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G
old nanostructures have a remark-
able capacity to absorb and scatter
light over a broad range of the

visible and near-infrared regions, depend-
ing on the particles' size and shape.1�4

These interactions also trigger photother-
mal effects where electronic oscillations at
the particle surface are converted to heat,
which raises the particles' temperature, as
determined by the surface plasmon reso-
nance (SPR).1,2,5�7 These phenomena have
been extensively investigated for a variety
of applications in biomedical imaging,2,7�9

cancer therapy and diagnosis,7,10,11 catalysis,12

sensors,13 and photonic devices.14

In addition to gold nanoparticles, photo-
thermal energy conversion by carbon nano-
tubes (CNTs) has been also extensively studied

mostly for photothermal therapy applica-
tions.15�18 Most recently, interest has been
focused on graphene and graphene oxide
(GO),19�21 which have recently emerged as
novel nanocarbon materials with potential
uses in energy applications, including photo-
thermal energy conversion, in addition to
nanoelectronics, supercapacitors, batteries,
photovoltaics, and related devices.22,23 The
large surface area (2600 m2g�1) of graphene
and the strong optical absorption across the
spectrum (2.5% of the white light) coupled
with its high thermal and chemical stability
can lead to a rapid temperature rise and
subsequent energy transfer to the hostmed-
ium, thus, offering anefficient wayof heating
themedium.22,23 This hasbeen recently dem-
onstrated by the development of a facile
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ABSTRACT In this work we demonstrate the coupling of the photothermal

effects of gold nanostructures of controlled size and shape with graphene oxide

nanosheets dispersed in water. The enhanced photothermal effects can be tuned

by controlling the shape and size of the gold nanostructures, which result in a

remarkable increase in the heating efficiency of the laser-induced size reduction of

gold nanostructures. The Raman spectra of the Au�graphene nanosheets provide

direct evidence for the presence of more structural defects in the graphene lattice

induced by laser irradiation of graphene oxide nanosheets in the presence of Au

nanostructures. The large surface areas of the laser-reduced graphene oxide nanosheets with multiple defect sites and vacancies provide efficient

nucleation sites for the ultrasmall gold nanoparticles with diameters of 2�4 nm to be anchored to the graphene surface. This defect filling mechanism

decreases the mobility of the ultrasmall gold nanoparticles and, thus, stabilizes the particles against the Ostwald ripening process, which leads to a broad

size distribution of the laser-size-reduced gold nanoparticles. The Au nanostructures/graphene oxide solutions and the ultrasmall gold�graphene

nanocomposites are proposed as promising materials for photothermal therapy and for the efficient conversion of solar energy into usable heat for a variety

of thermal, thermochemical, and thermomechanical applications.

KEYWORDS: graphene oxide . shape-controlled gold nanostructures . photothermal energy conversion . laser-induced size
reduction . surface plasmon resonance . graphene defects . Raman spectra of gold�graphene nanocomposites
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laser reduction method for the synthesis of laser con-
verted graphene (LCG), which provides a solution pro-
cessable synthesis of individual graphene sheets.24,25

In this process, irradiation of GO suspended in water
using the second or the third harmonic of a Nd:YAG
laser (532 or 355 nm, respectively) results in significant
deoxygenation of GO and the formation of LCG. This
remarkable photothermal conversion of energy results
in a significant temperature rise of water from room
temperature to 75 �C in a few minutes of laser irradia-
tion (532 nm of nanosecond pulses at 30 Hz with an
average power of 6 W).24

The interaction of gold nanoparticles with pulsed
laser light tuned to the SPR bands of the gold nanos-
tructures can result in a sequence of heating, melting,
and evaporation processes that could lead, in addition
to the photothermal energy effects, to significant size
reduction of the original gold nanoparticles.26�31 The
coupling of the SPR of gold nanostructures with the
photothermal effects of GO could enhance themelting
and evaporation of the Au nanostructures and the
formation of ultrasmall Au nanoparticles attached to
the large surface area of the laser converted graphene
sheets. Herein, we report on the enhanced photother-
mal energy conversion by gold nanoparticles of well-
defined size and shape dispersed in GO solutions as
efficient photothermal materials for a variety of appli-
cations involving rapid heating of water. Furthermore,
we demonstrate that the enhanced photothermal
energy conversion by the gold�GO aqueous solutions
can be tuned by controlling the shape of the Au
nanostructures from spherical particles to short and
long nanorods. We also report the synthesis of ultra-
small gold nanoparticles with diameters of 2�4 nm
well-dispersed on the laser converted graphene nano-
sheets. The coupling of the laser-induced size re-
duction of the gold nanoparticles with the laser
conversion of graphene oxide into graphene (LCG)

