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Abstract

In this paper, a simple and efficient strategy of one-pot synthesis of Ag doped TiO,/ZnO photocatalyst was developed using
hydrothermal process. Simultaneous crystallization of Ag and ZnO crystals from their precursor solution containing P25 (TiO,) NPs
could form effectively bonded Ag/TiO,/ZnO composite photocatalyst during hydrothermal treatment. Several analytical techniques,
including scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), FT-IR spectro-
scopy, and photoluminescence spectroscopy have been used to characterize the resulting Ag/TiO,/ZnO photocatalyst. Results showed
that ZnO nano-flowers doped with TiO, and Ag NPs were formed by this simple facile one-step process. The unique properties of Ag
NPs on binary semiconductor composite not only provide the decreased rate of electron—hole separation but also prevent from the loss
of photocatalyst during recovery due to the fixed attachment of Ag and TiO, NPs on the surface of flower shaped large ZnO particles.
Therefore, as-synthesized composite is an economically and environmentally friendly photocatalyst.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Semiconductor materials such as TiO, and ZnO micro/
nano-particles are the most promising materials for remedia-
tion and destruction of organic pollutants under UV-irradia-
tion [1]. Both metal oxides exhibit very similar band gaps
(ZnO, 3.37eV and TiO,, 3.2¢eV) and their physicochemical
properties are tunable by controlling the structure and surface
area of the particles [2-4]. Different development has been
carried out to increase the surface area of these photocatalytic
particles [5,6]. Decreasing particle size is one effective way to
increase the surface area of photocatalyst. However, the
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agglomeration of such extremely nano-sized particles and
difficulty of their recovery from the reaction system after
photocatalysis hinders their application in this field [7-9].
Furthermore, the photoexcited electrons and holes (e-h) can
also recombine to reduce photocatalytic activity of pristine
semiconductors particles. Our previous report shows that the
photocatalytic property of ZnO particles is increased when
TiO, NPs are doped on the surface of ZnO flowers [3].
Therefore, the strategy of doping silver (Ag) NPs on the
surface of this composite could further enhance the photo-
catalytic activity by preventing the fast e-h recombination
process [10-12]. Moreover, doping of Ag NPs on this binary
semiconductor composite particle might possess good anti-
bacterial property even in the absence of UV-light.

Silver doped ZnO or TiO, NPs are now an exciting area
in research for developing photocatalytic applications
[13—15]. Ag is known as electron sinks due to the Schottky
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barrier at the metal-semiconductor interface [16,17].
Although there are many reports about the effect of Ag
NPs on photochemical properties of semiconductors, to
the best of our knowledge, there is no report on the
fabrication of mixed binary semiconductor nanocomposite
decorated with Ag NPs using one-pot synthesis process.
In this present work, a simple and effective strategy of
simultaneous crystal growth of Ag and ZnO particles from
the hydrothermal solution containing P25 (TiO,) NPs
was developed to synthesis Ag/TiO,/ZnO photocatalyst.
As-synthesized photocatalyst not only increases the photo-
degradation of dyes under UV-radiation but also shows
the antibacterial activity even in the absence of UV-light.
Furthermore, large ZnO flowers (having extremely small
size Ag and TiO, NPs) with highly open morphology
shows the perfect recovery of catalyst after reaction and its
unchanged efficiency for cyclic use shows that it will be an
economically and environmentally friendly photocatalyst.

2. Experimental
2.1. Materials

Commercially available TiO, NPs (Aeroxide P25, 80%
anatase 20% rutile, average particle size of 21 nm and
specific surface area 50 + 15 m” g~ '), Zinc nitrate hexahy-
drate, bis-hexamethylene triamine, silver nitrate, and reac-
tive black 5 (all AR grade reagents) were used without any
further purification.

