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ABSTRACT: Despite significant progress in controlling the
synthesis of noble-metal nanocrystals, the purity and uniformity
of many products are still plagued by the unwanted nucleation
events taking place in the growth stage. To this end, it is necessary
to decouple growth from nucleation during a colloidal synthesis of
nanocrystals. Taking Pd nanocubes as a typical example, here, we
demonstrate that nucleation and growth can be separated from
each other by re-designing the experimental setup while
manipulating the reduction pathway of the precursor. Specifically,
we pump the reaction solution through a tubular flow reactor and
trigger a single burst of nucleation by subjecting the solution to an
elevated temperature for a very short period of time to enable
solution-phase reduction. The solution is then kept at room
temperature for slow growth through surface reduction, producing
pure and uniform Pd nanocubes. Due to the elimination of additional nucleation events during growth, the products exhibit high
uniformity in terms of both size and shape. We elucidate the mechanistic details by quantitatively analyzing the reduction kinetics
and monitoring the nanocrystals obtained at different stages of the synthesis. We further investigate the impacts of both temperature
and duration of nucleation on the diversity of seeds and the quality of the resultant nanocrystals. This methodology has also been
extended to the preparation of sub-5 nm Pt nanocubes and is potentially applicable to the synthesis of other types of colloidal
nanocrystals.

■ INTRODUCTION
Significant progress has been made in tailoring the properties
of noble-metal nanocrystals and thus enhancing their perform-
ance in various applications by engineering their size, shape,
and internal structure.1−5 The success is built upon our
mechanistic understanding of the nucleation and growth steps
typically involved in the colloidal synthesis of nanocrystals. Of
particular importance, it is generally accepted that homoge-
neous nucleation and growth have to be decoupled from each
other in order to obtain pure and uniform samples.6−8 A
simple explanation can be found in the LaMer model that was
formulated more than half a century ago to guide the colloidal
synthesis of monodispersed spherical particles made of
elemental sulfur.6 According to this model, there should be
only one burst of homogeneous nucleation, followed by the
growth of the just-formed seeds, in order to achieve
monodispersity in particle size. If homogeneous nucleation
occurs multiple times throughout a synthesis, in particular,
after growth has already started, the products will suffer from
size polydispersity. When applied to a colloidal synthesis of
metal nanocrystals, the polydispersity may also include other
aspects such as shape, morphology, and/or internal structure.
While the LaMer model clearly points out the general

requirement for obtaining pure and uniform samples of metal

nanocrystals, it is nontrivial to meet such a requirement
experimentally. In many cases, homogeneous nucleation can
take place multiple times before the concentration of the
monomer eventually drops to a level low enough to suppress
homogeneous nucleation while allowing for heterogeneous
nucleation and growth on the just-formed seeds. In a recent
study, we addressed this issue by supplying the precursor in
two fractions, with a small fraction (about 5% of the total
amount) used for the formation of seeds via homogeneous
nucleation while the majority is added at a later point for
heterogeneous nucleation and growth.9 The success of this
approach critically depends on the selection of a precursor with
the right reduction pathway. Recent studies indicated that the
precursor involved in a colloidal synthesis of metal nanocryst-
als could undergo direct reduction to the atomic form in a
solution phase or adsorb onto the surface of the just-formed
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seeds, followed by reduction to atoms.10−14 Ideally, the
precursor should take the solution-phase reduction pathway
during the stage of homogeneous nucleation, and immediately
switch to surface reduction upon entering the growth stage.
Such a switching can be potentially achieved through the
regulation of reduction kinetics by manipulating experimental
parameters such as the reaction temperature.14 For example, an
elevated temperature and thus a fast reduction rate can be
imposed at the beginning of a synthesis to enable
homogeneous nucleation through solution-phase reduction
for the generation of seeds. Afterward, the temperature can be
lowered to slow down the reduction kinetics, limiting the
reduction to the surface of the just-formed seeds while
suppressing additional homogeneous nucleation. In this way,
the nucleation and growth of a colloidal synthesis of metal
nanocrystals will be naturally separated from each other. For
this approach to work, it is vital to keep the reaction system at
an elevated temperature for a duration as short as possible.
Otherwise, multiple nucleation events may still occur when the
solution is held at the elevated temperature.
The conventional batch reactor should be replaced with a

tubular flow reactor to achieve the required jump in
temperature over a period of time as short as possible.
Considering the slowness in terms of heat transport from the
surrounding (e.g., the oil bath) to the reaction solution hosted
in a typical vial of 23 mm in outer diameter, it is expected to
take at least several minutes to attain a uniform temperature for
the reaction solution. When switched to a tubular flow reactor
of 1.6 mm in outer diameter and 0.8 mm in inner diameter, it
should be feasible to equilibrate the temperature of the
reaction solution with the surroundings (e.g., an oil bath)
within a few seconds, if not sooner. The same argument also
applies to the cooling process when the heated reaction
solution needs to be quickly brought to a lower temperature
for the prevention of additional homogeneous nucleation. As
an additional advantage, one can easily manipulate the
duration of heating applied to the reaction solution in a flow
reactor by controlling the flow rate and/or the length of the
segment subjected to heating. In recent years, flow reactors
have been increasingly applied to the synthesis of colloidal
nanocrystals for their advantages such as the linear scalability,
rapid screening of experimental parameters, improved control
over mass and heat transfers, and distance to time trans-
formation.15−19

