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a  b  s  t  r  a  c  t

ZnO  nanocages  and  other  nanostructures  have  been  synthesized  via  a simple  one-pot  hydrothermal
method  with  different  reaction  times.  It is worth  mentioning  that  this  is  a completely  green  method
which  does  not  require  any  other  chemicals  except  that  Zn  foil served  as  Zn  source  in  the  experiment.
X-ray  diffraction  (XRD),  Scanning  electron  microscopy  (SEM),  transmission  electron  microscopy  (TEM),
eywords:
nO
orphology control
rowth mechanism

photoluminescence  (PL)  and  UV–Vis  diffuse  reflection  spectra  were  used  to  characterize  the  crystallinity,
morphology  and  optical  property  of  ZnO  structures.  Growth  mechanisms  of  ZnO  were  proposed  based  on
these  results.  Furthermore,  ZnO  films  with  different  morphologies  and crystal  growth  habits  exhibited
different  activities  to  rhodamine  B degradation.  The  influence  of  the  reaction  time  on  the  morphology  of
ZnO  films  and  the  effect  of  the  morphologies  on the  photocatalytic  activity  are  discussed.

©  2014  Elsevier  B.V.  All  rights  reserved.
hotocatalytic

. Introduction

After World War  II, environmental problems are increasing day
y day accompanied with the world population’s explosive growth.
he pollution was so serious that it was far beyond the envi-
onment’s self-cleaning ability in some densely populated areas
1–4]. So the key point in environmental management is control-
ing and eliminating chemical contaminants which will bring threat
o water resource, soil and atmospheric environment. The crux
n environmental conservation is to explore a new technique to
liminate chemical contaminants. Physical absorption [5], chemi-
al oxidation [6], microbial treatment [7] and burning method are
ypical pollution treatment methods; they have made great contri-
ution to the protection of environment [8]. But in these methods
xist many disadvantages, for example, low efficiency, high energy
onsumption. Furthermore, they cannot eliminate chemical con-
aminants completely and so on [9]. Thus, the pursued target of

nvironmental protection technology is to explore high efficiency,
ow energy consumption, wide using range and deep oxidation
bility to degrade chemical pollutants.

∗ Corresponding author. Tel./fax: +86 434 3294566.
E-mail address: jhyang1@jlnu.edu.cn (J. Yang).

ttp://dx.doi.org/10.1016/j.apsusc.2014.07.165
169-4332/© 2014 Elsevier B.V. All rights reserved.
Photocatalysis technology is a new environmental protection
technology developed since the 1970s in this background [10,11].
Because the surface of semiconductor materials can be excited
under illumination, it can be used to degrade organics [12,13],
restore heavy metal iron [14], kill bacteria [15] and eliminate pecu-
liar smell [16,17] by using optical energy in room temperature. ZnO
photocatalyst is non-toxic and it can be applied to eliminate organic
pollutants from waste water [18–21]. But the form of ZnO photo-
catalyst also has strong influences on the photocatalytic activity.
Micro/nanosized catalyst powders exhibited high solid to liquid
contact areas which helped to achieve high reaction rates in waste
water handling [22–24]. So ZnO photocatalysts are often applied
in the form of powders. However, many specific questions emerge
including the particle aggregation, together with the need for the
separation and recycling of the photocatalyst nanoparticles from
the slurry after the wastewater treatment process. Recent investi-
gations on photocatalysis are oriented toward the immobilization
of photocatalyst as thin films on the support substrates [25,26].

In this paper, we reported a novel chemical method to syn-
thesize ZnO films using a green, simple and low-temperature

hydrothermal method. Also, it does not require any templates, cat-
alysts or even other chemicals except Zn foil serve as Zn source. The
optical properties and the photocatalytic efficiency on decomposi-
tion rhodamine B (RhB) were also explored.

dx.doi.org/10.1016/j.apsusc.2014.07.165
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.07.165&domain=pdf
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growth, there were only a layer of tiny granules formed. Through
comparison between Fig. 2(a) and its inset image we can con-
firm those granules are ZnO particles. A subsequent increase in the
12 S. Yang et al. / Applied Surf

. Experimental

.1. Materials

All reagents, including Zn foil, ethanol and rhodamine B (RhB),
ere of analytical grade, purchased from Sinopharm Chemical
egent Co., Ltd, and used without further purification.

