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ABSTRACT

Self-assembled ZnO quasi-microspheres constructed of tunable building blocks have been grown directly
through a facile liquid process. The effects of preparation parameters, such as the amounts of tri-
ethanolamine (TEA) and types of zinc counterions (SO4%~, CH3COO~), on the morphology of building
blocks (BLs) have been examined. Experimental data show that TEA has played a dual key function in
the self-assembly process; namely, one is to regulate the morphology of BLs, and the other is to induce
the oriented attachment of these particles. A rational formation mechanism is proposed on the basis of
detailed results of FESEM, TEM and zeta potentials tests. The overall formation of 3-D self-assembled ZnO
quasi-microspheres can be summarized as: (a) growth of ZnO building blocks; (b) preassembly of these
BLs into small aggregates; (c) further assembly of these aggregates to form special 3-D architectures. XRD
and Raman spectra show that the self-assembled quasi-microspheres have wurtzite structures. Room-
temperature PL spectra indicate that they have a potential application as ultraviolet emitters. This work
presents a simple route using common organic molecules, TEA, as “growth modifiers”, to the fabrication

of novel 3-D self-assembled ZnO superstructures.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Zinc oxide, as a versatile smart material, has unique applica-
tions in piezoelectric transducers and actuators [ 1], photovoltaic[2]
and surface acoustic wave devices [3]. Particle size and morphol-
ogy have a strong effect on their properties and applications [4-6].
Thus, various ZnO structures including nanobelts [7], nanoribbons
[8], nanopins [9] and nanopellets [10] have been reported in the
past few years.

Current interest in materials syntheses has focused on the use
of nanoparticles as building blocks for the fabrication of 1-, 2- and
3-dimensional (D) superstructures [11-29]. And it is proved that
special superstructures are an ideal host material for lasers, solar
cells and other highly functional devices [30]. There are a num-
ber of methods available at the present time, which make use
of various chemicophysical interactive forces among the building
blocks (BLs) such as van der Waals interaction [12-15], chemi-
cal bindings [16-19], solvent adhesion and capillary action [20],
hydrophilic and hydrophobic effects [21,22], electrostatic interac-
tions [23] and magnetic attraction and repulsion [24-29]. Among
these demonstrated methods, surfactant-assisted and solution-
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based self-assembly is a facile approach widely used in preparation
of 1-, 2- and 3-D ZnO materials. However, compared with the great
success in the spatial orientation of crystals, little attention has
been devoted to the controlled organization of primary BLs into 3-
D ZnO superstructures. Till now, there are few papers reported the
fabrication of 3-D self-assembled ZnO structures through the poly-
meric surfactant-based way [30-33]. For example, Yu et al. reported
the fabrications of 3-D microspheres composed of nanorods or
nanosheets, which was achieved using two kinds of polymers,
poly(sodium 4-styrenesulfonate) and poly(acrylic acid-co-maleic
acid), respectively [30]. Zhang et al. realized the formation of 3-
D ZnO microspheres through a water-soluble biopolymer (sodium
alginate) assisted process at 100°C for 7 h [32]. According to Zhao
et al., by the calcinations of the precursor (Zns(CO3);(OH)g ), which
is obtained through a hydrothermal process with the assistance
of (PEO)0-(PPO)79(PEO),o (P123), clew-like 3-D ZnO superstruc-
tures with nanosheets can be synthesized [33]. It seems that it
is very necessary to introduce special polymers as the morphol-
ogy modifiers and/or a further treatment of a precursor for the
preparation of 3-D superstructures. Furthermore, fine control of
3-D structures is relatively difficult, which hinders the develop-
ment of secondary organization of building blocks. From this point
of view, it is strongly desirable to use common additives to the con-
trollable construction of 3-D ZnO superstructures through a much
simpler one-step approach.
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Table 1
Synthesis parameters of various ZnO samples.

