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Ag/ZnO metal-semiconductor nanocomposites with hierarchical micro/nanostructure have been
prepared by the hydrothermal synthesis in the presence of bovine serum albumin (BSA). The results
suggest that this biomolecule-assisted hydrothermal method is an efficient route for the fabrication of
Ag/ZnO nanocomposites by using BSA both a shape controller and a reducing agent of Ag* ions.
Moreover, Ag nanoparticles on the ZnO act as electron sinks, improving the separation of photo-
generated electrons and holes, increasing the surface hydroxyl contents of ZnO, facilitating trapping the
photoinduced electrons and holes to form more active hydroxyl radicals, and thus, enhancing the
photocatalytic efficiency of ZnO. This is a good example for the organic combination of green chemistry

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

ZnO is an ideal photocatalyst because it has similar band gap
energy to that of TiO,, and thus the similar phototocatalytic
mechanism and capacity. However, some studies have confirmed
that ZnO, especially on the nanometer-scale, exhibits better
efficiency than TiO, in photocatalytic degradation of some dyes,
even in aqueous solution in some cases [1-4]. Parellelly, the
modification of semiconductors with noble metals has attracted
significant attention especially in heterogeneous photocatalysis.
Nowadays, it is believed that surface states can be greatly
improved by catalytic noble metals [5-7], such as Ag. It is found
that Ag nanoparticles and oxygen vacancy defects on the surface
of ZnO nanocrystals can trap the photogenerated electrons from
the semiconductor, benefit the separation of photogenerated
electron-hole pairs, allow the holes to form hydroxyl radicals,
thus enhancing the photocatalytic activity [8].

However, nanometer-scaled materials, such as nanoparticles
and nanorods, with a high surface-to-volume ratio tend to
aggregate during the preparation and photocatalysis process,
which results in the reduction of the photocatalytic efficiency.
An available way to prevent the nanoparticles from aggregation
and maintain the high photocatalytic efficiency is to organize
these nanoscale materials into hierarchical structures [9]. In
general, the preparation of hierarchical metal-semiconductor
nanocomposites has two steps [10,11]. First, the semiconductor
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material was prepared into sol solution, and added metal salts.
Then metal salts in the semiconductor sol solution was irradiated
or reduced by UV light. However, this method was complicated,
and most importantly, the reduction process often leaded metal
to self-nucleation and produced the unexpected isolated metal
nanoparticles. In order to overcome this shortcoming, we focus on
one-step green method to prepare hierarchical Ag/ZnO nanocom-
posites. Recently, we succeeded in synthesizing hierarchical
Ag/ZnO micro/nanostructure by the hydrothermal synthesis of
Zn(AC), in the presence of bovine serum albumin (BSA). This
hierarchical micro/nanostructure is assembled by nanorods. Com-
pared with a large number of reports on the synthesis of Ag/ZnO
heterostructures, this method simplifies experimental procedure,
shortens reaction time, reduces reaction temperature and is a
green synthetic route. Moreover, Ag nanoparticles on the ZnO act
as electron sinks, improving the separation of photogenerated
electrons and holes, increasing the surface hydroxyl contents of
ZnO, facilitating trapping the photoinduced electrons and holes to
form more active hydroxyl radicals, and thus, enhancing the
photocatalytic efficiency of ZnO.

2. Experimental section
2.1. Synthesis of Ag/ZnO nanocomposites
All the reagents, including zinc acetate (Zn(AC), 2H,0), 28 wt%

aqueous ammonium solution, silver nitrate (AgNOs), BSA, and etha-
nol, were analytical grade and used without further purification.
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The synthesis of Ag/ZnO nanocomposites is as follows. Zinc
acetate (5.0 x 1073 M, 30 mL) and BSA (1.8 x 10~> M, 1.3 mL) and
an appropriate amount of silver nitrate solution (2.8 x 1072 M)
were mixed with agitation in a beaker. Then, ethanol (8 mL) and
an aqueous ammonia solution (1.1 mL, 28 wt%) were added
dropwise to the above mixture. The resulting solution was
transferred into a 50 mL Teflon-lined autoclave and heated at
373 K for 7 h. When the reactions were completed, the precipi-
tates were collected, washed with deionized water and ethanol
several times, and finally dried in air naturally.

