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Well-aligned ZnO@Co hybrid nanotube arrays on conductive glass substrates have been obtained
by an electrochemical deposition approach. Vertical-aligned ZnO nanotubes with sizes between
300 and 600 nm in diameter and wall thickness of ~100 nm have been prepared by selective
dissolution from the nanorods. The ZnO@ Co heterostructures can be prepared by optimizing the

deposition time and controlling the stability of Co®>™ ions. Compared to the nanorod arrays, both

nanotube arrays and the ZnO@Co heterostructures show enhanced photoluminescent properties.
In addition, ZnO and ZnO@Co nanotubes show improved photocatalytic properties compared
with the bare ZnO nanorod array, and the hybrid nanotubes exhibit better adsorptive properties
than the bare ZnO nanotubes. Furthermore, the ZnO@Co hybrid nanotube arrays show

ferromagnetism at room temperature.

1. Introduction

Semiconducting hybrid materials with improved functional-
ities such as optical, photocatalytic, electric and magnetic
properties have attracted a lot of attention.'™ Especially,
synthesis and properties of semiconductor-metal hetero-
structures such as ZnO-Au,>® CdS-Au,’ ZnOng,8 have been
investigated in recent years due to their potential and
important applications in catalysis, cellular imaging, immuno-
assay, luminescence tagging, and drug delivery. For example,
if made magnetic, ZnO will become a kind of multifunctional
material with semiconducting, optical, photocatalytic and
magnetic properties.”'?> Magnetic materials such as giant
positive magnetic Co decorated nanomaterials would act as
new members of the magnetic-semiconductor family.'*'> Most
hybrid materials are monolithic and not easy to be assembled
into hybrid material devices.">*° Magnetic hybrid materials
synthesized under mild conditions could offer obvious
advantages in device design and fabrication.

7ZnO, as a wide band-gap semiconductor (3.37 e¢V) with a
large excitation binding energy (60 meV) at room temperature,
has attracted much attention due to its remarkable near-UV
emission, transparent conductivity, electric, and optical
properties.'® Recently, many well-defined ZnO nanostructures
have been synthesized and widely studied.'”° Intensive
research has been focused on constructing one-dimensional
ZnO structures in large quantities.”* > In particular, hollow
tubular structures exhibit a higher surface/volume ratio than
bulk materials, and thus offer more chances for their applica-
tions in field-emission materials, gas sensors, photocatalysts,
and nanoscale devices.!”?>?> A typical ZnO nanotube array in
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large-scale has been synthesized by introducing a two-step
electrochemical method.*’

It is known that the choice of different growth method
leads to a significant change in the quality of ZnO crystals.?*2’
Compared with physical methods, the chemical solution
system is evidently low-temperature, low-cost and environ-
mentally friendly. Recently, many ZnO nanostructures
such as hexagonal ring-like superstructures, nanobrushes,
patterned nanowires, nanorods, nanotubes, nanowires,
nanosheets with porous morphology, heterostructures and
some two-dimensional arrays, have been realized by an
electrochemical method.?®*3?33 Choi et al. have fabricated
lamellar, dendritic, mesoporous thin films, nanowires,
three-dimensional porous films, cubic, octahedron, and other
novel shapes of metal oxides via coupling of the electro-
chemical method and surfactant templating.>**? Parameters,
such as temperature, ion concentration, potential, surfactant
species, and electrodeposition time may tailor their
morphology and affect their properties.®* The morphology
evolution can be tuned by kinetically controlling the
growth rates of various facets through coupling the electro-
deposition with capping agents.?® Applying this new approach
may develop a new system for investigating the process
of crystal growth, which can stop and restart the reaction
or change the reagents immediately without any delay.>* What
is more, it is possible to construct nanodevices on a large
scale by utilizing this method, and to improve the performance
of the nanomaterial.>® Electrochemical synthesis strategy
is a novel mild promising technique for fabrication of new
heterostructures.

Herein, we report the synthesis of the heterostructure of
ZnO@Co nanotube arrays by using the electrochemical
deposition method. To the best of our knowledge, the nano-
tube arrays with magnetic mental wraps on the walls of each
nanotube by electrodeposition have not been reported so far.
The optical, magnetic, and photocatalytic properties of such
heterostructures have been investigated.

