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Colloidal quantum dot (QD) purification is typically conducted via repeating precipitation-redispersion
involving massive amount of organic solvents and has been the main obstacle in mass production of QDs
with dependable surface properties. Our results show that the electric field apparently affects the
streamline of QDs and that we could continuously collect stably dispersed QDs by using the
electrophoretic purification process. The purification yield increases as the electric potential difference
increases or the flow rate decreases, but reaches an asymptotic value. The yield can be further improved
by raising the absolute magnitude of the mobility of QDs with the addition of solvents with high dielectric
constants. The continuous purification process sheds light on industrial production of colloidal

nanomaterials.

Introduction

Colloidal quantum dots are semiconducting nanocrystals
whose electronic and optical characteristics are highly tunable
and have a lot of applications including bio-imaging,
photovoltaics, displays, lighting, etc."” Nanocrystal quantum dots
(QDs) are typically synthesized in coordinating or non-
coordinating solvents with large number of hydrocarbons
enabling high temperature crystal growth. Unreacted precursors,
excess amount of surfactants, and reaction media should be
removed for any further composite fabrication and bio-
functionalization of quantum dots.>> Non-solvents are added to
form flocculated quantum dot-aggregates. By repeating
precipitation and redispersion in pure solvents, purified QDs are
collected.® Yet simple, precipitation-redispersion is not scalable,
require massive amounts of additional solvents, and more
importantly, not controllable. Depending on the precursor used,
size of the dots, and even morphology of the dots have a
noticeable effect on the purification process.” For industrial use
of QDs, large scale synthesis as well as the scalable purifications
is required. Recently, it has been reported that continuous
synthesis of QDs by fine tuning of the temperature and the flow
rate of the fluid containing precursors could scale up the QD
synthetic process.'®'> However, purification process of QDs still
remains as a batch process and the incompatibility between the
continuous synthesis process and the batch type purification step
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has been the main obstacle in mass production of QDs. In this
study, we present a continuous QD purification process based on
electrophoresis. As-prepared QDs in organic solvent prepared via
batch process or continuous flow process can directly applied to
our electrophoretic purification set up. Further removal of surface
coordinating ligands is feasible as well by controlling the
electrophoretic force applied to the QDs in the microfluidic
channel confirmed by nuclear magnetic resonance (NMR)
analysis.

Experimental section

Cadmium oxide (Aldrich, 99.99%), Oleic acid (Alfa, 99%),
Trioctylphosphine (TOP, Aldrich, 97%), 1-octadecene (ODE,
Aldrich, 90%), and Selenium (Aldrich, 99.99%) were used as
purchased without further purification. All manipulations were
performed using the standard Schlenk line techniques. In a typical
synthesis, cadmium oxide (0.0515 g), oleic acid (0.5 mL), and 1-
octadecene (10 mL) was degassed in three-neck flask for 30min
under vacuum. The solution was then heated for 1.5 h to 110°C.
The solution turned transparent. Hereafter, the flasks were heated
to 305°C at nitrogen atmosphere, and removed from the heating
mantle. TOPSe (2M, 0.2 mL) was prepared by mixing Se (0.79 g)
shot in trioctylphosphine (10 mL) and loaded into a 1 mL of
syringe and then rapidly injected into the solution at 300°C.

We fabricated the microfluidic chip by using the standard
MEMS processes (see the Supporting Information, Figure S1).
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We made microchannel openings in two 400 micron thick silicon
substrates by using the deep reactive-ion etching. We aligned the
two silicon substrates and thermally bonded the substrates to
form the H-filter structure. We deposited the chromium (30 nm)
and gold (100 nm) layers functioning as the electrode on two
Pyrex 7740 glass substrates and patterned the layers. We made
penetrating holes through the glass substrates to form inlets and
outlets of the chip by using the sand blasting. We covered the
bonded silicon substrate with the glass substrates by using the
anodic bonding. The electrodes on the top and bottom glass
substrates face the inside of the chip.

We infused the as-prepared QD dispersions, which contain
unreacted precursors and excess surfactants as impurities and the
pure target solvent, which we expect our QD dispersed as a final
solution, into the microfluidic chip having H-filter structure by
using a syringe pump (KDS210, KD Scientific) and applied
electric potential difference to the electrodes of the chip by using
a DC power supply (6575A, Agilent) to generate the
electrophoretic movement of QDs in the microfluidic chip. The
flow rate of the target solvent stream is three times as large as
that of the as-prepared QD stream to avoid diffusional mixing of
unwanted impurities. The electric potential difference applied to
the electrodes spaced 800 pm apart ranges from 0 to 100 V.

