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Abstract: In this work, we synthesized monodispersed CdSe quantum dots (QDs) by a microfluidic
method and via a bulk reaction. The structures of the CdSe QDs were characterized by X-ray powder
diffraction (XRD) and high-resolution transmission electron microscopy (HR-TEM). The optical
properties of the prepared CdSe QDs were determined using ultraviolet-visible absorption
spectroscopy and photoluminescence spectroscopy. The CdSe QDs obtained by the microfluidic
method have a faster crystal growth rate and a higher absolute photoluminescence quantum yield
than those obtained via the bulk reaction. Additionally, we investigated the growth process of the
CdSe QDs with increasing residence times.
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1. Introduction

Over the past few decades, semiconductor quantum dots (QDs), such as CdSe, have been attracting
increased scientific and commercial interest due to their tunable band gap, their narrow emission
spectrum, their high conductivity and mobility, and an outstanding chemical and light stability.
They have been increasingly used in bioimaging [1,2], therapeutics [3], catalysis [4], solar cells [5,6],
and quantum-dot light-emitting devices (QD-LED) [7,8].

Peng et al. [9] obtained rod-like CdSe QDs by adding hexyl-phosphonic acid (HPA) into the
reaction system, thereby providing a way to control their shape. Alivisatos et al. [10] demonstrated that
the addition of acidic surfactants, such as octadecylphosphonate, can accelerate the growth rate of the
nucleus and reduce the number of particles of a stable size, thereby affecting the average radius of the
nanocrystals. The effect of a small amount of acidic surfactant on the average diameter is very strong.
Lin et al. [11] synthesized core-shell CdSe/CdS QDs in an aqueous solution by a photo-assisted method
and a microwave heating method. They concluded that the CdSe QDs obtained with the photo-assisted
method possess a higher photoluminescence (PL) quantum yield (QY) and a narrower full width at
half maximum (FWHM) of the emission peak than those of the QDs prepared by microwave heating.

The most conventional synthesis method of CdSe QDs is to prepare a Cd precursor solution
and a Se precursor solution and mix them at a high temperature for a certain period of time [12–15].
The traditional method of synthesizing CdSe QDs is fundamental, but also suffers from obvious
deficiencies. Certain reaction parameters, such as the reaction temperature and the concentration,
cannot be accurately controlled, which results in an irreproducible reaction. Therefore, we introduced
a microfluidic method with rapid and efficient mass and heat transfer to prepare CdSe QDs to precisely
control the reaction parameters with good repeatability. There have been many studies to synthesize
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QDs on microfluidic platforms. Maeda et al. [16] explored the effects of the reaction conditions including
the residence time, the temperature, and the addition of stearic acid on CdSe nanocrystals prepared in a
microreactor. They found that addition of organic ligands had a direct effect on the number of particles.
Alivisatos et al. [17] used chip-based microfluidic reactors to synthesize CdSe nanocrystals and studied
the influence of the reaction time, the temperature, and the precursor concentration. Bakr et al. [18]
automatically synthesized PbS QDs with a microfluidic system, and the performance of the fabricated
solar cell was equivalent to that prepared from batch-synthesized QDs. Xu et al. [19] investigated the
effects of the nucleation temperature, the monomer concentration, and the overall ratio of Cd to Se on
the shape of CdSe nanoparticles. They successfully obtained highly monodisperse-branched cadmium
selenide QDs in the microreactor. Chen et al. [20] proposed a green strategy to produce solvent-free
CdSe QD-hybrid fibers and arrays via a microfluidic spinning technology. They ground CdSe/PVP
microfibers into powders to prepare phosphors for white light-emitting diodes (WLED).

In this work, we compared the properties of CdSe QDs obtained with the same reaction conditions
(temperature, reactant ratio, and reaction time) in microtubes and in a bulk reaction by combining the
typical trioctylphosphine-oleic acid (TOP-OA) reaction [21] with microfluidics devices.

2. Experiment

2.1. Materials

Cadmium oxide (CdO, 99.99%), diphenyl ether (98%), selenium (Se, 99.9%), chloroform, oleic acid
(OA), and anhydrous methanol were the analytical reagents. All chemicals were used directly without
any purification.

