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Abstract
In this work, enhanced broadband solar spectrum absorption and solar-thermal conversion
efficiency (� 8%) has realized and reported by Au-decorated CuInS2 nanoparticles, namely Au@CIS
NPs. The morphologies, compositions and absorptions were characterized by high resolution
transmission electron microscopy (HR-TEM), UV–vis spectrometer and Finite-Difference Time-
Domain (FDTD) numeric methods. The Au@CIS NPs shows a distinguished absorption perfectly
matching AM1.5 G solar spectrum, compared with pure Au, CIS and CIS–Au mixture nanoparticles
(NPs) owing to near field plasmonic-assisted effect. In addition, the Au@CIS NPs proves its practical
applications on selective distillation in non-polar solvent systems, for which the selective
distillation of methylcyclohexane from toluene as an example was demonstrated. The approach
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can evoke future developments of plasmonic-assisted heterostructure in nanoscale for thermal
solar energy harvesting application.
& 2015 Published by Elsevier Ltd.
Introduction

Nobel nanoparticles (NPs) are featured with its remarkable
optical properties over the last decade, especially for the
capability to serve as an excellent heat receiver irradiated
under a wavelength of light corresponding to its plasmon reso-
nance wavelength, which is called thermoplasmonics [1,2]. The
thermoplasmonics effect can be collectively oscillated as set of
resonances known as surface plasmon where the surface
charges of metal nanostructures are triggered by electromag-
netic waves [3]. The plasmon resonance appeared in a localized
area at the interface between two materials are known as
localized surface plasmon resonances (LSPR). Several metals,
particularly gold (Au), silver (Ag) and cooper (Cu), which have
metal conduction electrons, can coherently trigger the LSPR as
a collective. The NPs heating source in nanoscale has been
feasible at various applications such as nanothermal therap-
ies [4], drug delivery system, [5] photoacoustic imaging, [6]
nanochemistry [7] and plasmonic fluids, [8] opening up broad
disciplines.

However, the intrinsic narrow window of plasmon reso-
nance wavelength from these metal NPs limits its practical
applications. To tackle and broaden absorption ranges of
NPs, hybrid NPs such as Fe3O4/Au, [9] SiO2/Fe2O3–Au, [10]
Au/TiO2, [11] Au/Pd, [12] SiO2/Au, [13–16] Graphene/Au,
[17] Ag/Au, [18] SiO2/Ag [19] and VO2/Au [20] have been
proposed, which provide advantages of equivalent light
absorption by an increase of absorption cross-section com-
pared with the counterpart materials NPs, thereby consum-
ing less volume of metal NPs. In addition, superimposing
functionalities such as magnetic and optical dual properties
can be contributed from hybrid NPs for possible applications
at bio-imaging, [9] thermal ablation of bacterium [9] and
ambient oxygen-free dehydrogenation of aromatic alcohols
by catalytic-thermal plasmonic effect [12]. In order to
efficiently harvest thermal solar energy, pursuing broadband
absorption materials to match solar spectrum is imperative,
which has been applied in the organic photovoltaics [21–23].

Copper indium disulfide (CIS) has been found as an
excellent material to significantly harvest solar energy due
to its direct bandgap, which fits well with the solar
spectrum and high photostability characteristics [24,25].
Its high optical absorption coefficient (104 cm�1 @ 750 nm)
has been demonstrated a great potential as solar harvester.
By combing the CIS with other functional nanomaterials, a
beneficial effect serving the CIS as an efficient sensitizer to
accompany functional materials in order to promote system
performance has been demonstrated [26,27] However, no
light-to-heat demonstration under the practical broadband
solar spectrum was found by using CuInS2 as sensitizer or
illuminated under a narrow spectrum such as laser, restrict-
ing the possible applications to other fields. In this regard,
we develop an ultimate high-absorption material CuInS2 NPs
decorated by gold NPs (Au@CIS NPs), exhibiting a broaden
band perfectly matching the solar absorption spectrum for
the light-to-heat conversion application. The findings indi-
cate that Au NPs was deliberately anchored on the CuInS2,
exhibiting the enhanced plasmonic effect compared with
randomly dispersive of the plasmonic Au NPs. Furthermore,
solar-thermal conversion efficiency for Au@CIS, Au and CIS–
Au mixture NPs were measured. The morphologies, compo-
sitions and absorptions were characterized by series of con-
sistent results from HR-TEM, UV–vis spectrometer and FDTD
numeric methods. Furthermore, the Au@CIS NPs prove its
interesting application on selective distillation in non-polar
solvent systems by harvesting thermal solar energy.
Material and methods

