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Room-Temperature Surface-Erosion Route to ZnO Nanorod Arrays and

Urchin-like Assemblies
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Abstract: A solution surface-erosion
route was successfully employed to
produce one-dimensional (1D) ZnO
nanostructures. ZnO nanorod arrays
and three-dimensional urchin-like as-
semblies could be selectively obtained
with different manipulations. In this
process, zinc foil was introduced to an
organic solution system and acted both

the 1D nanostructures obtained. This
method, without any template, appara-
tus, surfactants, or additional heteroge-
nous substrates, has greatly simplified
the preparation of oriented 1D ZnO
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nanostructures. In particular, this
simple route could be carried out at
room temperature over a period as
short as several minutes, thus it could
be conveniently transferred to industri-
al applications. The possible formation
mechanism, erosion process, and influ-
ence factors were also investigated.

as a reactant and substrate to support

Introduction

As a wide-band-gap semiconductor (3.37 eV), ZnO nanoma-
terials have various applications ranging from surface acous-
tic wave filters, photonic crystals, light-emitting diodes, pho-
todetectors, photodiodes, and optical modulator wave
guides, to varistors, gas sensors, and solar cells.! ZnO nano-
materials with one-dimensional (1D) structures, such as
nanowires or nanorods, are especially attractive due to their
tunable electronic and optoelectronic properties, and poten-
tial application in nanoscale devices.? Accordingly, various
preparative methods have been developed to synthesize 1D
ZnO nanostructures for the purpose of obtaining better
properties or for applying them to practical use.’! Among
the 1D ZnO nanostructures obtained, well-aligned 1D ZnO
nanostructures on substrates seem to exhibit optimal per-
formance, which makes them suitable for the requirements
of devices.’” For example, it has been demonstrated that
ZnO nanorod arrays on Si substrates can emit an UV or a
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visible laser at room temperature,!! and underwent reversi-
ble super-hydrophobicity and super-hydrophilicity transi-
tions in UV radiation.”! Other forms of integrated 1D ZnO
nanostructures, such as ZnO nanopropellers on an Al,O;
substrates, coral-reef structures on glass, and a hierarchical
structures on In,O; nanowires, have also attracted considera-
ble interest and more practical applications are expected.!”!

Several methods have been developed to produce ZnO
nanorod arrays, such as chemical vapor deposition (CVD),
physical vapor deposition (PVD),” metal-organic vapor-
phase epitaxy (MOVPE),”) and anodic aluminum oxide
(AAO) templates.”) Generally, the above-mentioned meth-
ods require high temperature or additional templates to act
as a support, and they are constrained by expense or appa-
ratus. Comparatively, the solution approach was more at-
tractive for both its simplicity and commercial feasibility,
and its good potential for scale-up.” Vayssieres et al. devel-
oped a wet-chemical method to grow oriented ZnO nano-
rods on various heterogenous substrates such as Si wafer, F-
SnO, glass, or single crystalline sapphire.!""! They introduced
the heterogenous substrates in a solution system, and then
heated the aqueous solution to produce ZnO on the sub-
strates at 95°C. This “soft” method without any template,
apparatus, or surfactants, and so forth, has greatly simplified
the preparation of oriented 1D ZnO nanostructures on het-
erogenous substrates.

Although the orientation of 1D nanostructures on hetero-
genous substrates has made notable progress, it would seem
more convenient if the reactant directly acted as a substrate
to support the obtained 1D nanostructures to avoid using an
additional substrate. Recently, a high-temperature surface
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reaction method has been developed to synthesize metal
oxide/sulfide nanowires on the metal foils through processes
such as vapor solid (VS).!® The surface of the metal foil
acts as both the reactant and substrate in this route, which
improved the traditional CVD or PVD methods. Low tem-
perature is another desirable synthesis condition that chem-
ists pursue to modify the high-temperature surface-oxidation
method. It is thought that when metal foil erodes and pro-
duces metal oxide in solution at low temperature, if the
formed metal oxide transports to a certain region and then
deposits 1D nanostructures on the surface, the metal foil
can also act as both a reactant and supporting substrate in
solution. Such a solvent surface-erosion method combines
the advantages of the “soft” method and high-temperature
surface-oxidation method. Furthermore, the experimental
procedure can be freely altered in solution at low tempera-
ture, thus more than one kind of morphology may be ob-
tained through different manipulations. Based on the above-
mentioned consideration, we provide a surface-erosion
method to produce differently aligned 1D ZnO nanorods in
a solution system. Using this simple process, ZnO nanorod
arrays and three-dimensional (3D) urchin-like assemblies
were selectively obtained with different manipulations. In
particular, this method is carried out at room temperature
and is complete in as little as several minutes, thus it is con-
venient to transfer to industrial applications.

