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We report a facile and green aqueous chemical approach to one-pot fabricate Cu, ,Se/rGO
nanocomposites at room temperature, with tunable plasmonic properties as well as favorable
biocompatibility, and further exploit them as efficient dark-field light scattering probes for cancer

cell imaging in vitro.
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www.rsc.org/ A facile aqueous chemical approach is developed for one-pot synthesis of the nanocomposites
of heavily doped semiconductor nanoparticles (Cu,,Se NPs) and reduced graphene oxide
(rGO) at room temperature, wherein the reduction of GO and the in situ growth of Cu, (Se NPs
on rGO sheets occur simultaneously. The as-prepared Cu,.,Se/rGO nanocomposites exhibit a
well-defined near-infrared (NIR) localized surface plasmon resonance (LSPR), which arises
from free carriers (holes) and could be tuned from 1360 to 1050 nm by varying the reaction
time, owing to the increase of the free carriers density in the valence band of Cu,_Se NPs. This
approach not only offers an efficient strategy to synthesize the self-doped Cu,,Se/rGO
nanocomposites with strong and tunable NIR absorption, but also develops new light scattering
nanoprobes with good biocompatibility as well as unique optical properties for in vitro cellular
dark-field microscopic imaging (iDFM).

Introduction material properties in one nanosystem and exhibit more
excellent performance than the individual one. Hu et al
designed sub-10 nm Fe;04@Cu,S core-shell NPs as ideal

multifunctional probes for MRI imaging, infrared thermal

Copper chalcogenides (i.e., Cu,,S, Cu,,Se and Cu,,Te) have

attracted much interest and have been applied in a wide range

1, 2

of fields, including electronics, optoelectronic devices,’”

imaging, and photothermal therapy.”® Swihart er al. synthesized
Au-Cu,_,Se heterodimer NPs and utilized the LSPR in Au-Cu,._
xSe NPs for both deep tissue photoacoustic imaging in vivo and

batteries,® catalysis” ® and chemical sensing,” '* due to their
special eletrical and optical properties. Interestingly, copper
chalcogenides exhibit a well-defined localized surface plasmon
resonance (LSPR) in the near-infrared (NIR) region,''° which

is generally associated with metal nanostructures, and has
22

dark field optical imaging in vitro.*’
It’s worth noting that copper sulfide/reduced graphene oxide
hybrids have captured considerable attention owing to their

30,31 sensors”’ 33

recently been applied in photoacoustic imaging”" and

potential applications in optoelectronic devices,

17,23-25 : . 2%
photothermal therapy. Opposite to the LSPR in metals, and catalysts.”* Graphene, a sp>hybrid carbon atom sheet, has

which is attributed to the collective oscillation of free electrons, been an attractive scaffold for anchoring nanoparticles to form

the NIR LSPR in these heavily doped copper chalcogenides hybrid materials with improved properties,’> due to its large
good biocompatibility,

conductivity and ultrafast heterogeneous electron-transfer rate.

arises from free carriers (holes) provided by cation vacancies,

surface area, superior electrical

which are generated via oxidation in nonstoichiometric copper

chalcogenides. Intriguingly, the plasmonic absorption of copper However, these reports concerning copper sulfide/reduced

chalcogenides can be dynamically tuned by altering the free graphene oxide nanocomposites don’t involve in the studies on

carriers density, carried out by varying their size, geometry,

phase and morphology, '>'7?7

and could be further explored in
rich energy- and plasmonic-related applications. Meanwhile,
some efforts have been invested in the study of copper
chalcogenides-based hybrid nanoparticles (NPs), an interesting

class of colloidal nanostructures, which combine different

This journal is © The Royal Society of Chemistry 2013

the NIR LSPR absorption, although copper sulfide with strong
NIR LSPR has been successfully developed in photoacoustic
imaging®' and photothermal therapy.”* *°

It is easy to understand that the working route to prepare
copper chalcogenides will exert strong effects on their further

assembly into the hybrids of copper chalcogenide/reduced

J. Name., 2013, 00, 1-3 | 1
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graphene oxide. Up to now, copper selenides have been usually

synthesized through an oil-phase, high-temperature and

complicated procedure, even under the protection of N, or Ar

atmosphere.'