Synthesis of Au nanoparticles

20 mM of Gold(I) chloride (AuCl 99.9%) and 0.4 M of Oley-
lamine (70%) were mixed into a round flask with chloroform
as solvent. After stirring for 3 min, the solution change its
color from yellow to orange–red. Subsequently, the solution
was heated to 60 1C by oil bath with continuous stirring and
then hold for 6 h. Once upon completion of reaction, the Au
nanocrystals were extracted by adding acetone (5 mL)
followed by centrifuge at 10,000 rpm for 10 min. The pre-
cipitate was collected and repeated another extraction
cycle by re-disperse precipitate with methanol (1 mL) and
hexane (0.5 mL). Final precipitates were collected and re-
dispersed in toluene for further analysis and experiments.
Synthesis of CuInS2 nanoparticles

CuInS2 (CIS) nanocrystals (precursor) were synthesized by
vacuum-free chemical method. 12 mL Oleylamine (70%),
0.5 mmol Copper(I) chloride (CuCl 99.995%), 0.5 mmol Indium
(III) chloride (InCl3, 99.999% anhydrous) and 1.0 mmol elemen-
tal sulfur powder (S, 99.998%) were mixed into a tri-neck
beaker in a glove box and then attached to the heating mantle.
The beaker temperature was slowly raised to 130 1C with a
ramp of 2.3 1C/min for 1 h. Subsequently, the temperature was
allowed to increase to 220 1C with an identical slope of
previous stage and held at 220 1C for 1.5 h under vigorous
stirring and argon gas. The beaker was then cooled down to
room temperature (27 1C) by immersing beaker into a cold
water bath. The CIS nanocrystals were extracted by a cen-
trifugation process at 8000 rpm for 10 min by addition of 15 mL
ethanol and 10 mL hexane. After repeating two cycles of
centrifugation step, CIS NPs were precipitated and collected
while the supernatant was discarded. The extracted CIS NPs
were re-dispersed in toluene or stored in ambient condition for
further applications.
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Synthesis of hybrid Au-decorated CuInS2
nanoparticles

Au-decorated CuInS2 NPs was synthesis by serving as synthe-
sized CIS2 NPs as seed. Seed solution was prepared by
introducing CIS2 NPs (946 ppm) into 30 mL of chloroform,
and then allowed to raise temperature to 60 1C at the
increasing rate of 5 1C/min for reflux under vigorous stirring
and held for 10 min. Subsequently, 11.4 mL solution com-
posed of 109 μmol gold(III) chloride trihydrate (HAuCl4 � 3H2O,
99.99%), 3 mL oleylamine (70%) and 8.4 mL chloroform were
injected into the seed solution. Note that the solution
changes its color from light yellow to orange–red when
introducing oleylamine into gold(III) chloride trihydrate,
indicating the formation of AuNPs. The entire system was
hold at 60 1C for 5 h before cooling down to room tempera-
ture. The reaction solution was then purified by adding of
excess ethanol and is subjected to centrifuge at 6000 rpm for
5 min to form the precipitate. After repeating two more
cycle of purification step, the precipitate was collected as
Au-decorated CuInS2 NPs, which can be dispersed in most of
nonpolar solvents such as chloroform, toluene and hexane.
Note that separation of Au@CIS NPs from unreacted Au NPs
can be achieved by adding over amount of Au precursor to
guarantee the complete reaction of the CIS into Au@CIS NPs
at the preparation step. The unreacted Au NPs can simply
purified by centrifugation step due to the significant mass
differences between AuNPs and Au@CIS NPs.
Thermal energy generation by hybrid CuInS2 NPs
systems

