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Z
inc oxide (ZnO) is an important multi-
functional semiconducting oxide that
is widely used in energy conversion,

electronics, optics, catalysis, and sensing.1�12

The development of hydrothermal synthesis
over the past decade has greatly promoted
bottom-up nanoscience for the rational
growth of diverse ZnO nanostructures.6�17

The general merits of this strategy lie in low
cost, low synthesis temperature, mild and
environmentally benign reaction condi-
tions, and easy scaling up. Moreover, a
distinctive advantage emerging via this ap-
proach is the possibility of providing ZnO
nanostructures with specific morphology or
arrangement, which are directly linked to
the functional requirements of practical
devices for optimal performance.6�12,18,19

For instance, well-aligned crystalline ZnO
nanowires have been grown on flexible
organic substrates, compatible with the de-
sign of inorganic�organic hybrid LEDs.18

High-throughput fabrication of patterned
ZnO nanowire arrays on a wafer scale has
been readily achieved by combination with
different lithography techniques, which is
especially of use for ZnO-based light emit-
ters and electrochromic displays.19 By intro-
ducing capping agents with preferential
binding abilities on specific ZnO crystal
surfaces in low-temperature alkaline hydro-
thermal synthesis, systematic manipulation
of the aspect ratio of ZnO nanowires has
been accomplished toward the goal of
morphology-coupled photocatalytic activ-
ity or field emission.8,10

Recently solution-grown ZnO nanowire
arrays have been exploited in dye-sensitized
solar cells (DSSCs) as an efficient photoanode
alternative to traditional TiO2 nanoparticle

films.3,6,9�11However, the insufficient surface
area of simple 1D ZnO nanostructures is
unprofitable for high dye loading and
light harvesting, which yet restricted the
energy conversion efficiency to relatively
low levels.3 This weakness has been partly
overcome by constructing DSSCs using ZnO
nanowires with branched structures as
photoanodes, which significantly improved
the DSSC power conversion efficiency due
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ABSTRACT The develop-
ment of hydrothermal synthesis
has greatly promoted bottom-
up nanoscience for the rational
growth of diverse zinc oxide
(ZnO) nanostructures. In com-
parison with normal ZnO nano-
wires, ZnO nanostructures with
a larger surface area, for instance, branched nanowires, are more attractive in the application
fields of catalysis, sensing, dye-sensitized solar cells etc. So far the ZnO branched nanowires
achieved by either one-step or multistep growth always present a boundary-governed
nonepitaxial branch/stem interface. In this report, seeded growth of single-crystalline ZnO
hexabranched nanostructures was achieved by selecting polyethylene glycol (PEG) as capping
agent based on a low-temperature, laterally epitaxial solution growth strategy. We
investigated the generality of this PEG-assisted growth process using different ZnO seed
layers including continuous film, patterned dots, and vertically aligned nanowire arrays. It was
revealed that PEG is a distinctive c-direction inhibitor responsible for the lateral growth and
subsequent branching of ZnO due to its nonionic and nonacidic feature and weak reactivity in
the solution system. All the obtained branched nanostructures are of single crystallinity in
nature, which is methodologically determined by the homoepitaxial growth mode. This PEG-
assisted process is versatile for diameter tuning and branch formation of ZnO nanowires by
secondary growth. Our proof-of-concept experiments demonstrated that the ZnO hexab-
ranched nanostructures presented superior photocatalytic efficiency for dye degradation
relative to the normal ZnO nanowires.

KEYWORDS: branching . epitaxial growth . structure-directing agent . ZnO
nanowires . photocatalytic degradation
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to a greatly augmented ZnO surface area.6,11 However,
so far the branched ZnO nanowires achieved by
either one-step or multistep growth always present
a boundary-governed nonepitaxial branch/stem inter-
face,6,11,12,20�23 which is supposed to generate an
additional bottleneck for DSSC efficiency due to the
amplified charge recombination during boundary per-
colation. In view of the above facts, a single-crystalline
ZnO branched nanostructure is practically imperative
for photovoltaic applications owing to its high loading
ability without sacrificing efficient electron transport.
In this work, we demonstrate a versatile homoepitaxial
solution synthesis strategy for seededgrowth of single-
crystalline ZnO hexabranched nanowires by selecting
polyethylene glycol (PEG) as capping agent. This poly-
morph, which has been missing for a long time, may
fill the void in the gallery of solution-grown ZnO
nanostructures.

