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ABSTRACT: High-quality ZnS—CulnS, (ZCIS) alloy nano-
crystals have been synthesized via reaction between the acetate
salts of the corresponding metals and elemental sulfur in the
presence of dodecanethiol in octadecene media at 230 °C. The
PL emission wavelength can be tuned conveniently via variation
of the stoichiometric ratio of their components. The influence
of various experimental variables, including Zn/Culn ratio,
amount of sulfur and dodecanethiol, and reaction temperature,
on the optical properties and composition of the obtained ZCIS
NCs have been systematically investigated. The plain ZCIS
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NCs did show PL emission but with quite low PL quantum yield (typically below 3%). In order to improve the PL emission
efficiency, the ZnS shell was subsequently overcoated around the ZCIS core NCs. With ZnS shell growth, the PL emission
wavelength of the resulting ZCIS/ZnS NCs can cover from 518 to 810 nm with the maximum PL quantum efficiency up to 56%.
Furthermore, the obtained ZCIS/ZnS NCs show promising photocatalytic activity in the degradation of rhodamine B.

B INTRODUCTION

Semiconductor nanocrystals (NCs) with tunable band gaps
are attractive materials for various applications, such as light-
emitting diodes, solar cells, biolabeling, etc. In general, the
band gap of semiconductor NCs can be tuned by varying the
particle size due to the quantum size effect or by tuning cons-
tituent stoichiometries in alloyed NCs. However, tuning the
band gap by simply adjusting the particle size would limit in
extending the emission range and achieving a narrow range of
fluorescence colors since unstable small particles or large parti-
cles with a size greater than the exciton Bohr radius are not
favorable for the emission efficiency. In addition, the size-
dependent properties will disappear once the NCs are deposited
onto thin film and undergone the thermal process for different
applications. In contrast, composition control is a more feasible
route to fabricate semiconductor thin films with tunable band
gaps. Furthermore, different band gaps can be conveniently
achieved through variation of the composition in multicompo-
nent NCs even under a fixed size. For these reasons, a great
variety of alloyed NCs, such as Zn,Cd,;_.Se,”® Zn,Cd, ,S>"°
Culn,Ga;_,S,,"""? CuGa,In,_,Se,*'>'"* AgInS,—ZnS,">""7
and CulnS,—ZnS,"® ?° have been extensively investigated.
Despite II-VI and IV—VI semiconductor NCs possessing
appealing optical properties, the intrinsic toxicity of cadmium
and lead sheds doubt on the future applicability of these NCs,
particularly in view of recent environmental regulations.

Recently, chalcopyrite semiconductors CulnS, (CIS) and
their alloyed nanocrystals with different materials of I-III—VI or
[I-VI semiconductors have been intensively investigated,'®™>*
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because these particles are direct band-gap semiconductors
having a large absorption coeflicient and containing no highly
toxic elements. Alloying CIS (E; = 1.5 eV) with ZnS (E, =
3.7 €V) can create a family of NCs with band gaps covering
almost the whole visible spectrum, which is of special interest in
both solar energy conversion and fluorescence emitters. An early
example of alloying CIS with ZnS was reported by Nakamura and
co-workers through the thermolysis of zinc dithiocarbamate with
the copper and indium iodide in oleylamine solution.'® The
obtained CulnS,—ZnS (ZCIS)-alloyed NCs with PL wavelength
controllable within $70—800 nm. Later, Pan et al. synthesized
ZCIS NCs through thermolysis of coprecursors (Zn, Cu, and In
complexes of diethyldithiocarbamate) in the presence of capping
agent (oleic acid or dodecanethiol) and activation agent (oleyla-
mine) and tuned the band gap of ZCIS NCs in a broad range
covering almost the whole visible spectrum by changing the ratio
of CIS to ZnS, but no luminescent properties were reported."®
Very recently, Wang et al. developed a general method for the
synthesis of a series of Cu—In—S-based multicomponent so-
lid—solution NCs by a simple solvothermal process using metal
diethyldithiocarbamate complexes as the precursors.*’

