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ABSTRACT: We report a remarkably rapid method for assembling pristine graphene platelets into a large area transparent ﬁlm
at a liquid surface. Some 2−3 layer pristine graphene platelets temporally solvated with N-methyl-2-pyrrolidone (NMP) are
assembled at the surface of a dilute aqueous suspension using an evaporation-driven Rayleigh-Taylor instability and then are
driven together by Marangoni forces. The platelets are ﬁxed through physical binding of their edges. Typically, 8-cm-diameter
circular graphene ﬁlms are generated within two minutes. Once formed, the ﬁlms can be transferred onto various substrates with
ﬂat or textured topologies. This interfacial assembly protocol is generally applicable to other nanomaterials, including 0D
fullerene and 1D carbon nanotubes, which commonly suﬀer from limited solution compatibility.
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O

low solution compatibility of pristine graphene, particularly in
volatile solvents,17 makes it hard to employ conventional
processing methods such as drop-casting,18 spin-coating,19 and
rod-coating.20 As an alternative approach, chemically modiﬁed
graphene with improved solution dispersibility, for instance
graphene oxide with aqueous dispersibility up to more than 5
wt %, is frequently used as a precursor for solution
processing.9,21,22 Unfortunately, intrinsic degradation of the
structures and material properties of graphene is hard to avoid
during the chemical modiﬁcation and subsequent reduction.
In this work, we demonstrate unusually fast interfacial
assembly of pristine graphene platelets as a cost-eﬀective and
high-yield route to large-area graphene based ﬁlms. We ﬁnd

wing to the inherent two-dimensional nature of
graphene, its principal applications are anticipated to be
as a macroscopic ﬁlm or sheet structures.1−3 Graphene’s
outstanding material properties, including high electrical/
thermal conductivity and superstrong mechanical properties
along the two-dimensional graphene plane, can be exploited for
diverse applications. Presently, transparent graphene ﬁlm
preparation relies principally on CVD growth from metal
catalysts. CVD growth oﬀers high-quality large-area graphene.4,5 Nevertheless, vacuum processing at high temperature
is expensive and requires long batch times. Moreover, ﬁlm
transfer onto desired substrates suﬀers from hard metal catalyst
etching and polymer adhesive residues.6
Solution processing of pristine graphene based ﬁlms has great
potential for the cost-eﬀective production of surface coating,7,8
composites,9,10 ﬂexible electrodes,11,12 sensors,13,14 mechanical
resonators,15 separation membranes,16 and so on. However, the
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Figure 1. Rayleigh-Bénard convection of pristine graphene platelets toward liquid surface. (a) Time-lapse images of pristine graphene assembly.
Graphene platelets are temporarily suspended in water−NMP mixture. EA injection onto the suspension triggers unusually rapid convective
transport and assembly of graphene platelets. (b) SEM image of uniform graphene assembled ﬁlm consisting of closely packed pristine graphene
platelets. (c) Schematic illustration of graphene assembly. Graphene platelets are quickly elevated by Rayleigh-Bénard convection and assemble at
liquid surface by Marangoni forces. (d) Side-view images of Rayleigh-Bénard convection ﬂow after EA injection.

NMP molecules gradually unbind from the graphene surface.
causing the aggregation and precipitation of graphene ﬂakes.24
By contrast, if EA is added before destabilization occurs,
graphene platelets rapidly migrate to the liquid surface and
assemble into a highly uniform ﬁlm.
The spontaneous migration of graphene platelets toward the
liquid surface is attributed to Rayleigh-Bénard convection25
caused by evaporative cooling of the EA layer (Figure 1d). EA
is partially soluble in water (6−8% v/v). When an excess of EA
(approximately 10% v/v) is added into the water−NMP
suspension, it forms a thin liquid layer on top of the aqueous
media surface. Subsequently, the temperature diﬀerence of the
top EA layer from underlying aqueous media, caused by the
rapid evaporation of volatile EA, induces convection due to a
Rayleigh-Bénard instability (see Supporting Movie S2 in real
time). In our experimental system, the temperature diﬀerence
ΔTh is about 2 °C, as measured by infrared imaging, and the
height of aqueous phase h is 20 mm. Under these conditions,
we estimate the Rayleigh number Ra using the equation26

