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ABSTRACT:

A new oil/water interfacial assembling approach has been developed to fabricate ultrathin graphene films
based on combination of two established interfacial assembling techniques. This new approach integrates
multiple advantages such as simple equipment requirements in traditional oil/water interfacial assembly and
minimum demand on the feeding source in air/water interfacial assembly (Langmuir-Blodgett deposition).
By simply injecting a very small amount (1 ml) of ethanol dispersion of sulphonated graphene sheets (GSs)
to the hexane/water interface, GSs can be effectively confined at the interface and self-organize into
monolayer film with high uniformity and controllable topographical feature. Multilayered films can also be
obtained by layer-by-layer deposition without extra binding agent, demonstrating a cost-efficient,

convenient, flexible and controllable approach for high quality ultrathin graphene films.
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1. Introduction

In recent years, graphene has attracted tremendous attention due to its exceptional electronic, optical,
mechanical and thermal properties » 2. As a natural extension of its unique two-dimensional structure,
graphene-based thin films have been widely investigated due to their potential applications in optoelectronic
devices, energy conversion and storage, sensors and so forth *°. Generally, the techniques for the fabrication
of graphene films can be briefly classified into two categories, 1) epitaxial or chemical vapour deposition of
graphene film on selected substrates 8% 2) bottom-up assembly of free-standing graphene sheets (GSs) by
soft chemical approaches ™. The former represents current main stream technique to fabricate uniform
single- or few-layered films. However, the complicated equipment requirements and rigorous reaction
condition seriously hamper its commercial production and scalability. Moreover, the scarification of original
substrates (single-crystal wafer or metal foils) during the following transferring process remarkably
increases the overall cost. Comparatively, the latter is mainly based on the dispersion of chemical reduced
graphene from graphene oxide (GO), and shows advantages in cost-efficiency and scalability of production
as well as flexibility in processing. Up to now, a variety of solution-based methods, including spin coating,
vacuum filtration, spray coating and electrostatic sequential adsorption, had been applied for assembling
graphene-based thin films ****. However, a big challenge in these approaches is the difficulty in fine control

over the thickness, lateral packing density and homogeneity of the films.

Much recently, the planar interfaces of liquid/liquid (oil/water) and air/water (Langmuir-Blodgett) systems
have been applied as templates for two-dimensional assembly of nanomaterials, including GO and GS, and
shown capability of accurate control over the film thickness in the order of nanometers and in-plan packing
density **%. Normally, in the oil/water system, nanoparticles in aqueous phases were driven to the interface
with external assistance such as sonication, gas bubble and inducing agent, and then self-organized into film
1620 |n air/water system, nanoparticles in volatile oil phase were spread over the water subphase to form
floating monolayer which can be further compressed into compacted feature ', In the present work, we
aim to develop a modified oil/water interfacial assembling approach for ultrathin graphene films based on
comprehensive understanding and combination of above two systems. In our design, the major advantage of

the oil/water system (such as simple requirement on equipments, mainly baker and syringe) and some merits
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from air/water system (such as the minimum demand on the feeding source) will be integrated into the new
developed method. As a key issue, how to appropriately introduce GSs to the oil/water interface will be
decisive to the final quality and performance of the products. One initial idea is GSs dispersed in certain
solvent being directly injected into the system and simultaneously entrapped at the interface. Hence, the
selected solvent needs to play two roles at the same time, namely, 1) good dispersant for GSs or
functionalized ones; 2) help with the interfacial accumulation of GSs. The relationship between the proposed
strategy and its parental systems is illustrated in Figure 1a. To our knowledge, there is no report on this kind
of method so far and none of the well-known dispersants for graphene, such as N-methylpyrrolidone (NMP),
N,N'-dimethylformamide(DMF) and dimethyl sulfoxide (DMSQO), can be able to fulfill the expected multi-

functions.
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Figure 1. (a) Design and (b) schematic illustration of the proposed oil/water interface assembly.

More recently, it is reported that inducing agents, specifically ethanol and methanol, can effectively
accelerate the collection of GO at either oil/water or air/water interface 22’. Meanwhile, according to our

latest researches, sulphonated graphene could show satisfactory dispersiblity in ethanol due to their modified
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surface polarity 2" 2%, Conjointly considering these two facts may offer us a possible solution to above
question. As a proof-of-concept, here we demonstrate a novel self-assembly of graphene film by direct
introducing GS/ethanol dispersion at the hexane/water interface (Figure 1b) and their potential application as
transparent conducting electrode and thin film supercapacitor.

