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The present work reports for the first time a preparation of reduced graphene oxide (rGO) via a gas-phase
process where a visible light photocatalytic reduction of GO with the use of gold (Au) nanocrystals was
performed in a single-pass configuration. Primary Au crystals (~4 nm in diameter) were quantitatively
incorporated with GO (~36 nm in lateral dimension) in the form of Au-GO hybrid nanoflakes (~37 nm
in lateral dimension). The hybrid flakes were then photocatalytically reduced into a form of Au-rGO,
and thus the size and structure of the hybrid flakes were reduced (~32 nm in lateral dimension) and
changed (the ratio between the D and G bands increased from 0.82-1.10). The Au-rGO hybrid flakes were
finally employed to degrade dye and transfect into cells in vitro, and the ability to achieve dye degrada-
tion and gene transfection was greater than that of commercial materials.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Graphene has attracted much interest for its unique physical
and chemical properties and wide-ranging technological applica-
tions [1-3]. In the preparation of graphene, the method of utilizing
graphene oxide (GO) as a precursor has been widely used [2]. GO is
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an oxidized form of graphene with phenol hydroxyl and epoxide
groups on the basal plane and carboxylic groups at the edges,
and normally produced through processing graphite under oxida-
tive conditions. Meanwhile, the reduction of GO has been widely
used to prepare graphene [more accurately called reduced GO
(rGO)], by methods such as chemical, thermal, flash, laser, or elec-
trochemical reduction [1]. Among these methods, chemical reduc-
tion is considered to be the most effective and economical way to
prepare rGO from GO. However, chemical reduction usually
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requires toxic chemicals, several tedious batch steps, high temper-
atures and energies, and special instruments and controls for the
preparation of rGO, which limits its practical applications [1,4].

Photocatalytic reduction of GO has recently been proven to be
an effective method to produce rGO [1]. Compared with conven-
tional chemical reduction, the photoreduction of GO is green and
easy to control via UV irradiation [5,6], and it often requires semi-
conductor nanoparticles with large band gaps such as TiO, and
ZnO, used as photocatalysts, to accelerate the reduction. More re-
cently, the surface plasmon resonance effect of noble metal nano-
particles on photocatalysis has attracted renewed interest, and it
has been well established that GO with noble metal nanoparticles
can be used as highly active photocatalysts in the presence of an
electron donor [1,7,8].

Interest in nanocomposites or hybrid nanomaterials has been
ever-growing, ascribed to their peculiarities in combining the
desirable properties of building blocks for a given application [9].
Besides the applications of GO and rGO, it is a great desire to fab-
ricate composites or hybrid materials which integrate GO or rGO
with nanoparticles, polymers, or even nanotubes and fullerenes
[10]. It is of great importance to bind metal nanoparticles onto
GO or rGO because the combination and interaction between nano-
particles and GO or rGO will lead to multifunctional or even com-
pletely new properties in such a nanocomposite [11]. Metal
nanoparticles incorporating GO were recently introduced as mate-
rials for antimicrobial [12], biosensor [13], and energy applications
[14]. However, the metal hybridization of GO or rGO also requires
additional chemical steps and controls for the preparation of metal
nanoparticles [9,15], and thus it is still a challenge to prepare me-
tal-(r)GO hybrid particles from raw graphite under continuous
conditions.

The present work introduces continuous gas-phase approach
for synthesizing gold (Au) decorated rGO hybrid nanoflakes and
their applications for dye degradation and gene transfection
in vitro. Freshly spark produced graphite nanoparticles were first
immersed in an ultrasound-impinging device containing a simpli-
fied Hummer solution to form GO [4]. The reacted solution con-
taining GO was injected into the reservoir of a collison atomizer.
Another spark discharge generated Au nanocrystals, and the parti-
cle-laden flow passed over the collison atomizer orifice where they
mixed with the atomized GO solution to form hybrid droplets. The
droplets then passed through a denuder to drive solvent from the
droplets, resulting in AuGO hybrid nanoflakes. The hybrid flakes
were then immersed in another ultrasound-impinging device filled
with ethanol to photocatalytically form Au-rGO hybrid nanoflakes
under visible light. The hybrid nanoflakes were separated using a
microfiltration kit, and finally they were applied to dye photodeg-
radation and in vitro gene transfection measurements in mamma-
lian cells. An electrical discharge as a graphite supplier was
recently employed to prepare graphene nanoflakes [16], while a
gas-phase process was also introduced to fabricate graphene with
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a unique structure [17]. These studies were the motivation to pre-
pare Au-rGO by continuous gas-phase approach, and in addition
there was no study to fabricate metal-rGO hybrid nanoflakes in a
green and sustainable manner, although it has potential for a broad
range of practical applications.

