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ABSTRACT: Noble-metal nanocrystals with well-controlled shapes or
morphologies are of great interest for a variety of applications. To utilize
these nanomaterials in consumer products, one has to produce the colloidal
nanocrystals in large quantities while maintaining good control over their
physical parameters and properties. Droplet reactors have shown great
potential for the continuous and scalable production of colloidal nanocrystals
with controlled shapes. However, the efficiencies of most previously reported
systems are still limited because of the complex post-treatment procedures.
For example, the mixture of silicone oil and an aqueous suspension of solid
products has to be separated by leveraging their miscibility and difference in density, while the solid products often need to be
purified and concentrated by centrifugation. Herein, we report the design and construction of a droplet-reactor system that
include new features such as a homemade unit for the automatic separation of silicone oil from the aqueous phase as well as a
cross-flow filtration unit for the effective purification and concentration of the nanocrystals. Using various types of Pd
nanocrystals as examples, we have demonstrated the feasibility of using this system to automatically produce and collect samples
with uniform sizes and well-controlled shapes.
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Controlling the shape or morphology of noble-metal
nanocrystals offers a viable approach to engineering

their properties for enhanced performance in an array of
applications such as catalysis, photonics, sensing, and
imaging.1−5 For example, it has been shown that the specific
activities of Pd cubes and octahedra, enclosed by {100} and
{111} facets, respectively, can differ by more than 10-fold when
applied to catalyze the oxygen-reduction reaction (ORR).
Despite these successful demonstrations, it is still challenging to
directly transfer academic studies to industrial applications,
primarily because of the inability to produce the colloidal
nanocrystals at an industry-relevant scale while maintaining
tight controls over their physicochemical properties. Taking the
catalyst loaded in a three-way catalytic converter for a compact
passenger vehicle as an example, 1−2 g of Pd, Rh, and Pt are
typically needed, far beyond the production scale (typically,
tens of milligrams) currently offered by a synthesis conducted
in the laboratory setting.6

To address the aforementioned issue, a number of methods
have been reported in literature for the scaling up of the
production of colloidal nanocrystals.7−10 In general, two
different approaches can be used to scale up the production:

(i) increasing the reaction volume by switching to a larger batch
reactor and (ii) decreasing the reaction volume by dividing the
reaction solution into a continuous train of droplets. For the
first approach, the quality of the product and the reproducibility
are highly dependent on the type of reaction. A few attempts
have been reported for the first approach, including the
synthesis of penta-twinned Cu nanowires and Au nanorods.11,12

The products were plagued by the poor quality and poor batch-
to-batch reproducibility. The reason can be attributed to the
high sensitivity of both the nucleation and the growth processes
to the experimental details, including the way a reagent is added
into the reaction system, the management of heat for the
involved endothermic and exothermic reactions as well as the
chemical and heat transfer rates. Typically, none of these
parameters or processes scale linearly with the reaction volume.
Once the volume increases, the products are often marred by
poor uniformity, with essentially no control over the shape and
size. From the viewpoint of industrial applications, it is highly
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desired to obtain uniform products regardless of the reaction
type. In the second approach, microfluidic and millifluidic
devices have been developed to create a continuous flow of
droplet reactors.13,14 The droplet reactors provide many
advantages, including the fast rates for thermal and mass
transfer, the ability to rapidly screen reaction parameters, the
low consumption of reagents during the optimization process,
and the capability to operate multiple devices in parallel.15−19

Because microfluidic devices are often troubled by a number of
issues such as low throughput, irreversible reactor fouling
during a synthesis, and complicated fabrication procedures,
millifluidic devices have received increasing attentions for
scaled-up production.9,20

Millifluidic devices for droplet reactors, also known as
droplet-based millireactors, generate droplets with volumes on
the scale of microliters to milliliters. These devices can be
conveniently assembled from commercial polymeric tubes and
silica capillaries. Several demonstrations have been reported for
the shape-controlled synthesis of noble-metal nanocrystals
using droplet-based millireactors, including Pd and Ag
nanocubes, Au nanorods, and Ag triangular nanoprisms.21−24

