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Facile Synthesis, Characterization of ZnO Nanotubes and Nanoflowers

in an Aqueous Solution
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National [nstitute of Advanced Industrial Science and Technology (AIST), Moriyama-ku, Nagoya 463-8360. Japan

Two kinds of different ZnQO nanostructures, nanotubes, and
nancflowers were synthesized using an aqueous solutmn ap-
proach. It was demonstrated that the addition of A" and
ZnO sol causes the different growth behavior of ZnQ nano-
structures, and leads to the formation of a nanotube array as
well as self-assembled nanofiowers, respectively. The effects of
reaction parameters on the morphology of ZnO nanestructures
were investigated. The present route reports the possibility for
morphology control and assembly of ZnO nanostructures on
arbitrary substrates at a low temperature on a large scale,

I. Introduction

ZNC oxide (Zn(Q) is an a-type semiconductor that shows
promisc for a number of applications mcludmg transparcnt
conductors and sensars.! * Recently, owing to its size- and
shape-dependent properties, nanostructured ZnQO has been
widely used in electronic and photeelectronic devices.™™ The
performance of these devices depends critically on the morphal-
ogy and dimension of ZnQ nanostructures, which determine
the electrical and thermat transport properties in addition to the
optical and mechanical properties.”

So far, various ZnQ nanostructures, such as nanowires, nano-
rod, dnd nanosheet have been investigated in solar cells and bio-
sensors.' > For these applications, vertically well-aligned ZnO
nanorod arrays, which have a large surface-to-volume ratio,
have been extensively studied because the nanorod array mor-
phology provides more direct conduction paths for clectrens o
1ransp0rt from the point of mjectlon to the collection elec-
trode."® Usudlly a high porosity and a large surface area are
required to improve the efficiency and activily. Decreasing the
nancrod diameter is one effective way to increase the specific
surface area of ZnO. However, a smaller crystal size usually re-
sults in very high resistivity due to the abundance of grain
boundary among nanorods. Alternatively, ZnQO hollow nano-
structures can ¢ontribute simultancously to the extension of po-
rosity and surface area as well as good electrical conductivity.
Among them, ZnO nanotube arrays are of particular interest
because of their unique physical and chemical properties.'” *
As to the fabrication of Zn0 nanotubes, a faciic way is sclective
dissolution of the nanorod core in an aqueous solution.'® The
selective dissolution is caused by the fact that for hexagonal-
shaped ZnO rods with well-defined (0001) and (1010} surfaces,
the chemical activities of (0001) and (1010) surfaces are quite
different. Besides. it was found that the feastbility of Forrmna
nanotubes is sensitive to the diameter of ZnO rods.** Conse-
quently, electrodeposition is applied to precisely control the
shape and the diameter of ZnO nanorods, followed by a chem-
ical etching process to obtain tubular structures.”! However, the
application of electrodeposition is limited due to the require-
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ment of a conductive subsirate. Basically, the chemical bath de-
position process is similar to that of clectrodeposilion which
invelves deposition of ZnO onto an cx15une template via hy-

drolysis and Londensanon reactions of Zn® " ions from solution.
Vayssieres ef al.** have demonstrated, in a Zn®' amino complex
system, that ZnQ nanotubes could be fabricated after an ex-
tremely long time. Until oow, the relationship between the
growth condition and the structurc of ZnQ nanotubes was sel-
dom reported, and facile ways 1o prepare ZnO nanotubes arc
still being explored.

Besides the clectrical conductivity, the assembly of ZnQ
nanorods 15 also important because it plays a key role in en-
hancing dve foading and light harvesting. In facl, a nanorod
array may be not favorable lor light harvesting becdusc some
photons may not be absorbed by the dye interfacing Zn0."® [n-
stcad, as a novel nanostructure, in ZnO nanofiowers, the ran-
dom branches of the nanoflowers benefit both a larger surface
area and increased light-dye interactions.™ * However, most of
the reported ZnO nanoflowers are randomly dispersed, not well
assembled, and show poor elecirical conductivity. Therefore. the
controlled synthesis of ZnO nanoflowers as well as their assem-
bly into large three-dimensional (3D) arrays on various types of
substrates represent important tasks to (utfill the requirement of
novel devices.

