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Abstract. Graphene-based materials such as graphene oxide (GO) and chemically reduced graphene oxide (rGO) thin
films have been fabricated using electrostatic spray deposition (ESD), followed by thermal annealing under Ar/H,
atmosphere. The thickness and surface morphology of thin films of GO and rGO on silicon substrates were controlled by
varying deposition time and content of GO/rGO in tetrahydrofuran (THF) solution. Here, we present a comparative
analysis between GO and rGO thin films. Water contact angle (WCA) measurements of these thin films were ~ 88° for the
GO films and >127° for the rGO films. We discuss how their hydrophobic behaviour is influenced by removal of oxygen-

containing functional groups during the reduction process.

Keywords.

1. Introduction

Graphene is a smooth single layer of sp”-bonded carbon
atoms closely assembled into a hexagonal arrangement on a
two-dimensional (2D) network, creating the main building
unit for carbon materials of any dimensionality [1-3]. Full
oxidation of graphene produces graphene oxide (GO),
which can then be chemically reduced to a partially oxi-
dized material known as reduced graphene oxide (rGO) [4].
Graphene-, GO- and rGO-based hydrophobic layers have
attracted considerable attention due to their possible appli-
cations in self-cleaning surfaces [5], reducing oxida-
tion/corrosion [6], oil-water separation [7,8], non-wetting
transparent flexible electrodes [9] and bacterial antifouling
[10]. The development of such surfaces essentially requires
the combination of low surface tension with surface
roughness at the nano- and microscale [11,12].

To enhance the surface functionalization of graphene-
based materials, scientists have used techniques such as
chemical vapour deposition [13], plasma etching [14],
chemical treatment [15], dip [16] and spin coating [17].
However, the challenging issue in this field remains with the
control of the surface properties during the fabrication
process. Most of those techniques are laborious, costly and
inappropriate for large-scale manufacturing. In contrast,
electrospray deposition (ESD) is a versatile method for
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fabricating hydrophobic thin films, which is affordable,
scalable and compatible with other coating approaches.
Moreover, being relatively unstudied for the deposition of
carbon materials, it is a promising technique to satisfy
coating requirements. In ESD, the use of an electric field
directly contributes to the precise control of the droplet
movement towards the desired substrate; thus, forming
uniform and mask-less thin films with high efficiency over
80% [18-20]. In comparison, when using uncharged
conventional spray methods nearly half of the deposi-
tion material (40-50%) misses the substrate and is
wasted [21].

A selection of (mainly polar) solvents plays a key role in
the ESD technique. Due to the attachment of oxygen-con-
taining functional groups (hydroxyl, carbonyl and carboxyl)
to the carbon skeleton, chemically synthesized GO and rGO
can be adapted to be readily soluble in typical polar sol-
vents. The dispersion features of GO and rGO have been
previously studied with an extensive variety of organic
solvents [22]. Based on these findings, in this study,
tetrahydrofuran (THF) was chosen as the solvent because of
its beneficial physicochemical properties, such as surface
tension, dipole moment and Hildebrand solubility
parameters.

Here, we have investigated the single-step preparation of
GO and rGO thin films by ESD. Both graphene-based
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materials were deposited onto silicon substrates, and film
characteristics, including hydrophobic and structural prop-
erties, surface morphology, thickness and thermal stability,
were determined.

2. Experimental

2.1 Materials

Graphite powder (<20 pm, 99.5%), sodium nitrate (99%),
sulphuric acid (98%), potassium permanganate (99%),
hydrogen peroxide (30%), monohydrate hydrazine (98%),
THF (99%) and undoped silicon wafers (100) were pro-
cured from Sigma-Aldrich. Hydrochloric acid (10%) was
supplied by Merck.