The absorption spectra were obtained using a UV/Vis
spectrophotometer (Shimadzu, UV3600) for samples dissolved in
hexane. Photoluminescence (PL) spectra were recorded using a
Horiba Fluorolog spectrometer at room temperature using a
xenon lamp as the excitation source. The quantum yield was
measured by absolute quantum yield (QY) measurement system
(C-9920-02, Hamamatsu, Japan).

Electron micrograph images of QDs on a carbon-coated Cu
mesh grid were obtained using Tecnai F30 Super-Twin (FEI Co.,
Hillsboro, OR, USA; operated by Yun-Chang Park, KAIST
NanoFab). The particle size distribution was estimated from
transmission electron microscopy images using the software
GATAN Digital Micrograph 3.9.0 (GATAN Inc., Warrendale,
PA, USA). Attenuated Total Reflectance Fourier transform
infrared (ATR FT-IR) spectra were obtained on a Thermo
Scientific Nicolet 6700 spectrometer equipped with a smart
miracle accessory. NMR data were collected using an AVANCE
III 600 spectrometer ('H frequency of 600 MHz).

Results and discussion

Electrophoresis is the particle movement relative to a fluid
under an electric field. Since the electrophoretic behaviour of
particles is relatively well understood and highly controllable, it
has been explored widely to manipulate nanoparticles.
Specifically, Alivisatos group and others attempted to separate
DNA conjugated QDs using gel electrophoresis for obtaining
surface charge controlled QDs.!" More recently, Bass et al.,
reported that the QDs can be purified in large scale using
electrophoresis.'*'* They immersed electrodes in QD dispersed
organic solution and collected purified QDs by applying high
voltage (typically 500 V), which shows the possibility of less
operator-dependent and more environmentally friendly
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Figure 1 Quantum dot electrophoretic purification setup.

nanoparticle purification, yet the batch type implementation
exposes limit in the process scale up. Here, we used the
electrophoretic movement of QDs in a laminar flow through a
microchannel and demonstrated continuous purification of QDs
as shown in Figure 1. Organic solvent resistant silicon was
5 We then tested the
fabricated chip by using the experimental set up shown in Figure
1. CdSe QDs used in this study were prepared via the hot
injection method (see the Supporting Information, Figure S2).'°
For the as-prepared QD dispersed in hexane, the electrophoretic
mobility of QDs is very small (~ 0 cm?/Vs) due to the low
dielectric constant (1.89) of the solvent. Since the mobility is
proportional to the dielectric constant,” we added ethanol with
relatively high dielectric constant (24.3) to the QD dispersion to
increase the mobility. When the ratio of ethanol to QD dispersion
reaches to 2:8, the absolute magnitude of the mobility increases
t0 5.7x10™ cm?/Vs.

Figure 2A shows that the electric field apparently affects the
streamline of QDs. QDs are distinctly found in the target solvent
stream only when the electric field is applied to the laminar flow
in the microchannel. Collected target solvents which contain
purified QDs and wastes were further analyzed via UV/Vis/NIR
absorption spectroscopy for the quantification. Without the

patterned to form the microchannels.

electrophoresis, no signature absorption feature from QD was
detected (Figure 2B) which supports that QDs did not move to
the stream of the target solvent without the electric field. The
position of the first exciton peak is 608 nm regardless of the
ethanol addition and the electrophoretic purification indicating
that the purification process did not affect the charge state of
QD."” Furthermore, purified QDs showed an excellent colloidal
stability even after one month monitored via retained flat baseline
below the band edge energy from UV-Vis measurements.

More QDs in the stream of the as-prepared QD dispersion
move to the stream of the target solvent as the electric potential
difference increases. (Figure 2B) The purification yield is defined
as the ratio of the amount of QDs in the target solvent to the total
amount of QDs. The amount of QDs in the dispersion is
determined by the QD concentration and the volume of the
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Figure 2 Electrophoretic purification of QDs. (A) Collected 2 0]
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spectra of collected liquids. T —o—0.125 mg/mL
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from the intensity of the first exciton peak (I) in the absorption
spectra divided by the extinction coefficient (g) of the QDs and
the optical path length (b) in the spectroscopy. We got the amount
of QDs by multiplying the QD concentration and the dispersion
volume (A). Finally, we obtained the purification yield as
follows:

(IA)target /
€b

(purification yield) =
(IA)target/Eb+(IA)waste/Eb

_ (IA)target )
(IA) target+(IA) waste

where the subscripts ‘target’ and ‘waste’ represent the properties
of the dispersion from the outlet for the target solvent stream and
that from the other outlet for the waste stream, respectively. The
extinction coefficient and the path length are same regardless of
where the dispersion was from. To improve the purification yield,
i.e.,, to move more QDs to the stream of the target solvent, we
need to 1) raise the electric potential across the electrodes to
increase the electrophoretic velocity or 2) reduce the flow rate of
the QD dispersion to increase the retention time of QDs in the
area exposed to the electric field.