Results and Discussion

Morphologies of ZnO nanostructures on eroded zinc foils:
The surface morphologies of zinc foils eroded in both the
layered and agitated solution, producing ZnO nanorod
arrays and 3D urchin-like assemblies, respectively, were
studied by field emission scanning electron microscopy
(FESEM). The morphologies of the ZnO nanorod arrays
from the layered solution are shown in Figure 1. From the
panoramic image (Figure 1a) we can see ZnO nanorods
with uniform diameters densely packed and arranged on the
surface of zinc foil. The cross-section FESEM image (Fig-
ure 1b) shows that these ZnO nanorods grew perpendicular-
ly from the surface of the zinc foil, with diameters around
20 nm and lengths ranging from 200 to 300 nm. It was also
found that the substrate was not smooth and that these
nanorods were grown from the concave area of the sub-
strate, which indicated that the ZnO nanorod arrays did not

Figure 1. FESEM images of ZnO nanorod arrays: a) panoramic; b) cross-
section. The smooth region of the substrate was slightly eroded Zn foil
covered by some ZnO.
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grow directly from the surface but from the slightly eroded
surface of the zinc foil. On the surface of the zinc foil
eroded in the agitated solution, there were many randomly
dispersed clusters of 3D urchin-like assemblies. The typical
panoramic morphology of a cluster is shown in Figure 2a,
which indicates that all the ZnO nanorods aggregated into

Figure 2. FESEM images of 3D urchin-like assemblies: a) panoramic;
b) single 3D assembly.

many separate 3D structures. The magnified FESEM image
of a single assembly (Figure 2b) shows that the assembly
took on an urchin-like appearance; the diameter of these
nanorods was about 30 nm and their length ranged from 300
to 500 nm. The inset image in Figure 2b shows that these
nanorods were grown from a rugged substrate on the sur-
face of the zinc foil.

Phases and purities of both samples

X-ray powder diffraction (XRD) pattern: XRD patterns of
sample a (nanorods) and sample b (urchin-like assemblies)
are shown in Figure 3. All the peaks can be clearly indexed
to the wurtzite ZnO (JCPDS card No. 36-1451; a=3.249,
¢=5.206 A) and hexagonal Zn (JCPDS card No. 04-0831;
a=2.665, c=4.947 A). No characteristic peaks were ob-
served for the other impurities, such as Zn(OH),. The XRD
patterns showed that the obtained products only consisted
of ZnO and Zn, indicating high purities of the two samples.
The peaks of Zn were much stronger than ZnO due to the
high proportion of Zn throughout the zinc foils. In the XRD
pattern of sample a, the relative intensities of peak (002)
were stronger than other peaks such as peak (100), which

Intensity
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Figure 3. XRD patterns of both samples: a) sample a; b) sample b. The

peaks marked with * belong to ZnO, the others belong to zinc. The peak
(101) of ZnO was covered by peak (002) of Zn.
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suggests that many ZnO nanorods are oriented along this di-
rection, which is in agreement with their morphologies.

X-ray photoelectron spectra (XPS): XPS of both zinc foils

were identified (Figure 4) and confirmed the quality of our
products. The binding energies obtained in the XPS analyses

a) b)
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Figure 4. XPS analysis of both samples: a) Zn region; b) O region.

were corrected for specimen charging by referencing the
Cls peak to 284.6eV. In Figure4a, the peak around
1021.8 eV was attributed to Zn 2p,, of Zn” and Zn>* for
they have a very close value and integrated together.™ In
Figure 4b, the strong peak at 530.7 eV could be assigned to
the O®" in ZnO. No obvious peaks for other elements were
observed and the result was in agreement with the XRD
patterns.