RESULTS AND DISCUSSION

To serve as the seed layer for the subsequent
growth, atomic layer deposition (ALD) was used to
grow a uniform ZnO film with a thickness of 30 nm on
Si substrates. The as-deposited ZnO film presents no
preferred orientation, which could be slightly im-
proved by postannealing at elevated temperatures
(Supporting Information, Figure S1). The substrate with

the seed layer (1.5 cm2) was placed facing downward
into a 15 mL growth solution containing 12.5 mM zinc
nitrate and 12.5 mM hexamethylenetetramine (HMTA)
and then maintained at 90 �C for 24 h (sample 1).17

Sample 2 was grown by the same procedure, but with
the addition of 1 mL of PEG (Mw 400) in the starting
solution.
Figure 1a shows a cross-sectional SEM image of

sample 1 formed under the normal growth conditions,
in which vertically aligned nanowire arrays about
80 nm in diameter and 3.5 μm in length are observed.
The inset in Figure 1a illustrates the morphology of
sample 2, where the height of the formed nanostruc-
tures was significantly reduced to only 500 nm in the
presence of PEG in the growth solution. A close view
shown in Figure 1b indicates the formation of a much
denser film consisting of irregular rod-like nanostruc-
tures in sample 2. The top view (inset) reveals that each
nanorod indeed has a uniform six-angle-star-like
branched cross-section configuration.
XRD patterns in Figure 1c confirmed the formation

of phase-pure hexagonal wurtzite ZnO nanostructures
in both the samples. However, only sample 1 presents a
highly [0001] preferred orientation. It is known that
growth of ZnO along the [0001] direction (c-axis) is
thermodynamically favored.1 When ZnO nanowires
started to grow from the non-highly oriented seeds,

Figure 1. (a) Cross-sectional SEM imageof as-grownZnOnanowires (sample 1). Inset shows cross-sectional SEM imageof ZnO
branched nanorods (sample 2) with the samemagnification. (b) Zoom-in of cross-sectional SEM image of sample 2 and its top
view (inset). (c) XRD patterns of samples 1 and 2 for investigating the crystal structure and orientation. TEM images of
individual nanostructures from sample 1 (d) and sample 2 (e, f) together with their SAED patterns. (g) PL spectra of samples 1
and 2 at room temperature.
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a small amount of initial nanowires that were not
aligned normal to the substrate was quickly impeded
by neighboring crystals. Most vertical nanowires easily
survived through competition and continued to grow,
eventually forming [0001]-oriented arrays. As shown in
Figure 1b, the very limited axial growth of sample 2
could not completely jump the traces of the underlying
seed orientation. Thus, a relatively poor [0001] orienta-
tion was presented.
The TEM image in Figure 1d shows an individual ZnO

nanowire of sample 1 and its related SAED pattern.
The nanowire is single-crystalline and elongating along
the inherent fast growth direction [0001] of ZnO. The
nanorod of sample 2 in Figure 1e follows the same
c-oriented growth habit. Although the nanorod has a
rough surface with an unusual edge contrast under
electron beam, it presents good single crystallinity. In
addition, its diameter gradually declines from top to
bottom. On condition that the nanorods are located on
the (0001) basal plane, the configuration of six sym-
metric branches radiating from a stem was clearly
verified (Figure 1f). The direction of extension of each
branch corresponds to each m-orientation of six
{10�10} axes symmetrically distributed in the ZnO
(0001) foil plane. Figure 1g shows PL spectra of both
the samples. The UV to visible emission ratio of sample
2 is much higher than sample 1, indicating a lower
defect density in the ZnO hexabranched nanorods.1

