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Introduction

It is well known that, at the nanoscale, materials 
exhibit fascinating optical, electronic, and magnetic 
properties that differ drastically from their bulk 
counterparts [1 6]. A typical example is gold, which 
in the bulk form is a non-magnetic, yellow noble 
metal. In contrast, 10 nm Au particles absorb green 
light and thus appear red, 2 3 nm Au particles exhibit 
considerable magnetism, and smaller Au particles 
can even turn into insulators [7]. The novel properties 
of nanostructured materials enable them to find 
potential applications in many new and promising 
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fields such as nanofabrication, nanodevices, 
nanobiology, and nanocatalysis [8 13]. For example, 
multifunctional nanoparticle probes based on 
semiconductor quantum dots (CdSe ZnS core shell 
QDs) have been developed for cancer targeting 
and imaging in living animals by the Nie group 
[14], Lieber et al. reported the realization of p-type/
intrinsic/n-type (p i n) coaxial silicon nanowire solar 
cells which yielded a maximum power output of 
up to 200 pW per nanowire device and an apparent 
energy conversion efficiency of up to 3.4% under 
one solar equivalent (1-sun) illumination [15] and 
platinum nanocrystals with unusual tetrahexahedral 
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shape were prepared by Wang and co-workers which 
exhibited thermal (to 800 °C) and chemical stability 
and much enhanced (up to 400%) catalytic activity 
for equivalent Pt surface areas for electro-oxidation 
of small organic fuels such as formic acid and ethanol 
[16]. Therefore, over the past decades, synthesis of 
nanometer-size crystallites has been among the key 
research topics pursued worldwide by scientists in 
the fi elds of nanoscience and nanotechnology.

Two different kinds of methods have been 
developed for the preparation of nanocrystals: 
dry routes which include physical strategies such 
as various lithography techniques and chemical 
strategies such as the atmospheric pressure chemical 
vapor deposition (APCVD) approach, and wet 
routes including various solution-based chemical 
strategies such as the hot-injection method, the 
microemulsion method, and the sol gel method. The 
lithography techniques belong to the “top-down” 
approach, which removes material from the bulk, 
leaving only the desired nanostructures. They are 
fairly expensive and time consuming, especially for 
generation of samples with large surface areas [17
18]. The APCVD method belongs to the “bottom-up” 
approach, which starts from atomic-level precursors 
and results in new compounds by formation of new 
chemical bonds. It requires complicated apparatus 
and yields nanocrystals in small amounts and with 
low productivity [19 22]. In contrast, the solution-
based chemical process for nanocrystal synthesis is 
much more fl exible [23 25]. In 1993, Bawendi and co-
workers presented a simple hot-injection route for the 
production of high quality cadmium chalcogenide 
semiconductor nanocrystallites based on the 
pyrolysis of organometallic reagents by injection into 
a hot coordinating solvent [26]. The use of neutral 
organometallic precursors and coordinating solvents 
with a high boiling point provides temporally 
discrete nucleation and growth, and the organic 
capping ligands prevent aggregation of the particles 
at the nanoscale and improve the chemical stability 
of the formed nanocrystals. This wet hot-injection 
strategy represented a clear break with previous 
synthetic methods in the sense of producing 
nanocrystals with a high degree of monodispersity, 
which opened the door to the preparation of a wide 

range of high quality monodisperse nanocrystals 
using various solution-based methods [27 31].

Successful syntheses of nearly all kinds of 
nanostructured materials, including metals, metal 
oxides, and semiconductors, have now been realized 
[32 37]. However, there are still two main challenges 
remaining in this field, rationally controlled 
synthesis and large scale production. On one hand, 
the properties of materials at the nanoscale can be 
profoundly affected by the shape and size of the 
nanostructures due to surface effects and quantum 
size effects [38]. An archetypal example is that the 
photoluminescent properties of semiconductor 
quantum dots can be tuned through varying 
the particle  size.  Alivisatos and co-workers 
synthesized a series of CdSe quantum dots with 
diameters of 2.1, 2.4, 3.1, 3.6, and 4.6 nm, whose 
emission wavelength changed from green to red 
[39]. So, precise control over the shape and size of 
nanocrystals is very important. Actually, controlled 
synthesis of nanostructured materials has been 
achieved by many solution-based methods [40 45]. 
For example, Peng et al. demonstrated that control 
of the growth kinetics of the II IV semiconductor 
CdSe via adjusting monomer concentration could 
be used to vary the shapes of the resulting particles 
from a nearly spherical morphology to a rod-
like one, with aspect ratios as large as ten to one 
[46]; the O’Brien group synthesized monodisperse 
MnO nanocrystals by thermal decomposition of 
manganese acetate in the presence of oleic acid at 
320 °C and showed that the particle size could be 
adjusted from 12 to 20 nm by controlling the aging 
time [47]; Hyeon and co-workers also reported a 
one nanometer-level diameter-controlled synthesis 
of monodisperse magnetic iron oxide nanocrystals 
obtained by seed-mediated growth of previously 
synthesized monodisperse nanoparticle seeds 
[48]. Although these exciting results provide 
effective strategies for the synthesis of nanocrystals 
with controllable shape and size, what is still 
required is much more rational control over the 
nanocrystals, namely, the ability to design and 
optimize nanostructures at will. On the other hand, 
from an industrial perspective, economical mass 
production of nanocrystals is necessary to meet the 
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demand for future applications of nanomaterials. 
Unfortunately, many synthetic methods developed 
i n  t h e  p a s t  d e c a d e s ,  a l t h o u g h  e f f e c t i v e  i n 
producing nanocrystals with high quality and 
good monodispersity, can provide only sub-gram 
quantities of samples in the laboratory. So, we and 
many other groups have recently been inspired to 
address this challenge by developing much more 
effective and economical synthetic strategies. In 
2004, the Hyeon group reported the ultralarge scale 
synthesis of monodisperse nanocrystals (as much 
as 40 g of sample in a single reaction without a size 
sorting process) via the thermal decomposition of 
metal-oleate precursors in high boiling solvents 
[49]. Recently, a general liquid-solid-solution phase 
transfer and separation strategy for nanocrystals 
was developed by our group [50]. In this approach, 
a water-ethanol mixed solution is adopted as the 
main continuous solution phase and inorganic salts 
are used as the starting materials. Because of the high 
solubility of inorganic salts in water, this solution-
based method is a promising way of providing 
gram-scale nanocrystals in the laboratory and can be 
expanded to the industrial scale in a simple way.

