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1. INTRODUCTION

Since their remarkable features were described in 1992,
mesoporous materials (2 nm < pore size < 50 nm) have received
increasing attention and been intensively studied with regard to
applications in the fields of catalysis, biological engineering, and
photoelectronic devices.1�8 Many procedures have been de-
signed to synthesize inorganic mesoporous materials with desir-
able physical and chemical properties.8�16 Generally, the most
popular method for mesoporous materials focused on the
approach with the assistance of block copolymer; e.g., Zhao
et al. reported triblock copolymer directed syntheses of meso-
porous silica with periodic 5�30 nm pores, in which the block
copolymer species can be recovered for reuse by solvent extrac-
tion or removed by heating.12 Another well-known strategy is
based on metal�organic frameworks constructed from molecu-
lar building blocks, by which two (2D) or three-dimensional
(3D) pore sizes and structures can be designed and fabricated
using various molecular struts.17�19

Recently, our group has developed a general emulsion-based
bottom-up self-assembly (EBS) approach for assembling various
kinds of ligand-stabilized nanocrystal building blocks into 3D
colloidal spheres with mesoporous characteristics in which an
organic ligand plays a key role for the successful assembly of 3D
microstructures.20�24

These reported methods usually involved the elimination of
organic groups or templates, in which some intrinsic problems
needed to be carefully resolved, e.g., organic residual, surface
activity lowering of nanocystalline walls in the calcination of
organic groups, and interface reaction between mesoporous
materials and templates. It is very attractive and desirable to
design a novel procedure so that the ligand-free inorganic
nanocrystals can be used to directly assemble the stable meso-
porous structures at room temperature, in which no organic
groups and templates need to be removed. However, it is very
hard to control the dynamic behavior of ligand free nanocrystals,
since they tend to agglomerate. Therefore, a key challenge is how
to control the assembling dynamics of ligand-free nanocrystals so
that the expected structures are obtained instead of a fast and
irregular agglomeration.

In this work, we designed an efficient procedure to control the
nucleation and growth dynamics in the assembling process so
that ligand-free ZnO nanocrystals could be directly assembled
into 3D mesoporous ellipsoids by oriented attachment (OA), in
which the high surface activity of ligand-free nanocrystals is well-
reserved. Equally important, our results indicate that the limita-
tion to the 3D assembly by OA mechanism can be overcome by
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of important utilities due to their well-defined pore structure
and high internal surface area, which are routinely synthesized
with the assistance of block copolymers or templates. So far, a
key challenge is how to assemble directly ligand-free inorganic
nanocrystals into mesoporous structures, so that the high
surface activity of ligand-free nanocrystals is not destroyed by
further treatment to remove organic species or templates. In this
paper, we report the direct assembly of highly uniform ZnO
mesoporous ellipsoids from ligand-free ZnO nanocrystals of
∼5 nm. The size of the synthesized uniform ZnO mesoporous
ellipsoids can be efficiently tuned from 132� 75 to 190� 111 nm
(length � width), by varying the size and concentration of
primary ZnO nanocrystal building blocks and the composition of the designed assembling solvent. The BET detection indicates that
these ZnOmesoporous ellipsoids have high specific surface areas reaching to 136.57m2/g, while their average BJHpore diameters are
located at 8.8 nm. Especially, the high-resolution TEM images and XRD analysis revealed the occurrence of an oriented attachment
mechanism in the assembly of uniform ZnO mesoporous ellipsoids, which supplied an important proof for the possibility of
constructing stable three-dimensional structures by oriented attachment. The benefits of these ZnO mesoporous ellipsoids were
demonstrated by their excellent photocatalytic activity under weak UV irradiation.
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controlling properly the viscosity and potential barrier of
the solvent. The benefits of these ZnO mesoporous ellipsoids
are confirmed by the excellent photocatalytic activity under weak
UV irradiation.

