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a b s t r a c t

Silver-modified ZnO nanorods array has been prepared and the effect of silver modification has been
studied. ZnO nanorods array were fabricated through a wet chemical route and a photo deposition method
was taken to fabricate silver nano particulate on the ZnO nanorods. The structural and optical properties
were characterized by field emission scanning electron microscope, high resolution transmission electron
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microscope, X-ray photoelectron spectroscopy, Raman, UV–vis and photoluminescence (PL) spectra. The
UV photocatalytic activity of these materials was studied by analyzing the degradation of methylene blue
(MB) in aqueous solution. The photocatalytic performance indicated that Ag deposit acted as not only
electron sinks to enhance the separation of photoexcited electrons from holes, but also charge carrier
recombination centers, so the optimized amount of Ag deposit was investigated.
hoto deposition
hotocatalytic activity

. Introduction

Aside from TiO2, ZnO is one of the most promising materials for
emediation of contaminants and destruction of microorganisms.
oth materials exhibit very similar band gaps (ZnO, 3.37 eV; TiO2,
.2 eV) and conduction band edge positions [1]. These semiconduc-
ors are well established and there has been considerable interest
n their applications to the area of photocatalysis [2]. The general
cheme for the photocatalytic destruction of organic compounds
nvolves the following three steps: (i) when the energy h� of a
hoton is equal to or higher than the band gap (Eg) of the semicon-
uctor, an electron is excited to CB, with simultaneous generation
f a hole in the VB; (ii) then the photoexcited electrons and holes
an be trapped by the oxygen and surface hydroxyl, respectively, to
ltimately produce the hydroxyl radicals (•OH), which are known
s the primary oxidizing species; and (iii) the hydroxyl radicals
ommonly mineralize the adsorbed organic substances.

However, the photoexited electrons and holes can also recom-
ine to reduce photocatalytic activity of the semiconductor. To
vercome this limitation, modification of semiconductors with

oble metals is one of the most efficient ways [3,4]. ZnO/Ag com-
osite structure is now an exciting area in research for developing
hotocatalytic applications. Ag is known as electron sinks due to the
chottky barrier at the metal-semiconductor interface [5,6], then
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after step (i) as mentioned above, electron in CB can transfer to Ag
deposit.

Although there are reports about the effect of silver addition in
the electronic and optical properties of ZnO [7–10], to the best of
our knowledge, there are no detailed studies on the effect of sil-
ver modification in ZnO nanorods array, especially photocatalytic
activity. Compare with 0D and 2D nanostructures, 1D systems,
such as nanowires and nanorods, are the smallest dimension struc-
tures that can be used for efficient transport of electrons and
optical excitations, and are thus expected to be critical to the
function and integration of nanoscale devices [11]. Moreover, ZnO
nanorods array displays a broadband reflection suppression from
400 to 1200 nm [12]. In this work, we report a systematic study
on the effect of modification on ZnO nanorods array with various
amounts of silver nanoparticles for the photocatalytic activity of
ZnO nanorods array.

2. Experimental

2.1. Preparation of ZnO/Ag nanorods array

To fabricate ZnO/Ag structure, zinc acetate dehydrate and silver
nitrate were used as Zn and Ag sources, respectively. All chem-

icals were of analytical reagent grade and used without further
purification.

As shown in Scheme 1, ZnO nanorods array (ZnO NRA) on the
glass substrate were prepared through a typical two-step method
[13,14]. Briefly, ZnO seed layers were firstly deposited on glass

dx.doi.org/10.1016/j.jhazmat.2010.05.141
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Scheme 1. Scheme illustration

ubstrates using the dip coating method [15], precursor solutions
or the aqueous solution growth were prepared by dissolving zinc
cetate dehydrate [Zn(Ac)2·2H2O] and hexamethylenetetramine
C6H12N4) in deionized water. The concentration of zinc and amine
ere fixed at 0.02 mol/L. ZnO-coated substrates were suspended

n the precursor solutions at 90 ◦C for 1.5 h without any stirring.
ubsequently, the resultant films were thoroughly washed with
eionized water to remove any residual salt or amino complex and
ried in air at room temperature.

