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a  b  s  t  r  a  c  t

Immobilized  photocatalyst  was  prepared  by the  growth  of  ZnO  nanograss  on  the  ZnO  pore-array  sub-
strate.  The  surface  morphology,  optical  and  photocatalytic  properties  of the  photocatalysts  were  studied.
Nanograss  decorated  ZnO  pore-array  films  exhibited  improved  performance  on  the  photocatalytic  degra-
dation  of  methyl  orange  (MO)  in  aqueous  solution  under  UV radiation.  The  photocatalytic  activity  of
eywords:
mmobilized photocatalyst
ore-array
ight-trapping
anostructured

pore-array  films  can  be tuned  by  changing  the  surface  nanostructure  of  the porous  photocatalyst.  The
enhanced  photocatalytic  activity  of  the  nanostructured  pore-array  photocatalyst  can  be attributed  to
increased  active  surface  area,  improved  diffusion  of  dye  molecules  among  the  nanostructured  catalyst,
and enhanced  light  absorption  through  the  light-trapping  effect.  Besides,  the  degradation  of  MO  using
Ag/ZnO  composite  pore-array  catalysts  with  different  sizes  and  densities  of  the  Ag  particles  on  the  surface
of ZnO  nanostructure  was  investigated.
. Introduction

The removal of dyes and toxic organic compounds from wastew-
ter has been studied widely and has attracted more attention as
leaner and greener technology. Semiconductor-assisted photo-
atalysis can be used for large-scale purification of wastewaters at
ow cost. Semiconductors such as TiO2 and ZnO were used as pho-
ocatalysts because of their high photosensitivity, good long-term
tability, and non-toxic nature [1]. The form of the photocatalyst
as strong impacts on the photocatalytic performance and cost.
anosized catalyst slurries have high solid to liquid contact areas
hich help to achieve high reaction rates in wastewater [2,3]. ZnO
hotocatalysts are often applied in the form of aqueous slurries.
owever, it may  encounter technological problems including the
article aggregation, together with the need for the separation and
ecycling of the photocatalyst nanoparticles from the slurry after
he wastewater treatment process. Recent investigations on pho-
ocatalysis are oriented toward the immobilization of photocatalyst
s thin films on the support substrates [4,5]. Various materials
f different shapes, such as glass fiber, glass bead, aluminum foil
heet, and plastic fiber-optic cable, have been proposed as cata-
yst support. However, compared with that of the corresponding

anoparticles suspensions, the efficiency of the immobilized thin
lm photocatalyst is lower because the active surface area of the
hin film photocatalyst is dramatically reduced [6,7]. This problem
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can be solved by replacing the thin film photocatalyst with nanos-
tructured photocatalyst, which possess more active sites and higher
surface-to-volume ratio than the thin film analog.

Two-dimensional ordered pore-array films made of various
materials have been fabricated by the nanosphere lithography
method [8–10]. These films with ordered pore-array surfaces have
large surface area [11] and exhibit unique properties such as
UV-induced wettability transition [12,13] and enhanced thermal-
responsive surfaces [14]. Ordered pore-array films have potential
applications in catalysis [15], photonic crystals [16], gas sensors
[17], and optical-electronic devices [18]. However, a comprehen-
sive study of the nanograss decorated hemisphere pore-array ZnO
film regarding its surface morphology, optical and photocatalytic
properties has not been undertaken yet. Such research will enable
further applications of nanostructured ZnO photocatalyst.

Photoexcitation of semiconductor oxide photocatalyst by UV
light results in the generation of electron–hole pairs which enable
the production of hydroxyl radicals in water. A major limitation
of achieving high photocatalytic efficiency in the semiconductor
photocatalyst is the rapid recombination of photo-induced charge
carriers [19]. The charge separation efficiency can be improved
by using semiconductor composite [20,21] or depositing metal
nanoparticles on the semiconductor [22,23]. Deposition of noble
metals on semiconductor photocatalysts can enhance their photo-
catalytic activities.
The aim of this study is to prepare immobilized ZnO pho-
tocatalysts with high performances. Our strategy includes the
deposition of Ag nanoparticles on the photocatalyst surface and
the modification of surface texture. The photocatalyst with the