Photoluminescence (PL) spectra of both samples: The
room-temperature PL spectra of samples a and b are dis-
played in Figure 5. The excitation wavelength was 325 nm

Intensity ——u
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Figure 5. PL spectra of both samples: a) sample a; b) sample b.

and no filter was used. Strong emission at ~385nm came
from the recombination of excitation centers in the ZnO
crystal and the green emission (~520 nm) of ZnO was gener-
ally attributed to the recombination of electrons in singly
occupied oxygen vacancies with photoexcited holes.”! The
UV peaks in sample b were stronger than those in sample a,
which indicated that more ZnO may be produced in an agi-
tated solution than in a layered solution.

Possible formation mechanism of ZnO nanorod arrays and
3D urchin-like assemblies: In order to obtain ZnO on zinc
foil at room temperature, choosing a suitable reaction

Chem. Eur. J. 2004, 10, 5823 —5828 www.chemeurj.org
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system seemed to be a crucial factor. Although quite a lot
of oxidants in an aqueous system could react with zinc foil
at room temperature, Zn** or Zn(OH),>~ usually formed in
acidic or basic solution, respectively, and no ZnO was de-
posited on the surface. In our experiment, the organic oxida-
tion solution system consisting of nitrobenzene, methanol,
and KOH was found to have the ability to erode zinc foil
and form ZnO nanorods on its surface. The overall reaction
could be described as shown in Equation (1):1¢!

CH,0H
— — +zn0 (1)
KOH

The redox reaction requires a concentrated basic medium,
so methanol was used as a solvent because solid KOH
would not dissolve in nitrobenzene. Methanol had the desir-
able KOH solubility and could be blended with nitroben-
zene at any ratio. The half-reactions, (—) and (+4), of the
redox reaction are shown in Equations (2) and (3), respec-
tively:

27Zn+80OH —4e — 4Zn(OH),* (2)

C¢HsNO, +27Zn(OH),> +4e — (CgHsN), + 8OH™ +2Zn0O
3)

From the half-reactions, one can see that Zn(OH),>~ was
produced from the erosion of zinc foil in solution before it
was transported to react with nitrobenzene. ZnO was depos-
ited on zinc foil rather than in solution because the electron
was transmitted through the zinc foil during the redox reac-
tion in the organic solution system.

In previous research concerning the formation mechanism
of ZnO nanorod arrays on a heterogenous substrate using
the “soft” process, it has been demonstrated that a ZnO
thin film (or nuclei) initially formed on the substrate before
the epitaxial growth.'!! Then, with respect to the structure
of wurtzite ZnO, these nuclei would preferentially grow
along the (002) direction to form 1D crystals if the chemical
environment constantly provided a ZnO resource. As nei-
ther templates nor surfactants were used to control the pro-
cess of crystallization in our experiment, we speculate that
the nanorods were formed in an analogous process. In
detail, when methanol was saturated with KOH and then
mixed with nitrobenzene, two intersaturated phases natural-
ly formed. The upper phase mainly consisted of methanol
and KOH, and the lower phase was nitrobenzene. The alkali
KOH only participated in the anodic half-reaction, so the
zinc foil was well eroded in the methanol phase while slight-
ly eroded in the lower phase. On the other hand, the ca-
thodic half-reaction required the participation of nitroben-
zene, thus as Zn(OH),*~ eroded from the upper phase and
constantly diffused to the lower phase, the formation of
ZnO nanorods mainly occurred beneath the interface where
the concentration of nitrobenzene was higher. The separa-
tion of erosion and deposition made the upper phase con-
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stantly provide the Zn resource to deposit ZnO onto the
region beneath the interface, which is illustrated in Sche-
me la. Therefore, ZnO nanorod arrays could grow epitaxial-

a) In layercd solution b) In agitated solution

erosion region -—{

>

urchin-like assemblies, and providing strong evidence for
the 3D urchin-like assemblies growing directly from the
eroded surface of the zinc foil.

FESEM studies on the erosion
process of zinc foil: In the lay-
ered solution, the eroded zinc
foil in the methanol phase was
also inspected by FESEM and

. p_—_ . .