Thermal energy generation was conducted by focused sun-
light (a 260 mm� 260 mm Fresnel lens with focal length of
200 mm) or laser beam illuminated onto a 25 mL double
neck flask with immersed thermal couple for real time
temperature monitoring. The hybrid CuInS2 NPs were com-
posed of 7.5 mL Au@CIS NPs (500 ppm) dispersed in the
toluene and the temperature were taken every 10 s until
the boiling point of the toluene is reached. The conversion
efficiencies estimation was taken by calculating the amount
of energy required for elevated system temperature divided
by total irradiance of solar energy within 30 s (i.e. (thermal
energy required for elevated system temperature/solar
irradiance)� 100%). Note that we ignore any loss or absorp-
tion of heat from the imperfect system by simply assuming
that all of solar energy focused by Fresnel lens will be
absorbed by the whole system.
Fig. 1 TEM images and absorption spectra of CuInS2, Au and Au
decorated CuInS2 NPs. (a) CuInS2, (b) Au, (c) Au decorated
CuInS2 NPs, and (d) the corresponding, absorption spectra
Optical images of (e) CIS, (f) Au, (g) mixture of CIS with Au
and (h) Au decorated CIS NPs, respectively. Yellow curve in
insets shows an AM 1.5 G solar spectra as the reference.
Numerical (FDTD simulation)

The finite-difference time-domain (FDTD) simulation was
conducted via FDTD Solutions 8.0 software. A 80� 80 nm2

region with 1 nm meshes in general and 0.1 nm fine
meshes were used to overlap on the Au nanoparticles
and plane waves were used as the source for the calcula-
tion and illuminated from the left. Refractive index of
AuNPs were taken from “Au (Gold)-CRC” default material
database and that of CuInS2 was referred from the report
by Alonso et al. [28].
Measurements and characterization

Morphologies, lattice spacing and elemental compositions
were acquired by high resolution transmission electron micro-
scopy (HRTEM, JEOL, JEM-3000F FEGTEM, 300 kV) equipped
with Energy Dispersive Spectroscopy (EDS by INCA analysis
system, Oxford Instruments). Absorption spectroscopy was
acquired by spectrophotometer (Hitachi, U-4100 UV–visible–
NIR Spectrophotometer), with concentrations of 0.29 g L�1

and 0.51 g L�1 for CuInS2 and Au NPs dispersed in toluene,
respectively. The concentration for CIS–Au mixture has iden-
tical contents, corresponding to the pure NPs samples (i.e.
0.29 g L�1 of CuInS2 and 0.51 g L�1of Au NPs in the mixture).
In order to compare the absorption results of Au decorated
CIS NPs with the mixture, the absorbance of Au decorated CIS
NPs was set equivalent to the mixture at wavelength of
330 nm. Laser was spotted by a diode laser with the wave-
length and power of 808 nm and 30 W, respectively. Solar irra-
diation was conducted under a standard AM 1.5 G solar sim-
ulator (Class AAA Solar Simulator, Newport) with intensity
of 1000 W/m2.

Results and discussion

Figure 1a–c shows typical TEM images of CuInS2, Au and
Au@CIS NPs. Insets show the corresponding HR-TEM images,
with which the corresponding average diameters were listed
in Figure S1. Obviously, the diameters of �25 and �4 nm in
average for CIS and Au NPs can be measured. For the Au@CIS
NPs, Au NPs with the average diameter of �4 nm are
uniformly decorated on the entire surface of CIS NPs. All
NPs diameter in this work were designed to be less than
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50 nm, which is dedicated to convert thermal energy by
absorption of incident light [13]. Compositions of Au@CIS
NPs being 7.1%, 18.7%, 18.1% and 56.1% for Cu, Au, In and S
elements measured from the selected area by the energy
dispersive spectrometer (EDS) were listed in Table S1,
respectively (Figure S2a). Note that the stoichiometry of
Au@CIS NPs are similar to the regular CuInS2, for which the
stoichiometry ratio was found to be 1:1:2 for Cu, In and S,
respectively, indicating an evidence that Au atoms substi-
tutionally replace Cu atoms during the synthesis proce-
dure. Furthermore, lattice spacings of 0.396 and 0.237 nm
revealed by high resolution TEM images are consistent
with (110) and (111) planes of CIS and Au, respectively
(Figure S2b). In addition, the Au@CIS NPs can be easily
purified from other unreacted CIS or Au NPs by simple
centrifuge process. (For detailed process please refer to
Materials and Method section). Moreover, we found that the
compact Au@CIS NPs exhibits the better stability than CIS–
Au mixtures due to the solution system containing single
phase rather than dual phases. Figure 1d shows absorbance
spectra for CIS, Au, CIS–Au mixture and Au@CIS NPs,
respectively, with which the concentration of 0.29 g L�1

