. The first peak 1359 cm–1 in the Raman spectra
corresponds to the D peak because of the disorder or defect
present in the graphene particles. The intensity of the dispersive band D being less in the Raman spectra confirms
that the defects are lesser in the particles formed. The G
band appears at 1584 cm–1 in the Raman spectra corresponding to the in-plane vibrational mode of sp2 carbon.
The ID/IG ratio being 0.349 confirms small amount of
defects present in the graphene. The shift of the band to
lower energy corresponds to the increase in the number of
layers because of the softening of the bands. The 2D band at
2706 cm–1 corresponds to the overtone of the D band as a
result of the phonon lattice vibrational process. The
broadband is because of the band spitting caused due to

Figure 1.

TEM micrograph of the graphene nanoparticle.

Figure 2.

Raman spectra of graphene nanoparticles.

lowering of symmetry increasing due to the presence of
layers of graphene.

2.4

Preparation of thin polystyrene film

A homogenous solution of 1% polystyrene (CDH Fine
Chemicals Pvt. Ltd., molecular weight 350 K) was prepared
in the common solvent toluene (Fischer Scientific). The
solution was spin coated on 1 9 1 cm2 thoroughly cleaned
glass slide and thermally annealed at 120°C under vacuum
for 24 h, and the samples were observed under optical
microscope at room temperature.

2.5 Different approaches of adding graphene
nanoparticles to thin polystyrene film
In figure 3, the different approaches by which the
nanoparticles are added to the thin polystyrene film are
displayed. Figure 3a shows that the graphene nanoparticles
are spin-coated together with the polystyrene solution,
while figure 3b shows the graphene solution added over the
dewetted arrays of isolated droplets formed on thin polystyrene film.
2.5a Preparation of graphene nanoparticle–polystyrene
composite thin film: A dispersion of polystyrene and
graphene nanoparticles in toluene was prepared. The wt%
of polystyrene was varied from 1, 2 and 5%, respectively,
and 0.005 g of graphene nanoparticles was added to the
different polystyrene solutions. To prepare 1% of
polystyrene solution, 1 g of polystyrene measured by
weight was added to 100 ml of toluene and mixed using a
magnetic stirrer until a homogenous solution was formed.
Similarly, varying the weight of polystyrene, 2 and 5%
solutions were prepared. The graphene nanoparticles–
polystyrene solution was spin-coated over a thoroughly
cleaned 1 9 1 cm2 glass slide at 2500 rpm and then
thermally annealed at 120°C for 24 h. After thermal

246

Page 4 of 11

Bull. Mater. Sci. (2021)44:246

Figure 3. Addition of dispersed graphene nanoparticles over thin polystyrene film by different approaches.
(a) Graphene nanoparticle–polystyrene solution spin-coated together to form a thin film. (b) Addition of graphene
nanoparticles dispersed in toluene over dewetted polystyrene thin film.

annealing, the observations were undertaken at room
temperature with LEICA DFC 295 optical microscope and
scanning electron microscopy (SEM; Zeiss EVO 50). The
thickness of the film was measured by optical surface
profiler (KLA TENOR Micro XAM-100) and atomic force
microscopy (Bruker dimension icon scan asyst).
2.5b Incorporation
of
graphene
nanoparticles
over dewetted polystyrene film: A homogenous solution
of 1% polystyrene was prepared in the common solvent
toluene. The solution was spin-coated on 1 9 1 cm2 glass
slide and thermally annealed at 120°C. The samples were
observed under optical microscope at room temperature.
After confirmation of dewetting on the surface of the thin
film, a solution of 0.005 g of graphene nanoparticles
dispersed in 50 ml toluene was drop-cast over the dewetted
surface. Later, the solvent was allowed to dry off at room
temperature and then the morphological changes were
observed under both optical microscope and SEM. The
other characterizations were similar as mentioned above.

