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ABSTRACT The common two-step “hot-injection” methods are
not suitable for reproducible production of core/shell quantum dots
(QDs) at large scale for practical applications. Herein we develop a
scalable, reproducible, and low-cost synthetic approach for high-
quality core/shell QDs (CdS/Zn,(d;_,S, CdSe/Zn,(d;_,S, and CdTe/
In,(d,_,S) with shell material composed of gradient alloy structure
by directly heating commercial available, air-stable Cd0, Zn(NOs),,
and chalcogenide elements in octadecene media at air. With simple

variation of reaction recipe (reactants and feeding ratio), luminescence color of the resulting QDs can be conveniently tuned from violet to near-infrared

(400—820 nm). The emission efficiency of the as-prepared QDs can be up to 80%. Moreover, the high emission efficiency can be preserved after QDs

transferred into aqueous media via ligand exchange. The structure, chemical composition, and optical properties of the obtained QDs have been

characterized with use of transmission electron microscopy, elemental analysis, and optical spectroscopy. The scalability of the reported approach has been

demonstrated by the facile preparation of gram-scaled QD product in one batch reaction.
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ith the growing interest in ap-
Wplications ranging from health
(biolabeling/imaging) to energy

(photovoltaics and light emitting diodes)
based on semiconductor nanocrystals (also
termed as quantum dots, QDs) comes a
need for highly reproducible, large-scale
synthesis of these materials with uniform
size and shape, narrow emission peak, high
photoluminescence quantum yield (PL QY),
and high photo- and chemical stability.' ° It
is known that as-prepared binary IlI—VI QDs
is not stable enough and sensitive to pro-
cessing conditions and environments, which
are detrimental for the practical application of
QD in various areas.”® To combat these
disadvantages, recent efforts have focused
on the development of core/shell QDs via
epitaxially overcoating a shell of wider band
gap semiconductor materials around the
core QDs.'% 2% Commonly, core/shell QDs
are fabricated via a two-step procedure:
initial synthesis of core QDs, mostly relying
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on “hot-injection method” by rapid injection
of precursors into hot reaction media,®” 3¢
followed by the shell growth reaction via
either dropwise or successive ion layer ad-
sorption reaction method.'®"%¢ Unfortu-
nately, both the hot-injection-based syn-
thetic method for core nanocrystals and
the shell deposition procedure are not sui-
table for large-scale preparation (e.g., hun-
dreds of kilograms), even though it can be
scaled up to the order of grams.”3”38 In
addition, high cost and harsh operation
conditions are also reasons that impede
the practical application of QDs. The essen-
tial components in the synthesis of core/
shell QDs typically include expensive, pyr-
ophoric, and toxic tertiary phosphine chal-
cogenides, hexamethyldisilathiane, and
organometallic compounds (such as CdMe,,
ZnEt,) as the reactive precursors. This
renders the synthesis of core/shell QDs
usually expensive, labor-intensive, and time-
consuming. Itis highly desirable that synthetic
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methods that are aimed at producing high-quality
core/shell QDs for potential applications are scalable,
reproducible, environmentally friendly, and low cost.

Noninjection, or heating-up method, wherein all
reagents are loaded in a single reaction pot at room
temperature and subsequent heated to reflux for
nanocrystals nucleation and growth, is a promising
route to large-scale preparation due to the absence of
precursor injection.>*~*? To our best knowledge, there
are few reports for the synthesis of Il—-VI group core/
shell QDs with use of single-step noninjection method
though this method has been extensively employed
in the preparation of metal oxides,*> noble metals,**
and occasionally in plain binary core QDs.**** Herein,
we report a scalable single-step noninjection syn-
thetic approach for high-quality core/shell QDs (CdS/
Zn,Cd,_,S, CdSe/Zn,d,_,S, and CdTe/Zn,Cd;_,S)
with shell material composed of gradient alloy struc-
ture by directly heating commercial available, air-
stable CdO, Zn(NOs),, and chalcogenide elements in
octadecene (ODE) media at air (Figure 1). With variation
of reactants and feeding ratio, the luminescence color
of the resulting QDs can be conveniently tuned from
violet to near-infrared (NIR; 400—820 nm). The PL QY of
the as-prepared QDs can be up to 80%. Moreover, the
high QY can be preserved after QDs transferred into
aqueous media via ligand exchange. This facile single-
step noninjection strategy provides a versatile route to
low-cost, reproducible and large-scale preparation of
high-quality core/shell QDs with interested emission
colors for practical applications.

