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3D porous flower-like ZnO micro/nanostructure films grown on Ti substrates are synthesized
via a very facile electrodeposition technique followed by heat treatment process. The ZnO
architecture is assembled with ultra thin sheets, which consist of numbers of nanoparticles
and pores, and the size of the nanoparticles can be controlled by adjusting the electrodeposition time or calcination temperature. It is worth noting that this synthetic method can
provide an effective route for other porous metal oxide nanostructure films. Moreover, the
photocatalytic performance shows the porous ZnO is an ideal photocatalyst.
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ever, the high temperature, special atmosphere (e.g.
O2 , N2 , Ar) or long reaction time needed in the above
chemical bath methods, hydrothermal, CVD, PVD and
sol-gel techniques has triggered intense researches on
the low cost, facile, low-temperature, and environmental friendly synthetic technologies. Compared with the
above fabricating means, electrodeposition method can
be handled easily owing to its relatively low reaction
temperature and short growth time. While in these
existing reports [31−37], ZnO film with uniform morphology and well crystalline can only be obtained with
electrodeposition method under rather rigorous deposition parameters, involving the optimal pH value, seed,
template and the reaction catalysis, for example, inorganiques ions or organiques molecules. That is, a much
milder and faciler electrodeposition system is needed to
be explored imminently.
Herein, a mild and facile way including the electrodeposition and subsequent heat treatment process
to synthesize the ZnO micro/nanostructure film on
Ti substrate is explored.
Firstly, 3D flower-like
Zn5 (OH)8 (NO3 )2 (H2 O)2 precursor films assembled by
ultra thin sheets are prepared in less than 60 min at
26 ◦ C by electrodeposition without adjusting pH value
of the reaction solution or adding reactive catalyst as
well as structure-directing agent. Then, the 3D porous
flower-like ZnO films are obtained through the thermal
decomposition of the precursor. Moreover, the grain
size of the ZnO can be easily controlled by altering the
electrodeposition time or calcination temperature. In
addition, a comparative photocatalytic study on the
different samples is performed to depict the relation of
the structure distinction and the photocatalytic performance. And also, the test of recyclability indicates ZnO
is a kind of quite ideal photocatalyst.

I. INTRODUCTION

Zinc oxide (ZnO), with a wide and direct band gap of
3.37 eV, is recognized as one of the most promising photocatalytic materials for degradation organic dye contaminants [1−6]. Because photocatalytic reaction occurs mainly on the surface of the catalyst, synthesis of
high surface-to-volume ratio ZnO fine particle and complex hierarchical micro/nanostructure ZnO powder has
attracted much more attention in recent years [7−9].
Although the usage of this powder has greatly increased
the photocatalytic efficiency benefiting from their high
effective surface area, the separation and recovery of
these powder photocatalysts are too hard to operate in
practical application [10].
To solve the reusable problem, ZnO nanostructure
films grown on rigid substrates have been developed and
considered as a class of alternative and available photocatalysts [11−14]. Over the years, a variety of techniques, including chemical vapour deposition (CVD)
[15, 16], physical vapour deposition (PVD) [17, 18], spry
pyrolysis [19, 20], sol-gel [21−23], hydrothermal solution deposition [24], oxidation of metal Zn foil [25], electrodeposition [26], and so on, have been attempted to
synthesize ZnO nanostructure films with various morphologies. Specially, by combing the chemical bath
method and subsequent heat treatment, ZnO nanostructures have been successfully synthesized on kinds
of substrates, such as glass substrates [27, 28], aluminum flake [29], and copper substrate [30]. How-
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II. EXPERIMENTS
A. Preparation of the porous ZnO films on Ti substrates