3.
3.1

Results and discussions
Dewetting in thin homopolymer film

It is well established in literature [37–42] that a pure
polystyrene thin film with thickness less than 100 nm, when
spin-cast over a substrate is initially smooth, but dewet
spontaneously after annealing above Tg and breaks down
into isolated holes and wavy rim-like structure. The different stages of dewetting were clearly captured in experiments in a thin polystyrene film with thickness being around
42 ± 0.2 nm. The optical microscopic image of figure 4a
shows the rupture of the film to form holes. These adjacent
isolated holes grew with time in size, as observed in
figure 4b, and the rim of each holes started touching each
other, as displayed in figure 4c, and they coalesced to form a
polygonal interconnected 2D structure of Voronoi

tessellation, as can be clearly seen in figure 4d and e,
respectively. Finally, they retrace to form round droplets, as
can be observed in figure 4f. The underlying physics behind
dewetting can be explained.
The amorphous polystyrene with high viscosity and zero
vapour pressure forms a smooth thin film below its glass
transition temperature. The film surface was initially
homogenous but when subjected to vacuum annealing for
24 h at 120°C, the film broke up with creation of uniform
circular holes exposing the base substrate. The hole formation was instigated by the polymer surface deformation
and was activated by the apolar Lifshitz–van der Waals
forces. The formed hole grew because of the conjoining
pressure near the contact line. The rim of the circular holes
also grew in size and came in close contact with each other.
The capillary pressure initiated by the lateral curvature
engendered coalescence of rims causing development of
two-dimensional polygonal network structures. The irregularity in the rim structure led to fragmentation of thicker
portions because of Rayleigh instability [40]. The crosssectional curvature becomes dominant for the long polymer
chain. Thus, the polygonal network disintegrates and starts
decaying, causing the longitudinal ribbons to retrace back
and form spherical droplets under the influence of the surface tension.
The spherical droplets once formed remain unaltered and
the mean distance between the two droplets are related to
the thickness, k * h2 [37–42] (inset image figure 4f), where
h is the mean thickness of the film. The spontaneous rupture
and dewetting of a thin film in the absence of any external
field is because of the two antagonistic forces—the destabilizing van der Waals attractive force at the interface and
the stabilizing surface tension force, which results in
developing thin band of capillary waves at the interface.
The droplets on the surface of the thin film can be seen,
figure 4, to be isotropic by nature. The thickness of this thin
film is 42 ± 0.2 nm with the corresponding wavelength (k)
of the film to be 93.5 ± 0.5 lm. By plotting k against h, the
variation is found to follow as k * h2.06, as observed in the
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Figure 4. Optical micrograph depicting the morphological evolution at different stages of polymeric thin film dewetting.
(a) Formation of isolated holes, (b) formation of more holes and growth of the holes with time. (c) Coalescence of the holes.
(d) Interconnected polymer ribbon structure. (e) Partially broken rims. (f) Isotropic arrays of completely dewetted droplets and the inset
image shows the log–log plot of k vs. h.

inset image of figure 4f, where the log–log plot of k vs. h
signifies that the dewetting is engendered by the van der
Waals interactions.
These dewetted structures formed, in figure 4, is the main
skeleton and the driving force behind the self-assembly of
the graphene nanoparticles that is exclusively studied in this
article, where the graphene nanoparticles are mixed with
polystyrene solution by various methods, as described in
section 2.4. In our previous studies, where the graphene
nanoparticles were added as a bilayer over polystyrene thin
film [59], it has been observed that the dewetting is confined
at the edges of the substrate. This dewetting initiates a
lateral movement of the particles forming micro/nano
channel on the film and also induce different morphological
patterns of the two-dimensional graphene particles. In the
bilayer method, elsewhere, we have exclusively studied the
influence of dewetting on graphene nanoparticles [59] and
vice versa, but the dewetting framework was not used for
the self-assembly of the nanoparticles. Here, we have
studied the influence of the dewetting on the morphological
architecture of the nanoparticles. In the first method, the
graphene nanoparticles were dispersed in polystyrene
solution of various concentrations, and in the second
method, the nanoparticles dispersed in toluene were added
over an array of dewetted holes created on polystyrene thin

film as, observed in figure 4f. The well-studied dewetting
pattern formation over a thin film was exclusively used as
only the framework for the nanoparticles rearrangement. In
the later section, we notice that different uniform graphene
patterns have evolved over the entire region for both the
geometrical scenarios considered. Thus, to obtain a uniform
morphological framework of an exclusive structure, these
two methods can prove to be extremely convenient.

