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We successfully synthesized solid and hollow ZnO microspheres by a template-free hydrothermal method on the substrate
of porous alumina membranes. The morphology of prepared sample was characterized by scanning electron microscopy
and transmission electron microscopy. The growth mechanism of the synthesized ZnO microspheres is discussed in detail.
At step 1, solid ZnO microspheres were prepared by the thermal decomposition of the Zn(OH)2 microspheres synthesized
under the mixture of Zn(NOsz)2-6H20, CsH12N4, and CsHsNasO7-2H20 solution. The quantity of CeHsNasO7-2H20 dopant
will greatly affect the morphology of the prepared sample by controlling ZnO nucleation and growth rate. At step 2, hollow
ZnO microspheres were prepared by removing the Zn(OH)2 cores in an alkaline solution. The proper pH value also plays
a key role in preparing hollow ZnO microspheres with high quality. Compared with hollow nanostructure, the solid ZnO
microsphere shows the relatively strong Raman peaks at 437 cm™1, which suggests that the prepared solid spheres should
have the better crystal quality. Photoluminescence spectra show that the solid ZnO microspheres have the relatively strong
ultraviolet (UV) peak at ~ 380 nm attributed to the recombination of free exciton, and the weak green peak owing to the

low surface-to-volume ratio.
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1. INTRODUCTION

Recently, the synthesis of micro- and nanospheres has
attracted much attention owing to their some properties,
including unique architecture, high surface to volume ratio,
and so on. It had been found that they can be applied in
energy-storage media, artificial cells, drug-delivery carriers,
etc. [L-4]. In recent years, ZnO has attracted great attention
because it is an important semiconductor material and have
the outstanding optical and electronic properties [5—7].
Structurally, zinc and oxygen atoms alternatively stack
along the c-axis direction, which induces two positively-

charged (0001)-Zn and negatively-charged (OOOi)—O polar
surfaces in ZnO crystal [8, 9]. Therefore, it is difficult to
obtain ZnO micro- and nanospheres because ZnO has three

fast growth directions of [0001], [1010], and [2110].

At present, it has been reported that there are main two
methods to prepare spherical ZnO structures, such as a
template-assisted hydrothermal approach and thermal
evaporation method [10—-12]. Some materials have been
used as templates, such as silica, polymer, or carbon
spheres, vesicles, emulsions, micelles, or even gas bubbles.
Generally, the template-assisted hydrothermal method
includes two processes, i.e. coating and removal of
template. Therefore, the preparation of ZnO microspheres
requires a sophisticated multi-step synthetic procedure and
complex formula. To overcome the aforementioned
problems, some scientists used the thermal evaporation
method to prepare ZnO spherical structures. Umar et al.
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prepared spherical ZnO microstructures by heating the
mixture of Zn and ZnCl, powder at high temperature [13].
Lu et al. researched the growth process of the ZnO
microberets synthesized by thermal evaporation methods
[14]. Fan et al. also detailedly researched the influence of
oxygen flow on the morphology and optical properties of
the synthesized ZnO hollow microspheres by thermal
evaporation process [15]. Compared with a template-
assisted hydrothermal approach, the thermal evaporation
technique generally is simply without complex process.
However, the preparation of sample during the thermal
evaporation process needs the high temperatures and
vacuum conditions in general. It is obvious that the high
heating temperature is not helpful for the application of ZnO
microsphere. Therefore, there is still challenge that using a
simple and economical route to synthesize spherical ZnO
structures.

In this paper, solid and hollow ZnO microspheres were
successfully prepared by a template-free hydrothermal
method on the substrate of porous alumina membranes
(PAMSs). The observations of scanning electron microscopy
(SEM) and transmission electron microscopy (TEM)
confirm that the prepared samples consist of solid or hollow
ZnO microsphere. By comparison with the morphologies of
samples synthesized at different reaction times and
solutions, the growth mechanism of solid and hollow ZnO
microsphere was discussed in detail. The optical properties
of the synthesized samples also were investigated.