dx.doi.org/10.1016/j.jhazmat.2011.10.043
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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nO nanograss modified pore-array structures has been developed.
fter the growth of ZnO pore-array by the nanosphere lithogra-
hy and electrochemical deposition methods, short ZnO nanorod
ere grown on the ZnO pore-array to fabricate the ZnO nanograss
ecorated pore-array films through a hydrothermal approach. The
erformance can be enhanced by increasing the surface area of the
atalyst by introducing the three-dimensional ZnO nanostructure,
nhancing the diffusion of dye molecules around the catalyst with
emisphere microporous surface, and increasing the absorption of

ight through the light-trapping effect. Photodegradation proper-
ies of methyl orange (MO) using these photocatalysts with various
urface morphology were investigated. Besides, the enhancement
f photocatalytic performance by depositing silver nanoparticles
n the nanograss pore-array catalysts was also studied.

. Experimental

.1. Materials

Zinc acetate dihydrate and zinc nitrate 6-hydrate were pro-
ided by J.T.Baker. Hexadecyl trimethyl ammonium and sodium
odecyl sulfate were bought from TCI. Silver nitrate (SHOWA), hex-
methylenetetramine (Riedel-de Haën), and methyl orange (Alfa
esar) were used as received. HP hollow particle (Ropaque HP1055,
ohm and Haas, solid content: 26.7%, the hollow acrylic/styrene
phere dispersed in water) have been used as the template. The HP
article has an outer diameter of 800 nm and an inner pore diameter
f 600 nm [24].

.2. Preparation of photocatalysts

Fig. 1 shows the schematic illustration of the fabrication pro-
ess of the ZnO nanograss decorated pore-array photocatalysts. The
etails are listed as follows.

.2.1. Pore-array films
ZnO pore-array films were fabricated by the process includ-

ng self-assembled polymeric hollow particles as the microsphere
ask, growth of ZnO nanostructures in the interstice, and removal

f the microsphere mask. Suspensions of anionic charged hol-
ow acrylic/styrene spheres, were further diluted with D.I. water
weight ratio of suspension:water = 1:4). The diluted solution was
ropped onto a cleaned ITO glass substrate, which was  inclined
bout 40◦. Then, the hollow acrylic/styrene sphere were floated at
he air/water interface by slow immersion of the substrate into the
queous solution with 1% surfactant (sodium dodecyl sulfate, SDS)
nder a shallow angle. The hollow spheres detached from the sub-
trate, self-assembled in a dense monolayer, and remained afloat on
he water surface. Then, the floating layer of colloidal spheres was
icked up by another ITO glass substrate using a procedure which
as the reverse of the immersion process. After the evaporation of

he liquid, the hollow spheres were self-assembled into a homoge-
ous, dense monolayer ordered nanosphere mask. The spheres
ere fixed on the ITO glass substrate by baking the substrate at

00 ◦C for 20 min. Then, ZnO was grown on the ITO glass substrates
rom the interstices of adjacent microspheres by electrochemical
eposition (ECD) method in an aqueous solution composed of 0.1 M
n(NO3)2 at 80 ◦C. ECD was carried out using a platinum plate as the

ounter electrode, ITO glass as the cathodic substrate and a SCE as a
eference electrode. The samples were washed with D.I. water and
hen annealed at 450 ◦C for 2 h to remove the microsphere mask
nd make the ZnO pore-array films.
Fig. 1. Schematic illustrations of fabricating ZnO nanograss decorated pore-array
films.

2.2.2. Flat ZnO film
The flat ZnO film was  grown on the ITO glass by the electro-

chemical deposition method. The deposition time was  90 s. The
deposition voltage was  1.2 V.

2.2.3. Nanograss decorated pore-array films
For the fabrication of seed solution, 0.1 M zinc acetate was  dis-

solved in the ethanol at 60 ◦C. The solution was cooled to 0 ◦C.
Then, n-hexadecyltrimethylammonium hydroxide (HTAOH) was
added (Zn2+/HTAOH = 1/2) and the solution was  stirred for 30 min.
The resulting mixture was then agitated at 60 ◦C for 2 h to yield a
homogeneous and stable colloid solution, which served as the seed
solution. The pore-array films were coated with the colloidal seed
solution. Then they were dried and annealed at 300 ◦C for 1 h to
make a seed layer on the pore-array substrates.