In prior studies, flow reactors have been explored to separate
growth from nucleation for the preparation of inorganic
nanoparticles with enhanced properties. In one example,
solutions containing Fe(III) and OH−, respectively, were
flushed into a coaxial-flow device to trigger nucleation,
followed by growth at an elevated temperature for the
synthesis of α-FeOOH nanoparticles.20 In this case, a gradient
in the spatial distribution of the pH value in the stream made it
difficult to exclude the involvement of multiple nucleation
events in the synthesis, as indicated by the observation of
aggregated nuclei after the completion of synthesis. In another
two examples, a dual-stage flow reactor was utilized to
synthesize colloidal quantum dots of PbS and CuInSe2,
respectively, with improved size distributions and optical
properties.21,22 The precursors were mixed and then flown
through two zones held at different temperatures, with the first
zone heated to a higher temperature to trigger nucleation,
while the second zone maintained at a lower temperature for
continuous growth. Although the nucleation and growth stages

were physically isolated, multiple nucleation events might still
occur during the nucleation or the “growth-only” stage, as
Ostwald ripening was proposed to be involved in the growth
process. While these studies nicely demonstrated the ability to
obtain colloidal nanocrystals with enhanced properties by
separating growth from nucleation, the extension of this
approach from semiconductors to metals might still face
complications due to the involvement of different reduction
kinetics. As a major difference, the synthesis of metal
nanocrystals typically involves the reduction of a precursor,
which may proceed through solution and surface pathways
depending on the reduction rate. Besides, the nucleation and
growth processes not only affect the size distribution of metal
nanocrystals but also determine their internal structure, shape,
and morphology.7,8 For a dual-stage synthesis of Ag nanocubes
that involved nucleation under microwave heating, followed by
growth at a lower temperature, the nanocubes could only be
obtained at a maximal purity of 78%.23 In addition to
decoupling growth from nucleation, it is necessary to
manipulate the reduction pathways of the precursor in order
to obtain metal nanocrystals with higher purity and uniformity.
Taking the synthesis of Pd nanocubes as an example, here

we demonstrate a methodology for separating growth from
nucleation by switching from the conventional batch reactor to
a tubular flow reactor and by leveraging the two distinctive
reduction pathways of a precursor. Specifically, by flowing the
pre-mixed reaction solution through a fluidic tube held at an
elevated temperature, solution-phase reduction can be enabled
over a well-controlled period of time as short as 10 s to trigger
a single burst of nucleation. The just-formed seeds are then
allowed to grow at room temperature through surface
reduction only, generating Pd nanocrystals with high purity
and good uniformity. By quantitatively analyzing the reduction
kinetics and monitoring the growth process, we validate that
additional nucleation is suppressed to ensure good uniformity
and purity for the final products. We also investigate the effects
of temperature and duration of nucleation on the quality of the
resultant nanocrystals, shedding new light on the mechanistic
details of such a synthesis. This method has also been
successfully extended to the synthesis of sub-5 nm Pt
nanocubes highly uniform in terms of size and shape.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Potassium tetrabromopalladate(II)

(K2PdBr4), potassium bromide (KBr, 99.0%), poly(vinyl pyrrolidone)
(PVP, Mw ≈ 55,000), L-ascorbic acid (AA, 99.0%), sodium
hexachloroplatinate(IV) hexahydrate (Na2PtCl6·6H2O, 98%), and
ethylene glycol (EG, anhydrous, 99.8%) were all obtained from
Sigma-Aldrich. All chemicals were used as received. Deionized (DI)
water with a resistivity of 18.2 MΩ·cm at room temperature was used
throughout the experiments.

Separation of Growth from Nucleation Using a Fluidic
Device. For a standard protocol, 34.4 mg of K2PdBr4, 240 mg of KBr,
44 mg of PVP, and 21.1 mg of AA were dissolved in 4 mL of water.
The mixture was stirred at room temperature for 15 min to obtain the
reaction solution. As shown in Figure 1a, the fluidic device consisted
of a polytetrafluoroethylene (PTFE) tube with an inner diameter of
0.8 mm, a plastic syringe, and a syringe pump. Prior to the
introduction of the reaction solution, a segment of the PTFE tube was
immersed in an oil bath held at 95 °C and heated for 20 min.
Afterward, the reaction solution was pumped into the tube at a flow
rate of 2 mL/min to thermally trigger the reduction of the precursor
for the initiation of nucleation in the reaction solution. By varying the
length of the segment being heated, the duration of nucleation could
be tightly controlled and shortened down to a few seconds. When 204
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cm of the PTFE tube was immersed in the oil bath, for example, the
duration of nucleation would be 30 s only. After passing through the
oil bath, the reaction solution containing the just-formed seeds was
collected in a tube placed in an ice bath to immediately quench the
reduction reaction and thereby eliminate additional nucleation. The
length of the tube from the point of leaving the oil bath to the point of
entering the ice bath was kept at 10 cm to minimize additional
nucleation after the reaction solution had left the oil bath. Finally, the
collected solution was kept at room temperature (22 °C) under
magnetic stirring, allowing the seeds to grow slowly over a period of
48 h. The final Pd nanocrystals were collected by centrifugation,
washed three times with water, and re-dispersed in water for further
characterization.
Quantitative Analysis of the Reduction Kinetics. We used

ultraviolet−visible (UV−vis) spectroscopy to analyze the reduction
kinetics by measuring the concentration of Pd(II) ions remaining in
the solution after the reaction had proceeded for different periods of
time. Two reaction solutions were prepared in parallel under the same
conditions as specified in the standard protocol, with one of the
solutions being kept at room temperature without undergoing
nucleation in the fluidic device. At various time points, an aliquot
of 0.2 mL was sampled from the solution and quickly injected into 0.8
mL of aqueous KBr (500 mg/mL) held at 0 °C to quench the
reduction. After centrifugation at 55,000 rpm for 30 min to remove all
the Pd nanoparticles, the supernatant was further diluted by 20 times
with aqueous KBr (400 mg/mL) prior to UV−vis measurement. By
comparing the absorbance at 332 nm with a calibration curve, the
concentrations of PdBr4