CHLOH + KOH L7 CHOH + KOH + CH.NO it was found that the different
it T . 3 6572 areas of eroded foil exhibited

CHNO ) erosion . R A
6152 S region .. various patterns. This result in-
demosition resion L — \\)/C XY, dicated that the erosion of
P & — el \)/ these areas was not synchro-
N~ nous in all areas. The observed
: various erosion morphologies
L deposition region could be divided into four dis-

Scheme 1. Illustrations of the formation process of two kinds of morphologies: a) ZnO nanorod arrays;

b) 3D urchin-like assemblies.

ly from the slightly eroded substrate along with the constant
transfer of Zn(OH), . Figure 6a shows the morphology of a
sample reacted for about one minute. In this figure, the sub-
strate was slightly eroded and coated with immature ZnO
nanorods, which confirmed the formation mechanism de-
scribed above.

Figure 6. FESEM images of deposition regions in both samples eroded
for one minute: a) morphology of sample in layered solution; b) mor-
phology of sample in agitated solution.

Our results have shown that the process of obtaining ZnO
nanorod arrays or 3D urchin-like assemblies depended on
the procedure used. In an agitated solution, it was no longer
possible to set apart the regions of erosion and deposition;
the whole zinc foil simultaneously divided into many erosion
and deposition regions that alternatively emerged on the
whole of the zinc foil. The erosion region provided a ZnO
resource to construct ZnO nanorods on the deposition
region. But apart from the layered solution, the deposition
regions in the agitated solution were uneven because it was
well eroded and produced some 3D structures before ZnO
nanorods matured. The experimental manipulation of the
3D urchin-like assemblies is illustrated in Scheme 1b. The
morphology of the samples eroded for one minute are
shown in Figure 6b, revealing the initial stage of these 3D
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tinct types, which are shown se-
quentially in Figure 7 based on

500 nm

500 nm

Figure 7. FESEM images of erosion areas of zinc foil with different se-
verity of erosion shown a-d.

the severity of erosion, indicating the erosion process of the
Zn foil. The morphology shown in Figure 7a represents the
initial stage of erosion, which showed that shallow pits were
formed on the surface and that other areas were left un-
touched. These pits spread and polyhedral blocks with deep
grooves then formed, as shown in Figure 7b. When erosion
proceeded, the blocks evolved into individual flake-like
crystals with regular shapes, as shown in Figure 7c. For the
final step, thinner flakes were carved out and perpendicular-
ly packed to make the rugged landform as seen in Figure 7d.
By varying the reaction time, it was found that slight erosion
(as shown in Figure 7a, b) dominated the whole surface with
a shorter reaction time (<2 min), while the severe erosion
(as shown in Figure 7¢c, d) dominated the whole surface after
a longer reaction time (>8 min). No further types of mor-
phology were found even when the reaction time was pro-
longed to 30 minutes. These comparing experiments con-
firmed the erosion process of Zn foil described above. In

www.chemeurj.org Chem. Eur. J. 2004, 10, 5823 -5828
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Figure 8. a) Typical FESEM image of deposition region of rough zinc foil
eroded for five minutes in layered solution. b) Typical FESEM image of
zinc foil eroded for three minutes in agitated solution. c¢) Typical FESEM
image of zinc foil eroded for ten minutes in agitated solution.

the agitated solution, the morphologies of the erosion
region on zinc foil were identical to those found in the lay-
ered solution.

Influencing factors on the morphology of ZnO nanostruc-
tures: It was clear that the difference between the nanorod
arrays and 3D urchin-like assemblies was the substrate that
these nanorods stood on. So, the key factor in obtaining
nanorod arrays was to keep the deposition region on the
substrate slightly eroded. Rough substrates or improper ma-
nipulation, such as constant shaking, usually produced a
hybrid of nanorod arrays and 3D structures (Figure 8a),
while the synthesis of 3D structures could be easily achieved
regardless of these factors, forming over a long period of
time. Figure 8b shows the 3D urchin-like assemblies with a
block background obtained after reacting for only three
minutes. Figure 8c shows the 3D urchin-like assemblies with
a flaky background when the zinc foil was well eroded for
ten minutes. While the reaction proceeded, the morphology
of the zinc foil remained the same as that shown in Fig-
ure 8c.