3.2 Arrangement of graphene nanoparticles in a Voronoi
tessellation pattern in graphene–polystyrene composite thin
film
The graphene nanoparticles were added to different concentrations (1, 2 and 5%) of polystyrene solution, and then
the whole system was spin-coated together over a substrate
and finally vacuum dried at 120°C for 24 h above the Tg of
the polymer. The complete observation of the polystyrene–
nanoparticle composite system was carried out at room
temperature. The mixture of nanoparticles and polystyrene
system after annealing above Tg undergoes dewetting similarly like the simple polystyrene dewetting following all
the stages, as shown in figure 4. However, due to the
presence of the nanoparticles in the system and the strong

246

Page 6 of 11

interaction between them, the dewetting is hindered and
gets arrested at stage c (figure 4c of simple polystyrene
dewetting). The underlying dewetting dynamics as observed
in figure 4c, d and e, where the rims coalesce to form
Voronoi tessellation of polymeric ribbons in pure polystyrene thin film [37–42], influences the nanoparticles to
arrange themselves in the same pattern forming a Voronoi
tessellation-like pattern of graphene nanoparticles. The twodimensional coalesced structure forming a polymeric ribbon
in aforementioned figure 4e provides periodicity to the
nanoparticles that self-assembled in similar kind, as
observed in figure 5a, forming polygonal network of
nanoparticles.
The increase in the concentration of polystyrene (1, 2 and
5%) increases the amount of polymer in the thin film and
hence subsequently also increases the total thickness of the
film. The mean thickness of the film consists of both the
graphene nanoparticles and that of the polystyrene thin film.
Thus, the average distance at which the nanoparticles
arrange themselves expands with the increase in concentration of the polymer and the thickness of the film. The
mean thickness of film with 1% polystyrene solution was
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around 100 ± 0.5 nm. However, with the increase in the
concentration of polystyrene (2 and 5%) in the nanoparticle–polymer composite, the thickness of the film increases
too many fold, thus the average distance at which the
nanoparticles arrange themselves expands. Hence the
average enclosed area within the polygon formed by the
self-assembly of the nanoparticles, as observed in figure 6,
also escalates. The enclosed area of the polygon can be
L2 n
calculated by the formula; A ¼ 4tanð
180 ; where n is the
Þ
n

number of sides of the polygon and L the length of each side
of the polygon. The length can be measured from the optical
micrograph images and the average length has been used for
the calculations. The increase in the thickness of film from
pure polystyrene (42 ± 0.2 nm) to 1% polystyrene–
nanoparticle (100 ± 0.5 nm) amplifies the area within the
polygon from 64 to 376 lm2, respectively.
With increase in the polymeric concentrations (2 and 5%)
and with no change in the nanoparticle concentration, the
nanoparticles arrangement is more influenced by the rimlike polymer ribbon structure of intermediate dewetting
pattern (figure 4c and d), giving way to more pronounced

Figure 5. Voronoi tessellation of nanoparticles arrangement with various concentrations of polystyrene solution.
(a) Optical micrograph of polygonal arrangement of graphene nanoparticles with 1% polystyrene solution. (b) Optical
micrograph of graphene nanoparticles assembled in ribbon form with 2% polystyrene solution. (c) SEM image of the
connecting graphene nanoparticles in polymeric ribbon form. (d) Optical micrograph of self-assembly of graphene
nanoparticles with 5% polystyrene solution.
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Figure 6. Plot of the enclosed area of the polygons formed with
various thickness of the film.