Due to the promising properties of ZCIS, herein we intended
to explore controlled synthesis of ZCIS-alloyed NCs using a
“greener” approach and tuning their PL emission wavelength via
variation of the stoichiometric ratio of their components. ZCIS-
alloyed NCs were prepared in a noncoordinating solvent
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octadecene using acetate salts of copper, indium, and zinc as their
precursors. The key for successful synthesis of the nearly mono-
disperse ZCIS NCs was to balance the reactivity of the three
cationic precursors with the use of proper capping reagents
(dodecanethiol). The plain ZCIS NCs did show PL emission but
with quite low PL quantum yield, typically below 3%. In order to
improve the PL emission efficiency, ZnS shell was subsequently
deposited around the ZCIS core NCs. With the shell growth, the
PL QY increased substantially with the maximum value of 56%
and emission wavelength tunable from 518 to 810 nm. The high
PL emission efficiency of the ZCIS/ZnS NCs can also be
preserved after phase transfer via ligand replacement. Besides
the excellent optical properties, the obtained ZCIS/ZnS NCs
also exhibit promising photocatalytic activity in the degradation
of rhodamine B.

B EXPERIMENTAL SECTION

Chemicals. Copper acetate (Cu(OAc),, 99.99%), indium acetate
(In(OAc)3, 99.99%), zinc acetate (Zn(OAc),, 99.99%), sulfur powder
(99.99%), dodecanethiol (DDT, 99.9%), stearic acid (SA, 95%), octa-
decylamine (OAm, 97%), 1-octadecene (ODE, 90%), 11-mercaptoun-
decanoic acid (MUA, 95%), rhodamine B (RhB), and tetramethyl-
ammonium hydroxide (TMAH, 97%) were purchased from Aldrich. All
chemicals were used without further purification.

Stock Solutions Preparation. A 0.399 g (2 mmol) amount of
Cu(OAc),, 1.137 g (4.0 mmol) of SA, and 9.0 mL of ODE were loaded
in a three-neck flask clamped in a heating mantle. The mixture was
heated to 160 °C under argon flow and remained at this temperature for
about 10 min until formation of a clear deep green solution. The obtained
Cu stock solution (0.2 M) was stored at S0 °C for following use.

A 0.584 g (2 mmol) amount of In(OAc)3, 2.274 g (8.0 mmol) of SA,
and 8.0 mL of ODE were loaded in a three-neck flask clamped in a
heating mantle. The mixture was heated to 200 °C under argon flow and
remained at this temperature for about 10 min until formation of a clear
colorless solution. The obtained In stock solution (0.2 M) was stored at
50 °C for following use.

A 1.756 g (8 mmol) amount of Zn(OAc),, 6.0 mL of OAm, and
14.0 mL of ODE were loaded in a three-neck flask clamped in a heating
mantle. The mixture was heated to 160 °C under argon flow and
remained at this temperature for about 10 min until formation of a clear
colorless solution. The obtained Zn stock solution (0.4 M) was stored at
50 °C for following use.

Synthesis of ZCIS Core and ZCIS/ZnS NCs. In a typical
procedure, 1.0 mL of Cu stock solution (0.2 mmol), 1.0 mL of In stock
solution (0.2 mmol), 0.25 mL of Zn stock solution (0.1 mmol), 1.0 mL
of DDT, and 3.0 mL of ODE were loaded in a 50-mL three-neck flask
clamped in a heating mantle. The mixture was heated to 230 °C under
argon flow. Then 0.8 mL of ODE-S solution (0.32 mmol), obtained by
dissolving 4.0 mmol of sulfur in 10.0 mL of ODE at 120 °C, was injected
into the reaction system and kept at this temperature to allow growth of
ZCIS NCs. Aliquots of the sample were taken at different time intervals
and injected into cold toluene to terminate growth of NCs immediately
for use of recording their optical spectra. After completion of particle
growth, the reaction mixture was allowed to cool to 60 °C, and 10 mL of
toluene was added thereafter. The obtained ZCIS NCs were precipitated
by adding methanol into the toluene solution and purified by repeated
centrifugation and decantation.

Deposition of ZnS shell around the ZCIS core template started when
the ZCIS core grew at 230 °C for 30 min. The reaction temperature was
raised to 240 °C for the following overgrowth of the ZnS shell. A 3 mL
amount of Zn stock solution was injected into the reaction mixture in 5
batches with a time interval of 15 min. To monitor the reaction, aliquots

were taken before injection of a new batch of Zn stock and their
corresponding optical spectra were recorded accordingly. Purification of
ZCIS/ZnS NCs was similar to that of ZCIS NCs.