These hydrophobic products may greatly
restrict their potential applications in vitro or in vivo. Although
hydrophobic NPs could be intelligently dispersed in aqueous
media by encapsulating with amphiphilic polymers to form

very stable micelles in water,”>**

they are in reality constrained
by the undesirable surface modification and consequent size
increase of NPs. Therefore, new available water-phase methods
for synthesizing hydrophilic copper selenides or their hybrids
with excellent performance are urgently expected.

Herein, we report a facile aqueous chemical approach at
room temperature for one-pot synthesis of Cu,,Se/reduced
graphene oxide (Cu,.Se/rGO) nanocomposites with an intense
well-defined NIR LSPR, during which the reduction of GO and
the in situ growth of Cu,,Se NPs on rGO sheets occur
simultaneously. With the introduction of ascorbic acid (AA), a
green natural product, which serves not only as a mild reducing
agent, but also as a capping reagent, individual Cu,_,Se NPs are
uniformly decorated on the rGO sheets without apparent
aggregation. A possible growth mechanism for Cu,,Se/rGO
nanocomposites is proposed by analyzing the time evolution of
their optical absorption spectra. Owing to the nonstoichimetric
composition of cubic Cu,,Se NPs decorated on rGO, Cu,.
Se/rGO nanocomposites present the LSPR band in the NIR
region, which could be well-tuned from 1360 to 1050 nm by
adjusting the density of free carriers (holes) through the
reaction time, with the preservation of the crystal phase and
morphology of Cu,,Se NPs. Furthermore, the as-prepared Cu,.
x3e/rGO nanocomposites exhibit good biocompatibility as well
as unique dark-field light scattering properties, and are well
applied as efficient probes for cellular dark-field microscopic
imaging (iDFM) in vitro.

Results and discussion

Preparation and characterization of Cu,_,Se/rGO
nanocomposites.

Cubic Cu,,Se/rGO nanocomposites with high purity were
firstly prepared by a green and facile aqueous chemical route at
room temperature, which can precisely control the reaction
microenvironment and the growth orientation of Cu,,Se NPs.
In Cu,Se/rGO nanocomposites, the rGO sheets act as flexible
two-dimensional supports for anchoring Cu,_Se NPs. SEM and
TEM images of the nanocomposites show that individual
spherical Cu,Se NPs are uniformly and randomly decorated
on the surface of rGO sheets or are enwrapped in rGO sheets
without apparent aggregation (Fig. 1). Moreover, neither
unassembled NPs nor free rGO sheets could be observed,
indicating a high assembly efficiency of Cu,,Se NPs. High-
resolution TEM (HRTEM) image (Fig. 1D) shows that the

lattice fringes have an interlayer distance of 0.22 nm,

corresponding to the (220) plane of cubic Cu,,Se’* *

Furthermore, the HRTEM result indicates these NPs are single

2| J. Name., 2012, 00, 1-3
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Fig. 1. Characterization of the as-prepared Cu,,Se/rGO nanocomposites. (A)
SEM, (B) magnified SEM, (C) TEM and (D) HRTEM images of Cu,,Se/rGO
nanocomposites. The inset in (D) shows the SAED pattern of Cu,,Se/rGO
nanocomposites.

crystals. The diffraction pattern in selected area electron
diffraction (SAED) of Cu,,Se/rGO nanocomposites (inset of
Fig. 1D) exhibits sharp diffraction rings assigning to the
specific crystalline planes of Cu,_,Se NPs and rGO.