Then, the ZnO nanograss was grown on the surface of the
pore-array films by immersing the substrates in the aqueous solu-
tion containing Zn(NO3)2 (0.05 M)  and hexamethylene–tetramine
(0.05 M)  at 95 ◦C for different period of time (75, 90, and 105 min).

2.2.4. Silver nanoparticles decorated nanograss pore-array films
To examine the role of the Ag nanoparticles on the photo-
catalysis properties, photosynthesis of Ag nanopaticles on the
ZnO nanorods has been preformed in silver nitrate solutions
under 365-nm irradiation. A piece of ZnO nanograss pore-array
film was immersed into the silver nitrate (AgNO3) solution with



ardous Materials 198 (2011) 307– 316 309

d
1
o

2

d
a
S
a
o
s

2

i
t
t
a
a
t
M
m
i
s
r
s
c

e

w
t

2

t
d
2
1
(
5
m
s

3

p
m
h
t

3

(
t
a
n
P
t
T

S.-T. Hung et al. / Journal of Haz

ifferent concentration of silver precursor (10−3 M,  5 × 10−3 M,  and
0−2 M)  and was irradiated by 365-nm UV-light with an intensity
f 14.3 mW/cm2 for 30 min  to make the Ag decorated films.

.3. Characterization

XRD studies were carried out with a MAC  SCIENCE MXP3
iffractometer. The morphology, energy dispersive X-ray (EDX)
nd Ag mapping measurements were conducted with a HITACHI
-4800 field emission scanning electron microscope (FESEM). The
bsorbance of the dye solution, the transmittance and reflectance
f the catalyst film were measured by the PL 2006 mutifuntional
pectrometer (Labguide Co.).

.4. Photocatalytic degradations

ZnO nanograss decorated pore-array photocatalysts were added
nto a testing container with 10 mL  MO  aqueous solution (concen-
ration is 15 mg/L). The MO solution was continuously stirred when
he UV light (365 nm,  14.3 mW/cm2) irradiation started. 3.5 mL  MO
queous solution about was withdrawn per 30 min  to monitor the
bsorbance spectra. The degradation process was  monitored by
he UV–vis absorbance spectrometer (measuring the absorbance of

O at 463 nm). The UV light was turned off during the absorbance
onitoring process. Then, 3.5 mL  MO aqueous solution was poured

nto the testing container. The UV light irradiation toward the MO
olution continued. The absorption spectra were recorded and the
ate of decolorization was observed in terms of change in inten-
ity at �max of the dyes. The decolorization efficiency (%) has been
alculated as

fficiency (%) = C0 − C

C0
× 100

here C0 is the initial concentration of dye and C is the concentra-
ion of dye after irradiation of UV light.

.5. Nomenclature of the samples

The nanograss decorated ZnO pore-array samples were iden-
ified as PAGxSy. The symbols G and PA represent ZnO nanograss
ecorated sample and ZnO pore-array film, respectively. x (x = 1,
, and 3) means the ZnO nanograss growth time (75, 90, and
05 min). S represents the silver nanoparticle deposited sample. y
y = 1, 2, and 3) means the concentration of silver precursor (10−3 M,

 × 10−3 M,  and 10−2 M).  PA means the pore-array samples without
odification. PAGx represents the nanograss decorated pore-array

amples without Ag nanoparticles decoration.

. Results and discussion

Before the fabrication of ZnO pore-array films, polymeric hollow
articles were self-assembled on the glass substrate to make the
icrosphere mask. The top-view FESEM image of self-assembled

ollow spheres shown in Fig. 2 reveals the monolayer structure of
he microsphere mask.

.1. Analysis of porous structures

The surface textures of ZnO nanograss decorated pore-array
NGPA) films were tuned by changing the nanograss growth
ime. Fig. 3 shows the top-view FESEM images of the ZnO pore-
rray (PA) films and nanograss decorated pore-array films. The

anograss growth time for nanograss decorated pore-array films
AG1, PAG2, and PAG3 are 75 min, 90 min, and 105 min, respec-
ively. Fig. 3(e)–(h) is higher magnification images of Fig. 3(a)–(d).
he pores are orderly arranged in the PA film (Fig. 3a), which are
Fig. 2. Top-view FESEM image of self-assembled hollow spheres.

the reverse replica of the hollow sphere template. Hemisphere
pores with circular wreath were observed. For the PAG1 sam-
ple (Fig. 3b), the ZnO nanorods (nanograss) are grown on the
wreath and inside the pores. Hexagonally packed pore-array struc-
ture with thick edges was obtained. When the nanograss growth
time was extended from 75 min  (PAG1) to 105 min (PAG3, Fig. 3d),
the thickness of the wreath increased because of increasing ZnO
nanograss length. The diameter of the pore became smaller as
the nanograss growth time got longer. Variations in pore diame-
ters were observed between different pores, especially the PAG3
film.

