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Plasmon-enhanced strong visible light
photocatalysis by defect engineered CVD
graphene and graphene oxide physically
functionalized with Au nanoparticles†

Ravi K. Biroju,‡a Biswajit Choudhury§b and P. K. Giri*ab

The strong visible light photocatalytic activity of defect-controlled CVD graphene (GR) and graphene oxide

(GO) hybrids through physical functionalization with Au atoms has been demonstrated here. Control of in-

plane defects in GR was achieved by controlling the pre-treatment of substrates during the CVD reaction,

and post-growth functionalization was achieved using a physical sputter deposition approach. Quantitative

analysis of the defect density, oxygenated functional groups on GR and nature of the interaction of Au with

GR and GO was performed using several analytical tools. The defect-mediated strong interaction of the Au

NPs with GR and GO and enhanced visible absorption was evidenced from surface plasmon resonance

and surface-enhanced Raman spectroscopy studies. As compared to the pristine GR with a photocatalytic

efficiency of ∼30%, Au-functionalized defective GR and GO films exhibited catalytic efficiencies of 70% and

85%, respectively, for the first time. The pseudo first-order rate constant of degradation with visible light

was found to be ∼10−3 min−1. This is believed to result from the superior charge transfer in graphene-

based plasmonic hybrids aided by enhanced light absorption. Our results open up doors for the efficient

visible light photocatalysis and photoelectrocatalysis applications of graphene-based 2D layered materials.

1. Introduction

Environmental and water pollution are serious challenges
faced by humanity today and effective removal of organic pol-
lutants from water is essential for better and safe living. This
calls for the development of new materials and new ap-
proaches, which may provide clean water and a sustainable
environment and enable the conservation of renewable energy
sources.1 The degradation of organic pollutants using solar ir-
radiation is the most attractive approach in wastewater treat-
ment.2 Wide varieties of semiconductor photocatalysts have
been developed since the last few decades for practical and
commercial applications.3,4 When these semiconductors are
irradiated with light of photon energy higher or equal to their

band gaps, electrons in the valence band can be promoted to
the conduction band, generating the same amount of holes
in the valence band.5 The photogenerated electrons and holes
can be trapped, generally by the oxygen and surface hydroxyls,
to ultimately produce oxygen (O2˙

−) and hydroxyl radicals
(˙OH) that play vital roles in photocatalytic reactions.5 How-
ever, fast recombination of the photogenerated electrons and
holes by defect centres can reduce the photocatalytic effi-
ciency, limiting the applications of semiconductors in photo-
catalytic applications.

Among others, nanostructures of wide band gap semicon-
ductors such as TiO2, ZnO, and ZnS have been extensively
studied for photocatalytic applications.4,6–8 Among these,
TiO2 is most commonly used for photocatalytic applications
because of its chemical stability, low toxicity, low cost and
earth abundance.9 However, these kinds of photocatalysts are
usually efficient in the UV region due to their near band edge
optical absorption (band gap) at ∼3.3 eV. Interestingly, only
3% of UV light and 44% of visible light are present in the
ground level sunlight spectrum, which means that TiO2-
based materials are disadvantageous for utilization of the
large amount of visible light in the solar spectrum. Recently,
TiO2-based functional nanomaterials with plasmonic nano-
particles (NPs) and graphene have been developed to
enhance visible light absorption for efficient hybrid
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photocatalysts.10–15 In the semiconductor–metal NP hybrids,
photoexcited electrons in the conduction band can be trans-
ferred to the plasmonic NPs, which act as a Schottky barrier
at the metal–semiconductor interface, while the holes can re-
main on the semiconductor surface.16,17 The recombination
of electrons and holes can be prolonged, and the photocata-
lytic efficiency will be improved.18 In addition, when more
photons are absorbed due to the surface plasmon resonance
(SPR) from plasmonic NPs, the photocatalytic efficiency of
the semiconductors will be enhanced.19

