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ZnS-coated CdSe composite particles have been continuously
synthesized in a microfluidic reactor. By using this system,
CdSe particles and a ZnS coating can be produced in sequence,
and the particle size and layer thickness can be directly adjusted
by the residence time. It demonstrated that the continuous
synthesis in the microreactor was a simple and efficient way to
prepare composite particles with different structures and
determine the optimized experimental conditions.

Chemical synthesis in microreactors is a novel way of conducting
chemistries in a highly controlled fashion with better yields at a
reduced overall effort.1.2 Continuous synthesisisbelieved to be one
advantage of microreactor technology, which means the possibility
of running up to 24 h per day and doing analyseson line. Especialy,
amulti-step continuous synthesisin amicroreactor was expected to
provide better quality functional products with improved econom-
ics for complicated reactions. A few references have described the
continuous preparation of nanoparti cles with homogeneous compo-
nents and structures such as CdS, CdSe, TiO, using the micro-
channel system.3-6 The results highlight the flexibility of such a
microfluidic system for efficiently collecting kinetic data and fine-
tuning the desired physical properties. In these studies, the
experimental conditions tried to remain uniform throughout the
total process, such that the temperature variation was controlled to
beaslow aspossible, and no new reactant was added to the reaction
process. However, for composite nanoparticles, such as core-shell
structure nanoparticles,”-10 different experimental conditions for
the core and shell are usually needed, and in some cases, a new
reactant has to be added during the reaction. So far, to the best of
our knowledge, no report can be found about the composite
nanoparticles continuously synthesized in a microreactor. In
addition, realizing a multi-step continuous synthesis in a micro-
reactor means more extensive application of this technique in
industry. Here we selected the semiconductor composite nano-
particle CdSe-ZnS as the system to demonstrate a multi-step
continuous synthesis system because it has been well established
that the particle properties can be determined by their UV and
luminescence spectra.11-16

Se powder was added to trioctyl phosphine (TOP) to prepare a
TOP-Se stock solution. Meanwhile, Cd(CH3CQOO), was added to
stearic acid and heated at 130 °C. Trioctyl phosphine oxide (TOPO)
wasthen added under anitrogen flow. After the solution was cooled
to below 100 °C, it was mixed with TOP-Se according to the
molecular ratio of 1Cd : 5Se to make the CdSe raw materia
solution. 0.5 mmoal of diethylzinc and 0.5 mmol of bis(trimethylsi-
lyl) sulfide were dissolved in 3 mL of TOP. They were then mixed
with 3mL of melted TOPO to make the ZnS raw material s sol ution.
The multi-step continuous system was set up as depicted in Fig. 1.
There were three sections whose functions included the CdSe
synthesis, mixing (with ZnS raw materials), and ZnS coating. The
reactant solution flowed in the microchannel (inner diameter: 200
um) supplied by the microcapillary and a ceramic micromixer,
which was used to add the ZnS raw materials into the CdSe crude
solution. Two oil baths supply different temperatures for the
nucleation and growth of the CdSe and ZnS, respectively. In this
system, the microcapillary showed more flexibility than the chip-
based microreactor to distribute the reactant residence time in the
three sections, and to provide the different temperatures.
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Fig. 2 shows the absorption and luminescence spectra of product
obtained in the CdSe section and final outlet in this continuous
system. For this sample, the CdSe section capillary length was
designed to be 10 cm, the mixing section (mixer channel plus
capillary) length was 85 cm, and the ZnS coating section was 20
cm. If theflow rateis 100 ul min—1, the residencetime for the CdSe
synthesisis 2 sec, for mixing, it is 8 sec, and for coating, it is2 sec.
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Fig. 1 Schematic illustration of the multi-step continuous synthesis
system.
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Fig. 2 (a) UV-Vis absorption spectra of product obtained in CdSe portion
and final outlet. The flow volume was 100 ul min—1. (b) Luminescence
spectra of uncoated CdSe from CdSe portion and coated particles from the
outlet with different flow volumes. Label denotes the flow volume of two
syringes for the CdSe and ZnS raw materials. The two flow volumes were
kept to be the same. Uncoated CdSe was obtained under the flow volume of
100 wl min—1,
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The UV gpectra (Fig. 2a) revealed CdSe nanoparticles can be
obtained first in the CdSe section of this continuous system. After
the CdSe particles flow through the mixing and coating section, its
absorption peak red shifted about 10 nm. To test whether the CdSe
core nanoparticles grow during the coating process, the CdSe core
solution prepared as in ref. 4 was injected into a microcapillary at
220 °C with different residence times. The CdSe absorption peak
did not significantly change in a short residence time (less than 5
min) at 220 °C, which meansthat the CdSe cores grew only slightly
without the ZnS raw material addition during the synthesis
procedure. Therefore, the absorption red shift of the final product
revealed the forming of the ZnS coating, which was often due to
partial leakage of the exciton into the ZnS matrix, or the closing
together of the electronic levels that accompanies a size in-
crease.1516 Fig. 2b showsthat the fluorescence intensity of the final
product increased nearly fivetimes compared with the CdSe section
product if the flow volume is 100 ul min—1, but decreased with a
slower flow volume. The variation in the fluorescence intensity can
be explained by the change in the ZnS layer thickness because the
different residence time in the ZnS coating section would result in
adifferent ZnS layer thickness. The optimized ZnS layer thickness
was also found by Talapin et al. who controlled the layer thickness
by the concentration of the ZnS raw materials,13 and they believed
that a 1.6 monolayer was the best (a monolayer is about 3.1 A
according to the distance between the consecutive planes aong the
[002] axis in the bulk wurtzite ZnS). In our experiments, CdSe
particles with different ZnS monolayers can be easily obtained by
changing the flow rate or capillary lengths, which demonstrated
that the multi-step continuous synthesis in the microreactor was a
simple and efficient way to control the composite particle structure
and find the optimized experimental conditions.