2.2. Synthesis of the Precursors

To begin, 0.23 g of cadmium oxide and 1.70 g of oleic acid were dispersed in 8 mL of diphenyl
ether and the mixture was heated at 180 ◦C in a 25 mL three-necked flask while stirring for 120 min
under nitrogen to form a clear yellow cadmium oleate stock solution. In order to prepare the Se-TOP
solution, 0.32 g Se powder was dispersed in 2.88 g TOP and the mixture was ultrasonicated for 30 min.

2.3. Bulk Reaction

As described in Figure 1a, we injected 3.2 g Se precursor solution into the three-necked flask while
stirring under nitrogen flow after the cadmium oleate stock solution was prepared. A 0.5 mL aliquot
at given reaction times between 3 and 60 min was removed from the reaction flask with a syringe
and quickly transferred into a vial with cold chloroform to sufficiently quench the growth of the
nanocrystals. Finally, anhydrous methanol was added to the samples and the mixture was centrifuged
at 6000 rpm for 5 min before washing it with anhydrous methanol. This procedure was repeated
several times until the supernatant was clear. The precipitate was collected in 2 mL chloroform.
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2.4. Microfluidic Devices

Figure 1b shows a schematic illustration of the microfluidics procedure. The 4 ml cadmium oleate
solution was loaded into a syringe and named solution A whereas the 2 ml Se-TOP solution was loaded
into another syringe and named solution B. They were pumped into a micromixer chip (Dolomite
Microfluidics, Royston, UK) at different flow rates. The flow rate of solution A was 1 mL/min whereas
the flow rate of solution B was 0.2 mL/min. Solutions A and B were mixed in the micromixer chip using
polytetrafluoroethylene (PTFE) microtubes with an inner diameter of 0.8 mm and an outer diameter of
1.6 mm. They were incubated for a duration between 3 and 60 min using a Hoffman valve and finally
collected into a vial. The purification process of the sample was the same as for the bulk preparation
method mentioned above and the final sample was stored in 2 mL chloroform.

2.5. Characterization

Samples of 0.2 mL were diluted with chloroform to 2 mL and measured with 3 mL quartz
cuvettes in ambient air at room temperature with an FS5 spectrofluorimeter and a JASCO V-750
spectrophotometer to characterize the optical properties. The absolute QY of the CdSe QDs was
determined with an integrating sphere in combination with an FS5 spectrofluorimeterusing chloroform
as a blank solution.

The X-ray diffraction (XRD) patterns were obtained on a MeasSrv D2-210629 X-ray diffractometer
between 10◦ and 80◦ using the Cu Kα radiation (λ = 0.1542 nm) and operated at 50 kV and 100 mA.
The specimens were prepared by spreading a thin layer of precipitated nanocrystals onto a
non-diffracting silicon wafer in ambient air.

High-resolution transmission electron microscopy (HR-TEM) was performed with a Tecnai G2
F20 operating at 200 kV. The samples were prepared by depositing a drop of the dilute solutions of
the nanocrystals onto ultrathin carbon-coated copper grids and drying them with an infrared lamp in
ambient air. The transmission images were analyzed by a Nano Measurer, and the diameter distribution
of the particles was summarized.

3. Results and Discussion

Figure 2a,b shows the UV-visible spectra of CdSe QDs synthesized via a bulk reaction and in a
PTFE microtube for residence times between 3 and 60 min. Figure 2c shows the first absorption peak
in the UV-visible spectra depending on the residence time in the microfluidics and in the bulk reaction.
Figure 2d shows a photograph of the reaction devices. A red shift in the UV-vis spectra means an
enlargement of the particles [22]. Indeed, the peak position in the UV-visible absorption spectrum is
red-shifted as the reaction time increases. Comparing the microfluidics-based with the bulk synthesis,
we found that the maximum value of the red shift in the microfluidics was 15–25 min (red dotted
ellipses in Figure 2c) whereas the maximum value of the red shift for the bulk reaction was 3–10 min
(black dotted ellipses in Figure 2c). The value of the red shift reflects the growth rate of the CdSe
QDs. We propose that this observation originates from the fact that the precursor solution for the bulk
synthesis was rapidly mixed in the three-necked flask whereas the microfluidic reaction was mainly
carried out in the PTFE microtubes. At the initial stage, the monomer concentration in the three-necked
flask was higher than that in the PTFE microtubes and the growth "burst" of the CdSe QDs in the bulk
reaction occurred earlier. Since the total monomer concentration was the same, more monomer was
consumed after the growth “burst” and, consequently, the monomer concentration in the bulk reaction
was lower than in the microfluidic devices. The microfluidic devices have a higher heat and mass
transfer efficiency [23–25], which results in larger CdSe QDs and explains why the peak wavelength in
the UV-vis absorption spectra (Figure 2c) was ultimately above that for the bulk reaction.
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increased and larger CdSe QDs were obtained in the microtubes than in bulk. 