In this regard, graphene and related semiconductor 2D
nanomaterials and their plasmonic hybrid photocatalysts of-
fer a new perspective for visible light photocatalysis and wa-
ter purification for the present and the future.20–26 The pri-
mary goal for efficient visible light photocatalysis from new
photocatalyst materials is to utilize the wide range of visible
light absorption to generate large number of photogenerated
electron–hole pairs and reduce the fast recombination of the
photogenerated carriers during visible light irradiation. Apart
from the conventional semiconductor photocatalysts, 2D
nanomaterials have unique properties which can improve the
photocatalytic efficiency. Among these, the intrinsic advan-
tages of 2D materials that can be utilized to enhance photo-
catalytic efficiency are the large surface area per amount of
material and the 2D nature of these materials that minimizes
the distance that photogenerated electrons and holes migrate
before reaching the solid/water interface, which reduce the
possibility of recombination of electron–hole pairs and po-
tentially enhance the photocatalytic performance.21 In this re-
spect, graphene and related 2D nanomaterials present a new
class of materials that display a wide range of electronic, opti-
cal, and mechanical properties.27 There are unlimited possi-
bilities to explore the interesting properties of graphene-
based 2D nanomaterials and its hybrids with a diverse range
of applications, including photocatalysis.28,29 On the other
hand, numerous 2D nanomaterials can be fabricated from
simple techniques (mechanical exfoliation and chemical syn-
thesis) from bulk crystals or growth by chemical vapour depo-
sition (CVD) or other thin-film growth methods,30–33 which
makes them attractive candidates for investigation of their
photocatalytic activity. However, due to the lack of band gap
in graphene, graphene oxide-based plasmonic NP hybrids
have been developed for direct application in enhanced visi-
ble light photocatalysis.25,34–38 There are very few reports on
the selectivity and mechanism of visible light photocatalysts
in these kinds of 2D plasmonic NP hybrids.34 Most of these
reports have focused on the UV light photocatalysis of GO-
based hybrid materials and the functionalization has been
performed by chemical methods. Zhang et al. reported the
visible light photocatalytic activity of a Au–Pd/GO hybrid sys-
tem fabricated using a chemical approach.25 To the best of
our knowledge, the visible light photocatalytic activity of de-
fective graphene and GRAu hybrids through physical
functionalization has not been reported yet. In particular, the
explicit role of structural defects and functional groups in ef-
ficient visible light photocatalysis has not been studied sys-

tematically. It is believed that a nearly covalent linkage be-
tween graphene/GO and plasmonic NPs is possible using a
physical functionalization technique and it may exhibit im-
proved efficiency in visible light photocatalysis.32

In the current work, we demonstrate the markedly im-
proved visible light photocatalytic activity from physically
functionalized CVD graphene (GR) and graphene oxide (GO)
sheets with Au NPs by the photodegradation of methylene
blue (MB) in solution. Particularly, the role of intrinsic and
oxygenated functional group defects in the enhanced visible
light photodegradation of MB was probed using micro-Ra-
man, HRTEM and UV-visible absorption studies. Defective
GR and GOAu plasmonic hybrids were found to display sig-
nificantly improved photocatalytic activity over pristine sam-
ples. The origin of the enhanced photocatalytic activity has
been thoroughly studied by degradation of MB to probe en-
ergy or electron transfer processes occurring at the defect
sites/functional groups of the graphene and Au interface.

2. Experimental
2.1. Preparation of graphene and graphene oxide

We synthesized monolayer and few layer graphene by cata-
lytic chemical vapour deposition (CVD) technique on a Cu
foil of 25 μm thickness (purity 99.8%; Alfa-Aesar). Complete
experimental details on the CVD growth of graphene and its
wet transfer onto alien substrates are described in the ESI,†
SI1 and SI2. Graphene oxide (GO) was synthesized by the
modified Hummers method (see the ESI,† SI3) and then
dispersed in a polar organic solvent (dimethylformamide
(DMF)); subsequently high-quality GO film was fabricated on
quartz and Si/SiO2 substrates.

39

2.2. Physical functionalization of graphene by Au film

An ultra-thin Au film was deposited on the graphene layer by
a radio frequency (RF) magnetron sputtering process under
an Ar gas atmosphere with a RF power of <5 W. Au film was
deposited in a controlled manner for 30 s at a deposition rate
of 0.8 Å s−1. Au film was coated on the GR and GO deposited
on Si/SiO2, quartz and suspended graphene on a TEM Cu
grid. Note that a high-purity sputter target (99.999%, dia-
meter 2 inches, custom made) was used for the sputter
deposition.

