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Fabrication and characterization of Zn-ZnO core-shell microspheres from nanorods
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We present a new method to synthesize ZnO nanorods on zinc spheres to form a core-shell structure.
Selective self-assembly growth of a shell with ZnO nanorods on a metallic Zn microsphere core has been
accomplished via hydrothermal synthesis. The crystal structure, morphologies and chemical composition
were characterized by X-ray diffraction, transmission electron microscopy, scanning electron microscopy

and energy dispersive X-ray spectroscopy. The interfacial chemistry involved in the growth of ZnO nano-
rods on the Zn core and a possible growth mechanism are discussed. The specific structure of the highly
oriented one-dimensional nanorods may find applications in nanoelectronics, nanophotonics and

nanomedicine.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The controlled fabrication of functional nanoarchitectured
materials is an important objective of fundamental and applied
research. In nanotechnology, it is important to synthesize specifi-
cally shaped nanostructures, which could serve as building blocks
in the assembly process. There are different synthesis techniques
that are used for the surface coating of an object, such as sol-gel
coating, self-assembly and sonochemical processing.

Among all the nanomaterials, ZnO attracted a lot of attention
with its various architectures [1,2], as an excellent candidate for
self-assembly. ZnO is also promising for device applications due
to its unique material properties such as wide and direct band
gap and a large free exciton binding energy [3], high optical gain
(300cm™') [4,5] and high mechanical and thermal stabilities
[6,7]. ZnO nanorods with their high carrier mobility serve as direct
conduction pathways for excitons and they can represent different
types of nanoscale building blocks that have been used to assemble
functional devices [1-4,8-10]. Especially important for applica-
tions of these ZnO one-dimensional (1-D) nanorods are methods
to assemble them into highly integrated and hierarchically orga-
nized nanostructures for device integration without using sophisti-
cated equipment [4-8].

Core/shell type ZnO nano/microspheres have been studied due
to their potential applications in nanocomposite materials. For
example, Sulieman et al. [11] have reported a vapor transport syn-
thesis of hollow-opened ZnO/Zn or Zn/ZnO microspheres on Si sub-
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strate using high purity Zn and ZnO powder as sources. Duan et al.
[12], employed an integrated autoclave and pyrolysis process to
synthesize partially opened ZnO hollow microspheres. In both
cases, high temperatures (600 °C or higher) were used to react
the Zn powder with oxygen and the ZnO shells are consisted of
multicrystalline domains or particulates.

Here, we report for the first time a simple hydrothermal synthe-
sis of self-assembled ZnO nanorods into three-dimensional (3-D)
spherical shells on a Zn microsphere. The ZnO nanorods are self-
organized such that their c-axes are all perpendicular to the surface
of the Zn microsphere and the length of the ZnO nanorods is equiv-
alent to the thickness of the ZnO shell. We also propose a possible
growth mechanism and discuss factors that influence the forma-
tion mechanism of the ZnO nanorods shell on Zn core.

2. Experimental
2.1. Synthesis

An appropriate quantity of zinc sulfate [Zn(SO4) - 7H,0] and
ammonium hydroxide [NH4(OH)] (Fisher Scientific, 99.9%) were
mixed until they were completely dissolved. The molar ratio of
Zn?*|NH; was in the range 1:2 to 1:20. The pH of the system was
10.5. The aqueous solution was loaded into a reactor [13] and a
piece of cleaned silicon wafer or cleaned glass substrate [14] was
placed in the aqueous solution and 0.3-1.0 g of pure zinc powder
(2-10 um in diameter) was added. Then the reactor was trans-
ferred and positioned on a hot plate [13]. The system was heated
to a preset temperature (95 °C) and held for 15 min.