2. Experimental

Graphite nanoparticles were produced via spark discharge [18],
and carried by nitrogen gas (99.9999% purity, 3L min~!) to an
impinging device, as shown in Fig. 1. The specifications of the
discharge configuration were as follows: electrode diameter
(C-072561, Nilaco, Japan) and length, 3 mm and 100 mm, respec-
tively; resistance, 0.5 MQ; capacitance, 1.0 nF; loading current,
2.0 mA; applied voltage, 3.0kV; and frequency, 667 Hz. The
impinging device, which contained a simplified Hummer's solution
[4] and an ultrasound probe, was used to collect the graphite par-
ticles into the solution and react subsequently with the solution to
form GO. The graphite particles experienced ultrasound
(250 W cm~2 in intensity) when they reached the gas (the graphite
particle laden flow)-liquid (the simplified Hummer’s solution in
the impinging device) interface. GO was obtained by oxidation of
the graphite particles (which acted as precursors) with 40 mL of
H,SO4 and 1.8 g of KMnO,. The residence time of the graphite par-
ticles in the impinging device was 3.8 min to form GO. The solution
containing GO was injected into the reservoir of a collison atomizer
using a peristaltic pump (323Du/MC4, Watson-Marlow Bredel
Pump, US).

Another spark discharge between gold rods (AU-172561, Nilaco,
Japan) was used to produce Au nanocrystals, and the particle laden
flow was employed as the operating gas for atomizing the GO solu-
tion supplied by the pump. The Au crystals passed over the atom-
izer orifice, where they mixed with atomized GO droplets to form
hybrid droplets. The droplets then passed through a denuder con-
taining activated carbon pellets and silica gels to drive solvent
from the droplets. The resulting aerosol Au-GO hybrid flakes were
then injected into another impinging device containing ethanol
with an ultrasound probe under visible light to photocatalytically
form Au-rGO.

When Au nanocrystals are attached onto GO, a quasi-fermi level
forms in the Au-GO flakes. The Au nanocrystals absorb visible light
intensely because of the surface plasmon resonance effect, leading
to an enhancement of the local electromagnetic fields near the
rough Au surface by photoexcited metallic electrons and holes
[1]. In the presence of ethanol the holes are scavenged to produce
ethoxy radicals, thus leaving the electrons to accumulate within
the Au crystals. The accumulated electrons serve to interact with
the GO in order to reduce certain functional groups (Eq. (1)).

C,HsOH

Au + hv — Au(h + e) 22— Au(e) + 'C;H4OH + H*

Path: [1+1']> 2 >[3+3] 456 ]
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Fig. 1. Continuous gas-phase synthesis of Au-rGO using a serial reactor consisting of spark discharges, ultrasound probe inserted impingers, and a collison atomizer.
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Au(e) + GO — Au +1GO (1)

After the photocatalytic reduction procedure, Au-rGO hybrid
nanoflakes were separated from the solution using a microfiltra-
tion unit (33980, Corning, US) with a polytetrafluoroethylene
(PTFE) membrane substrate (11807-47-N, Sartorius, Germany).
The hybrid flakes were rinsed with deionized water after they were
separated from the solution to remove the residual, then were set
aside to dry in a clean booth to keep them in a powder form. The
nanoflakes were detached from the PTFE substrate by immersing
the sample in solvent and subjecting them to ultrasound treatment
for 10 s right before being applied for the purposes of photocata-
lytic dye degradation and in vitro gene transfection.

Photocatalytic degradation of rhodamine B (RhB) in the pres-
ence of Au-rGO was investigated by irradiating aqueous solutions
of the dye molecule (10 mL, 10~% M) containing suspended Au-rGO
nanoflakes (0.4 mgmL™!) with visible light (via a Xenon lamp
equipped with a 420 nm cut-off filter) while stirring with a mag-
netic bar. For comparison purposes, photocatalytic reduction of
RhB was also carried out in the presence of titania (P-25, Degussa,
Germany) as a reference photocatalyst. The concentration was
monitored by UV-vis absorption spectroscopy (330, Perkin-Elmer,
US) through changes in the absorption peak at 554 nm.