.2. Preparation

The synthesis process of ZnO nano arrays contains only one
tep-hydrothermal growth. Preparation does not need any other
hemical reagent except Zn foils, which serve as Zn source
nd growth substrates. Zn foils were ultrasonically cleaned with
thanol and deionized water for several times before experiment,
espectively. Several milliliters deionized water was  injected into
elfon-lined stainless steel autoclaves. Then Zn substrates were
ransferred to Telfon-lined stainless steel autoclaves heated at
00 ◦C for different time. After growth, the substrates were washed
ith deionized water and ethanol, and then dried at room temper-

ture.

.3. Characterization

The crystal structures of ZnO films were measured by X-ray
ower diffraction (XRD) pattern using a D/max-RA XRD diffrac-
ion spectrometer (MAC Science, MXP18, Japan) with a Cu K�
ine at 1.5406 Å. The morphologies and structures of films were
bserved by scanning electron microscope (SEM, Hitachi, S-570)
nd transition electron microscopy (TEM, JEOL JEM-2010HR). The
hotoluminescence (PL) spectra were measured at room temper-
ture using a He-Cd laser with a wavelength of 325 nm as the
xcitation source. UV–Vis Diffuse reflection spectra (UV-DRS) of
he samples were recorded on a Lambda-900 spectrophotometer,
nd BaSO4 was used as a reference.

.4. Photocatalysis

For photocatalytic activity studies, films with the same geomet-
ic area (1 cm × 1 cm)  were settled in a 4.5 mL  RhB aqueous solution
ith a concentration of 7 mg/L in a glass cell, and the ultraviolet

ight was provided by a high-pressure Hg lamp (main wavelength:
65 nm). Prior to irradiation, the films were immersed in the same
olution for 0.5 h in darkness to establish adsorption equilibrium.
he residual concentration of RhB after irradiation for a definite
ime was estimated according to the absorbance at 555 nm mea-
ured by UV–Vis spectrophotometer (UV-5800PC, Shanghai Metash
nstruments Co., Ltd).

. Results and discussion

.1. Morphology and structure

The crystal phase and phase purity of ZnO films were examined
y XRD. XRD pattern of pure zinc foil before chemical reaction is
iven in Fig. 1 (a) to make the comparison easy. All of peaks in
ig. 1 (a) can be indexed to Zn (JCPDS No. 04-0831) and no impu-
ity peaks were found in the pattern. According to Fig. 1 (b)–(e),
ew peaks which can be indexed to wurtzite ZnO with hexagonal
urtzite structure (JCPDS 36-1451) appeared more clearly with the

xtended reaction time. The peaks indicated that these ZnO crystals
row on Zn substrates are in high crystallinity. No other impurity

eaks were found in the all patterns.

The growth processes of nanostructures on the Zn foil sub-
trate were examined in detail by SEM. Fig. 2(a)–(d) shows the SEM
mages of the as-prepared ZnO films grown on Zn substrates within
Fig. 1. XRD patterns of ZnO films for different deposition time. (a) Pure Zinc foil
before chemical reaction, (b) 5 h, (c) 1 d, (d) 2 d and (e) 3 d.

5 h to 3days, and the corresponding films were defined as films
of 1#–4#, respectively. For ZnO film 1# with 5 h of hydrothermal
Fig. 2. SEM images of the as-synthesized ZnO nanostructure on the top surface of
the Zn foil substrate with different reaction time. (a) 5 h; (b) 1 d; (c) 2 d and (d) 3
d.  (e) and (f) are the corresponding high magnification SEM images for Fig. 2d. The
inset image in (a) is the morphology of Zn foil before chemical reaction.
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Fig. 3. (a) TEM image of the as-synthesized ZnO nanostructures with different reac-
tion  time (a) 1 d; (b) 2 d; (c) 3 d. (a1), (b1), (c1), (c2) and (c3) are the corresponding
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gin of these visible emissions (e.g., green, yellow, orange, and red
RTEM images. (a2) and (b2) are SEAD patterns corresponding to the marked frame
reas in (a) and (b), recorded along the [2ı̄ı̄0] zone).

eaction time to 1 d leads to ZnO nanorods with sizes of 70–130 nm
n diameter appeared on the Zn foil substrate. A further increasing
n the reaction time results in an interesting scene. After 2 days
f reaction time ZnO nanorods’ heads contact tightness like bird
ages. Most of bird cages have six or seven bars (ZnO nanorods)
ith sizes of 80–160 nm in diameter. Some bird cages even have a
ozen bars. Finally, when the reaction time reaches 3 d the maize
traw-like ZnO with a diameter of 180–220 nm and a length of
bout 6 �m formed on the Zn foil substrate. As its name suggests,
any wrinkles appeared on the surfaces of maize straw-like ZnO

anostructures just like leaves on maize straws.
Further information about the ZnO products is obtained from