In the present contribution, we first provide a 
brief account of our own recent efforts to synthesize 
nanocrystals using solution-based methods. By 
utilizing simple chemical reactions (decomposition 
reactions, redox reactions, etc.), choosing appropriate 
reaction systems (solvent, surfactant, etc.), and 
contro l l ing  reac t ion  parameters  (monomer 
concentration, reaction temperature, reaction time, 
etc.), we have obtained many different kinds of 
nanostructures (0-D nanocrystals, 1-D nanowires and 
nanorods, hollow structures, superlattice structures, 
etc.) of various materials (metals, metal oxides, 
semiconductors, etc.). The size and morphology 
of the nanocrystals can be precisely controlled by 
tuning the reaction conditions and some strategies 
can even produce hundreds of grams of high quality 
monodisperse nanocrystals in the laboratory. 
Subsequently, we focus on the catalytic applications 
of nanocrystals and summarize our recent endeavors 
in the study of nanocatalysts. Some examples are 
given to illustrate the main problems and future 
directions in this promising fi eld.

1. Solution-based synthesis of nanocrystals

Solution-based chemical synthetic strategies 
provide simple and powerful routes to nano-
crystals. They are quite general, allowing the 
preparation of all kinds of nanomaterials and 
usually have the advantages of greater capability 
and flexibility compared to the dry synthetic 
routes. However, in the absence of hard templates 
or catalysts, wet chemical procedures are far more 
difficult to control. According to the suggestions 
of  LaMer and co-workers in the early 1950s 
[51], in order to prepare highly monodisperse 
nanocrystals, it is necessary to effectively separate 
nucleation and growth into two distinct steps and 
precisely control the two separate processes by 
tuning the thermodynamic and kinetic parameters 
of the reactions. In most cases, a simple chemical 
reaction and the corresponding precursors are fi rst 
selected based on the target nanocrystals. We then 
design a rational reaction system including the 
kind of solvent-adopted and surfactant-employed 
and utilize an appropriate nucleation technique 
such as a hot-injection or heating up method 
to achieve a “burst nucleation” process which 
induces rapid and instantaneous nucleation and 
prevents additional nucleation occurring during 
the subsequent growth process. Subsequently, 
many critical experimental parameters that have 
great influence on the growth behavior of the 
nanocrystals including reactant concentration, 
reaction temperature, reaction time, pH, and the 
molar ratio of precursor to capping ligand are 
precisely adjusted to achieve rational control 
over the size and morphology of the nanocrystals 
in  the  c rys ta l  growth  s tep.  Here,  we apply 
appropriate solution-based strategies for various 
nanostructures including 0-D nanocrystals, 1-D 
nanowires and nanorods, hollow structures, and 
superlattice materials in order to demonstrate 
the potentialities of this kind of nanosynthesis 
technique. Furthermore, in order to understand 
the nucleation and growth of nanocrystals in the 
solution, we discuss the mechanism responsible for 
shape and size control of the nanocrystals obtained 
from our solution-based syntheses.
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1.1   Nanostructures obtained using appropriate 
solution-based strategies

The first example is the multigram scale synthesis 
of ultrafine monodisperse CeO2 nanocrystals 
[52]. The decomposition of (NH4)2Ce(NO3)6 was 
employed as the chemical reaction, while a water-
ethanol mixed solvent and oleic acid as surfactant 
were chosen as the reaction system. In the synthesis 
process, (NH4)2Ce(NO3)6 released Ce(NO3)6