2. EXPERIMENTAL SECTION

2.1. Synthesis of ZnO Nanocrystals. Zinc acetate dihydrate was
first dissolved in methanol with Zn2þ concentration of 0.1 mol/L. Then,
another solution was prepared by dissolving potassium hydroxide in
methanol with an OH� concentration of 3.4 mol/L. Under vigorous
stirring, the potassium hydroxide solution was added dropwise to the
zinc acetate solution with a Zn2þ/OH� ratio of 1/1.7 at a temperature of
55 �C. After the addition of potassium hydroxide, the solution was
evaporated at a rate of 1 mL/min. After being evaporated to be half of its
initial volume, the solution was capped and kept heating and stirring
until the total reaction time reached 2 h and 15 min. Finally, the solution
was allowed to cool to room temperature, and white ZnO nanocrystals
without organic ligand were produced.25

2.2. Assembly of ZnO Mesoporous Ellipsoids. The solvent
systemwas prepared bymixingmethanol/diethyl carbonate/chloroform
(MDC) with volume ratio of 50/1.5/25. Then, the above stocked ZnO
nanocrystal solutions was poured into the MDC solvent system with
ZnO concentration of 4.2 mg/mL, to form a homogeneous solution
system due to the good dispersity of the synthesized ZnOnanocrystals in
methanol and chloroform. The homogeneous solution was further
aged for 3 days, and highly uniform ZnO mesoporous ellipsoids were
generated. For preparing Ag/ZnO mesoporous ellipsoid heterostruc-
tures, ZnOmesoporous ellipsoids were washed with methanol and dried
at the temperature of 60 �C for 12 h. Then, 60 mg of the dried ZnO
mesoporous ellipsoids was dispersed in 50 mL of distilled water with
magnetic stirring. Subsequently, 10 mL of AgNO3 aqueous solution
(Agþ 0.0022 mmol/mL) was added dropwise and the solution was kept
stirring at 50 �C for 1 h. After being removed from the heater and stirrer,
the solution was kept stationary for another 1 h. Finally, the Ag�ZnO
heterostructures were successfully produced.
2.3. Characterization. The morphology of the synthesized sam-

ples was measured using a Hitachi model H-800 and JEOL 2010
transmission electron microscope and a JEOL JSM-6301F scanning
electron microscope. High-resolution TEM (HRTEM) measurements
were performed by using a FEI Tecnai G2 F20 S-Twin electron
microscope with an acceleration voltage of 200 kV. Powder X-ray
diffraction patterns were recorded with a Bruker D8 Advance X-ray
powder diffractometer with Cu KR radiation (λ = 1.5406 Å). BET
surface areas and Barret�Joyner�Halenda (BJH) pore-size distribu-
tions were measured with N2 at 77 K by using a Quantachrome
Autosorb-1 instrument.
2.4. Photocatalysis. Before the photocatalytic measurement, ZnO

mesoporous ellipsoids or Ag/ZnO mesoporous ellipsoids were washed
with methanol and dried at 60 �C for 12 h. Methylene blue (MB) was
employed as a model dye to evaluate the photocatalytic activity of the
uniform ZnO mesoporous ellipsoids. For photocatalytic measurement,
20 mg of ZnO mesoporous ellipsoids or 24 mg of Ag/ZnOmesoporous
ellipsoids was dispersed in 80 mL of 10 ppm MB aqueous solution. The
photocatalytic reaction was conducted at room temperature under weak
UV irradiation (365 nm, 2.1 mW/cm2), among which the reaction
solution was slowly stirred with a magnetic stirrer to ensure full
suspension of the particles throughout the experiment. Each experiment
was conducted for 40 min with 3 mL sample aliquots extracted every
10 min. The decomposition of MB was monitored by measuring the
absorbance of the aliquot solution using an UV�vis spectrophotometer
with deionized water as reference.

