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ABSTRACT 

Scale-up of synthesis process is highly required for commercial application of quantum 

dots (QDs). Although batch-type hot injection method is most popular synthesis route for 

QDs, its commercial scale-up version only gives non-uniform and less luminescent QDs with 

broad size distribution. In this study, we introduce a novel and facile method of large-scale 

synthesis of QDs using a fluid-dynamically controlled reactor, Taylor-Couette reactor (TCR). 

We successfully synthesized CdSe QDs with TCR and as-synthesized QDs were capped with 

epitaxial CdS layers using the molecular precursors for enhanced luminescence. The 

synthesis process was stabilized after 20 minutes from the start of initial injection of 

precursors and standard deviation of luminescence wavelength and spectral linewidth was 

less than 1 nm. After shell capping process based on pyrolysis of Cd-diethyldithiocarbamate, 

CdSe QDs synthesized from continuous processing route based on TCR showed intense 

photoluminescence at 640 nm with a spectral linewidth of 33 nm, which is much narrower 

than PL spectra of QDs synthesized from conventional batch-type synthesis route using 

reaction vessel with large volume capacity. We demonstrated high throughput synthesis of 

highly luminescent CdSe QDs using TCR as a platform for continuous synthesis with very 

large production yield (22,560 kg‧day-1
‧m-3 in space-time yield). 

 

 Keywords: Quantum dots, Semiconductor nanocrystals, Continuous synthesis, Taylor-

Couette flow  
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1. INTRODUCTION  

 Synthesis of semiconductor nanocrystals, or quantum dots (QDs), have received much 

attention over the last decade due to their outstanding optical properties and availability of 

narrow size distribution [1-7]. In particular, practical application of QDs requires industrially 

scalable cost-effective and massive synthesis process. However, large-scale synthesis of QDs 

based on conventional batch-type processing usually yields polydispersed nanocrystals with 

broad emission spectra [8]. The optical performance of QDs was highly circumscribed by 

inhomogeneous size and compositional distribution. Those heterogeneities in QDs are 

exceptionally sensitive to various processing factors that are difficult to control, such as the 

injection process, local fluctuation of temperature and concentration, the rate of mixing, and 

the dimensions of the reactor [9]. Precise control of those parameters has become more 

challenging when the large-scale preparation is the subject of main concern. Although the 

continuous synthesis of the high quality QDs using the microfluidic reactor or the capillary 

reactor is actively being pursued to meet the requirement [10-14], the amount of precursors 

injected during synthesis and their reaction time are highly limited due to the narrow inner 

volume of reactors. As a result, mass production of high quality QDs for industrial 

application takes a lot of time. As an alternative to already-known microfluidic process, we 

propose a novel continuous synthesis method based on the Taylor-Couette reactor (TCR) for 

synthesis of high quality QDs. Due to extreme susceptibility of optical properties on 

processing conditions of QDs, high throughput synthesis of high quality QDs is highly 

difficult to be achieved with conventional batch-type synthesis method. Owing to the 

distinctive fluid dynamics inside TCR, preparation of the high-quality nanocrystals is 

available. Then, there have been several reports on the TCR-based continuous synthesis of 

various particles such as BaSO4 [15], (Ni,Mn,Co)(OH)2 [16], Cs4PbBr6 [17]. However, 

successful synthesis of QDs with this high throughput synthesis route has never been reported 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

4 
 

previously, partially due to lack of knowledge about processing parameters regarding the 

synthesis of QD with TCR. Assisted by the search of optimal processing parameters, TCR-

based synthesis of QDs will pave a novel and efficient way to industrial scale-up for 

commercial application of QDs. In this study, we propose a new process that can massively 

synthesize QDs of uniform particle size without fluctuation in the properties. It is also aimed 

to synthesize the core-shell structure based on the QDs synthesized with continuous process 

by finding optimal processing conditions to enhance their luminescence properties. 