2.2 Synthesis of GO

GO was produced using a modified Hummers’ method
[23,24]. Graphite powder (1 g) was treated by vigorous
stirring at 35°C in an anhydrous mixture of NaNO; (0.5 g),
H,SO,4 (23 ml), and KMnO,4 (3 g) for 12 h, followed by
addition of deionized water (46 ml) and oxidation by H,O,
(2.5 ml). This produced a yellowish-brown graphite-oxide
solution, which was then thoroughly washed with 10% HCl
(aq.) and then with deionized water several times until the
pH stabilized at ~7. This homogenous solution was ultra-
sonically treated for 30 min to exfoliate the graphite oxide
into GO. To exclude precipitates of GO, the solution was
centrifuged at 3500 rpm for 40 min. The resulting greyish-
black product was filtered using glass funnel filters with
sintered glass discs (10—40 um pore size) and dried in a
vacuum oven at 80°C for 2 h.
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2.3 Preparation of rGO

Preparation of rGO was achieved using a chemical reduc-
tion via monohydrate hydrazine (N,H4-H,O) [24]. Initially,
a colloidal suspension of GO in deionized water
(5 mg mI™") was obtained by placing the homogenous GO
solution into an ultrasonic bath for 3 h, followed by adding
N,H4-H,0 (2 ul for 5 mg of GO) and then stirring with
a teflon-coated magnetic rod, while heating in an oil bath at
70°C for 14 h. This led to a black precipitation of
rGO. Filtration and drying procedures were performed as
for GO.

2.4  Fabrication of GO and rGO thin films

GO and rGO thin films were deposited onto silicon substrates
by ESD. The Si substrates were first cleaned using acetone and
isopropanol, and then placed in the ESD chamber on an elec-
trically grounded platen and heated to 250°C. Colloidal sus-
pensions of GO and rGO were then prepared separately by
dispersing 0.2 mgin 100 ml THF using an ultrasonic bath. The
chosen colloidal suspension was placed into a container, which
allowed the liquid to spray through a metal nozzle at a flow rate
of ~5 ml h™". The opening of the nozzle was located at fixed
5 cm distance from the substrate platen. When a direct current
bias of 7.5 kV was applied between the nozzle and the
grounded platen, the liquid suspension sprayed towards the hot
substrate coating it in a thin film, which dried rapidly as the
volatile liquid evaporated. This spraying procedure was carried
out for 20 min. The coated substrates were then annealed in a
tube oven at 500°C under Ar/H, (5:1) atmosphere for 2 h
followed by cooling to room temperature. A fabrication route
for graphene-based materials using the ESD technique fol-
lowed by thermal annealing is depicted in figure 1.
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A schematic illustration of the experimental design for the preparation of hydrophobic graphene-based
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Figure 2. SEM and AFM images of as-deposited GO (a, ¢, e) and rGO (b, d, f) thin films at different magnifications.

2.5 Characterization

The surface morphology and elemental analysis of the GO
and rGO thin films were determined via scanning electron
microscopy (SEM) combined with energy-dispersive X-ray
analysis (EDX) in a JEOL JSM-IT300 SEM system.
Atomic force microscopy (AFM) imaging was performed

using a Bruker Multimode VIII microscope with Nano-
scope V controller functioning under PeakForce Tapping
mode over a scanning area of 3 x 3 um®. A Bruker
Dektak XT Profilometer was employed to examine the
thickness of the thin films using Vision 64 software for
data collection. Fourier-transform infrared (FTIR) spectra
(500-4000 cm™!) were recorded using a Perkin-Elmer
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Figure 3. Optimization of ESD deposition for GO and rGO thin films on Si substrates 1 cm? in area. (a) Thickness vs. solution
concentration for the deposited films with coating time of 15 min. (b) Thickness measurements of both films at different deposition

times with composition fixed at 0.2 mg per 100 ml.

Table 1. Thickness measurement summary of the deposited GO
and rGO thin films via Dektak XT Profilometry and AFM.