2. Experimental Section

2.1 Interfacial assembly of graphene monolayer film.

Sulphonated GSs were synthesized by a multi-step process as described in previous work 2. To establish the
oil/water interface, anhydrous hexane (5-10 ml) was carefully layered on the top of distilled water (40 ml) in
a standard 150 ml baker with a cross-section of ~32 cm?. Then, GS/ethanol dispersion (~0.05 mg/ml) was
smoothly injected into the water subphase at a maximum speed of 0.2 ml/min. After stabling for 20 mins,
most of the hexane was carefully drawn away by syringe and the rest was left to evaporate off. After
complete removal of hexane, graphene film in dark-grey color was exposed floating on the subphase. The
film was transferred onto different kind of substrates (including quartz slide, glass and mica) by dipping into
and lifting the substrates out of the water slowly (max. 1 mm/min). All the substrates need to be cleaned
with ethanol and acetone repeatedly, and pre-treated with Piranha solution (H,SO4:H,0,=4:1) for 30 min to
turn their surface hydrophilic. The transferred film was blow-dried with nitrogen gas and further dried in a
vacuum oven under 60 °C for 30 mins to ensure their bonding with the substrate. Multilayered film was

fabricated by layer-by-layer repeating above mentioned process.

2.2 Characterization

The morphology and microstructure of the films were characterized by CCD optical microscopy. Scanning
electron microscopy (SEM, Philips XL30) and tapping-mode atomic force microscopy (AFM, SPA-400).
The coverage of the films is calculated using software analysis of SEM images based on contrast difference
between the substrate, the first layer and the second layer. Optical transmittance of the films was measured
on a UV-vis spectrophotometer (Varian, Bio100). Sheet resistivity of the films was measured by a four-
probe method. Cyclic voltammogram (CV) and galvanostatic charge/discharge analysis were carried out
using a three-electrode cell system (Autolab PGSTAT128N), in which a glassy carbon electrode and a
saturated KCI electrode were used as the counter and reference electrodes, respectively, and a 1 M NaCl

solution was used as the electrolyte.
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3. Results and discussion

The main novelty of the proposed approach lies in the use of ethanol as dispersant and inducing agent
simultaneously for interfacial assembly of GSs. As shown in Figure 2a, once being released into the water,
GS/ethanol dispersion will form upward convection and quickly reach to the interface, and cause short-time
disturbance which can be considered as release of the interfacial tension with the intrusion of GSs.
Technically, the dispersibility of graphene in ethanol is relatively poor due to their large difference in
surface polarity, which could be improved the by introduction of polar functional groups onto graphene such
as, in current case, the sulphonic group and oxygenated groups **?. Meanwhile, as inducing agent, ethanol
would form hydrogen bonds with the oxygenated groups on the nanosheets and neutralize their surface
potential so as to tune their contact angle approaching to 90° which is the most preferable for their
interfacial stability °. After the complete removal of hexane, the fringe of as-obtained film could be seen
attaching on the baker (Figure 2b). It could also be noticed that the formation of the film is a progressively
developing process with continue feed-in of the GS/ethanol dispersion. At the beginning, GSs were loosely
scattered over the interface and self-organized into domain-like patterns without effective interconnection
(0.3 ml, Figure 3c). With more GSs reaching to the interface (0.7 ml, Figure 3d), these small domains
merged into larger ones and finally, an integrated film with full coverage on the subphase was obtained (1

ml, Figure 3e).