2. EXPERIMENTAL DETAILS

Step 1: prepared respectively 8 mM Zn
(NO3)2-6H,0, 8 mM CeH12N4, and 22 mM
CsHsNasO7-2H,O aqueous solution in different beakers
before the experiment, then all of the configured solutions
were transferred to a glass bottle. Immediately after,
substrates were put into the solution. Before the experiment,
we prepared PAMs through a typical two-step anodizing
electrochemical procedure. During the experiment, the
fabricated PAMs were used as substrate, and the glass bottle
was sealed and heated in a laboratory oven. The heating
temperature and time are 90 °C and 60 min, respectively. To
testify the key role of CsHsNazO7-2H,0, we prepared the
samples without it at the same condition. After the
experiment is over, all of the samples were removed from
the solution, washed with deionized water repeatedly, and
dried under the air. The prepared samples are used as the
substrate at step 2. To synthesize the ZnO microsphere, the
prepared samples were heated in the furnace at 200 °C for
60 min.

Step 2: in order to synthesize the hollow ZnO
microspheres, we also prepared the following aqueous
solution in different beakers, including 15mM Zn
(NO3)2'6H20, 15 mM C6H12N4, and 4.5 mM
CsHsNasO7-2H,0, respectively. Subsequently, these three
aqueous solutions were mixed in a glass bottle. In addition,
by adding ammonia we also adjusted the pH value of the
mixture solution to around 8. After solid ZnO microspheres
prepared above were put into the mixture, the glass bottle
was sealed and heated at 90 °C for 15, 30 and 45 min. In
order to research the influence of pH values on the structure
and morphology, we also prepared samples at pH = 10 and
12 at the same condition, respectively. After the experiment
was over, all of the samples were removed from the
solution, washed with deionized water repeatedly, and dried
under the air.

In the experiment, both field-emission SEM (NoVaTM
Nano SEM 430) and high resolution TEM (JEOL JEM-
2100F) were used to characterize the morphology and
structure of the prepared samples. We also measured the
micro-Raman spectra by a Jobin Yvon LabRAM HR
800UV micro-Raman system under an Ar* (514.5 nm) ion
laser. In addition, the photoluminescence (PL) spectra were
measured using 325 nm UV line of a He-Cd laser as
excitation source.

we

3. RESULTS AND DISCUSSION

In the experiment, the PAMs were used as the
substrates. Fig. 1 a displays SEM images of the fabricated
PAMs, where the surface of sample is uniform and consists
of the hexagonal nanopore arrays with pore diameter of
about 100 nm. Fig. 1 b gives the FE-SEM image of the
prepared ZnO microspheres. Those samples were firstly
prepared under the mixture solution, i.e. 8 mM
Zn(N03)2-6H20, 8 mM C6H12N4, and 2.2 mM
CsHsNasO7-2H,0 aqueous solution, and then heated under
the furnace at 200 °C for 60 min. A number of solid ZnO
microspheres were synthesized on the PAMs with diameters
ranging from 1-2 pum. Fig. 1 ¢ shows the corresponding
TEM images, which suggests that the as-fabricated
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microspheres are solid. The insert in Fig. 1(c) also displays
the high-magnification TEM image, which further
demonstrate  the successful realization of solid
microspheres. During the TEM measurements, we also
performed energy-dispersive X-ray (EDX) spectroscopy
analysis for the prepared samples, as shown in Fig. 1d.
Apart from the signal of Cu, it is obvious that the solid
microspheres consist of Zn and O elements. Considering
that in the experiment there is no introduction of Cu
compound, the signal of Cu may come from the copper grid
in the measurement of sample. Therefore, the SEM
observation and EDX results testify the successful synthesis
of solid ZnO microspheres.
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Fig. 1. a—FE-SEM image of the PAMs used as substrates; b —the
FE-SEM image of the prepared sample under 8 mM
Zn(NO3)2:6H20, 8mM  CeHi2N4, and 2.2mM
CsHsNasO7-2H20 aqueous solution; ¢ —the corresponding
TEM images, the inset is high-magnification TEM image
of single nanostructure; d—EDX spectrum of the
corresponding sample

By using the microsphere prepared at step 1 as the
substrate, the core/shell ZnO microstructures could be
obtained at step 2, as shown in the Fig. 2 a. The pH value of
solution, the heating time and temperature are 8, 15 min and
90 °C, respectively. It is obvious that ZnO microspheres
show core/shell structures with the diameter of around 2 um.
In the experiment, we also synthesized the other samples by
changing the heating time. Fig. 2 b shows SEM morphology
of the samples synthesized at 30 min. Though there is not
obvious change of surface morphology, the size of core in
ZnO microspheres is obviously decreases. When the
reaction time increases to 60 min, all of the cores in the
microspheres were removed, and hollow ZnO microspheres
can be prepared, as shown in Fig. 2 c. Inthe insert of Fig. 2 ¢
one can clearly observe that the prepared microsphere has a
hollow nature. Fig. 2 d displays TEM observation of the
prepared samples at 60 min, where they consist of a light
inner center and relative dark edge. This observation can
further confirm that the obtained microspheres are hollow.