Samples Zn solution (1.0 M) Theoretical Zn solution (mL) Added Zn solution (mL) TEA:Zn?* (theoretical Zn)
A ZnS04 50 50 1:3
Aq ZnSO4 50 18 1:3
Ay ZnSO4 50 30 1:3
C ZnS04 50 50 1:1
D ZnS04 50 50 2:1
A* Zn(CH3CO0), 50 50 1:3

In this work, we report a solution-based one-step method to pre-
pare 3-D ZnO self-assembled quasi-microspheres in the presence
of common small-molecule triethanolamine (TEA). The morphol-
ogy and size of BLs can be regulated only by changing the amount
of TEA, which are of interest for various optoelectronic applica-
tions. In addition, the formation mechanism of the superstructures
is discussed.

2. Experimental section
2.1. Materials

Zinc sulfate (ZnS0O4) was adopted as the source material for zinc
species. Sodium hydroxide (NaOH) was employed as the precipita-
tors for the formation of ZnO particles. Triethanolamine (TEA) was
chosen as growth modifiers. All chemicals purchased from Beijing
Chemicals Co. Ltd. were of analytical grade and used as received.
Distilled water was used throughout.

2.2. Preparation of self-assembled ZnO quasi-microspheres

In a typical synthesis, 50 mL of a solution containing 0.1 mol of
NaOH and a certain amount of triethanolamine (TEA) was prepared
in a three-necked flask under stirring. Then 50 mL of 1.0 M ZnSO,
solution was added dropwise to the flask at a rate of 1 mL/min at
70°C, resulting in the formation of white precipitates. After the
addition of ZnSO4 solution, the obtained white precipitates were
washed with distilled water and dried at 50°C in air for 20 h. The
molar ratio of TEA/ZnSOy, R, was varied from 1:3 to 2:1. Experi-
mental conditions for typical ZnO samples are listed in Table 1.

2.3. Characterization

The crystal structures of the products were examined by X-
ray diffraction (XRD) with a D/max-RA Cu Ko diffractometer
(A=0.154056 nm) employing a scanning rate of 0.02°S~! in the
26 ranges from 30 to 70°. The morphologies of the samples were
studied by field emission scanning electron microscopy observa-
tions (FESEM, JEOL JSM-6700F) with an acceleration voltage of 5 kV,
transmission electron microscopy (TEM, Hitachi H-8100) operated
at 300kV, and high resolution transmission electron microscopy
(HRTEM, JEOLJEM-3010). The zeta potentials of the reaction system
were analyzed by a Zeta Potential Analyzer (BI-ZetaPALS). Raman
spectra were obtained on a Renishaw 1000 spectroscope (Ar ion
laser, 514.5nm). Room-temperature photoluminescence spectra
(PL) were achieved on an Edinbergh instrument FLS 920 spectro-
scope using a 320 nm excitation line.

3. Results and discussion
3.1. Structural and morphological characteristics

The XRD pattern of sample-A is shown in Fig. 1b. All the diffrac-
tion peaks exhibit a wurtzite structure of ZnO with cell constants of

a=0.325nm and c=0.521 nm, which are consistent with the values
shown in the standard card (JCPDS card No. 36-1451, Fig. 1a). The

relative intensity of the (002) peak in Fig. 1b is slightly stronger
than that of the (100) peak. This indicates that sample-A has a
preferential orientation along the c axis [31]. Furthermore, the
average crystal size of sample-A is 39nm calculated from the
broadening for each (101) diffraction peaks using Scherrer equa-
tion. The smaller its grain size, the higher its gas sensitivity is
[34].

As shown in Fig. 2a, sample-A exhibits quasi-spherical mor-
phology with an average diameter of about 10 wum. Most of the
microspheres are formed by the gathering of small aggregates
(Fig. 2b, indicated by circles). It is obvious that there are just dis-
ordered pores rather than ordered channels in our individual ZnO
superstructures. High-magnification FESEM image in Fig. 2c shows
that the surfaces of the microspheres are composed of a number
of 1-D nanorods. The diameters of these nanorods range from 10
to 50 nm. The X-ray energy dispersive spectroscopy (EDS) result
shown in Fig. 2d demonstrates that the as-prepared sample con-
tains only Zn and O, and the atomic ratio of Zn and O is about
50.65:49.35.

