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This review highlights work from the authors’ laboratory on the recent development of seed-mediated growth method for noble
metal nanocrystals. The seed-mediated growth method has become one of the most efficient and versatile methods for synthe-
sizing high-quality noble metal nanocrystals. The seed-mediated growth method can separate the nucleation and growth stages
of metal nanocrystals, and thus provide better control over the size, size distribution, and crystallographic evolution of metal
nanocrystals. Because of its high controllability, the seed-mediated growth method is especially promising in providing mech-
anistic insights into the growth mechanisms of noble metal nanocrystals. In this review, the thermodynamic and kinetic param-
eters for the nucleation and growth of noble metal nanocrystals are systematically summarized. Mechanistic understanding of
these parameters is provided. These studies provide useful guidelines for the rational design and synthesis of novel noble metal

nanocrystals with high quality.
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1 Introduction

Noble metal nanocrystals (NCs) have found broad applica-
tion in spectroscopy [1], plasmonics [2], biosensing [3],
biomedicine [4], catalysis [5], and solar energy conversion
[6]. All these applications rely on the fascinating physical
and chemical properties of noble metal NCs, which are sig-
nificantly different from those of their bulk counterparts.
Tailoring the shapes and sizes of noble metal NCs allows
one to control a variety of properties that are relevant to
many potential applications. Over the past decade, great
progress has been made in developing synthetic methods for
noble metal NCs. Among different methods, solution-phase
based methods have greater capability and flexibility to
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produce metal NCs with well-defined morphologies [7-9].
In solution, many parameters have been shown to greatly
affect the growth mode of noble metal NCs; therefore, fun-
damental understanding of the mechanisms of these param-
eters is still a challenging task.

Since 2004, our group has applied the seed-mediated
growth method to synthesize high-quality noble metal NCs
[10-15]. Because of its high controllability, the seed-
mediated method is especially promising in providing
mechanistic insights into the growth mechanisms of noble
metal NCs. This review mainly focuses on the recent de-
velopment of the seed-mediated growth method for noble
metal NCs in our laboratory. We systematically summarize
the thermodynamic and kinetic parameters for the nuclea-
tion and growth of noble metal NCs. Mechanistic under-
standing of these parameters is also provided. Finally, per-
spectives on the future directions of both mechanistic stud-
ies and rational synthesis of noble metal NCs are provided.
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2 Nucleation and growth mechanisms of the
seed-mediated growth method

2.1 Basics of the seed-mediated growth method

The formation of metal NCs in solution-phase consists of a
long chain of reaction steps. Generally, these steps could be
divided into two different stages: nucleation and growth.
During the nucleation stage, the reduction or decomposition
of metal precursors leads to the formation of metal atoms.
These metal atoms then self-assemble into small clusters
and further grow into relatively stable crystal nuclei. In the
growth stage, these crystal nuclei serve as seeds for the
subsequent growth of metal NCs. Based on the temporal
and spatial differences of the nucleation and growth stages,
the synthesis of metal NCs can be divided into two major
categories: homogeneous nucleation and heterogeneous
nucleation [11]. For the homogeneous nucleation, the seed
nanoparticles are generated in situ. The nucleation and
growth of metal NCs are normally realized through a same
chemical reaction. For the heterogeneous nucleation, the
seed nanoparticles are pre-synthesized and added into a
growth solution to further grow into metal NCs.

For the formation of metal NCs, the temporal separation
of the nucleation and growth stages is required for a narrow
size and shape distribution [16]. As a representative exam-
ple of the heterogeneous nucleation, the seed-mediated
growth method can nicely meet this requirement. A typical
seed-mediated growth process involves the preparation of
noble metal seed nanoparticles and their subsequent growth
in reaction solutions containing metal precursors, reducing
reagents, and shape-directing reagents [17]. The most
commonly used shape-directing reagents are cationic sur-
factants, such as cetyltrimethylammonium bromide (CTAB)
and cetylpyridinium chloride (CPC) [18]. In the growth
stage, the reduction of metal precursors preferentially oc-
curs on the surface of the seeds due to their catalytic proper-
ties, leading to the further growth of metal NCs. Compared
with other methods, the nucleation and growth stages of the
seed-mediated growth of NCs are well separated, and thus a
better control over the size, size distribution, and shape
evolution of metal NCs is provided. Because of these ad-
vantages, the seed-mediated growth method is especially
promising in providing mechanistic insights into the growth
mechanisms of noble metal NCs.

