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A B S T R A C T

Gold nanorod (GNR) and reduced graphene oxide (rGO) hybrids are synthesized using photochemical method
based on femtosecond laser ablation without the usage of strong chemical reducing agents. The products are
characterized by absorption spectra, transmission electron microscopy (TEM) and X-ray photoelectron spec-
troscopy (XPS). The formed GNR are well located on the surface of rGO sheets. By adjusting the laser ablation
time, the aspect ratio and optical properties of GNR can be well controlled. The produced nanocomposites
exhibited an excellent near-infrared (NIR) photothermal performance with a photothermal conversion efficiency
of 77.8%, suggesting that the hybrids have large potential as agents in photothermal therapy.

1. Introduction

Photothermal therapy (PTT) using laser radiation is an emerging
field in cancer treatment. In PTT process, photothermal agents are
employed to achieve the selective heating of the local environments.
When the PTT agents absorb light, electrons are excited to the excited
state from the ground state, and then relax through nonradiative decay.
This results in the increase in the kinetic energy and overheating of the
local environment around the light absorbing species, inducing the
destruction of local cells or tissues. Compared with conventional sur-
gical treatment of solid tumors, this technique has the advantages of
short treatment time, few complications and short recovery time [1,2].
Finding suitable photothermal conversion materials is the core of PTT.

With the fast development of nanotechnology, varies of nanoma-
terials such as carbon based nanomaterials, two-dimensional nanoma-
terials and metal nanomaterials, have received widespread interest due
to their unique optical properties [3–6]. For the use of photothermal
conversion, a lot of nanomaterials with broad absorption band and
excellent photothermal conversion efficiency have been synthesized,
such as titanium oxide nanoparticles and tellurium nanoparticles [7,8].
However, lasers with wavelength located at 650–950 nm and
1000–1350 nm are usually used in the PTT to avoid the energy loss by
the outer skin and tissues in human body [9,10]. For this reason, the
suitable photothermal agents should have a high optical absorption
efficiency and high photothermal conversion efficiency in the near-in-
frared (NIR) region. Among lots of nanomaterials, gold nanorod (GNR)

draws much attention due to its tunable and strong absorption in NIR
region [11–13]. To further extend the application of GNR, combina-
tions with other materials are promoted. As a single-atom-thick sheet of
hexagonally arrayed sp2-bonded carbon atoms, graphene has attracted
much attention due to its unique optical and thermal properties. Be-
cause of the large specific surface area, high thermal conductivity and
electrical conductivity of graphene, GNR and graphene hybrids have
been demonstrated to be a good platform for wider applications in a lot
of areas, such as catalysis, electrochemical sensors, surface-enhanced
Raman scattering and PTT [14–17].

The typical synthesis process of GNR based on chemical reactions
usually contains two steps: the generation of gold nanoparticle seeds,
and the growth and formation of the GNR from the seeds. In the second
procedure, some drastic reactions are needed to reduce the Au ions, and
strong chemical reducing agents such as NaBH4 are usually used, which
seriously affects the usage of the products especially in the biological
areas. Although some green agents extracted from plants such as aqu-
eous leaf extract of green tea and sucrose diluted are used to synthesize
gold nanoparticles/rGO (AuNPs/rGO) nanostructure [18,19], the green
synthesis of GNR/rGO nanostructure is still need to be improved.
Photochemical synthetic strategies of nanomaterials have drawn much
attention due to the great advantages of easy performing and en-
vironmental protection [20–25]. Femtosecond laser has been widely
used in photochemical method to synthesize various nanomaterials
such as metal nanoparticles and nanocomposites due to its unique
properties of ultra-short pulse duration and ultra-high peak power
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intensity [26,27]. When femtosecond laser pulses irradiate on graphene
oxide (GO) aqueous solution mixed with metal ions, the reduction of
the metal ions and GO might take place synchronously. This method
could provide a new photochemical strategy to synthesize seeding gold
nanoparticles for the formation of GNR and reduced graphene oxide
(rGO) hybrids without the usage of harmful reducing agents such as
NaBH4.