provides a novel method for the synthesis of ultrasmall
gold nanoparticles from much larger particles with
different sizes and shapes. These ultrasmall gold�
graphene nanocomposites are proposed as novel
photothermal energy convertors for a variety of thermo-
chemical and thermomechanical applications, in addi-
tion to photothermal therapy, such as heating and
evaporation of liquids by solar energy, ignition of solid
fuels, and welding of composite materials.

RESULTS AND DISCUSSION

Size and Shape Effects of Gold Plasmon Absorbance. Figures 1
and 2 display TEM images and UV�vis absorp-
tion spectra of the as-prepared shape-controlled
Au nanostructures using the seed-mediated growth
method,32�34 with some modifications. These modifica-
tions (see Experimental Section) allow fine-tuning
and morphological control of the Au nanostructures by
systematically varying the concentration of the silver
ions in the growth solution. By increasing the concen-
tration of the Ag ions in the growth solution, gold
nanostructures with well-defined shapes of spheroids
(hexagonal plates), short rods (SRs), bipyramids, dog
bones, long rods (LRs), round-corner rectangular plates,
sharp-corner rectangular plates, and cubes can be pre-
pared as shown in Figures 1A�D and 2A�D, respec-
tively. Different mechanisms have been proposed to
explain the shape-controlled synthesis of gold nano-
structures, butmostof themechanisms arebasedon the
selectiveadsorptionof surfactant and accordingly block-
ing the growth at specific crystallographic faces.32�36

The evolution of the SPR bands of the Au nanos-
tructures with the shape changes is clearly evident in
theUV�vis absorption spectra shown in Figures 1 and2.
The results show the same trends reported in the
literature where no SPR is observed for ultrasmall Au
nanoparticles with 2�4 nm diameters37 (seed particles,
Figure S1, Supporting Information, SI) and a single

Figure 1. TEM images and UV�vis absorption spectra of Au nanostructures with different shapes: (A) spheroids, hexagonal
plates, (B) SRs, (C) bipyramids, and (D) dog bones.
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band around 520�530 nm, weakly dependent on
the particle size, is observed for spherical particles
(Figure S2, SI).32�36 Gold LRs (Figure 2A) exhibit two
SPR bands, near 528 and 772 nm, due to the transverse
and the longitudinal electronic oscillations, respec-
tively.5,33�36 Gold nanoparticles with prism or quasi-
prism shapes have three SPR bands due to the in-plane
dipole plasmon resonance, the in-plane quadrupole
resonance, and the out-of-plane quadrupole reso-
nance (Figure 1C,D).5,33�36 The out-of-plane dipole reso-
nance is sufficiently weak and broad that it is barely
discernible as a shoulder on the in-plane resonance
(Figure 1C). The in-plane dipole plasmon resonance is
very sensitive to the sharpness of the tips on the
triangles.5,33�36 These unique optical properties of aniso-
tropic gold nanocrystals enable the tuning of SPR to any
wavelength specific to a particular application from the
visible to the NIR spectral regions.3,4,7

We selected six distinct shapes of the gold nano-
structures, namely, spheroids (Figure 1A), SRs (Figure 1B),
bipyramids (Figure 1C), LRs (Figure 2A), and cubes
(Figure 2D), in addition to the small spheres prepared
by a citrate reduction method38 (Figure S2, SI) to inves-
tigate the photothermal energy effects and laser-
induced size reduction of the gold nanostructures in
the absence and presence of GO. For each selected
shape, two solutions containing similar concentrations
of Au nanoparticles of the same shape with and with-
out GO were laser-irradiated under identical condi-
tions. Absorption spectra and TEM images were re-
corded for each solution before and after the laser
irradiation. The temperature rise of each solution was
also monitored during the laser irradiation. The results
are presented in Figures 3�5 and are discussed below.