PEG (Mw 400) is a common short-chain polymer with
�(CH2-CH2-O)� repeating units. Previously, it was
found that PEG could be exploited as a c-orientation
crystal growth inhibitor only to selectively promote the
formation of ZnO nanowires or nanorods in solution

due to the coordination abilities of its oxygen atoms
with zinc ions.24 However, for the PEG-assisted ZnO
growth based on the heterogeneous nucleation from
the preformed seeds, the single-crystalline hexa-
branched polymorphwas first discovered. We observed
that even for the ZnO bipod crystals unavoidably
precipitated in the bulk growth solution, the dominat-
ing evolution mode conformed to the fusion and
stacking of neighboring ZnO blocks with a star-like
morphology (Figure S2), different from all the reported
cases in the literature.20�22 Under the same reaction
conditions, fractal and tapered nanotrees were formed
when the concentrations of zinc nitrate and HMTA in
the nutrient solution were synchronously halved while
the PEG amount was maintained (Figure S2). Inversely,
drastic increase of the PEG amount while the reactant
concentrations remained unchanged induced the for-
mation of thinner and flatter ZnO evolving from nano-
plates to nanoslices (Figure S2). The above findings
strongly hinted that PEG is probably a previously
“underestimated” structure-directing agent, which is
practically versatile for the geometric regulation of the
solution-grown ZnO nanostructures. Therefore, the
specific role of PEG in the seeded growth of ZnO will
be revisited.
For a better understanding of how the single-crystal-

line ZnO hexabranched nanorods developed under
the assistance of PEG, we conducted a time-dependent
synthetic study. In order to maximally weaken the
influence of steric hindrance on the structure evolu-
tion (discerned in Figure 2b), patterned ZnO dots were
used as the seeds instead of the continuous ZnO film.
From a technical point of view, it is still challenging to

Figure 2. SEM images of patterned ZnO seed arrays by phase shift photolithography (a, b). Time-dependent morphological
evolution of ZnO nanostructures grown from the seed arrays in the presence of 1mL of PEG: 1 h (c, d); 9 h (e, f); 12 h (g, h); 24 h
(i, j). Morphology of ZnO nanostructures grown from the seed arrays without PEG by 24 h (k). Each inset in (c), (e), (g), and
(i) shows a corresponding general view. (l) Pictorial representation of the mechanism for the formation of single-crystalline
ZnO hexabranched nanostructures. PEG is represented as P in the scheme.
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manipulate the building blocks of functional nano-
structures into a large-scale regular form, which is
essential for future advanced integration-compatible
devices.19,25 Patterned ZnO dots were generated by a
modified phase shift photolithography technique.25 In
brief, a 30 nm ALD ZnO layer deposited on a Si wafer
was first coated with a positive resist. The patterned
resist dot masters were formed by double-exposure
near-field phase shift lithography and were further
used as an etch mask to create patterned ZnO seed
arrays (Figure S3). As shown in Figure 2a, b, square
patterns of ZnO dots with diameters of <400 nm were
readily created with perfect periodic order on a large
scale.
Figure 2c�j shows the PEG-assisted evolution of

ZnO from the patterned dot arrays at selected time
intervals, viz., 1, 9, 12, and 24 h. In all the stages, the
emergence of diverse nanostructures was exclusively
centered at each dot, persisting with the initial peri-
odicity (also see Figure S4). After the reaction for 1 h
(Figure 2c, d), multiple nucleation sites arose from each
polycrystalline dot. Up to 9 h (Figure 2e, f), the growth
occurred both axially and laterally, leaving thick hex-
agonally prismatic structures. In all these structures
axial stripes can be detected along all six prism edges.
A longer reaction time of 12 h resulted in negligible
growth along both directions (Figure 2g, h). The im-
mediate structures have an apparent 18-sided shape
with a flat top surface. The stripes observed in the
previous phase have been changed to deeper axial
grooves that separate six outspread branches. At a
latter reaction stage from 12 to 24 h, the branches
elongated, sharpened, and slightly turned up at the
tips, leading to the formation of hexabranched nano-
structures with a six-angle-star-like cross-section, as
shown in Figure 2i, j. Note that the diameter of most
ZnO nanostructures formed in the latter stages shrank
from the top toward the nucleation sites (Figure 2h, j).
Figures 2k shows the morphology of ZnO grown from
the patterned dot arrays after a 24 h reaction without
PEG. As expected, slim nanowires with a tapered end
were obtained. The unrestricted extension of nano-
wires from differently oriented nuclei almost obscured
the patterned structure (Figure S5).
On the basis of the above observations, we propose