The cross-sectional images of PA, PAG1, PAG2, and PAG3 films
are shown in Fig. 4. The pores in the PA film (Fig. 4a) look like trun-
cated hollow hemispheres. The cross-sectional images revealed
that the depth of the pore is about 500 nm.  The diameter of the
pore is about 940 nm.  After coating the seed solution, the ZnO
nanograss was  grown on the pore-array surfaces to modify the sur-
face texture. The cross-sectional image of PAG1 (Fig. 4b) reveals
that the nanograss is fabricated not only on the wreath (pore edge)
but also on the hemisphere pore surface. The pore-edge skeleton
composes of the ZnO nanograss. In order to maintain the struc-
ture of the nanograss during the sample cleavage procedure, the
PAG1 sample was encapsulated by the epoxy resin in advance.
However, Fig. 4b shows that some of the nanograss was covered
by the epoxy resin. The PAG2 film was  cleaved without poly-
mer  encapsulation in advance. Fig. 4c shows the cross-sectional
image of the PAG2 film. Some of the nanograss collapse during
the cleaving procedure. It revealed that the nanograss was grown
inside the pore. Schematic illustration of the cross-sectional pore
morphology of the ZnO nanograss decorated pore-array films was
shown in Fig. 5. The porous structure of the nanograss decorated
pore-array can be analyzed by measuring four parameters of the
cross-sectional image. D and d represent the diameters of the
pore and nanograss, respectively. L is the depth of the pore. H
means the thickness of the pore bottom (including the nanograss).
D and d were measured from the top-view images of the sam-
ples which were shown in Fig. 3. H and L were measured from
the cross-sectional images of the samples (Fig. 4). The results
of PAG1, PAG2, and PAG3 films are listed in Table 1. When the
nanograss growth time of the film was extended from 75 min
(PAG1) to 105 min  (PAG3), the thickness of the wreath increased

because of increasing ZnO nanograss length. The height of the
pore wall and thickness of the bottom (H) also increase as the
nanograss growth time increased. D decreases and d increases as
the nanograss growth time increased. For the PAG1 sample, the
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Fig. 3. Top-view FESEM images of the (a) ZnO pore-array films and nanograss decorated pore-array film with different nanograss growth time, (b) PAG1, 75 min, (c) PAG2,
9
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0  min, and (d) PAG3, 105 min. (e–h) are higher magnification images of (a–d).

ore diameters (D) of different pores show good uniformity. How-
ver, as the nanograss growth time exceeds 90 min, D and d of the
AG2 (growth time = 90 min) and PAG3 (growth time = 105 min)
amples exhibit considerable variations. The top view images show
hat the pore wreath is no longer circular. Extending the length

f ZnO nanograss deteriorated the ordered pore-array structures.
he pore structure will disappear when the nanograss growth
ime exceeds 120 min. The pore is completely filled by the ZnO
anograss.
3.2. XRD patterns

X-ray diffraction (XRD) was  performed on ZnO pore-array sub-
strates with and without decoration of nanograss. Fig. 6 shows
the XRD patterns of (a) ZnO PA film (b) ZnO nanograss decorated

pore-array PAG3 films in the range of 10–70◦ (2�). The result in
Fig. 6(a) indicates that ordered PA film is composed of polycrys-
talline zinc oxide. The XRD pattern of the ZnO pore-array film
shows peaks which are indexed to (1 0 0), (0 0 2), (1 0 1), (1 0 2),
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Fig. 4. Cross-sectional FESEM images of the (a) ZnO pore-array film and nan

Fig. 5. Schematic illustrations of the cross-sectional pore morphology of the ZnO
nanograss decorated pore-array films.