that pristine graphene platelets temporarily suspended in
aqueous media assemble into an arbitrarily large area uniform
graphene based ﬁlm in a few minutes by adding ethyl acetate
(EA) to the suspension. This interfacial assembly protocol is
applicable other pristine graphitic carbons, including 0D
fullerene and 1D carbon nanotubes, that commonly suﬀer
from limited solution compatibility. We systematically investigate the underlying mechanism of this surprising ﬁlm
preparation principle.
The interfacial assembly of graphene platelets is demonstrated in the time-lapse images of Figure 1a (see Supporting
Movie S1 in real time). When EA is introduced into a dilute
suspension of graphene in an aqueous medium, graphene
assembly is typically completed within 2 min over circular area
of a 8 cm diameter. Figure 1b shows a typical scanning electron
microscopy (SEM) image of the assembled ﬁlm, where a few
layers of pristine graphene platelets are closely packed to form a
uniform ﬁlm. This ultrafast assembly is composed of two
distinct steps (Figure 1c): (i) spontaneous migration of
graphene platelets toward the liquid surface, and (ii) lateral
assembly into a graphene based ﬁlm. First, we prepare highquality graphene platelets with diﬀerent sizes as starting
materials for interfacial assembly. Typically, 2−3 layer thick,
1−5 μm diameter microplatelets are prepared by electrochemical exfoliation of highly ordered pyrolytic graphite
(HOPG).23 The 1−3 layer thick, 100−200 nm diameter
nanoplatelets are purchased from NanoIntegris, USA (see
Supporting Figure S1). Those pristine graphene platelets are
suspended in NMP (N-methyl-2-pyrrolidone) (0.05 mg/mL)
by mild stirring. The resultant pristine graphene suspension is
mixed with deionized (DI) water, where the graphene
suspension is temporarily stabilized for several minutes due
to the solvation of graphene with NMP molecules. If this
suspension is maintained for more than a few minutes, the

Ra =

gαΔTh 3
h
ηκ

where g is the gravitational acceleration, and the aqueous phase
is characterized by its thermal expansion coeﬃcient α, viscosity
η, and thermal diﬀusivity κ. Using α = 6.9 × 10−5 C1−, η = 0.001
Pa·s, and κ = 3.34 × 10−10 m2/s, the values for water, together
with h = 20 mm and ΔTh = 2 °C, we estimate the Rayleigh
number Ra to be 7.5 × 104, far in excess of the critical value of
1100.65.27 Indeed, direct infrared imaging reveals that
convective plumes develop as the top EA/water layer cools
(see Supporting Movie S3). This convective ﬂow continually
lifts graphene oﬀ the bottom surface and brings it to the liquid
surface. Obviously, the high vapor pressure of EA is essential for
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Figure 2. Evaporation induced Marangoni ﬂow for large-scale graphene assembly. (a) Schematic illustration of lateral transport and assembly of
graphene platelets. Platelets are transported from lower surface tension region (EA-rich region) to higher surface tension region (EA-rich region), as
EA evaporates. (b) Infrared images of liquid surface after EA loading onto the liquid surface. The temperature at the EA-poor regions was lower than
EA-rich regions due to the endothermic evaporation. (c) Disassembly and reassembly of graphene platelets to form a tightly packed large-area ﬁlm.
(d−e) Either low pH or EA addition reduces the surface negative charge of graphene platelets in the water−NMP mixture. According to the
preparation method of graphene suspension, diﬀerent surface charge states of graphene platelets are measured.

graphene transport to the liquid surface. Among various tested
solvents, only EA and diethyl ether (DEE) could generate
strong convective ﬂow at ambient conditions (see Supporting
Figure S2).
Another requirement for fast graphene assembly is rapid
lateral assembly of the graphene platelets at the liquid surface. If
two immiscible or partially miscible liquid phases with surfaceactive materials lose their equilibrium partitioning, interfacial
instabilities can occur.27 Such instability can be activated by
chemical reaction, evaporation, or dilatation/compression at an
interface,28,29 which leads to Marangoni forces parallel to the
interface. Marangoni forces have been used for interfacial
assembly of colloidal nanoparticles and uniform colloidal
ﬁlms.30,31 In our system, the distribution of EA at the liquid
surface becomes inhomogeneous as the highly volatile EA
evaporates. This generates a surface tension gradient induced
instability. Graphene platelets move from low surface tension
regions (EA-rich) to high surface tension regions (water-rich)
at the liquid surface (Figure 2a). Figure 2b shows the
inhomogeneous distribution of EA, visualized by infrared
imaging (Supporting Figure S3). Because of endothermic
evaporation, EA-rich regions exhibit lower temperatures than
EA-poor regions. Graphene platelets assemble as soon as they
arrive at liquid surface by convention. Growing ﬁlms are