3710 | Phys. Chem. Chem. Phys., 2009, 11, 3710-3717

This journal is © the Owner Societies 2009



2. Experimental
2.1 Materials

Zn(NO3;),-6H,0, NH4Ac, ethylenediamine (EDA), disodium
ethylene diaminetetraacetate (EDTA) and CoSQO4-7H,O were
purchased from Sinopharm Chemical Reagent Co. Ltd. All
reagents were of analytical grade and used without further
purification. All glassware (glass bottle and small pieces of
ITO (Indium Tin Oxides) glass substrates) was cleaned and
sonicated in ethanol, rinsed with deionized (DI) water, and
finally dried with acetone.

2.2 Preparation

The working electrode is an ITO glass substrate, with a sheet
resistance of about 67 Q cm ™! prepared by etching in a dilute
HCI acid aqueous solution for a few seconds, then cleaned in
deionized (DI) water three times. For the counter electrode, a
Pt flag electrode is used. The reference electrode is a saturated
calomel electrode (SCE), against which all the potential
reported here was measured. Before electrodeposition, the
three electrodes were all ultrasonically cleaned in DI water.
The electrochemical experiments were conducted on a Multi-
potentiostat (IM6ex, ZAHNER elektrik, Germany) using a
conventional three-electrode system in an undivided cell.

2.3 Synthesis of ZnO nanotube arrays

Hexagonal ZnO rod arrays on the ITO substrates are electro-
deposited at —1.20 V versus SCE for 10 h at 70 °C in the
electrolyte of 0.05 M Zn(NO3),-6H-O, 0.05 M NH4Ac and
0.07 M EDA in an aqueous solution. Before routine electro-
deposition, the seed-growth process is needed for the forma-
tion of regular c-axis preferential nanorod arrays. —1.40 V
versus SCE for 300 s in the same solution at 70 °C is optimal
for the seeding-growth process. After the routine electro-
deposition, the nanorods covered with ITO substrate were
rinsed in DI water several times and then acted as a working
electrode during the second selective dissolution process.
Typically, the etching solution consisted of 0.10 M EDA in
DI water, and the temperature, time and applied potential
were 70 °C, 3 h and —0.20 V versus SCE, respectively.

2.4 Synthesis of ZnO@Co nanotube array

After etching, the nanotubes covered ITO substrate was rinsed
with DI water several times again, and then used as a working
electrode for the third time. In a typical experiment, the
third-step applied potential, deposition time and temperature
were —1.80 V versus SCE, 10 min and 70 °C, respectively. The
electrolyte is 0.05 M CoSO4-7H»O in aqueous solution here,
and for the control experiment, 0.05 M CoSO47H,0 with
0.5 M EDTA in aqueous solution was used.

2.5 Photocatalytic activity measurement

A cylindrical Pyrex flask (capacity ca 1000 mL) was used as the
photoreactor vessel. The reaction system containing acid
fuchsine (CyoH;7N309S;Na,) (Sigma-Aldrich Chemical Co.;
4.4 x 107> M, 100 mL) and ZnO or ZnO@Co nanotubes as
catalyst (30 mg) was magnetically stirred in the dark for 5 min
to reach the adsorption equilibrium of acid fuchsine with the

catalyst, and then exposed to light from a Philips HPK high-
pressure Hg lamp (125 W). Commercial TiO, (Degussa P25,
Degussa Co.) was adopted as the reference with which to
compare the photocatalytic activity under the same experi-
mental conditions. UV-vis absorption spectra are recorded at
different intervals to monitor the reaction. The acid fuchsine
and photocatalytic agents used in the experiments were 100 ml
(25 mg L™") and 30 mg, respectively.