  

Figure 2. (a) UV-visible absorption spectra of CdSe quantum dots (QDs) synthesized via a bulk
reaction and (b) in a polytetrafluoroethylene (PTFE) microtube for (c) residence times from 3 to 60 min
showing the evolution of the wavelength of the first absorption peak with the residence time in the
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Figure 3 shows the evolution of the predicted mean diameter of the CdSe QDs with the residence
time calculated by an empirical fitting function [26]. The CdSe QDs grew as the residence time
increased and larger CdSe QDs were obtained in the microtubes than in bulk.
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Figure 4a, b shows the photoluminescence (PL) spectra of the CdSe QDs synthesized in PTFE
microtubes and via a bulk reaction with residence times ranging from 3 to 60 min. When the residence
time increased, both PL spectra showed a red shift indicating that the CdSe QDs were growing.
Additionally, the photoluminescence intensity decreased mildly because of the decreasing electron-hole
overlap with the increasing quantum dot size. As shown in Figure 4c, the wavelength of the PL peak
increased with the residence time. The maximum of the red shift in the microfluidic reaction occurred
between 20 and 25 min (red dotted ellipse in Figure 4c) whereas the maximum value of the red shift for
the bulk reaction occurred between 10 and 15 min (black dotted ellipse in Figure 4c). This is consistent
with the UV-visible absorption spectra. The reason for this observation was given earlier. Figure 4d
shows the evolution of the full width at half maximum (FWHM) of the PL peak with the residence
time. The FWHM of the peak for QDs obtained via microfluidics was consistently above that for QDs
obtained via a bulk reaction. The FWHM of a PL peak is proportional to the size distribution of the
particles [27]. Therefore, a higher size dispersion for the microfluidics devices results from a higher
heat and mass transfer efficiency. We assume that a higher heat and mass transfer efficiency accelerate
the growth of the CdSe crystals, which is equivalent to a higher reaction temperature and a faster
stirring rate in the bulk reaction.
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Figure 4. (a) Photoluminescence (PL) spectra of CdSe QDs synthesized in a PTFE microtube and (b)
via a bulk reaction with residence times from 3 to 60 min. The excitation wavelength was 440 nm.
(c) Evolution of the peak wavelength in the PL spectra with the residence time in the microfluidics
devices and in the bulk reaction. (d) Evolution of the full width at half maximum (FWHM) of the PL
peak with the residence time in the microfluidics devices and via the bulk reaction.

The PL colors of the samples obtained with the microtubes and via the bulk reaction are shown
in Figure 5a,b. They coincide with the variation of the wavelength of the PL peak. We expected the
prepared QDs to be used to fabricate LEDs and for bioimaging.
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Figure 5. Optical images of CdSe QDs solution obtained with (a) microfluidic devices and (b) via bulk
reaction under a 365 nm UV lamp. (c) The luminescence of the CdSe QDs solution (the orange line)
and blank solution (the black line) from fluorescein collected in the integrating sphere. The inset is an
enlarged part from 450 to 700 nm (the blue dotted line).