2  anions 
in the water-ethanol mixed solvent. The anion 
possesses a stable icosahedral structure, as shown 
in Fig. 1(a), with the twelve apical oxygen atoms 
of the icosahedron being provided by six bidentate 
nitrate liands and Ce4+ located at the centre of the 
icosahedron. Such a natural cage constructed by 
the oxygen atoms effectively slows down the rate 
of hydration of Ce4+, and continuously maintains 
an appropriate reaction rate. During decomposition 
of the icosahedral structure, oleate ions, generated 
in situ by reaction between NaOH and oleic acid, 
become adsorbed on the surface of CeO2 nanocrystals 
through ion exchange. The competition between 
coordination of oleate ion and nitrate ions offers 
sufficient time for an Ostwald ripening process of 
the nanocrystals, leading to the formation of highly 
monodisperse CeO2 nanoparticles capped by oleic 
acid surfactant moieties which endow the individual 
nanoparticles with a hydrophobic surface. These 
nonpolar uniform particles precipitate from the bulk 
polar solution and the residual Ce(NO3)6

2  anions in 
solution continuously produce more particles. Due 
to the high solubility of (NH4)2Ce(NO3)6 in aqueous 
solution, we can prepare even 300 400 g of high 
quality samples in a one-pot synthesis. Figures 1(b) 
and 1(c) show transmission electron microscopy 
(TEM) images of the as-obtained CeO2 nanocrystals 
at different magnification, from which we can see 
that these oxide nanocrystals are monodisperse, 
nearly spherical particles with an average diameter of 
only 2.9 nm. Other 0-D metal, metal oxide, and metal 
chalcogenide nanocrystals can also be prepared by 
suitable solution-based routes [53 55].

1-D nanomaterials, including nanowires and 
nanorods, are highly attractive building blocks 
for nanodevices due to their inherent anisotropies 

and efficient transport of electrons and excitons 
within their smallest dimension [56 59]. We applied 
AgNO3 and elemental S as reactants and designed 
a reaction system composed of a single component, 
octadecylamine (ODA), which served as both the 
solvent and the surfactant. The shape of the Ag2S 
product can be controlled from 0-D particles to 1-D 
wires by changing the precursor concentration [56]. 
As demonstrated by scanning electron microscopy 
(SEM), TEM, and high resolution TEM (HRTEM) 
images of the samples (Figs. 2(a) and 2(d)), well-
crystallized Ag2S nanowires were produced in 
high yield with diameters in the range 10 30 nm 
and lengths up to hundreds of micrometers. Figure 
2(e) illustrates the relationship between precursor 
concentration and crystal morphology. When 
the concentration is low, the sulfur atoms have 
comparatively low probability of colliding with 
Ag+. Therefore, Ag2S nuclei formed in situ will be 
completely capped by ODA before the next collision. 
The ligands on the surface can prevent Ag2S nuclei 
from aggregating which leads to the formation of 
0-D nanoparticles. As the concentration increases, 
the system will have higher chemical potential and 

Figure 1    (a) View of the icosahedral structure of Ce(NO3)6
2  and 

the synthesis scheme for CeO2 nanocrystals (NCs); (b) TEM image of 
the product at low magnifi cation; the inset shows a digital camera 
image of the product in relation to an AA battery; (c) TEM image of 
the product at high magnifi cation; the inset shows an HRTEM image 
of an individual nanocrystal. Adapted from Ref. [52]

（a）

（b） （c）
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the collision probability between S and Ag+ increases 
greatly. Thus, before Ag2S nuclei can be completely 
protected by the surfactants, they can adsorb more 
sulfur atoms in one specifi c orientation, which leads 
to the formation of 1-D nanowires. Other parameters 
such as the reaction temperature can also influence 
the crystal evolution process in solution system. 
Particular combinations of conditions are needed to 
prepare pure particles or wires. 

Cage-structured nanomaterials with hollow 
interiors and functional surfaces have attracted 
broad attention from researchers in recent years 
due to their great potential for the encapsulation of 
guest molecules and the resulting applications in 
various fields such as biotechnology, drug delivery, 
and nanometer-scale reactors [60, 61]. We have 

Figure 2    (a) SEM and and (b) TEM images of well-aligned 
ultralong Ag2S nanowires; (c) HRTEM image of an individual Ag2S 
nanowire, inset: EDS analysis of the wire; (d) crystal lattice image of 
an individual Ag2S nanowire; (e) schematic illustration showing the 
effect of experimental parameters on the shape and size of Ag2S 
crystals. Adapted from Ref. [56]

successfully prepared a novel hollow CeO2 ZrO2 
nanocomposite with controllable structure by a 
simple solution phase process [60]. Monodisperse 
ceria nanospheres with different shapes fabricated 
through a hydrolysis route in glycol were used as 
precursors, and zirconium (IV) was added to react 
with the monodisperse ceria nanospheres in the glycol 
medium to form CeO2 ZrO2 nanocages utilizing the 
Kirkendall effect. Figure 3(a) illustrates the complete 
morphology evolution process according to the 
Kirkendall effect. The Kirkendall effect states that 
each species has its own diffusion rate in a diffusing 
system. When Zr4+ ions were added into the system, 
they readily doped into ceria to form a solid solution 
of the type Ce1 xZrxO2; meanwhile, the diffusion 
rate of the special secondary nanostructure of the 

Figure 3    (a) Schematic illustration of the formation process for 
Ce Zr O nanocages based on the Kirkendall effect. TEM images 
of (b) nearly monodisperse spherical ceria nanocrystals and (c) the 
corresponding Ce Zr O nanocages. TEM images of (d) nearly cubic-
like ceria nanocrystals and (e) the corresponding Ce Zr O nanocages. 
Adapted from Ref. [60]