Herein, we propose to synthesize GNR and rGO hybrids using the
seeding gold nanoparticles prepared by femtosecond laser ablation
method. The as-prepared GNR/rGO hybrids are characterized by ab-
sorption spectra, transmission electron microscopy (TEM) and X-ray
photoelectron spectroscopy (XPS). By adjusting the ablation time
during the laser reduction process, the aspect ratio of GNR can be well
controlled. The photothermal properties of prepared GNR/rGO hybrids
are investigated using a continuous-wave (CW) 808 nm diode laser. The
results show that the GNR/rGO hybrids have an effective photothermal
conversion efficiency of 31.5%, indicating a potential application in
PTT.

2. Material and methods

2.1. Preparation of GNR/rGO

To synthesize to GNR/rGO hybrids, at first, 1 mg of GO with a size in
the range of 0.5–5 μm was dispersed in 10mL of distilled water with
ultrasonic treatment for a few hours until a homogeneous yellow so-
lution was obtained. Then, 1mmol of hexadecyl trimethyl ammonium
bromide (CTAB) was added, followed by stirring with water bath
heating at 40 °C for about 15min until the CTAB is completely dis-
solved. After that, 200 μL of 0.025mmol mL−1 HAuCl4 solution, 65 μL
of 10mmol mL−1 AgNO3 solution and 70 μL of 100mmol mL−1 as-
corbic acid (AA) solution was added, followed by stirring with water
bath heating at 30 °C for about 30min.

A mode-locked Ti: sapphire laser with central wavelength of
800 nm, pulse width of 100 fs, and repetition rate of 1 kHz was used to
prepare the Au nanoparticle seeds supported on graphene. 10mL of
solution was ablated by laser pulses. A shutter was used to control the
number of the pulses injected into the solution. The laser was focused
by a lens with a focal length of 100mm and the pulse energy in use is
300 μJ. During the laser ablation process, a magnetic stirrer was used to
make the solution to be ablated homogenously.

After laser ablation, the solution was put into a thermostat kept at
30 °C for about 3 h to complete the growth of the nanorods. Finally, the
product was centrifuged at 10000 rpm for 10min to remove the un-
reacted ions and redundant impurities. The obtained precipitate was
redispersed in water for subsequent use.

2.2. Characterization

To study the characteristics of the hybrids, UV–Vis absorption

spectra were performed using a UV-2600 spectrophotometer in a quartz
cuvette. TEM and high resolution TEM (HRTEM) images were per-
formed using a JEM-2100Plus microscope to study the morphology of
the nanocomposites. XPS were performed using an ESCALAB Xi + XPS
spectrometer.

2.3. Photothermal property

To study the photothermal conversion property of the products, a
CW 808 nm diode laser was used. 2mL of the solution was irradiated by
the laser with a power of 0.5W and an incident laser spot diameter of
8mm for 10min at a room temperature of 25 °C. A thermocouple was
used to measure the temperature variation of the solution during the
process.

3. Results and discussion

Following shows the results of our experiments. Firstly, GNR/rGO
hybrids are synthesized using photochemical method with a femtose-
cond laser. The effect of the laser ablation time on the morphology of
the products is systematically studied. Fig. 1(a) shows the absorption
spectra of the as-prepared GO and GNR/rGO hybrids with ablation time
varying from 30 s to 3min. From the figure, two characteristic surface
plasma resonance (SPR) peak of GNR can be obviously observed in the
solutions, indicating the formation of GNR. The short-wavelength peak
ranging from 520 nm to 540 nm is originated from the transversal
surface plasma resonance (TSPR) of GNR and the long-wavelength peak
at the range of 600 nm–700 nm is originated from the longitudinal
surface plasma resonance (LSPR) of GNR, respectively [13,16]. From
the absorption spectra, the TSPR peak has a little red-shift with in-
creasing the ablation time of the laser pulses, which may be due to the
attachment of GNR to the graphene sheets [16]. As reports in other
works, when GNR was attached to rGO, the TSPR peak will have a red-
shift [28]. With prolonging the laser irradiation time, the reduction
degree of rGO is gradually increased, which might cause the red-shift of
the TSPR peak. Because the LSPR peak is red-shifted with increasing the
aspect ratio of GNR [29], the results indicated that the aspect ratio of
GNR is increased with increasing the ablation time. Fig. 1(b) shows the
picture of GO and GNR/rGO with different ablation time, a dis-
tinguished evolution of the color can be seen. The color of GO (inset (i)
of Fig. 1(b)) is brown yellow, while the color of GNR/rGO changes from
dark blue to dark purple and then dark red, with the ablation time
increased from 30 s (inset (ii)), to 1min (inset (iii)) and 3min (inset
(iv)).