Ti sheets (with the diameter of 1.5 cm) were cleaned
thoroughly by sonication for several minutes in acetone,
absolute ethyl alcohol, and deionized water successively.
Commercial zinc nitrate hexahydrate (Zn(NO3 )2 ·6H2 O,
99% analytical grade) was used without further purification.
For the electrodeposition process, Ti sheet served
as the cathode and a graphite electrode was used as
the anode. The distance between the cathode and
anode was kept at 3 cm. A constant current density of 0.28 mA/cm was applied to the electrodes in
an electrolyte of 0.2 mol/L Zn(NO3 )2 aqueous solution
at 26 ◦ C in the whole electrodeposition process. After
the deposition for a certain time, the substrate covered
with white precursor film was taken out and washed
by deionized water in order to eliminate the residual
Zn(NO3 )2 aqueous solution, and then dried at room
temperature.
Subsequently, the as-prepared precursor film on substrate was calcinated at different temperature with a
rate of 5 ◦ C/min for 2 h in air.

B. Characterization

The products were characterized by field emission scanning electron microscopy (FESEM, Sirion
200), transmission electron microscopy (TEM, JEOL,
2010) and X-ray powder diffraction (XRD, Philips
X’pert PRO diffractometer) with Cu Kα radiation
(λ=0.154 nm). For XRD and TEM measurements, the
samples were scraped from the substrates. In addition,
the Brunauer-Emmett-Teller (BET) surface areas of the
final ZnO products were measured by nitrogen adsorption in a Micromeritics ASAP2020M+C gas sorption
analyzer.

C. Measurements of photocatalytic activities

The photocatalytic activities of the as-prepared ZnO
films were measured by the photocatalytic decomposition of methyl orange (MO) solution under UV (ultraviolet) irradiation at room temperature. Experimental details were as follows: the ZnO films on the Ti
substrates were laid at the bottom of the quartz reactor containing 10 mL of 0.02 mmol/L MO aqueous
solution, and irradiated by light with a wavelength of
365 nm produced from a 300 W mercury lamp. Before
the irradiation, the MO solution with sample was placed
in darkness for 20 min to reach the adsorption equilibrium. Then, the absorption spectrum of MO solution
would be detected using a UV-Vis spectrophotometer
(Cary 5E) at each interval of 30 min. In order to evalDOI:10.1088/1674-0068/25/03/339-344

FIG. 1 (a) XRD pattern of the typical as-prepared precursor. (b) A low magnification SEM image of the precursor.
(c) A high magnification SEM image of the precursor.

uate the recycling and recovery of the ZnO film, this
photocatalytic degradation process of 30 and 120 min
were repeated for 10 times, respectively. For each cycle,
the films were cleaned with deionized water to remove
the residual MO of the last time, and then, they were
immersed into a fresh solution with the same concentration for next measurement.

III. RESULTS AND DISCUSSION
A. Morphology and structure of the precursor

Figure 1(a) presents the XRD pattern of a typical asprepared precursor electrodeposited for 30 min. All the
diffraction peaks can be indexed as monoclinic zinc hydroxide nitrate Zn5 (OH)8 (NO3 )2 (H2 O)2 . From the earlier study [38], the unary hydroxides of metal are more
easily deposited on the substrates in nitrate solution
instead of these metals in the cathodic reduction reaction process, because the reduction potential of metal
ion to metal is usually much more negative than that of
NO3 − to NO2 − . For our electrodeposition system, the
reaction in the zinc nitrate solution can be concluded
as follows:
NO3 − + H2 O + 2e− → NO2 − + 2OH−
Zn2+ + 2OH− → Zn(OH)2

(1)
(2)

Because Zn(OH)2 is a layered crystal structure, nitrate ions and water molecules around the cathode in
the electrolyte can be inserted in it, then the compound
namely zinc hydroxide nitrate is formed finally.
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FIG. 2 (a) Low and (b) high magnification SEM images of
the precursor deposited for 60 min.