 

2. EXPERIMENTAL PROCEDURE  

2.1. Materials 

Reagent-grade cadmium oxide (CdO; Sigma-Aldrich, 99%), selenium powder (Se; 

Sigma-Aldrich, 99%), sulfur powder (S; Sigma-Aldrich, 99%), 1-octadecene (ODE; Sigma-

Aldrich, 90%), oleic acid (OA; Sigma-Aldrich, 90%), trioctylphosphine (TOP; Sigma-

Aldrich, 90%), cadmium chloride (CdCl2; Sigma-Aldrich, 99%), sodium 

diethyldithiocarbamate (NaDDTC; Sigma-Aldrich 97%) were used without further 

purification. 

2.2. Batch-type synthesis of CdSe QDs 

CdSe QDs were prepared with conventional batch-type synthesis route based on hot 

injection method. In detail, initial precursor solution was prepared by mixing CdO (6.4mmol), 

ODE (10ml) and OA (6ml). Subsequently, the mixture was heated at 120ଇ for 20 minutes. 

Under reflux condenser. The reaction mixture was further heated up to 275ଇ for complete 

dissolution of precursors under nitrogen (N2) atmosphere. Separately, elemental Se powders 

(0.8mmol) were dissolved in TOP (1.2ml) and the TOP-Se solution was rapidly injected into 

Cd-ODE-OA mixture at 275ଇ and further reacted for 10 minutes. Sometimes, large-scale 
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synthesis of the QDs was performed by scaling the amount of precursor solutions by the 

factor of 20 while maintaining concentration of precursors.   

 

2.3. Continuous synthesis of CdSe QDs 

Continuous synthesis of CdSe QDs were carried out by Taylor-Couette fluid flow 

reaction method as shown in Fig. 1. Taylor-Couette reactor (TCR, inner volume: 10ml, 

cylinder diameter : 25mm, gap : 2.5mm) consists of two coaxial cylinders consisting of the 

fixed outer cylinder and the rotating inner cylinder. This shows a unique flow characteristic 

as the outer cylinder is fixed and the inner cylinder rotates. For continuous synthesis of QDs, 

we used the same precursor solution as was used for batch-type synthesis process except that 

Cd-ODE-OA precursor solution was mixed with TOP-Se solution at 30ଇ to suppress 

nucleation of QDs prior to main processing. Typically, the CdSe precursor solution were 

injected at a constant rate using a liquid dosing pump (SIMDOS 10, isocratic pump, KNF, 

Switzerland) into the reactor and continuous synthesis of QDs was carried out in TCR at a 

constant rotation speed ranging from 200 to 400 rpm at 275°C. During the continuous 

synthesis, QDs were sampled with a fixed temporal interval.  

 

2.4. Growth of CdS shell layer for improved optical properties 

Sometimes, CdS shell layers were grown on surface of as-prepared CdSe QDs by 

incorporating cadmium diethyldithiocarbamate (CdDDTC) at 225oC for 1 hour. Here, 

CdDDTC was prepared by reacting NaDDTC with CdCl2 in the aqueous solution. CdS shell 

layers were formed by injecting a CdDDTC sol of into as prepared QD solution at 225oC. 

CdDDTC sol was prepared by dissolving 0.38mmol of CdDDTC in 1.2ml of TOP. Finally, 

the reaction mixture was cooled to room temperature and nanocrystals were precipitated by 
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centrifugation after addition of hydrophilic solvent such as acetone and ethanol. In this 

process, the supernatant was discarded and precipitates were re-dispersed in toluene.  

 

2.5. Characterization 

Absorption spectra were acquired using a UV/Vis spectrophotometer (V-670, JASCO, 

Japan) and photoluminescence (PL) of the samples were measured with a fluorescence 

spectrometer (DARSA PRO-5200, PSI, Korea) equipped with a xenon flash lamp with scan 

speed of 100 nm/min, excitation wavelength of 400 nm. The wavelength and linewidth of PL 

spectra were extracted by fitting with Gaussian using Origin 2015 software (Microcal, USA). 