Laser-Induced Size Reduction of Gold Nanostructures.
Figure 3A and 3B display TEM images of the spherical
Au nanoparticles after the 532 nm laser irradiation in
theabsenceandpresenceofGO, respectively (TEMimages

of the as prepared spherical particles are shown in
Figure S2, SI). The TEM image shown in Figure 3A
indicates a slight decease in the average size of the
spherical particles from 13( 2 to 10( 2 nm following
the laser irradiation in water. The corresponding SPR
band exhibits a small blue shift from 532 to 512 nm, as
shown in Figure 3C, consistent with the weak depen-
dence of the SPR of spherical Au nanoparticles on
particle size.5,35,36 In the presence of GO, the 532 laser
irradiation results in the almost disappearance of the
SPR band, as shown in Figure 3C, suggesting more
effective evaporation of the Au nanoparticles during
the laser irradiation of the Au�GO solution. This,
indeed, is confirmed by the TEM image shown in
Figure 3B, which indicates that the diameters of the
Au nanoparticles are significantly decreased from 13(
2 to 5.4 nmupon laser irradiation in the presence of GO.
Thus, both the absorption spectra and the TEM micro-
graphs clearly show that, after the 532 nm laser
irradiation in the presence of GO, the Au nanoparticle
sizes become profoundly smaller than in the absence
of GO under identical laser irradiation conditions. This
result implies that the temperature of gold nanoparticles
during the laser irradiation is much higher in the presence
of GO than in pure water. This is consistent with the
measured temperature changes causedby laser irradiation
of the laser three solutions of spherical Au nanoparticles in
water; GO in water and spherical Au nanoparticles dis-
persed in a GO�watermixture under identical experimen-
tal conditions, as shown in Figure 3D. The temperature of
the GO solution containing spherical Au nanoparti-
cles reaches 69 �C after 10 min of laser irradiation
(532 nm, 4 W, 30 Hz) in comparison with the same
concentration of spherical Au nanoparticles in water
and the GO solution without Au nanoparticles, which
reach 47 and 56 �C, respectively, under identical
experimental conditions. The higher temperature rise
observed for the Au nanoparticles dispersed in the GO

Figure 2. TEM images and UV�vis absorption spectra of Au nanostructures with different shapes: (A) LRs, (B) round-corner
rectangular plates, (C) sharp-corner rectangular plates, and (D) cubes.
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solution demonstrates that the coupling of the photo-
thermal effects of Au nanoparticles and GO can result
in highly efficient photothermal energy convertors.
The temperature rise during the irradiation of the Au
nanoparticles�GO solution assists in anchoring the
nanoparticles to the defect sites created by the laser
reduction of GO, thus, resulting in uniform dispersion
of the small Au particles among the reduced GO
nanosheets, as shown by the TEM image of Figure 3B.

Figure 3E, 3F and 3G display TEM images and
UV�vis absorption spectra of the as-prepared bipyra-
midal Au nanoparticles after the 532 nm laser irradiation
in the absence (E) and presence (F) of GO. The absorp-
tion spectra of the as-prepared bipyramidal nanoparti-
cles (Figure 1C) show two absorption bands at 567 and
712 nm corresponding to the transverse and the long-
itudinal SPR bands. Both bands disappear following the
laser irradiation inwater, as shown in Figure 3G, with the
appearance of one SPR band at 523 nm indicating the
melting of the Au-bipyramidal nanoparticles and the
reforming ofAunanospheres during the laser irradiation
process. This is confirmed by the TEM image displayed
in Figure 3E, which shows spherical particles with
an average size of 4.3 ( 1.5 nm as compared to
the dimensions of the original bipyramidal particles of
140 � 50 nm (shown in Figure 1C). Interestingly, the
same laser irradiation in thepresenceof GO converts the
bipyramidal particles into ultrasmall spherical particles
with an average diameter of 1.6 ( 0.6 nm, as shown in
Figure 3F. This size reduction is accompanied by a rapid
increase in solution temperature reaching about 74 �C in
10 min of laser irradiation, as shown in Figure 3H. This
increase in temperature reflects the net heat transfer to
water, resulting from the coupled photothermal effects
of the Au bipyramidal nanoparticles and GO.