a possible growth mode for the ZnO hexabranched
nanostructures. A graphical illustration is also pre-
sented in Figure 2l. At the initial stage, tiny ZnO nuclei
with faceted surfaces were grown from the seeds by
competitive nucleation. The Zn2þ-terminated (0001)
surface was specifically capped by PEG via coordina-
tion with oxygen atoms, which suppressed the growth
of ZnO on this thermodynamically preferred surface.
Initially, the precursor in the solution was abundant
and the growth occurred axially (c-axis) in a low rate
together with the enhanced lateral growth. Thick
hexagonal prismatic structures were thus produced.

With the gradual depletion of Zn2þ ions in a prolonged
reaction process, the growth of ZnO slowed and got
close to the growth�dissolution equilibrium.26 Be-
cause the fast etching (0001)-plane of ZnO was effi-
ciently capped by PEG, the six prismatic edges
intersecting adjacent m-planes became the most un-
stable fronts. The dissolution of ZnO on the edges was
faster than its reprecipitation, which initiated six axial
etched stripes and gradually deepened them. In con-
trast, the prism faces at the growth fronts continued to
extend and branched epitaxially along the six m-axes.
As the reaction further proceeded, the increasingly
limited supply of the reactant precursor ended the
branches with tips.27

To confirm the branching mechanism we proposed
above, we further measured the actual concentration
of overall soluble Zn species (simplified as Zn ions) in
the growth solution with PEG during different reaction
stages by atomic absorption spectrometer (AAS). Here,
continuous ZnO films were used as the seed layer. All
the other reaction parameters followed the standard
setup in our experiments. By analyzing the AAS result
(red plot) shown in Figure 3, it can be seen that the
concentration of Zn ions in the growth solution de-
creased significantly from 800 to 340 ppm during the
initial 6 h for the ZnO-forming reaction. In this stage,
heterogeneous nucleation of ZnO on the seeded sub-
strate was favorable because the existing seeds by-
passed the nucleation step.17 On condition that the
supersaturation of ZnO clusters was maintained in the
solution, ZnO nanorods could form and continue to
develop by anisotropic growth, although the growth
along the c-orientation was severely restricted due to
the presence of PEG. Within the next 6 h, the depletion
of Zn ions started to slow. Accordingly, the growth rate
of ZnO nanorods also decreased. Afterward, the con-
centration of Zn ions was only decreased from 150
ppm to 110 ppm up to 12 h before the end of the
reaction. Therefore, only a slight depletion of Zn ions

Figure 3. Relation between the overall Zn concentration in
the growth solution and the reaction time with and without
PEG. Prior to the AAS measurement, each growth solution
was centrifuged at 4000 rpm for 10 min to remove possible
precipitates.
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occurred during the latter 12 h, which confirmed that
the system herein was in a state close to a dynamic
equilibrium while the branching of ZnO nanowires
occurred during this time window. The above AAS
results provided crucial support for the proposed dis-
solution�reprecipitation mechanism that is responsi-
ble for the formation of ZnO hexabranched nano-
structures. In addition, we also investigated the
time-dependent change of the Zn concentration for
the seeded solution growth without PEG. As presented
in Figure 3 (black plot), the trend of the Zn concentration
over time was similar to the system with PEG. Therefore,
the depletion of Zn ions subjected to the ZnO-forming
reaction was hardly influenced by the addition of PEG
(1 mL) in the system. This result presented additional
evidence for the nonacidic nature and weak reactivity of
PEG in this solution reaction system.
Regarding the c-axis inhibitors, anionic citrate has