octadecene

Figure 1. Overall scheme for the single-step noninjection
synthesis of core/shell QDs.
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RESULTS AND DISCUSSION

Optical Properties. Synthesis of CdSe/Zn,Cd;_,S QDs
with emission wavelength around 625 nm is chosen as
an example to demonstrate this single-step noninjec-
tion approach in preparation of high-quality core/shell
QDs, and the detailed procedures are described in
Materials and Methods. Briefly, CdO, Zn(NOs),, Se,
and S were loaded in ODE media containing trioctyl-
phosphine (TOP) and stearic acid (SA) at room tem-
perature and then heated to 250 °C at air under stirring.
Figure 2a shows the temporal evolution of UV—vis
absorption and PL emission spectra of the as-prepared
QDs under growth temperature of 250 °C. Both the
sharp excitonic absorption peak in the absorption
spectra and the symmetric and narrow band edge PL
emission peak (with full width at half-maximum in the
range of 27—31 nm) in the PL spectra indicate the fact
that particle size and shape are nearly uniform.
Figure 2b summarizes the PL peak position and PL
QYs of the obtained QDs under different growth times.
With the reaction temperature approaching 250 °C,
QDs with PL emission wavelength of about 600 nm was
obtained. This indicates fast nucleation and crystal
growth in the heating-up process. In the following
course of 2 h growth/annealing, the PL peak position
shifted from 600 to 625 nm and the PL QY increased
quickly and got near to the maximum value of 81%
after 30 min, which is one of the best results in the red
light window for the CdSe based QDs,® and this high
QY can be kept for the next 2 h. The observed long-
term fixation of emission wavelength indicates that
there is almost no change in particle size and chemical
composition for the obtained QDs. This may be derived
from the characteristic hardened lattice structure of
the gradient alloy in the shell materials. This phe-
nomenon has also been observed in the Zn,Cd,_,Se
alloyed QD system.** The feature of long-term fixa-
tion of PL peak position and PL brightness is favor-
able for the reproducible synthesis of luminescent
QDs with desired optical properties as discussed
below.
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Figure 2. (a) Temporal evolution of UV—vis (solid lines) and PL (dashed lines, 1., = 350 nm) spectra of CdSe/Zn,Cd,_,S QDs
grown at 250 °C. (b) Summary of PL peak positions and QYs of the obtained QDs under different growth times.
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Figure 3. Wide-field TEM images of CdSe/Zn,Cd,_,S QD samples taken at 170 °C (a) and at 250 °C with growth time of 0 min
(b), 30 min (c), and 2 h (d). (¢) HRTEM images of sample d. Insets are the corresponding histograms of the size distribution.

Structure Characterization. To monitor the particle
growth process, aliquots of samples at the initial for-
mation stage corresponding to reaction temperature
of 170 °C together with samples at growth tempera-
ture of 250 °C for different times were taken and
transmission electron microscopy (TEM) measure-
ments were carried out. The wide-field TEM images
of representative samples taken at 170 °C together
with at 250 °C for different growth times are shown in
Figure 3. At different growth stages, all the as-prepared
QDs display a nearly spherical shape with mean size
increasing from 3.1 + 0.2 nm (at 170 °C), 4.6 + 0.3 nm
(0Ominat250°C),t0 5.9+ 0.3 nm (30 min at 250 °C), and
6.1 + 0.3 nm (2 h at 250 °C) as the reaction proceeded.
All the samples of the as-prepared nanocrystals have
a narrow size distribution with a relative standard
deviation (0) of 6—7% without any postpreparation
fractionation or size sorting, and the corresponding
histograms of size distribution based on analytical
results of more than 200 particles in a given area are
given in insets of Figure 3. The high-resolution TEM
images (Figure 3e) of the obtained QDs reveal a
uniform spherical shape with well-resolved lattice
fringes, demonstrating the highly crystalline nature
of the nanocrystals. The typical X-ray diffraction
(XRD) pattern of the obtained QDs (Figure S1 in
Supporting Information, SI) consists of the charac-
terized peaks of cubic zinc blende CdSe, but the
position of diffraction peaks is located between CdSe
and ZnS.