In particular, linewidth of the spectrum was denoted with FWHM (Full width at half 

maximum) of PL intensity. The size and shape of QDs were investigated with a field 

emission transmission electron microscope (FE-TEM, JEM 2100F, JEOL, Japan). The 

chemical composition and oxidation state of samples were studied by X-ray photoelectron 

spectroscopy (XPS; ESCALAB 250, USA) using Al-KȻ lines. The C1s at 285 eV was used 

to calibrate peak position of insulating samples. 

 

3. RESULTS AND DISCUSSIONS 

 

In this study, continuous synthesis of CdSe QDs was carried out by Taylor-Couette fluid 

flow reaction method as depicted in Fig. 1. A TCR consists of two coaxial cylinders 

consisting of the fixed outer cylinder and the rotating inner cylinder. Fluids within the gap 

between the cylinders formed axisymmetric toroidal vortices or Taylor vortex flow (TVF) 

when the rotating speed of inner cylinder increases beyond a certain threshold [18]. The 

threshold can be described with Taylor number (Ta) which is defined by a function of gap 

size (d), the dynamic viscosity of fluid (η), angular speed (ω) and radius (R) of the inner 
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cylinder as Ta=Rd3 ω2 η-2. The unique feature of TVF is the formation of uniform toroids 

which are stacked vertically along the rotation axis of TCRs [19]. Intense mixing within each 

vortex and homogeneous distribution of the mixing intensity throughout reaction volume of 

the reactor lead to an efficient synthesis route to nanoparticles having high uniformity in size 

and composition [20].    

In this work, we demonstrate a continuous synthesis of high-quality CdSe QDs via 

chemical processing based on the TCR and we optimize the stability of continuous 

processing by adjusting rotation speed of the inner cylinder (Vi) and injection rate of solution, 

while concentration of metal ions was fixed to be [Cd2+] = 0.064 M. As shown in Fig. S1 and 

Fig. S2,‡ fluctuation of optical spectra of QDs and temperature of the TCR was mitigated 

when processed under optimal condition. To enhance the production rate of high quality QDs, 

we applied thick and concentrated precursor solution having 4 times large concentration of 

Cd ions ([Cd2+] = 0.256 M). Here, the precursor solution was prepared by mixing Cd solution 

and Se solution at room temperature to suppress unwanted nucleation of nanoparticles. The 

mixed precursor solution was injected to the TCR at a constant rate using a liquid dosing 

pump and continuous synthesis of QDs was carried out in TCR at a constant rotation speed of 

300rpm at 275°C. For stable synthesis of QDs without significant fluctuation of PL spectra, 

injection rate of precursor solution was also fixed to be 5 ml/min. Fig. 2(a) shows temporal 

variation of PL spectra from QDs sampled with some time intervals during continuous 

synthesis with TCR. Parameters defining PL spectra of QDs were stabilized after initial 

jolting of the wavelength and FWHM (full width at half maximum) of PL spectra continued 

by 40 minutes. The change in PL wavelength can be explained by quantum size effect by 

insufficient growth of particles at the initial stage of synthesis before stabilization. In contrast, 

stable processing was hardly achieved with furtherly higher concentrated precursor solution 

([Cd2+] = 0.320 M) as seen in Fig. 2(c). Instability of the quality of QDs synthesized from 
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concentrated solution can partly be attributable to large viscosity in the concentrated solution. 

Viscosity of fluid can be enlarged by concentration [21] and may diminish the level of Ta 

which is inversely proportional to the square of dynamic viscosity. Conventional laminar 

flow stable at low Ta lacks intensive and uniform mixing advantageous to synthesis of high 

quality QDs.  