Figure 1(b) shows the SEM image of the precursor
in low magnification, which reveals that the substrate
is covered with a number of 3D flower-like architectures with diameters of 4−10 µm uniformly and completely. From the high magnified image (Fig.1(c)), it
can be seen that the flower-like architecture is assembled with several ultra thin sheets, which are about
70 nm in thickness and are intercrossed or piled with
each other. While the deposition time is prolonged
to 60 min and other deposition parameters remain unchanged, the thickness of the sheets increases to about
210 nm, much thicker than that of the sample deposited
for 30 min, as shown in Fig.2.
B. Morphology and structure of the final product

In order to obtain 3D porous ZnO micro/nanostructure film, a heat treatment process of the zinc hydroxide
nitrate precursor was exercised. The following reaction
will happen in the heat treatment process:
Zn5 (OH)8 (NO3 )2 (H2 O)2 → 5ZnO + 2NO2 +
6H2 O + 0.5O2

(3)

Figure 3 shows the XRD patterns of three different
ZnO samples. Samples A and B were obtained after
calcining precursors with the electrodeposition time of
30 min for 2 h at 300 and 500 ◦ C in air, respectively.
Sample C was obtained after calcining precursors with
the electrodeposition time of 60 min for 2 h at 300 ◦ C
in air. It can be seen that all the diffraction peaks
match with hexagonal wurtzite ZnO perfectly. Moreover, the crystallite sizes of the products calculated from
the strongest peak located at 36.2◦ by Scherrer’s formula are 22.7 nm for sample A, 43.2 nm for sample B
and 29.4 nm for sample C, respectively.
Figure 4 demonstrates the morphologies of the asprepared ZnO samples. It reveals that the ZnO products well maintain the 3D flower-like architecture of the
precursors after heat treatment (Fig.4 (a), (b), (c)),
and the original thin sheets with smooth surface are
converted to porous structures. In detail, each sheet
is assembled by numbers of nanoparticles and pores,
which results from the release of NO2 , H2 O and O2
accompany with the decomposition of precursor, and
DOI:10.1088/1674-0068/25/03/339-344

FIG. 3 XRD patterns of the ZnO samples. Samples A and
B were obtained after calcining precursors with the electrodeposition time of 30 min for 2 h at 300 and 500 ◦ C in
air, respectively. Sample C was obtained after calcining precursors with the electrodeposition time of 60 min for 2 h at
300 ◦ C in air.

can be easily seen from the high magnified image of a
single sheet (Fig.4 (d), (e), (f)). Comparing sample A
with sample B (Fig.4 (d) and (f)), we find that different
heat treatment temperature result shows that the size
of nanoparticles is quite distinct from each other even
the precursors are prepared under the same conditions.
The higher heat treatment temperature makes the size
of ZnO nanoparticles larger, which may be attributed
to the growing agglomeration of the crystalline grain
in the high temperature calcination process. While for
sample A and sample C, shown in Fig.4 (d) and (f),
the longer electrodeposition time makes the size of ZnO
nanoparticles larger and the pores of the ZnO sheet unconspicuous, which can be ascribed to the difference in
thickness for sheets of the different precursors (Fig.1(c)
and Fig.2(b)).
The TEM images of the single sheets of three different samples demonstrate that the average sizes of the
nanoparticles of the three different samples are about
20, 50, and 30 nm in diameter (Fig.5), respectively, almost in accordance with XRD results.
Figure 6 shows the nitrogen adsorption-desorption
isotherm of the sample A. The BET surface area was
calculated to 25.3 m2 /g by multi-point BET method.
Moreover, the hysteresis loop at the higher relative pressures indicates the presence of mesopores [39]. While
the specific surface areas of the sample B and C are
about 8.8 and 20.9 m2 /g. It is evident that the specific
surface area of sample A is larger than that of the other
two samples.

C. Photocatalytic performance

Figure 7(a) displays the UV-Vis absorption spectra
of the MO solution after degradation with sample A
for different time. With the extension of the exposure time, the intensity of MO characteristics absorpc
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FIG. 4 (a) Low and (d) high magnification SEM images of sample A. (b) Low and (e) high magnification SEM images of
sample B. (c) Low and (f) high magnification SEM images of sample C.

FIG. 5 TEM images for the single sheet of (a) sample A, (b) sample B, (c) sample C.