Water Solubilization of Oil-Soluble QDs via Ligand Re-
placement. Water solubilization of the initially oil-soluble ZCIS/ZnS
NCs was achieved by replacing the initial hydrophobic surfactants
(DDT and/or stearate) with hydrophilic thiol ligand (MUA) according
to the literature method.** Typically, MUA (0.5 g) was dissolved in
5.0 mL of methanol and the pH of the solution was adjusted to 9 with
addition of TMAH. The MUA—methanol solution (0.5 mL) was then
added into 5.0 mL of NCs toluene solution and stirred for 30 min at
70 °C to get precipitation of NCs. Then 5.0 mL of distilled water was
added into the mixture and kept stirring for another 20 min. The
solution was separated into two phases finally, and the NCs were
transferred into the supernatant aqueous phase from the underlying
toluene, which was discarded, and the aqueous phase containing the
NCs was collected. The free MUA ligand in the NCs aqueous solution
was isolated by precipitating the NCs with addition of acetone. The
supernatant was discarded, and the pellet was then redissolved in water
to get the purified NCs aqueous solution for further use.

Characterization. UV—vis and PL spectra were obtained on a
Shimadzu UV-2450 UV—vis spectrophotometer and a Cary Eclipse
(Varian) fluorescence spectrophotometer, respectively. The room-tem-
perature PL QYs of NCs were determined by comparing the integrated
emission of the NCs samples in solution with that of a fluorescent dye
(rhodamine 6G in ethanol or rhodamine 101 in 0.01% HCI ethanol
solution) with identical optical density. Also, the known QYs of the NCs
in solution can be used to measure the PL efficiencies of other NCs by
comparing their integrated emission. The fluorescence lifetime study
was performed by an Edinburgh FL 900 single-photon counting system
equipped with a Hamamatsu C8898 ps light pulser. The excitation light
was obtained from a 441 nm laser light. The luminescence time range
was selected at 0—200 ns. Data were analyzed using a nonlinear least-
squares fitting program, with deconvolution of the exciting pulse being
~200 ps. To conduct an investigation by transmission electron micro-
scopy (TEM), the NCs were deposited from dilute toluene solutions
onto copper grids with carbon support by slowly evaporating the solvent
in air at room temperature. TEM images were acquired using a JEOL
JEM-1400 transmission electron microscope operating at an accelera-
tion voltage of 120 kV. Powder X-ray diffraction (XRD) was obtained by
wide-angle X-ray scattering using a Siemens DS500S X-ray powder
diffractometer equipped with graphite-monochromatized Cu Ka radia-
tion (4 = 1.54178 A). XRD samples were prepared by depositing NCs
powder on a piece of Si (100) wafer.

Photocatalytic Evaluation. The photocatalytic activity of the as-
prepared water-soluble ZCIS/ZnS samples for degradation of RhB in
aqueous solution was evaluated by measuring the absorbance of the
irradiated solution. Prior to irradiation, 5 mg of ZCIS/ZnS samples was
mixed with RhB solution (25 mL, 0.02 mM) in a quartz cell. Then the
quartz cell was subsequently illuminated by a 500-W mercury vapor
lamp at a 10 cm distance. A wave filter plate (4 > 420 nm) was utilized to
allow only visible light to transmit. During irradiation, the suspension
was vigorously stirred and the reaction temperature was kept at room
temperature using a water cooling system. At a given time interval, the
dye concentration in the irradiated solution was monitored by measur-
ing the absorption intensity of RhB at 553 nm. The degradation
efficiency (Eg) was evaluated according to Eg (%) = (1 — C/C,) X
100%, where C, and C represent the absorbance of the dye solution
before and after irradiation, respectively.

B RESULT AND DISCUSSION

Synthesis and Optical Properties of ZCIS NCs. In recent
years, metal carboxylates have been predominantly used as metal
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Figure 1. Temporal evolution of UV—vis absorption (A) and PL emission spectra (B, A, = 350 nm) of ZCIS NCs samples in chloroform solution.