Here, we present u new strategy for fabricating arrays of ZnQ
nanotubes and nanofowers in an aqueous solution with tailored
dimensions; the formation of these two kinds of nanostruclures
is promoted by simply introducing additives into the reaction
solution.

II. Experimental Procedure

All chemicals (Wako Pure Chemical Tndustries Ltd., Osaka.
Japan) were used as received without further purification. Slide
glass and FTO glass were used as substrates.

(1} Seed Layer Preparation

A ZnO seed was prepared using a modified sol-gel method. Ba-
sically, 1.1 g Zn{CH;COOH}, - 2H,0 and 0.29 g LiOH-H-0
were dissolved into 50 mL cthanol, respectively. They werc
mixed rapidly, and stirred at 80°C for 10 min, and then cooled
to room temperature. The resultant sol was tramparem with
Zn0 nanoparticles, and the average size was around 3.5 nm.™
The solution was then spin coated on the substrate at 300 tprm
for 5 s and at 3000 rpm for 30 s. After processing, the substrate
was heated al 100°C for 30 min to remove the solvent.

(2) Prepavation of ZnQO Nanotubes

Growth of a ZnO nanotube was carried out by suspending the
substrate (slide glass) in a 40 mL beaker filled with an equimolar
aqueous solution of 0.1M zinc nitrate hydrate (ZniNO;),-
6H-0), 0.002M¢ aluminum nitrate hydrate {(AI(NOs); - 9H-O).
and 0.1M methenamine (CH N, at 70°C for 3 h; the initial pH
value of the solution was about 3.9-6.1. Subsequentlv the sub-
strate was removed from the solution, rinsed with deionized wa-
ter, and immersed into 0.38 KOH aqueous solution at 80°C for
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| h. Finally, the subsirate was washed by deionized water and
dried at 160°C for 1 h.

(3) Growth of ZnO Nanoflowers
For ZnO nanoflowers, 40 inL cquimolar aqueous solution of

0.1 zine nitrate hydrate, 0.1 M methenamine, and 2 mL (con- -

ceniration in reaction bath is about .25 at.%) of ZnO soi werce
mixed at room tcmperature, and the substrate was suspended m
the solution, and heated at 95°C for | h. Finally, the prepared
samples were washed by deionized water and dried at 160°C for
1 h.

(4) Characterization

The phase composition of the samples was characterized by X-ray
powder diffraction (XRD, RINT-2100V, Rigaku, Tokyo, Japan;
CukKer). The morphologies of the samples were observed by field
emission scanning electron microscopy (FESEM; ISM-6335FM,
JEOL, Tokyo, Japan; with an accelerating voltage of 5 kV).

HI. Results and Discussion

Figure 1 shows the SEM images of ZnQ nanotubes by selective
etching of ZnO rods, where hexagonal ZnQO nanotubes with a
.uniform wall thickness of several tens of nanometers and an
external diameter of 500 nm are observed. Most of the ZnQ
nanotubes are predominantly aligned perpendicular to the sub-
strate, and from the nanotubes aligned horizontal to the sub-
strate the length of the nanotubes was calculated to be about
1 pm. Besides, the nanotubes are densely aligned and somc
coalesce together.

Considering that the nanotubes were obtained from ZrQ
rods, their morphology would be considerably affected by the
fabrication condition of ZnO rods. From the former research
about the chemical bath-deposited ZnO rod arrays, we have
found that the seed layer plays a key role in their crystallinity
and morphology.®® Figure 2 shows the morphology of ZnO
nanotubes prepared using differens seed tayers. When the seed
layer is heated at 150°C for 10 min, tubular structures are also
formed, as shown in Figs. 2(a) and (b}. It should be noted that
only the upper part of the rod is hollow, while the lower part still
remains dense. Interestingly, there are small holes in the inner
center of some nanotubes. The presence of the holes indicates
that on the (0001) surface, the elching process of the center is
faster than that of the edge. On further increasing the heating
temperature of the secd layer to 300°C, the nanotubes became
denser and no holes were found in the nanotubes. As shown in
Fig. 2(¢), the outer diameter is increased.