The structure of the self-assembled spheres is further investi-
gated by TEM. As an additional evidence to the directly assembly
nature, ultrasonic treatment is applied to break the inter-rod link-
age. From Fig. 3a, 1-D nanorods could be observed, which can
provide much more effective surface area for absorption. Therefore,
this unique self-assembled superstructure can be used in the pho-
todecomposition of organic compounds and catalyst support [35].
The selective area electron diffraction (SAED) pattern taken from
dot-circle indicated part is shown in the inset of Fig. 3a. Diffraction
circles, which are composed of diffraction spots, can be indexed to
the wurtzite structure with phase purity and the polycrystalline
nature of the prepared ZnO superstructures. The high resolution
transmission electron microscopy (HRTEM) image of a nanorod is
demonstrated in Fig. 3b. The lattice space can be determined to be
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Fig. 1. Calculated X-ray diffraction pattern of ZnO (a) and the X-ray diffraction
pattern of the as prepared sample-A (b).
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Fig. 2. Low-magnification FESEM image of large-scale self-assembled ZnO microspheres (sample-A) (a), enlarged FESEM image of ZnO crystals (b), nanorod-assembled
surface FESEM image of ZnO microspheres (c) and EDS pattern of the ZnO microspheres (d).

0.26 nm, corresponding to the (002) plane of hexagonal ZnO. This
suggests that the growth direction of the 1-D building blocks is the
caxis ([001]).

3.2. Growth process

To examine the morphological evolution of the ZnO superstruc-
tures during the addition of ZnSO4 solution, two samples named
sample-A; and sample-A; are collected with the volumes of added
ZnS04 solution being 18 mL and 30 mL, respectively. In the early
stage of the addition of ZnSO4 solution, no white precipitates are
observed. When 18 mL of ZnSQ4 solution is added, a large amount
of small aggregates is interestingly observed (sample-A, Fig. 4a).

‘ .
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Three main diffraction peaks of it at 31.9, 34.54 and 36.36 are well
indexed as the hexagonal phase of wurtzite ZnO (see the inset
image of Fig. 4a), indicating the rapid characteristic of our synthe-
sis method. The magnified FESEM image shown in Fig. 4b reveals
that these aggregates made up of ZnO nanorods, have a small size
range of 300-500 nm. When the volume of added ZnSO, solution
is 30 mL, large superstructures composed of small aggregates are
produced (sample-Aj, Fig. 4c), which is similar to sample-A shown
in Fig. 2. Furthermore, the diameters of the superstructures are in
the range of 1-6 wm. From the high-resolution FESEM image shown
in Fig. 4d, the building blocks show nanorod-like morphology. To
further get the information of the size and morphology of these two
kinds of BLs, long-time ultrasonic treatment of about 20 min is also

Fig. 3. TEM image of sample-A after being treated in an ultrasonic bath and the corresponding SAED pattern taken from dot-circle indicated part ((a) and the inset), and

HRTEM image taken from the head part of one nanorod (b).
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Fig. 4. Low-magnification and enlarged FESEM images of ZnO sample-A; (a and b) and -A; (c and d) obtained with the volumes of added ZnSO4 solution being 18 mL and

30 mL, respectively, and FESEM images of building blocks of sample-A; (e) and -A; (f).

applied. After being treated in an ultrasonic bath, these rod-like
BLs of sample-A; (Fig. 4e) and sample-A; (Fig. 4f) become highly
dispersed and the average diameters of them are about 80 nm and
60 nm, respectively.