（a） （b）

（a）

（b） （c）

（d） （e）

（c）

（d）

（e）
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resulting clusters was obviously much faster than 
that of the single-element nanostructure, leading 
to the formation of hollow nanostructures of the 
Ce1 xZrxO2 type. Figures 3(b) (e) show representative 
TEM images of nearly monodisperse spherical and 
cubic-like ceria nanocrystal clusters obtained at 
different water concentrations and the corresponding 
Ce Zr O nanocages, from which we can see that 
the morphologies of the nanocages and the hollow 
interiors have been determined by the morphology of 
the ceria templates. When spherical ceria clusters (Fig. 
3(b)) were used as precursors, spherical nanocages 
(Fig. 3(c)) were obtained, while cubic nanocages (Fig. 
3(e)) were formed when nearly cubic ceria clusters 
(Fig. 3(d)) were used as precursors. 

Superlattice structures assembled from mono-
disperse nanocrystals are gaining more and more 
attention due to their tunable collective physical 
and chemical properties and they are the basis for 
future nanomaterials and nanodevices. Generally, 
the processes for assembly of superlattice structures 
include two steps :  precise  control  over  the 
composition, size, shape, and surface chemistry of 
the nanocrystal building blocks and subsequent slow 
vaporization of the solvent to induce assembly of 
nanoparticles on the substrate or template; these are 
complex and limit the development of research into 
superlattice assemblies. Solution-based strategies can 
achieve a facile one-step construction of superlattices 
such as tetrahedral 3-D superlattice colloidal crystals 
of Ag2S [62, 63]. We adopted dodecanethiol as both 
S source and structure-directing agent and designed 
a two-phase reaction system: the aqueous phase 
containing the Ag source (Ag(NH3)2

+) and the oil 
phase (dodecanethiol) which itself provided the 
S source. A silver dodecanethiol complex formed 
at the water/oil interface and decomposed to Ag2S 
nanocrystals as the temperature was increased to 
200 °C. These in situ generated nanocrystals capped 
by dodecanethiol self-assembled at the interface of 
water and dodecanethiol and formed hexagonal 
close packed layers. Then, several layers packed 
together to give 2-D cubic close packed superlattice 
(SL) fl akes which break along the lowest energy face 
{111}SL to form triangle-shaped superlattices when 
they grow suffi ciently large. The free nanocrystals in 

the solution stack over the triangle substrate layer by 
layer to form a 3-D superlattice, and fi nally generate 
a tetrahedral colloidal crystal to minimize the surface 
energy (Fig. 4(a)). Figures 4(b) and 4(d) show TEM 
and HRTEM images of the products. It is obvious 
from these images that the tetrahedra with average 
edge length of 400 nm are built up from uniform 
nanocrystals which have an average diameter of 
about 3.5 nm and are ordered in a close-packed 
manner to construct a 3-D superlattice structure. 

Figure 4    (a) Schematic illustration of the possible formation 
mechanism for tetrahedral superlattice colloidal crystals; (b) a 
typical HRTEM image of an individual tetrahedron; the inset is the 
FFT pattern of the superlattice; (c) TEM image of the resulting Ag2S 
tetrahedral superlattice colloidal crystals; (d) a magnified HRTEM 
image of a corner of the tetrahedron. Adapted from Ref. [62]

（b）

（a）

（c） （d）
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1.2   Nucleation and growth mechanism for nano-
crystals

Understanding the underlying growth mechanism 
for nanocrystals assists us in gaining the ability to 
rationally synthesize nanomaterials with greater 
control, which in turn serves as a key enabler of 
next-generation materials technologies. Although 
the process of nanocrystal nucleation and growth 
in  solut ion systems is  indeed complicated, 
controlled synergistically by thermodynamics and 
kinetics, we can identify these two factors and use 
fundamental formulae and equations in physical 
chemistry to understand the relationship between 
the experimental parameters and the final size 
and shape of products. On this basis, our group 
has recently developed two models: the surface 
chemical thermodynamics (SCT) model and the 
diffusion-controlled kinetic (DCK) model based 
on thermodynamics and kinetics, respectively, 
to interpret qualitatively the effects of varying 
the reaction conditions on the size transition and 
morphology evolution of fl uoride nanocrystals.

The effect of initial precursor concentrations on 
the nucleation and growth of BaFxCl2 x nanocrystals 
were investigated [43]. It was found that the 
specific surface area of the resultant nanowires/
nanorods increased as the initial concentrations 
increased (shown in Fig. 5). Figure 6 shows the 
variation in calculated surface atom ratio with 
precursor concentration. The observed experimental 
phenomena can  be  expla ined qual i ta t ive ly 
using the SCT model, based on the fundamental 
thermodynamic equation:

in which μ is the chemical potential,  is the surface 
area, andγrepresents the specific surface energy, 
which is negative under such conditions. Through 
reasonable derivation and approximation, we came 
to the conclusion:

which  indica tes  tha t  increas ing  the  in i t ia l 
concentrations will lead to an increase in the specifi c 
surface area of the nanocrystals.

