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ABSTRACT: We report a quantitative analysis of the symmetry
reduction phenomenon involved in the seed-mediated growth of
Pd nanocrystals under dropwise addition of a precursor solution.
In addition to the elimination of self-nucleation, the dropwise
approach allows for the formation of a steady state for the number
of precursor ions in the growth solution, which only fluctuates in a
narrow range defined by experimental parameters such as the
initial concentration of precursor solution and the injection rate.
We can deterministically control the growth mode (symmetric vs
asymmetric) of a seed by tuning these parameters to quantitatively
manipulate the reaction kinetics and thus the lower and upper
limits that define the steady state. We demonstrate that there exists a correlation between the growth mode and the lower limit of
precursor ions in the steady state of a seed-mediated growth process. For the first few drops of precursor solution, the resultant
atoms will only be deposited on a limited number of available sites on the seed if the lower limit of the steady state is below a
critical value. Afterward, the deposition of atoms will be largely confined to these initially activated sites to induce symmetry
reduction if atom deposition is kept at a faster rate than surface diffusion by controlling the lower limit of precursor ions in the
steady state. Otherwise, the migration of atoms to other regions through surface diffusion can access other sites on the surface of
a seed and thus lead to the switch of growth mode from asymmetric to symmetric. Our study suggests that symmetry reduction
can only be initiated and retained by keeping the atom deposition at a rate slow enough to limit the number of initial nucleation
sites on a seed but fast enough to beat the surface diffusion process.

■ INTRODUCTION

There has been considerable interest in the chemical synthesis
of noble-metal nanocrystals with specific shapes capable of
enhancing their performance in various applications ranging
from catalysis1 to magnetism,2 plasmonics,3 electronics,4 and
medicine.5 Although notable progress has been made in recent
years with regard to the development of methods for
controlling the shapes of noble-metal nanocrystals,6 we still
face challenges in producing nanocrystals with less symmetric
shapes relative to the cubic lattice of a noble metal. When
reduced in symmetry, the nanocrystals are anticipated with new
properties to enrich fundamental studies and enable new
applications. Notable examples include Au nanorods and Ag
nanowires; both of them have found widespread use in
applications related to plasmonics, electronics, and display.3c,e,4d

In contrast to an inorganic compound such as ZnO,7 the
crystal lattice of a noble metal takes a face-centered cubic (fcc)
structure, with multiple facets equivalent to each other in terms
of spatial arrangement and coordination number for the surface
atoms. The high symmetry makes it inherently challenging to
obtain noble-metal nanocrystals with shapes lower in symmetry
than a cube. As a result, for noble-metal nanocrystals with a
single-crystal structure, they often take a polyhedral (e.g., cubic,

cuboctahedral, or octahedral) shape as confined by the cubic
symmetry of the crystal lattice.6 There are also reports for a
number of noble metals, including Au,8 Pd,9 and Ag,10 in which
single-crystal nanostructures with a one-dimensional morphol-
ogy (e.g., nanorods and nanobars) could be synthesized in the
presence of bromide or other halide ions. In spite of extensive
research, the exact mechanism responsible for the anisotropic,
one-dimensional growth is still under debate. It is generally
believed that the halide ions could somehow induce a faster
growth rate along one of the three directions, leading to
symmetry breaking and thus the formation of nanostructures
with reduced symmetry relative to the cubic lattice.
With the use of a syringe pump to introduce the precursor

solution, our group recently demonstrated an alternative
strategy for breaking the cubic symmetry by manipulating the
reaction kinetics involved in a seed-mediated growth
process.11,12 This strategy is effective not only for the
generation of nanocrystals with reduced symmetry relative to
the cubic lattice but also in avoiding self-nucleation.13 In
addition to the deposition on a seed, the newly formed atoms
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can self-nucleate and grow into nanocrystals concurrently if the
concentration of atoms exceeds the threshold for self-
nucleation, leading to the formation of nanocrystals with
poorly controlled sizes and shapes. By using a syringe pump to
introduce the precursor dropwise into a growth solution, the
concentration of the newly formed atoms could be maintained
at a level lower than the threshold to effectively suppress self-
nucleation. More significantly, when the atoms initially formed
in the growth solution are sufficiently smaller in number than
the seed particles, heterogeneous nucleation can only occur at a
limited number of the equivalent sites on a seed to trigger a
growth pattern deviated from the cubic symmetry. For example,
by controlling the injection rate of the precursor solution, we
demonstrated that Ag or Au could be selectively deposited on
different numbers of side faces (from one to six) of a Pd cubic
seed to generate a nanocrystal with an asymmetric distribution
for the deposited element.11 When a similar strategy was
applied to the growth of Ag on Ag cubic seeds, we obtained Ag
nanocrystals with reduced symmetry relative to its cubic lattice,
including rectangular bars and semitruncated octahedra.12