been most popularly used to tune the aspect ratio of
ZnO nanostructures.14,20�22 Recently various metal
complex ions also demonstrated efficient control of
themorphologyof ZnOnanostructures by face-selective
electrostatic adsorption.10 However, neither of the
strategies has been found applicable for the branched
nanostructure formation. We consider that the distri-
bution of species responsible for the capping in the
ionic inhibitors is extremely sensitive to the solution
environment. Especially, the significantly decreased pH
value accompanied by the limited precursor supply
could convert the capping agents to invalid forms. For
this reason, the layered ZnO nanostructures in the
citrate-assisted process were still tapered along the
c-axis, enduring a longer reaction time.14,28Whenmore
citrate ions were added, a porous structure with no

alignment was formed due to the dissolution of ZnO,28

most probably induced by the strong hydrolysis of
concentrated citrate ions near the end of the reaction.
Therefore, the formation of the branched nanostruc-
tures is greatly beneficial from the nonionic, nonprotic,
and weak-reactive features of PEG, which represents a
more effective structure-directing agent for ZnO solu-
tion growth.
Furthermore, we investigated the PEG-assisted ap-

proach for secondary growth using solution-grown
ZnO nanowires as the seeds (Figure 4a). During the
PEG-assisted secondary growth, the length and dia-
meter of the evolving nanowires were investigated at
different time intervals within 24 h (Figure S6). The
relations of the average length and diameter as a
function of the growth time are plotted in Figure 4b.
It is clear that the nanowires hardly grew along [0001]
direction with the c-axis inhibitor PEG, while lateral
growth was favored, continuing throughout the sec-
ondary growth. In contrast, when the secondary
growthwas conducted in the nutrient solution without
PEG, the initial ZnO nanowires slightly grew along the
c-direction while the diameters remained unchanged
(Figure S7).
For the PEG-assisted secondary growth, there are

two important stages worth special mention. Com-
pared with the seed nanowires, the ZnO nanowires by
secondary growth up to 6 h aremuch thicker andmore
hexagonally faceted (Figure 4c, d). The unidirectional
lateral growthmode governed by PEG indeed provides
a potential solution route for achieving purposely
doped homoepitaxial ZnO coaxial nanowires with
selective incorporation of dopants into the regenera-
tive shell. After 24 h of incubation, single-crystalline

Figure 4. (a) SEM image of ZnO nanowires used as the seeds. (b) Plots of the average length (red) and diameter (black) of ZnO
nanowires as a function of the growth time by the PEG-assisted secondary growth (1 mL of PEG). Morphologies of two
important stages: 6 h (c, d) and 24 h (e, f). Inset in (a), (c), and (e) is a corresponding cross-sectional SEM image of each sample.
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hexabranched nanowires with a six-angle-star-like
cross-section were obtained (Figure 4e, f). Each nano-
wire is multilayered with a flat top surface and a
uniform width from top to bottom. The free space
between adjacent nucleation units in vertical nanowire
seeds is much larger than those in the polycrystalline
film and the patterned dots each consisting of multiple
nuclei. Therefore, we consider that the upturned star
tips and the reverse pyramidal shape occurring in the
former cases (Figures 1b and 2j) were caused by
gradually restricted diffusion of the aqueous precursor
toward the bottoms of nuclei rather than the growth
habit.
By tuning the PEG amount or precursor concentra-

tions or both, diverse hierarchical 1D ZnO nanostruc-
tureswere obtainedby the secondary growth (Figures S8).
Generally, increasing the PEG portion for fixed precur-
sor concentrations more efficiently inhibited the
c-direction growth and benefited the branching. When
the PEG amount was insufficient, long helical ZnO
nanowires were finally grown along the c-direction
on the top of aligned ZnO hexabranched nanowires
(Figure S9). When an excess PEG amount was added,
the high viscosity of the nutrient solution severely
retards the aqueous diffusion of precursors deep in