In the past 10 years, the seed-mediated growth method
has become one of the most versatile methods for the crys-
tallographic control of noble metal NCs. The application of
the seed-mediated growth method for the shape control of
Au NCs was mainly done by the Murphy and El-Sayed
groups. The Murphy group designed a three-step seeding
protocol that yields long Au nanorods with penta-twinned
structures [19]. The El-Sayed group developed a one-step
approach that produces single-crystalline Au nanorods with
yields near 100% [20]. These studies paved the way for the
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application of the seed-mediated growth method for the
synthesis of shaped metal NCs with both high quality and
reproducibility.

The research in our group focuses on searching for criti-
cal parameters and understanding their mechanisms for the
seed-mediated growth of noble metal NCs. In the following
sections, we will discuss our recent discoveries and under-
standing of the selection of seeds and the growth kinetics
and thermodynamics during NCs growth.

2.2 The nucleation stage of the seed-mediated growth
method

Many studies have established that the structure of the orig-
inal seeds plays a crucial role in the structure and morphol-
ogy evolution of the final metal NCs [21]. During the early
stage of homogenous nucleation, the sizes of seeds typically
fall in the range of 100—1000 atoms. These small seed NCs
exist for an extremely short time and many parameters
could kinetically and thermodynamically influence the
structures of these NCs. Therefore, the seed NCs are hard to
access with most of the current experimental methods [22].
By using the seed-mediated growth method, we are able to
separate the nucleation and growth stages of NC formation
and study the correlation between the crystal structures of
seeds and the shapes of final NCs. Thus, the effect of seeds
on NC growth could be revealed.

Our group has systematically studied the effect of seeds
on the seed-mediated growth of single-crystalline Au NCs
[13]. Three types of Au seeds were synthesized: ~41.3 nm
CPC-capped single-crystalline Au seeds, ~3 nm citrate-
capped twinned gold seeds, and ~1.5 nm CTAB-capped
single-crystalline Au seeds. After seed-mediated growth in a
solution containing CPC, potassium bromide, ascorbic acid,
and Au salts, single-crystalline cubic Au NCs were obtained
with a high yield (95.2%) when the CPC-capped single-
crystalline Au seeds were used (Figure 1(a)). In contrast,
single-crystalline cubic NCs were obtained with only a low
yield when the ~3 nm twinned nanoparticles and the ~1.5
nm single-crystalline nanoparticles were used as seeds
(Figure 1(b) and (c)). These results prove that the crystal
structure of seeds fluctuates at very small sizes, whereas
their structure will be fixed as their size increases. Because
of their relatively large sizes, the CPC-capped single-
crystalline seeds can avoid twinning during the growth pro-
cess, and consequently lead to the formation of exclusively
single-crystalline NCs with high-quality. The “large seed”
strategy has also been successfully applied to synthesize
single-crystalline Pd nanostructures by using 22 nm Pd
nanocubes as seeds [10]. Similarly, the utilization of 22 nm
Pd nanocube seeds could preserve the single-crystalline
nature of the seeds during seed-mediated growth. This
“large seed” strategy is based on the intrinsic properties of
seeds; therefore, it’s particularly useful for investigating the
effect of kinetic and thermodynamic factors on the growth
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of single-crystalline noble metal NCs.

2.3 The growth stage of the seed-mediated growth
method

The seed-mediated growth method is well known for its
effectiveness in size control of metal nanoparticles [7, 17].
For example, Jana and coworkers prepared 20-100 nm
spherical gold nanoparticles in diameter with narrow size
distributions by using the seed-mediated growth method
[23]. Based on the “large seed” strategy, we can simultane-
ously control the crystal structures and the sizes of metal
nanocrystals. For example, monodisperse Pd nanocu- bes
with different sizes were synthesized through the seed- me-
diated growth method [10]. The final edge length of
nanocubes could be easily tuned by adding different vol-
umes of seed solution. This method is able to produce
monodisperse Pd nanocubes in high yields with broad size
control from 22 to 109 nm (Figure 2).
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Another major advantage of the seed-mediated growth
method is its versatility in controlling the crystal facets of
metal nanocrystals. In principle, the formation of different
crystal facets of noble metal NCs is governed by a number
of thermodynamic and kinetic factors [8]. If thermodynamic
factors dominate the facet growth, the growth of NCs will
obey the principle of surface energy minimization [15,
24-26]. Crystal facets with lower surface energy are fa-
vored. For example, the absorption of surfactants [8], poly-
mers [16, 27], halide ions [24], and small molecules [28]
and underpotential deposition of foreign metals [29] could
selectively decrease the surface energy of certain crystal
facets and favor the formation of these facets. If growth
kinetics dominates, the shapes of NCs are mainly deter-
mined by the growth rate of different crystal facets [27,
30-32]. The growth rate of different crystal facets could be
manipulated by changing the reaction temperature, the con-
centration of metal precursor, surfactant, and reductant [8].
The shape evolution of single-crystalline, twinned, or