ZHANG ET AL.

I
TABLE 1. Atomic % of the Elements Determined from ICP-
AES Analysis (Mean Values of 5 Independent Measurements
per Sample) for Samples at Different Reaction Stages

reaction stages  (d In In/(Zn + (d) Se S S/(S + Se)

170 °C 100 033 0 985 021 0

0 min 100 82 0.08 8.2 209 0.2
30 min 100 251 0.2 473 774 0.62
60 min 100 286 0.22 43 844 0.65
120 min 100 295 0.23 442 859 0.66

Chemical Composition Analysis. To identify the chemical
composition of the QDs, conductively coupled plasma
atomic emission spectroscopy (ICP-AES) analyses for
the representative samples as shown in Figure 3 were
recorded (Table 1), and the molar ratios of Zn/(Cd + Zn),
and S/(Se + S) based on ICP data are summarized
in Figure 4. At the early reaction stage (at 170 °C),
almost no Zn and S were detected in the samples and
thus the composition of the QD can deduce to be
nearly plain CdSe. This indicates that, at the experi-
mental conditions, the reactivity of Cd is higher than
that of Zn and the same situation for Se to S. This
finding is consistent with previous observations.*6~*®
This renders the successful decoupling of core growth
and shell deposition and results in the formation of
core/shell structure. With proceeding of QDs growth,
the Zn/(Zn + Cd) and S/(S + Se) ratios increased
steadily and become constant with the values of 0.22
and 0.66, respectively, after 1 h. The time period for the
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Figure 4. Composition ratios of Zn/(Zn + Cd) (a) and S/(S + Se) (b) at different reaction stages. The first points correspond to

sample taken at 170 °C.

fixation of chemical composition is consistent with that
for the fixation of PL peak position as described above.
The fixation of PL peak position indicates the fact that
intraparticle atomic diffusion is negligible for the CdSe/
Zn,Cd;_,S system during the annealing process at
250 °C. This observation is in accordance with previous
result that alloying process can be neglected at tem-
perature less than 250 °C for 6 nm CdSe/ZnSe core/
shell system.*® The increase of Zn and S concentration
in the obtained QD system could be ascribed to the
enhancement of reactivity of Zn and S precursors due
to the increase of reaction temperature, and to the
decrease of concentrations of Cd/Se precursors due to
formation of CdSe core nanocrystals. The temporal
evolution of chemical composition indicates that the
core is composed of Cd and Se, the outer shell is
composed of Cd, Zn, and S, but the amounts of Cd
and Se decrease radially outward, while the amounts
of Zn and S increase. Therefore, the formed QD is a
pseudo core/shell structure with the shell material
composed of a gradient Zn,Cd,_,S alloy, as shown in
Figure 1. Similar gradient alloy structures have been
reported in previous literature.***%>" It should be
noted that partially alloying process should be possible
to take place between the core and shell interface and,
thus, the clear core, shell interface is difficult to be
observed by the TEM analysis. For simplicity, a core/
shell structure was termed hereafter. The gradient
Zn,Cd;_,S alloy shell layer relieves efficiently inter-
face strain caused by the lattice mismatch between
CdSe and ZnS and thus favors the high PL QYs.'""”
The energy-dispersive X-ray (EDX) spectra of a typical
sample with growth time of 0.5 h at 250 °C (Figure S2)
also confirm the presence of Cd, Zn, Se, and S in the
sample.

Effect of Nature of Reactants. To understand the me-
chanism for formation of monodisperse core/shell
nanocrystals, we investigated the nature of reactants
on the effect of the obtained QDs. In the reported
single-step noninjection approach (denoted as Ry),
CdO, Zn(NOs),, elemental Se and S were used directly
as metal and chalcogenide sources, respectively.
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Figure 5. Dependence of PL feature of obtained QDs on the
nature of reactants: in Ry, CdO, S, and Se as reactants; in R;,
activated CdO as Cd source; in R,, activated Se and S as
reactants; in R3, activated Cd, S, and Se used.