In addition, the setup can also be integrated with techniques
such as those based on X-ray scattering, photoluminescence,
and UV−vis spectroscopy for in situ characterization. These
techniques allow for the analysis of reaction kinetics and
monitoring of the nucleation and growth processes, offering
insightful guidance for engineering of the nanocrystals.25−27

However, the current droplet-reactor system still lacks the
capability for automated operation. The operator needs to
manually collect and then separate the mixture of silicone oil
and water as well as to purify the colloidal nanocrystals by
centrifugation, electrophoresis, or chromatography.21,28,29

These separation and purification methods only work for
small-scale, batch-to-batch processing, significantly decreasing
the overall production rate of a droplet-reactor system.
Integrating the droplet-reactor system with online separation
and purification units will allow for continuous and automatic
operation, making the system well-suited for large-scale
production.
Herein, we demonstrate the design and fabrication of a

droplet-reactor system with the potential for automated
operation by incorporating the capabilities of both water and
oil separation and product purification into a millifluidic system.
The device contains four major units (Figures 1 and S1), with
each unit serving one particular function: (i) reaction, (ii)
cooling, (iii) water and oil separation, and (iv) purification. The

reaction unit ensures the rapid mixing of reagents and provides
sufficient reaction time for the controlled nucleation and
growth of nanocrystals. The cooling unit rapidly quenches the
reaction, producing nanocrystals with a particular composition
and size. The water and oil separation unit is based on a
polytetrafluoroethylene (PTFE) tube with a porous wall (see
the Supporting Information for details). Silicone oil, acting as
the carrier phase in the fluidic system, preferentially wets the
PTFE tube and subsequently leaves the flow stream because of
capillary action across the pores. Finally, the aqueous phase
passes through the purification unit, where the residual
chemicals (e.g., precursor, redundant, and capping agent) are
removed via cross-flow filtration. Significantly, this online
filtration system can also be used to separate nanowires from
small nanoparticles. The synthesis of Pd nanocrystals with
different sizes and shapes (cubes, octahedra, and nanowires)
serves as a proof-of-concept example. We chose Pd as our initial
focus because its nanocrystals have shown great promise as
catalysts in a wide variety of applications such as Suzuki and
Heck coupling reactions as well as hydrogen absorption and
purification.30−32

In the reaction unit, discrete droplets were generated using a
simple fluidic device composed of two parallel silica capillaries
inserted into a PTFE tube. As shown in Figure 1, the silica
capillaries and the PTFE tube were connected to three syringes
hosted in two syringe pumps to deliver the reaction and carrier
phases separately at adjustable flow rates. The utilization of oil
as a carrier phase can reduce the chance of fouling, and the
setup can be reused multiple (>10) times. In comparison, if air
is used as a carrier phase (as demonstrated later for the
synthesis of nanowires), the reaction phase will be in direct
contact with the tube and the products may stick to the surface.
In this case, we have to wash the tube with dilute nitric acid to
clean the inner surface of the tube. The rapid and effective
mixing within each droplet was achieved through chaotic
advection caused by the stretching and folding of the
droplets.15 The droplets then entered another segment of
PTFE tube immersed in a temperature-controlled oil bath for
the initiation and continuation of reaction. The residence time
of the droplets in the reaction unit was adjusted by varying the
length of the PTFE tube, the flow rates of the solutions, or
both. In a typical experiment, when a PTFE tube with a length
of 7.5 m and an inner diameter (I.D.) of 1.58 mm was used, a
residence time of 20 min was achieved by setting the flow rates
for the silicone oil and aqueous reaction solution to 0.5 and 0.1
mL/min, respectively. Our previous work has demonstrated
that the quality of the as-produced nanocrystals could be
preserved, with the I.D. of the PTFE tube varying from 0.5 to
5.8 mm. However, for smaller diameters, the tube is susceptible
to fouling and clogging and thereby may hinder the long-term
operation.33,34 The growth of nanocrystals was then terminated
by driving the droplets through a segment of PTFE tube
immersed in an ice-water bath. It should be noted that the
quantity of the products could be further scaled up by
increasing the operation time, as was demonstrated in our
previous work.34