The average size of Cu,,Se NPs is about 53 nm with size
distribution of 33-73 nm (Fig. S1), that is consistent with that of
pure Cu,,Se NPs (Fig. S2). The atomic force microscopy
(AFM) images (Fig. S3) also provide the diameter of Cu,_,Se
NPs and the thickness of rGO. The energy dispersive X-ray
spectroscopy (EDX) analysis (Fig. S4) confirms the presence of
Cu, Se, C and O elements, and the Cu/Se atomic ratio is about
1.33 (x=0.67), suggesting a high copper vacancy in Cu,_,Se
NPs.® The oxygen content in the as-prepared Cu,,Se/rGO
nanocomposites is quite low due to the reduction of GO.
Notably, different assembly densities of Cu,,Se NPs on rGO
sheets can be controllably obtained by changing the amount of
GO (Fig. S5).

Fig. 2A shows the XRD patterns of the GO and Cu,_Se/rGO
nanocomposites. It is found that pristine GO (Fig. 2A, black
curve) exhibits a strong crystalline peak at 11.3°, corresponding
to the (002) interplanar spacing of GO. For Cu,,Se/rGO
nanocomposites (Fig. 2A, red curve), the characteristic peak of
GO disappeared, suggesting the reduction of GO.** The new
diffraction peaks at 27.0°, 31.0°, 45.0°, 53.3°, 65.6°, 72.1°,
83.0° are consistent with the (111), (200), (220), (311), (400),
(331) and (422) planes of cubic phase Cu,_,Se, respectively.”*
No desirable characteristic peaks are observed for impurities,
the Cu,Se with high
crystallinity. Furthermore, the absence of the diffraction peak of
rGO (d-spacing 3.7 A at 20 = 24.0°) suggests the regular stacks
of GO are exfoliated,’” and Cu,,Se NPs anchored on rGO

34,41

indicating formation of cubic

sheets prevents the further agglomeration of rGO sheets.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2. Crystal structure and value state of Cu,,Se decorated on rGO sheets. (A)
XRD patterns of GO and Cu,,Se/rGO nanocomposites. Typical XPS spectra of Cu,.
,Se/rGO nanocomposites: (B) survey spectrum, (C) Cu 2p region XPS spectrum,
(D) Se 3d region XPS spectrum.

Crucial information on the chemical composition and
valence state could be acquired from XPS analysis. The typical
survey of XPS spectra (Fig. 2B) clearly shows the peaks of Cu
2p, Se 3d, C 1s and O 1s. The C 1s and O 1s peaks mainly
come from rGO.** Fig. 2C shows the binding energies of Cu
2p;3, and Cu 2p;, at 932.4 and 952.5 eV, in agreement with
typical values for Cu” in Cu,,Se."" * * The Cu 2p peak has a
satellite line at 940 - 945 eV due to Cu (II)."" * The binding
energy for Se 3d is 54.7 eV (Fig. 2D), which is representative
of lattice Se*." * % The small peak at 58.9 eV points to an
oxidation state of Se (possibly SeO,)." * The Cls spectrum of
Cu,_,Se/rGO nanocomposites could be divided into three peaks
at 284.8, 286.9, and 288.5 eV (Fig. S6), which are associated
with C-C, C-O (epoxy and alkoxy) and C=O (carbonyl),
respectively.” Compared with Cls spectra of GO reported in
the literature,*> ** the dramatic decreases of peak intensities of
oxygen functional groups in the C 1s XPS spectrum confirms
that GO has been converted to graphene.

Fig. 3A shows the FTIR spectra of GO and Cu,,Se/rGO
nanocomposites. The oxygen-containing functional groups of
GO afford bands at 3430, 1728, 1385 and 1080 cm™', which are
associated with the -OH vibration, the C=0O stretching vibration,
the C-O-H deformation and the alkoxy C-O stretching
vibration peaks, respectively.*” The peak at 1631 cm™' (aromatic
C=C) can be assigned to the skeletal vibrations of unoxidized
graphite domains.** ** In the spectrum of Cu,,Se/rGO
nanocomposites, the difference from that of GO is evidenced by
the entire disappearance of the C=O stretching vibration peak
and the dramatic decreases of other oxygen-containing
functional groups peaks, which confirm that most oxygen
functionalities have been removed and GO has been effectively
reduced (also seen in the TGA and DTG curves of Cu,_,Se/rGO
nanocomposites, Fig. S7).*