It has been found that when KOH was replaced by
NaOH in our experiment, ZnO nanorods could also be built
on zinc foil. But in contrast to the erosion with KOH, ZnO
nanorod arrays were formed even if the reaction was carried
out in an agitated solution. The surface morphologies of
zinc foil eroded for 10 minutes in such a system were inves-
tigated by FESEM. Two distinct regions, nanorod arrays
(~40%) and erosion regions (~60% ) were found to emerge
alternatively. Their images are shown in Figure 9a and c, re-
spectively. The ZnO nanorod arrays in Figure 9a appeared
like bushes coated on the surface of zinc foil, less densely
packed than those obtained with KOH. A magnified
FESEM image (Figure 9b) showed these nanorods had a
wide size distribution with diameters of about 10-50 nm and
lengths of 80-500 nm. Figure 9c shows the eroded regions,
which were much different from those obtained with KOH.

Chem. Eur. J. 2004, 10, 5823 -5828 www.chemeurj.org
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Figure 9. FESEM images of zinc foil eroded for 15 minutes in agitated so-
lution with saturated NaOH: a) panoramic image of deposition region;
b) magnified image of deposition region; c) image of erosion region.

In these regions, the substrate was not so severely eroded
and ZnO nanorods could still be found. As the erosion con-
tinued, the regions of bush-like ZnO nanorods gradually re-
duced while the eroded regions enlarged, but no 3D urchin-
like assemblies or zinc flakes were found. After about one
hour, the completely eroded surface remained the same as
the erosion areas demonstrated in Figure 9c. NaOH had
much weaker alkalescence and about one-third the solubility
of KOH in methanol, so the formation of ZnO nanorods re-
quired more time. Correspondingly, the severity of erosion
was constrained to the initial stage as described in Figure 7a.
Since the weak erosion would result in a comparatively
slightly eroded substrate, ZnO nanorod arrays could also be
built in the agitated solution. Other alkali salts weaker than
NaOH, such as Na;PO, or Na,S could not react with zinc
foil and failed to build ZnO nanorods on it. This indicated
that strong basic conditions were necessary for this solution
surface-erosion process.

Conclusion

In conclusion, a solution surface-erosion route was success-
fully introduced to produce 1D ZnO nanostructures on zinc
foil. ZnO nanorod arrays and urchin-like assemblies could
be selectively obtained with different manipulations. This
method was carried out at room temperature without any
template, apparatus, surfactants, or additional heterogenous
substrates. It has greatly simplified the preparation of ori-
ented 1D ZnO nanostructures. The XRD analyses and XPS
showed the high purities of the products and the PL spectra
indicated their excellent optical properties. The possible for-
mation mechanism was proposed and the erosion process
and influence factors were also investigated.

Experimental Section

Syntheses

Surface-erosion process for obtaining ZnO nanorod arrays on zinc foil:
Nitrobenzene (30mL) and methanol (20mL) saturated with KOH
(6.374 g, 0.114 mol) were mixed in a 100 mL beaker, stirred for several
minutes, and then stopped to let the solution naturally separate into two
phases. Then, zinc foil (6x1cm) was slowly inserted in the layered so-
lution and kept in touch with both phases for five minutes. The solution
was then removed from the beaker and the foil was dried under vacuum
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at 80°C. A piece of eroded foil (1x1cm) beneath the interface of two
phases was cut for further examination (sample a).

ZnO 3D urchin-like assemblies: Nitrobenzene (30 mL) and methanol
(20 mL) saturated with KOH (6.374 g, 0.114 mol) were mixed in a
100 mL beaker and ceaselessly stirred to blend the two phases. Then,
zinc foil (2x2 cm) was thrown into the agitated solution and taken out
five minutes later. The foil was dried under vacuum at 80°C (sample b).

Apparatus: FESEM images were taken on a JEOL JSM-6700F SEM.
XRD analyses were performed using a Japan Rigaku D/max-yA X-ray
diffractometer equipped with graphite monochromatized high-intensity
Cuy, radiation (1=1.54178 A). The accelerating voltage was set at 50 kV,
with 100 mA flux at a scanning rate of 0.06 °s™' in the 26 range 30-70°.
XPS were collected on an ESCALab MKII X-ray photoelectron spec-
trometer, using non-monochromatized Mgy, X-ray as the excitation
source. Room-temperature PL spectra were performed on a LABRAM-
HR Confocal Laser MicroRaman Spectrometer equipped with a He-Cd
laser.
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