Table 1
Dimensional parameters of the nanograss decorated pore-array structure.

d (nm) H (nm) L (nm) D (nm)

PAG1 40–50 235 445 830
PAG2 50–75 215 440 440–580
PAG3 50–100 310 510 200–530
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future.
Berginski et al. [25] showed that regularly distributed craters

with mean opening angles between 120◦ and 135◦ and lateral sizes
nd (1 1 0) of wurtzite-structured ZnO. The (1 0 0) and (1 0 1) peaks
re much larger than the other peaks. The XRD pattern of the ZnO
anograss (Fig. 6b) shows peaks which are indexed to (1 0 0), (0 0 2),
1 0 1), (1 0 2), and (1 1 0) of wurtzite-structured ZnO. The remark-
bly enhanced (0 0 2) diffraction peak is much more intensive than
he other peaks, implying that the ZnO nanograss was  grown along
he c-axis. The nanograss oriented perpendicular to the pore-array
urfaces. Since the ZnO nanostructure is built on the ITO glass sub-
trate, there are some peaks which can be assigned as reflection
ines of ITO. In Fig. 6a the diffraction peaks at 2� = 21.5◦, 36.0◦, and
0.5◦are assigned as (2 1 1), (4 0 0), and (4 4 1) reflection lines of ITO.

n Fig. 6b the diffraction peaks at 2� = 30.5◦ and 68.0◦are assigned

s (1 0 0) and (2 0 0) reflection lines of ITO.
ograss decorated pore-array films, (b) PAG1, (c) PAG2, and (d) PAG3.

3.3. Light trapping

To investigate the effect of surface morphology on the light-
trapping performance, five ZnO films including pore-array (PA)
films, nanograss decorated pore-array films (PAG1, PAG2, and
PAG3), and flat ZnO film were prepared to check their optical prop-
erties. The reflectance and transmittance of (i) flat ZnO film, (ii) ZnO
pore-array film and ZnO nanograss decorated pore-array photocat-
alysts, (iii) PAG1, (iv) PAG2, and (v) PAG3 are depicted in Fig. 7. The
reflectance of the PA film was lower than that of the flat ZnO film.

The reflectance of the PA film is lower than that of the flat film.
The reflectances of the PAGn series films are lower than that of
the PA film, especially in the 300–330 nm and 450–700 nm range.
The reflectance of the PAG3 film gets further lower as the nanograss
growth time increased. The transmittance spectra revealed that the
transmittances of PAGn and PA films were nearly the same in the UV
range (wavelength: 300–400 nm). The growth of ZnO nanograss on
the pore-array lowers the transmittance of the visible light (wave-
length: 400–700 nm). Comparing the spectra of PAG1, PAG2, and
PAG3 films, increasing length of the nanograss by extending the
growth time resulted in the decrease in both the transmittance and
reflectance. Formation of such texture is useful in fabricating pho-
tocatalyst which is operated under UV radiation or visible light.
The geometry of the proposed light trapping scheme is shown in
Fig. 8a. Incident optical rays bounce off the photocatalyst struc-
ture multiple times. This multiple scattering can produce a longer
optical path length inside the porous ZnO films. The light absorp-
tion efficiency can be enhanced. Extending the length of nanograss
on the pore-array surface helps to enhance the light trapping effi-
ciency. Since the light-trapping effects of the PAGx series samples
are strong in the visible-light range, such technique can be applied
to the research of visible-light photocatalyst applications in the
of 1–3 �m are very effective in light scattering. In this study, PAG3
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ig. 6. XRD patterns of (a) ZnO pore-array films and (b) nanograss decorated pore-
rray PAG3 films (*peaks related to ITO).

ore-array films consists of pores with depth up to 510 nm and
ore-diameter ranging from 200 nm to 500 nm.  Besides, the diam-
ter of the nanograss ranges from 50 to 100 nm.  The interstics
mong the nanograss are less than 100 nm.  Such kind of surface
exture with microscale hemisphere pores and nanoscale interstics
xhibited enhanced light trapping.

.4. Photocatalytic performace

.4.1. Catalyst loading and surface texture
The surface texture of the nanostructured photocatalyst has

trong influences on the photocatalytic performance. The dye
olution was continuously stirred during the photocatalytic degra-
ation test. As shown in Fig. 8b, the diffusion of dye molecules
oward the porous nanograss decorated pore-array photocatalysts
onsists of two steps. The first is the diffusion of dye molecules into
he micropores. The second is the diffusion of dye molecules into
he interstice of the nanograss.

