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Rambutan-like ZnO hierarchical hollow microspheres (ZnO HHMs) were constructed under hydrothermal conditions, using
carboxyl methyl starch (CMS) as a soft template. The resulting products were characterized by using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The experimental parameters and
growth mechanism of rambutan-like ZnO HHMs were discussed in some detail. The as-prepared samples displayed improved
photocatalytic activity for the degradation of rhodamine B under ultraviolet (UV) irradiation.

1. Introduction
ZnO has attracted global interest as a promising alternative
semiconductor to TiO2 in dye-sensitized solar cells, owing to
its direct wide band gap (3.37 eV) and high electron mobility
(17 cm2 ⋅ V−1 ⋅ s−1 ) for single-crystal ZnO nanostructures
[1, 2]. Furthermore, single-crystalline ZnO displays efficient
electron transport collection and a faster charge transfer for
its 2/3-fold electron mobility than TiO2 . As a result, singlecrystalline ZnO with a variety of sizes and shapes have been
prepared, including nanowires [3, 4], nanofiber [5], nanodiscs
[6], nanorods [7, 8], nanotubes [9, 10], nanonails [11], coreshell [12], and hierarchical structures [13, 14].
Now, one-dimensional (1D) ZnO nanostructures such
as nanowires and nanotubes have been prepared to reduce
recombination phenomena upon the electron transport process and improve the electron collection efficiency [15].
However, these 1D structures suffer from a rather low specific
surface area. To solve this issue, ZnO hollow structures have
attracted great attention because of their huge active surface
area, stability, high porosity, and permeability (mesoporous
nature) [16, 17].
To date, hollow ZnO spheres have mainly been synthesized by hard template [18]. For instance, ZnO hollow spheres

have been prepared using spherobacterium Streptococcus
thermophilus as a biotemplate [19]. However, the incubation
of bacteria is time-consuming and complicated and requires
special agents. Furthermore, expensive raw materials, complex process control, and sophisticated equipment are often
needed, which is unfavorable for potential large-scale synthesis of single-crystal ZnO structures.
Alternatively, soft templates are expected to be more
flexible in preparing ZnO hollow structures. For example,
hierarchically nanoporous ZnO hollow spheres were facilely
obtained using glucose as a template [20], where calcining
the products is essential. Lately, flower-like and double-caged
peanut-like ZnO hollow structures were prepared in our
group [21, 22], which showed enhanced surface area and
improved catalytic activity. Moreover, hollow microsphere
assembled by the units (e.g., nanoparticles and nanorods)
have some additional advantages such as enlarged surface
area, easy separation, rich interface, and good stability [20–
22].
Hydrothermal method is usually used for the synthesis of
high-crystallized powders, owing to its simplicity, facility, low
cost, and scalability [23, 24]. Besides, the products will own
high purity and narrow particle size distribution. Herein, a
simple hydrothermal method was developed for large-scale
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synthesis of rambutan-like ZnO hierarchical hollow microspheres (HHMs) under low temperature (120∘ C) without the
calcination procedure, using carboxyl methyl starch (CMS) as
a soft template. The catalytic activity of the resulting product
was examined by the photodegradation of rhodamine B as a
model system.

2. Experimental Section
2.1. Chemical and Reagents. All the reagents were of analytical grade and were purchased from Aladdin Industrial Corporation and used without further purification. All aqueous
solutions were prepared with twice-distilled water.
2.2. Preparation of Rambutan-Like ZnO HHMs. The rambutan-like ZnO HHMs were prepared with the assistance of
CMS under hydrothermal conditions. In a typical procedure,
0.65 g of CMS was dissolved in 25 mL of water under stirring,
followed by the addition of 6.25 mL of zinc nitrate solution (50 mM) into the above solution under stirring. Next,
0.625 mL of ammonia solution (25%, w/V) was dropwise
put into the mixed solution. After stirring for 15 min, the
mixture was transferred to a 50 mL Teflon-lined autoclave,
sealed, and kept at 120∘ C for 12 h and finally cooled to
room temperature naturally. The final white precipitate was
collected by centrifugation, thoroughly washed with water
and ethanol, and dried at 60∘ C in vacuum.
Control experiments with different amounts of ammonia
and CMS and different temperature were performed, respectively. And the time-dependent experiments were conducted
to investigate the formation mechanism of rambutan-like
ZnO HHMs.
2.3. Characterization. Field emission scanning electron
microscopy (FESEM) was performed with a JSM-6390LV
microscope. Transmission electron microscope (TEM) and
high-resolution TEM (HRTEM) images were recorded on
a JEOL JEM-2100F using an accelerating voltage of 200 kV.
X-ray diffraction (XRD) analysis was carried out on a Rigaku
Dmax-2000 diffractometer with Cu K𝛼 radiation. The
surface areas were calculated by the Brunauer-Emmett-Teller
(BET) method, and the pore size distribution was calculated
from the adsorption branch using the Barett-Joyner-Halenda
(BJH) theory. The UV-vis spectra were recorded on a Lambda
950 UV/vis spectrometer (PerkinElmer, USA).
2.4. Photocatalytic Experiments. The photocatalytic activity
of the samples was evaluated by the photocatalytic decolorization of rhodamine B (RhB, Amresco Inc.) in aqueous
solution at ambient temperature. To improve the degree of
crystallinity, the product was calcined at 400∘ C for 2 h. Photocatalytic experiments were performed as follows: the reaction
system containing 50 mL of RhB with an initial concentration
of 2.5 × 10−5 M and 15 mg of the ZnO samples was stirred in
the dark for 1 h to reach adsorption-desorption equilibrium
before ultraviolet (UV) light irradiation. A 300 W highpressure Hg lamp (Yaming Company, Shanghai, 8 cm away
from the suspension) was used as a light source to trigger
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the photocatalytic reaction. The solutions were collected and
centrifuged every 10 min to measure the degradation of RhB
in solution by UV-vis spectroscopy.