2.6 Characterization

The final products were characterized by various techniques.
X-Ray powder diffraction (XRD) was carried out on a Rigaku
D/max-rA X-ray diffractometer with Cu Ko radiation (4 =
1.54178 A). A scan rate of 0.05 s~ was applied to record the
pattern in the 20 range of 10-90°. The morphology and size of
the as-prepared products were observed by field emission
scanning electron microscopy (FESEM), on a JSM-6700F
field emission scanning electron microscope. High resolution
TEM images (HRTEM) and the corresponding selected-area
electron diffraction (SAED) patterns were recorded on a
JEOL-2010 high-resolution transmission electron microscope
at an acceleration voltage of 200 kV. To obtain further
evidence for the purities and compositions of the as-prepared
products, EDS (energy-dispersive X-ray spectroscopy) was
conjunctionally used with HRTEM on Elementar Vario
EL-III (Germany). Photoluminescence (PL) emission was
performed at room temperature with a Perkin-Elmer LS55
luminescence spectrometer by radiation of 325 nm. UV-vis
spectra are recorded on a Shimadzu UV-240 spectro-
photometer at room temperature. The magnetism measure-
ment was performed using a superconducting quantum
interference device (SQUID) magnetometer (Quanyum
Design, MPMSSXL). Room temperature electron para-
magnetic resonance (EPR) was conducted on JEOL
JES-FA200 EPR spectrometer (300 K, 9064 MHz, X-band).

3. Results and discussion
3.1 Seeds induced growth of ZnO arrays

The perpendicular ZnO nanorod array was constructed on the
seeds buffer layer, which is a prerequisite for the subsequently
regular growth. Fig. la shows that when no ZnO seed is
prepared for the latter reaction, no regular serried ZnO
nanorods are found, there are only a few random oriented
hexagonal nanorods ranging from 300 to 600 nm in diameter
and 4 um in length seating on the substrate. The typical seeds
buffer layer is obtained by a pre-electrodeposition in the same
solution as the one used later at —1.40 eV for 300 s. Fig. 1b
shows the seeds buffer layer with particle sizes ranging from
100 to 300 nm in diameter and the seeds are compactly
arranged. In contrast, when the seeds buffer layer has been
prepared for a subsequent synthesis, the same sized ZnO
nanorods are aligned perpendicularly and at proportional
spacing on the ITO conductive substrate, forming a two-
dimensional array shown in Fig. lc. The optimal seed-growth
condition used in the present experiment is —1.40 V versus
SCE for 300 s before regular electrodeposition. After seeds
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Fig. 1 Typical FE-SEM images of ZnO seeds buffer layer and nanorods grown without and with a seed buffer layer. (a) Random oriented
nanorods, without a seeds buffer layer (—1.20 V vs. SCE for 6 h); (b) ZnO seeds buffer layer (—1.40 V vs. SCE for 300 s); (c) well-aligned nanorod
array, with a seeds buffer layer (—1.40 V vs. SCE for 300 s and —1.20 V vs. SCE for 6 h). All experiments were conducted in aqueous solution at

70 °C.

growth, the latter deposition goes on immediately to construct
a 1-D array.

3.2 Electrodeposition of ZnO@Co nanotube array

A homogeneous and well-aligned Co-coated ZnO nanotube
array can be prepared through the electrodeposition of
oriented ZnO nanorods, coordination-assisted selective dis-
solution and subsequently Co eletrodeposition in aqueous
solution. Fig. 2a shows the XRD pattern of the hetero-
structure obtained by electrochemical growth in aqueous
solution at 70 °C, which can be indexed as hexagonal ZnO
and Co phases, respectively (Fig. 2b—c). The XRD patterns
show that the as-synthesized Co coating ZnO nanotubes
consist mainly of the c-axis orientated wurtzite ZnO. Some
diffraction peaks in Fig. 2a can be indexed as pure hexagonal
wurtzite ZnO with cell parametersa = b = 1.63 A c=261A
(JCPDS Card No. 5-664), and exhibits high crystallinity with a
narrow diffraction peak. Some peaks can be indexed as a pure
Co phase (JCPDS Card No. 5-727), and the diffraction peaks
marked with asterisks are from the ITO substrate (JCPDS
Card No. 6-395). A relatively higher intensity is observed
for the 002 diffraction peak of the ZnO@Co nanotubes,
indicating that the ZnO nanotubes could be well oriented,
with the c-axis perpendicular to the substrate.