Basically, the selective dissolution mechanism is applied to
explain the formation of a ZnQ tubular structure. 1t is believed
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that the Zn-terminated polar face (0001} is metastable and
chemically active.?! Therefore, the etching rate of the (0001)
face is much faster than that of the side faces, resulting in the
dissolution of the rod core from the tip to the bottom and the
formation of a hollow structure. In this mechanism of etching,
the intrinsic defects produced during ZnQ rod preparation play
an important role in the formation of a hollow structure. As a
result, the morphology evolution of the ZnO nanotubes ob-
tained from different seed layers can be explained by the fact
that if the seed layer is heated at high temperatures (c.g. 300°C),
the as-prepared ZnO rod arrays will have better crystal quality
and a low concentration of defects.™ Thus, only the upper part
of the reds could be ctched.

it is worth noting that the addition of AP ions in the pre-
cursor would also affect the structure of the final product. Fig-
ure 3 shows the SEM images of the sample in the absence of
AL*7 jons. Tt can be seen from Fig. 3(a) that the sample is com-
posed of a nonoriented rod-like structure, and most of the rods
are nol hollow, with an average diameter of 130 nm. One should
notice that there would be some difference in the pH value be-
tween the precursor solution of ZnQ rods with and without AP
ions. For the precursor solution without AT ions, the initial
pH value is about 4.7 before chemical bath deposition. As Lo the
solution thal contains 2 at.% aluminum nitrite, the pH value
decreases to about 6.1, Thercfore, a pH 6.1 precurser solution
without A" ions was prepared by adding HAc, and the mor-
phology of the product after etching is shown in Fig, 3(b), where
plate-assembled films instead of a tubular structure are found.
The results indicate thal the presence of A" ions is crucial to
the formation of a tubular structure. In order io investigate the
role of AP ions, the dependence of AI** jens on the morphal-
ogy of ZnO rods has been studied previously. As shown in Sup-
porling information Fig. $1. it can be seen that the pure film
consists of agglomerated particles, while the film with addition
of aluminum shows a rod-like morphology.

According Lo the selective dissolution mechanism, the forma-
tion of a ZnO tubular structure is caused by the difference in the
dissolution rate between the top and the side surface of ZnO
rods. For a dense ZnO film, the sclective dissolution seems un-
likely because of a small side surface. The addition of AP may
have two main effects on the structure of ZnQ films. First, the
Al** jons in the precursor solution could act as an impurity to
prevent the combination process of ZnO rods. Second, because
the typical ZnQ crystal exhibits a polar (0001) surface, a certain
amount of A~ jons can be adsorbed on the (0001) surface. in-
ducing the high density of defects on this surface. Previous work
suggested thal the adsorption of foreign ions plays a major role
in the formation of ZnQ nanotubes. For example, for electrode-
posited ZnO nanowires obtained from ZnCl,, CI™ ions might be
preferentially adsorbed on the top of the nanowires, resuiting in
the farmation of a highly water-soluble zinc chloride complex.”’
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Fig, 2. Scanning electron microscopic images of ZnQ nanotubes prepared using different seed layers: {1, b) the seeel layer was heat treated at 1350°C for

10 min: (c. d) the seed layer was heat treated at 300°C for 30 min.

Thus, the nanowires’ core could be gradually dissolved in KCl
solution and then nanotubes were obtained. However, Lhis
method might be not suitable for chemical bath deposition. Tt
was reported that by increasing the content of KCl in the pre-
cursor sclution, the morphology of ZnQ changed I'rom 1D ZnO
nanored arrays to 2D dense films.?' The defect selective mech-
anism is further supported by annealing ZnO rods with 2 at.%
Alin air at 300°C for 2 h and then equal etching under the same
condition, It was found that the annealed ZnO rods could not be
ctched into nanetubes. The reason for this phenomenon might
be that upon annealing, the defects in ZnQ would attain a ther-
mal equilibrium with a uniform distribution instead of prefer-
entially locating at the center ol’ ZnO rods." Therefore. no
preferential ctehing would occur from the center to form a tu-
bular structure. Further, the feasibility of forming a ZnO tubu-