Ag nanoparticles dispersed on ZnO nanorods were prepared by
hoto deposition method [16,17], and the amount of Ag in each
ample was controlled by the concentration of AgNO3 solution,
ith the settled adsorption time and UV irradiation time. The as-
repared ZnO nanorods array were pre-irradiated with UV-light
main wavelength: 254 nm, 1.9 mW/cm2) for 1 h to enhance its
ydrophility and then soaked in AgNO3 aqueous solution with dif-

erent concentration (0.02–0.2 mol/L) for 1 h to allow complete
dsorption of Ag+ ions onto ZnO surface. After being rinsed with
ure water and dried at room temperature, the film was irradi-
ted with a 20 W low-pressure mercury lamp (main wavelength:
54 nm, 1.9 mW/cm2) for 20 min to reduce adsorbed Ag+ to Ag
anoparticles and then washed with deionized water repeatedly to
emove the residual Ag+. The mechanism was shown in Scheme 2.
ilver-modified ZnO seed layer films were also obtained by the
hoto deposition method as mentioned above, without the aqueous
olution growth process of ZnO NRA.

.2. Sample characterizations

To characterize the morphologies of the as-prepared samples,
ESEM (JSM-6700F), TEM (JEOL-2010) and HRTEM (JEOL-2010)

ere obtained. Raman analysis (LABRAM-HR, 514.5 nm Ar+ pump

aser) has been carried out to assess the crystal phase. In order
o study the optical properties, UV–vis absorption spectra were

easured by an UV–vis spectrophotometer (Shimadzu UV-2401).

Scheme 2. Charge transfer mechanism of photo deposition method.
synthesis steps of Ag/ZnO NRA.

The surface property was determined by XPS (Thermo Electron
ESCALAB-250). The photoluminescence (PL) spectra of the samples
were measured with spectrophotometer (Hitachi F-4600) by using
325 nm line of Xe lamp as excitation source at room temperature.

2.3. Photocatalytic studies

For photocatalytic activity studies, samples with the same thick-
ness and geometric area (1 cm × 2 cm) were settled in a 15 mL
methylene blue (MB) aqueous solution with a concentration of
2 mg/L in a glass cell, and the ultraviolet light was provided by
a low-pressure fluorescent Hg lamp (main wavelength: 254 nm,
1.9 mW/cm2). Prior to irradiation, the samples were immersed in
the same solution for 0.5 h in darkness to establish a adsorption
equilibrium. The residual concentration of MB after irradiation for a
definite time was estimated according to the absorbance at 662 nm
measured by UV–vis spectrophotometer.

3. Results and discussion

3.1. Morphologies observation

The representative FESEM image of ZnO sample shown in Fig. 1
reveals well-aligned ZnO nanorods grown on glass substrate. From
the top view and side view images, it can be clearly seen that, the
diameters of the nanorods ranged from 100 to 125 nm and the
length was about 1.0 �m. The diameter and length of nanorods
were dependent on the growth parameters such as zinc salt concen-
tration, growth temperature, pH, and zinc seed layer morphology
[14,18,19]. Moreover, the diameter distribution of the rods is nar-

row and the rod density is suitable for silver deposition.

The typical TEM/HRTEM images in Fig. 2 reveal the structure
relationship between ZnO rods and silver particulates; the size of Ag
particulate in Fig. 2b is bigger than that in Fig. 2a, due to the increase

Fig. 1. a top view SEM image of the well-aligned ZnO nanorods array and its cross
section (inset).
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ig. 2. Typical TEM images of the as-synthesized Ag/ZnO NRA with an AgNO3 conc
g/ZnO with an AgNO3 concentration of 0.05 M (Ag 0.37 at.%).

f AgNO3 concentration. However, we cannot easily control the dis-
ribution of the particle size of Ag, and photo deposition method
lso has its limitation such as the adhesive capacity of the produced
g particles is not very good, thus this preparation process needs

urther improvement. The 2D lattice fringes in the HRTEM images,
arts c and d, signify the crystallinity of the ZnO nanorod. The dis-
ance between two fringes is about 0.526 nm, which is close to the d
pacing of the (0 0 0 1) plane, indicating that the 〈0 0 0 1〉 direction (c
xis) is the growth direction of ZnO nanorods. And in Fig. 2d, the lat-
ice fringes with interplanar spacing of 0.236 nm, corresponding to
he (1 1 1) plane of crystalline Ag nanoparticles, are also observed.
herefore, highly ordered ZnO nanorods array structure modified
ith Ag nanoparticles was successfully obtained.