In control experiments (R;—Rs), activated Cd source
(cadmium stearate), and/or activated Se, S sources
(TOP-Se, TOP-S) were adopted. Experimental results
(Figure 5) indicate that the adoption of CdO as Cd
source is critical for the formation of monodisperse
core/shell QDs with narrow and symmetric PL emission
peak. When cadmium stearate was used as Cd pre-
cursor (Rq, R3), independent nucleation occurred as
indicated by the appearance of two emission peaks
corresponding to CdSe and Zn—Cd—S QDs, respec-
tively. When activated Se and S sources (TOP-Se, TOP-S)
were adopted (R,), independent nucleation can be
avoided, but the spectral width of the resulting QDs
is significant broader than those prepared with use of
elemental Se and S (41 vs 30 nm). These results reveal
that the rather abrupt activation of CdO at a certain
elevated temperature (herein 150—160 °C) plays a
crucial effect on heterogeneous nucleation and growth
of monodisperse QDs and avoiding the independent
nucleation of shell materials.>* The role of abrupt
activation of CdO is similar as a rapid injection, which
is the rate-limiting step for synthesis of nanocrystals in
the injection approach. Similar result has been re-
ported for the noninjection synthesis of binary
CdS NGCs, wherein the reduction of elemental sulfur
by ODE, instead of nucleation of the NCs, was likely the
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Figure 6. (a) PL emission spectra of obtained core/shell QDs
with emission wavelength spanning from violet to NIR
window. (b) Photographs of typical emission colors from
the obtained QDs under the irradiation of a UV lamp.

rate-limiting step for formation of monodisperse
nanocrystals.>

General Synthetic Approach for Tuning Emission Color from
Violet to NIR. A desired synthetic approach should
provide high-quality QDs with emission wavelength
range as wide as possible.>® To the best of our knowl-
edge, very few synthetic approaches have the versati-
lity for preparation of II-VI group core/shell QDs
with emission wavelength covering from violet to
NIR. Based on the reported single-step noninjec-
tion approach, the emission wavelength of CdSe/
Zn,Cd;_,S system can be conveniently tuned from
500 to 680 nm with the variation of the amounts of
TOP and SA, the nature of zinc sources, as described in
Materials and Methods. The reported single-step non-
injection synthetic strategy is also workable for the
preparation of high-quality CdS-, and CdTe-based
core/shell QD systems, and accordingly violet-
blue-, and NIR-emissions can be obtained. Table S1
summarizes the experimental conditions and corre-
sponding properties for core/shell QDs with emission
wavelength ranging from violet to NIR and the repre-
sentative TEM images are shown in Figure S3. Violet
and blue emissions with wavelength centered at 410
and 460 nm can be facilely obtained via the reaction
between CdO and elemental S in ODE media contain-
ing SA with or without the presence of Zn(OAc),.
When Se was replaced by equal amount of Te, CdTe/
Zn,Cd; _,S QDs were then formed with corresponding
emission wavelength located in NIR window from 650
to 825 nm. Figure 6 shows the PL spectra ranging from
violet to NIR and representative emission colors in the
visible spectral window from core/shell QDs prepared
by the single-step noninjection synthetic approach.

High Stability. The stability of PL emission, especially
in aqueous media, determines the practical applica-
tions of QDs in LED and biolabeling."® The high PL
QYs of the obtained core/shell QDs can be preserved
for more than one year at ambient atmosphere when

ZHANG ET AL.
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Figure 7. UV—vis absorption (a) and PL emission (b) spectra
of representative core/shell structured QDs before (solid
curves) and after (dotted curves) phase transfer with use of
adenosine monophosphate as phase transfer agent. (c)
Photographs of emission colors for QD samples dispersed
in H,0 and CHCI; media under UV irradiation.