2.3. Rapid thermal annealing of graphene–Au hybrid films

The Au deposited graphene substrates were subjected to
rapid thermal annealing (RTA) in order to form an array of
Au nanoparticles (NPs) over the large area graphene. The RTA
treatment was performed on the GR/Au, GO/Au hybrids pres-
ent on the SiO2, quartz and TEM Cu grid. Note that the RTA
temperature was maintained at 600 °C for 3 min under a con-
trolled flow of high-purity Ar gas. The average size of the Au
NPs was found to be ∼20 nm after RTA and 600 °C is found
to be the optimum temperature for the NP growth. Note that
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we did not observe any reduction/deoxygenation of GO sam-
ples after RTA treatment. In order to confirm the thermal sta-
bility of the GO films, we performed thermogravimetry (TGA)
and XPS measurements (data not shown) and found no sig-
nificant change in the microstructure and composition of the
samples, particularly the functionalization and sp2/sp3 hy-
bridization conditions. TGA measurements reveal that the
GO is thermally stable up to ∼700 °C. Thus, it is believed that
GO films are highly stable after RTA treatment at 600 °C.
TGA results of GO samples can be found elsewhere.36 The
Au-functionalized GR, DGR and GO catalysts were used to
perform the photocatalysis experiment with visible light illu-
mination. Details of the samples are presented in Table 1.

2.4. Visible light photocatalytic activity

The photocatalytic activities of pristine and Au-functionalized
GR and GO plasmonic hybrids were assessed from the photo-
catalytic degradation of MB dye as the reference pollutant.
MB solution with an initial concentration of 10 mg L−1 was
prepared in 100 mL of distilled water. Thin films of pristine
and GRAu plasmonic hybrids on quartz and Si/SiO2 sub-
strates were prepared and dipped into the MB dye solution
and kept in the dark for 2 h to equilibrate the adsorption
and desorption of dyes on the surface of the film. This film–

dye solution was kept under visible light irradiation up to
120 min using a Xe lamp with a power of 250 W. After every
15 min of exposure, 5 mL of the irradiated dye solution was
taken out and used for the absorption measurement. The
photodegradation of MB was monitored by observing the
changes in the maximum absorbance of MB at 664 nm. Dur-
ing the visible light irradiation on the catalyst substrates, the
substrates were submerged in the dye solution and were con-
tinuously stirred by a magnetic stirrer underneath the beaker.
More details of the photocatalysis experiment are presented
later.

3. Characterization

The morphology and crystal structure of pristine CVD
graphene, GO and Au-functionalized graphene were primarily
characterized by high-resolution transmission electron
microscopy (HRTEM) and micro-Raman spectroscopy. Raman
measurements were performed with a high-resolution com-
mercial spectrometer (Horiba, LabRam HR) with excitation
wavelengths (λex) of 514.5 nm (Ar ion laser) and 632.8 nm
(He–Ne laser). The excitation source was focused using a

100× objective lens (spot size 2 μm, laser power 1 mW) to
avoid laser heating and damage to the sample, and the signal
was collected by a CCD in a backscattering geometry sent
through a multimode fibre grating of 1800 grooves per mm.
HRTEM measurements were conducted using a JEOL 2100
TEM operating at 200 kV. The UV-vis-NIR absorption spectro-
scopy measurements were recorded using a commercial
spectrophotometer (Perkin Elmer). Fourier transform infra-
red spectroscopy (FTIR) measurements were carried out using
a commercial FTIR spectrometer (Perkin Elmer, Spectrum
BX) with KBr as a reference.

4. Results and discussion
4.1. Micro-Raman and Raman mapping studies

The physical functionalization of GR, DGR and GO with Au
NPs is demonstrated by the evolution of characteristic Raman
features through line shape analysis. The representative Ra-
man fingerprints of pristine and Au-functionalized GR, DGR
and GO are shown in Fig. 1(a)–(c), respectively. The structural
change in each sample was estimated from the Lorentzian
line shape fitting of the Raman spectral features. The impor-
tant characteristic Raman features, namely D (∼1350 cm−1),
G (∼1580 cm−1), D′ (∼1620 cm−1), 2D (∼2700 cm−1) and D +
D′ (∼2925 cm−1) bands and their Lorentzian line shape reveal
the sp2 crystallinity, doping, local environment of structural
defects, strain etc. Fig. 1(d) presents the integrated intensity
ratios of D, G, 2D (ID/IG and I2D/IG), inter-defect distance (LD)
and areal defect density (nD) for each sample. In order to cal-
culate the nD and LD from the ID/IG ratio, we have used the
empirical relations proposed by Cançado et al.40 These em-
pirical relations were validated in one of our earlier reports
on Au-functionalized GR.31

(1)