After flowing through the reaction and cooling units, the
aqueous droplets and the silicone oil entered the water and oil
separation unit. The unit consisted of an oil-collection box and
a 33 cm long PTFE tube with an I.D. of 5.8 mm with a surface
partially covered by pinholes (see the details in the Supporting
Information), as shown in Figure 1. The pinholes were
fabricated by punching with a 30 G needle (with an outer

Figure 1. Schematic illustration of the droplet-reactor system with the
potential for automation, which contains four units with the dedicated
functions for reaction, cooling, water and oil separation, and
purification, respectively.
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diameter, or O.D., of 311 μm) through the wall of the PTFE
tube. The pinholes provided pathways for the outflow of oil, as
illustrated in Figure 2a,b. Due to the hydrophobicity of the

PTFE tube, the silicone oil preferentially wetted the tube and
formed a convex meniscus in the pinhole, whereas water
formed a flat surface in the pinhole (Figure S2). The capillary
action caused by the convex meniscus provided the necessary
driving force to push the silicone oil out of the PTFE tube
(Figure 2b).
According to the Young−Laplace equation of capillary

action, we could calculate the pressure drop across the interface
between silicone oil and air in the pinhole:35

γΔ =p
R
2

(1)

θ
=R

a
cos (2)

where Δp is the pressure drop across the surface, γ is the
surface tension of silicone oil (20.1 mN/m), R is the radius of
the spherical meniscus formed at the interface, θ is the contact
angle between the silicone oil and the PTFE tube, and a is the
radius of a pinhole (311 μm). The contact angle, θ, between
silicone oil and PTFE tube was measured to be 27°, as shown
in Figure S2a. Therefore, the pressure drop across the interface
of the convex meniscus in the pinhole could reach 115 Pa.
Consequently, a column of silicone oil with a height of 1.2 cm
could form inside the pinhole according to the following
hydrostatic equilibrium equation:

ρΔ =p gh (3)

where ρ is the density of silicone oil (0.934 g/mL), g is the
gravitational acceleration (9.8 m/s2), and h is the height of
silicone oil. The wall thickness of the PTFE tube used in the
water and oil separation device was only 0.275 mm, far less than
1.2 cm. Therefore, the pressure drop was sufficient to push the
silicone oil out of the PTFE tube through the pinholes. The

water phase remained in the tube because the aqueous solution
could not wet the hydrophobic PTFE tube (Figure S2b). The
movement of both the oil and the aqueous phases could be
clearly seen in the video in the Supporting Information. The
silicone oil was rapidly removed from the tube after the liquid
had traveled a few centimeters through the porous segment
(Figure 2c). To confirm that the purification unit had
successfully separated the aqueous phase from silicone oil, we
collected the aqueous and oil phases separately after 10 min of
operation. As shown in Figure 2d, the aqueous and oil phases in
the separate bottles verify the effective and complete separation
of the two phases. It should be pointed out that a similar
concept based on a porous membrane has been applied to the
separation of immiscible liquids.36−38 While membrane-based
separation can also be applied to the synthesis of nanocrystals,
it needs additional steps to be integrated with a fluidic system
for online separation. The requirement for an accurate control
over the pressure makes the membrane-based separation less
convenient than the technique based on a porous PTFE
tube.39,40

In the final step, we integrated a cross-flow filtration unit into
the system as a replacement for the conventional centrifugation
process. Cross-flow filtration is a mature technique for the size
separation and purification of proteins.41,42 Here we demon-
strated the incorporation of cross-flow filtration as an online
component in a droplet-reactor system for the separation and
purification of nanocrystals. Figure 3 shows a schematic

illustration of the cross-flow filtration setup used in this work,
wherein the filter was composed of a hollow-fiber membrane.
During cross-flow filtration, the mixture solution flows along a
direction perpendicular to the filtration direction. In this work,
a peristaltic pump was employed to continuously drive the
aqueous phase collected from the water and oil separation unit
into a 50 kDa filter, with an average pore size of approximately
6−8 nm in diameter. The filter is rated by the nominal
molecular weight cutoff (MWCO), and a 50 kDa filter is
supposed to retain 90% of a globular protein with a molecular
mass of >50 kDa. The solvent, unreacted precursor and
redundant, and capping agent should all be able to permeate
through the filter, while Pd nanoparticles would be trapped in
the flow channel (considering their larger sizes relative to the