principally observed at EA-poor high surface tension regions.
Platelets collide, overlap, and eventually bind to each other via
strong π−π interactions.32−34 During this lateral assembly,
assembled graphene seeds or ﬂakes are continuously perturbed
by the surface-tension-driven instability. Interestingly, weakly
bound ﬂakes disassemble and reassemble until they are bound
strongly enough to withstand the surface ﬂow instability
(Figure 2c). The ﬁnal macroscopic shape of the graphene
assembled ﬁlm is determined by the shape of the container.
Signiﬁcantly, the graphene transport toward the liquid surface
and subsequent lateral assembly do not occur serially but
coincidently. Such graphene assembly continues until EA on
the surface is completely exhausted. Upon further addition of
EA, the remaining graphene platelets in the water-NMP
suspension can be extracted and assembled into an arbitrarily
large area ﬁlm.
We have performed a control test using DEE as an assembly
solvent instead of EA. DEE has a similar water solubility as EA
and its vapor pressure and surface tension are suﬃciently high
and low enough to produce a signiﬁcant Marangoni force
(Supporting Figure S2). Indeed, when DEE is added to the
graphene suspension in the water−NMP mixture, graphene
platelets rapidly migrate toward the top surface due to RaleighBénard convection, just as for EA. However, active lateral
1390
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assembly does not occur. Only a small number of tiny pieces of
graphene assembled ﬁlms are generated. This diﬀerence in
behavior between EA and DEE is attributed to their diﬀerent
ionization behavior in water. The edges of pristine graphene
platelets prepared from graphite are decorated with negative
charged functional groups such as carboxylate.35−37 While ionic
dissociable EA can screen the surface charges, nonionizable
DEE does not. The electrostatic repulsion caused by charged
edge hinders the lateral assembly of graphene platelets. Figure
2d and 2e compare the surface charge states of the pristine
graphene platelets prepared by sonication of graphite in NMP
or by electrochemical exfoliation of HOPG and graphene oxide
as a function of pH and EA concentration (Supporting Figure
S4). Acidity can also suppress the surface charge via
deprotonation of carboxylic acid. Even graphene oxide with
strong negative charges could be assembled if we added a
suﬃcient quantity of strong acid to the water before adding
EA.38
An important advantage of our graphene assembly is the
tunability of the ﬁlm morphology and corresponding optical
transmittance and electrical conductivity. In particular, the
evaporation rate of EA is a critical parameter for determining
the ﬁlm thickness. The evaporation rate is readily controlled
using the evaporation chamber, as illustrated in Figure 3a. As
the EA composition in the chamber increases (or the
evaporation rate of EA decreases), the assembly speed of the
graphene based ﬁlm gradually slows down, and the ﬁlm
thickness increases. Figure 3c shows that the sheet resistance of
air-dried graphene assembled ﬁlm decreases down to 1 kΩ/□
with ﬁlm thickness. In situ Au doping during graphene
interfacial assembly may further reduce the sheet resistance
down to 850 Ω/□. Interestingly, when the assembly speed is
substantially lowered, the lateral packing of graphene platelets is
loosened (Figure 3b). While close packed graphene based ﬁlms
can be used for surface coating or ﬂexible electrodes, such
porous ﬁlms are useful for separation membrane, chemical
sensors, and energy storage applications.15,16 The thickness of
graphene assembled ﬁlm was directly measured by AFM. The
typical thickness of the ﬁlms prepared at ambient condition was
about 1.0 nm, which corresponds to approximately three
graphene layer stacking (3 × 0.335 nm). This value was also
conﬁrmed by the optical transmittance measurement. The
optical transmittances at various positions of ﬁlms were
measured by UV−vis spectrophotometry. The average transmittance at 550 nm was about 93%. Using the optical
absorbance of 2.3% for monolayer graphene, this value
corresponds to three graphene layers stacking, consistent with
the AFM measurements. The graphene assembled ﬁlms can be
subsequently stacked into multilayers to control the electrical
conductivity and optical transmittance over a broad range
(Supporting Figure S5).
The graphene assembled ﬁlms formed at the liquid surface
are readily transferrable to various substrates, including ﬂexible
and nonplanar substrates, without any requirement for metal
catalyst etching nor polymer residue removal. Figure 4a shows a
very large graphene ﬁlm that has been transferred onto a glass
wafer 4-in. in diameter. The optical homogeneity of the
transferred ﬁlm conﬁrms the uniformity of ﬁlm preparation and
transfer. Figure 4b shows that our graphene assembled ﬁlms
can also be transferred to ﬂexible polymer substrates. After
transfer, residual solvent can be removed by moderate drying at
195 °C for about 30 min. This method of deposition can also