Figures 4A, 4B and 4C display TEM images and
UV�vis absorption spectra of the as-prepared Au SRs
after the 532 nm laser irradiation in the absence (A) and
presence (B) of GO. The as-prepared Au SRs are char-
acterized by average dimensions of 50 ( 5 � 15 (
2 nm (aspect ratio ∼3.3) and exhibit two SPR bands at
534 and 726 nm, as shown in Figure 1B. Following the
laser irradiation in the absence of GO, only the trans-
verse band around 520 nm is observed in the absorp-
tion spectrum, as shown in Figure 4C, consistent with
the formation of small spherical nanoparticles with
average diameters of 5.3 ( 1.9 nm, as evident from
the TEM image in Figure 4A. However, the Au nano-
particles formed following the laser irradiation of the
particles dispersed in the GO solution have an average
diameter of 2.4 ( 0.55 nm, as shown in Figure 4B,
consistent with the near disappearance of the SPR
band except for a small shoulder at 517 nm, as shown
in Figure 4C. The formation of these ultrasmall Au nano-
particles is accompanied by a strong enhancement in the
photothermal energy conversion of the Au SRs dispersed
in the GO solution where the solution temperature
reaches 70 �C after 10 min of laser irradiation (532 nm,
4W, 30Hz) as compared to47and 56 �C for theAuSRs in
water and the GO solution, respectively, under identical
experimental conditions, as shown in Figure 4D.

The as-prepared Au LRs have an average length and
width of 180( 20 and 20( 5 nm, respectively (aspect
ratio ∼ 9), and exhibit two SPR bands, the transverse
near 528 nm and the longitudinal near 772 nm
(Figure 2A). Following the 532 nm laser irradiation,
the longitudinal band disappears and the transverse
band shifts to 523 nm (Figure 4G), indicating the
transformation of the Au LRs into smaller spherical
particles. This is clearly shown in the TEM image shown

Figure 3. TEM images of spherical Au nanoparticles after the 532 nm laser irradiation in the absence (A) and presence of GO
(B) and bipyramidal Au nanoparticles after the 532 nm laser irradiation in the absence (E) and presence of GO (F). UV�vis
absorption spectra of the Au nanoparticles after laser irradiation in water (blue) and in GO (black) are shown for the spherical
and bipyramidal particles in (C) and (G), respectively. Temperature profiles showing the increase of the solutions'
temperatures are shown for the spherical and bipyramidal particles in (D) and (H), respectively.
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in Figure 4E, where spherical particles with an average
diameter of 5.5 ( 1.9 nm are observed. Again, laser
irradiation of the Au LRs in the presence of GO results in
well-dispersed ultrasmall Au nanoparticles with an
average diameter of 2.9 ( 1.7 nm, as shown in
Figure 4F. Accordingly, the transverse SPR band almost
disappears following the laser irradiation of the Au LRs
in GO, as shown in Figure 4G. The measured tempera-
ture change caused by laser irradiation of the Au LRs in
the GO solution indicates that the solution tempera-
ture reaches 70 �C after 10 min of laser irradiation
(532 nm, 4 W, 30 Hz), as compared to 55 and 56 �C for
the Au LRs in water and GO solution, respectively,

under identical experimental conditions, as shown in
Figure 4H. Again, similar to the Au spherical and SR
particles, the presence of GO results in a significant
enhancement in the observed photothermal effects.

The results for the Au spheroids (shown in
Figure 5A�D) and Au cubes (shown in Figure 5E�H)
follow the same general trends observed for the other
Au shapes, thus, leading to generalized findings. Typi-
cally, laser irradiation in the presence of GO results in
smaller spherical Au nanoparticles well-dispersed on
the reduced GO nanosheets accompanied by a strong
enhancement in the photothermal effect, as is evident
by the significant increase in the temperature of the

Figure 4. TEM images of the Au SRs after the 532 nm laser irradiation in the absence (A) and presence of GO (B) and the Au LRs
after the 532 nm laser irradiation in the absence (E) andpresence of GO (F). UV�vis absorption spectra of the Au nanoparticles
after laser irradiation in water (blue) and in GO (black) are shown for the SRs and LRs in (C) and (G), respectively. Temperature
profiles showing the increase of the solutions' temperatures are shown for the SRs and LRs in (D) and (H), respectively.