2.2. Sample characterizations

The powder X-ray diffraction (XRD) patterns of the samples
were recorded by a Bruker D8A X-ray diffractionmeter with
CuKo; radiation (1=1.54056 A). Working voltage was 40 kV and
current was 200 mA. The morphologies of the as-prepared sam-
ples were observed by field-emission scanning electron micro-
scope (FESEM) in the XL 30 ESEM FEG scanning electron
microscope, and the working voltage was 20 kV. Chemical com-
positions were analyzed with an X-ray energy dispersive spectro-
scope (EDS) attached to the SEM. Microstructure analysis was
carried out by high resolution transmission electron microscopy
(HRTEM), taken with a JEOL JEM-2010 transmission electron
microscope. The elemental and chemical states of the as-prepared
samples in this heterostructure were determined by X-ray photo-
electron spectroscopy (XPS) in the ESCALab MKII X-ray photo-
electron spectrometer with MgKo radiation (1486.6 eV). As an
internal reference for the absolute binding energies, the C 1s peak
of hydrocarbon contamination was used. Using the atomic sensi-
tivity factors, the actual content of Ag for each sample was
calculated by the relation:

Ag (at%) = (lag/ dag)/(ag/Oag +1zn /020 +10/d0)

where Iug, Iz;, and Ip are the area under the deconvoluted XPS
curves of Ag 3d, Zn 2ps, and O 1s, respectively; G ag 025, and oo
are the corresponding atomic sensitivity factors for Ag 3d (5.198),
Zn 2ps3)2, (3.354), and O 1s (0.711), respectively [12].

BSA Ag/ZnO Particles

2.3. Photocatalytic tests

The photocatalytic activity of the Ag/ZnO photocatalyst was
evaluated by measuring the degradation rate of Orange G (OG)
under ultraviolet (UV) light illumination. OG is a nonbiodegrad-
able synthetic dye with a molecular formula of C;5H;gN>07S;Naj,
widely used in the textile industry. A cylindrical reactor sur-
rounded by a circulating water jacket maintained at a constant
temperature throughout the experiment was used and the UV
light was provided by a 250 W high-pressure fluorescent Hg lamp
(Institute of Electrical Light Source, Beijing; the strongest emis-
sion at 365 nm). A mixture of 50 mL of 10 ppm OG aqueous
solution and 0.05 g of each photocatalyst was agitated in the dark
for 20 min in a photoreactor to ensure establishment of adsorp-
tion equilibrium of the dye on the catalyst surface. Light intensity
was measured using TU-1810 UV-vis spectrophotometer (Beijing
Purkinje General Instrument Co., Ltd.).

3. Results and discussion
3.1. Reaction mechanism

At the initial stage of the reaction, Zn?>* and Ag* coordinate
with BSA, respectively. With the dropwise addition of ammonia,
Zn(OH), and AgOH were slowly formed. When the amount of
ammonia increases, Zn(OH), and AgOH will be gradually dis-
solved into Zn(NH3)3*, Zn(OH);~, Ag(NHs);, and Ag(OH);,
respectively, as shown by the following equations:

NH3 +H;0 - NH; +OH™ 3.1
Zn** +20H™ ->Zn(OH), | (3.2)
Agt +OH™ —>AgOH| (3.3)

Zn(OH), +20H™ +4NH; —Zn(OH)3~ +4NH; — Zn(NH3)2* +40H"~
(3.4)

AgOH+OH™ +2NH; —Ag(OH); +2NH; »Ag(NH3); +20H"  (3.5)
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Fig. 1. Schematic graph of the growth mechanism of the hierarchical Ag/ZnO micro/nanostructure in the presence of BSA.
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Under alkaline thermal condition, intermolecular dehydro-
lysis between Zn(OH)Z~ and Ag(OH); may occur, leading to the
formation of Ag,0/Zn0O nuclei through a Zn-0-Ag bond [13]. At
the growth stage, a Zn-0O-Ag bond can be formed between Ag and
ZnO, leading to the formation of Ag/ZnO nanocomposites [13].
The schematic growth mechanism is shown in Fig. 1:

co-dehydrolysis
—

Zn(OH)2~ +2Ag(OH); Ag,0/Zn0 (3.6)

Ag,0/Zn0 +ethanol - Ag/ZnO 3.7

It should be mentioned that, during the whole preparation
process, due to the complexation of Ag* with ammonia in the
solution, the standard redox potential of Ag(NHs); /Ag(+0.38 eV)
was much lower than that of Ag*/Ag(+0.8 eV) [14], so the Ag,0
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Fig. 2. XRD patterns of the Ag/ZnO samples with various silver contents.
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will be preferentially reduced by ethanol than Ag(NHs); will be,
which leads to the formation of Ag nanoparticles on the ZnO
surface.