dispersed in common nonpolar solvents. More inter-
esting and important, the high PL QYs of the initial oil-
soluble QDs can also be retained when the original oil
dispersible QDs are transferred into aqueous media
through ligand replacement (detailed procedure in
Materials and Methods).>* It was found that after phase
transfer, the QDs aqueous solutions exhibited identical
absorption and PL emission spectral profiles to those
of initial hydrophobic QD dispersions in chloroform
(Figure 7a,b). The original high fluorescent brightness
was preserved for all selected QDs samples with
different emission colors after the phase transfer, and
the water-soluble QDs showed more than 90% PL
intensity of the initial oil-soluble ones. This is further
demonstrated by the almost no distinguishable lumi-
nescence brightness of the selected QD samples be-
fore and after phase transfer (Figure 7c). It should be
noted that heavy loss of luminescence brightness of
QDs after phase transfer into aqueous solutions was
commonly observed due to the leakage of exciton into
the surrounding in previous reports.'*'>>> The high
luminescence of the CdSe/Zn,Cd,_,S in aqueous med-
ia can retain for several months without observable
quenching. This high PL stability of the water-soluble
NIR emitting QDs renders them of special interest in
biomedical labeling.*

Reproducible Large-Scale Synthesis. In the synthesis of
luminescent QDs, the particle size and corresponding
optical properties (such as PL QY and emission
wavelength) of the obtained QDs are usually very
sensitive to reaction temperature and growth time in
most synthetic approaches.3>~*® This renders the de-
sired optical features are difficult to be captured and
thus the reactions lack high reproducibility. While, in
our reported single-step noninjection approach, long-
term fixation of PL properties (PL peak position, peak
width, and PL QY) of the obtained core/shell QDs are
observed as described above. This feature favors the
capture of desired emission wavelength. Moreover,
the emission wavelength of the final QDs is mainly
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Figure 8. Photographs of dried powder sample of green,
yellow, and red emission QDs prepared in a single batch
reaction.

determined by the feed ratio of reactants. That is to say,
QDs with different emission colors can be achieved by
simply changing the synthetic recipe with predeter-
mined amounts of reaction reactants. These features
make our reported synthetic approach very reprodu-
cible for the preparation of high-quality luminescent
QDs with desired emission wavelength spanning the
whole visible spectrum and extending to NIR window.
Experimental results (Figure S4) show that when we
repeated the synthetic experiment 10 times, the PL
wavelengths and corresponding QYs of the final QDs
were subjected to fluctuations with relative deviation
less than 5%. Owing to all reactants were loaded at
room temperature, no formation of gas in the reaction
process, the reported approach can be readily scaled
up for industrial production. We scaled the amount of
all reactants up to ~10-fold in a 500 mL three-necked
flask. More than 3 g of green, yellow, and red emissive
core/shell QDs can be obtained in one bath reaction
as shown in Figure 8. Therefore, the reported single-
step noninjection synthesis route aiming at producing

MATERIALS AND METHODS

Chemicals. Cadmium oxide (CdO, 99.99+%), zinc nitrate
hexahydrate (Zn(NO3),-6H,0, 98%), zinc acetate (Zn(OAc),,
99.99%), sulfur powder (S, 99.98%), selenium powder (Se, 100
mesh, > 99.5%), tellurium powder (Te, 200 mesh, 99.8%),
1-octadecene (ODE, 90%), stearic acid (SA, 95%), and trioctyl-
phosphine (TOP, 90%) were purchased from Aldrich. All
chemicals were used as received without any further purifi-
cation. All solvents were obtained from commercial sources
and used as received.

Synthesis of CdSe/Zn,(d, _,S QDs with Emission Wavelength Tunable for
500—680 nm. In a typical synthesis, CdO (0.205 g, 1.6 mmol),
Zn(NO3),-6H,0 (0.238 g, 0.8 mmol), Se (0.032 g, 0.4 mmol), and
S (0.026 g, 0.8 mmol) together with 3.0 mL of TOP, 1.14 g
(4 mmol) of SA were mixed with 20 mL of 1-octadecene (ODE) in
a 100 mL three-necked flask. The flask was fitted with a heating
mantle, a condenser, and a temperature probe and placed on a
stirplate. The mixture was then heated to 250 °C at a heating
rate of 20—40 °C/min under air with vigorous stirring. During
the reaction, aliquots were taken with a syringe at different
times to monitor the growth of QDs by recording UV—vis
absorption and PL emission spectra. Afterward, the reaction
solution was cooled to ~80 °C and precipitated by ethanol.
Further purification by centrifugation and decantation was
carried out use of CHCls/ethanol mixture solvent. Finally, the
products were redispersed in toluene or chloroform or dried
under vacuum for further analyses. A total of 0.35 g of dried
product with an emission wavelength around 625 nm can be
obtained.