Thickness (nm)

Material Profilometer AFM

GO 238 £ 35 24.1 £29
rGO 252 + 4.1 259 £ 3.7
Spectrum One spectrometer. Raman spectra

(500-3000 cm™') were taken using a Renishaw 2000 Laser
Raman spectrometer (Ar' laser, 514 nm excitation) at
room temperature. X-ray diffraction (XRD) analysis was
observed within the glancing-angle range 5°-50° using a
Siemens D500 X-ray diffractometer equipped with a Cu
Ko radiation (0.154 nm). Thermogravimetric analysis
(TGA) was performed by a Mettler Toledo Star System
instrument in N, atmosphere from room temperature to
1000°C with a heating rate of 10°C min~'. Water contact
angle (WCA) measurements were carried out by a Kriiss
DSA100 drop-shape analyser using a 0.25 pl water droplet
at room temperature.

3. Results and discussion

SEM and AFM images of the deposited GO and rGO thin
films are shown in figure 2. These show that both film types
are composed of randomly arranged few-layer graphene

sheets containing ripples and wrinkles. Noticeably, both
film types form a continuous coating onto the Si substrates.
Some of the rGO sheets (figure 2b and d) appear thinner
and more transparent than those in the GO film (figure 2a
and c), with average dimensions of 8 x 10 pm. Further, the
as-deposited rGO film has a rougher pattern with numerous
micron-sized holes (figure 2d). Both of these observations
suggest significant etching of the rGO film. EDX spectra
(see supplementary figure S1 and table S1) reveal that the
C:O atomic ratio of rGO is significantly increased compared
to that in GO, providing evidence that the reduction with
hydrazine monohydrate has been, at least partially,
successful.

The thickness of the thin films was adjusted by varying
the concentration of GO/rGO in THF and the deposition
time (figure 3). The outlined solution concentration and
deposition time were chosen as optimal conditions for the
deposition. Due to the dispersibility features of both gra-
phene-based materials in THF, there is a gradually declining
trend in the thickness for concentrations >0.2 mg per
100 ml (figure 3a). By contrast, the thickness dependence of
the deposition time (figure 3b) shows moderate increase in
the film thickness with time. The data points for both
samples after 25 min deposition seem anomalously small
and should probably be treated with caution or discounted
as outliers. All related measurements were performed using
a Dektak XT Profilometer. These measurements of the
thickness are consistent with those from AFM studies, as
summarized in table 1.

Confirmation of the appreciable structural alterations
arising from the chemical reduction of GO can be seen in
figure 4. There are two prominent Raman bands (D and G)
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Figure 4. Structural studies of the GO and rGO films. (a) Raman spectra with the D and G peaks labelled along with their intensity
ratios Ip/lg. (b) FTIR spectra exhibiting the bands from oxygen-containing functional groups. GO (red, lower) and rGO (blue, upper)

films.
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Figure 5. Structural and thermal analysis of the GO and rGO films. (a) XRD patterns showing the peaks from the (001) and (002)
planes. The inset is a magnified view of the region around the (002) facet for GO. (b) TGA curves depicting weight-loss events at

~180-230°C and ~ 600-700°C.

in both graphene-based materials shown in figure 4a. The D
band ~ 1345 cm™ corresponds to structural defects in the
graphene network, while the G band at ~1590 cm™ is
related to vibrations of sp>-hybridized carbon atoms and the
E>-symmetry phonon mode at the Brillouin zone centre.
The intensity ratio of the D and G bands (Ip/lg) is a useful
measure of structural disorder and correlates to the average
size of graphene clusters. Successful reduction of GO to
rGO is shown by the increase of Ip/lg ratio from 1.08 to
1.42, suggesting that the reduction process has significantly

enhanced the sp2 cluster size in rGO [25]. For rGO, two
additional bands appear in the range from 2600 to
3000 cmfl, which attributed to 2D and D + D’. However,
due to their low intensity, both peaks are usually disre-
garded in the context of such studies. The 2D peak is
generally related to the thickness of separate graphene
layers, and is assigned to the second order of the D band
arising from lattice vibrations of the two-phonon mode. By
contrast, the D + D’ peak (frequently labelled as the D + G
in the literature) is related to the appearance of defects in
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Figure 6. Images of the water droplet shapes for (a) GO and
(b) rGO films, with their respective contact angles.

the sample. The observation of this D + D’ peak provides
additional evidence that some surface modification has
occurred in our rGO films [26].