Figure 1 The effect of seed crystal structures. SEM images of Au NCs synthesized with different types of seeds. (a) ~41.3 nm CPC-capped single-
crystalline Au seeds, (b) ~3 nm citrate-capped twinned Au seeds, and (c) ~1.5 nm CTAB-capped single-crystalline Au seeds (scale bars: 500 nm). Repro-

duced with permission from ref. [13].

Figure 2 (a) TEM image of a single seed Pd nanocube. The inset shows its corresponding selected area electron diffraction (SAED) pattern (scale bar: 20
nm). (b—f) SEM images of 37, 44, 56, 76 and 109 nm Pd nanocubes (scale bars: 200 nm). Reproduced with permission from ref. [10].
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multiple-twinned seeds is dramatically different [32, 33];
therefore, it is difficult to strictly identify the influence of
thermodynamic and kinetic parameters on the growth of NC
facets. Fortunately, the structures of noble metal NCs can be
fixed as single-crystalline by using the “large seed” strategy,
thus the final shapes are mainly determined by the crystal
facets formed during the growth stage, which will enable us
to study the correlation between the growth conditions and
the crystal facets of NCs.

The kinetics and thermodynamics in the synthesis of sin-
gle-crystalline Pd NCs in the presence of potassium iodide
(KI) have been systemically investigated [12]. An orthogo-
nal experimental design was applied to understand the cor-
relation between the shape and the reaction conditions of Pd
NCs (Figure 3). In the absence of KI or in the presence of
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extremely low concentrations of KI, Pd nanocubes enclosed
by six {100} facets were favored. The bromide anions from
CTAB surfactant preferentially stabilize the Pd {100} facets
[34]. RD NCs enclosed by twelve {110} facets were fa-
vored at relatively high temperatures and relatively high KI
concentrations. Thermodynamically, the introduction of KI
could increase the stability of the Pd {110} facets. Kinet-
ically, high temperature could promote the preferential re-
duction of Pd salts on the Pd {111} and {100} facets, lead-
ing to the disappearance of these two crystal facets. These
two factors promote the formation of RD NCs. Octahedral
NCs enclosed by eight {111} facets were favored at rela-
tively low temperatures and relatively high concentrations.
In this case, the reduction of Pd salts on {100} and {110}
facets is faster than that on {111} facets. Therefore, octahe-

Figure 3 SEM images of polyhedral Pd nanocrystal samples synthesized under different conditions (scale bar: 200 nm). In columns (A-E), the reaction
temperatures are 30, 40, 50, 60, and 80 °C, respectively. In rows 1—4, 5 uLL of 10 mM, 25 pL of 1 mM, 5 pL of 1 mM, and 5 pLL of 0.1 mM KI solutions were
added, respectively. In row 5, no KI was added. Reproduced with permission from ref. [12].
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dral NCs exclusively enclosed by {111} facets were ob-
tained.

The “large seed” strategy was also used to selectively
synthesize single-crystalline rhombic dodecahedral, octahe-
dral, and cubic Au NCs (Figure 4) [13]. The CPC-capped
41.3 nm single-crystalline Au NCs and CPC were used as
seeds and surfactant for the seed-mediated growth, respec-
tively. The competition between the AuCl, reduction and
the stabilizing effect of CPC on the {111} and {110} facets
of Au NCs determined the formation of the rhombic do-
decahedral (RD) and octahedral Au NCs. CPC surfactants
can alter the surface energies of Au facets in the order
{100} > {110} > {111}. Therefore, octahedral NCs were
obtained when the stabilizing effect of CPC on {111} facet
dominated. When the reduction of AuCl,” on {111} facets
dominated, thermodynamically less-favored RD shapes
were produced. Cubic Au NCs were obtained when bromide
ions were introduced to selectively stabilize the {100} fac-
ets of Au NCs.

