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The unique electrical and optical properties of graphene have enabled
its application in various photocatalysis reactions. However, graphene
needs to be combined with photosensitizing co-catalysts such as TiO2
due to its negligible visible light absorption. Here, we report that the
single layer graphene by itself is capable of catalyzing the photoreduction of dye molecules, which has been revealed by grapheneenhanced Raman spectroscopy studies. The proposed mechanism
involves the electron transfer from graphene to temporarily empty
HOMO states of photoexcited dye molecules, which can be interpreted as ultrafast hole transfer from dyes to graphene. We also
confirm that graphene-encapsulated nitrobenzene dyes show less
photoreduction, implying that the ambient hydrogen molecules
are the important source of photoreduction into aniline dyes. The
photocatalytic reactivity of graphene would find numerous energy
and environmental applications in the future.

Although graphene is composed of only carbon atoms,1,2 its
electrical properties are similar to that of novel metals that can
provide or stabilize charge carriers for chemical reactions.
Thus, graphene is expected to show excellent electrochemical
or photochemical catalytic properties that are useful for various
energy and environmental applications.3 However, for these
catalytic applications of graphene, a combination with photosensitizing materials is essential to generate photo-excited
charge carriers because graphene shows negligible absorption
in the visible range. Therefore, to the best of our knowledge,
there has been no report on the photocatalytic activity of
graphene without any photosensitizing additives.
Herein, we report, for the first time, that the single layer
graphene can catalyze the photoreduction of nitrobenzene dye
compounds, revealed by graphene-enhanced Raman spectroscopy (GERS).4 Since the observation of Raman signal enhancement for the molecules on graphene, graphene has also attracted
much attention of researchers as a part of surface-enhanced
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Raman scattering (SERS). It has been reported that not only the
enhancing phenomena of Raman signals, but also the enhancement mechanism of GERS. Unlike on the metal, ground-state
charge transfer can easily occur between graphene and the
molecule, because graphene has considerable p electrons and
its energy band is continuous.5 Moreover, the GERS eﬀect
strongly depends on the precise electronic structure of the
molecule and also on the energy gap between the HOMO and
LUMO states of the molecule.6
Disperse Red 1 (DR1) known as a famous push–pull azobenzene
derivative molecule was employed to study the graphene-catalyzed
photoreduction reaction.7 DR1 has been intensively studied due to
its unique photo-switchable trans–cis isomerization reaction,8,9
which is found to be quenched due to the strong p–p interaction
between DR1 and graphene. In addition, the ultrafast hole transfer
from photo-excited DR1 to graphene also disables the recombination of electron–hole pairs. DR1 covered or sandwiched with
graphene shows less photocatalytic reaction, implying that ambient
air provided the hydrogen sources essential for the photoreduction
of nitrobenzene into aniline functionalities.
The overall experimental results indicate that the electron is
transferred from the valence band of graphene to the photo-excited
empty HOMO as shown in Fig. 1a. Consequently, the photoluminescence of DR1 is suppressed because the temporary hole state is
filled by the electron from graphene (process 2 in Fig. 1a), which

Fig. 1 (a) Schematic diagram of the graphene-catalyzed photoreduction
of DR1. (b) Molecular structures of nitro/amino-DR1.
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Fig. 2 (a) Time evolution Raman spectra of DR1 adsorbed on a single layer
graphene. Laser excitation wavelength, 514.5 nm. (b) Simulated Raman
spectra of trans-NO2-DR1, trans-NH2-DR1, and cis-NO2-DR1 calculated
by a DFT method (B3LYP-6-31G(d,p)).

makes Raman spectra visible by quenching fluorescence background. In stoichiometry, the overall reaction requires 6 electrons and 3 hydrogen molecules (H2), leaving 2 water molecules
(H2O) as byproducts. The reduced DR1 reacts with the first H2
to convert –NO2 to –NO, the second H2 forms –NHOH, and the
final H2 completes the reaction into –NH2 (Fig. 1b).10
Raman spectroscopy was employed to elucidate the mechanism
of the graphene-catalyzed photoreduction reaction. Usually, dye
molecules have strong photoluminescence (PL) that overwhelms
the Raman signal, but the graphene-assisted PL quenching is
extremely helpful to investigate their vibrational features related to
molecular structures and functionalities. Fig. 2a shows the Raman
spectra of DR1 molecules adsorbed on a single-layer graphene on a
SiO2 (300 nm)/Si substrate. Graphene was synthesized by a typical
chemical vapor deposition (CVD) method and transferred by spincoated PMMA. After the removal of PMMA, graphene is annealed at
320 1C to remove polymer residues.
The Raman spectra exhibit the clear features of DR1. The
peaks at 1102, 1134, 1194, 1334, 1387, 1422, 1444 and 1588 cm 1
can be assigned to the d(C–H), n(C–N), d(C–H), n(N–O), n (NQN),
n (C–C), n (C–C) and n (C–C), respectively. While monitoring
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Fig. 3 (a) Change in Raman spectra of DR1 on graphene with increasing
laser irradiation time. The inset shows the magnified plots of G and 2D
band peaks related to graphene. Time dependent change in Raman G and
2D peak positions and full width at half maximum (FWHM) are shown in (b)
and (c), respectively.