cation precursors for the synthesis of semiconductor NCs in
organic media because of their stability, convenient availability,
relatively low toxicity, and economic nature. An obvious chal-
lenge for the synthesis of I-III—VI chalcopyrite semiconductors
NCs is their ternary composition. As a result, the stoichiometric
ratio between the Group I and the Group III elements of a
nanocrystal may vary substantially in a given sample. Due to the
higher reactivity of copper fatty acid salts compared with indium
fatty acid salts, it has been demonstrated that formation of Cu,S
(x = 1—2) nanophases was almost inevitable when indium and
copper carboxylates were used as precursors in the preparation of
CIS NCs in the reaction media composed of pure noncoordinat-
ing solvent (such as octadecene, ODE), trioctylphosphine oxide
(TOPO), amines, carboxylic acid, or their mixtures.> The key to
successful preparation of alloyed NCs is the ability to tune the
relative chemical reactivity of the precursor of constituents to
prevent independent nucleation and growth.”® Being a soft
Lewis acid, Cu®"/Cu™ is of high possibility for the formation
of stable complexes with soft Lewis base ligands such as alkyl
thiols and thus suppresses substantially the reactivity of Cu
precursor. It was noted that alkyl thiols were extensively used
as ligands for successful gre?aration of I-III—VI semiconductor
nanocrystals previously.”®?' ~33

The modified literature method was adopted for preparation
of ZCIS NCs.** ZCIS NCs were prepared in a noncoordinating
solvent ODE using acetate salts of Cu, In, and Zn as cation
precursor in the presence of steric acid and dodecanethiol. The
compound of dodecanethiol serves as the sulfur source and the
stabilizing ligand for the formed NCs simultaneously. The
temporal evolution of the absorption and emission spectra of
ZCIS NCs prepared at a Zn:Cu:In precursor ratio of 1:2:2 at a
reaction temperature of 230 °C was shown in Figure 1. For
comparison, the plain CIS NCs without the existence of Zn
precursor were also synthesized under identical experimental
conditions, and the corresponding optical spectra are shown in
Figure S1 of the Supporting Information.

The absorption spectra of ZCIS NCs (Figure 1A) were similar
to those of typical I-III—VI semiconductor NCs as observed
previously in the literature,”' —>***37 showing a broad shoulder
with a trail in the long-wavelength direction. The first excitonic
absorption peaks in the NCs are not as clear as those in binary
II-VI QDs.*** The lack of a distinct exciton peak in the
absorption spectrum coupled with a long tail on the low-energy
side could be the result of several factors alone or in combination
with each other. First, it could be indicative of a wide size
distribution. Second, it could be a result of electron density

leakage from the core of the nanocrystals into the organic ligand
layer. Third, it could be the result of intra-band-gap states. This
poorly resolved absorption spectrum is characteristic of ternary
and quaternary alloyed nanocrystals, which is not caused solely
by the wide size distribution since the special electronic proper-
ties are considered as one possible reason, and the irregular
composition distribution among different NCs in an ensemble
can also be one of the reasons.*” The observed shoulder in the
absorption spectra is assigned to the excitonic transition of the
ZCIS NCs, which underwent a substantial red shift from 530 to
710 nm during a period of 2 h growth process. In comparison, the
corresponding optical band gaps of CIS shifted from 610 to
750 nm under identical reaction conditions. This relative blue
shift of the excitonic absorption peak observed in the ZCIS NCs
clearly demonstrated incorporation of higher band-gap ZnS into
the CIS NCs.””

The typical PL emission spectrum is wide and composed of
two peaks. In the beginning stage (<30 min), the peak in the
short wavelength side (referred to the first peak) dominated the
spectral profile and the intensity of the peak at the long wave-
length side (referred to the second peak) was almost negligible.
With prolonging reaction time, both peaks in the spectra profile
became stronger and reached the maximum after 1 h growth time
but the second peak increased faster and gradually became nearly
similar in intensity to the peak at the short wavelength side after 1
h. On the other hand, with extending the heating time, the peak
position of the first peak red shifted pronouncedly from 610 to
655 nm in a 1 h period, whereas the second peak showed a fixed
wavelength position at 703 nm. It should be pointed out that the
peak at 703 nm is not the second harmonic of the excitation
wavelength of 350 nm since this peak exists under different
excitation wavelengths. If the heating time was too long (>4 h),
precipitation of the NCs within the reaction mixture occurred
and the corresponding luminescence quenched gradually. Multi-
ple peaks in the PL spectra were observed in the CIS samples in
previous literature and also in our CIS samples in the controlled
experiment without the presence of zinc (Figure Sl in the
Supporting Information).”**? It has been demonstrated in earlier
reports that a broad size distribution cannot account for the
observed broad and multiple peaks in the PL spectra of colloidal
CIS or ZCIS NCs.***