Voronoi tessellation of nanoparticles ribbon following the
polymeric ribbon patterns of pure polystyrene. The optical
micrograph of figure 5b displays the connected polymer
ribbon-like structure, but the higher resolution SEM image
of figure 5c reveals that they are not completely connected
but the individual nanoparticles self-assemble to form a
chain-like structure. It was observed that with increase in
time, the nanoparticles came closer to each other and they
arranged themselves more distinctly in a long polygonal
ribbon-like structure. The area within the particles forming
the connected chain polygonal structure was found to be
766 lm2, with thickness of the film being 450 ± 0.5 nm for
2% polystyrene–nanoparticle composite film. The higher
thickness of the graphene nanoparticle–2% polystyrene thin
film leads to expanded area of the polygonal nanoparticle
arrangement.
In case the nanoparticles are laden with 5% polystyrene
solution, the thickness of the film is at around 850 ± 0.5
nm. Hence the area within the polygon is also found higher.
The molecules with thicker diameter because of higher
thickness of the particle-laden film influences the surrounding media and garner the particles to the ribbon-like
polymeric arrangement with the enclosed area being around
1697 lm2.
In all the cases of nanoparticle–polystyrene film, it is
observed that the assembly of the nanoparticles follow the
intermediate stage of the dewetting, where the initial holes
formed grow and the rims coalesce to form Voronoi tessellation of polymeric ribbon and the nanoparticles adhere
to this assembly. The change that is observed is that the
increase in the concentration of polystyrene increases the
thickness of the film. Hence leads to wider arrangement of
the graphene particles with increased enclosed area of the
polygon formed.
In figure 6, the enclosed area of the polygon obtained in
pure polystyrene, 1% polystyrene–graphene, 2% polystyrene–graphene and 5% polystyrene–graphene film is
plotted against their respective film thickness. It is observed
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that as the concentration of the polystyrene increases, the
thickness also increases leading to increased area of the
polygons formed.
The arrangement of the nanoparticles in the Voronoi
tessellation occurs because the retracing of the polymer to
form droplets requires the long chain polymers to dislodge
physically. Polymers being long chain molecules have
lower rate of evaporation and diffusion, so the rate at which
the polymer is dislodged from the substrate is dissimilar to
the rate at which the polymer gets distributed to the other
parts of the film. However, with the nanoparticles being part
of the film, these particles also get anchored to the long
chain of the polymers and further hamper the movement of
the polymer and restrict the retrace movement of the
polymer to form holes. The graphene nanoparticles intertwined with the long polymer chain curb, the movement of
the capillary waves on the surface, causing a wider band of
wave formation.
During the growth of the holes, there is retraction of the
three phases contact line on the solid surface. It is assumed
that the moving three phase contact line between solid–
liquid–gas and that generated by polystyrene–nanoparticles
system are parallel or perpendicular to the original contact
line at regular intervals [56]. Thus, the contact line of the
polystyrene–nanoparticle is divided numerous times leading
to a polygonal array. Moreover, the intertwined graphene
nanoparticles lead to pinning of the contact line, further
blocking the growth and coalescence of the holes and
forcing the nanoparticles to arrange in the polymeric ribbon-like structure.
Additionally, increased surface tension of the nanoparticle–polystyrene system further hinders the movement and
growth of the rim to greater heights required for formation
of holes or droplets. The increased interfacial tension of the
nanoparticle system also increases the entanglement of the
nanoparticles with the polymer chain and that with the
substrate preventing the movement and the formation of
droplets or holes, as observed in homopolymer dewetting in
figure 4f.
It is well established that the naturally and spontaneous
arrangement of the nanoparticles is dictated by the thermodynamic process. The increase in the particle size
increases the van der Waals adhesion between the particles
and is also kinetically preferred, as the size of particle
R varies as e–Ea/kT [64], where Ea is the adhesion energy, k
the Boltzmann constant and T the temperature of the system
influencing the dynamics and relaxation time of the system.
The surface diffusion of the nanoparticles is profound,
leading to self-assembly of nanoparticles. However,
because of the presence of these nanoparticles, the relaxation of the polymer chain to its original position is slow,
thus hindering the formation of hole/droplet.
The formation of holes or droplets in the case of
nanoparticle laden thin polystyrene was completely inhibited as the graphene nanoparticles assembled in the Voronoi
tessellation-like pattern, preventing the further movement of
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the polymeric film to form isolated droplets. The nanoparticle aggregation on the interface of the film and also the
network formation of the nanoparticles alters the surface
energy and prevents the further rupture/hole formation.
Moreover, the arrangement of particles at the interface
dampens the capillary waves, which are the main source for
spontaneous instability and hence suppressing the dewetting
of thin polystyrene film. The graphene nanoparticles also
induce certain amount of roughness on the surface, which
enhances the stabilization of the thin film. The particle–
polymer composites amend the glass transition temperature
and rheology of the polymer affecting the dewetting
dynamics. The enhanced visco-elastic properties of the
polymer because of the entanglement of the nanoparticles
with the polymer affect the relaxation time of the polymer
and thus suppress the dewetting. The hindrance in formation
of holes and arresting of dewetting in thin film is also
because of the change in the viscoelastic properties and the
pinning of the contact line.
Additionally, the agglomeration of the nanoparticles is a
thermodynamic driven process and the spontaneous instability in a thin film causes a negative magnitude for both the
enthalpy and entropy part of the Gibbs free energy. The
entropy part has more contribution causing it to be an
entropy driven process, leading to increased particle–particle interaction than the particle–polymer interaction. Thus
encouraging the agglomeration of the nanoparticles. Interestingly the agglomeration of the nanoparticles is not
randomly aligned, but has been influenced by the underlying dewetting dynamics.
In figure 7b it is observed that with continuous annealing
of the system for 7 days, the ribbon-like arrangement disappears and the nanoparticles are randomly distributed,
whereas annealing for 24 h, in figure 7a, depicts a Voronoi
tessellation patterning giving way to ribbon-like arrangement of the particles. With continuous thermal annealing,
the viscosity decreases and this increases the velocity of
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hole growth and the movement of the polymer chains, thus
causing the nanoparticles to be apart from each other. The
mobility of the polymer at the higher annealing time disintegrates the particle–particle interaction preventing the
coalescence of the particles and thus the particles are randomly arranged with continuous annealing, as seen in
figure 7b.
Graphene nanoparticles dispersed in the polystyrene
solution, forms a uniform arrangement of ribbon-like
assembly of the nanoparticles over the entire surface. This
layout of graphene nanoparticles is greatly influenced and
controlled by the underlying dewetting dynamics of thin
film. These ribbon-like structures are advantageous and can
be effectively used for three-dimensional nano-springs for
electromechanical sensors [65] and as self-sensing
mechanical resonators [66] and can increase the electrical
conductivity of the composite.

