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Abstract The Cu,—,Se nanostructure is rapidly synthe-
sized via one-pot microwave-assisted method. Excellent
aqueous dispersion Cu, —,Se hollow structures with an
average diameter 160—180 nm and a shell thickness
11.3 nm are obtained successfully. The formation mech-
anism of the hollow structure is discussed in detail. The
NPs exhibits a superior photostability and photothermal
conversion efficiency (48%) owing to its unique cavity
effect and LSPR property.
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Introduction

The photothermal conversion of nanomaterials has
attracted extensive attention owing to its potential appli-
cation in nanoscale heat sources (Bernal et al. 2018),
biological imaging (Park et al. 2017), and photothermal
therapy (Jia et al. 2016a; Song et al. 2016). The noble
metal is a typical photothermal conversion material
based on resonant oscillation of their free electrons in
the presence of light (Hanus et al. 2017). The intense
interaction between light and noble metal electron can
change transition electron process through localized
surface plasmon resonance (LSPR), which can result
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in rapidly converting light into heat. The various
nanomaterials, such as MoS, nanoflakes (Kong et al.
2017) and carbon nanotubes (Wang et al. 2017), have
also been shown to generate sufficient heat by NIR
optical illumination. In more cases, treatment needs to
be synchronized in a variety of forms, including
photothermal and drug therapy. This may require the
photothermal conversion materials with more functions,
not only with the optimum size range, strong absorption
capacity, and adequate biocompatibility. It can be essen-
tial that the new type of photothermal materials need be
further investigated in urgent need for medical research
and photothermal therapy development. The copper
chalcogenides semiconductors have been extensively
recognized due to biocompatible and low toxicity.
Recently, the creation and utilization of vacancies in
Cu, —,Se hollow nanospheres have attracted extensive
attention owing to the great potential in energy conver-
sion and storage such as photovoltaics, thermoelectrics,
photoacoustic (PA) imaging, and photothermal therapy
(PTT) (Liu and Swihart 2014; Chen et al. 2015a, b; Han
et al. 2015). The hollow nanostructures can act as an
extremely vehicles for enclosing multi-functional active
materials such as proteins, enzymes, and DNA (Yu et al.
2018; Ni et al. 2017). For example, in terms of mini-
mally invasive photothermal therapy, Cu,_,Se hollow
structure as a trigger for targeted cell death brings out
local heating under the light excitation. Especially, the
trace selenide belongs to the promising bio-friendly
element due to their low cytotoxicity (Rayman 2005;
Xu et al. 2018; Jia et al. 2015). The nanoscale copper
deficient Cu,_,Se has been successfully applied as
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efficient photothermal transducers for PA imaging and
PTT, because of the strong LSPR from the vacancy in
NIR range (Hessel et al. 2011; Liu et al. 2013). By the
strong LSPR in Cu, —,Se hollow nanoparticles, the va-
cancies also offer space sites for designing them into
multicomponent structures through various doping
means, which contribute to a broad spectrum for tuning
their inherent electronic, optical, and magnetic proper-
ties for diverse applications (Han et al. 2014; Jiang et al.
2017; Chen et al. 2016). Therefore, the design and
preparation of the copper chalcogenides semiconductors
have gained a lot of interest due to their applications in
various areas.

Here, we report that the Cu,-— ,Se hollow nanostruc-
tures are successfully synthesized by microwave-
assisted method. The Cu,_,Se hollow nanostructures
possess not only high photothermal conversion efficien-
cy in 980-nm wavelength, but also excellent
photostability, which can be attributed to the nanostruc-
tures with strong LSPR and special hollow structures.
The investigation further suggests that the Cu,_,Se
hollow nanostructures could be used in nanoscale heat
sources and cancer therapy, which pave a new way for
the expansive future applications.

Experiments

Cu, —,Se hollow spheres (NPs) are prepared by a one-
pot microwave-assisted method. In brief, the synthesis
process of Cu, —,Se is described as follows.