Fig. 3 shows typical FESEM images of a ZnO nanorod/
nanotube array deposited in 0.05 M Zn(NO;),-6H,0, 0.05 M
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Fig. 2 XRD patterns of the product (a) obtained on the basal ZnO
nanotube array in pure Co?* ion solution at 70 °C for 10 min, and the
standard XRD patterns of Co and ZnO (b), (c). The diffraction peaks
of the substrate (SnO) are marked with an asterisk.

Fig. 3 FESEM images of (a), (b) the ZnO nanorod array grown by
electrodeposition for 10 h in aqueous solution containing 0.05 M
Zn(NO3),-6H,0, 0.05 M NH4Ac and 0.07 M EDA at 70 °C; and (c),
(d) the ZnO nanotube array obtained by selective dissolution of the
nanorod array shown in (a) , (b) in 0.10 M EDA for 3 h.

NHjAc with 0.07 M EDA in aqueous solution. Previously, it
was proposed that the preferential absorption of EDA on the
(110) face of a hexagonal ZnO nanorod slows down the
growth rate of the (110) face, and thus plays a major role
for the formation of one dimensional nanorods during
electrodeposition.”® Large-scale and well-aligned dense nano-
rods stand on the substrate vertically (Fig. 3a). A high
magnification image Fig. 3b shows that the rods with smooth
surface are obviously hexagonal, and have mainly a diameter
in the range of 300-600 nm. The ZnO nanotubes are formed
through selective dissolution from the (001) surface straight
into the bottom of the inner hole along the c-axis, as shown in
Fig. 3c. A high resolution SEM image Fig. 3d shows that the
ZnO nanotubes have a wall thickness of ~100 nm. The
hexagonal facet shows that both the ZnO nanorods and
nanotubes have a hexagonal wurtzite structure, as confirmed
by the XRD results.

Fig. 4 shows the time dependent shape evolution process of
the deposition of Co on ZnO nanotubes. Fig. 4a— show leaf-
like Co coatings covering the outer lateral surface of the
nanotubes after deposition for 10 min, which are rather
rougher compared to bare ZnO nanotubes. Leaf-like Co

3712 | Phys. Chem. Chem. Phys., 2009, 11, 3710-3717
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Fig. 4 FESEM images of the ZnO@Co nanotubes grown by electro-
deposition of Co on the one-dimension ZnO nanotube array. The
electrodeposition time is 10 min (a), (b), (c), 15 min (d), (¢), and 20 min
(f), (g). The electrodeposition is conducted in 0.05 M CoSO,4-7H,O
aqueous solution at 70 °C, —1.80 V vs. SCE.

covers the outer walls almost uniformly through the whole
nanotube, there is no obvious difference between the top and
the bottom of a single nanotube (Fig. 4b). When the reaction
time exceeds 10 min, cauliflower-like Co nanoballs will form
and fill into the hollow part of the ZnO nanotubes. Fig. 4d
shows the two-dimensional ZnO@Co nanotube array with a
Co crest on almost each ZnO@Co nanotube, and there are
even a few Co microballs at the top surface of the array. The
ZnO@Co nanotube with a Co crest on it is shown in Fig. 4e,
and the crest-like Co in the hole of the nanotube is ~300 nm
in diameter, smaller than the Co microballs at the top surface
of the array. The leaf-like Co particles congregate with each
other to form cauliflower-like Co nanoballs/microballs with-
out the support of the ZnO tubes. The cauliflower-like Co
microballs with a diameter from 0.5 to 4 um mantle on the
array (Fig. 4f-g).

The structural details of the ZnO@Co heterostructures were
further studied by high resolution TEM (HRTEM) and
energy-dispersive X-ray spectroscopy (EDS). After being
scraped from the substrate and ultrasonicated in ethanol, the
original structure can still be observed. Fig. 5a shows the
hollow structure of ZnO@Co with a diameter of ~500 nm
and a wall thickness of ~100 nm, the leaf-like Co coats the
outer surface of the ZnO nanotube. The HRTEM image in
Fig. 5b demonstrates the single-crystal nature of the ZnO
nanotube with the lattice interplanar spacing along the length
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Fig. 5 (a) Low-magnification TEM image of an individual ZnO@Co
heterostructure from the sample shown in Fig. 4a. (b) A HRTEM
image of the ZnO@Co nanotube taken in the area marked by the
rectangle. The insert is the corresponding SEAD pattern taken from
the sample. (c) Energy-dispersive X-ray spectroscopy (EDS) taken
from the selected area.