The FTIR spectrum of the GO film (figure 4b) shows that
there are various bands from different oxygen-containing
functional groups. The broad absorption peak at 3436 cm™
corresponds to the O-H stretching vibration. The twin
bands at 1720 and 1623 cm™ are assigned, respectively, to
the carbonyl C=0O stretching vibration, and to the combi-
nation of the C=C aromatic stretching vibration of sp>-hy-
bridized atomic domains and the O-H bending vibration of
absorbed water. Peaks at 1145, 1028 and 870 cm™" are due
to C-C, C-O and C-O vibrations in the antisymmetric
coupled stretching modes of aromatic groups, respectively.
The strong band at 571 cm™' relates to C—O—C stretching,
which is in good agreement with a previous study [27]. For
rGO, the intensities of the peaks from all the above-men-
tioned oxygen functional groups are considerably reduced
and slightly shifted, while the strong peaks around 571, 870,
1028 and 1145 cm™" have disappeared. A brief summary of
the adsorption bands with their relative positions in the
FTIR spectra is given in supplementary table S2.

Figure 5a shows XRD patterns from both films. For the
GO film, a sharp diffraction peak at 260 = 10.52°
(d = 0.84 nm) relating to the (001) plane indicates an
increase in the interlayer separation compared to that from
pure graphene due to the presence of oxygen functional
groups. There is a tiny peak at 20 = 22.08° (d = 0.42 nm)
from the (002) plane, magnified as an inset in figure Sa.
Following reduction to rGO, this peak becomes weaker and
much broader. This indicates that the graphene interlayer
separation decreases for rGO films, consistent with the
removal of the oxygen groups.

TGA curves of both films are given in figure 5b, which
show two key stages of thermal modification at
~180-230°C and ~ 600-700°C. For the GO films, the first
stage possibly reflects the decomposition or desorption of
unstable or weakly bound oxygen groups, such as hydroxyl
and carboxyl, or possibly of adsorbed water molecules. In
contrast, GO does not have these surface groups, and so the
corresponding feature is absent from the TGA plot. The
second stage at higher temperature is due to complete
dehydroxylation and decomposition of the carbon structure
that can be seen in SEM images following TGA studies
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(supplementary figure S2). The weight-loss scenario beyond
700°C, seen with GO but much less so with rGO, can
possibly be associated with the thermal destruction of a
small number of tenacious residual oxygen-containing
groups. The resulting total weight loss was 83.7 and 41.3%
for GO and rGO, respectively.

Examples of WCA measurements on the two films can be
seen in figure 6. For the GO film the droplet is hemispherical
with a WCA of ~88°, showing that the film is reasonably
hydrophilic, as expected for a film with many oxygen-con-
taining surface groups. Conversely, on the rGO film the water
droplet is nearly spherical with a WCA of 127°, showing that
this film is much more hydrophobic, consistent with a
reduction of oxygen-containing surface groups.

4. Conclusions

We have demonstrated the facile and rapid fabrication of
hydrophobic rGO thin film via ESD. Film thickness and
surface morphology are readily controlled by varying the
composition of the sprayed suspension and the deposition
time. Because this technique can easily be scaled to large
areas, it provides a potential route to scaling up the fabri-
cation of these thin films for commercial applications. The
removal of oxygen functional groups and subsequent ther-
mal treatment significantly increased the hydrophobic nat-
ure and thermal stability of the rGO surface. Having such a
high density of structural defects, the rGO thin films may be
promising candidates for the next generation of hydropho-
bic electrodes for use in supercapacitors and energy-storage
applications. Follow-on experiments, such as hydrogenation
or fluorination of the rGO surface, are planned to improve
the hydrophobicity further.
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