Raman spectroscopy was further performed to characterize
GO and Cu,_,Se/rGO nanocomposites. Fig. 3B shows both GO

This journal is © The Royal Society of Chemistry 2012
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Fig. 3. Confirmation of the reduction of GO and the formation of Cu,.,Se/rGO
nanocomposites. (A) FTIR spectra and (B) Raman spectra of GO and Cu,.,Se/rGO
nanocomposites. (C) Dynamic light scattering (DLS) and (D) I-potential
measurements of GO and Cu,.,Se/rGO nanocomposites.

and Cu,,Se/rGO nanocomposites exhibit two characteristic
main peaks: the D band at 1358 cm™', arising from a breathing
mode of k-point photons of A;, symmetry; the G band at 1589
cm ', arising from the first order scattering of the E,, phonon of
sp? C atoms.”” Compared with GO, the value of Ip/l; slightly
increases for Cu,_Se/rGO nanocomposites, revealing a change
in the electronic conjugation state during the reduction process
of GO. ¥

For better elucidating the in situ synthesis of Cu,.,Se/rGO
nanocomposites, dynamic light scattering (DLS) and {-potential
measurements were performed. As shown in Fig. 3C, GO has
the main size distribution of 274.9 nm, while Cu,.,Se/rGO
nanocomposites have the main size distribution of 852.4 nm,
respectively. Both GO and Cu,,Se/rGO nanocomposites
exhibit a pure size distribution and almost no unconsidered size
distribution emerges (Fig. S8). The obvious changes of size
distributions confirm the successful synthesis of Cu,.Se/rGO
nanocomposites.

Fig. 3D shows that pure GO possesses a {-potential of -57.4
mV, and the value slightly increases to -40.6 mV for Cu,.
Se/rGO nanocomposites (Fig. S9), respectively. Interestingly,
H,SeO; possesses a {-potential of 36.6 mV (Fig. 3D), relatively
high positive charge, so H,SeO; could combine to GO sheets
through molecular electrostatic attraction. H,SeO3 was reduced
to Se NPs by AA, thus Se NPs were formed on GO sheets in
situ (Se/GO nanocomposites).”> When both CuSO, and AA
added, Cu®" could be reduced to Cu’ via AA, resulting in the
diffusion of Cu" into the surface of Se NPs and catalyzing the
disproportion of Se” to Se*" and Se*.*° Cu" reacted with Se”” to
produced Cu,Se NPs on GO sheets in situ (Cu,Se/GO
nanocomposites). On exposure to air, stoichiometric Cu,Se was
oxidized to more thermodynamically stable nonstoichiometric
Cu,.,Se, with an intense NIR absorption.l‘ 1 Meanwhile, the
reduction of GO was performed in the aqueous solution,

J. Name., 2012, 00, 1-3 | 3
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Scheme 1. Simplified experimental procedure for the synthesis of Cu,.,Se/rGO nanocomposites. During the growth, the products present the time evolution of the
NIR absorption spectra (bottom), which is a LSPR in Cu,,Se/rGO nanocomposites finally.

thereby generating Cu, ,Se/rGO nanocomposites (Fig. S10).
The growth process can be further understood by investigating
the time-dependent NIR absorption evolution of the
intermediate products at different intervals of time (Scheme 1).

NIR LSPR in Cu,_,Se/rGO nanocomposites.

GO has two UV-vis absorption bands centered at 227 and 300
nm, and no distinct absorption in the NIR region (Fig. S11).
After the formation of Cu,_,Se/rGO nanocomposites, however,
the two UV-vis absorption bands of GO have been disappeared
and a new absorption peak shows up around 238 nm, which
comes from rGO.** Another visible band appears at 470 nm in
Cu,_Se/rGO nanocomposites, and a NIR absorption exhibits an
intense peak at 1050 nm, compared with GO.

