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Photoreduction of Graphene Oxide Nanosheet by UV-light Illumination under H,
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We have developed a new photoreduction process at room
temperature for the graphene oxide nanosheet in order to
increase its electrical conductivity, by illumination with UV
light under H,. This process will be useful for photopatterning
conductive areas on insulator graphene oxide.

Much fundamental and applied research on graphene
nanosheet has been done since Novoselov et al. reported
unusual and very promising physical properties of these
materials.! Graphene nanosheet is produced by various proc-
esses using graphite or SiC via its oxide.'® However, the
process via graphene oxide nanosheet is very simple and used on
a large-scale at low cost.” Moreover, graphene oxide nanosheet
can be used as nanoparts to fabricate nanohybrid materials such
as layered functional materials by applying electrostatic princi-
ples, because the surface is negatively charged similar to metal
oxide nanosheets.! Graphene oxide nanosheet with low
conductivity must be reduced to highly conductive graphene
or reduced graphene oxide in order to be used in electric devices.
In this process, graphene oxide nanosheet is initially produced
by exfoliation of graphite oxide and then reduced to graphene
nanosheet. To prepare graphene or reduced graphene oxide
nanosheet, the graphene oxide nanosheet is reduced with
hydrazine, by heating in a reducing environment,''>* or TiO,
photocatalysis.?>?® It has been reported that reductions of
epoxide and C=0 proceed in the cases of hydrazine and
thermal treatments respectively, while electron in conduction
band produced under UV light reduces the graphene oxide in the
case of TiO, photocatalysis. In any cases, detail mechanism is
unknown. In this paper, a simpler reduction process under mild
conditions (room temperature) using UV-light illumination
under H, is demonstrated.

First, pure graphite (99.9999%, New Materials & Chemicals
Ltd.) powder was oxidized by Brodie’s method,?’ using fuming
HNO; solution containing NaClO;. The graphite powder was
immersed and stirred in this solution for 6h at 80°C. After
washing with pure water, the oxidized graphite was exfoliated in
water with or without tetrabutylammonium (TBA) hydroxide
(nanosheet solution). UV-light illumination using a 500-W high
pressure Hg lamp was carried out for 2h, unless otherwise
stated, to the following four samples. The first (sample 1) was
nanosheet film prepared by applying nanosheet solution on a
Pt substrate and drying in vacuum. This film, consisting of
aggregated nanosheets, was analyzed by X-ray photoelectron
spectroscopy (XPS, ThermoScientific SigmaProbe) and Fourier
transform infrared spectroscopy (FT-IR, Perkin-Elmer, Spectrum
One). The second (sample 2) was single nanosheet film prepared
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as a Langmuir—Blodgett (LB) film on a mica substrate,® which
was measured by atomic force microscopy (AFM, Veeco
NanoScope V) to determine thickness. The third (sample 3)
was a single nanosheet film prepared by immersion of HOPG
(highly oriented pyrolytic graphite) into nanosheet solution,
which was then used for conductivity measurement by con-
ductive atomic force microscopy (C-AFM, Veeco NanoScope V)
using an AFM tip (Pt-Ir). The HOPG was freshly cleaved using
cellophane tape before immersion. The last sample (sample 4)
was nanosheet solution. The solution was illuminated directly,
and the produced black powder was then analyzed using XPS
and C-AFM.

The C(1s) XPS spectra of sample 1 are shown in Figure 1.
UV-light illumination under H, proved to be the most suitable
for reduction, as can be seen from the minimized binding energy
peak intensities of groups such as epoxide, carboxyl, carbonyl,
and hydroxy in all samples. Even under UV illumination in N,
the reduction proceeded as shown in this figure. In particular,
the present photoreduction procedure is very effective for the
reduction of C=0 and/or C-O-C groups. The peak area ratio of
oxygen-containing bonds?® (C-OH, C=0, C-O-C, and O=C-
OH) to C-C, C=C, and C-H bonds was about 1.5 for the
oxidized sample before photoreduction, while those after photo-
reduction under N, and H;, were about 1.2 and 0.75, respectively
(Figure S1 in Supporting Information’’). Atomic O/C ratios of
the samples before (a) and after (c) the reduction were 0.36 and
0.32 respectively, although some errors will be contained
because of thin film. XPS spectra of the samples photoreduced
using various cut-off filters were also measured and shown in
Figure $2.3° From comparison of these spectra, it is clear that
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Figure 1. XPS spectra of C(1s) for the aggregated nanosheet
samples: (a) graphene oxide nanosheet, (b) after photoreduction
in Ny, and (c) after photoreduction in H,.
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Figure 2. AFM images of the single nanosheets: (a) graphene
oxide nanosheet, (b) after photoreduction under N, and (c) after
photoreduction in Hy. The thicknesses of the nanosheets a, b,
and ¢ were about 1.8, 1.4, and 0.9 nm respectively.