(2)

where λL is the excitation wavelength in nm.32,40 The sharp G
and 2D bands (intensity ratio I2D/IG = 6) and the absence of
the D band in GR is significant for perfect sp2 crystallinity
with monolayer coverage of graphene. The surface modifica-
tion of GR with Au NPs gives rise to the appearance of a
broad D band and a considerable red shift in the 2D band
due to the in-plane lattice strain in the graphene layer, which
arises from the interaction of GR with Au NPs. Note that no
considerable change in the Raman shift and full width at
half-maxima (FWHM) in the G band was observed after Au
deposition on GR, which implies a noncovalent interaction of
Au NPs with GR. Strong Raman features of the D and D′
bands in the DGR sample are a representation of various in-
trinsic defects (vacancy defects, line defects etc.) on the

Table 1 Details of the graphene hybrid samples studied in this work

Sl. no Description of the graphene hybrid samples Sample code

1. Defect-free CVD graphene GR
2. Defective CVD graphene DGR
3. Graphene oxide GO
4. Au sputtered on GR, RTA treated GRAu
5. Au sputtered on DGR, RTA treated DGRAu
6. Au sputtered on GO, RTA treated GOAu

Catalysis Science & Technology Paper



7104 | Catal. Sci. Technol., 2016, 6, 7101–7112 This journal is © The Royal Society of Chemistry 2016

graphene layer that form during the CVD growth process (see
Fig. 1(b)). The site selective defect mediated strong interac-
tion of Au NPs with the DGR layer is depicted by the distinct
Raman features that are different from the Raman spectrum
of GRAu, based on the broad line shape of the D and G
bands and deterioration of the 2D band (I2D/IG – 0.2) in the
case of DGRAu. Note that both G and 2D bands show a red
shift after Au functionalization of DGR, which is significant
for the p-doping of graphene. A new Raman band at 1430
cm−1 represents the interaction of Au NPs at the edge sites of
the graphene layer.32 In the case of GO, it shows a broad Ra-
man feature consisting of D, G and 2D bands due to the in-
plane oxygenated functional groups, as shown in Fig. 1(c).
The enhancement in the intensity ratio ID/IG indicates the
interaction and functionalization of GO with Au NPs. In addi-
tion, there is a decrease in inter-defect distance (LD) and in-
crease in defect density (nD) after physical functionalization
with Au (see Fig. 1(d)) for all the samples. This clearly re-
vealed that there is a strong interaction between the Au NPs
and the defective sites of GO that leads to clustering of Au
atoms at the defect sites as well as at the functional groups.32

Raman mapping was performed on the DGR and DGRAu
samples for the well-known D, G and 2D bands for the sur-
face coverage and uniformity of the GR layer as well as the
interaction of Au on top of graphene. Fig. 2(a–c) represent

the Raman mapping images scanned with 514.5 nm excita-
tion in an area of 20 × 20 μm2, which show a full coverage of
SLG as evident from the prominent 2D band at ∼2700
cm−1.32,41 The graphitic G band at ∼1595 cm−1 signifies the
sp2 hybridization of carbon atoms and is assigned to the E2g
(high) mode of in-plane C–C stretching vibration. The ratio of
intensities of the 2D and G bands I2D/IG is ∼1.00, which indi-
cates the presence of SLG and FLG. The high intensity of the
defect band D at ∼1350 cm−1 implies the presence of point
and line defects in DGR. Some of the defects might have
been introduced during the wet transfer process of graphene
onto the Si/SiO2 substrate. Fig. 2(d and e) represent the Ra-
man mapping of the DGRAu plasmonic hybrid structure for
D and G bands. Note that the spatial Raman mappings of
DGRAu were taken for the 5 × 5 μm2 area. Fig. 2(f) shows
the ratio of the integrated intensity of D to G bands (ID/IG),
which is very important for calculating nD and LD. Raman
mappings of D and G bands in DGRAu clearly reveal the role
of in-plane defects in graphene for the surface dewetting and
clustering of Au atoms to form Au NPs. The intense circular
spots observed in Fig. 2(f) indicate additional defects, which
may have been introduced during the sputter deposition of
Au film on the graphene layer.