Figure 5. TEM images of the Au spheroids after the 532 nm laser irradiation in the absence (A) and presence of GO (B) and the
Au cubes after the 532 nm laser irradiation in the absence (E) and presence of GO (F). UV�vis absorption spectra of the Au
nanoparticles after laser irradiation in water (blue) and in GO (black) are shown for the Au spheroids and cubes in (C) and (G),
respectively. Temperature profiles showing the increase of the solutions' temperatures are shown for the spheroids and
cubes in (D) and (H), respectively.
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Au�GO solution, as compared to the individual Au and
GO solutions. However, the size reduction of the Au
spheroids and cubes is not as much as with the other
shapes (spherical, bipyramids, SRs, and LRs) where
ultrasmall Au nanoparticles with no SPR peaks37 were
observed following the laser irradiation of the Au
particles in the presence of GO (Figure S3, SI). This
appears to be related to the volume of the particles
where the large volumes of the spheroids and cubes
may require longer irradiation times and higher laser
powers in order to effectively melt and vaporize the
large Au nanoparticles.26 The melting of the nanopar-
ticles leads to the shape change from nonspherical to
spherical particles and the size reduction is due to the
vaporization of the particles. According to the theore-
tical estimation and experimental results of Pyatenko
et al.,30 under low laser energy flow density (less than
1012 W/m2 similar to the conditions of the current
experiments), the particle heating�melting�evapora-
tion mechanism is solely responsible for the size
reduction of the nanoparticles.

Enhanced Photothermal Energy Conversion. The observed
temperature rise reflects the steady state net heat
transfer from Au nanoparticles and RGO nanosheets
to the solution. Figure 6 compares the extent of tem-
perature rise for different shapes of Au nanostructures
in the absence and presence of GO. Table S1 (SI) lists
the maximum temperature rise observed for different
shapes of Au nanoparticles following the 532 nm laser
irradiation in the presence and absence of GO under
identical experimental conditions.

Both GO and gold nanostructures show significant
photothermal effects. When exposed to the 532 nm
YAG laser (4 W, 30 Hz), the GO solution containing
spheroid Au particles displays the highest temperature
rise (58 �C above the temperature of 24 �C of the
nonexposed solution) followed by the GO solutions
containing the Au cubes (48�53 �C), then the Au
bipyramids and dog bones (50�51) �C), then the Au
long and SRs (46 �C), and finally the small Au spheres
(45 �C). The observed trend appears to be related
again to the volume of the particles and the melting
temperatures of different shape nanostructures. For
example, the larger volume of the hexagonal plates
(spheroids) and probably their lower melting tem-
perature result in more heat being transferred to
water and, thus, a rise in the temperature of the
solution by 58 �C. Similarly, the large volumes of the
nanocubes result in a significant temperature rise of
water (53 �C). For comparison, the smaller volumes of
the small spherical Au particles (Figure 3A) result in
weaker photothermal effect and consequently less
temperature rise of water (45 �C). For the Au nano-
rods, both the small volumes and probably the higher
melting temperatures result in less heat transferred to
the solution and consequently a temperature rise of

about 46 �C as compared to 58 �C for the hexagonal
plates.

In contrast to the Au�GO solutions, the tempera-
ture changes of the Au and GO individual solutions are
less significant under the same laser irradiation condi-
tions. For example, the GO solution without Au nano-
particles shows only a 32 �C of temperature rise within
10 min of laser irradiation. Similarly, the temperature
rise of the Au nanoparticles in water ranges from 23 �C
for the spherical particles to 27 �C for the hexagonal
(spheroid) particles under the same concentration and
laser irradiation conditions. These results clearly demon-
strate that the Au�GO solutions have better photother-
mal effects than individual Au nanostructures and GO
solutions. Therefore, it is clear that the coupling of the
surface plasmon resonance of gold nanoparticles with
the laser reduction of graphene oxide leads to signifi-
cant enhancement of the efficiency of photothermal
energy conversionby thegoldnanoparticles�graphene
oxidemixtures. The enhanced photothermal effects can
be tuned by controlling the shape and size of the gold
nanostructures, which result in a remarkable increase in
the heating efficiency of the laser-induced size reduc-
tion of gold nanostructures.