3. RESULTS AND DISCUSSION

3.1. Assembling Processes and Principles. Inspired by
previous works,26�29 we predict that it is possible to control
the dynamic process of nanocrystal building blocks in assembly
process, if the solvent system is properly selected with suitable
viscosity and potential barrier. For the direct assembly of uniform
ZnO mesoporous ellipsoids, we try to control the moving speed,
frequency, and direction of ligand-free ZnO nanocrystal building
blocks by designing a MDC solvent system with suitable viscos-
ity and potential barrier. It should be first declared that the
synthesized ZnO nanocrystals in this work can dissolve in
methanol and chloroform, but not in diethyl carbonate. Thus,
the synthesized ZnO nanocrystals can move freely in methanol/
chloroform if diethyl carbonate is not added. However, a
potential barrier will arise in the solvent system after the addition
of diethyl carbonate, which affects evidently the collision process
of ZnO nanocrystals according to the collision theory, where the
coalescence between nanocrystals may take place.26 In other
words, for ZnO nanocrystal assembly, the potential barrier of the
designed MDC solvent system can be efficiently adjusted by
varying the concentration of diethyl carbonate. On the other
hand, the addition of diethyl carbonate can also change remark-
ably the viscosity of the whole solvent system, since the viscosity
(0.75) of diethyl carbonate is obviously higher than those (0.58
and 0.57) of methanol and chloroform. Thereby, it can be
concluded that the adjustment of diethyl carbonate content
could supply the assembly of ZnO nanocryatals with suitable
viscosity and potential barrier, if the concentration of methanol
and chloroform is properly fixed prior to the addition of diethyl
carbonate.
In the reported assembly of CuO ellipsoids, it has been

demonstrated that weakly protected nanoparticles often undergo
entropy-driven aggregation through strong interactions
between the particles themselves.30�32 The aggregation driving
force along different axis depends on the atomic density of the
corresponding crystal planes. In the case of this paper, the ligand-
free ZnO nanocrystals undergo a similar oriented aggregation
process, although the solution system may play a different
assistant role for OA. Ostwald ripening and recrystallization
should not occur in the assembly of ZnO mesoporous ellipsoids,

Figure 1. Assembly mechanism of ZnO mesoporous ellipsoids by OA:
(a) the MDC solvent was prepared, (b) ZnO nanocrystals were added
into the MDC solvent, (c) numerous nuclei were generated with the
coalescence of several ZnO nanoparticles along the c axis, (d) the 3D
assembly occurred by OA upon extending the aging time, and (e) the
final ZnO mesoporous ellipsoids were produced after aging for 3 days.
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since the complete elimination of the surfaces and dissolution of
primary ZnO nanocrystals have not been obviously observed.
Prior to the assembly of ZnO mesoporous ellipsoids, primary

ZnO nanocrystals with the diameter of∼5 nm, shown in Figure
S1 (Supporting Information), were produced as reported.25 The
basic assembling process and principles of highly uniform ZnO
mesoporous ellipsoids in the MDC solvent system are specifi-
cally illustrated in Figure 1. First, a homogeneous solvent system
containing methanol, chloroform, and diethyl carbonate was
easily prepared due to the good compatibility among them. After
adding of the as-synthesized ZnO nanocrystals into the solvent
system, aggregation of ZnO nanocrystal building blocks will
occur immediately, which produces numerous nuclei composed
of several ZnO nanocrystal building blocks along the c axis. With
aging time extended, the nuclei grew gradually by the OA of ZnO

nanocrystal building blocks both along and perpendicular to the c
axis due to the impact of the viscosity and potential barrier. After
aging for enough time, all of the ZnO nanocrystal building blocks
were consumed, so that the final mesoporous ellipsoids formed
with almost perfect crystallographic orientations. In previously
reported 1D assembly by OA,25,28,29,33,34 the assembling dy-
namics might be mainly governed by the viscosity of solvent.
Differentially, the importance of the potential barrier should be
boosted in the 3D assembly byOA.We will demonstrate how the
potential barrier governs the 3D oriented assembly in the later
sections.
3.2. Mesoporous and Oriented Characteristics. Zinc oxide

is an important semiconductive material with wide band
gap, high thermal stability, and excellent catalysis activity.35�39