The chemical composition of sp2/sp3 carbon and the pres-
ence of various oxygenated functional groups and Au were

Fig. 1 Characteristic Raman features of CVD graphene (GR) and graphene oxide (GO) before and after Au functionalization: (a) GR, (b) DGR and
(c) GO. The structural defects, disorder due to functional groups and defect density are estimated from the integrated intensity ratios of ID/IG and
I2D/IG, which are calculated from the Lorentzian line shape fitting. (d) Summary of the ratio of Raman intensities ID/IG and I2D/IG and the calculated
inter-defect distance (LD) and defect density (nD) for different samples.
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identified from the XPS and FTIR spectra, as shown in the
ESI† (Fig. S1). The commonly observed oxygen functional
group in GO is the OH group and various conjugated CO
functionalities covalently bonded within the sp2/sp3 carbon
domains.39

4.2. HRTEM studies

The morphological features of pristine and Au-functionalized
GR, DGR and GO were investigated from the HRTEM image
to assess the homogeneity, number of layers, structural de-
fects on the basal plane, edges and the interaction of Au NPs
at the defect sites. Fig. 3(a) shows the TEM image of GR
suspended on a TEM Cu grid and the corresponding selective
area electron diffraction (SAED) pattern showing the hexago-
nal lattice spots of sp2 hybridized carbon atoms. The arrows
indicate the residual PMMA particles and formation of wrin-
kles on the graphene basal plane that are formed during the
wet transfer process of graphene from the Cu foil to the TEM
grid.16 The SAED pattern was taken at several locations on
the GR layer and reveals perfect sp2 hybridization without

any structural defects. Further, the spatial distribution of in-
plane and edge defects is illustrated in Fig. 3(b) for the DGR
sample that shows the vacancy-type defects and extended line
defects, which are formed during the CVD growth. The cross
section of the graphene layers in GO is shown in Fig. 3(c) that
shows the distribution of layers and the lattice distortions in
the GO sheets. The left and right insets show the GO layer
and corresponding SAED pattern of Fig. 3(c), respectively.
The shaded portions may be due to the oxygenated function-
alities and disorder in the layers of GO. The multiple electron
diffraction spots arise from the GO basal plane, as shown in
the inset of Fig. 3(c). The average number of graphene layers
present in the GO sample is nearly 10. However, oxygenated
single layer and few layer graphene may have absorption and
photoluminescence spectra similar to those of multilayer
GO.39

Further, the surface modification of defect-free and defec-
tive graphene and GO functionalized with the Au NPs was in-
vestigated by suspending them on a TEM Cu grid. Fig. 3(d)
represents the TEM image of GR after Au NP
functionalization and the corresponding HRTEM image

Fig. 2 (a–c) Spatial Raman mappings of pristine CVD graphene (DGR) for D, G and 2D bands, respectively, which indicate the presence of BLG and
FLG (reprinted with permission from J. Phys. Chem. C, 2014, 118, 13833. Copyright (2014) American Chemical Society). (d–f) Raman mappings of
DGRAu hybrid for D band and G band and corresponding ID/IG ratio, respectively. Note that the Raman mappings of GR and DGRAu are recorded
with 20 × 20 μm2 and 5 × 5 μm2 area, respectively, using 514.5 nm laser excitation.
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(inset) shows a single Au NP and graphene lattice. The SAED
pattern of the GRAu NP hybrid is shown in the upper left in-
set of Fig. 3(d). Fig. 3(e) shows the TEM image of suspended
graphene and Au NPs attached selectively at vacancy sites of
DGR and the inset shows a magnified image of Au NPs at in-
plane vacancy sites of graphene. The spherical Au NPs are at-
tached on the surface of the GO basal plane, as shown in the
TEM image in Fig. 3(f). The HRTEM image shows a lattice
pattern of Au NP functionalized with GO (inset). Note that
the average size of Au NPs in the case of GRAu and DGRAu is
found to be ∼10 nm, whereas in GOAu it is ∼20 nm. Thus,
the sizes of Au NPs are lager on GO as compared to that on
GR and DGR. The possible reason for the difference in the
evolution of Au clusters on the CVD graphene and GO surface
during the sputter deposition is the chemically and mechani-
cally inert nature of the CVD graphene surface, while in the
case of GO most of the in-plane graphene is functionalized
with epoxy and C–O related functional groups. Since the CVD
graphene mostly has point defects/vacancy clusters on the
basal plane and the defect density is much less compared to
that of the chemically prepared GO, the size of the Au clus-
ters on the graphene layer is less than that on the GO. Due to
the large density of defects and the presence of extended de-

fects in GO prepared by the harsh chemical method, the size
of the Au NPs are expected to be larger in the case of GO.