Despite these successful demonstrations, it should be pointed
out that all these studies were based on trial-and-error
manipulation of the experimental parameters due to the lack
of a mechanistic understanding and quantitative control. It is
highly desired to have a quantitative understanding of the
symmetry reduction phenomenon, especially with regard to the
relationship between the growth mode and the reaction kinetics
involved in seed-mediated growth.
Herein, we report a quantitative study of the symmetry

reduction phenomenon involved in the seed-mediated growth
of Pd nanocrystals. The experimental approach relies on the use
of a syringe pump to introduce precursor ions dropwise into a
growth solution containing well-defined seeds at a controllable
rate to achieve a steady state for the number of precursor ions
in the solution. On the basis of the reduction rate constant
determined experimentally, the number of precursor ions in
each drop (or the stock solution), and the duration of time
between adjacent drops, we were able to obtain the kinetic
information about a given synthesis, including the number of
precursor ions in the growth solution as a function of the
reaction time, as well as the lower and upper limits for the
steady state. Our results indicate that the lower limit of
precursor ions for the steady state plays a deterministic role in
inducing symmetry reduction in a seed-mediated growth
process. The lower limit has to be kept below a critical value
in order to achieve asymmetric nucleation on a seed. At the
same time, the lower limit has to be sufficiently high to ensure
that the atoms are deposited at a rate faster than surface
diffusion during the entire growth process. Otherwise, the

surface diffusion of adatoms will eventually lead to the
formation of a nanocrystal with symmetry similar to that of
the seed. We note that previous studies only reported that a
relatively slow atom deposition rate is critical to the induction
of asymmetric growth.11,12 The present work indicates that the
atom deposition rate for asymmetric growth needs to be kept in
a narrow range in order to induce and sustain the asymmetric
growth mode. Most importantly, with the availability of
reduction rate constant, it is possible, for the first time, to
predict the experimental conditions (e.g., the injection rate and
the precursor concentration) under which the growth mode
will be switched from symmetric to asymmetric and vice versa.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Ethylene glycol (EG) was purchased

from J.T. Baker. Sodium tetrachloropalladate(II) (Na2PdCl4), poly-
(vinylpyrrolidone) (PVP, MW ≈ 55 000), L-ascorbic acid (AA), and
potassium bromide (KBr) were purchased from Sigma-Aldrich. All
chemicals were used as received without further purification.
Deionized (DI) water with a resistivity of 18.2 MΩ·cm was used for
all syntheses.

Measurement of the Kinetic Parameters. We derived the rate
constant (k) by analyzing the concentration of Pd(II) ions remaining
in the reaction solution at different time points through inductively
coupled plasma mass spectrometry (ICP-MS). Specifically, 2.0 mL of
an aqueous solution containing 100.0 mg of AA and 1.2 mg of KBr was
mixed in a 20 mL glass vial and heated to 40 °C in an oil bath for 20
min under magnetic stirring. Next, 1.0 mL of an aqueous Na2PdCl4
solution (1.0 mg/mL) was quickly injected into the vial in one shot.
An aliquot of 0.1 mL was sampled from the reaction solution at
different time points using a glass pipet and immediately injected into
0.9 mL of aqueous KBr solution (500 mg/mL) to quench the
reduction reaction. The solution was then centrifuged at 55 000 rpm
for 40 min to precipitate out all the Pd nanocrystals, leaving behind
Pd(II) ions in the supernatant. Subsequently, the supernatant was
collected and further diluted with 1% (v/v) aqueous HNO3 solution to
a level of 100 ppb for ICP-MS analysis. The concentrations of Pd(II)
ions obtained at different time points were then used to determine the
rate constant (k) by performing a linear regression fit to the plot of
ln[Pd(II)] versus reaction time, with the slope of the regression line
equal to −k. When the temperature was fixed, the rate constant could
be used to calculate the instantaneous concentrations of the Pd(II)
ions as a function of reaction time for all the seed-mediated growth
experiments conducted in the present work.

Synthesis of the 4.5 nm Pd Cuboctahedral Seeds. The Pd
cuboctahedra to be used as seeds for overgrowth were prepared using
a recently reported protocol based on polyol reduction.14 In a typical
synthesis, 30 mg of PVP and 2.0 mL of EG were mixed in a 20 mL
glass vial, and the mixture was heated to 160 °C under magnetic
stirring. Next, 15.5 mg of Na2PdCl4 was dissolved in 1.0 mL of EG and
added into the above mixture in one shot using a pipet. The reaction
was allowed to proceed for 2 h. After centrifugation at 55 000 rpm and

Table 1. Summary of the Parameters Used for the Syntheses of Pd Nanocrystals via Seed-Mediated Growth

n0 τ (s) cuboctahedral seeds (μL) cubic seeds (μL) [Na2PdCl4] (mg/mL) Na2PdCl4(aq) vol (mL) injection rate (mL/h) results (Figure)

4.7 0.45 100 0.05 30.0 120.0 4b
4.7 0.9 100 0.05 30.0 60.0 4a
4.7 1.8 100 0.05 30.0 30.0 3a
11.7 1.8 100 0.125 12.0 30.0 3b
23.5 1.8 100 0.25 6.0 30.0 3c
23.5 3.6 100 0.25 6.0 15.0 4d
23.5 10.5 100 0.25 6.0 5.0 4e
70.5 1.8 100 0.75 2.0 30.0 3d
26.2 1.8 200 0.02 50.0 30.0 7a
26.2 10.5 200 0.02 50.0 5.0 7b
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being washed with ethanol and water three times, the Pd
cuboctahedral seeds were redispersed in 3 mL of water.
Synthesis of the 10 nm Pd Cubic Seeds. The 10 nm Pd cubic