The morphology variation of GNR/rGO hybrids with different ab-
lation time is investigated by TEM, as shown in Fig. 2. Fig. 2(a), (b) and
(c) show the TEM images of GNR/rGO with ablation time of 30, 1min
and 3min, respectively. The GNR can be clearly seen in all images,
indicating the formation of the GNR. Besides, graphene sheets with
folds also can be seen from the images. As shown in Fig. 2(a), the

Fig. 1. The (a) absorption spectra and (b) pictures of (i) GO and GNR/rGO with ablation time of (ii) 30 s, (iii) 1 min and (iv) 3min.
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dashed line is a visual guide of the edge of graphene sheets and the
lower left area of the dashed line is the graphene sheets. The image
shows that the GNR are well located on the surface of graphene sheets.
Fig. S1 gives a lower-resolution TEM image showing the whole view of
GNR/rGO hybrids, which has a relatively more clear edge of graphene
sheets. Fig. 2(d) shows the high-resolution TEM (HRTEM) image of
GNR. Obvious lattice fringes with the spacing of 0.20 nm which is at-
tributed to the (200) plane of the Au crystallite can be observed [30].

Table 1 shows the average length, width and aspect ratio of GNR
with different ablation time which is obtained from the TEM images in
Fig. S2. By measuring the length and width of GNR in the images, we
can obtain the corresponding distribution of length, width and aspect
ratio of GNR/rGO with different ablation time. From the table, we can
conclude that, with increasing the ablation time, the length and width is
decreased, but the aspect ratio is increased. The increased aspect ratio is
corresponding to the red-shifted LSPR peak in absorption spectra.
During the growth process of GNR, the initial concentration of Au seeds
is a main factor affecting the aspect ratio of GNR [29]. With increasing
the ablation time, the initial concentration of Au seeds is increased, and
the amount ratio of residual Au3+ ions used for the growth of GNR to
the formed Au seeds is decreased. As a result, the length and width of
the formed GNR is decreased when the ablation time of femtosecond

laser is prolonged. On the other hand, the aspect ratio is increased at
the beginning of growth process because the longitudinal growth rate of
initial formed Au seeds is faster than the transversal growth rate [31].
When the aspect ratio is increased to a certain threshold, the GNR will
grow along the transversal direction. At a short ablation time, the Au
seeds is relatively few, so the excess Au3+ ions will grow along the
transversal direction after the aspect ratio reach the threshold, as a
result, the aspect ratio is decreased.

To further study the chemical structure of the products, GNR/rGO
hybrids with different ablation time is investigated by XPS, as given in
Fig. 3. Fig. 3(a) shows the C 1s XPS spectra of GO and GNR/rGO. Peaks
centered at 284.5 and 286.6 eV are contributed to C=C and C-O
groups, respectively [32,33]. The content of oxide is clearly reduced in
GNR/rGO hybrids compared with GO, indicating the reduction of GO to
rGO during the synthesis process. Fig. 3(b) shows the Au 4f XPS spectra
of GNR/rGO. Peaks centered at 84 and 87.7 eV are corresponding to the
binding energies of Au 4f7/2 and Au 4f5/2 of Au, respectively [34].

The temperature varies caused by the photothermal conversion of
GO, rGO, GNR and GNR/rGO are studied using the CW 808 nm diode
laser with a power of 0.5W. 2mL of the different solution is irradiated
by the laser for 10min, after then, the laser is shut off and the solution
is cooling down to the room temperature. As shown in Fig. 4, the high
photothermal conversion of GO, rGO, GNR and GNR/rGO for 808 nm
light is clearly demonstrated by the comparison that of pure water
under the same laser irradiation conditions.