3.3. Mechanism

Controlling the size and morphology of self-assembled super-
structures as well as the BLs is of great prospect, which will endow
the self-assembled superstructures with particular properties. In
this work, we realize the regulation of the morphologies of BLs
only by changing the amount of TEA. For example, by increasing
the amount of TEA (R=1:1), superstructures with a size of about
5 m are obtained (sample-C, Fig 5a and b). Furthermore, FESEM
image in Fig. 5c shows that the BLs of sample-C are tapered nail-like
particles. Further increasing the molar ratio of TEA/ZnSO4 to 2:1, 3-
D microspheres tend to be broken and the BLs transform into 3-D

quasi-spheres (sample-D, Fig. 5a2 and b2). From the FESEM image
shown in Fig. 5¢2, the BLs of sample-D show quasi-hemispherical
morphology. These results prove that the superstructures can be
obtained in a wide TEA/Zn?* molar ratio range (1:3-2:1), and the
morphologies of BLs can be regulated only by changing the amounts
of TEA.

The effects of zinc counterions on the morphology of BLs are also
studied. Sample-A* was prepared instead with the molar ratio of
TEA/Zn(CH3COO0); being 1:3. From Fig. 63, it shows that the size and
morphology of sample-A* are nearly the same as those of sample-A.
High-resolution FESEM image in Fig. 6b indicates that the nanorod-
like BLs have an average diameter range of 20-40 nm, which is
slightly smaller than that of sample-A. It indicates that the mor-
phologies of self-assembled superstructures and building blocks
are almost independent on the types of the counterions (CH3COO~
and SO42~), which are quite different from the results reported ever
[37,38].
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Fig. 5. Low-magnification and enlarged FESEM images of ZnO sample-C (a and b) and its corresponding FESEM images of building blocks (c), and low-magnification and
enlarged FESEM images of ZnO sample-D (a; and b, ) and its corresponding FESEM images of building blocks (c3).

In previous works, TEA usually acts as a complexing agent to pro-
duce ellipsoidal or spherical inorganic compounds [36,39,40]. For
example, Yang and co-workers [36] have reported the synthesis of
ellipsoidal ZnO particles by the hydrolysis of zinc acetate dihydrate
in the presence of TEA by sonication. Jiang et al. [40] realized the
fabrication of ZnO spheres using TEA aqueous solution as solvent
and zinc nitrate hexhydrate as zinc source at reaction temperature
ranging from 150 to 200 °C. These methods are based on masking
Zn%* ions with TEA first and then promoting the dissociation of the
coordination complex to ZnO precipitates by sonication or higher
temperature. But the controllable hierarchical organization of these

particles has rarely been reported by the TEA-assistant solution
process.

In our work, a new synthetic method is fabricated in order to
produce self-assembled superstructures. Common TEA is specifi-
cally mixed with NaOH solution together first, so the protonation
of it can be hampered [41]. Therefore, with the further addition
of ZnSO4 solution to above mixture, functional ZnO seeds (i.e. TEA
adsorbed ZnO seeds) are formed. In order to explicate the impor-
tance of the functional ZnO seeds, two control experiments are
conducted. When ZnO particles are fabricated by adding NaOH
solution to the complex formed by ZnSO4 solution and TEA (R=1:3,
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Fig. 6. Low-magnification (a) and enlarged (b) FESEM images of sample-A* obtained with the molar ratio of TEA/Zn(CH3COO), being 1/3.

70°C), no superstructures composed of BLs but ZnO hexagonal
slices with a side length of about 500 nm are obtained (Fig. 7a).
Another ZnO sample is prepared in the absence of TEA. From the
TEM image of this sample, only some nanoparticles are observed
(Fig. 7b). Therefore, we believe that the formation of functional
ZnO seeds in the alkaline solution make it possible to build self-
assembled ZnO superstructures composed of BLs.