By comparing the absorption of both Cu,,Se/rGO
nanocomposites and pure Cu,_,Se NPs (Fig. 4A), it is obvious
that the absorption above 400 nm, especially in the NIR region,
is attributed to Cu,,Se NPs since rGO exhibits negligible
absorption in this region (Fig. S12), while the visible absorption
between 400 and 600 nm should be assigned to the direct band
gap transition of Cu,,Se NPs and the NIR absorption to a
surface plasmon resonance.'> ** The as-prepared Cu,.,Se/rGO
nanocomposites have a high copper vacancy in Cu,.Se NPs

This journal is © The Royal Society of Chemistry 2013

and the high concentration of free carrier (holes) leads to a
strong LSPR in the NIR region.'*

To further expound the LSPR behavior of Cu,,Se/rGO
nanocomposites in the NIR region, we studied the effect of the
solvent medium on the absorption band position. The first
refractive index sensing experiment was performed with
dispersing the nanocomposites in three organic solvents (polar

16l A ——Cu, Se
—— Cu,,SelrGO
12}F
1050
2 08t 8
< <
Refractive index
041 — acetone (1.3588)
—— DMF (1.4269)
—— DMSO (1.4783)
0.0+
400 600 800 1000 1200 500 750 1000 1250

Wavelength (nm)
Fig. 4. LSPR feature of Cu,.,Se/rGO nanocomposites. (A) LSPR of pure Cu,,Se NPs
and Cu,.,Se/rGO nanocomposites (The intensity of the absorbance peak centered
at 1050 nm was normalized). (B) Cu,..Se/rGO nanocomposites dispersed in three
different solvents: acetone, DMF, DMSO, with refractive indices of 1.3588,
1.4269, and 1.4783, respectively. The inset shows the red-shift in the LSPR
maximum with increasing refractive index of the solvent. From the inset, the
LSPR sensitivity is estimated to be ~326 nm/RIU, which is slightly higher than
values for the silver NPs arrays that are commonly used for LSPR sensing.47

Wavelength (nm)

J. Name., 2013, 00, 1-3 | 4
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aprotic solvents): acetone, DMF, DMSO, with refractive
indices of 1.3588, 1.4269, and 1.4783, respectively. The NIR
absorption band red-shifts with increasing solvent refractive
index (Fig. 4B), as expected from an LSPR feature.” '* '* This
magnitude of spectral shift can also be found in alcohols (polar
protic solvents, Fig. S13).

Tunable properties of the NIR LSPR in Cu,,Se/rGO
nanocomposites.

With increasing reaction time, the vis-NIR absorption spectra
(above 400 nm) of Cu,,Se/rGO nanocomposites change
gradually. For 2 min, the nanocomposites are characterized
with low intensity visible absorption and negligible NIR LSPR
absorption, around 1360 nm (black curve in Fig. 5A), a typical
feature of Cu,Se, i.c., x = 0.'* As the reaction proceeds, air
exposure leads to the development of a NIR band in Cu,.
«3e/rGO nanocomposites that gradually gains intensity and
blue-shifts, down to 1050 nm (Fig. 5A). Upon reaction we also
observed that the intensity of the direct band gap transition
below 600 nm for Cu,,Se/rGO nanocomposites decreases,
likely affecting excitonic transitions in Cu,Se NPs."

The XRD patterns displayed in Fig. 5B indicate that the
crystal structures of Cu,_,Se/rGO nanocomposites with different
reaction time were both cubic. All peaks could be assigned,
suggesting that no crystalline impurities are present during the
air exposure.]3 The main peaks at 27.0°, 45.0°, and 53.3°
slightly shift to higher 20 angles indicating a decrease in the
lattice parameters as the reaction proceeds.'" " In both cases,
SEM images confirm that Cu,,Se NPs preserve their original
shape and size during reaction (Fig. S14).