Human embryonic kidney (HEK) 293 cells were incubated with
Au-1GO for 24 h, and cell viability was determined through a stan-
dard MTT [3-(4,5-dimethylthiazol-2-yl)-diphenyltetrazolium bro-
mide] assay. Absorbances were measured at 570 nm by an ELISA
plate reader (Thermo Multiskan Spectrum, US). The percentage cell
viability was related to the untreated control cells. The ability of
the Au-rGO to transfect HEK 293 cells was next examined using
plasmid DNA that contain the luciferase and enhanced green fluo-
rescent protein (EGFP) gene. Luciferase activity was measured with
a luminometer (TD-20/20, Promega, US). The final luciferase activ-
ity was expressed in RLU mg~! of protein. An inverted fluorescent
microscope (DMI 4000 B, Leica, Germany) was used to observe the
EGFP expression of the polyplexes in the 293 cells.

3. Results and discussion

To prepare GO, first graphite nanoparticles were produced by
spark discharge. The gas temperature inside the spark channel
was increased beyond a critical value, which was sufficient to sub-
limate parts of the graphite electrodes [19]. The duration of each
spark was very short (~1 ms) and the vapors cooled rapidly down-
stream of the spark. This formed a supersaturation resulting parti-
cle formation through nucleation-condensation. The total number
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Fig. 2. A size distribution of aerosol graphite particles with a TEM image.

Table 1

A summary of the gas-phase size distributions of graphite particles, Au nanocrystals,
and GO and Au-GO nanoflakes.

Case GMD (nm) GSD (-) TNC (x10° particles cm~3)
Graphite 50.7 1.54 20.0
Au 24.0 1.50 8.32
GO 36.2 1.57 2.74
Au-GO 37.0 1.61 3.90

concentration (TNC), geometric mean diameter (GMD), and geo-
metric standard deviation (GSD) of the graphite particles, which
were measured using a scanning mobility particle sizer (3936,
TSI, US), were 2.00 x 107 particles cm~3, 50.7 nm, 1.54, respec-
tively, as shown in Fig. 2. Fig. 2 also shows a transmission electron
microscope (TEM, JEM-3010, JEOL, Japan) image of the graphite
particles. The mean mode diameter of the graphite particles was
56 5.5 nm, and this is consistent with the size distribution in
gas-phase described in Table 1. The produced graphite particles
were carried using a flow of nitrogen gas and then collected in
the simplified Hummer’s solution by means of ultrasound.

Au-GO hybrid flakes were formed by incorporating Au with GO
during the atomization of the GO solution. We verified a mergence
between the Au and GO by measuring the size distributions of the
Au, GO, and Au-GO in gas-phase. Fig. 3a summarizes the size dis-
tribution measurements of the Au-GO flakes. The GMD, GSD, and
TNC of the Au-GO flakes were 37.0 nm, 1.61, and 3.90 x 10° parti-
cles cm 3, respectively. The analogous data for Au were 24.0 nm,
1.50, 8.32 x 10°cm™3, respectively, and for GO were 36.2 nm,
1.57, 2.74 x 106 particles cm >, respectively. The size distribution
of the Au-GO was rather similar to the GO flakes compared to that
of the Au crystals, and there was no bimodal distribution character,
implying that the Au crystals were nearly quantitatively incorpo-
rated with the GO, to form Au-GO hybrid flakes. Fig. 3b shows
the collection efficiency of the Au-GO flakes to be photocatalytical-
ly reduced in the impinging device at 250 W cm~2 of ultrasound
intensity under visible light. The Au-GO flakes experienced ultra-
sound streaming at the gas-liquid interface and about 96% of the
particles were collected in the ethanol solution, because the force
on the interface could give rise to a particle velocity (Us,s) in accor-
dance with the following equation [20]:

2Pp 1/2
Uas = <7ngSTCOC2X> (2)

where P is the acoustic power of the ultrasound, f8 is the acoustic
energy attenuation coefficient, p, is the gas density, ¢ is the sonic
velocity in gas, o is the semi-angle of the spread of the streaming,
and X is the distance from the source. Collection efficiencies in-
creased linearly when the Stokes parameter (Eq. (3)) increased,