dG= SdT+Vdp+γdσ+∑μBidnBi
i=1

n

γ∆σ=∫
i=1

nf

i ∑ μBidnBi<0

Figure 5    Representative TEM images of Ba2F3Cl nanorods 
obtained with varying concentrations of Ba2+ and all other reactant 
concentrations remaining at a constant ratio to Ba2+. The initial 
concentrations of Ba2+ are (a) 0.100 mol/L, (b) 0.0875 mol/L, (c) 
0.075 mol/L, (d) 0.050 mol/L, (e) 0.0375 mol/L, and (f) 0.025 mol/L. 
Adapted from Ref. [43]

Figure 6    Concentration dependence of the surface atom ratio of 
Ba2F3Cl nanocrystals. Higher initial concentrations lead to increased 
surface atom ratios. Adapted from  Ref. [43]

（a） （d）

（b） （e）

（c） （f）
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The DCK model measures the kinetics-dominated 
size transition and morphology evolution of 
nanocrystals under non-equilibrium conditions [45]. 
It starts from the growth rate equations:

where  the  subscr ipts  1  and 2  represent  the 
longitudinal and radius directions, respectively; Di 
are diffusion coeffi cients; Vm is the molar volume of 
the solid nanocrystal; [A] is the nanocrystal monomer 
concentration; ai are reaction orders. If g1<g2, the BaF2 
nucleus undergoes 3-D growth, and forms complete 

｛ g1=D1VmReff [A]a1

g2=D2VmReff

 

[A]a2

1

1

cubic BaF2 nanoparticles via Ostwald ripening (see 
Fig. 7). When g1>g2, 1-D growth predominates, which 
leads to L1 >L2, and growth of orthorhombic phase 
BaF2 nanorods in an epitaxial manner (shown in Fig. 
8). The overall process is summarized in Fig. 9. 

By interpreting qualitatively the effects of varying 
the reaction conditions on the size and shape of 
nanocrystals, we can reveal—to some extent—their 
underlying nucleation and growth mechanism based on 
either thermodynamics or kinetics. Our efforts towards 
understanding the fundamentals of nanocrystal 
nucleation and growth should lead to greater control 
over crystal morphology and composition.

2. Applications of nanocrystals as 
nanocatalysts

Catalysis is a very old but still active 
research f ield,  which is  extremely 
important for humankind. Undoubtedly, 
the emergence and development of 
nanoscience and nanotechnology bring 
new opportunities to this area. As early 
as 1989, nanoscale Au particles were 
shown to be catalytically active for 
low-temperature CO oxidation by the 
Haruta group for the first time [64]. 
This result changed the conventional 
idea that Au is always very unreactive, 
as it is in the bulk state, and opened 
the door to interesting applications of 
nanoscale materials in catalysis. In the 
following years, nanocatalysts attracted 
more and more attention worldwide. 
For example, Goodman and co-workers 
investigated size effects on the catalytic 
activity of supported Au clusters for 
the CO oxidation reaction in detail and 
suggested that Au clusters around 3.5 
nm exhibited the maximum reactivity 
[65]. Nowadays, advanced synthetic 
t echniques  for  nanocrys ta l s  have 
greatly accelerated the development of 
nanocatalysts [66 69]. However, there are 
still many problems puzzling scientists in 
this fi eld. One is to understand the most 

Figure 7    TEM images showing the 
nucleation and growth of cubic phase 
BaF2. The ripening time is (a) 10 min, (b) 
12 h, (c) 24 h, and (d) 48 h. Adapted 
from Ref. [45]

Figure 8    TEM images illustrating the 
nucleation and growth of orthorhombic 
phase BaF2. The ripening time is (a) 
10 min, (b) 4 h, (c) 8 h, and (d) 12 h. 
Adapted from Ref. [45]

Figure 9    Schematic illustration of the formation and morphology of cubic phase 
and orthorhombic phase BaF2. Adapted from Ref. [45].

（a） （b）

（c） （d）

（a） （b）

（c） （d）
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important parameters influencing the performance 
of nanocatalysts so as to prepare catalysts with high 
activity and selectivity. For a long time, the excellent 
catalytic performance of nanomaterials has been 
attributed to the large surface area due to their small 
size. Although this idea was traditionally accepted, 
some experiments have shown unusual results in 
recent years [70, 71], a typical example being the 
different activities for CO oxidation of particle-shaped 
and rod-shaped CeO2 nanocatalysts [71]. Because 
the predominantly exposed planes are the unusually 
reactive {001} and {110} planes in the CeO2 nanorods 
rather than the stable {111} planes in the irregular 
nanoparticles, the CeO2 nanorods are more reactive 
for CO oxidation than their counterparts although 
the surface area of the latter is higher than that of 
the former. This result demonstrates that exposure 
of specific crystal planes of nanocrystals is indeed 
an essential factor in determining their catalytic 
performance, indicating that the ideal nanosynthesis 
will increase the number of more reactive crystal 
planes and decrease the number of less reactive 
ones rather than just increase the total surface area. 
However, this has turned out to be a very difficult 
task for most practical catalysts. Another key problem 
concerns the stability of nanocatalysts, especially 
for supported noble metal catalysts which are the 
most important catalysts in industrial applications. 
From an industrial perspective, catalysts should be 
recycled as many times as possible and it is crucial 
to retain the high activity of catalysts in each cycle. 
As mentioned above, the catalytic activity of noble 
metals such as Au is greatly related to the particle 
size [65, 72, 73]. Unfortunately, it is very hard to 
keep the particle size unchanged during the reaction 
process. The metal particles will usually aggregate 
and the particle size will become larger, leading to 
catalyst deactivation, even when they are prepared by 
the most successful deposition-precipitation methods 
available so far. On the other hand, the interactions 
between the noble metals and the supports also play 
a critical role in the stability of catalyst performance. 
Usually, the metal particles will desquamate from 
the support when the catalyst particles rub together, 
leading to a sharp decrease in the number of active 
sites. Therefore, designing an ideal nanostructure for 