seeds were prepared using a previously reported protocol.15 In a
typical synthesis, an 8 mL aqueous solution containing 105 mg of PVP,
60 mg of AA, and 300 mg of KBr was added into a 20 mL glass vial
and heated at 80 °C for 5 min. Next, a 3 mL aqueous solution
containing 57 mg of Na2PdCl4 was added in one shot under magnetic
stirring. The reaction was allowed to proceed at 80 °C for 3 h. The
product was collected by centrifugation at 16 000 rpm, washed with
water three times, and redispersed in 11 mL of water.
Seed-Mediated Growth of Pd Nanocrystals. Table 1 shows a

summary of the parameters used for the syntheses of Pd nanocrystals
by seed-mediated growth. In a standard synthesis, an aqueous solution
containing Na2PdCl4 (1.5 mg) and KBr (0.4 mg/mL) and another
aqueous solution containing KBr (0.4 mg/mL) and AA (66.7 mg/mL)
were introduced simultaneously using two syringe pumps into 3 mL of
the growth solutionan aqueous suspension containing the seeds (0.1
mL for the 4.5 nm cuboctahedral seeds or 0.2 mL for the 10 nm cubic
seeds), 100 mg of AA, 10 mg of PVP, and 1.2 mg of KBr in a 50 mL
two-neck, round flask heated at 40 °C under magnetic stirring. For
each drop of the precursor solution generated using a syringe pump at
an injection rate of 30 mL/h, it had a volume of 0.015 mL. The
concentration of the precursor solution was varied between syntheses
to access a broad range of values for the initial number (n0; see Results
and Discussion for the definition) of the Pd(II) ions contained in each
drop (see Table 1). After a specific amount of the precursor solution
had been introduced, the growth was allowed to proceed for another 5
min and the product was then collected by centrifugation at 13 200
rpm, followed by washing with water three times.
Analysis of the Growth Mode. Our classification of the growth

mode is based on the degree of symmetry for the resultant Pd
nanocrystals. In analyzing the Pd nanocrystals by transmission electron
microscopy (TEM) imaging, we defined the perfect nanocubes with
Oh symmetry as the products of symmetric growth. In comparison,
those nanocrystals with elongation along one or more directions (e.g.,
nanobars) and thus reduction in symmetry relative to a perfect cube
were defined as the products of asymmetric growth. Specifically, the
aspect ratio (length divided by width) of each particle was derived
from TEM images. We then defined an aspect ratio of 1.1 as the
borderline between symmetric and asymmetric growth. The histogram
distributions of symmetric and asymmetric structures were obtained by
counting 150 single-crystal particles in each sample, with the twinned
particles being excluded from the analysis.
Characterizations. TEM images were taken using a Hitachi

HT7700 microscope operated at 120 kV. The sample for TEM
analysis was prepared by drying a drop of the nanocrystal suspension
on a carbon-coated copper grid under ambient conditions. The
concentration of Pd(II) precursor in the reaction solution was
measured using an inductively coupled plasma mass spectrometer
(NexION 300Q, PerkinElmer).

■ RESULTS AND DISCUSSION
Kinetic Parameters for the Reduction of a Pd(II)

Precursor by AA. To quantitatively understand the effects of
reaction kinetics on the transition from a symmetric to an
asymmetric growth mode, it is necessary to tightly control the
reduction rate for the Pd(II) precursor and thus the deposition
rate for the resultant atoms. As the reduction of a salt precursor
generally follows a second-order rate law due to the
involvement of collision and electron transfer between a
precursor ion and a reductant molecule, the reduction rate is
expected to be directly proportional to the concentrations of
both reagents.16 Herein, we further achieved a pseudo-first-
order rate law by supplying the reducing agent (i.e., AA in the
present work) in great excess relative to the precursor. The
excess amount of reducing agent in the system not only ensures
a pseudo-first-order rate but also enables quick reduction of the

Pd(II) precursor ions into Pd(0) atoms. Under this
assumption, the rate law can be expressed as

= ′ =r k k[AA][Pd(II)] [Pd(II)] (1)

where k is the combined rate constant.
The combined rate constant can be obtained by plotting the

instantaneous concentration of the Pd(II) precursor remaining
in the reaction solution as a function of the reaction time.17

Unlike a polyol synthesis conducted at an elevated temper-
ature,14,17 the strong reducing power of AA at room
temperature makes it difficult to quench the reduction reaction
in the current study by quickly cooling the reaction solution.
Thanks to the high stability of PdBr4

2−,18 we found that the
Pd(II) precursor can be prevented from being reduced by AA
at room temperature for a relatively long period of time up to at
least 60 min by adding a highly concentrated KBr solution (500
mg/mL) into the reaction solution. To validate the
effectiveness of this quenching procedure, we conducted a
control experiment in which an aqueous Na2PdCl4 solution
(1.0 mg/mL) was injected into another aqueous solution
containing both AA (33.3 mg/mL) and KBr (500 mg/mL) at
40 °C. Aliquots were then sampled from the solution for
measuring the concentrations of Pd(II) ions by ICP-MS
analysis. Figure 1a shows a plot of the concentration of Pd(II)
ions remaining in the solution as a function of time, indicating
that essentially no Pd(II) was reduced by AA when there was a
great excess of Br− ions in the solution even after they had been
mixed for 60 min. We then applied this method to measure the
reaction kinetics involving the reduction of the Pd(II)
precursor by AA at 40 °C in an aqueous solution. Figure 1b
shows a plot of ln[Pd(II)]t as a function of reaction time,
indicating that the reduction indeed occurred as a first-order
reaction with respect to the Pd(II) precursor. From the linear
plot, we obtained a combined rate constant of 0.635 s−1 for the
reduction of the Pd(II) precursor by AA at 40 °C. It should be
pointed out that the actual Pd(II) precursor involved in the
reduction could be a mixed-ligand complex (i.e., PdClxBr4−x