The diffusion of dye molecules into the micropores is a process
ith small Knudsen number. The mean free path is small compared

o the pore diameter. The diffusion can be predicted by Fick’s law.

he Knudsen number [26] is a dimensionless number defined as

n = �

2r
,

Fig. 7. (a) Reflectance and (b) transmittance spectra of (i) flat ZnO film (ii) ZnO pore-
array films and ZnO nanograss decorated pore-array films (iii) PAG1 (iv) PAG2 (v)
PAG3.

where � is the mean free path and r is the average pore radius. The
mean free path is the average distance covered by a moving dye
particle between successive collisions which modify its direction
or energy or other particle properties.

For the diffusion of dye molecules in the interstics of the
nanograss which is a long pore with a narrow pore radius (<50 nm),
the dye molecules colloids with the wall. The molecule–wall
collisions are important. Diffusion of dye molecules among the
nanograss is a Knudsen diffusion which describes the movement
of fluids with a high Knudsen number. The mean free path of a
molecule is larger than the average pore radius. The diffusivity is
calculated using modified Knudsen diffusion model [26]. The diffu-
sivity is expressed as follows

DA eff = ε DKA

�
= ε (0.67 r v)

�

where DA eff is the effective diffusivity in a porous medium, ε is
the porosity (void fraction), � is the tortuosity factor, r is the aver-
age pore radius, and v is the average molecular velocity for dye.
The diffusion is proportional to the average pore radius and void
fraction.

To investigate the potential as a photocatalyst for the current

ZnO nanograss pore-array films, we conducted a series of photo-
catalysis experiments to investigate the effect of catalyst loading
and surface morphology. The experiments were performed using
PAG1, PAG2, and PAG3 catalystsfor dye solutions of 15 mg/L. The
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Fig. 8. Schematic illustrations of (a) the interface scattering caused by the porous
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the slopes of those curves are shown in Table 2. It demonstrates

T
T

tructure and (b) the diffusion of dye molecules toward the porous nanograss dec-
rated pore-array photocatalysts.

nO catalyst loadings for PAG1, PAG2, and PAG3 catalyst are 300,
25, and 375 �g ZnO/cm2, respectively. The ZnO catalyst load-

ngs of PAGx consisted of the pore-array layers and the nanograss
ayer. The amounts of ZnO on the pore-array layers of PAGn were
bout the same. The differences resulted from the amounts of ZnO
anograss layer. The decolorization efficiency for MO  at various
atalysts loading was depicted in Fig. 9(a). Although the initial
lopes of the curve of PAG2 is slightly larger than that of PAG1,
he decolorization efficiency of PAG1 is close to that of PAG2. As
he nanograss growth time increases, PAG3 exhibits better decol-

rization efficiency than PAG1 and PAG2 do. With the increase
f catalyst loading, total active surface area increases [27]. Maxi-
um  decolorization is observed for PAG3. Further increase in the

able 2
he apparent first-order reaction rate constants for photodegradation of methyl orange a

ZnO loading (�g/cm2) 

Pore-array Nanograss 

PAG1 125 175 

PAG2  125 200 

PAG3  125 250 

PAG1S1 125 175 

PAG2S1 125 200 

PAG3S1 125 250 

Flat  film – – 

Nanorod film – – 
Fig. 9. The decolorization efficiency of (a) nanostructured ZnO photocatalysts with
various surface texture and (b) Ag nanoparticles decorated ZnO photocatalysts.

nanograss growth time (longer than 2 h) leads to the decrease of
phocatalysis properties. The pore structure of the pore-array sur-
faces is completely filled by the nanograss when the nanograss
growth time is longer than 2 h. As long as the nanograss growth
time is shorter than 2 h, creating nanograss on the pore-array
surfaces can generate a three-dimensional hemisphere structure
which may  have larger surface area than the flat ZnO film and
the nanorod film. Such three-dimensional porous morphology
may  also enhance the diffusion and adsorption of dye in the
solution.

The apparent first-order reaction rate constants calculated from
that the apparent rate constant of the MO photodegradation
using the PAG3 film is thirteen times magnitude larger than
that using the ZnO nanorod film. The PAG3 film preformed

nd the ZnO and Ag loading of the photocatalyst.