supported noble metal catalysts which can overcome 
the two above-mentioned limitations and result in 
high stability is another key challenge in this field. 
Faced with these intractable problems, we and many 
other groups have recently focused on crystal plane-
controlled synthesis of nanocatalysts as well as the 
design of ideal structures for stable nanocatalysts, in 
order to bring about new developments and a new 
generation of catalysts.

2.1   Crystal plane-controlled synthesis of nano-
catalysts

Since controlling the crystal planes of nanomaterials 
is a paramount target in catalyst preparation, in 
recent years we have tried to synthesize nanocrystals 
with well-defined reactive crystal planes and 
exploit the relationship between specific crystal 
planes and catalytic properties [74 79]. Copper 
oxide (CuO) is one of the most important catalysts 
and is widely used in environmental catalysis 
such as CO oxidation. Generally speaking, for 
monoclinic tenorite-structured CuO crystals, the 
close-packed {111} planes have lower free energies 
and thus higher stability than the open {001} and 

 planes. Consequently, the latter is anticipated 
to be more reactive than the former. Facile solution-
based methods were applied to synthesize CuO 
nanocrystals with different morphologies as shown 
in Figs. 10(a) (c). Selected area electron diffraction 
(SAED) and HRTEM analysis were used to determine 
the structure of these samples. The results showed 
that CuO nanoparticles predominantly exposed 
the close-packed {111} planes of the monoclinic 
structure (Fig. 10(d)), CuO nanobelts predominantly 
exposed the {001} planes (Fig. 10(e)), while the CuO 
nanoplatelets predominantly exposed the  planes 
(Fig. 10(f)). In order to compare the reactivity of 
these CuO nanocrystals, we evaluated their catalytic 
performance for CO oxidation. Figure 10(g) illustrates 
the specifi c rates of CO conversion over the various 
CuO nanocatalysts. At 110 °C, the specific reaction 
rates were 1.0, 2.0, and 6.4 × 10 8 molCo/(m

2
cat·s) for 

the particles, belts, and platelets, respectively; that 
is, the rate for the nanoplatelets was over six times 
higher than that for the nanoparticles and roughly 
three times higher than that for the nanobelts. This 
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suggests that the  planes of CuO nanocrystals 
showed the highest catalytic activity for CO oxidation 
and stimulated us to prepare CuO nanocatalysts with 
high ratio of  crystal planes [78]. 

Another of our studies involved Ag metal 
catalysts which have become increasingly important 
in the oxidation of olefins for the synthesis of 
industrially interesting products, such as epoxides 
and aldehydes [79]. In the study, truncated triangular, 
cubic, and “near spherical” Ag nanoparticles with 
well-defined crystal planes were synthesized by 
solution-based polyol processes. From TEM, SEM, 
and SAED analysis, as shown in Fig. 11, the as-

obtained truncated triangular Ag nanoplates with 
an average edge length of 200 nm ± 20 nm and a 
thickness of about 15 nm ± 5 nm predominantly 
exposed the most stable {111} planes of the face 
centered cubic (fcc) structure (Fig. 11(a)); the slightly 
truncated Ag nanocubes had a mean edge length of 
50 nm ± 5 nm with smooth faces and each cube was 
a single crystal bounded mainly by six less stable 
{100} planes (Fig. 11(b)); while the “near spherical” 
Ag nanoparticles with an average diameter of 70 nm 
± 5 nm were composed of numerous {111} and {100} 
planes (Fig. 11(c)). The as-prepared Ag nanoparticles 
were used as catalysts for styrene oxidation and 
the specific reaction rates over the three types of 
nanoparticles were calculated and shown in Fig. 
11(e), from which we can see that the rate for the 

Figure 10    TEM images of (a) CuO nanoparticles; (b) CuO 
nanobelts; (c) CuO nanoplatelets; (d) HRTEM image of CuO 
nanoparticles; (e) HRTEM image of a typical CuO nanobelt viewed 
along [001], inset: the SAED pattern; (f) HRTEM image of a typical 
CuO nanoplatelet viewed along [01], inset: the SAED pattern; (g) 
specifi c rate of CO conversion over CuO nanoparticles, nanobelts and 
nanoplatelets at 110 °C. Adapted from Ref. [78]

Figure 11    TEM images of (a) truncated triangular nanoplates; 
(b) nanocubes; (c) “near spherical” silver nanoparticles; (d) the 
corresponding structural models; (e) specific reaction rates of 
styrene conversion over truncated triangular nanoplates, “near 
spherical” nanoparticles, and cubic silver nanoparticles. Adapted 
from Ref. [79]

（a） （b） （c） （a） （b） （c）

（d）

（e）

（g）

（d） （e） （f）
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nanocubes was over seven times higher than that for 
the nanoplates and three times higher than that for 
“near spherical” nanoparticles. The cube-shaped Ag 
nanocatalysts showed much higher styrene oxidation 
activity than the truncated triangular nanoplates and 
“near spherical” nanoparticles because they expose 
more reactive {100} crystal planes. 