Figure 2. Illustrations of the water and oil separation unit. (a)
Schematic of the process for water and oil separation: the silicone oil
permeates through the porous PTFE tube, while the water phase
remains in the channel. (b) Schematic illustration of the separation
mechanism, with surface tension serving as the driving force. (c) A
snapshot of the device during online water and oil separation. (d)
Photographs of the separated phases collected after running for 10 min
with the flow rates for water and oil phases set to 0.4 and 1.0 mL/min,
respectively.

Figure 3. Schematic of the setup for cross-flow filtration. The solution
was driven by a peristaltic pump. As restricted by the size of the pores
in the hollow-fiber membrane, the solvent, unreacted precursor,
redundant, capping agent, and small nanoparticles can penetrate
through the pores and leave the hollow fiber, while the large
nanoparticles remain inside the flow channel.
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pore size). The outlet of the filter was connected to a syringe
needle to help increase the liquid pressure inside the filter
(Figure S1). The increased pressure could enhance the
permeation rate. With this approach, 10 mL of a solution
could be concentrated to 0.45 mL after a single run, with the
pumping rate of the peristaltic pump fixed at 10 mL/min.
Typically, the concentrated solution needed to be purified three
more times to ensure complete purification of the products by
diluting the concentrated suspension with 10 mL of water and
repeating the filtration process.
As shown in Figure 4, Pd nanocrystals with controlled sizes

and shapes could be readily obtained using the automated

fluidic device by choosing different combinations of capping
agent, reductant, and reaction temperature according to the
protocols previously reported for batch reactors. The detailed
experimental conditions can be found in the Supporting
Information. For Pd nanocubes covered by {100} facets, they
were produced by employing Na2PdCl4 as a salt precursor, L-
ascorbic acid as a reducing agent, KBr as a capping agent, and
poly(vinylpyrrolidone) (PVP) as a colloidal stabilizer. Accord-
ing to the previous reports, the edge length of the Pd
nanocubes could be tuned by adjusting the ratio of KBr to
Na2PdCl4.

21,43 Specifically, Pd nanocubes of 8 nm (Figure 4a)
and 16 nm (Figure 4b) in edge length were successfully
synthesized in the device using 300 and 600 mg KBr,
respectively. The edge lengths were calculated by averaging
the measurements on 100 particles (Figure S3). Furthermore,
we synthesized Pd octahedra by modifying existing protocols
for batch synthesis.44,45 Figure 4c shows TEM images of 6 nm
Pd octahedra prepared using Na2PdCl4 as a salt precursor, citric
acid as a capping agent, and PVP as a colloidal stabilizer in a
mixture of water and ethanol. The size and shape uniformity of
the resultant products were similar to those prepared in batch

reactors.44 We also demonstrated the use of the droplet
reactors for seed-mediated growth to further diversify the size
of the Pd octahedra by introducing PVP as a stabilizer,
formaldehyde (HCHO) as a mild reducing agent, and
Na2PdCl4 as a salt precursor into a suspension of Pd nanocubes
at 60 °C. During this process, the 16 nm Pd cubes were
directed to evolve into Pd octahedra with an edge length of 35
nm (Figure 4d).
The TEM samples shown in Figure 4 were prepared by

directly drop-casting the reaction products obtained through
this device onto copper grids without any other treatments.
The clear images suggest that the residual PVP in the solution,
which did not attach to the nanocrystals, had been washed
away. The filter eluent was further freeze-dried to generate a
flaxen powder. Fourier transform infrared spectroscopy (FTIR)
of the powder (Figure S4) verified the presence of PVP in the
eluent. Similarly, we believe that the unreacted precursor and
redundant as well as the capping agent were also effectively
washed away through the cross-flow filtration because of their
good solubility in water.
Moreover, the cross-flow filtration facilitated greater