the nanowire seeds, which again led to a reverse
pyramidal geometry of the epitaxial structures
(Figure S9). Therefore, 1�2 mL of PEG was suggested
as an optimal window for the formation of uniform
hexabranched nanowires in the current experimental
setup. In addition, the intersection angle and the
extent of six branches could also be adjusted by
varying the number, diameter, or length of ZnO nano-
wires used as the seeds. Figure 5a, b shows SEM images
of the ZnO hexabranched nanowires formed by sec-
ondary growth from a smaller piece of substrate con-
taining solution-grown ZnO nanowire seeds with the
same density. In contrast to the result presented in
Figure 4e, longer branches accompanied with reduced
intersection angles between adjacent branches can be
clearly observed. The decrease in the number of ZnO
nanowire seeds indeed increased the loading of ZnO
precipitates averaged by eachm-plane near the end of
the reaction, so the branching could occur in a slower
tapered fashion, leading to a more adequate develop-
ment of the branches. Inversely, if the number of the
same nanowire seeds is raised or the average diameter
or length of each nanowire serving as the seed is
significantly increased, a short and undeveloped
branched configuration can be expected due to the

Figure 5. (a, b) SEM images of ZnO hexabranched nanowires after secondary growth using a piece of nanowire seed with a
smaller size. (c) SEM image of long ZnOnanowires grownby chemical vapor deposition. (d) SEM images of ZnOhexabranched
nanowires after secondary growth using the sample in (c) as the seeds. A very short and undeveloped branched configuration
is shown. For both cases, the reaction was conducted at 90 �C for 24 h using 1 mL of PEG and 12.5 mM precursor
concentrations for both Zn(NO3)2 and HMTA.
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fast depletion of the limited ZnO precursors shared by
excessm-plane areas. Figure 5c shows an SEM image of
the ZnO nanowires grown by the chemical vapor
deposition (CVD) method. Compared with the solution-
grown ZnO nanowires shown in Figure 4a, these nano-
wires are much thicker and longer. When these
CVD-grown ZnO nanowires were used as the seeds
for the secondary growth subject to 24 h in the pres-
ence of PEG, ZnO nanowires with increased diameters
and immature branched configuration were finally
produced (Figure 5d), consistent with our postulation.
This result also demonstrated that this PEG-assisted
secondary growth process is compatible with primary
ZnO nanowires produced by both solution and gas
routes for achieving effective structural tuning.
ZnO has been known as a photocatalyst, displaying

impressive applications in the photodegradation of
some organic compounds.8 To compare the photoca-
talytic activity of normal ZnO nanowires and ZnO
branched nanostructures, we conducted photocata-
lyzed dye degradation experiments with the organic
dye methylene blue (MB) under ultraviolet light. An
aqueous solution of MB (4 mL, 2 μM) was separately
prepared in 10 mL glass beakers. One sample solution
was used as reference to measure the degradation
without catalyst (blank). Two dye solutions were sepa-
rately added with a piece of normal ZnO nanowire
catalyst (2 cm2) and a piece of hexabranched nanorod
catalyst (2 cm2), both of which were grown from
continuous ZnO film seeds. The above solutions were
kept overnight in the dark to establish an adsorp-
tion�desorption equilibrium. Then all three MB solu-
tions were exposed to a UV lamp with a wavelength of
254 nm and a power of 15 W. At each time interval the
irradiation was paused and solution from each sample
was added to quartz cuvettes for absorbancemeasure-
ment using a UV�vis spectrophotometer. After the
measurement the solutions were returned to the bea-
ker and the irradiation was resumed. As shown in
Figure 6, after exposure to UV light for 4.0 h, the ZnO
branched nanorods were able to degrade 82% of MB
(green plot), whereas the normal ZnO nanowires de-
graded only 56% (red plot). The corresponding AAS
results for these two samples (Figure 3) have evidenced
that the concentration changes of Zn ions in the
growth solution with and without PEG followed a
similar trend and rate, indicating the products of both
samples are comparable in amount. Moreover, when
the morphologies of the nanowires and the branched
nanorod samples are compared (Figure 1a), the
branched nanorod sample showed a “negative” effect
of the total ZnO volume (less volume) regarding its
much lower height if the volume difference still ex-
isted. Therefore, the contribution from a larger volume
of the hexabranched nanorod sample to the enhanced
MB degradation efficiency was excluded. Because ZnO
hexabranched nanorods with a large total surface area