Initially, zinc sulfate was dissolved in deionized water. Then by
adding ammonia solution, it dissociated in water [15].
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The initial solution contains milky colored precipitates of zinc
hydroxide at a low concentration of ammonia,

Zn*' 4+ 20H" < Zn(OH),, Ksp =3 x 10" 1)

where Ksp is the solubility product constant. After adding ammo-
nium hydroxide, zinc hydroxide starts to form Zn complex. The
solution becomes clear when the molar ratio of Zn**/NHj; is 1:4.
By increasing temperature, zinc ions are complexed by OH™ and
form [Zn(OH)4]>~ and [Zn(NH;3)4** in ammonia solution. A
pH > 10 condition and an aqueous environment are crucial keys in
ensuring the formation of the growth unit of (Zn(OH),)*~ and a con-
trolled release of the units from solution:

Zn(OH), + 2(OH)™ — (Zn(OH),)*" 2)

The concentration of OH™ in the solution is a key factor for the
control of the growth rate of different crystal faces. It can lead to
the formation of an anisotropic shaped object such as nanorod
assembled shell observed here.

Increasing the temperature of the complex solution leads to the
formation of zinc oxide after reaction took place:
hydrothermal process
Zn(OH), © ———  Zn0O + H,0 (3)

During the hydrothermal process [16], zinc complexes also dis-
sociate and dehydrate to form ZnO directly. Thus, ZnO is formed by
decomposing:

[ZH(OH)4]27 hydrothermal process 7no T Hzo + 2J0H" (4)
and for ammonia complex with zinc ions:
[Zn(NH3),J>* + 20H ™0 PSS 700 1 ANH; + H,0 (5)

where NH3 is one of the byproducts that will prevent amalgamation
of the nucleus in supersaturated solution during the reaction pro-
cess and lead to a dispersed morphology [16].

Finally, the whole system is allowed to cool down to room tem-
perature. The substrates are dipped and rinsed in deionized water
and then the samples are dried in air at 150 °C for 5 min.

2.2. Characterization

X-Ray diffraction (XRD) measurements were carried out on a
Rigaku ‘D/B max’ instrument operating at a voltage of 40 kV and
a current of 30 mA with CuK,, radiation (1 = 1.54178 A). All samples
were measured in a continuous scan mode at 10-90° (260) with a
scanning rate of 0.01°/s. The morphology images of the samples
were obtained using a scanning electron microscope (SEM, JEOL),
the composition was measured by energy dispersion X-ray spec-
troscopy (EDX). Transmission electron microscopy (TEM) and
selected area electron diffraction (SAED) measurements were per-
formed on a FEI Tecnai F30 TEM transmission electron microscope
operated at an accelerating voltage of 300 kV. A TEM cross-sec-
tional sample was prepared using a focused ion beam (FIB) system
FEI 200TEM. The micro-manipulator inside the FIB/SEM chamber is
used to assist pick-up the TEM cross-sectional sample and mount it
on a Cu grid.

3. Results

Fig. 1 shows the X-ray diffraction pattern of the as-prepared
samples. Peak positions and relative intensities for synthesized
Zn/ZnO core-shell microspheres were compared to values from
Joint Committee on Powder Diffraction Standards (JCPDS) card
for ZnO (JCPDS 036-1451) [17] and for Zn (JCPDS PDF #00-004-
0831) [17].
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Fig. 1. The XRD patterns of the as-synthesized Zn/ZnO core-shell microspheres.

The XRD pattern of Zn/ZnO core-shell microspheres depicted in
Fig. 1 confirms that the shells of the samples are composed of
Waurtzite ZnO nanorods (JCPDS 036-1451) [17]. The sharpness of
the diffraction peaks indicates high crystallinity of the as-grown
samples. All peaks are accounted for either from ZnO or pure Zn
metal. No characteristic peak of other chemical compounds was
observed.

The composition of the Zn/ZnO core-shell microspheres was
investigated by an EDX system attached to the TEM. Fig. 2a shows
the results from a cross section of an individual core-shell struc-
ture covered with Pt film and mounted on a TEM Cu grid. Results
imply that the samples contain only Zn and O in the shell without
other impurities within the detection limits of EDX (Fig. 2b and c).
Fig. 2d indicates that the core contains only pure Zn. The copper
(Cu) peak in Fig. 2c and d comes from the copper grid on which
the Zn/ZnO core-shell microspheres were mounted.