Influence of Experimental Variables on the Optical Prop-
erties of ZCIS Alloy NCs. The PL properties (PL peak position
and PL intensity) of the resulting ZCIS NCs were found to be
strongly dependent on the experimental variables such as the Zn:
Culn ratio, the amount of ODE-S and DDT used, and the
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Figure 2. Dependence of PL peak position upon different experimental variables with fixation of growth time of 30 min: (A) reaction temperature, (B)

Zn:Culn ratio, (C) amount of ODE-S, and (D) amount of DDT.

reaction temperature. Since the PL QYs of all as-prepared ZCIS
NCs under different experimental conditions were not high
(usually less than 3%) and cannot approach the desired value
for practical application, the PL QYs were not taken into consi-
deration in the investigation of the experimental variables. The
improvement of PL QYs was mainly achieved via construction of
the ZnS shell around the ZCIS core nanoparticles as discussed
below. Hereafter we only described the dependence of PL wave-
length on experimental variables. In the investigation of the
influence of different experimental variables on the PL wave-
length of the obtained ZCIS NCs, we fixed all other experimental
variables as stated in the Experimental Section and varied the
studied variable only.

Effect of Reaction Temperature. The PL peak position of the
resulting ZCIS NCs was found to be strongly dependent on the
reaction temperature. With an increase of the reaction tempera-
ture (200—280 °C) the PL peak position shifted to longer
wavelength from 620 to 740 nm systematically (Figure 2A).
TEM results indicated that the red-shifted PL peak position
derived from the increase of particle size. If reaction temperature
was too low (less than 200 °C), no PL emission can be observed,
while if reaction temperature was too high (>280 °C) precipita-
tion of the NCs within the reaction mixture occurred. The
observed precipitation can be attributed to the fact that DDT
acts as both the sulfur precursor and the stabilizing ligand during
the reaction. Therefore, its gradual decomposition at too high
temperature results in a destabilization of the colloids. Unlike the
case of the CIS system reported by Xie et al., where PL emission
could be observed for CIS NCs prepared even at 60 °C,*” in our
case low or even no PL emission for samples prepared at low
temperature was observed

Effect of Amount of ODE-S. With an increase of the amount
of ODE-S, the experimental results revealed that the PL peak
position red shifted systematically from 550 to 660 nm

(Figure 2B). For the red shift of the band gap, usually it can be
attributed to the increase of the particle size and/or increase of
the relative content of the constituent with a lower band-gap
energy. In our case, TEM results show that the particle size under
different amounts of ODE-S has no observable difference. This
can exclude the reason for the increase of the particle size. In fact,
ICP results show that the Cu/In ratio enhanced upon an increase
of the amount of ODE-S (data available in Figure S2, Supporting
Information). Since the band gap of Cu,S is lower than that of
CIS or ZCIS, the higher Cu/In ratio in the ZCIS system caused a
lower band gap.

Effect of Amount of DDT. Figure 2C shows that under the
fixation of other reaction variables, the PL peak position of the
resulting ZCIS was found to be strongly dependent on the
amount of thiol, and this dependence can be divided into two
ranges. When the amount of thiol was less than 0.5 mL, the PL
peak position of the resulting ZCIS shifted to short wavelength
pronouncedly with an increase in the amount of thiol. The reason
should be ascribed to the composition variation under the
presence of a relatively low thiol concentration. However, when
the amount of thiol was more than 0.5 mL, the concentration of
thiol had almost no effect on the PL peak position.

Effect of Zn Content. In the next step, we attempted to tune
the PL wavelength of the resulting ZCIS NCs by controlling the
Zn/Culn ratio under fixation of other experimental variables.
The Zn:Culn ratio was achieved by controlling the composition
of precursors in the synthetic step. In this study, the molar ratio of
Zn to Cu in the raw material solution was varied from 0:1 to 0.7:1
and equimolar Cu and In was used in each case. It should be
noted that when the Zn:Cu ratio was increased to higher than
1:1, no PL was observed in the resulting ZCIS NCs and thus the
reported highest Zn/Cu ratio was 0.7:1. Figure 2D shows clearly
that with an increase of Zn content, the PL band gap of the
obtained ZCIS NCs blue shifted from 736 to 614 nm with
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around the ZCIS core NCs.