2− ions remaining in the reaction solution
were derived.
The calibration curve, as shown in Figure S1, is obtained from a set

of PdBr4
2− solutions with different concentrations. A stock solution of

25 mM in concentration was prepared by dissolving 12.6 mg of
K2PdBr4 in 1 mL of aqueous solution containing 60 mg of KBr, and
then diluted to different concentrations for UV−vis measurements.
Aqueous KBr solution (400 mg/mL) was used for the dilution to
ensure that the Pd(II) ions remained in the form of PdBr4

2−.
Extension to the Preparation of Sub-5 nm Pt Nanocubes.

The synthetic protocol for Pt nanocubes is similar to that for Pd
nanocubes, except for the differences in the solvent and reducing

agent. In a typical synthesis, 3 mL of the EG solution containing 50
mg of PVP and 21 mg of KBr were heated at 100 °C for 7 min to fully
dissolve the solids and then cooled down to room temperature. At the
same time, 10 mg of Na2PtCl6·6H2O was dissolved in 2 mL of EG
under sonication. To verify whether there were reduction and
nucleation during sonication, the as-obtained precursor solution was
centrifuged at 100,000 rpm for 1 h and no solid precipitate was
observed. Besides, as confirmed by inductively coupled plasma−mass
spectroscopy, the concentration of the Pt(IV) ions remaining in the
“supernatant” showed no change before and after sonication. The two
EG solutions containing surfactants and Pt(IV) precursors,
respectively, were then mixed and stirred at room temperature for
15 min to obtain a homogeneous reaction solution. By flowing the
solution in a tubular reactor held at 185 °C, the homogeneous
nucleation was initiated for a duration of 60 s, followed by slow
growth at 110 °C for 48 h. The resultant Pt nanocubes were collected
by centrifugation and washed with water for further characterization.

Characterization. The transmission electron microscopy (TEM)
images were taken using a Hitachi HT7700 microscope operated at
120 kV. Prior to TEM analysis, a suspension of the nanocrystals was
drop casted on the carbon-coated copper grid and allowed to dry
under ambient conditions. Quantitative analysis of the reduction
kinetics was performed through the use of a UV−vis spectropho-
tometer (Cary 60, Agilent Technology).

■ RESULTS AND DISCUSSION

As illustrated in Figure 1a, the fluidic device we used for
triggering the nucleation of Pd nanocrystals is comprised a
PTFE tube with one segment immersed in an oil bath. In a
standard process, the reaction solution was introduced into the
PTFE tube using a syringe pump. When the solution flowed
through the oil bath held at 95 °C, a burst of nucleation would
be triggered, during which PdBr4

2− was quickly reduced by AA
in the solution to generate nuclei and then seeds via
homogeneous nucleation. In the standard protocol, the
duration of nucleation was set to 30 s by adjusting the length
of the tube being immersed in the oil bath. The reduction was
immediately quenched upon collecting the solution in a tube
held in an ice bath. Afterward, the seeds were allowed to grow
at room temperature for up to 48 h. Because the nucleation
process is extremely sensitive to the spatial distribution of
temperature in the solution, the PTFE tube with an inner
diameter of 0.8 mm was used to ensure the quick
homogenization of the temperature inside it. It is worth
noting that the temperature of the reaction solution was still
high after leaving the oil bath but before entering the ice bath,
and this might lead to additional, undesired nucleation. For
this reason, the length of this segment of the tube was kept at a
relatively short length of 10 cm. At a flow rate of 2 mL/min, it
should take less than 1.5 s for the solution to flow through this
segment and enter the ice bath, helping suppress the formation
of additional seeds.
It should be emphasized that the precursor to Pd also needs

to be judiciously selected in order to control the reduction
pathways involved in the nucleation and growth steps of the
synthesis. Different from PdCl4

2−, another precursor com-
monly used in the preparation of Pd nanocrystals, PdBr4

2−

features a slower reduction kinetics because of its more
negative standard reduction potential (PdBr4

2−/Pd = 0.49 V,
PdCl4

2−/Pd = 0.62 V vs reversible hydrogen electrode or
RHE).14,24,25 When reduced by AA in aqueous solution,
PdBr4

2− favors the solution reduction pathway at an elevated
temperature, while switching to surface reduction at room
temperature in the presence of preformed seeds.14 Note that
the amount of KBr used in a standard synthesis was in large