To research of the influence of CeHsNazO; on the
growth of nanostructure at step 1, we prepared the sample



in the absence of CgHsNazO-. In the experiment, the other
conditions were kept constant.

Fig.2.a, b—SEM images of core/shell ZnO microspheres
prepared under 90 °C at 15 and 30 min, respectively;
¢—SEM image of hollow ZnO microsphere prepared under
90 °C at 60 min. The insert is that of a single nanostructure.
d—TEM image of the corresponding microsphere of c

In this case, not microsphere nanostructure but ZnO
nanorods with the hexagonal-structure were formed, as
shown in Fig. 3 a. With increasing a small quantity of
CsHsNasO7, ZnO nanorods with the hexagonal-structure
will become shorter and fatter, as shown in Fig. 3 b. The
insert shows the enlarged picture of a single microstructure.
It shows that the prepared nanostructures have the
hexagonal structure, thus suggesting the growth of the
formed ZnO crystal along <001> orientation. It is well
known that there is a different growth rate in ZnO crystal
along various lattice plane. It was reported that the 1-D ZnO
nanostructures grow along [0001] direction in general
because there is the relatively high growth rate in different
ZnO crystal faces [16]. ZnO microsphere could be prepared
by using a large enough amount of CgHsNasO; in the
experiment, as shown in Fig.1b. These observations
indicate that the introduction of CsHsNasO7 could limit the
growth rate of the <001> direction in the formation of ZnO
nanostructure and prompt the formation of spherical ZnO
structure.

To research the influence of pH value on the growth of
microsphere at step 2, we prepared the sample at various pH
values with the other conditions kept the same. Fig. 3¢
shows SEM image of hollow microspheres prepared at
pH =10. Compared with SEM image of the samples
prepared at pH =8 (Fig. 2c), the morphology of ZnO
microspheres is destroyed, and the cores and pare of shells
are dissolved. When the pH value increases to 12, there are
no ZnO microspheres due to the dissolution of shells, as
shown in Fig. 3 d. Those observations indicate that the high
pH value not only leads to the disappearance of cores but
also causes the dissolution of the shells. Therefore, the
appropriate pH value should play a key role in the formation
of ZnO microspheres with high quality.

According to the experimental results observed above,
we can presume the growth process of solid and hollow ZnO
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microspheres. At step 1, the used CsH12N4 plays a role to
slowly release OH- ions through thermal decomposition
[17]:

CeH12N4 + 6H,0—6HCHO + 4NHs3; (1)
NH; + H,0— NH* + OH". @)

In this process, the released OH" ions will react with
Zn?" ions to prompt the formation of Zn(OH), nanoclusters
in solution:

[Zn?* + 20H—Zn(OH)]. 3)

Therefore, solid Zn(OH), microspheres were prepared
at present. When the prepared samples were heated at
200 °C for 60 min, ZnO microsphere can be fabricated by
the heating decomposition of Zn(OH):

[Zn(OH);—ZnO + H,0]. 4)

The reaction process mentioned above does not involve
CsHsNasO;.  Considering that the introduction of
CsHsNazO7 leads to the change of morphology from
nanorods to microspheres, C¢HsNas;O7 should play a key
role to modulate the nucleation and growth rate in the
growth of crystals. It also has reported that the citrate ions
during the reaction could decrease the crystal growth rate
along the <001> orientation [18].

Fig. 3.a—SEM image of the prepared ZnO nanorods without
CesHsNazO7 at step 1 b—SEM image of the prepared ZnO
at a small quantity of CsHsNazO7. The insert shows the
enlarged picture of a single ZnO nanorod. ¢, d—the SEM
images of ZnO hollow microspheres prepared at pH = 10
and 12 at step 2, respectively

Next, the growth process of hollow ZnO microsphere
shall be discussed. When the solid microspheres prepared at
step 1 were moved to a mixed solution at step 2, the yielded
Zn(OH), will hydrolyze to yield ZnO layer on the surface of
Zn(OH), microsphere due to the dissolution of Zn(OH),
(Zn(OH)2—Zn0O + H;0), which leads to the core/shell
structure. When the ammonia was added into solution,
Zn(OH), cores in the microspheres can be dissolved
(Zn(OH),2 + 4NH3 —(Zn(NH3)4)2+ 20H"), which leads to
the formation of hollow ZnO microsphere [18, 19]. With a



great deal of ammonia adding to the solution, we can
observe that the morphology of microsphere become worse
and worse, and even ZnO microsphere disappears. This is
because the introduction of ammonia also dissolves ZnO
shells. When a small amount of ammonia was added in the
solution, the yielded ZnO can effectively equalize the loss
on the shells, which prompts the preparation of hollow
microsphere with perfect morphology. The incorporation of
much ammonia could cause that the rate of dissolution is
bigger than that of production of ZnO, which leads to the
disappearance of a number of hollow ZnO microspheres.