Usually, the photothermal conversion efficiency, ηT, is used to
characterize the phototermal property of materials, which is calculated
using the equation [35,36].

=
− −
− −η hA T T Q

I
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A
0

λ (1)

Fig. 2. The TEM images of GNR/rGO with ablation time of (a) 30 s (dashed line shows the edge of graphene), (b) 1 min and (c) 3min; (d) the HRTEM image of GNR,
inset shows the enlarged image of the square area.

Table 1
The length, width and aspect ratio of GNR/rGO with different ablation time.

Length (nm) Width (nm) Aspect Ratio

GNR/rGO 30 s 38.3 19.5 2
GNR/rGO 1min 32.2 16.3 2.03
GNR/rGO 3min 24.3 10.8 2.36
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where h is the heat transfer coefficient of the solution and A is the cross
section area perpendicular to conduction. Tmax and Tsurr are the max-
imum temperature after 10min laser irradiation and the surrounding
temperature, respectively. Q0 is the rate of heat dissipated by the sol-
vent and cuvette due to light absorption. I is the irradiating laser power
and Aλ is the absorbance of the sample at the excitation wavelength of
808 nm. The value of hA follows the equation

=τ m C
hAs
D D

(2)

where τs is the sample system time constant. mD and CD are the mass
and heat capacity of the solvent, respectively. In our experiment, mD is
2 g and CD is 4.18 J g−1 °C−1. τs can be obtained using the time constant
method from the cooling down curve after laser is shut off. Usually, the
cooling process can be described using the equation

⎜ ⎟− = − ⎛
⎝

− ⎞
⎠

T T T T exp t
τ

( )surr max surr
s (3)

where t is the time after laser shut off and T is the temperature at the
time of t. By doing logarithm, Equation (3) can be described as a linear
function of t, and the value of τs can be calculated from the slope.

Tmax and Tsurr can be obtained from the temperature vary curves in
Fig. 4. Q0 can be obtained from the temperature vary curve of pure
water in Fig. 4, which is calculated to be 44.2mW. The value of I(1-
10−Aλ) means the power absorbed by sample which can be obtained by
measuring the power before and after laser irradiated to the sample
using power meter. Using Equations (1)–(3), we can calculated the
photothermal conversion efficiency value of ηT. The value of maximum
temperature change ΔTmax, sample system time constant τs and the
photothermal conversion efficiency value of ηT of different samples are
given in Table 2.

The photothermal conversion efficiency of rGO and GNR is 56.4%
and 38.8%, respectively, which is comparable to the results in some
other reports [37–39]. When the rGO is decorated with GNR, we can
see from the Fig. 4 that the maximum temperature is clearly increased,
indicating the enhancement of photothermal conversion ability. The
calculated photothermal conversion efficiency of GNR/rGO hybrids
prepared by 30 s, 1 min and 3min fs laser ablation are 60.4%, 61.2%
and 77.8%, respectively. Compared with GO, rGO and GNR, the pho-
tothermal conversion efficiency of GNR/rGO hybrids is obviously in-
creased. As the wavelength of 808 nm is near the LSPR peak of GNR in
GNR/rGO hybrids, more light energy can be absorbed and converted
into heat by the hybrids. Besides, because of the extremely high value of
the thermal conductivity which is up to 5300WmK−1 for graphene
[40,41], the thermal energy can be effectively transferred to sur-
rounding solutions. So, the GNR/rGO hybrids exhibit excellent photo-
thermal conversion property.

4. Conclusions

In summary, the GNR/rGO hybrids are successfully synthesized by
photochemical method using femtosecond laser pulses. The products
are characterized by absorption spectra, transmission electron micro-
scopy (TEM) images and X-ray photoelectron spectroscopy (XPS). The
results show that the formed GNR are well located on the surface of rGO
sheets and the aspect ratio of GNR can be well controlled by adjusting
the laser ablation time. The photothermal property in the first NIR
window is demonstrated using a CW 808 nm diode laser. The results
show that the GNR/rGO hybrids display an excellent photothermal
conversion property, indicating a potential application in PTT.
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