The LSPR frequency depends on the free carrier density in
Cu,_,Se/rGO nanocomposites. On exposure to air, cationic Cu
expelled from the crystal lattice to the surface of the NPs
(presumably formed a thin CuO layer or remained bound to the
surface), creating cation vacancies in the lattice without altering
the actual structure.'® '* The cation vacancies are responsible
for the formation of free -carriers (holes) in the
nonstoichiometric NPs, while the lattice remains practically
unperturbed, as the crystal symmetry does not change. '* This is
why the crystal structures of Cu,_Se/rGO nanocomposites were

A Cu,, Se/rGO B Cu,,Se/rGO
x=0.67 _
E
s
2 z
< @
! 2
time 2
Moot b
L L L ‘x=0 L L L L L L L \xzo
500 750 1000 1250 10 20 30 40 50 60 70 80 90

Wavelength (nm) 26 (degree)

Fig. 5. Optical absorption and crystal structure of Cu,,Se/rGO nanocomposites
during reaction. (A) Time evolution of the vis-NIR absorption spectra of Cu,.
xSe/rGO nanocomposites synthesized for 2 min, 5 min, 10 min, 1 h, 4 h, 7 h, and
10 h, respectively. With increasing reaction time, x gradually increases, from x =
0 (black curve) to x = 0.67 (violet curve). (B) XRD patterns of Cu,,Se/rGO
nanocomposites shown in (A) during the reaction process. From the black to the
violet curve, the patterns are recorded for 2 min (x = 0, black curve), 1h (x = 0.39,
red curve), 10h (x = 0.67, violet curve) of reaction process.

This journal is © The Royal Society of Chemistry 2012

both cubic during the reaction process. An increasing density of
cation vacancies (free carriers in the valence band of NPs) is
generated with the time of air exposure increasing.'” '* This
leads to a high free carrier absorption in the NIR region. A high
concentration of free carriers in the NPs, localized in a confined
space, undergoes collective oscillations when excited with an
electromagnetic field of appropriate frequency, giving rise to a
LSPR band in Cu,Se NPs. The NIR band progressively gains
intensity and blue-shifts with increasing free carrier density,

12, 14

expected for an LSPR behavior.

In vitro iDFM of Cu,,Se/rGO nanocomposites on cancer
cells.

Resonance light scattering features from noble metal NPs are
specific and many fascinating applications of light scattering
have been reported in nanoalloys growth and cell imaging,**-**
and it is interesting that carbon nanomaterials can enhance the
light scattering imaging efficiency.” In such case, herein we
further make efforts to investigate the light scattering properties
of Cu,,Se/rGO nanocomposites for the first time, and apply
them as optical probes for cellular imaging under dark field
microscopy.

Cu,_Se/rGO nanocomposites show an intense light scattering
peak located at 470 nm in the blue region, and the light
scattering intensity is much strong compared with Cu,_Se NPs
(Fig. S15). From dark-field light scattering images, we can see
that pure GO cannot supply any effective optical signals and
hard to be observed under a dark-field scattering microscopy,
while individual Cu,_,Se NPs scatter weak blue light (Fig. S16).
For Cu,_Se/rGO nanocomposites, the assembled Cu,,Se NPs
likely dress an optically visible ‘‘coat’ on the rGO sheets and
provide optical signals for illuminating rGO in optical imaging
systems, demonstrating the prepared nanocomposites could be
potentially used as biocompatible agents for in vivo imaging
and cargo transporting.”” It is worthwhile mentioning that such
nanocomposites exhibit exciting mutual properties that are

100} — _
sol —

9

> 60f

3

Y

> 40}t

()

(@)
20 +

control 0.1 0.5 1 5 10 25 50 100
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Fig. 6. Cell viabilities estimated by the CCK-8 test versus incubation different
concentration (0-100 pg/mL) of Cu,,Se/rGO nanocomposites in HEp-2 cells at 37
°‘C for 24 h.
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Fig. 7. In vitro dark-field light scattering images of HEp-2 cells (A) and after
interacting with GO (B), Cu,,Se NPs (C), and Cu,,Se/rGO nanocomposites (D).
(Scale bar = 10um; 40x objective lens).

significantly different from those of the individual ones, such as
the brighter scattering light from the assembled Cu,_,Se NPs on
rGO sheets, and the visible profile of rGO through Cu,_Se
NPs’ decoration.”” !