variation of the Zn:Cu precursor ratio from 0 to 0.75. The
increase of the band-gap energy can be ascribed to incorporation
of ZnS constituent into the CIS, and thus, Zn>" statistically
replaces Cu" and In”". Since the band gap of bulk ZnS$ (3.6 €V)
is substantially higher than that of CuInS (1.5 €V), it is reasonable
to observe that the band gap of the alloy of ZnS—CulnS, is
higher than the plain CIS, and this strategy for band-gap tuning
has been commonly used in ZnS—CdS and ZnSe—CdSe-alloyed
nanostructure systems.%10

ZCIS/ZnS Core/Shell Structure. It has been proven that surface
passivation of NCs using suitable inorganic materials with a higher
band gap is key to improving the PL efficiency and stability of
nanocrystals.*' ~* Similar attempts for surface passivation of CIS
NCs have appeared in recent literature, and as expected, good
optical properties were obtained.*”** To improve surface passiva-
tion, ZnS comprises a near-ideal candidate for construction of core/
shell structure around the ZCIS core based on the following
properties: (i) ZnS NCs exhibit relatively chemical stable and
nontoxic characteristics under ambient conditions. (i) The much
larger bulk band gap of ZnS (Eg = 3.6 V) relative to CIS (Eg =15
eV) raises the probability that charge carriers are confined mainly to
the CIS core region, resulting in effective “inorganic passivation”, in
a manner similar to the well-known type-I band alignment the
CdSe/ZnS system.*"* (iii) The crystal structure of ZCIS can be
described as a derivative of the ZnS zinc blende structure in which
the zinc positions are occupied by Cu and In, respectively, and the
lattice mismatch between CIS and ZnS is relatively low (2—3%),
which increases the probability of forming a smooth, low-defect
interface between the materials.

The ZCIS/ZnS core/shell structure was constructed in situ
from the ZCIS NCs reaction mixture. Due to the large excess of
sulfur precursor used in the preparation of ZCIS core NCs, no
further sulfur source was added in the process of depositing the
ZnS shell. To avoid formation of separate ZnS nanoparticles, Zn
precursor (Zn(OAc),) was added in batches (see details in the
Experimental Section). Figure 3 shows the evolution of spectral

features of ZCIS/ZnS core/shell NCs starting from the ZCIS
cores with a Zn:Cu ratio of 0.5:1. Growth of the ZnS shell
improved the emission properties substantially, although it did
not affect the absorption spectra significantly (Figure 3A). With
formation of ZCIS/ZnS core/shell nanostructure, the PL peak
position blue shifted systematically from the original 636 to
596 nm and the corresponding PL intensity increased about 30
times (Figure 3C). The blue shift of the PL peak position in the
progress of ZnS indicates further incorporation of the zinc
component into the core material, resulting in an increase of
the band-gap energy. A similar result was also observed in the
CIS/ZnS system in previous literature.”>>* Before growth of the
ZnS shell, the ZCIS plain core NCs did show PL emission but
with quite low PL quantum yield (typically below 3%). After Zn$
shell growth, the PL properties of the resulting core/shell NCs
became quite good. Without substantial optimization, the PL QY
increased more than 30 times and the highest PL QY reached to
56%. This QY is among the highest reported values for ternary
chalcopyrite NCs to date'®>* and open the way for the use of
ZCIS/ZNS NCs in many applications such as light-emitting
devices or fluorescent biological labeling and sensing. It should
be noted that the multipeak shape of the PL spectra in the ZCIS
core NCs was evolved into a single broad peak after deposition of
the ZnS shell. In this studied core/shell structure, since the band
gap of the ZCIS core can be conveniently tuned via variation of
the Zn/Cu ratio, the band gap (or emission wavelength) of the
resulting ZCIS/ZnS core/shell structure can also be tuned
through variation of the Zn/Cu ratio in the starting ZCIS core
NCs. As shown in Figure 4A and 4B, the emission wavelength of
the ZCIS/ZnS NCs starting from ZCIS core NCs with different
7Zn/Cu ratios can cover most of the visible and near-infrared
window (from S18 to 810 nm) with high brightness.

Water-Soluble NCs. The as-prepared ZCIS/ZnS NCs not only
show high PL QYs in the oil phase but also remain high luminescent
when transferred into aqueous media via ligand replacement by
MUA. Our experimental results show that the water-soluble ZCIS/
ZnS NCs can keep up to 90% of the luminescent intensity of the
original oil-soluble NCs (Figure 4C). For visibility, Figure 4D shows
the luminescence photographs of two representative ZCIS/ZnS
samples with an emission wavelength in the visible light range to
demonstrate the highly bright luminescence in both oil media and
aqueous media under illumination of natural room light. The high
luminescence of ZCIS/ZnS in aqueous media can be retained for
several days without observable quenching. This high PL stability of
the water-soluble NIR-emitting QDs renders them of special
interest in the in vivo imaging application.