.2. Raman and UV–vis spectra

To assess the crystal quality, Raman analysis has been carried
ut on the samples. Raman spectra of ZnO NRA and silver-modified
nO NRA with AgNO3 of 0.05 M are shown in Fig. 3. The intense peak
t 436 cm−1 corresponds to E2 mode of ZnO hexagonal wurtzite
tructure, and a small peak at 580 cm−1 is associated with oxygen
eficiency [20,21], revealing the high quality of the ZnO nanorods.
oreover, silver-modified ZnO did not reveal additional modes.
The absorption spectra of unmodified and silver-modified ZnO
RA are presented in Fig. 4 and it can be seen that the pure
nO (band gap 3.37 eV) showed a steep absorption at wavelength
horter than 380 nm, and the silver addition did not make any
ignificant difference in its band gap. Nevertheless, intense absorp-
ion of Ag/ZnO NRA was observed to nearly cover the whole
ion of (a) 0.02 M, (b) 0.05 M and (c) HRTEM image of the ZnO, (d) HRTEM image of

visible region (400–700 nm) due to surface plasmon resonance
(SPR) absorption of Ag nanoparticles [22–24]. Furthermore, silver-
modified ZnO seed layer films with different contents of Ag were
employed to corroborate the SPR absorption of Ag nanoparticles,
as showed in Fig. 5. The SPR absorption of Ag nanoparticles was
observed as expected. While the concentration of AgNO3 increased,
the absorption intensity of the film increased. And we noticed that
there were red shifts of resonance peaks (from ∼425 to ∼463 nm),
which was caused by the growth of silver particle size [25].

3.3. XPS analysis

The surface structure of the as-prepared sample with an Ag con-
tent of 0.37 at.% (the concentration of AgNO3 aqueous solution is
0.05 M) was investigated by using XPS analysis, and the correspond-
ing experiment results are shown in Fig. 6. The survey spectrum
(Fig. 6a) indicates that the sample is composed of Ag, Zn, and O. A
weak C emission peak is observed in the spectrum which results
from sample holder. No peaks of other elements can be observed.
In Fig. 6b, the O 1s profile is asymmetric and can be fitted to two
symmetrical peaks (˛ and ˇ locating at 530.1 and 531.5 eV, respec-
tively), indicating two different kinds of O species in the sample.
The peaks ˛ and ˇ should be associated with the lattice oxygen
(OL) of ZnO and chemisorbed oxygen (OH) caused by the surface

hydroxyl [26–28], respectively.

Fig. 6c shows the Ag 3d XPS spectra for the sample. There are
two peaks locating at 367.5 and 373.4 eV, which are attributed to
Ag 3d5/2 and Ag 3d3/2, respectively. Moreover, the binding energy
of Ag 3d5/2 for the Ag/ZnO sample shifts remarkably to the lower
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cheme 3. (a) The band structures of Ag and ZnO junction and the Fermi energy leve
nd the photocatalytic mechanism of as-prepared Ag/ZnO samples under UV irrad
an be captured by the surface hydroxyl.

inding energy compared with the corresponding value of the syn-
hesized pure metallic Ag (BE value of Ag0 and Ag+ is about 368.2
nd 367.2 eV, respectively) [29], indicating that the electron density

f Ag is decreased. The shift must be due to the strong interaction
etween Ag and ZnO. Scheme 3a shows the band structures and
he Fermi energy levels of Ag and ZnO junction. Because the Fermi
nergy level of Ag (Efm) is higher than that of ZnO (Efs), part of elec-

ig. 3. Resonant Raman spectrum of (a) pure ZnO NRA, (b) Ag/ZnO NRA with an
gNO3 concentration of 0.05 M.
librium [27–29] without UV irradiation. (b) The proposed charge separation process
. The electrons in the Ag sinks can be trapped by the chemisorbed O2 and the hole

trons transferred from Ag to ZnO until the two systems attained
equilibrium and a new Fermi energy level (Ef) was formed.