Hexane

Interface

baker
-

Figure 3. Photographs showing (a) the upward convection of GS/ethanol dispersion as being released into
the hexane/water system, and (b) the fringe of the film attaching on the baker. (c-e) structural variation of
graphene films from disconnected domains to integrated film with the increasing feed-in of GS/ethanol

dispersion.
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Optical microscopy image in Figure 4a confirmed the integrity and smoothness of the graphene films
collected on quartz substrate and it is easy to distinguish the film from the substrate (Figure 4b). Further
zooming into the film, a densely packed structure with occasional vacancy was observed and the total
coverage of nanosheets on the substrate reaches up to 96.2% (Figure 4c). Based on the AFM image and
corresponding height profile (Figure 4f and g), the thickness of the film is 1.2-1.5 nm, consistent with that of
single-layered sulphonated graphene ™22, In some area, irregularities such as folding and wrinkle could be
noticed, which count up ~7.8% of total coverage of the monolayer film. To understand the formation of the
film, it is necessary to discuss the surface chemistry of the sulphonated GSs which could be considered as
amphiphilic in some sense with most part of the sulphonic acid groups and residual carboxyl groups
gathered around the edges, and hydrophobic graphitic basal region **. According to Pieranski’s theory and

Young’s equation 3%

, the driving force for the self-assembly of nanoparticles at oil/water interface could be
attributed to the minimization of total interfacial free energy, in which the particle size and shape are both
important for the energy decrease. Particularly, particle with high aspect ratio will show superior stability to
the spherical one at the oil/water interface *. Bowden et al. have pointed out that menisci-like structure
would form around nanoparticles, and attractive lateral capillary force derived from the overlap of such
menisci could draw the adjacent blocks closer to maximize their hydrophobic surface area *. This kind of
lateral capillary force is especially significant for particle with high two dimensional aspect ratio and is
sufficient to drive them closely packed. On the other hand, when the nanosheets were forced together in an
edge-to-edge manner, the electrostatic repulsion may result in folding, overlapping and wrinkling at the
contacted edges and sometimes in the interior regions 2*. The second possible reason for these irregularities

could be assigned to the highly flexible nature of graphene which will tend to shrink and crumple during the

drying process.
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Figure 4. Morphological analysis of the graphene films. (a) As-deposited monolayer and two-layer film on
quartz substrate. (b, c) Corresponding optical microscopy image and SEM image of monolayer and (d, e)

double-layer films. (g, h) AFM image of monolayer on mica substrate and corresponding height profile.

As a key advantage of interfacial assembly, the ability to fabricate multilayer film with a controllable layer
number is highly desired for many applications. Because of the hydrophobic nature and poor wettability of
graphene, binding agents (usually polymers) were typically necessary in their layer-by-layer process.
However, these external impurities may be detrimental to general performance of the resulted films. In our
previous research, it has been testified that hydrophilicity of graphene can be remarkably enhanced by
controlled sulphonation 2%, The sulphonated GSs show much better wetting behavior and lower contact
angle with water, making their direct multilayered deposition feasible. As shown in Figure 4a and 4d, the
second monolayer with coverage of ~81.7% was successfully deposited over the first one. Meanwhile, the
film surface became rougher after the second deposition and coverage of the irregular area increased to

16.8% (as shown in Figure 4e). Similar results have been reported by Huang et al. in their research on
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multilayer assembly of GO . Accordingly, when two layers of nanosheets were overlapped in a face-to-
face manner, their electrostatic repulsion will result in heavy degree of defects, especially at high packing
density, despite the dominant attraction between them. Moreover, due to the soft nature of graphene,
roughness in under layer will reflect on and multiply in the upper layer. Experimental parameters, such as
the amount of GS, injecting speed of ethanol and the uplifting rate of substrate, are all influential in the
structure of final products. Generally, over dosage of the GSs will result in wave-like inhomogeneity and
aggregates (as shown in Figure 5a); and too fast lifting the substrate will bring rupture (as shown in Figure

5b) into the film.

Figure 5. Effect on the structure of the film from the experimental parameter of (a) 1.5 ml of GS/ethanol

dispersion; and (b) lifting the substrate at 2 mm/min. The rest of the conditions are same as described above.