2−,
x = 1, 2, and 3) due to the rapid ligand exchange between
PdCl4

2− and Br− and that the exact composition is determined
by the relative molar ratio of Cl− to Br − in the reaction
solution.18c In the present work, we added an excess amount of
KBr into the reaction solution to ensure that the Pd(II) ions
were essentially in the form of PdBr4

2− due to a complete
ligand exchange and a fixed composition for the Pd(II)
precursor for all the seed-mediated syntheses described below.
It should be pointed out that some species other than Pd(II)

ions, such as ultrafine particles and clusters (i.e., the nuclei),
might remain in the supernatant because it might be difficult to
sediment them by centrifugation. As a consequence, ICP-MS
analysis of the supernatant might not reflect the true
concentration of the precursor. However, giving their high
activity and the absence of a colloidal stabilizer (PVP) in the
kinetic measurements, the concentration of Pd ultrafine
particles and clusters should be extremely low in the reaction
solution. Otherwise, they would readily grow or aggregate into
larger particles. To address this potential issue, we conducted
UV−vis and X-ray photoelectron spectroscopy (XPS) analysis
to confirm the actual species in the supernatant. As shown in
Supporting Information Figure S1, the UV−vis spectrum of the
supernatant exhibits the same absorption features as the
precursor solution, confirming that the supernatant only
contained the unreacted precursor ions. The absence of a
continuous band in the visible region, which is typically
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associated with the absorption/scattering of Pd nanocrystals,
also suggests that there was essentially no detectable amount of
Pd ultrafine particles or clusters in the supernatant. We also
used the UV−vis method to derive the reduction kinetics by
recording the absorption spectra of the supernatants obtained
at different stages of a standard synthesis and determine the
concentration of Pd(II) ions using a calibration curve. As
shown in Figure S2, there is good agreement between the data
obtained using the UV−vis and ICP-MS methods. The absence
of Pd(0) species in the supernatant was further confirmed by
XPS analysis (Figure S3). At least, it can be claimed that the
concentration of Pd(0) species was below the detection limit of
XPS and can thus be neglected in analyzing the reduction
kinetics. Taken together, we believe that it is reasonable to
exclude the possible errors arising from the negligible amount
of Pd(0) species present in the supernatant during the
measurement of reduction kinetics by ICP-MS.
Kinetic Analysis of Seed-Mediated Growth under the

Dropwise Addition of a Precursor. Figure 2a shows a
schematic illustration of the experimental approach used in the
present study, where two aqueous solutions containing the
Pd(II) precursor and AA (a reducing agent), respectively, are
simultaneously injected with a controlled rate from two syringe
pumps into an aqueous suspension containing the seeds, KBr (a

capping agent) and PVP (a colloidal stabilizer). Several
experimental parameters, including the number of the Pd(II)
precursor ions in each drop (n0) and the duration of time
between adjacent drops (τ), can be manipulated by changing
the precursor concentration and tuning the injection rate,
respectively, to tailor the reaction kinetics.
Given that the fraction of the total amount of precursor ions

that will be reduced per unit time is independent of the initial
precursor amount (or concentration) for a first-order reaction,
the consumption of precursor from each drop can be derived
separately. Mathematically, the total number of Pd(II)
precursor ions remaining in the growth solution at time t can
be expressed as a sum of contributions from all drops added up
to this time point:

= + + + +

=
× −

−

τ τ τ

τ

τ

− − − − − − −

− +

n n n n n

n e
e

e e e . . . e
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k
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0
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0
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0
1
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where nt represents the instantaneous number of the Pd(II)
precursor ions in the reaction solution; n0 is the number of the
Pd(II) precursor ions in each drop (i.e., in the stock solution);
k is the combined rate constant derived from the ICP-MS
analysis; t is the reaction time; τ is the duration of time between
adjacent drops, and N is the total number of drops added into
the solution up to time t. For the purpose of simplicity, here we
normalized the numbers of the Pd(II) ions, both n0 and nt, to
the number of seed particles in the growth solution, which was
determined through a combination of TEM imaging and ICP-
MS analysis.
When the precursor and the reducing agent for a seed-

mediated growth process are fixed, the instantaneous number
of the Pd(II) ions at different time points can be calculated
using eq 2 for any pair of n0 and τ. Figure 2b shows a generic
plot for the instantaneous number of the Pd(II) ions in the
growth solution as a function of the reaction time. If the
duration of time (τ) between adjacent drops is sufficiently long,
most of the Pd(II) ions will have been reduced to Pd(0) atoms
and thus depleted from the growth solution before the next
drop is introduced. In comparison, if the duration of time is
relatively short, not all of the Pd(II) ions will be reduced before

Figure 1. (a) ICP-MS analysis of the concentration of Pd(II) ions
remaining in the reaction solution at different time points of a control
experiment, indicating that the reduction of Pd(II) ions could be
effectively quenched in the presence of Br− ions at a concentration of
4.2 M (or 500 mg/mL in terms of KBr). (b) Plot of ln[Pd(II)] as a
function of reaction time, giving a straight line with a slope that equals
−k. The inset shows the concentration of Pd(II) ions remaining in the
reaction solution as a function of reaction time. Note that the
concentrations used in the plot were normalized to the initial
concentration.