Figure 1. (a) Schematic illustration of the fluidic device used to
control the nucleation step prior to the formation of nanocrystals. (b)
TEM image of slightly truncated Pd nanocubes prepared by
conducting the nucleation at 95 °C for 30 s, followed by growth at
room temperature for 48 h. (c) TEM image of Pd nanocrystals
obtained by conducting the synthesis in a vial at 95 °C for 4 h.
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excess, helping preserve the Pd(II) ions in the form of PdBr4
2−

and regulate the reduction kinetics.25 Figure 1b shows a typical
TEM image of the Pd nanocrystals prepared using the standard
protocol. Due to the presence of Br− ions as a capping agent
toward Pd{100} facets, we obtained slightly truncated
nanocubes with an average length of 18.2 ± 1.9 nm and an
aspect ratio of 1.2 ± 0.2. The slight truncation at the corners
could be possibly ascribed to the extremely slow growth rate,
resulting in the kinetically controlled products not fully
stabilized by the capping agent, which was also observed in a
previous study.25 Moreover, owing to the localized oxidative
etching induced by the Br− ions and oxygen in the reaction
solution, the capping agent could be selectively removed from
one of the side faces of the nanocube, leading to the
preferential deposition of atoms on this face in the following
step.26 As such, some of the nanocubes were elongated along
one direction, generating nanobars with an aspect ratio slightly
greater than one.
In a control experiment, we conducted the same synthesis

without separating growth from nucleation by holding the
reaction solution in a vial at 95 °C for 4 h. As shown in Figure
1c, the product contained a mixture of cubes, truncated
bipyramids, decahedra, and rods at distributions of 64, 23, 9,
and 4%, respectively, together with polydispersed sizes. The
diversity in both shape and size could be attributed to the
multiple nucleation events involved in the synthesis, during
which different types of seeds were generated, followed by
growth for different durations of time. It should be pointed out
that there are well-developed protocols for the preparation of
Pd nanocubes, and they typically involve the quick reduction
of PdCl4

2− at an elevated temperature.27,28 The slow reduction
kinetics of PdBr4

2− and a high concentration of KBr make this
system unsuitable for the generation of single-crystal seeds
using the conventional method. However, by optimizing the
experimental conditions for nucleation and growth, and more
importantly, separating them, uniform Pd nanocubes, as those
shown in Figure 1b, could be readily obtained. Moreover, the
Pd nanocubes reported here also showed improvement in
quality when compared with those prepared following the
conventional protocol (Figure S2).27 As shown in Figure S3,
despite the slight difference in size, greater focus on both the
size and aspect ratio were observed for the Pd nanocubes
synthesized by decoupling growth from nucleation relative to
those prepared using the conventional method. The improve-
ment in quality could be attributed to the elimination of
multiple nucleation events in the synthesis and thus
involvement of the same duration of growth for attaining a
uniform size. Additionally, due to the involvement of a
relatively low temperature for the growth step, localized
oxidative etching was largely mitigated for the formation of
more nanocrystals with a cubic shape. Taken together, by
decoupling growth from nucleation, the as-obtained Pd
nanocubes exhibited high uniformity in both size and shape.
Another control experiment was also conducted by following

the standard protocol, except that a batch reactor was used to
control the nucleation step, during which the reaction solution
was heated in a 20 mL glass vial at 95 °C for 30 s and then
cooled down in an ice bath. The Pd nanocrystals obtained after
48 h of growth at room temperature also exhibited various
shapes and polydispersed sizes (Figure S4). Due to the
involvement of a bulk amount of solution and a relatively short
period of time, the spatial inhomogeneity in temperature,
together with slow initiation and quenching of the reduction,

contributed to the formation of various types of seeds and thus
polydispersed nanocrystals. This result clearly suggested the
necessity of using a flow reactor to control the subtle
nucleation step owing to its enhancement in heat transfer
management. Besides, it is noteworthy that the flow reactor
can also be easily and conveniently adapted for the scale-up
production by running the synthesis continuously, offering a
promising approach to the mass production of nanocrystals
with high quality.
To validate that growth was decoupled from nucleation

during the synthesis, we monitored the evolution of the
nanocrystals prepared using the standard protocol by sampling
and analyzing the reaction solution at different time points.
Figure 2 shows TEM images of the corresponding products.

After nucleation at 95 °C for 30 s, we obtained seeds featuring
a nearly spherical shape, together with an average diameter of
2.9 nm. After growth at room temperature for 2 h, the seeds
evolved into cuboctahedral nanocrystals with a size approach-
ing 4.7 nm. When the growth time was extended to 8 h, almost
all the nanocrystals evolved into nanocubes with slight
truncation at the corners, while the average edge length
increased to 9.5 nm. As the growth was continued for another
16 h, the edge length increased to 14.3 nm. Significantly, no
second population of particles (typically, smaller in size than
the main product) was observed during the entire growth
process, excluding the possible involvement of additional
nucleation events in the solution and attesting to the
dominance of surface reduction during the growth process.
To verify that no additional homogeneous nucleation could

take place in the solution phase during the growth stage, we
analyzed the reduction kinetics using UV−vis spectroscopy.
Two sets of measurements were conducted in parallel, with
one sample prepared by following the standard protocol while

Figure 2. TEM images of the samples obtained using the standard
protocol after (a) nucleation at 95 °C for 30 s and (b−d) nucleation
at 95 °C for 30 s, followed by growth at room temperature for (b) 2,
(c) 8, and (d) 24 h, respectively. The scale bar at the bottom applies
to all panels.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c00923
Chem. Mater. 2021, 33, 3791−3801