A typical experimental apparatus used for the micro-
wave heating is shown in Fig .1. The apparatus installs a
condenser tube through holes in the top and thermocou-
ple connecting directly to temperature indicator and a
magnetic stirrer plate coated with Teflon in the bottom
of the oven. A thermocouple made of an optical fiber,
which is not damaged under microwave irradiation.
These reagents of Cu,_,Se including CuCl,-2H,0
(0.3970 g), PVP powers (0.4666 g), Na,SeO; powder
(0.2014 g), and NaOH (0.2495 g) are added into ethyl-
ene glycol (60 ml). The mixture is stirred for 30 min and
then heated to 180 °C for approximately 60 min in a
100-mL three-neck flask equipped with thermal couple
and reflux condenser in the microwave oven. The re-
agent solution is irradiated by microwave in a continu-
ous wave mode. After 60 min, opening microwave oven
and the mixture is allowed to cool down to room tem-
perature naturally. The product is centrifuged at the
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Fig. 1 Apparatus used for the microwave-assisted synthesis of
Cu, — ,Se nanostructures

speed of 8000 rpm for 30 min and washed three times
with deionized water and ethyl alcohol, respectively.
The powder is then collected and dried overnight.

The as-prepared Cu, — ,Se nanostructure powders are
dispersed in aqueous solution for photothermal mea-
surement. A quartz cuvette interior (1.0 mL) containing
Cu, —,Se aqueous solutions of various concentrations is
irradiated by a 980-nm NIR laser. The laser power is
calibrated accurately using an operable optical power
meter. Infrared thermometer with accuracy of £0.1 °Cis
applied to test the temperature on the Cu,_ ,Se aqueous
dispersion.

Results and discussion

The morphology of the as-prepared samples is analyzed
by transmission electron microscopy (TEM) using a
JEOL microscope operated at 200 kV, and showed in
Fig. 2a.

It can clearly see that the nanostructures are spherical
hollow structures due to the typical electron transparent
in the middle area as well as shade on the edge. The result
of HRTEM, the selected area electron diffraction
(SAED), and the fast Fourier transforms (FFT) pattern
are showed in Fig. 2b, c, and d, respectively. The lattice
with inter planar spacing of 0.20 nm and 0.33 nm is
corresponding to the (220) and (111) planes of cubic
berzelianite, respectively. Figure 2e shows the statistical
size distribution of diameter of NPs mainly concentrates
in 165 nm and can be fitted as the typical Gaussian
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Fig. 2 a TEM image showing stack of Cu, _,Se NPs. b HRTEM
image of NPs. ¢ The fast Fourier transform (FFT) of the electron
diffraction pattern of NPs. d The inversing transformed of Fourier

distribution, which can mainly be ascribed to the rapid
and uniform growth of NPs. The crystal structure of NPs
is further analyzed by powder X-ray diffraction (XRD)
and recorded by a Shimadzu XRD-7000 with Cu-K
radiation in Fig. 2f. The XRD peaks indicate that the
primary five peaks including (111), (220), (311), (400),
and (331) are basically assigned to the standard charac-
teristic peaks of cube berzelianite (Cu,_,Se, JCPDS
Card No. 06-0680). The average size of NPg is calculat-
ed about 11.3 nm according to Debye-Scherrer formula
(Liao et al. 2001) and well agreement with the result
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transform to obtain the filtered lattice fringes. e The size distribu-
tion for NPs. f X-ray diffraction pattern of NPs

obtained by the HRTEM. The sample Cu, — ,Se prepared
by the assistant-microwave is nonstoichiometric rather
than stoichiometric Cu, —,Se, which can be ascribed to
the phase transformation from Cu,_,Se to Cu,_,Se
during the reaction process (Zhang et al. 2016). The
lattice constant @ = 5.817 A calculated is well agreement
with the reported value (Ingole et al. 2009). It can be
clearly found that the five main peaks depended on the
lattice parameters have slightly moved to higher angles
due to the existing of deficient. The other two peaks (400)
and (331) can arise from the nonstoichiometric copper-
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deficient of Cu, _,Se. The rapid reaction can induce Se
residue in as-prepared powders.

As TEM does not offer clear 3D images of the
obtained Cu,_,Se hollow nanoparticles, the typical
field-emission scanning electron microscope (FESEM)
with energy dispersive X-ray spectroscopy (EDX) is
utilized to investigate the overall appearance of such
products by FESEM-6700 field-emission microscope.
Figure 3a is the SEM image of the Cu,_,Se hollow
nanoparticles, showing that the as-prepared Cu,_,Se
hollow nanoparticles are regular hollow spheres.
Furthermore, broken particles clearly show the exis-
tence of hollow interior, and the SEM image of high
magnification indicates that spheres’ surface are made
up of some small Cu,_,Se nanoparticles in Fig. 3b.
Such observations are consistent with the TEM. The
size distribution of the Cu,_,Se hollow nanoparticles
is estimated from SEM images analysis of Cu,_,Se
hollow nanoparticles and the nanoparticles with main
size of 170 nm.