Aliquots of QDs sampled from continuous synthesis at steady processing state using 

precursor solution with [Cd2+] = 0.256 M showed only broad PL spectra (FWHM ~ 48nm) 

even after arriving at steady state in processing. However, after dilution with solvent, PL 

spectra from QDs were narrowed and their FWHMs were minimized to 38 nm as shown in 

Fig. S3.‡ Since Stokes shifts or gaps between the absorption and photoluminescence spectra 

of QDs are quite small compared with conventional organic dye, re-absorption of emitted 

light is popularly found with concentrated QDs dispersed in solution. Dilution of QDs with 

suitable solvent is required to remove ambiguity in PL spectra of QDs and to reduce effect of 

re-absorption or particle-to-particle energy transfer. That is, FWHM of the PL spectrum from 

synthesized QDs was estimated to be 38 nm in the absence of extrinsic disturbance in PL 

spectra. With optimal processing condition, the production rate of QDs with reactor volume 

of 10 ml was measured to be 9.4 g/hour corresponding to 22560 kg‧day-1
‧m-3 in space-time 

yield (STY). Since reactor volume of TCR can be scaled up by small modification [22], one 

can see that TCR-based processing can be a promising solution for commercial scale 

production of high quality QDs. Even after continuous synthesis of QDs persisted for 100 

minutes, there was no significant fouling of reactor which can cause poor product control and 

failure of reactor [23] as shown in Fig. S4.‡ 

Fig. 3(a,b) shows microscopic images of QDs prepared with a batch process based on 

conventional hot injection synthesis. For large-scale batch synthesis of QDs, 20 times larger 

volume of reactants were used than the volume of reactants for the small scale batch 
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synthesis. Broad PL spectra were obtained from QDs processed with large scale batch 

process. Broad PL spectra indicates non-uniformity in QDs and the origin of the non-

uniformity can be ascribed to inhomogeneous processing parameters (temperature, 

concentration of precursors, etc.) caused by convection and turbulence in the batch-type 

reactor. As a result, QDs prepared with small-scale batch process showed much narrower PL 

spectrum (FWHM ~ 34nm) in contrast to large-scale processed counterpart which showed 

broader and asymmetric PL spectrum (FWHM ~ 42nm) as shown in Fig. 3d. Contrary to the 

batch-processed QDs, QDs synthesized from continuous process based on TCR (denoted as 

TCRP) showed a relatively narrow emission at 610 nm (FWHM ~ 38nm) and the quantum 

yield was estimated to be 36%. In addition, the wavelength of PL spectrum from TCRP was 

red-shifted from batch-processed QDs. The shift in PL spectra can popularly explained with 

quantum size effect [24]. In addition, PL wavelength can be variated with surface 

composition of QDs [25].  Interestingly, significant variation of composition was found 

from X-ray photoelectron spectroscopy of QDs processed with different method. Peak areas 

of the Cd and Se were measured and used to calculate Cd to Se ratios as shown in Fig. 4.  

Cd to Se atomic ratios estimated from XPS were 5.98 for BP and 1.93 for TCR, respectively. 

Since the mean free path of the photoelectron in CdSe when excited with Al KȻ line was 

estimated to be 1.6 nm [26], calculated Cd/Se ratio from XPS can be regarded as composition 

of the entire CdSe nanocrystal of which diameter is near 3nm. Different Cd/Se ratio can 

affect the peak position of PL spectra [25], which explains difference in emission wavelength 

of PL spectra from QDs processed with different methods. The significant shear mixing in 

TCR may affect the composition by affecting mass transport of precursors during synthesis of 

QDs [27]  

Further shell capping process was carried out with TCR-processed QDs (TCRP) using 

cadmium diethyldithiocarbamate (CdDDTC) dissolved in trioctylphosphine as precursors for 
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shell layers. As a result, the average diameter (davg) of QDs were enlarged to davg ~ 9 nm and 

more uniform size distribution were found in the microscopic image depicted in Fig. 5. From 

the difference in davg, thickness of the grown shell layers was estimated to be ca. 2.5 nm. 