A number of recent studies have shown the pro-
mise of using graphene oxide-based composites in
various areas of biomedicine such as cancer therapy and

Figure 6. Temperature profiles during the 532 nm laser
irradiation (4 W, 30 Hz) of preformed Au nanostructures in
aqueous solutions in the presence (solid lines) and absence
(dashed lines) of GO.
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imaging, drug delivery, and biomodulation.19�21,39�43 It
has been found that functionalized reduced GO sheets
are potentially stable in physiological environments
and are nontoxic to cells in mice in vivo.20 The efficient
photothermal energy conversion of the Au nanostruc-
tures�GO solutions reported here may provide great
opportunities for cancer treatment. For example, the
observed temperature rise of the laser irradiated
Au�GO solutions is significantly higher than that ob-
served for the SWNT-Au-PEG nanocomposites, which
have shown high photothermal cancer cell killing
efficacy.44 Irradiation of the SWNT-Au-PEG solution with
the 808 nm NIR laser at a power density of 1 W/cm2

showed nearly a 30 �C of temperature rise within 5min.44

In contrast, irradiation of the current Au spheroids�GO
solution with the 532 nm laser (4 W, 30 Hz) for 5 min
causes a temperature rise of nearly 40 �C. Therefore, it is
expected that the current Au nanostructures�GO solu-
tions would exhibit improved photothermal cancer cell
killing efficacy due to the strong photothermal energy
conversion contributed by the gold nanostructure and
GO. However, substantial work remains to be done in
order to fine-tune the surface chemistry of the Au�GO
nanocomposites to optimize their uptake and nontoxicity
behaviors for in vitro or in vivo biomedical applications.
The strong light absorbing capabilities of Au nanostruc-
tures in the NIR region are expected to dramatically
increase if the Au�GO nanocomposites are properly
functionalized. For example, the integration of GO with
Au nanostructures has been shown to significantly en-
hance the two-photon excitation processes and a 4-fold
enhancement factor was observed for the Au�GO nano-
composites compared to pure Au nanostructures.45 Ex-
periments to investigate the effect of polymer coating on
the in vitro behaviors of the Au�GO nanocomposites,
their physiological stability, and cellular uptake are cur-
rently under way in our laboratory.

Correlation between Raman Spectra and Defect Sites in Laser-
Converted Graphene. Our results clearly indicate that the
presence of GO enhances the heating efficiency of the
Au nanostructures following the absorption of the
532 nm photons, which leads to the subsequent melt-
ing and evaporation processes, resulting in the forma-
tion of monodisperse ultrasmall Au nanoparticles
supported on the LCG nanosheets. Previous work has
demonstrated that the 532 nm laser irradiation of the
Au nanoparticles resulted in a significant size reduction
from an initial diameter of 54 ( 7 nm to an average
diameter of 6 nmbutwith a bimodal size distribution.31

The bimodal size distribution is attributed to the
Ostwald ripening process where the initially formed
small particles with higher surface energies are con-
sumed in the growth of the large particles with lower
surface energies at longer irradiation times.31 The absence
of bimodal size distributions in the Au nanoparticles
formed by laser irradiation in the presence of GO in the
present work suggests that themobility of the particles is

significantly reduced to a degree that does not allow for
the dynamic Ostwald ripening process.46 This can be
explained if the small Au particles are anchored to defect
sites on the reducedGOnanosheets that can restrict their
mobility. It is nowwell established that both the chemical
and the laser reduction of GO result in the formation of
graphenenanosheetswith a significant number of defect
sites including vacancies, disorder, defective edges, and
many others.47�54 In the laser converted graphene, the
nature of these defects depends on the oxygen func-
tional groups interacting with the photogenerated elec-
trons and holes within GO.50,53,54