Purification yield increases with the electric potential difference
and reaches a plateau when the electric potential exceeds a certain
value as shown in Figure 3. The yield limit is 49 %. The fact that
the yield no longer increases with the electric potential difference
when the potential exceeds the critical potential indicates that
there might be a critical electrophoretic mobility under which the
electrophoretic QD movement does not occur. When the flow rate
in the microfluidic chip changes, just the retention time for which
the QDs are exposed to the electric field changes. Hence, the
critical potential at which the purification yield reaches the
plateau would be proportional to the flow rate of the solvent
because the electrophoretic velocity of QDs proportional to the
electric potential difference should increase with the flow
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Figure 3 Purification yield monitored with electric potential
difference increase for various (A) total flow rates through
microfluidic chip (0.05, 0.2, and 0.8 mL/min) and (B) QD
concentrations (0.125, 1.0, 8.00 mg/mL). The lines are just guide
for eyes.

velocity to move QDs to the target solvent during the retention
time. When the electric potential is smaller than the critical value,
the purification yield would decrease as the flow rate increases
for the same electric potential difference as shown in Figure 3A.
We also checked the effect of the QD concentration on the
purification result. (Figure 3B) The change in the purification
yield due to the QD concentration change is negligible. The yield
obviously increases as the electric potential difference increases
or the flow rate decreases but finally reaches an asymptotic value.
If we assume that there is no critical mobility for the
electrophoretic movement, we can roughly estimate the required
magnitude of the mobility (p.) for QD movement to the target
solvent stream from the cross-sectional dimensions of the
microchannel (D: the distance between the electrodes, W: the
microchannel width), the length of the electrode (L), electrical
potential difference across the electrodes (V) and the total liquid
flow rate (Q). To move the QDs to the target stream during the
QDs are exposed to the electric field, the multiplication of the
electrophoretic velocity (1.V/D) and the retention time of the
QDs exposed to the electric field (LDW/Q) should be comparable
to the distance between the electrodes.
~D @

m vy L
e
DYpw

From equation (2), we can find the required mobility to move the
QDs to the target stream for the specified dimensions, the total
liquid flow rate and the electric potential difference as follows:
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QDs having the electrophoretic mobility equal to or higher than
the required mobility can move to the target stream. Therefore, if
the required mobility decreases, more QDs can move to the target
stream. Equation (3) indicates that the required mobility
decreases — in other words, the purification yield increases for
specified QDs — as the flow rate decreases or the electric potential
difference increases as discussed before without the assumption
of the critical mobility. However, the experimental results show
that the yield could not exceed the limit regardless of the
operation conditions as shown in Figure 3. Moreover, when we
increase the electric potential difference over the critical
potential, the amount of QDs remained in the waste stream does
not decrease with the increase in the electric field strength.
Hence, there must be a critical mobility for the electrophoretic
movement of QDs. Figure 4A shows the cumulative distributions
of the mobility for various ethanol contents. When the ethanol
content is 20 %, because the asymptotic value of the yield is 49
%, QDs with mobility in the top 49 % would move to the target
solvent stream and we can estimate the critical mobility for the
purification by searching for the mobility where the cumulative
distribution function is 0.49. The absolute magnitude of the
critical mobility is found to be 7.3x10™ cm?*/Vs. Figure 4A shows
that, when ethanol content increase to 80 %, 61 % of QDs have
the mobility higher than the critical value. Hence, we can expect
the yield of 61 % based on the electrophoretic mobility
distribution of QDs. The experimental data for the yield limit
shown in Figure 4B matches well with the value estimated based
on the mobility distribution shown in Figure 4A. This confirms
that the yield is dominated by the distribution of the
electrophoretic mobility of QDs. Our results show that the
purification yield limitingly depends on the electric field or the
retention time of QDs for a specified solvent and that the yield
limit can be improved by raising the absolute magnitude of the
mobility of QDs with the addition of a solvent with high
dielectric constant.

We also investigated emission properties of QDs before and
after the electrophoretic purification. Figure 5A shows that the
relative PL intensity of QDs does not depend on the electrical
potential difference in the process of the purification and the
elapsed time after the purification. Figure 5B shows that the
position and the width of the emission peak do not change due to
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Figure 5 Emission properties of QDs purified at 30 V and 100 V.
(A) Relative photoluminescence(PL) intensity of purified QDs
over time, 1, 2, and 3 days, respectively. (B) Photoluminescence
spectra.

the electrophoretic purification, neither. Our results indicate that
the emission properties of QDs are well maintained in the process
of the purification. As previously confirmed by absorption
spectroscopy (Figure 2), PL measurement proves that the
electophoretic purification do not affect the trap states of CdSe as
well as the electronic level.