UV light around 300nm is more effective on the present
photoreduction. Thus, the UV-light illumination proved very
useful for the reduction of the graphene oxide nanosheet,
especially under Hj, although reduction was not complete under
the present conditions.

FT-IR spectra of the samples before and after the reduction
are shown in Figure $3.3° Peaks around 1700, 1400, 1200, and
1050 cm™" are based on carbonyl and carboxyl C=0, carboxyl
C-0, epoxy C-O-C, and alkoxy C-O groups, respectively. The
speaks of C=0 and C-O-C disappered by the photoreduction.
These results are in harmony with those in XPS mesurements as
stated above. Initially, C=0 and C—O-C bonds at the graphene
oxide surface will be destroyed by UV light, and then H, will
react with O to produce H,O in the present mechanism.

The AFM images of the single nanosheets (sample 2) are
shown in Figure 2. The thickness of the graphene oxide
nanosheet before the photoreduction was about 1.8 nm, while
those after were about 1.4 and 0.9nm under N, and H,
respectively. The thickness of the nanosheet increases with
increase in the degree of oxidation, because of the presence of
oxygen-containing functional groups at the graphene surface.?’
Consequently, the decrease in thickness after UV-light illumi-
nation results from photoreduction.

Figure 3 shows the /-F curves of the graphene oxide
nanosheets (sample 3) measured by C-AFM. Small currents are
based on very small contact area (10-102nm?) of the AFM tip
at substrate. The current was zero for single graphene oxide
nanosheet in the applied voltage region from 0.5 to —0.5V as
shown in Figure 3. It should be noted that the conductivity of
the nanosheet dramatically increases after UV photoreduction,
especially for samples irradiated under H,. This is due to the
increase in 7T conjugation in the two-dimensional carbon
networks.

The above photoreduction occurred even in the nanosheet
solution (sample 4). The color of the solution changed from pale
brown to black, and the depth of the color increased with
illumination time as shown in Figure 4, where the UV-vis
absorption spectra of the nanosheet solutions are also shown.
The black color results from aggregation of photoreduced
graphene oxide nanosheets'® of various thicknesses (2-20nm,
not single nanosheet), determined by AFM observation. The
aggregation occurs by hydrophobic interaction between the
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Figure 3. [-V curves of the single nanosheets: (a) graphene
oxide nanosheet, (b) after photoreduction under Nj, and (c)
after photoreduction in H,. The conductivity increased after
UV photoreduction, especially under H,. The graphene oxide
nanosheet photoreduced in H, (c) shows a semimetallic
behavior.
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Figure 4. Color of the nanosheet solution as a function of
illumination time under Nj: (a) color depth and (b) UV-vis
spectra. The color changed to black by the UV photoreduction.
The color of black and the increase in the visible absorption are
based on the photoreduction of the graphene oxide nanosheets.

photoreduced nanosheets in water, while sufficiently oxidized
graphene nanosheet is hydrophilic.'®3!

Figure 5 shows the I-V curves of the aggregated photo-
reduced nanosheets on HOPG. The conductivities of all the
aggregated nanosheets are much higher than that of the starting
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Figure 5. [-V curves of the aggregated photoreduced graphene
oxide nanosheets with various thicknesses. The UV photo-
reduction was carried out under N,. The conductivities of the
aggregated nanosheets are very high compared with the
graphene oxide nanosheet before the photoreduction. The
conductivity of the graphene oxide nanosheet was about zero.

graphene oxide nanosheet (in the same applied voltage region
current was about zero), indicating that the photoreduction
occurs even in solution. In fact, the C(1s) peak intensities (in the
XPS spectra) arising from oxygenated groups of the aggregated
nanosheet were lower than those of the starting oxidized graphite
powder.

In conclusion, the photoreduction of graphene oxide nano-
sheet easily proceeded under UV-light illumination increasing
conductivity, although the reduction was not complete. In
particular, UV-light illumination under H, was the most
effective for the photoreduction. Probably, more complete
reduction will occur if the intensity of the UV light and/or the
illumination time increase. This process will be very useful for
photopatterning conductive areas on graphene oxide nanosheet.
Flash photopattering of graphite oxide reported recently is quite
different from our UV photoreduction in principle, because it
relies on photothermal effects.>? Our photoreduction process will
be more useful, because the process avoids increasing temper-
ature of the substrate. In fact, the present process was facile even
in solution as stated above.
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