Lifetime of Fluorescence of ZnCulnS/ZnS Core/Shell NCs.
It has been reported that the intrinsic defects, size-dependent
band gap, and surface defects of NCs are all involved in the PL
emission.*® Different electron—hole recombination mechanisms
may correspond to different PL decay lifetimes. We performed
measurements of the decay curves of the PL emission of the
ZCIS sample with an emission wavelength of 763 nm (denoted
as ZClIS;43) and the corresponding ZCIS/ZnS core/shell NCs
with an emission wavelength of 720 nm (denoted as ZCIS/
ZnS;5) (see Figure S. In general, the PL decay curve for each
sample can be well fitted by a triexponential function

I(t) = Ay exp( —t/71) + Ay exp( — t/7,) + Az exp( — t/13)

where 7, (T,, T3) represents the decay time of the PL emission
and A, (A, Aj3) represents the relative weights of the decay
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UV lamp (D).

components at t = 0. These constants obtained by the fitting are
shown in Table 1, with 7; of several nanoseconds, 7, ranging
from 74.6 to 79.7 ns, and 73 ranging from 275 to 385 ns. In
previous PL decay investigations of binary II—VI quantum dots
(such as CdSe and CdTe),**”*® it has been revealed that the
radiative time of binary II—VI QDs has a universal biexponential
time distribution. Typically, a shorter lifetime is on the time scale
of several nanoseconds, and a longer lifetime is tens of nanose-
conds. The shorter lifetime is attributed to the initially populated
core-state recombination, while the longer lifetime is due to the
surface-related radiative recombination of carriers. In our case,
the two radiative lifetimes 7, and 7, may be assigned to intrinsic
recombination of initially populated core states and surface
states, respectively. The longest luminescence lifetime (hund-
reds of nanoseconds) is attributed to donor—acceptor transition,
which accounts for a large amount (85—92%) of the total PL
emission spectra. This can also explain the broad emission peaks
(fwhm of the peaks is ca. 100 nm) of the resulting NCs. In this
sense, the time-resolved measurements indicate that there exist
three types of PL radiative mechanisms in the PL spectrum of the
as-prepared ZCIS and ZCIS/ZnS nanoparticles and the PL
emission mainly originates from the intrinsic donor—acceptor
transition. It was found that with the overgrowth of the ZnS shell
around the ZCIS core NCs the mean PL decay times (i.e., the
exciton lifetime 7, /., at which the PL intensity decreases to 1/e
of its initial value) decreased. In addition, the 75 values in
the ZCIS core samples are larger than those in ZCIS/ZnS
core/shell structure samples, and the proportion of the
donor—acceptor transition component, related to Aj;, also
became larger in the core samples. This demonstrates the
higher weight of donor—acceptor recombination of carriers in
the ZCIS core samples.

Structural Characterization. Structural characterization was
carried out by means of p-XRD. Figure 6 shows the XRD patterns
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Figure 5. Luminescence decay cures (1., = 441 nm, measured at the
maximum of the exciton emission peak) of ZCIS;¢; core NCs and the
corresponding ZCIS/ZnS;,, samples.

Table 1. Fit Parameters Deriving from I(t) = A, exp(—t/7,)
+ Ay exp(—t/7,) + As exp(—t/73)

samples T,/ns A;/% Ty/ns Ay/% T3/ns A3/% lifetime/ns
ZClIS763 100 057 744 742 385 9201 323
ZCIS/ZnS;o 98 051 797 144 275 8512 226

for the representative ZCIS core and corresponding ZCIS/ZnS
core/shell structure starting from the core. The XRD patterns of
both ZCIS and ZCIS/ZnS NCs consist of the characteristic
peaks of the zinc blende (cubic) structure. The diffraction peaks
are broadened due to the finite particle size. When the ZnS shell
deposited around the ZCIS core, the pattern of the cubic lattice is
maintained in the core/shell structures but the diffraction peaks
shift to larger angles, consistent with the smaller lattice constant
for ZnS compared with ZCIS.
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Figure 6. (A) XRD patterns of ZCIS and corresponding ZCIS/ZnS NCs. Wide-field TEM images of ZCIS436 (B) and corresponding ZCIS/ZnSso4
core/shell NCs (C). HRTEM image of ZCIS/ZnSs96 sample (D). (Insets) Corresponding histograms of the size distribution.