EM and HRTEM images associated with SAED pattern in Fig. 3.
ig. 3(a) presents the TEM image of the film 2#. The result shows
hat ZnO nanorods are around 80 nm in diameter, which is in good
oincident with the SEM observation (Fig. 2(b)). A high resolution

EM image (Fig. 3(a1)) and associated SAED pattern (Fig. 3(a2))
aken on an individual ZnO nanorod show the single crystalline
ature of the film 2#. The HRTEM image in Fig. 3(a1) shows
ience 319 (2014) 211–215 213

the distance between adjacent lattice facets is about 0.26 nm,
corresponding to the distance between two (0 0 0 1) facets of hexag-
onal ZnO, indicating that ZnO nanorods grown along the <0 0 0 1>
direction (c-axis) [27]. The corresponding SAED pattern shown in
Fig. 3(a2) confirms the single crystal nature of ZnO nanorods grown
along the c-axis.

Fig. 3(b) presents a TEM image of the film 3#. ZnO nanorods are
around 120 nm in diameter. HRTEM image and SAED pattern of film
3# given the similar message with film 2#. That means according to
HRTEM image Fig. 3(b1) and SAED pattern Fig. 3(b2), we  can make
a judgment that well-crystallized ZnO nanorods grown along the
c-axis.

Fig. 3(c) presents a TEM image of a typical isolated ZnO nanorod
obtained after 3 days reaction time. From TEM image, ZnO nanorod
is around 200 nm in diameter and there are some sheets appear on
the surface of ZnO nanorod. Fig. 3(c1) gives an amplifying image
for the select area in Fig. 3(c). It is very clear that there exists a
layer of amorphous structure in the surface of ZnO nanorod. HRTEM
images for the different select area in Fig. 3(c1) were presented in
Fig. 3(c2) and (c3). Fig. 3(c2) shows the selected area form the main
trunk of ZnO nanorod, the distance between two  fringes is about
0.26 nm,  which is close to the d spacing of the (0 0 0 1) plane, indi-
cating that the <0 0 0 1> direction (c axis) is the growth direction of
ZnO nanorod. But the selected area from the surface of ZnO nanorod
Fig. 3(c3) displays a different structure. The distance between two
fringes is about 0.28 nm in Fig. 3(c3), which is close to the d spac-
ing of the (1 0 1 0) plane. It indicated that many ZnO quantum dots
with uncertain growth orientations spread over the surface of ZnO
nanorod.

3.2. Growth mechanism

In accordance with above characterization, a possible growth
process of different structures of ZnO was proposed here. In the
early stage (after 5 h) of reaction, there formed small ZnO parti-
cles on the surface of Zn foil. Because of the structural anisotropy
and surface electric polarity of ZnO, the growth rates along crys-
tal direction [0 0 0 1] prior to the other crystal directions. So ZnO
nanorods grew along [0 0 0 1] direction spread on the substrate.
Because the surface of ZnO foils was  not smooth enough to make
sure every ZnO rods growth perpendicular to the substrate, ZnO
nanorods growth like tripods with their heads contact tightness
formed. Along with the extension of reaction process, more and
more ZnO rods flock together and lead the formation of ZnO rods
heap. After a long enough reaction, ZnO rods will cover most place
of the substrate surface. And that would obstruct the release of Zn
ion from Zn foil. The corrosion of ZnO rods will be surpassing the
growth process and the surface of ZnO rods will be tough after long
reaction time (after 3 days).

3.3. Optical properties and photocatalytic activity

The representative PL spectra of as-synthesized ZnO nanostruc-
tures with different reaction times are presented in Fig. 4. In
general, the room temperature PL spectra of all the as-grown films
revealed similar features. There appeared one sharp UV emission
band at about 380 nm,  generally assigned as a near-band-edge
(NBE) emission band, and another broad deep-level emission band
extending from 430 to 630 nm.  The position of the NBE emission
band in our nanostructures agrees well with the reported value
[28,29]. ZnO commonly exhibits luminescence in the visible band
attribute to different intrinsic or extrinsic defects [30]. The ori-
emissions) is still attracting controversy. For example, a number of
different hypotheses have been proposed to explain the green emis-
sion, such as a singly ionized oxygen vacancy, VO center [31,32] an
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Fig. 6. (a) Degradation efficiency versus reaction time for ZnO films after different
Fig. 4. PL spectra of ZnO films for different deposition time.