Stkl/? — (Ccpp Uast> 12
ou

where Stk is the Stokes number, C, is the slip correction factor, p, is
the particle density, D,, is the particle diameter, u is the gas viscos-
ity, and ¢ is the oscillation amplitude. The collection of <30 nm par-
ticles was not significantly decreased although the particles of
<30 nm may be governed by a diffusional motion for the conven-
tional impactors. This may have originated from different mecha-
nisms of the particle attachment on their counter media between
the present [the particles in a bubble attached on the liquid surface
by bubble collapsing (refer inset of Fig. 3b) due to ultrasound
streaming] and conventional (the particles in gas attached on a solid
plate by inertial impaction) methods [21]. The plots were generated
by dividing the output and input aerosol size distribution. The plots
show that a decrease in collection efficiency by decreasing size was
probably due to a decrease of the attachment frequency between

3)
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Fig. 3. (a) Gas-phase size distributions of Au nanocrystals and GO and Au-GO nanoflakes. (b) The collection efficiency of the Au-GO nanoflakes by an ultrasound impinging
device. This figure also shows a schematic (inset) of Au-GO collection by bubble collapsing in the presence of ultrasound.

100 nm
—
(]
- -
200
100
’ o

100 nm B
- e
& .o &
- «» »
™ ]
@ ® P < B
L] - %
3 -
ad -
7 i
100 nm e
® | £

Fig. 4. TEM images of samples of (a) Au nanocrystals and (b) GO, (¢) Au-GO and (d) Au-GO nanoflakes after a photocatalytic reduction (i.e. Au-rGO). The AFM image of GO is

also displayed in (b).

the particle and the liquid surface (i.e. increasing distances between
the particle and the surface).

Low and high magnification TEM images show the morphology
of Au, GO, and Au-GO samples. The TEM images (Fig. 4a) reveal that
the Au crystals were agglomerates of several primary particles
(each ~4 nm in diameter). Fig. 4a also shows the electron diffrac-
tion pattern corresponding to the TEM micrograph. The pattern
has a sharp diffraction line showing the (11 1) reflection, and also
weak diffraction lines showing the (200) and (220) reflections of
the face-centered cubic lattice for metallic Au, which indicates that
the crystals grew predominantly along the (11 1) lattice and mostly
consisted of several nanometer sized crystallites. The morphology
of the GO flakes was as flakes, and a high resolution TEM image (in-
set of Fig. 4b) of the GO shows a regular hexagonal structure as ex-
pected for graphene, while several internal defects could also be
found within the structure. Fig. 4b also shows a representative
atomic force microscope (Illa, NanoScope, US) image of the GO par-
ticles on a silicon substrate. The particle size was about 35 nm, with
an apparent thickness of about 1 nm, which indicates that they

consist of single graphene layers. When the Au crystals passed over
the orifice of the collison atomizer, most Au crystals were attached
to the GO flakes, resulting in Au-GO flakes (Fig. 4c). Moreover, the
Au crystals were redistributed on the GO flakes due to deagglomer-
ation (by setting the force acting on an agglomerate of size Dy, due
to the sudden pressure change across an orifice in the collison
atomizer) [22-26], and the size is given by:

| D,.H
D, = oy | —2— 4
P 6TAPO? @

where D, is the size of a restructured agglomerate, « is the pro-
portionality constant, H is the Hamaker constant, AP is the pres-
sure difference between the front and the rear of the orifice, and
O is the parameter controlling the maximum cohesive strength
between the constituting particles in an agglomerate. Au agglom-
erates pass through the orifice, and the rapid changes in pressure,
density, and velocity across the orifice produce an impulse capable
of shattering the agglomerates. Fig. 4d shows the Au-GO hybrid
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Fig. 5. (a) FTIR and (b) Raman spectra of the Au-GO and Au-rGO nanoflakes.

flakes after photocatalytic reduction in the presence of ethanol un-
der visible light. There were no significant differences in the mor-
phology before and after the reduction, but the mean mode
diameter of the Au-GO decreased from ~37 nm to ~33 nm, and
they became brighter after the reduction. Interestingly, even after

a photocatalytic reduction in the presence of ultrasound, the Au
crystals were still anchored on the surface of the rGO, implying
a strong interaction between the Au and the rGO.