Especially, ZnO with well-defined nanostructures shows high

Figure 2. TEM images of highly uniform ZnO mesoporous ellipsoids assembled from 5 nm ZnO nanocrystals. (a, b) TEM images with different
magnifications of uniform ZnOmesoporous ellipsoids with length�width of 175� 101 nm, synthesized with 2 vol % of hexane added inMDC solvent.
(c, d) length� width of 183� 106 nm, synthesized with 1 vol % of hexane added in MDC solvent. (e, f) length� width of 190� 111 nm, synthesized
without hexane added in MDC solvent.
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photocatalytic efficiency and can be cheaply obtained. A large
number of ZnO nanostructures, such as wires, helices, belts,
tubes, and sheets, have been successfully produced with more
than one method.40�44 However, the well-defined mesoporous
structure of ZnO has rarely been reported. In the current
paper, highly uniform ZnO mesoporous ellipsoids were directly
assembled from ligand-free ZnO nanocrystals, of which the size
can be tuned by adding various contrentration of hexane in the
MDC solvent system (see Figure 2) or varying the size of primary
ZnO nanocrystals (see Figure S2, Supporting Information).
Figure 2 shows the TEM images of highly uniform ZnO
mesoporous ellipsoids with a length-to-width ratio of∼1.7, with
average diameter of 5 nm (Figure S1a, Supporting Information).
Themesoporous characteristics can even be observed fromTEM
images with higher magnification (such as Figure 2b,d,f). The
size of uniform ZnO mesoporous ellipsoids can be slightly tuned
between 190 � 111 and 175 � 101 nm by changing the con-
centration of hexane in the MDC solvent system.
The mesoporous nature of these uniform ZnO ellipsoids is

confirmed by nitrogen physisorption (Figure S3, Supporting
Information). The detected specific BET surface area of ZnO
mesoporous ellipsoids with length � width of 190 � 111 nm is
equal to 136.57 m2/g, while their average BJH pore diameter is
8.8 nm. Compared to previously reported ZnO structures,40�44

the higher specific BET surface area of ZnO ellipsoids is ascribed
to the small particle size (5 nm) and high surface activity of
ligand-free ZnO nanocrystal building blocks, since the measure-
ment of nitrogen physisorption is highly dependent on the
surface properties of nanostructures.1�13

OA has been considered to be one of most important
mechanisms that govern the crystal growth in nanoscale regimes,
which is obviously different from the classic kinetics of Ostwald
ripening.28 In the process of OA, crystallite particles aggregate
irreversibly along high-energy crystallographic facets in a highly

oriented manner, which is driven by the reduction of the surface
energy of the whole system.25�27,45,46 Regretfully, OA gives rise
to homogeneous single crystals or 1D structures in most of the
cases, since the preference of OA is usually unidirectional.28,29

There are rarely works demonstrating the synthesis of 2D or even
3D quasisingle crystals by OA.29 Very recently, Lou et al.
achieved successfully the formation of 2D assemblies of hematite
(R-Fe2O3) nanoparticles with diameter of 100 nm at a relatively
low temperature of 105 �C by OA.29 It was found that the
hematite nanoparticle building blocks were attached to each
other not only along the longitudinal axis but also the lateral
direction with prolonged reaction, although the 1D chainlike
structures are first formed by OA during the early stage of the
reaction. From Lou et al.’s work,29 we reach the conclusion that
the 3D microstructures can also be assembled by OA, if the
essential factors controlling the dynamics of 3D oriented assem-
bly are properly addressed. Here, we show that the 3D ZnO
nanostructures can be perfectly assembled by OA at room
temperature, if the solvent for dispersing nanocrystal building
blocks is suitably prepared.
Obviously, OA is addressed to be the governing mechanism

for this 3D assembly from Figure 3, which shows that the uniform
ZnO mesoporous ellipsoids had perfect crystallographic orienta-
tion along c axis, which confirmed directly the oriented assembly
process of ZnO nanocrystal building blocks along the c axis. It is
noted that ZnO nanocrystals attached with adjacent ones along
orientations perpendicular to the c axis also by the OA mechan-
ism, although some minor dislocations arose at the interfaces. As
marked by black circles in Figure 3b,c, the mesoporous structures
could be directly observed at the thin edges of a ZnO mesopor-
ous ellipsoid. Moreover, the oriented characteristics were also
confirmed by the analysis from XRD spectra. Comparing parts a
and b of Figure S4 (Supporting Information), it can be observed
that the diffraction peak of (002) and (100) of ZnOmesoporous