Optoelectronic properties of as-prepared films were discussed to seek their possible application as
transparent conducing electrode. As shown in Figure 6a, the monolayer film showed low absorption over the
whole region of visible spectrum and the transmittance at 550 nm reached up to 92.3%, slightly lower than
the theoretic value of single-layer graphene (97%). This decrease in transmittance can be mainly assigned to
the scattering and absorption of incident light at the defective areas. The characteristic absorption at around
270 nm correspond to 7-m transitions, reflecting the recovery of sp® bonds. Sheet resistivity of the film is
13.5 kQ/sq which is much higher than the ITO standard. After the second deposition, the sheet resistivity
reduced to 9.6 kQ/sq with a transmittance of 85.3% (Figure 6b) which is consistent with the calculated value
(86%) with considering the coverage of the second layer. There are two possible reasons for the high sheet
resistivity of as-prepared films: 1) the GSs studied in this work is hetero-dispersed with a wide size
distribution from hundreds nanometre to tens micrometer and the existence of GSs with small size will

undoubtedly result in large number of sheet-to-sheet junctions and increase the overall resistivity; 2) the
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introduction of functional groups, specifically sulphonic groups in current case, also bring negative effect on
the conductivity of the film. To further improve the optoelectronic properties of current films, additional
pre- or post-treatments, such as size fractionation of the GSs, control over the sulphonation degree and

chemical doping of resulted films, should be preferable.
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Figure 6. Transmittance of (a) single- and (b) double-layered graphene films and their corresponding sheet
resistivities.

Other than optoelectronic devices, the graphene-based thin films also show high potential in energy storage
systems such as supercapacitors and secondary batteries. In current research, multilayered film with a layer
number of 20 (1 x 2 cm?) was fabricated in electrochemical tests. As shown in Figure 7a, the cyclic
voltammetry (CV) results displayed a serial of symmetrical curves at different scan rate, implying that the
capacitive process was both reversible and stable. Their nearly rectangular shapes indicate that efficient
electrochemical double-layer (EDL) capacitance behavior has been established in the electrode * %.
Calculated specific capacitance reached up to 292 F/g at a scan rate of 2 mV/s, nearly twice of the value of
its powder counterpart 2. With the scan rate being increased up to 20 mV/s, the specific capacitances
gradually reduced to 254 F/g, demonstrating a good rate capability (~87%). Galvanostatic cycling of the
electrode was performed with a current density of 100 mA/g. As shown in Figure 7c, the charge/discharge
curves are almost straight lines, confirming the formation of an efficient EDL and good charge propagation.
The calculated specific capacitance (287 F/g) is consistent with that from CV test. A decrease of only 1.9%
on the specific capacitance happened after 50 cycles (Figure 7d), exhibiting excellent cycle stability and a
very high degree of reversibility. To understand the high electrocapacitive performance of current

multilayered film, it is necessary to take insight into its unique micro-geometry. Different from the randomly

oriented stacking as in the powder sample with the wide pore distribution, GSs in current thin film electrode
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are horizontally arranged with very low degree of aggregates, maximally reserving their surface area.
Meanwhile, the increasing in-plan irregularities, although undesirable for transparent conducting film, could
effectively expand the interlayer spacing as pillars and build up interconnected channel for the access of
electrolyte. In other words, a self-sustained three-dimensional hierarchical structure could be established
within current ultrathin film. Detailed research on the formation and development of this interior structure

with the increase of layer number is undergoing and will be reported later.
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Figure 7. (a) Cyclic voltammetry curves of GS multilayer film and (b) corresponding specific capacitance at
different scan rates; (c) Galvanostatic charge/discharge tests at a current density of 100 mA/g; (d) Variation

of the specific capacitance of the film as function of cycle number measured at 5 mV/s.

4. Conclusion

In this work, ultrathin graphene films were successfully fabricated by a modified oil/water interfacial
assembly. Monolayer films with densely packed and highly oriented structure can be obtained by direct
injection of a very small amount of GS/ethanol dispersion (1 ml, 0.05mg/ml) at the hexane/water interface.
Multi-layered film can be readily assembly by simply layer-by-layer deposition without any extra binding

materials. The obtained ultrathin films show high potential in application as transparent conducting electrode
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and thin-film supercapacitors. The transparent conducting electrode based on monolayer film show a high
transmittance of 92.3% and a sheet resistance of 13.5 k€Q/sq. The specific capacitance of multilayered film
reached as high as 292 F/g, nearly double that of the corresponding powder sample. In addition, the film
showed excellent cyclic stability in a long-term charge/discharge test. After 50 cycles, the capacitance
decreased by only 1.9%. These encouraging results confirmed our expectation on this new developed
interfacial assembly of graphene films, demonstrating a cost-efficient, convenient and controllable approach

for ultrathin graphene films with high quality.
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