FIG. 6 The nitrogen adsorption-desorption isotherm of the
sample A.

tion peak at 464 nm decreases evidently, indicating that
MO molecule is decomposed gradually. Figure 7(b) depicts the comparison of the degradation rate of MO over
three ZnO samples and no photocatalyst under identical
condition (c0 and c are the equilibrium concentration
of MO before and after UV irradiation, respectively).
Without any catalyst, only a little decrease in the concentration of MO is detected after UV irradiation for
180 min (curve 1 in Fig.7(b)). After UV irradiation
for 180 min, the decomposition of the MO with sample
B and C comes up to 92% and 97%, respectively, as
DOI:10.1088/1674-0068/25/03/339-344

shown in curve 2 and 3 in Fig.7(b). While with sample
A, the degradation efficiency of MO further increases
to about 98% after UV irradiation for only 120 min
(curve 4 in Fig.7(b)). Obviously, the photocatalytic efficiency of sample A is much better than that of the
other two samples. The pseudo-first-order kinetics linear simulation can be used to illustrate the reaction kinetic data of the photocatalytic process: − ln(c/c0 )=kt,
where k is phtotodegradation rate constant, t is reaction time [7, 40]. The photodegradation rate constant of
the three samples, which are the slopes of the line, can
be obtained from Fig.7(c) as follows: kA =0.035 min−1 ,
kB =0.014 min−1 , kC =0.018 min−1 . The value of kA
is larger than kB and kC , so the degradation rate of
sample A is quicker than that of sample B and sample C, reasonably. Compared with the sample B and C,
sample A possesses the smaller nanoparticles and higher
specific surface area, which will enhance the contact between the catalysts and the organic dye molecules because the photocatalytic process usually occurs on the
surface of the catalysts [8, 9, 11]. In addition, the larger
the specific surface area was, the more photogenerated
electron-hole pairs formed on the surface under irradiation, and hence the more effective holes and the more
reactive sites formed for the MO molecule, which could
accelerate reaction rate and thus promote the degradation efficiency markedly. So photocatalytic efficiency of
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FIG. 7 (a) The time-dependent UV-Vis absorption spectra of the MO solution with sample A. (b) Photocatalytic efficiency
c/c0 of MO solution versus irradiation time. 1 Without any catalyst, 2 with catalyst of sample B, 3 with catalyst of
sample C, 4 with catalyst of sample A. (c) Kinetics of the MO degradation photocatalyzed by the three samples. (d) The
photocatalytic decomposition of MO with sample A for 10 cycles for 30 and 120 min, respectively.

sample A is higher than the other two samples naturally.
At last, the cycling property of sample A has been
tested over 10 times. For each run, the photocatalytic
efficiency of ZnO sample was analyzed after irradiation
by ultraviolet light for 30 and 120 min, respectively, as
shown in Fig.7(d). Only a slight decrease in the photodegradation rate of MO solution was observed after 10
cycles, indicating that this unique architecture can be
quite well against agglomeration and stable during the
photocatalysis process. Moreover, compared with the
other ZnO photocatalysts reported in literatures [11, 14,
20], the sample A exhibits rather better photocatalytic
efficiency and cycling performance, which indicates that
the 3D porous flower-like ZnO micro/nanostructure film
can be regarded as an ideal photocatalysis for the removal of organic pollution.

IV. CONCLUSION

3D porous flower-like ZnO micro/nanostructure films
grown on Ti substrates have been fabricated by a simple, fast, economical technique, and subsequent heat
treatment process. The prominent advantage is that
the electrodeposition process neither needs to adjust pH
value of the react solution, nor adds additional reactive
catalyst, seed or template. In addition, the whole proDOI:10.1088/1674-0068/25/03/339-344

cess can be carried out in less than 60 min at 26 ◦ C.
These ZnO architectures are composed of numerous
nanoparticles and pores, and the size of the nanoparticles can be controlled easily by adjusting the electrodeposition time or calcination temperature. The photocatalytic measurement demonstrates that the film with
the smallest particles and highest specific surface area
displays the most excellent photocatalytic efficiency;
moreover, this film is a quite recyclable photocatalyst
in pollution disposal application.
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