2.2. Preparation of photocatalyst

Ag/TiO,/ZnO composite particles were synthesized by
hydrothermal treatment of aqueous suspension of the
mixture of 20 mg TiO, in 10 ml ethanol, 10 ml of 5.88 x
107 M AgNO;, 40 ml of 0.058 M of bis-hexamethylene
triamine, and 40 ml of 0.063 M zinc nitrate hexahydrate.
At first, bis-hexamethylene triamine and zinc nitrate
hexahydrate solutions were mixed and slurry was made
by vigorously stirring for 1 h and then solution of AgNO;
and P25 were added to this solution with further 0.5h
stirring. Similarly, the pristine ZnO was prepared without
AgNOj; and TiO,, and TiO,/ZnO hybrid nanocomposite
was prepared without AgNOj; [3]. The solution was then
taken into a Teflon crucible and kept inside the autoclave.
In each case, the autoclave with Teflon crucible (containing
solution) was kept at 140 °C for 2 h. The obtained product
after cooling was filtered off, washed several times by
distilled water and alcohol, and dried at 130 °C for 12 h to
increase the crystalinity and remove the moisture from the
photocatalyst.

2.3. Characterization
The morphology of the as-prepared photocatalysts was

observed by using FE-SEM (S-7400, Hitachi, Japan). TEM
images and line EDX were observed using transmission

electron microscopy (JEM-2200, JEOL, Japan). Information
about the phase and crystallinity was obtained with a
Rigaku X-ray diffractometer (XRD, Rigaku, Japan) with
Cu Ko (4=1.540 A) radiation over Bragg angles ranging
from 10° to 80°. Fourier transform infrared (FT-IR) spectra
of different samples were recorded by using an ABB Bomen
MBI100 Spectrometer (Bomen, Canada). Room temperature
photoluminescence (PL) spectrum was recorded by Perkin
Elmer Instruments (LS-55).

2.4. Photocatalytic and antibacterial properties

The photocatalytic activity of as-prepared photocatalysts
was evaluated by observing the degradation of aqueous
solution of reactive black 5. The process was carried out in
a 100 ml beaker which was equipped with the tip of a light-
guide (5 mm in diameter) of mercury-vapor lamp (Omni-
Cure, EXFO). The UV light with intensity of 20% was
used in this experiment. The distance between solution and
tip of light-guide was 5 cm. In each case, 30 ml dye solution
(10 ppm concentration) and 10 mg catalyst were mixed to
make suspension by stirring for 30 min in dark to ensure
adsorption/desorption equilibrium prior to UV irradiation.
At specific time intervals, 1 ml of the sample was with-
drawn from the system and centrifuged to separate the
residual catalyst, and then the absorbance intensity was
measured at the corresponding wavelength using UV-
visible spectrophotometer (HP 8453 UV-visible spectro-
scopy system, Germany). For cycling use experiments,
Ag/TiO,/ZnO NPs were separated from suspended solution
by repeated centrifuging and washing process.

Similarly, antibacterial test was carried out using Escherichia
coli (E. coli) suspension under UV radiation of 20% intensity.
The working suspensions were prepared by adding 200 pl of
inoculated LB medium to a 50 ml sterilized distilled water in a
beaker. The antibacterial experiment was carried out in a
sterilized 100 ml glass beaker containing E. coli suspension
(50 ml) and 0.4 g/l of different photocatalysts with magnetic
stirring. The initial bacterial concentration was maintained at
107 CFU/ml and the tests were performed at room tempera-
ture for 120 min. At given time intervals, 1 ml suspension was
collected and diluted appropriately by serial dilution in
distilled water. To count the bacterial concentration, ready-
to-use petrifilm (3M Petrifilm, USA) and prepared agar plates
were used. After incubation for 48 h, the number of bacteria
was manually counted using a colony counter. Furthermore,
the antibacterial activity of as-synthesized particles without
UV light was measured by applying zone inhibition method
on E. coli. Using a spread plate method, nutrient agar plates
were incubated with 1 ml of bacterial suspension containing
around 106 colony forming units (CFU)/ml. The photocata-
lysts were gently placed on the inoculated plates, and were
then incubated at 37 °C for 24 h. Zones of inhibition were
determined by measuring the clear area formed around each
photocatalyst.
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3. Results and discussion