After shell capping process, the PL spectrum of QDs became narrower (FWHM ~ 33 nm) and 

red-shifted to 640 nm in wavelength. The redshift in wavelength of PL spectra after shell 

capping can be explained with quantum size effect caused by electron delocalization with 

hole confinement in the CdSe/CdS core-shell nanoparticles [28].  The quantum yield of 

photoluminescence was measured to be 90% which approaches maximum value obtained 

with CdSe-based QDs. The same capping process was applied to batch-processed QDs (BP), 

but resulted only broad PL spectrum (FWHM ~ 42nm), although as-synthesized BP showed 

narrower PL spectra than TCRP before capping process.   

 

4. CONCLUSIONS 

 A continuous synthesis was developed with TCR as an efficient processing tool for 

synthesis of highly luminescent QDs.  We demonstrate high throughput synthesis of highly 

luminescent CdSe QDs using TCR as a platform for continuous synthesis with very large 

production yield. The estimated throughput in space-time yield was 22,560 kg‧day-1
‧m-3. 

Finally obtained QDs after shell capping process with molecular precursors showed narrow 

and intense PL spectra which can be parameterized by small FWHM and near unity quantum 

yield after thick shell capping. The composition of CdSe nanocrystals was analyzed with XPS 

and different Cd/Se ratios were obtained from QDs processed with different methods.   
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LIST OF CAPTIONS 
 
Figure 1. A schematic of a continuous synthesis of quantum dots with a Taylor-Couette 

reactor (TCR). 

 

Figure 2. (a) Temporal variation PL spectra during continuous synthesis carried out with 

precursor solutions ([Cd2+] = 0.256 M). Emission wavelength (λem) and FWHM of the PL 

spectra of QDs prepared with different concentration: (b) [Cd2+] = 0.256 M, (c) [Cd2+] = 

0.320 M. 

 

Figure 3. (a-c) Microscopic images of QDs synthesized with a conventional batch process 

(BP), QDs synthesized with a large-scale batch process (BPL) and QDs synthesized with a 

TCR (TCRP); (d) Photoluminescence (PL) spectra of QDs synthesized with various method. 

Inset shows FWHM of their PL spectra. 

 

Figure 4. X-ray photoelectron spectra of CdSe QDs synthesized with different methods: (a) 

Survey scan and close-up scan spectra for (c) Cd 3d and (d) Se 3d 

 

Figure 5. (a) PL spectra of QDs after shell capping with pyrolysis of CdDDTC. Inset is 

FWHM of PL spectra for two different types of QDs; (b) a microscopic image of TCR-

processed QDs after shell capping process. 
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Figure 1. A schematic of a continuous synthesis of quantum dots with a Taylor-Couette 

reactor (TCR). 
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Figure 2. (a) Temporal variation PL spectra (excitation: 400 nm) during continuous synthesis 

carried out with precursor solutions ([Cd2+] = 0.256 M). Emission wavelength (λem) and 

FWHM of the PL spectra of QDs prepared with different concentration: (b) [Cd2+] = 0.256 M, 

(c) [Cd2+] = 0.320 M. 
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Figure 3. (a-c) Microscopic images of QDs synthesized with a conventional batch process 

(BP), QDs synthesized with a large-scale batch process (BPL) and QDs synthesized with a 

TCR (TCRP); (d) Photoluminescence (PL) spectra of QDs (excitation: 400 nm) synthesized 

with various method. Inset shows FWHM of their PL spectra. 
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Figure 4. X-ray photoelectron spectra of CdSe QDs synthesized with different methods: (a) 
Survey scan and close-up scan spectra for (c) Cd 3d and (d) Se 3d 
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Figure 5. (a) PL spectra (excitation: 400 nm) of QDs after shell capping with pyrolysis of 

CdDDTC. Inset is FWHM of PL spectra for two different types of QDs; (b) a microscopic 

image of TCR-processed QDs after shell capping process. 
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Highlights 

- Quantum dots were synthesized with a novel method based on Taylor-

Couette reactor 

- High throughput synthesis was achieved with small reactors (~ 10g/hour) 

- Near unity (~90%) quantum yield was achieved without multiple surface 

coating  