Figure 6 shows the XRD patterns of the CdSe QDs. Three distinct diffraction peaks were observed
at 2θ values of 25.35◦, 42.0◦, and 49.7◦. They corresponded to the (111), (220), and (311) crystalline
planes of cubic CdSe, respectively (PDF#019–191). There was a significantly higher intensity when the
residence time increased, which indicates a better crystallinity of the CdSe QDs during the growth of
the particles in the microfluidic devices and in the bulk reaction.
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Figure 6. X-ray powder diffraction (XRD) patterns of CdSe QDs obtained via the bulk reaction and in
microfluidics devices at different residence times. The vertical red lines indicate the three strong peaks
corresponding to the power diffraction file (PDF # 019–191).

The absolute quantum yields (noted as AQY) are given in Table 1. The advantage of absolute
quantum yield is that the test results can be obtained without comparison with standard samples and
the test values are stable and repeatable. There is no error caused by the standard test [28]. Figure 5c
shows the luminescence of the CdSe QDs solution and the blank solution (chloroform) from fluorescein
collected in the integrating sphere and measured by an integrating sphere in combination with an FS5
spectrofluorimeter. The AQYs in the bulk reaction with residence times of 15 and 60 min were lower
than those in the microfluidic devices, which indicates that there were fewer traps on the surface of the
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CdSe QDs obtained in the microfluidic devices [29]. The CdSe QDs obtained in the microtubes were
superior to those obtained in the bulk reaction.

Table 1. Quantum yields of the QDs with residence times of 15 and 60 min in the microfluidic devices
and in the bulk reaction, as determined by spectrofluorimetry.

Method Residence Time (min) Absolute Quantum Yields (%)

Microfluidics
15 1.61 ± 0.15

60 1.50 ± 0.13

Bulk reaction
15 0.98 ± 0.10

60 0.82 ± 0.09

Figure 7a,b shows the HR-TEM images of CdSe QDs obtained in microfluidics devices with
residence times of 15 and 60 min. Figure 7c,d show the HR-TEM images of CdSe QDs obtained via
the bulk reaction with residence times of 15 and 60 min. The insets in the top left corner are lower
magnifications of the HR-TEM images with a scale bar of 20 nm. The mean particle diameters in
Figure 6a–d are 3.2 nm, 3.8 nm, 3.0 nm, and 3.2 nm, respectively (the size distribution diagrams
are shown in the top right corner of the Figure 7). We also calculated the mean particle diameter
using the empirical fitting function given in Figure 3. The values were generally consistent with the
measurements from the HR-TEM images. For a residence time of 15 min, the mean diameter of the
particles was more dispersed in the microfluidics than in the bulk reaction, which is consistent with
the analysis of the PL spectra. We obtain larger CdSe QDs in the microfluidic devices with residence
times of 15 and 60 min. This agrees well with the red shifts in the UV-visible absorption spectra.
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Figure 7. High-resolution transmission electron microscopy (HR-TEM) images of CdSe QDs obtained
in microfluidics devices with a residence time of (a) 15 and (b) 60 min. HR-TEM images of CdSe QDs
obtained via a bulk reaction with a residence time of (c) 15 and (d) 60 min. The scale bar for the top left
corner insets is 20 nm. Size distribution diagrams of CdSe QDs are shown in the top right corner of
the images.
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4. Conclusions

We prepared CdSe QDs in microfluidics devices and via the bulk reaction at 180 ◦C using TOP
and OA as surfactants. Ten different residence times were used to study the growth process of CdSe
QDs. The CdSe QDs became larger when the residence time increased. We compared the properties of
CdSe QDs obtained with the same reaction conditions (temperature, reactant ratio, and reaction time)
in microtubes and in a bulk reaction to investigate the differences between both methods. There is
a “burst” of crystal growth in the initial stage of the reaction before the growth rate gradually slows
down. The difference between the microfluidic and the bulk synthesis is that the “burst” growth in
the bulk reaction occurs earlier. Consequently, the CdSe QDs obtained with the microfluidic devices
have a faster crystal growth rate than those obtained via the bulk reaction. We calculated the mean
particle diameters using an empirical fitting function. The values obtained are geneerally consistent
with the observations in the TEM images. Higher quantum yields are obtained in the microfluidic
devices, which indicates fewer surface traps than for the bulk reaction. All of these elements indicate
that the microfluidic method is superior to the bulk method to synthesize CdSe QDs.
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