were enclosed by a greater proportion of (0001) polar
faces with intrinsically the highest energy, the higher
photocatalytic activity could be attributable to the
larger polar surface area or larger total surface area or
their synergetic effect.
Furthermore, we compared the photocatalytic ac-

tivity of the ZnO hexabranched nanorods with the ZnO
hexabranched nanowires via secondary growth of the
normal nanowires. As shown in Figure 6 (blue plot), the
ZnObranched nanowires formed by secondary growth
degraded almost all the MB within 4.0 h, showing
higher degradation efficiency. In contrast to the ZnO
branched nanorods, the sample of ZnO branched
nanowires formed by secondary growth has a nearly
equal (0001) polar surface area, but significantly en-
larged total volume and total surface area. However,
the enhancement of its dye degradation efficiency fell
far behind considering these augmentations. There-
fore, it is reasonable to suggest that the proportion of
polar surfaces in the ZnO hexabranched nanostruc-
tures plays a major role in the enhancement of the
degradation of organic pollutants.8

CONCLUSIONS

In summary, the polymer PEG was introduced as a
versatile structure-directing agent for aqueous seeded
growth of single-crystalline ZnO hexabranched nano-
wires. We investigated the generality of this PEG-
assisted growth process using different ZnO seed
layers including continuous film, patterned dots, and
vertically aligned nanowire arrays. All the obtained
branched nanostructures are of single crystallinity in
nature, which is methodologically determined by the
homoepitaxial growth mode. Single-crystalline hexab-
ranched nanowires are expected to find important
applications in various fields such as UV photocatalysts
for organic pollutant degradation andphotoanodes for

Figure 6. Degradation of MB photocatalyzed by normal
ZnO nanowires (red), primary ZnO hexabranched nanorods
(green), and secondarily grown ZnO hexabranched nano-
wires (blue) under UV irradiation.
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DSSCs. Moreover, PEG reflects some properties of
natural mucous membrane surfaces. The forma-
tion of such highly symmetrical complex structures

induced by PEG in a mild environment might broad-
en our understanding of the mineralization of bio-
materials.

EXPERIMENTAL SECTION
Materials. Zinc nitrate hexahydrate (Zn(NO3)2 3 6H2O), hex-

amethylenetetramine (C6H12N4), polyethylene glycol (Mw 400),
and methylene blue (C16H18N3SCl) were procured from Sigma
Aldrich and used without further purification.

Preparation of ZnO Seed Layers by Atomic Layer Deposition. A ZnO
thin film was grown at 115 �C by reacting diethylzinc with water
vapor in a vertical flow-type reactor (OpAL, Oxford Instruments)
at pressures between 80 and 180 mTorr. Nitrogen gas was used
as the carrier gas with a flow rate of 25 sccm.

Fabrication of Patterned ZnO Dot Arrays. A p-type Si(100) wafer
was first coated with a 30 nm ALD ZnO layer. The ZnO layer was
additionally coated with a positive tone photoresist (AZ 5214),
which was patterned by double-exposure near-field phase shift
lithography and developed in MIF 726 solution for approxi-
mately 1 min. Note that the used mask is an inexpensive
homemade borosilicate mask. The obtained resist patterns
were then used as an etch mask to create patterned ZnO seed
arrays with diameters of <400 nm using reactive ion etching
with a gas mixture of 16:34:5 sccm CHF3/CF4/Ar at 200 W of
platen power. The etch duration was 4 min. Finally, the remain-
ing photoresist residue was removed by acetone.