3794

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00923/suppl_file/cm1c00923_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00923/suppl_file/cm1c00923_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c00923/suppl_file/cm1c00923_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00923?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00923?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00923?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c00923?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c00923?rel=cite-as&ref=PDF&jav=VoR


the other was directly kept at room temperature without
undergoing the nucleation step at 95 °C (Figure 3a,b). At each
time point, aliquots were sampled from the reaction solutions,
followed by the immediate quenching of the reduction. We
then recorded UV−vis spectra to derive the concentration of
Pd(II) ions remaining in the solution by comparing the
absorbance at 332 nm with the calibration curve in Figure S1.
As shown in Figure 3c, for the synthesis involving the
nucleation step, the concentration of the remaining PdBr4

2−

gradually decreased over time, indicating the continuous
growth of the preformed seeds in the solution. In contrast,
without including the nucleation step, PdBr4

2− in the solution
was barely reduced at room temperature over a period of 24 h
and no significant change in the concentration was observed
either until 32 h later. The sluggish reduction kinetics
suggested the low possibility of additional homogeneous
nucleation in the growth solution.
Typically, the reduction of a metal precursor by a reductant

involves collision and electron transfer between them, and
thus, the reaction is supposed to follow the second-order rate
law with regard to the concentrations of both the precursor
and reductant.29 In the present study, however, the amount of
the reductant, AA, was used in large excess relative to the
precursor. As such, the concentration of AA can be regarded as
a constant during the synthesis, and thus, the reduction
kinetics can be simplified to the pseudo-first-order rate law,
with a linear dependence between ln[PdBr4

2−] and reaction
time. Figure 3d shows a plot of the value of ln[PdBr4

2−] as a
function of time, confirming the pseudo-first-order kinetics for
the synthesis involving the nucleation step. In comparison, the
data for the synthesis involving no nucleation step did not fit
the pseudo-first-order kinetics well, with a small R2 of 0.69.

The poor fitting can be ascribed to the slow reduction kinetics
and the difficulty in initiating the nucleation.
The observed difference in the reduction kinetics of these

two samples clearly demonstrated the low probability of
homogeneous nucleation during the growth stage in the
standard synthesis. In the absence of preformed seeds from the
nucleation at an elevated temperature, the reduction of
PdBr4

2− by AA at room temperature could only take place in
the solution phase. As shown in Figure 3b,c, the solution
reduction proceeded at an extremely slow rate, inherently
restraining the occurrence of homogeneous nucleation. On the
other hand, in the presence of preformed seeds, the reduction
of PdBr4

2− favored the surface reduction pathway due to its
much lower activation energy barrier.14 As such, the reduction
of the precursor would be able to occur but is mainly confined
to the surface of the seeds, while homogeneous nucleation was
essentially suppressed. With the continuous consumption of
the reactant, the concentration of PdBr4

2− quickly decreased,
as shown in Figure 3a,c, further diminishing the probability of
additional homogeneous nucleation in the solution phase.
Moreover, as demonstrated in a recent study, halide ions could
control the growth pattern of Pd nanocrystals by preventing
the precursor from hydrolysis and slowing down the reduction
kinetics.25 Specifically, in the presence of cubic seeds, when the
molar ratio of KBr to the precursor was set to 30 (the same as
what was used in the present study), surface reduction
prevailed over solution reduction by a ratio of 99 to 1. These
results were consistent with the TEM images shown in Figure
2, where no second population of small particles were
observed. Collectively, it can be concluded that the growth
process was free of additional, unwanted nucleation events
owing to the dominance of surface reduction.

Figure 3. Quantitative analysis of the reduction kinetics involved in the synthesis. (a) UV−vis spectra of PdBr42− remaining in the reaction solution
after nucleation at 95 °C for 30 s and then growth at room temperature for different periods of time. (b) Time-dependent UV−vis spectra of the
reaction solution stored at room temperature for different periods of time, without involving the prior nucleation step. (c) Plots of the
concentrations of PdBr4

2− remaining in the reaction solution over time, which were derived from the absorbance peak of PdBr4
2− at 332 nm. (d)

Plots showing the variation of ln[PdBr4
2−] as a function of reaction time, suggesting a pseudo-first-order kinetics for the synthesis involving the

nucleation step.
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On the basis of the above results, we can explain the
difference between the Pd nanocrystals prepared with and
without separating growth from nucleation (Figure 1b,c) using
the LaMer model (Figure 4a) and the reduction pathways
involved in the synthesis (Figure 4b). The mechanism
underlying the formation of uniform colloidal nanocrystals
has been extensively studied and can be described using the
LaMer model.6,7 In the synthesis of metal nanocrystals, as the
precursor is continuously reduced, the concentration of metal
atoms in the solution increases with time (stage I). Once the
atomic concentration exceeds the threshold of nucleation
(Cmin

nu ), the aggregation or assembly of metal atoms leads to the
formation of nuclei (stage II). Meanwhile, the rapid
consumption of atoms results in the quick decrease in the
concentration, and homogeneous nucleation will be terminated
once the atomic concentration drops below the minimum level
of supersaturation needed for nucleation. The nuclei then
evolve into seeds, followed by growth to larger nanocrystals
(stage III). In this context, to obtain nanocrystals with a
narrow distribution in size, the peak corresponding to
nucleation is supposed to be as sharp as possible for the
initiation of a single burst of nucleation only. In other words, a
broad peak would lead to a longer time for nucleation and
thus, the nuclei formed at different time points would go
through different growth histories, generating nanocrystals
with a broad distribution in size. Different from the
conventional synthesis conducted in a batch reactor, when a
fluidic device is used to control the nucleation step, the