The morphologies of the as-synthesized samples were charac-
terized by scanning electron microscopy (SEM). Fig. 3a and b are
typical SEM images of the Zn powder and of the Zn/ZnO core/shell
microsphere, respectively. As shown in Fig. 3a the original mor-
phology of the Zn powder is spherical with diameters ranging from
2 to 10 pm.

In Fig. 3b and c, the as-grown Zn/ZnO core-shell structure is
spherical with diameters varying between 3 pm and 12 pm and
possesses three-dimensional radial symmetry. These microspheres
are loosely bound to the substrate and the growth process is inde-
pendent of the substrate. A closer examination of the structures
shown in Fig. 3b indicates that all ZnO nanorods have hexagonal
cross-section, which confirms that 1-D growth is directed along
the c-axis according to XRD results. Careful observation on samples
shows that the surfaces of these spheres are built by 1-D nanorods
with radii ranging from 100 nm to 200 nm (Fig. 3b and c). By
increasing the zinc ions concentration in solution, the 1-D nano-
rods grow denser on the shell (Fig. 3c). The shape of the micro-
spheres is very uniform. The spheres cut with FIB are fully filled
with the nanorods as shown in Fig. 3d. The cut spheres show the
dense nature of the products. The thickness of these ZnO nanorod
shells is estimated from the cross-section (Fig. 3d) to be about
1-2 pm.

Additional structural characterization of the as-synthesized ZnO
spheres was carried out by TEM using selected area electron dif-
fraction. The atomic structure of the ZnO nanorod/Zn core hetero-
junction was investigated with the use of a high-resolution TEM
(HRTEM).

Fig. 4a shows the TEM image from Zn/ZnO spheres and Fig. 4b
and c the corresponding SAED images. The SAED pattern of the
Zn core is shown in Fig. 4b. The electron diffraction pattern
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Fig. 2. (a) Cross-sectional view of Zn/ZnO core-shell microsphere cut in focused ion beam system and mounted on a TEM Cu grid and showing regions for EDX analysis. EDX
patterns: (b) linescan along the scanned path (red line in a) of Zn core/ZnO 1-D nanorods shell covered with a Pt film in the FIB system and (c) of the ZnO nanorod shell of the
microspheres. (d) Of the Zn core. Cu peaks in EDX spectra (c,d) are from the copper grid. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. (a) A typical SEM image of the Zn core spheres. (b—c) SEM images corresponding to the ZnO nanorods shell/Zn core grown at different concentration ratio Zn**/OH",
respectively. (d) SEM image from junction ZnO/Zn cross-sectional view. All scale bars are the same for (a-d).

(Fig. 4c) of the ZnO spheres indicates that the ZnO shell is formed respectively. Fig. 4c shows the crystalline ZnO nanorod growth
by single crystal nanorods with growth direction along the c-axis. along the [0001] direction, indicating that the (111) fringes per-

Fig. 4a shows the typical structure of the ZnO nanorod/Zn core pendicular to the wire axis are. The SAED pattern in Fig. 4c, which
nanojunction. The SAED images of the square-marked sections (b) was obtained from the nanorod, can be indexed according to the
and (c) are presented in Fig. 4b (Zn core) and c (ZnO nanorod), hexagonal ZnO structure.
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Fig. 4. (a) A typical TEM image of the Zn core/ZnO nanorods shell heterojunction. (b) Selected area electron diffraction patterns (SAED) obtained from Zn core and (c) SAED of

ZnO nanorods shell, respectively.

4. Discussion

According to our experimental results of the morphological and
structural characterizations of Zn/ZnO microspheres, the ZnO
nanorods growth on the Zn sphere can be understood on the basis
of the growth mechanism proposed below.

Although the dual roles of ammonia Egs. (1) and (5)) in ZnO
synthesis can be explained, the formation mechanism of ZnO 1-D
nanorods shell on Zn metal core could be more complicated. The
proposed mechanism of growth of Zn/ZnO core-shell spheres via
hydrothermal self-assembly is proposed in Scheme 1.