The size distribution of Cu, — ,Se nanoparticles from
80 to 200 nm are obtained by Zetersizer NanoPlus,
while the main concentration of these nanoparticle size
is 160-180 nm in Fig. 3c. The nanoparticles’ disper-
sions solutions exhibited a dark green ligand-stabilized
solution due to the light scattering of the nanoparticles.
Some of their TEM photographs are shown in Fig. 2e, in
which the average nanoparticle sizes are approximately
160 nm. These values agreed roughly with those deter-
mined by Zetersizer NanoPlus. This implied that a
handful of Cu, — ,Se nanoparticles can gradually reunite
with time increasing. The concentration/stiochiometry
of Cu in nanoparticles can be decided by EDX. The
EDX analysis of Cu,—,Se composite showed the exis-
tence of Se and Cu elements. The atomic ratio of Cu/Se
in the Cu, —,Se is about 1.9:1 by EDX analysis, which is
different from the theoretical ratio value of 2:1 that
calculated from the amount of CuCl,-2H,O and
Na,SeO; powder in the preparation. The result is accord
with XRD analysis.
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Fig.3 a, b SEM image of obtained Cu,_ ,Se hollow spheres. ¢ The size distribution for NPs. d The corresponding EDX spectra of Cu, —,Se

composite
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In order to clearly understand the formation process
of the hollow structure, it can be essential to analyze the
reaction process and kinetic mechanism (Jia et al. 2013;
Chang et al. 2005). The formation of Cu,_,Se NPs
hollow structures by microwave irradiation is built on
the profound overheating in microwave boiled solvents
(Ahmad et al. 2017). This effect is particularly signifi-
cant in the presence of a large amount of ions. The
overheating can result in accelerating the reduction of
resultant precursors and the nucleation of the clusters.
And in this initial, the reactants may also strongly inter-
act with microwave radiation to produce very high
temperatures, enhancing the reduction of ions. Cu,_
Se NPs can be formed by reduction of Na,SeO; with
ethylene glycol assistance according to the following
reactions:

Cu**-PVP + OH —Cu(OH),~PVP (1)

CH,0H-CH,0H—CH;CHO + H,0 (2)

Se03>” 4+ CH,OH-CH,0H—Se?” + CH;COCOCH; + HT

(3)

Cu*"—PVP + Se* —CuSe—PVP (4)

CuSe—PVP + Cu’"—PVP + Se’> —Cu,Se—PVP + Se

(5)
Cu(OH),~PVP + CH3;CHO—Cu,0—-PVP
+ CH3COCOCH; + H* (6)
Cu,Se—PVP 4 Cu;0—PVP + H,0 + 0,
+ Se? —CuySe-PVP + OH~ (7)

The reaction process is corresponded to the previous-
ly related literature (Cao et al. 2006; Zhang et al. 2017;
Tsuji et al. 2005). The specific reactive process is
discussed in detail as follows. Before these reagents of
the microwave heating, the mixture performs blue color
due to the formation of Cu(OH),. During the process of

the microwave heating, the reaction process and kinetic
mechanism of Cu,_,Se hollow nanoparticles can be
described as a two-step procedure. Cu,O as a template
is firstly reacted with Se®” in appropriate reaction con-
dition owing to Cu, - ,Se with the lower solubility (K)
than Cu,O, and Cu, _,Se layer is formed on the surface
of Cu,O particles (Cao et al. 2006). This thin layer
consisted of many small Cu,_,Se nuclei, which are
formed by the reaction between copper ions produced
from Cu,O particles and selenium icons provided by
selenium source, and the process can be terminated until
the depletion of free copper ions during the dissolution-
precipitation process. Then, the Cu, — ,Se nanoparticles
start to grow on the Cu,O particles surface based on
“Ostwald ripening.” The supply of copper ions can be
viewed as copper ions migrating from particle interior to
the surface duo to the Kirkendall effect (Yu et al. 2018;
Yin et al. 2004). During the total reaction processing,
copper ions are further moved outward and selenium
ions into inward, eventually, Cu,O templates are con-
verted into Cu, _ Se in the presence of OH . The above
process results in forming of Cu,_,Se hollow
nanoparticles.