Now, we have studied the optical properties of solid and
hollow ZnO microspheres by room-temperature Raman and
photoluminescense (PL) measurements. Fig.4a gives
Raman spectra of the as-prepared solid and hollow ZnO
microspheres, where it shows the peaks at ~ 380, 437 and
580 cm'L, respectively. Both samples show the strong peaks
at 437 cm, which suggests that they have better crystal
quality. According to the group theory, part of optic modes
in the ZnO nanomaterials are Raman active, i.e. A, E1, and
2E; [20, 21]. Therefore, the observed modes at ~ 380, 437
and 580 cm in Fig. 4 a should be assigned to the A; (TO),
E. (high), and E; (LO), respectively [20]. Compared with
the hollow ZnO microspheres, the prepared solid spheres
show the relatively strong Raman peak at 437 cm™, which
suggests that it should have better crystal quality. Generally,
E: (LO) mode at ~580cm? is related to the oxygen
vacancies [22]. The hollow ZnO microspheres display the
relatively strong the Raman shift at ~ 580 cm, suggesting
that there is more deficiency due to the relatively more
superficial area.
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Fig. 4. a, b—Raman and PL spectra of the prepared samples, where
the red and black curves are corresponding to solid and
hollow ZnO microspheres, respectively

The optical properties of ZnO microspheres have also
been investigated by PL spectroscopy. Fig. 4 b shows the
PL emission of solid and hollow ZnO microspheres. The red
and black curves are corresponding to the emission spectra
of solid and hollow ZnO microspheres, respectively. It is
obvious that there are two peaks, i.e. UV emission at
~ 380 nm and a green one at ~ 510 nm. It was reported that
the UV peak around 380 nm is normally called near band
edge NBE peak [23]. Compared with the hollow
microspheres, there is the relatively strong UV peak at solid
ones, which suggests the relatively good crystal quality in
solid ZnO nanostructures. As for the green emission at
~ 510 nm, it was reported that it should be attributed to the
singly ionized oxygen vacancies or the intrinsic defect
[24, 25]. Considering that the observation of Raman spectra,
we deduce that the singly ionized oxygen vacancies cause
the green peak. In addition, the high surface-to-volume ratio
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can prompt the formation of more oxygen vacancies [26],
which leads to the strong green peak at the hollow
microspheres.

4. CONCLUSIONS

Solid and hollow ZnO microspheres successfully were
synthesized by a template-free hydrothermal method on the
substrate of PAMs. SEM and TEM observations were used
to characterize the morphology of prepared samples. By
comparison with the images of samples prepared at different
reaction times and solutions, the growth process of hollow
and solid ZnO microstructures was discussed in detail. At
step 1, Zn(OH), microspheres firstly were prepared, and
then we synthesized ZnO solid ones by the thermal
decomposition. Though the CgHsNaszO7-2H,O does not
react with any compound in solution, it plays a key role in
preparing ZnO microspheres by controlling its nucleation
and growth rate. If there is no Ce¢HsNasO in the reaction,
the prepared samples only show ZnO nanorods with
hexagonal structure. At step 2, ZnO hollow microspheres
were prepared by removing the Zn(OH), cores by adding an
alkaline in the solution, where pH value is 8. The
appropriate pH value also plays a key role in the growth of
ZnO microspheres with high quality. The high pH value not
only leads to the disappearance of cores but also causes the
dissolution of shells. Compared with hollow microspheres,
the solid ZnO nanostructure shows the relatively strong
Raman peaks at 437 cm™, which suggests that the prepared
solid spheres should have the better crystal quality. PL
emission of solid and hollow ZnO microspheres shows the
strong UV peak at ~ 380 nm attributed to the recombination
of free exciton, which suggests that there is the relatively
good crystal quality. The strong green peak at the hollow
microspheres should be correlated to more oxygen
vacancies.
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