lar structure is sensitive to the diameter of the previously
deposited rods. Supperting information Fig, S2 shows the
SEM images of the etched sampie obtained from thin ZnO
rods, where no tubular structure can be observed. This is not
surprising as the small diameter means less area of the (0001)
surface, resulting in less energy difference between the top and
the side surfaces. Efforis 1o increase the diameter of ZnQ rods.
such as increasing the Zn?"* concentration and growth time. arc
not favorable for fabrication of nanotubes because increasing
the diameter simultancously increases the possibility of combi-
nation of neighboring rods. The above investigation indicates
that adding AP™ ions is an effective way 1o obtain Zn0Q nano-
tube arrays in an aqueous solution. In addition, it is another
issuc whether A’ ions have been incorporated into Zn(} crys-
tal lattices. Figure 4(a) shows the XPS full spectra of 2 at%%

Fig.3. Scanning electron microscopic images of ewched ZnQ sumples prepared without adding AP ions. (a) Precursor solution pH 6.7: (b) pH &.1.
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Fig.4. XPS spectra of ZnO rods prepared with 2 at% AP ion doping. (2) full spectrum: (b} Al 2ps 1.

Al-doped ZnO rods, where the binding energics were calibrated
by considering the C ls peak as a reference. XPS peaks
at ~1022.6 and ~1045.8 ¢V corresponding to the 2p;» and
2p1.5 core levels of Zn in ZnO. as well as peaks at ~331.6 eV
attributed to O Ls can be observed. while the peak of Al that
. usually appears near the binding encrgy of,74.17 eV, Al 2pz ..

is not found. The XPS results indicale that A" has not
been incorporated into ZnQO crystal lattices. which might be
due to the fact that the diffusion of Al in ZnQ is negligible at a
low temperature.

Figurc 5 shows the SEM images of Zn0 nanoflowers grown
with the addition ol 2 mL ZnO sol. As shown in Fig. 5(a). the as-
prepared ZnQ is composed of a bitayer structure, and the upper
layer is made of nanorod-based flower-like structures. From
Fig. 5(b). it can clearly be secn that the single nanoflower is

about 800 nm in size with many nanorods growing radialty from
the center in symmetry, and most of the nanoflowers are con-
neeted to cach other. Also, the bottom layer is composed of a
nanorod array. [1 is noticeable that the size of the as-prepared
nanoflowers is much smaller than those reported, which might
result from a relatively low pH value ( ~ 6).'® Correspondingly,
the average diameter of nanorods in nanoflower is <50 nm, and
the smaller size may favor a higher surface arca. Further, from
Fig. 3{c). the sharp tip of the nanorods can be observed. To make
the bottom layer clear. cross-scction SEM images are observed.
As shown in Fig. 3(d). the nanorods are oriented on the substrate
with ~ 200 nm length and ~40 nm diameter. The nanoflower
layer 15 uniformly covered on ihe surface of nanorod arrays.

It was found that introducing Zn® sol into the reaction so-
lution plays a key role in the formation of ZnQ nanoflowers.

Fig.5. Scanning clectron micrescopic images of as-prepared ZaO nanoflowers. {a-¢) show tep views of the sample: (d) shows the cross-section image.




March 2010

Facile Synthesis, Characterization of ZnQ Nanotubes and Nanoflowers 801

Fig.6. Scanning electron microscopic images of ZnQ nanostructures with dilferent amounts of Zn0) sol. (a. b) 0 mL sol; {c. d) I mL; (g and A 3 mL.

Figure 6 displavs the as-prepared ZnO nanostructures with dif-
ferent amounts of ZnQ sol addition. Without adding ZnO sol,
only well-oriented nanorod arrays are obtained. as shown in
Figs. 6(«) and (b). The average diamcter of the nancrod is about
80 nm, which is larger than that of the bottom layer of nano-
flowers. The average length of the nanoreds is also obviousty
increased. When 1 mL ZnO sol is introduced. some (lower-
shaped ZnO nanostructurcs arc formed, and the nanoflowers
are distributed randomly on the nanorod layer. As the ZnO sal
is increased to 3 mL. a dense nanoflower layer can be observed
in Figs. 6(c) and (f). while the dimension of individual nano-
flowers remains almost constant, Further. the crystal structures
of the nanoflowers with different ZnO sol additions are exam-
ined by XRD. which is shown in Fig. 7. It ¢can be found that the
(0002) peak intensity gradually decreases with increasing ZnQ
sol content. indicating less alignment.