precursor can be quickly reduced at 95 °C in the solution so
that homogeneous nucleation can be initiated and confined to
a very short, single burst of 30 s. Afterward, by taking
advantage of the well-regulated slow reduction kinetics, the
seeds can grow to larger nanocrystals at room temperature
through the surface reduction of the precursor, due to its lower
activation energy barrier relative to that for solution
reduction.14 During growth, no additional nucleation events
will be able to occur in the solution phase, resulting in the
formation of highly uniform nanocrystals.
In contrast, multiple nucleation events took place when the

synthesis was conducted at 95 °C for 4 h without separating
growth from nucleation. After a burst of nucleation, the
concentration of atoms would drop quickly but increase again
thereafter due to the continuous supply of Pd atoms at such a
high temperature, leading to new rounds of nucleation. In this
case, the atomic concentration tended to fluctuate above and
below the threshold of nucleation several times, resulting in a
long period of nucleation and thus the polydispersity in terms
of size. From the viewpoint of reduction pathway, both surface
and solution reduction were involved in the growth stage. At
95 °C, a temperature high enough for solution reduction to
overcome its activation energy barrier, the reduction of the
precursor proceeded not only on the surface of the preformed
seeds for growth but also in the solution phase to initiate
homogeneous nucleation and generate new seeds continually.
Moreover, the reduction rate would decrease with the
continuous consumption of the precursor. It has been

Figure 4. (a) Comparison of the nucleation and growth processes involved in the two syntheses shown in Figure 1b,c, respectively. In the
framework of LaMer model, stages I, II, and III correspond to the generation of atoms, nucleation, and growth, respectively. (b) Schematic
illustration of the reduction pathways involved in the two syntheses. After heating at 95 °C for 30 s, small nuclei were formed, which subsequently
grew into uniform nanocubes through surface reduction at room temperature. In contrast, when the synthesis was conducted at 95 °C for 4 h, both
surface and solution reduction were allowed, leading to the continuous generation of seeds throughout the synthesis and thus the formation of
nanocrystals with broad sizes and diverse shapes.
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demonstrated that the seeds formed in the synthesis of Pd
nanocrystals would switch from a single crystal to multi-
twinned and then stacking-fault-lined structures as the
reduction rate decreased.29 As a result, the final products
contained truncated bipyramids, decahedra, and pentatwinned
nanorods growing from the seeds with twin defects. Taken
together, it is the continuous formation of seeds during the
synthesis that results in the variation in the seed type, as well as
the diversity in shape and broad distribution in the size of the
final products.
In addition to improving the product quality, setting apart

growth from nucleation also offers a means to differentiate the
seeds formed in the initial stages of the synthesis and resolve
the details of the vital but subtle nucleation process. To
investigate how the length of the time for nucleation affects the
formation of seeds and the resultant nanocrystals, a set of
experiments were conducted with different durations of
nucleation. It is worth pointing out that the retention time
of the reaction solution (i.e., the duration of nucleation) is
determined by both the flow rate and the length of the tube
subjected to heating. At a fixed length for the tubular reactor,
increasing the flow rate may cause additional issues because of
the parabolic distribution of velocities associated with the
flow.16,30 In principle, a high flow rate will lead to greater
variations among the velocities at different radial positions of
the flow and thus different lengths of the retention time for the
reaction solution. Therefore, it would be difficult to precisely
control the duration for nucleation, resulting in size
polydispersity for the obtained nanocrystals. Although a
moderate flow rate of 2 mL/min used in the standard
synthesis, and an even higher rate of 3 mL/min, did not induce
a broad size distribution for the resultant nanocubes, further
increasing the flow rate may eventually cause size distribution
broadening. Therefore, instead of varying the flow rate, we
changed the duration of nucleation by adjusting the length of
the PTFE tube subjected to heating at 95 °C. Figure 5a−d
shows TEM images of the corresponding Pd nanocrystals
obtained when the durations of nucleation were set to 10, 20,
60, and 120 s, respectively. Interestingly, when the nucleation
time was as short as 10 s, the final product contained both
large nanocubes and truncated bipyramids, suggesting the
formation of both single-crystal and single-twinned seeds in the
nucleation step. The formation of seeds with a single twin
plane could be attributed to the relatively slow reduction rate
in the very first few seconds of nucleation before the
temperature of the reaction solution reached 95 °C. In
comparison, as the nucleation time was prolonged to 20, 30,
60, and 120 s, the twinned structure disappeared, while only
nanocubes were obtained as the final products. This could be
ascribed to the oxidative etching involved in the synthesis. In
the presence of Br− ions and O2 dissolved in the reaction
solution, which could form an etchant, the twinned seeds could
be selectively removed while the single-crystal seeds were
retained.31,32 When the nucleation time was only 10 s, the
twinned seeds could not be fully removed by oxidative etching,
accounting for the formation of truncated bipyramids. As the
nucleation time was prolonged, all the twinned seeds formed in
the early nucleation stages could be completely etched away,
leaving behind single-crystal seeds for their growth into
nanocubes. To verify the proposed mechanism, the control
experiment was conducted by following the standard protocol
except that the reaction solution was bubbled with argon
before the nucleation step to remove the dissolved O2. As