4.3. Optical absorption studies

Optical absorption measurements were carried out on pris-
tine CVD graphene and GO in order to understand the effect
of surface functionalities and intrinsic defects on the UV-
visible absorption of graphene with/without functionalization
with Au NPs. Comparison of the absorption spectra from GR,
DGR and GO coated on the quartz substrates is shown in
Fig. 4(a). It is evident that the GR is completely transparent
over the entire range of the UV-visible-NIR wavelength region
as compared to the GO sample that shows considerable ab-
sorption in the visible region. The absorption spectrum of
DGR looks almost identical to that of GR, though it contains
the structural defects on the basal plane and at the edges
(see the HRTEM image, Fig. 3(b)). GO shows a broad UV-vis
absorption band with a peak at ∼250 nm due to the stacking
of various in-plane and edge oxygenated functional groups
corresponding to the defect induced intermediate energy
states (sub-bands), i.e., transition from n–π* states.1,11

Fig. 4(b) represents the comparison of the absorption spectra

Fig. 3 TEM images of GR and GO before and after Au functionalization: (a) GR suspended onto a copper TEM grid. The inset shows the
corresponding SAED pattern representing a single layer graphene. The arrows indicate the formation of wrinkles and residual PMMA particles on
the graphene layer during the wet transfer process. (b) HRTEM image of DGR showing various intrinsic defects (edge, line and point defects
represented by the arrows). The inset shows the IFFT image exhibiting the hexagonal diffraction spots. (c) Cross section of the multilayer GO
sheets. The inset shows a top view of the GO plane and corresponding SAED pattern with hexagonal lattice spots of multilayer graphene. (d) TEM
image of GR after Au functionalization. The insets show the corresponding HRTEM image of a single Au NP and graphene lattice and the SAED
pattern. (e) TEM image of the site selective functionalization of Au NPs at defect sites of DGR; the inset shows a magnified image of Au NPs at in-
plane vacancy sites of graphene. (f) TEM image of Au NP functionalized GO surface. Nearly uniform spherical Au NPs with an average diameter of
∼20 nm are shown. The inset shows the HRTEM image of Au NPs and the GO interface.
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of Au NPs and Au-functionalized GR, DGR and GO coated on
quartz substrates. Au NPs shows a strong SPR absorption
band centred at 532 nm in the visible region. The SPR peak
positions in the case of GRAu, DGRAu and GOAu were identi-
fied at 570, 590 and 540 nm, respectively. It is evident from
the absorbance data that DGRAu and GOAu samples show
stronger absorption than bare Au NPs due to the strong
plasmonic coupling between the DGR/GO and Au NPs. This
enhanced absorption can play a significant role in the en-
hanced photocatalytic reaction (discussed later). Note that
there is a large red shift in the SPR band in the case of GRAu
and DGRAu, whereas GOAu shows only a small red shift. This
is due to the overall increment in the refractive index due to
the surrounding dielectric medium of Au NPs in GRAu,
DGRAu and GOAu samples.42 However, in our samples, the
red shift and broadening of the Au plasmon band points to
the defect-mediated strong interaction of Au NPs with the
graphene basal plane.32 The diffusion of Au clusters/atoms in

graphene43 and formation of longer Au–C bonds44 are be-
lieved to cause the broadening of the SPR absorption band in
the present case. The insignificant change in line width and
peak position of the Au plasmon peak in GOAu may be due
to the weaker interaction and functionalization of Au NPs at
the oxygenated functional groups.45

4.4. Visible light photo-degradation performance studies

The photocatalytic performance of different graphene–Au
plasmonic hybrid catalysts was evaluated from the efficiency
of degradation of an aqueous MB organic dye solution under
visible light irradiation (390–730 nm). Fig. 5 represents the
schematic process of the dispersion of plasmonic graphene
photocatalyst in aqueous MB solution and measurement of
the absorption spectra of MB at regular time intervals (every
15 min) under exposure to visible light up to 2 h. We mea-
sured the absorption spectrum of irradiated blank MB as well

Fig. 4 (a) Optical absorption spectra of GR. DGR and GO transferred onto a quartz substrate. (b) Optical absorption spectra of GR and GO after
physical functionalization with Au NPs. A strong surface plasmon resonance absorption peak was found in all the samples.

Fig. 5 Schematic of the photocatalysis experiment with graphene–Au plasmonic hybrids.
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as catalyst loaded (pristine GR and GRAu) MB solution,
maintaining identical reaction conditions. As compared to
the pristine GR and GO, a significantly improved perfor-
mance of the visible light photodegradation of MB was ob-
served in the presence of DGRAu and GOAu samples, as
shown in Fig. 6(a and b). Fig. 6(c) represents a bar diagram
of the photodegradation performance for all the pristine and
GRAu plasmonic hybrid catalysts. It is clear that DGRAu, GO

and GOAu show superior photodegradation performance with
visible light with efficiencies of 67%, 70% and 85%, respec-
tively, after irradiating the sample for 120 min. Note that
since we used a thin film of the catalysts, the sample area ex-
posed to the dye is much less compared to the size/volume of
the container/dye solution and this resulted in the moderate
efficiency of degradation. Much higher degradation efficiency
could be expected if larger area catalyst samples are prepared
and exposed to visible light uniformly.