Figure 3. Morphology control of pristine graphene assembled ﬁlm. (a)
Schematic illustration of evaporation control chamber. The amount of
EA in the ﬂowing gas stream controls the EA evaporation rate, which
subsequently modiﬁes the morphology of graphene ﬁlm. (b)
Relationship among EA content in the gas stream and assembly
speed and ﬁlm sheet resistance. (c) Surface morphology of graphene
ﬁlm measured by SEM. Film morphologies formed at (i) fast
evaporation (0% EA in ﬂowing gas) and (ii) slow evaporation (30%
EA in dry air), respectively.

generate conductive coatings on silicone beads and other
nonplanar surfaces (Figure 4c and Supporting Figure S6).
Signiﬁcantly, this interfacial assembly is generally useful for
the preparation of ﬁlms from other nanomaterials. For instance,
we can generate large-size uniform ﬁlms of other graphitic
carbons including, as representative examples, carbon nanotubes (CNTs) and fullerene. Those 0D and 1D carbon
materials are also known to have limited solution compatibility.39,40 Figure 4d and e shows SEM images of ﬁlms
assembled from single-wall nanotubes (SWCNTs) and multiwall nanotubes (MWCNTs). The assembled morphology of
SWCNTs, with their low bending rigidity, shows the
morphological trace of lateral packing during interfacial
assembly, whereas MWCNTs, which are highly rigid, show a
randomized network. As shown in Figure 4f, electron
diﬀraction pattern of fullerene-assembled ﬁlm demonstrates
weak two-dimensional hexagonal packing.
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Figure 4. Universal assembly and transfer of graphitic carbons. (a)
Graphene ﬁlm transferred onto 4-in. glass wafer. (b) Graphene ﬁlm
transferred onto ﬂexible poly(ethylene terephthalate) (PET) ﬁlm. (c)
Graphene ﬁlm covered onto nonplanar surface consisting of silicone
particles (2.5 μm diameter) deposited on polydimethylsiloxane
(PDMS) substrate. (d) SEM images of single-wall carbon nanotube
(SWCNT) assembled ﬁlm. (e) SEM images of multiwalled carbon
nanotube (MWCNT) assembled ﬁlm. (f) Transmission electron
microscopy (TEM) and electron diﬀraction images of fullerene
assembled ﬁlm. The d-spacing of hexagonal fullerene packing is
approximately 0.83 nm (inset).

In summary, a surprisingly rapid interfacial assembly of
pristine graphene ﬁlms has been demonstrated. A single shot of
volatile solvent into a dilute aqueous suspension of pristine
graphene produces a large-area graphene assembled ﬁlm.
Signiﬁcantly, this assembly principle generally works for various
low dimensional nanomaterials, including fullerene and CNTs.
Moreover, various in-plane hybrid or composite structures,
such as CNT/graphene hybrid lateral assembly, polymer/
graphene composites, and metal particles deposited between
graphene platelet ﬁlms, can be straightforwardly assembled by a
single-step process (Supporting Figure S7). This facile
interfacial assembly with compositional and morphological
diversity will greatly broaden the potential of low dimensional
nanomaterials for electronics, optoelectronics, and energy/
environmental applications.
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