Figure 2. (a) Schematic illustration of the experimental setup used for
seed-mediated growth with the dropwise addition of a precursor
solution. (b) Plot showing the instantaneous number of Pd(II) ions
(the precursor) in the growth solution (nt) as a function of the
reaction time (t), the duration of time between adjacent drops (τ), and
the number of precursor ions contained in each drop (n0). After the
introduction of the first few drops, nt will reach a steady state defined
by an upper limit (nup) and a lower limit (nlow). Note that the values of
nt, n0, nup, and nlow are all normalized to the number of seeds in the
growth solution.
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the next drop is introduced, and the precursor ions will be
gradually accumulated in the growth solution as the number of
drops is increased. In this case, after a few drops, the
instantaneous number (nt) of the precursor ions will reach a
steady state, in which it only fluctuates between a lower limit
(nlow) and a upper limit (nup). Specifically, each time a drop of
the precursor solution is introduced during the steady state, the
number of the precursor ions will quickly increase from nlow to
nup, followed by an exponential decay from nup to nlow until the
next drop is introduced. The difference between nup and nlow
simply equals n0. The values of nup and nlow can be easily
calculated using eqs 3 and 4:

=
− τ−n

n
1 e kup

0

(3)

=
·

−

τ

τ

−

−n
n e

1 e

k

klow
0

(4)

For the seed-mediated growth involving one-shot injection of
the precursor solution,14,19 the number of the precursor ions
typically shows a drastic decrease during the course of growth.
In comparison, the use of a syringe pump provides an
opportunity to add the precursor solution dropwise and
thereby enable us to maintain the precursor concentration in
a steady state. As the reduction rate is directly proportional to
the number of precursor ions in a pseudo-first-order reaction,
the steady state enabled by the dropwise injection of precursor
ions allows us to tightly control the reduction rate and thereby
the atom deposition rate within a narrow range. In this way, we
were able to achieve a quantitative understanding of the
correlation between the growth mode and the reaction kinetics
in a seed-mediated growth process.
The Role Played by the Number of Pd(II) Precursor

Ions in Each Drop (n0). To understand the role of n0 in
controlling the shape of Pd nanocrystals derived from seed-
mediated growth, we conducted a set of experiments with
different precursor concentrations. As reported in previous
studies, a relatively low concentration for the precursor was
required in order to induce asymmetric growth.11,12 Unlike
conventional seed-mediated growth, where thousands of
precursor ions per seed are introduced into the growth solution
for each drop (i.e., n0 > 103),20 we set n0 to a much smaller
number between 4.7 and 70.5 in the present work to achieve
asymmetric growth. Initially, we focused on the growth of Pd
on single-crystal Pd cuboctahedral seeds with an average size of
4.5 nm (Figure S4) in the presence of Br− ions. Due to the
preferential capping of Pd(100) surface by the Br− ions,21 it is
expected that the introduction of Br− ions will alter the order of
surface free energies between different facets and thus facilitate
the formation of Pd nanocubes enclosed by {100} facets. Since
the degree of symmetry of the resultant Pd nanocrystals reflects
the mode of growth during a seed-mediated growth process, we
used TEM imaging to analyze the shape of particles in the
product (see Figures S5 and S6 for details). Figure 3 shows
TEM images of the resultant Pd nanocrystals. In addition to
perfect nanocubes, the products also contained nanobars where
one of the directions was elongated and thus the cubic
symmetry was reduced, suggesting the involvement of both
symmetric and asymmetric modes during the growth.
Specifically, the proportion of cubic structures showed a
negative correlation with n0. For example, when n0 was an
extremely small number (4.7), the majority (78%) of
nanocrystals in the final product was perfect nanocubes with

a symmetry consistent with the lattice (Figure 3a). With the
increase of n0, the products were gradually transformed from
perfect nanocubes to less symmetric, elongated nanocubes (e.g.,
nanobars). As shown in Figure 3b−d, the percentage of perfect
nanocubes in the products decreased from 78% to 54, 27, and
16% as n0 was increased from 4.7 to 11.7, 23.5, and 70.5,
demonstrating a transition of the growth mode. In addition, we
note that there were a few particles with uncommonly small
sizes compared to the others in the TEM images, indicating
that homogeneous nucleation was not completely suppressed,
possibly due to the transient, local high concentration of
precursor ions when each drop of precursor is added into the
growth solution. However, considering that the majority of
particles in the product was still grown from seeds, we believe
that it was mostly based on heterogeneous nucleation and thus
the minor self-nucleation process should have no impact on the
overall growth mode of a synthesis.