collection efficiency compared to the conventional centrifuga-
tion method. To demonstrate this, we measured the Pd
contents of the samples of 8 nm Pd nanocubes collected by
centrifugation and cross-flow filtration, respectively, using
inductively coupled plasma mass spectrometry (ICP-MS).
Table 1 compares the Pd contents and collection efficiencies

for these two approaches. The collection efficiency was
calculated as the ratio of the collected Pd to the Pd present
in the original precursor solution. The cross-flow filtration
method showed a greater collection efficiency of 87.4% in
comparison to centrifugation, which had a collection efficiency
of 77.6%. During centrifugation, some nanoparticles can remain
in the supernatant because the applied centrifugal force may
not be sufficiently strong to collect all the nanocrystals. In
cross-flow filtration, the particles should not be able to escape
from the filter based on the size difference between the
nanoparticles and pores.
The automated fluidic device was also applied to the

synthesis of anisotropic nanocrystals such as penta-twinned
Pd nanowires. We followed our previously reported protocol,
with the use of air as a carrier phase, Na2PdCl4 as a metal
precursor, L-ascorbic acid as a reductant, NaI as a capping
agent, diethylene glycol as a solvent, and HCl as an additive to
adjust the reaction kinetics.46 Due to the absence of oil, there is
no need to include the separation unit. The as-obtained solid
products contained a mixture of Pd nanowires and nanocubes,
as shown in Figure 5a,b. The lengths of the Pd nanowires varied
from 0.5 to 2 μm, while the average diameter was 12.9 ± 2.1
nm, as calculated from 100 nanowires (Figure S5a). The
nanocubes had an average edge lengths of 24.5 ± 3.4 nm
(Figure S5b). The cubic component must be removed before
the nanowires can be used in applications such as electronics
and display because the impurities tend to interfere with
electron transfer in a network of nanowires.47 As reported in

Figure 4. TEM images of the as-obtained Pd nanocrystals with
different shapes: (a) 8 nm Pd cubes, (b) 16 nm Pd cubes, (c) 6 nm Pd
octahedra, and (d) 35 nm Pd octahedra grown from the 16 nm Pd
cubic seeds. The scale bars in the insets correspond to 5 nm.

Table 1. Comparison of the Two Methods for the
Purification of 8 nm Pd Cubes

Pd concentration (mg/mL) collection efficiency (%)

centrifugation 1.455 77.6
cross-flow filtration 1.637 87.4
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the literature, such a mixture can be separated using a technique
such as gradient centrifugation.48 In our case, we were able to
purify the nanowires using a cross-flow filtration tube with a
pore size of 0.2 μm. In such a setup, the Pd nanocubes would
flow through the hollow membrane and get out of the filter,
while the nanowires were prevented from passing through the
membrane due to their much-greater dimensions along the
axial direction. Consequently, the Pd nanocubes present in the
as-obtained product (Figure 5a,b) was effectively removed
through cross-flow filtration, generating a pure sample of Pd
nanowires (Figure 5c,d).
In summary, we have demonstrated a droplet-reactor system

that can be automated for the production of noble-metal
nanocrystals with uniform sizes and well-controlled shapes. The
system contains a water and oil separation unit for removing
the silicone oil through the pores in the wall of a PTFE tube
through capillary action, as driven by favorable wetting. We
have also demonstrated that cross-flow filtration could be
integrated with the droplet-reactor system to give an online
purification option for the selective removal of unused
precursor, redundant, capping agent, and stabilizer, as well as
byproducts with undesired sizes or shapes, from the as-obtained
product of a synthesis. Although we have mainly focused on Pd
nanocrystals, the approach is expected to be extendible to other
systems. Once automated with online separation and
purification capabilities, this system provides a simple and
robust route to the continuous and scalable production of
noble-metal nanocrystals for industrial applications.
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