Ag loading (�g/cm2) k (h−1

Total

300 – 2.75
325 – 3.34
375 – 8.24
300 12.5 3.41
325 25.0 8.50
375 37.5 8.34
225 – 0.05
250 – 0.6
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ig. 10. The FESEM images of the Ag nanoparticles decorated ZnO nanograss pore-
rray films (a) PAG3S1 and (b) PAG3S3 films with different amount of Ag.

etter than PAG1 and PAG2 films. The high photocatalytic prop-
rty observed for the nanograss decorated pore-array films reveals
he advantages of the open porous architecture. Porosity and pore
adius can have a large effect on diffusion and adsorption of dye
olecules.

.4.2. Modification by silver nanoparticle

.4.2.1. Surface morphology of PAGn substrate. Fig. 9(b) shows the
ecolorization efficiency versus time curves using various Ag
anoparticles modified photocatalysts. MO  photodegradation per-

ormance of PAG1S1 with Ag nanoparticles on the surface is better
han that of PAG1 without Ag nanoparticles decoration. This is

ainly a result of the deposited Ag nanoparticles that can facilitate
harge separation by attracting the photoexcited electrons of ZnO
anostructure, thus providing more electrons for the decoloration
f MO.

The apparent rate constant of the MO  photodegradation using
he PAG2S1 catalyst is about 2.5 times of that using the PAG2
atalyst. The separated nanograss surrounded by the MO  solution
ould enhance the charge separation and thus reduce the recombi-
ation of the photogenerated electrons and holes. Rapid transfer of
he charge carriers to the solution-phase redox couples to prevent
rom the electron–hole pairs recombination is usually required to
nhance the overall photocatalytic efficiency. Silver nanoparticles
ere deposited on the ZnO nanograss decorated pore-array photo-

atalysts to facilitate electron transfer out of the conduction band

f the ZnO semiconductor after UV irradiation. Interfacial charge
ransfer can be enhanced by the silver nanoparticles which act
s the sink for photoinduced charge carriers. Subramanian et al.
28] found that metal–semiconductor composites exhibit shift in
Fig. 11. The FESEM energy dispersive spectroscopy of the Ag nanoparticles deco-
rated ZnO nanograss pore-array films (a) PAG3S1, (b) PAG3S2, and (c) PAG3S3 with
different amount of Ag nanoparticles.

the Fermi level to more negative potential. Such shift results in
the enhancement of the efficiency of interfacial charge-transfer
process. Wu  reported that the noble metal acted as a sink for
photoinduced charge carriers, promoting interfacial charge trans-
fer processes [29]. However, the photodegradation performance of
PAG3S1 and PAG3 are about the same. As shown in Fig. 3, the diam-
eter of the pore became smaller as the nanograss growth time got
longer. PAG3 consists of hemisphere pores with small openings (D)
at the top. Decorating Ag nanoparticles on the PAG3 surface may
result in three kinds of changes. One is the decrease of the active
photodegradation sites. The second is the decrease of D. The third
is the enhanced electron transfer out of the conduction band of the
ZnO semiconductor after UV irradiation. The third helps to enhance
the photodegradation performance, while the other two changes
lower the photodegradation performance. PAG3 exhibits a better
photodegradation performance than PAG1 and PAG2. Because of
the compromise between the above-mentioned opposite effects,
PAG3S1 did not show better photodegradation performance than
PAG3 after the modification by Ag nanoparticles. The apparent rate
constant of the MO photodegradation using the PAG2S1 catalyst

is about 2.5 times of that using the PAG1S1 catalyst. The increase
of the apparent rate constant obviously is attributed to the surface
increase for the charge carriers reacting with the species in the
solution.
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Fig. 12. The SEM/EDX Ag-mapping of the Ag nanoparticles decorated ZnO nanograss
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in the photocatalyst. The photodegradation of MO  is enhanced
when the Ag nanoparticles are deposited on the ZnO nanograss. The
ore-array films (a) PAG3S1 and (b) PAG3S3.