Fig. 7(a) illustrates the fraction of degradation Ct/C0 as a
function of the irradiation time for different samples. Here,
C0 and Ct denote the concentration of MB solution before
and after irradiation for a period t, respectively, when the ad-
sorption–desorption equilibrium was achieved. The degrada-
tion of MB was considered as a pseudo-first-order reaction,
expressed by the rate equation ln(C0/Ct) = kt, where k is a
first-order rate constant.13,15,46 The value of k is calculated
from the logarithmic plot of Ct/C0 as a function of the irradia-
tion time (t) using a linear fit, as shown in Fig. 7(b). Note
that the symbols represent the experimental data and the
solid lines correspond to the fitted data for the first-order
rate equation. Fig. 7(c) represents a comparison of the k
values for different catalysts and it clearly shows a dramatic
improvement in the rate constant k after Au functionalization
of DGR and GO. On the other hand, no significant enhance-
ment was observed in the case of pristine GR and GRAu cata-
lysts. The higher photocatalytic efficiency displayed by
DGRAu and GOAu photocatalysts than the pristine samples
(without Au functionalization) having the same size/density
is likely to be caused by the strong bonding of plasmonic
metal NPs functionalized at defect sites in DGR and oxygen
functional groups in GO, respectively, which results in the ef-
ficient charge transfer and charge separation. We estimated a
rate constant of 6.87 × 10−4 and 8.26 × 10−4 min−1 for Au
functionalized DGR and GO, respectively. Note that due to
the use of a thin film substrate, the sample area of the photo-
catalyst interacting with the MB solution is much small com-
pared to the total volume of the MB solution. This may have
resulted in a lower rate constant. However, these results are
significant considering the visible light catalytic efficiency of
DGRAu and GOAu.

Based on the results of the photodegradation of MB and
the rate of its degradation (rate kinetics) by graphene and Au-
functionalized graphene photocatalysts, we can comment on
the mechanism of photocatalysis. One essential requirement
for effective photocatalytic degradation of an organic mole-
cule is the formation of good interfacial contact between dye
and catalyst. The strong π–π interaction between MB and GO/
DGR strongly holds them together. Interestingly, GO shows
much better degradation performance as compared to DGR
due to the active participation of attached functional groups,
–OH, –OOR etc., present on the basal plane of GO in the
photocatalysis. These functional groups directly influence the
photocatalytic efficiency. Since GO possesses a semiconduct-
ing nature, charge separation is more efficient than that in
graphene. On the other hand, DGR has mainly defect sites

Fig. 6 Change in absorbance of MB during the visible light
photocatalytic degradation in the presence of (a) DGRAu and (b) GOAu
plasmonic hybrid catalysts. (c) A bar diagram showing the comparison
of the photodegradation performance of different catalysts.
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(e.g. carbon vacancies, extended defects) where charge trap-
ping can occur. It appears that the contribution of intrinsic
defects to photocatalysis is less compared to that of the func-
tional groups. DGR has a more improved performance than

GR because GR has negligible defect sites or too few active
functional groups necessary for photocatalysis.