and 0.51 g L�1 for the CIS and the Au were dispersed in
toluene and the CIS–Au mixture has identical concentration
with individual pure NPs (i.e. 0.29 g L�1 of CIS and 0.51 g
L�1 of Au NPs in the mixture). In order to compare the
absorption enhancement between the CIS–Au mixture and
the Au@CIS NPs, the Au@CIS NPs concentrations were
equivalently set to absorbance intensity of the CIS–Au
mixture NPs at the wavelength of 330 nm, the highest
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intensify peak of the CIS–Au mixture. Obviously, the corre-
sponding regular broad plasmon resonance peak at
�525 nm attributed to Au NPs can be measured, which
agrees with the literature report (Green curve in Figure 1d).
[29] For CIS NPs, the board band absorption ranging from
400 to 800 nm can be measured and for CIS–Au mixture,
minor enhancement from the plasmon resonance character-
istic peak at visible light ranges can be achieved, which is
superimposed by resonance characteristic peaks of Au and
CIS together (Red curve in Figure 1d). On the contrary, for
Au@CIS NPs, an obvious broadband absorption perfectly
matching the solar spectrum (yellow curve in Figure 1d)
can be found (Blue curve in Figure 1d).

To prove the enhanced absorption mechanism achieved by
Au@CIS NPs compared with other hybrid NPs, 2D Finite-
Difference Time-Domain (FDTD) simulation was conducted to
predict the ideal absorbance spectra as the function of the
solar wavelengths from 300 to 800 nm as shown in Figure 2a
and b. Since visible light covers most of solar spectrum,
intensity should be counted for evaluation of harvesting solar
irradiation. Note that for both pristine CIS and Au NPs, the
absorption shows single wave pattern. However, CIS–Au
mixture and Au@CIS NPs present multiple absorption beha-
viors. Especially, for Au@CIS NPs, broaden and plateau-like
absorption spectra proves the enhanced absorption at visible
solar wavelengths around 550–800 nm, which can be observed
by the calculated enhancement factor. To shed light on
enhanced absorption by the Au@CIS NPs, the enhancement
factor (FAbs) defined by the absorbance ratio of the Au@CIS
NPs to the CIS–Au mixture (i.e. AbsAu@CIS/AbsCIS–Au mixture) was
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Fig. 3 Thermal energy generation by hybrid CuInS2 NPs
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by (a) laser and (b) AM 1.5 G solar spectrum. (c) conversion
efficiencies under AM 1.5 G irradiation.

Y.-T. Yen et al.474
plotted as the function of wavelengths in Figure 2b. Further-
more, we further choose 2D electromagnetic(EM) field(|E|2)
spatial distribution at 800 nm for CIS, Au, CIS–Au mixture and
Au@CIS NPs in the toluene as medium as shown in Figure 2c–f,
respectively. Both materials were further fitted into multi-
coefficient models, with which the dielectric constant of
toluene (1.497) was used as the background. To avoid
boundary absorption effect, periodic boundaries were
employed for the y dimension and perfectly matched layer
(PML) for the x dimension. Obviously, the EM response under
the visible light clearly shows the surrounding strong loca-
lized field for Au@CIS NPs. Intensity of these “hot spots” for
Au@CIS NPs is significantly stronger than that of CIS, Au and
CIS–Au mixture NPs. The results indicate that the calculated
absorbance spectra match well with the experiments results.
Especially, as the loading ratios by surface area of Au to CIS
NPs increase from 6.4% to 50.9%, the absorption capability at
visible region evidently become broader (Figure S3) while no
broaden absorption but only characteristic of plasmon reso-
nance peak was observed by simply mixing of Au and CIS2 NPs
(Figures S4 and S5 ). The broadband enhancement of the light
absorption in the Au@CIS NPs could be contributed by
induced charge transfer and the higher refractive indices
than its surrounding toluene medium because of the over-
lapping of electronic states from hybrid nanocomponents of
metal-semiconductors [30,31]. It has reported that the red-
shift of plasmon peak can be observed by electron deficiency
hybridization of Au–Fe3O4 dumbbell structures due to charge
variation [32] and more significant shift of peak can be also
observed on hybridization of high refractive index Fe3O4