3.4. Photocatalytic performance

We checked the photocatalytic performance of the Ag/ZnO NRA
with different Ag contents for degradation of MB. As an example,
the time-dependent absorbance spectra of the dye solution are
shown in Fig. 7 in the presence of Ag/ZnO NRA with an Ag con-
tent of 0.37 at.%. It can be seen that the absorbance peak at 662 nm
is reduced significantly, indicating the degradation of the dye
molecules. Then the effect of modification with various amounts of
silver nanoparticles for the photocatalytic activity of ZnO nanorods
array was systematically studied, the photocatalytic experimental
data can be converted to a linear pattern using pseudo-first kinet-
ics model, and the results are shown in Fig. 8, the insert shows the
photodegradation ratio of different samples after 1 h irradiation.
The observed rate constants and photodegradation ratios are calcu-
lated as listed in Table 1. It can be seen that the loading of silver can
significantly enhance the photocatalytic efficiency of ZnO in degra-

dation of MB. The percentage degradation varied from 36.2% to
49.3% for different concentrations of AgNO3 solution. It can be seen
that the photocatalytic activity of these samples vary in the follow-
ing order: pure ZnO < ZnO/Ag (0.02 M) < ZnO/Ag (0.05 M) > ZnO/Ag
(0.1 M) > ZnO/Ag (0.2 M), it is found that the molar content of 0.37%

Fig. 4. UV–vis absorption spectrum of pure ZnO NRA (black) and Ag/ZnO NRA (red)
with an AgNO3 concentration of 0.05 M (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.).
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positive effect of noble metal deposits is commonly explained by
ig. 5. UV–vis absorption spectrum of (a) pure ZnO seed layer film, and Ag/ZnO film
ith an AgNO3 concentration of (b) 0.02 M, (c) 0.05 M, (d) 0.2 M.
the concentration of AgNO3 aqueous solution is 0.05 M) is the best
osage to achieve the highest photodegradation rate, so the opti-
al Ag loading for achieving the highest photocatalytic activity is

.37 at.%. When the Ag loading is higher than this level, the pho-

Fig. 6. (a) Representative XPS survey spectrum, (b) XPS full spectra of O 1s, (c)
Fig. 7. Time-dependent UV–vis absorbance spectra of the MB solution in the pres-
ence of Ag/ZnO sample with an Ag content of 0.37 at.%.

tocatalytic activity will decrease with increasing Ag loading. The
Ag 3d of the as-prepared Ag/ZnO sample with an Ag content of 0.37 at.%.

the opinion that Ag nanoparticles on the semiconductor surface
behave like electron sinks, which provide sites for accumulation
of the photogenerated electrons, and then improve the separation
of electrons and holes. This can be understood based on the pro-
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Table 1
The pseudo-first-order kinetic constant of MB photodegradation and photodegra-
dation ratio using different photocatalysts.

Samples Kinetics constants, k (min−1) Photodegradation ratios
after 1 h irradiation (%)

Pure ZnO 5.16 × 10−3 36.2
ZnO/Ag (0.02 M) 5.69 × 10−3 39.6

photogenerated electrons and holes. PL signals result from the
recombination of photoinduced charge carriers, so PL measure-
ments were carried out to confirm the charge separation behavior
and efficiency in ZnO/Ag system. Fig. 10a shows the PL spectra
ig. 8. The ln(C0/C) versus time curves of photodegradation of MB. C0 and C are the
nitial concentration after the adsorption equilibrium and the reaction concentration
f MB, respectively. The experimental data are fitted using the pseudo-first-order
inetic equation: ln(C0/C) = kt.

osed charge separation of Ag/ZnO under UV illumination shown in
cheme 3b. Because the bottom energy level of the conduction band
f ZnO is higher than the new equilibrium Fermi energy level (Ef) of
g/ZnO, the photoexcited electrons on the conduction band could

ransfer from ZnO to Ag nanoparticles. Therefore, Ag nanoparticles,
cting as electron sinks, reduce the recombination of photoinduced
lectrons and holes, and improve the photocatalytic activity. On the
ther hand, more Ag particles loading will cover more semiconduc-
or surface, inhibit UV irradiation to the interface of the Ag/ZnO,
esides, silver particles also act as recombination centers at high
ilver deposition which leads to the decrease of the photocatalytic
ctivity.