The representative FE-SEM images of different photo-
catalysts are shown in Fig. 1. It shows that the pristine
ZnO flowers are micro sized and their size is decreased
upon addition of TiO, NPs and AgNOj; solution in the
hydrothermal system. The possible cause of decrease in
flower size might be due to the decrease in concentration of
ZnO precursor per unit volume in the hydrothermal
solution. P25 NPs and AgNOj; present in the same volume
of solution could sufficiently decrease the concentration of
ZnO precursor per unit volume. Presence of AgNO3 and
TiO, NPs in the hydrothermal system not only sufficiently
decreased the size of zinc oxide flowers but also formed a
composite of Ag NPs decorated binary semiconductor
system (Ag/TiO,/Zn0O) (Fig. 1d). Transmission electron
microscope analysis (TEM) can be used to examine the
morphology as well as composite structure of as-synthe-
sized photocatalysts. The TEM images (Fig. 2a and b)
reveal a unique flower-shaped morphology of ZnO parti-
cles, and Ag and TiO, NPs are well decorated on the
surface of flowers. Ag NPs were deposited on the petal of
bear ZnO flowers as well as on TiO, NPs attached on ZnO
petals. The formation of Ag deposited binary semiconduc-
tor composite was further supported by TEM-EDX,
shown in Fig. 2c. Here, Ag, Ti, and Zn are found along
the selected line and revealed the formation of composite
in nano structure.

The formation of composite photocatalyst was confirmed
by FT-IR spectra. Fig. 3 shows the FT-IR spectra of ZnO,
TiO,/Zn0O, and Ag/TiO,/ZnO particles. The broad absorp-
tion peaks around 3400 cm ™' and 1155 cm ™" are attributed

to O-H stretching vibration of H,O in ZnO and composite
particles [18] which may be caused by moister absorption.
A sharp peak around 1600 cm™' is attributed to H-O-H
bending vibration, which is assigned to a small amount of
H,O in ZnO crystals [19]. The medium weak band at
882cm ™! is assigned to the vibrational frequency due to
the Zn—O lattice. The significant decrease in intensity as well
as slightly shifting towards higher value of the peak at
882 cm ™! in composite TiO,/ZnO particle with compared
to pristine ZnO revealed that chemically bonded TiO,/ZnO
composite was formed. The intensity of peaks at 3400, 1600,
and 892 cm ' shifted towards lower value after loading Ag
NPs on composite, indicated the formation of Ag/TiO,/ZnO
composite particles. Moreover, the shifted peak of ZnO
(at 882 cm ™) towards higher value when TiO, was loaded
to ZnO, was found to be significantly shifted towards lower
value after Ag loading (Fig. 3) which revealed the deposition
of Ag as well as formation of metal binary semiconductor
composite. Ag atom is far heavier than Zn atom, therefore
according to the well established theories of irrational modes
in mixed crystals the substitution should result in a down-
ward shift of the fundamental transverse optical phonon
mode [20].

The crystalline structure of as-prepared pristine and
composite ZnO photocatalysts with the corresponding 20
values are presented in Fig. 4. All the diffraction peaks for
ZnO can be indexed to wurtzite structure (JCPDS card no.
80-0075) for both pristine and composite samples which
are similar to the authors previous report [3]. The presence
of sharp peak at 20=24.9 (crystal plane 101, for rutile
phase of TiO,) [9] in nanocomposite revealed that TiO, is
well-doped on the surface of ZnO nano-flower (Fig. 4b).

(I I S R B U B
200nm

Fig. 1. FE-SEM images of (a) pristine ZnO, (b) TiO,/Zn0O, (c) Ag/TiO,/ZnO particles, and (d) high magnification of (c).
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200 nm

Electron Image 1

Fig. 2. (a and b) TEM images of Ag/TiO,/ZnO particles and (c) line EDX of Ag/TiO,/ZnO composite showing different metals.
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Fig. 3. FT-IR of (a) pristine ZnO, (b) TiO,/Zn0O, and (c) Ag/TiO,/ZnO
particles.