direction of 2.6 A, corresponding to the lattice spacing of the
(002) plane of hexagonal wurtzite ZnO. The interplanar
spacing of 2.6 A observed in the outer layer corresponds to
that of the (100) plane of the Co phase, which suggests
epitaxial growth of the Co layers on the ZnO nanotubes.
The insert in Fig. 5a shows that the electron diffraction
(SAED) pattern of the selected area further indicates single
crystallinity of the ZnO tube. No Co diffraction is observed,
which may be ascribed to the tiny quantity of the Co element.
The EDS analysis (Fig. 5c) proves that Co, Zn and O elements
can be detected, the molar ratio of Co in ZnO@Co is
11.1%. The peaks of Cu come from the Cu grid used in the
experiment.

3.3 Possible growth mechanism of ZnO@Co nanotube arrays

A possible growth mechanism of ZnO@Co nanotube arrays
has been proposed. At the beginning of the Co coating
process, Co’>" ions discharge on the negative-charge places
of ZnO nanotubes, and first accrete on the (110) surface
(shown in Fig. 4a—). As the reaction continues, the leaf-like
Co particles form and grow thicker and thicker. With deposit-
ing time prolonged, a similar morphology of the leaf-like Co
on the lateral surfaces is also observed in the Co nanoballs/
microballs, which suggests a similar growth mechanism of Co
on either the lateral surfaces of the nanotubes or the top
surface of the array. The default experiments confirmed
that only caulifiower-like Co microballs formed if no ZnO
nanotubes were grown on the ITO substrate.
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Fig. 6 Co electrodeposition on 1-D ZnO nanotube array. The
reaction time and the applied potential are 10 min and —1.80 V versus
SCE, respectively. The electrolyte used here is 0.05 M CoSOy4-7H,O
with 0.5 M EDTA in aqueous solution.

A slight change in the stability of Co®* ions may affect the
reaction rate and thus affect the morphology. A control
experiment was performed, in which 0.5 M EDTA was added
to the 0.05 M CoSO,47H,0 solution. Fig. 6 shows typical
SEM micrographs, where smooth and compact Co plating on
the lateral walls of ZnO nanotubes is observed. The differences
between the two kinds of Co-coating (shown in Fig. 4a—c and
Fig. 6, respectively) on nanotubes indicate that the states of
Co”" ions (or the concentration of [Co® " o) have a signifi-
cant influence on the morphology of Co coatings. The different
reaction equations are listed in eqns (1)=(2) (¢’ = —0.277 V).

CO2+ + 2e — C07 Py = q)H + glg[coz+]ﬁeel
)

0.059
[Co(EDTA)}z’ +2e¢— Co, ¢, = o’ + Tlg[Cozﬂrreez
()

According to the electrochemical reactions in eqns (1-2), with
adding EDTA to the Co>" electrolyte, the Co®>" ions will
complex with EDTA*" to form [Co(EDTA)*", and the
concentration of free Co>" ions will decrease. Because
[Co* Jrreer < [CO*Fieer and @, > ¢, it needs a more
negative voltage to discharge, thus the reaction rate is slower
at the same voltage when EDTA is added to the system. The
Co layer deposited in the presence of EDTA is smoother than
the one without EDTA, here the EDTA complexants capture
free Co’™ ions to increase their stability, thereby it will slow
down the reaction rate, which will favor the formation of a
smoother and more compact Co layer. The influence of the
complex agent on the morphology and properties needs a
more detailed investigation in the future.

3.4 Optical and magnetic properties

The room temperature photoluminescence (PL) spectra of the
samples with different structures prepared by electrode-
position were measured. All three samples exhibit strong
band-edge emissions at ca 383 nm due to free-exciton recom-
bination, and weak broad green emissions centered at
ca 530 nm related to the defects in the ZnO such as annihila-
tion of electrons with holes trapped in singly ionized oxygen
vacancies.””