domain with Au [33]. Shape/size variation of metal nano-
particles could also be a possible factor, leading to shift of
resonation peaks [34]. However, in our case, the limited
changes on Au particles size would not result in such large
peak shift to the broadband absorption enhancement from
the 600 to 800 nm. Therefore, we believe that the broadband
absorption of the Au@CIS NPs is most likely the charge
transfer between Au and CIS owing to the hybridization of
electron deficiency of Au combined with high refractive
index of CIS (�2.7) [35]. This is why the broaden absorption
spectrum created by Au@CIS NPs cannot be reproduced by
simple mixture of linear combination with CIS and Au NPs.

Photothermal effect, namely thermal energy generation,
triggered by plasmon resonance using colloidal NPs has been
attracted much attention when the electromagnetic wave
frequency coherently meets with the collective resonance
of colloidal NPs. The mechanism of thermal energy genera-
tion can be due to strong interaction between electromag-
netic wave and mobile carriers inside the NPs, resulting in
energy gained by thermal heating effect via phonon scatting
between electrons and NPs. Subsequently, thermal energy
diffuses away from the NPs to surrounding medium, leading
to the elevated temperature in the whole system. Note that
the heating effect is especially stronger for metal NPs in the
regime of plasmon resonance because of many mobile
electrons. Thus, the total amount of the thermal energy
can be estimated in a relatively simple way as the total
optical absorption rate due to a very low optical quantum
yield [36,37]. These statements were evidenced by thermal
heating experiments for well-dispersed Au, CIS, CIS–Au
mixture and Au@CIS NPs in a typical nonpolar solvent such
as toluene illuminated by an monochromatic light (laser
diode) with a wavelength of 808 nm as shown in Figure 3a,
for which the pure toluene was used as a control reference
and the corresponding experimental setup is shown in inset.
Obviously, no elevated temperature can be found for the
pure toluene and Au NPs in the toluene solvent due to
intrinsic absence of absorption capability at the wavelength
of 808 nm. However, distinct thermal heating effect can be
found from heat dissipation by CIS NPs due to absorption of
laser light through an interband absorption process by the
creation of mobile electrons and holes (exciton) in CIS NPs,
leading to the elevated temperature of the whole system
reaching to �100 1C after the illuminating time of �500 s.
After mixture of Au with CIS NPs (CIS–Au mixture case), the
heat dissipation through CIS to the toluene solvent can be
further enhanced by metallic Au NPs, resulting in the faster
heating rate to reach �100 1C within �450 s. Interestingly,
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the distinctly enhanced light absorption at the wavelength
of 808 nm for Au@CIS NPs case can be achieved with the
temperature of the toluene solvent reaching to �110 1C
(Solvent boiling point of toluene, B.P.) within �430 s.
Furthermore, the feasibility of thermal heating experiments
utilizing the solar energy for the non-polar solvent system
was also performed under the solar irradiation with AM
1.5 G as shown in Figure 3b whose the experimental setup is
shown in inset. Obviously, the thermal heating effect
quickly responses to all samples at early stage within 30 s.
However, differentiation of thermal heating rates can be
distinctly observed with the thermal heating orders of
Au@CIS4CIS–Au mixture4CIS4Au after the solar irradia-
tion of 30 s. The remarkable result for reaching the boiling
point of solvent is less than 200 s for Au@CIS NPs. We
believe that the faster heating rate are attributed to the
interplay between light scattering and the near-field plas-
monic effect of anchored metallic Au on the CIS NPs
surface, which triggers the near-field plasmonic effect by
the fixed distance. In addition, the conversion efficiency
was roughly evaluated as shown in Figure 3c with �8.1% for
the Au@CIS NPs, �7.8% for CIS–Au mixture, �7.7% for CIS
and �6.6% for Au NPs, respectively, by the thermal energy
to the elevated temperature divided by the solar irradiation
while ignoring any imperfect heat loss from apparatus or
system (For details please refer to the Materials and Method
section). We believe that the system performance can be
improved with further development by minimizing heat loss
and become more adaptable to the practical applications.