Following the experimentil observations, the growth of a
Zn0 nanollower is schematically summarized in Fig, 8. When a

seeded substrate is immersed into a hot solution of zinc nitrate
and methenamine, homogeneous precipitation of ZnO occurs
and rod-like array structures are formed. Al the same time, if
Zn0 sol is added to the reaction solution. ZnQ nanoparticles in
sol will be randomly distributed into the solution. As a resuli.
homogeneous nucleation also oceurs on these nanoparticles. and
rod-like structures are formed around them. Different from the
nanorod array on the substrate. these rod-like structures grow
with random directions due to the absence af a substrate. Mean-
while. some amount of the ZnQ nanoparticles would be ad-
sorbed on the tip of the nanorod array. This is because the tip of
the Zn( nanorod usually possesses a charged polar (D001) sur-
face. The adsorption of nanoparticles onto the (0001} ZnQ
surlace may result in the formation of randomly oriented
flower-shaped nanostructures on the top of the nanorod. as
shown in Fig. 6(c). With a further increase in the content of the
Zn0 sol, the lormed ZnQ nanoflowers will be self-assembled
into a large-scale network to decrease the surface energy and a
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Fig.7. X-ray diffraction patterns of ZnQ nanostructures with different
amounts of ZnO sol.
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Fig.8. Schematic view of Zn0 nanoflowers’ growth process.

bilaver structurc is obtained. In this structure, the growth of the
bottom nanorod layer is suppressed considerably, which results
from the fact that the nanoparticles on the surface act as nuclei
for growing crystals.

The optical property of as-synthesized ZnQ nanoflowers is
investigated here. Figure 9 shows their room-temperature pho-
toluminescence spectra. For all the samples, there are two emis-
sicn bands for ZnQ that center at the UV and the visible range.
respectively. The UV emission is the intrinsic near-band-gap
emission that can be attributed to the rccombination of free ex-
citons, while the origin of the visible cmission can be ascribed to
intrinsic defects and impurities (including adsorbed oxygen. hy-
droxide. moisture, etc.). After adding ZnQ sol, the visible emis-
sion is significantly enhanced. Noting that the growth conditions
(pH. temperature, time, etc.) of ZnQ remain almost the same
with addition of ZnO sol, it is believed that the stronger visible
emission is caused by the more adsorbed oxygen. This is rca-
sonable, considering that the surface area of nanoflowers is
larger than that of nanorod arrays, and the larger the surface,
the more oxygen can be adsorbed. However, if the whole nano-
rod array is covered by ZnQ nanoflowers, the increase of the
surface area is limited. Thus, the nanoflowers with addition of 2
and 3 mL ZnO sol show similar intensities of visible emission.

IVV. Conclusion

In summary, we have demonstrated a facile approach to syn-
thesize a ZnO nanotube array and nanoflowers in an aqueous
solution. Detailed characterization of as-prepared ZnO nano-
structures has been carried out. For ZnO nanotubes, the pres-
ence of AI'* ions plays a crucial role in the formation of a
tubular structure, and ZnQ nanotubes with different inner struc-
tures are obtained by varying the seed layers. By introducing
ZnQ sol into the reaction solution, a bilayer ZnQ nanostructure

consisting of a ZnO nanorod array at the bottom and nano-
flowers at the top can be fabricated. The ZnO nanoflowers are
sell-assembled and show unique optical properties. The present
route allows the fabrication of different ZnQ nanostructures by
simply controlling additives,

Supporting Information

Additional Supporting Information may be found in the online
version of this article:

Figure S1. SEM images of ZnO rods array obtained from
CBD with different amount of Al: (a) 0 at.%; (b) 2 at.%.

Figure S52. SEM image of ZnO after etching, the chemical
bath deposition lemperature is 90°C, and growth time is 1 h.

Figure S3. XRD patterns of ZnQ nanotubes prepared using
dilferent seed layers.

Please note: Wiiey-Blackwell arc not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be
directed to the corresponding author [or the article.
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