expected, twinned structures appeared in the final product
(Figure S5) due to the lack of oxidative etching during the
nucleation step.
Moreover, as shown in Figure 5b−d, although the products

were dominated by nanocubes when the nucleation time was
longer than 10 s, the sizes of the nanocrystals became smaller
and less uniform with the increase in nucleation time. When
the nucleation time was set to 20, 60, and 120 s, the average
edge length of the nanocubes decreased from 19.0 ± 1.5 to
12.9 ± 2.2 nm and then 12.1 ± 2.6 nm. This could be
rationalized by the increased number of seeds produced as the
duration of nucleation was prolonged. With more seeds
formed, less Pd atoms would be allocated to each seed for
growth because the amount of the precursor fed into the
reaction was fixed, generating smaller nanocrystals. Further-
more, the seeds formed in the earlier stage of nucleation would
grow into larger nanocrystals compared with those formed
later owing to their longer growth times. As a result, the
products would become less uniform in terms of size, in
agreement with the trend in that the standard deviation of the
size increased with the nucleation time. Taken together, the
duration of nucleation should be optimized for the formation
of single-crystal seeds, while confining the nucleation to a short
burst to ensure a narrow size distribution.
Besides duration, the influence of the temperature on the

nucleation was also studied. Because the synthesis was
conducted in an aqueous phase, we only lowered the
temperature for triggering nucleation from 95 to 80 and 65
°C. In contrast to the uniform nanocubes produced using the
standard protocol, nanocrystals with large sizes and poorly
defined shapes, such as concave cubes and decahedra covered
by rough surfaces, were obtained as the temperature for
nucleation was reduced to 80 °C (Figure 6a). Owing to the
decreased reduction rate at a lower temperature, both single-

Figure 5. TEM images of Pd nanocrystals obtained by changing the
nucleation time at 95 °C from 30 s to (a) 10, (b) 20, (c) 60, and (d)
120 s, respectively. As the duration of nucleation was increased,
products bearing a singly-twinned structure disappeared while the Pd
nanocubes became smaller and less uniform in terms of size.
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crystal and multitwinned seeds were generated in the
nucleation step and at a smaller total number than the case
of 95 °C. Therefore, more precursors would be available to
each seed during subsequent growth, producing nanocrystals
with larger sizes. The irregular shapes could be attributed to
the limited surface diffusion at a lower temperature and
therefore symmetry reduction. When the nucleation at 80 °C
was prolonged to 60 s (Figure 6b), the product became smaller
while the shape could be clearly resolved as a mix of truncated
cubes and nanocrystals with twinned structures, including
penta-twinned nanorods and truncated bipyramids. These
observations suggest that the type of seeds formed in the
nucleation stage changed from the single crystal to both single-
crystal and twinned structures when the temperature for
nucleation decreased to 80 °C. We also conducted experiments
by allowing the nucleation to proceed at 65 °C for 60 and 120
s (Figure 6c,d), and the results trend in the same pattern as
those obtained at 80 °C. Moreover, due to the further
deceleration of reduction at 65 °C, more twinned nanocrystals,
as well as a broader size distribution, were observed in the final
products. Collectively, these results were in agreement with
our previous study in that the type of seeds formed in the
synthesis tended to shift from single crystal to multitwinned as
the reduction rate decreased.29 It should be noted that in the
present work, the oil bath was held at a temperature slightly
lower than the boiling point of the solvent to ensure the fast
reduction kinetics for the nucleation process, and thus a burst
of nucleation as well as the generation of single-crystal seeds to
form cubes. If the temperature is further increased, the
pressure built up in the tubular reactor would make it
challenging to handle the reaction system. Nevertheless, when
extending this strategy to the synthesis of other metal
nanocrystals taking different shapes, the close correlation

between the initial reduction rate of the synthesis and the type
of seeds generated after nucleation should be taken into
consideration.29 A higher temperature and thus a faster
reduction rate for the nucleation step favors the generation
of single-crystal seeds, while a lower temperature could trigger
the formation of seeds with multitwinned or stacking fault-
lined structures owing to the slower reduction kinetics.
Therefore, the temperature of the oil bath should be
judiciously controlled to obtain seeds with a specific type of
internal structure for the target product. By setting apart
nucleation and growth, we can explicitly study the mechanistic
details about the nucleation step for the deterministic
production of seeds with a specific structure due to the
exclusion of multiple nucleation events under the complicated
and dynamic conditions of the synthesis.
We also extended the synthetic strategy to the preparation of