3.2. Crystal structure and microstructure of the as-prepared Ag/ZnO
samples

3.2.1. XRD analysis

The XRD patterns of the as-synthesized samples with different
Ag contents are shown in Fig. 2. It is found that there are two sets
of diffraction peaks for each sample, indicating that the as-
synthesized samples are composite materials. Those marked with
“#” can be indexed to hexagonal wurtzite ZnO (JCPDS file no.
36-1451), while the others marked with “*” can be indexed to face-
centered-cubic (fcc) metallic Ag (JCPDS file no. 04-0783). Comparing
with the diffraction peaks of pure ZnO, no characteristic peaks of
impurities and other phases such as Zn(OH), and Ag,0 are observed.
In addition, negligible changes of all diffraction peak positions and
lattice parameters of ZnO in all Ag/ZnO samples compared to that of
pure ZnO suggest that Ag does not incorporate into the lattice of
ZnO, but as metal deposit on the surface.

3.2.2. FESEM, EDS, and HRTEM analyses

The representative FESEM patterns of the samples are shown
in Fig. 3. The low-magnified FESEM observation (Fig. 3a) shows
that the morphology is hierarchically micro/nano-structured
microspheres ranging from 2 to 5 pum in diameter. Closer obser-
vations (Figs. 3b and c) show that the surface of the product is
smooth. The highly magnified FESEM image of a fragment of the
broken sphere (Fig. 3d) reveals that the structure of these spheric
architectures is built from a single layer of radially oriented
nanorods, self-wrapping to form hollow interiors with 2-5 pm
in outer diameter. It is worth noting that all the constituent
nanorods are radially aligned with their growth axes perpendi-
cular to the surface of the microspheres without any substrate
support [15-17].

Fig. 3. Representative FESEM images of the as-synthesized Ag/ZnO samples: (a) a low magnified panoramic view, (b) an individual microsphere, (c) a high magnified
FESEM image taken from the squared region, and (d) a fragment of one broken microsphere.



S. Gao et al. / Journal of Solid State Chemistry 184 (2011) 764-769

767

Fig. 4. (a) The elemental spectra of Ag/ZnO reveled by EDS analysis and (b) HRTEM image of the product.
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Fig. 5. (a) Representative XPS survey spectrum of Ag/ZnO sample with a Ag content of 1.81 at%. The XPS full spectra of (b) Zn 2ps,, (c) Ag 3d, and (d) O 1s of the

as-prepared Ag/ZnO samples with various Ag contents.

Fig. 4a gives the elemental spectra of the Ag/ZnO micro/
nanostructure revealed by EDS analysis. It indicates that the
Ag/ZnO hierarchical structure is only composed of three elements,
Zn, Ag, and O. Fig. 4b gives the HRTEM image of the interface
structures between Ag and ZnO crystals. The plane fringe with a
2.36 A crystalline plane spacing is assigned to the Ag {111} planes.
The spacing between adjacent lattice fringes is 2.56 A, which is
close to the d spacing of the (002) plane of ZnO. These indicate

that Ag nanoparticles is on the ZnO surface, not incorporating into
the lattice of ZnO.

3.2.3. XPS analysis

To clarify the elemental and chemical state of Ag in the
sample, XPS spectra were carried out. Fig. 5a shows the scan
survey spectra for the representative Ag/ZnO sample with Ag
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content of 1.81 at%. All of the peaks on the curve can be ascribed
to Ag, Zn, O, and C elements, while C 1s at 284.8 eV is due to the
hydrocarbon from the XPS instrument itself [18]. The positions of
Zn 2ps), peak for all Ag/ZnO samples (Fig. 5b) are nearly at the
same value of 1021.4 eV, which confirms that Zn element exists
mainly in the form of Zn?* chemical state on the sample surfaces.