Figure 3. High-resolution TEM images. (a) TEM images of 190 � 111 nm ZnO mesoporous ellipsoids. (b, c) Corresponding high-resolution TEM
images, in which the high crystallographic orientations perpendicular or parallel to c axis were clearly observed.
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ellipsoids has become narrower than that in corresponding
nanocrystals, which indicates the long-range oriented interac-
tions among ZnO nanocrystal building blocks both parallel and
perpendicular to the c axis.
3.3. Assembling Dynamics by OA. For the assembly under

conditions of the absence of organic ligands, it is necessary to
design a novel procedure for assembling ligand-free building
blocks, since the nucleation and growth dynamics of ligand-free
building blocks are obviously different from those depending on
organic ligand.20�24 Ganapathy et al.’s work enlightens us on
designing a novel procedure where the 2D assembly of colloidal
particles obeys the same nucleation and growth laws that govern
atomic epitaxy growth, which implied that micrometer- and
nanometer-scale particles could be employed as “artificial atoms”
to assemble desiredmicrostructures, if the nucleation and growth
dynamics of these “artificial atoms” were efficiently controlled.47

However, how to control the nucleation and growth dynamics of
nanocrystal assembly is still challenging scientists.
In order to control the dynamic process of nanocrystal

assembly, the key is to determine which factors affect it. On
the basis of the latest theoretical investigation about nanocrystal
growth dynamics by OA mechanism, it can be first determined
that the viscosity of the solvent plays an important role for the
assembly of nanocrystal building blocks. According to the kinetic
model built by Xu et al., the growth rate of nanocrystal
morphology evolution could be described as follows26

vi ¼ ki½n�½A�ai ð1Þ
where vi (i = 1, 2, and 3) is the growth rate, ki the rate constant,
[n] the nanocrystal concentration, [A] the reactant concentra-
tion. The subscripts 1, 2, and 3 represent three growth directions.
This result indicates that the growth rate is highly dependent on
the rate constants along different directions. By adapting Xu
et al.’s description, the dependence of the growth rate on the
viscosity of the solvent can be built by the form of eq 2:

vi ¼ NAkBT

μi 1þ 5
2
Φ

� � ½n�½A�ai ð2Þ

Equation 2 shows simply that the growth rate of nanocrystals
under the conditions of particle coalescence is governed by the
viscosity of the solvent. On the other hand, according to the
dynamic theory of crystal growth, the morphology and size of 3D
crystal particles predominantly depended on the growth rates
along different directions. Then, it is reasonable to conclude that
the morphology and size of the assembled microstructures from
nanocrystal building blocks can be tuned by controlling the
viscosity of the solvent.
As early as the 1980s, it was revealed that the potential barrier

of the solvent affected remarkably the dynamic process of solutes,
besides the viscosity.48,49 For example, Sundstr€om et al. reported
that the solvent dependence of the relaxation rate in TPM
molecules cannot be described as usually done by viscosity
dependence only, since the theoretical analysis deviates too
much from the experimental results if compensating for the
contribution from the potential barrier is not taken into
account.48 Therefore, the potential barrier of the solvent is
reasonably determined by us to be the second key factor
governing the assembly of nanocrystal building blocks.
According to the oriented growth mechanism proposed by

Ribeiro et al., the coalescence may occur when particles collide

with similar crystallographic orientations.27 In most cases, a
nanocrystal particle has several kinds of crystal planes, in which
the atomic density is different from each other. Does the
probability of efficient collision, i.e., coalescence, taking place
depend on the atomic density of crystal planes? Previous reports
have confirmed the existence of this dependence.26,27 When the
building blocks are freely movable in the growth process, the rate
constant can be written in the form of the Arrhenius equation:26

kr ¼ Ar expð � E=RTÞ ð3Þ
where E is the activation energy and R the gas constant. From the
collision theory, the relation between rate constant kr and
atomic-density-dependent parameters Qr and E can be built as
follows:27

kr ¼ Qrgðdr, srÞ f ðjr,TÞ expð � E=RTÞ ð4Þ
Equation 4 indicates that the rate constant is actually dependent
on the properties of crystallographic facets of nanocrystals.
Considering the consistency between the rate constant and the
efficient collision probability, it can be easily inferred that the
efficient collision probability is practically related to the crystal-
lographic orientation. In most cases of oriented assembly, the
efficient collision probability along the c axis of ZnO nanocrystals
is higher than those perpendicular to the c axis, so that the 1D
structure is usually produced with (001) orientation.28,29,33,34