the spectrum during irradiation using a 514.5 nm laser, we
observed apparent changes in some vibrational bands. The peak
at 1334 cm 1 corresponding to n (N–O) decreased gradually,
while the peak at 1120 cm 1 and 1134 cm 1 corresponding to
the amine groups increased.
To confirm the origin of peak change we conducted the DFT
calculation of the Raman spectrum for DR1. Fig. 2b shows the
mixed Raman spectrum of nitro-DR1 and amine-DR1 at each
ratio. As more amine-DR1 is generated from nitro-DR1, the peak
at 1338 cm 1 decreases noticeably while peaks at 1118 and 1130
cm 1 increase with respect to the one at 1087 cm 1, which are
coincident with experimental results in Fig. 2a. Additionally, we
examined the possibility of conversion of trans-NO2-DR1 to cisNO2-DR1 during laser irradiation. The calculated Raman spectra
of cis-NO2-DR1 is quite diﬀerent from that of amine-DR1 (Fig. 2b,
lower part), which strongly supports that the peak change arises
not from the photoisomerization process (trans-to-cis) but from
the photoreduction process (nitro-to-amino groups).
We analyzed the change in Raman spectra during the photocatalytic reaction. As shown Fig. 3, the photoreductive reaction
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where the ultrafast charge-carrier transfer plays a critical role
particularly for dye molecules. Thus, we expect that the photocatalytic reactivity of graphene would find numerous energy
and environmental applications in the future.
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Experimental section

Fig. 4 Photoreduction rate of nitro-DR1 covered or encapsulated by a
graphene layer compared to that on graphene. The peak ratio of nitro
groups at 1334 cm 1 divided by the value of an adjacent peak of n(NQN) at
1387 cm 1 was used to monitor the reaction rate.

resulted in the red shift of G peak and blue shift of 2D peak,
indicating that graphene is slightly p-doped after the photocatalytic reaction. Furthermore, G peak is sharpening, while 2D
peak is broadening.
We further conducted the experiments to examine the
photoreduction rate depending on the encapsulation of dye
molecules by graphene. Fig. 4 shows that the photoreduction
rate of DR1 adsorbed under graphene is significantly lower
than the one on the graphene monolayer. This might be
attributed to the gas barrier function of graphene that protects
DR1 from exposure to air environment. This means that the
source of hydrogen to convert –NO2 to –NH2 groups is from
ambient air, which can be further supported by the fact that the
dyes sandwiched between two graphene layers show even a
slower photoreduction rate.

Conclusions
In summary, we showed that the single layer graphene catalyzes
the photoreduction of dye molecules using GERS approaches.
We also confirm that graphene-encapsulated nitrobenzene dyes
show less photoreduction, implying that the ambient hydrogen
molecules are the important source of photoreduction. Our
results provide a new understanding on the catalytic function
of graphene for adsorbed or intercalated molecular species,
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Graphene was synthesized on a copper foil by the CVD (chemical
vapour deposition) method. As-synthesized graphene was coated by
poly(methyl methacrylate) (PMMA) and the copper foil was removed
using a typical etchant, ammonium persulfate solution, then the
graphene was coated on a SiO2 (300 nm)/Si substrate after rinsing
with copious distilled water. After the removal of PMMA, graphene
was annealed at 320 1C under an inert hydrogen and helium gas
atmosphere. The sample was dipped in a 200 mM ethanolic solution
of DR1 for an hour before taking Raman measurements. All Raman
measurements were conducted using an Invia Renishaw Raman
spectrometer (RM 1000) with a 514.5 nm laser line (B0.5 mW). The
theoretical calculation of Raman spectra was performed with density
functional theory (B3LYP-6-31G(d,p)).
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