Our experiment also showed the importance of mixing for the
multi-step continuous synthesis in a microreactor. If the design of
the mixing section (mixer channel plus capillary) length is 30 cm,
and the flow volume is 100 ul min—1, the residual time for mixing
isonly 2.7 sec. The UV spectra of the product from the outlet
showed an absorption peak for CdSe, but the fluorescence spectra
just showed the same intensity as our previous TOPO-capped CdSe
particle. No evidence indicated that ZnS had coated the CdSe
particles. It iswell known in microchannels having dimensions on
the order of 100 um, mass transfer is dominated by laminar flow,
and thus mixing is principally driven by diffusion.i’-21 The
effectiveness of the mixing technique is based on the diffusion
equilibration time, t. In our microreactor system, to obtain
sufficient mixing, the reactant residence time T in the mixing
portion should be greater than or equal to the equilibration time t,
which means that the ZnS raw materia solution can have enough
time to mix with the CdSe particles before the coating process. The
residence time T in the mixing section is determined by the flow
rate and the capillary plus micromixer channel length. Our
experimental results showed that alonger capillary isasimple and
effective way to get sufficient mixing in the multi-step continuous
synthesis.

In summary, ZnS-coated CdSe particles have been obtained
using a total continuous method in a microfluidic reactor. The

results not only displayed the same tendency in the UV and
luminescence spectraasthe conventional method in aflask, but also
exhibited the obvious advantage of the microreactor technology in
conveniently controlling the structure and properties of the
nanoparticles. Through this system, CdSe particles and a ZnS
coating can be produced in sequence, and particle size and layer
thickness can be directly adjusted by the flow rate. At the same
time, thisexperiment reveal ed theimportance of the micromixer for
the prefigured reaction. A more efficient mixer was expected to
optimize and miniaturize this system in the future. In addition, the
result showed the possibility of operating a more complicated
reaction in the microreactor, which means a greater potential for its
application.
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