For the assembly of uniform ZnO mesoporous ellipsoids, a
considerable potential barrier was created by introducing diethyl
carbonate in the solvent system, which would change undoubt-
edly the collision degree. We suggest that the change in collision
degree obviously will decrease the efficient collision probability
along the c axis of ZnO, while this influence is negligible along
crystallographic orientations with low efficient collision prob-
ability. As a result, the efficient collision probability perpendicular
to the c axis is close to that along the c axis, which leads to the
formation of 3D ZnO structures.
The above demonstration is in good agreement with previous

reports28,29,33,34 and our experimental results (Figure 4). In order
to illustrate the influence of diethyl carbonate in oriented
assembly of ZnO mesoporous ellipsoids, ZnO nanocrystals
dispersed in the solvent without diethyl carbonate were also
aged for the same time as that in the MDC solvent system.
Figure 4a shows that ZnO microstuctures aged in the solvent
without diethyl carbonate have irregular morphology and non-
uniform size. Especially, it was observed from the high-resolution
TEM image in Figure 4b that ZnO nanocrystals in the solvent
without diethyl carbonate actually underwent an agglomerating

Figure 4. TEM images of ZnO agglomeration synthesized without
adding diethyl carbonate: (a) low-resolution image and (b) high-resolu-
tion image showing the irregular agglomeration.
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process, which confirmed directly the importance of controlling
the viscosity and potential barrier in the solvent system.
3.4. Photocatalysis. Recently, environmental pollution has

become a problem not only in daily life of human beings but also
other biological regimes.50�52 Among the possible methods for
degrading environmental pollutants, photocatalysis may be an
idea that can be driven by the inexhaustible sunlight.46 The
excellent photocatalytic activity of ZnO has been confirmed and
widely investigated in many works.50,51,53 Besides the excellent
photocatalytic activity, the cheapness and environmental sustain-
ability of ZnO are also very attractive relative to other oxide
catalysts. The efficient photocatalysis occurred primarily with the
irradiation of ultraviolet, although some reports indicated that the
irradiation could be extended into visible light range.52 In order to
achieve the photocatalytic degradation under sunlight, the photo-
catalytic activity of the applied catalyst should be high enough, since
the power density of theUVportion of sunlight is veryweak relative
to that of many artificial UV light sources. For uniform ZnO
mesoporous ellipsoids, the photocatalytic degradation of MB was
carried out under weak UV irradiation (365 nm, 2.1 mW/cm2).
Figure 5 showed that the concentration of MB could decrease to
25% of the total after irradiation for 10 min.
Many recent reports confirmed that the heterostructures com-

posed of noble metal and semiconductor nanocrystals show-
ed higher catalytic activity than single semiconductor catalyst.51

Therefore, we try to improve the catalytic activity of uniform ZnO
mesoporous ellipsoids by assembling Ag nanocrystals into them.
Figure 6 indicated clearly that Ag nanocrystals with an average
diameter of 18 nmwere encased homogeneously on the surfaces of
uniform ZnO mesoporous ellipsoids. It was observed in Figure 5
that the photocatalytic activity of this heterostructure was remark-
ably enhanced so that the complete degradation of MB was
finished in only 10 min, which opened a prospective method for
weak UV photocatalysis based on ZnO materials.

4. SUMMARY

In conclusion, highly uniform ZnO mesoporous ellipsoids, in
the scale between 132� 75 to 190� 111 nm (length� width),
were directly assembled from ligand-free ZnO nanocrystal
building blocks of ∼5 nm by the OA mechanism, in which the
high surface activity of ligand-free nanocrystals were well-re-
solved and confirmed by the excellent photocatalytic activity
under weak UV irradiation. Although the preference of OA is
usually unidirectional, our investigations show that the uniform
ZnO mesoporous ellipsoids have high crystallographic orienta-
tions both parallel and perpendicular to the c axis, which indicates
that the 3D oriented assembly can be readily achieved, if the
viscosity and potential barriers of the solvent system are properly
controlled. These results open up an original possible way for
both constructing directly the mesoporous structures from
ligand-free nanocrystal building blocks and assembling 3D
nanostructures by OA. We also believe that the highly uniform
ZnO mesoporous ellipsoids, with high specific surface area and
well-reserved surface activity from ligand-free nanocrystals, will
supply the catalytic industries with a kind of highly efficient and
cheap catalyst or catalyst support.
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