The UV region emission intensity of the well-aligned ZnO
nanorods is less than that of the nanotubes (marked with a and
b, respectively, in Fig. 7). In the present experiments, the same
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Fig.7 Room temperature PL spectra of a well-aligned ZnO nanorod/

nanotube array and a ZnO@Co nanotube array on ITO substrate.

(a) ZnO nanorods, (b) ZnO nanotubes, (¢) ZnO@Co nanotubes. The

counterpart of ZnO in ZnO bare nanotubes and ZnO@Co hybrid
nanotubes are both about 15 mg.

quality and less quantity of ZnO in nanotubes than in ZnO
nanorods make it unlikely to arouse the enhancement of UV
region emission. Thus, the UV region emission differences
observed in Fig. 7 could be ascribed to the size effect of the
nanostructures and the crystallinity. The higher surface/
volume ratio of the ZnO nanotubes also results in enhance-
ment of the UV emission. The selective dissolution process of
nanorods to nanotubes is useful for improving the quality of
the 1D nanomaterials and the dissolution process usually more
easily starts at the places with more defects. The position of
the UV emission peak exhibits a slight red-shift for ZnO
nanotubes from ~383 to ~386 nm, corresponding to the
structure differences between nanorods and nanotubes.
The ZnO tubular structure with wall thickness smaller than
the optical wavelength while larger than the exciton Bohr
radius makes it possible for the spatial confinement in both
two dimensions, and therefore increases the lifetime and
bonding-energy of the exciton and brings about a lower
threshold power for the emission.>> For the differences bet-
ween ZnO nanotubes and ZnO@Co heterostructures, the UV
emission intensity only decreases to some extent which is due
to the Co covered on the ZnO surface (Fig. 7b,c). Compared
with the ZnO nanotube array, the ZnO@Co herterostructures
did not show a shift in its PL spectrum, suggesting that the
red-shift is mainly caused by the structure transformation
from nanorods to nanotubes.

The magnetic properties of the ZnO@Co nanotube array
have also been investigated. The most remarkable result
shown in Fig. 8 is the ferromagnetism indicated by the
well-defined magnetic hysteresis loop of 11.1% at Co coated
ZnO nanotubes at room temperature. The punch-like M—H
curve indicates the strong room-temperature ferromagnetism
of the heterostructure. The coercivity (H,) of the ZnO@Co
heterostructure is about 150 Oe. The magnetic hysteresis loop
consists in a previous report by Tian er al.'?

To further demonstrate the ferromagnetic properties of
the hybrid ZnO@Co nanotubes, an electron paramagnetic
resonance measurement is performed. Fig. 9 demonstrates the
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Fig. 8 Magnetic hysteresis loop of the Co-coating ZnO nanotube
array after electrodeposition for 10 min at room temperature (300 K).
Insert: enlarged plot of the M—H curve.
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Fig. 9 The electron paramagnetic resonance (EPR) spectrum of the
ZnO@Co nanotube array prepared after electrodeposition for 10 h,
and selective dissolution for 3 h, and Co coating for 10 min at 70 °C in
aqueous solution.

obvious ferromagnetic properties of ZnO@Co hybrid nano-
tubes, which can be estimated from the broad concave on the
curve.* The hybrid particles scraped from ITO substrates
can give a quick response to an external magnet at room
temperature, as shown in Fig. 10.

Fig. 10 The magnetic response of the magnet operation on the product.