Raman spectroscopy is one of the most useful
techniques that can identify the nature of defects
and disorder in the graphene and Au�graphene
nanosheets.55�58 To gain information on the extent
of defects in the Au�graphene nanosheets, we have
applied Raman spectroscopy to compare the LCG with
the graphene-containing Au nanoparticles both
formed by laser irradiation of GO. Figure 7A compares
the Raman spectra of GO before and after the 532 nm
laser irradiation (10 min, 4 W, 30 Hz). The spectrum of
the exfoliated GO exhibits the characteristic G-band
(1594 cm�1) and the D-band (1354 cm�1) with a D/G
intensity ratio of about 0.70. The G-band arises from
the vibration of the sp2-bonded carbon atoms and the
D-band is attributed to structural disorder at defect
sites with the D/G ratio usually taken as a measure of
the quality of the graphitic structures, because for
highly ordered pyrolitic graphite, this ratio approaches
zero.55�57 Following the 532 nm laser irradiation of GO,
the D/G ratio decreases to 0.40, indicating a significant
reduction of the degree of disorder and defect sites in
the LCG. However, no decrease in the intensity of the
D-band relative to the G-band is observed follow-
ing the laser irradiation of the GO�Au nanoparticle
solutions, as shown in Figure 7B,C for the Au LRs and
cubes, respectively. In fact, the D/G ratio increases to
0.8 (higher than the D/G ratio of GO) after the laser

Figure 7. Raman spectra of GO (A), GO þ Au nanorods (B),
and GO þ Au nanocubes (C) before (red) and after (black)
laser irradiation for 10 min (532 nm, 4 W, 30 Hz) in solution.
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irradiation of the GO solutions containing either the Au
nanorods or the nanocubes. Furthermore, a significant
shift of the G-band to higher frequency is observed
following the laser irradiation of the GO solutions
containing the Au nanorods or the nanocubes (1603
and 1601 cm�1, respectively, compared to 1594 cm�1

in the absence of Au nanoparticles). This shift is con-
sistent with doping graphene with electron acceptors,
thus, the Au nanoparticles are acting as week electron
acceptors that induce a charge transfer from graphene
to the Au nanoparticles.58 The increase in the D/G
intensity ratio compared to the LCG (Figure 7A) and
theblue shift of theG-band are taken as evidence for the
presence of more structural defects in the graphene
lattice induced by laser irradiation of GO in the presence
of Au nanoparticles. These defect sites in the reduced
GO nanosheets act as favorable nucleation sites for the
ultrasmall Au nanoparticles that, by occupying these
vacancies, are no longermobile for theOstwald ripening
process to take place, thus, the formation of large Au
nanoparticles and aggregates is significantly decreased.

CONCLUSIONS

In summary, the coupling of the surface plasmon
resonance of gold nanoparticles with the laser reduction

of graphene oxide leads to significant enhancement
of the efficiency of photothermal energy conversion
by the gold nanoparticles�graphene oxide mix-
tures. The enhanced photothermal effects can be
tuned by controlling the shape and size of the gold
nanostructures that result in a remarkable increase
in the heating efficiency of the laser-induced melt-
ing and size reduction of gold nanostructures. The
large surface areas of the laser reduced graphene
oxide nanosheets with multiple defect sites and
vacancies provide efficient nucleation sites for the
ultrasmall gold nanoparticles to be anchored to the
graphene surface. This defect filling mechanism
decreases the mobility of the ultrasmall gold nano-
particles and, thus, stabilizes the particles against
the Ostwald ripening process that leads to a
broad size distribution of the laser-size-reduced
gold nanoparticles. The ultrasmall gold�graphene
nanocomposites are proposed as novel photother-
mal energy convertors for a variety of thermo-
chemical and thermomechanical applications, in
addition to photothermal therapy, such as heat-
ing and evaporation of liquids by solar energy,
ignition of solid fuels, and welding of composite
materials.

EXPERIMENTAL SECTION
Preparation of Graphene Oxide Nanosheets. In the experiments,

GO was prepared by the oxidation of high purity graphite
powder (99.9999%, 200mesh,AlfaAesar) according to themethod
of Hummers and Offeman.59 After repeated washing of the
resulting yellowish-brown cake with hot water, it was dried at
room temperature under vacuumovernight. A total of 2 mg dried
GO was sonicated in 10 mL of deionized water until a homo-
geneous yellow dispersion was obtained.

Preparation of Spherical Gold Nanoparticles. Spherical Au nano-
particles were prepared by the standard citrate reduction pro-
cedure, as described in the literature.38 A total of 100 mL of
1 mM HAuCl4 aqueous solution was heated until boiling, and
then 10 mL of 38 mM trisodium citrate solution was added
under continuous stirring for 15 min.