xygen antisites [33], and a zinc vacancy, VZn [34], etc. Generally,
he green emission is typically associated with oxygen deficiency
e.g., excess Zn2+ ions or VO defects), and the yellow/orange emis-
ion is attributed to excess oxygen [35–38]. The green transition
ttributed to the singly ionized oxygen vacancy in ZnO and the
mission results from the radiative recombination of a photogen-
rated hole with an electron occupying the oxygen vacancy. The
tronger the relative intensity of the green luminescence is, the
ore the singly ionized oxygen vacancies are [39]. So according to

he Fig. 4 the content of oxygen vacancies varies with different ZnO
lms shows the following order: 3# > 2# > 4# > 1#.

The room temperature UV–Vis diffuse reflectance spectra of the
nO films are displayed in Fig. 5. Film 3# exhibits a greatly enhanced
bsorption compare with other films.

In our study, the photocatalytic performance was evaluated by
hotodegradation of the well known organic azo-dye N,N,N′,N′-
etra ethylated rhodamine (RhB), a typical pollutant in the textile
ndustry, under ultraviolet irradiation. The results of the RhB
egradation used different ZnO photocatalysts are summarized

n Fig. 6(a). Without any catalyst, only a slow decrease in the
oncentration of RhB was detected under UV irradiation. The pho-
ocatalytic activity depends on the morphology of ZnO films. The
ctivity shows the following order: 3# > 2# > 4# > 1#. After 10 h of
rradiation, the RhB in aqueous solution could be almost completely
liminated by the film 3#.

In order to monitor the photodegradation efficiency of ZnO

lms, we have done reusability study of the best sample (ZnO film
#). The regenerated photocatalyst after the degradation experi-
ents were washed and dried before used for further run. The inset

ig. 5. The UV–Vis diffuse reflectance spectra for ZnO films after different deposition
ime.
deposition times. (b) UV–visible absorbance spectra of dye solution with time over
the  best catalyst (ZnO film 3#). The inset image in (b) is the reusability of the best
sample (ZnO film 3#).

image in Fig (b) represents the degradation efficiency of ZnO film
3# for 5 consecutive runs. Up to 5 runs, 87% photodegradation was
noted, within 10 h.

The photocatalytic superiority of the film 3# over the other
nanostructured ZnO can be attributed to their special structural
features. Under UV irradiation, as long as photons enter into ZnO
cages they will be reflected by the cage bars for many times before
they escape from jails. The increase in reflect times in cages leads
absorption of photons by ZnO cages. And that is to say film 3# can
use solar energy much more efficiency than its counterpart. The
function of capture photons by ZnO cages is similar to black body,
a physics model, to a certain degree. Base on similar explanation,
film 3# with ZnO cages on surface can also play the role of RhB
molecules traps. Once RhB molecules enter into ZnO cages, they
have more opportunity to contact surface of ZnO material than on
other films. RhB molecules will react with hydroxyl radicals on the
surface of ZnO more smoothly. So most of RhB molecules will be
degraded completely before free diffused out of cages.

In addition, film 3# has the biggest content of oxygen vacancies
among different ZnO films according to Fig. 4. Due to nonsaturable
oxygen coordination, oxygen vacancies on the surface of ZnO will
result in a distinct ability to absorb the oxygen species (such as O2,
OH−) and target molecules through chemical/physical absorption
[40]. Based on the theory, film 3# can adsorb more OH− and H2O in
the solution condition of photodegradation. The excited electron
are trapped by O2 to form superoxide radical ion (•O2), and the
holes left in the valence band can react with adsorbed water (or sur-
face hydroxyl) to form very reactive hydroxyl radicals (•OH), which
subsequently attacks the adsorbed pollutant molecules to produce

oxidized species and/or decomposed products can accelerate the
photocatalysis reaction [41,42].

As stated above, good photocatalytic performance of film 3#
is obtained. Obviously, the other nanostructured ZnO, lack the
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bove-mentioned structural advantage, and thus present relatively
nferior photocatalytic activity in the photodegradation of RhB.

. Conclusions

ZnO films with different morphology were obtained using
ydrothermal method under different reaction times. ZnO cages
xhibited superior ability on the photocatalytic degradation of RhB
queous solution under UV radiation compared with other ZnO
lms. The higher photocatalytic activity of the ZnO cages results

rom the special morphology and the larger content of oxygen
acancy on the surface.
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