ZHANG ET AL.

high quality core/shell QDs for potential industrial
applications are scalable, reproducible, and low cost,
while enabling the production of QDs in a high yield.

CONCLUSIONS

We have developed a single-step noninjection scal-
able synthetic approach to prepare high-quality core/
shell structured QDs by directly heating commercial
available, low-cost, air-stable CdO, Zn(NOs),, elemental
Se, S/Te in ODE media containing certain amount of
TOP and SA. This synthetic approach can be applied for
the preparation of CdS/Zn,Cd,_,S, CdSe/Zn,Cd,;_,S,
and CdTe/Zn,Cd,_,S core/shell QD systems with cor-
responding emission wavelength tunable from violet
to NIR window. The shell material with gradient alloy
structure relieves the strain caused by the lattice
mismatch in the core/shell interface, and thus leads
to high QY of the QDs. The emission wavelength can be
feasibly tuned via variation of reaction recipes. The key
to the success of this approach is the selection reac-
tants, especially the direct use of CdO as Cd source. The
abrupt activation of CdO at elevated temperature
ensures the heterogeneous nucleation and controlled
growth of core/shell structured QDs with uniform size
and chemical composition. The absence of the opera-
tion of precursor injection and pyrophoric agents
ensures the scalability of the preparation method. This
synthetic approach can satisfy the low-cost, reprodu-
cible, and scalable requirement for industrial pro-
duction of high quality core/shell QDs for potential
applications.

In the case of Zn(NOs), used as Zn source, with the variation
of the amount of TOP and/or SA, the emission wavelength of the
obtained QDs can be conveniently tuned from 500 to 630 nm.
For example, with the fixation of other variables, when the
amount of TOP was varied from 0 to 0.4 mL, the emission
wavelength can be tuned from 500 to 550 nm. With fixation
of TOP at 0.4 mL, when SA amount was varied from 4.0 to
6.0 mmol, the emission wavelength can be tuned from 550 to
600 nm. When Zn(NOs), was replaced by Zn(OAc),, with
the variation of SA from 4.0 to 2.0 mmol, the corresponding
emission wavelength can be tuned from 620 to 680 nm.

Synthesis of Red- to NIR-Emitting CdTe/Zn,(d; ,S Core/Shell QDs. In a
typical synthesis, CdO (0.205 g, 1.6 mmol), Zn(OAc), (0.128 g, 0.8
mmol), Te (0.051 g, 0.4 mmol), and S (0.026 g, 0.8 mmol)
together with 3.0 mL of TOP, 1.14 g of SA were mixed with
20 mL of ODE in a 100 mL three-necked flask. The mixture was
then degassed at room temperature for 10 min. After that, the
solution was heated to 250 °C at a heating rate of 20—40 °C/min
under N, flow with vigorous stirring. The following monitoring
and purification operations were similar to those of CdSe/
Zn,Cd;_,S QDs described above. 0.37 g of dried QD products
can be obtained. With the variation of reaction temperature
(230—250 °C)) and reaction time (0—30 min), the emission
wavelength of the obtained QDs can be conveniently tuned
from 650 to 825 nm.

Synthesis of Blue-Emitting CdS/Zn,Cd, _,S Core/Shell QDs. In a typical
synthesis, CdO (0.205 g, 1.6 mmol), Zn(OAc), (0.128 g, 0.8 mmol),
and S (0.026 g, 0.8 mmol) together with 1.14 g of SA were mixed
with 20 mL of ODE in a 100 mL three-necked flask. The mixture
was then degassed at room temperature for 10 min. After that,
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the solution was heated to 250 °C at a heating rate of 20—40 °C/min
under N, flow with vigorous stirring. A total of 0.33 g of dried QD
product can be obtained. With the variation of the amount of
Zn(OAc), (0—0.8 mmol), the emitting wavelength of the obtained
QDs can be tuned from 410 to 450 nm.