As for the formation mechanism of the special 3-D self-
assembled ZnO superstructures, an “oriented attachment” may
underlie the current synthesis [42]. At the early stage, functional
ZnO seeds are generated with the addition of ZnSO,4 solution to
the mixture solution formed by NaOH and TEA. The adsorption of
TEA onto ZnO surfaces is convinced to follow the adsorption mech-
anism, from which each additive has its preferential adsorption
face. Then primary ZnO seeds grow to distinct morphology due to
the amounts of TEA (Figs. 2 and 5). In fact, selective adsorption
of organic molecules to specific crystal surfaces leading to different
morphologies has been extensively studied [43]. Like other amines,
TEA acts as a weak base due to the lone pair of electrons on the
nitrogen atom. So the adsorption of them, as well as NaOH, makes
the surface of these primary ZnO particles negative, which is well
consistent with the negative zeta potential data of the suspension
(=8 mV). Therefore, free Zn%* ions from the addition of ZnSO, solu-
tion, can spontaneously transfer onto the surfaces of ZnO particles
by electrostatic actions, and grow into small aggregates. As the
reaction further progresses, the small ZnO aggregates gradually
gather together and finally evolve into spherical superstructures
(Fig. 4). It is convinced that the driving force during such an aggre-
gation process should be the reduction of surface free energy of the

superstructure [33]. These results demonstrate a three-step pro-
cess to form large 3-D self-assembled microspheres in the current
reaction system: the growth of BLs, preassembly of the BLs into
small aggregates, and subsequent assembly of these aggregates into
quasi-microspherical superstructures.

3.4. Optical measurements

Raman and room-temperature PLspectra are carried out to eval-
uate the degree of crystallinity and the optical properties of the
special 3-D self-assembled ZnO samples-A, -C and -D. The Raman
spectra are shown in Fig. 8a. Among the detected peaks, the remark-
able peak at 437cm™! belongs to the nonpolar optical phonon
E; mode, which is corresponding to the band characteristic of
wurtzite phase. The appearance of the longitudinal optical (E; LO,
581 cm~!) mode is attributed to the formation of oxygen vacancies,
or other defect states. The other two relatively high peaks at 331
and 379 cm~! can be assigned to 3E,y-E»; and A;r modes. All of the
observed Raman spectroscopic peaks indicate that the obtained 3-D
self-assembled ZnO microspheres have wurtzite structures.

The PL properties of these 3-D self-assembled ZnO microspheres
were examined with a He-Cd laser of 320 nm at room temperature.
Emissions located in the blue and blue-green band (450, 466, 480,
and 490 nm) exist for all the three samples (Fig. 8b). Besides, an
ultraviolet (UV) emission band centering at about 360 nm is also
detected. Itis commonly accepted that the UV emission results from
the annihilation of free excitons, while the emissions in the blue
and blue-green band originate from electronic transitions from the
ionized oxygen vacancies to the valence band, indicating structural

100nm

Fig. 7. FESEM image of ZnO particles fabricated by adding NaOH solution to the complex formed by ZnSO4 solution and TEA (R=1:3,70°C) (a), and TEM image of ZnO particles

obtained in the absence of TEA (b).
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Fig. 8. Raman (a) and room-temperature PL (b) spectra of samples-A, -C and -D.

defects, such as oxygen vacancies and impurities, exist in these self-
assembled superstructures. It shows that these materials can be
potentially used as ultraviolet emitter.

4. Conclusions

In summary, we have demonstrated a novel TEA-oriented
solution-based self-assembly approach to the fabrication of unique
3-D microspherical ZnO superstructures. Primary formation of
functional ZnO seeds in the alkaline solution makes it possible
to build self-assembled ZnO superstructures. TEA has dual func-
tions in this self-assembly process: to regulate the morphologies
of building blocks and control the oriented attachment of these
nanoparticles. These findings demonstrate a convenient and sim-
ple technique for the production of self-assembled structures
suitable for subsequent processing into devices. Raman and room-
temperature PL measurements confirm the superior crystallinity
and optical properties of ZnO superstructures. The prepared mate-
rials exhibit great potential in various practical applications, such
as UV-light emitters, photocatalysts, solar cells, and gas sensors.
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