3.5 Photocatalytic activity properties

It is well-known that ZnO has been used as a semiconductor-
type photocatalyst for the photocatalytic degradation of water
pollutants, photoreductive dehalogenation of halogenated
benzene derivatives, and photocatalytic reduction of toxic
metal ions.** Recently, 1-D ZnO nanostructured arrays, such
as nanobelts and nanowires have been tested as immobilized
photocatalysts due to their expected high photocatalytic
activity attributed to the high surface-to-volume ratio, and
recyclable characteristics.*® To demonstrate the potential
applicability of the as-synthesized ZnO and ZnO@Co nano-
tubes in these applications, their photocatalytic activity was
examined by choosing photocatalytic degradation of acid
fuchsine as a test reaction. Time-dependent UV-vis absorption
spectra of photocatalysis degraded acid fuchsine were
recorded (Fig. 11a-b). The characteristic absorption of acid
fuchsine at about 543 nm was chosen as the monitored
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Fig. 11 Time-dependent absorption spectra of a solution of acid
fuchsine (4.4 x 107> M, 100 mL) in the presence of (a) ZnO nanotubes
(30 mg) and (b) ZnO@Co nanotubes (30 mg) prepared by electrode-
position for 10 h, dissolution for 3 h, and Co deposition for 10 min.
Note: (1) initial solution; (2) after adding the ZnO and ZnO@Co
nanotubes; and (3)—(8) after exposure to UV light for (3) 5, (4) 15,
(5) 25, (6) 35, (7) 45, (8) 60 min. The controlled experiment was carried
out in the presence of 30 mg TiO, after exposure for 60 min.
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Fig. 12 Time-dependent color change of the samples. Time-
dependent colour change of a solution of acid fuchsine (4.4 x 107> M,
100 mL) in the presence of (a) ZnO nanotubes (30 mg) and (b)
ZnO@Co nanotubes (30 mg) prepared by electrodeposition for 10 h,
dissolution for 3 h, and Co deposition for 10 min. Note: (1) initial
solution; (2) after adding the ZnO and ZnO@Co nanotubes; and
(3)—(8) after exposure to UV light for (3) 5, (4) 15, (5) 25, (6) 35, (7) 45,
(8) 60 min.

parameter for the photocatalytic degradation process.
Commercial TiO, was adopted as the reference with which
to compare the photocatalytic activity under the same experi-
mental conditions. Both the ZnO and ZnO@Co nanotubes
were scraped from ITO substrates and were then uniformly
dispersed in the acid fuchsine solution for the test. A series
of color changes corresponding to the sequential changes
detected by the UV-vis absorption spectra are shown in
Fig. 12. As shown in Fig. 11, the absorbance intensity for
the peak at 543 nm decreases remarkably once the ZnO or
ZnO@Co nanotubes are added, corresponding to the immedi-
ate color change shown in Fig. 12. The results suggest that the
ZnO and ZnO@Co nanotubes may have a high surface/
volume ratio and can thus adsorb the dye molecules efficiently.
The acid fuchsine with ZnO@Co hybrid nanotubes display a
more evident color change, which suggests that the hybrid
structure possesses a higher surface/volume ratio and has more
absorptive ability, and the higher surface/volume ratio may be
induced by the leaf-like Co coating on the ZnO nanotubes.
With exposure time prolonging, the typical sharp peak at
543 nm diminishes gradually and vanishes completely after
45 min. In comparison with the commercial TiO, (dot line),
the ZnO and ZnO@ Co nanotubes did not show a prominent
photocatalytic activity (inserts in Fig. 11). The colour dimin-
ishing rate in the presence of ZnO@Co nanotubes is faster
than that in the presence of bare ZnO nanotubes (Fig. 12). The
present results demonstrated that the ZnO@Co hybrid struc-
ture shows some improvement on its photocatalytic activity
properties.

4. Conclusions

In summary, well-aligned ZnO@Co hybrid nanotube arrays
with diameters ranging from 300 to 600 nm and a length of
~5 um on conductive glass substrates have been synthesized
via an electrochemical deposition approach. The key factor for
the preparation of a vertically oriented ZnO nanorod/nanotube

array is to prepare a well-oriented seeds buffer layer at first.
The formation of leaf-like Co on ZnO nanotubes is strongly
dependent on the reaction time and the states of the Co®"
ions/the concentration of [Co®"Juee in the solution. Three
different structures exhibit a different optical performance,
which may be due to the different structural features (surface/
volume ratio) and the crystallinity. Both ZnO and ZnO@Co
nanotubes show good photocatalytic and absorptive proper-
ties. The ZnO@Co hybrid nanotube arrays exhibit room
temperature ferromagnetic properties. The present synthesis
method by combination with the selective dissolution and later
on electrochemical deposition may make it possible to access a
variety of hybrid nanostructured materials in other systems.
This work is supported by the National Science Foundation
of China (NSFC) (Grants Nos. 50732006, 20621061,
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