Figure 3. Controlling the mode of growth by changing the initial
concentration of the precursor: (a−d) TEM images of Pd nanocrystals
obtained by introducing the Pd(II) precursor solutions with different
concentrations at an injection rate of 30 mL/h (τ = 1.8 s). The
numbers of Pd(II) precursor ions contained in each drop (n0,
normalized to the number of seeds in the growth solution) were (a)
4.7, (b) 11.7, (c) 23.5, and (d) 70.5. The inset in each panel shows a
histogram distribution of the nanocrystals with symmetric (S) and
asymmetric (A) structures, respectively. (e) Simulated numbers of
precursor ions as a function of the reaction time. The circles in (a)
indicate the products of symmetric growth, and the circles in (d) mark
the products of asymmetric growth.
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Because the value of n0 will affect the reaction kinetics, we
hypothesize that the change in growth modes can be attributed
to the variation of instantaneous precursor ion number (nt) in
the steady state. In order to quantitatively study the effect of the
number of precursor ions supplied by each drop on the growth
mode, we simulated the reaction kinetics under different values
of n0 using eq 2. As shown in Figure 3e, the number of
precursor ions in the growth solution reached a steady state
after the first few drops. Specifically, different values of n0
resulted in steady states characterized by different ranges of nup
and nlow. For example, in the case of n0 = 4.7, the fluctuation
was confined to the range of 2.2 (nlow) to 6.9 (nup). In contrast,
when n0 was increased to 70.5, the values of nlow and nup
increased to 33 and 103.5, respectively. These results indicate
that there was a transition from symmetric growth to
asymmetric growth when the values of the precursor ions
involved in the steady state were increased.
The Role Played by the Duration of Time between

Adjacent Drops (τ). In the second set of experiments, we
adjusted τ by tuning the injection rate of precursor solution
while keeping all other experimental parameters, including n0
and reaction temperature, the same as the standard procedure.
Based on eq 2, the value of nt in the growth solution has a
negative correlation with τ. Therefore, it is expected that
shortening the duration of time between adjacent drops will
increase the values of nup and nlow in the steady state. Figure
4a,b shows TEM images of Pd nanocrystals synthesized using
the protocol with n0 = 4.7, the same as in Figure 3a except that
the durations of time between adjacent drops were shortened
from 1.8 to 0.9 and 0.45 s, respectively. The majority of product
gradually changed from perfect cubes to elongated cubes with
reduction in symmetry as the duration of time was decreased.
Specifically, an analysis of the corresponding products indicates
that the percentage of perfect nanocubes dropped from 78 to
36% as the duration of time was shortened from 1.8 to 0.9 s and
eventually reached 18% when a very short duration of 0.45 s
was involved. The simulation of reaction kinetics given in
Figure 4c confirms the increase in nup and nlow for the steady
state as the duration of time between adjacent drops was
shortened.
We also applied a similar analysis to the synthesis shown in

Figure 3c, where n0 was set to 23.5 and the product was
dominated by elongated cubes with reduced symmetry relative
to the cubic lattice. As shown in Figure 4d, when the duration
of time between adjacent drops was increased from 1.8 to 3.6 s,
the proportion of cubic structures increased from 27 to 76%.
Finally, it reached 88% when the duration was increased to 10.5
s, and the product mainly contained perfect cubes (Figure 4e).
Due to the relatively long duration of time in the case of τ =
10.5 s, most of the precursor should have been depleted before
the next drop was introduced, resulting in an extremely low
value of 0.03 for the nlow in the steady state. This significant
change to the morphology of the resultant nanocrystals can also
be attributed to the change in reaction kinetics, as documented
in Figure 4f, where the increase in τ effectively decreased the
values of nup and nlow and thereby slowed the overall atom
deposition rate.
Correlation between Growth Mode and nlow. It is now

clear that the switching of seed-mediated growth from a
symmetric to an asymmetric mode can be achieved using two
different methods that involve variations to the number of
precursor ions in each drop (n0) and/or the duration of time
between adjacent drops (τ). To achieve a better understanding

toward the explicit mechanism, we made a side-by-side
comparison of the results and the reaction kinetics from the
aforementioned two methods in an effort to single out a key
factor responsible for the switching of the growth mode.
Interestingly, both methods show a common transition point
around nlow = 8 that separates the two distinctive growth modes
in the current system.
Because nlow is a function of both n0 and τ, a curve

representing a specific value of nlow can be made in a plot of n0
versus τ. As shown in Figure 5a, the solid line indicates the
boundary of nlow = 8, with the left side being greater than 8 and
the rest being less than 8. By correlating the values of nlow and
the proportions of symmetrically reduced particles under
different conditions, a transition between the two growth
modes can be clearly observed along the boundary (Figure 5b).
Specifically, when nlow was greater than 8 in a given synthesis,
the majority of nanocrystals in the product would be
characterized as elongated nanocubes with reduced symmetry,