Pt nanocubes. To date, much effort has been devoted to
controlling the synthesis of Pt nanocrystals due to their
outstanding performance in a number of electrocatalytic
reactions and industrial processes.2,33−35 In particular, the
uniformity of Pt nanocrystals in terms of shape and size is
critical to their catalytic performance. If the size is
polydispersed, sintering would be induced by Ostwald
ripening, resulting in the loss of the specific surface area and
thus catalytic activity.36,37 By decoupling growth from
nucleation in a polyol synthesis, we successfully achieved the
production of sub-5 nm Pt nanocubes in high uniformity. The
synthetic procedure is similar to that for Pd, except that a
Pt(IV) precursor was reduced by EG in the presence of KBr
and PVP. At a high temperature of 185 °C, the homogeneous
nucleation was enabled in a tubular flow reactor for 60 s,
generating seeds with an average size of 3.1 nm (Figure S6).
After quenching the reduction, the collected solution was then
kept at 110 °C for 48 h, allowing the just-formed seeds to grow
into nanocubes with a uniform size of 3.9 ± 0.5 nm due to the
capping effect of Br− ions toward Pt{100} (Figures 7a and
S7a). After a close examination of over 680 particles, more
than 95% of the nanocrystals are well-defined nanocubes or
slightly truncated cubes, demonstrating the high purity of the
products. In contrast, when the polyol synthesis was conducted
in a vial at 185 °C for 8 h, a large quantity of particles with
rounded or irregular shapes were observed in the products, in
addition to cubes at a purity of 61%, suggesting the occurrence
of multiple nucleation events in the synthesis (Figure 7b).
With an average size of 4.1 ± 1.0 nm, the polydispersity of the
products was confirmed by the wider peak observed in the size
distribution, as well as a difference of around 7 nm between the
maximum and minimum sizes (Figure S7b), which could cause
sintering and be detrimental to their use in catalytic
applications. Besides, significant aggregation was also observed
in this sample, likely due to the formation of a large number of
seeds in the multiple nucleation events and thus an insufficient
amount of PVP to stabilize all the particles.
Different from the case of Pd, the growth of Pt seeds was

performed at a judiciously selected temperature of 110 °C
instead of room temperature to achieve both a slow reduction
rate and sufficient atom diffusion because of the higher
bonding energy of Pt relative to that of Pd (EPd−Pd = 136 kJ/
mol, EPt−Pt = 307 kJ/mol). We also varied the temperature for
growth to investigate its impact on the resultant Pt
nanocrystals while keeping all other experimental parameters
the same. When the temperature for growth was lowered to
100 °C, only a small fraction of the Pt nanocrystals was able to

Figure 6. TEM images of Pd nanocrystals obtained by changing the
temperature and duration for nucleation from 95 °C/30 s to (a) 80
°C/30 s, (b) 80 °C/60 s, (c) 65 °C/60 s, and (d) 65 °C/120 s,
respectively. As the temperature dropped, nanocrystals featuring
twinned structures and irregular shapes could be easily observed.
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develop into nanocubes because of the noticeably slower
reduction rate (Figure 7c). In comparison, at a higher
temperature of 140 °C, the reduction rate was greatly
accelerated to overwhelm atom diffusion, resulting in the
growth of the seeds into concave cubes and octapods (Figure
7d). Besides, it is evident that additional nucleation events also
took place during the growth stage, giving rise to particles with
irregular shapes and polydispersed size distribution. In view of
this, a moderate temperature of 110 °C is critical to enabling
the reduction of the precursor on the surface of Pt seeds for
their growth into cubes while suppressing homogeneous
nucleation in the solution phase and thus the formation of
undesired seeds.
Until now, only limited success has been achieved in the

synthesis of sub-5 nm Pt nanocubes, during which the high
pressure of CO is typically involved.38 The high toxicity and
flammability of CO might lead to concerns in safety issues and
potential pollution to the environment. In the present study, by
separating growth from nucleation, the single burst of
nucleation ensured the generation of a large number of seeds
in high purity, while the slow growth rate contributed to the
achievement of a small particle size. Through the judicious
management of nucleation and growth in the polyol synthesis,
sub-5 nm Pt nanocubes could be readily obtained without the
involvement of CO. The tight control over the shape and size
uniformity of the products might help mitigate sintering and
thereby improve the stability of Pt nanocrystals in catalytic
applications. Furthermore, taking the advantage of a flow
reactor in scaling up the synthesis continuously, it is feasible to
achieve mass production of sub-5 nm Pt nanocubes without
compromising product quality, pushing the Pt nanocrystals
closer to practical use.

■ CONCLUSIONS

In summary, we have integrated the use of a flow reactor with
the manipulation of the reduction pathway of a precursor to
decouple growth from nucleation for the achievement of a
better control over colloidal metal nanocrystals. With Pd as an
example, we obtained uniform Pd nanocubes by thermally
triggering the nucleation at 95 °C for a very short period of
time in the reaction solution flowing in a tubular reactor,
followed by the growth of the just-formed seeds at room
temperature through surface reduction. A quantitative analysis
of the reduction kinetics, together with the characterization of
the products obtained at different stages, confirmed that no
additional, undesired nucleation event took place during the
growth process, accounting for the high purity and uniformity
of the products. Unlike the conventional synthesis, in which
multiple nucleation events tend to occur even during the
growth stage, decoupling growth from nucleation can well
preserve the seeds formed in the initial stage of the synthesis,
while directly enhancing the quality of the resultant nano-
crystals. It was revealed that both the duration and temperature
for nucleation had a profound impact on the type and quality
of the seeds and thus the resultant nanocrystals, offering
insightful information on the significant but subtle nucleation
process. With such insights into the mechanistic details of
nucleation, one can achieve a tighter control over the synthesis
for the deterministic production of seeds with specific internal
structures and thus nanocrystals with the desired shapes and
sizes. This method was further extended to the synthesis of
highly uniform, sub-5 nm Pt nanocubes, suggesting the
potential of this approach for the preparation of other colloidal
metal nanocrystals. We believe this work not only deepens our
understanding of the mechanistic details involved in nucleation
and growth but also improves our synthetic capability to
produce nanocrystals with good uniformity in terms of sizes
and shapes. The high uniformity and purity of the as-obtained
nanocrystals are expected to enhance their performance in
various applications.
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