A disadvantage of ZnO photocatalyst is the photocorrosion
nduced by photogenerated holes, and the stability of the ZnO NRA

lms is an important concern for the repeated use of the photocat-
lysts, so repeated photocatalytic cycling tests were carried out for
ur samples (Fig. 9). UV irradiation time was half an hour. Our prod-
ct either ZnO or Ag/ZnO does not exhibit any great lost in activity

ig. 9. Cycling runs for photodegradation of MB under UV-light irradiation. (a) ZnO
RA (solid), (b) Ag/ZnO NRA with an Ag content of 0.37 at.% (blank).
ZnO/Ag (0.05 M) 7.63 × 10−3 49.3
ZnO/Ag (0.1 M) 7.17 × 10−3 47.2
ZnO/Ag (0.2 M) 6.08 × 10−3 42.6

even after five times UV-light degradation process, which were
carried out by turns on the same sample in different days. How-
ever, both photocatalysis and photocorrosion are very complex
processes, the detailed mechanism for the enhanced photocatalytic
activity and stability of the 1D ZnO nanostructures is still an open
question.

3.5. Photoluminescence properties

Photocatalytic activity is closely related with the lifetime of
Fig. 10. (a) PL emission spectra of pure ZnO NRA, ZnO/Ag (0.02 M), ZnO/Ag (0.05 M),
ZnO/Ag (0.1 M) and ZnO/Ag (0.2 M), (b) integral PL emission of pure ZnO NRA, ZnO/Ag
(0.02 M), ZnO/Ag (0.05 M), ZnO/Ag (0.1 M) and ZnO/Ag (0.2 M) at the peaks of NBE
emission of ZnO.
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f the as-prepared ZnO and Ag/ZnO samples. It is found that all
ndividual curves similarly show two emission bands, including

near UV emission at around 380–400 nm, corresponding to the
ear band edge (NBE) emission of ZnO, and a weak blue emission
t about 470 nm. Fig. 10b shows the integral PL intensities at the
eaks of NBE emission of ZnO. It can be seen that the PL intensities
f these samples vary in the following order: pure ZnO > ZnO/Ag
0.02 M) > ZnO/Ag (0.05 M) < ZnO/Ag (0.1 M) < ZnO/Ag (0.2 M). In
hese samples, ZnO nanorods arrays were synthesized under the
ame experimental condition and the ZnO arrays had similar geo-
etric modality, about 1.0 �m in length and about 100 nm in

iameter, according to the SEM measurements. As a result, the
mounts of ZnO in each sample was almost the same, the differ-
nce of PL intensities of the samples were mainly caused by the
hange of amount of Ag in different samples.

It is generally believed that a lower excitonic PL intensity means
n enhanced separation and transfer of photoinduced electrons.
herefore, it is reasonable that the PL intensities of Ag-loaded sam-
les were much lower than that of the sample without Ag. Compare
he photocatalytic activity and PL results, we can found that the
rder of PL intensities of the samples was just opposite to the order
f the photocatalytic activities, indicating that the charge separa-
ion effect was confirmed by PL results.

. Conclusions

Highly ordered ZnO nanorods array grown on glass substrate
as successfully modified with Ag nanoparticles using a facile
hotodeposition method and the optimized content of Ag deposit
as obtained. On the basis of the structural characterizations and
hotocatalytic results, the effect of Ag deposition on the photo-
atalytic performance of ZnO NRA can be summarized as follows:
i) Ag deposit acted as electron sinks to enhance the separation
f photoexcited electrons from holes; (ii) Ag particles also act as
ecombination centers at high silver deposition which leads to the
ecrease of the material’s photocatalytic activity. And the charge
eparation effect was confirmed by PL results.
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