Figure 4. Controlling the mode of growth by varying the precursor
injection rate to change the duration of time between adjacent drops:
(a,b) TEM images of Pd nanocrystals prepared by injecting a
Na2PdCl4 solution of 0.1 mg/mL, where the number of Pd(II)
precursor ions in each drop (n0, normalized to the number of seeds)
was 4.7. The durations of time between adjacent drops (τ) were (a)
0.9 s and (b) 0.45 s. (d,e) TEM images of Pd nanocrystals obtained by
injecting a Na2PdCl4 solution of 0.5 mg/mL, corresponding to a value
of 23.5 for n0. The values of τ were (d) 3.6 s and (e) 10.5 s. The inset
in each TEM image shows a histogram distribution of the symmetric
and asymmetric structures. (c,f) Simulated numbers of precursor ions
as a function of the reaction time.
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indicating that asymmetric growth dominated in this region. In
comparison, when nlow was less than 8, the growth would be
switched to symmetric mode, together with the formation of
perfect cubes. For the region close to the boundary, the
resultant product would be a mixture of nanocrystals with
symmetric and asymmetric structures at approximately equal
proportions, demonstrating the coexistence of both growth
modes under these conditions.
Figure 5c schematically illustrates a plausible mechanism

responsible for the growth modes and the two possible
overgrowth patterns for a cuboctahedral seed. Since the {100}
facets of a Pd cuboctahedral seed are blocked by Br− ions
through chemisorption,20 the initially formed Pd atoms should
be preferentially deposited onto the Pd{111} facets to generate
kinks on these surfaces with a relatively higher surface energy
that can serve as the active sites to promote the following atom
deposition. However, the limited number of resultant Pd atoms
supplied from the first few drops can only activate some of the
eight {111} facets on each seed. Upon the subsequent
introduction of more precursor solution, the deposition of
the newly formed atoms will be largely limited to these
activated sites, resulting in asymmetric growth for the
cuboctahedral seed. Once deposited, there is a probability for
the adatoms to migrate to adjacent {111} facets of the same
seed through surface diffusion. As such, the initially deposited
atoms at the kink sites will be able to migrate to other {111}
facets through surface diffusion once the diffusion rate becomes
comparable to the atom deposition rate, eventually generating
active sites on all of the eight {111} facets.
Combined together, we believe that the growth mode (or

pattern) of a seed is governed by the ratio between the atom

deposition rate (Vdeposition) and the surface diffusion rate
(Vdiffusion). In order to limit the number of activated sites on
the seed and achieve asymmetric growth, the atom deposition
rate needs to be greater than the surface diffusion rate (i.e.,
Vdeposition > Vdiffusion). In contrast, if Vdiffusion is greater than
Vdeposition, all of the eight {111} facets can be activated to induce
symmetric growth. When Vdiffusion and Vdeposition become
comparable, the two growth modes will coexist and compete
with each other. Consequently, some of the seeds will undergo
symmetric growth while the other will follow asymmetric
growth, resulting in a mixture of nanocrystals with different
degrees of symmetry.
Based on the proposed mechanism, the correlation between

growth mode and nlow can be understood from the following
aspects. According to the pseudo-first-order rate law in eq 1, the
reduction rate and thus the atom deposition rate are
proportional to the instantaneous number of precursor ions
(nt) in the growth solution. Because nt constantly varied in the
range of nup and nlow during a steady-state growth process, the
corresponding atom deposition rate should fluctuate between a
maximum value and a minimum value. In this case, as long as
the minimum value is above the threshold required for inducing
asymmetric growth, the entire seed-mediated growth process
will be exclusively locked in the asymmetric mode.

Influence of Reaction Temperature on Surface
Diffusion. Because surface diffusion is a thermally promoted
process, it can be suppressed or enhanced by decreasing or
increasing the reaction temperature, respectively.21 Due to the
strong reducing power of AA, the reduction rate of the Pd(II)
precursor and Vdeposition for a given precursor concentration
over the temperature ranging from 20 to 80 °C can be assumed

Figure 5. (a) Plot showing nlow (the lower limit of the number of precursor ions in the steady state of a synthesis) as a function of n0 (the number of
precursor ions contained in each drop) and τ (the duration of time between adjacent drops). (b) Bar chart showing the percentages of asymmetric
structures formed under different reaction conditions, suggesting a transition of growth from an asymmetric mode to a symmetric mode when nlow
was reduced to pass a critical value around 8. Note that the values of both nlow and n0 are all normalized to the number of seeds in the growth
solution. (c) Schematic illustration showing the effect of reaction kinetics and surface diffusion on the growth mode of a Pd cuboctahedral seed.
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to be more or less on the same level as in the standard
procedure (40 °C). As such, manipulating the reaction
temperature allows us to easily adjust the Vdiffusion involved in
the growth process. Based on our proposed mechanism, any
variation to Vdiffusion as caused by reaction temperature should
provide another way to reverse the order of Vdiffusion and
Vdeposition and thus to switch the growth mode.
We conducted an experiment by decreasing the reaction

temperature to 20 °C while keeping other reaction parameters
the same as in Figure 3a. Different from the perfect nanocubes
obtained at 40 °C (see Figure 3a), elongated cubes with
reduced symmetry became the major product, as shown in
Figure 6a, when the temperature was decreased to 20 °C,
implying that the reduced Vdiffusion promoted the switching of
the growth mode. A similar transition was also observed in
another experiment conducted under the same condition as in
Figure 3d, except that the temperature was increased from 40
to 80 °C. As expected, the significant increase in surface
diffusion at 80 °C changed the order of rates to Vdiffusion >
Vdeposition, thus switching the growth from an asymmetric mode
to a symmetric mode, as confirmed by the formation of perfect

nanocubes in Figure 6b. Taken together, these results suggest
that, in addition to the manipulation of atom deposition rate
(Vdeposition), the growth mode of a seed can also be controlled
by varying the surface diffusion rate (Vdiffusion).