ATR-FTIR spectroscopy has long been used to monitor and
quantify the ligands on QD surfaces.'® We analyzed the amount
of Cd(oleate), using ATR-FTIR to confirm the efficient removal
of Cd(oleate), via our electrophoretic purification scheme.
(Figure 6) QD capped with oleate in hexane before and after the
electrophoretic purification at 70 V with same optical density at
400 nm in absorption spectra were investigated. Figure 6 shows
the survey spectra of CdSe QDs. The peaks around 3000 cm’
indicate C-H stretch signal and the peaks around 1500 cm™
display COO stretch signal.'” We focus on the region around
1500 cm™ to calculate the amount of Cd(oleate), in Figure
6(inset). 15 percent decrease in the amount of Cd(oleate), after
the electrophoretic purification at 70 V was seen, which is
comparable to the result of the traditional precipitation-
redispersion method. (Figure S3) As we confirmed that our
electrophoretic purification do not alter the electronic structure of
CdSe QDs in this study, we further studied the surface chemistry
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Figure 6 ATR-FTIR spectra of CdSe QDs capped with oleate
before (red line) and after (blue line) electrophoretic purification
at 70 V and the inset shows COO' stretch region.
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Figure 7 'H NMR spectra of CdSe QDs before (A) and after (B)
electrophoretic purification at 50 V.

of QDs after the purification. Surface chemistry of QDs has been
investigated extensively using X-ray photoelectron spectroscopy
which allows chemical analysis of surface of nanomaterials. Yet
highly sensitive thereby effective in studying the surface of
nanocrystals, only solid state samples can be studied.’®?' Using
'"H solution NMR measurement, bound oleate to CdSe QDs,
unreacted precursors like Cd(oleate),, and excess surfactants can
be distinguished in solution.”>* Figure 7 indicates the 'H solution
NMR spectra of CdSe QDs capped with oleate in benzene-d,
before and after the electrophoretic purification at 50 V,
respectively. We focus the peak corresponding to vinyl group of
oleate between 5.2 and 6.0 ppm in NMR spectra. In both spectra,
peaks around 5.8 ppm which correspond to protons on the alkene
in remaining octadecene used as solvent during synthesis and the
sharp peak at 5.5 ppm is assigned to freely unbound oleate to
surface of CdSe QDs.**** The broad resonances in the region
between 5.55 and 5.75 ppm indicate the protons of tightly bound
oleate ligands. Before the electrophoretic purification, we find the
broad shoulder peak 'a’ next to sharp free oleate ligand peak at 5.6
ppm which corresponds to the CdSe monomer or cluster remain
on the surface of QDs.?> Monomers or clusters in CdSe QD
solution have been known to disturb well-ordered array in the
film, consequently, lead to adversely affected electrical properties
when we fabricate a device.”® Interestingly, after the purification,
peak ‘a’ was removed completely. Therefore we suggest that our
electrophoretic purification is effective not only removing

unreacted precursors in solution but also effective in detaching
loosely bound clusters which could impair device performances
afterwards.

40  To use the proposed process in industrial site, scale up of the
process is crucial. The electric field magnitude is one of the key
parameters determining the purification yield and it depends on
the applied potential difference and the distance between the
electrodes. Hence, when we just increase the dimensions of the

s flow path except for the distance between the electrodes, we
could increase the handling capacity without reducing the yield.
Parallelization of the process could be another way for the scale
up. In addition, since the purification yield does not depend on
the QD concentration, use of highly concentrated QD dispersion

so would be helpful in increasing the purification capacity.

Conclusions

We have presented a continuous QD purification process based
on electrophoresis. Our results show that the electric field
apparently affects the streamline of QDs and that we could

ss continuously collect stably dispersed QDs by using the
electrophoretic purification process. The purification yield
increases as the electric potential difference increases or the flow
rate decreases, but reaches an asymptotic value. The yield can be
further improved by raising the absolute magnitude of the

¢ mobility of QDs with the addition of solvents with high dielectric
constants. Electrophoretic purification could effectively remove
the bound precursors on QD surfaces which is beneficial for
optoelectric applications. We expect that the continuous
purification process could be scaled up by relatively simple ways

os such as the flow path enlargement and parallelization. In addition,
use of highly concentrated QD dispersion would increase the
purification capacity. The present work shows a new possibility
of QD mass production and would be a cornerstone of industrial
use of QDs.
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Textual Abstract:

ss Nanocrystal quantum dots are continuously purified by moving them to
the impurity-free target solvent stream.
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