Ligand Exchange. Exchange of the native hydrophobic ligands
on QDs surface by adenosine monophosphate (AMP) was
performed as follows. Typically, 1.0 g (2.74 mmol) of AMP was
dissolved in 3.0 mL of ethanol, and the pH of the resulting
solution was adjusted to 10 with the use of concentrated NaOH
solution. Then 0.3 mL of the obtained AMP solution (containing
0.27 mmol AMP) in ethanol was added dropwise into a purified
QDs solution in CHCl; (containing 1 x 10~°M QDs, 20.0 mL) and
vigorously stirred for 30 min. Subsequently, deionized water
was added into the solution. The QDs were found to be
successfully transferred from the organic phase on the bottom
to the aqueous phase in the top. The colorless organic phase
was discarded and the aqueous phase containing the QDs was
collected. The excess amount of free ligand was removed by
centrifugation purification with use of acetone. The supernatant
was discarded and the pellet was then redissolved in water and
repeated this centrifugation—decantation process three times
to get the purified QDs aqueous solutions.

Gram-Scale Production of CdSe/Zn,(d, ,S QDs. For the preparation
of gram-scale red-emitting CdSe/Zn,Cd;_,S QDs, CdO (2.05 g,
16 mmol), Zn(NOs), - 6H,0 (2.38 g, 8 mmol), Se (0.32 g, 4 mmol),
and S (0.26 g, 8 mmol) together with 30 mL of TOP, 11.4 g SA was
mixed with 150 mL of 1-octadecene (ODE) in a 500 mL three-
necked flask. The mixture was then heated to 250 °C at a heating
rate of 20—40 °C/min under air with vigorous stirring and kept
at this temperature for 1 h. The QDs were then obtained and
purified via a routine process elaborated above. For the pre-
paration of green-emitting QDs, all other variables were the
same as for the red ones, while the amount of TOP was changed
to 3.0 mL. For the preparation of yellow-emitting QDs, the
amount of TOP was changed to 3.0 mL, and SA was changed
to 17.2 g. For all QD samples, more than 3 g of dried products
were obtained.

Characterization. UV—vis and PL spectra were obtained on a
Shimadzu UV-2450 spectrophotometer and a Cary Eclipse
(Varian) fluorescence spectrophotometer, respectively. The
room-temperature PL QY was determined by comparing the
integrated emission of the QDs samples in chloroform with that
of a fluorescent dye (such as rhodamine 6 G with QY of 95% or
rhodamine 640 with QY of 100%) in ethanol with identical
optical density. A quadratic refractive index correction was
done in order to compensate the different refractive index of
the different solvents used for organic dyes and QDs. Also,
the known QYs of the QDs in solution can be used to measure
the PL efficiencies of other QDs by comparing their integrated
emission.

To conduct investigations in the transmission electron
microscopy (TEM), the QDs were deposited from dilute toluene
solutions onto copper grids with carbon support by slowly
evaporating the solvent in air at room temperature. TEM and
high resolution (HR) TEM images were acquired using a JEOL
JEM-2010 transmission electron microscope (operating at an
acceleration voltage of 200 kV), which is equipped with an
energy-dispersive X-ray (EDX) detector that was used for ele-
mental analysis. Powder X-ray diffraction (XRD) was obtained
by wide-angle X-ray scattering, using a Siemens D5005 X-ray
powder diffractometer equipped with graphite monochroma-
tized Cu Ko radiation (A = 1.5406 /1). XRD samples were pre-
pared by depositing NC powder on a piece of Si (100) wafer.
The composition for the QDs was measured by means of
inductively coupled plasma atomic emission spectroscopy
(ICP-AES, Thermo Elemental IRIS 1000) using a standard HCl/
HNO; digestion with addition of few drops of H,0,.
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