Synthesis of ZnO Nanowires and Hexabranched Nanostructures. Nano-
wires were prepared by the classic method. A 15mL amount of a
12.5 mM solution of zinc nitrate and HMTA was contained in a
glass tube. A piece of silicon (3 cm � 0.5 cm) with a continuous
annealedZnOALD layer or patterned ZnOdot arraywas inserted
into the solution slantwise. The bottle was sealed and kept at
90 �C for 24 h. After 24 h the solutionwas cooled and the sample
was washed with deionized (DI) water and dried naturally.
For hexabranched nanostructures, in addition to the precursor
solution, 1 mL of PEG was added to the solution and the experi-
ment was conducted in the same way.

Secondary Growth of ZnO Hexabranched Nanowires. In a typical
experiment, nanowire samples of dimensions 3 cm � 0.5 cm
prepared as described above were placed in 15mL of precursor
solution (zinc nitrate and HMTA, 12.5 mM) added with 1 mL of
PEG. The bottle was sealed and kept at 90 �C for 24 h. After 24 h
the solution was cooled and the sample was washed with DI
water and dried naturally.

Preparation of ZnO Nanowires by Chemical Vapor Deposition. Nano-
wires were grown on Si substrate with Au as catalyst in a two-
zone furnace. The substrate was prepared by evaporating a film
of Au on a piece of siliconwafer. The substrate was placed inside
the quartz tube at the downstream position in the first heating
zone of the furnace. A 1 g sample of the source containing ZnO
powder (99.999%) and powdered graphite (99.99%) in 1:1 ratio
was placed in the second heating zone of the furnace. The tube
was evacuated to a pressure of 4 � 10�5 mbar. Then O2 and Ar
were set to flow through the tube at flow rates of 1.5 and 30
sccm, respectively. The first heating zonewas kept at 750 �C and
the second zone at 950 �C. The heating was continued for 1 h
and then cooled, the vacuumwas released, and the sample was
taken out of the furnace.

Characterization. High-resolution SEM images were obtained
using a Nova NanoSEM (FEI) SEM. TEM images of the ZnO
nanostructures and the corresponding ED pattern were ob-
tained by using a JEOL 1010 microscope at an accelerating
voltage of 100 kV. The nanostructures were scratched from the
Si substrate, dispersed in ethanol (analytically pure, 99.99%),
dip-coated onto a copper grid coated with a thin carbon film,
and dried at room temperature. The crystal structure was
characterized by XRD θ�2θ scans using a Philips X'Pert MRD
diffractometer with Cu KR radiation. Photoluminescence (PL)
measurements were carried out using the 514.5 nm line of an
Arþ ion laser with an excitation power of 14 mW. PL spectra

were measured at room temperature with a LN2-cooled CCD
camera attached to a single grating monochromator using a
HeCd laser (3.8 eV line) as excitation source. All the spectra were
corrected for the spectral response of the setup. The concentra-
tion of Zn ions in the growth solution at different reaction stages
was determined by an Analytik Jena Vario 6 atomic absorption
spectrometer. The samples were centrifuged at 4000 rpm for
10 min to remove any precipitates before the measurements.

Photocatalytic Activity. The photocatalytic activities of various
ZnO nanostructures grown on a Si substrate were investigated
by using organic dye degradation under ultraviolet light. The
test solution was an aqueous solution of methylene blue (4 mL,
2 μM) stored in a 10mL glass beaker. The initial absorbance was
measured by using a UV�vis spectrophotometer (Perkin-Elmer,
Lambda 950). Then all the solutions with and without ZnO
photocatalysts were exposed to UV (UV lamp XX-15S (UVP Inc.))
with a wavelength of 254 nm and a power of 15W. At each time
interval the irradiation was paused and solution from each
samplewasmoved to a quartz cuvette for absorbancemeasure-
ment. After the measurement the solutions were returned to
the beaker and the irradiation was resumed.
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