3.3 Incorporation of graphene nanoparticles
over dewetted polystyrene thin film
In the second set of experiments, the array of dewetted
structures created over thin polystyrene, as seen in figure 4f,
were used as a template and the graphene nanoparticles
dispersed in a volatile solvent were drop-casted over these
spherical polymeric droplets.
The dispersion of the nanoparticles in a volatile solvent
when drop-casted over the dewetted arrays leads to Marangoni effect [67], which drives the graphene nanoparticles
to form an array of dot matrix over the surface, as depicted
in the optical micrograph of figure 8a and the SEM image of
figure 8b. The addition of the graphene nanoparticles over
the dewetted surface leads to an arrangement where the
graphene nanoparticles assemble themselves in a polygonal
arrangement, which has a similarity with the dewetted virgin polymeric surface (see supplementary information I).

Figure 7. (a) Polygonal arrangement of graphene particles in 1% polystyrene–nanoparticle thin film with 24 h
annealing. (b) Random distribution of graphene nanoparticles in 1% polystyrene–nanoparticle thin film with 7 days
continuous annealing.
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Figure 8. (a) Optical micrograph of graphene nanoparticles added over the dewetted surface. (b) SEM image of
graphene nanoparticles self-assembled to form an array of dots.

The volatile solvent on the surface because of evaporation creates a temperature variation between the free surface
and the uneven substrate of dewetted holes. An infinitesimal
disturbance over this irregular surface created by the addition of nanoparticles generates a local temperature gradient
and hence giving way to high and low interfacial areas. This
forces the liquid to flow along with the particles from a
higher gradient to a lower one and giving way to a convective flow to the particles. Hence arranging the particles
in a symmetrical pattern [67,68]. With the rate of evaporation being fast due to the presence of volatile solvent, the
heat loss due to evaporation is also very fast and hence the
whole system requires more time to reach the equilibrium,
further enhancing the arrangement of the particles.
Moreover, the addition of solvent-dispersed nanoparticles
causes fading and smoothening of the surface patterns as the
molecules of the solvent diffuse in and out on the dewetted
holes and removing the Voronoi patterns, resulting in an
orientation of the graphene nanoparticles. Additionally, the
solvent movement creates ripples on the surface, as
observed in figure 8a, of the film resulting in out-of-plane
structural changes in graphene nanoparticles and the particles are apart from each other as seen in the SEM image of
figure 8b. The dispersion of the graphene nanoparticle in a
solvent covers the graphene particles with a layer of solvent
[69] that can generate an electric field, which forces the
nanoparticles to remain apart and form a dot of array over
the surface. In the case of non-polar solvent-like toluene,
the polarizability is uniformly distributed and is homogeneous within the solvent [70]. The electronic polarizability
of the solvent is high enough to impart electrostatic repulsion to the graphene particles and thus the dissociated array
of the graphene particles is retained within the system.
Moreover, graphene particles form a hexagonal lattice with
the p electrons at the outer orbital creating a closed electron
shell and this layers when stacked generates a repulsive