Fourier transform infrared (FTIR) spectroscopy (Nicolet 6700,
Thermo Electron, US) was used to verify the reduction of GO. In
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Fig. 5a, the peak around at 1730 cm™! was characteristic of C=0 in
carboxylic acid and carbonyl moieties on the surface of the GO, and
the peaks at 1620, 1,410, and 1,380 cm~! were due to aromatic
C=C, carboxy C—0, and O—H groups, respectively. Other features
include characteristic absorption peaks at around 3300 cm™! (re-
lated to O—H groups), 2940 cm~! (CH, bend), and 2960 cm™'
(CH3 bend). Comparing it with GO, rGO shows a featureless spec-
trum at the given absorbance scales, implying a reduction in the
amount of oxygen functionalities. The structural changes occurring
during the reduction are also reflected in the Raman spectra
(T64000, HORIBA Jobin Yvon, Japan) (Fig. 5b). The spectra showed
an increase in the ratio between the D and G bands (Ip/I;), indicat-
ing an increased number of defects or edge areas from GO to rGO.
The intensity of the overtone 2D band (inset) with respect to the D
and G peaks is small. After the phototreatment, there is a small
peak shift for the 2D band and no obvious shift for the D band
and G band. The 2D band peak of GO shifted from at 2686 cm™!
to at 2692 cm~! after the phototreatment. The shift of the peak po-
sition of the 2D band is indicative of reduction of GO (refer the
upper image of Fig. 5b). According to a report by Stankovich
et al. [27], moreover, the increase in the Ip/I; ratio from 0.82 to
1.10 is because the new graphitic domains created during the
reduction of GO to rGO are smaller in size (i.e. smaller in-plane
sp® domains are formed) than the size of the GO before reduction.
Therefore, the decreased average size of the rGO makes the Ip/Ig
ratio increase, and this is consistent with the TEM measurements
(Fig. 4c and d). In addition, the smaller size of the rGO will result
in a large quantity of edges. The edges will act as defects, resulting
in an increase in the D band.

Fig. 6a plots the relative changes in the concentration of aque-
ous RhB solution as a function of the reaction time. It can be seen
that RhB was very stable under visible light irradiation without a
catalyst, or in the presence of Au-rGO in the dark. Photodegrada-
tion of the dye was prompted by the Au-rGO, and it could also
be achieved in the presence of titania. The rate constant was calcu-
lated to be about 9.1 x 1073 min~!, greater than that of titania
(2.6 x 10> min~') and even larger than that mentioned in a previ-
ous report [7]. The enhancement was probably due to the smaller
sizes of both Au (~4 nm) and rGO (~33 nm) [28] than the sizes
(>5 nm for Au, several microns for rGO) in the previous report.
The dye was first excited to ‘dye followed by an electron transfer
from the "dye to the rGO. Owing to the interaction (electrostatic
attraction and m-7 interaction) between the dye molecules and

the rGO, the dye molecules are expected to readily adsorb onto
the rGO [8]. The electron then moved to a Au crystal and was
trapped by oxygen to produce various reactive oxygen species
(ROS), and the ROS finally degraded the dye.

We tested the cytotoxicity and gene transfection properties of
the Au-rGO flakes as a potential material for biomedical applica-
tions. The results (Fig. 6b) show that the cell viability was ~82%
for the Au-rGO, while the measured viabilities of the PEI and chito-
san control systems were ~49% and ~96%, respectively. This im-
plies that the Au-rGO has a biocompatibility that may be
suitable in a clinical context. The transfection efficiencies of Au-
rGO/pDNA (2.1 x 10 RLU mg~! protein) complexes in the HEK
293 cell line were higher than that of naked DNA (1.1 x 10%)
(Fig. 6b). Out of these, the efficiency for the Au-rGO was the high-
est, even higher than those of chitosan (7.6 x 10%) and PEI
(6.8 x 10°). The inset of Fig. 6b shows the fluorescence of HEK
293 cells for the Au-rGO derived from the EGFP expression, which
further confirmed the transfection. The higher efficiency of the Au-
rGO could be related to the particle size (35 nm: Au-rGO < 120 nm:
PEI < 165 nm: chitosan) of the sample/pDNA complexes [29]. This
implies that the transfection efficiency may be controlled by differ-
entiating the material structures. In a previous report, gene carriers
with smaller sizes below 100 nm have been shown to have signif-
icantly higher transfection efficiencies than those of larger sizes
[30].

4. Conclusions

Continuous gas-phase process was developed to fabricate Au-
rGO hybrid nanoflakes in a continuous, green, and generalizable
configuration. The prepared hybrid nanoflakes were briefly applied
to the photodegradation of dye and gene transfection in vitro to
verify their potentials in the environmental and biomedical fields.
The proposed method not only provides an on-demand photore-
duction technique but also opens up a new way to obtain photoac-
tive metal-rGO hybrid nanoflakes for a broad range of practical
applications.
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