.4.2.2. Precursor concentration. To demonstrate the effect of
mount of deposited Ag nanoparticles on the photocatalytic
fficiency for the Ag nanoparticles decorated ZnO nanograss pore-
rray films, further comparative experiments were conducted.
hree photocatalysts (PAG3S1, PAG3S2, and) which were prepared
y different precursor (AgNO3) concentration (10−3, 5 × 10−3,
0−2 M)  were used for MO  photodegradation. Fig. 10 shows the
EM images of the Ag nanoparticles decorated ZnO nanograss pore-
rray (a) PAG3S1 and PAG3S3 films with different amountsof Ag.
he density of the nanoparticles deposited on the ZnO nanorods
ncreased with increasing the AgNO3 concentration. Fig. 10b  reveals
hat there are large Ag aggregates formed on the surface of the
nO nanograss. The diameters and densities of the Ag nanoparticles
ormed by this photocatalytic deposition method on the surface of
he ZnO nanograss are tunable through varying the AgNO3 concen-
ration.

The energy-dispersive spectra were measured to compare the
mount of Ag nanoparticles on the photocatalyst. Fig. 11 shows
he SEM energy dispersive spectroscopy of (a) PAG3S1 (b) PAG3S2,
nd (c) PAG3S3 films with different amount of Ag. The height of Ag
eak increases when the precursor concentration increases. From
he energy-dispersive spectra, the mole ratios of Ag to ZnO for
he films (PAG3S1, PAG3S2, and PAG3S3) prepared with different
oncentrations of Ag+ (10−3, 5 × 10−3, and 10−2 mol/L) were 0.17
14.5/85.5), 0.616 (38.1/61.9), and 0.597 (37.4/62.6), respectively.
he amount of Ag nanoparticles decorated on the ZnO nanograss
ore-array films increased with increasing concentration of Ag+
ons. More silver nanoparticles formed on the surface of nanograss
ecorated pore-array. But when the concentration of Ag+ ions
Fig. 13. The decolorization efficiency of the Ag nanoparticles decorated ZnO
nanograss pore-array films with various amounts of Ag nanoparticles.

exceeds 5 × 10−3 mol/L, the amounts of decorated Ag nanoparticles
on PAG3S2 and PAG3S3 films remain nearly the same.

Fig. 12 shows the SEM/EDX Ag-mapping of the Ag decorated
ZnO nanograss pore-array films (a) PAG3S1 and PAG3S3 by energy
dispersive spectroscopy analysis. The location of Ag element is
an indication of the distribution of Ag nanoparticles on the ZnO
nanograss pore-array surfaces. For the PAG1S1 film, some regions
with high density of the bright spots were found. The rest region
exhibited bright spots with lower density. The high spot-density
area of the PAG3S3 film is larger than that of the PAG3S1 film.
The amount of silver nanoparticles deposited on the PAG3S3 film
is more than that of the PAG3S1 film.

Fig. 13 shows the decolorization efficiency of PAG3S1, PAG3S2,
and PAG3S3 films with various amounts of Ag nanoparticles. Com-
paring the photodegradation efficiency of PAG3S1 catalyst, further
increase in the concentration of Ag for PAG3S2 and PAG3S3 cata-
lysts leads to a depressed efficiency of MO photodegradation. The
excess amount of Ag may  cover a large part of ZnO surfaces, which
in turn decreases the number of active sites for photocatalysis. The
high coverage of Ag may also retard the access of UV irradiation to
ZnO surfaces, resulting in a reduced amount of photoexcited charge
carriers and decreased photocatalytic performance. Similar result
was found in the gold nanopaarticles decorated TiO2 thin-film pho-
tocatalysts [30]. Moreover, as the concentration of Ag increased, the
catalyst was surrounded by more and more Ag nanoparticles which
tended to aggregate, as observed in Fig. 9b. These aggregated metal
nanoparticles may  act as an electron–hole recombination center
rather than the electron trapper [31,32]. It leads to the depression
of photocatalytic efficiency. In addition, the intensity of the incident
irradiation on ZnO nanograss will be reduced by scattering due to
the larger Ag aggregates.

4. Conclusions

ZnO pore-array photocatalysts with the wide round opening at
the top and nanograss decorated hemisphere bottom have been
developed in this study. The active surface area of the catalyst
increases when the length of ZnO nanograss increases. The dif-
fusion of dye molecules around the catalyst can be enhanced.
Strongly scattering surfaces randomize the direction of light inter-
nally within the photocatalyst and increase the effective absorption
photocatalytic activities are dependent on the size and density of
the loaded Ag nanoparticles. The amount of Ag nanoparticles should
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