3. Results and Discussion
3.1. Characterization of Rambutan-Like ZnO HHMs.
Figure 1(a) shows the typical SEM image of rambutan-like
ZnO HHMs with the average diameter of ∼1 𝜇m, where ZnO
nanorods perpendicularly grow outwards on the surface of
the shell, regardless of the curvature of ZnO microspheres
(Figures 1(a)–1(c)). This observation is different from that
of commercial ZnO samples with irregular nanoparticles
(Figures S1 and S2A in Supplementary Material available
online at http://dx.doi.org/10.1155/2015/242798, supporting
information). Higher magnification SEM image of the
cracked one demonstrates their hollow spheres again
(Figure 1(c)).
As illustrated by the XRD pattern of typical ZnO HHMs
(Figure 1(d)), all the diffraction peaks are well indexed to
the wurtzite hexagonal ZnO with lattice constants 𝑎 =
3.249 Å and 𝑐 = 5.207 Å (JCPDS card 36-1451) [25, 26],
respectively. No any other peaks from impurity are observed,
revealing complete removal of the soft template in our system,
as further proved by FTIR analysis (Figure S3, supporting
information) in which all the characteristic peaks match well
with pure ZnO nanoparticles [27].
TEM measurements were conducted to provide more
detailed information about ZnO HHMs (Figure 2). Notably,
the slight pale center together with the deep dark edge
outside evidences the sphere with a large void space
inside (Figure 2(a)). Similar spheres were observed using
polystyrene microspheres as a hard template [28], while solid
spheres were obtained with larger sizes (5 𝜇m) in their system.
The selected area electron diffraction (SAED) patterns taken
from the selected area of the TEM image (Figure 2(b)) show
their single-crystalline nature. Additionally, Figures 2(c)-2(d)
show that all parts of the nanorods on the ZnO spheres
surface only have the fringes of planes with 𝑑 value of
0.25 nm [29], suggesting that the nanorods exhibit the {1011}
orientation. The commercial ZnO samples are also highly
crystalline with a plane spacing of 0.26 nm, corresponding
to the distance between two (0002) crystal planes, which
indicates that they preferentially grow along the [0001]
directions [29] (Figure S2B, supporting information).
Figure 3 provides the nitrogen adsorption-desorption
isotherm of the typical sample calcined at 300∘ C. The
isotherm displays a typical IV curve, while the hysteresis
loop is associated with narrow slit-like pores in the sample,
as confirmed by the pore size distribution curve (Inset in
Figure 3). The BET specific surface area of the product is
about 41.5 m2 ⋅ g−1 , which is much larger than that of
commercial ZnO powders with a value of 3.64 m2 ⋅ g−1 [30].
This value is also higher than those of ZnO hollow spheres
with the value of 9.77 m2 ⋅ g−1 [30] and ZnO flowers with
the value of 25.16 m2 ⋅ g−1 [31]. The corresponding pore size
distribution curve exhibits that most of the pores have the
size of ca. 20 nm. The enlarged surface area of ZnO HHMs
is expected to have excellent photocatalytic performance.
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Figure 1: Morphological and structural characterizations of rambutan-like ZnO HHMs: the corresponding low (a) and high ((b)-(c))
magnification of the SEM images and the XRD patterns (d). The inset shows the high magnification of the SEM images of (b).
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Figure 2: (a) TEM image of rambutan-like ZnO HHMs. (b) The SAED patterns corresponding to the selected area of the TEM image. HRTEM
images of the tip (c) and the main body (d) of the nanorods on the hollow sphere.
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Figure 3: Typical N2 gas adsorption-desorption isotherm of
rambutan-like ZnO HHMs. Inset shows the corresponding pore size
distribution.