Owing to the localized hot spots surrounded to all well-
dispersed Au@CIS NPs, which beneficially broaden the
absorption spectra, leading to the locally generated thermal
heating, Au@CIS NPs can further be utilized to select the
favor solvent by anchoring the non-polar ligand on Au@CIS
NPs. It gives Au@CIS NPs the potential to selectively heat
the polarity solvent for separation application in similar
solvents. To realize this concept, separation of methylcy-
clohexane (MCH) from toluene via selective heating process
by Au@CIS NPs anchored by a non-polar oleylamine ligand
under AM 1.5 G irradiation was demonstrated as shown in
Figure 4 where the mole fractions of the MCH were meas-
ured in vapor and in liquid solutions from 0 to 1 with a step
of 0.05, respectively. The generated vapor was directly
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Fig. 4 Distillation of methylcyclohexane with toluene utilize
Au decorated CuInS2 NPs. Inset shows the apparatus set up for
distillation.
channeled into the condenser without experiencing any
fractional column. Thermal heating source was applied by
solar simulator with focusing Fresnel lens as the fluid heating
step. Each mole fraction of MCH from the final distillate was
identified by calibrating curves (Figure S6) after three
independent replicates to avoid possible deviations of results.
Note that the conventional separation of the MCH from the
toluene by distillation approach was also plotted as reference
in Figure 4 [38]. Obviously, after adding of Au@CIS NPs, the
separation yield of the MCH is higher than that of the regular
distillation process in the most of mole fraction cases. The
enhanced selectivity can be attributed to the natural solvent
polarity to the surrounded non-polar oleylamine ligand on
Au@CIS NPs, for which polarity can be referred to the
normalized empirical parameter (ENT ) [39] as the polarity
magnitude is in the decreasing order of toluene and cyclo-
hexane (i.e. cyclohexane is less polar than toluene). The
oleylamine ligand on the Au@CIS NPs can be decomposed into
octadecene, which is a long-alkyl chain molecule with very
low polarity [40]. It makes the MCH bonded with the Au@CIS
NPs due the similar polarity rather than toluene by formation
of dipole interactions. As a result, the MCH can receive much
higher thermal energy than that of the toluene from the
localized hot spots surrounding to the Au@CIS NPs, which
explain the high mole faction in vapor, leading to the
selective distillation. Moreover, the high surface area of
nanoparticles also a benefit for the improved distillation yield
[41]. On the other hand, the convection flow during the
heating process occurs simultaneously, [1] which impede the
NPs to adhere to the less polarity solvent from its full
potential might deteriorate the distillation performance. We
believe that the selective distillation by solar energy achieved
by non-polar solvent systems can open up a possible oppor-
tunity to efficiently make distillation without electricity
supply becoming possible in remote regions. The concept of
the study can also be applied into non-polar solvent heating/
distillation systems to reserve energy consumptions and pro-
vide opportunities toward developments of plasmonic-assi-
sted heterostructure nanoparticles utilizing thermal solar
energy. Further investigation toward solar energy harvesting
such as water/molecular splitting, photocatalysis and sterili-
zation by highly absorptive complex plasmonic-assisted nano-
particles can be highly expected.
Conclusions

In summary, we have developed Au decorated CuInS2 nano-
particles (Au@CIS NPs) for the light-to-heat conversion appli-
cation with the ultimate high and broaden band solar
absorption characters. The morphologies, compositions and
absorption spectra of Au@CIS NPs were characterized by
series of consistent results from HR-TEM, UV–vis spectrometer
and FDTD numeric methods, respectively. Furthermore,
enhanced broadband solar spectra and solar-thermal conver-
sion efficiency reaching to �8.1% have been measured. In
addition, selective distillation between methylcyclohexane
from toluene by the Au@CIS NPs was demonstrated. In the
future, imperfect light to heat conversion performance
should emphasized more by the optimization of morphologies
and distributed concentrations of hybrid heternanostructures
to further tailor perfomance in a controllable manner. The
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concept of the decorated NPs in this work can be applied into
non-polar solvent heating/distillation systems and provides
opportunities toward development of other metal nanodo-
main onto semiconductor nanocrystal to form versatile
functional heternanostructures. Furthermore, investigation
toward solar energy harvesting such as water/molecular
splitting, photocatalysis and sterilization by highly absorptive
complex plasmonic-assisted nanoparticles can be realized.
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