Extension from 4.5 nm Cuboctahedral Seeds to 10
nm Cubic Seeds. We also extended the strategy to another
type of seeds by replacing the 4.5 nm cuboctahedra used in the
standard procedure with 10 nm Pd nanocubes as the seeds. It
should be pointed out that the Pd cubic seeds with an average
side length of 10 nm had a slightly reduced cubic shape as one
of the directions was slightly elongated, as shown by the
rectangular projection in the TEM image (Figure S7). For the
purpose of simplicity, we refer to them as 10 nm cubic seeds.
Based on our quantitative analysis, we conducted a set of
experiments to demonstrate how the growth mode of such
cubic seeds can be switched between symmetric and
asymmetric modes. Figure 7a shows a TEM image of the
resultant Pd nanocrystals synthesized under the condition
where the growth was dominated by asymmetric mode (i.e.,
with Vdeposition > Vdiffusion). It can be seen that the cubic seeds
underwent asymmetric growth and the newly formed Pd atoms

Figure 6. (a) TEM image of Pd nanocrystals prepared under the same conditions as in Figure 3a, except that the reaction temperature was set to 20
°C. (b) TEM image of Pd nanocrystals prepared using the same conditions as in Figure 3d, except that the reaction temperature was set to 80 °C.
The inset in each TEM image shows a histogram distribution of the symmetric and asymmetric structures.

Figure 7. TEM images of the two distinctive types of Pd nanocrystals that were obtained via the overgrowth of 10 nm cubic seeds under (a)
asymmetric and (b) symmetric modes. The number of Pd(II) precursor ions (n0, normalized to the number of seeds) in each drop was 26, and the
durations between adjacent drops (τ) were 1.8 and 10.5 s for asymmetric and symmetric modes, respectively. The insets show 2-D projection models
of the nanocrystals corresponding to the TEM images, where the gray and green colors represent the seed and the newly deposited Pd, respectively.
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were largely deposited on some of the corners on a cubic seed.
Basically, the Pd atoms were supposed to be deposited on the
eight corners of a cubic seed because their side {100} faces
were blocked by Br− ions. However, due to the relatively small
number of precursor ions, the initially formed Pd atoms were
only deposited on a limited number of the corners upon the
introduction of the first few drops. When the deposition rate
was greater than the diffusion rate, the subsequently introduced
atoms would be continuously deposited on the activated
corners, leading to the formation of nanocrystals with a less
symmetric structure relative to the cubic lattice. In comparison,
when the duration of time between adjacent drops (τ) was
extended to enable the switching of growth from asymmetric to
symmetric modes, enlarged Pd nanocubes were obtained as the
product. As shown in Figure 7b, the cubic symmetry of
nanocubes was more or less retained during the overgrowth. In
this case, Vdiffusion became greater than Vdeposition, and thus the
initially deposited atoms could migrate to other corners and
even the side {100} facets through surface diffusion, leading to
symmetric growth.

■ CONCLUSIONS
In summary, we have quantitatively analyzed the symmetry
reduction phenomenon involved in the seed-mediated growth
of Pd nanocrystals under the dropwise introduction of a
precursor solution with the use of a syringe pump. The
dropwise approach allowed for a tight control over the
reduction rate and thus the achievement of a steady state (as
defined by the upper and lower limits) for the number of
precursor ions in the solution and a narrow range for the
variations of atom deposition rate. Based on the reduction rate
constant determined experimentally, we could predict the
kinetics of a given synthesis, including the number of precursor
ions in the growth solution as a function of time, as well as the
upper and lower limits of the steady state. Using Pd
cuboctahedral seeds as an example, we have demonstrated
the ability to switch the growth of a seed between symmetric
and asymmetric modes by quantitatively tuning the exper-
imental parameters such as the initial concentration of the
precursor solution and the injection rate. Our analysis
suggested that the switching of the growth mode was
determined by the lower-limit number (nlow) of precursor
ions in the steady state, which controlled the minimum rate
responsible for the deposition of atoms onto a seed. When the
first few drops of precursor solution were introduced, the
resultant atoms could only be deposited on a limited number of
equivalent sites on the surface of a seed to induce asymmetric
growth if nlow was kept below a critical value. In order to
maintain the asymmetric growth, the deposition of atoms
needed to be kept at a faster pace than surface diffusion by
controlling nlow above a value of eight for the Pd cuboctahedral
seeds. In contrast, the seeds would take a symmetric growth
mode when nlow was reduced to a level below eight by
decreasing n0 and/or extending τ. In this case, the migration of
adatoms through surface diffusion could access other sites on
the surface, switching the growth from asymmetric to
symmetric mode. In addition to the manipulation of atom
deposition rate, we could switch the growth mode of a seed by
varying the reaction temperature to alter the surface diffusion
rate. We believe that this work would greatly advance our
mechanistic understanding of the symmetry reduction
phenomenon commonly involved in the seed-mediated growth
of nanocrystals and provide a guideline for rational design and

synthesis of nanocrystals with less symmetric shapes than a
cubic lattice.
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