The crystallographic planes of nanocatalysts not 
only greatly determine their catalytic activity, but also 
have signifi cant infl uences on the reaction selectivity. 
Somorjai and co-workers investigated nanoparticle 
surface effects in benzene hydrogenation by 
comparing kinetic results for cubic and cuboctahedral 
Pt nanoparticles [80].  A tetradecyltrimethyl-
ammonium bromide (TTAB)-assisted solution phase 
method was adopted for the preparation of cubic Pt 
particles with a size of 12.3 nm ± 1.4 nm consisting of 
only Pt(100) faces and cuboctahedral Pt particles with 
a size of 13.5 nm ± 1.5 nm consisting of both Pt(100) 
and Pt(111) faces. Benzene hydrogenation studies 
demonstrated that both cyclohexene and cyclohexane 
formed on cuboctahedral nanoparticles whilst only 
cyclohexane was formed on cubic nanoparticles. This 
result showed that catalytic selectivity is also strongly 
affected by nanoparticle crystal planes. Therefore, 
in order to obtain nanocatalysts with optimized 
performance, we should prepare nanocrystals 
consisting of desired crystallographic planes which 
provide the highest catalytic activity as well as 
selectivity.

2.2   Design of ideal structures for stable nano-
catalysts

Our efforts to overcome another obstacle facing the 
use of high quality nanocatalysts focus on improving 
their stability, especially for supported noble metal 
catalysts. Traditionally, supported catalysts were 
obtained by the deposition-precipitation method 
[81 83]. Although the as-prepared catalysts had 
high dispersions and metal loadings, they had poor 
stability due to aggregation of metal particles as 
well as desquamation of particles from the supports. 
To address these problems, metal particles should 
be effectively separated from each other and firmly 
fi xed on the supports. Considering this point, porous 
structured materials might be a good choice for 

the supports. Actually, mesoporous materials with 
high internal surface areas, large and uniform pore 
sizes, and well-defined pore topologies have been 
widely used in catalysis in the past decades [84
87]. However, the conventional synthetic strategies 
of embedding the pre-prepared metal particles in 
the mesoporous supports or in situ generation of 
nanoparticles via reduction of metal ions in the 
supports cannot yet provide nanocatalysts with 
excellent stability performance [88, 89]. For these 
reasons, we have tried to exploit a new strategy 
to fabricate nanocatalysts. In nanosystems, self-
assembly offers one of the few practical strategies 
for assembling components into larger, functional 
ensembles through different interactions [90]. 
Based on this strategy, we have developed a novel 
bottom-up route to design ideal structures for stable 
nanocatalysts, namely, using “artificial atoms” 
(monodisperse nanocrystals, NCs) as uniform 
building blocks to construct mesoporous structures 
[53, 54, 91].

In the process, we first synthesized various 
nanocrystals  via solution-based methods as 
described in Section 1. Then, a general emulsion-
based bottom-up self-assembly (EBS) approach 
was carried out to assemble various kinds of 
nanocrysta l  bui ld ing  b locks  wi th  di fferent 
composition, shape, size, and surfactant ligands into 
3-D colloidal spheres [91]. Figure 12(a) illustrates 
this assembly strategy. The basic idea is to use 
microemulsion oil droplets as confined templates 
within which the nanocrystals are assembled by 
the evaporation of low boiling point solvents. We 
created a stable oil-in-water microemulsion system 
where the oil phase contained pre-synthesized 
well-dispersed nanocrystals encapsulated in 
ligands such as oleic acid or ODA and the aqueous 
solution contained hydrophilic surfactants such 
as cetyltrimethylammonium bromide (CTAB) 
or sodium dodecylsulfonate (SDS). By means of 
vigorous stirring or ultrasonic treatment the low 
boiling point solvent such as cyclohexane was 
evaporated from the microemulsion system. With 
the evaporation of the low boiling point solvent, 
the nanocrystals confi ned in 3-D oil microemulsion 
droplets were concentrated and assembled into 
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3-D colloid spheres. By designing proper solution 
phase nanocrystals, surfactant and oil/water two-
phase systems, and controlling the emulsion and 
evaporation process, a series of 3-D colloidal 
spheres can be assembled from nanocrystal 
building blocks including metals, semiconducting 
metal chalcogenides, metal oxides, and rare earth 
compounds. Figures 12(b) (e) show TEM images 
of representative colloidal spheres assembled from 
Ag, Ag2S, ZrO2, and NaYF4, respectively. In order 
to obtain the eventual mesoporous structures, the 
surfactants were removed by calcining the as-
prepared colloidal spheres. The whole process can 
be concisely described by the scheme shown in Fig. 

13(a) and, as examples, SEM images of mesoporous 
NiO and MnO spheres are shown in Figs. 13(b) and 
3(c). Brunauer Emmett Teller (BET) and Barrett

Joyner Halenda (BJH) analysis confirmed that 
mesopores were present in these materials and that 
their surface area was increased greatly compared to 
that of disassembled nanocrystals. 