Figure 6B—D shows wide-field TEM images of ZCISg34 core
nanocrystals with an average size of 3.1 nm and the correspond-
ing ZCIS/ZnSsgs core/shell nanocrystals derived from the initial
ZCIS cores via overgrowth of the ZnS shell. The average size of
the nearly dot-shaped core/shell nanocrystals in Figure 6C is
about 4.8 nm based on the statical analysis of more than 200
particles in a region. All samples of the as-prepared ZCIS and
ZCIS/ZnS core/shell nanocrystals have a narrow size distribu-
tion with a relative standard deviation (0) of 7—10% without any
postpreparation fractionation or size sorting, and the corre-
sponding histograms of the size distribution are given as insets
of Figure 6B and 6C. As shown in the insets of Figure 6D, the
lattice fringes in the HRTEM images of the ZCIS/ZnS core/shell
samples run across the entire crystals with no significant contrast
variation. Due to the small crystal size and the thin shell
thickness, it is almost impossible to observe the ZnS shell around
the ZCIS cores by the TEM technique.

Photocatalytic Activity. The photocatalytic activity of the as-
prepared MUA-capped water-soluble ZCIS/ZnS NCs with an
emission wavelength of 600 nm was evaluated for RhB degrada-
tion under visible light illumination. The temporal evolution of
the UV —vis absorption spectra of the photocatalytic system con-
taining the initial RhB dye concentration of 2 X 10> M and
ZCIS/ZnS NCs catalyst concentration of 0.2 g/L is shown in
Figure 7A, and the degradation efficiency (Eff) of the RhB
dependent on illumination time is summarized in Figure 7B. It
was found that with increasing illumination time, the absorbance
of the major absorption peak at 553 nm decreased systematically
and the positions of this peak were shifted to shorter wavelength
concomitantly, suggesting that the molecular structure of RhB
(including both chromophores and aromatic rings) has been
destroyed instead of being simply decolorized by adsorption.*>°
In the first 30 min of illumination, the degradation efficiency was
as high as 55% and the RhB was almost decomposed completely
within a period of 2 h illumination. To identify the role of NCs in
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Figure 7. Temporal evolution of UV—vis absorption spectra of the
photocatalytic degradation system containing RhB ZCIS/ZnS NCs
catalyst under visible-light illumination (A), and degradation efficiency
(Eff) of RhB dependent on illumination time (B).

the photodegradation of RhB, a blank experiment in the absence
of the photocatalyst was investigated under the same conditions.
The results show that less than 3% of RhB was degraded after 2 h
irradiation, indicating that RhB self-degradation without the
photocatalyst could almost be neglected. The corresponding
performance of the system containing RHB and capping ligand
MUA without ZCIS/ZnS NCs was also carried out, and the results
show that MUA have nearly no contribution to the degradation of
MO. These experimental results indicate that degradation of the
MO should be solely contributed by ZCIS/ZnS NCs.

B CONCLUSIONS

ZCIS-alloyed NCs have been prepared via a “greener” ap-
proach in noncoordinating solvent octadecene in the presence of
DDT using acetate salts of copper, indium, and zinc as their
precursors. The band gap of the ZCIS-alloyed NCs can be
conveniently tuned via variation of the stoichiometric ratio of
their components. The experimental variables, including the Zn/
Culn ratio, amount of sulfur and dodecanethiol, and reaction
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temperature, have a significant effect on the band gap of the
obtained alloyed NCs. The plain ZCIS NCs did show PL
emission but with quite low PL QY (typically below 3%). With
the deposition of ZnS shell around the ZCIS core NCs, the PL
QY increased substantially with a maximum value of 56% and
emission wavelength tunable from 518 to 810 nm. The high PL
emission efficiency of the ZCIS/ZnS NCs can also be preserved after
phase transfer via ligand replacement. Besides the excellent optical
properties, the obtained ZCIS/ZnS NCs also exhibit promising
photocatalytical activity in the degradation of rhodamine B.

B ASSOCIATED CONTENT

© Ssupporting Information. Absorption and PL spectra of
CIS NCs, and the dependence of Cu:In ratio in ZCIS NCs upon
the amount of ODE-S.This material is available free of charge via
the Internet at http://pubs.acs.org.
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