24 Seed-mediated epitaxial growth

Another advantage of the seed-mediated growth method is
the synthesis of metal heterostructures [35—39]. In this case,
seeds of metal A could serve as nucleation centers for the
growth of metal B. This seed-mediated epitaxial growth is
especially efficient in synthesizing noble metal core-shell
NCs. By using this method, the synthesis of concave trisoc-
tahedral (TOH) Pd@Au core—shell NCs bound by {331}
high-index facets was achieved. Pd nanocubes with an av-
erage size of 22 nm were synthesized as the seeds. Then the
Pd seeds were added to an aqueous solution of HAuCl,,

(a)

(c)
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ascorbic acid, and CTAC at 30 °C. The rapid reduction of
HAuCl, by ascorbic acid leads to the formation of Au shells
on the Pd nanocube seeds. SEM and TEM images show that
the TOH nanocrystal comprises eight trigonal pyramids,
which can be generated from an octahedron by ‘‘pulling
out’’ the centers of each of its triangular face (Figure
5(a—c)). The high-angle annular dark-field scanning TEM
(HAADF-STEM) image with enhanced elemental contrast
clearly reveals a Pd nanocube residing at the center of each
TOH Pd@ Au core—shell nanocrystal (Figure 5(d—f)).

3 Conclusion and perspectives

In conclusion, we have shown that the “large seed” strategy
is a robust approach to the synthesis of single-crystalline
metal NCs. Because of their high monodispersity, the
high-quality metal NCs we obtained can spontaneously as-
semble into ordered arrays in large scale. These metal NCs
have been successfully applied in electrochemilumines-
cence [14], surface enhanced Raman spectroscopy [40],
DNA-directed three-dimensional assembly [41], and elec-
trocatalysis [42, 43]. In terms of growth mechanisms of
NCs with different shapes, the kinetics and thermodynamics
of the NC growth were investigated and qualitatively ana-
lyzed. Identification of these critical factors and under-
standing their mechanisms provide useful guidelines for the
design of novel noble metal NCs with high-quality.

There are still many opportunities and challenges before
the seed-mediated growth method reaches its full potential.
First, a theoretical framework should be built to guide the
rational design of noble metal NCs, which requires the ac-

Figure 4 Geometrical models (a—c), SEM images (d—f), TEM images (g-i), and corresponding SAED patterns (j-1) of thombic dodecahedral Au NCs
bound by {110} facets, octahedral Au NCs bound by {111} facets, and cubic Au NCs bound by {100} facets, respectively. Reproduced with permission

from ref. [13].
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Figure 5 Electron microscopic images of concave trisoctahedral Pd@ Au core-shell NCs. (a) SEM image (scale bar: 200 nm), (b) TEM image (scale bar:
100 nm), (c) TEM image and geometrical model of a single nanocrystal (scale bar: 50 nm), (d—f) Overall HAADF-STEM and Au, Pd elemental mapping
images of an individual nanocrystal, respectively (scale bars: 20 nm) [14]. Reproduced by permission of The Royal Society of Chemistry.

cumulation of deeper fundamental understanding of the
NCs growth. For example, the dynamics of the interaction
between the surfactant and NC surface must be further ex-
plored and better understood at the molecular level. The
kinetics and thermodynamics of the growth NCs should be
quantitatively described. Theoretical calculations should
also be employed to assist the interpretation of experimental
data. Second, there are still a lot of opportunities in the
fields of NC synthesis and design. For instance, the meth-
odology described here could be readily applied to other
noble metals such as Ag, Cu, Rh, Ir, and Ru. The seeds used
in the seed-mediated growth method could be extended to
singly twinned, multiply planar-twinned, and cyclic penta-
twinned structures. Moreover, the seed-mediated growth
method could adopt the growth conditions from other
methods, such as polyol process [44], electrochemical [45],
and photochemical methods [46]. It is expected that such
studies will contribute to the rational design and synthesis
of noble metal NCs with high quality and pave their way for
future application.

This project was supported by the National Natural Science Foundation of
China (21175126).
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