interlayer interaction because of the p electrons [71]. Thus,
this repulsive behaviour of the graphene particles along
with the solvent polarizability overcomes the van der Waals
interaction between the particles and generates an array of
particles, which remain apart from each other as observed in
both optical micrograph and SEM image in figure 8.
The dots of nanoparticles observed in SEM image of
figure 8b shows that the particles agglomerate in a dot
fashion with an average distance between each being 2.5
lm. The size of the agglomerates is around 1 lm, which is
far more smaller than the dewetting length scale (k of
dewetted droplets in pure polystyrene film is 93.5 ± 0.5
lm), over which the nanoparticles assembly were formed.
The change in the length scale of the assemblage of
nanoparticles indicates that the undulations over which the
nanoparticles were added have faded. The addition of the
graphene nanoparticles dispersed in solvent was added over
the dewetted arrays, which expose the dewetted surface to
the solvent and the dewetted arrays adsorb the solvent. The
adsorption of solvent over the dewetted arrays is evident in
figure 8a, with formation of circular spots on the surface of
the film. The collection of the solvent molecules over the
surface leads to diffusion within the film and causing the
graphene nanoparticles to arrange on the surface with
simultaneous destruction of the dewetted patterns. The
dewetted patterns on the surface of the film disappears
progressively as the floating solvent molecules near the air–
film interface start accumulating on the surface with
smoothening of the film. The diffusion of the solvent
molecules on the surface of the film creates a mismatch on
the equilibrium of the system because of the variation in the
chemical potential within the system. Thus, the evaporation
of the solvent from film surface causes it to become
homogenous and flat, and the removal of the undulations
restores the equilibrium of the system. The outward diffusion of the solvent molecules causes the rearrangement of
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the polymer molecule creating an even surface of the film.
The differential rate of the solvent adsorption and diffusion
on film surface because of the unevenness of the film leads
to smoothening of the film. Thus, addition of the solventdispersed graphene particles self-heal the dewetted patterns
on the thin film giving way to nanoparticle assembly.
The particle–particle interaction leads to agglomeration
as evident in figure 8b and this is thermodynamically guided
and driven by the Gibbs free energy, DG ¼ DH  TDS. The
two-dimensional graphene nanoparticles to be thermodynamically stable, it undergoes intrinsic bending [72] of the
carbon bond resulting in wrinkling, corrugation and folding,
which is also evident in the SEM image of figure 8b. The
repulsive electrostatic force overcomes the interacting van
der Waals interaction, resulting in a dot arrangement of the
graphene nanoparticles that can be beneficial for electrical
and thermoelectric transport [73,74].

4.

Conclusion

The uniform and unique morphology of graphene
nanoparticles were obtained with two different approaches—the graphene nanoparticle–polystyrene composite
thin film and graphene nanoparticles dispersed over
dewetted droplets obtained on pure polystyrene thin film.
The polystyrene–graphene composite when spin-cast together, it was found that the nanoparticles self-assemble following the instability pattern in the thin polystyrene film
and arrange themselves in Voronoi tessellation along the
polymeric ribbon. The increased surface tension of the
nanoparticle–polystyrene composition and the anchoring of
the nanoparticles with the polymer chain inhibit the further
rupture and growth of holes on the surface of the thin film.
The suppression of dewetting at the stage where the
growing holes coalesce and form interconnected structure
of polymeric ribbon-like structure influences the graphene
nanoparticles to self-assemble over this pattern and form
ribbon-like assembly. With increase in time, the particles
come closer to each other and seem to form a connected
ribbon-like structure aided by van der Waals interactions.
Thus, the graphene nanoparticles assemble and form Voronoi tessellation-like patterns. In the second scenario, the
inclusion of graphene nanoparticles dispersed in solvent
over the dewetted polymeric structure aided the graphene
nanoparticles to agglomerate in a polygonal dot-like matrix
over the surface in a length scale much smaller than the
dewetting length scale. The solvent in the system causes the
dewetted patterns to self-heal and give way to the
nanoparticles to assemble in dot array. Thus, it can be
observed that the graphene nanoparticles huddle and
aggregate influenced by the dewetting dynamics and selfassemble to form various distinct morphologies. The
nanoparticle not only generates different morphologies, but
also self-heal and destructs the dewetting patterns. The
graphene surfaces can have various applications like in
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protein membrane [75], as nano-fluidic channels for biological application [76] and many more. The Voronoi tessellation ribbon-like structure can be used in bio-sensing
and bio-functionalities. The polygonal dot assembly of
graphene nanoparticles favours the hopping effect and
increases the electrical and electronic properties of graphene nanoparticles and can be used for self-healing coatings with graphene nanoparticles [63].
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Grützmacher D 2006 Sens. Actuator A Phys. 130 54
[66] Volodin A, Buntinx D, Ahlskog M, Wang H, Zhang Q and
Kaner RB 2004 Nano Lett. 4 1775
[67] Maillard M, Motte L, Ngo A T and Pileni M P 2000 J. Phys.
Chem. B 104 11871
[68] Pearson J R A 1958 J. Fluid Mech. 4 489
[69] Moser J, Verdaguer A, Jiménez D, Barreiro A and Bachtold
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