The extra peaks on Ag/TiO,/ZnO composite particles
compared to pristine ZnO and TiO,/ZnO composite at
260 values of 38, 44, and 64.3 corresponding to the crystal
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Fig. 4. XRD patterns of different photocatalysts.

planes (111), (200), and (220), respectively, indicate the
presence of Ag metal (JCPDS card no 04-0783) on binary
semiconductor composite. The peak intensity of ZnO was
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found to be decreased upon TiO, NPs deposition. Simi-
larly, the intensity of TiO, in Ag doped composite photo-
catalyst was sufficiently decreased with compared to those
of TiO,/ZnO composite and revealed that Ag NPs were
deposited not only on ZnO but also on TiO, NPs.
Furthermore, the diffraction peaks of the ZnO in compo-
site are shifted to small degree compared with the peaks of
pristine ZnO which is the indication of formation of
composite.

Photoluminescence (PL) spectra of as-synthesized photo-
catalysts were recorded at room condition and shown in
Fig. 5. The spectra mainly consist of two emission bands.
The first band is the UV near-band-edge (NBE) emission
with a wavelength of =~ 415 nm [21]. Sharp NBE emission
peak is attributed to the recombination of photogenerated
electrons and holes [22]. The decreased in intensity at
415nm in composite particles indicates that the rate of
recombination between photogenerated e—h might be
lower, which is beneficial for photocatalytic process. The
lowest intensity of this peak in Ag/TiO,/ZnO is the
indication of its highest photocatalytic efficiency. The PL
spectrum also shows a peak around ~ 531 nm which can
be likely attributed interstitial oxygen [22,23]. The blue—
green band around 482nm was probably caused by
radiative transition of electron from shallow donor levels,
created by the oxygen vacancy to valence band [24].

The photocatalytic activity of the as-synthesized photo-
catalysts was evaluated by the degradation aqueous solu-
tion of reactive black 5 under mild UV irradiation
(20% intensity). From Fig. 6, it is clear that the efficiency
of ZnO flower is increased when composite is formed with
Ag/TiO,. This outcome may occur because of the unique
properties of Ag NPs provided to TiO, and ZnO particles.
Ag NPs deposited on the ZnO flowers or TiO, NPs
attached with ZnO act as electron traps and enhance the
e-h separation and the subsequent transfer of trapped
electrons to the adsorbed O,, which acts as an electron
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Fig. 5. PL spectra of different photocatalysts.
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Fig. 6. Comparison of the reactive black 5 photodegradation using
different photocatalysts.

acceptor. Furthermore, higher chemical activity of the Ag-
loaded semiconductor particles can be explained by con-
sidering the formation of locally Schottky junctions with
high potential gradients established by Schottky barrier
than at the semiconductor/dye interface. Therefore, effi-
cient charge separation of the light-generated e—h pairs can
be achieved [25-27] which is also confirmed from decreased
intensity of PL spectra described above. It may consider
that in Ag/TiO,/ZnO composite, the excited electrons of
ZnO and TiO; can quickly transfer from the conduction
band of ZnO or TiO, to Ag, and then effectively sup-
presses the recombination of photo-generated charge
carriers, leaving more charge carriers to form highly
reactive species (O,,-OH) and promote the degradation
of dyes. It is further supported by our photoluminescence
data (Fig. 5). The low intensity of the peak at 415 nm in
composite with compared to the pristine ZnO indicates
that the rate of recombination between photogenerated
e—h might be lower, which is beneficial for photocatalytic
process [28].