OH  OH

At the beginning of the growth, the Zn sphere acts as a nucle-
ation site and the - OH™ ions start to attach to the surface (like
‘dandelion’) of the Zn microsphere. Zn?>* and OH™ ions are further
supplied by hydration process of zinc sulfate and ammonia, respec-
tively. Zn(OH), is formed (Eq. (1)) and subsequently transformed to
ZnO (Eq. (3)) as the initial nucleation site for ZnO nanorods
(Scheme 1). When the solution is supersaturated, nucleation
begins. Further ZnO nanorods are continuously formed on this
nucleation layer from Zn?* and OH~ (Scheme 1). The concentration
of OH™ in solution is a key factor in controlling the growth rate of
different crystal faces. This morphology is mainly attributed to the
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Scheme 1. Schematic illustration of the growth mechanism of Zn/ZnO solid core-shell microsphere.
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basicity afforded by (NH3) and [Zn(NH3)4]**, which cause the
growth along the c-axis at a higher rate than along any other axis
to form regular hexagonal shapes [16]. Since the (0001) faces have
higher-symmetry (Cg,) than other faces growing along the +c-axis
([0001] direction), this is the typical growth plane. ZnO nanorods
grow preferentially along the [0001] direction also because the
new (0001) planes are formed easily [18] and all nanorods have
the same length, which makes a perfectly shape sphere. The
(0001) plane is the highest energy plane in crystal, thus attaching
to the (0001) plane is energetically favorable. The molecules at the
surface are energetically less stable than the ones already well or-
dered and packed in the interior. The nucleation determines the
surface-to-volume ratio of the ZnO nanorod. Then, incorporation
of growth units into the crystal lattice of the nanorods by dehydra-
tion reaction takes place. It is concluded that the growth mecha-
nism is determined by thermodynamic factors and by the
concentration of OH™ - as the kinetic factor in aqueous solution
growth.

Due to the high density of nanorods on Zn sphere, steric hin-
drance effects [19,20] can have a direct influence on the radial
alignment of ZnO nanorods shell. In ZnO structures, each Zn atom
is bound with four O atoms and forming a tetrahedral configura-
tion (Scheme 1). Zn leans to the (0001) plane and O to the
(0001). Due to the fact that a ZnO crystal is a polar crystal, 0%~ is
in the hexagonal closest packing and in this case each Zn?* lies
within a tetrahedral group of four oxygen ions (Scheme 1). Thus
zinc and oxygen atoms have been arranged along the c-axis. The
formation rate of new (0001) planes is faster than the growth rate
within the (0001) planes, leading to pointed tips of the nanorods.

5. Conclusion

In summary, self-assembled shells of ZnO nanorods have been
successfully grown on a Zn powder core using a hydrothermal pro-
cess. The microspheres exhibit spherical shapes and their shell
consisted of self-assembled ZnO 1-D nanorods. A smooth surface
of the Zn core is covered with ZnO 1-D nanorods which are forming
a shell. EDX and XRD analysis show that Zn/ZnO microspheres are
of high purity with Wurtzite structure, and the ZnO 1-D nanorods
are single crystalline with the c-axis as the growth direction.

The ZnO nanorods are perpendicularly grown on the surface of
the Zn core with a unique orientation relationship with respect to
the substrate and exhibit a very narrow size distribution (~20 nm
for ZnO nanorods) with edges parallel to the [100] and [010]
directions of ZnO. The formation of coherent 3-D nanorods is gov-
erned by the minimization of the free energy involving the inter-

play between surface energy and elastic strain energy
contribution. The growth of 3-D nanorods in ZnO can be affected
by the growth temperature and ratio Zn"/OH".

To summarize, a technique for localized growth and alignment
of ZnO nanorods on Zn powder core substrates to yield a self-
assembled system has been demonstrated. This process with its
improved control yields a simple and reproducible method, which
could be used in fabrication of nanodevices.
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