As shown in Fig. 4a, the color of the solution grad-
ually changed from yellow-green to black with increas-
ing concentration of Cu, _ ,Se NPs, indicating the Cu, —
~Se NPs are well water-dispersed. The UV-Vis-NIR
absorption spectra of Cu,_,Se NPs aqueous solutions
are measured by a Perkin Lambda spectrophotometer, as
showed in Fig. 4b. It can be clearly seen that the absor-
bance increases apparently (from 800 to 1100 nm),
showing strong LSPR in the NIR region owing to high
density vacancies induced by the copper deficiency (Yu
et al. 2018).

Nine hundred eighty nanometers of NIR laser with a
power density of 1.6 w/cm? is delivered through a quartz
cuvette containing 1 mL Cu, — ,Se NPs aqueous solution
to measure photothermal conversion during the NIR
laser ON/OFF. It can be showed that the temperature
of pure water is increased by less than 5 °C in Fig. 5a.
The temperature of aqueous dispersion can rapidly in-
crease by 30 °C in 10 min with the increasing of the NPs
concentration, and then nearly saturates with further
increases of concentration, which can be attributed to a
fast heat loss at relatively high temperatures. The NIR
photostability of Cu, — ,Se NPs is further investigated; it
can clearly be seen that five cycles of the NIR laser ON/
OFF are employed, the temperature elevation almost is
the same, shown in Fig. Sb, which indicates as-prepared
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Fig. 4 a Photograph of Cu, — ,Se aqueous solution. b Ultraviolet-Visible (UV-Vis)-NIR absorbance spectra of various concentrations Cu, —

Se aqueous solution

NPs with excellent photostability. The photothermal
conversion efficiency and heat transfer time constant
can be determined based on the energy balance equation
(Jia et al. 2015, 2016b). The thermal equilibrium time
constant for heat transfer time determined as the

negative reciprocal slope of In(6) vs.f using temperature
versus time data recorded during the cooling of the
solution (Fig. 5c). The time constant of the samples is
calculated to be 163.2, 182.3187.2, and 180.4 s for the
concentrations 0.2, 0.4, 0.6, and 0.8 mg/ml, respectively.
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Fig. 5 a Photothermal response of pure water and aqueous dis-
persions with different concentrations of 0.8, 0.6, 0.4, and
0.2 mg/ml. b Temperature elevation of Cu,_,Se aqueous
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The maximum photothermal conversion efficiency of
Cu,_,Se NPs aqueous dispersion can reach to 48%
(Fig. 5d). The hollow nanostructures can enhance light
absorption through the multiple reflection process in the
hollow cavity, resulting in the effective path length
increasing for light absorption (Seadira et al. 2017;
Sun et al. 2012, 2013). Cu, —,Se nanostructures show
also high optical extinction coefficients during the range
of NIR wavelength from 650 to 1100 nm and convert
the light into considerable heat under photo excitation
due to the intense LSPR absorbance (Zhang et al. 2017;
Hessel et al. 2011; Zhu et al. 2017).

Conclusions

Cu, —,Se hollow nanoparticles are with potentially ap-
plications as photocatalysts and photothermal therapy.
Cu, —,Se hollow NPs with a diameter 160—180 nm and
a shell thickness 11.3 nm are successfully synthesized
through one-pot microwave-assisted method. The for-
mation mechanism of the hollow structure is analyzed
based on the energy theory and kinetic process. Cu, —
Se shows a broad light absorption peak that is located in
the NIR spectral region. Preliminary photothermal in-
vestigation showed that a definitely irradiation power
results in an excellent temperature increasing since the
Cu, —,Se is able to convert light into heat rapidly. The
high photothermal conversion ability is attributed to
strong synergistic effect between LSPR and multiplies
reelection in the hollow structures. In addition, the pho-
tochemical performance also plays an important role
during the process of photothermal conversion.
Meanwhile, Cu,_,Se hollow nanoparticles possess
good thermal stability and high conversion efficiency
(48%).
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