Economically and environmentally friendly photocata-
lyst should provide easiness of particles separation and
their recovery from the reaction system after photocata-
lysis for practical application. For the separation ability
test of photocatalysts, we performed sedimentation process
of 3h photodegraded solution (under UV light with
continuous stirring) of composite Ag/TiO,/ZnO photoca-
talyst. Similar to our previous report [3], Ag/TiO,/ZnO
composite after 30 min of sedimentation showed that this
process was almost completed within this time. Therefore,
one of the advantages of our as-synthesized photocatalytic
particles is that they can be conveniently separated to
recycle the catalyst. The efficiency of composite photo-
catalyst in recycle use was also evaluated in this work
(Fig. 7). It was found that the efficacy of initially used
and reused composite photocatalyst up to three cycles was
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nearly similar for the degradation of reactive black 5. The
slightly decreased in photocatalytic activity during cyclic
use might be due to the accumulated organic intermediates
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Fig. 7. Reusability of Ag/TiO,/ZnO composite up to three cycles.
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Fig. 8. Antibacterial efficiency of different photocatalysts on gram-
negative E. coli bacteria under mild UV radiation.

on the surface of the catalyst which could affect the
adsorption of dyes.

The goal of this work is not only to make antibacterial
material even in the absence of UV light but also decorate
binary semiconductor particles with Ag NPs at the time of
hydrothermal growth (one pot synthesis) because most of
the reported works have used one extra process (photo-
chemical deposition of Ag from AgNOj; solution) for the
same propose. The effect of one pot Ag loaded binary
semiconductor composite on the antibacterial efficiency
was measured using mild UV irradiation of bacterial
solution at room temperature. The antibacterial capacity
without UV light was also evaluated by zone inhibition
method. Fig. 8 shows the antibacterial effect of as-prepared
photocatalyst under mild (20% intensity) UV radiation. It
shows that Ag/TiO,/ZnO has the best antimicrobial effect
among the synthesized catalysts. The cause of the highest
antibacterial capacity of Ag/TiO,/ZnO under UV radiation
is same as explained in dye degradation. However, far
better activity of Ag/TiO,/ZnO (compared to TiO,/ZnO)
(Fig. 9) without UV radiation is attributed to the presence
of Ag NPs on the surface of composite particles. The actual
mechanism of killing microorganisms with Ag in absence of
UV light is not clear. Some researchers have proposed that
Ag has innate antibacterial activity [29]. It is reported that
Ag™ hinders DNA replication and inhibits the expression
of ribosomal proteins and enzymes for ATP hydrolysis [30].
It is believed that Ag NPs display the same mechanism as
Agt and create a redox imbalance, which causes extensive
bacterial death. Furthermore, the antibacterial activity of
Ag NPs on the surface of the composite may be due to the
plasmon resonance of the Ag NPs. Here, photoexcited
electrons may transfer from the surface of Ag NPs to the
conduction band of semiconductors. On the surface of the
TiO, or ZnO NPs, the injected electrons from Ag NPs
are trapped by O, molecules and the active species such
as O,, *OOH, *OH can be generated for the bacterial
destruction [31,32]. The larger diameter of inhibition zone
(DIZ) in Ag/TiO,/Zn0O with compared to the DIZ of TiO,/
ZnO (Fig. 9) clearly revealed the effect of Ag NPs on
antibacterial properties of composite particles.

Fig. 9. Zones of inhibition tests for (a) TiO,/ZnO and (b) Ag/TiO,/ZnO composites towards gram-negative E. coli bacteria.
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4. Conclusions

In this work, flower-shaped ZnO particles hierarchically
assembled with TiO, and Ag NPs were prepared by facile
one-pot hydrothermal process. The Ag/TiO,/ZnO compo-
site displayed excellent photocatalytic performance which
is attributed to a good electron acceptor favoring the
transfer of photo-generated electrons from the conduction
band of ZnO or TiO, to Ag NPs. As-synthesized compo-
site particles have also good antibacterial property.
Furthermore, the photocatalytic particles attached on the
big size ZnO flower can be casily recovered from reaction
system after reaction which makes it an economically and
environmentally friendly photocatalyst.
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