Fig. 5¢ provides the high-resolution XPS spectra of Ag in the
samples. The Ag 3ds;; peak appears at a binding energy of
367.4 eV. Here, interestingly, the 3ds;, peak of Ag in our work
was found to shift obviously to the lower binding energy
compared with the standard value (about 368.2 eV for bulk Ag).
This confirms the interaction between Ag and ZnO nanocrystals as
the binding energy of monovalent Ag is known to be much lower
than that of zerovalent Ag. Similar results were also found in
previous work [5,8]. It is suggested that the shift of the binding
energy of Ag 3ds;, should be mainly ascribed to the interaction
between the Ag nanoparticle and ZnO. When the Ag nanoparticle
and ZnO attach together, they adjust the position of their
corresponding Fermi energy levels to the same value (Fig. 7).

Fig. 5d shows the O 1s peaks for all of the samples under study.
It can be seen that all of the O 1s peaks are somewhat asymmetric,
suggesting that there are at least two kinds of oxygen species on
the sample surface. In all XPS curves, the deconvoluted peak
marked with “a” is closely associated with the lattice oxygen (Oy)
of ZnO and its position is at about 530 eV, while the other peak
marked with “B” is attributed to the oxygen of surface hydroxyl
(OH) and its position is at about 531.5eV [19-21]. Since the
surface hydroxyl plays a crucial role in trapping photoinduced
electrons and holes, it can be concluded that Ag deposition can
modify the surface hydroxyl contents of hierarchically micro/
nano-structured ZnO spheres.

3.3. Photocatalytic performance

The photocatalytic activities of the Ag/ZnO with various Ag
contents are evaluated by measuring the degradation of OG in
aqueous solution under UV light irradiation. The time-dependent
absorbance spectra of the dye solution are shown in Fig. 6a in the
presence of hierarchically micro/nano-structured ZnO spheres
with Ag content of 1.81 at%. It is obvious that the absorbance
peaks at 250, 331, and 472 nm are reduced significantly, indicat-
ing the degradation of the dye molecules. After the illumination
time of 70 min, the initial OG solution can be totally decolorized.

The photocatalytic experimental data can be converted to a
linear pattern using pseudo-first kinetics model, and the results
are shown in Fig. 6b. Also, as photocatalytic reference, pure ZnO is

a
1.5 7

1.0 -

Absorbance

0.5 1

0.0 -

wavelength (nm)

200 300 400 500 600

used to evaluate the activity of Ag/ZnO samples. It can be seen
from Fig. 6b that the photocatalytic performance can be signifi-
cantly improved by depositing an appropriate amount of Ag
nanoparticles. It has been reported that Ag clusters and/or
nanoparticles on the surface of ZnO nanocrystals act as a sink
for the electrons, promote interfacial charge-transfer kinetics
between the metal and the semiconductor, improve the separa-
tion of photogenerated electron-hole pairs, and thus enhance the
photocatalytic activity of Ag/ZnO photocatalysts. Therefore, the
higher the dispersity of Ag clusters and/or nanoparticles on the
surface of ZnO is, the higher the photocatalytic activity of Ag/ZnO
photocatalyst should be. This can be understood based on the
proposed charged separation of Ag/ZnO under UV irradiation shown
in Fig. 7. Because the bottom energy level of the conduction band
(CB) of ZnO is higher than the new equilibrium Fermi energy level
(Ep) of Ag/ZnO, the photoexcited electrons on the CB under UV
irradiations could transfer from ZnO to the Ag nanoparticles. It has
been proposed that the charge separation is the outcome of a
Schottky barrier formed at the metal-semiconductor interface
[22,23]. The possible mechanistic pathway of Ag/ZnO for degrada-
tion of OG can be proposed as follows [8]:

ZnO+hv(UV)—~ZnO(eg, +h ) (3.8)

Ag—Agt +e” (3.9)

e~ +0y(ads)— "05; " *0,H-280, + H,0,— >0, + "“OH+OH"

(3.10)
Agt +e - Ag 3.11)
h/, +OH™ - ‘OH (3.12)
*OH+0G — degradation products (3.13)