3.2. Effects of Ammonia. The amount of ammonia is crucial
for the formation of unique rambutan-like ZnO HHMs
(Figure 4). When 0.3 mL ammonia is put into the reaction
system, ZnO spheres are basically formed with rough surface
(Figure 4(a)), while some ZnO spheres were obtained with
a few nanorods on the surface (Figure 4(b)) by using 0.5 mL
ammonia. However, the density of the nanorods decreases on
the spheres in the case of 0.7 mL ammonia (Figure 4(c)), and
bald ZnO particles emerge by the addition of 1.2 mL ammonia
to the reaction system (Figure 4(d)).
3.3. Effects of CMS. CMS is served as prior nucleation sites
for ZnO at the initial crystallization process. When the
CMS concentration is low (2 mg⋅mL−1 ), there are a lot of
bare ZnO spheres with rough surfaces (Figure 5(a)). And
vertical ZnO nanorods grow on the ZnO spheres in the
presence of 2.6 mg⋅mL−1 CMS, resulting in rambutan-like
morphology (Figure 1(a)). However, sufficient CMS such as
4 mg⋅mL−1 would prevent the growth of nanorods on the
surface of ZnO hollow spheres, causing the lower density of
the nanorods (Figure 5(b)). Besides, 6 mg⋅mL−1 CMS induces
the emergence of many deformed and even broken ZnO
flowers (Figure 5(c)), because the nucleation takes place
along the prior nucleation sites. When the amount of CMS
further increased to 12 mg⋅mL−1 (Figure 5(d)), disordered
aggregates are formed.
3.4. Effects of the Reaction Temperature. Different morphologies are obtained by adjusting the reaction temperature from
80 to 160∘ C. The aggregation of ZnO spheres (Figure 6(a))
transforms to immature rambutan-like crystals below 100∘ C
(Figure 6(b)), and well-defined rambutan-like ZnO HHMs
were obtained at 120∘ C (Figure 2(b)). However, the density
of the nanorods on the surfaces of ZnO HHMs drops down
at 140∘ C (Figure 6(c)), and broken bald spheres show up as
the temperature is up to 160∘ C (Figure 6(d)). These results
demonstrate that the rates of the nucleation and crystal

3.5. Effects of the Reaction Time and Formation Mechanism.
Time-dependent experiments were carried out to deeply
understand the formation mechanism of ZnO HHMs (Figures 7(a)–7(d)). Firstly, the products are just composed of
solid spheres with the reaction time of 2 h (Figure 7(a)).
When the reaction time is 5 h, small nanorods emerge on
ZnO spheres (Figure 7(b)) and rambutan-like ZnO HHMs as
the reaction time is 12 h (Figure 2(b)). However, the density of
the nanorods is decreased by extending the reaction time to
24 (Figure 7(c)) and 48 h (Figure 7(d)), owing to the Ostwald
ripening effects (Figure 8).
In general, ZnO has a strong tendency to self-oriented
growth. At the initial stage, newly generated ZnO is quickly
congregated to spherical aggregates to decrease their surface
energies and hence amorphous solid spheres are formed
through the following reactions [21, 32]:
NH3 + H2 O ⇐⇒ NH3 ⋅ H2 O ⇐⇒ NH4 + + OH−
4OH−

4NH3

Zn(OH)4 2− ← Zn2+ → Zn(NH3 )4
Zn(OH)4
Zn(NH3 )4

2+

2−

→ ZnO + H2 O + 2OH

2+

−

(1)

+ 2OH− → ZnO + 4NH3 + H2 O

It should be mentioned that the original solid phase
might not be well crystallized, owing to rapid spontaneous
nucleation. Thus, Ostwald ripening dictates growth and
recrystallization after hydrolysis. With time extending, the
surface layer of the spheres firstly crystallizes, due to the
direct contact with the surrounding solution. As a result, the
materials inside the solid spheres have a strong tendency to
dissolve, which provides the driving force for the spontaneous
Ostwald ripening [33]. This assumption is strongly supported
by the above experimental data, while it is different from that
described by Shen’s group [34]. In their work, original solid
microspheres were composed by Zn(OH)2 , rather than solid
ZnO spheres in our case (Figure S4, supporting information).
The formation process of rambutan-like ZnO HHMs can
be further addressed by TEM measurements (Figure 9). At
the very early stage, the precipitated crystallites assemble
together to form solid ZnO spheres (Figures 9(a) and 9(b)).
With the increase of the reaction time, the inner crystallites
with higher surface energy would dissolve and transfer
outside to produce channels connecting inner and outer
spaces in the oxide shells (Figure 9(c)) [35]. Finally, the
hollow interior of the ZnO spheres emerged (Figure 9(d)),
which is also supported by the broken one from the SEM
image (Figure 1(c)).
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Figure 4: SEM images of the products prepared with different volumes of ammonia: 0.3 mL (a), 0.5 mL (b), 0.7 mL (c), and 1.2 mL (d).
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Figure 5: SEM images of the products prepared with different amounts of CMS: 2 mg⋅mL−1 (a), 4 mg⋅mL−1 (b), 6 mg⋅mL−1 (c), and 12 mg⋅mL−1
(d).
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Figure 6: SEM images of the products obtained at different reaction temperature: 80∘ C (a), 100∘ C (b), 140∘ C (c), and 160∘ C (d).
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Figure 7: SEM images of the products obtained at different reaction time: 2 h (a), 5 h (b), 24 h (c), and 48 h (d). Inset shows high magnification
of the images (b) and (c).
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Figure 8: The formation mechanism of rambutan-like ZnO HHMs based on time-dependent evolution of the growth process.
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Figure 9: TEM images of the products obtained at different reaction time: 2 h (a), 5 h (b), 8 h (c), and 12 h (d).