This bottom-up procedure provides us with a 
novel synthetic strategy for mesoporous structures, 
which has many advantages. First,  since the 
assembly process occurs irrespective of the kind of 
nanocrystals, this route is very versatile. Second, 
the process is simple and easily controlled, and we 
can adjust the pore size by tuning the size of the 
nanocrystals to satisfy different catalytic reactions. 
More importantly, we can even synthesize hybrid 
mesoporous materials by mixing two or more kinds 
of crystals in the assembly process. For example, 
by assembling metal particles and metal oxide 
nanocrystals (the support) at the same time, we can 
obtain supported noble metal nanocatalysts with 
hybrid mesoporous structures as described in Fig. 
14. In such a structure, the metal particles can be 
effectively separated from each other and firmly 
fixed in the mesostructure. This structure is hence 
expected to successfully prevent aggregation of metal 
particles and desquamation from the support, and 
thus increase the stablility of catalytic performance. 

Figure 12    (a) Schematic illustration of the emulsion-based bottom-
up self-assembly (EBS) procedure. TEM images of as-obtained 3-D 
colloidal spheres of (b) Ag; (c) Ag2S (adapted from Ref. [53]; (d) ZrO2; 
(e) NaYF4 (adapted from Ref. [91])

Figure 13    (a) Schematic illustration of the general strategy for 
preparation of mesoporous materials. Adapted from Ref. [53]. SEM 
images of as-obtained mesoporous products (b) NiO; (c) MnO. 
Adapted from Ref. [54]

（b） （c）

（a） （a）

（b） （c）

（d） （e）
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3. Conclusions and perspective

This article provides an overview of some recent 
developments in our group related to solution-based 
synthesis of nanocrystals and their applications 
as nanocatalysts. Compared to physical methods 
and gas-phase strategies, the solution phase routes 
are much more easily controlled and can produce 
nanomaterials in a facile and large scale way. They 
are powerful ways of preparing various kinds of 
nanostructures to satisfy the needs of different 
applications in various fields, including 0-D 
nanocrystals which are ideal building blocks for 
constructing advanced and functional architectures, 
1-D nanowires and nanorods which have efficient 
transport of electrons and excitons and thus potential 
applications in optical and electronic devices, 
hollow structures which are promising candidates 
for drug delivery and nanometer-scale reactors 
due to their great potential for the encapsulation of 
guest molecules, and superlattice structures which 
combine the properties of individual nanocrystals 
with new collective physical and chemical properties 
and provide the basis for the nanomaterials and 
nanodevices of the future.

For materials at the nanoscale, it is usually quite 
right that “structure dictates function”. This tenet 
can be applied in nanocatalysis. The exposed crystal 
planes of nanocatalysts determine, to a great extent, 
their catalytic properties including activity and 
selectivity. Hence, it is very desirable to synthesize 
nanocatalysts with high ratios of more reactive 
crystal planes. Unfortunately, surfaces with high 

reactivity usually diminish rapidly during the crystal 
growth process as a result of the minimization 
of surface energy because the planes with higher 
surface energy are more reactive. Although the 
wet routes are evidenced to be more effective in 
generating nanomaterials than the dry ones, the 
crystal nucleation and growth process in the solution 
phase is very complex. In order to achieve rational 
control over the nanocrystals, it is urgently necessary 
to fully understand the nature of the crystal structure 
and the mechanism of chemical reactions as well as 
to precisely adjust the thermodynamic and kinetic 
parameters. For example, large high quality anatase 
TiO2 single crystals with a high percentage of 
more reactive {001} planes have not been available 
until very recently, when Lu and co-workers 
prepared truncated anatase bipyramids using an 
aqueous solution containing titanium tetrafluoride 
(TiF4) and hydrofluoric acid as the precursor and 
crystallographic controlling agent, respectively, in the 
synthesis of anatase single crystals by a hydrothermal 
route. The percentage of {001} planes in these 
anatase bipyramids can be tuned from 35% to 47% 
through changing the concentration of TiF4 and the 
hydrothermal reaction time. Therefore, via proper 
solution-based strategies, the goal of rational control 
over the crystal growth process and preparation 
of nanocatalysts with desired crystal planes can be 
fulfi lled, although there still remain great challenges 
to be overcome.

Nowadays, nanoscience and nanotechnology 
as well as applications of nanocrystals in catalysis 
are being developed at a great pace all over the 
world. However, we are at all times “preparing” 
nanocatalysts, that is, we first synthesize many 
catalysts and then choose the best one by testing 
and comparing their catalytic properties. This is 
an inefficient way. What scientists must pursue 
is the “design” rather than the “preparation” 
of nanocatalysts. The ideal way is to first fully 
understand the relationship between crystal structure 
and corresponding catalytic properties, and then 
synthesize nanocatalysts with well-defined reactive 
crystal planes and desired nanostructures based on 
advanced nanosynthetic techniques. Although the 
present-day techniques are far from satisfactory, we 

Figure 14    Schematic depiction of the idealized structure for 
supported noble metal nanocatalysts
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believe that further investigation can bring a bright 
future for this fi eld.
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