Preparation of Shape-Controlled Gold Nanostructures. Au nanos-
tructures of different shapes were prepared utilizing the seed-
mediated method,32,33 with little modifications. First, the Au-
seed solution was prepared by the addition of aqueous NaBH4

(300 μL, 10�2M) to amixture of HAuCl4 (2.5mL, 5� 10�4M) and
CTAB (2.5 mL, 2� 10�1 M) at room temperature under vigorous
stirring. For the synthesis of different shapes, 80 μL of the freshly
prepared Au-seed solution was added to different growth
solutions to initiate anisotropic growth of Au nanoparticles with
different shapes. The different growth solutions contained the
same HAuCl4 and CTAB concentrations, but different amounts
of AgNO3, and were utilized to grow various morphologies,
namely, spheroids, SRs, LRs, bipyramids, rounded-corner rec-
tangles, sharp-corner rectangles, cubes, and dog bones. Each of
the growth solutions was prepared by first mixing HAuCl4
(25 mL, 10�3 M) and CTAB (25 mL, 2 � 10�1 M) solutions fol-
lowed by the addition of 70 μL of ascorbic acid (78.8� 10�3 M),
which resulted in discoloration of the yellowish Au�CTAB
mixture due to the partial reduction of Au ions. Then the
designated amount of AgNO3 was added to the colorless
mixture followed by the subsequent addition of the seed to
catalyze the growth. All growth solutions were kept undisturbed

at a temperature of 25�28 �C for 2 h. The absorption spectra of
different Au nanoparticles were recorded for the as-prepared
fresh samples diluted in DI water. The final concentrations of
AgNO3 in the growth solutions required for the growth of
different shapes are as follows: spheroids (4 � 10�7 M), SRs
(8 � 10�7 M), LRs (8 � 10�6 M), bipyramids (12 � 10�6 M),
rounded-corner rectangles (13 � 10�6 M), sharp-corner rectan-
gles (14 � 10�6 M), cubes (16 � 10�6 M), and dog bones
(32 � 10�6 M). All chemicals used were 99.99% purity as
obtained from Sigma-Aldrich, U.S.A.

Laser Irradiation and Photothermal Measurements. For the laser
irradiation and photothermal synthesis of ultrasmall Au�gra-
phene nanocomposites, an aqueous dispersion of GO and
preformed selected-shape Au nanoparticles was prepared by
mixing 1 mL of Au-nanoparticles solution with 2 mL of GO
solution (2 mg/10 mL), and the mixture was irradiated in a
quartz cuvette with the unfocused beam of the second and
third harmonics of a Nd:YAG laser (second harmonic λ= 532 nm,
average power 4 W, hν = 2.32 eV, or third harmonic λ = 355 nm,
average power 2W, hν= 3.49 eV, pulse width τ = 7 ns, repetition
rate = 30 Hz, fluence∼ 0.1 J/cm2, Spectra Physics LAB-170�30).
The beam diameter was measured to be 7�9 mm for both the
532 and the 355 nm. The solutions were magnetically stirred
during the irradiation. For the Au size reduction experiments in
the absence of GO, 1mL of the shape-selected Au-nanoparticles
solution was irradiated under similar laser conditions as de-
scribed above (irradiation for 10 min corresponding to 18000
laser shots). The temperature of the solution was monitored
during irradiation using a thermocouple immersed in the
solution.

Characterization Measurements. TEM images were obtained
using a Joel JEM-1230 electron microscope operated at 120 kV
equipped with a Gatan UltraScan 4000SP 4K � 4K CCD camera.
Absorption spectra were recorded using a Hewlett-Packard
HP-8453 diode array spectrophotometer. The Raman spectrawere
measured using an excitation wavelength of 457.9 nm provided
by a Spectra-Physics model 2025 argon ion laser. The laser beam
was focused to a0.10mmdiameter spot on the samplewitha laser
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power of 3 mW. The samples were pressed into carbon tape
supported on glass coverslip, held at a 30� angle in the path of
the laser beam. The detectorwas a Princeton Instruments 1340�
400 liquid nitrogen CCD detector, attached to a Spex model
1870 0.5 m single spectrograph with interchangeable 1200 and
600 lines/mm holographic gratings (Jobin-Yvon). The Raman
scattered light was collected by a Canon 50 mm f/0.95 camera
lens. Though the holographic gratings provided high discrimi-
nation, Schott and Corning glass cutoff filters were used
to provide additional filtering of reflected laser light, when
necessary.
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