In our study, CMS, as a soft template, not only facilitates
the formation of well-dispersed rambutan-like ZnO HHMs,
but also serves as a diffusion boundary to restrain rapid
crystal growth and prevent direct fusion among the ZnO
spheres during the ripening process. Based on the analysis,
the formation of rambutan-like ZnO HHMs is ascribed to
CMS-assisted Ostwald ripening mechanism.
3.6. Photocatalytic Activity. In the last decade, photocatalytic
oxidation process provides an effective route for the destruction of hazardous and toxic pollutants [36]. RhB were chosen

as a model pollutant to evaluate the photocatalytic activity of
rambutan-like ZnO HHMs.
Figure 10(a) shows the photocatalytic degradation of RhB
in the aqueous solution as a function of exposure time in
the presence of the ZnO catalysts under UV light irradiation.
With the increase of the reaction time, the absorption peak
intensity of RhB greatly drops down and even disappears
within 90 min in the presence of rambutan-like ZnO HHMs.
The time for photodegradation of RhB is much shorter than
that of hollow ZnO nanospheres (150 min) [37]. The apparent
reaction rate constant (𝑘app. ) is found to be 4.15 × 10−2 min−1
for rambutan-like ZnO HHMs (Figure 10(b)), while 𝑘app. is
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Figure 10: (a) UV-vis absorption spectra from the 2.5 × 10−5 M RhB solution with 0.3 mg⋅mL−1 hollow rambutan-like ZnO HHMs at different
time intervals and (b) RhB photodegradation curves of the 𝐶/𝐶0 versus time in the absence (curve a) and presence of commercial ZnO (curve
b) or rambutan-like ZnO HHMs (curve c).

2.12 × 10−2 min−1 for the blank system (without ZnO). The
𝑘app. of rambutan-like ZnO HHMs is much higher than
the photocatalysis of Congo red (4.15 × 10−2 min−1 ) using
hollow flower-like ZnO structures as a catalyst [21], although
the amount of the catalysts used is at the same level. After
90 min of UV irradiation, almost 100% of RhB molecules
are decomposed for rambutan-like ZnO HHMs, unlike that
of commercial ZnO with 23% of RhB molecules remaining.
It indicates that the photocatalytic activity of rambutan-like
ZnO HHMs is much higher than that of commercial ZnO.
Moreover, the rambutan-like ZnO HHMs also display highly
photocatalytic stability after five times recycling (Figure S5,
supporting information).
Figure S6 (supporting information) shows the photocatalytic performance when using the samples obtained at
different reaction time. It is found that the photocatalytic
activity increased when the morphology is more close to the
structure of ZnO HHMs, owing to the enlarged surface area
of the unique structures. RhB molecules are excited by the
absorption of UV light, and electrons are injected into the
conduction band of ZnO particles, facilitating the oxidation
of RhB molecules [38]. These results clearly demonstrate
that ZnO HHMs have enhanced photocatalytic activity. In
addition, the exposed facets of the ZnO structures also play
an important role. The nanorods of ZnO HHMs are growing
along the {1011} planes. The weaker coordinated O atoms
on the surface are more likely to be saturated by H atoms
in aqueous solution, thereby releasing more free OH radicals
under irradiation, as supported by the previous work [39].

4. Conclusions
In summary, a simple and green pathway has been explored
for the construction of rambutan-like ZnO HHMs under
hydrothermal conditions. CMS, as a soft template, plays an
important role in the synthesis procedure. The formation of
rambutan-like ZnO HHMs was attributed to CMS-assisted
Ostwald ripening process. The as-prepared ZnO structures
were demonstrated as a good catalyst for photocatalytic
degradation of RhB. This work not only provides a simple
method to prepare ZnO hollow structures, but also sheds
some light on the improvement of the photocatalytic performance by designing efficient catalysts.
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