The favorable biocompatibility of graphene makes Cu,.
x3e/rGO nanocomposites possibly suitable for bioapplication to
detected for Cu,.,Se/rGO

nanocomposites even for concentration as high as 100 pg/mL

cells. Low cytotoxicity is
(Fig. 6), demonstrating good biocompatibility of the as-
prepared nanocomposites. Cu,Se/rGO nanocomposites were
then interacted with HEp-2 cells for in vitro imaging using
dark-field scattering microscopy. In most cases, Cu,_,Se/rGO
nanocomposites bind on the cell membrane and present strong
blue dark-field scattering light (Fig. 7D), while the cells treated
with GO or Cu,_,Se NPs emit yellow-green light from cells or
blue Ilight (Fig. 7B and C). So, Cu,,Se/rGO
nanocomposites with excellent affinity and biocompatibility

faint

could potentially be used for cell imaging in vivo.

What’s more, anchoring Cu,,Se NPs on rGO sheets, Cu,.
x3e/rGO nanocomposites exhibit an enhanced photothermal
effect induced by NIR irradiation. Interestingly, the temperature
of Cu,_,Se/rGO aqueous solution (100 ug/mL) can be increased
by 19.9 ‘C within 240 s NIR irradiation, compared with the
temperature of pure water, GO and Cu,,Se solution is only
increased by 1.2 C, 3.4 °C and 12.1 C, respectively (Fig. S17).
These data suggest that Cu,,Se/rGO nanocomposites can
rapidly and efficiently convert the NIR laser energy into
thermal energy, and further be potentially used for drug
delivery and cancer therapy.

Conclusions

In this work, we have demonstrated a facile and green aqueous
chemical method for the synthesis of highly self-doped Cu,.
Se/rGO nanocomposites with a well-defined NIR LSPR at
room-temperature, for the first time. GO was simultaneously

6 | J. Name., 2012, 00, 1-3
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reduced to rGO during the in-situ growth of Cu,_Se NPs on the
rGO sheets with the assistance of AA. This method might
provide a convenient pathway to the preparation of cubic
copper selenide/carbon nanomaterials structures. A proposed
growth mechanism was discussed for the formation of Cu,.
x5e/rGO nanocomposites by verifying the intermediate product
at different intervals of time in the synthesis. XRD and XPS
analyses confirm the existence of cubic-phase Cu,.,Se on the
rGO sheets containing Cu®*, which comes from the solid-state
0) to Cu,,Se (x > 0) under
oxidative conditions. As a result of cation vacancies within the

conversion from Cu,,Se (X =

crystal, the free carriers (holes) in the valence band of Cu,_,Se
NPs and a high
concentration of free carriers leads to a strong NIR LSPR in

increase as the oxidation proceeds,
Cu,,Se/rGO nanocomposites. With varying the reaction time,
this NIR absorption band can be well-tuned as the free carriers
(holes) changed, while the morphology and crystal phase of
Cu,,Se NPs on the rGO sheets remained. Thanks to the
Cu,.,Se/rGO
nanocomposites exhibit good biocompatibility as well as

excellent  biocompatibility of  graphene,
unique optical properties, and are used for in vitro dark-field
light scattering imaging of cancer cells. Furthermore, Cu,.
xSe/rGO nanocomposites with intense LSPR band at 1050 nm

will possess huge potential in feature photothermal therapy.
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