One of the main drawbacks of graphene in photo-
catalysis is its poor ability to absorb visible light. GO shows
some absorption in the visible region, while GR and DGR
are ineffective in doing so. One of the important reasons
for using plasmonic Au nanoparticles on graphene surface
is to utilize the visible light of the solar spectrum for the
enhancement of photocatalysis. Under visible light illumi-
nation, surface plasmon resonance excitation of Au nano-
particles can build up a large photon intensity and high
concentration of energetic electrons on its surface. In the
hybrid system with graphene, these photon energy and
electrons are accumulated at the Au–graphene interface.
The Au NPs as the electron reservoir as well as the photo-
excitation of electrons on the Au surface can easily undergo
plasmon-mediated charge transfer from Au nanoparticles to
the graphene nanosheet. However, the charge transfer inter-
action between the adsorbed Au nanoparticles and the
graphene nanosheet depends on how strongly the Au nano-
particles are bonded with the graphene nanosheet, which is
evidently different in DGRAu and GOAu.47–49 The defect
sites in DGR are mostly carbon vacancies, which provide
nucleation sites for Au migration and clustering. Defective
graphene with carbon vacancy sites can provide C-dangling
bonds for the attachment of Au atoms on top of the nano-
sheet. The Au–C bond can form by the interaction of the
d-shell electron of Au with the sp2 dangling bonds of car-
bon atoms of defective graphene. This strong interaction
can provide stable support for Au NPs and facilitate effi-
cient charge transfer from Au NPs to the graphene sheet
through Au–C linkage. Au atoms on GO will find the edge
functional groups such as epoxy, carboxy, and hydroxyl
functional groups to form Au–C and Au–O linkages and sta-
bilize the Au NPs and contribute to plasmon-mediated
charge transfer interaction. The defect-free graphene nano-
sheet is chemically inert and the added Au atoms may be
highly mobile on the graphene sheet and become unstable.
Thus, there may be negligible interaction between GR and
Au for effective plasmon-mediated charge transfer in the
defect-free graphene hybrid system.

The photocatalytic activity of pristine Au NPs and the
MB blank is also examined for comparison, and they ex-
hibit very weak efficiency in MB degradation over 2 h of ir-
radiation. Au functionalization results in the enhancement
of photocatalytic activity in DGR and GO by ∼2.5 times.
Based on these observations, we can provide a mechanistic
view of the photocatalytic activities happening on Au-
decorated DGR and GO nanosheets, and this is represented
as a schematic in Fig.8. Fig. 8(a and b) represent the
atomic model of the DGRAu and GOAu systems,
depicting the physical functionalization of Au clusters/NPs
at the defect sites and oxygenated functional groups, re-
spectively. Note that these models are simulated using the
Atomic Tools Kit (Quantumwise, ATK 11.8.2). Fig. 8(c) de-
picts the energy band diagram of the graphene–Au

Fig. 7 (a) Visible light photocatalytic activity (Ct/C0) of graphene and
Au functionalized graphene catalytic substrates in MB solution as a
function of irradiation time. (b) Log plot of photodegradation of MB as
a function of irradiation time; the corresponding first-order rate con-
stant (k) was calculated from the linear fitting. The symbols represent
the experimental data and solid lines correspond to the fitted line. (c) A
comparison of the rate constants before and after Au physical
functionalization of different graphene catalysts for visible light
irradiation.
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plasmonic hybrid system, which illustrates the charge trans-
fer mechanism during visible light excitation. Au NPs can
play a dual role in the enhancement of photocatalytic activ-
ity of DGRAu and GOAu hybrids. Firstly, Au NPs as a res-
ervoir of electrons can transfer electrons to DGR or GO.
Secondly, excitation of Au nanoparticles at its surface
plasmonic band will cause intraband electronic transition
in Au and these excited electrons will migrate to the sur-
face.50 The accumulated electrons on the Au surface will be
transferred to the graphene nanosheet through the Au–C
linkage with DGR and GO nanosheets, thereby triggering
the photocatalytic activities. Because of the extended π con-
jugation, once accumulated on graphene nanosheet the
electrons will be transported far away from the contact of
Au–graphene interface. Au nanoparticles will be left with
positive holes on their surface after electron release to GR.
These holes on Au will recombine with other photoexcited
electrons in Au or react with the adsorbed H2O to form hy-
droxyl radical (˙OH). The electrons on the graphene nano-
sheet will react with adsorbed O2 molecule and form super-
oxide radical (O2˙

−). These reactive oxygen species (O2˙
− and

˙OH) will finally interact with the adsorbed MB molecule
and decompose it.

5. Conclusion

In conclusion, a new class of visible light photocatalysts is
fabricated by using CVD graphene and GO based transition
metal plasmonic hybrids through a physical functionalization
approach using RF magnetron sputtering followed by a RTA
treatment. We implemented graphene, GO and GRAu
plasmonic hybrids for efficient visible light photocatalysis
and achieved a strong 85% photodegradation of MB dye mol-
ecules using thin films of catalysts. Defect-mediated efficient
functionalization and easy charge transfer at the DGRAu
interface is believed to be responsible for the enhanced visi-
ble light photocatalytic performance of the DGRAu and GOAu
NP hybrids. These results are significant and open up path-
ways for the development of next-generation visible light
photocatalysts using graphene and other 2D nanomaterials
through physical functionalization with transition metal NPs.
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