However, it is found from Fig. 6b that as the Ag content
increases, the photocatalytic performance of the Ag/ZnO has not
been enhanced monotonously. When the Ag content is relatively
lower (<1.81at%), the photocatalytic activity of the Ag/ZnO
increases with the increase of Ag content (ZnO < 0.35at%
Ag/ZnO < 0.72 at% Ag/ZnO < 1.81 at% Ag/ZnO). On the other hand,
when the Ag content is relatively higher ( > 1.81 at%), the photo-
catalytic activity of the Ag/ZnO decreases with the increase of Ag
content (1.81 at% Ag/ZnO > 2.90 at% Ag/ZnO). Thus the optimal
Ag content is approximately 1.81 at%. Several groups have sug-
gested that, at higher metal content than the optimal one, the
over accumulations of electron on metal deposits could attract
the photogenerated holes to the metal sites. This may encourage

254" 1.81at.%Ag/ZnO L]
) o 2.90at.%Ag/Zn0O
4 0.72at.%Ag/ZnO
2.0 { v 0.35at.%Ag/ZnO .
< Pure ZnO
© 1.5
o
=
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Fig. 6. (a) Time-dependent UV vis absorbance spectra of the OG solution in the presence of Ag/ZnO sample with Ag content of 1.81 at%. (b) The In(Co/C) versus time curves
of photodegradation of OG. Cp and C are the initial concentration after the adsorption equilibrium and the reaction concentration of OG, respectively. The experimental data

are fitted using the pseudo-first-order kinetic equation: In(Co/C)=Kkt.
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Fig. 7. (a) The band structures of Ag and ZnO junction and the Fermi energy level
equilibrium without UV irradiation [8,29,30]. Because of the larger work function
of ZnO, the Fermi energy level of ZnO (Eg) is lower than that of Ag (Eg,), resulting
in the transfer of electrons from Ag to ZnO until the two systems attain
equilibrium and form the new Fermi energy (Es). (b) The proposed charge
separation process and the photocatalytic mechanism of as-prepared Ag/ZnO
samples under UV irradiation. Due to that the energy level of CB for ZnO is higher
than the Fermi energy level of Ag, the photoinduced electrons are transferred to
the metallic Ag. Then the electrons in the Ag sinks can be trapped by the
chemisorbed O, and the hole can be captured by the surface hydroxyl.

the recombination of charge carriers and the metal deposits
reversely behave as recombinant centers [24,25]. In addition,
higher surface loadings of metal deposits may decrease the
catalytic efficiency of the semiconductor due to the reductive
availability of semiconductor surface for light absorption and
pollutant adsorption [26], and the resultant variation of the
surface hydroxyl content of Ag/ZnO with different Ag content.

In the process of photocatalysis, after the photogenerated
electrons and holes are separated from recombination, they can
be trapped generally by the oxygen and surface hydroxyl, respec-
tively, to produce ultimately the primary oxidizing species of the
hydroxyl radicals (*OH), which plays a significant role in the
photocatalytic oxidation process [13,27,28]. The more the surface
hydroxyl content is, the more efficient the photocatalyst is [12].
From this point, we can reasonably conclude that the difference in
photocatalytic activity is related to various contents of surface
hydroxyl on the hierarchically micro/nano-structured ZnO
spheres caused by different Ag contents. Therefore, the 1.81 at%
Ag/ZnO sample, which has the highest surface hydroxyl content,
exhibits the highest photocatalyst performance in our work.

4. Conclusion

In summary, Ag/ZnO metal-semiconductor nanocomposites have
been synthesized through biomolecule-assisted hydrothermal
method, which is a green synthetic route. The as-formed samples
have uniform morphology, and show hierarchical micro/nanostruc-
ture. On the basis of the structural characterizations and photocata-
lytic results, the effect of Ag deposition on the structure and
photocatalytic performance of ZnO can be summarized as follows:
(i) Ag nanoparticles on the ZnO act as electron sinks, improving the
separation of photogenerated electrons and holes; (ii) Appropriate
contents of Ag deposition increase the surface hydroxyl contents of
ZnO, facilitate trapping the photoinduced electrons and holes to form

more active hydroxyl radicals, and thus, enhance the photocatalytic
efficiency of ZnO. These results show that this green method can be
an effectively extended to the development of photocatalysts with
hierarchical structure, which are applicable in both environmental
purification and energy production processes. It is a good example for
the organic combination of green chemistry and functional materials.
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